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CHAPTER I

INTRODUCTION

DNA is the genetic material passed from generation to generation in most of the
organisms. DNA replication is an essential process for cell proliferation. Since DNA
integrity is crucial for cell viability, replication machinery needs to copy the genomic
information completely and accurately.

Establishing the fundamental features of the initiation process of DNA replication
in human cells is difficult since basic components of the initiation process such as
replication origins have yet to be isolated and characterized (Bullock, 1997). Moreover,
there are unidentified proteins in human DNA replication. Here we use simian virus 40
(SV40) as a model system to study the initiation of DNA replication. SV40 has a well-
defined origin of replication and requires only one viral protein, large Tumor antigen (T
antigen/Tag) for initiation of viral DNA replication (Bullock, 1997). All the other
proteins required for viral DNA replication are supplied by host cells and have been
identified. In addition, viral DNA replication can be reconstituted in vitro with T antigen
and nine host proteins (Table 1), which makes it a good model system to study the
interaction of human replication proteins. Although key differences have emerged (see
Appendix), there are many similarities between viral and host replication pathways. The
replication fork of SV40 is the minimal set of the replication fork for eukaryotes as
shown in Figure 1. T antigen replaces MCM proteins to function as a helicase. SV40 has

served as a model system to identify host replication proteins and their functions. These



Table 1: Ten cellular proteins and viral T antigen are required for viral DNA replication

1n vitro

Protein

SV40 T antigen

Replication Protein A (RPA)
DNA polymerase alpha
DNA polymerase delta

Proliferating Cell Nuclear
Antigen (PCNA)

Replication Factor C (RFC)

Topoisomerase 1
Topoisomerase 11

RNase H1

MF1/FEN-1
DNA ligase |

Subunit Composition Replication Activity

90

70,32, 14
180, 68, 58,48
125,66, 55,12

29

140, 40, 38,37, 36

100
140

68-90

44
85-125

Origin binding/unwinding, helicase

Single stranded DNA binding
DNA polymerase, primase
DNA polymerase, 3’ to 5’exonuclease

Serves as sliding clamp- increases pol 8
processivity

Loads PCNA, increases processivity of pol 8

Relieves torsional stress in DNA

Relieves torsional stress in DNA,

Unlinks daughter duplexes

Endonuclease specific for hybrid RNA/DNA
primers

5’ to 3’ exonuclease

Joins Okazaki Fragments



RPA  RNA

Figure 1: Eukaryotic DNA replication fork. The minimal set of proteins for fork
propagation are indicated (Garg & Burgers, 2005).



studies infer their roles that these proteins may play in the more complex network of host
DNA replication.

The initiation of DNA replication can be dissected into four basic steps (Figure 2).
First, the initiator recognizes the replicator on DNA, called recognition step. Second,
initiator melts the origin, named melting step. Third, the helicase unwinds dsDNA, which
is called unwinding step. Fourth, all replication initiation factors are recruited to the
replication site and primer synthesis starts. This step is called priming step or primer
synthesis step (Stenlund, 2003).

During initiation of viral DNA replication, RPA first binds to parental ssDNA
during unwinding and then dissociates from ssDNA for daughter DNA synthesis during
primer synthesis. I am especially interested in the mechanism of RPA dynamics in these
processes. Our lab collaborates with Dr. Chazin's lab to combine biochemical and
structural methods to reveal the details of RPA interaction with T antigen, and elucidate

the functional importance of this interaction.

Simian Virus 40

Simian virus 40 (SV40), family polyomaviridae, is a non-enveloped virus that is
comprised of a 5.2 kb genome, a major capsid protein VP1, two minor capsid proteins
VP2 and VP3, and a later protein VP4 (Ahuja et al., 2005; Daniels et al., 2007). The viral
genome (Figure 3) is double stranded circular DNA and assembles as a mini-
chromosome with 24-25 host nucleosomes (Fiers et al., 1978; Reddy et al., 1978;

Fanning et al., 2008). SV40 infects a variety of cultured mammalian cells, but initiates a



Unwinding

Recruitment

Figure 2: Model of the initiation process of DNA replication. The initiation process
can generally be considered to involve four steps: recognition (binding of the initiator to
the replicator), melting, unwinding (which requires helicase activity) and recruitment of
replication factors, such as DNA polymerases and single-stranded DNA-binding proteins
(SSBs). The cellular initiator proteins from both eukaryotes and prokaryotes carry out a
subset of these functions. Some viral initiators, such as E1 and T antigen, carry out all of
these functions (Stenlund, 2003).



edA

Figure 3: SV40 genomic map. The SV40 DNA contains a control region (top)
composed of the origin of DNA replication (ori), the early and late promoters, enhancer,
and packaging signal. The early transcription unit (left) encodes T antigens, and the late
genes (right) encode capsid proteins, and agno protein, in alternatively spliced mRNAs as
indicated. A pre-micro RNA expressed (miRNA) late in infection limits immune
recognition by reducing early gene expression (Sullivan et al., 2005). Nucleotide numbers
are diagrammed clockwise around the genome beginning in the origin.



productive infection cycle only in monkey cells and in cells of other primate species
(Fanning & Knippers, 1992).

The capsid of SV40 is icosahedral, composed of 72 VP1 pentamers, which are
linked together by interchain Cys9-Cys9 and Cys104-Cys104 disulfide bonds (Jao et al.,
1999; Burckhardt & Greber, 2008). Each VP1 pentamer is associated with one minor
capsid protein, either VP2 or VP3 (Liddington et al., 1991; Chen et al., 1998). The
genome of SV40 includes three parts: a regulatory region containing the replication
origin, an early gene region coding for T antigen, small t antigen, 17 kDa T antigen, and a
late gene region coding for the viral structural proteins VP1, VP2, VP3 and the
nonstructural agno protein as shown in Figure 3.

SV40 enters cells through atypical endocytosis (Figure 4). VP1 binds to the
ganglioside GM1 and class I major histocompatibility proteins to attach the virus to the
cell membrane (Fanning et al., 2008). The virus enters host cells through plasma
membrane structures called caveolae, not the typical clathrin-coated pits (Norkin et al.,
2002). SV40 internalized in pH neutral caveosome is transported directly to the smooth
endoplasmic reticulum (ER) through a microtubule-dependent pathway, bypassing
endosomes and the Golgi. The viral disassembly takes advantages of the protein folding
and quality control machinery in the ER (Norkin et al., 2002; Schelhaas et al., 2007).
ERp57, a disulfide isomerase and PDI, a disulfide reductase in the ER isomerize specific
interchain disulfides connecting the major capsid protein VP1 (Schelhaas et al., 2007;
Burckhardt & Greber, 2008). SV40 uses ER-associated degradation to escape from the
ER lumen to the cytosol (Schelhaas et al., 2007). The mini-chromosome is imported into

the nucleus through a nuclear localization signal in VP3 that is exposed after viral
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Figure 4: Diagram of the polyomavirus life cycle in a permissive host cell. E-mRNA,
early gene mRNA; L-mRNA, late gene mRNA. (1) Virus attachment, entry, and
intracellular trafficking. (2) T antigen expression, structure and function. (3) T antigen-
directed re-programming of the cellular milieu. (4) Viral DNA replication. (5) Late gene
expression, virion assembly and release (Fanning et al., 2008).



disassembly and interacts with importin (Nakanishi et al., 1996; Nakanishi et al., 2002;
Nakanishi et al., 2006; Nakanishi et al., 2007).

When the viral chromosome enters the nucleus, the early gene region of SV40
genome encoding T antigen, small t antigen, 17 kDa T antigen is transcribed, processed,
and then translated in the cytoplasm (Fanning et al., 2008). T antigen is present primarily
in the nucleus (Dickmanns et al., 1994). SV40 is well adapted to its host and replies on its
multifunctional regulatory protein, T antigen, to carry out sophisticated re-programming
of the host cell milieu for virus reproduction. T antigen is essential to drive quiescent
infected cells into S phase, to initiate and complete viral DNA replication, to activate the
late viral promoter and to promote virion assembly (Pipas, 1992; Sullivan & Pipas, 2002;
Ahuja et al., 2005).

As a model system for DNA replication, SV40 has a well-defined origin from
nucleotide 5211 through 31 as shown in Figures 3 and 5 (Deb et al., 1986a). This 64 bp
region is both necessary and sufficient for initiation of SV40 replication in vivo and in
vitro (Myers & Tjian, 1980; Deb et al., 1986a; Deb et al., 1986b; DeLucia et al., 1986; Li
et al., 1986; Dean et al., 1987; Deb et al., 1987). The origin contains three functional
regions: an early palindrome (EP) region, a palindrome region (also called binding site II)
with four GAGGC pentanucleotide repeats, and a 17-bp adenosine-thyminidine (AT) rich
domain. The four GAGGC repeats in the palindrome region are arranged as two pairs in
inverted direction to each other. The palindrome region serves as a T antigen-binding
site. All four pentanucletotides are required for initiation of viral replication and in
addition, spacing between GAGGC repeat is critical (DeLucia et al., 1986; Bullock,

1997). The EP from 5213 to 5227 nt contains two parts, an 8-bp region (5210 to 5217 nt)
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Figure 5: Core origin of SV40 DNA replication. The GAGGC pentameric sequences
are labeled 1 to 4 as indicated. The arrangement of the pentamers positions the major
grooves of 1 and 3 on approximately the same face of the DNA. The same is true for 2
and 4. In addition, 1 and 2 (like 3 and 4) are on opposite faces of the DNA. The AT-rich,
EP region and panlindrome region sequences are indicated as AT, EP, PENTA.
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and a region close to the palindrome. The 8-bp region in EP is highly conserved among
papovaviruses of primates and mutations in this region cause a significant loss of
function (Bullock, 1997). The region in EP close to the palindrome functions as a spacer
with only small defect in replication when mutated (Deb et al., 1986a). AT base pairs are
a common feature among origins in prokaryotes and eukaryotes. The relatively weak base
pairing facilitates strand separation, an early but indispensable step for DNA replication
initiation (Figure 2). The AT region directs DNA bending and coordinately regulates
DNA replication (Deb et al., 1986b). In summary, the precise structure of the origin is

critical for efficient viral replication.

T antigen

T antigen was identified as a viral protein of 86 kDa by immunoprecipitation using anti-
SV40 serum (Kress et al., 1978). Subsequent studies in many laboratories revealed that T
antigen is a multifunctional protein, involved in all aspects of viral replication,
transcription, virus-host interaction (Fanning & Knippers, 1992). In viral DNA
replication, T antigen is both an initiator protein and a DNA helicase that couples the
energy of nucleoside triphosphate hydrolysis to nucleic acid unwinding and movement.
As a motor protein family, helicases are very abundant and are involved in almost every
aspect of nucleic acid metabolism including DNA replication, repair, recombination and
transcription. T antigen is a member of the SF3 viral helicase of AAA+ (ATPase
associated with various cellular activities) family. Helicase activity is an intrinsic
function of T antigen independent of its origin recognition activity (Stahl et al., 1986).

Most helicases require at least one ssDNA tail to begin unwinding DNA, but T antigen
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can initiate unwinding of duplex DNA when provided with the viral origin of replication
(Dean et al., 1987; Deb & Tegtmeyer, 1987; Borowiec & Hurwitz, 1988). T antigen

unwinds DNA in a 3’ to 5’ direction coupled with ATP hydrolysis in the presence of

magnesium (Stahl et al., 1986; Goetz et al., 1988; Wiekowski et al., 1988).

T antigen can exist as a monomer or hexamer in solution and hexamer formation
is stimulated by ATP (Gai et al., 2004a). T antigen assembles around origin as a double
hexamer in the presence of ATP and Mg++ (Figure 6), which is the active form of T
antigen in initiation and elongation (Valle et al., 2000; Alexandrov et al., 2002).

T antigen contains 708 amino acids with a calculated molecular weight of 82.5
kDa (Fanning & Knippers, 1992). It has four functional domains: an N-terminal J domain
(aa 1-102), an origin binding domain (aa 131-250) (OBD), a helicase domain (aa 251-
627) and a C-terminal host-range domain (aa 683-708), as stated in Figure 7.

The N-terminus of T antigen is essential to drive cells into S phase and therefore
is required for viral replication in vivo. However it is not required for viral replication in
vitro (Bullock, 1997; Sullivan & Pipas, 2002). The N-terminus has sequence similarity
with the J domain of the molecular chaperones, Dnal (Kelley & Landry, 1994; Ahuja et
al., 2005). Like DnaJ molecules, the N-terminus of T antigen interacts with hsc70, the
major DnaK homologue in mammalian cells (Sawai & Butel, 1989; Sullivan et al., 2001).
The structure of the N-terminus of T antigen has been solved as shown in Figure 8.
Residues in helix 2 and the loop connecting helices 2 and 3 bind to a cleft in the hsc70
ATPase domain (Greene et al., 1998; Suh et al., 1998; Kim et al., 2001). Hsc70 has two
domains: the ATPase domain and the substrate-binding domain. As a chaperone protein,

T antigen interacts with the hsc70 ATPase domain to stimulate ATPase activity and
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Figure 6: Digital image processing of the T antigen double hexamer at the SV40
origin of replication. Refined average image from a total of 1,010 particles. The image
was filtered to the calculated resolution of 2.8 nm (Valle et al., 2000).
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Figure 7: Cartoon representation of the known T antigen domain structures. Amino
acid numbers are indicated at the bottom. The functional domains are represented by
open boxes and are labeled accordingly. The linkers between domains are represented by
thin lines. The C-terminal domain from residue 628 to 708, which contains the host-range
fragment (aa 682-708), is labeled HR (in yellow). The HR domain is thought to be
unstructured (Gai et al., 2004a).
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Figure 8: Overall structure of the DnaJ domain of SV40 large T antigen (aa 7-117).
The two central helices and connecting loop are colored red, surrounding helices are in
green and the other loops are colored gray (Kim et al., 2001).
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release of the substrate peptides from the substrate-binding domain of hsc70 (Srinivasan
et al., 1997).

T antigen interacts with the Retinoblastoma (Rb) tumor suppressor protein to
induce the cell from quiescence to S phase (Chen & Paucha, 1990; Christensen &
Imperiale, 1995; Zalvide & DeCaprio, 1995; Srinivasan et al., 1997). Like many other
Rb-binding proteins, T antigen interacts with Rb through a loop with the LXCXE motif
of T antigen. In addition, helices 2 and 4 (Figure 8) are also involved (Kim et al., 2001).
The interaction between T antigen and Rb disrupts the activity of Rb to regulate the E2F
transcription factor (Bullock, 1997; Ahuja et al., 2005). The E2F family has eight
members, all of which contain a DNA binding domain to regulate the expression of E2F-
regulated genes (Sullivan & Pipas, 2002; Ahuja et al., 2005). In quiescent cells, E2F-
regulated genes, many of which encode proteins required for replication, are not
expressed because Rb forms a complex with E2F to prevent transcription activation.
Inactivation of Rb by phosphorylation, catalyzed by a cyclin-dependent kinase, releases
E2F and leads to the gene transcription. T antigen disrupts the interaction between Rb
and E2F through two different mechanisms. One mechanism involves the chaperone
activity of T antigen. The J domain of T antigen recruits hsc70 and the substrate-binding
domain of hsc70 in turn binds the Rb-E2F complex (Sullivan & Pipas, 2002). T antigen
stimulates the ATPase activity of hsc70 to free E2F from the complex (Sullivan & Pipas,
2002). The other mechanism is independent of the chaperone activity of T antigen, but it
is less efficient than chaperone-mediated release of Rb (Sullivan & Pipas, 2002).

Origin recognition is the first step of DNA replication as shown in Figure 2

(Stenlund, 2003).The T antigen-OBD from amino acids 131 to 259 is responsible for
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recognizing the viral DNA origin (Arthur et al., 1988; Joo et al., 1997). This domain is
sufficient for sequence-specific binding to the SV40 origin (Arthur et al., 1988; Bullock,
1997). The T antigen-OBD also plays a role in oligomerization, DNA structural
distortions including melting and untwisting the SV40 origin, non-specific dsSDNA and
ssDNA binding, DNA unwinding, helicase activity and RPA binding (Dornreiter et al.,
1992; Melendy & Stillman, 1993; Luo et al., 1996; Bullock, 1997; Joo et al., 1997;
Weisshart et al., 1998; Meinke et al., 2006).

The NMR structure of the T antigen-OBD (Figure 9) shows that it consists of a
central five-stranded antiparallel 3-sheet flanked by two a-helices on one side and one o-
helix and one 3,¢-helix (right-handed helical structure) on the other (Luo et al., 1996).
Elements 147-159 (A1) and 203-207 (B2), two closely juxtaposed loops, are involved in
direct contact with the GAGGC pentanucleotide sequences in the binding sites (Simmons
et al., 1990a; Luo et al., 1996). The most important residues for origin-specific binding
are Asnl53, Thr155 and Arg204 (Luo et al., 1996). Ser147, Ser152, Val205 and Ala207
also participate in sequence specific binding at origin (Simmons et al., 1990a). The
surface of the DNA binding site is very hydrophobic with regions of positive potential
near Argl54 and Arg204 (Figure 9). Furthermore, Alal49, Phel159 and His203 in
elements Al and B2 are involved in nonspecific double stranded and single stranded
DNA binding (Simmons et al., 1990b). These residues that are involved in non-specific
contacts with DNA are essential for helicase activity, while the residues required for
origin-specific binding are not needed for helicase activity (Simmons et al., 1990b).

The helicase domain contains a zinc-finger subdomain and an AAA+ ATPase

subdomain. The zinc finger region is essential for the assembly of stable T-antigen
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Figure 9: DNA binding surface of T antigen-OBD. (a) Ribbon diagram of T antigen-
OBD with perturbed regions in the GAGGC (part of the sequence in the panlindrome
region of SV40 DNA origin) titration colored in yellow. All the resonances with
significant perturbations are shown. The side chains of residues in elements Al(aa 147-
159) and B2 (aa 203-207) are drawn. (b) Molecular surface of T antigen-OBD shown in
the same orientation as (a). T antigen-OBD was colored by local electrostatic potential.
Blue and red represent positive and negative charges respectively (Luo et al., 1996).
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hexamers at the origin of DNA replication (Loeber et al., 1991). AAA+ domains are
found in many proteins involved in remodeling protein—~DNA complexes. The helicase
domain (aa 251-627) can form a hexamer by itself that has functional helicase activity (Li
et al., 2003; Gai et al., 2004b). The structure of the helicase domain in hexamer formation
has been solved (Figure 10). The hexamer of the helicase domain contains a long
positively charged channel with an unusually large central chamber that binds both
ssDNA and dsDNA (Li et al., 2003). On the hexameric channel surface are six {3 hairpin
structures and loops, emanating from each of the six subunits (Shen et al., 2005). At the
tips of the 3 hairpins and the loop structures are two ring-shaped residues, His513 and
Phe459, respectively (Shen et al., 2005). Additionally, two positively charged residues,
Lys512 and Lys516, are near the tip of the - hairpin (Shen et al., 2005). These four
residues form DNA contacts that are critical for T antigen helicase function (Shen et al.,
2005). T antigen has an all-or-none nucleotide-binding mode unlike the sequential
binding of nucleotide model of other known hexameric molecular machines (Gai et al.,
2004b). Conformational changes between all-or-none nucleotide-binding states are
thought to link to the mechanism of T antigen unwinding function (Gai et al., 2004b).
With the structural data available, a model is proposed as shown in Figure 11. In the
nucleotide free state, the B hairpins are in a relaxed state (Gai et al., 2004b). When T
antigen binds ATP, the 3 hairpins move toward the center of the double hexamer by
about 17A, which is proposed to push/pull dsDNA into the double hexamer by about 5-6
bp, promoting strand separation and propelling ssDNA extrusion from the side channel.

ATP hydrolysis and ADP release cause the hairpins to move towards their nucleotide free

19



8O A

.--‘
L |

!
=,
oK

Figure 10: Side (a) and top (b) views of the T antigen residues 251-627 hexameric
structure. The pink balls represent zinc atoms. Each monomer is depicted with a distinct
color (Li et al., 2003).
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Figure 11: A looping model showing the coupling of the S hairpin movement to the
dsDNA translocation into the T antigen double hexamer for unwinding. The 3
hairpins move along the central channel in response to ATP binding (step 1), hydrolysis
(step 2), and ADP release (step 3). (a) T antigen double hexamer with two ssDNA loops
coming out from the side channels. Each hexamer contains a helicase domain
(represented by two rectangles in pink) and an OBD (oval in light blue). The 8 hairpin
structure is represented by two bars (in blue) within the helicase domain. The colored
dots on the DNA (red, orange, black, and blue) are position markers for translocation. (b)
A T antigen hexamer corresponding to the left half of the double hexamer in (a) in the
nucleotide-free state. (¢) The movement of 8 hairpins upon ATP binding, which serves
to pull dsDNA into the helicase for unwinding. The unwound ssDNA extrudes from the
side channels. For clarity, only one hexamer is shown. (d) The /3 hairpins move back
about halfway toward the nucleotide-free position after ATP hydrolysis. (e) The ADP is
released from the T antigen hexamer, and the 8 hairpins return to the original
Nucleotide-free position (Gai et al., 2004b).
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status, ready for the next cycle of ATP binding and hydrolysis during DNA unwinding
(Gai et al., 2004b).

The helicase domain of T antigen interacts with a tumor suppressor p53 to block
the growth-suppressive functions of p53. T antigen down regulates p53 by several
mechanisms (Sullivan & Pipas, 2002). First, T antigen blocks p53 function through
direct interaction. T antigen binding induces dramatic conformational changes in the
DNA-binding region of p53 (Lilyestrom et al., 2006). When complexed with T antigen, T
antigen occupies the whole p53 DNA-binding surface and likely interferes with
formation of a functional p53 tetramer (Lilyestrom et al., 2006). Second, T antigen can
also block p53 transcriptional activation and growth arrest in a manner independent of
p53 binding (Quartin et al., 1994; Rushton et al., 1997). That inhibition requires the N-
terminus of T antigen including the J domain and the LXCXE motif.

T antigen is a multiple functional protein with multiple posttranslation
modifications. T antigen has two clusters of phosphorylated serines and theronines, one at
the N-terminus and the other at the C-terminus (Fanning & Knippers, 1992). Most of the
phosphorylation directly affects the binding to origin DNA or origin unwinding but has
no effect on the ATPase or helicase activity of T antigen (Fanning & Knippers, 1992) . T
antigen is hypophosphorylated when translated in the cytoplasm; but because most
kinases phosphorylate T antigen in the nucleus, hyperphosphorylaeted T antigen
accumulates in the nucleus. This hyperphosphorylated form of T antigen cannot support
SV40 DNA replication either in vivo or in vitro. Dephosphorylation of T antigen by
PP2A (protein phosphotase 2A) prepares it for viral replication (Fanning & Knippers,

1992). However, purified T antigen expressed in E. coli doesn’t support SV40 DNA
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replication, suggesting unphosphorylated T antigen doesn’t support replication. Studies
found that Thr124 phosphorylation is required for viral replication both in vivo and in

vitro (Fanning & Knippers, 1992).

Replication Protein A structure and function

Human single-stranded DNA binding protein, Replication Protein A (RPA), was first
identified as a cellular protein essential for SV40 DNA replication in vitro (Wobbe et al.,
1987; Fairman & Stillman, 1988; Wold & Kelly, 1988). The primary function of RPA is
to protect ssDNA from nucleases and to inhibit hairpin formation. In addition, RPA aids
the sequential assembly and disassembly of many proteins involved in DNA metabolism.
Thus RPA is crucial for cell proliferation and cell survival.

RPA has three subunits: RPA70, RPA32, and RPA14 (named after their
molecular weights in kDa as shown in Figure 12). It is a modular protein with multiple
domains connected by flexible linkers. There are four DNA binding domains (DBDs) in
RPA. DBDs A, B, C are located in RPA70 and DBD D in the RPA32 subunit.

RPA70 is composed of several functional domains: an N-terminal domain (aa 1-
110, termed RPA70N), DBD A (aa 181-290), DBD B (aa 301-422) and DBD C (aa 436-
616) (Bochkareva et al., 2002). RPA70N has an oligonucleotide/oligosaccharide-binding
(OB) fold (Figure 13)(Daughdrill et al., 2001); but binds only weakly to ssDNA because
two conserved aromatic amino acids essential for DNA binding are missing (Bochkarev
& Bochkareva, 2004). RPA70N interacts with many proteins in DNA metabolism such as
p53 and other transcription factors (Fanning et al., 2006). Therefore, it plays an important

role in the threshold response to DNA damage in DNA damage signaling pathways. The
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Figure 12: Schematic showing the RPA domain structure. Domains are presented as
boxes, amino acid positions of their borders are as indicated. Zn, zinc ribbon; P,
unstructured, phosphorylated N-terminus of subunit RPA32. Domains comprising the
trimerization core are colored in red, yellow and green (for DBD-C, DBD-D and RPA14,
respectively). The regions of subunit interaction are indicated by arrows (Bochkareva et
al., 2002).
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Figure 13: Structural models of several domains of RPA (Jacobs et al., 1999; Mer et
al., 2000; Bochkareva et al., 2001; Bochkareva et al., 2002).
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structures of RPA70AB with or without DNA (Figure 13) were determined by X-ray
crystallography (Bochkarev et al., 1997; Bochkareva et al., 2001). RPA70A and 70B, two
OB folds, are connected by a short flexible linker, which is unstructured without DNA
(Bochkareva et al., 2001). NMR data also confirmed that the linker is flexible enough to
allow the two domains to move independently of each other (Arunkumar et al., 2003). In
the presence of ssDNA, RPA70AB aligns in a fixed position with the linker parallel to
the bound oligonucleotide, but on the opposite side of the protein as shown in Figure 13
(Bochkarev et al., 1997). DBD C is distinct from other OB folds since it has two
structural insertions: a zinc ribbon between the first and second f strands and a three-
helix bundle between the third and fourth 3 strands as indicated in Figure 13 (Bochkarev
& Bochkareva, 2004). Zinc (II) is essential to stabilize the tertiary structure of DBD C
and the DNA binding activity of DBD C is modulated by zinc (Bochkareva et al., 2000).
RPA mutant with a point mutation in DBD C, which retains unwinding activity and the
activity to stimulate pol-prim and polymerase d, nevertheless abolishes SV40 DNA
replication completely (Lin et al., 1998). The three-helix bundle in DBD C interacts with
RPA32 and RPA14 to form a heterotrimer.

RPA32 has three functional regions: N-terminus (aa 1-40, RPA32N) (Gomes et
al., 1996), central DBD D (aa 43-171) (Bochkarev et al., 1999) and C-terminus (aa 200—
270) (Mer et al., 2000). Ser23 and Ser29 are phosphorylated in a cell-cycle dependent
manner (Dutta & Stillman, 1992). In addition, RPA32N is hyperphosphorylated in vivo in
response to various genotoxic agents (Liu & Weaver, 1993; Gately et al., 1998).
Phosphorylation regulates DNA replication and repair since RPA32N

hyperphosphorylation prevents RPA from associating with chromosomal replication
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centers in human cells (Vassin et al., 2004). Phosphorylated RPA32N interacts with
RPA70N, which suggests that phosphorylation might cause conformational changes in
the RPA complex to regulate RPA function (Binz et al., 2003; Bochkareva et al., 2005).
RPA32C adopts a winged helix-loop-helix structure (Figure 13). The structure includes a
three-helix bundle and three-stranded 3 sheet that interacts with multiple proteins (Mer et
al., 2000). RPA32C is important for different DNA repair processes by interacting with
DNA repair proteins such as UNG2, XPA and Rad52 (Mer et al., 2000).

RPA14 contains a single OB fold, but like RPA70N, it lacks two conserved
aromatics. Thus it has little or no affinity for ssDNA. The main function of RPA14 is to
stabilize the RPA trimer complex (Wold, 1997).

RPA binds ssDNA with specific polarity, from 5’ to 3° (de Laat et al., 1998;
Iftode & Borowiec, 2000). The binding affinity for ssDNA decreases from DBD A to D.
The multiple DNA binding domains of RPA allow it to bind ssDNA with different modes
as illustrated in Figure 14. First, DBD A positions and initiates binding of RPA complex
to ssDNA. Since DBDs A and B are connected by a very short linker, the local
concentration of DBD B is very high once DBD A binds ssDNA (Arunkumar et al.,
2003). DBD A has low affinity for ssDNA by itself, while DBD A together with DBD B
direct stable, high-affinity binding to ssDNA (Arunkumar et al., 2003; Wyka et al.,
2003). This binding mode, called the compact form, occupies about 8 to 10 nucleotides
with an affinity of 0.18 x 10° M (Blackwell & Borowiec, 1994; Blackwell et al., 1996).
Then DBD C, together with DBDs A and B, bind in a transient form that covers about 12
to 23 nucleotides (Bastin-Shanower & Brill, 2001). Finally all four DBDs contact ssDNA

in an extended form that occupies about 30 nucleotides with the highest affinity of 2.6 x
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Figure 14: RPA binds ssDNA with different binding modes. The four DBDs of RPA
are represented with boxes. The domains are proposed to bind ssDNA in a sequential
fashion with domains A and B binding the first 8-10 nt. Subsequent binding by DBDs C
and D require the indicated lengths of ssDNA (Ott, 2002).
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10°M™! (Blackwell et al., 1996; Bastin-Shanower & Brill, 2001; Kim & Park, 2002). The
three different binding modes suggest that RPA adopts different structural conformations,
consistent with scanning transmission electron micrographs and gel filtration (Blackwell
et al., 1996). DBD D has the weakest ssDNA binding activity compared to other DBDs.
Thus the exchanges between binding to and dissociation from ssDNA happen rapidly,
making DBD D a natural target for unloading RPA.

RPA interacts with multiple proteins and is involved in many aspects of cellular
activities. RPA70N, RPA70A, 70B and RPA32C are common interaction sites for a
variety of proteins, many of which interact with two or more sites on RPA (Fanning et
al., 2006). RPA70A alone has been reported to be sufficient to interact with
papillomavirus E1 helicase (Loo & Melendy, 2004), SV40 T antigen (Loo & Melendy,
2004; Park et al., 2005). RPA70AB together is reported to interact with SV40 T antigen,
primase subunit of pol-prim and Rec Q family Werner and Bloom Syndrome helicases

(Dornreiter et al., 1992; Nasheuer et al., 1992; Braun et al., 1997; Shen et al., 2003).

DNA polymerase a-primase structure and function

Human DNA polymerase a-primase (pol-prim) is a heterotetrameric protein, consisting
of p180, p68, p58 and p48 subunits (named after their molecular weights in kDa). P180
and p48 are the catalytic subunits of DNA polymerase and primase respectively
(Pizzagalli et al., 1988; Wong et al., 1988; Nasheuer et al., 1991; Santocanale et al.,
1993). Pol-prim initiates DNA replication by synthesizing short RNA primers de novo on
leading and lagging strand templates. It requires divalent magnesium ions and has no

associated 3’ to 5° exonuclease activity (Fisher & Korn, 1981).
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P180 belongs to the DNA polymerase B family whose conformation resembles a
human right hand composed of three distinct domains designated as palm, thumb, and
fingers (Hubscher et al., 2002). The minimum length of primer that can interact with the
polymerase subunit effectively is eight nucleotides. P180 is divided into three domains:
an N-terminal protein interaction domain (aa 1-329), a core polymerase domain (aa 330—
1279), and a C-terminal domain (aa 1235-1465) (Mizuno et al., 1999; Hubscher et al.,
2002). The N-terminus of p180 interacts with the helicase domain of T antigen
(Dornreiter et al., 1990; Weisshart et al., 1996). The core domain contains all the
conserved regions responsible for DNA binding, dNTP binding, and phosphoryl transfer
(Mizuno et al., 1999; Hubscher et al., 2002). The C-terminal domain is dispensable for
catalysis but necessary for the interaction with p68 and p58 (Mizuno et al., 1999).

P68 interacts with p180 and facilitates both the expression and the nuclear import
of p180 (Mizuno et al., 1996; Mizuno et al., 1998). P68 is required for priming in the
presence of RPA and T antigen, during initiation at replication origins and lagging strand
replication (Foiani et al., 1994; Ott et al., 2002).

The heterodimeric DNA primase (p48 and p58) is associated with p180 and p68
(Arezi & Kuchta, 2000). P58 contains a nuclear localization signal that can direct both
p58 and the p58/48 complex to the nucleus (Arezi & Kuchta, 2000). The function of p58
is to stabilize p48, increase primase efficiency, and regulate the length of primers
synthesized by primase (Arezi & Kuchta, 2000). Structural studies of the p48 subunit
reveal that the active sites of the enzyme contains three aspartic acids that interact with
NTP (Ito et al., 2003). P48 interacts with p180 through the p58 subunit and p48 also

interacts with RPA (Dornreiter et al., 1992; Nasheuer et al., 1992; Copeland & Wang,
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1993; Braun et al., 1997). RPA enhances both the processivity and fidelity of primer
extension by pol-prim and other SSBs cannot replace RPA for these function (Braun et
al., 1997; Maga et al., 2001), suggesting the interaction of primase dimer with RPA is

essential for primer synthesis.

Hand off model

DNA replication is a highly coordinated process that involves many proteins that work
cooperatively to ensure the accurate and efficient replication of DNA (Waga & Stillman,
1998). These proteins assemble and disassemble when needed and do not exist as a pre-
assembled, ready for action machinery (Kowalczykowski, 2000; Mer et al., 2000). The
dynamic nature of this process is thought to allow different levels of regulation and also
recycling of the commonly used proteins such as RPA and PCNA (Kowalczykowski,
2000; Stauffer & Chazin, 2004b).

Cells adopt several mechanisms to assemble and disassemble protein complexes.
One widely used mechanism is a “hand-off”” model, the successive exchange of proteins
on DNA, a term coined by Dr. John Tainer in 2000 (Mol et al., 2000; Tainer & Friedberg,
2000). Proteins are described as “trading places” from the aspect of DNA (Yuzhakov et
al., 1999a; Yuzhakov et al., 1999b; Stauffer & Chazin, 2004b). As shown schematically
in Figure 15 (Stauffer & Chazin, 2004b), two proteins interact via two weak binding
sites. The assembly of the protein complex might involve both of the binding sites or
either of the binding sites. A third protein only needs to bind one of the binding sites to
disrupt the interaction in the complex and another protein may come in to form a new

complex.
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Figure 15: Key concepts in DNA processing. The upper panel symbolizes the
interaction between two multidomain proteins (A, two open rectangles; B, two filled
ovals) that have two contact points. The overall affinity between the two proteins results
from two modest affinity interactions, each of which has an appreciable off rate. This
corresponds to one representation of the linkage effect. The lower panel represents the
facilitation of hand-off in this system. A third protein (checked circle) needs to bind to
only one of the two domains of protein B to drastically reduce the overall binding affinity
and promote release of B from A (Stauffer & Chazin, 2004b).
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RPA is required for protecting ssDNA during DNA metabolism but it needs to be
removed from ssDNA for other proteins to function later. The hand off mechanism is
proposed to be commonly used in removing RPA (Mer et al., 2000; Fanning et al., 2006).
For example, during eukaryotic homologous recombination, RPA binds ssDNA to protect
it and remove secondary structures. RPA is later replaced by Rad51 to form the Rad51
filament. In yeast, Rad52 facilitates displacement of RPA from ssDNA by forming a
transient complex with RPA and ssDNA while concurrently binding Rad51 (Sugiyama &
Kowalczykowski, 2002). Rad52 probably remodels RPA from its extended binding mode
to the compact binding mode, thus facilitating Rad51 loading (Fanning et al., 2006).
These data led me to hypothesize that the same hand-off mechanism is involved in

removing RPA during SV40 DNA replication or even host chromosomal DNA.

Initiation of SV40 DNA replication

T antigen is both the initiator and helicase for SV40 replication. It assembles around the
origin as a double hexamer in the presence of ATP and Mg++ as shown in Figure 6
(Mastrangelo et al., 1989; Dean et al., 1992). T antigen induces melting of 8 nt within the
early panlindrom region (Borowiec & Hurwitz, 1988). Once T antigen distorts the
dsDNA, it shifts to a DNA helicase mode and the OBD binds ssDNA non-specifically.
As a helicase, T antigen works as a double hexamer to pump in dsDNA (Moarefi et al.,
1993). RPA is necessary to protect the newly exposed ssDNA during SV40 DNA
unwinding process. Pol-prim is recruited to replication origins through interacting with T
antigen to start primer synthesis. Primase first synthesizes about 8-10 nt and then the

polymerase in the same pol-prim complex elongates the primer to 30 nt (Copeland &
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Wang, 1993). Later, Pol 0, a more processive and error-free DNA polymerase, takes the
place of the pol-prim to elongate the new DNA strand (Figure 1).

The initiation of SV40 DNA replication can be reconstitute in vitro with four
purified proteins, T antigen, RPA, pol-prim, and Topoisomerase I, and a plasmid with
SV40 origin (Matsumoto et al., 1990). In this assay, synthesis of radiolabeled DNA
depends on T antigen assembly on the SV40 origin DNA, unwinding of the duplex, and
synthesis of RNA primers that can then be extended. Radiolabeled replication products
are analyzed by denaturing gel electrophoresis, followed by autoradiography. Different
protein mutants have been tested in this assay in Chapters II and III. Electrophoretic
Mobility Shift Assay (EMSA, also called native gel electrophoresis) is a useful tool for
identifying proteins that interact with DNA. The electrophoretic mobilities of free DNA
and DNA/protein complexes are different in native (non-denaturing) polyacrylamide gel.
Radiolabeled DNA is used to identify the position of free DNA or DNA/protein complex.
EMSA has been used to test the interactions among T antigen, RPA and DNA in
Chapters II and III.

During the initiation of DNA replication, the interaction between T antigen and
RPA is essential for primer synthesis (Weisshart et al., 1998). As I began my thesis work,
the mechanism of this interaction remained unknown. Although T antigen-OBD
interaction with RPA70AB domain had been extensively studied, the details of this
interaction remained unclear. E.coli SSB can replace RPA in unwinding. Since E.coli
SSB doesn’t interact with T antigen, this result suggests that only ssDNA binding activity
is needed. One might expect that ssDNA protection during unwinding is unrelated to

protein-protein interaction. Moreover, T antigen relieves the inhibition of primer
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synthesis of pol-prim on RPA-saturated ssDNA, suggesting that this may be the step at
which the RPA/T antigen interaction is critical. In homologous recombination, RPA is
thought to be displaced by a hand-off mechanism as discussed before (Mer et al., 2000;
Sugiyama & Kowalczykowski, 2002). We hypothesized that the same mechanism of
unloading RPA happens during SV40 DNA replication initiation.

At the time I began my thesis, it was not clear how many binding sites of RPA
were involved in T antigen interaction. The importance of RPA32C for SV40 DNA
replication remained controversial. Studies had demonstrated that an antibody that
recognizes RPA32C could block DNA replication and pol-prim stimulation by RPA
(Kenny et al., 1990). In addition, Lee and Kim showed that the RPA32C deletion mutant
was impaired in SV40 replication assay (Lee & Kim, 1995). On the other hand, Braun et
al. revealed that RPA32C deletion mutants functioned well in SV40 replication assay
(Braun et al., 1997). Braun et al. argued that the defect observed by Lee’s group was due
to RPA conformational changes caused by deletion (Braun et al., 1997). The C-terminus
of RPA might be important for DNA replication since several SSBs has a C-terminus
essential for DNA replication, such as phage T4 gene 32, phage T7 gene 2.5 and E. coli
SSB. T7 gene 2.5 acidic C-terminus interacts with gene 5 polymerase to recruit gene 5 to
replication forks (Hamdan et al., 2005). The C-terminus of E. coli SSB interacts with x
subunit of RFC to help the clamp loading process (Kelman et al., 1998; Yuzhakov et al.,
1999a; Yuzhakov et al., 1999b).

The goal of my dissertation research was to study the interaction between T
antigen and RPA and if possible to develop models for the functional importance of this

interaction. In the following two chapters, I focus on the detailed mapping of the
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interaction between T antigen and RPA. The work in Chapters II and II were carried out
in close collaboration with Dr. Chazin's lab to reveal the mechanism of the initiation of
DNA replication at atomic level. We found that RPA32C interaction with T antigen-OBD
is critical for primer synthesis during the initiation of SV40 DNA replication, while
RPA70AB interaction with T antigen is essential for T antigen loading RPA onto ssDNA
in concert with SV40 origin DNA unwinding. Taken together, our data suggest that T
antigen-mediated RPA remodeling is essential for loading onto and unloading from

ssDNA.
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CHAPTER II

INSIGNTS INTO HRPA32 C-TERMINAL DOMAIN-MEDIATED ASSEMBLY OF
THE SIMIAN VIRUS 40 REPLISOME'

Introduction

The fundamental biochemical steps in eukaryotic DNA replication were first elucidated
in studies of a simple but powerful model system, the cell-free replication of the simian
virus 40 (SV40) genome. A single viral protein, large T antigen (Tag), orchestrates the
entire replication process in primate cell extracts. Tag directs the initiation of viral
replication by specifically binding to the SV40 origin of DNA replication, assembling
into a double hexameric helicase that unwinds the duplex DNA bidirectionally, and
recruiting cellular initiation proteins (Fanning & Knippers, 1992; Bullock, 1997;
Simmons, 2000; Stenlund, 2003). The progression of SV40 replication requires a
ssDNA-binding protein, replication protein A (RPA), which binds to the free ssDNA
generated by the Tag helicase, and together with Tag, enables primer synthesis and
extension by DNA polymerase alpha-primase (pol-prim). The host replication machinery
carries out all subsequent steps.

The molecular mechanism for the coordinated activities of Tag and human RPA
(hRPA) in initiation of SV40 DNA replication in not known. It has become increasingly

apparent that DNA processing events involve modular proteins that contain multiple

! Arunkumar, A. I*., Klimovich, V*., Jiang, X., Ott, R. D., Mizoue, L., Fanning, E., and Chazin, W. J. (2005).
Structural and functional insights into RPA32 C-terminal domain-mediated assembly of the simian virus 40 replisome.
Nat. Struc. Mol. Biol., 12(4):332-9, *These authors contributed equally to this work.
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structural/functional domains and have multiple points of contact (Stauffer & Chazin,
2004b). Tag and RPA are both modular proteins (Bullock, 1997; Wold, 1997; Iftode et
al., 1999; Mer et al., 2000; Bochkarev & Bochkareva, 2004; Gai et al., 2004a; Weisshart
et al., 2004) and the activity of hRPA in initiation of viral DNA replication correlates
well with its ability to interact physically with Tag; budding yeast RPA and bacterial
single-standed DNA-binding proteins that support origin unwinding but not initiation
bind poorly to Tag (Collins & Kelly, 1991; Dornreiter et al., 1992; Melendy & Stillman,
1993). These results and other genetic and biochemical data strongly suggest that direct
physical interactions between Tag and RPA are crucial for initiation of SV40 replication.
To elucidate the molecular mechanism that coordinates Tag-hRPA activities in
initiation of replication, the interaction site(s) between the two proteins must be mapped.
The Tag origin DNA-binding domain (Tag-OBD) has been identified as an RPA
interacting site (Weisshart et al., 1998), and the 70 kDa subunit of RPA was shown to be
involved in Tag interactions (Braun et al., 1997). RPA32C, a winged helix-loop-helix, is
a known protein interaction module (Mer et al., 2000), but its role in Tag interactions as
well as in SV40 replication has been controversial (Lee & Kim, 1995; Braun et al., 1997).
Here, we demonstrate that RPA32C does indeed interact with Tag and in fact, plays a
critical role in stimulating the initiation of SV40 replication. These findings show that
the interaction between Tag and RPA involves multiple contact points, a critical feature
that we incorporate into a refined mechanistic model for primer synthesis during SV40

replication.
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Materials and methods

Protein preparation

Human RPA32C was expressed and purified as described (Mer et al., 2000), except the
final reversed phase high performance liquid chromatography (HPLC) step was replaced
by a gel filtration column using HiLoad 16/60 Superdex 75 (Amersham Pharmacia).
Yeast RPA32C domain was cloned into the same vector (pET15b), expressed in BL21
(DE3) cells, and purified in a similar manner as hRPA32C. Point mutants were generated
by QuikChange (Stratagene) site-directed mutagenesis following vendor protocols,
including: RPA32C E252A, E252R, Y256A, S257A, T267A, D268A and D268R; Tag
R154A and R154E.

Recombinant RPA heterotrimers were expressed in E. coli and purified as
described (Henricksen et al., 1994). Single amino acid substitutions in RPA32 of the
hRPA heterotrimer were introduced by QuikChange.

SV40 Tag, topoisomerase I, and pol-prim were purified as described (Ott et al.,
2002).

Tagi31259 (Tag-OBD) was cloned into an in-house pSV278 expression vector,
which contains a 6x His tag followed by an N-terminal MBP fusion and a thrombin
cleavage site before the insert. The fusion protein was purified over Ni-NTA. After
thrombin cleavage and another passage over Ni-NTA, the protein was further purified
over MonoS 10/10 and HiLoad 16/60 Superdex 75 (Amersham Pharmacia).

Uniformly enriched "N and "*C,"”N samples were prepared in minimal medium

containing 1 g/L "NH4CI (CIL, Inc.) and 2 g/L unlabeled or ['*Cs] glucose (CIL, Inc.),
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respectively. The DNA duplex [d(GCAGAGGCCGA).d(TCGATTCTTGC)] was

purchased from Midland Certified Co. and used without further purification.

NMR spectroscopy

All NMR samples were concentrated to 100 uM in a buffer containing 2 mM DTT, 5 mM
MgCI2, and 20 mM Tris-d11 at pH 7.0. NMR experiments were performed at 25 °C using
a Bruker AVANCE 600 MHz NMR spectrometer equipped with a single axis z-gradient
Cryoprobe. Two-dimensional, gradient-enhanced "N-'"H HSQC and TROSY-HSQC
spectra were recorded with 4K complex data points in the 'H and 200 complex points in
>N dimension. The *C-"H HSQC spectra were acquired with 4096 x 600 complex data
points. Attempts to obtain NOE distance constraints for the intermolecular interface by
acquiring °C, 'H-filter, edited spectra were unsuccessful, presumably due to the
intrinsically low sensitivity of the experiments and the relatively short lifetime of the
complex.

To determine K4 for the interaction between RPA32C and Tag-OBD, a series of
spectra were acquired after addition of unlabeled RPA32C into a 100 uM solution of '°N-
labeled Tag-OBD. Additions were made such that 8 to 12 HSQC spectra were recorded
starting with a molar ratio of 1:0 (labeled:unlabeled) up to a ratio of 1:10. The pH of the
sample after each addition was monitored and corrected if necessary. Changes in amide
proton and amide nitrogen chemical shifts of Thr199 and His203 were fit to a standard
single-site binding equation as described previously (Arunkumar et al., 2003).

Residual dipolar couplings (Dnn) were measured using the strain-induced gel

alignment procedure (Jares & Blow, 2000; Tycko et al., 2000). Briefly, a 4%
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polyacrylamide gel with an inner diameter of 6 mm was soaked with a solution of the
complex containing *N-enriched RPA32C or Tag-OBD with unlabeled partner protein at
a molar ratio of 1:3 (labeled:unlabeled). After soaking for 24 hours at 4° C, the sample
was stretched into the NMR tube using the funnel like device described by Bax(Bax,
2003). Residual dipolar couplings were determined from the difference between one
bond ’N-"H splittings (‘Jxu + 'Dni) measured in the absence and presence of alignment
media. The splittings were measured using a combination of HSQC and TROSY spectra.
A total of 65 useable 'Dyny values were obtained, 28 from RPA32C and 37 from Tag-
OBD. Back-calculation of residual dipolar couplings from the structure of the complex
was carried out using the program PALES (Zweckstetter & Bax, 2000). NMR data were
processed using XWINMR (Bruker) and analyzed using either FELIX2000 (Accelrys,

Inc.) or Sparky (Goddard & Kneller).

Structure calculations

The structure of the complex was modeled using HADDOCK (Dominguez et al., 2003)
run on a home-built Linux cluster. The chemical shift perturbation data along with the
solvent accessibility of the interacting side chains (calculated using the program
NACCES; http://wolf.bms.umist.ac.uk/naccess) was used to obtain a set of ambiguous
interaction restraints (AIRs) as described in the HADDOCK manual. The target distance
of these constraints was set to 3.0 A and all other parameters were set to the default
values. A rigid body docking procedure was used to obtain 1500 conformers of the
RPA32C-Tag complex using only the AIRs, van der Waal’s energy and electrostatic

terms using the program CNS (Brunger et al., 1998). The 200 best conformers based on
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the intermolecular energy were subsequently used for semi-flexible simulated annealing
followed by refinement using explicit water. Residues 249-257, 259-262 and 266-270 of
RPA32C, and 152-156, 181-182, 199-204 and 255-258 of Tag-OBD were allowed to be
flexible in all stages of the docking procedure. Cluster analysis using an RMSD cut-off of
1.5 A revealed two clusters, with 189 conformers in one and only 4 conformers in the
other. The structure of the complex is represented by an ensemble of 20 conformers with
lowest energy. The single representative structure (with the lowest energy) was used to
back calculate 'Dyy for comparison to the experimental values. Structures were

visualized and figures were generated using MolMol (Koradi et al., 1996).

SV40 DNA replication (monopolymerase) assay

A published protocol (Matsumoto et al., 1990) was modified as follows: reaction
mixtures (20 pl) contained 250 ng of supercoiled pUC-HS plasmid DNA (2.8 kb)
containing the complete SV40 origin (Ott et al., 2002), 200 ng of RPA, 300 ng of
topoisomerase I, 100 to 400 ng of pol-prim as indicated in the figure legends, and 250-
750 ng of Tag in initiation buffer (30 mM Hepes-KOH (pH 7.9), 7 mM magnesium
acetate, 10 uM ZnCl,, 1 mM DTT, 4 mM ATP, 0.2 mM each GTP, UTP, and CTP, 0.1
mM each dGTP, dATP, and dCTP, 0.02 mM dTTP, 40 mM creatine phosphate, 40 wg/ml
of creatine kinase supplemented with 3 pCi of [a->*P] dTTP (3,000 Ci/mmol; Dupont
NEN, Boston, MA). Reactions were carried out and results evaluated as described
previously (Podust et al., 2002). Primer synthesis reactions were identical except that 20

uCi of [a-"*P] CTP (3,000 Ci/mmol; Dupont NEN) was the labeled nucleotide and the
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dNTPs and the ATP regenerating system were omitted. Products were analyzed as

described (Ott et al., 2002).

T antigen-dependent primer synthesis and extension assays on ssDNA

The reaction mixture was identical to that in the SV40 monopolymerase assay except that
the template was generally 100 ng of M13mp18 ssDNA (USB Corp., Cleveland, OH) that
had been pre-incubated for 20 min on ice with a saturating amount of RPA. After the pre-
incubation, the remaining components were added and the assay was completed as
described for the monopolymerase assay. Singly primed template ssDNA was prepared
by mixing 4.2 pmol each of M13mp18 and a 17-mer sequencing primer (-40 primer, USB
Corp.), heating at 60 °C for 2 min and annealing at room temperature. The product was
purified by 1% agarose gel electrophoresis and extracted from the gel using a kit
(Qiagen). The primer extension reaction was carried out as described above, except that
the singly primed ssDNA was substituted for unprimed ssDNA in the pre-incubation with

RPA, and that ribonucleotides, Tag, creatine phosphate, and creatine kinase were omitted.

Results

An RPA32C antibody inhibits initiation of SV40 replication

Our studies were initiated based on the observation that an antibody against RPA32
(Ab34A) specifically inhibited SV40 DNA replication in crude extracts in vitro (Kenny et

al., 1990). Ab34A has little effect on the ssDNA binding activity of RPA, its ability to
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support origin DNA unwinding, or to stimulate DNA polymerase delta activity, but it
does inhibit RPA stimulation of DNA polymerase alpha activity (Kenny et al., 1990). To
map the epitope recognized by Ab34A, human RPA (hRPA) and yeast RPA (yRPA), as
well as hRPA carrying mutations in RPA32, were tested in western blots (Figure 16).
Ab34A detected hRPA32 but not yRPA32 (Figure 16c, lanes 1 and 2). hRPA32C alone
(residues 172-270) was sufficient to bind Ab34A (lane 3), but an hRPA chimera with
hRPA32C substituted by the yeast domain (hRPAy32C) did not bind Ab34A (lane 4).
Moreover, deletions of 33 or 48 residues from the C-terminus of hRPA32, which are
predicted to destroy the globular structural domain of RPA32C, also prevented binding of
Ab34A (lanes 5, 6). These data imply that the antibody recognizes an epitope in the
winged helix-loop-helix domain of RPA32.

To confirm that Ab34A inhibits initiation of SV40 DNA replication,
monopolymerase reaction assays (Matsumoto et al., 1990) were performed using purified
proteins. In this assay, synthesis of radiolabeled DNA depends on Tag assembly on the
SV40 origin DNA, unwinding of the duplex, and synthesis of RNA primers that can then
be extended. Radiolabeled products were analyzed by denaturing gel electrophoresis,
followed by autoradiography. Robust DNA replication occurred in a positive control
reaction carried out in the absence of antibody (Figure 16d, lane 12). Negative control
reactions yielded no detectable products (Figure 16d, lanes 4, 5 and 9-11). Addition of
Ab34A inhibited initiation in a dose-dependent manner, but the presence of a non-
immune control antibody had no effect (Figure 16d, compare lanes 1-3 with 6-8).

Previous studies with Ab34A indicated that the antibody did not interfere with

origin DNA unwinding (Kenny et al., 1990), suggesting that it might inhibit the
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Figure 16: Monoclonal antibody 34A recognizes hRPA32C and inhibits SV40
replication. (a) hRPA subunits and mutant proteins used in this study. Residue numbers
are listed below each construct. OB, oligonucleotide-oligosaccharide binding folds,
including the ssDNA-binding domains A-D; WH, winged helix-loop-helix domain. (b)
Purified recombinant hRPA proteins were analyzed by 15% (w/v) SDS-PAGE and
Coomassie blue staining. M, protein markers of indicated mass. (c) Western blot assay of
the proteins shown in b, probed with 34A monoclonal antibody and visualized by
chemiluminescence. (d) Ab34A IgG or nonimmune mouse IgG was titrated into SV40
monopolymerase assays reconstituted with purified recombinant proteins. Products were
resolved by alkaline agarose gel electrophoresis and visualized by autoradiography.
Lanes 1-3 and 6-8, reactions containing 100, 300 or 500 ng of the indicated antibody.
Control reactions carried out in the presence of 500 ng of antibody and in the absence of
Tag or pol-prim are indicated (-). M, DNA size marker of the indicated length in
nucleotides (nt). (e) Primer synthesis and extension on M13mp18 ssDNA (25 ng)
preincubated with 500 ng (lanes 3, 5, 7 and 9) or 750 ng (lanes 2, 4, 6, 8 and 10) of hRPA
was tested in the presence of 250 ng pol-prim and 500 ng of either nonimmune IgG (lanes
3-6) or Ab34A (lanes 7-10). Control reactions with pol-prim alone (lane 1) and in the
absence of pol-prim (lane 2) are indicated (-).
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subsequent primer synthesis and elongation steps in initiation. To determine if RPA32C
is required for these processes, ssSDNA saturated with hRPA was used as a template for
synthesis of unlabeled primers and extension into radiolabeled DNA products by pol-
prim. Priming is inhibited on ssDNA saturated with RPA, but in the presence of Tag, pol-
prim assembles into a functional primosome capable of primer synthesis on the RPA-
ssDNA template (Matsumoto et al., 1990; Collins & Kelly, 1991; Melendy & Stillman,
1993). As expected, robust primer synthesis and elongation was observed on naked
ssDNA template (Figure 16e, lane 1), but when the ssDNA was saturated with RPA, little
synthesis was detected (lanes 3, 4, 7, 8). Addition of Tag stimulated priming and
elongation in the presence of the non-immune control antibody (compare lanes 5 and 6
with 3 and 4). However, in the presence of Ab34A, Tag failed to stimulate priming and
elongation (compare lanes 9 and 10 with 5 and 6). Hence, Ab34A interferes with the
ability of Tag to mediate priming and elongation by pol-prim. Together, these data
suggest a possible physical interaction between Tag and hRPA32C that facilitates

priming and extension.

RPA32C interacts specifically with the Tag-OBD

We tested for direct interaction between Tag and hRPA32C using affinity
chromatography experiments. Initial experiments suggested an interaction with the Tag-
OBD. To confirm this observation, the Tag-OBD was passed over columns (I, II, III)
containing increasing amounts of hRPA32C attached to the stationary phase (Figure 17a).
After vigorous washing, the eluted fractions were collected and separated on SDS-PAGE.

Eluates from the hRPA32C column contained increasing amounts of Tag-OBD as the
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Figure 17: The interaction of RPA32C with Tag-OBD. (a) Tag-OBD affinity
chromatography. Lanes, from left to right: I, column input; FT and E are the flow-
through and elution fractions from the control column; 1 and 2 are flow-through and
elution fractions from column I; 3 and 4 are flow-through and elution fractions from
column I, 5 and 6 are flow-through and elution fractions from column III. (b) NMR N
chemical shift titration curves for the binding of RPA32C to '*N-labeled Tag-OBD. The
changes in amide nitrogen chemical shifts of T199 (circles) and H203 (squares) in Tag
are plotted against the ratio of Tag-OBD to RPA32C. The line through each curve
represents a best fit to the standard single site binding equation.
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amount of RPA32C attached to the beads was increased (Figure 17a, lanes 2, 4, 6). To
further characterize the interaction, a series of "N-'H heteronuclear single quantum
correlation (HSQC) NMR spectra were acquired for a sample of *N-enriched Tag-OBD
as unlabeled hRPA32C was titrated into the solution. Binding isotherms for two residues,
derived from chemical shift changes induced in the Tag-OBD spectra upon addition of
increasing amounts of hRPA32C (Figure 17b), were fit to a standard single-site binding
equation using the approach described previously (Arunkumar et al., 2003). An average
dissociation constant (Kd) of 60 + 18 uM was obtained from all available data. This
binding constant is similar to, but weaker than the Kd of 5-10 uM estimated for the
interaction of hRPA32C with peptide fragments from the binding regions of the DNA

repair factors XPA and UNG2 (Mer et al., 2000).

Structural model of the complex

The structures of free Tag-OBD (Luo et al., 1996) and hRPA32C (Mer et al., 2000) have
been determined previously. These were used together with NMR chemical shift
perturbations to identify the binding sites of interaction. Reciprocal titration experiments
were carried out using '*N-enriched RPA32C and unlabeled Tag-OBD and vice versa; the
perturbed residues identify the binding surface on each molecule (Figures 18 and 19). To
determine the structure of the complex, the chemical shift perturbations were used as
input to guide a computational docking of the two molecules. The experimental data
were sufficient to define a unique relative orientation for the two domains, and multiple
refinements converged to an ensemble of conformers with a mean backbone root-mean-

square deviation (RMSD) of 0.91 = 0.17 A (Table 2). Also, pairwise backbone RMSD
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Figure 18: Mapping the Tag-OBD binding site of RPA32C. (a) "N-'H HSQC spectra
of RPA32C in the absence (black) and presence (red) of 2 molar equivalents of Tag-
OBD. (b) Bar diagram showing the average chemical shift change (combined amide
nitrogen and amide proton) upon addition of 2 molar equivalents of Tag-OBD versus the
sequence of RPA32C. The lower bar represents the mean of the data and the upper bar
represents the mean plus one standard deviation of the data. (c,d) Chemical shift
perturbations mapped on the structure of RPA32C shown as a ribbon and a CPK model
(A space-filling model represents the atoms as spheres whose radii are proportional to the
atom's van der Waals radius), respectively. Red coloring indicates those residues that
show changes above the mean plus one standard deviation. Magenta represents changes
above the mean, but below the mean plus one standard deviation.
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Figure 19: Mapping the RPA32C binding site of Tag-OBD. (a) ’N-'H HSQC spectra
of Tag-OBD in the absence (black) and presence (red) of 2 molar equivalents of
RPA32C. (b) Bar diagram showing the average chemical shift change (combined amide
nitrogen and amide proton) upon addition of 2 molar equivalents of RPA32C versus the
sequence of Tag-OBD. The lower bar represents the mean and the upper bar represents
the mean plus one standard deviation. (c,d) Chemical shift perturbations mapped on the
structure of Tag-OBD shown as a ribbon and a CPK model, respectively. Red highlights
those residues that show changes above the mean plus one standard deviation, and
magenta represents changes above the mean, but below the mean plus one standard
deviation.
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Table 2. Structural Statistics of the 20 best RPA32C/Tag-OBD model structures’

No. of residues used in chemical shift perturbation restraints
From RPA32C 8
From Tag-OBD 8

Ramachandran analysisb
Residues in the favored region (%) 83

Residues in other allowed regions (%) 16.5

Backbone rmsd (A) with respect to mean
All backbone 0.91 +0.17
Backbone rmsd (A) with respect to starting structure
NMR structure of RPA32C 0.64 £0.12
NMR structure of Tag-OBD 0.48+0.13

Surface area buried at the inter-molecular interface (Az) 1151 +£93

“Structural statistics of the 20 best structures of RPA32C/Tag-OBD complex obtained
after flexible docking with HADDOCK followed by refinement in explicit water using
ambiguous interaction restraints derived from chemical shift perturbation data. Cluster
analysis of the structures was carried out as described in the HADDOCK manual (see
Methods section).

Ramachandran analysis was carried out using PROCHECK-NMR (Laskowski et

al., 1996).
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from the two starting structure of <1A reveal that the structure of the two domains have
not changed to any significant extent in the complex. The similarity of RMSD values for
all residues versus those specifically in the interface region indicates the interface is as
well defined as the rest of the structure. The absence of significant changes in the
structure of the two domains is fully consistent with the modest binding-induced
perturbations of the very sensitive NMR chemical parameter.

To validate the structural model, °N-"H residual dipolar couplings ('Dy.i1) were
measured by partially aligning the samples in strained polyacrylamide gels. The
observed 'Dy.y values varied from -3 to 5 Hz for RPA32C and from -5 to 7 Hz for Tag-
OBD. The range was sufficiently large for both molecules to enable an accurate
comparison to 'Dy.y values back-calculated from the structure of the complex. There
was a good fit between experimental and back-calculated data: the average RMSD for the
20 conformers over all 65 dipolar couplings was only 1.4 Hz. A plot of the
experimentally measured values against the calculated values for the representative

conformer shows a good correlation (Figure 20c).

Tag and DNA repair factors bind to the same site on RPA32C

In the model of the Tag-OBD/RPA32C complex, the binding surface of RPA32C
includes fB-strand II, B-strand III and the loop connecting helix IIT and B-strand II. There
is a marked similarity between the RPA32C complex with Tag-OBD and that with the N-
terminal binding region of the base excision repair factor UNG2 (Mer et al., 2000). Y256
is of particular note because it is a critical residue in the UNG2/RPA32C interface. The

participation of Y256 in the Tag complex is clearly evident in *C-"H HSQC NMR
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Figure 20: Analysis of Tag-OBD and RPA32C complex. (a) Ensemble of 20 lowest
energy conformers of the complex of Tag (blue) and RPA32C (red). (b) Side chains in
the binding interface of the representative Tag-OBD/RPA32C structure. Tag-OBD is
blue and RPA32C is red. (c) Correlation between the experimentally measured 'Dyy
dipolar couplings (RPA32C, blue circles; Tag-OBD, green squares) versus the values
back-calculated from the representative structure.
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experiments, which reveal significant perturbations of the aromatic protons of Y256 upon
binding to Tag-OBD (Figure 21). Thus, the similarity between the Tag-OBD and UNG2
complexes appears to extend to the specific details at the binding interface.

Although the structures of RPA32C in these complexes are so similar, the
structure of the RPA32C-interacting region of Tag-OBD is distinct from those of the
DNA repair factors. In particular, UNG2, XPA and RADS?2 all interact with RPA32C
through a single helix, whereas the Tag-OBD utilizes a compound surface composed of
extended loops (Figure 20b). In addition to R154, R202, R204, N258, and P259, two
histidines (H201 and H203) in Tag-OBD are in close contact with RPA32C. There is
direct experimental evidence of the presence of the histidines in the binding interface: the
resonances of the H201 and H203 side chains in the ?C-'"H HSQC NMR spectrum are
significantly perturbed upon addition of RPA32C to a solution of Tag-OBD (Figure 21).
The distinctive character of the Tag-OBD binding site is reflected clearly in the absence
of histidine residues in the RPA32C-binding sites of UNG2, XPA and Rad52 (Mer et al.,

2000).

RPA32C binds to the same site on Tag-OBD as origin DNA

Detailed analysis of the structure of the complex revealed a significant overlap between
the RPA32C-binding surface of Tag-OBD and the previously determined binding site for
origin DNA. Three regions of the Tag-OBD (Phel51-Thr155, Phel83-His187, His203-
Ala207) have been shown to be essential for origin DNA-specific recognition (Simmons
et al., 1990a; Wun-Kim et al., 1993; Luo et al., 1996, Bradshaw et al., 2004). The first

indication of similarity between the RPA32C and origin DNA binding sites was
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Figure 21: Side chains at the intermolecular interface. (a) Chemical shift changes in
the tyrosine side chain of RPA32C in the aromatic region of the *C/"H HSQC spectrum.
(b) Chemical shift changes in the histidine side chain of Tag-OBD in the aromatic region
of the *C/'H HSQC spectra.
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from the analysis of chemical shift perturbations, which showed that residues in these
regions of Tag-OBD shift upon addition of RPA32C. Inspection of the model of the Tag-
OBD/RPA32C complex reveals that the proposed binding site for RPA32C extends over
the top of the deep DNA binding site.

To further confirm the overlap of the Tag-OBD and origin DNA binding sites, a
competitive binding experiment was done on the complex of ’N-enriched RPA32C and
unlabeled Tag-OBD. A duplex DNA oligomer containing the SV40 origin sequence
recognized by Tag, where one strand is 5’-GCAGAGGCCGA-3’, was titrated into this
solution to see whether the DNA would compete RPA32C off of the OBD. The
hRPA32C signals reverted back to the position of free RPA32C upon addition of a
stoichiometric amount of DNA (compare Figure 22a and 22b). This experiment also
shows that origin DNA binds more tightly to Tag than RPA32C, consistent with the
reported Ky values for origin DNA (Titolo et al., 2003; Bradshaw et al., 2004) and that

noted above for RPA32C.

Binding site mutations inhibit interaction

In test the importance of the interaction between the RPA32C domain and the Tag-OBD
in SV40 replication, point mutations in RPA32C and Tag-OBD were designed based on
the structure of the complex. Inspection of the surfaces of RPA32C and Tag-OBD
reveals a significant electrostatic complementarity in their binding surfaces (Figure 23).
The hRPA32C surface has an acidic character, contributed primarily by Glu252, Asp261,
Asp262 and Asp268. Tag-OBD has three arginine residues (Argl54, Arg202, Arg204)

contributing to a complementary basic surface. Salt bridges are found in the binding
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Figure 22: Effects of DNA binding and mutations on the interaction between
RPA32C and Tag-OBD. Comparison of the binding of Tag-OBD to RPA32C in the
absence (a) and presence (b) of origin DNA. Unlabeled Tag-OBD was titrated into a 100
mM solution of °N-enriched RPA32C and a series of '’N,"H HSQC NMR spectra were
acquired. An overlay of a small region from these spectra is shown in panel a. A
stoichiometric amount of origin DNA duplex was then titrated into the solution and an
additional spectrum was acquired, as shown in panel b. Arrows are drawn to facilitate
following the change in the location of the NMR signal. c) NMR 1H chemical shift
titration curves for the binding of wild-type, E252R, E268R and yeast hRPA32C to 15N-
labeled Tag-OBD. The changes in amide proton chemical shifts of Thr199 are plotted
against the ratio of hRPA32C to Tag-OBD. The line through each curve represents a best
fit to the standard single-site binding equation.
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Figure 23: Electrostatic surfaces of the two molecules in the Tag-OBD/RPA32C
complex. (a) RPA32C; (b) Tag-OBD. Red and blue colors correspond to negative and
positive charge, respectively. Key residues in the binding interface are labeled.
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interface, such as those involving Argl154, Arg204 of Tag-OBD with Glu252 and Asp268
of hRPA32C (Figure 20b). The strong electrostatic component of the interaction was
confirmed by a salt titration, which revealed that the complex was completely dissociated
in 250 mM NaCl. Consequently, the design of mutations was based on perturbing
electrostatic interactions.

The effects of mutations were first assayed by biophysical methods to verify the
stability, structural integrity and binding properties of the mutant hRPA32C proteins.
Characterization of alanine substitutions of hRPA32C residues Glu252, Tyr256 and
Asp268 showed that each mutant retained the structure of wild-type protein, but the effect
on affinity for Tag-OBD was only very modest. We reasoned that charge neutralization
was insufficient because electrostatic interactions are long-range and not highly
directional, so the overall effect could be dispersed through the binding interface. A much
more marked effect was anticipated for charge-reversal mutants that place an opposite
charge in hRPA32C('s acidic electrostatic field, and indeed, both E252R and D268R
exhibited a more substantial effect on Tag-OBD binding. The binding curves for E252R
and D268R demonstrate five- to ten-fold weaker binding compared with that of the wild-
type hRPA32C (Kd =500 uM versus 60 uM; Figure 22c¢). These results were confirmed
by similar charge-neutralization and charge-reversal mutations in Tag-OBD: a modest
reduction in affinity for hRPA32C was observed for R154A but a much stronger effect
for R154E (Figure 24). A further test of the proposed importance of electrostatic
complementarity between Tag-OBD and hRPA32C involved examining the interaction of
Tag-OBD with yRPA32C, which lacks several acidic residues in the hRPA32C-binding

site for Tag-OBD (Figure 25). Titration of yYRPA32C into Tag-OBD revealed a
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Figure 24: NMR chemical shift analysis of the interaction of wild type and mutant
Tag-OBD with RPA32C. (a) Expanded region of the °N, 'H HSQC NMR spectra of
wild-type Tag-OBD in free (black) and in complex with 4 molar excess of RPA32C
(red). (b) Expanded region of the °N, "H HSQC spectra of R154A mutant in free (black)
and in complex with 4 molar excess of RPA32C (red). (c) Expanded region of the °N, 'H
HSQC spectra of R154E mutant in free (black) and in complex with 4 molar excess of
RPA32C (red).
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Yeast Human

Figure 25: Comparative analysis of human and yeast RPA32C. Electrostatic surface
representation of human and yeast RPA32C, generated using hRPA32C coordinates
(PDB accession no: 1DPU). Negatively charged residues are red, positively charged—
blue. The molecules are in the same orientation. Blue ovals mark the negatively charged
patches on human RPA32C surface. Approximate location of the residues used to create
charge-reversal point mutants investigated in this study is labeled accordingly. (c)
Comparison of the primary sequences of the RPA32C domain from human and yeast.
Residues that are important for the interaction with Tag-OBD are shown in boxes
(Klimovich, Doctoral Dissertation).
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substantially lower affinity than even the most perturbing of the hRPA32C charge-
reversal mutations (Figure 22c¢). Indeed, binding was so weak that the Kd could not be
determined, consistent with the considerably lower negative charge of the Tag-OBD

binding surface (Figure 25).

RPA32C is required for initiation of SV40 DNA replication

To further assess the functional importance of the proposed Tag-OBD interaction with
hRPA32C, hRPA heterotrimers with mutations in hRPA32C were tested in SV40 DNA
replication assays using the monopolymerase assay as shown in Figure 26 (Matsumoto et
al., 1990). Human RPA, used as a positive control in all assays, supported initiation (for
example in Figure 26a, lanes 1 and 2). As expected, yRPA exhibited no activity (lanes 3
and 4). Negative control reactions lacking either Tag or pol-prim yielded no detectable
products (lanes 5 and 6). A human-yeast chimera hRPAy32C containing the winged-
helix-loop-helix domain from yeast RPA in place of the human domain retained ssDNA
binding activity and its RPA70 subunit was active in binding to Tag (Figure 27).
However, the initiation activity of hRPAy32C was diminished by an order of magnitude
relative to that of hRPA in the same experiment (Figure 26b, compare lanes 1-4 and 5-8),
correlating with the weak interaction of yRPA32C with Tag-OBD observed by NMR.
Initiation activity increased dramatically in proportion to the amount of hRPA present in
the reaction, while the corresponding amounts of hRRPAy32C did not stimulate replication
(Figure 27). The E252R mutation in RPA32C caused a modest reduction (~20%) in
activity relative to wild type hRPA, whereas the D268R mutation substantially impaired

initiation activity (~50%) (Figure 26¢,d; compare lanes 1-4 and 5-8; Figure 28),
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Figure 26: Mutations in hRPA32C that weaken interaction with Tag are defective in
initiation of SV40 DNA replication. (a-d) Initiation of replication was tested in
monopolymerase reactions containing 200 ng of the indicated hRPA and 300 or 400 (a),
or 100-400 ng (b-d), of pol-prim as indicated. Control reactions contained hRPA but
lacked either pol-prim or Tag as indicated (-). The products were resolved by alkaline
agarose gel electrophoresis and visualized by autoradiography. DNA size markers are
indicated (M).
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Figure 27: Characterization of the hRPA32C and hRPAy32C mutant proteins. (a)
The indicated amounts of hRPA or hRPAy32C were incubated with 2.5 pmol of 32P-end-
labeled oligo(dT)30 and bound DNA was quantified by filter-binding and scintillation
counting. Diamonds, hRPA; filled squares, hRPAy32C. (b) The indicated amounts of
purified hRPA or hRPAy32C were incubated with or without (-) Tag bound to Pab101-
coupled Sepharose beads for 30 min at 40C. After washing, proteins bound to the beads
were analyzed by SDS-PAGE and western blotting with antibody against RPA70 (top
panel) or Tag (bottom panel). Lanes 1, 7, 8: samples of the input proteins. (c) Initiation
activity was tested as in Figure 26b except that the amount of hRPA or hRPAy32C
wasvaried as indicated and 200 ng of pol-prim was present in each reaction. Acid-
insolubleradiolabeled products in 4 ml of each reaction mix were quantified by
scintillation counting. Diamonds, hRPA; filled squares, hRPAy32C. (d) SV40 DNA
replication activity of hRPAA223 was compared with that of hRPA in monopolymerase
reactions.
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Figure 28: Quantitative comparison of wild type and mutant RPA in replication
assays. (a-c) Quantification of typical SV40 monopolymerase assays as in Figures 26b,d
(cpm, counts per minute determined by scintillation counting). White bars, wild type
hRPA; black bars, mutant activity; gray bars, controls. (d) Mean results of at least two
independent monopolymerase experiments showing mutant activity as a percentage of the
wild type activity in the same experiment (the same concentration of proteins). Brackets
represent standard error. (e-g) Quantification of typical primosome assays as in Figures
29a-e. White, wild type; black, mutant; gray, controls (h) Mean results of at least two
experiments showing primosome activity with mutant RPA as a percentage of the wild
type activity in the same experiment.
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consistent with reduced binding of Tag-OBD to the corresponding RPA32C mutants. The
results demonstrate that hRRPA32C serves an important function in initiation of SV40
DNA replication, and provide strong support for the structural model of the Tag-

OBD/RPA32C complex (Figures 17, 20 and 22).

RPA32C interaction with Tag promotes primer synthesis

Previous studies (Bullock, 1997), as well as the results presented in Figure 16, suggest
that the Tag interaction with RPA is crucial for primer synthesis in initiation and in
Okazaki fragment synthesis. To ask whether primer synthesis requires the Tag-RPA32C
interaction, we first measured the ability of Tag to stimulate the synthesis of radiolabeled
RNA primers (8-10 nt) in the SV40 monopolymerase reaction (Matsumoto et al., 1990)
in the presence of wild type or mutant hRPA (Figure 29a). Tag stimulated primer
synthesis in the presence of hRPA (lanes 3-5) but not chimeric RPA (lanes 6-8). Control
reactions in the absence of Tag or pol-prim (lanes 1-2) yielded no primers. The hRPA32
point mutants E252R and D268R supported primer synthesis, but their activity was less
than that of wild-type hRPA (Figure 29b). The results indicate that Tag interaction with
hRPA32C promotes priming during initiation.

To test whether the Tag-RPA32C interaction is also needed for primer synthesis
at a later step after origin DNA unwinding, ssDNA presaturated with hRPA, hRPAy32C
chimera or a point mutant was used as the template for priming and elongation (Figure
30). In the presence of hRPA, Tag stimulated primer synthesis and extension into labeled
DNA products (lanes 1-3), whereas little or no product was detected in the presence of

any of the mutant hRPAs (lanes 6-8). Abundant products were detected in the
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Figure 29: Mutations in hRPA32C that weaken interaction with Tag are defective in
priming. (a) SV40 monopolymerase reactions containing radiolabeled CTP were carried
out in the presence of 200 ng of the indicated hRPAs, 250 ng of pol-prim, and 250-750
ng of Tag as indicated. Control reactions lacking Tag, hRPA or pol-prim are indicated (-).
Radiolabeled RNA products were resolved by electrophoresis on a polyacrylamide gel
containing 20% (w/v) urea and visualized by autoradiography. M, radiolabeled
oligonucleotide size marker dT (4-22). (b) Primer synthesis in the monopolymerase
reaction was quantified and expressed as a percentage of wild-type activity. At least two
reactions were used for quantification of each mutant. Brackets represent standard error.
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Figure 30: hRPA32C is needed for primosome activity, but not for primer extension.
(a-c) Primer synthesis and extension was assayed on 100 ng M13 ssDNA precoated with
600 ng of hRPA or mutant hRPA as indicated. Reactions contained 250 ng of pol-prim
and 250-750 ng of Tag as indicated. Control reactions lacked hRPA, pol-prim or Tag as
indicated (-). Radiolabeled DNA products were resolved by alkaline agarose gel
electrophoresis and visualized by autoradiography. M, DNA size markers as indicated.
(d) Singly primed ssDNA (100 ng) precoated with 1,000 ng of the indicated hRPA was
incubated with purified pol-prim (100, 150 and 250 ng) as indicated (+). Negative control
reactions were done without pol-prim (lanes 4 and 9) or with unprimed template (lanes 5
and 10). Primer extension in the absence of hRPA is shown in lane 11.
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positive controls without hRPA (lanes 12) and little or no products were observed in the

absence of pol-prim (lanes 4, 9 and 11) or Tag (lanes 5 and 10). Quantification of primer
synthesis and extension is shown in Figure 28. We conclude that interaction of Tag with
hRPA32C, independent of origin DNA unwinding, is required for its ability to stimulate

primer synthesis and elongation on hRPA-coated ssDNA.

The data above do not distinguish whether hRPA32C is required only for primer
synthesis in the presence of Tag and pol-prim, or also for primer extension, which
requires only pol-prim (Bullock, 1997; Yuzhakov et al., 1999a). This question was
addressed by examining the activity of pol-prim on a pre-primed ssDNA template
saturated with either the yeast RPA, chimera hRPAy32C or hRPA (Figure 30d). The
primer elongation activity in the presence of human, yeast or chimeric RPA was nearly
identical (lanes 1-3, 6-8). Primer extension was not detected in the absence of pol-prim or
when unprimed DNA template was coated with the same amount of mutant RPA (lanes
4,5, 9, 10). Primer elongation in the absence of RPA yielded products of smaller size
(lane 11), consistent with previous evidence that RPA enhances the processivity of DNA
synthesis (Kenny et al., 1990; Matsumoto et al., 1990; Dornreiter et al., 1992; Melendy &
Stillman, 1993). We conclude that both hRPAs are capable of facilitating primer

elongation by pol-prim.

Discussion

Taken together with the known interaction of Tag with RPA70 (Braun et al., 1997; Wold,
1997; Weisshart et al., 1998; Iftode et al., 1999), the evidence presented here suggests

that each RPA heterotrimer has two binding surfaces for Tag, one in RPA70 and a
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weaker one in RPA32C. Although the interaction of RPA32C with Tag-OBD is of
moderate affinity, characterization of the complex by NMR enabled modeling of the
structure at sufficient resolution to identify critical residues involved in the binding
interface. The physical interaction of RPA32C with Tag-OBD is species specific. Despite
strong homology between yRPA and hRPA, yRPA32C does not bind Tag-OBD or
support SV40 DNA replication. Mutational analysis of hRPA32C strongly suggests that
hRPA32C interaction with Tag-OBD allows pol-prim to gain access to hRPA-coated
ssDNA for primer synthesis. The reduced replication activity of hRPA32C mutants is
easily detectable as the amount of RPA is raised (Figure 27), but might not be obvious
with lower amounts, providing an explanation for differences with observations reported
previously (Lee & Kim, 1995; Braun et al., 1997). Other differences include the use of
purified pol-prim and the monopolymerase and primosome assays, rather than the RPA-
depleted human cell extracts used previously (Lee & Kim, 1995; Braun et al., 1997).
Because hRPA is highly abundant in vivo, our results suggest that protein interactions of
RPA32C with Tag are physiologically relevant. Notably, a conditional RPA32 mutant of
yeast that lacks the RPA32C domain progresses through S phase, loses ARS plasmids at
high frequency, and is synthetic lethal with a conditional pol-prim mutant at permissive
temperature (Santocanale et al., 1995). These phenotypes imply that one or more steps in
chromosomal replication may also depend on RPA32C interaction with protein partners.
hRPA32C uses a common binding site to interact with Tag-OBD and DNA repair
factors (Mer et al., 2000). Like Tag, XPA and Rad52 have an additional binding site in
RPA70 (Jackson et al., 2002; Daughdrill et al., 2003), although the relative importance of

these contact points in DNA repair is not known. Notably, the RPA32C truncation mutant
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of yeast displays mutator and hyper-recombination phenotypes, which does suggest a role
for RPA32C in DNA repair (Santocanale et al., 1995). One of the common functions of
RPA in these different DNA processing pathways lies in its ability to facilitate the
exchange of proteins on ssDNA (“hand-off”) (Kowalczykowski, 2000; Mer et al., 2000;
Stauffer & Chazin, 2004b) as the pathway proceeds. The promiscuity of RPA32C in
binding DNA processing proteins, while maintaining modest affinity for its binding
partner, suggests that it serves as a facilitator in the hand-off mechanism.
Characterization of structural mechanisms such as hand-off presents a significant
challenge, but one which must be overcome to better understand fundamental DNA

processing events such as replication.

Mechanism of Tag stimulation of primer synthesis?

Primer synthesis but not primer elongation on RPA-saturated ssDNA requires Tag
(Matsumoto et al., 1990; Collins & Kelly, 1991; Melendy & Stillman, 1993; Yuzhakov et
al., 1999a). The ability of Tag to mediate priming by pol-prim correlates with its ability
to interact physically with the RPA bound to the template, strongly suggesting that
physical interactions of Tag with RPA facilitate priming (Melendy & Stillman, 1993;
Weisshart et al., 1998). The data presented in this report and previously (Lee & Kim,
1995) point to a functional role for RPA32C in Tag-mediated priming.

How might the physical interaction of Tag with RPA32C facilitate primer
synthesis? We postulate that Tag interacts with RPA to facilitate its partial dissociation
from ssDNA, thereby creating a short region of ssDNA accessible for primer synthesis

(Figure 31). Based on all available evidence (Wold, 1997; de Laat et al., 1998; Iftode et
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al., 1999; Yuzhakov et al., 1999a; Iftode & Borowiec, 2000; Bastin-Shanower & Brill,
2001; Ott et al., 2002; Arunkumar et al., 2003; Bochkarev & Bochkareva, 2004), we
propose that a dual interaction of Tag with RPA32C and RPA70 allows it to remodel the
structure of ssDNA-bound RPA, transiently shifting it from the high affinity, extended
binding mode to a weaker, more compact binding mode (Figure 31a, b). hRPA binds to
ssDNA with the high affinity DNA binding domains A and B at the 5° end of the
occluded ssDNA, followed by the weaker binding domains C and D at the 3’ end. The
lower affinity of C and D implies that the 3’ ssDNA would be transiently accessible.
Binding of Tag to RPA32C might prolong the time window in which the 3’ site is
accessible. Because Tag binds to pol-prim through its helicase domain, a single Tag
hexamer may bind concurrently to RPA and pol-prim (Fanning & Knippers, 1992;
Bullock, 1997; Weisshart et al., 1998; Simmons, 2000; Stenlund, 2003). Given that Tag
binding to both proteins is essential for priming (Weisshart et al., 1998), we propose that
a Tag hexamer transiently associated with both RPA and pol-prim is poised to load pol-
prim onto the accessible region of ssDNA (Figure 31b,c). Primase would thereby gain
access to the free ssDNA template, permitting primer synthesis and leading to
dissociation of a remodeled RPA molecule and Tag. Subsequent primer extension on
RPA-ssDNA by pol-prim does not require Tag (Figure 31). The model proposed in
Figure 31 is consistent with our results and a large body of published evidence, but much
work remains to assess its validity.

To understand better the role(s) of RPA32C, it will be necessary to completely
analyze all hRPA-Tag interactions. The objective is to understand their coordination

action and how they are regulated through interactions with DNA and pol-prim. The
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Figure 31: Model for SV40 primosome activity on RPA-coated ssDNA. (a) RPA
(blue) is schematically depicted in the high affinity 28-30 nt binding mode with all four
ssDNA binding domains (A-D) bound to ssDNA. RPA14 is omitted for simplicity. The
helicase domain (HEL) of a Tag hexamer (green) can associate with a pol-prim
heterotetramer (Koradi et al., 1996; Bullock, 1997). Antibodies against Tag that
specifically inhibit either RPA binding to Tag-OBD or pol-prim binding to the helicase
domain prevent primer synthesis (Weisshart et al., 1998). (b) We suggest that primosome
assembly begins when Tag-OBD associates first with RPA32C and then with RPA70AB,
transiently creating a short stretch of unbound ssDNA. (¢) In concert with this RPA
remodeling, pol-prim associated with the Tag hexamer would be poised to access the free
ssDNA and begin primer synthesis. (d) Primer extension by pol-prim is likely coupled
with RPA and Tag dissociation, and followed by the RFC/PCNA-mediated switch to
DNA polymerase delta (Huang et al., 1998) (not shown).
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increasingly detailed knowledge of the mode of action of modular, multifunctional
because they provide an understanding of the fundamental molecular mechanisms of
proteins, such as our studies of the SV40 replisome, are of considerable value DNA
processing machineries and the role of hRPA in guiding the sucession of protein in each

pathway.
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CHAPTER III

STRUCTRAL MECHANISM OF RPA LOADING ON DNA DURING ACTIVATION
OF A SIMPLE PRE-REPLICATION COMPLEX*

Introduction

RPA is a conserved eukaryotic ssDNA binding protein that was discovered as an
essential factor in the cell-free replication of simian virus 40 (SV40) DNA (Wold, 1997;
Iftode et al., 1999; Bochkarev & Bochkareva, 2004). A large body of evidence now
demonstrates that RPA is an obligatory participant in most eukaryotic DNA processing
pathways, from DNA replication, repair, and recombination through somatic
hypermutation in lymphocytes and DNA damage signaling (Zou & Elledge, 2003;
Chaudhuri et al., 2004; Stauffer & Chazin, 2004b).

RPA is a highly flexible modular protein composed of three subunits (RPA70,
RPA32, RPA14) that are stably associated with each other (Figure 32). Three-
dimensional structures of each of the seven individual domains and several subassemblies
are now available, but the quaternary structure(s) of RPA remains unknown (Bochkarev
& Bochkareva, 2004; Stauffer & Chazin, 2004b). Four of the domains [DNA-binding
domains (DBDs) A-D] bind to ssDNA with decreasing affinity from A to D (Figure 32).
RPA binding to ssDNA occurs sequentially and with a defined polarity, beginning with

DBD-A and B at the 5’ end, yielding three different states that occlude 8-10, 12-23, or

2 Jiang X.*, Klimovich V.*; Arunkumar A. I*, Hysinger E. B., Wang Y., Ott R. D., Guler G. D., Weiner B., Chazin W.
J., Fanning E. (2006). Structural mechanism of RPA loading on DNA during activation of a simple pre-replication
complex. EMBO J 25(23):5516-26. *These authors contributed equally to this work.
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Figure 32: Domain organization of RPA with Tag binding regions shaded.
Rectangles depict OB-folds, of which four are single-stranded DNA binding domains
(DBDs A-D); an oval indicates the winged-helix-turn-helix of RPA32C (Mer et al.,
2000); a circled P depicts the phosphorylated region of RPA32. A triple arrow
symbolizes the association of subunits through a 3-helix bundle (Bochkareva et al.,
2002), and hexagons denote Tag hexamers.
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28-30 nucleotides (de Laat et al., 1998; Iftode & Borowiec, 2000; Bastin-Shanower &
Brill, 2001; Arunkumar et al., 2003; Wyka et al., 2003). The three states of RPA are
thought to co-exist in solution, in dynamic equilibrium with each other (Blackwell et al.,
1996). Studies of free RPA70AB (residues 181-422) reveal that the linker peptide
between domains A and B is flexible (Arunkumar et al., 2003), while RPA70AB bound
to an 8-nucleotide ssDNA adopts a structure with domains A, B, and the linker in a fixed
orientation (Bochkarev et al., 1997; Bochkareva et al., 2001; Arunkumar et al., 2003).

RPA also interacts directly with and modulates the activity of a large and growing
number of factors that are required for proper processing of ssDNA (Iftode et al., 1999).
The binding sites for these proteins have been mapped to regions in the RPA70N, 70A,
70B, and 32C domains (Figure 32). Notably, many of the DNA processing factors are,
like RPA, modular multi-domain proteins, and in most instances, their interactions with
RPA involve multiple contact points between two or more domains.

The viral replicative DNA helicase, SV40 T antigen (Tag), binds to RPA via its
origin DNA binding domain (OBD, residues 131-259) and this interaction is essential for
SV40 DNA replication (Dornreiter et al., 1992; Melendy & Stillman, 1993; Weisshart et
al., 1998). The Tag binding regions of RPA have been mapped to RPA70 residues 169-
327 (Braun et al., 1997) or RPA70A (Loo & Melendy, 2004; Park et al., 2005), and
RPA32C (Lee & Kim, 1995). Although the physical interaction of Tag-OBD with RPA70
remains poorly understood, an important step forward was made possible by construction
of a model of Tag-OBD and RPA32C from extensive NMR data (Arunkumar et al.,

2005).

71



An understanding of how RPA functions in the progression of ssDNA processing
pathways remains elusive. One proposal is that processing proteins successively compete
with each other for RPA, allowing them to switch places on DNA as the pathway
progresses toward completion (Yuzhakov et al., 1999a). This mechanism, termed hand-
off, correlates with the increasing affinity of proteins for RPA during lagging strand
SV40 DNA replication in vitro (Yuzhakov et al., 1999a). There is also evidence for a
mechanism involving protein-mediated remodeling of RPA, from an extended
conformation into a compact conformation that more readily dissociates from ssDNA,
which allows incoming proteins to access sSDNA. For example, we recently
demonstrated that Tag binding to RPA32C facilitates replacement of RPA on ssDNA by
DNA polymerase alpha-primase to promote primer synthesis, and proposed that this
transition is based on the ability of Tag to bind and remodel the ssDNA-binding mode of
RPA (Arunkumar et al., 2005).

The ability of RPA-binding proteins to facilitate its displacement from ssDNA led
us to consider whether RPA freely diffuses onto ssDNA or whether DNA processing
proteins actively load RPA on ssDNA. Here, we demonstrate that the Tag double
hexamer, which serves as a simple pre-replication complex on the viral origin, selectively
loads human RPA on the emerging ssDNA at the origin. To define the structural basis for
this loading reaction, we map the physical interaction surfaces of Tag and RPA70AB in
detail and show that Tag forms a ternary complex with RPA70 domains A and B bound
to a minimal ssDNA binding site of 8 nucleotides. However, in the presence of a 30-
nucleotide oligomer, Tag was found to dissociate from the ternary complex. Our evidence

suggests that the ternary complex initially couples activation of SV40 origin unwinding
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by Tag helicase with RPA loading onto ssDNA, and then dissociates to enable RPA

binding in an extended mode to the full ssDNA site.

Materials and methods

Protein and DNA

Human RPA70AB was expressed and purified as described (Arunkumar et al., 2003).
Tagi31259 (Tag-OBD), and recombinant trimeric human RPA, yeast RPA, and
hRPAy32C chimera were expressed and purified as described (Arunkumar et al., 2005).
SV40 Tag, DNA polymerase alpha-primase, and topoisomerase I were prepared as
described (Ott et al., 2002). Monoclonal antibodies Pab101 against Tag (residues 696-
708) (Weisshart et al., 2004) and 70C and 34A against hRPA (Kenny et al., 1990) were
purified as described. HPLC pure oligo dTso, dT}s, and dTg were purchased from
Integrated DNA Technologies (Coralville, IA)

Uniformly enriched "N and "*C, '*N samples were prepared in minimal medium
containing 1 g/L "NH4CI (CIL, Inc.) and 2g/L unlabeled or [*Cs] glucose (CIL, Inc.),
respectively. HPLC pure ssDNA, d(C)s, was purchased from Midland Certified Co.

(Midland, TX) and used without further purification.

NMR spectroscopy

All NMR experiments were performed on Bruker spectrometers operating at 600 MHz

and 800 MHz. The buffer that was used for all the NMR experiments was 20 mM Tris-
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d;; HCI containing 50 mM KCI, 10 mM MgCl,, 2 mM DTT, and 0.01% NaNs at pH 7.2.
All NMR experiments were recorded at 25 °C. Two-dimensional, gradient-enhanced
HSQC and TROSY-HSQC spectra were recorded with 4K complex data points in the 'H
and 200 complex points in ’N dimension. All NMR spectra were processed and
analyzed using Felix 2000 (Accelrys Inc., San Diego, CA). Complete backbone and side
chain assignments for RPA70AB and Tag-OBD are reported elsewhere (Luo et al., 1996;
Bhattacharya et al., 2004). Structures were visualized and figures were generated using

MOLMOL (Koradi et al., 1996).

Limited proteolysis

Limited proteolysis of RPA70AB was carried out in the presence of trypsin at a molar
ratio of 1:1000 (protease:protein) in the same buffer that was used in NMR studies. Free
RPA70AB, binary complexes RP70AB/Tag-OBD and RPA70AB/d(C)s, and the ternary
RPA70AB/Tag-OBD/d(C)s complex were incubated in the presence of trypsin and
aliquots were removed at various time points. The protease activity was quenched by
addition of SDS-PAGE loading buffer followed by boiling for 3 min. The digestion

products were separated and visualized by 4-17% SDS-PAGE and Coomassie staining.

Tag-RPA pull-down assays

Purified Tag was bound to monoclonal antibody Pab101 absorbed to protein G-agarose
beads. Tag-bound beads were incubated with RPA or RPA70AB as indicated in the

figure legends for 1 h at 4°C. After washing 3 times with washing buffer (30 mM
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HEPES-KOH (pH 7.9), 50 mM KCI, 7 mM MgCl,, 0.25% inositol, 0.05% NP-40), the
beads were resuspended in the SDS sample buffer and analyzed by SDS-PAGE and
western blotting with anti-RPA Mab70C and chemiluminescence. hRPA and RPA70AB
binding to GST-Tag-OBD adsorbed to glutathione beads was assayed in a similar manner
using anti-Tag Pab101.

In some experiments, increasing amounts of oligonucleotide dTsp, dT;s or dTg
were added to the washed Tag/RPA complexes on beads and incubated for 1 h at 4°C.
After washing again with washing buffer, bound hRPA was visualized by SDS-PAGE,

immunoblotting with anti-RPA Mab70C (Kenny et al., 1990), and chemiluminescence.

ssDNA filter binding assays

Human RPA, yeast RPA or hRPAy32C was incubated with 3 pmol of 5’ **P-end-labeled
ssDNA (dTsp) in binding buffer (30 mM HEPES-KOH [pH7.9], 40 mM creatine
phosphate, 7 mM MgCl,, 4 mM ATP, 10 uM ZnCl,) for 20 min at 37 °C. Reactions were
spotted on alkaline-treated nitrocellulose filters (McEntee et al., 1980). The filters were
washed five times with wash buffer (30 mM HEPES-KOH [pH7.9], 7 mM MgCl,), dried,

and analyzed by scintillation counting.

Native gel electrophoresis

Mobility shift reaction mixtures (15 ul) containing 3 pmol of 5° **P-end labeled ssDNA
(dT30) in binding buffer (30 mM HEPES-KOH [pH7.9], 40 mM creatine phosphate, 7

mM MgCl,, 4 mM ATP, 0.01 mM ZnCl,) were pre-incubated with 2-6 pmol of RPA
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(human or yeast) as indicated in the figure legends at 25°C for 10 min. Tag was added as
indicated in the figure legends for 15 min at 37°C. In some experiments, a purified
monoclonal antibody was added 5 min later. The reaction products were analyzed after
addition of loading buffer (2.5% w/v Ficoll 400, 0.05% w/v bromophenol blue, 0.05%
w/v xylene cyanol) and electrophoresis on 7.5% polyacrylamide gels in 45 mM Tris, 45
mM boric acid, 0.01 mM ZnCl, for 2 h at 100 V. The gel was dried and complexes were
detected by autoradiography. Bound proteins were quantified by densitometry using

IPLabGel.

Initiation of SV40 DNA replication

Monopolymerase assays (Matsumoto et al., 1990) were carried out as described recently
(Arunkumar et al., 2005) except that 750 ng of Tag was used and RPA was varied as
indicated in the figure legends. Reactions were assembled at 4°C and incubated at 37°C
for 90 min. Reaction products were purified on G-50 Sephadex columns (Roche
Diagnostics Corp., Indianapolis, IN) and precipitated with 100% acetone. The washed
and dried products were redissolved in loading buffer (45% formamide, 5 mM EDTA,
0.08% xylene cyanol FF, 0.08% bromophenol blue) and resolved by 1.2% alkaline (30
mM NaOH, 1 mM EDTA) agarose gel electrophoresis for 2 to 3 h at 100 V. The reaction

products were visualized by autoradiography and quantified by scintillation counting.

Results
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Selective loading of human RPA during unwinding of the SV40 replication origin

To determine whether origin DNA unwinding by Tag double hexamer is coupled to RPA
recruitment and concomitant loading onto ssDNA, we asked whether Tag would
selectively load human RPA onto emerging ssDNA in the presence of a competing
ssDNA-binding protein that supports origin unwinding but not later steps in SV40
replication. Yeast RPA was chosen as the competitor in this experiment because it binds
ssDNA with an affinity similar to human RPA (Figure 33a, b) and supports Tag-
catalyzed unwinding of SV40 origin DNA, but it does not bind to Tag and does not
support primer synthesis in SV40 replication (Brill & Stillman, 1989; Melendy &
Stillman, 1993; Iftode & Borowiec, 1997; Sibenaller et al., 1998; Arunkumar et al.,
2005). We reasoned that if yeast RPA can compete with human RPA for the emerging
ssDNA, it should inhibit replication of the template DNA in a concentration-dependent
manner.

To test this prediction, initiation of SV40 replication was monitored in a reaction
containing supercoiled origin DNA, and purified proteins Tag, DNA polymerase alpha-
primase, topoisomerase I, a limiting amount of human RPA, ribo- and
deoxyribonucleotides, and radiolabeled dTTP. In this reaction, a low level of initiation
(Figure 33d, lane 1) was detected, though clearly above that in negative control reactions
(lanes 9-10). Additional human RPA stimulated robust initiation (lanes 2-4), confirming
that the lowest level of human RPA was sub-saturating. As expected, no replication
products were detected in a reaction that contained yeast RPA in place of human RPA
(lane 11). Moreover, addition of yeast RPA in up to a 5-fold excess over the human RPA

failed to reduce the initiation activity of human RPA (lanes 5-8). In fact, we note a weak
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Figure 33: Tag interaction with RPA70AB actively loads human RPA onto ssDNA
during initiation of SV40 DNA replication. (a) Purified hRPA, yRPA, and hRPAy32C
chimera were visualized by SDS-PAGE and Coomassie stain. PM, protein mass marker.
(b, c) Filter binding assays were used to compare the activity of the indicated RPAs in
binding to radiolabeled dTso. (d,e ) SV40 monopolymerase assays were performed with a
suboptimal amount of human RPA (0.2 mg) (lane 1) supplemented with up to 5-fold
greater amounts of human RPA (lanes 2-5), and either (d) yeast RPA or (¢) hRPAy32C
(lanes 5-8) as indicated. Reaction products were visualized by denaturing gel
electrophoresis and autoradiography (left), and quantified by scintillation counting

(right). Negative control reactions lacked Tag, polymerase alpha-primase, or human RPA
as indicated (lanes 9-11).
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stimulation that, based on the absence of activity in lane 11, appears to be nonspecific.
Together these results suggest that Tag selectively loaded human RPA onto ssDNA
during origin unwinding, which prevents yeast RPA from gaining access to the template.
To confirm this interpretation, SV40 initiation was tested using limiting human
RPA in the presence of increasing amounts of a chimeric RPA hRPAy32C, in which the
yeast RPA32C domain replaced the human RPA32C domain. This chimeric RPA binds
to ssDNA (Figure 33a,c) and to Tag, but does not support Tag-mediated primer synthesis
(Arunkumar et al., 2005). As in Figure 33D, the low initiation activity with limiting
human RPA (Figure 33e, lane 1) was stimulated by additional human RPA (lanes 2-4).
However, in contrast to the results with excess yeast RPA (Figure 33d), increasing
amounts of chimeric RPA inhibited initiation in a dose-dependent manner (Figure 33e,
lanes 5-8), almost down to the level detected in a control reaction with chimeric RPA
alone (lane 11). These results implicate physical interactions of Tag with the RPA70
subunit in selectively loading RPA onto ssDNA during unwinding. Taken together, the
results in Figure 33 strongly suggest that origin unwinding is coupled with RPA loading

directly onto the emerging ssDNA.

Domain mapping of interactions between Tag and RPA

The results in Figure 33 suggested that physical interaction between Tag and RPA could
play an important role in coupling origin unwinding with RPA loading. Detailed mapping
of the interactions between Tag and RPA70 was performed to confirm which domains of
Tag and RPA70 are involved. Our first approach involved pull-down assays in which a

constant amount of full length Tag or GST-fused Tag-OBD was titrated with purified
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intact RPA or RPA70AB under buffer conditions similar to those used for cell-free SV40
DNA replication (Figure 34). RPA binding to purified Tag was easily detectable with
small amounts of RPA (Figure 34b). When the same amount of Tag beads was incubated
with RPA70AB, which lacks the known RPA32C interaction region, about 8-fold higher
molar amounts were required to detect a level of binding comparable to that obtained
with RPA heterotrimer (Figure 34c). Consistent with this observation, GST-OBD beads
bound full length RPA quite well, and about 8-fold greater molar amounts of
RPA70ABwere required to detect comparable binding (Figure 34d, e). These data
confirm that RPA binds to Tag-OBD through RPA70AB, in addition to RPA32C, and
that both interactions contribute to the overall binding affinity.

A second approach to characterize RPA70AB interactions with Tag-OBD
involved proteolysis protection assays. In RPA70AB, the flexible linker between the two
high affinity ssDNA binding domains A and B is sensitive to proteolysis (Gomes et al.,
1996; Gomes & Wold, 1996). RPA70AB binding to ssDNA fixes the relative positions of
the two domains and protects the linker against digestion (Gomes et al., 1996; Bochkarev
et al.,, 1997). To gain insight into the interaction of RPA70AB with Tag-OBD, limited
proteolysis of RPA70AB was carried out in the presence and absence of OBD. Without
OBD, the linker between RPA70A and B was almost completely cleaved after digestion
for 2 h (Figure 35a). In contrast, intact RPA70AB remained detectable for at least 15 h in
the presence of OBD (Figure 35b). The stabilization of the linker strongly resembled that
observed for RPA70AB digested in the presence of ssDNA (dCs) (Figure 35c). These
observations indicate that like ssSDNA, OBD binds and stabilizes RPA70AB, but do not

reveal whether the OBD binds to the same surface of RPA as ssDNA or a different one.
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Figure 34: Tag-OBD binds to two regions of RPA. (a) Purified proteins used in panels
B-E are shown at the right. (b, c) Tag bound to Pab101 beads and (d, ¢) GST-Tag-OBD
bound to glutathione beads was incubated with the indicated amounts of RPA (b, d) or
RPA70AB (c, e). After washing the beads, bound RPA was visualized by SDS-PAGE
and western blotting with anti-RPA Mab70C.
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Figure 35: Tag-OBD protects RPA70AB from proteolytic digestion. RPA70AB was
incubated with trypsin for the indicated time periods, either alone (a); or in the presence
of Tag-OBD (b); d(C)s (c), or d(C)s and Tag-OBD (d). Digestion products were
visualized by SDS-PAGE and Coomassie staining.
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However, Figure 35d shows that RPA70AB was almost completely resistant to trypsin
proteolysis in the presence of both ssDNA and OBD. The fact that ssDNA and
OBD stabilized RPA70AB more effectively together than did either alone implies that a

stable ternary complex is formed with discrete binding sites for each component.

RP70AB binds ssDNA and Tag-OBD at distinct sites

To determine the structural basis for the proposed coupling of origin unwinding to active
RPA loading onto emerging ssDNA, heteronuclear NMR was used to directly map the
Tag-OBD interacting surface of RPA70AB. The strategy involved monitoring
perturbations of NMR signals as Tag-OBD is titrated into a solution of RPA70AB. This
approach has proven valuable for mapping binding surfaces because the NMR chemical
shift for each nucleus is extremely sensitive to its electronic environment. While
perturbations will arise from direct binding as well as allosteric structural changes,
binding sites can often be distinguished because a series of spatially proximate residues
that form a contiguous surface is discernable from the ensemble of chemical shift data.

The experiments were performed by monitoring '°N-"H HSQC spectra of ’N-
enriched RPA70AB as unlabeled Tag-OBD was titrated because this allowed RPA70AB
signals to be cleanly discriminated from those of Tag-OBD. A single set of signals was
observed at all points during the titration, which indicates that RPA70AB is in fast
exchange between its free and bound states, consistent with relatively weak binding in the
micromolar range. Figure 36A shows the overlay of a portion of an HSQC spectrum of
free RPA70AB and one obtained in the presence of 2 molar excess of Tag-OBD.

Although most of the peaks were not affected by the presence of OBD, a subset of the
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peaks progressively moved or broadened as the titration proceeded. Residues that
displayed readily discernible changes in NMR chemical shift are labeled in the inset of
Figure 36a. Mapping of the residues perturbed upon titration with Tag-OBD on the
structure of RPA70AB revealed a contiguous surface along the linker and into both
domains (Figure 36b). To confirm that this is a physically realistic surface for Tag-OBD
binding, the RPA70AB and Tag-OBD structures were inspected to confirm that Tag-
OBBD is large enough to span across the linker and interact with both the A and B
domains. Overall, these results imply Tag-OBD binds to RPA70AB at a site that is
remote from the ssDNA binding sites.

To obtain further insight into the coupling of the binding of ssDNA and Tag-OBD
to RPA70AB, additional NMR spectra were recorded for '*N-enriched RPA70AB in the
binary complex with ssDNA and the ternary complex with OBD and ssDNA (Figure
36¢c). Remarkably, the overall quality of the spectra was better for the larger ternary
complex than for either of the binary complexes, a reflection of an increased structural
stability of the ternary complex. Comparison of these spectra revealed three important
points. First, the changes induced in the NMR spectrum by binding of ssDNA were
mostly distinct from those induced by binding of Tag-OBD. For example, the changes in
chemical shifts for D291 and Q299 are observed only when OBD is added to the solution,
regardless of whether or not ssDNA is present (Figure 36¢). Second, in addition to
perturbations of RPA70AB chemical shifts, new peaks appear in the spectrum, which can
be attributed to resonances from residues that are stabilized upon binding. Third, the
spectrum of the ternary complex of RPA70AB, OBD and ssDNA contains all of the

“new” peaks that appear in spectra of the binary complexes, as well a very small number
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Figure 36: Structural mapping of RPA70AB binding site for Tag-OBD. (a) Chemical
shift mapping of Tag-OBD binding site on RPA70AB. Overlay (to be continued)

91



(Figure 36-continued) of ’N-'"H HSQC spectra of ’N-enriched RPA70AB in the absence
(black) and presence of Tag-OBD (red). The inset shows some of the residues that are
perturbed or broadened upon interaction with Tag-OBD. (b) Molecular surface of
RPA70AB with residues whose chemical shifts are perturbed upon binding of Tag-OBD
colored in blue (strongest effects) and green (other significant effects). (c) Formation of
a stable ternary complex of RPA70AB with d(C)sand Tag-OBD. The left panel shows a
region from the "’N-"H HSQC spectra of the binary complex of ’N-enriched RPA70AB
with d(C)s in the absence (black) and presence of Tag-OBD (red). The right panel shows
a region from the ’N-"H HSQC spectra of the binary complex of ’N-enriched
RPA70AB with Tag-OBD in the absence (black) and presence of d(C)s Tag-OBD (red).
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of additional peaks. Thus, in addition to revealing that Tag-OBD binds to a surface of
RPA70AB that is remote from the ssDNA-binding site, these observations provide
evidence of the energetic coupling of the binding of the two different ligands (ssDNA and
Tag-OBD) to RPA70AB, which suggests the possibility of function through an allosteric

structural mechanism (vide infra).

Tag-OBD associates with RPA70AB through electrostatic interactions

To deepen our understanding of the structural basis for the interaction between
RPA70AB and Tag-OBD, the NMR-based strategy was used to map the region of Tag-
OBD that binds to RPA70AB. To this end, °N-enriched Tag-OBD was titrated with
unlabeled RPA70AB and chemical shift perturbations were monitored (Figure 37a). The
most significant effect detected was the perturbation of residues from three regions that
together form a contiguous binding surface on Tag-OBD (F151-T155, F183-H187, H203-
A207) (Figure 37B, circle). This surface has a significant basic character arising
primarily from three prominent surface residues: R154, R202 and R204.

These results, combined with the analysis of the RPA70AB binding site, indicate
there is a significant electrostatic component to the interaction of Tag-OBD with
RPA70AB. In particular, the basic residues on the Tag-OBD binding surface are
complemented by the highly acidic nature of the RPA70AB binding surface, in which
residues E290, D291, D292, D404 and D407 form a dense negatively charged surface on
the opposite side of RPA70AB from the ssDNA binding surface (Figure 37c). To verify
the importance of the electrostatic complementarity observed in the RPA70AB-Tag-OBD

binding interface, charge reversal mutations were designed in Tag-OBD at the RPA-
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Figure 37: Structural mapping of Tag-OBD binding site for RPA70AB. (a) Chemical
shift perturbation analysis of the Tag-OBD binding site on RPA70AB. Overlay of ’N-'"H
HSQC spectra of °N-enriched Tag-OBD in the absence (black) and presence of
RPA70AB (red). The inset shows an expansion of a small region highlighting some of
the residues that are perturbed or broadened upon interaction with RPA70AB. (b,c)
Molecular surface diagrams of the electrostatic potential of Tag-OBD and RPA70AB,
respectively, with blue for positive charge and red for negative charge. The large yellow
circle in (b) highlights the contiguous binding region composed of regions F151-T155,
F183-H187 and H203-A207. The three prominent Arg residues providing the bulk of the
basic character of this region are labeled. The small yellow circles in (c) highlight the six
acidic residues that provide the acidic character to the Tag-OBD (to be continued)
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(Figure 37- continued) binding site on RPA70AB. The ssDNA in the RPA70AB
structure is colored yellow. (d) A charge reversal mutation in Tag-OBD reduces Tag
binding to RPA70AB. Wild type (lanes 1, 3, 4) and R154E mutant Tag (lanes 2, 5, 6)
adsorbed to antibody beads were incubated with 5 or 10 ug of RPA70AB as indicated.
Proteins bound to the beads were separated by SDS-PAGE and visualized by western
blotting with Mab70C against RPA (top panel) or Pab101 against Tag (lower panel).
Antibody beads lacking Tag did not bind RPA70AB (lane 7). Lane 8 shows 200 ng of
input RPA70AB. (e) Quantification of bound RPA70AB in lanes 3-6 of panel D after
subtraction of background in lane 7.
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binding interface with the goal of weakening the interaction with RPA70AB. Indeed,
RPA70AB binding of purified full-length Tag containing the R154E mutation was 8 to
10-fold weaker than of wild type Tag (Figure 37d, lanes 3-6), confirming the importance
of the electrostatic character of the interaction surface. As a control, the mutant Tag-
OBD was subjected to biophysical/structural analysis, which showed that the reduction in

binding affinity did not arise from perturbation of the structure (Figure 38).

Physical interaction with Tag-OBD stimulates ssDNA binding of RPA

The finding that Tag-OBD and ssDNA bind to different sites in RPA70AB led us to ask
whether full length Tag can also form a ternary complex with trimeric RPA and ssDNA.
To examine this possibility, RPA complexes were pre-formed with Tag adsorbed to
antibody beads, and after unbound RPA was removed, ssDNA was titrated into the
complexes. The lengths of ssDNA chosen for this experiment (8, 15, or 30 nucleotides)
correspond to those bound by RPA in its three different binding modes (see Introduction).
The complexes were incubated with ssDNA for one hour and then analyzed by SDS-
PAGE and western blotting to detect bound RPA (Figure 39a). In the absence of ssDNA,
RPA remained stably bound to the Tag beads for at least one hour after removal of the
free RPA (lanes 3). When the Tag-RPA complexes were exposed to an 8-nucleotide
ssDNA (upper panel) or, as a negative control, to duplex DNA (not shown), the
complexes remained stable. In the presence of a 15-mer, most of the RPA remained
bound to the Tag beads except when exposed to the highest amounts of ssDNA (middle
panel, lanes 8, 9). Remarkably, in the presence of a 30-mer, most of the bound RPA was

dissociated from Tag (lower panel, lanes 4-9). These findings indicate that the length of
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Figure 38: Similarity of NMR chemical shifts reveals that the R154E mutation in
Tag-OBD does not significantly affect protein structure. Overlay of the 600 MHz
I5N-1H HSQC NMR spectra of wild-type (blue) and R154E (red) Tag-OBD.
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Figure 39: Transient Tag binding to RPA facilitates ssDNA binding of RPA. (a) Tag
bound to Pab101-protein G beads was incubated with RPA (8.6 pmol) or without RPA
(con). After washing the beads, increasing amounts of oligonucleotides dTsg, dT;s, or dTg
(0, 1,2,4,9, 17, or 34 pmol) were added. After 1 h, the amount of (to be continued)
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(Figure 39-continued) RPA that remained bound to Tag was visualized by SDS-PAGE
and western blot with anti-RPA70 antibody. Input: 5% of the RPA added to samples. (b)
RPA in the indicated amounts (pmol) was pre-incubated with ~3 pmol of radiolabeled
dT50 for 10 min at 25°C and then, after addition of the indicated amounts of Tag (pmol of
hexamer), for another 15 min at 37°C. Protein-DNA complexes were detected by native
gel electrophoresis and autoradiography. The migration of Tag-dTso complex (Figure 40)
is indicated. W, wells of the gel. (c) RPA (9 pmol) was incubated with ~3 pmol of d T3,
followed by addition of 3.5 pmol of Tag hexamer and, after 5 min, monoclonal antibody
(0.5, 2.5, or 5 ug) against Tag (T), influenza hemagglutinin (N), or RPA32C (R).
Complexes were visualized as in (b). (d) The indicated amounts (pmol) of yeast RPA
(YRPA) were incubated with ~ 3pmol of radiolabeled d T3 in the presence of Tag
hexamer (pmol) as indicated. Complexes were analyzed as in (b). () Increasing amounts
(0.5 or 1 pmol of hexamer) of wild type (lanes 3 and 4) or mutant R154E Tag (lanes 6
and 7) were added to RPA (2 pmol) that had been preincubated with radiolabeled dTs as
indicated, and protein-DNA complexes were analyzed by native gel electrophoresis and
autoradiography as in (b).
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ssDNA bound to RPA affects its ability to exist in a stable complex with Tag. One
possible interpretation of the data is that RPA in its compact binding mode with an 8-mer
forms a stable ternary complex with Tag, but that RPA in its extended binding mode with
a 30-mer binds more weakly to Tag, leading to its dissociation from Tag. This correlates
with the greater affinity of RPA for a 30-mer than for shorter oligonucleotides.

To gain further insight into the interaction of RPA with ssDNA in the presence
and absence of Tag, electrophoretic mobility shift assays were performed. In the absence
of Tag, RPA bound to radiolabeled ssDNA (dTso) with the expected 1:1 stoichiometry of
RPA:ssDNA (RPA I) (Figure 39b, lanes 1, 4, 7). Importantly, when Tag was added to
the same amount of RPA that had been pre-incubated with labeled dTso, the
stoichiometry remained 1:1 but the abundance of the RPA:ssDNA complex clearly
increased (lanes 2, 3, 5, 6). Hence, Tag stimulated RPA binding to the 30-nucleotide
ssDNA, even though there is no evidence of Tag being present in the complex along with
RPA and ssDNA.

A novel slower migrating, diffuse species was observed at the highest
concentration of RPA when Tag was present (RPAII, Figure 39b, lanes 8, 9). To
characterize the composition of this complex, the mobility shift experiment was repeated
in the presence of monoclonal antibody against RPA or Tag. When a saturating amount
of RPA was incubated with radiolabeled ssDNA (Figure 39c, lanes 2, 3), addition of Tag
was seen to lead to formation of a slowly migrating ssDNA complex (RPAII) (lane 3).
When purified monoclonal antibody against the extreme C-terminus of Tag was titrated
into the binding reaction, the mobility of the ssSDNA complex remained unchanged (lanes

4-6). Two other antibodies that recognize epitopes remote from the Tag-OBD and do not
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Figure 40: Migration of RPA- and Tag-ssDNA complexes in native gel
electrophoresis. Radiolabeled dT30 (3 pmol) was incubated in the presence (+) or
absence (-) of RPA (7 pmol) as indicated for 10 min at 37°C (lane 1 to lane 4).
Radiolabeled dT30 (3 pmol) was incubated with Tag (3.5 pmol hexamer) for 30 min at
37°C (lane 5 to lane 7). Purified monoclonal antibody (mAb) (2.5 ug) against RPA (Ab
34A) (R) or against Tag (PAb101) (T) was added and incubated for 10 min at 37°C. The
total reaction volume was 15 ul. Samples were analyzed by native gel electrophoresis and
autoradiography as in Figure 39b.
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interfere with RPA:Tag complex formation (Weisshart et al., 1998) yielded identical
results (not shown). These results indicated that Tag is not present in RPAIIL. The
mobility of the RPAII complex was also unaffected by addition of control antibody
against influenza hemagglutinin (lanes 7-9), but was supershifted to a slower mobility in
the presence of antibody against RPA32C (lanes 10, 11). We conclude that the RPAII
complex observed at high RPA concentrations is not a ternary complex with Tag. We
believe that RPAII may contain 2 or 3 RPA molecules bound to the 30-mer in a compact
binding mode (Blackwell et al., 1996).

Since Tag did not appear to form a stable ternary complex with RPA and a 30-
mer ssDNA, we asked whether direct physical interaction between Tag and RPA was
necessary to stimulate ssDNA binding to RPA. To address this question, additional
mobility shift assays were carried out with RPA from budding yeast, which binds ssDNA
but not Tag (Melendy & Stillman, 1993). In these experiments, ssDNA binding of yeast
RPA was unaffected by Tag (Figure 39d, lanes 2-7), arguing that at least a transient Tag
interaction with RPA is required to enhance RPA binding to a 30-mer. To further assess
the role of Tag-RPA interaction in facilitating RPA binding to ssDNA, the previously
discussed mutant Tag (R154E) with reduced affinity for RPA70AB (Figure 37d) was
tested in mobility shift experiments (Figure 39¢). Tag R154E retained the ability to
stimulate RPA binding to dTso, but its activity was clearly reduced (Figure 39e, compare
lanes 3 and 6). The results in Figures 39d and e indicate that the ability of Tag to

facilitate RPA binding to a 30-nucleotide ssDNA correlates with Tag-RPA affinity.
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Discussion

We have shown here for the first time that during activation of a simple model pre-
replication complex, origin DNA unwinding is directly coupled to RPA loading on the
emerging sSDNA, and that physical interaction of the pre-replication protein Tag with
RPA70AB, but not RPA32C, is required for this novel coupling (Figure 33). The
interaction surfaces of Tag-OBD and RPA70AB have been mapped, revealing a strong
electrostatic component. Formation of a stable ternary complex composed of RPA, an 8-
mer ssDNA, and Tag has been demonstrated (Figures 35-37,39). However, RPA binding
to a 15 to 30-mer ssDNA was shown to lead to dissociation of Tag from the ternary
complex (Figure 39), completing the RPA loading process.

The structural perspective provided in this study significantly advances our
understanding of the complex interplay between RPA and Tag during DNA unwinding.
The ability of RPA to bind simultaneously to Tag and an 8-mer ssDNA in a ternary
complex demonstrates that Tag and ssDNA do not compete directly for RPA. Our
evidence suggests that dissociation of Tag from the ternary complex in the presence of
15-30 nucleotide ssDNA involves allosteric remodeling of RPA quaternary structure
from a compact 8-nucleotide binding mode into an extended ssDNA binding mode that
weakens Tag binding. The precise nature of these conformational changes is currently

under investigation.

The ternary complex: A coupling device for protein-mediated RPA loading during
DNA unwinding
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Our new results suggest a simple two-step model for Tag-mediated RPA loading
on ssDNA as it emerges from the active helicase (Figure 41a). Once the Tag hexamer is
active, it moves 3’ to 5’ on ssDNA, displacing the complementary strand. Based on the
recent crystal structure of the closely related papillomavirus E1 helicase domain in
complex with ssDNA (Enemark & Joshua-Tor, 2006), the displaced strand would emerge
close to the Tag-OBD (Figure 41a, top). Our model suggests that the basic RPA70AB-
binding surface of a Tag-OBD would be exposed to the exterior as the helicase moves,
positioning it to bind RPA. An exposed basic surface of Tag-OBD was recently noted in
the crystal structure of hexameric Tag-OBD in an open spiral (Meinke et al., 2006).
Based on our findings, formation of the ternary complex would occur upon the extrusion
of 8-10 nucleotides of ssDNA. Continued helicase action (~200 nucleotides per min)
(Murakami & Hurwitz, 1993), would rapidly generate a 30 nucleotide stretch of ssDNA,
allowing RPA to bind in an extended ssDNA binding mode that weakens binding to Tag-
OBD and leads to Tag release (Figure 41a, bottom). This simple model depicts an initial
and a final step in loading each RPA molecule, but is not meant to rule out the possible
existence of intermediate steps.

During initiation of SV40 DNA replication (Bullock, 1997; Simmons, 2000;
Fanning & Pipas, 2006), a similar structural mechanism may couple origin DNA
unwinding with RPA loading on the emerging ssDNA, as depicted in Figure 41B. SV40
DNA replication begins with the assembly of a simple pre-replication complex, the Tag
double hexamer, in the presence of ATP on the central palindrome of the viral origin,
nucleated by sequence-specific contacts of two subunits in each hexamer with the four

pentanucleotides in the palindrome (arrows in Figure 41b). Assembly of the double

104



Release Tag
& complete RPA loading

Figure 41: Proposed mechanism for coupling activation of the SV40 pre-replication
complex with RPA loading on ssDNA. (a) An active Tag hexamer (OBD and N-
terminus in gold; helicase domains in turquoise) translocating 3’ to 5’ on the red strand
(dotted line) and displacing the blue strand is proposed to form a ternary complex, in
which Tag-OBD binds to RPA70AB (orange) associated with 8-10 nucleotides of
ssDNA. As more DNA is unwound, RPA extends into the 30-nucleotide binding mode on
ssDNA and releases Tag-OBD. (b) Tag monomers recognize four specific binding sites
(black arrows) in the origin DNA, nucleating double hexamer assembly and inducing an
ssDNA bubble at the flanking EP sequence and distortion at AT. The depicted path of
DNA through the Tag double hexamer is speculative (Li et al., 2003; Gai et al., 2004b;
Valle et al., 2006). (¢) Remodeling of the Tag N-terminus and Tag-OBD (Meinke et al.,
2006; Valle et al., 2006) in the presence of human RPA is proposed to facilitate
formation of a ternary complex composed of RPA70AB bound to an ssDNA bubble and
to a basic OBD surface exposed on the exterior of each hexamer, analogous to that shown
in (a). As the helicase translocates (dotted lines) and more ssDNA emerges, RPA would
extend into the 30-nucleotide binding mode on ssDNA (orange arrows) and dissociate
from Tag, completing the loading cycle.
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hexamer is accompanied by remodeling of contacts between Tag subunits, both in the
helicase domain and in the N-terminal and OBD domains (Smelkova & Borowiec, 1998;
Weisshart et al., 1999; Li et al., 2003; Gai et al., 2004a; Gai et al., 2004b; Weisshart et
al., 2004; Meinke et al., 2006; Valle et al., 2006). This remodeling gives rise to distortion
of the duplex DNA, generating an 8-nucleotide bubble in the EP region and an untwisted
AT region at the opposite end of the origin (Figure 41b) (Borowiec & Hurwitz, 1988).
The single-stranded bubble thus represents an early intermediate in the unwinding
reaction catalyzed by the double hexamer and marks the origin of bidirectional
replication from which the two leading strands initiate and diverge (Hay & DePamphilis,
1982).

Interestingly, the ability of heterologous ssDNA-binding proteins to bind to a
synthetic 8-nucleotide ssDNA-bubble substrate correlates with their ability to support
SV40 origin DNA unwinding by Tag (Iftode & Borowiec, 1997; Iftode & Borowiec,
1998), suggesting a possible role for RPA binding to such a bubble during unwinding.
We propose that origin distortion leads to extrusion of an ssDNA bubble near the OBDs
and to exposure of at least one OBD surface from each hexamer (Gai et al., 2004b;
Meinke et al., 2006; Valle et al., 2006), enabling the formation of a ternary complex of
RPA and Tag-OBD with the ssDNA bubble (Figure 41c). Thus, as noted for RPA loading
on emergent sSDNA from the active helicase, the ternary complex would physically
couple origin unwinding with RPA loading. As origin DNA unwinding progresses, more
ssDNA would be extruded from the double hexamer (Wessel et al., 1992; Murakami &
Hurwitz, 1993; Fanning, 1994; Smelkova & Borowiec, 1998; Alexandrov et al., 2002).

Repetition of the unwinding and RPA loading cycle to generate enough template for
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replisome assembly would set the stage for Tag-mediated RPA displacement and DNA
polymerase alpha-primase loading to initiate leading strand synthesis (Arunkumar et al.,
2005).

Although this model is speculative, it allows several previously unexplained
observations to be rationalized. For example, excess yeast RPA is unable to compete
effectively with human RPA in SV40 initiation (Figure 33D), which can be explained by
the fact that the ssDNA-bubble complex bound to yeast RPA could not be stabilized in a
ternary complex with Tag. Our model also offers an explanation for the previously
puzzling observation that a monoclonal antibody against RPA70 (Mab70C) inhibits SV40
origin DNA unwinding even though Mab70C does not inhibit ssDNA binding of RPA
(Kenny et al., 1990). Notably, Mab70C binds to the same region of RPA70AB that
interacts with Tag-OBD (Gomes & Wold, 1996) and presumably inhibits ternary
complex formation with Tag, thereby inhibiting origin unwinding.

Our proposal of a ternary complex of RPA70AB, Tag, and an 8-mer as the initial
step in protein-mediated RPA loading on ssDNA is fully consistent with the sequential
binding mechanism of RPA domains A-D to ssDNA that was proposed for purified RPA
(Bochkareva et al., 2002; Arunkumar et al., 2003; Wyka et al., 2003). Protein-mediated
RPA loading on emerging ssDNA offers obvious advantages over diffusion-mediated
loading on pre-existing ssDNA, since the ssDNA would be continuously protected from
nucleases and potential hairpin formation from the time of its creation until the
restoration of the duplex structure. Moreover, protein-mediated RPA loading on ssDNA
offers the potential to create a regular, ordered array of RPA on ssDNA that may

facilitate subsequent DNA processing more effectively than diffusion-mediated RPA
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loading on free ssDNA. The structural resemblance of the simple SV40 pre-replication
complex to MCM double hexamers in the more elaborate eukaryotic pre-replication
complex (Forsburg, 2004; Sclafani et al., 2004) is intriguing in this context. Our results
provide strong motivation to determine whether DNA unwinding at cellular pre-

replication complexes may also be coupled with RPA loading.
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CHAPTER IV

CONCLUSION AND DISCUSSION

Summary of RPA dynamics during DNA replication initiation

Our studies of interaction between T antigen and RPA demonstrate the dynamic behavior
of RPA during DNA replication initiation. Detailed understanding of the physical
interaction of T antigen-OBD with two separate domains of RPA has been revealed as
discussed in Chapter II and III

Although T antigen-OBD interaction with RPA70 has been known for a long time
(Weisshart et al., 1998), the details of this interaction were unknown. With the structural
data made available by our collaborators, we find that T antigen-OBD interacts with
RPA70AB primarily through electrostatic interaction as discussed in Chapter III (Jiang et
al., 2006). Charge reversal mutations weaken the interaction. The T antigen-binding site
on RPA70AB is distal from the surface that contributes to the high affinity ssDNA
binding of RPA70AB. Importantly T antigen-OBD forms a ternary complex with
RPA70AB-8-mer-ssDNA, as revealed by NMR studies and by partial proteolysis of
RPA70AB in complex with T antigen in the presence or absence of ssDNA. In the
presence of longer ssDNA (i.e. 30-mer), intact T antigen dissociates from the RPA-
ssDNA complex. Although T antigen cannot form a stable complex with RPA and 30-
mer ssDNA, it facilitates RPA binding to 30-mer ssDNA as a T antigen mutant that has
weaker interaction with RPA is defective in this stimulation of RPA binding to ssDNA.

To test the hypothesis that T antigen interaction with RPA directly loads RPA onto
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ssDNA, we used yeast RPA and a human/yeast RPA chimera to compete with human
RPA in SV40 DNA replication initiation assays. It turns out that yeast RPA that doesn't
interact with T antigen but binds ssDNA cannot compete with human RPA for ssDNA
binding during initiation of DNA replication. Chimera RPA that interacts with T antigen
and binds ssDNA can compete with human RPA for ssDNA binding. The data strongly
suggest that T antigen binding to RPA70AB selectively loads RPA onto ssDNA as the
viral origin DNA is unwound. Thus the ternary complex seems to be an intermediate in T
antigen-mediated RPA loading. We propose that as longer ssDNA emerges from the T
antigen double hexamer, RPA likely undergoes a conformational change from a compact
form to an extended form, which weakens the interaction between T antigen and RPA. T
antigen then dissociates from RPA-ssDNA complex, which completes the loading
process.

A detailed structural model of T antigen-OBD interaction with RPA32C was
established based on a series of NMR experiments as discussed in Chapter II (Arunkumar
et al., 2005). There were controversial opinions about the role of RPA32C in SV40 DNA
replication. Our biochemical and structural data demonstrate that T antigen interacts with
RPA32C through electrostatic binding. Charge reversal mutations weaken the interaction
between RPA32C and T antigen-OBD, confirming the electrostatic interaction model.
Charge reversal mutations were also introduced into intact T antigen and RPA to figure
out the role of RPA32C-T antigen interaction in SV40 replication initiation. Our results
demonstrate that T antigen-mediated priming by pol-prim on RPA—coated ssDNA, a
crucial step in initiation, requires T antigen interaction with RPA32C. These data suggest

that T antigen binding of RPA32C induces remodeling of RPA on ssDNA from a tightly
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bound extended mode to a more weakly bound compact mode. When pol-prim is bound
concurrently to the T antigen helicase domain, pol-prim can gain access to the transiently

exposed ssDNA and subsequently synthesize an RNA primer.

How does RPA associate with newly exposed ssDNA?

Our data suggest a dynamic model for RPA in initiation of DNA replication, but it is
unclear where ssDNA emerges from T antigen double hexamer. As we discussed before
(Figure 6), T antigen assembles as a double hexamer around origin DNA, which is the
active form of T antigen during DNA replication (Mastrangelo et al., 1989; Valle et al.,
2000). The isolated helicase domain of T antigen (aa 251-627) can form hexamers (Li et
al., 2003). In the intact protein, the OBD and helicase domains are involved in hexamer
formation, but the helicase domain is the primary site of hexamerization (Li et al., 2003).
According to the structural data of T antigen-OBD and DNA complex, the first four T
antigen molecules bind to the origin DNA asymmetrically (Bochkareva et al., 2006). On
the other hand, the EM structures showed a symmetric double hexamer of T antigen
(Valle et al., 2000; Gomez-Lorenzo et al., 2003; Bochkareva et al., 2006; Valle et al.,
2006). This difference can be explained by the flexible nature of the N-terminus of the
double hexamer. The J domain and the OBD of T antigen are flexible within a single
hexamer even in the presence of origin DNA (Valle et al., 2006). The formation of a
double hexamer reorganizes the J domain and OBD to form a middle body (Figure 41,
yellow parts) between two helicase domains of double hexamer (Valle et al., 2006).

T antigen-OBD forms a left handed spiral with an inner channel of 30A having

six subunits per turn during in the crystal, which might represent the hexamer assembly
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of OBD around DNA as shown in Figure 42 (Meinke et al., 2006). The inner channel is
positively charged and includes residues known to bind DNA. At least three residues of T
antigen-OBD that bind DNA have also been shown to bind RPA (Arunkumar et al., 2005;
Jiang et al., 2006). Since the structure of the middle body is very flexible, one or more of
the OBDs may rotate out from the central ring so as to more fully expose their RPA
interaction surface (Valle et al., 2006; Meinke et al., 2007). While the spiral already
provides a “gap” for the ssDNA stand to exit the ring, such a rotation of OBDs away
from the DNA would allow both easier access for accessory proteins such as hRPA and

easier egress for ssDNA (Meinke et al., 2007).

Significance and future direction

The significance of studying RPA dynamics

RPA is a modular protein involved in almost all aspects of DNA metabolism. It interacts
physically and functionally with a variety of other DNA processing proteins. Those
interactions are thought to transiently order and guide the parade of proteins that “trade
places” on ssDNA (a model known as ‘hand off”), as the processing pathway proceeds
(Stauffer & Chazin, 2004b; Arunkumar et al., 2005; Fanning et al., 2006). How this hand-
off mechanism works remains poorly understood. Our studies of RPA dynamics suggest
a novel mechanism by which proteins may trade places on ssDNA by binding to RPA

and mediating conformational changes that alter the ssDNA-binding properties of RPA.

112



pitch =35.8 A

6 fold screw axis

~95 A

Figure 42: The structure of T antigen origin binding domain. (a) Ribbon diagram of
six spirally arranged T antigen-OBD molecules. The six-fold screw axis is perpendicular
to the page. Each monomer is colored differently. The inner diameter of the channel is
~30 A. These six T antigen-OBD's form an “open ring” or spiral, and the position of the
gap is shown. (b) Ribbon diagram of the spiral shown in side view to visualize the gap
and the screw translation. Each monomer is colored as in A. The black line through the
center of the spiral represents the six-fold screw axis (panel A rotated by ~90°). The pitch
of the spiral is 35.8 A. The opening or gap between the first molecule (yellow) and the
last molecule (red) is indicated (Meinke et al., 2006).
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Our studies of RPA interaction with T antigen suggest a dynamic model of RPA
function in DNA processing, in which successive protein-mediated remodeling of RPA
facilitates its binding to and its dissociation from ssDNA upon completion of a
processing step as reviewed by Fanning et al., 2006. The basis of this dynamic model is
that RPA exists in three different binding modes characterized by the length of ssDNA
that is occupied by RPA and their relative affinities for ssDNA (Fanning et al., 2006).
When a DNA processing protein interacts with free RPA, it remodels RPA into a
compact binding mode that can form a ternary complex with a short length of ssDNA
(10-mer ssDNA). If a longer ssDNA is available, the ternary complex is destabilized
since RPA binds to longer ssDNA with an extended mode and higher affinity. Thus the
DNA processing protein dissociates from the ternary complex and RPA binds to ssDNA
with an extended mode. On the other hand, once RPA binds to ssDNA in a high affinity,
extended mode, we suggest that a DNA processing protein can bind to RPA-ssDNA and
remodel RPA into a lower affinity, compact mode that can be easily displaced or
exchanged for a new incoming protein delivered by the RPA-associated protein. RPA
offers only a limited number of distinct binding sites for DNA processing proteins.
Patches of charged surface residues play a prominent role in T antigen-RPA interaction
(Arunkumar et al., 2005; Jiang et al., 2006), but it is not clear yet whether electrostatic
interaction are a general feature of RPA-protein interaction.

The hand-off model appears to be widely involved in RPA dynamics during DNA
replication, repair and recombination. As discussed in Chapter I, in homologous
recombination, RPA assembles at double stranded DNA breaks, either through diffusion

or a protein-mediated mechanism, preventing formation of secondary structure (Wang &
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Haber, 2004). Rad51 has to displace RPA to generate a recombinogenic Rad51-ssDNA
filament (Fanning et al., 2006). In yeast, Rad52 forms a ternary complex with RPA-
ssDNA and interacts with Rad51 with a separate domain (Sugiyama & Kowalczykowski,
2002). This is very similar to T antigen remodeling RPA binding modes to load pol-prim
onto ssDNA, although the detailed mapping of Rad52 interaction with Rad51 and RPA is
needed to further test if Rad52 remodels RPA binding mode to remove it from ssDNA. In
human, the interactions among Rad52, Rad51, and RPA have been mapped. Both
RPA70AB and RPA32C interact with the same site on Rad52 (aa 218-303), which is
analogous to the interaction between RPA and T antigen (Jackson et al., 2002). However,
RPA32C interacts with Rad52 with higher affinity compared with RPA32C interaction
with T antigen. Despite the similarity between T antigen-RPA and Rad52-RPA
interaction, human Rad52 doesn't remove RPA from ssDNA by remodeling RPA binding
modes. Although human Rad52 interacts with Rad51, the association of Rad51 with
Rad52 only helps to increase the local concentration of Rad51. Human Rad51N interacts
with RPA70 ssDNA binding surfaces to compete with RPA for ssDNA binding directly
(Stauffer & Chazin, 2004a).

It has been speculated that RPA interaction with some DNA helicases may enable
them to actively place RPA on ssDNA as it emerges from the helicase complex (Fanning
et al., 2006). Interaction of the Werner and Bloom syndrome helicases with RPA70
stimulates their unwinding activity on long duplexes, perhaps by facilitating RPA binding
to ssDNA (Shen et al., 2003; Doherty et al., 2005). Whether these helicases can also

displace RPA from ssDNA to mediate loading of an incoming DNA processing protein is
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not known. If so, one or more features of the protein—ssDNA complex must determine
whether RPA is loaded or displaced (Fanning et al., 2006).

The hand-off model is also found in other protein dynamics in DNA metabolism.
For example, during pol-prim to polymerase 8 switch and Okazaki fragment maturation,
the clamp PCNA serves as a platform for the exchange of many DNA binding proteins.
Our studies of RPA dynamics may help to understand the hand-off mechanism in other
processes. Our detailed model of RPA dynamics in DNA replication further confirms that

proteins don’t exist in a pre-assembled complex, but assemble/disassemble when needed

(Kowalczykowski, 2000).

Future directions

Although our studies laid the groundwork to understand RPA dynamics during the
initiation steps of SV40 DNA replication, additional steps of DNA replication are thought
to involve RPA dynamics. During the elongation step of DNA replication, pol-prim
removes RPA from ssDNA without T antigen. In addition, the primase dimer can
transiently stimulate RPA binding to a 30-mer ssDNA in a manner similar to T antigen
(Jiang and Fanning, unpublished data; Figure 39). This result suggests that primase
modulates RPA-ssDNA binding from an extended mode to a compact mode to unload
RPA from ssDNA. Detailed mapping of interaction domains between primase and RPA
is needed to answer this question.

Further studies of RPA mutants will greatly help to confirm the RPA loading
model in SV40 DNA replication. RPA70 mutants that are defective in T antigen binding

should be impaired in the RPA loading process. Yeast RPA should compete with RPA70
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mutants in viral DNA replication initiation assays. However, currently there is no RPA70
mutant available that is stable in solution and defective in T antigen binding.

Whether the RPA dynamics in vivo corresponds to the in vitro-derived models
proposed in chapters II and III is unknown. To answer this question, RPA32 mutants can
be introduced into SV40-infected human cells with greatly reduced level of endogenous
RPA32 (Vassin et al., 2004). T antigen, RPA32 mutants, and endogenous replication
factors can be examined in SV40-infected cells by immunofluorescence to test if RPA
mutants localize in the viral replication centers. The viral replication products can be
extracted from infected human cells and quantitified by Real-time Polymerase Chain
Reaction (PCR). If the in vitro model for primosome function (Figure 31) applies in vivo,
RPA32C mutants should not support the initiation of SV40 DNA replication. Thus RPA
mutants transfected cells should have fewer replication products than WT RPA
transfected cells. Conversely, it should be possible that a mutant T antigen that does not
bind to RPA32 fails to replicate, but so far this experiment has not been performed.
Although there are many T antigen mutants available, the residues of T antigen involved
in RPA binding also interact with SV40 origin (Luo et al., 1996; Arunkumar et al., 2005).

Thus it is difficult to find a T antigen mutant that is defective only in RPA binding.

RPA dynamics in eukaryotic DNA replication initiation

The rationale for studying SV40 DNA replication was to develop an understanding of the
mechanism of human DNA replication, since the initiation of eukaryotic DNA replication
is far more complicated. I hypothesize that RPA dynamics also happens in eukaryotic

replication. Although T antigen is responsible for both loading and unloading RPA

117



during viral replication, there may be one or more cellular proteins that play these roles
during eukaryotic DNA replication. The protein/ protein complex candidate needs to
interact with the helicase and RPA for the loading process. It has to interact with RPA
and pol-prim for the RPA unloading process. MCM (minichromosome maintenance)
might be the candidate responsible for RPA loading in eukaryotes. MCM2-7 is the
helicase in eukaryotic DNA replication (Costa & Onesti, 2008). Although MCM2-7
doesn't have the origin-binding domain, it has an N-terminal domain that is capable of
binding both ssDNA and dsDNA (Costa & Onesti, 2008). T antigen-OBD is required for
helicase activity after origin recognition. T antigen-OBD residues that are involved in
non-specific contacts with DNA are essential for helicase activity (Simmons et al.,
1990b). T antigen-OBD has ssDNA binding activity (Reese et al., 2006). All these
similarities suggest that the N-terminus of MCM2-7 might be involved in loading RPA
onto ssDNA. However, there is so far no evidence showing that MCM2-7 interacts with
RPA. To further test if MCM2-7 is involved in the loading process, MCM2-7 interaction
with RPA needs to be investigated. EMSA can be used to test if MCM2-7 stimulates
RPA binding to ssDNA in vitro.

Since the functions of eukaryotic DNA replication proteins have been specialized,
there might be a specific protein/proteins involved in unloading RPA. MCM10, the first
protein that associates with cellular pre-replication complexes in S phase, recruits pol-
prim to origins of replication (Fien et al., 2004; Ricke & Bielinsky, 2004; Ricke &
Bielinsky, 2006). Recent studies demonstrate that p180 interacts with two different sites
on MCM10 (Robertson et al., 2008). MCM10 also interacts with MCM2-7, the DNA

helicase in budding yeast (Izumi et al., 2000). Thus MCM10 might be involved in
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unloading RPA via interacting with the helicase and pol-prim. However, it is unknown
whether MCM10 interacts with RPA or interacts with another protein able to remodel
RPA-ssDNA binding. Pull down experiments can be used to test if MCM10 interacts
with RPA. The potential candidates for unloading RPA should interact with RPA on one
or both binding sites and stimulate RPA binding to ssDNA in an EMSA assay. With more
and more proteins discovered in eukaryotic DNA replication, there might be more
candidates for loading and unloading RPA. Those studies would greatly enhance our
understanding of the initiation of human DNA replication. In summary, our studies
elucidate the mechanism of RPA dynamics during initiation of SV40 DNA replication,
which broadens our knowledge about protein dynamics and implies the mechanism of

RPA dynamics in many other aspects of DNA metabolism.
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APPENDIX

TOPBP1 INTERACTS WITH T ANTIGEN AND DNA POLYMERASE a-PRIMASE

Introduction

Simian Virus 40 (SV40) is a small DNA virus with a 5.2 kb genome that assembles as a
mini-chromosome (Fanning et al., 2008). SV40 DNA replication requires only one viral
protein, large T antigen (Challberg & Kelly, 1989; Stillman, 1989; Hurwitz et al., 1990).
T antigen recruits additional required replication proteins from host cells. With many
years of studies, 10 host proteins were identified and found essential for viral replication
in vitro as shown in Table 1 (Waga & Stillman, 1998). SV40 has been used as a model
system to study human replication since SV40 DNA replication is thought to mimic the
host chromosomal replication as discussed in Chapter 1.

Despite many similarities, big differences exist between viral and host DNA
replication. Replication of the host chromosome is regulated to ensure that DNA
replication occurs only once per cell cycle. In contrast, viral replication is very productive
and results in replication of thousands of daughter genomes per cell cycle (Tegtmeyer,
1972; Chou et al., 1974; Botchan et al., 1979). The interaction of T antigen with Nbsl is
proposed to disrupt the cell cycle control to achieve multiple viral and host replications
per cell cycle (Wu et al., 2004). Moreover, SV40 DNA replication is correlated with
ATM activation and phosphorylation of T antigen (Shi et al., 2005). Recent studies in our

lab suggest that SV40 DNA replicates in a DNA damage signaling active environment
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and that ATM activity is required for viral replication (Zhao et al., 2008). ATM recruits
other DNA damage signaling proteins such as Mrel1-Rad50-Nbs1 (MRN) complex to
the viral replication center. This recruitment is important for proteasome-dependent
degradation of MRN complex through T antigen interaction with Cul7 ubiquitin ligase
(Zhao et al., 2008). A mutant virus with T antigen mutant defective in Cul7 binding
produces fewer virus progeny compared with WT virus. Thus SV40 re-programs the
ATM damage-signaling pathway to facilitate its own replication. In host cells, DNA
replication stops once DNA damage signaling pathways become active, and DNA
damage repair system is thought to repair any damaged DNA. Interestingly, the ten host
proteins essential for viral replication are also involved in DNA repair processes (Waga
& Stillman, 1998). These observations suggest that SV40 viral DNA replication
represents a damage- or stress-adapted pathway that utilizes mechanisms related to host
DNA repair or replication fork recovery after damage.

T antigen has four functional domains: a Dna J chaperone domain, an origin
DNA-binding domain, a helicase domain, and a host range domain. Interactions of T
antigen with the p53 tumor suppressor, retinoblastoma family proteins, the Hsc70
chaperone protein, the mitotic spindle checkpoint protein Bubl, and the ubiquitin ligase
CULY7 protein contribute to oncogenic cell transformation (Cotsiki et al., 2004; Ahuja et
al., 2005; Kasper et al., 2005; Gjoerup et al., 2007). T antigen interacts with the N-
terminus of Nbs1 to disrupt the cell cycle regulation of host DNA replication (Wu et al.,
2004). T antigen also interacts with RPA, DNA pol-prim and Topoisomerase I for viral

DNA replication (Dornreiter et al., 1992; Simmons et al., 1996; Weisshart et al., 1998).
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Figure 43: Schematic drawing of human TopBP1 and its homology in other species.
(a) Human TopBP1 has eight BRCT domains (I-VIII) shown in boxes. Its interacting
proteins and binding sites are shown in the drawing. (b) TopBP1 homology in different
species and compared with human Brcal(Makiniemi et al., 2001).
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Recent studies show that human TopBP1 (Topoisomerase IIf} binding protein 1)
might be involved in SV40 DNA replication (personal communication with Dr. Matthew
Michael at Harvard University). TopBP1 has eight BRCT (BRCAI carboxyl terminus)
repeats (Figure 43a). TopBP1-related proteins have been found in diverse eukaryotic
species (Garcia et al., 2005) and all TopBP1 orthologs have the BRCT repeats (Figure
43b). BRCT is a structural domain similar to the Brcal C-terminus (Figure 43b) that
often binds phosphoproteins (Manke et al., 2003; Yu et al., 2003). BRCT-containing
proteins are known for forming large protein complexes involved in the surveillance of
DNA integrity (Larsen et al., 2003). Like other BRCT proteins, TopBP1 is a multiple
functional protein that is involved in DNA replication, stalled replication forks, DNA
damage detection, and DNA damage checkpoint activation (Garcia et al., 2005).

TopBP1 has dual roles in DNA replication and DNA damage signaling. It is
essential for loading of cdc45 and DNA polymerases o and € in the Xenopus DNA
replication initiation process (Van Hatten et al., 2002; Hashimoto & Takisawa, 2003) and
for activation of ATR/ATRIP in DNA damage in Xenopus extract (Kumagai et al., 2006;
Lee et al., 2007; Yoo et al., 2007). TopBP1 in association with other proteins, is vital to
stimulate ATR kinase activity, which is both sufficient and necessary for ATR activation
of checkpoint response in Xenopus cell extract (Kumagai et al., 2006). TopBP1, as the
activation factor, transiently interacts with ATR to activate ATR kinase activity
(Kumagai et al., 20006).

The detailed mechanisms by which TopBP1 activates ATR differ depending upon
the types of DNA damage. In response to double stranded DNA break (DSB), in Xenopus

extract ATM stably associates with TopBP1 and phosphorylates Ser1131 (Yoo et al.,
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2007). This phosphorylated isoform of TopBP1 has increased affinity for ATR/ATRIP,
resulting in activation of the ATR/ATRIP pathway. TopBP1 phosphorylation is also
required for chk1 phosphorylation at DSBs (Yoo et al., 2007). It appears that stalled
replication forks adopt a different mechanism to activate ATR/ATRIP through TopBP1.
At stalled replication forks, the Rad9-Hus1-Rad1 checkpoint clamp gets loaded onto the
stalled replication site. TopBP1 BRCT domains I and II interact with the Rad9-Hus1-
Rad1 checkpoint clamp through the phosphorylated C-terminus of Rad9 (Lee et al.,
2007). This interaction is necessary for activation of ATR through ATR/ATRIP binding
of TopBP1 and for phosphorylation of chkl at the stalled DNA replication fork (Lee et
al., 2007). Thus TopBP1 is necessary to activate two DNA damage-signaling pathways.
There are other lines of evidences that TopBP1 is involved in DNA damage
signaling pathways. PML bodies are subnuclear structures that contain promyelocytic
leukaemia (PML) proteins and they are involved in the regulation of gene expression,
apoptosis, p53 function, senescence, DNA repair, the interferon response and viral
infection (Everett, 2006). PML bodies are found near sites of DNA damage (Everett,
2006) and are correlated with viral replication (Maul et al., 1996). SV40 DNA replication
foci juxtapose with PML bodies and viral DNA replication is preferentially located in
close association with PML bodies (Maul et al., 1996; Zhao & Fanning, unpublished
data). These observations are consistent with the idea that viral DNA replication is related
to DNA repair pathways. TopBP1 co-localizes in foci with PML, ATM, Rad50 and Rad9
after ionizing radiation (IR) (Xu et al., 2003). PML can stabilize TopBP1 after IR (Xu et
al., 2003). Data from our lab also show that TopBP1 co-localizes with T antigen in viral

replication center in virus-infected cells (Zhao & Fanning, unpublished data), suggesting
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that TopBP1 might play a role in viral replication. In addition, TopBP1 might directly
interact with replication proteins since it associates with ORC and is required for host
DNA replication initiation in Xenopus extracts (Van Hatten et al., 2002; Hashimoto &
Takisawa, 2003).

TopBP1 is involved in viral replication in human papillomavirus (HPV) (Boner &
Morgan, 2002; Boner et al., 2002). TopBP1 interacts with HPV E2 proteins (Boner &
Morgan, 2002; Boner et al., 2002), serves as a transcription cofactor of HPV16 E2
protein (Boner et al., 2002), and stimulates the E2-mediated DNA replication of HPV 16
(Boner et al., 2002). E2 is a transcription regulator essential for the life cycle of HPV
(Ham et al., 1991). HPV E1 and E2 together are functionally similar to T antigen, as T
antigen also regulates its own gene transcription. These similarities led me to hypothesize
that TopBP1 is involved in SV40 viral replication. In addition, the involvement of
TopBP1 in the ATR/ATRIP signaling pathway suggests that SV40 infection may re-
program the ATR/ATRIP checkpoint pathway.

To test these hypotheses, the localization of TopBP1, T antigen and endogenous
replication factors were examined in SV40-infected cells by immunoflueorescence (Zhao
& Fanning, unpublished data). These studies revealed that TopBP1 co-localizes with T
antigen, RPA and DNA polymerase a-primase, consistent with possibility that TopBP1 is
involved in viral DNA replication in vivo. SV40 DNA replication assays reconstituted in
vitro with purified proteins is stimulated by TopBP1 (Zhang & Fanning, unpublished
data). In this chapter, I tested if TopBP1 interacts directly with T antigen as HPV16 E2
does. The co-immunoprecipitation (co-IP) experiments show that TopBP1 interacts with

T antigen and DNA pol-prim.
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Material and Methods

Protein purification

T antigen was purified from Hi-5 cells infected with a recombinant baculovirus that
expresses T antigen as described (Jiang et al., 2006). Pol-prim was purified from Hi-5
cells co-infected with baculoviruses expressing p180, p68, p58, p48 (Ott et al., 2002).
Purified TopBP1 and fragments used in this chapter were gifts from Daniel Mordes and
Gloria Glick in Dr. David Cortez’ lab at Vanderbilt University. Full length his-tagged
TopBP1 was expressed in Hi-5 cells and purified over nickel-nitrilotriacetic acid column.
GST-tagged full length TopBP1 [the construct is a gift from Dr. Weei-chin Lin at
University of Alabama at Birmingham, (Liu et al., 2006)] and fragments (the proteins are
a gift from Dr. David Cortez’s lab at Vanderbilt University) were expressed in bacterial

BL21 cells and purified with glutathione beads.

Co-immunoprecipitation Assays

20 ul of protein A agarose beads was incubated with 7.5 ug SJK132-20 anti-pola
antibody (Bensch et al., 1982) or 15 ug PAb101 o-T antigen antibody (Fanning et al.,
1981) for an hour in binding buffer [30 mM HEPES-KOH (pH 7.9), 10 mM KCl, 7 mM
MgCly] at 4 °C with end-over-end rotation. Beads were briefly washed to remove
unbound antibody. 5 ug purified pol-prim or 10 ug purified T antigen was added to the
beads and the mixture was incubated at 4 °C for an hour in binding buffer. Beads were

briefly washed to remove unbound proteins. Varying amounts of purified TopBP1 or

126



fragments of TopBP1 were added and reactions were incubated for an hour at 4 °C in
binding buffer. The reactions were washed twice with binding buffer and three times with
washing buffer [30 mM HEPES—KOH (pH 7.9), 50 mM KCl, 7 mM MgCl,, 0.25%
inositol, 0.05% NP-40]. The beads were heated to 95 °C for 2 minutes in 20 ul of 4x
SDS-PAGE loading buffer. The proteins bound to the beads were separated by 12.5%
SDS-PAGE and visualized by using different antibodies, TopBP1 antibody BL.893
(Bethyl Laboratories, Inc.) for full length TopBP1 and the GST-tagged fragments of

TopBP1, Pab101 antibody for T antigen, and 2CT25 for p180 (Dornreiter et al., 1990).

Results

T antigen binds to the C-terminal region of TopBP1

Since TopBP1 plays a dual role in DNA replication and repair and the preliminary
data from our lab suggest that TopBP1 stimulates viral DNA replication in vitro (Zhang
& Fanning, unpublished data), I wondered whether TopBP1 could interact with T
antigen. Co-IP assays were used to address this question. Purified T antigen bound to
antibody beads was incubated with two different amounts of purified his-tagged full
length TopBP1 and bound TopBP1was analyzed by 12.5% SDS —PAGE gel and western
blotting (Figure 44). Lanes 1 and 5 show input controls with T antigen and TopBP1
respectively. In the absence of T antigen, there was no band corresponding to the

molecular weight of TopBP1 (lane 4). T antigen pulled down TopBP1 in a concentration-
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Figure 44: T antigen interacts with TopBP1. T antigen (lanes 2 and 3) adsorbed to
PAb101 antibody beads were incubated with 0.9 ug (lane 2) or 1.8 ug (lane 3) of TopBP1
as indicated. Proteins bound to the beads were separated by 12.5% SDS-PAGE and
visualized by western blotting with a-TopBP1 antibody (top panel) or PAb101 against T
antigen (lower panel). Antibody beads without T antigen didn’t bind TopBP1 (lane 4).
Lanes 1 and 5 show 0.5 ug of input T antigen and the input of his-tagged TopBP1
respectively. IgG H represents IgG heavy chain.
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dependent manner (compare lanes 2 and 3). The results in Figure 44 show that T antigen
interacts with TopBP1 directly and specifically.

Next, I attempted to map which region of TopBP1 binds to T antigen using the
same assay with GST-tagged fragments of TopBP1. The negative control in lane 4 of
Figure 45 shows that TopBP1 (aa 541-1522) doesn't bind to the beads or Pab101
antibody non-specifically. Input controls (lanes 1 and 5) shows where T antigen and
TopBP1 (aa 541-1522) run on 12.5% SDS-PAGE gel. TopBP1 (aa 541-1522) binds T
antigen in a concentration-dependent manner too (compare lanes 2 with 3). The data
suggest that the N-terminus deletion mutant of TopBP1, TopBP1 (aa 541-1522) interacts
with T antigen directly and specifically. Similar results were obtained using a C-terminal
fragment of TopBP1, TopBP1 (aa 978-1522) (Figure 46). Lanes 1 and 5 show the input
control of T antigen and TopBP1 (aa 978-1522). Lane 4 shows that TopBP1 (aa 978-
1522) didn’t associate with the beads without T antigen. Lanes 2 and 3 showed that
increasing amounts of TopBP1 (aa 978-1522) bound T antigen. The results implied that
the shorter deletion mutant, TopBP1 (aa 978-1522), could still bind T antigen directly
and specifically.

The co-IP data show that TopBP1 directly and specifically interacts with T
antigen. The C-terminus from aa 978-1522 of TopBP1 is sufficient for T antigen binding.
TopBP1 (aa 541-1522) binding T antigen is comparable to that of full length TopBP1
(Figures 44 and 45). But the fraction of input TopBP1 (aa 978-1522) bound to T antigen
appears to be smaller compared with the bound fraction of full length TopBP1 and
TopBP1 (aa 541-1522) (compare Figure 46 with Figures 44 and 45). These data suggest

that the residues between aa 541 to 978 contribute to the binding. Since the N-terminal
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Figure 45: T antigen interacts with TopBP1(aa 541-1522) fragment. T antigen (lanes
2 and 3) bound PAb101 antibody beads were incubated with 0.6 ug (lane 2) or 1.2 ug
TopBP1(aa 541-1522) (lane 3) as indicated. Proteins bound to the beads were separated
by 12.5% SDS-PAGE and visualized by western blotting with a-TopBP1 antibody
against TopBP1(aa 541-1522) (top panel) or PAb101 against T antigen (lower panel).
The molecular weight of GST-tagged TopBP1 (aa 541-1522) is 134 kDa. Antibody beads
without T antigen didn’t bind TopBP1(aa 541-1522) (lane 4). Lanes 1 and 5 show 0.5 ug
of input T antigen and the input control of GST-tagged TopBP1 (aa 541-1522)
respectively. IgG H and IgG L represent IgG heavy and light chains respectively.

130



PAb101 - + 4+ + -
Tag + + + - -
TopBP(978-1522)(ng) . o5 1 o5 o1  KDa
__180
TopBP1 — [, :191,8
(978-1522)
— 58
— 48
Tag — [ a— f— 191(?
IgGH — _ g
S — — 48
lgG L — — 36
S gy — 26

Figure 46: T antigen interacts with TopBP1(aa 978-1522) fragment. T antigen (lanes
2 and 3) adsorbed to PAb101 antibody beads were incubated with 0.5 ug (lane 2) or 1.0
ug TopBP1(aa 978-1522) (lane 3) as indicated. Proteins bound to the beads were
separated by 12.5% SDS-PAGE and visualized by western blotting with a-TopBP1
antibody against TopBP1(aa 978-1522) (top panel) or PAb101 against T antigen (lower
panel). The molecular weight of GST-tagged TopBP1(aa 978-1522) is 86 kDa. Antibody
beads without T antigen didn’t bind TopBP1(aa 978-1522) (lane 4). Lanes 1 and 5 show
0.5 ug of input T antigen and the input control of GST-tagged TopBP1 (aa 978-1522)
respectively. IgG H and IgG L show IgG heavy and light chains respectively.
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fragments of TopBP1 haven’t been tested in the co-IP assay, there might be other sites on

TopBP1 for T antigen binding.

TopBP1 interacts with pol-prim

Studies in Xenopus cell-free replication assays show that TopBP1 is important for
recruitment of cdc45 and DNA polymerases to the pre-initiation complex (Hashimoto &
Takisawa, 2003). Since TopBP1 stimulates SV40 DNA replication initiation in vitro, |
hypothesize that TopBP1 also physically interacts with host proteins that participate in
initiation, such as pol-prim. To address this hypothesis, similar Co-IP was done using
pol-prim antibody and pol-prim instead of T antigen antibody and T antigen. The bound
proteins were analyzed by 12.5% SDS-PAGE and western blotting. Lanes 1 and 5 in
Figure 47 are input controls for pol-prim and TopBP1 respectively. Lane 4 is negative
control without pol-prim added to the reaction. In lanes 2 and 3, two different amounts of
TopBP1 were added to the reaction with constant amount of pol-prim. The result in lane
4 indicates that TopBP1 didn’t associate with the beads in the absence of pol-prim. The

data in lanes 2 and 3 suggest that TopBP1 bound specifically to pol-prim.

Discussion

In this chapter, I present evidence that TopBP1 interacts directly with both T antigen and
pol-prim. TopBP1 binds weakly to the C-terminus of TopBP1 (aa 978-1522) and more

strongly to a larger fragment (aa 541-1522).
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Figure 47: Pol-prim interacts with TopBP1. Pol-prim (lanes 2 and 3) adsorbed to SJK
132-20 antibody beads were incubated with 1 ug (lane 2) or 2 ug (lane 3) of TopBP1 as
indicated. Proteins bound to the beads were separated by 12.5% SDS-PAGE and
visualized by western blotting with the antibody against TopBP1 (top panel) or 2CT25
against p180 (lower panel). Antibody beads without pol-prim didn’t bind TopBP1 (lane
4). Lanes 1 and 5 show 0.75 ug of input pol-prim and the input of his-tagged TopBP1
respectively. IgG H represents IgG heavy chain.
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The functional importance of interaction between T antigen/pol-prim and TopBP1
must be further tested. Those interactions may be important for viral DNA replication, as
the interaction of TopBP1 with HPV16 E2 promotes E2-mediated HPV16 DNA
replication (Boner et al., 2002). Since TopBP1 interacts with both T antigen and pol-
prim, it might help to recruit pol-prim to the replication origin bound by the T antigen
double hexamer, thereby stimulating SV40 DNA replication in vitro.

The interaction between T antigen and TopBP1 might help to re-program the
ATR/ATRIP pathway for viral replication, since viral DNA replication is closely linked
to DNA damage signaling pathways. Recent studies in our lab and others suggest that T
antigen reprograms the ATM signaling pathways to facilitate viral DNA replication and
that ATM activity is required for SV40 replication in vivo (Shi et al., 2005; Zhao et al.,
2008). Although ATM and ATR pathways respond to different DNA damage stimuli,
they are not independent of each other (Hurley & Bunz, 2007). There is cross talk
between these two important pathways. At stalled replication forks, ATR/ATRIP can
directly phosphorylate ATM to stimulate its kinase activity (Stiff et al., 2006).
Conversely, at DSBs, ATM indirectly activates the ATR/ATRIP pathway through
phosphorylation of TopBP1 (Yoo et al., 2007). In Xenopus egg extract, ATM stably
associates with phosphorylated TopBP1 upon induction of DSBs and phosphorylates
TopBP1 (Yoo et al., 2007). Phosphorylated TopBP1 has increased affinity for
ATR/ATRIP, and thus activates the ATR/ATRIP pathway (Yoo et al., 2007). Human
TopBP1 is also phosphorylated on Ser1138 at DSBs, suggesting that the same activities
that happen in Xenopus egg extracts may also happen in human cells. Thus in SV40-

infected cells, since ATM pathway is active after infection, ATM may phosphorylate
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TopBP1 to activate ATR/ATRIP pathway. In this chapter, I show that T antigen directly
interacts with TopBP1 (aa 978-1522). Interestingly, this fragment overlaps with the
ATR/ATRIP binding site on TopBP1 (aa 993-1196). This opens the possibility that T
antigen might inactivate the ATR/ATRIP signaling pathway by disrupting binding
between ATR/ATRIP and TopBP1 through direct competition. Thus TopBP1 might play
other roles besides stimulation of viral replication. The exact mapping of the interaction
sites between T antigen and TopBP1 and competition assay will be required to figure out
whether T antigen competes with ATR/ATRIP for TopBP1 binding directly or blocks the
ATR/ATRIP binding site. Further experiments will be needed to test ATR/ATRIP
activation by phosphorylated TopBP1 in the presence of T antigen in vitro. In vivo
experiments are needed to test if T antigen down-regulates the ATR/ATRIP signaling by

interacting with TopBP1.
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