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ABSTRACT

To analyze the interaction of human replication
protein A (RPA) and its subunits with the DNA
template—primer junction in the DNA replication fork,
we designed several template—primer systems differing

in the size of the single-stranded template tail (4, 9, 13,
14, 19 and 31 nt). Base substituted photoreactive dNTP
analogs—5-[ N-(2-nitro-5-azidobenzoyl)- trans -3-amino-
propenyl-1]-2 '-deoxyuridine-5 '-triphosphate (NAB-4-
dUTP) and 5-[ N-[N-(2-nitro-5-azidobenzoyl)glycyl]-
trans -3-aminopropenyl-1]-2 '-deoxyuridine-5 '-triphos-
phate (NAB-7-dUTP)—were used as substrates for

a subfragment of p70 comprising domains A and B confirmed
that both are indeed involved in ssDNA binding (3). The role of
DNA binding domains located on the p70 RPA subunit in both
double-stranded DNA (dsDNA) binding and helix destabilization
was examined recently (4,5). The fourth DNA binding domain,
domain D, of RPA resides in the p32 subunit (2,6). The p32
subunit can be crosslinked to ssDNA, although only as part of
the RPA complex and only at low efficiency (7). In the
complex with p14 alone, the activity of the ssDNA binding
domain was only revealed if the subunit was truncated N- and
C-terminally (6). Interaction of the p32 subunit of RPA with
nascent DNA in replicating SV40 chromosomes indicates that
the p32 subunit contacts early intermediates produced by DNA

polymerasex—primase but not more advanced products (8).
Different modes of RPA binding to ssDNA have been
reported whereby RPA shows different occlusion sites (9-12).

For human RPA two different kinds of DNA complexes have
been found, those in which RPA occupies stretches of 8-10
and 30 nt, forming the so-called 8 nt and 30 nt complexes
(10,11). These complexes exhibit different affinity for DNA
(20). In addition, scanning electron microscopy has revealed
structural differences between these RPA-DNA complexes,
which depend on both protein—protein interactions and the
available length of ssDNA for RPA binding. The 30 nt
complex appeared to be more elongated and exists as
contracted and extended structures, respectively. Based on the
stability of the complexes it was hypothesized that the globular
INTRODUCTION and the contracted elongated forms represent binding transition
The eukaryotic single-stranded DNA (ssDNA) binding states to the extended elongated form in which RPA is bound
protein, replication protein A (RPA), is a stable heterotrimerto DNA more stably (10,11).
consisting of subunits with molecular masses of 70, 32 and Although the study of the interactions of RPA with various
14 kDa, correspondingly called p70, p32 and p14. This proteissDNA templates is well advanced it cannot tell us much about
has multiple functions in various processes of DNA metabolisnthe interactions of RPA with DNA during the process of DNA
(reviewed in 1). RPA is required during the initiation and elongatiorreplication. A DNA duplex with an extended template strand is
stages of DNA replication and is involved in both DNA repair more informative since such a primer—template configuration
and recombination. represents an appropriate model of the DNA structure operating at
The interaction of RPA with ssDNA has been extensivelythe replication fork. One of the most promising techniques for
studied. The major ssDNA binding activity of RPA belongs to theanalyzing RPA subunit arrangement around such a DNA
p70 subunit (1). It has been shown that a total of three independeieimplate is the method of photoaffinity labeling. Photoreactive
DNA binding sites exist in this subunit, which have been designategrimers have been synthesizedsitu by DNA polymerases by
domains A, B and C, respectively (2). Crystallographic studies ofising base substituted dNTPs carrying photoreactive arylazido

elongation of radiolabeled primer —template by DNA
polymerases in the presence or absence of RPA.
Subsequent UV crosslinking showed that the pattern
of p32 and p70 RPA subunit labeling, and conse-
guently their interaction with the template—primer
junction, is strongly dependent on the template
extension length at a particular RPA concentration, as
well as on the ratio of RPA to template concentration.
Our results suggest a model of changes in the RPA
configuration modulating by the length of the template
extension in the course of nascent DNA synthesis.
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over a Nensorb-20 column (Du Pont) using the manufacturer's
suggested protocol. The photoreactive nucleotide analogues 5-
[N-(2-nitro-5-azidobenzoyHfrans 3-aminopropenyl-1]-2deoxy-
uridine-B-triphosphate (NAB-4-dUTP) and ™Nf[N-(2-nitro-
5-azidobenzoyl)glycyllrans 3-aminopropenyl-1]-2deoxyuri-
dine-B-triphosphate (NAB-7-dUTP) (see Fig. 1) were synthesized
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and characterized essentially as described (20).

Primer—template annealing

Primers were annealed to templates at a molar ratio of 1:1 in
) N 10 mM Tris—HCI, pH 7.5, 5 mM EDTA by heating the mixture
O'Q'OE'OE'D_\S_OJ/ at 90 C for 3 min and then the mixtures were allowed to cool
NAB-7-dUTP slowly to room temperature. The sequences of the primers and
au ud templates used were as follows (note that the length of the
ssDNA extension of the primer—templates depicted below is

reduced by 1 nt after incorporation of the photoreactive
Figure 1. Structural formulae of photoreactive dUTP analogs. The photoreactivgy cleotide at the'3end):
arylazido group of NAB-4-dUTP and NAB-7-dUTP is attached to the nucleotide )
by a spacer of 10 and 12 A, respectively. System 1 (31 nt ssDNA extension)
S-TTTTTTTTTTTTGGTTCGATATCGTAGTTCTAGTGTATAGCCCCTACC-3'

3'-CACATATCGGGGATGG-5’
System 2 (19 nt ssSDNA extension)
5-GGTTCGATATCGTAGTTCTAGTGTATAGCCCCTACC-3
3-CACATATCGGGGATGG-5'

groups that permit the introducion of a photoreactive group a$ystem 3 (14 nt SSDNA extension) ,
the 3-end of the primer (13,14). This technique proved to be a 5'GATATCGTAGTEQTC’Z%L%T@&%%CGCACTTGAGCEI 3
powerful tool to identify various complexes of RPA with DNA System 4 (13 nt ssDNA extension)
and evaluate RPA subunit arrangement near the template— S-ATATCGTAGTTCTAGTGTATAGCCCCTACC S
primer junction even when these structures are not stabl§ystem 5 (9 nt ssSDNA extension)
gnough to be studied by other techniques (13,14). In gdditio_n, 5’-CGTAGTT§IQ§E§K\I§§gggﬂg%%?‘
it has been demonstrated by us that the pattern of subunit labeliRgsiem 6 (4 nt ssDNA extension)
is changed when the template extension is shortened (13). 5-TTCTAGTGTATAGCCCCTACC-3'
In the present work we varied the template extension length 3-CACATATCGGGGATGG-S'
systematically to find the length of single-stranded templat%,rimer elongation in the presence of photoreactive dNTP
tail that induces the transition in RPA conformation. Thisanalogs
resulted in varying efficiencies of p32 and p70 interaction with - . . ) )
the template—primer junction. To analyze cooperative RpAconditions for elongation of oligonucleotides by photoreactive
binding to DNA, we changed the RPA:DNA duplex concentration2n@logs of dNTPs were identical to those used for photo-
ratio. We demonstrated with these experiments that the Rp@osslinking.  DNA _syntheS|s was initiated by a(_jdmg
configuration was strongly dependent on both the templatgolymerase and carried out for 30 min areS The reaction

) ! , Was terminated by adding 3@ of 90% formamide, 50 mM
extension length, and the .R.PA'DNA ratio. The da_ta revealed BDTA and 0.1% bromophenol blue. The mixture was heated
template-dependent transition of RPA conformation when th

i i | lectro-
p70 subunit bound to the single-stranded tail of the templatsogofe;?!}oigigg b?/ngug&%lijgésravgﬁ;e(lzr;é yzed by electro

became more accessible to tHeeBd of the primer than p32.
Such a transition might take place as the template stranBhotochemical crosslinking

becomes shorter in the course of nascent DNA synthesis.  rpa was photoaffinity labeled with photoreactive primers

synthesizedn situ using NAB-7-dUTP or NAB-4-dUTP and
pol 3 or KF. Reaction mixtures (10 or 3d) contained 50 mM
Tris—HCI pH 7.8, 10 mM MgCJ, 50 mM KClI, 1.4 or 2.7uM

pol B or 1 uM KF, 0.2 or 0.8uM template—532P-primer,
10puM photoreactive analogs and 0.4—2K! RPA as indicated.
The reaction mixtures were incubated af@5or 30 min to

. ; . allow elongation of the primers. Then the mixtures were
according to.Beard and Wilson (15) and ‘].che an'd' G”ndle)épotted onto parafilm placed on ice. The samples were then UV
(16), respectively. RPA was expresseétinoliand purified as  jragiated for 20 min with a Bausch and Lomb monochromator
described (17,18). Rainbow colored protein molecular masgquipped with an HBO W super-pressure mercury lamp. UV
markers were from Amershamy-fPJATP was from ICN. jight of 320 nm was used for crosslinking. Reactions were
Synthetlc Ollgonucleotldes were obtained from GENSETstopped by addmg Laemmli buffer and heating_ The photo-
Dephosphorylated primers weré-fghosphorylated with T4 chemically crosslinked protein-DNA samples were separated by
polynucleotide kinase (New England Biolabs) as describe§DS-PAGE (21). Dried gels were subjected to autoradiography
(19). Unreactedyf32P]ATP was separated by passing the mixtureor quantitated using a Phosphorimager (Molecular Dynamics).

MATERIALS AND METHODS

Proteins and nucleotides

Recombinant polymeradg (pol B) and the Klenow fragment
of Escherichia coliDNA polymerase | (KF) were purified
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Figure 2. Substrate properties of NAB-7-dUTP. Primer elongation reactions
were catalyzed by pd} in the absence or presence of RPA as indicated. The
single-stranded extension in numbers of nucleotides after incorporation of the 14—

photoreactive nucleotide analog into the template—primer systems is given at -
the top of the figure. The position of the 16mer primer strand is marked by an primer-
arrow in the left margin. templaie
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The structures of base substituted arylazido derivatives of  gpa - = s = ‘ . - 4
dUTP used in this study are shown in Figure 1. The photoreactive
properties of dUTP analogs allow UV irradiation with light at
wavelengths >300 nm, which is far beyond the absorbencyigure 3. Photoaffinity labeling of RPA by photoreactive primers. Primer
maxima of nucleic acids and proteins. Indeed, we did noglongation reactions using different template—primer structures.(@.8ach)
Observs enzyme inacivaton under s condlos (date S St R e i portor e
shown). The analogs were shown to be .e.ffectlve substrates otoreactive dUTP analog is indicated at the top of the figure for each
pol B (13,14). We have worked out conditions that allowed USrimertemplate system. A control reaction (lane 1) contained Pol
to introduce a single photoreactive moiety into tHeeBd of  templateprimer and RPA without photoreactive nucleotide. After incubation
32P-labeled photoreactive primers using a primer e|0ngatioﬁeaction mixtures were UV-irradiated. The crosslinked protein—-DNA
reaction catalyzed by pd (Fig. 2). Each of our template— ‘;?]mp'ex.e.s were separated by SDS-PAGE and visualized by aograpliy.

. . . e positions of the free probe as well as crosslinked products and of protein
primer systems was equally well elongated with the nucleotidgarkers are indicated in the right and left margins, respectively.
analog (compare lanes 1-3, system 1; lanes 4-6, system 2;
lanes 7-9, system 3; lanes 10-12, system 4; lanes 13-15,
system 5; lanes 16-18, system 6). We did not detect any
influence of RPA on the primer elongation reaction (compareyith the 14 nt extension, accompanied by a strong decrease in
lanes 2 and 3, 5 and 6, 8 and 9, 11 and 12, 14 and 15, and p32 labeling (lane 7). The former effect increased with the 13 nt
and 18). We, therefore, used these conditions for the synthesismplate extension (lane 9). The labeling of p32 became negli-
of a photoreactive primer before UV crosslinking in the presencgible starting from the template extension equal to 9 nt,
or absence of RPA. One of the most interesting aspects is tghereas slight labeling of the p70 subunit was still detected
identify different RPA conformations depending on the length(lane 11). The DNA duplex with a 4 nt template extension did
of ssDNA interacting with RPA. not reveal any labeling of RPA subunits, arguing for a lack of

To determine the single-stranded template extension lengticcess to RPA crosslinking under these conditions. A
that is needed to induce subunit rearrangement around-the hosphorimager quantification has confirmed the regularity of
end of the primer, we used template—primer systems in whicthe change in subunit crosslinking intensities. We have shown
the protruding template tail varied from 4 to 31 nt. Photoreactivearlier that a DNA duplex with a template extension of one base
dUTP analogs (NAB-4-dUTP and NAB-7-dUTP) were usedafter elongation with a photoreactive group creating a blunt-ended
for primer elongation by pdd. After completing primer elongation DNA duplex is unable to label RPA (14). Similar data have
in the presence or absence of RPA, reaction mixtures wetgeen obtained when another photoreactive analog, NAB-4-dUTP,
irradiated with UV light (320 nm). Figure 3 shows a representawas used for the introduction of a photoreactive group into the
tive experiment of crosslinking efficiencies of RPA subunits to3'-end of the primer (data not shown). The Klenow fragment of
the different template—primer systems when NAB-7-dUTPDNA polymerase | could replace pplefficiently in the assays
was used as substrate. In the case of the template extensiwithout changing the outcome. However, in that case we were
equal to 31 nt, preferential labeling of p32 with only slight unable to follow p70 subunit labeling because of the overlapping
labeling of p70 was seen (lane 3). The natures of crosslinkingiolecular masses of p70 crosslinked to photoreactive primer
products were proved by immunoprecipitation assay wittand the Klenow fragment itself (data not shown).
specific antibodies against RPA subunits as described (14). With each of the template systems used, a decrease i pol
The intensity of p70 labeling increased for the 19 nt templatdabeling in the presence of RPA compared to its absence is
extension substrate without a strong decrease in p32 labelimgpserved (Fig. 3, compare lanes 2 and 3,4 and 5,6 and 7, 8 and
(lane 5). A remarkable increase in p70 labeling was observe@land 10 and 11). This is in line with previous reports that RPA
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Figure 4. Influence of RPA concentration on photocrosslinking.gndB) Photoaffinity labeling of RPA by photoreactive primers was done at different RPA
concentrations using template—primer systems that have a template extension of 31 (system 1, lanes 1-4) and 9 nt (system 5, lanes 5-8sexfieatacyt the top

of the figure. Reaction mixtures were composed ofif@pol 3, 0.8 (A) or 0.2uM (B) templatefprimer, 10uM NAB-7-dUTP and various RPA concentrations ranging
from 0.4 up to 2.4uM as indicated. After incubation reaction mixtures were UV-irradiated. The UV-crosslinked products were separateeRAGD&d visualized by
autoradiography. The positions of the free probe as well as crosslinked products and of protein markers are indicated in the left and righspectuedy.re

competes with pol3 for binding with the template—primer primers with NAB-7-dUTP was analyzed separately under
junction (13,14). conditions used in the crosslinking experiments (see Fig. 2).
The data presented in Figure 3 demonstrate modification not Using the 31 nt extended DNA duplex at molar RPA:DNA
only of the RPA subunits but also of the template by the photoratios of 0.5 and 1.0 we observed strong p32 and weak p70
reactive primer with a photoreactive group at itseBd. This labeling, respectively (Fig. 4A, lanes 2 and 3), with both p32 and
should happen when photoreactive DNA duplex is notp70 labeling slightly increased at the higher RPA concentration.
complexed with poB or RPA. When RPA was added to the In contrast, with the 9 nt extended template only weak labeling
reaction mixtures, the intensity of DNA template modificationof p70 was detected, which again was slightly stronger in the
was lower than in the experiments when folvas present in  presence of elevated RPA concentrations (Fig. 4, lanes 6 and
the reaction mixtures alone (Fig. 3, compare lanes 2 and 3 ar). With this template, no labeling of the p32 subunit took
4 and 5). This is presumably the consequence of RPA bindinglace. The crosslinking pattern differed substantially when the
to the template—primer DNA duplexes. The effect wasmolar ratio of RPA to partial DNA duplex was 2:1 and higher
stronger, however, for DNA duplexes with a long template(Fig. 4A, lanes 4 and 8 and B, lanes 2, 4 and 6-8). In this case,
extension than for those with a short extension of the templatetensive labeling of both subunits (p70 and p32) was observed
strand (Fig. 3, lanes 6-11). independent of the length of the DNA template used. Similar
For the experiments shown in Figure 3 we used RPA andata were obtained with the 13 nt extended template (data not
DNA at concentrations of 0.84 and 08V, respectively, shown).
which yielded an ~1:1 molar ratio of RPA to DNA duplex. To
analyze the RPA arrangement on the DNA we varied the RP ISCUSSION
concentration to increase this ratio (Fig. 4). The main idea o
these experiments was to increase the stoichiometry of RPRo unravel the role of RPA in the various processes of DNA
binding to the DNA template, i.e. to bind several RPA moleculesnetabolism it might be useful to investigate the binding of
to the partial DNA duplex and thus to analyze the effect ofRPA to DNA structures other than ssDNA, which mimic more
cooperative binding on the pattern of RPA subunit labeling. closely thein vivo situation. A step forward in this direction
For the experiments we have varied the RPA concentratiowas undertaken for the involvement of RPA during nucleotide
between 0.4 and 2.4M in the presence of 0.8 (Fig. 4A) or excision repair (22). Using hairpin structures mimicking
0.2puM (Fig. 4B) partial DNA duplexes with extensions of 31 damaged DNA, RPA was found to bind ssDNA in a defined
and 9 nt, respectively. The molar RPA to DNA ratios were,polarity. The binding was strong for substrates with-pr8trusion
accordingly, for Figure 4A: 0.5 (lanes 2 and 6), 1.0 (lane 3 and 7and weak for those with dfprotrusion. More intriguingly, the
and 3.0 (lane 4 and 8), and for Figure 4B: 2 (lanes 2 and 6Qolarity of RPA binding determined the ability of RPA to
4 (lane 3 and 7) and 12 (lanes 4 and 8). Elongation of th@nteract with different repair enzymes.
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During SV40 DNA replication, the viral large T antigen A Site accessitle for
initiator protein melts 8 bp within the SV40 origin of replication  Phosphorylation
that represents an entry site for RPA (23,24). After more extensive . . »
unwinding through the helicase activity of T antigen, creating 5 .;!;__|@' __} .
longer stretches of ssSDNA, the cellular DNA polymerasprimase 3 70 S -
complex is able to synthesize the first RNA primer, which is 31 nt elongated extended conformation
then elongated by DNA synthesis (25).

To analyze in detail how the RPA subunit arrangement at the Site inaceessible for
template—primer junction is influenced by the length of the B phosphorylation

template protrusion, in the present work we used template— -. v
primer duplexes with template protrusions ranging in size from B
31 to 4 nt. This system could represent a model of the change ¥
in RPA conformation that occurs during the course of nascent
lagging strand DNA synthesis (8). We will present a model of
RPA conformations that act in the replication fork.

The length of the template ssDNA strand determines the
orientation of the RPA subunits within the DNA-bound
complex

We suppose that the different pattern of subunit labeling
observed with varying template tail lengths directly reflects the
arrangement of RPA subunits relative to theeBd of the
primer. When RPA binds to an extended template tail (31 or
19 nt) the p32 subunit is positioned in close proximity to thergi

of the primer and restricts p70 subunit contact to solely with
the ssDNA part. In contrast, with shorter extensions (14, 13 or
9 nt) the accessibility of p32 to the'-8nd is significantly
decreased, allowing the p70 subunit to approach the primer end
more closely. It is likely that the orientation of the p32 subunit
in relation to the 3end of the primer is determined by the
interaction of p70 with the single-stranded template strand.

This is supported by the experiments in which individual subunits E

of RPA were used in similar crosslinking experiments. Only in e

the case of p70 was DNA binding found (26). 5
In accordance with the different RPA—ssDNA complexes s

visualized by scanning electron microscopy (11), we suggest

that RPA complexes formed with DNA templates having long

(31 or 19 nt), medium (14 or 13 nt) and short (9 nt) template

tail lengths adopt elongated extended, elongated contracté&iyure 5. Model of RPA-DNA interactions A, B andC) The RPA structures

and globular shapes, respectively. Globular complexes replaggopted in the elongated extended, elongated compact, and globular compact
. rm according to the size of the ssDNA template tail. Note that only in the

eIongated_on(_as as thQ DNA Con_t?‘Ct size decreases fer, 31 ended form can the N-terminus of the p70 subunit become available and p32

8 nt, resulting in a functional transition to unstable DNA binding.make close contacts with the primer terminu andE) Cooperative binding

As depicted in the model (Fig. 5), p32 would accordingly contacinduces RPA oligomers to partially unwind the duplex region, allowing more

(Fig. 5A), be close to (Fig. 5B) or far from (Fig. 5C) the primer RPA molecules to bind per ssDNA length.

end. It is worth mentioning that p32 becomes accessible for

phosphorylation by DNA-PK only in the elongated extended

conformation (Fig. 5A; 4). Positioning of the p32 subunit o ] ) .

depends on how extensive the p70 contacts with DNA are. p7arbors a DNA binding domain, domain D, but that this

possesses three independent binding sites (2), of which domd#nding domain can access DNA only in the context of the

A is stable enough for band shift experiments, while domain§eterotrimer or if the subunit is truncated (3,6,7,14).

B and C need crossiinking to be revealed in this assay. s operative interactions determine the binding mode of

(2; K.Weisshart, unpublished results). In addition, crystallo- PApto DNA 9

graphic analysis using an 8 nt ssDNA template revealed maj

contacts made by domain A, whereas domain B contributetfuman RPA binds DNA with low cooperativity (27,28). We

fewer sites for DNA binding (3). Hence, we favor a model inhave used excess RPA to DNA to analyze the influence of

which the first contacts of RPA with DNA are made by domaincooperativity of RPA binding on its subunit arrangement near

A. Then, dependent on the template configuration, the othethe 3-end of the primer. Intriguingly, when RPA was in excess

two domains can also make contacts. Through this engagememter DNA we detected a different pattern of RPA subunit labeling

of different DNA binding domains of RPA, the complex thanis the case when working under stoichiometric conditions.

adopts its special conformation, which serves special functiond/e found similar intensities of labeling of both the p70 and the

during the replication process. It is intriguing that p32 alsop32 subunits (Fig. 4) even with the templates harboring a short
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