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DNA unwinding activity of replication protein A
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Replication protein A (RP-A} is a heterotrimeric complex conserved in cukaryotic celts. [t binds to singlessirunded DNA and is exseniial for

initintion and ¢longation of DNA replication. [n this cammunication we give svidenee thul this protein ean unwind DNA independent of mugnesium

und ATP, two essentinl cofiictors for dane fire DNA helicase uctivity. RP-A aun unwind up to at least 350 basepuies und appedrs to be required

in stoichiometric amounts. The reaction is extremely sensitive to NuCl and MgCly. Thix aetivily of RFA is suggestive for a possible unwinding
functian in initistion of DNA replieation in cukuryotes.

Replicution protein Ar DNA unwinding: Initiniian; DNA replicition

1. INTRODUCTION

Replicution protein A (RP-A, also called replication
factor A or eukiuryotic single-stranded binding protein)
is o heterotrimeric protein that is highly conserved in
eukaryuotic cells (see e.g. [1] and citations therein), The
complex is composed of three polypeptides with malec-
ular weighits of 70k, 32k and 11k, respectively, All three
proleins are essential for the viubility of Succhuranyees
cerevisiae [2-4), and important roles of RP-A have been
proposed in the initiation events of eukaryolic DNA
replication {5]. RP-A interacts with Simian virus 40
large T antigen and with DNA polymerase a/primase
[6,7]. The 70 kDa subunit binds to singlesstranded
DNA. one RP-A molecule covering about 30 bases and
preferring pyrimidine bases for its binding [1). Further-
meors, the 32 kDa subunit is phosphorylated in a cell
cycle-dependent manner (B} this phosphorylution ap-
pears 10 occur with the replication initiation comples [9]
and activation of DNA replication by RP-A appears to
be performed by the cdc2 fumily kinuses [10). In addi-
tion, interaction with DNA polymerase & {11], and cel-
lular DNA helicases (12] have been described. Finally,
RP-A has been identified very recently in nuclear prein-
itiantion centers poised for DNA synthesis in Xerapus
laeviy epg extracts [13]. In summary. RP-A appears to
have a central function in the DNA replication complex
by virtue of its interaction with several parts of the
replication machinery.

abbreviatiuns: RP-A, replicution protein A; RF-C. replicution fuctor
C: BCNA, proliferating ¢ell nuelear untigen; SDS-PAGE, sodium do-
decyl sulflate-polyacrylamide gelelectrophoresis.
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In shis report we demonstrete that in the absence of
salt RP-A ciun unwind up (o at least 350 basepairs of
DNA, und that this unwinding activity is independent
of MgCls and ATP, two essential cofuctors for buwe fide
DNA helicases.

2. MATERIALS AND METHODS

21, Muierialki

Nucleolides. column supports. nuclele acids and other chemiculs
were axictly i deseribed [12], Bacteriophuge gene A protein wis from
Pharmacii, Escherichin coli single-strindad binding protein was puri-
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Fig. 1. SDS-PAGE of call thwmus RP-A, RP-A was purified as de-

seribed in Materinls and Methads and 13.5 gg electrophoresed in

12.8% SDS-PAGE. The gel was stained with Coomassic blue, Markers

were: rubbit tuscle phosphiorylase b (97.4 RDa), bovine serum dlbu-

min 160.2 kDa), hen eggwhite avalbumin (42.7 kDa), boving carbonic

anthydrise (31 kD) soybenn trypsin inhibitor (31.5 kDa) and hen egg
while lysozymice (14.4 kDa).
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Fig. 2. DNA unwinding by eall’ thymiux RP-A an the shart {24imcr)

swubsinie, DNA unwinding way performed us deseribed in Materisls

and Mcthads, (A) Titeation of RP-A in Lhe presence of MgCl, (1 mM)

and ATP (I mM}. (B) Titration af RP=A in the absence of MgCh und

ATP. (C) Time course of unwinding with the indicated umounis of
RP-A per time poinl. cd = subsirate boiled lor 3 min,

lied fram the overpraducer RLM 727 (gift fram M, Delais, CNRS,
Toulouse), und the adepavirus DNA binding protein donated by P.C
van der Vliet (Utreghi).

2.2 Assay for RP-A

The fatc of RP-A during isolution was followed wilh two ussaty: (i)
by testing individual fructions with a polyclonul antibody ruised in
chicken: and (ii} by in vitro complementation of DNA polymerasc 8.
proliferating cell nuclear antigen (PCNA) and replieation fuctor C
(RF-C) on a singly-DNA primed M13 DNA wemplate [14],

2.3, Purificerion of RP-A

Briffer A: 20 mM Tris-HC! (pH 8.0), 10 mM KCl, 250 mM sugrose,
10% (viv) glyeerol, 1| mM dithiathreitel, 2 mM EDTA, 0.5 mM sper-
midin, 10 mM benzamidine, [0mM sodiumbisulfite, | mM PMSF, 0.5
mg/m! TLCK and | gg/mil euch of pepstatin, leupeptin, aprotinin and
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Fig. 3. E(Tect of tempernture on the unwinding by calf thymus RP-A

on the short (24mer) substrute. (A) DNA unwinding was perfarmed

at 15, 24 or 12*C us deseribed in Materials und Methiods and vacious

amounts of calf thymus RP-A tested, (B) Stability of short substrale

under experimentsl condition was tested in the abieace of RP-A.

Reuction mixtures were incubaled {or 30 min at various temperatures
und anulyzed as decribed for the unwinding assay.

chymastitin, Buyffer B: 30 mM Trise HCl (pH 8.0). 0.02% (v/v) Nonidet
P-40, 0.125% (w/v) myo-inositel, 2 mM EDTA. 1 mM dithiothreitol
und all the provcase inhibitors mentioned in bulter A, Bugffer C: 20 mM
TrizHCI (pH 4.0), 10% (v/v) glycerol, 0.02% (viv) Nonidet P=10, 2 mM
EDTA. | mM dithiothreitol and all the protease inhibitors inentioned
in bulfer A, Buffer £: as buffer C but without Nonider P44,

500 g of {rozen eall thymus (from fetal and Gsmonth-old animals:
the tissues were stored at =70°C until use) were suspended In 1500 ml
of bufTer A during 60 min and subscquently homogenized in a Waring
blender for § min. The suspension was centrifuged ut 10,000 x g for
30 min. After passage through severul layers of chessesloth, the
<learsd supernatant was loaded onto a 500 m! of phosphocellulose
column equitibrated with bufler A, The flow-thirough was collected
und immediately loaded onto a 180 ml DEAE-Sephace! column equil-
ibrated with Luffer B conluining 100 mM KCi The column was
wished with 900 ml of buffer C containing 100 mM KCL RP-A was
eluted in one step with buffer B, containing 0 mM KCl and the
lractions contsining RP-A were Brought 10 800 mM NaCl, This solu-
tion was then joasded onto a 10 mi single-stranided DNA celiulose
colurmn equilibrated in buffer € containing 800 mM NaCl. The col-
umn was washed with 100 m1 of buffer C containing 900 mM NaCl
and RP=A ¢luted with 30 mi of buffer C containing 2.5 M NaClL The
fructions containing RP-A were pooled, extensively dialyzed against
tulfer C und loaded into a | ml FPLC Moenoa Q column equilibrated
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Fig. 4. DNA uswinding by cull thymus RP-A and by different single-
strunded DA binding proteins, DNA unwinding wus performsd with
noene (1), 50 ng(2). 100 ng(3), 200ng (4)and 360 ng {$) of the follawing
singlessicanded DMNA binding proteins: calf thymus RP-A from six-
montheold animals (RP-A. ¢16). {etul calf thymus (RP-A. etf), Escher-
ichia eoli single-stranded binding protein {E. eoli SSB). Bacteriophage
T4 gene 32 protein (gene 32) and adenaovirus single-stranded DNA
binding protein (ad DBP).

with bufTer £ Elution of RP-A wus performed with o linear gendient
of 20 m! from 50 to $00 mM NaCl in bufier D, RP-A eluted at 250
mM NaCland the ustive lraction were dialyzed against builer D 10
remove NaCl and the protein stored in small aliquots in liguid aitra-
gen until further use,

24, Preporation of PNA substeates

A short substrate (24mer hybridized to M13mp8 DNA)and a long
substrate (50 to 350mer hybridized to M13mptt DNA) wete as out-
lingd for DNA helicases [12),

3.5, Unwinding assay

"Unwinding of the short or the long substrate was earried out in »
finu} volume of 25 ui containing 20 mM Tris-HCl (pH 7.5}, 4% (wiv)
sucrose. B mM dithiothreital, 80 ug/ml bovine serum albumin, 10 ng
DNA substrate (3000 ¢pnv/pmol) and pratein to be tested. Incubation
was for 60 min al 37°C unless otherwise mentioned, The reastion was
stopped and the preduct clestrophoresed, autoradiographed and
quantified as deseribed {13].

3. RESULTS AND DISCUSSION

RP-A has so far been described in human cells [15-
171, yeast Saccharomyces cerevisue (2}, Xenopus laevis
egas [13] and calf thymus [12] (Fig. 1). The 55 kDa
polypeptide occurring in many RP-A preparations ap-
pears to be a degradation preduct of the 70 kDa sub-
unit, since it reacts in an immunoblot with an antibody
that was raised against the 70 kDa subunit {data not
shown). As expected the calf thymus, RP-A has the
same polypeptide composition as other eukaryotic
counterparts, and their individual subumis are closely
related since they crossreact immunclogically (data not
shown). The 32 kDa subunit is present as a doublet; one
band thereof most likely represents the phosphorylated
form af this subunit [8].

Titration of RP-A in a standard DNA helicase assay
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Fig. §, DNA upwinding by ealf thymus RP-A on the long (50-350mer)

substrate, DNA unwinding was performed as deseribed in Materials

und Methods. {A) Titration of RP-A. ed = substrate alone boiled {or

3 min, {B) Unwinding ol the substrate by 145 ng RP-A inthe presence

of NuCl The initiad concentration of NaCl in the assay due to the

substrate DNA snd RP-A was 20 mM. (C) Unwinding of the substrate
by 145 ng RP-A in the presence of MgCls,

indicated that a short (24mer) fragment can be dis-
placed (Fig. 2A) at an amount of RP-A {100 ng, 0.88
nmel) thar was sufficient to cover the single-stranded
M13 DNA template (10 ng, 3.3 pmol of nucleotide),
assuming that one molecule of RP-A covers 30 nucleo-
tides [1]. Neither MgCl, nor ATP were required for the
displacement indicating that the activity is DNA un-
winding and not a bone fide DNA helicase activity (Fig.
2B). DNA unwinding was rapid since at saturating
amounts of RP-A {300 ng) complete unwinding was
achisved within § min (Fig. 2C).
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Fig. & Sult dependence of the DINA unwinding by calf thymus RP-A on the shart (24mer) substrae, PNA unwinding was performed as described
in Materials und Methods. The initint concentration of NaCl in the ussay due {o the subsirate DNA und RP-A was 15 mM, Each assuy conlained
100 ng RP-A, § = substrate vlone; ed = substrate alone Boiled for 3 min,

Next, the effect of temperuture was tested. DNA un-
winding by RP-A could also be performed at 15 and
24°C. Unwinding ut 15°C was 5% and at 24°C 10-15%
to the extreme at 37°C (Fig. 3A). No unwinding was
measured in the absence of RP-A at temperitures up lo
60°C (Fig. 3B) indicating that the increase of temperi-
ture can facilitate unwinding but is nat the reason for
it

DNA unwinding under these conditions could also be
performed by RP-A from fetal culf thymus and by the
adenavirus DNA binding protein, but not by single-
stranded DINA binding proteins from Escherichie coli
or from bacteriophage T4 (Fig. 4). Unwinding by the
adenovirus DNA binding protein is not unexpected
since it has been shown that strand displacement synthe-
sis oceurs in the presence of adenovirus DNA polym-
eruse and DINA binding protein in the abvious absence
of an added DMNA helicase [18]. Fig. 5 shaws that RP-A
can also unwind longer substrates. For this o ludder of
fragments from 50 to 350 buses was synthesized as de-
scribed earlier [12] and used as a substrate for unwind-
ing. RP-A had significant unwinding activity up to 350
basepairs (Fig. SA} and this in the complete absence of
M3zCl, and ATP. The wiwinding reaction on both short
and long substrates was very sensitive to salt (Figs. 5
and 6). 50 mM NacCl, 50 mM potassium phosphate or

1 mM MgCls inhibited the unwinding reaction more
than 90% il tested with a short substrate (Fig. 6), The
displucement of long subsirates was even more sensilive
to sull. 5 mM NuCl reduced unwinding 1o 509% and 10
mM to 25% ol the unwinding in the absence of sull (Fig.
5B), while 0.2 mM MgCl., reduced unwinding to 26%
and | mM Lo less than 2.5% compared the activity
without MgCl, (Fig. 5C).

RP-A possesses an in vitro unwinding activity which
might favour one function that has been proposed for
this protein. Lt is a key protein that might interact at the
arigin of replication with origin binding proteins (¢.g.
with the origin recognition complex, QRP [19]), with
PNA helicases, and with DNA polymerase e/primase.
[ty unwinding activity could provide a proper substrale
lora cellular DNA helicase, that could subsequently act
possibly in combination with RP-A. Indeed, a specics
specific stimulution of cellulur DNA helicases by RP.A
has been described in calf thymus [12]. Furthermore the
phosphorylution siatus of the 32 kDa polypeptide is
another possibility to selectively turn on and off the
unwinding activity. Finally, interaction of RP-A during
DNA syathesis with DNA polymerase a/primase or
with DNA polymerase § and ¢ holaenzymes (DBNA
polymerase, PCNA and RF-C) are other possibilities.
These questions can now be addressed in the calf® thy-
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mus tissue with the three DNA polymerases a. § and &
[20]. the four DNA helicuses A, B, C and D [12] und the
three auxiliary proteins RP-A, PCNA and RF-C [14].
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