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Although p48 is the most conserved subunit of mammalian DNA polymerase a-primase (pol-prim), the
polypeptide is the major species-specific factor for mouse polyomavirus (PyV) DNA replication. Human and
murine p48 contain two regions (A and B) that show significantly lower homology than the rest of the protein.
Chimerical human-murine p48 was prepared and coexpressed with three wild-type subunits of pol-prim, and
four subunit protein complexes were purified. All enzyme complexes synthesized DNA on single-stranded (ss)
DNA and replicated simian virus 40 DNA. Although the recombinant protein complexes physically interacted
with PyV T antigen (Tag), we determined that the murine region A mediates the species specificity of PyV DNA
replication in vitro. More precisely, the nonconserved phenylalanine 262 of mouse p48 is crucial for this
activity, and pol-prim with mutant p48, h-S262F, supports PyV DNA replication in vitro. DNA synthesis on
RPA-bound ssDNA revealed that amino acid (aa) 262, aa 266, and aa 273 to 288 are involved in the functional

cooperation of RPA, pol-prim, and PyV Tag.

The small DNA tumor viruses simian virus 40 (SV40) and
mouse polyomavirus (PyV) have provided excellent model sys-
tems to study the mechanisms and regulation of eukaryotic
DNA replication (reviewed in references 7, 9, 55, and 67).
Their DNA replication in vivo and in vitro largely depends on
the replication apparatus of their hosts, as only one protein,
namely, the multifunctional viral large T antigen (Tag), is sup-
plied by the virus (20, 26, 49).

The establishment of cell-free SV40 and PyV DNA replica-
tion systems was a major step towards the purification and
characterization of essential host replication factors (67).
These studies allowed the understanding of the molecular
mechanisms involved in the assembly and progression of rep-
lication forks (7, 28, 67). Along with genetic and other bio-
chemical approaches, these DNA replication systems provided
insights into the processes of initiation and elongation (67).
Interestingly, several parallels between eukaryotic and pro-
karyotic DNA duplication emerged which show that central
processes of DNA metabolism are in part conserved in all
kingdoms (33, 60, 61). The studies of the polyomaviral systems
have allowed the development of a general model for eukary-
otic DNA replication. In an initial step, Tag recognizes the
replication origin (ori) and forms a double hexameric complex,
which causes specific distortions of the double-stranded (ds)
DNA (4, 15, 20, 37, 49). Subsequently, dsDNA is unwound,
and multiprotein complexes are assembled by Tag and host
replication proteins, such as eukaryotic single-stranded (ss)
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DNA-binding protein (replication protein A [RPA]), topo-
isomerase I (topo I), and DNA polymerase a-primase (pol-
prim), are recruited (10, 11, 17, 23, 38, 53, 54). After binding
and distortion of the dsDNA, the helicase function of Tag
melts and unwinds the ds ori DNA (4, 59). For this function,
Tag depends on RPA as a cofactor to stabilize the ssDNA
resulting from the helicase activity of Tag (7, 29, 72). The
unwinding of dsDNA requires an additional cofactor, topo I, to
relax the supercoiled DNA and to avoid the introduction of
torsional stress into the DNA (24, 67). During the initiation of
leading-strand replication, the primase activity of pol-prim syn-
thesizes the first RNA primer at the ori (8, 28, 51, 69). This
RNA molecule is directly transferred to the DNA polymerase
subunit of pol-prim and elongated to 30 to 40 nucleotides. The
multiprotein complex RFC (replication factor C) catalyzes the
DNA polymerase switch to a leading-strand synthesis complex
consisting of PCNA (proliferating cell nuclear antigen) and
DNA polymerase 3, which carries out processive DNA synthe-
sis (8, 28, 36, 39, 67, 73). In cooperation with Tag and RPA,
pol-prim multiply initiates discontinuous Okazaki fragment
DNA synthesis on the lagging strand in synchrony with the
leading-strand synthesis (16, 19, 38, 41, 70, 71). Again after a
polymerase switch, these RNA-DNA primers are elongated by
DNA polymerase d or € in a complex with PCNA (8, 28, 67,
73). The preinitiation, initiation, and elongation steps of viral
DNA synthesis at the origin of DNA replication require spe-
cific physical contacts between these protein complexes in ad-
dition to the DNA binding and enzymatic activities of the
replication factors (16, 64). This model, which originated from
work with cell-free polyomavirus DNA replication systems,
also illustrates basic mechanisms of chromosomal DNA repli-
cation (28, 67).

Although PyV and SV40 depend on the same mechanisms
for their DNA replication and their Tags perform identical
replication functions, each virus has a specific host range re-
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sulting from host-dependent DNA duplication (55). PyV prop-
agates in mouse cells, whereas SV40 multiplies in primate cells.
This species specificity can be reproduced in cell-free DNA
replication systems, and the cellular pol-prim is the major
species-specific factor for PyV and SV40 DNA replication (6,
18, 40, 42, 58). Recently, it was shown that a central region of
murine p48 is required for the initiation and elongation steps
of PyV DNA replication (31). To determine the cellular re-
quirements for the host-specific DNA replication of PyV and
whether one or more regions of p48 are involved in the regu-
lation of PyV DNA replication, chimerical polypeptides were
created by exchanging various stretches of mouse and human
p48. In addition, single amino acids were mutated in human
p48. The mutant and wild-type polypeptides were coexpressed
with the p180, p68, and p58 subunits of pol-prim and purified
as enzyme complexes. The functional tests showed that the
least conserved region A and especially the phenylalanine 262
of mouse p48 can induce an otherwise-human pol-prim to
support PyV DNA replication. The residues at positions 262
and 266, as well as amino acids (aa) 273 to 288, are crucial for
the replication mediator function of PyV Tag on RPA-bound
templates.

MATERIALS AND METHODS

Computer analysis of proteins. Sequence analyses were performed by using
the Geneworks program (IntelliGenetics, Brussels, Belgium) for protein align-
ments, the jpred2 program for secondary-structure predictions (14; http://jura
.ebi.ac.uk:8888/), and the bioinbgu software for predicting three-dimensional
protein structures (21, 22; http://www.cs.bgu.ac.il/~bioinbgu/).

Production of the mutant p48 proteins. To obtain the chimerical human-
mouse p48 subunits (Fig. 1B), cDNAs were produced by overlap extension PCR
as described previously (66). The double mutants were constructed by successive
repetition of this method. These DNAs were ligated into pVL1392-hp48. After
in vivo recombination, baculoviruses expressing recombinant proteins were cre-
ated using Baculo-Gold DNA and standard procedures (Pharmingen, Hamburg,
Germany) (47).

Proteins. PyV Tag and DNA pol-prim (consisting of subunits p180, p68, p58,
and p48) were purified from baculovirus-infected insect cells as described pre-
viously (6, 44, 57). RPA was bacterially expressed and purified as outlined before
(27, 45). The monoclonal antibodies SJK237-71, SJK287-38 (63), and F5 (48),
specific for DNA pol-prim and PyV Tag, respectively, were purified by affinity
chromatography (25).

Protein manipulations and immunological techniques. Protein concentrations
were determined according to the method of Bradford (5) using a commercial
reagent with bovine immunoglobulin G (Bio-Rad) as a standard. Sodium dodecyl
sulfate (SDS) gel electrophoresis was carried out as described previously (34)
with 10-kDa ladders (Life Technologies) as molecular mass markers. After
polyacrylamide gel electrophoresis, proteins were visualized by staining them
with Coomassie brilliant blue. For quantitative comparison, the dried gels were
scanned and the intensities of staining were quantified with the Image Quant
program (Amersham Pharmacia Biotech, Freiburg, Germany).

Modified enzyme-linked immunosorbent assays were carried out as described
previously (17, 31).

DNA synthesis on ®X174 ssDNA. The DNA replication of ®X174 ssDNA was
carried out in a reaction mixture containing 66 ng of ®X174 ssDNA (New
England Biolabs); 20 mM Tris-acetate (pH 7.3); 5 mM magnesium acetate; 20
mM potassium acetate; 1 mM dithiothreitol; 0.1 mg of bovine serum albumin
(BSA)/ml; 1 mM ATP; 0.1 mM (each) CTP, GTP, UTP, dATP, dCTP, dGTP,
and TTP; and 0.1 mM [a->?P]dCTP (Amersham Pharmacia Biotech) (43). Com-
parisons between different pol-prim preparations were made by adding 0.2 U of
primase per assay. The incorporation of dCMP was determined by acid precip-
itation of DNA on GF52 filters (Schleicher & Schiill, Dassel, Germany) and
scintillation counting.

DNA synthesis on ®X174 ssDNA with RPA and Tag. DNA synthesis was
carried out in an assay mixture (40 wl) containing 30 mM HEPES-KOH (pH
7.8); 7mM MgAc; 0.1 mM EGTA; 1 mM dithiothreitol; 0.25 mg of BSA/ml; 0.01
mg of creatine kinase/ml; 40 mM creatine phosphate; 4 mM ATP; 0.2 mM (each)

J. VIROL.

CTP, GTP, and UTP; 0.1 mM (each) dATP, dGTP, and dTTP; 0.002 mM dCTP;
1 pl of [«*?P]dCTP (specific activity, 3,000 Ci/mmol; 10 pCi/ul; Amersham
Pharmacia Biotech); 250 ng (0.76 nmol of nucleotides) of ®X174 ssDNA; 1 pg
of PyV Tag; and 0.69 pg of RPA as described earlier (70, 71). The reaction
mixture was assembled on ice, and the reaction was started by the addition of
pol-prim. After incubation for 1 h at 37°C, the reaction mixture was spotted onto
GF52 filters and precipitated in 10% trichloroacetic acid. The amount of DNA
synthesis was measured by liquid scintillation counting.

Preparation of S100 extracts and replication of viral DNA in vitro. S100
extracts were prepared from logarithmically growing human 293S and mouse
FMB3A cells as described before (46, 58). The replication of PyV DNA in vitro
was performed according to methods described previously (6, 57). Briefly, the
assay contained 1.2 pg of PyV Tag, 250 ng of pUC-Pyl DNA (PyV origin DNA
[52]), and 200 pg of S100 or depleted S100 extract in 30 mM HEPES-KOH (pH
7.8); 1 mM dithiothreitol; 7 mM magnesium acetate; 1 mM EGTA (pH 7.8); 4
mM ATP; 0.3 mM (each) CTP, GTP, and UTP; 0.1 mM (each) dATP and dGTP;
0.05 mM (each) dCTP and dTTP; 40 mM creatine phosphate; 80 g of creatine
kinase/ml, and 5 pCi each of [«**P]dCTP and [a*?P]dTTP (3,000 Ci/mmol;
Amersham Pharmacia Biotech); pol-prim was added as indicated. The incorpo-
ration of radioactive dNMP was measured by acid precipitation of DNA and
scintillation counting. The total radioactivity was determined by liquid scintilla-
tion counting after 5 .l of a 200-fold dilution of the replication assay mixture was
spotted onto GF52 filters.

The replication of SV40 DNA in vitro was performed as described above with
minor modifications (46, 52). The SV40 assay mixture (60 pl) contained 0.6 pg
of SV40 Tag, 0.25 ng of SV40 origin DNA (pUC-HS), 0.6 pg of human RPA,
and 300 pg of S100 or depleted S100 extract from FM3A cells. All other
conditions were as described above.

Nucleotide seq e accessi s. The Protein Data Bank accession
codes of domains referred to in this study were as follows: DNA binding domain
3 of mouse c-Myb, Iidy; a dimerization domain of thermolysin protease, Itrla;
and mouse c-Myb DNA binding domain 2, Imsec.

h,

RESULTS

Purification of DNA pol-prim containing chimerical human-
murine p48-primase. The murine p48 subunit and specific re-
gions therein control the replication of PyV DNA in vitro (6,
18, 31). The catalytic subunit p48 of primase is highly con-
served between mice and humans (>90% identical amino ac-
ids). However, mammalian p48 contains two regions, A and B
(murine aa 257 to 288 and 358 to 379), which are significantly
less conserved (65 and 59% amino acid identity, respectively)
(Fig. 1A). Outside these regions, p48 has 92 (aa 288 to 357), 95
(N terminus; aa 1 to 256), and 97% (C terminus; aa 380 to 417)
identical amino acids.

The sequence comparison and the role of the central region
of mouse p48 comprising aa 129 to 320 (31) suggest that region
A might mediate the species-specific functions to support cell-
free PyV DNA replication. To address this question, chimer-
ical p48 subunits were produced and coexpressed with human
p180, p68, and p58 (Fig. 1B). The recombinant protein com-
plexes were purified to near homogeneity by phosphocellulose
and immunoaffinity chromatography and contained all four
subunits (Fig. 2). The purified enzyme complexes had DNA
polymerase and primase activity, with specific enzyme activities
varying from 2,120 to 19,700 and from 160 to 840 U/mg, re-
spectively (Table 1). Some preparations of human pol-prim
also had low specific enzyme activities in the range of 2,000 to
5,000 U/mg of DNA polymerase « and 350 to 540 U/mg of
primase (data not shown) (31). Due to these variations, we
used the same amounts of active enzyme for functional assays
as indicated in the figures. In the experiments shown, a human
pol-prim with 19,700 and 840 U/mg was preferentially used,
but other enzyme preparations were also studied and gave the
same results.
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FUNCTIONAL COOPERATION OF PyV Tag, RPA, AND pol-prim
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_ B
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FIG. 1. Amino acid alignments and construction of chimerical human-murine p48. (A) Human and murine p48 subunits (aa 200 to 420 and
417, respectively) were aligned using the Geneworks program; identical amino acids are boxed. The highly conserved region p48-1I (marked by a
single line) was named according to the system in reference 57. Two regions, A and B (marked by a thick, dashed line), have a significantly lower
degree of amino acid identity. (B) All chimerical p48 subunits containing human and murine sequences used in these studies. They were named
according to their murine amino acids. The chimerical protein h(m273-320) consists of murine aa 273 to 320, whereas the remaining residues are
coded by the human p48 cDNA. In the proteins h-S262F, h-L266P, and h-S262F/L266P, the serine at position 262 of human p48 was changed to
phenylalanine, leucine 266 became a proline, or both amino acids were mutated. The activities of these polypeptides are summarized on the right.
The binding of pol-prim to PyV Tag (Tag Bdg.) (see Fig. 4) is summarized. The interaction of chimerical HHHh(m129-320) with PyV Tag was
determined earlier (31) and is marked with an asterisk. Stimulation on RPA-bound ssDNA (Tag Stim.) is indicated as follows: +++, 2.0-2.5; ++,
1.5-1.9; -, no stimulation [<1.1]. PyV DNA replication (PyV Repl.) and DNA synthesis on ssDNA (ssDNA Syn.) are indicated as follows: +++,
80 to 100%; ++, 40 to 70%; +, 5 to 30% of that of MMMM,; -, no replication).

The purified protein complexes were further analyzed by
SDS gel electrophoresis. The Coomassie brilliant blue-stained
gel (Fig. 2) was scanned, and the intensities were quantified.
The average subunit ratio (p180:p68:p58:p48) was about 1:1.3:

1.6:2.2, which is similar to that of published chimerical pol-
prim complexes (1:1.5:2.2:2.6 [58]). However, the complex
HHHh(m229-320) had a subunit distribution of 1:0.4:0.2:0.3.
The replication-competent enzyme complex HMMM, which
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FIG. 2. Production of DNA pol-prim complexes. The purified pol-
prim complexes were analyzed by SDS gel electrophoresis and stained
with Coomassie brilliant blue. Lane 1, murine pol-prim (MMMM);
lanes 2-10, hybrid pol-prim (HHHx) with human p180, p68, and p58
and mutant p48. In lanes 2 and 4, the protein between p48 and p58
with a molecular mass of about 56 kDa is most likely the heavy chain
of the immunoglobulin G bleeding from the affinity resin used for
purification.

consists of human p180 and three murine subunits, also assem-
bles in a suboptimal way and had a subunit compositon of
1:1.8:1:2.3 (58). Importantly, its primase polypeptides were
only present after the stringency of the washing conditions was
reduced; otherwise, both subunits were quantitatively lost (56).
Despite the low abundance of the small subunits, the specific
primase activity of HHHh(m229-320) was only slightly below
average and was comparable to that of the mouse enzyme
complex and higher than that of other enzyme complexes (Ta-
ble 1).

The polyacrylamide gel electrophoresis analysis showed that
the protein complex HHHh(m257-288) had a p180 subunit
which was significantly more degraded than that of the other
purified complexes (Fig. 2, lane 7). The ratio of p180 to the
proteolysis products p160 and p140 was about 44:39:17. Two
additional enzyme complexes, HHHh(m273-320) and HHHh-

TABLE 1. Enzyme activities of recombinant DNA
pol-prim complexes

Protei Specific DNA . N
a rotein concn . Specific primase
Enzyme complex (mg/ml) polymerase activity (U/mg)
activity (U/mg)

MMMM 0.23 3,560 260
HHHh(m129-320) 0.45 3,130 170
HHHh(m229-320) 0.47 2,610 210
HHHh(m273-320) 0.34 3,750 380
HHHh(m257-320) 1.18 2,420 500
HHHh(m229-288) 1.40 2,120 370
HHHh(m257-288) 1.42 2,390 240
HHHh-L266P 1.37 1,970 160
HHHh-S262F 0.72 2,870 250
HHH-S262F/L266P 1.13 2,900 230
HHHH 0.13 19,690 840

“ MMMM, murine pol-prim; HHHH, human pol-prim; HHHx, hybrid pol-
prim containing mutant p48 subunit plus human subunits p180, p68, and p58.
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FIG. 3. DNA synthesis on ssDNA and SV40 DNA replication by
chimerical DNA pol-prim. (A) Mutant (bars 3 to 11) and wild-type
(bars 2 and 12) pol-prim complexes were used to synthesize nucleic
acids on ssDNA in the presence of NTPs, dNTPs, and Mg** for 30
(shaded bars) and 60 (solid bars) min. (B) These enzyme complexes
were also used in an SV40 DNA replication system by using mouse
cell extracts depleted of endogenous pol-prim. Bars 3 to 11, mutant
pol-prim with human p180, p68, p58, and mutant p48; bars 2 and 12,
murine (MMMM) and human (HHHH) pol-prim. Bars 1, negative con-
trol without pol-prim. The assays were repeated twice, and the mean
values are presented. The error bars indicate standard deviations.

S262F, showed a high proteolytical degradation of p180 (ratios
of proteolysis products, 68:25:7 and 71:20:9, respectively) (Fig.
2, lanes 4 and 9). The high proteolysis rate of p180 in specific
preparations could be due to a high protease activity during
purification, although the same protease inhibitor cocktail was
used in all purifications. The p180 subunits of HHHh(m129-
320) and HHHh-L266P were proteolytically degraded, but not
significantly above that of an average pol-prim preparation
(Fig. 2, lanes 2 and 8) (6, 13, 57, 58).

DNA synthesis by chimerical DNA pol-prim on natural
ssDNA. Several of the chimerical pol-prim complexes con-
tained lower levels of primase or proteolytically degraded sub-
units. Therefore, we wanted to determine whether these en-
zymes initiate and elongate DNA synthesis on natural ssDNA
templates. Human, murine, and chimerical pol-prim com-
plexes synthesized dsDNA (Fig. 3A). Although we consistently
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FIG. 4. Interaction of PyV T antigen with recombinant DNA pol-
prim. Pol-prim and PyV Tag physically interact (6, 31). BSA (1 pg; bar
0) or purified, recombinant pol-prim complexes (1 pg; bars 1-8) as
indicated were immobilized. After incubation with 1 pg of PyV Tag for
1 h at room temperature, Tag—pol-prim complexes were determined
with Tag-specific antibody F5 and a mouse-specific peroxidase-coupled
secondary antibody. The mean values and standard deviations of three
experiments are presented in optical density (OD) units.

observed differences in their efficiencies of DNA synthesis, we
could not determine any correlation between the level of in-
corporated dNMPs and protein degradation or specific activi-
ties (compare Fig. 2 and 3A, as well as Table 1).

SV40 DNA replication by chimerical DNA pol-prim in vitro.
To test the functional cooperation of the various enzyme com-
plexes with other replication factors, we used the SV40 DNA
replication system, since we recently showed that chimerical
p48 containing human N- and C-terminal amino acids supports
cell-free replication of SV40 DNA (31). As expected, mouse
pol-prim did not replicate SV40 DNA, whereas all chimerical
enzyme complexes studied here, as well as the human enzyme,
did so (Fig. 3B, bars 2 to 12). The enzyme complexes contain-
ing h(m129-320), h(m229-320), h(m273-320), h(m257-288),
and human p48 showed similar activities in the SV40 DNA
replication system (Fig. 3B, bars 3, 4, 5, 8, and 12). The pol-
prim complexes containing p48 h(m257-320), h(m229-288),
h-L266P, h-S262F, and h-S262F/L266P showed a slightly
higher replication activity than the human enzyme (Fig. 3B,
bars 6, 7, 9, 10, 11, and 12, respectively). These data indicated
that all chimerical proteins efficiently supported cell-free DNA
replication.

Physical interaction of PyV Tag and chimerical DNA pol-
prim. To test whether the physical interactions of chimerical,
mouse and human pol-prim complexes with PyV Tag are spe-
cies specific, modified enzyme-linked immunosorbent assays
were carried out. PyV Tag bound to human, mouse, and chi-
merical pol-prims with nearly the same efficiency. The chimer-
ical complexes HHHh(m273-320) and HHHh(m229-288)
showed the strongest binding to PyV Tag (Fig. 4). Thus, the
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FIG. 5. Species specificity of PyV DNA replication in vitro is me-
diated by the least conserved region A of mouse p48. DNA polymerase
of recombinant pol-prim (0.5 U) was used to replicate PyV DNA in
human extracts depleted of pol-prim. The indicated enzyme complexes
were added to the human 293S cell extracts supplemented with PyV
Tag and a PyV origin-containing plasmid as described in Materials and
Methods. The data are the mean values and standard deviations of
four DNA replication assays.

direct physical contacts between PyV Tag and various pol-prim
complexes are not host specific.

Region A is required for species-specific replication of PyV
DNA in vitro. PyV DNA replication in vitro requires the mouse
p48 subunit during the initiation of leading-strand DNA syn-
thesis (6, 31). To determine the amino acids controlling PyV
DNA replication, the chimerical p48 subunits were tested in
the replication of PyV DNA. As expected, mouse pol-prim
supported in vitro PyV DNA replication, and its replication
activity was used as a positive control (Fig. 5, bar 1). The
human enzyme was inactive in the replication assay and served
as a negative control (Fig. 5, bar 6). Chimerical p48 containing
mouse residues spanning aa 129 to 320, 229 to 320, 257 to 320,
and 229 to 288 supported DNA synthesis with plasmids which
have a PyV origin of replication.

Exchange of serine at position 262 of human p48 with phe-
nylalanine allows PyV DNA replication in vitro. The above-
mentioned data suggested that the least conserved region A, aa
257 to 288, probably controls the species specificity of PyV
DNA replication in vitro. Although the applied enzyme con-
centrations were equivalent to those present in crude extracts
(0.4 to 0.5 U per replication reaction), we wondered whether
raising the level of human pol-prim and chimerical enzymes
would influence their capability to support PyV DNA replica-
tion (Fig. 6). The addition of mouse pol-prim allowed the
incorporation of radioactive ANMPs in a concentration-depen-
dent manner (Fig. 6A). Human pol-prim HHHH and HHHh
(m273-320) did not support PyV DNA replication above back-
ground, even at the highest concentrations, and the acid-insol-
uble radioactivity was between 2 and 4 pmol (Fig. 6A). The
pol-prim complex HHHh(m257-288) containing murine re-
gion A supported PyV DNA replication, and the incorporation
of radioactive dNMPs rose in a concentration-dependent man-
ner; 0.5, 1.5, and 2.5 U had 66, 88, and 92%, respectively, of the
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FIG. 6. Phenylalanine at position 262 of mouse p48 allows cell-free
PyV DNA replication. Increasing enzyme concentrations of pol-prim
complexes were tested for their ability to support PyV DNA replica-
tion in vitro in human extracts depleted of pol-prim. (A) the activities
of hybrid enzyme complexes HHHh(m273-320), HHHh(m257-320),
and HHHh(m257-288) were compared with the replication activities
of murine pol-prim (MMMM) and human pol-prim (HHHH). (B) The
abilities of HHHh(m257-288), HHHh-L266P, HHHh-S262F, and
HHH-S262F/L266P to replicate PyV DNA were measured. For com-
parison, replication assays with the replication-competent murine pol-
prim (MMMM) and replication-inactive human pol-prim (HHHH)
were performed in parallel. The data are the mean values and standard
deviations of three DNA replication assays.

replication activity of murine pol-prim. For comparison, the
chimerical complex HHHh(m257-320), which contains region
A plus C-terminal flanking sequences, was also studied. Inter-
estingly, it was slightly more active than the mouse enzyme
(Fig. 6A). These results indicate that high pol-prim levels do
not suppress species specificity in the PyV replication system.

The failure of HHHh(m273-320) to replicate PyV DNA
suggests that the region aa 257 to 273 contains essential resi-
dues which mediate the species specificity of PyV DNA repli-
cation. The comparison of amino acid sequences (Fig. 1) and
amino acid structures suggested that F262 and P266 might be
crucial for the function of p48. To examine this more precisely,
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we produced the mutants h-S262F, h-L266P, and h-S262F/
L266P and investigated their activities (Fig. 2 and 6B; Table 1).
Purified chimerical enzyme HHHh-L266P (0.5 U) had an ac-
tivity (13 pmol) which was slightly above the background de-
termined with human pol-prim (8 pmol). However, incorpora-
tion of radioactive dNMPs did not increase in a concentration-
dependent manner (Fig. 6B). Characterization of the second
point mutant revealed that low levels of HHHh-S262F (0.5 U)
hardly supported PyV DNA replication above that of the neg-
ative control HHHH. However, increasing the enzyme level to
2 and 3.5 U allowed replication of PyV DNA in a concentra-
tion-dependent manner (Fig. 6B). The maximal incorporation
was 30 pmol, or 31% of that of mouse pol-prim. The complex
HHHh-S262F/L266P containing human p48 with two mouse
residues was more efficient in PyV DNA replication in vitro
than HHHh-S262F. In the presence of 3.5 U, 42 pmol of
dNMPs was incorporated into PyV DNA, which corresponds
to 44% of that of murine pol-prim (Fig. 6B). For comparison,
the pol-prim complexes HHHH and HHHh(m257-288) were
analyzed in parallel. The human enzyme was inactive, whereas
the replication activity of HHHh(m257-288) was between that
of HHHh-S262F/L266P and mouse pol-prim. These data sug-
gested that phenylalanine 262 of murine p48 has a role in PyV
DNA replication and that additional amino acids, such as pro-
line 266 and those within and near region A, stimulate PyV
DNA replication in human extracts.

Cooperation of DNA pol-prim with RPA and PyV Tag dur-
ing DNA synthesis. On natural ssDNA, low concentrations of
RPA inhibit primer synthesis by pol-prim, and SV40 Tag re-
lieves this inhibition (10, 38, 52, 68, 70). To synthesize RNA on
ssDNA bound by RPA, human pol-prim requires replication
mediator proteins such as SV40 Tag for optimal activity (3, 10,
38, 52, 68, 70). Since the physical interaction of chimerical
pol-prim and PyV Tag, as well as the priming activity of chi-
merical pol-prim on artifical and natural DNA, is not or is
hardly influenced by these amino acid exchanges (Fig. 3A and
4; Table 1), we used stimulation of primer synthesis on RPA-
bound ssDNA as a simple model system to study the functional
cooperation among PyV Tag, RPA, and various pol-prim com-
plexes. In addition, we wanted to know whether this assay
shows species specificity in the PyV system. PyV Tag stimu-
lated DNA synthesis by human and murine pol-prim on RPA-
bound ®X174 ssDNA (Fig. 7 [summarized in Fig. 1B]). The
stimulation of murine pol-prim by PyV Tag is only slightly
higher than that of human pol-prim (Fig. 7, bars 1 and 9).
These results showed that the stimulation of pol-prim by PyV
Tag in the presence of RPA is not species specific and that PyV
Tag matches SV40 Tag in this assay (52).

In the presence of RPA, PyV Tag also stimulated the com-
plexes HHHh(m257-320), HHHh(m229-288), and HHHh
(m257-288) (Fig. 7, bars 3, 4, and 5, respectively). However,
the chimerical HHHh(m273-320), which was inactive in PyV
DNA replication in cell extracts and in the PyV origin-depen-
dent initiation (Fig. 6A and data not shown), did not respond
to the addition of PyV Tag in this assay (Fig. 7, bars 2). In
addition, the introduction of a proline at position 266 of hu-
man p48, which does not allow the replication of PyV DNA
(Fig. 6B), also diminished the ability of PyV Tag to stimulate
pol-prim (Fig. 7, bars 6). Importantly, the inability of Tag to
cooperate with these enzyme complexes was not dependent on



VoL. 75, 2001

o

— — — —_— @

) <) © @ 9

o I © 4] N

e @ N 8 a w T

e 5 2 L & & &

o o o o < & ~

= £E E E E 9 @& B
= £ = £ £ £ = £ I
T T I T = x I T
= I T T I = I I T
= T T T r I T T T

Stimulation factor

1 2 3 4 5 6 7 8 9

FIG. 7. DNA synthesis of DNA pol-prim on natural ssDNA in the
presence of RPA and PyV Tag. The cooperation of PyV Tag with
mouse, human, and mutant pol-prims was tested on natural ssDNA
bound by human RPA. In the reaction, X174 ssDNA, RPA, and
pol-prim complexes as indicated were incubated in the absence (shad-
ed bars) or in the presence (solid bars) of PyV Tag. The incorporation
of acid-insoluble dNMPs in the absence of Tag was arbitrarily set to 1.
The presented data are the mean values and standard deviations of
three experiments.

their ability to synthesize DNA de novo on ssDNA templates,
since both complexes incorporated dNMPs as well as the hu-
man enzyme did (Fig. 3A). The negative effect of P266 on p48
could be fully rescued by introducing a second mutation,
S262F, and the complex HHHh-S262F/L266P, which supports
cell-free PyV DNA replication (Fig. 6B), was stimulated to an
extent comparable to human pol-prim (Fig. 7, bars 8). PyV Tag
stimulated HHHh-S262F, which had some PyV DNA replica-
tion activity (Fig. 6B), with a reduced efficiency (Fig. 7, bars 7).

Comparison of the stimulatory effect of PyV Tag on the
chimerical protein complexes with that on human pol-prim
showed that aa 262, 266, and 273 to 288 are important for the
function of the primase to initiate DNA synthesis in the pres-
ence of RPA and PyV Tag. Furthermore, the amino acid pairs
S262 and L266 of human p48, as well as F262 and L266 of
mouse p48, are required for optimal initiation activity. Two
other important sites for the cooperation of these initiation
proteins are the regions aa 257 to 272 and 273 to 288, since the
human aa 257 to 272 together with murine aa 273 to 288 do not
allow optimal cooperation of pol-prim with Tag and RPA.
However, exchanging the mouse sequence aa 273 to 320 with
the human one (human p48) or the human sequence aa 257 to
272 with that from mouse h(m257-320) rescues this impaired
function of h(m273-320).

DISCUSSION

The cell-free polyomavirus DNA replication systems have
enabled the elucidation of the functions and activities of puri-
fied eukaryotic replication proteins (for a review, see refer-
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ences 55 and 67 and references therein). The cellular pol-prim
is required for the initiation of leading- and lagging-strand
DNA synthesis and is involved in the control of PyV and SV40
DNA replication (6, 18, 50, 65-67).

p48 region A controls PyV DNA replication. The PyV DNA
replication system revealed that mouse p48 controls viral
DNA replication (6). Recent results suggested that the central
part of mouse p48 mediates the species specificity of PyV DNA
replication in vitro (31). Exchanging human and mouse amino
acids of p48 showed that the less conserved region A of p48
controls the species specificity of cell-free PyV DNA replica-
tion. The characterization of the additional mutant polypep-
tides revealed that a single amino acid, F262 within region A,
is sufficient to allow PyV DNA replication in an otherwise-
human setting (Fig. 1 and 6). The efficiency of the enzyme
complex is quite low and reaches only about 31% of that of the
mouse enzyme at extremely high concentrations. Since murine
amino acids neighboring F262 stimulated the replication activ-
ity, these data suggest that the host specificity of PyV DNA
replication is rather complex and that multiple functions are
involved to achieve full replication activity.

The interpretation that multiple activities of pol-prim con-
trol optimal PyV DNA replication is supported by the PyV
Tag-mediated stimulation of mutant pol-prim on RPA-bound
ssDNA. This assay has been used to study the functional co-
operation of SV40 Tag, RPA, and pol-prim (10, 38, 52, 68, 70).
The stimulation assay with SV40 Tag requires protein-protein
and protein-DNA interactions as well as catalytic steps, but it
is independent of the unwinding of dsDNA (70, 71). The ori-
gin-dependent primer synthesis and that on RPA-bound
ssDNA involve similar interactions of SV40 Tag, RPA, and
pol-prim, since the same monoclonal antibodies abrogate both
reactions and interfere with the physical binding of these ini-
tiation proteins (70, 71). The adaptation of the assay to the
PyV system gave important hints concerning the functional
cooperation of RPA, PyV Tag, and pol-prim, especially of the
primase region A (Fig. 7). Although the assay is not species
specific, it showed that aa 262 and 266, as well as the residues
aa 257 to 272 and 273 to 320 of p48, have major relevance
during the initiation reaction on RPA-bound ssDNA and in-
terfere with the stimulatory activity of PyV Tag. The data
suggest that these residues of p48 control the replication me-
diator function of PyV Tag (summarized in Fig. 1B) (3). Since
this activity of PyV Tag requires simultaneous physical inter-
actions of Tag with RPA and pol-prim on an ssDNA template
(3, 52, 68, 70, 71), the results show that specific positions of
region A are involved in the cooperation of these initiation
factors during primer synthesis. As the same mutations of
primase interfered with its ability to support PyV DNA repli-
cation in vitro as well as with its functional cooperation in the
stimulation assay (summarized in Fig. 1B), we anticipate that
such cooperation also occurs during the origin-dependent ini-
tiation of viral DNA replication in vitro.

Putative functions of p48 region A and flanking residues.
The results presented here and other biochemical data can
now be discussed in light of the recently published structure of
a distantly related archaeal primase (1, 2). Partial protease
digests of human p48 suggested that regions A and p48-II form
a proteolytically stable domain (data not shown). In good
agreement with the three-dimensional structure of the archeal
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primase, programs (14, 21, 22) suggested that aa 240 to 340 of
mouse p48 consists of three a-helices (data not shown). These
predicted secondary structures were compared with published
domain structures (21, 22). The comparisons revealed homol-
ogies of human p48 with DNA binding domain 3 of mouse
c-Myb (homology score z, 9.2) and a dimerization domain of
thermolysin protease (z = 8.6). These values are both above
the confidence threshold of the method (z = 4.8 =1 [21]).
Mouse p48, h-S262F, h-L266P, and h-S262F/L266P showed
structural homologies to mouse c-Myb DNA binding domain 2
in complex with DNA (z = 5.4, 6.5, 12.5, and 10.4, respective-
ly). Interestingly, the third helix of mouse c-Myb DNA binding
domain 2 interacts with dsDNA, suggesting that a helix span-
ning aa 290 to 303 of mouse p48 (aa 290 to 304 of human p48),
which overlaps with the highly conserved region p48-1I (Fig.
1A), might bind to ds nucleic acids. This hypothesis is in agree-
ment with earlier results showing that R304 of human p48,
which corresponds to R303 of mouse p48, is involved in the
recognition of the nucleoside triphosphate (NTP) that will
become the 5'-terminal nucleotide of the primer during the
synthesis of the first dinucleotide and that it possibly binds to
a phosphate of the primer strand during the elongation step (1,
32). In close proximity, mouse amino acid D305 (D306 in
human p48) has essential catalytic functions, since together
with D109 and D111, it chelates divalent metal ions (1, 2, 12).

According to its hydrophilic character and in agreement with
the crystal structure of the archeal primase, region aa 251 to
290 is most likely located at the surface of the protein, where
it may interact with other proteins, such as PyV Tag and RPA.
By combining structural and various biochemical data, the
species specificity can be explained in two ways (Fig. 1B) (1, 2,
6, 12, 31, 32). First, PyV Tag binds to the region aa 251 to 290
and supports the initiation reaction on a template by stabilizing
the DNA-NTP-NTP-primase complex during the synthesis of
the first dinucleotide. This assumption would explain the fact
that priming at an origin and on RPA-bound ssDNA behave
differently with the wild-type human and murine proteins.
In the ssDNA-NTP-NTP—pol-prim-Tag-RPA complex, the
DNA is still relatively flexible, whereas at an origin of replica-
tion such a complex is structurally more restricted, and the
equivalent reaction at an origin becomes species specific. The
failure of PyV Tag to stimulate pol-prim containing mutant
p48 h-L266P and h(m273-320) can be explained by the as-
sumption that these mutant p48 forms do not allow the for-
mation of a functional initiation complex. It is important to
mention here that the formation of the DNA-NTP-NTP-pri-
mase complex or the following step during the synthesis of the
first dinucleotide is the rate-limiting step in primer synthesis
(D).

In a second explanation, RPA binds to region aa 250 to 290
and perhaps also to aa 290 to 303. These primase-RPA inter-
actions prevent the correct formation of an ssDNA-NTP-NTP-
primase complex and inhibit RNA synthesis by p48. This as-
sumption is supported by the previous finding that inhibition of
primase on ssDNA by a low concentration of RPA requires
physical interactions involving RPA (70). For RNA synthesis
by primase, PyV Tag would displace the inactive primase-RPA
complex and allow p48 to bind to DNA and to form a func-
tional sSDNA-NTP-NTP-pol-prim-Tag complex. This reac-
tion probably requires the cooperation of several components
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and perhaps other pol-prim subunits such as p58, e.g., to sta-
bilize the PyV-primase complex versus the RPA-primase com-
plex. The explanation that RPA is involved in the species
specificity of viral DNA replication is supported by earlier
findings that mammalian and insect RPAs support SV40 DNA
replication whereas yeast RPA does not (30, 38, 56, 58, 68). In
both models, protein-protein interactions and conformational
restrictions of the protein-template-primer complex contribute
to the species specificity of the origin-dependent initiation re-
action.

PyV DNA replication in transformed cell lines. The bio-
chemical data, which define pol-prim and region A of p48 as a
host-specific modulator (Fig. 5 and 6) (6, 18, 31, 40, 58), seem
to contradict previous findings that PyV DNA is replicated in
some human transformed cell lines whereas their untrans-
formed parental cell lines do not support the viral replication
(62). This apparent contradiction can be resolved by various
assumptions. Transformed cells could become permissive by a
single-amino-acid exchange in the primase gene product, e.g.,
F262. An alternative explanation is that during the transfor-
mation process one or several factors are overexpressed and
suppress the phenotype of normal human cells. Pol-prim is
most likely not one of these factors, because raising the con-
centration of human pol-prim and HHHh(m273-320), which
were both active in cell-free SV40 DNA replication (Fig. 3B)
(31, 58), did not allow PyV DNA replication in replication-
competent human 293S extracts (Fig. 6). On the other hand,
the failure of these extracts to support PyV DNA replication
could be caused by depletion or inactivation of the suppressor
during extract preparation. Sverdrup et al. (62) speculated that
a kinase or phosphatase might be responsible for the permis-
siveness of the transformed 293S and C33A. Interestingly, a
canonical consensus phosphorylation site (-SPQR-) of cyclin-
dependent kinases (Cdks), which is recognized by cyclin E-
Cdk2 in vitro (data not shown), is present in region A of
murine but not human p48. HeLa cells, which do not support
PyV DNA replication in vivo and in vitro, contain a truncated
form of HPV-18 E1 which inhibits activation of papillomavirus
DNA replication. This inhibition can be overcome by ectopi-
cally expressing cyclin E-Cdk2 (35). However, the introduction
of the SPQR motif of mouse p48 into human p48 did not allow
replication of PyV DNA in 293S cell extracts, and it only
allowed a slightly more efficient PyV replication together with
the F262 mutation in human p48. Therefore, the role of cyclin
E-Cdk2 in the species specificity of PyV DNA replication is
still open.

Our findings suggest that the control of PyV DNA replica-
tion by pol-prim is a multistep process. By exchanging various
polypeptide stretches and amino acids, we determined that
amino acid F262 of mouse p48 plays a crucial role in PyV DNA
replication. In addition, P266, as well as other residues within
murine regions 257 to 288, are involved in the cooperation of
primase, RPA, and PyV Tag on a template. Furthermore, the
other subunits of pol-prim, especially murine p58, can enhance
cell-free PyV DNA replication (6, 31).
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