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Lagging DNA Strand of Simian Virus 40

TAMAR NETHANEL AND GABRIEL KAUFMANN*

Department of Biochemistry, Tel Aviv University, Ramat Aviv 69978, Israel

Received 23 May 1990/Accepted 20 August 1990

Agents discriminating between DNA polymerase a and DNA polymerases of class 8 (polymerase 8 or e) were
used to characterize steps in the synthesis of the lagging DNA strand of simian virus 40 during DNA replication
in isolated nuclei. The synthesis of lagging-strand intermediates below 40 nucleotides, termed DNA primers (T.
Nethanel, S. Reisfeld, G. Dinter-Gottlieb, and G. Kaufmann, J. Virol. 62:2867-2873, 1988), was selectively
inhibited by butylphenyl dGTP or by neutralizing DNA polymerase a monoclonal antibodies. The synthesis of
longer lagging chains of up to 250 nucleotides (Okazaki pieces) was affected to a lesser extent, possibly
indirectly, by these agents. Aphidicolin, which inhibits both a- and 8-class enzymes, elicited the opposite
pattern: DNA primers accumulated in its presence and were not converted into Okazaki pieces. These and
previous data suggest that DNA polymerase a primase synthesizes DNA primers, whereas another DNA
polymerase, presumably DNA polymerase 8 or e, mediates the conversion ofDNA primers into Okazaki pieces.

Many lines of evidence now support the involvement of
two DNA polymerases, a and 8 (pols a and 8, respectively),
in the replication of eucaryotic and simian virus 40 (SV40)
chromosomes (5, 19, 25). The two enzymes are distinguished
by their associated activities: pol a is in a complex with
primase (19), and pol 8 has an intrinsic 3'-to-5'-proofreading
exonuclease (6, 25). pols a and 8 also differ in chromato-
graphic behavior (6), template primer preference (6), and
antigenic properties (9, 17, 31). The nucleotide analogs
butylphenyl-dGTP (BuPdGTP) and butylanilino-dATP are
potent inhibitors of pol a, whereas pol 8 is relatively resis-
tant to these compounds (18, 25). On the other hand, the
antibiotic aphidicolin inhibits both enzymes (25).
Two different mammalian DNA polymerases associated

with a 3'-exonuclease and resistant to BuPdGTP were pre-
viously referred to as pol B. These enzymes, later distin-
guished as pols 81 and 82, are termed now pols 8 and r,
respectively (P. M. Burgers et al., Eur. J. Biochem., in
press). An important difference between the two enzymes is
that pol 8 depends on the proliferating nuclear cell antigen
(PCNA) for its full activity and processivity, whereas pol £ is
processive in the absence of PCNA and is not stimulated by
the addition of this ancillary protein (5). Since PCNA is
needed for SV40 DNA replication in vitro, pol 8 is implicated
in the process (22). Direct evidence on this point has been
provided by experiments in which both pol a primase and
the PCNA-dependent pol 8 were required to reconstitute an
in vitro SV40 DNA replication system (30). pol E has been
implicated in DNA repair (26), but whether it also has a
replicative role is not known.
The distinction between the three aphidicolin-sensitive

mammalian DNA polymerases, pols a, 8, and , is supported
by a comparison with the corresponding set of Saccharomy-
ces cerevisiae enzymes (reviewed in reference 5). pol at and
its S. cerevisiae homolog pol I share the same subunit
structure. An essential cell cycle gene, CDC17, encodes the
large polymerase subunit of pol I and features an extensive
similarity with the corresponding mammalian gene at the
amino acid level (15, 21, 32). S. cerevisiae pol III, whose
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major polymerase subunit is encoded by the CDC2 gene (4,
24), is analogous with mammalian pol B. This conclusion is
based on the similar subunit structure of the two enzymes
and the ability of pol III to interact equally well with
mammalian and S. cerevisiae PCNAs (2, 5). The deduced
amino acid sequence of the large polymerase subunit of pol
III shows a greater resemblance to those of Epstein-Barr
virus and herpes simplex virus DNA polymerases than to the
pol a and pol I sequences, thus defining two prototypes of
related families of eucaryotic DNA polymerases (4, 5). Less
is known about pol II, the S. cerevisiae analog of the
mammalian pol e. A gene encoding pol II has not been
identified. However, a ts-cdc2 mutant is devoid of pol III but
expresses normal levels of pol II at the restrictive tempera-
ture, indicating that the two S. cerevisiae enzymes and, by
implication, the mammalian pols 8 and £, are genetically
distinct (4, 5, 25).
The diversity of replicative eucaryotic DNA polymerases

is explained by a recent model that assigns synthesis of the
lagging DNA strand to pol a and synthesis of the leading
strand to pol 8 (3, 5, 11, 23). This division of labor is
consistent with the high processivity of pol 8 in the presence
of PCNA, a property expected of a leading-strand polymer-
ase (22). In agreement, removal of PCNA from an SV40
DNA replication system arrests leading-strand DNA synthe-
sis, whereas lagging-strand synthesis proceeds uncoupled
(23). On the other hand, the moderately processive pol a,
with its tightly associated primase, seems suited for periodic
priming and elongation of the short lagging DNA chain
intermediates.
Although this model satisfies the expectation of different

requirements for leading- and lagging-strand syntheses, the
actual replication mechanism could be more complex with
regard to the number of specific replicative reactions and
different DNA polymerases catalyzing them. We have pre-
viously proposed that the synthesis of the lagging DNA
strand of SV40 consists of two steps that differ in sensitivity
to aphidicolin (20). In the less sensitive step, an RNA primer
(initiator RNA [iRNA]) chain is extended by several tens of
deoxynucleoside monophosphates (dNMPs) into an interme-
diate termed the DNA primer. In the more sensitive step,
DNA primers are converted into longer chains of up to
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approximately 250 nucleotides (nt), termed Okazaki pieces.
We have further proposed, based on the configuration of
DNA primers in replicating DNA, that an Okazaki piece
arises by ligation of several adjacent DNA primer units (20;
see also an updated version of the nested discontinuity
model in Fig. 7). Accordingly, a DNA polymerase that is
relatively resistant to aphidicolin extends iRNA into a DNA
primer. Another polymerase that is more sensitive to aphid-
icolin fills gaps created between DNA primer units by the
prior removal of intervening iRNA moieties.

In the present communication we extend the investigation
on the two steps of lagging-strand DNA synthesis to include
two specific inhibitors of pol ot. We show that BuPdGTP and
neutralizing pol-ot monoclonal antibodies selectively inhibit
the synthesis ofDNA primers and have a lesser effect on the
aphidicolin-sensitive synthesis of Okazaki pieces. These
results are consistent with the idea that pol a primase
catalyzes only DNA primer synthesis, whereas another
polymerase, presumably pol 8 or r, mediates the conversion
of DNA primers into Okazaki pieces.

MATERIALS AND METHODS

Materials. BuPdGTP was a gift from George Wright,
University of Massachusetts Medical School, Worcester.
Aphidicolin was purchased from Sigma. DNA pol ac-specific
monoclonal antibodies SJK 132-20, 287-38, and 237-71 (28)
and mouse myeloma immunoglobulin G were purchased
from Pharmacia. Enzymes were purchased from New En-
gland BioLabs, and ox-amanitin was from Boehringer. Radio-
active compounds and GeneScreen Plus membranes were
purchased from NEN Research Products.
SV40 DNA synthesis in isolated nuclei. In vitro SV40 DNA

synthesis was performed in isolated nuclei supplemented
with cytosol; both fractions were isolated from infected
CV-1 African monkey kidney cells (20). Unless otherwise
stated, unlabeled deoxynucleoside triphosphates (dNTPs)
were employed at 2 ,uM; the labeled dNTPs were used at 0.5
to 1.0 ,uM, ATP was used at 1 mM, and rNTPs other than
ATP were used at 10 ,uM or at 1 ,uM when radioactively
labeled. In the latter case, a-amanitin was used to quench
transcriptional incorporation (16). The isolated SV40 repli-
cative-intermediate DNA was of the post-Sepharose gel
filtration fraction (20).

Fractionation and analysis of nascent DNA chains. Isolated
SV40 replicative-intermediate DNA was dissociated in form-
amide, and the nascent DNA was fractionated by denaturing
polyacrylamide electrophoresis along with DNA size mark-
ers. The gels were autoradiographed, and the distribution of
radioactivity as a function ofDNA chain length was quanti-
fied by densitometry (20). Nascent DNA chain fractions of
the indicated size classes were extracted from the gel and
analyzed for replication-fork polarity by hybridization to the
appropriate unidirectional single-stranded DNA M13-SV40
probes immobilized on dot blots (20). The dot blots were
prepared by applying the DNA in 0.4 M NaOH to Gene-
Screen membrane as described by Jagus (14) and hybridized
according to the instructions of the manufacturer in hybrid-
ization solution containing 500 to 2,000 cpm of 32P-labeled
DNA. After hybridization the blots were washed twice with
2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) at 25°C for 10 min and once with 2 x SSC and 1%
sodium dodecyl sulfate for 60 min at 65°C and then autora-
diographed. The iRNA moiety in nascent DNA chains
labeled from radioactive RNA precursors was sized by
DNase I digestion (16).

RESULTS

Opposite effects of BuPdGTP and aphidicolin on steps of
lagging DNA synthesis. In the system of isolated nuclei used
in this study, SV40 replication cycles initiated in vivo
continue in vitro. Initiation of new replication cycles is not
detected in this system (29). Hence, the system allows
attention to be focused on elongation of leading and lagging
DNA chains and priming of new Okazaki pieces. Overall
SV40 DNA synthesis in isolated nuclei was relatively resis-
tant to BuPdGTP; only 50% inhibition was observed at 50
,uM of the drug during a pulse of 2 min at 30°C. The system
of isolated nuclei resembles other SV40 and cellular replica-
tion systems in this regard (7, 10, 13) but differs from purified
pol ot enzymes, which are inhibited by BuPdGTP with K1
values in the nanomolar range (18), and from pol 8, which is
resistant to BuPdGTP at concentrations as high as 100 ,uM
(18).
The poor response of the replicative systems to the pol

a-specific inhibitor BuPdGTP could mean that the contribu-
tion of pol 8 to replicative DNA synthesis is greater than that
of pol cx (1, 7). Alternatively, within the replication complex
individual DNA polymerases may behave differently from
the corresponding uncoupled purified enzymes. In an at-
tempt to determine the specific contributions of individual
DNA polymerases to SV40 DNA replication, we compared
the effect of BuPdGTP on leading- versus lagging-strand
synthesis and, within the latter category, on DNA primer
versus Okazaki piece synthesis.
The size distribution of nascent SV40 DNA chains pulse-

labeled with [a-32P]dNTPs in the presence of BuPdGTP at
concentrations ranging between 10 and 100 puM differed
markedly from that of the control. This was indicated by
electrophoretic separation of the products on denaturing
polyacrylamide gels (Fig. 1). Specifically, the incorporation
into the long nascent chains (above 250 nt) was virtually
resistant to BuPdGTP during the 2-min pulse at 30°C. Within
the subpopulation of chains below 250 nt, BuPdGTP was
more inhibitory to the synthesis of the DNA primer fraction
(up to 40 nt) than to the synthesis of Okazaki pieces (40 to
250 nt) (Fig. 1, lanes 3 through 5). The residual BuPdGTP-
resistant incorporations were nearly abolished by further
addition of 10 ,ug of aphidicolin per ml (Fig. 1, lane 7). When
added alone at 10 ,ug/ml, aphidicolin inhibited 70 to 90% of
the overall incorporation in different experiments. The
aphidicolin-resistant synthesis consisted of mainly DNA
primers and long nascent chains above 250 nt (Fig. 1, lane 6)
(20), in marked contrast to the effect of BuPdGTP (compare
lanes 5 and 6 in Fig. 1). However, the incorporation ofDNA
precursors into the DNA primer fraction was only relatively
resistant to aphidicolin, compared with the synthesis of
Okazaki pieces. Increasing the concentration of aphidicolin
up to 100 ,ug/ml gradually reduced the synthesis of DNA
primers (Fig. 2). It is also noteworthy that the level of the
longest Okazaki pieces remained unchanged between 5 and
100 ,g of aphidicolin per ml; an aphidicolin-resistant sub-
fraction of the long nascent DNA behaved in a similar
manner.
BuPdGTP blocks de novo synthesis of DNA primers. We

examined more closely the effects of BuPdGTP and aphidi-
colin on newly synthesized DNA primers that were tagged in
their 5' iRNA moiety with [cx-32P]rUTP. During 2 min of
incubation in the absence of inhibitors, most of the label
appeared as full-sized DNA primers (Fig. 3, lane 1). Longer
incubations resulted in increased labeling of Okazaki pieces
(Fig. 3, lanes 2 and 3). In the presence of 10 ,uM BuPdGTP,
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FIG. 1. BuPdGTP selectively inhibits the incorporation of dNMPs into DNA primers. SV40 replicative-intermediate DNA synthesized in
isolated nuclei was pulse-labeled for 2 min at 30°C with[a-32P]dATP in the presence of the indicated concentrations of BuPdGTP and/or 10
,ug of aphidicolin per ml. The labeled SV40 replicative-intermediate DNA was isolated as described in Materials and Methods and dissociated
in formamide. The nascent DNA chains were fractionated by denaturing 12% polyacrylamide gel electrophoresis. (A) Autoradiogram. (B)
Densitometric tracing of lanes 1, 5, 6, and 7 in panel A. M, DNA size markers in nucleotides (MspI restriction fragments of pBR322 DNA).
Okazaki piece/DNA primer ratios computed from the densitometric tracing: without inhibitor (lane 1), 1.6; with 10 ,uM BuPdGTP (lane 3),
2.1; with 100 ,uM BuPdGTP (lane 5), 2.9; with 10 ,ug of aphidicolin per ml (lane 6), 0.7.

most of the iRNA-tagged DNA chains could not reach the
size of mature DNA primers, migrating instead as two major
peaks of approximately 18 and 20 nt (Fig. 3, lanes 4 through
6). That the iRNA-tagged DNAs were lagging-strand inter-
mediates was indicated by their fork polarity (Fig. 4B) and
by the fact that they could be digested with DNase I down to
an iRNA-like residue of approximately 10 nt (Fig. 5). The
BuPdGTP-resistant intermediates yielded in this analysis an

iRNA moiety that was identical with the product obtained
from DNA primers synthesized in the absence of inhibitor
(Fig. 5, lane 4), indicating that the inhibitor interfered with
the extension of iRNA. At 50 ,uM BuPdGTP, no iRNA-
tagged DNA chains were detected (data not shown). In
contrast to BuPdGTP, aphidicolin only slowed down the
formation of DNA primers. Prolonged incubation in the
presence of aphidicolin resulted in the accumulation of
full-sized DNA primers. Okazaki pieces were not synthe-
sized under these conditions (Fig. 3, lanes 7 through 9) (20).
BuPdGTP and aphidicolin do not block the joining of

Okazaki pieces onto long nascent chains. Since Okazaki
pieces could be still synthesized in the presence of high
concentrations of BuPdGTP, we expected that they would
also mature and join onto the 5' ends of long nascent chains
under these conditions. In this case, the nascent portions of
long chains labeled in the presence of BuPdGTP would have
comprised both leading and lagging sequences. In contrast,
the residual incorporation into the long chains that occurred
in the presence of aphidicolin was expected to be confined to
leading portions, since synthesis of Okazaki pieces was

inhibited under these conditions. These possibilities were

examined by comparing the replication fork polarities of the
control long chains to their BuPdGTP- or aphidicolin-resis-
tant counterparts by hybridization to suitable leading and
lagging SV40 DNA template probes (see Materials and
Methods). These nascent DNA chains were fragmented
before hybridization to separate their leading and lagging

parts (20). The BuPdGTP-resistant long nascent DNA frac-
tion consisted of both leading and lagging portions, similar to
the control long chains (Fig. 4A). These results suggested
that the elongation of the leading 3' ends and the maturation
and joining of Okazaki pieces to the 5' ends of the long
chains continued in the presence of BuPdGTP, at least
during the 2-min pulse. Surprisingly, the residual, aphidi-
colin-resistant incorporation into long chains also comprised
a significant portion of lagging sequences (Fig. 4A). The
possible meaning of this result is discussed below.
Two different pol a-specific monoclonal antibodies selec-

tively inhibit DNA primer synthesis. The pol ox-specific neu-

tralizing monoclonal antibodies SJK 132-20 and SJK 287-38
inhibited DNA primer synthesis selectively. Okazaki piece
synthesis was less affected, whereas long nascent chains
were not affected at all (Fig. 6, lanes 1 and 2). This pattern
was strikingly similar to that elicited by BuPdGTP (Fig. 1).
Antibody SJK 132-20 was more potent than SJK 287-38, in
keeping with the different degrees of inhibition that these
antibodies exert over isolated pol ax (28). Importantly, SJK
132-20 has no detectable cross-reactivity with human pol 8 or

with other pol 8 enzymes from phylogenetically diverse
vertebrates (31). The pol a binding (but not neutralizing)
antibody SJK 237-71 and mouse immunoglobulin G had no

effect on DNA synthesis (Fig. 7, lanes 3 and 4).

DISCUSSION

The foregoing data reinforce the idea of two distinct steps
in the synthesis of the lagging DNA strand: (i) extension of
iRNA by a few tens of dNMPs to generate a DNA primer
and (ii) conversion of DNA primers into an Okazaki piece
(20). These data also suggest the assignment of a different
DNA polymerase to each step (Fig. 7). Below we elaborate
these conclusions and discuss the evidence upon which they
are based.
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FIG. 2. Size distribution of nascent SV40 DNA as a function of aphidicolin concentration. SV40 replicative-intermediate DNA synthesized
in isolated nuclei was labeled in the presence of the indicated concentrations of aphidicolin and fractionated in a manner similar to that
described in the legend to Fig. 1, except that the top third of the gel contained 8% polyacrylamide to resolve chains above 250 nt. (A)
Autoradiogram. The arrow points at the fraction of longest Okazaki pieces. (B) Densitometric trancing of lanes 1 through 4 and 6 in panel A.
M, DNA size markers (BstNI restriction fragments of SV40 DNA).

Agents that specifically inhibit isolated DNA polymerase
a also exerted a specific effect on the synthesis of DNA
primers during SV40 DNA replication in isolated nuclei.
Thus, BuPdGTP selectively inhibited the synthesis of DNA
primers, having a lesser effect on the incorporation of
dNMPs into Okazaki pieces (Fig. 1, 3, and 4). The partial

Incubation control BuPdGTP Aphidic.

time (min.) 2 5 10 2 5 10 2 5 10
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FIG. 3. BuPdGTP blocks de novo synthesis of DNA primers.

SV40 replicative-intermediate DNA was labeled for the indicated
times with [a-32P]UTP in the absence or presence of the indicated
inhibitors. The nascent DNA was fractionated as described in the
legend to Fig. 1.
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FIG. 4. Replication fork polarities of nascent DNA fractions. (A)

Fork polarity of long nascent DNA synthesized in the presence of
BuPdGTP or aphidicolin. Long DNA chains (Fig. 1) synthesized in
the absence of inhibitors (lane 1) or in the presence of BuPdGTP
(lane 4) or aphidicolin (lane 6) were fragmented in the gel, eluted,
and hybridized to 1.5-,ug dots of single-stranded DNA of M13-SV40
clones serving as unidirectional probes (20) (see Materials and
Methods). M13, M13mplO single-stranded DNA; ccw and cw,
counterclockwise and clockwise replication fork probes, respec-
tively; LD and LG, leading and lagging templates, respectively. The
ratio of leading templates to lagging templates was computed by
two-dimensional densitometric tracing of the corresponding dots.
The respective values for clockwise and counterclockwise forks,
respectively, were as follows: control, 1.8 and 2.0; BuPdGTP, 2.0
and 1.7; aphidicolin, 1.0 and 2.4. (B) Fork polarity of iRNA-tagged
DNA primers. DNA primers (Fig. 3, pooled lanes 1 through 3) were
extracted from the gel and hybridized to the probes described
above. The leading/lagging template ratio was 0.1 for both forks.
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FIG. 5. DNase I digestion of DNA primer intermediates synthe-
sized in the absence or presence of BuPdGTP. The major bands of
DNA primers or DNA primer intermediates labeled with [a-32P]
UTP (Fig. 3) in the absence (lanes 1 through 3) or presence (lanes 4
through 6) of BuPdGTP were extracted from the gel and exhaus-
tively digested with DNase I (16). The products were separated by
20% denaturing polyacrylamide gel electrophoresis along with the
undigested parent chains. M, DNA size markers (Fig. 1).

inhibition of Okazaki piece synthesis by BuPdGTP could
reflect an indirect effect of this inhibitor; namely, that only
DNA primers completed before the addition of BuPdGTP
may have served as substrates in the conversion reaction.
Similar to BuPdGTP were two different pol ax-neutralizing
antibodies that preferentially inhibited the incorporation of
dNMPs into DNA primers (Fig. 6).

Aphidicolin, the diagnostic inhibitor of the replicative pol
at and 8 as well as of pol e (12, 18), discriminated between the
two steps in lagging-strand synthesis in a converse manner,
severely inhibiting the incorporation ofdNMPs into Okazaki

pieces (Fig. 1 and 2) (20). On the other hand, the incorpora-
tion of dNMPs into the DNA primer fraction was much less
sensitive to aphidicolin (Fig. 1 and 2) (20), and so was their
de novo synthesis (Fig. 3).
To explain the unequal responses of the two steps in

lagging-strand synthesis to this variety of inhibitors, we
propose that DNA primers are synthesized by DNA poly-
merase a-primase, whereas the conversion of DNA primers
into Okazaki pieces depends on another DNA polymerase.
The latter polymerase is sensitive to aphidicolin but resistant
to BuPdGTP and to pol a-specific antibodies. Both pols 8
and E satisfy this description. The presence of a 3'-exonu-
clease activity in pols 8 and E lends further support to this
proposal; namely, a proofreading exonuclease present in the
polymerase responsible for the second step could safeguard
the fidelity of lagging-strand synthesis in the absence of such
an activity in pol a.
The current view, which delegates lagging DNA synthesis

solely to pol ax-primase, seems to us less likely, since it has
to be reconciled with coincident transition of pol a from
sensitivity to two different pol at-specific antibodies and
BuPdGTP to a state in which it is refractory to these agents.
We also note that carbonyldiphosphonate, which inhibits pol
E with a potency 20 times greater than that displayed for pol
a (27) or pol 8 (G. E. Wright, personal communication),
selectively inhibits the synthesis of Okazaki pieces with little
effect on DNA primer synthesis (T. Nethanel, C. McKenna,
and G. Kaufmann, unpublished results). Although aphidi-
colin does not clearly distinguish between pols a, 8, and E
when compared by the same assay, these enzymes may
feature different responses to the inhibitor when engaged in
different replicative reactions.
Based on the results presented here, we cannot state

which of the two enzymes, pol 8 or E, is more likely to figure
in the second step of lagging-strand synthesis. The PCNA-
dependent pol 8 was proposed as the leading-strand poly-
merase, since depletion of PCNA from the in vitro SV40
DNA replication system confined DNA synthesis to lagging-

A132-20 287-38 231-71 igG none M DNAPrmers Okazaki Pieces Long Chain

-242/

-122 32

Q 4

1 2 3 45 -1

26 34 67 122 242 622

CHAIN LENGTH (nt)
FIG. 6. Selective inhibition of DNA primer synthesis by pol a-specific antibodies. Nuclei and cytosol were separately incubated for 1 h

at 0°C with the indicated antibody or mouse immunoglobulin G (IgG) (10 ,ug per 80 ,ul of cytosol or 40 jjl of suspended nuclei) and then
combined with the other components of the in vitro replication mixture. SV40 replicative-intermediate DNA was then labeled with
[at-32P]dGTP for 5 min at 30°C, isolated, and fractionated as described in the legend to Fig. 1. (A) Autoradiogram. (B) Densitometric tracing
of lanes 1, 4, and 5 of panel A. M, DNA size markers (Fig. 1).
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OKAZAKI ZONE 5' END OF
GROWING LONG CHAIN

2 N /Mv A_

AA

A
i RNA

POLa - POL
PRIMASE 8 orc

DNA
PRIMER
JUNCTION

M~~~ONE

I

OKAZAKI
JUNCTION

FIG. 7. Model for synthesis of the lagging strand of SV40. Symbols: sm, iRNA; -_, iRNA extended with DNA primer portion
synthesized by pol a; , DNA primer with downstream gap created by iRNA removal filled by pol 8 or e; , former gap between
a mature Okazaki piece and the growing 5' end of the long chain; p, DNA primer ligation junction; o, Okazaki piece and long-chain ligation
junction.

strand products the size of Okazaki pieces (23). Yet the
leading-strand assignment of pol 8 does not preclude a role in
lagging-strand synthesis. That is, the reduced processivity of
pol 8 in the absence of PCNA may still suffice for converting
DNA primers into Okazaki pieces. Alternatively, coordi-
nated syntheses of leading and lagging DNA are mediated by
pols 8 and a, whereas pol E follows behind, filling gaps
between adjacent DNA primer units in a repairlike activity
characteristic of this enzyme (26). The latter possibility is
favored by the effect of carbonyldiphosphonate, which is
cited above.
Nascent lagging-strand sequences were found in long

DNA chains labeled in the presence of aphidicolin (Fig. 4A),
in apparent conflict with the assumption that under these
conditions Okazaki pieces cannot mature and, hence, do not
join onto long chains. Yet the effect of aphidicolin on the
incorporation of dNMPs into Okazaki pieces was not uni-
form across the 40 to 250-nt range. A residual amount of
label was incorporated into a narrow subpopulation of the
longest Okazaki pieces at aphidicolin concentrations even as
high as 100 ,ug/ml (Fig. 2). A possible explanation of this
result is that the gap-filling reaction between adjacent DNA
primer units is more sensitive to aphidicolin than that which
precedes the joining of a mature Okazaki piece to the 5' end
of a growing long chain (Fig. 7). Previous reports have
shown that the latter gap-filling reaction is a distinct event
that depends on factors not essential to the synthesis of the
Okazaki piece itself (8).
The incorporation of dNMPs into the long nascent DNA

fraction above 250 nt was only marginally affected by
BuPdGTP at concentrations as high as 100 ,uM during a pulse
of 2 min (Fig. 1). The nascent parts of these chains contained
both leading and lagging DNA sequences (Fig. 4A). Hence,
the elongation of leading 3' ends of long chains and the
joining of Okazaki pieces to their 5' ends must have contin-

ued in the presence of BuPdGTP. Taken together with the
low sensitivity of these synthetic steps to the two pol
a-neutralizing antibodies (Fig. 6), these data are consistent
with the postulated role of pol 8 in leading-strand synthesis
(2, 19) and the role proposed here for pol 8 or £ in lagging-
strand synthesis.

In summary, both pol a primase and a class-8 DNA
polymerase may be engaged in synthesis of the lagging
strand of SV40 and, by implication, of eucaryotic chromo-
somes. We wish to emphasize that these assignments are
tentative, being based on correlations of inhibitor effects on
purified enzymes on the one hand with discrete replicative
reactions on the other. Further studies employing reconsti-
tuted systems and DNA polymerase mutants will be required
to test the proposed enzymatic assignments and their phys-
iological validity and general applications. In Fig. 7 we
incorporate suggestions made above in an updated version of
the previously proposed model of a nested discontinuity in
lagging-strand synthesis (20). In the current version we
assign to pol a primase the function of DNA primer synthe-
sis and to pol 8 or e the role of gap filling between adjacent
DNA primer units. The gap-filling reaction that precedes the
joining of an Okazaki piece to the 5' end of a long nascent
chain is marked as a distinct event. The 5'-to-3' direction of
overall growth of an Okazaki piece is suggested by the
occurrence of gaps up to 200 nt long downstream to DNA
primers arrested in the presence of aphidicolin (T. Nethanel,
T. Zlotkin, and G. Kaufmann, unpublished data).

ACKNOWLEDGMENTS

We thank George E. Wright for making results available before
publication, and we gratefully acknowledge the gift of BuPdGTP.
We thank Shlomo Eisenberg, Michael Fry, Joel Huberman, Rolf
Knippers, and Joseph Shlomai for critical reading of the manuscript.
We thank Michal Amitsur, Daphne Chapman, David Potter, and

STEP

S'.1
I

1 AN_

I
I 133

I

3

4

. m

5 is

M=

NK==3

VOL. 64, 1990 5917



5918 NETHANEL AND KAUFMANN

Tamar Zlotkin for useful comments and Angella Cohen for help in
the preparation of this manuscript.

This work was supported by grants from the United States-Israel
Binational Science Foundation, Jerusalem, Israel, and from the
Israel Cancer Research Fund.

LITERATURE CITED
1. Basnakian, A., G. Banfalvi, and N. Sarkar. 1989. Contribution of
DNA polymerase 8 to DNA replication in permeable CHO cells
synchronized in S phase. Nucleic Acids Res. 17:4757-4767.

2. Bauer, G. A., and P. M. J. Burgers. 1988. The yeast analog of
mammalian cyclin/proliferating-cell nuclear antigen interacts
with mammalian DNA polymerase 8. Proc. Natl. Acad. Sci.
USA 85:7506-7510.

3. Blow, J. 1987. DNA replication: many strands converge. Nature
(London) 326:441-442.

4. Boulet, A., M. Simon, G. Faye, G. A. Bauer, and P. J. M.
Burgers. 1989. Structure and function of the Saccharomyces
cerevisiae CDC2 gene encoding the large subunit of DNA
polymerase III. EMBO J. 8:1849-1854.

5. Burgers, P. M. 1989. Eukaryotic DNA polymerases a and 5:
conserved properties and interactions, from yeast to mamma-
lian cells. Prog. Nucleic Acids Res. Mol. Biol. 37:235-280.

6. Byrnes, J. J., K. M. Downey, V. L. Black, and A. G. So. 1976. A
new mammalian DNA polymerase with 3' to 5' exonuclease
activity: DNA polymerase 5. Biochemistry 15:2817-2823.

7. Decker, R. S., M. Yamaguchi, R. Possenti, M. K. Bradley, and
M. L. DePamphilis. 1987. In vitro initiation of DNA replication
in simian virus 40 chromosomes. J. Biol. Chem. 262:10863-
10872.

8. DePamphilis, M. L., and M. K. Bradley. 1986. Replication of
SV40 and polyoma virus chromosomes, p. 99-246. In N. P.
Salzman (ed.), The Papovaviridae. Plenum Publishing Corp.,
New York.

9. Downey, K. M., C. K. Tan, D. M. Andrews, X. Li, and A. G. So.
1988. Proposed roles for DNA polymerases a and 8 at the
replication fork, p. 403-410. In T. J. Kelly and B. Stillman (ed.),
Cancer cells 6. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

10. Dresler, K. M., and M. G. Frattini. 1986. DNA replication and
UV-induced repair synthesis in human fibroblasts are much less
sensitive than DNA polymerase 8 to inhibition by butylphenyl-
deoxyguanosine triphosphate. Nucleic Acids Res. 14:7093-
7102.

11. Focher, F., E. Ferrari, S. Spadari, and U. Hubscher. 1988. Do
DNA polymerases 8 and a act coordinately as leading and
lagging strand replicases? FEBS Lett. 229:6-10.

12. Fry, M., and L. A. Loeb. 1986. Animal cell DNA polymerases.
CRC Press, Inc., Boca Raton, Fla.

13. Hammond, R. A., J. J. Byrnes, and M. R. Miller. 1987.
Identification of DNA polymerase 8 in CV-1 cells: studies
implicating both DNA polymerase 8 and DNA polymerase a in
DNA replication. Biochemistry 26:6817-6824.

14. Jagus, R. 1987. Hybrid selection of mRNA and hybrid arrest of
translation. Methods Enzymol. 152:567-572.

15. Johnson, L. M., M. Snyder, L. M. S. Chang, R. W. Davis, and
J. L. Campbell. 1985. Isolation of the gene encoding yeast DNA
polymerase I. Cell 43:369-377.

16. Kaufmann, G. 1981. Characterization of initiator RNA from
replicating simian virus 40 DNA synthesized in isolated nuclei.

J. Mol. Biol. 147:25-39.
17. Lee, M. Y. W. T., and N. L. Toomey. 1987. Human placental

DNA polymerase 8: identification of a 170-kilodalton polypep-
tide by activity staining and immunoblotting. Biochemistry
26:1076-1085.

18. Lee, M. Y. W. T., N. L. Toomey, and G. E. Wright. 1985.
Differential inhibition of human placental DNA polymerase 5
and a by BuPdGTP and BuAdATP. Nucleic Acids Res. 13:
8623-8630.

19. Lehman, I. R., and L. S. Kaguni. 1989. DNA polymerase a. J.
Biol. Chem. 264:4265-4268.

20. Nethanel, T., S. Reisfeld, G. Dinter-Gottlieb, and G. Kaufmann.
1988. An Okazaki piece of simian virus 40 may be synthesized
by ligation of shorter precursor chains. J. Virol. 62:2867-2873.

21. Pizzagalli, P., P. Valsanini, P. Plevani, and G. Lucchini. 1988.
DNA polymerase I gene of Saccharomyces cerevisiae: nucleo-
tide sequence, mapping of a temperature-sensitive mutation,
and protein homology with other DNA polymerases. Proc. Natl.
Acad. Sci. USA 85:3772-3776.

22. Prelich, G., M. Kostura, D. R. Marshak, M. B. Matthews, and B.
Stillman. 1987. The cell-cycle regulated proliferating cell nuclear
antigen is required for SV40 DNA replication in vitro. Nature
(London) 326:471-475.

23. Prelich, G., and B. Stillman. 1988. Coordinated leading and
lagging DNA strand synthesis during SV40 DNA replication in
vitro requires PCNA. Cell 53:117-126.

24. Sitney, K. C., M. E. Budd, and J. L. Campbell. 1989. DNA
polymerase III, a second essential DNA polymerase, is encoded
by the S. cerevisiae CDC2 gene. Cell 56:599-605.

25. So, A. G., and K. M. Downey. 1988. Mammalian DNA polymer-
ases a and 5: current status in DNA replication. Biochemistry
27:4591-4595.

26. Syvaoja, J., and S. Linn. 1989. Characterization of the large
form ofDNA polymerase 8 from Hela cells that is insensitive to
proliferating cell nuclear antigen. J. Biol. Chem. 264:2489-2497.

27. Talanian, R. V., N. C. Brown, C. E. McKenna, T. G. Ye, J. N.
Levy, and G. E. Wright. 1989. Carbonyldiphosphonate, a selec-
tive inhibitor of mammalian DNA polymerase delta. Biochem-
istry 28:8270-8274.

28. Tanaka, S., S.-Z. Hu, T. S.-F. Wang, and D. Korn. 1982.
Preparation and preliminary characterization of monoclonal
antibodies against human DNA polymerase a. J. Biol. Chem.
257:8386-8390.

29. Tapper, D. P., S. Anderson, and M. L. DePamphilis. 1979.
Maturation of replicating SV40 DNA molecules in isolated
nuclei by continued bidirectional replication to the normal
termination region. Biochim. Biophys. Acta 565:84-97.

30. Weinberg, D. H., and T. J. Kelly. 1989. Requirement for two
DNA polymerases in the replication of simian virus 40 DNA in
vitro. Proc. Natl. Acad. Sci. USA 86:9742-9746.

31. Wong, S. W., J. Syvaoja, C. K. Tan, K. M. Downey, A. G. So,
S. Linn, and T. S.-F. Wang. 1989. DNA polymerases a and 8 are
immunologically and structurally distinct. J. Biol. Chem. 264:
5924-5928.

32. Wong, S. W., A. F. Wahl, P. M. Yuan, N. Arai, B. E. Pearson,
K. I. Arai, D. Korn, M. W. Hunkapiller, and T. S.-F. Wang.
1988. Human DNA polymerase a gene expression is cell prolif-
eration dependent and its primary structure is similar to both
prokaryotic and eukaryotic replicative DNA polymerases.
EMBO J. 7:37-47.

J. VIROL.


