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The nucleotide sequences of the terminal regions of monomer replicative form DNA, a pivotal intermediate
species in the replication of minute virus of mice, were determined. The left (3') terminus had a unique
sequence on both strands and in both 3'-hairpin configurations. In contrast, the right (5') terminus was
sequence heterogenous and extended an additional 18 base pairs beyond that expected from the known
sequence of the virion DNA. These data unambiguously establish the sequence complexity at the termini of both
the single-stranded viral genome and the pool of replicative DNA. A comparison of the combined sequence
information leads us to propose a modified rolling hairpin model for the replication of autonomous
parvoviruses which is compatible with all available data.

The family Parvoviridae consists of two groups of mam-
malian parvoviruses: the defective (helper-dependent) sub-
group which contains the adeno-associated viruses (AAV)
and the autonomous (helper-independent) subgroup to which
minute virus of mice (MVM) belongs (5). These viruses
contain single-stranded DNA genomes 4.5 to 5.2 kilobases in
size. The basic features of parvoviral DNA replication are
now fairly well characterized (6, 20, 27), and it is clear that
palindromic sequences at each genomic terminus play a
major role in the replication process. AAV DNA contains
both natural and inverted terminal repetitions (7, 16); the
terminal repetition is 145 nucleotides long and within it is a
palindromic sequence of 125 residues that forms a hairpin
structure (17). Each 3'- and 5'-hairpin structure contains two
sequences that are the inverted complement of the other
(17). This observation is consistent with a hairpin transfer
mechanism of replication (9, 23, 27) in which the palindromic
region of the genome terminus is transferred from the
parental to the progeny strand during replication. Since the
palindromic sequence of AAV DNA is imperfect, two se-
quences are generated at each terminus during this process.
The autonomous parvoviruses also have hairpin duplexes

at both the 3' and 5' ends of their genomes (8, 10, 20);
however, they do not contain inverted terminal repetitions.
In addition, the 3'- and 5'-hairpin structures differ both in
size and in sequence (1, 2, 10, 20, 21). The 3'-hairpin
structures of four serologically distinct rodent parvoviruses
have essentially identical sequences (1) and contain 115 or
116 nucleotides that are totally unique; no sequence hetero-
geneity is detected, in contrast to AAV DNA. Since base
mismatches occur within these palindromes, sequence het-
erogeneity would be expected if the autonomous parvoviral
genomes are processed from replication intermediates in
precisely the same manner as AAV. These observations
support the initial proposal that these viruses replicate via an
obligatory dimer replicative form (RF) molecule (27) but
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suggest that the maturation of progeny DNA must occur by
an alternative mechanism that retains the same sequence
orientation as the parental genome (1). It is still possible,
however, that two sequence orientations are present in the
pool of RF DNA intermediates but that only a single
sequence orientation is packaged. Similar ambiguities can
also arise from the fact that a protein is covalently bound to
the 5' ends of both strands of RF DNA (M. B. Chow, Ph.D.
thesis, Yale University, New Haven, Conn., 1981; 3). Al-
though only a single sequence is observed when the left (3')
terminus of monomer RF DNA is analyzed after kinasing the
5' end of the complementary (C) DNA strand (Chow, Ph.D.
thesis), it is still possible that only the "flip" orientation is
labeled in the kinase reaction and that the "flop" orientation
is selectively blocked by the protein.
To further define the processing events that occur during

DNA replication, we have definitively established that the 5'
terminus of MVM DNA is sequence heterogenous, as pre-
dicted by a hairpin transfer process (3, 4). In this paper, we
report the sequence of the 3'- and 5'-terminal regions of
monomer RF DNA species, a predominant intermediate in
MVM DNA replication. This study demonstrates conclu-
sively that the left (3') terminus of all monomer RF DNA
molecules in the replication pool contain only one sequence
orientation, identical to that of the parental viral genome.
The right (5') terminus contains two sequences, like the 5'
end of virion DNA. An additional surprising observation is
that the 5' end of the monomer RF is 18 base pairs (bp)
longer than expected; thus, the viral (V) strand of DNA in
the RF molecule contains 18 nucleotides that are not present
in the V-strand DNA extracted from virus particles.

Taking these data into consideration, we now propose a
modified rolling hairpin model for the replication of autono-
mous parvoviruses which is consistent with all the sequence
and biochemical data available. This model is similar to that
described briefly by Astell et al. (1), but it provides a
mechanism for processing dimer RF DNA into two metabol-
ically active monomer RF molecules that are identical at the
3' terminus to the parental (monomer) RF. This model is also
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compatible with replication of the defective parvoviruses,
such as AAV-2.

MATERIALS AND METHODS

Sources of materials were described previously (1). DNA
polymerase I (Klenow fragment) was purchased from Boeh-
ringer Mannheim Biochemicals. Viral growth and DNA
purification procedures have been summarized previously
(8, 24), as have techniques for restriction endonuclease di-
gestions, end labeling of DNA, sequencing, and acrylamide
gel electrophoresis (1). Monomer RF was isolated from
mouse A9 L cells infected with MVM(p) at a multiplicity of
infection of 10. Cells were harvested at 20 tc 24 h postino-
culation, and low-molecular-weight DNA was prepared by a
modification of the Hirt extraction (19). RF DNA was puri-
fied by electrophoresis on 0.6% agarose gels.

RESULTS

The 3' and 5' ends of monomer RF DNA refer, respec-
tively, to the 3' and 5' regions of the V strand.

Sequence of the 3' end ofmonomer RF DNA: 3' end labeling
the terminus of the V strand. Monomer RF DNA was 3' end
labeled at both termini with [ot-32P]dTTP by using DNA
polymerase I (Klenow fragment). The DNA was subse-
quently restricted with RsaI, and labeled fragments were
separated on a polyacrylamide gel (Fig. 1, lane A). Two
fragments of -90 and -680 bp were observed. From restric-
tion endonuclease mapping and previous sequencing data on
the viral genome (4), we expected a terminal RsaI fragment
of -700 bp from the 3' end and a smaller fragment (-68 bp)
from the 5' end of the monomer RF. We tentatively identi-
fied the 680-bp band as the 3'-terminal fragment and the
90-bp band as the 5'-terminal fragment. The discrepancy in
the predicted size of the 5' terminus (-68 bp) and its
observed size (-90 bp) is significant and is discussed in more
detail below. The 3'-terminal (680-bp) fragment (Fig. 1, lane
A) was sequenced by the method of Maxam and Gilbert (18).
The sequence of this fragment (data not shown) was unique
and was identical to the sequence of the 3' terminus of
V-strand DNA (1, 4).

Sequence of the 3' end of monomer RF DNA: 3' end labeling
the Hinfl site at nucleotide 225. To sequence the C strand of
the 3'-terminal region, monomer RF was restricted with
Hinfl and labeled with [a-32P]dGTP. From the complete
sequence of MVM (4), we were able to predict that four
fragments (1,750, 1,700, 290, and 225 bp) should be labeled.
Of these, the 225-bp fragment should contain the 3'-terminal
palindrome region in the extended configuration (see Fig. 6).
All of these fragments should be uniquely labeled at one end
of the fragment. In fact, five fragments were observed (Fig.
1, lane C), the additional fragment being --185 bp. To
characterize these fragments, all were sequenced. The 225-bp
fragment, which indeed corresponds to the extended config-
uration of the 3' terminus, contained a unique sequence (Fig.
2A) that agreed completely with the sequence obtained from
the 680-bp fragment (see above) and with previous restric-
tion endonuclease analysis of monomer RF DNA (1). Of
particular interest is the 185-bp fragment (Fig. 2B). It is also
a 3'-terminal fragment and, as expected, shares sequence
with the 225-bp fragment (Fig. 2A). The fact that this
fragment is -180 bp long and contains -360 nucleotides
indicates it is the "loop end" fragment of covalently linked
V and C strands, i.e., the 3'-terminal sequence in the hairpin
or "joined" configuration (see Fig. 6).
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FIG. 1. Terminal RsaI and Hinfl fragments from monomer RF.
In lane A, monomer RF was 3' end labeled with [a-32P]dTTP by
using DNA polymerase I (Klenow fragment) cut with RsaI, and the
digested DNA was electrophoresed in a 5% polyacrylamide gel. The
90-bp fragment is from the left (3') end, and the 680-bp fragment is
from the right (5') end. Lane B is (X174 TaqI marker fragments. In
lane C (run on a different gel), HinfI-digested monomer RF DNA
was 3' end labeled with cold dATP and [a-32P]dGTP. From other
restriction mapping data, the 225-bp fragment is the 3'-terminal
fragment, the 1,750-bp fragment is from the 5' terminus, and the
1,700- and 290-bp fragments are internal fragments. The 185-bp
fragment is a 3'-terminal fragment in which the viral and comple-
mentary strands are covalently linked (see Fig. 6E and F).

Sequence of the right (5') end of monomer RF DNA: 3' end
labeling of the C strand. The 90-bp fragment, 3' end labeled
on the C strand with [a-32P]dTTP (Fig. 1A), was sequenced
and shown to be heterogenous from the first nucleotide on
(data not shown). This suggests that the C strand at the 5'
end of the RF molecules is frayed. Attempts to kinase the 5'
end of the V strand in monomer RF DNA also gave multiple
bands on sequencing (Chow, Ph.D. thesis); hence, the 5' end
of the V strand of monomer RFs is also frayed. Thus, neither
strand at the 5' end of monomer RF DNA contains a unique
terminal nucleotide. The 5' terminus of monomer RF was,
however, found to be labeled uniquely when the 3' end of the
C strand was labeled with dTTP and [ot-32P]dGTP by using
DNA Poll (Klenow fragment). The 90-bp fragment product
of this reaction was sequenced by the method of Maxam and
Gilbert (Fig. 3). Of particular interest is that this fragment is
18 bp longer than predicted from the sequence of the viral
strand (3). The 5' end of the V-strand DNA isolated from
mature virus particles terminates with the sequence 3'-
CATTATGATTA-5', whereas the V strand of monomer RF
DNA terminates in the sequence 3'-CATTATGATTACCA
AGTCAACCAAGTGAC-5'. The implications of this obser-
vation with respect to the mechanism of MVM DNA repli-
cation are discussed below.

Structure of the 5' terminus of monomer RF. Although we
have not separated the two sequence orientations at the right
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FIG. 2. Sequence of the 225- and 185-bp Hinfl fragments from monomer RF DNA (Fig. 1, lane C). The sequences of the 225-bp fragment
(extended 3'-end conformation) and the 185-bp fragment (V and C strands covalently linked) which were read from these gels are underlined
once, and the nucleotides displayed in A and B are underlined twice. The entire sequence of each fragment is also shown.

(5') end of monomer RF, we do know these exist. For
example, monomer RF DNA was 5' end labeled with 32P04
by polynucleotide kinase, and the extended conformation of
the 1.5-kilobase EcoRI B (right-end) fragment was isolated
after electrophoresis on a 1% agarose gel. This fragment was
digested with HhaI, which cuts within the 5'-terminal palin-
dromic sequence, and the DNA digest was analyzed on a
12% polyacrylamide gel. Two discrete fragments of approx-
imately 100 and 145 bp were observed in equimolar amounts
(Fig. 4). A single end fragment would be expected if the RF
DNA contained a unique terminal sequence. The presence
of two end fragments also cannot be attributed to incomplete
digestion, since the large excess of simian virus 40 carrier
DNA present in the same reaction was digested to comple-
tion. An additional point to note is that the known sequence
of the 5'-terminal sequence of virion DNA (3, 4) would
predict that the HhaI fragments from the flip and flop
sequence orientations would be 80 and 125 bp, respectively.
The observed fragment sizes (-100 and 145 bp) are entirely
consistent with the sequence data in Fig. 3 which demon-
strate that the 5' terminus of the V strand in monomer RF
DNA contains an additional 18 nucleotides that are not
present on the V-strand DNA in mature virus particles.

Additional evidence for sequence heterogeneity at the 5'
terminus comes from the following experiment. Monomer
RF contains two MspI (HpaII) sites within the 5'-terminal
region (4). A double digest of RF DNA with MspI-AluI and
3' end labeling with [o-32P]dCTP generated three labeled
fragments, a 570-bp MspI-AluI fragment, a 9-bp MspI-MspI

fragment, and a 119-bp MspI-5'-terminal fragment. Se-
quence analysis of the 119- and 570-bp fragments showed
that both sequences were initially homogenous but then
became heterogenous (two sequences which are readable)
(Fig. 5). The region of heterogeneity of both fragments is
consistent with that predicted from the heterogenous se-
quence of the V strand (4).

DISCUSSION

Both conformations at the 3' end of monomer RF DNA
contain a unique sequence. Previous sequence studies (1)
demonstrated only a unique 3' structure for V-strand DNA;
hence, we concluded that autonomous parvoviruses repli-
cated their 3' terminus in a different manner to the defective
(e.g., AAV) genomes, which do exhibit two sequence orien-
tations within the 3'-hairpin structure. However, it was still
possible that two sequences were present in the pool of
MVM DNA replicative intermediates but that only a single
sequence orientation, the flip sequence, was packaged. In an
attempt to demonstrate a unique or heterogenous structure
at the 3' terminus of monomer RF, the 3'-terminal end of
monomer RF DNA, 32P-labeled at the 5' terminus of the C
strand, was digested with restriction endonucleases which
cut within the 3' hairpin (HhaI and FnuDII), and the labeled
fragments were sized. The results were consistent with only
one sequence orientation at the 3'-end monomer RF (Chow,
Ph.D. thesis). However, it was possible that only the flip
orientation was labeled in the kinase reaction and that the
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FIG. 3. Sequence of the right (5') end of monomer RF DNA.
Monomer RF (2 Fg) was labeled with dTTP and [a-32P]dGTP by
using DNA polymerase I (Klenow fragment). The DNA was di-
gested with RsaI, and the 90-bp fragment corresponding to the 5'
end of the viral RF was sequenced by the method of Maxam and
Gilbert (18) and analyzed on a 20% acrylamide (7 M urea) gel. The
arrow denotes the beginning of the sequence TAATC, which is
complementary to sequence ATTAG found at the 5' terminus of
mature V-strand DNA that is encapsidated in virions.

opposite orientation remained unlabeled because it was
blocked with a protein. Indeed, a protein covalently attach
at the 5' ends of both strands of MVM monomer RF DNA
has been detected (Chow, Ph.D. thesis; 3). To resolve these
uncertainties about the true complexity at the 3' genomic
terminus, we cut monomer RF with Hinfl and labeled the
terminal fragment at its internal (Hinfl) site. The sequence of
the entire 225-nucleotide fragment was found to be unique;
hence, we can conclude unambiguously that there is no
hairpin transfer process as proposed in the original rolling
hairpin model (25) for replication of the 3' terminus ofMVM
DNA. This observation must be included in any model for
the replication of autonomous parvovirus DNA.
The sequence of the loop end of covalently linked V and C

strands in monomer RF DNA is also unique (Fig. 2B) and is
precisely that predicted for the parental monomer RF from
the known sequence of virion DNA. Although the sequence
presented in Fig. 2B is the flop sequence orientation, this
represents the C-strand sequence (i.e., the Hinfl fragment
was 3' end labeled on the C strand). Because this type of
intermediate is a major one in the RF pool (from labeling
Hinfi-digested monomer RF we estimate approximately 40
to 50% of the RF molecules are covalently linked) (Fig. 1,
lane C), it also must be included as a major intermediate in
any model of V-strand DNA replication.

Structural features at the 3' and 5' ends of V-strand DNA
and monomer RF DNA are summarized in Fig. 6.

Summary of other biochemical data pertinent to the repli-
cation of autonomous parvovirus DNA. Previous studies
which have identified intermediates in the replication of
parvovirus genomes have been reviewed recently (15), and
only three salient points will be mentioned here. First, the
synthesis of parental RF DNA occurs within 6 to 8 h
postinfection via a self-priming mechanism, resulting in a
parental monomer RF in which V and C strands are cova-
lently linked through the 3' terminus of the V strand.
Secondly, concatemeric RF DNA forms (predominantly
dimer RF molecules) are detected throughout the replicative
cycle, and pulse-chase experiments indicate that these mole-
cules, as well as monomer RF species, are metabolically
active and give rise to single-stranded progeny V strands
(26). Finally, partially replicated dimers have been detected
in some infected cell lines. The structure of these dimers is
consistent with molecules that initiate dimer RF formation
(step 3, Fig. 7) but terminate this synthesis prematurely near
the 3'-terminal hairpin (12). Faust and Gloor suggest that
these strong-stop intermediates may be due to the interven-
tion of a site-specific telomeric nuclease (12). It is also
possible that the DNA polymerase simply has difficulty in
extending through the guanine- and cytosine-rich 3'-terminal
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FIG. 4. Hhal digest of 5'-end-labeled EcoRI B fragment of RF
DNA. MVM RF DNA was 5' end labeled with T4 polynucleotide
kinase and digested with EcoRI, and the fragments were separated
on a 1% agarose gel. The EcoRI B fragment in the extended
configuration (see Fig. 6) was isolated from the gel and further
incubated with Hhal. The 32P-labeled DNA was then run on an 8%
polyacrylamide gel (lane 1). 4~X174 RF DNA digested with Hinfl is
shown in lane M.
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hairpin. Certainly, this is observed in vitro with Escherichia
coli DNA polymerase Klenow fragment in DNA sequencing
(Astell, unpublished data) and cloning (P. T. Tattersall,
personal communication).

Modified rolling hairpin model for replication of autono-
mous parvovirus genomes. A model consistent with the
available sequence and biochemical data on DNA interme-
diates is presented in Fig. 7. In this model, the incoming V
strand (step 1) is extended by a host DNA polymerase, most
likely the ot enzyme (13), and the 5' hairpin is displaced (step
2). At step 3, a rabbit-eared structure is formed (25, 27), and
displacement synthesis occurs to produce the dimer RF
(step 4). At this point, we propose that a site-specific nick is
introduced as indicated by the arrow and extension of the
(parental) V strand occurs in a 5'-*3' direction (step 5). This
displaces the 3' palindrome, enabling it to fold up into a
hairpin configuration. It is also proposed that the same
site-specific nickase remains covalently attached to the 5'
end of the nicked DNA and, after a second nick opposite the
hairpin, that this nickase reseals a complete 3' hairpin (step
6, left diagram). V-strand synthesis occurs by repeated
displacement of V strands on a C-strand template (step 6).
Note that this process will retain the sequence orientation at
the 3' end of V strands, whereas hairpin transfer will result
in two sequence orientations at the 5' end. These two
sequences at the 5' end will be related in that one will be the
inverted complement of the other (steps 7 and 8). At step 6
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FIG. 5. Sequence of the 119-bp Mspl-5'-terminal fragment from
monomer RF DNA. RF DNA (2 pug) was digested with MspI and
AluI and labeled with [cx-32P]dCTP by using DNA polymerase I
(Klenow fragment). The radioactive fragments were separated on a
5% acrylamide gel (100 V for 16 h), and the 119- and 570-bp
fragments were electroeluted and sequenced. The nucleotide se-
quence of the 119-bp fragment is illustrated. The 570-bp fragment
contained the same sequence and heterogeneity as seen with the
119-bp fragment. (The 9-bp MspI-MspI fragment ran off the bottom
of the gel and was not recovered in this experiment.)
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FIG. 6. Schematic illustration of the structures at the 3' and 5'
ends of V-strand DNA, monomer RF DNA (extended), and mono-
mer RF DNA (joined). The heterogeneity of the nucleotide se-
quence organization of the 3' and 5' hairpins of V-strand DNA is
illustrated in A and B. The nucleotide sequence heterogeneity of the
3'- and 5'-terminal regions of monomer RF (extended form) is
shown in C and D, and the structure of the 3' loop which covalently
links V and C strands of monomer RF is given in E and F. For
simplicity, the asymmetry at the 3' end is limited to the AAG
bubble. The asymmetry in the arms of the hairpin are omitted here,
but the data in all cases are consistent with a unique 3' end.

(left diagram), it is proposed that a nick is introduced as
indicated and that strand displacement generates a monomer
RF with covalently linked V and C strands. This molecule
(step 7, left diagram) is identical to the parental RF (step 2),
with the exception of the 5' end which has undergone hairpin
transfer and is also 18 nucleotides longer (see below).
At step 6 in both diagrams, a nick is required that would

cut the C strand near its 3' end (i.e., near the 5' hairpin of the
V strand). The arrow is bent to indicate that the cut does not
occur at the C-strand-hairpin boundary but is inside of this
by some 18 nucleotides. We believe this to be the case
because our data show clearly that monomer RF molecules
are 18 bp longer at the 5' end than V-strand DNA. Also, the
nickase, which is possibly the same enzyme as that required
in step 4 (3), becomes covalently linked to the 5' end of the
V strand. This could then be processed off before or during
packaging (albeit not with 100% efficiency) such that most of
the mature V strands do not have a protein attached.
Evidence for a protein linked to the 5' ends of H-1 RF DNA
(19), MVM RF DNA (3), and MVM V-strand DNA (5' end)
(Chow, Ph.D. thesis) is in agreement with this proposal.

Site-specific nuclease predicted to nick the V strand should
have properties similar to the gene-A protein of 4X-174. In
the modified rolling hairpin model described above, we
propose that an enzyme responsible for nicking the dimer
RF (Fig. 7, steps 4 and 5) has an additional function, that of
ligating the displaced 3' hairpin to the lower V strand (step
5). The multipurpose enzyme is similar in function, then, to
a group of enzymes, the topoisomerase I enzymes (14), and
in particular the gene-A protein of qX174 (11). (As yet we
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associated with the second subunit, which is attached to the
0e 1 5' end of the C strand [step 6, right diagram].)

It is intriguing that preliminary studies indicate that the
2 protein associated with the 5' end of MVM RF molecules is

linked via a bond which appears to have the stability of a
phosphotyrosine link (Chow and Ward, unpublished data).

3 In several cases, topoisomerase I enzymes have been shown
to be covalently attached to the 5' end of nick sites via

Vparental 5
4adodphosphotyrosine linkages (14). This linkage has also been

C d,d 3 demonstrated for the gene-A protein of (X174 (22).
Is the modified rolling hairpin model compatible with the

replication of defective parvoviruses? Defective parvoviruses,
such as AAV-2, have inverted terminal repetitions at the
ends of the genome. These ends have been sequenced and

= : found to contain a palindrome of some 145 nucleotides (17).
C *

6 This hairpin is also an imperfect palindrome and hence the 3'
n1ckand 5' ends consist of two sequences, related in that one is

V nick the inverted complement of the other. This implies then that
7 both the 5' and 3' ends of the genome undergo hairpin

transfer. In a modified rolling hairpin model (Fig. 7), if the
v sequence of DNA near two nick sites at steps 4 and 5 were

8 identical (and they are in AAV-2), then the nickase should
bind to either the upper strand or lower strand with equal
frequency. In this case, both 3' and 5' ends will undergo
hairpin transfer. The difference in hairpin maturation in

fhed to the
n

' ends of autonomous and defective parvovirus replication then may
he tpothe5'i endits ofm- be due to the presence or absence of the bubble at 25 in the)up (protein or its rem-
ic nuclease. The squares stem of the 3' hairpin which generates a minor sequence
ase and may be identical heterogeneity near the nick sites. Experiments to test this
). However, this protein proposal are in progress.

and approximately 18 nucleotides are processed from the 5' end of
most but not all V-strands; hence, the circle is bracketed. The
question mark with parental V strand indicates that the blocking
group has properties unlike that of the protein attached to the 5'
ends of RF DNA (see text for additional details).

have no biochemical evidence to suggest that the enzyme
exists and that it is a topoisomerase.) The gene-A protein
(presumed to be a dimer with two functional subunits) has
been shown to nick the plus strand of (X RF at a specific
site, and in doing so, one subunit of the enzyme becomes
covalently attached to the 5' end of the molecule. The plus
strand is then extended around the circle, with the gene-A
protein complex remaining associated with the replication
site. As the gene-A protein encounters the regenerated
double-stranded nick site, the second active subunit of the
complex cuts the plus strand. The first gene-A protein
subunit is then able to ligate the newly generated 3' OH to
the 5' end of the displaced V strand, releasing the circular V
strand.

In our model, the nickase is postulated to carry out
analogous functions. If the nickase is a dimer of two active
subunits, one subunit could cut the dimer RF preferentially
at the site indicated in step 4 (we believe this site is specified
by sequence; 3). As the 3' OH is extended, the 3' hairpin is
displaced, although the 5' end of the hairpin remains closely
associated with the replication site. When the extension
reaches the second nick site (which is very similar although
not identical in sequence to the first), the second active
subunit of the nickase could cut the lower strand as indicated
(step 5). The dimer RF is now really two monomer RFs held
together by the nickase subunits. At this point, and again
with analogy to the gene-A protein complex, the 3' OH end
of the lower strand is ligated to the 5' end of the displaced 3'
hairpin, releasing the first nickase subunit. (This may remain
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