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Introduction 
Retroviruses are single-stranded RNA viruses of 

eukaryotes. Different subfamilies have been described. Avian 
or murine oncoviruses induce neoplasms, whereas lentiviruses, 
typified by human immunodeficiency virus and spumaviruses, 
produce persistent infections. Lentiviral infections may cause 
chronic disease whereas spumaviruses are apparently non- 
pathogenic. The retroviral life cycle is characterized by reverse 
transcription of their single-stranded plus (i.e. coding) RNA 
genome into a double-stranded DNA intermediate that 
integrates into the host genome. Over the last 25 years the 
mechanism of reverse transcription has been studied in great 
detail and these studies have led to the model shown in Fig. 1. 
The result of reverse transcription is a linear double-stranded 
DNA molecule with a long terminal repeat (LTR) at each 
extremity. Synthesis of each DNA strand by the virus-encoded 
reverse transcriptase requires one template switch, also called 
a jump : the first jump is needed for synthesis of a minus DNA 
strand complementary to the viral RNA, the second jump for 
plus DNA strand synthesis. A specific RNA primer is required 
for synthesis of each strand: a tRNA for the minus DNA strand 
and a polypurine RNA for the plus DNA strand (see Coffin, 
1990; Whitcomb & Hughes, 1992, for reviews). In spite of a 
large body of evidence in support of this model a series of 
reports has indicated that there could be some differences 
among retroviruses concerning the mechanisms of the second 
jump and plus strand DNA synthesis. Here, we review these 
data and their possible biological significance. 

Plus strand DNA synthesis 
All the retroviruses analysed so far possess a purine-rich 

sequence (polypurine tract or PPT) that lies immediately 5' of 
the 3' LTR. The RNA sequence of the PPT resists the retroviral 
RNase H activity, which degrades the RNA genome after 
minus cDNA synthesis. This sequence is used as the primer for 
initiating plus strand DNA synthesis. Production of the correct 
primer by the endonucleolytic activity of RNase H is 
dependent upon the specific recognition of the PPT with its 
cognate RNase H (Huber & Richardson, I990; Luo et al., 1990; 
Pullen el aI., 1993; Rattray & Champoux, 1989; WGhrl & 
Moelling, 1990). For some murine oncoviruses, it seems that 
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one PPT is involved in a single priming event (Kung et al., 
I98I). 

It has been shown that purine-rich sequences bearing a 
resemblance to the PPT can provide additional initiation sites 
(Finston & Champoux, 1984; Rattray & Champoux, 1987) and, 
in avian oncoviruses, the plus strand of linear unintegrated 
DNA actually contains multiple discontinuities, suggesting a 
multiple priming mechanism (Boone & Skalka, 1981a, b; Hsu & 
Taylor, 1982; Kung el a[., 1981; Taylor el al., 1983; Varmus et 
al., 1978). However, internally initiated DNAs are not utilized 
for strand transfer (Bowman et aI., 1996). These discontinuities 
could be repaired either before (Lee & Coffin, 1991) or after 
integration into the host DNA (Miller & Bushman, I995), 
possibly by ligase activity or strand displacement (Boone & 
Skalka, 1981 b). 

The ' gap ' 
Lentiviruses and spumaviruses seem to use a slightly 

different mode of multiple priming. In the linear unintegrated 
DNA of these viruses, a unique discontinuity has been found 
in an invariant position at the 3' end of the pol open reading 
frame, adjacent to a copy of the PPT, suggesting a dual mode 
of initiation of plus strand DNA synthesis. 

For lentiviruses, the gapped DNA was reported by Harris 
eta[.  (1981) to be present in culture cells infected with 
maedi-visna virus (MW). In this case, more than 99 % of the 
viral DNA was found to be a linear unintegrated duplex, with 
a single-stranded gap in the plus strand. Subsequently, Blum et 
al. (1985) analysed the time-course of viral DNA synthesis and 
showed that in MVV, a major origin of plus DNA synthesis is 
close to the centre of the genome. In fact, sequence analysis of 
the M W  genome revealed that the PPT located at the 
boundary of the 3' LTR is duplicated at the end of the po] open 
reading frame, near the single-stranded gap, strongly sup- 
porting this hypothesis (Sonigo et al., 1985). 

The gapped DNA structure has also been demonstrated in 
spumaviruses. In cultured cells infected with human and simian 
foamy virus type 1 (HFV and SFV-I), only linear unintegrated 
DNA molecules could be detected by Southern blotting. In this 
DNA, a single-stranded region was localized near the middle 
of the molecule (Kupiec eta]., 1988), and nucleotide sequence 
analysis showed a PPT duplication in the same region (Kupiec 
eta]., 1988, 1991). The gap was then shown to be located on 
the plus DNA strand and to be 120 nucleotides long, 
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Fig. 1. Classical model of reverse-transcription, PBS, primer binding site; PPT. polypurine tract; U3, R and U5, components of 
the LTRs. For clarity, actual proportions of these sequences have been altered in the diagrams. Shaded areas correspond to 
primers or to hybridized sequences that are essential during the jumps. IVlinus DNA synthesis is primed by a tRNA paired to a 
compiementary sequence, called the primer binding site (a). From this site, which defines the 3' limit of the 5' LTR, U5 (a 
sequence unique to the 5' extremity of the RNA genome) and R (a sequence repeated at both extremities of the genome) are 
first copied by the reverse transcriptase (RT; a). The RNase H activity associated with the RT hydrolyses the RNA template and 
the newly synthesized DNA sequences are transferred to the 3' end of the genome (first jump). After pairing of the 
complementary R sequences, minus DNA synthesis resumes (b). As minus DNA synthesis proceeds, plus DNA synthesis is 
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Fig. 2. Model proposed by Li et al. (1993) for the second jump. Step (a) of this figure corresponds to (d) in Fig. 1. PPTc, 
central copy of the PPT found in lenti- and spumaviruses. The strong stop plus DNA (U3RU5) is displaced by DNA elongating 
from PPTc (b). It can either be transferred to the 3' extremity of the minus strand DNA (c) or serve as a template for synthesis 
of a double-stranded LTR (c' and d') .  This 'orphan' LTR has actually been detected during HIV and spumavirus replication. It 
could either be an unused by-product or serve an unknown function as a source of strong stop DNA. 

immediately 5' to the central PPT (Tobaly et al., 1991). It is 
worthy of note that in these studies a small double-stranded 
DNA fragment corresponding to the LTR was also detected. 
These results have been confirmed in every spumavirus that 
has been looked at (Schweizer et al., 1989; Renshaw et al., 
199I), showing that it is a general property of this group. 

A discontinuity had been predicted to be present in human 
immunodeficiency virus type 1 (HIV-1) DNA since a PPT 
duplication was found in its nucleotide sequence (Wain- 
Hobson et al., 1985). The presence of a single-stranded region 
was then confirmed in the linear HIV-1 DNA from infected 
lymphoid cells (Charneau & Clavel, 1991; Hungnes et al., 

initiated from an RNA primer corresponding to a sequence (the PPT) rich in purine that defines the 5' limit of the 3' LTR (c). 
Plus DNA sequences corresponding to U3 (a sequence unique to the 3' extremity of the RNA genome), R and U5 are copied 
from their complementary minus DNA, as well as a plus DNA sequence corresponding to the PBS from the tRNA primer (c). 
Once the minus PBS is made and the tRNA primer is removed, it is suggested that circularization occurs by pairing of the PBS 
complementary sequences (d) (second jump). In this model, strand displacement is not needed for the second jump itself but 
for completion of the 5' LTR, which occurs at the subsequent step while plus DNA synthesis proceeds on the remainder of the 
genome, leading to the linear DNA with its two LTRs (e). This molecule can then integrate into the host genome. The first jump 
can be either an intra- or an intermolecular transfer, leading to minor variations in the model. The second jump is always an 
intramolecular event. 
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1991). However, this single-stranded region seems to cor- 
respond to an overlap of the two plus strand segments rather 
than a gap (Charneau et al., 1994). Mutagenesis of the central 
PPT led to a marked decrease in infectivity (Hungnes et al., 
1992; Charneau eta]., 1992), indicating that the dual priming is 
important for HIV-1 replication, at least in vitro. Additional 
discontinuities have a[so been reported to be present in the 3' 
half of HIV DNA (Miller & Bushman, 1995). 

Reverse transcription is also used in the replication of 
hepadnaviruses, small DNA viruses of man and animals, and 
caulimoviruses, a group of DNA viruses of plants. 
Interestingly, discontinuous plus DNA synthesis has also been 
described for caulimoviruses, which can contain up to three 
gaps. In cauliflower mosaic virus, a small proportion of DNA 
molecules can even contain additional gaps (Maule & Thomas, 
1985). In these viruses, actual gaps as well as overlaps of the 
plus strand segment, as in the case of HIV-1, have been 
described (reviews: Bao & Hull, 1992, and references therein; 
Mason ef a]., 1987). Finally, discontinuous plus DNA has also 
been described in the Tyl  retrotransposon (Pochart et al., 
1993). In all these cases, the PPT sequence is repeated within 
the genome and provides additional priming sites. 

Several hypotheses can be envisaged to explain the 
significance of the dual initiation mechanism. The plus strand 
discontinuity might be involved in a stage of the viral infectious 
cycle subsequent to reverse transcription, as suggested by 
Hungnes et al. (1992). The plus strand discontinuity might 
constitute, for example, the binding site of a protein involved 
in the nuclear transport or integration of the provirus. Another 
hypothesis, this time at the reverse transcription stage itself, 
was proposed by Charneau & Clavel (1991). They suggested 
that the dual initiation of plus strand DNA synthesis ensures 
faster syntheses and faster virus replication. However, it is not 
clear that polymerization of plus strand DNA is the limiting 
parameter or that this determines the overall speed of reverse 
transcription. The two jumps, which imply complementary 
strand dissociation, or RNase H digestion, followed by 
reannealing at a different position, could be more important in 
this respect. However, if dual initiation of plus DNA synthesis 
is accommodated into the existing model (Fig. 1), the mechanics 
of the jumps remain unchanged. 

A new model has been proposed for the second jump: it 
requires the occurrence of at least two plus strand DNA 
priming events and could provide an additional explanation 
for the PPT primer duplication (Fig. 2). The second jump is 
classically explained by circularization and pairing of comp- 
lementary primer binding site sequences, but not strand 
displacement, which is only needed at the subsequent step to 
complete the 5' LTR (Fig. l d). In contrast, Li et aI. (1993) 
suggested that in HIV, the second jump occurs via strand 
displacement of the DNA synthesized from the 3' PPT, 
requiring a second priming event (Fig. 2b). The displaced 
fragment (usually termed 'strong stop plus DNA') could 
subsequently reanneal with its complementary sequence at the 

3' end of the minus strand DNA (Fig. 2 c). In the context of this 
new model, initiation of plus strand synthesis upstream from 
the 3' PPT is required to ensure the second jump by 
displacement of strong stop plus DNA. This model predicts 
that if this fragment 'misses the jump', it could serve as a 
template for synthesis of a complementary minus sequence, 
primed by a host cellular tRNA (Fig. 2 c). The resulting double- 
stranded DNA fragment, corresponding to unintegrated 
'orphan' LTR sequences, has actually been detected in HIV-1 
infected cells (Li eta]., 1993). A similar DNA fragment was also 
detected in cells infected by spumaviruses (Kupiec et al., 1988; 
Renshaw eta]., 1991; Tobaly ef al., 1991). 

It is interesting to note that the retrovirus replication model 
was established for oncoviruses, which transform cells and 
survive through single provirus integration into the host 
genome (lysogenic-like cycle). In contrast, lenti- and spuma- 
viruses establish productive infections with a high quantity of 
linear unintegrated DNA (lyric-like cycle). However, for M W  
and the spumaviruses, the integrated proviral state is, if it ever 
exists, very difficult to detect (Harris et al., 1981; Kupiec et al., 
1988). Recently, it has been shown that spumaviruses 
encapsidate DNA molecules and replicate through an unusual 
pathway reminiscent of hepadnaviruses (Yu et al., 1996). It is 
thus tempting to establish a link between the accumulation of 
unintegrated DNA and the productive mode of replication. In 
this context, reconsidering the importance of 'gaps', strand 
displacements, template transfers and 'orphan LTRs' opens 
new possibilities for replicative mechanics that justify further 
investigation. 
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suggestions and critical review of the manuscript, and Bob Naviaux for 
helpful discussions. 
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