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INTRODUCTION
Molecular biology applied toward understand-

ing viral diseases has come of age. An exciting
future is in store when questions of viral patho-
genesis can be answered by biochemical analysis
of animal viruses and their infected cells. This
is not, however, a one-way street. Our experience
has been that in designing experiments which
attempt to answer questions related to disease
processes new information is often gathered that
contributes significantly to our thinking about
general problems in molecular biology. This two-
way exchange between molecular biology and
viral pathogenesis will be illustrated here by
recent examples in our work as well as in that
of others.

Studies on the structure of animal viruses
have been most rewarding. Identification and
separation of viral structural proteins have led
to an understanding of the components on the
virion surface that determine attachment and
penetration into host cells. An example of the
importance of these viral surface proteins is that
of paramyxoviruses. For this group of viruses,
the envelope is covered by glycoproteins that
must be cleaved before the virus particle can
become fully infectious (14, 51). This suggests
that attachment and penetration of this virus
into new tissues and new hosts may be deter-
mined by the presence or availability of specific
proteases. A recent study positively correlates
cleavage of the hemagglutinating and fusing pro-
teins of Newcastle disease virus to its virulence
for chickens (25).

t Eli Lilly Award Address, May 1977.

Another way to study virulence is in the ma-
nipulation of conditional lethal mutants both
genetically and biochemically. Among the many
examples is influenza virus, where some of the
genes responsible for virulence have been iden-
tified and physically separated (37). Knowing
the gene product(s) that accounts for virulence
may provide a new direction for viral prophy-
laxis or for treatment of a virus disease while it
is in progress.
The utility of analyzing viral structural pro-

teins is elegantly demonstrated by Arnon and
colleagues (28) where a crucial oligopeptide of
only 20 amino acids, derived from the coat pro-
tein of the bacteriophage ms-2, has been found
to be essential for bacteriophage attachment to
its host cell. When this oligopeptide is linked to
a carrier, neutralizing antibodies against the bac-
teriophage are elicited. Modification of the an-
tigenicity of this oligopeptide with other carriers
and the ability to synthesize vast amounts of it
chemically in the laboratory indicate a whole
new era of antiviral vaccines.
Another potent tool for probing virus-infected

cells is the ability to copy viral messenger ribo-
nucleic acid (RNA) into highly labeled deoxyri-
bonucleic acid (DNA) in vitro by using a virion-
associated polymerase (2, 56). Labeled DNA is
a very sensitive probe for detecting common
sequences both in cells and among related vi-
ruses. Such an approach has opened up a whole
era of study of endogenous viruses-viruses that
are integrated into the genetic information of
their hosts and are vertically transmitted from
parent to offspring (32). The finding of identical
or related sequences in different species has re-
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vealed a history of the persistence and spread
of endogenous viruses among different animal
species during the evolution of these species.
These endogenous viruses usually reside in a
cryptic form without any expression of their
information. What role thay play in viral dis-
eases is only beginning to be understood.
These are just a few examples to indicate the

areas where animal virology may bear fruit in
the next few years. The precision of biochemical
techniques can now be applied to questions of
direct relevance to disease processes. My intro-
duction to molecular animal virology began in
the laboratory of Robert R. Wagner at Johns
Hopkins University. We used rate-zonal centrif-
ugation to separate infectious standard vesicular
stomatitis virus (VSV) from its deletion mutants
(18). This resulted in the first isolation and char-
acterization of a defective interfering (DI) par-
ticle. Since then DI particles have been shown
to be an important determinant of the outcome
of viral infections (see reference 16).

STRUCTURE OF VSV DI PARTICLES
DI particles have all the same structural pro-

teins of the standard virus from which they are
derived and are, therefore, antigenically indistin-
guishable (18, 22, 58). Figure 1 illustrates the
VSV structural proteins. There are only five
proteins, one of which is glycosylated and two
of which are phosphorylated. All five proteins
are specified by the genome of standard VSV.
The virions of VSV resemble bullets. Deletion
mutants that form shorter bullets are readily
separated from the standard virus. Analysis of
DI particles suggests that the length of the bullet
corresponds well with the length of the nucleo-
capsid and the length of the genome RNA (20).
Recently, particles equal in length to standard
VSV have been detected, which contain RNA
with only one-third the complexity of the stan-
dard genome, suggesting that several equivalents
of a DI RNA may become encapsulated into
one long, bullet-shaped particle (D. Rao and A.
Huang, unpublished observations).
The organizations of the nucleotide sequences

of these DI RNAs are peculiar (see below). In
this paper, a molecular model to account for the
reorganization of the VSV genome into DI ge-
nomes will be presented. The potential signifi-
cance of those rearrangements will be discussed.

INTERFERENCE BY DI PARTICLES
The finding of a DI agent immediately raises

the possibility that such an agent might be useful
in the prophylaxis of viral disease. A step to-
wards achieving this goal is understanding the
mechanism of interference. Over the years the

important features of interference mediated by
DI particles have been uncovered by using VSV
as a prototype system for study. These features
are applicable to other virus systems as well
(see reference 16) and are summarized below:
(i) interference occurs intracellularly and not at
the cell surface; (ii) it is specific in that it is
homotypic, i.e., interference occurs most strongly
against the standard virus from which the DI
particle was derived; with closely related viruses
interference occurs to a lesser degree, and with
unrelated viruses it does not occur at all; (iii)
this phenomenon can exist independently of the
interference mediated by interferon. The critical
step during multiplication of VSV, Sindbis, po-
lio, and simian virus 40 affected by DI particles
is that of genome replication (see reference 16).
Since these viruses have different strategies for
replicating their nucleic acids, the molecular de-
tails of interference by specific DI particles are
likely to vary for each individual virus group.
This will also be reflected in other effects that
may be secondary to interference with genome
replication. For instance, those steps that occur
after genome replication, or are dependent on
prior genome replication, are likely to be in-
hibited also. Thus, during morphogenesis, there
may be competition for limiting structural pro-
teins.

Several parameters known to affect the degree
of interference exerted by DI particles have been
summarized (16). Most likely, others will be
uncovered, and a knowledge of them may help
in manipulating DI particles in prophylaxis of
viral diseases. An important factor is the virus
strain. Different isolates of a virus, which may
be antigenically indistinguishable, show quanti-
tative and qualitative differences with respect
to the generation of DI particles. They may also
show a variable degree of susceptibility to inter-
ference caused by a given amount ofDI particles.
Of particular importance is the species of host
in which the virus is grown. Thus, the generation
of DI particles and their ability to interfere are
species specific and can even be seen in different
tissues from one animal. In certain cases it has
been shown that the degree of interference is
affected by a single genetic locus within an
inbred strain of mice (7). This host function
affecting DI interference is thought to act on
viral nucleic acid replication.

EFFECT OF AGE ON DI PARTICLE-
MEDIATED INTERFERENCE

In the 1930's Sabin and Olitsky (47-50) pub-
lished a series of papers on VSV in which they
showed that mice 2 months or older are rela-
tively resistant to acute encephalitis caused by
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FIG. 1. Structural proteins of VSV. Purified standard VSV grown in suspended Chinese hamster ovary
cells (54) in the presence of three different isotopes was disrupted, and the polypeptides were separated on a
10% acrylamide gel containing sodium dodecyl sulfate (27). The VSV-specific protein-containing bands are
labeled L, G, N, NS, and M. (a) 32p; (b) I'Slmethionine; (c) [4C]glucosamine.

this virus. In contrast, VSV causes an encepha-
litis resulting in paralysis and rapid death in
mice that are only a few weeks old. Sabin and
co-workers were unable to detect in these ani-
mals any general systemic host response against
VSV that occurs rapidly enough to neutralize
the virus or to inhibit virus replication (36).
They proposed the existence of "localized bar-
riers" that develop immediately after virus in-
fection and surround the sites of virus introduc-
tion so that the virus does not spread to the
central nervous system. One mechanism for the

development of such barriers may be production
of DI particles.

Encephalitis Caused by VSV in Young or
Old Mice

P. Sinarachatanant has confirmed these find-
ings in a recent study of VSV-caused encepha-
litis in mice. Figure 2 shows the lethal dose
(LD5o)ofVSV necessary to cause a 50% mortality
in young or old mice plotted against the days
after intranasal inoculation. Young mice were 3
weeks old and old mice were 2 months old. The
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detected in the infected animal by making brain
homogenates, especially if care was taken to
include the rhinencephalon of the mouse along
with the rest of the brain. Unfortunately, this
assay was unable to detect DI particles from a
single brain. While this work was in progress,
Holland and Villarreal (13) reported that they
were able to detect in vivo synthesized DI par-
ticles of VSV only if they pooled the brains of
six mice. It became clear in our measurements
that as the titer of standard virus rose in the
individual brains, death of the animal was pre-
saged. Sinarachatanant was unable to detect DI
particles in individual brains throughout the
course of these VSV infections, whether the
mice had expired or not. Neutralizing antibody
in the brain was detected after day 12 in the
older mice.

10.0

DAYS AFTER INTRANASAL INOCULATION

FIG. 2. In vivo assay of VSV in young and old
mice. CD-I outbred female mice, 50 at 3 weeks of age
and 48 at 8 weeks of age, were each divided into
groups containing 8 to 10 mice. Each group was

inoculated intranasally with purified standard VSV
(54) at the indicated concentrations. The day that
50o of the mice in a group died (LD),J is plotted
versus the concentration of virus inoculated. ( 0 ) 3-
week-old mice; ( 0 ) 8-week-old mice.

old mice not only expired later than young mice,
but a higher dose of purified standard virus was
necessary to cause mortality. In addition, the
overall survival rate was higher for old mice.

Assay for DI Particles
To measure DI particles from mouse brains,

an assay system was developed that depends on

the ability of DI particles to inhibit uridine
incorporation into virus-specific RNA. It was

demonstrated earlier that DI particles dramati-
cally inhibit RNA synthesis by standard virus
(19). Figure 3 shows the results of a reconstruc-
tion experiment. Different concentrations of DI
particles were added to cells infected with a

given concentration of standard VSV. The sen-

sitivity of this assay, at 4.5 h after infection,
indicates that DI particles at a ratio of 1:100 to
standard VSV produced a significant degree of
inhibition (30%). This ratio represents a lower
limit of detection for DI particles of 2 x 105 per

ml. Standard plaque-forming VSV was readily
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FIG. 3. In vitro radioactive assay of VSV DI par-

ticles. Chinese hamster ovary cells (8 x 106) were

infected with standard VSV at a multiplicity of 20
plaque-forming units and different concentrations of
DI particles (19). The infected cells were incubated
at 34WC in medium containing 10 jig of actinomycin
D and 0.6 IiCi of '4C]uridine. Virus-specific RNA
synthesis was measured as previously described (19).
A control sample infected with only standard VSV
gave the maximal amount of virus-specific RNA syn-
thesis at each time period after infection (pi.). The
percentage of inhibition of RNA synthesis by DI
particles is based on a comparison between VSV
RNA synthesis in the presence of increasing concen-

trations of DI particles and VSV RNA synthesis in
the absence of DIparticles.
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A recent attempt to detect DI particles of
lymphocytic choriomeningitis virus made in vivo
was more successful. Popescu and Lehmann-
Grube (45) were able by a very sensitive nega-
tive-plaque assay, based on the protection of
cells by DI particles, to detect significant
amounts of DI particles in various infected
mouse tissues. The distribution and amounts of
DI particles increased with age and led to the
conclusion that DI particles indeed play a role
in chronic, persistent infections.

Infection of Cells in Culture from Young
or Old Mice

To adequately test whether or not DI particles
formed the localized barriers in mice to VSV,
cell cultures from mice were prepared. Johnson
et al. found that fibroblast cells obtained from
young and old mice grown in culture still main-
tain their relative susceptibility or resistance to
infection by a togavirus (21). Infection of cell
cultures made from the hind limb muscles of
young and old mice with purified standard VSV
at different multiplicities showed that cells from
old mice, in contrast to cells from young mice,
were more resistant, produced less infectious
VSV per culture, and developed a cytopathic
response more slowly, if at all (P. Sinarachatan-
ant, unpublished observations). When these cells
were infected with different ratios of DI to stan-
dard particles, it was shown that interference of
VSV growth by DI particles as measured by
RNA synthesis is more evident in cells from old
animals than in cells from young animals (Fig.
4). As a control, it was determined that VSV
attaches and penetrates equally well in both
types of cell cultures.
The difference in the degree of interference

exerted by a given concentration of DI particles
between these two cell types is consistently 30%
as measured by inhibition of RNA synthesis.
This inhibition is significant because it is only
an indirect measure of the inhibition of VSV
replication; a 30% inhibition of RNA could re-
flect a reduction of 99% in the production of
infectious standard virus during one cycle of
growth (38). Therefore, these preliminary exper-
iments indicate that DI particles may play a
role, particularly during the initial stages of an
infection, in limiting the spread of VSV in old
animals. Considerable work along these lines is
needed to define the precise relation between
age and the synthesis of DI particles.

Cell Cultures for Studies on Viral
Pathogenesis

Studies at the interface of molecular virology
and viral pathogenesis are difficult to perform
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FIG. 4. Interference by VSV DI particles in fibro-

blast cells from young and old mice. Fibroblast cell
cultures were made from the hind limb muscles of
two-week-old or one-year-old CD-1 outbred mice, ac-
cording to Johnson et al. (21). Infection of these cells
and RNA synthesis were measured as shown for Fig.
3. Only the results at 4 h postinfection were plotted.

in the whole animal. There are too many param-
eters that the experimenter cannot control.
Therefore, development of such systems, where
cells from the animal can be put into culture
and their environment can be carefully con-
trolled, offers a great potential for these types
of studies. A similar approach is to establish
long-term cultures by transformation of fibro-
blast cells with simian virus 40 (7).

ORIGIN OF VSV DI GENOMES
Subgenomic and Extragenomic Sequences
The central issue, as well as the most intrigu-

ing aspects of interference by DI particles, lies
in the particles' effect on viral nucleic acid syn-
thesis (19, 39, 41). Most of the workers in the
field suspect that inhibition during nucleic acid
replication depends on competition between DI
RNA and RNA for limiting enzymes. The suc-
cess of this competition depends very much on
the sequence organization along the two ge-
nomes. VSV DI particles contain less RNA than
does standard virus (20). The three nucleotides
at the 5' and 3' termini of the standard VSV
genome are inverted complementary sequences,
pppApCpGp ... CpGpUOH (4, 5, 11). If defective
RNA in DI particles were generated by internal
deletions, one would expect that the two ends
of the RNA would be identical to those of the
standard virus RNA. On the other hand, there
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could be end deletions in which one or the other
of the 5' or 3' ends of the RNA molecule would
differ from the parental standard virus RNA.

Hybridization studies by Reichmann and co-
workers (29, 52) have shown that deletions in
the DI RNA tend to be largely from the 3' end
of the genome. However, Lazzarini and co-work-
ers (23) found that the three nucleotides at the
3' ends of RNA from several strains of DI par-
ticles are identical to those of standard RNA.
To examine more than just the nucleotide

sequences at the termini, D. Rao and G. Free-
man in my laboratory have compared the T1
ribonuclease-generated oligonucleotides of a DI
RNA to its standard RNA (Fig. 5). There are
fewer spots in the fingerprint of the DI RNA
compared with that of the standard virus RNA.
This finding supports the idea of a lower com-
plexity and confirms the finding that the molec-
ular weight of the DI particle RNA is about
one-third the size of a standard virus RNA (20).
This analysis would, also, indicate whether or
not the DI RNA contained only subgenomic
fragments of the standard virus RNA. Most of
the oligonucleotide spots, at or below the brom-
ophenol blue dye marker, generated from DI
RNA appeared to be included among the spots
for standard virus RNA. However, the appear-
ance of two extra spots in the DI RNA not seen
in the B particle was quite striking. One spot is

at the far right of the fingerprint for DI RNA,
and the other is near the center, one-fourth of
the way down from the X to the arrow marking
the dye, bromophenol blue. Similar observations
have been made by Coffin and Kang with other
preparations ofVSV DI particles (personal com-
munications).
These fingerprints indicate clearly that DI

RNA not only contains certain portions of the
genome of the standard virus RNA, but that
additional sequences have been included. Where
do these additional sequences come from? Do
they come from other virus-specified RNAs? Or
are the extra nucleotide sequences obtained
from nucleic acid molecules of the host?

Complementary Sequences
Several recent results are pertinent here. To

repeat, Banerjee's group (4) and Lazzarini's
group (23) have shown by an analysis of only
three nucleotides that the 3' ends contain the
identical three nucleotides in both standard and
DI genomes. Since the sequence of these three
nucleotides is complementary to that found at
the 5' end of standard RNA, it is expected that
some complementary sequences may be found
in all RNAs of VSV DI particles. Jacques Per-
rault, in John Holland's laboratory, has been
able to observe, in the electron microscope, cir-
cularized DI RNA and, also, dimer linear struc-

FIG. 5. Ribonuclease Tl-generated oligonucleotides ofRNA from standard and DI particles of VSV. 32p
labeled, purified standard VSV and DI particles were extracted and their RNAs purified on sucrose
gradients. The RNAs were digested by Ti ribonuclease and fingerprinted on two-dimensional gels (8). (X)
Xylene cyanol dye marker; (B) bromophenol blue dye marker.
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tures (42, 43). Similar circularization of Sindbis
virus RNA (15) and Sendai virus DI RNAs (26)
as well as the segmented bunyavirus RNA (12)
has been detected. Such circularization suggests
complementarity at the termini of these RNAs.
In some cases, the RNA circles included "pan-
handle" structures, suggesting extensive in-
verted complementary sequences at the RNA
termini (26, 42, 43).
A large variety of DI particles of VSV have

now been generated (44, 46). Several groups
have noted the ability of RNA molecules from
these DI particles to rapidly self-anneal from a
few to as much as 80% (30, 40, 42, 43). These
results indicate that the RNA may have long
regions of nucleic acid homology that are cova-
lently linked within one molecule. This property
of rapid intramolecular self-annealing has re-
sulted in the term "snap-back" RNA and sug-
gests very strongly that extra oligonucleotide
sequences found in DI RNA may come from
complementary RNA sequences.

Generation of DI Genomes During
Replication ofRNA

During replication of VSV, there is an ordered
synthesis of nucleic acids. The strategy of RNA
synthesis of VSV begins with the incoming vir-
ion that contains a 40S RNA genome defined
as a minus strand (17, 35). The virion becomes
uncoated to the nucleocapsid stage, and the
nucleocapsid serves as template for the virion-
associated polymerase during transcription of
messenger RNA (3). The messenger RNA
strands are of opposite polarity, complementary
to virion RNA, and smaller than genome RNA
(17, 35). These messenger RNAs are designated
plus strands. When virus-specific protein synthe-
sis is accomplished, replication of the genome
can proceed (19). This procedure is thought to
occur by synthesis of a complete complement
of the genome into a plus strand of 40S RNA,
which serves as template for the synthesis of
minus-strand 40S RNA genome (34, 53). How
in this scheme of synthesis can short RNA pieces
be generated that contain sequences from both
minus and plus strands?
Our hypothesis for generation of these DI

genomes is presented in Fig. 6. The standard
VSV genome RNA is represented by the alpha-
bet with A and A' at the 3' and 5' ends, respec-
tively. A and A' designate complementary se-
quences at the termini. Under the usual circum-
stances of replication, the minus strand is copied
into its complement. Upon completion, another
full-sized molecule, the plus strand, is synthe-
sized with the termini A and A' at the 3' and 5'
ends, respectively (Fig. 6, no. 1).

If replication of this RNA is abortive and the
3' end of the nascent strand forms a hairpin
(Figure 6, no. 2), the polymerase can then con-
tinue synthesis by copying the nascent strand,
displacing the template, and synthesizing in the
direction of the 5' end of the nascent molecule.
This is demonstrated by the two "panhandle"
structures in Fig. 6, no. 3. What is generated is
a plus strand that has, not only original termini
A and A' from the standard RNA molecule, but
also other complementary sequences, such as B'
and B and C' and C (Fig. 6, no. 4). When a
minus strand is copied from this defective plus
strand, a defective minus-strand genome is gen-
erated with the same A and A' terminal se-
quences and the additional complementary se-
quences of B and B' as well as C and C' (Fig. 6,
no. 5).
Other complementary sequences can readily

be generated by introducing a second hairpin
loop during synthesis of this minus-strand-defec-
tive genome. This would result in sequences
from the standard genome, the minus strand,
interspersed by complementary sequences from
the plus strand (Fig. 6, no. 6). Such extensive
complementarity will allow considerable self-an-
nealing within the RNA molecule itself.

In general, however, most DI particles ofVSV
contain RNA with a majority of their sequences
from the 5' end of the standard genome (51).
The model shown in Fig. 6 generates defective
RNA with sequences from the 3' end of the
standard genome. Synthesis of RNA during
VSV replication is asymmetrical in that much
more minus-strand 40S RNA is made than plus-
strand 40S RNA. A model for generation of
VSV DI genomes from the 5' end is formally
similar to that shown in Fig. 6 and is more
accurately depicted in Fig. 7. Formation of the
hairpin loop in the nascent strand occurs during
synthesis of the minus strand while full-sized,
plus-strand 40S RNA is utilized as the template
(Fig. 7, no. 2). The defective genome generated
in this way would then contain the sequences
T, U, V, W, X, Y, Z, and A', all from the 5' end
of the standard genome, as well as sequences
Y', Z', and A, which would be complementary
to the sequences from the 5' end of standard
RNA. Gene order of the various cistrons ofVSV,
as determined by Ball and White (1), is shown
on the bottom of Fig. 7, no. 5. Comparing the
VSV gene order to the defective RNA generated
in Fig. 7, complementary sequences will exist
between the defective genome and the plus-
strand messenger RNA for the L protein. Such
results have been found by Reichmann and co-
workers (29, 52).

If such a model (Fig. 7) were true for VSV, it
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FIG. 6. Model for the generation of VSV DI RNA from the 3' end.

would be expected (i) that some of the extragen-
omic, or complementary, sequences would reside
near the 3' terminus of the RNA extracted from
the DI particle and (ii) that self-annealed RNA
sequences would be enriched for sequences at
both the 3' and the 5' ends. We have obtained
preliminary evidence indicating that one of the
extragenomic oligonucleotides of DI RNA,
shown in Fig. 5, is indeed near the 3' end and
anneals intramolecularly to form ribonuclease-
resistant fragments (G. Freeman, D. Rao, and
A. Huang, unpublished observations).
The model for generation of VSV DI genomes

presented in Fig. 6 and 7 may be applicable to
all linear viral genomes, whether they are double
stranded or single stranded, and whether they
contain DNA or RNA. A similar method has
been discussed for the observed generation of
defective adenovirus DNA by Daniell (6). It is
tempting to speculate that viruses from subacute
sclerosing panencephalitis which contain infor-
mation in excess from the standard measles ge-
nome (10) and that Sindbis virus deletion mu-
tants (9, 24) are generated in a similar manner.
In addition, this model would predict that not

only smaller defective genomes are generated,
but that defective genomes larger than the stan-
dard virus genome could be generated if the
hairpin occurred more than halfway from the
terminus initiating replication ofthe nucleic acid
and if most of the nascent strand is copied into
complementary sequences covalently linked to
the defective genome.

Significance of Complementary Termini in
Viral Genomes

The panhandle structures depicted in Fig. 6
and 7 are of potential significance. When the 3'
and the 5' ends are juxtaposed, the sequences
A and A' are annealed to each other. The for-
mation of similar double-stranded termini with
A and A' annealed to each other can occur not
only within one molecule by the formation of a
panhandle, but plus and minus 40S strands of
VSV annealed together contain ends which also
have A and A'. In addition, nascent chain syn-
thesis, once it is under way, immediately pre-
sents an end with the A' sequences ofthe nascent
strand 5' terminus and the A sequences of the
template 3' terminus annealed together. Such a

5'

5'

3'

5'

5'

5'
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zIz
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5'(7-4) - 3'
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i IM

N NS M G
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L

FIG. 7. Model for the generation of VSV DI RNA from the 5' end.

juxtaposition of the 3' and 5' termini by comple-
mentarity between A and A' may serve as a

recognition site for polymerase attachment and
genome replication. Therefore any RNA mole-
cule, or molecules together, that can present
double-stranded termini consisting of a 3' and a
5' terminus annealed to each other would have
the potential of being recognized by the polym-
erase and would be copied at the 3' end with
concomitant displacement of the 5' end. Such a
model for polymerase recognition of double-
stranded or single-stranded templates has been
suggested by Lechner and Kelly (31) for initiat-
ing replication of adenovirus DNA (55).

It is also highly likely that the extent of com-
plementarity, as well as the base composition
internal to the termini, determines in some way
stability of the binding of the polymerase or

rate of replication of the molecule. By increasing
the extent of homology at the termini, VSV DI
RNA may compete more or less effectively for
the polymerase than standard VSV RNA. These
complementary termini may be important for
other functions. For instance, Marcus and Sek-
ellick (33) have found that DI particles with a

great deal of genome complementarity are the
most effective inducers of interferon.

CONCLUSION
The study of inverted terminal complemen-

tary sequences may have potential impact in
several important areas. For viral diseases, these
studies may reveal the underlying principles by
which certain defective genomes can compete
and successfully inhibit synthesis of standard
virus. For molecular biology, these studies may
reveal the link between linear viral genomes
that can circularize and the mechanism by which
their nucleic acids are replicated.
For generating DI genomes, this model, based

on the presence of inverted complementary ter-
mini on linear molecules, precludes random re-
combination between RNA molecules as a
means of generating DI genomes. This model
predicts that the DI genomes will arise only
from one or the other end of the genome. Com-
plementary or extragenomic sequences arise by
hairpin formation during synthesis. How inter-
nal hairpin loops are made during nucleic acid
replication is not clearly understood, but such
events are thought to occur when the reverse
transcriptase functions in vitro in the absence
of actinomycin D (57; I. Verma, personal com-

munication). Therefore, these studies on the ge-
nomes of VSV DI particles, which were initiated
because of the intrinsic relevance of interference
to viral diseases, are likely to lead to answers
basic for the replication of nucleic acids and for
the generation of deleted and inverted se-
quences.

3'

5'

(7-5)
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