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Defective-interfering (DI) particles are helper-dependent deletion mutants which interfere specifically
with the replication of the homologous standard virus. Serial passaging of alphaviruses in cultured cells
leads to the accumulation of DI particles whose genomic RNAs are heterogeneous in size and sequence
composition. In an effort to examine the sequence organization of an individual DI RNA species generated
from Sindbis virus, we isolated and sequenced a representative cDNA clone derived from a Sindbis DI RNA
population. Our data showed that: (i) the 3' end of the DI RNA template was identical to the 50 nucleotides
at the 3' end of the standard RNA; (ii) the majority (75%) of the DI RNA template was derived from the
1,200 5'-terminal nucleotides of the standard RNA and included repeats of these sequences; and (iii) the 5'
end of the DI RNA template was not derived from the standard RNA, but is nearly identical to a cellular
tRNAASP (S. S. Monroe and S. Schlesinger, Proc. Natl. Acad. Sci. U.S.A. 80:3279-3283, 1983). We have
also utilized restriction fragments from cloned DNAs to probe by blot hybridization for the presence of
conserved sequences in several independently derived DI RNA populations. These studies indicated that:
(i) a 51-nucleotide conserved sequence located close to the 5' end of several alphavirus RNAs was most
likely retained in the DI RNAs; (ii) the junction region containing the 5' end of the subgenomic 26S mRNA
was deleted from the DI RNAs; and (iii) the presence of tRNAASP sequences was a common occurrence in
Sindbis virus DI RNAs derived by passaging in chicken embryo fibroblasts.

Defective-interfering (DI) particles are a special class of
virus mutants with two general characteristics: they contain
deletions of the standard virus genome and they interfere
with the replication of the standard virus (25). The replica-
tion and amplification of DI genomes are dependent on
complementation by the standard virus. Many regions of the
genome, particularly those involved in coding for trans-
acting proteins, can be deleted from DI genomes; however,
DI genomes should retain those sequences which represent
recognition signals for replication and particle assembly. We
have been analyzing the genome RNA of DI particles of the
alphavirus Sindbis virus with the goal of defining those
particular sequences for this virus.
The alphavirus genome is a single-stranded RNA (49S

RNA) containing approximately 12,000 nucleotides (38a).
During the course of infection, a full-length complementary
RNA is made which serves as a template for both the
synthesis of new progeny genomic RNA and a subgenomic
mRNA (26S RNA). The 26S RNA codes for the structural
proteins of the virus (28) and is identical to the 3' third of the
virion RNA (27). Both virion and 26S RNAs are capped at
the 5' end and polyadenylated at the 3' end. Almost all of the
information available about DI particles of alphaviruses
comes from studies with two members of this genus, Sindbis
virus and Semliki Forest virus (37, 38). The generation of DI
particles from these viruses was thought to occur by succes-
sive internal deletions until a limit size of 18 to 20S RNA was
reached (8, 34). It has become increasingly clear, however,
that the structures of the deleted RNA molecules are more
complex than can be explained by simple deletions. Petters-
son reported that the 5'-terminal sequences of DI RNAs
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from Semliki Forest virus are heterogeneous and different
from the standard virus (26). More recently, sequences
obtained from cloned cDNAs derived from DI RNAs dem-
onstrated that the Semliki Forest virus DI RNAs contain
repeated segments and rearrangements as well as deletions
(15, 16, 33). Our initial sequence analyses of Sindbis virus DI
RNAs also indicated that these molecules contain both
rearrangements and repeats (5, 18). In addition, they demon-
strated that the 5' termini of two independently derived DI
RNAs are almost identical to nucleotides 10 to 75 of a
cellular tRNAASP (19).
The heterogeneity of Sindbis virus DI RNAs made it

essential for us to clone cDNA copies to determine the
sequence of a unique DI RNA and to enable us to evaluate
the pattern of repeats and rearrangements in a single DI
RNA species. We report here the sequence of a cDNA copy
of a Sindbis virus DI RNA and compare this sequence with
that of the standard virion RNA determined by J. and E.
Strauss and their colleagues (21-24; J. H. Strauss and E. G.
Strauss, personal communication). We have also used isolat-
ed DNA fragments from this cloned cDNA to probe for the
presence of specific sequences in several other Sindbis virus
DI RNA populations.

MATERIALS AND METHODS
Generation of DI particles and purification of viral RNAs.

DI-2 particles were generated by 18 undiluted passages of
Sindbis virus on chicken embryo fibroblasts (CEF) (5). DI-3
particles were generated from a cloned stock of Sindbis virus
by passaging on CEF at a constant multiplicity of 50 PFU per
cell. DI-3p7 represents the harvest from the 7th such pas-
sage, and DI-3p16 represents the harvest from the 16th
passage. DI-4 particles were generated from the same cloned
stock, by passaging on baby hamster kidney (BHK) cells at a
constant multiplicity of 50 PFU per cell. The yield from the
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15th such passage was used for the preparation of DI RNA.
DI-1 was produced by passage on BHK cells (11); DI-5 and
DI-6 were obtained by passaging on CEF. Virus growth and
purification of virion RNA by phenol-chloroform extraction
and oligodeoxythymidylate [oligo(dT)]-cellulose chromatog-
raphy were described previously (11).

Cloning of double-stranded cDNA. Single-stranded cDNA
was synthesized in reactions containing 100 mM Tris-hydro-
chloride (pH 8.3), 50 mM KCl, 8 mM Mg(OAc)2, 2 mM
dithiothreitol, 0.5 mM each of four deoxynucleoside triphos-
phates, 50 ,u.g of standard or DI-2 RNA per ml, 10 ,ug of
oligo(dT)12 18 per ml, and 100 U of avian myeloblastosis
virus reverse transcriptase per ml (6). Incubation was at 370C
for 1 h. Alkali digestion of the RNA template, synthesis of
the second strand with Escherichia coli DNA polymerase I
(large fragment), and nuclease S1 treatment of the double-
stranded cDNA were carried out as described previously
(12). Double-stranded cDNA was chromatographed on Bio-
Gel A-Sm, and selected fractions were tailed with dCTP (20).
Plasmid pUC4, derived from pBR322, contains a single PstI
site within a symmetrical M13mp7 polylinker and does not
contain a PstI site within the ampicillin resistance gene (39).
Linear plasmid DNA was prepared by digestion with PstI
and was tailed with dGTP (20). Equimolar amounts of tailed
plasmid and cDNA were annealed in 100 mM NaCl-10 mM
Tris-hydrochloride (pH 7.5)-l mM EDTA (35). The DNA
was recovered by ethanol precipitation and used to trans-
form competent E. coli MC1061 cells by a modification of
the method of Kushner (13, 35).

Nuclease digestion of cDNA-RNA hybrids. Uniformly la-
beled DI-2 RNA was isolated from virus grown in the
presence of 32p,. This RNA was hybridized to PstI-digested
plasmid DNA under conditions favoring RNA-DNA hybrid
formation [80% formamide, 0.4 M NaCl, 50 mM piperazine-
N,N'-bis(2-ethanesulfonic acid), pH 6.4, 1 mM EDTA, 50°C]
(7). The samples were digested with a mixture of RNases A
and T1, and the extent of protection of the input RNA by
various clones was determined by precipitation with tri-
chloroacetic acid. The colinearity of the inserted sequence
and the template RNA was determined by hybridization of
DI-2 [32P]RNA and clone pSS01 DNA as above, followed by
digestion with nuclease S1 and resolution of the protected
hybrids on a 1.5% agarose gel.
DNA sequence analysis of clone pSS01 DNA. DNA frag-

ments for sequence analysis were generated by digestion of
pSS01 DNA with restriction endonucleases, using standard-
ized conditions (3). Fragments were labeled at their 5' end
with polynucleotide kinase and [_y-32P]ATP (17) or at their 3'
ends with reverse transcriptase and [ot-32P]dCTP (32). Indi-
vidual fragments were resolved by strand separation (17) and
were purified by DEAE-cellulose chromatography (32). Se-
quence analysis was performed according to the procedure
of Maxam and Gilbert (17) as modified by Smith and Calvo
(32).

Preparation of 32P-labeled hybridization probes. Labeled
DNA fragments for blot hybridization analysis were generat-
ed by digestion of plasmid DNA under standardized condi-
tions (3). Individual fragments were isolated from native
acrylamide gels and purified by DEAE-cellulose chromatog-
raphy (32). They were subsequently digested for 2 to 5 min at
20°C in 70 mM Tris-hydrochloride-10 mM MgCl2-10 mM
dithiothreitol, using 0.1 to 0.25 pmol of 3' ends and 0.5 U of
E. coli exonuclease III per [1I (31). The digested fragments
were then labeled at their 3' ends by filling in with [oa-
32P]dCTP and reverse transcriptase as described above.

Blot hybridization analysis of viral RNAs. RNA samples

were denatured in 1 M glyoxal-50% dimethylsulfoxide-10
mM sodium phosphate, pH 7, at 50°C for 1 h and resolved on
a 1.2% agarose gel (2). The gel was treated for transfer as
described before (19), except that the 50 mM NaOH incuba-
tion was lengthened to 45 min. The paper was prepared and
activated essentially as described by Seed (29). The RNA
was electrophoretically transferred to activated paper at 25
V for 6 h in 25 mM sodium phosphate (pH 5.5)-i mM EDTA
(36). The paper was prehybridized at 42°C for 16 h in 50%
formamide-5x SSPE (1x SSPE = 0.18 M NaCl, 10 mM
sodium phosphate, pH 7.7, 1 mM EDTA)-5 x Denhardt
solution (4)-1% glycine-125 p.g of denatured calf thymus
DNA per ml-0.1% sodium dodecyl sulfate (1). Hybridization
was at 42°C for 16 to 48 h in the same buffer containing 10%
dextran sulfate. After hybridization, the paper was washed
twice for 10 min in 2x SSPE-0.1% sodium dodecyl sulfate
and then twice for 10 min in 0.1x SSPE-0.1% sodium
dodecyl sulfate at room temperature.

Materials. Calf intestinal alkaline phosphatase and E. coli
DNA polymerase I (large fragment) were obtained from
Boehringer Mannheim Biochemicals; restriction enzymes
and E. coli exonuclease III were from New England Biolabs,
Inc.; deoxynucleoside triphosphates, oligo(dT)12 18, polynu-
cleotide kinase, and terminal deoxynucleotidyl transferase
were from P-L Biochemicals, Inc.; and nuclease S1 was
from Sigma Chemical Co. [o-32P]dCTP was obtained from
Amersham Corp., and [3H]uridine was from New England
Nuclear Corp. [y-32P]ATP was synthesized from carrier-free
3H32P04 (New England Nuclear) as described previously
(41). Reverse transcriptase from avian myeloblastosis virus
was provided by J. Beard, Life Sciences, Inc. The rat
genomic clone containing the tRNAASP gene pRTldge was
kindly provided by S. Nishimura and T. Sekiya (30).

RESULTS

Sequence of a cDNA clone derived from a population of DI
RNAs of Sindbis virus. Our first step in analyzing a cDNA
copy of the Sindbis virus DI-2 RNA was to select a cDNA
clone representative of a major fraction of the DI RNA
species present in the original population. To this end,
several clones were examined for the extent to which they
protected the total DI RNA population from RNase diges-
tion (Table 1). One of the clones (pSS01) which protected
50% of the original DI RNA was analyzed further to deter-
mine whether the insert represented a colinear copy of the
DI RNA. This analysis was essential to distinguish between
sequence rearrangements present in the original DI RNA
and those which might have occurred during the cloning
procedures (40). After hybridization of the cDNA with DI-2

TABLE 1. RNase protection of DI-2 RNA by cloned cDNAs

DNA clone cDNA insert RNase resistance
(kilobases)

No DNA 5.1
pUC4 6.5
102 1.7 38
104 1.8 14
117 1.9 52
211 2.5 32
225(pSS01) 2.3 54
227 1.4 36

a Digestion with RNase is described in the text.
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TABLE 2. cDNA restriction fragments used for blot
hybridization

Source of DNA Restriction Size
(region of the genome) fragment (base pairs)

Rat tRNAAspa HaeIII 314
pSS01 (B) HindIII/HpaIlb 141
pSS01 (W-X) HpaII' 358
pSindbis 49S (junction) Sau96-Id 101

a The plasmid carrying the tRNAAsP gene was provided by
Nishimura and Sekiya (30).

b This fragment is located between nucleotides 138 and 278 in
pSS01 DNA and is homologous to nucleotides 130 to 270 of Sindbis
virus 49S RNA.

This fragment is located between nucleotides 1,312 and 1,669 in
pSS01 DNA and corresponds to nucleotides 2,678 to 3,037 of 26S
RNA.

d This fragment extends from nucleotide -4 to 97 of Sindbis virus
26S RNA.

[32P]RNA and digestion with nuclease Si, the RNA-DNA
hybrids were resolved by agarose gel electrophoresis (Fig.
1). The protected hybrid was approximately the same size as
the double-stranded cDNA insert (-2.3 kilobase pairs). This
result taken together with the data presented in Table 1
shows that the sequences in the cDNA insert from clone
pSS01 were colinear with a major species within the original
DI-2 RNA population.
The insert of pSSO1 was sequenced by the chemical

method of Maxam and Gilbert (17). The strategy used and
the sequences obtained are shown in Fig. 2. A diagram of
this sequence and that of the 49S virion RNA of Sindbis
virus (determined by J. and E. Strauss and their colleagues)
are also shown in Fig. 2.
We reported previously that the 5' terminus of DI-2 RNA

is not derived from the standard RNA, but is almost identical
to nucleotides 10 to 75 of a cellular tRNAASP (19). A portion
of this tRNA sequence was present at the 5' end of pSS01
(Fig. 2B). The remaining sequences in the clone were
derived from three separate regions of the standard virion
RNA. Approximately 75% of the sequences came from the
5' 1,200 nucleotides of the standard RNA (Fig. 2B, regions B
to G). The remaining 25% consisted of the 50 nucleotides at
the 3' terminus (Fig. 2B, region Z) and a 429-nucleotide
segment, part of which was duplicated, from within the
structural protein coding region (Fig. 2B, regions W and X).
The latter sequence was detected in the entire DI-2 RNA
population by the dideoxy chain termination method of

TABLE 3. Summary of blot hybridizations to determine the
presence or absence of particular sequences in DI RNAs of

Sindbis virus
cDNA probe useda

DI Source
tRNAAsP B W-X Junction

1 BHK - + + NDb
2 CEF + + + -
3p7 CEF - + - -
3p16 CEF + + - -
4 BHK - + + -
5 CEF + ND ND ND
6 CEF - ND ND ND

aSee Table 2 for a more complete description of the probe.
b ND, Not done.

sequencing and is also present in a DI RNA population
derived in BHK cells (DI-1) (18).
Three regions of the DI genome were present in duplicate.

Region C was present as a tandem repeat, and regions G and
W were also repeated as a unit (Fig. 2B). These repeats
decreased the overall sequence complexity of the DI
genome. Thus, pSS01 contained only 13% of the sequences
present in standard virion RNA, although its physical length
was 20% that of the standard. This pattern of deletions,
dpplications, and rearrangements of the standard RNA re-
sembled that found in DI RNAs derived from Semliki Forest
virus (15, 16, 33). We could not detect, however, any
significant nucleotide sequence homology between the re-
peated regions in the Semliki Forest virus-derived DI RNAs
(16) and those found in pSS01.

Analysis of Sindbis virus DI RNAs by blot hybridization.
We used several fragments from cDNA clones to probe
different populations of DI RNAs for the presence of se-
quences found in pSS01. The four regions examined and the
restriction fragments used are described in Table 2. These
experiments were undertaken to answer the following ques-
tions: (i) How common is the presence of tRNAASP in
Sindbis virus DI RNA populations? (ii) When is the tRNAAsP
detected during the evolution of DI RNAs? (iii) Are regions
of standard viral sequence, which are conserved in this DI
RNA, found in other DI RNAs? and (iv) Is the junction
region between the structural and nonstructural genes of the
virus deleted from DI RNAs?
The DI-3 RNA was generated in CEF by controlled high-

multiplicity passaging. The evolution of this DI RNA popula-
tion is shown in Fig. 3. The DI RNA obtained from passage 7
has a molecular weight of 2.3 x 106, about half the size of
standard virion RNA. Although the DI RNA from passage 7
was homogeneous in size, it may represent more than one
species. The DI-3 RNAs from passage 16 were heteroge-
neous in size.
The data analyzing DI-2 RNA, the early- and late-passage

DI-3 RNA, and one of the DI RNAs populations generated in
BHK cells are shown in Fig. 4 and 5. The results are
summarized in Table 3, which also includes information
about several other DI RNAs. Figure 4 shows the amount of
each RNA sample loaded on the gel based on staining with

3=-2 75
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FIG. 1. Agarose gel electrophoresis of nuclease S1-resistant
RNA-DNA hybrids. DI-2 [32P]RNA and pSS01 DNA were hybrid-
ized and subsequently digested with nuclease S1. The samples were
resolved on a 1.5% agarose gel run at 0.75 V/cm for 15 h. The
positions of restriction fragment marker bands, identified by ethi-
dium bromide staining, are indicated.
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FIG. 2. Strategy used for sequencing pSS01 insert and sequences obtained. (A) Nucleotide sequence of the cDNA insert in plasmid pSSO1.
The sequence is presented in the 5' to 3' direction of the RNA template. (B) A comparison between the deduced sequence of pSS01 RNA and
that of standard Sindbis HR virus RNA. The top line represents the total 12 kilobases (kb) of standard RNA; the regions of homology with the
DI RNA expanded below. Regions A to G are derived from the 5' two-thirds of the standard genome which codes for the nonstructural
proteins. Regions W to Z are derived from the 3' one-third of the standard genome which codes for the structural proteins. Region A, not
present in the Dl RNA, represents the 31 nucleotides at the 5' end of standard RNA. The hatched region at the 5' end of the DI RNA
represents the 39 necleotides in the clone which are derived from a cellular tRNA (19). Poly (A), Polyadenylated. (C) Sequencing strategy for
pSS01 DNA. The dots represent AvaIlAvaII (upper) or TaqI (lower) sites used for labeling. The lengths of the arrows indicate the extent to
which each fragment was sequenced.
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FIG. 3. Analysis of DI-3 RNAs by agarose gel electrophoresis.
Sindbis virus was passaged at a multiplicity of infection of 50 on
CEF to generate DI-3 particles. Samples of [3H]uridine-labeled
RNAs from passage 7 and 16 particles were denatured in glyoxal and
analyzed on a 1% agarose gel (2). The gel was processed for
fluorography as described previously (14).

DISCUSSION
Two approaches have been taken to establish which

sequences in the alphavirus genome are essential for replica-
tion and packaging. One of them has been to identify the
sequences conserved among different alphaviruses (21-24)
and the other has been to examine the sequences retained by
DI RNAs derived from these viruses (8, 16, 18). The work of
the Strausses and their colleagues identified several regions
of conservation among alphaviruses, the most striking being
at the 3' terminus. Ou et al. demonstrated a high degree of
conservation of the first 19 nucleotides adjacent to the 3'-
terminal polyadenylated tract in 10 different alphavirus geno-
mic RNAs (22, 24). Our sequence analysis of Sindbis virus
DI RNAs (18), as well as that reported for DI RNAs of
Semliki Forest virus (16), establish that 50 to 100 nucleotides
of the 3' standard sequence are present in all alphavirus DI
RNAs. Taken together, these results provide strong support
for the conclusion that the 3' sequences represent an impor-
tant recognition site for alphavirus RNA replication (22).
A second region which is conserved among alphavirus

genomic RNAs is the 51-nucleotide sequence located close
to the 5' end and within the nonstructural protein coding
sequence (23). Based on an analysis of codon usage, Ou et
al. concluded that it is the nucleotide sequence rather than
the translated amino acid sequence which is conserved. This
stretch of nucleotides can be arranged into two stable
hairpins which could serve as recognition structures for
alphavirus RNA synthesis or nucleocapsid assembly. This
region was present in the cDNA copy (pSS01) of DI-2 RNA.

ethidium bromide. These data provide an approximation of
the amount of RNA present in each lane before transfer to
the activated paper. Each of the RNAs of interest gave a
positive signal with at least one probe, demonstrating that
the amount of material was sufficient to be detected if the
appropriate sequences were present.
Based on the data in Fig. 5, only DI-2 and DI-3p16 gave a

positive signal with the tRNAASP probe. All of the DI RNA
species of DI-3p16 contained tRNAASP sequences including
the largest species, which was present at a concentration
similar to DI-3p7 RNA (Fig. 4, Fig. SA). The latter RNA did
not contain the tRNAASP sequences. DI-4 RNA, which was
present in an amount equivalent to DI-2, was also negative
(Fig. SA). Three other DI RNAs have been analyzed for
these sequences, only one of which gave a positive signal
(Table 3).

Figure SB shows the hybridization obtained with the B-
region probe. Region B contains a 51-nucleotide sequence
highly conserved in all alphaviruses (23), and sequences in
this region were also detected in the five DI RNAs. The
region marked WX (Fig. 2B), found in both DI-1 and DI-2
(18), was absent from both DI-3 RNA populations, but was
present in DI-4 RNA (Fig. 5C). Thus, this sequence is a
common but nonessential sequence in DI RNAs. None of
the DI RNAs shown in Fig. 5 were detected with the junction
region probe, which did, however, detect the standard 49S
and 26S RNA species (Fig. SD). The data shown in Fig. 5
were obtained by analyzing four different blots which were
obtained from quadruplicate samples analyzed on a single
gel. We have obtained identical results by using different
probes with the same blot and reversing the signal between
hybridizations.

to
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FIG. 4. Analysis of DI RNAs by agarose gel electrophoresis.
RNAs from different preparations of Sindbis virus containing DI
particles were denatured in glyoxal and analyzed on a 1.2% agarose
gel (see text). The gel was stained with ethidium bromide.
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FIG. 5. Blot hybridization of DI RNAs of Sindbis virus. The DNA probes used are described in Table 2. The probes used in each panel
were (A) rat tRNAAsP, (B) pSS01 (B), (C) pSS01 (W-X), (D) pSindbis 49S (junction). Lanes: 1, standard viral RNA; 2, rRNA from BHK; 3,
DI-2 RNA; 4, DI-3p7 RNA; 5, DI-3p16 RNA; 6, DI-4 RNA; 7 4-5S RNA from CEF.

The homologous segment in Semliki Forest virus is present
once in one of the DI clones and three times in a second
clone (16). This sequence lies between nucleotides 155 and
205 in Sindbis virus 49S RNA. The probe we were able to
obtain extended from nucleotides 130 to 270 of the virion
RNA. It is likely that the region of the four DI RNAs
detected with this probe included the 51-nucleotide con-

served segment. The strict conservation of this region in all
standard and DI RNAs would be consistent with an essential
role for this sequence in alphavirus RNA replication. These
3' and 5' conserved sequences were the only regions of
nucleotide sequence homology we detected between the
Sindbis virus-derived DI RNA and the DI RNAs derived
from Semliki Forest virus (16). It was not surprising to find
some regions of homology, which may be the regions
important in specific recognition for RNA replication, since
DI particles derived from either Sindbis or Semliki Forest
virus are capable of interfering with the heterologous stan-
dard virus (42).
Two other conserved regions are the 21 nucleotides span-

ning the start of the 26S RNA (21) and the extreme 5'
terminus (23). The former region may be recognized in the
full-length negative strand for the initiation of the transcrip-
tion of 26S RNA (21). This sequence was not present in
those Sindbis virus DI RNAs we tested including the DI-3
RNA from passage 7, which represented one of the earliest

and largest DI RNAs we have detected. The conserved
junction region was also not found in either of the two
Semliki Forest virus DI cDNA clones (16). The absence of
this junction sequence supports the proposal that it is one of
the first regions deleted in the formation of alphavirus DI
RNAs (34). The deletion of this region could provide a
selective advantage for a DI RNA, the negative strand of
which would serve only as a template for replication and not
for transcription of a subgenomic mRNA.
The 5' termini of alphaviruses are not as highly conserved

as the three regions described above, although several of the
5' sequences can be arranged in similar secondary structures
(23). The 5' termini of DI RNAs are distinct from those of the
standard viruses. Pettersson found that the 5' termini of DI
RNAs from Semliki Forest virus are heterogeneous (26). Our
previous results showing that nucleotides 10 to 75 of a

tRNAASP are at the 5' terminus of two Sindbis virus Dl
RNAs not only established that the standard 5' end was not
essential for replication of the RNA, but also raised the
possibility that this tRNA may be involved in the replication
of Sindbis virus RNA (19). Our blot analysis of several other
DI RNAs shows that the presence of tRNAASP is a common
feature in DI RNAs of Sindbis virus generated in CEF but
did not occur during generation of two different DI RNA
populations in BHK cells. Furthermore, tRNA sequences
were not found in the DI-3 RNA species which had accumu-
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lated by passage 7. They were present, however, on all of the
DI RNAs isolated after nine additional passages.
The probable initiation site for Sindbis virus nonstructural

protein synthesis is located at nucleotides 60 to 62 in the 49S
RNA (23). This site lies within region B of SS01 RNA. There
is, however, in SS01 RNA a single-nucleotide deletion
within the 22nd codon which shifts the reading frame and
results in two tandem termination codons. Two Semliki
Forest virus DI clones also retain the putative initiation
codon, but both contain frameshifts leading to truncated
peptides 17 or 131 residues long (16). The lack of significant
translation of DI RNAs could be a factor in providing them
with a selective advantage. The 49S RNA molecules must be
divided between translation and replication, whereas the DI
RNAs would be involved only in the latter process.
The generation of alphavirus DI RNA molecules must

involve a complex series of events. The first alphavirus DI
RNAs generated are larger than those which accumulate
later (8, 34; and Fig. 3), and the 18 to 20S DI RNAs which
eventually become the predominant species contain repeats
and rearrangements of standard sequences (16; Fig. 2B).
There is also evidence that continued evolution can lead to
DI RNAs with an increased size due to further duplications
of the repeated sequences (9). Thus, there may be selection
for molecules in which certain regions are present in multiple
copies. With the availability of cDNA clones and appropri-
ate expression vectors it should be possible to construct
specific DI molecules and identify precisely the sequence
and structural requirements for alphavirus RNA replication
and packaging. This type of analysis may provide insight into
why the peculiar structures of the alphavirus DI RNAs give
them a selective replicative advantage.
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