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Abstract

Both ends of the alphavirus genomic RNA are potentially important in its
replication. The region preceding and including the 5'-end of the subgenomic 26S
RNA in genomic RNA might also be involved in 26S RNA transcription. Sequences
of these regions of up to 10 alphaviruses were determined by using strategies including
enzymatie, chain-termination and eDNA sequencing methods.

Comparison of the nucleotide sequences reveals three highly conserved sequences.
The first conserved sequence is 19 nucleotides in length and is located at the extreme
3'-end next to the poly(A) tail. The second conserved sequence, which is 21 nucleotides
in length, precedes the 5'-end of 26S RNA and includes the first two nucleotides
of it. The third conserved sequence is 51 nucleotides in length and is located at
a position of about 130 to 150 nucleotides from the 5'-end, depending on the virus.
The last conserved sequence in all alphaviruses examined is eapable of forming two
stable hairpin structures and could also base-pair stably with the 3'-terminal sequences
to cyclize genomic RNAs. Besides these three conserved sequences, a highly conserved
stem and loop structure could also be formed at the extreme 5'-end of genomic RNA.

Defective interfering (DI) RNAs of alphaviruses are mutated genomic RNAs
which often contain deleted, repeated and translocated sequences, but yet retain
all elements essential for their replication. By studying the sequence organization
of alphavirus DI RNAs, and the 3'-terminal sequences of the genomic RNAs of two
alphavirus variants and their replication, the importance of these conserved sequences
and secondary structures in alphavirus replication are discussed.

Both the 3'- and 5'-terminal sequences of several alphavirus 26S RNAs were
also determined. Results show that 26S and genomiec RNAs are coterminal. Together
with the results previously published, the total length of the 26S RNAs of two alpha-
viruses, Sindbis virus and Semliki Forest virus, were determined to be 4102 and 4074

nucleotides, respectively.
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The NHZ- and COOH-terminal sequences of the precursors of nonstructural
proteins (translated from genomic RNA) and structural proteins (translated from
26S RNA) of several alphaviruses were deduced from the nucleotide sequences
determined. The initiation codons of most alphavirus genomic and 26S RNAs are
preceded by the sequence CANN. To determine the importance of these tetranucleotides,
their sequences in 65 eucaryotic mRNAs were surveyed. Results show that the sequence
distribution of these tetranucleotides are non-random and they might be involved
in initiation of translation.

The 3'-noncoding regions of alphavirus genomic RNAs contain AU rich sequences.
Sequence organization in the 3'-noncoding regions is similar to those in alphavirus
DI RNAs. Mechanisms for the generation of these sequence rearrangements are

discussed.
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Chapter 1

Replication of alphavirus RNAs



Alphaviruses which belong to the family Togaviridae comprise about 20 species
of viruses (Table 1). Transmitted by insect vectors many of them can cause severe
epidemic diseases in man and equine animals (Porterfield, 1980).

Matured alphavirus particle is enveloped in a lipid bilayer. This lipid envelope
which is acquired from the host cell membrane through the budding process is found
associated with two to three species of virus-specific glycoproteins. Inside this
envelope there is the nucleocapsid which is composed of a single-stranded genomie
RNA of plus polarity and about 300 molecules of capsid proteins (for review see
Strauss and Strauss, 1977). The genomic RNA, which has a molecular weight of
4.0-4.5 x 106 daltons and a sedimentation coefficient of 49S, is infectious as naked
RNA (Wecker, 1959). After entering the host cell, the genomic 49S RNA serves
as the message for translating a large precursor polypeptide which is subsequently
cleaved to several nonstructural proteins required for RNA synthesis. Four stable
nonstructural proteins in the order of ns70-ns86-ns78-ns60 (Lachmi and Kaariainen,
1976) and three stable nonstructural proteins in the order of ns60-ns89-ns82 (Brzeski
and Kennedy, 1977) have been identified in Semliki Forest virus (SFV) and Sindbis
virus (SIN) infected cells, respectively. SFV and SIN are the two best studied alpha-
viruses. Most of the complementation experiments have been done with SIN and
four complementation groups, A, B, F and G, have been assigned to its temperature-
sensitive (ts) mutants which show an RNA-negative phenotype at the nonpermissive
temperature (Strauss and Strauss, 1980). It has been suggested that ns60 and ns89
found in SIN infected cells, are the gene products of G and A, respectively (Fuller
and Marcus, 1980).

The genomic 49S RNA as well as a subgenomic 26S RNA are the two major
species of RNAs found in alphavirus-infected cells (Simmons and Strauss, 1974a).
The latter, which is coterminal with 49S RNA (Ou et al., 1981; also Chapter 2, this

thesis) and contains the 3'-one-third of the sequence information of it (Simmons



Table 1. The Alphavirusesa

Abbreviation used in this

Subgroup Virus thesis
EEE Eastern equine encephalitis EEE
WEE Western equine encephalitis WEE
Highlands J° HJ
Sindbis SV or SIN
Middleburg MBV
Fort Morgan
Whataroa
Aura
Ndumu
VEE Venezuelan equine encephalitis VEE
Semliki Forest SFV
Ross River RRV

Bijou Bridge
Everglades
Mueambo
Pixuna
Chikungunya
O'nyong-nyong
Bebaru

Getah
Sagiyama
Mayaro

Una

a. This Table is modified from Porterfield (1980).

b. Highlands J virus was originally not listed on the Table. Its classification is

according to the report of Trent and Grant (1980).



and Strauss, 1972a; Kennedy, 1976), is the message for structural proteins (Simmons
and Strauss, 1974b; Garoff et al., 1980a; Garoff et al., 1980b; Rice and Strauss,
1981). As for most eucaryotic mRNAs, both 49S and 26S RNAs are capped at their
5'-termini (Hsu-Chen and Dubin, 1976) and polyadenylated at their 3'-termini (Sawicki
and Gomatos, 1976; Frey and Strauss, 1978). The size of the poly(A) ranges from
40 to 200 nucleotides and has a mean length of about 70 nucleotides (Frey and
Strauss, 1978).

When alphaviruses are propagated at high multiplicities, defective interfering
(DI) particles are generated. DI particles are unable to propagate alone, but in the
presence of helper viruses (which are usually their parental or closely-related viruses),
they can often replicate and interfere with the replication of those viruses (Stollar,
1980). DI RNAs often contain deleted, repeated and translocated sequences (Soderlund
et al., 1981; Monroe et al, 1982) but yet retain all elements essential for their replication.
For this reason DI RNAs are useful tools for studying the replication of alphavirus

RNAs.

Replication Forms of Alphavirus RNAs

Besides 49S and 26S RNAs, a multi-stranded RNA (replicative intermediate, RI)
can also be isolated from alphavirus-infected cells (Simmons and Strauss, 1972b;
Segal and Sreevalsan, 1974; Martin and Burke, 1974; Sawicki and Gomatos, 1976).
Digesting the single-stranded tails of RI with ribonucleases releases three double-
stranded RNA cores which are called RF I, RF II and RF III (Simmons and Strauss,
1972b; Martin et al., 1979). Hybridization-competition experiments showed that
RF I and RF III contain the complements of 49S and 26S RNAs, respectively, and
RF II contains the complement of the non-26S RNA region of 49S RNA. It was
postulated that RF I is derived from an RI engaged in 49S RNA synthesis (RIa) and
RF II and RF III are derived from another RI engaged in 26S RNA synthesis (RIb)

(Simmons and Strauss, 1972b). This hypothesis predicts that the complement of



49S RNA (minus-stranded RNA) is the same template for transeribing both 498
and 26S RNAs. The fact that RF I can be isolated directly from infected cells, but
RF III cannot, greatly supports this hypothesis (Segal and Sreevalsan, 1974; Martin
et al., 1979).

Because of the finding of RF II it was proposed that the synthesis of 49S
and 26S RNAs could begin simultaneously on the same template and certain eontrol
function(s) associated with RIb prevent the transcription of 49S RNA reading into
26S RNA region. This control function(s) is reversible and thus could convert RIb
into RIa for 49S RNA transecription (Strauss and Strauss, 1977). Alternatively, it
seems possible that 49S RNA transeription is actually controlled at the level of
initiation and thus, once a template is used for 26S RNA transecription no 49S RNA
transeription could be initiated on this template. This would require that 49S RNA
anneal to RIb during the RNA isolation processes to explain why RF II is generated
when the RNA isolated is treated with ribonucleases. Such a mechanism could also
explain why the time required for labeling RF II is mueh longer than those of RF I
and RF III in vivo (Simmons and Strauss, 1972b), because labels can be incorporated
directly into RI which are the precursors of RF I and RF III, but labeling RF II would
depend on the amount of 49S RNA labeled in infected cells, which requires a certain

length of time to reach its equilibrium state.

Transcription Initiation of Minus-Stranded RNA

Comparative studies of the 3'-terminal sequences of several alphavirus genomic
RNAs revealed a highly conserved sequence 19 nucleotides in length which is located
at the extreme 3'-end next to the poly(A) tail (Ou et al., 1981; Ou et al., 1982b;
also Chapters 2 and 3, this thesis). This sequence is also conserved in DI RNAs (Monroe
et al., 1982; Lehtovaara et al., 1981; also Chapter 4, this thesis) and thus might

be the replicase recognition site for minus-stranded RNA replication. Evidence



supporting the involvement of this conserved sequence in minus-stranded RNA synthesis
comes from studying the replication of a Sindbis variant, SIN-16. SIN-16 was isolated
from a persistently infected BHK cell line 16 months postinfection with SIN (Weiss

and Schlesinger, 1981), The replication of SIN-16 is not interfered with by DI particles
derived from wild-type SIN. Cell cultures coinfected with SIN-16 and DI particles
show no DI RNA synthesis. Studying the 3'-terminal sequence of SIN-16 genomic

RNA revealed a single-base substitution in the 3'-highly conserved region (Monroe

et al., 1982; also Chapter 4, this thesis). These results suggest that SIN-16 has an
altered replicase which recognizes the new 3'-conserved sequence and thus does

not replicate DI RNAs.

A simple recognition signal at the 3'-end of genomic RNA for synthesizing
minus-stranded RNA, however, cannot explain two observations: first, 26S RNA,
which has the 3'-terminal sequence of the genomic RNA, is apparently not used
as the template for minus-stranded RNA synthesis; and second, SIN-1, a variant
isolated from the same BHK cell line as that of SIN-16 one month postinfection
(Weiss and Schlesinger, 1981), has the parental 3'-conserved sequence in its genome,
but is somewhat resistant to the interference of DI particles (Monroe et al., 1981;
also Chapter 4, this thesis). The simplest explanation of these two observations
is that the replication of the minus-stranded RNA involves other non-26S RNA sequences.
The genomic RNAs of SIN and SFV are able to form similar eircular structures (Hsu
et al., 1973; Frey et al., 1979). Because serological experiments (Porterfield, 1980)
and nuecleotide sequence studies (Ou et al., 1982b; also Chapter 3, this thesis) suggest
that SIN and SFV are distally related alphaviruses, this circular structure is probably
conserved in all alphavirus genomie RNAs and might be important in alphavirus
replication. It is conceivable that cyclizing the RN A molecule could bring the non-26S
RNA sequence close to the 3'-end and enable the replicase to also recognize it and

initiate minus-stranded RN A synthesis. Sequences which could be involved in



cyclization have been located in the genomiec RNAs of several alphaviruses: the
3'-end sequences involved in base-pairing are located at about 240 nucleotides from
the poly(A) tails, and the 5'-end sequences involved are either partly or completely
located within a highly conserved sequence which is 51 nucleotides in length and
is located at about 145 nuecleotides from the 5'-end (Chapter 5, this thesis). These
conserved 51 nucleotides could be the non-26S RNA sequence involved in minus-
stranded RNA synthesis. Note that although the 3'—-end sequence potentially involved
in forming circles has been deleted in an SFV DI RNA, the conserved 51 nuecleotides
have been rearranged to a position about 190-250 nucleotides from the poly(A) tail
(Lehtovaara et al., 1981). However, if this highly conserved 5'-end sequence is involved
in minus-stranded RNA synthesis, its translocation would result in a different con-
figuration of the two sequences which are recognized by the replicase.

Poly(U) tracts with a size range similar to that of poly(A) are found at the
5'-end of minus-stranded RNA (Sawicki and Gomatos, 1976; Frey and Strauss, 1978)
and thus it is possible that once the replicase recognizes the 3'- and 5'-conserved
sequences, the transeription of the minus-stranded RNA starts from the first nucleotide

at the 3'-end of genomic 49S RNA.

Termination of Minus-Stranded RNA Synthesis in Infected Cells

The synthesis of minus-stranded RNA ceases at about 3-4 hours postinfection
(Bruton and Kennedy, 1975; Sawicki and Sawicki, 1980). 26S RNA is transcribed
at a faster rate than is 49S RNA. The molar ratio of newly synthesized 26S RNA
to 49S RNA is about 9 in SIN infected cells at the time when the rate of plus-stranded
RNA synthesis is constant (Sawicki et al., 1981b). For this reason a conceivable
mechanism for the cessation of minus-strand synthesis is that 26S RNA, which has
the same 3'-conserved sequence as that of 49S RNA (the template for minus-stranded
RNA transeription), might function as a competitive inhibitor and shut off minus-

stranded RNA synthesis.



Functions associated with the A gene are required for termination of minus-
stranded RNA syntheis (Sawicki et al., 1981b). Because the A gene is required for
26S RNA transeription (Keranen and Kaariainen, 1979), it is possible that mutations
in the A gene reduce the amount of 26S RNA transcribed and enable minus-stranded
RNA synthesis to continue. Polymerase activities involved in alphavirus RNA synthesis
have been found associated with certain cytopathic vacuoles (Grimley et al., 1972).
From pulse-labeling experiments it has been observed that plus-stranded RNAs are
first synthesized at these vacuoles and then transported to the rough endoplasmic
reticulum for protein translation or encapsidation (Friedman et al., 1972). It is thus
likely that only those 26S RNAs which are still associated with these cytopathie
vacuoles could be actively involved in terminating minus-stranded RNA synthesis.
This could explain why upon shifting a SIN ts mutant belonging to the complementation
group A to the nonpermissive temperature at 12 hours postinfection, when large
amounts of 26S RNA have accumulated in infected cells, minus-stranded RNA synthesis
can still resume (Sawicki et al., 1981b). Most of the plus-stranded RNA synthesized
could have been transported away from these cytopathic vacuoles, and termination
of 26S RNA synthesis would immediately change the ratio of 26S to 49S RNAs associated
with these vacuoles and lead to a resumption of minus-stranded RNA synthesis.
A detailed description of the nonstructural genes required for alphavirus RNA synthesis

will be discussed later.

Transcription Initiation of Genomic RNA
Comparative studies of the 5'-terminal sequences of several alphavirus genomic
RNAs reveals a highly conserved stem and loop structure at the extreme 5'-end,
next to the cap structure (Chapter 6, this thesis). Except for an additional G at
the 3'-end, the 3'-terminal sequence of SFV minus-stranded RNA has been shown

complementary to the 5'-end of its genomic RNA (Wengler et al., 1979). Because



of the sequence complementarity similar stem and loop structures would also be
present at the 3'-ends of minus-stranded RNAs. The position of this structure suggests
that it might be the replicase recognition signal for controlling the genomic 49S
RNA transeription.

Because no complete 5'-terminal sequences of alphavirus DI RNAs have yet
been published, it is not clear whether this stem and loop structure is conserved
in them or not. However, a common, modified 5'-terminal sequence which might
affect the configuration of the stem and loop structure has been found at the 5'-ends
of a group of SIN DI RNAs (Chapter 6, this thesis). Heterogeneous 5'-terminal sequences
are also found at the 5-ends of a group of SFV DI RNAs (Pettersson, 1981). How
these modifications are generated is not clear at this time; however, because similar
kinds of sequence modifications are not found in genomic RNAs, there must be certain
selection pressures against them. It is conceivable that an unmodified 5'-terminal
sequence is required for the translation of nonstructural proteins. Alternatively,
as discussed above, there might be certain control functions associated with RIb
which prevent the initiation of 49S RNA transcription, and an unmodified 5'-terminal
sequence might be involved in funetions such as these which are not required for

DI RNA replication.

Transcription Initiation of 26S RNA

Comparative sequence studies also revealed a highly conserved sequence which
is about 21 nucleotides in length (Ou et al., 1982a; also Chapter 5, this thesis). This
sequence precedes the 5'-end of 26S RNA and includes the first two nucleotides
of it. (For simplicity this sequence will be referred to as the junetion sequence.)
The location of this junction sequence again suggests that its complement in the
minus-strand might be the initiation site for 26S RNA transcription. In contrast

to the conserved sequences required for minus-stranded RNA synthesis deseribed
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above, this junetion sequence has been deleted in an SFV DI RNA (Lehtovaara et

alo, 1981)0

Polyadenylation of Plus-Stranded RNAs

Because poly(U) tracts are present at the 5'-ends of alphavirus minus-stranded
RNAs, it is coneeivable that poly(A) of both 49S and 26S RNAs are transeribed directly
from the template. However, poly(A) tails of the genomic RNAs of SIN (Frey and
Strauss, 1978) and poliovirus (Spector and Baltimore, 1974), another plus-stranded
RNA virus, if removed can be regenerated during virus replication, and thus poly-
adenylation could also be a post-transcriptional event. AU-rich sequences are found
at the 3'-ends of the genomiec RNAs of alphaViruses (Ou et al., 1981; Ou et al., 1982b;
also Chapters 2 and 4, this thesis) and poliovirus (Racaniello and Baltimore, 1981).
The consensus polyadenylation signal, AAUAAA, of most eucaryotic mRNAs (Proudfoot
and Brownlee, 1976) is absent in the genomic RNAs of these viruses, and instead
these AU-rich sequences might be their polyadenylation signals. AU-rich sequences
serving as polyadenylation signals have also been proposed for two minus-stranded
RNA viruses, influenza virus (Robertsan et al., 1981) and vesicular stomatitis virus
(Schubert and Lazzarini, 1981).

Poly(A) has been thought important in stabilizing mRNAs (Revel and Groner,
1978). The conservation of poly(A) and AU-rich sequences in DI RNAs (Lehtovaara
et al., 1981; Monroe et al., 1982; also Chapter 4, this thesis) suggests that they are

important in alphavirus replication.

Nonstructural Genes Required for RNA Synthesis

We have proposed that the three distinet recognition signals deseribed above
are involved in synthesizing minus-stranded RNA, genomic 49S RNA and 26S RNA.
This would require at least three replicases (or replicases with at least three different

functional recognition sites). As mentioned above, four genes, A, B, F and G, are
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required for alphavirus RNA synthesis. It is possible that the gene produects of three
of them are RNA polymerases (or initiation factors) which recognize the three different
recognition signals. Ts-mutants of complementation group A are unable to synthesize
26S RNA at the nonpermissive temperature, but can continue the synthesis of minus-
stranded and genomic RNAs (Keranen and Kaariainen, 1979). This suggests that

the gene product of A cisfron could be the replicase (or initiation factor) which
recognizes the complement of the conserved junction sequence required for 26S

RNA synthesis. The only ts-mutant, ts-11 of SIN, assigned to the complementation
group B is unable to synthesize minus-stranded RNA at the nonpermissive temperature
(Sawicki et al., 1981a) and thus the gene product of B cistron might be the replicase
(or initiation factor) which recognizes both 3'- and 5'-conserved sequences required

for minus-stranded RNA synthesis. Three SIN ts-mutants, ts-7, ts-18 and ts-134

have been identified belonging to the complementation group G (Strauss and Strauss,
1980). The replication of these ts-mutants has not been studied in detail. It was
suggested that G cistron is also required for 26S RNA synthesis (Keranen and Kaariainen,
1979). Alternatively, the gene product of G cistron might be the replicase (or the
initiation factor) which recognizes the stem and loop structure at the 3'-end of minus-
stranded RNA and is essential for genomic RNA synthesis. The mutant ts-6 belongs

to the last complementation group F. This mutant is unable to continue the synthesis
of all three RNA species when shifted to the nonpermissive temperature and does

not accumulate large precursors of nonstructural proteins (Keranen and Kaariainen,
1979; Sawicki et al., 1981a). This suggests that F-peptide is important for synthesizing

all three alphavirus RNAs and is most likely an elongation factor of the RNA polymerases.

Generation of DI RNAs
As discussed above DI RNAs of alphaviruses are aberrant genomic RNAs which
contain deleted, repeated and translocated sequences. Similar kinds of sequence

rearrangements are also found at the 3'-noncoding regions of genomic RNAs where
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evolutionary constraints are less prominent (Ou et al., 1982b; also Chapter 3, this
thesis). It is conceivable that the generation of these sequence rearrangements

is due to improper copying of the template RNA by the replicase during RNA replica-
tion. A possible mechanism for generating DI RNAs is shown in Figure 1: jumping

over a secondary structure would delete a sequence (Figure 1a); if this "jumping"
occeurs inside a loop structure, repeated sequence would be generated (Figure 1b);
several independent events of deletions and duplications could translocate sequences
(Figure 1e). A second hypothesis is that of a template-switeching mechanism in which
the polymerases are able to switeh templates during RNA transeription. Such a
mechanism has been proposed for the generation of the DI RNAs of minus-stranded
RNA viruses (Lazzarini et al., 1981), and it is possible that a similar kind of mechanism
could be responsible for generating alphavirus DI RNAs. To investigate the possibilities
of these mechanisms, sequences which have been deleted from DI RNAs were examined.
Interestingly, sequences at the ends of deletions are often capable of forming stable
hairpin structures (Figures 2a and 2b). In addition, a deletion of 21 nucleotides,

which code for a string of seven amino acids has been found in the 26S RNA of a
mutant of Ross River virus (RRV), another alphavirus (Dalgarno et al., personal -
communication) and these 21 nuecleotides could also form a stable hairpin structure
(Figure 2c). These three observations suggest a jump-over mechanism. The structure
in Figure 2d, on the contrary, suggests a template-switching mechanism: the 3'-
terminal sequence of an SFV DI RNA is identical to that of its genomiec RNA for

106 nucleotides (excluding the poly(A) tail) (Lehtovaara et al., 1981). The DI RNA
sequence then diverges into non-26S RNA sequence (a deletion of more than 4000
nucleotides). Nucleotides 107-138 of the genomic RNA could form a stable hairpin
structure (Figure 2d). This observation suggests that secondary structures might
impede the process of RNA transcription and result in the translocation of the replicase

to another position of the template. An alternative explanation which involves
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Figure 1. Possible Models for Generating Alphavirus DI RN As

(a) Jump-over a hairpin structure would generate a deletion. (b) Cireling around
inside a hairpin loop would generate repeated sequences. (c¢) Several independent
events of duplication and deletion would generate translocated sequences. Dash-

lined arrows indicate sequences being deleted.
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Figure 2. Possible Hairpin Structures Involved in Generating Deletions

Shaded regions indicate the sequences of DI RNAs or the RRV mutant. Numbers
give either the size of the hairpin loop or the position of the nucleotide from poly(A)
tail. (a) SIN DI RNA (Monroe et al., 1982; also Chapter 4, this thesis). (b) SFV DI
RNA (Lehtovaara et al., 1981). Sequence not shaded indicates the 60-nucleotide
"insert" of one of the repeated sequences. (c) Sequence of an RRV mutant (see text).

(d) SFV DI RNA (Lehtovaara et al., 1981).
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multiple jump-over events to generate the sequence organization of this DI RNA, how-
ever, cannot be ruled out.

Repeated sequences in the 3'-noncoding regions of different genomic RNAs
were also examined. Most of the repeats show certain degrees of sequence variation
(Ou et al., 1982b; also Chapter 3, this thesis). This suggests that they were generated
some time ago and subsequent evolution results in their sequence divergence. The
repeats of Middelburg virus (MBV), however, are identical in sequences and the genera-
tion of them could be a recent event. Sequence organization of MBYV repeats is
illustrated in Figure 3A(e): there are two large tandem repeats, and inside €ach
large repeat there is also a set of small tandem repeats. According to the "jumping"
model ancestral sequences flanking either small (Figure 3A(a) and (b), circles) or
large (Figure 3A(e) and (d), crosses) repeats would be able to base-pair stably. As
predicted, stable base-pairings formed by these sequences were found (Figure 3B).

It has been found that sequences preceding repeated sequences in the 3'-noncoding
regions of genomic RN As often resemble the 3'-conserved sequences (Ou et al.,
1982b; also Chapter 3, this thesis). It is conceivable that for either jumping or template-

switching mechanism, these sequences are the preferential reinitiation sites of replicases.

Conelusion

After infecting host cellé, alphavirus genomic RNA is released into the eytoplasm
and translated into possibly four nonstructural proteins required for RNA synthesis.
This genomic 49S RNA then serves as the template for transeribing a minus-stranded
RNA which is again the template for transcribing more 49S as well as 26S RNAs.
The discovery of three different potential replicase recognition signals gives clues
as to how alphaviruses regulate their RNA synthesis.

From complementation experiments, four genes have been found to be required

for alphavirus RNA synthesis. The A and B genes are probably initiation factors
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Figure 3. The Generation of MBV Repeats

A. Processes for generating MBV repeats. Circles indicate the sequences which

could base-pair stably and generate small repeats. Crosses indicate the complementary
sequences involved in generating large repeats. B. (a) The hairpin structure of the
ancestral sequence as shown in A(b) for generating small repeats. (b) The hairpin
structure of the ancestral sequence as shown in A(d) for generating large repeats.

Sequences resembling the 3'-highly conserved sequence are underlined.



19

LAl

9 3 g
NONYANY ™~ 090-+2

wt

ol O

<3<<D wuo.lm 3<o<<:<<now.|n
Du . 2 n n
q "D
el — - ===~} P ————~ f-———-}-o foe < e
v £ /S \& £
N
Qm \—4/ .U
ll llllll jm———— e -Px & "x G |*‘n_lllll e Lae
£ S W%. . /S v
8/



20

for transcribing 26S and minus-stranded RNAs, respectively. The F gene is required
for synthesizing all three RNA species and is probably an elongation factor. The
role of G gene is unclear; however, it is possible that it is the initiation factor for
transeribing 49S RNA.

Mechanism for generating alphavirus DI RNAs could be very complicated and
might involve many factors. It has been suggested that host factors might be involved
in alphavirus RNA replication (Kowal and Stollar, 1981) and thus, they might also
be involved in DI RNA generation. How host factors participate in alphavirus RNA
replication is not clear at this moment and more experimental results would be required

to answer this question.
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The 3’-termini of 26 S RN A of Sindbis virus and of the virion 49 S RN As of Sindbis virus,
Semliki Forest virus, and Middelburg virus have been sequenced by using a chain-termi-
nating sequencing method with reverse transcriptase. Both 49 S and 26 S RNAs of Sindbis
virus have identical 3'-terminal sequence for at least 146 nucleotides from the poly(A) tracts.
The 26 S RNA is known to be a subgenomic RNA located at or near the 3’-end of 49 S RNA;
our present results indicate that 26 S and 49 S RNA are coterminal. The 49 S RNAs of all
three viruses contain a region of 20 nucleotides adjacent to the poly(A) which is highly con-
served. This conserved sequence could be the replicase recognition site and/or a recognition
site for encapsidation. After this conserved region the sequences of Sindbis and of Semliki
Forest virus diverge significantly but there does appear to be some residual sequence
homology in these regions. The 3'-termini of Sindbis virus and Semliki Forest virus RNAs
contain a high content of A and U; of the first 50 nucleotides adjacent to the poly(A) tail over
half are U and over one quarter are A. In addition repeating sequences are present in the

3'-termini.

INTRODUCTION

Sindbis virus, Semliki Forest virus (SFV),
and Middelburg virus all belong to the Toga-
virus family (for review see Strauss and
Strauss, 1977). They cross-react serologi-
cally in complementation-fixation assays
(Casals and Clarke, 1965) and their strue-
tural proteins have similar amino acid com-
positions (Bell et al., 1979). Two major
species of messenger RNAs, 49 S RNA and
26 S RNA, are found in Sindbis- or SFV-

- infected cells. The 49 S RNA (4.5 x 10°
daltons) is the genomic RNA and serves as
mRNA for viral nonstructural proteins. The
26 S RNA (1.6 x 10° daltons) has about
one-third the molecular weight of 49 SRNA
and encodes the three structural proteins of
the virus (Simmons and Strauss, 1972, 1974).
Both 49 S and 26 S RNA contain a stretch
of polyadenylic acid [poly(A)] at their 8’-end
(Frey and Strauss, 1978).

The results of hybridization-competition
experiments with Sindbis RNAs showed
that 26 S RNA is a subgenomic RNA con-

! To whom reprint requests should be addressed.
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taining one-third of the base sequences of
49 S RNA (Simmons and Strauss, 1972).
Results with SFV RNAs have shown that
26 S RNA is located at or near the 3'-end of

49 S RNA (Kennedy, 1976; Wengler and

Wengler, 1976).

In this paper we describe the use of the
chain-terminating sequencing method de-
veloped by Sanger et al. (1977) to sequence
the 3'-termini of Sindbis, Semliki Forest,
and Middelburg virion RN As and of Sindbis
26 S RNA.

MATERIALS AND METHODS

Materials and enzymes. Triphosphates,
primers, and T4 polynucleotide kinase were
purchased from PL Biochemicals, Inc.
Bacterial alkaline phosphatase was pur-
chased from Bethesda Research Labs, Inc.,
and oligo(dT)-cellulose from Collaborative
Research, Ine. [*H]Uridine was from New
England Nuclear, [a-*2P]deoxyribonucleo-
side triphosphates (400 Ci/mmol) from
Amersham Searle, and [y-3*Pladenosine tri-
phosphate (>5000 Ci/mmol) was from ICN.
Reverse transcriptase from avian myelo-

0042-6822/81/040281-09$02.00/0
Copyright © 1981 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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blastosis virus was obtained from the
Division of Cancer Cause and Prevention,
National Cancer Institute.

Growth of viruses and preparation of
virion RNAs. Sindbis virus was grown in
primary cultures of chick embryo fibroblasts
at 37° in medium containing low salt fol-
lowed by harvest in high salt, and purified
by velocity and isopyenic centrifugation, as
previously described (Frey et al., 1979).
SFV was grown and harvested in regular
salt Eagle’s medium (Eagle, 1959) at 37°,
precipitated in 8% polyethylene glycol, re-
suspended in 0.2 M NaCl, 0.001 M EDTA,
0.05 M Tris, pH 7.4 (Pierceet al., 1974), and
purified by velocity and isopyenic sedimen-
tation as above. Middelburg virus was
grown in regular salt Eagle’s medium at 30°,
harvested at 24 hr postinfection, and then
precipitated and purified as for SFV.

The purified virus was pelleted by centrif-
ugation at 50 K rpm for 3 hr in an SW 50.1
rotor and resuspended in 0.01 M Tris, pH
7.4, containing 1 mM EDTA, 60 mM NaCl,
and 1% SDS. Virion RNAs were extracted
with phenol/chloroform using the method of
Hsu et al. (1973) and precipitated with 2.5
vol of ethanol in 0.2 M sodium acetate at —70°.

Purification of Sindbis virus 26 S RNA.
Chick monolayers were infected with Sind-
bis virus at 37° and 5 to 7 hr postinfection the
cells were lysed with hypertonic buffer (0.5
M NaCl, 15 mm MgCl,, 5 mm EGTA, 50 mM
PIPES, pH 6.5) containing 1% Nonidet P40.
The nuclei were removed by centrifugation
at 660 g for 5 min. SDS was added to the
supernatant to a final concentration of 1%
and the cytoplasmic lysate extracted im-
mediately with phenol/chloroform. The
RNA was precipitated with ethanol, resus-
pended in 0.2% SDS, heated to 56° for 10
min, and ribosomal RNA removed by two
cycles of oligo(dT)-cellulose chromatogra-
phy. RN A was loaded on an oligo(dT)-cellu-
lose column in 0.2 M NaCl, 0.01 M EDTA,
0.01 M Tris, pH 7.4, 0.2% SDS, and the
poly(A)-containing RNA eluted with 0.2%
SDS, essentially as previously deseribed
(Frey and Strauss, 1978). The RNA prepa-
ration was resuspended in 0.01 M NaCl, 1 mM
EDTA, 0.01 M Tris, pH 7.4, 0.2% SDS, and
sedimented through a 15-30% sucrose
gradient in the same buffer at 23° and 40 K
rpm in the SW40 rotor for 6.5 hr. The peak
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of 26 S RNA was pooled, ethanol precipi-
tated, resuspended in sterile H,0, and kept
at —70°.

Purification of primers. As reported ear-
lier (Zimmern and Kaesberg, 1978), the
commerecially available primers were usually
contaminated with other oligonucleotides
and it was necessary to purify the primer
before use. Primers p(dT),rG and p(dT),rA
were first treated with alkali (0.1 N NaOH)
at 56° for 1 hr to ensure that only one ribo-
nucleotide was present on the 3’-end. One
microgram of primer thus treated was de-
phosphorylated with 5 units of alkaline
phosphatase in 0.05 M Tris (pH 8.3) for 30
min at 37°, phenol/chloroform extracted,
and lyophilized, followed by end-labeling
with 100 pmol of [y-32P]ATP and 5 units of
T4 kinase at 37° for 30 min in 0.1 M Tris
(pH 7.4) containing 16 mM 2-mercaptoeth-
anol and 10 mMm MgCl,. The resulting prod-
ucts were separated on a 0.4-mm-thick, 15%
acrylamide gel (acrylamide:bisacrylamide,
ratio 20:1). The gel was radioautographed
and the major band cut out and eluted with
distilled water at 37° with constant shaking.
Alkali-treated, nonlabeled primers were
purified by electrophoresis on another gel
using 1000 cpm of the purified labeled primer
as a marker. The radioactive band on the
gel, located by autoradiography using pre-
flashed film and an intensifier screen at
—T70°, was cut out and eluted with H,O as
described above. The labeling and purifica-
tion of the oligonucleotide p(dT),, was essen-
tially the same, except that the alkali treat-
ment was omitted.

Preparation of the template/primer mix-
tures. Eight micrograms of virion RNA or
3 g of Sindbis 26 S RNA were mixed with
0.5 ug of purified primer in a total of 9 ul
H,0 and the mixture heated to 56° for 5 min
in order to disrupt the secondary structures
of the RN As and to allow better association
of primers and templates. Template/primer
mixtures were then chilled to 0° and 1 ul of
0.8 M KCl was added to each mixture.
Mixtures were stored at —70° for sub-
sequent use.

Determination of the first few nucleotides
adjacent to the poly(A). In our preliminary
experiments it was found very difficult to
determine the first few nucleotides with the
chain-terminating sequencing method. This
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seems to be a common phenomenon (Both
and Air, 1979; McGeoch and Turnbull, 1978;
Symons, 1979). Therefore, an alternative
approach for sequencing the first few nucle-
otides was necessary. Details of these reac-
tions are described under Results and in the
legends of Figs. 1 and 2.

Dideoxy sequencing of the 3'-termini of
virus RNAs. The 3'-termini of the viral
RNAs were sequenced using the dideoxy
technique developed by Sanger et al. (1977).
Transcription with reverse transcriptase
was initiated specifically at the 3'-end by
using the primer p(dT),rG. Specific termi-
nation of the cDNA chain was obtained by
including one of the four dideoxynucleoside
triphosphates in each of four parallel reac-
tions. The products of these reactions were
separated by size on acrylamide gels, basi-
cally as described by Sanger and Coulson
(1978). Details are given in the figure
legends.

For the determination of the sequence of
the first 15 nucleotides, a deoxy to dideoxy
ratio of 1:5 was used. Higher concentrations
of deoxynucleotides usually caused non-
specific bands to appear in all four lanes and
therefore gave ambiguous results. For the
determination of the sequences from 15 to
100 nucleotides, a ratio of 5:1 or 10:1 was
used. For sequences more than 100 nucleo-
tides in length, a 10:1 ratio was found to be
best. The concentrations of dGTP, dCTP,
dTTP were 10 uM and the concentration of
[32P]dATP was 1 uM (specific activity = 400
Ci/mmol) in all reactions except those with a
ratio of 1:5, where the concentration of all
four deoxyribonucleoside triphosphates
was 1 uM (and the concentration of the cor-
responding dideoxyribonucleoside triphos-
phates was 5 uMm).

All reaction mixtures were in 50 mM Tris,
pH 8.3, 8 mMm MgCl;, 0.4 mM dithiothreitol,
50 mM KCl, in a final volume of 10 ul. Reac-
tions were started by the addition of 1 ul
template/primer mix and 2.1 units of reverse
transcriptase. All reactions were carried
out at 0° for 20 min followed by 1 hr at 37°.
One microliter of a solution which was 0.5
mM in each deoxynucleoside triphosphate
was then added to each reaction and they
were incubated for an additional 20 min at
37° in order to chase nascent chains. Reac-
tions were stopped by adding 5 ul of 10 M
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urea/dye mix followed by boiling at 100° for
2 min and loaded onto gels. All the sequenc-
ing gels used in our experiments were 0.4
mm in thickness (Sanger and Coulson, 1978).

RESULTS

The First Nucleotide Adjacent to the
Poly(A) of Sindbis RNAs

The most convenient way to determine
the first nucleotide adjacent to the poly(A)
at the end of the RNAs is to use [a-2P]-
dATP, [a-**P]dGTP, or [a-*?P]dCTP indi-
vidually, as the only triphosphate in the re-
verse transcriptase assay, using an oligo-
(dT) primer. One of these reaction mixtures,
that containing the deoxynucleoside tri-
phosphate complementary to the first nucle-
otide in the RN A, will produce a new elec-
trophoretic band consisting of the primer
which has been elongated by one (or more)
nucleotides.

It had been previously reported that after
complete digestion with RNase T1 which
cleaves specifically after guanosine, a stretch
of pyrimidines is still associated with the
poly(A) of either 49 S RNA or 26 S RNA of
Sindbis virus (Frey and Strauss, 1978). Thus,
the first non-A nucleotide on the 3'-end of
these RNAs is a pyrimidine. With this in
mind, we used [ a-**P]dATP or [ a-*P]dGTP
as the only nucleoside triphosphate in the
reaction using 49 S RNA as template and
found that deoxyguanosine was incorporated
into the primer p(dT),, (Fig. 1, lanes 2 and 3),
indicating that the first nucleoside in the tem-
plate is cytosine. This result was confirmed
by the finding that p(dT),rG was a good
primer (see below), whereas p(dT).rA was
a poor primer (data not shown). Lanes 4 and
5 of Fig. 1 are controls containing both
dATP and dGTP; one deoxynucleotide is
labeled (as in lanes 2 and 3) but the reaction
also contains a 10-fold excess of the other
(unlabeled) deoxynucleotide.

The Sequence of the First Few Nucleotides
Adjacent to Poly(A) at the 3'-Termini
of Sindbis Virus RNAs

As shown in lane 2 of Fig 2 for 26 S RNA
and in lane 6 of Fig 1 for 49 S RNA, when
[a-?P]dATP was used as the only deoxy-
nucleoside triphosphate in the reverse
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8 9 10 1 12 13 14

dATP" dGTP* JATP* JGTP" dATF" dATF" dare* dATF doTP* doTe* dGTP" doTP
+ +

dGTP dATP

32p(dThg

dGTP dTTP «T’P

+
dATP dTTP “J'

Chald drTe

32p(dT)yrG

F1G. 1. The determination of the first few nucleotides adjacent to the poly(A) of Sindbis 49 S RNA.
All reactions were in a final volume of 10 ul of 50 mM Tris, pH 8.3, 8 mM MgCl,, 0.4 mM dithiothreitol,
50 mM KCl, and contained 1 ul of template/primer mix (prepared as described under Materials and
Methods). After adding 2.1 units of reverse transcriptase the mixture was incubated at 0° for 20 min
followed by incubation at 37° for another 20 min. Reactions were stopped by adding urea/dye mix fol-
lowed by boiling for 2 min. Samples were chilled on ice and then loaded on a 0.4-mm-thick 15% acryla-
mide gel (acrylamide/bisacrylamide = 20/1). Primers used in lanes 2-5 were p(dT),, and in lanes 6-13
p(dT),rG. Lane 1: #*P(dT),o. Lane 2: 10 pmol of [a-**P]dATP was used as the only triphosphate in the
reaction. Lane 3: 10 pmol of [a-**P]dGTP was used as the only triphosphate. Lane 4: 10 pmol [a-*?P]-
dATP plus 10 uM dGTP. Lane 5: 10 pmol [a-**P]dGTP plus 10 uM dATP. Lane 6: 10 pmol of [a-*2P]-
dATP only. Lane 7: 10 pmol [a-*2P]JdATP plus 10 uM dGTP. Lane 8: 10 pmol [a-*P]dATP plus 10 uM
dTTP. Lane 9: 10 pmol [a-*?P]dATP plus 10 uM each of dGTP and dTTP. Lane 10: 10 pmol [a-**P]-
dGTP only. Lane 11: 10 pmol [a-**P]dGTP plus 10 uM dATP. Lane 12: 10 pmol [a-**P]dGTP plus 10 uM
dTTP. Lane 13: 10 pmol [a-**P]dGTP plus 10 uM each of dATP and dTTP. Lane 14: 3P-(dT),rG. Arrow

of lane 3 denotes the specific oligonucleotide synthesized in this reaction.

transcriptase reaction with p(dT).rG as the
primer, bands one, two, and three nucleo-
tides longer than the primer were observed.
This indicates that the first four nucleotides
adjacent to the poly(A) in the templates are
3'-C-U-~-U-U-5". If the [a-**P]dATP was
supplemented with dGTP in the reactions,
no other bands appeared (Fig. 1, lane 7, and
Fig. 2, lane 3). However, when dTTP was
used with [a-*3P]dATP an extra band could
be seen (Fig. 1, lane 8 and Fig. 2, lane 4).
These results indicated that the fifth nucleo-
tide in the template is A. Since the longest
oligonucleotide synthesized under these
conditions is only four nucleotides longer
than the primer, the sixth nucleotide thus
must either be C or G in the template. We
found it to be C by including dGTP together
with [a-*?P]JdATP and dTTP as triphos-

phates in the reaction (Fig. 1, lane 9, and
Fig. 2, lane 5). A band 12 nucleotides longer
than the primer was observed, as deter-
mined by comparing its position with those
of the bands in lane 9 of Fig. 2. Thus, the
sequence of the first six nucleotides adja-
cent to the poly(A) is poly(A)-C-U-U-
U-A-C and the 14th nucleotide is G. This s
true for both 49 S and 26 S RNAs.

8'-Terminal Sequences of Sindbis RNAs,
SFV 49 S RNA, and Middelburg RNA

The remaining sequence data was ob-
tained using the dideoxy chain termination
method of Sanger et al. (1977). Figure 3
shows representative gels from the se-
quencing experiments with Sindbis RN As;,
and Fig. 4 gives the sequence derived from
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FIG. 2. The determination of the first few nucleotides adjacent to the poly(A) of Sindbis 26 S RNA.
Experiments shown in lanes 25 were similar in design to those of Fig. 1 (lanes 6-9), with p(dT),rG as
the primer. Lane 1: *2P-(dT),rG standard. Lane 2: 10 pmol of [a-*2P]dATP only. Lane 3: 10 pmol [a-*2P]-
dATP plus 10 uM dGTP. Lane 4: 10 pmol of [a-**P]dATP plus 10 uM dTTP. Lane 5: 10 pmol of [a-**P]-
dATP plus 10 uM each of dGTP and dTTP. The experiments shown in lanes 6-9 are dideoxy sequencing
of the 8'-terminus of Sindbis 26 S RN A with a deoxy:dideoxy ration of 1:5, and p(dT),rG as the primer.
The dideoxynucleotide used in the reaction in lane 6 was A, in lane 7 dideoxy T was used, in lane 8 di-
deoxy G and dideoxy C was used in lane 9. Acrylamide concentrations were the same as for Fig. 1.

it. Only a single sequence is shown since we
found the 3'-terminal sequences from 26 S
RNA and 49 S RNA to be identical.

In Fig. 5 representative data for SFV
49 S RNA is shown, and in Fig. 6 the se-
quences of the 3'-termini of SFV, Middel-
burg and Sindbis are presented together,
and have been aligned to maximize possible
sequence homology.

Several features of these sequence data
should be noted. The first is the presence of
anomalies in the polymerase reaction itself.
The sequence for the 49 S SFV RNA cannot
be determined beyond nucleotide 104 be-
cause at that point there is a very strong
stop and the reverse transecriptase reaction
terminates (see Fig. 5). There is little or no
readthrough under our conditions. A similar
stop, but not nearly as complete, occurs in
the Sindbis 49 S or 26 S RNA near nucleo-

tide 145. There are similar ambiguities at
positions 62, 79, 82 of Sindbis RNA, where
bands appear in all four lanes of the electro-
phereogram. We believe these ambiguities
are caused by regions of tight secondary
structure through which the reverse tran-
seriptase has difficulties reading. Increasing
the triphosphate concentration during the
transcriptase reaction and increasing the
running temperature of the gel help in re-
solving some, but not all, of these ambigui-
ties. Following the ambiguity at position 62,
we note that a hairpin structure can be
formed, since nucleotides 63 to 68 are com-
plementary to nucleotides 78 to 83, and of
the six pairs of hydrogen bonds which can be
formed, five are GC. :

Another type of anomaly is presented by
Middelburg virus RNA after nucleotide 21.
Following this, bands appear in all four lanes



33

286

Age TG 24C

ATGOC

OU, STRAUSS, AND STRAUSS

j 140

130

120

‘110

-100

: -40

-80

F1G. 8. Dideoxy sequencing of Sindbis virus RN As. The concentrations of dGTP, dCTP, and dTTP
were 10 uM in all reactions, the concentration of [a-**P]dATP was 1 uM (specific activity = 400 Ci/
mmol), and the deoxy to dideoxy ratio was 10:1. The primer used was p(dT),rG. The acrylamide gels
used were 8% acrylamide (acrylamide/bisacrylamide = 20/1) and 0.4 mm in thickness. Both 49 S RNA
and 26 S RNA showed the same results and only part of the data is shown. The left set of results was
obtained with 26 S RNA and the two sets on the right with 49 S RNA. The dideoxy nucleotide in each

reaction is identified above the appropriate lane.

of the gel for about 30 nucleotides. The rea-
sons for this are unclear, but it could be
also related to the secondary structure of
the RNA. Attempts to modify the reaction
conditions so as to obtain the sequence of
this region have so far been unsuccesful. We
are continuing to study this problem.
There are three sets of repeating se-
quences at the 3'-end of Sindbis virus
mRNAs, located at positions 29-37 and
41-49, 36-42 and 90-96, and positions
50-56 and 71-77 (Fig. 4). Repeating se-
quences are also present in SFV RNA: U-
A-A-U-U-G-G and U-U-U-U-A re-
peat three times and A-A-U-U-G-G
repeats four times. Repeating sequences
also have been observed in the 3'-termini of

other mRNAs, such as chicken ovalbumin
mRNA (McReynoldset al., 1978) and N pro-
tein mRNA of vesicular stomatitis virus
(McGeoch and Turnbull, 1978). The signifi-
cance of these repeating sequences in alpha-
virus RNAs is not known.

Seven nonsense codons are present, rep-
resenting all three reading frames in the
sequenced regions of both Sindbis and SF'V
RNA. These are indicated with numbered
brackets in Fig. 4 for Sindbis and are listed
in the figure legend to Fig. 6, for SF'V.

DISCUSSION

Two major species of virus specific
mRNA are produced in cells infected with
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FI1G. 4. 3'-Terminal sequences of Sindbis virus RNAs. Both 49 S RNA and 26 S RNA gave the same
results and the sequence therefore is for both RNAs. Repeating sequences are underlined. Numbers
above termination codons denote their reading frames. .

the alphaviruses: 49 S RNA, which is iden-
tical to the virion RNA, and 26 S RNA (for
review see Strauss and Strauss, 1977). The
former serves as messenger for the non-
structural proteins of the virus, the latter
for the structural proteins. The 26 S RNA
is known to be a subgenomic RNA which
contains base sequences of the 3’ one-third
of 49 S RNA. The results shown here, that
the 3'-terminal sequences of 26 S and 49 S
RNA are identical, clearly demonstrate
that the two RNAs are coterminal.

The RNAs of the three viruses examined
contain a highly conserved sequence of
about 20 nucleotides adjacent to the poly(A)
(Fig. 6). There are but three base changes
between positions 1 and 20 of Sindbis and
positions 2 to 20 of SF'V (counting a deletion

as a single change). Positions 1 to 19 of SFV_

are identical to positions 1 to 17 of Middel-
burg with the deletion of two U’s in the
latter. This conservation implies an impor-
tant function for this region. Two obvious
possibilities are that it contains sequences
involved in RN A replication or in packaging
of the RNA into nucleocapsids.

After this conserved region, the se-
quences of Sindbis and of SFV diverge sig-
nificantly, although there does appear to be
significant homology. The evolutionary con-
straints on this region, which appears to be
noncoding (see below), are thus not as
marked. An attempt has been made in Fig. 6
to align the sequences on the basis of appar-
ent homology and aligning nonsense codons
and stops. Although the alignment is some-
what arbitrary, there appear to be numer-
ous deletions in the SFV sequence when
compared to the Sindbis sequence.

The 3'-terminal sequences of the three
alphavirus RN As examined show a striking

feature in that of the first nucleotides after
the poly(A) 56% are U and 30% are A in the
case of Sindbis (A + U = 86%), while 54%
are U and 26% are A in SFV RNA (A +
U = 80%). A + U rich regions were also
observed at the 3’-termini of the N protein
mRNA of vesicular stomatitis virus (Me-
Geoch et al., 1980), cow pea mosaic virus
RNAs (Davies et al., 1979), picornavirus

AT GC

A TG C

-70

.40

-30

F1G. 5. Dideoxy-sequencing of Semliki Forest virus
49 S RNA. Methods are as in Fig. 3.
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F1G. 6. Comparison of the 3'-terminal sequences of alphavirus RNAs. RNA sequences are aligned to
maximize sequence homology. The most highly conserved sequences at the 3’ end of the RNA are
bracketed. The very high A + U regions of Sindbis and SFV RNAs are underlined. Note that termina-
tion codons are present in SFV RNA at the following locations: 43-45, 55-57, and 61-63 (frame 1),
87-89 (frame 2), and 8-10, 77-79, and 95-97 (frame 3). Termination codons in Sindbis RN A are noted

in Fig. 4.

(Porter and Fellner, 1978), and chicken ov-
albumin mRNA (McReynolds et al., 1978),
although their A + U contents are not as
high as in alphavirus RNAs. In the N pro-
tein mRNA of vesicular stomatitis virus the
A + U rich region was thought to contain
signals for termination of transcription and
polyadenylation of the mRNA (McGeoch
and Turnbull, 1978). In the case of alpha-
viruses the poly(A) tract appears to be tran-
scribed from poly(U) in the minus strand
(Frey and Strauss, 1978; Sawicki and
Gomatos, 1976). However, the poly(A) of
poliovirus (Spector and Baltimore, 1974),
and Sindbis virus (Frey and Strauss, 1978),
if removed is regenerated and thus signals
for poly(A) addition may be present. The
sequence A-A-U-A-A-A, which was
thought to be common to the 3’-termini of
eucaryotic mRNAs (Proudfoot and Brown-
lee, 1976), is not present in the mRNAs of
Sindbis or SFV. It is also noteworthy that
nucleotides 14 through 54 of Sindbis RNA
comprise a single T1 oligonucleotide of 41
residues.

The region from the poly(A) to nucleotides
146 (Sindbis) or 104 (SFV) contains numer-
ous nonsense codons present in all three
reading frames, implying that this region is
not translated. In addition, C. Rice in our
laboratory has sequenced most of the 26 S

RNA region encoding E1, the most distal
protein known to be encoded in this RNA.
His data indicate that the termination codon
for E1 is about 320 nucleotides removed
from the poly(A). Thus, this entire region
appears to be devoted to control functions.
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Abstraet

We have compared the 3' terminal noncoding sequences of the RNAs from
10 alphaviruses and found this region to be composed of distinet domains in terms
of base composition, degree of sequence conservation, and sequence organization.
The first 50-60 nucleotides adjacent to the 3'-terminal poly(A) tract are extremely
AU rich (up to 90% A+U). Of these, the first 19 nucleotides are highly conserved,
and we postulate that this conserved sequence serves as a replicase recognition
signal. For strains of Venezuelan, Western, and Eastern equine encephalitis viruses,
Highlands J virus and Sindbis virus, only the 6th nucleotide of this sequence shows
any variation. This conserved region is slightly more variable for Semliki Forest
virus and Middelburg virus. The remainder of the AU rich region shows only limited
homology among viruses and may contain signals for polyadenylation. Upstream
from the AU rich domain, between 60 and 300 nucleotides from the poly(A) tract,
there are repeated sequences in each viral RNA. These repeats are up to 60 nucleotides
in length and can be either tandemly or nontandemly arranged. The repeated sequences
show considerable conservation among closely related viruses, in contrast to the

nonrepeated sequences in this region which contain little homology.
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1. Introduction

The alphavirus group of the family Togaviridae is comprised of viruses which
infect both invertebrates and vertebrates, and many of them are pathogenic for
man (Strauss & Strauss, 1977). The genome of the alphaviruses consists of a single-
stranded RNA which has a molecular weight of about 4.2x106 daltons. After infection
of the host cell, this RNA serves as the messenger for nonstructural proteins involved
in viral RNA replication (Kennedy, 1980). A minus-stranded RNA is then transeribed
which serves as the template for production of genomic RNA as well as a subgenomie
RNA called 26S RNA. The latter is the messenger for the virus structural proteins.

We have reported previously the sequence of the 150 nucleotides at the 3'
terminus of both the genomic and subgenomiec RNAs of Sindbis virus (HR strain)
and showed that they are coterminal (Ou et al., 1981). We have also reported the
sequence of the 3'-terminal 100 nucleotides of Semliki Forest virus (SFV) and the
3'-terminal 20 nucleotides of Middelburg virus genomic RNAs (Ou et al., 1981).
In this paper we extend these observations to the genomiec RNAs of several additional
alphaviruses, including two strains of Eastern equine encephalitis virus (EEE), Western
equine encephalitis virus (WEE), Highlands J virus, and two strains of Venezuelan
equine encephalitis virus (VEE). Improved techniques have allowed us to determine
up to 350 nucleotides of 3'-terminal sequence for WEE and more than 250 nucleotides

for EEE and Highlands J viruses.

2. Materials and Methods

The procedures for determining the 3'-termini of alphavirus RNAs were the
same as described (Ou et al., 1981) with several modifications. First, concentrations
of nucleosi.de triphosphates were raised five-fold. These higher concentrations greatly
reduced the number of non-specific bands and enabled us to determine longer sequences.

Second, 80 em long gels with 6% acrylamide were used to determine sequences longer
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than 30 nucleotides (Smith & Calvo, 1980). (Sequences shorter than 30 nucleotides
were determined on a 40 em, 15% gel as before.) Third, the concentration of both
the electrode and gel buffers were doubled. This enabled us to run gels at higher
temperature and reduce the compression of bands (Maxam & Gilbert, 1980).
Semliki Forest virus (SFV) and Middelburg virus were grown and purified as
previously described (Ou et al., 1981). Sindbis virus wild-type strain was isolated
in the same way as Semliki Forest Virus (Ou et al., 1981). Preparation of the other
viruses was according to the methods of Trent (Trent et al., 1979; Trent & Grant,

1980). Isolation of the virion RNAs was as previously described (Ou et al., 1981).

3. Results

The 3'-terminal sequences of the genomic RNAs of the various alphaviruses
were obtained by a chain terminating method (Sanger et al., 1977), using reverse
transcriptase (provided by the Division of Cancer Cause and Prevention, National
Cancer Institute) with (dT),rG as a primer (Ou et al., 1981). This primer is inefficient
in comparison to poly(dT), but gives a specific start point, and sufficient radioactivity

32

can be incorporated using o-"“P-ATP to develop the sequence ladder in a reasonable

time. The sequences obtained are shown in Fig. 1, and have been confirmed at least

once in independent sequencing experiments. All sequences in this and other figures
are shown as the RNA sequence and given from 3' to 5'. In all cases numbering of

the nucleotides is also 3' to 5' and begins with the first nucleotide adjacent to the
poly(A) tract. From 130 to 350 nucleotides of sequence have been obtained depending
upon the virus. Reverse transeription is template dependent in our experiments,

and a good template like WEE RNA gave readable sequence data for more than 350
nucleotides. For VEE RNA the sequence ladder became faint after 130 nucleotides.
We presume the differences have to do with secondary structure in the template.

As an example of this, nucleotides 105-141 of SFV RNA are able to form a stable
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Figure 1. The 3'-Terminal Sequences of Alphaviruses Genomic RNAs. The sequences

are read from left to right with a polarity of 3' to 5'. The first nucleotide shown

is immediately adjacent to the poly(A) tract. The Sindbis HR and SFV sequences

are from Ou et al. (1981), Rice & Strauss (1981a)and Garoff et al. (1980). The letter

N represents any of the four possible nucleotides, P represents either purine, and

S represents either G or C. EEE NA: Eastern equine encephalitis virus, North America
strain; EEE SA: Eastern equine encephalitis virus, South America strain; SIN HR:
Sindbis virus, HR strain; SIN WT: Sindbis virus wild-type (AR339 strain); WEE:

Western equine encephélitis virus; HJ: Highlands J virus; SFV: Semliki Forest virus;
MBV: Middelburg virus; VEE TC: Venezuelan equine encephalitis virus, TC-83 strain;

VEE TD: Venezuelan equine encephalitis virus, Trinidad donkey strain.
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hairpin strueture and reverse transeription through this region is very inefficient.
Only sequences that could be read with confidence are reported, and any ambiguities
in the sequence ladder are given in Fig. 1 using the appropriate ambiguous symbols.

The North American and South American isolates of EEE, which are very closely
related, are shown first, in Fig. 1, and these RNAs begin to diverge at nucleotide
38. Thereafter there is considerable divergence in sequence with homologous regions
interspersed (also see below). The next two viruses are the HR and wild-type strains
of Sindbis, which were separated in the laboratory some 15 years ago (Burge & Pfefferkorn,
1966). These RNAs are identical over the region sequenced (226 nucleotides for
wild-type). The next two viruses are the closely related WEE and Highlands J virus
(Trent & Grant, 1980). These viruses diverge at nucleotide 24.

The data for SFV consist of 104 nucleotides obtained by dideoxy sequencing
together with the data of Garoff et al. (1980) obtained by chemical sequencing of
cloned ¢cDNA. Our data agree with those of Garoff et al. (1980) except for a single
nucleotide change at position 66. The SFV sequence and that of Middelburg virus
RNA, which has been extended to 167 nucleotides, are quite distinet from the other
viruses except for the conserved 3'-terminal sequence desecribed below.

Finally, 133 nucleotides have been sequenced in the virulent Trinidad donkey
strain of VEE and the avirulent vaccine strain TC83 derived from it (Trent et al.,
1979). The two sequences are identical with the single exception that a U at position
55 of the Trinidad donkey strain has been deleted in the vaccine strain.

The sequences of the first 40 nucleotides adjacent to the poly(A) tract of these
viruses are compared to the EEE sequence in Fig. 2. There is a striking conservation
of the first 19 nucleotides. For all of the viruses except SFV and Middelburg, only
position 6 shows any variability. SFV contains 2 changes in this region, and Middelburg
has 5 changes (counting deletions as single changes); these last two viruses show
a strong resemblance to one another in this region (also see below). The striking
conservation of this region indicates that the precise sequence is important for virus

replication.
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Figure 2. Comparison of the First 40 Nucleotides at the 3'-End of Alphavirus RNAs.

Sequences are shown from 3' to 5' reading from left to right and begin with the first
nucleotide adjacent to the poly(A) tract. Abbreviations are defined in the legend
to Figure 1. Since the first 40 nucleotides of the two VEE strains are identical,
they are presented together. This is also true for the two strains of Sindbis virus.

The highly conserved sequences are boxed. A space represents a deletion.
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Following this conserved region there is an area of the genome where all of
the viruses have sequences rich in A and U but not otherwise conserved. The fraction
of A and U in the first 50 nucleotides 5' to the poly(A) tract for these alphaviruses
and for two unrelated viruses is shown in Table 1; the AU content is quite striking.
Such AU rieh regions may function as signals for polyadenylation (McGeoch & Turnbull,
1978).

Following the conserved 3' terminus, the various sequences appear quite divergent,
even among closely related viruses (Fig. 1). The region shown in Figure 1 is almost
entirely noncoding and the evolutionary constraints on sequence divergence appear
less than in the coding region (Rice & Strauss, 1981b; also see below). For Sindbis,
the coding region begins at nucleotide 319 (Rice & Strauss, 1981a), whereas for SFV
it begins at nucleotide 265 (Garoff et al., 1980). We have examined the translated
sequence of all the other viruses in all 3 reading frames, looking for homology to
the carboxy terminus of the E1 glycoprotein of Sindbis and SFV (the last protein
encoded in the RNA). From such homology we have determined that the coding
region of WEE RNA begins at nucleotide 301, and that E1 of WEE terminates with
two arginine residues as do the Els of both Sindbis and SFV. From this analysis
we believe that for the other viruses shown in Figure 1 the coding region has not
been entered. Note in this regard that the EEE (South American strain) sequence
extends for 332 nucleotides and its 3'-untranslated region is apparently longer than
that of Sindbis, WEE, or SFV.

In order to visualize the relationships of the sequences to one another, a computer
matrix was generated and is shown in Figure 3. Each sequence was searched for
homology against itself (where homologies indicate repeated sequences) and against
all of the other viral 3'-terminal sequences from Figure 1; a dot was put in the matrix
whenever 6 out of the 7 nucleotides being compared were identical. The solid diagonal

line results from the file being compared with itself (100% homology). Diagonal
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Table 1: Percentages of Adenosine and Uridine

in the 3'-Terminal 50 Nucleotides

VIRUS® A’ Ug° (aru) P
WEE 22%  68%  90%
EEE NA 26%  64%  90%
EEE SA 24%  62%  86%
HJ 26%  60%  86%
SIN 56%  30%  86%
SFV 26%  54%  80%
VEE TC 16%  64%  80%
VEE TD 16%  64%  80%
MBV 26%  36%  62%
cmv® 32%  34%  66%
vsvd 36%  36%  72%

8 Abbreviations as in the legend to Figure 1 except as otherwise noted.

bPercent of A, of U, or of A+U in the 50 nucleotides immediately

adjacent to the poly(A) tract.

CCowpea mosaic virus (Davies et al., 1979). Percentages shown are
the average of M and B RNAs.

dVesieular stomatitis virus (MeGeoch & Turnbull, 1978). Percentages
are calculated from N-protein mRNA of Indiana serotype strain.
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Figure 3. Computer-Plotted Dot Matrix. A file was generated which contained

all of the sequences of Figure 1 (but containing only one strain of VEE and one of
Sindbis since the two strains in the two cases have identical or virtually identical
sequences) separated by short spacers. The file was then searched against itself
with a program in which the search file was progressively shifted by one nucleotide
relative to the test file; a dot was placed in the matrix whenever 6 of a string of

7 nucleotides being examined were identical. In this way each virus RNA sequence
was tested against itself (triangular areas along the diagonal) and against every
other viral RNA sequence (retangular areas where two RNA sequences intersect).
Diagonal lines represent identical or homologous sequences. Note that sequences
which are shared by two or more viruses are usually repeated in one or more viruses.
The conserved 20 nucleotides at the 3' terminus are visible in each pattern; the
cluster of dots in the shape of a square just after this is due to the AU rich region
generating many matches. Nucleotides progress from 3' to 5' reading from left to
right or from up to down. Tick marks are present every 10 nucleotides. Only the
lower left half of the complete search is shown since the upper right half is a mirror

image.
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lines below and to the left represent repeated sequences within an RNA (if the RNA
is being tested against itself) or a sequence shared between RNAs (when an RNA

is tested against another RNA). Broken lines indicate the sequence is highly homologous
but not identical. Several points emerge from an examination of this figure. First,
repeated sequences are found in every virus RNA, but the number of repeats and
length of the repeats varies with each virus. Second, most sequences that are shared
by two or more viruses (excluding the 20 nucleotide conserved sequence at the 3'-
terminus) are also repeated within one or more viruses. Third, by comparing the
length and number of the diagonal lines which indicate homology within the various
boxes the relatedness of the viruses is apparent (based on this noncoding region).
Thus the twd strains of EEE show long broken diagonal stretches when compared
with one another, indicating they are closely related. These two viruses also show

a few scattered sequences in common with Sindbis, WEE, and Highlands J viruses.
These last 3 viruses show homologies in several repeated segments, indicating they
are related. SFV shows little homology to any of the other viruses. The sequence
data for Middelburg and VEE are limited, but little apparent homology to any of the
other viruses is evident at this level of analysis.

The repeated sequences are examined in more detail in Figure 4. A second
computer search program was used to examine the RNA sequences of Figure 1 for
homologous or repeated sequences, and all such sequences of 15 nuecleotides or greater
are shown aligned to maximize homology. The top line shows a sequence of about
60 nucleotides which is present as a tandem repeat in WEE RNA (from nucleotides
177 to 234 and from 235 to 296) with only a few differences in the two copies of
this sequence. The same sequence, again with minor changes, is present three times
in Sindbis RNA, in this case as nontandem repeats (Fig. 4). One copy of a somewhat
shortened version of this sequence is also present in Highlands J RNA and in the

two strains of EEE RNA. In all cases the single copy of this sequence or one of
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Figure 4. Repeating Sequences of Alphavirus RNAs. Repeating sequences were

found with a computer search program and aligned to show maximal homology.

In each of the 6 series of sequences the sequence in the first line is given in full,

and each of the other sequences of that series is compared with it. If the nucleotide

is the same as on the first line, only a dash is shown; otherwise the different nucleo-
tide is given. Spaces in a sequence represent deletions (or additions in the corresponding
regions of other sequences). Sequences at the beginning of a repeat which are homolo-
gous to parts of the conserved 20-nucleotide-sequence at the 3'-terminus are boxed

with dotted or dashed lines. GC rich sequences following a repeat are boxed with

solid lines. Sequences read 3' to 5' from left to right. The numbers indicate the

first and last nucleotide shown in a sequence, numbering from 3' to 5' beginning

with the first nucleotide adjacent to the poly(A) tract.
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the multiple copies starts about 240 nucleotides from the poly(A) tail. The sequences
of Middelburg RNA and VEE RNA do not extend far enough to determine whether

this sequence is also present in these viruses. It is clearly not present in SFV RNA,
but there is a repeated sequence in this RNA, one copy of which begins at nucleotide
233 (Figure 4).

Next shown in Fig. 4 is a sequence of about 50 nucleotides in EEE (NA) RNA
whieh is repeated once in almost its entirety and also repeated in part three more
times in this RNA. Parts of this sequence are found six times in EEE (SA). Note
that the first three times this sequence occurs in EEE (SA) it forms a set of tandem
repeats which are highly conserved among themselves. The central region of this
highly repeated sequence is homologous to parts of the WEE-repeated sequence
discussed above (Fig. 4; also see below).

There is a second sequence in WEE RNA, abdut 60 nucleotides long, which
is found twice as a tandem repeat (Fig. 4). Large portions of this repeated sequence
are also found twice in Highlands J RNA (Fig. 4) but not in other virus RNAs. Note
that in Highlands J RNA parts of this repeat have been translocated relative to
the WEE sequence.

Next shown in Fig. 4 is a repeated sequence of about 30 nucleotides in SFV
RNA, one copy of which begins at nucleotide 233 as discussed above. Below this
is shown a sequence in VEE RNA which is tandemly repeated (Fig. 4). Finally, there
is a long (45 nuecleotide) tandem repeat in Middelburg RNA. The Middelburg repeat
appears to be identical, suggesting that the generation of this repeat is a recent
event. Note also that within this long tandem repeat are shorter tandem repeats

(positions 77-89 and 90-102 are repeats, as are 124-136 and 137-149).

4. Discussion

We undertook a comparative study of the 3'-terminal sequences of alphaviruses

for two reasons. First, conservation of sequences is an important clue in determining



55

the function of a region and its importance in the virus life eyele. Second, a com-
parative study of these viruses is important in our understanding of the evolutionary
pressures operating on the alphaviruses and of their relatedness to one another.

The overall organization of the 3'-terminal noncoding regions of alphavirus
RNAs is schematically represented in Figure 5. The major features include the
conserved 19 nucleotide sequence next to the poly(A) tract, the A + U rich segment
which ecomprises the 50-60 nucleotides immediately adjacent to the poly(A) tract,
and the repeating sequence region which extends from nucleotide 50 or 60, numbering
from the poly(A), to the coding region.

We have examined representatives of several serologic subgroups of the alpha-
viruses. These are the EEE group, the VEE group, the WEE group, which also contain
Highlands J virus and Sindbis virus, and SFV which is sometimes grouped with VEE
(Porterfield, 1980) and sometimes with Chickungunya as a separate group (Theiler
& Downs, 1973). Very little has been done with Middelburg. It has been reported
to be more closely related to SFV than to Sindbis (Kokernot et al., 1957) but is also
placed at times in the WEE group (Porterfield, 1980). This grouping is based on
serologic cross reaction which measures primarily the relatedness of the virion glyco—
proteins. The results from the 3'-terminal sequences are in general agreement with
this grouping. We note that based on the conserved 19 nucleotide sequence SFV
and Middelburg appear related to one another and different from the other viruses.

The degree of sequence divergence in the 3'-terminal noncoding regions of
the various viruses is perhaps surprising. Even closely related strains show considerable
divergence, and at the extreme Sindbis and SFV show little sequence homology in
the 3'-noncoding region, even though they are 45% homologous at the amino acid
level in the three structural proteins (Rice & Strauss, 1981a). Thus the conserved

sequences found in the 3'-terminal noncoding region take on added significance.
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Figure 5. Schematic diagram of the organization of the 3'-terminal noncoding regions

of alphavirus RNAs. The organization of 26S RNA is shown for scale in the upper

part of the figure. The 3'-untranslated region is expanded in the lower part of the
figure. The figure is drawn to scale for Sindbis virus. Other alphavirus RNAs differ

in detail but contain the same general features.
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We have found a stretch of 19 nucleotides immediately adjacent to the poly(A)
tract whieh is very highly conserved. We hypothesize that this sequence forms a
replicase recognition site and the precise sequence of this region is required for
binding. We have recently observed that a variant of Sindbis virus which is no longer
interfered with by the parental defective interfering particles (Weiss & Schlesinger,
1981) has a single change within this conserved region (Monroe et al., 1981). One
interpretation of this result is that the variant has evolved a replicase whose recog-
nition sequence is slightly altered (by one nucleotide) and which is now able to recognize
the variant RNA for replication but not the defective interfering RNA.

It is of interest to note that even if this conserved 3'-terminal sequence is
a replicase binding site for production of minus strands, the replicase must also
interact with other sequences in the RNA, presumably found near the 5'-terminus
of 49S RNA. The rationale for this conclusion is that 26S RNA is not replicated
although it is the 3'-terminal one third of 49S RNA. The cyelization of 49S RNA
(Hsu et al., 1973; Frey et al., 1979) may be involved in this dual recognition phenomenon,
as it brings sequences at the 5' end of the RNA near to those at the 3' end, and could
allow the replicase to interact simultaneously with sequences at both ends. The
study of defective interfering particles should be useful in this regard, as such recognition
signals would be preserved. The recent findings that alphavirus DI RNAs do not
contain simple deletions but instead contain numerous sequence rearrangements
(Monroe et al., 1981; Lehtovaara et al., 1981) suggests a possible mechanism for
the enhanced replicative ability of these RNAs. If the 5' sequences recognized by
the replicase are relocated near the 3' end, the resulting molecule would always
be in a configuration to be replicated. On the other hand, initiation of minus strand
synthesis on 49S RNA would require that the molecule be cyclized.

We have also found a sequence which is conserved in large part among all the

members of the EEE and WEE groups, and in some cases is repeated in a viral RNA
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(Fig. 4). One copy (or the only copy) of this sequence begins about 240 nucleotides
from the 3'-terminal poly(A). This conservation of position as well as of sequence
implies an important function in the virus life cyecle. This function is unclear at
present, although it could be involved in eyeclization of the virus RNA (unpublished
observations). In any event, this sequence appears to be absent from the 3'-terminal
regions of RNAs from defective interfering particles of Sindbis virus (Monroe et
al., 1981), and thus RNA replication and packaging can apparently proceed without
this sequence.

The finding of long repeated sequences in the 3'-terminal noncoding region
was not expected. Moreover, except for the 19-nucleotide-conserved sequence at
the end, these repeated sequences represent the areas of greatest conservation between
the different alphaviruses. In an attempt to probe the origins of these repeated
sequences we have examined them in some detail (Fig. 4). They are often preceded
by short sequences which are homologous to a part of the conserved sequence at
the 3' end (dashed or dotted boxes in Fig. 4) and are often followed by GC rich sequences
(solid boxes in Fig. 4). In Table 2 we compare in more detail these boxed sequences
preceding the repeats with the corresponding homologous sequences found in the
19-nucleotide-conserved 3'-terminus. It has been proposed that template-switching
during replication is one of the mechanisms for generating the defective interferring
RNAs of minus-stranded RNA viruses (Lazzarini et al., 1981). We suggest that the
repeating sequences in the alphavirus RNAs could also be generated by a template-
switching mechanism, and that the short preceding sequences could encourage tem-
plate switching because of their homology to the normal replicase binding site at
the 3' end of the RNA. The presence of GC rich regions following a number of the
repeated sequences could also be of importance in their generation, by creating
areas of secondary structure difficult to read through by the replicase and encouraging

template switehing.
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Table 2: Comparison of the Sequences Preceding Repeated Sequences with
Homologous Regions of the 20 Nucleotide Conserved Sequence at

3'-terminus
Virus? Position of Preceding Sequence
Preceding Sequence Conserved Sequence
WEE 44-54 CUUAAAUAUUU
CUUUAAAAUUU
177-183 CGUAAUA
CUUUAAA
SIN 68-74 CGUAAUA
CUUUACA
EEE NA 50-55 ACA-UUU
AUAAUUU
EEE SA 59-65 AUA-UUUU
AUAAUUUU
HJ 61-66 AAUAUU
AAAAUU
85-89 AUUUU
AUUUU
SFV 185-192 CCAAUAUA
CCUUUAUA
MBYV 60-67 UUAGGUUA
UUUGGUUA
77-81 GGUUA
GGUUA

8 Abbreviations as in the legend to Figure 1.

bNucleotides are numbered from 3' to 5' beginning with the first nucleotide
adjacent to the poly(A) tract.

®The preceeding sequence boxed in Figure 4 is compared with a segment of
the 20 nucleotide conserved sequence at the 3'-terminus of the same virus.
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The lengths of the 3'-terminal noncoding regions (exclusive of the poly A tract)
are known for Sindbis virus (318 nueleotides), SFV (264 nucleotides), and WEE (300
nucleotides) and are all approximately the same size. It is possible that this region
undergoes frequent (in evolutionary terms) rearrangements through a series of sequence
duplication and deletions, resulting in the observed divergence in sequence. The
variability in size and sequence of the noncbding region would be limited by packaging
constraints and by the requirement that certain sequences be retained because they

have a funetion in replication.
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Sindbis virus generates defective interfering (DI) particles during serial high-
multiplicity passage in cultured cells. These DI particles inhibit the replication of
infectious virus and can be an important factor in the establishment and
maintenance of persistent infection in BHK cells. In an effort to understand how
these DI particles are generated and how they interfere with the replication of
standard virus, we performed a partial sequence analysis of the RNA obtained
from two independently isolated populations of DI particles and from two Sindbis
virus variants and compared these with the RNA of the parental wild-type virus.
The 3'-terminal regions of the RNAs were sequenced by the dideoxy chain
terminating method. Internal regions of the RNA were examined by restriction
endonuclease digestion of cDNA’s made to the various RNAs and by direct
chemical sequencing of 5’ end-labeled restriction fragments from cDNA made to
the DI RNAs. One of the variant viruses examined was originally derived from
cells persistently infected with Sindbis virus for 16 months and is resistant to
interference by the DI strains used. In the 3’-terminal region of the RNA from this
variant, only two base changes were found; one of these occurs in the 20-
nucleotide 3'-terminal sequence which is highly conserved among alphaviruses.
The DI RNA sequences were found to have been produced not by a single
deletional event, but by multiple deletion steps combined with sequence rear-
rangements; all sequences examined are derived from the plus strand of Sindbis
virion RNA. Both DI RNAs had at least 50 nucleotides of wild-type sequence
conserved at the 3’ terminus; in addition, they both contained conserved and
perhaps amplified sequences derived from the non-26S region of the genome

which may be of importance in their replication and interference ability.

Defective interfering (DI) particles are nonvia-
ble deletion mutants produced by serial high-
multiplicity passage of most viruses in cultured
cells. These particles are characterized by their
ability to interfere effectively with the replica-
tion of the homologous standard virus. The
mechanism by which deletions are generated
may vary for different viruses, but those se-
quences in the parental virus genome which are
essential for replication and packaging should be
conserved in the defective nucleic acids. To
develop an understanding of how DI particles
are generated and how they interfere with the
growth of infectious virus, it is necessary to
determine the sequence relationships between
the standard and DI genomes. Our laboratories
have had a long-standing interest in alphavirus
replication. There is now considerable informa-
tion available about the primary structure of the
RNAs from two alphaviruses, Sindbis virus (12,
14; J.-h. Ou and E. Strauss, unpublished data)
and Semliki Forest virus (3, 4), making it feasi-
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ble to begin to probe the sequences of the
nucleic acids from their DI particles.

The alphavirus genome is a single-strand 49S
RNA which is infectious and can be translated to
produce the nonstructural proteins involved in
RNA replication (17, 20). During the infection
cycle, intracellular full-length minus-strand
RNA is made and serves as a template for the
synthesis of progeny genome RNA and a 26S
mRNA. Both of these RNA products are capped
at the 5’ end and polyadenylated at the 3’ end.
The 26S RNA is the 3’ third of the genome and
codes for the virion structural proteins. Passag-
ing either Sindbis or Semliki Forest virus at high
multiplicity leads to the formation of DI particles
in which the RNA appears to undergo succes-
sive deletions until a limit size of 18 to 20S RNA
is reached (5, 19). On the basis of oligonucleo-
tide fingerprinting and nucleic acid hybridiza-
tions, a model for the structure of these DI
RNAs has been proposed in which 3’- and 5'-
terminal sequences of virion RNA are conserved
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and internal sequences of the genome are pro-
gressively deleted (6, 8). Recently, however
Pettersson reported that the S5'-terminal se-
quence of a limit size population of Semliki
Forest virus DI RNAs is heterogeneous and

different from the standard sequence (13). These

results suggest that the structure of alphavirus
DI RNAs may be more complex than had orig-
inally been thought.

Because of their ability to limit productive
infection, DI particles can be involved in the
establishment and maintenance of persistent vi-
ral infections in cultured cells (7). Weiss et al.
establishéed a line of BHK cells persistently
infected with Sindbis virus by infecting the cells
with a preparation of this virus containing a high
ratio of DI particles to standard virus (21). One
month after the persistent infection was estab-
lished the infectious virus [Sin-1(1)] released
from the infected cells was characterized as a
small-plaque, temperature-sensitive mutant
which was slightly less sensitive than the wild-
type virus to interference by the original DI
particles. Sixteen months after the persistently
infected cells were in culture, the infectious
virus [Sin-1(16)] cloned from these cells had
become resistant to interference by the original
DI particles (22). This phenotypic alteration
must reflect a specific change or changes in the
genome of the virion which prevent interference
from occurring.

In this report we describe the results obtained
by examining sequences of the RNA from two
independently isolated DI particle populations
of Sindbis virus and from the two variants
cloned from persistently infected cells.

MATERIALS AND METHODS

Materials. Deoxy- and dideoxyribonucleoside tri-
phosphates, primers, and T, polynucleotide kinase
were purchased from P-L Biochemicals, Inc. The
p(dT),rG primer was purified as described previously
(12). Bacterial alkaline phosphatase was purchased
from Bethesda Research Laboratories, Inc. Oligo(dT)-
cellulose was purchased from Collaborative Research,
Inc. [*Hluridine was purchased from New England
Nuclear, [a-32Pldeoxynucleoside triphosphates, from
Amersham Searle, and [y->*P]JATP from ICN. Restric-
tion enzymes were purchased from New England
Biolabs. Avian myeloblastosis virus reverse transcrip-
tase was a generous gift from J. W. Beard.

Isolation and purification of Sindbis virus RNAs. The
derivation of virus strains and DI particles is summa-
rized in Table 1. Virus preparations to be used for
RNA isolation were obtained by one-cycle infections
of secondary chicken embryo fibroblasts grown in
glass roller bottles. Virus particles released into the
medium were concentrated by centrifugation and puri
fied by sucrose gradient centrifugation. The RNA was
isolated by extraction with phenol and chloroform and
purified by oligo(dT)-cellulose chromatography (9).
The RNA from Sin-1(1) was also purified by velocity
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gradient centrifugation. All procedures were carried
out with aseptic techniques. Samples of the purified
RNA were analyzed by agarose gel electrophoresis
after denaturation with glyoxal (1). The RNAs isolated
from the two DI preparations were predominantly
mixtures of DI RNAs (Fig. 1) and are referred to as DI
RNA populations to reflect their heterogeneity. The
RNAs isolated from Sin-1(1) and Sin-1(16) comigrated
with wild-type Sindbis 49S RNA (Fig. 1).

Sequencing by dideoxy chain termination. The 3'-
terminal sequences of the viral RNAs were determined
by the dideoxy chain termination technique (16) with
the use of reverse transcriptase and the p(dT)rG
primer as described previously (12). The reactions
contained 50 mM Tris-hydrochloride, pH 8.3, 50 mM
KCl, 8 mM MgCl,, 0.4 mM dithiothreitol, 0.4 pmol of
RNA, and 0.1 pg of primer in 20 pl. cDNA synthesis
was initiated by the addition of 4 U of avian myeloblas-
tosis virus reverse transcriptase. The chain termi-
nation reactions contained 5 pM [a-*?PIdATP (400
Ci/mmol), 50 uM of the other three unlabeled deoxyri-
bonucleoside triphosphates, and 0.5 to 50 uM dideox-
yribonucleoside triphosphates. All reactions were in-
cubated for 20 min on ice followed by 1 h at 37°C and
were terminated by the addition of 10 ul of 10 M urea
containing 0.1 mM dATP and dyes. Samples were
heated for 2 min at 90°C, quickly cooled on ice, and
loaded onto thin sequencing gels (15).

Synthesis of cDNA. We followed the methods de-
scribed by Rice and Strauss (14a). Briefly, cDNA was
synthesized in reactions containing: Tris-hydrochlo-
ride, pH 8.3, 50 mM; KCl, 50 mM; MgCl,, 8 mM;
dithiothreitol, 2 mM; sodium pyrophosphate, 4 mM;
oligo(dT);,-18, 10 to 20 pg/ml; digested calf thymus
DNA, 300 pg/ml; template RNA, 30 to 60 ng/ml; and
avian myeloblastosis virus reverse transcriptase, 500
U/ml. Analytical reactions contained ~1 pM a-32P-
labeled and 0.2 mM of each unlabeled deoxyribonu-
cleoside triphosphate in 20 pl. Preparative reactions
contained 1 mM unlabeled triphosphates and 50 pCi of
[PHIATTP in 200 pl. Reactions were incubated at
42.5°C for 1 h, stopped by adding EDTA to 25 mM,
phenol extracted, treated with 0.1 M NaOH at 60°C for
1 h to remove template RNA, and neutralized. Prepar-
ative cDNA’s were purified further on a 5-ml Bio-Gel
ASM column. The excluded fractions were pooled,
lyophilized, resuspended in water, and ethanol precip-
itated two times.

Restriction enzyme digestion of cDNA. Single-strand-
ed cDNA'’s were cleaved by digestion with restriction
enzymes Haelll, Hhal, Rsal, and Taql (14a). To
prepare fragments for sequencing, the digests were
treated with alkaline phosphatase, phenol extracted,
and labeled at the 5’ ends with 1 mCi of [y-*2P]JATP
and polynucleotide kinase. The products were re-
solved on 5% or 6% sequencing gels and localized by
autoradiography. Fragments to be sequenced were
excised from the gel, eluted in 0.6 M sodium acetate,
0.1 M Tris-hydrochloride, pH 8, 2 mM EDTA, and 25
wg of tRNA per mi for 40 to 65 h at room temperature.
The eluted DNA was ethanol precipitated twice to
remove salt and was lyophilized before sequencing.

DNA sequencing. The procedures for base-specific
chemical cleavages were based on those of Maxam
and Gilbert (11) as modified by Smith and Calvo (18).
The four base-specific reactions used were C, C + T,
G + A and G. Samples were denatured for 2 min at
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TABLE 1. Source of Sindbis RNAs used for sequencing studies
Virus Description Reference

DI-1 Obtained after 16 undiluted passages of Sindbis virus in BHK cells 9

DI-2 Obtained after 18 undiluted passages of Sindbis virus in chicken 2
embryo fibroblasts

Sin-1(1) Cloned from BHK cells 1 month after the establishment of persistent infection 21

Sin-1(16) Cloned from the BHK cells described above but 16 months after persistent 22
infection was established

Wild type This is the parent of the HR strain and was obtained originally from B. Burge

90°C in 80% formamide, quickly cooled, and analyzed
on thin sequencing gels.

Thin sequencing gels. The gels were essentially the
same as those described originally by Sanger and
Coulson (15). The gels were either 30 by 40 by 0.04 cm
or 30 by 80 by 0.04 cm. The voltage (1,800 to 2,400 V
for 80-cm gels) was adjusted during the run to maintain
the temperature of the gels at ~50°C. After electropho-
resis, gels were transferred to Whatman 3 MM paper
and exposed to presensitized film with intensifying
screens at —70°C (10).

RESULTS

Sequencing of the 3'-terminal regions of Sindbis
virus RNAs. On the basis of T;-resistant oligonu-
cleotide fingerprinting of Sindbis DI RNAs,
Dohner et al. identified a characteristic 3’ oligo-
nucleotide conserved in all of the DI RNAs (2).
They were not able to ascertain, however, to
what extent these RNAs were identical to the
standard virion RNA at the actual 3’ terminus.
Furthermore, all of the DI RNAs examined had
a deletion near the 3’ terminus, raising the
possibility that the deletions always occurred at
the same site. We sequenced the 3’-terminal
regions of two populations of DI RNAs to deter-
mine which sequences are conserved and where
the deletions begin. We also sequenced the 3’
termini of the RNA from the two Sindbis virus
variants, Sin-1(1) and Sin-1(16). The latter virus
is no longer sensitive to interference by the DI
particles used to initiate the persistent infection
(22). We wished to know whether there was any
correlation between resistance to interference
by DI particles and alterations at the 3’ terminus
of the RNA.

Chain termination methods were used to de-
termine the nucleotide sequence at the 3’ termi-
nus of these RNAs. Since the first nucleotide
adjacent to polyadenylate [poly(A)] is C for
many alphaviruses (12), we carried out avian
myeloblastosis virus reverse transcriptase reac-
tions using p(dT);rG as the specific primer. The
first few nucleotides adjacent to the priming site
were determined with only one or two deoxyri-
bonucleoside triphosphates in the reverse tran-
scriptase reactions. The sequence of the first
five nucleotides adjacent to the 3’ poly(A) of all
the viral RNAs analyzed is 5’ A-U-U-U-C-

poly(A) 3’ and is identical to that found for
Sindbis 49S RNA (12).

The sequence information obtained from reac-
tions containing dideoxynucleoside triphos-
phates is shown in Fig. 2. The 20-nucleotide
stretch at the 3’ end of the RNA adjacent to the
poly(A) tract, which has been shown to be
highly conserved in the alphaviruses (12; J.-h.
Ou, unpublished data), is identical in the wild-

" type parental strain, the two DI populations, and

Sin-1(1). Sin-1(16) shows a single base change in
this region, a T to C change at position 7 of the
cDNA. Sin-1(?) is identical to the wild type for
at least the first 150 nucleotides, whereas Sin-

T
—
(a)

DI-2
Sin-1(1)
Sin-1(16)

FIG. 1. Agarose gel electrophoresis of denatured
Sindbis virus RNAs. Samples of [*Hluridine-labeled
RNAs were denatured in 10 mM sodium phosphate,
pH 7, 1 M glyoxal, and 50% dimethyl sulfoxide for 1 h
at 50°C. They were loaded on a horizontal 1% agarose
gel (16 by 20 by 0.3 cm) made in 10 mM phosphate and
electrophoresed for 3 h at 4 V/cm with constant buffer
recirculation. The gel was impregnated with 2,5-di-
phenyloxazole (PPO), dried, and exposed to presensi-
tized film at —70°C (10).



68

J. VIrOL.

MONROE ET AL.

156

i
0S1
0S1
0sT
0s1

8883R8

‘D 10D ‘S L Jo vy Y ‘ourpiwuAd ‘ X ‘ounind ‘g ‘apnoajonu Aue ‘N ‘YN S9Z 10J Paisi| aseq ay) 03 [ed1uapl st aseq ay) jey) sajesipul 10p y ‘weidord
Jojndwod e Suisn Aq A3ojouwroy J0j paredurod a1om saduanbas ay |, “1ownd OIL(Ip)d 2y} WOIJ PIALISP SI O [RUIWII) S 9Y) 958D Yoed uf *(ep] ‘p) Ajsnoiaaxd
pauIuLId)op sem YN(D S9¢7 JO aduanbas oy, "SYNY SNIA SIQPUIS JO PUd ¢ 9Y) WO paquIdsuR) S, YN0 JO $aouanbas [eulutio}-,¢ 94, ‘¢ "Old

VIINLYIVIL

soe
oZoc-.no-o
e000000000

eeco0c000000

VIIVI91vilL

1JJ119N

ceseyteee.

ec00cc00c00

v399191vLL

399329909y
SRR

DI I Y
DRI IR 3 Y

¥399190913

991191991V J91111¥d19

-ooowuonq- eecc0e0coo
@ec0ece0000 0000000000

000000000 00000 0c00 0

9919WIVIVY 11991YVYLY

9LYS9LI19Y N°°°°°°°°*

n--..a-oz oo-o.oo-oz

©000000000 00006000000

9IVOVIOLVL 19VYYYLIVYL

9YVIYIIION

eeo0ceccecoe
®0c00c0c0e

9vLI92019)

DR R N )

VYVOVYYVLY

3IN3N03S

V99YL29111

ee00c0000e

99111119v9

DR R
ceo0000cc 00
eco0000000e

@000 ecc0 o0

Vilv911914

1149111¥39 YNIII9VYIY

000000000 00060000000

LIVIVIVYYD ¥I1331129)

000000000 O0o0co0c0o0coe

LIVYWIVWY YV1L9LVYYO

18
18
18
18
18

= gl e el =) gl

2-1a
(91)1-uts

(1)1-uts
adf| pILM
(¥H) S92

2-1a

1-10
(91)1-u1s
(1)1-uts
adk| pLLM
(¥H) S92

YNG2



VoL. 41, 1982

1(16) shows, in addition to the change at position
7, a second change at position 136. DI-2 is
identical to the wild type for the first 50 nucleo-
tides, after which the sequences diverge. The
following 54 nucleotides of DI-2 RNA (positions
51 to 104) are identical to positions 1410 to 1463
of Sindbis 26S RNA (HR strain) (14) and pre-
sumably to the parental wild-type 49S RNA.
Positions 105 to 147 of DI-2 RNA are derived
from the non-26S region of 49S RNA (E.
Strauss, unpublished data). DI-1 RNA is identi-
cal to wild-type RNA for the first 73 nucleotides.
After this, the DI-1 sequence becomes heteroge-
neous and could not be unambiguously deter-
mined. This indicates that at least some of the
RNAs in the DI population diverge from the
wild-type sequence at this point.

Restriction endonuclease digestion of viral
c¢DNA’s. An examination of the pattern of frag-
ments obtained by digestion of DNA with re-
striction enzymes provides a means of compar-
ing related nucleic acids. Several of the type II
restriction enzymes cleave single-strand DNA,
making it possible to apply this mapping proce-
dure to cDNA copies of RNA. Accordingly,
cDNA'’s were synthesized with reverse transcrip-
tase by using the genomic RNAs as templates
and a mixture of oligo(dT),,_15 and digested calf
thymus DNA as primers. After removal of the
template, the cDNA’s were digested with three
different restriction enzymes, and the products
were resolved on 5% sequencing gels (Fig. 3).
Included in Fig. 3 is the pattern obtained from
cDNA to 26S RNA to identify those fragments
from this region of the genome.

The restriction patterns of the ¢DNA’s from
the two Sindbis variants [Sin-1(1) and Sin-1(16)]
resemble quite closely those of Sindbis wild-
type virion cDNA; the few differences are
marked by arrows in Fig. 3. Sin-1(1) has one
missing Taqgl fragment derived from the non-26S
region of the genome. Sin-1(16) shows alter-
ations in two Rsal fragments derived from 26S
RNA, as well as one Rsal fragment and four
Tagql fragments derived from the non-26S RNA
region of the RNA. We note, however, that
many of the fragments observed result from
partial (incomplete) cleavage (14a), and it is
possible that a single change in the RNA could
result in an observable change in more than one
band.

The restriction patterns from the two DI
cDNA’s are quite different from those of the
wild-type virus. Most of the wild-type restriction
fragments and especially those from the 26S
region are missing in the DI patterns. In addi-
tion, the two DI ¢cDNA’s have very different
restriction patterns, although there are several
bands in common (Haelll fragments C and D,
for example). We note also that the patterns
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from the DI cDNA’s are relatively simple, with
few prominent bands. This limited complexity is
similar to what was observed in the T,-resistant
oligonucleotide maps (2, 9).

Sequencing of Haelll fragments of DI-1 and
DI-2. Preparations of cDNA to DI-1 and DI-2
were digested with Haelll, and the resulting
fragments were labeled at the 5' ends with T,
polynucleotide kinase and [y->?P]JATP and were
separated on a preparative gel. Fragmeénts corre-
sponding to those labeled in Fig. 3 were excised,
eluted from the gel, and sequenced by the chem-
ical methods of Maxam and Gilbert (11). The
fragments varied in length from DI-1 fragment
A, which is >850 nucleotides long, to fragment
K, only 30 nucleotides long. (Fragment K is not
shown in Fig. 3.) Some of the shorter fragments
were sequenced in their entirety. For other
fragments, either the first 35 nucleotides or the_
sequence beyond ~400 nucleotides from the 5’
end or both were not determined. The sequences
obtained are shown in Fig. 4 and were aligned to
maximize homology between fragments.

Figure 5A illustrates the location of 26S se-
quences in the DI cDNA’s. This scheme incor-
porates data from both the dideoxy sequencing
of the RNA from the 3' terminus and from the
chemical sequence of the internal restriction
fragments. Three fragments from DI-1 contain
26S sequences. Fragment F is identical (except
for a single base change at position 141) to the
Haelll fragment of 26S RNA, 334 nucleotides
long, located in the 26S sequence between nu-
cleotide 1090 and nucleotide 1424 (14a). DI-1
fragment E and DI-1 fragment I, on the other
hand, are composite fragments of 26S and non-
26S sequence. Fragment E contains at its 5’ end
part of the non-26S fragment 410 discussed in
detail below (see also Fig. 5B), linked to 57
nucleotides found between nucleotides 1032 and
1089 of the 26S sequence, which is located
directly adjacent to fragment F in 26S RNA.
Fragment I, on the other hand, begins at its 5’
end with the 39 nucleotides of 26S sequence
(nucleotides 1425 to 1463) adjacent to the other
end of fragment F and terminates with 120
nucleotides of non-26S sequence which are com-
mon to fragment C1 from DI-1 (see Fig. 5B).
There is no direct evidence that the three DI-1
fragments (E, F, and I) actually are joined
together and are found in the same molecule, but
the direct alignment with known 26S sequence
suggests that they could be contiguous segments
in the DI sequence.

Most of the remaining Haelll fragments
which were sequenced contain some sequences
in common, and the organization of these is
shown in Fig. 5B. The top line shows two
adjacent Haelll fragments from non-26S regions
of the 49S virion RNA (called 410 and 450 here)
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FIG. 3. Acrylamide gel analysis of restriction fragments of cDNA’s transcribed from Sindbis virus RNAs.
The conditions for synthesis of cDNA by use of random primers and subsequent cleavage with restriction
enzymes are described in the text. Samples of the fragments were resolved on 40-cm 5% sequencing gels made in
100 mM Tris-borate, 2 mM EDTA, and 8.3 M urea. The gels were run at 40 W until the xylene cyanol dye had mi-
grated 60 cm (upper panels) or 20 cm (lower panels). The lengths of fragments from 26S cDNA which were
sequenced previously are indicated. Haelll fragments from the DI ¢cDNA’s which were subjected to direct
sequencing are identified with letters. Fragment K ran off this gel and was identified from other gels. Arrows in
each panel indicate fragments from wild-type Sindbis cDNA missing from variant cDNA.
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SEQUENCE

CCTTT TACTGTGTCA GTAACTTTGC ATAGCAAGAA GCCCTCGCTA TTGTGTGTAA CCGCGTATCC

GGATGTACGT GCACACAGGG AACSATACCC GTTCT .....

CACGGTTTCT CCCGTGATCC CGGGACTGAT GGTGATTTTC GGCAAGTGTA CGACTGCTTT

CCATTCAAGT CAGCTCTGCA AGCTGGCCTE

AAATARACCC GCGACCCGGG

....... TTTECTGAAC CCTTGTGCTA

CTTCAACTCC TTCTTCCTCA TTATCGACAA TTTTCCTGTC CTACCTTCAC TCAGCTTTGT GCTGCAAAGT CCGATGTTAC GCGCTTCAAG GACTTTCTCG

TGATCGGLAG AAGGTAATTT TGCATGGTGT TGGTGTTCCT GTTAGTCCTA CCGTTAATGA CAATTCGCTG GTTGAGCCCA ACCAGAAGTT TTTGTGCATC

"...C APACGCTCCT GGTTTCATCG CTCCATATTC CGBGAAGTCA TAGTTGTAC
. TTCBGCACGC GTGTTGCAGG TAACATCGTT GTGAAAGCAG AGCGATGGTG TTTCAGCATC CGGCGTATCA AGTACGTCC
et eeieeiier veseeveses ueesveses seen.s.TCC GGCGTATCAA GTACGGTC

TOBGCCYAGY YGGYGYYGYA
GTCAGGTGAT ATATCC

GGAGATCCTT AATCTTCTCA TGCAAGTTCT TGTTTGTAAT CTTGCACGCT TTTTCCGCCA GTTTACTGGC TATTTCATCA TGCGGTCCGG GTCTTCTGGA

SEQUENCE
AAAMCATGA ACTGGGTGGT GTCGAAGCCA ATCCAGTACA GGGTCCGCAC ACCTTCCATA GCCTGATGAT AGATAGTTCC GGGAGCGTTG YATATACGTC

CTGCATGACG GAATATTCGG CACGCATGTT GCAGGTAACA TCGTTGTGAA AGCAGAGCGA TGGTGTTTCA GCATCCGGCC TATCAAGTAC GGTCCGGAGA

sccesscscs eccccessss sessssscss sescsesces ssses csees os escessse ses sesecss sscebessss se0cescecs s secssnse

TCCTTAATCT TCTCATGCAA GTTCTTGTTT GTAATCTTGC ACGCTTTTTC CGCCAGTTTA CTGGG

GATGCTBAAA TTGGTCCAGC TATGACTTTC AAGTCTTTAG ACGYTCCTGG TGTGACTCCG TTCACGTACA CATCTAGGAA ACTGGTAGTG TTCCCGTACA
CTATACBCAG TCCTACTTTC ATCGCGGCAG TGTGCACCTT AATCGCCTGC GCGTGGTCAG ACGCGCATAC TGCTGACAAT TCGACGTACG CCTCACTCAT
CTGGCTGTTC TCACTGTCGL AAAMACATTG CGCTCCTCCC CACATAAAGG GGTAGACCCC TCCGAAGACC TTGCAGGTAT AGTCTGCATG

GCTGACATTC CAAGGAGCCE CASCATTTGA TTTTTGCTAT GATCGGCAGA AGGTAATTTT GCATGGTGTT GGTGTTCCTG TTAGTCCTAC
AATTCECTGE TTGAGCCCAA CCAGAAGTTT TTGTGCATCG TCAGGTGATA TATCCG

TTATACCAST CATCTGATCG CATATGGTGA

ececcsssse sovsescsce cosecescse

CGTTAATGAC

GATGCGAAA ATGCTCTGEC ATTAGCATGG TCATTTGGAG TGACCTGCTG TGCTACTACC TCAAATTGCG GGAAGCTTTT TTGCAGTTGC ACGACAAACG
PACTCTG666 GTCTACGTCT ACGTTTACTA CTGBCTTCTC CATTGTGAT6 GTAGTGCAAT TGGTCGAC

FIG. 4. 5'-Terminal sequences of restriction fragments generated by Haelll cleavage of DI ¢cDNA'’s. The
fragments are lettered as indicated in Fig. 3. The sequences were determined by chemical cleavage and analysis
on acrylamide gels (11, 18). (A) The sequences of fragments with shared terminal regions are aligned to show the
extent of homology. A dot indicates that the base is identical to the base listed for DI-1 fragment A. The
ambiguous letter code is described in the legend for Fig. 2. Sequences of DI-1 fragments A, B, C1, D, and E and
DI-2 fragments A, B, and D were determined beginning approximately 35 bases from the 5’ end. (B) The

sequences of the remaining fragments analyzed from the DI cDNA'’s. The single base change between 26S cDNA
and DI-1 fragment F is underlined.
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FIG. 5. Model for the sequence organization of Sindbis DI cDNA’s. (A) Organization of the S’ region of the
DI cDNA'’s based on chain termination sequencing and analysis of Haelll fragments. The 26S RNA and cDNA
are shown at the top of the figure. Sequences are numbered from the 5’-terminal G residue of the cDNA. Haelll
fragments from DI-1 cDNA are identified by letters. The order of the structural protein genes in 26S RNA is as
follows: C, capsid; E3, E2, and E1, viral glycoproteins (17). (B) Organization of several internal Haelll
fragments of DI cDNA which contain sequences in common. At the top are two contiguous Haelll fragments,
410 and 450 nucleotides in length, respectively, present in the non-26S region of HR 49S cDNA. Several Haelll
fragments of cDNA to DI-1 and DI-2 RNAs are diagrammed below. The following designations are used for both
A and B: cross-hatched bars, sequences found in 26S cDNA; solid bars, sequences in the nonstructural (non-26S)
part of 49S cDNA homologous with fragments 410 and 450; open bars, other non-26S sequences; stippled bars,
regions of DI fragments for which sequence data were not obtained. The vertical arrows indicate Haelll cleavage

sites in the cDNA.

whose sequence is known (E. Strauss, unpub-
lished data) but whose location in the genome is
unknown. The region defined by these two frag-
ments is 860 nucleotides long or approximately
10% of the non-26S portion of the Sindbis
genome. Fragments C and D (of both DI-1 and
DI-2) are the same as 450 and 410, respectively,
beginning and ending at legitimate Haelll sites,
and they appear to represent unaltered se-
quences in this region. Fragment A of DI-1 is a
partial digestion product containing both frag-
ments (probably in their entirety). Four other of
the most prominent Haelll fragments of DI-1
(fragments B, C1, E, and G) as well as two
fragments from DI-2 (fragments A and B) begin

with the same sequence (the 5’ end of fragment
410). Fragment B of DI-1 is shorter than A and
probably contains a deletion whose end points
are unknown. Fragment C1 of DI-1 contains the
common 5’ sequence plus the same sequence
found attached to 26S sequence in fragment I.
This sequence is present at an unknown location
in 49S ¢cDNA (E. Strauss, unpublished data).
Fragment E of DI-1 is a rearrangement of non-
26S and 26S sequences as described above. DI-2
fragments A and B are simple deletions of 241
and 245 nucleotides, respectively.

The other fragments which were sequenced, E
from DI-2 and K from both DI populations,
contain sequences found in the non-26S regions
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of the 49S sequence (E. Strauss, unpublished
data). Thus, all of the DI sequence obtained so
far can be identified in the 49S RNA of Sindbis
virus, and no host or nonviral sequences have
been found. This is consistent with earlier stud-
ies with nucleic acid hybridization which
showed that Sindbis DI RNA can be completely
protected from RNase by hybridization to RNA
complementary to virion 49S RNA (6).

DISCUSSION

The 3'-terminal sequences of the RNAs of
several different alphaviruses show strong con-
servation of the first 20 nucleotides, suggesting
that there are evolutionary pressures resulting in
conservation of this region (12; J.-h. Ou, unpub-
lished data). This 3'-terminal conserved se-
quence was also found in two DI RNA popula-
tions of Sindbis virus and two variants of this
virus obtained from persistently infected BHK
cells, supporting the conclusion that these se-
quences play an essential role in virus replica-
tion.

The variant [Sin-1(16)] from persistently in-
fected cells which is resistant to interference
by DI particles (derived from wild-type virus)
had two bise changes in the 3'-terminal se-
quence. One is at position 7 within the sequence
which is most highly conserved among related
alphaviruses, and the other is at position 136. If
the first 20 nucleotides form a replicase binding
site and if interference involves competition for
replicase molecules, then the change from A to
G at position 7 may be important for the pheno-
type of this variant. However, resistance to
interference must be more complex, since vari-
ant virus cloned from cells after 1 month of
persistent infection had 3’ sequences identical to
those of the wild-type parental strain, yet
showed some resistance to interference.

The RNA obtained from the two DI strains
had sequences identical to Sindbis HR or wild-
type virus for at least the first 50 nucleotides
adjacent to the 3’ poly(A). Both DI RNA popula-
tions were heterogeneous, but since only one
terminal sequence was obtained all of these
species must contain the standard 3’ sequence
(within the limits of detection). The two DI RNA
populations diverge from the wild-type se-
quences at different locations (Fig. 2), demon-
strating that deletions can occur at more than
one site during the generation and subsequent
evolution of DI RNAs. Since DI-1 was generat-
ed by passing Sindbis virus in BHK cells and DI-
2 was generated by passing the virus in chicken
cells, it is possible that the host cell might
influence the exact site or extent of deletions.

In the case of DI-2 the first (3'-terminal)
deletion comprises 1,359 nucleotides and ex-
tends from position 51 through 1409 of the HR
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26S RNA sequence. Following a stretch of 54
nucleotides (positions 51 to 104 of the DI RNA),
there is a second deletion which jumps into non-
26S sequence (Fig. 5A). In the case of DI-1, the
3'-terminal sequence was identical to the HR
sequence until nucleotide 73 from the 3’ poly(A),
where it became heterogeneous. It will be neces-
sary to sequence the individual DI RNA species
to determine whether the heterogeneity is due to
only part of the DI population diverging at
position 73 and others diverging later or whether
all diverge at position 73 but restart at different
places in the wild-type genome. In this regard
we note that both DI RNA populations lack a
specific 3’ oligonucleotide which we believe
extends from nucleotides 117 to 148 of the wild-
type sequence (2, 14). Thus, the entire DI-1
population must diverge by nucleotide 148, and
in all cases the 3’-terminal deletion starts within
the relatively narrow region between nucleo-
tides 50 and 148 of the 26S RNA sequence.

It was surprising that so many of the Haelll
fragments from both DI cDNA'’s contain differ-
ent lengths of identical sequences. These se-
quences correspond to sequences identified in
the nonstructural region of 49S RNA. They are
not at the 5’ end of the genome, but their exact
location has not yet been determined (J.-h. Ou
and E. Strauss, unpublished data). Some of
these fragments must have been transcribed
from different RNA molecules or from different
regions of the same molecule. For example,
fragments E and C1 from DI-1 cannot be derived
from any of the larger fragments and fragments
A, B, and D from DI-2 are distinct (Fig. 5B). The
DI RNAs are heterogeneous, and it is possible
that the fragments are derived from different DI
RNA molecules. An alternative explanation—
that they represent repeated sequences in the
same molecule—is supported by the observation
that repeated sequences are present in at least
one Semliki Forest DI RNA (10a).

. A comparison of sequences present in the two
different DI cDNA’s indicates that there may be
some other regions of special significance. The
DI-2 sequences from 66 to 147 and DI-1 frag-
ment I are identical. They both leave the 26S
sequence at the same nucleotide and enter the
same non-26S sequence at the same nucleotide.
This suggests that the two DI populations may
follow a similar pathway of evolution. The same
non-26S sequence (beginning, however, at a
different point) is also found in DI-1 fragment C1
attached to the parental sequence of fragment
410 (Fig. 5B). Furthermore, two fragments di-
verge near nucleotide 321 of the wild-type se-
quence of fragment 410 (Fig. 5B). DI-1 fragment
E diverges at this nucleotide to 26S sequence,
indicating a rearrangement, whereas DI-2 frag-
ment A diverges closely nearby in a simple
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deletion. It is possible that some regions of the
RNA may have a secondary structure which
facilitates deletions.

In conclusion, the structure of the DI RNA
and the relation of the DI sequence to the virion
genome are more complex than was first envis-
aged. It is clear the DI RNA cannot arise solely
from large deletions in the middle of the genome,
retaining only the 3’ and 5’ ends. This result is in
agreement with T; oligonucleotide studies which
showed that Sindbis DI RNAs contain multiple
deletions (2). However, the 3’ termini of both DI
RNAs are conserved, and the entire DI RNA
sequence appears to be derived from the plus
strand of the viral 49S RNA. Whether the con-
served termini represent replicase binding sites
or whether they are important for a three-dimen-
sional configuration essential for replication or
encapsidation, or both, cannot be determined at
this time. Similarly, there is conservation (and
perhaps amplification) of one region of non-26S
sequence and conservation of a short stretch of
268 sequence. It is possible that these conserved
sequences could also be important for DI func-
tion. One possible hypothesis is that they could
serve as binding sites for capsid protein during
encapsidation. Further sequence studies on
these and on related DI RNAs will be necessary
to resolve these questions.
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ABSTRACT The sequence of the region of the 49S genomic RNA which contains

the 5'-end of the subgenomic 26S RNA and the 5'-flanking sequences in 49S RNA

were determined for several alphaviruses. A highly conserved sequence of 21 nucleotides
was found which includes the first two nucleotides of 26S RNA and the 19 nucleotides
preceding it. We propose that the complement of this sequence in the minus strand

is the recognition site used by the viral transeriptase for initiation of transeription

of 26S RNA. The COOH-terminal sequence of the nonstructural polyprotein precursor,
which is translated from 49S RNA, has been deduced for each virus. These protein
sequences are highly homologous, but the particular triplets used for a given amino
acid have diverged markedly between viruses, indicating that virus evolution is quite
rapid at the nucleotide level. Clusters of in phase stop codons for the nonstructural
polyprotein were found in the nontranslated region of 26S RNA in each case. The
length of untranslated sequence at the 5-end of 26S RNA is between 48 and 51 nucleo-

tides, depending on the virus.
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Alphaviruses compose a group of about 20 enveloped viruses which are able
to replicate in both invertebrates and vertebrates. The alphavirus genome is a single-
stranded RNA molecule of plus polarity which has a sedimentation coefficient of
49S and a molecular weight of about 4.2x106 (reviewed in 1). After infecting host
cells, the genomic RNA is released from the virion and serves as messenger for
the nonstructural proteins required to replicate the viral RNAs. It then serves as
a template for producing a minus-stranded, full-length RNA. This minus-stranded
RNA in turn serves as the template for producing more plus-stranded 49S RNA and,
in addition, as a template for transeription of a subgenomic 26S RNA which is identical
to the 3'-terminus of 49S RNA (2, 3). This 26S RNA is the message for structural
proteins (4, 5). We are interested in the mechanisms involved in transeription of
this subgenomie RNA, and have found that a comparative approach to the study
of alphavirus RNA sequences is useful in elucidating important control regions in
the RNA (3, 6, 7). In this paper, we extend this comparative approach to the region
of the genomie RNA which contains both the 5-end of 26S RNA and the 5-flanking
sequences in 49S RNA, which we will refer to as the junction region, in order to

study the transeriptional control of 26S RNA.

MATERIALS AND METHODS

Preparation of vaceinia guanylyl transferase. Guanylyl transferase was prepared
from vaccinia virus (WR strain, isolate 11; a gift from Dr. W. K. Joklik) by simplifying
the method of Paoletti et al. (8). 2 mg of vaceinia virus in 640 pl 1 mM Tris-HCI,
pH 9.0, were used for each preparation of the enzyme. After disruption of the virus
cores, the preparation was briefly sonicated to shear viral DNA, followed by centrifugation
at 136,000 xg for 60 min. The guanylyl transferase activity present in the supernatant
was stable for 2 weeks at 4°C.

Stend labeling of alphavirus 26S RNA. The 26S RNA of Sindbis virus (HR strain),
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Semliki Forest virus (SFV), and Middelburg virus were prepared as previously deseribed (3).
30 ug of 26S RNA were decapped by B -elimination using the method of Rose and
Lodish (9). Decapped RNA was then end-labeled using conditions modified from
Ahlquist et al. (10): the reaction (100 ul) contained 0.16 mM ATP, 1 mM MgCl,,

1 mM DTT, 2.5 uM a—32P-GTP (410 Ci/mmol, Amersham), 50 mM Tris-HCl, pH 7.8
and 15 ul of guanylyl transferase extract. After incubating at 37°C for 15 min,

the reaction was terminated by phenol/chloroform extraction followed by ethanol
precipitation as previously described (3). RNA pellets were resuspended in 50 nl

10 mM Tris-HCl, pH 8.2, containing 10 mM NaCl, 1 mM EDTA and 0.1% SDS and
purified from the unincorporated label by gel filtration using a Biogel A-5M column.
The excluded volume fractions containing the RNA were pooled and the RNA was
ethanol precipitated twice with carrier RNA and resuspended in water to a final
concentration of about 2,000 ecpm/ul. More than 1x105 epm were incorporated

per 30 ug of RNA which was sufficient for several experiments.

Direct enzymatic sequencing of the RNA from the 5-end. Partial ribonuclease
digestion of the 5-end labeled RNA was performed by using the method recommended
by P. L. Biochemicals, Inc. (method E998) and the products were separated on sequencing
gels. A brief description of the reaction conditions is contained in the legend of
Fig. 1.

Single-stranded eDNA synthesis and chemical sequencing. The 49S RNA of
Sindbis, Middelburg, and SFV were prepared as previously deseribed (3). Ross River
virus (RRV) (T48 strain from R. Shope) 26S and 49S RNAs were prepared from infected
BHK cells. Single-stranded ¢cDNA to these RNAs were synthesized with reverse
transcriptase using calf thymus DNA or oligo (dT) primers as previously described
(11). Preparation, isolation, and chemical sequencing of 5'-end-labeled restriction

fragments from these eDNAs has been previously described (11).
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FIG. 1. Direct 5-end sequencing of the 26S RNAs of SFV and Middelburg virus.

About 2,000 epm of end-labeled RNA were enzymatically digested at 56°C for from

3 min to 10 min depending on the degree of digestion preferred. Alkaline hydrolysis
was done at 90°C for 6 min. G reaction: 1 ul RNA was added to 3 ul buffer I containing
1 unit RNase Tl; A>G reaction: 1 ul RNA was added to 3 ul buffer II containing

1 unit RNase U2; A+U reaction: 1 ul RNA was added to 3 ul buffer I containing

1 unit of Physarum M RNase; U+C reaction: 1 ul RNA was added to 3 ul buffer III
containing 1 unit of Bacillus cereus RNase; alkaline hydrolysis: 1 ul RNA was added

to 2 ul of 50 mM NaHCO3, pH 9.0, containing 1.6 mM EDTA and 1 ug carrier tRNA.
All reactions were terminated by chilling on ice. For the U+C reaction and the
alkaline hydrolysis 3 ul of loading buffer (0.01% xylene cyanol FF, 0.01% bromophenol
blue and 10 M urea in 1/10 x electrode buffer) were added before loading onto the

gel. Buffer I: 33 mM Na citrate, pH 5.0, 1.7 mM EDTA, 0.04% xylene cyanole FF,
0.08% bromophenol blue, 1 mg/ml carrier tRNA and 7 M urea; Buffer-II: the same

as Buffer-I, except that the pH of Na citrate is 3.5; Buffer III: the same as Buffer I
except that it contains no urea or dyes. Acrylamide gel electrophoresis was previously
described (3) and the gels were autoradiographed using preflashed film and exposure

at -70°C for one week with enhancing screens. Figure shown is a 20% sequencing

gel. Y is used for ambiguous pyrimidines. Left: SFV 26S RNA; right: Middelburg

26S RNA.
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RESULTS

The 5' terminal sequences of the 26S RNAs of Sindbis virus, Middelburg virus,
and SFV were obtained as follows: the RNAs were decapped by B -elimination, end-
labeled with guanylyl transferase, and then partially digested using endonucleases
with 4 different base specificities. The resulting products were separated on acrylamide
gels and the sequence determined from the ladder produced. Fig. 1 presents part
of the data in order to illustrate the technique. Each RNA was sequenced at least
twice, and the sequences obtained are shown in lower case letters in Fig. 2. In general
this enzymatic method gives a clean signal for the purines, but the pyrimidines are
often ambiguous (Fig 1).

Also shown in Fig. 2 (in upper case letters) are the nucleotide sequences of
the RNAs in the junction region deduced from chemical sequencing of single-strand
¢DNA made to 49S RNA of Sindbis, Middelburg, SFV, and RRV. The method used
involved sequencing Haelll restriction fragments of the cDNA (11) by the methods
of Maxam and Gilbert (12). The start of 26S RNA has been identified by alignment
with the 5'-RNA sequence data, and the RNA sequence and the cDNA sequence
are in agreement. Taken together with the previously published sequences of 26S
RNA (4, 13, 14), the complete sequence of both Sindbis and SFV 26S RNA is now
known. Sindbis 26S RNA is 4102 nucleotides in length and that of SFV is 4074 nucleotides
in length.

Finally, Fig. 2 also contains the deduced amino acid sequences of the COOH-
terminal region of the nonstruetural polyprotein (translated from 49S RNA) and
the NHz-terminal region of the capsid protein (translated from 26S RNA) (4, 13)
(discussed in more detail below).

For Sindbis and Middelburg viruses, restriction fragments produced by Haelll
digestion of cDNA to 49S RNA were randomly selected for sequencing. Identification

and alignment of the sequences in the junction region was done by ecomputer. The
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FIG. 2. The nucleotide sequence of the junction region. The conserved sequence

near the start of 26S RNA and that around the initiation codon of the capsid proteins are
shaded. The deduced protein sequences are shown above the nucleotide sequences.
Nucleotide sequences of the 5-end of 26S RNA determined from the enzymatic method
are shown in lower case letters. In phase termination codons for nonstructural proteins
are overlined. Haelll sites not directly sequenced are underlined. Numbering of the
nucleotides begins with the start of 26S RNA; positive numbers are used for nucleotides
in the 26S region and negative numbers for the 5'-flanking sequence in 49S RNA.
Abbreviations: y, pyrimidines; n, any nucleotide; A, Ala; C, Cys; D, Asp; E, Glu;

F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asp; P, Pro; Q, GIn; R, Arg;

S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr; SIN, Sindbis virus; MBV, Middelburg virus.
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c¢DNA sequences were stored in a computer, converted to RNA sense, and translated

in all three reading frames. The RNA sequences and the possible protein sequences
were searched using homology routines and the fragments which contained the start

of 26S RNA and the start of the capsid protein were identified. These fragments

end at nucleotide -126 for Sindbis and -180 for Middelburg (numbering begins at

the start of 26S RNA) (Fig. 2). Furthermore, because the Haelll sites are found

at different positions in the two viruses, the adjacent Haelll fragments were identified
by homology. This is possible because of the pronounced homology at the protein

level among the various alphaviruses, and use of homology routines often allow corresponding
fragments in any two viruses to be identified and aligned. Thus the Haelll sites at the
junetion of the two Sindbis fragments which join at -126 and that of the two Middelburg
fragments which join at -180 were not directly sequenced but were inferred from

the activity of Haelll and the homology between the two RNAs and their translated
proteins. (The Haelll site at Middelburg position -129 was obtained by sequencing

a partial fragment which had not been cleaved at this site.)

For SFV, a simplified procedure was used to identify the junction fragment.
c¢DNA to both 26S and 49S RNA were made using an oligo (dT) primer, digested with
Haelll, and the resulting fragments compared on gels. Because of premature termination
by the reverse transcriptase the complexity of the 49S pattern was only slightly
greater than that of the 26S RNA pattern. From our direct 5-end sequencing and
the previously published 26S RNA sequence (13) it was known that the first Haelll
site in 26S RNA was 83 nucleotides from the cap. Only 12 49S RNA specific fragments
larger than 83 nucleotides were found, and these were execised and scanned by chemical
sequencing using the G + A reaction to find the junction fragment. A fragment
of 222 nucleotides in length was found which contained the right purine ladder for

the 5-end sequence of 26S RNA and its sequence was then determined (Fig. 2).
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A third procedure was used for RRV. RNA was prepared from infected cells
which sedimented at about 26S and which eontained poly(A). This preparation contained
" not only 26S RNA but also fragments of degraded 49S RNA and thus the sequences
in the junction region were present as well as 26S RNA sequences. ¢cDNA was made
with ealf thymus primer and the Haelll fragments randomly selected for sequencing.
The correct fragments were identified by homology. Six nuecleotides of sequence
are apparently missing which we believe to be present in a small unsequenced Haelll
fragment. Nonetheless, corresponding sequences can be readily aligned.

Inspection of the junetion sequences (Fig. 2) reveals a highly conserved sequence
which extends from nuecleotides -19 to 2 which we postulate is the recognition signal
for the viral transcriptase. Translation of the RNA sequence reveals stop codons |
for the nonstructural proteins at nucleotides 2-4 for 3 of the viruses and nucleotides
11-13 for SFV. A diagramatic summary of the genomic organization in the junection

region is shown in Fig. 3.

DISCUSSION

We have used a comparative approach to study the structure of the junction
region of alphavirus 49S RNA. The pronounced homology among the various alphaviruses
allows corresponding sequences between any two viruses to be aligned without obtaining
the complete RNA sequence of each virus. The homology is mueh more striking
at the protein level than at the RNA level, and the homology in the COOH-terminal
sequence of the nonstructural proteins is illustrated in Fig. 4. The homology is striking
but nonuniform. Some regions are highly conserved, while other regions are less
well conserved. The use of a computer search program to detect such homology
is illustrated in Fig. 5. In this figure a dot matrix has been constructed in which
the deduced COOH-terminal portions of the nonstructual proteins of Sindbis and

Middelburg are compared. A dot is placed in the matrix whenever at least 4 out
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FIG. 3. Schematic of the genome of alphaviruses with the junction region expanded.

The boxes represent conserved nucleotide sequences found near the start of 26S

RNA and around the start codon of the capsid protein. The start of 26S RNA, the

stop point of the nonstructural proteins, and the start of the capsid protein are indicated.

In phase termination eodons are shown by solid circles. The figure is drawn to scale

for Sindbis virus.
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FIG. 4. Comparison of the carboxyl-terminal sequences of the nonstructural proteins
of alphaviruses. The single letter amino acid code is used and is defined in the legend

to Fig. 2. A dash means the amino acid is the same as is found in Sindbis virus (SIN).

MBYV is used for Middelburg virus.
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FIG. 5. Dot matrix comparing the amino acid sequence in the COOH-terminal region

of the Sindbis nonstructural polyprotein to that of the corresponding sequence in Middelburg.
The amino acid sequences are compared 9 residues at a time and a dot placed in the

matrix whenever at least 4 amino acids in the string are identical. The ends of the

arrows mark the COOH-termini for the nonstructural polyprotein of Sindbis virus

(horizontal axis) and Middelburg virus (vertical axis).
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of 9 amino acids being compared are identical. The strong diagonal line shows the
homology between the two sequences, while the low background in other areas of
the matrix illustrates that homologies of even less than 50% can be readily detected.
Furthermore the comparative approach yields information on the translation phase
of the RNA sequences. Inspection of Fig. 2 reveals that even when the amino acid
sequence is consefved, the codons used are not conserved. The evolution of these
viruses is so rapid that the third codon position in degenerate codon families is essentially
randomized. As examples, note that 3 different codons are used for the Ala at position
-78 to -80 and for the Leu at position -135 to -137. A second way to illustrate
this point is to note that outside of the conserved sequence near the start of 26S
RNA (see below) the Sindbis and Middelburg nonstruetural polypeptides shown in
Fig. 2 contain the same amino acid at 40 positions, and different codons are used
in 25 of these instances. Because of this, translation of corresponding RNA sequences
will reveal extensive protein homology only when the proper translation phase is
chosen. Thus we feel confident that the deduced amino acid sequences shown are
in fact correct and that termination of the nonstructural proteins occurs where
shown.

It is of interest that the termination codons of the nonstructural proteins lie
in the 26S region of the genomic RNA. Thus the untranslated region between the
nonstructural and structural polypeptides is less than 50 nucleotides as the initiation
codon of the eapsid protein begins at nucleotide 50, 51, 52, and 49 in Sindbis, Middelburg,
SFV, and RRV 26S RNAs, respectively. In each case the untranslated region contains
a cluster of stop codons which are in phase but slightly separated (3 for Sindbis and
SFV, 2 for Middelburg, 4 for RRV (Fig. 2)), implying that multiple stop codons are
important. It is also intriguing that Sindbis, Middelburg, and RRV terminate at the
same position, whereas the corresponding SFV codon is a sense codon and a later

stop codon (corresponding to the seecond in phase Sindbis stop codon) is used. We
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note that in vitro translation of 49S RNA does not lead to production of struetural
proteins (reviewed in 1), as would be expeected from these results.

There is conserved streteh of 21 nucleotides near the beginning of 26S RNA,
from nucleotide -19 to 2. It is unlikely that conservation of this sequence is caused
by a need to conserve the amino acid sequence. As discussed above conservation
of protein sequence does not necessitate such high conservation of the nueleotide
sequence. We note that in contrast to the situation outside this region cited above
in which the same codon is used for only 15 of the 40 conserved amino acids between
Sindbis and Middelburg, in this conserved region 5 of 6 amino acids are encoded
by the same codon. As another example, we note that the leucine in this region
is encoded by CUC in all four viruses, whereas outside this region multiple codons
are used for conserved leucine residues (Fig. 2, and see above).

We have previously shown that there is a conserved sequence of 19 nucleotides
at the 3'-end of the alphavirus genome and have postulated that this forms a replicase
recognition site on this plus strand for production of minus strands (3, 6). Similarly
we postulate that the complement of the conserved sequence around the start of 26S
RNA forms a recognition site for the viral transeriptase which transeribes 26S RNA
from the genomic length minus strand. Because these two recognition sequences
are quite distinet and possess no sequence homology, differential control of 26S RNA
and minus strand production is possible. We postulate that different virus polypeptides
are required for initiation of minus strand synthesis and for 26S RNA synthesis. These
two initiation proteins are probably encoded in different complementation groups and
could be components of a viral replicase/transcriptase complex. The nonstructural
proteins of Sindbis virus have been grouped into four different complementation groups
(15), all of which affect RNA synthesis, and 3 or 4 nonstructural polypeptides have been
described in infected cells (16). This subject will be discussed in more detail elsewhere

(J.-H. Ou, Ph.D. thesis, California Institute of Technology).
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A very stable hairpin structure can be formed from nuecleotides -99 to 67 in the
Sindbis junction region (Fig. 6). It is conceivable that this structure is involved in initiation
of 26S RNA synthesis. However, we could not find comparable structures in the other
3 viruses and this structure, despite its stability, may not possess any particular function
in the virus life eyecle. This result emphasizes the importance of a comparative approach
for identification of sequences and structures of importance in the control of virus
replication.

Stable hairpin struetures (A G v 12 Keal) can also be formed in the 5' untranslated
regions of 26S RNA in each of the 4 viruses, beginning just after the cap, and these
may be of importance in translation of the RNA. The size and nucleotide sequence
of these structures are not conserved, however.

The tetranucleotide CACC preceeds the AUG initiation codon of the capsid protein
in Sindbis, Middelburg, and SFV, whereas AAAC proceeds the initiation codon in RRV.
An examination of the sequences of 65 eukaryotic mRNAs showed that 58% of initiation
codons were preceded by a tetranucleotide beginning with CA and 14% were preceded
by one beginning AA. In total the second position of the tetranucleotide was A in 83%
of the examples studied. The remaining two positions of the tetranucleotide were more
variable, but G is seldom found. We believe that the sequence of this tetranucleotide
in general and of the first two nucleotides of it in particular are of importance in the
selection of the proper start codon and initiation of protein synthesis. A more complete
discussion of the distribution of nucleotides preceding initiation codons in eukaryotic
mRNAs will be presented elsewhere (J. H. Ou, Ph.D. Thesis, California Institute of

Technology, Pasadena, California).



96

FIG. 6. Hairpin structures in the junction region of Sindbis RNA. Free energies were
calculated by using the method of Tinoco et al. (17). The start of 26S RNA is indicated
and the stop codon of the nonstructural polyprotein and the initiation codon of the capsid

protein are boxed.
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Abstract

By developing sequencing strategies we have determined the 5'-terminal sequences

of several alphavirus genomic RNAs and a family of their defective interfering (DI)
RNAs. A highly conserved sequence and several secondary structures formed by

the 5'-terminal sequences which might be important in alphavirus replication were
discovered. Comparative studies also enabled us to deduce the NHz—terminal sequences

of their nonstructural polyproteins.
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Alphaviruses which include Sindbis virus (SIN) and Semliki Forest virus (SFV)
are a group of viruses that infect both vertebrates and invertebratesl. The alphavirus
genome is a single-stranded RNA molecule which has a sedimentation coefficient
of 49S and a molecular weight of about 4.2 x 106 daltons. After infecting host cells,
this genomic RNA is released from the virus into the eytoplasm and serves as the
messenger for translating a large precursor polypeptide which is subsequently cleaved
to several nonstructural proteins required for RNA synthesisz. The genomic RNA
then becomes the template for transceribing a minus-stranded, full-lengthed RNA
which again serves as the template for producing more genomic RNA as well as
a subgenomie 26S RNA (for review, see ref. 3). 26S RNA which is the message for
structural proteins4’5’6 comprises the 3'-one-third of the 49S RNA sequence and
is coterminal with it7’8’9.
From comparative studies we have previously located two highly conserved

sequences in 49S RNAQ’10

. The first conserved sequence is located at the extreme
3'-end next to the poly(A) tail and the seecond conserved sequence precedes the 5'-
end of 26S RNA and includes the first two nucleotides of it. We have proposed that
the 3'-end conserved sequence is the replicase recognition site for minus-stranded

RNA 'cranscriptionlo’11

and the complement of the second conserved sequence in
the minus-stranded RNA is required for 26S RNA transcriptiong.

In this communication, we have developed strategies for determining the 5'-
terminal sequences of several alphavirus 49S RNAs. Several interesting secondary
structures and a highly conserved sequence which might be important in alphavirus
replication have been found. Comparative studies also enabled us to deduce the
NH2-terminal sequences of nonstructural polyproteins. DI RNAs of alphaviruses
are aberrant genomic RNAs which often contain deleted, repeated and translocated

11’12, but yet retain all elements essential for their replication13.

genomie sequences
Because they are useful tools for studying alphavirus RNA replication, partial 5'-

terminal sequences of a family of SIN DI RNAs were also determined.
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Sequence determination of the 5-terminus of 49S RNA
Two approaches were used to determine the 5'-terminal sequence of 49S RNA. The
first approach used is the direct RNA sequencing method. Details have been described
elsewhereg. Briefly, RNAs were decapped by B-elimination and recapped with
oz-32P-GTP and vaccinia guanylyl transferase. The end-labeled RNAs were then
- partially digested with alkali or base-specifie ribonucleases and sequence determined
on acrylamide gels. Because no ribonucleases have yet been found which diseriminate
U and C very well, this abproach although it sometimes allowed us to determine sequences
up to 160 nucleotides in length, of ten gave ambiguous results for the pyrimidines.

The second approach used is a eDNA method. The rationale of this approach
is that if an RNA template is randomly primed for synthesizing eDNA, a large proportion
of eDNA could be transeribed to the 5-end of the template and have a homogeneous
J'-terminus. When ¢cDNA synthesized this way are 3'-end-labeled and digested with
a restriction endonuclease, a distinet 3'-end-labeled fragment containing the complement
of the 5'-end of the template would be generated. Most of the other end-labeled fragments,
because of their heterogeneous size and 3'-termini, when analyzed on a gel would
become the background. Based on this rationale, we were able to identify those
Haelll fragments which are complementary to the 5'-ends of the 49S RNAs of SIN-HR
(heat-resistant strain), SIN-WT (wild-type strain), SFV, Middelburg virus (MBV),
Highlands J virus (HJ) and eastern equine encephalitis virus-South America strain
(EEE-SA). Because not enough labels were incorporated, these fragments were
used as markers to identify their relative 5'-end-labeled Haelll fragments which
were subsequently isolated from a preparative gel and sequenced by the chemical
method“.

Figure 1 shows the experimental results of HJ and EEE-SA. e¢DNA synthesized

which were 3'-end-labeled followed by the Haelll digestion are shown in lane 1.

Lane 2 and lane 3 are uniformly 3'- and 5'-end-labeled Haelll fragments, respectively.
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Fig. 1 Identification of the Haelll cDNA fragments which contain sequencés comple-
mentary to the 5'-ends of HJ and EEE-SA 498 RNAs. Methods for preparing 49S
RNAs and for synthesizing ¢cDNAs using calf thymus random primers were the same

9,15

as before . Lane 1: 0.2 ug of the eDNA synthesized were denatured at 56°C

for 5 min and then 3'-end labeled with oc-32

P-CTP (410 Ci/mmole, Amersham) and
terminal transferase (Bethesda Research Laboratory) as described14. After two
ethanol precipitations with 1 ug tRNA carrier ¢cDNA samples were phenol/chloroform‘
extracted8 and ethanol reprecipitated. The resulting cDNA were then digested with
eight units of Haelll (New England Biolab) at 37°C for 3 houré in a condition recommended
by the manufacturer and were again ethanol precipitated twice with 25 ug tRNA
carriers. Finally, the samples were treated with 1 M piperidine and lyophilized as
described14. Radioactivities incorporated into the samples after these reactions

were enough for two loadings on a gel to give reasonable darkness of bands in 48 hours
with the intensifying screen and the preflashed film. Lane 2: 0.2 ug of cDNA were
treated with Haelll as deseribed above, followed by phenol/chloroform extractions

and ethanol precipitations. The Haelll digests were then 3'-end labeled, ethanol
reprecipitated with 25 ug tRNA carriers, treated with piperidine and finally lyophilized
as described above. Samples after these reactions were split for four loadings.

Lane 3: 5'-end labeled Haelll cDNA fragments. Conditions for 5'-end labeling using

less than 1 ug of cDNA have been deseribed before15

. 1% of the labeled samples
were used for one loading on an analytical gel. A: experiments with HJ 49S RNA.

B: experiments with EEE-SA 49S RNA. Ticks mark the fragments identified. Arrows
denote the fragments which contain the complement of the 5'-end of 49S RNA.

Numbers indicate the sizes of the fragments which were calculated from either

molecular weight markers (HJ) or sequencing results (EEE-SA).
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Details of these experiments are described in the figure legend. As expected, only
one fragment with a size of about 350 nucleotides was identified in HJ experiments
(Fig. 1A). In EEE-SA experiments (Fig. 1B) three fragments were identified, however.
When the lower two fragments were isolated and sequenced, the fragment denoted
by an arrow with a size of 211 nucleotides was identified to be the fragment of interest.
The EEE-SA fragment close to the top of the gel was not sequenced because of its
size.

The reason why multiple bands were identified in EEE-SA experiments is probably
because of the presence of preferential termination sites for reverse transcriptase
in the EEE-SA 49S RNA template. These sites are most likely caused by secondary

structuresg’g’l5

. It is also possible that the largest fragment of EEE-SA identified
is a partially digested Haelll fragment which also contains the sequence complementary
to the 5'-end of EEE-SA 49S RNA.

Those Haelll fragments specific for the 5'-terminal sequences of 49S RNAs
of Venezuelan equine encephalitis viruses (VEE) and EEE-North Amerieca strain (EEE-NA)
were not found. This could be caused by the presence of a Haelll site near the 5'-
end, or caused by the absence of a Haelll site within a reasonable length of distance
from the 5-end. For SFV, the 5'-end-labeled Haelll fragment identified when isolated
was contaminated by another fragment of similar size and was unable to be sequenced.

Thus, 5'-terminal sequences of the 49S RNAs of VEEs, EEE-NA and SFV were determined

only by the direct RNA sequencing method.

5'-terminal sequences of alphavirus 49S RNAs

All the 5'-terminal sequences determined are presented in Fig. 2. Sequences determined
only by the direct RNA method are underlined. Except for a single base substitution

at nucleotide 35 (Fig. 3), sequences of SIN-HR and SIN-WT are identical for at least

90 nucleotides from the 5-end and thus only the sequence of SIN-HR is presented.

Most of the sequences of the Haelll and Tagl eDNA fragments of SIN-HR 49S RNA
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Pig. 2 5'-terminal sequences of alphavirus 49S RNAs. Sequences relying only on the
results of the direect RNA method are underlined. For SIN, MBV, EEE-SA and HJ,
5'-end labeled Haelll fragments identified and prepared by the methods described

in the legend of Fig. 1 were isolated from preparative gels and sequenced by the
chemical methodlz. SFV sequence came from our sequencing results and those
previously published”’18 (see text). Highly conserved sequences are shaded. Amino
acid sequences deduced are placed on top of the nucleotide sequences. N's indicate
sequences not determined. P and Y are purine and pyrimidine, respectively. Amino
acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, le;

K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,

Trp; Y, Tyr.
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Fig. 3 Comparison of the 5'-terminal sequences of alphavirus 49S RNAs. Sequences
that are conserved among viruses are boxed. The sequence of SIN-DI is the common
5'-terminal sequence of a family of DI RNAs as described in the text. These DI
RNAs were isolated from BHK cells after 16 undiluted passages of SIN. Details
for the preparation of these DI RNAs have been described elsewherell. Shaded

region indicates the homologous sequence of SIN-DI to the genomie sequence. Y,

pyrimidines.
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have been determined (E. G. Strauss, unpublished results), nucleotides 205 to 221
of SIN-HR presented were derived from overlapping the 5'-terminal sequence determined
with the sequence of a Tagl fragment which was again overlapped by another Haelll
fragment.

The Haelll fragment of MBV which contains the complement of the 5'-end
of its 49S RNA is 86 nucleotides in length and thus the sequence from nucleotide
87 to 165 was determined only by the RNA method. The Haelll fragment identified
for HJ is about 350 nucleotides in length; because of the size only part of its sequence
was determined. The rest of the HJ sequence was either not determined or determined
by the direct RNA method. Partial 5'-terminal sequences of EEE-SA and VEE
49S RN As are also presented in Fig. 2. Due to band compressions on sequencing
gels which were further complicated by ambiguous pyrimidines, sequences represented
by N's were not determined. VEE-TC (TC-83 strain) is the avirulent vaccine strain
of VEE-TD (Trinidad donkey strain)16. The 5'-terminal sequences of these two viruses
determined are different at at least four positions: besides having a different nucleotide
at position 3 (Fig. 3), VEE-TC might also have three other nucleotide deletions in
the region represented by N's (Fig. 2).

The first 12 nucleotides of our SFV sequence determined by the RNA method
are the same as those previously published”. Nucleotides 11 to 38 also mateh the
5'-terminal sequence of an SFV DI RN A18. From comparative studies of the amino
acid sequences deduced (see below), the coding sequence of SFV and the tetranucleotide
preceding it were taken out from this SFV DI RNA sequence. Because DI RNAs

undergo frequent sequence reeau-rza.ngementsll’12

, we cannot rule out the possibility
of any deletion or insertion of the sequences.

Heterogeneous DI RNAs of SIN were also sequenced by the direct RNA method.
These DI RN As have the same 5'-terminal sequence at least up to the region we

determined (Fig. 3). The sequence of the first four nucleotides of the genomic RNA
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(AUUG) has been mutated to AYAYA in these DI RNAs. From nucleotide 6 the
sequence of SIN DI RNAs becomes the same as that of genomiec RNA (Fig. 3, shaded
region).

In Fig. 3 we also compared the sequences of the first 45 nucleotides or so of
the alphavirus RNAs determined. Sequences of the first 20 nucleotides of EEEs
and HJ are extremely similar (about 80% homology). Except for these viruses, 5'-
terminal sequences in this region in general are not as conserved as those at the

extreme 3'-ends next to the poly(A) tails.

NHz-terminal sequences of nonstructural polyproteins

It has been noticed that the initiation codons of about 60% of eucaryotic mRNAs

are preceded by these tetranucleotides: CANA, CAAN, CANC and CACN (J.-H.

Ou, Ph.D. Thesis, California Institute of Technology). Potential initiation codons
identified in Fig. 2 are all preceded by these tetranucleotides. In the nucleotide
sequences presented, no termination codons are found in the reading frames generated
by these initiation codons. In vitro translation of SFV 49S RNA showed that the

first two amino acids of SFV nonstructural polyprotein are Met and Ala19 which

are the same as those deduced in Fig. 2. For these various reasons, we are confident
that the initiation codons identified are indeed used for translating alphavirus nonstructural
proteins.

The 5'-untranslated regions of 49S RN As range from 42 to 59 nucleotides,
depending on the viruses (Fig. 2). It is noteworthy that the SFV Haelll cDNA fragment
we identified which contains the complement of the 5-end of its 49S RNA is about
88 nucleotides in length. In the SFV sequence presented in Fig. 2, only one Haelll
site is present. This Haelll site is between nucleotides 4 and 5 from the 5'-end of
the ecoding sequence. Therefore, the 5'-untranslated region of SFV could be as long
as 84 nucleotides.

The N-terminal sequences of nonstructural proteins are compared in Fig. 4.
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Fig. 4. The comparison of the NHz-terminal sequences of the nonstructural polyproteins
of alphaviruses. Highly conserved sequences are boxed. The numbering of the positions

of the amino acids are arbitrary. All the deletions (or insertions) are counted.
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Sequences from positions 34 to 55 are highly conserved. However, most of this region
(positions 34 to 50) are encoded by a highly conserved nucleotide sequence (see below).
As shown in Fig. 4, at position 3 SFV is distinet from other viruses by having an
insertion of Ala, and at positions 5 and 6 SIN and MBV have two insertions of Pro

and Val. Except in SIN, nonconserved substitutions of the amino acids always occur

at the same positions among viruses, these include amino acids at positions 2, 27,

33 and 37. Other variations of the amino acid sequences are all conserved in the
respects of charges (positions 9, 18, 30 and 49), properties—nonpolar amino acid
substitution (positions 9, 18, 30 and 49) and R-group structures (positions 17, 24,

32 and 51). The sequence of SIN is different from other viruses by having its unique

amino acids at positions 8, 13, 14, 19, 20 and 31.

Conserved secondary struetures and sequence
Stable stem and loop structures could be formed at the extreme 5-ends of the 49S
RNAs of SIN, MBV, EEE-SA and SFV (Fig. 5). Despite the divergence of the nucleotide
sequences, the shape of the stem and loop structures of these viruses remains very
similar, except the b type of SFV. We do not have enough sequence data for VEEs
and EEE-NA and thus do not know whether this stem and loop structure is also present
in their 49S RNAs or not. However, it is interesting to note that the only nucleotide
that is different between the two EEE sequences determined is the nucleotide 22
(Figs. 2 and 3). This nucleotide is not bonded in the stem and loop structure of EEE-SA
(Fig. 5, denoted by an arrow).

Because not enough 5'-terminal sequences of DI RNAs are yet available, it
is not clear whether this stem and loop structure is conserved in them or not. However,
because the first four nucleotides of SIN which might be involved in forming the
stem and loop structure have been mutated to another sequence in the DI RNAs
sequenced, it is likely that if stem and loop structures are conserved in DI RNAs

they might have different conformations.
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Fig. 5. Possible stem and loop structures at the extreme 5-ends of 49S RNAs.
Arrows indicate the positions of the nucleotides which are different between SIN-
HR and SIN-WT, and between EEE-SA and EEE-NA. Free energies were calculated

by using the method of Tinoco, et a_l.zo.
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A highly conserved sequence which is 51 nucleotides in length is located at
about 130 to 150 nucleotides from the 5'-end of 49S RNA, depending on the viruses
(Fig. 2, shaded regions). Although this sequence is in the coding region of nonstructural
proteins, we do not believe that its conservation is only because it codes for a highly
conserved amino acid sequence. The major reason is that only 5 out of 14 conserved
amino acids encoded by this sequence are ecoded by more than one codon (about 35%
silent mutation rate), whereas about 95% of the conserved amino acids encoded
by other sequences, such as amino acids at positions 21-23 and 52-55 (Fig. 4), are
coded by two or more than two codons.

This conserved sequence could form two stable hairpin struetures. Using SIN-HR
as an example, the entire 51 nucleotides and the hairpin structures formed by them
are shown in Fig. 6. Hairpin structures of other viruses (SFV, EEE-SA and HJ) have
about the same stability as those of SIN-HR. In Fig. 6, variable nucleotides are
circled.

49S RNAs of SIN and SFV are able to cyelize and form panhandle structures21’22.
Because serological experiments23 and nucleotide sequence studies10 suggest that
SIN and SFV are distally related alphaviruses, these circular structures are probably
conserved in all alphavirus 49S RNAs. The average length of the panhandle structures
is about 0.083 um which is equivalent to 250 + 50 nucleotides. For this reason, it
has been proposed that there are complementary sequences at both ends of 49S RNA
which are responsible for forming the panhandle strueture and cyelizing the RNA

molecu1e21’22

. Free energies of these circular structures have been estimated to
be about -13 keal in 0.1 M salt solution27. According to these results, sequences
which might be involved in forming circular structures have been searched and the
potential 5'- and 3'-terminal sequences have been located (Fig. 7). The 5'-terminal

sequences found are either partly or completely located within the conserved 51

nucleotides described above, and the 3'-terminal sequences found are at about 240
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Fig. 6 The conserved 51 nuecleotides of SIN-HR and the possible hairpin structures
formed by them. Variable nucleotides are circles. Because EEE-SA, SFV, HJ and
SIN-HR all have similar structures and free energies, only the structures of SIN-
HR are presented. Free energies are calculated as deseribed in the legend of Fig. 4.

Nucleotide sequence is read from 5'- to 3'-end.
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Pig. 7 Secondary structures which would eyelize 49S RN As. Sequences shaded

are in the 5'- or 3'-conserved regions (see text). Numbers indicate the positions

of the sequences from either 5'- or 3'-ends (excluding poly(A) tails). Free energies
were calculated the same way as described in the legend of Fig. 4. 5'-end sequences

are placed on the top of 3'-end sequences.
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nueleotides from poly(A) tails. We have noticed before that a sequence whieh is
about 40 nucleotides in length is conserved in the 3'-noncoding regions of SIN, EEE

and HJ 498 RNAs10

. For these viruses, the 3'-terminal sequences which might be
involved in 49S RNA cyclization are also partly or completely located within this
sequence. Because this sequence has been repeated three times in SINlO, three

kinds of secondary structures are possible for this virus (Fig. 7). For SFV, this sequence
is absent; however, the potential 3'-terminal sequence involved in forming the circular
structure of its 49S RNA is partly repeated twicelo. The average length of the

poly(A) tails of either SIN or SFV 49S RNA is about 70 nucleotidesZ4. Including

poly(A) tails and those nucleotides involved in base-pairings, panhandles formed

by the three structures of SIN shown in Fig. 7 would have the size of 350, 260 and

170 nucleotides, respectively, and the panhandle formed by the SFV structure would
have a size of about 320 nucleotides. Free energies calculated by the method of
Tinoco et al.20 are also shown in Fig. 7. (They are -10, -8, and -6 keals for the

three structures of SIN, respectively, and -9 keal for the structure of SFV.) Because
efforts to search other more stable secondary structures formed by the known sequences

of both 3'- and 5'-ends of 49S RNAs failed, it is likely that structures presented

in Fig. 7 are indeed involved in 49S RNA cyclization.

Diseussion

Determining the 5'-terminal sequences of RNAs has always been a problem because
of the difficulties to specifically end-label an RNA at its 5'-terminus and the lack

of a ribonuclease which ean unambiguously distinguish pyrimidines. Two-dimensional

finsg;erprintszs’26

for determining RNA sequences are too time econsuming and ean
determine only limited sequence data. In this paper we described sequencing strategies
which are especially useful for determining the 5'-terminal sequences of long RNA
transeripts. These strategies could also be used to determine 5'-terminal sequences

of a heterogeneous population of RNAs, such as DI RNAs, for which the separation
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of the RNA species is rather difficultllz fragments identified on an analytical gel
could all be isolated and sequenced. This would yield sequence data of several different
RNA species. However, the strategies described above are still improvable: first,
raising the efficiency of 3'-end labeling would enable us to isolate fragments directly
from lane 1 of Fig. 1 and determine their sequences. This would greatly simplify
the procedures. Second, other restriction endonucleases such as Taql, Hhal and
Rsal which cut single-stranded DNA could also be used in the experimentsls. This
would allow people to select fragments of different length.

Using SIN as an example, the 5'-end region of alphavirus 49S RNA is illustrated
in Fig. 8. The conservation of the hairpin struétures at the extreme 5-end of 49S
RNAs suggests that they might be important in alphavirus replications. Except
for an additional G at the 3'-terminus, the 3'-end of minus-stranded RNA of SFV
has been shown complementary to its 49S RNA17. Because of this sequence complemehtarity,
similar structures would also be present at the 3'-end of the minus-stranded RNA.
It is possible that these stem and loop structures in the minus-stranded RN As are
replicase binding.sites which control the replication of 49S RNAs. Conserved secondary
structures at the 3'-ends of RNAs which might serve as the initiation sites of replciation
have also been observed in other RNA virusesz7. The possibility that this strueture
in 49S RNA is required for encapsidation, however, cannot be ruled out. Because
of the conservation of the structure the less stable a strueture of SFV in Fig. 5 would
be more favorable than the b structure for serving these functions. The difference
of the free energies could be compensated by the binding of replicases or capsid
proteins.

As mentioned above, sequences of SIN-HR and SIN-WT have a single'base replacement
at nucleotide 35 (Fig. 3). This point mutation would remove one GC base pair from
SIN-WT structure and slightly alter the conformation of the 5-end stem and loop

structure of SIN-HR (Fig. 5, denoted by arrows). We have also noticed that the



125

Fig. 8 IDlustration of the 5-end region of SIN 49S RNA.
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nucleotide sequences of two VEEs are possibly different at four positions (Figs. 2

and 3). These changes would also result in different conformations of their stem

and loop structures. If the stem and loop structure is indeed involved in 49S RNA
replication, changes in its conformation would be expected to affect the replicational
efficiencies of viruses.

No complete 5'-terminal sequences of alphavirus DI RN As are available at
present; however, because the sequence of an SFV DI RNA diverged from the genomic
sequence at about 10 nucleotides after the 3'-end of the hairpin structurelg, there
is the possibility that the hairpin structure is also conserved in DI RNAs. Besides the
SIN DI RNAs we studied, a group of SFV DI RNAs were also found to have modified
5'-terminal sequenceszs, although these sequences are different from those of SIN
DI RNAs and are heterogeneous. What the significance of these modified sequences
is and how they were generated are not clear at this moment. However, because
these kinds of sequence modifications are not found in genomie RN As, there must
be certain selection pressures against them. One possibility is that an unmodified
5'-terminal sequence is required for translating nonstructural proteins; alternatively,
it might be involved in 26S RNA transeription which is not required in DI RNA replicationlz.

We have suggested before that the transeription of the minus-stranded RNA,
besides involving the highly conserved 19 nucleotides adjacent to the poly(A) tail,
must also involve other non-26S RNA sequencesw. Because 268 RNA, although it
has the 3'-terminal sequence of 49S RN A8, is apparently not used as the template
for minus-stranded RNA synthesiszg. Because of the conservation of the circular
structures of 49S RNAs, we proposed that cyclization of 43S RNA is important in
bringing the non-26S RNA sequences to the 3'-end for replicases to recognizew.

If this is true, because of the possible involvement in 49S RNA cyclization, the highly
conserved 51 nucleotides found at the 5'-end of the RNA could be the non-26S RNA

sequence involved in minus-stranded RNA synthesis. In this regard, we have noticed
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that although the potential 3'-terminal sequence involved in 49S RNA cyclization
has been deleted in an SFV DI RNA, this conserved 5'-terminal sequence has been
rearranged to a position about 190-250 nucleotides from the poly(A) tai1l®, 1tis
noteworthy, however, that if this conserved 51 nucleotides is involved in minus-stranded
RNA synthesis, its translocation might result in a different configuration of the
sequence to be recognized by the feplicases.

The hairpin structures of this highly conserved sequence (Fig. 5) might also
be important in other functions, such as encapsidation. Hairpin strueture serving
as the initiation site of encapsidation has been observed in the RNA of tobacco mosaic
virus (TM V)30. Because this highly conserved sequence has been repeated three
times in the SFV DI RNA mentioned abovels, if this sequence is involved in encapsidation,
the process of it would be very different from that of TMV.
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Appendix

Comparison of the tetranucleotides preceding the

initiation codons of eucaryotic mRNAs
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Table 1. The tetranucleotides preceding the initiation codons of eucaryotie

mRNAs?

mRNA Sequence Reference

CACC group
1. SIN 26S RNA CACC chapter 5
2. SFV 26S RNA CACC chapter 5
3. MBV 26S RNA CACC chapter 5
4. Chicken ovalbumin CACC 1
5. Human o-globin CACC 2
6. Human B-globin CACC 2
7. Human §-globin CACC 3
8. Rabbit a-globin CACC 2
9. Rat preprocarboxypeptidase A CACC: 4
10. Mouse B-globin CAUC 2
11. Chicken brain B-tubulin CAUC 5
12. VSV-M protein CAUC 6
13. AMV-RNA 4 CAUC 6
14. VSV-G protein CACU 6
15. Rainbow trout protamin CACU 7
16. Reovirus s45 /CACU 2
17. SFV 49S RNA CACG chapter 6
18. Angler fish insulin CAGC 8
CAAA group

19. MBV 49S RNA CAAA chapter 6
20. EEE 49S RNA CAAA chapter 6
21. VEE 49S RNA CAAA chapter 6

22. VSV N-protein CAAA 6



Table 1 (cont.)

23. Mouse liver amylase
24. Mouse salivary amylase
25. Influenza hemagglutinin
26. FPV-NA

27. FPV-HA

28. FPV-P,4
29. Rat insulin”

30. Human fibroblast inter'feronb

31. TYMV coat protein®

32. Drosophila heat shock proteinb

33. Human serum albuminb

34. SIN 49S RNAP
35. Poliovirus
36. FPV-NS, ,

37. FPV—P2

38. Rabbit B-globin

AA group
39. RRV 26S RNA

40. Drosophila 68C group IV
41. Drosophila 68C group II
42. Drosophila 68C group I
43. Mouse o-globin

44, Reovirus m52

45. FPV-M protein

46. FPV-L protein

47. BMV-RNA 4

133

CAAA
CAAA
CAAA
CAAA
CAAA
CAAA
CAAC
CAAC
CAAC

"CACA

CACA
CACA
CAUA
CAUA
CAAU
CAGA

AAAC
AAAC
AACC
AACC
AACC
AAAG
AAAG
AAUC
AAUA

10
11
11
11
12
13
2
14
15
chapter 6
16
11
11
2

chapter 5
17
17
17
2
2
11
11
18
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Table 1 (cont.)

UA group
48. VSV-NS protein UAUC 6
49. FPV-NP UAUC 11
50. Mouse germ-line VH gene UACC 19
51. TMV UACA 2
52. STNV UAAC 2
53. Human leucoecyte interferon UACG 20

GA group
54. Bovine corticotropin-g -lipotropin GAAG 21

Others
55. Human chorionie gonadotropin CGCC 22
56. Human insulin UGCC 8
57. Human growth hormone UGCA 23
58. Reovirus s54 CGCA 2
59. FPV-P, UUGA 11
60. SV40-VP1 GCUU 2
61. Reovirus s46 AGUU 2
62. Reovirus m30 : GGUC 2
63. Reovirus m44 GGUC 2
64. BMV-RNA3 CCCG 24
65. Bovin adrenal preproenkephalin CCCC 25

a. Abbreviations: SIN, Sindbis virus; SFV, Semliki Forest virus; VSV, vesicular
stomatitis virus; AMV, alfalfa mosaic virus; MBV, Middelburg virus;
EEE, eastern equine encephalitis virus; VEE, Venezuelan equine encephalitis

virus; FPV, fowl plaque virus; TYMV, turnip yellow mosaie virus; RRV,
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Table 1 (cont.)
Ross River virus; BMV, Brome mosaic virus; TMV, tobaceco mosaie virus;
STNYV, satellite tobacco necrosis virus; SV-40, Simian virus-40.

b. These mRNAs can also be put into CACC group.
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Tetranuecleotides preceding the initiation codons of 65 eucaryotic mRNAs
are listed in Table 1. About 83% of these tetranucleotides have an A at the second
position and about 58% of them begin with the sequence CA. These tetranucleotides
were separated into six groups: CACC, CAAA, AA, UA, GA groups and the group
whose second position is not A. Tetranucleotides of CACC and CAAA groups have
at least three nucleotides identical to their representative sequences. G is found
rarely in the last two positions of these two groups.

Statistically, if the sequences of these tetranucleotides are randomly arranged,
only 25% of them would be expected to have an A at the second position and slightly
less than 7% (2x%) of them would begin with CA. The 26S RNAs of Sindbis virus
(SIN) and Semliki Forest virus (SFV) have 81 and 56 AUGSs, respectively (26, 27, 28).
Excluding the initiation codons, in SIN only 26% of the tetranucleotides preceding
AUGs have an A at the second position and only 13% of them begin with CA; in
SFV 22% of them have an A at the second position, but only 5% of them begin with
CA. Because these figures are close to those predicted, the results shown in Table 1
suggest that tetranucleotides preceding initiation eodons might be important in
the initiation of translation.

To test this hypothesis, tetranucleotides preceding those AUGs in the 5'—untfans—
lated regions of several eucaryotic mRNAs were investigated. The 5'-untranslated
region of poliovirus mRNA has seven unused AUGs. None of the tetranucleotides
preceding them have an A at the second position. The initiation codon of poliovirus
is preceded by CAUA. Similar observations are also found in amylase mRNAs (9)
and the 49S RNAs of eastern equine encephalitis viruses and SFV (chapter 6), in
whieh, tetranucleotides preceding 5' unused AUGs do not have an A at the second
position, but those preceding initiation codons begin with CA. This is also true for
SV40-VP1 mRNA (2), except that the initiation codon, in this case, is not preceded

by NANN.
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Consensus sequences in procaryotic mRNAs which could base-pair with the
3'-end of 16S rRNA and help to position ribosomes on the mRNAs have been reported
(29). Similar kinds of sequences which could base-pair with the 3-end of 18S rRNA
are not found in eucaryotic mRNAs. From the observations discussed above it seems
likely that for at least some eucaryotic mRNAs, especially those in the CACC and
CAAA groups, the tetranucleotides preceding the initiation codon are somehow

important in the selection of AUG codon which initiates the protein synthesis.
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