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ABSTRACT The alphaviruses produce two mRNAs after in-
fection: the genomic (49S) RNA which is translated into the non-
structural (replicase) proteins and the subgenomic (26S) RNA
which serves as the mRNA for the virion structural proteins. The
sequence of the region of the genomic RNA that contains the 5'
end of the subgenomic RNA and the 5' flanking sequences in the
genomic RNA were determined for several alphaviruses. A highly
conserved sequence of 21 nucleotides was found which includes
the first two nucleotides of the subgenomic RNA and the 19 nu-
cleotides preceding it. We propose that the complement of this
sequence in the minus strand is the recognition site used by the
viral transcriptase for initiation of transcription of 26S RNA and
that, in general, such short recognition sequences are commonly
used among the RNA viruses. The COOH-terminal sequence of
the nonstructural polyprotein precursor has been deduced for
each virus. These protein sequences are highly homologous and
are followed by multiple in-phase termination codons clustered in
the nontranslated region of the 26S RNA in each case. In contrast
to the proposed transcriptase recognition site, the particular trip-
lets used for a given conserved amino acid have diverged markedly
during evolution of these viruses. The protein homology is suffi-
cient, however, for deduction of the correct coding phase of the
RNA and allows the alignment of the corresponding nucleic acid
sequence data from different alphaviruses without knowledge of
the sequence of the entire genomes.

The Alphavirus genus of the Togaviridae family includes more
than 20 distinct viruses, many of which are important human
or veterinary pathogens. These viruses are transmitted in na-
ture via arthropod vectors and have the ability to replicate in
awide range ofvertebrates including both avian and mammalian
hosts. Because these viruses differ in geographical distribution,
host range, and the pathological result of infection but are ex-
tremely similar in molecular architecture and in the pattern of
events comprising viral replication, they provide an ideal sys-
tem for studying the evolutionary relationships among members
of a structurally and functionally related virus group. Viruses
are known to mutate rapidly in general (1, 2), but the wide host
range of this group of viruses and the alternation in nature be-
tween vertebrate and invertebrate hosts means that the al-
phaviruses are subject to different selective pressures compared
to viruses with more limited host ranges.
The alphavirus genome consists of a single plus-strand RNA

molecule about 13,000 nucleotides long with a sedimentation
coefficient of 49 S (reviewed in ref. 3). This genomic RNA
serves as the mRNA for the nonstructural proteins which func-
tion as the replicase/transcriptase activities required for rep-
lication of the viral RNA and for transcription of a 26S subgeno-
mic mRNA encoding the virion structural proteins. The 26S

RNA contains sequences identical to the 3'-terminal one-third
of the genomic 49S RNA. The nucleotide sequences of the ge-
nomic RNA preceding and including the beginning of the 26S
RNA (called the "junction region") would be expected to contain
signals important in the termination of translation of the non-
structural polyprotein precursor as well as sequences important
for 26S RNA transcription.

By comparing several different alphavirus sequences in a
given region of-interest, we have found that it is possible to
define potentially important features involved in alphavirus
replication by virtue of their conservation (or lack thereof) dur-
ing evolution (4-7). Here we report the sequences of four dif-
ferent alphavirus junction regions. Comparison of these se-
quences has revealed several common features and provides
insight intothe translation and transcription ofthe 26S and 49S
RNAs and the evolution of these viruses.

MATERIALS AND METHODS
Preparation of Vaccinia Guanylyltransferase. Guanylyl-

transferase was prepared from vaccinia virus (WR strain, isolate
11; a gift from W. K. Joklik) by a simplified version of the
method of Paoletti et al. (8); 2 mg of vaccinia virus in 640 ,ul of
1 mM Tris'HCl (pH 9.0) was used for each preparation of the
enzyme. After disruption ofthe virus cores, the preparation was
briefly sonicated to shear viral DNA and then centrifuged at
136,000 x g for 60 min. The guanylyltransferase activity present
in the supernatant was stable for 2 weeks at 4°C.

5'-End Labeling of Alphavirus 26S RNA. The 26S RNA of
Sindbis virus (HR strain), Semliki Forest virus, and Middelburg
virus were prepared as described (4) and decapped by ,3-elim-
ination by the method of Rose and Lodish (9). Decapped RNA
was then end-labeled by using conditions modified from Ahl-
quist et al. (10). The 100-,ul reaction mixture contained 0.16mM
ATP, 1 mM MgCl2, 1 mM dithiothreitol, 2.5 p.M [a-32P]GTP
(410 Ci/mmol; 1 Ci = 3.7 x 1010 becquerels; Amersham), 50
mM Tris HCl (pH 7.8), and 15 ,ul ofguanylyltransferase extract.
After incubation at 37°C for 15 min, the reaction was terminated
by phenol/chloroform extraction followed by ethanol precipi-
tation as described (4). RNA pellets were resuspended in 50 ,ud
of 10mM Tris'HCl, pH 8.2/10mM NaCl/1 mM EDTA/0.1%
NaDodSO4 and purified from the unincorporated label by gel
filtration on a Bio-Gel A-5m column. The excluded volume frac-
tions containing theRNA were pooled and the RNA was ethanol
precipitated twice with carrier RNA and resuspended in water
to a final concentration of about 2,000 cpm//.l. More than 1
X 105 cpm was incorporated per 30 ,ug of RNA, which was suf-
ficient for several experiments.

* Present address: Biochemistry Dept., The Australian National Uni-
versity, P.O. Box 4, Canberra, Australia 2600.

t To whom reprint requests should be addressed.

5235

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 79 (1982)

Direct Enwymatic Sequence Determination of the RNA
from the 5' End. Partial RNase digestion of the 5'-end labeled
RNA was performed by the method recommended by P-L Bio-
chemicals (method E998) and the products were separated on
sequencing gels. A brief description of the reaction conditions
is in the legend of Fig. 1.

Single-Stranded cDNA Synthesis and Chemical Sequence
Determination. The 49S RNAs of Sindbis, Middelburg, and
Semliki Forest viruses were prepared as described (4). Ross
River virus (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 and
calf thymus DNA or oligo(dT) primers as described (11). Prep-
aration, isolation, and chemical sequence determination of 5'-
end-labeled restriction fragments from these cDNAs have been
described (11).

RESULTS
In recent studies, nearly the entire 26S RNA nucleotide se-
quences for Sindbis virus (5) and Semliki Forest virus (12, 13)
have been determined. However, the 5' termini of these
RNAs, a necessary landmark for defining the junction region,
could not be localized unambiguously from these data. Thus,
we began by directly determining the 5'-terminal 26S RNA se-
quences for several' alphaviruses. The 26S RNAs of 'Sindbis,
Middelburg, and Semliki Forest viruses were decapped by /-
elimination, end-labeled with guanylyltransferase, and then
partially digested by using endonucleases with four different
base specificities. The resulting products were separated' on
acrylamide gels and the sequences were determined from the
ladder produced. Fig. 1 presents part of the data to illustrate
the technique. Each RNA was analyzed at least twice, and the
sequences obtained are shown in lowercase letters in Fig. 2. In
general this enzymatic method gives a clean signal for the pu-
rines, but the pyrimidines are often ambiguous (Fig. 1).

In order to determine the sequences preceding the start of
26S RNA and to clarify the direct RNA sequence analysis data,
chemical sequence analysis of single-strand cDNA made to 49S
RNA of Sindbis, Middelburg, Semliki Forest, and Ross River
viruses was used (Fig. 2, uppercase letters). The method in-
volved analysis of Hae III fragments of the cDNA (11) by the
methods of Maxam and Gilbert (14). For Sindbis and Middel-
burg viruses, restriction fragments produced by Hae III diges-
tion ofcDNA to 49S'RNA were randomly selected for analysis.
Identification and alignment of the sequences in the junction
region was done by computer. The RNA sequences and the
possible protein, sequences obtained by translation of the RNA
in all three reading frames were searched by using homology
routines, and.the fragments that-contained the start of26S RNA
and the start of the capsid protein were identified. These frag-
ments end at nucleotide -126 for Sindbis virus and -180 for
Middelburg virus (numbering begins at the start of 26S RNA)
(Fig. 2). Furthermore, because the Hae III sites were found at
different positions in the two viruses, adjacent Hae III frag-
ments could be positioned by homology. This is possible be-
cause of the pronounced homology at the protein level among
the various alphaviruses, and the use ofhomology routines often
allowed corresponding fragments in any two viruses to be iden-
tified and aligned. Thus, the sequences of the underlined nu-
cleotides in Fig. 2 (Middelburg virus, nucleotides -180 to
-183; Sindbis virus nucleotides -126 to -129)'were not de-
termined directly but were inferred from the activity ofHae III
and the homology between the two RNAs and their translated
proteins.

For Semliki Forest virus, a simplified procedure was used
to identify the junction fragment. cDNAs to both 26S and 49S
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FIG. 1. Direct 5'-end sequence analysis of the 26S RNAs of Sem-
liki Forest virus (Left) and Middelburg virus (Right). About 2,000 cpm
of end-labeled RNA was enzymatically digested at 5600 for 3-10 min
(depending on the degree of digestion preferred). Alkaline hydrolysis
was at 9000 for 6 min. G reaction: 1 1.d of RNA was added to 3 1.d of
buffer I containing 1 unit of RNase T1. A>G reaction: 1 ,ul ofRNA was
added to 3 1d of buffer II containing 1 unit of RNase U2.A+U reaction:
1 p1 ofRNAwas added to 3 p1 of buffer Icontaining 1 unit ofPhysarum
M RNase. U+C reaction: 1 ul of RNA was added to 3 jil of buffer m
containing 1 unit of Bacillus cereus RNase. Alkaline hydrolysis: 1 ,ul
of RNA was added to 2 p1 of 50 mM NaHCO3, pH 9.0/1.6 mM EDTA
containing 1 ug of carrier tRNA. All reactions were terminated by
chilling on ice. For the U+C reaction and the alkaline hydrolysis, 3
,lofloadingbuffer(0.01%xylenecyanolFF/0.01%bromophenolblue/
10 M urea in 0.lx electrode buffer) was added before loading onto the
gel. Buffer 1:33 mM Na citrate, pH 5.0/1.7 mM EDTA/0.04% xylene
cyanol FF/0.08% bromophenol blue/carrier tRNA at 1 mg/ml/7 M
urea. Buffer II: Buffer I, exceptthatthepH of Na citratewas 3.5. Buffer
Im as buffer I except that it contained no urea or dyes. Acrylamide gel
electrophoresis was as described (4), and the gels were autoradio-
graphed on preflashed film by exposure at -70TC for 1 week with en-
hancing screens. Shown here is a 20% sequencing gel. Y, ambiguous
pyrimidines.

RNA were made with an oligo(dT) primer and then digested
with Hae III, and the resulting -fragments were compared on
gels. Because of premature termination by the reverse tran-
scriptase, the complexity of the 49S pattern was only slightly
greater than that of the 26S RNA pattern. From our direct 5'-
end sequence analysis and the previously published 26S RNA
sequence (12) it was known that the first Hae III site in 26SRNA
was 83 nucleotides from the cap. Only 1249SRNA specific frag-
ments larger than 83.nucleotides were found, and these were
excised and scanned by chemical sequence analysis with the
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-240 -220 -200 -180 -160
L F K L G K P L P A C D E a 0 E D R R R A L L O E J K A W F

SI N CUGUUUAAGUUGGGUAAACCGCUCCCAGCCGACGACGAGCAAGACGAAGACAGAAGACGCCCUCUGCUAGAUGAAACAAAGGCGUGGUUU

MBV CUCUUUAAGCUCGGAAAACCGCUGCCUGCUGAAGACAAACAGGACGAGGACCGCAGAAGGGCGUUnnrACCAGGCACAACGGUGGAAC
L F K L G K P L P A G D T 0 D E D R R R AL K D E T D R W A

RRV UUAUUUAAACUAGGUAAACCUUUACCCGCCGGAGACACCCAAGAUGAACAUCGUAGGCGUGCAUUGAAGGAUGAGACGGAUAGGUGGGCA

-140 -120 -io0 -80
R V G I T G T L A V A V T T R Y E V D N I T P V L L A L R T

SIN AGAGUAGGUAUAACAGGCACUUUAGCAGUaLGUGACGACCCGGUAUGAGGUAGACAAUAUUACACCUGUCCUACUGGCAUUGAGAACU

MBV

SFV

R V G I Q A O L E A A M N S R Y E V E G I R N V I T A L T T
CGCGUAGGUAUCCAAGCAGAUUUGGAGGCCGCAAUGAACAGCCGUUACGACGUCCGAGGGGAUCCGAAACGUCAUCACGGCGUUAACCACG

E L E V A L T S R Y E V E G C K S I L I A M A T
GAACUGGAGGUGGCACUAACAUCUAGGUAUGAGGUAGAGGGCUGCAAGAGUAUCCUCAUAGCCAUGGCCACC

R V G L K S E L E I A L S S R Y E V N G T G N I V R A M
RRV CGAGUAGGGCUGAAGUCUGAACUGGAAAUACCACUAAGUUCUCGGUAUGAGGUGAACGGGACCGGCAACAUAGUGCGAGCAAUGG ?

SIN

MBV

SFV

-26S RNA BEGINS-60 -40 -20 -! 20
F A C S K R A F 0 A I R G E I K HL. Y G G P KUUUGCCCAGAGCAAAAGAGCAUUCCAAGCCAUCAGAGGGGAAAUAAAGcM6 ACGUGUCJAAUACUCAGCAUAGUACAUUUCAayaguyagyoyaguoyayyyy
CUGUCACGGAAUUAUCACAAUUUCCGACAUCUAAGAGGACCCGUUAUU pGUUGCGUGAAUACAUAUUC. ucguugyguqgaayaeueouuy
L A R 0 I K A F K R L R G P V I H Y G P K L V R
CUGGCAACGGACAUUAAGGCGUUUAAGAGAUUGAGAGGACCUGUUAUA JC U UGGUGCGUUAAUACACAGAA

buuqgugygu aauayaycga
K S L K N F K K L R G P I V H L YG li G P K

RRV ? CCAAGAGCCUGAAGAAUUUUAAAAAGCUGCGUGGACCCAUCGUAC AlAEGGCUcCLJAGAUGCAGAGACACACCUUC

SIN

MBV

40 60
M N R G;F F N M L

M N Y I P T Q T F
UfACAACAGAUACUAUUGACGCAGCACCAUGAAUUACAUACCUACGCAGACGUUCUAucaayaooaay yayygygyqagyayyauQaayynyaunyyLuaygung

80

-- -. ~M N Y I P TU0T F
SFV UUCUGAUUAUAGCGCACUAUUAUAGCACCAUGAAUUJACAUCCCUACGCAAACGUUUUA

uuyugayyayagy~

- Ml.. Y I P T Q T F Y
RRV AUCUAAUACAGCUCACAACAGUAAACAUGAAUUACAUACCAACCCAGACUUUUUACG

FIG. 2. The nucleotide sequences of the junction regions. The conserved sequences near the start of 26S RNA and around the initiation codon
of the capsid proteins are shaded. The deduced protein sequences are shown (one-letter code) above the nucleotide sequences. Nucleotide sequences
of the 5'-end of 26SRNA determinedby the enzymatic method are shown in lowercase letters. In-phase termination codons for nonstructural proteins
are overlined. Haem sites not directly identified 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, pyrimidine; n, any
nucleotide; A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; Y, Tyr; SIN, Sindbis virus; MBV, Middelburg virus; SFV, Semliki Forest virus; RRV, Ross River virus.

G+A reaction to find the junction fragment. A fragment 222
nucleotides long that contained the right purine ladder for the
5'-end sequence of 26S RNA was found and its sequence was
then determined (Fig. 2).
A third procedure was used for Ross River virus. RNA was

prepared from infected cells; it sedimented at about 26S and
contained poly(A). This preparation contained not only 26S
RNA but also fragments of degraded 49S RNA and thus the se-
quences in the junction region were present as well as 26S RNA
sequences. cDNA was made with calf thymus primer and the
Hae III fragments were selected randomly for sequence anal-
ysis. The correct fragments were identified by homology. Six
nucleotides are apparently missing and we believe them to be
present in a small Hae III fragment not analyzed. Nonetheless,
corresponding sequences can be readily aligned.
The RNA sequences obtained by direct RNA sequence anal-

ysis and deduced from cDNA sequences are compared in Fig.
2 and are in agreement. Taken together with the previously
published sequence of 26S RNA (5, 12, 13), the complete se-
quences of both Sindbis virus and Semliki Forest virus 26S
RNAs are now known. Sindbis virus 26S RNA is 4,102 nucleo-
tides in length; Semliki Forest virus 26S RNA is 4,074 nucleo-
tides long.

Also shown in Fig. 2 is the deduced amino acid sequences
of the COOH-terminal region of the nonstructural proteins
(translated from 49S RNA) and the NH2-terminal region of the
capsid protein (translated from 26S RNA). The stop codon for
the nonstructural proteins is found at nucleotides 2-4 for three
of the viruses and at nucleotides 11-13 for Semliki Forest virus
(again, numbering begins with the first nucleotide of26S RNA).
The nonstructural protein sequences are directly compared in
Fig. 3. The homology is striking but not uniform, some regions
being highly conserved and other regions less well conserved.

Inspection ofthe junction sequences (Fig. 2) reveals a highly
conserved sequence that extends from nucleotides -19 to 2
which we postulate is the recognition signal for the viral tran-
scriptase. A diagrammatic summary ofthe genomic organization
in the junction region is shown in Fig. 4.

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 ob-
taining the complete RNA sequence of each virus. The homol-

SIN LFKLGKPLPADDEQODEDRRRALLDETKAWFRVGITGTLAVAVTTRYEVDNITPVLLALRTFAQSKRAFQAIRGEIKHLYGGPK
MBV --KA--AQR-NA--- -O QAD-EA-MNS CG-RN-IT-T--LSRNYHN-RHL-PVIID
RRV G-T - -- -ADR-A--- LKSE-EI-LSS---NGTGNIVR-M ? -K1<-LKN-KKL--P-V
SFV E -E---L-S- GCKSI-I-MA-Lt-RDIK-KRL-VI- VR

FIG. 3. Comparison of the COOH-terminal sequences of the nonstructural proteins of alphaviruses. The single letter amino acid code virus
abbreviations are as in Fig. 2. Dash, amino acid is the same as is found in Sindbis virus.

Biochemistry: Ou et al.
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Nonstructural proteins
Cap

Structural proteins

/ 26S RNA begins

I
4-

Nonstructural COOH terminus L2 L Capsid NH2 terminus

FIG. 4. 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 codons are shown by solid circles. The figure is drawn to scale for Sindbis
virus. The scale bar is for the expanded region.

ogy is much more striking at the protein level than at the RNA
level. Use of a computer search program to detect such ho-
mology is illustrated in Fig. 5 by a dot matrix in which the de-
duced COOH-terminal portions of the nonstructual proteins of
Sindbis and Middelburg viruses are compared. The compara-
tive approach yields information on the translation phase of the
RNA sequences. Inspection of Fig. 2 reveals that, even when
the amino acid sequence is conserved, the codons used are not
conserved. The evolutionary divergence of these viruses is so
extensive that the third codon position in degenerate codon
families is essentially randomized. As examples, note that three
different codons are used for the Ala at positions -78 to -80
and for the Leu at positions -135 to -137. A second way to
illustrate this point is to note that, outside of the conserved se-
quence near the start of 26S RNA (see below), the Sindbis and
Middelburg nonstructural polypeptides shown in Fig. 2 contain
the same amino acid at 40 positions, but different codons are
used in 25 ofthese instances. Because of this, translation ofcor-
responding RNA sequences will reveal extensive protein ho-
mology only when the proper translation phase is chosen. Thus,

Sindbis virus

1-bI' ' '

.".0

FIG. 5. Dot matrix comparing the amino acid sequence in the
COOH-terminal region of the Sindbis virus nonstructural polyprotein
to that of Middelburg virus. The amino acid sequences are compared
nine residues at a time, and a dot is placed in the matrix whenever at
least four amino acids in the two strings are the same and in the same
position (i.e., 44% identity of sequence in the string is required). This
method has been used to compare nucleotide sequences (15) and has
beenadapted to comparison of protein sequence. The diagonal line thus
created shows the homology between the two proteins. The dots off the
diagonal probably result from random matches in the amino acid se-
quences in these regions. The ends of the arrows mark the COOH ter-
mini for the nonstructural proteins.

we are confident that the deduced amino acid sequences shown
are correct and that termination of the nonstructural proteins
occurs where shown.

It is of interest that the termination codons of the nonstruc-
tural proteins lie in the 26S region of the genomic RNA. Thus,
the untranslated region between the nonstructural and struc-
tural polypeptides is less than 50 nucleotides because the ini-
tiation codon of the capsid protein begins at nucleotide 50, 51,
52, and 49 in 26S RNAs ofSindbis, Middelburg, Semliki Forest,
and Ross River viruses, respectively. In each case the untrans-
lated region contains a cluster of stop codons that are in phase
but slightly separated [three for Sindbis and Semliki Forest, two
for Middelburg, four for Ross River (Fig. 2)], implying that
multiple stop codons are important. It is also intriguing that
Sindbis, Middelburg, and Ross River viruses terminate at the
same position, whereas the corresponding Semliki Forest virus
codon is a sense codon and a later stop codon (corresponding
to the second in-phase Sindbis stop codon) is used which per-
haps illustrates the selective advantage ofmultiple stop codons.
A mutation in the first termination codon leading to read
through to the second stop codon would lengthen the COOH
terminus of the last nonstructural polypeptide which could be
important to the virus for evolutionary flexibility in this protein.
We note that in vitro translation of 49S RNA does not lead to
production of structural proteins (reviewed in ref. 3), as would
be expected from these results.
A stretch of 21 nucleotides near the beginning of 26S RNA,

from nucleotides -19 to 2, is conserved. It is unlikely that con-
servation of this sequence is caused by a need to conserve the
amino acid sequence. As discussed above, conservation of pro-
tein sequence does not necessitate such high conservation of
the nucleotide sequence. We note that, in contrast to the sit-
uation outside this region cited above in which different codons
are used for 25 ofthe 40 conserved amino acids between Sindbis
and Middelburg viruses, in this conserved region only 1 of 6
amino acids are encoded by different codons. As another ex-
ample, 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 also have 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 ofminus strands (4, 6). Similarly, we pos-
tulate that the complement of the conserved sequence around
the start of 26S RNA forms a recognition site for the viral tran-
scriptase that transcribes 26S RNA from the genomic length
minus strand. Because these two recognition sequences are

Poly(A)

Scale
20 NT
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quite distinct 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 comple-
mentation groups (16), all of which affect RNA synthesis, and
three or four nonstructural polypeptides have been described
in infected cells (17).
We suggest that the use of short sequences, 10-20 nucleo-

tides in length, as replication and transcription signals is com-
mon among the RNA viruses. The best examples of conserved
sequences heretofore have been found in the minus-strand vi-
ruses (18). For example, the eight segments of influenza viruses
have a highly conserved sequence of 13 nucleotides at both the
3' and 5' ends (19). We propose that these form a replication
and transcription recognition site and that, because the 3' and
5' end sequences are nearly complementary, the same recog-
nition signal is used for both plus-strand and minus-strand syn-
thesis. Similarly, bunyaviruses have a terminal conserved se-
quence of 9-20 nucleotides, depending on the virus; recombinant
viruses containing reasserted genomes can occur only when the
genomic segments contain the same or a highly homologous
terminal sequence (18), as would be predicted by the hypothesis
that they form replication recognition signals in these cases. In
other cases it appears to be secondary or tertiary structure in
the RNA that is recognized, such as in a number of plant virus
RNAs in which specific structures but not sequences are con-
served (20). This subject has been reviewed recently in detail
(21).
Two stable hairpin structures, each with a A G of about -35

kcal (1 cal = 1.84 J) (A G calculated as described in ref. 22) can
be formed from nucleotides -99 to 67 in the Sindbis virus junc-
tion region (unpublished data). It is conceivable that this struc-
ture is involved in initiation of 26S RNA synthesis. However,
we could not find comparable structures in the three other vi-
ruses and, despite its stability, this structure may not possess
any particular function in the virus life cycle. This result em-
phasizes the importance of a comparative approach for identi-
fication ofsequences and structures ofimportance in the control
of virus replication.

Stable hairpin structures (AG -12 kcal) can also be formed
in the 5' untranslated regions of 26S RNA in each of the four
viruses, beginning just after the cap, and these may be of im-
portance in translation of the RNA. The size and nucleotide
sequence of these structures are not conserved, however.
The tetranucleotide C-A-C-C precedes the AUG initiation

codon ofthe capsid protein in Sindbis, Middelburg, and Semliki
Forest viruses, whereas A-A-A-C precedes the initiation codon
in Ross River virus. Recently, Kozak (23) surveyed the nucleo-
tides adjacent to the initiation codons from a large number of
eukaryotic mRNAs and found that a purine (usually A) is found
at position -3 from the initiation AUG and that C is preferred
at position -4. The alphavirus 26S RNA initiation sites follow
this pattern. However, the nucleotide following the initiation
codon, which is usually a G (23), is an A in all ofthe alphaviruses
examined here. These nucleotides are believed to be of im-

portance for selecting the proper AUG codon for initiation of
translation, and this idea has been supported by ribosome bind-
ing studies in vitro (23).

Note Added in Proof. The sequence of the junction region of Semliki
Forest virus has been determined recently (24). Our results are in
agreement with those reported, with five nucleotide changes, probably
due to strain differences, in the region analyzed.
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