Structure-Function Relationships in the Structural Proteins

and in the RNAs of Alphaviruses and Flaviviruses

Thesis by

Chang Soo Hahn

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1988

(Submitted May 12, 1988)



i
Acknowledgments

[ 'would like to express my deepest appreciation to my advisor Jim Strauss,
for his support and guidance as well as spending hard time to translate my Korean-
English to real English throughout my staying at Caltech. I also would like to
thank my thesis committee members, Drs. Norm Davidson, Elliot Meyerowitz,
Ellen Rothenberg, and Mel Simon for sharing their time to discuss my thesis work.

[ am also grateful to Ellen Strauss for her enthusiasm and many
collaborations and discussions as well as my English teacher as a part-time job,
even though she failed to make me a birdwatcher. And thanks to Charlie Rice
who influenced and taught me various techniques during my first three years. We
spent countless nights at the lab together doing experiments and having
discussions until dawn.

Also, I would like to thank all my collaborators throughout my thesis work,
Drs. Lynn Dalgarno, Joel Dalrymple, Diane Griffin, Alan Jackson, Shlomo Lustig,
and Charlie Rice. And to Edith Lenches for excellent technical assistance and
collaboration, to Reef Hardy, Frank Preugschat, Kangsheng Wang, Drs. Richard
Kuhn, Bert Niesters, and Yukio Shirako for many helpful discussions and
friendships, and Dr. Lee Hood and Tim Hunkapiller for letting me use their
computer facility and teaching me how to use it.

Thank you my parents for your support and cheer which make me keep
awake all night throughout those times. (There are 17 hours difference between
here and Korea.)

Many thanks to all adminstrative staffs, especially Lody Kempees for
managing all funds, Bill Lease for helping me purchase and service equipment, all
the others in the stockroom, to the division cryptographers, especially Katie
Patterson for typing all the manuscripts, and especially to Frank Ostrander, John

Klemic and Tony Solyom in the shop for doing marvelous jobs for making and




iii
fixing many instruments and letting me use all their machines.
Finally to my wife, Young, the best collaborator I ever had and will have,
for all those discussions, encouragements, and both physical and mental helps.

Without her companionship, none of this would have been possible.




v
Abstract

The RNA virus families Togaviridae and Flaviviridae were considered one
family as recently as 1983. These two families contain more than 100 members,
many of which are important pathogens for humans and domestic animals. Studies
on members of both families which were undertaken to increase our understanding
of the functions of the virus structural proteins and of RNA sequence elements
that interact with virus proteins, and of the evolution of these two families of
RNA viruses, are presented in this thesis. These investigations include two on the
nature and function of a virus-encoded self-protease that functions in the
processing of the structural proteins, several studies on the role of the virus
structural glycoproteins in assembly of progeny virions and viral virulence, and
studies on the evolution of these viruses, including the demonstration that
recombination has occurred in the Togaviridae to produce an important new
pathogen, and that RNA sequence elements have been conserved during the
evolution of the Flaviviridae.

Alphavirus structural proteins are translated from a subgenomic messenger
RNA as a polyprotein, which is cleaved to the final products by proteolytic
processing. This processing was studied by comparative sequence analysis of three
temperature sensitive mutants of Sindbis virus (the type alphavirus) which have a
defect in processing of the polyprotein at the nonpermissive temperature. These
mutations were localized in the C-terminal region of the capsid protein. From the
position of these mutations and from sequence similarities between the alphavirus
capsid proteins and animal serine proteses, we hypothesized that the capsid
protein was a serine autoprotease whose active site is formed by His-141, Asp-147
and Ser-215. To study this capsid protein protease activity in more detail, we
have altered the proposed catalytic triad of the protease by site-directed

mutagenesis. We have assayed the protease activity in the mutagenized capsid
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proteins by in vitro transcription and translation, and attempted to rescue virus
from mutagenized full-length "infectious" clones. The results supported our
hypothesis.

Sindbis virus matures when preformed nucleocapsids acquire their
envelopes by budding through virus-modified areas of the cell surface membrane.
tsl03 is a mutant of Sindbis virus which has a defect in this late maturation step
such that it generates multicored particles, and it has provided a good system for
studying structure-function relationships during viral assembly and maturation.
Hybrid genomes were constructed that were formed from a full-length cDNA
clone of wild type Sindbis in which restriction fragments were replaced with
cDNA from tsl03. Virus rescued from these constructs were used to determine
the protein responsible for the multicored phenotype and to map the mutation.
tsl03 was found to have a single amino acid substitution in glycoprotein E2. The
implications of this mutation for our understanding of virus assembly are
discussed.

Virus surface glycoproteins are believed to be important determinants of
virulence and tissue tropism. Neurovirulence of Sindbis virus for mice has been
used as an animal model system in which to explore the effects of each individual
protein or of a particular domain of a given protein, or even of a single amino acid
residue, on neurovirulence. By constructing hybrid genomes among various strains
of Sindbis virus at the cDNA level and rescuing virus in vitro using in vitro
transcription and transfection, it was possible to evaluate the effect of each
protein on neurovirulence. From these studies, we concluded that Sindbis virus
glycoproteins are important determinants of neurovirulence, but not the sole
determinants. The virulence phenotypes of various recombinant viruses in both
weanling mice and suckling mice are discussed, with reference to the role of

particular residues in producing the neurovirulent phenotype.
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We have also undertaken a study of virulence in flaviviruses. The 17D
vaccine strain of yellow fever virus, the type flavivirus, is one of the most reliable
and stable live virus vaccines ever developed. By comparison of the nucleotide
sequences of the 17D vaccine strain and its parental virulent Asibi virus we have
located all of the changes which occurred during the attentuation of yellow fever
to produce the 17D vaccine. This comparison led us to the conclusion that
changes in the viral envelope protein play an important role in attenuation.

The 25 members of the genus Alphavirus have for the most part diverged by
linear descent from a common ancestor. We have now found that Western equine
encephalitis virus is an exception to this. Western equine encephalitis virus is a
close relative of Sindbis virus as determined by immunological cross-reaction, but
it is a New World virus that causes encephalitis in humans and horses, whereas
Sindbis virus is an Old World virus not normally associated with encephalitis. The
nucleotide sequence and deduced amino acid sequence of the structural proteins of
Western equine encephalitis virus reveal that it arose by recombination between
Eastern equine encephalitis virus (or a recent ancestor of it) and a virus closely
related to Sindbis virus. The importance of recombination in the evolution of
RNA viruses and in the generation of new potentially pathogenic virus strains, as
well as the implications of the amino acid changes which have occurred in Western
equine encephalitis virus (subsequent to the initial recombination event) for our
understanding of the interaction between the structural proteins of alphaviruses,
are discussed.

To study evolution in flaviviruses, sequences at the 5' and 3' ends of several
flaviviruses have been compared. Conserved structures or sequence elements
have been identified, one pair of which could result in cyclization of flavivirus

RNA. The significance of these sequences is discussed.




vil

Table of Contents

Page
Introduction A . b e SRS & S Y I Ty l
Part 1 The Role of the Alphavirus Capsid Autoprotease in the
Processing of Alphavirus Structural Proteins .......cvvvveennn.. 29
Chapter 1 Sequence Analysis of Three Sindbis Virus Mutants
Temperature-sensitive in the Capsid Protein
AULOPrOTRASE «oeeneecanwossonsevesssvossnesssssseesses 30
Chapter 2 Site-directed Mutagenesis of the Proposed Catalytic Amino
Acids of the Sindbis Virus Capsid Protein Autoprotease ..... 36
Part 2 The Role of Glycoproteins in Assembly and Virulence .......... 60
Chapter 3 Sindbis Virus ts103 Has a Mutation in Glycoprotein
E2 that Leads to Defective Assembly of Virions ........... 61
Chapter 4 The Molecular Basis of Sindbis Virus
Neurovirulence in Mice ...cvieeenenans Il 1T 88
Chapter 5 Comparison of the Virulent Asibi Strain of
Yellow Fever Virus with the 17D Vaccine Strain
Derived from It «oocevevccncsctoscnssscncsns valssee e 121
Appendix Comparison of the Asibi and 17D Strains of
Yellow Fever Virus «........ SRR A § § S EHEE 127
Part 3 Evolution of Alphaviruses and Flaviviruses ........ R § Y § 134
Chapter 6 Western Equine Encaphalitis Virus Is a
Recombinant Virus .....cceees Gaisimae e 8 8 BRI WH % 4 E 135
Chapter 7 Conserved Elements in the 3' Untranslated Region of

Flavivirus RNAs and Potential Cyclization Sequences ..... 161



Introduction




2
In recent years, there have been rapid developments in the methods used for
the determination of primary nucleotide sequences and deduced protein sequences
(Sanger et al., 1977; Zimmern and Kaesberg, 1978; Maxam and Gilbert, 1980). In
addition, for many plus stranded RNA viruses, including Sindbis virus (Rice et al.,
1987), it is now possible to resurrect infectious virus from cDNA clones. These
advances have made it possible to explore at the molecular level the structure-
function relationships of proteins and/or nucleic acids.
The family Togaviridae and family Flaviviridae (which was considered a
genus within the family Togaviridae as late as 1983) together contain some 100
species of RNA viruses, many of which are pathogenic for man and domestic
animals (Strauss and Strauss, 1977; Chamberlain, 1980; Matthews, 1982; Westaway
et al., 1985a,b; Brown, 1986; Griffin, 1986). There are more than 25 members in
the genus Alphavirus of the family Togaviridae. Sindbis virus, the type alphavirus,
has been studied extensively, in part because it is one of the least virulent
members; most Sindbis isolates are asymptomatic in man (Griffin, 1986). Sindbis
virus has a single strand RNA genome of 11,703 nucleotides, excluding the 3'
poly(A) tail (Strauss et al., 1984; Strauss and Strauss, 1986). The viral RNA itself
can act as an mRNA upon infection to generate large polypeptide precursors
which are processed to four nonstructural proteins: nsPl, nsP2, nsP3 and nsP4.
Since there is an opal termination codon at the junction between nsP3 and nsP#4,
translation of nsP4 can occur only by read-through (Strauss et al., 1983; Strauss et
al., 1984; Hardy and Strauss, 1988; Strauss et al., 1988).
Synthesis and processing of alphavirus structural proteins
Alphavirus structural proteins are translated as a large polypeptide
precursor from a subgenomic messenger, 26S RNA, which is the 3' terminal one-
third of the genomic 49S RNA (Simmons and Strauss, 1972). The capsid protein is

located at the amino terminus of the precursor and is followed by an envelope




3

protein precursor (PE2) and the second envelope protein (El) (Garoff et al.,
1980a,b; Rice and Strauss, 198la,b). A number of proteolytic cleavages occur
during processing of this polyprotein (Schlesinger and Kaariainen, 1980; Strauss
and Strauss 1987a,b). Several lines of evidence suggest that the first cleavage,
which releases the capsid protein from the polyprotein, occurs by autoproteolysis
(Simmons and Strauss, 1974; Scupham et al., 1977; Aliperti and Schlesinger, 1978;
Hahn et al., 1985; Melancon and Garoff, 1987). The remaining portion of the
nascent polypeptide is then inserted into the rough endoplasmic reticulum of the
cell. During insertion or shortly thereafter, the polyprotein is glycosylated with
mannose-rich oligosaccharides and cleaved to form PE2 and El (Sefton, 1977).
Late in maturation the final cleavage occurs, which converts PE2 to
glycoproteins E2 and E3 (Fig. 1).

There are three complementation groups of temperature sensitive mutants
that affect the structural proteins of the virus (Burge and Pfefferkorn, 1966a,b,
1967, 1968; Strauss and Strauss, 1980). Complementation groups D and E have
defects in glycoprotein El (Arias et al. 1983) and E2 (Lindqvist et al. 1986)
respectively. Sequence studies of complementation group C mutants have shown
that the mutations are located in the capsid protein (see Part 1, Chapter 1; Hahn
et al. 1985). Furthermore there is sequence similarity between the active sites of
animal and insect serine proteases and the C-terminal half of the alphavirus
capsid protein (Boege et al., 1981; Hahn et al., 1985). Site-directed mutagenesis
of the proposed catalytic triad of the capsid protein autoprotease will be

discussed in Chapter 2.
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Fig. 1 Synthesis and processing of alphavirus structural proteins. Untranslated
regions of both genomic and subgenomic RNAs are shown as single lines and open
reading frames for the nonstructural proteins and structural proteins are shown as
open boxes (in genomic 49S RNA and subgenomic 26S RNA respectively).
Translation products from the subgenomic 26S RNA and processing intermediates

are indicated, and the final structural protein products are shown as bold lines.
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The role of alphavirus glycoproteins in assembly and virulence

[t has been known for a number of years that glycoproteins El and E2 are
found closely associated as a heterodimer soon after their synthesis (Bracha and
Schlesinger, 1976; Rice and Strauss, 1982). The two proteins are transported to
the cell surface as a dimer and incorporated together into the budding virion.
Although care must be taken in assigning individual functions to El and E2, since
each protein in the dimer affects the conformation and availability of sites on the
other, in general glycoprotein E2 plays a primary role in the initial interactions
with the host cell and glycoprotein El contains the hemagglutinin and a fusion
activity (E. G. Strauss and J. H. Strauss, 1985; J. H. Strauss and E. G. Strauss,
1985; Dalrymple et al. 1976; Chanas et al., 1982). In addition, interactions
between the glycoproteins and the nucleocapsid play a crucial role in the assembly
of virions (Fuller, 1987; Rice et al. 1982).

Sindbis virus mutant tsl03, which was isolated by nitrous acid mutagenesis a
decade ago (Strauss et al. 1976), is a minute plaque former which grows very
slowly at any temperature and produces, under optimal conditions, 3-10% of the
virus yield of the parental HR strain. It has been shown that tsl03 has a defect in
a late maturation stage and forms multi-cored particles. (Strauss et al. 1977).
Unlike wildtype alphaviruses, whose virion particles have one nucleocapsid in a
close fitting envelope that consists of a lipid bilayer in which are embedded
trimeric spikes of the two viral glycoproteins El and E2 in an icosahedral array,
tsl03 does not have a fixed form and from one to several nucleocapsids are
engulfed in a single envelope during budding. This is presumably due to a
weakened interaction between the nucleocapsid and the cytoplasmic domains of
the envelope proteins, caused by a defect in EI-E2 dimer formation and/or a
conformational change in the trimeric spike which is the basic unit of the
icosahedral structure (Fuller, 1987). The nature and location of the tsl03 mutation

will be discussed in Chapter 3.
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Another approach to studying structure-function relationships in the
alphavirus structural proteins has been to characterize viruses which have been
selected for altered neurovirulence in animal systems. Changes in either replicase
proteins or in structural proteins might affect tissue tropism and virulence.
Alterations in replication enzymes leading to a slower rate of replication could
attenuate the virus, as a more rapidly replicating virus is often more pathogenic
since infection can become established before the host immune defenses are
activated. In addition, alterations in the replication enzymes which change their
interaction with host factor(s) (which factors may differ depending upon the type
of tissue infected) could cause differential tissue tropism, since the efficiency of
replication might be different in different tissues. Changes in the surface
membrane protein(s), on the other hand, can change their affinity for certain
tissue-specific receptors, which could lead to differential tissue tropism and
alteration of the virulence phenotype. Changes in structural proteins can also
alter virulence by affecting the kinetics of assembly of progeny virus.

For viruses with segmented genomes, elegant studies have localized the
protein(s) responsible for temperature sensitivity and tissue tropism by genome
reassortment. Such experiments have been performed, for example, for reoviruses
(Ahmed and Fields, 1981) and arenaviruses (Ahmed and Oldstone, 1988), among
others. However, for alphaviruses or flaviviruses, which have one long RNA
molecule as their genome, such an approach is impossible. With the recent
development of an "infectious" cDNA clone of Sindbis virus, from which infectious
RNA can be transcribed in vitro, mapping of such genetic markers becomes
possible (Rice et al.,1987). By making hybrid genomes between two strains
which differ in either tissue tropism or virulence, one can determine which
protein is important for a given phenotype. Furthermore it is also possible by site
directed mutagenesis to test the effect of changes in a particular protein domain

or even at a single amino acid residue.
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Sindbis virus infection in mice has been studied as an experimental model
of acute viral encephalitis (Johnson, 1965; Griffin, 1976; Olmsted et al., 1984,
1986). Wild-type Sindbis virus (AR339 strain) causes a fatal encephalitis in
suckling mice and a nonfatal encephalitis in four-week-old weanling mice (Johnson
et al., 1972). A strain of Sindbis virus that is highly lethal for weanling and adult
mice was isolated after six intracerebral (IC) passages of wild-type Sindbis strain
AR339%(SV) alternating between suckling and weanling mice (Griffin and Johnson,
1977). This neuroadapted strain of Sindbis (NSV) has been genetically stable for
many passages in cell culture. NSV replicates 5 to 10-fold more efficiently in the
mouse brain than SV and its IC 50% lethal dose is 2-20 pfu in weanling mice. After
IC inoculation with NSV weanling mice become ruffled, develop kyphoscoliosis and
hind limb paralysis and have a high mortality (Griffin, 1986). There is a
poliomyelitis, particularly involving the ventral horns, in the thoracic and lumbar
spinal cord (Jackson et al., 1987, 1988; Griffin et al., 1988). Stanley et al. (1985,
1986) demonstrated that some anti-Sindbis virus E1 and E2 monoclonal antibodies
can discriminate between NSV and SV, suggesting that changes in the surface
glycoproteins may be associated with changes in virulence. In another approach,
Olmsted et al. (1984,1986) have selected Sindbis virus variants in vitro that are
attenuated in suckling mice (Polo et al., 1988). Thus, strains of Sindbis virus can
be essentially avirulent for mice of all ages, or virulent for suckling mice but
avirulent for weanling mice, or virulent for mice of all ages. Moreover, two
different laboratory strains of Sindbis virus (our laboratory isolate HRSP and
Totol 101, a recombinant virus between our HRSP and Dr. Schlesinger's HR strain)
were also avirulent for mice of all ages. Recombinants among these four strains
(NSV, SV, HRSP, and Totol101) showed a gradient of virulence for mice of all ages
(Lustig et al., 1988). These constructs and their biological properties will be

discussed in Chapter 4.



Studies on Flavivirus virulence

Yellow fever virus, the type flavivirus, is a good system in which to study
protein changes associated with altered virulence and tissue tropism. Yellow fever
is an arthropod-borne virus, transmitted by mosquitos of the genera Aedes and
Haemagogus. Its natural vertebrate host range is limited to primates in which it is
both viscerotropic and neurotropic. In man, the virus causes a serious, often fatal,
illness marked by liver and kidney involvement and hemorrhage. For several
hundred years the virus caused epidemics in the Americas, Europe, and Africa that
led to widespread human suffering. With the control of its urban vector, Aedes
aegypti, beginning in the early 1900s, epidemic urban yellow fever disappeared.
However the virus remains present in an enzootic cycle in the forests of South
America and Africa and causes periodic outbreaks in neighboring human
populations (Strode, 1951).

Reed (1901) first proved that yellow fever is transmitted by mosquitos and
shortly thereafter, that the disease agent was filterable. The Asibi strain of
yellow fever virus was isolated from a young Ghanian of that name in 1927 by the
Rockefeller Foundation's West Africa Yellow Fever Commission (Stokes et al.,
1928). This virus, which was maintained by monkey-monkey passage, causes an
invariably fatal disease when inoculated into rhesus monkeys. From Asibi yellow
fever virus Theiler and colleagues (Theiler, 1930; Theiler and Smith, 1937a,b)
developed a live attenuated vaccine strain referred to as 17D. Starting with the
Asibi strain, which had been passed 53 times in monkeys interspersed with
passages in A. aegypti, the virus was propagated serially in cultures of embryonic
mouse tissue (18 passages), minced whole chicken embryos (50 passages), and
finally minced chicken embryos without brain and central nerve system tissue (152
passages). Between the 89th and ll4th in vitro passage (from the start of the

experiment, that is including the passages in embryonic mouse tissue and whole
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chicken embryos), a marked change in virulence of the virus occurred. The reason
for the change is not clear and attempts to repeat the experiment to develop
additional avirulent strains by virus passage have failed. The 17D strain has been
widely used as a human vaccine, being safe and highly effective. It causes a mild,
generalized infection in humans (or other primates) with involvement of lymphoid
tissue and minimal quantities of virus circulation in the blood, and the
viscerotropism and neurotropism of the strain are less than that of wild type
strains of yellow fever. By comparing the sequence of the entire genome of the
parental Asibi virus and the vaccine strain 17D-204 which was derived from it, it
was possible to determine the total number of nucleotide and amino acid
substitutions that occurred during the derivation of the 17D strain, and to develop
hypotheses as to which amino acid substitutions are primarily responsible for the
altered tissue tropism and reduction in virulence of 17D (Rice et al.,1985; Hahn
et al., 1987a,c; see Chapter 5).
Evolution of alphaviruses and flaviviruses
The alphavirus genus contains about 25 members, many of which have

geographic variants (Porterfield, 1980). The vertebrate host range of this group of
viruses is quite wide, and alphaviruses have been isolated from numerous species
of birds and mammals as well as some reptiles and amphibians (Chamberlain,
1980). Alphaviruses have been divided into three to six serological subgroups or
complexes, which are clearly separable on the basis of cross-neutralization tests
(Porterfield, 1961; Karabatsos, 1975; Chanas et al., 1976). A classification of
alphaviruses based on cross-neutralization but modified to take into account
sequencing data and geographic range (discussed in more detail below) is given in
Table 1.

Eastern equine encephalitis (EEE) virus is a New World virus capable, as its

name implies, of causing encephalitis in man and horses. It forms a distinct



11

subgroup with at least two grographic variants (North American and South
American). The Western Equine encephalitis (WEE) virus complex is also a New
World complex containing several viruses (Table 1). WEE is also capable of
causing encephalitis in man. The Old World viruses grouped with Sindbis virus in
Table 1 have also been included in the WEE subgroup to the present, on the basis
of neutralization cross reaction. Our recent sequence data (Hahn et al., 1988 and
Chapter 6), however, demonstrate the WEE is a recombinant virus with part of its
genome derived from an EEE-like virus and the structural proteins (which possess
the neutralization epitopes) derived from a Sindbis-like virus. Thus it seems best
to classify WEE in a subgroup distinct from the Sindbis group. Within the New
World viruses, Highlands J and WEE are very similar antigenically (Calisher et al.,
1980; Hayes and Wallis, 1977) and limited sequence data (Ou et al., 1982b, 1983)
also suggests that Highlands J, which replaces WEE in the eastern United States,
is very similar to WEE (i.e., was also derived from the ancestral recombinant virus
that gave rise to WEE).

The Venezuelan equine encephalitis (VEE) virus subgroup consists of at
least 6 New World viruses. The Semliki Forest (SF) virus subgroup, which has both
New World and Old World members, was formerly considered as part of the VEE
complex, but more recent sequencing data suggest that the SF group should be
treated as a distinct subgroup. The SF group is unusual in having representatives
in both the New World and the Old World. Although sequence data have been
obtained for 4 of the Old World representatives, no sequence data for the New
World members exist to determine exactly how closely related they are to the Old

World viruses.
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Classification of Alphaviruses

Geographic range Subgroup Virus Disease symptoms
New World EEE EEE Encephalitis

WEE WEE Fever, Encephalitis
Aura
Highlands J
Fort Morgan

VEE VEE Fever, Encephalitis
Bijou Bridge
Cabassou
Everglades Encephalitis
Mucambo Fever
Pixuna

SF Mayaro Fever, Arthritis, Rash
Una

Old World SIN(WEE) Sindbis Fever

Kyzylagach
Whataroa

MID Middelburg

Ndumu Ndumu

SF Semliki Forest Fever, Encephalitis

Bebaru
Chikungunya
Getah

Ross River

O'Nyong-nyong

Sagiyama

Barmah Forest

Fever, Arthritis, Rash

Rash, Polyarthritis
Fever, Arthritis, Rash
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Finally, three alphaviruses, Middelburg (MID), Ndumu, and Barmah Forest
(BF) are Old World viruses that are best treated as separate subgroups, although
MID and Ndumu have sometimes been classified in the WEE/SIN subgroup.
Sequence data for MID and BF support their classification as distinct subgroups,
and, in fact, MID is more closely related to SF on the basis of sequence than to
Sindbis.

It is of interest that a number of New World alphaviruses are capable of
causing encephalitis, whereas the Old World viruses typically cause a disease
characterized by fever, rash, and, often, arthritis. The reasons for this are not
clear at present.

Comparison of the complete and partial nucleotide sequences and deduced
amino acid sequences available for alphaviruses demonstrated that they have all
diverged from a common ancestor during evolution (Bell et al., 1984; Strauss and
Strauss 1986). As indicated above, the relationships among the alphaviruses
derived from the sequencing studies are compatible, for the most part, with those
from serological cross-reactivity, which examine only the viral structural
proteins. One exception has been the case of WEE. It is a New World virus with a
wide geographic distribution, being found from western Canada to Mexico and,
discontinuously, to Argentina, that is capable of causing encephalitis, although
serologically it is most closely related to SIN, an Old World alphavirus which is
not normally associated with encephalitis. SIN is widely distributed, being found
in Europe, India, southeast Asia, Australia, and Africa. SIN has been implicated in
only mild febrile illnesses in man, although close relatives of SIN such as Ockelbo
virus in Europe (Niklasson et al., 1984) and Babanki virus in Africa cause a typical
Old World alphavirus disease in man characterized by fever, rash, and arthritis.
We have recently discovered the basis for the close serological relationship

between these otherwise disparate alphaviruses. We have cloned and sequenced
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the 3' terminal 4288 nucleotides of the BFS1703 strain of WEE. Close examination
of the nucleotide sequence and the deduced amino acid sequence encoded therein
clearly shows that WEE is a recombinant virus between EEE and a Sindbis-like
progenitor (See Chapter 6). In this recombinant, only the surface glycoproteins
appear to be derived from the Sindbis-like parent.

There has been a great deal of speculation about the importance of
recombination for RNA virus evolution (Strauss and Strauss, 1988; Hodgman and
Zimmern, 1988). In segmented RNA viruses, reassortment of individual genome
segments during mixed infection, a form of recombination equivalent to the
shuffling of chromosomes in diploid creatures, is readily demonstrable in cell
culture. Also reassortment has been well documented as a major mechanism for
generating new pandemic strains of influenza virus (Desselberger et al., 1978;
Webster et al., 1982) Among the nonsegmented RNA viruses recombination has
been in general more difficult to demonstrate, but it has been shown to occur in
the picornaviruses (Cooper, 1977; Emini et al. 1984; Kew and Nottay 1984;
Kirkegaard amd Baltimore, 1986), the coronaviruses (Makino et al., 1986), and
bromoviruses (Bujarski and Kaesberg, 1986). Although well established in
principle, evidence for the importance of such recombination in nature as a
mechanism for generating successful new strains of virus is limited. WEE, a virus
with a wide geographic range, provides a clear example of a successful
recombinant that arose naturally, and lends support to the hypothesis that RNA
recombination is an important force in the evolution of RNA viruses in general
(Hahn et al., 1988; Chapter 6).

During divergent evolution, the rate of change is decidedly dependent on the
functions of the proteins or RNA sequences. For example, replicase molecules are
more highly conserved than structural proteins (Ahlquist et al. 1985; Argos et al.,

1984; Franssen et al. 198%4; Goldbach, 1987; Haseloff et al. 1984; Kamer and
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Argos, 1984). Similarly, RNA sequence elements that serve as binding sites for
virus proteins are more highly conserved. In the case of such elements, either the
primary sequence or a secondary structure may be conserved. In alphaviruses,
there are three conserved RNA sequences, one near the 5' end of the genome, the
second in the junction region near the start of the subgenomic 26S RNA, and the
third at the 3' end just before the poly(A) tail (Ou et al., 1982a,b, 1983). In
addition, the 5' end of the 49S RNA has a conserved secondary structure in which
the primary nucleotide sequence is not conserved (Ou et al., 1983). One of the
elements is also conserved in rubella virus, which is in a different genus of the
Togaviridae (Frey and Marr, 1988). Many plant viruses have a tRNA-like structure
at the 3' end of the genome which may serve an important function in replication
(Hall, 1979). Conserved sequences 12 to 15 nucleotides in length are found at the
ends of the genome segments of influenza virus and of bunyaviruses (Strauss and
Strauss, 1983).

In the case of flaviviruses, Rice et al. (1985) proposed that the 3'-terminal
87 nucleotides of yellow fever (YF) virus RNA form a stable secondary structure.
Subsequently, West Nile (WN) virus (Brinton et al. 1986; Wengler and Castle,
1986), Japanese encephalitis (JE) virus (Takegami et al., 1986), and Dengue 4 (DEN
4) virus (Zhao et al. 1986) were proposed to have secondary structures very similar
to that of YF RNA. Conservation of this structure supports the hypothesis that it
is important for viral RNA replication (Rice et al., 1986), but direct evidence for
its existence has been limited. Brinton et al. (1986) found that nucleotides within
the putative hydrogen-bonded regions of the stem were partially resistant to
ribonuclease suggesting that the structure was present in WN RNA in solution. In
case of YF, no direct evidence of this conformation had been presented, and in
fact Grange et al. (1985) proposed an alternative structure involving the

3'-terminal 120 nucleotides. In this thesis we present evidence for the existence
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in solution of the 87 nucleotide structure in YF RNA (Chapter 7). In addition to
the 3'-terminal conserved secondary structure there are two other conserved
RNA sequences in the 3' noncoding region of flaviviruses and a third conserved
sequence at 5' end of the genome near the start of translation. One of the 3'
conserved sequences, which is adjacent to the secondary structure, is
complementary to the 5' conserved element so that it can form a panhandle
structure (Hahn et al., 1987b). These elements and their significance will be

further discussed in Chapter 7.
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Sequence analysis of three Sindbis virus mutants
temperature-sensitive in the capsid protein autoprotease

(alphavirus /serine protease /RNA virus evolution)

CHANG S. HAHN, ELLEN G. STRAUSS, AND JAMES H. STRAUSS

Division of Biology. California Instuitute of Technology. Pasadena. CA 91125

Communicated by Giuseppe Arrardi, March 25, 1985

ABSTRACT We have cloned and sequenced the cDNA
made to the region of RNA encoding the structural proteins of
three complementation group C mutants of Sindbis virus, 52,
tsS, and 513, and of their revertants. These mutants possess
defects in the posttransiational processing of their structural
proteins at the nonpermissive temperature. Comparison of the
deductd amino acid sequences of the mutants with those of the
reverthnts and with the parental HR strain of virus showed all
three mutants to have single amino acid substitutions in the
highly conserved COOH-terminal half of the capsid protein
that give rise to temperature sensitivity. t52 and ts5 were found
to have the same lesion and thus represent independent
isolations of the same mutant, whereas s13 possessed a
different change. Reversion to temperature insensitivity in all
three mutants occurred by reversion of the mutated nucleotide
to the parental nucleotide, restoring the original amino acid. It
has been previously postulated that the capsid protein possesses
an autoproteolytic activity that cleaves the capsid protein from
the nascent polyprotein during translation. Comparison of the
amino acid sequence of the capsid protein with that of serine
proteases leads us to hypothesize that histidine-141, aspartate-
147, and serine-215 of the Sindbis capsid protein form the
catalytic triad of a serine protease. This hypothesis is supported
by the finding that all three temperature-sensitive lesions
mapped occur near these residues: 52 and 155 change proline-
218 to serine and in 513 lysine-138 has been replaced by
isoleucine.

Sindbis virus is a small enveloped RNA virus that belongs to
the genus Alphavirus of the family Togaviridae. It consists of
a nucleocapsid containing the single-stranded virus RNA
complexed with a basic capsid protein, surrounded by a lipid
bilayer containing the virus-encoded integral membrane
glvcoproteins E1 and E2 (1).

“e viral structural proteins are translated as a single large
precursor polypeptide from a subgenomic messenger, 265
RNA., that is the 3’ terminal one-third of the genomic 4958
RNA (2-6). In this precursor the NH,-terminal capsid protein
is followed by the envelope protein precursor PE2 and the
second envelope protein, E1. Proteolytic cleavages occur
several times during processing of this polyprotein precursor.
The first cleavage releases the capsid protein from the
polyprotein, and the remaining portion of the nascent poly-
peptide is then inserted into the rough endoplasmic reticulum
of the cell. Duning their insertion, or shortly after, the
glycoproteins are glycosylated with mannose-rich oligosac-
charides and cleaved into the proteins PE2 and E1 (7, 8). A
final proteolytic cleavage converts the PE2 glycoprotein to
proteins E2 and E3. A failure in any of these cleavage and/or
insertional steps inhibits virion formation and abnormal
polypeptide precursors accumulate in the infected cell.

The publication costs of this article were defrayed in par by page charge
payment. This article must therefore be hereby marked ““advertisement™
in accordance with 18 U.5.C. §1734 solely to indicate this fact.

There are three complementation groups of temperature-
sensitive (rs) mutants of Sindbis virus that affect the struc-
tural proteins of the virus (9). Mutants in groups D and E are
located in glycoproteins E1 (10) and E2 (unpublished data),
respectively. Mutants in group C are thought to be in the
capsid protein since at the nonpermissive temperature the
polypeptide precursor is not cleaved and accumulates in the
cytoplasm (11). No capsid protein is formed and little
envelope protein is produced. It is thought that failure to
remove the capsid protein causes the signal sequences for
insertion of the glycoproteins to fail to function; the result is
that the glycoprotein portions are not inserted or glycosylated
or further processed, and the complete polyprotein results.

Several investigators have suggested that the cleavage of
the capsid protein from the polyprotein precursor could occur
by autoproteolytic activity of the capsid protein itself (3, 12,
13). In this model autoproteolysis ordinarily results from the
nascent polypeptide acting upon itself, rather than from a
diffusible protease, because proteolysis is rapid and complete
even during in vitro translation where very small amounts of
products are made (3).

The complete nucleotide sequences of Sindbis virus
genomic RNA and of 265 messenger RNA have been pub-
lished (14, 15). This has made possible the analysis of ts
mutants of Sindbis virus (10). Here we report the cloning of
cDNA from three group C mutants, 152, rs5, and 1513, and of
their revertants and the determination of the nucleotide
sequences of the regions of 265 RNA that encode the capsid
proteins and parts of the glycoproteins. Mapping of these rs
mutations together with comparison of the amino acid se-
quences of alphavirus capsid proteins with those of serine
proteases leads us to postulate that the alphavirus capsid
protein is a serine protease whose catalytic tnad is formed by
histidine-141, aspartate-147, and serine-215 in Sindbis virus.

MATERIALS AND METHODS

Virus Strains. The mutants rs2, 155, and 1513 isolated from
the heat-resistant HR strain were kindly provided by B. W.
Burge. We used the oldest stocks in our possession, which
had not been passed since 1971, as seed stocks in this work.
All strains were plaque purified at 30°C immediately before
use.

Isolation of Revertants. Mutant stocks were assayed for
revertants by plaque titration at 40°C and 30°C, and the
reversion frequency is expressed as the ratio of plaques at
40°C to plaques at 30°C. Single virus clones of 15 revertants
were picked from the 40°C plate and the virus was eluted into
1 ml of Eagle’'s medium/5% fetal calf serum (16). These
revertant plaque picks were used to infect a Petni plate of
primary chicken embryo fibroblast cells at 40°C and the
resulting stocks were plaque assayed at 30°C and 40°C and
used as the infecting stocks for RNA preparation.

Virus Purification and RNA Isolation. Viruses were grown
in primary or secondary chicken embryo fibroblast cells and
harvested 10-20 hr after infection, depending on the mutant.
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All mutants and revertants were incubated at 30°C or 40°C,
respectively. Viruses were purified and RN A was isolated as
described (17).

Cloning and Sequencing of DNA. The methods used for
obtaining clones of cDNA made to the entire structural
protein region will be described elsewhere (unpublished
data). Bnefly, a plasmid vector orginally derived from
pBR322 was cut with Sma I, thymidine-tailed with terminal
nucleotidyltransferase, and then cut with Sal I to remove one
of the tails. The resulting tailed vector was used as a pnmer
with 49S RNA from purified vinons to synthesize double-
stranded cDNA. Conditions for first-strand synthesis were
essentially as described by Strauss er al. (14) and those for
second-strand synthesis were as described by Okayama and
Berg (18). The resulting product was cut with HindlIIl, ligated
with Escherichia coli ligase, and cloned. Most of the plasmids
that contain inserts have a 5.5-kilobase insert containing
cDNA from the 3’ terminal poly(A) tract of 49S RNA to the
Hindlll site at nucleotides 62666271 in the genomic RNA
and thus contain the entire structural protein region. Plasmid
DNA was isolated from these clones and sequenced by the
chemical sequencing methods of Maxam and Gilbert (19), as
modified by Smith and Calvo (20), as descnbed (14).

RESULTS

Sequencing of Complementation Group C Mutants. Clones
containing the entire structural protein region of three group
C mutants, rs2, 1s5, and rs13, and of revertants of these
mutants were obtained by using a poly(dT)-tailed vectoras a
primer for cDNA synthesis with purified virion RNA. The
cloned cDNA extended from the 3’ terminal poly({A) tract to
the HindIIl site at position 6267 in the genomic RNA
sequence. DNA from these clones was sequenced. using the
methods of chemical sequencing of Maxam and Gilbert (19),
from the first nucleotide of 265 RNA (nucleotide 7598 of the
genomic RNA) to nucleotide 1237 of 265 RNA (nucleotide
8835 of the genome). This region encompasses the 5’
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untranslated region of 265 RNA. the entire capsid protein
region, all of the E3 protein, and the first 68 amino acids of
the E2 protein. In each case at least three independent clones
were sequenced to ensure that any changes found were
charactenstic of the RNA population and did not represent
minor vanants in the population or reverse transcriptase
errors. This proved to be necessary in some cases because
revertants in the population or other minor vanants were
sequenced. The results presented in Fig. 1 in all cases
represent at least three clones that agree as to sequence.

Sequence Analysis of 52 and Its Revertant. 152 was pro-
duced by nitrous acid mutagenesis of the HR strain of Sindbis
virus (21, 22). The sequences obtained for this mutant and its
revertant are illustrated in Fig. 1. Comparing the 152 sequence
with that of the parental HR strain (14), we found three
nucleotide substitutions in 152 within the region sequenced.
Two of these changes do not revert in the revertant and
presumably have nothing to do with temperature sensitivity,
probably ansing during the oniginal mutagenesis even though
the changes observed are not those expected for nitrous acid.
The first of these nonreverting changes is a U—C substitution
at nucleotide 67, which is a silent change in the codon for
phenylalanine-6 (UUU—UUC). The second nonreverting
change observed is a G—U change at nucleotide 1043, which
leads to a change of aspartate-4 to tyrosine (GAC—UAC) in
glycoprotein E2.

We conclude that the mutation responsible for temperature
sensitivity in 152 is a change of C—U at nucleotide 701, which
leads to the replacement of proline-218 by serine
(CCG—UCQG). In the revertant the changed nucleotide re-
verts to the onginal nucleotide, restoring the parental amino
acid. It is of interest that this is the only change found in the
sequenced region that has the expected characteristics of
nitrous acid mutagenesis.

Sequence Analysis of 55 and Its Revertant. rs5 was pro-
duced by ethyl methanesulfonate mutagenesis of the HR
strain (21, 22). We found that this mutant had only one change
throughout the sequenced region, a C—U change at nucle-

p———— [CAFSID —————— E3 - E2 —
(neS0-841) {nt842-10331 [nt1034-=
&7 462 701 1043
u A 2 G
HR (1S66) Lys 138 Pro-218 450-4
Cc u U
tse - + +
Ser-218 Tyr-4
o 9]
R - +
ts2 =11
u
tsS g
Ser-218
ts5A
u
ts13
Ile-138
ts13A -
RESIDUES +
100 2c0 300 400

Fic. 1. Schematic representation of the nucleotide sequence of the first one-third of 265 RNA, which encodes the capsid protein. the E3
protein, and part of the E2 glycoprotein. for several strains of Sindbis virus. The top line represents the sequence of the ancestral HR strain
(10). The remaining lines represent 152 (derived from HR by mutagenesis with HNO.) and its revertant 1s2R; 155 (denved from HR by mutagenesis
with ethyl methanesulfonate) and its revertant rs5R. and 513 (derived from HR by nitrosoguanidine mutagenesis) and its revertant ts13R.
Nucleotides are numbered from the §' end of 265 RN A (which begins at nucleotide 7598 in the 495 RNA). Amino acids are numbered from the
NH. terminus of each protein. All nucleotides or amino acids changed from the ancestral sequence in any of the strains shown are indicated
in the representation of the ancestral sequence. In the other strains shown. any change from the ancestral sequence is indicated: if no change
is shown. then the sequence is the same as the ancestral sequence. nt. Nucleotide.
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otide 701 of 265 RN A that leads to replacement of proline-218
of the capsid protein by serine (CCG—UCG) (Fig. 1). In the
155 revertant this change reverts to the onginal nucleotide
(Fig. 1), Thus despite the fact that different mutagens were
used to produce them. rs2 and rs5 represent independent
isolations of the same mutation. Their independent history is
confirmed by the fact that rs5 lacks the two extraneous
changes found in 152,

Sequence Analysis of ts13 and Its Revertant. fs513 was
produced by nitrosoguanidine mutagenesis of the HR strain
(21. 22). 1513 also has a single base substitution in the region
sequenced. The change is A—U at nucleotide 462, resulting
in the change of lysine-138 to isoleucine (AAA—AUA) in the
capsid protein. In the rs13 revertant. this nucleotide reverts
to the onginal nucleotide (Fig. 1).

DISCUSSION

Nature of the Mutational Events. The three temperature-
sensitive mutants of the C complementation group isolated by
Burge and Pfefferkorn (21, 22) have been widely studied. All
mutants in this group studied to date accumulate the large
polypeptide precursor called the 152 protein or NVP130 at the
nonpermissive temperature (9. 11. 23). cDNA sequence
analysis of the structural protein region of these three
mutants shows that amino acid substitutions in the COOH-
terminal half of the capsid protein cause this 152 protein
accumulation. It has long been thought that group C mutants
are defective in the capsid protein, but no firm evidence for
this has existed.

In each case. reversion Lo temperature insensitivity oc-
curred by same-site reversion. which is consistent with our
work on ts mutants in proteins E1 (10) and E2 (unpublished
data). This has greatly simplified the task of identifying the
changes responsible for temperature sensitivity. It is not
completely clear why second-site pseudorevertants have not
been seen. Either they do not occur or they do not accumu-
late in the virus population. In most cases the rs mutant grows
more slowly than the wild type even at the permissive
temperature. the wild type being highly evolved for rapid
growth, Once true revertants arise they are quickly amplified
in the population, and it is possible that second-site
pseudorevertants, even if they arose. might not possess such
a selective advantage and might not be amplified in the virus
population.

All three mutants were reported by Burge and Pfefferkorn
(21) 1o have a reversion frequency of 0.5-1 x 10~*, We found
the same reversion frequency for rs2 and 155 but a consider-
ably higher reversion frequency. 4 x 107*, for rs13. which
suggests that the 513 revertant may have arisen early in this
expeniment. In any event the reversion frequency of all three
mutants is consistent with their being single mutants as
determined from nucleotide sequencing.

As we had previously observed with Sindbis rs mutants
(10). the changes found in this study were often not those
most commonly produced by the mutagens used (24). In the
case of rs5, which was denved by ethyl methanesulfonate
mutagenesis, the C—U transition found is one of the changes
expected from the action of the alkylating agent. For 152,
which was denved by HNO; mutagenesis. the major changes
expected are C—U or A—G transitions produced by deam-
ination. The mutational event giving rise to temperature
sensitivity was a C—U transition, but a U—C transition and
a G—U transversion were also found. although in the last two
cases it cannot be shown that the changes occurred during
HNO, mutagenesis. Finally, for 1513, which was derived by
nitrosoguanidine mutagenesis. the A—U change found is not
one predicted for this agent. but this agent has previously
been found to cause many different changes (10).
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Autoproteolysis by the Capsid Protein. Several investiga-
tors have proposed that the formation of capsid protein could
be accomplished by autoproteolysis. This was first suggested
by the finding that cleavage occurred normally during in virre
translation in lvsates of rabbit reticulocytes (3). It has also
been found that group C mutants can be complemented by
other mutants (22) and that during complementation the 152
polyprotein is apparently cleaved by a diffusible factor (12).
Finally. during in vitre translation with amino acid analogues
the cleavage of capsid protein from the polyprotein is
inhibited (13). The rs lesions at lysine-138 and proline-218 of
the capsid protein. which result in failure of the cleavage to
occur at the nonpermissive temperature, provide further
evidence for autoproteolysis by the capsid protein and
presumably implicate these regions in proteolysis. In vitro
translation experiments (25) have shown that cleavage occurs
when fewer than 100 amino acids of the PE2 protein have
been translated. indicating that translation of the E2 protein
is not required for proteolysis. The fact that aspartate-4 of E2
can be replaced by another amino acid without apparent
effect on the proteolytic activity (in the ts mutant studied
here) and aspartate-5 of E2 can similarly be replaced (our
large-plaque strain of HR has aspartate-5 replaced by glycine)
(10) is consistent with this conclusion. Whether sequences
within the E3 region are involved in any way in the
proteolysis step is still open.

Cleavage of the capsid protein occurs after a tryptophan
residue, tryptophan-264 of the polyprotein precursor, and is
therefore a chymotryptic-like cleavage. Furthermore, Pfef-
ferkorn and Boyle (26) have reported that the chymotrypsin
inhibitor 1-tosylamido-2-phenylethyl chloromethyl ketone
inhibits this cleavage in infected cells. Because this cleavage
specificity is characteristic of serine proteases, we searched
for possible homology between the highly conserved COOH-
terminal half of the alphavirus capsid protein and active sites
of mammalian and insect serine proteases. The results are
given in Fig. 2 and show that a suggestive homology exists
between animal serine proteases and alphavirus capsid pro-
teins. The spacings between the components of serine
proteases that form the active site and the corresponding
homologous regions of alphavirus capsid proteins are differ-
ent, but the three amino acids that constitute the catalytic
tnad (histidine-57, aspartate-102, and serine-195) and their
surrounding amino acids show some homology with regions
in the COOH-terminal half of the capsid proteins. In partic-
ular. serine-215 in Sindbis capsid protein is found in the
sequence Gly-Asp-Ser-Gly. which is conserved in all the
serine proteases, as has been previously noted (33). Although
the sequence homology is limited. we suggest that histidine-
141, aspartate-147, and serine-215 of the Sindbis capsid
protein perform the same function during autoproteolysis as
histidine-57, aspartate-102, and serine-195, respectively. of
animal serine proteases. Furthermore, all three mutants have
amino acid substitutions within the homologous regions
between serine proteases and alphavirus capsid proteins
around these three key residues. rs13 has a change of
lysine-138 to isoleucine, which is near the possible charge
transmitter, histidine-141. rs2 and rs5 have a change of
proline-218 to serine. which is jusi next to the possible
catalytic serine-215. The sites of these mutations support the
hypothesis that the capsid protein possesses proteolytic
activity and lend support to the hypothesis that histidine-141.
aspartate-147, and serine-215 are active in this proteolysis.
The hypothesis that these three residues form the catalytic
triad of a serine protease should be testable in a number of
ways: n particular the importance of these residues for
proteolysis can be directly tested by site-specific mutagene-
sis.

Fig. 3 shows the percentage homology as a moving average
between the capsid proteins and the E3 proteins of Sindbis
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Fic. 2. Homology between the highly conserved COOH-terminal half of the alphavirus capsid protein and mammalian and insect serine
protease active sites. U'pper three lines, partial amino acid sequences of Sindbis virus (SIN), Semliki Forest virus (SF). and Ross River virus
(RR) capsid proteins [sequences are from Rice and Strauss (15). Garoff et al. (27), and Dalgarno er al. (28), respectively: numbering of amino
acids is for the SIN capsid protein]. middle lines, sequences of homet chymotrypsin (HRN) (29) and silkworm cocoonase (SLK) (30): bottom
three lines, active-site domains of three mammalian senine proteases: bovine trypsin (TRP), bovine chymotrypsin (CHY), and porcine elastase
(ELA), respectively [the lower numbers are the standard numbenng of amino acids for chymotrypsinogen (31. 32)]. Solid triangles indicate the
three active amino acids that form the catalytic triad (histidine-57, aspartate-102, and serine-195) and asterisks indicate amino acids that are highly
conserved between the capsid proteins and the animal serine proteases: regions of highest homology are boxed. Solid arrows indicate locations
of mutations in 152, 155, and t513. The single-letter amino acid code is used.

virus and Ross River virus, which are widely separated protease. cleaving the precursor of the capsid proteins.
alphaviruses (34). These two viruses share up to 95% se- Proteases have also been described in retroviruses (36) and in
quence homology in 20 amino acid strings in the COOH- adenoviruses (37), and evidence has been presented that
terminal half of the capsid proteins, and overall the COOH- protein VP1 of polyoma virus is a serine protease (38). It is
terminal half of the capsid proteins share 74% amino acid probable that proteases are produced by other virus groups
sequence homology. The shaded regions indicate the regions as well and that some viruses produce more than one
of homology with serine proteases and the solid arrows protease. Organelle-bound cellular proteases such as
indicate the sites of mutation in r5s13 and in 152 and rs5, signalase (which appears to be active only within the lumen
respectively. The very high homology in amino acid sequence of the endoplasmic reticulum) or a Golgi-associated protease
together with the fact that two of the capsid protein mutants that cleaves after double basic amino acids (which appears to
represent independent isolates of the same mutation suggests be active within vesicles transporting proteins to the cell
that the target window for mutation to temperature sensitivity surface) appear to be involved in processing many virus
in the capsid protein might be quite narrow. proteins associated with membranes, such as the Sindbis

Virus-encoded proteases have been described in a number glycoproteins or other virus glycoproteins (reviewed in ref.
of systems. The best studied example is in picornaviruses 39). However, we have postulated that in general cleavage of
(35), in which a protease acts both as an autoprotease, viral protein precursors in the cytosol requires virus-encoded
cleaving itself from a nascent polyprotein, and as a diffusible proteases (15), since no compelling evidence for cellular

Sindbis vs. Ross River virus

[ 4 N
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FiG. 3. Homology between the capsid proteins and the E3 proteins of Sindbis virus and Ross River virus plotted as a moving average with
a string length of 20. The first shaded region i1s the possible serine protease active site between lysine-135 and lysine-155, which contains the
histuidine-141 and aspartate-147 residues (Fig. 2). The second shaded region 1s the pan of the possible serine protease active site between
proline-206 and asparagine-222, which contains the Gly*''-Asp-Ser-Gly*'® conserved sequence. Arrows indicate the locations of the murtations
in ¢52, 135, and 1513,



4652 Biochemistry: Hahn er al.

proteases that might perform such a function has been
reported. whereas several virus-encoded proteases active in
the cytosol have been described. as noted above. It seems
intuitively unlikely that so many viruses would have evolved
their own protease activities if cellular proteases were readily
available to perform such functions. although more evidence
is clearly needed to resolve this issue. Finally, the question
arises as to the evolutionary origin of these viral enzymatic
activities. The similarities in the capsid protease and the
animal serine proteases reported here suggest that these
proteases may share a common ancestral origin, although
convergent evolution cannot be ruled out in view of the
limited extent of homology found. It has previously been
found that alphaviruses and certain plant viruses appear to be
evolutionanly related (40, 41). Since these plant viruses
appear to lack proteases. one possibility is that a proto-
alphavirus acquired the protease activity after diverging from
the plant virus line and that the enzyme could have been
captured from the host cell.
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Abstract

The structural proteins of Sindbis virus, consisting of a capsid protein and
two envelope glycoproteins, are translated as a polyprotein precursor that is
cleaved posttranslationally. The first cleavage event releases the capsid protein
from the N-terminus of this polyprotein in a process believed to be
autoproteolytic, and we have previously postulated that His-141, Asp-147 and
Ser-215 of the capsid protein form a catalytic triad similar to that found in serine
proteases. To test this hypothesis each of these amino acids has been replaced
with other amino acids using oligonucleotide directed site specific mutagensis.
Ser-215 has been changed to Thr, Ile or Cys; His-141 has been changed to Pro; and
Asp-147 has been changed to His or Tyr. The effects of these changes were tested
by placing each of the mutations into a plasmid containing a cDNA copy of the
Sindbis mRNA encoding the structural proteins. RNA was transcribed in vitro
using T7 RNA polymerase, the RNA translated in vitro in a rabbit reticulocyte
translation system, and the extent of cleavage of capsid protein was monitored.
The change of His-141 to Pro led to complete loss of proteolytic activity. The
two changes at Asp-14#7 had no detectable effect on proteolytic activity in this
system, with 100% of the capsid protein being released. The changes at Ser-215
had effects that differed with the mutation induced. The change to Cys resulted
in a loss of only 20% of the protease activity in this system (that is 20% of the
polyprotein molecules were not cleaved to produce capsid protein). The change to
Thr resulted in the loss of 90% of the activity, whereas the change to Ile resulted
in total loss of proteolytic activity. In a second test for the effect of these
mutations, they were placed in a full-length cDNA copy of Sindbis virus RNA from
which infectious RNA can be transcribed in vitro. The resulting RNA was found
to be nonviable, that is no virus could be recovered after RNA transcription,

indicating that all of the changes are lethal. This indicates that either production
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of infectious virus is a more sensitive measure of proteolytic activity than the
in vitro cleavage assay, or that these residues have necessary functions in addition

to their role in proteolysis.

INTRODUCTION

Sindbis virus is a small enveloped RNA virus belonging to the genus
Alphavirus of the family Togaviridae. It consists of a nucleocapsid containing the
single-stranded viral RNA of positive polarity complexed with a basic capsid
protein C, surrounded by a lipid bilayer containing the virus-encoded membrane
glycoproteins El and E2 (Strauss and Strauss, 1976, 1986). The virion structural
proteins are translated as a single, large precursor polyprotein from a subgenomic
mRNA, 26S RNA, which forms the 3' terminal one-third of the genomic 49S RNA
(Simmons and Strauss, 1972; Clegg, 1975). In this precursor polyprotein the capsid
protein is amino terminal and is followed by glycoprotein precursor PE2, a small
hydrophobic peptide referred to as 6K, and the second glycoprotein El (Garoff
et al., 1980a,b; Rice and Strauss, 1981; Strauss et al., 1984). Proteolytic
processing occurs several times during the processing of this polyprotein precursor
(Schlesinger and Kaariainen, 1980; Strauss et al., 1987a,b). The first cleavage
releases the capsid protein from the nascent polyprotein. The remaining
cleavages occur during insertion of the protein into the endoplasmic reticulum,
subsequent processing, and transport to the cell membrane. These latter events
are postulated to be effected by cellular proteases active in subcellular
organelles. Under conditions in which the glycoprotein precursor is not inserted
into the endoplasmic reticulum, such as situations in which capsid protein
cleavage does not occur, or those in which the N-terminal signal sequence fails to
function, the glycoprotein portion is not further processed. In these cases either a

complete structural polyprotein (p138) or the complete envelope protein precursor
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(p107), respectively, accumulates in the cytoplasm (Strauss and Strauss, 1980).

The cleavage of the capsid protein from the precursor has long been
postulated to be an autoproteolytic event (Simmons and and Strauss, 1974;
Scupham et al., 1977; Aliperti and Schlesinger, 1978; Boege et al., 1981; Hahn
et al., 1985; Melancon and Garoff, 1987). We have previously postulated that the
capsid autoprotease is a serine autoprotease whose catalytic triad is formed by
His-141, Asp-147 and Ser-215 (Hahn et al., 1985), based in part on the location of
mutations that cause the capsid protein autoprotease to be nonfunctional at the
nonpermissive temperature, and in part upon amino acid sequence similarities
between the sequences around these three residues and those surrounding the
amino acids of the catalytic triads of mammalian and insect serine proteases. To
test this hypothesis, we have developed an in vitro system in which to assay the
effects of site specific mutations introduced into this catalytic triad upon
protease activity. The results are consistent with our original hypothesis that
these three residues in the capsid protein do in fact form the catalytic triad of a

serine autoprotease.

MATERIALS AND METHODS

General recombinant DNA techniques. Restriction endonucleases and
DNA-modifying enzymes were purchased from commercial sources and used
essentially as recommended by the manufacturers. Plasmids and phages were
grown, purified and analyzed using standard methods with minor modifications
(Maniatis et al., 1982).

Construction of M13 recombinant phage. A recombinant phage MI3
containing an Ncol fragment of Sindbis virus cDNA (genomic coordinates 8040 to
8867, covering the C-terminal 133 amino acids of the capsid protein and the N-

terminal 144 amino acids of PE2) was constructed for use as a site-specific
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mutagenesis vehicle. A plasmid containing Sindbis cDNA from the HindIll site at
nt 6267 to the 3' poly (A) termed SIN3' and derived from strain HRsp by the
method described in Lindqvist et al. (1986) and Hahn et al. (1985), was digested
with Ncol, the resulting fragments were flush-ended by reaction with the Klenow
fragment of E. coli polymerase | and dNTPs, and ligated into Smal digested,
alkaline phosphatase-treated M13 mpl9 RF. This results in the regeneration of
the Ncol site at both ends of the insert so that this same enzyme can be used to
remove the insert from the recombinant phage M13.

Site-specific mutagenesis. Oligonucleotide-directed site specific
mutagensis was performed using recombinant phage M13 single-stranded DNA as a
template and synthetic oligonucleotides as a primer essentially as described
(Shortle et al., 1981; Dalbadie-McFarland et al. 1982; Zoller and Smith, 1984).
The His-141 to Pro change was effected by using as primer
TCCTTTCACGGGCAGAGGTT, the Asp-147 to His or Tyr was effected using as
primer ACAGGGTGGT(G,A)JGATGGGTTCC, the changes of Ser-215 to Thr or Ile
effected with GGACGACCG(G,T)TGTCTCCTCT, and the Ser-215 to Cys change
with GGACGACCGCAGTCTCCTCT. Following mutagenesis the resulting virus
plaques were screened by plaque lift hybridization with sequentially higher
stringency washes, using the same primers as were used in the mutagenesis
reactions as a radiolabelled probe. Mutant plaques were sequenced by the dideoxy
method using synthetic oligonucleotides as primers (Sanger et al., 1977; Strauss
et al. 1986).

Construction of an in vitro transcription/translation vector. Plasmid SIN3'
was partially digested with Avall and the recessed ends filled in with the Klenow
fragment of E. coli DNA polymerase I and all four dNTPs. The linearized plasmid
was isolated following electrophoresis in a low-melting temperature agarose gel,

treated with restriction enzyme EcoRI to cut just following the poly(A) tract in
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the cDNA insert, and the fragment of 4811 nucleotides isolated by electrophoresis
in a low melting temperature agarose gel. This fragment was ligated into vector
pGEMU4 (Promega Biotech), which had been prepared by digestion with restriction
enzyme Sall, the recessed ends filled in with the Klenow fragment, followed by
digestion with EcoRI and dephosphorylation with calf intestinal alkaline
phosphatase. The resulting plasmid was called T7SVSP and was determined to be
correct by both restriction enzyme analysis and by sequencing the regions where
the vector and the Sindbis cDNA insert were joined.

Construction of mutagenized plasmids. The 847 nucleotide Ncol fragment
of T7SVSP was replaced with the corresponding fragments from mutagenized
recombinant phage MI3 mpl9 RF. The orientation of the Ncol insert in the
substituted T7SVSP was analyzed by restriction enzyme analysis.

In vitro transcription and translation. Large-scale preparations of plasmid
T75VSP and its mutagenized derivatives were purified by isopycnic centrifugation
twice in CsCl. The purified plasmids were linearized by digestion with EcoRlI,
which cuts just past the poly(A) tail of the Sindbis cDNA insert, and the linearized
plasmids used as templates for run-off transcription with T7 RNA polymerase.
The reaction mixture contained 40 mM Tris-Cl (pH 8.0), 8 mM MgCl, 25 mM NacCl,
2 mM spermidine-HCl, 5 mM dithiothreitol, 1 mM each of the four NTPs, and
10-50 pg/ml of linearized DNA template. To increase the efficiency of the
translation, a cap analog was present at | mM during transcription. The RNA was
isolated from the transcription mixture by phenol-chloroform extraction followed
by ethanol precipitation, and translated invitro in a rabbit reticulocyte
translation system (Promega Biotech) for | hr at 30°C as described by the
manufacturer, in the presence of [3 3 Slmethionine. The resulting translated
polypeptides were analyzed by electrophoresis in 15% SDS-containing

polyacrylamide gels.
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Test of the effects of the mutations on RNA infectivity. The 827
nucleotide Ncol fragment from mutagenized recombinant M13 mpl9 RF was
excised by Ncol digestion and inserted into Ncol-digested SIN3'. The orientation
of the insert was checked by restriction anlaysis and plasmids containing an insert
in the correct orientation were cleaved with restriction endonucleases Hpal and
BssHII, which cleave unique sites in the Sindbis virus genome. The corresponding
region of a full-length cDNA clone of Sindbis, Totol101l (Rice et al., 1987), from
which infectious RNA can be transcribed in vitro with SP6 RNA polymerase, was
replaced with this mutagenized Hpal-BssHII fragment. The resulting clones were
checked by dideoxy sequencing for the presence of the predicted mutation. RNA
was transcribed in vitro and used in transfection assays as previously described

(Rice et al., 1987; Lustig et al., 1988).

RESULTS

Processing of the structural proteins in vitro. The processing of the Sindbis
structural proteins in vitro was studied using in vitro transcription and translation
systems. The Sindbis structural proteins are translated in vivo from a 26S
subgenomic mRNA which is 4106 nucleotides in length exclusive of the 3' terminal
poly(A) tract. Translation of this mRNA in vitro has been shown to result in
production of capsid protein and of other structural proteins (Simmons and
Strauss, 1974; Garoff et al., 1978). We constructed a plasmid expression vector
which contained the 26S RNA region of Sindbis virus inserted next to a T7 RNA
polymerase promoter (Fig. la). Transcription in vitro of the resulting plasmid,
named T7SVSP, produces an RNA transcript which has 40 nucleotides extra at the
5' end (derived from the plasmid vector) and 3 nucleotides extra following the
poly(A) tract, but which is otherwise identical to 26S mRNA (Fig. lb). Translation

of this in vitro transcribed RNA in a rabbit reticulocyte system gives a pattern of
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Fig. 1. Constructs and procedures for transcription and translation
in vitro. A) Construction of the vector for in vitro transcription with T7 RNA
polymerase of the structural protein genes (T7SVSP). B) Outline of the procedure
for in vitro transcription and translation. Abbreviations: CIAP, calf intestinal

alkaline phosphatase.
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proteins synthesized which is indistinguishable from that translated from 26S
mRNA isolated from infected cells (data not shown). Proteins produced in vitro
include the capsid protein (32,000 daltons) and polypeptide pl08 which contains
the sequences of the envelope protein region (PE2, 6K, and El) (data not shown,
but see below and Simmons and Strauss, 1974). This in vitro system does not
contain membranes and thus the pl08 polypeptide cannot be inserted or processed
and accumulates after translation. Besides these two proteins there are a few
minor bands present which are probably premature termination products, perhaps
due to termination in the hydrophobic domains in the C-terminus of E2 and the
internal signal sequence in the 6K protein region.

In vitro translation of mutagenized RNA. We have previously identified
three amino acid changes in the Sindbis virus capsid protein that result in a
nonfunctional capsid autoprotease at 40°C (Hahn et al., 1985; Strauss et al.,
1987a). From the position of these mutations and sequence similarities between
alphavirus capsid proteins and serine proteases from mammals and insects, we
proposed that the capsid protein autoprotease possessed a catalytic triad similar
to serine proteases (Hahn et al., 1985). The three amino acids of the catalytic
triad are diagrammed schematically in Fig. 2 together with changes that we
effected in the sequence by oligonucleotide directed site specific mutagenesis.
These changes were inserted into the expression vector T7SVSP, and mutant
mRNA produced by in vitro transcription (Fig. lb). This RNA was then translated
in vitro, using the same amount of RNA in each reaction, in a rabbit reticulocyte
translation system, and the resulting polypeptides were analyzed by SDS-
polyacrylamide gel electrophoresis. The results are shown in Fig.3. The
translation products from wild-type RNA show complete cleavage of the
polyprotein precursor to capsid protein and pl08, as do those from the two

mutations introduced at Asp-147. The change introduced at His-141 abolishes all
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Fig. 2. Summary of alterations made by site-directed mutagenesis. Both
amino acid and nucleotide changes are shown on a map of the capsid protein drawn
to scale. The locations of His-141, Asp-147, and Ser-215 are indicated by vertical
bars. Domains of the capsid protein which share amino acid sequence similarity
with cellular serine proteases are shaded. The cleavage site between the capsid
protein and glycoprotein PE2 is also shown. The location of four ts mutants which
fail to cleave the capsid protein at the non-permissive temperature are also

indicated (Hahn et al., 1985; Strauss et al., 1987a).
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Fig. 3. SDS polyacrylamide gel analysis of in vitro translation products
from in vitro transcripts of T7SVSP and its mutants. Outside lanes (Co) contain
the products of in vitro translation of total brome mosaic virus RNA, and their
molecular weights are indicated at the left. Lane | contains transcripts from
T7SVSP (wild type HRSP). In lanes 2, 3, and 4, Ser-215 (S) has been changed to Ile
()y Thr (T), or Cys (C), respectively, in the plasmids used for transcription and
translation. Similarly, in lane 5 His-141 (H) has been replaced with Pro (P), and in
lanes 6 and 7 Asp-147 (D) is replaced with His (H) and Tyr (Y). The amount of
RNA used was normalized before in vitro translation. The positions of capsid (C),
pl08 (the polypeptide containing the sequences of E3, E2, 6K, and El), and pl37
(the complete translation product containing C and pl08 sequences) are indicated
at the right. The extra bands located between capsid and p108 are probably due to
premature termination occurring at the stretch of hydrophobic amino acids

located at the C-terminus of glycoprotein E2 and within the 6K protein.
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protease activity in this reaction. The changes introduced at Ser-215 lead from 0
to 80% cleavage. These results are summarized in Fig. 4. The effects of changing
His-141 and Ser-215 are clearly consistent with the hypothesis that these residues
are part of the active site of the protease. The results at Asp-147 are
ambiguous. Either this amino acid is not important for proteolysis, or if it is, the
residual protease activity is sufficient to lead to complete cleavage under the
assay conditions used (see also below). This latter possibility seems quite possible
in view of the fact that substitution of Ser-215 by Cys results in reduced but
detectable proteolytic activity in this system (Fig. &4).

Effect of the mutations on virus infectivity. The four amino acid
substitutions for which at least some proteolytic activity was detectable in vitro,
namely Asp-147 to His or Tyr, and Ser-215 to Cys or Thr, were tested for their
effect upon viability of virus. A restriction fragment containing the changed
nucleotide was used to replace the corresponding restriction fragment in a full-
length cDNA clone of Sindbis virus, Totol 101, from which infectious RNA can be
transcribed in vitro (Rice et al., 1987). RNA was transcribed from the plasmids
and tested for its infectivity in secondary chicken embryo fibroblast cells at both
30°C and 40°C. No infectious virus could be recovered after transfection with
RNA from any of these mutants (Fig. 4), although controls in the same experiment
using RNA from Totol 101 were positive. Thus these mutations, although retaining

all or some proteolytic activity as assayed in vitro, are lethal for the virus.

DISCUSSION
We have tested the hypothesis that His-141, Asp-147 and Ser-215 of the
Sindbis virus capsid protein form the catalytic triad of a serine autoprotease by
substituting other amino acids for these residues. The results strongly support the

hypothesis that His-141 and Ser-215 are important for proteolysis. In the case of
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Fig. 4. Summary of protease activity and viability of capsid mutants.
Percent cleavage is defined as the amount of capsid protein cleavage that occurs
during in vitro translation. Quantitation was performed by densitometry of
autoradiographs such as in Figure 3, and the amount of radioactivity in capsid
protein for the various mutants was compared with that for wild type RNA (taken
as 100% cleavage). Each mutant with demonstrable capsid cleavage was inserted
into a cDNA clone of Sindbis virus, Totol101l, from which infectious RNA can be
transcribed in vitro, RNA was transcribed, and an attempt was made to rescue
virus by RNA transfection. All of these attempts were negative (-). NT (not
tested) indicates that virus rescue was not attempted from mutants in which no

cleavage could be detected.
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these two amino acids any substitution led to decreased proteolytic activity
in vitro and were lethal for the virus. We have previously shown that a change of
Lys-138 to Ile, three residues removed from His-141, or a change of Pro-218 to
Ser, three residues removed from Ser-215, results in a temperature sensitive
protease (Fig. 2 and Hahn et al., 1985), and Melancon and Garoff (1987) have
shown that insertion of Arg adjacent to Ser-215 results in an inactive protease.
There is also sequence similarity between animal serine proteases and alphavirus
capsid proteins around Ser-215 (Boege et al., 1981) as well as around His-141
(Hahn et al., 1985). Thus there is evidence from many sources that His-141 and
Ser-215 form in fact part of the active site of the capsid protein.

The results at Asp-147 were less clear cut. Changes at this residue were
lethal to the virus, but proteolytic activity assayed in vitro appeared unchanged.
However, the cleavage event in this polyprotein precursor is different from other
systems that have been studied in the past, in that the cleavage event is self-
cleavage. The nascent protein takes up a conformation as it is being synthesized
that presumably brings together the active site and the bond to be cleaved, and
cleavage is thought to be virtually instantaneous. Thus even if the cleavage rate
were slowed by several orders of magnitude proteolysis might still occur in the
in vitro system at some time during translation. On the other hand, a reduced
catalytic rate could lead to abortive processing of the structural polyprotein
precursor. If the capsid moiety were not removed rapidly enough, the signal
sequence at the N-terminus of PE2 could fail to function to insert the
glycoprotein precursor into the endoplasmic reticulum, and if so the glycoproteins
would not be modified, cleaved or transported to the site of virus budding, with
the result that no virus would be produced. It is, of course, also possible that
these mutations are lethal for reasons other than their effect on autoproteolysis.

The capsid protein does have other essential functions in virus replication and
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assembly which may be adversely affected. Further studies on the effects of
these mutations in vivo will be useful to decide among these alternative
explanations for the lethal phenotype.

There are two families of serine proteases known that have a catalytic
triad consisting of an aspartic acid, a histidine and a serine; the first is
represented by mammalian and insect serine proteases and the second by bacterial
subtilisin. Studies of these enzymes using chemical (Neet and Koshland, 1966) or
site-specific mutagenesis (Craik et al., 1987; Carter and Wells, 1987, 1988) has
shown that changes at any of these three amino acids have dramatic effects upon
proteolytic activity. Craik et al. (1987) found that when the active site Asp-102
of rat trypsin was replaced by Asn, the catalytic activity decreased to 107% to
6x10'2 of the wild type rate, depending upon the pH. More extensive studies of
the amino acids in the catalytic triad of subtilisin were reported by Carter and
Wells (1988). A change of Asp-32 to Ala led to a decrease in the activity to
L}xlO_5 of the wild type rate, whereas changing either Ser-221 to Ala or His-64 to
Ala resulted in a decrease in activity to 6x10'7. Even in the latter cases,
however, the catalytic rate was some three orders of magnitude faster than
proteolysis in buffer alone, suggesting that the mutant protein lacking a functional
catalytic triad had activity analogous to that of catalytic antibodies (Tramontano
et al., 1986; Pollack et al., 1986) in which the binding of the protein to the
substrate enhances proteolysis in aqueous solution by stabilizing transition state
complexes.

These results suggest that a change at the Asp in the catalytic triad
produces a less severe inhibition of activity than do changes at either the Ser or
His. In the case of the Sindbis capsid autoprotease, if the model is correct, the
changes induced at Asp-147 could lead to inhibition of catalytic proteolysis by

several orders of magnitude, but self-cleavage by the molecule could still go to



55
completion during the in vitro translation reaction. In contrast, changes in the Ser
residue or His residue, which lead to a more extensive inhibition of activity, would
result in incomplete proteolysis in vitro. The results with Ser-215 are of
particular interest. Substitution of Cys for Ser resulted in 80% cleavage, and it
seems reasonable to assume that the sulfhydryl group of the Cys residue is
functioning in proteolysis in the same way that the hydroxyl of the Ser functions.
Substitution of Ser by Cys in other serine proteases has given rise to an enzyme
which retains some esterase activity but in which the protease activity has been
lost (Neet and Koshland, 1966). In these assay systems, however, a proteolytic
rate of less than 1072 or 107% of the activity of the wild type protease would not
have been detected. Similarly the residual activity from substitution of Ser by
Thr also suggests that the hydroxyl group of Thr might serve in the nucleophilic
attack during proteolysis as does the hydroxyl group of Ser, but at a greatly
reduced rate because of the extra methyl group on the carbon containing the

hydroxyl group.

ACKNOWLEDGEMENTS
We thank Dr. J. Richards and Y. Hahn for many helpful discussions. This

work was supported by NIH Grants AI10793 and Al20612.



56
REFERENCES

ALIPERTI, G. and SCHLESINGER, M. (1978). Evidence for an autoprotease
activity of Sindbis virus capsid protein. Virology 90, 366-369.

BOEGE, U., WENGLER, G., WENGLER, G. and WITTMANN-LIEBOLD, B. (1981).
Primary structure of the core proteins of the alphaviruses, Semliki Forest
virus and Sindbis virus. Virology 113, 293-303.

CARTER, P. and WELLS, J. A. (1987). Engineering enzyme specificity by
"substrate-assisted catalysis." Science 237, 394-399.

CARTER, P. and WELLS, J. A. (1988). Dissecting the catalytic triad of a serine
protease. Nature 332, 564-568.

CLEGG, J. C. S. (1975). Sequential translation of capsid and membrane protein
genes of alphaviruses. Nature 254, 454-455.

CRAIK, C. S., ROCZNIAK, S., LARGMAN, C. and RUTTER, W. J. (1987). The
catalytic role of the active site aspartic acid in serine proteases. Science
237, 909-913.

DALBADIE-McFARLAND, G., COHEN, L. W., RIGGS, A. D., MORIN, C,,
ITAKURA, K. and RICHARDS, J. H. (1982). Oligonucleotide-directed
mutagenesis as a general and powerful method for studies of protein
function. Proc. Natl. Acad. Sci. USA 79, 6409-6413.

GAROFF, H., FRISCHAUF, A. M., SIMONS, K., LEHRACH, H. and DELIUS, H.
(1980a). The capsid protein of Semliki Forest virus has clusters of basic
amino acids and prolines in its amino-terminal region. Proc. Natl. Acad. Sci.
USA 77, 6376-6380.

GAROFF, H., FRISCHAUF, A. M., SIMONS, K., LEHRACH, H. and DELIUS, H.
(1980b). Nucleotide sequence of cDNA coding for Semliki Forest virus

membrane glycoproteins. Nature (London) 288, 236-241.



57

GAROFF, H., SIMONS, K., and DOBBERSTEIN, B. (1978). Assembly of the
Semliki Forest virus membrane glycoproteins in the membrane of the
endoplasmic reticulum in vitro. J. Mol. Biol. 124, 587-600.

HAHN C. S., STRAUSS, E. G. and STRAUSS, J. H. (1985). Sequence analysis of
three Sindbis virus mutants temperature-sensitive in the capsid
autoprotease. Proc. Natl. Acad. Sci. USA 82, 4648-4652.

LINDQVIST, B. H.; DiSALVO, 1., RICE, C. M., STRAUSS, J. H. and STRAUSS, E.
G. (1986). Sindbis virus mutant ts 20 of complementation group E contains a
lesion in glycoprotein E2. Virology 151, 10-20.

LUSTIG, S., JACKSON, A. C., HAHN, C. S., GRIFFIN, D, E., STRAUSS, E. G. and
STRAUSS, J. H. (1988). Molecular basis of Sindbis virus neurovirulence in
mice. J. Virology, in press.

MANIATIS, T., FRITSCH, E. F. and SAMBROOK, J. (1982). Molecular cloning, a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York.

MELANCON, P. and GAROFF, H. (1987). Processing of the Semliki Forest virus
structural proteins: Role of the capsid protease. J. Virol. 61, 1301-1309.
NEET, K. E. and KOSHLAND, D. E. (1966). The conversion of serine at the active
site of subtilisin to cysteine: A "chemical mutation." Proc. Natl. Acad. Sci.

USA 56, 1606-1611.

POLLACK, S. J., JACOBS, J. W. and SCHULTZ, P. G. (1986). Selective chemical
catalysis by an antibody. Science 234, 1570-1573.

RICE, C. M., LEVIS, R., STRAUSS, J. H. and HUANG, H. V. (1987). Production of
infectious RNA transcripts from Sindbis virus cDNA clones: Mapping of
lethal mutations, rescue of a temperature-sensitive marker, and in vitro

mutagenesis to generate defined mutants. J. Virol. 61, 3809-3819.



58

RICE, C. M. and STRAUSS, J. H. (1981). Nucleotide sequence of the 26S mRNA
of Sindbis virus and deduced sequence of the encoded virus structural
proteins. Proc. Natl. Acad. Sci. USA 78, 2062-2066.

SANGER, F., NICKLEN, S. and COULSON, A. R. (1977). DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5468.

SCHEELE, C. M. and PFEFFERKORN, E. R. (1970). Virus-specific protein
synthesis in cells infected with RNAY temperature-sensitive mutants of
Sindbis virus. J. Virol. 5, 329-337.

SCHLESINGER, M. J. and KAARIAINEN, L. (1980). Translation and processing of
alphavirus proteins. In "The Togaviruses (ed. Schlesinger, W.), Chapter 13,
Academic Press, New York, pp. 371-392.

SCUPHAM, R. K., JONES, K. J., SAGIK, J. B. and BOSE, H. R. (1977). Virus-
directed posttranslational clevage in Sindbis virus-infected cells. J. Virol. 22,
568-571.

SEFTON, B. M. (1977). Immediate glycosylation of Sindbis virus membrane
proteins. Cell 10, 659-668.

SHORTLE, D., DiMAIO, D. and NATHANS, D. (1981). Directed mutagenesis.
Ann. Rev. Genet. 15, 265-294.

SIMMONS, D. T. and STRAUSS, J. H. (1972). Replication of Sindbis virus.
I. Relative size of and genetic content of 26S and 49S RNA. J. Mol. Biol. 71,
599-613.

SIMMONS, D. T. and STRAUSS, J. H. (1974). Translation of Sindbis virus 26S RNA
and 49S RNA in lysates of rabbit reticulocytes. J. Mol. Biol. 86, 397-409.
STRAUSS, E. C., KOBORI, J. A., SIU, J. and HOOD, L. E. (1986). Specific-

primer-directed DNA sequencing. Anal. Biochem. 154, 353-360.
STRAUSS, E. G., RICE, C. M. and STRAUSS, J. H. (1984). Complete nucleotide

sequence of the genomic RNA of Sindbis virus. Virology 133, 92-110.



29

STRAUSS, E. G. and STRAUSS, J. H. (1980). Mutants of alphaviruses: Genetics
and physiology. In "The Togaviruses: Biology, Structure, Replication" R.
Schlesinger (ed.) Chapter 14, Academic Press, New York, pp. 393-426.

STRAUSS, E. G. and STRAUSS, J. H. (1986). Structure and replication of the
alphavirus genome. In "The Togaviridae and Flaviviridae" S. Schlesinger and
M. Schlesinger (eds.) Chapter 3, Plenum Publishing Corp., New York,
pp. 35-90.

STRAUSS, J. H. and STRAUSS, E. G. (1976). Togaviruses. In "The Molecular
Biology of Animal Viruses" Vol. 1, D. P. Nayak (ed.) Chapter 4, Marcel
Dekker, Inc., New York, pp. 111-166.

STRAUSS, 3. H., STRAUSS, E. G.,, HAHN, C. 8.; HAHN, Y. S., GALLER, R,
HARDY, W. R. and RICE, C. M. (1987a). Replication of alphaviruses and
flaviviruses: Proteolytic processing of polyproteins. In "Positive Strand RNA
Viruses" M. A. Brinton and R. Rueckert (eds.) UCLA Symposia on Molecular
and Cellular Biology, Vol. 54, Alan R. Liss, Inc., New York, pp. 209-225.

STRAUSS, J. H., STRAUSS, E. G., HAHN, C. S. and RICE, C. M. (1987b). The
genomes of alphaviruses and flaviviruses: Organization and translation. In
"The Molecular Biology of the Positive Strand Viruses" D. J. Rowlands, M.
Mayo and B. W. J. Mahy (eds.) Chapter 6, Academic Press, London,
pp. 75-104.

TRAMONTANO, A., JANDA, K. D., and LERNER, R. A. (1986). Catalytic
antibodies. Science 234, 1566-1570.

ZOLLER, M. J. and SMITH, M. (1984). Laboratory Methods: Oligonucleotide-
directed mutagensis: A simple method using two oligonucleotide primers and

a single-strand DNA template. DNA 3, 477-488.



60

Part II

The Role of Glycoproteins in Assembly

and Virulence



61

Chapter 3

Sindbis Virus ts103 Has a Mutation in Glycoprotein E2

That Leads to Defective Assembly of Virions

This chapter was prepared for submission.



62

Sindbis Virus tsl03 Has a Mutation in Glycoprotein E2

That Leads to Defective Assembly of Virions

CHANG S. HAHN, CHARLES M. RICE*, ELLEN G. STRAUSS,
EDITH M. LENCHES, and JAMES H. STRAUSS

Division of Biology, California Institute of Technology, Pasadena, California

91125

Running title: Assembly Mutant of Sindbis Virus

*Present Address: Department of Microbiology and Immunology, Washington

University School of Medicine, St. Louis, Missouri 63110-1093



63

We have determined that a mutation in glycoprotein E2 of Sindbis virus
tsl03 is the change that leads to defects in the late stages of maturation and to
formation of multi-cored particles. The mutant phenotype was mapped to
glycoprotein E2 by constructing recombinant viruses between the parental strain
of Sindbis virus and the mutant. To accomplish this, we replaced restriction
fragments in a full-length cDNA clone of Sindbis virus, from which infectious
RNA can be transcribed in vitro, with the corresponding fragments from cDNA
clones of tsl03. Viruses were rescued from these recombinant clones and only
recombinant viruses containing glycoprotein E2 of tsl03 were phenotypically
tsl03, forming minute plaques at 30° or 40°, growing slowly to low yield, and
forming multi-cored particles. Sequence analysis of ts103 and of its parent (HR)
showed that there was only one difference in glycoprotein E2 between the two
strains: a change of alanine to valine at position 344. A partial revertant of
tsl03, called tsl03R, was also mapped and sequenced. These studies clearly
showed that tsl03R is a second site revertant in which a change in glycoprotein El
from lysine to methionine at position 227 partially suppresses the phenotypic
effects of the change at E2 position 344. The assembly defect in ts103 appears to
result from a weakened interaction between the virus membrane glycoproteins and
the nucleocapsid during budding. Both the E2 mutation leading to the defect in
virus assembly and the suppressor mutation in glycoprotein El are in the domains
external to the lipid bilayer, and thus in domains that cannot interact directly
with the nucleocapsid. This suggests that in ts103, either the E1-E2 heterodimers
or the trimeric spikes (consisting of three E1-E2 hetero-dimers) have an aberrant

conformation, and thus cannot interact properly with the nucleocapsid.
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INTRODUCTION

Sindbis virus is a small enveloped RNA virus that belongs to the genus
Alphavirus of the family Togaviridae. The nucleocapsid of the virus is an
icosahedral structure (T=3) that contains the single stranded RNA of 11.7 kb
complexed with 180 copies of a 30,000 dalton capsid protein. During the final
stages of virus assembly, the nucleocapsid, assembled in the cytoplasm, buds
through the plasma membrane to acquire an envelope consisting of a lipid bilayer
containing two virus encoded integral membrane glycoproteins, E2 and El. In the
final virion structure, 240 copies of El and E2 are present in the membrane in an
icosahedral array (T=4). Each external spike of the virus consists of a trimer of
E1-E2 heterodimers, and these spikes and the nucleocapsid fit together in a
precise fashion (Fuller, 1987). The precision of virus assembly and rigid exclusion
of nonviral proteins from the virus (Strauss, 1978) has led us and others to
hypothesize that there is a specific interaction between the glycoproteins and the
nucleocapsid that furnishes the free energy required to drive virus budding.

Mutant tsl03 was isolated more than a decade ago following mutagenesis
with nitrous acid (Strauss et al., 1976). It is a minute plaque former which grows
slowly at any temperature and produces, under optimal conditions, virus yields of
3-10% of those of the parental HRSP strain of Sindbis virus (Strauss et al., 1977).
Following tsl03 infection, RNA synthesis and protein synthesis as well as
nucleocapsid formation are virtually indistinguishable from those following
infection by the parental strain of virus, and the very slow rate of tsl03 virus
production appears to be due to a defect in the final stages of virus maturation,
the budding of nucleocapsids through the capsid membrane to produce the
infectious virus. Electron microscopy of tsl03 infected cells reveals the presence
of large numbers of nucleocapsids apparently in the process of budding. Yet the

release of mature virus is delayed and the final yield of virus is reduced.




65
Examination of the released virions by sedimentation velocity centrifugation or by
electron microscopy showed that many virus particles contain from 2 to 5 or more
nucleocapsids in a single envelope (Strauss et al., 1977). Thus the interactions of
the nucleocapsids with the glycoproteins appear to be weak, leading to a slow rate
of virus assembly and to the formation of aberrant virions.

Here we report the sequence of the entire structural protein region of
tsl03 and of a partial revertant tsl03R, and a comparison of these sequences with
that of the parental HRSP strain. In addition we have mapped the location of the
mutation resulting in the tsl03 phenotype by constructing recombinant viruses
between tsl03 and HRSP, using a cDNA clone of the HR strain of Sindbis virus
from which infectious RNA can be transcribed in vitro (Rice et al., 1987), and in

this way shown that the tsl03 phenotype maps to a change in glycoprotein E2.

MATERIALS AND METHODS

Cells and viruses

Culturing of chicken embryo fibroblast cells, infection with Sindbis virus,
and plaque assay were as previously described (Pierce et al., 1974; Strauss et al.,
1976), with the exception that in all experiments, 1 to 1.2% agarose was used for
overlay during plaque formtion (Strauss et al., 1977; Rice et al., 1987). Isolation
of mutant tsl03 and of the revertant tslO3R have been previously described
(Strauss et al., 1976, 1977).
Virus purification and isolation of RNA

tsl03 and tsl03R were grown in primary chick embryo fibroblast cells in
hypotonic saline for 10 to 20 hours and virus was harvested in hypertonic saline as
described (Pierce et al., 1974; Strauss et al., 1977). Virus was purified and RNA

extracted as previously described (Rice and Strauss, 1981).
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Isolation of cDNA clones

Clones containing the 3' terminal 5438 nucleotides [plus a variable length of
poly(A)] of the genomes of ts103 and of tsl03R were obtained by using a T-tailed
plasmid vector for first strand synthesis as previously described (Lindqvist et al.,
1986; Hahn et al., 1985). A library of cDNA clones representing the rest of the
genome was obtained by using calf thymus random primers for first strand
synthesis and EcoRI linkers to clone the double-stranded cDNA into a plasmid
vector essentially as described (Okayama and Berg, 1982; Rice et al., 1988). To
identify clones containing inserts representing the 5' end of the genomes, colonies
were probed with a radiolabeled RNA consisting of the 5' terminal 500 nucleotides
of Sindbis virus HRSP, derived by transcribing RNA in vitro from clone Totol 10l
(Rice et al., 1987).
Sequence analysis

Sequence of tsl03 and of tsl03R was obtained by the chemical sequencing
methods of Maxam and Gilbert (1980) as modified by Smith and Calvo (1980).
Most of the sequence of the structural region of tsl03 and tsl03R was obtained
from sequencing of single stranded cDNA restriction fragments produced by Haelll
digestion (Rice and Strauss, 1981; Arias et al., 1983). This method has the
advantage that a consensus sequence is immediately obtained. These results were
confirmed and extended by sequencing of cDNA derived from plasmid clones as
previously described (Strauss et al., 1984). To confirm the nature of recombinant
viruses produced from construction of hybrid genomes, certain regions of the
recombinant virus genomes were sequenced by direct RNA sequencing, using
reverse transcriptase, synthetic primers, and RNA templates as described

(Zimmern and Kaesberg, 1978).
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General recombinant DNA techniques

Restriction endonucleases and DNA modifying enzymes were purchased
from commercial sources and wused essentially as recommended by the
manufacturers. Plasmids were grown, purified, and analyzed using standard
methods with minor modifications (Maniatis et al., 1982).
Construction of recombinant viruses

Hybrid genomes were constructed by replacing restriction fragments in
Sindbis cDNA clone Totol 10l or Toto50 (Rice et al., 1987) with the corresponding
regions from cDNA clones derived from either tsl03 or tsl03R. Details of the
restriction sites used are given in the figure legends. Virus was rescued from
these recombinant clones essentially as described (Lustig et al., 1988) and the
virus tested for its biological properties.
Analysis of virus stocks for multi-cored particles

Viral RNA was labeled with [3H] uridine during replication, and | to 4 ml of
the high salt harvest from a 100 mm tissue culture plate was layered on to a 10 ml
sucrose gradient (15 to 30% w/v sucrose in 200 mM sodium chloride, 50 mM tris
pH 7.4, | mM EDTA). Centrifugation was at 5°C for 80 to 90 min at 27,000 RPM
or 50 to 60 min at 36,000 RPM in a Beckman SW40 or SW41 rotor. The gradients

were fractionated and assayed for radioactivity in a liquid scintillation counter.

RESULTS

Sequence analysis of the structural proteins of t3103 and tsl03R.

Since tsl03 has a defect in the assembly of virions, it seemed probable that
the mutation would lie in one of the structural proteins. To start, the entire
structural protein region of the genomes of tsl03 and of tsl03R were sequenced

and compared to the sequence of the parental HRSP strain. Most of the sequence
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was obtained by direct sequencing of first strand cDNA after digestion with Haelll
(Rice and Strauss, 1981) which gives directly the consensus sequence in the RNA
population. These sequencing results were confirmed and extended by sequencing
of cDNA clones of ts103 and ts103R. The results are shown in Fig. 1.

There were no changes in the 5' or 3' nontranslated regions flanking the
structural protein region, and there were no coding differences in the capsid
proteins of the viruses (although there was a silent change in the second codon of
the capsid protein, AAU + AAC, in tsl03 and tslO3R). In the remainder of the
structural region, there was only a single change between HRSP and tsl03, a C to
U change at position 9661 leading to the substitution of Ala-344 in the E2
glycoprotein in HRSP by Val in ts103 (GCC » GUC). tsl03R was found to contain
Val-344, as did tsl03, but contained one additional change in E2 and two
differences in the El region from both tsl103 and HRSP. These were changes of
nt9330 from A to U (leading to the substitution of Thr-234 in E2 by Ser), of
ntl0744 from A to U (leading to the substitution of Lys-227 in El by Met) and of
nt10848 from G to U (leading to the substitution of Ala-262 in El by Ser). These
data indicated that if, in fact, the assembly defect of ts103 was due to a change
within the structural protein region, that change must be the Ala to Val change at
position 344 of E2, and that the partial revertant isolated was a second site
revertant, presumably involving one or more of the changes in either glycoprotein
E2 or El.

Localization of the mutation responsible for the ts103 phenotype

In order to map the location of the change responsible for the tsl03
phenotype, recombinant viruses were constructed. Sindbis virus cDNA clones
Totoll0l and Toto50 contain complete cDNA copies of Sindbis virus inserted
downstream from an SP6 RNA polymerase promoter, and infectious RNA can be

transcribed from these clones in vitro (Rice et al., 1987). Hybrid cDNA clones
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Fig. 1. Sequence differences between HRSP, tsl03, and tslO3R in the
glycoprotein region. A schematic diagram of the glycoprotein region of the
Sindbis genome is shown with the location of certain restriction enzymes sites.
Nucleotide coordinates are numbered from the 5' end of the RNA according to
Strauss et al. (1984). Below are shown sequencing schematics of HRSP (Strauss et
al., 1984), tsl03, and tsl03R. Where differences in any of the strains occur,
nucleotides are shown above the line together with the nucleotide coordinate, and
the encoded amino acids are shown below the line, using the single letter code,
together with amino acid position numbered from the amino terminus of

glycoprotein E2 or of glycoprotein El.
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were constructed by replacing restriction fragments within one of these clones
with the corresponding sequences from cDNA clones of ts103 or tsl03R. RNA was
transcribed from the recombinant clones and transfected onto secondary chick
embryo fibroblast cells. Monolayers were incubated at 30°C and virus was
harvested when the cells showed a full cytopathic effect. The parental HR strain
or phenotypically wild-type recombinants required about 72 hr for this, whereas
tsl03 took up to 6 days. Monolayers were also incubated at 30°C or 40°C under 1
to 1.2% agarose for plaque assay. The constructs tested are diagrammed in Fig. 2,
which also includes the coordinates of the restriction sites used to make the
hybrid genomes. Note that in each case most of the viral sequences are derived
from clone Totoll0l with small, contiguous elements derived from tsl03. For
simplicity these various constructs and the viruses rescued from them will be
referred to as 103A through 103F as indicated in Fig. 2.

The phenotypes of each of the six recombinants illustrated in Fig. 2 are
shown in Fig. 3. The plaque size of 103A at 30°C and of 103B and 103C at both
30° and 40° were indistinguishable from that of Totoll0Ol virus. Recombinants
103D, 103E, and 103F showed minute plaques at both 30°C and 40°C, as does
tsl03. Furthermore, the size of virus plaques correlates with the kinetics of virus
release and with the formation of multi-cored particles. Virus from 103A, 103B
and 103C have the same growth rate as that from Totol10l, whereas tsl03 and
recombinants 103D, 103E, and 103F have a very slow kinetics of virus release.
Similarly, tests for the production of multi-cored particles by sucrose gradient
sedimentation showed that virus from Totoll0l or from 103A, 103B, and 103C
gave a single sharp virus peak sedimenting at 280 S. In contrast, tsl03 and
recombinant 103D showed multiple peaks of virus sedimenting between 280 S and
700 S (recombinants 103E and 103F were not tested). Since recombinants 103D,

103E, and 103F share only the E2 region of ts103, we conclude that glycoprotein
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Fig. 2. Construction of Sindbis virus genomes recombinant between HR
virus and tsl03. Restriction fragments in Sindbis virus cDNA clone Totoll0l
(Rice et al., 1987) were replaced with the corresponding fragments from cDNA
clones of ts103 (indicated by the diagonal hatching). The restriction sites used for
these constructs and their coordinates in the viral genome are indicated. These
constructs were named 103A, 103B, etc. in the approximate order, from 5' to 3' in

the genome, in which sequence was derived from tsl103, as indicated.
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Fig. 3. Functional assay of recombinant viruses. The recombinant viruses
rescued from the constructs shown in Fig. 2, together with virus rescued from
clone Totol10l and virus tsl03, were tested for plaque size at 40°C and at 30°C,
for the growth kinetics of the virus, and for the formation of multi-cored particles

by sucrose gradient velocity sedimentation (NT = not tested).
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E2 from tsl03 is necessary and sufficient to obtain the tsl03 phenotype, and that
the plaque-size, growth pattern, and production of multi-cored particles are all
due to the same mutation, namely the substitution of Ala-344 in E2 by Val (Fig. 1).
Second site reversion in tsl03R

The partial revertant tslO3R was found to be intermediate in phenotype
between tsl03 and HR, in terms of virus release, production of multi-cored
particles and plaque morphology. Since tslO3R possesses Val-344 in E2, as does
tsl03, the altered phenotype must be due to partial suppression of this mutation
by a second site mutation. To confirm this, a recombinant virus between
Totol10l and tslO03R was made corresponding to construct 103D of Fig. 2. This
recombinant virus was tested for its biological properties and found to possesses
the tsl03 phenotype, showing that the original tsl03 mutation was in fact still
present and that the suppressing mutation must lie outside the region defined by
construct 103D, that is, outside the coordinates 6919 to 9804 in the viral RNA
(Fig. 4).

The location of the suppressor mutation was defined by a second
recombinant virus tested, recombinant 103RF, illustrated in Fig. 4. Recombinant
103RF had the same phenotype as tsl03R, namely it made small plaques (as
opposed to minute plaques made by ts103) at 40°C and 30°C, released virus more
rapidly than tsl03 (but still more slowly than HR), and and made a smaller
proportion of multi-cored particles. This result shows that the suppressor
mutation must lie between coordinates 9804 and 10770 (Fig. 4), and thus that the
suppressor mutation must be the Lys-227 to Met change in glycoprotein El
(Fig. 1). Note, however, that 103RF contains Ser-234 of E2 and, although this
change alone will not suppress the tsl03 mutation (construct 103D), we cannot
rule out an effect of this change upon suppression, acting in concert with Met-227

in EL.
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Fig. 4. Construction of Sindbis virus genomes recombinant between tsl03R
and Totoll0l. Restriction fragments in clone Totoll0l (Rice et al., 1987) were
replaced by the corresponding fragments from cDNA clones of tsl03R (indicated
by the diagonal cross hatching). The restriction sites used and their coordinates in
the viral genome are indicated. Constructs were named as indicated to the right
of the figure. Note that in construct 103RD, the same Hpal to BssHII restriction
fragment of Toto 110l is substituted from tsl03R cDNA as was used to form
construct 103D from clones of tsl03, and that the similar case holds for clone

103RF, which uses a Stul to Stul restriction fragment.
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A third recombinant virus, 103REl, was also constructed and tested. This
virus contains the El region from tslO3R with the rest of the genome derived
from TotollOl. This recombinant virus formed large plaques (larger than the
plaques formed by Totol 10l virus), had a normal growth pattern, and did not lead
to the formation of multi-cored particles. Thus, the suppressor mutation, when
separated from the tsl03 mutation, leads to the formation of large plaques, and
may be a generalized suppressor that increases the efficiency of virus assembly
and release in some way.
Revertant tsl03RR

At the time of the isolation of tsl03R, since it seemed to be only a partial
revertant, we attempted to isolate a complete revertant from the tsl03R
population. One such isolate made large (rather than intermediate) plaques and
produced no multi-cored particles; this was called tsl03RR. Limited sequence
analysis of tslI03RR has showed that it has Ala-344 at E2 (like HR) so that it is a
true (same site) revertant. The analysis of tsl03RR is not yet complete and it is
unknown whether it retains the E1 change of tsl03R as well.
Reversion frequency of ts103

During the isolation of revertants from tsl03, the reversion frequency was
found to be less than 10~/ (Strauss et al., 1977). This reversion frequency is quite
low in view of the fact that the tsl03 phenotype is obtained with a single
nucleotide change in the E2 coding region and partial suppression of this mutant
can be accomplished by a single nucleotide change in the El region of tslO3R.
Because tsl03 was originally isolated following nitrous acid mutagenesis of HRSP,
it seemed possible that other unmapped changes in the genome might contribute
to the difficulties in obtaining revertants. We have reexamined the reversion
frequency of tsl03 by using recombinant 103D which differs from TotollOl by

only | coding difference, the change in position 344 of glycoprotein E2. Construct
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Fig. 5. Functional assay of viruses recombinant between Totoll0l and
tslO3R. Assays included plaque size at 30°C and 40°C, growth kinetics, and the
formation of multi-cored particles as assayed by sucrose gradient velocity

sedimentation. (NT = not tested.)
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103D was plaque purified once and passed at low multiplicity in chick cells. This
stock was plaqued at 40°C. More than 40,000 plaques were screened and three
large plaques were obtained, a reversion frequency of 7 X 107>, This reversion
frequency is consistent with a single nucleotide change being responsible for
reversion. These three new revertant viruses, however, all differed in plaque size
and titer produced from virus from Toto 1101, suggesting that they may all be
second site revertants and that in each case the suppressor mutation is different.
From this and from the original reversion frequency found for tsl03, it appears
that the tsl03 mutation is very stable and that reversion to the wild-type

nucleotide occurs at very low frequency.

DISCUSSION

We have shown here that the tsl03 phenotype is due to a C + U change at
position 9661 of Sindbis RNA, leading to the substitution of alanine by valine at
position 344 of glycoprotein E2. A C » U transition is consistent with the action
of nitrous acid, in which C in the viral RNA is deaminated to produce U. A
substitution of alanine by valine is normally considered to be conservative but in
this case it leads to dramatic effects upon the function of glycoprotein E2 during
virus assembly.

We had originally postulated (Strauss et al., 1977) that the defect in tsl03
might lie in the nucleocapsid protein because it was found that many
nucleocapsids isolated from tsl03-infected cells or from multi-cored virions
sedimented more slowly that did those isolated from wild-type virions or from
wild-type infected cells. More recent results from another laboratory, however,
have shown that there is an immature form of the nucleocapsid that sediments
more slowly, which upon maturation becomes a more rapidly sedimenting form

(Coombs et al., 1984). Thus, the finding here that the nucleocapsid protein of
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tsl03 is identical to that of wild-type virus suggests that the nucleocapsids in
tsl03 infected cells, or many of the nucleocapsids in multi-cored particles, are, in
fact, immature forms that are not triggered to assume the mature form because
of deficiencies in virus assembly.

It is believed that during virus assembly the cytoplasmic domains of the
glycoprotein interact with the nucleocapsid to drive virus budding and to produce
the precisely assembled virion. The fact that the ts103 mutation is in a domain of
glycoprotein E2 external to the lipid bilayer means that the weakened interactions
between the glycoproteins and the nucleocapsid proteins are not the results of
changes in the domains of these two proteins that interact directly. Instead, it
suggests that the EI1-E2 heterodimer forms improperly in tsl03, due either to a
change in the conformation of E2 itself induced by the amino acid substitution at
position 344 or due to steric hindrance, if this altered amino acid is a contact
residue essential for heterodimerization. In either case, the changed
conformation could affect assembly of the spikes (each made up of 3 dimers)
rather than the assembly of the El-E2 dimer itself. In any event, the mutant
spike unit has a suboptimal geometry and fails to interact properly with the
nucleocapsid, leading to defective assembly of virions.

We have also shown here that the mutation in tsl03 can be partially
suppressed by a change of Lys-227 to Met in glycoprotein El. In some way this
change in El can compensate in part for the change in E2. One possibility is that
Ala-344 of E2 and Lys-227 of El are contact residues in EI-E2 dimer formation,
and that the two changes partially compensate for one another. A second
possibility is that the altered conformation of E2 induced by Val-344 is partially
compensated by an altered conformation of El induced by the Met-227. A third
possibility is that the change in El increases the stability of glycoprotein E1-E2

interactions or the affinity of the spike for the nucleocapsid during budding. We
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favor this third possibility because of the finding that the change in El, when
separated from the tsl03 mutation, leads to an increase in plaque size of the
virus, suggesting that the change in El has a generalized effect rather than being
specific for the tsl03 mutation. Moreover, the tsl03R mutation only moderates
the tsl03 phenotype rather than specifically suppressing it, suggesting a general

effect.
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Abstract

We have examined a variety of strains of Sindbis virus for the genetic
changes responsible for differences in neurovirulence for mice. A low passage of
the AR339 strain of Sindbis virus (SV), a neuroadapted Sindbis virus (NSV), and two
laboratory strains of Sindbis virus (HRSP and Totoll0l) were examined. NSV
causes a severe encephalomyelitis with hind limb paralysis and high mortality
after intracerebral inoculation in weanling mice. In contrast, SV causes only mild,
nonfatal, disease in weanling mice; however, in suckling mice SV causes a fatal
encephalomyelitis after either intracerebral or subcutaneous inoculation. The two
laboratory strains used have greatly reduced neurovirulence for suckling mice and
are avirulent for weanling mice. The nucleotide sequences and encoded amino
acid sequences of the structural glycoproteins of these four strains were
compared. Hybrid genomes were constructed by replacing restriction fragments
in a full-length cDNA clone of Sindbis virus, from which infectious RNA can be
transcribed in vitro, with fragments from cDNA clones of the various strains.
These recombinant viruses allowed us to test the importance of each amino acid
difference between the various strains for neurovirulence in weanling mice and
suckling mice. Glycoproteins E2 and El were of paramount importance for
neurovirulence in adult mice. Recombinant viruses containing the nonstructural
protein region and the capsid protein region from an avirulent strain and the El
and E2 glycoprotein regions from NSV were virulent, although less virulent than
NSV. Furthermore, changes in either E2 (His 55 in NSV to Gln in SV) or in El (Ala
72 in NSV to Val in SV and/or Asp 313 in NSV to Gly in SV) would reduce
virulence. For virulence in suckling mice we have found that a number of changes
in E2 and El can lead to decreased virulence and, in fact, a gradient of virulence

exists.
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Introduction

Sindbis virus is the type species of the genus Alphavirus in the family
Togaviridae. It is among the least pathogenic of the alphaviruses, which include
such important pathogens as Eastern, Western, and Venezuelan equine encephalitis
viruses (10). In nature, Sindbis virus is transmitted by mosquitoes and its
vertebrate hosts are usually birds or mammals (41). The viral genome is a plus
stranded RNA of 11,703 nucleotides. In the virion it is complexed with a capsid
protein C to form an icosahedral nucleocapsid that is surrounded by a lipid bilayer
in which two integral membrane glycoproteins, E2 and El, are embedded
(reviewed in 40). Both El and E2 are anchored in the membrane by a conventional
C-terminal hydrophobic anchor, and are closely associated with each another as a
heterodimer that probably forms during synthesis of the glycoproteins (28,31).
This heterodimer is believed to be the functional subunit, and three heterodimers
are associated to form a trimeric spike in the virus (8). The spike is the structure
that binds to susceptible cells to initiate infection, and also possesses neutralizing
epitopes.

Sindbis virus infection of mice has been studied as an experimental model
of acute viral encephalitis (9,14). Wild-type Sindbis virus (AR339 strain) causes a
fatal encephalitis in suckling mice and a nonfatal encephalitis in 4 week old
weanling mice (15). A strain of Sindbis virus that is highly lethal for weanling and
adult mice was isolated after six intracerebral (IC) passages of wild-type Sindbis
strain AR339 (SV) alternating between suckling and weanling mice (11). This
neuroadapted strain of Sindbis (NSV) has been genetically stable after many
passages in cell culture. NSV replicates 10-50 fold more efficiently in the brain of
mice than SV and its IC 50% lethal dose is 2-20 pfu in weanling mice. After IC
inoculation with NSV weanling mice become ruffled, develop kyphoscoliosis and

hind limb paralysis and have a high mortality (11,12). There is a poliomyelitis,



92
particularly involving the ventral horns, in the thoracic and lumbar spinal cord
(12). Stanley et al. (36) demonstrated that some anti-Sindbis virus El and E2
monoclonal antibodies discriminate between NSV and SV, suggesting that changes
in the surface glycoproteins may be associated with changes in virulence.

Olmsted et al. (21,22) have selected Sindbis virus variants in vitro that are
attenuated in suckling mice. Thus, strains of Sindbis virus can be essentially
avirulent for mice of all ages, or virulent for suckling mice but avirulent for
weanling mice, or virulent for mice of all ages.

Recently a complete cDNA clone of Sindbis virus has been constructed
from which infectious RNA can be transcribed in vitro with SP6 RNA polymerase
(29). This has made it possible to map changes between the various strains of
Sindbis virus which lead to differences in virulence in mice, an approach similar to

that used by Kohara et al. (16) to map virulence determinants in poliovirus.

MATERIALS AND METHODS

Virus stocks, preparation of virus and viral RNA. Sindbis virus wild-type
AR339 strain (a low passage stock obtained from the American Type Culture
Collection and referred to herein as SV) and neuroadapted Sindbis virus (NSV) were
grown and titred on monolayers of primary and secondary chick embryo fibroblasts
(CEF) as previously described (37). Virus was precipitated from the culture fluid
with polyethylene glycol and purified by successive velocity sedimentation and
equilbrium density centrifugation (24). The isolation of viral RNA was as
described (30).

cDNA cloning. cDNA synthesis followed essentially the procedure of
Okayama and Berg (20) as modified by Lindqvist et al. (17). A plasmid vector
referred to as proteus | was tailed with dT (40-60 residues) and used as primer for

first strand cDNA synthesis. Second strand synthesis then used E. coli DNA
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polymerase I, E. coli RNase H and E. coli DNA ligase. After second strand
synthesis the double stranded DNA was cut with HindIlll and ligated intra-
molecularly. The resulting clones have an insert of 5438 nucleotides [plus a
variable length of poly(A)] and contain the entire structural protein coding region
of Sindbis virus.

General recombinant DNA techniques. Restriction endonucleases and DNA
modifying enzymes were purchased from commercial sources and used essentially
as recommended by the manufacturer. Plasmids were grown, purified and
analyzed using standard methods with minor modifications (18).

Construction of hybrid genomes. Hybrid genomes were produced by
replacing restriction fragments in Sindbis clone Totol 101 or Toto50 (29) with the
corresponding regions from cDNA clones derived from NSV, with cDNA from
strain SV, or with cDNA from a clone of Sindbis virus HRSP strain. Details of the
restriction sites used are included in the figure legends. Virus was rescued from
these recombinant clones and tested for its biological properties.

In vitro transcription and RNA transfection. RNA transcripts were
synthesized as described (29). Briefly, either supercoiled plasmid templates or
plasmid DNAs which had been digested with an appropriate restriction
endonuclease to produce a run-off transcript were transcribed in vitro by SP6
RNA polymerase in 40 mM Tris-Cl, pH 7.6, 6 mM MgCl, 2 mM spermidine, | mM
ATP, CTP, GTP, UTP, 100 ug/ml nuclease-free bovine serum albumin, 5 mM DTT,
1 mM m7G(5')ppp(5')G cap analogue, 500 U/ml human placental RNase inhibitor,
400 U/ml SP6é polymerase, and 10-100 pug/ml template DNA. Quantitation of the
RNA transcript was effected by including a trace amount of [32P] CTP in the
reaction and counting an aliquot of the product after adsorption to Whatman DE&1
paper. Confluent monolayers of secondary CEF in 35 mm tissue culture plates

(about 10° cells) were transfected with the resulting RNA. After washing once
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with Eagle's minimal essential medium (7) containing Earles salts but without
serum, the cells were incubated with 1.5 ml Eagle's medium containing 50 mM
Tris-Cl, pH 7.3 at 25°C, and 200 pg/ml DEAE dextran (500,000 average molecular
weight from Sigma) for 60 min at 37°C. This medium was removed and 200 ul of
in vitro-transcribed RNA diluted in phosphate buffered saline was added to the
cells and incubated at room temperature for 60 min with occasional rocking.
Plaque-forming units were quantitated by overlaying the monolayer with 3 ml of
1.2% agarose (SeaKem ME from FMC) in Eagle's medium containing 2% fetal calf
serum, followed by incubation at 30°C or 40°C for 3 days or 2 days, respectively.
Plaques were visualized by staining with neutral red. Virus stocks were produced
by removing the transfection mix and incubating the cells in 3 ml of Eagle's
medium containing 3% fetal calf serum for 48 hr or longer at 30°C.

Sequence determination of SV and NSV cDNA. DNA sequencing was
carried out on cloned cDNA using the methods of Maxam and Gilbert (19) as
modified by Smith and Calvo (35), using restriction fragments 3' end labeled with
the Klenow fragment of E.coli DNA polymerase (Bethesda Research
Laboratories). NSV clones NSV5-37 and NSV5-44 and SV clones SVIA-3 and
SV1A-21 were analyzed. Chain termination sequencing of RNA with reverse
transcriptase as described by Ou et al. (23) and Zimmern and Kaesberg (42), using
intracellular viral RNA as template and synthetic oligonucleotides as primers, was
also used to obtain part of the sequence. To test that virus derived from hybrid
cDNAs had the predicted sequence, certain regions of the RNA genome sequence
were confirmed by chain termination sequencing in the same way. All of the
sequencing was obtained on two clones, or checked by the dideoxy sequencing of
an RNA template (which gives the majority nucleotide at any position), in order to

rule out cloning artifacts or sequencing of minor variants.
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Animal tests. Viruses for animal inoculation were grown and assayed by
plaque formation on BHK-21 cells. Three- to four-week old BALB/cJ weanling
mice of either sex (Jackson Laboratories, Bar Harbor, ME) were inoculated
intracerebrally (IC) with 1000 pfu of virus in 0.03 ml Hanks balanced salt solution
containing 1% fetal calf serum. One- to three-day old CD-1 (ICR) suckling mice
(Charles River Breeding Laboratories, Wilmington, MA) were inoculated
subcutaneously with 500 pfu of virus in each hindlimb (footpad). Mice were
observed for 25 days. The percent mortality was determined for weanling mice
and the percent mortality and mean day of death determined for suckling mice.
At least 10 weanling mice and two litters of suckling mice were inoculated with
each virus strain. For recombinant strains, viruses grown from 2-4 different
plaques were tested separately. These data have been pooled for presentation.
For viruses which killed weanling mice at 1000 pfu, the intracerebral dose for 50%
mortality (ICLDjo) was determined by the method of Reed and Muench (26) using

groups of 10 mice at serial 10-fold dilutions.

RESULTS

Sindbis virus strains. Four strains of Sindbis virus were used in these
studies as well as recombinants between various strains (Table 1). The passage
history of these strains significantly affects the interpretation of the results. The
AR339 strain of Sindbis, here designated as SV, is a low passage stock (7-9
passages in suckling mouse brain) received from the American Type Culture
Collection and subsequently passaged five times in BHK cells (including three
sequential plaque purifications) and twice in CEF. The AR339 strain that served
as the parent for NSV had a more extensive passage history. It was obtained
originally from Dr. H. Hineberg (Cleveland Metropolitan General Hospital) after

an unknown passage history, and subsequently passed ten times in mouse brain,
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TABLE 1 Sindbis virus strains®

Virulence

Suckling Weanling

b

Virus Strain Passage History Mice Mice

SV 9 SMB + -
5 BHK
2 CEF
NSV * Unknown passages in
cell culture + -
10 MB
1 BHK
10 CEF
3 +3 SMB + MB

2 CEF
Totol101 Extensive passage in

cell culture + -
HRSP Extensive passage in

cell culture i -

aAll strains were derived by passage of the AR339 strain, isolated originally from
a pool of Culex univittatus in August, 1952 in Sindbis, Egypt by inoculation into
suckling mouse brain (41).

bSMB = suckling mouse brain; MB = mouse brain; BHK = BHK21 cells; CEF = Chick

embryo fibroblasts.
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once in BHK cells, and more than ten times in CEF prior to neuroadaption (15).
NSV was obtained from this AR339 strain by serial transmission six times by IC
inoculation alternately in suckling and weanling mice (l11). This virus was
subsequently passed twice in CEF in order to isolate viral RNA for sequence
analysis.

In addition, two laboratory strains of Sindbis virus derived from infectious
RNA rescued from cDNA clones (29) were used; both were derived from the
AR339 strain. The first of these laboratory variants was rescued from cDNA
clone Totoll0l and contains nucleotides 1-2713 and 9805-11703 from the HRSP
strain described below, and nucleotides 2714-9804 from a strain of uncertain
passage history prior to cloning as Totoll0l. The second strain, from clone
Toto50, was derived from cDNA made to the HRSP strain of Sindbis virus (heat
resistant small plaque strain). The HR strain was obtained by Burge and
Pfefferkorn (5) from AR339 by selecting variants able to survive heating to
56°C. It had been subsequently passaged multiple times in both CEF and BHK
cells before isolation of the small plaque variant (39). HRSP was then passaged
several times in CEF prior to cloning as Toto50. The sequence of the HRSP strain
has been published (29,38).

Sequence analysis of the glycoproteins of NSV and of SV. Because
monoclonal antibodies discriminate between NSV and SV (36) and attenuating
mutations have been found in E2 (6,22), it seemed likely that the glycoproteins
would be important for neurovirulence in Sindbis virus. We therefore obtained the
nucleotide sequence of the region encoding the glycoproteins, and from this the
deduced amino acid sequence of glycoproteins E3, E2 and El, for both SV and NSV,
and compared this sequence with that previously published for HRSP (Fig. 1).

In the glycoprotein E3 region sequenced there were no nucleotide

differences among the various strains, SV, NSV, or HRSP. In glycoprotein E2,
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Fig. 1. Sequence differences between SV, NSV, and HRSP. Above is shown
a schematic of the structural region of the Sindbis virus genome. The positions of
a number of restriction enzyme sites are shown, as well as the boundaries between
the different proteins encoded, together with their coordinates numbered from the
5' end of the RNA according to Strauss et al. (38). Below are shown sequencing
schematics of three Sindbis strains. Where differences between any of the strains
occur, nucleotides are shown above the line (numbered from the 5' end as before)
and encoded amino acids (if a change in coding is involved) are shown below the
line, using the single letter amino acid code. The amino acid numbers refer to the
position within the glycoprotein; thus Q55 is residue 55 of glycoprotein E2, etc.
The sequence from nucleotide 8571 in E3 to the end of the RNA was determined
for SV and for NSV, as described in the Materials and Methods. The sequence for

HRSP is taken from Strauss et al. (38).
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however, there were two nucleotide changes between SV and NSV, both of which
led to amino acid substitutions. Nucleotide 8795 is A in SV and U in NSV,
resulting in a Gln to His change at position 55 of E2. Nucleotide 9255 is G in SV
and A in NSV, leading to the replacement of Arg in SV by Gly in NSV at
position 209 of E2. Amino acid 55 is Gln in the HRSP strain (as is found in SV),
while amino acid 209 is Gly in HRSP (as is the case for NSV).

NSV and SV differ from HRSP in three additional amino acids of E2.
Position 3 of NSV and SV is Thr, whereas HRSP has Ile at this position.
Position 23 of SV and NSV is Glu and is Val in HRSP [Glu 23 was previously shown
to be the ancestral amino acid in HR (1)]. Finally, position 172 of E2 is Gly in SV
and NSV and is Arg in HRSP. The changes at positions 3 and 172 may have arisen
during selection of the HR strain.

In glycoprotein E1l there were six nucleotide differences between SV and
NSV leading to two amino acid changes. Silent changes were found at positions
10392 (C in SV > U in NSV), 10571 (A > G), 10748 (C » U), and 10815 (C » U). The
coding changes were at position 10279 (U in SV » C in NSV) leading to substitution
of Val in SV by Ala in NSV at position 72 of El, and nucleotide 11002 (G + A)
leading to the substitution of Gly by Asp at position 313. Position 72 is Ala in
HRSP (as in NSV), whereas amino acid 313 is Gly in HRSP (as in SV). In addition
to these changes SV and NSV also differ at position 237 (Ala) from HRSP (Ser);
this change may also have arisen during selection of the HR strain.

Of the eight nucleotide differences between SV and NSV seven were
transitions (three C -~ U, three G > A, and one U » C). The transversion was the A
+~ U change leading to the substitution of Gln by His.

There were no changes between SV and NSV in the 3' noncoding region.

Construction of recombinant viruses. In order to examine the effect of the

different amino acid substitutions on neurovirulence of Sindbis virus, a number of
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Fig. 2.  Construction of Sindbis virus genomes recombinant in the
glycoprotein region. Restriction fragments in clone Totol101 (29) were replaced
by the corresponding fragments from three other strains of virus, NSV, SV, or
HRSP (derived from Toto50), as indicated in the diagram. The restriction sites

used and their coordinates in the viral genome are indicated.
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recombinant viruses were constructed. To accomplish this, restriction fragments
from clones of SV, NSV, or HRSP cDNA were used to replace the corresponding
restriction fragments in clone Totoll0l or, in one case, Toto50. These clones
contain a complete cDNA copy of Sindbis virus inserted downstream from an SP6
RNA polymerase promoter from which infectious RNA can be transcribed in vitro
(29). RNA was transcribed from the recombinant clones and transfected onto CEF
cells. Monolayers were incubated at 30°C under liquid medium in order to rescue
infectious virus or under agarose at 30°C and 40°C for plaque assays. None of the
recombinant viruses were temperature sensitive. The titres of the rescued viruses
were between 108 and 109 pfu/ml. They were passaged once in BHK cells and
then examined for their biological properties.

The constructs tested are illustrated schematically in Fig. 2. The
restriction sites used to construct the hybrid genomes and their coordinates
numbered from the 5' end of the RNA (38) are also shown. The Stul site at 10770
is not present in all of the virus strains. Those with Ser at position 237 of El
possess this site, whereas those that have Ala at this site do not. In all cases the
recombinants possess the nonstructural protein region and the capsid protein
region from Totol 101 or from Toto50 and only the glycoprotein region or portions
of the glycoprotein region are derived from other strains.

Neurovirulence of recombinant viruses for weanling mice. The
neurovirulence of each of the recombinant viruses, the parental viruses NSV, SV,
HRSP, and viruses rescued from Toto50 and Totol 101, were tested in 3-4 week old
weanling mice, using 1000 pfu of each virus by IC inoculation. In each case two or
more independent virus stocks were tested. The results were pooled and the
relevant data are summarized in Table 2.

Only NSV and the recombinant TEl2 were virulent for weanling mice.

TE12 has the nucleotide sequence from 8571 to 11552 of NSV and nucleotides | to
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TABLE 2 Neurovirulence of Sindbis strains in weanling mice®

Virus Strain Dead/Total % Mortality
NSV 21/21 100
TE12 15/35 b4
TE 2/55 4
TES 0/20 0
TE2 0/20 0
TE2S 0/30 0
TE1 0/21 0
SV 0/20 0
Totol10l 0/10 0
Toto50 0/20 0

aChallenged with 1000 pfu by IC inoculation.
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8570 and 11553 to 11703 from Totoll10l, that is, glycoproteins E2 and El from
NSV and the remainder of the genome from Totoll0Ol (Fig.2). TotollOl is
avirulent for weanling mice whereas TE12 is virulent, demonstrating that the
envelope proteins alone are sufficient to confer virulence to an otherwise
avirulent strain. However TE12 has a higher LD50 (50 versus 3, calculated by the
method of Reed and Muench [26]), than NSV and the overall mortality is reduced
(Table 2), suggesting that nucleotide sequences outside the envelope protein region
are also important for neurovirulence. These sequences are presumably in the
region encoding the replicase proteins, thereby affecting the efficiency of virus
replication, although changes in the capsid protein or in noncoding regulatory
sequences cannot be ruled out.

All of the other strains are avirulent in weanling mice. Thus strains
containing only glycoprotein E1 or only E2 from NSV are avirulent, demonstrating
that changes in both E1 and E2 were necessary for the transition in neurovirulence
from SV to NSV. The significance of these findings in terms of amino acid
substitutions will be discussed below.

Neurovirulence of recombinant viruses for suckling mice. Our major
interest in these studies was to define the changes that led to attenuation in
weanling mice. Sindbis virus has also been used as a model system for the study of
neurovirulence in suckling mice, however (6,21,22,25), and it seemed of interest to
compare the virulence of these constructs in suckling mice as well (Table 3).
Strains NSV and TE12 were essentially indistinguishable in their neurovirulence
(although the mean day of death may be slightly extended in TE12). Thus although
Totoll0l is much less virulent for suckling mice than NSV, possession of the
glycoproteins from NSV is sufficient to render Totoll0l virus fully virulent for
suckling mice. Strains that contain E2 from NSV and El from NSV, SV, or

Totol 101 were also neurovirulent in suckling mice, causing 100% mortality after
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TABLE 3 Neurovirulence of Sindbis strains in suckling mice®

Virus Strainb Dead/Total % Mortality MDOD®
NSV 31/31 100 3.3
TE 77177 100 X
TEL2 20/20 100 3.9
SV 20/20 100 1.5
TES u7/47 100 4.8
TE2 20/20 100 5.2
TE2S 31/36 86 8.3
TE11019 31/44 70 9.4
TEl 27/40 68 9.9
Totol101 33/66 50 8.1
Toto50(HRSP) 21/49 41 10.8
TE 509 u/21 19 12.8

aChallenged with 1000 pfu by SC inoculation at 1-3 days of age.

Ppescribed in Fig. 2. At least two independent stocks were tested and the results
averaged.

EMDOD is mean day of death after subcutaneous injection of 1000 pfu.

9The neurovirulence of these constructs is dependent on the exact age of the mice
and drops from 100% mortality in 1-2 day old mice to 20% in 3-4 day old mice (see

text).
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Fig. 3. Amino acid differences among Sindbis strains. Amino acid
differences in the E2 and El glycoprotein region among the parental strains and
various recombinant strains of Sindbis virus are indicated using the one letter
amino acid code. The amino acid position in E2 or in El, respectively, is shown.
Strains are listed in order of decreasing virulence. The sources of the sequences

are described in the text.
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subcutaneous inoculation, as did a construct containing only the N-terminal
domain of E2 from NSV with the remainder of E2 from HRSP and El from SV
(construct TES). The survival time of the animals varied from 3 to 5 days
depending upon the construct tested. When E2 was derived from Totoll0l
(construct TEL or virus from Totol101) or Toto50 (virus HRSP) the resultant virus
was less virulent. With these strains 30 to 60% of the inoculated mice survived,
and those that died had an extended survival time. The construct TE50 will be
discussed below. Thus there is a gradient of neurovirulence extending from a
mortality of 100% in suckling mice with a survival time of 3 days to a mortality of
20-40% with a 12 day survival time. The significance of these findings with
regard to individual amino acid substitutions is described in the following section.

Correlation of amino acid changes with neurovirulence. The amino acid
changes among the various strains of Sindbis virus in the E2 and El glycoproteins
that have been assayed for neurovirulence have been summarized in Fig. 3, with
the strains being listed in descending order of neurovirulence. Sequence data for
NSV and SV or for constructs containing sequence from these viruses are from
Fig. 1, the Toto50 sequence is the HRSP sequence of Strauss et al. (38), while the
data for Totoll0Ol are from Polo et al. (25) and R. E. Johnston (personal
communication).

For weanling mice, as noted above, changes in both E2 and El contribute to
the differences seen between SV and NSV. In E2 the change at position 55 from
His (in NSV) to GIn (in SV) appears to be primarily responsible for attenuation
(compare NSV and construct TEl12 with SV and construct TEl) although the
changes from Thr to Ile at position 3 and Gly to Arg at position 209 cannot be
independently evaluated from these constructs. In glycoprotein El either the
change Ala to Val at position 72 or the change Asp to Gly at 313, or both, appear
to attenuate the virus (compare NSV and construct TE12 with SV and construct

TE)
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The situation for neurovirulence in suckling mice is more complex. For
one, as noted above, the different strains do not exhibit an all or none effect. For
another, it is difficult to exclude cooperative interactions between the different
changes found. With these provisos we can draw a number of conclusions,
however. Firstly, as pointed out earlier, only changes in glycoproteins El and E2
lead to attenuation in the constructs tested. Secondly, in glycoprotein E2 GIn 55
appears to be required for attenuation, but is not sufficient. Attenuated E2's also
have Ile 3, Arg 172, and/or Gly 209. The Gly to Arg change at 172 does lead to a
slight increase in survival time when combined with His 55 (compare TE with TES
and TE2 with TE2S) and could be involved in attenuation. The Thr to Ile at
position 3 could also be attenuating from the data presented here, although Polo
et al. (1988) have argued that it is not involved in attenuation. The change at
position 209 (as well as the changes at positions 23 and 251) do not appear to be
involved in attenuation. Thirdly, in glycoprotein El two changes appear to be
important in this group of constructs, the Ala to Val change at position 72 and the
Ala to Ser at 237. Comparing TE to TE2 or TES to TEZ2S, it is clear that the two
changes together lead to decreased mortality and extended survival.

In order to separate the two changes in El, the constructs TE1101 and TE50
were made. In initial experiments TE110l demonstrated an intermediate
virulence, with 70% of the suckling mice dying and mean day of death 9.4 days
(Table 3). However, the results were variable from litter to litter, in contrast to
the results obtained with other constructs, and it appeared that this virus might be
more age dependent. Further experiments to test this revealed that results with
TE1101 were, in fact, strongly age-dependent. In 1-2 day old mice the mortality
was 100% (two litters tested, mean day of death 5.7 days). In slightly older mice,
3-4 days old, mortality was 20% (2 of 10 mice in two litters died with mean day of

death 14.5 days). Similarly, results with construct TE50 were age dependent in
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the same way. In 1-2 day old mice 10/10 mice died (two litters) with mean day of
death 10.2 days, in 3-4 da old mice 2/10 died (mean day of death 10 days). Similar
experiments with Toto50 and Totoll0l exhibited no age dependence between 1-2
day old mice and 3-4 day old mice. These results taken together suggest that the
Ala to Ser change at 237 is somewhat attenuating in suckling mice, but that the
Ala to Val change at 72 may also contribute. The Asp to Gly at 75 does not
appear to make a significant contribution to attenuation in this system and the

effect of the Asp to Gly at 75 is unclear.

DISCUSSION

The AR339 strain of Sindbis virus demonstrates age-dependent virulence in
mice. Mice up to 8 days of age develop an acute encephalitis that is fatal; older
mice also develop encephalitis, but the infection is not fatal (15,27). The virus
grows to higher titer in the brain and other tissues of suckling mice than in older
mice. The AR339 strain was originally isolated by inoculation of suckling mice
and passaged several times in this host (41), which may have been partially
responsible for the neurovirulence characteristics of the strain. Starting from
AR339, more virulent strains have been isolated which are neurovirulent in
weanling mice by alternate passage IC in suckling and weanling mice (11);
presumably the passage in weanling mice selected for virus able to replicate
better in the central nervous system of older mice. More attenuated strains of
Sindbis virus have also been obtained from the AR339 strain. Olmsted et al.
(21,22) have used several selection procedures, including selection for rapid
penetration and growth in vitro, to isolate variants that were attenuated in
suckling mice (see also 25). Barrett and Atkins (2) have shown that temperature-
sensitive mutants are often attenuated. In this paper and in Polo et al. (25) it is

also shown that laboratory strains represented by HRSP (and Toto50) and Totol101
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are attenuated for suckling mice. These strains have been maintained by
extensive passage in cell culture, usually chick cells or BHK cells (and the HR
strains had been selected for the ability to tolerate high temperatures). Passage
of virus in cell culture is a classical way to select attenuated virus for use as
vaccines, and appears in this case also to have selected variants which are reduced
in virulence for mice. We should note, however, that the virulence properties of
NSV and of SV have been maintained upon passage in cell culture, although an
extensive series of passages has not been tested for its effects.

By constructing recombinant viruses among strains that differ in virulence
we have mapped a number of virulence determinants. The situation in weanling
mice seems clearcut. There are determinants in both glycoproteins E2 and El
that lead to attenuation, and determinants in the non-glycoprotein regions as
well. In glycoprotein E2 change of His to Gln at position 55 is attenuating, and in
glycoprotein El change of Ala 72 to Val and/or change of Asp 313 to Gly lead to
attenuation. The results with suckling mice were more confusing. As noted, it
appears that a spectrum of neurovirulence exists with different virus strains, and
in at least some cases the virulence is sharply age dependent. In addition, changes
at multiple sites appear to have unpredictable effects, and thus the genetic
background of the virus is important. Finally, in comparing our results to those of
Johnston and colleagues (6,21,22,25), it also appears that there may be differences
that depend upon the strain of mouse. Although we have tested a large number of
constructs, it would require testing many more, comparing the changes in
different combinations, to completely resolve the ambiguities. However, our
results implicate His 55 and Gly 172 (and possibly Thr 3) in E2 and Ala 72 and Ala
237 (and possibly Asp 313) in El as involved in neurovirulence in suckling mice (the
situation with El is peculiar; one interpretation of the results is that forms of El

virulent for weanling mice are less virulent for suckling mice and vice versa).
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Davis et al. (6) have previously shown the change of Ser to Arg at position 114 of
E2 is attenuating. The fact that changes in the glycoproteins can attenuate the
virus is consistent with studies of several other virus systems in which structural-
proteins have been implicated as determinants of virulence (3,4,32,33).

The concept of neurovirulence is complex. The efficiency of replication of
the virus in peripheral tissues, the efficiency of crossing the blood-brain barrier,
and the efficiency of replication in the central nervous system once the virus
invades, are all of importance. There appear to be many ways to change a
virulent virus so that it becomes less virulent. Changes in the replicase so that
the virus replicates less rapidly may do so. Changes in the glycoproteins may
affect speed of virus penetration or maturation, thus affecting the growth rate, or
may affect tissue tropism and thus the ability of the virus to invade certain
tissues such as the central nervous system.

One simple hypothesis to explain the results here is that the changes in the
surface glycoproteins that lead to attenuation result in changes in the affinity of
the virus for receptors on uninfected cells, thus altering its cell tropism. The
effect need not be all or none. If altered virus bound to receptors in certain cells
or tissues with reduced affinity, or if the alteration produced virus that bound to a
different class of receptors with variable expression in different tissues, the
alteration in tissue tropism or cell type preferences could be a relative one
affecting the kinetics of virus replication in different organs, allowing host
defenses to clear the infection and prevent death.

It is not known whether the changes in the Sindbis glycoproteins leading to
differences in neurovirulence for mice lead to differences in attachment to
cellular receptors. Smith and Tignor (34) compared the binding of two different
field isolates of Sindbis virus differing in virulence and found that neuroblastoma

cells (N-18) as well as non-neural cells (CER) had increased numbers of receptors
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for the virulent AR86 strain compared to the avirulent AR339 strain. There were
postulated to be distinct receptors for the two strains based on sensitivity to
enzymatic degradation. Whether the same would be true for the more closely
related strains used in this study (both derived from AR339) is not known.
Comparative studies of the replication of NSV and SV in the brains and spinal
cords of intracerebrally inoculated weanling mice have shown that both viruses
infect the central nervous system and that the target cells for replication are the
same, primarily neurons and ependymal cells (13). However, more virus is
produced and neurons show greater injury after infection with NSV than SV.
Whether this is due to a decrease in the effective concentration of receptors for
SV, leading to slower spread of virus, or whether both SV and NSV recognize the
same receptors on the same cells but subsequent steps in NSV replication are more
efficient, requires further study. The surface glycoproteins of alphaviruses are
also important in other steps of virus replication such as penetration, fusion with
lysosome or phagosome membranes to release the RNA, and for interaction with
the capsid protein during virion maturation. Many of these steps involve
conformational changes in the El-E2 heterodimer which might be affected by
changes in the amino acid structure of these glycoproteins.

The fact that there are a variety of changes in El and E2 that affect
neurovirulence, and that the effects of each change are different, has obvious
implications for vaccine development. Classically one of the problems
encountered during virus passage to develop attenuated strains has been
overattenuation such that the vaccine strain is no longer efficacious. On the
other hand multiple attenuating mutations are desirable so that the frequency of
reversion to virulence is negligible. The ability to test the effect of individual
attenuating changes and to mix them at will in recombinant strains in the
approach used here could be of great value if applied to other viruses for which a

vaccine is desired.
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Comparison of the Virulent Asibi Strain of Yellow Fever Virus

with the 17D Vaccine Strain Derived from It. -
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ABSTRACT We have sequenced the virulent Asibi strain
of yellow fever virus and compared this sequence to that of the
17D vaccine strain, which was derived from it. These two
strains of viruses differ by more than 240 passages. We found
that the two RNAs, 10,862 nucleotides long, differ at 68
nucleotide positions; these changes result in 32 amino acid
differences. Overall, this corresponds to 0.63% nucleotide
sequence divergence, and the changes are scattered throughout
the genome. The overall divergence at the level of amino acid
substitution is 0.94%, but these changes are not randomly
distributed among the virus proteins. The capsid protein is
unchanged, while proteins NS1, NS3, and NS5 contain 0.5%
amino acid substitutions, and proteins ns4a and ns4b average
0.8% substitutions. In contrast, proteins ns2a and ns2b have
3.0 and 2.3% amino acid divergence, respectively. The enve-
lope protein also has a relatively high rate of amino acid change
of 2.4% (a total of 12 amino acid substitutions). The large
number of changes in ns2a and ns2b, which are largely
conservative in nature, may result from lowered selective
pressure against alteration in this region; among flaviviruses,
these polypeptides are much less highly conserved than NS1,
NS3, and NS5. However, many of the amino acid substitutions
in the E protein are not conservative. It seems likely that at least
some of the difference in virulence between the two strains of
yellow fever virus results from changes in the envelope protein
that affect virus binding to host receptors. Such differences in
receptor binding could result in the reduced neurotropism and
vicerotropism exhibited by the vaccine strain.

Yellow fever virus belongs to the Flavivirus genus of the
family Flaviviridae, a group of some 70 closely related
viruses many of which cause serious human illness (1).
Yellow fever is arthropod-borne, transmitted by mosquitos of
the genera Aedes and Haemagogus. Its natural vertebrate
host range is limited to primates in which it is viscerotropic
and neurotropic. In man, the virus causes a serious, often
fatal, illness marked by liver and kidney involvement and
hemorrhage. For several hundred years the virus caused
epidemics in the Americas, Europe, and Africa that led to
widespread human suffering. With the control of the urban
vector of yellow fever Aedes aegypti beginning in the early
1900s, epidemic urban yellow fever disappeared. However,
the virus remains present in an enzootic cycle in the forests
of South America and Africa and causes periodic outbreaks
in neighboring human populations.

Reed (2) first proved that yellow fever is transmitted by
mosquitos and, shortly thereafter, that the disease agent was
filterable. Because there was no recognized, susceptible
laboratory host, many years elapsed before the virus respon-
sible was isolated by the Rockefeller Foundation's West
Africa yellow fever commission. In 1927, these workers
succeeded in isolating a virus from the blood of a young
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Ghanian named Asibi by monkey/monkey passage (3). This
Asibi strain of yellow fever causes an invariably fatal disease
when inoculated into rhesus monkeys.

Theiler (4) developed a live, attenuated vaccine strain,
which he referred to as 17D, from the Asibi strain. Starting
with the Asibi strain that had been passaged 53 times in
monkeys, with intermittent passages in A. aegypti, the virus
was propagated serially in cultures of embryonic mouse
tissue (18 passages), minced whole chicken embryo (50
passages), and finally minced chicken embryos without
nervous tissue (152 passages). Between the 89th and 114th in
vitro passage (from the start of the experiment, that is
including the passages in embryonic mouse tissue and whole
chicken embryos) a marked change in virulence of the virus
occurred. The reason for the change in virulence is unknown
and attempts to repeat these experiments by virus passage
have failed to develop additional avirulent strains. The 17D
strain has been widely used as a human vaccine, being safe
and highly effective. It causes a mild, generalized infection in
humans (or other primates) with involvement of lymphoid
tissue and minimal quantities of virus circulating in the blood,
and both the viscerotropism and neurotropism of the parental
Asibi virus are markedly reduced.

We have sequenced the genome of a plaque-purified virus
derived from the 17D-204 vaccine strain of yellow fever (5).
The 17D-204 strain, supplied by the American Type Culture
Collection, had been passed an additional 14 times in chicken
embryo tissue culture, for a total of 234 in vitro passages. To
obtain RN A for cloning and sequencing, the virus was passed
twice in chicken embryo fibroblasts in our laboratory,
plaque-purified in Vero cells, and passed twice in BHK cells;
virus for RNA preparation was then grown in SW-13 cells (5).
Thus, the 17D strain sequenced by us had been passed 240
times in vitro. .

We now report the sequence of virtually the entire genome
of the Asibi strain of yellow fever and compare the sequences
of the 17D and Asibi strains at both the nucleotide level and
the amino acid level. In addition to defining the changes that
have occurred during 240 serial passages, this work repre-
sents a necessary prelude for studying the biological signif-
icance of these changes as related to the different virulence
of the two strains.

MATERIALS AND METHODS

Asibi Strain Propagation and RNA Isolation. The Asibi
strain of yellow fever virus was obtained from the Yale
Arbovirus Research Unit reference collection as viremic
monkey serum (supplied by R. Shope). This virus was
originally isolated in rhesus monkeys (3) and had undergone
=45 serial monkey passages consistently producing a fatal
illness (6); it is unknown how many of these 45 passages
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correspond to the monkey passages of the laboratory strain
of Asibi used as the starting virus for in vitro passages that led
to 17D. The virulence of this Asibi strain was demonstrated
by inoculation of additional rhesus monkeys, all of which
suffered a lethal infection with yellow fever pathology. Virus
was isolated in LLC-MK; cell culture by direct inoculation of
viremic plasma from one of these monkeys, and the infec-
tious cell culture fluids were used to infect cultures of Vero
cells. This Vero cell-passaged Asibi strain virus was titered
at 7.8 x 107 plaque-forming units/ml and was used as
inoculum for all subsequent virus production.

Confluent monolayers of Vero cells in 150-cm? flasks were
infected at a multiplicity of =0.1, and the cultures were
incubated at 36°C in Eagle's medium supplemented with 5%
(vol/vol) heated fetal bovine serum and antibiotics. Virus-
containing culture medium was harvested 4-5 days after
infection (depending upon the first evidence of virus induced
cytopathology) and concentrated by polyethylene glycol
precipitation. Virus was purified by density-gradient centrif-
ugation on potassium tartrate/glycerol gradients followed by
rate-zonal centrifugation on linear sucrose gradients, and the
RNA was extracted from NaDodSO,-disrupted virions using
a phenol/cresol/8-hydroxyquinoline/chloroform mixture
7).

Cloning of Asibi cDNA. A cDNA library from Asibi
genomic RNA was constructed as described (5, 8). Ampicil-
lin-resistant colonies from this library were screened by
colony hybridization using nick-translated restriction frag-
ments derived from the library of 17D yellow fever clones as
probes, as described (9). Colonies with larger inserts (ob-
tained using cDNA size class of 2 kilobases or larger) were
screened with a 5’ probe of 2280 base pairs that extends from
the 5’ end of 17D yellow fever to the first EcoRI site and with
a 3’ probe of 2580 base pairs, which extends from nucleotide
8280 in 17D to the 3’ end, or with probes derived from other
regions of the 17D genome. To obtain clones containing the
extreme 3’ end of the RNA =~4000 clones from the smaller
insert class (derived from Asibi double-stranded cDNA of
0.8-2 kilobases long) were screened with a fragment derived
from the extreme 3’ end of 17D. This fragment, 150 nucleo-
tides long, extends from the Xba I site at nucleotide 10,708 to
the 3' end of 17D yellow fever. We found three positive
clones with this probe, two of which were identical. One of
these clones had an unusual structure and probably arose by
self-priming; it was used to obtain the Asibi sequence through
to the 3’-terminal nucleotide.

Sequence Analysis of Asibi cDNA. Plasmid DNA from
selected Asibi clones was sequenced using the chemical
method (10, 11) as described (12).

RESULTS

Sequence of Asibi Yellow Fever. The sequencing strategy
used to obtain the nucleotide sequence of Asibi yellow fever
is diagramed in Fig. 1. The sequence obtained was complete-
ly overlapped and was determined for at least two indepen-
dent clones throughout virtually the entire genome. This
allowed the detection of heterogeneity in the cloned cDNA
population (either due to heterogeneity in the RNA genomes
cloned or due to errors introduced during reverse transcrip-
tion and subsequent cloning). Since the RNA templates that
were used for cloning were not derived from plaque-purified
virus, such clonal differences might be expected, and we
found six nucleotides that differed between two clones. The
sequence obtained totaled 10,848 nucleotides and represents
the entire Asibi genomic RNA sequence with the exception
of the 5'-terminal 14 nucleotides.

Comparison of Nucleotide Sequences of 17D and Asibi
Yellow Fever. All of the nucleotide differences found between
Asibi and 17D yellow fever are shown in Fig. 2. Clonal
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FiG. 1. Sequencing strategy used to obtain Asibi yellow fever
sequence from cDNA clones. A representation of the yellow fever
genome is shown with the coding region indicated as a box. Below
are shown various cDNA clones drawn to scale. The regions of each
clone sequenced are indicated. All sequencing was 3’ to 5’ on the
c¢cDNA, and the direction of the arrow indicates whether the plus
strand («) or the compiementary minus strand (—) was sequenced.
Clones 3 and § start with the 15th and 17th nucleotide, respectively,
from the S’ end of the yellow fever genome. The 3'-terminal 111
nucleotides were present in only one clone, 3'-1, whose structure is
complex and which probably arose by self-priming. In all other
regions at least two independent clones were sequenced.

differences found among the Asibi clones are also presented.
A total of 68 nucleotide differences were found between the
two strains that had been fixed and an additional 6 nucleo-
tides that differed in two different clones of Asibi yellow
fever. In each clonal difference detected, one of the nucle-
otides found at a given position was the same as that found
in 17D yellow fever. The sequence of 17D yellow fever that
has been reported is a consensus sequence derived from
sequencing more than one clone throughout the entire region
(5). With a total of 68 changes (0.63% of the genome) there
was an average of about 0.27 change fixed per passage.
Assuming an effective multiplication of 2!° at each passage,
this would represent 2 x 10~ change fixed per nucleotide per
generation. Changes presumably occur more frequently than
this but do not survive selection pressure during continued
passage.

The nucleotide changes are summarized as to transitions
and transversions in Fig. 3. Transitions are five times more
common than transversions, as expected if most of the
changes occur by mispairing during RNA replication.

Nucleotide changes are scattered throughout the genome
but occurred more frequently in the envelope protein region
(1.0% nucleotide sequence difference), in the ns2a region
(1.6% difference), in the ns2b region (1.0% difference), and in
the 3’-noncoding region (1.2% difference) (Fig. 4). Changes in
the untranslated region may be more frequent because of a
relative lack of selective pressure against changes that occur
in these regions, although it is of interest that no changes were
found in the 5'-untranslated region. Within the coding region,
selection against deleterious changes in protein sequence
would be expected, and it is notable that approximately half
of the nucleotide changes (36 of 68 changes) do not result in
a change in a coding assignment. Outside the envelope
protein region and the ns2a regions, in which a dispropor-
tionate number of the nucleotide changes lead to coding
changes, 32 of 47 nucleotide changes do not result in an amino
acid substitution.

Changes in Amino Acid Sequence. Amino acid differences
between 17D and Asibi yellow fever are given in Fig. 2 and
summarized in Fig. 4. Overall, there are 32 amino acid
changes (0.94% difference) between the two strains and an
additional three clonal differences in the Asibi strain. Thus,
there has been an average of 0.12 change fixed per passage,
or 4 x 107 change per amino acid per generation. As is clear
from Fig. 4, these changes are not randomly distributed.
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No NT  AA No  NT AA No NT  AA
Capsd 304 A G 3817 GGA 6448 U G
370 c U 3860 GA VM 6529 C U »
3915 U UA nsda 6758 G A V |
ns2a 4007 GA AT 6829 C U
M 85¢ UC F L 4013 UC F L 6876 C U AV
883 G A 4022 GA AT 7171 G A M
4054 U C
4056 UC FS (nsab 7571 A C
1127 AG RG 7580 C U HY
1140 UC V A
1482 UC V A 7642 C U 5 -
1491 UC | T 4289 CA L | 7700 G A RQ Fi1G. 2. Summary of differences between Asibi
:%g 8 e TK | ns» :g; g : 7845 U C yellow fever and 17D yellow fever. The changes are
T hie 507 o) ! o0e G grouped by nucleotide number into the various
Envelope 1870 A G | M NS5 9605 G A DN regions of the genome. Nucleotide number (No) is
:g‘ag B g g § :g(:zg G GU MMI from the 5’ terminus of 17D. To the right is shown
1965 G A R K 10243 : g KE the nucleotide (NT) in the 17D genome followed by
gng G g R ; 4612 g u 10285 C U the nucleotide in the Asibi genome. Where clonal
142 A H 4864 GA 10312 G A i i ibi
2l g 2% o o5 101 0 sep dxﬂ':ren_cc:les were fcl)lund bu; t:slbl Ayellov./dfeyer, both
2356 U C 5131 GGU MM/ 10338 U C L P nucieotices a5 Wea A5 amino acids if appro-
g\gis (c; A VI priate are shown. If the nucleotide change results in
NS3 51 u 10367 C U an amino acid substitution, the amino acid (AA) in
7 1 ' Non- ; * ;s e e
';’3(';4 (':: 2 F L 55:33 B g i,,;“,’,g }3;2 g ‘,{ 17D is shown, followed by the amino acid in Asibi.
NS1 gg;: e c: W i ssga; A g 10550 C U Note that in every case of clonal differences in the
13U 10800 A G Asibi strain, one of the nucleotides is a
3613 A G 6023 AG ND 10847 C A that:found in 17D 'strain Hhi: e &8

Proteins E, ns2a, and ns2b exhibit a disproportionately high
rate of change, 2.4% for E, 3% for ns2a, and 2.3% for ns2b.
Only 13 changes, or less than half of the total changes found
between Asibi and 17D, are found in other regions, an amino
acid sequence divergence of only 0.5%.

The function of the various nonstructural proteins in virus
replication is unknown. However, NS3 and NS5 probably
form components of the viral replicase responsible for rep-
licating RNA. If these proteins do possess enzymatic func-
tions, then amino acid changes might be expected to be
deleterious and selected against during continued passage. It
is of note that most of the changes found in NS5 occur near
the ends of the molecule, with only one change occurring
within the central 75% of the protein. It is unknown whether
NS1 has enzymatic activity, but it has been postulated that
since it is a glycoprotein, it may be involved in virus
assembly. The fact that amino acid substitutions in NS1 are
rare, as was the case for NS3 and NSS, suggests that
whateverrole it plays in virus replication, it requires a precise
amino acid sequence for that function. NS1, NS3, and NS$§
demonstrate a high degree of conservation among different
flaviviruses (13).

The small polypeptides ns2a, ns2b, nsda, and ns4b are
hvdrophobic in nature and are not highly conserved among
flaviviruses (13). Their hydrophobicity profiles are remark-
ably conserved, however, suggesting that as long as the
hydrophobicity profile is unchanged, a large number of amino
acid substitutions can be accommodated without affecting
the normal function of these proteins. The high frequency of
change observed in the ns2 region may simply be a reflection
of this; many of the changes that arise may not affect function

ASIBI 17D No | ASIBI 17D No ASIBI 17D No
G A 1 G c 0 [+ G : |
A G 17 G v o1 c A 2
c U 20 A c v G 3
U C 14 A u o1 u A 0
Pu Py 6 Py Pu 6
h{ 62
Transversion 12
Fi1G. 3. Transitions and transversions that have occurred during

passage of 17D strain.

and are, therefore, not selected against. The amino acid
changes found in the ns2 region (Fig. 2) would have only
marginal effects upon the hydrophobicity profile.

Amino Acid Changes Within the Structural Protein Region.
No changes were found in the capsid protein, and only one
change was found in prM (this change occurs within M).
There are, however, a large number of changes in the
envelope protein (Figs. 2 and 4). Furthermore, 15 nucleotide
changes in the envelope gene have led to 12 amino acid
substitutions (in contrast to the rest of the coding region
where 53 nucleotide changes lead to 20 amino acid substitu-
tions), suggesting that in the E protein, some of the amino
acid substitutions may have been positively selected for
during passage, rather than simply being neutral in effect.
Although it is impossible to predict the effect of any particular
amino acid alteration without detailed knowledge of the
three-dimensional structure and function of the protein, five
nonconservative amino acid substitutions are likely candi-
dates to significantly alter envelope protein structure and
function. These are Gly-52 to Arg, Thr-173 to Ile, Lys-200 to
Thr, Pro-320 to Ser, Thr-380 to Arg, and Pro-390 to His. It is
of note that the last two of these changes occur within a
conserved domain of the E protein. The E protein sequences
from flaviviruses representing the three serological sub-

TOTAL CHANGE % CHANGE
FEGON NT/AA NT/AA NT/AA
5" Noncoding 18/ 0/ - g d
Capsid 363/ 121 2/ 0 055%/ 0
PrM (-M) 267/ 89 0/ 0 0/ 0
M 225/ 75 2/ 1 0.89% / 1.89%
Envelope 1479/ 493 15712 1.01%/2.43%
NS1 1227 / 409 s/ 2 0.41% /0.49%
ns2a 501/ 167 6/ 5 1.20% /2.99%
ns2b 390/ 130 4 2 1.03%/2.31%
NS3 1869 / 623 9/ 2 0.48% / 0.32%
nsda 861/ 287 6/ 3 0.70% / 0.78%
nsab 336/ 112 2/ 1 0.60% / 0.89%
NS5 2715/ 905 1M/ 4 0.40% / 0.44%
3' Noncoding S11/ - 6/ 1.17%/
TOTAL 10862 /3411 68/32 0.63%/0.97%

Fic. 4. Summary of the differences between Asibi and 17D

strains at the nucleotide and the amino acid levels. The number of
changes and the percent change at both nucleotide and amino acid
levels are shown for various regions of the genome.
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groups of the mosquito-borne flaviviruses are aligned in Fig.
5; the domain from Pro-369 to Gly-448 shows a high degree
of conservation among flaviviruses. In this region there are
the following three amino acid changes between Asibi and
17D: Thr-380 to Arg, Pro-390 to His, and Ala-416 to Thr. It
is remarkable that in all three cases, 17D changes resuited in
the same amino acid as in the Murray Valley encephalitis/
West Nile/St. Louis encephalitis subgroup of flaviviruses. In
one case the amino acid is also present in dengue-2 virus
(Thr-416), and in a second case (His-390) there is also an
aromatic amino acid (phenylalanine) at the equivalent posi-
tion in dengue-2 virus. It seems unlikely, therefore, that these
alterations in the yellow fever E protein sequence are due to
random events, and it is tempting to speculate that these
substitutions alter receptor affinities. In the Murray Valley
encephalitis subgroup, birds are an important natural host,
and 17D was selected for efficient multiplication in chicken
cells. It should also be kept in mind that only a limited number
of amino acid substitutions might be tolerated.

The 3’-Untranslated Region. Of the six nucleotide changes
found in the 3’-untranslated region, two occur within the
predicted secondary structure at the 3’ end of the RNA. One
of these would result in an extra A-U base pair in the
3’-terminal 88 nucleotides, while the second results in the loss
of an A-U base pair; thus these two changes should have only
a minor effect on the stability of the proposed secondary
structure.

There are three repeated-sequence clements in the 3'-
untranslated region that are 42 nucleotides long, each of
which differs from the others by 4 or 5 nucleotides. These
repeats are shown for Asibi RNA in Fig. 6. Note that within
this repeat, there are 16 contiguous nucleotides that are
repeated identically. In 17D RNA there has been an adeno-
sine to guanosine transition at nucleotide 10,454 that results
in a mismatch within one copy of this perfect repeat. The
significance of this change is unknown.

DISCUSSION

The 17D strain of yellow fever virus is one of the safest and
most effective live virus vaccines ever developed, especially
after stabilization of seed lots (for a study of the different seed
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lots see ref. 17). In this report we detail the differences in
nucleotide and amino acid sequence between this vaccine
strain and the ‘parental Asibi isolate from which it was
derived. The change or changes responsible for the altered
virulence or attenuation of 17D cannot be determined at the
current time. Indeed, the situation is complicated by the fact
that the 17D vaccine contains a mixture of variants that differ
in a number of biological properties (17, 18). It is unclear
which of these variants was sequenced to obtain the 17D
sequence, since the vaccine strain was plaque-purified before
amplification and sequencing. It is unknown if this mixture of
variants is important for the vaccine properties of the 17D,
strain; however, reversion to virulence has never been
documented. It is known that a change occurred in the
virulence of yellow fever between the 89th and 114th passage;
that this change, once it occurred, was stable; and that
comparable changes were not obtained when the passage
history of the 17D strain was repeated. The Asibi strain
sequenced was not plaque purified and a number of clonal
differences were found.

Attenuation of a virus by propagation in tissue culture
presumably results from selection for variants better adapted
for replication in tissue culture and, conversely, less-well
adapted for replication in their natural hosts, although accu-
mulation and fixation of nonselected mutations may also be
important. In particular, variants might be selected that bind
more readily to receptors on cultured chicken cells, leading
to more rapid attachment and penetration. Such an alteration
in receptor binding could, as a consequence, lead to less-
efficient binding to receptors found in hepatocytes or neurons
in primates, and thus to an alteration in tissue tropism and
reduction in virulence. The large number of changes found in
the envelope protein is consistent with such an hypothesis.
Changes elsewhere in the genome may also be important,
however, particularly if they affect the efficiency of virus
replication. Because of the stability of the vaccine strain, it
is likely that more than one change is important for its
avirulence. If it becomes possible to rescue infectious virus
from a cloned cDNA copy of yellow fever, as has been done
for several RN A viruses (19-21), it will be possible to test the
effect of the individual changes found on the virulence of the
virus. Such an approach has been used with the Sabin and

ASIBI 1 »«:xcncmr1ecvmmwsm.:noxcvvvmmmnxsu.s'rnwgmnnxvcvmuvwxxmmvuums 82
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A TR A v LT RMMNIEATNL . LV NY. . A TVSD . STVSN. . T .S .NTKR as
e A e SOt Y St 38 IR S 8 A L SVSOLSTRAA. . TH. . NEXR 83
SLE bR N VA By Bee e T A VIMEATEL T DTLSTVAR. 1. .. .NTKR 8%
DEN 2 1 SN ©78108 DIV HeS [T IIKN. T FE. xxr::lxxo K TOSAL.Ta.[BTIN.. 88
i i i
ASIBI 88 NEGONACKRTYSORGWGNGCGLF GKGS1VACAKF TCAKSMSLFEVDQTKIGYVIRAGUHVGAKOE  WNTOIKT  LKFOAL 184
7 B R S S R A il Sionteocailicogs % o i et
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M 86 ADPAFV. . QGVY CTAITTKATGWIIGKEN K EVAIFV.GRTTV K GATGAGR SI 1883
SLE 86 SOPTEV. .OVV A TOR I TUREN X EVAIEY GSTDSTIHCIYSEG CKNGASA. T1 188
DEN 2 B8 GOKRFV. . HSMY M. KNEGKI GPEMLE TVVITP S'EERAV G HGKE V.1 TR 168
1
ASIBI 183 SGSOEAE  FGYGKATLECOVOTAVOFGNSYIAEMEXESWI i € ATIR 243 FiG. 5. ¢ lﬁ’-"“{;ﬁp? Pmlem_rshe'_
k R I Nl T A e T T s s ol arhh (8 L X
ave'’® 198 ¥ 1T AxiG0 €V Y, EpmsGLATEAY WTIGTKMEL M E EW. (L. T BASTE | Wm€i l1IEl ixes gs1 quences of five flaviviruses. The
W e “Ss"“m‘“ w10 E’:?ﬁi TAT-YASYGEX.FL.M.CTHLN. L SARRT  NgL M. §--TXOY 280 aligned amino acid sequence of
N VFTV v N.D. N, 3 < & W »
% 2 :;91 n;afrs‘:‘ EL Rl seR%el ﬁcnv L. KDKAL N LR ILe ADTOGSN IGKET . .T kN . kk@D 249 five ﬂaﬂvwnrusv E proteins are
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ASIBI 244 VLALGMOEGSLKTALTGAMRYTKDTNONML YKLHGGHY SCRVKLSAL TLKGTSYKMCTOKMSF THTvvm avkvex 32e  acid code. Dots indicate that the
YF 17D 244 SGUSE S R S VL e 2 F q" s ) ggg amino acid is the same as in Asibi
My S Vg AHGIIA. 1P EESS. TV, 53 Li . mex gl lTiGV gnn ART AL 320 yellow fever strain. Murray Valley
g - AV P
SR 2 38 wodomaMid ‘ A LR S ty“.z o 32 ;n:epl'whbgs {gVE)d(lsM. ItVe;l
! ile ( (15), and St. Louis
encephalitis (SLE) (16) viruses be-
ASIBI 327 GAPCKIPVI/ADDLTAAINKGILVTVNPT ~ASTODEVLIEVNPPFGOSYIIVGIGOSALTYOWPKEGSSIGKLFTOTMKGVER 408 :
Mé ?70 gzl 0 ISSVAS NOMTEV AM_ A YVAS. ANAK :?‘7‘ long to a separate serological SUb'
we o 3% v 185vas NOLTEV :. . EVSVA aNSX. 413 group of mosquito-borne flavivi-
334 | AV IS TAN MOLTPV R. .. .. ANRK i
% 2 3 'S, .T.FEIM . .EKAHVL .A. TEX a1y Tuses. Dcngue;(DEN 2)virusisa
! member of a third subgroup (Y. S.
Hahn, R. Galler, JM.D., J HS.,
A A
cgl?;n :;g LAV&GOAAuD?SSACffT?V?(EXH'I\‘/FGSfFuGLFGGL»uln(vanAvLXuvclu?wrusnsulLvax“le;GYGA ;Eg and E. G. Strauss, unpubhshed
i ...G..AT AFLAT GVLL. ATN H 1 : .
e die A oAygN el § g. As - ) 'n: g::““; "‘ St W ae data). Cysteine residues are shag-
% 5 V.N.I. . AV L.L.M LGA i i ¢ W . 1 -
Sen2 412wt 7D VM AL .G Axvsn sV ru T8 Vi Tw rsi VLYY iGveoal  4es ed, and potential carbohydrate a

dition sites are boxed.



Medical Sciences: Hahn er al.

10372 AUAACCGGGAUACAAACCACGGGUGGAGAACCGGACUCCCCACA 10415
10420 GA.......... B v s sz v i s como alos viBenll 40483
10476 GA....... S AL 10518

FiGc. 6. Repeated sequences in the 3'-untranslated region. The
sequences of three repeats in the 3'-untranslated region of Asibi RNA
are aligned. Nucleotide 10,454 is a guanosine in the 17D strain, which
introduces a mismatch in a 16-nucleotide perfect repeat.

Mahoney strains of poliovirus type I, with the finding that
several changes within the genome are involved in the change
in virulence between the two strains (22, 23).

Studies by Schlesinger er al. (24) have shown that mono-
clonal antibodies against the envelope protein of 17D yellow
fever are often able to discriminate between 17D and Asibi
yellow fever. Interestingly, some of these antibodies neutral-
ize Asibi virus but not 17D virus. This suggests that changes
in the E proteins are important for determining the structure
of E and/or are found in regions important for antibody
binding. These authors also found that E proteins of 17D were
present in both glycosylated and nonglycosylated forms,
whereas Asibi E protein was present in only one form
(presumably nonglycosylated from its mobility relative to
that of 17D E protein, since we show here that the two
proteins are identical in size). No change in the single
potential glycosylation site was found between 17D and
Asibi, although the change of Phe-305 to Ser is found just
upstream of this site. Presumably this change, or other
changes upstream that affect the folding of the proteins, leads
to changes in accessibility of the site to the glycosylation
enzymes.

This study is also of interest because it represents a
detailed study of differences that have arisen during 240
passages in which the passage history is known with some
clarity. RNA replicases lack proofreading activity and the
error frequency of these enzymes is estimated to be on the
order of about 10~ per nucleotide per generation, based upon
theoretical considerations of the free energy of an A-U or G-C
base pair, or upon measured mutation frequencies in a
number of virus systems (25, 26). However, measurements in
other systems have yielded lower estimates of mutation
frequency. Parvin er al. (27) found a substitution frequency
in the NS gene of influenza of 4 x 107 substitution per
nucleotide per generation and <5 x 107 substitution per
generation in the poliovirus VP1 gene. We report here that
yellow fever underwent 2 x 1076 substitution per nucleotide
per generation during passage of the 17D strain. The difficulty
in relating the various mutation rates observed comes in
estimating the fraction of nucleotide substitutions that are
capable of survival under the conditions used, which will
differ with the protein domain under consideration (some
domains or even entire proteins tolerate changes more than
others) and with the method of selection [simple ability to
persist in a population and form a plaque, as was used by
Parvin er al. (27). or ability to compete head to head with
other viruses in the population, as was the case with yellow
fever 17D). Domingo e al. (28) have shown with bacterio-
phage Qg that in direct competition, the RNA population
consists of an average nucleotide sequence that is maintained
during passage, but in which variants arise at high frequency
that are subsequently selected against during continued
passage. Since many nucleotide changes studied were almost
certainly silent changes, the RN A secondary structure of QA
appears to be important for rapid growth and even silent
changes may be selected against, a situation that may well
prevail with other RNA viruses and especially with plus-
strand RNA viruses. Thus it is unclear whether even the
incidence of silent change can be used to assay the inherent
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mistake frequencies of the viral RNA polymerases. In the
case of 17D yellow fever, those alterations that have been
fixed presumably represent mutations that are truly neutral
(or possibly fixed during plaque purification) as well as
positive changes that lead to more efficient growth in tissue
culture.

We thank Ms. E. M. Lenches for expert technical assistance. This
work was supported by a grant from The World Health Organization
and in part by Grants Al 20612 and Al 10793 from the National
Institutes of Health and Grant PCM 83 16856 from the National
Science Foundation.

1. Monath, T. P. (1986) in The Togaviridae and Flaviviridae, eds.
Schiesinger, S. & Schiesinger, M. J. (Plenum, New York), pp.

375-440.

Reed, W. (1901) Med. Rec. 60, 201-209.

Stokes, A., Bauer, J. H. & Hudson, N. P. (1928) Am. J. Trop.

Med. 8, 103-164.

Theiler, M. (1951) in Yellow Fever, ed. Strode, K. (McGraw-

Hill, New York), pp. 39-136.

5. Rice,C. M., Lenches, E. M., Eddy, S. R., Shin, S. J., Sheets,
R. L. & Strauss, J. H. (1985) Science 229, 726-733.

6. Theiler, M. & Anderson, C. R. (1975) Am. J. Trop. Med. Hyg.
24, 115-117.

7. Repik, P. M., Dalrymple, J. M., Brandt, W. E., McCown,
J. M. & Russell, P. K. (1983) Am. J. Trop. Med. Hyg. 32,
577-589.

8. Rice, C. M., Dalgarno, L., Galler, R., Hahn, Y. S., Strauss,
E. G. & Strauss, J. H. (1987) in Molecular Trends in Virology,
Proceedings of the International Symposium, June 1986, eds.
Bauer, H., Klenk, H. D. & Scholtissek, C. (Springer, Giessen,
F.R.G.), in press.

9. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY).

10. Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 65,
499-560.

11. Smith, D. R. & Calvo, J. M. (1980) Nucleic Acids Res. 8,
2255-2274.

12. Strauss, E. G., Rice, C. M. & Strauss, J. H. (1984) Virology
133, 92-110.

13. Strauss, J. H. & Strauss, E. G. (1987) in RNA Genetics, eds.
Domingo, E., Holland, J. & Ahlquist, P. (CRC, Boca Raton,
FL), in press.

14. Dalgarmo, L., Trent, D. W., Strauss, J. H. & Rice, C. M.
(1986) J. Mol. Biol. 187, 309-323.

15. Wengler, G., Castle, E., Leidner, U., Nowak, T. & Wengler,
G. (1985) Virology 147, 264-274.

16. Trent, D. W., Kinney, R. M., Johnson, B. J. B., Vorndam,
A. V., Grant, J. A., Deubel, V., Rice, C. M. & Hahn, C.
(1987) Virology, in press.

17. Monath, T. P., Kinney, R. M., Schiesinger, J. J., Brandriss,
N. W. & Bres, B. (1983) J. Gen. Virol. 64, 627-637.

18. Liprandi, F. (1981) J. Gen. Virol. 56, 363-370.

19. Taniguchi, T., Palmieri, M. & Weissmann, C. (1978) Nature
(London) 274, 223-228.

20. Racaniello, B. R. & Baltimore, D. (1981) Science 214,
916-919.

21. Ahlquist, P., French, R., Janda, M. & Loesch-Fries, L. S.
(1984) Proc. Natl. Acad. Sci. USA 81, 7066-7070.

22. Omata, P., Kohara, M., Kuge, S., Komatsu, T., Abe, S.,
Semler, B. L., K da, A., Itoh, H., Arita, M., Wimmer, E.
& Nomoto, A. (1986) J. Virol. 58, 348-358.

23. LaMonica, N., Meriam, C. & Racaniello, V. R. (1986) J. Virol.
57, 515-525.

24. Schlesinger, J. J., Brandriss, N. W. & Monath, T. P. (1983)
Virology 125, 8-17.

25. Holland, J., Spindler, K., Horodyski, F., Grabau. E.. Nichol,
S. & VandePol, S. (1982) Science 215, 1577-1585.

26. Steinhauer, D. A. & Holland, J. J. (1986) J. Virol. 57, 219-228.

27. Parvin, J. D., Moscona, A., Pan, W. T., Leider, J. M. &
Palese, T. (1986) J. Virol. 59, 377-383.

28. Domingo, E., Sabo, D., Taniguchi, T. & Weissmann, C. (1978)
Cell 13, 735-744.

= i




127

Appendix

Comparison of the Asibi and

17D Strains of Yellow Fever Virus

This was published in Vaccines 87,
Cold Spring Harbor Press, Cold Spring Harbor, N.Y.

and is reproduced with the permission of the publisher.




128

Comparison of the Asibi and 17D
Strains of Yellow Fever Virus

Chang S. Hahn, Charles M. Rice,*

and James H. Strauss

Division of Biology, California Institute of
Technology, Pasadena, California 91125

Joel M. Dalrymple

Virology Division, United States Army

Medical Research Institute of Infectious Diseases
Fort Detrick, Federick, Maryland 21701

The 17D strain of yellow fever virus is an excellent live-virus vaccine, being highly
efficacious and having only limited side effects. It is the only effective live-virus
vaccine obtained to date for any of the flaviviruses, a group of about 70 closely related
viruses classified as family Flaviviridae, many of which cause serious human iliness.
We were interested in comparing the sequences of the 17D and Asibi strains of yellow
fever virus in order to define the changes that have occurred during 240 serial
passages of a virus in culture, as well as to provide a framework for studying the
biological significance of the changes that have occurred between the two strains.

17D Strain of Yellow Fever Virus

The Asibi strain of yellow fever virus was isolated from a young Ghanian of that name
in 1927 by the Rockefeller Foundation’s West Africa Yellow Fever Commission
(Stokes et al. 1928). This virus, which was maintained by monkey-monkey passage,
is neurotropic and viscerotropic in humans and causes an invariably fatal disease
when inoculated into rhesus monkeys. Beginning with this strain, M. Theiler and
colleagues (for review, see Strode 1951) developed a live attenuated vaccine strain
referred to as 17D. The passage history of the 17D strain is reviewed in Table 1.
Somewhere between the 89th and 114th passage in mouse embryo tissue culture and
chicken embryo tissue culture, a marked change in virulence occurred.

The vaccine strain known as 17D-204 (provided by the American Type Culture
Collection) had been through a total of 234 in vitro passages. Subsequently, to obtain
enough RNA for molecular cloning, we subjected this strain in our laboratory to
additional passages in chick cells, BHK cells, and SW13 cells, as well as to plaque
purification in VERO cells, as outlined in Table 1. A cDNA library representing the
entire nucleotide sequence of yellow fever was obtained from virion RNA after virus
purification by precipitation with polyethylene glycol, followed by velocity and isopyc-
nic sedimentation in gradients of glycerol and tartrate. The entire sequence of 17D
yellow fever was obtained from this library (Rice et al. 1985, 1986a) and was used to
deduce the amino acid sequences of all the yellow-fever-encoded proteins. We found
that the yellow fever genome was translated as a polyprotein and subsequently

*Present address: Department of Microbiology and Immunology, Washington University of St.
Louis, St. Louis, Missouri 63110.
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Table 1
Passage History of 17D Yellow Fever Virus

.

In vivo passages
53 passages in monkey (with intermittent periods of life in Aedes aegypti)

In vitro passages to produce 17D yellow fever®
18 passages in minced mouse embryo tissue culture
50 passages in minced whole chicken embryo tissue culture
152 passages in minced chicken embryo without CNS®
14 more passages in CE (with or without CNS) = 17D-204 strain, supplied by ATCC

In vitro passages to produce RNA for cDNA cloning
2 passages in CEF
plaque purification in VERO cells
2 passages in BHK cells
1 passage in SW13 cells

The passage history of yellow fever to produce the 17D strain is indicated. See text for details and
authors. (CNS) Central nervous system; (CE) chick embryo; (ATCC) American type-culture collec-
tion: (CEF) chick embryo fibroblast; (BHK) baby hamster kidney; (SW13) a human cell line derived
from an adenocarcinoma.

*Total in vitro passages is 234.

"A marked change in virulence occurred somewhere between the 83th and 114th in vitro passage
and was not able to be repeated.

processed to produce the various structural and nonstructural proteins of the virus.
The genome organization and the location of the flavivirus-encoded proteins have
been confirmed by direct amino-terminal sequencing of yellow fever proteins (Bell et
al. 1985; Rice et al. 1986b), as well as by sequencing of proteins of other flaviviruses
(Bell et al. 1985; Castle et al. 1985, 1986; Wengler et al. 1985; Rice et al. 1986b).
Because we are ultimately interested in comparing strains of yellow fever virus, we
obtained the entire sequence of the 17D strain on at least two independent cDNA
clones so that strain variation and/or errors occurring during reverse transcription
and cloning would not affect the sequence obtained.

Asibi Strain of Yellow Fever Virus

The Asibi strain used had been passaged 45 times in rhesus monkeys by blood-to-
blood transfer (Table 2). It is not known how many of these monkey-monkey pas-
sages are the same as the passages in the monkey of the 17D strain reported in Table
1, as the records have been lost in antiquity. At the 46th passage, the virus was still

Table 2
Passage History of Asibi Yellow Fever

In vivo passages
45 passages in rhesus monkey = YARU" reference virus
1 additional passage in monkey

In vitro passage to produce RNA for cDNA cloning
1 passage in LLC cells
2 passages in VERO cells

“Yale Arbovirus Research Unit. Virus supplied by R. Shope.
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virulent and killed the monkey. Blood from this infected monkey was passed once in
LLC cells and twice in VERO cells to produce virus for purification and RNA extrac-
tion. Cloning of cDNA followed the same procedures used for the 17D strain, and
clones representing different regions of the genome were identified by colony hybridi-
zation using restriction fragments from the 17D library. The entire genome of the Asibi
strain has now been sequenced, once again using at least two clones to obtain each
nucleotide position, and the amino acid sequences of the proteins encoded by the
Asibi strain of yellow fever virus have been deduced.

The amino acid sequences of the polyproteins specified by Asibi and 17D yellow
fever are compared in Figure 1. For purposes of comparison, we also included the
amino acid sequence of the polyprotein encoded by West Nile virus. Ignoring clonal
differences, the Asibi and 17D polyproteins differ at 32 amino acid positions, a 0.94%
divergence in the amino acid sequence. These amino acid substitutions are not
uniformly distributed along the polyprotein. in particular, the envelope protein con-
tains 40% of the total amino acid substitutions (12 of 32), a sequence divergence of
2.4%. Many of these changes are not conservative in nature, such as Arg-52 to
glycine, lle-173 to threonine, Thr-200 to lysine, Arg-380 to threonine, and His-390 to
proline. One domain of E is particularly intriguing. The domain from Pro-369 to
Gly-448 is highly conserved among fiaviviruses, as can be seen by comparing the
yellow fever and West Nile sequences in Figure 1. In this domain, there are three
amino acid substitutions between Asibi and 17D. Thr-380 in Asibi is arginine in 17D,
Pro-390 is histidine in 17D, and Ala-416 is threonine in 17D. None of these changes
are conservative in nature, and it is of interest that in each case during selection in
tissue culture, the sequence of the virulent Asibi yellow fever has changed in 17D to
the sequence of West Nile virus. It is tempting to speculate that these changes alter
receptor affinities; birds serve as an important reservoir in nature for the West Nile
subgroup of mosquito-borne flaviviruses, and as noted, 17D yellow fever arose by
selection for rapid growth in chick embryo tissue culture. In any event, it seems
unlikely that these three changes represent random changes in the yellow fever E
protein during passage in culture.

SUMMARY AND CONCLUSIONS

We have no way of knowing at present which changes are important for the difference
in virulence between the two strains of yellow fever virus. The changes cou|d arise in
part from differences in tissue tropism caused by altered affinities of the virus for
cellular receptors. Viral surface proteins have been shown to be important in other
systems in determining virulence of strains. However, it is also possible that changes
in nonstructural proteins could be important determinants of avirulence in this case,
and it seems likely from the stability of the 17D strain that more than one change was
involved in the attenuation of Asibi. Now that the amino acid differences between the
two strains are known, it should be possible to design experimental systems to test
the effect of the specific changes on virulence.
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Chapter 6

Western Equine Encephalitis Virus

Is a Recombinant Virus

This chapter is in press in Proc. Natl. Acad. Sci. USA
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ABSTRACT The alphaviruses are a group of 26 mosquito-borne viruses that cause
a variety of human diseases. Many of the new world alphaviruses cause
encephalitis whereas the old world viruses more typically cause fever, rash, and
arthralgia. The genome is a single-stranded non-segmented RNA molecule of plus
polarity; it is about 11,700 nucleotides in length. Several alphavirus genomes have
been sequenced in whole or in part, and these sequences demonstrate that
alphaviruses have descended from a common ancestor by divergent evolution. We
have now obtained the sequence of the 3' terminal 4288 nucleotides of the RNA of
the new world alphavirus Western equine encephalitis virus (WEE). Comparisons
of the nucleotide and amino acid sequences of WEE with those of other
alphaviruses clearly show that WEE is recombinant. The sequences of the capsid
protein and of the (untranslated) 3' terminal 80 nucleotides of WEE are closely
related to the corresponding sequences of the new world alphavirus Eastern equine
encephalitis (EEE) virus, whereas the sequences of glycoproteins E2 and El of
WEE are more closely related to those of an old world virus, Sindbis (SIN) virus.
Thus, WEE appears to have arisen by recombination between an EEE-like virus and
a SIN-like virus to give rise to a new virus with the encephalogenic properties of
EEE but the antigenic specificity of SIN. There has been speculation that
recombination might play an important role in the evolution of RNA viruses. The
current finding that a widespread and successful RNA virus is recombinant

provides support for such an hypothesis.
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INTRODUCTION

The 26 members of the alphavirus genus of the family Togaviridae are
mosquito-borne viruses that form an important group of disease agents (1-3). The
new world alphaviruses include Western equine encephalitis (WEE) and Eastern
equine encephalitis (EEE) viruses, both of which are capable, as their names imply,
of causing encephalitis in man, as well as of causing severe disease in horses.
WEE has a wide geographic distribution, being found from western Canada to
Mexico and, discontinuously, to Argentina. WEE is transmitted in the western
United States by the mosquito Culex tarsalis; birds serve as an important
vertebrate reservoir. In the eastern United States WEE is replaced by Highlands J
(HJ) virus, whose primary vector is Culiseta melanura. From serological studies
(3,4) and from limited sequencing studies (5,6), WEE and HJ are known to be very
closely related, and HJ can be considered to be a strain of WEE (2). In the eastern
United States the range of HJ overlaps that of EEE, whose primary vector is also
Cs. melanura. Other new world alphaviruses include Venezuelan equine
encephalitis virus (VEE), found in Central and South America; Fort Morgan virus,
found in Colorado; and Aura virus, found in South America.

The old world alphaviruses include Sindbis virus (SIN), the prototype
alphavirus; Semliki Forest virus (SF); Chikungunya virus (CHIK); O'Nyong-nyong
virus (ONN); and Ross River virus (RR). SIN and SF have been intensively studied
as models for alphavirus replication (7). SIN is widely distributed, being found in
Europe, India, southeast Asia, Australia, and Africa. Close relatives of this virus,
such as Ockelbo virus in Europe (8) and Babanki virus in Africa, cause disease in
man characterized by fever, rash, and arthritis. CHIK and ONN have caused large
epidemics in Africa of a dengue-like disease also characterized by fever, rash, and
arthralgia. RR is the causative agent of epidemic polyarthritis in Australia and

the South Pacific.
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The single-stranded RNA genome of the alphaviruses is nonsegmented and
about 11,700 nucleotides in length. Complete or partial RNA sequences have been
obtained for SIN (9), SF (10-12), RR (13), EEE (14), and VEE (15). Comparison of
these nucleotide sequences, and more importantly, their encoded amino acid
sequences, have demonstrated that the alphaviruses are related by linear descent
from a common ancestor (7). The relationships among the various alphaviruses
derived from the sequencing studies are compatible, for the most part, with those
derived from studies of serological cross-reactivity, which depends only upon
antigenic epitopes in the structural proteins. In serological studies, however, WEE
has always been something of a puzzle. It is a new world virus that often causes
encephalitis, but serologically it is most closely related to SIN, an old world
alphavirus not normally associated with encephalitis. In order to explore the
relationship of WEE to other alphaviruses, we have now obtained the nucleotide
sequence of the 3' terminal 4,288 nucleotides of the WEE genome. Comparison of
this sequence and of the encoded amino acid sequences with those from other
alphaviruses suggests that WEE arose by a recombination event between an EEE-

like virus and a SIN-like virus.

MATERIALS AND METHODS

Virus RNA Preparation. WEE RNA (strain BFS1703) was obtained from
Drs. Mark Stanley and James Hardy of the University of California, Berkeley. The
BFS1703 strain of WEE was isolated from Culex tarsalis mosquitos in July, 1953 in
Kern county, California (16). The virus had been passed twice by IC inoculation of
suckling mice and four times (including three plaque isolations) in Vero cells. For
RNA preparation, virus was grown in Vero cells and purified by pelleting onto a
30% sucrose cushion followed by isopycnic banding in Nicodenz. Purified virus

was pelleted, dissociated in SDS, and the RNA extracted by phenol-chloroform
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treatment. Following ethanol precipitation, the RNA was sedimented in a
discontinuous sucrose gradient, the RNA band recovered, and the RNA was
concentrated by ethanol precipitation.

Cloning and Sequencing. Clones containing the 3' terminal 4288 nucleotides
of WEE RNA [plus a variable length of poly(A)] were obtained using an oligo(dT)-
tailed vector as a primer as described (17). Clones were sequenced using the
chemical sequencing method (18,19). More than 99% of the nucleotide sequence
was obtained on two independent clones in order to rule out cloning artifacts (17)

and to detect possible clonal variation.

RESULTS

Partial Sequence of WEE RNA. The translated sequence of the 3' terminal
4,170 nucleotides of the WEE genome is shown in Fig. 1. This sequence begins in
the region encoding the carboxy terminus of nonstructural protein 4, continues
through the junction region between the nonstructural and structural proteins [this
region contains the start of the subgenomic mRNA that is translated to give the
structural proteins and is also believed to contain nucleotide sequence elements
required for transcription of this subgenomic RNA (20)], progresses through the
coding sequence of the three structural proteins of the virus (a nucleocapsid
protein and two envelope glycoproteins E2 and El), and finally through the 3'
terminal untranslated sequence which ends in a poly(A) tract.

We have previously sequenced the N termini of the three structural
proteins of the McMillan strain of WEE (isolated in 1941 in Canada from the brain
of a fatal human case) and thus established the start points of the structural
proteins (21). Comparison of the amino acid sequence of the McMillan strain with
that deduced here for the BFS1703 strain (isolated from mosquitos in 1953 in

California) reveals four amino acid differences in 142 amino acids for which
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Fig. 1 Sequence of the 3' terminal 4170 nucleotides of WEE RNA (strain
BFS1703). The start points of the structural proteins are indicated. Astericks
indicate the termination codons for the nonstructural and structural
polyproteins.  Two independent clones were sequenced and only one clonal
difference was found: the GAC encoding Asp 72 of E2 was replaced by UAC

encoding Tyr in the second clone.
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comparison is possible (1 difference in C, | in E2, and 2 in El). However,
reevaluation of the original data for the McMillan strain suggests that the
apparent difference in the capsid proteins may result from a misscall in the
McMillan sequence, and that there are no differences in the capsid proteins of
these two strains in the region for which comparison is possible. The amino acid
sequence divergence between the two strains is 2.8% (or 2.1% if the apparent
difference in the capsid proteins is ignored). We have also reported the sequence
of the 3' terminal 351 nucleotides of McMillan RNA (6). Comparison of this
sequence with that for BFS1703 shows three nucleotide substitutions and one
nucleotide deletion (in McMillan) between these two strains, a nucleotide sequence
divergence of 1.1%. These comparisons establish that the widely studied McMillan
strain (the prototype WEE virus), and the BFS1703 strain are the same virus.
Since these two strains were isolated 12 years apart in different geographic areas,
the calculated rate of divergence of WEE in nature is, at most, 0.1-0.2% per year,
which is low in comparison to rates of divergence that have been established for
several RNA viruses (22,23).

WEE is a Recombinant. The amino acid sequences of the WEE structural
proteins are compared to those of EEE and of SIN in Fig. 2. Inspection of this
figure clearly reveals that the WEE capsid protein C is most closely related to
that of EEE whereas the glycoproteins E2 and El are more closely related to the
corresponding proteins of SIN.

The relationships among the proteins of these viruses are summarized in
Table 1. The N terminal and C terminal domains of the capsid protein are
considered separately because of the fact that the C termini of all alphavirus
capsid proteins are closely related. The N terminal 132 amino acids of the WEE
and EEE capsid proteins share 78% amino acid sequence identity whereas the

corresponding figures for WEE and SIN and for EEE and SIN are 39% and 36%,
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Fig. 2 Comparison of the amino acid sequences of the structural proteins
of WEE, EEE, and SIN. A dot in the EEE or SIN sequence means that the amino
acid is the same as that of WEE on the first line. Gaps have been introduced for
alignment. The sequence for WEE is from Fig. 1, that for EEE is from (14), and
that for SIN is from (9) Potential glycosylation sites are boxed and cysteines are

highlighted with dotted overlay.
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respectively. The C terminal domain of the capsid protein of WEE is also more
closely related to EEE (91% sequence identity) than it is to SIN (69%). The
relationships are reversed in the case of the envelope proteins. Overall, WEE and
SIN share 71% amino acid sequence similarity in the envelope glycoproteins
compared to only 47% between WEE and EEE or 46% between EEE and SIN.
Figures for the C terminal domain of nsP4 are also included. Although in general
this protein is highly conserved among alphaviruses, its C terminal domain is more
variable and WEE and EEE are much more closely related in this region than are
WEE and SIN or EEE and SIN.

Also included in this table are comparisons with another alphavirus, VEE, to
illustrate that alphaviruses in general differ from one another in a uniform and
consistent way. Sequence data for SF or RR lead to similar results (not shown).
WEE is exceptional in that it is closely related to SIN in the region of the genome
encoding E1 and E2, but to EEE in other regions.

Nucleotide sequences in the carboxyterminal region of nsP4 and in the
junction region between structural and nonstructural proteins, which are believed
to encode important signals for transcription of a subgenomic RNA (20), are
compared for the three viruses in Fig. 3a. Note that EEE and WEE nucleotide
sequences are very similar to one another and that, in particular, the sequences
flanking the start of the subgenomic 26S RNA are identical. The sequence of SIN
in this region is similar but not identical. Notice also that the nsP4 proteins of
EEE and WEE terminate at the same residue whereas the SIN protein terminates
downstream.

The sequences at the 3' termini of WEE, EEE, and SIN are shown in
Fig. 3b. The 3' terminal 19 nucleotides have been proposed to form an important
element in alphavirus RNA replication because they are highly conserved among

members of this genus (6), and this sequence element (underlined in Fig. 3b) is
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Fig. 3 Comparison of the nucleotide sequences in the junction regions of
EEE, WEE, and SIN (panel a) or at the 3' end of the RNAs (panel b). Asterisks
denote conserved nucleotides. The heavy underlines denote conserved nucleotide
sequences in the alphaviruses, 21 nucleotides around the start of the subgenomic
26S RNA (20) and 19 nucleotides at the 3' end of the RNA (6) which are believed
to form important regulatory elements for RNA transcription (7). The
termination codons that end the nonstructural open reading frames are marked

with black circles.



WEE

EEE

SIN

EEE

SIN

148

a. JUNCTION CONSERVED SEQUENCE

I R G NUPITTULY G o 265
CAUAAGAGGGAACCCAAUCACCCUCUACGGCUGACCUARNAUAGGU

I R G HUPITTULY G -
CAUAAGAGGUCACCCCAUAACCCUCUACGGCUGACCUANAUAGGU
% % %k %k %k %k k k % k ok kk  kk %k %k %k ok ok %k %k %k %k %k %k %k %k %k %k %k % %k %k kfk Kk k k k%

I R G E I KHUL Y G G P KJ|-
CAUCAGAGGGGAAAUAAAGCAUCUCUACGGUGGUCCUAAAUAGUC

*xkk  kkkkk * * % % %k %k ok k k %k %k k% %k %k ok ok ok ok ok ok

b. 3' END CONSERVED SEQUENCE

UAAUUUUUCUUUU GUUUUUAUUUUGUUUUUAAAAUUUC poly (A)

UAAUUUUUCUUUUAUGUUUUUAUUUUGUUUUUAAUAUUUC poly (A)

kkhkkkkhkkkkkkxk kkkkhkhkhkhkhkkkhkkkhkkkkk *hkkkxk

UUUCUUUUAUUAAUCAACAAAAUUUUGUUUUUAACAUUUC poly (A)

* kkkk k% khkkhkhkkkkkkhkhkk kkkkxk
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Table 1 Percent Sequence Identity Among WEE, EEE, SIN and VEE Proteins

WEE WEE EEE EEE SIN WEE
EEE SIN SIN VEE VEE VEE

nsP4 (C-Terminus) 70% 35% 40%

Capsid
N-Terminus' 78 39 36 42 27 49
C-Terminus' 91 69 64 76 61 77
Overall &85 D53 50 59 4y 63
Envelope
E3 50 58 42 59 49 56
E2 44 68 42 46 40 41
6K 44y 67 45 54 40 40
El 49 76 51 58 o 50
Overall 47 71 46 53 46 46

1 N-terminus refers to amino acids 1 to 132 of the Sindbis capsid protein or
the corresponding positions in the aligned files in Figure 2. C-terminus
includes the remaining amino acids in the capsid proteins in the aligned

files.
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invariant among these three viruses with the exception of the sixth
nucleotide from the end. The nucleotides upstream of this are AU rich and
not particularly conserved among alphaviruses, but in this domain the
sequences of WEE and EEE are almost identical whereas that of SIN is more
variable.

These results show that within the region examined the WEE
nucleotide sequence is recombinant, with both the 5' and 3' ends derived
from an EEE-like virus and the intervening glycoprotein genes derived from
a SIN-like virus. We presume that the 5' terminal two-thirds of the genome,
which has not yet been sequenced, is also derived from the EEE-like virus.
Partial support for this comes from our previous finding that the 5' terminal
sequence of HJ is similar to that of EEE (5).

The Recombination Events. Our interpretation of the sequence
information is shown schematically in Fig. 4. This figure is included in part
to illustrate the structure of the alphavirus genome, as well as to describe
the most likely scenario for the origin of WEE.

In this model, close inspection of the aligned sequences in Fig. 2
suggests that the 5' crossover occurred in E3. Gaps must be introduced into
the amino acid sequences to align them and the two gaps of three amino
acids each in E3 are of particular interest. The first gap, following residue
I, is shared by WEE and EEE, and upstream of this WEE and EEE are in
almost perfect alignment (only one gap of one amino acid must be introduced
into each sequence to maintain alignment), whereas several gaps must be
introduced to keep the SIN sequence aligned. Conversely, the gap following
residue 21 of WEE E3 is shared by SIN and WEE, and downstream of this the
SIN and WEE sequences are in almost perfect register (only one gap of one

amino acid in E3 is required to maintain alignment), whereas numerous gaps
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Fig. 4 Schematic representation of the recombination event that
produced WEE. The genome structures of SIN, EEE, and WEE are

diagrammed, and the crossover points to produce WEE are indicated.
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are required to keep the EEE sequence in register. This suggests that the
recombination event occurred between these two gaps of three amino acids
each in E3, which is compatible with the sequence similarities exhibited by
the capsid proteins and the glycoproteins in Table 1.

The 3' crossover appears to have occurred in the 3' untranslated
region. The 60 nucleotides of WEE RNA following the structural protein
stop codon are very similar to the SIN sequence, whereas the last 80
nucleotides of the RNA are similar to EEE, with no sequence similarity
detectable in between. Although a double crossover seems inherently less
likely than a single crossover, the presence of important replication signals
at the 3' end may require such an event to produce viable (or at least
efficiently replicating) virus (6,7).

There is a formal possibility that WEE is one of the parental viruses in
a cross that resulted in the reciprocal recombinants SIN and EEE. Because
RNA recombination is believed to occur by a copy choice mechanism,
however, in which reciprocal recombinants are not produced (24), and
because of the apparent rarity of viable recombinant viruses, this possibility
appears remote.

Interaction of the Nucleocapsid and Glycoproteins During Virus
Budding. Alphaviruses mature when preassembled nucleocapsids, which are
icosahedral structures consisting of 180 copies of the nucleocapsid protein
and one molecule of the virus RNA, acquire an envelope by budding through
the plasma membrane (25,26). The envelope consists of a lipid bilayer
derived from the host cell in which are embedded two virus-encoded
glycoproteins, E2 and El. The nucleocapsid and the glycoproteins are
thought to interact specifically with one another, so as to exclude nonvirus

proteins from the structure; the free energy for driving virus budding is
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derived from these specific interactions. During evolution, certain domains
of the glycoproteins of a particular virus must have been selected for
maximal specific interaction with the capsid of that virus. In a recombinant
virus which contains the capsid protein from one virus and the glycoproteins
from another, the interactions during budding might not be optimal. During
passage of such a recombinant virus, selection pressure would favor variants
in which the nucleocapsid and glycoprotein interactions were improved. It is
thus of considerable interest that there are only seven amino acid
differences between WEE and EEE in the C terminal 104 amino acids of the
capsid protein, and for 6 of these WEE has the SIN amino acid (Fig. 2). This
suggests that this domain of the capsid protein interacts with the
glycoproteins during virus assembly, and that following the recombination
event selection pressure has led to some of the EEE capsid amino acids being
replaced with SIN amino acids to allow more efficient interaction with the
SIN glycoproteins. Conversely, in the C terminal 16 amino acids of E2 there
are 6 amino acid differences between WEE and SIN, and for 4 of these WEE
has the EEE amino acid, suggesting by the same logic that this domain of E2
interacts with the capsid during budding. Other examples can be found in
other regions of the structural proteins. The hypothesis that these are in
fact involved in capsid-glycoprotein interactions can now be tested by site
specific mutagenesis, using a cDNA clone of Sindbis virus from which
infectious RNA can be transcribed in vitro (27). We are in the process of
testing this model by constructing site-specific mutants in the domains

identified by this analysis.
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DISCUSSION

The Origin of WEE Virus. The two parents of WEE and the time of
the recombination event cannot be determined at the current time. As
described earlier, the McMillan strain of WEE isolated in 1941 in Canada and
the BFS1703 strain isolated in 1953 in California are clearly strains of the
same virus. They have nearly identical capsid proteins, glycoproteins E2 and
El, and 3' terminal sequences. Thus the recombination event could not have
occurred during passage of the virus in culture, as this would have required
the identical recombination event to have occurred twice, in different
laboratories (see, for example, Fig. 4). By the same logic, the recombination
event must have predated the isolation of the McMillan strain of WEE in
1941. Furthermore, as noted earlier, all of the sequence information
obtained so far is compatible with the hypothesis that the recombinant virus
arose before the separation of WEE and HJ viruses. On the other hand, the
N terminal portions of the capsid proteins of WEE and EEE are very similar,
a domain not well conserved among alphaviruses (28). This domain is lysine-
and arginine-rich, has a high proportion of proline, and appears to interact
electrostatically with the virus RNA to stabilize the capsid structure. Thus
the similarity in the WEE and EEE sequences, together with the fact that
RNA viruses diverge rapidly (21), suggests that the recombination event
must be relatively recent. We propose that one of the parents was EEE
itself. The sequence similarities with SIN in the envelope protein regions are
not as pronounced and suggest that the second parent was not SIN itself, but
a relative of it. Because WEE and EEE are new world viruses, we suggest
that the recombination event occurred in the new world between EEE, or an
immediate ancestor of it, and a SIN-like virus that has yet to be identified.

It seems most likely that the recombination event would take place in the
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mosquito vector, in which the virus sets up a persistent life-long infection.
EEE and HJ overlap in geographic ranges and mosquito vector. Thus HIJ
might represent the ancestral recombinant virus which radiated to produce
WEE.

Recombination in RNA Virus Evolution. There has been a great deal
of speculation about the importance of recombination in the evolution of
RNA viruses (for recent reviews see 29,30). In segmented RNA viruses,
reassortment of individual genome segments during mixed infection, a form
of recombination equivalent to the shuffling of chromosomes in diploid
creatures, is readily demonstrated in cell culture. Reassortment has been
well documented as a major mechanism for generating new pandemic strains
of influenza virus (31,32), and it can be argued that the ability to undergo
ready recombination conveys significant selective advantage on RNA viruses
with segmented genomes. Among the nonsegmented RNA viruses,
recombination has been in general more difficult to demonstrate, but it has
been shown to occur in the picornaviruses (33,34), the coronaviruses (35,36),
and the bromoviruses (37), although not before now in the alphaviruses. In
poliovirus, recombination occurs by a copy choice mechanism during RNA
replication (24), and it is assumed that all RNA recombination (as opposed to
reassortment) occurs by this mechanism. Although well established in
principle, evidence for the importance of recombination in nature as a
mechanism that leads to successful new strains is limited. In the case of
poliovirus, recombination has been shown to occur in vaccinees who have
simultaneously received high doses of three attenuated viruses (34), but this
is a somewhat artificial system. The finding that WEE, a virus with a wide
geographic range, is a naturally occurring recombinant lends support to the

hypothesis that RNA recombination is an important force in the evolution of
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RNA viruses. In this particular case it has given rise to a new virus that
combines the disease-causing potential of EEE with new antigenic properties
from a SIN-like virus.
Acknowledgments. We thank Drs. M. Stanley and J. Hardy for the
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We have isolated a ¢cDNA clone after reverse transcription of the genomic RNA of Asibi
vellow fever virus whose structure suggests it was formed by self-priming from a 3'-terminal
hairpin of 87 nucleotides in the genomic RNA. We have also isolated a clone from ¢cDNA
made to Murray Valley encephalitis virus RNA that also appears to have arisen by self-
priming from a 3'-terminal structure very similar or identical to that of vellow fever. In
addition, 3'-terminal sequencing of the SI strain of dengue 2 RNA shows that this RNA is
also capable of forming a 3'-terminal hairpin of 79 nucleotides. Furthermore, we have
identified two 20-nucleotide sequence elements which are present in the 3’ untranslated
region of all three viruses: one of these sequence elements is repeated in Murray Valley
encephalitis and dengue 2 RNA but not in vellow fever RNA. In all three viruses, which
represent the three major serological subgroups of the mosquito-borne flaviviruses, the
3'-proximal conserved sequence element. which is found immediately adjacent to the
potential 3'-terminal hairpin. is complementary to another conserved domain near the 5

end of the viral RNAs. suggesting that

AG < —11 keal; 1 keal = 4:184 kJ).

flavivirus RNAs can cyclize (calculated

1. Introduction

Short nucleotide sequences located near or at the
3’ termini of numerous viral RNAs have been
postulated to play important roles in virus RNA
replication (for a review. see Strauss & Strauss,
1983). These elements may be either elaborate
secondary structures or linear nucleotide sequences,
and are believed to form specific binding sites
recognized by the viral encoded replicase, analogous
to promoters in DNA sequences. The best-studied
examples of structures with specific roles in
replication are found in plant virus RNAs (e.g. see
Hall. 1979 Pleij et al., 1985: Smith & Jaspers,
1980). A number of linear sequences located at the
3’ termini or animal viruses, which appear to be
essential for RNA replication. have also been well-
studied. In the case of alphaviruses there is a
conserved 19-nucleotide sequence at the 3’ terminus

(Ou et al., 1982) which has been shown by
truncation experiments using defective interfering
RNAs to be required for replication andjor
packaging of the RNAs (Levis ef al.. 1986).
Conserved sequences 12 to 15 nucleotides in length
are found at the 3’ ends of the genome segments of
influenza virus and of Bunyaviruses. Bunyaviruses
with identical 3'-terminal sequence elements can
exchange genome segments, giving rise to
recombinant viruses and, in fact, these conserved
terminal sequences have been used to define genera
within the Bunyaviridae (for a review, see Strauss
& Strauss, 1983).

In the case of flaviviruses. Rice ef al. (1985)
proposed that the 3'-terminal 87 nucleotides of
yellow fever (YF); RNA form a stable secondary
structure. Subsequently, West Nile (WN) virus
(Brinton ef al., 1986; Wengler & Castle, 1986).

t Present address: Department of Microbiology and
Immunology. Box 8093. Washington University School
of Medicine. 66( So. Euclid Avenue. St. Louis. MO
63110. U.S.A.

0022-2836,210033-09 $03.00/0

1 Abbreviations used: YF. vellow fever: WN. West
Nile; JE. Japanese encephalitis; DEN 4, dengue 4: DEN
2, dengue 2; MVE, Murray Valley encephalitis: kb, 10°
bases or base-pairs.
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Japanese encephalitis (JE) virus (Takegami et al.,
1986). and dengue 4 (DEN 4) virus (Zhao et al.,
1986) were proposed to have secondary structures
very similar to that of YF RNA. The conservation
of this structure supports the hypothesis that it is
important for viral RNA replication, but so far
direct evidence for its existence has been limited.
Brinton et al. (1986) found that nucleotides within
the putative hydrogen-bonded regions of the stems
were partially resistant to ribonuclease, suggesting
that the structure was present in WN RNA in
solution. In the case of YF, no direct evidence of
this conformation has been presented, and in fact
Grange et al. (1985) proposed an alternative
structure involving the 3'-terminal 120 nucleotides.
We now report the isolation of a clone for YF
¢DNA which .could easily have arisen by self-
priming of ¢cDNA synthesis from the 87-nucleotide
3'-terminal structure previously proposed, but
which is otherwise difficult to explain. We also
report the isolation of a clone from Murray Valley
encephalitis (MVE) RNA which apparently begins
at the same corresponding nucleotide as this YF
clone. and which thus may also have arisen by self
priming. In addition, we have obtained the
sequence of the 3’ untranslated region of MVE
RNA. excluding the putative 3'-terminal structure,
as well as the entire 3’ untranslated sequence of
dengue 2 (DEN 2) RNA. and found conserved and
repeated sequences within this RNA domain: one
conserved sequence could be involved in cyclization
of flavivirus RNA. Models of these structures as
well as comparisons of these various sequence
elements with the corresponding sequences in WN
virus (Brinton ef al., 1986: Wengler & Castle. 1986),
DEN 4 virus (Zhao ef al., 1986). and JE virus
(Takegami et al., 1986) are presented.

2. Materials and Methods
(a) Virus strains and cloning of flavivirus cDNA

The preparation of Asibi YF RNA (Hahn ef al., 1987)
and MVE RNA (Dalgarno et al., 1986) have been
described and the preparation of DEN 2 RNA will be
described elsewhere. The methods used for obtaining a
¢DNA librarv from these genomes have also been
described (Rice ef al., 1987). Briefly, first strand ¢cDNA
was synthesized using AMV reverse transcriptase and
degraded calf thymus DNA as random primers in the
presence of human placental RNase inhibitor and
actinomycin D. Second strand synthesis was done
according to the conditions described by Okayama &
Berg (1982). In this method Escherichia coli RNase H
(Bethesda Research Laboratories) is used to introduce
nicks into the RNA strand of the RNA—DNA hybrid
duplex: primer extension occurs at these nicks and
ultimately these RNA-primed fragments are repaired and
ligated to form the second DNA strand. The double-
stranded ¢cDNA resulting was methylated at the EcoR1
sites. After treatment with phage T4 DNA polymerase.
EcoR1 linkers were attached and the c¢DNA was
fractionated in agarose gels. Selected size fractions were
then inserted into the EcoRI site of vector pGEMI
(Promega Biotech) (Asibi YF and DEN 2) or pMT2l
(MVE). Plasmids for ampicillin-resistant colonies were

screened for insert size and restriction digestion pattern.
The clone containing the extreme 3’ end of Asibi YF
RNA was identified by colony hybridization (Grunstein &
Hogness, 1975) using a fragment 150 nucleotides in
length derived from the extreme 3’ end of a clone of 17D
YF RNA (Rice et al., 1985, 1987) as a probe, with the
library obtained from the 0-8 to 2 kb double-stranded
cDNA size class. The probe fragment extends from the
Xbal site at nucleotide 10,708 to the 3’ end of 17D YF.
Of approximately 4000 clones screened with this probe. 3
colonies were found to be positive. Two of these clones
started at the 113th nucleotide from the 3’ terminus. The
3rd clone had sequences from both plus and minus strand
RNA joined together and its structure is reported in
detail in the main text. The MVE clone containing
sequences in the 3’ untranslated region was identified
during characterization of the random MVE library (Rice
et al., 1987). To obtain clones containing the 3-terminal
sequence of DEXN 2, the RNA was polyadenylated with
poly(A) polymerase (Rice ef al.., 1985) and oligo(dT) was
used to prime first strand ¢cDNA synthesis. After second
strand synthesis and insertion into plasmid pMT21,
ampicillin-resistant colonies were screened by colony
hybridization. using as a probe a restriction fragment
derived from a clone of dengue 2 ¢DNA containing
sequences in the NS5 region of the genome (Rice et al..
1987: Y. 8. Hahn et al., unpublished results). Twelve
positive colonies were obtained which all had the same
restriction pattern; 3 of these clones were sequenced in
the 3' untranslated region and all had the identical
sequence terminating in a poly(A) tract. For this reason.
and because of homologies in structure and sequence with
other flavivirus RNAs. we are confident that the 3'-
terminal sequence has been obtained.

(b) Segquence analysic of cDNA
Plasmid DNAs from ¢DNA clones were sequenced
using the methods of Maxam & Gilbert (1980) as modified
by Smith & Calvo (1980). using restriction fragments 3’
end-labeled with the Klenow fragment of E. coli DNA
polymerase (Bethesda Research Laboratories).

3. Results
(a) Asibi yellow fever clone 3'-1

A library of cDNA made to Asibi YF RNA was
constructed using random priming. A probe which
represented the 3'-terminal 150 nucleotides of 17D
YF RNA. derived from a restriction fragment
obtained from the 17D YF c¢DNA library
previously constructed and characterized (Rice et
al., 1985, 1987), was used to screen the Asibi
library. A clone designated 3'-1 was obtained which
had an unusual structure, illustrated schematically
in Figure 1. This clone has the 3'-terminal
nucleotides from 10,773 to 10,862 from one strand
connected to the sequence from the complementary
strand beginning at nucleotide 10,775 and
proceeding upstream, that is towards the 5’ end of
the genome (nucleotide numbers refer to the virion
plus-strand RNA). The simplest interpretation of
how this clone might have arisen is self-priming of
first strand ¢cDNA synthesis by the 3’ terminus of
YF genomic RNA. A 3'-terminal secondary
structure for Asibi YF RNA. virtually identical to
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10773 8276

5 3
CGGAGTGGTTCT---ACAAAACCACTCCGGT-
10773 10862 | 10775

> -

Figure 1. Structure of clone 3'-1. A schematic diagram
of the structure of this clone in which the 3'-terminal
sequences as plus strand (thick line) are attached to minus
strand sequences (thin line) is shown. Nucleotide
sequences around the joint between plus and minus
strand sequence and at the end of the clone are
indicated. Arrows indicate polarity of 5’ to 3’ expressed as
the plus sense genomic RNA. The asterisk denotes the 5'-
terminal nucleotide in the insert as indicated, and marks
the same nucleotide as in Figs 2 and 3.

that proposed by Rice et al. (1985) for YF 17D
RNA. is illustrated in Figure 2(a) and shows the 3'-
terminal uridylic acid of YF RNA (nucleotide
10.862) hydrogen-bonded into the structure. Self-
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priming in which the 3'-terminal hydroxyl is
extended by reverse transcriptase would lead to the
3'-terminal RN A nucleotide (10,862) being attached
to nucleotide 10,775 of minus-strand ¢cDNA. Second
strand ¢cDNA synthesis and repair illustrated in
Figure 3 could then result in the observed clone. For
second strand cDNA synthesis E. coli RNase H was
used to cleave the RNA strand in RNA-DNA
duplexes forming new primers that can be extended
to produce the second strand. This makes it
possible, given the proper conditions of E. coli
RNase H concentration and activity of E. coli DNA
polvmerase I, to copy back part of the RNA strand
during second strand ¢cDNA synthesis (step 3 of
Fig. 3). an activity that polymerase I is known to
be capable of (for a review, see Kornberg. 1980).
(Although we here assume that the RNase H and
E. coli polymerase I added for second strand
synthesis are responsible for the copy back, it is
difficult to rule out the possibility that the RNase
H activity in AMV reverse transcriptase might lead
to copy back by reverse transcriptase itself during
first strand synthesis). Repair of RNA-DNA duplex
in this region could lead to double-stranded ¢cDNA.
Presumptively, some RNA sequence at the 5’ end of
the RNA-DNA duplex could be lost because of the
inability of this RNA to be replaced with DNA.
However, the resulting clone would have the
structure shown in Figure 3 and the key point is the
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Figure 2. Putative secondary structure found at the 3’ end of Asibi YF RNA and of DEN 2 RNA. (a) A possible
secondary structure at the 3’ terminus of Asibi YF RNA is shown. This structure is virtually identical to that proposed
by Rice et al. (1985) for the 3' terminus of 171D YF RNA with 2 nucleotide changes as shown. Note that the use of the
3'-terminal hvdroxyl group for self-priming for reverse transcription would result in the 3'-terminal uridylic acid of the
RNA genome being covalently attached to the complement of nucleotide 10.775 (in the minus strand ¢DNA). The
asterisk indicates the 5" end of the clone and has the same meaning as in Figs 1 and 3. Free energies (at 25°C) in this and
other Figures are calculated by the method of Tinoco ef al. (1973). (b) A possible secondary structure at the 3’ terminus

of DEN 2 RNA is shown. nt. nucleotide.
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1. First strand synthesis by self-priming

2. Nicking in RNA strand by RNase H

e gt

* 4 ¢t ¢ 1 @t

3. Second strand synthesis by polymerase I

Figure 3. Model for the origin of clone 3'-1. The first
step describes first strand ¢cDNA (broken line) synthesis
in which self-priming occurs onto the 3’ terminus of the
genomic RNA (continuous line). The next 3 steps describe
second strand ¢DNA gynthesis following nicking of the
RNA strand with E. coli RNase H (step 2), priming of
second strand ¢cDNA synthesis by the RNA fragments so
produced such that foldback and copying of template
RNA occurs during second strand synthesis (step 3). and
finally (step 4) completion of the second strand. The
RNase H activity would be expected to lead to
replacement of the RNA strand in step 4 with the DNA
strand as in step 5, which would cover all but an
undetermined number of nucleotides at the left-hand end
of this double-stranded ¢cDNA. The asterisk indicates the
5' terminus of the final double-stranded ¢cDNA as found
in the insert and has the same meaning as in Figs 1 and 2.

attachment of nucleotide 10,862 of one sense RNA
to nucleotide 10,775 of the opposite sense RNA. It
is difficult to explain the existence of this clone by
mechanisms other than self-priming by the RNA
template and this clone provides strong support for
the existence of a 3'-terminal structure in which the
terminal U can be paired with nucleotide 10,776 as
proposed by Rice et al. (1985).

Clones containing ¢DNA inserts with both RNA
senses in one strand have been observed and have
been ascribed to self-priming and copy back of the
first strand ¢DNA during second strand synthesis
(Fields & Winter, 1981; Volckaert ef al., 1981). The
formal mechanism is thus analogous to that
described in Figure 3, but in these previous findings

the template RNA was removed prior to second
strand synthesis, and first strand ¢cDNA was
required to self prime for second strand synthesis.
These conditions are quite different from the
Okayama & Berg (1982) conditions for second
strand cDNA svnthesis used here.

Although clone 8'-1 provides strong support for
the occurrence of self priming during ¢DNA
synthesis, such self-priming appears to be a rare
event. We have attempted, without success, to
demonstrate self priming directly by incorporation
of radiolabeled nucleotides into first strand cDNA
in the absence of added primer. However, the
complexity of the library screened was approxi-
mately 3000 (that is, following transformation we °
obtained approximately 3000 independent colonies
containing inserts), and only one clone of this type
was found. If self priming occurred at only 1/3000
the frequency of priming by added primers it would
have been difficult to detect incorporation under
our conditions. The analysis is complicated by the
fact that the double-stranded ¢cDNA used for the
construction of the library screened was size
selected (see Materials and Methods), and thus the
proportion of self-primed ¢cDNAs might not be
representative. In addition, depending upon the
relative concentrations of reverse transcriptase,
primer and template, clones in a given gize class
arising by self priming might be depressed in the
presence of added primer.

In the screening process, we also found two clones
with identical inserts which were unremarkable in
structure, beginning at the 113th nucleotide from
the 3' terminus and proceeding upstream to
nucleotide 8275 of virion RNA. The two inserts
presumably arose from the same transformation
event, since the colonies screened with the
3'-specific probe were obtained by plating a portion
of the original library and were, therefore, not
necessarily independent isolates.

(b) MVE clone 2/2/38

During characterization of a library of clones
from double-stranded ¢cDNA made to MVE RNA a
clone was obtained which began with a nucleotide
corresponding to nucleotide 10,775 of YF, termed
clone 2/2/38 (Rice et al., 1987). If a 3'-terminal
structure exists in MVE that is equivalent to that
found in YF, then this clone could have arisen by
self priming in the same way as Asibi YF clone 3'-1.
In this case, however, second strand synthesis and
repair would not have led to copy back of the RNA
primer. The existence of this clone is quite
suggestive that in fact it did arise by self priming
and that the 3’ terminus of MVE RNA has a similar
structure to that found for YF.

The existence of this clone as well as other clones
originating in the 3’ untranslated region upstream
from this has allowed us to obtain the sequence of
the 3’ untranslated region of MVE RNA (excluding
the sequence in the putative 3'-terminal secondary
structure) and this sequence is shown in Figure 4.
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10373 ACUCAUGUGAGUGAAGAUAGGGUCUUGUAANAUAACAUUGAUAGAAAAUUUUBUAAAUAUUDAAUGUAAUAUAGUADABGU 10452
| | | | | | |

10453 AAAAUUUUUUGAAAUUAAGUAAAAUUAAGUAGCAAGACUUGAUABUCAGGCCAGCGGGUUAGGCUGCACCCEAAGBUUGE 10532
| ] | I | | I

10533 UAGACGGUGCUGCCUGCBACCAACCCCAGGAGGACUGGGUUACCAAAGCUGAUUCUCCACGBUUGGAAAGCCUCCCAGAA 10612
1 [ AR RE AR AR AR IR DA RAARE 1 1

10643 CCBUCUCEGAAGAGGAGUCCCUGCCAACAAUGGAGAUGAAGCCCEUGBUCABAGCCEAAAGCECCACUUCECCEABEABUG 10682
| | | I | | |

10683 CAAUCUGUGAGGQFCCASGAGGACUGGGUAAACAAAECCG]UAAGGCCCCCGCAGCCCGGGCCGGGAGGAGGUGAUGCAAA 10772
| e R AR PSARRRORUIARERARASER y \ |

10773 CCCCEGCEAABSACUABABSUUAGABBAGACCCUGCEGAAGAAAUGAGUGGCCCAAGCUCGCCEAABCUBUAABGCBE6U 10852
1 I RCS2 | 1 1 1 |

10853 10830

GGACBGACU?Glﬂcﬂg%ASABBAGACCCCACUCUCAAAAGCAUCAAACAA(IZABCAUAW‘ACAQE?“AA&!G!CUAG. o
I | | | | I

Figure 4. Nucleotide sequence of the 3' untranslated region of MVE RNA. The last few nucleotides of the long open
reading frame are shown as translated sequence. The entire untranslated region is shown except for the putative
3'-terminal secondary structure which has vet to be determined. The first few in-phase termination codons are boxed. a
repeated sequence of 28 nucleotides is indicated by dotted underlining. and sequences conserved between MVE and YF
(and other flaviviruses as well) are shaded (see also Figs 5 and 6).

Firstly, there are two 20-nucleotide sequences
which are highly conserved between MVE and YF.
A similar observation has been reported by Wengler
& Castle (1986) for WN virus compared to YF.
These conserved nucleotide sequences are shown in
Figure 5. It is of considerable interest that the first

of these, which we refer to as CSl, is found
immediately upstream from the 3'-terminal
structure hypothesized to exist in YF RNA.

Secondly, one of these conserved sequences (CS2) is
repeated identically in MVE approximately 75
nucleotides upstream. This conserved sequence is
present and also repeated in the 3’ untranslated
region of WN RNA, but is not repeated in YF
RNA. On the other hand, we have reported
repeated sequences further upstream in the 3’
untranslated region of YF (Rice ef al., 1985) which

= RCS2 el

MVE ——-BGCGAA GGACUAGAGGUUAGAGGAGACCCU

WN SRR Yo7 B I o

DEN2 ___;--~U-BU------- s smisite & hioth sie CUCCCUUACAG

he

MVE GCGGAAGAAA UGAGUGGCCCAAGCUC BCCGAAGCUGUAAGGC
WN “U-“A-~-B--CAC------- CU-@ « lpimies mrwrma e s
DEN 2 AU--C-BC--CAAUG G- -~ -~~~ G BA-AU: e e Bucy

e cse————>
MVE BGG{BGACBGACUAGAGGLIJAGAGGAGACCCCACLE(XZAMAGCA

WN CAAG = wilisowis e siwwiose wpwiomn o wikisce o wiotsce » BUG-CA- - - -CAC
YF RAABACEE »#l)- s rem s musa v e tima 2o UC -AGGG - -C- AAU
DEN 2 CAC::-:Arerc-issisnasosancnnonns c C---A-

L3 cs1 >
MVE UCAAAC AACAGCAUAUUGACACCUGGGAAAAGACUAG...——

WN o7 R TR ORI R Qe wesies s
YF AGUGGG Csws s aae s G A ivein wee 6
DEN2Z  ARiwens S i@ scvied WRABLE

Figure 5. Comparison of conserved and repeated
sequences in the 3’ untranslated region of flavivirus
RN As. Conserved sequences found in DEN 2 RNA,| in
MVE RNA (Fig. 4). in YF RNA (Rice et al.. 1985). and in
WN RNA (Wengler & Castle, 1986) are compared. There
are 2 such conserved nucleotide sequences (('S1 and CS2).
Conserved sequence 2 is repeated in DEN 2. WN and
MVE RNA (RCS2) but not in YF RNA.

are not shared with either MVE or WN RNA, and
there are short repeated sequences found in MVE
and WN that are not found in YF. A schematic
diagram of these conserved and/or repeated
sequences is shown in Figure 6.

(c) The 3’ untranslated region of DEN 2 RNA

The mosquito-borne flaviviruses can be grouped
into three major serological subgroups. The
subgroups differ in their vertebrate host range and
in tissue tropism within the vertebrate host. YF
virus, representing one subgroup. is viscerotropic
and neurotropic and its vertebrate host range is
limited to primates. The MVE/JE/WN subgroup is
also neurotropic, but has a wider vertebrate host
range with birds as a major reservoir in nature. The
four dengue viruses constitute the third subgroup;
these viruses replicate primarily within cells of
lymphoid origin in man. their only natural host. To
compare the features of the 3’ untranslated region
of dengue RNA with those of the RNAs of the two
other subgroups, clones constaining the 3' untrans-
lated sequence of DEN 2 RNA (S1 candidate
vaccine strain derived from the PR159 strain) were
obtained from polyadenylated RNA, using
oligo(dT) to prime first strand synthesis, and
sequenced. The 3'-terminal 79 nucleotides can be
folded into a structure that is very similar to that
postulated for YF RNA (Fig. 2(b)). This structure
has a calculated thermal stability of —38 kcal/mol
(1 kcal = 4-184 kJ) and would be expected to exist
in solution. The fact that all flaviviruses examined
to date, including representatives from three
subgroups, can potentially form a very similar
structure argues that this structure plays a role in
virus replication.

The 3'-terminal dinucleotide in DEN 2 is CU as
has been found in all flaviviruses sequenced to date,
and the 3’ terminus may be hydrogen-bonded into a
secondary structure similar to that postulated for
other flaviviruses (Fig. 2(b)). However, the
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Figure 6. Schematic diagram of the organization of the 3’ untranslated region of flavivirus RNAs. The location of
repeated nucleotide sequences, conserved nucleotide sequences and the 3'-terminal secondary structure are indicated for
YF RNA. MVE RNA. WN RNA and DEN 2 RNA. In addition to CS] (filled boxes) and to CS2 and RCS2 (hatched
boxes) shown in Fig. 5. these include a sequence element repeated 3 times in YF RNA (open boxes) not found in WX or
MVE. and a shorter sequence element (stippled boxes) present as 2 copies in both MV'E and WX but not found in YF or
DEN 2. The first few in-phase stop codons that terminate the long open reading frame are shown as vertical bars. bp.

base-pairs.

sequence ACACA found just upstream from the 3
terminus of YF, WN and JE, and which is present
near the 3’ terminus of the minus strand as well as
of the plus strand. is not found in DEN 2
(Fig. 2(b)). nor in DEN 4 (Zhao ef al., 1986). There
is a related sequence CAACA, but the complement
of this sequence is not found near the 5 end of
DEN 2 RNA (Deubel ef al., 1986).

The sequence elements CS1 and CS2 are also
present in DEN 2 RNA (Figs 5 and 6). As was the
case for MVE. CS2 is present in two copies, with a
single nucleotide substitution in the second copy
(Fig. 5). The conservation of these sequence
elements is striking and suggests that they are
important in replication.

The 3’ untranslated region of DEN 2 is somewhat
shorter than that of other flaviviruses examined to
date. 443 nucleotides. and the cluster of in-phase
termination codons that end the long open reading
frames of YF. MVE and WX are not found in
DEN 2 (Fig. 6).

(d) Possible involvement of conserved sequences
in flavivirus RNA cyclization

Conserved nucleotide sequences located near the
5' end of the flavivirus genome (within the coding
region of the capsid protein) are shown in Figure 7
for six different flaviviruses. This sequence. which
begins at nucleotide 147 of YF, demonstrates a high
degree of conservation. In particular. eight
contiguous nucleotides (indicated by the shaded
overlay) are perfectly conserved among these six
different flaviviruses representing three subgroups.
In the lower panel the conserved sequence within
the 3" untranslated region labeled CS1 in Figures 5
and 6 is shown for five flaviviruses. again
representing three serological subgroups. There are
once again eight contiguous nucleotides (indicated

Conserved sequence in C protein
5 10 20 3

YF  CCCUGGG COUCAAUAUGGUACGACGAGG
MVE  CCCCGGGUCGLCAAUAUBCUAAAACGCGG
WN  AACCGGGCUGUCAAUAUGCUAAAACGCGG
SLE  AACCGGGUUGUCAAUAUGCUAAAACGCGG
DEN 2 AACACGCCUUUCAAUAUGCUGAAACGCGA
DEN 4 ACCAC  CUUUCAAUAUGCUGAAACGCGA

sesrsnas * s »

Conserved sequence in 3° non-coding

5 10 20 3"

YF  ACCAUAUUGACGCCAGGGAA AGAC

MVE  AGCAUAUUGACACCUGGGAAAAGAC

WN AGCAUAUUGACACCUGGGA UAGAC

JE AGCAUAUUGACACCUGGGAAUAGAC

DEN 2 AGCAUAUUGACGC UGGGAA AGAC

* Sessnsann - LA AR LA AR
Figure 7. Conserved nucleotide sequence elements in
flavivirus RNAs. In the top half of the Figure are shown
nucleotide sequences from 6 flaviviruses found in the
coding region for the capsid protein. This sequence begins
at nucleotide 147 of YF RNA (Rice ef al., 1985). at 128 of
MVE RNA (Dalgarno ef al., 1986), at 128 of DEN 4 RNA

(Zhao et al., 1986), at 129 of St Louis encephalitis virus’
(SLE) RNA (Trent e al.,, 1987). at an unknown

nucleotide of WN RNA (since the 5'-terminal sequence of
WN is incomplete) (Castle ef al., 1985), and at 124 of
DEN 2 RNA (Y. 8. Hahn, unpublished results). Asterisks
denote nucleotides that are invariant among the 6
viruses: note that there is also a high degree of similarity
among nucleotides in this region even when they are not
invariant. The lower panel compares CS1 for 5 flavi-
viruses (see also Figs 5 and 6). Note that CSI is
complementary to the nucleotide sequence in the upper
panel beginning with uridine 20. and that the 8
contiguous nucleotides perfectly conserved in the 5
region are complementary to B contiguous nucleotides
perfectly conserved beginning with nucleotide 3 of CSI]
(indicated by the shaded overlays). The JE sequence is
from Takegami ef al. (1986).
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147
CCCUGGGCGUCAAUAUGGU -—q2-
YF TT101 TLIIEITITIT] 10 ekb &6, =-12- Skcal
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10766
129 ue
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GGUCCA C GA O6,=-25" Skeal
10820
ACCGGGCUGUCAAUAUGCU g4
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126 e
CACGCCUUUCAAUAUGCUG
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GGUCGC AGUUAUACGAC
10815

Figure 8. Possible cyclization figures for flavivirus
RN As. The complementary sequences shown in Fig. 7 are
aligned for 4 flaviviruses as circular figures. The
calculated thermal stability of these circles is indicated
(Tinoco et al., 1973). The 8-nucleotide core that is
perfectly conserved is indicated by the shaded overlay.

by the shaded overlay) perfectly conserved among
the five flaviviruses shown and these are
complementary to the eight-nucleotide conserved

domain in the 5 region. Thus. it is possible that

YF ‘
C ’;a A A
A A A
A—U G=—C
Gsklﬁ_g E_Em 14-4kcal
=-9kca = — =-14-4kca
a%m—keal P26 a—p O
Tt R 3
5 G=—C C=-G
A:ACU - GUAAAG — CGUCAAUAUGG
(108)
MVE Uu
A U
G=—C
U—A
U—
U_
U
- A G
6=t A C
65U G—C
1 H—ﬁ E—E NG, =-22-6kcal
=-9-4k - -_— -—22.
DGy cal L4 =t A ca
S vt EZ8 -
S U—a A—U 3
...AIACAG = CCAGGAGG —CGUCAAUAUGC...
(70)

these sequences could be used to cyclize the RNA to
form a panhandle structure. Possible panhandle
structures are shown in Figure 8 for four different
flaviviruses. In .each case there are 11 to 12
contiguous nucleotides that are perfectly base-
paired, and these .include the eight-nucleotide
conserved core (indicated by the overlay). Four to
six additional hydrogen bonds can be formed from
adjacent sequences which could contribute to the
stability of cyclization for all but DEN 2. Two AG
values are shown. AG, is based only upon the 11 to
12 contiguous base-pairs and provides sufficient free
energy (—9 to —11 kcal at 25°C) to cyclize the
RNA. Alphavirus RNAs are known to cyclize
under physiological conditions (Hsu et al., 1973)
and the free energy of cyclization measured
thermodynamically is —13-5 kcal at 25°C (Frey et
al., 1979). The AG, value includes the possible
contribution of the additional four to six base-pairs
upstream, which lead to a much more stable
structure (AG = —20 to —33 kcal), but which are
not present in DEN 2 RNA.

The RNA sequence upstream from the 5
conserved sequence may also form a single or
double hairpin structure as illustrated in Figure 9
for four viruses. The 5" hairpin illustrated cannot be
formed in DEN 2 RNA and is variable in structure
in the other viruses; lack of conservation suggests it
may not play an important role in replication but it
is interesting that it includes the initiating AUG

DEN 2 A

D6,=-11-Bkeal

g
AAUAUGCU...

cCCOOmn0
& o>

>

1 1]
OO o C
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o 0> 0o o
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A6, =-15-4kcal AG,=-19- 4xcal

5° 3’
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[nlnlelelelnl =k

>
@
@
>
@

GUCAAUAUGCU

Figure 9. Possible hairpin structures in the 5" regions of flavivirus RNAs. The AUG codon that initiates the very long
open reading frame is boxed and the core conserved sequence that might be involved in cyclization is shaded. Free

energies were calculated as for Fig. 2.
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and could thus have an influence upon translation.
The 3' hairpin, on the other hand, has a high
calculated  thermal stability (AG=-12 to
—23 kcal), is conserved in all four viruses and is
found immediately upstream from the core
conserved sequence of Figures 7 and 8 (indicated by
the shaded overlay). Thus, it could compete with
the upstream portion of the panhandle structure of
Figure 8 and destabilize cyclization but, as
discussed above, the 11 to 12 contiguous nucleotide
pairs alone could lead to cyclization (AG, of Fig. 8).

4. Discussion

The 3'-terminal sequences or structures on the
end of viral RN As are thought to play an important
role in viral RNA replication. Sequence analysis of
several flavivirus RN As including YF RNA (Rice et
al., 1985). DEN 2 RNA (this paper), WN RNA
(Brinton ef al., 1986; Wengler & Castle, 1986), JE
RNA (Takegami et al., 1986), and DEN 4 RNA
(Zhao ef al.. 1986) have shown that these all can
form a 3'-terminal hairpin, suggesting that this
hairpin is essential for flavivirus replication.
However. to date the only direct evidence for this
structure in solution was obtained by Brinton et al.
(1986) by RNase digestion of WN RNA. The
structure of clone 3-1 from Asibi YF RNA
presented here also provides strong support for the
existence of the 3'-terminal structure in solution.
This YF structure. which involves the 3'-terminal
87 nucleotides, has a calculated thermal stability of
—42 to —46 kcal/mol and was first proposed by
Rice ef al. (1985) on the basis of the sequence data
alone. It is of interest that an alternative structure
for YF RN A was proposed by Grange et al. (1985).
based upon primary sequence data, in which the 3'-
terminal 120 nucleotides were involved; that is, the
predicted structure was one in which the 3'-terminal
U was paired with A-10743 rather than with
A-10776. The Grange et al. (1985) structure has a
greater calculated stability, —52 kcal/mol, and was
identified by computer analysis as being the most
favored structure. However, the data presented
here make it seem more likely that the Rice et al.
(1985) structure is the one that acutally forms in
solution.

We have also identified nucleotide sequence
elements approximately 20 nucleotides in length
present in the 3’ untranslated region that are highly
conserved among flaviviruses, suggesting that these
are also important in RNA replication or packaging
(see also Wengler & Castle. 1986). One of these
conserved sequence elements, found immediately
upstream from the 3'-terminal secondary structure,
could be used to cyclize flavivirus RNA. The
calculated free energy of cvelization is significant,
suggesting that flavivirus RNAs do in fact cyclize.
No other evidence for cyclization of flavivirus
RN As exists, but it should be noted that alphavirus
RN As have long been known to cyclize (Hsu ef al.,
1973) as do the RN As of the Bunyaviruses (Hewlett
et al., 1977). The function of cyclization in virus

replication is unknown, but could be used to help
ensure that virus RNA molecules that are
replicated are full-length RNA, if a viral RNA
replicase were required to bind to both 5 and 3’
regions simultaneously in order to initiate RNA
replication.

It should be noted that the eight-nucleotide core
sequence near the 3’ end of the plus-strand genomic
RNA will also be present near the 3' end of the
minus-strand template (as the complement of the 5’
core sequence) and, conversely, the complementary
sequence will be present near the 5 ends of both
plus and minus-strand RNA. Thus, an alternative
role to cyclization of such self-complementary
sequence elements is to serve as signals in ~
replication, perhaps as replicase recognition sites, in
which case the same signal may be utilized for
transcription of both plus and minus strands.
Electron microscopy or physical studies of the RN A
in solution will be required to establish whether the
RXNA physically cyclizes.
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