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The Flavivirus genus, family Flaviviri-
dae, consists of a group of some 70
closely related human or veterinary
pathogens causing many serious illness-
es, including dengue fever, Japanese en-
cephalitis, St. Louis encephalitis, Mur-
ray Valley encephalitis, tick-borne en-
cephalitis, and yellow fever (/). Most

fever was spread by ship to ports as far
north as Boston and as far east as En-
gland, where mortality rates in an epi-
demic could exceed 20 percent of those
contracting the disease. Walter Reed and
colleagues in pioneering studies in Cuba
in 1900 demonstrated that yellow fever is
transmitted by mosquitoes, and 2 years

Abstract. The sequence of the entire RNA genome of the type flavivirus, yellow
fever virus, has been obtained. Inspection of this sequence reveals a single long open
reading frame of 10,233 nucleotides, which could encode a polypeptide of 3411
amino acids. The structural proteins are found within the amino-terminal 780
residues of this polyprotein; the remainder of the open reading frame consists of
nonstructural viral polypeptides. This genome organization implies that mature viral
proteins are produced by posttranslational cleavage of a polyprotein precursor and
has implications for flavivirus RNA replication and for the evolutionary relation of

this virus family to other RNA viruses.

flaviviruses are transmitted to vertebrate
hosts by blood-sucking arthropods, mos-
quitoes or ticks, although some evidently
lack an arthropod vector (2). Arthropod-
transmitted flaviviruses replicate in the
arthropod host as well as the vertebrate
host. Human flavivirus diseases have
diverse and complex pathologies and dif-
ferent viruses exhibit marked tissue tro-
pisms. Many are neurotropic, causing
encephalitic symptoms; others, such as
the dengue group, replicate preferential-
ly in host macrophages, whereas yellow
fever is usually viscerotropic.

The disease known as yellow fever has
been recognized for several hundred
years (3, 4). Until the early 1900’s recur-
rent epidemics occurred in the Caribbe-
an area which caused great human suf-
fering and had a profound influence on
human activities in the area. From its
focus in the Caribbean, epidemic yellow
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later showed that the disease agent is
filterable (5). With the recognition that
the mosquito Aedes aegypti is the vector
for urban yellow fever, mosquito control
measures rapidly led to the elimination
of urban yellow fever. Subsequently, a
safe and effective attenuated vaccine
strain (17D) was developed by in vitro
passage of the virulent Asibi strain in
chicken embryo tissue (6). However, the
virus persists in a sylvan cycle in the
forests of South America and Africa,
transmitted by numerous mosquito spe-
cies including those of the genus Haema-
gogus in South America and of the genus
Aedes in Africa. The vertebrate hosts in
this cycle appear to be almost exclusive-
ly primates, demonstrating the limited
natural host range of yellow fever. From
the sylvan cycle periodic outbreaks in
neighboring human populations have
arisen on both continents. Furthermore,
since Aedes aegypti is widespread in the
world, a situation exacerbated by relax-
ation of mosquito abatement procedures
in the Caribbean and elsewhere, the po-
tential exists for future epidemics of ur-
ban yellow fever.

Previous studies have shown that fla-
viviruses contain single-stranded infec-
tious RNA (thus defining them as plus-
stranded RNA viruses in which the viri-
on RNA serves as a messenger) encapsi-
dated in a nucleocapsid possessing
icosahedral symmetry and containing a
single species of capsid protein [C, ap-
parent mass of about 14 kilodaltons
(kD)]. This in turn is surrounded by a
lipid bilayer containing an envelope pro-
tein (E; about 50 to 60 kD) that is usually
but not invariably glycosylated (7) and a
second, nonglycosylated protein (M;
about 8 kD) (8, 9). How the envelope is
obtained is unclear, as budding flavivi-
ruses are seldom identified in electron
microscopic studies, although matura-
tion does appear to occur in association
with intracellular membranes (9, 10).
Replication of flaviviruses in tissue cul-
ture is slow, with a long latent period,
and only moderate titers of virus are
produced. Host cell protein and RNA
synthesis are shut off only poorly (verte-
brate cells) or not at all (mosquito cells),
making study of flavivirus replication
and structure somewhat more difficult.
Virus-specific protein synthesis appears
to be associated with the rough endo-
plasmic reticulum, and RNA replication
is localized in the perinuclear region (11).
No subgenomic RNA has been detected
in cells infected with flaviviruses, and it
is believed that the genomic length RNA
which is capped but not polyadenylated
(12, 13) is the only messenger RNA
(mRNA) species (9, 12, 14). This mRNA
is translated into the three structural
proteins and several nonstructural pro-
teins. Translation of the flavivirus
genome in vitro produces polypeptides
related to the structural proteins (15)
which, in the presence of appropriate
membrane fractions, can be processed
efficiently to yield C and E (/6). Peptide
mapping of in vitro translation products
as well as selective incorporation of N-
formylmethionine suggest that initiation
in vitro occurs only with the capsid pro-
tein. Alternatively, studies on the in vivo
translation of flavivirus Kunjin have
been based on the use of pactamycin or
high salt inhibition of translation initia-
tion (I7) or ultraviolet inactivation of
translation (/8) in an attempt to map the
genome order of flavivirus proteins on
the assumption that there is just a single
site for initiation of translation. These
experiments have led Westaway and col-
laborators to suggest that multiple inde-
pendent translation initiation sites are
used within flavivirus RNA, a situation
not typically found with other eukaryotic
mRNA’s (19).

We now present the complete nucleo-
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CAP AGUAAAUCCUGUGUGCUAAUUGAGGUGCAUUGGUCUGCAAAUCGAGUUGCUAGGCAAUAAACACAUUUGBAUUAAUUUUAAUCGUUCGUUGAGCGAUUAGCAGAGAACUGACCAG

MIS 6 R K A @8 G K T-L 6 V N M V R R 6 V R S§ L S N K I K K T K @ I 6 N R P G
AACA?GUCUGGUCGUAAAGCUCAGGGAAAAACCCEGGGCGUCAAUAUGGUACGACGAGGAGUUC?CUCCUUGUCAAACAAAAUAAAACAAAAAA%AAAACAAAUUGGAAACAGACCUGGA

R 6 V. @ 6 F I F F F L F N I L T 6 K K T A H L K R L W K M L 0O P R @ G L A
CCUUEAAGAGGUGUUCAAGGAUUUAUCUUUUUCU!UUUGUUCAACAUUUUGACUGGAAAAAAGAECACAGCCCACCUAAAGAGGUUGUGGAAAAUGCUGGACCCAAGACAAGGCUUGGCU

.

V L R K V K B V V A § L M R 6 L 8§ s R K R § H O V L T Vv @ F L I L 6 M L L M T

GUUCUAAGGAAAGUCAAGAGAGUGGUGGCCAGUU?GAUGAGAGGAUUGUCCUCAAGGAAACGCC?UUCCCAUGAUGUUCUGACUGUGCAAUUCC?AAUUUUGGGAAUGCUGUUGAUGACG
.
»

N R W L L L N V T § E T F 8§ V. 6 T 6 N L E A
GGUGEAGUGACCUUGGUGCGGAAAAACAGAUGGUEGCUCCUAAAUGUGACAUCUGAGGACCUCGEGAAAACAUUCUCUGUGGGCACAGGCAACUGCACAACAAACAUUUUGGAAGCCAAG
.

Y W C P D S M P N L S P R E 0D I D C W C Y 6 V E N V BR V A Y 6 K C
UACUGGUGCCCAGACUCAAUGGAAUACAACUGUCgCAAUCUCAGUCCAAGAGAGGAGCCAGAUG&CAUUGAUUGCUGGUGCUAUGGGGUGGAAA&CGUUAGAGUCGCAUAUGGUAAGUGU
.

0 R 8§ R R S R R r: I DL P T H E NH G L K T BR @ E K W M T G R M 6 E R G L
GACUQAGCAGGCAGGUCUAGGAGGUCAAGAAGGG?CAUUGACUUGCCUACGCAUGAAAACCAUG?UUUGAAGACCCGGCAAGAAAAAUGGAUGAQUGGAAGAAUGGGUGAAAGGCAACUC

{9 )

G K I E R W F V R N P F F A V T A L T A 6 S N M T G R V A L L V L A
CAAAAGAUUGAGAGAUGGUUCGUGAGGAACCCCUYUUUUGCAGUGACGGCUCUGACCAUUGCCUACCUUGUGGGAAGCAACAUGACGCAACGAGUCGUGAUUGCCCUACUGBUCUUGGCU
.

e ——————————.
vV 6 P A Y S|A H C I 6 I T 0 R D F I E 6 V H G G T W S A T L E G O
GUUGGUCCGGCCUACUCAGCUCACUGCAUUGGAAUUACUGACAGGGAUUUCAUUGAGGGGGUGCAUGGAGGAACUUGGGUUUCAGCUACCCUGGAGCAAGACAAGUGUGUCACUGUUAUG
.

AP D K P S L D I s L E T V A I DR P A E V B K V C Y N A V L T H V K I N D K C
GCCCQUGACAAGCCUUCAUUGGACAUCUCACUAGeGACAGUAGCCAUUGAUAGACCUGCUGAGGQGAGGAAAGUGUGUUACAAUGCAGUUCUCAgUCAUGUGAAGAUUAAUGACAAGUGC
P S T 6 E A H L A E E N E 6 D N A C K R T Y S DR 6 W 6 N G C 6 L F 6 K G S I V
CCCAgcACUGGAGAGGCCCACCUAGCUGAAGAGAACGAAGGGGACAAUGCGUGCAAGCGCACUUeUUCUGAUAGAGGCUGGGGCAAUGGCUGUGGCCUAUUUGGGAAAGGGAGCAUUGUG

. .
A C A K F K s M s L F E v D @ T K R A @ L H V 6 A K @G E N W N T
GCAUGCGCCAAAUUCACUUGUGCCAAAUCCAUGAGUUUGUUUGAGGUUGAUCAGACCAAAAUUCAGUAUGUCAUCAGAGCACAAUUGCAUGUAGGGGCCAAGCAGGAAAAUUGGAAUACC
. . . .
0 I K T L K F D A L 8 6 S @ E v E F I 6 Y 6 K A T L E C @ v @ T A VvV D F 6 N S Y
GACAQUAAGACUCUCAAGUUUGAUGCCCUGUCAG?CUCCCAGGAAGUCGAGUUCAUUGGGUAUGGAAAAGCUACACUGGAAUGCCAGGUGCAAACUGCGGUGGACUUUGGUAACAGUUAC
. .
I A E M E T E S W I V D R G W A G D L T L P W @ S 6 S 6 6 V W R E M H H L V E F
AUCGgUGAGAUGGAAACAGAGAGCUGGAUAGUGGfCAGACAGUGGGCCCAGGACUUGACCCUGCCAUGGCAGAGUGGAAGUGGCGGGGUGUGGAGAGAGAUGCAUCAUCUUGUCGAAUUU
. .
E P P H A A T I RV L A L 6 N G E 6 S L K T A L T 6 A M R V T K D T N D N N L Y
GAACCUCCGCAUGCCGCCACUAUCAGAGUACUGGCCCUGGGAAACCAGGAAGGCUCCUUGAAAAEAGCUCUUACUGGCGCAAUGAGGGUUACAAAGGACACAAAUGACAACAACCUUUAC
. . .

K L H 6 6 vV s C R V K L s A L T L K P T D T 6
AAACUACAUGGUGGACAUGUUUCUUGCAGAGUGAeAUUGUCAGCUUUGACACUCAAGGGGACAUQCUACAAAAUAUGCACUGACAAAAUGUUUUUUGUCAAGAACCCAACUGACACUGGC
. .

H 6 T, V M @ V K V S K 6 A P C R I P V I V A O A N P
CAUGGCACUGUUGUG}UGCAGGUGAAAGUGUCAAéAGGAGCCCCCUGCAGGAUUCCAGUGAUAG?AGCUGAUGAUCUUACAGCGGCAAUCAAUAAAGGCAUUUUGGUUACAGUUAACCCC
. .
I A S T N O D E V L I E V NP P F 6 0 s Y I I vV 6 R G D S BR L T Y
AUCGCCUCAACCAAUGAUGAUGAAGUGCUGAUUGAGGUGAACCCACCUUUUGGAGACAGCUACAYUAUCGUUGGGAGAGGAGAUUCACGUCUCACUUACCAGUGGCACAAAGAGGGAAGC

s I 6 K L F T @ T M K 6 V E R L A vV M 6 D T A W D F S S A 6 6 F F T S V 6 K 6 I
UCAAUAGGAAAGUUGUUCACUCAGACCAUGAAAGGCGUGGAACGCCUGGCCGUCAUGGGAGACAECGCCUGGGAUUUCAGCUCCGCUGGAGGGU?CUUCACUUCGGUUGGGAAAGGAAUU
. .

H T vV F 6 §S A F @ 6 L F 6 6 L N W I T K V I M 6 A V L I W V 6 I N T R T M S
CAUACGGUGUUUGGCUCUGCCUUUCAGGGECUAUYUGGCGECUUGAACUGGAUAACAAAGGUCAUCAUGGGGGCGGUACUUAUAUGGGUUGGCAUCAACACAAGAAACAUGACAAUGUCC

M § M I L V 6 VvV I M M F L S L 6 V 6 A|D @ 6 C A I N F 6 K R E L K €C 6 D 6 I F I
AUGAGCAUGAUCUUGGUAGGAGUGAUCAUGAUGUUUUUGUCUCUAGGAGUUGGGGCGGAUCAAGGAUGCGCCAUCAACUUUGGCAAGAGAGAGCQCAAGUGCGGAGAUGGUAUCUUCAUA
. . .

F R D S DO D W L K E D P V K L A S I V K A S F E E 6 K C 6 L N s Vv O
UUUA?AGACUCUGAUGACUGGCUGAACAAGUACU?AUACUAUCCAGAAGAUCCUGUGAAGCUUGgAUCAAUAGUGAAAGCCUCUUUUGAAGAAG?GAAGUGUGGCCUAAAUUCAGUUGAC
S L E H E M W R S R A D E I N A I F E E N E V D I S V V V @ D P K N V Y @ R 6 T
UCCCUUGAGCAUGAGAUGUGGAGAAGCAGGGCAGeUGAGAUCAAUGCCAUUUUUGAGGAAAACG&GGUGGACAUUUCUGUUGUCGUGCAGGAUCEAAAGAAUGUUUACCAGAGAGGAACU

.
H P F 8§ R I R D 6 L G Y 6 W K T W 6 K N L vV F 8 P 6 R K N 6 S8 F I I D 6 K K
CAUCCAUUUUCCAGAAUUCGGGAUGGUCUGCAGUAUGGUUGGAAGACUUGGGGUAAGAACCUUGUGUUCUCCCCAGGGAGGAAGAAUGGAAGCUUCAUCAUAGAUGGAAAGUCCAGGAAA
. . . .
E C P F S N R V W N S F @ I E E F 6 T 6 VvV F T T R V Y M D A V F E Y 0 6
GAAU?CCCGUUUUCAAACCGGGUCUGGAAUUCUU?CCAGAUAGAGGAGUUUGGGACGGGAGUGUUCACCACACGCGUGUACAUGGACGCAGUCUUUGAAUACACCAUAGACUGCGAUGGA
. .
§ I L 6 A A V N G K K S A H 6 S P T F W M G S H E V N 6 T W M I H T L
UCUA?CUUGGGUGCAGCGGUGAACGGAAAAAAGAGUGCCCAUGGCUCUCCAACAUUUUGGAUGGGAAGUCAUGAAGUAAAUGGGACAUGGAUGAUCCACACCUUGGAGGCAUUAGAUUAC
. . .
K E C E Ww P L T H T I 6 T S Vv E E S E M F M P R S I 6 6 P V S S H N H I P 6 Y K
AAGG?GUGUGAGUGGCCACUGACACAUACGAUUGGAACAUCAGUUGAAGAGAGUGAAAUGUUCAUGCCGAGAUCAAUCGGAGGCCCAGUUAGCUCUCACAAUCAUAUCCCUGGAUACAAG
. . .

V @ T N 6 P W M @ V P L E V K R E A C P 6 T S Vv I I D 6 N CD 6 R 6 K S T R S T
GUUCéGACGAACGGACCUUGGAUGCAGGUACCACUAGAAGUGAAGAGAGAAGCUUGCCCAGGGACUAGCGUGAUCAUUGAUGGCAACUGUGAUGGACGGGGAAAAUCAACCAGAUCCACC
. . .

T O S 6 K v I P E W C C R S C T M P P V S F H G § D 6 C W Y P M E I R P R K T H
ACGGAUAGCGGGAAAGUUAUUCCUGAAUGGUGUUGCCGCUCCUGCACAAUGCCGCCUGUGAGCUUCCAUGGUAGUGAUGGGUGUUGGUAUCCCAUGGAAAUUAGGCCAAGGAAAACGCAU
. . . .

E S H L V R S W V T A G E I H A V P F 6 L V S M M I A M V V. L R K BR @ G P K @
GAAAGCCAUCUGGUGCGCUCCUGGGUUACAGCUGGAGAAAUACAUGCUGUCCCUUUUGGUUUGGUGAGCAUGAUGAUAGCAAUGGAAGU%FUCCUAAGGAAAAGACAGGGACCAAAGCAA
G S . ;ns2a ¢
;
M L V 6 6 V V L L 6 A M L V 6 6 V T L L DL L K L T V A}V 6 L H F H E M N N G G
AUGUQGGUUGGAGGAGUAGUGCUCUUGGGAGCAAHGCUGGUCGGGCAAGUAACUCUCCUUGAUUUGCUGAAACUCACAGUGGCUGUGGGAUUGCAUUUCCAUGAGAUGAACAAUGGAGGA
v 4

0O A M Y M A L I A A F S I R P 6 L L I 6 F 6 L R T L W S P R ER L V L T L 6 A A
GACG?CAUGUAUAUGGCGUUGAUUGCUGCCUUUUCAAUCAGACCAGGGCUGCUCAUCGGCUUUGGGCUCAGGACCCUAUGGAGCCCUCGGGAAC?CCUUGUGCUGACCCUAGGAGCAGCC
. .

M V E I A L 6 6 V M 6 6 L W K Y L N A VvV s L €C I L T I N A V A S AR K A S
AUGGUGGAGAUUGCCUUGGGUGGCGUGAUGGGCGGCCUGUGGAAGUAUCUAAAUGCAGUUUCUCUCUGCAUCCUGACAAUAAAUGCUGUUGCUUCUAGGAAAGCAUCAAAUACCAUCUUG
P L M A L L T P V T M A E V R L F F C A Vv vV I I 6 V L H @ N F 0D T S M Q@
CCCCgCAUGGCUCUGUUGACACCUGUCACUAUGGQUGAGGUGAGACUUGCCGCAAUGUUCUUUU?UGCCGUGGUUAUCAUAGGGGUCCUUCACCfGAAUUUCAAGGACACCUCCAUGCAG

>ns

K T 1 P L V A L T L T s Y L 6 L T @ P F L 6 L C A F L A T R I F 6 R R}S N
AAGA?UAUACCUCUGGUGGCCCUCACACUCACAUEUUACCUGGGCUUGACACAACCUUUUUUGG?CCUGUGUGCAUUUCUGGCAACCCGCAUAUUUGGGCGAAGGAGUAUCCCAGUGAAU
.

E A L A A A 6 L V 6 V L A 6 L A F G E M E N F L 6 P I A V 6 6 L L M M L V S V A
GAGGQACUCGCAGCAGCUGGUCUAGUGGGAGUGC?GGCAGGACUGGCUUUUCAGGAGAUGGAGAéCUUCCUUGGUCCGAUUGCAGUUGGAGGACECCUGAUGAUGCUGGUUAGCGUGGCU
6 R V D 6 L E L K K L 6 E V s W E E E A E I S 6 S S A R Y D V A L S E G 6 E F K
GGGAGGGUGGAUGGGCUAGAGCUCAAGAAGCUUG?UGAAGUUUCAUGGGAAGAGGAGGCGGAGAUCAGCGGGAGUUCCGCCCGCUAUGAUGUGGCACUCAGUGAACAAGGGGAGUUCAAG

. . .

L L $ E E K V P W D @ V V M T S L A L V 6 A A L H P F A L L L V L A G W L F H V
CUGCUUUCUGAAGAGAAAGUGCCAUGGGACCAGG?UGUGAUGACCUCGCUGGCCUUGGUUGGGGCUGCCCUCCAUCCAUUUGCUCUUCUGCUGGUCCUUGCUGGGUGGCUGUUUCAUGUC
. . .
R G w 0D I P T P K I I E E C E H L E D 6 I ¥ 6 I F @ S T F L G A
AGGGGAGCUAGGAGAAGUGGGGAUGUCUUGUGGGAUAUUCCCACUCCUAAGAUCAUCGAGGAAUGUGAACAUCUGGAGGAUGGGAUUUAUGGCAUAUUCCAGUCAACCUUCUUGGGGGCC
. . . .
§$ @ R 6 V 6 vV A 8 6 6 vV F H T M W H V T BR 6 A F L V R N G K K L I P S W A S V K
UCCCAGCGAGGAGUGGGAGUGGCACAGGGAGGGG?GUUCCACACAAUGUGGCAUGUCACAAGAGGAGCUUUCCUUGUCAGGAAUGGCAAGAAGU?GAUUCCAUCUUGGGCUUCAGUAAAG
. .

E D L V A Y G 6 S W K L E 6 R W D 6 E E E vV @ L I A A V P 6 K N V V N V @ T K P
GAAG&CCUUGUCGCCUAUGGUGGCUCAUGGAAGUQGGAAGGCAGAUGGGAUGGAGAGGAAGAGGQCCAGUUGAUCGCGGCUGUUCCAGGAAAGAeCGUGGUCAACGUCCAGACAAAACCG

S L F K V R N 6 6 E I 6 A V A L O Y P S 6 T s 6 S P I V N R N 6 E V I 6 L Y 6 N
AGCUgGUUCAAAGUGAGGAAUGGGGGAGAAAUCG?GGCUGUCGCUCUUGACUAUCCGAGUGGCAQUUCAGGAUCUCCUAUUGUUAACAGGAACGEAGAGGUGAUUGGGCUGUACGGCAAU

6 I L vV 6 b N S F V s A I s @ T E V K E E 6 K E E L @ E I P T M L K K 6 M T T Vv
GGCAUCCUUGUCGGUGACAACUCCUUCGUGUCCGCCAUAUCCCAGACUGAGGUGAAGGAAGAAGGAAAGGAGGAGCUCCAAGAGAUCCCGACAAUGCUAAAGAAAGGAAUGACAACUGUC
. . . .

L D F H P G A G K TR R F L P @ I L A E C A R RBRR L AR T L VL A P T B V V L S E
CUUGAUUUUCAUCCUGGAGCUGGGAAGACAAGACGUUUCCUCCCACAGAUCUUGGCCGAGUGCGQACGGAGACGCUUGCGCACUCUUGUGUUGGCCCCCACCAGGGUUGUUCUUUCUGAA
. . .

M K E A F H 6 L D V K F H T G A F S A H 6 S 6 R E V I D A M C H A T L T Y R M L
AUGAfGGAGGCUUUUCACGGCCUGGACGUGAAAU?CCACACACAGGCUUUUUCCGCUCACGGCAQCGGGAGAGAAGUCAUUGAUGCCAUGUGCCéUGCCACCCUAACUUACAGGAUGUUG

€E P TR V V N W E V I I M D E A H F L D P A S I A A R G W A A H B A R A N E S A
GAAC?AACUAGGGUUGUUAACUGGGAAGUGAUCAQUAUGGAUGAAGCCCAUUUUUUGGAUCCAGQUAGCAUAGCCGCUAGAGGUUGGGCAGCGCACAGAGCUAGGGCAAAUGAAAGUGCA
.
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1800 T I L M T A T P P 6 T S D E F P H I E b v @ 1T D I P S P W N T G H D W 1839
5516 ACAAUCUUGAUGACAGCCACACCGCCUGGGACUAGUGAUGAAUUUCCACAUUCAAAUGGUGAAAUAGAAGAUGUUCAAACGGACAUACCCAGUGAGCCCUGGAACACAGGGCAUGACUGG 5635
. . . .

1840 1 L A D K R P T A W F L P S I R A A N V M A A S L R K A 6 K S V V V L N R K T F 1879
5636 AUCCUAGCUGACAAAAGGCCCACGGCAUGGUUCCUUCCAUCCAUCAGAGCUGCAAAUGUCAUGGCUGCCUCUUUGCGUAAGGCUGGAAAGAGUGUGGUGGUCCUGAACAGGAAAACCUUY 5755
. . . .

1880  E Yy P T I K @ K K P D F I L A T D I A E M G A N L C Vv E R V L D C R T A F K 1919
5756 GAGAGAGAAUACCCCACGAUAAAGCAGAAGAAACl.:UGACUUUAUAUUGGCCACUGACAUAGCUGeAAUGGGAGCCAACCUUUGCGUGGAGCGAGUGCUGGAUUGCAGGACGGCUUUUAAG 5875
. .

1920 P V L V D E 6 K v A I kK 6 P L R I S A S S A A @ R R 6 R I 6 R N P N R D G D S 1959
5876 CCUGUGCUUGUGGAUGAAGGGAGGAAGGUGGCAAl;IAAAAGGGCCACUUCGUAUCUCCGCAUCCU‘;UGCUGCUCAAAGGAGGGGGCGCAUUGGGM'SAAAUCCCAACAGAGAUGGAGACUCA 5995
.

1960 Yy Y Y S E P T S E N N A H H V C W L E A S M L L DN M E V R 6 6 M VvV A P L Y 6 VvV 1898
5896 UACUQCUAUUCUGAGCCUACAAGUGAAAAUAAUG(.ZCCACCACGUCUGCUGGUUGGAGGCCUCAAUGCUCUUGGACAACAUGGAGGUGAGGGGUGGAAUGGUCGCCCCACUC'UAUGGCGUU 6115
. .

2000 E K T P V S P 6 E M R L R D D @ R K V F R E L V R N C D L P V W a v A 2038
6116 GAAGGAACUAAAACACCAGUUUCCCCUGGUGAAAUGAGACUGAGGGAUGACCAGAGGAAAGUCUUCAGAGAACUAGUGAGGAAUUGUGACCUGCCCGUUUGGCUUUCGUGGCAAGUGGCC 6235
. . . .

2040 K A 6 L K T N D R K W C F E 6 P E E H E I L N D S 6 E T K C R A P G G A K K P 2079
6236 AAGGCUGGUUUGAAGACGAAUGAUCGUAAGUGGU(.-:.UUUUGAAGGCCCUGAGGAACAUGAGAUCUUGAAUGACAGCGGUGAAACAGUGAAGUGCAQGGCUCCUGGAGGAGCAAAGAAGCCU 6355
. .

~>nsda
2060 L R P R W C D E R V S S D @ S A L 8 E F I K F A E 6 R RIG A E V L VvV V L S E L 2119
6356 CUGCGCCCAAGGUGGUGUGAUGAAAGGGUGUCAUCUGACCAGAGUGCGCUGUCUGAAUUUAUUAAGUUUGCUGAAGGUAGGAGGGGAGCUGCUG&AGUGCUAGUUGUGCUGAGUGAACUC 6475

2120 P D F L A K K 6 6 E A M D T I § V F L H S E E 6 S R A Y R N A L M M P E A M T 2158
6476 CCUGAUUUCCUGGCUAAAAAAGGUGGAGAGGCAAUGGAUACCAUCAGUGUGUUCCUCCACUCUGAGGAAGGCUCUAGGGCUUACCGCAAUGCACYAUCAAUGAUGCCUGAGGCAAUGACA 6595
. . .

2160 I v M L F I L A 6 L L T S8 6 M V F F M S P K 6 I S M S M A M T M A G C G Y 2198
65396 AUAGUCAUGCUGUUUAUACUGGCUGGACUACUGA(;AUCGGGAAUGGUCAUCUUUUUCAUGUCUCCCAAAGGCAUCAGUAGAAUGUCUAUGGCGAUGGGCACAAUGGCCGGCUGUGGAUAU 6715
. . .

2200 L M F L 6 6 V K P T H I S Y V M L F F L M V VvV v I P E P 6 @ @ R S I @ D N Q 2238

6716 CUCAUGUUCCUUGGAGGCGUCAAACCCACUCACAUCUCCUAUGUCAUGCUCAUAUUCUUUGUCCUGAUGBUGGUUGUGAUCCCCGAGCCAGGGCAACAAAGGUCCAUCCAAGACAACCAA 6835
. . .

2240 vV A Y L I I 66 I L T L V S A V A A N E L G M- L>E K T K E D L F 6 K K N L I 2279

6836 GUGGCAUACCUCAUUAUUGGCAUCCUGACGCUGGL.JUUCAGCGGUGGCAGCCAACGAGCUAGGCAUGCUGGAGAAAACCAAAGAGGACCUCUUUGlEGAAGAAGAACUUAAUUCCAUCUAGU 6955
. .

2280 A S P W S W P D L D L K P G A A W T Vv Y Vv 6 I vV T M L S P M L H H W I K V E Y G 2318
6956 GCUUCACCCUGGAGUUGGCCGGAUCUUGACCUGAAGCCAGGAGCUGCCUGGACAGUGUACGUUGGCAUUGUUACAAUGCUCUCUCCAAUGUUGCACCACUGGAUCAAAGUCGAAUAUGGE 7075
. . .

2320 N L S L 8 6 I A G S A S V L S8 F M D K 6 I P F M M N I § V I M L L V W N S 2359

7076 AACCUGUCUCUGUCUGGAAUAGCCCAGUCAGCCUCAGUCCUUUCUUUCAUGGACAAGGGGAUACCAUUCAUGAAGAUGAAUAUCUCGGUCAUAALJGCUGCUGGUCAGUGZCDUGGAAUUCA 7185
. . . ~>ns

2360 I T v M P L L C 6 I 6 C A M L H W S L I L P 6 I K A @ @ S K L A R A F H G V 2398

7196 AUAACAGUGAUGCCUCUGCUCUGUGGCAUAGGGU(ECGCCAUGCUCCACUGGUCUCUCAUUUUACCUGGAAUCAAAGCGCAGCAGUCAAAGCUUGCACAGAGAAGGGUGUUCCAUGGCGUU 7315
. . .

2400 A E N P V V D 6 N P T VvV D I E E A P E M P A L Y E L A S 2438
7316 GCCGAGAACCCUGUGGUUGAUGGGAAUCCAACAGUUGACAUUGAGGAAGCUCCUGAAAUGCCUGCCCUUUAUGAGAAGAAACUGGCUCUAUAUCUCCUUCUUGCUCUCAGCCUAGCUUCY 7435
. . .

2440 vV A M C R T F s L A E I G P L I E 6 N T S L L W N G P M A V s 2478
7436 GUUGCCAUGUGCAGAACGCCCUUUUCAUUGGCUGAAGGCAUUGUCCUAGCAUCAGCUGCCUUAGGGCCGCUCAUAGAGGGAAACACCAGCCUUCYUUGGAAUGGACCCAUGGCUGUCUCE 7555
. .

2480 MOT AFVGVMYNLHKMKTGRR[_G)SANGKTLGEVNK 2518
7556 AUGACAGGAGUCAUGAGGGGGAAUCACUAUGCUUUUGUGGGAGUCAUGUACAAUCUAUGGAAGAUGAAAACUGGACGCCGGGGGAGCGCGAAUGGAAAAACUUUGGGUGAAGUCUGGAAG 7675
. . . .

2520 R E L N L L D K R Q@ F E L Y K AR T D I vV E V D R D T A R R H L A E 6 K V D T 6 V 2559
7676 AGGGAACUGAAUCUGUUGGACAAGCGACAGUUUGi.AGUUGUAUAAAAGGACCGACAUUGUGGAGGUGGAUCGUGAUACGGCACGCAGGCAUUUGGCCGAAGGGAAGGUGGACACCGGGGUG 7795
. . .

2560 AV S R 6 T A K L R W F H E R 6 Y V K L E 6 R V I DL 6 C 6 R 6 6 W C Y Y A A A 2598
7796 GCGGUCUCCAGGGGGACCGCAAAGUUAAGGUGGUUCCAUGAGCGUGGCUAUGUCAAGCUGGAAGGUAGGGUGAUUGACCUGGGGUGUGGCCGCGGAGGCUGGUGUUACUACGCUGCUGCG 7915
. . . .

2600 e K E Vv S 6 vV K 6 F T L 6 BR D 6 H E K P M N V @ S L 6 W N I I T F K D K T D I H 2638
7916 CAAA{AGGAAGUGAGUGGGGUCAAAGGAUUUACUCL.JUGGAAGAGACGGCCAUGAGAAACCCAUGAAUGUGCAAAGUCUGGGAUGGAACAUCAUCACCUUCAAGGACAAAACUGAUAUCCAC 8035

2640 R L E P V K C D T L L C D I 6 E S S s s s Vv T E 6 E R T V AR V L D T V E K W L A 2679
8036 CGCCUAGAACCAGUGAAAUGUGACACCCUUUUGUGUGACAUUGGAGAGUCAUCAUCGUCAUCGGUCACAGAGGGGGAAAGGACCGUGAGAGUUCUUGAUACUGUAGAAAAAUGGCUGGCU 8155
. . . .

2680 cC vV K Vv L A P Y M P D V L L E L L @ R R F 6 6 T vV I R N P R 2719
8156 UGUGGGGUUGACAACUUCUGUGUGAAGGUGUUAGCUCCAUACAUGCCAGAUGUUCUCGAGAAACUGGAAUUGCUCCAAAGGAGGUUUGGCGGAAC:AGUGAUCAGGAACCCUCUCUCCAGG 8275

2720 N S H E M Y Y V S G A R S N T F T V N Q@ T S R L L M R G K VvV T L 2758
8278 AAUUCCACUCAUGAAAUGUACUACGUGUCUGGAGCCCGCAGCAAUGUCACAUUUACUGUGAACCA:«AACAUCCCGCCUCCUGAUGAGGAGAAUGAQGCGUCCAACUGGAAAAGUGACCCUG 8385
. 3

2760 € T I vV E R I K S E Y M T S W 2798
8396 GAGGCUGACGUCAUCCUCCCAAUUGGGACACGCA(EUGUUGAGACAGACAAGGGACCCCUGGACAAAGAGGCCAUAGAAGAAAGGGUUGAGAGGAUAAAAUCUGAGUACAUGACCUCUUGG 8515

2800 F Y DN DN P Y R T W H Y CG6 S Y V T K T S 6 S A A S M V N 6 VvV I K I L T Y P W 2833
8516 UUUU/}UGACAAUGACAACCCCUACAGGACCUGGCACUACUGUGGCUCCUAUGUCACAAAAACCUCAGGAAGUGCGGCGAGCAUGGUAAAUGGUGL;!UAUUAAAAUUCUGACAUAUCCAUGG 8635
. .

2840 bR I E E V T R M A M T O T T P F 6 0 @ RV F K E K V D T R A K D P P A 6 T R K 2879
8636 GACAGGAUAGAGGAGGUCACAAGAAUGGCAAUGACUGACACAACCCCUUUUGGACAGCAAAGAGUGUUUAAAGAAAAAGUUGACACCAGAGCAAeGGAUCCACCAGCGGGAACUAGGAAG 8755
. . .

2880 I M K V V N R W L F R H L AR E K N P R L C T K A K V R S H A A I G A Y 2918

8756 AUCAUGAAAGUUGUCAACAGGUGGCUGUUCCGCCACCUGGCCAGAGAAAAGAACCCCAGACUGUGCACAAAGGAAGAAUUUAUUGCAAAAGUCCGAAGUCAUGCAGCCAUUGGAGCUUAC 8875
. . . .

2920 L E E @ E @ W K T A N E A V @ D P K F W E L vV D E E R K L H @ @ 6 R Y 2858

8876 CUGGAAGAACAAGAACAGUGGAAGACUGCCAAUGAGGCUGUCCAAGACCCAAAGUUCUGGGAACUGGUGGAUGAAGAAAGGAAGCUGCACCAACAAGGCAGGUGUCGGACUUGUGUGUAC 8995
. . . .

2960 N M M 6 K R E K K L S E F 6 K A K 6 S R A I W Y M W L 6 A R Y L E F E A L 6 F L 2998
8996 AACAUGAUGGGGAAAAGAGAGAAGAAGCUGUCAGAGUUUGGGAAAGCAAAGGGAAGCCGUGCCAUAUGGUAUAUGUGGCUGGGAGCGCGGUAUCUUGAGUUUGAGGLCCCUGGGAUUCCUG 8115
. . . .

3000 NEDHNASHENSGGGVEGIGLDYLGYVIRDLAAMDGGGJFYA 3038
9116 AAUGAGGACCAUUGGGCUUCCAGGGAAAACUCAGGAGGAGGAGUGGAAGGCAUUGGCUUACAAUACCUAGGAUAUGUGAUCAGAGACCUGGCUGCAAUGGAUGGUGGUGGAUUCUACGCG 8235
. . .

3040 O DT A G W D TR I T E A D L DD E @ E I L N Y M S P H H K K L A @ A V M E M T 3078
9236 GAUG?CACCGCUGGAUGGGACACGCGCAUCACAGeGGCAGACCUUGAUGAUGAACAGGAGAUCUUGAACUACAUGAGCCCACAUCACAAAAAACUGGCACAAGCAGUGAUGGAAAUGACA 8355
. .

3080 Y K N K K v L R P A P 6 6 K A Y M D V I §$ R R D @ R 6 S 6 0 VvV V T Y A L N T 3119
9356 UACAAGAACAAAGUGGUGAAAGUGUUGAGACCAGCCCCAGGAGGGAAAGCCUACAUGGAUGUCAI;JAAGUCGACGAGACCAGAGAGGAUCCGGGCAGGUAGUGACUUAUGCUCUGAACACC 9475
. . .

3120 I T N K v @ L I R M A E A E M V I H H @ H VvV @ D C D s v L T R E 3159
9476 AUCA?CAACUUGAAAGUCCAAUUGAUCAGAAUGGCAGAAGCAGAGAUGGUGAUACAUCACCAACeUGUUCAAGAUUGUGAUGAAUCAGUUCUGACCAGGCUGGAGGCAUGGCUCACUGAG 9595
. .

3160 HGCDFILKRMAVSGDDCVVRPID]DRFGLALSHLNAMSKVRK 3198
8596 CACGGAUGUGACAGACUGAAGAGGAUGGCGGUGAGUGGAGACGACUGUGUGGUCCGGCCCAUCGAUGACAGGUUCGGCCUGGCCCUGUCCCAUCUCAACGCCAUGUCCAAGGUUAGAAAG 8715
. . . .

3200 DI S E W @ P S K G W N D W E N V P F C.S HH F H E L QG L K D GG R R I VvV V P C R 3238
9716 GACAUAUCUGAAUGGCAGCCAUCAAAAGGGUGGAAUGAUUGGGAGAAUGUGCCCUUCUGUUCCCACCACUUCCAUGAACUACAGCUGAAGGAUGGCAGGAGGAUUGUGGUGCCUUGCCGA 9835
. . . .

3240 E @ ODE L I 6 R 6 R V S P 6 N G W M I K E T A C L S K A Y A N M W S L M Y F H K 3279
9836 GAACAGGACGAGCUCAUUGGGAGAGGAAGGGUGUCUCCAGGAAACGGCUGGAUGAUCAAGGAAACAGCUUGCCUCAGCAAAGCCUAUGCCAACAUGUGGUCACUGAUGUAUUUUCACAAA 9955

3280 R D M R L L S L A VvV S 8§ A VvV P T S W V P @ 6 R T T W S I H G K 6 E W M T T E D M 3318
9856 AGGGA‘:CAUGAGGCUACUGUCAUUGGCUGUUUCCU(;AGCUGUUCCCACCUCAUGGGUUCCACAAGGACGCACAACAUGGUCGAUUCAUGGGAAAGGGGAGUGGAUGACCACGGAAGACAUG 10075
. .

3320 L E V W N R V W I N P M G D K T M V K K W R D V P Y L T K R G D K L C 6 S 3358
10076 CUUGQGGUGUGGAACAGAGUAUGGAUAACCAACAeCCCACACALIGCAGGACAAGACAAUGGUGAQAAAAUGGAGAGAUGUCCCUUAUCUAACCA:&GAGACAAGACAAGCUGUGCGGAUCA 10185

3360 L I 6 M T N R A T W A S H I H L V H E K Y T D Y L T vV M D R Y 3388
10196 CUGAUUGGAAUGACCAAUAGGGCCACCUGGGCCUCCCACAUCCAUUUAGUCAUCCAUCGUAUCCGAACGCUGAUUGGACAGGAGAAAUACACUGACUACCUAACAGUCAUGGACAGGUAU 10315
. . . .

3400 S v D A D L @ L 6 E L I N 3411
10316 UCUGI:IGGAUGCUGACCUGCAACUGGGUGAGCUUAUC@AACACCAU AGGAAIUAAICCGGGAUACAAACCACGGGUGGAGAACCGGACUCCCCACAACCUGAAACCGEGAUAUAAA 10435

10436 CCACGGCUGGAGAACCGGGCUCCGCACUUAAAAUGAAACAGAAACCGGGAUAAAAACUACGGAUGGAGAACCGGACUCCACACAUUGAGACAGAAGAAGUUGUCAGCCCAGAACCCCACA 10555

10556 CGAGUUUUGCCACUGCUAAGCUGUGAGGCAGUGCAGGCUGGGACAGCCGACCUCCAGGUUGCGAAAAACCUGGUUUCUGGGACCUCCCACCCCAGAGUAAAAAGAACGGAGCCUCCGCUA 10875
10676 CCACCCUCCCACGUGGUGGUAGAAAGACGGGGUCUAGAGGUUAGAGGAGACCCUCCAGGGAACAAAUAGUGGGACCAUAUUGACGCCAGGGAAAGACCGGAGUEGUUCUCUGCUUUUCCY 10795
10796 CCAGAGGUCUGUGAGCACAGUUUGCUCAAGAAUAAGCAGACCUUUGGAUGACAAACACAAAACCACU 10862
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sequences of the encoded proteins have
been deduced and a preliminary picture ‘
of flavivirus gene organization and
expression has begun to emerge.
Sequence of yellow fever RNA. The
complete sequence of yellow fever RNA
is shown in Fig. 1. The 5’- and 3'-
terminal sequences presented were de-
rived from several independent clones,
are homologous to the 5’ and 3’ termini
of West Nile flavivirus genomic RNA
I) (see below), and thus probably re-
flect the extreme ends of the yellow

(Golgi protease?)
R

N
~>No
zm”

Fig. 2. Organization and processing of proteins encoded by the yellow fever genome.
Untranslated regions are shown as single lines and the translated region as an open box. The
open triangle is the initiation codon (AUG); the solid diamond the termination codon (UGA).
The protein nomenclature is described in Table 1 and (35). The single letter amino acid code is
used for sequences flanking assigned cleavage sites (solid lines). Two other potential cleavage
sites are shown as dotted lines. Structural proteins, identified nonstructural proteins, and
hypothesized nonstructural proteins (see text) are indicated by solid, open, and hatched boxes,
respectively. Other potential cleavage sites have been found and are described in Table 1,
footnote asterisk.

fever genome. Given these assumptions,
the RNA genome is 10,862 nucleotides in
length and has a mass of 3.75 X 10°
daltons (expressed as the sodium form).
Previous reports have shown that flavi-
virus genomic RNA contains a type 1
cap at the 5’ terminus but lacks a polya-
denylate tract at the 3’ terminus (12, 13).
The base composition of the RNA is 27.3
percent A, 23.0 percent U, 28.4 percent
G, and 21.3 percent C.

It is striking that the RNA contains an
extremely long open reading frame,
which spans virtually the entire length of
the genome. This open reading frame,
beginning from the first AUG triplet, is
10,233 nucleotides in length, terminating
with a single opal codon (UGA), and
could encode a polypeptide of 380,763
daltons, leaving 5'- and 3'-noncoding re-
gions of 118 and 511 nucleotides, respec-
tively. Examination of the remaining five

possible reading frames (two in the viri-
on RNA and three in the complementary
RNA) reveals multiple stop codons in
every case, with the longest possible
other open reading frame being 804 nu-
cleotides (in the complementary strand).
Thus there is no reason to expect that
any protein is translated from yellow
fever RNA other than the polyprotein
encoded by the long open reading frame
shown in Fig. 1.

The structural proteins of yellow fever
virus. The start points of the three yel-
low fever virus structural proteins (C, M,
and E) have been positioned within the
translated RNA sequence from NH,-ter-
minal amino acid sequences obtained for
the structural proteins isolated from yel-
low fever virions (20) (Fig. 1). The capsid
protein is the first protein found in the
long open reading frame and begins one
residue past the first methionine. Thus,

in agreement with in vitro translation
data from the flavivirus genomic RNA’s
of tick-borne encephalitis virus, West
Nile virus, and Kunjin virus (15, 16), the
translation of the yellow fever genome
initiates with the capsid protein, and the
NH,-terminal methionine is removed
during maturation of the protein (20).
The capsid protein may be released from
the precursor polyprotein by cleavage at
or just past a series of basic amino acids
(Figs. 1 and 2). From this deduced amino
acid sequence, the capsid protein is quite
basic containing about 25 percent lysine
and arginine distributed throughout the
protein. The capsid protein of tick-borne
encephalitis virus contains a similar pro-
portion of basic amino acids (22). Since
the capsid protein forms complexes with
the RNA, its highly basic character prob-
ably acts to neutralize some of the RNA
charges in such a compact structure.

Fig. 1 (preceding page and opposite page). Entire sequence of the -genome of yellow fever virus. Yellow fever virus, 17D vaccine strain, was
obtained from the American Type Culture Collection. This sample represents in vitro passage 234 of the line originated by Theiler and colleagues
who started with the virulent Asibi strain (6). After plaque purification in Vero cells and amplification in BHK cells, the virus was grown in SW13
monolayers (50) and purified by polyethylene glycol precipitation, in glycerol-tartrate gradients. The purified virus was diluted with aqueous
buffer and sedimented in the ultracentrifuge; the RNA was isolated by phenol extraction (57). Briefly, single-stranded cDNA was synthesized
with avian myeloblastosis virus reverse transcriptase using degraded calf thymus DNA for priming (47). Second strand synthesis was carried out
essentially as previously described (52). After methylation of the Eco Rl sites with Eco RI methylase, phosphorylated Eco RI linkers were added
with T4 DNA ligase. Following complete digestion with Eco RI, the double-stranded cDNA was sized on an agarose gel and selected size
fractions were inserted into the Eco RI site of a plasmid vector derived from pBR322. Colonies containing yellow fever-specific inserts were
selected by colony hybridization and were characterized by restriction mapping to obtain clones which represented most of the yellow fever
genome. Clones containing the 3’ end of the genome were constructed by poly(A)-tailing (polyadenylation) the genomic RNA with Escherichia
coli poly(A) polymerase followed by synthesis of double-stranded cDNA with an oligo(dT) primer. Addition of the poly(A) tract was relatively
inefficient but after digestion of the double-stranded cDNA with Bgl I, 3’-terminal Bgl I fragments were selectively cloned with a plasmid vector
derived from cloned yellow fever DNA (57). Clones containing the 5’ end of the genome were constructed by primer extension followed by
oligo(dC) tailing with terminal deoxynucleotidy! transferase and oligo(dG) primed second strand synthesis. The entire sequence was obtained by
chemical sequencing of both strands of the DNA (53). In addition, sequence was obtained throughout from at least two clones. Wherever the
sequence differed between two clones (due presumably to heterogeneity in the RNA population or errors introduced during cloning), a third and
occasionally a fourth clone was sequenced in this area, and the preferred nucleotide is reported here. Nucleotides are numbered from the 5’
terminus. Amino acids are numbered from the first methionine in the polyprotein sequence. The beginning of each protein is labeled (see Table 1
and text for nomenclature); tentative assignments are indicated by dashed arrows. Putative hydrophobic membrane-associated segments in the
structural region are overlined. Potential N-linked glycosylation sites are denoted by an asterisk. The region of NS5 homologous to other RNA
viruses (see text) is enclosed by brackets and the conserved Gly-Asp-Asp sequence is boxed. Repeated nucleotide sequences are underlined.
Closely spaced in phase stop codons that terminate the long open reading frame are boxed. The single letter abbreviations for the amino acid
residues are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leu-
cine; M, methionine; N, asparagine, P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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Hydrophobicity index

-4

2600 2800

Fig. 3. Hydrophobicity plot of the yellow fever polyprotein sequence. The program of Kyte and
Doolittle (54) with a search length of seven amino acids was used. Cleavage sites localized by
NH,-terminal protein sequence are indicated by solid vertical lines; putative cleavage sites are
indicated by dotted vertical lines. The protein nomenclature is described in Table 1 and (35).
The degree of hydrophobicity increases with distance above the horizontal line; hydrophilicity
increases with distance below the horizontal line. Potential N-linked glycosylation sites are
denoted by asterisks and putative membrane-associated anchors are indicated by solid bars.

There is also a hydrophobic stretch of 16
uncharged amino acids beginning with
residue 42 from the NH, terminus (see
Fig. 3), which is conserved among flavi-
viruses (23) and may be involved in
protein-protein or specific protein-RNA
interactions (or both) which assemble
the nucleocapsid and lead to acquisition
of the lipoprotein envelope by the cap-
sid.

The start point of the virion M protein
is also shown in Fig. 1. This protein
contains a charged NH,-terminal domain
and two long uncharged stretches at its
COOH terminus; these two stretches are
separated by a single basic residue (Figs.
1 and 3) and could act as membrane
spanning anchors similar to those ob-
served in many virus envelope proteins.
Protein M has not been identified in
infected cells and is postulated to be
derived from a precursor glycoprotein
which we call prM (Table 1), which is
also called by others GP23, GP19, or
NV2 (8, 24). The sequence data support
this hypothesis. A possible start point of
prM, as deduced by limited homology
with the NH,-terminal sequence of the
flavivirus St. Louis encephalitis NV2
(20) and homology in this region with
Murray Valley encephalitis virus (23),
follows the capsid protein; prM may
begin with an uncharged stretch of amino
acids which could function as an NH,-
terminal signal sequence for its cotrans-
lational insertion into the endoplasmic
reticulum (Fig. 3). After this hydropho-
bic domain, which may or may not be
removed by signalase, the prM sequence
contains three possible glycosylation
sites of the type Asn-X-Ser/Thr. The

730

NH, terminus of M (20) follows the
sequence Arg-Ser-Arg-Arg in prM, indi-
cating that the cleavage to produce M
may be effected by the same enzyme that
cleaves a number of viral envelope pre-
cursors at the sequence Arg-X-Arg/Lys-
Arg and that has been postulated to be a
host protease localized in the Golgi appa-
ratus or Golgi-derived vesicles (25), per-
haps similar to the cathepsins (26). As a
result of this cleavage, which apparently
occurs late during virus maturation and
release, an 11.4-kD (not including carbo-
hydrate) glycopeptide would be removed
leaving the nonglycosylated M protein
embedded in the virion membrane.
Trace quantities of small virus-specific
glycoproteins have been detected in cy-
toplasmic extracts (27, 28, 29), but
whether the glycopeptide fragment re-
mains cell-associated and is rapidly de-
graded or is released into the extracellu-
lar medium is unknown.

The E protein follows M. The NH,
terminus of E is charged, and the more
hydrophobic COOH-terminal domain of
M (or its precursor, prM) may function
as the signal sequence for the transloca-
tion of E across the rough endoplasmic
reticulum. The protein E contains two
sites of the form Asn-X-Ser/Thr which
could serve as carbohydrate attachment
sites, and both glycosylated and nongly-
cosylated forms have been detected in
infected cells (7, 27, 30). The COOH-
terminal domain of E contains uncharged
stretches that could serve as a trans-
membrane anchor. Cleavage between M
and E occurs after a Ser residue, and
could be catalyzed by a host protease
such as signalase. Since the COOH ter-

minus of the mature M protein has not
been determined, a small peptide, analo-
gous to the 6 kD protein of alphaviruses
(25, 31) could be produced during matu-
ration of M and E. However, the appar-
ent size of the M protein agrees well with
the predicted molecular weight if cleav-
age occurs after the Ser at position 285.

This model for translation and process-
ing of structural proteins and the features
mentioned above predict that most of the
E protein and some of the M protein
should be exposed on the mature virion
surface, and therefore sensitive to diges-
tion by appropriate proteases. Protease
digestion of purified tick-borne encepha-
litis virus (32) and also yellow fever virus
(29) support this hypothesis. Thus, the M
protein (or prM) of flaviviruses is an
integral membrane protein and may in-
teract specifically with both the E pro-
tein as well as the capsid protein-RNA
complex during virus assembly.

The nonstructural proteins. In addi-
tion to prM, at least four and as many as
12 nonstructural proteins have been de-
scribed in flavivirus-infected cells (9, 28,
33, 34). Some or all of these proteins
must be active in the replication of the
viral RNA. The start points of the three
largest nonstructural proteins (NV3,
NV4, and NVS5 by the old nomenclature)
(35) have been located by NH,-terminal
amino acid sequence analysis (36). As
previously suggested by peptide map-
ping of the corresponding nonstructural
proteins from other flaviviruses (9, 15,
34), the sequence data show that these
proteins map to nonoverlapping seg-
ments in the yellow fever virus nonstruc-
tural region (Figs. 1 and 2).

In an attempt to simplify the descrip-
tion of flavivirus encoded nonstructural
polypeptides, in particular the smaller
proteins, we suggest a modified nomen-
clature (35) (Table 1) based on the linear
order of these proteins in the yellow
fever virus genome to complement desig-
nations based on their apparent molecu-
lar weights (37). In taking this approach
we assume that members of Flaviviridae
will have similar genome organization
and express homologous proteins from
homologous regions of their genomes.
This assumption has been partially veri-
fied by an extensive sequence compari-
son of yellow fever virus with another
member of the flavivirus genus, Murray
Valley encephalitis virus (23).

Several features of the yellow fever
virus nonstructural region are apparent
from the localization of NS1, NS3, and
NSS (formerly NV3, NV4, and NVS).
First, NS1 immediately follows the puta-
tive transmembrane segment of the E
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protein. It should be noted that NSI is
glycosylated (27), and monoclonal anti-
bodies against NS1 are capable of medi-
ating complement-dependent lysis of yel-
low fever virus—-infected cells, suggesting
its presence at the plasma membrane
(38). Thus, the COOH-terminal un-
charged hydrophobic sequence of E
could function as a signal sequence for
translocation of NS1 across the endo-
plasmic reticulum. NS1 contains two
sites of the type Asn-X-Ser/Thr which -
could serve as glycosylation sites. The
probable COOH terminus of NSI from
estimates of molecular weight could con-
tain a hydrophobic sequence for anchor-
ing the protein in the membrane (Fig. 3).
Thus the three glycoproteins of yellow
fever virus, prM, E, and NS1, are adja-
cent to one another in the genome and
are possibly inserted into the membrane
one after another during synthesis. The
sequence data support the hypothesis
that each has the usual membrane pro-
tein topology of an NH, terminus out-
side and a COOH-terminal hydrophobic
anchor. However, additional experi-
ments are required to rigorously estab-
lish their orientation with respect to the
lipid bilayer and exact COOH termini.
The function of NS1 is unknown, but it
could be involved in virus assembly rath-
er than RNA replication. In this regard,
it is of interest that NS1 has been shown
to be the soluble complement-fixing anti-
gen for dengue 2 (28) and suggestive
evidence exists for a comparable role of
NS1 in yellow fever virus infection (8,
27). Thus, this protein may exist in alter-

native membrane-associated and soluble
forms, perhaps because of the presence
or absence of the COOH-terminal hydro-
phobic domain.

NS3 begins at residue 1485 in the
polyprotein sequence and is produced by
cleavage at the site Gly-Ala-Arg-Arg |
Ser; the NH,-terminus of NS5 has been
tentatively identified as residue 2507 af-
ter cleavage at Thr-Gly-Arg-Arg |
Gly. Since no host proteases with this
specificity (which are active in the cyto-
sol) have been characterized and animal
viruses often encode proteases active in
the processing of their cytoplasmic poly-
protein precursors, yellow fever virus
may encode a protease that cleaves after
two Arg residues (or two basic residues)
surrounded by amino acids with short
side chains, often Gly (Table 1 and foot-
note asterisk).

These assignments leave two regions
in the polyprotein for which polypeptide
products have not yet been identified.
Assuming that other nonstructural pro-
teins will be produced from these regions
by the same protease responsible for
NH,-terminal cleavage of NS3 and NS5,
we have scanned the remaining se-
quences for additional cleavage sites.
Estimates of molecular weight (27) have
positioned the COOH terminus of NSI
near residue 1187. The next potential
cleavage sequence, Gly-Arg-Arg | Ser,
at residue 1355 would produce two small
nonstructural polypeptides of approxi-
mately 18 kD (ns2a) and 14 kD (ns2b)
located between NS1 and NS3 (Fig. 2
and Table 1). Both of these polypeptides

Table 1. Flavivirus polypeptides.

would be extremely hydrophobic (Fig. 3)
with ns2b containing a short internal
charged domain. The putative cleavage
at the sequence Glu-Gly-Arg-Arg | Gly
(residue 2108) would produce a polypep-
tide whose calculated mass agrees well
with the observed size of NS3 on poly-
acrylamide gels (27, 29). Between this
site and the NH, terminus of NSS a
single potential cleavage site (Ala-Gln-
Arg-Arg | Val) is found preceding resi-
due 2395. Cleavage here would result in
two methionine-rich, hydrophobic poly-
peptides of 31 kD (ns4a) and 12 kD
(ns4b) (see Figs. 2 and 3 and Table 1).
Polypeptides of these approximate sizes
(10, 14, 18, and 30 kD) do exist in yellow
fever—infected cells, but definitive map-
ping of these polypeptides as well as
other minor species await additional
NH,-terminal sequence data. Similarly
in the absence of COOH-terminal se-
quence data we cannot be sure of the
exact terminal residues. Some heteroge-
neity in flavivirus polypeptides may re-
sult from variable exopeptidase digestion
of the COOH-terminal residues or alter-
native internal cleavages. The predicted
size of NSS, if the protein encompasses
the remainder of the open reading frame,
agrees well with its observed size (27).
Implications for flavivirus replication.
It has been suggested that flavivirus
RNA is translated by multiple internal
initiation events (/7, 18) which would
make flaviviruses atypical among eu-
karyotic viruses and eukaryotic genes.
The presence of a single long open read-
ing frame in yellow fever virus RNA, the

Protein nomenclature (35) NH,- |
terminal Glyco-
Pro- old cleavage M.t Mprea t syl:ted? Comments
posed site*
Structural region
C V2 (NV1is) M| S 13,000 to 16,000 11,320 No Nucleocapsid protein
prM (NV2) (NV2Yy) ? 19,000 to 23,000 20,925 Yes Precursor to M
M Vi SRR | A 8,000 to 8,500 8,526 No Virion envelope protein
E V3 AYS | A 51,000 to 60,000 53,712 Both forms§ Major virion envelope protein
Nonstructural region

NSI1 NV3 VGA | D 44,000 to 49,000 45,869 Yes Soluble complement-fixing antigen
ns2a (NV2¥2) (NV2) (TVA | V) 16,000 to 21,000 18,086 No Hydrophobic; function unknown
ns2b (NV1va) (GRR | S) 12,000 to 15,000 13,823 No Hydrophobic; function unknown
NS3 NV4 ARR | S 67,000 to 76,000 69,319 No Replicase component ?
nsda (NVX) (NV2Y2) (GRR | G) 24,000 to 32,000 31,196 No Hydrophobic; function unknown
ns4b (NV1) (QRR | V) 10,000 to 11,000 12,159 No Hydrophobic; function unknown
NS5 NVS GRR | G 91,000 to 98,000 104,079 No Replicase component ?

*Cleavage sites predicted by NH,-terminal protein sequence data (20, 36). Tentative sites (indicated by parenthesis) are based on homology with confirmed cleavage
sites and the sizes of yellow fever-specific polypeptides observed in infected cells (27, 29). Alternative cleavage sites in the nonstructural region occur after residue

1946 (GIn-Arg-Arg | Gly), residue 2548 (Ala-Arg-Arg | His), residue 2707 (Gln-Arg-Arg | Phe), and residue 3104 (Ser-Arg-Arg | Asp).

tRange of flavivirus

protein sizes estimated from acrylamide gel electrophoresis. Some of these proteins have not yet been identified for all flaviviruses thus far examined [for comparative
analyses see (33, 34)]. In particular, definitive comparisons between NV3, NV2, NV2¥;, NVX, and NV1/% are difficult because of the complexity of flavivirus protein
patterns in the 8,000 <M, <45,000 size range. Alternative pathways of posttranslational cleavage may be used by different viruses for the production of the smaller
nonstructural polypeptides. However, given the relatively consistent pattern of structural and larger nonstructural proteins, it seems likely that the small nonstructural
proteins are also conserved, but their apparent migration on acrylamide gels and labeling efficiency are influenced by differences in amino acid composition. [For more

complete discussion of this subject see (49).]
site between residues 101 and 102.
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tPolypeptide molecular weights calculated according to the cleavage sites shown in Fig. 1, with the C-prM cleavage
§Both glycosylated and nonglycosylated forms of E have been identified for yellow fever virus (27) and Kunjin virus (7, 30).
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Fig. 4. Nucleotide homology between yellow fever virus (YFV) and West Nile virus (WN) [WN
data are from (21)] at the 3’ termini of the genomic (+) strand and complementary (—) strand
RNA'’s. Nucleotide identities in the 3'-terminal sequences of (+) and (—) strands are circled;
those which are homologous between yellow fever and West Nile RNA’s are underlined [(—)

strand] or overlined [(+) strand].

fact that the final proteins found do not
initiate with methionine but appear to
arise from a consistent set of proteolytic
cleavages, the gene order deduced from
the pactamycin runoff experiments of
Westaway (I7), the in vitro translation
data (15, 16), and recent evidence for
polyprotein precursors (39) all support
the view that translation of the flavivirus
genome in vivo initiates with the capsid
protein near the 5’ end of the genome
and proceeds sequentially through the
genome to produce one precursor poly-
protein.

Cleavage of this precursor is rapid and
occurs during translation so that the pre-
cursor is not seen in its entirety. The
location and frequency of characteristic
cleavage sites in this precursor suggest
that processing involves both virus en-
coded and cellular organelle bound pro-
teases. Although internal translation ini-
tiation cannot be formally excluded, the
5’ terminal location of the structural
genes and the 3’ terminal replicase genes
implies that the relative amounts of
structural and nonstructural gene prod-
ucts could also be regulated by prema-
ture termination as well as by nonuni-
form rates of translation (40) or differen-
tial stability of the final products. A
potential secondary structure in yellow
fever RNA just past the structural pro-
tein genes could possibly be active in the
former mechanism. It is unclear why
gene mapping experiments with ultravio-
let light to inactivate translation (/8) or
high salt to synchronize initiation of
translation (/7) suggest multiple indepen-
dent sites of initiation and do not allow
prediction of the correct gene order.
Possible explanations are that ribosomes
might have slow transit velocities in
some areas, due to RNA secondary
structures or the presence of rare codons
(40), or that it might be necessary to
translate a functional protease to pro-
duce the final products.

Several features potentially important
in RNA replication or packaging (or
both) can be identified in the genomic
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sequence. First, the extreme 5’- and 3'-
terminal sequences are homologous to
those found for another flavivirus, West
Nile virus (21) (Fig. 4), and the comple-
ment of the 5’-terminal sequence [equiv-
alent to the 3’ terminus of the (—) strand]
is related to the 3'-terminal sequence of
the (+) strand. This suggests that the
viral replicase may have similar recogni-
tion sites for (+) and (—) strand synthe-
sis. In addition, a stable secondary struc-
ture (AG = —40 to 45 kcal) can be
formed from the 3’'-terminal 87 nucleo-
tides of the yellow fever genomic RNA
(Fig. 5). This may be involved in RNA

>

@
>
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U A
U“UGCUCA
AcACGAGU G

(9]
>
~

N
~

-———
NS

(e}
CC CO COoOrPOPOOCOCO
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Form 1AG=-40 kcal
Form 2AG=-45.8 kcal y

[
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Fig. 5. Possible secondary structures at the 3’
terminus of yellow fever virus genomic RNA.
Circled nucleotides are shared with the 3’
terminus of the yellow fever (—) strand (see
Fig. 4). AG values were calculated according
to Tinoco et al. (55). A more stable conforma-
tion than the one shown (form 1) can be
formed if the two overlined sequences are
base paired (form 2).

replication as well as encapsidation, and
if conserved among flaviviruses could
explain the observation that many flavi-
virus RNA’s are poor substrates for 3'-
terminal enzymatic modification includ-
ing ligation and addition of poly(A) (po-
lyadenylate). Similar transfer RNA-like
secondary structures and conserved se-
quences have been identified at the 3’
end of many plant viral RNA’s (41); in
addition to serving as substrates for
aminoacylation both in vivo and in vitro
(42) they are important for initiation of
(=) strand RNA synthesis (43). Last, the
3’-untranslated region contains a set of
three closely spaced repeated sequences
(underlined in Fig. 1) (located between
nucleotides 10,374 and 10,520) each ap-
proximately 40 nucleotides long with an
average of six changes between them in
pairwise comparisons. The significance
of these repeats in flavivirus replication
is unknown.

Evolution of flaviviruses. It is becom-
ing clear that the flaviviruses deserve
their recent reclassification as a family
separate from the alphaviruses. Although
the mature virions are morphologically
similar to alphaviruses in that they have
a single-stranded RNA (+) sense
genome encapsidated in an icosahedral
nucleocapsid and surrounded by a lipid
bilayer containing virus-specified poly-
peptides, they differ markedly in genome
organization and replication strategy
(44). The location of the genes encoding
the structural proteins at the 5’ end of the
genome, the single long reading frame,
and the lack of a subgenomic message
are all characteristics shared with picor-
naviruses rather than togaviruses.

In order to understand the evolution-
ary role of flaviviruses and their relation
to other RNA viruses we have searched
for homologies within the putative
polymerase genes of various plant and
animal viruses. Significant homologies
have been found between alphaviruses
and plant viruses (45) and less extensive
homologies between picornaviruses and
alphaviruses (46). Kamer and Argos (46)
have aligned the polymerase gene of
poliovirus with those of several viruses
including alfalfa mosaic virus, brome-
grass mosaic virus, tobacco mosaic vi-
rus, Sindbis virus, foot and mouth dis-
ease virus, encephalomyocarditis virus,
and cowpea mosaic virus. The amino
acid sequence of yellow fever virus NS5
between residues 3037 and 3181 can also
be aligned with this collection of diverse
RNA viruses (Fig. 1). These homologous
regions are convincing but short and
probably represent conserved functional
domains for particular RNA-dependent
polymerase functions. It is interesting to
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speculate on the origin of this diverse
group of viruses. Whether they arose
from one or a few protoviruses (perhaps
insect viruses) and have radiated to their
current divergent hosts or whether the
viruses have repeatedly cannibalized
their hosts, obtaining their replicases
from eukaryotic cellular functions can-
not be resolved at present. However,
one possible measure of host adaptation
or origin of viral genes from host func-
tions is the CG doublet frequency in the
RNA. Insects, insect viruses, and alpha-
viruses (insect-borne with vertebrate
hosts) have the expected CG doublet
frequency predicted from their base
compositions (47), whereas vertebrate
DNA (48), viruses with exclusively ver-
tebrate hosts, and yellow fever virus
have low CG doublet frequencies (2.4
percent CG found in yellow fever com-
pared to 6.1 percent predicted from the
base composition). Given the rapid evo-
lution of RNA genomes, it is unlikely
that this difference applies directly to the
question of evolutionary origin of alpha-
viruses and flaviviruses but rather re-
flects alternative strategies of adaptation
to their arthropod and vertebrate hosts in
ways which are not currently under-
stood.

Comparative studies with other flavi-
viruses should help to define areas of
commonality of function in the nonstruc-
tural proteins, to localize biologically
important antigenic epitopes on the
structural polypeptides (and NS1) and to
ascertain whether certain features of the
yellow fever sequence (like the putative
secondary structure at the extreme 3’
terminus and repeated nucleotide se-
quences) are functionally significant
landmarks conserved among flavivi-
ruses. In addition, the construction of
cDNA clones designed for expression of
functional virus gene products or pro-
duction of infectious virus should pro-
vide useful new approaches for studying
flavivirus molecular biology and patho-
genesis as well as for development of
flavivirus vaccines.
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