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A comparison of the sequence of the dengue-2 16681 virus with that of the candidate vaccine strain (16681-PDK53)
derived from it identified 53 of the 10,723 nucleotides which differed between the strains. Nucleotide changes oc-
curred in genes coding for all virion and nonvirion proteins, and in the 5 and 3’ untranslated regions. Twenty-seven of
the nucleotide changes resulted in amino acid alterations. The greatest amino acid sequence differences in the virion
proteins occurred in prM (2.20%; 2/91 amino acids) followed by the M protein (1.33%; 1/75 amino acids), the C protein
(0.88%; 1/114 amino acid), and the E protein (0.61%; 3/495 amino acids). Differences in the amino acid sequence of
nonvirion proteins ranged from 1.51% {6/398 amino acids) in NS4 to 0.33% (3/900 amino acids) in NS5. The encoded
protein sequences of 16681-PDK53 were also compared with the published sequences of other flaviviruses to obtain a
detailed classification of 17 flaviviruses using the neighbor-joining tree method. The analyses of the sequence data
produced dendrograms which supported the traditional groupings based on serological evidence, and they suggested
that the flaviviruses have evolved by divergent mutational change and there was no evidence of genetic recombination
between members of the group. Comparisons of the sequences of the flavivirus polymerase and helicase-like proteins
(NS5 and NS3, respectively) with those from other viruses yielded a classification of the flaviviruses indicating that
the primary division of the flaviviruses was between those transmitted by mosquitoes and those transmitted by

ticks. © 1992 Academic Press, Inc.

INTRODUCTION

Dengue viruses, of which there are four serotypes,
belong to the Flaviviridae, a family of closely related
viruses transmitted by mosquitoes and ticks (Westa-
way et al., 1985). These viruses produce enveloped
particles containing a single positive stranded RNA ge-
nome of ca. 11 kb, which codes for the three virion
proteins [Capsid (C), prM/Matrix (prM/M), and Enve-
lope (E)] and seven nonvirion proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5); see the review in
Rice et al. (1986).

All four serotypes of the dengue virus have been iso-
lated from patients with classical dengue fever as well
as from patients with the more severe form of the dis-
ease, dengue hemorrhagic fever/dengue shock syn-
drome (Schlesinger, 1977). Of the millions of cases of

' Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. M85258 and
M85259
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dengue each year, most are uncomplicated dengue
fever which is a mild febrile illness characterized by
headache, joint pain, fever, and rash. However, some
patients develop a thrombocytopenia, increased vas-
cular permeability and, in severe cases, hypovolemic
shock which may lead to death if untreated. The risk of
developing severe dengue infections (DHF/DSS) is
greater in patients with anamnestic infections, particu-
larly where the serotype causing the anamnestic infec-
tion differs from that which caused the earlier infection
{Halstead, 1981). It has been reported that some cases
of DHF/DSS could be due to viruient strains of dengue
viruses (Rosen, 1977).

In endemic areas, immunity against the four dengue
serotypes can be demonstrated in the majority of the
adult population, and therefore protective immunity
may be gained by immunization with appropriate den-
gue vaccines. An ideal vaccine would (i) be effective
against all four dengue virus serotypes, (i} induce
>95% seroconversion, (i} produce lifelong immunity,
and (iv) be administered to children aged 6 months to 1
year. The dengue vaccine development program at the
Mahidol University in Bangkok has attempted to attenu-
ate all four dengue serotypes by passage in vitro in cell

0042-6822/92 $3.00
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Fig. 1. Schematic diagram of the dengue-2 16681 and 16681-PDK53 RNA genomes showing the regions which were sequenced from (j)
cDNA clones (cloned fragments were represented by more than one clone in most instances and were sequenced from both strands), (ii) viral
RNA genome using specific oligonucleotide primers, and (jii) fragments produced by the polymerase chain reaction (344 bp for both 16681 and
16681-PDK53, and another 550 bp fragment for 16681). The dideoxy sequencing technique (Sanger et al., 1977) was used in all cases; see text

for details.

culture. A candidate live dengue-2 virus vaccine has
been produced from the dengue-2 16681 virus iso-
lated from a fatal case in Thailand (Halstead and Si-
masthien, 1970) by 53 serial passages in primary dog
kidney (PDK) cells. This dengue-2 16681-PDK53 can-
didate vaccine virus appears to be biologically atten-
uated in several characters (Yoksan et al., 1986), and
Phase | trials with human volunteers have been com-
pleted (Bhamarapravati et al., 1987). These trials indi-
cated that the vaccine produced a good immune re-
sponse and no recipient showed any clinical symp-
toms or severe side effects. It was therefore decided to
sequence the genome of these dengue-2 viruses
(16681 and 16681-PDK5b3) in order to define the molec-
ular differences between them. This is a necessary
step toward identifying the molecular basis of viru-
lence.

We report the comparison of the nucleoctide se-
guences of the dengue-2 16681 and 16681-PDK53 vi-
ruses with the sequences of other flaviviruses: den-
gue-1, -2, -3, and -4, and yellow fever, West Nile, Kun-
iin, Japanese encephalitis, Murray Valley encephalitis,
St. Louis encephalitis, and tick-borne encephalitis.

MATERIALS AND METHODS
Virus isolates

The dengue-2 16681 virus strain was isolated from a
fatal case of DSS in Thailand in 1964 (Halstead and
Simasthien, 1970) and passaged twice in Toxorhyn-
chites ambionensis mosquitoes and once in primary
green monkey kidney cells to produce the *“‘parent
virus'' for attenuation studies, Yoksan et al. (1986). The
dengue-2 16681-PDK53 virus was obtained by serial
passage of the “parent virus'' in PDK cells. The 16681
virus was passaged weekly in PDK cells for 53 pas-
sages and at this point it appeared to be attenuated as
judged by biological markers such as plague size, tem-
perature sensitivity, and mouse and monkey neuroviru-
lence (Yoksan et al., 1986). The seed stocks for both
16681 and 16681-PDK53 viruses were grown for one
passage in Aedes albopictus cells (clone C6/36) (lgara-
shi, 1978), before large scale propagation in C6/36
cells for cloning and sequencing experiments.

Growth of viruses and purification

C6/36 Aedes albopictus cells were grown at 32° in
RPMI 1640 medium containing 10% fetal calf serum,

Fig. 2. Nucleotide and encoded amino acid sequence of dengue-2 16681-PDK53 virus. This is a consensus sequence based on the
sequencing strategies shown in Fig. 1. The location of the N- and C-termini of the proteins is based on Kunjin virus (Coia et al., 1988; Speight et
al., 1988), and the potential glycosylation sites of the virion and NS1 proteins are circled. The 3 terminal 14 nucleotides have not been deduced
but are assumed to be the same as those found in West Nile virus (Wengler and Wengler, 1981) since the 14-mer complementary to the West
Nile sequence hybridized well to the dengue-2 RNA during cDNA synthesis and sequencing experiments.
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AAU&%CCAACGGAAAGAGGCGAAAAACACGCCAUUCAAUAUGCUGAAACCCGAGAGAAACCGCGUGUCGACUGUGCBACAGCUGACAAAGAGAUUCUCA
N D QR KEA BABZ KNTU®PTFNMLI K RETZ RNIBRVYVSTUVQQULTZ KT RTFS

CUUGGAAUGCUCCAGGGACGAGGACCAUUARAACUAUACAUGGCCCUGGUGGCGUUCCUUCGUUUCCUARCAAUCCCACCARCAGCAGGGAUAUUGAAG
L G ML Q G RG P LKXKULYMALJUVH SATFTLRTPFTILTTIZ®PPTA AGTITULEK

AGAUGGGGAACARUUAAAARAUCCAAAGCUAUUARUGUUUUGAGAGGGUUCAGGAAAGAGAUUGGAAGGAUGCUGAACAUCUUGAAUAGGAGACGCAGA
R W G T I K K 8 KA I NV L RG F RIEKETIGRMTLNTITLNZRIZERRR
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UCUGCAGGCAUGAUCAUUAUGCUGAUUCCAACAGUGAUGGCGUUCCAUUUAACCACACGURRCGGAGAACCACACAUGAUCGUCAGCAGACAAGAGAAR
S A GG M I I ML I P TV MATFHTLTTU RNGEU?PUHMTIUVSRQE K

GGGARAAGUCUUCUGUUUARARCAGAGGUUGGCGUGAACAUGUGUACCCUCAUGGCCAUGGACCUUGGUGAAUUGUGUGAAGACACAAUCACGUACAAG
G K 8 L L F XK TEUVGV NMOCTULMAMMDIULGETLTCEU®DTTITZY

UGUCCCCUUCUCAGGCAGARUGAGCCAGAAGACAUAGACUGUUGGUGCAACUCUACGUCCACGUGGGUAACUUAUGGGACGUGUACCACCAUGGGAGAA
¢ P L L RQNEUPETDTIUDTGCWOC S T 8 T W UV T Y GG T CTTMMG E

™M
CAUAGARGAGAAAAAAGAUCAGUGGCACUCGUUCCACAUGUGGGARUGGGACUGGAGACACGAACUGAAACAUGGAUGUCAUCAGAAGGGGCCUGGAAA
H RREI KRSV ALV P HVGMGLETRTETWMSSEGAWK

CAUGUCCAGAGAAUUGARACUUGGAUCUUGAGACAUCCAGGCUUCACCAUGAUGGCAGCARUCCUGGCAUACACCAUAGGAACGACACAUUUCCAAAGA
H VvV Q R I ETW I L RHPGF TMMHKAATITLA AYTTIEIGTTHTF QR

—»E
GCCCUGAUUUUAAUCUUACUGACAGCUGUCACUCCUUCAAUGACAAUGCGUUGCAUAGGAAUGUCAARUAGAGACUUUGUGGAAGGGGUUUCAGGAGGA
A L I L I L L T AUV TP S MT MRUCTIGMSNU®RUDTFVEGUVS G G

AGCUGGGUUGACAUAGUCUUAGAACAUGGAAGCUGUGUGACGACGAUGGCAAAAARCAAACCAACAUUGGAUUUUGAACUGAUARAAACAGARGCCAAR
S W VvV p I VL EHG S CV T T MAI KNI KPTULUDVFETULTIIZ KTEAHIK

CAGCCUGCCACCCUARGGAAGUACUGUAUAGAGGCAAAGCUAACCAACACAACAACAGAAUCUCGCUGCCCAACACAAGGGGAACCCAGCCUAAAUGAA
Q P A TLRIK Y CIEOAIKILT T T T E S R CP T Q G E P 8 L N E

GAGCAGGACAAAAGGUUCGUCUGCAAACACUCCAUGGUAGACAGAGGAUGGGGAAAUGGAUGUGGACUAUVUUGGAAAGGGAGGCAUUGUGACCUGUGCU
E Q D KRVF V C KH S M VDRGWGNGCGLF G K G GI VTCA

AUGUUCARGAUGCAAAAAGAACAUGGAAGGGAARGUUGUGCAACCAGAAAACUUGGARUACACCAUUGUGAUARCACCUCACUCAGGGGARGAGCAUGCA
M F R C KK NMETGI KV V QPEI RKTLTETYTTIUVITZPHSGETEHA

GUCGG: UGACACAGGAARACAUGGCAAGGAAAUCAAAAUAACACCACAGAGUUCCAUCACAGAAGCAGAAUUGACAGGUUAUGGCACUAUCACARUG
vV G b T G KHG KETIKTITU®POQS 5 I TEA AEULTGZYGTTITM

GAGUGCUCUCCAAGAACGGGCCUAGACUUCAAUGAGAUCGUGUUGCUGCAGAUGGAAAAUARAGCUUGGCUCGUGCACAGGCARUGGUUCCUAGACCUG
E ¢ s PRTGULDVFNETIVULILGQMEUNIZ KA AUWTILUVUHIRUGOQMWTFULDL

CCGUUACCAUGGUUGCCCGGAGCGGACACACAAGGGUCAAAUUGGAUACAGARAGAGACAUUGGUCACUUUCAAARAUCCCCAUGCGAAGARACAGGAU
P L P WL P GADTOQG S5 NWI QKETTILUVTT FIE KUNUPHAIEKTIKNOQTD

GUUGUUGUUUUAGGAUCCCAAGARGGGGCCAUGCACACAGCACUUACAGGGGCCACAGAAAUCCAAAUGUCAUCAGGARACUUACUCUUCACAGGACAU
VVVLGS QEGAMHETALTGA ATETIO QM S S GNTILLTF FTGH

CUCARGUGCAGGCUGAGAAUGGACAAGCUACAGCUCAARGGAAUGUCAUACUCUAUGUGCACAGGAARGUUUAAAGUUGUGARGGAAAUAGCAGAAACA
L K €CRL RMDIKILOQOTLIE K GMS Y S MM CTG KT F XKV V KETIATET

CAACAUGGAACAARUAGUUAUCAGAGUGCAAUAUGAAGGGGACGGCUCUCCAUGCAAGAUCCCUUUUGAGAUAAUGGAUVUUGGAAAAAAGACAUGUCUUA
Q H 6 T I VI RV QY EGDGG S P CZEXKTIU®PTFETIMMDTLTETZ KT RIUHEIUVL

GGUCGCCUGAUUACAGUCARCCCAAUUGUGACAGAARAAGAUAGCCCAGUCAACAUAGAAGCAGAARCCUCCAUIUGGAGACAGCUACAUCAUCAUAGGA
6 R L I TV WNU®P IV TEZ KUDSU®PVINTITEH BWDBETZ®PZPTFGHDSZYTITITIG

GUAGAGCCGGGACAACUGAAGCUCAACUGGUUUAAGAAAGGAAGUUCUAUCGGCCARAUGUUUGAGACAACAAUGAGGGGGGCGARGAGAAUGGCCAUUY
VEUPGAQ QLI KTILWNMWTFI KIEKSGS S S5 I G QMFETTMU®RTGA ATZ KT RMMATI

UUAGGUGACACAGCCUGGGAUUUUGGAUCCUUGGGAGGAGUGUUUACAUCUAUAGGAAAGGCUCUCCACCAAGUCUUUGGAGCAAUCUAUGGAGCUGCC
L 6 DT AWDTFGSLGOGV F TS I 6 KAULUHGQVT FGA ATITYGANA-A

UUCAGUGGGGUUUCAUGGACUAUGAAAAUCCUCAUAGGAGUCAUUAUCACAUGGAUAGGAAUGAAUUCACGCAGCACCUCACUGUCUGUGACACUAGUA
F 8§ ¢ V.58 W T M K I L I GV I I T WTIGMNSUZRSTSUL SV TTLUV

NS1
UUGGUGGGAAUUGUGACACUGUAUUUGGGAGUCAUGGUGCAGGCCGAUAGUGGUUGCGUUGUGAGCUGGAAAAACAAAGAACUGAAAUGUGGCAGUGGY
L V6 I VTLYULGV MV QAD S GCVV S WIKNIEKTETLIEXKTCECSGS G

AUUUUCAUCACAGACARCGUGCACACAUGGACAGAACAAUACAAGUUCCAACCAGARUCCCCUUCAAAACUAGCUUCAGCUAUCCAGARAGCCCAUGAR
I F 1 TDNVHTWTE G QYKTFOQPTESUZPSZ XKTILASA IATIG QT KT B AHE

GAGGACAUUUGUGGAAUCCGCUCAGUAACAAGACUGGAGAAUCUGAUGUGGAAACAARAUAACACCAGAAUUGARUCACAUUCUAUCAGAARAUGAGGUG
E DI CGII RS VTR RILEU NTILMWIE KG GTITZPETLUSNUHTITLTSTENTEYV

ARGUUAACUAVUAUGACAGGAGACAUCARAGGAAUCAUGCAGGCAGGAAARCGAUCUCUGCGGCCUCAGCCCACUGAGCUGARGUAUUCAUGGARAACA
KL TIMTGDTI KOG I ¥ QAGI KU RS STLIBRZPUGQT®PTETLTEKTZYST®WHI KT

UGGGGCAAAGCAARAAUGCUCUCUACAGAGUCUCAUAACCAGACCUUUUUCAUUGAUGGCCCCGARACAGCAGAAUGCCCCAACACAARUAGAGCUUGG
W G K A K ML S T E S H Q9 T F F I DG P E T AETCUPNTNIRAW

ARUUCGUUGGAAGUUGAAGACUAUGGCUUUGGAGUAUUCACCACCAAUAUAUGGCUAAAAUUGARAGAAAAACAGGAUGUAUUCUGCGACUCAAAACUC
N §s L EV EDY GG F 6V FTTNTIWLI KTILTIEKTET KT G DVTFTCGCDS KL

AUGUCAGCGGCCAUAAAAGACAACAGAGCCGUCCAUGCCGAUAUGGGUUAUUGGAUAGAAAGUGCACUC UGACACAUGGAAGAUAGAGAAAGCCUCU
M s A A I KDNR VHADMGTY W I E S A ef) D T W K I E K A s

UUCAUUGAAGUUAARARCUGCCACUGGCCAARAAUCACACACCCUCUGGAGCAAUGGAGUACUAGAAAGUGAGAUGAUVAUUCCARAGAAUCUCGCUGGA
F I EV KNCHUW P K S5 HTULWSNGVULESTEWMTITIZ®PZEKNTLA ASG G

CCAGUGUCUARACACAACUAUAGACCAGGCUACCAUACACARAUAACAGGACCAUGGCAUCUAGCUAAGCUUGAGAUGGACUUUGABUUCUGUGAUGGA
P VS KHNYRUPGY HTOQTITGZP W HTUL G KLEUMTPDPTFTDTFTCTDG

ACAACAGUGGUAGUGACUGAGGACUGCGGAAAUAGAGGACCCUCUUUGAGAACAACCACUGCCUCUGGAAAACUCATAACAGAAUGGUGCUGCCGAUCY
T TVVVTEDT CGNRG?PSTLRTTTA ASTZG GTZ XTULTITTET ®WGECT ECR RS

UGCACAUUACCACCGCUAAGAUAF JGAGGAL UGGUACGGGAUGGARAUCAGACCAUUGAAGGAGAAAGAAGAGAAUUUGGUCAACUCC
[+ P PLRY®RGEUDGT CUWYG6GHM¥ ETIRTPTLTIEKTETZKTETEUNTLTVHNS

NS2A
UUGGUCACAGCUGGACAUGGGCAGGUCGACAACUUUUCACUAGGAGUCUUGGGAAUGGCAUUGUUCCUGGAGGAAAUGCUUAGGACCCCAGUAGGAACG
L VTAGHGQV DU NTF 516G VL GMATLTFTLTETEWMTLTZERTTUR RUVTGT

AAACAUGCAAUACUACUAGUUGCAGUUUCUUUUGUGACAUUGAUCAUAGGGARCAGGUCCUUUAGAGACCUGGGAAGAGUAAUGGUUAUGGUAGGCGCC
KH A I L LV AV S FVTULITIOGNR RSTFH RTUDTILGTZ RVYVMUVMU YOG A
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ACUAUGACGGAUGACAUAGGUAUGGGCGUGACUUAUCUUGCCCUACUAGCAGCCUUCAAAGUCAGACCAACUUUUGCAGCUGGACUACUCUUGAGARAG
T M T D D I 6 ¥ 6V T Y LALTLA AATFI KV VRTPTTFA BAARBAGTLTLTLTR RK

CUGACCUCCAAGGAAUUGAUGAUGACUACUAUAGGAAUUGUACUCUCCUCCCAGAGCACUAUACCAGAGACCAUUCUUGAGUUGACUGAUGCGUUAGCC
L T S K EL M M T T I G I VLS S QS TTIUZPETTIULETLTUDATILA

UUAGGCAUGAUGGUCCUCAAAAUGGUGAGAAAUAUGGAAAAGUAUCAAUUGGCAGUGACUAUCAUGGCUAUCUUGUGCGUCCCARACGCAGUGAUAUUA
L G M MV LEKMVRNUMKETZKTY QLA AVTTIMATITLTGCVUPN- BAGAVIL

CAARACGCAUGGAAAGUGAGUUGCACAAUAUUGGCAGUGGUGUCCGUUUCCCCACUGUUCUUAACAUCCUCACAGCAAARAACGGAYUGGAUACCAUUA
Q N AWKV S CT1I LAV VY SV SPILTFTLTSSOQQOQUZ KTUDW®WTIUPL

NS2B
GCGUUGACGAUCAAAGGUCUCAAUCCAACAGCUAUUUUUCUARCAACCCUCUCAAGAACCAGCAAGAAAAGGAGCUGGCCAUUAAAUGAGGCUAUCAUG
AL T IXKOGLNZPTATITFULTTULSU®RTSIX K KT RSM®WPLNEUH BHTIM

GCAGUCGGGAUGGUGAGCAUUUUAGCCAGUUCUCUCCUAAARAAUGAUAUUCCCAUGACRGGACCAUUAGUGGCUGGAGGGCUCCUCACUGUGUGCUAC
A vV G MV s I L A S SLLIXNDTIPMTSGZ?PILVAGS GTILTLTVTCY

GUGCUCACUGGACGAUCGGCCGAUUUGGAACUGGAGAGAGCAGCCGAUGUCARAUGGGAAGACCAGGCAGAGAUAUCAGGAAGCAGUCCAAUCCUGUCA
VL TGRS ADILETLTERA MAMABAMADVIEKWETUDTGQA AETISSGSSUPTITULS

AUARCAAUAUCAGAAGAUGGUAGCAUGUCGAUAAAAAAUGAAGAGGAAGAACARACACUGACCAUACUCAUUAGA JGCL UCUCAGGA
I T I 5 E DG 5 M 5 I KNEEEZEUGQTTULTTIULTIR RIRGTILILU VIS G

—» NS3
CUUUUUCCUGUAUCAAUACCAAUCACGGCAGCAGCAUGGUACCUGUGGGAAGUGAAGARACAACGGGCCGGAGUAUUGUGGGAUGUUCCUUCACCCCCA
L F P Vs IUPITAA AAUWTYTULUWEU VI KU K QRAMGV YTLU WDV VUZPSUPZP

CCCAUGGGARAGGCUGAACUGGAAGAUGGAGCCUAUAGAAUUAAGCAAAAAGGGAUUCUUGGAUAUUCCCAGAUCGGAGCCGGAGUUUACAAAGAAGGA
P M G K A EL EDGAZYRTIIKZ QI KT GTITILSGY S Q1 GAG UV Y KEG

ACAUUCCAUACAAUGUGGCAUGUCACACGUGGCGCUGUUCUAAUGCAUAARGGAAAGAGGAUUGAACCAUCAUGGGCGGACGUCARGARAGACCURAUA
T FHTMMWHV TRGAVILMHBHEBIE KXGI KT RTITETPSWADVE KT KT DTLI

UCAUAUGGAGGAGGCUGGAAGUUAGAAGGAGAAUGGAAGGARGGAGAAGAAGUCCAGGUAUUGGCACUGGACCCUGGAAAAARUCCAAGAGCCGUCCAA
S ¥ 6 G 6 W K LEGEMWIEXKEGETEVOQUVL®ALDTZPGI KNTPT RAWVOQOQ

ACGAAACCUGGUCUUUUCAAAACCAACGCCGGAACAAUAGGUGCUGUAUCUCUGGACUUUUCUCCUGGAACGUCAGGAUCUCCAAUUAUCGACAAAAAA
T K P 6L F KTWNAGTTIOGA AV S LDV F S PGT S G S P I I D KK

GGRAAA JCUUUAUGGUAR JGUUGUUACAAGGAGUGCAGCAUAUGUGAGUGCUAUAGCCCAGACUGARAAAAGUAUUGAAGACRACCCA
G XKV VvV 6L Y GNGV VT RS GA YV SAIAUOQTTETZKT STIETDTNSTZP

GAGAUCGAAGAUGACAUUUUCCGARAGAGAAGACUGACCAUCAUGGACCUCCACCCAGGAGCCGGAAAGACCARGAGAUACCUUCCGGCCAUAGUCAGA
E I ED DI FRZKRRILTTIMDULIHPGA ANAGT KTTZ KT RTYTULTPA ATITUVR

GAAGCUAUAARAA JUUGAGAACAUUAAUCUUGGCCCCCACUAGAGUUGUGGCAGCUGAAAUGGAGGARCCCCL GAGGACUUCCAAUAAGAUAC
EAI KRGULU RTULTIULAPTIRUVVYVAAEUMTETEA ALTZE RTGETLTPTIT RY

CAGACCCCAGCCAUCAGAGCUGAGCACACCGGGCGGGAGAUUGUGGACCUAAUGUGUCAUGCCACAUUUACCAUGAGGCUGCUAUCACCAGUUAGAGUG
@ TP AI RAEUBHTG GRETIVDTLMGC CEATT FTMUBRTILTLSTZPUVTR RV

CCAARCUACAACCUGAUUAUCAUGGACGAAGCCCAUUUCACAGACCCAGCAAGUAUAGCAGCUAGAGGAUACAUCUCAACUCGAGUGGAGAUCGGUGAG
P N Y N L I I MDEAUHTFTOUDUPAS I AARTGTYTISTU RTVEHMSGE

GCAGCL JUAUGACAGCCACUCCCCC! AGCAGAGACCCAUUUCCUCAGAGCARUGCACCAAUCAUAGAUGAAGAAAGAGAAAUCCCUGAA
A A G I FMTATZPZPGS RDUPTFUPOQSNATPTITITUDTETET RTETITPE

CGUUCGUGGAAUUCCGGACAUGAAUGGGUCACGGAUUUUAAAGGGARGACUGUUUGGUUCGUUCCARGUAUAAAAGCAGGAAAUGAUAUAGCAGCUUGC
R S WNUSGHEWU VY TDTFKGI KTV VWTFUV P S I KA AGTNTDTIA AR MATC

CUGAGGAAARAUGGAAAGAARGUGAUACAACUCAGUAGGAAGACCUUUGAUUCUGAGUAUGUCAAGACUAGAACCAAUGAUUGGGACUUCGUGGUUACA
LRKNGZEKZ KU VIOQLSRIEKTTFEFDSETYVIE KTQRTNTDTUWODOTFUVUVT

ACUGACAUUUCAGAAAUGGGUGCCARUUUCAAGGCUGAGAGGGUUAUAGACCCCAGACGCUGCAUGAAACCAGUCAUACUAACAGAUGGUGAAGAGCGG
T DI S8 EMGANTFI RKAMAMET RV YTIDTPRIRCMEKTEPVYVTITLTTUDGETETER

GUGAUUCUGGCAGGACCUAUGCCAGUGACCCACUCUAGUGCAGCACAAAGAAGAGCCAGAAUAGGAAGAAAUCCARAAAAUGAGAAUGACCAGUACAUA
VILAGPMPVTHSSAAQRIRTGTR RTIGT ERNTEPTIKTNENTD Q Y 1I

uvaca ACCUCUGGAAAAUGAUGAAGACUGUGCACACUCGAAAGAAGCUARA UCCUAGAUAACAUCAACACGCCAGAAGGAAUCAUUCCY
Y M G E PLENDETDTCAHUMWIE KTEA AI KMTLTLTDIUNTINTZPETGTITIFP

AGCAUGUUCGAACCAGAGCGUGAAARGGUGGAUGCCAUUGAUGGCGAAUACCGCUUGAGAGGAGARGCAAGGACCACCUUUGUAGACUUAAUGAGAAGA
S M F EPERETI KV YVDATIDSGETZYH RTLUZRGEARTTTFVODTLMZBRR

GGAGACCUACCAGUCUGGUUGGCCUACAGAGUGGCAGCUGAAGGCAUCAACUACGCAGACAGAAGGUGGUGUUUUGAUGGAGUCAAGAACAACCARAUC
G DL PV WLAYRVAAMETGTINTY A ADTZ RTRUWOECTFTU DTGV VTZ KTHNHN QI

CUAGAAGAAAACGUGGAAGUUGAAAUCUGGACARARGARGGGGAAAGGAAGARAUUGAAACCCAGAUGGUUGGAUGCUAGGAUCUAUUCUGACCCACUG
L EENVETVETIUWTIXKTETGETRTE KT KTLTEKTP®RUWILDA ATRTITYSTDUPL

NS4A
GCGCUAAAAGARUUUAAGGAAUUUGCAGCCGGARGARAGUCUCUGACCCUGAACCUARUCACAGAAAUGGGUAGGCUCCCAACCUUCAUGACUCAGAAG
AL K EF KETFA RARAGRIE KT STILTTZLNILTITTEMG GRTLTPTTFMT Q K

GCAAGARACGCACUGGACAACUUAGCAGUGCUGCACACGGCUGAGGCAGGUGCAAGGGCGUACAACCAUGCUCUCAGUGAACUGCCGGAGACCCUGGAG
ARNALUDWNILA AUVLUHTA AEA BWGTG GT RA ATYNTUHABALSTETLTPTETTLE

ACAUUGCUUUUACUGACACUUCUGGCUACAGUCACCGGAGGGATCUVUUUAUUCUUGAUGAGCGCAAGGGGCAUAGGGAAGAUGACCCUGGGAAUGUGE
TLLLLTULILATVTSGSG6TITFTULTFTULMS A ATRTGTITGTEKUMTTLTG GHMC

UGCAUAAUCACGGCUAGCAUCCUCCUAUGGUACGCACARAUACAGCCACACUGGAUAGCAGCUUCAAUAAUACUGGAGUUUUUUCUCAUAGUUUUGCUY
€I I TASTIULULUWYAOQTIOQEPUHUW®WTIAAMASTITITULTETFT FTLTIUVTLL

—» NS4B
AUUCCAGAACCUGAAAAACAGAGARCACCCCAAGACAACCAACUGACCUACGUUGUCAUAGCCAUCCUCACAGUGGUGGCCGCAACCAUGGCARACGAG
I P EPEKOQRTU®POQEDNGQZLTZYVVIATILITLTUVVA AA ATMA AN E

AUGGGUUUCCURGAARRARCGAAGAAAGAUCUAGGAUUAGGAAGCAUUGCAACCCAGCAACCCGAGAGCAACAUCCUGGACAUAGAUCUACGUCCUGCA
M 6 F L EKTU XK KUDTLGLGS5 I ATGQO Q®PTET SN NTITLTGDTITDTLTERTP A

UCAGCAUGGACGCUGUAUGCCGUGGCCACAACAUUUGUUACACCAAUGUUGAGACAUAGCAUUGAAAAUUCCUCAGUGARUGUGUCCCUAACAGCUAUA
S AWTULYAVATTTFUVTPMILRIUEKTSTIENSST VNV VSTLTA ATI

GCCAACCAAGCCACAGUGUUAAUGGGUCUCGGGAARGGAUGGCCAUUGUCAAAGAUGGACAUCGGAGUUCCCCUUCUCGCCAUUGGAUGCUACUCACAR
AN QATUVLMXGLG6 K G WPULS K MDTIGVPLTULA ATITGT ECTZYS Q

GUCAACCCCACAACUCUCACAGCAGCUCUUUNCUUAUUGGUAGCACAUUAUGCCAUCAUAGGGCCAGCACUCCAAGCAARRGCAUCCAGAGARGCUCAG
VNP TTULTA AA ATLTFTILILVAUHYA ATITIGTPA AL Q A K A S RE A @

AARAGAGCAGCGGCGGGCAUCAUGARAAACCCAACUGUCGAUGGAAUARCAGUGAUUGACCUAGAUCCAAUACCUUAUGAUCCAAAGUUUGAAANGCAG
KR A A AGIMZEKNEPTUVDGITVIDILTDT PTIUPZYTDUZPUKTFTE K Q
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UVUGGGACAAGUARUGCUCCUAGUCCUCUGCGUGACUCAAGUAUUGAUGAUGAGGACUACAUGGGCUCUGUGUGAGGCUUUAACCUUAGCUACCGGGCCC
L 6 Q VM L L VLCVTOQQVLMMBRTTWALTCECEHATLTTILHATS®G P

AUCUCCACAUUGUCGGARGGAAAUCCAGGGAGGUUUUGGARCACUACCAUUGCGGUGUCAAUGGCUAACAUUUUUAGAGGGAGUUACUUGGCCGGAGCY
I 8 TL SEGNUPGRTFUWNTTTIAV S MANTIFPFRTGSZYULATGRA

> NS5
GGACUUCUCUUUUCUAUUAUGAAGAACACAACCAACACAAGAAGGGUARCUGGUAACAUAGGAGAGACGCUUGGAGAGARAUGGAAAAGCCGAUUGARC
¢ L L F § I M KNTTNTIRURVUYVTGNTIGTETILSGEIZ KU®WIE KSRILN

GCAUUGGGAAAAAGUGAAUUCCAGAUCUACAAGAAAAGUGGAAUCCAGGAAGUGGAUAGAACCUUAGCAAAAGAARGGCAUUAAAAGAGGAGAAACGGAC
AL G K S E F Q1 ¥ KK S 6 I @ E VDU RTTIULAIZKETGTII KT RTGEGETTD

CAUCACGCUGUGUCGCGAGGCUCAGCAAAACUGAGAUGGUUCGUUGAGAGARACAUGGUCACACCAGARGGGAAAGUAGUGGACCUCGGUUGUGGCAGA
H HAUV S RG S A KL RMWYPFVERINMYT?PETGI KVVDILSGCGR

GGA UGGUCAUACUA GGACUAAAGAAUGUAAGAGAAGUCAAAGGCCUAACAAAAGGAGGACCAGGACACGAAGAACCCAUCCCCAUGUCA
G 6 W § Y Y €C 6 G L KNUVRETUVIEKGTLTIZ KGSG?PGHETEUPTITZPMS

ACAUAUGGGUGGAAUCUAGUGCGUCUUCAAAGUGGAGUUGACGUUUUCUUCAUCCCGCCAGARAAGUGUGACACAUUAUUGUGUGACAUAGGGGAGUCA
T ¥ 6 W NLVRULGQ S G VDV F F I PPEIKTCDTULILTGCDTIGE S8

UCACCAAAUCCCACAGUGGAAGCAGGACGAACACUCAGAGUCCUUAACUUAGUAGAAAAUUGGUUGAACAACAACACUCAAVUUUGCAUAARGGUUCUC
s P NPTV EAGRTULRYVYVILNIELVENWILNNNTQGQTFTCTITZKUVL

AACCCAUAUAUGCCCUCAGUCAUAGARAAAAUGGAAGCACUACAAAGGAAAUAUCGAGGAGCCUUAGUGAGGAAUCCACUCUCACGARACUCCACACAY
N P Y M P S V I E K MEAULOQRIEKTYGG ALV RNUPTULSURNJSTH

GRGAUGUACUGGGUAUCCAAUGCUUCCGGGAACAUAGUGUCAUCAGUGAACAUGAUUUCAAGGAUGUUGAUCAACAGAUUUACAAUGAGAUACAAGAAR
E M Y W VvV 8 N A S 6 N I V 5 8§ V N M I s R ML I NIRTFTMMRY KK

GCCACUUACGAGCCGGAUGUUGACCUCGGARGCGGAACCCGUAACAUCGGGAUUGARAGUGAGAUACCAAACCUAGAUAUARUUGGGARARGARUAGAA
AT Y E P DV DLGS G T RWNIGTIUESETIH®PNTILDTITIGI KT RTIE

ARAAUAAAGCAAGAGCAUGAAACAUCAUGGCACUAUGACCAAGACCACCCAUACAAAACGUGGGCAUACCAUGGUAGCUAUGARACARAACAGACUGGA
K I K Q EH ET S WH YD QDHUPY KTWATYHG G S YETIXKUGQTG

UCAGCAUCAUCCAUGGUCAACGGAGUGUUCAGGCUGCUGACAARACCUUGGGACGUUGUCCCCAUGGUGACACAGAUGGCARUGACAGACACGACUCCA
S A5 S M VNGV FRILULTE KU PWDVVPMVTQM¥AMTTUDTTFP

UUUGGACAACAGCGCGUUUUUAAAGAGARAGUGGACACGAGAACCCARGAACCGARAGARGGCACGAAGARACUAAUGAAAAUAACAGCAGAGUGGCUU
F 6 Q Q R V F XKXEKUVDTU RTUOQEUZPI KTESGTIZ K KT LMZEKTITA ATEWL

UGGAAAGAARUUAGGGAAGAARAAGACACCCAGGAUGUGCACCAGAGAAGARUUCACAAGARAGGUGAGARGCAAUGCAGCCUUGGGGGCCAVAUUCACY
W K E L 6 K K KT P RMKOCTRETETFTI RIEKVRSNABAMLGHBATITFT

GAUGAGAACAAGUGGAAGUCGGCACGUGAGGCUGUUGAAGAUAGUAGGUUUUGGGAGCUGGUUGACAAGGARAGGARUCUCCAUCUUGAAGGAAAGUGY
D ENK W K S A REA AV EUDSR RV FPFWETLVDIEKEUZRNINTILUHTLTESGT KC

GAAACAUGUGUGUACAACAUCAUGGGAAAAAGAGAGAAGAAGCUAGGGGAAUUCGGCAAGGCAARAGGCAGCAGAGCCAUAUGGUACAUGUGGCUUGGA
E T CV ¥ NI M GG KREIKZI KU LGETFSGI K A AIEKTGS SR RATIUWYMUWILG

GCACGCUUCUUAGAGUUUGAAGCCCUAGGAUUCUUAAAUGAAGAUCACUGGUUCUCCAGAGAGAACUCCCUGAGUGGAGUGGAAGGAGAAGGGCUGCAC
A R F L EF EALG F L NEUDUH WY F SRENSTULSG V EGEGTUL H

AAGCUAGGUUACAUUCUAAGAGACGUGAGCAAGAAAGAGGGAGGAGCARUGUAUGCCGAUGACACCGCAGGAUGGGAUACRAGAARUCACACUAGAAGAC
K L 6 Y I L RDV S K KXKEGGAMYADODTH BAGWDTU RTITTLTESD

CUAAAAARUGAAGAAAUGGUAACAARCCACAUGGAAGGAGAACACAAGAARCUAGCCGAGGCCAUUUUCARACUAACGUACCAAARACAAGGUGGUCCGU
L KN EEMV T DNUHMETGEUHRI KU KTLAEA BATITFI KTLTZYOQNTZ KUV VR

GUGCARAGACCAACACCAAGAGGCACAGUAAUGGACAUCAUAUCGAGARGAGACCAAAGAGGUAGUGGACAAGUUGGCACCUAUGGACUCAARUACUUUC
VQRPTUPRGTV MDITI S RRDQERGSGOQV GETYGELNTTF

ACCARUAUGGAAGCCCAACUAAUCAGACAG. AGGA UUUAARAGCAUUCAGCACCUAACAAUCACAGAAGAAAUCGCUGUGCAAAAC
T NM E A QL I RQMETGETG GV FI KSTIOQOQHTLTTITTETETIA AVOQN

UGGUUAGCAAGAGUGGGGCGCGAAAGGUUAUCAAGAAUGGCCAUCAGUGGAGAUGAUUGUGUUGUGAAACCUUUAGAUGACAGGUUGCCAAGCGCUUUA
W L ARV GREU RTLSR RMATISGDIUDTCVV KZPULUDTU DR RTILUPSATL

ACAGCUCUAAARUGACAUGGGAAAGAUUAGGAAAGACAUACAACAAUGGGAACCUUCAAGAGGAUGGAAUGAUUGGACACAAGUGCCCUUCUGUUCACAL
T AL NDMGE K TIRIKUDTIOQ@QWET PSR GMWNUDWWTGQVZPTFTCSH

CAUUUCCAUGAGUUAAUCAUGAAAGACGGUCGCGUACUCGUUGUUCCAUGUAGAAACCAAGAUGAACUGAUUGGCAGAGCCCGAAUCUCCCAAGGAGCA
H FHETLTIMIEKDGRVYV LV YV PCRINUGOQDETLTIGRARBAIRTISTZGQGA

GGGUGGUCUUUGCGGGAGACGGCCUGUUUGGGGAAGUCUUACGCCCARAUGUGGAGCUUGAUGUACUUCCACAGACGCGACCUCAGGCUGGCGGCAAAY
G WS LRETH® AU CTLGK S Y A QMW S LMY FHRURDTULTERTLA AA AN

GCUAUUUGCUCGGCAGUACCAUCACAUUGGGUUCCAACAAGUCGAACAACCUGGUCCAUACAUGCUAAACAUGAAUGGAUGACAACGGAAGACAUGCUG
A I ¢ 8§ AV P S HWV PT S RTTTWS I HAZ KU HTEUWMTTTETDMTL

ACAGUCUGGAACAGGGUGUGGAUUCAAGAAAACCCAUGGAUGGAAGACAAAACUCCAGUGGARUCAUGGGAGGARAUCCCAUACUUGGGGARARGAGAA
T VW NRVWIOQENTPWMETDIE KTZPVETSUWETETITPZYTULGTZ KT RE

GACCAAUGGUGCGGCUCAUUGAUUGGGUUAACAAGCAGGGCCACCUGGGCAAAGAACAUCCAAGCAGCAAUAAAUCAAGUUAGAUCCCUUAUAGGCAAU
D Q WcC6 s L I G LTS RATTWATEKTENTIG QA AR ATIN Q VR S L I G N

GAAGAAUACACAGAUUACAUGCCAUCCAUGAAAAGAUUCAGAAGAGAAGAGGAAGAAGCAGGAGUUCUGUGGUAGAAAGCAAAACUAACAUGAAACAAG
E E Y T D Y M P S M KRFURUZ RTETETETEH DGV VL
GCUAGAAGUCAGGUCGGAUCAAGCCAUAGUACGGAAAAAACUAUGCUACCUGUGAGCCCCGUCCAAGGACGUUAAAAGAAGUCAGGCCAUCAUAAAUGC

CAUAGCUUGAGUAAACUAUGCAGCCUGUAGCUCCACCUGAGAAGGUGUAAAAAAUCCGGGAGGCCACAAACCAUGGAAGCUGUACGCAUGGCGUAGUGG

ACUAGCGGUUAGAGGAGACCCCUCCCUUACAAAUCGCAGCAACAAL 'CCAAGGCGAGAUGAAGCUGUAGUCUCGCUGGCAAGGACUAGACGCUUAG

AGGAGACCCCCCCGAAACAARAAACAGCAUAUUGACGCUGGGAAAGACCAGAAAUACUACUAUCUACUCAGCAUCAUUCCAGGCACAGAACGCCACGARA

AUGGAARUGGUGCUGUUGAAUCAACAGGUUCU
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TABLE 1

BLOK ET AL.

NUCLEOTIDE AND AMING ACID DIFFERENCES BETWEEN THE PARENTAL

DENGUE-2 16681 AND ITS 16681-PDK 53 VIRUSES

TABLE 2

SUMMARY OF THE GENETIC DIFFERENCES BETWEEN THE DENGUE-2
16681 AND 16681-PDK 53 VIRUSES

Gene

No.

Nucleotide

Amino acid

16681

16681-
PDK53

16681

16681-
PDK53

5 untrans

C

PIM(-M)

NS1

NS2A

NS2B

NS3

NS4A

NS4B

NS5

3’ untrans

57

115
210
226
234

524
651
703

903

1317
1445
1477
15609
1524
1667
2055

2475
2579
2821
3081
3129
3147
3178

3620
3776
3824
3987

4241
4344
4433

4824
5649
5706
5965

6442
6680
6599

7403
7439
7561

7571
7578
8571
9221
9699
9732
9845

10316
10330
10637
10649
10651
10673

CPO000C P20CO00OH OOC GOH OO0 OO0 OGOOC OPFPOOOOE OOOOLOX O OOP OOXPP O

OCrPPPO0 OCrrPrCCcc P00 OCrr CCOO OCC PCPrO PCPCCPC COOPITPCOH P OOC PCOO C

o —“>»z2 O o

>wm -

® »s< oo

[ — m> ~

<XV =

< =w>r PTT=Z

Nucleotide Amino acid
differences differences
Gene/protein (%) (%)
5" untransiated 1/96 (1.04) —
C 4/342  (1.17) 1/114 (0.88)
prM 3/273  (1.10) 2/91  (2.20)
M 1/225  (0.44) 1/75  (1.33)
E 7/1485 (0.47) 3/495 (0.61)
NS1 7/1056 (0.66) 3/352 (0.85)
NS2A 4/654  (0.61) 3/218 (1.38)
NS2B 3/3%0 (0.77) 2/130 (1.54)
NS3 4/1854 (0.22) 3/618 (0.49)
NS4A 3/450 (0.67) 3/150 (2.00)
NS4B 3/744  (0.40) 3/248 (1.21)
NS5 7/2700 (0.26) 3/900 (0.33)
3’ untranslated 6/454  (1.32) —
Total 53/10723 (0.49) 27/3391 (0.80)

100 units/ml penicillin, and 100 pg/ml streptomycin. At
70% confluency, the cells were infected with the den-
gue-2 16681 or 16681-PDK 53 virus in RPMI 1640
containing 0.2% bovine serum albumin (BSA). Hemag-
glutinin {HA) was assayed as described by Clarke and
Cassals (1958) and tissue culture fluids containing the
virus particles were collected for 3 consecutive days,
at peak HA titers. After centrifugation to remove cells
and debris, the virions were precipitated by adding %
volume of 40% polyethylene glycol, 156% NaCl, and in-
cubated at 4° for 1 hr. This precipitate was then col-
lected by centrifuging at 7600 g for 30 min at 4° and
resuspending in buffer (0.1 M NaCl, 0.012 M Tris—HClI,
pH 7.5, 0.2% BSA) before centrifuging in a 5-50% su-
crose gradient. The visible band of virions was col-
lected and viral RNA extracted in 0.05 M Na acetate,
0.1 mM EDTA solution containing 0.5% SDS, and an
equal volume of phenol/chloroform. The RNA was re-
covered from the aqueous phase by ethanol precipita-
tion. It was ethanol precipitated twice before use for
cDNA synthesis.

Synthesis of cDNA

cDNA was synthesized as described previously
(Blok et al., 1984). Viral RNA and either a 14-mer based
on the West Nile virus sequence (Wengler and
Wengler, 1981) or oligo (dT),,_,5 were heated to 90° for
1 min, quickly chilled in an ice/water bath, and used as
a template for cDNA synthesis. For synthesis, [*2P]-
dATP (Bresatec) and avian myoblastosis virus reverse
transcriptase (AMV RT, Life Sciences) were added and
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incubated at 37° for 1 hr. The cDNA-RNA hybrids pro-
duced by this reaction were then used for synthesis of
double-stranded DNA (dsDNA) using RNase H and
DNA polymerase (Boehringer-Mannheim) as described
by Okayama and Berg (1982). The resulting dsDNA
was cleaved with the restriction enzymes Sau3A or
BamHl, inserted into the BamHl site of the plasmid vec-
tor pUC8, and cloned using standard methods (Mania-
tis et al., 1982).

Amplification of DNA using the polymerase chain
reaction (PCR)

Oligonuclectide primers (20—23-mers with an aver-
age GC content of 60%j) flanking the regions to be am-
plified were made in a Milligen oligonucleotide synthe-
sizer (University of Queensland), desalted in a PD-10
Sephadex G-25 M column (Pharmacia), and the first
three fractions were dried and resuspended in 100 ul
water. A reaction mixture containing 1 ul (ca. 100 pmol)
of each of the two primers, 400 ng viral RNA in 1.5 mM
MgCl,, 50 mM KCI, 10 mM Tris—HCI, pH8.0, and
0.02% BSA was heated to 95° for 1 min and cooled to
42° over 3 min. AMV RT (2 units) and Tag polymerase
(2 units, Cetus) were added to the mixture and this was
incubated at 42° for 5 min. The DNA was then ampli-
fied for 30 cycles (95° for 1 min, 55° for 2 min, and 72°
for 3 min). The resulting fragments were purified on a
polyacrylamide gel, eluted in buffer (0.1 M Tris—HCI,
pH8.0, 0.5 M NaCl, 5 mM EDTA) for 16 hr at room
temperature, phenol extracted, and ethanol precipi-
tated prior to seguencing.

Sequencing of cloned DNA and PCR fragments

Sequences were obtained by the dideoxy chain ter-
mination method as described (Sanger et al., 1977). In
a typical experiment, 4 ug of circular plasmid DNA or
purified PCR fragment DNA was added to 40 ul of 0.2
M NaOH, 0.2 mM EDTA in order to separate the
strands. This mixture was incubated at room tempera-
ture for b min, precipitated with 3 vol of ethanol in the
presence of 37.6 mM Na acetate pHb.5, and then col-
lected by centrifugation in a microfuge for 5 min. The
resulting pellet was dried in a vacuum and resus-
pended in 20 ul sterile water. This treated DNA was
enough for five sequence experiments and could be
stored up to 2 weeks at —20°. Treated DNA (4 ul or 0.8
ug) was mixed with 1 ul (1 pmol) of primer, heated to
95° for 1 min, quickly chilled in an ice/water bath, and
used in the dideoxy sequencing procedure in the pres-
ence of [*?P]JdATP (Bresatec). In most cases 0.5 unit
DNA polymerase (Klenow fragment, Boehringer-Mann-
heim)} was used to obtain sequence data, but for some
of the larger clones, 3 units of Sequenase {Trace) was

used. The reactions were stopped by the addition of
formamide containing bromophenol blue and xylene
cyanol dye, heated to 95° for 3 min, and chilled prior to
electrophoresis in 8% polyacrylamide gels containing
7 M urea. The gels were fixed in 10% acetic acid,
wrapped in Saran Wrap, and autoradiographed atroom
temperature without intensifying screens.

Viral RNA sequencing

Dengue-2 genomic RNA was sequenced using the
dideoxy chain termination method (Sanger et al., 1977)
as described (Air, 1979). Briefly, oligonucleotide
primers, based on sequence data obtained from cDNA
clones or published dengue-2 sequences, were syn-
thesized on a Biosystems cligonucleotide synthesizer
(Qld Inst Med Res), desalted in a PD-10 Sephadex
G-26 M column (Pharmacia), and the first three frac-
tions were dried and dissolved in 100 ul water. Primer
{usually 1 gl of 1:100 dilution, although the dilution was
determined empirically for each primer) and 0.05 ug
RNA were heated to 90° for 1 min, quickly chilled in
ice/water, and sequenced with 1.0 unit of AMV RT (Life
Sciences).

Computing

Sequences were aligned, compared, and classified
using various programs of the RSBS SEQ, the RSBS
STATS, and the GCG (Version 6.2; Devereux et al.,
1984) libraries. The progressive alignment program
{Feng and Doolittle, 1987, 1990) with the MDM78 simi-
larity matrix (Dayhoff et al., 1978) and the neighbor-
joining tree program (Saitou and Nei, 1987; Studier and
Keppler, 1988) were also used. The FASTA program of
the GCG library was used to search Release 16 (No-
vember 1990) of the SwissProt database for proteins
with sequences related to those of flaviviruses.

RESULTS

Nucleotide and encoded amino acid sequences of
dengue-2 16681 and 16681-PDK53 viruses

The sequencing strategies used to obtain the com-
plete nucleotide sequences of the dengue-2 16681
and 16681-PDKb3 viruses are shown in Fig. 1. This
figure shows that the sequences of the E and NSt
genes were obtained from both cloned material and
from sequencing the RNA genome directly. Other re-
gions which were not isolated during the preparation of
the cDNA libraries were also sequenced from the viral
RNA using specific oligonucleotide primers based on
sequences from the dengue-2 16681, 16681-PDK53
or Jamaica (Deubel er al., 1986, 1988) strains. The
cDNA clones were obtained using either oligo dT,, ;s
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or the synthetic oligonucleotide 5 AGAACCTGTT-
GATT 3" as a primer for cDNA synthesis followed by
Sau3A or BamHI digestion. Both the 16681 and
16681-PDK53 cDNA libraries contained multiple cop-
ies of most of the cloned fragments, although there
was a unique BamHl clone in the 16681-PDK53 library.
The ¢cDNA clones were sequenced from both strands
and represented 79 and 74% of the 16681 and 16681-
PDK53 RNA genome, respecitively.

The 3’ terminal primer, 5 AGAACCTGTTGATT 3,
was used to sequence the extreme 3’ end of the viral
RNA but the sequence of only 79 nucleotides could be
determined. The rest of the 3’ nontranslated region
proved to be difficult to sequence with specific primers
based on the dengue-2 Jamaica sequence (Deubel et
al., 1988), probably because of sequence mismatching
(when the sequences of Jamaica and 16681/16681-
PDK53 were compared, 19/15 of the 454 nucleotides
differed). This region at the 3’ end of the 16681-PDK53
genome was therefore amplified using the polymerase
chain reaction (PCR) and the primers 5 CTTTCCCAG-
CGTCAATATGCTG 3 {pased on sequence of the viral
RNA) and 5" GGCTAGAAGTCAGGTCGGATC 3' (based
on sequence of a 16681-PDKb3 cDNA clone). The re-
sulting 344 bp fragment (nucleotides 10296 to 10648,
see Fig. 2) was produced in five different PCR experi-
ments, and each of these was sequenced to ensure
that any possible errors produced during amplification
by the Taqg polymerase could be detected. However,
the five sequences were identical. Forthe 16681 virus,
the sequence of this 3' noncoding region and the 3’
portion of the NS5 gene were obtained by amplifying
the same 344 bp fragment using PCR as well as a 550
bp fragment using the primers 5 CCTTGGACGGGG-
CTCACAGGTAG 3 (based on sequence of 344
bp PCR fragment) and 5 GGGAGACGGCCTGTTT-
GGGG 3 (based on sequence 16681-PDK53 cDNA
clone). The resulting sequence from these two ampilifi-
cation reactions encoded the region from nucleotides
9815 to 10649.

The entire nucleotide sequence of the dengue-2
16681-PDK53 viral RNA genome and its encoded
amino acid sequence are shown in Fig. 2 and it repre-
sents the consensus RNA sequence obtained using
three different strategies (Fig. 1): (i) cDNA cloning, {ii)
sequencing particular regions of the viral RNA genome
directly, and (i) amplification of a fragment at the 3" end
using PCR. The 3'terminal 14 nucieotides, complemen-
tary to the synthetic primer based on the West Nile
virus sequence, have not been deduced but have sim-
ply been added to the 3’ terminal deduced nucleotide
since this primer hybridized very well both dengue-2
16681 and 16681-PDK53 RNA. The differences be-
tween the 16681-PDK53 sequence (Fig. 2) and the

sequence of its parental virus 16681 are shown in
Table 1.

The N-terminal amino acid sequences of the prM, M,
and E proteins of the 16681 virus were determined
using a gas phase protein sequencer coupled to re-
verse phase ODS columns. These confirmed the en-
coded sequences as well as those reported previously
for dengue-2 proteins.

Comparison of the 16681 and 16681-PDK53
nucleotide sequences

There were 53/10723 (0.49%) nucleotide differ-
ences between the parental dengue-2 16681 and its
candidate vaccine derivative 16681-PDK53 virus, of
which about half (26/563) were silent. Table 2 highlights
the differences in the genes and proteins of these two
viruses and together with Table 1 show that the differ-
ences occur throughout the entire genome in both the
coding and noncoding regions. Nucleotide changes
occurred more frequently in regions such as the 5" and
3" untranslated regions (1.04% and 1.32% or 1/96 and
6/454 nucleotides differences, respectively), the C
(1.17% or 4/342 nucleotide differences) and the prM
partion of the priM/M gene (1.10% or 3/273 nucleotide
differences). A disproportionate number of nucleotide
differences which led to amino acid substitutions (14/
17 or 88%; which can also be expressed as 12% silent
mutations) was detected in the prM/M, NS2, and NS4
regions. The other proteins had a higher percentage
silent mutations (55%).

Differences in the amino acid sequence

Tables 1 and 2 also summarize the amino acid differ-
ences between the virulent and attenuated dengue-2
viruses. Of the virion proteins, the prM peptide of the
prMi/M protein has changed to the greatest extent
{(2.20% or 2/21 amino acid differences). One of the
amino acid substitutions (Asp to Val, 16681 to 16681-
PDK53, respectively) changed the character of the resi-
due from hydrophilic to hydrophobic and could there-
fore be important. Only one amino acid substitution
(Phe to Leu, a conservative change) was present in the
M peptide of the prM/M protein (1.33% or 1/75 amino
acid differences). A 0.88% amino acid difference (1/
114 amino acids) with a change of charge from a basic
residue to an acidic one (Lys to Asp) was found in the
capsid protein. The other virion protein, the envelope
glycoprotein, had 3/495 amino acid substitutions (or
0.6% difference).

NS1 had 7/1056 nucleotide changes and 3/3562
amino acid changes. One of the three amino acid sub-
stitutions changed a small residue, Gly, to an acidic
residue, Asp. The non-structural proteins, NS2 and
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TABLE 3

CODES AND REFERENCES OF THE FLAVIVIRUSES USED IN THIS STUDY

Virus isolate Code name References
Dengue-1—Nauru D1 Mason et al. (1987)
Dengue-2—16681-PDK53 D2PDK This work
Dengue-2—Jamaica 1409 D2JAM Deubel et al. (1986, 1988)
Dengue-2—NGC D2NGC Irie et al. (1989)
Dengue-2—PR15951 D2S1 Hahn et a/. (1988)
Dengue-3—H87 D3 Osatomi and Sumiyoshi (1990)
Dengue-4—814669 D4 Mackow et al. (1987)

Zhao et al. (1988)
Japanese encephalitis—Nakayama JE McAda et al. (1987)
Japanese encephalitis—JaOArS982 JEV Sumiyoshi et al. (1987)
Kunjin—MRM61C KUN Coia et al. (1988)
Murray Valley encephalitis MVE Dalgarno et af. {1986)
St. Louis encephalitis—MS1-7 SLE Trent et a/. (1987)
Tick-borne encephalitis—77-9 TBE Mand! et al. (1988, 1989b)
Tick-borne encephalitis—USSR TBEV Yamshchikov and Pletnev (1988)
West Nile WNV Castle et a/. (198b, 1986)
Wengler et al. (1985)
Yellow fever—17D vaccine YF Rice et al. (1985)
Yellow fever—Asibi ASIBI Hahn et al. (1987)

NS4, contained a high proportion of amino acid differ-
ences (1.38 and 1.54% or 3/218 and 2/130 amino
acids for NS2A and B; and 2.00 and 1.21% or 3/150
and 3/248 amino acids for NS4A and B, respectively).
The NS3 and NS5 proteins were more highly con-
served, showing a 0.49% (3/618 amino acids) and a
0.33% (3/900 amino acids) protein difference, respec-
tively. The preservation of sequence was also ob-
served at the gene level with a 0.22% (4/1854 nucleo-
tides) and 0.26% (7/2700 nucleotides) difference for
the NS3 and NSb genes, respectively.

Relationship of the 16681/16681-PDK53 virus pair
with other flaviviruses

The relatedness of dengue-2 16681/16681-PDK53
virus pair to other flaviviruses, and the relationships
within the group, were determined using the protein
sequences deduced from their published nucleotide
sequences to make various comparisons. As the
16681 and 16681-PDK53 viruses were very closely re-
lated, only the 16681-PDK53 sequence (Fig. 2) was
used in further analyses. The viral protein sequences
compared were those of D1, D2JAM, D2NGC, D2PDK,
D281, D3, D4, JBV, JE, KUN, MVE, SLE, TBE, TBEV,
WNV, ASIBI and YF viruses (see Table 3 for full virus
names and references). At the time of our analyses,
only parts of the genomes of D1, MVE, and SLE were
known to us, and so only some of their proteins were
used in the comparisons.

The 11 flavivirus proteins {C, privi, M, E, NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NSb) were analyzed sep-

arately. In each of the 11 sets the proteins were
aligned, and the Feng, Johnson and Doolittle (1985)
distance measures (FJD distances) between all pairs of
each set were estimated after progressive alignment
(Feng and Doolittle, 1987, 1990). The smallest FJD dis-
tances were between the NSb proteins, and therefore
the FID distances for the others were, for each virus—
virus comparison, converted into the distances relative
to those of the NS5 comparisons. These ratios were
averaged for each protein (Fig. 3) and showed that the
amount of change of the proteins, relative to NS5, var-
ied over almost a fourfold range. The E, NS1, and NS3
proteins differed only up to 1.60 times as much as
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Fic. 3. Histogram showing the mean phylogenetic Feng, Johnson,
and Doolittle (1985) distance measures for all pairwise comparisons
of each protein from the 11 flaviviruses (dengue serotypes 1 to 4,
Japanese encephalitis, Kunjin, Murray Valley encephalitis, St. Louis
encephalitis, tick-borne encephalitis, West Nile, and yellow fever vi-
ruses) expressed in terms of the distances for NS5 comparisons.
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FiG. 4. Dendrograms illustrating, for each flavirus protein, the relationships of the amino acid sequences encoded for that protein in different
flavivirus genomes (See Table 3 for full names and references of viruses). The sequences were aligned by the progressive-alignment method,
and the phylogenetic Feng, Johnson, and Doolittle (1985) distance measures (MDM78 distance matrix) classified by the neighbor-joining

method (Saitou and Nei, 1987). Scale units = 10%.

NS5, but the C, NS2A, NS2B, NS4A, and NS4B pro-
teins differed by up t0 3.66 = 0.11 times as much. This
result is similar to that obtained by Miller and Purcell
(1990), who calculated a histogram (their Fig. 3) of the
invariant residues in the aligned proteins of eight flavi-
viruses.

Next, for each of the 11 proteins, a dendrogram rep-
resenting the relationships of the individual proteins

was calculated by the neighbor-joining tree method
(Saitou and Nei, 1987). The 11 dendrograms (Fig. 4)
are closely similar in topology, especially those of the
most slowly evolving proteins (i.e., E, NS1, NS3 and
NSB), but their total branch lengths differ, thereby con-
firming the relative differences shown in Fig. 3. The
dendrograms only differ in minor ways, mostly in their
fine “twigs’’ (e.g., the relative positions of the dengue-
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2 isolates), and also in the position of the basal branch
of each dendrogram, which was arbitrarily fixed as the
point in the dendrogram that bisected the path linking
the two most distant viruses.

As the analyses indicated that the flaviviruses had
evolved by divergent mutational change, a single sim-
ple dendrogram was constructed (Fig. 5) by combining
the distance matrices of the 11 proteins after correct-
ing for their differences in size and relative rates of
change. This dendrogram places the viruses into four
clusters; the two TBE isolates, the two YF isolates, the
six encephalitis viruses, and the seven dengue virus

isolates. This classification is similar to that reported by
Mandl et al. (1989b), who used modified percentage
identities of aligned sequences of the NS1 proteins of
11 flaviviruses to calculate a dendrogram by an undis-
closed method. Our dendrograms, obtained by the
neighbor-joining tree method, have given a more de-
tailed binary branching pattern than that of Mandi et a/.
(1989b), which included two unresolved trifurcations.

Distant relationships

We examined the sequence similarities of the con-
served flavivirus proteins (NS5 and NS3), with those of
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scale divisions 5%

Fig. 5. Combined dendrogram illustrating the relationships of 17
flaviviruses (whose full names are shown in Table 3). Scale units =
5%.

other viruses and other organisms, to find the possible
relatives of flavivirus genes. We also used the related
proteins as '‘outgroups’ to establish the position of
the ‘‘root,” and hence perhaps the “oldest’” branch-
ing point, of the combined dendrogram of flaviviruses
(Fig. b).

The motif which includes the characteristic se-
quence -GDD- (or a close derivative of it) is found in all
viral replicases (Argos, 1988; Bruenn, 1991; Diamond
et al., 1989; Gorbalenya and Koonin, 1988; Habili and
Symons, 1989; Icho and Wickner, 1989; Kamer and
Argos, 1984; Koonin et al., 1989; Pietras et al., 1988;
Poch et al., 1989), including the NS5 protein of flavivi-
ruses.

We classified the -GDD- regions of 63 viral genomes
including those of 12 flaviviruses. Each -GDD- region
compared consisted of 300 amino acid residues,
stretching from 240 residues on the N-terminal side of
the -GDD- to 60 residues to its C-terminal side. These
sequences were aligned pairwise using the Needle-
man-Wunsch algorithm (MDM78 matrix and gap pen-
alty 8, Needleman and Wunsch, 1970) and the number
of identical residues was recorded, as well as the dif-
ference between the alignment score and the mean
score of 100 randomizations of the sequences ex-
pressed in standard deviation units {StDUs) calculated
from the randomizations. Both sets of data were con-
verted to distance matrices; the identical residue
scores were converted into the percentages of non-
identical residues ("% non-ident’), including gaps as a
““21st”" amino acid, and the standard deviation mea-
sures were converted into ‘‘standard deviation dis-
tances’ (StDDs’) between each pair of sequences us-
ing the formula StDD = 2.0 — log10 (StDU + 3.0). The

neighbor-joining tree method was then used to com-
pute dendrograms from the distance measures.

Both dendrograms placed the “'root’ of the flavivirus
tree on the link joining the TBE branch to that of the
other flaviviruses. Figure 6 shows the % non-ident den-
drogram. It placed the viruses into seven major groups.
The flaviviruses were a sister group to the pestiviruses
which then joined sequentially to the carmo-luteo(BYD)
cluster and hepatitis C. These viruses then had the
sobemo-luteo(BWY) cluster and black beetle nodavirus
as a sister group, before being linked to the other vi-
ruses. The StDD dendrogram placed the viruses (ex-
cept black beetle nodavirus and Qg levivirus) into the
same seven major groupings as the % non-ident den-
drogram, but the groupings were linked differently so

flavi-

pesti -

carmo-uteo (BYD) -

hepatitis C

black beetle noda -
sobemo-luteo (BWY)-
Sindbis -

retroid-orthomyxo-levi -

picorna-poty-como -

scale divisions 10%

Fig. 6. Dendrogram showing the relationships of the RNA polymer-
ase motifs of the genomes of 63 viruses. Each shaded rectangie
represents a group of viruses, and illustrates the variability of the
group; the left edge of the rectangle is placed where the final node
fusing members of the group occurs, and the right edge is the posi-
tion of the individual on the longest branch. Members of the groups
are: flavi-: ASIBI, D2JAM, D2NGC, D2PDK, D2St1, D3, D4, JEV, KUN,
TBEV, WNV, YF (see Table 3 for full names of viruses); pesti-: bovine
viral diarrhea and hog cholera pestiviruses; carmo-luteo(BYD)-: bar-
ley yellow dwarf (PAV) and soybean dwarf luteoviruses, red clover
necrotic mosaic dianthovirus, carnation mottle, melon necrotic spot
and turnip crinkle carmoviruses, maize chlorotic mottle virus, cu-
cumber necrosis, cymbidium ringspot and tomato bushy stunt tom-
busviruses, tobacco necrosis necrovirus; sobemo-luteo(BWY)-: beet
western yellows, potato leaf roll (two isolates) luteoviruses, southern
bean mosaic sobemovirus (two isolates); Sindbis-: alfalfa mosaic
virus, brome mosaic bromvirus, cucumber mosaic cucumovirus,
barley stripe mosaic hordeivirus, tobacco rattle and pea early brown-
ing tobraviruses, tobacco mosaic tobamovirus, Sindbis alphavirus,
eggplant mosaic, kennedya yellow mosaic, ononis yellow mosaic
and turnip yellow mosaic tymoviruses, potato X and white clover
mosaic potexviruses, potato M and potato S carlaviruses, beet ne-
crotic yellow vein furovirus; retroid-orthomyxo-levi-: human immuno-
deficiency lentivirus, influenza A orthomyxovirus, mouse hepatitis
coronavirus, cauliflower mosaic caulimovirus, Qg levivirus; picorna-
poty-como-; rhinovirus 2, poliovirus, encephalomyocarditis cardio-
virus, foot-and-mouth disease aphthovirus, cowpea mosaic como-
virus, plum pox, potato Y, tobacco etch and tobacco vein mottling
potyviruses. Scale units = 10%.
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that although the pestiviruses and hepatitis C were sis-
ter groups, they were further from the flaviviruses. The
reasons for the differences between these dendro-
grams are not known, but it could have resulted from
the decision to use a segment of fixed length from each
sequence, rather than attempting to align subjectively
some very tenuously homologous sequences.

The nucleotide binding and helicase motifs, which
have the core sequence -GKT/S-, are found in many
proteins including those of viruses (Walker et al., 1982;
Higgins et al., 1986; Gorbalenya et a/., 1989). This mo-
tif is found in the C-terminal part of the NS3 protein of
flaviviruses, and the region has been shown (Gorba-
lenya et al., 1989; Miller and Purcell, 1990) to have
sequence similarities to the NS3-like protein of hog
cholera pestivirus and hepatitis virus C and, more dis-
tantly, to the cylindrical inclusion (Cl) proteins of the
potyviruses (Bazan and Fletterick, 1989). Recently,
Lain et al. {1989) have confirmed that the potyviral CI
proteins have helicase activity, and Chambers et al.
(1990) have shown that the NS3 protein of YF is a viral
protease for specific post-translation processing of the
viral polyprotein. A search of the Swissprot database
(Release 16) by the FASTA technique using the NS3
proteins of D2PDK and YF failed to identify any other
proteins with sequences of more than 100 amino acid
residues with significant similarity; several much
shorter sequences with clear similarity were found.

Therefore a classification was computed of five flavi-
virus NS3 proteins (D2PDK, D3, D4, YF, and TBE), the
NS3-like proteins of the two pestiviruses and hepatitis
C virus, and the C! proteins of plum pox (strain D: Tey-
cheney et al., 1989), potato virus Y (strain N; Robaglia
et al., 1989), tobacco etch (Allison et al., 1986), and
tobacco vein mottling (Domier et af., 1986) viruses us-
ing the progressive-alignment/FJD distance/neighbor-
joining. tree method. The classification further con-
firmed that the flavivirus tree is rooted near the base of
the TBE branch. The classification showed clearly that
the potyvirus Cl proteins are only very distantly related
to the NS3 and NS3-like proteins. The dendrogram
was, in essence, H-shaped with a short central link of
20% with branches at one end to the pestivirus and
hepatitis C proteins of 78 and 98% respectively, and,
from the otherend, of 31 and 155% to the flavivirus and
potyvirus proteins.

Searches of the Swissprot database (Release 16)
and the NS1 and E proteins of D2PDK and YF using the
FASTA technigue found only a few short sequences
(<100 residues) with similarity to the NS1 proteins, but
a clear sequence similarity between the flavivirus E
proteins and the spike glycoprotein precursors of vesic-
ular stomatitis rhabdovirus, strains Orsay and Glasgow
{Gallione and Rose 1985; Vandepol and Holland, 1986)

was found. The alignment scores of the E and spike
proteins by the Needleman-Wunsch (1970) method
were 2.3-2.9 standard deviations from the mean align-
ments scores of 100 randomizations of the same se-
guences.

DISCUSSION

Differences in the nucleotide and encoded amino
acid sequences occurred throughout the genomes of
the virulent (16681) and attenuated (16681-PDK53)
dengue-2 virus strains. Certain genes (M, NS4A, and
NS4B) displayed nucleotide changes which all led to
amino acid substitutions, while others (C, E, NS1, and
NS5) underwent a majority of silent nucleotide
changes. However, it is not possible to predict from
these changes which particular protein(s) and/or re-
gion(s) of the genome are involved in the reported atten-
uation of 16681-PDK53.

Monoclonal antibodies to at least three dengue virus
proteins, namely, prM, E, and NS1, have been shown
to protect mice against challenge with dengue viruses
(Brandiss et a/., 1986; Henchal et a/., 1988; Kaufman et
al., 1987, 1989; Schlesinger et al., 1987; Zhang et al.,
1988). There are nucleotide and amino acid differ-
ences between the 16681 and 16681-PDK5b3 viruses
in these proteins but their significance is not obvious.

The prM-specific monoclonal antibodies which pro-
tected mice against challenge with both homologous
and heterologous dengue viruses (Kaufman et al.,
1989) did not display neutralizing activity in vitro. The
locations of the protective epitopes within the priv
peptide have not yet been identified and it is therefore
not known whether the amino acid differences (Table
1) found between the 16681 and 16681-PDKb53 vi-
ruses in this protein are related to protection.

The E protein is the major dengue virus antigen and
antibodies to this protein neutralize the virus. Proposed
three-dimensional structures for the E protein of re-
lated flaviviruses, WN virus (Nowak and Wengler,
1987) and TBE virus (Mandl et a/., 1989a) have been
developed based on monoclonal antibody-binding and
proteolytic cleavage studies. Adapting the dengue-2
envelope protein sequence 1o the flavivirus models
shows that the three amino acid changes are in stem
regions. It seems unlikely that the differences in the E
protein are significant as two of the changes (Val to lle
and Met to lle} are conservative changes which occur
in the stem structures of domain A, rather than in the
more accessible loops (based on the model of the E
protein of TBE virus, Mand! et al., 1989a). Interestingly,
the other amino acid substitution (Thr to lle} is in the
same position as an antigenic variant reported for TBE
virus (Lys to Glu) (Mandl et a/., 1989a); and this Thr to



586 BLOK ET AL.

lle substitution occurs in a region of dengue-2 which
reacts with sera from a range of dengue-2-infected
hosts (Aaskov et al., 1989). The positions of the three
amino acid changes are also outside any proposed fla-
vivirus group reactive or dengue-2 specific continuous
epitopes proposed by Innis et al. (1989).

Twelve amino acid differences were detected be-
tween the E proteins of the virulent (ASIBI) and an at-
tenuated 17D yellow fever viruses (Hahn et al., 1987).
This contrasts with five amino acid differences ob-
served in the E protein of a virulent and an attenuated
strain of JE virus (Nitayaphan et a/., 1990) and the three
amino acid differences reported here for the dengue-2
16681 (virulent) and dengue-2 16681-PDK5B3 (atten-
uated) viruses. This difference in number of amino acid
changes between the parent and attenuated strains
(12 for YF pair, 5 for JE pair, and 3 for the dengue-2 pair)
may simply reflect the different clinical syndromes and
pathogenesis of these viruses, or the different passage
histories of these viruses [234 passages for YF pair
{Theiler.and Smith, 1937), 122 passages for the JE pair
{Eckels et al., 1988) and 53 passages for the dengue-2
pair (Yoksan et al., 1986)], or the fact that the YF and JE
viruses were plaque purified before cDNA cloning and
sequencing whereas the dengue-2 viruses used for
cloning and sequencing represent the virus population
as a whole.

Monoclonal antibodies to the NS1 protein protected
mice against lethal challenge in experiments with YF
virus (Gould et al., 1986; Schlesinger et al., 1985,
1986) and dengue-2 (Henchal et a/., 1988; Schlesinger
et al., 1987) indicating that NS1 may be important in
flavivirus infections. There are three amino acid substi-
tutions (Table 1) and one of these (Gly to Asp) may be
significant because this Gly is present in all other flavi-
viruses sequenced to date, i.e., D1, D2JAM, D2NGC,
D2S1, D3, D4, IEV, JE, KUN, MVE, SLE, TBE, TBEV,
WNV, ASIBI, and YF viruses; see Table 3 for full virus
names and references. However, the three-dimen-
sional structure of NS1 is not known and, as no model
has been proposed, it is difficult to assess the signifi-
cance of this substitution.

The function of the NS2 and NS4 proteins in virus
replication is unknown but their hydrophobic profiles
are remarkably conserved among both the dengue vi-
ruses and flaviviruses in general, although their amino
acid sequences are not. The amino acid substitutions
(Table 1) in the NS4 region would have only marginal
effects on this hydrophobicity profile but the NS2 re-
gions involve substitutions of hydrophilic residues for
hydrophobic ones, e.g., Met to Arg and Ala to Glu in
NS2A. The significance of these results is difficult to
determine since the function of these hydrophobic re-
gions is unknown.

The NS3 and NSb proteins are important in viral repli-
cation; and NS3 has been shown to contain se-
quences characteristic of a trypsin-like serine protease
(Bazan and Fletterick, 1989) and is used in post-trans-
lational processing of the YF polyprotein (Chambers et
al., 1990). As these proteins possess important enzy-
matic functions, it can be expected that they can toler-
ate fewer amino acid substitutions. This is indeed what
was observed with only 0.49 and 0.33% amino acid
differences for NS3 and NS5, respectively, although
there were substitutions which altered the charge
(e.g., Ala to Glu or Asp to Ala) in NS5 protein.

Now that infectious virus from a cloned full-length
cDNA copy of YF virus (Rice et a/., 1989) and a dengue-
4 virus (Lai et al., 1991) have been rescued from cells, it
should be possible to do the same with the dengue-2
virus. /n vitro mutagenesis can then be used to deter-
mine which of the above change or changes in the
dengue virus genome and its encoded proteins relates
to attenuation of the virus.

Analyses of the 11 dengue-2 16681-PDK53 en-
coded proteins (C, prM, M, E, NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) with the 16 published flavivirus
sequences have shown that the dendrograms of the
separate proteins (Fig. 4) are very similar in topology.
The dendrograms of the most slowly evolving proteins
(i.e., E,NS1,NS3, and NS5) give almost identical classi-
fications although some branch points are in slightly
different positions. There were however, no clear dif-
ferences in the branching order of the different proteins
which would indicate the occurrence of genetic recom-
bination. It is therefore justifiable to calculate a com-
bined dendrogram of these flaviviruses (Fig. b) as it
seems that the flaviviruses have evolved by divergent
mutational change and there is no evidence of genetic
recombination which has been shown to be a major
factor in the evolution of RNA genome viruses; espe-
cially the retroviruses (McClure et a/., 1988), but also
the luteo-like viruses whose replicase is so similar to
that of the flaviviruses (see Fig. 6; Bruenn, 1991).

We believe that features of the combined dendro-
gram accurately refiect the flavivirus relationships, and
hence the likely phylogeny, although there is at present
no published method for testing the statistical signifi-
cance of the details of neighbor-joining trees. These
consistent features are that (i) the replicate isolates of
individual viruses [i.e., three viruses (Japanese enceph-
alitis, yellow fever, and tick-borne encephalitis) repre-
sented by two isolates each, and one (dengue-2) repre-
sented by four] classify together before they are linked
in higher order relationships with other viruses; thus,
the sequence data relationships are confirmed by the
prior serological identification of individual isolates. (ii)
The separate dendrograms of the 11 proteins (i.e., in-
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dependent subsamples of the data) give closely similar
dendrograms, indeed a dendrogram with the same to-
pology could have been obtained by qualitatively draw-
ing a consensus dendrogram from the eleven separate
dendrograms.

The analyses of -GDD- motif of the polymerases of
63 viruses using different measures gave slightly differ-
ent results and clearly show that, as expected, the re-
sults of analyzing distant sequence relationships must
be interpreted with caution. Bruenn (1991) calculated a
classification of the -GDD- motif regions which placed
the flaviviruses together with hog cholera pestivirus as
a sister group of the luteoviruses and relatives and, in
order of increasing distance, black beetle nodavirus,
then the tobamo-ARs, the alphaviruses, all the viruses
with dsRNA genomes, and finally the picornaviruses
and the leviviruses. Our dendrogram (Fig. 6) shares
some features with that of Bruenn (1991), but has the
more agreed arrangements of the tymo-, tricorna-,
poty-, and picornaviruses and confirms the report of
Miller and Purcell (1990) of a shared sequence in the
replicase proteins of hepatitis C virus and carnation
mottle carmovirus {Guilley er al., 1985).

Both dendrograms of the NS5 proteins, and that of
the NS3 proteins, agreed in placing the root of the flavi-
virus tree close to the point where the TBE branch
joined the other fiaviviruses. Thus the “‘balance’ of the
unrooted combined tree {Fig. 5) is probably correct; itis
rooted at its leftmost vertical link. This provides some
evidence that the primary division of the flaviviruses
was between those transmitted by mosquitoes and
those transmitted by ticks, but this needs to be con-
firmed by the genomic sequencing of more of the tick-
borne flaviviruses.

The distant relationships of the flavivirus proteins to
proteins of other seemingly unrelated viruses add fur-
ther to the evidence that most major virus groups have
arisen by the recombination of viral genes from diverse
sources. For instance: (i) the flavivirus E glycoprotein
shows some sequence similarity to the spike glycopro-
tein of the vesicular stomatitis rhabdovirus; (i) the flavi-
virus replicase (NSb) is close to that of the carmovi-
ruses, yet their major virion proteins are quite different;
that of the carmoviruses is an 8-stranded antiparallel
B-barrel protein (a gene family that has provided the
virion proteins of most small isometric virions); and (iii)
the protease-like NS3 protein of flaviviruses shares a
common ancestor with a protein of the picornaviruses
and potyviruses that have unrelated coat proteins
(Rossman and Rueckert, 1987; Dolja et a/., 1991).
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