play an important role in regulating the
persistence of the enhanced response but not
its amplitude. Since protein F1 appears to be
identical to axonal growth-associated pro-
teins [GAP-43 (13) and pp 46 (14)] and B-
50, which is related to PI turnover (15), its
direct relation to synaptic enhancement (3,
5) may require such mechanisms, particular-
ly presynaptic growth (16).

The present results suggest a new mecha-
nism for the long-term regulation of synap-
tic plasticity. The redistribution of PKC
activity between membrane and soluble frac-
tions after LTP may indicate that PKC is
physically translocated from the cytosol to
the membrane. Since ion chelation (with
EDTA) was unable to dissociate PKC activi-
ty from LTP-stimulated membranes, it is
likely that PKC became strongly attached to
membranes after LTP. It has been proposed
that PKC is activated after its association
with the membrane (17), and strong attach-
ment of PKC to synaptic membranes could
result in prolonged activation following

LTP. Increasing the proximity of PKC to its
membrane-bound substrates could result in
the persistent elevation of substrate phos-
phorylation, as has been observed with pro-
tein F1 phosphorylation 1 hour after LTP
(18). Consistent with this scenario is the
recent observation (19) that iontophoretic
application of phorbol ester, known to asso-
ciate PKC with membranes (10, 1I), en-
hances the persistence of long-term synaptic
plasticity in the dentate gyrus after LTP
induction.
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Equine Infectious Anemia Virus gag and pol Genes:
Relatedness to Visna and AIDS Virus

ROBERT M. STEPHENS, JAMES W. CASEY, NANCY R. RICE*

Comparison of HTLV-III, the putative AIDS virus, with other related viruses, may
help to reveal more about the origin of AIDS in humans. In this study, the nucleotide
sequence of the gag and pol genes of an equine infectious anemia virus (EIAV) proviral
DNA clone was determined. The sequence was compared with that of HTLV-III and
of visna, a pathogenic lentivirus of sheep. The results show that these viruses constitute
a family clearly distinct from that of the type C viruses or the BLV-HTLV-I and -II
group. Within the family, EIAV, HTLV-III, and visna appear to be equally divergent

from a common evolutionary ancestor.

HE FINDING OF GONDA ¢t al. (1)

that cloned genomes of HTLV-III

and visna were able to form stable
heteroduplexes under conditions of low
stringency was the first indication that
HTLV-III, the putative cause of human
acquired immune deficiency syndrome,
should be classified as a lentivirus. Sequence
analysis of visna proviral DNA has con-
firmed this conclusion, revealing that visna
is the closest known relative of HTLV-III
(2). More recent data show that caprine
arthritis-encephalitis virus (CAEV), a close
relative to visna, also contains regions able
to form stable hybrids with HTLV-III
DNA (3).

Morphologically, equine infectious ane-
mia virus (EIAV) resembles the lentiviruses
(4); it also shares with them the trait of
rapid antigenic variation in the infected host
(5). Consistent with this classification, a
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partial cross-reaction between the p24’s of
lymphadenopathy-associated virus (LAV)
and EIAV has been observed (6, 7). To

gag start gagstop pol stop
lp 15 pti ,Protease RT Endo. s
4 — H Xy
— M 1 Tt
p26  p9
[ — pol ORF —
1 i | i 1 |
kb O 1 2 3 4 5

Fig. 1. Proteins encoded by the gag and pol genes
of EIAV. Boundaries between the gag proteins
are known from the work of Henderson ez al.
(16). Boundaries within pol are based on homolo-
gy with other retroviruses and are approximate.
In the 180 base pair region immedicately down-
stream of pol there are translation terminators in
all three reading frames. RT, reverse transcriptase;
Endo., endonuclease.

determine more precisely the extent to
which EIAV is related to HTLV-III, we
analyzed the nucleotide sequence of a cloned
EIAV proviral genome. Since it is possible
to detect even quite distant relatedness if
one analyzes highly conserved regions of the
genome, we concentrated on the gag and pol
genes.

Full-length EIAV proviral DNA was
cloned from infected equine fibroblasts (8),
and after appropriate subcloning the 5’ half
of the genome was sequenced by the meth-
od of Maxam and Gilbert (9-11). The orga-
nization of the coding regions is dia-
grammed in Fig. 1, and the full sequence
from the primer binding site (PBS) to the 3’
end of the pol gene is shown in Fig. 2.

As in HTLV-III (12) and mouse mamma-
ry tumor virus (M-MTV) (13), the EIAV
PBS is complementary to tRNAJYS, while
the visna PBS is complementary to the
isoaccepting tRNA}Y (2). The two PBS
sequences differ at five positions. In con-
trast, the mammalian type C viruses use
tRNA}S as a primer (14) and the avian type
C viruses, tRNAT™ (14).

Beginning 116 bases after the PBS, there
is an eight of nine match with the consensus
splice donor sequence (15). This is the best
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CATTACAGEARATTTTACARCCTTTTAGGEAAAGATATCCTEARGTACAATTETATCAATATATBSATGATTTGTTCOTGEEAAGTARTGETTCTANARAACAACACARRGAGTTARTCA 250
Lew Gln Blu e Llew 6ln Pro Phe Arg Glu Ag Tyr Pro Blu Val Gln Lew Tyr Gln Tyr Mt A A Len Phe Val Gly Ser A Bly Ser Lys Lys 6ln His Lys Glu ten Ile Ile (38

TAGAATTAAGEECAATCTTACAGTAARAGEGTTTTGAGACACCAGATEATARATTACAAGAASTEEEACCTTATAGCTEECTAGRT TATCANCTITSTCCTGANMATTGEARAGTACAAA 260
Glu Lew Arg Ala e Lew Gln #% Lys gly Phe Blu Thr Pro A Ao Lys lew Gln Glu val Pro Pro Ty Ser Trp Lew Gly Tyr Gl lew Oys Pro Glu A Trp Lys val Gln tys (428)

AAATGCAATTABACATEGTANAGAATCOAACCETTARTGATGTGCANAAATTAATGEEGAATATANCATGEATOAGCTCAGGGETCCCAGEETTEACAGTAAAACACATAGCAGCTACTA 2760
fet Gln Leu A Met Val tys A Pro Thr leu Asn A val Bln lys leu Met Gly A e Thr Trp Met Ser Ser Gly val Pro 6ly Llew Thr val Lys His Ile ala Ala T Thr (&8)

T AAGEEATETTTAGAGTTBAATCAARANGTANTTTGGACEEANGAGECACAARRAGAGT TAGARGARARTANTEAGARGATTAARARTGETCAAGSETTACAATATIATAATCOAGARS 20
s Bly Os lew 6lu tew A Bln Lys val e Trp Thr Blu Blu Ma Gl bys Glu lew Blu Glu A A Glu iys Ile Lys A Ala Gin Gly Lew Gl Tyr Ty A Pro Gl Gl (508)

ARG ARATETTATGTGAGETTEARATTACAARARATIATGAGGCAACTTATETTATARAACAATCACAAGEAATCCTATGEGCABETARRKKGATTATGAAGECTAATANGSGATGETCAN 20
Glu Mt Le Cys Glu val Blu Ile T Lys A Tyr Gla Ala T Tyr val e lys 6ln Ser 6ln Gly Ile Lew Trp Ala Gly Lys Lys Ile Mt Lys Ala A lys Ely Trp Ser Thr (M48)

CAGTARAAAAT I TAATETTACTOTTECANCATETEECARCAGARNGTATTACTAGABTAGEAAAATAETCCAACETTIARGETACCATTTACCAAAGAGCARSTAATETGESAAATECARA T
Val Lys A leu Met lew leu Lew Bln His Yol Ala Thr Blu Ser lle Thr Arg Val Gly lys Oys Pro Thr Phe Lys Val Pro fhe Thr Lys Glu Bin Vel Mt Tro Glu Met &in Lys (588)

AAssaresrAryATiCIIsécrcséAsAALrAsrerrAéAcArEAAsTisrrcirsAISATresAsAA1sAAA1rssrAsAAeAAccTAcArcAssAArAAcAAr;ﬁAcAc1sArssss 340
Sy Trp T T Ser Tre lew Pro Gly Ile val Ty Thr Mis Gln Vol Val Mis Ap A Tro Mg Mt bys lew Val Glu Glu Po T Ser Bly Ile T lle Ty Thr A Ely Gly (6%

BAARACAANATGEAEAAGSAATAGCAGETTATGTGACCAGTAATGEGAEASCTANACAGAARAGETTAGGACCTETCACTCATCAAGT TECTGAAASAATBECAATACARATSSCATTAG 3540
Lys Bin Asn Gly Gl 6ly Ile Ala AMla Ty val Thr Ser Asm Gy Arg T Lys Bln Lys Ag tew Bly Po val Thr His 6ln Val Ala Blu Arg et Ala Ile Gin et Ala lev 6lu (68)

AEGATACCAGAGATARACAAGTANATATAGTARCTGATAGTTATTATTGT TGEAAAAATATIACAGAAGGATTAGGTTTAGAAGEACCACAAAATCCTTEETGGCCTATANTACAANATA 30
Asp Thr Arg Asp Lys Gln val Asn Ile val Thr A Ser Tyr Ty Cys Trp Lys A Ie Thr elu Gly Lew iy lew 6lu Gly Pro Bln A Pro Trp Trp fro Ile e 6ln A Ile (208)

TACGAGARAARGAGATAGTTTATTTIGCTTGE8TACCTERTCACANAGEGATATATSETAATCAATTGECAGATEAAGCCECAARANTARAAGARGAAATCATECTASCATACCAAGEEA 3D
Mg Blu Lys 6lu Ile Vol Tyr e Ala Trp val Pro Gly His Llys Gy Ile Tyr Gy As 6ln (e Als A 6lu Ala Ala Lys Ile Lys Glu Glu Ile Mt (e Ala Tyr 6In Sly Thr (748}

CACANNTTAANGAGAANRGAGATSAAGATSCAGEGTTTEACTTATEIGTTCCTIATGACATCATEATACCTSTATCTEACACAARAATCATACCCACAGATGTARAAATICAAGTTCCTE 3720
6n Tl Lys Glu lys A9 As Blu A Ala Gly Phe A Lew Oys Yal Pro Tyr Asp Ile Met Ile fro Val Ser A Thr Lys Dle Ile Pro Thr A Val Lys Ile Gln Val Pro Pro (786

CTAATAGETTIGGATEE6TCACTEGEAARTCATCAATEECAANACABGGET TATTARTTAATGEAGEAATAATTEATGAAGEATATACAGEAGANATACAAGTEATATGTACTAATATTS 340
ho Ser phe Bly Trp Vel Thr Gly Llys Ser Ser Met Ala iys 6Bl Bly le e Ile A= 6ly Bly Ile e A 6lu Gy Ty Thr Bly 6lu Ile 6ln val e Cys Thr A Ile ely (%8)

EAAARAGTAATATTAANTTANTAGAGEGACAAAANTTTECACAATTAATTATACTACAGCATCACTCAART ICCAEACAGCCTIGGEATEANAATAAARTATCTCABAGAGEGEATAAAG %0
Lys Ser Asn Ile Lys lew Ile Glu Bly 6ln (ys Phe Ala Bln Lew Ile Ile Lew Blo His His Ser A Ser Arg 6o Pro Trp Asp Blu dsn lys Ile Ser Bln Arg Bly Ao Lys &ly (88)

EAlTIGSAASTAEAESAGTHTDTGGEHSAAAATATTDAGGAAGDACAASATGAACATSAGAHTSECATADATDAECAAAEATATTSECAAEAAATTAHASHACCATTSACTSTAE“m
Fhe Gy Ser Thr gly val Phe Trp Val Blu A Ile Gln Gu ala Gln A Glu His Glu A Trp HMis Thr Ser Pro Lys Ile Le Ala Aa Awm Ty Lys Ile Pro Lew Thr val Ala (9B)
-+ Endo. hosology starts .
CAAAAEAEATAADTEAAGAATGTCCTCHTECAClAAGCAAGGATCAGEAEDTGCAESTTETSTCHEAGHCTCCHHDATTSEEASECASHTGCAEACATTTGGACAATAAEATAA42\]3
Lys Gin Ile Tr 6ln Glu Cys Pro Mis Oys Thr Lys Gln 6y Ser Gly Pro Ala Gly Cys Val Met Ag Ser Pro Asn His Trp Gln Ala Ap Cys Thr His lew A A Lys Ile Ile (948)

TATTGCATTTTGTAGAGTCARATTCABEATACATACATECTACATIATTGTCAANNGAARATGCATTATETACTICATIGECTATITIAGAATEEGCANGATTET TTTCACEAARBTCCT 430
Leu His Phe Val Blu Ser A Ser Bly Tyr Ile His Ala Thr leu Leu Ser lys Glu A Ala Lleu O Thr Ser lew Ala Ile lew Glu Trp Ma Ao Lew Phe Ser Pro Lys Ser Llew (988)

TACACACAGATANCEGEACTAATTTIGTGECAGARCCABTTGTANATITETTEARGTTCCTANAGATABCACATACCACAGGAATACCATATCATCCAGAARGTCAGESTATTETAGAAA WD
His Thr Asp Asn Bly Thr Asn Phe Val Ala Glu Pro Val Val Asn leu Lew Lys Phe lew Lys e Ala His Thr Thr Sly e Pro Tyr His Pro Glu Ser 8l 6ly e Vel &lu Arg (1028

888 CANATAGEACCTTGAANGAGAAGATTCANAGTCATAGAGACAACACTCARACACTEGAGECAGCTTTACARCTIGCTCTCATTACTIGTANCAAAGESAGGEAAAGTATSOEAEEAL 4560
Ma v arg T Lew lys Blu Lys Il 6ln Ser His Arg Asp Asn Thr Gln Thr Le 6lu Al Ala Lew Bln tew Ala lew Ile Thr Cys Ao Lys 6ly Ag Glu Ser et Gly &ly &ln (1068)

»lGAEM‘“IEEEIAGTATYHiCAETA»QIC!!SCAE!AETAAHCAYEAE.UACIHTACHL’AGCAAECA[AAYCCICCAAAAAAHIYGTTTTTM’AAAAH‘CCTGETEAACAYSATIléw
Tr Pro Irp 6lu val Phe e T An Gln Ala 6Bln Val Ile Mis Bl Lys les e e &ln Gln Ala Gl Ser Ser Lys Lys Phe Oys P Tw Lys lle Pro 6ly &lu His Ap Trp (10)
vol STOP

BEAAGEEACCTACTAGEETECTBTGGAAGEGTEATEGTGCAGTAGTAGTIAATGATGANGEAARGEEAATANTTECTEIACCATTANCCAGEACTANGTIACTAATANNGCCARATTEA &0

lys sly Po Thr Ag Val Llew Tro Lys Gy Ao Gly Ala Val Val Val hsn A Blu Bly Lys Gly Ile Ile Ala val Pro le T A9 T Lys L L lle lys Pro A sw (1146)
[
TGECRCCT GAADAEEGACIIEAEAGGGEDSCASACECIAECTETTEAACETGECIEAlEETAGSATCCECSSEACAGEAEASGAGAACIHCAGAASTCHCTEBAGGIETICCIGGECA 120
slice donor 74 . 4p 15— +splice donor 2. . 4 splice donor »

GAACACAEGASGA AESHAEHSGGAGACCCHTSAEATGEAGEAAESCEDTCAASAASITASASAAEE GA QGHCAAGGGTC!CASAAAHAACH TGSTAAETGIAAHESECE 24
L 6ly A Pro lew Thr Trp Ser Lys Ala Lew Lys Lys Llew Blu Lys Vel Thr val &ln 6ly Ser Gln Lys lew Thr Thr Bly Aw Gys Ao Trp Ala

CTAABTCTAGTAGACTTATITCATGATACCARCTTIGTAANARGARARGEACTGECAGCTEABGGATETCATTCCATIGCTGEAAGATETANCTCAGACECTSTCAGGACAAGAAAGAGAS )
lew Ser Leu Val Asp Lleu Phe His Asp Thr Asn FPhe val Lys Slu Lys Ao Trp 6ln Lleu Arg Asp Vol Ile Pro lev lew Glu Asp Val Thr Gln Thr lew Ser Gly Gln Slu Ag Gl (73)

§CCTTTEARAGAACATROTGEGEAATTTCTECTGTANAGATBEGCCTCOAGATTAATARTGTAGTAGATEEAAAGGCATCATICCABCTCCTAAGASCGARATATEARARGAAGACTECT 40
Ma Phe Glu arg Thr Trp Trp Mla lle Ser Ala VYal Lys Mt Gly leu Gln lle A A val vVal A Gly Lys Ala Ser Phe Gln Llev Llew Ay Ala Lys Tyr Blu Lys Llys T Al {113)
AATAAAAAGCAGTCTBABCCCTCTBAAGAATATCCAATCATGEATAGATGEEGCTEEAAACAGAAATTITTABACCTCTAACACCTAGAGRATATACTACTITEGETGAATACCATACAGACA ¢00
Asn o Lys Lys Gln Ser Glu Pro Ser Glu gy Ty Pro Ile Met lle s Ely ala Bly A Ay A Phe Arg Pro leu Thr Pro Arg Gly Ty Thr Thr Trp val Asn Thr Tle o Thr (153)

ARTEGTETATTARATGANGCTAGTCAARACTTATTTGE6ATATIATCABTASACTEIACTICTGAAGAAATGARTGCATTTITGEATSIGEIACCTGRCCAGECAGEACAANABCABATA 720
A Bly leu Lew Asn Glu Ala Ser Gln A lew Phe Bly Tle lew Ser Val As Cys Thr Ser Glu Glu Kt Am Ala Phe Llew Asp Vel Val Pro Gly 6ln Ala Ely Gln Lys Gl lle {193

AL T T GATGCAATTSATAMAATAGCABATEATTGREATAATAGACATCCATTACCEAATSCTCCACTEGETGBCACCACCACARGESCETATICCCATGACAGCAAGETTTATTAGAEET a0
lw lew Ap Ala lle A Lys Ile Ala Ap A Trp A A &g His Pro Leu Pro Asn Ala Pro lew Vol Ala Pro Pro Gln Gly Pro Ile Pro met Thr Ala Arg fhe Ile Arg Gly (233)

T A6 G A TACETASABAANGACAGATEGAGCCTECTTTIEATCASTTTAGGCAGACATATAGACAATGEATAATAGAAGCCATGTCAGAAGBCATCAAABTEATEATTEEANAACETARA X0
lew Sly Val Pro Arg Elu Arg 6In Mt Glu Pro Ala Phe A Sl Phe Arg Gln Thr Ty Arg Bl Tro Tle Ile Glu Ala et Ser 6lu 6ly e Llys val tet e &y lys Pro Lys {273)
. + splice donor ? . . . . . . . .
GCTDAAAHATTAGGCAASSAGCTAAGGAACCYTACCCAEAHYTSTASACASADHTHTCCCAAMAAAAAGTGAGSGACH CCACAAGAGATTICAARATTCTITBACTGATACACTG 1080
Ma Bin an Tle g 6ln Bly Ala Lys Glu Pro tyr Pro Blu Phe Val Ao Ara Lew leu Ser GIn Ile Lys Ser Glu Gly His Pro Bln Glu Ile Ser Lys Phe Llew Thr A Thr le (313)

ACTATTCAGAACGECAAATGAGEAATGTAGAAATGCTATGAGACATITAAGACCASAGSOATACATTAGAAGAGAAAATGTATECTTGCAGAGACATTEGEAACTACAARACAANAGATEATE 1200
T Ile 6ln A Ala A Siu Glu Cys Arg An Ala Met Arg Fis (eu Arg Pro Blu Ap Thr (e Slu 6Glu Lys Met Tyr Als Cvs Arg A Ile Gly Thr The Lys Gln Lys et et (353)
bpll—
lYHlEEEAAAASCACTYCASACYSGYCTTGCGGECCCAT!TAAAGGTBEAGCCTTEAAASEAGGGCCACTAAAGGCAGCACAAADHEl!AHADTGYGGSAAECCAGEACAHH!CT 1320
lev Lew Ma Lys Ala Le 6ln T 6y Lew Ala Gly Pro Phe Lys Bly Gly Ala Len Lys Sly Sly Pro Llew Lys Ala Ala Bln Thr Cys T A Oys Bly Lys Pro Gly His len Ser ()
. + proteass/pol OFF start .
ASICAAYSTAG‘SCACCT‘AAETEYGTYTYAAATGTAAACAECCTGGACATTYCTCAAAECAAYGDASAAGTSYTCCAAAAAACSGGAAECAAGSGGCYCAASGGAEGCCCDAEAAACAA 1440
Sr Gln Cys Arg Ala Pro (ys Val Ovs e Lys Cys Lys Gln Pro Gy Kis fhe Ser Lys Gln Cys Arg Ser val Pro lys Am Bly Ly Sln Sy Ala 8ln Gly &g Pro Gln lys G ()
ot T Ala Trp Thr fhe Leu Lys Ala Met sl Lys Ovs Ser Lys Lys Arg Blu Ala Arg Gly Ser Arg Slu Ala Pro Glu I Asn  {28)
pe— .  solice acceptor 7,
AL TTTE QGATACAACAEAAGAGTCAEEACAACAAATCYG!YSTACAASAGACYCDYCAGACTCAAAATDYGTACCCASATC!EAGCGAAATAAAAAAGGAA!ACAATGTDAAEGAGAAG 15%0
Thr Me Pro Ile 6ln 6ln Lys Ser Sln His A Lys Ser Val val Gln Blu The Pro Gln T Gln A leu Tyr Pro ko leu Ser Glu Jle Lys tys 6lu T A val lys Glu lys (473)
the Pro A Thr T Glu Blu Ser Ala Gln Bln Ile Cys Ovs T Ao Asp Ser Ser A Ser Lys Ser Yal Pro Arg Ser Glu Arg ks Lys Lys Gly Ile 6in Cys 6ln 6y Sl Gy (88)
+ 9ag STOP . . § protease homology starts .
SAYCAASIASAGEAYETCAAEEYGGACAGYIISTSGGAETAAEAHTAATEIAGAGAAAAEECDIACHCAATAGTATYAAHAATGAHCTCCDYHAATGTACTGHAGADACASGAE 1680
A Gln Val Gl Ase teu Asn Lleu A Ser Lew Irp Slu H (4g)
Ser Ser Arg Gly Ser Gln Pro Bly §ln Phe val Sly val T Ty A (e Glu Lys Mg Pro Thr Thr lle Val Llew Ile A Asp Thr Pro leuw Asn Val leu leu Asp Thr Ely Ala {108

CAGATACTTCABTGTTGACTACTECACATTATANTAGE T TAAAATATAGAGEGAGAANATATCANGGEACEGEAATARTAGEAGIGEGACEAAATGTGEAAACATTTTCTACSCCTGT GA 160
Ao Thr Ser val leu T Thr Ala Mis Ty A Ag les lys Ty Mg Gly Arg Lys Ty 6ln Bly T Sly e Ile Gy Vsl Gly 6ly Am vl Blu Thr e Ser Th Pro Val Thr (148)

CTATAAAGAAAAAGEETAGACACATTAAGACAAGAATGCTAGTBECAGATATICCAGBTEACTATTTTGEGACEAGATATTCTTICAGGACTTAGETGCARAATTGETITTTBECACAGCTCT 1920
He Lys tys Lys Gly arg His Ile lys T g Het Lew Yal Ala A Ile Pro Val Thr Ile Llew Sly Arg 4 Il leu Sln Ao Llew &y ala Lys lew Vol Llew Ala 6l lew Ser (188)
. ¥ RT howlogy starts .
(’CAAEGIAAYAIIAVYTAGAAAAATAEAGYTIAAAEAGSGCACAAYSGGGCCAAAAAHCCTCAATGGCCAEYCACTAAESAGAAALTAEAAGEGSCCAAAEAGACAGTDCAAAGAE1AY 40
Lys Blu e Lys Phe Ag Llys lle Glu e Lys 6lu Gy Thr Mt Gly Pro Lys Tle Pro 6l Trp Pro lew Tr ys Glu Lys tew Glu Bly ala Lys 6lu T val 6o Ag leu Leu (228)

TG 1CAGABEGAARAATATCAGAAGCTAGTGACAATAATCCTIATANTICACCCATATTIGTANTAARARAGAGETCTEGCAAATSGAGET TATTIACAAGATCTGAGAGAATTAAACAANA 2160
Ser Glu Bly Lys lle Ser 6lu Ala Ser Asp A A Pro Yyr Am Ser Pro lle Phe val Ile Llys Lys Arg Ser Gly iys Trp Ag lew leu Gln Asp lew Arg Glu tew A Lys Thr (28]

CABTACARETAGSANCGEAANTATCCACAEEATTECCTCACCCEEEASEATIARTTARATGTARACACATGACTGTATTAGATATTEGAGATRCATATTTCACTATACCCITAGATCCAS 200
val Gln val Gly Thr el lle Ser g 6ly lew Pro His Pro Bly Bly (e Ile Lys Cys tys HKis Mt The Val lew Ao Ile Gly Ao Ala Ty fhe Thr Ile Pro len A Pro 6lu {308)

ABTTTAEACCATATACAGCTTICACTATICOCTCEATTARTCATCANGAACCAGATAARAGATATETGTGEAARTEITTACCACAAGGATTCETETTOAGCCCATATATATATCABANAA 240
Phe 4rg Pro Ty Thr Ma Phe Thr Tle Pro Ser lle A His 6ln Blu Pro Ao Lys Ag Tyr Yal Ip bys Oys lew Pro Gln Sly Phe Val feu Ser Pro Tyr lle Ty Gln lys The (348)
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Fig. 2. Nucleotide se-
quence of the gag and
pol genes of an EIAV
proviral DNA clone.
Nucleotide  number
beginning at the prim-
er binding site (PBS) is
given on the right at
the end of each line;
amino acid number
within gag and within
pol is shown in paren-
theses. Within  gay,
possible splice donors
with at least a seven of
nine match to the con-
sensus sequence (I5)
are indicated. In the re-
gion between the 5’
end of the protease-po/
open reading frame
and the protease cod-
ing sequence, the best
match with the con-
sensus splice acceptor
(15) is also shown.
*¥% termination co-
don.
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Table 1. Relatedness of EIAV gag and pol proteins to those of other retroviruses, as indicated by ALIGN scores. The indicated EIAV proteins (or segments
thereof) were compared with the corresponding proteins (or segments) of HTLV-III (12), visna (2), BLV (21), M-MuLV (22), and RSV (24) by using the
computer program ALIGN. Since the program limits the number of residues in each test sequence to a maximum of 180, segmentation of a long sequence
such as pol is necessary. The ALIGN scores given above represent the number of standard deviations by which the score of the test comparison exceeds the av-
erage score of a random comparison. Numbering for p26 segments is derived from Fig. 3; for po! segments, from Fig. 2. ND, not done. NA, not applicable;
HTLV-III has a 132-residue deletion time in this region. BLV-HTLV-I (25) scores are included for comparison; for protease the HTLV-II sequence (26)

was used.
EIAV- EIAV- Visna—- EIAV- EIAV- EIAV- BLV-
HTLV-III visna HTLV-III BLV M-MuLV RSV HTLV-I
pls 3.7 5.7 4.1 0.8 ND ND 8.0
p26
1. 1-83 112 8.0 6.1 4.0 5.0 4.0 13.5
2. 84-128 0.7 32 -1.0 0.2 0.3 0.0 6.6
3. 129-171 9.6 8.7 7.8 49 7.7 54 11.0
4. 172-235 12.4 9.1 9.7 4.6 -0.3 0.2 174
pll 8.3 9.4 7.4 3.7 2.3 41 ND
Protease 8.1 7.5 9.3 5.9 7.4 6.6 10.1
pol
1. 211-313 189 21.7 24.8 12.2 10.2 11.8 23.9
2. 313-420 189 15.2 16.0 12.5 9.4 144 18.8
3. 420-569 119 9.9 10.1 6.0 4.0 5.9 ND
4, 570-688 9.8 8.1 6.9 0.9 3.0 4.0 ND
5. 736-867 NA 17.7 NA ND 1.5 ND ND
6. 915-1037 14.4 20.2 124 10.2 10.2 12.5 244
7. 1038-1146 10.7 9.6 7.1 2.8 1.3 -1.7 16.7

match not only within this region but also
within the long terminal repeat and within
the gag region. Since both HTLV-III and
visna also have eight of nine matches in this
region with the consensus donor, we con-
sider it likely that it is a functional site in
EIAV. Three other sites that have seven of
nine matches with the consensus are located
within gag and are indicated in Fig. 2.

The presumed initiation codon for the
Jag gene begins 124 bases downstream from
the PBS. From this initiator there is an open
reading frame that extends for 1458 bases.
Four EIAV gag proteins (with approximate
molecular weights of 26,000, 15,000,
11,000, and 9,000) have been described
(16, 17). From the results of Henderson ez
al. (16), who have performed NHo-terminal
and COOH-terminal amino acid sequence
analysis of these proteins, we were able to
locate their coding regions within the gag
open reading frame. The sizes of the pro-
teins are predicted to be: pl5 (NH,-termi-
nal gag protein), 124 residues; p26, 235
residues; pl1 (nucleic acid binding protein),
76 residues; and p9, 51 residues.

We used the computer program ALIGN
(18, 19), which employs a scoring matrix
and a gap penalty, to assess the relatedness
of the EIAV proteins to those of other
viruses. A computer-assisted alignment of
pl5, p26, and p11 with the corresponding
proteins of HTLV-III and visna (20) is
shown in Fig. 3, and the ALIGN scores
(AS) for comparisons through gag and pol
are given in Table 1.

Within the NH,-terminal protein, relat-
edness among EIAV, HTLV-III, and visna
is weak but significant. The best match is
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between EIAV and visna (35 identities, 28
percent of EIAV residues; AS, 5.7), but the
EIAV-HTLV-III and visna—HTLV-III
scores are not much lower. There is no
apparent homology between the EIAV pro-
tein and the NH,-terminal gag proteins of
HTLV-I (AS, ~0.1) or BLV (AS, 0.8). In
addition, the computer program RELATE

NHz-terminal gag protein (p15)
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HTLY-111 (1}
VISNA (1)
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(19) failed to detect homology between the
EIAV protein and either of the two gag
proteins upstream of p30 in M-MuLV or
Rous sarcoma virus (RSV). From these
results it appears that EIAV, HTLV-III, and
visna are more closely related to each other
than to the type C viruses or to the HTLV-
I-BLV family, Nevertheless, the relatedness

sugmm~ s
Eia KIK[TELEKHTV EI;::R
6 KIE TILTJE[E N LIL K

EOL N ASQNLGI
A sPle[vip-miEs Al
GOvslEJorerqUAYY

Fig. 3. Relatedness of
gag proteins of EIAV,
HTLV-III (12), and
visna (2). All identities
are boxed. Numbering
begins with the first
amino acid in each
protein. The NH-ter-
minus of HTLV-III

P26 has been reported
(7, 12); other HTLV-
III and visna cleavage
sites will be reported
by Oroszlan et al. (20).
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between EIAV and HTLV-III is distant.
For comparison, the NH,-terminal gag pro-
teins of BLV and HTLV-I share 40 identical
residues (37 percent) and yield an ALIGN
score of 8.0 (21)

Highly significant relatedness is seen
among the p26 proteins of EIAV, HTLV-
ITI, and visna. Overall, the best match is
between EIAV and HTLV-III (71 identi-
ties, 30 percent of EIAV’s residues), but the
EIAV-visna and HTLV-IIl-visna align-
ments are nearly as good. As in pl5, this
relatedness is more distant than that be-

tween the p24’s of BLV and HTLV-I (44
percent identities) (21). Unlike p15, EIAV
p26 is also related to the corresponding
protein of other retroviruses. The first 83
residues are highly related to those of
HTLV-III and visna (AS, 6 to 1l), and also
to those of BLV, M-MuLV, and RSV (AS,
4 to 5). Between residues 84 and 128 of
EIAV p26, there is little apparent related-
ness even to HTLV-III and visna, but the
region between residues 129 and 171 is
highly conserved. Homology with HTLV-
IIT and visna is highest (AS, 8.7 t0 9.6), but

A

EIAV (1620)
HTLV-111 (1854)
VISNA {1826)

ET1AV (1737) K
HTLV-T11 {1956) -
VISNA (1928) -

EIAV (1845) -
HTLV-111 (2064) -
VISNA (2039) L
M-MuLV (2739)

RSV (2503)

EIAV (1956)
HTLV-111 (2169)
VISNA (2156)

o0
(22 B B ]

M-MULV (2757)

RSV (2536)

B * " * * "'.. ' * & * *
Consensus RT & _ T _LK____P_ _1_QWPLT_E_KL_G...00...6_1
BLY o 1_LE____P__¥_QFPL[]_E-RL_A...(00)...6_1
HTLV-T L_LE____P__1_QFPLl|_E=RL_A...00...6_1
HILY-11 t_Le___ p__v_qFfepiLl)_e~rRi_a.. .6

x 3

CCACCTGABETACCTCAATTC[CE I TTARRCITAGAACGCCTCCAGECC
pol st Gly Thr Ser Ile Pro Phe Lys lev Glu Arg Lew Gln Ala
protease  Pro  Pro Glu E Pro E.lﬂ ﬂg Pro Let Asn %4

Fig. 4. (A) Relatedness of presumptive proteases of EIAV, HTLV-III, and visna. All identities are
boxed. The NH,-termini of the proteases are unknown; in BLV, RSV, and M-MuLV there are 8, 9,
and 14 amino acids, respectively, upstream of the first residue shown above (23, 24, 29). HTLV-III
(12) and visna (2) are numbered starting from the cap site, and EIAV, from the PBS. A dagger (T)
indicates a constant residue in EIAV, HTLV-III, visna, RSV (24), M-MuLV (22), BLV (21), and
HTLV-II (26); an asterisk (*) indicates that only conservative substitutions (35) have occurred at this
site in all these viruses. The boundary between protease and RT is not known for the lentiviruses. The
last residue conserved in all the retroviral proteases is the leucine indicated by an arrow. The sequence of
the NH,-terminus of RSV RT (27) is shown, as is the sequence of a region 47 residues downstream
from the NH,-terminus of M-MuLV RT (28). In this region a dagger (T) indicates a constant residue
among all the sequences shown above, and an asterisk (*), only conservative substitutions. The bars
indicate possible cleavage sites in the lentivirus polyproteins. (B) Translation of the pol gene in BLV,
HTLV-I, and HTLV-II is predicted to require a frameshift. The consensus RT sequence Is taken from
(A), and daggers and asterisks are used as in (A). The arrow indicates the position of the NH-terminus
of RSV RT. Sequences from BLV (21), HTLV-I (25), and HTLV-II (26) are shown below, with the
arrow indicating the known COOH-terminus of the BLV protease (29). The two “X” marks indicate
deviations of the BLV group from the consensus sequence. At the second “x,” the lentivirus proteins
will contain K or N, depending on precisely where the frameshift occurs. The BLV vase sequence in this
region is also shown, with translations of both the protease and po/ frames. Note that there is a
termination codon in the protease frame immediately downstream of the predicted frameshift, and one
in the pol frame immediately upstream of the predicted frameshift. The nine-base sequence conserved in
BLV, HTLV-I, and HTLV-II is boxed.
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it is significant with BLV, RSV, and M-
MulLV (AS, 4.9 to 7.7). In segments 1 and
3, therefore, the EIAV protein appears
about equally divergent from those of the
BLV-HTLV-I family and the avian and
mammalian type C viruses. This is not so in
the COOH-terminal segment (EIAV resi-
dues 172 to 235), where relatedness is ap-
parent to HTLV-III and visna (AS, 9.1 to
12.4), and to BLV and HTLV-1 (AS, 4.1 0
4.6), but not to M-MuLV or RSV. This the
only region throughout gag and pol where
the lentiviruses appear more closely related
to the BLV-HTLV-I and -II group than to
the type C viruses. It suggests the possibility
of a recombination event between early
members of the lentivirus and BLV-HTLV-
I and -II families.

The p26 of EIAV is followed by the
nucleic acid-binding protein pll. An inter-
nal region containing three cysteine residues
is highly related to the comparable segment
in other retroviruses and, as in HTLV-III,
visna, HTLV-I, BLV, and RSV, this region
is duplicated in EIAV. The EIAV-visna
alignment gives 27 identities (35 percent of
EIAV residues) and a highly significant
ALIGN score of 9.4, but the EIAV-HTLV-
T and visna—HTLV-III scores are also very
high.

From these results with pl5, p26, and
pll, we conclude (i) that the closest rela-
tives of EIAV are HTLV-III and visna; (ii)
that EIAV, HTLV-III, and visna are rough-
ly equidistant from each other; (iii) that the
three lentiviruses are less closely related than
are BLV and HTLV-I; and (iv) that in the
region spanning ‘the COOH-terminus of
p26, the lentivirus sequence is significantly
more closely related to that of BLV and
HTLV-I than it is to that of the type C
viruses.

Following pl1 is the p9 protein mapped
by Henderson et al. (16) to the COOH-
terminus of the gag precursor. Although
there is little or no homology with the
corresponding region in HTLV-III (AS,
—0.6), both proteins consist of about 30
percent charged residues and contain seg-
ments of 23 to 27 amino acids where the
level of charged residues is near 50 percent.
The function of these proteins is unknown.
In contrast to the EIAV-HTLV-III ar-
rangement, the termination codon for the
visna gag gene falls at the COOH-terminus
of pl1. Consequently, visna is not expected
to encode a protein comparable to p9.

The pol gene, which contains regions
clearly homologous to other retroviral pro-
teases, reverse transcriptases, and endonu-
cleases, is in a different reading frame from
gag. The pol open frame overlaps gag by 251
bases, so that a splice or a frameshift any-
where within this rather sizable area could
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result in po/ gene translation. There are
several sequences in this area which give a
mediocre match to the consensus splice ac-
ceptor, and since there are multiple possible
splice donors in gag, a splicing mechanism
cannot be ruled out. This arrangement of
the gag, protease, and pol coding sequences
in EIAV, HTLV-IIL, and visna is different
from that of M-MuLV (where all are in the
same reading frame) (22, 23), of RSV
(where gag and protease are in a different
frame from pol) (24), and of BLV (21) and
HTLV-I (25) and HTLV-II (26) (where all
three are in different frames).

Although the NH,-terminus of the pre-
sumptive protease is not yet known, related-
ness to other retrovirus proteases is apparent
in the translated sequence beginning 18
bases after the gay termination codon and
extending for at least 95 amino acids (Fig.
4). The EIAV sequence is most highly relat-
ed to that of HTLV-III (AS, 8.1), but the
EIAV-visna and HTLV-III-visna scores are
comparable (AS, 7.5 to 9.3). As in p26, the
EIAV protease is also related to that of
BLV,M-MuLV, and RSV (AS,5.9t0 7.4).

The boundary between protease and re-
verse transcriptase (RT) is not known but
can be estimated. Only 14 residues after the
last residue known to be conserved in all the
viral proteases (the leucine is indicated by an
arrow in Fig. 4), clear homology with M-
MuLV and RSV RT has begun. The prote-
ase COOH-terminus must therefore fall
within this short span. Possible cleavage
sites can be identified in this region in
EIAV, HTLV-III, and visna, based on the
known cleavage sites within gag (16, 20).

Having established that a sequence at the
NH,-terminus of RSV RT (27), near the
NH,-terminus of M-MuLV RT (28), and at
the presumptive NH,-terminus of lentivirus
RT is quite conserved, one can use this
information to predict the NH,-terminus in
other viruses where it is not immediately
obvious, namely, the BLV-HTLV-I and -II
group. In that group, as in RSV, protease
and po! are in different reading frames, and
the mechanism of translation of the pol gene
is unknown. If we examine the translated
BLV sequence for homology with the con-
served RT sequence, we find that the first
half of the sequence exists in the protease
reading frame, immediately downstream
from the known COOH-terminus of the
mature protease (29) (Fig. 4B). This ar-
rangement is seen in both HTLV-I and -II,
though the COOH-terminus of the protease
is not known for those viruses. The second
half of the conserved RT sequence is contig-
uous with the first half but is in the pol
reading frame in all three viruses. This sug-
gests that in order to translate an RT ho-
mologous to those of RSV, M-MuLV, and

7 FEBRUARY 1986

the lentiviruses, a frameshift must occur
between the first and second halves of this
conserved sequence. It is of interest that
there is a sequence of nine bases perfectly
conserved in BLV, HTLV-1, and HTLV-IL
at the site of the presumptive frameshift
(Fig. 4B). The prediction is that most of the
time translation proceeds to the first stop
codon in the protease frame (just down-
stream of the frameshift region) and termi-
nates. But occasionally a frameshift occurs,
somehow promoted by the conserved base
sequence, resulting in pol gene translation.
We also analyzed the relatedness of EIAV
pol to that of other viruses by dividing it into
segments and comparing each with the cor-
responding region of HTLV-III, visna,
BLV, M-MuLV, and RSV. As expected (2,
21, 30), we found a highly conserved region
(segments 1 and 2) in the NH,-terminal half
of the presumptive RT. Pairwise compari-
sons of EIAV, HTLV-III, and visna in
segment 1 yielded ALIGN scores of 18.9 to
24.8 (best match, visna—HTLV-III), and in
segment 2, 15.2 to 18.9 (best match,
EIAV-HTLV-III). In these two segments,
53 percent of EIAV’s 211 residues are iden-
tical in HTLV-III. EIAV is also highly
related in this region to BLV, M-MuLV,

75 r EIAV
75FHTLV-IN

75 VISNA
50

75-BLYV

50

Percent A+ T

75FM-MuLV

75-RSV
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1 1 1
2000 3000 4000

Nucleotide number

1000

Fig. 5. Base composition of retroviral coding
strands in the gag-pol region. A + T content was
computed by using a window size of 100 bases
and a slide of 25 bases. The M-MuLV sequence
begins at the 5’ end of the gag gene; all other
begin at the primer binding site. All extend to the
3’ end of the pol.

and RSV (AS, 10.2 to 14.4). EIAV, unlike
HTLV-UI and visna, has a termination co-
don in segment 2 (residue 397 in Fig. 2),
indicating that the clone we are sequencing
is probably defective.

The same pattern of relatedness is ob-
served for EIAV segment 6 which, on the
basis of homology with M-MuLV and
RSV, is located near the NH,-terminus of
the presumptive endonuclease (31, 32).
Pairwise comparisons of EIAV, HTLV-III
and visna give scores of 12.4 to 20.2 (best
match, EIAV-visna). Scores for compari-
sons between EIAV and BLV, M-MuLV,
and RSV are also very high (10.2 to 12.5).

With EIAV segments 3, 4, and 7, which
represent COOH-terminal regions of RT
and endonuclease, a different pattern is seen.
Pairwise comparisons between EIAV,
HTLV-III, and visna give highly significant
scores (6.9 to 11.9; best match is EIAV—
HTLV-III in each case), but relatedness to
the corresponding regions of BLV, M-
MuLV, and RSV varies considerably. In
segment 3 this homology, while lower than
in segments 1, 2, and 6, is still significant
(AS, 4.0 to 6.0). Segment 4 appears to be
weakly related to M-MuLV and RSV (AS,
3.0 and 4.0) and not to BLV, and in
segment 7 there is no significant homology.
The remaining EIAV segment (No. 5) is
related only to that of visna, for the HTLV-
III pol sequence has a 132—-amino acid dele-
tion in this region. On the basis of the
alignment with other pol genes, this falls
within the highly variable region at the
COOH-terminus of RT and NH,-terminus
of endonuclease (28, 31, 32).

Similarity between EIAV and HTLV-III
and visna is also apparent on the relatively
gross level of overall base composition. In
the gag-pol region the coding strand of each
has very high adenine (A) content (38 to 39
mole percent) and very low cytosine (C)
content (15 to 18 mole percent). This re-
sults in an unusually high A + T (T, thymi-
dine) content (60 to 62 mole percent),
which is very different from that of the type
C viruses of the BLV-HTLV-I family (45
to 47 mole percent). In consequence there
should be little stable secondary structure in
lentivirus genomic RNA, and this may ac-
count for the relative ease with which the
EIAV RT synthesizes full-length comple-
mentary DNA in the endogenous reaction
(33\.

In conclusion, EIAV appears to resemble
HTLV-III rather than visna in the use of
tRNA}"® and in encoding a p9 at the
COOH-terminus of gag. However, both
EIAV and visna have a sizable insertion
(132 amino acids in EIAV) relative to
HTLV-III near the COOH-terminus of
RT. Depending on the region of the

REPORTS 5§93



genome, EIAV appears slightly more related
to HTLV-III (p26, protease, segments 2, 3,
4, and 7 of pol), or visna (p15, pl1, seg-
‘ments 1 and 6 of pol), but with the possible
exception of pol segment 6, these differences
are not large. Since visna and HTLV-III
appear no closer to each other than either is
to EIAV, we conclude that the three viruses
are about equidistant from each other.
Chiu et al. (34) recently compared the
translated nucleotide sequence at the NH,-
terminus of RT (corresponding to our pol
segments 1 and 2) in EIAV, CAEV, and
HTLV-III. They concluded that the three
viruses are about equidistant from each oth-
er. Since CAEV is a close relative of visna
(81 percent amino acid identities in the
region sequenced by Chiu et al.), our results
are in good agreement with theirs. They also
concluded that divergence among the lenti-
viral pol genes is about the same as that
observed between the pol genes of BLV and
HTLV-1. This conclusion, however, while
true for pol segments 1 and 2 does not apply
to pol segments 6 and 7 (see Table 1). There,
as throughout gag and protease, BLV and
HTLV-I are more highly related to each
other than are EIAV, visna, and HTLV-III
to each other. Similarly, within RT the
BLV-HTLV-I and -II group appears more
closely related to the avian type C viruses
than to the mammalian type C viruses (2,
21, 34), but in other genomic regions closer
relatedness to the mammalian viruses is seen
(21). Thus a phylogenetic tree that accurate-
ly reflects relationships in one segment of
the genome may not apply to other seg-
ments. This may result from real differences
in evolutionary rate, from limitations in our
methods of analyzing relatedness, from viral
recombination, or from some combination
of these factors. Until this issue is clarified
further, we view the lentiviruses, the BLV—
HTLV-I and -II group, the mammalian type
C viruses, and the avian type C viruses as
four major retroviral groups that are approx-
imately equidistant from each other.
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Putative Reverse Transcriptase Intermediates of Human
Hepatitis B Virus in Primary Liver Carcinomas

H. WiLL,* J. SALFELD, E. PFAFE, C. MANSO, L. THEILMANN,

H. SCHALER

Nucleocapsid-pol fusion proteins have been detected by serological screening hepato-
cellular carcinoma tissues that contain hepatitis B virus (HBV) DNA. The existence of
these fusion proteins suggests that HBV may synthesize its reverse transcriptase in a
fashion analogous to the way that retroviruses synthesize and process a precursor. The
accumulation of HBV reverse transcriptase intermediates in tumorous tissues and not
in other tissues may be related to the absence of viral core particles and possibly

contributes to tumor development.

UMAN HEPATITIS B virRUs (HBV)

contains a DNA genome but re-

sembles retroviruses (i) in its
mode of replication involving reverse tran-
scription of an RNA pregenome, (ii) in its
gene organization, and (iii) in its association
with tumor development (1). At the level of
transcription, both differences and similar-
ities between HBV and retroviruses exist
(2). In contrast to retroviruses (3), all tran-
scripts identified so far are unspliced and
originate from different promoters; howev-
er, as in retroviruses, they are coterminal.
For HBV and the related duck hepatitis B
virus (DHBV) the major messenger RNA’s
(mRNA?’s) identified have been related to
the hepatitis B surface antigen (HBsAg) and
nucleocapsid protein, hepatitis B core anti-
gen (HBcAg), but not to the reverse tran-
scriptase believed to be encoded by the pol

frame (4). Only the HBcAg mRNA covers
the complete pol frame; for expression of
the pol protein from this mRNA, internal
translation initiation would have to occur.
Alternatively, in analogy to retroviruses (3),
the HBV reverse transcriptase could be syn-
thesized via a HBcAg-Pol (c-pol) fusion
protein. This is conceivable since the
HBcAg coding region (C gene) of HBV
overlaps with that of the pol frame reminis-
cent of the gag-pol frame arrangement in
most retroviruses. As confirmation of this
hypothesis, we have identified and charac-
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