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Previous studies of the genetic and biologic characteristics of human immunodeficiency virus type 1 (HIV-1)
have by necessity used tissue culture-derived virus. We recently reported the molecular cloning of four
full-length HIV-1 genomes directly from uncultured human brain tissue (Y. Li, J. C. Kappes, J. A. Conway,
R. W. Price, G. M. Shaw, and B. H. Hahn, J. Virol. 65:3973-3985, 1991). In this report, we describe the
biologic properties of these four clones and the complete nucleotide sequences and genome organization of two
of them. Clones HIV-1y;, and HIV-1y,,_,, were 9,174 and 9,176 nucleotides in length, differed by 0.26% in
nucleotide sequence, and except for a frameshift mutation in the pol gene in HIV-1y,, ,,, contained open
reading frames corresponding to 5’'-gag-pol-vif-vpr-tat-rev-vpu-env-nef-3' flanked by long terminal repeats.
HIV-1yy_, was fully replication competent, while HIV-1y, ;, and two other clones, HIV-1y,,, and
HIV-1yy. 3, Were defective. All three defective clones, however, when transfected into Cos-1 cells in any
pairwise combination, yielded virions that were replication competent and transmissible by cell-free passage.
The cellular host range of HIV-1y,,_, was strictly limited to primary T lymphocytes and monocyte-
macrophages, a property conferred by its external envelope glycoprotein. Phylogenetic analyses of HIV-1,-; ,
gene sequences revealed this virus to be a member of the North American/European HIV-1 subgroup, with
specific similarity to other monocyte-tropic viruses in its V3 envelope amino acid sequence. These results
indicate that HIV-1 infection of brain is characterized by the persistence of mixtures of fully competent,
minimally defective, and more substantially altered viral forms and that complementation among them is
readily attainable. In addition, the limited degree of genotypic heterogeneity observed among HIV-1y,; and
other brain-derived viruses and their preferential tropism for monocyte-macrophages suggest that viral
replication within the central nervous system may differ from that within the peripheral lymphoid compart-
ment in significant and clinically important ways. The availability of genetically and biologically well
characterized HIV-1 clones from uncultured human tissue should facilitate future studies of virus-cell

interactions relevant to viral pathogenesis and drug and vaccine development.

Although human immunodeficiency virus type 1 (HIV-1) is
known to be the cause of AIDS, the pathogenic mechanisms
responsible for its many disease manifestations remain enig-
matic. Among the most important unanswered questions
relating to AIDS pathogenesis are the basic virologic and
cellular processes underlying both CD4* lymphocyte deple-
tion and the neurologic dysfunction associated with AIDS
dementia complex (ADC). Many different possible explana-
tions have been considered for these pathologic outcomes,
including both virally mediated and immunopathologically
mediated processes (3, 24, 35, 43, 62, 67, 93, 98). There is
increasing evidence that virus replication and the accumu-
lated tissue burden of virus and viral products play an
important and direct role in AIDS pathogenesis. For exam-
ple, there is a direct relationship between high-level viral
replication and rapid decline in CD4™ cells in primary HIV-1
infection (15, 18, 101) and between increasing virus burden
and accelerated disease progression in late infection (16, 42,
65, 84, 89). Similarly, a positive correlation exists between
the level of HIV-1 expression in the central nervous system
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(CNS) and the clinical severity of ADC (30, 41, 66, 98).
Finally, treatment of adults and children with AZT (azido-
thymidine) inhibits viral replication, as measured by circu-
lating p24 antigen, and leads to increases in CD4* lympho-
cyte counts, improvement in neurologic function, and
delayed progression to AIDS and death (19, 26, 27, 61, 80,
109). Together, these observations argue for the importance
of viral replication and, by inference, virally encoded gene
products in disease pathogenesis.

In addition to viral replication, genetic and biologic vari-
ations of HIV-1 are other properties that are linked directly
to disease pathogenesis (14, 25, 64, 85, 91, 92, 103, 112).
Mutation in the reverse transcriptase (RT) gene selected by
clinical treatment with AZT (11, 49, 54, 55) or other RT
inhibitors (22) represents a clear-cut example of biologically
important HIV-1 variation in vivo. Immunologic escape
mutants of HIV-1 in experimentally infected chimpanzees
(72) and humans (1, 79) are additional examples. Another
manifestation of HIV-1 variability with potential pathogenic
relevance is the generation and persistence of defective viral
forms (46, 60, 64, 107). HIV-1 genomes defective in the
function of tat (a gene representing less than 3% of the
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provirus) have been reported to comprise as much as 10 to
15% of the virus population in vivo, thus implying that most
viral sequences are multiply defective (64). While other
studies (6, 53) suggest that the prevalence of defective forms
may be less than this extreme number, it is conceivable that
defective viral genomes play an important role in modulating
the biologic expression of HIV-1 infection. In related AIDS
animal model systems, replication-defective forms of feline
leukemia virus (75) and murine leukemia virus (5, 13) play a
central role in disease pathogenesis.

Virus replication and burden, genotypic variation, and
biologic diversity are thus all important determinants of
AIDS pathogenesis which are inseparably linked to the
genetic composition of HIV-1 in vivo. Analysis of the
genetic and biologic characteristics of HIV-1 from infected
individuals at various stages of disease and with different
clinical presentations has therefore been a focus of scientific
attention leading to the identification, for example, of mac-
rophage- and T-cell-tropic virus strains (14, 32, 33, 45, 52,
60, 91), syncytium-inducing and non-syncytium-inducing
virus strains (25, 92, 103, 104), and the quasi-species nature
of viral infection in general (34, 37, 64, 85, 94, 95, 112).
However, as a consequence of the generally low abundance
of viral DNA in patient tissues (94, 95), the molecular
analysis of HIV-1 in vivo has, by necessity, been limited to
the study of culture-amplified virus isolates, proviral DNA
clones derived from them, and polymerase chain reaction
(PCR)-amplified subgenomic viral fragments. These ap-
proaches can be problematic since even brief periods of
culture can lead to selection of virus subpopulations that do
not accurately represent the predominant species in vivo (53,
64). In the extreme case, isolation and propagation of virus
in immortalized T-cell lines has yielded virus strains with
biologic properties (e.g., stability of the gp120/41 envelope
complex and its affinity for CD4) which differ significantly
from those of primary isolates (17, 68). Similarly, PCR-
amplified subgenomic fragments must, by definition, be
studied outside the context of the individual interactive viral
unit from which they were derived (53).

On the basis of these considerations, we sought to clone
full-length viral DNA genomes directly from primary human
tissue. From our earlier studies of HIV-1 DNA sequences in
uncultured human tissues (94, 95), we suspected that it might
be possible to clone unintegrated circular forms from such
material, thereby avoiding any possibility of culture-related
selection pressures. Infected brain tissue was chosen as a
cloning source because of its relatively high abundance of
viral DNA (76, 77, 95) and the possibility that this compart-
ment might harbor viral strains with unique genetic and
biologic properties relevant to the pathogenesis of ADC (32,
93, 98). In a previous report (60), we described the genera-
tion of 10 recombinant HIV-1 DNA clones from brain tissue,
including four full-length HIV-1 genomes, one chromoso-
mally integrated proviral half-genome, and five incomplete
genomes with deletions or rearrangements. In the present
study, we analyzed the replicative properties of the four
full-length HIV-1 clones and determined the complete nucle-
otide sequences, genome organization, and biologic proper-
ties of two of them. This approach allowed us, for the first
time, to examine directly the genomic organization, molec-
ular complexity, and biologic properties of HIV-1 in vivo.

MATERIALS AND METHODS

Derivation of molecular HIV-1 clones. The viral clones
HIV-1yy.,, HIV-1yy 10, HIV-1yy.5,, and HIV-1y4, 5, ana-
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lyzed in this study were obtained as described previously
(60) directly from uncultured brain tissue of a man who died
in 1986 at the age of 40 with severe (stage 3) ADC (66, 81).
Although the date of initial HIV-1 infection of this individual
was unknown, he first presented with an AIDS-defining
illness (Kaposi’s sarcoma) in 1983 and then developed ex-
traoral candidiasis, cytomegalovirus retinitis, and Pneumo-
cystis carinii pneumonia in 1985. He never received AZT or
other antiretroviral therapy. Immunohistological examina-
tion of the brain described previously (66) revealed severe
multinucleated giant cell encephalitis and widespread HIV-1
infection of macrophages and microglia. Because the HIV-1 -
clones were derived from this tissue by recombinant lambda
phage cloning of permuted circular viral DNA intermediate
forms, the viral inserts were excised by using unique restric-
tion endonucleases (Sall, Sphl, and EcoRI) and recon-
structed in the plasmid vector pTZ so as to yield full-length
nonpermuted viral genomes (described in reference 60). The
resulting plasmid constructs were termed pYU-2, pYU-10,
pYU-21, and pYU-32. Plasmid pYU-2 has been provided to
the AIDS Reference and Reagent Program. The T-cell-tropic
and monocyte-tropic HIV-1 strains, pHXB2d (28) and
pNFN-SX (73), were used as relevant control viruses; the
latter clone was provided by Irvin Chen.

Sequence determination and genomic analysis of HIV-1y.;_,
and HIV-1yy,,. Overlapping restriction fragments corre-
sponding to the full-length HIV-1yy,, and HIV-1yy,,, ge-
nomes cloned in lambda (60) were subcloned into M13mp18
and M13mpl9. Dideoxynucleotide sequencing was per-
formed, using Sequenase version 2.0 (U.S. Biochemical,
Cleveland, Ohio) and HIV-1-specific oligonucleotide primers
evenly spaced throughout the viral genome. All sequence
differences between HIV-1y,, and HIV-1y,,,, were con-
firmed by double-stranded sequence determinations. The
nucleotide sequences were aligned and examined for poten-
tial open reading frames (ORFs) by Microgenie (Beckman)
and University of Wisconsin Genetics Computer Group
software packages, using Staden’s methods (99).

Phylogenetic analyses. Phylogenetic trees were con-
structed for the env gene of HIV-1y,,, HIV-1yy,,4, and
other HIV-1 viruses from North America (BAL, JRFL,
JRCSF, SC, BRVA, MN, ALAl, SF2, ADA, SF33,
CDC451, SF162, NY5, and JFL), Europe (LAI and HAN),
Africa (Z321, U455, Z84, NDK, ELI, and OYI), Haiti
(WM1J2 and RF), and Japan (JH3) (70). Phylogenetic trees
were also constructed for gag, pol, and nef genes of these
same viruses when all sequences were available (70). Pre-
dicted protein sequences were first aligned by using the
CLUSTALYV program (39, 40), and the distances between
gene sequences were then determined as a function of X, the
estimated number of nucleotide substitutions per site, ac-
cording to the method of Li et al. (59). K is the weighted
average of the numbers of substitutions per synonymous site
and per nonsynonymous site, each corrected for multiple
hits, allowing for different rates of transitions and transver-
sions. Phylogenetic relationships among the sequences were
estimated by the neighbor-joining method (87) applied to
these distances. The neighbor-joining method allows for
unequal rates of evolution in different lineages and appears
to be one of the most efficient methods of phylogenetic
inference (86).

DNA transfection and analysis of viral replication. Plasmid
DNAs (10 pg of each) containing HIV-1y;.,, HIV-1y 40,
HIV-1yy.5,, HIV-1yy3,, HIV-1yxps4, and HIV-1ypnsx
genomes were transfected into Cos-1 cells by the calcium
phosphate precipitation method (4). Supernatants were har-
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vested at 24, 48, and 72 h for p24 antigen and RT determi-
nations and for cell-free transmissibility studies. Alterna-
tively, phytohemagglutinin (PHA)-stimulated peripheral
blood mononuclear cells (PBMCs) were added directly to
Cos-1 cultures 24 h after transfection to allow cell-to-cell
spread and amplification of virus. Forty-eight hours later,
PBMCs were transferred to T25 flasks and cocultured with
additional PHA-stimulated PBMCs to further amplify virus.
The replication competence of these virus stocks was then
analyzed by clarification of culture supernatants (600 X g for
10 min), filtration (1.2-pm-pore-size filters), and passage
onto various human cell types. These samples included
primary PBMCs, macrophages, and lymphocytes; the im-
mortalized CD4" T-cell lines Molt4 clone 8, Jurkat, CEM,
CEMx174, SupT1, and HUT78; the myeloid-derived cell line
U937; the fibrous histiocytoma cell line GCT (21); the fetal
glial cell line N370FG (33a); and the glioblastoma cell lines
D54 (10) and CH235 (9). PBMCs were prepared as described
previously (15, 97) with PHA stimulation for 24 to 48 h and
maintenance in complete RPMI medium (see below) supple-
mented with interleukin-2 (30 U/ml). Monocytes (51, 97)
were prepared in six-well (35-mm-diameter) tissue culture
plates, using Hanks balanced salt solution with calcium and
magnesium and supplemented with 10% human AB serum to
facilitate monocyte adherence. Purified lymphocytes were
prepared by negative selection, using two sequential cell
adherence steps in Hanks balanced salt solution with cal-
cium and magnesium and 10% human AB serum to remove
monocytes (51, 96). Primary PBMCs, monocytes, lympho-
cytes, and immortalized T-cell lines were cultured in com-
plete RPMI medium (RPMI 1640 medium supplemented with
fetal bovine serum [15%], glutamine [2 mM], penicillin [50
U/ml], and streptomycin [50 pg/ml]). Cos-1 cells were main-
tained in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum. The remaining cell lines were
maintained in a 1:1 mixture of Dulbecco modified Eagle
medium and Ham’s nutrient mixture F-12 supplemented
with 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfon-
ic acid (HEPES; pH 7.2), 2 mM glutamine, and 10% fetal
bovine serum.

RT assays were performed as follows. A 25-pl volume of
culture supernatant was mixed with 75 pl of RT cocktail
containing 67 mM Tris-HCI (pH 8.0), 6.7 mM dithiothreitol,
6.7 mM MgCl,, 200 mM KCl, 0.13% Triton X-100, 0.66 mM
EGTA, 1.25 ug of poly(A)-oligo(dT), and 5 p.Ci of [*>S]TTP.
The reaction was performed for 1.5 h at 37°C and stopped by
the addition of 50 pl of 0.2 M Na,P,0,. Each sample was
blotted onto an NA 45 membrane (Schleicher & Schuell,
Inc., Keene, N.H.) by vacuum. Membranes were washed
twice (0.3 M NaH,PO,, 0.46 M Na,HPO,, pH 6.8), air dried,
and analyzed for [**S]thymidine incorporation by radioana-
lytic imaging (AMBIS System, Inc., San Diego, Calif.).
HIV-1 p24 antigen capture assays were performed by using
a commercial assay (Coulter Diagnostics, Hialeah, Fla.).

Complementation studies. To explore the possibility of
retroviral complementation among the four clones (HIV-
1vu.2> HIV-14y40, HIV-14y.51, and HIV-1y4,.3,), the re-
spective plasmids were mixed together in all possible com-
binations (5 ng of each) and transfected into Cos-1 cells by
the calcium phosphate precipitation method (4). Twenty-
four hours after transfection, 5 x 10° PHA-stimulated nor-
mal human PBMCs were added to the Cos-1 monolayer and
cocultivated for an additional 48 h. Nonadherent PBMCs
were then transferred from six-well plates to T25 flasks,
cocultivated with additional PHA-stimulated PBMCs, and
monitored for RT activity. After 7 to 10 days, the culture
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supernatants were equilibrated for RT levels, clarified by
low-speed centrifugation (600 X g for 10 min), filtered
(1.2-pm-pore-size filters), and transmitted cell free to unin-
fected PHA-stimulated PBMCs. The medium was changed
weekly, new PBMCs were added, and the culture superna-
tants were checked for p24 antigen and RT activity. Viral
replication, transmission, and complementation experiments
were repeated three to five times, with similar results;
representative data are shown in the figures.

Nucleotide sequence accession numbers. The sequence data
reported have been assigned GenBank accession numbers
M93258 (HIV-1y4,.,) and M93259 (HIV-1yy_19)-

RESULTS

Nucleotide sequence and genome organization of HIV-1y;_,
and HIV-1y,,_,0- The complete nucleotide sequences of HIV-
1yu., and HIV-1yy 0 were determined (Fig. 1). The viral
genomes extended 9,174 and 9,176 nucleotides (nt), respec-
tively, from the beginning of the long terminal repeat (LTR)
R sequence (corresponding to the mRNA start site) to the
terminus of R in the 3’ LTR (the site of polyadenylation).
The potential ORFs deduced from the two sequences (Fig. 2)
were identical except for a truncated polymerase gene in
HIV-144,.10 that resulted from a single nucleotide deletion at
position 2440.

Inspection of the LTR regions of HIV-1yy,, and HIV-
1yu.10 (Fig. 1) indicated that the principal regulatory ele-
ments, including the TATA box, Spl binding sites (47),
NF«B sites (71), AP1 sites (29), LBP-1 sites (48), and the
cis-acting tat-responsive element (83), were conserved. Sim-
ilarly, the primer binding site, polyadenylation signal
(AATAA), central and 3’ polypurine tracts, consensus splice
donor and acceptor sites, and consensus RNA packaging
signal were present (12, 57, 70, 106).

Coding sequences corresponding to p17, p24, p9, and p7 in
gag and pl0 (protease), p66 (RT), and p32 (integrase) in pol
were similar in length to sequences in the gag and pol genes
of previously characterized HIV-1 proviruses (63, 106, 108).
The myristylation site for p17 gag (amino-terminal glycine)
and two copies of the zinc finger motif (Cys-X,-Cys-X,-His-
X,-His-X,-Cys) (7, 8, 63, 108) in the p9 nucleocapsid protein
were also present. The pl7 matrix protein and the p24 major
capsid protein each contained potential serine-linked phos-
phorylation sites (Arg-X-Ser) (63, 108), as shown in Fig. 1.

HIV-1y,., and HIV-14,,, differed importantly in the pol
gene. The latter sequence contained a one base pair deletion
at position 2440, resulting in premature termination of the
OREF at position 2502, 714 amino acids short of the normal
terminus of the polyprotein precursor. In the RT gene of
HIV-1y,., (and in the corresponding region of HIV-1yy,. 1),
the codons at amino acid positions 41 (Met), 67 (Asp), 70
(Lys), 103 (Lys), 181 (Tyr), 215 (Thr), and 219 (Lys) (nt 2219,
2297, 2306, 2405, 2639, 2741, and 2753 in Fig. 1) corre-
sponded to wild-type sequences found in viruses from drug-
naive patients which are sensitive to AZT (11, 49, 54, 55) and
the non-nucleoside RT inhibitors BI-RG-587, R82913, and
L697,661 (22).

The tat genes of HIV-1yy,, and HIV-1yy,,, comprised
two exons, one 216 nt in length preceding the env gene and
the other 87 nt long overlapping env. The second tat exon, 29
codons in length, was similar to the exons of a number of
HIV-1 isolates but longer than others (70, 106). Like other
HIV-1 strains, there was a stop codon immediately following
the splice donor site of the first zaz exon, suggesting that a
truncated 72-amino-acid form of zaz may be expressed from
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—R 10 TAR 30 50 70 us 110 130
WWCTAGCTAGGAAACCCACTGC‘I"I‘AAGCCTCAATAAAGC’I‘TGCCTTGAG'I‘GC'I"I‘TAAGTAL: TGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAG

150 170 us <——| PBS 190 210 250
ATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGAAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGG

major SD myristylation site — phosphorylation site 390 410
packaging signal gag > MetGlyAlaprgAlaSerVallLeuSerAlaGlyGluLeuAspLysTrpGluLysIleArgLeuArgProGlyGlyLysLysG
GCGGCGACTGGIGAGTACGCCAAWGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTCAGTA‘I"I‘AAGTGCGGGGGAATTAGATAAGTGGGAAAAAAT’I‘CGGTTAAGGCCAGGGGGAAAGAAAC

430 450 470 490 510 530 550
1nTyrArgLeuLysHisI leValTrpAlaSerArgGluLeuGluArgPheAlaValAspProGlyLeuLeuGluThrSerGluGlyCysArgGlnI leLeuGlyGlnLeuGlnProSerLeuGlnThrGlySerGluGlu
AATATAGA‘I"I‘AAAACATATAG’I‘ATGGGCAAGCAGGGAGCTAGAACGA’I"I‘CGCAGTTGATCCTGGCCTGTTAGAMCATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCGTCCC'I"I‘CAGACAGGATCAGAAGAG

570 590 610 630 650 670 690
LeuArgSerLeuTyrAsnThrValAlaThrLeuTyrCysValHisGlnLysI leGluvalLysAspThrLysGluAlaLeuGluLysIleGluGluGluGlnAsnLysSerLysLysLysAlaGlnGlnAlaAlaAlaAs
CT’I‘AGATCATTATATAATACAGTAGCCACCC‘I‘CTAT’I‘GTGTACATCAAAAGATAGAGGTAAAAGACACCAAGGAAGCT‘I‘TAGAGAAGATAGAGGAAGAGCAAAACAAAAGTAAGAAAAAAGCACAGCAAGCAGCAGCTGA

710 730 750 770 790 810 830
pThrGlyAsnSerSerGlnvalSerGlnAsnTyrProIleValGlnAsnLeuGlnGlyGlnMetValHisGlnAlal leSerProArgThrLeuAsnAlaTrpVallysValvalGluGluLysAlaPheSerProGluv
CACAGGAAACAGCAGCCAGGTCAGCCAAAATTACCCTATAGTGCAGAACCTACAGGGGCAAATGGTACATCAGGCCATATCACCTAGAACT’I‘TAAA’I‘GCATGGGTAAAAGTAGTGGAAGAGAAGGCGTTCAGCCCAGAAG

850 870 890 910 930 950 970
allleProMet PheSerAlaLeuSerGluGlyAlaThrProGlnAspLeuAsnThrMetLeuAsnThrValGlyGlyHisGlnAlaAlaMetGlnMetLeuLysGluThrI leAsnGluGluAlaAlaGluTrpAspArg
TAATACCCATG'I"I‘T’I‘CAOCATTATCAGAAGGAGCCACCCCACAAGA‘I“I‘TAAACACCATGCTAAACACAGTGGGGGGACACCAAGCAGCCATGCAAATGTTAAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGA

990 1010 1030 phosphorylation site 1070 1090 1110
LeuHisProvalHisAlaGlyProIleAlaProGlyGlnMetArgGluProAraGlySerAspIleAlaGlyThrThrSerThrLeuGlnGluGlnl leGlyTrpMet ThrAsnAsnProProIleProvalGlyGluIl
TTGCATCCAGTGCATGCAGGGCCTATTGCACCAGGCCAGATGAGAGAACCAAGGGGAAGTGACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAGGATGGATGACAAATAATCCACCTATCCCAGTAGGAGAAAT
__________________________________________________ Gm = m e e e e

1130 1150 1170 1190 1210 1230 1250
eTyrLysArgTrpIleIleLeuGlyLeuAsnLysIleValArgMetTyrSerProThrSerIleLeuAspl 1eArgGlnGlyProLysGluProPheArgAspTyrValAspArgPheTyrLysThrLeuArgAlaGluG
CTATAAAAGATGGATAATCCTGGGATTAAATAAAATAGTAAGAATGTATAGTCCTACCAGCATTCTGGACATAAGACAAGGACCAAAGGAACCCTTTAGAGATTATGTAGACCGGTTCTATAAAACTCTAAGAGCCGAGC

1270 1290 1310 1330 1350 1370 1390
1nAlaSerGlnGluValLysAsnTrpMet ThrGluThrLeuLeuValGlnAsnAlaAsnProAspCysLysThrI leLeuLysAlaLeuGlyProAlaAlaThrLeuGluGluMetMet ThrAlaCysGlnGlyvalGly
AAGCTTCACAGGAGGTAAAAAATTGGATGACAGAAACCTTGTTGGTCCAAAATGCGAACCCAGATTGTAAGACTATTTTAAAAGCATTGGGACCAGCAGCTACACTAGAAGAAATGATGACAGCATGTCAGGGAGTGGGG

14190 1430 1450 1470 1490 1510
GlyProGlyHisLysAlaArgValLeuAlaGluAlaMetSerGlnValThrAsnSerAlaThrIl eMetMetGlnArgGlyAsnPheArgAsnGlnArgLysThrValLy sPheAsnCysGlyLysGluGlyHisIl
GGACCCGGCCATAAAGCAAGAGTTTTGGCTGAAGCAATGAGCCAAGTAACAAATTCAGCTACCATAATGATGCAGAGAGGCAATTTTAGGAACCAAAGAAAAACTGTTAAG T AAGGGCACAT

1570 1630 1650 1670
eAlaLysAanygArgAIaProArgLysLysGlyﬁsTrpLysCysGlyLysGluGlyHi sGlnMetLysAspr%ThrG1uArgG1nA1aAsnPheLeuGlyLys IleTrpProSerHisLysGlyArgProGlyAsnP

pol > PhePheArgGluAspLeuAlaPheProGlnGlyLysAlaArgLysPh
AGCCAAAAATTGCAGGGCTCCTAGGAAAAAGGGCTGTTGGAAATGTGGAAAGGAAGGACACCAAATGAAAGATTGTACTGAGAGACAGGCTAATTTTTTAGGGAAGATCTGGCCTTCCCACAAGGGAAGGCCAGGAAATT

1690 1710 1730 1750 1770 1790 1810
heLeuG1nSerArgProGluProThrAlaProSerG1uGluSerValArgPheGlyGluG1uThrThrThrProSerGInLysGlnGluProI leAspLysGluLeuTyrProLeuAlaSerLeuArgSerLeuPheGly
eSerSerGluGlnThrargAlaAsnSerProIlleArgArgGluArgGlnValTrpArgArgAspAsnAsnSerLeuSerGluAlaGlyAlaAspArgGlnGlyThrval SerPheSerPheProGlnIleThrLeuTrpG
TTCTTCAGAGCAGACCAGAGCCAACAGCCCCATCAGAAGAGAGCGTCAGGTTTGGAGAAGAGACAACAACTCCCTCTCAGAAGCAGGAGCCGATAGACAAGGAACTGTATCCTTTAGCTTCCCTCAGATCACTCTTTGGC

G m e e e e

1830 1850 1870 1890 1910 1930 1950
SerAspProSerSerGln***
1nArgProLeuValThrIleLysIleGlyGlyGlnLeuLysGluAlaLeuLeuAspThrGlyAlaAspAspThrValLeuGluGluMetAsnLeuProGlyArgTrpLysProlysMetI leGlyGlyIleGlyGlyPhe
AGCGACCCCTCGTCACAATAAAGATAGGGGGGCAACTAAAGGAAGCTCTATTAGATACAGGAGCAGATGATACAGTATTAGAAGAAATGAATTTGCCAGGAAGATGGAAACCAAAAATGATAGGGGGAATTGGAGGTTTT

1970 1990 2010 2030 2050 2070 2090
IleLysValArgGlnTyrAspGlnIleProIleGluIleCysGlyHisLysAlaIleGlyThrValLeuvalGlyProThrProvalAsnIlel leGlyArgAsnLeuLeuThrGlnIleGlyCysThrLeuAsnPhePr,
ATCAAAGTAAGACAGTATGATCAGATACCCATAGAAATATGTGGACATAAAGCTATAGGTACAGTATTAGTAGGACCTACACCTGTCAACATAATTGGAAGAAATCTGTTGACTCAGATTGGTTGCACTTTAAATTTTCC

2110 2130 2150 2170 2190 2210 2230
oIleSerProIleGluThrvalProvVallysLeuLysProGlyMetAspGlyProLysValLysGlnTrpProLeuThrGluGluLysIleLysAlaLeuvalGluIleCysThrGluMetGluLysGluGlyLysI les
CATTAGTCCTATTGAAACTGTACCAGTAAAATTAAAGCCAGGAATGGATGGCCCAAAAGTTAAACAATGGCCATTGACAGAAGAAAAAATAAAAGCATTAGTAGAAATTTGTACAGAAATGGAAAAGGAAGGGAAAATTT

2250 2270 2290 2310 2330 2350 . 2370 .
erLysIleGlyProGluAsnProTyrAsnThrProvalPheAlal leLysLysLysAspSerThrLysTrpArgLysLeuvalAspPheArgGluLeuAsnLysArgThrGlnAspPheTrpGluvalGlnLeuGlyIle
CAAAAATTGGGCCTGAAAACCCATACAATACTCCAGTATTTGCCATAAAGAAAAAAGACAGTACTAAATGGAGAAAATTAGTAGATTTCAGAGAACTTAATAAGAGAACTCAAGACTTCTGGGAAGTTCAATTAGGAATA

r—l bp deletion in YU10

2390 2410 2430 2470 2490 2510
ProHisProAlaGlyLeuLysLysLysLysSerValThrValLeuAspValGlyAspAlallyrPheServalProLeuHisGluAspPheArgLysTyrThrAlaPheThrl leProSerIleAsnAsnGluThrProGl
CCACATCCCGCAGGGTTAAAAAAGAAAAAATCAGTAACAGTACTGGATGTGGGTGATIGCATATTTTTCAGTTCCCTTACATGAAGACTTCAGGAAGTATACTGCATTTACCATACCTAGTATAAACAATGAGACACCAGG

2530 2550 2570 2590 2610 2630 2650

yThrArgTyrGlnTyrAsnValLeuProGlnGly TrpLysGlySerProAlaIlePheGlnSerSerMetThrThrileLeuGluProPheArgLysGlnAsnProAspLeuvalIleTyrGlnTyrMetAspAspLeuT
GACTAGATATCAGTACAATGTGCTTCCACAGGGATGGAAAGGGTCACCAGCAATATTCCAAAGTAGCATGACAACAATCTTAGAGCCTTTTAGAAAACAAAATCCAGACCTAGTTATCTATCAGTACATGGATGATTTGT
__________________________________________ oo ML

2670 2690 2710 2730 2750 2770 2790
yrValGlySerAspLeuGluIleGlyGlnHisArgThrLysIleGluGluLeuArgGlnH isLeuLeuArgTrpGlyPheThrThrProAspLysLysHisGlnLysGluProProPheLeuTrpMetGly TyrGluLeu
ACGTAGGATCTGACTTAGAAATAGGGCAGCATAGAACAAAAATAGAGGAACTGAGACAACATCTGTTGAGGTGGGGATTTACCACACCAGACAAAAAACATCAGAAAGAACCTCCATTCCTTTGGATGGGTTATGAACTC

. 2810 2830 2850 2870 2890 2910 2930
HisProAspLysTrpThrValGlnProIleValLeuProGluLysAspSerTrpThrValAsnAspIleGlnLysLeuvalGlyLysLeuAsnTrpAlaSerGlnIleTyrAlaGlyIleLysValArgGlnLeuCysLy
CATCCTGATAAATGGACAGTACAGCCTATAGTGCTGCCAGAAAAAGATAGCTGGACTGTCAATGACATACAGAAGT TAGTGGGAAAATTGAATTGGGCAAGTCAGATTTATGCAGGGATTAAAGTAAGGCAATTATGTAA

2950 2970 2990 3010 3030 3050 3070
sLeuLeuArgGlyThrLysAlaLeuThrGluvValIleProLeuThrGluGluAlaGluLeuGluLeuAlaGluAsnArgGluIleLeuLysGluProvalHisGlyvalTyrTyrAspProSerLysAspLeul leAlaG
ACTCCTTAGGGGAACCAAAGCACTAACAGAAGTAATACCACTAACAGAAGAAGCAGAACTAGAACTGGCAGAAAACAGGGAAATTCTAAAAGAACCAGTACATGGAGTGTAT TATGACCCATCAAAAGACTTGATAGCAG

FIG. 1. Complete nucleotide and amino acid sequences of the replication-competent clone HIV-1yy,., (upper line) and the minimally
defective clone HIV-1yy o (lower line; dashes indicating sequence identity). TAR, tat-responsive element; PBS, primer binding site; SD,
splice donor; PPT, polypurine tract; SA, splice acceptor.
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3090 3110 3130 3150 3170 3190 3210
luIleGlnLysGlnGlyGlnGlyGlnTrpThrTyrGlnIleTyrGlnGluProPhelysAsnLeulysThrGlyLysTyrAlaArgThrArgGlyAlaHisThrAsnAspVallysGlnLeuThrGluAlavalGlnLys
AAATACAGARGCAGGGGCAAGGCCAATGGACATATCAAATTTATCAAGAGCCATTTAAAAATCTGAAAACAGGAAAATATGCAAGAACGAGGGGTGCCCACACTAATGATGTAAAACAATTAACAGAGGCAGTACAAAAA

G

3230 3250 3270 3290 3310 3330 3350
IleAlaThrGluSerIleVallleTrpGlyLysThrProLysPheLysLeuProIleGlnLysGluThrTrpGluThrTrpTrpThrGluTyrTrpGlnAlaThrTrplleProGluTrpGluPheValAsnThrProPr
ATAGCCACAGAAAGCATAGTAATATGGGGAAAGACTCCTAAATTTAAACTACCCATACAAAAAGAAACATGGGARACATGGTGGACAGAATATTGGCAAGCCACCTGGATTCCTGAGTGGGAGT TTGTCAATACCCCTCC

3370 3390 3410 3430 3450 3470 3490
oLeuValLysLeuTrpTyrGlnLeuGluLysGluProIleIleGlyAlaGluThrPheTyrValAspGlyAlaAlaAsnArgGluThrLysLeuGlyLysAlaGlyTyrValThrAsnLysGlyArgGlnLysvalvals
CTTAGTGAAATTATGGTACCAGTTAGAGAAAGAACCCATAATAGGAGCAGAAACTTTCTATGTAGATGGGGCAGCTAACAGGGAGACTAAATTAGGAAAAGCAGGATATGTTACTAACAAGGGAAGACAAAAGGTTGTCT

3510 3530 3550 3570 3590 3610 3630
erLeuThrAspThrThrAsnGlnLysThrGluLeuGlnAlaIleTyrLeuAlaleuGlnAspSerGlyLeuGluValAsnIleValThrAspSerGlnTyrAlaleuGlyIleIleGlnAlaGlnProAspArgSerGlu
CCCTAACTGACACAACAAATCAGAAGACTGAGTTACAAGCAATTTATCTAGCTTTGCAGGATTCGGGATTAGAAGTAAACATAGTAACAGACTCACAATATGCATTAGGAATCATTCAAGCACAACCAGATAGAAGTGAA

3650 3670 3690 3710 3730 3750 3770
SerGluLeuvalSerGlnIleIleGluGlnLeulleLysLysGluLysValTyrLeuAlaTrpValProAlaHisLysGlyIleGlyGlyAsnGluGlnValAspLysLeuValSerAlaGlyIleArgLysValLeuPh
TCAGAGTTAGTCAGTCAAATAATAGAGCAGTTAATAAAAAAGGAAAAGGTCTATCTGGCATGGGTACCAGCACACAAAGGAAT TGGAGGAAATGAACAAGTAGATAAATTAGTCAGTGCTGGGATCAGGAAAGTACTATT

3790 3810 3830 3850 3870 3890 3910
eLeuAspGlyIleAspLysAlaGlnGluGluHisGluLysTyrHisSerAsnTrpArgAlaMetAlaSerAspPheAsnLeuProProValValAlaLysGlulleValAlaSerCysAspLysCysGlnLeuLysGlyG
TTTAGATGGAATAGATAAGGCCCAAGAAGAACATGAGAAATATCACAGTAATTGGAGAGCAATGGCTAGTGATTTTAACCTGCCACCTGTAGTAGCARAAGAAATAGTAGCCAGCTGTGATAAATGTCAGCTAAAAGGAG

3930 3950 3970 3990 4010 4030 4050
luAlaMetHisGlyGlnValAspCysSerProGlyIleTrpGlnLeuAspCysThrHisLeuGluGlyLysVallleLeuValAlaValHisValAlaSerGlyTyrIleGluAlaGluValIleProAlaGluThrGly
AAGCCATGCATGGGCAAGTAGACTGTAGTCCAGGAATATGGCAACTAGATTGTACACATTTAGAAGGAAAAGTTATCCTGGTAGCAGT TCATGTAGCCAGTGGATATATAGAAGCAGAAGTTATTCCAGCAGAGACAGGG

4070 4090 4110 4130 4150 4170 4190
GlnGluThrAlaTyrPheLeuLeulysLeuAlaGlyArgTrpProValThrThrIleHisThrAspAsnGlySerAsnPheThrSerAlaThrValLysAlaAlaCysTrpTrpAlaGlyIleLysGlnGluPheGlyIl
CAGGAAACAGCATACTTTCTCTTAAAATTAGCAGGAAGATGGCCAGTAACAACAATACATACAGACAATGGCAGCAATTTCACCAGTGCTACAGTTAAAGCCGCCTGTTGGTGGGCAGGGATCAAGCAGGAATTTGGCAT

Central PPT
4210 4230 4250 4270 4290 4310
eProTyrAsnProGlnSerGlnGlyValvalGluSerMetAsnLysGluLeuLysLysIleIleGlyGlnValArgAspGlnAlaGluHisLeuLysThrAlaValGlnMetAlaValPhelleHisAsnPheLysArgL
TCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAAGAGATCAGGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATCCACAATTTTAAAAGAA

4350 4370 4390 4410 4430 4450 4470
ysGlyGlyIleGlyGlyTyrSerAlaGlyGluArgllevValAspIleIleAlaThrAspIleGlnThrLysGluLeuGlnLysGlnIleThrLysIleGlnAsnPheArgValTyrTyrArgAspSerArgAspProLeu
AAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAACTACAGAAACAAATTACAAAAAT TCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCACTT

4490 4510 4530 4550 4570 4590 4610
vif > MetGluAsnArgTrpGlnValMetIleValT
TrpLysGlyProAlaLysLeuLeuTrpLysGlyGluGlyAlaValValIleGlnAspAsnSerAspIleLysValValProArgArgLysAlaLysIleIleArgAspTyrGlyLysGlnMetAlaGlyAspAspCysVa
TGGAAAGGACCAGCAAAGCTCCTCTGGAAAGGTGAAGGGGCAGTAGTAATACAAGATAATAGTGACATAAAAGTAGTGCCAAGAAGAAAAGCAAAGATCATTAGGGATTATGGAAAACAGATGGCAGGTGATGATTGTGT

4630 4650 4670 4690 4710 4730 4750
rpGlnValAspArgMetArgIleArgAlaTrpLysSerLeuValLysHisHisMetTyrIleSerGlyLysAlaArgGlyTrpPheTyrArgHisHisTyrGluSerProHisProArgIleSerSerGluValHisIle
1A1aGlyArgGlnAspGluAsp* »*
GGCAGGTAGACAGGATGAGGATTAGAGCATGGAAAAGTTTAGTAAAACACCATATGTATATTTCAGGGAAAGCTAGGGGATGGTTTTATAGACATCACTATGAAAGTCCTCATCCAAGAATAAGTTCAGAAGTACACATC

4770 4790 4810 4830 4850 4870 4890
ProLeuGlyAspAlaLysLeuValIleThrThrTyrTrpGlyLeuHisThrGlyGluArgAspTrpHisLeuGlyGlnGlyValSerIleGluTrpArgLysLysArgTyrSerThrGlnValAspProAspLeuAlaAs
CCACTAGGGGATGCTAAATTGGTAATAACAACATATTGGGGTCTGCACACAGGAGAAAGAGACTGGCATTTGGGTCAGGGAGTCTCCATAGAATGGAGGAAAAAGAGATATAGCACACAAGTAGACCCTGACCTAGCAGA

4910 4930 4950 4970 4990 5010 5030
pGlnLeulleHisLeuTyrTyrPheAspCysPheSerGluSerAlalleArgLysAlalleLeuGlyTyrArgValSerProArgCysGluTyrGlnAlaGlyHisAsnLysValGlySerLeuGlnTyrLeuAlaLeuT
CCAACTAATTCATCTGTATTACTTTGATTGTTTTTCAGAATCTGCTATAAGAAAGGCCATATTAGGATATAGAGTTAGTCCTAGGTGTGAATATCAAGCAGGACATAACAAGGTAGGATCTCTACAGTACTTGGCACTAA

T

5050 5070 5090 5110 5130 5150 5170
hrAlaLeulleThrProlysLysThrLysProProLeuProSerVallysLysLeuThrGluAspArgTrpAsnLysProGlnLysThrLysGlyHisArgGlySerArgThrMetAsnGlyHis***
vpr > MetGluGlnAlaProGluAspGlnGlyProGlnArgGluProHisAsnGluTrpThrLeuGluLeuLeuGluG
CAGCATTAATAACACCAAAAAAGACAAAGCCACCTTTGCCTAGTGTTAAAAAACTGACAGAGGATAGATGGAACAAGCCCCAGAAGACCAAGGGCCACAGAGGGAGCCGCACAATGAATGGACACTAGAGCTTTTAGAGG

5190 5210 5230 5250 5270 5290 5310
luLeuLysArgGluAlaValArgHisPheProArgProTrpLeuHisGlyLeuGlyGlnHisIleTyrGluThrTyrGlyAspThrTrpAlaGlyValGluAlaIleIleArgIleLeuGlnGlnLeuLeuPhelleHis
AGCTTAAGAGAGAAGCTGTTAGACATTTTCCTAGGCCATGGCTACATGGCTTAGGACAACATATCTATGAAACTTATGGAGATACTTGGGCAGGAGTGGAAGCCATAATAAGAATTCTGCAACAACTGCTGTTTATTCAT

5330 5350 5370 5390 5410 5430 5450
tat > MetGluProValAspProAsnLeuGluProTrpLysHisProGlySerGlnProArgThrAlaCysAsnAsnCysTyrC
PheArgIleGlyCysGlnHisSerArgIleGlyIleIleGlnGlnArgArgAlaArgArgAsnGlyAlaSerArgSer***
TTCAGAATTGGGTGTCAACATAGCAGAATAGGCATTATTCAACAGAGGAGAGCAAGAAGAAATGGAGCCAGTAGATCCTAACCTAGAGCCCTGGAAGCATCCAGGAAGTCAGCCTAGGACTGCTTGTAACAATTGCTATT

5470 5490 5510 5530 5550 5570 5590
rev > MetAlaGlyArgSerGlyAspSerAspGluAspLeuLeuArgThrValArgLeulleLysValLeuTyrGlnSerAsn
ysLysLysCysCysPheHisCysGlnValCysPheThrLysLysGlyLeuGlyIleSerTyrGlyArgLysLysArgArgGlnArgArgArgProProGlnAspSerGlnThrHisGlnSerSerLeuSerLysGln***
GTAAAAAGTGTTGCTTTCATTGCCAAGTTTGTTTTACAAAAAAAGGCTTAGGCATCTCCTATGGCAGGAAGAAGCGGAGACAGCGACGAAGACCTCCTCAGGACAGTCAGACTCATCAAAGTTCTCTATCAAAGCAGTAA

5610 — start codon elimination in YU2 5670 5690 5710 5730

vpu > [LeuGlnSerLeuGlnValLeuAlaIleValAlaLeuValValAlaThrIlelleAlalleValValTrpThrileValPheIleGluTyrArgLysIleLeuArgGlnArgLysIleAspArgLeull
GTAGTACATGTACTGCAATCTTTACAAGTATTAGCAATAGTAGCATTAGTAGTAGCAACAATAATAGCAATAGTTGTGTGGACCATAGTATTCATAGAATATAGGAAAATATTAAGACAAAGGAAAATAGACAGGTTAAT
T

3

5750 5770 5790 5810 5830 5850 5870
eAsnArgIleThrGluArgAlaGluAspSerGlyAsnGluSerAspGlyAspGlnGluGluLeuSerAlaLeuValGluArgGlyHisLeuAlaProTrpAspValAspAspLeu***
env > MetArgAlaThrGlulleArgLysAsnTyrGlnHisLeuTrpLysGlyGlyThrLeuLeuLeuGlyMetLeuMetIleCysSerAlaAlaGluGlnLeuTrpval
TAATAGAATAACAGAAAGAGCAGAAGACAGTGGCAATGAGAGCGACGGAGATCAGGAAGAATTATCAGCACT TGTGGAAAGGGGGCACCTTGCTCCTTGGGATGTTGATGATCTGTAGTGCTGCAGAACAATTGTGGGTC
G T

5890 5910 5930 5950 5970 5990 6010
ThrValTyrTyrGlyValProValTrpLysGluAlaThrThrThrLeuPheCysAlaSerAspAlaLysAlaTyrAspThrGluvValHisAsnValTrpAlaThrHisAlaCysValProThrAspProAsnProGlnGl
ACAGTCTATTATGGGGTACCTGTGTGGAAAGAAGCAACCACCACTCTATTTTGTGCATCAGATGCTAAAGCATATGATACAGAGGTACATAATGT TTGGGCCACACATGCCTGTGTACCCACAGACCCCAACCCACAAGA

6030 6050 6070 6090 6110 6130 6150
uVallLysLeuGluAsnValThrGluAsnPheAsnMet TrpLysAsnAsnMetValGluGlnMetHisGluAspIleIleSerLeuTrpAspGlnSerLeulysProCysVallysLeuThrProLeuCysValThrLeuA
AGTAAAATTGGAAAATGTGACAGAAAATTTTAACATGTGGAAAAATAACATGGTAGAACAAATGCATGAGGATATAATCAGT TTATGGGATCAAAGCCTAAAGCCATGTGTAAAATTAACTCCACTCTGTGTTACTTTAA

FIG. 1—Continued.
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6170 6190 6210 6230 6250 6270 6290
anysThrAspLeuArgAsnA1aThrAsnThrThrSerSerSerTrpGluThrMetGluLysGlyGluIleLysAanysSerPheAsnIleThrThrSerIleArgAspLysVa1GlnLysGluTyrAlaLeuPheTyr
ATTGCACTGATTTAAGGAATGCTACTAATACCACTAGTAGTAGCTGGGAAACGATGGAGAAAGGAGAAATAAAAAACTGCTCTTTCAATATCACCACAAGCATAAGAGATAAGGTACAGAAAGAATATGCACTTTTTTAT
_________________ Grm e m e

6310 6330 6350 6370 6390 6410 6430
AsnLeuAspValValProIleAspAsnAlaSerTyrArgLeulleSerCysAsnThrSerVallleThrGlnAlaCysProLysValSerPheGluProlleProIleHisTyrCysAlaProAlaGlyPheAlallelLe
AACCTTGATGTAGTACCAATAGATAATGCTAGCTATAGGTTGATAAGTTGTAACACCTCAGTCATTACACAGGCCTGTCCAAAGGTATCCTTTGAGCCAATTCCCATACATTATTGTGCCCCGGCTGGTTTTGCGATTCT

6450 6470 6490 6510 6530 6550 6570
uLysCysAsnAspLysLysPheAsnGlyThrGlyProCysThrAsnvalSerThrvalGlnCysThrHisGlyIleArgProvalvalSerThrGlnLeuLeuLeuAsnGlySerLeuAlaGluGluGlullevallleA
AAAATGTAATGATAAAAAGTTCAATGGAACAGGACCATGTACAAATGTCAGCACAGTACAATGTACACATGGAATTAGGCCAGTAGTATCAACTCAACTGCTGTTAAATGGCAGTCTAGCAGAAGAAGAGATAGTAATTA

6590 6610 6630 k v3 Loop ——MM——
rgSerGluAsnPheThrAsnAsnAlaLysThrIleI1eValGlnLeuAsnGluSerValValI1eAanysThrArgProAsnAsnAsnThrArgLysSerIleAsnI1eGlyProG1yArgA1aLeuTerhrThrGly
GATCTGAAAATTTCACAAACAATGCTAAAACTATAATAGTACAGCTGAACGAATCTGTAGTAATTAATTGTACAAGACCCAACAACAATACAAGAAAAAGTATAAATATAGGACCAGGGAGAGCATTGTATACAACAGGA

J 6770 6790 6810 6830 6850

GluIleIleGIyAspIleArgGlnAlaH1sCysAsnLeuSerLysThrGlnTrpcluAsnThrLeuGluGlnIleAlaI1eLysLeuLysGluGlnPheGlyAsnAsnLysThrIleIlePheAsnProSerSerGlyGl
GAAATAATAGGAGATATAAGACAAGCACATTGTAACCTTAGTAAAACACAATGGGAAAACACTTTAGAACAGATAGCTATAAAATTAAAAGAACAATTTGGGAATAATAAAACAATAATCTTTAATCCATCCTCAGGAGG
______________________________________________________________________________________________________________________________ Gmmmmmmmm e

6870 6890 6910 6930 6950 6970 6990
yAspProGluIleValThrHisSerPheAsnCysGlyGlyGluPhePheTyrCysAsnSerThrGlnLeuPheThrTrpAsnAspThrArglysLeuAsnAsnThrGlyArgAsnIleThrLeuProCysArgIleLysG
GGACCCAGAAATTGTAACACACAGTTTTAATTGTGGAGGGGAATTTTTCTACTGTAATTCAACACAACTGTTTACTTGGAATGATACTAGAAAGTTAAATAACACTGGAAGAAATATCACACTCCCATGTAGAATAAAAC
___________________________________________________________________________________________ G mm e e

7010 7030 7050 7070 7090 7110 7130
InIlelleAsnMetTrpGlnGluvalGlyLysAlaMetTyrAlaProProIleArgGlyGlnIleArgCysSerSerAsnIleThrGlyLeuLeuLeuThrArgAspGlyGlyLysAspThrAsnGlyThrGluIlePhe
AAATTATAAATATGTGGCAGGAAGTAGGAAAAGCAATGTATGCCCCTCCCATCAGAGGACAAATTAGATGTTCATCAAATATTACAGGGCTGCTATTAACAAGAGATGGTGGTAAGGACACGAACGGGACTGAGATCTTC

7150 7170 7190 7210 7230 7250 7270
ArgProGlyGlyGlyAspMet ArgAspAsnTrpArgSerGluLeuTyrLysTyrLysValValLysIleGluProLeuGlyValAlaProThrLysAlaLysArgArgValValGlnArgGluLysArgAlavalGlyLe
AGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGALCT
______________________________________________________________________________________________ Gmm mm o e

7290 7310 7330 7350 7370 7390 7410
uGlyAlaLeuPheLeuGlyPheLeuGlyAlaAlaGlySerThrMetGlyAlaAlaSerIleThrLeuThrValGlnAlaArgGlnLeuLeuSerGlyIlevalGlnGlnGlnAsnAsnLeuLeuArgAlaIleGluAlaG
AGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATAACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAACAGCAGAACAATC TGCTGAGGGCTATTGAGGCGC

7430 7450 7470 7490 7510 7530 7550
1nGlnHisLeuLeuGlnLeuThrValTrpGlyIleLysGlnLeuGlnAlaArgValLeuAlavalGluArgTyrLeuArgAspGlnGlnLeuLeuGlyIleTrpGlyCysSerGlyLysLeulleCysThrThrThrval
AACAGCACCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAGTCCTGGCTGTGGAAAGATACCTAAGGGATCAACAGCTCCTAGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTACTGTG

7570 7590 7610 7630 7650 7670 7690
ProTrpAsnThrSerTrpSerAsnLysSerLeuAsnGluIleTrpAspAsnMet ThrTrpMetLysTrpGluArgGluIleAspAsnTyrThrHisIleIleTyrSerLeulleGluGlnSerGlnAsnG1lnGlnGluLy
CCTTGGAATACTAGTTGGAGTAATAAATCTCTGAATGAAATTTGGGATAACATGACTTGGATGAAGTGGGAAAGAGAAATTGACAATTACACACACATAATATACTCCTTAATTGAACAATCGCAGAACCAACAAGAAAA
_______________________________________________________________ Gm o m oo e

7710 7730 7750 7770 7790 7810 7830
sAsnGluGlnGluLeuLeuAlaLeuAspLysTrpAlaSerLeuTrpAsnTrpPheAspIleThrLysTrpLeuTrpTyrIleLysIlePhelleMetIlevValGlyGlyLeulleGlyLeuArgIlevValPhevalvall
GAATGAACAAGAATTATTGGCATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTGACATAACAAAATGGCTGTGGTATATAAAAATATTCATAATGATAGTAGGAGGCTTGATAGGTTTAAGAATAGTTTTTGTTGTAC

7850 7870 7890 7910 7930 7950 7970
tat > ProThrSerGlnLeuArgGlyAspProThrGlyProThrGluSerLysLysLysValGluArgGluThrGluThrAspProvalHis**
rev > ProProProSerSerGluGlyThrArgGlnAlaArgArgAsnArgArgArgArgTrpArgGluArgGlnArgGlnIleArgSerIleS
euSerIlevalAsnArgValArgGlnGlyTyrSerProLeuSerPheGlnThrHisLeuProAlaGlnArgGly ProAspArgProAspGlyI1eGluGluGluGlyGlyGluArgAspArgAspArgSerGlyProLleu
TTTCTATAGTGAATAGAGTTAGGCAGGGATACTCACCATTATCGTTTCAGACCCACCTCCCAGCTCAGAGGGGACCCGACAGGCCCGACGGAATCGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCGGTCCATTA

erGlyTrpLeuLeuSerAsnTyrLeuGlyArgProThrGluProvalProPheGlnLeuProProLeuGluArgLeuThrLeuAspCysAsnGluAspCysGlyThrSerGlyThrGlnGlyValGlySerProGlnIle
ValAspGlyPheLeuAlaIlelleTrpValAspLeuArgSerLeuCysLeuPheSerTyrHisArgLeuArgAspLeuLeuLeulleValThrArgIleValGluLeuLeuGlyArgArgGlyTrpGlyValLeuLysTy
GTGGATGGCTTCTTAGCAATTATCTGGGTCGACCTACGGAGCCTGTGCCTTTTCAGCTACCACCGCTTGAGAGACTTACTCTTGATTGTAACGAGGATTGTGGAACTTCTGGGACGCAGGGGGTGGGGAGTCCTCAAATA

8130 8150 8170 8190 8210 8230 8250
LeuValGluSerProProValLeuAspSerGlyThrLysGlu***
rTrpTrpAsnLeuLeuGlnTyrTrpIleGlnGluLeulysAsnSerAlavalSerLeuLeuAsnAlaThrAlaIleAlavalAlaGluGlyThrAspArgValIleGlulleLeuGlnArgAlaPheArgAlavalLeuH
TTGGTGGAATCTCCTCCAGTATTGGATTCAGGAACTAAAGAATAGTGCTGTTAGCTTGCTCAACGCCACAGCTATAGCAGTAGCTGAGGGAACAGATAGGGTTATAGAAATATTACAAAGAGCTTTTAGAGCTGTTCTTC

8270 8290 nef > 8330 8350 8370 8390
isIleProvValArgIleArgGlnGlyLeuGluArgAlaLeuLeu*** MetGlyGlyLysTrpSerLysArgSerMetAlaGlyTrpProThrValArgGluArgMetArgArgAlaGluProAlaAlaGluArgMetAr
ACATACCTGTAAGAATAAGACAGGGCTTGGAAAGAGCTTTGCTATAAGATGGGTGGCAAGTGGTCAAAACGTAGTATGGCTGGATGGCCTACTGTAAGGGAAAGAATGAGACGAGCCGAGCCAGCAGCAGAAAGAATGAG

8410 8430 8450 8470 8490 8510 8530
gArgAlaGluProAlaAlaAspGlyValGlyAlavalSerArgAspLeuGluArgHisGlyAlaIleThrSerSerAsnThrAlaAlaThrAsnAlaAspCysAlaTrpLeuGluAlaGlnGluGluGluGluvalGlyP
ACGAGCTGAGCCAGCAGCAGATGGGGTGGGAGCAGTATCTCGAGACCTGGAAAGACATGGAGCAATCACAAGTAGCAATACAGCAGCTACTAATGCTGATTGTGCCTGGCTAGAAGCACAAGAGGAGGAGGAGGTGGGTT

8550 8570 8590 8610 PPT F——> u3 8650 8670
heProvValArgProGlnvValProLeuArgProMet ThrHisLysAlaAlaMetAspLeuSerHisPheLeuLysGluLysGlyGlyLeuGluGlyLeuIlleHisSerGlnGlnArgGlnAspIleLeuAspLeuTrpval
TTCCAGTCAGACCTCAGGTACCTTTAAGACCAATGACTCACAAGGCAGCTATGGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAACAAAGACAAGATATCCTTGATCTGTGGGTC

. 8690 8710 8730 APl AP1 8770 8790 8810
TyrHisThrGlnGlyTyrPheProAspTrpGlnAsnTyrThrProGly. . .GlyThrArgTrpProLeuThrPheGlyTrpCysPhelysLeuValProvalGluProGluLysIleGluGluAlaAsnAlaGlyGluAs
TACCACACACAAGGCTACTTCCCTGATTGGCAGAACTACACACCAGGG. . . GGGACTAGATGGCCACTGACCTTTGGATGGTGCTTCAAGCTAGTACCAGTTGAGCCAGAGAAGATAGAAGAGGCCAATGCAGGAGAGAA

8830 . 8850 8870 8890 8910 8930 8950
nAsnCysLeuLeuHisProMet SerGlnHisGlyMetAspAspProGluArgGluGlyLeuGluTrpArgPheAspSerArgLeuAlaPheHisHisValAlaArgGluLeuHisProGluTyrTyrLysAsn* **
CAACTGCTTGTTACACCCTATGAGCCAGCATGGAATGGATGACCCGGAGAGAGAAGGGTTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACGTGGCCCGAGAGCTGCATCCGGAGTACTACAAGAACTGATGAC
________________________________________________________ e s e LIl .

8970 NFKB NFKB Spl Spl Spl 9050 9070 U3 «—f— R 9090

CTCGAGCTTTCTACAAGGQAQIIIQQGCTGGQQACIIIQQAGGGAAGCGIQGCCIGQGCQGGACTGGGGAQIGQCGAGCCCTCAGATGCTGCATAIBAGCAGCTGCTTTTGCCTGTBQIGQGTCTCIQIGQTTAGACCAG
A--

9150 9170
ATCTGAGCCTGGGAGCTCTCTGGCTAGCTAGGAAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTTA

FIG. 1—Continued.
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FIG. 2. ORFs for HIV-1yy;.; and HIV-1yy,,,. Vertical bars indi-
cate positions of termination codons. Because of the high degree of
sequence similarity between HIV-1yy,, and HIV-1yy.,0 (99.74%),
the positions of termination codons and the organization of ORFs
were identical except in pol, in which a single nucleotide deletion in
HIV-1yy.1o resulted in a frameshift and truncation of the ORF
(indicated by vertical bars below the line). The vpu ATG initiation
codon in HIV-1yy, but not HIV-1yy,, is missing (see text for
details).

the first exon alone. Three functionally important domains of
tat (acidic [ExxDxxExx], cysteine-rich [CxxCxCxxCCxx
CxxC], and basic, [xRKKRRxRRR]) (106) were highly con-
served in HIV-1yy,, and HIV-1yy,.,,. The bicistronic rev
gene was also identified, and the nuclear localization signal
NRRRRW and a leucine-rich active domain LPPLERLTLD
were highly conserved (106).

The vif and vpr genes were 576 and 291 nt long, respec-
tively, with deduced polypeptide sequences similar to those
of other HIV-1 isolates. The vpu ORF, however, differed
between the two clones, with HIV-1;_, lacking a methio-
nine (ATG) initiation codon. Importantly, the nef ORF (2,
20, 50), which was 642 nt in length, was conserved in both
viral genomes in a nontruncated form. A proposed glycine
myristylation site at the amino terminus of nef (36) was also
conserved.

The length and hydrophobicity profile of the env ORF
(2529 nt; 843 amino acids) and the number and position of its
cysteine residues and potential N-linked glycosylation sites
(21 and 27, respectively), were very similar between HIV-
1yy.» and HIV-1yy ;0 and previously characterized HIV-1
strains (70). In hypervariable region V3 (corresponding to
amino acid positions 292 to 326 from the env methionine
initiation codon; Fig. 1), the predicted amino acid sequences
of HIV-1y,, and HIV-1,,, were remarkably similar to
those of other previously reported monocyte-tropic strains,
differing in only one (HIV-lg,;, His-304—Asn) or two
(HIV-1,ggr. and HIV-1,,,; His-304—Asn and Phe-
311—Leu) positions (45, 70, 111). Compared with the North
American consensus V3 sequence (56, 70), HIV-1y,, and
HIV-1yy.1, also differed in only two amino acids (His-
304—Asn and Phe-311—Leu). In contrast, HIV-1yy,, and
HIV-1y4,,, differed from nine T-cell line-adapted North
American/European viruses in this region by an average of 8
amino acids (range, 5 to 11). Amino acid residues known to
be involved in gp120-CD4 binding (Ser-252 [nt 6529], Thr-253
[nt 6532], Asp-363 [nt 6862], Glu-365 [nt 6868], Tyr-379 [nt
6910], Trp-414 [nt 7015], Val-417 [nt 7024}, Ser-434 [nt 7075],
Asp 444 [nt 7105], Asp 464 [nt 7165], Glu 469 [nt 7180], Leu
470 [nt 7183], and Tyr 471 [nt 7186] [74,105]) were conserved
without exception in HIV-1yy,., and HIV-1yy 0.

Genotypic variation of HIV-1y,;, and HIV-1yy_,,. Align-
ment of HIV-1,y., and HIV-1y,, sequences revealed
identity at 9,061 of 9,085 positions (99.74%) (Table 1).
Generally, nucleotide differences between these clones were
evenly dispersed throughout the genome, although vpu con-
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TABLE 1. Nucleotide sequence differences between HIV-1q,,
and HIV-1yy

No. (%) of No.
Gene lzz(g]‘tl:l(l:g nucl«(aotide nonsynonymous/
differences no. synonymous
LTR 630 1 (0.16)
gag 1,398 4 (0.29) 1/3
pol 2,841 3(0.11) 0/3
vif 576 2 (0.35) 11
vpr 291 0 (0.00) 0/0
tat 303 1 (0.33) 0/1
rev 351 0 (0.00) 0/0
vpu 243 4 (1.65) 22
env 2,529 7 (0.28) 512
nef 642 2(0.31) 171
Total 9,085¢ 24 (0.26) 10/13

¢ Excludes reading frame overlaps, the duplicated LTR, and four unpaired
nucleotides.

tained a higher proportion of changes than did other genes (4
bp; 1.65%; P < 0.01, Fisher’s exact test). There was also a
trend for a higher proportion of nonsynonymous changes in
env (and possibly in some of the nonstructural genes) than in
gag and pol. HIV-1y, ,, differed from HIV-1,_, in having
a 3-bp insertion in U3/nef and in the previously described
single base pair deletion in pol. Of 24 mismatches between
HIV-1y4,, and HIV-1yy, 0, 15 involved G-to-A substitu-
tions, 8 of which occurred in a GpA nearest-neighbor motif
(107).

Replication potential and cell tropism of HIV-1,; clones. To
determine the replicative potential of the HIV-1y,,, HIV-
1yu.10o HIV-1yy,,, and HIV-14,;, genomes, plasmids
containing each of the four clones were transfected individ-
ually into Cos-1 cells, which were then cocultivated with
PHA-stimulated normal human PBMCs to amplify any virus
that might be produced. On the basis of serial measurements
of RT activity and p24 antigen released into the culture
supernatants as well as the ability of these supernatants to
transmit infection cell free to other uninfected PBMCs, it
was determined that only HIV-1,,,_, was replication compe-
tent. In PBMCs, HIV-1,,,, produced syncytia and led to
cell death, as determined by enumeration of cells that

107 y<—  Primary monocytes —st=Primary monocytes + PBMC —=

1064 Y2
—o— HxB2d

—0— NFN-SX

105 4

104 4

103 4

RT activity (cpm/ml)

102

0 5 10 15 20 25 30

Days after infection
FIG. 3. Replication of HIV-lyy,, HIV-lygnsx, and HIV-
1yxp2p in primary monocytes (days 0 to 15) and in PBMCs (days 15
to 28). The shaded area represents assay background (<100 cpm).
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TABLE 2. Replication of HIV-1yy,.,, HIV-1yxp2q, and HIV-1ygn sx in different cell types

Replication®
Virus Primary target cells Immortalized cell lines
PBMC Macrophages Tpmay Mol 157 jurkat CEM CEMx174 SwpTl HUT78 Ds4 CH235 GCT N37OFG
YU-2 4+ 4+ 4+ - - - - - - - - - -
HXB2d 4+ - 4+ 4+ 4+ 4+ 4+ 4+ 4+ 44 - - - -
NFN-SX 4+ 4+ 4+ > - - - - - - - - - -

@ Assessed 10, 15, and 20 days after exposure of cells to a virus inoculum of 100,000 RT cpm, corresponding to approximately 10,000 PBMC tissue culture

infectious doses. —, <200 RT cpm; 4+, >10,000 RT cpm.

& Although virus could not be successfully transmitted to Molt4 clone 8 cells by cell-free passage, virus could be transmitted to these cells by cell-cell

cocultivation (60).

excluded trypan blue. Figure 3 illustrates the growth curve
of HIV-1y4,, following transfection into Cos-1 cells and
cell-free passage to purified monocyte monolayers. The
growth kinetics of HIV-1yy,, and the macrophage-tropic
control virus HIV-1ygen_sx Were very similar and distinctly
different from those of HIV-1xg,4, @ T-cell-adapted virus
that does not replicate efficiently in monocytes. The addition
of unfractionated PBMCs to the monocyte monolayers at
day 15 led to a further increase in viral titers, suggesting that
HIV-1yy;, and HIV-1zn.gx Were replicating actively in
both monocytes and primary T cells. The replication capac-
ity of HIV-1yy,., was then examined separately in purified
primary lymphocytes and monocytes as well as in various
immortalized human cell lines, including T cells (Molt4 clone
8, Jurkat, CEM, CEMx174, SupTl, and HUT78), myeloid
cells (U937), glioma cells (D54 and CH235), fibrous histio-
cytoma cells (GCT), and fetal glial cells (N370FG). As
shown in Table 2, clone HIV-1y,_, replicated well in pri-
mary PBMCs,; monocytes, and monocyte-depleted lympho-
cytes but failed to replicate in any of the immortalized cell
lines, including N370FG cells that express galactocerebro-
side, a molecule reported to bind specifically to HIV-1 gp120
(38).

Limited defectiveness and complementation of HIV-1yy
genomes. Inspection of the HIV-1y4,,, sequence revealed
only a single obvious lethal mutation, although other less
conspicuous changes that might also render the clone defec-
tive could not be excluded. Nonetheless, the very few
differences observed between HIV-1yy,,, and HIV-1y,
suggested that most ORFs in all of the defective clones might
actually be intact and functional. Therefore, to assess the
extent of defectiveness and the potential for complementa-
tion in HIV-1y4,.;0 and the other noncompetent clones, all
possible combinations of the viral DNAs were mixed and
transfected into Cos-1 cells, and culture supernatants were
analyzed for p24 antigen release (Fig. 4A). PBMCs were
then added to amplify any virus that might be produced, and
culture supernatants were harvested after 7 to 10 days. After
equilibration for RT content (or for volume if no detectable
RT activity was present), viruses were passaged cell free
(filtered) onto PBMCs and subsequently tested for RT pro-
duction after 8 and 16 days of culture (Fig. 4B). HIV-1yy;.,-
transfected cells, as expected, produced large amounts of
p24 antigen (Fig. 4A, column 1) and RT activity (Fig. 4B,
column 1), comparable to the two control clones pHXB2d
and pNFN-SX. HIV-1y4,,o-transfected Cos-1 cells also pro-
duced large amounts of p24 antigen (Fig. 4A, column 2) but
no RT activity (Fig. 4B, column 2), consistent with the
finding of a frameshift mutation in the pol gene of this clone.
Cells transfected with either HIV-1yy.,; or HIV-1yy.,,

alone produced no p24 antigen or RT activity (Fig. 4A and B,
columns 3 and 4). However, when HIV-1yy.10, HIV-1y5.215
and HIV-1yy, 5, were transfected in any combination, p24
antigen and RT activity were produced and viral replication
ensued (Fig. 4A and B, columns 10 to 13). There was no
evidence that cotransfection of any of the defective clones in
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FIG. 4. (A) HIV-1 p24 antigen release into culture supernatants
at 48 h following transfection of Cos-1 cells with individual HIV-1
DNA clones (or combinations of clones) designated pYU2, pYU10,
pYU21, and pYU32. (B) Supernatant HIV-1 RT activity at days 8
and 16 following exposure of uninfected PHA-stimulated PBMCs to
filtered supernatants from transfected Cos-1/PBMC cocultures. The
virus inocula that were applied to uninfected cells were equilibrated
on the basis of RT activity (columns 1 and 5 to 15) or, if no RT
activity was present, then by volume (columns 2 to 4).
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combination with HIV-1y,, led to inhibition of the latter
virus strain’s replicative or cytopathic activity in PBMCs
(Fig. 4, columns 5 to 9).

Phylogeny of HIV-1,, ,. Phylogenetic analyses of the four
major genes (gag, pol, env, and nef) were performed to
ascertain the relationship of HIV-1,y,, to other HIV-1
strains of African (U455, ELI, NDK, and OYI) and non-
African (LAI, MN, JRFL, JRCSF, SF2, HAN, and RF)
origin for which full-length sequences have been determined
(70). Previous phylogenetic analyses (58, 70) indicated that
all North American and European strains form a cluster
quite separate from all strains of African origin except for
OYI. For each of the four genes analyzed, HIV-1yy.,
clustered within the North American/European subgroup
(data not shown but available on request). In addition,
whereas certain viruses (HIV-1,,,; and HIV-2,,,, [31, 58])
exhibit mosaic genomes, suggesting previous recombination
between viruses of disparate phylogenetic origin, only minor
(insignificant) differences in branching orders of the four
major HIV-1yy,, genes were found, thereby providing no
evidence that this virus is a recombinant. Finally, the
similarity between HIV-1yy,, and a large number of other
isolates for which env sequences are known, including other
monocyte-tropic viruses (JRFL, BAL, and ADA), was ex-
amined specifically. Although the amino acid sequence of
the envelope V3 region of HIV-1y,, was most similar to
that of other monocyte-tropic viruses (see above), the over-
all envelope nucleotide sequence of HIV-1yy, did not
indicate a specific clustering with these viruses (Fig. 5).

DISCUSSION

The results of this study provide a unique view of the
genetic and biologic characteristics of HIV-1 in vivo and the
natural history of HIV-1 infection. The viral clones analyzed
were obtained from uncultured brain tissue of a man who
died with ADC. Thus, unlike all other full-length HIV-1
clones, they were not subjected to any form of tissue culture
selection, reflecting instead only the consequences of viral
replication, persistence, and natural selection in this individ-
ual and those infected before him.

Previous studies of the genomic organization of highly
passaged prototype HIV-1 strains (HIV-1j;5, HIV-1; v,
and HIV-1,;+.,) identified a complex array of genes that is
now recognized to include 5'-LTR-gag-pol-vif-vpr-tat-rev-
vpu-env-nef-LTR-3' (69, 82, 88, 110). Subsequent studies
confirmed this general organization but also revealed a high
frequency of base substitutions, deletions, and insertions
which often led to obvious disruptions of certain of these
OREFs (34, 37, 64, 100). Deletion or truncation of the major
structural genes gag, pol, and env and the nuclear regulatory
genes tat and rev resulted in replication-defective virus, and
these genes were therefore described as essential (20).
Disruption of the vif, vpr, vpu, or nef ORF, on the other
hand, still allowed viral replication to proceed in vitro,
although such viruses were frequently altered phenotypi-
cally. These genes, along with the vpx gene of HIV-2, were
therefore described as nonessential accessory (or auxiliary)
genes (20). However, the striking evolutionary conservation
of these accessory genes, and the recent demonstration of
the importance of nef to simian immunodeficiency virus
pathogenesis in rhesus macaques (50), argues that they
possess a biologically important function in vivo. The results
of our studies showing the integrity of at least eight of the
nine ORFs in both HIV-1,,, and HIV-1yy,, support this
conclusion by demonstrating that throughout the natural
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FIG. 5. Phylogenetic relationship of YU-2 and YU-10 to other
HIV-1 isolates, derived from comparisons of env gene sequences.
The neighbor-joining method was applied to a pairwise distance
matrix of values of K, the estimated number of nucleotide substitu-
tions per site. Three short regions of problematical sequence align-
ment (70) were excluded from the analysis, and an average of 736
codons were compared between sequences. Horizontal branch
lengths are drawn to scale (the bar represents K = 0.010 substitu-
tions per site, or 1% divergence); vertical separation is for clarity
only. The tree was rooted by using simian immunodeficiency virus
strain CPZ as the outgroup. The derivation of HIV-1 sequences is
summarized in Materials and Methods and elsewhere (70).

course of HIV-1 infection, even to the last stages of clinical
illness, there remains a significant positive selection for
viruses with intact vif, vpr, vpu, and nef genes. On the other
hand, not one of the four full-length HIV-1 clones examined
in this study nor any of four other HIV-1 clones with obvious
deletions that were derived from the same tissue (60) con-
tained all nine transcriptional units completely intact. This
finding suggests that complementation of minimally defec-
tive genomes may be a frequent and biologically important
occurrence in vivo.

We examined the nucleotide sequences of the LTR and
the structural and accessory genes of HIV-1y,., and HIV-
1410 for the presence of elements with known functions. In
the LTR regions of HIV-1yy,, and HIV-1yy,, (Fig. 1) as
well as of two other HIV-1, clones that we also sequenced
(YU-3, YU-4 [60]), all regulatory elements, including TATA,
Spl, NF«B, AP1, LBP-1, and the tat-responsive element,
were highly conserved. Functional regions within the viral
coding regions were also conserved, with the exception of
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the vpu ATG start codon in HIV-1,,. In the case of vpu,
we demonstrated by radioimmunoprecipitation assay analy-
sis using a vpu-specific polyclonal antiserum (102) that this
protein is in fact not produced in HIV-1y, ,-infected cells
(data not shown). The envelope gene of HIV-1yy,, was
previously shown to encode SU and TM proteins of 120 and
41kDa (60). The number and position of cysteine residues
and potential N-linked glycosylation sites were conserved in
comparison with prototype HIV-1 isolates, as were the
amino acids known to be involved in CD4 receptor binding
(74, 105). Interestingly, while the overall env DNA sequence
of HIV-1yy,, was approximately equidistantly related to
T-cell-tropic and monocyte-tropic North American/Euro-
pean isolates (Fig. 5), the amino acid sequence of the V3
region was specifically similar to those of three other well-
studied monocyte-tropic viruses, HIV-1g4; (33), HIV-1;551.
(52), and HIV-1,p, (111), differing in only one or two amino
acids. In separate studies (111), the V3 envelope sequence of
HIV-1yy,, was found to represent a functional domain
responsible for conferring monocyte tropism to this and
heterologous (chimeric) virus strains. These data thus sug-
gest that despite their different phylogenetic backgrounds,
tissues of origin (lung versus brain), and methods of cloning
(cultured versus uncultured), HIV-1yy;,, HIV-1g,;, HIV-
1,rpr, and HIV-1,,, all represent a common subtype of
virus that replicates preferentially in primary T cells, mono-
cyte-macrophages, and cells of microglial lineage (32, 33, 52,
60, 93).

Because of the unique derivation of HIV-1yy;, and its
potential utility as a reagent for studies of viral pathogenesis
and drug and vaccine development, we investigated its
phylogenetic relationships with other HIV-1 isolates. Phylo-
genetic trees for each of the gag, pol, env, and nef genes
placed HIV-1.,, clearly within the North American/Euro-
pean subgroup of HIV-1, though not particularly close to any
one isolate within that subgroup. Thus, HIV-1,, appears
to be generally representative of non-African isolates and
probably represents one of the earlier viral strains present in
the United States, since the subject from whom it was
derived had already developed an AIDS-defining illness by
1983.

The availability of full-length sequences of HIV-1y4,_, and
HIV-1yy.10, as well as previously reported partial envelope
sequences from 6 additional lambda phage-derived and 12
PCR-derived clones from the same subject’s brain tissue
(60), allowed us to analyze the genetic composition of the
HIV-1 quasi-species in vivo in ways not previously possible.
While all 20 clones were derived from the same tissue, the 8
lambda clones represented unintegrated HIV-1 DNA inter-
mediates whereas the PCR clones represented both uninte-
grated and integrated viral forms. The HIV-1y,., and HIV-
1yu.10 sequences differed from each other by surprisingly
few nucleotide changes, 24 of 9,085 (0.26%). This limited
degree of variation was clearly representative of the overall
population of viral sequences within the brain compartment
of this individual, since the 6 other lambda phage-derived
clones and 11 of the 12 PCR-derived clones differed to a
similar degree, 0 to 1.2%. These data thus provide rather
striking evidence that the extent of HIV-1 variability in brain
tissue is considerably less than that in the peripheral lym-
phoid compartment, where the range in HIV-1 variability
within individual patients has generally been reported to be
between 1.0 and 9.2% (6, 53). The degree of variation among
brain-derived HIV-1 sequences that we observed is in the
same range as that described in other studies of intrapatient
variation of brain-derived HIV-1 (23, 76; unpublished data).
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Less extensive variability of HIV-1 within the CNS than in
peripheral lymphoid tissues may be explained by less inten-
sive immune selective pressures within the CNS, lower
overall rates of viral replication (despite the high accumu-
lated burden of viral sequences), and/or a more restricted
viral host cell range. Differences in HIV-1 variability be-
tween central and peripheral compartments may have im-
portant consequences in regard to viral pathogenesis and
response to clinical treatments such as AZT that are subject
to the development of viral resistance.

The availability of four full-length HIV-1 genomes also
enabled us to examine the phenomenon of G-to-A hypermu-
tation in vivo (34, 107). Since all four full-length clones that
we studied were either replication competent or only mini-
mally defective, they were not expected to have excessive
G-to-A changes because such changes invariably lead to
multiple premature termination codons as a result of alter-
ations in tryptophan codons (i.e., TGG to TGA, TAG, or
TAA). In the HIV-1yy,, and HIV-1,,, sequences, there
was suggestive evidence for preferential G-to-A substitution
but not hypermutation (i.e., 15 of 24 nucleotide differences
[60%] involved G-to-A substitutions, whereas the expected
frequency of such changes in a genome of this base compo-
sition would be approximately 20%). Eight of these fifteen
changes occurred in a GpA motif which has been suggested
to be a preferential site for G-to-A hypermutation on the
basis of dislocation mutagenesis (107). Thus, our analysis of
this individual’s brain tissue revealed a trend toward prefer-
ential G-to-A substitution between two full-length clones and
extreme G-to-A hypermutation in 1 of 12 PCR-derived
clones (60). The generality of G-to-A hypermutation in vivo
and its biologic significance remain unknown.

A striking finding of our analyses was that any combina-
tion of the defective clones HIV-1yy; 9, HIV-1yy5;, and
HIV-1yy.3, resulted in prompt complementation and wild-
type levels of viral replication, as measured by p24 antigen
and RT production, virus-induced syncytium induction, and
production of virus that could be passaged cell free onto
normal donor PBMCs. The fact that HIV-1y; ;0 could be
complemented by either HIV-1y, ,, or HIV-1y, 3, suggests
that these latter viruses have an intact pol gene to comple-
ment the defective pol gene in HIV-1yy,,, (Fig. 1 and 2).
Similarly, HIV-1yy;.5; and HIV-1y, 3, are likely to be de-
fective in different genes, since they can complement each
other. However, it cannot be determined from our experi-
ments whether the observed complementation was due to
homologous recombination between heterotypic viral ge-
nomes or to phenotypic mixing and continued transmission
of defective genomes. Hu and Temin (44) have recently
shown that as many as 30 to 40% of dimeric viral genomes
recombine during a single cycle of infection, making this a
distinct possibility in our system. Complementation by de-
fective HIV-1 genomes has also been reported by Inoue et
al. (46), although their results were based on an analysis of
viral clones derived from a heavily passaged laboratory-
adapted strain of HIV-1;;p.

The biologic significance of viral defectiveness and com-
plementation in HIV-1 pathogenesis is currently unknown,
and even the extent of defectiveness of HIV-1 in vivo is
uncertain. Meyerhans et al. reported (64) that 10 to 15% of
tat genes (which represent less than 3% of the viral genome)
were defective, implying that virtually all genomes in vivo
must be multiply defective. Conversely, Balfe et al. (6) and
Kusumi et al. (53) have independently estimated that HIV-1
genomes in vivo contain, on average, one or fewer obviously
lethal mutations. Our data for HIV-1y, ,, HIV-1y, 4, HIV-
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1yy.21, and HIV-1y, 5, are more consistent with the latter
estimates. These different results may reflect the limited
numbers of subjects analyzed, differences in the stages of
their clinical illnesses, and/or the different tissues analyzed.
It has been suggested that because the copy number of
HIV-1 proviruses in infected PBMCs is low (approximately
one), functional complementation of even minimally defec-
tive genomes would not generally be possible and therefore
complementation is unlikely to be important in viral patho-
genesis (6). However, other considerations suggest a differ-
ent interpretation. First, viral DNA burden and expression
are higher, transmission by cell-cell contact is more likely,
and the opportunity for complementation is therefore greater
in lymphoid organs and brain tissue than in circulating
PBMC:s (76-78, 94, 95). Second, cells that harbor HIV-1 in
vivo have been shown to maintain their expression of CD4
(90), and consequently there is the opportunity for multiple
infection events at a single-cell level. Thus, we believe that
the question of the relative importance of defective HIV-1
genomes in viral pathogenesis remains open and worthy of
consideration.

In conclusion, the results of this study provide new insight
into the genetic and biologic characteristics of the HIV-1
quasi-species that evolves and persists within the CNS
compartment and provide new viral reagents for analyzing
gene structure-function relationships. The HIV-1y;., clone,
in particular, with its monocyte-tropic phenotype, near-
consensus V3 envelope sequence, and wild-type polymerase
sequence with regard to AZT and non-nucleoside analog
drug sensitivity, may be particularly useful for studies re-
lated to viral pathogenesis and drug and vaccine develop-
ment.
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