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The current human immunodeficiency virus type 1 (HIV-1) shows an increasing number of distinct viral
subtypes, as well as viruses that are recombinants of at least two subtypes. Although no biological differences
have been described so far for viruses that belong to different subtypes, there is considerable sequence variation
between the different HIV-1 subtypes. The HIV-1 long terminal repeat (LTR) encodes the transcriptional
promoter, and the LTR of subtypes A through G was cloned and analyzed to test if there are subtype-specific
differences in gene expression. Sequence analysis demonstrated a unique LTR enhancer-promoter configura-
tion for each subtype. Transcription assays with luciferase reporter constructs showed that all subtype LTRs
are functional promoters with a low basal transcriptional activity and a high activity in the presence of the viral
Tat transcriptional activator protein. All subtype LTRs responded equally well to the Tat trans activator
protein of subtype B. This result suggests that there are no major differences in the mechanism of Tat-mediated
trans activation among the subtypes. Nevertheless, subtype-specific differences in the activity of the basal LTR
promoter were measured in different cell types. Furthermore, we measured a differential response to tumor
necrosis factor alpha treatment, and the induction level correlated with the number of NF-kB sites in the
respective LTRs, which varies from one (subtype E) to three (subtype C). In general, subtype E was found to
encode the most potent LTR, and we therefore inserted the core promoter elements of subtype E in the
infectious molecular clone of the LAI isolate (subtype B). This recombinant LAI-E virus exhibited a profound
replication advantage compared with the original LAI virus in the SupT1 T-cell line, indicating that subtle
differences in LTR promoter activity can have a significant impact on viral replication kinetics. These results

suggest that there may be considerable biological differences among the HIV-1 subtypes.

There are two viruses that cause AIDS in humans, namely,
human immunodeficiency virus type 1 (HIV-1) and HIV-2.
Both viruses have isogenic counterparts in chimpanzee and
sooty mangabey simian immunodeficiency viruses (SIVcpz and
SIVsm, respectively), and probably at least two cross-species
transmissions of different retroviruses occurred from monkeys
to humans (reviewed in reference 17). Most HIV-1 isolates
identified to date in the pandemic belong to a group desig-
nated M for major. This group has spread worldwide within the
last two decades (40). There are at least two additional HIV-1
groups that are confined to a more restricted geographical area
in Africa. Several AIDS patients from west-central Africa have
viruses from a distinct group designated O (outlier group).
More recently, one member of a third group designated N
(new group) was isolated from an AIDS patient in Cameroon
(54). It is suspected that each group originated from a different
SIVcpz transmission from monkeys to humans (18). There is
no evidence to suggest that the O- and N-group viruses are less
virulent or defective in transmission, and the worldwide spread
of group M viruses may just result from a stochastic or chance
process (63).

The group M viruses that comprise the current global pan-
demic have diversified during their worldwide spread. These
isolates have been grouped according to their genomic se-
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quences and can be divided into at least 10 distinct subtypes or
clades termed A through J (40). Isolates from different sub-
types may differ by 30 to 40% in the amino acid sequence of the
Env protein, whereas variation ranges from 5 to 20% within a
subtype. Subtypes are not stable entities because recombinants
and even intergroup recombinants (57) with mosaic genomes
are known to occur at an appreciable frequency (9, 19, 30, 48).
The different subtypes are not distributed evenly throughout
the world. For example, subtype B predominates in North
America and Europe, and subtype E predominates in northern
Thailand (17). There is at present no evidence for subtype-
specific variation in virulence or transmission, and their diverse
geographical distribution is likely to result from stochastic
founder effects. Nevertheless, the possibility that the subtypes
differ in their biological properties cannot be excluded, and this
may affect their pathogenic potential. For instance, it has been
suggested that subtype E viruses are particularly virulent and
that they replicate more efficiently than other subtypes in
Langerhans cells, which are potential target cells in heterosex-
ual transmission (56), although follow-up studies could not
confirm these results (15, 46). The relationship between virus
subtype, biological properties, and pathogenicity is unknown,
in part because virus replication studies have been performed
almost exclusively with subtype B viruses.

Full-length genomic sequences of several subtypes of the
HIV-1 group M have been reported (9, 19, 20, 30). Remark-
able variation was observed in the nucleotide sequence of the
long terminal repeat (LTR) region, which constitutes the tran-
scriptional promoter (36, 37, 62). Despite accumulating se-
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quence data on the HIV-1 subtypes, to data no subtype-specific
differences in virus biology have been described. We therefore
initiated an analysis of LTR sequence variation in the different
HIV-1 subtypes and its functional consequences for viral tran-
scription, replication, cell tropism, and pathogenicity. In this
study, we present the LTR sequence of viral subtypes A
through G and report functional differences of these transcrip-
tional promoters as measured in transient transfection assays.
Furthermore, we measured increased replication of the sub-
type B LAI isolate upon introduction of the LTR core pro-
moter elements of subtype E.

MATERIALS AND METHODS

Patient samples, amplification, and sequencing of the HIV-1 LTR. Human
serum samples from patients suspected of having a non-subtype B HIV-1 infec-
tion were selected from the outpatient clinic of the Academic Medical Center of
the University of Amsterdam, Amsterdam, The Netherlands, and the LTR-gag
region of the viral genome was amplified by reverse transcription (RT)-PCR as
will be described (13). We used this PCR material for a nested PCR with primer
5'T7-U3-M (5" TAA TAC GAC TCA CTA TAG GGT TTT TAA AAG AAA
AGG GGG GAC 3'), which contains the T7 promoter sequence (in italics) and
primer 3'Sp6-R-M (5" ATT TAG GTG ACA CTA TAG ATT GAG GCT TAA
GCA GTG GG 3'), which contains an AflII-site (underlined) and an Sp6 pro-
moter sequence (in italics). The PCR product of 12 serum samples was cloned
in plasmid pCRII-TOPO according to the manufacturer’s protocol (Invitro-
gen). Three positive clones of each serum sample were sequenced with the
ET(—21M13fwd) primer and the DYEnamic™ direct cycle-sequencing kit (Am-
ersham, Cleveland, Ohio) on an automatic sequencer (Applied Biosystems DNA
sequencer 373A).

LTR-luciferase constructs. One representative clone for each subtype was
selected for subcloning (except for two samples for the C subtype, designated C1
and C2). The BseAI-AflIl fragment (position —147 to +63) of the LTR was
exchanged in an LTR-luciferase plasmid that is based on the sequence of the LAI
isolate (subtype B). The pBlue3’LTR-luc plasmid is a pBluescript KS(+) deriv-
ative which is composed of a 1,426-bp Bg/l-Xhol fragment from pBluescript
KS(+) containing the ColE1 ori, a 719-bp XhoI-HindIII LAI 3’ LTR fragment,
a 1,951-bp HindIII-BamHI pGL3 luc gene, and a 1,625-bp BamHI-BglI fragment
derived from pSV2CAT (27), which encompasses a simian virus 40 polyadenyl-
ation site and a pBluescript KS(+) fragment. The BseAl site is present in all
clones except in two of the three subtype E clones, and we therefore used the
third E sample for subcloning. We do not know whether the AfII site is present
in the subtype LTR sequences because this region is in fact encoded by the
downstream PCR primer (see Fig. 2). One additional construct was made in
which the upstream TATAA box in subtype E was changed into TACAA. This
was done with a mutagenic primer (5" GCA TCC GGA GTA CTA CAA AGA
CTG 3’) in a PCR with the standard 3’ primer. This product was subcloned as a
BseAI-AflIl fragment, and the sequence was verified. The pcDNA3-Tat vector
was described previously (61).

Infectious HIV-1 molecular clones. Molecular clones containing the basal
promoter of subtype E in a subtype B background were made by exchanging the
1.7-kb Bgl1-Xhol fragment of pLAI (44) with the corresponding fragment of
subtype E (or the E™"* mutant), which was obtained by digestion of the respec-
tive pBlue3'LTR-luc plasmids. The clones are termed pLAI-E and pLAI-E™".

Cells and transfection assays. The following adherent cell lines were used: the
African green monkey kidney cell line COS, the cervix carcinoma cell line C33A
(ATCC HTB31) (1), the human glioblastoma cell line U373 MG, the human
astrocyte glioblastoma cell line U87, and HeLa cells. The cell lines were grown
as a monolayer in Dulbecco’s modified Eagle’s medium supplemented with 10%
(vol/vol) fetal calf serum, 20 mM glucose, and minimal essential medium non-
essential amino acids at 37°C and in 5% CO,. These cell types were transfected
by the calcium phosphate method as described previously (12). Various amounts
of the specific plasmids were used in the transfection as indicated in the exper-
iments, but the total amount of DNA was kept constant at 6 pg of plasmid DNA
by addition of pcDNA3 (Invitrogen), in a final volume of 2 ml of 25 mM HEPES
(pH 7.1), 125 mM NaCl, 0.75 mM Na,HPO,, and 0.12 M CaCl,.

Basal transcription of the different LTR-luciferase constructs was determined
with 20 and 100 ng of plasmid DNA in at least two different transfections. To
compare the different LTR activities, basal LTR activity was calculated relative
to that of the LAI construct, which was arbitrarily set at a value of 1. There were
no significant differences in the relative LTR activities measured with 20 or 100
ng of LTR-luciferase plasmid DNA, demonstrating that transcription was limited
by the amount of plasmid DNA. Furthermore, all measurements were performed
in the linear range of the luciferase assay. The Tat-activated levels of transcrip-
tion were determined in at least two transfections with 30 and 100 ng pcDNA3-
Tat in combination with 20 ng of LTR-luciferase construct. Tat-activated LTR
activity was also calculated relative to the LAI construct. Relative Tat-activated
LTR activity with 30 or 100 ng pcDNA3-Tat was similar, which shows that the
measurements were in the linear range of Tat trans activation. The relative Tat
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responsiveness was calculated by dividing the relative Tat-induced LTR activity
of each subtype by its own relative basal activity. All transfections used in the
calculations were done with the same set of plasmids that were isolated simul-
taneously. The experiments in C33A cells were repeated with a different set of
DNA preparations, producing similar results.

The human lymphocyte T-cell line SupT1 (55) was cultured in RPMI 1640
(Gibco BRL) supplemented with 10% (vol/vol) fetal calf serum. Transfections
were carried out as previously described (35) using a Bio-Rad Gene Pulser. For
the luciferase constructs, 5 wg of the pBlue3'LTR-luc construct with or without
500 pg of pcDNA3-Tat was used. For the molecular clones, 1 wg of plasmid
DNA was used.

Luciferase assay. Two days after transfection, the culture medium was re-
moved and the cells were washed once with phosphate-buffered saline. The cells
were lysed by the addition of 200 pl of reporter lysis buffer (Promega), and the
sample was mixed for 45 min at room temperature. The lysate was collected in
a tube, and the cell debris was removed by centrifugation for 15 min at 15,000
rpm in an Eppendorf centrifuge. The luciferase activity (in relative light units)
was determined by a Berthold luminometer, model LB9501. A 30-ul sample was
diluted with 270 pl of reaction buffer (3.3 mM ATP, 25 mM glycylglycine (pH
7.8), 15 mM MgSO,, 100 wg of bovine serum albumin (per ml) and 100 wl of 1
mM luciferin (Boehringer Mannheim). The luminometer was set for a 10-s
measurement.

LTR nucleotide sequence analysis. The LTR nucleotide sequences were
aligned using the program sequence navigator (ABI) and adjusted manually. For
phylogenetic analysis, we used the neighbor-joining method, and the distance
matrix was generated by Kimura’s two-parameter estimation as implemented in
the TREECON program (59). The TFSEARCH program for the identification
of transcription factor binding sites is constructed by Yutaka Akiyama and is
accessible at the TRC Laboratory website, http://www.rwcp.or.jp/papia/. This
program is based on the databases TRANSFAC, TRRD, and COMPEL, which
store information about transcription factors and their binding sites (TRANS-
FAC), the regulatory hierarchy of whole genes (TRRD), and the structural and
functional properties of composite elements (COMPEL). These databases are
described in reference 24 and are accessible at http://www.transfac.gbf.de/
TRANSFAC or http://www.bionet.nsc.ru/TRRD.

HIV-1 infections and CA-p24 measurements. SupT1 cells were transfected
with 1 pg of the molecular clones, and culture supernatants were harvested at the
peak of infection and stored in aliquots at —70°C. An aliquot was used to
determine the CA-p24 concentration by a twin-site enzyme-linked immunosor-
bent assay with D7320 (Biochrom, Berlin, Germany) as the capture antibody,
alkaline phosphatase-conjugated anti-p24 monoclonal antibody (EH12-AP), and
the AMPAK amplification system (Dako Diagnostics Ltd., ITK Diagnostics BV)
as described previously (34, 38). Recombinant CA-p24 expressed in a baculovirus
system was used as the reference standard. Viral infections were initiated with 5
ng of CA-p24 in a 5-ml SupT1 culture containing 10° cells. The viral infections
were monitored by measuring CA-p24 levels.

Primer extension analysis. Viral RNA was isolated from SupT1 cells at the
peak of infection. A 1-ml sample was taken from the culture and centrifuged at
2,750 X g for 5 min to collect the cells. The cells were resuspended in 100 pl of
extraction buffer (10 mM Tris-Cl [pH 7.5], 1 mM EDTA, 150 mM NaCl, and 500
ng of proteinase K per ml) and incubated at 56°C for 30 min. The volume of the
mixture was increased by addition of 400 pl of 0.3 M sodium acetate (pH 5.2) and
extracted twice with an equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1). The purified RNA was precipitated by adding 3 volumes of 100%
ethanol and subsequently collected by centrifugation in an Eppendorf centrifuge
(15,000 rpm for 20 min at 4°C). The RNA pellet was washed once with 70%
ethanol and, after drying, dissolved in 10 ul of H,O. Primer extension reactions
were carried out in a final volume of 24 pl as follows. The viral RNA (3 pl) was
mixed with excess lys3 DNA primer (2.9 pmol) in 12 pl of annealing buffer (83
mM Tris-Cl [pH 7.5], 125 mM KCl), heated for 2 min at 85°C and allowed to cool
slowly to room temperature. The lys3 primer (5" CAA GTC CCT GTT CGG
GCG CCA 3') anneals to the primer binding site and the three nucleotides
directly downstream of it (positions +182 to +202 of the viral genome). Reverse
transcription was initiated by the addition of 12 pl of 2X concentrated RT buffer
(6 mM MgCl,, 20 mM dithiothreitol; 0.2 pl of avian myeloblastosis virus RT
(Stratagene); 20 pM (each) of dGTP, dATP and dTTP; 10 uM dCTP; and 0.3 pl
of [«->*P]dCTP [10 mCi/ml]). The final reaction mixture was incubated for 1 h at
37°C. Reverse transcription was terminated by the addition of 1 pl of 0.5 M
EDTA [pH 8.0], and the cDNA products were ethanol precipitated and redis-
solved in formamide loading buffer (31). The samples were analyzed by poly-
acrylamide gel electrophoresis on a 6% sequencing gel (31). A *S-labelled
sequence reaction with the same lys3 primer and the pBlue3’LTR-luc plasmid
was performed with the T7 Sequenase kit 2.0 according to the supplier’s instruc-
tions (Amersham) and run alongside to determine the size of the cDNA prod-
ucts.

Nucleotide sequence accession numbers. LTR nucleotide sequences from rep-
resentative subtype clones have been deposited in the GenBank database. The
accession numbers are AF1275566 (subtype A), AF1275567 (subtype C1),
AF1275568 (subtype C2), AF1275569 (subtype D), AF1275570 (subtype E),
AF1275571 (subtype F), AF1275572 (subtype G), and AF1275573 (subtype G").
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RESULTS

Non-subtype B LTR sequences. The LTR-gag region of the
HIV-1 RNA genome was amplified by RT-PCR on serum
samples from HIV-infected patients with a non-subtype B vi-
rus. Direct sequencing was performed on the PCR samples,
which provides the most abundant or population sequence of
the viral quasispecies in reference (13). The subtype was de-
termined by comparison with the sequence of other subtype
isolates (40). A detailed comparison of these primary isolates
with the subtype reference sequences is provided previously
(13). For this study, we selected serum samples representing
subtypes A through G for cloning of the LTR promoter. The
subtype A sample is actually an AC recombinant, but the LTR
element is derived from subtype A. The subtype G” is not a
distinct subtype but a cluster of AG recombinants (CRF-
IbNG) with an LTR that is closely related to that of subtype G
(11). To examine whether these clonal sequences correspond
to the viral quasispecies present in the infected patient, we
performed a phylogenetic analysis with both clonal and popu-
lation-based sequences (Fig. 1). The LTR sequence of the
prototype virus LAI of subtype B and other strains of subtypes
A to G were included in this phylogenetic tree. Marked in
boldface type are the patient isolates that were used for the
cloning of individual LTRs (e.g., clone D originates from pa-
tient sample 94ZR80). We observed two distinct branches
within the subtype C group and therefore included one isolate
of each branch (samples C1 and C2). This phylogenetic tree
indicates that the cloned LTRs are representative for the virus
population in these patients and for their subtype. One inter-
esting feature was observed for the subtype G sample, which is
closely related to the population sequence of two patients,
donor 93CB76 and patient 96CB26. It turned out that these
two persons are heterosexual partners, suggesting that this
virus spread by transmission between these persons.

Numerous differences were observed in the subtype LTRs,
and the nucleotide sequence of part of the LTR is shown in
Fig. 2. We marked the position of important sequence ele-
ments in the LAI isolate of subtype B. This prototype LTR of
isolate LAI contains a core promoter with a TATAA box, and
three upstream binding sites for the transcription factor Spl
are usually included in the core element. Several sequence
changes in the Spl region were observed in the subtypes, but
the putative effect on Spl binding remains unclear, in part
because the HIV-1 LTR contains solely nonconsensus Spl
sites (e.g., they are not found with the TFSEARCH program;
see below). It remains possible that other members of the Spl
family of transcription factors, e.g., the constitutively expressed
Sp3 factor, bind some of the subtype LTRs. Located upstream
of the core promoter are important enhancer elements, includ-
ing binding sites for NF-kB, RBE III, and USF. We used the
TFSEARCH program to analyze the subtype LTR sequences
for the presence of transcription factor binding sites. Several
notable differences are summarized in Fig. 3.

The number of NF-kB sites differs among the subtypes.
Whereas prototype subtype B has two adjacent NF-«B sites,
three NF-«B sites are present in both subtype C clones (see
also reference 37). However, it is unlikely that all three sites
will bind this transcription factor with equal affinity. In partic-
ular, the downstream site contains a subtype C-specific muta-
tion that is predicted to negatively affect NF-«kB binding. With
the presence of two bona fide upstream NF-«B sites, it is
tempting to speculate that this third site has evolved into a
binding site for another transcription factor. The TFSEARCH
program predicts reduced NF-«kB binding potential, as the
score is reduced from 97.5 to 85.4, but this program does not
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FIG. 1. Phylogenetic analysis of the HIV-1 subtype LTR clones. The analysis
was performed with the population-based sequence of subtype PCR samples
from several patients and the cloned LTR samples that were tested in detail in
this study. Sequences were analyzed by the neighbor-joining method, and the
distance matrix was generated by Kimura’s two-parameter estimation as imple-
mented in the TREECON program (59). Bootstrap values above 85 are indi-
cated at nodes. The cloned LTRs and the corresponding patient sequences
always cluster together, and both entries are marked in boldface type. The G”
clone is derived from donor 93CB76 but also clusters closely to patient 96CB26.
As these two patients are partners, the similarity in virus sequence is likely to
reflect virus transmission from one person to the other.

suggest that a new transcription factor-binding site is gener-
ated.

The TFSEARCH program does predict such an enhancer
switch for the upstream NF-«kB site of subtype E, which con-
tains a typical deletion of a single T nucleotide (Fig. 2). The
NF-«kB binding score is reduced from 97.5 for the regular
NF-kB site to below the threshold value of 85 for the upstream
site of subtype E, with a concomitant rise of the score for the
GABP transcription factor from undetectable to 87.7. Indeed,
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FIG. 2. Partial LTR sequence of subtypes A through G. The LTR region spanning position —177 to +67 of prototype virus LAI (subtype B) is shown at the top,
with the position of several motifs and/or signals marked. Sequences were aligned with the sequence navigator program and optimized manually. Dashes indicate

nucleotides that are identical to this prototype. Gaps are indicated by dots. Motifs

present in the LAI sequence are underlined, whereas elements which are absent in

LAI are boxed (e.g., AP-1). The nef stop codon in subtypes B and F is marked in boldface type (position —124 in LAI-B), and restriction sites used in subcloning are
shown in italics. Structural details of the TAR element (position +1 to 56) are presented in Fig. 4. In subtype F, a 12-nucleotide duplication (15 nucleotides when one
mismatch is allowed) explains the presence of two adjacent AP-1 sites. The BseA1-AfIII fragment was used for subcloning in the LTR-luciferase plasmid. The sequences

downstream of position +56 were encoded by the PCR primer and are therefore

it was previously demonstrated that this minor sequence
change interferes with NF-«kB binding (37, 62). More interest-
ingly, this mutant NF-«B site was shown to facilitate binding of
GABP, a constitutively expressed transcription factor of the
Ets family (62). This result testifies to the value of this com-
puter-mediated search for transcription factor-binding sites.
Some of the transcription factor-binding sites upstream of
the NF-kB region show subtype-specific variation, whereas
other sites are well conserved. The RBE III site is absolutely
conserved in all subtypes, which is consistent with previous
reports (16). This cis-acting element is a binding site for RBF2
and is involved in the response to the protein-tyrosine kinase/
Ras/Raf-signaling pathway (2). This site is often duplicated in
patient isolates (16, 28), but the insert in subtype F does not
represent a complete RBE III site. The USF binding site,
which overlaps the nef gene, contributes to the LTR function
of subtype B viruses (22, 53). Interestingly, we found this site
exclusively present in the subtype B sequence (Fig. 2 and 3). In
contrast, AP-1 binding sites have not been described for this
region of the subtype B LTR, but such sites are predicted for
most LTRs, except for subtypes B and D. The subtype B LTR
has been suggested to encode AP-1 sites in the downstream U5
region of the LTR at position +154 (60), and we found several
putative AP-1 sites in the upstream U3 region of the LTR

not shown for the subtypes.

promoter in several subtypes (results not shown). The presence
of AP-1 motifs just upstream of the NF-«B sites and thus near
the core promoter seems a significant difference between the
subtypes. A single AP-1 site was predicted for subtypes C, E,
G, and G". Two adjacent AP-1 sites are predicted for subtypes
A and F. In the latter case, the tandem AP-1 site is most likely
generated by duplication of a 12-nucleotide segment (15 nu-
cleotides when one mismatch is allowed; see Fig. 2). These two
AP-1 sites constitute the subtype F-specific insert immediately
upstream of the NF-kB" site. This LTR region also encodes
the C terminus of the Nef protein, and the other insert at
position —130 in the subtype F sequence would theoretically
extend the Nef open reading frame by two amino acids. How-
ever, the subtype F-specific insert encodes a new stop codon
(at the equivalent of position —124 in subtype B), resulting in
a Nef protein that is one amino acid shorter. Although spec-
ulative, this may represent a mechanism for subtype F to pre-
clude the expression of a C-terminally extended Nef protein.

The transcription start site (position +1) is located 24 nu-
cleotides downstream of the TATAA box. Perhaps most in-
triguing is the sequence change in the TATAA box of subtype
E at position —28 into TAAAA (37). The LTR sequence of a
total of 18 subtype E isolates has been determined, and all
isolates contain this typical mutation (36, 37, 62; unpublished
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FIG. 3. LTR promoter organization of HIV-1 subtypes A through G. Most experimental evidence for protein binding sites has been provided for the LTR of HIV-1
subtype B (reviewed in reference 21). Furthermore, recent evidence supports the conversion of the upstream NF-«B site of subtype E into a GABP binding site (62).
The BseAl and AfIII sites were used for subcloning in the LTR-luciferase reporter construct.

results from our laboratory). Another striking feature of the
subtype E LTR is the presence of an upstream TATAA box at
position —136, which differs from the sequence of other sub-
types at one or two positions. Interestingly, this TATAA ™3¢
box has been suggested to functionally replace the mutated
TAAAA 3 box (37). To test this idea, we used PCR mu-
tagenesis to change the upstream TATAA™'* box into
TACAA ™3¢, which is the most common sequence in the other
subtypes, and this E™* LTR was included in the subsequent
promoter assays and virus replication studies.
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The TAR motif is encoded in the transcribed region and acts
as an RNA enhancer through binding of the viral Tat trans
activator protein and the cellular cyclin T factor (7, 14, 64).
Because the RNA secondary structure of this motif is critical
for function, we analyzed the typical hairpin structure for the
different subtype sequences (Fig. 4). The secondary structure
of the TAR hairpin is based on mutational (5) and phyloge-
netic (3) evidence. It is clear that the subtypes have distinctive
mutations in the TAR hairpin, which are mostly located in the
lower stem region. Most sequence changes represent either

)
@

E F

GG GG GG GG
U @ U B u @
c A c A c A c A
c—a c—aG C—G c—G
G—C G—C G—C G—C
A—U A—U A—U A—U
AS—C G—C G—C G—C

u U U

U
Y5—m Ya—u Ua—u Ua—u
G—C G—C G—C G—C
A—U A—U A—U A—U
c—aG c—aG C—G C—G
c A c—G cC—G c B
A A A A
G—cC G—C G—C G—C
A—U A—U A—U A—U
U—A U—A U—A y—A
u— u—g [CRG] [C 2G|
G—C G—C G—C G—C
o-n ARl l!]—- [!I—
U— A U—A U—lg U—¢g
c—aG c—aG c—G c—G
U—G U—G U—G U—aG
c—a C—G c—G c—aG
U—A U—A U—A U—Aa
c c c c
U—A U—A U—A U—A
G—cC G—C G—C G—C
G—¢C G—C G—C G—C

FIG. 4. Comparison of the TAR RNA secondary structure in different HIV-1 subtypes. The hairpin structure of subtype B isolate LAI was used as prototype.
Nucleotide changes occurring in the other subtypes are in reverse contrast. Nucleotide deletion is indicated by A. A detailed TAR phylogenetic analysis of different

HIV-1 subtype B sequences and SIVs has been reported previously (3; 4).
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FIG. 5. Differential activity of the HIV-1 subtype LTR promoters. The subtype LTRs were tested for basal activity without Tat (A) and for induced transcription
in the presence of Tat (B), and these two values were used to calculate the Tat response (C). These three transcriptional parameters were related to that of the prototype
LAI LTR (subtype B), of which the values were each arbitrarily set at a value of 1. Each LTR activity is the average of at least four independent measurements, and

the standard deviation is given.

basepair variations (e.g., A-U to G-U) or basepair covariations
(e.g., A-U to G-C) that do not disturb the secondary structure.
Differential activity of the HIV-1 subtype LTR promoters.
The sequencing results indicate that the subtype LTRs are
likely to differ in their ability to bind cellular transcription
factors, and this may obviously affect the LTR promoter activ-
ity. To test this, we inserted the subtype promoters upstream of
the luciferase gene in a reporter construct. This cloning strat-
egy was designed to allow insertion of non-subtype B LTR
sequences in the LAI molecular clone (subtype B) for replica-
tion studies. This necessitates the conservation of the nef gene,
which overlaps part of the regulatory LTR DNA motifs (nef
UGA stop codon at position —124) (Fig. 2). We therefore
inserted the Bse AI-AfIII fragment (position —147 to +63) (Fig.
2 and 3) of the subtype LTR into the standard LTR-luciferase
construct, which contains the LTR of subtype B virus LAIL
Thus, the recombinant LTRs maintain the subtype B-specific
USF site but have exchanged all transcription motifs that are
located further downstream, including the TAR element.
The LTR-luciferase constructs of subtype A through G, in-
cluding the two subtype C samples and the modified LTR of
subtype E with a mutation in the upstream TATAA™'*® box
(E™“"), were subsequently tested for promoter activity in dif-
ferent cell lines. We compared LTR activities in three cell lines
that are regularly used for transient transfection studies: the
human cervix carcinoma cell lines C33A and HelLa, of which
the latter is transformed by human papilloma virus type 18, and
the African green monkey kidney cell line COS, which is trans-

formed by simian virus 40. We also compared the LTR activity
in two human astrocyte glioblastoma cell lines (U87 and
U373). The cells were transiently transfected in the absence
and presence of a second plasmid encoding the Tat frans ac-
tivator protein of subtype B. Basal and Tat-activated LTR
activities were measured and used to calculate relative tran-
scriptional activity and standard deviation. These values are
plotted in Fig. SA and B, respectively, with the basal and Tat-
activated activities of the subtype B LTR promoter each arbi-
trarily set at a value of 1. These two activities were used to
calculate the Tat responsiveness of each LTR by dividing the
Tat-activated level by the basal activity for each subtype. This
Tat responsiveness was also related to that of subtype B (Fig.
50).

All subtype LTR promoters demonstrated low basal and
high Tat-induced transcription levels, a pattern of gene expres-
sion very similar to that documented previously for subtype B
(reviewed in reference 21). This result may not be surprising
because the LTRs were derived from actively replicating vi-
ruses that should have a functional and Tat-responsive LTR
promoter. Nevertheless, differences in promoter activity of the
different subtype LTRs were observed, in particular without
Tat protein. In fact, the basal LTR activity of most non-B
subtypes was significantly higher than that of the subtype B
LTR (Fig. 5A). The LTRs of subtype A, E, and G and the two
subtype C samples were approximately two- to threefold more
active than the subtype B LTR in C33A and COS cells. Less
variation in promoter activity was measured in HeLa, which
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also produced a distinct activity pattern for the subtypes. A
small but significant increase was measured for subtype G” and
the two subtype C samples in HeLa cells. The basal activity in
the two astrocyte cell lines was similar for all subtypes, with
only a small increase for subtype C.

We next compared the subtype LTR promoters in the pres-
ence of Tat frans activator protein of isolate LAI. Pronounced
induction levels were measured in all cell lines. For instance,
with the prototype LTR of the LAI virus and 30 ng of Tat
plasmid, we obtained an approximately 6-fold induction in
C33A cells, 35-fold induction in HeLa cells, and 20-fold induc-
tion in COS cells. With 100 ng of Tat plasmid, which is also
within the linear range of Tat-mediated activation, we mea-
sured an 11-fold induction in C33A cells, a 64-fold induction in
HelLa cells, and a 40-fold induction in COS cells. Note that
these values are both in the linear range of Tat transactivation
and are not the maximum level of Tat transactivation. Al-
though the different LTRs encode distinct TAR hairpin motifs
(Fig. 4), we measured no significant difference in Tat response
of the subtype LTRs. In other words, the subtype LTR activity
pattern observed in the presence of Tat largely mimics the
pattern obtained without an activator, with only minor varia-
tion between cell types. This demonstrates that the LAI-Tat
protein recognizes all subtype TAR sequences. To address the
Tat response of the subtype LTRs more accurately, we calcu-
lated the actual fold induction and plotted the relative Tat
response (Fig. 5C). No significant differences were measured
in C33A cells. Subtypes D and F demonstrated an improved
Tat response of approximately 40% in HeLa cells. The most
significant changes in Tat response were observed in COS cells,
with a 50% increase for subtype A and up to a twofold increase
for subtype C1, E, and (in particular) F. The other subtype C
sample (C2) did not show this pattern, indicating that differ-
ences in promoter activity do also exist among different isolates
of a single subtype. There were no significant differences in the
Tat responsiveness in U87 and U373 cells.

The LTR of subtype E is a TATAA-less promoter. We next
addressed whether the upstream TATAA ~'3° box in subtype E
is used to compensate for mutation of the regular TATAA box
(TAAAA % in subtype E). We constructed the E™* pro-
moter, in which the upstream TATAA !¢ box was changed
into TACAA. The activity of this E™"* LTR was indistinguish-
able from that of the wild-type E promoter, in both the absence
and presence of Tat (Fig. 5). This result indicates that the
subtype E-specific TATAA™'*¢ box does not contribute to
promoter activity. Thus, the subtype E LTR is an efficient
promoter despite mutation of the regular TATAA 2® box,
suggesting that the subtype E LTR belongs to the class of
TATAA-less promoters. Because the TATAA-box plays a role
in positioning of the transcription initiation complex, we ana-
lyzed the RNA start site usage of subtype E by primer exten-
sion analysis. The same start site was found for viral transcripts
initiated from the subtype B or E promoter (Fig. 6, compare
lanes 5 and 6). Furthermore, we confirmed that mutation of
the upstream TATAA ™ '3® box does not affect the activity of
the subtype E LTR or its start site usage (Fig. 6, lane 7).

Subtype LTR activity in T cells and the effect of tumor
necrosis factor alpha (TNF-a) stimulation. The promoter ac-
tivity of the LTR-luciferase constructs was further analyzed
in a lymphocyte T-cell line that represents a natural host cell
type for HIV-1 infection. SupT1 cells were transfected with
the LTR-luciferase constructs in the absence or presence of
the Tat-expressing plasmid, yielding a 37-fold induction for the
reference LAI construct representing subtype B. The relative
basal and activated LTR activities and the relative Tat respon-
siveness were calculated, and these data are plotted in Fig. 7.

J. VIROL.
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FIG. 6. Primer extension to map the RNA start site of HIV-1 subtypes B and
E. Total cellular RNA was isolated from infected SupT1 cells for primer exten-
sion analysis. Lane 5, LAL lane 6, LAI-E; lane 7, LAI-E™"; lane 8, uninfected
SupT1 cells. A sequence reaction was performed on the pBlue3'LTR-luc plasmid
with the same primer as used in the primer extension reaction (lanes 1 to 4). The
signals around position +55 represent RT pauses due to the secondary structure
of the TAR hairpin in the HIV-1 template, as was described previously (26).

The subtype E basal activity is nearly three times higher than
that of subtype B, and the basal activity of subtypes A, C1 and
G” is also significantly increased (Fig. 7A). Promoter activity in
the presence of Tat (Fig. 7B and C) is similar for all subtypes
except for a strong Tat response in subtype F, which was also
observed in COS cells (Fig. 5).

TNF-a stimulates the HIV-1 LTR through activation of
NF-«B (43). Since the number of NF-kB sites varies from one
to three for the subtypes (Fig. 3), we measured TNF-a respon-
siveness of the different LTRs. SupT1 cells were transfected
with 5 wg of LTR-luciferase construct, and the cells were split
after 24 h and cultured for an additional 24 h with or without
30 ng of TNF-a per ml. Luciferase activity was determined,
and the TNF-a stimulation was calculated by dividing the lu-
ciferase activity from cells cultured in the presence of TNF-a
by the corresponding cells cultured without TNF-«. The results
(Fig. 8) indicate correlation between the number of NF-«B
sites and the level of TNF-a stimulation. Subtype E, with one
NF-«B site, is induced 1.5-fold by TNF-a; the subtypes with
two NF-kB sites show a 2.5- to 3-fold stimulation; and subtype
C, with three NF-kB sites, is activated 3.4-fold.

Viruses with a subtype E LTR replicate faster than the LAI
reference strain. The LTR promoter architecture of subtype E
is rather distinct, and this LTR represents the most active basal
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FIG. 7. Differential activity of the HIV-1 subtype LTR promoters in SupT1 cells. The subtype LTRs were tested for basal activity without Tat (A) and for induced
transcription in the presence of Tat (B), and these two values were used to calculate the Tat response (C). These three transcriptional parameters were related to that
of the prototype LAI LTR (subtype B), of which the values were arbitrarily set at a value of 1. The average LTR activity and the standard deviation are given.

promoter in SupT1 cells. We therefore selected this subtype
for further studies. The subtype B molecular clone LAI was
used to insert the core promoter elements of subtype E (and
the E™"* mutant). The region spanning position —147 to +82
of the 3" LTR was exchanged. However, only the U3 region of
the 3" LTR is inherited by the viral progeny, and the recom-
binant progeny will thus contain the —147 to —1 region of
subtype E, including the unique TAAAA box and NF-kB and
Sp1 sites. The recombinant viruses inherit the R region of the
5" LTR (results not shown), which encodes the TAR element
of subtype B isolate LAI. Viral stocks were used for infection
of SupT1 cells, and replication was followed by measuring
CA-p24 production in the culture supernatant. Both LAI-E
recombinants reached a peak infection about 3 days before the

LAI virus (Fig. 9). These results indicate that the upstream
TATAA '3 box in subtype E is not important for virus rep-
lication, which is consistent with the results of the LTR-lucif-
erase assays. Most importantly, these results indicate that the
subtype E LTR profoundly increases the replication capacity
of the LAI virus in SupT1 cells. This result was confirmed in
three independent infection experiments.

DISCUSSION

The LTR promoter region of HIV-1 subtypes A through G
was sequenced and tested for transcriptional activity. Several
notable differences were observed in the core promoter-en-
hancer region (Fig. 2 and 3). Some of these differences in

subtype B-LAI A C1 Cc2

" 'TNFo response
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D E Emut

'
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FIG. 8. TNF-a responsiveness of the HIV-1 subtype LTRs. SupT1 cells were transfected by electroporation with 5 ug of LTR-luciferase. The cells were split after
24 h and cultured for another 24 h without or with TNF-« (30 ng/ml). Luciferase activity was determined, and the TNF-a response was calculated as the ratio of these

activities.
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FIG. 9. Replication of subtype B virus LAI with the core LTR of subtype E. The molecular clone pLAI and two derivatives with the LTR fragment (position —147
to —1) of subtype E (LAI-E and LAI-E™") were used to generate viral stocks in SupT1 cells. Infections were started with equal amounts of virus (5 ng of CA-p24).
Virus replication was followed by measuring CA-p24 production in the culture supernatant. B-LAI (O) is the wild-type LAI virus; LAI-E (m) and LAI-E™"* (A) are

described in the text. Similar results were obtained in three independent infections.

subtypes C and E have been reported previously (37), but we
now report a complete LTR analysis of subtypes A through G.
We observed differences in the number of particular motifs
(three instead of the regular two NF-«B sites in subtype C).
Furthermore, we observed a switch to a new binding specific-
ity (NF-«kB to GABP in subtype E), and the subtype-specific
loss or gain of motifs (e.g., USF is subtype B specific, and the
number of AP-1 sites varies from zero to two for the different
subtypes). These genetic changes appear to be characteristic
for the respective subtypes. For instance, the NF-kB-to-
GABP switch is present in all 18 subtype E sequences reported
to date (62).

All subtype LTRs were found to be functional promoters
with a low basal activity and a high Tat-induced activity. In fact,
all subtype LTRs responded equally well to the Tat trans ac-
tivator protein of subtype B. This result suggests that there are
no major differences in the mechanism of Tat-mediated frans
activation among the subtypes. Nevertheless, distinct cell type-
specific differences in basal promoter activity were measured
for the subtype LTRs. Cell type-specific differences in the
concentration and/or activity of nuclear transcription factors
interacting with the LTR are likely to form the basis for these
differences. Although the differences in promoter activity re-
ported in this study may not seem very dramatic, a twofold
difference in LTR activity may be very important in terms of
viral fitness. The replication experiment with the subtype B
LALI virus with the core LTR elements of subtype E demon-
strates that a relative small difference in promoter activity can
have a significant impact on virus replication. It is likely that
the gain of LTR function in subtype E versus B is due, at least
in part, to the NF-kB-to—-GABP enhancer switch (62). Further
studies are required to evaluate the contribution of the subtype
LTRs to regulated viral transcription and (cell type-specific)
replication. In particular, these regulatory sequences could
serve to specify the proficiency at which the virus can integrate
cellular activation signals (29) or to define the optimal cellular

environment for viral gene expression. For instance, we mea-
sured significant differences in the TNF-a response, which
correlated with the number of NF-«B sites in the LTR.

A striking feature of the fully active subtype E LTR is the
mutation within the TATAA box to TAAAA. Three theoret-
ical possibilities can be suggested for the promoter function of
this TATAA-less LTR. First, there may be another TATAA
element in this LTR promoter. Second, the subtype E LTR
may encode an initiator element. Third, the TAAAA motif
may be functional as an alternative TATAA box. Transcrip-
tional promoters usually contain either a TATAA box 25 to 30
nucleotides upstream of the transcription initiation site or an
initiator element overlapping this start site. However, promot-
ers can have both or neither of these motifs (47). The TATAA
box is recognized by the general transcription factor TFIID,
which consists of the TATAA-binding protein and TATAA-
binding protein-associated factors. Subsequently, a preinitia-
tion complex is assembled through binding of other general
transcription factors (47, 49). The initiator functions similarly
to the TATAA box in directing accurate transcription by RNA
polymerase II (37) and can function independently or syner-
gistically with the TATAA box.

The first possibility is that another TATAA element takes
over the TATAA function. This idea was raised previously
because the subtype E LTR is unique in having another
TATAA sequence at position —136 (37) (Fig. 2 and 3). This
possibility was tested in this study by mutation of this upstream
motif (TATAA '*° to TACAA). However, this mutant pro-
moter was fully active in LTR-luciferase assays and did support
virus replication, thereby ruling out a functional role of the
upstream TATAA box. This possibility is unlikely for other
reasons. The same TATAA *%-to-TAAAA mutation is pres-
ent in subtype I (19) and some AG recombinant viruses (11,
41), apparently without the compensatory generation of an
upstream TATAA box. Furthermore, usage of the upstream
TATAA box at position —136 will move the transcriptional
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start site to around position —110, and this relocation of the
U3-R border will have profound consequences for viral repli-
cation. For instance, the TAR hairpin signal will move to an
internal position in the viral transcript, which interferes with
the TAR function in Tat-mediated transcriptional activation
(5, 52). Finally, we determined experimentally that subtype E
uses the regular transcriptional initiation site. These combined
results demonstrate that the upstream TATAA ™3¢ box in the
LTR promoter of subtype E is not functional. Experiments are
underway to test whether this LTR uses an initiator element or
the alternative TAAAA box to interact with the transcription
machinery.

The subtype E promoter is inactivated by substitution of the
TAAAA box for the regular TATAA sequence (36). Because
this regular TATAA box is present in all other subtypes, and
found to be important in the subtype B LTR (6, 42), the
subtype E promoter may have compensatory changes else-
where in the LTR promoter to facilitate the function of the
TAAAA 2® motif (36, 37). It remains to be tested whether
there is such cross talk between the alternative TAAAA box
and subtype E-specific promoter motifs. Our replication stud-
ies show that the subtype E core promoter functions efficiently
in the subtype B context, which includes the TAR and Tat
elements. Thus, the proposed cross talk (36) between TAAAA
and the TAR motif in subtype E is unlikely. In addition, a
recent paper did not find any support for these combined
mutations (41). Another candidate motif is the flanking Spl
region. For instance, the TATAA-less promoter of the mouse
aprt gene was found to rely exclusively on multiple Sp1 sites,
including some nonconsensus sites, to trigger transcription
(39). For the HIV-1 subtype B LTR, it has been found that the
location of the Spl1 sites, relative to the TATAA box, is an
important determinant for achieving maximal transcriptional
activity (25). There is also some genetic evidence for a func-
tional TATAA-Sp1 interaction. HIV-1 mutants lacking the
Spl region are replication impaired, but revertant viruses can
be selected that have typical changes that extend the CATA
TAA box to TATATAA (50). Perhaps more striking, some of
these revertants also acquired the same mutation as observed
in subtype E viruses (TAAAA). Further experimentation is
underway to test these putative functional interactions in the
subtype LTRs.

We report considerable variation in the LTR promoter-
enhancer motifs of viruses that belong to different subtypes of
HIV-1 group M. This finding is not without precedent in the
field of retrovirology. For instance, we recently described du-
plication of the complete Spl region through prolonged cul-
turing of an attenuated HIV-1 subtype B virus, yielding a
stronger LTR promoter with six Sp1 sites and a fitter virus (8).
There is also evidence for variation in the number of Spl
binding sites in the LTR promoter of natural HIV-1 isolates.
Several HIV-infected persons were found to contain isolates
with four Sp1 sites (28), and one natural isolate with five Sp1
sites was recently identified (51). These examples represent
relatively blatant LTR rearrangements, but minor sequence
alterations can also have a dramatic effect on LTR function
and virus replication. For animal retroviruses, there is ample
evidence for changes in host cell tropism or modulation of the
viral oncogenic or pathogenic properties by minor sequence
variation in the LTR (reviewed in reference 58). For instance,
a point mutation in the Moloney murine leukemia virus LTR
was shown to increase transcription and enable replication in
embryonal cells because of the generation of an Spl binding
site (23). The equine infectious anemia virus of the Lentivirus
genus provides another interesting example where the pres-
ence of an Ets-1 binding site in the LTR is essential for pro-
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ductive replication in macrophages (10, 33). Similarly, the nu-
cleotide sequence and functional variations between the LTRs
of different avian leukosis viruses have important biological
consequences, and a direct correlation between pathogenicity-
oncogenicity and LTR transcriptional activity was found (58).

Subtype E, which shows the most distinct promoter archi-
tecture, was examined in more detail by performing replication
studies with the subtype B isolate LAI with the core promoter
elements of subtype E. Both variants driven by the subtype E
promoter (LAI-E and LAI-E™"") replicated significantly faster
than the LAI virus. These initial results indicate that there may
be notable differences in the replication of HIV-1 subtypes due
to genetic variation in the LTR promoter. Furthermore, we
have observed significant replication differences for the other
subtype LTR recombinant viruses in various cell types (results
not shown). Obviously, such differences may have a direct
impact on the pathogenicity of these viruses. Although there is
no published evidence for significant differences in pathoge-
nicity of the HIV-1 subtypes, such biological variation does
exist among different immunodeficiency viruses (17). Both
HIV-1 and HIV-2 cause AIDS in humans, but epidemiological
studies suggest that HIV-2 is not as easily transmittable as
HIV-1, and the incubation period for the development of dis-
ease is longer for HIV-2 (32, 45). Furthermore, disease pro-
gression is not an inevitable outcome of infection by an immu-
nodeficiency virus, since African green monkeys and sooty
mangabey monkeys can be persistently infected with SIV with-
out development of disease. Because it is likely that viral ge-
netic factors determine at least in part the course of disease
progression in vivo, it is important to study in more detail the
biological differences between the HIV-1 subtypes that consti-
tute the current pandemic.
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