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Starting with a replication-incompetent molecular clone of human immunodeficiency virus type 1, lacking all
the NF-kB and Spl binding sites present in the native long terminal repeat (LTR), proviruses containing
reconstructed LTRs with individual or combinations of NF-kB and Sp1 elements were generated and evaluated
for their capacity to produce virus progeny following transfection-cocultivation. Virus stocks obtained from
these experiments exhibited a continuum of replicative capacities in different human T-cell types depending on
which element(s) was present in the LTR. For example, in experiments involving proviral clones with LTRs
containing one or two NF-kB elements (and no Sp1 binding sites), a hierarchy of cellular permissivity to virus
replication (peripheral blood lymphocytes = MT4 > H9 > CEM > Jurkat) was observed. Of note was the
associated emergence of second-site LTR revertants which involved an alteration of the TATA box. These
results suggest that the human immunodeficiency virus type 1 LTR possesses functional redundancy which
ensures virus replication in different T-cell types and is capable of changing depending on the particular

combination of transcriptional factors present.

The retroviral long terminal repeat (LTR), generated dur-
ing the early phase of virus infection by reverse transcrip-
tion, contains several cis-acting elements that influence viral
gene expression. These include the transcriptional promoter
and start site, the polyadenylation signal and addition site,
and binding motifs for transcriptional activators. In some
retroviral subfamilies, the LTR also contains targets for
virus-encoded transactivator proteins.

During the past few years, the structure and function of
the human immunodeficiency virus (HIV) LTR has been
intensively investigated. Regulatory motifs (e.g., Spl,
TATA) have been identified which bind cellular proteins that
are constitutively expressed in most cells (7, 11, 20); these
sequences appear to be critical for basal-level HIV gene
expression. Other LTR elements (e.g., NF-kB and NFAT-1)
may interact with factors synthesized only in activated T
lymphocytes (6, 21, 28, 37), thereby limiting vigorous virus
replication to a small subset of circulating peripheral blood
lymphocytes (PBLs) in vivo. Still other regions (e.g., TAR)
are unique to HIV and are required for high levels of
LTR-directed gene activity (4, 8, 13, 18, 36, 41). Thus, the
interaction of virus-encoded (3, 40) and cellular regulatory
proteins with one another and with the HIV LTR in both
resting and activated human lymphocytes has the potential
to effect a continuum of replicative capacities.

To date, most of our knowledge of HIV LTR structure and
function comes from studies of small DNA constructs con-
taining the LTR linked to reporter genes and tested in HeLa
cells or in human T-cell lines (2, 5, 15, 28, 32, 38). Although
this approach has helped to elucidate the mechanism by
which the HIV LTR is activated, the interaction of virus-
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encoded and cellular proteins with cis-acting regulatory
elements during a productive infection cannot be evaluated
in such systems. We (23) and others (14, 24) have elected to
evaluate LTR function in the context of HIV replication and
have previously reported that some of the cis-acting ele-
ments may be dispensable, depending on the cell type
infected. For example, the deletion of both NF-kB elements
only modestly affects HIV replication in PBLs or in CEM
and MT4 cells (23). In contrast, mutation of Sp1l motifs can
drastically reduce replicative capacity in some human T-cell
cultures. In particular, the deletion of all three Spl elements
either eliminated or greatly reduced the capacity of HIV to
infect CEM cells (two successes in five independent exper-
iments); replication of this mutant in PBLs and MT4 cells
was only slightly reduced (30). Finally, the simultaneous
elimination of the two NF-kB and all three Spl elements
resulted in a provirus exhibiting no detectable biological
activity (23); in this report, we refer to this irreversibly
replication-incompetent proviral DNA as pNL-ZERO.

To understand more fully the contribution of individual
LTR components to the replicative process and to the
complex interactions of cellular and viral proteins with their
LTR targets, we analyzed the biological activity of pNL-
ZERO into which different combinations of NF-kB and Spl
cis-acting elements were added. Our results suggest a hier-
archy of cellular permissivity to virus infection which very
likely reflects the relative abundance of transcriptional reg-
ulatory factors and the presence of specific HIV LTR motifs.

MATERIALS AND METHODS

Construction of proviral DNAs containing LTR mutations
and generation of virus stocks. pNL-ZERO is a replication-
incompetent derivative of the infectious circularly permuted
proviral clone pILIC (23); pNL-ZERO lacks the two NF-«B
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and three Spl sites and was previously designated pTA.
pNL-ZERO DNA was digested with BamHI and Sphl to
generate a 2.1-kb fragment containing the LTR. This frag-
ment was subcloned into M13 and subsequently used to
produce the reconstructed LTRs, shown in Fig. 1, by
oligonucleotide-directed mutagenesis (47) as modified by
Kunkel (22). Full-length circularly permuted proviral DNAs
were reconstituted by ligating the LTR-containing 1.7-kb
Xhol-Sphl fragment from M13 recombinants to a similarly
digested 7.4-kb cleavage product of pNL-ZERO. Following
the verification of the mutations prepared in vitro by nucle-
otide sequence analysis (34), the replicative capacities of the
different LTR mutants were evaluated by transfecting a
derivative of A3.01 (9) CEM cells, designated 12D7 (gener-
ously provided by Guido Poli, Laboratory of Immunoregu-
lation, National Institute of Allergy and Infectious Diseases)
with 3 wg of DNA (per 6 X 10° cells) in the presence of
DEAE-dextran as previously described (23). Forty-eight
hours later, the transfected cells were cocultivated with 2 X
108 MT4 (25) cells and monitored for virus production by a
32p_reverse transcriptase (RT) assay (46). Virus stocks were
prepared from the supernatants of transfection-cocultures
when RT levels exceeded 3,500 32P cpm/pl.

Infections. PBLs, the A3.01 (9) clonal derivative of CEM
cells, MT4, H9 (31), and JE6.1 (45), a clonal line of Jurkat
cells 2 x 10° cells of each type), were infected with
equivalent amounts of virus (300,000 cpm of *?P-RT activi-
ty). Prior to infection, PBLs were stimulated with phytohe-
magglutinin (0.25 pg/ml) for 3 days; upon infection, the
PBLs were maintained in medium containing 10% interleu-
kin 2. Infected cells were maintained in T25 Teflon flasks
(Costar) in RPMI 1640 medium (10 ml) containing 10% fetal
calf serum, and progeny virion production was detected by
RT activity.

PCR analysis of genomic RNA. Aliquots (100 p.l) of culture

supernatants from selected infections were digested with -

RNase-free DNase (0.05 U; Promega Biotec) for 15 min at
37°C and then incubated for 10 min at 68°C to inactivate the
DNase. First-strand cDNA synthesis from viral RNA was
performed as described by Morgan et al. (26). The cDNAs
were then amplified in a Perkin-Elmer/Cetus DNA Thermal
Cycler with the following primers: (i) a plus-sense oligonu-
cleotide spanning positions 9073 to 9092 (HIVggy coordi-
nates [27]) with 9 nucleotides at its 5’ end bearing an EcoRI
site (5'-ATCGAATTCTGGAAGGGCTAATTCACTCC-3';
gift from Jonathan Silver), and (ii) a minus-sense oligonucle-
otide spanning positions 9504 to 9521 with 12 nucleotides at
its 5’ end bearing both a Ps:I and an Rsal site (5'-AACTG
CAGGTACCAGGCAAAAAGCAGCTGC-3'). The amplifi-
cation protocol consisted of denaturation at 94°C for 30 s,
annealing at 60°C for 30 s, and extension at 72°C for 2 min.
Digestion of the polymerase chain reaction (PCR) product
with EcoRI and Pstl, ligation into pIBI30 (International
Biotechnologies, Inc.), transformation of Escherichia coli
DHS5-aMCR (Bethesda Research Laboratories), and selec-
tion of recombinants by colony hybridization by using a
5'-end-labeled oligonucleotide probe spanning positions 143
to 182 of the HIVy,;,5; (1, 27) LTR were all done as
previously described (33). Hybridization-positive recombi-
nants were sequenced by the method of Sanger et al. (34).

RESULTS

We previously described the construction of a circularly
permuted infectious molecular clone of HIV containing a
single LTR which was used to investigate the role(s) of
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NF-«B and Spl elements during virus replication in human T
cells (23). Viruses in which the two NF-kB binding sites
were deleted replicated efficiently in phytohemagglutinin-
stimulated human PBLs, as well as in MT4 and CEM cells.
HIV preparations containing one or two mutated Spl bind-
ing sites were also replication competent but exhibited
variable growth kinetics depending on the cell type infected.
Deletion of all three Spl sites resulted in virus which
replicated efficiently in MT4 cells and in PBLs but inconsis-
tently and with delayed kinetics in CEM T cells unless they
were exposed to tumor necrosis factor alpha (30). In con-
trast, the deletion of 68 bp of U3 sequences encompassing
the two NF-kB and the three Spl sites generated an HIV
provirus which failed to replicate following transfection-
cocultivation. This replication-defective HIV provirus, des-
ignated pNL-ZERO, was used in a series of experiments as
a basal-level proviral DNA target to which NF-«kB or Spl
sites were added either individually or in combination.

Generation of mutant LTR HIV-1 stocks by transfection-
cocultivation. Circularly permuted HIV proviruses contain-
ing a single wild-type or reconstructed LTR were released
from plasmid vectors following digestion with BamHI and
ligated to regenerate ‘‘conventional’’ full-length proviral
DNAsS (i.e., containing at least two LTRs). A cloned deriv-
ative of the CD4* T-cell line A3.01, designated 12D7, was
then transfected with the ligated proviral DNAs as described
in Materials and Methods. Forty-eight hours following trans-
fection, the 12D7 cells were cocultivated with MT4 cells and
progeny virus production was then monitored by RT assay
over a 51-day period. Supernatants were collected at the
peak of RT activity and served as virus stocks for subse-
quent infectivity studies.

As expected, transfection-cocultivation with wild-type
HIV proviral DNA resulted in rapid virus production (first
detected 4 to 5 days later), whereas pNL-ZERO failed to
replicate. As indicated in Fig. 1, virus production was
observed following transfection-cocultivation of proviral
DNAs containing one or two NF-kB elements, although
replication of the former (pNL-1xB) was markedly delayed
(first detected on day 27). Cloned HIV proviruses containing
two or three Sp1 sites (pNL-2Sp1 and pNL-3Spl) or a single
pair of NF-«kB and Spl sites separated by a mutated inter-
vening NF-kB site (pNL-kB/Sp1-R) all replicated following
transfection-cocultivation but with Kkinetics somewhat
slower than that of wild type. Interestingly, the pNL-«xB/
Sp1-J provirus containing juxtaposed NF-kB and Spl single
elements replicated nearly as efficiently as wild-type HIV
(data not shown). Of the mutated HIV LTRs evaluated by
transfection-cocultivation, only the pNL-1Sp1 proviral con-
struction, which contains the single Spl element Spl(I),
failed to replicate in three independent experiments lasting
51 days, 2.5 months, and 4 months, respectively.

Infection of PBLs and human T-cell lines with HIV-1
derivatives containing NF-kB or Spl motifs in their recon-
structed LTRs. Although the transfection-cocultivation ex-
periments described above indicated which of the NF-kB/
Spl insertions into the pNL-ZERO LTR restored replicative
capacity, how these elements influenced virus infectivity
required additional investigation. Infections were therefore
performed employing virus stocks generated from the trans-
fection-cocultures referred to in Fig. 1. The various T-cell
lines were infected with equivalent amounts of wild-type or
LTR mutant virus (3 X 10° 32P-RT cpm, approximately equal
to a multiplicity of infection of 0.001 for wild-type virus), and
subsequent progeny virus production was monitored by RT
activity.
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PNL-ZERO TAC CTC -
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pPNL-1Spl TAC TGGGGAGTGGCGAGCCCTC -
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PNL-3Spl TAC GAGGCGTGGCCTGGGCGGGAC 'GAGCCCTC
c PNL-kB/Spl-J  TAC GC! TTTCC GTGGCC AGCCCTC +

PNL-kB/Sp1-R TACAAGGGACTTTCCGCTGCTCACTTTCC GTGGCC AGCCCTC +

FIG. 1. Structure of reconstructed HIV LTRs associated with full-length proviral DNAs. The positions of several cis-acting regulatory
elements within the HIV-1 LTR are indicated diagrammatically at the top. The nucleotide sequences of a 72-bp region encompassing the
NF-«kB and Spl motifs of the wild-type LTR (pNL-WT) as well as eight reconstructed LTRs are shown below. The nucleotide substitution
in pNL-kB/Spl-R, previously reported (28) to inactivate the NF-kB binding site, is underlined. Virus production following transfection-

cocultivation is indicated in the column at the right.

In the first group of experiments, PBLs and different T-cell
lines (MT4, CEM [A3.01 clone], H9, and Jurkat [clone
JEG6.1]) were infected with mutant HIV preparations contain-
ing one or two NF-«kB elements (and no Spl motifs). Three
different replicative phenotypes were observed. The first,
seen with PBLs or MT4 cells, was characterized by delayed
replication as the number of NF-«B sites was reduced from
two to one (Fig. 2A). In H9 (Fig. 2B) and A3.01 (Fig. 2C)
cells, however, HIV with the single NF-kB(I) element failed
to replicate; virus containing two NF-kB sites in its recon-
structed LTR replicated slowly compared with wild-type
HIV, generating virus progeny 2.5 to 4 weeks postinfection.
Notably, infection of A3.01 cells with HIV containing only
two NF-«kB elements resulted in virus production in only one
of three independent experiments (the one depicted in Fig.
2C) monitored for periods of up to 42 days. The third
replicative phenotype was observed in Jurkat cells and is
shown in Fig. 2D. In this case, virus with LTRs containing
one or two NF-kB elements failed to replicate during nearly
4 weeks of observation.

A similar approach was followed to monitor the role of
Sp1 motifs on virus infectivity. Since no virus was generated
following transfection-cocultivation of pNL-1Sp1, the infec-
tivity studies were limited to virus stocks containing two
[Spld) plus Spl(I)] or three [Spl(I) plus Spl(II) plus
Sp1(II)] Spl motifs as shown in Fig. 1. In all cell types
tested, the presence of a second Spl element restored
infectivity. In some cells, HIVs with reconstructed LTRs
containing two or three Spl binding sites had similar repli-
cation kinetics (PBLs in Fig. 3A), while in others, virus
harboring only two Spl elements (H9 cells in Fig. 3B)
reproducibly exhibited retarded growth properties.

Infectivity of HIV preparations with reconstructed LTRs
containing combinations of NF-«B and Spl elements. As

shown in Fig. 2 and 3, duplications of either the NF-«xB or
Spl element frequently resulted in enhanced HIV replica-
tion. Given the proximity of the NF-kB and Sp1 motifs in the
wild-type LTR configuration, we wondered whether the
observed augmented replicative capacity was limited to
combinations of the same element. To assess the possibility
that NF-«kB and Spl elements might function in a combina-
torial fashion, we generated a provirus containing LTRs with
single copies of both motifs. In the five human T-cell systems
evaluated, this virus (HIVy.p/sp1.y) replicated as rapidly or
more rapidly than HIV preparations with LTRs harboring
duplications or triplications of the NF-kB or Spl elements
(data not shown). This phenomenon was particularly striking
in Jurkat cells in which HIV with two NF-«kB elements failed
to replicate during a 25-day observation period (Fig. 4A).
Furthermore, the NL-xB/Sp1-J virus replicated with kinetics
similar to that of wild-type HIV in most of the cell lines
tested (Fig. 4B).

We wondered whether the efficient viral replication di-
rected by an LTR containing a pair of NF-kB and Spl
elements reflected their juxtaposition or simply their pres-
ence in the reconstructed LTR. Consequently, a different
LTR containing the single functional NF-«B(II) and Sp1(III)
elements spatially separated from one another by a muta-
genized (28) NF-kB(I) motif (see the NL-kB/Sp1-R provirus
in Fig. 1) was examined for its ability to support a productive
virus infection. In H9 cells, the replicative capacity of this
virus was similar to that of virus containing the juxtaposed
NF-«kB(I) and Sp1(IIl) binding sites (Fig. 5). Thus, an 11-bp
separation of functional NF-kB and Spl sites did not appre-
ciably affect infectivity; virions with this LTR configuration
replicated more rapidly than those containing only two
NF-kB or two Spl elements.

Replicative capacity of HIV proviral DNA containing a
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FIG. 2. Infections of human T cells with wild-type HIV or mutant HIV derivatives with LTRs containing one or two NF-kB and no Spl
elements. Activated PBLs or H9, CEM, or Jurkat cells were infected with approximately 3 X 10° 3?P-RT cpm of the indicated virus
preparations obtained by transfection-cocultivation. Virus production was monitored by RT assay.
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elements. Activated PBLs or H9 cells were infected with the indicated virus preparations as described in Materials and Methods. Virus
production was monitored by RT assay.
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FIG. 4. Infections of human T cells with wild-type HIV or mutant HIV derivatives with LTRs containing pairs of homologous or
heterologous cis-acting elements. Jurkat or CEM cells were infected with the indicated virus preparations as described in Materials and

Methods. Virus production was monitored by RT assay.

single enhancer-activator element. The results shown in Fig.
4 and S suggest that paired NF-kB and Spl elements are
acting in a combinatorial manner since HIV preparations
with duplications of the same elements exhibited an impaired
replication phenotype in some cell lines. Moreover, the
transfection-cocultivation results presented in Fig. 1 indi-
cated that the single Spl motif Spl(I) failed to restore
replication competence to pNL-ZERO, suggesting that a
single Sp1 element could not direct virus production unless it
was associated with either a second Spl element or an
NF-kB element. These conclusions all assume that the
biological activity of each of the single NF-«B or Spl
elements can be predicted from the data shown in Fig. 1.
However, since the sequences of the different NF-«B or
Spl motifs in the HIV-1 LTR are not identical, we undertook
a series of experiments to evaluate more critically the
functional contribution of individual enhancer-activator ele-
ments in the reconstructed LTRs. Toward this end, proviral
DNAs containing only single NF-kB or Spl elements were

wild type H9

Juxtaposed
NFkB/Sp1

Separated

NFkB/Sp1 2-Sp1

2-NFkB
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o 1l0 20 30
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FIG. S. Infection of H9 cells with HIV containing an LTR with
single separated NF-kB and Spl elements. H9 cells were infected
with the indicated virus preparations containing pairs of homologous
or heterologous motifs. Virus production was monitored by RT
assay.

assayed for virus production by transfection-cocultivation.
As shown in Fig. 6, and in agreement with the data presented
in Fig. 1, a proviral clone containing only the Spl element
Sp1(I) failed to replicate in three independent experiments.
In contrast, the presence of the single Spl motif Sp1(III)
restored the capacity to produce virus. Spl element Sp1(II)
had an intermediate effect in these assays: in one experi-
ment, progeny virus was detected by day 25, while in a
second experiment, none was produced after 77 days. A
similar disparity was also observed when the two NF-kB
elements were examined individually. NF-kB(I) was associ-
ated with virus production in three separate experiments,
whereas NF-kB(II) restored replication competence in only
one of two independent experiments. In view of the very
long time (61 days) before progeny virions were detected in
this latter experiment, the replication of NF-«B(II) most
likely reflects a reversion event similar to that observed in
the LTR sequences of other late-arising HIV variants (see
next section). It is our current belief that NF-«B(II) by itself
cannot restore replicative capacity to the pNL-ZERO LTR.

Second-site reversions which appear in reconstructed LTRs
following virus infection of human PBLs or T-cell lines. We
previously reported that second-site revertants of replica-
tion-defective HIV mutants may emerge during long-term
tissue culture infections (46). Consequently, the appearance
of progeny virions at very late times following HIV infection
in this study raised the possibility that a compensatory LTR
alteration was responsible for the infectivity observed. We
therefore focused attention on the group of proviruses con-
taining only NF-kB elements in their reconstructed LTRs
since they exhibited a spectrum of replicative capacities
related to the cell type infected. As indicated in Fig. 2, a
hierarchy of cellular permissiveness was observed when
HIV harboring only one or two NF-kB elements was exam-
ined. PBLs and MT4 cells were the most permissive, allow-
ing HIV containing only a single NF-«xB motif to replicate,
whereas constructs containing one or two NF-kB elements
completely failed to replicate in Jurkat cells. H9 and CEM
cells exhibited an intermediate phenotype: replication of
virus with a single NF-kB sequence was restricted in these
cells, but HIV containing both NF-kB elements was infec-
tious in two of two experiments in H9 cells and one (shown
in Fig. 2C) of three experiments in CEM cells.
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FIG. 6. Replication of HIV-1 proviruses with reconstructed LTRs containing single NF-kB or Sp1 binding motifs following transfection-
cocultivation. The structure of the HIV-1 LTR is shown diagrammatically at the top. In the reconstructed LTRs, a filled square or circle
indicates the presence of an individual Spl or NF-kB motif, respectively. NRE denotes the negative regulatory element. The frequency of
virus production (number of RT-positive transfections-cocultivations per number of independent experiments) and the day of virus harvest

are indicated in the columns on the right.

To assess whether the LTRs might have undergone alter-
ation during these virus infections, we performed ‘“‘RNA
PCR’”’ on the genomic RNAs isolated from particular sam-
ples of progeny virions. These samples included (i) H9 cells
infected with HIVy .5 (two NF-kB and no Spl elements),
(ii) CEM cells infected with HIV, .5 (two NF-kB and no
Spl elements), and (iii) PBLs infected with HIVy, .5 (one
NF-«B and no Spl elements). The resultant amplified cDNA

NF-xB(ll)  NF-xB(l)

sp1(i)

was cloned, and the 5’ 445 bp of the U3 portion of the LTR
were sequenced. In all cases, the original deletions gener-
ated in vitro remained intact. Furthermore, as shown in Fig.
7, none of the eight cDNA clones derived from H9 cells
infected with pNL-2«B contained additional changes in a
region of the LTR extending from the NF-«kB elements to the
TATAA site. In contrast, 8 of 10 PCR clones of virus
recovered from CEM cells infected with HIVy; ,.p con-

TATAA

Spi()  Spi()

pNL4-3

ACAAGGGACT TTCCGCTGGG GACTTTCCAG GGAGGCGTGG CCTGGGCGGG ACTGGGGAGT GGCGAGCCCT CAGATGCTGC ATATAAG

..............................

PBL 1NFkB

virus emerging from H9 or CEM cells infected with HIVy, . (Fig. 1) or PBLs infected with HIV, . (Fig. 1) was reverse transcribed and
amplified by PCR as described in Materials and Methods. The nucleotide sequences of individual clones were determined and compared ‘wnh
that of the parental wild-type HIV, , ; shown at the top. Identical nucleotides are indicated by the dots; dashes denote deleted nucleotides.

Nucleotide substitutions are indicated.
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tained a C-to-T change at nucleotide —30 (27), 2 bp upstream
from the TATAA site. In addition, this same substitution
was observed in all 10 clones arising from the PBL infection
with HIVy, ;. virus and was accompanied by a second
change (T to A) at nucleotide —32 in 8 of these 10 clones.
Some of the amplified LTR clones had no alterations in other
regions of the LTR; in the others examined, a maximum of
two additional changes per LTR were noted, none of which
were clustered in a specific region.

DISCUSSION

In our previous studies, a series of deletion and point
mutations were introduced into the HIV LTR to study the
roles of the NF-kB and Spl binding sites and the TAR region
in virus production (23). Deletion of the two NF-«B sites did
not render the resulting proviral DNA replication incompe-
tent. The removal of the three Spl binding sites with
preservation of the NF-kB binding sites resulted in a virus
capable of replicating in human PBLs but not in cells lacking
NF-«B binding activity (30). Furthermore, the simultaneous
excision of both NF-kB and all three Spl binding sites
eliminated the capacity of HIV to replicate in human T cells.
These observations suggested that discrete binding sites in
the LTR function as modular units, called enhansons (10, 29,
43), which can functionally substitute for one another and
whose importance to viral replication varies in different cell
types depending on the nature of cellular transcriptional
factors present in those cells. In the present studies, we
attempted to define minimal sequences required to support
viral replication in a variety of human T lymphocytes and
further characterized the nature of the enhansons present in
the HIV promoter-enhancer sequences.

Our efforts to determine minimal promoter-enhancer se-
quences required for viral replication were undertaken using
areconstructive approach. The insertion of the single NF-xB
element NF-kB(I) into pNL-ZERO was sufficient to restore
HIV replication in CEM-MT4 cocultures; in contrast, NF-
kB(II) did not restore replication competence. In analogous
LTR reconstruction experiments involving individual Spl
motifs, a continuum of replicative capacities was observed:
Sp1(III) > Sp1(II) > Spld). This latter result is consistent
with reports showing that the Spl(I) element has lower
affinity for Spl protein (20) and for factors present in crude
nuclear extracts of human lymphocytes (35) than does either
element II or III. The ability of HIV preparations containing
only Spl(IIl) to infect human T cells is currently under
evaluation.

As neither the NF-«B nor Spl binding sites are absolutely
required for virus replication in PBLs (as long as the other is
present in the LTR), the marked conservation of the pres-
ence and arrangement of these two types of cis-acting
sequences in all known HIV-1 isolates is puzzling. The
experiments shown in Fig. 4 and 5 suggest that the arrange-
ment and spacing of adjacent NF-xB and Sp1 binding sites in
the native configuration of the HIV-1 LTR contribute more
significantly to virus replication than duplications or tripli-
cations of either element. In this regard, we previously
reported that point mutations affecting the adjacent NF-kB
and Spl elements resulted in a significant reduction of virus
replicative capacity (23). Thus, two independent studies
suggest the existence of a functional interaction(s) between
these two different cis-acting elements and the proteins
whose functions they mediate. Notably, NF-«kB binding sites
are frequently situated adjacent to binding sites for consti-
tutive cellular transcriptional factors. One striking example
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is in the promoter of the cytomegalovirus immediate-early
gene, in which a series of NF-kB binding sites are inter-
spersed with the binding sites for NF-1 (12, 16). When these
elements were placed adjacent to each other, 5' to the whey
acidic protein promoter, a synergistic enhancement of pro-
moter activity was observed, suggesting that in this context,
NF-kB was able to interact with factors binding to the NF-1
site to augment transcription (17). Likewise, similar studies
have been performed to study the interactions between
adjacent binding sites for Spl and OTF-1. An Spl element in
combination with a high-affinity OTF-1 site augmented tran-
scription 2-fold; however, when placed next to a low-affinity
OTF site, the Spl site increased transcription 20-fold (19).
Thus, as both NF-«kB and Spl can each interact with other
transcription factors to augment transcription, it is not
surprising that they may interact with each other in the HIV
LTR to promote viral replication.

An interesting aspect of this analysis is the apparent
hierarchy of cellular permissiveness for HIV infection seen
best with proviruses containing only one or two NF-«B
elements. The order observed (PBLs = MT4 > H9 > CEM
> Jurkat cells) is consistent with our previous findings
(PBLs = MT4 > CEM) with an HIV LTR mutant containing
a wild-type arrangement of NF-kB motifs but lacking all
three Spl sites and presumably reflects various levels of
cellular factors capable of binding to NF-«B (30). As shown
in Fig. 2 of this study, virus containing a single NF-«xB
element was capable of infecting PBLs and MT4 cells (data
not shown) exclusively. At the other extreme, HIV with two
NF-«B elements failed to replicate in Jurkat cells. This
continuum of cellular susceptibility was also reflected in the
number and types of second-site revertants which appeared
during infection. H9 cells consistently supported replication
of HIV with two NF-kB elements; progeny virions from
such an infection contained an unaltered LTR (Fig. 7). This
same virus inoculum produced progeny virions in only one
of three independent infections of CEM (A3.01) cells. PCR
analysis revealed a consistent second-site mutation in 8 of 10
cDNA clones arising from this single positive experiment
that was localized to the TATA region of the LTR. Finally,
the HIV construction with a single NF-kB binding site
(NL-1kB) replicated slowly in PBLs but, in the process,
acquired two changes also situated immediately upstream of
the TATA box. Thus, a selection for virions containing a
similar TATA mutation is operative in both CEM cells and
PBLs, possibly reflecting the 40-bp deletion encompassing
the three Spl sites which effectively places the NF-kB(I)
motif 13 bp upstream of the TATA box. This TATA altera-
tion is consistent with reports describing the restricted
interaction between a cell-specific enhancer and discrete

UVIRUS TATA BOX

WILD TYPE

TGCTGCATATAR
chncs

FIG. 8. TATA box revertants which appear following infection
of CEM and activated PBL cells with HIV containing only an
NF-kB motif(s) in the NF-kB/Spl domain.

CEN REVERTANT

PBL REVERTANT
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TATA sequences (39, 42, 44). Perhaps the alteration of the
wild-type HIV TATAA box to TATATAA is necessary for
functional interaction with the dislocated NF-kB element(s).

It is worth noting that the base change common to both

second-site revertant viruses extended the TATA box two
nucleotides in the 5’ direction relative to that of the parental
virus pNL4-3 (Fig. 8). Since the TATA element positions
where RNA polymerase II initiates RNA synthesis, this
change could shift the transcriptional start site from its
normal location at the U3/R border. Experiments to ascer-
tain whether the transcriptional start site has been altered in
the LTR revertant viruses and to assess the effects of such
TATA changes on HIV replication are presently in progress.
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