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The effects of deletions within three functional regions of the long terminal repeat of human immunodefi-
ciency virus type 1 upon the ability of the long terminal repeat to direct production of the chloramphenicol
acetyltransferase gene product and upon the ability of viruses that carry the mutations to replicate in human
cell lines was investigated. The results show that the enhancer and TATAA sequences were required for
efficient virus replication. Deletion of the negative regulatory element (NRE) yielded a virus that replicated
more rapidly than did an otherwise isogeneic NRE-positive virus. The suppressive effect of the NRE did not
depend upon the negative regulatory gene (nej), as both NRE-positive and NRE-negative viruses were defective
for nef. We conclude that factors specified by the cell interact with the NRE sequences to retard human
immunodeficiency virus type 1 replication.

The replication rate of human immunodeficiency virus
type 1 (HIV-1) is governed by proteins specified by the virus
itself as well as by factors present in uninfected cells. Viral
proteins that affect the replication rate include the product of
the trans-activator gene (tat) (5, 7), the product of the
regulator of expression of virion proteins (rev) (6, 26), and
the product of the negative regulatory factor gene (nieJ) (13,
28). The role of the cellular proteins in control of virus
replication is inferred from the effects of disruption of
sequences in the long terminal repeat (LTR) that flank the
proviral DNA. Disruption of such sequences affects the rate
of transcription initiation directed by the LTR in uninfected
cells. The effects of changes in the LTR on transcription
activity have generally been investigated by using the viral
LTR to direct the synthesis of heterologous gene products.
Such studies have defined an enhancer sequence that stim-
ulates the rate of RNA initiation (16, 17, 22, 25, 29) as well as

a silencer sequence, called a negative regulatory element
(NRE), that decreases the rate of HIV LTR-directed gene
expression (22, 25). To date, the effects of changes in these
sequences on the replication of the virus itself have not been
investigated. To determine whether mutations in the LTR
that remove the enhancer, the silencer, or the promotor
sequences affect the replication, a set of HIV-1 strains that
are isogeneic except for sequences within the LTR were

constructed.
The locations of four defined functional regions of the

HIV-1 viral LTR are pictured in Fig. IA. The site of the
initiation of viral RNA synthesis is depicted at nucleotide
number +1 (15, 17, 20). The sequence TATAA, a conserved
eucaryotic promoter element, is located between nucleotides
-27 and -23 (4). The enhancer sequence is located between
nucleotides -109 and -79. The enhancer contains an imper-
fect tandem repeat sequence. The HIV-1 enhancer shows
sequence similarities with other transcription enhancers,
including the early region enhancer of simian virus 40 (30),
the immediate-early gene enhancer of the human cytomega-
lovirus (2), the human immunoglobulin kappa gene enhancer
(23), and a sequence in the regulatory region of the interferon
response gene, the human gene 6-16 (19). The HIV-1 en-
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hancer also contains a consensus recognition sequence for
the DNA-binding proteins NF-KB (16) and H2TF1 (1). The
sequences located between -420 and -156 contain the
NRE. The sequence required for the response to the tat
product is located between nucleotides +14 and +44 and is
designated TAR (11, 14, 18, 21, 22). Additionally, binding
sites for several other eucaryotic transcription factors have
been defined, including those for SP-1 (9, 10), AP-1 (8),
NFAT-1 (24), USF (3, 9), NF-1, and LBP (11) (Fig. IA).
The effects of three deletions within the 5' region of the

HIV LTR on the replication of properties of the virus were

investigated. One deletion removed the entire TATAA se-

quence. This deletion was made by oligonucleotide-directed
mutagenesis and was designated DTATAA. An LTR devoid
of the entire enhancer, deleted from nucleotides -109 to
-79, was also made, as was an LTR devoid of the NRE,
encompassing nucleotides -419 to -157. These mutations
were designated DENH and DNRE, respectively.
The effect of these deletions on the function of the viral

LTR was measured by placement of wild-type and mutant
LTRs 5' to the bacterial chloramphenicol acetyltransferase
(CAT) gene. The ability of the plasmids to direct the synthe-
sis of the CAT enzyme was determined by transfection of
cells with these plasmids. The human T-cell line Jurkat was

used as the recipient. Jurkat cells express the CD4 protein
that serves as a receptor for HIV-1. Jurkat cells have been
previously demonstrated to support viral replication upon
transfection with an HIV-1 infectious provirus (5). The
ability of the altered sequence to respond to the tat product
was determined by transfection of a Jurkat cell line that
expresses constitutively the tat protein (Jurkat-tat). Treat-
ment of Jurkat-tat cells with phytohemagglutinin (PHA;
Sigma Chemical Co.) and the phorbol ester (PMA; Sigma
Chemical Co.) activates the expression of a set of genes that
are similar to those activated upon mitogen activation of
fresh human T cells (16, 25, 29). The effect of mitogen
activation on the activities of the wild-type and mutant LTRs
was also determined.
The LTR mutations were also introduced into an infec-

tious provirus HXBc2-C21 (5, 20). During transcription, the
U3 region of the viral RNA is derived from the 3' LTR of the
provirus. This U3 region is then duplicated upon formation
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TABLE 1. Transient expression assays for the LTR
promoter function

Promoter activity' with virus:
Treatment"

Wild type DNRE DENH DTATAA

Jurkat 1.00 1.15 0.13 0.04
Jurkat-tat 108 615 35 2
Jurkat-tat + PMA + PHA 292 1599 74 2.8

" A 10-,ug sample of the plasmid pTZIIICAT or the mutant DNA was
transfected into 3 x 106 Jurkat or Jurkat-tat cells. At 48 h after transfection,
the cell extract was collected and assayed for CAT activity by using the
methods previously described (22). In the cases of activation, the mitogens
(PMA, 50 ng/ml; PHA, 1 ,ug/ml) were added to the cultures 16 h before
harvesting the cells.

6 The promoter activities were relative to the wild-type LTR promoter
activity in the same set of transfections.

I
s well as the 3' LTR. The wild-type proviral DNA (HXBc2-
bal C21X) is a derivative of HXBc-C21 in which the 3' U3-R-U5

HXBC2-21 xhol (LTR) sequences are replaced by U3-R sequences. The
al

U351R5 vral DNA U3 R us precise strategy used for these constructions is shown in Fig.
I 5 LTR 3LTR 1, and details are provided in the figure legend.

N5 X M TXbal To obtain stocks of infectious viruses and to obtain an
U3 JRP5T proviral DNA [uSJR I initial measurement of the ability of mutant viruses to
5 LTR IArnswn mutatedU3 replicate, Jurkat cells were transfected with the wild-type

l and mutant proviruses. When possible, virus particles were
R U5 viral RNA U3 R M$AS also harvested from the supernatant of the transfected cul-

mutatedUS ture. The supernatant served as a source of the virus that
wimclon

was used to initiate infection. The ability of the virus to

__________provira_DNA__________ infect myeloid cell line U937 was also investigated.
Activities of the mutant LTRs. As anticipated, the level of

mutated U3 HXBc2-C21X mutated U3andatBdU3deXvatives dU3CAT activity directed by the HIV-1 LTR was 100 times
?nition sequences for proteins that bind to the greater in Jurkat-tat cells than in Jurkat cells (Table 1). The
n above the LTR diagram. The NRE, enhancer amount of activity detected in Jurkat-tat cells was increased
ATAA sequences are shown. The position +I further by treatment of the cells with PHA and PMA.
nitiation of mRNA synthesis. The locations of Deletion of the TATAA sequence dramatically reduced
I DTATAA are depicted. The light shading the activity of the viral LTR. The level of the CAT activity
otides -27 to -23, the intermediate shading detected upon transfection of Jurkat cells was reduced to the
cotides -419 to -157, and the dark shading background activity for the CAT assay. However, a small
tides -109 to -79. (B) Construction of HIV-1 but detectable level of CAT enzyme activity was directed by
mutant containing HIV-1 proviral DNA. The

)lasmid pTZIIICAT was made from the inser- the DTATAA LTR mutant in the Jurkat-tat cells. The
iHI fragment containing HIV-1 LTR and CAT amount of CAT activity directed in the Jurkat-tat cells was
[id pU3RIII (27) into the Sall-BamlHI sites of increased substantially by treatment with PHA and PMA
Les Biochemical Corp.). The constructed pTZ1- (Table 1). Deletion of the enhancer, nucleotides -109 to
h pBR322 double-stranded plasmid DNA and -79, reduced the LTR-directed CAT activity in Jurkat cells
ingle-stranded DNA replication origins, so that almost 10-fold. This low level of CAT activity was dramat-
plasmid DNA and single-stranded mutagenesis ically increased in Jurkat-tat cells. The level of CAT enzyme
Iboth be made from the same vector. pTZIII- activity in Jurkat-tat cells was one-third that of the wild-type
Lsequences from XhoI (position 8897) to Hin- LTR. The level of activity of the DENH mutant in Jurkat-tat
Jsing oligonucleotide-directed site-specific mu- cells was also increased about twofold by mitogen activa-
lII-XhoI fusion site was restored to a XhoI site tiwto
nce was extended to position 9634 in order to tion.
egion of the LTR, the complete poly(A) signal. Deletion of the NRE region slightly increased the level of
15). An additional Xbal site was also created at CAT enzyme activity detected upon transfection of Jurkat
'(A) site in the LTR. The vector was then used cells. However, the level of CAT enzyme activity directed
mutants in the desired regions by oligonucle- by the NRE mutant in Jurkat-tat cells was more than five
enesis. The NRE deletion was made by remov- times greater than that observed for the wild-type LTR. This
i) to Avsal (-157) fragments from pTZIIICAT. high level of activity was increased still further upon mitogen
nent containing either the wild-type LTR (U3- stimulation of the Jurkat-tat cells (Table 1).
rRs was then used to replace the XloI-XhbaI stim ationofothe eJurkat-iaes(tabl 1).
:2-C21, which includes the 3' U3-R-U5 as well Replication properties of the virus mutant in the LTR. To
ular sequences. The shading represents the obtain viral stocks for further analysis, Jurkat cells were
f the LTR. transfected with either HXBc2-C21X proviral DNA or DNA

from proviruses that contain mutant 3' LTRs. Initiation of
RNA synthesis from the transfected provirus is anticipated

s. For this reason, we replaced the 3' LTR to occur correctly within the intact 5' LTR and to produce
th the altered U3-R sequences (Fig. 1B). virus particles that carry the mutant U3 region. The Jurkat
provirus produced after one round of cells have been previously demonstrated to support replica-

a provirus contains the mutant in the 5' as tion of HIV-1 posttransfection (5).
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To determine whether viruses could be made from the
altered proviruses, the amount of cell-free reverse tran-
scriptase released from cell supernatant viruses was mea-
sured 9 days posttransfection. Plasmid DNA (10 p.g) con-
taining the proviral genome was used to transfect 3 x 106
Jurkat cells by the DEAE-dextran method as previously
described (5). The culture medium (RPMI supplemented
with 10% fetal calf serum) was changed every 3 days, and the
culture supernatant was harvested and filtered through a
0.22-,um-pore-size filter 9 days after the transfection. The
filtered supernatant was then added to an equal volume of
fetal calf serum. Approximately 1 ml of the mixture was then
tested for reverse transcriptase activity, and the remainder
was frozen at -70°C. Mock-infected cells (control) yielded
600 cpm of reverse transcriptase activity per ml. No reverse
transcriptase activity was detected in cells that had been
transfected with the provirus deleted for the TATAA se-
quence (600 cpm/ml). The enhancer-deleted virus yielded
only one-fifth the amount of reverse transcriptase activity
(51,500 cpm/ml) as did the HXBc2-C21X virus (242,500
cpm/ml). About five times more reverse transcriptase activ-
ity was recovered from Jurkat cells that had been transfected
with the provirus deleted for the NRE sequence (1,372,900
cpm/ml).

Aliquots of the viral supernatant for the initial experiments
were used for infection of fresh Jurkat cell cultures and for
infection of U937 cells. The supernatant containing HXBc2-
C21X, DENH, and DNRE viruses was diluted so that all
three virus stocks contained an equivalent amount of reverse
transcriptase activity. The amount of virus produced by each
infected culture was determined by measurement of the
concentration of extracellular p24 capsid antigen. Under
these conditions, the cell-free virus produced by HXBc2-
C21X and DNRE viruses reproducibly yielded productive
viral infections. Virus infection was not initiated in several
attempts using the DENH virus stock.
A comparison of the yield of the virus particles from the

cultures of Jurkat cells infected with HXBc2-C21X and
DNRE viruses is shown in Fig. 2A. The kinetics of infection
of the two viruses was roughly similar, with virus concen-
tration reaching a peak in both cultures on days 9 to 10
following infection and dropping rapidly thereafter. The
amount of virus released from cultures infected with the
DNRE virus was consistently found to be about three to five
times greater than the amount released from cultures in-
fected with the wild-type HXBc2-C21X virus, an effect
observed in three independent experiments. The drop in
virus production that occurred in both cultures reflects
dramatic reduction in cell numbers late in infection, a
consequence of the cytopathic effects of replication of both
viruses. HXBc2-C21X and DNRE viruses both established
productive infections in U937 cells. However, the marked
cytopathic effects that were evident upon infection of the
Jurkat cell culture were not evident upon viral infection of
these cells. Consequently, virus production was measured
later, 14 days postinfection. The amount of virus produced
from the U937 cultures continually treated with PHA and
PMA or with alpha interferon (Sigma) as well as the amount
produced from untreated U937 was measured.
The level of HXBc2-C21X virus produced by the U937

cells was about 1/10 the amount released from Jurkat cells at
the peak of virus production. However, at least 10 times
more virus was released from U937 cells infected with the
DNRE mutant than from cells infected with HXBc2-C21X.
The amount of virus produced by the DNRE mutant in U937
cells was greater than the amount produced by HXBc2-
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FIG. 2. (A) Comparison of the growth rates of the NRE deletion
virus and the wild-type virus in infected Jurkat cells as judged by the
amount of p24 protein released into the culture supernatant using the
p24 radioimmunoassay (Dupont, NEN Research Products) kit.
Jurkat cells (2 x 106) were infected by the filtered material contain-
ing 0.5 x 106 cpm of reverse transcriptase activity as detected by the
method previously described (5). The culture medium was changed
daily after the infection, and the presence of the viral p24 antigen in
the supernatant was tested. (B) Detection of the p24 antigen in
supernatants of U937 cells infected by the HXBc2-C21X, DNRE,
and DENH viruses. U937 cells (3 x 106) were infected by the filtered
material containing 1 x 105 cpm of reverse transcriptase equivalents
of virus. The culture medium was changed twice a week. The viral
p24 antigen in the medium was detected 14 days after infection. In
the cases of activation, 50 ng of PMA per ml, 1 ,ug of PHA per ml,
or 300 IU of alpha interferon per ml was added 1 day before the
antigen detection.

C21X infection of Jurkat cells at the peak of infection. The
amount of DNRE virus produced in U937 cells 14 days
postinfection was similar to the amount produced at peak
infection by the DNRE-deleted virus in Jurkat cells. Treat-
ment of U937 with a combination of PHA and PMA or with
alpha interferon, inducers of U937 differentiation, had no

demonstrable effect on virus production.
These experiments demonstrate that sequences which

affect the level of activity of the HIV-1 LTR as defined by
using the viral promoter to direct heterologous gene expres-
sion also affect replication rates of the virus itself. The most
striking observation reported here is that deletion of the
NRE resulted in a substantial overproduction of virus parti-
cles in a lymphoid and a myeloid cell line. We conclude that
the NRE of the HIV-1 LTR plays an important role in
limiting the rate of virus replication in these two cell types.
The suppressive effect of the NRE on virus replication

observed in these experiments was independent of the
negative regulatory factor encoded by the viral nefgene. The

VOL. 63, 1989



4118 NOTES

HXBc2-C21X provirus used here as the wild-type control is
defective in nef, a consequence of a premature termination
codon that prevents expression of a functional nef product
(13, 28). The 5- to 10-fold increase in replication of NRE-
deleted virus cannot be attributed to interactions with the nef
product. Evidently, both cis and trans regulatory elements
specified by the HIV-1 genome contribute to slowed repli-
cation of the intact virus.
The NRE contains a number of sequences that are similar

to those which bind well-characterized transcription factors
(Fig. 1A). These sequences include the consensus binding
sites for some cellular proteins that have been shown to
increase transcription initiation rates for certain cellular and
viral promoters. Specifically, sequences expected to bind to
the transcription factors AP-1, NFAT-1, and USF are lo-
cated between nucleotides -346 and -317, -254 and -216,
and -173 and -159, respectively. Our preliminary experi-
ments demonstrate that the sequences between nucleotides
-338 and -156 bind the purified cellular protein NF-1 (R.
Rupp, A. E. Sippel, Y. Lu, and W. A. Haseltine, unpub-
lished observations). The sequences between nucleotides
-338 and -156 have also been shown to bind USF (M.
Sawadogo, R. G. Roeder, C. A. Rosen, Y. Lu, and W. A.
Haseltine, unpublished observations). It is possible that
binding of these proteins far upstream of the site of RNA
initiation decreases rather than increases the rate of RNA
initiation, perhaps by forming a nearby and competing
false-initiation complex. The potential role of each of the
transcription factor-binding sequences in negative regulation
of HIV-1 replication is currently under investigation.
The TATAA sequences appear to be required for virus

replication. It is likely that the transcription directed by
TATAA-deficient provirus is simply too low to permit syn-
thesis of substantial amounts of the virus regulatory proteins
that are needed to initiate productive HIV-1 infection.
The failure to observe infection initiated by the enhancer-

defective virus deserves comment. Direct transfection of
Jurkat cells by the DENH virus did yield a low but detect-
able level of virus. Detection of virus in this assay almost
certainly depends upon spread of the virus in this culture,
because a virus incapable of spread, such as a TATAA-
defective virus, was not detected in this experiment even
though all of the original proviruses contain an intact 5'
LTR. Spread of the infection in the Jurkat CD4+ cell culture
occurred both by cell-to-cell transmission as well as by de
novo infection by cell-free virus. Evidently, de novo infec-
tion by the DENH virus is inefficient and cannot be detected
under the experimental conditions used here.
Two sequences that respond to T-cell activation have been

identified in the HIV-1 LTR, the NF-KB recognition se-
quence found in the viral enhancer and the NFAT-1 se-
quence that is present in the NRE. The observation that the
LTR deleted for either one of these sequences still responds
to PHA and PMA treatment in Jurkat-tat cells indicates that
both of the activation sequences contribute to stimulation of
viral RNA synthesis by these mitogens. Note also that none
of the changes in the U3 region eliminated the response of
the LTR to the viral tat transactivator protein, consistent
with previous observations that sequences 3' to the site of
RNA initiation determine the response to tat. Continued
study of the role of cellular transcription factors in the
regulation of replication of HIV-1 should clarify our under-
standing of the controlled nature of naturally occurring viral
infections.
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