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Previous studies designed to map the transcriptional regulatory sequences of the hum an im m u
nodeficiency virus (HIV) long term inal repeat (LTR) have shown disparate results depending on 
the m ethod of analysis. Experim ents have shown that deletions 5' to -1 0 4  (relative to the tran 
scription start site, +1) are not requ ired  for transcrip tion in  vitro, while o ther experim ents have 
shown that various m utations in this 5' region of the HIV-1 LTR affect both reporter gene activity 
in transient expression systems and viral growth. To correlate in vitro and in vivo findings, we 
perform ed in vitro transcription com petition studies to define m inim al sequences necessary for 
competitive factor binding or competitive transcrip tion complex form ation. Using norm al HeLa 
cell nuclear extracts, we found that transcrip tion of a reporter gene ru n  by the U3-R region was 
efficiently com peted only by intact LTR DNA fragm ents representing  virtually the entire U3-R 
region (-4 5 3  to +80). Smaller subfragments of the LTR were less effective competitors; these 
included fragm ents from  -4 5 3  to -159, which had a m odest competitive ability at h igher com
petitor concentrations, -159  to +80, and -4 0 2  to -3 4 , which were both relatively poor com pet
itors. These findings indicate that although the U3-R region truncated to -1 0 4  is able to prom ote 
in vitro transcription, a more stable transcrip tion complex appears to form  on the entire U3-R 
region. Hence sequences between -4 5 3  and -1 0 4  appear to be significant in transcrip tion com
plex formation. In vivo transfection competition studies confirmed these findings. Specific sequences 
between -4 5 3  and -1 0 4  which may affect expression or transcrip tion complex form ation were 
m apped using a set of linker-scanning m utants spanning the LTR. Transient transfection analysis 
of the transcriptional activity of the m utants not only confirm ed the location of the well known 
prom oter elem ents in the 3' end of the LTR, but also identified three broad regions in the 5' end 
( -4 5 3  to -328, -273  to -220, and -1 8 0  to -130) that reduced LTR-driven expression 20 to 50% 
when m utated. Thus m ultiple elem ents in the 5 'end of the LTR appear to cooperate with elem ents 
in the 3' half to m ediate the form ation of the wild-type transcrip tion complex.

T he mechanisms used by HIV to regulate 
transcription from its long term inal repeat 

(LTR) govern the progress of the productive in

fection and appear to control the establishment 
and duration of the latent state (for review see 
Varmus, 1988; Jones, 1989; Pavlakis and Felber,
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1990). Using a variety of experim ental ap
proaches, a num ber of groups have defined im
portan t cis-acting regulatory elements. These 
include the TAR region, the TATA box, the Spl 
b inding sequences, the NF-kappa direct repeat 
sequences, a negative regulatory elem ent (NRE), 
an AP-1 binding consensus sequence and se
quences hom ologous to elem ents found in the 
prom oters of the IL-2 and IL-2 receptor genes 
(Arya et al., 1985; Jakobovits et al., 1988; Jones 
et al., 1988; Muessing et al., 1987; Okam oto and 
Wong-Staal, 1986; Patarca et al., 1987; Peterlin 
et al., 1986; Rice and Matthews, 1988; Rosen et 
al., 1985; Sodroski et al., 1985a; Sodroski et al., 
1985b; Jakobovits et al., 1988; Rosen et al., 1985; 
Jones et al., 1986; Bohnlein et al., 1988; Franza 
et al., 1987; Kaufman et al., 1987; Nabel and Bal
timore, 1987; Tong-Starksen et al., 1987; Garcia 
et al., 1987; Rosen et al., 1985; Siekevitz et al., 
1987; Franza et al., 1988). Such a variety of ele
ments, which respond to both viral and cellu
lar factors, suggest a complex pattern  of tran
scriptional control at several discernible levels. 
Some of the elements are needed for basal tran
scription, while others are believed to be in 
volved in the regulation of latency or in high 
level expression during productive infection 
(Dinter et al., 1987; Rosen et al., 1985; Siekevitz 
et al., 1987; Kaufman et al., 1987; Nabel and Bal
timore, 1987; Nabel et al., 1988; Tong-Starksen 
et al., 1987; Arya et al., 1985; Dayton et al., 1986; 
Jakobovits et al., 1988; Muessing et al., 1987; 
Okam oto and Wong-Staal, 1986; Peterlin et al., 
1986; Rice and Matthews, 1988; Siekevitz et al., 
1987; Sodroski et al., 1985a; Sodroski et al., 
1985b; O rchard et al., 1990; Franza et al., 1988; 
Smith and Greene, 1989; Lu et al., 1989, 1990). 
The num ber of possible interactions between 
factors, and between factors and DNA, provide 
potential for the form ation of a variety of differ
ent transcriptional complexes on the LTR. For
mation and alteration of specific complexes may 
mediate the various phases of the viral infection.

Despite the many potential regulatory ele
ments and binding sites identified in the 5' half 
of the LTR several studies have indicated that 
sequences upstream  of -1 0 4  in the HIV-LTR 
(see Fig. 1; the transcriptional start site is +1) 
are not necessary for transcription in vitro 
(Dinter et al., 1987; Patarca et al., 1987; our u n 
published observations). However, in vivo trans
fection analysis of similar m utants has, in some 
cases, indicated that transcriptional functions

may be m ediated by these upstream  sequences; 
for example, a three- to four-fold increase in 
transcriptional activity was noted when these 
sequences were deleted (Rosen et al., 1985). This 
disparity suggests that effects of sequences u p 
stream of -1 0 4  may not be detected by stan
dard  in vitro transcription analyses. Thus, the 
complexity of the LTR may be greater than that 
defined by the in vitro transcription activity of 
deletion mutants.

To examine this possibility we used in vitro 
transcription com petition analyses instead of 
deletion analysis to define the regions of the 
LTR necessary for basal transcriptional activity 
or basal transcription complex form ation. Pre
vious studies have shown the in vitro transcrip
tion com petition analyses can furnish insight 
into prom oter structure and transcription com
plex form ation which may not be detected by 
deletion analysis (McStay and Reeder, 1986). In 
addition, com petition analysis has dem on
strated the existence of cis-acting elements in 
promoters from viruses such as cytomegalovirus, 
SV40, and pseudorabies virus (Ghazal et al., 1988; 
Ghazal et al., 1987; Sassone-Corsi et al., 1985).

The in vitro and in vivo transcription com
petition results presented below suggest that 
stable transcription complex form ation on the 
known prom oter elements of the 3' half of U3- 
R (-1 5 8  to +80) is significantly aided by the 
sequences of the 5' half of the LTR (-4 5 3  to 
-159). This indication of significance of the 
5' half of U3-R in transcription activity was 
confirmed by determ ining the effect on expres
sion of a set of linker scanning m utants which 
extend across the U3-R region. Between -4 5 3  
and -130, three regions were found in which 
m utations significantly lowered transcriptional 
activity of the LTR in HeLa cells.

Materials and methods 

Plasmid construction

The 5371 base pair plasmid, p5'LTR-CAT, was 
the gift of L. Bachelor, E.I. DuPont de Nemours 
& Co. It was constructed by inserting the H pa 
II-Hind III fragm ent of the HIV infectious pro- 
viral clone pHXB2-gpt (Ratner et al., 1987; 
Shaw et al., 1984) into pSVO-CAT (Gorman et 
al., 1982) which had been cleaved with Pvu II 
and H ind III. The chloramphenicol acetyl trans
ferase (CAT) gene coding sequences are immedi-
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Figure 1. Map of the HIV LTR region o f p5' LTR-CAT and location o f the fragments used for competitors o f in 
vitro transcription. The diagram shows the U3 and R regions with the adjacent bacterial chloramphenicol acetyl 
transferase gene and immediate flanking sequences on the 5' side. The Acc I and Hind III sites, used for the excision 
of the major competitor fragment, are indicated. In addition, other important restriction sites are shown by letters: 
A, Ava I; B, BstN I; H, Hae III; I, H inf I; P, Pvu II; S, Sau3A I. The location of many of the identified cis-acting reg
ulatory sequences are shown below the LTR diagram. The exact nucleotide positions of the restriction sites and 
the cis-acting elements can be found in Materials and Methods. The bottom part o f the figure shows the location 
of the various competitor fragments used in the experiments; all o f these fragments were derived from the Acc 
I-Hind III fragment (see Materials and Methods).

ately downstream from the R region of the 5' 
HIV LTR (plus adjacent flanking sequences u p 
stream of the LTR; see Figure 1). In transfected 
lymphocytic cells CAT gene expression from 
this plasm id is significantly increased in the 
presence of the tat protein and in response to

phorbol ester and lectin stim ulation (data not 
shown). The restriction sites used in our exper
iments were num bered relative to the transcrip
tion start site (+1): Acc I -796, Ava I -158, 
Hae III -352 , -276, -159, -6 8 ; H ind III +80, 
Nco I +633, Sau3A I -402 , -3 4 .
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Similar plasm id constructions were used for 
the transfection com petition studies. The re
porter plasmid for the transfection experiments, 
pXLTR-CAT, was derived from p5'LTR-CAT. In 
it the sequences flanking the LTR on the 5' side, 
between Acc I and H in f I (see Figure 1), are re
placed by an Xba I linker. The Xba I to H ind 
III fragm ent of pXLTR-CAT, representing the 
intact LTR, was cloned into pGEM3Zf+, p ro 
viding the intact LTR com petitor plasmid, 
pGXHLTR. The 5' half com petitor plasmid, 
p5XX8, was made from a derivative of p5'LTR- 
CAT which had the H in f I site replaced with 
an Xba I linker and the Ava I site replaced with 
an Xho I linker. Hence the 5' half of the LTR 
could be removed as an Xba I to Xho I frag
m ent (equivalent to the H in f I to Ava I frag
m ent of a WT LTR, Figure 1); this was cloned 
into pGEM7Zf_. The 3' half com petitor plas
mid, p3X8H, was similarly constructed: the Xho 
I to H ind III fragm ent (equivalent to the Ava 
I to H ind III fragm ent of the WT LTR, Figure
1) was cloned into pGEM7Zf~.

The location of the described cis-acting reg
ulatory sequences were: “Site A”: -3 7 9  to -367, 
“Site B”: -3 5 0  to -327, AP-l-like: -3 3 5  to -330, 
-341 to -348 ; NRE: -3 4 2  to -187; IL2 and 
IL2 receptor prom oter homologies: -2 7 4  to 
-256 , -2 5 3  to -213, -170  to -160, -221  to 
-203 ; “Negative Regulatory Factor”: -173  to 
-159, NF-kappa B: -1 0 5  to -93 , -91  to -81; 
Spl: -7 8  to -69 , -6 7  to -58 , -  56 to -47; TATA: 
-2 7  to -2 3 ; In itiator - 6  to +5, LBP -1 : -1 7  to 
+ 27, UBP-1: -1 8  to +23; TAR: +19 to +42 (Arya 
et al., 1985; Bohnlein et al., 1988; Franza et al., 
1987, 1988; Garcia et al., 1987; Jakobovits et al., 
1988; Jones et al., 1986,1988; Harrich et al., 1989; 
Kaufman et al., 1987; Lu et al., 1990; Muessing 
et al., 1987; Nabel and Baltimore, 1987; Oka- 
moto and Wong-Staal, 1986; Okamoto, et al., 
1986; O rchard et al., 1990; Peterlin et al., 1986; 
Rosen et al., 1985; Shaw et al., 1988; Siekevitz 
et al., 1987; Sodroski et al., 1985a; Smith and 
Green, 1989; Sodroski et al., 1985b; Tong-Stark- 
sen et al., 1987; Wu et al., 1988a, 1988b).

Linker scanning mutants

The linker scanning m utants, which consecu
tively replaced 18 bp of wild type sequence with 
an Nde I-Xho I-Sal I polylinker CATATGCTC- 
GAGGTCGAC across the U3 and R regions, were 
based on pXLTR-CAT using a PCR-directed tech
nique (Zaret et al., 1990). Briefly, two external

prim ers, comm on to all mutants, were synthe
sized; one was com plem entary to sequences 5' 
of the Xba I site of pXLTR-CAT (in plasm id se
quences) and the o ther com plem entary to se
quences on the opposite strand located 3' of 
the H ind III site (in the CAT coding sequence). 
For each m utant, a specific set of internal p rim 
ers were synthesized. The prim er for the 5' half 
product included CGC, 12 bases making up Nde 
I and Xho I sites and 17 bases of wild type cod
ing sequence. The prim er for the 3' half p rod 
uct included CGC, 12 bases making up an Xho 
I site and a Sal I site and 17 bases com plem en
tary to wild type sequence. Using the m atched 
external and internal prim ers, the two half
products were synthesized via the PCR reaction. 
The 5' half product was cleaved with Xba I and 
Xho I; the 3' half product was cleaved with Xho 
I and H ind III. Each was gel purified. The two 
fragments were ligated, cut with Xba I and H ind 
III, and the products were separated on poly
acrylamide gels. The appropriate  dim er con
taining both 5' and 3' halves was gel isolated 
and ligated into pXLTR-CAT in place of the 
wild type LTR sequences between the H ind III 
and Xba I sites. The m utations were verified 
by sequencing.

In vitro transcription and competition
Three liters of spinner-adapted HeLa cells were 
grown to log phase (106 cells/ml) in Joklik’s 
m edium  supplem ented with 10% horse serum 
(Gibco), pen-strep and 10 mM Hepes pH 7.4. 
The cells were extracted using the procedure 
of Shapiro et al. (1988). After extraction the final 
protein concentrations were 12-22  gg/gl in n u 
clear dialysis buffer (Shapiro et al., 1988).

In vitro transcription reaction volumes were 
20 gl containing approxim ately 50 gg of p ro 
tein and 400 ng of tem plate DNA (Nco I lin 
earized p5'LTR-CAT). The in vitro system was 
optim ized for extract and tem plate concentra
tions (not shown). For competition experiments, 
the com petitor fragm ent was ethanol precipi
tated, dissolved in TE (10 mM Tris-HCl, pH 7.5, 
1 mM EDTA), and added to the reaction mix 
along with the tem plate fragm ent and p rio r to 
the addition of the extract. Each reaction also 
contained 1% polyvinyl alcohol, 30 mM KC1, 
3.8 mM MgCl2, 80 gM ATP, 80 gM CTP, 80 gM 
GTP, 5 gM UTP, 4 mM creatine phosphate, 2 
gCi 32P-UTP (Amersham, specific activity 3000 
Ci/mmol). Reactions were incubated for 40 min.
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at 30°C. At the end of the incubation 20 |d stop 
buffer (Shapiro et al., 1988) was added, and the 
reaction mixes were extracted once with phenol/ 
chloroform/isoamyl alcohol (50:49:1) and e th 
anol precipitated. Precipitates were dissolved 
in form am ide and analyzed by electrophoresis 
on 4% polyacrylamide gels containing 8M Urea 
and 0.5 X TBE (45 mM Tris-borate, 45 mM boric 
acid, 1 mM EDTA, pH 8.5). Gels were run at 
26 V/cm for 3 h; under these conditions RNA 
or markers less than 370 nucleotides ran off the 
gel. Gels were dried and autoradiographed. 
Molecular weight markers were end-labeled 123 
base pair DNA ladders (BRL).

Preparation of competitor fragments
The Acc I to Hind III fragment was cleaved from 
p5'LTR-CAT and purified on a 1.5% prepara
tive agarose gel. The fragm ent was eluted using 
the DEAE-nitrocellulose procedure (Schleicher 
and Schuell). The Acc I to H ind III fragm ent 
was prepared in large amounts, since it served 
as the starting m aterial for the preparation of 
all o ther com petitor fragments. To make sub
fragments, purified Acc I-Hind III fragment was 
cleaved with a specific enzyme, and smaller frag
ments were isolated on polyacrylamide gels. The 
fragments were electroeluted, purified, and 
stored in TE. The nonspecific com petitor frag
m ent was the 553 base pair H ind III to Nco I 
fragm ent from the CAT gene coding region of 
p5'LTR-CAT with H ind III and Nco I. Com peti
tor fragments were quantitated spectrophoto- 
metrically.

Transfection competition experiments
The established hum an T cell line, Jurkat, was 
used for transfection experiments. Cells were 
transfected by the DEAE-dextran procedure. 
Briefly, cells were grown in suspension culture 
in RPM I1640 medium supplem ented with 10% 
FCS at 37°C in 5% CO 2. Cells in log phase (ap
proximately 106 cells/ml) were removed from 
culture and washed with tris-buffered saline 
(TBS; 25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 
5 mM KC1, 1 mM CaCl2, 1 mM MgCl2, 0.7 mM 
Na2HPC>4). Aliquots of 107 cells were incubated 
at room  tem perature for 30 min in 600 p,L of 
transfection mixture: TBS containing 500 jig/ml 
DEAE-dextran, 0.5 jug pXLTR-CAT and varied 
amounts of com petitor plasmid ranging from 
2 to 16 jag (corresponding to m olar excesses be
tween 5- to 40-fold). Cells were subsequently

washed with TBS, diluted in fresh medium, and 
grown as described above. In some experiments 
Jurkat cells were stimulated 24 hours after trans
fection by the addition of phytohaemaggluti- 
nin (PHA) and phorbol 12-myristate acetate 
(PMA) at concentrations of 2 |4,g/ml and 10 
gg/ml, respectively. All cells were harvested 48 
hrs after transfection, washed with TBS, resus
pended in 100 gl 250 mM Tris-HCl, pH 7.5 and 
prepared for CAT assay (Gorman et al., 1982). 
CAT assay results were quantitated by scanning 
TLC plates using a Molecular Dynamics Phos- 
phoimager. Experim ents were repeated at least 
six times to verify the consistency of the results. 
Transfection efficiency variations were deter
m ined by quantitating the am ount of reporter 
plasmid, pXLTR-CAT, in the transfected cells 
at the time of harvest, as previously described 
(Alwine, 1985).

Transfection analysis of linker scanning mutants
Triplicate one |ng quantities of the wild type 
plasmid and one gg of each linker-scanning m u
tant were transfected into 60 mm dishes of HeLa 
cells with DOTMA, as described (Feigner et al.,
1987). The results presented represent 3 to 6 
separate experiments. CAT activity was assayed 
48 h after transfection by the TLC m ethod (Gor
man et al., 1982). Unacetylated and acetylated 
chloramphenicol was quantitated using a Molec
ular Dynamics Phosphoimager. Results are ex
pressed as CAT activity of each m utant plas
mid divided by wild type CAT activity.

Results

Experimental system and design for 
the in vitro studies
The in vitro transcription system used was nor
mal HeLa cell nuclear extracts. The transcrip
tion template contained the U3 and R regions of 
the LTR (Fig. 1; see also Materials and Methods), 
producing a 633 nucleotide run-off transcript 
when cut at the Ncol site in CAT. Transcriptional 
activity from this tem plate was com peted using 
a variety of LTR com petitor fragments (Fig. 1). 
At relatively low m olar ratios of com petitor to 
template, an efficient com petitor interacts with 
transcription factors, preventing them  from 
form ing active transcription complexes on the 
template. Thus efficient com petition by specific 
LTR fragments indicates minimal amounts of
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Figure 2. In vitro transcription competition. Various molar ratios (competitor to transcription template) o f the 
indicated LTR or nonspecific fragments were used to compete for transcription from a constant amount of the 
LTR transcription template (Nco I linearized p5'LTR-CAT). The transcription template produces the 633 nucleotide 
run-off transcript indicated. A. Competitors used (see also Figure 1): the intact LTR competitor, Acc I to Hind 
III; the fragments 1 through 5 formed by cleavage of the Acc I to Hind III fragment with Hae III; the nonspecific 
competitor made up of 593 bp o f CAT gene sequences. The lane marked ALL shows the competition produced 
by the indicated molar excesses o f all of the Hae III fragments mixed together in the reaction. B. Competitors 
which overlapped the Hae III sites; the Acc I to Ava I fragment which approximately represents the sequences of 
the 5' half o f the LTR; the Ava I to Hind III fragment which approximately represents the sequences of the 3' half 
of the LTR; and the Sau3A I to Sau3A I fragment (all shown in Figure 1).
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Figure 3. Summary of competition data. The bar graphs indicate the amount o f specific 633 run-off transcript 
produced in the presence of the competitor indicated. All percentages are determined relative to the amount of 
transcript produced in the absence of competitor (No Comp.). As explained in the text, some fragments acted as 
nonspecific carrier DNA, causing increased synthesis o f the 633 nuc. transcript. This is not represented in the bar 
graphs; values above 100% are presented as 100%. The numbers at the tops of the bars are the molar ratios (com
petitor to transcription template) at which the measurement was made. Results were very reproducible and rep
resent the average data (±10%) from two to three experiments using different extract and competitor preparations. 
The ALL lane indicates the competition when all the Hae III fragments were mixed for competition (see text). 
The nonspecific competitor is described in the text and the legend to Figure 2.

the LTR necessary (1) to define interactions by 
factors present in lim iting amounts or (2) to 
define the smallest region necessary for the for
m ation of a transcription complex capable of 
com peting with the tem plate LTR.

Competition by an intact LTR

The 875 nucleotide Acc I to H ind III fragm ent 
(-7 9 6  to +80, relative to the transcription start 
site +1; Fig. 1) was used as an LTR self
competitor, since it represents the entire LTR 
plus some 5'flanking sequences. As shown in 
Figure 2A, the Acc I to H ind III fragm ent was 
a highly efficient competitor. Production of the 
633 nucleotide run-off transcript from the tran
scription tem plate was completely inhibited at 
less than a 7.5-fold m olar excess of com petitor 
to tem plate (99% com petition at 7.5 fold m olar

excess as m easured by laser densitometry). The 
Acc I to H ind III com petitor fragm ent is itself 
capable of producing an 80 nucleotide run-off 
transcript; however, under the electrophoretic 
conditions used, transcripts in this size range 
ran off the gels. A similar LTR competitor, the 
593 base pair H inf I to H ind III fragm ent ( -  514 
to +80; Fig. 1), com peted as well as the Acc I 
to H ind III fragm ent (Fig. 3). This fragm ent re
moves the majority of the sequences flanking 
the LTR on the 5' side. A nonspecific com pet
itor (553 base pairs of CAT gene coding se
quence, Fig. 1) had no effect on specific tran 
scription at 7.5-fold m olar excess (Fig. 2A), or 
at much higher m olar excesses (e.g., 30-fold ex
cess, Fig. 3). Similar results were obtained using 
several different extract and com petitor DNA 
fragm ent preparations.
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Competition by Hae III fragments of the LTR

The Acc I-H in d  III fragm ent was cleaved with 
Hae III, generating the five Hae III fragments 
indicated in Figure 1 (specific restriction sites 
are given in M aterials and Methods). As shown 
in Figure 1, these fragments isolate several of 
the identified cis-acting sequences within spe
cific fragments. None of the individual Hae III 
fragments showed significant com petition at 
7.5-fold m olar excess (Fig. 2A), nor at m olar ex
cesses as high as 30-fold (not shown). W hen the 
five Hae III fragments were added together to 
the reaction mix (“AH” lanes, Fig. 2A), nominal 
com petition (approximately 30%, see also Fig. 
3) occurred at 7.5-fold m olar excess of com pet
itor to template. The individual Hae III frag
ments, as well as the non-specific competitor, 
actually caused a slight increase in the level of 
specific transcription when added to the reac
tions (Fig. 2A). This effect has been observed 
by others (Ghazal et al., 1988; W ildeman et al.,
1984) and appears to be indicative of fragments 
which either have dim inished or no com peti
tive ability. Such fragments act similarly to car
rier DNA, which is often added to in vitro tran
scription reactions to increase activity.

The results indicate that none of the indi
vidual Hae III fragments contain enough se
quence to prevent transcription complex for
m ation on the intact LTR of the transcription 
template. The finding that the combined frag
ments com peted only nominally suggests that 
cis-acting sequences within two or more Hae 
III fragments must lie together on an intact piece 
of DNA in order to allow efficient factor bind
ing capable of producing a competitive com
plex. Additionally, the inefficient com petition 
o f the combined fragments argues that the effi
cient com petition of the intact Acc I to H ind 
III com petitor is not due to simple mass effects 
(i.e., a 7.5-fold m olar excess of Acc I to H ind 
III fragm ent cleaved with Hae III is a much less 
efficient com petitor than a 7.5-fold m olar ex
cess of intact Acc I to H ind III fragment, Figure 
2A and 3).

Competition with LTR fragments overlapping 
Hae III sites
In order to define the m inim um  sequences re
quired for effective com petition, and to rule 
out the possibility that Hae III cleavage dis
rupted  im portant sites in the LTR, we prepared

larger competitor fragments which spanned Hae 
III cleavage sites (Fig. 1). Cleaving the Acc I-H ind  
III fragm ent with Ava I separates the 3' half of 
the LTR (-158  to +80), containing all the well 
defined cis-acting elements, from the 5' half, con
taining the negative regulatory elem ent (NRE) 
the binding sites for AP-1, “Site A” and “Site B” 
the NFAT-1 binding site, and sequences hom ol
ogous to those observed in the IL2 and IL2 re
ceptor promoter. Both subfragments (Acc I to 
Ava I and Ava I to H ind III) had some com pet
itive ability at a 15-fold m olar excess of com
petitor (Figs. 2B and 3); however, neither inh ib
ited transcription as well as the intact LTR 
com petitor (Acc I to H ind III). Each Ava I sub
fragment com petitor actually caused increased 
specific transcription at low m olar ratios of 
com petitor/tem plate (2.5 to 5.0). This effect is 
seen with nonspecific or carrier DNA, as dis
cussed above. However, at higher m olar ratios 
the level of specific transcription decreases. Such 
decreases are not seen with the true nonspecific 
com petitor (Figs. 2A and 3). These data indi
cate that specific com petition prevails at higher 
concentrations of the Ava I subfragm ent com
petitors. This effect is clearly seen at a m olar 
ratio of 15 for the Acc I to Ava I fragm ent which 
reproducably caused a 60% to 70% drop in 
specific transcription com pared to the control 
with no com petitor (i.e., 30% of the 633 nucleo
tide transcript remains, Figs. 2B and 3). The Ava 
I to H ind III com petitor was less effective. We 
estimate from the results of several experiments 
that it causes no more than a 30% decrease in 
specific transcription at a 15-fold m olar excess 
(i.e., 70% of the 633 nucleotide transcript re
mained, Fig. 3). The sim ultaneous presence of 
both  Ava I subfragments in the reaction mix 
did not significantly increase the level of com
petition over that of the Acc I to Ava I fragm ent 
alone (not shown).

The Sau3A I to Sau3A I fragm ent of the LTR 
(Fig. 1) was also used as a competitor, because 
it spans the Ava I site and a Hae III site which 
was not spanned by the Ava I subfragments. This 
fragm ent also showed much less competitive 
efficiency com pared with the intact LTR com
petitor (the Acc I to H ind III fragment). In re
peated experiments only a 20% to 30% decrease 
in specific transcription could be detected at 
a 15-fold excess of com petitor to tem plate (Figs. 
2B and 3). These data support the argum ent 
that the lack of com petition by the Hae III frag
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ments was not due to cleavage at sites essential 
for factor-DNA interactions.

Although the 3' end LTR sequences, from Ava 
I to H ind III, are sufficient for transcription in 
vitro (Dinter et al., 1987; Patarca et al., 1987; 
our unpublished observations), our in vitro tran
scription com petition data suggest that tran
scription complex formation on these sequences 
cannot compete successfully with transcription 
complex form ation on an intact LTR. This ob
servation combined with the moderate competi- 
ive ability of Acc I-Ava I fragm ent strongly sug
gests that sequences within the 5' half of the 
LTR (from the Ava I site to the 5' end of the 
LTR), contribute to the form ation of transcrip
tion complexes for in vitro transcription in nor
mal HeLa cell extracts. It could be argued that 
the 3' end LTR fragm ent (Ava I to H ind III) may 
not be a good com petitor due to end effects, 
i.e., DNA of any kind may be required on its 
5' side to form a stable complex. We have added 
up to 700 base pairs of nonspecific sequences 
to the 5' side of the Ava I to H ind III com petitor 
and detected only a marginal increase in com 
petitive ability (not shown).

In vivo competition experiments
In order to validate that the in vitro transcrip
tion com petition results were not an in vitro 
artifact, we duplicated selected experim ents us
ing transfection com petition experiments. The 
reporter plasmid pXLTR-CAT, containing the 
intact LTR running the CAT gene (see M ateri
als and Methods), was transfected into Jurkat 
cells. The activity of the LTR was m easured by 
chloram phenicol acetyltransferase (CAT) activ
ity. As competitors, the intact LTR fragm ent 
(H inf I to H ind III) was cloned into pGEM3Zf+, 
and the 5' half fragm ent (H inf I to Ava I) and 
the 3' half fragm ent (Ava I to H ind III) were 
cloned into pGEM7Zf~. Five to 40 fold m olar 
excesses of com petitor plasmids or pGEM3Zf+ 
alone were cotransfected with a constant amount 
(0.5 jug) of pXLTR-CAT. Forty-eight hours after 
transfection the cells were harvested and CAT 
activity was quantitated. Figure 4 shows the re
sults of the experim ent using stim ulated Jurkat 
cells; similar relative results were obtained with 
unstim ulated cells. The data are presented as 
the ratio of the CAT activities m easured in the 
presence of the specific com petitor over the 
CAT activity in the presence of the equiva
lent am ount of nonspecific com petitor (the

0 1 0 20 30 40 50
Molar Excess 

Competitor/Reporter

Figure 4. Transfection analysis o f the competitive abil
ity of the intact LTR in comparison to the 3' and 5' halves 
of the LTR. The pXLTR-CAT plasmid was transfected 
into activated Jurkat cells along with increasing amounts 
of competitor plasmids representing the intact LTR 
(Hinf I to Hind III), the 5' half (Hinf I to Ava I), the 
3' half (Ava I to Hind III) or a nonspecific competitor. 
The data are presented as the ratio of reporter gene 
(CAT) activity measured in the presence of the specific 
competitor over the reporter gene activity in the 
presence of the equivalent molar ratio of nonspecific 
competitor (the pGEM3Zf+ vector) plotted against the 
molar ratio of competitor to reporter. Similar results 
were obtained using unactivated Jurkat cells.

pGEM3Zf+ vector) plotted against the m olar 
ratio of com petitor to reporter. In repeated ex
perim ents (at least 6 times), the data supported 
the in vitro results; neither the 3' half nor 5' 
half of the LTR can com pete better than the 
nonspecific competitor, whereas the intact LTR 
does compete. In both the in vivo and in vitro 
experiments, m oderate amounts of the 5' half 
com petitor produced increases in expression 
over that observed in the absence of com peti
tion, while very high concentrations of com pet
itor caused a decrease in expression only in the 
in vitro systems. The reason for this difference 
is not known, but we suspect that the necessary 
relative concentration of intranuclear com pet
itor needed to cause inhibition cannot be at
tained by transfection.
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Figure 5. Map of the U3 and R regions of the HIV-1 LTR as they appear in pXLTR-CAT. Nucleotide numbers are 
relative to the transcription start site, +1. Significant known and potential transcriptional control regions are in
dicated. The Xba I and Hind III sites were used in the construction of the linker scanning mutants. The consecutive 
positions o f the NXS linker scanning mutations are diagrammed under their respective positions in the LTR.

Linker scanning analysis of transcriptional 
activity of the LTR
The in vitro transcription competition data sug
gest that besides the well characterized p ro 
m oter elements within the 3' half of the LTR, 
between -1 5 8  and +80 (Ava I to H ind III; Fig. 
1), significant elements must also reside in the 
5' half between -1 5 9  and the 5' end of the LTR, 
-  453. To locate these putative elements we p re
pared and tested the in vivo transcriptional ac
tivity of linker scanning mutants across the LTR. 
The wild type test plasmid, pXLTR-CAT (Fig.
5), contains the U3 and R region of the LTR 
from HIV strain HXB2 placed upstream  of the 
CAT gene. An Xba I site has been placed 61 bp 
upstream  of the 5' end of the LTR. This site and 
the H ind III site, jo in ing the LTR to the CAT 
gene, were used in the PCR directed construc
tion of the linker scanning m utants (see Mate
rials and Methods, Zeichner et al., submitted). 
As shown in Figure 5, the set of linker scanning 
mutants consecutively replace 18 bp of wild type 
sequence with an 18 bp Nde I-Xho I-Sal I (NXS) 
polylinker throughout the entire LTR. The m u
tants begin at the 5' end of the LTR (nucleotide 
-453) and continue to nucleotide +15. The m u
tants are named num erically (Fig. 5), indicating 
the first and last LTR nucleotide replaced by 
the linker in the 5' to 3' direction. For example, 
m utant -4 5 3 /-4 3 6  NXS has LTR nucleotide 
-4 5 3  replaced with the first base of the NXS 
polylinker and LTR nucleotide -4 3 6  replaced

with the eighteenth, and last, nucleotide of the 
NXS polylinker. Figure 5 indicates the positions 
of various m utations with respect to known or 
putative regulatory regions.

The transcriptional activities of wild type and 
m utant LTRs were determ ined by CAT transi
ent expression analysis. In these experiments 
one |ng of wild type or m utant LTR plasmids 
were transfected in parallel using Lipofectin 
into HeLa cells. The cells were harvested after 
48 hours and CAT activity determined. The CAT 
activities of m utant LTRs were calculated rel
ative to the activity of the wild type LTR (wild 
type activity is designated 1.00). Figure 6 shows 
the graphic representation of the relative ac
tivities of the linker-scanning mutants; the data 
are the results of at least three separate trans
fection experiments. M utations in the region 
between -  111 and +15 had dram atic effects on 
the transcriptional activity. This was predict
able, since this region contains the well char
acterized elements of the HIV prom oter (Fig. 
5). For example, -3 9 /-2 2  NXS, which m utates 
the TATA sequences, decreases expression to 
about 18% of wild type in HeLa cells; -  76/- 58 
NXS m utates the two 5'-m ostSpl sites, decreas
ing expression to 20% of wild type. Mutants 
- 1 1 1 /-94 NXS and -9 3 /-7 6  NXS each alter 
an NF-kB site and decrease expression to 12% 
and 5% of wild type, respectively. There were 
also some m utants that produced m odest in 
creases in expression, notably -129 /-112  NXS.
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Figure 6. Results o f transient transfection analysis of 
the transcriptional activity of the linker-scanning mu
tants. The CAT activity of each NXS mutant LTR is ex
pressed relative to the activity of the wild type LTR (wild 
type activity = LOO). The results shown are the average 
of 3 separate experiments. For each experiment trip
licate transfections were done using the wild type plas
mid to assure accuracy of this measurement.

Further, the data indicated three previously u n 
described regions which m ediate positive reg
ulatory activities. These lie between -4 5 3  and 
-  328, -  273 and -  220, -183  and -130. It should 
be pointed out that these alterations in activity 
were seen in HeLa cells, the effects of some of 
the m utations are different in o ther cell types 
(Zeichner et al., submitted).

Discussion

The results of our studies suggest that the 5' 
half of the U3-R ( -  453 to -1 5 8  (the Ava I site) 
contains significant transcriptional control ele
ments which appear to function to improve tran
scription complex form ation as well as m od
ulate transcriptional activity in HeLa cells. These 
conclusions are based on several observations:
1) the finding that effective com petition of in 
vitro transcription from the U3-R reporter re 
quires a com petitor which consists of an intact 
DNA representing virtually the entire U3-R;
2) the finding that the 5' half (-4 5 3  to -159), 
bu t not the 3' half (-1 5 8  to +80), of U3-R was 
a modestly effective competitor; 3) the finding 
that neither the 5' nor the 3' half alone com
petes well during in vivo transfection compe-

Table 1. Means and standard deviations of CAT activity 
generated by the NXS LTR mutants.
Results of transient transfection analysis of the transcriptional 
activity of the linker-scanning mutants. The results presented 
in Figure 6 are tabulated. The table lists the NXS mutants 
together with the CAT activity relative to the CAT activity of 
the wild type plasmid.

CAT activity
Mutant mutant/wild type +SD

-453/-436 NXS 0.50 0.11
-435/-418 NXS 0.66 0.27
-417/-400 NXS 0.50 0.18
-399/-382 NXS 0.61 0.11
-381/-364 NXS 0.73 0.06
-363/-346 NXS 0.71 0.23
-345/-328 NXS 0.78 0.07
-327/-310 NXS 0.87 0.27
-309/-292 NXS 1.39 0.53
-291/-274 NXS 1.05 0.12
-2711-256 NXS 0.70 0.16
-255/-238 NXS 0.72 0.16
-237/-220 NXS 0.78 0.15
-219/-202 NXS 0.87 0.29
-201 /-184 NXS 1.25 0.28
—183/—166 NXS 0.70 0.33
—165/—148 NXS 0.66 0.23
—147/—130 NXS 0.62 0.05
—129/—112 NXS 1.54 0.22
-111/-94 NXS 0.12 0.06

-931-76 NXS 0.05 0.03
-75/-5S NXS 0.26 0.05
-57/-40 NXS 0.53 0.17
-391-22 NXS 0.18 0.03
-21/-4 NXS 0.35 0.14

-3/+15 NXS 0.34 0.09

tition experiments, but the whole LTR does com
pete well during the in vivo com petition 
experiments; 4) the location, by transfection 
analysis of linker scanning m utations of the LTR, 
of three regions within the 5' half of the LTR 
(between -453  and -328, -273  and -220, -183  
and -130) which significantly lower LTR activ
ity when m utated. The linker scanning data 
showed that some of the sequences in the LTR 
m ediated questionably significant levels of neg
ative regulatory effects.

In the in vitro transcription com petition ex
perim ents, the extent of the LTR necessary for 
efficient com petition was larger than expected. 
Transcription tem plates containing only the 3' 
half of the LTR (e.g., from the Ava I to the H ind 
III site) function in in vitro transcription assays 
as efficiently as tem plates containing the entire 
LTR (Dinter et al., 1987; Patarca et al., 1987; our 
unpublished observations). This may be in ter
preted  as indicating that sequences within the 
region between -4 5 3  and -1 5 8  have no effect 
on in vitro transcription. However, our data
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clearly indicate that sequences involved in m e
diating transcription complex formation in vitro 
do exist in this region. Supporting our conclu
sion, Garcia et al. (1987) have shown that the 
DNase I protection pattern  over the region of 
the 3' LTR changes when the 5' LTR sequences 
are present on the probe. The basis for the in
ability to detect effects of deletions involving 
the 5' half of the LTR by in vitro transcription 
analysis of LTR deletion m utants is not under
stood. Although in vitro transcription extracts 
appear to be able to form complexes on the in 
tact LTR involving some factors bound to the 
5' end, they may lack specific factors needed 
to facilitate the function of these factors. By 
this m echanism the transcription from an in 
tact LTR and from an LTR deleted of its 5' half 
would appear to be equal. Hence deletion of 
the 5' half sequences would show no apparent 
effect by direct in vitro transcription analysis. 
The need for both the 5' and 3' halves in tran 
scription complex form ation would only be de
tected by com petition analyses.

The requirem ent for a very large region of 
the HIV LTR for competitive complex form a
tion contrasts with in vitro transcription com
petition analyses of some other promoters. For 
example, using the cytomegalovirus (CMV) en
hancer, Ghazal et al. (1988, 1987) found that 
small oligonucleotide com petitors containing 
known factor binding sites inhibited in vitro 
transcription from a CMV promoter-CAT gene 
transcription template. O ur com petition data 
using the Hae III fragments (each including one 
or another factor b inding site (e.g., API, NF-kB, 
SP1; see Fig. 1), show that com petition for spe
cific factors causes no significant inhibition of 
LTR-mediated transcription. Hence the HIV 
LTR may utilize a different transcriptional strat
egy. The prom oter may be responsive to a vari
ety of different transcription complexes formed 
on the LTR; some of these factor-DNA interac
tions appear to involve sequences in the 5' po r
tion of the LTR. The many characterized factor 
binding sites, as well as the num ber of possible 
interactions which could occur between factors, 
provide potential for the form ation of alter
native transcription complexes on the LTR. For
m ation and alteration of complexes may m edi
ate the various phases of the viral infection. 
In support of this variable factor transcription 
complex model, Leonard et al. (1989) have 
shown that HIV with the NF-kB sites deleted,

or with m utations in one or two of the Spl sites 
(see Fig. 1), replicate efficiently in hum an T lym
phocytes. These data suggest that the transcrip
tion complex form ed on the LTR may have the 
ability to compensate for some deletions and 
m utations, as our model predicts.
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