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Tat-dependent occlusion of the HIV poly(A) site
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Retroviruses must ensure that poly(A) signals in the 3'
LTR are highly active, while identical signals in the 5'
LTR are inactive (occluded). In the case of HIV-1, both
promoter proximity in the 5' LTR and U3 sequences in
the 3' LTR may contribute to this regulation. We have
discovered a novel regulatory mechanism for poly(A) site
occlusion in IHV-1. When transcription initiation from
the HIV promoter is activated by Tat, the HIV poly(A)
site is specifically occluded, while other poly(A) sites are
unaffected by Tat. Nucleotide signals associated with this
Tat effect are immediately adjacent to the AAUAAA
sequence of the HIV-1 poly(A) signal. These data suggest
that elongating RNA polymerase I, activated by Tat
specifically occludes the IRV poly(A) site.
Key words: HIV-1/poly(A) site occlusion/RNA polymerase
II/Tat

Introduction
The polyadenylation of transcripts synthesized by RNA
polymerase II (Pol II) is a key step in the maturation of
translation competent mRNA (Proudfoot and Whitelaw,
1989; Jackson and Standart, 1990). In chromosomal genes
this 3' end processing mechanism occurs at varying distances
beyond the translation stop codon and defines the 3' end of
the last exon. The signals that specify this polyadenylation
process in mammals are relatively simple comprising an
AAUAAA sequence 20-30 nucleotides upstream of the
cleavage and polyadenylation site, which is immediately
followed by a GU- or U-rich sequence that effectively
determines their efficiency (Proudfoot, 1991). These
polyadenylation signals have a second function in that
termination of Pol II transcription in the 3' flanking region
of the gene is linked to 3' end processing (Logan et al., 1987;
Proudfoot and Whitelaw, 1988; Connelly and Manley, 1988;
Enriquez-Harris et al., 1991).

In general these polyadenylation and termination
mechanisms do not appear to be regulated events in
chromosomal genes. In retroviruses, however, the situation
is very different. The long terminal repeat (LTR) sequences
at either end of the proviral genome are exactly duplicated
and contain all of the promoter and poly(A) signals of the
virus, necessitating the tight regulation of poly(A) site usage.
As shown in Figure 1 the poly(A) signals in the 5' LTR are
inactive (or occluded), while identical signals in the 3' LTR
are fully active. In some retroviruses this differential usage
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of poly(A) sites is achieved by placing the AAUAAA of the
poly(A) signal before the start site of viral transcription (in
the U3 sequence), but the cleavage site with adjacent GU-
rich sequence after the start site. Thus the only complete
poly(A) signals in the transcript will be in the 3' LTR
transcript (Ahmed et al., 1991; for a review see Proudfoot,
1991). However, a number of retroviruses, including the
human immunodeficiency virus HIV-1 possess complete
poly(A) signals downstream of the transcriptional start site,
so that other mechanisms must exist to restrict usage of the
poly(A) site to the 3' LTR region of the viral transcript
(Weichs an der Glon et al., 1991). Two mechanisms have
been suggested to contribute to this regulatory process. First,
both the HIV and spleen necrosis virus (SNV) poly(A) sites
appear to be sensitive to inhibition from closely positioned
promoters (as found in the 5' LTR). When the poly(A)
signals are moved away from their respective promoters (or
heterologous promoters) to a distance of - 500 nucleotides
or more, they become activated (Iwasaki and Temin, 1990,
1992; Weichs an der Glon et al., 1991). However, in
addition to this promoter proximity effect, several studies
have demonstrated that U3 sequences also significantly
activate the HIV poly(A) site. In some studies this U3 effect
appears to be the major factor in activating the HIV poly(A)
site (Brown et al., 1991; DeZazzo et al., 1991; Valsamakis
et al., 1991), while in a recent study comparing U3 and
promoter proximity effects, promoter proximity appeared
to be predominant (Cherrington and Ganem, 1992).
An additional feature of the HIV LTR sequence between

the cap and poly(A) sites of the viral transcript (R, see
Figure 1) is the TAR (trans-activating response element)
RNA stem-loop sequence to which the transactivator Tat
binds (Berkhout et al., 1989; Dingwall et al., 1989). The
close proximity of TAR to the immediately adjacent poly(A)
signal may reflect interactions between these two processes.
The Tat-TAR interaction has been shown to activate
transcription at the HIV promoter [see Sharp and Marciniak
(1989) and Cullen (1990) for reviews]. In the absence of
Tat the HIV promoter initiates transcripts that fail to elongate
efficiently. Tat binds to these attenuated transcripts and
activates HIV transcription (Kao et al., 1987; Laspia et al.,
1989, 1990). While some experiments argue that this
stimulation ofHIV transcription occurs at initiation (Hauber
et al., 1987; Southgate and Green, 1991), other results point
to a direct effect on transcriptional elongation (Laspia et al.,
1990; Feinberg et al., 1991; Marciniak and Sharp, 1991;
for a review see Frankel, 1992; Kato et al., 1992).
The results presented in this paper describe further analysis

of the mechanism of poly(A) site regulation in HIV-1. In
our previous studies (Weichs an der Glon et al., 1991) the
occlusion of the HIV poly(A) site when in its in vivo position
80 nucleotides downstream of the transcription start site was
investigated. We found that the HIV poly(A) site, in contrast
to either the human a globin or a synthetic poly(A) site
(SPA), was efficiently read through resulting in full levels
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Fig. 1. Diagram showing the structure of the LTR sequences of retroviruses, such as HIV-1. The positions of the U3, R and U5 sequences are

indicated and the activity or inactivity of the duplicated promoters and poly(A) signals are indicated by + and -.

of transcripts that utilized a second poly(A) site further
downstream in the gene construct. Since we were unable
to directly measure utilization of the HIV, a or SPA poly(A)
sites close to the HIV promoter (presumably because such
truncated mRNAs are unstable), we relied on the level of
read-through RNA as indirect measure of poly(A) site usage
upstream. Here we present complementary studies showing
the direct analysis of the HIV poly(A) site positioned some
450 nucleotides downstream of the HIV promoter. At this
position the HIV poly(A) site is partly occluded, while other
non-viral poly(A) sites are fully active. More significantly
we show that when the HIV promoter is transactivated by
Tat, near complete occlusion of the HIV poly(A) site occurs
while other poly(A) sites are unaffected. This Tat effect
requires the TAR sequence adjacent to the HIV promoter
and is associated with sequences immediately adjacent to the
AAUAAA sequence. We further show that U3 sequences
fully activate the HIV poly(A) site when it is otherwise close
enough to the promoter to be affected by promoter proximity
and that this U3 effect completely blocks the Tat occlusion
effect. These results demonstrate that the HIV poly(A) site
can be occluded both by promoter proximity and Tat effects
and that these mechanisms are antagonized by U3 sequences.
We suggest that all three of these mechanisms may operate
in the intact HIV-l provirus to specify the usage of the viral
poly(A) site to the 3' but not the 5' LTR sequence.

Results
Tat activation of the HIV promoter causes specific
read-through of the HIV poly(A) site
Our previous studies on the HIV poly(A) site involved the
analysis of gene constructs (transiently transfected into HeLa
cells) in which transcription was initiated on the HIV
promoter and then read through the closely spaced HIV
poly(A) site into a downstream reporter a globin gene,
producing mRNA that utilized the a globin poly(A) site. We
concluded that the HIV poly(A) site was inactive when
adjacent to the HIV promoter (in its natural 5'LTR context)
due to promoter proximity effects, but very active when
moved > 500 bp away from an active promoter (Weichs an

der Glon et al., 1991). In these experiments the HIV
promoter was activated by DNA replication, since we have
shown that significant levels of HIV transcription can be
induced under these conditions in the absence of Tat
transactivation (Proudfoot et al., 1992). We have further

investigated the occlusion effect of the HIV poly(A) site in
two ways. First, we have moved the HIV poly(A) site 450
bp downstream of the HIV promoter in the HIV--a gene
construct (see Figure 2A). This allows us to directly probe
for HIV poly(A) site use, since mRNA of this size can be
readily detected. Secondly, we have co-transfected the HIV
gene constructs with a plasmid that expresses Tat (Adams
et al., 1988) to determine whether Tat transactivation
influences HIV poly(A) site usage.

Figure 2A shows a diagram of the HIVo-a globin gene
construct used in these experiments. The full HIV promoter
sequence (from - 135 to +125 bp) including the NFxB
enhancer region, the three SPI sites and the TATA box are

present, but not the more distant negative elements (for
review of the HIV promoter see Jones, 1989). Downstream
of the transcription start site the TAR sequence is present
(except in AT, see below), but the poly(A) signals have been
deleted to generate AA (see Materials and methods). All of
the HIV-a gene clones used in these studies have this AA
deletion except for the ATTH construct. This HIV LTR
sequence is then fused to the human a2 globin gene in place
of its promoter. The HIV-a globin fusion occurs in the
middle of intron 1 in the a globin gene. The HIV-a globin
gene is present in the transient expression vector pSVod,
which contains the SV40 origin of replication sequence
(Mellon et al., 1981). On transfection into HeLa cells,
together with a control plasmid, Rj3SVpBR328, which
expresses both T antigen to allow DNA replication ofpSVod
plasmids, as well as rabbit globin mRNA, which provides
a transfection efficiency control (Grosveld et al., 1982), we
obtain high levels of HIV -a globin transcripts as the HIV
promoter is activated by DNA replication (Proudfoot et al.,
1992). Also shown in Figure 2A is the site of insertion of
various poly(A) signals (including HIV) into the exon 2
Tthl 11I site (T). Using an end-labelled probe from the BstXI
site 50 bp upstream (X), it was possible to distinguish mRNA
poly(A) site usage at the Tthl 111 site as opposed to read-
through transcripts that utilize the a poly(A) site (detected
by the 5' splice site of intron 2, where the RNA will diverge
in sequence from the genomic DNA probe).

Figure 2B shows such an SI analysis of AAHIV-a
mRNA with three different poly(A) signals inserted into the
exon 2 Tthl 11I site. In each case transfections were carried
out with and without a third co-transfected plasmid that
expresses the HIV Tat protein (Adams et al., 1988). It is
clear from these results that Tat expression increases the level
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Fig. 2. A. Diagram showing the arrangment of the HIV-a globin gene construct. Horizontally hatched box denotes HIV LTR sequence, open box
denotes introns or 3' untranslated sequence of a globin gene, diagonally hatched box denotes aZ globin exon and lines denote pSVod vector
sequences. AT and AA denote HIV TAR and poly(A) site deletions, HpA and apA indicate positions of the HIV and ca globin poly(A) sites while
X, T, B and A indicate positions of BstXI, TthlI1, BstEII and AseI restriction sites in HIV-ca. The position of the inserted poly(A) sites at the
Tthl ll site is also indicated. Finally the positions of the two end-labelled DNA probes are shown. * denotes 32p end label while the other end of
the probe is angled away from the gene map at the position where it diverges from the mRNA sequence. B. SI analysis of TH, TS and To3
AAHIV-apSVod co-transfected with (+) or without (-) Tat-expressing plasmid. Homologous BstXI DNA probes were used in each case giving
either poly(A) bands (pA) or readthrough bands (RT) to the intron 2 splice site. TH gives a 6-fold Tat response based on densitometric
quantification. The faint band visible in the To3+ lane is a partial SI product as it is not the correct size for an authentic readthrough product. C.
Exonuclease VII analysis of TH and TS AAHIV-apSVod using the TH BstXI probe. TH Tat response in this case is 14-fold, although this higher
figure may relate in part to exonuclease VII. D. SI analysis of ATTH as compared with TH AAHIV-apSVod using the TH BstXI probe.

of mRNA detected ( 5-fold based on the co-transfected
control mRNA levels, data not shown) and that with the

rabbit ,B and SPA signals (called T,B and TS respectively)
nearly 100% use of the inserted poly(A) site occurs, with
no qualitative change in the Si patterns observed with or
without Tat. In contrast the HIV poly(A) site (called TH)
gives a near equal distribution of poly(A) site and read-
through bands without Tat, but switches to producing
predominantly read-through transcripts in the presence of
Tat. Quantification of these results indicates a 6-fold increase
in read-through transcripts when transactivated by Tat. This
value for the Tat effect is calculated as the change in ratio
between read-through and poly(A) transcript bands with or
without Tat.
The patterns of S1 bands produced with these three

poly(A) signals in the absence of Tat is entirely consistent
with our previous studies showing that the SPA poly(A) site
was unaffected by promoter proximity, while HIV was
occluded (Weichs an der Glon et al., 1991). As shown in
these studies SPA works efficiently in the Tthl 111 site, which
is 400 bp away from the transcription start site in HIV -(.
The same is true for rabbit ,B, which is a related poly(A)

signal to SPA (Levitt et al., 1989). We previously showed
that the HIV poly(A) signal is occluded by promoter
proximity up to a distance of -500 bp. At the 450 bp
distance as in these constructs, it is clear that we obtain an
intermediate level of occlusion. The observation that with
Tat-activated transcription the HIV poly(A) site switches to
near complete read-through (occlusion) is a surprising and
potentially critical property of HIV transcription. The
characterization of this phenomenon provides the principal
experimental theme of these studies.

Figure 2C shows the analysis of TH and TS mRNA using
the alternative RNA mapping enzyme exonuclease VII.
Again for TH a switch from HIV poly(A) site usage to read-
through when transactivated by Tat is demonstrated. Higher
levels ofRNA were used in the TH - lane to allow a clearer
comparison with TH +. Quantification of these data indicate
a 14-fold switch to read-through transcripts in the presence
of Tat. The larger Tat effect seen in this experiment is
atypical as a 6-fold effect is more normally obtained. It is
possible that using exonuclease VII rather than Sl accentuates
the Tat effect. These results also indicate that the lower bands
seen with TS and To (Figure 2B) are SI over digestion
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products as the sequence around these two poly(A) signals
is especially AU-rich. Exonuclease VII does not possess any
single strand endonuclease activity (as does S1) and so does
not give these extra bands.
A possible explanation for the effect of Tat on the HIV

poly(A) signal could be that TAR, the RNA binding site for
Tat, is directly adjacent to the poly(A) site so that Tat binding
sterically inhibits polyadenylation in HIV. However, in TH
the DNA fragment containing the HIV poly(A) site (cloned
into the Tthl site) does not contain an intact TAR
stem-loop sequence (only the 3' side of the loop) and so

cannot bind to Tat. As shown in Figure 2D, the Tat occlusion
effect on the HIV poly(A) site in TH does require TAR in
the the HIV promoter. Thus ATTH (AT refers to deletion
of the TAR sequence in the HIV LTR sequence, see

Figure 2A and Materials and methods) with or without Tat
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co-transfection gives an equal ratio of HIV poly(A) site and

read-through bands in contrast to TH, which again responds
to Tat by increasing occlusion by at least 5-fold. These results
lead to the unexpected conclusion that an RNA processing
signal 450 bp away from the promoter directly responds to

the way in which that promoter is activated. In a number
of recent studies Tat activation has been shown to act at the
level of transcriptional elongation (Laspia et al., 1990;
Feinberg et al., 1991; Marciniak and Sharp, 1991; Kato
et al., 1992). Such observations may well relate to this
poly(A) site occlusion phenomenon (see Discussion).

Definition of Tat-specific poly(A) signals
We wished to determine which specific sequence associated
with the HIV poly(A) site conferred the Tat-dependent, read-
through effect described in the previous section. We reasoned

2122

C.Weichs an der Glon et al.

A

* . I 'I V\VI1I

IN .-YiA ISI HI

1'K:[NG 'llI

B3

.0

a-

W4

a -4

mPmS~~
_e

( I't '(X. tT-:. .;% f ;' 1'I '. \.-" ;! I

;, 1. .;., ..! ;.( X 1 'A( "FAT('P'1'("(';-A('rA --% T . A A ( ;' ';% I ( \ -4

X I T':"ir ,\ I. VS,,

-r I;



Tat-dependent occlusion of the HIV poly(A) site

that the construction of hybrid poly(A) signals combining
different parts of the HIV and SPA signals should identify
Tat-specific signals, since HIV responds while SPA does
not respond to Tat. Figure 3A shows the sequences of the
various hybrid poly(A) sites investigated compared with the
intact HIV and SPA signals, while Figure 3B presents the
SI analysis of HIV-a mRNA produced with these different
poly(A) signals inserted at the Tthl 11I site (see in
Figure 2A). As shown previously, the HIV poly(A) site
responds to Tat while SPA does not. With THS in the
absence of Tat, the poly(A) site and read-through bands are
of nearly equal intensity, while with Tat the read-through
band predominates. The lower level of SI signals obtained
with THS reflects a lower specific activity probe used in this
particular experiment. For this reason the experiment with
THS (+ or - Tat) is repeated, as shown in a separate panel.
Again the same switch from poly(A) transcripts to
predominantly read-through is observed. Similarly THAS
gives just a poly(A) site band without Tat, but produces equal
amounts of read-through and poly(A) bands with Tat. In
contrast the pattern of S1 bands for TSH and TSAS remains
unchanged with or without Tat. It should be noted that the
poly(A) bands in THAS, TSAS and TS break up into several
close together S 1 products due to S 1 over digestion at AU-
rich sequences. In fact, the Tat S1 products are somewhat
more digested giving predominantly the lower poly(A)
bands. Quantification of the data presented in Figure 2B is
indicated against each of the hybrid poly(A) site sequences
shown in Figure 2A. As shown, the Tat-responsive poly(A)
sites H, HS and HAS each give a 6-fold or greater switch
in ratio from poly(A) site use to read-through.
The experiments described in these studies, showing that

Tat has a specific effect on the HIV but not other poly(A)
sites are unexpected. Since Tat has been shown to increase
the elongation efficiency of Pol II, it might be predicted that
its effect on poly(A) site usage merely relates to the relative
strength of the poly(A) signal. We have therefore carried
out experiments to determine whether the relative strengths
of the different poly(A) signals used in Figure 3 related to
their Tat responsiveness. Figure 3C shows the analysis of
the four different hybrid poly(A) sites as well as HIV and
SPA when placed 160 bp downstream of the a poly(A) site
in HIV -a [at the AseI site (A); see Figure 2A]. The relative
use of these downstream positioned poly(A) sites to a gives
a measure of their efficiency as RNA processing signals.
Using an SI 3' end-labelled probe from the BstEll site in
HIV-a (see Figure 2A), the proportion of transcripts that
use the a or downstream positioned poly(A) sites can be
directly measured. Quantification of these results is presented
in Figure 3A. It is clear that SPA is the strongest poly(A)
site in competition with a as 80% of the mRNA uses SPA
rather than cz. Similarly HAS and SAS are both equally
strong, though somewhat less so than SPA. The HIV poly(A)
site gives a band of -30% the level of at, while HS and
SH both produce bands at - 5% the level of a. With the
two weakest poly(A) sites, HS responds to Tat and SH does
not, while with the much stronger poly(A) sites, HAS and
SAS, only HAS responds to Tat. These results indicate that
the Tat response effect described in these studies is
independent of intrinsic poly(A) site strength.
The only sequences common to HIV and the two hybrid

poly(A) signals that respond to Tat (HS and HAS) are
positioned immediately before and after the AAUAAA signal
(see Figure 3A). To investigate these Tat-responsive

sequences more precisely, we have generated specific
mutations in the HIV poly(A) site as shown in Figure 4A.
These mutated poly(A) sites were constructed by
oligonucleotide replacement using rare cutting restriction
sites in the HIV poly(A) site region, as described in the
Materials and methods. They were again tested for Tat
responsiveness by insertion into the TthlI of HIV-a
followed by transfection into HeLa cells with or without Tat.
As shown in Figure 4B panel I, TH and TH* (which has
a single base change creating an XhoI) give a 6-fold Tat
response. Quantification of these experiments repeated four
times reveals a consistent 6-fold Tat effect (Figure 4A).
Mutation of the sequence 5' to AAUAAA from
TTAAGCCTC > CTAG5 (clone 5'ATH) only slightly
reduces the Tat effect to 4-fold (Figures 4A and B, panel
II). In contrast clone 3'ATH1 which mutates
GCTTGC >GGAAAT gives a greater reduction in the Tat
response to 2.5-fold (Figures 4A and B, panel III). This
particular mutant sequence was selected as it is based on the
rabbit 3 globin poly(A) site, which is not Tat-responsive
(Figure 2B). Since both the point mutation in TH* and the
five base change in 3'ATH resulted in a significantly weaker
poly(A) site than in TH (data not shown), it proved necessary
to increase the spacing between the inserted poly(A) site and
the HIV promoter (3'ATH1, see next section) to enhance
the usage of the 3'A poly(A) site and so obtain a more
accurate measure of the Tat response effect. As a control
for 3'ATH1, TH1 Tat responsiveness was also measured
in duplicate and gave a 7-fold effect, similar to TH.
Taken together these data confirm the analysis of the

hybrid HIV-SPA poly(A) sites, which implicates the
sequences immediately before and after the AAUAAA
sequence in the Tat response. However, it is apparent that
the sequences immediately 3' to the AAUAAA of the HIV
poly(A) site are quantitatively more significant.

The effect of promoter proximity and U3 sequences
on Tat responsiveness of the HIV poly(A) site
The two previously described mechanisms for HIV poly(A)
site occlusion (promoter proximity and a requirement for
U3 sequences) might seem more than sufficient to account
for the inactivation of the HIV poly(A) site in the 5'LTR.
It was therefore unexpected that there is yet another, third
mechanism to occlude the 5' LTR poly(A) signals in HIV.
We therefore tested both the effect of promoter proximity
and U3 sequence on the HIV poly(A) site using Tat-activated
HIV transcription.
As shown in Figure 5A, the HIV poly(A) site was moved

with increasing distance away from the HIV promoter in
HIV-a by inserting it into either the BstEll site to make
clone BH (630 bp away from the promoter) or the AseI site
to make clone AH (1000 bp away). Also a monomer and
dimer fragment of 'neutral DNA' (170 bp in length, derived
from pUC119) was inserted immediately upstream of the
HIV poly(A) site when in the TthI 11I site of HIV-ac to
make clones THI and TH2 (increasing the spacing from
450-620 and 790 bp respectively). Each of these spacer
clones was transfected into HeLa cells and co-transfected
with both the Tat expression plasmid and the other control
plasmid that expresses T antigen and rabbit ,B globin mRNA.
Figure SB (panel I) shows the S1 analysis of these spacer
clones using the 3' end-labelled BstEH probe for HIVc-a
as an indirect measure of HIV poly(A) site occlusion. Based
on quantification of the a poly(A) signal relative to the co-
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Fig. 4. A. Sequence comparison of the mutated HIV poly(A) sites. The AAUAAA sequence is written in italics and the altered nucleotides are
aligned under the HIV poly(A) site sequence. Dashed lines denote identity with the HIV sequence. The quantification of the Tat effect data for each
mutated poly(A) site is also indicated. The figure in brackets indicates the number of experiments from which the average value is derived. B. SI
analysis data of representative experiments for the effect of Tat on TH and TH* (panel I), 5'ATH (panel II) and 3'ATHl (panel P). In each case
homologous BstXI probes were used. The HIV poly(A) site and read-through bands are again indicated.

transfection ( mRNA control signal, TH gives 75% levels
of read-through transcripts that utilize the a poly(A) site as
compared with HIV-cx [with no inserted HIV poly(A) site],
confirming that the HIV poly(A) site is largely occluded in
the presence of Tat at 450 bp spacing from the HIV
promoter. This result is entirely consistent with the direct
analysis of TH as shown in Figure 2B where > 80% of
transcripts read through the HIV poly(A) site. BH gives at
least a 2-fold drop in read-through transcripts to a 30% level
of transcripts that utilize the a poly(A) site (as compared
with HIV-ax), while AH shows that the HIV poly(A) site
is now quite active and competes significantly with the
upstream positioned ca poly(A) site (40% in this analysis).
In contrast, SPA inserted at the Tthl111 site (TS) totally
blocks read-through transcripts to the a poly(A) site and
largely out-competes the a poly(A) site (to a >90% level)
when placed downstream at the AseI site (AS). Again direct
analysis of the same TS RNA using the BstXI probe confirnms
that all transcripts utilize the inserted SPA (Figure 2B). The
other spacer constructs, TH1 and TH2, confirm these results
(panel II) as quantification of TH1 RNA gives a 65% use
of the HIV poly(A) site, while TH2 gives a > 95% use of
the HIV poly(A) site. In these experiments the HIV poly(A)
site is directly probed for using the BstXI S1 probe as
described in Figure 2A. Taken together, these spacing
experiments suggest that the Tat-mediated occlusion effect
of the HIV poly(A) site is no longer effective when the
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spacing exceeds - 700 bp. At this position the HIV poly(A)
is fully active in the presence of Tat. Between 500 and 700
bp spacing we observe intermediate Tat occlusion of the HIV
poly(A) site, as indicated by BH and THi.
To investigate the effect of U3 sequences on Tat occlusion

of the HIV poly(A) site, a 160 bp fragment containing 135
bp upstream of the HIV transcription start site and 25 bp
downstream was inserted 5' of the HIV poly(A) site in TH
and AH to form THU3 and AHU3 (as shown in Figure SA).
This U3 fragment contains all of the sequence elements
implicated by Valsamakis et al. (1991) and DeZazzo et al.
(1991) as required for U3 activation of the HIV poly(A).
Figure SC (panel I) shows S 1 analysis ofRNA from THU3
and TH transfections in the presence of Tat using the HIV-CZ
3' BstEIl S1 probe as an indirect measure of HIV poly(A)
site usage. With THU3, only low levels of read-through
transcripts to the a poly(A) site are detected as compared
with full levels of read-through transcripts obtained with TH.
This effect cannot be attributed solely to spacing as in the
case of BH, where the spacing of the HIV promoter to
poly(A) site is about the same as for THU3, significant levels
of read-through transcripts that utilize the a poly(A) site are
detected (Figure SB). In addition, using the direct BstXI S1
probe for THU3, it can be seen in Figure 5C (panel II) that
with or without Tat the HIV poly(A) site is fully active in
contrast to TH1, whereas Tat promotes 30% read-through
of the HIV poly(A) site. These results confirm in our
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Fig. 5. A. Diagram of the various spacer and U3 constructs based on AAHIV-apSVod (as in Figure 2A). The HIV poly(A) site (HpA) and SPA
are inserted into the Tthl II, BstEH and AseI sites and either pUC1 19 or U3 sequence are in turn inserted into TH and AH. The a poly(A) site is
mutated to an inactive form in mcipA. B. Panel I: S1 analysis of TH, BH, AH, TS and AS AAHIV- apSVod as compared with AAHIV-apSVod
(HIV-c), using the BstEl probe as in Figure 3C. Panel II: S1 analysis of TH2 and THI AAHIV-cpSVod using homologous BstXI probes as in
Figure 2A. C. Panels I, m and IV: S1 analysis of TH, THU3, AH, AHU3, maAH and maAHU3 AAHIV-apSVod all using the BstEII probe as

in Figure 3C. Panel II: S1 analysis of THU3 compared with THI AAHIV-cxpSVod using homologous BstXI probes.

experimental system that U3 sequences have an activating
effect on the HIV poly(A) site and more importantly, this
U3 effect appears to block Tat-mediated occlusion. Finally,
with the construct AHU3 (panel III), we show that the usage

of the HIV poly(A) site is unaffected by U3 sequence when
positioned at a 1 kb distance from the HIV promoter, either
in competition with the a poly(A) site or when the a poly(A)
site is inactivated by a point mutation (panel IV). In effect
we can only detect a U3 effect on the HIV poly(A) site when
it is in a position where it would otherwise be inhibited by
Tat-activated transcription. The effects of both spacing
between promoter and poly(A) site with or without Tat, and
also U3 sequence on the usage of the HIV poly(A) site, are

summarized in Table I.

Discussion
We have uncovered a novel activity associated with Tat
trans-activation of the HIV promoter that mediates the
sequence-specific read-through of the HIV poly(A) site.
Previously the proximity of the HIV poly(A) site to its
promoter in the 5'LTR and the presence of U3 RNA
sequence elements upstream of the HIV poly(A) site in the
3' LTR have both been argued to account for poly(A) site
selection in HIV. However, this third mechanism of HIV
poly(A) site regulation has all of the hallmarks of a

Table I. The effects of both spacing between promoter and poly(A)
site with or without Tat and U3 sequence on the usage of the HIV
poly(A) site.

400n (Tthl11I) lOOOn (AseI)

-Tat +Tat -Tat +Tat

-U3 + - (5' LTR) ++ ++
+U3 ++ ++ ++ ++ (3' LTR)

Tthl 11I and AseI indicate the positions used in HIV-apSVod. 5' and
3' LTR indicate conditions described in these studies that are closest to
the two poly(A) sites in the HIV-1 provirus. -, inactive; +, partially
active; + +, fully active HIV poly(A) site.

physiologically significant mechanism, as both the key HIV
transactivator, Tat and a specific HIV RNA sequence are
required. All of the experiments to date on HIV poly(A) site
regulation have used heterologous gene constructions
expressed on episomal plasmids, transfected into tissue
culture cell lines. Clearly the chromosomally integrated HIV
provirus may display different parameters to those observed
in the currently employed experimental systems. Establishing
the relative importance of these three mechanisms for
regulation of HIV poly(A) site usage must await analysis
of appropriately mutated proviruses stably transfected into
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human T cells. However, it should be mentioned that all
experimental systems employed to study HIV
polyadenylation other than our own HIV-e globin reporter
system have used heterologous promoters that may therefore
obscure the true mechanism of HIV poly(A) site regulation.
Even so we have shown that the promoter proximity of the
HIV poly(A) site of only 80 bp is enough to completely
occlude the poly(A) site in our HIV-a transiently expressed
constructs. Indeed we were only able to detect the Tat
occlusion effect when the HIV poly(A) site was moved 450
bp away from the promoter, a position at which the proximity
effect is much less pronounced. It seems entirely possible
that in the actively transcribing provirus, proximity effects
are insufficient to completely block the 5'LTR poly(A)
signals, so that this further Tat-specific mechanism needs
to operate.
The molecular basis of the Tat-specific occlusion effect

is as yet uncharacterized, but must account for a number
of features established in these studies. First, the HIV
poly(A) site possesses specific sequences immediately 5' and
3' to AAUAAA that are required for the Tat effect and to
which trans-acting factors presumably bind. Secondly, this
effect is dependent on a Tat-modified Pol II elongation
complex, but only acts over a distance of 700 bp from the
promoter. It seems likely that there may be some feature
of the elongating Pol II complex that when modified by Tat,
activation somehow blocks the recognition of the HIV
poly(A) site in the nascent transcript, but only in the region
< 700 bp away from the promoter. It seems plausible that
this blocking effect involves recognition of specific RNA
sequences on either side of AAUAAA so that the access of
polyadenylation factors to AAUAAA would be impeded.
That Tat mediates its effect on HIV transcription at the
elongation level is now a well described phenomenon shown
both in vivo (Laspia et al., 1990; Feinberg et al., 1991) and
in vitro (Marciniak and Sharp, 1991; Kato et al., 1992). As
described in these experiments Tat mediates its effect on the
HIV poly(A) site up to 700 bp away from the promoter.
Therefore the direct involvement of Tat in HIV poly(A)
usage is entirely consistent with a transcriptional elongation
role for Tat.
Our previous studies on HIV poly(A) occlusion (Weichs

an der Glon et al., 1991) not only demonstrated that the
poly(A) site was directly inhibited by promoter proximity
but also that this effect was specific to the GU-rich
downstream sequence of the HIV poly(A) site. The a globin
poly(A) site and SPA were not affected by promoter
proximity. These intrinsic occlusion properties of the HIV
poly(A) site can now be seen as only a part of the mechanism
that blocks the HIV poly(A) site in the 5' LTR. Since HIV
proviral transcription will in general occur in the presence
of Tat, the Tat-specific occlusion mechanism may prove to
be the quantitatively more important. However, it is possible
that when the provirus is initially transcribed, before the
levels of Tat are high enough to activate the promoter, the
intrinsic ability of the HIV poly(A) site to be occluded by
promoter proximity in the 5' LTR is enough to allow
transcription to read through the viral genome. Once the level
of Tat transactivation increases to the stage where the HIV
promoter is extremely active, a further mechanism may be
needed to prevent usage of the poly(A) site in the 5' LTR.
What better way than to involve the Tat transactivating
molecule itself in this mechanism?

The role of U3 sequences in activating the HIV poly(A)
site remains a clear phenomenon described in a number of
heterologous transient expression systems. U3 sequences
have also been shown to increase the activity of the HIV
poly(A) site in vitro using nuclear extracts, although the level
of activation is lower than that found in vivo (Gilmartin et al.,
1992; Valsamakis et al., 1992). As described in these
studies, we have also observed activation of the HIV poly(A)
site by U3 sequences in our own HIV- a gene system.
However, we can only detect a significant U3 activation
effect when the HIV poly(A) site is occluded by promoter
proximity. At a distance of > 700 bp we find that the HIV
poly(A) site is active without U3 sequences and is not further
activated by their presence. These results contrast with those
of Valsamakis et al. (1991) and DeZazzo et al. (1991) who
both reported a significant activation of the HIV poly(A) site
by U3 sequences when placed over 1 kb from the promoter.
It is possible that the heterologous promoters used in these
studies have influenced the U3 effect. The fact that U3
sequences can completely block the Tat-specific occlusion
effect as described here is provocative and may suggest that
U3 can have some direct role in modifying the Tat-activated
elongation complex of Pol II. We are currently defining
which specific U3 sequences act to block the Tat occlusion
effect. Since U3 sequences are > 9 kb away from the active
HIV promoter in the 5' LTR sequence of the provirus, it
is clear that the position-dependent U3 effects we observe
(which only function up to 700 bp) are inconsistent with the
normal dimensions of the HIV provirus.

In conclusion our results suggest that the HIV poly(A) site
uses a tripartite mechanism to regulate its utilization:
promoter proximity and suppression by Tat-activated
transcription, which combined with the absence of U3
sequences all contribute to the occlusion of the HIV poly(A)
site in the 5' LTR. However, as is true for all of these HIV
poly(A) site occlusion and activation mechanisms, their true
physiological importance must await analysis of the whole
provirus.

Materials and methods
DNA construction
HIV-apSVod. This is described by Proudfoot et al. (1992). Essentially
an HIV-1 LTR fragment from a Scal site in U3 (-135) to a Hinfl site in
R (+ 125) was fused to the human cs2 globin gene at a SnaI site in the
middle of intron 1 to form an HIV-c gene hybrid. This gene construct
was then inserted between the ScaI and PstI sites of pSVod in the Ampr
gene using the PstI site at the 3' end of the a globin gene. pSVod is a transient
expression vector containing the SV40 origin (but not adjacent enhancer)
and lacks the pBR322 replication poison sequence, as described by Lusky
and Botchan (1981).

ATand AAHIV-apSVod. This was obtained by deletion of the HIV TAR
sequence from BglII-Afl (+25 to +65) and HIV poly(A) signals from
Aflll-HindllI (+65 to +80) respectively. With AA the deleted sequence
was replaced with a linker oligonucleotide containing XhoI and HindIm sites.

TH, BH, AH, TS and AS AAHIV-apSVod. These constructions have the
HIV and SPA poly(A) signals inserted into the Tthl 11I site (exon 2 of the
a globin gene, T), the BstEH (exon 3 of the a globin gene, B) or the AseI
site (3' vector sequence of pSVod, A). H is the HIV poly(A) signal excised
from pSP65HIVLTR, which has the AvaI-HinfI HIV-1 LTR sequence
inserted into the polylinker at the SmaI of pSP65 (see Weichs an der Glon
et al., 1991). H is either the 40 bp AfI(HIV) -XbaI(polylinker) fragment
inserted into the T site as in Figure 2B, or the 80 bp BgEl(HIV) -XbaI
(polylinker) fragment inserted into T, B and A sites of HIV-apSVod, as
in subsequent Figures. S is the synthetic poly(A) site (Levitt et al., 1989)
excised from a subclone (called pySPA; Enriques-Harris et al., 1991), in
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which the SPA is inserted into the polylinker sequence of pUC1 19 (at the
SmaI site). The whole polylinker with inserted SPA was excised by cutting
with EcoRI and HindImI and then inserted into the T and A sites of HIV-x
pSVod.

To3 AAHIV-agpSVod. This construct has a 140 bp BglII-NdeI fragment
containing the rabbit ,B globin poly(A) site inserted between unique XbaI
and Asp718 sites in the polylinker sequence on either side of the SPA in TS.

TandA HS, SH, HAS and SAS AAHIV-acpSVod. These constructions are
various hybrid poly(A) sites inserted between unique XbaI and Asp718 sites
in the polylinker sequence on either side of the SPA in TS and AS. HS
poly(A) site was constructed by first replacing the 3' side of the HIV
AATAAA sequence in pSP65HIVLTR from Hindff-HindI (in polylinker)
with an oligonucleotide as shown in Figure 3A that contains a linker sequence
followed by the SPA GT-rich sequence. HS was excised from this
intermediate construct by digesting withAfM (in HIV R) and Pvull (in pSP65)
generating a 255 bp fragment. SH poly(A) site was constructed as an
intermediate clone by replacing the sequence 3' to AATAAA in pySPA,
with an oligonucleotide as shown in Figure 3A containing the same linker
sequence as in HS followed by the HIV GT-rich sequence. SH was excised
as an EcoRI-Hindl fragment and inserted directly into the TthlI 1I and
AseI sites of AAHIV-apSVod. HAS and SAS poly(A) sites were both
constructed by oligonucleotide replacements of H and S poly(A) sites. With
HAS, the HIV poly(A) site in pSP6SHIVLTR was deleted from the Hindill
site (immediately 3' to the AATAAA sequence) to BamHI (in polylinker)
and replaced with an oligonucleotide of S sequence, but with a truncated
GT-rich sequence (see Figure 3A). HAS was excised from this intermediate
clone as an Afll-XbaI fragment and inserted into the TS and AS XbaI-
and Asp718-cut vectors. SAS was made by directly replacing sequence from
BgIl-Asp7l8 in TS and AS with the same oligonucleotide sequence as
in HAS.

5'A and 3'A TH AAHIV-aipSVod. These were constructed as follows.
A5'TH poly(A) site was made as an intermediate clone by first mutating
the sequence 5' to the AATAAA sequence of the HIV poly(A) site in
pSP65HIVLTR from TTAAGCCTC >TTAACTCGAGGGGG by replacing
the Afil-BamHI (in the pSP65 polylinker sequence) fragment with a mutant
oligonucleotide. This mutated HIV poly(A) site was then excised as a
Bglll-XbaI fragment and inserted into TS and AS as before.

3YAmH. This was constructed by first generating an XhoI site 3' to the HIV
AAUAAA sequence by oligonucleotide replacement to form TH*. This
construct was further modified by replacing the AJfll-XhoI fragment with
another mutant oligonucleotide sequence to specifically mutate the sequence
3' to the HIV AAUAAA-GCTTCG to that of the rabbit (3 globin poly(A)
site-GGAAAT (which is not responsive to Tat; Figure 2B). 3'ATH was
further modified by insertion of a spacer fragment as for TH1.

THI, TH2, THU3 and AHU3 (mai) AAHIV-apSVod. These have inserts
into the HIV poly(A) signal Afl site (5' to AATAAA) in TH and AH.
1 and 2 refer to a monomer or dimer pUC 1 9 spacer fragment of 170 bp
while U3 refers to the 160 bp HIV U3-R region from Scal (-135 bp) to
BgM (+25 bp). mca indicates that the ax poly(A) site in HIV-ca has been
converted from AATAAA >AATAAG as found in an a thalassaemia gene
(Higgs et al., 1983).

Transfection of HeLa cells
Subconfluent HeLa Cells were transiently transfected with 15 sg
HIV-apSVod plasmid (with various alterations), S jg R(3SVpBR328
(expresses rabbit (3 globin mRNA and T antigen) and with or without 5
jig pOGS213 (expresses Tat; Adams et al., 1988) using calcium phosphate
co-precipitation (see Weichs an der Glon et al., 1991). After 2 days cells
were harvested and cytoplasmic RNA was purified according to Maniatis
etal. (1982).

RNA mapping techniques
DNA probes. BstXI was used to linearize the various HIV-ac plasmids.
This DNA was then 'tailed' with [a-32P]dTTP using terminal
deoxynucleotide transferase (Boehringer). BstEII-cut HIV-apSVod and
EcoRI-cut RbSVpBR318 was filled in with [a-32P]dNTPs using Klenow
DNA polymerase. 32p DNA was purified by G100 Sephadex
chromatography. The same HIV-apSVod BstEll probe was used for all
the different HIV -a gene constructs, so that the S1 band obtained for
poly(A) sites positioned downstream of the a poly(A) site is a mismatch
band (due to sequence divergence between the probe and mRNA at the AseI
site in HIV-acpSVod). The intensity of this S1 band directly correlates with
the strength of the downstream poly(A) site.

Sl nuclease and exonuclease VIIRNA mapping. These procedures have been
described in detail by Johnson et al. (1986). In outline 20-100 c.p.s. of
DNA probe was annealed to 50 ,ug of transfected HeLa cell cytoplasmic
RNA in R-loop buffer at 52°C and then diluted into SI or ExoVII buffer
plus enzyme. The digested DNA was then fractionated on denaturing
polyacrylamide gels. The RNA mapping data obtained was quantitated by
densitometric analysis of the radioautographs. The numerical data is presented
in the text and/or in the figures or their legends. The Tat sensitivity values
are calculated as the change in ratio between read-through and poly(A)
transcript bands with or without Tat transactivation.
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