
MoLEcuLAR AND CELLULAR BIOLOGY, Sept. 1992, p. 3699-3705
0270-7306/92/093699-07$02.00/0
Copyright X 1992, American Society for Microbiology

Elements Upstream of the AAUAAA within the Human
Immunodeficiency Virus Polyadenylation Signal Are

Required for Efficient Polyadenylation In Vitro
ALEXANDRA VALSAMAKIS, NANCY SCHEK, AND JAMES C. ALWINE*

Molecular Biology Graduate Group, Department ofMicrobiology, School of Medicine,
University ofPennsylvania, 560 Clinical Research Building, 422 Curie Boulevard,

Philadelphia, Pennsylvania 19104-6142

Received 17 April 1992/Returned for modification 28 May 1992/Accepted 9 June 1992

Recent in vivo studies have identified specific sequences between 56 and 93 nucleotides upstream of a

polyadenylation [poly(A)l conseisus sequence, AAUAAA, in human immunodeficiency virus type 1 (HIV-1)
that affect the efficiency of 3'-end processing at this site (A. Valsamakis, S. Zeichner, S. Carswell, and J. C.
Aiwine, Proc. Natl. Acad. Sci. USA 88:2108-2112, 1991). We have used HeLa cell nuclear extracts and
precursor RNAs bearing the HIV-1 poly(A) signal to study the role of upstream sequences in vitro. Precursor
RNAs containing the HIV-1 AAUAAA and necessary upstream (U3 region) and downstream (U5 region)
sequences directed accurate cleavage and polyadenylation in vitro. The in vitro requirement for upstream
sequences was demonstrated by using deletion and linker substitution mutations. The data showed that
sequences between 56 and 93 nucleotides upstream of AAUAAA, which were required for efficient polyade-
nylation in vivo, were also required for efficient cleavage and polyadenylation in vitro. This is the first
demonstration of the function of upstream sequences in vitro. Previous in vivo studies suggested that efficient
polyadenylation at the HIV-1 poly(A) signal requires a spacing of at least 250 nucleotides between the 5' cap

site and the AAUAAA. Our in vitro analyses indicated that a precursor containing the defined upstream and
downstream sequences was efficiently cleaved at the polyadenylation site when the distance between the 5' cap
and theAAUAAA was reduced to at least 140 nucleotides, which is less than the distance predicted from in vivo

studies. This cleavage was dependent on the presence of the upstream element.

The 3' ends of most higher eukaryotic mRNAs are pro-
duced by a tightly coupled endonucleolytic cleavage and
polyadenylation reaction (reviewed in reference 41). This
processing occurs 10 to 30 nucleotides downstream of the
consensus sequence AAUAAA (32), which has been shown
to be required for cleavage in vivo (14, 27, 42) and for
cleavage and polyadenylation in vitro (44). However,
poly(A) signals consist of sequences in addition to AAUA
AA. Additional elements upstream and downstream ofAAU
AAA have been shown to control the efficiency of utilization
of the AAUAAA as a poly(A) signal. Hence, not all AAUA
AA elements appearing in a message will be efficiently
utilized for 3'-end processing.
Downstream elements (DSEs) have been shown to affect

polyadenylation efficiency both in vivo (4, 8, 9, 17, 19, 23-25,
35, 36, 46, 47) and in vitro (20, 34). DSEs do not conform to
a consensus sequence but instead are either G+U or U rich.
The function of these elements may be subject to spatial
constraints, since insertions which increase distance be-
tween AAUAAA and DSEs decrease signal efficiency (18,
21, 24). Additionally, human T-cell leukemia virus type I,

which has more than 250 nucleotides between the AAUAAA
and DSE, has an RNA secondary structure that juxtaposes
the two elements (1, 3).

Recently, in vivo studies have identified additional regu-
latory elements upstream of AAUAAA (upstream elements
[USEs]) in a variety ofviral poly(A) signals, including simian
virus 40 (SV40) late (7), ground squirrel hepatitis virus (33),
adenovirus type 2 major late transcription unit (10, 12),
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cauliflower mosaic virus (37), and human immunodeficiency
virus type 1 (HIV-1) (6, 11, 39). Nonhomologous USEs from
different poly(A) signals are functionally similar. For exam-

ple, the USEs from the HIV-1 poly(A) signal can replace the
USE of SV40 late (39) and ground squirrel hepatitis virus
poly(A) signals (33). Further, the existence of homology
between some USEs and DSEs suggests functional similar-
ity (39). In contrast to the above-mentioned finding for the
HIV polyadenylation signal, the in vivo studies of Weichs an

der Glon et al. (40) have suggested that there are no USEs in
the HIV polyadenylation signal. To counter the doubts cast
by these studies, we have used in vitro polyadenylation
experiments to determine whether USEs are utilized in vitro
and to confirm and extend our previous in vivo results.

In vitro polyadenylation systems using HeLa cell nuclear
extracts have been shown to faithfully reproduce in vivo
events (29, 30), including the requirement for DSEs (19, 34,
46, 47). In this investigation, we have studied the utilization
of the HIV-1 poly(A) signal in vitro to establish the require-
ment for USEs. Using deletion and linker substitution (LS)
mutants, we demonstrate that the USEs previously found to
be required for maximal 3'-end processing in vivo (39) are

also required for cleavage and polyadenylation in vitro. In
vivo studies (40) have also suggested that the distance
between the 5' cap and the AAUAAA is critical for the
efficient utilization of the HIV-1 poly(A) signal. We show
here that precursor RNAs with relatively short distances
between the 5' cap and the AAUAAA are efficiently proc-
essed in vitro and that this processing depends on the
presence of the USE. Hence, an in vivo effect of proximity
to the 5' cap site must occur by a mechanism other than
simply distance.
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MATERUILS AND METHODS

Plasmids and transcripts. Substrate RNAs for in vitro
polyadenylation reactions were prepared by in vitro tran-
scription from plasmids containing the wild-type HIV-1
poly(A) signal or LS mutants within the upstream region of
the polyadenylation signal. These mutants were constructed
by polymerase chain reaction (PCR) amplification of HIV-1
nucleotides 9463 to 9727 and subcloning of amplified frag-
ments into pGEM3Zf+. Plasmid pU3R+39 (5) was used as
the PCR template for the wild-type HIV-1 polyadenylation
signal. Derivatives of pU3R+39 bearing linker substitutions
(NdeI-XhoI-SalI [NXS] 4, 5, 6, 7, 8, 9, and 10) were used as
templates for USE mutants. These derivatives were con-
structed by replacing a 568-bp BglII-HindIII region of
pU3R+39 with 620-bp BamHI-HindIII fragments from eight
LS mutant chloramphenicol acetyltransferase plasmids (39,
45) in which 18 bp of wild-type HIV-1 sequences between
HIV-1 9481 and 9606 were sequentially substituted with an
18-bp NXS polylinker. Primers used for the PCR amplifica-
tion of wild-type and LS mutant polyadenylation signals
were complementary to pU3R+39 nucleotides 2190 to 2206
and HIV-1 nucleotides 9463 to 9480. The latter primer
encoded an EcoRI site at its 5' end to facilitate subcloning.
The 342-bp PCR products were digested with EcoRI and
XbaI (XbaI is located 3' to HIV-1 9727 in pU3R+39 and the
LS derivatives). The resulting 275-bp fragments were sub-
cloned into EcoRI- and XbaI-digested pGEM3Zf+.

Deletion mutants A4-8, A4-9, and A4-10 were constructed
by ligating 150-bp XhoI-XbaI fragments of mutants NXS 8,
9, and 10 to the 3,350-bp X7hoI-XbaI fragment of NXS 4.
Deletion A9-10 was constructed by ligating the 150-bp XhoI-
XbaI fragment from NXS 10 to the 3,350-bp XhoI-to-XbaI
fragment of NXS 9. Deletion ABglII was made by insertion
of a 115-bp BglII-XbaI (HIV 9612 to 9727) fragment from
pU3R+39 into pGEM3Zf+ between BamHI and XbaI.
Templates for in vitro transcription of polyadenylation

substrate RNAs were linearized with XbaI. Reactions were
performed under standard conditions (2), using T7 polymer-
ase (Promega Biotec), 50 ,uCi of [32P]UTP (Amersham), 1 p,g
of linearized template, and 0.5 mM 7MeGTP (Pharmacia),
which allows 5' capping of synthesized RNAs. 32P-labeled
RNAs were extracted with phenol-chloroform-isoamyl alco-
hol (50:49:1), ethanol precipitated, and purified by electro-
phoresis through a 5% polyacrylamide-7 M urea gel. RNAs
were eluted from gel slices at room temperature for 16 h with
400 mM NaCl-20 mM Tris (pH 7.5)-0.1% sodium dodecyl
sulfate. After extractions with phenol-chloroform-isoamyl
alcohol and chloroform-isoamyl alcohol (99:1), RNAs were
ethanol precipitated. [32P]UTP incorporation was quanti-
tated by liquid scintillation counting.

Nuclear extracts and in vitro polyadenylation-cleavage re-
actions. HeLa cell nuclear extracts for in vitro polyadenyla-
tion were prepared as described elsewhere (28). In vitro
polyadenylation reaction mixtures contained 14.5 j,l (60% by
volume) of HeLa nuclear extract, 1 mM ATP (Pharmacia),
20 mM creatine phosphate (Sigma), 2.6% polyvinvl alcohol,
and 3 ng of 32P-labeled substrate RNA (5 x 10 cpm/,ug).
Cleavage conditions were similar except that the ATP con-
centration was reduced to 250 ,uM and 1 mM cordycepin
(Boehringer Mannheim) was added. All reactions were per-
formed at 30°C for 30 min. At the end of the incubation,
mixes were brought to 300 ,ul with 50 mM Tris (pH 8.0)-10
mM EDTA-10 mM NaCl, extracted twice with phenol-
chloroform-isoamyl alcohol, and precipitated with ethanol.

RNAs were analyzed on 40-cm 5% polyacrylamide-7 M urea
gels.

Polyadenylated and cleaved products were quantitated
with a Molecular Dynamics Phosphorimager. Quantitated
values for LS and deletion mutant RNAs were adjusted to
account for U content relative to that of wild-type RNA.
Percent processed RNA was calculated as processed RNA
counts divided by processed plus unprocessed RNA counts.
RNase protection of polyadenylated RNA. 32P-labeled poly-

adenylated products (337 to 437 nucleotides) of in vitro
polyadenylation reactions were gel isolated as described
above. The isolated RNA was hybridized to a 200-fold molar
excess of unlabeled complementary RNA probe for 14 h at
45°C under standard conditions (2). The 685-nucleotide
unlabeled probe was synthesized in vitro as described above
and contained HIV-1 nucleotides 9612 to 9727 plus 570
nucleotides of non-HIV-1 sequence at its 5' end. Hybridiza-
tion products were digested with RNases T1 (Bethesda
Research Laboratories) and A (Sigma) and then with pro-
teinase K (Sigma), using standard protocols (2). After phe-
nol-chloroform-isoamyl alcohol extraction and ethanol pre-
cipitation, protected RNAs were resolved on an 8%
polyacrylamide-7 M urea gel.

RESULTS

The HIV-1 polyadenylation signal is functional in vitro. To
establish that the HIV-1 polyadenylation signal could be
properly processed in vitro, a 280-nucleotide precursor RNA
was synthesized by using T7 polymerase and the template
shown in Fig. 1. This RNA contains HIV-1 nucleotides 9463
to 9727, including the AAUAAA, the downstream G-U
element (5), and all of the upstream U3 sequences previously
shown to be required for 3'-end processing in vivo (6, 11,
39). Using standard in vitro polyadenylation conditions with
3 ng of 32P-labeled RNA and 60% nuclear extract by volume,
30% of the 280-nucleotide wild-type HIV-1 RNA substrate
was polyadenylated during the 30-min reaction (Fig. 2A).
Polyadenylation resulted in the appearance of RNAs migrat-
ing between 337 and 437 nucleotides (PA in Fig. 2A).

Precursor RNAs can be polyadenylated in vitro at their 3'
ends without undergoing cleavage (38). In Fig. 2A, such
end-polyadenylated precursor RNAs would migrate simi-
larly to properly cleaved and polyadenylated RNA (337 to
437 nucleotides). To confirm that the in vitro-polyadenylated
RNAs were in fact cleaved prior to polyadenylation, their 3'
ends were mapped by RNase protection. The 337- to 437-nt
polyadenylated species in Fig. 2A were isolated from the gel
and hybridized with an unlabeled 685-nucleotide RNA
probe. As shown in Fig. 2C, 79- and 121-bp RNase-resistant
hybrids would result from the properly cleaved and the
uncleaved, end-polyadenylated RNAs, respectively. Figure
2B (lane 1) shows that the isolated in vitro-polyadenylated
RNA produced only the 79-bp RNase-resistant hybrid, indi-
cating that proper cleavage occurred prior to polyadenyla-
tion. In contrast, precursor RNA formed the expected
121-bp RNase-resistant hybrid (Fig. 2B, lane 2).
U3 sequences are required for in vitro processing. Previous

studies (6, 11, 39) indicate that U3 sequences upstream of the
AAUAAA are required for efficient 3'-end processing in
vivo. To test whether these sequences were important for
polyadenylation efficiency in vitro, the level of processing of
wild-type precursor RNA was compared with that of a
precursor RNA lacking the significant U3 sequences (mutant
ABglII; Fig. 1). The only cis-regulatory elements encoded by
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FIG. 1. HIV-1 polyadenylation signal precursor RNAs and ex-
pected products of in vitro cleavage and polyadenylation reactions.
The wild-type polyadenylation signal containing all sequences re-
quired for efficient 3'-end formation in vivo (nucleotides 9463 to 9727
[numbering according to the provirus sequence]) is shown as it
appears in a pGEM vector from which precursor RNAs can be
transcribed for in vitro analysis. The AAUAAA lies between
nucleotides 9665 and 9770; the cleavage site, at the dinucleotide
-CA-, is located 25 nucleotides downstream; the DSE is in the U5
region (9691 to 9715 [5]); the region upstream of the AAUAAA
contains all of the USEs mapped in vivo (39). The boxes above U3
indicate the positions of LS mutations used to define the USE. The
two shaded boxes indicate the LS mutations which affected polya-
denylation in vivo (39) and in vitro (these studies). In each LS
mutant, 18 nucleotides of wild-type sequence were replaced with an
18-bp NXS polylinker (45). Mutants are numbered in order (NXS 4
to NXS 10). The nucleotide number above each box is the first
substituted nucleotide of each LS mutant. Thin lines represent
pGEM vector sequences. An EcoRI site was inserted upstream of
nucleotide 9463 in the wild-type and NXS templates for cloning
purposes. In the ABglII mutant, the HIV sequences upstream of the
BglII site (nucleotide 9612) have been deleted. Precursor RNA
transcription was driven by the T7 promoter, using templates
linearized at the XbaI site (nucleotide 9727). Below the map, the
expected precursor and processed (polyadenylated [PA]) products
are shown. Wild-type (WT) and NXS mutant templates produce a
280-nucleotide precursor which is processed to 237 nucleotides by
polyadenylation cleavage and the 337 to 437 nucleotides by cleavage
and polyadenylation. The ABgIII template produces a 147-nucleo-
tide precursor which is cleaved to 105 nucleotides. Cleavage and
polyadenylation of this precursor result in RNAs of 205 to 305
nucleotides.

this RNA are AAUAAA and the downstream G+U-rich
element.

In vitro polyadenylation of the 147-nucleotide ABglII
precursor results in RNAs migrating between 205 and 305
nucleotides (Fig. 1). Polyadenylation of ABglII RNA was
diminished relative to that of the wild type (Fig. 3). Quanti-
tation of precursors and polyadenylated products demon-
strated that during the 30-min reaction, 31% of wild-type
RNA precursor was polyadenylated, whereas only 11% of
ABglII precursor was processed (Table 1). This experiment
has been repeated numerous times with similar results.
Thus, U3 sequences affect polyadenylation efficiency in
vitro in a manner similar to their effect in vivo.

Mutational analysis of USEs required for in vitro cleavage
and polyadenylation. Previous in vivo studies from this
laboratory used LS mutants to define U3 sequences required
for efficient 3'-end formation. These experiments showed
that LS mutations NXS 9 and 10 (substituting an 18-bp NXS
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FIG. 2. In vitro polyadenylation using the wild-type HIV polya-
denylation signal. (A) Three nanograms of 32P-labeled wild-type
precursor RNA (arrowhead) was incubated with HeLa nuclear
extract (60% by volume; 25-,ul final reaction volume). Reaction
products were resolved on 40-cm 5% polyacrylamide-7 M urea gels.
Unreacted precursor RNA was electrophoresed as a control. The
polyadenylated products (PA) migrate between 330 and 440 nucle-
otides (see Fig. 1). (B) RNase protection mapping of in vitro
polyadenylated RNA. The 32P-labeled polyadenylated RNA shown
in panel A was excised and eluted from the gel. Recovered RNA was
hybridized to 3 ±tg of a partially complementary, unlabeled 685-
nucleotide (nt) probe (see panel C) and digested with RNases A and
T1. Lanes: M, markers; 1, protected RNA; 2, RNase protection
product which results with use of the 32P-labeled wild-type un-
cleaved, unpolyadenylated precursor. (C) RNase protection probe
and expected RNase protection products.

linker for HIV nucleotides 9571 to 9588 and 9589 to 9606,
respectively; Fig. 1) affected the efficiency of polyadenyla-
tion signal utilization (39). The two mutations decreased
polyadenylation to 30 and 50% of the wild-type level, respec-
tively. To determine whether these same sequences were
required for in vitro polyadenylation, seven different tem-
plates for precursor RNA synthesis, representing mutants
NXS 4 to 10, were created (Fig. 1). These templates contain
sequential 18-bp; NXS linker substitutions in HIV-1 se-
quences between nucleotides 9463 and 9606.
The 280-nucleotide precursor RNAs were tested in in vitro

polyadenylation reactions. As indicated in Fig. 3 and quan-
titated in Table 1, precursor RNAs derived from mutants
NXS 9 and NXS 10 were polyadenylated less efficiently than
was wild-type precursor RNA. These data are in exact
agreement with in vivo data. Thus, sequences in the region
between HIV nucleotides 9571 and 9606 are required for
efficient polyadenylation signal recognition both in vitro and
in vivo.
To investigate whether sequences between 9571 and 9606

were required for efficient cleavage in vitro, the NXS mutant
precursor RNAs were tested in reactions in which polyade-
nylation was inhibited by inclusion of 1 mM cordycepin and
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FIG. 3. In vitro polyadenylation using wild-type, NXS, and
ABglII precursor RNAs. T7 precursor RNA transcripts (3 ng;
indicated by the diamonds) were subjected to in vitro polyadenyla-
tion reactions and analyzed as described in Materials and Methods
and the legend to Fig. 2. The positions of the polyadenylated species
are indicated by the vertical lines. Standardized quantitation of
polyadenylation efficiency relative to that of the wild type is shown
in Table 1. Lanes M, markers. Sizes are indicated in nucleotides.

reduction of the ATP concentration from 1 mM to 250 R±M.
Figure 4 and Table 1 indicate that mutants NXS 9 and 10
were cleaved less efficiently than was the wild type. The
intensity of the 237-nucleotide cleaved product was reduced
by these two mutations. Bands migrating between 240 and
280 nucleotides represent RNA degradation products, since
they were visible in lanes with unreacted substrate (not
shown). Table 1 summarizes the quantitative results of three
separate cleavage experiments performed with two different
nuclear extracts.

Precursor RNAs with short distances between the 5' cap and
AAUAAA can be cleaved efficiently in vitro. Previous studies
of several retroviral polyadenylation signals suggest that the
distance between the cap site and the AAUAAA may
influence the efficiency of polyadenylation site utilization
(22, 40). For HIV-1, distances greater than 240 nucleotides
from cap to AAUAAA were suggested to be necessary for
efficient utilization in vivo (40). To determine whether sim-

TABLE 1. Quantitation of polyadenylation and cleavage
RNA Nucleotides affected % Polyadenylation % Cleavage

WT 31 25
ABglII A9463-9612 11 8
NXS 4 LS 9481-9498 38 22
NXS 5 LS 9499-9516 42 26
NXS 6 LS 9517-9534 41 33
NXS 7 LS 9535-9552 39 25
NXS 8 LS 9553-9570 45 28
NXS 9 LS 9571-9588 11 9
NXS 10 LS 9589-9606 4 13

a Data for the cleavage reaction are averages of three experiments; the
standard deviation was ±4. The polyadenylation data are results of a single
experiment using all of the substrates; significant points (wild type [WT],
ABglII, NXS 9, and NXS 10) have been repeated numerous times with similar
results.
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FIG. 4. In vitro cleavage using wild-type (WT), NXS, and ABglII
precursor RNAs. T7 precursor RNA transcripts (3 ng) were sub-
jected to in vitro polyadenylation reactions in the presence of
cordycepin and analyzed as described in Materials and Methods and
the legend to Fig. 2. Standardized quantitation of polyadenylation
cleavage efficiency relative to that of the wild type is shown in Table
1. nt, nucleotides.

ilar distance effects were operative in vitro, a panel of
deletion mutants in which this distance was varied in the
presence or absence of the significant USEs was constructed
(Fig. SA).
Template A4-8 produced a 203-nucleotide precursor RNA

containing the USEs defined above and 140 nucleotides
between the 5' cap and the AAUAAA (Fig. SA). This
distance is 72 nucleotides shorter than that in wild-type
HIV-1 polyadenylation substrate RNA (Fig. SA) and approx-
imately 160 nucleotides shorter than the minimal effective
distance suggested by in vivo studies (40).
The processing efficiency of the A4-8 substrate RNA was

tested in the in vitro cleavage assay. Quantitation of the
properly cleaved 166-nucleotide product indicated this mu-
tant precursor was processed with somewhat greater effi-
ciency than was the wild type (Fig. SB; 38 and 20% effi-
ciency, respectively). Thus, while at least 250 nucleotides
between the 5' cap and the AAUAAA may be required for
polyadenylation signal utilization in vivo (40), precursor
RNAs with distances as short as 140 nucleotides are proc-
essed with wild-type efficiency in vitro.

Deletion of an additional 18 and 36 nucleotides (A4-9 and
A4-10; Fig. 5A) further reduced the distance from cap to
AAUAAA in precursor RNA and resulted in decreased in
vitro cleavage efficiency (Fig. 5B). However, this was a
predictable result since A4-9 and A4-10 delete the USEs
defined above. Moreover, cleavage of these RNAs was
reduced to levels comparable to that of the A9-10 precursor
RNA (Fig. SB), a precursor which has a greater distance (194
nucleotides) between the 5' cap and AAUAAA but lacks the
36-nucleotide USE found to be important for 3'-end forma-
tion both in vivo and in vitro. Thus, the absence of the USE,
not distance between 5' cap and AAUAAA, can account for
inefficient in vitro cleavage of A4-9 and A4-10 precursors.

DISCUSSION
The data presented show that the HIV-1 poly(A) signal

directs accurate cleavage and polyadenylation in vitro. Sig-
nificantly, sequences upstream ofAAUAAA are required for
efficient in vitro processing; mutation of a 36-nucleotide
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FIG. 5. In vitro cleavage of precursors with short distances between the 5' cap and AAUAAA. (A) Constructions, precursor and cleaved
RNA sizes, and distances between 5' cap and AAUAAA. All templates encode AAUAAA (9665 to 9670), cleavage site (9690), and DSE (9691
to 9715). The USE is indicated by solid boxes. HIV-1 nucleotide numbers indicate regions deleted in mutant constructions. All precursors
were synthesized from an XbaI-linearized template as described above. Precursor and cleaved RNA sizes and the distances between 5' cap
and AAUAAA are shown for each deletion mutant at the right. WT, wild type. (B) In vitro cleavage of precursors with short distances
between the 5' cap and AAUAAA. Three nanograms of 32P-labeled precursor RNA was incubated in the in vitro polyadenylation reaction in
the presence of cordycepin and analyzed as described in Materials and Methods. Arrowheads and stars indicate precursor and cleaved
product RNAs, respectively. Cleavage efficiency, expressed as percent cleavage below each lane, was calculated as described in Materials
and Methods. Lanes M, markers. Sizes are indicated in nucleotides.

region lying between 56 and 93 bases upstream ofAAUAAA

(Fig. 6) reduced the level of cleavage to at least one-third the
wild-type level. These data are the first demonstration of the
function of USEs in vitro. In addition, the in vitro results are

5,
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tgcatataagCAGCUCGCCUGUACUGGGUCUCUCUGGUUAgaccagat

9571 9589 9606

FIG. 6. Sequence of the major USE of the HIV-1 poly(A) signal
as defined by in vivo and in vitro LS analyses. The USE sequences
defined by LS mutants NXS 9 and NXS 10 (between HIV nucleo-
tides 9571 and 9606) are highlighted in uppercase bold type. The
UUUUU sequence (underlined) occurs at positions 9578 to 9582.
The USE is indicated in relationship to the TATA box (under-
lined) and the transcription start site (vertical line at the U3/R
junction) of the LTR. The AAUAAA is located 58 nucleotides
downstream.

in complete agreement with those of previous in vivo exper-
iments using the same mutations. Reporter gene RNA 3'-end
processing in COS cells was diminished to 30% of the
wild-type level by LS mutations between 56 and 93 nucleo-
tides upstream of the AAUAAA (39).
USEs affecting in vivo polyadenylation efficiency have

been described in a number of viral systems (7, 11, 33, 39).
However, the mechanisms of action of both USEs and DSEs
remain unknown. It is likely that these elements act to
increase polyadenylation complex binding to the adjacent
AAUAAA. This could be accomplished through a number of
mechanisms. For example, factor binding to USEs and
DSEs might hold pre-mRNA in a conformation in which the
adjacent AAUAAA remains open and unobstructed by non-

specific RNA-binding proteins. Alternatively, USEs and
DSEs, or secondary structures involving these elements,
may allow binding of factors which interact directly with the
polyadenylation complex to activate processing.

rt
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Whichever mechanism is involved, factor interactions
with USEs and DSEs may provide the same function and
hence be interchangeable. We have previously shown that
the USE of the HIV polyadenylation signal can functional
replace the USE of the SV40 late polyadenylation signal
(39). The primary sequences of these two elements are quite
different. In addition, in data to be presented elsewhere, we
have found that the DSE of the SV40 late polyadenylation
signal can functionally replace the USE of the HIV polya-
denylation signal. Both of these elements contain U-rich
elements (five to six consecutive U's) corresponding to
heterogeneous nuclear ribonucleoprotein (hnRNP) C protein
binding sites. Protein interaction with USEs and DSEs is
supported by studies showing that UV cross-linking of
hnRNP C protein is mediated by these U-rich sequences
(43). Further, polyadenylation substrate RNAs bearing only
UUUUU as the DSE are efficiently processed in vitro (43).
Clearly not all USEs and DSEs contain definable C protein
binding sites, and our data for HIV suggest that the USE is
more complex than the C protein binding site. Nevertheless,
taken together, these observations suggest the existence of a
class of RNA-binding proteins, or hnRNP proteins, which
facilitates the function of USEs and DSEs.
The USEs that we have defined for the HIV-1 poly(A)

signal lie primarily in the U3 region just upstream of the
transcription initiation site in the 5' long terminal repeat
(LTR) (Fig. 6). The AAUAAA and DSE are transcribed in
the 5' LTR; however, a poly(A) signal including the USE
would appear in precursor RNA only by transcription
through the 3' LTR. Hence, it has been proposed that the
lack of the USE in the 5' poly(A) signal contributes to its
lack of utilization (6, 11, 39). It has also been proposed that
the distance between the 5' cap site and AAUAAA plays a
role in the failure to utilize the 5'-LTR poly(A) signal (40).
Those studies suggest that a distance greater than 250
nucleotides is required for efficient utilization of the HIV
poly(A) signal in vivo. It is likely that the lack of USEs and
the proximity of the signal to the promoter each contribute to
the inefficiency of utilization of the 5'-LTR polyadenylation
signal, providing greater protection against aberrant utiliza-
tion of this polyadenylation signal. However, we have found
that as long as the upstream region contains the USE, a
precursor RNA with 140 nucleotides between the 5' cap and
the AAUAAA can be efficiently processed. Thus, the poly-
adenylation complex has no inherent inability to cleave
precursor RNAs with short cap-to-AAUAAA distances, as
long as all of the known polyadenylation signal elements are
present. Thus, the effects on polyadenylation relating to
5'-end proximity in vivo do not appear to depend on absolute
distance but may be mediated by a mechanism which is not
reproduced in the in vitro system. For example, proteins
interacting with the nearby promoter, tethering of the 5' end
of the nascent transcript to transcription factors or cap-
binding proteins, may hinder the polyadenylation reaction in
vivo but may not be detected in an in vitro system in which
active transcription is not occurring.

Lastly, regulation of poly(A) signal utilization is a means
by which gene expression may be controlled. For example,
poly(A) site utilization is regulated during viral infection (10,
12, 13, 26) and has been shown to be modulated tissue
specifically (15, 16, 31). Given that the AAUAAA is found in
all poly(A) signals, specific control at this level seems
unlikely. Since USEs and DSEs affect efficiency of signal
utilization and have less defined consensus elements, they
appear to be good candidates for the sites of regulatory
effects.
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