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Maximal gene expression in retroviruses requires that polyadenylation in the 5� long terminal repeat (LTR)
is suppressed. In human immunodeficiency virus type 1 (HIV-1) the promoter-proximal poly(A) site is blocked
by interaction of U1 snRNP with the closely positioned major splice donor site (MSD) 200 nucleotides
downstream. Here we investigated whether the same mechanism applies to down-regulate 5� LTR polyadenyl-
ation in Moloney murine leukemia virus (MoMLV). Although the same molecular architecture is present in
both viruses, the MoMLV poly(A) signal in the 5� LTR is active whether or not the MSD is mutated. This
surprising difference between the two retroviruses is not due to their actual poly(A) signals or MSD sequences,
since exchange of either element between the two viral sequences does not alter their ability to regulate 5� LTR
poly(A) site use. Instead we demonstrate that sequence between the cap and AAUAAA is required for MSD-
dependent poly(A) regulation in HIV-1, indicating a key role for this part of the LTR in poly(A) site suppres-
sion. We also show that the MoMLV poly(A) signal is an intrinsically weak RNA-processing signal. This
suggests that in the absence of a poly(A) site suppression mechanism, MoMLV is forced to use a weak poly(A)
signal.

The life cycle of retroviruses includes a transition stage
where the RNA genome is reverse transcribed into DNA (11,
31). Reverse transcription results in the duplication of U3-
R-U5 sequences termed long terminal repeats (LTRs) at ei-
ther end of the proviral DNA. Consequently, transcriptional
regulatory elements and poly(A) signals are present at both
termini of the provirus. In particular, the presence of poly(A)
signals in both LTRs produces a regulatory obstacle to viral
expression. An active 5� poly(A) site would dramatically impair
viral gene expression by premature polyadenylation (5, 12, 28).
The exact location of the poly(A) signals in the LTR effectively
divides retroviruses into two classes. In the cases of human
T-cell leukemia virus type 1 (HTLV-1), HTLV-2, bovine leu-
kemia virus, Rous sarcoma virus, and murine mammary tumor
virus, ingenious use is made of the bipartite nature of poly(A)
signals. This comprises an AAUAAA sequence (binding site
for the cleavage and polyadenylation specificity factor, CPSF)
positioned 15 to 30 nucleotides (nt) upstream of the cleavage
site and a more variant GU/U-rich sequence (binding site for
the cleavage stimulation factor, CstF) normally positioned im-
mediately downstream. In each of these retroviruses the
AAUAAA sequence is located in U3 just upstream of the
transcription start site (which defines the beginning of R) and
the GU/U-rich sequence at the beginning of U5, thus placing
the cleavage site of the poly(A) signal at the end of the R
sequence. Consequently, the full poly(A) signal is transcribed
only in the 3� LTR. For Rous sarcoma virus and murine mam-
mary tumor virus, R is kept to a short length (30 to 50 nt) to

allow a functional spacing of the poly(A) signals. In contrast,
the R sequence in HTLV-1 is 275 nt. Correct spacing between
AAUAAA and the GU/U-rich sequences is achieved by RNA
secondary structure. This also provides the binding site for the
viral Rex protein, which promotes nuclear export of unspliced
genomic transcripts (1, 6).

In the second group of retroviruses, including human immu-
nodeficiency virus type 1 (HIV-1), HIV-2, equine infectious
anemia virus, and Moloney murine leukemia virus (MoMLV),
both AAUAAA and the GU/U-rich sequence are located
within R. Therefore, a functional poly(A) site is present at
either end of the retroviral transcript. To maximize gene ex-
pression, the promoter-proximal (5� LTR) poly(A) site must be
suppressed (occluded), while the same RNA-processing signal
in the 3� LTR has to be efficiently used to polyadenylate all
resulting viral RNAs. How this mechanistic dilemma is re-
solved in HIV-1 has been extensively investigated. First, U3
sequences that are uniquely transcribed at the 3� end of the
provirus have been shown to enhance polyadenylation in vivo
(2, 34), as well as in vitro (17, 35) by increasing binding of
CPSF to the AAUAAA sequence (18, 19). This enhancer ac-
tivity, which is associated with a U-rich upstream sequence
element, ensures efficient use of the poly(A) site at the 3� end
of viral transcripts. Second, structural predictions for the
HIV-1 poly(A) site suggest that it is part of a stem-loop struc-
ture (8) that may play a role in poly(A) site suppression in the
5� LTR (15, 22).

Neither of the above-described mechanisms fully accounts
for the suppression of the promoter-proximal poly(A) site,
since it is known to function efficiently in the absence of the U3
upstream sequence element (36). We have recently shown that
neither the close proximity of the 5� LTR poly(A) site to the
cap/promoter nor the HIV-1 promoter itself is essential for the
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occlusion process (4). Instead, we demonstrated that the sup-
pression of the 5� poly(A) site is dependent on the presence of
the downstream major splice donor site (MSD). Inactivation of
the MSD results in efficient promoter-proximal polyadenyla-
tion (2, 3). Detailed analysis of this mechanism revealed that
the interaction of the U1 snRNP rather than splicing accounts
for the inactivation of the poly(A) site, since tethering of a
modified U1 snRNP close to a mutant MSD rescued suppres-
sion. Furthermore, we have also shown that the U1 snRNP
stem-loop I and possibly the associated 70-kDa protein play a
crucial role in this suppression mechanism (4).

We wished to establish if the above-described mechanisms
for 5� LTR poly(A) site suppression in HIV-1 represent a
general strategy for other retroviruses with poly(A) signals in
R-U5. We have therefore analyzed 5� LTR polyadenylation in
MoMLV, since this retrovirus is frequently used in the con-
struction of retroviral gene delivery systems for human gene

therapy. As such gene delivery systems require maximal gene
expression, it is important to understand the nature of 5� LTR
poly(A) site regulation in this virus. In particular, disruption of
elements involved in poly(A) site suppression could dramati-
cally decrease gene expression by premature polyadenylation
in the 5� LTR. Figure 1A demonstrates that the MoMLV gene
structure is much simpler than that of HIV-1. In contrast to
HIV-1, which produces multiply spliced RNAs, MoMLV ex-
presses only unspliced and singly spliced RNA species. As in
HIV-1, the MoMLV poly(A) signals are situated within the
R-U5 sequences and in the 5� LTR are followed by a down-
stream MSD (30). Given these close similarities, we have in-
vestigated whether the promoter-proximal poly(A) site in an
MoMLV minigene context is repressed by the MSD, as is the
case for HIV-1. In sharp contrast to that in HIV-1, we show
that 5� LTR polyadenylation in MoMLV is unaffected by mu-
tational inactivation of the major splice donor. Comparison of

FIG. 1. (A) Schematic comparison of the proviral organizations of HIV-1 and MoMLV (32), highlighting the complexity of the HIV-1 genome
and gene expression. The Tat and Rev splicing patterns are indicated by the dotted line and represent examples of multiply spliced HIV-1 RNA
species. The splicing of the singly spliced env gene is indicated, as well as the unspliced genomic RNA. In contrast, with the much simpler MoMLV
only two species, spliced RNA (env) and the unspliced genomic RNA, are shown. (B) Diagram of the MoMLV proviral DNA and construction
of the minigene. In both LTRs the U3, R, and U5 elements are shown. The locations of the bipartite poly(A) signals are indicated. The bent arrow
at the end of U3 represents transcription initiation. The filled diamond and triangle highlight the splice donor and acceptor sites, respectively. The
minigene was constructed by excision of the gag-pol genes followed by fusion with sequences immediately downstream of the splice donor to the
splice acceptors and the env gene. The 3� LTR was replaced with the �-globin poly(A) signal. The U3 sequences were then precisely replaced by
the CMV promoter elements without affecting the site of transcription initiation. M, MoMLV-based minigene; wtSD, wild-type MSD (G/GU);
mutSD, inactivated MSD (GCA); c, constructs in which the CMV promoter is replacing the original MoMLV U3 promoter.
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the two systems provides evidence for the mechanistic impor-
tance of sequences between the cap and the poly(A) site in
HIV-1 for the occlusion process. Finally, the weakness of the
MoMLV poly(A) site is instrumental in preventing premature
polyadenylation of the majority of viral transcripts in the 5�
LTR.

The radically different approaches to poly(A) site suppres-
sion in MoMLV and HIV-1 may reflect the extreme differ-
ences in the levels of gene expression observed for these two
viruses. Thus, HIV-1 achieves high levels of gene expression in
the infected T cell, while MoMLV expression is maintained at
much lower levels.

MATERIALS AND METHODS

Plasmid construction. (i) MoMLV minigene. The MoMLV minigene was
constructed from proviral DNA containing plasmid pMLV-K (25). First, the 5�
LTR and downstream sequences to nt 1580 (30) were amplified by PCR with
oligonucleotides containing EcoRI and BamHI overhangs and subcloned into
the EcoRI and BamHI sites of pUC18. This initial plasmid was then cut with SpeI
(site located 75 nt downstream of the MSD) and HindIII within the polylinker of
pUC18, resulting in the M vector. Next, MoMLV sequences between nt 5367 and
7063 containing the splice acceptor sites and most of the env gene were amplified
by PCR using oligonucleotides containing a SpeI or NsiI overhang, respectively.
The �-globin poly(A) site was amplified by PCR with oligonucleotides containing
an NsiI or HindIII overhang. Both PCR products were then cut with NsiI, gel
purified, and ligated. The ligated product was amplified by PCR, digested with
SpeI and HindIII, and ligated into the M vector, resulting in the construct
M-wtSD (Fig. 1B). The splice donor mutation (nt 206 and 207) G/GT to GCA
was introduced by using the megaprimer PCR technique (27).

(ii) CMV promoter-driven constructs cM-wt and cM-mutSD. The cytomega-
lovirus (CMV) promoter-driven constructs cM-wt and cM-mutSD were con-
structed in two PCR steps. First, the CMV promoter was amplified from the
CMV HIV-1 mg construct (4). The second PCR amplified MoMLV nt 1 to 290.
The two PCR products were then blunt-end ligated, reamplified, cut with AflIII
and SpeI, and cloned into M-wtSD and M-mutSD digested with the same en-
zymes. A two-step PCR was used to create the construct cM-xho-mutSD. First,
the CMV promoter plus downstream sequences immediately 5� of the AATAAA
were amplified from cM-mutSD and ligated to the PCR product obtained using
primers complementary to the sequence immediately downstream of the
AATAAA and downstream of the SpeI site, respectively. The forward primer
contains an XhoI (CTCGAG) overhang replacing the AATAAA hexamer. The
PCR products were ligated and reamplified, cut with AflIII and SpeI, and ligated
into the backbone of the cM-mutSD construct, which was digested with the same
enzymes.

(iii) Constructs cM-HpA-wtSD and cM-HpA-mutSD. The constructs cM-
HpA-wtSD and cM-HpA-mutSD were obtained by performing round-the-plas-
mid PCR using the cM-wtSD and cM-mutSD plasmids, respectively, and primers
complementary to nt 20 to 42 and 157 to 179, respectively. The HIV poly(A) site
was obtained by digesting the cM constructs with AflII and NarI. This fragment
was blunt ended with T4 DNA polymerase and ligated into the round-the-
plasmid PCR products.

(iv) cH-MpA-wtSD and cH-MpA-mutSD plasmids. The cH-MpA-wtSD and
cH-MpA-mutSD plasmids were constructed by digesting the cH-wtSD and cH-
mutSD plasmids (CMVHIV-1 mg plasmids [4]) with AflII and NarI. The
MoMLV poly(A) site (nt 43 to 156) was then amplified and cloned into the latter
plasmids.

(v) Substitution of MoMLV MSD. Substitution of the MoMLV MSD (GAG/
GTAAGCTG) with the HIV-1 MSD (CTG/GTGAGTAC), resulting in cM-
HwtSD, was achieved by round-the-plasmid PCR using corresponding primers
and the cM-wtSD plasmid as a template.

(vi) Constructs cH-5�M-wtSD and cH-5�M-mutSD. Constructs cH-5�M-wtSD
and cH-5�M-mutSD were obtained by digesting cH-wtSD and cH-mutSD, re-
spectively, with NcoI (located within the CMV promoter sequence) and AflII
(located 10 nt upstream of the AATAAA hexamer). PCR was then performed
using primers that amplify MoMLV sequences from immediately upstream of
the AATAAA (reverse primer containing an AflII overhang) and the entire
CMV promoter. This PCR product was then digested with AflII and NcoI and
cloned into the above-described plasmids.

(vii) Constructs cM-5�H-wtSD and cM-5�H-mutSD. Constructs cM-5�H-wtSD
and cM-5�H-mutSD were created by three PCRs. First, sequences immediately

upstream of the AATAAA and the CMV promoter were amplified using the
cH-wtSD construct as a template. Next, MoMLV nt 47 to 280 were amplified
from either the cM-wtSD or the cM-mutSD construct. The two PCR products
were then ligated and reamplified, cut with AflIII and SpeI, and cloned into
cM-wtSD digested with the same enzymes.

(viii) cH-5�RAT-wtSD and cH-5�RAT-mutSD. cH-5�RAT-wtSD and cH-
5�RAT-mutSD were constructed in two steps. First, a BamHI site was introduced
by replacing the nucleotides CTCTCTGG (�5 to �12) with the sequence TG-
GATCCT in cH-wtSD and cH-mutSD. Insertion of the BamHI site showed no
effect on poly(A) occlusion in an RNase protection assay (data not shown). Next
the double-stranded oligonucleotide (RAT sequence) GATCCTAATCTGGTC
TAGACTCGGACCCTCGAGAGACCGATTGATCCCTTGGGTGACC was
inserted into the BamHI-AflII-digested plasmid as described above.

(ix) Construction of poly(A) competition plasmids. The construction of the
poly(A) competition plasmids is illustrated in Fig. 7A. The T-pA inserts were
obtained by PCR and cloned into the PvuII site of the poly(A) competition
construct (26).

(x) Riboprobe plasmids. The riboprobe plasmids for the HIV-1 minigenes
were constructed by PCR amplification of the sequence from �54 (within the
CMV promoter) to �362 (71 nt downstream of the major splice donor) using
oligonucleotides with EcoRI-XbaI overhangs. The fragments were then sub-
cloned into pGEM-4 digested with EcoRI-XbaI. The MoMLV riboprobes were
obtained by PCR amplification of the fragment between �54 (within the CMV
promoter) and the SpeI site, which was then ligated into pGEM-4 digested with
EcoRI-XbaI.

Cell culture, transfection, and RNA isolation. Subconfluent NIH 3T3 and
HeLa cells were transfected using the Qiagen Superfect transfection reagent.
Transfections were carried out as follows. Three micrograms of retroviral mini-
gene plasmid and 0.5 �g of VA plasmid (pUC plasmid containing the adenovirus
VAI gene) in 150 �l of serum-free minimal essential medium were mixed with 25
�l of Superfect reagent and incubated at room temperature for 20 min. The
transfection mix was then added to subconfluent HeLa or NIH 3T3 cells in
90-mm-diameter plates in a total volume of 4 ml of minimal essential medium or
Dulbecco modified Eagle medium, respectively (medium supplemented with
serum), and incubated at 37°C with 5% CO2 for 5 to 8 h. Subsequently, the
medium was replaced. RNA isolations were performed at 24 h posttransfection.
Cytoplasmic RNA was isolated as previously described (16). Total RNA was
isolated using the hot-phenol method. Volumes of 450 �l of NTE buffer (0.1 M
NaCl, 10 mM Tris [pH 8], 1 mM EDTA) and 50 �l of 10% sodium dodecyl
sulfate were added to 500 �l of phenol and heated to 90°C. Subsequently, the cell
pellets were added to the hot phenol mix, phenol-chloroform extracted twice,
and precipitated. Total and cytoplasmic RNA pellets were resuspended in 65 to
90 �l of R loop buffer (2).

RNA analysis. Initially, 3 to 5 �l of RNA sample was used for a quantitative
RNase protection analysis of the cotransfected VA gene (13). The RNA was
annealed to 500 cps of VA riboprobe in a total volume of 30 �l of R loop buffer
at 56°C (15 to 18 h) and then diluted with 300 �l of RNase protection buffer (10
mM Tris [pH 7.5], 20 mM EDTA, 30 U of RNase I [Roche Boehringer] per ml).
Digestion was carried out at 20°C for 1 h, followed by proteinase K digestion,
phenol-chloroform extraction, and ethanol precipitation. The protected frag-
ments were fractionated on a 6% polyacrylamide gel and subjected to Phospho-
rImager quantitation. Subsequently, retroviral minigene transcription was nor-
malized according to the VA quantitation and RNase protection was carried out
as described above, with the exception that the hybridization temperature for
RNAs obtained from cells transfected with MoMLV constructs was set at 50°C.

In Fig. 3B, lanes 1 and 2, and Fig. 4A, lanes 1 to 4, equal volumes of RNA were
analyzed without prior VA normalization.

S1 nuclease analysis was performed as described previously (3).

RESULTS

Previous studies on the regulation of polyadenylation in
HIV-1 revealed that results obtained in the physiological con-
text of the whole provirus (2) could be reproduced in a more
experimentally tractable HIV-1 minigene construct (3). It was
demonstrated that in both the HIV-1 provirus and minigene,
the MSD acts to suppress the 5� LTR poly(A) signal. Further-
more, replacement of the HIV-1 U3 promoter by the heterol-
ogous CMV promoter has no effect on poly(A) site suppres-
sion by the MSD (4). In the present studies we have aimed to
compare the 5� LTR poly(A) site regulation of MoMLV with
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that of HIV-1. We therefore generated MoMLV minigene
constructs in an fashion analogous to that used for the con-
structs previously constructed for HIV-1 (3). As indicated in
Fig. 1B, MoMLV 5� LTR sequences up to the MSD were fused
to the splice acceptor sites of the env gene (23, 30), followed by
the poly(A) signal of the human �-globin gene to generate the
MoMLV minigene construct (M). The weak U3 promoter of
MoMLV was replaced by the highly active CMV promoter to
allow easier transcription analysis (construct cM). In addition,
RNA polymerase III transcripts initiating from the MoMLV
U3 element have been reported (10) and could interfere with
the RNase protection analysis of RNA polymerase II tran-
scripts. HIV-1 and MoMLV 5� LTRs have quite similar ar-
rangements of their mRNA-processing signals. Thus, the dis-
tance between the cap and poly(A) signal differs by only 23 nt,
while the spacing between the AAUAAA and the MSD in
HIV-1 is 216 nt, compared to 159 nt in MoMLV.

5� LTR polyadenylation in MoMLV is not repressed by the
MSD. We initially carried out a direct comparison of the ability
of the MSD to suppress 5� LTR polyadenylation in the HIV-1
and MoMLV minigene constructs (Fig. 2). RNase protection
analysis of cytoplasmic RNA isolated from HeLa cells tran-
siently transfected with these minigene plasmids revealed a
striking difference between the two retroviruses. We have pre-

viously demonstrated the near-complete dependence of 5�
LTR polyadenylation on the inactivation of the downstream
MSD (3). This result is reproduced in Fig. 2 (lanes 1 and 2),
where the HIV-1 pA band is dramatically increased following
MSD inactivation. Instead, the presence or absence of the
MSD in the MoMLV minigene showed little effect on the
absolute levels of 5� LTR polyadenylation (lanes 3 and 4). As
described below, this poly(A) site produces a characteristic
doublet band. The expected sizes of the RNase protection
products are presented in Fig. 3A.

The RNase protection analysis was controlled for transfec-
tion efficiency and RNA loading (see Materials and Methods).
Although mutation of the MoMLV MSD results in the disap-
pearance of the splicing-derived band (S band), the level of
poly(A) bands (pA bands) is unaffected by the MSD mutation.
Surprisingly, there was no commensurate increase in the
readthrough band (RT band). Presumably, transcripts that
cannot be spliced at the MSD are unstable, so that no increase
in readthrough signal is detected.

Figure 3 provides additional controls for the lack of regula-
tion of the MoMLV poly(A) site by the downstream MSD,
mutated by a GU3CA point mutation. The murine NIH 3T3
cell line was employed in these experiments since it is permis-
sive to MoMLV infection (as HeLa cells are to HIV-1 infec-

FIG. 2. RNase protection analysis of cytoplasmic RNAs from HIV-1 and MoMLV minigenes containing a wild-type or mutant splice donor
transfected into HeLa cells. The sizes and identities of bands designated RT, S, and pA are indicated in Fig. 3A. Lanes are labeled with plasmids
used in transfections. Lane M, size markers (in nucleotides).
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tion). Identical results were obtained with both cell lines. Fig-
ure 3B reveals that for both constructs, readthrough products
(lanes 1 and 2) of the expected size are obtained. The larger
amount of these RT bands in NIH 3T3 transfections may
reflect differences in splicing efficiency between this cell line
and HeLa cells (Fig. 2). As before, a band of 206 nt coinciding
with the expected splice product (S) is present for cM-wtSD
(Fig. 3B, lane 1) but is clearly absent when the splice donor is
inactivated in cM-mutSD (lane 2), and doublet pA bands about
70 nt in length are present at equal intensities for both wild-
type and mutant SD transcripts.

To establish the identity of the pA doublet bands, an XhoI
site replacing the AATAAA hexamer was introduced into the
cM-mutSD construct. RNase protection analysis of this con-
struct reveals that the doublet pA bands disappear, confirming
that they represent mRNAs that are polyadenylated within the
5� LTR (Fig. 3C, lanes 1 and 2). It appears that two nearly
equally efficient cleavage sites are defined by the MoMLV

poly(A) signal, a feature quite often observed in other poly(A)
signals. As before, these transfections were controlled by co-
transfection with a second plasmid containing the adenovirus
VA gene (transcribed by RNA polymerase III). Figure 3C
(lanes 3 and 4) shows the RNase protection product for this
VA transcript, confirming the equal transfection efficiency,
RNA recovery, and gel loading for this experiment. As pointed
out above, a heterologous CMV promoter drives transcription
of the MoMLV minigene. To ensure that the lack of splice
donor-dependent regulation in MoMLV is not an indirect con-
sequence of the efficient CMV promoter substitution, con-
structs containing the original MoMLV promoter (M-wtSD
and M-mutSD [Fig. 1B]) were also analyzed. As shown in Fig.
3D (lanes 1 and 2), substitution of the CMV promoter for the
original MoMLV U3 promoter has no significant effect on the
regulation of 5� LTR polyadenylation when normalized to the
VA cotransfection control (see Materials and Methods). How-
ever, we note that a larger fraction of transcripts fail to be

FIG. 3. (A) Diagram of minigene constructs and the expected lengths of protected fragments from the T7 riboprobes (thick line) after RNase
digestion. (B through D) RNase protection analysis of total RNA from NIH 3T3 cells transfected with MoMLV minigene constructs as indicated.
(C) Lanes 1 and 2, effect of mutation of the MoMLV AATAAA hexamer with an XhoI site on RNase protection products. Lanes 3 and 4,
cotransfection controls probing for the cotransfected VA gene, confirming equal transfection efficiency and loading of the RNA. (D) RNase
protection analysis with constructs containing the original MoMLV promoter. The use of the MoMLV promoter results in a substantially lower
yield of viral transcripts, and therefore longer exposures were necessary to detect the 5� LTR transcripts. Lanes M, size markers (in nucleotides).
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processed at the poly(A) or MSD signals, resulting in a stron-
ger readthrough band. Also, the longer exposure necessary to
detect the poly(A) and MSD signals resulted in higher levels of
background bands. These results clearly demonstrate a distinct
difference between HIV-1 and MoMLV. Whereas MSD inac-
tivation in HIV-1 triggers efficient 5� LTR poly(A) site use
(Fig. 2), surprisingly no effect is observed for MoMLV. Indeed,
5� LTR polyadenylation appears to occur at similar levels
whether or not the MSD is present.

Exchanging of poly(A) and MSD signals between HIV-1 and
MoMLV. The fact that the simple positioning of a poly(A) site
upstream of an active donor site is not sufficient to induce
poly(A) site suppression is clearly revealed by our analysis of
MoMLV. To try to understand the specificity of the HIV-1
poly(A) site suppression mechanism and why this is absent in
MoMLV, we exchanged poly(A) signals between the two ret-
roviral minigenes. The HIV-1 poly(A) site (including down-

stream sequences; see Material and Methods) was inserted in
place of the MoMLV poly(A) site into the cM constructs to
generate cM-HpA-wtSD and cM-HpA-mutSD. Figure 4A
shows the RNA analysis of these two constructs transfected
into murine NIH 3T3 cells. As clearly indicated by these re-
sults, the HIV-1 poly(A) site loses its ability to be suppressed
by a splice donor when placed within the MoMLV sequence
background. Thus, lanes 3 and 4 reveal equivalent amounts of
HIV-1 pA site use with or without a functional downstream
MSD. A similar result was obtained when these constructs
were transfected into HeLa cells (data not shown). Figure 4B
shows the reciprocal experiment, in which the MoMLV
poly(A) signal is used to replace the HIV-1 poly(A) signal in
the HIV-1 minigene. In this case, full MSD suppression of the
MoMLV poly(A) signal occurs. The VA cotransfectional con-
trol is shown in the same lane for this particular experiment.
Taken together, these results clearly suggest that splice donor-

FIG. 4. RNase protection analysis using HIV-1 and MoMLV minigenes with interchanged poly(A) and MSD sites. Labeling is as indicated in
Fig. 3A. The cM-HpA [M, MoMLV minigene backbone; HpA, HIV-1 poly(A) signal] and cH-MpA [H, HIV-1 minigene backbone; MpA, MoMLV
poly(A) signal] constructs were used for this series of experiments, and the resulting protected fragments are indicated below the panels. The cell
lines used for each transfection are indicated in the bottom left corners of the panels. (A) RNase protection analysis of the indicated minigenes
using total RNA from transfected NIH 3T3 cells. (B) RNase protection analysis of cytoplasmic RNA from HeLa cells transfected with the indicated
HIV-1 minigene constructs. To ensure equal efficient transfection and RNA loading, a riboprobe for the cotransfected VA gene was included
(VA). An additional band, X, appears in lane 1. The intensity of this band varied between experiments and is most likely an RNase protection
artifact. (C) RNase protection analysis of cM-wtSD and the same MoMLV minigene, but containing the HIV-1 splice donor sequence (cM-
HwtSD), transfected into NIH 3T3 cells. Lanes M, size markers (in nucleotides).

11740 FURGER ET AL. J. VIROL.



induced suppression in HIV-1 is not dependent on the origin
of the poly(A) site (plus the immediate 3� flanking region).
Furthermore, the lack of poly(A) site regulation in the
MoMLV system cannot be attributed to a specific sequence of
the MoMLV polyadenylation signal.

We also investigated the effect of replacing the MoMLV
MSD with the HIV-1 MSD. Even though the HIV-1 MSD is a
closer match to the optimal donor site consensus than the
MoMLV MSD, the unregulated use of the MoMLV poly(A)
signal was still observed. As shown in Fig. 4C, the HIV-1 MSD
failed to induce suppression of the MoMLV poly(A) signal
when these cM constructs were transfected into NIH 3T3 cells.
Similarly, when the MoMLV MSD was used to replace the
HIV-1 MSD, poly(A) suppression was still observed in the
HIV-1 minigene (data not shown). These results indicate that
the difference in poly(A) site regulation between these two
retroviruses is not attributable to their MSD sequences. Either
additional elements in HIV-1 are required to allow MSD-
dependent poly(A) site occlusion or regulatory elements in
MoMLV are able to counteract the occlusion effect.

Role of sequence between the cap and poly(A) in HIV-1. We
have tested whether sequences between the cap and poly(A)
signal in the HIV-1 5� LTR might also contribute to the
poly(A) site suppression phenomenon. In HIV-1 this sequence
encompasses the TAR element, which forms a well-character-
ized stem-loop structure of 59 nt (20). Furthermore, TAR acts
as a transcriptional regulatory element through its interaction
with the viral Tat protein (7) and other cellular factors. TAR
has also been implicated in posttranscriptional events such as
translation (9) and viral packaging (24). Part of the sequence
between the cap and AAUAAA in MoMLV is also thought to
form a hairpin structure and plays a role in promoting the
accumulation of unspliced MoMLV transcripts in the cyto-
plasm. However, it is unknown whether this is a direct effect on
nuclear export or an indirect effect through the inhibition of
splicing (32).

To test the possible roles of the cap-AAUAAA sequence in
5� LTR poly(A) site suppression, we exchanged these se-
quences between HIV-1 (nt �1 to �72) and MoMLV (nt �1
to �55) (Fig. 5). The two plasmids cH-5�M-wtSD and cH-5�M-
mutSD plus the parental cH constructs were then transfected
into HeLa cells, and cytoplasmic RNA was analyzed. As be-
fore, the cH constructs resulted in a suppression pattern where
the 5� poly(A) site is activated by the splice donor mutation
(Fig. 5A, lanes 1 and 2). However, surprisingly a complete loss
of regulation was evident if the cap-AAUAAA sequence of
HIV-1 was replaced by the equivalent MoMLV sequence (Fig.
5A, lanes 3 and 4). Clearly, insertion of the MoMLV sequence
abolishes the ability of the HIV-1 MSD to suppress polyade-
nylation. The pattern obtained with chimeric cH-5�M con-
structs now resembles that obtained with MoMLV (cM). Since
we were able to transform regulated poly(A) site suppression
of the HIV-1 minigene into the unregulated MoMLV arrange-
ment, we also tested whether the insertion of the HIV-1 cap-
AAUAAA sequence into the MoMLV minigene can induce
poly(A) site suppression. As shown in Fig. 5B, the constructs
cM-5�H-wtSD and cM-5�H-mutSD were transfected into NIH
3T3 cells, and the resulting transcripts were analyzed by RNase
protection. Replacement of the MoMLV 5� element with the
HIV-1 TAR-containing region did not induce the suppression

of the promoter-proximal poly(A) site (identical results were
obtained using HeLa cells). Furthermore, the presence of
RNA transcripts corresponding to the TAR sequence is clearly
visible in lanes 3 and 4, as is often observed when mapping
HIV-1 5� LTR transcripts (29). It is clear from these results
that the HIV-1 TAR sequence is not sufficient to induce
poly(A) site regulation in an MoMLV background. Presum-
ably other sequence elements in MoMLV still prevent poly(A)
site regulation.

To further define the requirement of cap-proximal se-
quences in HIV-1 poly(A) site suppression, we constructed
HIV-1 minigenes in which nt �12 to �63 were replaced by
their antisense sequence (Fig. 6, bottom). The resulting tran-
scripts have the same distance between the cap and the
poly(A) site and also have the potential to form an antisense
TAR hairpin structure (RAT). Figure 6 shows an RNase pro-
tection analysis of the cH-5�RAT-wtSD and cH-5�RAT-
mutSD constructs transfected into HeLa cells. Consistent with
the results obtained with the constructs cH-5�M-wtSD and
cH-5�M-mutSD, regulation of 5� promoter-proximal poly(A)
site use is virtually abolished (Fig. 6, compare lanes 3 and 4).
Since the U contents of the riboprobes for the cH-5�RAT and
cH constructs are identical, we can directly compare the ratios
of the splice products and the 5�-polyadenylated RNAs. It is
clear that the RAT mutation substantially reduces the level of
5� LTR transcripts obtained and favors the use of the poly(A)
site over the MSD site (by a sixfold level compared to cH-
wtSD). Even so, no suppression of the poly(A) site is observed
in the presence of the downstream MSD.

We conclude from these experiments that the sequences
between the cap and poly(A) site in HIV-1 play a critical role
in the suppression of polyadenylation. Replacement or inver-
sion of these sequences abolishes the inhibitory effect of the
MSD on the 5� poly(A) site use. However, insertion of the
HIV-1 cap-AAUAAA sequences alone into an MoMLV back-
ground is insufficient to trigger splice donor-dependent inhibi-
tion of 5� LTR polyadenylation.

Strength of the MoMLV poly(A) site. Our results indicate
that MoMLV lacks the ability to suppress the promoter-prox-
imal poly(A) site by the presence of an active downstream
MSD. We therefore wondered if the inability to suppress 5�
polyadenylation as observed in MoMLV requires the use of a
weak polyadenylation signal. A weak poly(A) signal would
allow a substantial number of transcripts to escape the 5� LTR
poly(A) site. In addition, as is the case in HIV-1, U3 sequences
could ensure more efficient polyadenylation at the 3� ends of
all viral RNAs.

To test this hypothesis, we compared the relative strengths
of the MoMLV and HIV-1 poly(A) sites. A poly(A) competi-
tion assay was employed as previously described (26). In this
system, test poly(A) sites are inserted upstream of a strong
synthetic poly(A) site (SPA) placed in an �-globin gene con-
struct. The strength of each poly(A) site is represented by the
ratio of cleavage at the test poly(A) signal to that at the SPA.
A 189-nt fragment extending from the cap to downstream of
the poly(A) signal in both HIV-1 and MoMLV was inserted
into the test box as indicated in Fig. 7A. The plasmids were
transfected into HeLa cells, and cytoplasmic RNA was sub-
jected to S1 analysis. The lengths of the resulting protected
fragments are indicated (Fig. 7A). Insertion of a strong SPA
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FIG. 5. Role of sequences between the cap and AAUAAA in HIV-1 poly(A) site occlusion. As indicated below the panels, sequence between
the cap and the AAUAAA in the HIV-1-minigene was replaced by the equivalent MoMLV element. The distance between the cap and the
AAUAAA hexamer differs by 17 nt between the two viruses, explaining the change in mobility of the protected fragments. (A) Lanes 1 and 2,
RNase protection analysis confirming the splice donor-dependent occlusion of the 5� LTR poly(A) site in HIV-1. Lanes 3 and 4, loss of 5� LTR
poly(A) site inhibition by insertion of the MoMLV sequence. (B) Insertion of the HIV-1 cap-AAUAAA sequence element into the MoMLV
minigene fails to trigger 5� LTR occlusion in MoMLV minigenes when transfected into NIH 3T3 cells. Compare the RNase protection analysis
shown in lanes 1 and 2 with that in lanes 3 and 4. Lane 5 shows a fifth of the undigested riboprobe used for the cM-5�H-wtSD RNase protection.
Numbers on the left in panel B are size markers (in nucleotides).
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into the test position resulted in an almost 100% use of the test
poly(A) site versus the second SPA (Fig. 7B and C, lane 1 and
bar 1), and 70% of transcripts are polyadenylated at the HIV-1
poly(A) site (Fig. 7B and C, lane 2 and bar 2). However, the
use of the test poly(A) site was significantly reduced when the

MoMLV poly(A) site was inserted. Only 30% of the transcripts
were processed at this site (Fig. 7B and C, lane 3 and bar 3).
Insertion of an additional 52 nt from the U3 element increased
the use of the MoMLV poly(A) site twofold (Fig. 7B and C,
lane and bar 4). This observation is in agreement with the

FIG. 6. RNase protection analysis establishing the importance of the sequences between the cap and AAUAAA in 5� LTR poly(A) suppression
in HIV-1. A diagram of the HIV-1 minigene used is shown below panels. Lanes 1 and 2, splice donor-dependent poly(A) inhibition in the HIV-1
minigene. Lanes 3 and 4, loss of poly(A) site regulation when the region between the cap and AAUAAA is replaced by its antisense sequence
(RAT) (cH-5�RAT-wtSD/mutSD). A longer exposure of lanes 3 and 4 can be seen on the right. Lane 5 shows a fifth of the undigested riboprobe
used for the cH5�RAT-wtSD RNase protection analysis. Constructs containing the RAT sequence consistently produced lower levels of steady-
state transcripts. Lane M, size markers (in nucleotides).
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HIV-1 system, where polyadenylation at the 3� LTR is in-
creased by U3 sequences (2, 17).

The above-described results indicate that the MoMLV
poly(A) site is significantly weaker than the equivalent HIV-1
processing site. We suggest that the lack of a mechanism to
allow the inhibition of the promoter-proximal poly(A) site in
MoMLV requires the use of a weak poly(A) signal.

DISCUSSION

As HIV-1 and MoMLV both contain the complete poly(A)
signals within the 5� untranslated region of the viral transcript,
suppression of promoter-proximal polyadenylation must be
critical for maximal gene expression. In this study, we have
compared the abilities of these two retroviral minigene systems
to suppress their promoter-proximal poly(A) sites. We have
previously demonstrated that in HIV-1, the MSD and its in-
teraction with U1 snRNP play a predominant role in the inac-

tivation of 5� LTR polyadenylation (2, 3, 4). Instead, these
studies show that mutational inactivation of the MSD in an
MoMLV-based minigene system has little if any effect on pro-
moter-proximal poly(A) site use. This difference in poly(A) site
regulation between HIV-1 and MoMLV is partly explicable by
our demonstration that sequences between the cap and the
AAUAAA poly(A) signal in HIV-1 are essential for the
poly(A) suppression mechanism. However, other sequence
features of the MoMLV retrovirus, as yet uncharacterized,
appear to prevent poly(A) suppression even if the HIV-1 cap
and the AAUAAA sequence are used to replace equivalent
MoMLV sequence. It is also possible that further sequence
features of HIV-1 are required for MSD suppression in addi-
tion to the cap-poly(A) signal region. The fact that the
MoMLV poly(A) signal is significantly weaker than that of
HIV-1 may also be relevant to the marked differences in
poly(A) site regulation between these two retroviruses.

FIG. 7. Measurement of MoMLV poly(A) strength versus HIV-1 using a poly(A) site competition assay. (A) Basic outline of the poly(A) site
competition gene construct. The strong SPA follows a test poly(A) site box (T-pA). The sequences between the cap and nt 188 of both HIV-1 (HIV
pA) and MoMLV (MLV pA) were inserted into the test position as indicated. In the case of U3MLV pA, the region between �52 (from the site
of transcription initiation) to nt 188 was inserted. The lengths of the S1-protected fragments are indicated below each construct. The sequences
of all minimal poly(A) sites are outlined. Sites of cleavage are indicated (asterisks), and the AAUAAA and GU-rich sequences are underlined.
(B) S1 protection of cytoplasmic RNA from HeLa cells transfected with the various poly(A) site competition gene constructs. Lanes M, size
markers (in nucleotides); boldface letters at top of gel, origin of the poly(A) site inserted into the T-pA box; S1 digested, fully digested S1 probe;
undigested, S1 probe for MLV-SPA and rabbit �-globin incubated without S1 nuclease; SPA, transcripts that read through the test poly(A) site
and were processed at the downstream SPA site; T-pA, transcripts polyadenylated at the inserted poly(A) site; Cot-R-b, protected fragments from
the cotransfected control plasmid containing the rabbit �-globin gene. (C) Percent use of the test poly(A) site.
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HIV-1 5� LTR poly(A) site regulation requires sequence
between the cap and poly(A) site. The direct inversion of se-
quences between the cap and the AAUAAA poly(A) signal in
HIV-1 or their replacement with MoMLV sequences clearly
abolishes promoter-proximal poly(A) suppression. This points
to a further role for this sequence element in HIV-1 beyond its
well-established involvement in Tat-dependent promoter acti-
vation. The necessity of additional sequences required for
poly(A) site suppression in the HIV-1 system was unexpected.
For instance, splice donor-dependent suppression of an up-
stream poly(A) site was demonstrated using an in vitro system
with the adenovirus L3 polyadenylation signal (33). However,
in contrast to the situation in HIV-1 and MoMLV, where the
distance between the processing signals exceeds 100 nt, these
studies used short spacers in the range of 13 to 68 nt. This close
proximity of the two processing signals might enhance their
interaction, independent of additional sequence elements.

The 5� region of MoMLV used to replace the HIV-1 coun-
terpart contains a sequence element that has been suggested to
influence both transcription initiation (14) and accumulation
of unspliced RNA in the cytoplasm (32). One suggested mech-
anism (32) was that accumulation of unspliced RNA might
occur through inhibition of the splicing process. If this inhibi-
tion reduced the interaction of U1 snRNP at the donor site,
then the insertion of this element in the HIV-1 context would
lead to the activation of polyadenylation. However, results
obtained with the reciprocal construct, in which the HIV-1 5�
region is placed in the MoMLV minigene, argue against this
possibility. In this case, no splice donor-dependent regulation
is observed.

It could also be argued that the MoMLV 5� LTR sequences
simply abolish poly(A) site suppression by an intrinsic poly(A)
enhancer effect. This would lead to a substantially stronger
HIV-1 poly(A) site, which might overrule the suppression ef-
fect (3). Again, this is unlikely since replacement of the same
sequence with the HIV-1 element had no detectable effect on
the efficiency of the MoMLV poly(A) site (Fig. 5B). Indeed,
the fact that inhibition of 5� LTR polyadenylation is abolished
upon inversion of sequences between the cap and AAUAAA
(cH-5�RAT-wt and cH-5�RAT-mutSD) in HIV-1 demon-
strates the significance of this specific region in the occlusion
process. It has been suggested that the poly(A) site of HIV-1
lies within a hairpin motif (8). Disruption of this hairpin ap-
pears to influence polyadenylation (15, 21) by altering its ac-
cessibility for poly(A) factors (22). Either substitution or in-
version of TAR and flanking regions could result in efficient 5�
LTR polyadenylation by disrupting this poly(A) hairpin and so
allow more efficient recognition by poly(A) factors. This in-
creased accessibility for polyadenylation factors could then
strengthen the HIV-1 5� LTR poly(A) site and might partly
overrule inhibition by the splice donor site.

The weak poly(A) site might be instrumental for MoMLV
gene expression. In contrast to HIV-1, MoMLV is unable to
suppress the promoter-proximal poly(A) site via the U1
snRNP-splice donor interaction. It is clear that MoMLV has to
follow a different strategy to overcome the 5� LTR poly(A) site
dilemma. We believe that the basis for the MoMLV strategy
can be found in the simplicity of its genome. The HIV-1 ge-
nome is much more complex than that of MoMLV (Fig. 1A).
In MoMLV only singly spliced and unspliced transcripts ap-

pear, whereas in HIV-1 additional multiply spliced RNA spe-
cies are generated. A strong poly(A) site in HIV-1 would
ensure efficient 3�-end processing of all emerging transcripts
and therefore facilitate high levels and precise balances be-
tween the different RNA species. Thus, the complexity of
HIV-1 might have coincided with the evolution of a stronger
poly(A) site.

In parallel to the introduction of a stronger poly(A) signal, a
mechanism had to evolve to suppress the promoter-proximal
site. As described in the introduction, for HTLV the poly(A)
signal is divided by placing the AATAAA into the U3 element
so that it is transcribed only at the 3� LTR. However, in HIV-1
and MoMLV the poly(A) sites are in RU5, and therefore
different mechanisms must apply. Since HIV-1 possesses a
strong poly(A) site, this must be inactivated in the 5� LTR via
a splice donor-dependent mechanism. For MoMLV we suggest
that the balance of unspliced and singly spliced RNAs can be
achieved by simply using a weak polyadenylation signal. The
weak poly(A) signal allows some transcripts to escape prema-
ture polyadenylation at the 5� LTR, and in conjunction with
the U3 enhancer element, most of these viral RNAs will then
subsequently be polyadenylated in the 3� LTR. This arrange-
ment does not rely on additional suppression mechanisms even
though it must reduce the overall levels of viral transcripts.
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