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Multiple sequence elements are involved in RNA
3’ end formation in spleen necrosis virus

Kouichi Iwasaki and Howard M. Temin

McArdle Laboratory for Cancer Research, University of Wisconsin, Madison, Wisconsin

The function of the poly(A) signal in spleen necrosis virus (SNV) is dependent upon the distance
between the cap site and the poly(A) site, while the function of the SV40 late poly(A) signal is
independent of the distance. Deletions in the SNV poly(A) sequence do not alter the distance-
dependent function. SNVISV40 chimeric poly(A) signals show intermediate behavior between the
SNV and SV40 poly(A) signals. These results indicate that multiple sequence elements are involved
in the functions of either the SNV or SV40 poly(A) signals. This intermediate behavior is also
observed with poly(A) signals from the mouse a-globin and herpes simplex virus thymidine kinase

genes.

Retroviruses are RNA viruses that replicate
through a DNA intermediate, the provirus.
The proviral DNA is synthesized by the virus-
encoded reverse transcriptase. During reverse
transcription, long terminal repeat (LTR) se-
quences are created at both ends of the proviral
DNA. The LI'R sequences contain cis-regulatory
elements necessary for replication of the retro-
virus: sequences for integration, transcription
initiation, transcription enhancement, and RNA
3’ end formation (for review, see Weiss et al.,
1985; Coffin 1990). Because of the duplication
of the LTR sequences, signals for transcription
initiation and RNA 3’ end formation are located
at both the 5 and 3’ ends of the provirus.
For proper RNA 3’ end formation, retro-
viruses, like cellular genes, require two sequence
elements: one is the AAUAAA sequence; and
the other is the GU- or U-rich sequence, the so-
called downstream element, which is located
downstream from the poly(A) site (for review,
see Birnstiel et al., 1985; Humphrey and Proud-
foot, 1988; Manley, 1988; Wickens, 1990; Proud-

foot, 1991). In addition to the requirement for
these elements, retroviruses use at least three
different ways to inactivate the 5 poly(A) signal
or to activate the 3’ poly(A) signal for RNA 3’
end formation (for review, see Proudfoot, 1991).

In some retroviruses, such as Rous sarcoma
virus and human T cell leukemia virus-1 (Ahmed
et al,, 1991), the AAUAAA sequence is located
upstream of the cap site and is not transcribed
into RNA at the 5 end (for review, see Proud-
foot, 1991).

In another retrovirus, human immunodefi-
ciency virus-1 (Brown etal., 1991; DeZazzo et al,,
1991; Valsamakis et al., 1991), and a pararetro-
virus, hepatitis B virus (Russnak and Ganem,
1990), an upstream element(s) is required for
RNA 3’ end formation in addition to the
AAUAAA and downstream elements. Since this
upstream element is not transcribed into RNA
at the 5’ end but is transcribed near the 3’ end,
the second poly(A) site is processed, while the
first poly(A) site remains unprocessed.

In spleen necrosis virus (Iwasaki and Temin,
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1990) and cauliflower mosaic virus (Sanfacon
and Hohn, 1990), the poly(A) signals require
a distance from the cap site to be active. The
poly(A) signal in human immunodeficiency
virus-1 also requires a distance from the cap
site for RNA 3’ end formation (Weichs an der
Glon et al., 1991), in addition to the upstream
elements.

Previously, we reported that in SNV the dis-
tance between the cap site and the poly(A) site
is critical: if it is shorter than 500 bases, the
poly(A) signal is inactive; if it is longer than 1000
bases, the poly(A) site is used efficiently. In con-
trast, the poly(A) signal for the SV40 late genes
functions independent of its distance from the
cap site (Iwasaki and Temin, 1990).

In this report we asked what features of the
SNV poly(A) signal sequences are responsible
for distance-dependent RNA 3’ end formation
by making (1) deletions in the SNV sequence
and (2) SNVISV40 chimeras. Our experiments
indicated that multiple sequence elements are
involved in the functions of either the SNV or
SV40 poly(A) signal.

Materials and methods

Nomenclature

“.

Plasmids have the letter “p” before their names
[e.g., pR/US], whereas transcripts made from
these plasmids do not [e.g., R/U5].

Cells

D17 cells (a dog osteosarcoma cell line) were
grown as previously described (Watanabe and
Temin, 1983). Transfection of D17 cells was per-
formed as described by Kawai and Nishizawa
(1984).

Plasmids

Recombinant DNA techniques were as described
by Sambrook et al. (1989). The L construct con-
taining the R/U5 region of SNV was identical
to pR/Ub(1423) in our previous report (Iwasaki
and Temin, 1990). The 5'S and 3'S constructs
containing the R/U5 region of SNV were iden-
tical to pR/U5(497) and pR/U5(471), respectively,
in our previous report (Iwasaki and Temin,
1990). We created a Bgl II site at the 3’ end of
the U5 region in these vectors by adding two
nucleotides, GA, using polymerase chain reac-
tion (PCR) mutagenesis. Addition of these two
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nucleotides did not change expression of RNA
compared with the original sequences (data not
shown).

This Bgl I site and an Xba I site (see Fig. 1A)
were used to replace the R/U5 region with all
the deletions, replacement, chimeric, and other
poly(A) signal sequences.

All the deletion and replacement sequences
in the R/U5 region were constructed by PCR
mutagenesis. These sequences were confirmed
by dideoxy sequencing. Primers used in PCR
and details of the methods will be supplied upon
request. ’

The chimeric sequences, R/SV and SV/US5,
were constructed as follows: The upstream and
downstream sequences of SNV were separated
at the Dra I site that is located at its poly(A)
site and made blunt-ended by Klenow treatment.
The SV40 DNA fragment has been previously
described (Iwasaki and Temin, 1990) and is
shown in Figure 1B. The upstream and down-
stream sequences of SV40 were separated at the
Hpa Isite that is located 6 bases upstream from
its poly(A) site. These half sequences were li-
gated to make the chimeric signals and were
cloned into L, 5'S, and 3'S constructs.

The fragment used in mt/SV was made by
elongation by Klenow enzyme of two partially
complementary oligonucleotides. The oligo-
nucleotides used were:

5.CTCTAGACTCGAGTAATAAAACTTTGCAGGTG-%,
and
5.GGTACGTCGACACCTGCAAAGT-3".

The first oligonucleotide was identical to a
primer used to construct mini(mt). After elon-
gation by the Klenow enzyme, the fragment was
self-ligated, digested with Xba I and Rsa I, and
purified by gel electrophoresis in 3% low point
melting agarose. The purified fragment was li-
gated with the Hpa I-Bgl II fragment of the SV40
sequence and cloned into L, 5'S, and 3'S con-
structs. The sequence of mt/SV was confirmed
by dideoxy-sequencing. The construction of the
SVImt/SV sequence was essentially similar to the
construction of the mt/SV sequence. Details for
this construction will be supplied upon request.

The herpes simplex virus thymidine kinase
(tk) poly(A) signal that we used was previously
described (Iwasaki and Temin, 1990).

The 140 bases of the mouse a-globin poly(A)
signal were cloned from pBR322/genomic a-
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AGATTOGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT CGCCTACTGG GTGGGOGCAG GGAGA

2 I{US ACG TGCGGCCCAG ATTCGAATCT GTAATAAMAC TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT OGCCTACTGG GTGGGOGCAG GGAGA
3(:{:;3) GTAATAABAC TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT CGCCTACTGG GTGAGOGCAG GGAGA
1(:{:;:) GTOGGG TACACATTGT 'GACG TGCGGOCCA GATTCGAATCT GTAATAABAC TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGG

(:{:5 ' GTCGGG GTOGCCGTCC TACACATTGT TGTTGTGACG TGCGGOCCA GATTCGAATCT GTAATAAMC TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT OGCC
‘(:M::l()'t) GTAATAABAC TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT CGCC
7 MUS GTCGGG GTOGCCGTCC TACACATTGT TGTTGTGACG TGCGGCCCA GATTCGAATCT GTAATAABAC TT A TTTTGTTCGT GGTGTTGGCT CcCCTACTGG GTGGGOGCAG GGAGA
l(m:;’)(m) GTAATARBAC TT TTTTGTTCGT GGTGTTGGCT CGCC

+1

9 R/US GTCGAG GTOGOCGTOC TACACATTGT TGTTGTGACG ATTCGAATCT TTTTTTTTTT CTGAATCCTC AGATTGGCAG TGAGAGGAGA TTTTGTTCGT GGTGTTGGCT CGCCTACTGG GTGGGCGCAG GGAGA
10 sva0 gaa atttgtaacc attat agttaacaac aacaattgca ttcattttat ttrttasage aagtaaaace tetaca aatcaageta aga
11 sv/us gaaatttg tgatgetatt gotttatttg t AGATTGGCAG TTTTGTTCGT GGTGTTGGCT CGOCTACTGG GTGGGCGCAG GGAGA
12 /sV GIC CAGATTCGAA TCTGTAATAA AACTTTTTTT TTTCTGAATC CTCAsacaac aacaattgea ttcattttat gtttcaggtt cagggggagg tgtgggaggt ttett Aagraaaacc tctacaaatc aagcetaaga
13 mc/SV GTAA IAAMACTTTY caggTgtcga cgtaaacaac ttcattttat gtttcaggtt cagggggagg tgtgggaggt tittit gt tctacaaatc aagctaaga

aacaattgea tt aagtasaacc tot

14 SV/me/sV 942 STLTQLgatg CLattgettt aTTLLaacs attataaget goctogagGTAl IARRACTTTG caggTgtcga cgrasacaac gtttcaggtt ttete

Figure 1. Structures of vectors and sequences used as the poly(A) signals. A. Vectors used. These vectors contained the
U3 region of SNV for a promoter (), the neomycin resistance gene [neo’] (z23) to extend the distance from the cap
site to the first poly(A) site, the first poly(A) signal to be tested ([I), and the herpes simplex virus thymidine kinase [¢k]
gene to provide the second poly(A) site ( ). The RNAs expressed from these vectors are shown by (————AA); one
RNA species is polyadenylated at the first poly(A) site, and the other RNA species is polyadenylated at the tk poly(A)
site. Tests for RNA 3’ end formation were performed using three types of vectors: L, 5'S, and 3'S. Gaps in the 5'S and
3'S constructs indicate deleted regions in these vectors. The distances from the cap site to the first poly(A) site in the
L, 5'S, and 3'S constructs were approximately 1400, 500, and 470 nucleotides, respectively. By measuring levels of the
two RNA species, the efficiency of RNA 3’ end formation was evaluated for the first poly(A) signals. A probe to detect
RNA species transcribed from L and 5'S was the 5 neo” gene fragment. A probe to detect RNA species transcribed from
L and 3'S was the 3’ neo” gene fragment. (See Materials and Methods.) Other symbols: Xba I and Bgl II, sites of restriction
enzymes used; vertical broken lines, boundaries of regions; thick lines, structures of vectors. B. Mutations of the SNV
R/U5 region used to identify additional sequences necessary for RNA 3’ end formation. The R region is upstream from
the poly(A) site, and the U5 region is downstream from the poly(A) site. The AATAAA poly (A) signal sequences are under-
lined. The poly(A) sites are marked by vertical arrows and +1. All the sequences were aligned at the poly(A) sites. The
lower-case letters in the sequences indicate the nucleotides different from the parental sequence (R/U5). The broken lines
in the sequences indicate the deleted nucleotides compared to the parental sequence. This R/U5 sequence contained
two extra nucleotides at the 3’ end, GA, to create a Bgl II site, compared with the original R/U5 sequence. The addition
of these nucleotides did not influence RNA 3’ end formation at the SNV poly(A) site (data not shown). The remainder
of the vector sequences was identical for all constructs, except for pR/U5(3'A48). pR/U5(3'A48) contained 6 extra bases,
CAGGTA BspM I site, at the junction between the U5 and tk sequences. These extra nucleotides did not influence RNA
3’ end formation (data not shown).

globin (Nishioka and Leder, 1979), using the
Bal I site located 74 bases upstream and the Nco
I site located 63 bases downstream from the
poly(A) site. The Bal I site was converted to an
Xba I site by ligation with an Xba I linker. The

Nco I site was converted to a Bgl Il site by using
Klenow enzyme and ligating with a Bgl Il linker.
This Xba I-Bgl I fragment was used to make the
a-globin constructs.

The 150 bases of the rat P450 gene poly(A)
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signal were generated by PCR. For this PCR
Aorl5 (Porter et al., 1990) was used as template
DNA and primers were as follows:

5.CCTCGAGCTGGGGTGCAGCCCCCA-3,
and
5-CAGATCTTGTCTAATTGAAGC-3'.

The PCR-generated DNA fragment was cloned
as described as above and was confirmed by
dideoxy sequencing.

Plasmids for probes used in RNase protection
assays were constructed by cloning the Ava II-
Bgl II fragments (approximately 400 bases of
the 3’ neo” fragment and the poly(A) sequence)
of the L constructs having the R/U5, RFlU5(MR27),
RISV, SVIU5 sequences into a plasmid modified
from pBluescript+, using the Xho I and Bgl
IT sites. This Ava II site was converted to an
Xho I site by treatment with Klenow enzyme
and ligation with an Xho I linker. This Bgl II
site was created at the original Cla I site of
pBluescript* by insertion of a Bgl II linker.

RNA analyses

Cellular RNA was isolated as described else-
where (Berger and Birkenmeier, 1979; Iwasaki
and Temin, 1990). Isolated RNA was treated with
RQ1 DNase (Promega) in the presence of RNasin
(Promega) as described by the supplier.

Northern blot analysis was performed with
DNase-treated RNA (20 pg) as described by
Sambrook et al. (1989). Labeling of the DNA
fragments to make radioactive probes was per-
formed with a random priming procedure (Fein-
berg and Vogelstein, 1984). The 5 and 3' neo”
probes were fragments from the 5’ end to the
Eag I site, and from the Nco I site to the 3’ end
of the neo” gene fragment, respectively. These
neo” fragments were used for the 5'S and 3'S
constructs.

RNase protection assays were performed as
described by Farnham et al. (1985). RNA probes
were synthesized in vitro using phage T7 RNA
polymerase in the presence of *?P(a) UTP.

Results

Experimental design

To identify sequences—other than the AAU-
AAA and GU-rich sequences — that are required
for RNA 3’ end formation in the R/U5 region
of spleen necrosis virus (SNV), the L vector was
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used (Fig. 1A). The L vector contained a tran-
scriptional promoter derived from SNV (the
U3 region in the LTR), the 1.3 kilobase (kb) frag-
ment of the neomycin phosphotransferase gene
(neo”) to extend the distance from the cap site
to the poly(A) site, the R/U5 region of SNV for
the first poly(A) signal (the R region is upstream
of the poly(A) site and the Ub region is down-
stream of the poly(A) site), and the 2.2 kb frag-
ment of the herpes simplex virus thymidine ki-
nase gene fragment (¢k) for the second poly(A)
signal. The R/U5 region in this vector was mu-
tated to identify additional sequences for RNA
3’ end formation in SNV (Fig. 1B). The efficiency
of RNA 3’ end formation was evaluated by mea-
suring the levels of RNAs processed at the first
and second poly(A) sites. Since the tk poly(A)
signal was used as the second poly(A) signal in
all constructs, efficiency of RNA 3’ end forma-
tion means the relative efficiency for the first
poly(A) signal under competition with the sec-
ond tk poly(A) signal. Previously, we showed that
addition of the tk fragment did not change the
stability of steady state RNA (Iwasaki and Te-
min, 1990). Therefore, measuring the levels of
two RNA species transcribed from a vector
should accurately reflect the relative efficiency
of RNA 3’ end formation in the context of the
vectors.

To identify sequences responsible for the
distance-dependent function, two additional vec-
tors were used, 5'S and 3'S (Fig. 1A). The dis-
tances from the cap site to the first poly(A) site
in the 5'S and 3'S vectors were approximately
500 and 470 bases, respectively. At these dis-
tances, the SNV poly(A) signal is inactive for
RNA 3’ end formation (Iwasaki and Temin,
1990). 5'S contained the 5 one-third fragment
of the neomycin phosphotransferase gene,
whereas 3'S contained the 3’ one-third fragment
of the neomycin phosphotransferase gene. The
reason we used these two different vectors was
to test for effects of any specific sequences on
distance-dependent RNA 3’ end formation.

D17 cells were transfected (Kawai and Nishi-
zawa, 1984) with DNAs of the L, 5'S, or 3'S vec-
tors, and pCMV-CAT (Stinski and Roehr, 1985).
Forty-eight hours after transfection, RNA was
isolated (Berger and Birkenmeier, 1979; Iwasaki
and Temin, 1990) and was subjected to North-
ern blot hybridization (Sambrook et al., 1989).
At the same time a fraction of cells was subjected
to CAT assay to normalize the efficiency of trans-
fection (Gorman et al., 1982). To confirm the
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and 18 kb for the 3'S constructs. D17 cells were transfected (Kawai and Nishizuwa, 1984) with the indicated con-
structs, and RNA was, 1solated (Berger and Birkenmeier, 1979) at 48 hours after transfection and was subjected
to Northern blot analysis (Iwasaki and Temin, 1990?, The DNA fragment used as the probe was the 3' neor fra(];-
ment_(see Materials and Methods). Transfection efficiency was normalized to levels of chloramphenicol acetyl-
E(rj%rt]gf%roatseshaocvt\;r\ﬁty (Gorman et al., 1982) resulting from catransfection with pCMV-CAT (Stinski and Roehr, 1985)
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A deletion of 48 bases from the 3’ end of the
U5 region, which included the GU-rich sequence
(Fig. 1B), decreased processing more dramati-
cally, to 20% [Fig. 2A, construct 4; Fig. 2B,
lane 5, (1400 n.t. RNA)]. Therefore, this GU-rich
sequence is part of the downstream element nec-
essary for efficient RNA 3’ end formation in SNV,

To test further the effects of the upstream
56 base and downstream 21 base sequences on
RNA 3’ end formation, we constructed a mini-
mal poly(A) signal (Figs. 1B and 2A, construct
6). Deletion of both upstream and downstream
sequences in the R/U5 region decreased the pro-
cessed RNA to 10% (Northern data not shown),
indicating that the modest requirement for se-
quences upstream and downstream are additive,
as exhibited by constructs R/U5(5'A56) and
R/U5(3'A21) (Fig. 2A, constructs 3 and 5).

A 27-base region located between the AAU-
AAA and GU rich sequences was replaced with
a sequence not related to SNV (Fig. 1B, 7). This
replacement slightly decreased processing at
the poly(A) site [Fig. 2A, construct 7; Fig. 2B,
lane 9 (1400 n.t. RNA)].

To test further the effects on RNA 3’ end for-
mation of the middle region in addition to the
upstream and downstream sequences, another
minimal poly(A) signal was constructed (Figs. 1B
and 2A, 8). The mini(mt) sequence gave 21% of
processed RNA (Nothern data not shown); the
positive effect of the middle region on RNA
3’ end formation was observed only in the
presence of the upstream and downstream
sequences.

We observed 1.2-2.2 times reduction of to-
tal RNA levels in the L constructs having dele-
tion mutants compared with the wild-type R/U5
sequence. We do not know if this reduction of
RNA levels results from differences in the RNA
stability among the deletion sequences. How-
ever, since we always estimated the efficiency
of RNA 3’ end formation by comparing the lev-
els of two RNA species, RNA processed at the
first poly(A) site and RNA processed at the sec-
ond poly(A) site, the slight variation of total
RNA levels is unlikely to influence our results

greatly.

No specific sequences are responsible for
distance-dependent RNA 3’ end formation

To determine sequences involved in distance-
dependent RNA 3’ end formation, the mutant
SNV poly(A) signals in the 5'S and 3'S constructs
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were examined by Northern analysis. We hy-
pothesized that, if specific sequences in the R/U5
region are responsible for distance-dependent
RNA 3’ end formation, these deletions would
activate RNA 3’ end formation near the cap site.

First, we describe results obtained with the
3'S constructs. The parental R/Ub region in
the 3'S construct gave reduced processing at
this poly(A) site [Fig. 2A, construct 1; Fig. 2B,
lane 2 (500 n.t. RNA)]. Thus, this R/U5 poly(A)
signal showed distance-dependent RNA 3’ end
formation. The mutant poly(A) signals of R/
Ub(5'A56), R/U5(3'A48), R/U5(3'A21), and R/
U5(MR27) reduced processing a little more
than the parental signal (Fig. 2A, constructs
3-6). Therefore, all the mutant poly(A) signals
maintained the distance-dependent phenome-
non. Furthermore, the reduction observed
among mutant sequences in the 3'S constructs
roughly correlated with the reduction observed
in the L constructs (Fig. 2A and 2B). Since none
of these mutant poly(A) signals activated RNA
3’ end formation near the cap site, it appeared
that no specific sequences within the R/U5 re-
gion of SNV were responsible for the distance-
dependent function.

In the 5'S construct, these poly(A) signals gave
<3-5% of the RNA processed at their poly(A)
sites (Fig. 2A; Northern data not shown). These
results indicated again that no specific sequences
in the R/U5 region of SNV were responsible
for the distance-dependent function.

In the context of the 5'S and 3'S constructs,
we observed almost no difference in total RNA
levels among all the constructs including the
wild-type R/U5 constructs.

Upstream and downstream sequences in the
SV40 poly(A) signal separately increase the
efficiency of RNA 3’ end formation

We previously reported two differences between
the SNV and SV40 poly(A) signals (Iwasaki and
Temin, 1990): (1) the SV40 poly(A) signal was
more efficient than the SNV poly(A) signal (the
R/U5 region) when both were located 1400 bases
or more from the cap site; and (2) the SV40
poly(A) signal was active independent of the
distance from the cap site, whereas the efh-
ciency of the SNV poly(A) signal correlated with
the distance from the cap site.

To determine what sequences cause these
differences between the SNV and SV40 poly(A)
signals, we constructed SNV/SV40 chimeric
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the AAUAAA sequence and a sequence identi-
cal to the mt/SV construct downstream from
the AAUAAA sequence (Fig. 1B, 14). SVimt/SV
gave processing almost as high as SV40 (Fig. 3A,
construct 6; Northern data not shown). This re-
sult again suggested that the upstream sequence
of SV40 enhanced RNA 3’ end formation. Fur-
thermore, comparison between the R/SV and
mt/SV poly(A) signals (Fig. 3A, constructs 4 and
5) indicated that the upstream sequence in the
R region of SNV also contained elements that
enhanced RNA 3' end formation. This result
was consistent with the results of the experi-
ment in Figure 2A.

No single sequence element is fully responsible
for distance-dependent and distance-independent
RNA 3’ end formation

We then asked what sequences cause the differ-
ence between the SNV and SV40 poly(A) signals
with respect to distance-dependence. RNA 3’
end formation at 500 bases from the cap site
was tested in the 5'S and 3'S constructs. We as-
sumed that: (1) if any sequences derived from
SNV in these chimeric poly(A) signals are re-
sponsible for the distance-dependent function,
either (or both, if the SNV sequence has redun-
dant signals for the distance-dependent func-
tion) of the chimeric signals should behave
similarly to the SNV poly(A) signal; or (2) if
sequences derived from the SV40 poly(A) sig-
nal are responsible for distance-independent
RNA 3’ end formation, either or both of the
chimeric signals should behave similarly to the
SV40 poly(A) signal.

As expected, the R/US region of SNV gave
low processing in the 5'S construct (500 n.t. RNA)
and in the 3'S construct (470 n.t. RNA) (Fig. 3A,
construct 1; Fig. 3B, lanes 2 and 4). These levels
of processed RNA were significantly lower than
that of the processed RNA in the L construct
(Fig. 3A, construct 1). The SV40 poly(A) signal
gave very high processing in the L, 5'S, and 3'S
constructs (Fig. 3A, construct 2; Fig. 3B, lanes
5-8).

The chimeric SNVISV40 poly(A) signals be-
haved differently in the two different constructs.
In the 5'S constructs, these chimeric signals,
SV/U5 and R/SV, gave low processing at these
sites (500 n.t. RNA) (Fig. 3A, constructs 3 and 4;
Fig. 3B, lanes 10 and 14). However, in the 3'S
constructs, these chimeric signals resulted in
high processing (470 n.t. RNA) (Fig. 3A, con-
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structs 3 and 4; Fig. 3B, lanes 12 and 16). There-
fore, one part of either the SNV or SV40 poly(A)
signal is not sufficient to restore completely
the distance-dependent or distance-independent
function in these different contexts.

The mt/SV and SVImt/SV synthetic signals also
showed context-dependent behavior similar to
the chimeric poly(A) signals (Fig. 3A, constructs
5 and 6; Northern data not shown). The result
with SV/Imt/SV suggested that the SV40 sequence
downstream from the poly(A) site and the SV40
sequence upstream from the AAUAAA sequence
were still not sufficient for full activity of RNA
3" end formation in the 5'S construct. This ob-
servation indicated that strength of a poly(A)
signal is not the determinant of the distance-
independent function. The strength of process-
ing at a poly(A) signal in the L construct cor-
related with that in the short constructs (5'S
and 3'S), but it did not correlate with the
distance-independent function.

One might speculate that the low percentages
of processed RNA at these chimeric poly(A) sites
in the 5'S constructs were the result of an in-
hibitory effect of the 5’ neo” gene fragment on
RNA 3’ end formation, not just the result of
distance-dependent RNA 3’ end formation. To
test this hypothesis, we inserted the 5’ two-thirds
of the neo” gene fragment just upstream of the
5 neo” gene fragment in the 5'S constructs;
therefore, these new vectors contained a dupli-
cation of the 5’ one-third of the neo” gene frag-
ment and none of the 3’ one-third of the neo
gene fragment. The SV/U5 and RISV poly(A) sig-
nals gave 76% and 80% of processed RNA at
the poly(A) sites in these constructs (data not
shown). This result suggested that the 5’ one-
third of the neo” gene fragment did not have an
inhibitory eftfect on RNA 3’ end formation.

To confirm the results of the Northern analy-
ses, we performed RNA protection assays with
some of the same RNA preparations used in
the Northern analyses (R/U5 in the L and 3'S
constructs, SV/U5 in the L and 3’S constructs,
and R/SV in the L and 3'S constructs). The RNA
protection assays produced results essentially
consistent with the Northern analyses (Fig. 4).
Two species of protected fragments appeared
in each lane (Fig. 4). Smaller fragments (approxi-
mately 420 bases, depending upon RNA samples)
corresponded with the sizes of RNA processed
at the first poly(A) sites and larger fragments
(approximately 490 bases, depending upon RNA
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Figure 4. RNA protection assay. The sizes of marker RNAs are_shown at the left. The input probes are shown in
the left three lanes in this gel."R/U5, SVIUS, and RISV probes. The names of probes and the names and amounts
of the RNAsamphsamln|CMedatmetop.Thenamesofpmbesusmiwemthesameasﬂw RNA samples (e.0.
the RIUS probe was used for RNA samples with R/U5 In the L and 3'S constructs). The sizes of the input

Frobes were 588 hases for the R/IUS probe, 560 bases for the SV/US probe, and 608 bases for the R/SV probe. Pro-
ected fragments were 433 bases (polyadenylated RNA)hand 497 bases (Fass-through RNA) at the RIUS poly(A) site,
405 bases d(pol adenylated RNA) and 469 hases FS ass-through RNA) at the SV/US poF%A) site, and 440 bases (poly-
adenylated RNA) and 517 bases (pass-through RNA) at the” RISV paly(A) site. The ApMuMn&WW%mr
fmmedasd%cmmdeFamhmnetm.Eﬂ ). Total RNA in reactions was adjusted to 10 tig with tRNA. ”
indicates reactions with only tRNA. RNA probes were synthesized in vitro using T7 RNA polymerase.

“None

samples) corresponded with the sizes of RNA r(1erpes simplex virus thymidine Kinase (]t_‘k)
a -

processed at the second poly(A) site. Relative Wagner et al. 198,13, and the rat NADP
intensities of these bands in each’lane were con-  ¢ytochrome P450 oxidoreductase genes (Porter
sistent with the results from the Northern anal- et al,, 1990) (Fig, 5A). _
yses (see Fig. 3). . o The p,oly(Ag mgnasfor the a-globin, tk, and
In"conclusion, since none of the chimeric P450 oxidoreductase genes gave processing as
high as 73-95% in the L constructs (Fig. A,

or synthetic pon&A) ignals fully restored ,
dlstance-de?enden, or_qistance-independent  Fig. 5B, L lanes). In the 5S construct, the a-
RNA 3'end formation, it is likely that no single  globin and tk pon(IA signals resulted in low pro-
sequence element is sole!}/_ responsible for the cessm%at,thelrpoyA) sites gFI . BA, constructs
distance-dependent or distance-independent  Land 2; Fig. 5B, lanes 2 and 6). However, in the

function. 3$ construct, the a-%lobin angd tk poI?/(A) sig-

o o nals resulted in high processing at the sites
The efficiencies of RNA 3' end formation in (F| 5A, constructs 1 and 2, F| . SB |aneS 4
other poly(A) signals are reduced more in the ang 8) ThUS, the a_g|0bin and pofy(A2 Sig-
5'S constructs than in the 3'S constructs nals behaved differently in different Contexts,

We then asked whether other Poly(A) signals  just like the SNV/SV40 chimeric goly(A) sqnals.
show distance-dependent or distance-indepen- he P450 poly(A) signal in the 3$ construct gave
dent RNA 3' end formation. We again con- rocessing s high as that in the L construct
structed three kinds of vectors, L, 55 and 3'5, EFlg. bA, construct 3; FI?. 5B, lane 122{. In the
with other poly(A) signals. The poly(A) signals 'Sconstruct, the level of steady state RNA was
used in this experimént were derived from the ~ extremely low (FI?, 5B, lane 10{ 50 it was diffi-
mouse a-globin (Nishioka and Leder, 1979), the cult to draw any Tirm conclusions.
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Figure 5. Qther pon(Aglsigsnals for distance-dependent RNA 3" end formation, A. Structures of pongA%_signaIs
and the efficiency 0T RNA 3 end formation at the poI;E(A) sites. The poIY A) signals for the mouse a-gloin gene
Nishioka and Léder, 1979), the herpes simplex virus f k) gené (Wagner et al., 1981), and thé rat
ADPH-cytochrome P450 oxidoreductase gene (Porter et al., 1990) are shown b%/ m, m,and ra, respectively. The
downstream elements of the tk poly(A) sighal were defined by others (Zhang ef al., 1986). The GU-rich sequences
downstream from the poly(A) sites In the a-globin and P450 oxidoreductasé genes were determined by sequence
analysis. Variation was the largest, 34% + 13 (mean 1 s.d,), for tk\ and the smallest, 91% ¢+ 5 for tk. Some data
weré mean values of two expériments. The percentage of processed RNA at the P450RDOMA) signal in the 55
construct was not determined, because of low expression of RNA. When the level of total RNA from the L construct
was taken as 10 in each set relative levels of total RNA for other constructs were as follows: a-globin (L. 5S:
3 = 112:13) ﬁl].: 5838 =106 :13? and P450 (L 3S =

,s:ymbols. B. Northern blot analyses. D17 stected w

Igure 2B for other descriptions.

ymidine kinase

0.72. See the legend of Figure” A for other

. 1 .
cells were tran ith the indicated constructs. See the legend of

In_ conclusion, the poly(A) signals for the &= ple, the a-%lobmlpol (TA) suz,nal had a similar
globin and tk genes did not consistently show  strength of RNA 3'end formation to the strength
either distance-dependent or distance-inde-  of the R/U5,po!y(A? signal in the L construct.
pendent RNA 3'end formation in the different ~ However, this signal showed low processing in
contexts. Furthermare, these observations again ~ the 5 construct and high processing in the
sui)port the hypothesis that the strength of a ~ 3S construct, while the R/US poly(A) signals
PO y((jA) signal 1s not the magor determinant for ~ showed consistently low processing in the 5
he distance-independent function. For exam-  and 3'S constructs.
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Discussion

We analyzed the R/U5 region in spleen necro-
sis virus (SNV) for RNA 3’ end formation and
found multiple sequence elements that increase
processing at the SNV poly(A) site. These ele-
ments are located in (1) the first 33 bases in the
R region, (2) the 27 bases in the middle of the
Ub region, and (3) the last 21 bases in the U5
region. The second element contained an
18-base stretch of a GU-rich sequence, and the
third element also contained a small stretch of
a GU-rich sequence. Therefore, we speculate
that the downstream element for RNA 3’ end
formation in SNV consists of the second and
third elements. The primary sequences in these
two elements were different from each other,
but the effects of these elements on RNA 3’ end
formation seemed to be additive.

The additive effects of the downstream ele-
ments in the SNV poly(A) signal are different
from the downstream elements in some other
poly(A) signals, especially the SV40 late poly(A)
signal. In the SV40 poly(A) signal the down-
stream element is functionally redundant: small
deletions and base substitutions in the SV40
downstream element did not reduce processing
efficiency (Zarkower and Wickens, 1988). This
difference between the SNV and SV40 elements
might be a part of these functional differences.

The necessity of the upstream sequences for
efficient RNA 3’ end formation has been re-
ported in other viruses: the poly(A) signals for
the SV40 late (Carswell and Alwine, 1989), the
adenovirus late (DeZazzo and Imperiale, 1989),
hepatitis B virus (Russnak and Ganem, 1990),
cauliflower mosaic virus (Sanfacon et al., 1991),
and human immunodeficiency virus-1 (Brown
et al., 1991; DeZazzo et al., 1991; Valsamakis
et al,, 1991). The distances of these upstream
elements from the poly(A) site or the AAUAAA
sequence varies among these poly(A) signals.
In some cases, the upstream elements have an
important role in activating only the second
poly(A) site in an RNA that contains two copies
of the poly(A) signals (for review, see Coffin and
Moore, 1990; Proudfoot, 1991).

In the case of SNV, the U3 region seems to
contain another upstream element for RNA
3’ end formation, but the distance from the cap
site to the poly(A) site is more important than
the U3 upstream element to determine the effi-
ciency of RNA 3’ end formation at the SNV
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poly(A) site (Iwasaki and Temin, 1990). It has
also been reported that the distance from the
cap site to the poly(A) site is important for RNA
3’ end formation in some other viruses (San-
facon and Hohn, 1990; Weichs an der Glon
et al., 1991).

Therefore, activation of RNA 3’ end forma-
tion at the 3’ poly(A) signal appears to be differ-
ent in different virus species. We interpret these
observations as follows: The AAUAAA, upstream
(in the R region), and downstream (in the U5
region) elements are necessary for efficient RNA
3’ end formation. The short distance from the
cap site to the poly(A) site in the 5 LTR in-
activates RNA 3’ end formation at the 5’ poly(A)
site, even in the presence of all these elements.
Increasing the distance from the cap site to the
poly(A) site activates a poly(A) signal which con-
tains a complete set of these elements. In the
case of SNV, an upstream element in the U3
region further enhances RNA 3’ end formation
at the 3’ poly(A) site in addition to the effects
of the other elements in the R/U5 region and
the distance. It is possible that some other retro-
viruses contain upstream elements only in the
U3 region. These could be equivalent to the
upstream elements in the R region and the U3
region in SNV. In such cases, the deletion of
the U3 region itself may have profound effects
on RNA 3 end formation.

Deletions in the SNV poly(A) signal sequences
indicated that no specific sequence elements
were responsible for distance-dependent RNA
3’ end formation in SNV. We took another ap-
proach by making SNV/SV40 chimeras to iden-
tify what sequences cause the difference between
the SNV and SV40 poly(A) signals. The SNV/
SV40 chimeric poly(A) signals showed different
behavior in different vectors. None of the chi-
meric or synthetic poly(A) signals had full dis-
tance-dependent or distance-independent RNA
3’ end formation. Therefore, it is likely that no
single sequence element is solely responsible
for the distance-dependent or distance-indepen-
dent functions.

The entire sequence of the SV40 poly(A) sig-
nal appears to be required for distance-
independent RNA 3’ end formation, and no
specific SNV sequences are involved in distance-
dependent RNA 3’ end formation. The follow-
ing two observations support these hypotheses:
(1) Deletion analysis of the R/U5 region in SNV
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did not reveal any sequence elements solely re-
sponsible for distance-dependent RNA 3’ end
formation. If such elements existed in the R/U5
region of SNV, atleast some of the deletion mu-
tants should have behaved similarly to the chi-
meric signals. (2) The mt/SV and SV/imt/SV syn-
thetic poly(A) signals had almost no sequences
related to SNV, but they also showed behavior
similar to the chimeric signals.

We used the term “distance-independent”
RNA 3’ end formation based on our observa-
tions. However, it is unlikely that the SV40
poly(A) signal has evolved to gain a distance-
independent function, because the distance
from the cap site to the poly(A) signal in the
SV40 genome is fixed. We speculate that the
phenomena of distance-dependent and distance-
independent RNA 3’ end formation reflect an
unknown aspect of poly(A) signal functions, and
that retroviruses take advantage of this function.
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