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Polyadenylation of B19 pre-mRNAs at the major internal site, (pA)pl, is programmed by the nonconsensus
core cleavage and polyadenylation specificity factor-binding hexanucleotide AUUAAA. Efficient use of this
element requires both downstream and upstream cis-acting elements and is further influenced by an adjacent
AAUAAC motif. The primary hexanucleotide element must be nonconsensus to allow efficient readthrough of
P6-generated pre-mRNAs into the capsid-coding region. An additional cleavage and polyadenylation site,
(pA)p2, 296 nucleotides downstream of (pA)pl was shown to be used following both B19 infection and
transfection of a genomic clone. RNAs polyadenylated at (pA)p2 comprise approximately 10% of B19 RNAs

that are polyadenylated internally.

Parvovirus B19, the only parvovirus known to be pathogenic
in humans, causes a variety of diseases in both children and
adults (15). The transcription map of B19 (8), while similar to
that of the closely related simian parvovirus (4, 14), is quite
different from those of other known parvoviruses (11). Only a
single promoter (P6) has been identified for B19, and the
pre-mRNA it produces is alternatively spliced and polyadenyl-
ated to generate nine mRNAs (Fig. 1) (4, 8).

Notably, a subset of B19 RNAs are polyadenylated at a site
in the center of the genome (Fig. 1) [here termed (pA)p].
Although B19 was the first parvovirus to be shown to use an
internal polyadenylation site in its expression profile, this fea-
ture has subsequently been identified in a number of other
parvoviruses (1, 4, 9, 10, 14).

The B19 transcription map predicts that polyadenylation at
(pA)p prevents B19 P6-generated mRNAs from including the
capsid-coding open reading frame. Polyadenylation at (pA)p
must therefore be incomplete, and it has been suggested that
this RNA-processing event plays a role in the tissue-specific
replication of B19 (3). At the least, alternative polyadenylation
and alternative splicing of B19 pre-mRNAs must be tightly
interconnected to generate appropriate amounts of all B19
mRNAs. The cis-acting signals that govern cleavage and poly-
adenylation at (pA)p have not yet been characterized.

The parent plasmid used for most experiments in this study
was based on the nearly full-length B19 genomic clone (Gen-
Bank accession no. AY386330) described by Zhi et al. (17).
B19 sequences (position 194 to 5409) from this plasmid were
cloned into the CI1 plasmid backbone (derived from the
pEGFP-C1 plasmid [Clontech], which contains the simian vi-
rus [40 origin of replication] to make manipulation more con-
venient. Nucleotides 751 and 752 within the NS1 gene were
then deleted to prevent any effects that might be due to rep-
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lication. This parent plasmid was termed pCINS(—). Many of
the experiments described were also performed with a plasmid
in which the B19 NS1 region remained wild type, and no
differences due to NS1 were detected (data not shown). A map
showing the probes used and the predicted products expected
for the RNase protection assays described below is presented
in Fig. 1 in relation to the current transcription map for B19.

Identification of the core cleavage and polyadenylation spec-
ificity factor (CPSF) hexanucleotide-binding site used for in-
ternal polyadenylation. Using anchored reverse transcription-
PCR (RT-PCR) as performed previously (10), we first mapped
the RNA cleavage site of the major internal polyadenylation
site, termed (pA)pl (labeled a’ in Fig. 2A), to B19 nucleotide
(nt) 2842 (see also Fig. 4B). There is no canonical core
AAUAAA CPSF-binding site in the region of (pA)pl; how-
ever, there is an extended motif, AUUAAA/AAUAAC,
shortly upstream of the RNA cleavage site that could perform
this function. Analysis of core element usage in the mamma-
lian genome has shown that AUUAAA is the second most
common CPSF-binding site; however, it is used in fewer than
15% of transcription units (16). Mutation together of both the
first and second hexanucleotide components of this motif
(termed A and B, respectively) (Fig. 2A) in pCINS(—) to the
sequences shown prevented polyadenylation at (pA)pl (Fig.
2B and C, lane and bar 2). Mutation of the B hexanucleotide
to the non-CPSF-binding sequence shown resulted in a small
but reproducible increase in the percentage of B19 RNAs
polyadenylated at (pA)pl (Fig. 2B and C, lane and bar 3);
however, mutation of the A hexanucleotide reduced polyade-
nylation at (pA)pl dramatically (Fig. 2B and C, lane and bar
4). This suggested that the A hexanucleotide, AUUAAA, was
the primary core CPSF-binding element responsible for poly-
adenylation of B19 RNA at (pA)pl. In addition, because dis-
ruption of the B motif resulted in an increase in relative poly-
adenylation at (pA)pl, the B motif also influences the activity
of the A motif.

Improvement to consensus (to AAUAAA) of the B motif
also modestly increased the total percentage of steady-state
RNA that was found to be polyadenylated at (pA)pl; however,
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FIG. 1. Transcription map of B19. The transcription map of B19 is
shown, indicating the RNA initiation site, splice junctions (donors D1
and D2 and acceptors Al-1-A1-2 and A2-1-A2-2), and cleavage and
polyadenylation sites [(pA)pl, (pA)p2, and (pA)d)], as well as the
predicted protein products, for all B19 RNAs so far identified. The
protein products for RNAs designated by (?) have not been charac-
terized. The asterisks label RNAs using the second internal polyade-
nylation site (pA)p2, first described in this paper (see text). The posi-
tions of probes 4 (nt 2641 to 2960) and 6 (nt 2718 to 3383), used for
RNase protection assays, are shown in relation to the map, and the
predicted protected bands are displayed. The position of probe A (nt
2843 to 3200), used for the Northern blot analysis shown in Fig. 4, is
also shown. RT, readthrough.

in this case, oligoadenylate residues were added, at an approx-
imately equal frequency, to an additional cleavage site at nt
2840 (labeled b’ in Fig. 2A) 5 nucleotides downstream of the
wild-type site (Fig. 2B and C, lane and bar 5). This suggested
that in this mutant, cleavage was directed by both core se-
quences at approximately equal levels. Switching the core hex-
anucleotide motifs resulted in a net reduced efficiency of
(pA)pl usage, and in this situation, all RNA polyadenylated at
(pA)p utilized the downstream cleavage site b’ (Fig. 2B and C,
lane and bar 6). These results suggested that the downstream
position itself was less efficient (perhaps due to its position
relative to the downstream element discussed below), and in-
deed, the efficiency of cleavage and polyadenylation (at the b’
site) directed by the A hexanucleotide alone in the downstream
position was similarly reduced (Fig. 2B and C, lane and bar 7).
Polyadenylation directed by a consensus core hexanucleotide
(AAUAAA) alone in the downstream position restored poly-
adenylation (at the b’ site) to wild-type levels (Fig. 2B and C,
lane and bar 8); however, this level was lower than levels
directed by a single consensus core hexanucleotide in the up-
stream position (Fig. 2B and C, lane and bar 9). Interestingly,
polyadenylation directed by a consensus core sequence in the
upstream position was reduced when the wild-type B hex-
anucleotide, which itself could not direct cleavage and polyad-
enylation, was present in the downstream position (Fig. 2B and
C, compare lanes and bars 9 and 10) and was reduced even
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more when a consensus core sequence was placed in the down-
stream position (Fig. 2B and C, lane and bar 11). These results
suggested that a nonconsensus core element must be present
to allow wild-type levels of readthrough of (pA)p1 and further,
consistent with results shown in lane and bar 3 of Fig. 2B and
C, that the downstream site acts competitively with the up-
stream site.

Identification of the downstream element required for effi-
cient polyadenylation at (pA)p. Most polyadenylation sites
have essential G/U-rich downstream elements that serve as
binding sites for CstF (16). Replacement of 50 nucleotides
downstream of the B19 (pA)p cleavage site with heterologous
sequence (between nt 2843 and 2892 [Fig. 2D, line 2]) essen-
tially abolished polyadenylation at that site (Fig. 2E and F, lane
and bar 2), suggesting that this region, which has a stretch of
four U residues between nt 2863 and 2866 (Fig. 2D, line 1),
contained a downstream element required for efficient polyad-
enylation at the nonconsensus (pA)pl. Replacement of 24 nt in
the 5’ half of the 50-nt region (nt 2843 to 2865 [Fig. 2D, line
4]), including the four-U stretch, reduced polyadenylation at
(pA)pl to below detectable levels, similar to replacement of
the complete 50-nt region (Fig. 2E and F, compare lanes 2 and
4). Replacement of the four-U stretch and an additional 26 nt
downstream (Fig. 2D, line 5) reduced polyadenylation at
(pA)pl significantly; however, low levels were still detected
(Fig. 2E and F, lane and bar 5). Mutation of the four-U motif
(Fig. 2D, line 3) reduced polyadenylation at (pA)p by about
14-fold (Fig. 2E and F, lane and bar 3), demonstrating that this
motif was the major component of the essential downstream
element, although the region upstream of the four-U stretch
may also play a role in efficient usage of (pA)p (Fig. 2E and F,
lane and bar 5).

Identification of an upstream element required for efficient
polyadenylation at (pA)p. Replacement of B19 sequences up-
stream of nt 2791 with heterologous sequence from bacterio-
phage lambda (pSX1, pSX7, pSXS8, and pSX9 [Fig. 3A]) had
no deleterious effect on the efficiency of polyadenylation at
(pA)pl (Fig. 3B); however, when the region downstream of nt
2791 was replaced (e.g., pSX10 [Fig. 3A]), polyadenylation at
(pA)pl was reduced approximately sevenfold (Fig. 3B). This
suggested that the region between nt 2791 and 2813 contained
an upstream region required for efficient polyadenylation at
(pA)pl. Replacement, specifically, of this 22-nt region with a
different heterologous sequence from a different region of the
lambda genome [pUSE(—)22nt (Fig. 3C, top)] had a similar
effect [in this case a reduction of greater than 15-fold; compare
pUSE(—)22nt to pCINS(—) in Fig. 3C], suggesting that the
region from nt 2791 to 2813 of wild-type B19 contained an
upstream element required for efficient polyadenylation at
(pA)pl.

A second polyadenylation site can be used in the center of
the B19 genome. Analysis of RNA from B19-infected COS7
cells by using RNase protection probe 6 from the center of the
genome revealed that a significant amount of both total and
cytoplasmic B19 RNA was polyadenylated at a second site,
termed (pA)p2, downstream of the previously characterized
(pA)pl site (Fig. 4A, left panel). The use of this site was
confirmed using two probes that spanned (pA)p2 but which
would be predicted to protect bands of different sizes. Probes
Sa and 5b each protected a 240-nt band derived from complete
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FIG. 2. Characterization of the core hexanucleotide and downstream element required for polyadenylation at (pA)pl. (A) The (pA)pl
extended core polyadenylation motif, indicating the A and B components (line 1), as well as all mutations of these components (lines 2 to 11), as
described in the text. The two cleavage sites (designated a’ and b'), as determined by anchored RT-PCR as previously described (10), are indicated
in the sequence at the bottom. (B) RNase protection assays, performed as previously described (7, 12) using probe 4 (see Fig. 1), of RNA generated
in COS7 cells following transfection of wild-type or mutant plasmids as characterized in panel A. Bands representing RNAs that either read
through (RT) or are polyadenylated at (pA)p1 are designated to the left of the gel. (C) Quantification, using a Molecular Imager FX and Quantity
One version 4.2.2 image software (Bio-Rad, Hercules, CA), of the RNase protections shown in panel B. Data from at least three experiments are
presented as the ratio of transcripts terminated at (pA)p1 relative to those reading through. The filled and hatched portions of the bars represent
(pA)p1 polyadenylated RNAs that are cleaved at sites a’ and b’, respectively. Error bars indicate standard deviations. (D) Nucleotide sequence
of B19 from nt 2816 to 2895, which encompasses the downstream element required for polyadenylation at (pA)p1, for the wild type and the mutants
described in the text. The essential ATTAAA hexanucleotide starting at nt 2819 for each is underlined, the a’ cleavage site is indicated by a slash,
and mutated sequences downstream of the cleavage site that have been changed are also underlined. The 4-nt poly(T) motif is indicated within
an open square. (E) RNase protection assays, performed as previously described (7, 12) using probe 4 (see Fig. 1), of RNA generated in COS7
cells following transfection of wild-type or mutant plasmids. Bands representing RNAs that either read through or are polyadenylated at (pA)pl
are designated to the left of the gel. (F) Quantification, as in panel C, of RNase protection assays as shown in panel E. Data from at least three
experiments are presented as the ratio of transcripts terminated at (pA)p1 relative to those reading through. All RNAs generated by these mutants
were cleaved at site a’.

protection by a readthrough RNA, while probe 5a protected an
additional band of approximately 190 nt and probe 5b pro-
tected as additional band of approximately 120 nt, consistent
with protection of RNA cleaved and polyadenylated at (pA)p2
(Fig. 4A, middle and right panels).

The (pA)p2 cleavage site of RNAs generated following
transfection of COS-7 cells, as well as viral infection of eryth-
ropoietin-treated (6) permissive UT-7/Epo-S1 cells, was
mapped by anchored RT-PCR to nt 3142 (Fig. 4B, top). This
was approximately 22 nt downstream of a consensus hex-

anucleotide and is followed, similar to the case for (pA)pl, by
a U-rich sequence downstream (Fig. 4B). RNAs polyadenyl-
ated at (pA)p2 accumulate to levels that are approximately
10-fold lower than those of RNAs polyadenylated at (pA)p, as
detected both in RNase protection assays (Fig. 4A) and by
Northern analysis (R11 and R12 in Fig. 4C) using probe A,
which extends from a point downstream of (pA)pl nt 2843 to
3200.

Polyadenylation at (pA)p2 would be predicted to extend the
open reading frames of a subset of NS1 proteins (from RNA
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FIG. 3. Characterization of an upstream element required for efficient polyadenylation at (pA)pl. (A) Constructs (pSX1 and pSX7 to -pSX11)
used to identify potential upstream elements required for polyadenylation at (pA)pl are shown relative to the transcription map of B19 (which
is labeled as in Fig. 1). The borders of the B19 sequence in each case are identified. The lambda DNA sequence was a 1,622-nt fragment taken
from the region from nt 3521 to 5142 of the lambda genome. The B19 region surrounding the P6 promoter does not contain the D1 donor. The
locations of the probes used for RNase protection assays described below are indicated. Homologous probes were used in each case. The 3’ end
of each probe was at B19 nt 2960, and the 5’ end was at lambda nt 4983; however, since the amount of B19 sequence between these points was
different in each construct, as shown, the individual probe sizes and the fragments they protected were different. (B) Left panel, RNase protection
assays, performed as previously described (7, 12) using probe 4 (see Fig. 1), of RNA generated in COS7 cells following transfection of wild-type
or mutant plasmids as characterized in panel A. Bands representing RNAs that either read through (RT) or are polyadenylated at (pA)pl are
designated to the left of each lane. Right panel, quantification (as in Fig. 2) of the RNase protections shown in the left panel. Data from at least
three experiments is presented as the ratio of transcripts terminated at (pA)pl relative to those reading through. Error bars indicate standard
deviations. (C) The nucleotide sequences of pCINS1(—) and pUSE(—)22nt, including the 22-nt putative upstream element (USE) region between
nt 2791 and 2813, is shown at the top. Also shown are RNase protection assays, performed as previously described (7, 12) using probe 4 (see Fig.
1), of RNA generated in COS7 cells following transfection of pCINS(—) or pUSE(—)22nt. Bands representing RNAs that either read through or
are polyadenylated at (pA)pl are designated to the left of the gel. Quantification, performed as described for Fig. 2, of the RNase protections
shown is also presented. Data from at least three experiments are presented as the ratio of transcripts terminated at (pA)pl relative to those
reading through.
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of COS7 cells and B19 infection of erythropoietin-treated UT-7/EpoS1 cells (6), by anchored RT-PCR as previously described (10), using a forward
primer which is indicated by an underline and was the same for both cell types. (C). Northern analysis, using probe A, of RNA generated following
pCINS(—) transfection of COS7 cells. The identities of the RNA transcripts are shown on the left. The probe, which lies downstream of (pA)p1,
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R10 [Fig. 1]) and introduce an open reading frame in RNA
R12, which has no other predicted protein product (Fig. 1).
(pA)p2 is used at a relatively high frequency, and ongoing
experiments are designed to identify additional protein prod-
ucts generated from RNAs polyadenylated at this site. Addi-
tionally, it will be interesting to understand why the more
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