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Poly(A) polymerase (PAP) plays an essential role in polyadenylation of mRNA precursors, and it has long
been thought that mammalian cells contain only a single PAP gene. We describe here the unexpected existence
of a human PAP, which we call neo-PAP, encoded by a previously uncharacterized gene. cDNA was isolated
from a tumor-derived cDNA library encoding an 82.8-kDa protein bearing 71% overall similarity to human
PAP. Strikingly, the organization of the two PAP genes is nearly identical, indicating that they arose from a
common ancestor. Neo-PAP and PAP were indistinguishable in in vitro assays of both specific and nonspecific
polyadenylation and also endonucleolytic cleavage. Neo-PAP produced by transfection was exclusively nuclear,
as demonstrated by immunofluorescence microscopy. However, notable sequence divergence between the
C-terminal domains of neo-PAP and PAP suggested that the two enzymes might be differentially regulated.
While PAP is phosphorylated throughout the cell cycle and hyperphosphorylated during M phase, neo-PAP did
not show evidence of phosphorylation on Western blot analysis, which was unexpected in the context of a
conserved cyclin recognition motif and multiple potential cyclin-dependent kinase (cdk) phosphorylation sites.
Intriguingly, Northern blot analysis demonstrated that each PAP displayed distinct mRNA splice variants, and
both PAP mRNAs were significantly overexpressed in human cancer cells compared to expression in normal
or virally transformed cells. Neo-PAP may therefore be an important RNA processing enzyme that is regulated
by a mechanism distinct from that utilized by PAP.

Posttranscriptional modification of pre-mRNA is a complex
and tightly regulated process that is essential for the life of the
cell. Polyadenylation of the 39 end of mRNA, in the simplest
view, is a two-step process involving cleavage of pre-mRNA
and addition of the poly(A) tail. However, this event requires
the coordinated interactions of at least a dozen different
polypeptides (reviewed in references 4, 20, 30, and 41). One of
these factors is poly(A) polymerase (PAP, also termed polynu-
cleotide adenylyltransferase), a single-subunit enzyme that cat-
alyzes 39 poly(A) synthesis and also contributes to the endo-
nucleolytic cleavage step. PAP gains site specificity by
interacting with the multisubunit factors cleavage stimulation
factor (CstF) and cleavage/polyadenylation specificity factor
(CPSF), which recognize the 39 G-U-rich element and the
AAUAAA signal sequence in pre-mRNA, respectively. Suc-
cessful polyadenylation of almost all eukaryotic mRNAs is
required for the trafficking of mRNA from the nucleus to the
cytoplasm (for an example, see reference 13), for enhancing
the efficiency of translation (28), and for regulating mRNA
degradation (39).

PAP is classified as a template-independent polymerase, a
category formerly shared only by terminal deoxynucleotidyl
transferase. The functional domains of PAP have been studied
extensively (18, 24, 44), and the crystal structures of yeast and
bovine PAP complexed with ATP have been recently solved (1,

19). There has been considerable evolutionary conservation of
the amino acid sequence of the N-terminal catalytic domain,
with extensive similarities from yeast to human. In vertebrates,
the conserved structure of PAP also includes two bipartite
nuclear localization signals (NLS) surrounding an S-T-rich C-
terminal domain (CTD) and a 20-mer peptide at the extreme
C terminus that interacts with RNA splicing factors (9, 35).
The CTD of vertebrate PAPs is not conserved among different
species to the same extent as the catalytic domain and, for
example, is essentially lacking in yeast PAP (17). Hyperphos-
phorylation of the CTD by the cyclin-dependent kinase (cdk)
p34cdc2-cyclin B represses PAP activity during M phase (5, 6),
an event perceived as critical to efficient cell cycle progression,
since expression of a PAP mutant unable to be fully phosphor-
ylated significantly impedes cell proliferation in chicken DT40
cells (43). Multiple splice variants of vertebrate PAP mRNA
have been described, some of which do not seem to be trans-
lated, would encode an inactive enzyme, and have been sug-
gested to be products of autoregulation (23, 36, 42). The long-
est translated variant, PAP II, is thought to be the major form
of the enzyme in most tissues. There are several other long-
form mRNAs that encode functional enzymes, but the signif-
icance of this diversity is unknown.

Recently, a testis-specific PAP, called TPAP, was described
and shown to be localized in the cytoplasm of mouse spermato-
cytes (15, 16). Interestingly, TPAP appears to be the product of
a processed retroposon derived from an alternatively spliced
form of PAP mRNA (42). Although the gene encoding TPAP
was initially believed to be an inactive pseudogene (42), these
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more recent results suggest that it is active and that TPAP may
function in cytoplasmic polyadenylation.

The present report describes our discovery and character-
ization of a form of PAP identified by molecular cloning from
a human tumor cell cDNA library. Due to its identification and
overexpression in human neoplasms, this molecule is desig-
nated neo-poly(A) polymerase (neo-PAP). Intriguingly, the
intron-exon organization of the PAP and neo-PAP genes is
almost identical, suggesting that they arose by gene duplication
and subsequent recombination. We show that neo-PAP is in-
distinguishable in its biochemical functions in vitro from PAP.
However, significant sequence dissimilarities in the CTD of
neo-PAP compared to that of PAP as well as apparent differ-
ences in the phosphorylation of these two molecules suggest
that each may be influenced by distinct regulatory controls.

MATERIALS AND METHODS

Sequence derivation and analysis. Neo-PAP was first isolated as a 1.8-kb
cDNA containing 0.5 kb of a partial 39 coding sequence (CDS) and 1.3 kb of a
39 untranslated region (UTR). This cDNA was cloned from an oligo(dT)-primed
library derived from 1087-mel, a human malignant melanoma cell line. The
cDNA was identified by the property that its protein product specifically stimu-
lated CD41 T lymphocytes from a patient with metastatic melanoma in exper-
iments that are the subject of a separate report (S. Topalian et al., unpublished
data). Using sequence-specific primers, two rounds of 59 rapid amplification of
cDNA ends (RACE) were performed on total RNA extracted from 1087-mel or
the autologous Epstein-Barr virus-transformed B lymphocyte line 1087-EBV
(Trizol reagent; GIBCO-BRL, Rockville, Md.) to isolate the 59 CDS and 59 UTR
of neo-PAP according to the manufacturer’s instructions (59 RACE System;
GIBCO-BRL). The entire cDNA sequence of neo-PAP, verified in multiple
RACE clones derived from 1087-mel and 1087-EBV and in the original cDNA
clone, contained 3,752 bp. To further validate this sequence, oligonucleotide
PCR primers based on sequences derived from the 59 RACE segment as well as
from the original library clone were used to amplify cDNA clones containing the
longest open reading frame of neo-PAP (2.2 kb) by performing reverse tran-
scription (RT)-PCR on total RNA from 1087-mel or 1087-EBV. The forward
PCR primer 59-GGTTGGATGCCTCAGCCATAGTAAG-39 terminated 125 bp
upstream from the initiation codon, and the reverse primer 59-GATTGCTTGT
TCACTTAAGTGAGG-39 ended 14 bp downstream of the stop codon. PCR was
performed using a proofreading DNA polymerase (Vent DNA polymerase; New
England Biolabs, Beverly, Mass.). PCR products were ligated into the pCR-
Blunt II-TOPO vector (Zero Blunt TOPO PCR cloning kit; Invitrogen, Carls-
bad, Calif.), and DNA sequencing was performed on seven individual cDNA
clones, including six clones derived from 1087-mel and one from 1087-EBV,
using the Big Dye Terminator Cycle Sequencing Kit (Perkin-Elmer/ABI). Se-
quences were determined with an ABI Prism 310 Genetic Analyzer (Perkin-
Elmer). The complete neo-PAP cDNA sequence of 3.7 kb is shown in Fig. 1A.
Database searches for nucleotide and deduced amino acid sequence similarities
were performed with the BLAST program (http://www.ncbi.nlm.nih.gov/blast).

Plasmid constructs. For expression of neo-PAP protein in Escherichia coli and
subsequent purification, its CDS was cloned into the prokaryotic expression
vector pET-14b, which encodes an N-terminal polyhistidine fusion tag for affinity
purification (Novagen, Madison, Wis.). The neo-PAP CDS was amplified by
PCR, using cDNA ligated into the pCR-Blunt II-TOPO vector (see above) as the
template. The forward PCR primer 59-CAGCTCGAGATGAAAGAGATGTC
TGC-39 and the reverse PCR primer 59-TATCTCGAGTTACCGATTAAGGG
TCAGTCG-39 contained XhoI restriction sites (underlined) and translation ini-
tiation and termination codons (in bold). Complete DNA sequencing was
performed on the neo-PAP insert after ligation into pET-14b. For expression and
detection of neo-PAP in eukaryotic cells, the CDS was again amplified by PCR
and cloned into the pEAK8 vector (Edge Biosystems, Gaithersburg, Md.). The
forward primer 59-CACCACGATATCCACCATGTACCCATACGATGTTCCA
GATTACGCTATGAAAGAGATGTCTGC-39 contained an EcoRV restriction
site (underlined) and a 30-bp sequence encoding an N-terminal influenza virus
hemagglutinin (HA) epitope tag for antibody-mediated detection (in italics) (3).
The reverse PCR primer contained a NotI restriction site. Using a similar strat-
egy, a cDNA encoding bovine PAP II with an N-terminal HA fusion tag was
cloned into the HindIII and NotI sites of pEAK8. The bovine PAP II cDNA

sequence corresponds to GenBank accession no. X61585 (36), and the translated
protein is 98.5% identical to human PAP II.

Preparation of PAP I and neo-PAP proteins. N-terminally His-tagged PAPs
were expressed for 18 h at 15°C in 400 ml of Luria-Bertani buffer plus 200 mg of
ampicillin/ml. E. coli BL21(DE3) cells were pelleted, resuspended in 12 ml of
binding buffer (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, 0.05% NP-40, 5 mM
imidazole, 0.5 mM phenylmethylsulfonyl fluoride [PMSF]), and sonicated. The
supernatants were rocked for 2 h with 0.4 ml of Ni21-nitriloacetic acid agarose
(Qiagen Inc., Valencia, Calif.), washed with 20 column volumes of high-salt
buffer (20 mM Tris-HCl [pH 7.4], 500 mM NaCl, 0.05% NP-40, 5 mM imidazole,
0.5 mM PMSF) and then washed with 5 column volumes of high-salt buffer
containing 15 mM imidazole instead of 5 mM imidazole, and eluted with high-
salt buffer containing 200 mM imidazole instead of 5 mM imidazole. Prepara-
tions were dialyzed against buffer D [20 mM HEPES (pH 7.9), 50 mM
(NH4)2SO4, 20% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol (DTT), 0.5 mM
PMSF].

RNA substrates and polyadenylation and cleavage assays. Plasmids
pG3SVL-A and pG3L3-A, which contain the simian virus 40 (SV40) late and
adenovirus-2 L3 polyadenylation sites (31), respectively, were digested with ap-
propriate restriction enzymes and used as templates to synthesize 32P-labeled
RNA substrates. Specific polyadenylation with the SV40 substrate was assayed in
12.5-ml reaction volumes containing 1 to 2 ng of labeled pre-RNA, 0.4 ml of
purified CPSF fraction (21), 10 mM HEPES (pH 7.9), 0.5 mM MgCl2, 1 mM
ATP, 25 mM (NH4)2SO4, 0.1 mM EDTA, 0.25 mM DTT, 0.25 mM PMSF, 2.5%
(wt/vol) polyvinyl alcohol, 400 ng of tRNA, 0.16 U of RNasin (Promega, Mad-
ison, Wis.), 100 ng of bovine serum albumin (BSA), and the indicated amounts
of recombinant PAPs. Specific cleavage with the L3 substrate was performed in
12.5-ml reaction volumes containing 1 to 2 ng of labeled pre-RNA, 3.7 ml of
purified or partially purified proteins (CstF, CPSF, CFI, CFII), 30 ng of recom-
binant murine glutathione S-transferase-CTD, 9.6 mM HEPES (pH 7.9), 2 mM
MgCl2, 1 mM dATP, 24 mM (NH4)2SO4, 0.12 mM EDTA, 0.24 mM DTT, 0.24
mM PMSF, 2.5% (wt/vol) polyvinyl alcohol, 250 ng of tRNA, 0.25 U of RNasin,
500 ng of BSA, and the indicated amounts of recombinant PAP (11). All reaction
mixtures were incubated for 90 min at 30°C, and RNA products were isolated
and fractionated on 5% polyacrylamide–8.3 M urea gels.

Incorporation of a-32P-labeled nucleotides and nonspecific polyadenylation
assay. Incorporation of a-32P-labeled nucleotides was done in 25 ml of buffer
HMN (10 mM HEPES [pH 7.9], 1 mM MnCl2, 0.1% NP-40, 250 ng of BSA, 0.1
mM EDTA, 0.25 mM DTT, 0.25 mM PMSF, 0.5 mM ATP, 0.3 pmol of labeled
nucleotides). tRNA (100 nM) as substrate and 50 nM PAPs were present in the
reaction. Reaction mixtures were incubated at 37°C and terminated by applica-
tion of the complete reaction mixture to a DE81 paper. The paper was washed
with a solution containing 0.5 M Na2HPO4 (pH 7.0) and 70% ethanol and was
counted in a scintillation counter. Nonspecific polyadenylation was also carried
out as described for the specific polyadenylation assays, except that 1 mM MnCl2
replaced 0.5 mM MgCl2, purified CPSF was omitted, and reaction mixtures were
incubated for 30 min at 30°C.

Immunofluorescent staining and confocal microscopy. Exponentially grow-
ing HeLa cells (human cervical cancer; American Type Culture Collection,
Manassas, Va.) were plated on glass coverslips in 24-well tissue culture plates
and incubated overnight at 37°C and 5% CO2. The following day cells were
transfected with 0.5 mg of the plasmid pEAK8/HA-neoPAP per well using Li-
pofectamine Plus (GIBCO-BRL). Twenty to 48 h later, cells were rinsed in
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde–PBS, and per-
meabilized with 1% Triton X-100 (Sigma, St. Louis, Mo.) in 0.2% BSA–PBS.
After being blocked with 20% goat serum at 37°C for 30 min and then rinsed in
0.2% BSA–PBS, samples were stained with a fluorscein isothiocyante-conjugated
rat monoclonal antibody (MAb) (5 mg/ml) specific for the HA epitope YPYD-
VPDYA (clone 3F10; Roche Molecular Biochemicals, Indianapolis, Ind.) for 1 h
at room temperature. Coverslips were rinsed with PBS and mounted onto mi-
croscope slides using GelMount (Biomeda Corp., Foster City, Calif.). Stained
cells were examined on a Zeiss Axioplan microscope using the 1003/1.4 oil
immersion objective (total magnification, 31,400). Confocal images were gen-
erated on a Zeiss laser scanning microscope (LSM 510).

Western blots. Subconfluent 293 cells (adenovirus-transformed human embry-
onic kidney epithelium; American Type Culture Collection) were transfected
with the plasmid pEAK8/HA-neoPAP or pEAK8/HA-bovine PAP II using the
Effectine reagent according to the manufacturer’s instructions (Qiagen). Forty-
eight hours later cells were harvested, washed, and lysed in radioimmunopre-
cipitation assay buffer (Boehringer Mannheim, Indianapolis, Ind.), containing
detergents and the protease inhibitor PMSF, at a concentration of 2 3 107

cells/ml. Following centrifugation at 10,000 3 g for 10 min, supernatants were
collected and adjusted to pH 5.3. Samples were treated with potato acid phos-

VOL. 21, 2001 CHARACTERIZATION OF A NOVEL POLY(A) POLYMERASE 5615



FIG. 1. Nucleotide and amino acid sequences of neo-PAP. (A)
cDNA and translated protein sequences of neo-PAP, with initiation
and termination codons bolded and underlined. (B) Similarity between
neo-PAP and human PAP II protein sequences. (C) Alignment of
amino acid sequences of the C-terminal domains of neo-PAP and
human PAP II. Asterisks indicate NLSs, nonconsensus cdk sites are in
bold, consensus cdk sites are in bold and are underlined, plus signs
indicate conserved amino acids, and minus signs indicate that no
amino acid is present.
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phatase (Roche Biochemicals) at a final concentration of 5 U/ml at 37°C for 1 h
and then were boiled for 3 min under nonreducing conditions and loaded into a
4 to 20% Tris-glycine acrylamide gel (Novex, San Diego, Calif.). Electrophoreti-
cally separated proteins were blotted onto a nitrocellulose membrane, which was
incubated for 1 h with peroxidase-conjugated MAb (125 ng/ml) specific for HA
(clone 3F10; Roche Biochemicals). Protein visualization was achieved with
chemiluminescence (ECL detection system; Amersham Pharmacia Biotech, Pis-
cataway, N.J.).

Northern blot analysis. Total RNA was isolated from a variety of cultured cell
lines and fresh peripheral blood lymphocytes (PBL) using the Trizol method
(GIBCO-BRL) or the RNeasy Midi Kit (Qiagen). Cell lines initiated in our
laboratory included the malignant melanoma from which neo-PAP was cloned
(1087-mel) and its autologous transformed B-cell line (1087-EBV) and the pros-
tate cancer cell lines 1532-CPTX, 1535-CPTX, and 1542-CPTX. Fresh cryopre-
served PBL from patients 1087, 1532, and 1535 were autologous to the tumor cell
lines mentioned above. The colon cancer cell lines CY13, LoVo, and SW480
were obtained from the American Type Culture Collection, as were 293 cells.
Total RNA (10 mg per lane) was electrophoresed in a 1% agarose formaldehyde
gel and transferred to a nylon membrane (Nytran; Schleicher & Schuell, Inc.,
Keene, N.H.). In addition, a Northern blot containing approximately 2 mg of
poly(A)1 RNA isolated from 12 different fresh human tissues/lane was pur-
chased from OriGene Technologies (Rockville, Md.). Hybridization of blots with
radiolabeled oligonucleotide probes was performed at 68°C for 2 h according to
the QuikHyb protocol (Stratagene, La Jolla, Calif.). After being washed with 23
SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% sodium dodecyl
sulfate (SDS), blots were subjected to a high-stringency wash with 0.13 SSC–
0.1% SDS at 60°C for 30 min, and then autoradiography was performed at
270°C. To synthesize oligonucleotide probes specific for neo-PAP or human

PAP, RT-PCR was performed on total RNA from 1087-mel. The neo-PAP probe
contained bp 27 to 325 (59 to 39) of the sequence shown in Fig. 1A, corresponding
to a portion of 59 UTR as well as 59 CDS, and had no significant similarity to
PAP. The PAP probe corresponded to bp 10 to 341 in the extreme 59 coding
region of human PAP, GenBank accession no. X76770 (32). Probes were radio-
labeled by the random priming method (Lofstrand Labs, Gaithersburg, Md.).
Blots were hybridized first with the probe for neo-PAP and then with b-actin,
after which they were stripped and then hybridized with the probe for human
PAP and then with b-actin again.

RT-PCR to assess normal tissue expression of neo-PAP. To further investigate
the profile of neo-PAP mRNA expression in various normal adult and fetal
human tissues, RT-PCR was performed using the Human Rapid-Scan Gene
Expression Panel kit according to the manufacturer’s instructions (OriGene
Technologies, Rockville, Md.). This kit includes duplicate 96-well PCR plates
containing first-strand cDNAs derived from 24 different human tissues, normal-
ized to b-actin concentration and serially diluted over a 4-log range. PCR for
neo-PAP was performed with a forward oligonucleotide primer corresponding to
bases 1558 to 1576 (59 to 39) and a reverse primer corresponding to bases 2477
to 2464 (59 to 39) (see Fig. 1A), yielding a product of approximately 0.9 kb
encoding the C terminus of neo-PAP. In the duplicate 96-well plate, PCR for
b-actin was performed with primers covering the entire 1.1-kb coding region. For
both neo-PAP and b-actin, 35 cycles of PCR were carried out at 94°C for 30 s,
55°C for 30 s, and 72°C for 2 min. Approximately one third of the volume of each
PCR was electrophoresed in a 0.8% agarose–Tris-borate-EDTA gel and stained
with ethidium bromide.

Nucleotide sequence accession number. The complete neo-PAP cDNA se-
quence was deposited in GenBank under accession number AF312211.

RESULTS

Sequence analysis. A partial cDNA clone encoding the C
terminus of neo-PAP was isolated from a melanoma-derived
cDNA library. When expressed following transient transfec-
tion into genetically modified 293 cells according to procedures
previously described (38), the protein product of this cDNA
specifically stimulated melanoma-reactive autologous CD41 T
cells (Topalian et al., unpublished data). The complete cDNA
sequence of neo-PAP was obtained using 59 RACE. Neo-PAP
cDNA contains 3,752 bp, with a 2,208-bp open reading frame
predicted to encode a protein of 736 amino acids and having a
molecular size of 82.8 kDa (Fig. 1A). Database queries for
nucleotide similarities with molecules having known functions
revealed the most significant similarity with human PAP (Gen-
Bank no. X76770), which showed regions of up to 86% nucle-
otide identity, followed by nonhuman PAPs with somewhat
lower segmental identities. However, searching the expressed
sequence tag and genome project databases revealed dozens of
nucleotide entries with 95 to 100% identity to neo-PAP. Most
of these sequences were derived from human placenta, fetus,
or a wide variety of neoplasms, including leukemia, melanoma,
and cancers originating from brain, colon, lung, stomach, en-
dometrium, and pancreas. These findings suggested that rather
than representing a previously unrecognized splice variant of
PAP, neo-PAP might be transcribed from a gene distinct from
the original PAP. This was confirmed by searching the human
genome database (http://www.ncbi.nlm.nih.gov/genome/
guide/) and finding that neo-PAP cDNA was nearly 100%
identical in its entirety to sequences located on chromosome 2
(working draft NT 005399.1). In contrast, the original human
PAP gene is located on chromosome 14 (40). Strikingly, the
organization of the neo-PAP gene into 22 exons on chromo-
some 2 recapitulates the intron-exon structure defined for mu-
rine PAP II (42).

The deduced neo-PAP protein sequence of 736 amino acids
was found, through protein database searching, to have an

FIG. 1—Continued.
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overall similarity of 71% to human PAP (Swissprot P51003). It
also had approximately the same degree of similarity to non-
human PAPs, which was expected due to the high degree of
amino acid sequence conservation among the vertebrate PAPs.
Neo-PAP was not significantly similar to other molecules with
known functions and appears to be organized into functional
domains that recapitulate those of the original PAP (Fig. 1B).
An N-terminal region of almost 500 amino acids was 87%
similar to the N-terminal catalytic domain of PAP, suggesting
that neo-PAP might have a polymerase function. Also compa-
rable to PAP, neo-PAP contained two bipartite NLSs (8) pre-
dicting nuclear localization of this protein. In the original PAP,
the two NLSs surround an S-T-rich CTD containing multiple
cdk phosphorylation sites that are critical for regulating poly-
merase function (5, 23). However, the sequence similarity be-
tween neo-PAP and PAP declined sharply in this region (to
36%), suggesting that these two molecules might be regulated
differently. Figure 1C aligns the amino acid sequences of neo-
PAP and PAP II, commencing at NLS1 and continuing
through the C terminus. The original human PAP II contains
seven cdk phosphorylation sites, including two consensus (T/
SPXK/R) and five nonconsensus sites (T/SP), and it has been
shown that full phosphorylation of all of these sites is required
to repress enzymatic function during M phase (6). In compar-
ison, neo-PAP contains nine cdk motifs, two of which are
consensus sites. Thus, conservation of cdk sites by neo-PAP is
significant, and even more so when considered in the context of
the percent S1T in this region: neo-PAP contains only 23%
S1T, compared to 34% for PAP. These findings suggest that

regulation of neo-PAP function may occur through a phos-
phorylation mechanism despite striking sequence dissimilari-
ties between neo-PAP and PAP in this region. Of note, the
extreme C-terminal 20-mer peptide implicated in splicing reg-
ulation (35) is highly, although not perfectly, conserved be-
tween the two molecules.

Neo-PAP is biochemically indistinguishable from PAP. In
view of the significant degree of similarity between the amino
acid sequences of the N-terminal region of neo-PAP and the
catalytic domain of PAP, we next set out to determine whether
neo-PAP functions like PAP in several in vitro functional as-
says. To this end, we first expressed a His-tagged derivative of
neo-PAP in E. coli and purified the protein alongside an iden-
tically tagged version of bovine PAP I (for an example, see
reference 5). Figure 2A displays a Coomassie-stained SDS gel
of the two purified proteins. We then compared the activity of
the two PAPs in so-called nonspecific poly(A) synthesis assays.
Such assays measure the ability of PAP to catalyze primer-
dependent poly(A) synthesis independent of both other poly-
adenylation factors and the sequence of the RNA primer, a
property of the enzyme facilitated by the inclusion of Mn21

instead of Mg21 in reaction mixtures (for an example, see
reference 23). Figure 2B displays a time course measuring the
ability of each enzyme to incorporate [a-32P]ATP onto an
unlabeled RNA primer. Both PAPs displayed equivalent ac-
tivities and, as is expected for an authentic PAP, were unable
to utilize GTP instead of ATP as a substrate. A related non-
specific assay utilizes a 32P-labeled RNA primer and unlabeled
ATP as substrate and measures poly(A) synthesis by the

FIG. 2. Neo-PAP has nonspecific polyadenylation activity. (A) PAP I and neo-PAP proteins utilized in subsequent experiments were resolved
on SDS–8% polyacrylamide gel electrophoresis and were Coomassie stained. Lanes 1 and 2, 1.2 mg of recombinant PAP I and neo-PAP expressed
in and purified from E. coli. (B) Efficiencies of incorporation of a-32P-labeled nucleotides. The relative amounts of incorporated nucleotides
[a-32P]ATP and [a-32P]GTP were measured. Assay conditions are described in Materials and Methods. (C) Increasing amounts (1, 2.5, 10, and
50 ng) of PAP I (lanes 2 through 5) and neo-PAP (lanes 7 through 10) were assayed in a nonspecific polyadenylation assay using a 172-nucleotide
32P-labeled RNA substrate. RNA products were resolved by denaturing polyacrylamide gel electrophoresis.
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change in size of the RNA primer. Figure 2C shows that
increasing concentrations of each PAP resulted in comparable
increases in the size of the primer. (The slight differences
observed in size reflect the very sensitive nature of the assay
and were not reproducible.)

We next compared the two PAPs in a specific polyadenyla-
tion assay, which requires an AAUAAA-containing RNA
primer and CPSF. Figure 3A displays the results of such an
assay utilizing a 32P-labeled SV40 late pre-mRNA containing
an intact AAUAAA (wild type) or a U-to-A mutation in the
hexanucleotide (pm), purified CPSF, and 5 ng of either PAP I
(lanes 1 to 3) or neo-PAP (lanes 4 to 6). Importantly, both
PAPs displayed significant polyadenylation activity with the
wild-type RNA that was reduced to background levels with the
pm RNA. Note that low levels of poly(A) synthesis were de-
tected with both PAPs in the absence of CPSF and that this
activity was slightly higher with neo-PAP (lanes 1 and 4). This
reflects nonspecific poly(A) synthesis analogous to that shown
in Fig. 2. This low activity was also observed with the pm RNA
but was reduced by the presence of CPSF (lanes 3 and 6),
reflecting a well-established activity of CPSF, which is to in-
hibit nonspecific poly(A) synthesis under conditions that stim-
ulate AAUAAA-dependent polyadenylation (for an example,
see reference 27). But the important result is that neo-PAP,
like PAP I, was highly active in AAUAAA- and CPSF-depen-
dent polyadenylation. The length of the poly(A) synthesized by
neo-PAP was slightly shorter than that synthesized by PAP I.
The significance of this, if any, is not known.

PAP is also known to be required with most pre-mRNAs for
the first step of polyadenylation, endonucleolytic cleavage (for
examples, see reference 31). To determine whether neo-PAP is
able to activate cleavage, we reconstituted 39 cleavage reac-
tions with purified CPSF, CstF, and neo-PAP or PAP I, plus
partially purified CFI and CFII, using a 32P-labeled adenovirus
L3 pre-mRNA (Fig. 3B). In the absence of PAP, cleavage was
essentially undetectable (lane 1). But increasing concentra-

tions of either PAP I (lanes 2 and 3) or neo-PAP (lanes 4 and
5) resulted in significant cleavage, and both enzymes displayed
comparable activity. Note that cleavage was induced at two
nearby sites, generating distinct 59 and 39 cleavage products.
Significantly, this pattern, which has been observed previously
in similar reconstitution assays (10), was identical with both
PAPs. Taken together, our data indicate that the properties of
bovine PAP I and human neo-PAP are essentially indistin-
guishable, suggesting that neo-PAP has the potential to func-
tion in pre-mRNA 39 processing in the cell nucleus.

Subcellular localization of neo-PAP. We next used immu-
nofluorescence microscopy to examine directly the subcellular
localization of neo-PAP. Specifically, the localization of an
epitope-tagged neo-PAP following transient transfection of
HeLa cells was determined. Twenty to 48 h after transfection
with the plasmid pEAK/HA-neoPAP, cells were stained with a
MAb specific for the N-terminal HA epitope tag. In a repre-
sentative experiment shown in Fig. 4, the transiently expressed
neo-PAP protein localized exclusively to the nuclei of HeLa
cells. Similar results were obtained with transiently transfected
COS-7 cells and stable transfectants of 293 cells (data not
shown). These results are similar to those of previously pub-
lished experiments with bovine PAP I and PAP II, which
showed exclusively nuclear localization of those proteins when
expressed by transient transfection (24).

Differential phosphorylation of neo-PAP versus that of PAP
II. Previous work has demonstrated that hyperphosphorylation
of classic PAP is an important mechanism by which its enzy-
matic activity is coordinately repressed during cell division (5).
Western blots performed on extracts of human cells expressing
PAP or cells transfected with plasmids encoding HA-tagged
PAP have consistently demonstrated the apparent molecular
size of PAP to be approximately 20 kDa greater than that
predicted by the protein sequence. Site-directed mutagenesis
or phosphatase treatment of cell extracts has shown that the
low-mobility forms of classic PAP observed on Western blots
reflect phosphorylation of multiple cdk sites in the CTD (6, 24,
32).

In light of the above findings, we next set out to investigate
the phosphorylation state of neo-PAP by performing Western
blots on extracts of 293 cells after a 48-h transfection with
pEAK/HA-neoPAP or pEAK/HA-PAP II (Fig. 5). Unexpect-
edly, neo-PAP was detected as only a single protein band
migrating at its predicted molecular size of 82.8 kDa. In con-
trast, bovine PAP II (predicted molecular size of 82.4 kDa,
protein sequence 98.5% identical to human PAP II) presented
as multiple bands in the range of 100 kDa. These results sug-
gested that neo-PAP might not be phosphorylated under the
same conditions that caused hyperphosphorylation of PAP. A
single neo-PAP form migrating at its true molecular size was
also observed in Western blots performed on extracts of stable
transfectants of 293 cells and transiently transfected Epstein-
Barr virus-transformed B-cell lines (data not shown), further
suggesting that the predominant form of this enzyme might not
be phosphorylated. To address this issue directly, extracts of
transiently transfected 293 cells were treated with acid phos-
phatase prior to Western blotting. As shown in Fig. 5, the
migration of neo-PAP was not influenced by phosphatase
treatment, while the migration of PAP II shifted to a smear of
higher-mobility species in the 80- to 100-kDa range, consistent

FIG. 3. Neo-PAP has specific polyadenylation and cleavage activ-
ity. (A) Recombinant PAP I, neo-PAP, or purified CPSF, alone or in
the indicated combinations, was added to reaction mixtures containing
either wild-type (wt; AAUAAA) or mutant (pm; AAAAAA) 32P-
labeled pG3SVL-A pre-RNA. (B) Increasing amounts (5 and 20 ng) of
PAP I (lanes 2 and 3) or neo-PAP (lanes 4 and 5) were assayed in a
reconstitution cleavage assay (see Materials and Methods). Arrows
indicate the positions of upstream (59) and downstream (39) cleavage
products. In both panels A and B, RNA products were resolved by
denaturing polyacrylamide gel electrophoresis.
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with partial to complete dephosphorylation. Although appar-
ent mobility shifts on Western blots are not conclusive evi-
dence of phosphorylation states, these results suggest that neo-
PAP and PAP are differentially phosphorylated and hence
differentially regulated. This is especially interesting because
both neo-PAP and PAP contain a conserved cyclin recognition
motif (2) and multiple consensus and nonconsensus cdk phos-
phorylation sites that would predict similar, and not disparate,
modes of regulation.

Neo-PAP is overexpressed in human cancers. Having cloned
and sequenced neo-PAP from a patient’s melanoma cells and
from virus-transformed B cells, we next set out to determine
the profile of neo-PAP and PAP gene expression in other
malignant, transformed, and normal human cells and tissues.

Figure 6 shows Northern blots hybridized first with a probe
specific for portions of the 59 UTR and extreme 59 CDS of
neo-PAP and then stripped and hybridized with a probe spe-
cific for a comparable 59 region in human PAP. Immediately
evident are the different apparent splicing patterns of neo-PAP
versus PAP mRNA. With PAP, we observed two dominant
mRNA species of approximately 4.4 and 1.3 kb similar to those
previously described for bovine PAP II and human PAP (36).
In contrast, neo-PAP had one dominant mRNA species of
approximately 4 kb (consistent with the cDNA sequence of 3.7
kb), but no smaller species were apparent. The significance of
a faint 8-kb mRNA species observed for neo-PAP but not for
PAP is unknown; this could represent an alternatively or in-
completely processed mRNA. In a separate experiment (data
not shown), a Northern blot containing total RNAs derived
from various tumors and transformed cells was hybridized with
the 59 neo-PAP probe described above and then was stripped
and hybridized again with a neo-PAP probe specific for the 39
end of the CDS and entire 39 UTR. Both probes revealed a
dominant 4-kb mRNA species and minor band at 8 kb similar
to the pattern shown in Fig. 6. These findings indicate that,
unlike PAP, neo-PAP does not seem to generate splice vari-
ants.

Despite apparent dissimilarities in RNA splicing, both neo-
PAP and PAP were overexpressed by tumors compared to
virally transformed or normal cells. The upper portion of Fig.
6 demonstrates, in one Northern blot, enhanced expression of
both neo-PAP and PAP mRNAs in seven cancers, compared to
that of two transformed cell lines and three fresh PBL speci-

FIG. 4. Neo-PAP localizes exclusively to the nucleus. After a 20-h transfection, HeLa cells were stained with a fluorescein isothiocyanate-
conjugated anti-HA MAb and examined using immunofluorescence microscopy. Magnification, 31,400.

FIG. 5. Neo-PAP and classic PAP appear to be differentially phos-
phorylated. Western blotting with an anti-HA epitope antibody was
performed on extracts of 293 cells that were not transfected (“none”)
or transfected with plasmids encoding green fluorescent protein
(GFP), HA-PAP II, or HA-neoPAP. Some lysates (indicated with a
plus sign) were treated with potato acid phosphatase prior to loading
onto SDS–4 to 20% polyacrylamide gel electrophoresis. Cell equiva-
lents were 1.6 3 105 per lane. Results are representative of three
separate experiments.
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mens. The tumor specimens assayed in Fig. 6 included one
melanoma (1087-mel, from which neo-PAP was originally
cloned; lane 1), three prostate cancers (1532-CPTX, 1535-
CPTX, and 1542-CPTX; lanes 2 to 4), and three colon cancers
(CY13, LoVo, and SW480; lanes 5 to 7). In a separate exper-
iment, RNAs from five other melanomas, two additional pros-
tate cancers, and another colon cancer were assessed for neo-
PAP expression by Northern blotting, and all were significantly
positive (data not shown). The lower portion of Fig. 6 demon-
strates that, among 12 different fresh normal human tissues,
neo-PAP was weakly expressed and PAP could not be detected
at all, even after prolonged film exposure. In this experiment,
neo-PAP was expressed predominantly in testis (lane 24), but
weaker signals were also seen in brain (lane 13) and lung (lane
18). In a repeat normal tissue Northern blot experiment, neo-
PAP expression was observed only in testis (data not shown).
Taken together, the data indicate that both PAP and neo-PAP
mRNAs are expressed at low levels in normal tissues and
overexpressed in tumors.

To further explore the normal tissue distribution of neo-
PAP, RT-PCR was performed on 24 different adult and fetal
human tissues. Figure 7 shows that, consistent with the North-
ern blot results, testicular expression was strongest, but most
other tissues also showed weak expression of neo-PAP after 35
cycles of PCR. By visual assessment of RT-PCR products gen-
erated from cDNAs diluted over a 4-log range, the intensity of
neo-PAP expression was estimated to be 1 to 2% of that of
b-actin (not shown). Preferential neo-PAP expression in the
testis, among normal tissues, is particularly interesting in view
of the existence of the testis-specific PAP, TPAP, suggested to
catalyze cytoplasmic polyadenylation of mRNAs in spermato-
cytes (GenBank number AF218840) (15, 16).

Mutational analysis of the CTD of neo-PAP. Given the over-
expression of PAP in cancer cells, we next wished to examine
the possibility that the S-T-rich CTD of neo-PAP, bearing the
signature of a regulatory domain, might harbor cancer-associ-
ated mutations. To this end we sequenced purified RT-PCR
products spanning this region which were generated with the
same PCR primers utilized for the experiment shown in Fig. 7.
A total of 21 samples were analyzed, including those generated
from the RNA preparations visualized in lanes 1 to 12 of the
Northern blots shown in Fig. 6 as well as an additional 9
samples comprising five melanomas, two prostate cancers, one
colon cancer, and one transformed human fibroblast line. Of
note, 1087-mel, the tumor line from which neo-PAP was first
isolated, was found to contain two neo-PAP alleles, one of
which had a C-to-T mutation at position 2159 that appeared as
two overlapping peaks on automated DNA sequencing. This
mutation was confirmed by isolating and sequencing individual
full-length neo-PAP cDNA clones from 1087-mel. Intriguingly,

FIG. 6. Neo-PAP and PAP are both overexpressed in human cancers but have distinct splicing patterns. Northern blots containing 10 mg of total
RNA/lane (upper right and left panels) or approximately 2 mg of poly(A)1 RNA/lane (lower right and left panels) were hybridized with a neo-PAP
probe followed by b-actin and then stripped and reprobed with PAP, followed again with b-actin. Lane 1, 1087-mel; 2, 1532-CPTX; 3, 1535-CPTX;
4, 1542-CPTX; 5, CY13; 6, LoVo; 7, SW480; 8, 293 cells; 9, 1087-EBV; 10, 1087 PBL; 11, 1532 PBL; 12, 1535 PBL; 13, brain; 14, colon; 15, heart;
16, kidney; 17, liver; 18, lung; 19, muscle; 20, placenta; 21, small intestine; 22, spleen; 23, stomach; 24, testis. Blots probed with neo-PAP or PAP
were exposed to film for 67 to 72 h or with b-actin for 2 to 2.5 h. Trans., transformed cells.

FIG. 7. Expression of neo-PAP in testis and other normal tissues
assessed by RT-PCR. Products of RT-PCR with primers specific for
neo-PAP or b-actin were stained with ethidium bromide and were
electrophoresed on a 0.8% agarose gel.
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this caused a P-to-L missense mutation, destroying a consensus
cdk phosphorylation site immediately preceding NLS2. It is
conceivable that this mutation affects the growth of these cells
(43). The C-to-T substitution in one allele in 1087-mel did not
seem to represent a polymorphism, since it was not observed in
1087-EBV or 1087-PBL. However, aside from a silent point
mutation discovered in 293 cells, no other mutations or poly-
morphisms were identified in these samples. Thus, it does not
appear that the CTD of neo-PAP is exceedingly prone to
mutation in cancers.

DISCUSSION

Processing of mRNA precursors, a critical step in gene ex-
pression, comprises an integrated series of reactions mediated
by a large and complex set of factors (12). Poly(A) polymerase
is a critical player in RNA processing: it not only catalyzes
poly(A) synthesis and participates in endonucleolytic cleavage
of pre-mRNA, but it also interacts with other proteins, includ-
ing, for example, splicing factors that may help coordinate
polyadenylation and splicing (35). The present report demon-
strates the existence of a novel poly(A) polymerase, neo-PAP,
which shares many of the characteristics of the originally de-
scribed enzyme. Common to both PAPs are their protein do-
main organization, subcellular nuclear localization, and in vitro
functions. Particularly intriguing, we show by Northern blotting
that both PAPs are overexpressed in human tumors, a finding
consistent with previous studies of PAP. Overexpression of
PAP mRNA has been demonstrated in human carcinomas
originating in breast, colon, ovary, and pancreas, compared to
expression in normal tissue counterparts (22). Furthermore,
the polyadenylation activity of crude or partially purified cell
extracts has been shown to be significantly enhanced in acute
leukemias compared to that in chronic leukemias and normal
lymphocytes (33), and in aggressive forms compared to more
indolent forms of breast cancer (29), suggesting that PAP lev-
els might correlate with clinical prognosis. A role for PAP in
sustaining activated or hyperproliferative cell states has also
been postulated on the basis of experiments showing elevated
polyadenylation activity or enhanced PAP mRNA in phytohe-
magglutinin-stimulated human lymphocytes (7) and factor VII-
stimulated human fibroblasts (22), respectively. In retrospect,
while previous investigations conducted with Northern blotting
were specific for PAP, assays for enzymatic activity in cell
extracts could have reflected expression of PAP, neo-PAP, or
both.

The factors required for polyadenylation of nuclear mRNA
precursors have been extensively studied in both mammals and
yeast. Nearly all the factors have been cloned during the last
decade, beginning with PAP in 1991 (17, 23, 36). Sequencing of
bovine cDNAs immediately suggested the potential for diver-
sity in PAP isoforms created by alternative splicing, and this
was confirmed by more detailed analysis of the mouse gene
and cDNAs (42). However, there was until very recently no
evidence for a second PAP gene, or indeed any indications that
more than a single gene existed for any of the known polyad-
enylation factors. Recent studies, though, have suggested that
there may be related genes for many of the mammalian poly-
adenylation factors. A novel form of the RNA binding subunit
of CstF, CstF-64, has been described and shown to be the

product of a second CstF-64 gene (37). Intriguingly, similar to
the functional retroposon TPAP gene mentioned above (15,
16), the novel CstF-64-related protein is expressed almost ex-
clusively in the testis. The reasons for this are unclear. In the
case of TPAP, which is largely cytoplasmic (apparently due to
the absence of NLSs [15]), it could reflect a role in cytoplasmic
polyadenylation known to occur in germ cells (25). The
CstF-64 gene is localized on the X chromosome (37), so the
CstF-64-related gene may function to ensure production of
CstF-64 following X inactivation. It remains to be determined
why neo-PAP appears to be preferentially expressed in testis.
A recent analysis of the human genome suggested that related
genes may exist for the majority of factors in the polyadenyl-
ation complex (34). Indeed, this analysis pointed to the possi-
ble existence of a third PAP-related gene in humans.

What might be the reasons for the existence of multiple PAP
genes? Although our data did not uncover any significant dif-
ferences in the biochemical properties of neo-PAP relative to
those of PAP, it is conceivable that neo-PAP may have unique
properties in vivo that allow it to modulate the efficiency of
39-end formation or poly(A) tail length of specific genes. Al-
ternatively, it might be functionally equivalent to PAP but exist
to allow precise quantitative control of PAP levels in different
tissues and/or cell growth states. It is known that PAP levels
must be tightly regulated (43), and it may be that a second gene
allows more precise control under a variety of conditions.

It is intriguing that neo-PAP went undiscovered for a decade
after identification of PAP. Purification of PAP and cloning of
PAP cDNAs were from bovine tissues (23, 36), and it is con-
ceivable that neo-PAP is not present in bovine tissue or not
expressed in the tissues analyzed. Alternatively, neo-PAP may
behave poorly during extraction or purification. Whatever the
reason, it now seems that similar or related proteins exist for
many factors that function in gene expression in metazoans
(34). This includes not only gene-specific regulatory factors but
also many of the general factors that participate in transcrip-
tion, splicing, and as mentioned above, polyadenylation. The
existence of multiple forms of a polymerase, though, is unex-
pected, and is consistent with the idea that PAP plays an
important role in gene control (for an example, see reference
43). Perhaps consistent with this possibility, it is noteworthy
that key elements of the PAP regulatory region, such as the
dual NLSs, putative cdk phosphorylation sites, and the very
C-terminal splicing factor interaction domain, are well con-
served. On the other hand, none of these motifs are 100%
identical, and it is possible that future studies will reveal dif-
ferences in the behavior of PAP and neo-PAP.

Despite their similarities, neo-PAP and PAP demonstrate
unique properties. One difference is their mRNA splicing pat-
terns: on Northern blots, neo-PAP displayed only the longest
of the splice variants observed for PAP. Even more interesting,
neo-PAP does not seem to be susceptible to the same regula-
tory controls as PAP. Although neo-PAP contains a conserved
cyclin recognition motif (2) and multiple C-terminal cdk phos-
phorylation sites (5, 6), phosphorylation of neo-PAP could not
be demonstrated in Western blots of transient or stable trans-
fectants of proliferating human cells. Coupled with overexpres-
sion of neo-PAP message in cancers, these findings suggest
that neo-PAP may represent an aberrantly regulated polymer-
ase enzyme that supports rapid cell proliferation. The exis-
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tence of such an enzyme was postulated by Jacob et al., who
purified nuclear protein fractions with polyadenylation activity
from rat hepatomas or normal rat liver and described their
distinct properties (14, 26). However, the much smaller mo-
lecular size, signature amino acid composition, and hyperphos-
phorylated state of the rat hepatoma PAP are inconsistent with
our characterization of neo-PAP. In future studies, it will be
critical to analyze the expression of endogenous neo-PAP pro-
tein in normal tissues and cancer and to define gene-, tissue-,
and cell cycle-specific regulation of PAP function in normal
cells and how this is altered in tumor cells.
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ADDENDUM

We have become aware of a recent GenBank entry by K.
Perumal et al., accession number AY029162, the translated
protein product of which is 99% identical to full-length neo-
PAP.
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