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Poly(A) polymerase (PAP) contains regions of similarity with several known protein domains. Through
site-directed mutagenesis, we provide evidence that PAP contains a functional ribonucleoprotein-type RNA
binding domain (RBD) that is responsible for primer binding, making it the only known polymerase to contain
such a domain. The RBD is adjacent to, and probably overlaps with, an apparent catalytic region responsible
for polymerization. Despite the presence of sequence similarities, this catalytic domain appears to be distinct
from the conserved polymerase module found in a large number of RNA-dependent polymerases. PAP contains
two nuclear localization signals (NLSs) in its C terminus, each by itself similar to the consensus bipartite NLS
found in many nuclear proteins. Mutagenesis experiments indicate that both signals, which are separated by
nearly 140 residues, play important roles in directing PAP exclusively to the nucleus. Surprisingly, basic amino
acids in the N-terminal-most NLS are also essential for AAUAAA-dependent polyadenylation but not for
nonspecific poly(A) synthesis, suggesting that this region of PAP is involved in interactions both with nuclear
targeting proteins and with nuclear polyadenylation factors. The serine/threonine-rich C terminus is multiply
phosphorylated, including at sites affected by mutations in either NLS.

Poly(A) polymerase (PAP) plays an important role in the
3'-end processing of eukaryotic pre-mRNAs (for reviews, see
references 38, 66, and 68). 3'-end processing is best understood
in mammals and occurs in two steps that can be accurately
reproduced in vitro. The first step is cleavage of the pre-
mRNA at a defined site, usually 10 to 30 nucleotides down-
stream of the AAUAAA polyadenylation signal, and the
second is synthesis of the poly(A) tail on the newly generated
RNA 3' terminus. The two steps are normally tightly coupled
but can be uncoupled experimentally in vitro (37, 42, 71).
While multiple protein factors are required for the complete
reaction (15, 16, 23, 59, 60), only two are essential for the
poly(A) addition phase, PAP and the multisubunit cleavage-
polyadenylation specificity factor (CPSF) (6, 10, 44, 60, 62, 65).
PAP cannot by itself recognize the AAUAAA signal. Instead,
CPSF, which consists of 160-, 105-, 70-, and possibly 35-kDa
polypeptides, does so by directly and specifically binding to the
AAUAAA (7, 10, 27). RNA gel shift analyses indicate that
PAP and CPSF can interact cooperatively to form an RNA-
protein complex with AAUAAA-containing RNA (44). In
addition, PAP can nonspecifically polyadenylate essentially any
RNA 3' terminus regardless of its sequence; this nonspecific
reaction is greatly stimulated by manganese (reviewed in
reference 20).
The recent cloning and expression of cDNAs encoding

bovine (48, 67) and yeast (35) PAPs have made it possible to
begin to understand the molecular basis of the nonspecific and
specific activities of PAP. Two related PAP cDNAs were
isolated from a bovine cDNA library (48). They encode the
nearly identical proteins PAP I and PAP II, of 77 and 83 kDa,
respectively, which differ only at their C termini and are
presumably generated by alternative splicing. cDNAs capable
of encoding a 43-kDa protein (PAP III), which appears to be
a truncated form of PAP that also arises from alternative
splicing, have also been isolated (48a, 67). The N-terminal
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halves of yeast and bovine PAPs are 47% identical (35),
indicating that PAP is highly conserved throughout evolution.

In bovine PAP, several similarities to consensus sequences
of known protein domains have been noted (48). These include
a ribonucleoprotein (RNP)-type RNA binding domain (RBD
[5]), or RNA recognition motif (47), which was first detected in
the yeast poly(A)-binding protein (1, 54). Another is the
so-called polymerase module (PM [3]), which represents a part
of the catalytic domain of all known RNA-dependent poly-
merases (46). The putative RBD and PM domains overlap and
are located in the N-terminal half of the protein. Toward the C
terminus, a possible bipartite nuclear localization signal (NLS
[reviewed in reference 18]) is immediately followed by a long
serine/threonine (S/T)-rich region. This S/T-rich region is not
essential for either specific or nonspecific polyadenylation in
vitro but contains many consensus phosphorylation sites and
thus may have a possible regulatory function (48).

Similarities to the RBD consensus have been observed in
more than 40 known or suspected RNA-binding proteins (19,
28). With the possible exception of Escherichia coli rho factor
(see reference 28 for a discussion), no enzymes that contain an
RBD motif have been described; RBD-containing proteins all
appear to be RNA-binding proteins without obvious enzymatic
activities. Different RBDs have strikingly different preferences
for specific RNA sequences or structures [e.g., the poly(A)-
binding protein for poly(A) and the Ul small nuclear RNP
70K protein for a specific stem-loop structure]. The RBD
consists of about 80 amino acids and contains two character-
istic elements, a highly conserved RNP consensus sequence of
eight residues (RNP1) and another conserved sequence of six
residues (RNP2). The structure of the RBD contains a solvent-
exposed four-stranded ,B sheet supported by two cx helices, as
determined by crystallographic (45) and nuclear magnetic
resonance (24) studies of the UlA small nuclear RNP protein
and the heterogeneous nuclear RNP C protein (69). In this
structure, RNP1 and RNP2 are juxtaposed on adjacent ,
strands, and site-directed mutagenesis has shown that they are
important for RNA binding (45). Two highly conserved aro-
matic residues at positions 3 and 5 and one basic residue at
position 1 in the RNP1 octamer and an aromatic residue in

2946



MULTIPLE FUNCTIONAL DOMAINS IN POLY(A) POLYMERASE 2947

TABLE 1. Sequences of oligonucleotides used to generate
mutant PAPsa

Mutant PAP Sequence

RNP2 (LI -- SR) ...........5'-TAATTTTCCCAATCTAGAAATCCTGCG-3'
RNP1

K-1 -- 1H .............. AATGTAAAAATATGGCCACCAACAT
K-1 -- N ...................... AATGTAAAAATATTGCCACCAACAT
F-3 -> N .............. AGATCCAAAAGTATTAATTTTCCCA
F-3 - S .............. AGATCCAAAAGTACTAATTTTCCCA
F-5 -- I .............. TATAAGATCCGATCGTAAAAATTTT
F-5 -* A .............. TATAAGATCCGGCCGTAAAAATTTT
FTF -* SRS .............. ATAAGATCCAGATCTAGAAATTTTCCC

Motif A
AVD-D .............. GGTGAAAAAAGATCTATGTCTTGGT
D5 -> S............... AATCACTTCGCGAAACATGTCTT
D5 -- A.............. AAAATCACTTCGCGCAACATGTCT
D8 -* A.............. GGTGAAAAAAGCGCTCCGATCAACA
SD -> AA .............. GAGGTGAAAAACGCGGCTCGATCAACA

Motif B (DG -* AA) .... CAATCTCTATCGCGGCAAAACACAG
Motif C
DD -> NN .............. TAAGCAGACTGTTATTACGTAAGTCCAAG
DD -> AA .............. TAAGCAGACTCGCGGCTCTTAAGAC

NLS1A (KKKK ->

NNIK).............. TTCTGTTGAATGAATATTATTTTTCTGAAG
NLSlB (KRK ->

NLN) .............. ATGGAGTTGGTTTAAATTTACATGCAT
NLS2 (KKTK
NITK) .............. CTGTTTTGGTAATATTGGGGCTC

a The indicated motifs are shown in Fig. 1 and described in the text.

position 2 of the RNP2 hexamer may directly interact with
single-stranded RNA (40, 45; reviewed in reference 28).

Similarity to the PM in PAP is found beginning at the C
terminus of the putative RBD (48). The PM consists of four
poorly conserved consensus elements, termed motifs A to D,
that are spaced rather variably but apparently arranged in a
common tertiary structure (30). Substitutions of 100% con-
served aspartic acid residues in motif A or C have been shown
to block the polymerization activities in three RNA-dependent
polymerases, human immunodeficiency virus (HIV) reverse
transcriptase (12, 33, 36) and the L-A virus (50) and Bunyam-
wera virus (26) RNA polymerases. According to the HIV
reverse transcriptase crystal structure, these residues may bind
catalytic divalent metal ions (30).
PAP has long been suspected to be a nuclear protein, as its

first suggested in vivo function, polyadenylation of pre-
mRNAs, is a nuclear process, and the presence of sequence
similarity in PAP to the bipartite NLS (52) is consistent with
this. However, polyadenylation of maternally stored mRNAs
has been shown to occur in the cytoplasm of enucleated
Xenopus oocytes (reviewed in references 25, 51, and 68), and a
large fraction of PAP activity can be detected in HeLa
cytoplasmic extracts (53a). It is currently unclear whether
cytoplasmic polyadenylation is a universal process or occurs
only early in development and whether a different or the same
PAP is responsible for nuclear and cytoplasmic polyadenyla-
tion.
The sequence motifs observed in PAP are intriguing, but

their functional significance is unknown. On the basis of the
effects of amino acid substitutions and deletions, we provide
evidence that PAP indeed contains an RNP-type RBD that
appears to partially overlap a catalytic domain that is related
to, but distinct from, a classical PM. We also show that PAP I
and PAP II are exclusively nuclear, while the truncated form,
PAP III, is predominantly cytoplasmic. However, PAP I be-
comes cytoplasmic if, in addition to the bipartite NLS, a second

NLS within the S/T-rich region is also mutated. While the first
NLS is thus not the sole mediator of nuclear localization,
mutations in this motif were unexpectedly found to abolish
AAUAAA-dependent polyadenylation in vitro but to have no
effect on nonspecific poly(A) synthesis.

MATERIALS AND METHODS

Construction of mutant PAP cDNAs. The oligonucleotides
shown in Table 1 were used for site-directed mutagenesis.
Single-stranded DNA from phagemid pBS TlNE PAP I
(termed PAP 4 in reference 48) was isolated from E. coli CJ
236, and mutagenesis was carried out by the Bio-Rad protocol.
The resulting mutant plasmids were used to generate tem-
plates for in vitro transcription as described previously (48).
Internal deletion mutations were constructed by standard
procedures using convenient restriction sites. C-terminal trun-
cations were generated by treatment with exonuclease III and
nuclease S1 as described by the supplier (Promega). Nucle-
otide sequences were verified by DNA sequencing, and the
resulting plasmids were used as templates for PCR. Mamma-
lian expression vectors containing PAP cDNAs fused at the
PAP start codon to the influenza virus hemagglutinin (flu)
epitope (21) were constructed by cloning several of the pBS
TlNE PAP constructs described above into the pCGN vector
(61).

In vitro translation of wild-type and mutant PAPs. RNAs
transcribed from wild-type and mutant templates were phenol
extracted, ethanol precipitated, and used in in vitro translation
reactions at a concentration of 20 ,ug/ml, using RNase-treated
reticulocyte lysate (Promega) as suggested by the supplier. To
monitor the efficiency of translation, [3H]leucine (Amersham)
was added to reaction mixtures, and proteins were resolved by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) and visualized by fluorography.

Polyadenylation assays. Specific and nonspecific polyadenyl-
ation reactions were carried out essentially as described by
Raabe et al. (48). For both assays, 2 RI of in vitro-translated
PAP or 1 ,ul of HeLa PAP (53a) was used. For the specific
assay, PAP was incubated together with 4 RI of bovine CPSF
(44) and an SP6 polymerase-produced 180-nucleotide-long
simian virus 40 late pre-mRNA that terminated 6 nucleotides
after the AAUAAA (53). Incubation was for 1.5 h at 30°C as
described previously (48). Conditions for the nonspecific assay,
which used an oligo(A5) primer and was done in the presence
of 0.5 mM MnCl2, were exactly as described previously (48)
except that in the experiment shown in Fig. 5, the primer
concentration was varied as indicated. All experiments were
repeated a minimum of three independent times. For the
specific assay, typical results are shown, while results from the
nonspecific assays were averaged.

Transient transfection and immunostaining of wild-type
and mutant PAPs. For transfections of 293 human kidney cells
for immunofluorescence, 2 pug of the appropriate flu epitope-
tagged PAP cDNA constructs was added to 60-mm-diameter
plates of about 30% confluent cells, using the calcium phos-
phate method. A glycerol shock was applied after overnight
incubation, and the cells were further grown for a total of 48 h
after addition of DNA. For indirect immunofluorescence
microscopy, cells were washed with phosphate-buffered saline
(PBS) twice for 5 min each time and fixed with 3.7% formal-
dehyde for 20 min at room temperature. After two 5-min
washes with PBS, the cells were permeabilized with 1%
(vol/vol) Nonidet P-40 in PBS for 20 min. After four additional
short PBS washes, 50 pI of 1:10-diluted monoclonal antibody
12CA5 (21) in 2% bovine serum albumin (BSA)-10% calf
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FIG. 1. Possible functional domains of PAP. The putative domains of PAP, with their most conserved sequence elements, are shown. The RBD
contains the two highly conserved elements, RNP1 and RNP2. The PM contains four motifs, A to D, one of which (D) is not shown. The upstream
bipartite NLS (NLS1) contains two clusters of basic residues, here termed NLS1A and NLS1B. The C-terminal-most bipartite NLS (NLS2) also
contains two basic clusters, here termed NLS2A and NLS2B, and is located within the S/T-rich C terminus just N terminal to the point of sequence
divergence arising from alternative splicing (AS). Conserved amino acid residues are indicated by the single-letter code, and the positions in the
PAP sequence of the first and last residues in each motif are given as specified in reference 48.

serum-PBS was added; the mixture was incubated for 45 min
at 37°C under coverslips and then washed four times with PBS.
The mouse monoclonal antibody was probed with fluorescein-
labeled anti-mouse immunoglobulin G secondary antibody
(1:50 dilution in 2% BSA-10% calf serum-PBS; Cappel) at
37°C for 45 min as described above. Cells were washed four
times with PBS and mounted.
Western blotting (immunoblotting). For Western blotting,

100-mm-diameter plates of 293 cells were each transfected
with 6 pLg of the appropriate PAP expression construct. Cells
were washed in PBS, and cells from two plates were resus-
pended in 300 ,ul of extraction buffer (50 mM Tris [pH 6.8], 1
mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride).
Cells were then lysed by sonication, diluted with 2 x sample
buffer, boiled, and fractionated on an SDS-10% polyacryl-
amide gel (32). Proteins were then electroblotted (63) onto
nitrocellulose BA85 (Schleicher & Schuell) at 200 mA for 2 h.
The nitrocellulose membrane was probed with monoclonal
antibody 12CA5 (21), using alkaline phosphatase-conjugated
anti-mouse immunoglobulin G (Sigma) as a secondary anti-
body. The presence of two cross-reacting endogenous proteins
(see Fig. 9) was used to verify that equal cell equivalents were
analyzed in each sample.

Phosphatase treatment of PAP. 293 cells were transfected
with the flu epitope-tagged PAP I expression construct and
processed as for Western blotting except that the extraction
buffer contained 100 mM NaCl, 50 mM piperazine-N,N'-bis
(2-ethanesulfonic acid) (PIPES; pH 6.0), 1 mM dithiothreitol,
and 0.2 mM phenylmethylsulfonyl fluoride. Ten-microliter
portions of the supernatant obtained following a brief centrif-
ugation in a microcentrifuge were incubated in the presence of
the phosphatase inhibitor NaF (50 mM, final concentration)
plus the amount of potato acid phosphatase (Boehringer)
indicated in Fig. 9, after addition of water to a 40-jil final
volume. Incubation was for 30 min at 37°C. Reaction products
were separated by SDS-PAGE and analyzed by Western
blotting using the anti-flu epitope monoclonal antibody
12CA5.

RESULTS

Conserved residues in the putative RBD are essential for
polyadenylation. The region of PAP displaying similarity to the
RBD consensus lies between residues 62 and 139 (Fig. 1). The
RNP1 octamer is the more conserved of the two RBD ele-
ments, and within RNP1, a basic residue in position 1 (in PAP
a lysine) and aromatic residues in positions 3 and 5 (in PAP
phenylalanines) are very highly conserved. The basic residue is
required for RNA binding in the UlA protein (45), and

substitution of phenylalanine at position 3 or 5 significantly
reduced RNA binding by E. coli rho factor (13). On the other
hand, a similar mutation of a phenylalanine at position 5 in a
yeast poly(A)-binding protein RBD was without detectable
effect (55).
To test the functional significance of these similarities in

PAP, a number of mutations were introduced into the RNP1
and RNP2 motifs (see Fig. 3A) as described in Materials and
Methods. The resulting mutant PAP DNAs were used as
templates for in vitro transcription, and the RNAs produced
were translated in reticulocyte lysate. Expression levels of all
mutant PAPs were similar or identical to that of wild-type PAP
(Fig. 2). These PAP preparations were then used to measure
activity, in both specific AAUAAA-dependent and nonspecific
poly(A) synthesis assays, as described previously (48). Specific
polyadenylation was measured by incubating wild-type or
mutant PAPs with highly purified bovine CPSF (44) and a
32P-labeled simian virus 40 late pre-mRNA (Fig. 3C). Nonspe-
cific poly(A) synthesis activity was measured in the presence of
MnCl2 by incorporation of [oL-32P]ATP onto an AAAAA
primer (Fig. 3B). While in certain instances the results de-
scribed below revealed differences in the requirement of
specific PAP residues in the two assays, in general the mutants
behaved similarly in both. In these cases, the nonspecific assay
was more sensitive to small differences and could be more
readily quantitated. Indeed, we did not attempt to quantitate
the results of the specific assay rigorously and relied on visual
inspection of multiple autoradiograms. Conditions for both
assays were adjusted so that the concentration of PAP was rate
limiting, and assays were repeated multiple times with at least
three completely independent preparations of the various PAP
derivatives.

Because the findings mentioned above raised the possibility
that single amino acid substitutions have limited effects, we
first constructed and analyzed a triple substitution changing
the phenylalanines in positions 3 and 5 of RNP1 to serines and
the threonine in position 4 to arginine (FTF->SRS). As shown
in Fig. 3, this mutation almost completely inhibited both
nonspecific and specific polyadenylation. (The slight extension
of the primer in the specific assay resulted from endogenous
PAP activity in the reticulocyte lysate; compare the last two
lanes in Fig. 3C; see also reference 48.) Single mutations of
each phenylalanine were then constructed and analyzed.
F-3--*S or F-3--*N and F-5--A mutations all reduced, but did
not eliminate, both nonspecific and specific activity (although
the effect of F-3-*S in the specific assay was slight). The
substitution F-5-I was unusual in that it increased the extent
of polyadenylation [i.e., the average length of the poly(A) tails]
in the specific assay but at the same time reduced nonspecific

F-
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FIG. 2. In vitro-translated PAP derivatives. The indicated mutations were generated in the PAP I cDNA as described in Materials and
Methods, using the oligonucleotides listed in Table 1. Mutant and wild-type proteins were prepared by in vitro transcription and translation in a
reticulocyte lysate as described in reference 48. [3H]leucine-labeled proteins were resolved on SDS-10% polyacrylamide gels. BMV, protein size
standards of -90 and 30 kDa produced by in vitro translation of brome mosaic virus RNA. (A) Substitution mutants. wt, wild-type PAP I. Mutants
are designated by the residues changed in the indicated motifs (see Table 1 and Fig. 1). In all figures, the arrows denoting mutated residues used
in the text are replaced with dashes. NLSlA+NLSlB is a double mutant containing the NLS1A and NLS1B mutations. (B) Deletion mutants. The
endpoints of the deletions are as described in the text. The first two mutants after the BMV marker are internal deletions, while the remaining
mutants are C-terminal truncations.

poly(A) synthesis to 30% of the wild-type level. This is the only
mutation among those tested that resulted in enhanced poly-
adenylation, and possible explanations for this behavior are
discussed below. A change of the lysine in position 1 of the
octamer to histidine (K-1->H) had little effect on either
specific or nonspecific polyadenylation. However, the substitu-
tion K-1---N, which eliminates the basic character of this
residue, reduced both activities. To obtain evidence that the
RNP2 homology was significant, we aiso tested the effect of a
mutation in this motif. The substitution LI->SR in RNP2
reduced nonspecific poly(A) synthesis to 42% of wild-type
activity and also slightly reduced specific polyadenylation.
Taken together, these results support the idea that PAP
contains a functional RBD that is important for both specific
and nonspecific polyadenylation. Evidence that these muta-
tions specifically affect binding of the RNA primer is described
below.

Certain conserved residues within the putative PM and also
sequences outside this region are essential for polyadenyla-
tion. We next examined the importance of conserved residues
in the putative PM by constructing and analyzing PAP deriv-
atives containing mutations in motifs A, B, and C (Fig. 4).
First, we simultaneously deleted the aspartic acid residues in
positions 5 and 8 as well as a conserved valine in position 4 of
motif A. The resulting triple mutant (AVD-D) was completely
inactive in both specific and nonspecific polyadenylation. How-
ever, when the single aspartic acid residue at position 5 was
changed to serine (D-5-*S) or alanine (D-5->A), nonspecific
and specific activities were both only slightly reduced, indicat-
ing that this residue by itself is not essential for catalysis. The
aspartic acid at position 8 of motifA is also not essential, since
its substitution by alanine (D-8--+A) had only a modest effect
and a double mutant encompassing this position (SD->AA)
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FIG. 3. Mutations in RNP1 and RNP2 inhibit polyadenylation. The
mutations within RNP1 and RNP2 elements of the putative PAP RBD
(A) and their effects on nonspecific (B) and specific (C) polyadenyla-
tion are shown. (A) Letters below the amino acid sequences indicate
the introduced residues. SR is a double substitution, and SRS is a triple
substitution. Numbers refer to the positions of residues in each motif.
(B) Nonspecific poly(A) synthesis activities of the in vitro-translated
PAP mutants indicated in panel A were determined by using an
AAAAA primer in the presence of 0.5 mM MnCl2 and compared with
wild-type PAP I (wt). Numbers are averages of at least three indepen-
dent experiments. (C) For AAUAAA-dependent polyadenylation,
32P-labeled simian virus 40 late pre-mRNA was incubated with CPSF
and the indicated in vitro-translated PAP derivatives as described in
Materials and Methods. Processed RNAs were resolved on an 8 M
urea gel and autoradiographed. MspI-digested pBR322 DNA was used
as a size marker. Numbers indicate sizes in nucleotides.
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FIG. 4. Mutations in the conserved motifs in the putative PM have variable effects on polyadenylation. (A) Mutations in motifs A to C of the
PM are shown. The triple deletion in motifA (AVD-D) is symbolized by three minus signs. Nonspecific (B) and specific (C) polyadenylation assays

of the substitution mutant PAPs indicated in panel A, as well as the indicated deletion derivatives (see Fig. 2 and text), were carried out exactly
as described for Fig. 3. wt, wild type. Sizes are indicated in nucleotides.

behaved almost identically. Although these results suggest that
motif A contains functionally important residues, they do not
prove that the triple deletion affected primarily catalysis,
especially because motif A is located within the C-terminal end
of the RBD consensus. However, this issue is addressed below.

Next we wished to determine the importance of conserved
residues in motif B (positions 1 and 2; Fig. 4A) and of the two
highly conserved aspartic acid residues in motif C (positions 5

and 6). When the substitution DG->AA was introduced into
motif B, a reduction of nonspecific polyadenylation to 43% of
the wild-type level was observed, and specific polyadenylation
was correspondingly reduced. In motif C, a DD->NN double
substitution had only a slight effect on nonspecific polyadenyl-
ation and also only modestly reduced specific activity (Fig. 4).
However, the substitution DD->AA caused an -50% reduc-
tion of nonspecific polyadenylation and also had a weak effect
on specific PAP activity, suggesting that these residues play a

role, albeit not an essential one, in polyadenylation. Taken
together, though, these results argue against the presence of a

classical PM in PAP, as mutations of the motif C "double D's"
in several RNA-dependent polymerases have been shown to
completely inhibit catalysis (see the introduction). However,
the presence in PAP of sequence motifs with similarity to
motifs A to D and the functional importance of several
conserved residues suggest at least some similarity between
this region of PAP and a PM.
To determine whether sequences outside the RBD-PM

region are necessary for polyadenylation, amino acid residues
between 222 and 310 (AHpaI-BanI) or 310 and 380 (AnI-
ApaLI) (the PM similarity ends at about residue 228) were

deleted, and a series of C-terminal truncations, deleting up to

-350 residues, was also generated. In vitro-translated mutant
PAPs were again synthesized and used in the two standard
polyadenylation assays (Fig. 4). The two adjacent internal
deletions were both completely inactive in nonspecific and
specific assays. In contrast, C-terminal truncations of 128 (A12)
or 174 (A13) residues all retained significant levels of nonspe-

cific and specific activities (see also reference 48). A sharp drop
in both activities was detected between truncations A13 and
A14, which deleted 212 residues. A14 retained -4% nonspe-

cific polyadenylation activity and little, if any, specific activity,
and further deletions (e.g., A17, which removed 345 residues)
generated proteins that were completely inactive. Perhaps
significantly, the 38-amino-acid region spanned by the end-
points of A13 and A14 contains the consensus bipartite NLS
(see below).
High primer concentrations can rescue RBD mutations but

not mutations in the putative catalytic domain. In the preced-
ing paragraphs, we presented evidence for the presence of an

RNP-type RBD and a catalytic region in PAP. But the data
presented did not show directly that the so-called RBD
mutants were defective because they had a decreased ability to
bind the RNA primer, nor did they show that the putative PM
mutants were defective for some other reason. Our efforts to
measure RNA binding directly have been only partially suc-

cessful (data not shown), at least in part because of the low
affinity of PAP for RNA (65). We therefore developed another
assay to address this issue.

Specifically, if a given mutant was defective only because it
was unable to bind the RNA primer, then it should be possible
to rescue the defect, at least partially, by increasing the primer
concentration. In contrast, mutants defective in another step,
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FIG. 5. Dependence of poly(A) synthesis activity on RNA primer
concentration. The activities of the indicated PAP I mutant derivatives
were measured in nonspecific poly(A) synthesis assays and compared
with the activity of wild-type PAP I exactly as in Fig. 3 and 4 except that
the oligo(A5) primer concentration in the reaction mixtures was 10
(standard), 50, or 250 ,M. Numbers are averages of at least three
independent experiments. Solid lines, RBD mutants; dashed lines, PM
mutants; dotted line, wild-type PAP.

e.g., catalysis or ATP binding, should not be rescued at high
primer concentrations. Figure 5 shows the effects of increasing
the concentration of the oligo(A5) primer on nonspecific
polyadenylation, relative to wild-type PAP, of several deriva-
tives containing mutations within the RBD and PM motifs.
Results with three RBD and three PM mutants are shown. The
activity of the PAP mutant containing the FTF- >SRS substi-
tution in RNP1, which, as shown also in Fig. 3, was nearly
inactive at 10 ,M primer (the standard concentration) and
inactive at 2 ,M (results not shown), was increased to almost
25% of the wild-type activity at 250 ,uM primer. PAP deriva-
tives containing substitutions in RNP1 .(F-5->A) and in RNP2
(LI--SR) were both increased from just over 40% of the
wild-type activity at 10 ,uM to levels that were in fact slightly
higher than the wild-type level at 250 ,uM. In sharp contrast,
the activities of the PM mutants were not significantly affected
by elevated primer concentrations. The derivative containing
the AVD-D mutation in motif A of the PM was essentially
inactive at all primer concentrations tested. Likewise, the
enzymes containing the DG->AA mutation in motif B or the
DD--NN mutation in motif C, which were both partially active
at the standard primer concentration (see also Fig. 4), showed
no significant changes in activity at elevated concentrations.
We also tested four additional RBD mutants, four addi-

tional PM mutants, and the two large internal deletion mutants
(Fig. 3 and 4) at various primer concentrations (results not
shown). Three of the additional RBD mutants (K-1->H,
K-1--N, and F-3--N) showed significant increases in relative
PAP activity, nearly indistinguishable from those observed with
the three RBD mutants analyzed in Fig. 5A. One (F-5-I)
increased to a lesser degree (from -30% to only 40% of the

wild-type level). While we do not know why this mutant
behaved differently from the others, it is perhaps relevant that
F-5-d was the only mutant to show elevated activity in the
specific polyadenylation assay (Fig. 3C). The four additional
PM mutants tested (motif A D-5--A, D-5->S, and D-8--->A;
motif C DD-+AA) behaved essentially identically to the PM
mutants shown, none giving a significant increase in activity. In
addition, the AHpaI-BanI and AKpnI-ApaLI internal deletions
behaved identically to the AVD-D deletion, displaying essen-
tially no activity at any primer concentration tested. Thus, six
of seven RBD mutants, but none of nine PM mutants (includ-
ing the two large deletions), showed significant primer-depen-
dent increases in PAP activity. These findings support the
hypothesis that the putative RBD is indeed an RNP-type RBD
that functions in primer binding and that the RBD and
catalytic domains can be experimentally separated from each
other.
The exclusively nuclear localization of PAP is mediated by

two widely separated bipartite NLS sequences. The role of
PAP in AAUAAA-dependent 3'-end processing of pre-mRNA
and the presence of a consensus bipartite NLS in PAP I and II
(48) suggest that PAP is nuclear. However, this has not been
proven, and as discussed in the introduction, other data suggest
the existence of PAP activity in the cytoplasm. To investigate
the subcellular localization of PAP, we constructed expression
vectors that encode PAP derivatives (indicated in Fig. 6A and
B) with an N-terminal epitope tag containing nine residues of
the influenza virus hemagglutinin antigen (the so-called flu
epitope [21]). The cDNAs were cloned downstream of the
cytomegalovirus promoter (11) and transfected into human
293 cells. Subcellular localization of the exogenously expressed
proteins was determined by indirect immunofluorescence with
monoclonal antibody 12CA5, which specifically recognized the
flu epitope (see Materials and Methods). Epitope-tagged PAP
I and II were both found to accumulate exclusively in nuclei
(Fig. 6C, panels 1 and 2). The distribution was smooth and
granular, and nucleoli showed markedly less staining.
To begin to examine the sequences important for PAP

nuclear localization, we first examined the subcellular localiza-
tion of several C-terminal deletion mutants of PAP I (Fig. 6A).
Unexpectedly, two of these, APvuII (Fig. 6C, panel 3), in which
only a fraction of the S/T-rich region was deleted, and A13
(Fig. 6C, panel 4), in which almost all of it was deleted (both
retained the consensus NLS, NLS1), were localized throughout
the cell, indicating that the SIT-rich region contains sequences
required for efficient nuclear localization. (The A13 derivative
also resulted in less intense staining, suggesting that the
deleted residues also contain sequences required for maximal
accumulation; see below.) However, a C-terminal truncation
(A14) that was also deleted of NLS1 was exclusively cytoplas-
mic (Fig. 6C, panel 5), suggesting that sequences encompassing
NLS1 can be important for efficient nuclear localization.
Consistent with these results, PAP III, the C-terminally trun-
cated form, was largely cytoplasmic (Fig. 6C, panel 6), al-
though significant nuclear accumulation could also be de-
tected, possibly because of PAP III's low molecular mass (-43
kDa), which might allow passive diffusion into the nucleus.
To investigate the role of specific residues in nuclear target-

ing, we constructed and analyzed a series of substitution
mutants (Fig. 6B). Surprisingly, mutation of either or both of
the two basic clusters, KRK and KKKK, in NLS1 resulted in
decreased protein accumulation but only slightly affected nu-
clear localization (Fig. 6C, panel 7, and results not shown).
These mutants showed a low level of cytoplasmic accumula-
tion, although this is not apparent from the figure because of
the overall reduced staining relative to the wild type (compare
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panels 1 and 7). These results are consistent with the presence
of an additional NLS in PAP. Indeed, we found that a basic
motif in the S/T-rich domain, the sequence KKTK (NLS2), is
essential for efficient nuclear targeting. This sequence is lo-
cated 147 residues C terminal to NLS1, just N terminal to the
point of divergence between PAP I and PAP II (Fig. 1). The
substitution KKTK->NITK resulted in essentially uniform
accumulation of PAP throughout the cell (Fig. 6C, panel 8),
similar to the C-terminal truncations that retained NLS1 but
were deleted of NLS2 (APvuII and A13). These results suggest
that PAP contains two widely separated NLSs, neither of which
is able by itself to direct PAP exclusively to the nucleus.
Consistent with this, simultaneous substitutions in both NLS1
and NLS2 caused almost complete cytoplasmic localization
(Fig. 6C, panel 9), confirming that both of the NLS sequences
are necessary to bring about efficient nuclear localization.

Mutations in NLS1 inhibit specific but not nonspecific
polyadenylation. Because the results obtained with the dele-
tion mutants encompassing NLS1 suggested that this region
was important for activity in vitro (Fig. 4), we tested two NLS1
substitution mutants in specific and nonspecific polyadenyla-
tion assays (Fig. 7). The nonspecific polyadenylation activities
of the NLS1A mutant (KKKK->KNNI) and the double mutant
NLSlA+NLSlB (KRK--NLN; KKKK--KNNI) were similar
to that of wild-type PAP (Fig. 7B). However, specific polyad-
enylation was reduced by mutation of a single basic cluster and
completely inhibited by simultaneous substitution of both basic
clusters (Fig. 7C). These results suggest that the basic clusters
are not involved in catalysis but function in AAUAAA-
dependent polyadenylation, perhaps by facilitating interaction
with CPSF (see the introduction).
To investigate these unexpected findings further, we tested

the effects of adding basic or neutral polyamino acids to
specific and nonspecific polyadenylation assays (Fig. 8). If the
inhibitory effects of the NLS1 mutations reflected interaction
with another factor and if basicity were sufficient for this, then
basic polyamino acids might inhibit specific but not nonspecific
polyadenylation in trans. These assays used PAP extensively
purified from HeLa cells (53a) and purified bovine CPSF.
Strikingly, addition of neutralized polylysine or polyarginine,
but not polyalanine or polyasparagine, to 10 ,uM completely
inhibited specific but not nonspecific polyadenylation. In fact,
the basic polyamino acids actually stimulated nonspecific poly-
adenylation, by 1.3-fold (polylysine) and 2.6-fold (polyargi-
nine). Together, these results suggest an important role for
the NLS1 basic clusters in AAUAAA-dependent polyadenyl-
ation.
The S/T-rich domain is phosphorylated in vivo. To investi-

gate whether the C-terminal SIT-rich region is subject to
posttranslational modification, we examined flu epitope-tagged
wild-type and mutant PAP derivatives expressed in transfected
cells by Western blotting (see Materials and Methods). Anal-
ysis of full-length PAP I revealed a band corresponding to a
protein of the expected size, 77 kDa, as well as multiple species
in the size range of 80 to 100 kDa (Fig. 9A). In contrast, the
deletion mutant lacking the S/T-rich region, A13, gave rise to a
single species of the predicted size (59 kDa; Fig. 9A). The level
of expression for mutants lacking the entire S/T-rich region
(e.g., A13) was significantly lower than observed with wild-type
or mutants retaining at least part of the S/T-rich region (e.g.,
NPvuII), which is consistent with the levels of expression
detected by indirect immunofluorescence microscopy (Fig. 6C
and results not shown). These findings indicate that the
S/T-rich region is heavily modified in transfected cells and is
also required for maximal protein accumulation. To determine
whether some or all of this modification resulted from phos-
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FIG. 6. NLS1 and NLS2 both function to localize PAP to the
nucleus. Wild-type and mutant epitope-tagged PAP constructs were
transiently transfected into 293 cells, and cellular location was deter-
mined by indirect immunofluorescence microscopy using an anti-
epitope antibody as described in Materials and Methods. (A) Dia-
grams of PAP derivatives analyzed. Features of the proteins are as
indicated in Fig. 1. PAP I and II, full-length bovine PAPs; PAP III,
truncated naturally occurring human derivative of PAP; PAP I APvuII,
A13, and A14, C-terminal truncations of PAP I. (B) PAP I mutants
containing the indicated amino acid substitutions in three C-terminal
basic clusters. Mutated residues are underlined. N, exclusively nuclear
staining; N>C, nuclear, some cytoplasmic staining; N/C, equally strong
staining in nucleus and cytoplasm; C>N, cytoplasmic, some nuclear
staining; C, exclusively cytoplasmic staining. Numbers indicated C-
terminal residues of the indicated PAP derivative (A) or first and last
residues of the basic clusters (B). (C) Indirect immunofluorescence
microscopy of cells transfected with the wild-type and mutant PAPs
shown in panels A and B. 1, PAP I; 2, PAPII; 3, PAP I APvuII; 4, PAP
I A13; 5, PAP I A14; 6, PAP III; 7, PAP I NLS1; 8, PAP I NLS2; 9, PAP
I NLS1+NLS2.

phorylation, extract from cells transfected with full-length PAP
I was incubated with potato acid phosphatase. Essentially only
two major bands, of about 77 and 84 kDa, were detected
following phosphatase treatment (Fig. 9B). Therefore, most if
not all of the high-molecular-weight (high-MW) forms of PAP
appear to arise from phosphorylation. Since two of the NLS
substitution mutations described above, NLS1A (KKKK >
KNNI) and NLS2 (KKTK->NITK), also destroyed putative
kinase sites, namely, a cyclic AMP (cAMP)-dependent kinase
site and a cdc2 kinase site, respectively, the high-MW pattern
of these substitution mutants was also examined (Fig. 9A). The
NLS1 mutation inhibited expression of some of the high-MW
forms, and generally weaker expression of the remaining bands
was reproducibly observed, consistent with the results obtained
by indirect immunofluorescence. Strikingly, the NLS2 substi-
tution caused the disappearance of all high-MW forms, result-
ing in a pattern similar to that of phosphatase-treated PAP.
These results suggest that both of the NLS sites are phosphor-
ylated and that phosphorylation of the cdc2 site may be critical
for additional modifications.

DISCUSSION

The results described above present insights into the struc-
ture and function of PAP. We have defined several functional
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FIG. 6-Continued.

domains and provided evidence that two of these overlap in
novel ways. Specifically, at the N terminus, a classical RNP-
type RBD appears to overlap a region essential for catalysis,
while one of the two C-terminal signals important for nuclear
localization is also required for AAUAAA-dependent polyad-
enylation. Below we discuss the significance of each of these
functional domains.
The RBD. Our data provide considerable support for the

notion that PAP contains a classical RNP-type RBD. Neither
full-length PAP (65) nor truncated derivatives lacking C-
terminal sequences bind RNA efficiently in vitro (unpublished

data). However, on the basis of effects on PAP activity of
mutations targeted to residues predicted to affect RNA bind-
ing and our observation that these mutations, but not others,
can be rescued by elevated primer concentrations, we believe
the evidence is strong that the homology we described previ-
ously (48) does in fact reflect a bona fide RBD. The presence
of an RBD in PAP was somewhat unexpected: no other known
polymerase (RNA or DNA) contains such a domain, with a
simple explanation being that polymerases by definition must
interact only transiently with primer and/or template. PAP is of
course distinctive in its lack of a template requirement, and this
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FIG. 7. Basic residues in NLS1 are essential for AAUAAA-depen-
dent polyadenylation but not for nonspecific poly(A) synthesis. (A)
Mutations in the two basic clusters of NLS1. Numbers indicate first
and last residues of the basic clusters. Mutated residues are under-
lined. Nonspecific (B) and specific (C) polyadenylation activities of
mutant PAPs containing the mutations indicated in panel A and shown
in Fig. 2 were determined exactly as described for Fig. 3. wt, wild type.
Sizes are indicated in nucleotides.

may in some way contribute to the apparent difference in
structural domains.
We have shown that triple substitution of residues 3 to 5 of

RNP1 caused an almost complete loss of specific as well as
nonspecific polyadenylation activity, while a number of single
substitutions in both RNP1 and RNP2 partially inhibited
polyadenylation. Interestingly, several single substitutions
caused greater inhibition of nonspecific than of specific poly-
adenylation, and one (F-5--d) even enhanced the level of
specific polyadenylation. A possible explanation for this is that
in specific polyadenylation, PAP binds the pre-mRNA coop-
eratively with CPSF, which is bound to the AAUAAA signal,
rather than through protein-RNA contacts alone (44). In
contrast, for nonspecific poly(A) synthesis, the PAP RBD is
probably solely responsible for recognition of the RNA 3' end.
Thus, it may be that protein-protein interactions can at least
partially compensate for defects in the RBD.
The catalytic region. For the purposes of this study, we have

assumed that mutants defective in nonspecific polyadenylation
that cannot be rescued by elevated primer concentrations, and
which lie N terminal to NLS1 (see below), are defective in
catalysis. On the basis of distribution of key conserved resi-
dues, we had previously suggested (48) that PAP contains a

PM similar to that found in several RNA-dependent poly-
merases (46). Here we have shown that targeted mutations of
key residues in the putative PM have variable effects on PAP
activity. While these results support the view that the PAP
catalytic domain encompasses the previously postulated re-

gion, it appears distinct from the prototypical PM domain.
Most telling were mutations of the highly conserved double D's
in motif C. As mentioned above, substitutions of these two
residues in three RNA-dependent polymerases completely
inhibit polymerization, while similar substitutions in the PAP

FIG. 8. Basic polyamino acids inhibit specific but enhance nonspe-

cific polyadenylation. Standard polyadenylation assays were performed
with HeLa PAP (see Materials and Methods). The indicated poly-
amino acids were neutralized with 10 mM Tris (pH 8.0) and added to
reaction mixtures at a final concentration of 10 ,uM. Specific (A) and
nonspecific (B) polyadenylation assays were otherwise carried out
exactly as described for Fig. 3. Sizes are indicated in nucleotides.

motif C affect polyadenylation at most only partially. On the
other hand, mutations in the three motifs tested (A, B, and C)
did reduce polyadenylation activity, and a small three-residue
deletion in motif A was completely inactive. We therefore
conclude that the PAP PM is a new type of catalytic domain,
although it may be related to previously described PMs. In
addition, our results show that an -270-residue stretch of
sequence C terminal to the PM region contains residues
essential for specific and nonspecific polyadenylation. These
residues might function in catalysis, as deletion mutations in
this region cannot be rescued by high primer concentrations.
Other RNA-dependent polymerases (e.g., HIV reverse tran-
scriptase [12]) also appear to require residues outside the PM
for catalysis.
An intriguing feature of the PAP catalytic domain is that it

apparently overlaps with the RBD. Specifically, largely on the
basis of structural predictions of Kenan et al. (28), we sug-
gested a structure for the PAP RBD (48), which, like other
RBDs, consists of a four-stranded a sheet supported by two ot

helices. MotifA of the PM was predicted to be largely in a loop
separating the second ac helix and fourth ,B strand. The results
described here show that residues in this region are important
for polyadenylation and that they appear to function in catal-
ysis, since none of the PAP derivatives containing motif A
mutations could be rescued by elevated primer concentrations.
There are at least two other examples in which residues within
an RBD play roles distinct from RNA binding. In the U2 small
nuclear RNP B' protein, residues in one RBD are essential for
interaction with another U2 protein, A' (8, 56). In the splicing
factor ASF/SF2, RBD mutations that have no detectable effect
on RNA binding but which prevent the protein from function-
ing in splicing have been described (73). Finally, it is notewor-
thy that the structural arrangement we suggest for the PAP
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FIG. 9. The S/T-rich region is extensively phosphorylated in vivo.
293 cells were transiently transfected with wild-type or mutant flu
epitope-tagged PAP cDNA constructs as described for Fig. 6. Cell
lysates were prepared and subjected to SDS-PAGE. Western blots
were done as described in Materials and Methods, using the anti-flu
epitope monoclonal antibody 12CA5. Two cross-reacting bands at -72
and -68 kDa (horizontal bars) are present in all lanes. Numbers
indicate sizes (in kilodaltons) of standard proteins. (A) wt, wild-type
PAP I. The indicated mutants are as shown in Fig. 6A and B. No DNA,
extract from mock-transfected cells. (B) Ten microliters of whole-cell
extract from cells transfected with the flu epitope-tagged wild-type
PAP I construct was incubated with 50 mM phosphatase inhibitor NaF
for 30 min at 37°C (lane 1) or with 1 (lane 2) and 4 (lane 3) ,ul of potato
acid phosphatase for 30 min at 37°C. The dot indicates the position of
the two major PAP bands of -77 and -84 kDa that remain after
phosphatase treatment.

RBD and PM may be similar to the corresponding regions of
HIV reverse transcriptase (30), which not only are in the same

linear order in the protein sequence but also appear to overlap
in a manner similar to that suggested here for PAP.
The NLSs. We have shown that PAP I and PAP II expressed

in transiently transfected cells are exclusively nuclear in the
vast majority of transfected cells. The uniform, granular stain-
ing observed suggests that PAP is distributed relatively uni-
formly throughout the nucleus. While it is conceivable that the
overexpression that likely occurs during transient transfection
obscures a more specific staining pattern, this pattern is similar
to that observed endogenously with another polyadenylation
factor, CstF (58). It is interesting to compare this distribution
with that observed with many splicing factors, expressed en-

dogenously or exogenously, which are concentrated in discrete
speckles or foci (14, 22, 34, 57). One interpretation of these
observations is that polyadenylation occurs throughout the
nucleus, perhaps on nascent pre-mRNAs, while splicing occurs

in distinct subnuclear structures.
PAP requires the function of two NLSs, separated by -140

residues, to target it efficiently to the nucleus. Each of these, in
turn, appears to be a bipartite signal in which two basic clusters
are separated by -10 residues (although we have not tested
the requirement of the two upstream basic residues in the
second NLS). Somewhat surprisingly, because the upstream

signal is the strongest match to the bipartite NLS consensus

(18), the second NLS appears stronger, as its substitution leads
to significantly greater cytoplasmic accumulation than does
mutation of both basic clusters in NLS1. Although several
other nuclear proteins have been shown to require more than
one NLS (43, 70, 72), these are all clustered within -40
residues, and PAP is thus unique in requiring two widely
separated signals for nuclear transport. The unexpected find-
ing that NLS1 is essential for specific polyadenylation shows to

our knowledge for the first time that an NLS can have two

apparently unrelated functions. It is conceivable, however, that

both functions are mediated by similar mechanisms, namely,
protein-protein interactions involving the basic clusters. Basic
clusters that function as part of an NLS have been shown to
bind specifically to a number of proteins (39). CPSF, the only
other factor in addition to PAP essential for AAUAAA-
dependent polyadenylation in vitro, might bind to a region of
PAP encompassing NLS1, thereby facilitating interaction of
PAP with the pre-mRNA. NLS1 overlaps a putative cAMP-
dependent protein kinase site, phosphorylation of which could
regulate one or both of its functions. Phosphorylation of
overlapping kinase sites has been shown to regulate the activity
of NLS sequences in other proteins (41, 49).
PAP III is a third form of PAP that also appears to arise

from alternative splicing and is truncated well N terminal to
NLS1. Consistent with our mutational analysis, PAP III is
totally inactive in in vitro assays, and its function is thus
enigmatic. It seems not to be the product of a cloning artifact,
as we (unpublished results) and Wahle et al. (67) indepen-
dently isolated nearly identical cDNAs from HeLa libraries.
Also in keeping with mutational studies, a large fraction of
PAP III produced in transfected cells is cytoplasmic. This
raises the intriguing possibility that PAP III functions in some
aspect of poly(A) metabolism in the cytoplasm. Several studies
indeed suggest that poly(A) tails can be lengthened as well as
shortened in the cytoplasm (reviewed in references 4, 9, and
25). One possibility is that PAP III requires an additional,
unknown cytoplasmic factor(s) for activity.
The S/T-rich domain. We have shown that the S/T-rich

domain of PAP is extensively phosphorylated in vivo. This
region enhances but is not essential for polyadenylation in
vitro, and the degree of stimulation increases with its length.
An interesting analogy to the S/T-rich region might be the
C-terminal domain (CTD) of the RNA polymerase II large
subunit, which consists of a heptapeptide repeat that is also S/T
rich (2, 17). Like the S/T-region in PAP, the CTD is not
essential for transcription in vitro (29). However, the CTD
stimulates transcription in a length-dependent manner and
influences formation and activation of the transcription com-
plex through its reversible phosphorylation (31, 64). The
unphosphorylated form binds the preinitiation complex, and
phosphorylation of the CTD appears to facilitate initiation. In
a similar way, phosphorylation of the PAP S/T-rich domain
might help to regulate formation of the polyadenylation com-
plex and/or the actual initiation of poly(A) synthesis. The fact
that phosphorylation sites appear to overlap each NLS also
raises the possibility that PAP subcellular localization is subject
to control by phosphorylation.
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