
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/00/$04.0010

Mar. 2000, p. 1515–1525 Vol. 20, No. 5

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Complex Protein Interactions within the Human
Polyadenylation Machinery Identify a Novel Component

YOSHIO TAKAGAKI† AND JAMES L. MANLEY*

Department of Biological Sciences, Columbia University, New York, New York 10027

Received 29 October 1999/Accepted 29 November 1999

Polyadenylation of mRNA precursors is a two-step reaction requiring multiple protein factors. Cleavage
stimulation factor (CstF) is a heterotrimer necessary for the first step, endonucleolytic cleavage, and it plays
an important role in determining the efficiency of polyadenylation. Although a considerable amount is known
about the RNA binding properties of CstF, the protein-protein interactions required for its assembly and
function are poorly understood. We therefore first identified regions of the CstF subunits, CstF-77, CstF-64,
and CstF-50, required for interaction with each other. Unexpectedly, small regions of two of the subunits
participate in multiple interactions. In CstF-77, a proline-rich domain is necessary not only for binding both
other subunits but also for self-association, an interaction consistent with genetic studies in Drosophila. In
CstF-64, a small region, highly conserved in metazoa, is responsible for interactions with two proteins, CstF-77
and symplekin, a nuclear protein of previously unknown function. Intriguingly, symplekin has significant
similarity to a yeast protein, PTA1, that is a component of the yeast polyadenylation machinery. We show that
multiple factors, including CstF, cleavage-polyadenylation specificity factor, and symplekin, can be isolated
from cells as part of a large complex. These and other data suggest that symplekin may function in assembly
of the polyadenylation machinery.

Most steps in gene expression in eukaryotes are catalyzed by
massive molecular machines, and polyadenylation of mRNA
precursors in the nucleus is no exception. For mammalian
cells, numerous protein factors have been identified that must
interact with each other and with the pre-mRNA to catalyze
the two-step cleavage-poly(A) synthesis reaction (reviewed in
references 3, 47, and 53). Two multisubunit complexes, desig-
nated cleavage-polyadenylation specificity factor (CPSF) and
cleavage stimulation factor (CstF), cooperate with each other
to define the site of polyadenylation (24) by recognizing, re-
spectively, the highly conserved AAUAAA hexanucleotide
(10, 25) and a more divergent GU-rich sequence situated
downstream of the actual cleavage site (2, 17, 40). Two addi-
tional factors, cleavage factors I and II (CFI and CFII), are
also essential for the cleavage reaction (44). CFI has been
characterized and appears to consist of two subunits that also
function in RNA binding and not catalysis (33). Poly(A) poly-
merase (PAP), a single-subunit enzyme (32, 48), is also re-
quired for cleavage of most but not all pre-mRNAs (43). RNA
polymerase II, and specifically the carboxy-terminal domain
(CTD) of its largest subunit, has also recently been found to be
required for the cleavage reaction (8). Despite this large num-
ber of factors, the identity of the endonuclease that actually
cleaves the pre-mRNA remains unknown. For the second
phase of the reaction, poly(A) synthesis, CPSF and PAP, to-
gether with a third protein, poly(A) binding protein II (49), are
sufficient, although CstF was recently shown to enhance this
reaction with a pre-mRNA containing a CstF binding site sit-
uated upstream of the AAUAAA signal (23).

CstF is a heterotrimer consisting of subunits of 77, 64, and 50
kDa (42). Mammalian CstF-64 contains an N-terminal ribonu-

cleoprotein-type RNA binding domain (RBD), a long Pro- and
Gly-rich region, and a pentapeptide repeat region capable of
forming an extended a-helix (reviewed in references 37 and
45). The RBD is responsible for binding the GU-rich element
in the polyadenylation signal (40), while the functions of the
remainder of the protein are unknown. CstF-64 is essential for
cell viability, and changes in the intracellular levels of the
protein can affect cell growth and gene expression in B cells
(41, 45). CstF-77 holds the complex together (39) and also
interacts strongly with a CPSF subunit, CPSF-160 (25).
CstF-77 is homologous to the Drosophila protein Suppressor-
of-forked [Su(f)] (22, 39). Su(f) is essential for viability, and
nonlethal mutations can affect gene expression (27). The pro-
tein contains multiple repeats similar to the tetratricopeptide
repeat (TPR) motif (31) and a Pro-rich C terminus, suggestive
of multiple possible protein-protein interactions. CstF-50 also
contains repeats of a potential protein-protein interaction mo-
tif, the transducin or WD-40 motif (38). CstF-50 is necessary
for CstF activity in vitro (39) and has also been suggested to
interact directly with the RNA polymerase II CTD, thus per-
haps playing an important role in linking transcription and 39
processing (20).

The RNA sequences and protein factors that function in
polyadenylation appear to be well conserved throughout the
metazoa. However, the situation in yeast reveals significant
differences as well as similarities. For example, the signal se-
quences in yeast are degenerate and poorly defined and bear
no significant similarity to the corresponding sequences in
higher eukaryotes (6). Nonetheless, some of the key proteins
appear well conserved (11, 19). For example, all four subunits
of human CPSF have yeast counterparts. CstF-77/Su(f) also
has a yeast homologue, RNA14, which is associated with RNA
15, a protein that bears strong similarity to CstF-64 in the
RBD, although the yeast protein is truncated shortly after this
domain. No apparent yeast CstF-50 homologue has been de-
scribed. Unlike in mammalian cells, it is unclear how these
factors interact with RNA, and it has also been difficult to
assign the yeast factors, especially the CPSF homologues, to a
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specific activity (30, 52). This could reflect the existence of a
larger complex that fractionates differently dependent on the
precise biochemical conditions, and evidence consistent with
this is beginning to emerge (30, 54). Furthermore, a combina-
tion of biochemistry and genetics has led to the identification
of several yeast proteins that appear essential for polyadenyl-
ation but which have no known mammalian homologue (1, 13,
29, 30).

In this study, we have investigated a number of the protein-
protein interactions involved in the function of CstF, which in
turn has provided novel insights into the makeup of the poly-
adenylation machinery. We first define the regions of each
CstF subunit required for interaction with the other subunits.
Most notably, a single small region of CstF-64 is shown to be
responsible both for interaction with CstF-77 and for a strong
and specific association with a previously uncharacterized nu-
clear protein, symplekin. The sequence of symplekin suggests
that it is related to one of the yeast proteins previously impli-
cated in polyadenylation but until now lacking a mammalian
counterpart. Finally, we provide the first demonstration that
multiple polyadenylation factors, including CstF, CPSF, and
symplekin, coexist in a high-molecular-weight complex. On the
one hand, these results strengthen the similarities between
yeast and mammalian polyadenylation, while on the other, they
indicate added complexities in the reaction.

MATERIALS AND METHODS

Synthesis of wild-type and mutant CstF subunit proteins. CstF subunit cD-
NAs (37–39) harboring an optimal translation initiation site sequence were
cloned in the pGEM-3 vector as described previously (39). To generate C-
terminal deletion mutants, plasmid DNAs were digested at appropriate restric-
tion sites. To generate N-terminal and internal deletion mutants, appropriate
cDNA fragments were cloned into the pGEM-3 vector as above. Linearized
plasmid DNAs were transcribed in vitro, and mRNAs were translated in vitro
with reticulocyte lysate (Promega) in the presence of [35S]methionine in 12.5-ml
reaction mixtures as described previously (39). The sizes of in vitro-translated
proteins were confirmed on sodium dodecyl sulfate (SDS)-polyacrylamide gels.

Far-Western blot analyses. Human CstF (2 mg) purified by Mono S column
chromatography (purity, ;90%) (42) was loaded into a 1.5-cm-wide well of an
SDS–10% polyacrylamide gel. After transfer to nitrocellulose, the membrane
was cut into ;2-mm-wide strips, and one of them was stained with India ink to
visualize the CstF subunits. The strips were placed in a multigroove tray (Res-
ervoir Liner; Costar), and the proteins on the strips were denatured, renatured,
and probed with 35S-labeled proteins as described previously (15). In some cases,
a HeLa cell nuclear protein fraction obtained by (NH4)2SO4 precipitation (20 to
40% saturation) (43) or a CFI- and CFII-containing fraction obtained by Mono
Q chromatography (44) was used in place of purified CstF. For far-Western blot
analysis using 32P-labeled glutathione S-transferase (GST) fusion proteins,
BanI-HindIII and BanI-EcoNI fragments derived from pZ64-18 (37), which
encode amino acid residues 108 to 248 (GST1) and 108 to 214 (GST2) of
CstF-64, were cloned into the pGEX-2TK vector and GST and GST fusion
proteins expressed in Escherichia coli were labeled with [g-32P]ATP by using the
catalytic subunit of protein kinase A as described previously (9). The 32P-labeled
proteins (5 3 105 cpm) were used for far-Western blot analysis of the (NH4)2SO4
fraction (20 to 40% saturation) as described above.

Cloning of symplekin cDNAs. A HeLa cell cDNA expression library in the
lEXlox vector (a gift from J. Wu) was screened with a 32P-labeled GST-CstF
fusion protein, GST1, as described previously (9) but without denaturation of
proteins with guanidine HCl. To obtain cDNAs encoding the entire protein
coding regions of symplekin-I and -II, 106 phage derived from the same cDNA
library were screened by hybridization with a cDNA fragment and the longest
cDNA clones obtained were sequenced in their entirety.

Immunoprecipitations. To study interactions between symplekin and CstF-64,
cDNAs encoding symplekins were cloned in the pGEM-3 vector and the plasmid
DNAs were digested with SalI and transcribed as described above. mRNAs were
mixed so that approximately equal amounts of proteins were synthesized, and
they were translated in vitro as described above. After small aliquots were
removed, the rest of the translation mixtures were immunoprecipitated with an
anti-CstF-64 monoclonal antibody (MAb) as described previously (39). To study
the effects of symplekins on the association between CstF-77 and CstF-64, a
mixture of CstF-77 and CstF-64 mRNAs was translated in vitro in the presence
of recombinant symplekin-I or -II and then subjected to immunoprecipitation.

Production of symplekin proteins in insect cells. Symplekin cDNAs were
cloned into the pDS56-6His vector (37), and then DNA fragments encoding
His-tagged symplekin-I or -II were transferred to the pEV55 vector (21) to

generate recombinant baculovirus as described previously (39). To purify recom-
binant symplekin, Sf9 cells infected with recombinant viruses were harvested and
lysed in lysis buffer (50 mM Tris-HCl [pH 7.9], 10% glycerol, 300 mM NaCl, 5
mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 1% Nonidet P-40
[NP-40]) for 30 min on ice. After the cell lysates were centrifuged in a micro-
centrifuge for 3 min in the cold room, the supernatant was loaded onto an
Ni-nitrilotriacetic acid agarose column (Qiagen) equilibrated with the same
buffer. The column was extensively washed with lysis buffer and washing buffer
(the same as lysis buffer but without NP-40). His-tagged proteins were eluted
with washing buffer containing 200 mM imidazole-HCl and dialyzed twice against
buffer D [20 mM HEPES-NaOH (pH 7.9), 50 mM (NH4)2SO4, 0.2 mM EDTA,
0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 20% (vol/vol)
glycerol].

Immunopurification of a polyadenylation complex. HeLa cell nuclear proteins
obtained by (NH4)2SO4 precipitation (20 to 40% saturation) were first fraction-
ated by Superose 6 column chromatography as described previously (44). For
immunopurification under mild conditions (see Fig. 7A), after dialysis against
buffer D containing 10% glycerol, 3 ml of the cleavage-specificity factor (CSF)-
containing fraction (43) was passed through 100 ml of anti-CstF-64–protein
G-Sepharose (PGS) conjugate, packed in a 1-ml pipette tip, three times over 1 h.
For immunopurification under stringent conditions, the CSF-containing fraction
was loaded on anti-CstF-64–PGS or anti-polyomavirus large T antigen–PGS
conjugate after first adjusting the concentrations of (NH4)2SO4 and NP-40 to 150
mM and 0.05%, respectively. After extensive washing with the same buffer, the
buffer was removed by centrifugation in clinical tabletop centrifuge. Proteins
were eluted by heating at .90°C for 10 min in 200 ml of protein gel-loading
buffer, and 20-ml aliquots were loaded onto an SDS-polyacrylamide gel. The
proteins were stained with silver or probed with anti-CstF-64 monoclonal anti-
body (42), anti-CPSF-160 polyclonal antibody (25), anti-CPSF-100 polyclonal
antibody, or anti-symplekin polyclonal antibody. To prepare the anti-symplekin
antibody, a cDNA fragment encoding the first 506 residues of symplekin was
cloned into the pET-3a vector and the expressed protein was purified on an
SDS–10% polyacrylamide gel and used to immunize a rabbit (7). Anti-symplekin
antibodies were purified using a His-tagged symplekin protein fragment conju-
gated to cyanogen bromide-activated Sepharose as a ligand.

RESULTS

CstF intersubunit interactions. As described in the intro-
duction, CstF plays a key role in determining the efficiency of
polyadenylation, and it can be an important target of regula-
tion; each subunit contains repeated motifs that are probably
involved in protein-protein interactions. To gain more insights
into how CstF functions, we first set out to define the regions
of each subunit necessary for interactions with the other sub-
units. An initial set of experiments was performed by employ-
ing the far-Western blotting assay. For this analysis, highly
purified CstF was resolved by preparative SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred to nitrocellulose
and the subunits were subjected to a renaturation protocol (see
Materials and Methods). The filter was cut vertically into
strips, which were then probed with wild-type or mutant de-
rivatives of individual CstF subunits, produced by in vitro
translation. Figure 1 shows the results obtained when wild-type
and mutant derivatives of CstF-64 (Fig. 1A) and CstF-50 (Fig.
1B) were used in this assay. Wild-type CstF-64 bound strongly
to CstF-77, as expected (39), but not to CstF-50 or to itself.
C-terminal truncations that removed the repeat structure and
the Pro/Gly-rich region (deletions 1 to 3, 6, and 7) were with-
out significant effect on binding. However, a deletion (deletion
4) that impinged on the hinge domain (named simply because
it lies between the RBD and Pro- and Gly-rich region) greatly
reduced binding, and interaction was eliminated by a further
truncation that removed this region (deletion 5). Results ob-
tained with three internal deletions (deletions 8 to 10) were
consistent with this and support the idea that residues within
the hinge domain, and nowhere else in the protein, are neces-
sary for interaction.

The results obtained when CstF-50 and mutant derivatives
were used in similar assays were quite different. Wild-type
CstF-50 interacted not only as expected with CstF-77 (39) but
also with itself. C-terminal truncations removing the final (de-
letion 1) or last three (deletion 2) WD-40 repeats greatly
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reduced binding to CstF-77, and two further truncations (de-
letions 3 and 4) eliminated interaction. Analysis of smaller
C-terminal truncations (deletions 5 and 6) indicated that de-
letion of 6 residues from the C terminus did not affect binding
but removal of another 15 residues, which disrupted the final
WD-40 repeat, almost eliminated interaction. Two internal
deletions, disrupting repeats 3 and 4 (deletion 7) or 5 and 6
(deletion 8), also drastically reduced binding. These findings
indicate that sequences within the WD-40 repeats are respon-
sible for interaction with CstF-77. As discussed below, it is
possible that any deletion within the repeats disrupts the over-
all structure of the WD-40 domain, which prevents binding to
CstF-77. In contrast, none of the deletions affected self-asso-
ciation, indicating that this interaction must be mediated by the
CstF-50 N terminus.

We next examined interactions of CstF-77 with other CstF
subunits, and the results of far-Western blotting experiments
with purified CstF and in vitro-translated CstF-77 are shown in
Fig. 2. As expected, wild-type CstF-77 interacted strongly with
both CstF-50 and CstF-64. In addition, as observed with CstF-
50, strong self-association was also detected. As discussed be-

low, such an interaction was not predicted from previous bio-
chemical studies but is consistent with genetic interactions
observed with Drosophila su(f) (34).

A series of N-terminal deletions of CstF-77 were first ana-
lyzed to examine the requirements for the TPR-like, or half a
TPR (HAT) (31), motifs (Fig. 2, deletions 1 to 6). Strikingly,
deletion of nearly two-thirds of the protein was without detect-
able effect on any of the three interactions observed with wild-
type CstF-77. Deletion of another approximately 100 residues,
which removed essentially all sequences N-terminal to the Pro-
rich region (deletion 7), had an unusual effect: interaction with
CstF-50 and CstF-77 were both greatly reduced or eliminated,
but binding to CstF-64 was significantly increased. It is unclear
whether this reflects a technical limitation of the assay (i.e., the
amount of CstF-77 was limiting) or whether the mutant protein
adapted a conformation that enhanced interaction with CstF-
64. To define further the region of CstF-77 required for inter-
action, several C-terminal truncations were constructed in the
context of the large but active N-terminal deletions. Removal
of about 50 residues did not affect binding (compare deletions
8 and 9 and deletions 11 and 12). However, deletion of the

FIG. 1. Structural domains of CstF-64 and CstF-50 required for association with CstF-77. (A) The hinge domain of CstF-64 is necessary for association with CstF-77.
Purified CstF was resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and either stained with India ink (Pro, lane 1) or probed with 35S-labeled wild-type
(wt, lane 2) or mutant (deletions 1 to 10, lanes 3 to 7 and 9 to 13) CstF-64. 35S-labeled luciferase (C, lane 8) was used as a negative control. Positions of protein size
markers and CstF-77 are indicated on the left and right, respectively. Diagrams of wild-type and mutant CstF-64 proteins are shown at the bottom. (B) The WD-40
motif of CstF-50 is required for association with CstF-77. Purified CstF was transferred onto a nitrocellulose membrane and stained with India ink (Pro, lane 13) or
probed with 35S-labeled wild-type (wt, lanes 2 and 8) or mutant (deletions 1 to 8, lanes 3 to 6 and 9 to 12) CstF-50. 35S-labeled brome mosaic virus proteins (C1, lane
1) and luciferase (C2, lane 7) were used as negative controls. Diagrams of wild-type and mutant CstF-50 proteins are shown at the bottom.
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Pro-rich domain, leaving only the small region required for
interaction with CstF-50 and CstF-77 (deletion 10), essentially
eliminated binding, although reduced interaction with CstF-50
could still be detected. Together, these results indicate that
sequences within a ;100-residue region, consisting primarily
of the Pro-rich domain, are sufficient for binding CstF-64. This
region is also required for binding to the other two CstF sub-
units, but sequences just N-terminal to the Pro-rich domain are
also necessary for these interactions. The TPR-like repeats are
thus available for interactions with other proteins.

CstF-64 interacts strongly with an additional nuclear pro-
tein. The above experiments provided insights into how the
CstF subunits interact with each other but did not address
possible interactions with other proteins. For example, we
wished to determine whether CstF-64 interacts with other fac-
tors and, if so, whether the Pro- and Gly-rich and/or repeat
regions might be involved. To this end, we first performed
far-Western blotting with in vitro-translated CstF-64 and a
crude nuclear fraction of HeLa cells resolved by SDS-PAGE.
The results, shown in Fig. 3A, lanes 1 and 2, reveal that
CstF-64 interacted detectably in this assay with only two pro-
teins. The strongest of these interactions was with a protein of
;77 kDa, which almost certainly corresponds to CstF-77, while

the second interaction was with a larger protein of ;135 kDa.
The size of this protein indicated that it was not PAP or a
subunit of CPSF. However, the estimated native sizes of CFI
and CFII (;130 and 110 kDa, respectively) (44) were consis-
tent with the possibility that the 135-kDa protein corresponded
to one of these factors, and we therefore performed far-West-
ern blotting with a fraction enriched in these two activities
(Mono Q low salt) (44). Although work performed after this
experiment indicates that the 135-kDa protein does not corre-
spond to CFI (33) or CFII (see Discussion), the 135-kDa
protein was readily detected in this fraction with wild-type
CstF-64 (Fig. 3A, lane 4). In keeping with the known chro-
matographic behavior of CstF (42, 44), the 77-kDa protein was
not detected. We also examined the same set of CstF-64 mu-
tants analyzed above for their ability to interact with the 135-
kDa protein. Strikingly, the mutants behaved identically, indi-
cating that the only region of CstF-64 necessary for interaction
was again the hinge domain (lanes 5 to 9 and 11 to 15).

We next wished to verify that the hinge domain was in fact
sufficient for interaction. To do this, we used two purified GST
fusion proteins, one containing CstF-64 residues 108 to 248
and the other containing residues 108 to 214. The two proteins,
plus GST alone, were 32P labeled with protein kinase A and

FIG. 2. The C terminus of CstF-77 is necessary for its association with other CstF subunits. Purified CstF was transferred onto a nitrocellulose membrane and
probed with 35S-labeled wild-type (wt, lane 1) or mutant (deletions 1 to 12, lanes 2 to 13) CstF-77 as in Fig. 1. Diagrams of wild-type and mutant CstF-77 proteins are
shown at the bottom.
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used in far-Western blots, in this case with the crude nuclear
fraction used above (Fig. 3B). Strikingly, both fusion proteins
detected two major proteins, again corresponding to CstF-77
and the 135-kDa protein. A weaker band, corresponding to a
protein of ;110 kDa, was also detected, which may reflect an
isoform of the 135-kDa protein (see below). Together, these
results indicate that the CstF-64 hinge domain contains se-
quences necessary and sufficient for strong and specific inter-
actions with both CstF-77 and an unknown nuclear protein.

cDNA cloning of CstF-64 binding proteins. We next set out
to identify the 135-kDa CstF-64 binding protein. Given its
strong and specific interaction with the GST-hinge domain

fusion proteins in the far-Western assays, we decided to screen
a HeLa cDNA expression library with the 32P-labeled GST1
fusion protein (see Materials and Methods). Seven positive
plaques were identified and purified, and cDNA inserts were
isolated and either partly or entirely sequenced. The majority
(5) of these encoded CstF-77, providing evidence that the
screen was indeed identifying authentic CstF-64-interacting
proteins. The other two encoded either of two closely related
proteins, which differ only at their C termini and which prob-
ably arose from alternative splicing (Fig. 4A). The sequences
of the cDNAs were determined and found to encode proteins
of 1,273 and 1,058 amino acids, respectively, of which the first

FIG. 3. The hinge domain of CstF-64 is necessary and sufficient for its binding to a 135-kDa protein. (A) The hinge domain of CstF-64 is necessary for binding to
a 135-kDa nuclear protein. The (NH4)2SO4 fraction (20 to 40% saturation) derived from HeLa cell nuclear extract (lanes 1 and 2) and a CFI- and CFII-containing
fraction obtained by Mono Q chromatography (lanes 3 to 15) were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with 35S-labeled
wild-type (wt, lanes 2 and 4) or mutant (deletions 1 to 10, lanes 5 to 9 and 11 to 15) CstF-64. 35S-labeled brome mosaic virus proteins (C1, lane 3) and luciferase (C2,
lanes 1 and 10) were used as negative controls. Diagrams of wild-type and mutant CstF-64 proteins are shown at the bottom. (B) The hinge domain of CstF-64 is
sufficient for binding the 135-kDa protein. Proteins in the (NH4)2SO4 fraction used in panel A were transferred onto a nitrocellulose membrane and probed with
32P-labeled GST (lane 3) or GST fusion (lanes 1 and 2) proteins.
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964 residues are identical. The presence of nonsense codons
upstream of the putative initiating AUG strongly suggested
that the open reading frames are complete.

To determine if the cDNAs encode proteins similar or iden-

tical to known proteins, we performed FASTA and BLAST
searches of protein databases. The results indicated that the
largest protein is apparently identical to a previously described
protein, symplekin (12, 46). Symplekin was isolated in a screen

FIG. 4. Structure of symplekin and similarity to yeast PTA1. (A) Symplekin-I and symplekin-II have a common amino acid sequence. They are identical up to amino
acid residue 964 but diverge thereafter, apparently due to alternative splicing (AS). Putative nuclear localization signals (NLS) are indicated by arrowheads. The region
homologous to yeast PTA1 (box) and the sizes of the proteins are also shown. (B) Symplekin has extensive similarity with yeast PTA1. Amino acid (a.a.) sequences
of symplekin (top) and PTA1 (bottom) are optimally aligned according to the FASTA program, and identical (lines) and similar (dots) residues are shown in bold type.
Similarities are defined as I 5 L 5 V 5 M, Y 5 F 5 W, K 5 R, D 5 E, S 5 T, and Q 5 N. Amino acid residues are numbered on the right.
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for proteins associated with tight junctions. Although charac-
terization with a MAb suggested that the protein may in fact be
associated with certain tight junctions, symplekin was convinc-
ingly shown to be present in the nuclei of all cell types exam-
ined (12). The pattern observed, diffuse granular staining ex-
cluding nucleoli, was similar to that detected when CstF was
localized by related methods (42). Symplekin was also detected
in a yeast two-hybrid screen for proteins interacting with mu-
tant huntingtin protein (5), and we have shown that this inter-
action can occur in vitro (unpublished data); however, the
significance of the interaction is unknown.

Only one other known protein, yeast PTA1, produced a
significant match with symplekin, and this reflected a relatively
weak similarity that had not been noted previously. However,
the similarity is extensive and, for reasons discussed below,
very likely to be significant. As shown in Fig. 4B, symplekin is
17% identical and 31% similar (see the legend to Fig. 4) to
PTA1 over 427 residues. Similarity is highest at the C terminus
of this region, displaying 26% identity and 45% similarity over
140 residues. PTA1 is an essential gene and was isolated ini-
tially because cells harboring a conditional pta1 allele were
defective in processing intron-containing tRNA precursors
(26). However, more recently, PTA1 was purified as a compo-
nent of the yeast polyadenylation machinery, and extracts pre-
pared from pta1 mutant cells were found to be defective in
polyadenylation (30, 54) (see Discussion). These results
strongly support the significance of the observed similarity
between symplekin and PTA1 and, together with the data
presented here, suggest that symplekin plays a role in pre-
mRNA polyadenylation.

Symplekin and CstF-64 interact in vitro. We next wished to
verify that symplekin can in fact interact with CstF-64 in vitro.
To this end, we first carried out coimmunoprecipitation exper-
iments with in vitro-translated proteins. Specifically, both
forms of symplekin (135 and 110 kDa) and CstF-77 were pro-
duced by in vitro translation and tested for their ability to be
coprecipitated with in vitro-translated CstF-64, using an anti-
CstF-64 MAb (42). As shown in Fig. 5, both symplekin iso-
forms were coprecipitated when mixed with CstF-64 (lanes 9 to

12). The fraction of the input bound was in each case lower
than observed with CstF-77 (lanes 13 and 14). However, this
difference was not unexpected, given that CstF-64 and CstF-77
are part of the stable CstF heterotrimer whereas symplekin is
not. When the three polypeptides were mixed and subjected to
immunoprecipitation, all were recovered in the pellet (lanes 15
to 18), indicating that symplekin can bind to CstF-64 even in
the presence of CstF-77. Note that this experiment was not
designed to determine whether CstF-64 can interact simulta-
neously with CstF-77 and symplekin. Indeed, a significant re-
duction in the amount of interacting CstF-77 was observed in
the presence of either form of symplekin (compare lanes 13
and 14 with lanes 15 to 18), raising the possibility that these
interactions are competitive.

To address whether symplekin and CstF-77 can simulta-
neously bind to CstF-64, we first asked whether symplekin
produced by in vitro translation could be coimmunoprecipi-
tated by the anti-CstF-64 MAb when mixed with purified CstF.
The results (not shown) failed to provide evidence for a
symplekin-CstF interaction. We therefore decided to address
directly whether the interactions of CstF-77 and symplekin
with CstF-64 might be competitive. To this end, CstF-77 and
CstF-64 were produced by in vitro translation, as in Fig. 5,
except that increasing amounts of purified recombinant
symplekin-I (the large form) were used (identical results [not
shown] were obtained with the small form, symplekin-II), and
the proteins were then subjected to immunoprecipitation with
the anti-CstF-64 MAb. The results (Fig. 6) show that, as above,
CstF-77 is efficiently coprecipitated with CstF-64 in the ab-
sence of symplekin, but increasing amounts (up to 50 nM)
resulted in inhibition of CstF-77 coimmunoprecipitation.
These data suggest that CstF-77 and symplekin can compete
for the same or overlapping sites in the CstF-64 hinge domain
and raise the possibility that symplekin does not interact with
fully assembled CstF.

Multiple polyadenylation factors, including symplekin, co-
exist in a large complex. The above results raise interesting
questions regarding the role of symplekin in polyadenylation.
For example, given the apparent inability of symplekin to in-

FIG. 5. Both symplekin-I and symplekin-II interact with CstF-64. Symplekin-I (Sym-I) and symplekin-II (Sym-II), CstF-77 (77K), and CstF-64 (64K) mRNAs were
translated in vitro alone or in combination in the presence of [35S]methionine and immunoprecipitated with an anti-CstF-64 MAb. Then 25% of the input in vitro
translation mixtures (I, odd-numbered lanes) and 50% of the immunoprecipitated proteins (P, even-numbered lanes) were resolved by SDS-PAGE and visualized by
autoradiography.
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teract with intact CstF, perhaps the protein plays only an in-
direct role in the reaction, such as in transport and/or assem-
bly, and may not be part of the active polyadenylation complex.
We therefore wished to determine if the proteins were in fact
associated in cell extracts. To this end, we isolated a Superose
6 gel filtration fraction prepared from HeLa nuclear extract
(CSF) (43), which is known to contain all the factors necessary
for 39 processing (except PAP). The anti-CstF-64 MAb was
then used to immunopurify CstF and associated proteins from
the CSF fraction, first under relatively mild conditions [50 mM
(NH4)2SO4 and no NP-40 (see Materials and Methods)]. Fig-
ure 7A, lanes 1 to 3, presents a silver-stained SDS-polyacryl-

amide gel displaying the total proteins in the CSF fraction, the
flowthrough of the immunoaffinity column, and the bound
proteins. It is apparent that the procedure resulted in consid-
erable purification, since only a limited number of polypep-
tides were detected in the bound fraction. Proteins in addition
to the three subunits of CstF were apparent, suggesting that
CstF-associated factors were copurified.

To identify some of the CstF-associated proteins and to
estimate how efficiently they were associated with CstF, we
performed Western blot analysis of the total, flowthrough, and
bound fractions with antibodies against several different
polypeptides (Fig. 7A, lanes 4 to 6). Not unexpectedly, a large
fraction (;90%) of CstF-64 was detected in the bound frac-
tion, indicating that the immunopurification was efficient as
well as selective. Polypeptides the size of CstF-50 and CstF-77
are apparent in the silver-stained gel (lane 3), and we therefore
assume the entire CstF complex was selected intact. A signif-
icant fraction (;80%) of CPSF-160, the largest subunit of
CPSF, was retained in the bound fraction (lanes 4 to 6). As
with CstF, it is likely that the other CPSF subunits were present
as well, and polypeptides the size of CPSF-100 and CPSF-73
were among the polypeptides detected by silver staining (see
below). Finally, when a polyclonal antibody prepared against
the N terminus of symplekin was used, symplekin-I indeed
cofractionated with CstF and CPSF during gel filtration (Fig.
7A) and (most importantly) the majority (60 to 70%) of the
protein in the CSF fraction could be coimmunopurified with
CstF-64 (Fig. 7A, lanes 4 to 6). We have not identified the
other polypeptides in the complex, although they may include
CFI and/or CFII.

The above experiments provide the first direct evidence that
CPSF and CstF can be isolated from cells associated with each
other and that symplekin is part of this complex. Given that the
existence of a preassembled CPSF-CstF complex has signifi-

FIG. 6. Symplekin-I inhibits association between CstF-77 and CstF-64.
CstF-77 and CstF-64 mRNAs were translated in vitro in the absence (lanes 1 and
2) or presence of increasing concentrations of symplekin-I (lanes 3 to 12). Then
10% of the in vitro translation mixtures (I, odd-numbered lanes) and 30% of the
immunoprecipitated proteins (P, even-numbered lanes) were resolved by SDS-
PAGE.

FIG. 7. Symplekin-I exists in a complex containing both CstF and CPSF. (A) Immunoaffinity purification of a polyadenylation complex under mild conditions. The
CSF-containing fraction obtained by Superose 6 column chromatography was subjected to immunoaffinity purification using an anti-CstF-64 MAb in the presence of
50 mM (NH4)2SO4 but no NP-40. Total starting material (T) (lanes 1 and 4) and flowthrough (F) (lanes 2 and 5) and bound (B) (lanes 3 and 6) fractions were loaded
on an SDS–10% polyacrylamide gel and stained with silver (lanes 1 to 3) or probed with anti-CstF-64, anti-CPSF-160, or anti-symplekin antibody (lanes 4 to 6). (B)
Immunoaffinity purification of a polyadenylation complex under stringent conditions. The CSF-containing fraction was subjected to immunoaffinity purification using
an anti-polyomavirus large T (aPy-lgT; lanes 1 to 3 and 7 to 9) or anti-CstF-64 (aCstF-64; lanes 4 to 6 and 10 to 12) MAb in the presence of 150 mM (NH4)2SO4 and
0.05% NP-40. Total starting material (T), (lanes 1, 4, 7, and 10) and flowthrough (F) (lanes 2, 5, 8, and 11) and bound (B) (lanes 3, 6, 9, and 12) fractions were loaded
on an SDS–7.5% polyacrylamide gel and stained with silver (lanes 1 to 6) or probed with anti-CstF-64, anti-CPSF-160, anti-CPSF-100/73, or anti-symplekin antibody
(lanes 7 to 12).
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cant implications regarding poly(A) site recognition and that
the presence of symplekin in the complex provides strong sup-
port for the notion that the protein indeed functions in poly-
adenylation, we wished to provide additional support for the
existence of this complex. To this end, we repeated the immu-
nopurification but used more stringent conditions [150 mM
(NH4)2SO4 plus 0.05% NP-40] and a control antibody (anti-
polyomavirus large T antigen) and verified the presence of
additional CPSF subunits. Compared to the milder purification
conditions (Fig. 7A, lanes 1 to 3), even fewer proteins were
copurified with CstF (Fig. 7B, lanes 4 to 6), and most of these
were undetectable in the bound fraction obtained using the
control antibody (Fig. 7B, lanes 1 to 3). Western blot analyses
using antibodies directed against CstF-64, CPSF-160, CPSF-
100 (which cross-reacts with the related CPSF-73), and symple-
kin confirm that CPSF and symplekin are indeed present in a
stable, high-molecular-weight complex with the CstF (Fig. 7B,
lanes 10 to 12). The fraction of each of the polypeptides re-
covered in the bound fraction was high (although slightly lower
than under the milder conditions), and none of these proteins
were purified with the control antibody (lanes 7 to 9). These
results both provide the first evidence for a mammalian com-
plex containing multiple polyadenylation components and also
strongly suggest that symplekin and CstF are in fact associated
with each other, directly or indirectly, in vivo.

DISCUSSION

We have described here a series of protein-protein interac-
tions involving subunits of CstF that both provided insights
into the structure and function of CstF and also led to the
identification of a novel polyadenylation complex-associated
factor, symplekin. Our observation that symplekin and the
yeast polyadenylation factor PTA1 are related increases the
similarities between yeast and mammalian 39 processing. How-
ever, the apparently competitive nature of the symplekin-CstF
interaction, along with the ability of two CstF subunits to
self-associate, suggests added complexities in the functioning
of the polyadenylation complex. Finally, our data provided
evidence that at least several of the factors necessary for the
first step of the polyadenylation reaction, 39 cleavage, coexist in
a single complex. Below we discuss the significance and impli-
cations of these results as they pertain to the mechanism of the
polyadenylation reaction.

The nature of the regions in all three subunits required for
interactions with each other are intriguing. In CstF-77, all
three interactions require the Pro-rich domain near the C
terminus of the protein. Pro-rich regions in other proteins are
often found to be involved in protein-protein interactions, and
it is thus not surprising that this region functions similarly in
CstF-77. However, it was unexpected to find a single region
required for interaction with all three subunits. It is also no-
table that two of these interactions (CstF-77 self-association
and interaction with CstF-50) show a requirement for se-
quences just N-terminal to this domain. While CstF-77 must
interact simultaneously with Cst-50 and Cst-64 to form the
CstF heterotrimer (39), it is conceivable that CstF-77 self-
association might be competitive with the CstF-77/CstF-50 in-
teraction (see below), and the identical sequence requirements
are consistent with this possibility. The fact that all these in-
teractions are clustered toward the CstF-77 C terminus leaves
the remainder of the protein (i.e., the TPR/HAT motifs) avail-
able for interactions with other proteins. To date the only
other known CstF-77-interacting protein is the largest subunit
of CPSF, CPSF-160 (25), and preliminary data suggest that
TPR motifs are involved in this interaction (unpublished data).

The WD-40 repeats in CstF-50 are responsible for interac-
tion with CstF-77. All of the deletions we analyzed that affect
this region greatly reduced or abolished interaction. This raises
the possibility that all or most of the seven WD-40 repeats are
involved in interaction with CstF-77. However, another possi-
bility is that these deletions all disrupt a higher-order structure
and that only a smaller surface interacts with CstF-77. This
latter view is consistent with the crystal structure of the pro-
totypical WD-40 protein, b-transducin, in which the WD-40
repeats form a sevenfold b-propeller made up of seven four-
stranded antiparallel b sheets (16, 35, 50). The most highly
conserved residues of the repeats form the core of the protein,
with variable loops on the surface being available for interac-
tion with other proteins. It is very likely that the CstF-50
WD-40 repeats form a similar structure. In addition to the
CstF-77 interaction, the repeats appear to be required for
interaction with the CTD of the RNA polymerase II largest
subunit (20) and are necessary and sufficient for an interaction
with the BRCA1-associated protein BARD1 (14).

The ability of CstF-50 and CstF-77 to self-associate was not
predicted from previous biochemical experiments. The molec-
ular weight of native CstF is ;190,000, and the stoichiometry
of the three subunits was estimated to be 1:1:1, suggesting that
purified CstF is a monomer with one copy of each subunit (42).
However, genetic studies with Drosophila have shown that cer-
tain lethal alleles of su(f) can complement one another to
produce viable flies (34). The simplest and most consistent
explanation of these results is that individual mutant Su(f)
polypeptides interact with each other, thereby restoring partial
function. The direct protein-protein interaction we have de-
scribed may form the basis for this genetic interaction. These
findings have significant mechanistic implications. One possi-
bility is that CstF dimerizes (or multimerizes) at some point
during the polyadenylation reaction. Although there is cur-
rently no evidence to support this, there is also nothing to
contradict it. Additional studies are necessary to understand
the functional significance of CstF-77 (and CstF-50) self-asso-
ciation.

Our results indicate that symplekin is associated with the
pre-mRNA polyadenylation machinery. It is unclear whether it
is required for polyadenylation, if it plays an auxiliary or stim-
ulatory role, or if it serves some other function. Symplekin is
not a component of any of the factors that have been purified
to homogeneity (CPSF, CstF, CFI, PAP, and RNA polymerase
II), and our unpublished data indicate that the only remaining
factor (CFII) can be purified free of symplekin. However,
symplekin does cofractionate with CPSF, CFI, and CFII during
early purification steps, and the processing efficiency is very
low when highly purified (i.e., symplekin-free) preparations of
all factors are used in 39 cleavage assays (unpublished data).
Although we have not been able to restore processing by the
addition of purified symplekin (unpublished data), these data
are consistent with the possibility that symplekin is a required
factor. However, whether or not it is essential, our results
suggest a possible function. Specifically, we propose that
symplekin is an assembly/scaffolding factor. Its ability to inter-
act strongly with free CstF-64 but not assembled CstF is con-
sistent with the idea that it may function in CstF assembly.
However, the presence of symplekin in the CPSF-CstF com-
plex, where CstF is presumably fully assembled, suggests that
the protein may interact with other polyadenylation factors,
such as CPSF, perhaps helping to assemble or stabilize the
complex. As discussed below, properties of the putative yeast
homologue of symplekin, PTA1, are consistent with this no-
tion.

Symplekin has similarity to the yeast protein PTA1. The
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similarity is extensive, extending over 400 residues, but the
percent identity is relatively low and includes less than half of
each protein. However, its significance is very strongly sup-
ported by the fact that both proteins were independently im-
plicated in pre-mRNA polyadenylation. In yeast, PTA1 was
identified as a component of a multisubunit complex contain-
ing the factor PF I and PAP (30). Intriguingly, PF I seems most
closely related to mammalian CPSF, since it contains apparent
homologues of all four CPSF subunits. PF I, though, is re-
quired only for the second, poly(A) synthesis step, not for
cleavage. In keeping with this, extracts from cells harboring a
conditional allele of PTA1 were reported to be defective in
specific poly(A) synthesis but not cleavage (30). Somewhat
confusingly, however, the CPSF homologues have also been
found as part of an activity designated CF II, which seems to be
required for the cleavage but not the poly(A) synthesis step
(36, 52). Recently, a separate study found that PTA1 was
instead a component of CF II and that mutant strains were
defective in cleavage as well as poly(A) synthesis (54). A par-
simonious explanation for at least some of these conflicting
results is that PF I and CF II are related and form part of a
holocomplex in vivo. Individual components might cofraction-
ate differently dependent on the procedures used, and PF I and
CF II may actually be derived from a single factor, equivalent
to mammalian CPSF. This is consistent with the known role of
CPSF in both phases of the reaction, with our demonstration
of a multifactor complex in mammals, and with our suggestion
that symplekin functions as an assembly/scaffolding factor. In-
deed, Zhao et al. (54) also raised the possibility that PTA1
functions as an assembly factor, based on the observation that
PTA1 mutant strains contain reduced amounts of CF II sub-
units associated with other polyadenylation factors. The fact
that PTA1 is complexed with a yeast CPSF-like factor also
offers an explanation of how symplekin can be part of a CstF-
CPSF complex, despite its inability to interact with intact CstF:
symplekin may bind a CPSF component in addition to CstF-64.

Another possible function for symplekin/PTA1, not mutually
exclusive with a role in assembly, is that it serves in some way
to link polyadenylation with other nuclear events. Although
there is no evidence addressing this for symplekin, two prop-
erties of PTA1 are consistent with this idea. First is the fact
that PTA1 was initially discovered because a pta1 mutant strain
was defective in pre-tRNA processing, although biochemical
experiments failed to show any direct role for PTA1 in this
reaction. Second, PTA1 was found to interact genetically with
SPT3, which encodes a protein that interacts with the TATA
binding protein subunit of transcription factor IID (TFIID)
(18). This is particularly intriguing in light of increasing evi-
dence linking transcription and polyadenylation in mammals,
especially the interaction between TFIID and CPSF (4).

Our data have provided the first biochemical evidence that
CPSF and CstF are physically associated with one another
prior to recognition of the poly(A) signal. This is consistent
with previous studies suggesting that both factors are compo-
nents of the RNA polymerase II holoenzyme (20) and that
they colocalize in the nucleus (5a, 33a). The existence of the
CstF-CPSF association has important implications for initial
recognition of the poly(A) site, indicating that the bipartite
signal can be identified in a single interaction rather than
through sequential recognition of AAUAAA by CPSF and of
the GU-rich sequence by CstF. This may be important, for
example, in helping to discriminate between cryptic and au-
thentic poly(A) sites and to increase processing efficiency due
to preassembly of the processing complex. It is noteworthy that
PAP does not appear to be associated with the complex, as
expected from the absence of PAP activity in the CSF fraction

from which the CstF-CPSF complex was derived (43). This
contrasts with yeast studies, which have shown that PAP can be
isolated associated with yeast CPSF (i.e., PF I or CF II) (30,
54) whereas the yeast equivalent of a CPSF-CstF complex has
not been described. Whether this reflects a physiologically
significant difference between yeast and mammals or simply
distinct fractionation properties remains to be determined.

On the one hand, our results have added further complexi-
ties to the already complex set of factors and interactions
responsible for polyadenylation of mRNA precursors. We have
identified a novel, unexpected factor, symplekin, and provided
evidence for dynamic and unanticipated interactions between
CstF subunits. On the other hand, our discovery of a polyad-
enylation complex and of the similarity between symplekin and
PTA1 has further narrowed the gap between yeast and mam-
malian polyadenylation machineries. Future studies should
lead to an unraveling of the details of the polyadenylation
reaction and, importantly, to an appreciation of how it is inte-
grated with other cellular processes.
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