Analysis of a noncanonical poly(A) site
reveals a tripartite mechanism
for vertebrate poly(A) site recognition
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At least half of all human pre-mRNAs are subject to alternative 3’ processing that may modulate both the
coding capacity of the message and the array of post-transcriptional regulatory elements embedded within the
3’ UTR. Vertebrate poly(A) site selection appears to rely primarily on the binding of CPSF to an A(A/U)UAAA
hexamer upstream of the cleavage site and CstF to a downstream GU-rich element. At least one-quarter of all
human poly(A) sites, however, lack the A(A/UJUAAA motif. We report that sequence-specific RNA binding of
the human 3’ processing factor CFI,,, can function as a primary determinant of poly(A) site recognition in the
absence of the A(A/UYUAAA motif. CFL,, is sufficient to direct sequence-specific, A(A/UJUAAA-independent
poly(A) addition in vitro through the recruitment of the CPSF subunit hFip1l and poly(A) polymerase to the
RNA substrate. ChIP analysis indicates that CFL, is recruited to the transcription unit, along with CPSF and
CstF, during the initial stages of transcription, supporting a direct role for CFI,, in poly(A) site recognition.
The recognition of three distinct sequence elements by CFI,,, CPSF, and CstF suggests that vertebrate poly(A)

site definition is mechanistically more similar to that of yeast and plants than anticipated.
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The process of mRNA 3’ end formation is not simply a
perfunctory step in eukaryotic gene expression. At least
one-half of all human genes are subject to alternative 3’
processing (Iseli et al. 2002), the consequences of which
may impact the protein coding capacity of the message,
as well as its localization, translation efficiency, and sta-
bility (Edwalds-Gilbert et al. 1997). Moreover, poly(A)
site selection may be modulated in a developmental and
tissue-specific manner. In addition, pre-mRNA 3’ pro-
cessing contributes directly to transcription termination
(Zorio and Bentley 2004), pre-mRNA splicing (Proudfoot
et al. 2002), and mRNA export (Hammell et al. 2002; Lei
and Silver 2002). While the processing of constitutive
poly(A) sites has been examined in considerable detail,
the fundamental mechanisms responsible for the regula-
tion of alternative poly(A) site selection have yet to be
fully elucidated (Barabino and Keller 1999).

The processing of the majority of human poly(A) sites
involves the recognition of an AAUAAA or AUUAAA
hexamer by CPSF, coupled with the binding of CstF to a
GU-rich downstream element (DSE) (Zhao et al. 1999).
The binding of CPSF and CstF appears to be sufficient, at
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least in vitro, to direct the assembly of a 3’ processing
complex composed of at least 14 different proteins. In
vivo, however, the hexamer and DSE alone are unlikely
to suffice for poly(A) site definition. The recognition of
an authentic poly(A) site within a nascent RNA in vivo
appears to rely on the “biosynthetic context” provided
by the transcription elongation complex (Proudfoot
2004). At least nine 3’ processing proteins are recruited
to the transcription complex, at least in part through
interactions with the C-terminal domain (CTD) of the
largest subunit of RNA polymerase II (RNAPII) (Calvo
and Manley 2003). The colocalization of 3’ processing
factors, along with capping enzymes and spliceosome
components, to the transcription elongation complex, al-
lows for the cooperative interaction of these processing
machineries within an “mRNA factory” (Zorio and
Bentley 2004).

Cotranscriptional recognition of a poly(A) site pro-
vides an elegant mechanism for the identification of a
processing site demarcated by a limited set of sequence
motifs. Yet the mechanisms that regulate the selection
of alternative poly(A) sites within a pre-mRNA, or allow
for the recognition of poly(A) sites that lack the canoni-
cal A(A/UJUAAA motif, are poorly understood. Se-
quences that function to enhance the efficiency of 3’
processing have been identified upstream of several ca-
nonical poly(A) sites (Zhao et al. 1999). Such elements
might contribute to the regulation of poly(A) site selec-
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tion, although the molecular mechanisms by which they
function are largely unclear. In this work, we have iden-
tified a mechanism by which the 3’ processing factor
CFIL,,, contributes to poly(A) site recognition and, specifi-
cally, to the recognition of a human poly(A) site that
lacks the canonical A(A/UJUAAA hexamer.

CFIL,, is an essential, heterodimeric pre-mRNA 3’ pro-
cessing factor, unique to metazoans, composed of a small
subunit of 25 kDa and a large subunit of 59, 68, or 72 kDa
(Ruegsegger et al. 1996). The human CFL, 59- and 68-
kDa subunits are encoded by paralogous genes, while the
nature of the 72-kDa protein remains unclear. The CFI,,,
59- and 68-kDa proteins possess an N-terminal RNP-
type RNA-binding domain (RBD), a central proline-rich
domain, and a C-terminal RS-like alternating charge
domain—a structure similar to that of the SR family of
proteins that function in basal and regulated pre-mRNA
splicing (Graveley 2000). The structure of the CFI, large
subunit, along with the identification of both the 25- and
68-kDa subunits as components of human spliceosomes
(Rappsilber et al. 2002; Zhou et al. 2002), suggests a po-
tential role for CFI, in the coordination of 3’ processing
and pre-mRNA splicing. Such a role is supported by
the specific interaction of the 25-kDa subunit with the
70-kDa protein of Ul snRNP (Awasthi and Alwine 2003)
and the interaction of the 68-kDa subunit with the
SR proteins Srp20, 9G8, and hTra-2p (Dettwiler et al.
2004). The CFL, 68/25-kDa heterodimer has been shown
to be sufficient to reconstitute CFL, function in vitro
(Ruegsegger et al. 1998), and SELEX analysis has indi-
cated that the 68/25-kDa heterodimer preferentially
binds the sequence UGUAN (N = A > U = C/G) (Brown
and Gilmartin 2003). Ruegsegger et al. (1998) demon-
strated that CFI,, can function to facilitate pre-mRNA
3’ processing complex assembly and to enhance the rate
and overall efficiency of poly(A) site cleavage in vitro.
In vitro experiments have also shown that CFI, can
function to autoregulate the 3' processing of the pre-
mRNA encoding the CFIL,, 68-kDa subunit through
the binding of a set of UGUAA elements that flank and
overlap the AAUAAA hexamer (Brown and Gilmartin
2003).

In this report, we demonstrate that CFIL, has a funda-
mental role in poly(A) site recognition. Sequence-spe-
cific RNA binding of CFIL,, was found to function as the
primary determinant for the recognition of a human
poly(A) site lacking the A(A/UJUAAA hexamer. Further-
more, we show that CFL,, can function to direct se-
quence-specific, A(A/UJUAAA-independent poly(A) ad-
dition in vitro, through its ability to recruit the CPSF
subunit hFipl and poly(A) polymerase to the RNA sub-
strate. A direct role for CFI, in poly(A) site recognition
is supported by chromatin immunoprecipitation (ChIP)
analysis indicating that CFIL, is recruited to the tran-
scription unit, along with CPSF and CstF, during the
initial stages of transcription. Taken together, the data
indicate that three sequence-specific RNA-binding fac-
tors participate in vertebrate poly(A) site recognition,
CFI,,,, CPSF, and CstF, and suggest that the mechanisms
of poly(A) site recognition in yeast, plants, and verte-
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brates are more similar than previously appreciated
(Graber et al. 1999; Proudfoot and O’Sullivan 2002).

Results

PAPOLA and PAPOLG gene paralogs as a model
system for the analysis of poly(A) site recognition

EST database analysis has indicated that over a quarter of
all human transcripts are processed at noncanonical
poly(A) sites that deviate in one or more positions from
the A(A/U)AAA consensus (Beaudoing et al. 2000). Mu-
tagenesis studies have indicated that such noncanonical
sites are processed poorly, if at all, in vitro (Sheets et al.
1990). To begin to understand the mechanisms that al-
low for the recognition of noncanonical poly(A) sites, we
chose to examine the noncanonical poly(A) site of the
human PAPOLG gene (also referred to as neo-poly(A)
polymerase [Topalian et al. 2001]) in parallel with the
canonical poly(A) site of its paralog, PAPOLA. The pri-
mary poly(A) site of PAPOLG (as determined by EST
analysis) does not possess a sequence with more than a
4-nt match to the A(A/UUAAA motif. The PAPOLA
and PAPOLG genes, which encode poly(A) polymerase «
(PAPa) and poly(A) polymerase vy (PAPy), respectively,
derive from gene duplication, as evidenced by a common
intron/exon structure. PAPa and PAPy have an overall
amino acid sequence similarity of 71%.

As illustrated in Figure 1, the 3’ ends of PAPOLA and
PAPOLG are strikingly distinct and highly conserved
among vertebrates. The conserved sequences upstream
of each poly(A) site encompass multiple copies of po-
tential CFI, -binding sites of the form UGUAN (N = A >
U = C/G). As denoted by the boxed sequences, the hu-
man PAPOLA poly(A) site contains six UGUAN ele-
ments within 131 nucleotides (nt) upstream of the cleav-
age site. The PAPOLG poly(A) site contains seven
UGUAN elements within 119 nt upstream of the cleav-
age site in a pattern that is clearly distinct from that of
the PAPOLA poly(A) site. The PAPOLG gene contains a
single UGUAN element within 130 nt downstream of
the cleavage site, while the PAPOLA gene has none. The
following experiments were undertaken to test the hy-
pothesis that sequence-specific binding of CFI, to the
UGUAN elements of PAPOLA and PAPOLG contrib-
utes to poly(A) site recognition and processing.

CFI,,,-binding sites enhance 3' processing at the
canonical PAPOLA poly(A) site in vitro

We first addressed the contribution of the four conserved
UGUAN elements immediately upstream of the PAPOLA
AAUAAA hexamer to poly(A] site function. Single G-
to-C point mutations were introduced into the two
UGUAN elements distal to the hexamer (PAPaAl), the
two UGUAN elements proximal to the hexamer
(PAPaA2), or the combination of all four elements
(PAPaA1/2) (Fig. 2A). In addition, a single U-to-G point
mutation was introduced into the AAUAAA hexamer
(PAPaAhex). As illustrated in Figure 2B, lane 1, the wild-
type PAPOLA poly(A) site was efficiently cleaved in
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Dr TATTTTTGTATGTAATGT.
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HeLa cell nuclear extract to yield the expected 5’ prod-
uct. Mutation of the AAUAAA hexamer greatly reduced
the overall efficiency of cleavage, although cleavage at
multiple adjacent sites was observed (Fig. 2B, lane 2).
Mutation of each set of UGUAN elements reduced
cleavage and in combination exhibited an additive reduc-
tion in cleavage activity (Fig. 2B, lanes 3-5). The effi-
ciency of poly(A) addition to the precleaved PAPaAhex,
PAPaA2, and PAPaAl/2 RNAs (RNAs that extend only
to the cleavage site) was also reduced relative to the
wild type (Fig. 2C, lanes 2,4,5). As illustrated by the
quantitation of four independent sets of experiments
(Fig. 2D), the UGUAN elements clearly contribute to the
efficiency of both cleavage and poly(A) addition at the
PAPOLA poly(A) site in vitro.

The impact of each of the PAPOLA poly(A) site mu-
tations on 3’ processing complex assembly and CFI_,
binding is illustrated in Figure 2E and F. As expected, a
single point mutation within the AAUAAA hexamer
eliminated 3’ processing complex formation on both
full-length and precleaved PAPOLA RNAs in HeLa cell
nuclear extract, as assayed by gel mobility shift (Fig. 2E,
lanes 2,7). Mutations within the UGUAN elements re-
duced the efficiency of complex assembly on both full-
length (Fig. 2E, lanes 3-5) and precleaved (Fig. 2E, lanes
8-10) RNAs. Point mutations within each set of
UGUAN elements also significantly reduced the binding
of purified recombinant CFI, to the precleaved PAPOLA
RNA in an additive manner (Fig. 2F, lanes 3,4). Taken
together, the data demonstrate that efficient PAPOLA 3’
processing complex assembly, poly(A) site cleavage, and
poly(A) addition are dependent upon a set of UGUAN
elements upstream of the AAUAAA hexamer that are
targets for CFI,, binding.

CFI,,,-binding sites are required for efficient 3’
processing at the noncanonical PAPOLG poly(A)
in vitro

We next addressed the role of sequence-specific RNA
binding by CFI,, in the processing of the noncanonical

ITGTAATATGTTGAT TCAG TTG TITGTAAATG AAGTCGTATGTIATIITTC AGAG
TGTAATCTGTTGAC TCCG TTG TTTGTAAATG AAGCCGTATGTAT[ITTC AGAG
Gg |TATGTFTCTAQTGTAATTTCTTTATAATCTGGTGTTTITGTAAGTG AAGTTGAATGTCT[TTTCCAGAG
TCAT TCT TTTIGTAGGGCAAAAGT

ACTGCCTTCTTTACATTAAGAA C ATAAQ%A TTCACAAAACCCCA*

the PAPOLA genes of Homo sapiens (Hs),
Mus musculus (Mm), Gallus gallus (Gg),
and Xenopus laevis (X1) immediately up-
stream of the primary poly(A) cleavage site.
(B) Comparison of the sequences of the
PAPOLG genes of Homo sapiens (Hs), Mus
musculus (Mm), Gallus gallus (Gg), and
Danio rerio (Dr) immediately upstream of
the primary poly(A) cleavage site. Shaded
sequences denote identity to the human se-
quence. TGTAN elements are highlighted
in bold and outlined with solid boxes;
AATAAA-related elements are highlighted
in bold and outlined with dashed boxes. As-
terisk denotes the poly(A) cleavage site.

CAGCACAA*

TGTATTTGAAAGGG

PAPOLG poly(A] site. Single G-to-C point mutations
were introduced into the two UGUAN elements distal
to the cleavage site (PAPyAl), the three UGUAN ele-
ments proximal to the cleavage site (PAPyA2), or the
combination of all five elements (PAPyA1/2) (Fig. 3A). A
complementary set of RNAs was produced in which a
dinucleotide change was introduced to create a canonical
AAUAAA sequence 15 nt upstream of the cleavage site
(PAPycswt, PAPycsAl, PAPycsA2, and PAPycs Al/2).
The A-rich sequence centered 20 nt upstream of the
cleavage site (AAAGAGAAA) was chosen for mutagen-
esis based on the observation that the poly(A) sites of
both yeast and plants possess similar A-rich sequences
that function as positioning elements (Graber et al.
1999). The PAPyAA RNA contained two A-to-C muta-
tions within the A-rich element (AAAGAGAAA to
AACGAGCAA).

As illustrated in Figure 3B, cleavage at the PAPOLG
poly(A) site in HeLa cell nuclear extract was signifi-
cantly reduced by point mutations within each set of
UGUAN elements (lanes 3,4), as well as within the A-
rich element (lane 2). The combination of both sets of
UGUAN element mutations nearly eliminated poly(A)
site cleavage in vitro (Fig. 3B, lane 5). The introduction of
an AAUAAA sequence significantly enhanced the effi-
ciency of PAPOLG poly(A) site cleavage (Fig. 3B, cf. lanes
1 and 6). Even in the context of the canonical hexamer,
however, mutation of the three proximal UGUAN ele-
ments (Fig. 3B, lane 8) or all five UGUAN elements (Fig.
3B, lane 9) reduced the efficiency of cleavage. Point mu-
tations within the UGUAN elements had a comparable
impact on poly(A) addition to precleaved RNA substrates
(Fig. 3C). Strikingly, the poly(A) tails added to the
PAPyA1/2 RNA substrate were consistently longer that
those of the other PAPy RNAs (Fig. 3C, cf. lanes 5 and
1-4). As poly(A) tail length control is dependent upon the
binding of both CPSF and PABPN1 (Wahle 1995), the
extended poly(A) tails of PAPyA1/2 may result from the
inability of CPSF to interact stably with the RNA as a
result of the loss of CFI,, binding (see below). In HeLa
cell nuclear extract, short oligo(A) tails produced by the
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Figure 2. Conserved UGUAN elements within the PAPOLA pre-mRNA bind CFI,,, and enhance 3’ processing. (A) Sequence of the
5’ end of the PAPOLA RNAs used for in vitro analysis. Each of the RNAs is identical to the wild-type RNA (PAPawt) except at the
indicated positions. (B) Poly(A) site cleavage. Uniformly 32P-lableled RNA substrates were incubated in HeLa cell nuclear extract with
3'dATP for 30 min at 30°C, and the RNA products were isolated and resolved on a denaturing 10% polyacrylamide gel. (C) Poly(A)
addition. Uniformly ®2P-lableled precleaved RNA substrates were incubated in HeLa cell nuclear extract with ATP for 15 min at 30°C,
and the RNA products were isolated and resolved on a denaturing 10% polyacrylamide gel. (D) The results of four independent poly(A)
site cleavage experiments (shaded bars) and four independent poly(A) addition experiments (open bars) are shown as an average, with
the SD shown as error bars. Within each experiment, the cleavage and poly(A) addition efficiencies of each of the RNAs is plotted
relative to the efficiency of the PAPawt RNA, which is arbitrarily set to 100%. (E) Gel mobility shift analysis of 3’ processing
complexes assembled in HeLa cell nuclear extract. Uniformly 32P-labeled full-length (lanes 1-5) or precleaved (lanes 6-10) RNAs were
incubated with HeLa cell nuclear extract for 5 min at 30°C, followed by the addition of heparin to 5 mg/mL, and the RNA /protein
complexes were resolved on a nondenaturing 3% polyacrylamide gel. (F) Gel mobility shift analysis of CFI,,/RNA complexes. Two
picomoles of recombinant CFI,, was incubated with uniformly ?P-labeled precleaved RNAs for 5 min at 30°C and the RNA/protein
complexes were resolved on a nondenaturing 3% polyacrylamide gel.

1 2 3 4 5 6 7 8 9 10

transient interaction of CPSF with the RNA substrate lower than that of oligoadenylated PAPyA2 RNA (Fig.

would be subject to further elongation through the co- 3C, cf. lanes 4 and 5). The quantitation of four indepen-
operative interaction of PABPN1 and poly(A) polymerase dent sets of experiments is presented in Figure 4D and E.
(Kuhn and Wahle 2004). Consistent with this hypoth- The impact of each of the PAPOLG poly(A) site mu-
esis, the level of oligoadenylated PAPyA1/2 is clearly tations on 3’ processing complex assembly and CFI_,
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Figure 3. Conserved UGUAN elements within the PAPOLG pre-mRNA are required for efficient 3’ processing in vitro. (A) Sequence
of the 5’ end of the RNAs used for in vitro analysis. Each of the RNAs is identical to the wild-type RNA (PAPywt) except at the
indicated positions. (B) Poly(A) site cleavage. Uniformly 3>P-lableled RNA substrates were incubated in HeLa cell nuclear extract with
3'dATP for 30 min at 30°C, and the RNA products were isolated and resolved on a denaturing 10% polyacrylamide gel. (C) Poly(A)
addition. Uniformly ®2P-lableled precleaved RNA substrates were incubated in HeLa cell nuclear extract with ATP for 30 min at 30°C,
and the RNA products were isolated and resolved on a denaturing 10% polyacrylamide gel. Lanes 1-5 were subjected to autoradiog-
raphy for 15 h, lanes 6-9 for 5 h. (D,E) The results of four independent poly(A) site cleavage experiments (shaded bars) and four
independent poly(A) addition experiments (open bars) are shown as an average, with the SD shown as error bars. Within each
experiment, the cleavage and poly(A) addition efficiencies of each of the RNAs is plotted relative to the efficiency of the PAPywt RNA,

which is arbitrarily set to 100%.

binding is illustrated in Figure 4. In contrast to the ca-
nonical poly(A) site of PAPOLA, only a low level of 3’
processing complex formation was detected upon incu-
bation of the full-length PAPywt RNA in HeLa cell
nuclear extract (Fig. 4A, lane 1). Point mutations within
either the A-rich element (Fig. 4A, lane 2) or the
UGUAN elements (Fig. 4A, lanes 3-5) eliminated this
complex. Mutations within the UGUAN elements also
increased the mobility of the lower complex. Introduc-
tion of an AAUAAA hexamer dramatically enhanced 3’
processing complex formation in HeLa cell nuclear ex-

tract (Fig. 4A, lanes 6-9), although 3’ processing complex
formation was reduced by point mutations within the
UGUAN elements. A similar pattern was observed in
the assembly of complexes on precleaved PAPOLG
RNAs in HeLa cell nuclear extract (Fig. 4A, lanes 10-18).
The differences between the complexes assembled on
full-length RNAs and those assembled on precleaved
RNAs are most likely attributable to the binding of CstF
to the DSE of the full-length RNAs, which stabilizes the
interaction of CPSF with the RNA (Gilmartin and Nev-
ins 1991).
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Figure 4. UGUAN elements within the PAPOLG
pre-mRNA bind CFL,, and contribute to 3’ process-
ing complex assembly. (A) Gel mobility shift
analysis of 3’ processing complexes assembled in
HeLa cell nuclear extract. Uniformly 32P-labeled
full-length (lanes 1-9) or precleaved (lanes 10-18)
RNAs were incubated with HeLa cell nuclear ex-
tract for 5 min at 30°C, followed by the addition of
heparin to 5 mg/mL, and the RNA/protein com-
plexes were resolved on a nondenaturing 3% poly-
acrylamide gel. (B) Gel mobility shift analysis of
CFI,,/RNA complexes. Two picomoles of recom-
binant CFIL,, was incubated with each uniformly
32Pp-labeled precleaved RNA for 5 min at 30°C and
the RNA/protein complexes were resolved on a
nondenaturing 3% polyacrylamide gel.
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complexes -

input
RNA-

The impact of each of the PAPOLG poly(A) site mu-
tations on the binding of recombinant CFI, is illustrated
in Figure 4B. CFIL, binding was unaltered by mutations
within the A-rich element (Fig. 4B, lanes 2,6), whereas
the introduction of point mutations within both sets of
UGUAN elements greatly reduced CFI, binding (Fig. 4B,
lanes 5,9). It should be noted, however, that the combi-
nation of single point mutations within each of the five
UGUAN elements (Fig. 4B, lanes 5,9) did not completely
eliminate the binding of CFI_. In the same manner,
these mutations greatly reduced, but did not completely
eliminate, cleavage and poly(A) addition (Fig. 3D). Taken
together, the data demonstrate that PAPOLG 3’ process-
ing complex assembly, poly(A) site cleavage, and poly(A)
addition are dependent upon a set of UGUAN elements
that are targets for CFL, binding.

CFI,,, enhances the recruitment of CPSF
to the noncanonical PAPOLG poly(A) site

The observation that sequence-specific RNA binding of
CFI,,, was required for efficient PAPOLG poly(A) site
cleavage and poly(A) addition in the absence of an A(A/
UJUAAA hexamer prompted us to ask if CPSF was es-
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sential for 3’ processing at this poly(A) site. To address
this question, we used a 23-nt RNA oligonucleotide en-
compassing the AAUAAA hexamer of the SV40 late
poly(A) site (5'-CUGCAAUAAACAAGUUAACAACA-
3') to sequester CPSF in HeLa cell nuclear extract. This
RNA oligo is fully competent to bind CPSF and direct
specific poly(A) addition in vitro (Wigley et al. 1990).
CPSF has previously been shown to be essential for
AAUAAA-dependent poly(A) addition in vitro (Bienroth
et al. 1993). As illustrated in Figure 5A, addition of the
AAUAAA-containing RNA oligo reduced poly(A) addi-
tion to the PAPywt RNA, as well as to RNAs containing
a canonical AAUAAA hexamer (PAPawt and Ad-L3). In
contrast, the addition of the same RNA oligo containing
two mutations within the AAUAAA motif (AACACA)
that eliminated the binding of CPSF had little impact on
poly(A) addition (Fig. 5A, lanes 5,10,15,20). Comparable
results were observed for poly(A) site cleavage (data not
shown). As quantitated in Figure 5B, poly(A) addition to
the precleaved Ad-L3 RNA, which contains a single
UGUAN element (UGUAC, 13 nt upstream of the
AAUAAA hexamer) and binds CFI,, relatively poorly
(Brown and Gilmartin 2003), was found to be signifi-
cantly more sensitive to the RNA competitor than either
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Figure 5. CFIL,, contributes to the recruitment of CPSF. (A) The
impact of the sequestration of CPSF on poly(A) addition at the
Ad-L3, PAPOLG, and PAPOLA poly(A) sites. Uniformly 32P-
labeled precleaved RNA substrates were incubated in HeLa cell
nuclear extract in the presence of ATP for 30 min at 30°C. An
RNA oligo containing a 23-nt segment of the SV40 late poly(A)
site (5'-CUGCAAUAAACAAGUUAACAACA-3') was added at
the indicated concentrations prior to incubation. The reactions
in lanes 5, 10, 15, and 20 were incubated with 100 pmol of an
RNA oligo of the same sequence, except for two hexamer mu-
tations (AACACA). The RNA products were isolated and re-
solved on a denaturing 10% polyacrylamide gel. (B) The results
of four independent sets of poly(A) addition experiments are
shown, with the SD at each RNA competitor concentration
shown as error bars. Within each experiment, the efficiency of
poly(A) addition in the absence of the RNA competitor is arbi-
trarily set to 100%. (Filled circles) PAPywt; (filled triangles)
PAPawt; (filled squares) PAPaA1/2; (open circles) Ad-L3.

the PAPywt or PAPawt RNAs. These results suggested
that CFI,, enhanced the recruitment of CPSF to the
PAPOLG and PAPOLA poly(A) sites. To test this hy-
pothesis, we assayed the precleaved PAPaA1/2 RNA that
retained the AAUAAA hexamer but lacked the four
UGUAN elements. As illustrated in Figure 5A, lanes 16—
20, and quantitated in Figure 5B, poly(A) addition to the
PAPaAl/2 RNA was significantly more sensitive to the
RNA competitor than the PAPawt RNA. Taken to-
gether, these results indicate that CFI, binding at the
noncanonical poly(A) site of PAPOLG does not obviate
the requirement for CPSF in poly(A) addition, but rather

Poly(A) site recognition by CFI,,,

contributes to the recruitment of CPSF to the RNA. The
recruitment of CPSF by CFL,,, is consistent with the abil-
ity of CFI,, to enhance the binding of CPSF to a pre-
mRNA (Ruegsegger et al. 1996) and the ability of CPSF to
bind to a CFI,,/RNA aptamer complex (Brown and Gil-
martin 2003 ).

CFI,, can direct RNA sequence-specific,
A(A/U)UAAA-independent poly(A) addition
through its interaction with the CPSF subunit
hFip1 and poly(A) polymerase

To address the mechanism by which CFI, contributes to
the recruitment of CPSF and enhances the efficiency of
3’ processing, we first determined that CFI, was suffi-
cient to enhance both complex formation and poly(A)
addition in reactions reconstituted with purified HeLa
cell CPSF. As illustrated in Figure 6A, CFI,, enhanced
the extent and efficiency of polyadenylation of both the
PAPa and PAPy RNA substrates in reactions reconsti-
tuted with purified HeLa cell CPSF, recombinant CFL,,
and recombinant poly(A) polymerase. Furthermore, the
impact of CFI,, was dependent upon the UGUAN ele-
ments of both poly(A) sites. It should be noted that the
HeLa cell CPSF contained a very low, but detectable,
level of CFI,, (see Discussion). To address the potential
interaction of CFI,, and CPSF in the absence of RNA,
coimmunoprecipitation experiments were carried out.
Recombinant CFI,, was added to HeLa cell nuclear ex-
tract in the presence of RNase and immunoprecipitated
with an anti-hexahistidine antibody. As illustrated by
Western analysis of the immunoprecipitated material
(Fig. 6B, lanes 1-3), CPSF was coimmunoprecipitated
with CFL,,. The converse experiment demonstrated that
recombinant CFIL, could be coimmunopreciptated with
an anti-CPSF antibody following the addition of CFL, to
HeLa cell nuclear extract in the presence of RNase (Fig.
6B, lanes 4-6).

We next asked if we could detect a direct interaction
between CFL,, and a specific CPSF subunit. CPSF is com-
posed of five subunits: CPSF160, CPSF100, CPSF73,
CPSF30, and hFipl (Kaufman, et al. 2004). We had pre-
viously cloned the human CPSF subunit hFipl (K. Ven-
kataraman, unpubl.), which is identical in sequence to
that recently reported by Kaufmann et al. (2004). We
therefore investigated the interaction of CFI, with
hFipl, both of which were expressed and purified from
Sf9 cells (Fig. 6C). In our initial experiments, we did not
observe a stable CFI,/hFipl/PAPywt RNA complex by
gel mobility shift analysis. We therefore asked if a func-
tional interaction between CFL_ and hFipl could be ob-
served in a poly(A) addition assay. Kaufmann et al. (2004)
have shown that hFipl interacts directly with poly(A)
polymerase and that the binding of hFipl to U-rich se-
quences enabled it to recruit poly(A) polymerase and
stimulate poly(A) addition. As illustrated in Figure 6D,
no poly(A) addition was observed upon incubation of the
precleaved PAPywt RNA substrate with poly(A) poly-
merase and either hFipl (lane 2) or CFL, (lane 3) alone.
Upon incubation of both hFipl and CFI,, with poly(A)
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Figure 6. CFIL, directs sequence-specific, A
A(A/UJUAAA-independent poly(A) addi-

tion through its interaction with hFip1 and

poly(A) polymerase. (A) Impact of the addi-

tion of recombinant CFI,, on poly(A) addi-

tion to the PAPawt (lanes 1,2), PAPaAl/2

(lanes 3,4), PAPywt (lanes 5,6), and
PAPyA1/2 (lanes 7,8) RNA substrates in re- —p
actions reconstituted with purified HeLa 4
cell CPSF and recombinant poly(A) poly-
merase. Twenty femtomoles of uniformly
32p-labeled precleaved RNA substrates was
incubated with purified HeLa cell CPSF

and recombinant poly(A) polymerase in the
presence or absence of 1 pmol of CFI, and

ATP for 30 min at 30°C, and the RNA prod- C
ucts were isolated and resolved on a dena-
turing 10% polyacrylamide gel. (B) Coim-
munoprecipitation of CFI,, and CPSF. Re-
combinant hexahis-tagged CFI,, was mixed

with HeLa cell nuclear extract and RNase

A and subjected to immunoprecipitation
with a mouse anti-hexahis antibody (lane

3), an affinity-purified CPSF160K rabbit
anti-peptide antibody (lane 6), or control
antibodies (mouse IgG1 [lane 2], and rabbit 2 o
IgG [lane 5]). Aliquots of the immunopre-
cipitates were analyzed by Western analy-
sis using the anti-CPSF160K antibody
(lanes 1-3) or the anti-hexahis antibody
(lanes 4-6). (Lane 1) Five percent of the in-
put HeLa cell nuclear extract. (Lane 6) Five
percent of the input recombinant CFI,,. (C)
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Purified baculovirus-expressed recombinant CFL,, and hFipl. Proteins were resolved on an SDS-polyacrylamide gel and stained with
Coomassie Blue. (M) Protein standards. (D) Poly(A) addition. Twenty femtomoles of uniformly 3*P-lableled precleaved PAPywt RNA
substrate was incubated with the indicated proteins in the presence of ATP for 60 min at 30°C. Each reaction contained 10 fmol of E.
coli-expressed poly(A) polymerase. Lanes 2 and 4 contained 0.5 pmol of hFipl, and lanes 3 and 4 contained 1 pmol of CFI,. The RNA
products were isolated and resolved on a denaturing 10% polyacrylamide gel. (E) Twenty femtomoles of the indicated uniformly
32P-lableled precleaved RNA substrates was incubated as in B with 10 fmol of poly(A) polymerase, 0.5 pmol of hFipl, and 1 pmol of
CFI,,,. The RNA products were isolated and resolved on a denaturing 10% polyacrylamide gel.

polymerase, however, poly(A) addition was readily de-
tected (Fig. 6D, lane 4). To determine whether sequence-
specific RNA binding of CFI,, was required for poly(A)
addition in the presence of hFipl and poly(A) polymer-
ase, we assayed each of the precleaved PAPOLG mutant
RNA substrates. The efficiency of poly(A) addition di-
rectly correlated with the ability of CFL, to bind the
RNA substrates (Fig. 6E). CFIL,, is therefore able to direct
sequence-specific, A(A/UJUAAA-independent poly(A)
addition through the recruitment of hFipl and poly(A)
polymerase to the RNA substrate. These results suggest
that the sequence-specific binding of CFI_, to sequences
upstream of the poly(A) site facilitates the recruitment of
CPSF, at least in part, through CFIL, interactions with
the CPSF subunit hFipl.

ChIP analysis indicates that CFI,, is recruited along
with CPSF and CstF at an early stage in transcription

The ability of CFI, to participate in the recruitment of
CPSF in an RNA sequence-specific manner strongly sug-
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gests that CFL, participates in poly(A) site recognition
along with CPSF and CstF. Both CPSF and CstF have
been shown to colocalize with elongating RNAPII along
the entire transcription unit on lampbrush chromo-
somes (Gall et al. 1999). In addition, Dantonel et al.
(1997) demonstrated that CPSF is recruited to the pro-
moter by TFIID and transferred to RNAPII during tran-
scription initiation. The association of CPSF and CstF
with the transcription elongation complex, through their
interaction with the RNAPII CTD (McCracken et al.
1997), likely facilitates the cotranscriptional recognition
of the poly(A) site as it emerges from RNAPIL. We hy-
pothesized that if CFI, participates in poly(A) site rec-
ognition, it may colocalize with CPSF and CstF along the
length of the transcription unit. To test this hypothesis
we used ChIP analysis. ChIP analysis has previously
been used to localize several components of the 3’ pro-
cessing complex within the transcription unit (Licatalosi
et al. 2002; Ahn et al. 2004; Kim et al. 2004). The 16.3-kb
human housekeeping gene G6PD was chosen for ChIP
analysis because of its high level of mRNA expression,



the use of a single poly(A) site, and an extensive non-
transcribed region downstream of the gene (as deter-
mined by EST analysis). Four regions of the human
G6PD gene were subjected to ChIP analysis (described in
the legend for Fig. 7). Cross-linked chromatin was pre-
pared from HeLa cells and processed as described in Ma-
terials and Methods.

As illustrated in Figure 7, RNAPII antibodies directed
against phospho-Ser 5 (H14, lanes 13-16), phospho-Ser 2
(H5, lanes 41-44), or a nonphosphorylated epitope
(SWG16, lanes 37-40) of the CTD detected RNAPII as-
sociated with the transcribed region of the human G6PD
gene, but not with sequences ~800 bp downstream of the
poly(A) site. As expected, cross-linking of Ser 5-phos-
phorylated RNAPII was enriched at the 5’ end of the
gene, Ser 2-phosphorylated RNAPII appeared to be en-
riched downstream of the first exon (Komarnitsky et al.
2000), and cross-linking of the TFIIH 62-kDa subunit
was observed only at the 5’ end of the gene (Fig. 7, lanes
33-36) (Cheng and Sharp 2003). All three 3’ processing
proteins assayed, CFL, 25 (Fig. 7, lanes 25-28), CstF 64
(Fig. 7, lanes 45-48), and CPSF 160 (Fig. 7, lanes 49-52)
cross-linked to the entire transcription unit. CFL, 25 and
CstF 64 cross-linked in a manner comparable to that of
the Ser 2-phosphorylated form of RNAPII, consistent
with the requirement for Ser 2 phosphorylation for the
cotranscriptional recruitment of 3’ processing factors ob-
served in yeast (Ahn et al. 2004). CPSF160 appeared to
cross-link more uniformly throughout the transcription
unit, consistent with the recruitment of CPSF at the pro-
moter (Dantonel et al. 1997). Whereas neither RNAPII
nor any of the 3’ processing proteins cross-linked to se-
quences downstream of the G6PD gene, the cross-link-
ing of several chromatin remodeling proteins (RuvBL1,
RbAp46, and MTAI1L1) was observed in this region, as

Poly(A) site recognition by CFI,,,

well as throughout the transcription unit. These results
indicate that CFL, is indeed present along with CPSF
and CstF throughout the transcription unit and is there-
fore ideally localized to participate in cotranscriptional
poly(A) site recognition.

Discussion

Yeast, plants, and vertebrates share a common set of at
least a dozen well-conserved proteins that function in
pre-mRNA 3’ processing. Within each phylogenetic
group, the assembly of a 3’ processing complex is di-
rected by a surprisingly diverse array of RNA sequences,
suggesting that poly(A) site recognition is accomplished
through a network of weak RNA:protein and protein:
protein interactions. The work presented in this report
indicates that vertebrate poly(A) site recognition is not
restricted to the well-characterized sequence-specific in-
teractions of CPSF and CstF. Rather, sequence-specific
RNA binding of CFI,,, upstream of the poly(A) site plays
a direct role in the recognition of both canonical and
noncanonical poly(A) sites. Sequence-specific binding
of CFI,, to sequences upstream of the PAPOLA and
PAPOLG poly(A) sites enhanced the efficiency of 3’ pro-
cessing complex assembly, as well as both poly(A) site
cleavage and poly(A) addition. Furthermore, CFI, was
shown to direct sequence-specific, A(A/UJUAAA-inde-
pendent poly(A) addition through the recruitment of the
CPSF subunit hFipl and poly(A) polymerase to the RNA
substrate. These results, along with the observation that
CFI,, is recruited near the 5’ end of the transcription
unit, indicate that CFIL, functions along with CPSF and
CstF in cotranscriptional poly(A) site recognition.

In their initial characterization of human CFI,,, Rueg-
segger et al. (1996) noted that CFIL,, exhibited an RNA

Figure 7. ChlIP analysis of the G6PD gene
in HeLa cells. Four regions of the human
GG6PD gene were subjected to ChIP analy-
sis: (a) a 273-bp sequence located within
exon 1, 159 bp downstream of the tran-
scription start site and 15,433 bp upstream
of the poly(A) site; (b) a 232-bp sequence
located within exon 10, 14,455 bp down-
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15,628 bp downstream of the transcription
start site and10 bp upstream of the poly(A)
site; and (d) a 265-bp segment located 796
bp downstream of the poly(A) site. (A) A
schematic representation of the relative
positions of segments of the G6PD gene
analyzed by ChIP. (Note that the diagram
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the human G6PD gene. (mock) Negative
control in which buffer was substituted for
chromatin. The H14 monoclonal antibody
recognizes the RNAPII CTD phosphory-

lated at Ser 5, the H5 monoclonal antibody recognizes the RNAPII CTD phosphorylated at Ser 2, and the sWG16 monoclonal antibody
recognizes an unphosphorylated RNAPII CTD epitope. The antibodies are described in detail in Materials and Methods. Following
agarose gel electrophoresis, PCR products were visualized by ethidium bromide staining.
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binding activity with a preference for a poly(A) site-con-
taining RNA, and that CFI,, enhanced the binding of
CPSF to the pre-mRNA. CFI,,, was subsequently found to
function at an early step in pre-mRNA 3’ processing
complex assembly and to enhance the rate and overall
efficiency of poly(A) site cleavage in vitro (Ruegsegger et
al. 1998). Together, these observations suggested that
CFI,,, might serve a role in poly(A) site recognition.
SELEX analysis indicated a CFIL, binding preference for
the sequence UGUAN (N = A > U > C/G), and CFI, was
found to auto-regulate the 3’ processing of the CFI,, 68-
kDa subunit pre-mRNA through its interaction with a
set of UGUAA elements that flank and overlap the
AAUAAA hexamer (Brown and Gilmartin 2003). The
data presented in this report indicate that the RNA bind-
ing activity of CFI, not only serves a stimulatory or
auto-regulatory role, but rather, directly contributes to
the processing of both canonical and noncanonical
poly(A) sites. The functional interaction of CFI,, and
hFipl that we observed reveals a mechanism by which
CFIL,,, and CPSF cooperate to define a poly(A) site. The
ability of CFI,, and hFipl to function together in the
recruitment of poly(A) polymerase to the RNA substrate
is consistent with previously identified interactions of
poly(A) polymerase with the CFIL, 25-kDa subunit (Kim
and Lee 2001; Dettwiler et al. 2004) and hFipl (Kauf-
mann et al. 2004). Whereas hFipl interacts with the N
terminus and RNA-binding domain of poly(A) polymer-
ase, the CFIL,, 25-kDa subunit interacts with the CTD.
The CTD has previously been shown to be the target of
proteins that regulate poly(A) polymerase activity, in-
cluding UIA (Gunderson et al. 1997), Ul 70K (Gunder-
son et al. 1998), U2AF 65 (Vagner et al. 2000), Srp75 (Ko
and Gunderson 2002), and 14-3-3 ¢ (Kim et al. 2003).
Our analysis of the noncanonical poly(A) site of
PAPOLG revealed a set of 3’ processing elements strik-
ingly similar to those of yeast and plants. Yeast and plant
poly(A) sites possess a tripartite structure characterized
by (1) an A-rich positioning element centered approxi-
mately on position -20, (2) an upstream efficiency ele-
ment that is usually UA rich in the case of yeast (the best
sequence being UAUAUA), and most commonly of the
form UUGUAU or UUGUAA in plants, and (3) down-
stream U-rich sequences (Graber et al. 1999). The human
PAPOLG poly(A) site displays a comparable tripartite set
of sequence elements: an A-rich element (AAAGAG
AAA) centered at position -20, multiple upstream
UGUAN elements, and a U-rich downstream element.
While plants possess clear CFI,, homologs, neither CFI
subunit appears to have a yeast homolog. Zhao et al.
(1999) initially noted that, based on the presence of an
N-terminal RBD and a role in cleavage, the closest coun-
terpart of CFIL, in Saccharomyces cerevisiae was the 3’
processing protein Hrplp. This work supports the hy-
pothesis that CFL, is the functional counterpart of
Hrplp. Both Hrplp (Gross and Moore 2001) and CFI,
(this work) contribute to poly(A) site recognition and 3’
processing complex assembly by binding sequences up-
stream of the A-rich element, and each function in
poly(A) site cleavage as well as poly(A) addition. Consis-
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tent with a role in poly(A) site recognition, ChIP analysis
indicated that both Hrplp (Komarnitsky et al. 2000) and
CFIL,,, (this work) are associated with the entire transcrip-
tion unit. In addition, both Hrplp (Shen et al. 1998) and
CFIL,,, (Boisvert et al. 2003) are subject to arginine meth-
ylation. Arginine methylation is essential for the shut-
tling of Hrplp between the nucleus and cytoplasm and
appears to function in the coupling of transcription,
mRNA processing, and export (Yu et al. 2004). As yet, is
not known whether CFI,, shuttles. Taken together, the
functional and structural similarities of human CFIL,
and S. cerevisiae Hrplp strongly suggest that they share
comparable roles in pre-mRNA 3’ processing.

The enhancement of PAPOLA and PAPOLG 3’ pro-
cessing by the specific binding of CFI,, to sequences up-
stream of the poly(A) site raises the possibility that CFI_,
may also function in the recognition of previously iden-
tified upstream sequence elements (USEs). USEs, which
act to enhance the efficiency of 3’ processing, have been
identified upstream of a number of canonical viral and
cellular poly(A) sites and have generally been character-
ized as “U-rich sequences” (Zhao et al. 1999). Strikingly,
most USEs identified to date encompass one or more
UGUAN sequences. These include the USEs of the SV40
late (Schek et al. 1992), GSHV (Russnak 1991), HIV-1
(Valsamakis et al. 1991), Lamin B2 (Brackenridge and
Proudfoot 2000), 2/5’-oligoadenylate synthase (Aissouni
et al. 2002), and the collagen 1A2 (Natalizio et al. 2002)
poly(A) sites. A preliminary analysis of the collagen 1A2
poly(A) site indicated that mutations within the USE
that reduced the efficiency of 3’ processing also reduced
the binding of CFI, (K. Venkataraman, unpubl.). A bio-
informatic analysis of human 3’ UTRs identified a TGT
element, usually positioned slightly upstream of the
AATAAA hexamer, as the most abundant family of mo-
tifs in human 3’ UTRs (Louie et al. 2003). Based on this
observation, and the similarity of the TGT motif to the
upstream elements of yeast and plant poly(A) sites, Louie
et al. (2003) proposed that this motif may constitute a
general class of human USEs. The evidence presented in
this report supports this proposal, and furthermore sug-
gests that CFL, is the 3’ processing factor responsible for
the recognition of these elements.

A previous analysis of the upstream element of the
HIV-1 poly(A) indicated that this sequence was con-
tacted by the 160-kDa subunit of CPSF (Gilmartin et al.
1995). Strong UV-cross-linking products of 160, 68, and
25 kDa were observed upon incubation of an HIV-1
RNA, specifically **P-labeled within the USE, with par-
tially purified CPSF. When a highly purified CPSF frac-
tion was used, low levels of both the 160- and 68-kDa
UV-cross-linking products were observed. These results
are consistent with the copurification of CFIL,, with
CPSF and the interaction of both proteins with the HIV-1
USE. It is intriguing that Kaufmann et al. (2004) found
that CPSF reconstituted with recombinant subunits (in-
cluding hFipl) was incapable of directing AAUAAA-de-
pendent poly(A) addition in vitro. They suggested that
additional proteins might be required for specific poly(A)
addition. We therefore raise the possibility that CFIL,



might represent the missing component. In a manner
comparable to that of the long-overlooked CPSF subunit
hFipl (Kaufmann et al. 2004), the presence of CFI, in
purified active mammalian CPSF preparations may have
gone unnoticed due to its presence at sub-stoichiometric
levels.

Experiments based on the analysis of CPSF purified
from human or bovine tissue have indicated that CPSF is
both necessary and sufficient to direct AAUAAA-de-
pendent poly(A) addition in vitro. Through the use of
purified recombinant proteins we have demonstrated
that sequence-specific poly(A) addition to an authentic
human poly(A) site lacking an A(A/UJUAAA motif
can be directed by CFL,,. Through its ability to bind the
PAPOLG RNA substrate and recruit both hFipl and
poly(A) polymerase CFI,, was able to confer sequence-
specificity to the poly(A) addition reaction.

Although the PAPOLA and PAPOLG genes were ini-
tially chosen for analysis because of the distinct compo-
sition of their poly(A) sites, this work highlights a po-
tential mechanism for the differential regulation of these
two paralogs. PAPOLA and PAPOLG appear to be ex-
pressed in most cell types, although EST expression pro-
files (UniGene) indicate that PAPOLG mRNA is gener-
ally expressed at a level one-tenth that of PAPOLA
mRNA. Topalian et al. (2001) and Kyriakopoulou et al.
(2001) found PAPa and PAPy to be biochemically indis-
tinguishable in vitro. Evolutionary theory, supported by
recent bioinformatics analysis, predicts that the fates of
duplicated gene pairs is determined in the initial phases
of duplicate gene evolution and that positive selection
plays a prominent role in the evolutionary dynamics of
the very early histories of duplicate genes (Moore and
Purugganan 2003). This suggests that the distinct se-
quences of the PAPOLA and PAPOLG poly(A) sites were
acquired soon after duplication and that these sequence
differences have been maintained by selective pressure,
most likely due to their contribution to the regulation of
the expression of each paralog. In vivo data indicate that
PAPa activity is tightly regulated (Zhao and Manley
1998). The activity of PAPa has been found to be regu-
lated through cdc2-cyclin B phosphorylation (Colgan et
al. 1996, 1998), as well as through the interaction of sev-
eral splicing factors with its CTD—the domain that ex-
hibits the greatest divergence between PAPa and PAPy.
In addition, both PAPOLA and PAPOLG have been re-
ported to be significantly overexpressed in human tu-
mors (Topalian et al. 2001), and poly(A) polymerase ac-
tivity has been proposed as a prognostic marker in pri-
mary breast cancer (Scorilas et al. 2000). The importance
of the regulation of poly(A) polymerase activity is further
suggested by the identification of overlapping sets of po-
tential miRNA targets within the 3" UTRs of both hu-
man PAPOLA (seven predicted targets) and PAPOLG
(eight predicted targets) (John et al. 2004).

The work presented in this report supports a model in
which three distinct sequence elements contribute to
vertebrate poly(A) site definition: an upstream UGUAN
element recognized by CFL,; an A-rich element, most
often AAUAAA, recognized by CPSF; and a U-rich
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downstream element recognized by CstF. Each of these
RNA:protein interactions are likely to contribute to the
establishment of the network of interactions responsible
for poly(A) site choice in vivo. The observation by Tak-
agaki et al. (1996) that poly(A) site choice within the IgM
heavy chain gene was dependent upon the concentration
of the CstF 64-kDa subunit demonstrated the ability of a
basal mRNA 3’ processing factor to influence alternative
poly(A) site choice. The modulation of the RNA binding
affinity and the cooperativity of the interactions of
CPSF, CstF, and CFL,,,, along with their effective concen-
trations, is likely to make a decisive contribution to the
regulation of alternative poly(A) site selection.

Materials and methods

Protein expression and purification

Human hFipl (FIP1L1) was cloned from human ¢cDNA, and se-
quencing confirmed it to be identical to that reported by Kauf-
mann et al. (2004). hFipl was subcloned into a Bac-to-Bac pFast-
Bac Dual baculovirus expression vector (Invitrogen) with an N-
terminal HA-tag, expressed in Sf9 cells, and purified by
immunoaffinity chromatography. The CFIL, 68/25-kDa het-
erodimer was also expressed in Sf9 cells and purified as de-
scribed previously (Brown and Gilmartin 2003). The bovine
poly(A) polymerase cDNA was a kind gift of E. Wahle (Institut
fur Biochemie, Martin Luther Univesitat Halle Wittenberg,
Halle, Germany). Bovine poly(A) polymerase a was expressed in
Escherichia coli with an N-terminal hexa-histidine tag and pu-
rified by Ni**-NTA affinity chromatography.

In vitro 3’ processing assays

Capped, uniformly *>P-labeled PAPOLA and PAPOLG RNA
substrates were prepared by SP6 RNA polymerase transcription
of PCR-amplified human DNA. The sequence of the templates
was confirmed by DNA sequencing. The oligonucleotide primer
sequences for PCR amplification are available upon request.
The Ad-L3 poly(A) site-containing RNA substrate is described
by Gilmartin et al. (1995). In vitro poly(A) cleavage, poly(A)
addition, and gel mobility shift assays were carried out as de-
scribed by Brown and Gilmartin (2003). HeLa cell CPSF was
purified as described by Gilmartin et al. (1995). Quantitation of
the RNA products was done on a Bio-Rad Personal Molecular
Imager FX.

Coimmunoprecipitation analysis

Ten micrograms of recombinant hexahistidine-tagged CFL, was
added to 100 puL of HeLa cell nuclear extract, followed by the
addition of 50 nL of protein A Sepharose (Pharmacia), 1 pg of
antibody, 880 pL of IP buffer (25 mM KCI, 50 mM Tris-HCI at
ph 7.8,0.2 mM EDTA, 10% glycerol, 1% BSA), protease inhibi-
tor (Calbiochem, Set III at 1:1000), and 10 pg of RNase A. The
mixture was incubated for 10 min at 20°C, and then placed on
a rotating wheel for 12 h at 4°C. The binding reactions were
centrifuged and the protein A Sepharose beads were washed five
times with PBS. The pellet was resuspended in 100 pL of
Laemmli sample buffer. The following antibodies were used for
immunoprecipitation: (1) His-probe (H3) (Santa Cruz Biotech-
nology), (2) an affinity-purified rabbit anti-peptide antibody di-
rected against the peptide DKEEPPSKKKRVDAT of human
CPSF160K, and (3) control antibodies: rabbit IgG or mouse I[gG1
(Southern Biotechnology). Aliquots of each immunoprecipitate
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were resolved on a 10% polyacrylamide-SDS gel and subjected
to Western analysis with either the His-probe antibody or the
CPSF160K anti-peptide antibody. As a positive control for each
Western, a 5% aliquot of the starting material was also run.
HRP-conjugated secondary antibodies were detected by ECL
(Amersham).

ChIP analysis

ChIPs were performed according to the Farnham lab protocol
(http://genomecenter.ucdavis.edu/farnham/farnham/protocols/
chips.html). Chromatin was prepared from four confluent T75
flasks of HeLa cells. The antibodies used were as follows:
RNAPII CTD monoclonal antibodies H5, H14, and 8WG16
were obtained form BAbCO; RuvBL1 [NMP 238 (N-15)],
RbAp46 (N-19), MtalL1 (C-20), TFIIH 62 (Q-19], and CPSF 160
[CPSF1 (E-20)] were obtained from Santa Cruz Biotechnology.
The CFIL,25 antibody was an affinity-purified rabbit anti-pep-
tide antibody raised against the sequence YTFGTKEPLYEK
DSS. Anti-CstF 64 (3A7) was a kind gift of C. MacDonald (De-
partment of Cell Biology and Biochemistry, Texas Tech Univer-
sity, Health Sciences Center, Lubbock, TX). Oligonucleotide
primer sequences for PCR amplification are available upon re-
quest.
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