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Capping, splicing, and cleavage/polyadenylation of pre-mRNAs are interdependent events that are all
stimulated in vivo by the carboxy-terminal domain (CTD) of RNA Pol II. We show that the CTD
independently enhances splicing and 3� processing and that stimulation of splicing by enhancers is facilitated
by the CTD. We provide evidence that stimulation of 3� processing by the CTD requires contact with the
50-kD subunit of the cleavage stimulation factor, CstF. Overexpression of the CTD-binding domain of CstF
p50 had a dominant-negative effect on 3� processing without disrupting the CstF complex. The CTD
comprises 52 heptad repeats. The CTD carboxyl terminus including heptads 27–52 supported capping,
splicing, and 3� processing but the amino terminus supported only capping. We conclude that the CTD
independently stimulates all three major pre-mRNA processing steps and that different regions of the CTD
can serve distinct functions in pre-mRNA processing.
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Messenger RNA production requires synthesis of a pre-
mRNA by RNA Pol II and processing of the nascent pre-
cursor by 5� capping, splicing of introns, and 3� cleavage/
polyadenylation to makemature mRNA. In vivo, mRNA
processing occurs cotranscriptionally (Beyer and Osheim
1988; Bauren et al. 1998) and is directed to RNAs made
by Pol II and not other RNA polymerases (Smale and
Tjian 1985; Gunnery and Mathews 1995; McCracken et
al. 1998). The details of how processing is specifically
coupled to Pol II transcription are poorly understood;
however, it is known that the carboxy-terminal domain
(CTD) of the Pol II large subunit is required for all three
major mRNA processing steps in vivo (McCracken et al.
1997a,b). The CTD is a unique feature of RNA Pol II that
is essential for cell viability and is thought to function as
a landing pad for Pol II holoenzyme subunits and RNA
processing factors (Bentley 1999; Hirose and Manley
2000; Lee and Young 2000). The mammalian Pol II CTD
contains 52 tandem heptads whose consensus, YSPTSPS,
is absolutely conserved among most eukaryotes. Car-
boxy-terminal of the last heptad are 10 residues that are
not essential (Bartolomei et al. 1988) and are less well

conserved than the heptad repeats. The serines at posi-
tions 2 and 5 of the heptads are targets for phosphoryla-
tion (Dahmus 1996) and dephosphorylation (Komar-
nitsky et al. 2000; Schroeder et al. 2000) during transcrip-
tion. Eighteen of the amino-terminal 26 heptads in the
human and mouse CTDs are identical to the consensus
whereas only three of the carboxy-terminal 26 heptads
conform to this sequence. A deletion of heptads 23–52 is
lethal (Bartolomei et al. 1988) whereas a deletion of hep-
tads 23–36 is viable (Litingtung et al. 1999). Most car-
boxy-terminal heptads diverge from the consensus at po-
sition 7. The significance of this sequence variation is
not fully understood; however heptads with Lys at posi-
tion 7 are preferred over consensus heptads for phos-
phorylation of Ser 5 by the TFIIH-associated kinase
CDK7 (Rickert et al. 1999).
Precisely how the CTD contributes to efficient pro-

cessing of pre-mRNAs remains a major unanswered
question. Because capping, splicing, and cleavage/poly-
adenylation are interdependent, it is not obvious which
effects of the CTD on processing are direct and which are
indirect. The 5� cap can enhance splicing of the first in-
tron (Inoue et al. 1989; Lewis et al. 1996) as well as 3�
processing (Hart et al. 1985; Cooke and Alwine 1996;
Flaherty et al. 1997). 3� Processing depends on splicing of
the last intron (Niwa et al. 1990; Bauren et al. 1998; Dye
and Proudfoot 1999), and conversely splicing of the last
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intron depends on recognition of the poly(A) site, which
defines the 3� end of the last exon (Niwa and Berget 1991;
Bauren et al. 1998; Vagner et al. 2000).
The strongest evidence for a direct role of the CTD in

a processing step is for capping, which occurs when the
nascent RNA is about 25 bases long (Coppola et al. 1983;
Rasmussen and Lis 1993). Capping enzymes bind to
the phosphorylated CTD in vitro (Cho et al. 1997;
McCracken et al. 1997a; Yue et al. 1997), and CTD phos-
phorylation is required for recruitment of capping en-
zymes to sites of transcription in vivo (Komarnitsky et
al. 2000; Schroeder et al. 2000). The mammalian guanyl-
yltransferase recognizes and is activated by as few as two
phosphorylated heptads (Ho and Shuman 1999).
A direct role of the CTD in 3� processing is suggested

by the fact that the CTD can stimulate the cleavage re-
action in vitro in the absence of ongoing transcription
(Hirose and Manley 1998). Moreover, yeast polyadenyla-
tion factors Pcf11 and Pta1 (Barilla et al. 2001; Rodriguez
et al. 2000) as well as mammalian cleavage/polyadenyla-
tion specificity factor (CPSF) and cleavage stimulation
factor (CstF; McCracken et al. 1997b) bind to CTD affin-
ity resins. CPSF and CstF also copurify with HeLa Pol II
holoenzyme and are displaced from it by anti-CTD
monoclonal antibody (Yankulov et al. 1999). CstF is
composed of three subunits p77, p64, and p50, held to-
gether by interactions between p77 and the other two
subunits (Takagaki and Manley 2000). When translated
in rabbit reticulocyte lysate, the p50, but not the p64 or
p77, subunits bound to the CTD (McCracken et al.
1997b). These studies with crude lysates do not address
whether the binding of polyadenylation factors to the
CTD is direct or indirect. Nor is it known whether pro-
tein–protein interactions between 3� processing factors
and the CTD are actually required for efficient cleavage/
polyadenylation in vivo or in vitro.
The role of the CTD in splicing is least well under-

stood of the three major pre-mRNA processing events.
Hyperphosphorylated Pol II coimmunoprecipitates with
splicing factors including SR proteins as originally pos-
tulated by Greenleaf (1993), and the CTD is required for
recruitment of these factors to sites of transcription in
the nucleus (Mortillaro et al. 1996; Vincent et al. 1996;
Yuryev et al. 1996; Kim et al. 1997; Misteli and Spector
1999). No direct interaction between a mammalian
splicing factor and the CTD has yet been documented,
however. A variety of effects have been reported when
the CTD is added to in vitro splicing reactions that are
not coupled to transcription. Short CTD peptides inhib-
ited splicing (Yuryev et al. 1996), whereas full-length re-
combinant CTD either had no effect (Hirose et al. 1999)
or specifically stimulated splicing of substrates that per-
mit exon definition (Zeng and Berget 2000). Exon defini-
tion involves bridging interactions across exons that are
mediated in part by SR proteins binding to exonic splic-
ing enhancer elements (Blencowe 2000). Interestingly,
intact Pol II with phosphorylated CTD could substitute
for the SR protein ASF/SF2 during in vitro splicing of
HIV-1 tat intron 2 (Hirose et al. 1999). These in vitro
studies suggest that the CTD could be directly involved

in splicing; however, the question of whether it influ-
ences splicing independently of other processing events
in vivo remains open.
Here, we document the protein–protein interaction be-

tween the amino terminus of CstF p50 and the carboxy-
terminal variant heptads of the CTD and provide evi-
dence that this interaction is important for pre-mRNA 3�
processing in vivo. We also demonstrate that the CTD
independently stimulates each of the three major pre-
mRNA processing events in vivo. In addition, we report
that the amino terminus of the CTD can support capping
without efficient splicing or 3� processing whereas the
carboxyl terminus supports all of the pre-mRNA pro-
cessing steps. Therefore, different segments of the CTD
can fulfill different functions in enhancing pre-mRNA
processing.

Results

The CTD is required for splicing independent of its
effect on 3� processing

It was shown previously that transcripts made by Pol II
with only five amino-terminal heptad repeats are defec-
tive in splicing of a 3� intron (McCracken et al. 1997b). If
the primary effect of CTD truncation were to inhibit 3�
processing, it could reduce splicing of adjacent introns
indirectly. To test this possibility, we compared the ef-
fect of mutating the poly(A) site with the effect of delet-
ing the CTD on splicing of �-globin transcripts. Report-
ers containing either the wild-type (AATAAA) or mutant
(AAGAAA) poly(A) sites were transfected into 293 cells
along with expression vectors for �-amanitin-resistant
full-length (1–52) or truncated Pol II large subunit with
only five amino-terminal heptad repeats (�5; Gerber et
al. 1995). Approximately 16 h after transfection, �-am-
anitin was added to inhibit endogenous Pol II; mRNA
made after this time is synthesized by Pol II that has
incorporated the resistant large subunit. RNA harvested
after 36–48 h of �-amanitin treatment was assayed by
RNase protection with antisense probes that span the 3�
splice sites of introns 1 and 2 (Fig. 1A). The protection
products were quantified by PhosphorImager and cor-
rected for [32P]uridine content. Mutation of the poly(A)
site did, in fact, inhibit splicing of both introns 1 and 2
when the gene was transcribed by full-length Pol II. The
ratios of spliced to unspliced transcripts for introns 1 and
2 were 5.0 and 2.7, respectively, for AAUAAA and 1.5
and 0.25 for the AAGAAA mutant (Fig. 1A, lanes 1,2).
Splicing of intron 2 was inhibited more than intron 1
consistent with in vitro results (Niwa and Berget 1991).
The spliced to unspliced ratios for introns 1 and 2 with
the �5 CTD truncation were 1.0 and 0.6, respectively,
compared with 5.0 and 2.7 for full-length Pol II (Fig. 1A,
lanes 1,3). Although absolute values of processed to un-
processed RNAs at a particular intron or poly(A) site var-
ied between experiments (Fig. 1A, lane 2; Fig. 1B, lane 1),
the differences between samples in a given experiment
were reproducible. We conclude that mutation of the
poly(A) site inhibited splicing in a way that resembles
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the effect of truncating the Pol II CTD. Therefore, it is
important to establish whether CTD truncation affects
splicing independently of 3� processing.
To study splicing independently of 3� processing, we

tested whether efficient splicing of �-globin intron 2
could be restored to the AAGAAA mutant by inserting a
splicing enhancer element into exon 3. The 73-base en-
hancer element from the alternatively spliced fibronec-
tin exon ED I (FN EDI; Lavigueur et al. 1993) was in-
serted in the forward orientation into exon 3 of the
AAGAAA mutant. The AAGAAA FN construct was co-
transfected into 293 cells with the adenovirus VA gene
and cDNA expression vectors (Nguyen et al. 1996) for
�-amanitin resistant full-length (1–52) or CTD-deleted
(�0) large subunit. Complete deletion of the CTD has the
same effect as the truncation with five heptads used pre-
viously. The FN EDI enhancer in the forward orientation
but not in the reverse orientation (data not shown) re-
stored efficient splicing of intron 2 in the AAGAAA mu-

tant when it was transcribed by full-length Pol II regard-
less of whether or not it was �-amanitin resistant (Fig.
1B, lanes 1,3; data not shown). Spliced �-globin RNAwas
predominantly in the poly(A)− fraction (Fig. 1B, cf. lanes
5 and 7) whereas endogenous GPDH mRNA was pre-
dominantly poly(A)+ and Pol III VA transcripts were
poly(A)− (Fig. 1B, lanes 5–8). The small amount of spliced
�-globin RNA in the poly(A)+ fraction (lane 7) was pre-
sumably processed at a cryptic poly(A) site. These results
show that the terminal exon definition signal that is nor-
mally provided by a poly(A) site can be substituted by a
splicing enhancer element.
Next, we tested whether the CTD was required

for enhancer-dependent splicing without a functional
poly(A) site by comparing transcripts made by full-length
Pol II with those made by Pol II�CTD. As we observed
previously, fewer reporter gene transcripts accumulate
with Pol II�CTD than with full-length Pol II (Fig. 1B,
lanes 1,2) probably because of reduced transcription

Figure 1. The CTD is required for enhancer-dependent splicing independent of 3� processing. (A) Mutation of the poly(A) site and
deletion of the CTD inhibit splicing of �-globin introns 1 and 2. RNase protection of RNA from �-amanitin-treated 293 cells
transfected with pSV�128 AAUAAA or pSV�128 AAGAAA �-globin with wild-type or mutant poly(A) sites (closed arrow) and
expression vectors for �-amanitin-resistant full-length, 1–52 [HA-WT, (Gerber et al. 1995)] or CTD-truncated large subunit with 5
heptads (HA-�5). (*) Undigested probe; (open arrows) RNase protection probes. Ratios of spliced to unspliced transcripts for introns 1
and 2 were calculated from PhosphorImager data corrected for the [32P]uridine content of the protected fragments. (B) CTD-dependent
splicing driven by the FN EDI enhancer. (Lanes 1–4) RNase protection of pSV�128 AAGAAA or pSV�128 AAGAAA-FN transcripts
made by �-amanitin-resistant Pol II (1–52) or �0. Spliced to unspliced ratios were calculated as in A. (Lanes 5–8) poly(A)+ and poly(A)−

RNAs analyzed with �-globin intron2, GPDH and VA probes. Note that most spliced �-globin transcripts are poly(A)−.
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(Gerber et al. 1995) and reduced stability of unprocessed
RNA. The experiment in Figure 1B showed that splicing
of intron 2 driven by the FN EDI enhancer element was
substantially inhibited by CTD deletion (Fig. 1B, lane
3,4). The spliced to unspliced ratio declined from 7.2 to
1.6 when the gene was transcribed by Pol II �CTD rela-
tive to wild type. Similar results were obtained for two
other splicing enhancer elements (see Fig. 8B, below). We
conclude that the CTD is important for enhancer-depen-
dent splicing, independently of 3� processing.

CTD deletion inhibited 3� processing independently
of splicing

Because splicing and 3� processing are closely coupled
events, it is also possible that CTD deletion inhibits the
3� cleavage reaction indirectly by inhibiting splicing of
the adjacent intron. Therefore, we tested whether CTD
deletion affected 3� cleavage of transcripts from the hu-
man �-interferon (�-IFN) gene, which lacks introns. 293
Cells were cotransfected with the �-IFN gene driven by
the HSV TK promoter and expression vectors for �-am-
anitin-resistant Pol II large subunits (1–52 or �0) or an
irrelevant expression vector, CMV-neo (C). Detectable
�-IFN RNA was made only when �-amanitin-resistant
large subunit was expressed (Fig. 2, cf. lane 1 with lanes

2 and 3). RNase protection analysis showed that the frac-
tion of transcripts cleaved at the poly(A) site was dimin-
ished by sixfold when the �-IFN gene was transcribed by
Pol II �CTD relative to full-length Pol II (Fig. 2, lanes
2,3). Therefore, this observation confirmed that the CTD
enhances 3� processing independent of any effects it may
have on splicing.

Interaction between the CTD and the amino terminus
of CstF p50

The simplest model for how the CTD affects 3� process-
ing is that it directly contacts one or more subunits of
the cleavage/polyadenylation machinery. Our prelimi-
nary studies showed that purified CPSF bound poorly to
the CTD in affinity chromatography experiments (S. Mc-
Cracken, unpubl.). Therefore, we tested whether any of
the subunits of CstF make direct contacts with the CTD.
Polyhistidine-tagged p77, p64, and p50 subunits of CstF
were expressed in Sf9 cells infected with recombinant
baculoviruses and partially purified by Ni2+ affinity
chromatography. The p50 and p64 subunits were at least
50% pure and the p77 was at least 10% pure as judged by
silver staining (data not shown). The CstF subunits were
incubated individually (data not shown) or as a mixture
with beads containing GST fused to full-length mouse
CTD either phosphorylated (see Materials and Methods)
or unphosphorylated. CstF p50, but not p64 or p77,
showed significant binding over background to both
phosphorylated and unphosphorylated CTD resins (Fig.
3A, lanes 4,6). The slightly higher binding of p50 to un-
phosphorylated CTD (Fig. 3A, lanes 4,6) was not repro-
ducibly observed (see Fig. 6B, below). The recombinant
CstF subunits did not associate with one another in our
experiments probably because of interference by the epi-
tope tags. As negative controls, GST and GST–mutant
CTD with 15 heptad repeats containing a Ser to Ala sub-
stitution at position 5 (West and Corden 1995) were used
(Fig. 3A, lanes 3,5). In principle, contaminating insect
proteins could contribute to CTD binding; however, this
possibility is made unlikely by the observation that
binding is completely specific to p50. In summary, this
experiment suggests that a direct protein–protein con-
tact occurs between the 50-kD subunit of CstF and the
CTD.
Deletions of CstF p50 were used to define the CTD

contact site. CstF p50 contains a unique amino-terminal
region of 92 amino acids followed by seven WD40 re-
peats (Fig. 3A; Takagaki and Manley 1992). In vitro-
translated fragments comprising amino acids 1–176 or
1–95 of rat CstF p50 bound to the CTD approximately as
well as the full-length protein (1–431) with minimal
binding to the mutant CTD resin (Fig. 3B). Deletion of
the first 36 or 77 residues (36–176 and 77–176) caused a
progressive reduction in CTD binding and deletion of 89
amino-terminal residues (89–176) eliminated all binding
(Fig. 3B). We conclude that the CTD interaction domain
of CstF p50 lies within the amino-terminal 95 amino
acids.

Figure 2. CTD-dependent 3� processing independent of splic-
ing. RNase protection of TK–�IFN transcripts from �-amanitin-
treated cells cotransfected with a CMV-neo control (C) or cDNA
expression vectors for the full-length (1–52) or CTD-deleted (�0)
Pol II large subunit. VA transcripts served as a control for trans-
fection efficiency.
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Dominant-negative effect of CstF p50 amino terminus
on 3� processing and capping

To investigate the functional significance of the interac-
tion between the CstFp50 amino terminus and the CTD,
we adopted a dominant-negative strategy. The rationale
is that an excess of the CTD-binding domain of CstF p50
in the nucleus might compete with intact CstF for bind-
ing to the CTD and thereby inhibit 3� processing. We
transiently overexpressed the CTD-binding domain of
CstF p50 with an SV40 nuclear localization signal (NLS)
and asked whether it affected cleavage at the poly(A) site
of a cotransfected reporter gene. We cotransfected 293
cells with constant amounts of Gal5HIV2CAT�t re-
porter and GAL4–VP16 expression vector and different
amounts of expression plasmid for CstF p50 (1–95) or
empty vector (C). Western blotting with antibody against
the amino terminus of CstF p50 showed that transfected
CTD-binding domain was greatly overexpressed relative
to endogenous full-length protein (data not shown) and
that its level increased with the amount of transfected
expression plasmid (Fig. 4A, lower panel). Cleavage at
the SV40 late poly(A) site in the reporter gene was quan-
tified as in Figure 1. The ratio of cleaved to uncleaved
RNAs decreased from 3.6 to 0.9 as the amount of CstF
p50 (1–95) expression vector was increased from 0.1 to
2.0 µg (Fig. 4A, lanes 2,4,6). Increasing the amount of
empty vector (C, Fig. 4A, lanes 1,3,5) had no effect. Over-
expression of CstF p50 (1–176) had a similar dominant-
negative effect (data not shown). We conclude that the
CstF p50 amino terminus acts as a dominant-negative
inhibitor of 3� processing.
If the CstF p50 amino terminus competes with CstF

for binding sites on the CTD, then it might also compete
with capping enzymes and thereby inhibit capping. This

idea was tested by cotransfection of the Gal5HIV2CAT�t
reporter and GAL4–VP16 expression vectors with a large
excess of expression plasmid for CstF p50 (1–95) or a
fragment of �-globinwith an SV40 NLS, as a control (Fig.
4B). Capped and uncapped RNAs were separated by bind-
ing to GST–eIF4E. As a control for the efficiency of this
procedure, samples were spiked with total yeast RNA
and assayed for the Rp51A mRNA in the capped and
uncapped fractions. The sums of the cleaved and un-
cleaved HIV2CAT transcripts in the capped and un-
capped fractions were determined and normalized to
Rp51A. Overexpression of CstF p50 (1–95) reduced the
ratio of capped to uncapped transcripts (cleaved plus un-
cleaved) from 13.5 to 3.6 (Fig. 4B). As we observed pre-
viously (McCracken et al. 1997a), the uncapped fractions
were enriched for uncleaved precursors. The fact that
overexpression of the CTD-binding domain of CstF p50
affects the extent of capping as well as 3� processing sug-
gests that it binds to the CTD in vivo and competes with
endogenous processing factors.
It remains possible that an excess of the p50 amino

terminus could also inhibit 3� processing by disrupting
the association between p50 and p77 in the CstF com-
plex (Takagaki and Manley 2000). To control for this
possibility, we overexpressed the CstF p50 amino termi-
nus and asked whether CstF remained intact. We co-
transfected 293 cells with the expression vector for c-
Myc-tagged CstF p50 (1–176), the Gal5HIV2CAT�t re-
porter, GAL4–VP16, and GFP expression plasmids. GFP-
expressing cells were selected by FACS. RNA was
prepared from a fraction of the cells to confirm that 3�
processing had been inhibited (data not shown). Protein
extracts from the sorted cells and untransfected controls
were immunoprecipitated with anti-CstF p77 antibody,
and the precipitates were probed for p77 and p50 by

Figure 3. Interaction between the CTD and
the amino terminus of CstF p50. (A) A mix of
partially purified baculoviral His-tagged CstF
p50, p64, and p77 was incubated with gluta-
thione–Sepharose beads containing immobi-
lized GST or fusions with wild-type (1–52) or
mutant CTD (mut) with 15 repeats of YSP-
TAPS. High-salt eluates were immunoblotted
with anti-Xpress antibody. 20% of the load (L)
and 10% of the flowthrough (FT) and the elu-
ates were loaded. Diagram of CstF p50 with
its amino-terminal CTD-binding domain
(black) and WD40 repeats (stippled). (B) The
CTD-binding domain of CstF p50 maps to the
amino-terminal 95 residues. [35S]methionine-
labeled fragments of rat p50 were made by in
vitro translation and incubated with wild-
type (1–52) or mutant (mut) GST–CTD as in
A. 10% of the load (L) and 50% of the high-
salt eluates were loaded.
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Western blotting. The amount of CstF p50 coprecipitat-
ing with p77 was unaffected by overexpression of the p50
CTD-binding domain (Fig. 5, middle, cf. lanes 2 and 3).
Furthermore, the CTD-binding domain (1–176) did not
coprecipitate with CstF p77, indicating that these pro-
teins do not form a stable complex in vivo (Fig. 5, lower

panel, lane 3). In summary, overexpression of the CTD-
binding domain of CstF p50 has a dominant-negative ef-
fect that resembles the effect of deleting the CTD; it
inhibits both 3� processing and capping without disrupt-
ing the CstF complex.

Variant heptads in the carboxy-terminal region
of the CTD enhance binding to CstF p50

Although the CTD is a highly repeated structure, it is
not uniform in sequence (see Fig. 10, below). Variant
heptad repeats with residues other than Ser at position 7
are clustered in the carboxy-terminal part of the CTD.
We tested GST fusions of several fragments of the CTD,
for their ability to bind recombinant CstF p50 (Fig. 6A).
Heptads 1–15 (Fig. 6A, lane 7) did not bind to CstF p50
significantly above background (Fig. 6A, lanes 2,4)
whereas heptads 27–42 bound almost as well as full-
length CTD (1–52; Fig. 6A, lanes 3,8). Deletion of hep-
tads 40–42 with Lys or Thr at position 7 to make GST–
CTD 27–39 eliminated binding of CstF p50 (Fig. 6A, lane
9). Heptads 1–15 of the CTD include 11 consensus hep-
tads, YSPTSPS, whereas heptads 27–42 include 13 vari-
ants with Asn, Arg, Thr, Lys or Glu at position 7 (see Fig.
10, below). Increasing the length of the CTD ligand from
15 to 25 repeats in GST–CTD 1–25 adds eight consensus
and two variant heptads with Asn at position 7 (heptads
22, 23) and permitted binding to CstF p50 (Fig 6A, lane
5). CstF p50 also bound strongly to heptads 27–52 (Fig.
6A, lane 6). We conclude that, although they are not
necessarily essential, certain variant heptads including
those with Lys or Thr at position 7, enhance binding to
CstF p50 and permit association with a segment of only
15 repeats.

Figure 4. Dose-dependent dominant-
negative effect of overexpressed CstF p50
amino terminus on 3� processing and cap-
ping. (A) (Top) RNase protection of
Gal5HIV2CAT�t reporter transcripts acti-
vated by GAL4–VP16 (see diagram). Cells
were cotransfected with 0.1, 0.5, or 2.0 µg
of EFpLinkCstFp50(1–95) or EFpLink vec-
tor (C). Ratios of cleaved to uncleaved RNA
at the SV40 late poly(A) site are given. (Bot-
tom) Western blotting of p50 (1–95) with
antibody against the amino terminus. (B)
RNase protection as in A of Gal5HIV2CAT�t
transcripts that were separated into capped
and uncapped fractions by binding to GST–
eIF4E. Cells were cotransfected with 40 µg
of either EFpLinkTag globin control or
EFpLinkTagCstFp50(1–95). Yeast Rp51ARNA
served as a control for the GST–eIF4E se-
lection procedure. Capped to uncapped ra-
tios are given for the sum of cleaved plus
uncleaved transcripts. CstF p50 1–95 over-
expression inhibited both cleavage at the
poly(A) site and the extent of capping.

Figure 5. Overexpression CstF p50 amino terminus does not
disrupt the CstF complex. Cells were cotransfected with EF-
pLinkTag p50(1–176) (1µg/plate). Gal5HIV2CAT�t reporter,
GAL4–VP16, and GFP expression vectors. Transfected cells
were selected by FACS sorting for GFP expression. Extracts
from the transfected cells (p50 1–176) and untransfected con-
trols (C) were immunoprecipitated with anti-CstFp77 (lanes 2,3)
or anti-GST as a negative control (lane 1). Immunoprecipitates
and total extracts were immunoblotted with anti-CstF p77,
anti-p50, and anti-Myc, which recognizes p50 (1–176). Note that
overexpression of p50 (1–176) does not disrupt the association of
p77 with p50 and that p50 (1–176) does not form a stable com-
plex with p77 (lane 3).

Fong and Bentley

1788 GENES & DEVELOPMENT



Binding of the CstF complex and the capping enzyme
guanylyltransferase (GT) to different segments of the
CTD was compared by chromatography of HeLa nuclear
extract on CTD affinity columns. Because GT requires
CTD phosphorylation for binding, we phosphorylated
GST fusions of heptads 1–15, 1–25, and 27–52 as in Fig-
ure 3A. Consistent with the results for recombinant p50,
intact CstF detected with anti-p50 and anti-p77 antibod-
ies bound to phosphorylated and unphosphorylated hep-
tads 1–25 and 27–52 approximately equally, but did not
bind to heptads 1–15 (Fig. 6B). In contrast, the capping
enzyme (GT) bound to heptads 1–15 as well as 1–25 and
27–52 (Fig. 6B lower panel) provided they were phos-
phorylated. Therefore, the capping enzyme and the poly-
adenylation factor CstF differ in their specificities for
different segments of the CTD.

The carboxy-terminal half of the CTD is sufficient
for 3� processing

We tested whether the differences in binding of CstF to
different fragments of the CTD in vitro correlated with
different functional properties in vivo. Full-length (1–52)
and CTD truncated mutants comprising heptads 27 to

the carboxyl terminus (27–52), 1–15, 1–25, and �0 were
expressed in transiently transfected cells as shown by
Western blotting with antibody against the amino-ter-
minal B10 epitope (Fig. 7A). Immunoprecipitation with
an anti-B10 antibody followed by Western blotting with
an anti-CTD antibody confirmed that the 1–15, 1–25,
and 27–52 truncations did indeed express CTD se-
quences (Fig. 7A, bottom). The signal present in lanes 2
and 6 (Fig. 7A, bottom) is due to contaminating endog-
enous Pol II in the precipitates.
The effects of these CTD deletions on 3� processing of

a cotransfected �-globin reporter gene (pSV�128Rpbex5)
are shown in Figure 7B. Remarkably, the CTD carboxyl
terminus (27–52) functioned as well as the full-length
(1–52) in enhancing 3� processing (Fig. 7B, lanes 2,6)
whereas the amino-terminal heptads 1–25 were nearly
equivalent to complete deletion of the CTD, �0 (Fig. 7B,
lanes 3,5). Heptads 1–15 also failed to support efficient 3�
processing (Fig. 7B, lane 4). Transcription by Pol II (27–
52) consistently yielded greater amounts of RNA than
Pol II (1–25). This difference may be due in part to better
expression of the 27–52 construct (Fig. 7A) but it may
also indicate that transcripts made by Pol II (27–52) are
more stable or that heptads 27–52 are better than 1–25 at
carrying out activated transcription.
To test whether the amino- and carboxy-terminal re-

gions of the CTD also affect 3� processing differently in
the absence of splicing, we examined the effects of CTD
deletions on cleavage at the poly(A) site of the intronless
TK-�-IFN gene (Fig. 7C). Heptads 27–52 support 3� pro-
cessing at the �-IFN poly(A) site almost as well as full-
length CTD, 1–52; however heptads 1–25 are not much
more effective than the total deletion, �0 (Fig. 7C, lanes
2–5). In summary, the carboxy-terminal half of the CTD
is sufficient to enhance 3� processing independently of
splicing but the amino-terminal half is not.

The carboxy-terminal half of the CTD is sufficient
to enhance splicing

We asked whether the amino- and carboxy-terminal re-
gions of the CTD also differ in their ability to support
splicing. The effect of CTD truncations on splicing of
�-globin intron 1 is shown in Figure 8A (lanes 1–5). Hep-
tads 27–52 supported a level of splicing equivalent to
full-length Pol II, 1–52 (Fig. 8A, lanes 1,5) but heptads
1–15, 1–25 (lanes 3,4), and 27–42 (data not shown) had
little activity above the complete deletion, �0 (lane 2).
To investigate the role of the amino- and carboxy-ter-

minal halves of the CTD in splicing independent of 3�
processing, we examined transcripts from �-globin
AAGAAA reporter genes containing theDrosophila dou-
blesex (dsx) exon 4 or cardiac Troponin T (cTnT) exon 5
enhancer (Coulter et al. 1997) inserted into exon 3. Both
of these elements, like the FN EDI enhancer (Fig. 1B),
stimulated splicing of �-globin intron 2 in the context of
a mutant poly(A) site. Heptads 1–25 did not support any
splicing of �-globin intron 2 above that observed with a
complete deletion of the CTD (Fig. 8B, cf. lanes 2 and 3
with lanes 6 and 7). In contrast, heptads 27–52 retained

Figure 6. Binding of CstF and capping enzyme to different seg-
ments of the CTD. (A) Binding of partially purified baculoviral
CstF p50 to GST, GST–mut CTD (Fig. 3A), and fusions with
segments of the CTD. 2.5% of the load (L) and 50% of the
eluates were immunoblotted with anti-Xpress antibody. Note
binding to heptads 27–42 but not to 1–15 or 27–39. (B) Binding
of HeLa CstF (p50, p77) and capping enzyme guanylyltransfer-
ase (GT) to phosphorylated and unphosphorylated fragments of
the CTD. HeLa nuclear extract was chromatographed on col-
umns of immobilized GST fusion proteins. 1% of the load (L)
and 8% of the eluates were analyzed by Western blotting. Note
GT binds heptads 1–15-PO4 but CstF does not.
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significantly more splicing function than the complete
deletion, �0 (Fig. 8B, cf. lane 2 with 4 and lane 6 with 8).
We conclude that the carboxy-terminal half but not the
amino-terminal half of the CTD is sufficient to stimu-
late enhancer-dependent splicing, independent of 3� pro-
cessing.

The amino and carboxyl termini of the CTD
support capping

Heptads 1–15 did not support efficient splicing or 3� pro-
cessing nor did they bind CstF in vitro; however, when

phosphorylated, they did bind to capping enzyme (Fig.
6B). Therefore, we tested whether heptads 1–15 retained
the ability to enhance capping in vivo independent of
splicing and 3� processing. RNA made by �-amanitin-
resistant Pol II CTD truncations was fractionated by
binding to GST–eIF4E as in Figure 4B, and transcripts in
the capped and uncapped populations were quantified
with a probe complementary to the SV40 late poly(A)
site. Cleavage efficiency for full-length Pol II, 1–52 and
the amino-terminal truncation, 27–52, was reduced in
this experiment relative to most others (see Fig. 4A,
lanes 1,3,5). The results in Figure 9A showed that both

Figure 7. The carboxyl terminus of the CTD is necessary and sufficient to enhance 3� processing. (A) Expression of B10 epitope-tagged
CTD deletion mutants of �-amanitin-resistant Pol II large subunit. (Top) Western blot of extracts from transfected 293 cells and
untransfected control (C) with anti-B10 antibody. (Bottom) Western blot of anti-B10 immunoprecipitates probed with rabbit anti-CTD
antibody. (B) Cleavage at the �-globin poly(A) site is supported by heptads 27–52 but not by heptads 1–25. RNase protection of
pSV�128Rpbex5 transcripts from �-amanitin-treated cells cotransfected with CMV-neo (C), or expression vectors for �-amanitin-
resistant Pol II large subunits with full-length (1–52) or truncated CTDs. Ratios of cleaved to uncleaved transcripts are given. (C)
Cleavage at the �-IFN poly(A) site is supported by heptads 27–52 but not by heptads 1–25. RNase protection analysis of intronless
TK-�IFN transcripts made by full-length and CTD-deleted Pol II. Ratios of cleaved to uncleaved transcripts are given.

Figure 8. The carboxyl terminus of the
CTD is necessary and sufficient to en-
hance splicing. (A) Efficient splicing of
�-globin intron 1 is supported by heptads
27–52 but not by heptads 1–25. RNAs are
the same as those analyzed in Fig. 7B. (*)
Irrelevant undigested probe. (B) Enhancer-
dependent splicing, independent of 3� pro-
cessing, is supported by heptads 27–52 but
not by heptads 1–25 or 1–15. RNase pro-
tection of transcripts from pSV�128
AAGAAA-dsx and pSV�128 AAGAAA-
TnT, which have mutant poly(A) sites and
splicing enhancers inserted into exon 3 as
diagrammed.
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amino- and carboxy-terminal segments of the CTD sup-
port more capping than the complete CTD deletion, �0.
The capped to uncapped ratios normalized to Rp51A
were 8.0, 4.9, 3.1, and 11.2, respectively, for 1–52, 1–15,
1–25, and 27–52 compared with 1.1 for �0.
The effects of heptads 1–15 on capping of transcripts

from the Gal5HIV2CAT gene were compared with full-
length CTD (1–52) in Figure 9B. Transcription was acti-
vated by HIV-1 Tat and the GAL4–VP16 mutant activa-
tor SW6 (Walker et al. 1993). Capped and uncapped RNA
was assayed with a probe spanning the SV40 early
poly(A) site. The extent of capping was only modestly
reduced (capped to uncapped ratios: 12.8 and 9.7) when
heptads 16–52 were deleted (Fig. 9B) whereas cleavage at
the poly(A) site was substantially inhibited (cleaved to
uncleaved ratios: 11.0 and 1.8). In summary, the results
in Figure 9 show that both the amino- and carboxy-ter-
minal segments of the CTD are able to support capping.

Discussion

Independent stimulation of capping, splicing, and 3�
processing by the CTD

The CTD stimulates three interdependent pre-mRNA
processing events: capping, splicing, and 3� processing. In
this paper, we have begun to dissect the role of the CTD
in each of these processing steps. The CTD is required
for 3� processing independent of splicing as shown by
examination of transcripts from an intronless gene (Fig.
2). The CTD is also required for splicing independent of
3� processing as shown by examination of enhancer-de-
pendent splicing of a gene with a mutant poly(A) site
(Figs. 1B and 8). By testing CTD truncations in the con-

text of �-amanitin-resistant Pol II in vivo, we found a
striking difference between the amino- and carboxy-ter-
minal halves of the CTD in the ability to stimulate dif-
ferent processing steps. Whereas the carboxyl terminus
supports all three major pre-mRNA processing steps, the
amino terminus (heptads 1–15 and 1–25, Fig. 9) supports
only capping. This observation shows that capping can
be enhanced by the CTD independently of splicing and
3� processing. Therefore, defects in capping cannot fully
explain the CTD dependence of splicing and 3� process-
ing. We conclude that the CTD independently stimu-
lates each of the three major pre-mRNA processing
steps.

CstF p50 binding to the CTD and 3� processing

The 3� processing factor CstF p50 binds the CTD but
does not bind equally well to all segments of the CTD.
CstF p50 can bind to either heptads 1–25 or 27–52 in
vitro; however, variant heptads strengthen the interac-
tion. CstF p50 did not bind to heptads 1–15 but did bind
to heptads 27–42, which are enriched in variant repeats
(Figs. 6A and 10). Deletion of three repeats with Lys or
Thr at position 7 (heptads 27–42 vs. 27–39) abolished
binding (Fig. 6A, lanes 8,9).
The CTD-binding domain of CstF p50 was mapped to

the amino-terminal 95 amino acids (Fig. 3B). This amino-
terminal region was found previously to bind full-length
CstF p50 whereas the carboxy-terminal WD40 repeats
interact with CstF p77, PCNA, and BARD1 (Kleiman
and Manley 1999; Takagaki and Manley 2000). When
overexpressed, the p50 CTD-binding domain had a dose-
dependent dominant-negative effect on cleavage at a
poly(A) site without disrupting the CstF complex (Figs.

Figure 9. Either the amino or carboxyl
terminus of the CTD can enhance cap-
ping. (A) The Gal5HIV2CAT�t reporter
activated by GAL4–VP16 was transcribed
by full-length (1–52) and CTD-truncated
�-amanitin-resistant mutants of Pol II.
Capped and uncapped RNA was analyzed
with probe complementary to the SV40
late poly(A) site. (*) Undigested probes. Ra-
tios of cleaved to uncleaved and capped to
uncapped transcripts are shown. Capped
to uncapped ratios are for the sum of
cleaved plus uncleaved transcripts and
were normalized to Rp51A as in Fig. 4B.
(B) Heptads 1–15 support efficient capping
but not 3� processing. Gal5HIV2CAT tran-
scription was activated by GAL4–SW6 and
HIV-1 Tat. Capped and uncapped RNA
was analyzed with a probe complementary
to the SV40 early poly(A) site. Capped to
uncapped ratios are for the sum of cleaved
plus uncleaved transcripts as in A.
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4A and 5). That the CstF p50 amino terminus binds to
the CTD in vivo is supported by the fact that it also
inhibited capping (Fig. 4B) probably by competing with
capping enzymes for binding sites on the CTD.

Amino- and carboxy-terminal segments of the CTD
bind guanylyltranferase and support capping

In contrast to CstF, the capping enzyme guanylyltrans-
ferase bound to the phosphorylated form of heptads 1–15
(Fig. 6B) in accord with the fact that heptads 1–15 sup-
port capping but not polyadenylation (Figs. 7–9). Phos-
phorylated heptads 27–52 also bound the capping en-
zyme in vitro (Fig. 6B) and supported capping in vivo (Fig.
9). Therefore, it is apparent that the guanylyltransferase
need not bind a unique site within the CTD to carry out
efficient capping.

The CTD stimulates enhancer-dependent splicing
independent of 3� processing

The details of how the CTD influences splicing in vivo
are unclear; however, both positive and negative effects
have been reported in vitro (Yuryev et al. 1996; Hirose et
al. 1999; Zeng and Berget 2000). We show that the FN
EDI, Drosophila dsx and cTnT splicing enhancers re-
stored splicing of �-globin intron 2 after it was inhibited
by mutation of the poly(A) site (Figs. 1B and 8B). In all
cases, the CTD was required for this enhancer-depen-
dent splicing, independent of 3� processing. Splicing en-
hancers function by binding to SR proteins. The dsx
exon 4 enhancer binds the SR-like Tra2 proteins (Dau-
walder et al. 1996; Tacke et al. 1998); the cTnT exon 5
enhancer binds to ASF/SF2, SRp40, SRp55, and SRp75
(Ramchatesingh et al. 1995) and the FN EDI enhancer
binds ASF/SF2 and 9G8 (Cramer et al. 1999; Lavigueur et
al. 1993). Whether or not direct interactions between the
CTD and SR proteins occur has not been fully explored.

Although we do not know at what step(s) in the splicing
reaction the CTD is required, one possibility that is con-
sistent with our results and those of Zeng and Berget
(2000) is that the CTD is needed for the function of at
least some splicing enhancers.

The carboxyl terminus of the CTD is sufficient for 3�
processing and splicing

In the context of �-amanitin-resistant Pol II large sub-
unit, the carboxyl terminus of the CTD (heptads 27–52)
enhanced 3� processing whereas heptads 1–25 or 1–15
had no significant activity above the complete CTD de-
letion (Figs. 7B,C). Note that our experiments do not
address whether the 10 residues carboxy-terminal of the
heptad 52 contribute to the processing function of the
carboxy-terminal half of the CTD. The ability of heptads
27–52 and the failure of heptads 1–15 to support 3� pro-
cessing are consistent with the fact that 27–52 binds
CstF in vitro whereas 1–15 does not (Fig. 6). On the other
hand, heptads 1–25 and 27–42, which bind CstF in vitro,
do not support efficient 3� processing in vivo possibly
because they do not recruit some unknown factor(s) that
is required in addition to CstF. Alternatively, the binding
sites for CstF on these CTD fragments may be obscured
in the context of Pol II holoenzyme complexes in vivo.
These results are consistent with the hypothesis that
binding of CstF to the carboxyl terminus of the CTD is
important but not necessarily sufficient for the stimula-
tion of transcription-coupled 3� processing.
The CTD carboxyl terminus (27–52) was also suffi-

cient to support splicing even in the absence of a poly(A)
site, whereas heptads 1–25 and 1–15 were not (Fig. 8).
Fragments of the carboxy-terminal region comprising
heptads 27–42 and 40–52 did not support either 3� pro-
cessing or splicing (data not shown). These results are
consistent with the finding that overexpression of full-
length CTD was more effective than overexpression of
the amino-terminal 13 heptads in inhibiting splicing of

Figure 10. Amino acid sequence of the human CTD with heptad repeats numbered.
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�-globin intron 1 (Du and Warren 1997). We conclude
that although the CTD is a highly repeated structure,
there is functional specialization of different segments
within it.

Materials and methods

Transfections and RNA analysis

293 Cells (150 mm plates) were transiently transfected with 5
µg of reporter plasmid, 0.5 µg of activator expression plasmid,
0.5 µg of pSPVA, and 2.5 µg of Pol II expression vectors or
CMV-neo control plasmid by calcium phosphate precipitation.
�-Amanitin (2.5 µg/mL) was added 12–16 h after transfection,
and cells were harvested after 65 h. CMV-neo and VA controls
are shown only in some figures. Fractionation of capped and
uncapped RNAs by binding to GST–eIF4E was as described (Mc-
Cracken et al. 1997a). Poly(A)+ selection was done with BioMag
oligodT(20) (Polysciences) according to the manufacturer’s di-
rections. RNase protection was as described (McCracken et al.
1997a). Fixed, dried gels were quantified by PhosphorImager by
use of Imagequant software. In all cases, signal volume over
background was as least 5000 units.

Plasmids

pGal5HIV2CAT, pGal5HIV2CAT�t, pSPVA, pSV�128, and
GAL4–VP16 plasmids and RNase protection probes were de-
scribed previously (McCracken et al. 1997a,b).
pSV�128-AAGAAA contains the human �-globin gene with

SV40 enhancer and mutant poly(A) site made by mismatch oli-
gonucleotide–directed PCR.
pSV�128Rpbex5 contains the human �-globin gene with a

280-bp in-frame insertion from the mouse Pol II large subunit
exon 5 into the BstXI site. This insertionmodestly increased the
efficiency of 3� processing and had no effect on the splicing of
intron 2.
pBSKS-�5�int2 used to make an RNase protection probe for

the �-globin intron 2 5� splice site contains a PCR fragment
extending 218 bases 5� and 92 bases 3� of the splice site.
pEGFP2-C2 (Clontech) was used for GFP expression (Fig. 5).
pVZ GPDH used to make an RNase protection probe for hu-

man GPDH contains a 246 base AluI cDNA fragment.
pBS Rp51A was used to make an RNase protection probe

complementary to bases −67 to +188 relative to the 3� splice site
of yeast Rp51A.
pSV�128-AAGAAA-FN+, pSV�128-AAGAAA-dsx, and pSV�128-

AAGAAA-TnT were made by insertion of the respective splice
enhancer elements into the BstXI site in the �-globin exon 340
bp from the 3� splice site. The FN enhancer was the 73-bp blunt-
ended XhoI–StuI fragment from pSVEDA-HIV (Cramer et al.
1999). The cTnT enhancer element was the N mutant 5�-CA
AGAGGAAGAAGAAGAAGAGGAAGACGACGA-3� (Ram-
chatesingh et al. 1995) and the dsx element was 5�-GTTT
CTTCAATCAACAGAAG-3� (Coulter et al. 1997). Both were
inserted in frame.
EFpLinkTag p50(1–176) contains codons 1–176 of rat CstF p50

cDNA with an amino-terminal c-Myc tag and carboxy-terminal
SV40 NLS in the EF1� promoter-driven expression vector
EFpLinkTag (a gift of R. Treisman, ICRF, London, UK)
EFpLinkTag p50(1–95) contains codons 1–95 of rat CstF p50

with a carboxy-terminal SV40 NLS.
EFpLinkTag globin contains human �-globin exons 1 and 2

with a c-Myc amino-terminal epitope tag and carboxy-terminal
SV40 NLS.

pIFpTK2 has a human �-IFN genomic fragment from +72 to
+1302 driven by the HSV TK promoter (−105 to +57) and was a
gift of S. Goodbourn (University of London, UK).
pBSKS-IFNpoly(A) containing the ClaI–AccI (+638 to +948)

fragment spanning the poly(A) site was used to make an RNase
protection probe.
pAT7RpbwtAmr expresses a cDNA of the human full-length

Pol II large subunit with an amino-terminal B10 epitope tag and
a carboxy-terminal His6 tag and was a gift of M. Vigneron
(Nguyen et al. 1996).
CTD deletions of pAT7RpbwtAmr were made initially by re-

placing the CTD with a short polylinker 5�-GTTTAAACGC
GGCCGCTCTAGA-3� in three frames. Fragments correspond-
ing to mouse CTD heptads 1–15, 27–42, and 27–52 (including
the natural carboxyl terminus) were inserted in-frame into this
polylinker. pAT7Rpb1–25Amr was derived from pAT7RpbwtAmr

by deletion of the sequences between the SpeI site in heptad 26
of the human CTD and the carboxyl terminus. The mouse and
human CTDs have identical amino acid sequences except for
one substitution of Ala for Thr in mouse CTD at position 4 of
heptad 38.

Recombinant proteins

Baculoviral rat CstF p50, p64, and p77 were expressed in the
pBlueBacHis2B vector (Invitrogen) with amino-terminal Xpress
and His6 tags. Extracts from Sf9 cells were chromatographed on
Ni2+ affinity columns for purification. The p64 and p50 subunits
did not coimmunoprecipitate with p77 either when Sf9 cells
were coinfected or when extracts from singly infected cells were
mixed. Failure to associate could be due to interference by the
epitope tags.
[35S]methionine-labeled p50 (Fig. 3B) was made by in vitro

transcription/translation (TNT, Promega). Rat p50 1–431 and
1–176 were made from the pet21dCstFp50 template; p50 (1–95)
was made from pcDNA3CstF p50 (1–95); p50 (36–176) and (77–
176) were made from pet21dCstFp50�36 and �77, respectively,
which were made by PCR-mediated deletion of the amino ter-
minus; and p50 (89–176) was made from pet21d CstFp50 Aat1–
StuI (McCracken et al. 1997b).

Affinity chromatography

Full-length wild-type murine GST–CTD (1–52), GST–CTD
1–15, and GST–mut CTD (A5)15 have been described (Mc-
Cracken et al. 1997a). GST–CTD(27–52) was expressed from
pet21aGST–TEVmCTD(27–52) made by cloning of a PCR frag-
ment of the murine CTD that extends to the carboxyl terminus.
GST–CTD(27–42) and GST–CTD(27–39) were made by deletion
of pet21aGSTmCTD(27–52) at two SspI sites. GST–CTD(1–25)
was made by subcloning of a SmaI–SpeI fragment of human
Rpb1 cDNA into pet21aGSTTEV. This fragment includes 20
residues amino-terminal of the first heptad repeat. Phosphory-
lated CTD was prepared by incubation in HeLa nuclear extract
as described (McCracken et al. 1997a) followed by extensive
high salt washing. This material (1–52, 1–15, 1–25, and 27–52)
reacted strongly with monoclonal antibody H14, which is spe-
cific for phosphorylation on Ser 5, and weakly with monoclonal
antibody H5 (Patturajan et al. 1998), which is specific for phos-
phorylation on Ser 2.
For small-scale batch chromatography of in vitro-translated

proteins (diluted fivefold) and baculoviral CstF (Figs. 3,6A), 25
µL of the resins was incubated with 100 µL of extract in binding
buffer (20 mM Hepes at pH 7.9, 0.1 mM EDTA, 2 mM DTT,
20% glycerol, 0.1 M NaCl, 0.1% NP-40, 0.05% nonfat dried
milk, 400 µg/mL ethidium bromide) for 1 h at 25°C. Beads were
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washed three times in 0.5 mL of binding buffer without milk or
ethidium bromide, then eluted with 40 µL of the same buffer
plus 0.9 M NaCl. Chromatography of HeLa nuclear extract (Fig.
6B, 1.25 mg in 250 µL) was at 4°C on 200-µL columns (0.5
mg/mL immobilized GST–CTD 1–15 and 27–42, 3 mg/mL 1–52,
1–25, and 27–39 and >6 mg/mL GST, GST-mutCTD and 27–52)
in binding buffer plus 0.5 µM microcystin and 1 mM �-glycero-
phosphate. Columns were washed five times in 1 mL as above
and eluted with 3 × 0.25 mL of 1 M NaCl elution buffer.

Antibodies and immunoprecipitation

Transfected cells were lysed in 50 mM Tris HCl (pH 8.0), 500
mMNaCl, 1 mM EDTA, 10 mM �-glycerophosphate, 1%NP40,
0.5µM microcystin, and protease inhibitors for 30 min on ice
then cleared by microcentrifuging for 15 min. Immunoprecipi-
tation was for 3 h at 4°C in lysis buffer plus 19 mM EDTA and
10 mM EGTAwith anti-B10 antibody bound to protein A–Seph-
arose. Precipitates were washed four times in 1 mL of 50 mM
Tris-HCl (pH 7.4), 1% Triton-X100, 300 mMNaCl, and protease
inhibitors.
Anti-p50, anti-p77, anti-CTD, and anti-capping enzyme anti-

bodies were raised in rabbits. Anti-Myc 9E10, anti-B10, and
anti-Xpress epitope antibodies were purchased from Roche,
Chemicon, and Invitrogen, respectively.
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