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We have investigated the role of the RNA Polymerase II (Pol II) carboxy-terminal domain (CTD) in mRNA 5*
capping. Transcripts made in vivo by Pol II with a truncated CTD had a lower proportion of capped 5* ends
than those made by Pol II with a full-length CTD. In addition, the enzymes responsible for cap synthesis,
RNA guanylyltransferase, and RNA (guanine-7)-methyltransferase bound directly to the phosphorylated, but
not to the nonphosphorylated, form of the CTD in vitro. These results suggest that: (1) Pol II-specific capping
of nascent transcripts in vivo is enhanced by recruitment of the capping enzymes to the CTD and (2) capping
is co-ordinated with CTD phosphorylation.
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Transcripts made by RNA Polymerase II (Pol II) are dis-
tinguished from Pol I and Pol III transcripts by a m7G(58)-
ppp(58)N1 cap (Shatkin 1976) that is added cotranscrip-
tionally (Salditt et al. 1980; Coppola et al. 1983). The cap
appears to earmark an RNA molecule for processes that
are specific to Pol II transcripts. It enhances splicing, 38
processing, transport, and translation of mRNA (Konar-
ska et al. 1984; Edery and Sonenberg 1985; Shatkin 1985;
Gilmartin et al. 1988; Hamm and Mattaj 1990; Izaurralde
et al. 1994; Colot et al. 1996; Cooke and Alwine 1996).
The cap also stabilizes mRNA (Furuichi et al. 1977;
Green et al. 1983); moreover, decapping is important for
triggering degradation (Beelman and Parker 1995).

The capping reaction is catalyzed by three enzymes: (1)
RNA triphosphatase, which removes the terminal phos-
phate; (2) RNA guanylyltransferase, which transfers
GMP from GTP to the diphosphate end of RNA to form
the GpppN cap; and (3) RNA (guanine-7)-methyltransfer-
ase, which adds a methyl group to the N7 position of the
cap guanine (for review, see Shuman 1995). In multicel-
lular organisms, a single bifunctional polypeptide func-
tions as phosphatase and guanylyltransferase (Yagi et al.
1984; Takagi et al. 1997; Wang et al. 1997). In budding
yeast, discrete triphosphatase and guanylyltransferase

subunits copurify as a stable complex distinct from the
monomeric methyltransferase (Itoh et al. 1987; Mao et
al. 1995).

It is not known how capping enzymes are targeted to
the 58 ends of transcripts made by Pol II and not to tran-
scripts made by other polymerases. One possible expla-
nation for the Pol II specificity of capping is that some
unique feature of the polymerase directs the capping en-
zymes to their substrate. A precedent for this model is
provided by the vaccinia capping enzyme, which binds
directly to its cognate viral RNA polymerase (Hagler
and Shuman 1992). This interaction facilitates the cap-
ping of the 58 end of the nascent mRNA chains as soon
as it is extruded from the RNA-binding pocket of the
polymerase.

Whereas all three cellular RNA polymerases share ex-
tensive homology, the large subunit of Pol II has a
unique carboxy-terminal domain (CTD) composed of a
tandemly repeated heptad motif whose consensus se-
quence is absolutely conserved between yeast and mam-
mals (Allison et al. 1985; Corden et al. 1985). The CTD
is required for the stimulation of transcription in re-
sponse to certain enhancers and activators (Allison and
Ingles 1989; Scafe et al. 1990; Gerber et al. 1995). It un-
dergoes a cycle of extensive phosphorylation and dephos-
phorylation that accompanies the transcription cycle.
Several kinases can phosphorylate the CTD, including
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cdk7, a component of the basal transcription factor
TFIIH (Roy et al. 1994). Hyperphosphorylation is associ-
ated with the transition of the transcription complex to
productive elongation (Dahmus 1996). CTD phosphory-
lation and capping have been elegantly studied in vivo on
the Drosophila hsp70 gene. The polymerase pauses at
promoter–proximal positions between +25 and +35. Re-
sumption of elongation is correlated with CTD phos-
phorylation (O’Brien et al. 1994). Capping of hsp70 tran-
scripts coincides closely with polymerase pausing (Ras-
mussen and Lis 1993).

The CTD binds to specific protein components of the
mRNA splicing and cleavage/polyadenylation machin-
ery (Mortillaro et al. 1996; Yuryev et al. 1996) and is
required for splicing and polyadenylation in vivo (Mc-
Cracken et al. 1997; Steinmetz 1997). These observa-
tions suggest that the CTD may act as a scaffold for a
large ‘‘mRNA factory’’ complex that integrates RNA
processing with transcription (Greenleaf 1993; Mc-
Cracken et al. 1997). Previous experiments have not ad-
dressed whether capping is also integrated with tran-
scription by a mechanism involving the CTD. Because
the 58 cap stimulates splicing and polyadenylation (Edery
and Sonenberg 1985; Izaurralde et al. 1994; Cooke and
Alwine 1996), it remains possible that a capping defect
could contribute to reduced processing of transcripts
made by Pol II with a truncated CTD. In this paper, we
show that CTD truncation does, in fact, reduce mRNA
capping in vivo, although this effect cannot fully account
for the splicing and polyadenylation defects of tran-
scripts made by the truncated Pol II. Our finding that
RNA guanylyltransferase and RNA (guanine-7)-methyl-
transferase bind directly to the phosphorylated form of
the CTD suggests a plausible mechanism for how the
CTD targets capping to Pol II transcripts.

Results

GST–eIF4E binding assay for capped transcripts

To analyze 58 capping of Pol II transcripts in vivo, we
used a ‘‘pull-down’’ assay based on the selective binding
of m7G-capped RNAs to the translation initiation factor
eIF4E (Sonenberg et al. 1978; Edery et al. 1995; Fresco
and Buratowski 1996). The specificity of the assay is
demonstrated in Figure 1A. A mix of 38-end labeled m7G-
capped rabbit globin mRNA and an uncapped internally-
labeled T7 transcript was fractionated by binding to
GST–eIF4E, which was immobilized on glutathione
beads. Capped globin mRNA was bound nearly quanti-
tatively to the beads and recovered in the pellet fraction
(P), whereas most of the uncapped T7 transcript was re-
covered in the supernatant (S) (Fig. 1A, lanes 6,7). Nei-
ther RNA was retained on the beads by GST alone (Fig.
1, lane 5). Similar results were obtained when the labeled
globin and T7 transcripts were mixed with 10 µg of total
cellular RNA (data not shown). To test the sensitivity of
the assay, total RNA from cells transfected with a pGal5
HIV2 CAT reporter gene (see Fig. 1C) was diluted 10- and
100-fold with RNA from untransfected cells, then frac-

tionated by GST–eIF4E binding (Fig. 1B). Reporter gene
transcripts were detected by RNase protection with an
antisense probe that spanned the start site (see Fig. 2C).
The ratio of HIV2 CAT RNA in the pellet and superna-
tant fractions was not affected significantly by dilution
with total cellular RNA (Fig. 1B). This experiment there-
fore shows that the partitioning of a particular RNA spe-

Figure 1. GST–eIF4E pull-down assay of capped RNAs. (A) A
mixture (lane 3) of 3H-labeled rabbit globin mRNA (GIBCO-
BRL) (capped, lane 1) and a synthetic T7 transcript (uncapped,
lane 2) were fractionated using GST (lanes 4,5) or GST–eIF4E
(lanes 6,7). Supernatant (S) and pellet (P) fractions were analyzed
by electrophoresis and fluorography. (B) RNA from a-amanitin-
treated 293 cells transfected with HA–WT a-amanitin-resistant
Pol II, pGal5 HIV2 CAT reporter, and Gal4–VP16 activator was
serially diluted with RNA from untransfected cells, then frac-
tionated by GST–eIF4E pull-down. A total of 5 µg of RNA was
used for each pull-down. Supernatant (S) and pellet (P) fractions
were analyzed by RNase protection with a probe spanning the
start site (Fig. 2C). The 160-base protection product correspond-
ing to correct HIV2 58 ends is shown. (C) RNA in the GST–eIF4E
supernatant (S) fraction is spliced and polyadenylated less well
than RNA in the pellet (P) fraction. GST–eIF4E fractionated
RNA from a-amanitin-treated 293 cells expressing HA–WT Pol
II and pGal5 HIV2 CAT activated by Gal4–VP16 was analyzed
for splicing of the SV40 t intron (lanes 1,2) and cleavage at the
SV40 early poly(A) site (lanes 3,4) using antisense RNA probes
as indicated in the map. Processed/unprocessed ratios are given
after correction for the 32P-labeled U content of the RNase pro-
tection products. A map and RNase protection strategy for the
pGal5 HIV2 CAT reporter gene is shown.
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cies by GST–eIF4E binding is unaffected by its relative
abundance.

To validate the GST–eIF4E fractionation procedure,
we took advantage of the fact that the 58 cap enhances
splicing in vivo (Izzauralde et al. 1994; Fresco and Bura-
towski 1996; Schwer and Shuman 1996). A genuine un-
capped fraction of cellular RNA is therefore expected to
contain transcripts that are spliced less well than those
in a capped RNA fraction. To test this prediction, RNA
from 293 cells transfected with the pGal5 HIV2 CAT
reporter was fractionated by GST–eIF4E pull-down and
analyzed for splicing of the SV40 t intron (Fig. 1C, see
diagram and lanes 1,2). The spliced/unspliced ratio was
4.9 for transcripts bound by GST–eIF4E in the pellet (P),
compared with only 1.1 for unbound transcripts in the
supernatant (S). This result indicates that GST–eIF4E
binding resolves two different populations of RNA—a
bound fraction that is predominantly spliced and an un-
bound fraction that is not spliced as effectively. The dif-
ference in the extent of splicing of transcripts in the
GST–eIF4E pellet and supernatant strongly suggests that
these fractions are enriched in bona fide capped and un-
capped RNAs, respectively.

We also observed that transcripts in the GST–eIF4E
pellet fraction were cleaved at the poly(A) site more ef-
ficiently than those in the supernatant. For HIV2 CAT
transcripts with an SV40 early poly(A) site, the cleaved/
uncleaved ratio in the GST–eIF4E pellet was 13.8 com-
pared with only 3.0 in the supernatant (Fig. 1C, lanes
3,4). A similar result was observed for CAT transcripts
with an SV40 late poly(A) site (see Fig. 3, lanes 1,2).
These observations are consistent with in vitro studies
showing that the cap enhances 38 processing (Gilmartin
et al. 1988; Cooke and Alwine 1996). These experiments
strongly imply that RNAs bound by GST–eIF4E have
functional caps, whereas unbound RNAs lack cap struc-
tures capable of supporting efficient splicing and 38 pro-
cessing.

CTD truncation reduces the fraction of capped HIV2
CAT transcripts

The capping of transcripts made in vivo by RNA Pol II
with the full-length CTD or a truncated CTD was com-
pared using the GST–eIF4E binding assay (Fig. 2A). In
this experiment, we transfected 293 cells with expres-
sion vectors for a-amanitin-resistant Pol II large subunits
with the full-length CTD (HA–WT) or only five of the 52
heptad repeats (HA–D5) (Gerber et al. 1995). Treatment
of the transfected cells with a-amanitin inhibits the en-
dogenous Pol II and permits analysis of RNAs made by
the drug-resistant Pol II. In addition to the HA–WT or
HA–D5 vectors, the cells were cotransfected with the
pGal5 HIV2 CAT reporter construct and expression vec-
tor for the chimeric Gal4–VP16 transactivator. The ad-
enovirus VA1 gene, which directs the synthesis of un-
capped Pol III transcripts, was cotransfected as a control.
a-Amanitin was added 12 hr after transfection, and RNA
was harvested after 60–65 hours, when most mRNAs in
the steady-state population have been made by Pol II that

has incorporated the drug-resistant subunit (McCracken
et al. 1997). CTD truncation inhibits transcription in
response to activators such as Gal4–VP16, therefore D5
transcripts are always less abundant than WT transcripts
in transfected cells (Gerber et al. 1995). Because RNA
abundance does not affect the capped/uncapped ratio de-
termined by GST–eIF4E fractionation (Fig. 1B), we have
not attempted to control further for the lower level of
transcripts made by D5 Pol II.

RNA from a-amanitin treated cells was separated into
capped (+) and uncapped (−) fractions and analyzed by
RNase protection (Fig. 2A). Uncapped VA RNAs were
recovered in the supernatant fractions, as expected. HIV
CAT reporter transcripts were analyzed with an anti-
sense probe that spanned the HIV2 TAR sequence and
transcriptional start site, as diagrammed in Figure 2C.
This probe yields a 160-base protection product (marked
with a solid box in Fig. 2A), which corresponds to cor-
rectly initiated transcripts. Most HIV2 CAT transcripts
made by RNA polymerase containing the full-length
CTD (wild type) were bound by GST–eIF4E, showing
that they were capped (Fig. 2A, lanes 1,2). Short HIV
TAR trancripts 120–150 bases long (data not shown)
were capped to an equivalent extent as longer tran-
scripts. The salient observation was that a high propor-
tion of correctly initiated HIV2 CAT transcripts pro-
duced by Pol II with a truncated CTD (D5) did not con-
tain a m7G cap structure (Fig. 2A, lanes 3,4). The ratio of
HIV2 CAT RNA in the capped (pellet) fraction to that in
the uncapped (supernatant) fraction was 5.3 for WT but
only 1.0 for D5 transcripts. Note that because uncapped
RNA is less stable than capped RNA, the steady-state
level of uncapped transcripts is a minimum estimate of
the amount synthesized. This difference in capping of
WT and D5 transcripts was also observed after a second
round of GST–eIF4E fractionation (data not shown).
Transcription by CTD-truncated polymerase results in a
relative increase in the amount of a second, longer
RNAse protection product (Fig. 2A, solid box with thick
line extension) that includes transcripts that read around
the plasmid as a result of defective polyadenylation and
termination (McCracken et al. 1997). Capping of this
subset of transcripts was also reduced by CTD trunca-
tion. The effect of D5 Pol II on RNA capping is not at-
tributable to a change in the level of guanylyltransferase,
which was equivalent in a-amanitin-treated WT and D5
expressing cells (see Materials and Methods; data not
shown). In summary, these results show that truncation
of the CTD reduces the proportion of HIV2 CAT tran-
scripts with capped 58 ends.

CTD truncation reduces the fraction of capped globin
transcripts

We examined the effect of CTD truncation on capping of
a different transfected reporter gene, human b-globin
(Fig. 2B). The pSVb128 globin reporter (see Fig. 2C) was
transfected transiently into 293 cells with HA–WT or
HA–D5 expression vectors for a-amanitin-resistant Pol II
large subunit or with CMV–neo as a control. Total RNA
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from transfected cells was fractionated into capped and
uncapped populations and analyzed by RNase protection
with probes spanning the splice acceptor sites for b-glo-
bin introns 1 and 2 (as diagrammed in Fig. 2C). The ratio
of capped/uncapped b-globin mRNAs was reduced sig-
nificantly when the gene was transcribed by Pol II with
the truncated CTD. The capped/uncapped ratios for
transcripts spliced at the first and second introns were
4.4 and 5.7, respectively, (average 5.1) for WT Pol II (Fig.
2B, lanes 3,4) but only 1.5 and 1.3 (average 1.4) for D5
(Fig. 2B, lanes 5, 6). CTD truncation also reduced the
ratio of capped/uncapped transcripts for unspliced pre-
cursors. The average capped/uncapped ratio for the two
RNAse protection products corresponding to unspliced
precursors in Figure 2B was 0.65 for wild-type and 0.27
for D5 (Fig. 2B, lanes 3–6).

The CMV–neo transfected cells serve as a control for
the background of b-globin transcripts made by endog-
enous Pol II in the presence of a-amanitin (Fig. 2B, lanes
1, 2). The transcription rate in cells expressing WT and
D5 a-amanitin-resistant Pol II is significantly higher
than in the CMV–neo control cells as shown by the ac-
cumulation of unspliced precursors (Fig. 2B, cf. lanes 1
and 2 with 3–6) and by direct measurement using the
nuclear runon assay (data not shown). Moreover, the
CMV–neo control overestimates the level of background
transcription in HA–WT- and HA–D5-expressing cells
because the excess of a-amanitin-resistant Pol II com-
petes with endogenous Pol II (McCracken et al. 1997).
Background b-globin transcripts made in the control
cells were capped at an intermediate level (capped/un-
capped ratio of 2.5, Fig. 2B, lanes 1,2). The most likely
reason for this is that the low rate of transcription in
these cells combined with the long half-life of b-globin

mRNA results in accumulation of decapped degradation
intermediates. In summary, the experiments in Figure 2
show that when either the b-globin or HIV2 CAT gene
was transcribed by Pol II with a truncated CTD, there
was a marked decrease in the fraction of transcripts that
had a 58 cap.

Is the CTD effect on capping direct or indirect?

CTD truncation could affect the fraction of capped tran-
scripts, either directly or indirectly. RNAs made by Pol II
with a truncated CTD are not spliced or cleaved and
polyadenylated as efficiently as those made by wild-type
Pol II (McCracken et al. 1997). In addition, the unpro-
cessed transcripts made by D5 Pol II were almost entirely
nuclear, whereas the processed RNAs made by WT Pol II
were predominantly cytoplasmic (data not shown). Fail-
ure to splice, polyadenylate, or transport to the cyto-
plasm could indirectly reduce the fraction of capped 58
ends if unprocessed precursors were targeted for rapid
decapping in the nucleus. To address this issue, we ex-
amined transcripts of a modified HIV2 CAT gene lacking
the SV40 t intron and containing the SV40 late poly(A)
site (pGal5 HIV2 CATDt–AATAAA). This reporter was
transfected into 293 cells with expression vectors for
Gal4–VP16 and a-amanitin-resistant Pol II subunits.
RNase protection with an antisense probe did not show
any evidence of cryptic splicing within the entire CAT
sequence with either WT or D5 Pol II (data not shown).
RNA was fractionated into capped and uncapped popu-
lations and analyzed by RNase protection with probes
spanning the initiation and poly(A) sites (Fig. 3, lanes
1–4). This experiment showed that capped/uncapped ra-
tio for correctly initiated unspliced transcripts was 6.6

Figure 2. CTD truncation reduces the ratio of
capped/uncapped 58 ends. (A) Analysis of WT and D5
transcripts of pGal5 HIV2 CAT by RNase protection
as diagrammed. RNA (20 µg) from a-amanitin-treated
cells was separated into capped (+) and uncapped (−)
fractions and analyzed by RNase protection with
probes for the the HIV2 58 end and VA1. Capped/un-
capped ratios for correctly initiated RNAs (lower
band) are marked. (B) Analysis of human b-globin
RNA transcribed by wild-type (WT) and CTD-trun-
cated (D5) a-amanitin-resistant Pol II. The pSVb128
reporter and Pol II expression vectors or CMV–neo
control (C) were transfected transiently into 293 cells.
GST–eIF4E fractionated RNA (20 µg) was analyzed as
in A by RNase protection with probes for VA control,
b-globin intron 1, and intron 2 as diagrammed in C. A
band corresponding to incompletely digested intron 2
probe is marked. The capped/uncapped ratios shown
are average values for the two ‘‘spliced’’ RNase pro-
tected bands. The spliced/unspliced ratios for intron 1
after correcting for 32P-labeled U content are 1.6, 11.5,
0.4, and 2.1 for lanes 3–6, respectively. The spliced/
unspliced ratios for intron 2 are 0.7, 5.8, 0.2, and 1.2
for lanes 3–6. (C) Maps and RNase protection strate-
gies for the pGal5 HIV2 CAT and pSVb128 b-globin
reporter genes.
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for WT (Fig. 3, lanes 1,2) and 1.1 for D5 (Fig. 3, lanes 3,4).
We conclude that failure to splice can not explain the
low percentage of D5 transcripts with a 58 cap.

To test the possibility that failure to process the 38 end
could indirectly reduce the fraction of capped RNAs, we
examined transcripts from an isogenic, intronless CAT
gene with a mutant poly(A) site (pGal5 HIV2 CATDt–
AAGAAA). Regardless of whether or not the polymerase
had a full-length CTD, transcripts of this gene were al-
most entirely nuclear and were not cleaved or termi-
nated efficiently resulting in a relative accumulation of
transcripts that read around the plasmid (solid box with
thick line extension in Fig. 3 lanes 5–8). The capped/
uncapped ratio for correctly initiated WT transcripts
(solid box in Fig. 3) from pGal5 HIV2 CAT Dt–AAGAAA
was 3.1 compared with 0.8 for D5 (Fig. 3, cf. lanes 5 and
6 with 7 and 8). These results show that the effect of
CTD truncation on capping is also observed with an un-
spliced and unpolyadenylated RNA species.

In summary, these observations are not consistent
with the idea that defective splicing or 38 end processing
is responsible for the reduced proportion of capped tran-
scripts observed when the Pol II CTD was truncated.
Instead they suggest that the CTD directly enhances cap-
ping or inhibits decapping.

Association of the mammalian capping enzyme
with the phosphorylated CTD

The functional evidence in Figures 2 and 3 shows that
the CTD is important for producing transcripts with a
high proportion of capped 58 ends. To investigate
whether the CTD interacts physically with the enzymes
responsible for cap synthesis, we performed CTD affinity
chromatography of HeLa extract. For this experiment,
four affinity resins were prepared containing immobi-
lized GST, GST–mutant CTD (mut), GST–wild-type
CTD (wt), and phosphorylated GST–wild-type CTD (wt-
PO4) (McCracken et al. 1997) (Fig. 4A). The wild-type
CTD fusion protein contained the full-length murine
CTD (52 repeats; consensus YSPTSPS). In some experi-
ments, we also used a short form of the wild-type CTD
fusion containing only the amino-terminal 15 heptad re-
peats (GST–wt CTD–S). The mutant CTD fusion protein
contained 15 repeats of the consensus heptad sequence
with a Ser to Ala substitution at position 5 (West and
Corden 1995). In Figure 4, B and D, the GST–wt CTD
resin containing 52 heptad repeats was phosphorylated
using HeLa nuclear extract as a source of kinase activity;
the resin was then washed extensively in a high-salt

Figure 3. CTD truncation reduces capping of unspliced and
unpolyadenylated RNAs. RNase protection of intronless CAT
transcripts from pGal5 HIV2 CATDt–AATAAA and pGal5
HIV2 CATDt–AAGAAA transcribed by WT or D5 Pol II. Total
RNA (6 µg) from transfected 293 cells was fractionated by GST–
eIF4E binding and analyzed with 58 and 38 antisense probes
shown in the diagram. The capped/uncapped ratios are shown
for correctly initiated transcripts (marked with a solid box). The
VA control is indicated. At the poly(A) site, the ratios of
cleaved/uncleaved transcripts after correcting for 32P-labeled U
content of the RNase protection products are 0.7, 2.1, <0.3, and
<0.3 for lanes 1–4, respectively.

Figure 4. Mammalian guanylyltransferase binds specifically to
the phosphorylated CTD. (A) GST–CTD fusion proteins used
for affinity chromatography. The number of heptad repeats in
each is shown. (B) HeLa guanylyltransferase binds to the phos-
phorylated CTD. Nuclear extract was chromatographed sequen-
tially on GST, GST–mut CTD, GST–wt CTD, and GST–wt CT-
D–PO4 that had been phosphorylated in HeLa nuclear extract
and extensively washed in high-salt buffer (see Materials and
Methods). GST–mut CTD was used at a higher ligand concen-
tration to compensate for its shorter length. Load (L),
flowthrough (FT), and high-salt eluates were assayed for the
68-kD guanylyltransferase by [32P]GMP labeling. 0.033% of L
and FT fractions were analyzed and 0.4% of the eluates. (C)
GST–wt CTD and GST–mut CTD were phosphorylated in re-
actions with baculoviral cyclin H, cdk7, or both cdk7 and cycH.
HeLa extract was bound to these resins and the load (2%) and
high-salt eluates (5%) as assayed for guanylyltransferase. (D)
Specific binding of in vitro-translated mouse guanylyltransfer-
ase to the phosphorylated CTD. [35S]Met-labeled in vitro trans-
lation product of amino acids 1–590 of mouse guanylyltransfer-
ase homolog (see Fig. 5) was bound to GST–CTD resins. Load (L;
5% of total) and high-salt eluates (30%) from the resins were
electrophoresed on an SDS gel and autoradiographed.

McCracken et al.

3310 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


buffer to remove cellular proteins. The phosphorylation
reaction resulted in addition of approximately three
phosphates per molecule of GST–CTD on average. This
level of phosphorylation is sufficient to change its con-
formation resulting in retarded migration in an SDS gel
(data not shown) (Zhang and Corden 1991). The kinase
reaction also conferred strong reactivity with the H14
monoclonal antibody against the phosphorylated CTD
(data not shown) (Bregman et al. 1995). HeLa nuclear
extract was chromatographed sequentially on these four
columns in the order shown in Figure 4B and then eluted
with high salt.

Guanylyltransferase activity in the eluates was as-
sayed by the transfer of 32P-labeled GMP from [a32P]GTP
to the capping enzyme to form a 68-kD covalent en-
zyme–GMP adduct (Shuman 1982). Formation of the 68-
kD enzyme–guanylate complex required a divalent cat-
ion, either Mg2+ or Mn2+ (Shuman 1982) (data not
shown). We observed specific binding of the 68-kD HeLa
guanylyltransferase to the phosphorylated wild-type
type CTD, but not to the nonphosphorylated wild-type
or mutant CTD columns (Fig. 4B, lanes 4–6). An addi-
tional control experiment showed that the guanylyl-
transferase did not bind to a CTD–affinity column that
had been reacted with the crude HeLa CTD–kinase
preparation in the presence of ATP, but in the absence of
magnesium (data not shown). In summary, these results
show a phosphorylation-dependent interaction between
human guanylyltransferase and the Pol II CTD.

To investigate further the specificity of guanylyltrans-
ferase binding, we phosphorylated the CTD with recom-
binant cdk7–cycH kinase. This kinase subunit of TFIIH
specifically phosphorylates Ser-5 of the heptad repeat
(Roy et al. 1994; Gebara et al. 1997). The GST–wt CTD
was phosphorylated with baculovirus-expressed cdk7
and cycH alone and in combination. (The third subunit
of the kinase, MAT1, could not be used because of a high
level of contaminating kinase activity in the prepara-
tion.) Specific phosphorylation (0.5 mole PO4/mole
GST–wt CTD) occurred only when both cycH and cdk7
were combined. Less than 10% of this level of phos-
phorylation occurred when cdk7–cyclin H was used to
phosphorylate the GST–mut CTD with Ala at position 5.
When HeLa extract was chromatographed on these res-
ins, guanylyltransferase bound only to the wild-type
CTD column that had been reacted with the heterodi-
meric kinase (Fig. 4C, lane 4). This result shows that
phosphorylation of Ser-5 of the heptad repeat is suffi-
cient to permit guanylyltransferase binding. Reaction of
GST–wtCTD with recombinant human cdc2/cyclin B
(New England Biolabs), which phosphorylates both Ser-2
and Ser-5 (Gebara et al. 1997), also permitted binding of
guanylyltransferase (data not shown).

Recombinant mouse capping enzyme binds
the phosphorylated CTD

The only guanylyltransferase sequence isolated previ-
ously from a higher eukaryote is that from the nematode
Caenorhabditis elegans (Takagi et al. 1997; Wang et al.

1997). On the basis of sequence homology, we isolated a
complete cDNA of a homologous mouse gene that was
used to test for binding of the recombinant protein to the
CTD. Comparison of the predicted amino acid sequence
of the mouse protein with capping enzymes identified
previously strongly suggests that it is a bifunctional pro-
tein composed of an amino-terminal RNA triphospha-
tase domain and a carboxy-terminal RNA guanylyltrans-
ferase domain. It has 43% amino acid identity with the
C. elegans protein over its entire length (Fig. 5). The
predicted molecular mass of the 597-residue protein is
68,683 daltons, in good agreement with the observed size
of the human enzyme–GMP intermediate. The mouse
protein contains the six defining motifs of the covalent
nucleotidyl transferase superfamily (red boxes in Fig. 5)
(Shuman and Schwer 1995) and has conserved all 16
residues identified by mutagenesis as essential for Ceg1
function (Wang et al. 1997) (asterisks in Fig. 5). More-

Figure 5. Sequence alignment of the mouse and C. elegans
capping enzymes. The predicted mouse sequence was derived
from two overlapping cDNA clones. The C. elegans sequence is
from Takagi et al. (1997) and Wang et al. (1997). Amino acid
identity, denoted by vertical lines, is 43%. Amino acids defined
by alanine-scanning mutagenesis as essential for the activity of
the S. cerevisiae capping enzyme Ceg1 are denoted by asterisks
above the aligned sequences. The six nucleotidyl transferase
superfamily motifs (I, III, IIIa, IV, V, and VI) are shown in bold
black boxes. Motifs P (FPG × QPVS ×) and Vc (KIIEC) are in fine
black boxes. The phosphatase motif (VHCTHGFNRTG) is in a
gray box. Residues in proximity to the GTP moiety in the
Chlorella virus capping enzyme–GTP cocrystal are indicated by
arrowheads (Hakansson et al. 1997).
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over, all 13-amino-acid side chains of the Chlorella
virus capping enzyme that contact GTP in the cocrystal
(Hakansson et al. 1997) (arrowheads in Fig. 5) are con-
served in the mouse protein. The amino-terminal por-
tion of the mouse capping enzyme contains the (I/V)-
HC × AG × GR(S/T)G signature motif (green box in Fig.
5) of the dual specificity Ser/Tyr protein phosphatase
family (Denu et al. 1996) that includes the conserved
cysteine at the catalytic site. The recombinant mouse
protein when expressed as a GST fusion in Escherichia
coli has guanylyltransferase activity (data not shown).
Furthermore the mouse gene complements the yeast
ceg1 mutation (data not shown).

We tested whether the mouse capping enzyme bound
to the Pol II CTD. The protein was translated in vitro
and labeled with [35S]Met and then tested for binding to
GST–CTD affinity resins. In the experiment shown in
Figure 4D the in vitro translation product corresponding
to amino acids 1–590 bound specifically to the phos-
phorylated wild-type CTD but not nonphosphorylated or
mutant CTD resins. The recombinant mouse guanylyl-
tranferase therefore behaves identically to the native
HeLa enzyme with respect to its specificity for binding
to the Pol II CTD.

Binding of yeast capping and methylating enzymes
to phosphorylated CTD

The cap guanylyltransferase and methyltransferase en-
zymes of Saccharomyces cerevisiae are encoded by the
CEG1 and ABD1 genes, respectively (Shibagaki et al.

1992; Mao et al. 1995). To test whether the association of
the capping apparatus with the CTD is conserved in bud-
ding yeast, we asked whether the Ceg1 and Abd1 pro-
teins bind to GST–CTD affinity chromatography resins.
Note that the CTD heptad consensus sequence is con-
served completely between yeast and mammals. A par-
tially purified yeast protein fraction was chromato-
graphed on CTD affinity resins and the high-salt eluates
were analyzed for the presence of capping enzymes. Spe-
cific binding of the 51-kD Ceg1 protein to the phos-
phorylated CTD column was detected both by label
transfer of [32P]GMP and by Western blotting with anti-
Ceg1 antibodies (Fig. 6A, lane 5). The 50-kD methyl-
transferase Abd1 also bound specifically to the phos-
phorylated CTD column, as demonstrated by Western
blotting of column eluates with anti-Abd1 antibodies
(Fig. 6A, lane 5). No significant binding of either Ceg1 or
Abd1 to mutant CTD or nonphosphorylated wild-type
CTD was detected. Ceg1- and Abd1-binding was not me-
diated by RNA, as it was unaffected by treating the ex-
tract with RNase A and T1. In summary, these data
show that there is an evolutionarily conserved interac-
tion between capping enzymes and the phosphorylated
CTD.

Direct binding of capping enzymes
to the phosphorylated CTD

To test whether association of the capping enzymes with
the phosphorylated CTD results from a direct protein–
protein contact, bacterially expressed recombinant Ceg1

Figure 6. Yeast capping enzymes bind di-
rectly to the phosphorylated CTD. (A)
Yeast guanylyltransferase, Ceg-1, methyl-
transferase, and Abd-1 bind to the phos-
phorylated CTD. Yeast extract partially
purified on BioRex-70 was incubated with
the GST–CTD resins, and the load (0.5%)
and high-salt eluates (2%) were assayed by
[32P]GMP labeling and Western blotting
with antisera against Ceg1 and Abd1. Five-
fold more protein was used for the Western
blots. Several nonspecific bands detected
by the antibodies in the load fraction were
not bound to the CTD resins. (B) GST–
CTD mutant (mut, lane 2) and wild-type
(wt; 15 heptad repeats, lane 3) were phos-
phorylated with HeLa extract, washed ex-
tensively (see Materials and Methods), and
used as ligands for affinity chromatogra-
phy with bacterial fractions containing re-
combinant Ceg1, Abd1, or purified vac-
cinia capping enzyme. In lanes 1–6 the
load (L, 0.74% of total, lane 1) and high salteluates (1.34%, lanes 2,3) were analyzed by Western blotting with anti-Ceg1 and Abd1
antisera. Vaccinia virus capping enzyme (4.7 units loaded, BRL) was assayed by [a32P]GTP labeling of the load (6% of total) and
high-salt eluates (5%). (C) Silver-stained SDS gels of bacterially expressed yeast capping enzymes chromatographed on phosphorylated
GST–CTD resins. Load (L; 10% of total) and high-salt eluates (20%) of recombinant S. cerevisiae and S. pombe guanylyltransferases
(Ceg1 and Pce1) and S. cerevisiae methyltransferase (Abd1) were analyzed. As a negative control, total E. coli extract from a nonex-
pressing strain was used (lanes 9–12). Abd1 was chromatographed as a highly purified fraction (lanes 17–20) or after mixing with E. coli
extract (lanes 13–16).
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and Abd1 were chromatographed on phosphorylated
CTD resins. The mouse guanylyltransferase was not
tested because we have not succeeded in producing it in
sufficient quantities in soluble form in bacteria. In this
experiment, we used a short, wild-type mouse CTD fu-
sion (GST–wt CTD–S) containing only the amino-termi-
nal 15 heptad repeats; therefore, the wild-type and mu-
tant CTD fusion proteins were of equal length (Fig. 4A).
The extent of phosphate incorporation into the short,
wild-type CTD during reaction within HeLa nuclear ex-
tract was 3.0 mole/mole versus .04 mole/mole for the
mut CTD. Recombinant Ceg1 and Abd1 both bound to
the phosphorylated short wild-type CTD–S as detected
by Western blotting; however, neither protein bound to
the mutant CTD column (Fig. 6B). As a specificity con-
trol, vaccinia virus capping enzyme was chromato-
graphed on these resins and found not to bind to the
mutant or wild-type Pol II CTD (Fig. 6B). Vaccinia cap-
ping enzyme does bind specifically to vaccinia virus
RNA polymerase (Hagler and Shuman 1992). Although
the large subunit of vaccinia polymerase is homologous
to that of Pol II, the viral enzyme has no CTD (Broyles
and Moss 1986).

The binding specificity of recombinant yeast capping
enzymes to the CTD was also assessed by analyzing the
polypeptide compositions of the high-salt eluates from
the affinity chromatography resins. Soluble bacterial ly-
sates containing S. cerevisiae guanylyltransferase (Ceg1)
or Schizosaccharomyces pombe guanylyltransferase
(Pce1) (Shuman et al. 1994) were incubated with phos-
phorylated mutant and wild-type CTD resins (both 15
and 52 heptad repeats) and the eluates were analyzed by
silver staining of SDS gels (Fig. 6C). Highly purified re-
combinant Abd1 was chromatographed directly and after
mixing with crude extract from nonexpressing bacteria
(Fig. 6C). Whereas there was little or no binding of bac-
terial polypeptides to any of the CTD resins (Fig. 6C,
lanes 9–12), recombinant 51-kD Ceg1 (Fig. 6C, lanes 1–
4), 47-kD Pce1 (Fig. 6C, lanes 5–8), and 50-kD Abd1 poly-
peptides (Fig. 6C, lanes 13–20) all specifically bound to
the wild-type and not the mutant CTD–PO4 resins. The
identity of the bound proteins was confirmed by Western
blotting and [32P]GMP labeling (data not shown). Note
that highly purified Abd1 was effectively separated from
a low-molecular-weight contaminant by binding to the
phosphorylated wild-type CTD (Fig. 6C, lanes 17 vs. 19
and 20). In summary, the effective one-step purification
of capping enzymes in these chromatography experi-
ments demonstrates a highly specific interaction of gua-
nylyltransferase and (guanine-7)-methyltransferase with
the phosphorylated CTD.

Discussion

The CTD is required for efficient targeting of the cap
to Pol II transcripts

The 58 cap is a unique modification of cellular tran-
scripts made by Pol II. RNAs made by Pol I, Pol III, or
viral polymerases are not capped in vivo. It is not known

how capping is specifically directed to the 58 ends of Pol
II transcripts. This specificity is clearly not dictated by
the transcripts themselves, insofar as guanylyltransfer-
ases are capable of capping any RNA substrate (even ho-
mopolymeric RNAs) containing a 58 diphosphate termi-
nus. The interaction of vaccinia virus capping enzyme
with the viral RNA polymerase provided precedent for
the suggestion that cellular capping enzymes would in-
teract with some component of the Pol II transcription
complex (Hagler and Shuman 1992). Our results now
show that the CTD, a unique feature of Pol II is impor-
tant for efficient capping in vivo and is directly recog-
nized by the cellular capping enzymes.

To assess the role of the CTD in mRNA capping, we
compared transcripts made by full-length wild-type (WT)
and CTD-truncated (D5) a-amanitin-resistant Pol II (Ger-
ber et al. 1995). The ratio of capped/uncapped transcripts
decreased significantly when reporter genes were tran-
scribed by the truncated Pol II relative to wild type (Fig.
2). Because the effect on capping was also observed for
transcripts from a gene lacking introns and a functional
poly(A) site (Fig. 3), it cannot be explained as a secondary
result of reduced splicing and 38 processing. The obser-
vation that capping enzymes bind directly to the phos-
phorylated CTD argues that the CTD functions to en-
hance cap formation and to target capping to nascent Pol
II RNAs. We noted that up to 50% of the transcripts were
capped when transcribed by Pol II with only 5 heptad
repeats in the CTD. The capping enzymes may bind with
lower affinity to the truncated CTD or may be recruited
to the transcription elongation complex via independent
lower-affinity interactions with other components of the
Pol II complex. Our results do not eliminate the possi-
bility that the CTD, in addition to recruiting capping
enzymes to the ternary complex, could also inhibit cap
removal, for example, by excluding access of decapping
enzymes to the nascent RNA.

The capping defect cannot account for poor splicing
and 38 processing of transcripts made
by CTD-truncated Pol II

Our results are consistent with previous studies showing
the cap is important for subsequent RNA processing
events (Gilmartin et al. 1988; Izaurralde et al. 1994; Co-
lot et al. 1996; Cooke and Alwine 1996; Fresco and Bu-
ratowski 1996; Schwer and Shuman 1996). The uncapped
RNA fraction in vivo was enriched for unspliced b-glo-
bin (Fig. 2B) and Gal5 HIV2–CAT transcripts (Fig. 1C).
Uncapped RNA was also enriched for precursors that
were not cleaved at the poly(A) site (Figs. 1C and 3).

Does failure to put a 58 cap on D5 transcripts account
for the defects in splicing and polyadenylation of these
transcripts? We reasoned that if reduced capping causes
the splicing and 38 processing defects of D5 transcripts,
then those RNAs made by D5 that do receive a cap
should be processed normally. If, on the other hand,
CTD truncation also inhibits splicing and 38 processing
by other mechanisms, then processing defects should oc-
cur even among those D5 RNAs that do have a cap.
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Cleavage at the SV40 late poly(A) site was measured in
the capped fraction of WT and D5 transcripts from the
pGal5 HIV2 CATDt–AATAAA reporter gene (Fig. 3). The
cleaved/uncleaved ratio for capped WT transcripts (Fig.
3, lane 2) was 2.1 compared with less than 0.3 for the
capped fraction of D5 transcripts (Fig. 3, lane 4). Reduced
capping therefore cannot completely explain why D5
transcripts are cleaved less well than WT transcripts at
the poly(A) site.

The extent to which the capping defect can account for
reduced splicing was examined for human b-globin tran-
scripts (Fig. 2B). Splicing of both b-globin introns was
inhibited by CTD truncation as we observed previously
for other introns (McCracken et al. 1997). Moreover,
with WT Pol II, the ratio of spliced/unspliced RNA for
b-globin introns 1 and 2 was five- to sevenfold higher in
the capped fraction than in the uncapped fraction (see
legend to Fig. 2B and cf. lanes 3 and 4). Most importantly,
capped D5 transcripts were spliced significantly less well
than capped WT transcripts. The spliced/unspliced ra-
tios for introns 1 and 2 were 11.5 and 5.8, respectively,
for capped WT transcripts (Fig. 2B, lane 4) but only 2.1
and 1.2 for D5 transcripts (Fig. 2B, lane 6). In other ex-
periments we also observed reduced splicing of the SV40
t intron among capped D5 transcripts relative to capped
WT transcripts (data not shown). In summary, these ob-
servations therefore indicate that failure to put on a 58
cap cannot completely account for the reduced splicing
or 38 processing of D5 transcripts. The results do not
exclude the possibility that capping of D5 transcripts oc-
curs too late to support efficient splicing and 38 process-
ing. Conversely, the results suggest that the effects of the
CTD on capping, splicing and polyadenylation are at
least partially independent of one another. This idea is
supported by the fact that capping, splicing, and 38 pro-
cessing factors have all been found to bind the CTD ei-
ther directly or indirectly.

Capping enzymes bind exclusively
to the phosphorylated CTD

Guanylyltransferase in extracts from HeLa and S. cerevi-
siae cells as well as the recombinant mouse, S. cerevi-
siae, and S. pombe enzymes all bound to the CTD in a
manner that was highly dependent on its phosphoryla-
tion. Native and recombinant S. cerevisiae methyltrans-
ferase Abd1 also bound specifically to the phosphory-
lated CTD. In contrast, in the same chromatography ex-
periment, the polyadenylation factors CstF and CPSF
bound equally well to the wild-type CTD whether or not
it was phosphorylated (McCracken et al. 1997). The in-
teractions of polyadenylation factors and capping en-
zymes with the CTD therefore clearly have distinct
properties. The phosphorylated amino-terminal 15 hep-
tad repeats of the CTD were sufficient for binding of
both capping enzymes and mutation of Ser-5 to Ala pre-
vented binding. Recombinant cdk7–cycH, which phos-
phorylates Ser-5, was sufficient to confer binding of hu-
man guanylyltransferase. Furthermore, recombinant
guanylyltransferase and methyltransferase were the only

major silver-stained bands retained when crude bacterial
extracts were chromatographed on phosphorylated CTD
resins. Phosphorylation causes a global conformational
change in the CTD that could be recognized by the cap-
ping enzymes (Zhang and Corden 1991). Alternatively,
they could recognize specific sites of phosphorylation.
Our results show that extensive CTD phosphorylation
may be not required for recognition by capping enzymes.
When GST–wt CTD was phosphorylated by recombi-
nant cdk7–cycH, an average incorporation of only 0.5
mole PO4/mole was sufficient to confer some binding
(Fig. 4C).

Independent and direct binding of guanylyltransferase
and methyltransferase to the phosphorylated CTD may
have an important function in coordinating cap synthe-
sis. S. cerevisiae guanylyltransferase copurifies with an
80-kD polypeptide that contains the RNA triphospha-
tase component of the capping apparatus (Itoh et al.
1987). This enzyme converts the 58 triphosphate end of
the primary transcript to a diphosphate that can then be
capped by the guanylyltransferase Ceg1. The triphospha-
tase could, therefore, be recruited to Pol II by virtue of
the association between the CTD and Ceg 1. In C. el-
egans, the phosphatase and guanylyltransferase activi-
ties reside within a single bifunctional polypeptide
(Takagi et al. 1997; Wang et al. 1997). The sequence of
the mouse capping enzyme homolog (Fig. 5) strongly sug-
gests that the mammalian enzymes are also bifunc-
tional. The yeast and worm cap methyltransferase are
not physically associated with their respective guanylyl-
transferases (Mao et al. 1995; Wang and Shuman 1997).
The direct and independent binding of guanylyltransfer-
ase and methyltransferase to the phosphorylated CTD
provides a plausible solution to the problem of how all
capping activities are recruited simultaneously to the na-
scent 58 end of the mRNA. Recruitment of both poly-
peptides to the phosphorylated CTD may assist the con-
certed action of these two enzymes, which is required to
drive the equilibrium of the capping reaction in the for-
ward direction by preventing reversal of the guanylation
step (Shuman 1995).

Implications for regulation and coordination
of capping with transcription

The specificity of capping enzyme binding to the phos-
phorylated CTD has implications for how capping is in-
tegrated with transcription. Phosphorylation of the CTD
is an important step in the regulation of transcription
after initiation has occurred. CTD phosphorylation is
correlated with the transition of paused Pol II complexes
into an actively elongating state (O’Brien et al. 1994).
Our results suggest that CTD phosphorylation contrib-
utes to a high efficiency of capping. Capping could,
therefore, be closely coordinated with conversion of a
promoter-proximal arrested ternary complex into an ac-
tively elongating complex. A CTD phosphorylation re-
quirement for capping could ensure that abortive tran-
scripts do not get capped and, therefore, do not compete
for cap-binding proteins.
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Capping is usually regarded as a constitutive step in
mRNA biosynthesis, although the question of whether
capping is regulated is difficult to study because of the
instability of uncapped transcripts. In one case where it
was studied, a difference in the extent of capping in vivo
between nascent hsp70 and hsp27 transcripts was re-
ported (Rasmussen and Lis 1993). Our observations sug-
gest that factors such as transactivators could potentially
affect capping by modulating CTD phosphorylation
(O’Brien et al. 1994; Parada and Roeder 1996). The results
reported here also raise the possibility that phosphoryla-
tion of the CTD acts as a switch with the dual function
of converting the polymerase to a processive form and
enhancing cap formation, which in turn stimulates sub-
sequent splicing and 38 processing.

Previously, splicing-related factors and polyadenyla-
tion factors were found to associate with the carboxy-
terminal domain of Pol II. These interactions may be
responsible for the cotranscriptional nature of splicing
and 38 processing (for review, see Steinmetz 1997). The
association of capping enzymes with the phosphorylated
CTD adds further support to the idea that this domain
has a central role in linking mRNA transcription with
processing. Although our results do not exclude addi-
tional mechanisms, the binding of capping enzymes to a
unique and highly conserved domain of Pol II provides an
attractive explanation for how the cap is specifically tar-
geted to transcripts made by Pol II (Fig. 7).

Materials and methods

Plasmids and RNase protection probes

pGal5 HIV2 CAT, pGal5 HIV2 CATDt–AATAAA, and pGal5
HIV2 CATDt–AAGAAA, pSPVA, and Gal4–VP16 plasmids and

RNase protection probes were described previously (McCracken
et al. 1997). HA–WT and HA–D5 expression vectors for a-am-
anitin-resistant Pol II were a gift of J. Corden (Gerber et al.
1995). pSVb128 is a derivative of pSVHNbD128 (Treisman and
Maniatis 1985) containing the SV40 enhancer 128 bases up-
stream of the start site. b-Globin RNase protection probes were
generated from PCR-amplified DNA fragments spanning intron
1–exon 2 (positions +178–486) and intron 2–exon 3 (positions
+1307–1496) cloned into Bluescript KS−.

Transfections

293 cells were transfected transiently with 5 µg of reporter plas-
mid, 0.5 or 1 µg (Fig. 2A) of Gal4–VP16 expression plasmid, 0.5
µg of pSPVA, and where indicated, 5 µg (Fig. 2A) or 0.5 µg (Figs.
2B and 3) of Pol II expression vector by calcium phosphate pre-
cipitation. a-Amanitin (2.5 µg/ml) was added 12–15 hr after
transfection and cells were collected at 60–65 hr post-transfec-
tion. RNA was prepared by guanidine isothiocyanate/acid phe-
nol extraction followed by DNase I treatment. Nuclear and cy-
toplasmic RNA were prepared after lysis in 10 mM HEPES at pH
7.6, 10 mM NaCl, 3 mM CaCl2, and 0.5% NP-40.

Pull-down assay for capped RNAs

GST–eIF4E was expressed using a plasmid kindly provided by
Dr. J. Pelletier (McGill University, Montreal, Canada). The pro-
tein was prepared as described for protein A–eIF4E (Edery et al.
1995) except that glutathione beads were used. Total cellular
RNA up to a maximum of 20 µg in 100 µl of cap-binding buffer
[17 mM HEPES at pH7.9, 83 mM NaCl, 0.08 mM EDTA, 0.8 mM

dithiothreitol (DTT), 17% glycerol, 0.08% NP-40, 1.1% polyvi-
nyl alcohol, 200 µg/ml of poly(U), and 17 µg/ml (dG:dC):
(dG:dC)] was heated for 2 min at 95°C and cooled on ice. DTT
(6 mM) was added, followed by RNAguard (36 units, Pharmacia)
and 30 µg of GST–eIF4E. After incubation for 1 hr at 4°C, this
mixture was added to 25 µl of packed GST beads that had been
preblocked in binding buffer. After 1 hr of mixing at 4°C, the
beads were collected by centrifugation. The supernatant was
pooled with the first wash in 200 µl of wash buffer (20 mM

HEPES at pH 7.9, 0.1 M NaCl, 0.1 mM EDTA, 1 mM DTT, 20%
glycerol, and 0.1% NP-40). The beads were then washed twice
more in 1 ml of wash buffer, and the capped RNA was eluted
with 0.5 ml of 0.3 M Na acetate pH 4.5 and 1.0% SDS. Glycogen
(1 µg) was added to all samples and carrier Torula RNA was
added to the pellet fraction to maintain the same nucleic acid
concentration as the supernatant. Samples were extracted with
phenol/chloroform, precipitated, and analyzed by RNase pro-
tection.

Ligands for affinity chromatography

Full-length wild-type murine GST–CTD (52 repeats) was ex-
pressed from pet 21a GST–CTD, a derivative of pGCTD (Peter-
son et al. 1992). GST–mut CTD (A5)15 was expressed from a
plasmid provided by Dr. J. Corden (West and Corden 1995).
Short, wild-type murine GST–wt CTD–S (15 repeats) was ex-
pressed from pet 21a GST–CTDD15 made using a PCR-ampli-
fied fragment encoding the amino-terminal 15 heptad repeats of
murine CTD. The phosphorylated CTD was prepared by incu-
bating the resin at a final substrate ligand concentration of 1
mg/ml in a reaction with HeLa nuclear extract (1.6 mg/ml) in
20 mM HEPES at pH 7.9, 10 mM MgCl2, 2 mM DTT, 2 mM ATP,
20 mM creatine phosphate, 0.05 mg/ml of creatine phosphoki-
nase, 2 µg/ml of BSA, 20 mM b-glycerophosphate, 2 µM micro-
cystine, 2 mM benzamidine, 0.01 µg/µl of aprotinin, 0.01 µg/µl

Figure 7. Model for recruitment of capping enzymes to the
phosphorylated CTD.
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of pepstatin A, 0.02 µg/µl of leupeptin, and 80 µM PMSF. GST–
mut CTD (0.3 mole PO4/mole) and GST–wt CTD–S (3 mole
PO4/mole) were phosphorylated in solution under similar con-
ditions and then bound to glutathione agarose at a ligand con-
centration of 5 mg/ml gel. The glutathione beads were preb-
locked with E. coli extract then washed in high- and low-salt
buffers. Phosphorylation of the GST–long wild-type CTD (0.5
mole PO4/mole) or GST mut CTD (0.04 mole PO4/mole) with
baculoviral cycH and cdk7 was performed in solution using 0.08
mg/ml of each subunit. After phosphorylation, the resin was
washed exhaustively with 1M NaCl in column buffer (20 mM

HEPES at pH7.9, 0.1 mM EDTA, 1 mM DTT, and 20% glycerol),
and then with 0.1 M NaCl in the same buffer. Phosphorylation
of wild-type but not mut CTD by both HeLa extract and recom-
binant, cdk7–cycH conferred reactivity with the H14 monoclo-
nal antibody (Bregman et al. 1995).

Affinity chromatography

Large-scale sequential chromatography was described (Mc-
Cracken et al. 1997). The GST fusion proteins were loaded onto
glutathione agarose at 4 mg/ml except for the GST–mut CTD,
which was at 8 mg/ml. HeLa nuclear extract (33 mg) (Dignam et
al. 1983) was passed sequentially over four 0.2-ml columns at
4°C, washed with 2 ml of column buffer containing 0.1 M KCl,
and eluted in 0.5 ml of column buffer containing 0.6 M KCl—
0.3% to 0.4% of the total protein bound to each column. During
sequential passage over the four columns, the sample was not
diluted significantly.

For small-scale batch chromatography of yeast, HeLa, and
bacterial proteins, 25–50 µl of the above resins were incubated
with 180–400 µl of extract in binding buffer (20 mM HEPES at
pH 7.9, 0.1 mM EDTA, 1 mM DTT, 20% glycerol, 0.1 M NaCl,
0.5 µM microcystine, 1 mM b glycerophosphate, and 0.1% NP-
40). Reticulocyte lysate in vitro translation reactions were di-
luted fivefold in binding buffer before incubation with the res-
ins. After binding for 1 hr at 4°C, the supernatant was removed
and the beads were washed three to four times with 400–500 µl
of binding buffer, then eluted with 40–100 µl of binding buffer
plus 0.9 M NaCl.

Yeast extract was a Biorex 70 0.1–0.3 M K acetate fraction
(0.37 mg/ml). Recombinant Ceg1 (6 µg per 200 µl binding reac-
tion) was a partially purified hydroxylapatite fraction. Abd1 (2.5
µg per 200 µl binding reaction) was used as a highly purified
phosphocellulose fraction (Mao et al. 1995) or mixed with crude
bacterial extract from nonexpressing cells. Pce1 (Shuman et al.
1994) was a crude bacterial lysate.

Recombinant yeast capping enzymes

The guanylyltransferases of S. cerevisiae (Ceg1) and S. pombe
(Pce1) were expressed in bacteria under the control of an induc-
ible bacteriophage T7 promoter and recovered in soluble bacte-
rial lysates as described (Schwer and Shuman 1994; Shuman et
al. 1994). Abd1 was expressed with an amino-terminal His tag
and purified from bacterial lysates by Ni-agarose and phospho-
cellulose column chromatography as described (Wang and Shu-
man 1997).

Antibodies

Rabbit anti-Ceg1 (Schwer and Shuman 1996) and anti-Abd1
(Wang and Shuman 1997) antibodies have been described.

Guanylyltransferase assays

Guanylyltransferase was assayed as described previously (Shu-
man 1982) by incubating samples in 50 mM Tris-Cl at pH 7.5, 5
mM MnCl2, 0.5 µM GTP, 2.5 mM DTT, and 0.15 µCi/µl of [a-
32P]GTP for 10 min at 37°C. The reaction was stopped by addi-
tion of SDS sample buffer, and analyzed by gel electrophoresis
and autoradiography. In Figure 4C, the concentration of unla-
beled GTP was 25 nM.

Recombinant cdk7 and cyclin H

Sf9 cells were infected (m.o.i. 5.0) with recombinant pBlueBa-
cHis2 Baculovirus (Invitrogen) encoding amino-terminally His
tagged human cyclin H or Xenopus Cdk7. Cells were harvested
at 72 hr postinfection, swollen in 10 volumes of hypotonic
buffer (20 mM HEPES at pH 7.9, 10 mM KCl, 10 mM b-mercap-
toethanol, 10 mM b-glycerophosphate, 0.5 mM sodium vana-
date, 2 mM NaF, 1 mM PMSF, 2 mM Benzamidine, 1µg/ml of
leupeptin, 2 µg /ml of pepstatin, and 1 µg/ml of E64), and lysed
with a Dounce homogenizer. Imidazole, NaCl, NP-40, and glyc-
erol were added to final concentrations of 20 mM and 400 mM,
0.2% and 10%, respectively, to make lysis buffer. The cleared
lysates were passed through His-bind resin (Novagen), washed
with 10 volumes of lysis buffer, then 10 volumes of lysis buffer
plus 40 mM imidazole. Cyclin H and Cdk7 were collected in
elution buffer (20 mM HEPES at pH 7.9, 500 mM imidazole, 400
mM KCl, 10 mM b-mercaptoethanol, 10 mM b-glycerophos-
phate, 0.5 mM sodium vanadate, 2.0 mM NaF, and protease in-
hibitors), dialyzed against the same buffer minus imidazole, and
concentrated by ultrafiltration.

Mouse guanylyltransferase homolog

Two overlapping cDNA clones were identified on the basis of
homology between the C. elegans guanylyltransferase sequence
and expressed sequence tags from two mouse bone marrow
cDNA libraries. Both clones were sequenced completely on
both strands. In one clone, a 66-base intron flanked by consen-
sus splice sites had been excised, resulting in an open reading
frame (ORF) with an in-frame termination codon after residue
480. [35S]Met-labeled protein was expressed by TNT (Promega).
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