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The synthesis of a messenger RNA in the nucleus of a
eukaryotic cell is an immensely complex undertaking.
Each step in the pathway requires an enormous number
of protein factors and identifying them and figuring out
how they work has been a major goal of molecular bi-
ologists for the last two decades. Based on in vitro assays
showing that each of the major steps, that is, transcrip-
tion, capping, splicing, and polyadenylation, can be car-
ried out in isolation, and because intuitively each of
these reactions seemed quite distinct from the others, it
had been widely assumed that the machinery respon-
sible for each step was distinct and functioned essen-
tially independently. However, numerous studies during
the last few years have provided considerable evidence
that this is not the case. In retrospect, this conclusion
had been foreshadowed by earlier experiments pointing
to the possibility that any one of these reactions could
enhance some aspect of another. For example, evidence
was presented consistent with the idea that the mRNA
58 cap could play a role in allowing efficient transcription
(Jove and Manley 1982), splicing (Edery and Sonenberg
1985), and even polyadenylation (Hart et al. 1985). Sub-
sequently, it was shown in several labs that an intact
polyadenylation signal could be required for transcrip-
tion termination by RNA polymerase II (RNAP II)
(Whitelaw and Proudfoot 1986; Logan et al. 1987; Con-
nelly and Manley 1988), and that the presence of splicing
signals on a pre-mRNA could enhance polyadenylation
and vice versa (Niwa et al. 1990; Niwa and Berget 1991).
However, none of these interactions really suggested just
how intimate these associations might be, especially the
emergence of RNAP II as an important component of all
these reactions: capping, splicing, polyadenylation, as
well as of course transcription.

The largest subunit of RNAP II has a unique domain,
not related to regions in any known protein, at its car-
boxyl terminus, termed the carboxy-terminal domain
(CTD). The CTD consists of multiple repeats of an evo-
lutionary conserved heptapeptide with the consensus se-
quence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (for review, see Cor-
den 1990). The number of the repeats varies among dif-

ferent organisms, ranging from 26–27 in yeast to 52 in
mammals. In metazoans, there can be significant degen-
eracy at some positions in the CTD, in mammals this is
most apparent in the most carboxy-terminal repeats. The
significance of this degeneracy is currently unknown.
The CTD is rich in potential phosphoacceptor amino
acid residues and, in keeping with this, is subject to re-
versible phosphorylation during the transcription cycle
(for review, see Dahmus 1996). RNAP II with a hypo-
phosphorylated CTD (RNAP IIA) is included preferen-
tially in the transcription preinitiation complex formed
at the promoter, whereas RNAP II with a hyperphos-
phorylated CTD (RNAP IIO) is associated with elonga-
tion complexes. Not unexpectedly, the CTD plays an
important role in transcription, especially transcription
initiation (for review, see Carlson 1997).

In this review, we discuss recent progress relating to
what might be called the integration of nuclear events.
Our focus will be on studies aimed at deciphering how
RNAP II functions in the various RNA processing reac-
tions needed to synthesize a mature mRNA. Much of
what we will discuss is illustrated in the model shown in
Figure 1. The reader is also referred to several excellent
related reviews that have appeared recently (Neugebauer
and Roth 1997; Steinmetz 1997; Bentley 1999; Min-
vielle-Sebastian and Keller 1999).

mRNA capping

It has been known for some time that the cap structure
found at the 58 end of all eukaryotic mRNAs is formed
shortly after transcription initiation, when nascent RNA
chains are about 25–30 nucleotides in lengths (see, for
example, Coppola et al. 1983; Jove and Manley 1984).
Capping is carried out by a series of three enzymatic
activities (for review, see Shuman 1995). RNA triphos-
phatase removes the g-phosphate of the first nucleotide
of the pre-mRNA, followed by the transfer of GMP to the
resulting diphosphate end by RNA guanylyltransferase.
RNA (guanine-7-) methyltransferase then adds a methyl
group to the N7 position of the cap guanine to form the
m7G(58)ppp(58)N cap. In metazoans, the capping enzyme
is bifunctional with both RNA 5-triphosphatase and
RNA guanylyltransferase activities, while in Saccharo-
myces cerevisiae, capping enzyme consists of a hetero-
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dimer of RNA triphosphatase (Cet1) and RNA guanylyl-
transferase (Ceg1). Although capping has been known to
occur only on RNAs made by RNAP II, the mechanism
for this specificity and what insures rapid, efficient cap-
ping has been elucidated only recently.

We now know that RNAP II0, and specifically the
CTD, plays a direct role in the capping reaction (Fig. 2).
Mammalian capping enzyme can directly and selectively
bind RNAP IIO (Yue et al. 1997) and the phosphorylated
form of a recombinant glutathione-S transferase-CTD fu-
sion protein (GST–CTD; McCracken et al. 1997a; Ho et
al. 1998a) through its guanylyltransferase domain. In
budding yeast, guanylyltransferase activity can be re-

cruited by phosphorylated CTD, but not by unphos-
phorylated CTD, from a purified capping enzyme prepa-
ration (Cho et al. 1997), and recombinant Ceg1 and
methyltransferase (Abd1) directly and independently
bind to the phosphorylated CTD (McCracken et al.
1997a). Supporting the functional significance of these
interactions, RNAs transcribed by RNAP II with a short-
ened CTD undergo inefficient capping in transiently
transfected mammalian cultured cells (McCracken et al.
1997a). In addition, a viable truncation mutant of the
yeast CTD was found to be synthetically lethal in com-
bination with a capping enzyme mutant (Cho et al.
1997). Thus, these phosphorylation-dependent interac-

Figure 1. Linking pre-mRNA processing to the RNAP II transcription cycle. (A) The general transcription factors (A–H) and srb/
mediator (SrbMed) complex, represented by orange squares, form the preinitiation initiation complex with RNAP IIA at the promoter
(for review, see Orphanides et al. 1996). The polyadenylation factor CPSF can also be found in this complex. (B) Shortly after
transcription initiation, capping enzyme (CE) is recruited to and activated by the phosphorylated CTD of RNAP IIO. SCAF proteins
can also associate with the phosphorylated CTD and may mediate the recruitment of SR proteins to RNAP IIO. However, interactions
between SCAFs and SR proteins (indicated by a red double-headed arrow) and a role for SCAFs in splicing have not been experimentally
demonstrated. Specific, apparently functional interactions between certain transcription factors (blue squares) and/or CE or SR
proteins are indicated by double-headed arrows (see text for details). (C) Elongating RNAP IIO is associated with transcription
elongation factors (TEFs: blue square; for review, see Reines et al. 1999) and helps in the recruitment of the splicing machinery (SR
proteins, snRNPs) to splice sites in the pre-mRNA to facilitate efficient excision of introns (purple line). CBC represents the cap-
binding complex, which has been suggested to be capable of stimulating both splicing and polyadenylation (Flaherty et al. 1997 and
references therein). (D) After transcribing the poly(A) signal (AATAAA), polyadenylation factors (green ovals) associated with the CTD
form a functional complex on the pre-mRNA to catalyze endonucleolytic cleavage (indicated by a purple arrow). Pin1 may stimulate
a conformational change of the phosphorylated CTD, enhancing the efficiency of 38-end formation and/or subsequent transcription
termination. Whether or not TFIIF is present in termination complexes is unknown.
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tions between the capping apparatus and the CTD are
evolutionarily conserved and likely provide a basis for
the specific and rapid targeting of the capping enzyme to
RNAP II transcripts.

Important extensions of the recruiting model of cap-
ping enzyme by the phosphorylated CTD have been
made in the last two years. In the first step of the gua-
nylyltransferase reaction, the enzyme itself is guanyl-
ylated to form a covalent enzyme–GMP intermediate.
Despite the fact that Ceg1 can bind to phosphorylated
GST–CTD (McCracken et al. 1997a), guanylylation ac-
tivity, as measured by formation of the enzyme–GMP
intermediate, could not be detected associated with
GST–CTD (Cho et al. 1997). These seemingly conflicting
findings were explained in an interesting way by Cho et
al. (1998), who found first that phosphorylated, but not
unphosphorylated, GST–CTD can actually inhibit Ceg1
activity, and second that the inhibition could be reversed
and guanylylation activity actually enhanced, by addi-
tion of the Cet1 triphosphatase (Fig. 2). These findings
and others suggest that Ceg1 activity can be allosteri-
cally regulated by interaction with both the Cet1 tri-
phosphatase (see also Ho et al. 1998b) and RNAP II0. The
authors suggest that the observed inhibition of guanyl-
yltransferase by CTD is designed to prevent spurious en-
zyme activity and to coordinate guanylylation with tri-
phosphatase activity.

Mammalian capping enzyme activity is also allosteri-
cally regulated by interaction with the phosphorylated
CTD (Ho and Shuman 1999). The isolated carboxy-ter-
minal guanylyltransferase domain of mouse capping en-
zyme was shown to bind synthetic CTD peptides con-
taining phosphoserine at either position 2 or 5 of the
heptad YSPTSPS repeat, but not to unphosphorylated
CTD peptides. The CTD phosphopeptides containing
phosphoserine at position 5 stimulated formation of the
enzyme–GMP intermediate by enhancing the enzyme’s
affinity for GTP. However, CTD peptides containing Ser-
2-phosphorylation had no effect, either on basic enzyme
guanylylation or on guanylylation activated by the Ser-
5-phosphorylated peptide, indicating that the guanylyl-
transferase domain of the mammalian enzyme has two
independent binding sites for the phosphorylated CTD:
one is specific for the Ser-2-phosphorylated peptide and
the other is an allosteric activator site recognized by the
Ser-5-phosphorylated peptide (Fig. 2; Ho and Shuman
1999). Why in yeast Ceg1 is inhibited by phosphorylated
CTD (in the absence of Cet1), whereas the mammalian
guanylyltransferase domain is activated is unclear, but it
may reflect the fact that transferase and triphosphatase
activities are contained in the same polypeptide in mam-
mals but not yeast. Thus the need to coordinate guanyl-
yltransferase and triphosphatase activities does not exist
in mammals. Together, these findings have suggested
that the phosphorylated CTD functions not only as a
simple landing pad for capping enzyme but also as an
important regulator of enzyme activity, with activation
correlated with position-specific phosphorylation (serine
5) within the CTD heptapeptide.

Genetics studies have revealed that a specific CTD-
kinase, Kin28, is likely required for recruiting capping
enzyme to RNAP II in yeast (Rodriguez et al. 2000).
Three kinases, which have all been implicated in phos-
phorylation of the CTD in S. cerevisiae, were tested for
their ability to allow recruitment of capping enzyme to
the CTD. These included the Kin28–Ccl1 complex, a
component of general transcription initiation factor
TFIIH (Svejstrup et al. 1996); the Srb10–Srb11 complex,
which is associated with RNAP II holoenzyme (Liao et
al. 1995), and CTDK-I (Sterner et al. 1995). Combina-
tions of mutant alleles of the genes encoding these ki-
nases were tested with a ceg1 temperature-sensitive (ts)
mutant, which previously had been shown to exhibit
synthetic lethality with a viable CTD truncation mutant
(Cho et al. 1997). Although all of the kinases were able to
phosphorylate GST–CTD to allow recruitment of cap-
ping enzyme in vitro, only kin28 mutant alleles exhib-
ited a genetic interaction with the ceg1 mutant. The
level of CTD phosphorylation and, intriguingly, Ceg1
protein levels were reduced in both the CTD truncation
mutant and kin28 mutants, raising the possibility that
Ceg1 associated with CTD phosphorylated by Kin28
may be stabilized relative to unbound Ceg1. Further-
more, conditional mutants in which serine 5, but not
serine 2, residues were replaced with alanines in either
the first or second half of the CTD were synthetically
lethal in combination with a ceg1 mutant. These data

Figure 2. Allosteric activation of guanylyltransferase activity
by the phosphorylated CTD. Distinctions in the mechanism by
which guanylylation activity of the capping enzyme is en-
hanced by the CTD in mammals and yeast are shown in the top
and bottom of the figure, respectively. CTD repeats phosphory-
lated on serine 5 stimulate guanylylation in mammals by inter-
acting directly with the capping enzyme (mCE). Guanylylation
can also be stimulated by the transcription factor hSPT5. In
yeast, interaction between the guanylyltransferase subunit of
CE (Ceg1) and phosphorylated CTD is, by itself, inhibitory, but
is stimulatory in the presence of the triphosphosphatase sub-
unit, Cet1. See text for details. Phosphorylation of serine posi-
tion 5 specifically by the TFIIH component Kin28 (red arrow)
enhances interaction between the CTD and Ceg1. Covalent
linkage between CE and GMP is indicated by a single bar.
Double-headed arrows indicate the physical interactions. (For
simplicity, the 7-methyltransferase is not shown.)
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are in good agreement with the CTD phosphorylation
requirements of mammalian capping enzyme (Ho and
Shuman 1999), and strongly suggest that TFIIH-associ-
ated Kin28 phosphorylates serine 5 of the CTD repeat, at
least in part, to target and activate the capping apparatus.

An interesting extension to these findings was sug-
gested by the discovery that a protein implicated in tran-
scriptional elongation, hSPT5, interacts physically and
functionally with human capping enzyme (Fig. 2; Wen
and Shatkin 1999). SPT5 was initially uncovered geneti-
cally in S. cerevisiae (Swanson and Winston 1992), and
functions together with SPT4 to modulate an early step
in transcription elongation in both yeast and humans
(Hartzog et al. 1998; Wada et al. 1998a). hSPT5 was iso-
lated in a yeast two-hybrid screen with human capping
enzyme as bait, and the two proteins were shown to
interact directly in vitro. hSPT5 strongly stimulates the
guanylyltransferase but not the RNA triphosphatase ac-
tivity. Intriguingly, no stimulation of capping was de-
tected when hSPT5 was added together with a phos-
phorylated GST–CTD protein, raising the possibility
that the two capping activators function redundantly.
Given that Spt5 interacts preferentially with RNAP IIA
(Wada et al. 1998b), two models can be suggested to ex-
plain the role of hSPT5 in capping. In one, suggested by
the authors, SPT4/5 dissociates from the CTD upon
phosphorylation, but remains associated with the tran-
scription complex and functions to enhance capping
upon recruitment of capping enzyme to the phosphory-
lated CTD. In a second model, hSPT5 could function to
recruit capping enzyme to the holoenzyme in some cases
prior to, or independent of, CTD phosphorylation. Cap-
ping enzyme could then be transferred to the CTD upon
phosphorylation and transcription, or be activated by
hSPT5 to ensure rapid and efficient capping of tran-
scripts that may be initiated and elongated prior to, or in
the absence of, CTD phosphorylation. RNAP IIA has in
fact been implicated in the elongation of a small number
of genes (Weeks et al. 1993).

Splicing and transcription

Splicing of mRNA precursors takes place in a large mac-
romolecular complex called the spliceosome, which is
composed of small nuclear ribonucleoprotein particles
(snRNPs) and non-snRNP proteins including members of
the serine/arginine-rich (SR) protein family (for reviews,
see Moore et al. 1993; Kramer 1996; Manley and Tacke
1996). Although cytological studies have suggested that
splicing can occur cotranscriptionally (see, for example,
Beyer and Osheim 1988; Bauren and Wieslander 1994),
and factors required for splicing can be found localized at
sites of active transcription (Zhang et al. 1994), func-
tional coupling between transcription and splicing is not
obligatory because splicing can be reconstituted in vitro
with pretranscribed RNA and splicing-competent cell
extracts. Both biochemical and in vivo studies have pro-
vided support for the existence of functional interactions
between RNAP II, especially the CTD, and the splicing
apparatus (see Figs. 1 and 3). RNAP IIO, but not RNAP

IIA, has been found to associate with splicing factors,
and this isoform has also been detected in active spliceo-
somes (Chabot et al. 1995; Mortillaro et al. 1996; Yuryev
et al. 1996; Kim et al. 1997). Antibodies directed against
the CTD and CTD peptides have been shown to inhibit
splicing in vitro (Chabot et al. 1995; Yuryev et al. 1996).
Like capping, splicing (and polyadenylation) of RNAs
transcribed in transient transfection assays by CTD-
truncated RNAP II was inefficient (McCracken et al.
1997b), and overexpression of phosphorylated CTD pep-
tides was shown to inhibit splicing in cultured mamma-
lian cells (Du and Warren 1997). These observations pro-
vided the initial evidence that the hyperphosphorylated
CTD of elongating RNAP II may function in splicing,

Figure 3. Effects of RNAP II on mammalian pre-mRNA splic-
ing. Possible interactions between RNAP IIO and the splicing
machinery during splicing complex formation are indicated by
arrows. However, exactly how RNAP II0 stimulates splicing is
unknown, as reflected by the question marks. Splicing com-
plexes formed on the pre-mRNA splicing substrate in a stepwise
manner (from E to B) are indicated on the right. The five snRNPs
(U1, U2, U4/U6, and U5) are represented by ovals. U2AF indi-
cates U2 snRNP auxiliary factor, which binds to the polypy-
rimidine tract (Py) near the 38 splice site (AG). SR proteins,
which have multiple functions in spliceosome assembly, are
shown. Thick solid line indicates the intron and “A” in the
intron indicates the branch point adenosine. The arrows show
stimulation or stabilization of complex assembly by RNAP IIO,
while inhibition or disruption of a complex A by RNAP IIA is
indicated by the line with crossbar. See text for details.
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perhaps serving as a platform upon which processing fac-
tors bind, thus helping to promote efficient and accurate
splicing by targeting necessary factors to transcription
sites.

Microscopic observations in mammalian cells have
provided visual support for this targeting model (Misteli
and Spector 1999). Following activation of a reporter
gene in cells expressing either full-length or CTD-trun-
cated RNAP II as the only source of active enzyme, sites
of accumulation of both the newly synthesized reporter
transcripts and splicing factors were simultaneously vi-
sualized by immunohistochemistry techniques. Al-
though both sites colocalized well in cells expressing
wild-type RNAP II, the transcription sites did not colo-
calize above random levels with either SR proteins or
snRNP particles in cells expressing the CTD-truncated
RNAP II. Estimation of splicing levels by in situ hybrid-
ization with short exon-spanning probes suggested that
truncation of the CTD prevented accumulation of
spliced products despite the presence of significant
amounts of unspliced pre-mRNAs. These results support
the idea that the CTD is required for targeting splicing
factors to transcription sites and that this can be impor-
tant for efficient splicing. The same authors also showed
by immunoprecipitation experiments using transiently
transfected cells expressing wild-type or mutant SR pro-
teins that the RS domain of several SR proteins was nec-
essary and sufficient for associating with the phosphory-
lated RNAP II largest subunit, although it is not clear
whether these associations were direct or indirect.

The above findings are consistent with the view that
the CTD is required for targeting splicing factors to tran-
scription sites to ensure efficient splicing. However, is
the efficient splicing in vivo due only to the increased
local concentration of processing factors? Or does the
CTD participate more directly in the actual splicing re-
action? Like in other processing reactions such as cap-
ping or polyadenylation (see below), recent experiments
have shown that RNAP II also plays a direct and active
role in splicing in vitro in the absence of transcription
(Fig. 3; Hirose et al. 1999). Purified RNAP IIO was found
to strongly activate the splicing of several different pre-
mRNAs in reconstituted splicing assays. RNAP IIO sig-
nificantly increased formation of spliceosomal com-
plexes, and the pre-spliceosomal A complex was notably
increased at very early times of the reaction. These re-
sults indicate that RNAP IIO stimulates splicing by ac-
celerating the rate of one of the first steps in spliceo-
somal assembly, probably by facilitating in some way
binding of U1 and/or U2 snRNP particles to the pre-
mRNA 58 splice site and/or branch site, respectively.
RNAP IIA, on the other hand, was capable of inhibiting
splicing of some but not all of the pre-mRNA substrates
tested, apparently by disrupting early pre-splicing com-
plexes. The CTD was necessary for these effects on splic-
ing because the CTD-less form of RNAP II (IIB) was
without significant effect, but, unlike with capping and
polyadenylation (see below), was not sufficient. These
results provide additional support for the idea that
RNAP II not only controls spatial distribution of pre-

mRNA processing factors in the cell nucleus to couple
transcription to processing, but also can function di-
rectly with splicing factors to enhance the efficiency of
splicing. Furthermore, this study also suggested that dif-
ferential CTD phosphorylation has the potential to play
a significant role in splicing regulation.

The concept of a physical and functional coupling be-
tween transcription and splicing has been extended by
the finding that promoter structure can contribute to
splice site selection (Cramer et al. 1997, 1999). One of
the exons in the fibronectin (FN) gene, called EDI, has
long been known to be subject to alternative splicing
(inclusion or exclusion). Inclusion of this exon depends
on the presence of specific cis-acting sequences located
within EDI that function by binding specific SR proteins
(Lavigueur et al. 1993). Various reporter constructs con-
taining EDI under the control of different promoters
were transiently transfected into human cultured cells
and the extent of EDI inclusion was measured by RT–
PCR and Northern blot analysis. The authors found that
varying the promoter resulted in significant changes in
the ratio of EDI inclusion versus exclusion (Cramer et al.
1997). Important controls showed that the effects were
not due to differences in promoter strength or to differ-
ences in the site of transcription initiation, but rather to
the identity of the promoter (Cramer et al. 1999). The
authors further demonstrated that overexpression of spe-
cific SR proteins markedly stimulated EDI inclusion, but
the effects of these SR proteins depended on the pro-
moter from which the transcript was produced. These
results have suggested that the transcription machinery
can affect the recruitment of specific SR proteins to ex-
onic cis-acting elements on the newly transcribed RNA.

How might promoter structure modulate alternative
splicing? One possible explanation is that the precise
nature of the initiation complex assembled on a particu-
lar promoter may affect the extent of phosphorylation of
the RNAP II-CTD, and this in turn modulates the re-
cruitment by the CTD of specific SR proteins to cis-
acting regulatory sequences in the nascent RNA. Alter-
natively, different degrees of phosphorylation could af-
fect the ability of the CTD to participate directly in early
spliceosome assembly, as discussed above. Another pos-
sible mechanism, not related to CTD phosphorylation,
involves recruitment of promoter-specific factors that
may in turn function with the CTD to influence splicing
(see below).

Splicing-transcription connectors

The above discussion suggests that RNAP II, via the
CTD, can play a significant role in stimulating splicing.
But it is not clear precisely how it does so, or even what
proteins directly interact with the enzyme to influence
splicing. As mentioned above, SR proteins and snRNPs
have been found to associate with RNAP II0 or phos-
phorylated GST–CTD, but it is unclear if these interac-
tions are direct. Thus it is worth considering what mol-
ecules might serve to connect RNAP II0 with the splic-
ing machinery. Although nothing definitive is known
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regarding such hypothetical protein linkers, several pro-
teins, or protein families, merit some discussion (see
Fig. 1).

A group of at least four proteins now known as SCAFs
(SR-like CTD-associated factors) are reasonable candi-
dates to function in coupling transcription and splicing.
These proteins were initially discovered in a yeast two-
hybrid screen for CTD-interacting proteins (Yuryev et al.
1996), and features of their primary structure suggest
they could be involved in linking RNAP II to splicing.
These include an RS-like domain and an RNA binding
domain (RBD), which are similar to domains found in SR
proteins. It is intriguing that RS domain-containing pro-
teins were found to interact with the CTD, as Greenleaf
(1993) had earlier predicted an RS domain–CTD interac-
tion that would link transcription and RNA processing.
This was certainly a prescient suggestion, despite the
fact that the details seem to be incorrect: SCAFs interact
with the CTD via a distinct domain (the CTD interac-
tion domain; CID), not their RS-like region. A subse-
quent study showed that one SCAF, SCAF8, interacts
only with phosphorylated CTD, or RNAP II0, and can be
localized in cells to foci that overlap with sites of tran-
scription and processing (Patturajan et al. 1998). These
results together all support a role for SCAFs in linking
RNAP II transcription to processing, but direct support
for this hypothesis is not yet available.

Yeast contains a protein, called Nrd1, with similarity
to SCAFs, including a CID, an RS-like region (which is
uncommon in yeast) and an RBD (Steinmetz and Brow
1996, 1998). Nrd1 is an essential protein that appears to
function in the nucleus and to influence accumulation of
certain pre-mRNAs, perhaps at the level of transcription
elongation or 38-end formation. A recent genetic analysis
has provided support for the idea that Nrd1 may serve to
link transcription with some aspect of pre-mRNA pro-
cessing (Conrad et al. 2000). A nrd1 ts allele was shown
to be synthetically lethal with viable CTD truncation
mutants, and genetic interactions were also observed
with two genes encoding hnRNP-like proteins. How-
ever, it remains unclear exactly how Nrd1 functions, and
there is no evidence that it is involved in splicing.

An interesting question is whether the link between
transcription and splicing in fact extends to yeast. All
the data supporting this interaction comes from studies
in mammalian systems, and there are several factors sug-
gesting yeast may not require such a coupling. For ex-
ample, yeast genes are relatively simple and the vast ma-
jority lack intervening sequences, which when present
are usually small and located near the 58 end of the tran-
script. Perhaps reflecting a role limited to transcription
(and capping), the CTD is half the size of its mammalian
counterpart. However, it is noteworthy that although
only ∼3% of yeast genes contain intervening sequences,
∼30% of the total primary transcript pool contains in-
trons (Ares et al. 1999; Lopez and Seraphin 1999). This is
because intervening sequences are overrepresented in
highly expressed genes, such as those encoding ribo-
somal proteins. Although the reasons for this are un-
clear, an intriguing possibility is that introns facilitate

efficient mRNA synthesis, perhaps suggesting some sort
of splicing–transcription link after all.

A second intriguing group of potential transcription-
splicing coupling proteins are the TLS/FUS-related pro-
teins, which also includes EWS and TAFII68. The genes
encoding all three proteins are known to be involved in
chromosomal translocations that are associated with dif-
ferent sarcomas and leukemias (Attwooll et al. 1999; Sjo-
gren et al. 1999 and references therein). In all cases, chi-
meric proteins consisting of the amino terminus of the
TLS/FUS-related protein fused to the DNA binding do-
main of a transcriptional activator are created (Delattre
et al. 1992; Crozat et al. 1993). While it seems likely that
oncogenic transformation results at least in part from
the altered transcriptional properties of the chimeric
transcription factors, properties of the TLS/FUS proteins
themselves are consistent with roles in both transcrip-
tion and splicing. The primary structure of the proteins
indicates that they all contain an RBD in their central
region and a so-called RGG domain at their carboxyl
terminus, both of which are features of hnRNP proteins
(for review, see Burd and Dreyfuss 1994). The TLS/FUS
and EWS proteins have indeed been isolated in com-
plexes containing RNA and hnRNP A and C proteins
(Zinszner et al. 1994). Furthermore, yeast two-hybrid
screens found that the amino terminus of a TLS/FUS-
related protein (the region retained in the chimeric on-
coproteins) interacts with splicing factor SF1 (Zhang et
al. 1998) while the carboxy-terminal RGG domain inter-
acts with SR proteins (Yang et al. 1998). Further support-
ing a possible role in splicing, transient overexpression of
TLS/FUS can affect the relative accumulation of alter-
natively spliced mRNAs from a cotransfected reporter
(Hallier et al. 1998; Yang et al. 1998). On the other hand,
TAFII68 was isolated, as the name suggests, as a TATA
binding protein (TBP)-associated factor; that is, as a com-
ponent of transcription factor TFIID (Bertolotti et al.
1996). Although not present in stoichiometric amounts,
both TAFII68 and TLS/FUS could be found in distinct
TFIID complexes, and at least TAFII68 also copurifies
extensively with RNAP II. Together, all these properties
are consistent with the idea that TLS/FUS-related pro-
teins function in the coupling of transcription and splic-
ing. However, as with the SCAFs, direct support for this
idea is lacking, and indeed biochemical evidence sug-
gesting an alternative role for TLS/FUS in homologous
recombination has been presented (Baechtold et al.
1999).

The human papillomavirus (HPV) E2 protein provides
an example of a sequence-specific DNA binding protein
that may also serve to link transcription and splicing (Lai
et al. 1999). The E2 protein is well known to participate
in control of viral transcription and replication, and con-
tains well-conserved DNA binding and activation do-
mains separated by a hinge region that is less well con-
served between HPV subtypes. In certain types, though,
the hinge consists of multiple RS dipeptide repeats, simi-
lar to SR proteins. One of these proteins, HPV-5 E2, in-
teracts, via this RS domain-like region, with splicing fac-
tors, including SR proteins, and can colocalize in trans-
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fected cells with splicing factors. Importantly, full
activation of reporter genes was found to require the RS-
rich hinge region, and this hinge region-dependent acti-
vation reflected enhanced splicing of the reporter tran-
scripts (Lai et al. 1999). HPV-5 E2 thus provides an ex-
ample of a promoter-bound transcription factor that can
stimulate both transcription and splicing.

A final possible linking protein we will discuss is
known as p52. p75, a variant of p52 arising from alter-
native splicing, was initially discovered by copurifica-
tion with the transcriptional coactivator PC4, and both
proteins were themselves shown to be capable of func-
tioning as coactivators in in vitro transcription assays
(Ge et al. 1998a). Coactivator function was suggested to
reflect the ability of the proteins to interact with both
transcriptional activators and with general transcription
factors. Remarkably, p52 was also shown to interact
with the SR protein ASF/SF2 in vitro and in vivo, and
was suggested to influence alternative splicing of a
model pre-mRNA in in vitro splicing assays (Ge et al.
1998b). Based on these properties, it is conceivable that
p52 not only helps link RNAP II transcription to splic-
ing, but also might contribute to the promoter-specific
effects on alternative splicing described above.

Polyadenylation and the CTD

Polyadenylation of mRNA takes place in two steps: en-
donucleolytic cleavage of the mRNA precursor followed
by poly(A) addition to the 38 end of the upstream cleav-
age product. mRNA polyadenylation requires multiple
protein factors, including, in mammalian cells cleavage/
polyadenylation specificity factor (CPSF), cleavage
stimulation factor (CstF), two cleavage factors, CFI and
CFII, and poly(A) polymerase (for review, see Colgan and
Manley 1997; Zhao et al. 1999a). Early studies showing

that transcription termination by RNAP II was depen-
dent on an intact poly(A) signal (for review, see Proud-
foot 1989) predicted a possible link between the tran-
scription process and polyadenylation, and there is now
solid evidence that these two processes are indeed inti-
mately coupled (see Fig. 4).

As with capping and splicing, RNAs transcribed by
CTD-truncated RNAP II were not efficiently polyadenyl-
ated in transiently transfected cells (McCracken et al.
1997b). It was also shown that CPSF and CstF present in
unfractionated nuclear extracts could bind GST–CTD,
and both were present in an RNAP II holoenzyme prepa-
ration. It appears that the 50 kD subunit of the heterotri-
meric CstF (CstF-50) interacts directly with the CTD,
based on binding experiments with GST–CTD and in
vitro translated proteins. Unlike capping and splicing,
the phosphorylation status of the CTD was found not to
affect binding.

An initial interpretation of these results was that the
CTD functions to help recruit polyadenylation factors to
sites of RNAP II transcription, increasing their local con-
centration and thereby facilitating efficient processing.
But how and when do poly(A) factors associate with the
polymerase? The initially unexpected (but perhaps not
so surprising in light of the capping and splicing connec-
tions described above) answer is that at least some of the
action occurs at the promoter. While studying the gen-
eral transcription factor TFIID, Dantonel et al. (1997)
found that an extensively purified preparation contained
in good yield at least three of the four subunits of CPSF.
Furthermore, in a reconstituted transcription assay,
CPSF was shown to transfer from TFIID to RNAP II con-
comitant with initiation. Together with the results of
McCracken et al. (1997b), these findings suggest that at
least some factors associate early with RNAP II and re-
main associated with it during elongation.

Figure 4. Coupling polyadenylation and
transcription. After RNAP IIO passes the
poly(A) site (AATAAA), polyadenylation
factors (green ovals) and the CTD form a
functional complex on the pre-mRNA to
catalyze endonucleolytic cleavage (indi-
cated by a purple arrow), possibly with the
help of Pin1. In many cases, there may be
lag in processing until RNAP II encounters
a pause site (line with crossbar), which fa-
cilitates 38 cleavage and in turn signals the
polymerase to terminate and the complex
to dissociate. Given that the CTD is re-
quired for the cleavage reaction, the tran-
scribed pre-mRNA may form a large loop
(see text for details). FCP1, the apparent
CTD phosphatase (Cho et al. 1999), de-
phosphorylates the CTD to allow reinitia-
tion and the next round of transcription.
The timing of CTD dephosphorylation,
and whether this contributes to polyade-
nylation/termination, is not known.
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The above findings were extended by a biochemical
study demonstrating a more direct role of RNAP II in
polyadenylation (Hirose and Manley 1998). These au-
thors provided evidence that RNAP II, and specifically
the CTD, is required for the cleavage reaction in vitro in
the absence of transcription. Purified RNAP IIA and II0
were both found to activate the first step of polyadenyla-
tion, 38 cleavage, in a reconstituted system containing all
the other polyadenylation factors. In addition, both un-
phosphorylated and hyperphosphorylated GST–CTD
proteins activated cleavage just as efficiently as did
RNAP II, although in this case the hyperphosphorylated
CTD was more active than the nonphosphorylated form.
In addition, 38 cleavage in nuclear extracts could be in-
hibited by immunodepletion of RNAP II and rescued by
add-back of the purified enzyme. These results suggest
that the CTD of RNAP II participates directly in the
formation and/or function of a stable, catalytically ac-
tive processing complex through direct interaction with
polyadenylation factor(s).

The factors required for mRNA polyadenylation have
been intensively studied for over a decade. How had the
involvement of RNAP II in 38 processing escaped atten-
tion? Hirose and Manley (1998) suggest that it was
masked by an apparent requirement for the small mol-
ecule creatine phosphate (CP) in the cleavage reaction.
CP is usually employed as part of an ATP regeneration
system for ATP requiring reactions and has been rou-
tinely added to 38-processing reactions, where conflict-
ing early experiments had suggested a possible ATP re-
quirement. But Hirose and Manley (1997) showed that
CP plays a different role in 38 cleavage: ATP was found in
fact not to be required for cleavage (at least in mammals),
but CP seemed to be, although hydrolysis of its high-
energy bond does not occur. These and other results led
to the hypothesis that CP functions by mimicking a
phosphoprotein, and this in turn resulted in the discov-
ery that RNAP II0 can activate cleavage in the absence of
CP (Hirose and Manley 1998). If indeed CP and the CTD
function similarly, this has significant implications re-
garding mechanism. It would disfavor a model in which
the CTD functions to facilitate complex assembly by
making contacts with two or more factors, and favor an
allosteric activation model. Or perhaps it does both,
which seems to be the case in capping (see above). But
the CP–CTD connection is not perfect. For example, the
concentration of CP required to support optimal cleav-
age is ∼107 fold greater than the required CTD concen-
tration, and the CP–CTD model does not offer an expla-
nation for why unphosphorylated CTD can activate
cleavage.

The direct involvement of RNAP II in 38 cleavage
could indicate that the reaction must occur very shortly
after the poly(A) site is transcribed, or that RNAP II
might play an essential but transient role, perhaps facil-
itating formation of a conformation necessary for pro-
cessing. Some support for the former hypothesis comes
from studies examining cotranscriptional polyadenyla-
tion using a coupled in vitro transcription–polyadenyla-
tion system (Yonaha and Proudfoot 1999). Specific G-

rich sequences originally identified as protein binding
sites and proposed to contribute to transcription termi-
nation in vivo were found to promote RNAP II pausing
in vitro and, importantly, to significantly enhance poly-
adenylation at an upstream poly(A) site in a transcrip-
tion-dependent manner. A plausible explanation for
these findings is that pausing the polymerase near the
site of processing allows more time for the CTD to func-
tion in cleavage before RNAP II moves downstream or
terminates (see Fig. 4).

Another recent study extended further the potential
significance of the association between polyadenylation
factors and RNAP II into the realm of DNA repair and
tumor suppressors (Kleiman and Manley 1999). These
authors discovered in a yeast two-hybrid screen an inter-
action between Cst-50 (the CTD-interacting subunit of
CstF; see above) and BRCA1-associated ring domain pro-
tein (BARD1). BRCA1 is a breast/ovarian cancer-associ-
ated tumor suppressor protein of unknown function, al-
though it has been suggested to be associated with the
RNAP II holoenzyme (Scully et al. 1997a) and to partici-
pate in the response to DNA damage (Scully et al.
1997b). BARD1 is tightly associated with BRCA1 in vivo
(Wu et al. 1996) and likely contributes to its function.
CstF-50 and BARD1 were found to associate in vitro and
a fraction of intact CstF is associated with the BARD1/
BRCA1 complex in vivo. In functional assays, recombi-
nant BARD1 was found to inhibit the 38-cleavage reac-
tion in vitro. Given the apparent association of BARD1/
BRCA1 and CstF with elongating RNAP II, an intriguing
model is that the function of the BARD1 inhibitory in-
teraction is to prevent premature polyadenylation of na-
scent RNAs at sites of RNAP II pausing, for example, at
sites of DNA damage.

The intimate coupling between transcription and
polyadenylation mediated by the CTD is likely a general
feature in mammalian cells, as we have just seen. Does it
also occur in yeast cells? When the S. cerevisiae Cup1
gene was transcribed by a CTD-deleted RNAP II, 38 pro-
cessing of the Cup1 transcripts became inefficient (Mc-
Neil et al. 1998). On the other hand, yeast Cyc1 and
Yhr54C transcripts made by CTD-deleted RNAP II (Mc-
Neil et al. 1998), as well as His4 transcript made by
RNAP I (Lo et al. 1998), were efficiently polyadenylated
in vivo. These observations indicate that the CTD-me-
diated coupling between transcription and polyadenyla-
tion might be a gene specific feature in yeast. Nonethe-
less, additional studies have indicated that the CTD
could mediate a physical and mechanistic link between
transcription and polyadenylation in yeast. First, the
yeast polyadenylation factor Pta1, which may function
as an assembly factor (Zhao et al. 1999b), as has been
suggested for a related human protein, symplekin (Tak-
agaki and Manley 2000), could be selected from unfrac-
tionated yeast extract by phosphorylated GST–CTD (Ro-
driguez et al. 2000). These authors also showed that
kin28 mutant alleles defective for CTD phosphorylation
resulted in a reduction in Pta1 levels. A second intrigu-
ing finding originated from a genetic screen for new
transactivating factors involved in mRNA 38-end forma-
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tion. The screen uncovered mutations in an essential
gene, Ess1, which encodes a peptidylprolyl-cis-trans-
isomerase (PPIase), that led to a defect in 38-end forma-
tion of a plasmid-derived pre-mRNA (Hani et al. 1999).
Importantly, Ess1 has recently been found to associate
specifically and directly with the hyperphosphorylated
CTD (Morris et al. 1999). We will discuss Ess1 and other
PPIases in the next section in relation to their possible
functions in remodeling CTD-associated protein com-
plexes. But together these results support the existence
of an RNAP II CTD–polyadenylation link in yeast as
well as mammals.

Remodeling the CTD

The RNA polymerase II CTD appears to interact with a
number of multiprotein complexes involved in both
transcription and pre-mRNA processing to produce the
mature mRNA (see Fig. 1). The assembly and disassem-
bly of processing complexes on the CTD likely occurs in
a highly dynamic and temporally and spatially regulated
manner during the transcription cycle. An important
question then is how such transitions might be coordi-
nated. In this regard, two newly discovered proteins,
each of which possesses a different class of PPIase do-
main, are intriguing. PPIases catalyze cis–trans isomer-
ization of the peptide bond on the amino-terminal side of
proline residue in peptides and proteins. PPIases are clas-
sified into three distinct families. The cyclophilins and
the FK506-binding proteins (FKBPs) families are sensi-
tive to the immunosuppressant drugs cyclosporin A
(CsA) and FK506, respectively. A third group is the par-
vulin family, which is not inhibited by those drugs. PPIa-
ses are thought to function in protein folding, trafficking,
assembly/disassembly, and direct regulation of protein
function (for review, see Hunter 1998; Gothel and Mara-
hiel 1999).

Human SRcyp/SCAF10 was originally identified in a
yeast two-hybrid screen as a CTD-interacting protein
(Bourquin et al. 1997). SRcyp has a cyclophilin-like PPI-
ase domain in its amino terminus and an RS-rich region
similar to those found in SR proteins in its carboxy-ter-
minal half, which also contains a CTD-interacting do-
main (CID; see above). Overall, this domain organization
is related to that of the SCAFs, hence the name SCAF10.
The rat homolog of the SRcyp, matrin CYP, was shown
to possess PPIase activity in vitro (Mortillaro and Be-
rezney 1998). SRcyp and matrin CYP were shown to co-
localize in cells with the SR protein splicing factor SC35
and the snRNP protein U1-70K, respectively. Based on
these findings, it was suggested that the CTD, via its
proline-containing heptad repeats, may be induced to un-
dergo conformational changes by the PPIase activity of
SCAF10, and that this may help facilitate the assembly
or disassembly of splicing factors on the CTD. Although
these properties of SCAF10 are highly suggestive of an
interesting role for SCAF10 in linking the RNAPII CTD
to splicing, functional support for this idea is not yet
available.

Another interesting nuclear PPIase is Ess1/Pin1,

which is an evolutionarily conserved member of the par-
vulin family. Ess1 was initially discovered in yeast and
mutations gave rise to defects in cell division (Hanes et
al. 1989). The human counterpart of Ess1, Pin1, was dis-
covered in a yeast two-hybrid screen with a cell-cycle
kinase, NIMA, and depletion (by antisense) and overex-
pression in human cells both resulted in cell-cycle de-
fects in G2/M phase (Lu et al. 1996). In keeping with a
possible direct role in cell cycle control, Pin1 has been
shown to bind in vitro to a number of mitotic regulators
(Shen et al. 1998). Ess1/Pin1 possesses two distinct do-
mains: an amino-terminal WW domain, which is in-
volved in protein–protein interactions, and a PPIase cata-
lytic domain. A remarkable feature of the protein is its
unique substrate specificity. Ess1/Pin1 dramatically en-
hances (1000–3000 fold) isomerization of prolines pre-
ceded by phosphorylated serine (pSer) or threonine (pThr)
compared with a proline preceded by a nonphosphory-
lated residue (Yaffe et al. 1997; Hani et al. 1999). The
WW domain of Pin1 has been shown to be responsible for
interacting with pSer/pThr-Pro motifs in target proteins
(Lu et al. 1999). Ser/Thr-Pro is the core of the target
sequence recognized by cyclin-dependent kinases, which
fits nicely with the possibility that Ess/Pin1 functions
by binding to and altering the conformation of mitotic
regulators phosphorylated on Ser/Thr-Pro.

But compelling evidence also suggests that Ess1/Pin1
functions in mRNA 38-end formation by linking the pro-
cessing reaction to transcription (see Fig. 4). As men-
tioned above, Ess1 was uncovered in a genetic screen for
ts mutations affecting proteins that function in mRNA
38-end formation. The screen was designed to be very
specific for 38-end formation, and indeed mRNAs with
unprocessed 38 ends could be detected at the nonpermis-
sive temperature (Hani et al. 1995, 1999). Pointing to a
link with the CTD, a biochemical selection employing
phosphorylated GST–CTD and a yeast extract identified
Ess1 as the major interacting protein (Morris et al. 1999).
The interaction is specific for the phosphorylated form of
the CTD, and RNAP II0 appears to be the major Ess1/
Pin1 interacting protein, in humans (Albert et al. 1999)
as well as yeast, likely reflecting the abundance of the
pSer-Pro dipeptides in the phosphorylated CTD. Espe-
cially given that the genetic screen specifically identified
mutants defect in PPIase activity, an attractive model is
that Ess1/Pin1 effects a conformational change in the
phosphorylated CTD that leads to enhanced efficiency of
38-end formation. It is also possible that changes in the
CTD and/or complexed proteins affect subsequent tran-
scription termination (see below).

The above discussion suggests that Ess1/Pin1 may
well be a bifunctional protein, participating directly in
cell cycle control and mRNA 38-end formation. How-
ever, it is also conceivable that at least some of the cell
cycle arrest phenotype could be indirect, reflecting
changes in gene expression as a result of defects in 38-end
formation. For example, mutations in certain splicing
factors in fission yeast have been shown to display cell
cycle phenotypes (Potashkin et al. 1998), and genetic
depletion of the polyadenylation factor CstF-64 in
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chicken DT40 cells causes cell-cycle arrest (Takagaki
and Manley 1998).

Transcription termination and RNA processing:
the final link

As we mentioned at the beginning of this review, evi-
dence has existed for over a decade suggesting that a
functional polyadenylation signal is required for RNA
polymerase II to terminate transcription (for review, see
Proudfoot 1989). These experiments, which employed
transient transfection assays with plasmids containing
mutated poly(A) signals and nuclear run-on analysis of
transcription, led to two models: In one, the polymerase
is modified in some way as it passes the polyadenylation
signal, causing it to become less processive and more
likely to terminate. In the other, the act of 38 cleavage is
directly signaled to elongating RNAP II, by the action of
a 58-to-38 exonuclease that rapidly degrades the down-
stream product of the cleavage reaction, and this then
causes the polymerase to become termination prone. Al-
though it still remains unclear which, if either, of these
models are correct, a number of different approaches have
strengthened the polyadenylation–termination link, and at
least placed some limitations on the possible mechanism.

Given that mutations in cis-acting 38 processing sig-
nals prevent termination, an interesting question has
been whether mutations in trans-acting polyadenylation
factors would have similar effects. This was studied by
Birse et al. (1998), who examined termination (by nuclear
run-on) in yeast cells harboring mutations in different
biochemically characterized polyadenylation factors. In-
triguingly, cells with mutations in factors implicated in
the cleavage step were defective in termination at the
nonpermissive temperature, but those in which factors
thought to be involved only in the second step were af-
fected (e.g., poly(A) polymerase, or PAP) showed no ter-
mination defects. These findings provide both genetic
evidence linking 38-end formation and transcription ter-
mination and also support for the idea that RNA cleav-
age is required, consistent with the second model above.
However, the demonstration in mammalian systems
that certain factors can associate with RNAP II (although
not PAP; McCracken et al. 1997b) weakens somewhat
this second conclusion, as it’s possible that the muta-
tions alter in some way these interactions so that re-
quired changes in the RNAP II complex, and hence ter-
mination, do not occur.

Two additional studies, one using modified run-on as-
says with transfected mammalian cells (Dye and Proud-
foot 1999), the other analyzing by PCR nascent tran-
scripts from the heavily transcribed Balbani ring 1 gene
isolated from salivary glands of the diptern Chirono-
mous tentans (Bauren et al. 1998), provided additional,
and surprisingly similar, insights into termination. Con-
sistent with previous work, both studies provided evi-
dence for termination (i.e., the lack of run-on or PCR
signals) ∼1000 bp downstream of the polyadenylation
signal. However, in each case the large majority of na-
scent RNAs detected right up to the apparent termina-

tion site were uncleaved. This suggests that perhaps 38

cleavage is not essential for termination. However, an-
other possibility is that processing and termination are
actually temporally coupled. Perhaps there is a lag in
processing until RNAP II encounters a pause site, which
activates 38 cleavage, and this in turn signals the poly-
merase to terminate and the complex to dissociate (Fig.
4). These results are consistent with the requirement of
RNAP II and specifically the CTD in 38 processing (Mc-
Cracken et al. 1997b; Hirose and Manley 1998) and with
the demonstration that a pause site can enhance poly-
adenylation in a coupled processing/transcription reac-
tion (Yonaha and Proudfoot 1999). Intriguingly, both of
these studies also implicated processing, or at least rec-
ognition, of the 38 most intron in subsequent termina-
tion. This likely reflects the enhancement of polyade-
nylation by splicing of the upstream intron (Niwa et al.
1990), which in turn activates termination.

The above studies all analyzed termination somewhat
indirectly, by assaying for the presence or absence of na-
scent RNAs. It is thus reassuring that a study examining
the terminating polymerases more directly reached very
similar conclusions (Osheim et al. 1999). These authors
visualized by electron microscopy (EM) transcribing
polymerases on templates isolated from microinjected
Xenopus laevis oocytes. As expected, they observed ter-
mination occurring downstream of polyadenylation sig-
nals. Significantly, a functional poly(A) signal was re-
quired for termination, and the strength of the signal was
directly proportional to the efficiency of termination.
Consistent with the experiments just described, a major-
ity of the transcripts approaching the termination site
were uncleaved, consistent with either a lack of a cleav-
age requirement for termination or a temporal linkage of
the two processes. Interestingly, the nascent transcripts
observed on different plasmids from the same oocyte
showed differences in processing and termination effi-
ciency, but all the RNAs on a single template behaved
similarly. One explanation for this is that events at the
promoter can dictate subsequent 38 processing efficien-
cies, which is consistent with the observations, dis-
cussed above, that CPSF can be recruited to promoters
and transferred to elongating RNAP II (Dantonel et al.
1997). In any event, these studies together significantly
strengthen the view that polyadenylation is functionally
linked to subsequent transcription termination, but the
exact mechanism remains elusive.

Cell biology: the emergence of the transcriptosome

The use of increasingly sophisticated methods for visu-
alizing subcellular structures and for localizing indi-
vidual proteins within them, has given rise to a picture
of nuclear interactions remarkably similar to that sug-
gested by the largely biochemical experiments described
above. Considerable attention has focused on nuclear
structures called speckles, which appear to correspond to
interchromatin granule clusters that had initially been
observed with the electron microscope (for review, see
Spector 1993). Speckles, of which there are 20–40 in a
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typical mammalian nucleus, have been visualized by im-
munofluorescent staining with antibodies against splic-
ing factors, frequently SR proteins. It now seems clear
that speckles represent storage sites, or perhaps sites of
assembly or recycling of splicing complexes, rather than
sites of active splicing (for review, see Singer and Green
1997; Misteli and Spector 1998). Both hyperphosphory-
lated RNAP II0 (Bregman et al. 1995) and polyadenyla-
tion factors (Schul et al. 1998) can also be observed as-
sociated with speckles, although apparently at the pe-
riphery. Transcriptional activation seems to result in a
redistribution of factors from the speckles, and indeed
RNAP II0 (Bregman et al. 1995) and the SR protein ASF/
SF2 (Misteli et al. 1997) appear to migrate from speckles
to sites of transcription. In cells expressing an RNAP II
with a truncated CTD, however, relocalization of splic-
ing factors to transcription sites does not occur (Misteli
and Spector 1999), in keeping with the biochemistry de-
scribing interactions between the CTD and splicing fac-
tors. Thus the localization and dynamics of transcription
and processing factors within the nucleus is consistent
with the functional interactions observed in vitro.

Combining biochemistry with cell biology, Mintz et
al. (1999) recently described a purification protocol for
speckles. Although it was not possible to quantitate pu-
rification, EM visualization was consistent with a sig-
nificant enrichment. The preparation contained RNAP
II0 and was significantly enriched in splicing factors, es-
pecially SR proteins. A number of previously unknown
proteins were also identified, and one, of 137 kD, seemed
especially interesting. The protein is the apparent mam-
malian homolog of a recently described yeast splicing
factor, Rse1 (Caspary et al. 1999), but shows similarity
across its entire length to a polyadenylation factor
(CPSF-160) and to a protein implicated in DNA repair
(UV-DDB). Although the significance of these similari-
ties is currently unknown, all three proteins are con-
served from yeast to human and suggest potentially in-
teresting relationships between these processes.

The above studies have provided evidence that RNAP
II0 can colocalize with certain RNA processing factors,
supporting the view that transcription and processing are
indeed linked physically and functionally in the nuclei
of mammalian cells. But this idea has recently been sig-
nificantly extended by studies employing X. laevis oo-
cytes. Gall and colleagues have for many years analyzed
nuclear organization by studying the oocyte germinal
vesicle, taking advantage of the large size of the organ-
elle. In a recent study (Gall et al. 1999), they provided
evidence for a remarkable convergence of the transcrip-
tional and processing machineries. Specifically, by fol-
lowing the localization and movement of numerous re-
quired factors, it was shown that not only RNAP II and
other components of the transcription, splicing and poly-
adenylation machineries, but also RNAP I and III and
related factors accumulate initially following transport
into the nucleus in structures known as Cajal (or coiled)
bodies. Here it seems that factors needed for RNAP I-, II-,
and III-mediated synthesis associate into massive holo-
complexes, or transcriptosomes, and are subsequently

transported to sites of RNA synthesis. In the case of
RNAP II, “pol II transcriptosomes” are exported from
Cajal bodies as the previously described B snurposomes,
which consist of multiple pol II transcriptosomes and are
likely identical to the interchromatin granule clusters,
or speckles, characterized in somatic cells. The B snur-
posomes would then provide a reservoir of pol II tran-
scriptosomes to active genes, and these particles in turn
contain all the factors necessary for complete synthesis
of the mature mRNA. Supporting the idea that process-
ing factors are indeed associated with RNAP II through-
out transcription, staining of highly active lampbrush
chromosomes with antibodies directed against both
splicing and polyadenylation factors revealed uniform
staining along the chromosome’s entire length, coinci-
dent with RNAP II staining (Gall et al. 1999). All in all,
this picture resembles rather closely that emerging from
the biochemical studies.

The idea of a multifunctional pol II transcriptosome
provides a neat mechanism for insuring efficient and ac-
curate processing of RNAP II-generated transcripts. But
it is not without some conceptual challenges. For ex-
ample, how would such a massive structure translocate
along the DNA? Might we want to reconsider the idea
that the DNA is mobile, with the transciptosome being
stationary? Most genes have multiple intervening se-
quences, and considerable data from some twenty years
ago indicates that introns are not necessarily removed in
a 58-to-38 order, and in some cases not until transcription
is complete. How might the transcriptosome deal with
this? One possibility is that the transcriptosome doesn’t
necessarily contain (a) complete spliceosome(s), but per-
haps only factors necessary to define splice sites, or in-
tron boundaries, and for committing the RNA to subse-
quent splicing. And what about regulation? Are there
gene-specific transcriptosomes, or are regulatory factors
not part of the transcriptosome? This is an especially
vexing problem when considering regulated processing,
where it is thought that changes in the relative concen-
trations of certain essential factors (e.g., SR proteins) can
contribute to changing patterns of alternative process-
ing. Despite these questions, the concept of the tran-
scriptosome provides an exciting new way to think
about how genes are expressed in the cell nucleus.

Summary and perspectives

The idea that RNAP II, and specifically the CTD of its
largest subunit, participates in mRNA processing was
unexpected and controversial just a few years ago, but
now seems quite solidly established. In part because it’s
the simplest of the processing reactions, the case is tight-
est, and the details best understood, for capping: Bio-
chemical and genetic data support a direct, functionally
significant interaction between capping enzyme and a
specifically phosphorylated form of the CTD that results
in an allosteric activation of capping, and this mecha-
nism seems conserved from yeast to humans. But the
evidence that RNAP II, via the CTD, actively functions
in splicing and polyadenylation is nearly as compelling.
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In both these cases, the evidence so far comes largely
from biochemical and cell biological studies, and princi-
pally from vertebrate systems. In keeping with the
greater complexity of these two reactions, it is less clear
exactly how the CTD functions. In both, though, it ap-
pears that it can act directly, independent of transcrip-
tion. RNAP II functions very early in the splicing reac-
tion, likely by interacting, directly or indirectly, with
key splicing factors to facilitate splice site recognition.
The CTD interacts with polyadenylation factors and can
play a required role in the cleavage reaction. But beyond
that, the mechanisms are unclear, and an important goal
now is to elucidate the molecular mechanisms involved.
It will be interesting, for example, to learn if there are
similarities in how the CTD works in capping, splicing,
and 38-end formation.

Aside from mechanism, a significant issue will con-
cern the importance of these interactions to gene regu-
lation. A number of factors suggest that targeting the
transcription-processing link should provide an impor-
tant avenue of regulation. For example, given the large
number of kinases that can phosphorylate the CTD and
the enormous number of potential sites, the possibility
that differential CTD phosphorylation might influence
the constellation of factors associated with it, which
could in turn influence alternative processing events, is
attractive. The observations that polyadenylation factors
can associate with the transcription pre-initiation com-
plex, and that promoter structure can influence alterna-
tive splicing patterns, suggest that events that occur at
the promoter might help dictate subsequent processing
efficiency. For example, could sequence-specific DNA
binding proteins, or perhaps transcriptional coactivators,
contribute to recruitment of distinct processing factors
to promoter-bound RNAP II? It will be critical now to
obtain biochemical and/or genetic evidence that some of
the potential regulators we have described here indeed
function in gene control.

The implications of the transcriptosome theory have
the potential to be far reaching. But first we must learn if
transcriptosomes are found generally throughout meta-
zoa, and whether they do indeed reflect preassembled,
organized sites of transcription and processing. If so, is
this an essential pathway of mRNA synthesis? Or might
it be designed, for example, to enhance the efficiency
with which certain highly expressed mRNAs are pro-
duced? Whatever the answers to these and other ques-
tions, it is remarkable how cell biology, biochemistry,
and in some cases genetics are all providing evidence
that processes within the cell nucleus are coordinated to
a remarkable and unanticipated degree. The coming de-
cade promises to be a fascinating one for understanding
the role that RNA polymerase II plays in orchestrating
these events, and the significance of this integration to
the mechanisms and regulation of gene expression.
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