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RNA polymerase II (Pol II) is the only polymerase to possess heptapeptide repeats
in the C-terminal domain (CTD) of its large subunit. During transcription,
CTD phopshorylation occurs and is maintained from initiation to termination.
To date, among the three known CTD kinases possessing CDK-cyclin pairs, TFIIH is
the only one that forms a preinitiation complex. The Mediator complex plays
essential roles in transcription initiation and during the transition from initiation to
elongation by transmitting signals from transcriptional activators to Pol II. P-TEFb
specifically plays a role in transcription elongation. TFIIH and mediator phosphor-
ylate serine 5 (Ser5) of the CTD heptapeptide repeat sequence, whereas P-TEFb
phosphorylates serine 2 (Ser2). Recently, it has become clear that CTD phosphoryla-
tion is not only essential for transcription, but also as a platform for RNA processing
and chromatin regulation. In this review, we discuss the central role of Pol II
phosphorylation in these nuclear events.

Key words: CTD phosphorylation, mediator, phosphorylated CTD-interacting factor 1
(PCIF1), RNA polymerase II, TFIIH.

Abbreviations: CTD, carboxy-terminal domain; Pol II, RNA polymerase II; P-TEFb, positive transcription

elongation factor b.

In eucaryotes, RNA polymerase II (Pol II), a member of
the RNA polymerase family made up of three RNA
polymerases (Pol I, Pol II and Pol III), plays a central
role in transcription of protein-coding genes (I).
However, contrary to bacterial RNA polymerase which
is unique and transcribes all bacterial genes by
itself, Pol II requires five general transcription factors
(TFIIB, -D, -E, -F and -H) for accurate transcription
initiation (2, 3). In addition to this auxiliary factor
requirement, Pol II has characteristic heptapeptide
(YSPTSPS) repeats, referred to the CTD (C-terminal
domain), in the carboxy (C)-terminus of its largest
subunit Rpbl (4). The function of this domain remained
an enigma until the late 1980s when it was found
that deletion of yeast CTD from 27 repeats to less than
10 caused severe lethality (5).

The first indication that the region was functionally
relevant was evidence showing that it was involved in
transcription. Pol II CTD was found to be phosphorylated
by TFIIH upon completion of active preinitiation complex
formation on a promoter located adjacent to the tran-
scription initiation site. Phosphorylation is also depen-
dent on the recruitment of TFIIE (6). TFIIH possesses 10
subunits and its CTD kinase activity is supported by the
CDK/cyclin pair, CDK7 and cyclin H (7). At present,
two other CTD kinases, the Mediator complex containing
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CDK8 and cyclin C as well as the transcription
elongation factor P-TEFb containing CDK9 and cyclin
T, have been reported (8, 9). In addition to its functions
in transcription, the phosphorylated CTD was found
to control both steps of chromatin remodelling and
RNA processing by providing a platform for the recruit-
ment of factors involved in these two steps (10-12).
Here we review these integrated nuclear events
in gene expression and their coupling to CTD
phosphorylation.

RNA POLYMERASE II CHANGES ITS STRUCTURE AND
FUNCTION AT TRANSCRIPTION INITIATION

As described earlier, Pol II cannot initiate transcription
alone. Five general transcription factors assist Pol II in
initiating transcription by forming a preinitiation com-
plex on the core promoter of protein-coding genes. The
core promoters are mainly classified into two types on
the basis of whether they contain a TATA-containing
element or not. Promoters that lack the TATA element
contain instead an initiator element and/or a down-
stream promotor element (DPE). In the case of TATA-
containing inducible promoters, preinitiation complex
formation is initiated upon the binding of the TATA-
binding protein (TBP) of TFIID binding to the TATA
element (2, 3). This induces bending of the promoter
which assists TFIIB binding to TBP as well as to the
TATA proximal downstream sequence of the promoter
known as the BRE (TFIIB-recognition element) (13).
TFIIB then binds to the promoter just upstream
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of the TATA element as well as to Pol II, which induces
binding of the active centre of Pol II to the initiation site
for the initiation of accurate mRNA synthesis. Recently,
progress in structural biology and molecular biology has
made it possible to observe the transcription machinery
at the molecular and even at the atomic level. The Nobel
Prize in Chemistry was conferred on Dr Roger Kornberg,
a Professor at Stanford University (14), largely for
progress in this field. His work showed clearly that
TFIIB binds also to TFIIF-prebound Pol II and inserts its
N-terminal half containing a Zn-ribbon motif into the
pore reaching to the active centre of Pol II which is
utilized as the exit site for RNA transcripts (15).
By performing this function, TFIIB assists Pol II to
initiate transcription accurately. Prebinding of TFIIF
to Pol II assists the launch of Pol II at the transcription
initiation site (+1). From the X-ray crystal structure of
the Pol II elongation form, Pol II also appears to undergo
structural opening within its clamp and jaw regions and
bind to the initiation site in mutual collaboration with
TFIIB and TFIIF (16). Following the above sequence of
events, TFIIE next stabilizes the complex by binding to
nearly all the general transcription factors within the
preinitiation complex, including Pol II (3). TFIIE
is known to function with Pol II on three occasions;

Fig. 1. Pol II changes its conformation upon binding
to various general transcription factors. (A) Crystal
structure of the whole Pol II. A space-filled structure model
was drawn by the program Cn3D according to the structural
information available at the PDB (accession number: 1NT9).
(B) Schematic model of Pol II conformational changes. The
positions of Pol II subunits were based on the structure in
A. Twelve Pol II subunits (Rpb1-Rpb12) are numbered from 1 to
12, respectively. In solution, free Pol II binds to TFIIF
(ITF) and changes its conformation. From the cryo-electron
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(i) TFIIEP binds to DNA at the promoter adjacent region
(approximately from —9 to +2), assists TFIIH in opening
the promoter through its DNA-helicase activity, and
helps Pol II make contact with the single-stranded
initiation site in its active centre (17), (i1) TFIIEa binds
to TFIIH and stimulates TFIIH-mediated CTD phosphor-
ylation during transcription initiation (6) and (iii) TFIIER
binds to the Rpb2 subunit at the jaw region of Pol II
before initiation, which initiates TFIIEa binding to the
Rpb5 subunit at the clamp region of Pol II, resulting in a
change in Pol II conformation from the open to the closed
configuration (Fig. 1) (I8). The Pol II X-ray crystal
structure also shows that the bridge helix is essential for
this conformational change (19). As mentioned earlier,
TFITH contributes last to preinitiation complex formation
on DNA and to Pol II function through its three enzyme
activities (DNA helicase, ATPase and CTD kinase) (20).

Mediator complexes are known to consist of more than
20 subunits and to play key roles in transmitting gene
activation signals to transcriptional activators, including
co-activators, histone modifying factors and chromatin
remodellers. They mediate both the opening of chromatin
structure and transcriptional activation (21). Recently,
three Mediator subcomplexes were observed in human
and two of them were found to contain the CDKS8
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microscopy study, it is suggested that both TFIIF subunits
(ITFa and IIFb) bind predominantly to Rpb2, Rpb4 and
Rpb5 subunits, makes Pol II open up the clamp region (red
arrow) and, at the same time, bends the Rpb4-Rpb7 subdomain
(black arrow). Then the promoter together with the TATA
box-bound TBP (or whole TFIID) and TFIIB (IIB) settles onto
the active centre of Pol II. When TFIIE (IIE) is recruited,
this binds to Rpb5, causes Pol II to close its structure and makes
Pol II bind stably to the transcription initiation site of
the promoter.
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subunit (22). Mediators bind to the back side of the
active centre of Pol II and to the CDKS8 subunit, which
together with cyclin C phosphorylates CTD in a manner
similar to that of TFIIH (23).

Pol II wundergoes conformational changes in two
distinct ways. One is through physical interactions with
general transcription factors and Mediators. TFIIB,
TFIIF and TFIIE are definitely involved in Pol II
conformational changes since they have been shown to
associate physically with Pol II (18), and Mediators affect
Pol II conformation in the same way (23). The other way
is through CTD phosphorylation. As described earlier,
TFITH and CDKS8-containing Mediators are CTD kinases
and both phosphorylate Ser5 within Pol II (24, 25). From
structural analyses, Pol II consists of two characteristic
modules; one is the core module consisting of the jaw and
clamp submodules connected by the wall region, which
altogether form a cleft with an active centre, and the
other is the wedge module consisting of Rpb4 and Rpb7
subunits (26). CTD is located between the clamp and
wedge and is connected to the Rpbl core domain through
the linker region.

CTD PHOSPHORYLATION OF POL II IS ESSENTIAL
FOR TRANSCRIPTION

As noted earlier and shown in Fig. 2, the Pol II CTD is
phosphorylated at Ser2 and Ser5 of the heptapeptide
repeat sequence (YSPTSPS) during transcription.
At initiation, Ser5 is the main target for CTD kinases,
TFIIH and Mediators (24, 25). During elongation, Ser2 is
the main target for the third CTD kinase, P-TEFb (27).
The importance of CTD phosphorylation was demon-
strated by both in vivo and in vitro studies. From in vivo
chromatin immunoprecipitation (ChIP) analyses in yeast,

Setl (HMT)
5 enzyme

n= 26 in yeast
52 in human

Fig. 2. Regulation and recognition of the phosphorylated
CTD. Rpbl, the largest subunit of Pol II, has a unique
C-terminal domain consisting of heptapeptide (YSPTSPS)
repeats. The repeat number varies among different organisms,
ranging from 26 in yeast to 52 in human. The CTD is mostly
phosphorylated at Ser2 and Ser5 within the heptapeptide
repeat during transcription. The kinases and phosphatases
with specificity for Ser2 and Ser5 and the factors that
bind to the CTD phosphorylated at Ser2, Ser5 or both, are
indicated. Those factors include pre-mRNA processing factors,
histone methyltransferases (HMT), nuclear peptidylprolyl
cis/trans isomerase Pinl and a novel WW domain containing
protein PCIF1.
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Pol II at the neighbouring transcription initiation site
was shown to be heavily phosphorylated at Ser5
but much less at Ser2 (24). On the other hand, Pol II
located within gene-coding regions or at neighbouring
transcription termination sites was more phosphorylated
at Ser2 than at Ser5. We could demonstrate the
importance of CTD phosphorylation at Ser5 during
early transcription by using in vitro biochemical studies:
(i) TFIIE assisted TFIIH-dependent CTD phosphoryla-
tion only when the active transcription preinitiation
complex was formed (6); (ii) in a chimeric TFIIE study
using co-expressed human and nematode TFIIE
subunits, we demonstrated that a TFIIE chimera
made-up of human TFIIEx and nematode TFIIE( had
defects both in the transition from transcription initia-
tion to elongation and in CTD phosphorylation at Ser5
(28). This strongly suggests that TFIIE is involved in the
transcription transition stage and Ser5 phosphorylation
of the CTD and, more importantly, that Ser5 phosphor-
ylation might be essential for transition activity. In the
case of Ser2, specific inhibition of P-TEFb kinase activity
by a highly specific P-TEFb kinase inihibitor, flavopir-
idol, caused a reduction in Ser2 phosphorylation and a
defect in the transcription elongation of heat shock genes
(27). In combination with the in vivo results, it is obvious
that Ser2 phosphorylation is tightly associated with
transcription elongation.

Recently, it has become apparent that CTD phosphor-
ylation at Ser2 and Ser5 is not only essential for
transcription but also for chromatin remodelling at the
gene downstream from the transcription initiation site
as well as for RNA processing following transcription
(11, 12). As described earlier, Pol II is initially phos-
phorylated at Ser5 within CTD heptapeptide repeats
during transcription initiation. Yeast studies showed
that the recruitment of the histone methyltransferase
Setl-containing complex, the capping enzyme and
splicing enzymes after transcription initiation depended
on this phosphorylation (11, 12). Setl tri-methylates
histone H3 Lysine 4 (H3K4) in nucleosomes. Once Pol II
has proceeded to the elongation phase, Ser2 becomes
heavily phosphorylated. Additionally, phosphorylated
Ser2 specifically recruits another histone methyltransfer-
ase Set2 and polyadenylation enzymes.

It has been suggested that Pol II is recycled to carry
out multi-round transcription. Once Pol II reaches the
termination signal at the end of transcription, it could be
released from the gene at the same time as CTD
dephosphorylation, resulting in its recycling for further
rounds of transcription. This hypothesis is supported by
the fact that only unphosphorylated Pol II is proficient
for preinitiation complex formation (29). To date,
several CTD phosphatases (FCP1, SCP1 and Ssu72) are
known to preferentially function in Pol II recycling (31).
There roles will be precisely explained in the latter part
of this review.

RNA POLYMERASE II COORDINATES TRANSCRIPTION
WITH RNA PROCESSING

Production of a functional mRNA in eucaryotes requires
multistep processes including transcription of mRNA
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precursors (pre-mRNAs) by Pol II and subsequent
pre-mRNA processing. The Pol II CTD, especially in its
phosphorylated form has been shown to play a central
role in these processes by functioning as a loading
platform for factors involved in pre-mRNA processing
(10, 31). The CTD is physically connected to the Pol II
core complex through its linker region, which locates
near the RNA exit pore of Pol II (26). This arrangement
of the CTD may allow immediate and efficient packaging
of a nascent transcript into an RNA-protein complex
(RNP) with factors that have been recruited to the CTD
during transcription. As described earlier, Ser2 and

(A) Promoter

Initiation DNA

mRNA

Export @«——m7G”™

Fig. 3. Dynamic changes in the CTD phosphorylation
profile coordinate the Pol II transcription cycle with
pre-mRNA processing and histone modification. (A) The
general transcription factors (GTFs) form a complex with
initiation-competent hypo-phosphorylated Pol II (Pol ITA) at the
promoter. Transcription starts at the same time as Ser5 phosphor-
ylation of the CTD (thick black line) by TFIIH. (B) Shortly
after transcription initiation, capping enzyme (CE) is recruited to
the phosphorylated Pol II (Pol IIO) through its direct binding to
Ser5-phosphorylated CTD. The histone methyltransferase Setl-
containing complex is also recruited and tri-methylates histone
H3 Lysine 4 (H3K4). Transcription pausing induced by DSIF/
NELF is relieved by P-TEFb-mediated CTD phosphorylation.
(C) Elongating Pol IIO is increasingly phosphorylated at Ser2 by
P-TEFb and associated with histone methyltransferase Set2, which

e AAUAAA==AAAAAN
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Ser5 phosphorylation and dephosphorylation of the
CTD heptapeptide are dynamically regulated during
the transcription cycle (Fig. 3). In the following sections,
we will review recent studies that show how the
phosphorylated CTD coordinates nuclear events for
gene expression.

5 CAPPING AND CTD

Addition of a m7GpppN cap structure to the 5 end of all
eucaryotic mRNAs (5’ capping) is the first pre-mRNA
processing event and is catalysed by a series of three

@ phospho Ser5
Reinitiation
Recycing

-05& H3 trimethyl K4
(E) 3

?3 H3 trimethyl K36

@ phospho Ser2

Termination

tri-methylates histone H3 Lysine 36 (H3K36). Pol 11O also helps
the recruitment of the splicing machinery (SP), which splices sites
in the pre-mRNA (red line). This step is mediated by an unknown
phosphorylated CTD-binding factor (X) that facilitates the efficient
excision of introns (red broken line). (D) Near the 3’ end of the gene,
3’ end processing factors (PA) are increasingly recruited to Pol I10
through direct interaction between Pcfl1 and the Ser2-phosphory-
lated CTD. After transcribing the poly(A) signal (AATAAA), 3’ end
processing factors possibly transfer to RNA to catalyse endonu-
cleolytic cleavage (black arrow) and induce subsequent transcrip-
tion termination, which is presumably helped by the 5-3
exonucleases Xrn2 and Pcfll. (E) After dissociating from the
DNA template, Pol ITIO is possibly dephosphorylated by the action
of the CTD phosphatases, FCP1 and Ssu72, before recycling or
reinitiation.
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enzymatic activities, RNA 5'-triphosphatase (RT),
guanylyltransferase (GT) and RNA (guanine-N7)
methyltransferase (MT). In metazoans, the capping
enzyme (CE) is bifunctional with both RT and GT
activities, while in budding yeast, the capping enzyme
consists of a heterodimer of RT (Cetl) and GT (Cegl).
5 capping occurs co-transcriptionally shortly after
transcription initiation when the nascent RNA reaches
20-30nt in length (10). Unlike other pre-mRNA
processing steps, such as splicing or polyadenylation,
this does not require specific RNA sequences or
structures in the substrate. Nonetheless, it only occurs
on RNAs transcribed by Pol II; RNAs transcribed by Pol I
and Pol III are not polyadenylated. Both biochemical
and genetic studies have revealed that specific and
evolutionary conserved interactions between the CE
and the phosphorylated CTD likely provide a basis
for the specific and rapid targeting of the capping
enzyme to Pol II transcripts. Early studies on CTD
function in mammalian cells have shown that RNAs
transcribed by CTD-truncated Pol II undergo inefficient
5 capping (32).

The capping enzyme is recruited to the early
transcription complex through specific interactions
between the Ser5-phosphorylated CTD and the GT
domain of mammalian CE. GT activity in turn
is allosterically activated by binding to the Ser5-
phosphorylated CTD peptide (33). In budding yeast,
both GT (Cetl) and MT (Abdl) directly bind to the
phosphorylated CTD. Chromatin immunoprecipitation
(ChIP) analyses showed that Ser5 phosphorylation by
the yeast Cdk7 (Kin28) subunit of TFIIH was required
for recruitment of CE to the promoter region and that
the CTD phosphatase Fcpl was required for release
of CE from the transcription elongation complex in vivo
(24, 34). Therefore, temporally and spatially regulated
phosphorylation and dephosphorylation of the CTD are
crucial for tight coupling of 5 capping with early
transcription.

Other protein—protein contacts are also involved in the
specific recruitment of CE to the transcription machinery
near promoters. In mammalian cells, the transcription
elongation factor DSIF (DRB sensitivity-inducing factor),
which is composed of human homologs of yeast Spt4 and
Spts, forms a complex with negative elongation
factor (NELF) to induce transcription arrest at
the promoter-proximal region. The negative effect
of DSIF/NELF on transcription is relieved by P-TEFb-
mediated CTD phosphorylation (35). CE is recruited to
the DSIF/NELF complex through direct interaction with
Spt5, which in turn stimulates GT activity, leading
to attenuation of the negative effect of NELF on
transcription (36). Thus, this network of protein—protein
interactions may serve as an early transcription
checkpoint to provide the appropriate time frame for
the capping reaction and subsequent chain elongation of
only capped nascent RNA (31) (Fig. 3).

SPLICING AND TRANSCRIPTION

In higher eucaryotes, many protein-coding genes are inter-
rupted by one or more intervening sequences (introns).
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To make a functional mRNA, introns have to be
accurately excised from an RNA precursor before being
transported from the nucleus to the cytoplasm. Splicing
occurs in a large 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 (37). Both
biochemical and in vivo studies have provided support
for the existence of functional interactions between the
Pol II CTD and the splicing apparatus. Like capping,
splicing of RNAs transcribed by CTD-truncated Pol II is
inefficient in mammalian cells (38). The CTD is required
for targeting splicing factors to transcription sites
in vivo (39). Furthermore, an in vitro study has
demonstrated that purified phosphorylated Pol II stimu-
lates splicing in the absence of transcription by accel-
erating the rate of one of the first steps in spliceosomal
assembly (40). In Xenopus oocytes, CTD phosphorylation
is required for co-transcriptional splicing (41). These
observations support a model in which the phosphory-
lated CTD of elongating Pol II functions as a platform
for the processing factors involved in splicing.

How does the CTD function in splicing and which
factors serve to connect the CTD with the splicing
machinery? Although some candidate proteins, including
SCAFs (SR-like CTD-associated factors), yeast splicing
factor Prp40, and CA150, have been shown to directly
bind to the phosphorylated CTD (42), it still remains
unclear whether these proteins actually function to
connect the CTD to the splicing machinery. Recently,
two independent studies using an in vitro system that
detects co-transcriptional splicing demonstrated that
immediate and specific spliceosome assembly on nascent
RNA transcribed by Pol II results in efficient splicing
by protecting RNA from degradation as well as by
preventing the assembly of a non-specific complex
(43, 44). These in vitro systems may provide a useful
tool for elucidating the molecular mechanisms involved
in the coupling of these factors, including the identifica-
tion of the factors that link splicing to transcription.

Transcription affects not only constitutive splicing but
also alternative splicing, which allows the joining of
different combinations of exons, potentially resulting in
a multitude of diverse proteins from a single transcript.
Recent studies support the idea that the transcription
elongation rate or processivity contributes to splice site
selection. The introduction of a Pol II-pause site near the
alternative splice site or transcription by a mutant form
of Pol II with a lower elongation rate stimulates the
inclusion of alternative exons (42). Interestingly,
an extension of the kinetic link between transcription
and alternative splicing has been recently reported.
Human Brm, a subunit of the chromatin remodelling
complex SWI/SNF, has been shown to regulate
alternative exon inclusion, perhaps by creating a
‘roadblock’ for Pol II elongation at the alternative
exon-coding region. Intriguingly, Pol II pausing at this
region is accompanied by a change in the phosphoryla-
tion pattern of the CTD (45). A reverse relationship in
which splicing factors affect transcription has also been
reported. Recruitment of spliceosomal snRNPs to elon-
gating Pol II tethered by the transcription elongation
factor TAT-SF1, which associates with the CTD kinase
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P-TEFb, stimulated transcription elongation depending
on whether or not splicing signals were present on the
transcribed template (46).

TRANSCRIPTION AND 3" END FORMATION

In eucaryotes, the pre-mRNA 3 end is formed by a
two-step reaction: endonucleolytic cleavage 10-30nt
downstream of a well-conserved poly(A) signal sequence
followed by poly(A) addition to the 3’ end of the upstream
cleavage product. This 3’ end processing requires multi-
ple protein factors, including a cleavage/polyadenylation
specificity factor (CPSF), a cleavage stimulation factor
(CstF), two cleavage factors, CFIm and CFIIm,
and poly(A) polymerase (PAP) in mammals and a
cleavage-polyadenylation factor CPF, cleavage factors
CF1A and CF1B, and PAP in yeast (47). Like other
pre-mRNA processing events, 3 end processing is
intimately coupled to transcription and the CTD plays
a central role in the linking of these two processes. RNAs
transcribed by CTD-truncated Pol II are not efficiently
polyadenylated in mammalian cells (39). A biochemical
study has revealed that purified Pol II and its CTD
activated 3’ cleavage in the absence of transcription (48).
Several 3’ end processing factors both in mammals and
in yeast have shown to directly interact with the CTD
(47). These results suggest that the CTD stimulates the
formation of a stable, catalytically active processing
complex through direct interaction with the 3’ end
processing factor, at least in mammalian cells.

Recent studies have provided evidence that Ser2
phosphorylation plays an important role in pre-mRNA
3’ end processing (28, 49). A loss of Ser2 phosphorylation
through inactivation of the CTD kinase Ctk1 in yeast or
Cdk9 in Drosophila leads to a defect in processing but,
unexpectedly, not in transcription elongation. Yeast
ChIP analysis has shown that crosslinking of 3 end
processing factors to the 3’ end region of genes is
dramatically decreased in Ctkl deleted strains (49).
These observations are consistent with another study
showing that the yeast cleavage factor CF1A subunit,
Pcf11, can preferentially bind to the Ser2-phosphorylated
CTD through its CTD interacting domain (CID) (50).
These results suggest that the increase in phosphoryla-
tion at Ser2 by the CTD kinase as transcription proceeds
is required for efficient recruitment of 3’ end processing
factors to the elongating Pol II.

3’ end processing is intimately coupled with transcrip-
tion termination, in which the Pol II elongation complex
dissociates from the DNA template and releases the
nascent RNA. Transcription termination is necessary for
the recycling of Pol II and for preventing inappropriate
transcription of downstream genes. Early studies have
shown that a functional poly(A) signal is required for
termination in both mammals and yeast (10). Subsequent
studies have revealed that RNAs transcribed by CTD-
truncated Pol II are not normally terminated (38), and
yeast 3’ end processing factors Rnal4, Rnal5, Pcfll and
Yhh1, all of which directly bind to the CTD, are also
required for termination (51). Furthermore, a recent
study has shown that yeast and Drosophila Pcfll are
able to dismantle an in vitro assembled elongation
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complex by bridging the CTD to the nascent RNA (52).
These studies indicate that complex communication
among 3’ end processing factors, the CTD, and RNAs
containing poly(A) signals may mediate termination.
It has been recently reported that the RNA 5-3
exonucleases, yeast Ratl and human Xrn2 are necessary
for efficient termination probably because they degrade
the downstream cleaved products to catch up with the
elongating Pol II (53, 54). Ratl associates with Rtt103
which possesses a CID domain and binds to the
Ser2-phosphorylated CTD (53). Although the 5-3
exonuclease activity of Ratl is necessary for termination,
it is not sufficient (54). The precise mechanisms involved
in transcriptional termination remain to be elucidated.

Surprisingly, several 3’ end processing factors are not
only located at the 3’ ends of genes but also in promoter
regions (47). Recently, the yeast 3’ end processing factor
Ssu72, which is a component of CPF, has been shown to
function in multiple stages of gene expression, including
transcription initiation, cleavage/polyadenylation and the
transcriptional termination of specific mRNAs and small
nucleolar RNA (snoRNA) genes (47). Interestingly, Ssu72
has a CTD phosphatase activity with specificity for
phosphorylated Ser5, which is required for transcription
initiation but not for 3’ end processing (55). A recent
study has shown that yeast CPF components, Ssu72
and Ptal, play roles in the formation of a transcription-
dependent gene loop, in which the transcription
terminator region physically interacts with the initiation
region for the stimulation of Pol II recycling (56).
The CTD phosphatase activity of Ssu72 is required for
the gene looping (56).

REGULATING THE CTD STRUCTURE

As described earlier, dynamic changes in CTD phosphor-
ylation during transcription are crucial for the coordina-
tion of transcription with pre-mRNA processing. Recent
studies on the structures of the phosphorylated CTD-
binding domain bound to differentially phosphorylated
CTD peptides have revealed that the phosphorylated
CTD can adapt different conformations depending on its
binding partner, probably through an induced
fit mechanism (30). In all structures, only the
trans-conformations of Pro3 and Pro6 in the CTD
heptapeptides were observed in the complex,
indicating that proline isomerization may be critical for
regulating CTD structure and recognition of its binding
partners (30).

A nuclear peptidylprolyl cis/trans isomerase (PPlase),
referred to as Essl in yeast and Pinl in human, has been
shown to bind to the phosphorylated CTD through its
WW domain (10). Interestingly, Essl was originally
identified in a genetic screen of mutants for defects in
3’ end formation (10). Although Essl/Pinl has been
proposed to cause efficient 3' end processing and/or
subsequent transcription termination by affecting the
local conformation of the phosphorylated CTD, the exact
role of Ess1/Pinl in this processing step remains unclear.
Pinl has recently been shown to negatively regulate
Pol II activity at mitosis (57). Another human WW
domain-containing nuclear protein, PCIF1, has been
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recently reported to bind to the phosphorylated CTD (58).
The WW domain of PCIF1 exhibits considerable
homology to that of Pinl. Although PCIF1 associates
with phosphorylated Pol II in vivo and may function to
modulate Pol II activity, the precise roles of PCIF1
remain to be elucidated.

PERSPECTIVES

Recent progresses in this field have made it possible
to visualize the mechanism of transcription from
preinitiation complex assembly to initiation, and
ultimately to elongation. Remaining questions often
concern the mechanisms of transcriptional activation
within the chromatin context and further the coordinated
mechanisms for gene expression after transcription
initiation including mechanisms for spatially and timely
regulated recruitment of mRNA processing, surveillance
and export factors to an elongating Pol II. As described,
we know now that the phosphorylated CTD of Pol II
gives a platform for recruitment of the factors that are
involved in transcription, chromatin regulation as well as
RNA processing. We are convinced that the crues for
elucidation of the global mechanisms for gene expression
will be given by the studies of the CTD phosphorylation
and its related events including histone modifications
and chromatin remodelling.
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