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Abstract

The largest subunit of eukaryotic RNA polymerase Il
contains a unique domain at its carboxy-terminus,
which is referred to as the carboxy-terminal domain
(CTD). The CTD is made up of an evolutionarily
conserved heptapeptide repeat (YSPTSPS). Over the
past decade, there has been increasing attention on
the role of the CTD in transcription regulation in the
view of mRNA processing and chromatin remo-
deling. This paper provides a brief overview of the
recent progress in the dynamic changes in CTD
phosphorylation and its role in integrating multiple
nuclear events.
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Introduction

The largest subunit of eukaryotic RNA polymerase Il
(pol 1) carboxy-terminal domain (CTD) consists of
conserved heptapeptide repeats (Y'S?P°T*S°P°S’)
(Dahmus, 1996). Mammalian pol Il CTD contains 52
repeats, whereas the yeast Saccharomyces
cerevisiae CTD has 26-27. A deletion of the mouse,
Drosophila, or yeast CTD is lethal. Therefore, the
CTD is essential for the viability of an organism,
even though the number of repeats can be reduced.

Partial deletions of the CTD result in reduced
transcription in vivo, and defective responses to
various activators. The CTD acts as a platform to
couple the mRNA metabolism and chromatin func-
tion to the transcription as it recruits various RNA
processing/export and histone modifying factors to
the transcription complex (Bentley, 2005; Bura-
towski, 2005; Phatnani and Greenleaf, 2006). This
means that the CTD is very important for organizing
various nuclear functions to acquire the proper
regulation of gene expression. Those functions often
depend on the CTD modification such as pho-
sphorylation. Indeed, the CTD is rich in phospho-
acceptor amino acid residues and undergoes re-
versible phosphorylation during the transcription
cycle. Two forms of RNA pol Il, which differ in the
level of phosphorylation of the CTD, can be di-
stinguished and are believed to have distinct
functions in the transcription cycle; RNA pol lla, with
a hypophosphorylated CTD, is the form that assem-
bles into the transcription initiation complexes,
whereas pol llo, with a hyperphosphorylated CTD is
associated with the transcription elongation com-
plexes. Phosphorylation occurs mainly at discrete
serines (S) within the CTD repeats (S2, S5), which is
then recognized by different proteins that inter-
connect the transcription to various nuclear metabo-
lisms. Accordingly, serine phosphorylation is known
as the ‘CTD code’, in a similar way that the ‘histone
code’ refers to the histone modification (Buratowski,
2003).

CTD with the phosphorylation code

Earlier models based on a two-step transcription
cycle, in which pol lla was assembled at the
promoter and pol llo carried out transcription elonga-
tion, have evolved to one with a more complex CTD
phosphorylation cycle. Different modified forms of
pol Il dominate different stages of transcription
(Komarnisky et al., 2000). Pol Il assembled at the
promoter is phosphorylated at the S5 of the CTD
repeat through transcription factor IIH (TFIIH). The
CTD is partially dephosphorylated at this position
after it escapes into the elongation phase. As
elongation proceeds, the level of phosphorylation of
the CTD at the S2 increases and peaks near the 3'
end of a gene (Figure 1). In accordance with the
different locations and the timing of the modification,
the serines in positions 2 and 5 are functionally
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Figure 1. RNA polymerase Il CTD phosphorylation cycle. RNA pol Il with a heptapeptide repeat (Y'S°P°T*SP°S")
interacts with the DNA to initiate transcription. Upon phosphorylation by TFIIH at S5, the capping enzyme
associates and waits until the 5' RNA is long enough to become exposed. Transition into the elongation phase
by S5 phosphorylation might be inhibited by S5 phosphatase such as SCPs. As pol Il travels downstream, Ctk1
(PTEF-b in human) starts to phosphorylate S2. In the meanwhile, S5 phosphatase, such as Ssu72,
dephosphorylates S5, leaving S2 phosphorylated pol Il during the processive elongation phase. S2
phosphatase such as Fcp1 counteracts Ctk1/P-TEFb to balance S2 phosphorylation. Phosphorylated S2 is
recognized by 3' processing, splicing, termination, and exporting factors. Different serines with different levels
of phosphorylation (along the repeats) might serve as a binding platform for various nuclear factors. As soon as
pol Il passes the poly(A) sites, Fcp1 removes S2 phosphorylation completely with the aid of Ssu72, which allow

pol Il to initiate another cycle. See the details in the text.

different (Phatnani and Greenleaf, 2006). CTD is
phosphorylated by members of the cyclin-dependent
kinase (CDK) family, which typically consists of a
catalytic subunit and a regulatory cyclin subunit.
These kinases phosphorylate distinct positions with-
in the repeat to exert distinct functions (reviewed in
Meinhart et al., 2005).

The kinase subunit (Kin28) of yeast TFIIH, asso-
ciated with Ccl1 cyclin, is a major S5 kinase. The
TFIIH is essential for the efficient coupling of the
mRNA 5' modification because the cotranscriptional
recruitment of the capping enzyme and the place-
ment of the 7-methyl guanosine cap on pre-mRNA is
dependent on S5 phsophorylation (See below)
(Komarnitsky et al., 2000; Rodriguez et al., 2000;
Schroeder et al., 2000). Whereas, the yeast kinase
subunit (Ctk1) of the CTD kinase 1 complex (CTDK1)
is a major S2 kinase. Ctk1 efficiently phosphorylates
the CTD during a processive elongation phase (Cho
et al., 2001). The Cdk9 subunit of the mammalian
elongation factor P-TEFb is functionally similar to
Ctk1 (Price, 2000). Cdk9 has been shown to phos-
phorylate S2, which emphasizes the functional coun-

terpart of Ctk1. However, its substrate specificity can
be modified to favor S5 through an interaction with
Tat in vitro (Zhou et al., 2000). The temporal and
spatial regulation of the kinase activity and the
outcome of a specific combination of the phosphory-
lated serines all play important roles in regulating the
function of the CTD.

Isomerization even multiplies the CTD
code

Peptidyl-prolyl cis/trans isomerase (PPlase) cata-
lyzes the rotation of the peptide bond on the amino-
terminal side of proline residues, a step known to
modulate the proper folding of newly synthesized
proteins (Schiene and Fischer, 2000). Mammalian
Pin1 and its yeast homolog, Ess1, are the most
interesting PPlase implicated in the transcription.
Pin1/Ess1 plays a role in cell cycle and has been
implicated in transcription through the direct and
preferential binding to the phosphorylated CTD
(Morris et al., 1999; Verdecia et al., 2000). Pin1/Ess1



contains an N-terminal WW domain and a C-terminal
PPlase domain. The WW domain is a small struc-
tural motif that functions as an interaction module to
bind the proline-rich domains of a variety of signaling
proteins (Sudol and Hunter, 2000). The same domain
of Pin1/Ess1 is responsible for its interaction with the
phosphorylated CTD. Genetic and biochemical stu-
dies in yeast have shown a possible linkage between
the PPlase activity and transcription that brings Ess1
to be a secondary regulator to remodel the CTD
code (Wu et al., 2000; Wilcox et al., 2004). In the
present model, Ess1 with PPlase activity would bind
the phosphorylated CTD through the WW domain in
order to reconfigure the structure of the CTD through
isomerization of the proline peptide bond (Buratowski,
2003). Because highly phosphorylated pol Il is cor-
related with the transcript elongation, the binding of
Ess1 may affect the function of the elongating pol Il.
In this scenario, the conformational change can
affect the association and disassociation or the
activity of many CTD-interacting proteins such as
the 3' processing factors. Isomerization of the CTD
can also provide a better substrate for Fcp1 CTD
phosphatase to facilitate the recycling of pol Il (Kops
et al., 2002). Therefore, Pin1/Ess1 has a potential to
regulate the transcription by changing the CTD code.

Deciphering the CTD code

It is important to know what reads the CTD
phosphorylation code in order to understand how it
operates. This can be best answered by reviewing
the proposed coupling mechanism between trans-
cription and RNA processing. Over the past few
years, many observations have contributed to the
idea of the cotranscriptional processing of nascent
RNA through the direct coupling to the transcription.
The CTD has always played an important role in
both targeting the RNA processing machinery and
regulating their catalytic activity.

The cap structure is a characteristic of all RNA pol
Il transcripts and consists of an inverted 7-methyl
guanosine cap that is linked to the first RNA residue
by a 5'-5' triphosphate bridge. Capping is performed
by a series of three enzymes; RNA 5'-triphospha-
tase, guanylyltransferase, and RNA (guanine-7) me-
thyltransferase. The capping enzyme binds directly
and specifically to the CTD of pol Il through the
Ceg1 subunit (yeast) or guanylyltransferase domain
(in metazoan, as it is synthesized together with the
RNA 5'-triphosphatase as a bifunctional polypeptide)
when S5 is phosphorylated by TFIIH (Komarnitsky et
al., 2000; Schroeder et al., 2000). Furthermore, the
capping enzyme activity is stimulated by an inter-
action with the phosphorylated CTD, and in return,
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enhances early transcription. This is considered to
be a mechanism that stimulates the extension of the
capped RNA only, by coupling capping and the early
transcription (Cho et al., 1998; Ho and Shuman,
1999; Kim et al., 2004a; Schroeder et al., 2004).

In contrast to the capping, the splicing machin-
eries contain consensus binding sites on the nascent
RNA. Therefore, there is some controversy as to
whether co-transcriptional splicing (splicing while
transcription is ongoing) is required functionally or is
simply linked mechanically (i.e. RNA is spliced in-
dependently of transcription) (Kornblihtt et al., 2004).
Chromatin immunoprecipitation analysis shows that
the direct binding of the splicing machinery to the
nascent RNA is responsible in a large part for the
co-transcriptional splicing in yeast and mammals
(Listerman et al., 2006; Moore et al., 2006; Tardiff et
al., 2006). However, CTD might also play a role by
providing a platform for the splicing machinery and
even regulate the choice of alternative exons by
increasing the local concentration of proteins (de la
Mata and Kornblihtt, 2006). Splicing factors including
small nuclear ribonucleoprotein particles (snRNPs)
and non-snRNP proteins such as the serine/arginine-
rich (SR) protein family are associated with pol llo
but not with pol lla (Mortillaro et al., 1996; Kim et al.,
1997). The arginine-serine rich (RS) domain of the
SR family protein is essential for recruitment to the
phosphorylated CTD (Misteli and Spector, 1999). In
yeast, the splicing factor, Prp40, has been reported
to bind to the phosphorylated CTD (Morris and
Greenleaf, 2000). In particular, mammalian Spt6
binds selectively to the phosphorylated S2 through
the SH2 domain and couples hlws1 dependent
mRNA splicing (Yoh et al., 2007). Indeed, a pho-
sphorylated CTD is required for the efficient splicing
reaction (Bird et al., 2004; Millhouse and Manley,
2005). RNA pol llo stimulates the in vitro recon-
stituted splicing reaction of pre-mRNAs, while the
addition of the phosphorylated CTD peptides inhibits
this reaction (Du and Warren, 1997; Hirose et al.,
1999). This indicates that an elongating pol Il with
phosphorylated CTD is an active component of the
splicing reaction. Like capping, pol Il CTD can play
an important role in splicing by regulating the ef-
ficiency and specificity of splicing as well as re-
cruiting the machinery. However, the functional spec-
ificity of the two different serines is unknown.

Similar to splicing, the 3'-end processing of mMRNA
is affected in cells through a deletion of the pol Il
CTD or a loss of CTD phosphorylation, even though
nascent RNA carries the consensus recognition
sites (Fong and Bentley, 2001; Proudfoot et al.,
2002; Skaar and Greenleaf, 2002; Ahn et al., 2004).
3'-end modifications of the pre-mRNA proceeds
through two steps; endonucleolytic cleavage of the
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mRNA precursor followed by poly(A) addition to the
cleavage product. CF1A, CF1B, and CFIl in yeast,
and the similar complexes, CstF, CPSF, CF1, and
CF2 in higher eukaryotes, perform this function while
polyadenylation is mediated by poly(A) polymerase
in both. The 3'-end processing factors can bind to
the CTD affinity column (McCracken et al,, 1997).
Furthermore, several factors, including Pcf11, Pta1,
and Rna14 show an apparent preference for binding
to the phosphorylated CTD (Rodriguez et al., 2000;
Barilla et al., 2001; Licatalosi et al., 2002; Meinhart
and Cramer, 2004). In particular, the yeast 3'-end
processing factors appear to be recruited in time
through the phosphorylation of S2 of the CTD when
pol Il approaches the 3'-end of a gene. Ctk1 is
responsible for S2 phosphorylation and is in turn
responsible for the selective binding of the 3'-end
processing factors (Ahn et al., 2004). Therefore, the
S2-phosphorylated CTD can act as a platform for
these factors. In addition to serving as a binding
surface, both phosphorylated and non-phosphory-
lated CTD activate the cleavage reaction in vitro.
The CTD might not be essential for the reaction but
it certainly enhances the efficiency by coupling the
two pathways (Hirose and Manley, 1998).

The 3'-processing signal elements in turn affect
the efficiency of transcription termination. 3'-cleavage/
polyadenylation and termination must be closely cou-
pled because the poly(A) signals are required for
proper transcription termination in mammals and
yeast (Bauren et al., 1998; Birse et al., 1998). The
connections among 3'-end processing, CTD pho-
sphorylation, and termination were recently resolved
by identification of the Rtt103 protein, which is a
3'-end mRNA processing factor that contains a CTD
interacting domain. Rtt103 interacts with the CTD in
a S2-phosphorylation dependent manner and recruits
the 5'—3' RNA exonuclease that is responsible for
the release of pol Il from the DNA template (Kim et
al., 2004b; West et al., 2004). In yeast, mMRNA export
is also linked to transcription via the TREX (trans-
cription export) complex (reviewed in Aguilera, 2005).
TREX is composed of the four-subunit complex,
THO (Tho2, Hpr1, Mft1, and Thp2) and the evolu-
tionally conserved RNA export proteins, Sub2 (UAP56
in human) and Yra1 (REF/Aly in human). Deletions
of individual THO components lead to impaired trans-
cription, transcription-dependent hyper-recombination,
and mRNA export defect (Jimeno et al, 2002;
Strasser et al., 2002). In addition, SUB2 and YRA1
mutants are synthetic lethal with THO mutants and
over-expressed Sub2 suppresses the THO mutant
phenotype (Fan et al., 2001), which all supports the
potential linkage of transcription elongation to mMRNA
export. In addition to genetic interaction with THO,
Sub2/Yra1 are directly recruited to the actively

transcribed regions via physical interaction with THO
(Strasser et al., 2002; Zenklusen et al., 2002), sug-
gesting a one-step biogenesis of export-competent
mRNP while transcription is ongoing. However, the
potential role of the pol Il CTD and CTD phosphory-
lation in this process remains unclear. Recruitment
of the TREX complex to transcribed genes is not
dependent on the S2 kinase, Ctk1 in yeast (Ahn et
al., 2004), and the association of the human TREX
complex to mRNA might be coupled to transcription
indirectly through splicing (Masuda et al., 2005). On
the other hand, interestingly, Jones and colleagues
show that mammalian Spt6 that selectively asso-
ciates S2-phosphorylated CTD concomitantly re-
cruits REF/Aly and UAP56 via Iws1 (Yoh et al,
2007), suggesting an alternative mechanism of
cotranscriptional coupling of mMRNA export in mam-
malian system independently of THO or splicing, but
depends on CTD phosphorylation. In summary,
many aspects of the mRNA metabolism from the 5'
capping to the export occur cotranscriptionally and
are coordinated through transcription with the
keyword of the pol [l CTD or CTD phosphorylation.

The CTD code translated into the histone
code

The transcription states are intimately linked to the
chromatin states (Figure 2) (Gerber and Shilatifard
2003; Hampsey and Reinberg 2003; Saunders et al.,
2006). The basic element of chromatin, the nucleo-
some, consists of a 146 bp DNA wrapped around a
histone octamer that is composed of two copies of
H2A, H2B, H3, and H4 (Luger, 2003). The post-
translational modification of the histones, including
acetylation, methylation, phosphorylation, ubiquitina-
tion, and sumoylation regulate gene expression by
controlling the accessibility of various transcription
factors (Cheung et al., 2000; Nathan et al., 2003;
Martin and Zhang, 2005). Among them, the histone
H3 lysine (K) 4 and K36 are the most characterized
methylation sites that have been implicated in active
transcription. H3 K4 is methylated by the proteins of
the Set1 family, while K36 is methylated by the
proteins of Set2 (Gerber and Shilatifard, 2003). The
profile of H3 K4 tri-methylation is strongly correlated
to the distribution pattern of the pol Il phosphorylated
at S5 (Figure 2). This usually peaks at the promoter
and 5' region of a gene, indicating a role in an early
phase of transcription (Pokholok et al., 2005; Millar
and Grunstein, 2006). As expected from the distri-
bution profile, the Set1 complex is associated with
the S5 phosphorylated pol Il (Ng et al., 2003). H3 K4
mono- and di-methylation tend to spread out com-
pared with the tri-methylation. On the other hand, H3
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Figure 2. The CTD code translated onto the histone code. As polymerase transcribes DNA, the transcription
states reflected by the CTD code leave a mark on the chromatin by changing the histone N-termini. The
chromatin of an actively transcribed gene is methylated at histone H3 K4 (tri-CHs) with the typical pattern of
a peak around the promoter and the 5' of a coding region, while H3 K36 (tri-CHs) is methylated with an
opposite pattern of a peak toward the 3' of a coding region. Mono- and di-methylated H3 K4 or K36 (mono-,
di-CHs) are linked evenly along a gene compared with the tri-methylated form. Phosphorylated S5 and S2
play important roles in coupling of histone methylation through a specific interaction with Set1 and Set2, re-
spectively. The CTD phosphorylation states are determined by the relative prevalence of the different

kinases and phosphatases.

K36 tri-methylation has been observed throughout
the coding region with an increase toward the 3'
region of an actively transcribed gene. In contrast to
Set1, the recruitment of Set2 depends on S2
phosphorylation (Krogan et al., 2003a; Xiao et al.,
2003). Therefore, differently phosphorylated CTD by
TFIIH and Ctk1 is responsible for the characteristic
distribution of H3 K4 and K36 methylation. In
addition to direct recruitment of Set2, Ctk1 restricts
the spread of H3 K4 ftri-methylation in the coding
region (Xiao et al., 2007). The extent of methylation
on each residue is further regulated by the elonga-
tion complex, Paf1 (Krogan et al, 2003b). In addi-
tion, the Rad6/Bre1 complex dependent mono-ubiqui-
tination of H2B on K123 or the BUR kinase complex
is important for the di- and tri-methylation of histone
H3 K4 (Shahbazian et al., 2005; Laribee et al., 2005;
Wood et al.,, 2005). Overall, the nature of the RNA
polymerase Il complex engaged in various stages of
transcription is reflected onto the chromatin through
the histone code, which is translated cotranscri-
ptionally from the CTD code. Although the molecular
consequences linking transcription and chromatin
modification are unclear, the pol Il CTD and trans-
cription factors play an important role in coupling
these pathways.

Conclusion

The phosphorylation of the CTD at S5 by TFIIH or at
S2 by Ctk1 is essential for the coupling of RNA
processing or the chromatin function to the trans-
cription. The phosphorylation of serine sites of the
CTD in various combinations is one way of creating
multiple connections that make transcription as a
center of gene expression and chromatin function.
Further insight into the coupled nuclear events as
well as the role of these connections will be possible
when a full list of the proteins that read and write the
CTD code is revealed.

Acknowledgement

| thank Dr. SH Ahn (Hanyang University) for critical
reading of this manuscript. | thank members of my
laboratory for assistance with preparing the manuscript.
This work was supported by a grant from the National R&D
Program for Cancer Control, Ministry of Health and Welfare
(0520010-2) and a Korea Science and Engineering Foun-
dation (KOSEF) grant funded by the Korean government
(MOST) (RO1- 2006-000-10707-0).



252  Exp. Mol. Med. Vol. 39(3), 247-254, 2007

References

Aguilera A. Cotranscriptional mMRNA assembly: from the DNA
to the nuclear pore. Curr Opi Cell Biol 2005;17:242-50

Ahn SH, Kim M, Buratowski S. Phosphorylation of serine 2
within the RNA polymerase Il C-terminal domain couples
transcription and 3' end processing. Mol Cell 2004;13:67-76

Barilla D, Lee BA, Proudfoot NJ. Cleavage/polyadenylation
factor A associates with the carboxyl-terminal domain of RNA
polymerase Il in Saccharomyces cerevisiae. Proc Natl Acad
Sci 2001;98:445-50

Bauren G, Belikov S, Wieslander L. Transcriptional termina-
tion in the Balbiani ring 1 gene is closely coupled to 3'-end
formation and excision of the 3'-terminal intron. Genes Dev
1998;12:2759-69

Bentley DL. Rules of engagement: co-transcriptional recruit-
ment of pre-mRNA processing factors. Curr Opin Cell Biol
2005;17:251-6

Bird G, Zorio DA, Bentley DL. RNA polymerase Il carboxy-
terminal domain phosphorylation is required for cotranscri-
ptional pre-mRNA splicing and 3'-end formation. Mol Cell Biol
2004;24:8963-9

Birse CE, Minvielle-Sebastia L, Lee BA, Keller W, Proudfoot
NJ. Coupling termination of transcription to messenger RNA
maturation in yeast. Science 1998;280:298-301

Buratowski S. The CTD code. Nat Struct Mol Biol 2003;
10:679-80

Buratowski S. Connections between mRNA 3' end processing
and transcription termination. Curr Opin Cell Biol 2005;17:
257-61

Cheung WL, Briggs SD, Allis CD. Acetylation and chromo-
somal functions. Curr Opin Cell Biol 2000;12:326-33

Cho EJ, Rodriguez CR, Takagi T, Buratowski S. Allosteric
interactions between capping enzyme subunits and the RNA
polymerase Il carboxy-terminal domain. Genes Dev 1998;
12:3482-7

Cho EJ, Kobor MS, Kim M, Greenblatt J, Buratowski S.
Opposing effects of Ctk1 kinase and Fcp1 phosphatase at Ser
2 of the RNA polymerase Il C-terminal domain. Genes Dev
2001;15:3319-29

Dahmus ME. Reversible phosphorylation of the C-terminal
domain of RNA polymerase Il. J Biol Chem 1996;270:
19009-12

de la Mata M, Kornblihtt AR. RNA polymerase Il C-terminal
domain mediates regulation of alternative splicing by SRp20.
Nat Struct Mol Biol 2006;13:973-80

Du L, Warren SL. A functional interaction between the
carboxy-terminal domain of RNA polymerase Il and pre-
mRNA splicing. J Cell Biol 1997;136:5-18

Fan HY, Merker RJ, Klein HL. High-copy-number expression
of Sub2p, a member of the RNA helicase superfamily,
suppresses hpr1-mediated genomic instability. Mol Cell Biol
2001;21:5459-70

Fong N, Bentley D. Capping, splicing, and 3' processing are

independently stimulated by RNA polymerase II: different
functions for different segments of the CTD. Genes Dev
2001;15:1783-95

Gerber M, Shilatifard A. Transcriptional elongation by RNA
polymerase Il and histone methylation. J Biol Chem 2003;
278:26303-6

Hampsey M, Reinberg D. Tails of intrigue: phosphorylation of
RNA polymerase Il mediates histone methylation. Cell
2003;113:429-32

Hirose Y, Manley JL. RNA polymerase Il is an essential MRNA
polyadenylation factor. Nature 1998;395:93-6

Hirose Y, Tacke R, Manley JL. Phosphorylated RNA poly-
merase |l stimulates pre-mRNA splicing. Genes Dev 1999;
13:1234-9

Ho CK, Shuman S. Distinct roles of CTD Ser-2 and Ser-5
phosphorylation in the recruitment and allosteric activation of
mammalian mRNA capping enzyme. Mol Cell 1999;3:405-11

Jimeno S, Rondon AG, Luna R, Aguilera A. The yeast THO
complex and mRNA export factors link RNA metabolism with
transcription and genome instability. EMBO J 2002;21:
3526-35

Kim E, Du L, Bregman DB, Warren SL. Splicing factors
associate with hyperphosphorylated RNA polymerase Il in the
absence of pre-mRNA. J Cell Biol 1997;136:19-28

Kim H, Jeong SH, Heo JH, Jeong SJ, Kim ST, Youn HD, Han
JW, Lee HW, Cho EJ. mRNA capping enzyme activity is
coupled to an early transcription elongation. Mol Cell Biol
2004a;24:6184-93

Kim M, Krogan NJ, Vasilieva L, Rando OJ, Nedea E, Greenblatt
JF, Buratowski S. The yeast Rat1 exonuclease promotes
transcription termination by RNA polymerase Il. Nature
2004b;432:517-22

Komarnitsky P, Cho EJ, Buratowski S. Different phosphory-
lated forms of RNA polymerase Il and associated mRNA
processing factors during transcription. Genes Dev 2000;14:
2452-60

Kops O, Zhou XZ, Lu KP. Pin1 modulates the depho-
sphorylation of the RNA polymerase Il C-terminal domain by
yeast Fcp1. FEBS Lett 2002;513:305-11

Kornblihtt AR, de la Mata M, Fededa JP, Munoz MJ, Noques
G. Multiple links between transcription and splicing. RNA
2004;10:1489-98

Krogan NJ, Kim M, Tong A, Golshani A, Cagney G, Canadien
V, Richards DP, Beattie BK, Emili A, Boone C, Shilatifard A,
Buratowski S, Greenblatt J. Methylation of histone H3 by Set2
in Saccharomyces cerevisiae is linked to transcriptional
elongation by RNA polymerase Il. Mol Cell Biol 2003a;23:
4207-18

Krogan NJ, Dover J, Wood A, Schneider J, Heidt J, Boateng
MA, Dean K, Ryan OW, Golshani A, Johnston M, Greenblatt
JF, Shilatifard A. The Paf1 complex is required for histone H3
methylation by COMPASS and Dot1p: linking transcriptional
elongation to histone methylation. Mol Cell 2003b;11:721-9

Laribee RN, Krogan NJ, Xiao T, Shibata Y, Hughes TR,
Greenblatt JF, Strahl BD. BUR kinase selectively regulates H3



K4 trimethylation and H2B ubiquitylation through recruitment
of the PAF elongation complex. Curr Biol 2005;15:1487-93

Licatalosi DD, Geiger G, Minet M, Schroeder S, Cilli K, McNeil
JB, Bentley DL. Functional interaction of yeast pre-mRNA 3'
end processing factors with RNA polymerase Il. Mol Cell
2002;9:1101-11

Listerman |, Sapra AK, Neugebauer KM. Cotranscriptional
coupling of splicing factor recruitment and precursor mes-
senger RNA splicing in mammalian cells. Nat Struct Mol Biol
2006;13:815-22

Luger K. Structure and dynamic behavior of nucleosomes.
Curr Opin Genet Dev 2003;13:127-35

Martin C, Zhang Y. The diverse functions of histone lysine
methylation. Nat Rev Mol Cell Biol 2005;6:838-49

Masuda S, Das R, Cheng H, Hurt E, Dorman N, Reed R.
Recruitment of the human TREX complex to mRNA during
splicing. Genes Dev 2005;19:1512-17

McCracken S, Fong N, Yankulov K, Ballantyne S, Pan G,
Greenblatt J, Patterson SD, Wickens M, Bentley DL. The
C-terminal domain of RNA polymerase Il couples mRNA
processing to transcription. Nature 1997;385:357-61

Meinhart A, Cramer P. Recognition of RNA polymerase I
carboxy-terminal domain by 3'-RNA-processing factors.
Nature 2004;430:223-6

Meinhart A, Kamenski T, Hoeppner S, Baumli S, Cramer P. A
structural perspective of CTD function. Genes Dev 2005;
19:1401-15

Millar CB, Grunstein M. Genome-wide patterns of histone
modifications in yeast. Nat Rev Mol Cell Biol 2006;7:657-65

Millhouse S, Manley JL. The C-terminal domain of RNA
polymerase Il functions as a phosphorylation-dependent
splicing activator in a heterologous protein. Mol Cell Biol
2005;25:533-44

Misteli T, Spector DL. RNA polymerase Il targets pre-mRNA
splicing factors to transcription sites in vivo. Mol Cell
1999;3:697-705

Moore MJ, Schwartzfarb EM, Silver PA, Yu MC. Differential
recruitment of the splicing machinery during transcription
predicts genome-wide patterns of mRNA splicing. Mol Cell
2006;24:903-15

Morris DP, Phatnani HP, Greenleaf AL. Phospho-carboxyl-
terminal domain binding and role of a prolyl isomerase in
pre-mRNA 3'-end formation. J Biol Chem 1999;274:31583-7

Morris DP, Greenleaf AL. The splicing factor, Prp40, binds the
phosphorylated carboxyl-terminal domain of RNA poly-
merase Il. J Biol Chem 2000;275:39935-43

Mortillaro MJ, Blencowe BJ, Wei X, Nakaysu H, Du L, Warren
SL, Sharp PA, Berezney R. A hyperphosphorylated form of the
large subunit of RNA polymerase Il is associated with splicing
complexes and the nuclear matrix. Proc Natl Acad SciU S A
1996;93:8253-7

Nathan D, Sterner DE, Berger SL. Histone modifications: Now
summoning sumoylation. Proc Natl Acad Sci U S A 2003;
100:13118-20

RNA polymerase Il CTD 253

Ng HH, Robert F, Young RA, Struhl K. Targeted recruitment of
Set1 histone methylase by elongating Pol Il provides a
localized mark and memory of recent transcriptional activity.
Mol Cell 2003;11:709-19

Phatnani HP, Greenleaf AL. Phosphorylation and functions of
the RNA polymerase Il CTD. Genes Dev 2006;20:2922-36

Pokholok DK, Harbison CT, Levine S, Cole M, Hannett NM, Lee
TI, Bell GW, Walker K, Rolfe PA, Herbolsheimer E, Zeitlinger
J, Lewitter F, Gifford DK, Young RA. Genome-wide map of
nucleosome acetylation and methylation in yeast. Cell
2005;122:517-27

Price DH. P-TEFb, a cyclin-dependent kinase controlling
elongation by RNA polymerase |l. Mol Cell Biol 2000;20:
2629-34

Proudfoot NJ, Furger A, Dye MJ. Integrating mRNA pro-
cessing with transcription. Cell 2002;108:501-12

Rodriguez CR, Cho EJ, Keogh MC, Moore CL, Greenleaf AL,
Buratowski S. Kin28, the TFIIH associated carboxy-terminal
domain kinase, facilitates the recruitment of mRNA processing
machinery to RNA polymerase Il. Mol Cell Biol 2000;20:
104-12

Saunders A, Core LJ, Lis JT. Breaking barriers to transcription
elongation. Nat Rev Mol Cell Biol 2006;7:557-67

Schiene C, Fischer G. Enzymes that catalyse the restructuring
of proteins. Curr Opin Struct Biol 2000;10:40-5

Schroeder SC, Schwer B, Shuman S, Bentley D. Dynamic
association of capping enzymes with transcribing RNA
polymerase Il. Genes Dev 2000;14:2435-40

Schroeder SC, Zorio DA, Schwer B, Shuman S, Bentley D. A
function of yeast mRNA cap methyltransferase, Abd1, in
transcription by RNA polymerase II. Mol Cell 2004;13:377-87

Shahbazian MD, Zhang K, Grunstein M. Histone H2B
ubiquitylation controls processive methylation but not
monomethylation by Dot1 and Set1. Mol Cell 2005;19:271-7

Skaar DA, Greenleaf AL. The RNA polymerase || CTD kinase
CTDK-I affects pre-mRNA 3' cleavage/polyadenylation
through the processing component Pti1p. Mol Cell 2002;10:
1429-39

Strasser K, Masuda S, Mason P, Pfannstiel J, Oppizzi M,
Rodriguez-Navarro S, Rondon AG, Aguilera A, Struhl K, Reed
R, Hurt E. TREX is a conserved complex coupling transcription
with messenger RNA export. Nature 2002;417:304-8

Sudol M, Hunter T. New wrinkles for an old domain. Cell
2000;103:1001-4

Tardiff DF, Lacadie SA, Rosbash M. A genome-wide analysis
indicates that yeast pre-mRNA splicing is predominantly
posttranscriptional. Mol Cell 2006;24:917-29

Verdecia MA, Bowman ME, Lu KP, Hunter T, Noel JP. Structural
basis for phosphoserine-proline recognition by group IV WW
domains. Nat Struct Mol Biol 2000;7:639-43

West S, Gromak N, Proudfoot NJ. Human 5' —3' exonuclease
Xrn2 promotes transcription termination at co-transcriptional
cleavage sites. Nature 2004;432:522-5

Wilcox CB, Rossettini A, Hanes SD. Genetic interactions with



254  Exp. Mol. Med. Vol. 39(3), 247-254, 2007

C-terminal domain (CTD) kinases and the CTD of RNA Pol I
suggest a role for ESS1 in transcription initiation and
elongation in Saccharomyces cerevisiae. Genetics 2004;167:
93-105

Wood A, Schneider J, Dover J, Johnston M, Shilatifard A. The
Bur1/Bur2 complex is required for histone H2B monou-
biquitination by Rad6/Bre1 and histone methylation by
COMPASS. Mol Cell 2005;20:589-99

Wu X, Wilcox CB, Devasahayam G, Hackett RL, Arevalo-
Rodriguez M, Cardenas ME, Heitman J, Hanes SD. The Ess1
prolyl isomerase is linked to chromatin remodeling complexes
and the general transcription machinery. EMBO J 2000;19:
3727-38

Xiao T, Hall H, Kizer KO, Shibata Y, Hall MC, Borchers CH,
Strahl BD. Phosphorylation of RNA polymerase Il CTD
regulates H3 methylation in yeast. Genes Dev 2003;17:
654-63

Xiao T, Shibata Y, Hall MC, Rao B, Laribee RN, O'Rourke R,
Buck MJ, Greenblatt JF, Krogan NJ, Lieb JD, Strahl BD. The
RNA polymerase Il kinase Ctk1 regulates positioning of a '5
histone methylation boundary along genes. Mol Cell Biol
2007;27:721-31

Yoh SM, Cho H, Pickle L, Evans RM, Jones KA. The Spt6 SH2
domain binds ser2-P RNAPII to direct Iws1-dependent mMRNA
splicing and export. Genes Dev 2007;21:160-74

Zenklusen D, Vinciguerra P, Wyss JC, Stutz F. Stable mRNP
formation and export require cotranscriptional recruitment of
the mRNA export factors Yra1p and Sub2p by Hpr1p. Mol Cell
Biol 2002;22:8241-53

Zhou M, Halanski MA, Radonovich MF, Kashanchi F, Peng J,
Price DH, Brady JN. Tat modifies the activity of CDK9 to
phosphorylate serine 5 of the RNA polymerase Il carboxyl-
terminal domain during human immunodeficiency virus type |
transcription. Mol Cell Biol 2000;20:5077-86



	RNA polymerase II carboxy-terminal domain with multiple connections

