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ukaryotic ' RNA  polymerase II

(RNAP II) has evolved an array
of heptad repeats with the consensus
sequence Tyrl-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7 at the carboxy-terminal
domain (CTD) of its largest subunit
(Rpbl). Dynamic phosphorylation of
Ser2, Ser5 and Ser7 residues orchestrates
the binding of transcription and RNA
processing factors to the transcription
machinery. Recent studies show that the
two remaining potential phosphoryla-
tion sites, tyrosine-1 and threonine-4,
are phosphorylated as well and contrib-
ute to the previously proposed “CTD
code”. With the impairment of binding
of CTD interacting factors, these novel
phosphorylation marks add an accessory
layer of regulation to the RNAP II tran-
scription cycle.

In eukaryotes three different DNA
dependent RNA polymerases convert
the information encoded in the chro-
matin template into RNA. RNAP I
transcribes TDNA in rRNA, RNAP II
transcribes all protein encoding genes
in mRNA as well as small, non-coding
RNAs like snRNAs, snoRNAs and miR-
NAs. RNAP III transcribes various short
genes, which are coding for structural or
catalytic RNAs like tRNAs, 55 rRNA or
the U6 snRNA.

All three enzymes are composed of sev-
eral subunits and have large similarities
but show also clear structural differences
in their periphery.! The most eye-catch-
ing difference, which separates RNAP 11
from its relatives, is the carboxy-terminal
domain (CTD) of its largest subunit
Rpbl.
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The CTD consists of multiple heptapep-
tide repeats with the consensus sequence
Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 and
is well conserved through evolution, with
roughly 10 tandemly repeated heptads in
some Protozoa up to 52 heptads in Homo
sapiens.? With rising number of heptads,
aberrations from the consensus appear
predominantly in the C-terminal part
of CTD. Non-consensus repeats deviate
mainly at position 7 by replacement of
serine to lysine or other amino acids and
might fulfill specific tasks. During the
transcription cycle, the structural plas-
ticity and dynamic pattern of posttrans-
lational modifications enables CTD to
serve as a binding platform for a variety
of regulatory factors involved in RNA bio-
genesis. With Tyrl, Thr4 and Ser2, -5 and
-7, five out of seven amino acid residues
of the consensus repeat can be target of
phosphorylation. Additionally, serine and
threonine residues in CTD can be modi-
fied by O-linked glycosylation® and lysine
and arginine residues of non-consensus
repeats can be target of ubiquitination?
and methylation,’ respectively. Cis/trans-
isomerisation of Pro3 and Pro6 also con-
tributes to changes in CTD structure. The
connection of certain phosphorylation
patterns to specific stages of the RNAP II
transcription cycle support the notion of a
CTD code,® where combinations of modi-
fications are written and read as signatures
to regulate the interaction of transcription
and RNA processing factors with the tran-
scription machinery.”

The transcription cycle (Fig. 1) starts,
when RNAP II with unphosphorylated
CTD is recruited by general transcription
factors (GTFs) and the Mediator complex
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Figure 1. Dynamic CTD phosphorylation patterns during the RNAP Il transcription cycle. RNA
Polymerase Il (RNAP Il) with hypophosphorylated CTD forms together with general transcrip-
tion factors (GTFs) and the Mediator a preinitiation complex (PIC). During initiation, elongation
and termination various CTD phosphorylation marks (P) are introduced and erased, successively.
These CTD signatures determine the interaction capacity of RNAP Il machinery for different tran-
scription- and RNA processing factors (schematically presented by colored ovals).

to a promoter and forms, together with
these factors, a preinitiation complex
(PIC). The PIC formation could be
inhibited, if the cyclin-dependent kinase
(CDK) 8 subunit of the Mediator complex
phosphorylates Ser5 beforehand.® Then
a CTD phosphatase has to remove this
mark first, before the preinitiation com-
plex can be formed. In the phase of ini-
tiation Ser5 and Ser7 are phosphorylated
by the TFIIH associated kinase CDK7
(Kin28 in yeast) and RNAP II is released
from the promoter.’ Phosphorylation of
Ser5 is also required for the recruitment
of the capping enzyme, as well as other
factors involved in mRNA processing and
modification of chromatin. Although it
is placed during initiation and remains
stable until RNAP II reaches the poly-
adenylation (pA) site, the role of Ser7-P
in expression of protein coding genes is
still unclear. Ser7-P earned the reputa-
tion as the first gene-specific mark of
the CTD code for its functional role in
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the recruitment of Integrator, a complex
involved in the expression and processing
of snRNAs." In contrast to Ser7-P, Ser5-P
marks are erased by various CTD phos-
phatases when RNAP II enters productive
elongation and proceeds toward the 3' end
of the gene. The phosphorylation of Ser2
by CDK9 and CDK12 (Burl and Ctk1 in
yeast) rises downstream of the transcrip-
tion start site (TSS). During the transition
from high levels of Ser5-P to high levels
of Ser2-P, both marks are overlapping
within the coding region. This double
mark is important for interaction with
splicing factors and chromatin modify-
ing enzymes. After the removal of Ser5-P,
Ser2-P is the prevailing phosphorylation
mark during the elongation phase and
plays a crucial role also in the recruitment
of mRNA 3' processing and transcription
termination factors.

In the past, the main focus of CTD
research laid on the modification of CTD
serine residues. The phosphorylation of
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CTD residues threonine and tyrosine has
been reported only very recently. Three
studies showed that Thr4 is phosphory-
lated in vivo in yeast and higher verte-
brates.!"> While the presence of Thr4 is
not essential for viability in Saccharomyces
and  Schizosaccharomyces
pombe its replacement either to valine

cerevisiae™

in chicken'? or to alanine in human cells'
is lethal. Chromatin immunoprecipita-
tion experiments in yeast revealed that
Thr4-P is associated to the transcribed
region of genes in yeast” but is low at
the pA site, consistent with structural
considerations that modification of this
CTD residue may impair the binding of
the CTD interacting domain (CID) of
termination factors like Pcf11 to CTD.!°
Chicken DT40 cells expressing a Thr4Val
mutant of CTD show insufficient process-
ing of non-polyadenylated histone mRNA
whereas transcription of histone genes is
not affected.’? In human B-cells, Thr4
phosphorylated RNAP 1I is enriched in
the region downstream of the pA site of
genes. The exchange of Thr4 by alanine
leads to a global defect in RNA elonga-
tion but expression of few genes even gets
stimulated, suggesting that Thr4 is also
important for the initiation and/or elon-
gation phase in mammalian cells."! Until
know, no Thr4 specific kinase has been
identified in yeast, but with PLK3 a kinase
has been determined for Thr4 phosphory-
lation in human cells. Knockdown and
induction experiments could confirm
PLK3 as a Thr4 specific kinase."! CDK9
specific inhibitors could also dimin-
ish Thr4-P levels in chicken and human
cells.™2 CDK9 is a well characterized
kinase for Ser2 in vivo. The inhibitory
effect of CDKO9 inhibitors on Thr4 phos-
phorylation could be indirect and caused
by blocking phosphorylation of Ser2,
if that modification is a requirement for
priming Thr4 phosphorylation.'>

While yeast tolerates the substitution
of Thr4, the replacement of Tyrl with
alanine is absolutely lethal® indicating an
essential function of this CTD residue.
Phosphorylation of CTD-Tyrl and the
responsible kinase c-Abl were described
for human RNAP II almost two decades
ago,’”® but it was unknown whether this
modification is present in other species
and if it plays a functional role during the
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transcription cycle. A recent study shows
that Tyrl is phosphorylated in yeast and
that Tyrl-P modification appears at all
active genes.”® The levels of Tyrl-P corre-
late with Ser2-P levels, are low at gene pro-
moters, but rise downstream of the TSS.
In contrast to Ser2-P, however, the Tyrl-P
mark decreases before RNAP II reaches
the pA site suggesting a role of this modi-
fication in the recruitment of 3' processing
and termination factors. Indeed, Tyrl-P
inhibits the binding of termination factors
to transcribing RNAP II in the central
region of genes. The gene body is essen-
tially void of termination factors, which
peak upstream (Nrdl) or downstream
(Pcfl1, Retl03) of Tyrl-P signals. In
agreement with this observation, Tyrl-P
impairs also CTD binding to the con-
served CTD-interacting domain (CID) of
termination factors in vitro. Importantly,
Tyrl-P does not prevent binding to the
CTD-binding domain of elongation fac-
tor Spt6, consistent with Spt6 occupancy
within the Tyrl-phosphorylated region
of genes in vivo. This essential function
during transcription can explain why
mutation of Tyrl is lethal and how the
recruitment of termination factors is regu-
lated during the RNAP II transcription
cycle (Fig. 1).

In summary, with the description and
functional analysis Thr4-P and Tyrl-P the

1920 is now

initially suggested CTD code
extended to a five letter code. The next
urgent questions will be to uncover the
language of CTD and how the five letters
are used to regulate the association and
dissociation of cellular factors to CTD,
and whether different sections within
CTD can adapt specific modification sig-
natures, and thereby fulfil specific tasks.
These questions will require an exten-
sive mass spectroscopy analysis, and the
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determination of the most common modi-
fication signatures occurring in CTD in
vivo. The knowledge of these signatures
will allow the study of CTD function and
its interaction partners in more detail in
the future.
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