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The CTD code
Stephen Buratowski

How does the C-terminal domain (CTD) of RNA polymerase II interact specifically with multiple targets? A recent paper
describing the structure of this domain with a mRNA capping enzyme guanylyltransferase suggests that the CTD is a contortionist
that, upon post-translational modification, adopts different configurations specifically recognized by its partners.

The gene expression field has been experienc-
ing a period of remarkable integration.
Eukaryotic RNA polymerase II (RNAPII)
produces mRNA, but that is only its most
basic function. While transcribing, RNAPII
also scans for DNA damage and modifies the
surrounding chromatin. Through protein-
protein interactions, RNAPII also acts as a
platform for several mRNA processing factors
that modify the mRNA as it is being synthe-
sized. One particularly important component
for these interactions is the C-terminal
domain (CTD) of the RNAPII largest sub-
unit. The CTD couples transcription with
histone methylation, mRNA splicing, and
polyadenylation, but its best-characterized
direct interaction is with the mRNA capping
enzyme. A recent report in Molecular Cell pre-
sents the crystal structure of the CTD bound
to the capping enzyme guanylyltransferase
(Cgt1), extending our understanding of this
interaction to the atomic level1. This and
other studies lend insight into how transcrip-
tion by RNAPII is linked to so many other
processes.

The CTD is a simple repetition (27–52
repeats, depending upon the organism) of the
heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-
Pro-Ser. No analogous domain exists on the
related RNAPI and RNAPIII enzymes, and

the CTD is completely dispensable for RNA
polymerization. The CTD is highly phospho-
rylated in vivo, and many proteins are
thought to bind to this domain. Interacting
partners include the Mediator complex that
regulates transcription initiation, several his-
tone methyltransferases, the capping enzyme
that modifies the 5′ end of mRNA, and the
polyadenylation factors that modify the 
3′ end (for reviews, see refs. 2,3). How does
such a simple sequence interact with so many
targets? Rather than carrying all these factors
throughout the transcription cycle, the CTD
interacts dynamically with each factor at the
appropriate time. A series of different phos-
phorylations and conformation changes gen-
erates configurations specific for binding of
particular factors. In essence, there is a CTD
‘code’ that specifies the position of RNAPII in
the transcription cycle.

The two major CTD phosphorylations
occur at distinct points in the transcription
cycle. The serine in the fifth position (Serine
5) is phosphorylated by the basal transcrip-
tion factor TFIIH near the promoter, and
genetic and biochemical data show that cap-
ping enzyme is recruited by this modifica-
tion4–7. The structure of the Candida albicans
guanylyltransferase (Cgt1)-CTD phospho-
peptide complex illustrates how a CTD code
can be read. The peptide used contains four
heptad repeats, each phosphorylated at 
serine 5, but only seventeen residues (two
repeats) are visible in the structure. The
phosphopeptide binds in a cleft on the
nucleotidyl transferase domain, with an

extended β-like conformation containing one
turn at proline 6. The phosphates on two 
serine 5 residues from adjacent repeats bind
in positively charged pockets and act as elec-
trostatic anchors to either end of the binding
cleft. In addition to serine 5, the tyrosine and
two prolines within each repeat also make
specific contacts with Cgt1. These inter-
actions are consistent with mutagenesis data
reported by Fabrega et al.1, as well as with 
previous biochemical and genetic studies. 

Serine 2 is phosphorylated during elonga-
tion by a different kinase. There are sugges-
tions that polyadenylation factors may
interact specifically with the serine 2 phos-
phorylated form of the CTD. Therefore, the
two phosphorylations help distinguish early
and late phases of transcription7.

In addition to phosphorylation, a CTD
code probably also includes cis-trans isomer-
ization at the two prolines that follow the
phosphorylated serines. The proline iso-
merase Pin1/Ess1 acts at prolines preceded by
a phosphorylated residue and has been impli-
cated in mRNA 3′ end formation (ref. 8 and
references therein). It is informative to com-
pare the CTD (serine 5-P)–capping enzyme
structure with that of Pin1 bound to the CTD
phosphorylated at both serine 2 and serine 5
(ref. 9). Whereas the capping enzyme-bound
CTD has a β-like configuration, the Pin1-
bound CTD is more like a type II polyproline
helix. In both structures, the prolines are in
the trans configuration. Pin1 binds to the
CTD (at least in part) via its WW domain, a
motif found in several other CTD-binding
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proteins10, and it will be important to deter-
mine if these other interactions occur via sim-
ilar molecular contacts.

Solution studies of unbound CTD peptides
suggest that it is largely unstructured.
However, phosphorylation can influence 
the propensity of the CTD peptides to form 
β-turns and type II polyproline helices11. 
It remains to be determined whether
phosphorylation changes the equilibria
between the cis and trans forms of the CTD
prolines. Just considering the possible pat-
terns of phosphorylation and proline config-
urations (Fig. 1), sixteen distinct states can be
specified within a single CTD repeat. Each
state is potentially a specific recognition site
for an interacting factor. The number gets
much larger if higher order patterns contain-
ing multiple repeats are considered.
Therefore, by regulating the timing of phos-
phorylation events during transcription, a
great deal of information can be encoded in

the CTD. Further complexity could come
from other reported covalent modifications
of the CTD (which include ubiquitylation,
glycosylation, and phosphorylation of other
residues within the repeat) and nonconcensus
repeats found in most organisms.

Another interesting structure with implica-
tions for coupling between transcription and
mRNA processing is that of the complete 
12-subunit RNAPII12,13. Until recently, the
available high-resolution structures of RNA
polymerase II were missing the Rpb4 and
Rpb7 subunits. The Rpb4/7 dimer is located
near the channel where RNA exits the poly-
merase, close to the predicted location of the
CTD. The Rpb4/7 subcomplex is not required
for RNA polymerization. RNAPII lacking
Rpb4/7 can form transcription initiation com-
plexes, yet these complexes fail to initiate tran-
scription14. Rpb7 contains an oligonucleotide
binding (OB) fold and a ribonucleoprotein
(RNP) fold, domains seen in some single-

stranded nucleic acid binding proteins. It has
been suggested that Rpb7 could interact with
the nascent mRNA, although there is not yet
any data to show that this occurs during tran-
scription. Rpb4/7 could also potentially mod-
ulate the interaction between the CTD and its
modifying enzymes.

Even with only two structures of  CTD
interactions available1,9, it is apparent simplic-
ity of the RNAPII CTD is deceptive. Multiple
conformations and modifications allow it to
interact with many distinct targets. It remains
to be seen whether the interaction sites of the
targets will fall into recognizable classes (such
as the WW domain) or will be widely diver-
gent. Many of the interactions may involve
‘induced fit’ of the CTD to its target, so more
structures will be required to determine the
rules that govern the readout of the CTD code.
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Figure 1  A possible CTD code. Possible phosphorylation sites are denoted by circled P (red). Two
prolines can adopt either the cis or trans configuration.
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