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ABSTRACT

The C-terminal domain (CTD) of the RNA polymerase Il largest subunit consists of a unique repeated
heptad sequence of the consensus Tyr1-Ser2—-Pro3-Thr4-Ser5-Pro6-Ser7. An important function of
the CTD is to couple transcription with RNA processing reactions that occur during the initiation,
elongation, and termination phases of transcription. During this transcription cycle, the CTD is
subject to extensive modification, primarily phosphorylation, on its non-proline residues. Reversible
phosphorylation of Ser2 and Ser5 is well known to play important and general functions during
transcription in all eukaryotes. More recent studies have enhanced our understanding of Tyr1, Thr4,
and Ser7, and what have been previously characterized as unknown or specialized functions for
these residues has changed to a more fine-detailed map of transcriptional regulation that highlights
similarities as well as significant differences between organisms. Here, we review recent findings on
the function and modification of these three residues, which further illustrate the importance of the
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CTD in precisely modulating gene expression.

Introduction

RNA polymerase IT (RNAP II) is responsible for tran-
scription of all mRNAs as well as a large and seem-
ingly growing number of non-coding (nc) transcripts.
RNAP II is a highly conserved, multiprotein complex
consisting of 12 subunits, the largest of which is Rpbl.
The C-terminal domain (CTD) of Rpbl is a unique
protein domain consisting of a series of tandem hep-
tad repeats of the consensus sequence Tyr-Ser-Pro-
Thr-Ser-Pro-Ser (YSPTSPS), although the exact
number of repeats and deviation from this sequence
varies among organisms. All steps in the synthesis of a
mature mRNA, or ncRNA, involve the CTD, as many
different transcription and RNA processing factors
associate with it in a dynamic manner throughout the
transcription cycle. Modification of the CTD, princi-
pally phosphorylation, is important for many CTD
functions. Phosphorylation occurs on all the non-pro-
line residues, again in a dynamic manner with each
residue/modification playing distinct roles. Two of
these residues, Ser2 and Ser5, have garnered the most
attention, and their functions are thus the best under-
stood. Here, we highlight the residues Tyr1, Thr4, and
Ser7, which also play significant but perhaps more

specialized roles in RNAP II transcription and regula-
tion. A number of excellent reviews have been pub-
lished concerning CTD modification and function,
and the reader is referred to these for a broader picture
of this unusual and still in many ways enigmatic pro-
tein domain.'

The CTD has several features that allow for fine-
tuned regulation of polymerase function. The length
itself varies from 26 to 52 heptad repeats, with the
exact number of repeats depending on the species;
budding yeast has a 26 repeat CTD with little varia-
tion, while vertebrate species, including humans, have
52 repeats.® These longer CTDs have more divergence
from the consensus sequence in their more C-terminal
repeats, whereas repeats closer to the N-terminus have
less variation."” Additionally, a 10-residue sequence is
present at the C-terminus of vertebrate CTDs
that helps stabilize it.*> The actual variation in CTD
composition changes between species considerably,
though. While CTDs from vertebrates show consider-
able similarity to each other, the CTD from Drosophila
melanogaster displays much more variation, with
only 3 of 45 repeats matching the consensus and
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with considerable divergence from a related organism,
Aedes aegypti.”

The CTD can be modified in multiple ways, more
so in metazoans than in yeasts. Besides phosphoryla-
tion, the threonine and serine residues can be glycosy-
lated,” and certain specific lysine residues can be
ubiquitinated'® as well as methylated.'"'* These addi-
tional modifications occur primarily in metazoans, at
least in part because Saccharomyces cerevisiae and
Schizosaccharomyces pombe CTDs do not have the
non-consensus lysine residues. Cis/trans isomerization
of the prolines functions to alter binding of proteins
associated with the CTD; the peptidylprolyl-cis/trans-
isomerase Essl in yeast (Pinl in mammals) performs
this function by binding to a Ser5P CTD, and by
changing CTD conformation it can alter CTD phos-
phorylation dynamics."

Most early studies focused on the processes
affected by Ser2 and Ser5. Two recent studies using
mass spectrometry to analyze phosphorylation seem
to vindicate this approach, as these residues were
shown to be the most heavily modified, at least
under the conditions analyzed.'*'> As “orphaned”
residues, Tyrl, Thr4, and Ser7 have become more
of a focus in recent years, with a growing body of
work dedicated to determining their function. We
review below studies on these thre residues and
their place in modulating RNAP II function. Inter-
esting themes that emerge are that these residues
and their phosphorylation seem to affect more spe-
cialized genes and processes than Ser2/Ser5, and
that significant differences in the function of these
residues exist between species.
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Ser7 was the first of the “orphan” residues to receive
significant attention. A schematic highlighting impor-
tant functions, and illustrating some of the major dif-
ferences between mammalian cells and yeast, is
presented in Fig. 1. Using the so-called “a-amanitin
system,” in which endogenous RNAP II is inhibited
by the drug so that exogenous a-amanitin-resistant
mutant forms of Rpb1 can be analyzed,'® Egloff et al.
found that a human Rpb1 derivative with all Ser7 resi-
dues mutated to Ala (S7A) was specifically defective in
expression of certain small nuclear RNAs (snRNAs),
in particular, the spliceosomal U1 and U2 snRNAs."”
Additionally, Ser7 phosphorylation was shown to
facilitate interaction with Integrator, a 12 subunit
complex that functions in 3’ cleavage of snRNAs.'”'®
Further studies showed that before Integrator binds,
Ser7P is necessary to recruit the Ser5 phosphatase
RPAP2, which stably associates with Integrator after
binding the CTD."”*' Once RPAP2 is recruited,
Ser5P is removed, leaving primarily a Ser7P/Ser2P
CTD; Integrator subunit Intll requires both Ser7P
and Ser2P for efficient binding."” The complexity of
the proposed “CTD code” increased with better
understanding of Ser7, as instead of general transcrip-
tion mechanisms (as impacted by Ser2 and Ser5), the
idea that a CTD residue can affect a specialized aspect
of transcription, i.e., U snRNA 3’ end formation, came
about.

More recent studies have complicated somewhat
the view of Ser7 in snRNA gene expression. Analysis
of a chicken DT40 cell line expressing as the only
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Figure 1. Ser7 facilitates mRNA capping in S. pombe and snRNA processing in H. sapiens. (A) In S. pombe, Cdk9 (with cyclin partner
Pcm1) binds to CTD Ser7P, and enables the recruitment of 5’ cap methyltransferase Pcm1 to a Ser5P CTD. Ser7 is phosphorylated by
TFIIH subunit Cdk7/Mcs6, as well as by Bur1. (B) In H. sapiens, the 12-subunit Integrator complex preferentially recognizes a Ser7P-Ser2P
CTD at the 3’ end of snRNA genes. Ser7P recruits RPAP2 to the CTD, which dephosphorylates Ser5P, and Integrator is able to recognize
both the Ser7P-Ser2P CTD as well as the 3’ box of the snRNA, enabling cleavage and processing of the snRNA. TFIIH subunit Cdk7 phos-
phorylates Ser7, while phosphatase Ssu72 has been shown to dephosphorylate Ser7P.
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source of Rpbl a tetracycline (tet)-repressible deriva-
tive (tet-off) revealed that full viability in the presence
of tet was restored by expression of an S7A deriva-
tive.”> Unexpectedly, U1 and U2 transcription and 3’
processing were completely normal in these cells,
which contrasts with the results described above.'”
While it is possible that the discrepancy reflects differ-
ences between chicken and humans, this seems
unlikely due to the high conservation of all factors
involved. Instead, the results of Egloff et al. may
involve a synthetic effect between S7A and «-amani-
tin, as the inhibitor can lead to degradation of several
proteins, including the elongation factor DSIF,*
known to be important for snRNA expression.>> How-
ever, other results of Hsin et al.>> do support, albeit
indirectly, a role for Ser7 in snRNA 3" processing.
While DT40 cells expressing an Rpbl variant with
only repeats 1-26 was entirely viable and snRNA
processing unaffected, a derivative with repeats 27-52
was inviable and showed a dramatic and specific
decrease in snRNA 3’ processing. A parsimonious
explanation for these results is that 20 of the 26 posi-
tion 7 residues in the C-terminal half of the CTD are
not Ser. Since many of these are non-conservative
changes, e.g., Lys, perhaps this is sufficient to disrupt
Integrator interaction and hence U snRNA 3
processing.

The idea that CTD codes might be different for dif-
ferent organisms also arose from studies of Ser 7. For
example, snRNA 3’ ends in S. cerevisiae are not
formed by Integrator, which does not exist in yeast,
but instead by the Nrd1-Nab3-Senl (NNS) complex,
which primarily recognizes CTD Ser5P,*° and con-
versely the NNS does not appear to exist in vertebrate
cells.””*® Even within yeasts, there appear to be differ-
ences in Ser7 function. In S. pombe, CTD Ser7 has
been associated with mRNA capping (traditionally
associated with Ser5), as Ser7P is one of the compo-
nents that enables efficient binding of 5'-cap methyl-
transferase Pcml to the CTD.? Additionally, S7A
mutation in S. pombe leads to reduced histone H3K4
and H3K36 trimethylation, and also exacerbates the
effects of elongation factor Spt5 mutants.’® The same
S7A mutation also led to de-repression of the PHOI
gene, while the phospho-mimetic S7E caused hyper-
repression, which points to a role for Ser7 in phos-
phate homeostasis in fission yeast.”’ However, in S.
cerevisiae, no concrete function has yet been assigned
to Ser7.

Despite the lack of a clear function, Ser7 is
indeed phosphorylated in S. cerevisiae. Ser7P was
found globally on transcribing RNAP II,** and the
TFIIH kinase Kin28/Cdk7 was shown to phosphor-
ylate Ser7 in vitro and to be required in vivo, and
across organisms.”** As this kinase has already
been associated with not only Ser5 phosphorylation
but also mRNA capping,”>*°
tions with Ser7 phosphorylation exist is perhaps

that similar associa-

not surprising. Additionally, the CTD kinase Burl
also shows Ser7 phosphorylation activity distal to
promoters of highly transcribed genes, consistent
with the role of Burl in elongation.”” How Ser7 is
dephosphorylated is less clear. Ser7P is not a target
of Rtrl (a Ser5 phosphatase, though there is some
question about this; see’®), but Ssu72 (another Ser5
phosphatase; see’”) has been shown to have Ser7
dephosphorylation activity.***'

In human cells, RNAP II is known to be the target
of a different modification, glycosylation.*> The
enzyme O-GIcNAc transferase (OGT) glycosylates
both Ser5 and Ser7, and has been suggested to assist in
proper preinitiation complex formation.*’ Despite the
ubiquitous nature of Ser7 phosphorylation across
eukaryotes, glycosylation does not exist in yeast, and
the primary findings from work on Ser7 highlight that
the variation between organisms is significant and can
have important implications for the function of these
residues across species. Going forward, it will there-
fore be wise to consider carefully differences between
organisms, and how some mechanisms in one species
may be repurposed or removed in another.

Threonine-4

Differences between organisms’ use of the CTD
became increasingly apparent as Thr4 was explored
on the heels of Ser7. (Fig. 2 highlights the functions of
Thr4 across species.) For example, in chicken DT40
cells, using the same approach as described above for
analysis of Ser7, Hsin et al. found that Thr4 was both
essential for viability and necessary for efficient 3" end
processing of non-polyadenylated replication-depen-
dent histone transcripts, as processing (but not tran-
scription) of these mRNAs, and recruitment of
histone 3’ processing factors, was reduced in cells
expressing a T4V CTD derivative.** This immediately
suggested a difference between yeast and vertebrates,
as yeast histone mRNA 3’ ends are polyadenylated
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Figure 2. Divergent functions of Thr4 between S. cerevisiae and H. sapiens. (A) In S. cerevisiae, Thr4P has been shown to recruit the multi-
subunit Ino80 chromatin remodeling complex to certain classes of promoters (see text), which evicts the promoter-proximal H2A.Z
(red)/H2B (blue) histone dimers. Upon eviction of these dimers and replacement with H2A/H2B dimers, transcription of these genes is
enabled. (B) In H. sapiens, histone mRNA synthesis requires Thr4 for efficient 3’ processing. Thr4 is required for recruitment of stem-loop
binding protein (SLBP) and CPSF100, required along with other canonical 3’ processing factors such as Symplekin and CPSF73, to repli-
cation-dependent histone genes. In S. cerevisiae, histone mRNA 3" ends are formed identically to all other mRNAs, and evidence shows
that instead Thr4P plays a role in post-transcriptional splicing and Rtt103 (and Rat1/Rai1) recruitment during termination. In H. sapiens,
Cdk9 and PIk1/PIk3 have been shown to phosphorylate Thr4, the later perhaps specifically in M phase, and Thr4P is dephosphorylated
by Fcp1. Neither the kinase(s) nor phosphatase that acts on Thré4 is known in S. cerevisiae.

like all other mRNAs.*> Hsin et al.** also compared
levels of poly-(A)+ transcripts as well as Ul snRNA
levels and found no changes (setting Thr4 apart from
Ser2 or Ser7 function), bolstering the case for speciali-
zation. Extending this to mammalian cells, ChIPseq
analyses showed an increase in Thr4P signal in the 3’
region of genes, and a T4A mutant showed a lethal
phenotype (analogous to T4V in DT40 cells) as well as
an apparent genome-wide elongation defect, as deter-
mined by elevated levels of promoter-proximal RNAP
IT and lower levels at 3’ ends of genes.*® It should be
noted that Hsin et al.** also observed small increases
in promoter-proximal RNAP II on several genes.
Whether the greater effects on elongation observed by
Hintermair et al.*® were due to differences between
chicken and human cells or to the use of the ¢-amani-
tin system as described above is not clear. Recently, a
cell-cycle link was extended to Thr4, as Thr4-phos-
phorylated RNAP II was found to associate with cen-
trosomes (across all cell-cycle phases save interphase)
and the midbody in M phase HeLa cells.*’

While Thr4 is essential for viability in vertebrates,
this is not the case in S. cerevisiae. Substitutions with
Ala are well-tolerated by yeast, even when paired with
an S7A derivative.*® RNAP II with Thr4P was found
globally on chromatin, suggesting a role during tran-
scription, while distribution after the poly-(A) site was
lower.*” Consistent with this, in a subsequent study
Thr4 phosphorylated RNAP II was detected exclu-
sively in the chromatin fraction, and properties of a
T4V derivative linked Thr4 to chromatin remodeling

and histone eviction from promoters of genes required
for survival under low-phosphate conditions (PHO
genes) and for galactose metabolism.”® Normally, the
repressive histone dimer H2A.Z/H2B is evicted from
promoters for such genes by chromatin remodeler
INOB8O0 during activation. In the T4V cells, this process
was defective, and as a result the cells, which are fully
viable in rich media, are inviable in phosphate-
depleted or galactose-containing media. Schwer et al.
found that expression of PHO genes was also dysregu-
lated in S. pombe.”' These results together are again
consistent with Thr4 being involved in relatively spe-
cific functions, which differ between yeast and mam-
malian cells.

More recent studies have however suggested
broader roles for Thr4 in yeast, specifically in tran-
scription termination and post-transcriptional splic-
ing. Comparing Ser5P and Thr4P RNAP II
interactomes, Harlen et al. found Thr4P devoid of
spliceosomal components (associated with co-tran-
scriptional splicing).”” Additional RNA analysis found
that the T4V mutant cells partially retained introns in
90% of post-transcriptionally spliced genes, and a
reanalysis of RNA-seq data of Rosonina et al.*°
consistent with a modest splicing defect. A proteomics
analysis found that the known CTD-interacting pro-
tein Rtt103 (but not the exonuclease complex Ratl/
Rail, which function together in transcription termi-
nation) was found to associate with the Thr4P CTD.
NET-seq analysis, which precisely maps the positions

was

of elongating RNAP II, revealed an increase in RNAP
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IT occupancy at poly(A) sites, where Rtt103 occupancy
would be the highest, in a T4V mutant strain, similar
to rtt103A cells. RNA-seq analysis replicated a global
downstream shift of poly(A) site selection observed by
Rosonina et al.,>° consistent with a reduction of 3’ end
cleavage. More recent NET-seq experiments extended
these findings to human cells, as Thr4P was found to
correlate with termination in regions of protein-cod-
ing genes.”

The termination defect itself comes about when
Rtt103 cannot effectively bind the CTD (such as in the
T4V mutant), which prevents effective RNAP II dis-
engagement from chromatin and continued transcrip-
tion past the poly(A) site. An additional study using a
T4A mutant found that this termination defect also
affects a subset of snoRNA genes, and this was distinct
from a known Ser2P requirement.5 4 Additionally,
NMR studies revealed that the Rtt103 CTD interacting
domain (CID) binds to a Thr4P CTD as well as a
Ser2P CTD, but the presence of both together inhibits
binding. > While no study suggests that Thr4 is neces-
sary globally for transcription, there is some question
as to how prevalent Thr4P is in yeast, with one esti-
mate at only 2% of Ser2P levels'* and another suggest-
ing it is as abundant as Ser2P."

There are currently two candidates, not mutually
exclusive, for the Thr4 kinase. Initially, it was reported
that CDK9 was necessary for Thr4 phosphorylation in
DT40 cells, as inhibiting CDK9/P-TEFb with DRB or
flavopiridol inhibited Thr4 phosphorylation.** Impor-
tantly, this did not reflect a requirement for Ser2P, as
Thr4P was detected on an S2A derivative. Addition-
ally, siRNA-mediated knockdown (KD) of CDK9 also
decreased Thr4P in human 293 cells, and purified
Cdk9 phosphorylated Thr4 in vitro.”> A role for
CDKO9 in Thr4 phosphorylation is consistent with ear-
lier studies on histone 3’ end processing, since CDK9
KD resulted in increased RNAP II read-through of the
natural 3’ end site to a downstream polyadenylation
signal, resulting in an increase in poly-(A)+ histone
mRNA.>® Other studies indicate that Polo-like kinases
Plk3 and PIk1 are involved with Thr4 phosphoryla-
tion. P1k3, active throughout the cell cycle and playing
additional roles in hypoxic stress response, although
principally nucleolar,” was found to phosphorylate
Thr4 in vitro and KD in HeLa cells reduced Thr4P by
50%.* Plkl, an M-phase specific kinase associated
with RNAP II in centrosomes and the midbody, was
also found to phosphorylate Thr4 in vitro, and

mutation of Thr4 (T4A) inhibited M phase progres-
sion.”” It is certainly possible that both Cdk9 and
Plk1/3 target Thr4 under different conditions, as mul-
tiple kinases seem to target all other CTD residues.
Indeed, Ser5 is also targeted in M phase, with the help
of Pinl, by Cdc2/CylinB.”® The identity of the Thr4
kinase(s) in S. cerevisiae, and whether Cdk9 or Plk
homologues are involved, is currently unknown.

Fcpl, well known to dephosphorylate Ser2 at gene
3’ ends,” also appears to be a Thr4 phosphatase. The
enzyme was shown to dephosphorylate Thr4 in vitro,
and Fcpl KD in vivo increased Thr4P levels in 293
cells.”

Tyrosine-1

Determining the roles of Tyrl phosphorylation has
connected early successes with ongoing mystery.
Much like Ser7 and Thr4, it was apparent very early
on that significant differences between metazoan and
yeast exist concerning Tyrl (as illustrated in Fig. 3).
Tyrl was discovered to be phosphorylated in mamma-
lian cells relatively quickly, but by a kinase, c-Abl, that
has no known yeast equivalent.®”®' As to function,
Tyr1P was found many years later to be present on
RNAP II at transcriptional enhancers and promoters
in human cells, albeit in the antisense direction.®®
These findings are not limited to mammalian cells;
upstream antisense RNAs (uaRNAs) were found to
accumulate in DT40 cells when an Rpbl containing
Y1F substitutions was expressed.”> This increase in
uaRNA accumulation was not due to increased tran-
scription (RNAP II levels were in fact decreased) and
thus appears to be due to increased stability of these
naturally unstable RNAs. As in human cells, Tyr1P
levels on upstream regions affected by the Y1F CTD,
but not on the corresponding downstream sense
genes, were elevated. From these studies, it appears
that “antisense” RNAP II is excessively Tyrl phos-
phorylated, and this in some way facilitates turnover
of uaRNAs. Both of these studies, which used either
the a-amanitin® or tet-off® system, found that Y1F
substitutions were lethal following inhibition of the
endogenous Rpbl.

Unexpectedly, Tyr1P also plays an important role
in maintaining CTD stability in vertebrate cells. A
Y1F-derivative expressed in DT40 cells was shown to
be present at lower levels compared with a WT deriva-
tive, and a low molecular weight Rpbl form lacking
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Figure 3. Tyr1 has multiple functions across species. (A) At the 5" ends of genes, Tyr1 in vertebrates is phosphorylated, likely by c-Abl,
and Tyr1P is important for efficient turnover of 5" upstream antisense RNAs (uaRNAs). Tyr1 phosphorylation also enhances stability and
prevents degradation of the unstructured CTD by the 23S proteasome in vertebrate cells. In S. cerevisiae, this function has not been
described, and Tyr1 phosphorylation (by SIt2 or other unidentified kinases) is associated with antitermination, as it prevents efficient
binding of Nrd1 (in yeast) or Rtt103 (yeast and humans) to a Ser5P or Ser2P CTD, respectively. (B) At 3’ ends of genes, CTD Tyr1P is
dephosphorylated by Glc7, a subunit of cleavage and polyadenylation factor (CPF). This leads to Ser2P-CTD recognition by Pcf11 and
Rtt103/Rat1/Rai1, which facilitates efficient termination. This function appears conserved from yeast to human.

the CTD was observed.”” Remarkably, CTD stability
(but not cell viability) could be completely restored by
a single Tyr residue in the final heptad. Furthermore,
in vitro assays showed that the CTD of a GST-CTD
derivative could be completely degraded by purified
23S proteasomes, but a derivative Tyrl phosphory-
lated by c-Abl was stable, implicating Tyr1l phosphor-
ylation in CTD stability. Perhaps in keeping with this
function TyrlP was the only CTD phosphorylation
found on cytoplasmic/nucleoplasmic (as opposed to
chromatin-associated) RNAP II. Related results were
observed in human cells, as a truncated Rpb1 appar-
ently lacking the CTD was observed in cells expressing
a YIF derivative.*®

The hunt for Tyrl function in yeast cells has been
more challenging. A truncated Y1F Rpbl derivative
(12 repeats) was shown to be lethal in S. cerevisiae,®
but more recent experiments found that a similar
truncated derivative was viable with only minor
growth defects in S. pombe.®® In contrast, in S. cerevi-
siae, a full-length Y1F Rpbl was viable, but displayed
a severe slow growth phenotype.””*® The reason(s) for
these discrepancies is unclear, but suggest differences
not only between yeast and vertebrates but also
between budding and fission yeasts themselves. Also
at play may be differences in the lengths/composition
of the CTDs analyzed, which could lead to synthetic
effects.

Several studies have begun to provide insight into
the precise functions of Tyrl and its phosphorylation
in yeast. The pattern of Tyr1P globally was shown to
resemble that of Ser2P, with the minor difference of a
reduction in TyrlP before the decrease in Ser2P at
gene 3’ ends.*” By measuring binding affinities of sev-
eral termination factor CIDs to CTD diheptad phos-
phopeptides, it was suggested that TyrlP impairs
termination factor recruitment to the CTD, specifi-
cally preventing Nrdl association after promoter
clearance and enabling Pcfl1l and Rtt103 to bind to
Ser2P-CTD after the drop in Tyr1P at 3’ ends.*” CIDs
from all three of these proteins were shown to bind
Ser 2P (or Ser5P, for Nrdl) CTD peptides but not
Tyr1P-containing versions. Rtt103 in fact requires an
intact and unmodified Tyr residue, since it can only
bind efficiently to Ser2P-CTD peptides if a specific
Asn residue can form a hydrogen bond with the
hydroxyl group of Tyrl.”” Extending these results,
Y1F mutation was found to disrupt Rtt103 binding to
the CTD and impair Nrdl recruitment to chroma-
tin.°® Aside from the Nrd1/NNS complex, the pres-
ence of TyrlP during elongation and near gene 3’
ends also promotes association of elongation factor
Spt6, which has an SH2 domain that specifically rec-
ognizes Tyr1P and serves as a histone chaperone, with
the CTD, thus linking the Tyrl with elongation-pro-
moting histone modifications.”® While not all of these
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findings can extend to vertebrate cells, since the NNS
complex does not appear to exist outside of yeast,
some overlap with Rtt103 (in vertebrates, Kub5-Hera)
and Spt6 exists, though exactly how much is still in
question.

The kinase(s) and phosphatase(s) responsible for
modifying Tyrl differ between yeast and vertebrate
organisms. The protein kinase c-Abl was identified
many years ago as a likely Tyr1 kinase in mammalian

1
cells.5%¢

c-Abl, a known nuclear tyrosine kinase, was
shown to phosphorylate RNAP II Tyrl efficiently in
vitro. It contains both an SH2 domain that precedes
its catalytic domain and is required for catalytic
domain activation and efficient, near stoichiometric
phosphorylation, and also a CTD-interacting domain
specific for RNAP II. A c-Abl-related kinase, Arg, was
also shown capable of phosphorylating Tyr1 in vitro.*’
The precise roles of these kinases in vivo, and whether
other Tyrl kinases exist in mammalian cells, remains
to be determined.

Determining the identity of the Tyrl kinase(s) in
yeast has been more challenging. This reflects in
part the fact that that Tyr phosphorylation in bud-
ding yeast is very rare, constituting <0.1% total
phosphorylation.”””" Furthermore, there is no yeast
homolog of c-Abl, and the only known SH2
domain-containing protein is, interestingly, the
Tyr1P-interacting protein Spt6.”> Recent work
though has identified the MAP kinase SIt2/Mpk1”>
as a Tyrl kinase in S. cerevisiae.®® SIt2 phosphory-
lates Tyr1 in vitro, and in vivo Slt2 is necessary for
full Tyrl phosphorylation and also modulates
TyrlP levels during stress responses, which were
found to rise following for example cell wall stress
and heat shock. Interestingly, Slt2 also regulates
other aspects of the transcription machinery, such
as the Mediator kinase/cyclin pair Srb10/11 (by
phosphorylating Srb11),”* which is retained on
chromatin in cells expressing the Y1F derivative.*®

Glc7 appears to be the principal Tyrl phosphatase
in yeast. Glc7 was initially identified as a Ser-Thr
phosphatase and plays several roles, for example, as a
subunit of the cleavage and polyadenylation factor
(CPF) complex’ and as a required factor in the cell
wall integrity pathway.”® Schreieck et al. found that
Glc7 dephosphorylates Tyr1P in vitro and, as a com-
ponent of CPF, is required for Tyr1P dephosphoryla-
tion at the polyadenylation site, for recruitment of
Pcfll and Rtt103,

termination factors and for

termination.”” These findings are consistent with
other results that link both NNS (Nrd1) and Rtt103-
dependent termination with control of Tyrl phos-
phorylation.***® Another potential candidate for Tyrl
dephosphorylation, Ssu72, is also a subunit of the CPF
complex,”® and has structural homology with a class
of protein tyrosine phosphatases termed low molecu-
lar weight PTPs.”” However, Ssu72 does not show Tyr
phosphatase activity in vitro, preferring to dephos-
phorylate Ser5.*

Concluding remarks

With the advent of new tools and strategies to explore
the different functions of the CTD, more of the gaps
in our knowledge surrounding how the CTD is modi-
fied over the course of transcription and how it func-
tions are being filled in. But differences between
metazoans, or even between similar species such as
budding and fission yeasts, have become apparent and
raise more questions. For example, what is the signifi-
cance of the involvement of the INO80 complex/Htz1l
and Rtt103 for Thr4 phosphorylation beyond budding
yeast? The INO80 complex is evolutionarily con-
served®' and the Rtt103 homolog Kub5-Hera is well-
studied,®” but how their functions impact RNAP II
activity vary, and not all of these functions are con-
served between organisms. A stronger example of this
divergence is evident with Tyrl. Beyond affecting ter-
mination factor recruitment, what aspects of Tyrl
phosphorylation and Slt2 function are transferable to
mammalian cells? Evidence that Slt2 is present with
RNAP II on transcribed genes and homologs Erk1/2
are recruited to genes in a manner similar to SIt2*>%*
has been reported, but might one of these kinases, or a
related one, have Tyr1P activity? Future studies will
continue to describe the many intricacies of the CTD
and discover new aspects of regulation, but now that
the “orphans” are orphans no longer, continued com-
parison across organisms will prove enlightening.
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