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polymerase II CTD kinase complex, reveals a
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ABSTRACT
CTDK-I is a yeast kinase complex that phosphorylates the C-terminal repeat domain (CTD) of RNA polymerase II (Pol II) to
promote transcription elongation. CTDK-I contains the cyclin-dependent kinase Ctk1 (homologous to human CDK9/CDK12),
the cyclin Ctk2 (human cyclin K), and the yeast-specific subunit Ctk3, which is required for CTDK-I stability and activity.
Here we predict that Ctk3 consists of a N-terminal CTD-interacting domain (CID) and a C-terminal three-helix bundle
domain. We determine the X-ray crystal structure of the N-terminal domain of the Ctk3 homologue Lsg1 from the fission
yeast Schizosaccharomyces pombe at 2.0 Å resolution. The structure reveals eight helices arranged into a right-handed superhelical fold that resembles the CID domain present in transcription termination factors Pcf11, Nrd1, and Rtt103. Ctk3 however shows different surface properties and no binding to CTD peptides. Together with the known structure of Ctk1 and Ctk2
homologues, our results lead to a molecular framework for analyzing the structure and function of the CTDK-I complex.
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INTRODUCTION
The C-terminal repeat domain (CTD) of the largest
subunit of RNA polymerase II (Pol II) from the yeast Saccharomyces cerevisiae consists of 26 heptapeptide repeats
with the consensus sequence Tyr1-Ser2-Pro3-Thr4-Ser5Pro6-Ser7.1,2 The CTD serves as a binding platform for
various factors during transcription, including pre-mRNA
processing factors. During the transcription cycle, the
CTD changes its phosphorylation pattern and this alters
its binding affinity to factors.3–6 Phosphorylation at position Ser5 is associated with pre-mRNA capping in early
transcription elongation complexes.7 Ser2 phosphorylation
has been implicated in both elongation and termination
events. The CTD residues Tyr1, Thr4, and Ser7 can also
be phosphorylated.8–11
CTD phosphorylation is accomplished by four different cyclin-dependent kinases (CDKs) in yeast, namely
Kin28, Srb10, Bur1, and Ctk1.5 The Kin28 kinase and its
human counterpart CDK7 are subunits of the initiation
factor TFIIH and phosphorylate the CTD at position
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Ser5.12–14 The Srb10 kinase associates with cyclin Srb11
and resides within the Mediator coactivator complex.
The Srb10-Srb11 pair phosphorylates both Ser2 and Ser5
residues and is related to the mammalian pair CDK8cyclin C.15,16 The CTD kinases Bur1 and Ctk1 are Ser2
kinases and both share homology with mammalian
CDK9, a subunit of positive transcription elongation factor
b
(P-TEFb),
which
induces
productive
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Figure 1
CTDK-I domains and conservation of Ctk3 N-terminal domain. A: Domain architecture of the three S. pombe CTDK-I subunits Ctk1 (Lsk1), Ctk2
(Lsc1), Ctk3 (Lsg1). B: Structural alignment of S. pombe Ctk3 (Lsg1) N-terminal domain (1–140) to known CID domains. Conserved residues are
colored yellow, invariant residues green. Sequences were ordered from highest (top) to lowest conservation, relative to S. pombe (Sp, Schizosaccharomyces pombe; Sc, Saccharomyces. cerevisiae; Hs, Homo sapiens). a-Helices are indicated above the alignment. Residues forming the hydrophobic core
are depicted with black triangles. C: Alignment of Ctk3 N-terminal domains in different yeast species (Pb, Paracoccidioides brasiliensis; Kp, Komagataella pastoris; Ca, Candida albicans). Alignments were performed by ClustalW2 and the results were visualized by ESPript 3.0, using default values
and “%Equivalent” as similarities depiction parameters.55,56 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

elongation.17–19 Ctk1 is the main Ser2 kinase in
yeast, whereas Bur1 phosphorylates both Ser2 and the
elongation factor Spt4/5.20–22 Bur1 also plays a role in
histone modification.23 The transition from transcription
initiation to elongation requires, in addition to Ser2
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phosphorylation, dephosphorylation of Ser5 residues by
Rtr1 and Ssu72.24,25 Bur1 activity is controlled by cyclin
Bur2.19,26 Yeast Ctk1 and Bur1 kinases appear to be
orthologues to metazoan CDK12 and CDK9,
respectively.27

Ctk3 Structure

Figure 2
Crystal structure of the Ctk3 N-terminal domain at 2.0 Å resolution. A: Two views of a ribbon representation of the Ctk3 N-terminal domain,
related by a 908 rotation around a horizontal axis. Residues that partially occupy the space of the surface region corresponding to the CTD-binding
groove in canonical CID domains are depicted in red. The proline on position 27, which bends helix a2, is also colored red. The CTD-binding
groove is indicated with black dashed lines and is corresponding to the CID in Sc Pcf11.38 B: Superposition of known CID structures onto the
Ctk3 N-terminal domain reveals its similarity to the CID fold. The key structural difference between the Ctk3 CID-like domain and the canonical
CIDs is shown in red (part of helix a2 in Ctk3). The N- and C-termini of the protein domains are indicated.

Ctk1 (also known as Lsk1 in S. pombe) associates with its
cyclin partner Ctk2 (S. pombe Lsc1) and a third subunit,
Ctk3 (S. pombe Lsg1), to form the CTD kinase I (CTDK-I)
complex.28–32 This trimeric structure is unique
amongst CDK complexes.29,33 S. cerevisiae Ctk3 and
S. pombe Lsg1 share 24% amino acid sequence identity,
and associate with Ctk1/Ctk2 and S. pombe Lsk1/Lsc1,
respectively.30–32,34,35 It was shown that Lsg1 resembles the function of the Ctk3 subunit of CTDK-I in S.
cerevisiae despite the low sequence identity.32 Throughout this work, we refer to S. pombe Lsg1 as Ctk3, to
be consistent with most literature. In S. cerevisiae, the
activity of Ctk1 and Ctk2 are strongly dependent on
the binding to Ctk3.28,36 The Ctk3 C-terminal region
is involved in the stabilization of the Ctk2-Ctk3 heterodimer and CTDK-I function.28 Recruitment of Ctk1

in vivo relies to some extent on the completion of the
pre-mRNA 5’-cap structure,37 but there are additional,
unknown mechanisms of CTDK-I recruitment. Ctk3
may function in CTDK-I recruitment, although Ctk3
does not have counterparts in metazoan.29,33
Here we investigate the structure of Ctk3. We predict a
possible CTD-binding domain (CID) in the N-terminal
region of Ctk3. The CID fold consists of eight a-helices
in a right-handed superhelical arrangement and was thus
far discovered in the three yeast proteins Pcf11, Nrd1,
and Rtt103.38–40 We use X-ray crystallography to show
that Ctk3 indeed contains a CID fold. However, unlike
other CID domains, this domain does not bind the Pol
II CTD. We therefore refer to this domain as “CID-like
domain.” In addition, we predict a three-helix bundle in
the C-terminal region of Ctk3.
PROTEINS
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Table I
Crystallographic Diffraction Data and Refinement Statistics
Data processing
Space group
Unit cell dimensions ()
Wavelength ()
Resolution ()
No. of observed reflections
No. of unique reflections
Completeness (%)
I/r(I)
Rmerge (%)
Rmeas (%)
CC (1/2)d (%)
Wilson B value (2)
Refinement
Resolution range ()
No. of protein atoms
Amino acid residues
Water molecules/ionic molecules (EPE ligandsb)
R-factor/free R-factor (%)
B-factor (averaged)/protein/ligands/solvent (2)
Ramachandran plot: Favored/allowed/disallowedc (%)
RMSD bond lengths/bond angles

Peak
0.97964
47.1–2.00 (2.05–2.00)a
157,934
20,524
100 (99.9)
20.9 (4.9)
8.2 (32.8)
8.3 (48.8)
99.9 (93.8)
27.8

P43212
a 5 b 5 51.3, c 5 119.1
Inflection
0.98012
47.2–2.50 (2.57–2.50)
80,837
10,523
100 (100)
17.1 (5.1)
10.4 (32.9)
11.0 (46.7)
99.9 (93.3)
33.3

Remote
0.97197
47.2–2.15 (2.21–2.15)
126,934
16,590
100 (100)
22.1 (5.0)
7.8 (32.4)
7.8 (47.4)
99.9 (92.9)
31.4

47.12–2.0 (2.05–2.0)a
1194
140
67/2
19.2 (R-work 1 test data set)/24.10
23.25/64.50/32.70
99.3/0.7/0.0
0.008 /1.047

a

Values in parentheses refer to the highest resolution shell.
4-(2-hydroxyethyl)21-piperazineethanesulfonic acid.
c
As calculated using MolProbity.58
d
CC1/2 5 percentage of correlation between intensities from random half-datasets.59
b

MATERIALS AND METHODS

Crystal structure determination

Sample preparation

Crystals for the Ctk3 N-terminal domain variant (residues 1–140) were grown at 48C using hanging-drop vapor
diffusion. The reservoir solution contained 26% PEG
6000, 100 mM citric acid pH 4.0, 0.8 M lithium chloride
and 5 mM Tris(2-carboxyethyl)phosphin (TCEP). Grown
crystals were transferred to reservoir buffer containing
10% PEG400. Diffraction data were collected at the Swiss
Light Source (SLS) in Villigen, Switzerland. Data were
processed by XDS and scaled using XSCALE.41 The crystal structure was solved by multiwavelength anomalous
diffraction (MAD) from SeMet-labeled crystals using
SOLVE.42 Density modification was carried out with
RESOLVE.42 An initial model was automatically built
with ARP/wARP.43 Manual model building was carried
out in Coot.44 The peak dataset was used for model
refinement by PHENIX.45 Individual isotropic B-factors
and bulk solvent correction were used to generate a final
model with a free R-factor of 24.1% (see updated table
and PDB entry [5CE7]) at 2.0 Å resolution.

DNA constructs of S. pombe full-length Ctk3 (residues 1–218) and the Ctk3 N-terminal domain (residues
1-140) were synthesized (Mr. Gene GmbH) and cloned
into pET28b1 expression vector (Novagen) resulting in
C-terminal hexahistidine tags. Both, Ctk3 (1-218) and
Ctk3 (1-140) protein variants were expressed overnight
at 18 C in Escherichia coli (E. coli) BL21 (DE3) RIL
cells (Stratagene). E. coli strain B834 (DE3) pLsyS
(Novagen) was used for selenomethionine (SeMet)
labeling. Cells were harvested and resuspended in
50 mM Tris-HCl pH 8.0, 300 mM NaCl and 2 mM
DTT, followed by sonication. The resulting slurry was
cleared by centrifugation. The cleared lysate was subjected to affinity chromatography on a Ni-NTA column
(Qiagen) before dialyzing against 50 mM Tris-HCl pH
8.0, 50 mM NaCl, and 1 mM DTT to reduce the high
imidazole concentration. The hexahistidine tag was
removed by thrombin cleavage at 48C overnight. The
protein variants were further purified by anion exchange
chromatography (MonoQ column, GE healthcare life
science). After size exclusion chromatography (Superpose-12 column, GE healthcare life science) in gelfiltration buffer (50 mM HEPES pH 8.0, 50 mM NaCl,
1 mM DTT), the pure protein was concentrated to 14.5
mg mL21. S. cerevisiae Ctk3 could not be expressed in
E. coli in soluble form.
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Peptide interaction analysis

We measured the protein2peptide interactions by fluorescence anisotropy. The synthetic CTD peptides were
labelled by N-terminal aminocaproic-linked fluorescein.
Changes in fluorescence anisotropy of the peptide solution were measured by titration of Ctk3 N-terminal
domain or full-length Ctk3 (FluoroMaxP, HORIBA). All
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peptides were dissolved in 20 mM HEPES pH 8.0,
10 mM NaCl, and 5 mM DDT, and adjusted to a concentration of 0.4 mM. Ctk3 N-terminal domain and full-length
Ctk3 proteins were dissolved in gelfiltration buffer. The FluoroMaxP analyzer was calibrated at 208C with gelfiltration
buffer and 1 mL peptide in a quartz cuvette (0.4 mM).
Before analysis, solutions were mixed by magnetic stirring
for 1 min and incubated for an additional minute. The protein solution was titrated to the peptide solution in steps of
20 mL, and three measurements were recorded to enable
calculation of an arithmetic average. The excitation wavelength was set to 495 nm (slit width 5 2) and the emission
wavelength to 520 nm (slit width 5 1).
RESULTS
Prediction of a CID domain in Ctk3

We tried to predict a possible structure and function of
Ctk3 by using HHblits,46 an iterative sequence search tool
that represents both query and database sequences by profile
hidden Markov models (HMMs). Such alignment methods
are the most sensitive class of sequence search methods and
the best choice for structure prediction and 3D homology
modelling. We started with the protein sequence of Ctk3
and generated a profile HMM by performing two iterations
of HHblits against the UniProt20 database, a clustered profile HMM database with 20% maximum pairwise sequence
identity based on the UniProt sequence database (www.uniprot.org). The resulting profile HMM was then used for a
final search against the PDB70 database, a clustered version
of the protein data bank (PDB) filtered to 70% maximum
pairwise sequence identity.
In this search, the best matches to Ctk3 were the three
known CIDs present in the yeast genome. These reside
in the transcription termination factors Rtt103, Pcf11,
and Nrd1, and gave rise to predicted probabilities of
98%, 94%, and 93%, respectively. The matched alignment covered the entire CID, except for a weakly conserved C-terminal helix where the confidence values were
lower. Based on these three alignments we generated a
structural model of Ctk3 with the use of the MODELLER software.47 The Ctk3 model showed a high conservation in the N-terminal five helices of the CID with an
insertion between the first and second helix of approximately 20 amino acid residues in length. The detected
similarities strongly suggested that Ctk3 contains a CID,
thus apparently representing a forth CID-containing protein in the yeast genome.
Crystal structure analysis of Ctk3
N-terminal domain

To clarify whether Ctk3 indeed contains the predicted
CID fold, we prepared the putative CID-containing
region of Ctk3 from S. pombe (Ctk3 (1-140), Fig. 1) in

Figure 3
Surface properties of the Ctk3 N-terminal domain structure. A: Lack of
a conserved CTD-binding groove in the Ctk3 N-terminal domain. The
area corresponding to the CTD-binding groove in the CID domain of
Pcf11 is indicated by a black dashed line.38 Surface model generated by
ESPript 3.056 and colored according to conservation as in Figure 1(C).
The alignment in Figure 1(C) was used as an input for ESPript. Residues that partially occupy the space of the surface region corresponding
to the CTD-binding groove in CID domains are labeled in red. B: Electrostatic surface potentials of Ctk3 N-terminal domain. Positive and
negative charges are in blue and red, respectively. Surface potentials
were calculated with APBS.48 [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

recombinant form after overexpression in E. coli (Materials
and Methods). The Ctk3 N-terminal domain was purified and crystallized by vapor diffusion (Materials and
Methods). X-ray diffraction data were collected at the
Swiss Light Source to a resolution of 2.0 Å (Table I). The
structure was determined by selenomethionine (SeMet)
incorporation and multiwavelength anomalous diffraction (MAD) phasing, and the resulting model was
refined to a free R-factor of 24.1% (see updated table
and PDB entry [5CE7]) and showed very good stereochemistry (Materials and Methods). The overall fold of
the Ctk3 N-terminal domain consists of eight a-helices
in a right-handed superhelical arrangement [Fig. 2(A)].
As predicted, the fold closely resembles the known CID
domains in the S. cerevisiae proteins Rtt103, Pcf11, and
PROTEINS
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Figure 4
Ctk3 N-terminal domain does not bind CTD phosphopeptides. A: CTD-derived diheptad repeat peptides with phosphorylation positions indicated.
From top to bottom, sequences of Tyr1-, Ser2-, Ser5-, Ser2,5-, and Ser7-phosphorylated peptides are given. B: Fluorescence anisotropy titration
curves, using purified Ctk3 N-terminal domain (residues 1–140) and fluorescently labeled peptides shown in panel A. All measurements based on
technical triplicate data. Plotted are the mean and standard deviation. As a positive control, we monitored binding of purified Pcf11-CID to Ser2phosphorylated CTD peptide (green57). Ser2-phosphorylated binding was additionally measured with full-length Ctk3 (residues 1–218). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Nrd1, and in the human protein SCAF8 [Fig. 2(B)].
Superposition of the known CID structures revealed a
difference in helix a2 of Ctk3 (residue 19–21), which is
bent at its residue Pro27 toward helix a4 that flanks the
proposed CTD-binding region of Ctk3 [Fig. 2(B)].
The Ctk3 N-terminal domain has a
noncanonical surface

To analyze whether the CID fold in Ctk3 also shares
surface properties with canonical CID domains, we analyzed the conservation and electrostatic properties of the
domain surface. We first colored the molecular surface of
our structure according to conservation of amino acid
residues over species [Fig. 3(A), alignment Fig. 1(C)].
Comparison with the surface of CID domains in Rtt103,
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Pcf11, and Nrd1 revealed that the Ctk3 N-terminal
domain has a distinct surface conservation. Whereas
canonical CID domains show a very high conservation of
the CTD-binding groove between helices a2, a4, and a7,
Ctk3 only shows weak and partial conservation in this
region [Fig. 3(A)]. Moreover, Ctk3 residues Q21 and
K111 partially obstruct the region corresponding to the
CTD-binding groove in CID domains [Fig. 2(A)].
The Ctk3 N-terminal domain also differs from canonical CID domains with respect to its surface charge distribution. To determine the charge distribution on the
surface of the structure we used the APBS Tool via
PyMOL [Fig. 3(B)].48 For the canonical CID structures
in Rtt103, Pcf11, and Nrd1, the conserved CTD-binding
groove is positively charged, as required for binding to
the negatively charged, phopshorylated CTD. In contrast,

Ctk3 Structure

Figure 5
The Ctk3 C-terminal region contains a predicted helical bundle domain. A: Sequence alignment and secondary structure prediction of Ctk3 C-terminal region comparing different yeast species. Conserved and invariant residues colored yellow and red, respectively. Sequences ordered from highest conservation (on top) to lowest, relative to S. pombe Ctk3 C-terminal domain (153–215). (Sp, Schizosaccharomyces pombe; Pb, Paracoccidioides
brasiliensis; Sc, Saccharomyces cerevisiae; Ca, Candida albicans; Kp, Komagataella pastoris). a-Helices are indicated above the alignment. Residues
forming the hydrophobic core are depicted with black triangles. B: Two views of the predicted Ctk3 C-terminal domain model obtained with
I-TASSER.52 The N- and C-termini of the protein domain are indicated. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the corresponding region of the Ctk3 N-terminal domain
is mainly positively charged. Taken together, analysis of the
surface properties of the Ctk3 domain revealed that the
putative CTD-binding groove was not conserved and differently charged, arguing against a CTD-binding function.
The Ctk3 N-terminal domain does not bind
CTD-derived peptides

Structural analysis of Ctk3 revealed the fold of a CID
domain, but also surface features that clearly differ from
canonical CID domains and therefore question whether
Ctk3 binds directly the CTD. To test CTD binding, we
used a fluorescence-based phosphopeptide interaction
assay in solution. We monitored changes in fluorescence
anisotropy of fluorescently labeled CTD peptides upon
addition of increasing amounts of purified Ctk3 Nterminal domain. The peptides were based on a di-heptad
sequence [Fig. 4(A)], which represents the functional unit
of the Pol II CTD49 and comprise different phosphorylation sites, mimicking various phosphorylation states of
the CTD that are adopted during the transcription cycle.

We tested binding of CTD peptides phosphorylated at
positions Tyr1, Ser2, Ser5, or Ser7, or phosphorylated at
both Ser2 and Ser5, and also used a non-phosphorylated
di-heptad peptide as a control [Fig. 4(A)]. We did not
observe any binding of the Ctk3 N-terminal domain or
full-length Ctk3 to any of the CTD-based peptides under
the conditions tested [Fig. 4(B)]. As a positive control
we reproduced binding of purified S. pombe Pcf11-CID
to one of the Ser2-phosphorylated peptide, which demonstrated that the assay was working very well under our
conditions. The data obtained from the positive control
titration could be fit to the Hill equation as expected
[Fig. 4(B)]. Taken together, we were unable to detect any
binding of the Ctk3 N-terminal domain to any of the
CTD-based peptides, strongly indicating that the domain
does not directly bind the CTD in vitro.
Ctk3 contains a highly conserved C-terminal
bundle domain

In order to gain structural insights also into the
C-terminal region of Ctk3, we returned to bioinformatic
PROTEINS
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Figure 6
Overview of CTDK-I architecture. Relative size of the structure of mammalian Ctk1-Ctk2 counterpart CDK12–Cyclin K (PDB-code 4UN0) and S.
pombe Ctk3 N-terminal domain structure (this work) and predicted C-terminal domain (this work). Arrow indicate putative interaction of the Cterminal domains with Ctk2 (compare text). The active center of the CDK12 kinase structure is indicated with a black dashed circle. The N- and
C-termini of the proteins are labeled. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

analysis. S. pombe Ctk3 residues 153-215 were annotated
as a possible conserved domain in the PFAM database
(http://pfam.xfam.org/) . This region shows even higher
sequence conservation than the N-terminal domain of
Ctk3 [Fig. 5(A)]. We used the prediction algorithm
PSIPRED50 to assign potential secondary structure to
this region. This revealed three helical stretches in this
region that we named putative helices a1, a2, and a3
[Fig. 5(A)]. Throughout different yeast species, helices
a2 and a3 were only weakly conserved, whereas helix a1
was highly conserved, showing 163 yeast species comprising helix a1 (Ctk3 residues 153–183) in a BLAST search
(conservative expect threshold of 1e-6).51 We generated
a three-dimensional model for the Ctk3 C-terminal
region with the I-TASSER software,52 which uses
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structural templates from the Protein Data Bank. The
model with the highest score was a three-helix bundle
[Fig. 5(B)]. Analysis of the model revealed a conserved
putative hydrophobic core, supporting the accuracy of
the prediction, and a conserved surface patch on helix
a1 that may be involved in interactions with other
regions of CTDK-I.

DISCUSSION
Here we predicted that Ctk3 consists of an N-terminal
CTD-interacting domain (CID) and a C-terminal helical
bundle domain. X-ray crystallography confirmed the Nterminal CID fold despite the low sequence conservation,

Ctk3 Structure

consistent with the general observation that the threedimensional structure of proteins is more conserved than
their sequence. The Ctk3 N-terminal domain however
differs from canonical CID domains in its surface conservation and charge distribution. In particular, the putative
CTD-binding groove between helices a2, a4, and a7 is
not conserved and lacks positively charged residues. Consistent with this, the N-terminal domain of Ctk3 failed
to bind CTD phosphopeptides in solution. The CID fold
resembles the fold of VHS (Vsp27p/Hrs/STAM)
domains,53 as detected by DALI.54 Thus the N-terminal
domain in Ctk3 could have arisen from a CID domain
that lost its CTD-binding surface groove, or from a VHS
domain of unknown function.
The C-terminal domain of Ctk3 is more conserved
than its N-terminal domain, especially at its putative a1
helix. It remains unclear whether the C-terminal domain
of Ctk3 associates stably with the N-terminal domain or
whether it forms a distinct domain connected with a short
linker. Consistent with a two-domain, flexible structure,
our attempts to crystallize full-length Ctk3 failed. The predicted C-terminal domain is essential for cell growth in S.
cerevisiae, and a truncation that removes most of the Cterminal domain destabilizes the interaction of Ctk3 with
Ctk2 in vitro, whereas interaction with Ctk1 was maintained.28 From these results and considerations, a topological model of CTDK-I emerges with Ctk1 and Ctk2
forming a canonical kinase-cyclin pair, as observed for
CDK12–Cyclin K27 and Ctk3 being anchored to Ctk2 via
its C-terminal helical bundle domain (Fig. 6). In this
model, the newly found N-terminal domain in Ctk3
remains available for other, currently unknown functions.

DATA DEPOSITION
The refined structure and structure factors were deposited in the Protein Data Bank under accession code 5CE7.
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