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CDK12 is a transcription elongation-
associated CTD kinase, the metazoan
ortholog ot yeast Ctkl
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Drosophila contains one (ICDK12) and humans contain two (hCDK12 and hCDK13) proteins that are the closest
evolutionary relatives of yeast Ctk1, the catalytic subunit of the major elongation-phase C-terminal repeat domain
(CTD) kinase in Saccharomyces cerevisiae, CTDK-I. However, until now, neither CDK12 nor CDK13 has been
demonstrated to be a bona fide CTD kinase. Using Drosophila, we demonstrate that dCDK12 (CG7597) is

a transcription-associated CTD kinase, the ortholog of yCtk1. Fluorescence microscopy reveals that the
distribution of dCDK12 on formaldehyde-fixed polytene chromosomes is virtually identical to that of hyper-
phosphorylated RNA polymerase II (RNAPII), but is distinct from that of P-TEFb (ICDK9 + dCyclin T). Chromatin
immunoprecipitation (ChIP) experiments confirm that dCDK12 is present on the transcribed regions of active
Drosophila genes. Compared with P-TEFb, dCDK12 amounts are lower at the 5’ end and higher in the middle and
at the 3’ end of genes (both normalized to RNAPII). Appropriately, Drosophila dCDK12 purified from nuclear
extracts manifests CTD kinase activity in vitro. Intriguingly, we find that cyclin K is associated with purified
dCDK12, implicating it as the cyclin subunit of this CTD kinase. Most importantly, we demonstrate that RNAi
knockdown of dCDK12 in S2 cells alters the phosphorylation state of the CTD, reducing its Ser2 phosphorylation
levels. Similarly, in human HeLa cells, we show that hCDK13 purified from nuclear extracts displays CTD
kinase activity in vitro, as anticipated. Also, we find that chimeric (yeast/human) versions of Ctk1 containing the
kinase homology domains of hCDK12/13 (or hCDK9Y) are functional in yeast cells (and also in vitro); using this
system, we show that a bur1® mutant is rescued more efficiently by a hCDK9 chimera than by a hCDK13
chimera, suggesting the following orthology relationships: Burl <~ CDK9 and Ctkl < CDK12/13. Finally, we
show that siRNA knockdown of hCDK12 in HeLa cells results in alterations in the CTD phosphorylation state.
Our findings demonstrate that metazoan CDK12 and CDK13 are CTD kinases, and that CDK12 is orthologous to
yeast Ctkl.
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The C-terminal repeat domain (CTD) of RNA polymerase
IT (RNAPII) is an intrinsically unstructured extension of
the enzyme’s largest subunit, RPB1. The CTD is com-
posed of a tandem array of seven amino acid repeats with
the consensus sequence Y;S,P3T4S5PsS7; the number of
heptad repeats varies from organism to organism and
appears to correlate with genomic complexity (Corden
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1990). Although dispensable for polymerase activity in
vitro, the CTD is conserved throughout evolution and is
essential to life (Zehring et al. 1988). The CTD’s function
is to coordinate transcription with nuclear processes such
as mRNA processing and chromatin modification; it
fulfills this role by serving as a selective binding scaffold
for nuclear factors (for review, see Phatnani and Greenleaf
2006). The binding specificity of the CTD for particular
factors is determined by its phosphorylation state, which
varies during the transcription cycle; Ser2, Ser5, and,
more recently, Ser7 of the heptad repeat have been
identified as the primary targets of phosphorylation
(Phatnani and Greenleaf 2006; Chapman et al. 2007;

2303


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Bartkowiak et al.

Egloff et al. 2007). Initiated and early transcribing poly-
merases are thought to be phosphorylated at Ser5 posi-
tions in the CTD repeats, whereas actively elongating
polymerases carry phosphates on both Ser2 and Ser5
residues. Toward the 3’ end of pre-mRNA transcription
units, Ser2 phosphorylation often appears to predominate
(cf. Phatnani and Greenleaf 2006; Rahl et al. 2010).

CTD kinases in yeast and metazoa The phosphoryla-
tion of CTD Ser5 residues during initiation and early
transcription is mediated by the TFIIH CTD kinase sub-
unit: Kin28 in yeast, and CDK7 in metazoans (Komarnitsky
et al. 2000; Schroeder et al. 2000). The majority of Ser2
phosphorylation on productively elongating RNAPII in
Saccharomyces cerevisiae (Sc) appears to be catalyzed
by CTDK-I (Buratowski 2009; Qiu et al. 2009), a three-
subunit enzyme consisting of Ctkl (a CDK homolog),
Ctk2 (a cyclin homolog), and Ctk3 (function unknown)
(Lee and Greenleaf 1991; Sterner et al. 1995). Although
it is responsible for the bulk of Ser2 phosphorylation in
vivo, the Ctkl-containing enzyme is not the only elon-
gation phase kinase in yeast; it coexists with the essential
Burl kinase (CDK/cyclin pair = Burl/Bur2) (Yao et al.
2000). While it has been proposed that the Burl kinase
phosphorylates the transcription elongation factor sub-
unit SPT5 rather than the CTD of Rpbl (Zhou et al. 2009),
recent evidence suggests that the situation is more com-
plex, and that, in addition to acting on SPT5, the Burl
kinase phosphorylates Ser2 positions in the CTD (Liu
et al. 2009; Qiu et al. 2009), possibly stimulating sub-
sequent phosphorylation by Ctkl. A similar pair of Ser2
CTD kinases is also present in the fission yeast Schizzo-
saccharomyces pombe (Sp): Lsk1, the Ctk1 ortholog in Sp,
phosphorylates Ser2 positions in the CTD (Karagiannis
and Balasubramanian 2007; Coudreuse et al. 2010),
whereas SpCDKDY, the Burl ortholog, phosphorylates both
Rpb1 (on its CTD) and Spt5 (Viladevall et al. 2009).

With respect to the principal Ser2 kinase in metazoa,
the situation has been less clear cut. It is currently
thought that there is only one Ser2 CTD kinase in higher
organisms: P-TEFb (consisting of CDK9 and a cyclin,
usually cyclin T) (e.g., see Peterlin and Price 2006). P-TEFb
is able to phosphorylate both the CTD and the elongation
factor subunit SPT5 (Kim and Sharp 2001). The dual func-
tionality of CDK9, coupled with its equal sequence sim-
ilarity to both Burl and Ctkl, has led to the assumption
that CDK9 reconstitutes the activities of both Burl and
Ctk1 in higher eukaryotes (Wood and Shilatifard 2006). On
the other hand, two independent molecular evolution
studies concluded that Sc Burl is the closest Sc relative
of metazoan CDK9 proteins, while Sc Ctkl1 is closer to
a set of metazoan CDK proteins that are largely unstudied
(Liu and Kipreos 2000; Guo and Stiller 2004): the “Ctk1”
group (Supplemental Fig. S1). The genomes of Drosophila
melanogaster (Dm) and Caenorhabditis elegans (Ce) each
encode one member of the Ctkl group (genes CG7597 and
B0285.1, respectively), while the genome of Homo sapiens
(Hs) encodes two (genes CRKRS and CDC2L5; see Supple-
mental Fig S1). The human “Ctkl” proteins have been
renamed recently CDK12 and CDK13 (Chen et al. 2006,
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2007). We refer to them as hCDK12 and hCDK13, and to
the Dm protein as dCDK12.

The evolutionary studies thus suggest that the meta-
zoan ortholog of Ctkl in Drosophila is dCDKI12 and in
humans is one or both of the isozyme pair, hCDK12 +
hCDK13. Also, the evolutionary arguments and the re-
cent experimental work mentioned above both suggest
that the metazoan ortholog of Burl is CDK9. We tested
these suggestions with a set of diverse experiments that
lead us to conclude that, indeed, the Drosophila ortholog
of yeast Ctkl is dCDK12 (CG7597), and the human
ortholog is most likely hCDK12. Conversely, we describe
other experiments supporting the idea that the metazoan
ortholog of yeast Burl is CDK9. Because the metazoan
orthologs of yeast Ctkl have not been studied previously
as CTD kinases, our findings open the door to novel
studies of a vast array of transcription-related events in
metazoa that are critical to many aspects of proper gene
expression and other nuclear functions.

Results

Drosophila CDK12 Iocalizes to active genes in vivo

dCDK]12 kinase colocalizes with RNAP II0 on polytene
chromosomes Given the evolutionary relatedness of
CDK12/13 and Ctkl, we sought to compare their func-
tional characteristics. Because Ctkl is found across
transcription units in parallel with hyperphosphorylated
RNAPI (Cho et al. 2001; Qiu et al. 2009), we tested
whether such colocalization also occurred for dCDK12
and hyperphosphorylated RNAPII (Pol II0) on Drosophila
polytene chromosomes. Affinity-purified rabbit anti-
dCDK12 IgGs (see Supplemental Fig. S2) were used in
concert with affinity-purified goat anti-II0 IgGs (Morris
et al. 1997) to reveal the distributions of dCDK12 and
hyperphosphorylated RNAPII on formaldehyde-fixed
polytene chromosomes (Greenleaf et al. 1976; Weeks
et al. 1993; Schwartz et al. 2004). As shown in Figure 1,
A and B, the distributions of Pol II0 and CDKI12 are
virtually identical, both on chromosomes from animals
grown under normal conditions and from animals sub-
jected to heat shock. Clearly discernable loci that stain
for Pol TI0 also stain for CDK12, with basically the same
pattern of staining (in the merged images in Fig. 1A,B,
there are essentially no only red or only green areas of
staining). The codistribution of CDK12 and PollI0 is
further illustrated in Figure 1C for one chromosome
segment (non-heat shock) shown in a split view: half
stained for CDK12, and half stained for Pol II0. Another
segment (heat-shocked) in split-view close-up is shown
in Figure 1D. These images illustrate that virtually all
actively elongating RNAPII (Pol II0) is accompanied by
CDK12. This finding supports the idea that CDK12
kinase is important to RNAPII function during the
elongation phase of transcription, most likely through
phosphorylating the CTD of Rpbl.

Chromosomal distributions of dCDKI12 and P-TEFb
(CDK9 + Cyclin T) In the absence of highly specific
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antibodies directed against dCDK9, we used an affinity-
purified antibody to dCyclin T to compare directly the
distribution of CDK12 kinase with that of P-TEFDb (Lis
et al. 2000) on polytene chromosomes. The images in
Figure 2 demonstrate that the distributions of the two
kinases show overlap, but they also display some striking
quantitative and qualitative differences. On non-heat-
shocked (NHS) chromosomes, ecdysone-induced devel-
opmental puffs stain intensely for CDK12 (as they do for

A

Metazoan CDK12: counterpart of yeast Ctkl

Figure 1. Distribution of dCDKI2 and
hyperphosphorylated RNAPII (Pol 1I0) on
Dm polytene chromosomes, determined
by immunofluorescence. (A) Chromosomes
from NHS larva reacted with anti-dCDK12
(red), anti-TIO (green), or DAPI (blue: “DNA”).
Merge is an overlay of the red and green
images. (B) Chromosome set from a heat-
shocked larva (20 min at 37°C). (C) Isolated
segment of a chromosome arm (non-heat
shock) showing split images of dCDK12
(red) and Pol II0 (green). (D) Segment of
chromosome 3R showing split images of
dCDK12 and Pol II0. Major heat-shock
puffs are labeled (87A and 87C).

RNAP II0), but weakly for Cyclin T (e.g., Fig. 2A, white
arrow). There are also sites with a strong signal for Cyclin
T and little if any signal for CDK12 (e.g., Fig. 2A, green
dots in merge panel); conversely, a number of sites that
are very bright for CDK12 are negative or nearly negative
for Cyclin T (Fig. 2A, red dots).

In general, transcription units at developmentally reg-
ulated loci are different from heat-shock genes in that
they are much longer and contain introns. A chromosome

Figure 2. Distribution of dCDKI12 and
dCyclin T on polytene chromosomes. (A)
Chromosomes from NHS larva reacted
with anti-dCDK12 (red), anti-dCyclin T
(green), or DAPI (blue: “DNA”). The white
arrow indicates a developmental puff that
stains strongly for CDK12, but weakly for
Cyclin T. Red and green dots in the Merge
panel indicate bands that are predomi-
nantly red (CDK12) or green (Cyclin T),
respectively. (B) Chromosome set from
a heat-shocked larva (20 min at 37°C)
analyzed as for A. Red and green dots in
the Merge panel indicate bands that are
almost exclusively red (CDK12) or green
(Cyclin T), respectively. (C) Isolated chro-
mosome segment (non-heat shock) showing
CDK12 (red) and Cyclin T (green). Prom-
inent developmental (ecdysone-induced)
puffs 74E and 75B are labeled. Colored dots
indicate sites that stain almost uniquely
for the corresponding protein. (D) Segment
of chromosome 3R (heat shock) with the
merged image aligned between images of
CDKI12 and Cyclin T. Major heat-shock
loci are labeled (87A and 87C). Dotted lines
facilitate comparisons between red and
green images.
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segment (NHS) containing developmental puffs at 74E
and 75B is shown enlarged in Figure 2C. These two
puffs stain strongly for dCDK12 but weakly for dCyclin
T. Other sites with high relative labeling intensity for
CDK12 or Cyclin T are indicated in Figure 2C by a red
or green dot, respectively.

Heat-shock-induced puffs show very different staining
patterns for CDK12 versus Cyclin T (Fig. 2B), in contrast
to CDKI12 versus Pol II0, which are very similarly
distributed on heat-shock puffs (Fig. 1D). For example,
at 87C, two bright bands of CDK12 (Fig. 2B, red) are often
observed “flanking” a middle band of Cyclin T (Fig. 2B,
green, merge). Closer inspection reveals that Cyclin
T staining also occurs in a punctate pattern “under” the
more diffuse CDK12 pattern (Fig. 2B,D, cf. red and green).
In a close-up view of heat-shock puffs 87A and 87C (Fig.
2D), it can be seen that the intensities for the two proteins
differ “along” a puff. For example, below the bottom
dotted line in Figure 2D there is a band that stains both
green (right) and red (left); in the merged image (“both”), it
appears yellowish. However, moving up from that band
(along the chromosome axis) the green intensity drops
and remains low, whereas the red intensity drops and
then increases again (Fig. 2D). Thus, dCDK12 and P-TEFb
associate with chromosomes in partially overlapping but
distinct distributions. Our results therefore support the
idea that dCDK9 and dCDK12 perform distinct functions
at specific locations along the transcription unit.

Distributions of dCDK12 across individual genes To
determine the distribution of dCDK12 at a higher spatial
resolution, we used chromatin immunoprecipitation
(ChIP) and Drosophila cultured cells, as used previously
for dP-TEFb (Boehm et al. 2003). On the well-studied
Hsp70 gene, anti-Rpb3 antibody detected the typical
presence of promoter-proximally paused polymerase at
the 5’ end prior to heat shock (Fig. 3B, “NHS” at —154 and
+96); after a 10-min heat shock (Fig. 3B, 10’HS), RNAPII
presence increased dramatically along the entire tran-
scription unit, with a peak at +96 still present. Analyzing
for dCDK12 revealed no signals above background before
heat shock, but significant signals along virtually the
entire gene after heat shock (Fig. 3A). The results thus
indicate no presence of dCDK12 with the paused RNAPII
before gene activation, and they show that the promoter-
proximal peak of RNAPII at +96 after activation is not
accompanied by a similar peak of dCDK12. The ratio of
dCDK12 to RNAPII shows a rise to maximum level at the
+379 position, and the amount of dCDK12 relative to
polymerase remains about constant throughout the gene
(Fig. 3C). These results contrast with those for P-TEFb
(Boehm et al. 2003), which showed a concentration that
peaked at the 5’ end of the gene (+58 in that study) and
steadily declined along the gene. When the ratio of
P-TEFb to RNAPII was plotted, values in the 3’ half of
the gene were lower than in the 5’ half (Fig. 4D in Boehm
et al. 2003). The ChIP results, therefore, are consistent
with our polytene chromosome-staining results in show-
ing different distributions for dCDK12 and dP-TEFb on
the Hsp70 gene.
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Because the polytene localization experiments also
indicated differences between distributions of dCDK12
and dP-TEFb on non-heat-shock genes (Fig. 2A,C), we
analyzed four such loci by ChIP. These four genes
displayed RNAPII amounts that were highest at the
5" end and decreased toward the 3’ end (Fig. 3E), although
the relative height of the 5’ peak differed from gene to
gene. In contrast, dCDK12 amounts were more constant
across the genes (Fig. 3D), and two of the four genes
displayed higher signals at internal positions than at the
5'-most position (exba and Rp49). The ratio of dCDK12
signal to RNAPII is plotted for the non-heat-shock genes
in Figure 3F, and for all genes is seen to be higher at
internal and 3’ positions than at 5’ end-proximal posi-
tions. These results again distinguish dCDK12 from dP-
TEFDb in spatial distribution, and suggest that the two
kinases have different functions.

Drosophila CDK12 and human CDK13 manifest CTD
kinase activity in vitro

dCDK12 exhibits CTD kinase activity We purified
dCDK12 from nuclear extract (KcN) of Drosophila cul-
tured cells (line Kc| (Price et al. 1987) using polyacrylamide
beads carrying affinity-purified anti-dCDK12 IgGs (see
above; Materials and Methods). After extensive washing
at up to 0.4 M NaCl, the activity on the beads was eluted
with antigenic peptide into three fractions (E1, E2, and E3),
and the eluted fractions were assayed for kinase activity
on a B-galactosidase-Drosophila CTD fusion protein (Bgal-
dCTD) (Fig. 4A). CTD kinase activity was observed in
fractions E1, E2, and E3 (order of decreasing activity), while
no kinase activity was observed in the absence of added
enzyme (Fig. 4A, “no E” control lane). In this experiment,
radioactivity was incorporated into both an unshifted band
at the Bgal-dCTD mobility (IIa analog) and a shifted band
with reduced mobility (Ilo analog). In a second pull-down
experiment, the antibody beads were washed in even
higher salt (0.8 M NaCl) and then assayed for bead-bound
kinase activity—in this case, on a GST-yCTD fusion
protein (Fig. 4B). The antibody beads displayed kinase
activity on the GST-yCTD substrate (Fig. 4B, Beads + CTD
lane), while the controls showed no activity (Fig. 4B, CTD
alone and Beads alone). In this case, the main product band
was a mobility-shifted form of the fusion protein migrat-
ing slower than the unmodified GST-yCTD. While the
kinase is present in amounts too small to be seen in the
stained gel here, we know it has been purified extensively
(Fig. 5; see below). Together, these results demonstrate
that CDK12 from Drosophila cells exhibits CTD kinase
activity.

hCDK13 exhibits CTD kinase activity To determine
whether human CDK13 also exhibits CTD kinase activ-
ity, we purified it by a combination of standard methods
and immunoaffinity-based approaches. The hCDK13 pres-
ent in a nuclear extract from HeLa cells bound to Macro-
Prep CM resin (Bio-Rad) and was eluted by 0.6 M NaCl
(Materials and Methods). We used immunoaffinity beads
carrying anti-hCDK13 IgGs to further purify the kinase.
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Figure 3. ChIP analysis of Pol Il and dCDK12. (A) ChIP analysis of dCDK12 on Hsp70 using NHS and 10-min heat-shocked (10'HS)
samples. (B) ChIP analysis of RNAPII (anti-Rpb3) on Hsp70, as in A. (C) Ratios of dCDK12/RNAPII values on 10-min heat-shocked
Hsp70. (D) ChIP analysis of dCDK12 on four constitutively active genes under non-heat-shock conditions. (E) ChIP analysis of RNAPII
(anti-Rpb3) on four constitutively active genes under non-heat-shock conditions. (F) Ratios of dCDK12/RNAPII values on four
constitutively active genes under non-heat-shock conditions. Measurements in A-F are averages of three biological replicates with

standard errors.

Purified hCDKI13 displayed CTD kinase activity in
vitro when assayed using GST-yCTD fusion proteins as
substrate (Fig. 4C). Upon hyperphosphorylation of the
CTD by hCDK13 kinase, the migration rate of the fusion
protein during SDS-PAGE is reduced, and a shifted band is
generated in the autoradiogram (Fig. 4C, dotted line
indicates position of unshifted substrate); this behavior
mimics that of CTD substrates phosphorylated by yeast
CTDK-I (Lee and Greenleaf 1989; Morris et al. 1997) and
Drosophila CDK12 (Fig. 4A,B). Thus, our results demon-
strate that hCDK13 manifests CTD kinase activity. While
we have yet to similarly pull down and assay hCDK12, it

has been reported in the literature that immunopurified
hCDK12 (CrkRS) shows CTD kinase activity (Ko et al.
2001). Our assays of chimeric kinases (Supplemental Fig.
S4C; data not shown) are consistent with this report.

Cyclin component of metazoan CDK12 kinase

When overexpressed in human cultured cells, tagged
human CDK12 and CDK13 “pull down” overexpressed
cyclins of the cyclin L family (Chen et al. 2006, 2007). To
identify the cyclin normally associated with endogenous
(not overexpressed) CDK12, we used Drosophila Kc cell
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dCDK12 displays CTD kinase activity on Dm and Sc CTD fusion proteins
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Figure 4. CTD kinase activities of isolated Drosophila
dCDKI12 or human hCDK13 enzymes. (A) dCDK12 was eluted
from antibody beads using the antigenic peptide, and elution
fractions (E1, E2, and E3) were assayed for kinase activity using
a Bgal-dCTD fusion protein as substrate (apparent molecular
weight ~145 kDa). Coomassie-stained gel of terminated re-
actions is shown on the left, aligned with the corresponding
autoradiogram on the right. (Lanes E1-E3) dCDKI12 elutions all
show CTD kinase (hyperphosphorylation) activity, as evidenced
by the signals in the autoradiogram. No signal is observed in the
no-enzyme control lane (fourth lane, no E). (B) dCDK12 was
purified using protein A/G beads saturated with affinity-purified
anti-dCDK12 IgG. After extensive washing, including a 0.8 M
NaCl wash (see the Materials and Methods), the beads were
assayed for CTD kinase activity using a GST-yCTD fusion
protein as substrate. The Coomassie-stained gel on the Ieft is
aligned with the autoradiogram on the right. CTD kinase
activity is observed (mobility-shifted band above GST-yCTD
position) only when both beads (dACDK12) and CTD substrate
are present. (C) hCDKI13 was isolated using ion-exchange
chromatography followed by immunoaffinity purification (Ma-
terials and Methods); the antibody beads were washed exten-
sively and assayed as in B. The mobility-shifted band
(autoradiogram) above GST-yCTD position indicates hyper-
phosphorylation of CTD.

nuclear extract (Price et al. 1987). After an immunoaffin-
ity purification of dCDK12 that included extensive wash-
ing, antibody bead-bound proteins were solubilized in
SDS-containing buffer and subjected to SDS-PAGE. Stain-
ing with Coomassie blue revealed several obvious protein
bands, in addition to a large amount of IgG heavy chain
(Fig. 5). A major protein band (Fig. 5, arrow) migrated slower
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than the 130-kDa marker and coincided with the major
dCDK12 antibody-reactive band observed in Western
blots (e.g., Supplemental Fig. S2). A gel slice containing
this band (b in Fig. 5) was excised and analyzed by mass
spectrometry (LC MS/MS; Duke Proteomics Facility); the
results confirmed the presence of dCDK12 in this gel slice
(28 tryptic peptides identified, 33% coverage of the pro-
tein, and “100% probability” of correct identification).
The dCDKI12 protein probably migrates in SDS-PAGE
slower than expected from its calculated molecular
weight (128 kDa) due to the unusual amino acid compo-
sition of its N-terminal extension.

Gel segments containing other bands (indicated in Fig.
5 as rectangular boxes a,c,d,e) were excised and similarly
analyzed. We note first that no other CDK species (e.g.,
CDK9) were detected in any of the bands analyzed.
Second, the only cyclin identified in this analysis was
Cyeclin K (in gel slice ¢; two peptides, but “100% proba-
bility” of correct identification [Scaffold 2 Proteome
software]). No peptides matching Cyclin L were detected
in the analysis of the excised bands. Our results are
therefore consistent with dCDK12 being associated with
dCyclin K. Given the discrepancies among extant results
(Fu et al. 1999; Chen et al. 2006, 2007), further experi-
ments are warranted to test the idea that Cyclin K is the
sole cyclin partner of CDK12/13.

Chimeric human/yeast CTD kinases function in yeast

Whereas the results presented to this point suggest that
dCDK12 is orthologous to yCtkl, it has been suggested
that, in higher eukaryotes, CDK9 reconstitutes the activ-
ities of both Burl and Ctkl (Wood and Shilatifard 2006).
To investigate this situation, we wanted to compare
functional properties of hCDK9 with those of hCDK12/
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Figure 5. dCDK12 and copurifying proteins used for mass
spectrometric protein identification. Antibody beads were used
to isolate dCDK12 from a nuclear extract. After extensive
washing of beads, proteins were solubilized in SDS buffer,
subjected to SDS-PAGE, and stained with Coomassie blue. (M)
Molecular weight marker lane (values at Ieft); (IP) immunopuri-
fied protein lane. Arrow indicates band that is reactive with
anti-dCDK12 antibodies. (Lanes a—e) Dotted lines indicate gel
slices that were subjected to protein identification analysis in
the Duke Proteomics facility.
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13 in yeast. However, because the very long N-terminal
and C-terminal extensions of hCDKI12 and hCDKI13
(Supplemental Fig. S3) are not like any protein in yeast
(they contain many RS dipeptides and stretches of simple
sequence), it seemed likely that the full-length human
CDKs might cause dominant-negative effects or might be
unstable in yeast. We therefore took the approach of
constructing Ctk1/CDKx chimeric genes in which the
central kinase homology region of CTK1 was excised and
replaced with the corresponding piece of hCDKI12,
hCDK13, or hCDK9; this generated chimeras 1/12, 1/13,
and 1/9 (Supplemental Fig. S3). Two control chimeric
constructs were also used: 1/1 (i.e., wild-type CTKI) and
1/0 (i.e., CTK1 deleted for the kinase homology region)
(Supplemental Fig. S3). For analysis, these chimeric con-
structs were integrated into the genome by transformation
to replace the endogenous CTK1 gene. Thus, each strain
analyzed produced only a chimeric version of Ctkl1.

With the chimeric kinase constructs, we could test for
the ability of the human kinase homology domains
(flanked by Ctk1 “arms”) to rescue (suppress) phenotypes
caused by mutation of CTK1 or BUR1. BURI is essential
(CTK1 is not), and an extant burl® mutant (burl-8)
appeared to provide the best phenotype for use in the
rescue experiments (good growth at 30°C, but essentially
no growth at 37°C) (see Fig. 6, “+ empty vector” rows).
(We note that, during the course of these studies, we
observed that a phenotype often characteristic of ctkiA
strains [cold sensitivity] is highly dependent on genetic
background [data not shown)]; therefore, we did not use
this phenotype in our analysis.) Transforming the bur1-8
strain with plasmid-borne chimeric constructs, we tested
the ability of the 1/9 chimera and the 1/13 chimera to

A, wT
burl-8 (ts) + empty vector
#1

burl-8 (ts) + chimera 1/9

burl-8 (ts) + empty vector
#1

bur1-8 (ts) + chimera 1/13

Figure 6. Complementation of burl ts allele by chimeric
(yeast/human) kinases. (A) The burl-8 (ts) yeast strain was
transformed by empty vector or by vector carrying the 1/9
chimeric kinase construct (cf. Supplemental Fig. S3), and in-
dependent transformants were tested for growth at 30°C and
37°C (fivefold serial dilutions spotted in rows). (WT) BURI*
control strain. (B) The burl-8 (ts) strain was transformed by
empty vector or by vector carrying the 1/13 chimeric kinase
construct, and independent transformants were tested for
growth at 30°C and 37°C (fivefold serial dilutions spotted in
rows). (WT) BURI" control strain.
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rescue the temperature sensitivity caused by the burl-8
allele. As shown in Figure 6A, four different transform-
ants carrying the 1/9 chimera grew well at the restrictive
temperature of 37°C. In contrast, four transformants
carrying the 1/13 chimera showed poor growth at 37°C
(Fig. 6B). These results are consistent with the proposal
that metazoan CDK?9 is orthologous to yeast Burl.

Activities of natural and chimeric CTD kinases in vitro

Since yeast strains containing chimeric Ctk1/12 or Ctk1/
13 as the only Ctkl-type kinase grow well under labora-
tory conditions, we purified a chimeric enzyme from cells
of such a strain for in vitro CTD kinase assays. As shown
in Supplemental Figure S4A, the His-tagged chimeric
1/13 subunit was accompanied by the endogenous Ctk3
subunit in fractions eluted from a Ni** column with
imidazole. We infer that the Ctk2 (cyclin) subunit like-
wise copurified with the 1/13 catalytic subunit (the
kinase is active), but we could not test the inference
directly due to our inability to detect Ctk2 in Western
blots (cf., see Lee and Greenleaf 1991). CTD kinase assays
(Supplemental Fig. S4B) confirm that the chimera phos-
phorylates a GST-yCTD fusion protein substrate, and
that the amount of activity parallels the amount of
enzyme (1/13 and Ctk3 subunits). We found virtually
identical results with a 1/12 chimera purified from
a strain in which the only Ctkl subunit was the 1/12
chimeric protein (see assays in Supplemental Fig. S4C).

We also compared the CTDK-I, PTEF-b, hCDK13,
Ctk1/12, and Ctk1/13 kinases on a set of CTD repeat
sequence variants (Jones et al. 2004). As reported in Jones
et al. (2004), yeast CTDK-I was about equally active
(within a factor of 2) toward wild-type CTD, a CTD with
each Ser2 replaced by Ala (A2), a CTD with each Ser2
replaced by Glu (E2), and a CTD with each Ser5 replaced
with Glu (E5) (Supplemental Fig. S4C). In contrast,
CTDK-I showed very low activity on a CTD with each
Ser5 replaced by Ala (A5) (for interpretation, see Jones
et al. 2004). With the same set of substrates, human
P-TEFb displayed a similar specificity profile (data not
shown). Furthermore, we found that hCDK13 (and the
Ctk1/12 and Ctkl/13 chimeras) closely resemble
yCTDK-I in their specificity profiles in vitro (Supplemen-
tal Fig. S4C for chimeras).

Drosophila and human cells require CDK12 for normal
phosphorylation of the CTD

RNAi knockdown of dCDK12 in Drosophila cultured
cells We used dsRNAs targeted at exon E2, E4, or E7 of
dCDKI12 to knock down the kinase in cultured S2 cells.
Results of a 48-h experiment show that a high degree of
dCDK12 depletion, relative to mock treatment, was
achieved in each case (Fig. 7A, top panel). We analyzed
the phosphorylation state of the CTD of Rpbl in each
extract by Western blot analysis. In this analysis, Rpbl
with a nonphosphorylated CTD migrates in an SDS gel as
band IIa, whereas Rpbl with a highly phosphorylated
CTD migrates more slowly, as band Ilo (see Fig. 7F; also
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Figure 7. RNAIi knockdown of dCDKI12,
hCDK12, or hCDK13 in cultured cells. (A)
Mock and RNAi (dsRNA targeting exons
E2, E4, or E7 of dCDK12 = CG7597) treat-
ments were carried out for 48 h on cultured
Drosophila S2 cells, extracts were prepared,
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and Western blot analysis was performed
using rabbit affinity-purified anti-dCDK12

mw mock E2 E4 E7
anti-Ser2P E.

hCDK12J

R-actin —

con 12

25{)—“' = .

IgG. Goat affinity-purified anti-dRpb2 IgG
was used to assess sample loading. Size
standards are in the mw lane, and values
in kilodaltons indicated at Ileft. (B) Mock
and RNAi treatments and analysis were
as in A, except that the phospho-CTD
(PCTD) of dRpb1 was detected using mouse
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anti-Ser2P mAb (H5). Again, dRpb2 was a
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loading control. (C) Mock and RNAI treat-
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ments and analysis were as in B, except that
the PCTD of dRpbl was detected using
mouse anti-Ser5P mAb (H14). (D) Mock
~  and siRNA treatments were performed on
HeLa R-19 cells, extracts were prepared after
3 d, and Western blot analysis was carried out
using rAP anti-hCDKI13 IgG. The siRNAs
used targeted hCDKI13 (si-13), hCDKI12 (si-
12), or both (si-12 + 13); control siRNAs
(si-con) have no homology with any known
mammalian genes. The mw lane contains
molecular weight markers, and the value is
indicated at Ieft. The blot was also reacted

si s
hCDK13 12+13

o —

with anti-B-actin to show equal loading of
extracts. (E) Mock and siRNA treatments

were performed as in A, extracts were prepared after 3 d, and Western blot analysis was carried out using rAP anti-hCDK12 IgG and anti-
B-actin. (F) Mock and siRNA treatments were performed on HeLa R-19 cells as in A, and Western blot analysis was carried out using rat anti-
Ser2P (3E10) and mouse anti-non-phospho CTD (8WG16) mAbs. After analysis of Rpb1, the blot was reprobed with anti-B-actin antibodies.
Note that the intensity of Ilo in the si-control as detected by anti-Ser2P (lane 2) is usually the same as in the mock treatment (lane 1).

Greenleaf 1992). A critical point to keep in mind is that
different patterns of CTD phosphorylation, as well as
very different numbers of phosphates per CTD, can
generate chemically distinct ITo species that migrate with
very similar mobility in SDS gels (e.g., see Zhang and
Corden 1991; Munoz et al. 2010). Probing with several
antibodies is required to obtain even a partial picture of
CTD phosphorylation status.

Figure 7B shows that an anti-Ser2P mADb (H5) produces
a strong signal toward dRpbl in the mock treatment
sample (note, at the II0 position), whereas it produces a
dramatically reduced signal in each of the RNAi-treated
samples. An internal control, dRpb2, demonstrates very
similar sample loading for all lanes (Fig. 7B). In contrast to
Ser2P, Ser5P levels did not change significantly after RNA
treatment, as monitored by anti-Ser5P mAb H14 (Fig. 7C).
While differences between the Drosophila and human
kinases and CTD primary sequences are considered in the
Discussion, the results here show that dCDK12 is re-
quired for the majority of Ser2P (as detected by mADb H5)
on Rpbl in Drosophila whole-cell extracts.

RNAi knockdown of hCDK12 and hCDKI13 in HeLa
cells If hCDK12 and/or hCDK13 normally phosphory-
late the CTD in vivo, then knockdown of one or both
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kinases should alter the phosphorylation state of the
CTD; however, because human cells contain a pair of
Ctkl orthologs, it was unclear what kind of changes to
expect. Using siRNAs to knock down either hCDK12,
hCDK13, or both in a HeLa cell line, we assessed changes
in Rpb1 phosphorylation by Western blot analysis of total
cell extracts, after confirming that the siRNA treatment
effectively knocked down the proteins (Fig. 7D,E).

Upon siRNA knockdown of hCDK12, a novel set of
antibody reactivities was observed for Rpbl (Fig. 7F).
Without knockdown, an antibody against nonphosphory-
lated CTD repeats (a-NonP) (Fig. 7F, red, lanes 1,2) shows
reactivity at both the IIa position (here, mobility is ap-
proximately the same as the 250-kDa marker) (Fig. 7F,
arrow on right) and the Io position. The reactivity of this
antibody (mAb 8WG16) toward Ilo bands is commonly
seen, and is due to the presence of some unphosphory-
lated repeats (or Ser5P-only repeats) (Patturajan et al.
1998) in otherwise highly phosphorylated CTDs (e.g.,
see Phatnani and Greenleaf 2006, Munoz et al. 2010).
Strikingly, after siRNA knockdown of hCDK12 (Fig. 7F,
lanes 3,5, red), the a-NonP reactivity at the mobility of
Ilo increases dramatically relative to the reactivity at Ila,
which actually decreases (Fig. 7F, note that the loading
control, B-actin, is the same [+5%] for all lanes). The
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relative increase in reactivity of a-NonP antibodies to-
ward a slower-migrating Rpb1 band after knockdown of
hCDK12 was not predicted; nevertheless, it is reproduc-
ible. One interpretation is that knockdown of hCDK12
increases the average number of nonphosphorylated re-
peats (or Ser5P-only repeats) per CTD, but CTD phos-
phorylation levels, on average, are nevertheless high
enough to cause the majority of Rpb1l subunits to migrate
at the Io position (recall that both hCDK13 and hCDK9
are still active in these cells).

The anti-Ser2P signal intensity (Fig. 7F, green) after
hCDK12 knockdown did not show the kind of decrease
seen in the Drosophila dCDK12 knockdown experiment
(Fig. 7B, red) (again, we stress that both hCDK13 and
hCDK9 activities are still present). However, close in-
spection reveals that the a-Ser2P band in the hCDK12
knockdown samples (Fig. 7F, lanes 3,5, green) appears
slightly “sharper” than the corresponding band in the
other lanes (the band’s trailing edge appears to migrate
slightly faster in Fig. 7F, lanes 3,5 than in lanes 1,2). Thus,
the a-Ser2P antibody does detect a difference in phospho-
CTD (PCTD) state after hCDK12 knockdown. We note
that the actual phosphorylation patterns determining the
mobility of Rpbl before and after knockdown are not
discoverable by this approach. Overall, these experiments
show that there is an observable change in the CTD
phosphorylation state (as detected by both the a-NonP
and «-Ser2P antibodies) upon hCDK12 knockdown.

Knockdown of hCDK13 also produced altered antibody
reactivities that might suggest changes in CTD phos-
phorylation, although, compared with hCDKI12, the
changes were much more subtle. Frequently, we observed
an apparent increase in the absolute amount of Ila signal,
as seen in Figure 7F (red, lanes 1,2 vs. lane 4, internal
standard: B-actin, red, bottom row). Thus, after knock-
down of hCDK13, there appears to be an increase in
amount of hypophosphorylated Rpb1, although a decrease
in the anti-Ser2P signal was not observed (Fig. 7F, green,
lane 4 vs. lanes 1,2).

These knockdown results are not unique to HeLa cells:
Both hCDK12 and hCDK13 knockdown experiments were
repeated in HEK293T/17 cells, with the same results (data
not shown). Also, using a-Ser5P mAb to probe the samples
used in Figure 7F, we observed little obvious change in
signal intensity or band migration after the knockdowns
(reminiscent of the Drosophila a-Ser5P results in Fig. 7C).

Overall, the data from the knockdown experiments,
combined with other results, support the idea that
hCDK12 is a bona fide CTD kinase in human cells.
Because knockdown of hCDK13 does not appear to cause
significant changes in global CTD phosphorylation, we
cannot currently conclude that hCDK13 is a CTD kinase
in vivo; however, in vitro, it clearly manifests CTD
kinase activity (Fig. 4C).

Discussion

We show that fruit fly CDK12 and human CDK12 and
CDK13 are CTD kinases. These proteins were identified
previously by molecular evolution approaches as the

Metazoan CDK12: counterpart of yeast Ctkl

closest Drosophila and human homologs of yeast Ctkl
(Liu and Kipreos 2000; Guo and Stiller 2004; cited in
Phatnani and Greenleaf 2006), the major transcription
elongation-associated CTD kinase in Sc. On the other
hand, their status as functional CTD kinases was unclear.
Our results demonstrate that dCDK12 is a major elonga-
tion-associated CTD kinase in Drosophila, the ortholog
of yCtkl. Furthermore, our results support the proposal
that, in human cells, hCDK12 is a functional counterpart
of yCtk1; hCDK13 is clearly a CTD kinase in vitro, but its
functions in vivo are not yet clear. Because we also
provide evidence that human CDK9 is orthologous to
yeast Burl rather than yeast Ctkl, our findings help
clarify the relationships between two yeast CDKs—Ctk1
and Burl—and their metazoan homologs. More impor-
tantly, our results draw attention to major metazoan
CTD kinase activities that have gone unrecognized and
unstudied until now.

In situ localizations of dCDK12 on Dm polytene
chromosomes present a dramatic picture of the genome-
wide co-occurrence of this CTD kinase with hyperphos-
phorylated RNAPII. The dCDK12 kinase appears to be
closely associated with Pol II0, not only at loci expressed
normally during development, but also at heat-shock loci
(Fig. 1). In contrast, the chromosomal distributions of the
two CTD kinases dCDK12 and dP-TEFb are distinct (Fig.
2). In addition, ChIP studies show that, whereas dP-TEFDb
amounts peak early in the gene (basically, with paused
polymerase), dCDK12 amounts peak later in the tran-
scription unit (Fig. 3), resembling the behavior of yCtkl.
Because functions of P-TEFD, such as helping RNAPII to
overcome an impediment to elongation early in transcrip-
tion (Peterlin and Price 2006), are presumably reflected in
its site-specific localization patterns, we propose that the
chromosomal localization patterns of dCDK12 similarly
reflect its functions during transcription. That dCDK12
displays CTD kinase activity in vitro supports the idea
that the principal function reflected in its chromosomal
distribution is, in fact, phosphorylation of the CTD on
elongating RNAPII. CTD phosphorylation on elongating
RNAPII is also the most likely function of the human
homolog hCDK12, making it a probable ortholog of
yCtkl. While the in vivo function of hCDK13 is not yet
clear, our genetic experiments place both human paral-
0gs—hCDK12 and hCDK13—in a functional group re-
lated to yeast Ctkl. In contrast, the genetic experiments
place the other human elongation-associated CTD ki-
nase, CDKY, in a different functional group related to
yeast Burl.

Knockdowns of dCDK12 and hCDKI12 support the
proposal that these kinases phosphorylate the CTD of
Rpbl in vivo. Even looking at total RNAPII in whole-cell
extracts of human cells, we observe a change in CTD
phosphorylation state after hCDK12 knockdown (Fig.
7C). As argued elsewhere (Phatnani and Greenleaf 2006;
Munoz et al. 2010), it is impossible to obtain a detailed
understanding of phosphorylation patterns from antibody
reactivities, but, in the current context, the important
finding is that knockdown of hCDK12 results in alter-
ation of phosphorylation status for the CTD of RPB1. The
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relative increase in slower-migrating RPB1 species after
knockdown of hCDK12 (Fig. 7) seems counterintuitive,
but it may not be coincidental that an analogous obser-
vation was made previously in ctkIA strains of yeast
(Patturajan et al. 1999). Also, a knockdown of one human
paralog (e.g., hCDK12) leaves the other (hCDKI13) still
active in the cells. In Drosophila cells, which contain
only one Ctkl ortholog, knockdown results are more
apparent; over two-thirds of Ser2 phosphorylation, as de-
fined by the mAb H5, is lost after knockdown of dCDK12
(Fig. 7E). In addition to there being only a single Ctk1-type
kinase in Drosophila cells, one set of potential explana-
tions for this dramatic effect (as compared with the more
subtle global CTD phosphorylation changes in the mam-
malian cell knockdowns) lies in the unusually low oc-
currence of consensus heptad repeats in the dCTD (two
out of 45 vs. 21 out of 52 in mammals) (Corden 1990). For
example, the H5 mADb might detect almost all of the
Ser2P residues in the mammalian CTD, but only a subset
of Ser2P residues in the dCTD—one that is produced
mainly by dCDK12. Other potential explanations include
those that invoke additional differences (known or un-
known) between flies and mammals, such as the extent of
functional redundancy between CDK12/13 and CDK9
kinases. Independent of which explanation is correct, our
overall results make a compelling case for the proposal
that dCDK12 and hCDKI12 function as CTD kinases in
vivo.

It has been argued in the literature that the cyclin
partners of hCDK12 and hCDK13 are members of the
Cyclin L family (Chen et al. 2006, 2007). However, our
results are consistent with the idea that Cyclin K is the
actual partner of dCDK12 (and, presumably, hCDK12/13
as well). Because the cyclin partner of ScCtkl is Ctk2, we
used BLAST to find sequences most similar to Ctk2 under
“metazoa” in the NCBI nonredundant protein database;
the top-scoring hits were all Cyclin K. In addition, a yeast
two-hybrid screen using dCDK12 (CG7597) picked up
dCyclin K with the highest score among seven positives
(Finley Laboratory YTH results in the Drosophila In-
teractions Database, http://www.droidb.org). Thus, evi-
dence favoring Cyclin K as the physiological partner
of CDK12 is accumulating. Interestingly, Cyclin K was
found previously to associate with CDK9 and to stimu-
late its CTD kinase activity in vitro (Fu et al. 1999).
Future analyses will be required to substantiate the
partnership of cyclin K with CDK12 (and CDK13), and
to determine whether Cyclin K functionally interacts
with both CDK12/13 and CDK9 in vivo.

Another feature attributed to CDK12/13 is a direct
involvement in specific splice site choices (Chen et al.
2007; Berro et al. 2008). However, we predict that, as for
Ctkl in yeast (Phatnani et al. 2004), knocking down
expression or activity of “metazoan Ctkl” (e.g., dCDK12
in Drosophila cells) will lead to abnormalities in splicing
indirectly as a result of anomalous CTD phosphorylation
and attendant defects in recruitment of splicing factors to
elongating RNAPII (cf. Greenleaf 1993; Goldstrohm et al.
2001). The presence in human cells of two similar but
functionally divergent kinases makes analogous predic-
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tions for hCDK12 or hCDK13 moot until the enzymes
have been characterized more thoroughly.

In general, we expect that any process or event de-
pendent on normal phosphorylation of the CTD on
elongating RNAPII will be affected in cells deficient for
CDKI12 (and possibly CDK13). In addition to splicing,
such events include other kinds of RNA processing, such
as small RNA termination (e.g., see Steinmetz et al. 2001;
Kim et al. 2006), pre-mRNA 3’ end formation (e.g.,
Bentley 2005), and probably mRNA export out of the
nucleus (A MacKellar and AL Greenleaf, unpubl.). In
addition, normal transcription-coupled chromatin modi-
fication depends on CTD phosphorylation by yCTDK-I
(e.g., see Kizer et al. 2005). Finally, alterations in tran-
scription-associated homologous recombination events
have been observed in ctk1A strains (Grenetier et al. 2006;
Westmoreland et al. 2009), and certain proteins impor-
tant to genome stability are linked to transcription via
direct interaction with the hyperphosphorylated CTD
(Islam et al. 2010; Kanagaraj et al. 2010) (T Winsor, C
Bennett, and AL Greenleaf, in prep.); mice missing one of
these PCTD-associating genome stability proteins
(RECQ5) exhibit an increased incidence of cancer (Hu
et al. 2007). Thus, we anticipate that further character-
izations of CDK12 and CDK13 will be of broad scientific
interest and significant medical relevance.

Materials and methods

Antibodies and Western blot analysis

Anti -Ilo: goat affinity-purified IgGs directed toward the hyper-
phosphorylated CTD of DmRpb1 (Weeks et al. 1993; Morris et al.
1997). tAP o-dCDKI12: rabbit affinity-purified IgGs directed
against a peptide comprising amino acids 705-722 of dCDK12
(CG7597; NP_649325.2). rAP o-hCDK13: rabbit affinity-purified
IgGs directed against a peptide comprising amino acids 294—
312 of hCDK13 (CDC2L5. NCBI RefSeq: NP_003709.3). AP
a-HCDK12: rabbit affinity-purified IgGs directed against a pep-
tide comprising amino acids 1058-1077 of hCDK12 (CRKRS.
NCBI RefSeq: NP_057591.2). Anti-dCyclin T: affinity-purified
sheep IgG against purified dCyclin T. Anti-NonP: mAb
8WGI16 (Abcam). Anti-Ser2P: rat monoclonal (3E10) from D.
Eick (Chapman et al. 2007), or mouse mAb (H5) from Covance in
Figure 7E. Anti-Ser5P: mouse mAb (H14) from Covance. Anti-
body to B-actin, a mouse mAb from Abcam. Anti-HA: mouse
monoclonal 12CA5 from Roche. Anti-Ctk3: affinity-purified
rabbit anti-yCtk3 antibody (Sterner et al. 1995). gAP-anti-dRpb2:
affinity-purified goat IgG against a segment from dRpb2 (amino
acids 519-992) (Skantar and Greenleaf 1995).

Western blot analysis was performed using the Odyssey
infrared scanner and secondary antibodies from Li-Cor.

Microscopy

Visualization of proteins on fixed polytene chromosomes
(Greenleaf et al. 1976; Weeks et al. 1993) was carried out as
described previously (Schwartz et al. 2004).

ChIP

Drosophila S2 cells were grown in M3 + BPYE with 10% FBS to
a density of 6 X 10° to 7 x 10° cells per milliliter. To prepare the
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10-min heat-shock chromatin, 4 mL of 48°C M3 + BPYE (no
serum) was added to 4 mL of culture and incubated for 10 min at
36.5°C, and then 4 mL of 4°C M3 + BPYE (no serum) was added to
bring the cells to room temperature. Immediately, formaldehyde
was added to a final concentration of 1% and mixed for 2 min at
room temperature. The reaction was quenched with 675 pL of
2.5 M glycine and immediately cooled on ice. The cells were
centrifuged for 5 min at 4°C and resuspended in sonication buffer
(20 mM Tris-Cl at pH 8.0, 2 mM EDTA, 0.5 mM EGTA, 0.5%
SDS, 0.5 mM PMSF, Roche complete protease inhibitor cocktail
[catalog no. 05 056 489 001]) at 10® cells per milliliter. The cells
were sonicated 12 times for 20 sec each time with a 1-min rest in
between at 4°C using a Bioruptor sonicator; the material was
centrifuged at 20,000g for 10 min at 4°C, and 25 pL of the
supernatant was used per immunoprecipitation.

Pol I was immunoprecipitated with 4 pL of rabbit anti-Rpb3
antisera (Lis laboratory stock), HSF was immunoprecipitated
with 4 pL of rabbit anti-HSF antisera (Lis laboratory stock), and
dCDK12 was immunoprecipitated with 7 wL of rAP «-dCDK12.
The non-heat-shock chromatin was prepared in the same man-
ner, except 8 mL of room temperature M3 + BPYE (no serum) was
added to 4 mL of culture. The amount of immunoprecipitated
DNA was quantified using a Roche LightCycler 480 by compar-
ing the quantification cycle of the immunoprecipitated DNA to
the quantification cycle of serial dilutions of input DNA to
obtain the percent input.

CTD kinase assays

CTD kinase assays were performed essentially as described
(Jones et al. 2004), with minor variations (e.g., total [ATP] was
typically 60-100 wM).

Mass spectrometry

Fifteen microliters of dCDK12 bead slurry (see dCDK12 purifi-
cation) was subjected to PAGE using a 4%-15% SDS gel. After
staining with Coomassie blue, gel bands of interest were excised
and submitted for LC MS/MS analysis at the Duke Proteomics
Facility (http://www.genome.duke.edu/cores/proteomics).

Kinase purifications

dCDK12 purification Two milliliters of KcN extract (Price
et al. 1987) were diluted to a final volume of 4 mL in ice-cold
HGEDPF (25 mM HEPES, 8% glycerol, 0.1 mM EDTA, 1 mM
DTT, phenylmethylsulfonyl fluoride [1:1000 dilution of satu-
rated solution in isopropanol], 10 mM NaF); NaCl and Triton
X-100 were added to a final concentration of 0.5 M NaCl and
0.4% Triton X-100. The extract was then centrifuged at 23,000g
for 1 h at 4°C, and the supernatant was precleared by rocking
end-over-end with 20 pL of protein A/G bead slurry (Thermo
Scientific) for 1 h at 4°C. Approximately 50 wL of protein A/G
beads (Thermo Scientific, Ultra-Link resin) were saturated with
rAP a-dCDK12 IgG and added to the precleared extract, and then
allowed to rock end-over-end overnight at 4°C. The beads were
recovered, transferred to a small disposable column (Bio-Rad),
and washed at 4°C with 10 mL of PBS + 0.2% Tween 20, then
with 10 mL of HGEDPF at 0.5 M NaCl, followed by another 10
mL of PBS + 0.2% Tween 20. The beads were then transferred to
a fresh microfuge tube and resuspended in 100 mM NaCl/
HGEDPF. Beads used directly for kinase assays were further
washed in 0.8 M NaCl/HGEDPF before being rinsed and resus-
pended in 1X kinase buffer (25 mM HEPES at pH 7.6, 10 mM
MgCl,, 5 mM NaF).

Metazoan CDK12: counterpart of yeast Ctkl

dCDK12 peptide elution Protein A acrylic beads (Sigma, cata-
log no. P1052) were saturated with dCDK12 antibody and 100 pL
of beads incubated with 2.5 mL of KeN extract for 2 h at 4°C with
end-over-end rocking in a Bio-Rad disposable column. The beads
were washed in HGEDP (same as HGEDPF, but without NaF)
with 0.5% NP-40 and 100 mM KClI, followed by 400 mM KCl/
HGEDP and 100 mM KCL/HGEDP without detergent. Elution
1 was carried out by a 1-h incubation with end-over-end rocking
at 4°C with 1 mM antigenic peptide (ABR/Thermo Scientific) in
100 pL of 100 mM KCI/HGEDP. Elutions 2 and 3 were performed
in the same manner, but with a concentration of 100 uM
antigenic peptide. For assays, 5 uL of each elution was used.

hCDK13 purification HeLa nuclei were prepared, extracted
with 0.15 M NaCl, and centrifuged (Longley et al. 1997).
Twenty-five milliliters of the pellet was used to prepare a
0.5 M NaCl extract of the nuclear pellet as described previously
(Carty et al. 2000). The 0.5 M NaCl extract was filtered through
Miracloth (Chicopee Mills, Inc.) to remove floating lipid, and
protein concentration was determined using the Bradford
method (Bio-Rad Protein Assay). Ion exchange chromatography
was performed on a 25-mL Macro-Prep CM (Bio-Rad) column.
Extract containing 400 mg of protein was diluted to 0.15 M NaCl
with HGEDPF and batch-bound to the equilibrated Macro-Prep
CM slurry for 2 h at 4°C. The slurry was then loaded back into
the column, washed with 0.15 M NaCl/HGEDPE, and eluted
using steps of 0.25, 0.4, 0.6, and 1 M NaCl in HGEDPF. The bulk
of hCDK13 was found to elute in the 0.6 M NaCl fraction
(monitored by Western blot). The 0.6 M fractions containing
hCDK13 were pooled and frozen at —80°C in 1-mL aliquots.
Antibody-saturated beads prepared with Ultra-Link protein
A/G beads (10-100 pL of slurry) or magnetic protein G Dyna-
beads (50 pL of slurry) and rAP a-hCDK13 were mixed with the
0.6 M NaCl CM column fractions (1-8 mL) and allowed to rock
end-over-end for 8 h to overnight. The beads were then washed
with multiple bead volumes for each of the following: PBS/0.2%
Tween20, 0.8 M NaCl/HGEDPE, PBS/0.2% Tween20, and, fi-
nally, 1 X kinase reaction buffer (25 mM HEPES at pH 7.6, 10 mM
MgCl,, 5 mM NaF). The beads were resuspended in 1X kinase
reaction buffer, frozen in liquid nitrogen, and stored at —80°C.

Chimeric kinase purification An FY23 strain bearing Ctk1/13
was grown in 6 L of YPD at 30°C to an ODgqg of 1, and cells were
collected by centrifugation and washed with ice-cold buffer A
(50 mM HEPES, 100 mM NaCl), then spun at 2600g for 10 min at
4°C. The pellet was pushed through a syringe into liquid nitrogen
to make frozen “noodles” (Oeffinger et al. 2007), which were
stored at —80°C. The cell noodles were homogenized in the
frozen state using a Mixer Mill MM400 (Retsch) (Oeffinger et al.
2007). The ground yeast powder was resuspended in buffer
(50 mM HEPES at pH 7.6, 0.55 M NaCl, 15% glycerol, 0.05%
Triton X-100, 25 mM B-glycerol-phosphate, 10 mM NaPF, plus,
just before use, PMSF, DTT, protease inhibitor cocktail, phos-
phatase inhibitor cocktail) by rotating end-over-end for 10 min
and homogenizing with a glass dounce to generate a uniform
suspension (this and all subsequent steps were at 4°C). The
suspension was centrifuged for 40 min at 26,000g, and the
supernatant was passed through a 2.7-um syringe filter (What-
man GF/D). After adjusting the conductivity to 400 mM NaCl
equivalent, the clarified extract was passed through a DE52
column (equilibrated at 400 mM NaCl) and the flow-through
fraction was collected; 0.27 g/mL (NH4),SO, was added slowly
with gentle stirring until dissolved, and stirring continued for
another 30 min. Precipitated proteins were collected by centri-
fugation at 26,000g, and the pellet was resuspended in buffer
HGE (25 mM HEPES at pH 7.6, 15% glycerol, 0.1 mM EDTA).
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The protein mixture was adjusted to equal to 100 mM NaCl
conductivity and mixed with Macro-Prep CM resin. Elutions
were made with salt steps of 200 mM NaCl, 400 mM NaCl, and
600 mM NaCl in HGE buffer, and peak kinase fractions were
identified by Western blot (C-terminal HA tag) or kinase assay
and pooled. Pooled kinase was applied to a Ni-Sepharose6 Fast
Flow column (GE Healthcare) and eluted with Ni elution buffer
(50 mM Tris at pH 8.0, 100 mM NaCl, 250 mM imidazole, 15%
glycerol). Kinase proteins were detected by Western blotting
(anti-HA tag for Ctk1/X, and anti-Ctk3 for Ctk3) (Sterner et al.
1995). The 1/12 chimera was purified by the same approach.

Yeast strains and genetics

Yeast strains, DNA plasmids, and PCR primers are listed in the
Supplemental Material.

All yeast transformations were done according to standard
LiOAc transformation methods.

GY2002 burl-8 ts yeast complementation assay

Yeast strain GY2002 was a gift from G. Prelich. Four different
GY2002 colonies were verified for their ts phenotype at 37°C,
and one was used in the following complementation assay.
GY2002 yeast cells were transformed with pAG415GAL-
CTK1/X-TRP1-LEU2 plasmid or empty pAG415GAL-TRPI-
LEU?2 plasmid and selected on CM-Trp plates. Colonies were
grown and extracted DNA was sequenced to validate the
plasmid. GY2002 cells transformed with different chimeric
constructs, as well as a negative control with only the empty
vector and a positive control, which is yeast strain Z26 (TRP1",
LEUZ2*), were grown to ODggg of 1.0 in CM-Trp at 30°C with
shaking, and were spotted on CM-Leu plates in 1:5 serial
dilutions. Replica plates were placed for 3 d at 30°C or 37°C
before analysis.

Cloning (chimeras)

Construction of CTK1/13, CTK1/12, CTK1/9, and CTK1/0 chi-
meric kinases plasmids with TRP1 yeast marker A pUCI19-
based plasmid pVD45 containing ~3.8-kb CTK1-HA3::K.IL.TRP1
(which contains CTK1 5’ and 3’ flanking homology sequence,
CTK1 endogenous promoter, CTK1 gene with C terminus tagged
by 3HA tags, and a yeast TRP1 marker) was obtained from Peter
V. Decker in the Greenleaf laboratory (see the Supplemental
Material). To replace the CTK1 kinase domain (amino acids 183-
393) with corresponding catalytic regions from hCDK13, hCDK12,
and hCDKJ9, both the N-terminal and C-terminal parts of the
CTK1 sequence flanking the kinase domain were PCR-amplified
and cloned into pGEX-5X-1 (Amersham). CTK1 NF and NR
primer pair was used to introduce EcoNI and BamHI at both ends
of the CTK1 N-terminal sequence, and these two RE sites were
used to clone CTKIN into pGEX-5X-1. Later, CTKIC PCR
generated by CTK1 CF and CR pairs was ligated into pGEX-
CTKIN via BamHI and Xhol sites included in the primer
sequence to create pGEX-CTKINC. hCDK13, hCDK12, and
hCDK9 kinase domains were PCR-amplified, and BamHI sites
were introduced at both ends by CDK13 Fand R, CDK12 Fand R,
and CDK9 F and R from pCMV-SPORT6-CDC2L5 vector (Open
Biosystems), pCMV6-XL-CDK12 plasmid (Origene), and pCMV-
SPORT6-CDK9 vector (Open Biosystems), respectively. All of
the human kinase domain PCR products were cloned into pGEX-
CTKINC via BamHI sites to generate plasmid pGEX-CTK1/X,
and directional cloning was sequence-verified. DNA fragments
containing the chimeric kinases (CTK1/13, CTK1/12, and
CTK1/9) were cut out by Pmll and Mlul, retained in the natural
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CTK1 upstream and downstream sequence, and cloned into
pVD45 vector to replace the wild-type CTK1 sequence. For
CTK1/0 construction, a Pmll and Mlul fragment from pGEX-
CTKI1NC was cloned into pVD45 plasmid. Two complementary
oligonucleotides coding for His6 tag (His6 Mlul F and R) were
annealed and cloned to the C terminus of the chimeric kinases
by Mlul sites in the middle of the 3HA tags, leaving two HA tags
intact. Similarly, five strep-tactin tags (coded by oligonucleotides
Strep BstPI F and R) were added at the N terminus of the
chimeric kinases via BstPI sites to facilitate the kinase purifica-
tion. All of the pVD45 chimeric kinase constructs (CTK1/
13, CTK1/12, CTK1/9, and CTK1/0) were sequence-verified.
Sacl and Sall fragments containing the 5 and 3’ CTK1 homol-
ogous sequence, CTK1/X chimeric kinase sequence, and TRP1
marker were used to transform FY23 yeast strains to replace the
endogenous wild-type CTK1 gene.

Construction of CTK1/13, CTK1/12, CTK1/9, and CTK1/0 chi-
meric kinase plasmids with URA3 yeast marker Notl and Sapl
fragments from pVD62 plasmid (from Peter V. Decker in the
Greenleaf laboratory) (Supplemental Material) containing a
URAS3 gene were cloned into pVD45-CTK1/X plasmids with
the same RE sites to replace the TRPI markers, generating a
series of pVD62-CTK1/X-URA3 plasmids whose Sacl and Sall
DNA fragments were used in BY4742 brelA and bre2A trans-
formation assays.

Construction of CTK1/13, CTK1/9, and CTK1/0 centromeric
plasmids with LEU2 yeast marker About 3.8 kb of DNA
fragments were PCR-amplified from pVD45-CTK1/X constructs
by primer pair YIpVD45 F and R with High-Fidelity Taq
(Invitrogen) to cover the endogenous CTKI promoter and
CTK1/X sequence. The PCR products were ligated into PCR8/
GW/TOPO vector (Invitrogen) via the method provided in the
manual. The sequencing-verified directional clone was incu-
bated with Gateway destination vector pAG415GAL-ccdB-
LEU?2 via LR reaction, and the resulting pAG415GAL-CTK1/
X-TRP1-LEU2 constructs were used in the burl ts complemen-
tation assays.

Cell culture and RNAi

Human cells The HeLa R-19 cell line was a kind gift from Dr.
Mariano Garcia-Blanco. HeLa R-19 was cultured in DMEM with
10% FBS and 1X PenStrep (all from GIBCO). Experimentally
verified FlexiTube siRNAs targeting hCDK13 (Hs_CDC2L5_5
and Hs_CDC2L5_6) and hCDK12 (Hs_CRK7_5 and Hs_CRK7_6)
were purchased from Qiagen. The control siRNA is AllStars
Negative Control siRNA from Qiagen. HeLa R-19 cells were
reverse-transfected in six-well plates and/or 60-mm dishes using
RNAi Max (Invitrogen) transfection reagent following the man-
ufacturer’s instructions. One siRNA targeting hCDK12 (Hs_
CRK7_5) was found to have an off-target effect that resulted in
cell death, and was not used. The second hCDK12 siRNA and a
pool of the two hCDK13 siRNAs were used for the knockdown
experiments. Knockdown experiments were conducted with
seeding densities calculated so that the cells reach ~90% con-
fluence before being harvested. Final siRNA concentrations of
5 nM and 12.5 nM (total concentrations for both the pooled
[CDK13] and single [CDK12] siRNAs) and time points of 48 and
72 h were found to yield the same results. Cells were harvested
by trypsinization with 0.05% Trypsin-EDTA (GIBCO) for 3 min
at 37°C, followed by neutralization of the trypsin with complete
medium. The resulting cell slurry was centrifuged at low speed,
and the cell pellet was washed by resuspension in 5 mL of
PBS. The cells were pelleted, resuspended in 1 mL of PBS, and
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repelleted. After removing the supernatant, the cell pellet was
lysed with RIPA buffer or hot 2X SDS loading buffer (final
volume ~130 pL). Successful knockdown of the kinases was
confirmed by Western blot analysis.

Drosophila cells Constructs targeting CG7597 were designed
using the SnapDragon program (http://www.flyrnai.org/cgi-bin/
RNAI_find_primers.pl), which is optimized for the design of long
dsRNAs for Dm. Three constructs were selected (targeting exon
2, exon 4, and exon 7 of CG7597), and the primers were extended
with the sequence of the T7 promoter.

Constructs

Constructs used were as follows: E2F, 5'-GAATTAATACGA
CTCACTATAGGGAATCAATGCCTTACTGGACCG-3'; E2R,
5"-GAATTAATACGACTCACTATAGGGATGGTATCGTGACT
GCTCGAC-3'; E4F, 5'-GAATTAATACGACTCACTATAGGGA
GTGTGCAGCACTCACGAAGT-3’; E4R, 5'-GAATTAATACG
ACTCACTATAGGGACTCTTGCCGCTCAATGATTT-3'; E7F,
5'-GAATTAATACGACTCACTATAGGGACTCCTACGGTGAT
AGCCTCG-3'; E7R, 5'-GAATTAATACGACTCACTATAGGGA
ATCTGATGCTGTGTGCGTTC-3'.

The primers were used to amplify DNA from Drosophila
genomic DNA (a gift from Dr. Tao Hsieh’s laboratory). dsSRNA
was made using a MEGAScript T7 Kit (Ambion, Inc.) following
the manufacturer’s instructions; the resulting RN A was purified
using phenol chloroform extraction and annealed. S2 cells were
grown in M3 + BPYE with 10% serum. Cells (1.5 mL of 1 X 10°
cells per milliliter) were silenced using 15 pg of dSRNA in a six-
well plate format for 48 h. Anti-LacZ dsRNA was used as a
control.
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