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ABSTRACT

The C-terminal domain (CTD) of RNA polymerase Il
is sequentially modified for recruitment of numerous
accessory factors during transcription. One such
factor is Spt6, which couples transcription elong-
ation with histone chaperone activity and the regu-
lation of H3 lysine 36 methylation. Here, we show
that CTD association of Spt6 is required for Ser2
CTD phosphorylation and for the protein stability
of Ctk1 (the major Ser2 CTD kinase). We also find
that Spt6 associates with Ctk1, and, unexpectedly,
Ctk1 and Ser2 CTD phosphorylation are required for
the stability of Spt6—thus revealing a Spt6-Ctk1
feed-forward loop that robustly maintains Ser2
phosphorylation during transcription. In addition,
we find that the BUR kinase and the polymerase
associated factor transcription complex function
upstream of the Spt6-Ctk1 loop, most likely by
recruiting Spt6 to the CTD at the onset of transcrip-
tion. Consistent with requirement of Spt6 in histone
gene expression and nucleosome deposition,
mutation or deletion of members of the Spt6-Ctk1
loop leads to global loss of histone H3 and sensitiv-
ity to hydroxyurea. In sum, these results elucidate a
new control mechanism for the regulation of RNAPII
CTD phosphorylation during transcription elong-
ation that is likely to be highly conserved.

INTRODUCTION

Transcription initiation, elongation and termination
are governed by sequential phosphorylation and
dephosphorylation events at the C-terminal domain
(CTD) of RNA polymerase II (RNAPII) (1,2), which is
composed of a consensus heptapeptide repeat sequence
YSPTSPS. During transcription initiation, serine 5

(Ser5) of this repeat is phosphorylated by the Kin28
kinase, a modification that promotes the transition from
initiation to elongation (3,4) and recruitment of mRNA
capping enzymes (5-7). Further, Ser5 phosphorylation
leads to recruitment of the Burl/2 (BUR) kinase
complex that phosphorylates the CTD serine 2 (Ser2)
(8-10). BUR also phosphorylates the C-terminal repeats
of universally conserved elongation factor Spt5 (DSIF in
higher animals) (11), which plays an unresolved role in
recruitment of the polymerase associated factor (PAF)
complex (12,13). As RNAPII enters into the elongation
phase, Ctkl (metazoan CDK12) further phosphorylates
Ser2, in turn promoting recruitment of mRNA processing,
termination and export factors (14—16). CTD Tyrl and
Thr4 are also phosphorylated in Saccharomyces cerevisiae
within gene bodies and at 5'-ends, respectively. However,
the responsible kinase for Tyrl phosphorylation remains
unknown (17-19).

The identification of new CTD modifications and their
distinct localization patterns along genes has suggested
existence of a ‘CTD code’ that dynamically regulates tran-
scription, mRNA processing and chromatin structure
(20). This ‘code’ is thought to function by creating a
modular molecular scaffold that recruits processing and
modifying factors to the CTD at the appropriate place
and time (21,22). One such factor known to regulate chro-
matin structure by preventing histone exchange in coding
region of genes is Set2 (23,24), a histone methyltransferase
that catalyzes methylation of the histone H3 at lysine 36
(H3K36) (25-29).

Spt6, an evolutionarily conserved histone chaperone
(30,31), is another protein that binds the Ser2/Ser5
phosphorylated CTD via its non-canonical C-terminal
tandem Src Homology 2 (tSH2) domain (32,33).
Association of Spt6 with RNAPII is important for
proper transcription elongation and nucleosome re-
assembly in the wake of elongating RNAPII (34,395).
The unstructured N-terminal region of Spt6 binds to
histones and a region between the amino acid residues
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239-268 interacts with its binding partner Spnl (Iwsl in
mammals) (36). In vitro, binding of Spnl reduces the
affinity of Spt6 toward nucleosomes, suggesting a regula-
tory role for Spnl in Spt6-mediated chromatin remodeling
(36). Recent studies also indicate that Spnl plays a key
role in RNAPII recruitment at the CYCI gene (37). Aside
from Ser2/Ser5 phosphorylation, in vitro peptide pull-
down studies indicate that the tSH2 domain of Spt6 also
binds to Tyrl-phosphorylated peptides (38), and recent
evidence indicates that Tyrl phosphorylation is required
for the recruitment of Spt6 during transcription elong-
ation and prevents premature termination by inhibiting
the binding of termination factors, thus acting as a mo-
lecular CTD ‘switch’ (19). Spt6 increases the rate of tran-
scription elongation on protein-free DNA templates (39),
and Spt6 co-localizes with the Ser2 phosphorylated
form of CTD on polytene chromosomes in Drosophila
melanogaster (40-42). In Schizosaccharomyces pombe,
Spt6 is required to maintain heterochromatin by
regulating the levels of trimethylation of H3 at lysine 9
(H3K9) (43).

In this study, we have combined the genetics and bio-
chemistry of S. cerevisiae to address the link between Spt6
and Set2 methylation at H3K36. In doing so, we found
surprisingly that Spt6 is an essential factor required for
CTD phosphorylation at Ser2. Our studies elucidated
the mechanism of this requirement, as Spt6 is necessary
for the function of Ctkl and vice versa. Specifically, we
find that Spt6 and Ctkl1 co-associate and are required for
each other’s mutual stability—thus, providing a direct link
to the ability of Spt6 to regulate Ser2 CTD phosphoryl-
ation; but also suggesting that Ctkl and Ser2 CTD phos-
phorylation is driving the maintenance of Spt6 protein
stability. In agreement with this, we found that mutations
in the CTD that result in loss of Ser2 CTD phosphoryl-
ation result in loss of Spt6 protein stability, thereby
providing the basis for a feed-forward circuit that tightly
maintains Ser2 CTD phosphorylation levels during tran-
scription elongation. Finally, we provide evidence that the
ability of the BUR kinase and PAF complex to regulate
Ser2 CTD phosphorylation and H3K36 methylation is
through control of the Spt6—Ctkl circuit. We also show
one consequence of disrupting this circuit is decreased
histone H3 levels, most likely a result of histone deposition
due to the loss of Spt6.

MATERIALS AND METHODS
Yeast strains, plasmids and plate assays

The strains and plasmids used in this study are listed in
Supplementary Tables S1 and S2, respectively. Yeast
strains were transformed with URA plasmids, and cell
cultures were serially diluted on selection plates with or
without 6-azauracil (6-AU); 6-AU sensitivity was assessed
after 3 days of growth. Similarly, strains containing
the integrated cryptic initiation cassette (as shown in
Figure 1F) were serially diluted and plated on —-HIS
plates with or without galactose for 3 days to detect
growth.
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Whole cell lysates and immunoblot analysis

Strains of the indicated genotype for each experiment were
cultured in standard YPD medium. Exponential cultures
were lysed by beating in cold with acid washed glass beads
in SUMEB buffer as described previously (44). The lysates
were subjected to immunoblot analysis using standard
procedures.

Proteasome inhibition assays

Proteasome inhibition in WT yeast cells was performed as
described previously (45). Briefly, yeast strains of
indicated genotype were cultured overnight in a modified
culture medium using L-proline as the nitrogen source.
From an overnight saturated culture, cells were inoculated
into to the same medium containing 0.003% SDS at an
OD of 0.5. After 3h of growth, cells were incubated with
75uM MGI132 for 30min. At the end of 30min,
cycloheximide was added at a concentration of 100 mM,
and aliquots were collected at different time intervals.
Lysates were prepared as described previously and were
subjected to immunoblot analysis.

Whole cell lysate co-immunoprecipitation

Yeast cells were lysed and subjected to co-immunopre-
cipitation (Co-IP) as described by Moqtaderi et al. (46).
Briefly, cells were lysed by vortexing with acid washed
glass beads in buffer A [450mM Tris-acetate (pH 7.8),
150mM potassium acetate, 60% (vol/vol) glycerol,
3mM EDTA, 3mM dithiothreitol and 1mM
phenylmethylsulfonyl fluoride]. Protein concentration
was estimated by the Bradford method. Lysates were
diluted in buffer B [20mM Hepes, pH 7.6, 20% (vol/vol)
glycerol, 1 mM dithiothreitol, I mM EDTA, 125mM po-
tassium acetate and 1% Nonidet P-40] and incubated with
either anti-Spt6 (1:5000) or anti-HA (1 pug/ml) or anti-
FLAG (1 pg/ml) overnight. Lysates were incubated with
protein A beads for 2 h at 4°C. After three washes, beads
were boiled and subjected to western analysis.

RESULTS
Spt6 is required for Ser2 CTD phosphorylation

The conserved histone chaperone Spt6 contains several
functionally important domains, including an unstruc-
tured N-terminal region that interacts with histones, a
non-canonical C-terminal, tSH2 domain that interacts
with phosphorylated RNAPII and a helix—hairpin—helix
(HhH) domain that interacts with DNA (Figure 1A).
We and others have shown that an internal deletion of
the Spt6 HhH domain (spt6'°’*) leads to a substantial
decrease in H3K36 methylation (47,48). However, the
effects of other Spt6 mutants on H3K36 methylation
have not been fully explored, nor is it known how Spt6
mechanistically contributes to establishment of this chro-
matin mark. Therefore, here we report extension of our
studies to other Spt6 mutants, including spt6-50 (a tSH2
deletion), spt6-14 (S952F mutation in the HhH domain)
and spt6-F249K (a mutation that leads to a 10-fold
decrease in Spt6 affinity to Spnl). All the spt6 mutants
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Figure 1. Spt6 is required for Ser2 RNAPII CTD phosphorylation. (A) Domain architecture of Spt6 showing the mutants used in this study.
(B) Immunoblot analysis showing the histone H3 and H3 lysine 36 methylation (H3K36me) status in the different sp76 mutant strains. Lysates in the
spt6 mutant strains were loaded to equalize the H3 levels as a control for the H3 modification blots (C) Immunoblot analysis showing the
endogenous cellular pools of Spt6 and Set2 using anti-Spt6 and anti-Set2 anti-serum. (D) Assessment of Ser2 CTD phosphorylation of RNAPII
using rat anti-Ser2 phospho-specific antibody. (E) 6-AU sensitivity assay underscoring the positive role of Spt6 in transcription elongation.
(F) Schematic representation of the cryptic reporter strain containing an internal TATA box. Arrow indicates the direction of transcription of
the HIS3 gene. (G) SPT6 is essential for chromatin integrity during transcription elongation. Strains were selected and spotted on media lacking

histidine and containing 2% galactose; growth was monitored for 3 days.

displayed  considerable decreases in  H3K36me3
(Figure 1B). Although the spr6’”’* mutation showed a
considerable decrease in H3K36me2, the other spr6 muta-
tions did not show a similar degree of change in
H3K36me2 levels (Figure 1B). This result was consistent
with the spr6’?* allele being the most severe spr6 mutant,
as revealed by the fact that spr6’°’* has altered protein
stability at permissive temperature and confers lethality
at 37C [Figure 1C; (49)]. Importantly, the loss
of H3K36me3 in these sprt6 mutants could be restored
by introduction of wild-type (WT) SPT6 gene
(Supplementary Figure S1B). Other histone modifications,
e.g. H3K4 methylation, H3K79 methylation and H3K 56

acetylation, were unaffected in all the spf6 mutants
(Supplementary Figure S1A), strongly confirming specifi-
city of Spt6 in the Set2/H3K36 methylation pathway.
Notable to mention, we normalized our histone westerns
based on histone levels rather than total cellular protein or
G6PDH levels. This was necessary as we observed notice-
able decreases in histones when analyzing the whole cell
lysates from our spt6 mutants (see Figure SA and text
below for explanation).

We previously established an unexpected role for Spt6
in regulating the protein stability of Set2, a result linked to
how Spt6 may regulate H3K36 methylation (47).
Examination of the Spt6 mutants in Figure 1B revealed
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a significant decrease in Set2 protein levels consistent with
the strains possessing defects in H3K36 methylation
(Figure 1C). Given our recent findings that Set2 stability
is primarily regulated through its interaction with the
phosphorylated CTD of RNAPII (50), we therefore
asked whether the ability of Spt6 to regulate Set2 stability
and H3K36 methylation might be due to the fact that Spt6
regulates CTD phosphorylation. As shown in Figure 1D,
examination of the sp76 mutants revealed a considerable
decrease in their Ser2 CTD phosphorylation levels, thus
revealing an unexpected role of Spt6 in Ctkl-mediated
Ser2 CTD phosphorylation. The greatest decrease of
Ser2 CTD phosphorylation was observed in the spz6-50
mutant, suggesting that the interaction of the tSH2
domain (hence Spt6) with the phosphorylated CTD is
important for maintaining Ser2 CTD phosphorylation.

Spt6 is a positive transcription elongation factor (51).
Consistent with this, and in agreement with others, we
confirmed the sensitivity of the spr6 mutants used in this
study to 6-AU (Figure 1E), a compound that limits the
rNTPs and leads to elongation defects as well as the tran-
scription of the IMD2 gene (52). Spt6 was originally
shown to be required for maintenance of chromatin struc-
ture in the wake of elongating RNAPII (53). Defects in
Spt6 lead to inappropriate transcription initiation from
internal cryptic promoters in gene bodies (54). To
evaluate if the spt6 mutants led to cryptic initiation, we
used a FLOS-HIS3 reporter that, under conditions of de-
repressed chromatin structure, expresses the HIS3 gene
from a cryptic promoter located in the FLOS gene body
(Figure 1F). The two most severe mutants, spt6’°* and
spt6-50, both caused cryptic initiation from the FLOS
internal promoter (Figure 1G). These results are consist-
ent with the finding that Spt6 is important for Ser2 CTD
phosphorylation, as Set2 stability and H3K36 methylation
required for chromatin integrity during transcription
elongation is dependent, at least in part, on Ser2 CTD
phosphorylation (50).

Spt6 associates with Ctkl and is required for its
protein stability

We next sought to determine how Spt6 might regulate
Ser2 CTD phosphorylation. Initially, we asked if Spt6
and Ctkl might be part of a complex. Even though
genetic interactions between Spt6 and Ctk1 have been sug-
gested (55), a physical interaction or their association as a
part of a complex has not been demonstrated. We found
that HA-tagged Ctkl co-immunoprecipitated with Spt6
(Figure 2A and B), thereby providing a strong basis for
Spt6 regulation of Ctkl-mediated Ser2 CTD phosphoryl-
ation. We also examined the levels of Ctkl in our spt6
mutants that showed the cryptic initiation phenotype
(as shown in Figure 1G), and, surprisingly, found that
Ctkl J)rotein levels were dramatically reduced in the
spt6"°% and spt6-50 mutant strains (Figure 2C). These
results suggested that either Spt6 association with Ctkl
is required for Ctkl protein stability or that Ser2 CTD
phosphorylation (probably maintained by Spt6—RNAPII
association) is required for Ctkl stability. Before address-
ing these two possibilities, we first sought to determine if
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Figure 2. Spt6 associates with Ctkl and regulates its stability in a
RNAPII CTD-dependent manner. (A) CTK/ was genomically tagged
at the C-terminus with a HA epitope in the spf6 mutant strains
indicated, and these strains were subjected to Co-IP analysis to detect
Spt6 protein. (B) Immunoprecipitation of Spt6 detects Ctkl. (C) Levels
of Ctkl assessed by immunoblot analysis in the indicated sp6 mutant
strains. (D) WT and sp#6-50 mutants were treated with cycloheximide
in the presence/absence of MGI132 for different time intervals (see
‘Materials and Methods’ section). Ctkl protein levels were detected
by immunoblot analysis.

the loss of Ctkl occurred due to protein instability. To
accomplish this aim, we treated cells with cycloheximide
(to inhibit translation) in the presence and absence of
MG132 (a proteasome inhibitor) and detected the levels
of Ctkl in WT or spz6-50 mutant cells. In WT cells, Ctkl
was degraded maximally by 120min and was partially
stabilized in the presence of MG132 (Figure 2D). In the
spt6-50 mutant cells, however, the levels of Ctk1 were sig-
nificantly stabilized in the presence of MG132 over the
time period analyzed (compare + and — in Figure 2D),
indicating that Spt6 is required for Ctkl protein stability.
Consistent with these results, decreases in CTK/ mRNA
have not been found in spr6’?’* mutants (54).

Ctkl and the CTD of RNAPII regulate the stability
of Spt6

We showed previously that loss of Ctk1 leads to a decrease
in the protein stability of Set2, culminating in the loss of
H3K36 methylation. The Ctkl kinase is a hetero-trimeric
complex comprising the cyclin-dependent kinase (CDK)
subunit (Ctkl), the associated cyclin (Ctk2) and an acces-
sory subunit of unknown function (Ctk3) (56). Given the
intimate connection made above between Ctkl and Spt6,
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we asked whether loss of the Ctk1 kinase complex might
affect more than just Set2 and perhaps also affect levels of
Spt6. Immunoblot analysis of Spt6 from strains having
individual deletions of Ctkl complex members showed a
striking decrease in the levels of Spt6 protein (Figure 3A).
To determine if reduced Spt6 was due to protein degrad-
ation, mediated by the 26S proteasome, we performed the
experiment in the presence of MG132 and followed the
levels of Spt6 in WT or ¢tk deletion cells after inhibition
of translation with cycloheximide. In WT cells, Spt6
required 60min to decrecase and was stabilized by
MG132. In the ctkl deletion, Spt6 was dramatically
reduced from the start, and its level was significantly
restored by MG132 (Figure 3B).

To further confirm the dependence of Spt6 instability
on the proteasome, we sought to detect ubiquitinated
species of Spt6 in a WT and ctk! deletion. As shown in
Figure 3D, Spt6 immunoprecipitated with anti-Spt6 anti-
serum was readily detected by an anti-ubiquitin specific
antibody, thus confirming the presence of ubiquitinated
species of Spt6.

We next sought to address how Ctk1 might regulate the
stability of Spt6. One possible scenario was that Ctkl
mediated phosphorylation at Ser2 is important for Spt6
association with the CTD, which, in turn, would be im-
portant for Spt6 stability and Ser2 CTD phosphorylation
maintenance. To address this possibility, we asked
whether the catalytic activity of Ctkl was necessary to
maintain stability of Spt6. CDKs possess a conserved T
loop, wherein phosphorylation of a conserved threonine
residue is essential for their catalytic function (56). Thus,
we transformed a CTKI deletion strain with WT or
mutant CTKI-expressing plasmids (T338A or D328N)
and assessed the levels of Spt6 by immunoblot analysis.
While transformation of full-length CTKI rescued the
levels of Spt6, the catalytically defective versions of
CTKI showed little to no rescue (Figure 3D). Because
the catalytic activity of Ctkl was necessary to maintain
stability of Spt6, we next asked if this requirement was a
direct consequence of the integrity of RNAPII CTD. We
found that CTD mutants that affected Ser2 phosphoryl-
ation also impacted the levels of Spt6 (Figure 3E). These
results clearly established a link between Ctkl-mediated
Ser2 CTD phosphorylation in the control of Spt6 stability,
a result likely explained by the fact that Spt6 is stabilized
via binding of its tSH2 domain to the Ctkl-
phosphorylated CTD. They also define a robust feed-
forward loop that maintains Ser2 CTD phosphorylation
in transcription.

The BUR and PAF complexes function upstream of the
Spt6—Ctk1 loop

PAF is a multi-functional complex that regulates histone
methylation, mRNA processing, transcription elongation
and termination, Ser2 CTD phosphorylation and mRNA
3’-end formation (57-60). Because the PAF complex regu-
lates Ser2 CTD phosphorylation, we were led to ask
whether PAF regulates this CTD mark through regulation
of the Spt6—Ctkl feed-forward loop described above. We
examined PAF member deletion strains for Ser2 CTD

phosphorylation, Spt6 and histone methylation levels
and observed a substantial loss of Spt6 and Ser2 CTD
phosphorylation levels in the pafl and ctr9 deletions,
with some loss observed in the rtf1 and cdc73 deletions
(Figure 4A). No loss of Spt6 and Ser2 CTD phosphoryl-
ation was observed in the /leo/ deletion. Loss in Ser2 CTD
phosphorylation and Spt6 culminated in loss of
H3K36me3 and Set2 (Figure 4A and B, respectively),
and, consistent with a loss of Ser2 CTD phosphorylation,
we observed a reduction in Ctkl levels in pafl and ctr9
deletion strains (Figure 4C). In agreement with the multi-
functionality of the PAF complex, the pafl, ctr9 and rtf]
deletions also showed a loss of H3K4 and H3K79
trimethylation. In contrast, no loss of H2B ubiquitylation,
H3K4 or H3K79 methylation was observed in any of the
spt6 mutants (Supplementary Figure S1A and data not
shown), underscoring the fact that the PAF complex was
functioning properly in the sp76 and ctkl mutant strains,
as well as functioning upstream of the Spt6—Ctk1 loop.

We next asked if the PAF complex interacts with Spt6,
as a possible means of contributing to its regulation. Co-
IP experiments showed that Pafl associates with Spt6, but
not Set2 (Figure 4D; Supplementary Figure S4).
Collectively, these data show that the PAF complex inter-
acts with, and may regulate the function of Spt6.
Consistent with regulation of Spt6 and Ser2 CTD phos-
phorylation by PAF, and in agreement with recent reports
(54,61), we found that the deletions of PAFI and CTRY
display a cryptic transcription phenotype (Figure 4E). We
also showed that PAF member deletions are sensitive to
6-AU, thus confirming the role of this complex in
promoting transcription elongation in addition to main-
taining chromatin integrity (Figure 4F).

The recruitment of PAF to the 5-ends of genes is
controlled by the BUR kinase complex, which phosphor-
ylates the CTD Ser2, Rad6 and the C-terminal repeat of
Spt5 (11,62,63). We therefore examined whether loss of
Bur2, the cyclin component of Burl, would lead to
defects in Ser2 CTD phosphorylation and Spt6 levels.
As assessed by immunoblot analysis, a BUR2 deletion
resulted in a significant decrease in the levels of Spt6
and Ser2 CTD phosphorylation (Figure 4G). This result
was consistent with a prior study that showed bur2 dele-
tions decrease H3K36 methylation (48), and with our
finding that Set2 was also reduced in this strain
(Figure 4G). As BUR also phosphorylates the
C-terminal repeat domain of Spt5, we asked if this
domain might be involved in the regulation of the Spt6—
Ctkl loop, perhaps through the recruitment of PAF
complex (64). Deletion of the C-terminal repeat domain
in Spt5 did not have any appreciable effect on the levels of
Ser2 CTD phosphorylation, Spt6, Set2, H3K36 methyla-
tion or any other histone modification tested
(Supplementary Figure S3). Thus, although loss of this
region in Spt5S clearly has functional consequences
(65-67), and confers sensitivity to 6-AU (Supplementary
Figure S3), the C-terminal region of Spt5 appears unim-
portant in the regulation of the PAF-Spt6—Ctk1 pathway
described herein.

Given Spt6 has been shown to function in the regulation
of histone gene expression (68) and nucleosome deposition
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Figure 3. Ctkl is essential to maintain stable pools of cellular Spt6. (A) WT and Ctkl complex member deletion strains were grown to log phase,
and the levels of Spt6 protein were analyzed by immunoblot analysis. (B) WT and CTK/ deletion strains were treated with MG132 followed by a
cycloheximide chase for different time intervals. Spt6 protein levels were detected by immunoblot analysis. (C) Spt6 was immunoprecipitated and
subjected to immunoblot analysis with anti-ubiquitin antibody using a modified protocol (see ‘Materials and Methods’ section). (D) A CTK! deletion
strain was transformed with the WT or catalytically defective CTK! plasmids (D342N and T338A) along with the vector control, and Spt6 levels
were analyzed by immunoblot analysis. (E) Yeast strains containing CTD heptapeptide consensus sequence mutations were analyzed by immunoblot

analysis for the levels of Spt6 and CTD phosphorylation levels.

(31), we reasoned that one consequence of disrupting the
Spt6—Ctk1 loop would be altered histone levels and sensi-
tivity to hydroxyurea (HU). Previous studies linked
defects in BUR and Ctkl to decreases in cellular
histones levels (62,69)—however, the molecular mechan-
ism behind this regulation was unknown. As shown in
Figure 5A, we examined several deletions of PAF and
Ctkl complex members, as well as mutants of sp76 that
greatly disrupt the Spt6—Ctkl1 loop (Figure 5A), and find
that they all show significant decreases in histone H3
levels. RT-PCR analyses in asynchronous cultures of the
spt6-50 and spt6-F249K mutants revealed that the HHT1
and HHT? transcripts were unaffected (Supplementary
Figure S95), suggesting that the loss of histones observed
in these two spr6 mutants is largely a result of defects in
nucleosome deposition. In addition, these mutants also
exhibited significant sensitivity to the replication inhibitor
HU (Figure 5B)—consistent with a loss of cellular histone
levels. Taken together, these results define a specific
function for the Spt6—Ctk1 loop in maintaining appropri-
ate histone levels in cells. The ability of the BUR kinase
and PAF complex to affect histone levels is most likely

explained through the ability of these complexes to
regulate Spt6—Ctkl.

DISCUSSION

Spt6, along with Spt4 and Spt5 (mammalian DSIF), were
discovered in yeast as canonical transcription factors that
suppressed Ty element insertions in promoters of genes
(30,70-72). Spt6, the only protein in the yeast genome
with a tSH2 domain (73), binds to the Ser2/Ser5 and
Tyrl-phosphorylated CTD forms of RNAPII in vitro
(34,38) and may regulate and maintain chromatin struc-
ture by way of its histone chaperone activities (32,33,74).
While much has been learned regarding the role of Spt6 in
transcription elongation (75), an unresolved mystery has
been how this protein contributes to H3K36 methylation
in yeast and mammals. A recent clue was provided by the
fact that a mutant of Spt6 known to decrease H3K36
methylation also resulted in Set2 protein instability (47).
This finding pointed to a possible link between Spt6 in the
control of CTD phosphorylation, because mutations that
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Figure 4. The BUR and PAF complexes act upstream of Spt6 and Ctkl. (A) Immunoblot analysis to detect the levels of Spt6, Set2 and Ser2 CTD
phosphorylation in WT and PAF member deletion strains. (B) Assessment of trimethylation of histone H3 at lysines 4, 36 and 79 in the PAF
complex member deletions. (C) PAF components PAFI or CTRY were deleted from a strain in which CTK/ was tagged with HA. Changes in the
levels of HA-tagged Ctkl were evaluated by immunoblot analysis. (D) A WT strain expressing FLAG-tagged PAFI was subjected to FLAG
immunoprecipitation followed by immunoblot analysis for Spt6 and Set2. (E) PAF complex member deletions PAFI and CTR9 were examined
for cryptic initiation defects as described in Figure 1G. (F) PAF complex member deletion strains were examined for 6-AU phenotypes.
(G) Immunoblot analysis of WT and a BUR2 deletion strain to detect the levels of Spt6 and Ser2 CTD phosphorylation.

uncouple Spt6—RNAPII interaction through loss of Ser2
CTD phosphorylation also result in Set2 instability.

In this study, we show through a variety of spz6 mutants
that Spt6 is required for Ser2 CTD phosphorylation—thus
providing a molecular basis for the regulation of Set2
protein levels and H3K36me3 (Figure 1B). It was interest-
ing to note, however, that even though H3K36me3 is in-
timately connected to Ctkl-mediated Ser2 CTD
phosphorylation, there were several mutants of spt6
wherein this equation did not appear to be exact,
notably in the spt6-14 and spt6-F249K mutations
(Figure 1A and C). In the case of the spt6-F249K
mutant, only a slight decrease in H3K36me3 levels was
observed even though this mutant has significant losses
of Set2 and Ser2 CTD phosphorylation. Intriguingly,
although H3K36me3 was weakly affected, H3K36me2
was more significantly reduced. Although the molecular
basis of this unique regulation is unknown, it may be
that Set2 is regulated differently in this spf6 mutant and
is potentially more active (or has a greater residence time
on chromatin to account for the increased H3K36me3).

In contrast, the spt6-14 mutant showed loss of H3K36me3
without concomitant decreases in Ser2 CTD phosphoryl-
ation and Set2 levels. We suspect this may be revealing the
ability of Spt6 to regulate the function of Set2 activity
independent of CTD binding. Future experiments will be
needed to understand these regulatory differences.

One of the unexpected findings from this study is that
Spt6 and Ctkl associate, perhaps in a complex on the
CTD of RNAPII, and their protein stabilities are depend-
ent on each other and the presence of Ser2 CTD phos-
phorylation. Collectively, these data define a hitherto
unrecognized feed-forward loop involving Spt6 binding
to Ser2 (and perhaps Tyrl) phosphorylated CTD, which
may contribute to Ctkl recruitment during transcription
elongation, which then initiates further rounds of CTD
phosphorylation (see model in Figure 6). In agreement
with this idea, a recent study by Mayer er al. (55) sug-
gested that recruitment of Spt6 and Ctkl occur at
similar time points across gene bodies. Continued phos-
phorylation by Spt6-recruited Ctkl would provide a
constant platform for Spt6 binding and may help to
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Figure 5. The Spt6, Ctkl and the PAF complex are important to maintain histone levels. (A) Immunoblot analysis of histone H3 from the lysates
prepared from asynchronous log phase cultures of the indicated mutant strains in comparison to their isogenic WT counterparts. (B) Upstream
regulators of the Spt6-Ctkl loop (PAF) and the loop members themselves are sensitive to HU. Serial 10-fold dilutions of yeast strains of the
indicated paf or ctkl mutations were plated on 25mM HU plates for 3 days.

further recruit additional Ctkl, and so on. This idea is
perhaps reminiscent to recently proposed ‘spreading’
models for chromatin-modifying enzymes such as
SUV39/HPI1, wherein HP1 binding to its target H3K9
methylation site promotes SUV39H recruitment and
methylation of neighboring nucleosomes (76,77). A linger-
ing question is why such a feed-forward mechanism is
required for Spt6—Ctk1-PAF in transcription elongation?
While further studies will be needed to address this
question, it may be that Spt6 recruitment to RNAPII
acts as a checkpoint or regulatory step in the control of
Ser2 phosphorylated-mediated events such as 3’-end pro-
cessing or transcription termination. Regulating either the
recruitment or function of Spt6 would be an efficient
means of regulating Ser2 CTD phosphorylation levels
during transcription via controlling Ctk1 recruitment. As
discussed below, one mechanism that may regulate the
initiation of the Spt6—-Ctkl feed-forward loop may be
the BUR kinase.

Mammalian pTEFb, a homolog of the yeast BUR
kinase, primes and maintains Ser2 CTD phosphorylation
at the 5'- and 3’-ends of genes (9,10,78). pTEFb phosphor-
ylates DRB sensitivity inducing factor (DSIF), converting
it from a negative to a positive elongation factor
(40,79,80). Another substrate of pTEFb is negative elong-
ation factor, which co-operates with DSIF in transcription
elongation (81), the homolog of which is not present in
budding yeast. The budding yeast BUR kinase phosphor-
ylates the Spt5 C-terminal repeat, which is one of the
routes to recruiting the PAF complex (11,13). Our
results show that the BUR kinase plays an important

role in regulation of Spt6 stability, and, in agreement
with other reports, Ser2 CTD phosphorylation (8). We
take these results to suggest that BUR functions in a
pathway that is important for the downstream regulation
of the Spt6—Ctk1 feed-forward loop. Interestingly, loss of
the C-terminal repeat domain in Spt5 did not affect the
stability of Spt6 nor did it affect Ser2 CTD phosphoryl-
ation or histone methylation (Supplementary Figure S3).
Thus, we favor the view that the BUR kinase does not
function to regulate the Spt6—Ctkl feed-forward loop
through the C terminal repeat domain of Spt5. Recently,
Qiu et al. (8) showed that the BUR kinase mediates Ser2
CTD phosphorylation at the 5-ends of genes. These
findings suggest the possibility that the BUR kinase
plays a role in priming or initiating the onset of the
Spt6—Ctk1 feed-forward loop during the start of transcrip-
tion elongation, by phosphorylating the CTD at Ser2
CTD at the 5'-ends of genes (Figure 6). However, we do
not rule out the possibility that Tyrl phosphorylation also
plays a role in Spt6 recruitment to the 5'-ends (19). Future
studies will be required to delineate the roles of Ser2 and
Tyrl phosphorylation in both the recruitment and main-
tenance of Spt6 along genes.

In addition to BUR regulation of Spt6—Ctkl, we also
found an important role for the PAF complex in this regu-
lation. PAF was originally identified as a highly conserved
complex that co-purified with RNAPII (82). Recent
studies have shown that PAF regulates co-transcriptional
histone methylation and CTD phosphorylation of
RNAPII (58,83,84). For example, PAF is required for
mono-ubiquitination of H2B, a dynamic modification
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Figure 6. Model explaining the role of BUR, PAF and a feed-forward loop involving Spt6 and Ctkl in the control of Ser2 CTD phosphorylation
during transcription elongation. Our studies indicate that Spt6 association to the phosphorylated CTD is important for the maintenance of Ser2
CTD phosphorylation in gene bodies, catalyzed by the Ctk1 kinase complex. Intriguingly, mutations that result in loss of Ser2 CTD phosphorylation
also result in decreased protein stability of Spt6, suggesting a feed-forward mechanism that robustly maintains this CTD phosphorylation event. Our
results also suggest Spt6 may be associated with (either directly or indirectly; indicated by the question mark) Ctkl. As the PAF complex and BUR
kinase complex is known to regulate Ser2 CTD phosphorylation, we find these complexes regulate Spt6 stability—thereby providing a means to
explain how these transcription elongation complexes regulate Ser2 CTD phosphorylation and ultimately H3K36 methylation catalyzed by Set2. The
arrow below the BUR complex refers to the uncertainty over the role of Burl-mediated phosphorylation of Spt5 in the recruitment of PAF complex
to the promoters of genes and its role in priming Ser2 CTD phosphorylation at the 5-ends of genes to initiate Spt6 recruitment. While not
graphically shown, we note that Tyrl CTD phosphorylation is also known to contribute to the recruitment of Spt6 to the bodies of genes and

may be contributing to its recruitment at the 5'-ends.

required for H3K4 and H3K79 trimethylation (85-87).
Our interest in this work was to understand how PAF
contributed to Ser2 CTD phosphorylation, which we sus-
pected feeds into the Spt6—Ctkl regulatory loop.
Interestingly, PAF is required for the recruitment of
Spt6 in D. melanogaster (57), and Kaplan et al. (49)
showed that the spr6’°’* mutation affects the levels of
FLAG-tagged Ctr9 of the PAF complex. These observa-
tions show an intimate connection between the PAF
complex and Spt6, which is further evidenced by the le-
thality of double mutants of PAF member deletions with
spt6'""* (49). Consistent with these connections, we dem-
onstrate that Spt6 and the PAF complex co-associate
(which is an un-explored aspect in their function). Thus,
it may be that PAF functions to recruit Spt6 to genes,
which then is stabilized through its interaction with
phosphorylated CTD at 5'-ends mediated by BUR kinase.

In sum, we have unraveled a previously unknown
mechanism involving BUR, PAF, Spt6 and Ctkl in the
regulation and maintenance of RNAPII Ser2 CTD phos-
phorylation during transcription elongation, which
operates through a Spt6—Ctkl feed-forward regulatory
mechanism. Disrupting this concerted mechanism brings
about spurious transcription from cryptic promoters and a
decrease in histone levels. Given the conservation and
function of Spt6 and other members of this regulatory
pathway, this mechanism is likely to be highly conserved.
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