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Fcpl is a protein phosphatase that facilitates transcrip-
tion elongation and termination by dephosphorylating the C-
terminal domain of RNA polymerase II. High-throughput ge-
netic screening and gene expression profiling of fcpl mutants
revealed a novel connection to Cdk8, the Mediator complex
kinase subunit, and Skn7, a key transcription factor in the
oxidative stress response pathway. Briefly, Skn7 was enriched
as a regulator of genes whose mRNA levels were altered in
fepl and cdk8A mutants and was required for the suppression
of fcpl mutant growth defects by loss of CDK8 under oxida-
tive stress conditions. Targeted analysis revealed that mutat-
ing FCPI decreased Skn7 mRNA and protein levels as well as
its association with target gene promoters but paradoxically
increased the mRNA levels of Skn7-dependent oxidative
stress-induced genes (TRX2 and TSAI) under basal and
induced conditions. The latter was in part recapitulated via
chemical inhibition of transcription in WT cells, suggesting
that a combination of transcriptional and posttranscriptional
effects underscored the increased mRNA levels of TRX2 and
TSAI observed in the fcpI mutant. Interestingly, loss of CDK8
robustly normalized the mRNA levels of Skn7-dependent
genes in the fcp1 mutant background and also increased Skn7
protein levels by preventing its turnover. As such, our work
suggested that loss of CDK8 could overcome transcriptional
and/or posttranscriptional alterations in the fcpl mutant
through its regulatory effect on Skn7. Furthermore, our work
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also implicated FCPI and CDKS in the broader response to
environmental stressors in yeast.

In eukaryotes, RNA polymerase II (RNAPII)® is the enzyme
responsible for transcribing all protein-coding genes. Its largest
subunit contains a highly conserved C-terminal domain (CTD)
composed of heptapeptide repeats (Tyrl-Ser2-Pro3-Thr4-
Ser5-Pro6-Ser?) that is essential for viability (1-3). The CTD is
differentially phosphorylated throughout the transcription
cycle, with each transcriptional stage characterized by a unique
phosphorylation signature and the recruitment of specific reg-
ulatory, RNA-processing, and chromatin-remodeling factors
(4). As such, a number of kinases (Kin28, Ctk1, Bur1l, and Cdk8)
and phosphatases (Fcp1, Rtr1, Ssu72, and Glc7) play key roles in
transcription regulation (5).

Fcpl (TFIIF-associating CTD phosphatase 1) was the first
RNAPII-CTD phosphatase identified (6), encoded by a con-
served gene that is essential for viability (7, 8). It contains a
catalytic FCP homology (FCPH) domain and a single BRCA1
C-terminal (BRCT) domain, both of which are important for
activity (9, 10). The latter mediates direct contacts with the
RNAPII-CTD (9, 11), although its exact role within Fcpl
remains enigmatic. Functionally, Fcpl associates along the
length of genes and facilitates transcription elongation and
recycling by dephosphorylating Ser” and Thr* residues on the
RNAPII-CTD (12-15). Underscoring the significance of Fcpl
in facilitating transcription, temperature-sensitive fcpl
mutants that target the catalytic domain result in the accumu-
lation of hyperphosphorylated RNAPII and a global shutdown
of transcription at nonpermissive temperatures (6, 13, 14).

2The abbreviations used are: RNAPII, RNA polymerase Il; CTD, C-terminal
domain; FCPH, FCP-homology domain; BRCT, BRCA1 C terminus domain;
TFIIF and TFIIB, general transcription factor IIF and IIB, respectively; MMS,
methyl methanesulfonate; HU, hydroxyurea; E-MAP, epistasis mini-assay
profiling; TF, transcription factor; qPCR, quantitative PCR; HA, hemaggluti-
nin; OD, optical density; IP, immunoprecipitation; KLB, kinase lysis buffer;
TAP, tandem affinity purification; IQR, interquantile range.
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Regulation of Skn7-dependent genes by FCP1 and CDK8

Despite its importance, the full extent of Fcpl function in the
cell, as well as the exact mechanisms controlling its activity and
recruitment to sites of transcription, remains poorly under-
stood. Nevertheless, a subset of factors, including the general
transcription factors TFIIF and TFIIB, have been implicated in
the regulation of Fcp1 activity (7, 10, 14, 16 —-21). Furthermore,
recent studies have ascribed Fcpl roles beyond the RNAPII-
CTD. For instance, in fission yeast, Fcpl can dephosphorylate
Spt5 (22); in mammals, mitotic exit factors (Weel, Cdc20,
USP44, Ensa and Greatwall) (23-25); and in budding yeast and
mammals, RNAPI transcription initiation factors (Rrn3 and
TIF-IA, respectively) (26, 27). Together, these findings are con-
sistent with evidence positioning FCPI earlier in evolutionary
history than the gene encoding its best-known substrate, the
RNAPII-CTD (28).

To better-understand the role of Fcpl in the cell, high-
throughput gene expression and genetic interaction profiling
was performed on a series of fcpl mutants, leading us to
uncover a role in the response to environmental stress that was
linked to CDKS, encoding the Mediator complex kinase sub-
unit. In brief, the fcpI-594 mutant was sensitive to oxidative
stress and had altered regulation of Skn7, a key transcription
factor in the oxidative stress response, defects that were nor-
malized by loss of CDKS. Strikingly, the fcp1-594 mutant had
elevated mRNA levels of Skn7-dependent oxidative stress—
responsive genes (TSAI and TRX2) under basal and inducing
conditions, an effect dependent on the kinase activity of Cdk8.
Collectively, our work suggested that loss of CDK8 could over-
come the transcriptional and posttranscriptional alterations of
the fcp1 mutant by increasing Skn7 stability, protein levels, and
likely the expression of target genes. In addition, our results also
implicate FCPI and CDKS in the response to other environmental
stressors, laying the foundation for future investigations.

Results

Gene expression profiles of FCP1 mutants suggested a role in
the response to stress and a relationship with the gene
encoding the Mediator complex kinase subunit, CDK8

To better understand the role of FCP1 in the cell, a set of fcp 1
mutants (FCPI-WT, fepl-713, fcpl-666, fcpl-609, fcpl-594,
which result in the production of C-terminally truncated Fcpl
proteins) were generated at the endogenous FCPI locus and
exposed to a variety of genotoxic agents and stress conditions
(Fig. 1, A and B). These truncation alleles were described pre-
viously, and their protein products were shown to differentially
disrupt the interaction with TFIIF and TFIIB while leaving the
rest of Fcpl intact (8, 10). Suggestive of a general function in the
response to stress, the two shortest truncation mutants (fcp1-
594 and fcp1-609) exhibited fitness defects when grown at high
(37 °C) or low temperatures (16 °C) or exposed to hydroxyurea
(HU), methyl methanesulfonate (MMS), formamide, osmotic
stress (NaCl), or oxidative stress (H,O,) conditions (Fig. 1B). The
longer fcp1-666 mutant showed an intermediate phenotype and
was only sensitive to formamide and HU, whereas the fcpI1-713
mutant and the FCPI-WT strain produced no growth defects.

Having observed a range of fitness defects, we next deter-
mined whether these correlated with transcriptional defects.
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Figure 1. FCP1 mutants were sensitive to genotoxic agents and environ-
mental stressors. A, schematic of FCP1 illustrating the FCPH catalytic domain,
BRCT domain, and TFIIF/TFIIB-interacting region. The FCPT mutants differen-
tially removed the TFIIF/TFIIB-binding regions. B, the two shortest FCP1
mutants were sensitive to high (37 °C) and low (16 °C) temperatures and the
indicated concentrations of hydroxyurea, methyl methanesulfonate, sodium
chloride (NaCl; osmotic stress), and hydrogen peroxide (H,O,; oxidative stress).
Cells with the indicated mutations were serially diluted 10-fold, spotted on YPD
media with the indicated drug concentrations, and grown for 2—-4 days.

Gene expression profiles were generated using microarrays and
compared with the isogenic control strain (FCP1-WT). Perhaps
not surprisingly, the deletion mutants displayed milder gene
expression alterations than two previously described and more
severe FCP1 alleles, fcpl-1 and fepl-2 (encoding Fepl R250A/
R251A and L117A/L181A/H187A, respectively), which target
the FCPH catalytic domain and result in a global shutdown of
transcription at nonpermissive temperatures (6). Nevertheless,
our gene expression profiles revealed length-dependent
requirements, with the severity and number of transcriptional
alterations generally increasing as the C terminus was progres-
sively shortened (Fig. 2, A and B). However, we note that the
fepI1-609 mutant, rather than the shortest fcp1-594 mutant had
the greatest number of transcriptional alterations (Fig. 2C),
suggesting a nuanced role for the FCPI C terminus in transcrip-
tion regulation. Despite the noted differences, there was a sig-
nificant overlap between the fcp1-594 and fcpl-609 mutant
expression profiles, allowing us to focus on genes whose expres-
sion was altered in both mutants (67 genes with decreased
mRNA levels and 22 genes with increased mRNA levels), thus
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Figure 2. The fcp1-594 and fcp1-609 mutants resulted in an overlapping set of gene expression alterations. A, heat map of mRNA levels showing genes
differentially expressed (p < 0.01 and -fold change > 1.7) in the fcp 1-594 or fcp 1-609 mutant. Yellow, increased mRNA levels compared with WT; blue, decreased levels.
B, left, distribution of gene expression -fold changes for the FCPT mutants showed a length-dependent effect on gene expression. Right, focusing on the shortest
mutants revealed that the fcp7-609 and not the shortest fcp 1-594 mutant had the greatest number of gene expression defects. C, Venn diagram of genes differentially
expressed in the fcp1-609 and fcp1-594 mutant showed a significant overlap (hypergeometric test, p < 0.01) as well as a high degree of gene-specific effects.

increasing confidence in our findings. Focusing on this gene set,
we performed transcription factor (TF) enrichment analysis
using the Yeast Promoter Atlas (29). This analysis revealed that
the fcpl-dependent genes were enriched for regulation by TFs
previously implicated in the response to stress (Mcml, Stel2,
Phdl, Sok2, Skn7, Skol, Hotl, Bas1, and Cadl) (Fig. 3A), con-
sistent with the fcpl mutants showing growth defects across a
variety of stress conditions. Follow-up targeted analysis con-
firmed arole for FCP1 in the regulation of a representative set of
these TFs; the fcpl-594 mutant had decreased SKN7, SOK2,
and MCM1 mRNA levels and Skn7, Sok2, Mcm1 and Cadl
protein levels (Fig. 3, B—E).

Strikingly, the list of enriched TFs included two well-known
substrates of the Mediator complex kinase subunit, Cdk8
(Ste12and Phd1 (30, 31)) as well as the Phd1 ohnolog, Sok2 (32).
This suggested relationship to CDK8 was further supported by

16082 . Biol. Chem. (2019) 294(44) 16080 -16094

a significant overlap in the TFs enriched for regulating genes
whose mRNA levels were altered in the fcp1-594 and 609
mutants and those altered upon loss of CDK8 (seven of nine
TFs, hypergeometric test, p = 0.0008035) (Fig. 3A (TFs marked
with an asterisk) and Fig. S1A). Markedly, whereas the overlap-
ping TFs associated with genes whose mRNA levels decreased
in the FCP1 mutants (Fig. 34, light gray bars), they related to
genes whose mRNA levels increased in the cdk8A mutant (Fig.
S1A, dark gray bars), indicating possible opposite effects on
the regulation of these TFs (cdk8A mutant expression profile
obtained from Ref. 33). To further explore the relationship of
Cdk8 with these TFs, we examined available Cdk8 genome
localizations derived from ChIP-chip profiles and found that
Cdk8 physically associated with the promoters of a subset of
genes regulated by the TFs from our analysis (Cdk8 ChIP-
chip profile obtained from Ref. 34) (Fig. S1B). Finally, linking
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Figure 3. FCP1 played a role in regulating the mRNA and protein levels of a subset of TFs. A, TFs enriched for regulating genes differentially expressed in
the fcp1-594 and fcp1-609 mutant. Light gray bars, enrichment of TFs for genes whose mRNA levels decreased in the fcp1-594 and fcp1-609 mutant; dark gray
boxes, enrichment for genes whose mRNA levels increased in the fcp1-594 and fcp1-609 mutant. Most enriched transcription factors significantly associated
(p < 0.01) with genes whose mRNA levels decreased in the fcp1-594 and fcp1-609 mutant, with the exception of Ste12, which also showed a significant
association with genes whose mRNA levels increased. A significant number of TFs also regulated genes whose mRNA levels are altered upon loss of CDK8
(hypergeometric test, p < 0.01 (*)) and had strong evidence of being phosphorylated proteins (hypergeometric test, p = 0.03769 (#)). B-E, top, the fcp1-594
mutant reduced SKN7, SOK2, and MCM1 mRNA levels but had no effect on CADT. mRNA levels were normalized to TUBT (75). mRNA levels are shown as
box plots displaying the median and interquartile range, with whiskers denoting 1.5 times the interquartile range. Bottom, immunoblots of Skn7, Sok2,
Mcm1, and Cad1 protein levels showed decreased levels in the fcp7-594 mutant compared with WT. Actin was used as a loading control.

these TFs with a protein kinase and phosphatase, respec-
tively, was intriguing, as it raised the possibility that the TFs
were regulated by phosphorylation. Using the Yeast Kinase
Interaction Database (35), we found a significant enrichment
for proteins with strong evidence (score >6.4) of being phos-
phorylated in this small set of TFs (hypergeometric test, p =
0.03769) (Fig. 3A, TFs marked with a number symbol), which
suggested a role for FCP1 and CDKS in the biology of stress
response TFs, perhaps through effects on their phosphory-
lation state.

SASBMB

The genetic interaction network of the FCP1 mutants
supported a role in the regulation of SKN7 and SOK2

To gain insight into the cellular processes and pathways
influenced by FCPI, the fcpl truncation mutants described
above were screened against a library of 1536 different mutants
involved in chromatin biology, transcription, and RNA pro-
cessing using epistasis miniarray profiling (E-MAP) (36). Over-
all, the genetic interaction profiles revealed similar functional
information as the gene expression profiles (Fig. 4A4). They
showed that the number and strength of genetic interactions
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Figure 4. Geneticinteraction profiles of FCP1 mutants were consistent with its function as an RNAPII-CTD phosphatase and supported arolein transcription
factor biology. A, the genetic and gene expression profiles revealed similar relationships across the various FCPT mutants. The scatter plot of profile-paired correla-
tions of the genetic interaction and gene expression profiles revealed a high correlation (0.72). B, distribution of S scores for the FCPT mutants showed that the fcp 1-609
mutant had the greatest number of significant genetic interactions. The S score is a modified T-statistic that captures the significance and strength of the genetic
interaction. Sscores greater than 2 and less than —2.5 were considered significant. C, Venn diagrams comparing the significant genetic interactions of the fcp 1-609 and
fcp1-594 mutants. Whereas the overlap in genetic interactions was significant (hypergeometric test, p < 0.01), there were also several genetic interactions that were
unique to each mutant. D, subset of genetic interactions for the FCPT mutants showed significant interactions with SOK2 and SKN7. Each mutant was screened in
triplicate, with yellow, blue, and gray indicating alleviating, aggravating, and missing values, respectively.

increased as Fcpl protein was progressively shortened from the
C terminus (Fig. 4B) and that the fcp1-609 mutant, and not the
shortest fcp1-594 mutant, had the greatest number of genetic
interactions (Fig. 4C). Furthermore, these profiles were consis-
tent with known Fcp1 functions, including its role as an RNA-
PII-CTD phosphatase. For instance, they showed length-de-
pendent genetic interactions with TFIIF and TFIIB, consistent
with the differential effects of truncated Fcpl mutant proteins
on the physical interaction with both of these general transcrip-
tion factors (10). This analysis also revealed significant genetic
interactions with genes encoding RNAPII-CTD-modifying

16084 . Biol. Chem. (2019) 294(44) 16080 -16094

enzymes (CKT1, ESS1, and RTRI) (13, 37-40) (Fig. 4D) and
genes encoding factors that bind the RNAPII-CTD in a phos-
phorylation-dependent manner, including members of the
Setl-containing H3K4 methyltransferase COMPASS complex
(41). Finally, the FCPI genetic interaction profiles supported a
functional relationship with the TFs identified by the gene
expression analysis. Notably, both the fcp1-594 and fcp1-609
mutants showed strong positive interactions with SOK2 and
SKN7 (Fig. 4D), with a link to SKN7 further supported by a
positive interaction between the fcpl-594 and fcpl-609
mutants with YAPI, a transcription factor partner of Skn7 (42).

SASBMB
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Figure 5. Loss of CDK8 suppressed fcp1-594 and skn7A mutant growth defects. Shown is the sensitivity of cdk8A, fcp1-594, and either skn7A (A) or sok2A
(B) single, double, and triple mutants to growth under high (37 °C) and low (16 °C) temperatures, and upon exposure to the indicated concentrations of H,0,,
NaCl, hydroxyurea, formamide, and methyl methanesulfonate. Loss of CDK8 suppressed the growth defects of both the fcp1-594 and skn7A single mutants,
suggesting a shared function. Shown are RT-qPCR measurements (left) of SKN7 (C) and SOK2 (D) mRNA levels in WT or the indicated mutants normalized to TUB1
(75). mRNA levels are shown as box plots displaying the median and interquartile range, with whiskers denoting 1.5 times the interquartile range. Immuno-
blotting (right) of Skn7 (C) and Sok2 (D) bulk protein levels revealed that loss of CDK8 increased Skn7 protein levels in the fcp 1-594 mutant background. Extracts
were prepared from the indicated strains, and actin was used as a loading control.

Loss of CDK8 suppressed phenotypes associated with the fcp 1-
594 and skn7 A mutant

Collectively, our high-throughput data suggested a link bet-
ween FCPI and CDKS8 in SKN7 and SOK2 function. To explore
this relationship further, single, double, and triple mutants
of fcp1-594, cdk8A and either skn7A or sok2A were gener-
ated, and their phenotypes were analyzed by measuring
growth under the conditions described above (Fig. 5, A and
B). Under these conditions, the cdk8A mutant generally pro-
duced phenotypes typical of the WT strain, whereas the
skn7A mutant was sensitive to most of the conditions tested,
including high temperature, H,O,, and NaCl, effects consis-
tent with known roles for Skn7 (Fig. 5A4) (43-45). Interest-
ingly, across most conditions tested, loss of CDKS8 sup-

SASBMB

pressed the fcpl-594 and skn7A mutant growth defects,
underscoring a functional relationship. We note that the
suppression of skn7A mutant phenotypes by loss of CDK8
required FCPI. In contrast, the suppression of fcpl-594
mutant phenotypes by loss of CDK8 was generally indepen-
dent of SKN7, indicating that a functional relationship
between FCPI and CDKS likely involved multiple pathways,
some of which are independent of SKN7. A notable excep-
tion to this pattern was observed under oxidative stress con-
ditions, wherein suppression of fcp1-594 mutant phenotypes
by loss of CDK8 required SKN7. In contrast, the sok2A
mutant showed little or no sensitivity to all of the conditions
examined (Fig. 5B), indicating minimal genetic relationship
with FCP1 and/or CDKS8.
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Figure 6. CDK8 and FCP1 altered Skn7 protein stability. Left, representative immunoblots of Skn7 (A) or Sok2 (B) protein levels before and after inhibition of
protein synthesis by the addition of 100 ng/ml cycloheximide. As indicated, protein loading was adjusted in the fcp7-594 and fcp 1-594 cdk8A mutant with the
goal of having similar starting protein amounts. Right, quantification of Skn7 (A) or Sok2 (B) immunoblots with protein levels expressed as a percentage of the
untreated control. Loss of CDK8 stabilized Skn7 protein levels in vivo. Normalized protein levels are shown as box plots displaying the median and interquartile

range, with whiskers denoting 1.5 times the interquartile range.

To gain further insight into the relationship between FCPI
and CDK8 in SKN7 or SOK?2 function, we next examined how
these factors affected their mRNA and/or protein levels. As
described above, the fcp1-594 mutant decreased the mRNA and
protein levels of both SKN7 and SOK2, an effect that differed
from the cdk8A mutant strain, which showed decreased protein
levels of both TFs but no effects on their mRNA levels (Fig. 5, C
and D). Consistent with the genetic dependences described
above, loss of CDKS alleviated the decreased Skn7 protein levels
observed in the fcp1-594 mutant, although it did not alter Sok2
protein levels or the mRNA levels of either of these TFs. Finally,
we note that the effects of FCPI and CDK8 on Skn7 were spe-
cific, given that the trends described above were not observed
on the mRNA or protein levels of Yapl, Skn7’s intimate func-
tional partner (Fig. S2).

Altered CDK8 and FCP1 function led to changes in Skn7
protein stability

The discrepancy between SKN7 and SOK2 mRNA and pro-
tein levels observed in the cdk8A mutant suggested that CDK8
might affect Skn7 and or Sok2 protein stability, an effect remi-
niscent of CDK8’s well-known role in phosphorylating and
destabilizing Ste12, Phdl, and Gen4 (30, 31, 46). Taking advan-
tage of the ability to inhibit protein synthesis using cyclohexi-
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mide, we measured Skn7 and Sok2 stability in WT and the
fep1-594 and cdk8A single and double mutants. Under WT
conditions, Skn7 and Sok2 were almost completely degraded
3 h after blocking protein production, leading to estimates of
half-life for both TFs at roughly 30 min (Fig. 6, A and B). Strik-
ingly, in the cdk8A mutant, Skn7 protein levels decayed at a
slower rate, revealing a role for CDKS8 in Skn7 protein turnover.
In contrast, the fcpI-594 mutant on its own had no effect on
Skn7 protein turnover, but when combined with the cdk8A
mutant, it decreased Skn7 protein stability to a level between
the WT and ¢dk8A mutant, an effect most noticeable 1 and 3 h
after inhibition of protein synthesis. As such, our results sug-
gested that CDK8 promoted Skn7 turnover in a manner that
was partly dependent on FCPI. Finally, no effects of the fep1-
594 or cdk8A mutants were seen on Sok2 protein stability; thus,
it was not explored further.

CDK8 and FCP1 regulated Skn7 phosphorylation

A role for CDK8 and FCPI on Skn7 protein stability
prompted us to determine whether this involved an effect on
Skn7 phosphorylation in vivo. In the WT strain, treatment of
Skn7, purified by immunoprecipitation, with A-phosphatase
resulted in faster migration compared with untreated or
A-phosphatase plus inhibitor—treated samples, indicating that
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Figure 7. Phosphorylation of Skn7 depended on CDK8 and FCP1. Skn7 purified by immunoprecipitation was untreated or treated with 200 units of
A-phosphatase for 1 h in the presence or absence of 100 mm EDTA inhibitor, as indicated. Slower Skn7 migration was observed in untreated samples and in
samples treated with A-phosphatase plus EDTA phosphatase inhibitor, indicating the presence of phosphorylation. Reduced but not completely abolished
phosphorylation was observed in the fcp1-594, cdk8A, and fcp1-594 cdk8A mutants compared with WT. Protein loading was adjusted as indicated.

Skn7 was generally phosphorylated under normal growth con-
ditions, consistent with previous reports (Fig. 7) (42). In the
fep1-594 and c¢dk8A single and double mutants, Skn7 migrated
as an intermediate species, indicating a role for these enzymes
on Skn7 phosphorylation in vivo. Observing an intermediate
effect for the cdk8A mutant was consistent with evidence that
other kinases are involved in Skn7 phosphorylation (47).

A role for CDKS in regulating the levels of Skn7 phosphory-
lation, combined with previous reports of a direct physical
interaction between Cdk8 and Skn7 (48), suggested that Cdk8
may directly phosphorylate Skn7. To test this hypothesis, in
vitro kinase reactions were performed with recombinant Skn7
as substrate for WT or kinase-inactive Cdk8 (D290A (49))
recovered from yeast by immunoprecipitation. Under these
conditions, WT Cdk8, but not the kinase inactive mutant,
robustly phosphorylated the RNAPII-CTD, a previously
reported substrate (Fig. S3) (49—-51). Under the same condi-
tions, we detected no phosphorylation of Skn7 by Cdk8, sug-
gesting that its effect in vivo may reflect an indirect mechanism
or that Skn7 phosphorylation requires an additional co-factor
that is absent from the in vitro reactions.

FCP1 and CDK8 functioned in the regulation of
Skn7-dependent oxidative stress-responsive genes

The results presented so far revealed a role for CDK8 and
FCPI in the regulation of Skn7, leading us to examine whether
these factors also functioned in the transcriptional regulation of
oxidative stress—responsive genes. To this end, we focused on
two representative and well-established Skn7-dependent oxi-
dative stress-induced genes, TRX2 and TSA1, and measured
their mRNA levels using RT-qPCR in untreated cells and fol-
lowing exposure to 0.2 mm H,O,. Consistent with previous
findings, the expression of TRX2 and TSAI was induced in
response to oxidant (52, 53), an effect also seen in the fcp1-594
and cdk8A single and double mutants (Fig. 84). However, we
note that the fcp1-594 mutant robustly increased the basal and
induced mRNA levels of both TSAI and TRX2, an effect not
easily reconcilable with the decreased levels of Skn7 observed in
the same strain. Under oxidative stress conditions, the robust
increases of TRX2 and TSA1 mRNA levels observed in the fcp1-
594 mutant were not a result of bypassing the requirement for
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SKN7, as no increase was observed in a strain carrying a skn”
deletion in combination with the fcp1-594 mutant or any of the
other mutant backgrounds (Fig. S44). Most interestingly and
consistent with shared roles for FCPI and CDKS in the regula-
tion of Skn7, loss of CDKS in an fcp1-594 mutant background
normalized the elevated TRX2 and TSAI mRNA levels
observed in the fcp1-594 mutant under basal and induced con-
ditions (Fig. 84 and Fig. S4B). Furthermore, the effect of CDK8
on TSAI and TRX2 mRNA levels depended on its kinase activ-
ity, given that introduction of a catalytically inactive
CDK8D290A allele decreased the induced mRNA levels of
TSAI and TRX2 in the fcp1-594 cdk8A mutant compared with
a WT CDKS allele (Fig. S4B).

The unexpected effect of the fcp1-594 mutant on the expres-
sion of Skn7-dependent genes led us to examine Skn7 protein
levels under oxidative stress conditions. Here, we found that
oxidative stress recapitulated the observations under normal
growth conditions, where the fcpl-594 mutant showed de-
creased Skn7 protein levels under basal and oxidative stress
conditions that were normalized by loss of CDKS. Thus, in
the fcp1-594 mutant, elevated T7SA1 and TRX2 mRNA levels
were dependent on SKN7, despite its protein levels being
decreased in the fcp1-594 mutant under basal and oxidative
stress conditions.

To understand the discrepancy between Skn7 protein levels
and expression of its target genes in the fcp1-594 mutant, we
measured RNAPII and Skn7 occupancy at these loci via ChIP of
endogenous Rpb3 and Skn7-FLAG, respectively. Consistent
with the increase in TRX2 and TSAI mRNA levels upon expo-
sure to 0.2 mm H,O, and Skn7’s role as a transcriptional acti-
vator (52, 54), we observed increased RNAPII and Skn7 occu-
pancy at these loci upon treatment in the WT strain, an effect
most striking at the TSA1 locus (Fig. 8B and Fig. S5 (B and C)).
For RNAPII, the fcp1-594 and cdk8A single and double mutants
also showed increased RNAPII occupancy upon exposure to
H,0,, indicating increased transcription in response to stress.
However, we note that whereas the cdk8A and fcp1-594 cdk8A
mutants tended to increase RNAPII occupancy at the promoter
and along the length of TRX2 and TSA1, the fcpI-594 mutant
showed a more pronounced effect along the length of these
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Figure 8. FCP1 altered expression of TSAT and TRX2 in a CDK8-dependent manner. A, RT-qPCR analysis of TSAT (top) and TRX2 (bottom) mRNA levels with
and without H,0, treatment normalized to PGKT mRNA levels. The elevated TRX2 and TSAT mRNA levels detected in the fcp7-594 mutant were normalized by
loss of CDK8. B, ChIP-qPCR analysis of Skn7 at the promoter of TSAT (top) and TRX2 (bottom). Skn7 levels were normalized to an intergenic region of chromosome
V (72).The fcp1-594 mutant reduced Skn7 enrichment at the promoter of TRX2 and TSAT upon induction. *, p < 0.05 using a two-tailed Student’s t test. RT-gPCR
and ChIP-qPCR results are shown as box plots displaying the median and interquartile range, with whiskers denoting 1.5 times the interquartile range.

genes compared with the promoters. For Skn7, a significant
increase was also observed in the cdk8A mutant upon exposure
to H,0,, an effect that tended to be higher compared with WT
and was consistent with the observed stabilizing effect of the
cdk8A mutant on Skn7. Most unexpected was the effect of the
fepI-594 mutant, which despite robustly increasing TRX2 and
TSAI1 mRNA levels in a SKN7-dependent manner, showed no
significant increase in Skn7 occupancy when comparing basal
and inducing conditions. Loss of CDKS in the fcp1-594 mutant
background had limited effects on Skn7 occupancy at both the
TSAI and TRX2 promoters. Here, Skn7 occupancy remained
low upon exposure to H,O, compared with WT. However, we
note that at the TSAI locus, loss of CDKS in the fcp1-594
mutant background led to a significant difference between the
uninduced and induced conditions.

The low Skn7 occupancy at the TSAI and TRX2 promoter
that we observed in the fcp1-594 mutant prompted us to exam-
ine whether the gene expression alterations were linked to
defects in transcription, which have been reported to increase
the mRNA levels of stress-responsive genes through a combi-
nation of transcriptional and posttranscriptional effects (55).
Here, we showed that inhibiting transcription by the addition of
100 pg/ml 1,10-phenanthroline increased TSAI and TRX2
mRNA levels in the WT strain to levels similar to the untreated
fep1-594 mutant (Fig. S6). Thus, defects in transcription in the
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fecp1-594 mutant may in part underpin the gene expression
alterations observed in this mutant under basal conditions.
Comparing the effect of inhibiting transcription on the fcp1-
594 and cdk8A single and double mutants revealed that TSA I
mRNA levels decreased in the fcpl-594 mutant, increased in
the cdk8A mutant, and more closely resembled the WT in the
fep1-594 cdk8A double mutant. Different patterns were
observed for TRX2, suggesting that the effect of FCPI and
CDK8 in regulating the balance of transcriptional and posttran-
scriptional events was gene-specific.

Discussion

This study describes an unexpected role for FCPI and CDK8
in the regulation of Skn7 and the expression of its target genes.
We show that the genetic relationship between FCPI and
CDKS8 upon exposure to oxidant depended on SKN7 and that
these factors modulated Skn7 protein levels, stability, and
expression of target genes. Paradoxically, whereas the fcp1-594
mutant increased expression of Skn7-dependent oxidative
stress-induced genes, it decreased Skn7 promoter occupancy;
the former was overcome by loss of CDKS likely through the
stabilization of Skn7. As such, by probing the genes most sen-
sitive to altered Fcp1 activity, our findings underscored a novel
connection to CDKS in the regulation of Skn7 and the expres-
sion of its target loci.
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Most defects of Skn7 biology observed in the fcpl-594
mutant were normalized by loss of CDKS, revealing a shared
function in the regulation of Skn7 and expanding well-known
activities in the regulation of TFs and the transcriptional
response to environmental stress (30, 31, 46, 56). Here, we
observed that loss of CDK8 normalized the growth defects of
both the fcp1-594 and skn7A mutants across a range of stress
conditions, an effect that may be the result of the reported acti-
vation of stress-responsive genes upon loss of CDK8 under
basal conditions (57). Our findings also complemented previ-
ous work implicating CDK8 in the biology of Skn7 as well as the
oxidative stress response (48, 58—60). For instance, it has been
shown that loss of CDKS8 can normalize the increased mRNA
levels of OCH1, a Skn7-dependent osmotic stress-response
gene, observed in a not4A mutant (which encodes a ubiquitin
ligase subunit of the Ccr4-Not complex) (48). However, we note
that whereas loss of NOT4 increased Skn7 occupancy at the
OCH1I gene promoter (48), we observed that the fcpl-594
mutant decreased Skn7 occupancy at the TRX2 and TSAI pro-
moters, suggesting that loss of CDK8 may suppress Skn7-asso-
ciated phenotypes in the not4A and fcp1-594 mutant through
distinct functional pathways. Cdk8 has also been implicated in
the oxidative stress response by priming the degradation of
Med13/Srb9, a Mediator kinase domain subunit (58). In fact,
many Mediator subunits, including components of the kinase
module (e.g. Med13 and CycC) have been implicated in the
oxidative stress response and shown to be degraded upon oxi-
dant exposure (58 —60). Given that Cdk8 stability does not seem
to be altered by exposure to oxidant, we hypothesize that the
role described here may underscore a Mediator-independent
activity for Cdk8.

Here, we report a role for CDKS in influencing Skn7 phos-
phorylation, protein levels, promoter occupancy, and ex-
pression of oxidative stress—induced genes, findings that are
remarkably similar to CDKS8'’s effect on its reported direct TF
substrates (30, 31, 46, 56, 61). Despite the similarities, our
kinase assays did not support a direct kinase—substrate rela-
tionship between Cdk8 and Skn7, suggesting that either our
kinase assays were missing important factors required for Skn7
phosphorylation or that the effects may be through indirect
mechanisms. Consistent with the former, we note that Skn7
phosphorylation is complex, requiring Slnl for phosphoryla-
tion by Ypd1 in vitro (47) and Yap1 for phosphorylation upon
oxidative stress in vivo (62). Although some questions remain,
Skn7 phosphorylation clearly is important for its activity as a
transcriptional activator (62). At osmotic stress genes, phos-
phorylation of Asp-427 is required for their activation (45).
During oxidative stress, Asp-427 phosphorylation is dispens-
able (52); although there is evidence that a number of Skn7
residues are phosphorylated under these conditions (62), their
exact identity and responsible kinases remain unknown.
Intriguingly, here we linked Skn7 phosphorylation and function
in the oxidative stress response to Cdk8, a kinase that can bind
Skn7 (48), and Fcpl, a protein phosphatase. However, their
effects on Skn7 biology were not easily explained by direct phos-
phorylation and dephosphorylation by these factors. Therefore,
it is formally possible that the effects of FCPI and CDKS8 on
Skn7 function may be independent of its phosphorylation state.
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However, given that many sites on Skn7 have been suggested to
undergo phosphorylation, it is also possible that the effect of
FCP1 and CDKS8 on Skn7 phosphorylation differ in a manner
not readily detected by bulk shifts in migration patterns but that
nonetheless result in functional differences to Skn7.

FCP1 has been previously implicated in the response to other
environmental stressors. In fly-derived cell lines, FCPI knock-
down leads to decreased expression and RNAPII association at
heat shock genes (63), effects that contrasted the increased
mRNA levels and RNAPII occupancy at oxidative stress
response genes observed in yeast for the fcpI-594 mutant.
Although potentially indicative of species-specific activities,
our yeast growth assays supported a distinct role for Fcpl in
the oxidative and heat shock response, showing that the sen-
sitivity of the fcp1-594 mutant to oxidative stress but not
heat shock was suppressed by loss of CDK8. Altogether, here
we show a role for Fcpl in the transcriptional response to
other environmental stressors while also revealing an ability
to function as a transcriptional inhibitor, a particularly
unexpected finding, given its well-established roles in facili-
tating transcription (6, 10).

Experimental procedures
Yeast strains

All yeast strains are listed in Table 1. They were primarily
generated in the W303 background, with the exception of
strains used for microarray expression profiling and E-MAP
analysis, which were derived from a BY4742 background, the
standard genotype for those assays. Complete or partial gene
deletions and the integration of the 3XFLAG or HA tags were
done using the one-step gene replacement method to integrate
PCR-amplified segments (64). All double and triple mutant
strains were generated via mating and tetrad dissection. All
plasmids used are listed in Table 2.

Growth assays

Overnight cultures grown in YPD were diluted to 0.5 OD,,
10-fold serially diluted, and spotted onto YPD plates with or
without the indicated amount of HU (Sigma), MMS (Sigma),
formamide (Sigma), hydrogen peroxide (H,O,) (Sigma), or
sodium chloride (NaCl) (Bioshop). Plates were incubated at the
indicated temperatures for 3-5 days.

Microarray experiments

Microarray expression profiling was performed in duplicate
as described previously (65, 66). Cultures were grown in a
24-well plate incubator/reader to mid-log phase, with spiked-in
RNA controls to monitor global changes in mRNA levels.
Because no global changes in mRNA levels were detected,
expression values were normalized to total mRNA levels. -Fold
changes were determined by comparing mutant with WT pro-
files, with differentially expressed genes having a p value < 0.01
and absolute -fold change > 1.7 (67).

Data analysis

TF enrichment was done using the Yeast Promoter Atlas
database and a hypergeometric test with Bonferroni correction
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Table 1
Strains used in this study
Strain Genotype Background Source
1810  Mata fep1-594-flag:nat his3A1 leu2A0 ura3A0 BY4742 This study; gene
expression
1811 Mata fepl1-609-flag:nat his3A1 leu2A0 ura3A0 BY4742 This study; gene
expression
1812 Mata fcp1-666-flag:nat his3A1 leu2A0 ura3A0 BY4742 This study; gene
expression
1813  Mata fep1-713-flag:nat his3A1 leu2A0 ura3A0 BY4742 This study; gene
expression
1814  Mata FCPI-WT-flag::nat his3A1 leu2A0 ura3A0 BY4742 This study; gene
expression
1815  Mato fep1-594-flag:nat his3A 1 leu2A 0 LYS2+ met15A0 ura3A0 Acanl:MATaPr-HIS3 Alypl:MATo Pr-LEU2 ~ BY4742 This study; E-MAP
1816  Mato fep1-609-flag:nat his3A 1 leu2A 0 LYS2+ met15A0 ura3A0 Acanl:MATaPr-HIS3 Alyp1:MATo Pr-LEU2 ~ BY4742 This study; E-MAP
1817  Mata fep1-666-flag:nat his3A 1 leu2A 0 LYS2+ met15A0 ura3A0 Acanl:MATaPr-HIS3 Alyp1:MATa Pr-LEU2 ~ BY4742 This study; E-MAP
1818  Mato fepl-713-flag:nat his3A 1 leu2A 0 LYS2+ met15A0 ura3A0Acanl:MATaPr-HIS3 Alypl:MATo Pr-LEU2 BY4742 This study; E-MAP
1819  Mata FCPI-WT-flag::nat his3A 1 leu2A 0 LYS2+ met15A 0 ura3A 0 Acanl:MATaPr-HIS3 Alypl:MATa Pr-LEU2 BY4742 This study; E-MAP
1820  Mata fepl-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1821  Mata fep1-609-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1822 Mata fep1-666-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1823 Mato fepl-713-flag::nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1824  Mata FCP1-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1825  Mata Skn7-HA::kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1826  Mato Skn7-HA::kan cdk8::his ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1827  Mata Skn7-HA::kan fepl-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1828  Mata Skn7-HA::kan cdk8:his fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1829  Mata Sok2-HA::kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1830  Mata Sok2-HA::kan cdk8::his ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1831 Mato Sok2-HA::kan fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1832  Mata Sok2-HA::kan cdk8:his fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1833  Mata Cadl-flag:kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1834  Mata Cadl-flag:kan fcpl-594-HA::hygro ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1835 Mato McmlI-flag:kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1836  Mata Mcmli-flag:kan fcpl-594-HA::hygro ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1837 Mata Yapl-HA::kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1907 Mato Yapl-HA:kan cdk8::his ade2-1 can1-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1838  Mata Yapl-HA::kan fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1845  Mata Yapl-HA::kan cdk8:his fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1839  Mata skn7::Kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1840  Mata skn7:Kan cdk8:his ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1841 Mato skn7:Kan fep1-594-flag::nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1842  Mato skn7:Kan cdk8:his fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1901  Mata sok2:Kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1902 Mata sok2:Kan cdk8:his ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1903 Mato sok2:Kan fcp1-594-flag::nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1904  Mata sok2:Kan cdk8:his fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1905  Mato cdk8::His ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1906  Mato cdk8:His fcp1-594-flag:nat ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
5 Mata ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303
1908  Mata Skn7-flag:kan ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1909  Mato Skn7-flag::kan cdk8::his ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 w303 This study
1910  Mata Skn7-flag:kan fcp1-594-HA::hygro ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
1911 Mato Skn7-flag::kan cdk8::his fcp1-594-HA::hygro ade2-1 canl-100 his3-11 leu2-3, 112 trp 1-1 ura3-1 LYS2 W303 This study
YCN44 Mata ura3-52 cdk8::URA3 31278b Ref. 74
Table 2
Plasmids used in this study
Plasmid Details Source
pIS4s4 URA3 ARS-CEN TEFI promoter—31278b CDK8-3X FLAG-His, Ref. 31
pIS529 URA3 ARS-CEN TEF1 promoter—21278b CDK8D290A-3 X FLAG-His, Ref. 31
pMK660 TRPI ARS-CEN CDK8 This study
pMK661 TRPI ARS-CEN cdk8D290A This study

(adjusted p value of 0.05) (29). The gene expression profile for
the ¢cdk8A mutant was reported previously (33). TFs with a
score greater than 6.4 in the YeastKID database were catego-
rized as phosphorylated, and a hypergeometric test was used to
test for significance (p = 0.03355) (35). Complete gene expres-
sion profiles can be found in GSE128936.

Protein extraction and protein blotting

Overnight cultures were diluted to 0.3 OD,, and grown to
1.0 ODg. Whole-cell extracts were prepared by glass bead
lysis in the presence of TCA. Immunoblotting was done using

16090 J. Biol. Chem. (2019) 294(44) 1608016094

anti-HA (Sigma), anti-FLAG (Sigma), or actin (ICN) antibod-
ies. Immunoblots were scanned with the Odyssey IR imaging
system (LI-COR).

RT-gPCR

Overnight cultures were diluted to 0.15 OD, and grown to
0.5 ODg(o. RNA was extracted and purified using the Qiagen
RNeasy minikit. cDNA was generated using the Qiagen Quan-
tiTect reverse transcription kit and analyzed using the Per-
feCTa SYBR Green FastMix (VWR) and a Rotor-Gene 6000
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Table 3
Primers used in this study

Primer name Forward sequence

Reverse sequence Source or reference

SKN7 RT-qPCR GCGACGGTCTTTCAGCTATC

SOK2 RT-qPCR GGGTGTCTGGATACCGTTTG
MCM1 RT-qPCR CATCCTCGACCACAGCAAG
CADI RT-qPCR CTTTATTCCCCAGCGTGCTT
TUBI RT-qPCR TCTTGGTGGTGGTACTGGTT
TSAI 3" and RT-qPCR GGCTGACACCAACCACTCTT
TRX2 3" and RT-qPCR AGCTGAAGTTTCTTCCATGCCT
PGK1 RT-qPCR CAAGAGCTCTGCTGCTGGTA
TSAI promoter TGGCAACAAACCAGGACATA
TRX2 promoter CCATTCGGGGGATGAAAAG
ChrV GGCTGTCAGAATATGGGGCCGTAGTA
RIB5 RT-qPCR CGCAAGGTGGAGCCTTCTAT

SNR19 RT-qPCR ACTTTTCTCTAGCGTGCCAT

ARATCATCCCTCGTGAATGG This study
ATAGGTACGCGGACTGATGG This study
GGCAAAAGCCTGTTGGTG This study
GGAAGCACCGAAGCTAGAGA This study
TGGATTTCTTACCGTATTCAGCG Ref. 75

TTGGAAGGCTTCAACCAATC This study
TTGATAGCAGCTGGGTTGGC This study
AAAGCAACACCTGGCAATTC This study
TGTGGTTGGTTGTGAGCAAT This study
TCGTAGACTCTCGTGTATGTGTG This study
CACCCCGAAGCTGCTTTCACAATAC Ref. 72

TGCTTCTCAATAATCTTCCCAGT This study
CTTCAAACTACAATCCCGACCA This study

(Qiagen). All strains were grown in YPD, except for strains car-
rying pRS314-based vectors, which were grown in —TRP
medium. 0.2 mm H,O, or 100 ng/ml 1,10-phenanthroline were
used to treat cells for the indicated amount of time. TUBI,
PKGI, RIBS, and SNRI9 were used as control genes as indi-
cated. The choice of control gene depended on the stability of
the gene in the condition tested. PKG1 was used for experi-
ments involving oxidative stress, and a composite of RIB5 (68)
and SNR19 (69) was used for experiments involving transcrip-
tional inhibition. mRNA levels were quantified from three inde-
pendent biological replicates. All primer sequences used are
listed in Table 3.

E-MAP

E-MARP screens were performed as described previously (36).
Briefly, FCP1 mutants were crossed, using a Singer robot, to a
library of 1536 mutants, including full gene deletions or
DAmP (decrease abundance by mRNA perturbation) alleles.
Mating, diploid selection, sporulation, haploid selection, and
double mutant selection were done by replicate plating on
selective media, as described previously. All strains were
screened in triplicate, and normalization was performed as
described previously (36). S scores =2 and =—2.5 were con-
sidered significant.

Protein stability assay

Overnight cultures were diluted to 0.3 OD,, and grown to
1.0 ODg,. 10 ODg, units were collected prior to the addition
of 100 ug/ml cycloheximide (Sigma). Following protein shut-
down, 10 OD, units were collected at the indicated times. All
proteins were extracted using TCA as described above. Due to
the differences in starting protein levels in the FCPI mutant,
protein loading was adjusted as indicated in each figure. Signal
intensities from each lane were used to calculate percentage
protein levels relative to the untreated control.

Immunoprecipitation (IP) and phosphatase treatment

The phosphatase treatment protocol was adapted from Flott
and Rouse (70). Overnight cultures were diluted to 0.3 OD,
and grown to 1.0 ODy,,. Samples were mechanically lysed in
TAP-IP buffer (50 mm Tris (pH 7.8), 150 mm NaCl, 1.5 mm
MgAc, 10% glycerol, 0.15% Nonidet P40, 1 mm DTT) with
phosphatase inhibitors (10 mm NaPP;, 5 mMm EGTA, 5 mm
EDTA, 0.1 mm NazVO,, and 5 mm NaF) and Complete EDTA-
free protease inhibitor mixture (Roche Applied Science).
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Lysates were split equally into three tubes containing 40 ul of
HA beads (Sigma) and incubated for 1.5 h. Samples were
washed twice with TAP-IP buffer with phosphatase and pro-
tease inhibitors and twice with TAP-IP buffer lacking phos-
phatase and protease inhibitors prior to resuspending in 1X
NEBuffer for protein metallophosphatases (50 mm HEPES,
100 mMm NacCl, 2 mm DTT, 0.01% Brij 35, 1 mm MnCl,). 200
units of A-phosphatase (New England BioLabs) and 100 mm
EDTA was added as indicated and incubated for 60 min at
30 °C. Samples were washed twice using Tandem Affinity Puri-
fication (TAP)-IP buffer without phosphatase and protease
inhibitors and resuspended in 2X SDS buffer prior to analysis
by SDS-PAGE. Protein loading was adjusted as indicated in an
effort to ensure that the differences in protein migration were
not influenced by changes in the amount of protein in each
sample.

Recombinant protein expression

An N-terminally 6 XHIS-tagged SKN7 was cloned into a
pET28a derivative and expressed from Escherichia coli BL21
(DE3)-RIL cells. Cells were induced at 0.6 OD, for 4 h at 37 °C
using 1.0 mMm isopropyl 1-thio-B-p-galactopyranoside, har-
vested by centrifugation, and lysed in buffer containing 25 mm
Tris-Cl (pH 7.5), 0.5 M NaCl, 30 mm imidazole, and 1 mg/ml
lysozyme. Skn7 protein was purified by passing the supernatant
over a HisTrap FF (5 ml) column (GE Healthcare) and eluted
using 0.5 M imidazole.

In vitro kinase assays

The in vitro kinase assay protocol was adapted from Hirst
et al. (56). Strains from a 31278b background, expressing either
WT or kinase-impaired FLAG-tagged CDK8 (D290A), were
grown to 1.0 ODg,. Cells were collected and mechanically
lysed in kinase lysis buffer (KLB) (50 mm Tris, 200 mm NaCl, 5
mM EDTA, 0.1% Nonidet P40, and protease inhibitors). Cdk8
was immunoprecipitated by incubating cell lysates with anti-
FLAG M2 beads for 60 min, followed by two washes with KLB
and two washes with kinase buffer (10 mm MgCl,, 50 mm Tris
(pH 7.5), 1 mMm DTT, and protease inhibitors). Kinase reactions
were performed for 20 min at 30 °C in kinase buffer, with 3.33
pmol of [y->*P]ATP (PerkinElmer Life Sciences) and 1 ug of the
indicated substrate. Reactions were run on a 10% SDS-poly-
acrylamide gel and exposed on Kodak Biomax film.

J. Biol. Chem. (2019) 294(44) 16080-16094 16091
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ChipP

Overnight cultures were diluted to 0.15 OD,, grown to 0.5
0Dy, and cross-linked or induced using 0.2 mm H,O, for 10
min prior to cross-linking with 1% formaldehyde for 20 min.
Chromatin was prepared as described previously (71). Anti-
FLAG antibody (4.2 ul) (Sigma) or anti-Rpb3 antibody (7 ul)
(Neoclone) was coupled to 60 ul of Protein A Dynabeads (Invit-
rogen) overnight. Following cross-linking reversal and DNA
purification, both the immunoprecipitated and input DNA
were analyzed by qPCR using a Rotor-Gene 6000 and PerfeCTa
SYBR Green FastMix (Quanta Biosciences). All samples were
analyzed from three independent biological replicates and nor-
malized to an intragenic region of Chromosome V (72). Primers
used are listed in Table 3.

ChlIP-on-chip analysis

Cdk8 ChIP-on-chip profiles were reported previously (35).
Average scores were obtained by averaging all probes mapping
to 500 bp upstream of the ORF. TF target gene pairs were
obtained from the YEASTRACT database using the DNA bind-
ing and expression evidence category (73). Genes that are reg-
ulated by more than one TF were included in the respective box
plots.
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