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Background:Maf1 is a global repressor of RNA polymerase (pol) III transcription whose function is phospho-regulated by
nutrient and stress signaling pathways.
Results:We tested the hypothesis that CK2 phosphorylation of Maf1 is required for derepression of pol III transcription.
Conclusion: The hypothesis is not supported.
Significance: CK2 regulation of pol III transcription is likely to involve targets other than Maf1.

Maf1 is a conserved regulator of RNA polymerase (pol) III
transcription and is required for transcriptional repression
under diverse stress conditions. In yeast, Maf1 function is neg-
atively regulated at seven phosphosites by the overlapping
action of protein kinase A (PKA) and the TORC1-regulated
kinase Sch9. Under stress conditions,Maf1 is dephosphorylated
at these sites leading to its nuclear accumulation, increased
association with pol III genes and direct physical interactions
with the polymerase which ultimately inhibit transcription.
These changes are reversed upon return to optimal growth con-
ditions. Transcription in this system is also regulated by protein
kinase CK2. CK2 stimulates pol III transcription in yeast and
human cells via phosphorylation of the initiation factor TFIIIB.
Recently it was proposed that CK2 phosphorylation of Maf1 is
required for reactivation of pol III transcription following
growthonglycerol.Wehave examined this hypothesis using two
Maf1 mutants (Maf1-id S388A andMaf1-ck20) which lack all of
the CK2 phosphosites implicated in the response. Both mutant
proteins are phosphoregulated, function normally during
repression and transcription is fully restored to the wild-type
level upon transfer from glycerol to glucose. Additionally, phos-
tag gel analysis ofMaf1 7SA, a functional mutant that cannot be
phosphorylated by PKA/Sch9, did not reveal any evidence for
differential phosphorylation of Maf1 during carbon source
switching. Together, these data do not support the proposed
requirement for CK2 phosphorylation ofMaf1 during derepres-
sion of pol III transcription.

Maf1 is a global repressor of RNA polymerase (pol)3 III tran-
scription that is conserved in eukaryotes and functions tomedi-

ate transcriptional repression under diverse nutritional, envi-
ronmental and cellular stress conditions (1–4). These
conditions determine the activity of different signaling path-
ways (e.g. Ras/PKA, TOR, cell integrity, and DNA damage
response pathways) which regulate the function of Maf1 (2, 4,
5). Studies in yeast indicate that Maf1 is essential but not suffi-
cient for repressing pol III transcription (6). This conclusion is
based on the finding that a nuclear localized form of Maf1 (a
6SA or 7SA mutant) that is able to interact with and thereby
inhibit the pol III machinery is not constitutively active in yeast
cells under optimal growth conditions but represses transcrip-
tion normally under stress conditions (6, 7). This is explained,
at least in part, by the fact that the signaling pathways regulating
pol III transcription involve posttranslational control of two
branches; one branch targetingMaf1 and another targeting the
polymerase (8). Consistent with the fact that Maf1 binding to
pol III inhibits transcription in vitro (9–12), it appears that both
branches of the signaling pathway need to operate together in
vivo to affect repression (8). Maf1 is negatively regulated by
phosphorylation at seven sites through the overlapping action
of PKA and the TORC1-regulated kinase Sch9 (6, 7, 13, 14).
This mechanism of negative control is conserved in higher
eukaryotes where analogous sites in human Maf1 are directly
phosphorylated by mTORC1 (15–17).
Protein kinase CK2 is an important regulator of a multitude

of cellular processes and plays a vital role in cell differentiation,
proliferation and survival (18). In the context of this study, the
important functions of CK2 concern its regulation of gene tran-
scription, specifically by RNA pol III and its role in the cellular
response to genotoxic stress (19–23). CK2 is a tetrameric
enzyme comprising two catalytic� subunits and two regulatory
beta subunits. It is considered to be a constitutively active
enzyme since it has no known physiological regulators (18).
Instead, phospho-regulation ofmany CK2 substrates involves a
localization-based mechanism where signaling specificity is
achieved by the dynamic association ofCK2with differentmac-
romolecular complexes (23). Indeed, thismechanism applies to
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the stimulatory function of CK2 in pol III transcription. CK2
activity is required for high levels of pol III gene transcription in
both yeast and human systems (19, 20, 21). Although the details
of its involvement in this process are not fully understood, CK2
interacts with and phosphorylates subunits of the initiation fac-
torTFIIIB (TBP in yeast andBrf1 in humans) and stimulates the
assembly of TFIIIB on pol III gene promoters (19, 20). CK2 is
also associated with pol III genes in ChIP experiments (21, 24,
25), and therefore has the potential to regulate ongoing tran-
scription from complexes assembled on the DNA. Previous
work in human cells indicates that this is important during
mitotic repression of pol III transcription where CK2 phos-
phorylation of the Bdp1 subunit of TFIIIB leads to its dissocia-
tion from chromatin (24). In addition, studies in yeast on the
response to genotoxic stress have shown that pol III transcrip-
tion and TBP-associated CK2 activity decrease in cells treated
with MMS. These changes correlate with the dissociation of
CK2 catalytic subunits from the regulatory subunits which
remain associated with TBP (19). This dynamic interaction of
CK2 with TFIIIB is unlikely to be specific to conditions of DNA
damage and may occur under other circumstances where high
levels of pol III transcription are subject to repression.
Maf1 was recently reported to be phosphorylated by CK2 in

vitro and on CK2 sites in vivo (25). Given the known phospho-
regulation of Maf1, it was hypothesized that CK2 might be the
nuclear kinase responsible for dissociating Maf1-pol III inter-
actions, directing the export of Maf1 from the nucleus and
restoring high levels of pol III transcription. To test this hypoth-
esis, yeast cells were grown in glycerol to repress transcription
and then returned to glucose with or without conditional or
pharmacological inhibition of CK2 activity. A consistent pat-
tern of results were obtained for Maf1 phosphorylation, Maf1
association with tRNA genes, Maf1 interaction with Rpc160
and pol III transcription. Thus, it was concluded that CK2
phosphorylation of Maf1 triggers RNA pol III activation (25).
However, this interpretation of the data has been questioned
(26). Changes in Maf1 phosphorylation under the carbon
source switching protocol may have occurred at PKA/Sch9
phosphosites rather than at the proposed CK2 sites. There was
also a possibility that the failure to relieve Maf1-dependent
repression in glucose medium containing the CK2 inhibitor
tetrabromobenzotriazol (TBBt) could have resulted froma gen-
eral deficiency of CK2 rather than its direct effect on Maf1.
To further explore the proposed requirement for CK2 phos-

phorylation of Maf1 in RNA polymerase III reactivation, we
examined the recovery from glycerol-mediated repression
using threeMaf1 alleles: Maf1-id S388A is a functional internal
deletion mutant of Maf1 that lacks all of the CK2 phosphosites
implicated by Graczyk et al. (25); Maf1-ck20 is quintuple serine
to alanine mutant of the same CK2 sites and Maf1 7SA is a
mutant that cannot be phosphorylated at key regulatory PKA/
Sch9 sites in vivo (7, 13) and thus provides a sensitive assay for
detecting phosphorylation at other sites. Our findings using
these mutants do not support the proposed requirement for
CK2 phosphorylation of Maf1 during the recovery of
transcription.

EXPERIMENTAL PROCEDURES

Yeast Strains and Molecular Biology—All strains were
derived fromW303� (MAT� leu2–3,112 trp1–1 ura3–1 can1–
100 ade2–1 his3–11,15 ssd1–1, maf1�::KanMX4) and con-
tained a plasmid borneMaf1 gene regulated by its cognate pro-
moter with a carboxyl-terminalMyc epitope (6). TheMaf1 7SA
allele has alanine substitutions at serine positions 90, 101, 177,
178, 179, 209, and 210 (7, 13). Maf1-ck20 has alanine substitu-
tions at serine positions 159–162 and 388. The internal dele-
tion of Maf1 (Maf1-id) and the different point mutant alleles
were generated by site-directed mutagenesis (QuikChange II;
Stratagene, La Jolla, CA). The Maf1-id D248/D250A (Maf1-id
DD) andMaf1-id S209/S210A alleles retain the numbering sys-
tem of the full-lengthMaf1 protein. Strains were grown in YPD
or synthetic complete media as appropriate, and where indi-
cated, treated with rapamycin (0.2 �g/ml) or C3–1�-naphthyl-
methyl PP1 (1NM-PP1, 0.1 �M, Calbiochem) for 1 h. Proce-
dures for hot phenol RNA extraction, Northern analysis and
quantitationwere as reported (2).Whole cell extracts fromcells
harvested at room temperature by low speed centrifugation
were prepared by TCA precipitation and denaturing lysis (6, 7)
and resolved by high resolution SDS-PAGE (6) and Phos-tag
SDS-PAGE (8). Purification of GST-kinases from yeast and
their use in vitro kinase assays was as published (6, 13). Expres-
sion andnative purification of full-lengthMaf1andMaf1-idwas
as described (27). The Maf1-id protein yield at 20 mg/liter was
4-fold higher than that obtained for the full-length protein.
Methods for fixation of log phase cells and immunofluores-
cence microscopy were described previously (6, 8).

RESULTS

Construction of a Functional Saccharomyces cerevisiae Maf1
Derivative Lacking the Non-conserved Internal Domain—
S. cerevisiae Maf1 (ScMaf1) has a molecular mass of 44.7 kDa
and like numerous other fungal Maf1 proteins is considerably
larger than its orthologs in higher eukaryotes (e.g. HsMaf1
which is 28 kDa). Biochemical studies of recombinant ScMaf1
have found that it has low solubility and is prone to aggregation
(9). In contrast, the lower molecular mass Maf1 proteins from
Schizosaccharomyces pombe and humans are well expressed in
bacteria and are highly soluble (�20 mg/ml) (9, 11, 28). The
most obvious difference between ScMaf1, SpMaf1, andHsMaf1
lies in the region between the phylogenetically conservedA and
B domains: ScMaf1 contains an insertion of �170 amino acids
between these domains (1). The sequence of ScMaf1 in this
region is not well conserved among other fungal Maf1 proteins
that contain insertions between domains A and B. Therefore,
we explored the possibility that this internal non-conserved
region of ScMaf1 is dispensible for its function in vivo.
HsMaf1 has a globular structure with the conserved A, B and

C domains forming a central � sheet surrounded by � helices
(28). However, because of structural flexibility/disorder in the
native protein, the crystal structure that was solved was of a
molecule truncated internally and at the C terminus (28).
Hence, there is no information as to the organization of the
C-terminal end of domain A or the adjoining region between
domains A and B. Mutagenesis studies indicate that specific
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amino acids within the missing portion of domain A are essen-
tial forMaf1 function in vivo (6), including the highly conserved
residues at positions 40–42which are predicted to be part of an
� helix (data not shown). The region between domains A and B
also contains a nuclear localization motif (NtNLS), and phos-
phorylation sites shown to be important for the regulation of
ScMaf1 function in vivo (6, 7, 13, 14). Maf1 phosphorylation in
this region occurs primarily at consensus PKA sites with resi-
dues 209 and 210 accounting for �80% of phospho-PKA signal
(13). Thus, the bulk of the phospho-regulation of ScMaf1 is
likely achieved at these sites adjacent to the NtNLS. Phospho-
proteomic data for ScMaf1 and HsMaf1 indicate that despite
the lack of sequence conservation in the region between
domains A and B, both proteins are phosphorylated at serine
residues (that are positioned comparably to ScMaf1 residues
209/210) clustered upstream of conserved domain B (15–17,

29, 30). Based on these observations, an internal deletion of
MAF1 (hereafter called Maf1-id, Fig. 1A) was generated that
removes amino acids 64 to 194 of the non-conserved region but
retains the serine cluster at positions 209/210 and the NtNLS.
Maf1-id, driven from its endogenous promoter and containing
aC-terminalMyc epitopewas introduced into aMAF1 deletion
strain and is functional in vivo as described below.
The activity ofMaf1-idwas assessed using themost stringent

and sensitive assay for Maf1 function, namely its ability to
repress pol III transcription in vivo (6). Specifically, we mea-
sured the level of short-lived leucine tRNA precursors in con-
trol cells and in cells treatedwith the TORC1 inhibitor rapamy-
cin (Fig. 1B). Repression of pol III transcription by rapamycin is
well documented in wild-type strains and is absolutely depend-
ent on Maf1 (2). Maf1-id functioned in a quantitatively similar
manner to the full-length protein: Transcription in untreated

FIGURE 1. An internal truncation of Maf1 generates a functional protein in vivo. A, schematic representation of full-length Maf1 and Maf1-id proteins
drawn to scale. The conserved A, B, and C regions of Maf1 (filled blocks) and adjoining regions (open blocks) and the deleted region of Maf1-id (thin line), from
amino acids 64 to 194 are annotated along with the positions of PKA, Sch9 and CK2 phosphosites ((6, 7, 13, 14, 25)). The positions of the two nuclear localization
sequences in the amino (NtNLS) and carboxyl region (CtNLS) are also identified. B, Maf1-id functions in repressing pol III transcription. Northern analysis of a
short-lived tRNALeu precursor and the stable U3 snRNA was performed with RNA from early log phase cultures of the indicated strains before and after
treatment with rapamycin. Normalized pre-tRNALeu band intensities were used to determine the level of transcriptional repression relative to the untreated
wild-type strain (full-length Maf1 or Maf1-id) and are indicated under the gel. Wild-type and mutant forms of full-length Maf1 or Maf1-id are compared
including the inactive D248/D250A (DD) mutant and the PKA/Sch9 phosphosite mutants (7SA and S209/210A). Images are from non-contiguous lanes of the
same gel/hybridization and are presented at the same exposure and contrast. Analysis of multiple independent RNA preparations (n � 4) showed that the
untreated Maf1-id strain generated transcript levels at 1.18 � 0.20 times the level of full-length Maf1. C, repression of pol III transcription in Maf1-id strains
under different conditions: Rapamycin (200 ng/ml) and MMS (0.08%) treatment for 60 min, growth to late log phase (�OD 6) and tunicamycin (2.5 �g/ml)
treatment for 3 h. The corresponding drug vehicle control (con) lanes are indicated (left, DMSO 1 h; center, MEOH 3 h). D, immunolocalization of Maf1-id was
determined by indirect immunofluoresence detection of its C-terminal Myc epitope (Alexa 488, left panel) as expressed from the Maf1 promoter. Maf1-id
nuclear localization is confirmed by the overlap with DAPI nuclear staining (merge). Cells were mock-treated (upper panels) or rapamycin-treated (lower panels)
for 60 min. Images are representative of multiple independent experiments. E, analysis of the phosphorylation pattern of Maf1 and Maf1-id strains. Cell extracts
of strains were prepared from mock-treated or rapamycin-treated strains, separated by SDS-PAGE in the presence of Phos-tag-acrylamide and immunoblotted
to detect Maf1 (�-Myc). Full-length Maf1 7SA and Maf1-id 2SA extracts are included as internal references for the relative mobility of the unphosphorylated
Maf1 proteins.
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cells was comparable and rapamycin treatment caused a signif-
icant decrease in transcription (Fig. 1B). An analysis ofmultiple
independent RNA preparations revealed transcription levels
for untreated Maf1-id of 103% � 26% (n � 6) and residual
transcription after rapamycin treatment of 37 � 1% and 40 �
4% (n� 4) for full-lengthMaf1 andMaf1-id, respectively, com-
pared with the corresponding untreated wild-type control. In
addition, theMaf1-id proteinwas similarly sensitive to a double
point mutation of the invariant acid residues (D248/D250)(Fig.
1B), which fully inactivate the protein and increase transcrip-
tion in both untreated and treated cells (6). An alanine substi-
tution mutant, Maf1-id 2SA which is non-phosphorylatable
at the 209/210 PKA/Sch9 sites, exhibited normal levels of pol III
transcription and the same extent of repression as full-length
Maf1 (105 and 43%, respectively) (Fig. 1B). TheMaf1-id protein
was also capable of responding to repression signaling evoked
by other stresses that repress pol III transcription (2) such as
DNA damage (MMS treatment), glucose and nutrient deple-
tion caused by growth to high cell density (A600 � 8.0) and a
block to secretory pathway function (tunicamycin) (Fig. 1C).

Maf1-id retains the two NLS-like motifs (the strong phos-
phoregulated NtNLS and the weaker C-terminal NLS, CtNLS)
that were previously shown to affect the localization of the full
length protein under normal and repressing conditions (Fig.
1A), (6). However, as noted above,Maf1-id ismissing five of the
seven phosphosites that regulate its localization and interac-
tions with pol III (6, 7, 13). It was unclear therefore whether
Maf1-id would recapitulate the regulated localization of the
full-length protein. Immunolocalization of theMaf1-id protein
shows that it is distributed throughout the nucleus and the
cytoplasm in untreated cells and that it is concentrated in the
nucleus after rapamycin treatment (Fig. 1D). Thus, the localiza-
tion of Maf1-id changes in response to rapamycin in the same
way as the full-length protein (data not shown, 6, 31, 32). This
implies that the regulatory phosphosites, S209/S210, which are
retained in Maf1-id (Fig. 1A) are sufficient to control its local-
ization in response to signaling via TORC1.
To examine the phosphorylation of the Maf1-id protein

directly, we prepared yeast cell extracts from strains expressing
Maf1-id or the double mutant S209/S210A, before and after
rapamycin treatment, and analyzed the Maf1 banding pattern
on denaturing phos-tag acrylamide gels (Fig. 1E). Extracts from
strains expressing full-length Maf1 or its 7SA mutant (which
contains alanine substitutions at all seven of the PKA/Sch9
phosphosites) were also examined since these proteins had not
previously been analyzed in the phos-tag gel system. The data
show that both Maf1and Maf1-id are hyperphosphorylated
under normal growth conditions and become dephosphory-
lated under repressing conditions (Fig. 1E). Notably, the 7SA
mutation reduced the complex banding pattern of the full-
length protein to a single prominent band which had a similar
mobility to the wild-type protein after rapamycin treatment.
The phospho-pattern of Maf1-id is less complex than that of
the full-length protein consistent with the internal deletion
removing five of the seven PKA/Sch9 phosphosites. Untreated
extracts of Maf1-id show three bands that collapse to one pre-
dominant band after rapamycin treatment. Alanine substitu-
tions at the two remaining PKA/Sch9 phosphosites in Maf1-id

(S209/S210, Maf1-id 2SA) cause the protein to migrate as a
single major band with the same mobility as the rapamycin
treated Maf1-id protein (Fig. 1E). Thus, S209/S210 represent
the major phosphoregulated sites in Maf1-id. Quantitation of
full-length and Maf1-id proteins separated by phos-tag or
standard SDS-PAGE indicated that the internal deletion did
not affect protein abundance in yeast under normal or
repressed conditions (data not shown).
Collectively these data indicate that the Maf1-id protein is

fully functional in repressing pol III gene transcription; it
responds to stress signaling under multiple conditions and its
accumulation in the nucleus correlates with dephosphorylation
of the two remaining PKA/Sch9 sites consistentwith the behav-
ior of the full length protein.
Maf1-id Is Phosphorylated by PKA and Sch9—Previous stud-

ies have shown that PKAand theTORC1-regulated kinase Sch9
directly phosphorylate an overlapping set of sites in ScMaf1 (6,
7, 13, 14). In addition, cross-talk between these pathways
occurs such that TORC1 activity can regulate PKA phosphory-
lation of ScMaf1. This cross-talk involves Sch9-dependent acti-
vation of the MAP kinase Slt2 which phosphorylates and inac-
tivates Bcy1, the regulatory subunit of PKA (33). To investigate
the role of PKAand Sch9 inMaf1-id phosphorylation, we trans-
formed theMaf1-id construct into strains containing ATP ana-
log-sensitive alleles of Sch9 (sch9-as), all three PKA alleles
(Tpk1, -2, and -3, pka-as) or both Sch9 and PKA kinases (sch9/
pka-as) (34) and analyzed the effect of kinase inhibition using
phos-tag acrylamide gels. Treatment of the analog-sensitive
pka-as strain with 1NM-PP1 for 1 h had only amodest effect on
the phosphorylation ofMaf1-id, increasing the relative amount
of the fastest migrating (unphosphorylated) band compared
with either the untreated pka-as strain or the analog-insensitive
wild type strain (Fig. 2A, compare lane 6 to lanes 1, 2, and 5). In
contrast, inhibitor treatment of the sch9-as and sch9/pka-as
strains significantly diminished Maf1-id phosphorylation (Fig.
2A). Together with the data in Fig. 1E, the results suggest that
residues Ser-209/S210 inMaf1-id are primarily phosphorylated
by Sch9 when cells are grown in synthetic complete medium
with glucose as the carbon source.
We next tested the phosphorylation of Maf1-id by PKA

(Tpk1) and Sch9 in vitro. Both kinases were purified from yeast
as GST fusion proteins and showed similar activity against
recombinant full-length Maf1 and Maf1-id proteins (Fig. 2B).
Consistent with the removal of five consensus PKA sites in
Maf1-id and the overlapping specificity of Sch9 (35), PKA and
Sch9 showed comparable but lower levels of phosphorylation of
Maf1-id relative to the full-length protein. These in vitro exper-
iments demonstrate the potential for functional redundancy
between PKA and Sch9 toward Maf1 in vivo.
Recentwork has found that ScMaf1 can be phosphorylated in

vitro by CK2 on at least one site in a serine tract from Ser-159–
162 and on Ser-388 in the C terminus of the protein (25). As
Maf1-id does not contain the serine tract, we generated an
S388Amutation in the context of full-lengthMaf1 andMaf1-id
to determine how efficiently CK2 can phosphorylate these pro-
teins. Maf1 S388A which contains the serine tract but not the
C-terminal site andMaf1-id which has the reciprocal combina-
tion of CK2 sites showed similar levels of phosphorylation by
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GST-Cka1. This phosphorylation was reduced significantly
(�50%) compared with the full length wild-type protein (Fig.
2B) confirming that both sites/regions are targeted by CK2 in
vitro (25). In contrast, the phosphorylation of Maf1-id S388A
was barely detectable (�5% of ScMaf1). Thus, the serine tract
and S388 onMaf1 are the main sites phosphorylated by CK2 in
vitro. This result suggested that the Maf1-id S388A mutant
could be used to test the proposed requirement for CK2 phos-
phorylation of Maf1 in the reactivation of pol III transcription
from the glycerol-repressed state (25).
Reactivation of Pol III Transcription from the Glycerol-re-

pressed State Occurs Normally in the Maf1-id S388A Mutant—
Defects inMaf1 phosphorylation,Maf1 interactionswith pol III
and tRNA genes and a failure to derepress transcription are
observed when yeast cells are transferred from glycerol
medium to glucose medium containing tetrabromobenzotria-
zol (TBBt), a selective inhibitor of CK2 (25). A similar defect in
Maf1 phosphorylation is also seen in a temperature-sensitive
CK2 strain when the glycerol to glucose switch is performed
simultaneously with a temperature shift to inactivate CK2.
Thus, it was proposed that Maf1 phosphorylation by CK2 trig-
gers activation of pol III transcription when cells growing in
glycerol as a carbon source are transferred into medium con-
taining glucose (25). In light of alternative explanations for the
data (26), we decided to directly test the hypothesis using
strains containingMaf1-id andMaf1-id S388Awhich are miss-
ing some or all of the sites implicated in the regulation by CK2
(25). These strains alongwith awild-type control were grown to
early log phase in glucose medium, transferred to glycerol

medium for 3 h and then transferred back to glucosemediumas
reported by Graczyk et al. (25) with samples taken at each stage
to measure pol III transcription by Northern analysis. In glyc-
erol medium, pol III transcription in all three strains was
reduced to �25% of the level determined for the wild-type
strain in glucose as reported previously (Fig. 3A), (25). Impor-
tantly, upon transfer of the strains into glucose-containing
medium, pol III transcription was fully restored to the level
observed before glycerol-mediated repression (Fig. 3A). The

FIGURE 2. Phosphorylation of ScMaf1, Maf1-id, and Maf1-id S388A.
A, phosphorylation of Maf1-id in PKA and SCH9 ATP analog sensitive (�as)
strains. Wild type and �as strains were grown to OD �0.5 and treated with
the ATP analog 1NM-PP1 before extract preparation and separation by phos-
tag SDS-PAGE as in Fig. 1E. Note the slowest migrating band in all lanes results
from phosphorylation at an unknown site that is insensitive to inhibition of
Sch9 and PKA. B, phosphorylation of WT Maf1 FL (full-length), Maf1-id, and
S388A mutant proteins in vitro. Expression of GST-Tpk1, GST-Sch9, and GST-
Cka1 kinases was induced by addition of 4% galactose to log phase yeast cells
grown in YP raffinose medium. Each kinase was purified on a glutathione-
Sepharose column. Recombinant WT Maf1FL, Maf1-id, and S388A mutant
proteins (500 ng) were incubated with the yeast-purified kinase and
[�-32P]ATP for 1 h before separation by standard SDS-PAGE. An autoradio-
gram (upper panel), Western detection of each kinase using anti-GST antibody
(middle panel) and Western detection of each recombinant Maf1 protein
using anti-HIS antibody (lower panel) are shown for each kinase reaction.

FIGURE 3. Maf1-id S388A regulates pol III transcription normally during
carbon source switching. A, recovery of Pol III transcription after growth in
glycerol medium in the Maf1-id S388A strain. Yeast cultures were grown to
early log phase (OD �0.5) in glucose-containing minimal media before car-
bon source switching and RNA extraction. Cells were harvested after expo-
nential growth in glucose media (Glu exp) and after a 3 h switch into glycerol-
containing media (Gly 3h). An additional aliquot of glycerol-switched cells
was refed glucose-containing media and grown for a further 3 h (Glu 3h). For
carbon source switching cells were harvested by centrifugation and washed
once in warm media containing the new carbon source before further
growth. RNA extraction and Northern analysis was done as in Fig. 1B. B, quan-
titation of Northern data from multiple independent experiments as
described in Fig. 3A. Relative transcription (normalized pre-tRNALeu band
intensities) was referenced to values determined for WT Maf1 grown in glu-
cose-containing medium. C, phosphorylation of Maf1-id S388A after recovery
from growth in glycerol. Strains were grown in glucose media, switched into
glycerol media for 3 h and then switched back into glucose media as in Fig. 3A.
Maf1 phosphorylated forms were resolved by Phos-tag SDS-PAGE as
described in Fig. 1E.
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same carbon source switching protocol was also used to exam-
ine the phospho-pattern of Maf1-id and Maf1-id S388A in
phos-tag acrylamide gels. In glycerol medium, Maf1, Maf1-id,
and Maf1-id S388A were substantially dephosphorylated as
expected, consistent with the repression of pol III transcription
by growth in glycerol (Fig. 3B). Additionally, after transferring
the cells into glucose medium, the phospho-pattern of all three
proteins was restored to the pattern typical of cells in exponen-
tial phase in this medium (Fig. 3C). These results indicate that
phosphorylation of the serine stretch S159–162 and S388 of
Maf1 by CK2 (or any other kinase) is not necessary in order for
pol III transcription to recover from glycerol-mediated repres-
sion. In addition, the data suggest that the rephosphorylation of
Maf1-id that occurs as cells transition from repressive to favor-
able growth conditions is due to the activity of Sch9 and/or PKA
at positions Ser-209/210.
Reactivation of Transcription from the Glycerol-repressed

State in the Maf1 7SA Mutant—To independently assess the
possibility that CK2 phosphorylates Maf1 during the recovery
of transcription from the glycerol-repressed state, we employed
aMaf1 7SAmutant in which all of themajor sites for PKA/Sch9
phosphorylation are mutated to alanine (6, 7, 13). Importantly,
these sites at serines 90, 101, 177, 178, 179, 209, and 210 do not
overlap with the putative CK2 regulatory sites at Ser-159–162
and Ser-388. We prepared cell extracts from ScMaf1 and
ScMaf1 7SA strains following the carbon source switching pro-
tocol, taking samples at one hour intervals after returning the
strains to medium containing glucose. The extracts were ana-
lyzed initially by one-dimensional SDS-PAGE with a reduced
cross-linking ratio to resolve phospho-Maf1 forms. As reported
previously using this gel system (e.g. in Refs. 6, 13, 25, 31, 32),
ScMaf1 runs predominantly as a slow migrating (hyperphos-
phorylated) form in rich medium and shifts to a fast migrating
(hypophosphorylated) form under repressing conditions such
as growth in glycerol (Fig. 4A). Subsequently, the relative
amount of the fast migrating form decreases upon return to
media containing glucose. In contrast, the ScMaf1 7SAmutant
migrated exclusively as a fast migrating form; no change in
mobility was observed as a result of carbon source switching
(Fig. 4A). Next, we loaded the same extracts on a phos-tag acryl-
amide gel to provide increased resolving power for the phos-
phorylated Maf1 species. As before, ScMaf1 shows a change in
phospho-state under repressing conditions but interestingly,
the protein is not fully dephosphorylated in glycerol (Fig. 4B).
This incomplete reduction in the phospho-state ofMaf1 is con-
sistent with the continued growth of the cells at a slower rate in
this medium and thus a requirement for ongoing pol III tran-
scription. As expected, increased Maf1 phosphorylation is
observed upon return of the cells to glucose-containing
medium (Fig. 4B). In contrast, the Maf1 7SA mutant showed a
single major band consistent with the dephosphorylated pro-
tein and a minor species representing �6.7 � 0.5% of the total
Maf1 signal. No other bands were observed and neither the
major nor the minor band changed their relative abundance
during carbon source switching (Fig. 4B). These data suggest
that previously reported changes inMaf1 phosphorylation dur-
ing carbon source switching (25) involve the major sites phos-
phorylated by PKA/Sch9 rather than sites phosphorylated by

CK2. To confirm that pol III transcription was responding nor-
mally in this experiment, we also analyzed precursor tRNA lev-
els by Northern analysis (Fig. 4C). The wild-type strain showed
a normal level of repression and recovery. Interestingly, the
Maf1 7SAmutant showed a statistically significant reduction in

FIGURE 4. Recovery of transcription from the glycerol-repressed state in
wild-type and MAF1 7SA mutant strains. A, phosphorylation of WT Maf1
and Maf1 7SA proteins as resolved by one-dimensional SDS-PAGE. Cells were
grown as in Fig. 3A and cell extracts prepared at 1 h intervals after switching
from glycerol into glucose medium. Maf1 proteins were separated by SDS-
PAGE using a modified acrylamide:bis-acrylamide ratio of 33.5:0.3 before
Western detection. B, phosphorylation of WT Maf1 and Maf1 7SA proteins
resolved by Phos-tag SDS-PAGE. Extracts in Fig. 4A were separated and
detected as described in Fig. 1E. C, pol III transcription in WT Maf1 and Maf1
7SA strains after carbon source switching. Cells were grown as Fig. 4A and
RNA analyzed as described in Fig. 1B. D, quantitation of Northern data from
multiple independent experiments as described in Fig. 4C. Relative transcrip-
tion (normalized pre-tRNALeu band intensities) was referenced to values
determined for untreated WT Maf1. The standard error for replicate untreated
Maf17SA samples (0.78 � 0.01) are not visible at the scale of the figure.
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transcription in untreated log phase cells. This effect was not
observed in previous studies with a 6SA mutant of ScMaf1 (6)
but is similar to the reported behavior of a multiply mutated
hyperactive form of HsMaf1 (15). Transcriptional repression in
the Maf1 7SA mutant was similar to wild-type and transcrip-
tion recovered essentially to the starting level upon return to
glucose (Fig. 4C). Thus, under the conditions of this experi-
ment, pol III transcription recovers from the glycerol-repressed
state in theMaf1 7SA strain without apparent phosphorylation
of the protein.
Derepression of Pol III Transcription Occurs in a Quintuple

CK2 Site Mutant of Maf1—The ability of Maf1-id S388A to
respond normally to derepressing conditions demonstrated
that CK2 was not required for Maf1 phosphorylation is this
context. However, it remained formally possible that the
sequences deleted in this construct were responsible for the
CK2 requirement in the first place. To examine this possibility
we generated a quintuple serine to alanine mutant (Maf1-ck20)
at the relevant CK2 sites (aa159–162 and 388) and tested its
function under the carbon source switching protocol. As seen
forMaf1-id S388A, theMaf1-ck20mutant functioned normally
to repress transcription in media containing glycerol and tran-
scription was fully restored upon return of the cells to media
containing glucose (Fig. 5,A and B). In addition, using phos-tag
acrylamide, we found that the absence of the proposed regula-
tory CK2 sites in theMaf1-ck20mutant did not affect the ability
of the protein to be dephosphorylated or rephosphorylated
during carbon switching (Fig. 5C). Considering that no change
in phosphorylation was seen in theMaf1 7SAmutant under the
same conditions (Fig. 4B), it appears that the sites normally
phosphorylated during recovery from growth in glycerol are
those targeted by PKA/Sch9.

DISCUSSION

We initiated this work with the goal of generating a smaller
functional version of ScMaf1 that was internally-deleted for the
non-conserved region (�14 kDa) between domains A and B in
the protein. Based on the biochemical properties of SpMaf1 and
HsMaf1 which do not contain the non-conserved region, it was
anticipated that a structurally similar ScMaf1 protein would be
well-expressed as a native protein in bacteria and would have
improved solubility. Our analysis of the internally deleted
MAF1 allele, MAF1-id, showed that it is functional in repress-
ing pol III gene transcription in yeast cells. TheMaf1-id protein
responds to stress signaling under multiple conditions and its
accumulation in the nucleus correlates with dephosphorylation
of the two (out of seven) remaining PKA/Sch9 sites (Ser-209/
210), consistent with the behavior of the full-length protein. In
addition, the recombinant Maf1-id protein is well expressed,
highly soluble and can be phosphorylated in vitro by PKA and
Sch9 kinases. Thus, Maf1-id provides a simplified and better
behaved protein for biological and biochemical studies of Maf1
in budding yeast.
Our finding that Maf1-id was functional in vivo and the fact

that the protein lacked the CK2 serine cluster at Ser-159–162
suggested a simple approach to test the requirement for CK2
phosphorylation of Maf1 during derepression of transcription.
Only a single point mutation at Ser-388 was necessary in the

context of Maf1-id to eliminate all of the sites implicated in the
proposed response. We found that not only was the Maf1-id
S388Amutant as effective as wild-typeMaf1 in repressing tran-
scription during growth on glycerol but transcription was dere-
pressed to the same extent aswild-typeMaf1 upon return of the
cells tomedium containing glucose (Fig. 3). Equivalent findings
were obtained with the quintuple CK2 site mutant, Maf1-ck20
(Fig. 5). In addition, we employed the Maf1 7SA mutant (in
which all of the PKA/Sch9 phosphosites known to regulate
Maf1 function are changed to alanine) and phos-tag acrylamide
gel electrophoresis as a sensitive assay for Maf1 phosphoryla-
tion by other kinases. Regardless of the growth conditions that
were examined, �93% of theMaf1 had a mobility equivalent to
the unphosphorylated protein with a single minor species
accounting for the remainder (Fig. 4). Thus, aside from the

FIGURE 5. Recovery of transcription from the glycerol-repressed state in a
quintuple CK2 phosphosite mutant. A, recovery of Pol III transcription after
growth in glycerol medium in wild-type and Maf1-ck20 strains. Maf1-ck20

contains serine to alanine substitutions at five sites, Ser-159 –162 and Ser-388.
The same mutant was designated 5StA in ref (25). The experimental design
and procedures were the same as in Fig. 3. The figure shows a representative
Northern blot. B, quantitation of Northern data from panel A and a second
independent experiment performed under the same conditions. Relative
transcription (normalized pre-tRNALeu band intensities) was referenced to
values determined for WT Maf1 grown in glucose-containing medium.
C, phosphorylation of Maf1-ck20 after recovery from growth in glycerol.
Strains were grown in glucose media, switched into glycerol media for 3 h and
then switched back into glucose media as in Fig. 3. Maf1 phosphorylated
forms were resolved in gels containing Phos-tag acrylamide as described in
Fig. 1E.
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seven known PKA/Sch9 sites there is no significant, sustained
phosphorylation of Maf1 by other kinases during log phase
growth in glucose or under repressing conditions in glycerol.
We should emphasize that these experiments do not exclude
the possibility that a short lived phosphoformofMaf1may exist
under some circumstances. As for the minor species, its nature
is unknown but its abundance does not vary under the growth
conditions studied here. A similar minor species was seen in
phos-tag gels ofMaf1-id S388A (Fig. 3B) suggesting that it does
not result from CK2 phosphorylation at the sites preferred by
this enzyme in vitro (Fig. 2B). Together our results do not sup-
port the proposed requirement for CK2 phosphorylation of
Maf1 in pol III reactivation. Rather, it seems that the rephos-
phorylation of Maf1 during the glycerol to glucose carbon
source switch occurs at PKA/Sch9 sites. Moreover, this phos-
phorylation is not required for recovery of transcription since
theMaf1 7SAmutant shows a normal response.We infer there-
fore that during derepression of transcription, the dissociation
of Maf1 from pol III may occur in response to changes in the
polymerase. Part of this response could involve the dephos-
phorylation of Rpc53 (8).
In light of the present findings, some explanations are needed

for the previously published observations (25). With respect to
the changes observed in Maf1 phosphorylation when CK2
activity is inhibited (e.g. by TBBt or in a temperature-sensitive
CK2 strain), as noted above, our data suggest that these changes
occur at one or more PKA/Sch9 sites. Phosphorylation of these
sites is known to affect the mobility of Maf1 in SDS gels in an
unusual way. In richmedium,mutation of two sites, serines 177
and 178 (that together account for only�20% of the total phos-
phorylation at PKA/Sch9 sites), abolishes the slow migrating
forms ofMaf1whereasmutations of two other sites, serines 209
and 210 (that account for �80% of the PKA/Sch9 site phos-
phorylation), have no effect (13). Thus, the mobility of Maf1 in
this gel system is especially sensitive to subtle changes in the
phosphorylation of serines 177 and 178. Perhaps this sensitivity
underlies the observed effect of combining mutations at the
CK2 sites (i.e. the 5StA mutant of the serine cluster, Ser-159–
162, and Ser-388) (25). Besides altering Maf1 phosphorylation,
inhibition of CK2 at the time of carbon source switching led to
defects in other activities and functions associated with Maf1,
most importantly, a failure to derepress transcription. These
effects may reflect a role for CK2 in the phosphorylation of a
target other than Maf1 that directly or indirectly impacts the
recovery of pol III transcription. Such a role for CK2 could be
the same as the already known requirement of CK2 for high
levels of pol III transcription (19). Alternatively, the loss of CK2
catalytic activity, which is essential for viability, could consti-
tute a form of cellular stress that does not permit pol III tran-
scription to be derepressed, despite the presence of an optimal
carbon source. Clearly, a more detailed understanding of the
mechanisms by which CK2 function impacts pol III transcrip-
tion would help to address these issues.
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