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Protein kinase A regulates RNA polymerase Il
transcription through the nuclear localization of Maf1
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Maf1 is an essential and specific mediator of transcriptional re-
pression in the RNA polymerase (pol) Il system. Maf1-dependent
repression occurs in response to a wide range of conditions,
suggesting that the protein itself is targeted by the major nutri-
tional and stress-signaling pathways. We show that Maf1 is a
substrate for cAMP-dependent PKA in vitro and is differentially
phosphorylated on PKA sites in vivo under normal versus repress-
ing conditions. PKA activity negatively regulates Maf1 function
because strains with unregulated high PKA activity block repres-
sion of pol lll transcription in vivo, and strains lacking all PKA
activity are hyperrepressible. Nuclear accumulation of Maf1 is
required for transcriptional repression and is regulated by two
nuclear localization sequences in the protein. An analysis of PKA
phosphosite mutants shows that the localization of Maf1 is af-
fected via the N-terminal nuclear localization sequence. In partic-
ular, mutations that prevent phosphorylation at PKA consensus
sites promote nuclear accumulation of Maf1 without inducing
repression. These results indicate that negative regulation of Maf1
by PKA is achieved by inhibiting its nuclear import and suggest that
a PKA-independent activation step is required for nuclear Maf1 to
function in the repression of pol lll transcription. Finally, we report
a previously undescribed phenotype for Maf1 in tRNA gene-
mediated silencing of nearby RNA pol Il transcription.

nuclear import | phosphorylation | tRNA biosynthesis

he action of all three nuclear RNA polymerases (pols) in the

synthesis of rRNAs, ribosomal protein mRNAs, and tRNAs
is coordinately regulated to control ribosome biogenesis and cell
growth in response to nutrients and many other conditions (1).
In Saccharomyces cerevisiae, Mafl has been identified as an
absolute and specific effector of repression in the pol III system
(2). The diversity of conditions that signal repression, combined
with the essential role of Mafl in this process, suggests that the
Maf1 protein is targeted by multiple signaling pathways.

Genomewide localization of the pol III transcription appara-
tus has shown that nutrient deprivation and entry into stationary
phase causes a significant decrease in polymerase occupancy on
pol IIT genes (3, 4). This change is Mafl-dependent and is
presumably a consequence of the direct interaction of Mafl with
the polymerase (5, 6). Consistent with this view, an in vitro system
that recapitulates Mafl-dependent repression identified two
steps that are inhibited as follows: polymerase recruitment to
existing TFIIIB-DNA complexes and de novo assembly of the
initiation factor TFIIIB onto DNA (5). In the latter step, Mafl
is thought to target the activity of TFIIIB via a direct interaction
with one of its subunits, Brfl (2, 5). However, the mechanism by
which Maf1 inhibits TFIIIB-DNA assembly and transcription is
not yet known.

Mafl is a phylogenetically conserved and structurally novel
protein that lacks homology to any motifs of known function (6).
However, three conserved domains (A, B, and C) have been
identified that contain predominantly charged residues and the
previously undescribed signature sequences PDXDFS/T and
WSXXYFFYNkKkxKR, respectively (6). In this work, we estab-
lish the biological significance of conserved residues and motifs
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in Maf1 and report how signaling via the RAS/cAMP and TOR
pathways negatively affects Mafl localization and function in the
repression of pol III transcription.

Results

Effects of MAF1 Mutations in Phenotypic Assays and in the Repression
of Pol Il Transcription. Conserved charged residues in each do-
main of Mafl were mutagenized individually or in pairs (Fig. 14)
and assessed for effects on Mafl function in four assays: (i)
repression of pol III transcription, (if) growth on glycerol at 37°C,
(7ii) tRNA gene-mediated (tgm) silencing and (iv) tRNA-
mediated nonsense suppression. The results for all mutations are
summarized in Table 2, which is published as supporting infor-
mation on the PNAS web site.

As an indicator of pol III synthesis, the level of short-lived
tRNA precursors was quantified in control and rapamycin-
treated cells and expressed as a percentage of the untreated WT
control. Rapamycin significantly represses pol III transcription
in the WT strain (to 35 = 10% of the starting level), and this
effect is quantitatively blocked in the mafIA strain (Fig. 1B and
Table 2). Several mutations, including a conservative asparagine
substitution at D40 in domain A and double mutations at
positions D248 and D250 in the PDXDFS/T motif in domain B,
were severely defective in their response to rapamycin. Other
mutations, such as the K329/K331A (ACtNLS) substitution,
which disrupts a putative nuclear localization sequence (NLS) in
domain C (6), were partially defective.

Deletion of MAFI causes temperature-sensitive growth on
media containing glycerol (7). Only certain mutations with
strong defects in transcriptional repression exhibited this phe-
notype (Fig. 1C). MAFI alleles with partial defects in repression
(between 47% and 58% residual transcription, e.g., D30A and
D250N; Table 2) and the severely defective double asparagine
substitution at D248 /D250 had a WT glycerol growth phenotype
(Fig. 1C).

The location of a tRNA gene in the 5" upstream region of a
pol II gene can suppress its transcription. This phenomenon,
termed tgm silencing, does not involve steric occlusion of pol 11
factor binding but requires a transcriptionally competent tRNA
gene and active pol III transcription and is associated with the
clustering of tRNA genes in or near the nucleolus (8, 9). tgm
silencing by the SUP4 tRNA gene was assayed from an adjacent
GALI promoter-driven HIS3 gene. The WT MAFI strain is
phenotypically His~ on galactose media (Fig. 1D). However,
deletion of MAF1 generates His™ colonies, indicating a previ-
ously undescribed phenotype of Mafl in tgm silencing. The
MAFI mutants generated either a WT silencing phenotype or a
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Fig. 1. Analysis of charge substitutions in MAF1. (A) Mutation sites are
shown schematically in conserved domains A, B, and C of Maf1. (B) Precursor
tRNA- and U3 small nuclear RNA-specific probes were hybridized to a North-
ern blot of total RNA from rapamycin-treated or control strains. Allimages are
from a single hybridization (Fig. 6). Lanes were cropped to remove mutants
that are indistinguishable from WT. (C) Growth on glucose or glycerol at 37°C
was compared by spotting 10-fold serial dilutions of the indicated WT or
mutant MAFT strains on SC-Trp (Left) and SGly-Trp (Right) media. (D) Analysis
of tgm silencing. The strains indicated in C were transformed with a plasmid
containing the SUP4-o tRNA™" gene and an adjacent GALT promoter-driven
HIS3 gene (8). Equal cell numbers from 10-fold serial dilutions were spotted on
SGal-Ura-Trp (shown in Fig. 6) and SGal-Ura-Trp-His media to monitor silenc-
ing of the HIS3 gene.

maflA phenotype (Fig. 1D; see Fig. 6, which is published as
supporting information on the PNAS web site). Thus, the
silencing assay provides a sensitive, but all or none, measure of
Mafl function that correlates with the ability of MAFI mutants
to function in transcriptional repression (Table 2).

The W303 yeast strain contains an ochre-suppressible non-
sense mutation (ade2-1) that causes accumulation of a red
biosynthetic intermediate. In the presence of an efficient ochre
suppressor, such as SUP4-o, readthrough of the ade2-1 mutation
leads to a cream colony color (suppression). Deletion of MAF1
produces red colonies due to a decrease in readthrough effi-
ciency (antisuppression) and is thought to result from hypo-
modification of the suppressor tRNA (10, 11). As expected for
a phenotype based on efficient suppressor tRNA expression and
function, MAFI alleles exhibited the same rank order with
respect to defects in transcriptional repression and antisuppres-
sor activity (Fig. 6 and Table 2).

Despite some growth differences between the insensitive
glycerol phenotype and the other three assays, the overall
concordance in the behavior of the mutants suggests that each
reports a common biochemical function of Mafl.

Moir et al.
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Fig.2. Hypophosphorylation of Maf1 on consensus PKA sites correlates with
repression of pol lll transcription. (A) In vivo 32P-labeling of Maf1myc. Immu-
noprecipitates obtained in the presence or absence of myc antibody were
detected by autoradiography (Upper) and by Western blot (Lower). (B) Maf1
phosphorylation causes slow migration in PAGE. Cell extracts were processed
to preserve phosphorylated Maf1 and separated by high-resolving PAGE, and
Maf1 forms were detected with a-myc antibody. Samples are from cells
treated with tunicamycin (tun), rapamycin (rap), or CPZ or taken from early log
to stationary phase cultures (Left). Early log phase cell extracts were treated
with alkaline phosphatase in the presence and absence of a phosphatase
inhibitor (Right). (C) Maf1 is recognized by a PKA phosphosubstrate-specific
antibody. Immunoprecipitated Maf1 from CPZ-treated and control extracts
was detected by Western blot with a-myc antibody (Left) and with a PKA-
phosphospecificantibody (Right). (D) Maf1 is a substrate for yeast PKA in vitro.
Fragments of Maf1 that contain the A domain and adjacent sequences (A+)
or the B+C domain were labeled in vitro by murine PKA (Gel-code blue stain,
Left; and autoradiograph, Center) and yeast-purified GST-TPK1 (Right). Mu-
rine PKA is marked with an asterisk.

Maf1 Is Phosphorylated by PKA and Hypophosphorylation Correlates
with Maf1 Function in Repression. The ability of different signaling
pathways and diverse conditions to effect repression through
Maf1 suggested that the protein itself may be a target of one or
more signaling pathways (10). To address this question, we first
determined whether Mafl is phosphorylated in vivo. Specific
immunoprecipitation of a Maflmyc fusion protein from in
vivo-labeled cell extracts identified a 3?P-labeled band of the
appropriate size (Fig. 24). We next examined Maflmyc in lysates
of cells treated with different repressing agents or grown to
stationary phase by Western blotting of high resolving SDS/
polyacrylamide gels (Fig. 2B). Slow- and fast-migrating forms of
Mafl were detected in control extracts and the loss of the
slow-migrating form correlated with repression of pol III tran-
scription. Because the slow-migrating form also was lost after
phosphatase treatment of the extract, the data show that repres-
sion of pol III transcription correlates with a decrease in Mafl
phosphorylation.
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An evolutionary proteomics approach recently identified
Mafl as a substrate for cAMP-dependent PKA (12). Analysis of
Maf1 reveals six sites that conform to the yeast PKA consensus
R-3 R/K-2 X-1 S/T (13). To determine whether Mafl is
differentially phosphorylated on these sites under normal and
repressing conditions, the protein was immunoprecipitated from
control and repressed [chlorpromazine (CPZ)-treated; ref. 10]
cell extracts and then detected by blotting with a PKA phos-
phosubstrate-specific antibody (see Methods and Fig. 7, which is
published as supporting information on the PNAS web site).
Phosphorylated Mafl was readily detected in control extracts
and the level of phospho-Mafl detected in this manner de-
creased significantly under repressing conditions despite the
presence of comparable levels of Maflmyc in both immunopre-
cipitates (Fig. 2C Left).

To determine whether Mafl is a substrate for yeast PKA,
recombinant fragments that split Mafl at the beginning of
domain B were incubated with [y->P]ATP and either murine or
yeast (Tpkl) PKA. Consistent with the location of the consensus
PKA sites between domains A and B, both enzymes phosphor-
ylated the MaflA+ fragment that contained these sequences but
not the Mafl BC fragment where these sequences are missing
(Fig. 2D). Together these data demonstrate that Mafl is phos-
phorylated on PKA sites under normal growth conditions and is
a substrate for PKA in vitro. Moreover, PKA may function as a
negative regulator of Mafl’s activity in repression of pol III
transcription because repression correlates with Maf1 hypophos-
phorylation at consensus PKA sites.

High PKA Activity Blocks Repression of Pol Il Transcription. The
differential phosphorylation of Mafl on consensus PKA sites
(Fig. 2C) predicts that the catalytic activity of PKA should
inversely correlate with Mafl function: High PKA activity will
limit the function of Mafl in repression, whereas low PKA
activity will enable repression by Mafl. PKA activity in yeast is
provided by three catalytic subunits, Tpks1-3, that are geneti-
cally redundant for growth but have distinct substrate specific-
ities (13). In preliminary experiments, we found that TPK/ alone
(strain S7-7A) or TPK2 and TPK3 together (strain TF4-1)
supports normal levels of pol III transcription in log phase and
anormal transcriptional response to rapamycin (Fig. 34 and data
not shown; see Table 3, which is published as supporting
information on the PNAS web site). Deletion of BCYI, which
encodes the regulatory subunit of PKA, causes high unregulated
PKA activity (14). As predicted, beylA strains containing one,
two, or all three catalytic PKA subunits were unable to signal
repression efficiently (Fig. 3 4 and B and data not shown). Also
in agreement with the above predictions, a (pkI**“‘wimpy” strain
(14), which contains a debilitated kinase subunit as the sole
source of PKA activity, allows repression of pol III transcription
even in the absence of BCYI (Fig. 34).

Hyperactivation of PKA also can be caused by a mutant allele
of RAS2 (RAS2V-19; ref. 15). In RAS2V#-1? strains, the consti-
tutive production of cAMP by adenylate cyclase dissociates the
Bceyl regulatory subunit, resulting in high PKA activity. In
agreement with the effects seen in the bcyIA strains, the
RAS2V419 mutation blocked the repression of pol III transcrip-
tion in response to rapamycin (Fig. 8, which is published as
supporting information on the PNAS web site).

In addition to rapamycin, repression induced by CPZ, methyl
methane sulfonate, and tunicamycin treatments, which together
involve at least three distinct signaling pathways (10), was also
largely blocked by the high PKA activity in a bcyIA strain (Fig.
3B). Notably, the slow-migrating, phosphorylated form of Mafl
was enriched under repressing conditions in the bcylA strain
relative to WT, consistent with a negative role for PKA activity
in Maf1 function (Fig. 3C). The variation in the absolute amount
of phospho-Mafl in this experiment may reflect a difficulty in

15046 | www.pnas.org/cgi/doi/10.1073/pnas.0607129103
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Fig. 3. PKA activity affects repression of pol Ill transcription. (A) Repression
of pol Il transcription by rapamycin was detected by Northern blot analysis,
quantified, and plotted relative to each untreated control sample. WT
(TPK1,2,3, black bars), TPK1BCY1 (gray bars), TPK1bcy1A (gray hatched bars),
tpk1wIBCY1 (open bars), and tpk1%bcy1A (white hatched bars) strains were
treated with rapamycin for 60 and 90 min. (B) Repression by multiple condi-
tions is blocked in the TPK1,2,3 bcy1A strain. WT (BCY1, black bars) and bcy7A
strains (gray bars) were treated with rapamycin (rap), CPZ, methyl methane-
sulfonate (MMS), and tunicamycin (tun) for 60 min and repression of pol Ill
transcription analyzed and expressed as in A. (C) Extracts from WT (BCYT;
Upper) and bcy1A (Lower) strains were processed and detected for Maf1 forms
as described in Fig. 2B. Hyperphosphorylated Maf1 accumulates in the bcy7A
strain under the repressing conditions described in B. (D) PKA activity is not
required to signal repression of pol Ill transcription. Repression of pol IlI
transcription by rapamycin in PKA triple delete strains tpk1,2,3A,msn2,4A
(gray hatched bars) and tpk1,2,3A,yak1A (white hatched bars) and their
relevant control strains, TPK1,2,3,msn2,4A (gray bars) and TPK1,2,3,yak1A
(open bars). Strains were treated with rapamycin for 30, 60, and 90 min.

maintaining the modification despite the presence of phospha-
tase inhibitors.

Strains deleted for all PKA catalytic subunits are inviable but
can be rescued by deleting the glucose-sensing and stress-
response kinase Yakl or the general stress response transcrip-
tion factors Msn2 and Msn4 (16, 17). These strains allowed us to
assess whether the absence of PKA causes constitutive activation
of Mafl and repression of pol III transcription. Contrary to this

Moir et al.
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Fig. 4. Mutations in Maf1 PKA recognition sites and NLS sequences affect
Maf1 function. (A) Maf1 contains six PKA recognition sites (annotated in bold)
and two potential NLS sequences (NtNLS and CtNLS, underlined). NtNLS is
adjacent to the $209/210 pair of PKA sites. (B) Precursor tRNA- and U3 small
nuclear RNA-specific probes were hybridized to a Northern blot of total RNA
from PKA site and NLS mutant strains treated with rapamycin. Maf1 mutations
are as follows: 6SA, $90/101/177/178/209/210A,; 6SE, $90/101/177/178/209/
210E; ACtNLS, K329/331A and ANtNLS, K205/R206A. (C and D) The WT,
maf1A, and mutant strains indicated in B were transformed with a plasmid
containing the SUP4-o tRNAT" gene and an adjacent GALT promoter-driven
HIS3 gene (8). Equal cell numbers from 10-fold serial dilutions were spotted on
SGal-Ura-Trp and SGal-Ura-Trp-His media to monitor the ade2-7 red color
phenotype (C) and tgm silencing of the HIS3 gene (D), respectively.

possibility, equivalent absolute levels of pol III transcription
were found in all of the strains during early log phase growth
(data not shown). However, upon rapamycin treatment, the
strains lacking Tpks1-3 were much more potently repressed than
their corresponding WT counterparts (Fig. 3D). This result
supports the finding that PKA activity opposes the function of
Maf1 in repression and suggests that a PKA-independent step is
required to achieve transcriptional repression by Maf1.

PKA Sites Overlap and Are Functionally Linked to an N-Terminal NLS
(NtNLS) Sequence in Maf1. The significance of PKA phosphoryla-
tion on Mafl function was examined directly by generating
alanine and glutamate substitutions at all six PKA consensus
sites (residues 90, 101, 177, 178, 209, and 210; Fig. 44) and testing
their growth phenotypes and activity in transcriptional repres-
sion (Fig. 4 B-D and Table 1). The nonphosphorylatable 6SA
mutant and the 6SE phosphorylation mimic exhibited normal
levels of pol III transcription (86 = 5% and 99 = 7% of WT
levels, respectively; data not shown) and the same extent of
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repression as WT Mafl. Both mutants were WT for the glycerol,
antisuppression, and tgm-silencing phenotypes.

Two of the PKA sites in Mafl (residues 209 and 210) lie
adjacent to a possible second NLS sequence in the protein (Fig.
4A4; ref. 6). Phosphorylation adjacent to an NLS (and at distal
sites) is known to decrease the binding affinity for import factors
and underlies the regulated nucleo-cytoplasmic trafficking of
many proteins (18). Mutations that disrupt the potential NLS at
residues 205-208 but retain the PKA site at position 210
(K205/R206A and ANtNLS) did not cause an obvious defect in
Maf1 function. However, in combination with a partially defec-
tive disruption of the C-terminal NLS sequence (K329/K331A
and ACtNLS; Figs. 14 and 4), the resulting ANtCtNLS mutant
was as defective as the mafI A strain in all assays (Fig. 4 and Table
1). These results indicate that each NLS motif contributes to the
function of Mafl.

The effect of PKA phosphorylation on the NtNLS motif was
examined directly by combining the 6SE and ACtNLS mutations.
The 6SEACtNLS mutant was as defective as the double NLS
mutant, ANtCtNLS, in all assays (Fig. 4 and Table 1). Thus, the
6SE mutation phenocopies a disruption of the NtNLS motif in
this context. Conversely, the 6SAACtNLS mutant increased
Mafl function relative to the ACtNLS mutation (Fig. 4). The
phenotypes of these mutants, along with their activity in repress-
ing pol III transcription (Table 1), suggest that the phosphory-
lation state of consensus PKA sites in Mafl together with the
NtNLS motif regulate Mafl function. In accordance with the
negative role of PKA in regulating Mafl-dependent repression
(Fig. 3), the results predict that hyperphosphorylation of Mafl
on consensus PKA sites (Fig. 2) will negatively affect its accu-
mulation in the nucleus.

PKA Consensus Sites Regulate the Nuclear Localization of Maf1 via the
NtNLS. Recent studies have shown that Mafl generates a largely
cytoplasmic signal by standard fluorescence microscopy under
normal growth conditions (19, 20). Although we also see this
distribution at low resolution, higher resolution through optical
sectioning clearly shows nuclear and cytoplasmic Maf1 signals in
early log phase in synthetic media (Fig. 5). Analysis of the Mafl
mutants shows that each NLS motif influences the cellular
distribution of Mafl: Both of the ANtNLS and ACtNLS mutants
are predominantly cytoplasmic, and the ANtCtNLS mutant is
excluded from the nucleus. Under the same conditions, the 6SE
mutant is enriched in the cytoplasm and the 6SA mutant shows
increased nuclear staining (Fig. 5 and Table 1). The effect of
these mutations on the activity of the NtNLS is especially
pronounced in the ACtNLS background. Notably, the nuclear
localization of the 6SA mutant does not cause repression of pol
III transcription (see above).

Treatment of cells with rapamycin, growth to stationary phase,
and nutrient deprivation leads to the nuclear accumulation of
Mafl (refs. 19 and 20 and Fig. 5), consistent with its function in
repressing pol III transcription. However, the ability of Mafl to
completely relocalize to the nucleus under repressing conditions
is not a predictor of function. Although the nuclear accumulation
of the inactive ANtCtNLS mutant was completely blocked under
repressing conditions, the ACtNLS mutant that has intermediate
activity efficiently relocalizes Mafl to the nucleus, and the
ANtNLS mutant that has WT activity is defective in this function
(Fig. 5 and Table 1). The 6SEACtNLS mutation, which is
predicted to decrease the affinity of the NtNLS sequence for the
import machinery, significantly impairs the relocation of Mafl.
These results show that both NLS motifs are independently able
to direct Mafl to the nucleus under normal conditions and
support the conclusion that the activity of the NtNLS is required
for efficient relocation under repressing conditions and is reg-
ulated by PKA.

PNAS | October 10,2006 | vol. 103 | no.41 | 15047
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Table 1. Effect of NLS and PKA mutations on Maf1 function

Pol I Growth ade2-1 Lﬂonﬂ
Mutations repression*® Glycerol 37°Ct SGal-His* colors —rap +rap
WT 28 ++++ - - N+ C N
maf1A 112 - ++ +++ - -
6SA 26 ++++ — - N>C N
6SE 28 ++++ - - C>N N
6SAACtNLS 42 ++++ (+) + N> C N
6SEACENLS 91 +++ +++ ++ C C>N
ANtNLS 35 ++++ - - C C>N
ANtCtNLS 101 +++ +++ ++ C C
ACtNLS 64 +++ +++ ++ C N

*Residual transcription after 90 min of rapamycin treatment expressed as a percentage of the untreated WT level
(from Fig. 4). Data is representative of multiple experiments that generate an SD of 3-8%. An examination of
unstressed transcription for many Maf1 mutants found no significant changes compared with WT or the maf1A

strain.

fGlycerol phenotype: + represents each 10-fold dilution at which cells grew on SGly-Trp at 37°C.

*tgm-silencing phenotype: + represents each 10-fold dilution at which cells grew on SGal-Ura-Trp-His at 30°C.

SAntisuppression: —, cream color; +, light pink; ++, pink; +++, red on SGal-Ura-Trp media.

TLocalization: Cytoplasmic (C) and nuclear signal (N) after 60 mins with (+) or without (—) rapamycin treatment.
Qualitative changes in distribution are expressed relative to WT.

Discussion

In this work, we provide evidence that the function of Mafl is
regulated at two levels: cellular localization (cytoplasm ver-
sus nucleus) and modulation of the activity of nuclear Mafl.
Our experiments have identified two NLS sequences in Mafl
[(NtNLS) and C-terminal NLS (CtNLS)] that appear to play
distinct roles in its localization and differentially affect Mafl
function. The data indicate that the NtNLS is negatively regu-

-rapamycin

Maf1 DAPI merie Maf1 DAPI merie

+rapamycin

WT

maf1A

6SA

6SE

ACENLS ANtCtNLS ANtNLS ACtNLS ACtNLS

Fig. 5. PKA recognition sites and NLS sequences regulate the nuclear
localization of Maf1. Immunofluoresence of WT and mutant Maf1myc fusion
proteins (Oregon Green 488) detected by fluorescence deconvolution micros-
copy. Maf1 nuclear localization is confirmed by the overlap with DAPI nuclear
staining. Cells were untreated (Left) or rapamycin-treated (Right) for 60 min.
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lated by the action of PKA, and this regulation contributes to the
cytoplasmic location of Mafl under normal growth conditions.
We note that our data does not exclude the possibility that other
kinases may phosphorylate Maf1 at sites that overlap with PKA
consensus sites. However, the phosphorylation of Mafl by PKA
invitro (Fig. 2D), the conservation of PKA sites in Mafl (12), the
effects of PKA hyperactivation and deletion (Fig. 3), and the
changes in the localization of PKA phospho-site and NLS
mutants (Fig. 5) are explained most simply by PKA directly
regulating Mafl localization. PKA activity in yeast negatively
regulates the general stress response and positively affects cell
growth and proliferation in response to glucose and nutrients
(21). Thus, the proposed negative regulation of Maf1 localization
by PKA provides a mechanism to link glucose signaling via the
RAS/cAMP pathway with pol III transcription.

The localization defects seen in the ANtNLS and ACtNLS
mutants suggest that the NtNLS plays a dominant role in the
redistribution of Mafl under repressing conditions. However,
the aberrant distribution in the ACtNLS mutant under normal
growth conditions indicates that the CtNLS also has a biological
role in Mafl nuclear import. Unlike the NtNLS, the CtNLS is not
adjacent to potential phosphorylation sites that might regulate
its activity, and there is no evidence for Mafl-binding partners
that could function in NLS-masking or cytoplasmic retention
(22). These observations suggest that the CtNLS may be unreg-
ulated (i.e., constitutively active) and raise the possibility that the
nuclear accumulation of the ANtNLS mutant is due to decreased
nuclear export. It is plausible, therefore, that Mafl may shuttle
between the nucleus and cytoplasm, as described for a number
of transcriptional regulators (23) and that changes in the relative
rates of import and export lead to its nuclear accumulation. In
this context, the nucleocytoplasmic shuttling of the stress re-
sponse protein Msn2, controlled by protein kinases and phos-
phatases (24), provides an appealing paradigm for Mafl. In the
case of Mafl regulation, the activity of PKA appears to be
opposed by protein phosphatase 2A (PP2A), because mutation
of a PP2A scaffold subunit (Tpd3) affects pol III transcription
(25) and reducing PP2A catalytic capacity affects Mafl phos-
phorylation and localization (20).

The hypophosphorylated form of Mafl that is observed under
repressing conditions correlates with nuclear localization (Fig. 2).
However, the requirements for repression of pol III transcription
apparently are more complex than the simple dephosphorylation
and redistribution of Mafl. The largely nuclear localization yet WT
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transcription of the 6SA mutant under normal growth conditions
indicates that nuclear accumulation of Mafl is not sufficient to
cause repression of transcription per se (Fig. 5 and Table 1). This
observation coupled with the normal but hyperrepressible pol III
transcription in the complete absence of PKA (Fig. 3D) suggests
that a PKA-independent activation step(s) is required for nuclear
Mafl to function in repression. The proposed activation step for
nuclear Mafl provides a mechanism for signaling pathways, other
than those impinging on PKA, to regulate Maf1 function. Finally,
we note that the extent of repression in the 6SA and 6SE mutants
is not as great as in the fpkI™ and fpkl-3A strains. This difference
suggests that Tpks1-3 affect other unknown cellular functions that
directly or indirectly impact pol III transcriptional repression.

Methods

Yeast Strains and Assays. Strains listed in Table 3 were grown in
media containing a 2% carbon source. PCR-based deletions of
YAKI (26) and BCY1 (27) were confirmed by PCR with gene-
specific primers. A pRS314 plasmid that contained Mafl fused
at the C terminus to a myc epitope and expressed from its own
promoter was the template for site-directed mutagenesis
(QuikChange II; Stratagene, La Jolla, CA). mafIA strains con-
taining pRS314 with either WT MAFImyc or mutant derivatives
were grown to OD 0.2 to 0.6 and treated as described in ref. 2.
No mutation affected Mafl protein stability as determined by
Western blot analysis (data not shown), or caused a conditional
phenotype on glucose-containing media. RNA extraction,
Northern blot analysis, and quantitation were as described in ref.
28. Plate growth phenotypes (10-fold serial dilutions from equal
cell numbers) were documented after 3—7 days. Antisuppression
(decreased readthrough of ade2-1) was assessed on SC-Ura-Trp
or SGal-Ura-Trp media after storage at 4°C for 4-7 days.

Analysis of Protein Phosphorylation. For in vivo phosphorylation
experiments, cells were grown to OD 0.5 in low-phosphate
media, labeled with 5 mCi (1 Ci = 37 GBq) of carrier-free
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32P-inorganic orthophosphate for 120 min (1), harvested with
phosphatase inhibitors, and immunoprecipitated and detected as
described in ref. 5. To preserve and detect modifications that
change the mobility of the Maflmyc protein, cells were harvested
directly into SDS sample buffer containing protease and phos-
phatase inhibitors, boiled before glass bead breakage (29), and
separated by SDS/PAGE (acrylamide:bis-acrylamide 45:1).
Phosphorylated Maf1 was detected in Western blots with a PKA
phosphosubstrate-specific antibody that detects the sequence
RRXpS/pT (catalog no. 9624; Cell Signaling Technology, Bev-
erly, MA). In vitro phosphorylation used 1 ug of recombinant
His-tagged Mafl A+ (amino acids 1-200) or Mafl BC (amino
acids 231-395) fragments prepared under denaturing conditions
and refolded (5) and either murine PKA catalytic subunit (NEB,
Beverly, MA), or yeast Tpklp (30) recovered from glutathione-
agarose beads, in the presence of both protease and phosphatase
inhibitors.

Fluorescence Microscopy. Detailed fixation and detection methods
are reported as Supporting Methods, which is published as
supporting information on the PNAS web site. Anti-myc rabbit
polyclonal antibody was detected with goat anti-rabbit antibody
conjugated to Oregon Green 488 (Molecular Probes, Carlsbad,
CA). Coverslips were mounted by using ProLong Antifade
reagent, and images were captured in 0.1-um optical slices on a
Nikon (Tokyo, Japan) E800 microscope and deconvolved with
ISEE software (Inovision, Raleigh, NC) as described in refs. 31
and 32.
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