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Regulation of RNA polymerase III transcription by Maf1 protein
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Maf1 was the first protein discovered to regulate polymerase III RNA in yeast and because it 
is evolutionarily conserved, a Maf1 ortholog also serves to restrain transcription in mouse and 
human cells. Understanding the mechanism of the regulation has been made possible by recent 
studies showing that Maf1 is a nuclear/cytoplasmic protein whose subcellular distribution and 
hence negative regulation of Pol III transcription is mediated by the nutrient-sensing signaling 
pathways, TOR and RAS. Under stress conditions and during growth in a nonfermentable carbon 
source Maf1 is dephosphorylated and imported to the nucleus. In its non-phosphorylated form, 
Maf1 interacts with the polymerase III transcription machinery. Phosphorylation serves to locate 
Maf1 to the cytoplasm under favorable growth conditions, thereby preventing it from non-nega-
tively regulating polymerase III when high levels of tRNA transcription are required. Relocation 
of Maf1 to the cytoplasm is dependent on Msn5, a carrier responsible for export of several other 
phosphoproteins out of the nucleus. The absence of Maf1-mediated control of tRNA synthesis 
impairs yeast viability in nonfermentable carbon sources. Moreover, in cells grown in a nonfer-
mentable carbon source, Maf1 regulates the levels of different tRNAs to various extents. This dif-

ferential regulation may contribute to the physiological role of Maf1.
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INTROdUcTION

The existence of three RNA polymerases 
(Pol) is documented for all eukaryotes investi-
gated. Pol I synthesizes the large ribosomal RNAs 
(rRNA), Pol II produces mRNAs and many non-
coding RNAs, and Pol III generates tRNAs, 5S 
rRNA and other small noncoding RNAs. Tripli-
cation of the transcriptional apparatus must pro-
vide a selective advantage, probably by separately 
controlling mRNA, rRNA and tRNA synthesis in 
response to changes in the environment or cell 
growth. Generally, the regulation of synthesis of 
each category of RNA occurs by mechanisms not 
shared with the other categories. Although rRNA 
and tRNA constitute over 80% of total cellular 
RNA in eukaryotes, the vast majority of studies 
have been devoted to the control of mRNA syn-

thesis. Here we focus on recent data concerning 
regulation of Pol III.

Growth in yeast is controlled by two global 
nutrient-sensing signal transduction cascades, RAS 
and TOR. The RAS cascade in response to glucose 
stimulates the synthesis of cAMP which subse-
quently activates PKA kinase, the main player in 
the pathway. Multiple PKA substrates are known to 
support growth on glucose and negatively regulate 
physiology of stationary phase, nutrient starvation 
and stress (Thevelin & deWinde, 1999). The cen-
tral components of the TOR pathway are two TOR 
kinases, targets of rapamycin, and a phosphatase 
switch, composed of the PP2A phosphatase and its 
inhibitor, Tap42 (Duvel & Broach, 2004). TOR sig-
naling broadly controls all three RNA polymeras-
es involved in ribosome biosynthesis (Willis et al., 
2004; Tsang & Zheng, 2007).
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Pol III is essentially responsible for the synthe-
sis of the small RNA species involved in translation, 
like 5S rRNA and tRNAs. Previous studies done in 
yeast identified other Pol III transcripts: U6 splice-
somal RNA, the 7SL and RNase P RNAs involved 
in mRNA splicing, protein secretion and matura-
tion of tRNAs, respectively. The genome-wide iden-
tification of components of Pol III transcriptome in 
the yeast Saccharomyces cerevisiae has revealed, apart 
from known Pol III-transcribed genes, several new 
Pol III-associated loci (Olivas et al., 1997; Haris-
mendy et al., 2003; Roberts et al., 2003; Moqtaderi & 
Struhl, 2004). One of them, SNR52, encodes a small 
nucleolar RNA (Harismendy et al., 2003; Roberts et 
al., 2003; Moqtaderi & Struhl, 2004). Another locus, 
called ZOD1 (for zone of disparity), was found to 
bind components of the Pol III apparatus, but at-
tempts to detect the respective transcript have failed 
(Moqtaderi & Struhl, 2004). Moreover, the regions 
called ETC1-ETC8 (for extra TFIIIC) appear to be 
associated with incomplete Pol III transcription ma-
chinery (Moqtaderi & Struhl, 2004). One of the ETC 
loci, ETC5, corresponds to the previously identified 
RNA170 gene, whose transcription product was pre-
viously detected in vivo (Olivas et al., 1997).

In mammals Pol III also transcribes the short 
interspersed nuclear elements (SINEs), including 
the Alu ones, of which there are over a million in 
humans (White, 2005). Recently, several Pol III tran-
scription units have been identified in the human 
genome whose products are non-protein-coding 
(nc)RNAs with regulatory roles in key aspects of cell 
biology (Dieci et al., 2007). A cluster of microRNAs 
was found to be transcribed by Pol III from up-
stream Alu sequences that retained Pol III promoter 
elements, but lacked a Pol III terminator (Borchert et 
al., 2006). A novel class of putative Pol III-transcribed 
ncRNAs, called sbRNAs (for stem-bulge RNAs), was 
also identified recently by noncoding transcriptome 
analysis in Caenorhabditis elegans (Deng et al., 2006). 
Transcriptomic analysis has identified ncRNA spe-
cies, differentially expressed in human B cells infect-
ed with Epstein-Barr virus, already known to induce 
the expression of 5S rRNA, tRNA and 7SL rRNA in 
several cell types (Felton-Edkins et al., 2006). The in-
duced RNAs in B cells included the known human 
RNAs and novel ncRNA species that are likely to be 
transcribed by Pol III (Mrazek et al., 2007).

The RNA Pol III system consists of three com-
plexes: the Pol III enzyme and general factors TFIIIB 
and TFIIIC, required for transcription initiation and 
for promoter recognition, respectively. An additional 
factor TFIIIA is required only for 5S rRNA transcrip-
tion (reviewed in Geiduschek & Kassavetis, 2001; 
Schramm & Hernandez, 2002). In vitro, the primary 
step in the transcription of a tRNA gene in yeast 
is the binding of TFIIIC to intragenic promoter ele-

ments, known as the A and the B boxes. The yeast 
TFIIIC consists of six subunits that are organized 
into two globular domains, τA and τB (reviewed in 
Geiduschek & Kassavetis, 2001). τB binds to the B 
box with high affinity and favors A box binding by 
τA. TFIIIC binding recruits the assembly of the TFI-
IIB complex upstream of the transcription initiation 
site (Bartholomew et al., 1991). TFIIIB is composed 
of three proteins, TBP (TATA-binding protein), Brf1 
and Bdp1. TBP is the only subunit of the basal fac-
tors not dedicated solely to Pol III transcription since 
it is used by all three RNA polymerases (reviewed in 
Hernandez, 1993). Brf1 participates in TFIIIB–DNA 
complex formation by creating an extended connec-
tion between the opposite sides of the bent DNA, 
while Bdp1 generates an additional bend between 
the transcription start site and the TBP-binding site, 
extending the TFIIIB–DNA contacts upstream of the 
TATA-box (reviewed in Geiduschek & Kassavetis, 
2001). The TFIIIB–DNA complex suffices to recruit 
the Pol III complex to multiple transcription cycles 
(Kassavetis et al., 1997).  The crystal structure of the 
Brf1–TBP–DNA ternary complex was solved several 
years ago (Juo et al., 2003). 

The structure of yeast Pol III has been exten-
sively studied by using molecular genetics, biochem-
istry and crystallography (Chedin et al., 1998; Geid-
uschek & Kassavetis, 2001; Schramm & Hernandez, 
2002; Jasiak et al., 2006; Proshkina et al., 2006; Fern-
andez-Tornero et al., 2007). All yeast genes encoding 
components of yeast Pol III, TFIIIB and TFIIIC have 
been cloned and found to be essential for cell viabil-
ity (Chedin et al., 1998). Pol III enzyme has a total 
molecular mass of around 0.7 MDa and comprises 
17 subunits. Five subunits are common to the three 
Pols, two are common to Pol I, five are paralogs of 
Pol I and Pol II subunits and five are unique to Pol 
III.  The structural core of Pol III is formed by nine 
subunits, C160, C128, AC40, AC19, ABC27, ABC23, 
ABC14.5, ABC10β and ABC10α. On the periphery 
of the core enzyme, Pol III contains eight additional 
subunits, which form three distinct subcomplexes: 
C82–C34–C31, C17–C25 and C53–C37. The heter-
otrimer C82–C34–C31 is required for promoter-de-
pendent transcription initiation. This subcomplex 
bridges to the initiation factors TFIIIC (Hsieh et 
al., 1999) and TFIIIB (Thuillier et al., 1995; Wang & 
Roeder, 1997; Brun et al., 1997). Moreover, C82–C34–
C31 interacts directly with the C160 subunit, and the 
point mutation T69N in the N-terminal domain of 
C160 specifically induces the dissocation of this sub-
complex from the enzyme (Werner et al., 1992). The 
C17–C25 contributes to initiation complex assembly 
because C17 binds to Brf1, a subunit of TFIIIB, and 
to the subcomplex C82–C34–C31 (Ferri et al., 2000; 
Geiduschek & Kassavetis, 2001; Jasiak et al., 2006). 
The functional importance of C17–C25 for initia-
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tion was established by a point mutation in C25 that 
resulted in an initiation defect (Zaros & Thuriaux, 
2005). The C53–C37 heterodimer is important for 
terminator recognition (Landrieux et al., 2006).

Pol III is unique among the eukaryotic 
RNA polymerases in recognizing a simple run of 
T residues as a termination signal (T ≥ 5 in yeast) 
(Schramm & Hernandez, 2002). Pol III accurately 
and efficiently recognizes termination sites in the 
apparent absence of other factors (Cozzarelli et al., 
1983). The direct coupling between termination and 
reinitiation of transcription, called facilitated reinitia-
tion, is characterized by the commitment of Pol III 
to reinitiate more rapidly on the same gene after the 
first transcription cycle without being released, and 
results in higher initiation efficiency (Dieci & Sente-
nac, 1996). After the initial round of transcription, a 
stable complex on the tRNA gene can direct subse-
quent cycles 5- to 10-fold more rapidly then the first 
one. Thus, during multiple round transcriptions, the 
synthesis of each tRNA molecule takes about 35 s, 
whereas initiation of the first transcript can take abut 
5 min (at 22°C) (Dieci & Sentenac, 1996). The facili-
tated recycling pathway requires termination to take 
place at the natural termination signal and probably 
involves protein–protein interactions between Pol III 
and components of the preinitiation complex (Ferrari 
et al., 2004). The heterodimer C53–C37 is crucial for 
the correct recognition of the termination signals of 
class III genes, whereas the C11 subunit plays a cen-
tral role in transcription reinitiation, independently 
of its well-established function in stimulation of Pol 
III RNA cleavage activity (Landrieux et al., 2006).

Maf1, A NegATIve RegUlATOR Of RNA 
POlyMeRASe III TRANScRIPTION

genetics of Maf1

A key player in repression of RNA Pol III 
transcription was discovered in Saccharomyces cerevi-
siae. This repressor, referred to as Maf1, was origi-
nally identified in yeast by isolation of mutation 
maf1-1, which decreased the nonsense suppressor ef-
ficiency of SUP11 (tRNATyr/UAA) and conferred tem-
perature-sensitive growth on a medium containing 
a nonfermentable carbon source (Murawski et al., 
1994). As was shown subsequently, inactivation of 
the MAF1 gene (maf1-Δ) resulted in elevated tRNA 
levels due to deregulated Pol III activity (Pluta et 
al., 2001, Upadhya et al., 2002). The maf1-Δ mutant 
accumulated relatively high levels of tRNA under 
respiratory conditions, which could be toxic to the 
cells at high temperatures. This effect is a possible 
explanation of the growth phenotype of maf1-∆. 

The antisuppressor phenotype of maf1-1 and 
maf1-∆ were demonstrated in an ade2-1 SUP11 strain 
by changes in colony color and a decreased level 
on nonsense codon readthrough was measured us-
ing a reporter system (Boguta et al., 1997; Kwapisz 
et al., 2002). Since maf1 mutants have elevated tRNA 
levels, the reasons of observed inactivation of tRNA 
suppressor SUP11 are still unclear. Another Maf1-
dependent phenotype was described as an effect in 
tRNA gene-mediated silencing (tgm) of nearby 
Pol I-transcribed gene. maf1-∆ deletion  generated 
His+ colonies after transformation with a plasmid 
containing the SUP4 tRNATyr gene and an adjacent 
GAL1 promoter-driven HIS3 gene (Moir et al., 2006).

The Maf1 protein is conserved from yeast to 
humans (Pluta et al., 2001) and has three conserved 
domains (A, B and C) that contain signature se-
quences PDYDFS and WSXXYFFYNKKXKR. In addi-
tion, Maf1 has two nuclear-targeting signals: KRRK 
(K205–K208) and RKRKR (R328–R332) (Pluta et al., 
2001; Moir et al., 2006). Maf1 is a hydrophilic pro-
tein rich in serine and asparagine residues, with a 
predicted molecular mass from 26 (S. pombe, human) 
to 45 kDa (S. cerevisiae) (Willis et al., 2004). No struc-
ture has yet been determined for a Maf1 protein. 
The role of Maf1 as a repressor of Pol III transcrip-
tion appears to be conserved from yeast to humans 
since it has been shown recently that human Maf1 
also negatively regulates Pol III transcription (Reina 
et al., 2006; Johnson et al., 2007; Rollins et al., 2007; 
Goodfellow et al., 2008).

Maf1 as mediator of signaling pathways that re-
press tRNA synthesis

Maf1, a negative regulator of Pol III transcrip-
tion, was found as a link between diverse signaling 
pathways and the Pol III transcription machinery 
in yeast (Upadhya et al., 2002). Initially, it was ob-
served that deletion of MAF1 quantitatively blocked 
repression of Pol III transcription in secretion-defec-
tive cells without affecting repression of transcrip-
tion of rDNA and ribosomal protein genes. Next, it 
was shown that in maf1-Δ cells there was no repres-
sion of Pol III transcription in response to a variety 
of repressing conditions, including treatments with 
tunicamycin, chlorpromazine (CPZ), rapamycin, me-
thyl methane sulfonate (MMS) or growth to station-
ary phase. Those results demonstrated that Maf1 is a 
common component of multiple signaling pathways 
and is required for mediation of Pol III transcrip-
tional repression (Upadhya et al., 2002). Conditions 
of carbon source starvation, endoplasmic reticulum 
stress (DTT, 1,4-dithiothretiol) and oxidative stress 
(hydrogen peroxide) also required Maf1 to achieve 
repression of Pol III transcription (Desai et al., 2005). 
Investigation of the impact of Maf1 on yeast physi-
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ology indicates that Maf1 performs a significant 
inhibitory role in normally growing cells. Maf1 is 
essential for regulation of Pol III transcription dur-
ing the transition of yeast from fermentative to glyc-
erol-based respiratory growth. This new function of 
Maf1 couples Pol III transcription with metabolic 
processes and/or energy production dependent on 
the carbon source (Cieśla et al., 2007).

Human Maf1 is involved in at least two re-
pression pathways, the MMS and rapamycin path-
ways, because knock-down of Maf1 diminishes Pol 
III repression after these treatments (Reina et al., 
2006).

Interaction of Maf1 with RNA polymerase III

The first indication that yeast Maf1 interacts 
with Pol III was a genetic screen which showed 
that the N-terminal fragment of the largest Pol III 
subunit, Rpc160, suppressed temperature-sensitivity 
on nonfermantable carbon sources and the antisup-
pressor phenotype of maf1-1 (Boguta et al., 1997). 
The region of Rpc160 that was responsible for this 
effect mapped to 1–235 aa (Boguta et al., 1997). Sub-
sequently, mutations in RPC160 were obtained as 
spontaneous suppressors of maf1-1 and maf1-Δ (Pluta 
et al., 2001). The above genetic interactions suggest-
ed a physical interaction between Maf1 and Pol III. 
This was later confirmed by co-immunopurification 
experiments which demonstrated that yeast Maf1 is 
directly or indirectly associated with Rpc160 in cell 
extracts. Moreover, other subunits of Pol III were 
found to copurify with Maf1 (Pluta et al., 2001; Ofic-
jalska-Pham et al., 2006). Mass spectrometry analysis 
showed the presence of Pol III subunits (C160, C128, 
C82, AC40, C34, AC19, C17 and ABC14.5) co-immu-
noprecipitated with Maf1 from the yeast lysate (Ofic-
jalska-Pham et al., 2006). The N-terminal domain of 
Rpc160 (235 residues) interacted with Maf1 as shown 
by pull-down experiments (Oficjalska-Pham et al., 
2006). Interaction of Maf1 with Pol III components 
were also shown in genome-wide proteomic analy-
ses of yeast protein complexes (Gavin et al., 2002; 
2006; Krogan et al., 2006; Collins et al., 2007).

Neither TBP nor subunits of TFIIIC co-puri-
fied with Maf1, as was determined by Western blot 
analysis. A slight increase in the Brf1, a subunit of 
TFIIIB, signal above background suggested the pos-
sibility of a Maf1–Brf1 interaction (Pluta et al., 2001). 
Pull-down experiments confirmed that Maf1 inter-
acts weakly although specifically with Brf1 (Desai et 
al., 2005). 

Human Maf1 interacts also with components 
of Pol III transcription machinery. It has recently 
been shown by co-immunoprecipitation that in hu-
man cells Maf1 physically associates with Rpc1 (the 
largest subunit of RNA Pol III), Brf1 (a subunit of 

the TFIIIB complex required for transcription of 
tRNA genes) and Brf2 (a subunit of the TFIIIB com-
plex required for transcription of U6snRNA, 7SK 
and H1 genes) (Reina et al., 2006; Rollins et al., 2007; 
Goodfellow et al., 2008). By using in vitro GST pull-
down assay, it was shown that human Maf1 associ-
ates weakly with Brf1 and Rpc1, and strongly with 
Rpac2 (a homolog of yeast AC19 subunit) (Reina 
et al., 2006). Moreover, direct interaction of human 
Maf1 with Brf2 was also confirmed by GST pull-
down assay (Rollins et al., 2007). 

Pol III subunits and Brf1 associate with dif-
ferent regions of human Maf1 (Reina et al., 2006). 
As described above, Maf1 contains three conserved 
segments (Pluta et al., 2001). The truncated versions 
of human Maf1 were generated, containing the con-
served A domain sequence (Maf1-81) only or both 
the A and B domain sequences (Maf1-142). A GST 
pull-down experiment showed that Rpc1 and Rpac2 
were associated with the Maf1-81 truncated version. 
In conclusion, Reina et al. (2006) postulate that the 
first 81 amino acids of human Maf1 are sufficient for 
association with Pol III subunits and the B domain 
of Maf1 is required for association with Brf1.

Maf1-dependent repression

In vitro studies identified TFIIIB as a target of 
Maf1-dependent repression (Upadhya et al., 2002). 
Of all the subunits of TFIIIB, Brf1 was targeted for 
repression in extracts of CPZ-treated cells (Desai et 
al., 2005). Moreover, Brf1 but not TBP or Bdp1, res-
cued the TFIIIB–DNA complex assembly defect in 
CPZ-treated cell extracts. ChIP analysis showed that 
under CPZ treatment the occupancy of representa-
tive tRNA genes by TFIIIB and Pol III was signifi-
cantly reduced in a Maf1-dependent manner (Desai 
et al., 2005). Those authors concluded that repression 
by CPZ by Maf1 is achieved by affecting two steps 
in transcription: the assembly of the TFIIIB–DNA 
complex and the recruitment of Pol III to preexisting 
TFIIIB–DNA complexes (Desai et al., 2005). More-
over, a nonstoichiometric mode of Maf1 action was 
suggested as supported by co-immunoprecipitation 
experiment showing no quantitative change in the 
interaction of Maf1 with Brf1 or Pol III (Desai et al., 
2005).

The biochemical effects of recombinant Maf1 
on two steps in transcription were explored. Re-
combinant forms of Maf1, SpMaf1 (full-length 
protein from S. pombe in bacteria) or ScMaf1(B+C) 
(truncated form of Maf1 from S. cerevisiae containing 
only B and C sequence blocks) inhibited tRNALeu 
and U6 transcription in vitro. In addition, binding 
of the same forms of recombinant Maf1 to Brf1 
blocked the assembly of TFIIIB onto DNA (Desai et 
al., 2005).
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The effects of Maf1-dependent repression 
were studied under rapamycin treatment and 
in stationary growth phase. A previous study 
showed that rapamycin inhibited Pol III transcrip-
tion by affecting Pol III and TFIIIB (Zaragoza et 
al., 1998). Nutrient deprivation rapidly repressed 
Pol III transcription, lowering transcript levels to 
10–20% of the normal ones within 25 min of treat-
ment (Harismendy et al., 2003; Roberts et al., 2003). 
ChIP on chip analysis of class III gene occupancy 
by Pol III machinery showed a decrease in the re-
cruitment of Pol III and Bdp1 in stationary growth 
phase (Harismendy et al., 2003). The repression of 
Pol III and TFIIIB recruitment was correlated with 
the presence of Maf1 (Oficjalska-Pham et al., 2006). 
Upon rapamycin treatment, the occupancy of class 
III genes by Pol III, Brf1 and Bdp1 was decreased 
while it increased slightly or did not change in 
the maf1-∆ strain. In stationary growth phase, Pol 
III and TFIIIB (Bdp1 and Brf1) tended also to dis-
sociate from class III genes in the wild type strain. 
In the absence of Maf1 and in stationary growth 
phase, there was a strong increase in occupancy 
of Pol III and Brf1 occupied class III genes as in 
the exponential growth phase situation (Oficjalska-
Pham et al., 2006). Moreover, Maf1 occupancy of 
Pol III-transcribed genes was increased during re-
pression by rapamycin treatment (Oficjalska-Pham 
et al., 2006) or nutrient deprivation (Roberts et al., 
2006). In addition, interaction of Pol III with Maf1 
was increased after treatment with rapamycin or in 
the stationary phase of growth (Oficjalska-Pham et 
al., 2006).

The effects of MAF1 mutations in conserved 
domains A, B and C of Maf1 on repression of Pol 
III transcription under rapamycin treatment were 
analyzed by studying point Maf1 mutants (Roberts 
et al., 2006; Moir et al., 2006). In most cases these 
mutations had no effect on the growth phenotype, 
association of Maf1 with Pol III, or tRNA levels. 
Only some substitutions, including those of con-
servative asparagines D40 in domain A or D248 
and D250 in the PDVDFS motif in domain B, were 
severely defective in transcriptional repression in 
response to rapamycin. Other mutations, such as 
the K329/K331A substitution, which disrupted a 
nuclear localization sequence, were partially de-
fective (Moir et al., 2006).

Whereas Maf1 of S. cerevisiae specifically in-
hibits Pol III, human Maf1 is a negative regulator 
of both Pol I- and Pol III-dependent transcription 
in glioblastoma cells. Maf1 occupancy of tRNA 
genes was associated with reduced occupancy of 
TFIIIB and Pol III subunits, but caused no change 
in the occupancy of TFIIIC (Johnson et al., 2007).  
Moreover, human Maf1 negatively regulates the 
expression of TATA binding protein (TBP) through 

an Elk-1 binding site located within the promoter 
(Johnson et al., 2007). In opposition to the human 
Maf1, the yeast Maf1 does not affect TBP expres-
sion (Upadhya et al., 2002).

Activation of Maf1 by dephosphorylation

Maf1 of S. cerevisiae is a serine-rich protein 
(15.7% of serines) and, according to a Swiss-Prot 
PROSITE search, contains 30 potential phosphoryla-
tion sites. Indeed, as experimentally proved, Maf1 
exists in various phosphorylation states. In exponen-
tially growing yeast cells Maf1 is phosphorylated and 
usually two additional upper bands are observed 
when using modified SDS/PAGE (Oficjalska-Pham 
et al., 2006). Different stress conditions like rapamy-
cin, stationary phase, heat shock, chlorpromazine 
(CPZ), methyl methane sulfonate (MMS) or nutrient 
deprivation caused migration as a single band cor-
responding to the fast-migrating dephosphorylated 
form (Oficjalska-Pham et al., 2006; Roberts et al., 
2006; Moir et al., 2006). Since it was shown that the 
dephoshorylated form of Maf1 interacts with Pol III, 
the phosphorylation state of Maf1 appears to be a 
key factor in modulation of Pol III–Maf1 interaction 
(Oficjalska-Pham et al., 2006; Roberts et al., 2006). 
Only few point mutations in the conserved serines 
resulted, however, in defects in full dephosphoryla-
tion and Pol III association of Maf1 (Roberts et al., 
2006).

Like the yeast protein, human Maf1 is also 
phosphorylated (Reina et al., 2006; Rollins et al., 2007; 
Goodfellow et al., 2008). In human cell lines treated 
with rapamycin or MMS the dephosphorylated form 
of Maf1 was observed as a fast-migrating form. In 
contrast, untreated cells showed a phosphorylated, 
slower- migrating form of Maf1. The dephosphor-
ylated form of human Maf1 associates with Pol III 
(Reina et al., 2006).

An involvement of protein phosphate 2A 
(PP2A) in Pol III transcription was suggested by 
earlier studies that showed a defect in Pol III tran-
scription in a mutant of Tpd3 (regulatory subunit of 
PP2A) (van Zyl et al., 1992). Recent work has demon-
strated that PP2A, a central component of the TOR 
pathway, is required for dephosphorylation and also 
for nuclear localization of Maf1. Mutations that re-
duce PP2A catalytic activity caused severe defects 
in Maf1 dephosphorylation, nuclear localization and 
repression of Pol III transcription under rapamycin 
treatment (Oficjalska-Pham et al., 2006).

Dephosphorylation of Maf1 in response to nu-
trient deprivation was tested in different phosphatase 
mutants (sit4-∆, yvh1-∆, ppz1-∆, cdc14ts, his2-∆ and 
msg5-∆), but little or no effect was observed (Rob-
erts et al., 2006). Maf1, however, migrated differ-
ently in the wild-type and the pkc1-∆ strains upon 
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nutrient deprivation. The failure of pkc1-∆ strain to 
cause Maf1 dephosphorylation in response to stress 
was restored by the addition of PKC1 on a plasmid 
(Roberts et al., 2006). Thus Pkc1 (protein kinase C), 
a central mediator of the cell integrity pathway, is 
involved in activation of Maf1.

In addition to being regulated by stress con-
ditions, the phosphorylation of yeast Maf1 occurs in 
a manner dependent on the carbon source, which 
determines yeast metabolism. Glucose depletion and 
transfer to a nonfermentable carbon source result 
in Maf1 dephosphorylation and import into the nu-
cleus. An opposite transition, from a nonfermenta-
ble carbon source to a glucose medium, is followed 
by Maf1 phosphorylation and relocation from the 
nucleus to the cytoplasm (Cieśla et al., 2007). We 
concluded that transition of cells from fermentation 
to respiratory metabolism resulted in activation of 
Maf1 via two parallel mechanisms, phosphorylation 
and regulated cellular localization. The correlation 
between both processes remains to be established.

Phosphorylation of yeast Maf1

Maf1 of S. cerevisiae was initially identified 
as a direct substrate of protein kinase A (PKA) by 
a proteomic study and shown to be a PKA sub-
strate in vitro (Budovskaya et al., 2005). This was 
confirmed by Moir and colleagues (2006). Protein ki-
nase A (PKA) is known to be activated in response 
to glucose by two small GTP-binding proteins Ras1 
and Ras2 that stimulate adenylate cyclase to produce 
cAMP (Broach, 1991). PKA activity in yeast positive-
ly affects cell growth and proliferation in response 
to glucose and nutrients but negatively regulates 
the general stress response (Thevelein & de Winde, 
1999). Strains with unregulated high PKA activity 
(deletion of the regulatory subunit Bcy1 or RAS2Val19 
mutation) blocked the repression of Pol III transcrip-
tion by rapamycin (Moir et al., 2006). PKA affected 
also the regulation of Pol III activity coupled to a 
transfer from fermentation to respiration (Cieśla et 
al. (2007). The high PKA activity in RAS2Val19 cells 
prevented a decrease in Pol III transcription during 
transition of cells from glucose medium to respira-
tory conditions. Consistently, in the cdc25-1 mutant 
with a low PKA activity, Pol III activity was more 
repressed than in the corresponding wild-type. Al-
though Maf1 contains six potential PKA recognition 
sites, a direct effect of PKA on Maf1 activity, deter-
mined by its phosphorylation state, remains contro-
versial. Whereas Moir and colleagues (2006) report-
ed that increased PKA activity limited Maf1 dephos-
phorylation in response to various stress conditions, 
Cieśla et al. (2007) observed no direct effect of PKA 
on the changes of Maf1 phosphorylation and cellu-
lar localization during transition from glucose to the 

respiratory conditions and vice-versa.  Possibly not 
Maf1 but another protein is the PKA target during 
transition of cells to a nonfermentable carbon source 
and a different, so far unknown, kinase is responsi-
ble for the Maf1 phosphorylation coupled to carbon 
source-dependent Pol III regulation. 

cellular localization of Maf1

In exponentially growing yeast cells, Maf1 is 
accumulated largely in the cytoplasm. Treatment of 
cells with rapamycin or nutrient deprivation and sta-
tionary phase lead to nuclear concentration of Maf1, 
which is consistent with its function in repressing 
Pol III transcription (Oficjalska-Pham et al., 2006; 
Roberts et al., 2006; Moir et al., 2006). Moreover, 
Maf1 localization is correlated with its phosphoryla-
tion. The nuclear import of Maf1 is correlated with 
its dephosphorylation (Oficjalska-Pham et al., 2006; 
Roberts et al., 2006). As described in the above sec-
tion, PP2A controls the Maf1-mediated repression of 
Pol III transcription via Maf1 dephosphorylation and 
nuclear localization (Oficjalska-Pham et al., 2006), 
but it is not known whether dephosphorylation pre-
cedes import.

Maf1 is regulated by two nuclear-localization 
sequences, K205-K208 (NLS1) and R328-R332 (NLS2). 
Joint effects of mutations in the NLS1 signal and 
PKA phosphorylation sites were reported by Moir et 
al. (2006). Observations of the level of Pol III repres-
sion revealed that mutant 6SA, which lacks all six 
PKA sites, promotes nuclear accumulation of Maf1 
without inducing repression under normal growth 
conditions (early log phase in synthetic media). This 
result indicated that nuclear localization of Maf1 is 
not sufficient for repression of Pol III transcription; 
an additional conversion step is required for activa-
tion of Maf1 as a repressor (Moir et al., 2006; Willis 
& Moir, 2007).

When cells were shifted from medium with a 
nonfermentable carbon source to a glucose medium, 
Maf1 became phosphorylated and concomitantly re-
located to the cytoplasm. Maf1 interacts by co-im-
munoprecipitation with Msn5 which is a carrier re-
sponsible for export of the phosphorylated Maf1 out 
of the nucleus. Upon transfer of msn5-∆ cells to glu-
cose, Maf1 was retained in the nucleus. Remarkably, 
despite the constitutive presence in the nucleus, Maf1 
was dephosphorylated and phosphorylated nor-
mally in the msn5-∆ mutant and Pol III was under 
proper regulation. This result clearly demonstrated 
that phosphorylation of Maf1 occurs in the nucleus 
(Towpik et al., 2008). A direct link between phospho-
rylation of Maf1 and Pol III control was provided by 
studying tRNA transcription in Maf1 mutants with 
altered pattern of phosphorylation (Roberts et al., 
2006; Towpik et al., 2008). In summary, phosphoryla-
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tion of Maf1 inside the nucleus acts both directly by 
decreasing Maf1-mediated repression, and indirectly 
by stimulating Msn5 binding and export of nuclear 
Maf1 to cytoplasm.

Model of Maf1 action

According to data described below, in active-
ly growing yeast cells, a Maf1 is largely phosphor-
ylated and localized predominantly in the cytoplasm 
(Oficjalska-Pham et al., 2006; Roberts et al., 2006; see 
Fig. 1).  Nuclear import of Maf1 is directed by two 
independent NLS sequences of Maf1. Phosphoryla-

tion at consensus PKA sites negatively regulates 
import directed by NLS1 (Moir et al., 2006). Diverse 
stress conditions lead to rapid dephosphorylation of 
Maf1 by PP2A and import of Maf1 into the nucleus 
(Oficjalska-Pham et al., 2006; Roberts et al., 2006). In 
the nucleus, only the dephosphorylated Maf1 binds 
to Pol III and this binding occurs, at least in part, 
via the Rpc160 subunit (Oficjalska-Pham et al., 2006). 
Nuclear accumulation of Maf1 is not sufficient to re-
press transcription by Pol III (Moir et al., 2006). In 
response to repressing conditions, an additional step 
is proposed to enable nuclear Maf1 to effect inhibi-
tion of Pol III transcription (Willis & Moir, 2007). A 
previous model for Maf1 action described by De-
sai et al. (2005) identified a two step mechanism by 
which Maf1 represses Pol III transcription. The first 
step is inhibition of TFIIIB assembly at Pol III pro-
moters and the second step, inhibition of Pol III re-
cruitment to TFIIIB already assembled on promoters 
under repressing conditions (Desai et al., 2005). Re-
cent studies have shown that under repressing con-
ditions, the nuclear import of Maf1 occurs bringing 
Maf1 physically closer to Pol III-transcribed genes, 
where it opposes TFIIIB and Pol III recruitment (De-
sai et al., 2005; Oficjalska-Pham et al., 2006; Roberts 
et al., 2006). The transcriptional repression reduces 
the crosslinking efficiency of Pol III to the DNA. The 
large increase in Maf1–Pol III interactions compen-
sates for the reduction in Pol III–DNA interactions, 
providing the observed increase in Maf1 occupancy 
at Pol III genes during repression (Roberts et al., 
2006). In humans, Maf1 repression of RNA Pol III 
transcription occurs via a similar mechanism, as sup-
ported by recent results of Rollins et al. (2007).

tRNA genes are not equally regulated by Maf1

Maf1 regulation is increased in a nonferment-
able carbon source, but the effect varies among dif-
ferent tRNAs. This conclusion was deduced from 
results of Northern blot analysis and quantitative 
reverse transcription-PCR with selected tRNA genes 
and confirmed by microarray analysis. The expres-
sion ratios of Pol III-transcribed genes in the maf1-
∆ mutant and the wild-type control strain grown 
in glucose or glycerol medium also showed that 
various Pol III genes are not equally regulated by 
Maf1 (Cieśla et al., 2007). The mechanism and physi-
ological basis of the variable Maf1 regulation of in-
dividual tRNAs remain unclear. Assuming a direct 
influence of Maf1 on the transcription rate, the dif-
ferent association of Maf1 with individual tRNA 
genes may be a reason of its variable effect on tRNA 
transcription, although there is no experimental data 
supporting this hypothesis. 

There is also no data evaluating the poten-
tial transcription efficiency of a given tRNA gene. 

A

B

figure 1. Model of Maf1 regulation.
A. Repression of Pol III by Maf1. Under rapamycin stress 
Maf1 is activated by dephosphorylation and imported into 
the nucleus (according to Oficjalska-Pham et al., 2006). B. 
Derepression of Pol III under favorable growth conditions 
in the presence of glucose.  Maf1 is phosphorylated there-
by decreasing its interaction with Pol III. Phosphorylated 
Maf1 is exported out of the nucleus by Man5 carrier (ac-
cording to Towpik et al., 2008).
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tRNA genes with internal Pol III promoters are ho-
mologous but the flanking sequences are different. 
This might be the reason for different occupancy of 
TFIIIB and Pol III. It has also been shown that the 
RSC chromatin remodeling complex is specific to-
wards Pol III genes, but not all tRNA genes bind 
RSC (Ng et al., 2002). The relative efficiency of tran-
scription of individual tRNA genes is probably not 
the same, although this problem has not been solved 
yet. The extent of Maf1 regulation does not corre-
late with the gene copy number for a given tRNA. 
The expression of single-copy tRNA genes is usu-
ally not much affected in maf1-Δ cells. However, the 
levels of tRNAVal (tV[AAC]E1, 13 copies) or tRNAAsn 

(tN[GUU]C, 10 copies) were also affected to a minor 
extent, whereas those of tRNAPhe (tF[GAA]N, 2 cop-
ies) or tRNAArg (tR[ACG]J, 1 copy) were significantly 
increased in maf1-Δ cells grown in respiratory condi-
tions. There is also no obvious correlation between 
the extent of Maf1 regulation and codon usage cor-
responding to a given tRNA.

Relations between Maf1 and mitochondrial func-
tions

Cells depleted of Maf1 show growth defect 
on glycerol medium, which in yeast is commonly 
caused by mitochondrial dysfunction. A likely rea-
son for the maf1-Δ growth defect on glycerol me-
dium seem to be the unbalanced levels of tRNAs, 
which possibly affect the amount of tRNAs im-
ported to mitochondria. In S. cerevisiae two Pol 
III-synthesized tRNAs have been reported as mito-
chondrially targeted, namely tRNALys and tRNAGln 
(Kolesnikova et al., 2000; Rinehart et al., 2005). The 
mitochondrial functions of these tRNAs are not 
fully clear although there is indirect evidence for 
their role in mitochondrial translation. Microarray 
analysis showed that tRNALys is significantly in-
creased in maf1-Δ whereas tRNAGln is not affected. 
Assuming that the imported tRNAs function in mi-
tochondria in a concerted fashion, their unbalanced 
levels could be disadvantageous for mitochondrial 
translation. However, no increased rho– accumula-
tion, typical for yeast mutants with mitochondrial 
translation defects, was observed in maf1-Δ strains 
(Cieśla et al., 2007).

Although the main function of Maf1 is Pol 
III repression in the nucleus, Maf1 possibly indi-
rectly affects non-nuclear processes by changing 
the distribution of tRNAs between the nucleus 
and the cytoplasm. However, since Maf1 also 
shuttles between the nucleus and the cytoplasm, 
other processes could also be affected by cyto-
plasmic Maf1. One possibility, involving the mi-
tochondrial scenario, is a function of cytoplasmic 
Maf1 in posttranscriptional tRNA control. At least 

two of the four subunits of yeast tRNA endonu-
clease, Sen2 and Sen54, are located on the outer 
mitochondrial membrane, and this location is im-
portant for functional tRNA splicing (Yoshihisa 
et al., 2003) that occurs in the cytoplasm in yeast 
(Yoshihisa et al., 2007). Although no mitochondrial 
phenotype of mutants affecting tRNA splicing has 
been found, one could assume that cytoplasmic 
Maf1 could somehow be involved. Interestingly, 
we identified the Sen54-encoding gene in a screen 
for putative activators of tRNA biosynthesis (M. 
Cieśla, unpublished).

Specificity of Maf1 interaction with RNA polymer-
ase III: How does polymerase III function in the 
absence of Maf1?

The effect of suppression of maf1-Δ could 
be achieved by a decrease in transcription in Pol 
III mutants. Previous data showed that growth 
defect of maf1-Δ could be overcome by a second-
site mutation in the C160 subunit, which mark-
edly decreased the level of tRNA (Pluta et al., 
2001). Another suppressor mutation causing sub-
stitution of the conserved glycine-1007 in the C 
terminus of C128 subunit, also resulted in a de-
crease of the basal Pol III activity. Furthermore, 
the maf1-Δ growth defect could be suppressed by 
selected mutations affecting Pol III transcription 
initiation, rpc31-236, or termination, rpc160-750 and 
rpc11-Sp. Suppression of the temperature-sensitive 
phenotype of maf1-Δ in Pol III mutants may reflect 
simple compensation of the amount of active tran-
scription complexes. Since not all Pol III mutants 
with a similar decrease in tRNA levels suppressed 
maf1-Δ, it was proposed that only some mutations 
allow for formation of functional Pol III complexes 
in the absence of Maf1.

Interestingly, a reciprocal genetic interaction 
of Maf1 with the C31 Pol III subunit was found. 
Truncation of the C31 subunit in the rpc31-236 
mutant caused a temperature-sensitive phenotype 
(Thuillier et al., 1995). rpc31-236 counteracted the 
maf1-Δ growth defect on a nonfermentable carbon 
source. Interestingly, maf1-Δ rpc31-236 was no lon-
ger temperature-sensitive, indicating that in the ab-
sence of a negative regulator, the C31 truncation 
was not detrimental to Pol III transcription activity 
at an elevated temperature. C31 is part of a subcom-
plex of three Pol III-specific subunits (C31, C34 and 
C82) that is thought to interact with TFIIIB (Wer-
ner et al., 1993). The genetic interaction of Maf1 and 
C31 supports the model in which Maf1 affects the 
recruitment of Pol III by hampering its interaction 
with TFIIIB. Moreover, the gene encoding the Ded1 
helicase was previously found to be a suppressor of 
rpc31-236 (Thuillier et al., 1995). Ded1 is another pu-
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tative link since it immunopurifies with Maf1 (Ofic-
jalska-Pham et al., 2006). 
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