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ABSTRACT
Transcription of transfer RNA genes by RNA polymerase III (Pol III) is controlled by general factors, TFIIIB and TFIIIC, and a negative regulator, Maf1. Here we
report the interplay between TFIIIC and Maf1 in controlling Pol III activity upon the physiological switch
of yeast from fermentation to respiration. TFIIIC directly competes with Pol III for chromatin occupancy
as demonstrated by inversely correlated tDNA binding. The association of TFIIIC with tDNA was stronger
under unfavorable respiratory conditions and in the
presence of Maf1. Induction of tDNA transcription by
glucose-activated protein kinase A (PKA) was correlated with the down-regulation of TFIIIC occupancy
on tDNA. The conditions that activate the PKA signaling pathway promoted the binding of TFIIIB subunits, Brf1 and Bdp1, with tDNA, but decreased their
interaction with TFIIIC. Association of Brf1 and Bdp1
with TFIIIC was much stronger under repressive conditions, potentially restricting TFIIIB recruitment to
tDNA and preventing Pol III recruitment. Altogether,
we propose a model in which, depending on growth
conditions, TFIIIC promotes activation or repression
of tDNA transcription.

INTRODUCTION
Transcription of nuclear genes in yeast and mammals is directed by three nuclear RNA polymerases. Polymerase III
(Pol III) is dedicated for genes encoding small non-coding
RNAs, mostly transfer RNA (tRNA) genes. Pol III initiation complexes, including transcription factor TFIIIB,
have been recently reconstructed by electron microscopy.
Structural analyses explained how TFIIIB, composed of
the TFIIB-related factor Brf1, Bdp1 protein and TATA-box
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binding protein, recruits Pol III in the yeast system and how
Pol III opens the promoter DNA (1,2).
Once formed, TFIIIB–DNA complexes are extremely
stable; however, TFIIIB by itself is unable to bind to TATAless promoters that are common to Pol III genes (3). Unlike
Pol II, the Pol III machinery includes a specific initiation
factor, TFIIIC, which recognizes and binds Pol III-specific
promoter elements and subsequently recruits TFIIIB to the
transcription start site (reviewed in (4,5)). Pol III promoter
elements are commonly located within the transcribed regions. For all tRNA genes (except for the selenocysteine
tRNA gene), these are internally located cis-acting control
sequences called A- and B-boxes. At the tRNA level these elements constitute the universally conserved D- and T-loops,
which in some tRNA genes (61 out of 274), are separated
by an intron. Therefore, the distance between these two
promoter elements can vary from 31 to 93 nt (reviewed in
(6,7)). TFIIIC is a large six-subunit protein complex organized into two globular domains,  A and  B, which specifically recognize and bind A- and B-boxes, respectively. The
main determinant of both, the selectivity and stability of
TFIIIC–DNA complexes, is  B module binding to the Bbox, whereas the A-box seems to be rather involved in transcription initiation (reviewed in (8)). Although tRNA genes
vary significantly in length (from 72 to 133 nt), all remain
fully covered by TFIIIC complexes, which exhibit remarkable structural elasticity (9).
Pol III is negatively regulated by the Maf1 protein, conserved from yeast to humans. Maf1 is not a typical DNAbinding transcription factor. Instead of binding to promoter elements, Maf1 binds directly the Pol III complex
(10,11). Moreover, Pol III–Maf1 association is increased
under unfavorable growth conditions and correlated with
reduced Brf1 and Pol III occupancy at Pol III genes (12,13).
Previous data suggested that Maf1 inhibits assembly of the
TFIIIB–DNA complex and Pol III recruitment (14). The interplay between Maf1 and TFIIIC has not been addressed
yet.
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environmental conditions control TFIIIB recruitment by
TFIIIC.
MATERIALS AND METHODS
Yeast strains and plasmids
Strains and plasmids used in this study are listed in Supplementary Tables S1 and S2. Saccharomyces cerevisiae strains
are derivatives of BY4741 or YPH499.
Media and growth conditions
According to the ‘YPD→YPGly’ growth protocol, yeast
cells were grown in medium containing 1% yeast extract,
2% peptone and 2% glucose (YPD) to the exponential phase
and then transferred to YPGly medium (1% yeast extract,
2% peptone and 2% glycerol) and incubated at 37◦ C for 2
h. Based on the ‘YPGly→YPGly+glucose’ growth protocol, cells were grown in medium containing 1% yeast extract, 1% peptone, 3% glycerol and 0.1% glucose (YPGly)
to the exponential phase, after which D-glucose was added
to a final concentration of 100 mM (YPGly+glucose).
Chromatin immunoprecipitation (ChIP)
ChIP assay was performed as described previously with
some modifications (27). Chromatin isolation and immunoprecipitation were done in lysis buffer (50 mM
HEPES–KOH (pH 7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 0.1%
Na-deoxycholate, 0.1% sodium dodecyl sulphate (SDS),
O-complete protease inhibitor; Roche). Exceptionally
for  138-TAP ChIP, modified lysis buffer (0.02% Nadeoxycholate, 0.02% SDS, 50 mM HEPES–KOH (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
O-complete protease inhibitor) was used. For ChIP assays,
chromatin was incubated with mouse or rabbit Dynabeads
IgG magnetic beads (Invitrogen) and the following mouse
antibodies: anti-HA (Covance) (3 g for C160-HA and
Bdp1-HA ChIP), anti-green fluorescent protein (GFP)
(Roche) (2 g for  131-GFP ChIP and negative control
for Bdp1-HA ChIP), anti-Myc (Roche) (2 g, negative
control for C160-HA ChIP and for  131-GFP ChIP) or the
following rabbit antibodies: anti- 138 (Gramsh) (3 g for
 138-TAP ChIP), anti-Brf1 (Gramsh) (3 g for Brf1 ChIP)
or control rabbit pre-immune serum IgG (GenScript) (3
g for  138-TAP ChIP and for Brf1 ChIP). Beads with
bound chromatin were washed one time in lysis buffer and
three times in high-salt lysis buffer (500 mM NaCl), except
for  138-TAP ChIP in case of which beads were washed
one time in modified lysis buffer and two times in modified
high-salt lysis buffer (500 mM NaCl). Then, beads were
washed one time in the immunoprecipitation (IP) buffer
(10 mM Tris (pH 8), 280 mM LiCl, 1 mM EDTA, 0.5%
Na-deoxycholate and 0.5% tergitol (NP-40)). Elution from
beads, de-crosslinking and DNA purification were done as
described previously (28).
Quantitative PCR
qPCR of immunoprecipitated DNA fragments was performed in 384-well plates using the Roche LightCycler 480

Downloaded from https://academic.oup.com/nar/article-abstract/46/18/9444/5058965 by Instytut Biochemii i Biofizyki PAN user on 04 December 2018

The  B module of TFIIIC comprises of  138 (Tfc3),  91
(Tfc6) and  60 (Tfc8) subunits, while  A is composed of
 131 (Tfc4),  95 (Tfc1) and  55 (Tfc7). This composition
appears to be conserved, with homologs for each yeast subunit identified also in the human TFIIIC (15). Although
only  95 and  138 bind DNA directly, all six subunits of
TFIIIC are essential in vivo. The current model of TFIIIC
architecture was provided based on structural information
obtained from individual subunits and protein cross-linking
data (16). The most important link between  A and  B
modules is established by interaction of the disordered region of  138, termed the  -interacting region ( IR), with
the tetratricopeptide domain (TPR) of  131. This disordered region in  138 provides the necessary flexibility for
binding variously spaced A- and B-box promoters (16). In
addition, the model of TFIIIC architecture provides insight
into sites of TFIIIC interaction with TFIIIB and proposes
a mechanism of TFIIIB recruitment (16).
According to early in vitro data, TFIIIC is only required
for TFIIIB and Pol III recruitment and is displaced from
DNA during Pol III transcription (referred in (5)). Other
in vitro data suggest, however, that TFIIIC is not released
from the DNA template once it is bound. In detail, preincubation of TFIIIC with one tRNA gene, followed by addition of a second template as a competitor exclusively led
to the production of RNA corresponding to the first gene
added (17). In vivo data show that TFIIIC is present at all
transcriptionally active Pol III genes although its absolute
binding efficiency is relatively low in comparison to TFIIIB
and Pol III (18–20).
Another role of TFIIIC during ongoing transcription
was further suggested by a recent genome-wide analysis
of nascent transcripts attached to Pol III (21). Although
tRNA genes are short, a strikingly uneven distribution of
polymerases along transcription units was observed, suggesting regional deceleration of elongation or transient
pausing of the polymerase. Inspection of individual tRNA
genes showed a predominant pattern with a high density of
nascent transcripts over the 5 end and a weaker peak before the 3 end of the gene. Interestingly, the 5 and 3 peaks
of the transcribing Pol III coincide, respectively, with the
beginning of the A-box and the B-box of the internal promoter. This suggested that TFIIIC bound to the A- and Bboxes could slow down the Pol III elongation rate leading
to transient pausing events.
In addition, the function of TFIIIC may be controlled
by signaling cascades since five subunits of TFIIIC ( 138,
 131,  95,  91 and  55) were identified as phosphoproteins
by global proteomic-based studies (22–24). Moreover,  138,
 131 and  95 were found to be phosphorylated in vivo (25),
whereas  91 and  55 were phosphorylated in vitro (26). The
significance of phosphorylation in the control of TFIIIC
function has not been established yet.
In the present work, we report the results of chromatin
immunoprecipitation (ChIP) studies aimed at elucidating
the control of TFIIIC occupancy on tRNA encoding gene
(tDNA) by environmental conditions. We show that alterations in occupancy of TFIIIC are inversely correlated with
Pol III occupancy and depend on Maf1. Pol III activation
is also correlated with an unexpected change in TFIIIC–
TFIIIB interaction. Finally, we provide a model of how
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Northern analysis
RNA isolation and Northern hybridization was done as
described previously (29), using 3 or 5 g of RNA separated by electrophoresis on 10% polyacrylamide, 8 M urea
gel. Digoxigenin-UTP (DIG) -labeled oligonucleotides used
for RNA hybridization are described in Supplementary Table S4.
Western analysis
Total protein extracts and immunoprecipitated proteins
were separated by 6% or 8% sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and hybridized with mouse monoclonal antibodies anti-HA (Covance) at a 1:5000 dilution for 2 h, anti-GFP (Roche) at a
1:5000 dilution for 1 h, anti-Pgk1 (Invitrogen) at a 1:20 000
dilution for 0.5 h and with rabbit polyclonal antibodies
against Brf1 (Gramsh) at a 1:1000 dilution for 2 h or peroxidase anti-peroxidase (PAP) antibody (Sigma-Aldrich) at
a 1:5000 dilution for 1 h. Then, nitrocellulose membranes
were incubated with secondary anti-mouse or anti-rabbit
antibodies coupled to horseradish peroxidase (Dako) at a
dilution of 1:5000 for 1 h and visualized by chemiluminescence using the ECL detection kit (Bio-Rad).
 138– 131 co-immunoprecipitation
Extracts were prepared in IP buffer (50 mM HEPES–KOH,
pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.05% NP-40, 0.5
mM ditiotreitol (DTT), 5% glycerol, O-complete protease
inhibitor; Roche) by mechanical disruption with beads as
described before (30). Mouse Dynabeads IgG magnetic
beads (50 l) (Invitrogen), washed three times with 0.5%
bovine serum albumin (BSA) in phosphate-buffered saline
(PBS), were incubated overnight with equal amounts (0.5

mg) of protein extracts in IP buffer with gentle shaking
at 4◦ C. Immunoprecipitation of  138-TAP together with
bound proteins is based on the affinity of immunoglobulin
G (IgG) to the protein A-containing TAP tag. After incubation, beads were washed two times with IP buffer and two
times in high-salt IP buffer (450 mM NaCl). Immunoprecipitated proteins were eluted by boiling for 5 min in SDS
sample buffer and analyzed on 6% SDS-PAGE gel by western blotting with PAP and anti-GFP antibodies.
 138–Bdp1 and  138–Brf1 co-immunoprecipitation
Cells were cross-linked with 1% formaldehyde for 30 min at
room temperature, washed twice in PBS and pelleted. Extracts were prepared in ChIP lysis buffer as described previously (13). Mouse Dynabeads IgG magnetic beads (50 l)
(Invitrogen), washed three times with 0.5% BSA in PBS,
were incubated with mouse anti-HA antibody (3 g) or
mouse anti-GFP antibody (2 g) for 3 h at 4◦ C. After extensive washing in PBS containing 0.5% BSA and then in
IP buffer, beads were incubated with 1.5 mg of protein extracts in ChIP buffer for 4 h with gentle shaking at 4◦ C. For
 138-GFP immunoprecipitation, beads were washed four
times with ChIP lysis buffer (250 mM NaCl). For Bdp1-HA
immunoprecipitation, beads were washed three times with
ChIP lysis buffer (250 mM NaCl) and one time with ChIP
lysis buffer (350 mM NaCl). For DNase treatment, beads
after immunoprecipitation were washed once with ChIP
and once with DNase buffer (25 mM MgCl2 , 10 mM CaCl2 ,
10 mM Tris–HCl (pH 7.5) 25 mM NaCl). Then half of the
beads were incubated with 25U of DNase (Thermo Scientific) for 30 min at 37◦ C and washed (3×) with ChIP lysis
buffer containing 250 mM NaCl. Elimination of DNA from
the extracts was monitored by PCR with selective primers
for tRNA genes (Supplementary Table S3). Samples were
eluted directly into the SDS sample buffer by incubation for
15 min at 90◦ C before running on 8% SDS-PAGE. Mouse
anti-HA, mouse anti-GFP or rabbit anti-Brf1 antibodies
were applied for detection using western blot technique.
RESULTS
Switch between fermentation and aerobic respiration causes
opposite Maf1-dependent changes in Pol III and TFIIIC occupancy on tRNA genes
Variations in glucose availability in the natural environment force yeast to undergo frequent metabolic transitions between fermentation and aerobic respiration by using non-fermentable carbon sources. This switch causes
widespread changes in gene transcription, including repression of tDNA transcription by Maf1 (31). Similarly to rapamycin stress, respiratory growth led to dephosphorylation and activation of Maf1 (31). In the dephosphorylated
form, Maf1 binds directly to the Pol III complex that is
correlated with Maf1-dependent dissociation of Pol III and
TFIIIB from the chromatin (12).
Here, we have focused our study on the regulation of TFIIIC association with tRNA genes by the metabolic switch.
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machine. PCR reactions (10 l volume) contained 2 l of
DNA template, 300 nM primer pairs and 5 l of RT PCR
Mix SYBR (A&A Biotechnology). Primer sequences are
given in Supplementary Table S3. All reactions were conducted in triplicate and each set included a no template control. The amplification reaction consisted of 5-min of preincubation in 95◦ C and 45 cycles of amplification at 95◦ C
for 15 s, 55◦ C for 20 s and 72◦ C for 20 s. A melting curve
analysis was performed for each sample after PCR amplification to ensure that a single product with the expected
melting curve characteristics was obtained. Each experimental set comprised of a standard curve, established with
PCRs of serial dilutions of the input DNA. Data were processed in Roche LightCycler software release 1.5.0 and then
analyzed in Excel (Microsoft). Occupancy values were calculated by determining the immunoprecipitation efficiency
that is the amount of PCR product in the immunoprecipitated sample divided by the amount of PCR product in the
input sample multiplied by 100. All the values of tDNA occupancy by proteins of Pol III machinery together with the
respective controls and standard error of the mean (SEM)
are listed in Supplementary Tables S5–S13.
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Glucose-induced Pol III transcription mediated by PKA signaling correlates with Maf1-dependent release of TFIIIC
from tRNA genes
Major changes in gene expression are observed in yeast
when glucose becomes available for cells grown in a nonfermentable carbon source. This response is mainly dependent on glucose activation of the central signaling pathway, protein kinase A (PKA). In general, the PKA pathway stimulates transcription of genes promoting translation
and growth (33). Here, we examined induction of tDNA
transcription under conditions corresponding to PKA activation (34). Cells were grown in glycerol medium to the
exponential phase, and subsequently glucose was added
to a final concentration of 100 mM, followed by a 15
min incubation (the growth protocol is referred further as
YPGly→YPGly+glucose). Primary transcripts of tRNALeu were undetectable in YPGly cells harvested in the logarithmic phase but appeared within 5 min after the addition of glucose, indicating rapid activation of tRNA synthesis (Figure 2A, left panel). This activation was, however, attenuated in double tpk1 tpk2 mutant with inactive catalytic PKA subunits (Figure 2A and B). Thus,
PKA appears to be important for Pol III activation upon
YPGly→YPGly+glucose transition of yeast. Furthermore,
PKA was previously found to prevent Pol III repression by
Maf1 (35).
Subsequent ChIP analyses of tRNA gene occupancy
by the Pol III machinery also revealed opposite effects
on TFIIIC and Pol III, a decrease in  138 recruitment and an increase in C160 recruitment and upon
YPGly→YPGly+glucose transition when PKA becomes
fully active (34). In short, association of both TFIIIC and
Pol III with chromatin is inversely controlled by glucose
stimulation, which is correlated with the induction of PKA
signaling. Moreover, this control is dependent on the presence of Maf1. In YPGly cells, recruitment of C160 to tRNA
genes was much higher in maf1 mutant than control wildtype strain, and further increases when glucose was supplied
(Figure 2D). In contrast, in YPGly cultures, recruitment of
 138 to tRNA genes in maf1 mutant was relatively lower
than in control strain (Figure 2C). Moreover, addition of
glucose resulted in an even greater decrease of  138 occupancy (Figure 2C). Thus, we concluded that Maf1 affects
glucose-controlled occupancy of chromatin by TFIIIC and
Pol III in an opposite manner.
Inactivation of potential sites of phosphorylation by PKA in
 138 subunit of TFIIIC prevents induction of tDNA transcription by glucose and strengthens interaction between  A
and  B modules
We considered the possibility that phosphorylation by
PKA could affect other Pol III associated proteins besides
Maf1. Global proteomics-based screening for phosphorylated polypeptides in yeast identified  138, indicating three
serine residues (S104, S222 and S892) as potentially phosphorylation targets by the catalytic subunits Tpk1/Tpk3 of
PKA (23).  138 was also found to be phosphorylated in vivo
(25). Together, these findings led us to explore the role of
 138 phosphorylation in control of tRNA synthesis.
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We investigated whether recruitment of TFIIIC to representative intron-containing and intron-less tRNA genes
is dependent on Maf1 and how it is correlated with Pol
III recruitment. Wild-type and maf1 mutant strains were
grown in glucose medium under optimal conditions (YPD)
and then transferred and incubated in medium containing glycerol (YPGly), a non-fermentable carbon source,
at 37◦ C for 2 h. This growth protocol, referred further
as ‘YPD→YPGly’, leads to a metabolic switch that activates Maf1 (31). Both wild-type and maf1 harbored one
epitope-tagged bait, namely TAP-tagged  138, the largest
subunit of TFIIIC that interacts directly with B-boxes in
tDNA or HA-tagged C160, the largest catalytic subunit of
Pol III.
The efficiency of TAP-tagged  138 immunopurification
was greatly increased by using a  138-specific antibody
(Supplementary Figure S1). Enrichment of tDNA fragments immunopurified with antibodies directed to epitope
tags was estimated by quantitative polymerase chain reaction (qPCR) with primers that span transcribing regions.
Occupancy of  138 on selected tRNA genes has been shown
as a percentage of immunoprecipitation over input chromatin (Figure 1A). tDNA occupation by  138 during active transcription in wild-type YPD cells increased upon
YPD→YPGly transition, especially for intron-containing
tDNA-Leu and tDNA-Phe. Clearly, the dynamics of TFIIIC occupancy was affected by maf1, although the effect
was limited to intron-containing genes. While in the wildtype strain YPD→YPGly transition resulted in about a 2.5fold increase of  138 occupancy on tDNA-Leu and tDNAPhe, the increase observed for the maf1 mutant was ∼1.5fold. These differences are statistically significant (Figure
1A). Variations of  138 occupancy on intron-less tDNAVal and tDNA-Met genes were less pronounced, and the effects of maf1 were not statistically significant. Altogether,
the switch between fermentation and aerobic respiration
increases TFIIIC occupancy on intron-containing tRNA
genes in a Maf1-dependent manner. This observation is
consistent with our previous finding that tRNAs encoded
by intron-less genes are less sensitive to Maf1-mediated regulation (31,32).
The Pol III ChIP showed a strong effect of maf1 on
the occupancy of C160 on both intron-containing and
intron-less tRNA genes (Figure 1B), which is consistent
with previous data (12) and accurately reflects the observed
transcriptional changes (Figure 1C and D). In the wildtype strain, substantial decrease of Pol III association with
tRNA genes and transcription of pre-tRNA was observed
upon YPD→YPGly transition. In contrast, no decrease but
even modest increase of Pol III occupancy on tDNAs was
seen in the maf1 mutant, which correlated with accumulation of primary transcripts and intron-containing tRNA
precursors (Figure 1 A and D).
In summary, we conclude that the YPD→YPGly transition causes opposite changes in Pol III and TFIIIC occupancy on tRNA genes. Regulation of tDNA transcription by the metabolic switch is dependent on Maf1 and is
consistent with the regulation of Pol III occupancy. Importantly, opposite regulation of TFIIIC occupancy, especially
on intron-containing genes, is also dependent on Maf1.
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Figure 1. Switch between fermentation and aerobic respiration results in Maf1-dependent, inverse changes in Pol III and TFIIIC occupancy on tRNA
genes. Control strain (wt) and isogenic maf1 mutant grown in glucose medium were harvested in the exponential phase (YPD) or transferred to glycerol
medium and cultivated in YPGly for 2 h at 37◦ C (YPD→YPGly protocol). Cross-linked chromatin isolated from wt and maf1 strains expressing  138
with TAP epitope (A) or C160 with HA epitope (B) was immunoprecipitated with antibodies against  138 (A) or HA (B) followed by quantitative real-time
PCR with primers specific for the following single tDNAs: intron containing tL(CAA)G1 and tF(GAA)H1 (designated as tDNA-Leu and tDNA-Phe) and
intron-less tM(CAU)E and tV(CAC)D (designated as tDNA-Met and tDNA-Val, respectively). The occupancy is represented as a percentage of immunoprecipitation over input chromatin. See that scale is different in panels (A) and (B). (C) RNA isolated from wt and maf1 strains was analyzed by northern
blotting using probes specific for given families of isoacceptor tRNAs: tRNA-Leu(CAA), tRNA-Leu(UAG) [designated tRNA-Leu*], tRNA-Phe(GAA),
tRNA-Trp(CCA) and tRNA-Lys(UUU). Some probes detect only intron-containing tRNA precursors, primary transcripts (designated
) and 5 or
, respectively), whereas other probes also recognize mature tRNA. 5.8S rRNA served as a loading
or 5 ,3 -end-matured forms (designated
control. (D) Amounts of primary transcripts (
) were normalized to the loading control and calculated relative to amounts in the wt strain under
standard conditions (YPD), which was assumed as 1. Bars in panels (A), (B) and (D) represent the mean ± standard error of the mean (SEM) of three
independent experiments. p values were calculated using a two-tailed t-test. ***, ** and * asterisks indicate, respectively, p value <0.005, <0.01 and <0.05.

Although we were unable to detect changes in growth
and phosphorylation patterns on gels, de novo synthesis of
tRNA-Phe was attenuated in  138–3StA (S104A, S222A
and S892A) strains (Figure 3A); however, the statistically
significant difference in transcription was detected only
when cells were harvested 10 and 15 min after glucose addition (Figure 3B). Notably, the observed transcription inhibition was related to the created mutations as they were
complemented by the native TFC3 gene introduced on a
plasmid (Supplementary Figure S2). Therefore, the contri-

bution of PKA phosphorylation sites may be important for
 138 function.
Next, we investigated whether the  138–3StA mutation
affected recruitment of mutant TFIIIC to tDNA. When
the YPGly→YPGly+glucose growth protocol was applied
for wild-type and  138–3StA mutant, ChIP inspections
showed the difference between wild-type and  138–3StA
mutant on YPGly cells, but not 10 min after addition of
glucose (YPGly+glucose) when transcription was activated
(Figure 3C). ChIP experiment was repeated in the tpk1
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Figure 2. Addition of glucose to yeast cultivated in medium with a nonfermentable carbon source results in rapid induction of tDNA transcription and opposite, Maf1-dependent, changes in Pol III and TFIIIC recruitment to tDNA. Yeast were grown in glycerol medium at 30◦ C (YPGly)
to the logarithmic phase, then glucose was added to a final concentration of 100 mM (YPGly+glucose) and samples were taken at desired
times (YPGly→YPGly+glucose protocol). Northern blot analysis (A) and
quantification of primary transcript for tRNA-Leu(CAA) (B) in control
(wt) and isogenic mutant strains with inactive PKA kinase (tpk1 tpk2).
Amounts of primary transcripts (
) normalized to loading control and calculated relative to amount in control wt strain, 15 min after glucose addition that was assumed as 1. Probe specific for tRNALeu(CAA) detects primary transcript (designated
) and 5 - or
5 ,3 -end-matured pre-tRNA (designated
or
). 5.8S rRNA
served as a loading control. Occupancy of tDNAs by TFIIIC (C) and Pol
III (D). Cross-linked chromatin isolated from wt and maf1 strains expressing the  138-TAP (C) or C160-HA epitope fusion (D) was immunoprecipitated and analyzed as described in the legend to Figure 1. Samples
were taken 10 min after glucose addition. ***, ** and * asterisks indicate,
respectively, p value <0.005, <0.01 and <0.05.

Increased interaction of  131 subunit of TFIIIC with Bdp1
and Brf1 subunits of TFIIIB during transcription repression
Very important role of TFIIIC in the regulation of transcription by Pol III is the assembly of TFIIIB upstream of
the transcription start site. The mechanism by which TFIIIC recruits TFIIIB onto tRNA genes appears to involve
a stepwise series of intricate protein–protein and protein–
DNA interactions, the details of which are poorly understood. One of the crucial steps in TFIIIB assembly is the
interaction between  131 and the Bdp1 subunit of TFIIIB
(36,37). Moreover, the current hypothesis suggests a competition between Bdp1 and  138 for interaction with the same
 131 domain (16).
To examine connections between growth conditions and
TFIIIB assembly by TFIIIC, we determined whether induction of Pol III activity equally affected the direct interaction between  131 and TFIIIB subunits, Bdp1 and Brf1,
and their recruitment to tRNA genes. At the same time,
we also examined TFIIIB assembly in  138–3StA mutant.
Considering the current model (16), the increased interaction of  131 with  138–3StA (Figure 3E) should somehow
affect association of  131 with Bdp1. We took advantage
of the result that Pol III activity was rapidly induced upon
YPGly→YPGly+glucose transition. That growth protocol
was employed for wild-type and  138–3StA mutant strains
expressing either GFP-tagged  131 or HA-tagged Bdp1 or
both. YPGly cells harvested in the logarithmic phase or
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5.8S rRNA

tpk2 PKA knockout strain (Supplementary Figure S3).
The comparable effects of tpk1 tpk2 and  138–3StA
mutants on  138 association with tDNA suggest that PKA
may control the TFIIIC occupancy on Pol III chromatin.
Recruitment of  131, another subunit of TFIIIC, to
tRNA genes was also moderately affected by  138–3StA
mutation (Figure 3D), in contrast to the pure effect on
tDNA transcription (Figure 3A and B). Thus, we considered another possible function of  138, which is strongly
affected by the  138–3StA mutation.
The model of TFIIIC architecture implicated the  IR domain of  138 as a crucial component for linking  A and
 B modules. The docking platform for  IR is provided by
the N-terminal part of the  131 subunit of  A (16). To investigate the possible effect of  138–3StA on the interaction of mutant  138 with  131, yeast cells expressing TAPtagged wild-type or mutated  138 and GFP-tagged  131
were grown according to YPGly→YPGly+glucose protocol and examined by co-immunoprecipitation.  138 was immunopurified from crude extracts and analyzed by western
blot (Figure 3E). The levels of  131 co-precipitated with
wild-type  138 were unchanged when glucose was added
inducing DNA transcription. In contrast, glucose addition
to  138–3StA cells resulted in a significant increase in  131
levels bound to  138–3StA (Figure 3E). Thus, we concluded
that inefficient induction of tDNA transcription by glucose in  138–3StA cells correlated with a stronger interaction between mutated  138 and  131. It seems possible that
phosphosite mutations trigger increased binding of mutated
 138 to  131 and affect the flexibility of the TFIIIC complex, which is ultimately necessary to accomplish induction
of tDNA transcription via the PKA pathway.
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10 min after glucose addition (YPGly+glucose) were tested
in parallel for the  131–Bdp1 and  131–Brf1 interactions
by co-immunoprecipitation (Figure 4A) and recruitment
of Bdp1 and Brf1 to tDNA by ChIP (Figure 4B and C).
To faithfully establish an assembly–recruitment relationship, we tested the TFIIIC–TFIIIB interaction in crosslinked chromatin. Immunoprecipitation of  131 with mag-

netic beads coated with anti-GFP antibodies and further
examination by western blotting revealed that the levels of
co-purified Bdp1 and Brf1 were unaffected by  138–3StA
mutation but varied depending on the carbon source in
the medium (Figure 4A, right panel). In YPGly cells, the
levels of co-immunoprecipitated Bdp1 were ∼8-fold higher
than YPGly+glucose cells. Treatment of immunoprecipi-
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Figure 3. Multiple consequences of the inactivation of potential sites of phosphorylation by PKA in  138 subunit of TFIIIC.  138–3StA mutant and
corresponding wild-type strains were grown according to YPGly→YPGly+glucose protocol. Samples were taken at desired times after glucose addition.
Experiments were performed in triplicate to calculate SEM represented by error bars. (A and B) Attenuation of tRNA transcription. Northern blot analysis
(A) and quantification of primary transcript for tRNA-Phe(GAA) (B). Amounts of primary transcripts (
) normalized to loading control and
calculated relative to amount in control wt strain, 15 min after glucose addition that was assumed as 1. * asterisk indicates p value <0.05. (C and D)
Recruitment of TFIIIC to tDNAs. Occupancy of tDNAs by  138 (C) and  131 (D). Cross-linked chromatin isolated from wt and  138–3StA strains
expressing  138-TAP epitope (C) or  131-GFP epitope (D) was immunoprecipitated and analyzed as described in the legend to Figure 1. Samples were
taken 10 min after glucose addition. (E) Inactivation of potential sites of phosphorylation by PKA in  138 strengthens the interaction between  A and  B
modules of TFIIIC. Total cellular extracts (INPUT) prepared from wt and  138–3StA mutant strains expressing GFP-tagged  131 and TAP-tagged  138
or  138–3StA and from control strains expressing only a  131-GFP or  138-TAP tag were subjected to immunoprecipitation using IgG-coated magnetic
beads. This protocol is based on the affinity of the protein A-containing TAP tag to IgG. Immunoprecipitated proteins were eluted and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot using peroxidase anti-peroxidase (PAP) and anti-GFP antibodies. Band
intensities from western blot images were quantified by MultiGauge v3.0 software (Fujifilm).  131/ 138 ratios were calculated, and the  131/ 138 ratio
in wt strains grown in YPGly medium was set to 1.
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tates with DNase did not affect the binding of  138 with
Bdp1 and Brf1, excluding the possibility that their interactions are mediated by DNA (Supplementary Figure S3).
Moreover, reciprocal precipitation of Bdp1-HA coprecipitated  131 more efficiently from extracts derived
from YPGly cells (Figure 4A, left panel). Therefore, we concluded that the  131–Bdp1 interaction is strong under repression conditions and drops when transcription is activated. Interestingly, ChIP analysis of TFIIIB recruitment to
tRNA genes showed the opposite; relatively low Bdp1 occupancy YPGly cells was significantly increased after glucose was added (Figure 4B). Occupancy analyses of Brf1,
resulted in a similar ∼2-fold increase in recruitment (Figure
4C). It is possible that Brf1 and Bdp1 assemble on TFIIIC
during repression and are separated from tRNA genes until transcription is induced. Due to conformational change
in  A module of TFIIIC, Brf1 and Bdp1 are specifically directed to the upstream transcription start site where they
form a stable complex together with the independently delivered TATA-biding protein (TBP).
DISCUSSION
In the present work, we show the dynamics of TFIIIC association with tRNA genes during transition of yeast between
fermentation and respiration. TFIIIC–Pol III associations
with tRNA genes are inversely correlated and dependent
on Maf1. Transitions between fermentation and respiration
also affected TFIIIC-directed recruitment of TFIIIB. The
TFIIIC–TFIIIB interaction in cross-linked chromatin was

strong under respiratory conditions, whereas glucose promotes release of TFIIIB from TFIIIC and recruitment of
TFIIIB to tRNA genes.
Examination of tDNA occupancy by TFIIIC and
Pol III during metabolic transitions between fermentation and aerobic respiration (YPD→YPGly) and vice
versa (YPGly→YPGly+glucose) confirmed previous notions that TFIIIC does not dissociate from chromatin during active transcription, but even throughout dynamically
changing growth conditions remain more or less tightly associated with tDNA (18). Although ChIP experiments using different baits and antibodies cannot be directly compared quantitatively, we noticed an obvious inverse correlation between carbon source-dependent changes in TFIIIC
and Pol III occupancy of tDNA. The YPD→YPGly transition of control wild-type strain resulted in a decrease in Pol
III occupancy and increase in TFIIIC occupancy, whereas
the YPGly→YPGly+glucose transition resulted in the opposite (Figure 5, upper panel). These opposite alterations
suggest exclusivity between TFIIIC and Pol III.
Our results are in line with a previously reported genomewide decrease in Pol III occupancy upon repression (in stationary phase, by nutrient starvation or rapamycin treatment) accompanied by an increase in TFIIIC occupancy
(12,18,38). Moreover, glucose addition to nutrient-starved
cells led to a reversal of this effect; TFIIIC was released from
active genes, with the notion that transcription by Pol III
partially displaces TFIIIC from its binding sites (18). Opposite changes in recruitment of Pol III and TFIIIC upon star-
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Figure 4. Assembly–recruitment relationships between TFIIIC and TFIIIB.  138–3StA mutant and corresponding wild-type strains were grown according to YPGly→YPGly+glucose protocol. All experiments were performed in triplicate. (A) Increased TFIIIC–TFIIIB interaction during transcription
repression. Cross-linked chromatin extracts isolated from wild-type and  138–3StA mutant strains expressing double GFP-tagged  131 and HA-tagged
Bdp1 and controls expressing single-tagged  131-GFP were subjected to immunoprecipitation with 1* magnetic beads coated with an anti-GFP antibody
(right upper panel) or 2* magnetic beads coated with an anti-HA antibody (left lower panel), followed by elution of bound proteins. Immunopurified
proteins were analyzed by SDS-PAGE and western blot using anti-HA, anti-GFP and anti-Brf1 antibodies. Band intensities from western blot images were
quantified by MultiGauge v3.0 software (Fujifilm). Bdp1/ 131 ratios were calculated, and the ratio in wt strains grown in YPGly medium was set to 1.
Differences between wt and  138–3StA mutant were not statistically significant. (B and C) Increased TFIIIB occupancy on tDNA genes during transcription activation. Cross-linked chromatin isolated from wild-type and  138–3StA mutant strains expressing HA-tagged Bdp1 was immunoprecipitated with
antibodies against HA (B) or Brf1 (C), followed by qPCR as described in the legend to Figure 1.* and ** asterisks indicate, respectively, p value <0.01 and
<0.05.
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vation were also demonstrated by ChIP only for the longest
Pol III gene, SCR1 (13).
Here, we examined changes of TFIIIC occupancy on several tRNA genes. Interestingly, the effect of YPD→YPGly
transition on the occupancy of TFIIIC was more prominent
for intron-containing tRNA genes for which longer distance
between A- and B-boxes was noted (Figure 1A). Therefore,
one hypothesis is that this longer distance may be a factor
that facilitates TFIIIC binding to tRNA genes during repression. Pronounced repression of intron-containing genes
by Maf1 could be in part assisted by TFIIIC binding.
With the knowledge that Maf1 is involved in coupling
carbon metabolism to Pol III transcription (31), we monitored the effects of maf1 on occupancy of TFIIIC and Pol
III on tRNA genes under various physiological conditions.
In YPD-grown cells, Maf1 was inactive, and as expected,
no significant difference in tDNA occupancy by Pol III machinery was observed between maf1 and control strain.
Notably, inactivation of Maf1 resulted in a decrease in TFIIIC and increase in Pol III occupancy under all other growth
conditions tested (YPGly, YPGly and YPGly+glucose). In
summary, TFIIIC and Pol III occupancy are dependent on
Maf1 in opposite fashion (Figure 5, upper panel).
Maf1 appears to interact directly with Pol III and prevent
Pol III recruitment to tRNA genes during repression (10).
Therefore, an increased Pol III occupancy on tRNA genes
in the absence of Maf1 appears reasonable. Hence, an op-

posite effect of Maf1 inactivation on TFIIIC occupancy is
probably indirect and a result of full competition between
Pol III and TFIIIC, both during active transcription and
under repressive conditions. Although no data on Maf1 interaction with TFIIIC has been reported, the scenario in
which Maf1 promotes TFIIIC-mediated repression cannot
be excluded. Our previous estimation indicated that only a
small portion of Maf1 is associated with Pol III (12), suggesting that other Maf1 targets may exist.
Whereas Pol III displaces TFIIIC during active transcription, TFIIIC replaces Pol III when conditions are unfavorable for transcription to proceed. An important question
is whether TFIIIC represents only a transient barrier for
Pol III or acts as an active repressor. All subunits of TFIIIC are essential and the relatively sparse data indicate that
their expression must be tightly regulated (39). Moreover,
several links between metabolism and signaling cascades
have recently been established. In particular, the  55 subunit of TFIIIC is an active phosphatase (40), TFIIIC is in
contact with TOR (41), and current data indicate a direct
control of TFIIIC by PKA (Figure 3A and B; Supplementary Figure S3). Recruitment of TFIIIC may be also related
to its function in chromatin organization (42–44) and colocalization with condensins (45). Altogether, regulation of
TFIIIC function/activity is not well-known, but previous
and current data do not exclude its active functioning under repressive conditions.
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Figure 5. Competition between TFIIIC and Pol III for tDNA (upper panel). Inverse correlation between carbon source-dependent changes of Pol III
and TFIIIC occupancies on tRNA genes in the wild-type strain and reverse changes of Pol III and TFIIIC occupancies in maf1Δ mutant––compared
to wild-type strain––is shown by arrows indicating up- or down-regulation that could not be quantitatively compared. Molecular mechanism of TFIIICmediated recruitment of TFIIIB and control of tDNA transcription by Pol III (lower panel). During repression, TFIIIC associated with tDNA. Two
subunits of TFIIIB, Brf1 and Bdp1, are bound to the  A module of TFIIIC. Pol III in complex with Maf1 is inactive. Transcription initiation, induced
by environmental signal, leads to stepwise dissociation of TFIIIC from tDNA, correlated with the release of Brf1 and Bdp1 from the complex with  A
and their subsequent transfer to tDNA. Formation of TFIIIB complex on tDNA possibly involves rearrangement of TBP, pre-bound to the  60 subunit,
which has been not studied here and is designated by a question mark. Recruitment of Pol III to the transcription start site is preceded by phosphorylation
of Maf1 and its dissociation. Subsequent conformational changes in Pol III machinery lead to formation of an elongation complex and displacement
of TFIIIC from tDNA by the transcribing polymerase. Presented protein–protein and protein–DNA interactions lead to stepwise DNA rearrangements,
DNA bending, formation of a closed pre-initiation complex and promoter opening, which were beyond our study and are not shown.
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ure 3E). Possibly, the competition between  138 and Bdp1
for  131 binding does not impair  A– B interaction but
rather induces conformational rearrangements necessary to
deposit TFIIIB onto DNA. This hypothesis is complementary to the model proposed by Male et al. (16).
Our observations suggest the following speculative model
for control of Pol III transcription by TFIIIC (Figure 5,
lower panel). In its natural environment, yeast cells are
usually maintained in the repressed state. During repression, TFIIIC is bound to A- and B-boxes in tRNA genes.
Two subunits of TFIIIB, Brf1 and Bdp1, are assembled
and bound to the  131 subunit of TFIIIC. Pol III is inactive when complexed with Maf1. Induction of transcription
by environmental signals leads to conformational changes
in TFIIIC, which leads to stepwise dissociation of TFIIIC
from tDNA. The conformational change in TFIIIC also
involves dissociation of Brf1 and Bdp1 from  131 and increases their association with tDNA, possibly with the contribution of TBP, pre-bound to the  60 subunit. At the same
time, Maf1 is phosphorylated and dissociates from the Pol
III complex, which becomes active. Then TFIIIB recruits
Pol III to the transcription start site (which is no longer
covered by TFIIIC), forming the initial transcription complex. Subsequent conformational changes in Pol III machinery lead to formation of an elongation complex and displacement of TFIIIC from tDNA by the transcribing polymerase. In summary, our present work reveals several new
aspects of the mechanism of TFIIIB assembly and control
of tRNA gene transcription by its general transcription factor, TFIIIC.
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