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Abstract
The resource intensive process of accurate ribosome synthesis is essential for cell viability in all organisms. Ribosome 
synthesis regulation centers on RNA polymerase I (pol I) transcription of a 35S rRNA precursor that is processed into the 
mature 18S, 5.8S and 25S rRNAs. During nutrient deprivation or stress, pol I synthesis of rRNA is dramatically reduced. 
Conversely, chronic stress such as mitochondrial dysfunction induces RNA polymerase II (pol II) to transcribe functional 
rRNA using an evolutionarily conserved cryptic pol II rDNA promoter suggesting a universal phenomenon. However, this 
polymerase switches and its role in regulation of rRNA synthesis remain unclear. In this paper, we demonstrate that extended 
nitrogen deprivation induces the polymerase switch via components of the environmental stress response. We further show 
that the switch is repressed by Sch9 and activated by the stress kinase Rim15. Like stress-induced genes, the switch requires 
not only pol II transcription machinery, including the mediator, but also requires the HDAC, Rpd3 and stress transcription 
factor Hsf1. The current work shows that the constitutive allele,  Hsf1PO4* displays elevated levels of induction in non-stress 
conditions while binding to a conserved site in the pol II rDNA promoter upstream of the pol I promoter. Whether the poly-
merase switch serves to provide rRNA when pol I transcription is inhibited or fine-tunes pol I initiation via RNA interac-
tions is yet to be determined. Identifying the underlying mechanism for this evolutionary conserved phenomenon will help 
understand the mechanism of pol II rRNA synthesis and its role in stress adaptation.
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Introduction

Ribosomal synthesis is the most resource intensive cellular 
process, and cell viability is highly dependent on the pre-
cise production and assembly of ribosomes. Thus, ribosome 
production is tightly linked to growth rate and the need for 
protein synthesis (Kief and Warner 1981) with RNA poly-
merase I (pol I) transcription of rRNA being the rate limiting 
step (Laferté et al. 2006; Chedin et al. 2007). During nutrient 

deprivation in yeast, inhibition of the TOR and PKA signal-
ing pathways greatly prohibits pol I pre-initiation complex 
(PIC) formation reducing pol I transcription to ~ 10% of 
maximal transcription (Warner 1999; Fahy et al. 2005). In 
addition to nutrient depletion, stress conditions result in a 
rapid inhibition of pol I transcription (Warner 1999; Grummt 
2010). In this paper, we demonstrate that the processes 
that prohibit pol I PIC formation also triggers Heat Shock 
Transcription Factor 1 (Hsf1) mediated synthesis of rRNA 
by RNA polymerase II (pol II). This polymerase switch 
employs factors required for general stress response in yeast 
classifying pol II rRNA synthesis as a stress response. Fur-
thermore, the synthesis of rRNA by pol II is evolutionarily 
conserved suggesting that it contributes to the regulation of 
rRNA synthesis, in general.

During normal growth in response to TOR and PKA 
signaling, the pol I transcription factor UAF binds to the 
upstream element of the pol I rDNA promoter allowing the 
further binding of the Core Factor, TBP and Rrn3/pol I to 

Communicated by  Michael Polymenis.

 * Heather Conrad-Webb 
 HConradWebb@twu.edu

1 Department of Biology, Texas Woman’s University, 304 
Administration Dr., Denton, TX 76204, USA

2 Department of Bioinformatics,  University of Texas 
Southwestern, 5323 Harry Hines Blvd., Dallas, Texas 75390, 
USA

http://orcid.org/0000-0002-3906-578X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00294-021-01197-w&domain=pdf


938 Current Genetics (2021) 67:937–951

1 3

the core promoter. (Fath et al. 2001; Moss et al. 2007; Wool-
ford and Baserga 2013). Astonishingly, yeast cells survive 
in the absence of UAF and the ensuing inhibition of most, if 
not all, pol I transcription. Absence of UAF subunits Rrn5, 
Rrn9 or Rrn10 result in the loss of UAF binding and pol I 
transcription with a subsequent reduction in growth rate. 
The absence of UAF binding results in dramatic changes 
in rDNA promoter chromatin and the exposure of an over-
lapping cryptic pol II rDNA promoter (Goetze et al. 2010) 
allowing these strains to survive by the induction of a switch 
to pol II synthesis of the 35S rRNA (Keys et al. 1996; Oakes 
et al. 1999; Vu et al. 1999; Siddiqi et al. 2001).

This polymerase switch also occurs in wildtype yeast 
experiencing mitochondrial dysfunction.  Rho0 cells that 
lack mitochondrial DNA, and therefore are unable to 
respire, transcribe a significant percentage of the 35S 
ribosomal RNA precursor using pol II. Pol II synthesized 
rRNAs are incorporated into ribosomes and able to sup-
port growth in the absence of the pol I subunit RPA135 and 
functional pol I (Conrad-Webb and Butow 1995) (Fig. 1). 
Likewise, Nomura’s laboratory observed pol II rRNA tran-
scription in wildtype strains when grown at 37 °C (Oakes 
et al. 1999). Like the polymerase switch induced in UAF 
deletion strains, the environmentally induced polymerase 
switch requires both transcriptional activation and exten-
sive chromatin remodeling. Intriguingly, pol II synthesis of 
rRNA is observed in higher eukaryotes—including mam-
malian systems—when the binding of the pol I species 
specific transcription factor, SL1, is impaired. (Dhar et al. 
1985, 1987; Smale and Tjian 1985). Similarly, cryptic pol II 

rDNA promoters have been discovered in plants (Doelling 
and Pikaard 1996).

The ability of pol II to transcribe rRNA in such diverse 
organisms as yeast, plants and mammalian cells strongly 
supports the hypothesis that the polymerase switch is a uni-
versal phenomenon. In higher eukaryotes, the switch has 
been observed when SL1 is inhibited from binding to the 
rDNA promoter. In yeast, the polymerase switch occurs dur-
ing chronic heat stress or mitochondrial dysfunction when 
stress pathways are activated and growth signaling pathways 
inhibit assembly of the pol I transcription pre-initiation com-
plex (and UAF binding). Even during stationary phase or 
quiescence, rRNA and ribosome continue to be synthesized 
although at greatly reduced levels allowing cell to adapt and 
survive severe nutrient deprivation (Fahy et al. 2005; Bier-
hoff et al. 2014; Roche et al. 2017). Thus, pol II synthesis of 
rRNA may serve as a backup mechanism for rRNA synthesis 
during stress conditions allowing fine-tuning of rRNA syn-
thesis and the survival of the cell.

In this paper, we investigate the regulation of the poly-
merase switch and demonstrate that nitrogen deprivation 
also induces the switch. Similar to stress response genes 
in yeast, the induction of the switch is repressed by growth 
signaling kinase Sch9 and is activated by the stress kinase 
Rim15. Like stress-induced genes, the switch requires not 
only pol II transcription machinery including the mediator, 
but also requires the HDAC, Rpd3. Finally, Heat Shock Fac-
tor 1 modulates pol II transcription of rRNA suggesting that 
the polymerase switch occurs in response to chronic stress.

Chromosome 
XII

NTS1 NTS2

9.1 kb

5S 25S5.8S18S25S

Fig. 1  The overlapping pol I and pol II rDNA promoters within the 
rDNA repeat. In S. cerevisiae, 100–200 copies of the rDNA repeat 
are clustered on chromosome XII; however, only approximately half 
are available or “open” for transcription. Synthesis of the 35S rRNA 
by pol I is dependent upon the pol I promoter (hatched box), which 
contains the binding sites for UAF and the core factor, CF. The 
overlapping pol II rDNA promoter (solid box) is used in  rho0 cells 

or stressed cells to synthesize a 35S rRNA (dashed arrow), while 
wildtype  rho+ cells or non-stressed cells use the pol I promoter to 
synthesize the 35S rRNA (arrow). Reb1 binding sites (diamond), 
Replication Fork Barrier (RFB, octagon), Enhancer promoter (E-pro, 
gray arrow) and the ARS (star) are also shown. Direction of 35S 
rRNA transcription is shown as a bent arrow. 35S rRNA termination 
sites are shown as downward arrows
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Methods and materials

Yeast strains, plasmids and general methods

Yeast strains used in this study are as listed in Table 1. All 
strains from the Saccharomyces Genome Deletion Project 
(Winzeler et al. 1999) were purchased from Open Bio-
sytems. TAP-tagged strains (Ghaemmaghami et al. 2003) 
were purchased from Dharmacon. The rDNA-lacZ reporter 
plasmid, pFES17, is a derivative of YEprlacZ-1208 (Con-
rad-Webb and Butow 1995) where the reporter gene was 
transferred into Yep366 (Myers et al. 1986) to allow for 
leucine selection. pYW2A4Δ is a derivative of YIprT7λ 
(Conrad-Webb and Butow 1995) with a shortened T7 
reporter. Designated strains were transformed using the 
Gietz Transformation Method (Gietz and Woods 2002). 

All integrations, deletions and TAP fusion strains were 
confirmed by PCR. Oligonucleotides used for copy num-
ber determination and ChIP assays are listed in Table 2.

Growth conditions

Strains transformed with pFES17 were grown in synthetic 
complete media lacking leucine (SC) (0.67% yeast nitrogen 
base, 1% ammonium sulfate, 2% dextrose and 0.2% of SC-
leu dropout synthetic mix without leucine and nitrogen base, 
US Biological) at 30 °C with shaking. For nitrogen rich con-
ditions (SC), cells were harvested at  OD600 = 0.8–1.0. For 
nitrogen deprivation, cells were initially grown in SC broth 
until  OD600 ~ 0.35. Cells were collected by centrifugation, 
washed twice with sterile distilled water and resuspended in 
low nitrogen SLAD media (LN)(0.17% yeast nitrogen base 
without amino acids, 2% glucose and 0.025% ammonium 

Table 1  Yeast Strains used in this study

Strain name Genotype Source

PSY142  rho+/rho0 MATα leu2 lys2 ura3 rho+/rho0 R. A. Butow
rtg1∆ rho+/rho0 PSY142 rtg1::URA3 R. A. Butow
rtg2∆ rho+/rho0 PSY142 rtg2::LEU2 R. A. Butow
rtg3∆ rho+/rho0 PSY142 rtg3:: LEU2 R. A. Butow
rtg1∆ rtg3∆ rho+/rho0 PSY142 rtg1::URA3 rtg3:: LEU2 R. A. Butow
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pFES17 R. A. Butow
BY4741-T7 BY4741 rDNA:: pYW2A4Δ pFES17 This study
Reb1-TAP BY4741 REB1::REB1-TAP Dharmacon
Reb1-TAP T BY4741 Reb1-TAP rDNA:: pYW2A4Δ pFES17 Dharmacon
Gis1-TAP T7 BY4741 Gis1-TAP rDNA:: pYW2A4Δ pFES17 Dharmacon
BY4743 wildtype MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15 LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

pFES17
This study

gal11∆ BY4743 gal11:: KanMAX pFES17 This study
pdg1∆ BY4743 pdg1:: KanMAX pFES17 This study
Ssn8∆ BY4743 ssn8:: KanMAX pFES17 This study
rpd3∆ BY4741 rpd3::KanMAX pFES17 This study
sin3∆ BY4741 sin3::KanMAX pFES17 This study
dep1∆ BY4741 dep1::KanMAX pFES17 This study
rco1∆ BY4741 rco1::KanMAX pFES17 This study
kcs1∆ BY4741 kcs1::KanMAX pFES17 This study
vip1∆ BY4741 vip1::KanMAX pFES17 This study
tor1∆ BY4743 tor1::KanMAX pFES17 This study
sch9∆ BY4743 sch9::KanMAX pFES17 This study
rim15∆ BY4743 rim15::KanMAX pFES17 This study
gis1∆ BY4743 gis1::KanMAX pFES17 This study
msn2∆ BY4743 msn2::KanMAX pFES17 This study
msn4∆ BY4743 msn4::KanMAX pFES17 This study
AGY249 Mat a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 msn2::KANMX msn4::URA3 A. Gasch
WT W3031a MATa ADE2 HSE-YFP::LEU2 D. Pincus
DPY416 W303 MATa hsf1∆::KAN 4xHSE-YFP::LEU2 HSF1pr-HSF1∆po4::TRP1 D. Pincus
DPY605 W303 MATa hsf1∆::KAN 4xHSE-YFP::LEU2 HSF1pr-HSF1PO4*::TRP1 D. Pincus
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sulfate and 20 µg/L of uracil and histidine) and incubated 
with shaking at 30 °C for 12 h (Gasch et al. 2000).

β‑Galactosidase assays

β-Galactosidase activity was measured in whole cell extracts 
as previously described in three independent experiments 
(Rose and Botstein 1983). In each experiment, at least two 
extracts were assayed in triplicate. β-Galactosidase activity 
was corrected for relative plasmid copy number by quan-
titative real time PCR measured in quadruplets. Relative 
copy number was calculated by the ∆∆Ct method (Livak 
and Schmittgen 2001) comparing the average Ct value for 
plasmid ampR gene to the genomic TRP1 gene. The plasmid 
copy number was normalized to wildtype copy number (1.0) 
in normal nitrogen conditions. Data (n ≥ 3) was analyzed 
using a One-Way ANOVA and Tukey HSD Post Hoc test, 
p < 0.05.

Chromatin immunoprecipitation (ChIP) assay

ChIP experiments were performed using Tandem Affinity 
Purification (TAP) tagged strains (Ghaemmaghami et al. 
2003) or wildtype BY4741 strains containingYW2A4Δ 
integrated into the rDNA repeat and the multicopy pFES17 
plasmid. Non-TAP-tagged strains as well as IGG were used 
as negative controls. In at least three independent experi-
ments, strains were grown in normal (SC) and low nitrogen 
media (LN) as described previously. The ChIP protocol was 
adapted from Kurdistani and Grunstein (2003). Briefly, Cells 
were crosslinked initially with 10 mM dimethyl adipimate 
(DMA) in ice-cold PBS with 0.25% DMSO for 45 min. The 
cells were harvested and washed in ice-cold PBS, followed 
by crosslinking in 1% formaldehyde for 1 h. The crosslink-
ing was terminated by addition of 2.5 M glycine. The cell 
pellet was resuspended in 1 ml of freshly prepared ChIP 
lysis buffer (50 mM HEPES–KOH pH 7.5, 500 mM NaCl, 
1 mM EDTA, 1% Triton X-100, 0.1% Sodium Deoxycho-
late, 0.1% Sodium Dodecyl Sulfate) with protease inhibitor 
cocktail (AEBSF Sigma # S8830) and 1 mM PMSF. Cells 
were lysed using 0.5 mm glass beads in a Mini-Beadbeater™ 

(Biospec) for a total of 5 min in 1 min intervals, followed 
by sonication using a Qsonica sonicator for 3 min at 100% 
amplitude with 20 s ON and 40 s OFF cycles to obtain DNA 
fragments ranging from 0.4 to 1 kb. The whole cell extract 
was clarified by centrifugation and protein estimation was 
performed using BCA assay kit (Thermoscientific Cat# 
23250). Immunoprecipitation reactions were set up over-
night using 400 µg of protein and the appropriate antibody, 
reserving 1% for input controls. Antibodies used were rabbit 
anti-TAP antibody (Thermoscientific # CAB1001), rabbit 
anti-H3 antibody (Cell Signaling #4620), rabbit anti-Msn4 
(Santa Cruz sc-15550), rabbit anti-pol II and rabbit anti-
Hsf1 (gifts of D. Gross). Complexes were isolated with Pro-
tein A/G agarose beads or G magnetic beads and the eluted 
protein-DNA complexes were digested. DNA was isolated 
using a PCR purification kit (Qiagen QIAquick PCR purifi-
cation kit # 28,104). Quantification of DNA was performed 
using real time PCR (Bio-Rad # 1,725,274) with respective 
primer sets. Percent input [100*2^(Adjusted input—Ct (IP)] 
was calculated and analyzed using a two-tailed Student’s 
Independent t test at p < 0.05 (n ≥ 3).

Results

To investigate the hypothesis that pol II synthesizes rRNA 
during stress conditions other than mitochondrial dysfunc-
tion, we inspected the pol II rDNA promoter for putative 
transcription factor binding sites using YeTFaSCo (De Boer 
and Hughes 2011). Previous investigations had established 
that the pol II rDNA promoter overlapped the pol I promoter 
extending upstream of the Reb1 binding site (Conrad-Webb 
and Butow 1995) (Fig. 1). The pol II rDNA promoter (− 1 
to − 380) contains numerous putative transcription factor 
binding sites, many of which are activated during nutrient 
limitation, stress response and adaptation (Cherry et al. 
2012). Three putative transcription factor sites were of great 
interest: the retrograde transcription heterodimer Rtg1/Rtg3, 
Heat Shock Factor Hsf1, and the general stress response fac-
tors, Msn2/Msn4 (Table 3).

Table 2  Primers used in this 
study

Target Forward Reverse

AmpR 5’ CTG CAT AAT TCT CTT ACT GTC ATG CC 5’ GTA TTG ACG CCG GGC AAG AGC 
TRP1 5’ GTT CAG GCA CTC CGA AAT ACT TGG 5’ GGA ACT CTT GGT ATT CTT GCC ACG 
rDNA 1 5’ TCC GTT GGT TTT GGT TTC GGT 5’ ATT TTC TGC CCT CTC TGT CG
T7 5’ TCC GTT GGT TTT GGT TTC GGT 5’ TAC AAC GTG TGG AAC TTC GG
LacZ 5’ TCC GTT GGT TTT GGT TTC GGT 5’ CAG TCA CGA CGT TGT AAA CGAC 
CTT1 5’ TTT CGA CGT TGA AGA TTA GGGG 5’ CGC AAT TTC ACC GCT TGG 
HSP26 5’ ACT CCG TGT GTA CCC CTA ACTC 5’ TTT GGA CGC ATA AGG GGG A
TRA1 5’ ATC AAA CAA TCC GCG TAC CTG GTT AC 5’ GCG TTC ATA CGT TCA TGG AGA ACA GG
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The polymerase switch and retrograde response are 
intimately linked. First, their discovery came from the 
same investigation on the influence of the mitochondrial 
genome quality on nuclear gene expression (Parikh et al. 
1987, 1989; Liu and Butow 1999). Second, both the ret-
rograde response and pol II synthesis of rRNA are highly 
induced in  rho0 cells, but not in  rho+ cells. Finally, the 
putative Rtg1/Rtg3 binding sites exist within the pol II 
rDNA promoter. To test the role of the retrograde pathway 
in pol II rRNA synthesis, wildtype PSY142  rho+ or  rho0 
strains and RTG  deletion derivatives harboring a rDNA-
lacZ reporter plasmid were examined for β-galactosidase 
activity/reporter gene copy when grown on SC-Raffinose 
media (Fig. 2a). Although both pol I and pol II RNAs are 
produced from the reporter gene, only pol II RNAs are 
translated (Lopata et al. 1986), thus β-galactosidase activ-
ity is a measure of pol II mediated rRNA synthesis. In con-
trast to our hypothesis that rtg1∆, rtg2∆, rtg3∆ and dou-
ble-deletion rtg1∆, rtg 3∆, strains should have decreased 
reporter gene activity, the absence of Rtg1, Rtg2, or Rtg3 
resulted in a significant increase in β-galactosidase activ-
ity in  rho+ cells, an increase comparable to the increase 
in wildtype  rho0 cells. In addition, reporter gene activity 
in rtg1∆, rtg2∆, rtg3∆ and rtg1∆/rtg 3∆  rho0 cells was 
further increased compared to wildtype  rho0 cells. Since 
mitochondrial dysfunction activates both the retrograde 
pathway and the polymerase switch, the absence of the 
Rtg1/Rtg3 transcription factors must activate the polymer-
ase switch indirectly. rtg1∆, rtg2∆ or rtg3∆ strains show 
glutamate autotrophy (Dilova and Powers 2006) indicating 
that the glutamate is limiting in the absence of Rtg1, Rtg2 
or Rtg3. We, therefore, hypothesized that nitrogen depriva-
tion may induce the polymerase switch.

Nitrogen deprivation induces the polymerase switch

To test the hypothesis that pol II rRNA synthesis occurs dur-
ing nitrogen deprivation, we tested wildtype cells and cells 
lacking Gln3 transcription factor, an activator of nitrogen 
catabolic repression (NCR) genes during nitrogen depriva-
tion and another gluatamate auxotroph. Wildtype BY4743 
 rho+ or gln3∆ cells harboring pFES17 were transferred dur-
ing early log phase to nitrogen deprivation media (LN) and 
grown an additional 12 h. Alternatively, cells were grown in 
synthetic complete (SC) media until mid-log phase. Nitrogen 
deprived wildtype cells showed an approximately fourfold 
increase in β-galactosidase activity, which confirms that 
nitrogen deprivation does induce the polymerase switch 
(Fig. 2b). Furthermore, gln3∆ cells showed β-galactosidase 
activity elevated over the wildtype controls grown in the 
same conditions revealing a link between the polymerase 
switch and nitrogen availability (Fig. 2b).

To confirm increased Pol II synthesis of rRNA during 
nitrogen deprivation, ChIP experiments were conducted 
to examine pol II binding to the rDNA promoter. In yeast, 
rDNA exists in a tandem array of ~ 150 rDNA repeats 
on chromosome XII where ~ 50% of the 150 rDNA chro-
mosomal repeats are accessible for transcription (open 
repeats)  (Merz et al. 2008; Gartenberg and Smith 2016). 
Thus, the rDNA promoter is present in multiple contexts- 
chromosomal open repeats, chromosomal closed repeats 
and extrachromosomal repeat circles (ERCs). Our strain 
also harbors the reporter plasmid with its own rDNA pro-
moter. To clarify the class of rDNA promoter bound by pol 
II, a series of unique primer sets were devised (Fig. 3a). 
Set rDNA amplifies all rDNA promoters and T7 (I) ampli-
fies a single open rDNA repeat with a unique T7 insertion 

Table 3  Transcription factors 
with putative sites within the 
rDNA pol II promoter and their 
 functionsa

a Numbers in parenthesizes are number of putative binding sites

Oxidative stress Chromatin remodeler 
required for stress 
response

Nutrient limitation Other stresses 
multiple stress

Repressor of 
Stress response 
genes

Yap1 (5) Rsc3 (3) Gis1 Pdr3 (5) Stb3
Yap5 (2) Rsc30 Rph1 (2) Sut1 (2) Arg81 (2)
Yap6 Put3 (3) Mot3 (2) Mig1
Skn7 (2) Pho4 Hal9 (3) Mig2

Phd1 Asg1 (5) Rdr1 (5)
Sip4 Out1 (5)
Gal4 Fkh2 (2)
Aro80 (4) Uvs1
Gcr1 (2) Msn2 (2)
Mga1 (2) Msn4 (2)
Leu3 (2) Haa1 (2)
Rgm1 (2) Hsf1 (2)
Azf1 Rtg1/3
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in the 35S transcription unit. ChIP analysis demonstrated 
that binding to the pol II rDNA promoters in both contexts 
significantly increased ~ 2.5 fold following nitrogen depri-
vation (Fig. 3b). Similarly, binding to the CTT1 promoter, 
a gene where expression increases ~ 4.5 fold following 
12 h of nitrogen deprivation (Gasch et al. 2000), shows 
a similar increase in pol II binding, while binding to an 
internal region of the TRA1 gene shows no change in pol 
II binding under low nitrogen conditions as is expected for 
a gene not regulated by nitrogen deprivation. As a positive 
control, Reb1, a protein known to bind to the promoter and 
enhancer regions of the rDNA repeat (Morrow et al. 1989), 
binds to rDNA promoters in all contexts (Fig. 3c).

The highly conserved mediator complex plays a crucial 
role in the assembly of the Pol II pre-initiation complex link-
ing gene specific transcription factors to the basal RNA pol-
ymerase II complex (Paul et al. 2015). The mediator binds 
to the promoters of stress-induced genes (Paul et al. 2015) 
and is required for the proper induction of stress responses 
including the Environmental Stress Response (ESR) (Ansari 
and Morse 2012). Disruption of interaction between the 
mediator tail module and stress transcription factors results 
in aberrant or no stress response (Fan et al. 2006; Ansari 
and Morse 2012, 2013; Kim and Gross 2013). To determine 
if the mediator is required for pol II rRNA synthesis during 
nitrogen deprivation, we assayed deletion strains of the tail 
module components (sin4/med16∆; pdg1/med3∆) and the 
CDK module (ssn8∆) for β-galactosidase activity (Fig. 4a). 
Even in an abundance of nitrogen, all three mediator deletion 
strains showed significant reduction in β-galactosidase activ-
ity. Following 12 h of nitrogen deprivation, the absence of 
tail subunits resulted in a further decrease in β-galactosidase 
activity well below the level of activity of the wildtype strain 
grown in the presence of nitrogen. The absence of the Ssn8 
subunit of the CDK8/CycC module during nitrogen depri-
vation resulted in a significant, but less dramatic reduction 
in enzyme activity. Thus, the absence of the mediator sig-
nificantly impairs both pol II rRNA synthesis as well as the 
transcription of stress response genes.

A second component required for induction of many 
stress responsive genes is the HDAC Rpd3 (Sertil et al. 2007; 
Alejandro-Osorio et al. 2009). The Rdp3 complex exists in 
three conformations: Rpd3L functions in transcription ini-
tiation, Rpd3S plays a role in transcription elongation and 
the Snt2C complex plays a role in oxidative stress (Baker 
et al. 2013). In addition, Rpd3L is known to be required for 
the polymerase switch in strains lacking UAF (Oakes et al. 
2006). To determine if Rpd3 is required for the induction 
of pol II rRNA synthesis during nitrogen deprivation con-
ditions, β-galactosidase activity was measured in deletion 
strains of the Rpd3 core subunits, as well as unique subunits 
of the RpdL and RpdS complex (Fig. 4b). Absence of either 
Rpd3 or Sin3 of the core complex yielded a similar and 
significant reduction in β-galactosidase activity during non-
stress and stress conditions. Absence of the Dep1 subunit 
of Rpd3L also resulted in a significant decrease in reporter 
gene activity in both conditions. In contrast, the absence of 
the Rco1 of the Rpd3S complex resulted in small increase 
during non-stress conditions and a modest decrease during 
nitrogen deprivation.

Rpd3L mediated-induction of stress response is depend-
ent upon the binding of the inositol pyrophosphate (PP-IP), 
since the absence of PP-IP or defects in the PP-IP bind-
ing site of Rpd3 lead to the inability of cells to respond 
to heat, osmotic or oxidative stress (Worley et al. 2013). 
To investigate the role of PP-IPs in the polymerase switch, 
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Fig. 2  Defects in the retrograde pathway or nitrogen utiliza-
tion induce Pol II rRNA synthesis. a  Rho+ and  rho0 derivatives of 
wildtype PSY142, rtg1∆, rtg2Δ, rtg3Δ or double-deletion rtg1Δ 
rtg3Δ strains containing the reporter plasmid YEprlacZ-1208 were 
grown on SC Raffinose medium and assayed for β-galactosidase 
activity/copy from whole cell extracts. *Significant compared to 
wildtype  rho+ cells, #Significant compared to wildtype  rho+ and 
 rho0 cells. (One-Way ANOVA, Tukey’s HSD, p ≤ 0.005, n = 3). b 
Wildtype BY4741 rho + and gln3∆ strains containing the pFES17 
reporter plasmid were grown on selective media (SC) or low nitro-
gen medium (LN) for 12 h. Error bars represent standard error of the 
mean (SEM) *significant compared to wildtype  rho+ cells grown in 
normal nitrogen (SC), #significant compared to wildtype  rho+ cells 
in either condition (One-Way ANOVA, Tukey’s HSD, p ≤ 0.01, n = 3)
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we evaluated the effect of the absence of the inositol hex-
akisphophate kinases (IP6Ks), Vip1 and Kcs1, on reporter 
gene function. The absence of either kinase resulted in a 
significantly lower β-galactosidase activity during nitro-
gen deprivation similar to the levels resulting from the loss 
of Rpd3L components in dep1∆, rpd3∆ and sin3∆ strains. 
Thus, Rpd3L is required for the polymerase switch not only 
in the absence of pol I transcription factor UAF, but also 
during environmental conditions of nitrogen deprivation. 
The requirement of hexokinases Vip1 and Kcs1 suggests 
that Rpd3 deacetylase activity is also necessary for induc-
tion of the switch similar to Rpd3 induction of oxidative, 
osmotic and heat shock responses (Alejandro-Osorio et al. 
2009; Worley et al. 2013).

Stress signaling pathways regulate pol II rDNA 
synthesis

The Tor pathway is the master governor of cellular resources 
integrating the availability of nutrients and stress signaling 
(Fig. 5a). To examine the role of the Tor pathway on the 
polymerase switch, strains lacking Tor1 or the downstream 
kinase Sch9 were examined for reporter gene activity. Sur-
prisingly, the absence of Tor1 did not significantly alter 
β-galactosidase activity in either abundant or limiting nitro-
gen conditions. However, the absence of downstream kinase 
Sch9 resulted in a significant increase in activity during 
abundant nitrogen, consistent with a role of inhibiting the 
polymerase switch. Although it is surprising that tor1∆ and 

sch9∆ strains result in differing reporter gene expression, 
Sch9 is also activated by Pkh1/2 of the Cell Wall Integrity 
and sphingolipid signaling pathways presenting an alterna-
tive activation mechanism (Fig. 5a) (Voordeckers et al. 2011; 
Deprez et al. 2018). The Rim15 kinase integrates signals 
from nitrogen sensing Tor pathway via Sch9, and carbon 
sensing PKA kinase. Phosphorylation by these nutrient-
sensing pathways sequesters Rim15 in the cytoplasm inhib-
iting the activation of the downstream stress transcription 
factors Msn2, Msn4, Gis1, Rph1 and Hsf1 (Lee et al. 2013). 
Therefore, if the polymerase switch is regulated through 
Sch9-Rim15 signaling, the absence of Rim15, or down-
stream transcription factors would result in the absence or 
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D. Gross) and the purified DNA was analyzed using specific prim-
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reduction reporter gene activity. To investigate this hypoth-
esis, we examined rim15∆ strains as well as deletion strains 
of its downstream targets msn2∆ msn4∆ and gis1∆ (Fig. 5c). 
Absence of the Rim15 kinase or Gis1 similarly reduced both 
non-induced and induced reporter gene activity. We exam-
ined msn2∆ and msn4∆ in the diploid strain BY4743 and 
the msn2∆ msn4∆ double mutant in the haploid background 
BY4741 for β-galactosidase activity in either abundant or 
limiting nitrogen conditions (Fig. 5c). The wildtype haploid 
shows significantly higher reporter gene activity in both con-
ditions compared to its diploid parent BY4743. Furthermore, 
the absence of Msn2 or Msn4 (BY4743) during nitrogen 
deprivation showed significantly higher reporter gene activ-
ity than wildtype, while the double-deletion strain msn2∆ 

msn4∆ showed no difference in activity in either condition. 
Although these results suggest that the regulation in diploids 
may be different than haploids, the absence of msn2 or msn4 
does not decrease β-galactosidase activity, thereby eliminat-
ing them as possible activators of the polymerase switch.

The highly conserved, essential Heat Shock transcription 
factor Hsf1 is activated upon multiple stresses beyond heat 
shock including oxidative stress, osmotic stress, unfolded 
protein response, diauxic shift (Hahn et al. 2004) and errors 
in ribosome assembly (Albert et al. 2019). Hsf1 has puta-
tive binding sites within the rDNA pol II promoter and a 
200 bp deletion encompassing the binding site results in 
no reporter gene activity (data not shown). Hsf1 is phos-
phorylated by Rim15 kinase (Lee et al. 2013) making it an 
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RpdS derivative rco1∆ and inositol hexaphosphate kinase deletion 
strains, vip1∆ and kcs1∆, were assayed for β-galactosidase activity/
reporter copy number from cells grown in normal (SC) or nitrogen 
deprivation (LN) conditions. All strains showed significantly differ-
ent activity from wildtype grown in normal nitrogen. RpdS deriva-
tive rco1∆ cells grown in either SC (**) or LN (∆) formed a unique 
group, significantly different from all deletion strains grown in the 
same media. *Significant compared to wildtype BY4741 cells grown 
in SC. #Significant compared to wildtype BY4741 in LN Error 
Bars = SEM. (One-Way ANOVA, Tukey’s HSD, p ≤ 0.001, n = 3)
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attractive candidate for regulating pol II rRNA synthesis. 
Furthermore, following 12 h of nitrogen deprivation, Hsf1 
target genes HSP12, CTT1, HSP26 are highly upregulated 
with HSP26 expression increasing fourfold (Gasch et al. 
2000; Yamamoto et al. 2005).

Hsf1 induction is regulated by two mechanisms; Hsp70 
chaperones inhibit Hsf1 activation during non-stress con-
ditions. Upon induction, Hsp70 chaperones are released 
activating Hsf1. Independently, phosphorylation by stress 
kinases modulate the level of I induction (Zheng et al. 2016). 

To investigate the role of the essential Hsf1factor, we exam-
ined the effect of two mutant alleles of HSF1. Although still 
regulated by Hsp70, the  Hsf1∆po4 allele contains 152 ser-
ine/threonine to alanine substitutions rendering it unable to 
be phosphorylated. Thus,  Hsf1∆po4 is still induced by heat 
shock, but to lower levels. The  Hsf1PO4* allele with 116 
serine/threonine to aspartate substitutions mimics hyper-
phosphorylation resulting in constitutive expression of Hsf1 
target genes (Zheng et al. 2016) (Fig. 6a). In our experimen-
tal system, wildtype W3031a and  Hsf1∆po4 behave similarly 

Fig. 5  Stress signaling pathways 
regulate pol II rDNA synthesis. 
a During nutrient limitation, 
Tor1, Sch9, PKA, and Pkh1/2 
kinases no longer activate 
growth pathways or inhibit 
stress pathways (dashed arrow). 
Activated stress kinases Rim15 
and Yak1 translocate to the 
nucleus where they activate 
(solid arrow) downstream tran-
scription factors Msn2/4, Gis1 
and Hsf1. b Wildtype BY4743, 
tor1Δ and sch9Δ strains or c 
rim15Δ and gis1Δ strains grown 
on SC (solid bars) and LN 
(striped bars) were assayed for 
β-galactosidase activity/reporter 
copy. d Wildtype diploid 
BY4743, msn2Δ and msn4Δ 
derivatives or wildtype haploid 
BY4741 and double-deletion 
derivative msn2Δ msn4Δ were 
grown on SC (solid bars) and 
LN (striped bars) were assayed 
for β-galactosidase activity/
reporter copy. All strains 
exhibited significantly higher 
β-galactosidase activity in LN 
compared to the same strain in 
SC. In addition, both wildtype 
and msn2Δ msn4Δ BY4743 
diploid exhibited higher activ-
ity than haploid cells. Where 
rim15Δ or gis1Δ strains showed 
a significant reduction in activ-
ity on both SC and LN media, 
neither msn2Δ msn4Δ single 
or double mutations decreased 
reporter gene activity. Error 
Bars = SEM, n = 3.*Compared 
to BY4743 cells in LN. #Sig-
nificant compared to BY4743 
in SC. (One-Way ANOVA, 
Tukey’s HSD, p ≤ 0.05, n = 3)
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with low levels of β-galactosidase activity during abundant 
nitrogen and significantly elevated levels of activity follow-
ing 12 h of nitrogen deprivation. In contrast, the constitutive 
 Hsf1PO4* allele showed induced levels of enzyme activity in 
both normal nitrogen and nitrogen deprivation conditions. 
Thus, phosphorylation of Hsf1 during non-stress conditions 
is sufficient to trigger the polymerase switch demonstrating 
that Hsf1 regulates of rRNA synthesis by pol II.

To confirm that Hsf1 directly activates the polymerase 
switch, we investigated the ability of Hsf1 to bind to the 
rDNA promoter by ChIP experiments. As expected, Hsf1 
binds constitutively to both the HSP26 promoter and rDNA 
promoters. Hsf1 binding to the HSP26 promoter decreased 
sevenfold during nitrogen deprivation despite the increase in 
HSP26 transcription (Fig. 6b). Likewise, Hsf1 binding to the 

rDNA promoter mimics its binding to the HSP26 promoter; 
Hsf1 binds to the pol II rDNA promoter in all three contexts, 
the entire repeat, plasmid and single-tagged rDNA repeat. 
During nitrogen deprivation, Hsf1 rDNA binding is also 
reduced ~ threefold. Hsf1 binding to the single-tagged rDNA 
repeat is comparable to its binding to HSP26 promoter dur-
ing nitrogen deprivation. Thus, this decrease in Hsf1 bind-
ing to target promoters during chronic nitrogen deprivation 
must be a response to ongoing stress. ChIP experiments were 
also conducted to determine if Msn2, Msn4, or Gis1 bound 
to the pol II rDNA promoter in low nitrogen conditions, in 
all cases no significant binding of Gis1, Msn2 or Msn4 to 
the pol II rDNA promoter was detected. Overall, these data 
show that Hsf1 is activated during nitrogen deprivation via 
stress induction machinery to induce the polymerase switch.
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β-galactosidase activity/reporter copy. While  Hsf1∆po4 cells showed 
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elevated β-galactosidase activity/reporter copy in either condition. 
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ANOVA, Tukey’s HSD p < 0.001, n = 3). b Wildtype BY4741 cells 
with the rDNA-T7 reporter gene integrated into a single rDNA repeat 
and pFES17 were grown in SC media (solid bar) prior to transfer to 

LN media for 12  h (striped bar). Harvested cells were subjected to 
ChIP using anti-Hsf1 antibody  (gift of D. Gross) and the purified 
DNA was analyzed by q-PCR using the same primers as in Fig. 3a. 
Binding of Hsf1 in LN was significantly reduced compared to bind-
ing of Hsf1 to the same region from cells grown in SC. Binding to the 
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antibody was used as negative controls for the experiment. Results 
are presented as % input. Error Bars = SEM. (Independent Student T 
test, p < 0.05, n = 3)



947Current Genetics (2021) 67:937–951 

1 3

Discussion

Although initially discovered in response to mitochondrial 
dysfunction, this study demonstrates that nitrogen limitation 
also induces the polymerase switch. The polymerase switch 
utilizes the same components required for stress-induced 
transcription: stress signaling pathways, the mediator, 
Rpd3, and Hsf1. After 12 h growth in low nitrogen media, 
expression studies (Gasch et al. 2000) show that many of 
the highly expressed genes (expression above 2.0-fold) are 
those involved in response to nitrogen limitation: increased 
expression of the general amino acid permease gene GAP1, 
derepression of NCR genes (DAL4, DAL 5, DAL 7, DAL 80, 
DUR3), utilization of alternative N sources (PUT1, DUR3), 
as well as, nitrogen related autophagy genes (ATG1, ATG 
8, ATG34, ATG 39, ECM38). However, expression of heat 
shock protein genes (HSP12, HSP26, HSP42, HSP104) and 
oxidative stress (CTT1, CUP1, GTT1, GPX1) and osmotic 
stress genes were also increased 2- or more-fold, providing 
evidence of ongoing oxidative stress, depletion of carbon 
sources and preparation for the diauxic shift. Since the pol 
II rDNA promoter has putative binding sites for transcription 
factors activated in these environments (Table 1), oxidative 
stress and additional nutrient limitation are likely contribut-
ing to the polymerase switch in our conditions. Indeed, pre-
liminary experiments suggest that chronic oxidative stress 
and osmotic shock in the presence of abundant nutrients  
also trigger polymerase switch. Therefore, other nutrient 
depletion scenarios or chronic stresses may well trigger the 
polymerase switch independently as well as in concert with 
nitrogen deprivation.

In retrospect, it is reasonable that Hsf1 regulates the poly-
merase switch. The activation of Hsf1 during stress corre-
sponds to the induction of the polymerase switch; both are 
regulated by the Sch9/Rim15 pathway as well as other sign-
aling pathways (Zhang and Cao 2017). Both Hsf1 and the 
polymerase switch require the mediator and Rpd3 to induce 
stress response (Alejandro-Osorio et al. 2009; Kim and 
Gross 2013). Hsf1 shows significant binding to the rDNA 
promoter mimicking its binding to the Hsf1 target gene, 
HSP26, during nitrogen deprivation. What is puzzling is the 
decrease in Hsf1 binding to both the pol II rDNA promoter 
and the HSP26 promoter following 12 h of nitrogen limita-
tion. Based on the stress, Rim15, Yak1 and Mck1 kinases act 
coordinately to activate Msn2/4, Gis1 and Hsf1 to increase 
trehalose and glycogen accumulation and reduce ROS accu-
mulation extending the Chronological Lifespan (CLS) (Cao 
et al. 2016; Zhang and Cao 2017). Therefore, it is highly 
likely that other stress transcription factors were activated in 
our experimental conditions. Alternatively, the role of Hsf1 
may be similar to its role in Ribosomal Assembly Stress 
Reponse (RAStR) whereby unassembled ribosomal proteins 

aggregate resulting in the redistribution of HSP70 from Hsf1 
to ribosomal protein aggregates leading to the induction of 
Hsf1 targets (Albert et al. 2019).

A proposed model of Pol II rRNA synthesis 
during nitrogen deprivation

During nutrient rich conditions, Tor/Sch9 and PKA acti-
vate pol I transcription (Fig. 7). Although Hsf1 is consti-
tutively bound to the pol II rDNA promoter, it is inhibited 
by Hsp70. Following 12 h of nitrogen deprivation, limiting 
nitrogen in addition to reduction of glucose and increase in 
ROS (Broach 2012) results in the activation stress kinase 
Rim15 and Yak1 and/or Mck1. Inhibition of Hsf1 bound at 
the rDNA promoter by Hsp70 is relieved and phosphoryla-
tion of Hsf1 activates recruitment of Rpd3, mediator and 
general transcription machinery (Le Breton and Mayer 2016; 
Veri et al. 2018). In concert, activation of Gis, Uvs1, Yap 
5 or other stress transcription factors may contribute to pol 
II rRNA synthesis. Some reduction in Hsf1 binding to the 
rDNA promoter occurs with it redistribution to other stress 
response promoters.

Fine tuning of rRNA synthesis

During quiescence, stationary phase and or chronic environ-
mental stress, rRNA synthesis rapidly decreases to < 10% 
maximal levels; however, rRNA and ribosomes continue to 
be synthesized (Warner 1999; Fahy et al. 2005; Davidson 
et al. 2011). Since pol II rRNA is assembled into functional 
ribosomes during mitochondrial dysfunction (Conrad-Webb 
and Butow 1995) or in the absence of UAF (Keys et al. 1996; 
Oakes et al. 1999; Vu et al. 1999; Siddiqi et al. 2001), pol II 
rRNA incorporation into ribosomes may allow the continued 
synthesis of stress-induced proteins facilitating survival.

A second role for the polymerase switch may be to fine-
tune rRNA synthesis. In recent years, it has become appar-
ent that long noncoding RNAs (lncRNAs) derived from the 
ribosomal repeat play a role in modulation of the rDNA 
chromatin, rDNA instability and rRNA synthesis. In yeast, 
pol II transcription from the Enhancer promoter (E-pro) 
results in rDNA instability. Furthermore, accumulation of 
these NTS1 transcripts in the absence of the CCR-Not1 
complex is coupled not only with chromosomal instability, 
but with a reduction in rRNA synthesis and slow growth 
(Hosoyamada et al. 2019). In mammalian cells, heat shock, 
hypotonic conditions or serum deprivation results in the 
decrease of pol I transcription, while pol II transcription of 
the lncRNA PAPAS (promotor and pre-rRNA anti-sense) 
increases forming an anti-sense 35S RNA (Bierhoff et al. 
2010). PAPAS then forms a triplex structure with the rDNA 
promoter (Zhao et al. 2016) where it recruits the histone 
methyl transferase Suv4-20h2 or Nucleosome Remodeling 
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and Acetylation Complex (NuRD) altering the chromatin 
of the rDNA promoter to further inhibit pol I transcription 
(Bierhoff et al. 2014; Zhao et al. 2016). Zhao et al. (2018). 
Thus, PAPAS reinforces the reduction in pol I transcription.

Several lncRNAs in yeast, related to the 35S rRNA have 
been described that may play a similar role as PAPAS. The 
mitochondrial protein Tar1 is encoded within the 25S rRNA 
in the opposite orientation to the 35S rRNA (Coelho et al. 
2002; Bonawitz et al. 2008) and is highly expressed dur-
ing quiescence (Aragon et al. 2008). A second gene RRT15 
appears to have arisen from a duplication event of the 
upstream rDNA repeat and contains ~ 232 nucleotides of 
near identity to the 25S rRNA. Transcribed in the opposite 
orientation to the 25S rRNA, RRT15 responds to similar reg-
ulators as the polymerase switch including Hsf1, Yap1 and 
the Mediator (Med4 and Sin4) (Hu et al. 2007; Venters et al. 
2011; Cherry et al. 2012). Interestingly, RRT15 is reported 
to enhance pol I transcription since a transposon insertion 
decreases levels of rDNA transcription (Hontz et al. 2009) 
suggesting that either the Rrt15 mRNA or protein may 
influence rRNA transcription. Mayan described a third pol 
II transcript complementary to the 35S 5’ ETS that binds 
Reb1 allowing the formation of a chromatin loop thought to 
enhancing pol I or pol III cycling and transcription (Mayan 
and Aragon 2010; Mayan 2013). Finally, YLR154A-G, 
YLR154C-G and XUT_12-F188 are a series of small tran-
scripts overlapping the 35S rRNA, but their impact on rRNA 
synthesis, if any, has yet to be identified (Cherry et al. 2012). 

Accordingly, rDNA lncRNAs that overlap the large portions 
of the 35S transcription unit from promoter to terminator 
may act to modulate rRNA synthesis. Although the polymer-
ase switch results in functional rRNA, pol II transcription 
may act to inhibit or maintain chromatin unfavorable to pol I.

The coordinated synthesis and assembly of ribosomes 
is essential. This study introduces a new development in 
ribosome synthesis during chronic stress -pol II synthesis 
of rRNA in response to prolonged nitrogen deprivation and  
perhaps other chronic stresses. It further demonstrates that 
activation of Hsf1 in concert with Rpd3 induces the poly-
merase switch linking for the first time Hsf1 and chronic 
stress with pol II synthesis of rRNA. However, Hsf1 has 
been linked to imbalance between ribosomal proteins and 
rRNAs or Ribosomal Assembly Stress Response (RAStR). 
This stress results in the downregulation of ribosomal 
protein genes and upregulation of Hsf1 targets as HSF70 
is released from Hsf1 (Albert et al. 2019). Further inves-
tigation is needed to determine if the polymerase switch 
also occurs as a component of the RAStR and to dissect 
the contribution of Hsf1 and other stress transcription fac-
tors in the polymerase switch as well as in chronic stress. 
Whether pol II synthesis of rRNA plays a regulatory role 
further inhibiting pol I transcription or plays a stress adap-
tion role providing rRNA for ribosome assembly is yet to 
be elucidated, and thus defines an important area for future 
research. This research also implicates the induction of a 
polymerase switch in response to chronic stress conditions 

Fig. 7  Model of the polymerase switch. a During nutrient rich condi-
tions, TOR, PKA and Sch9 activate the formation of the pol I pre-
initiation complex consisting of UAF, CF,TBP (not shown) and pol 
I/Rrn3. Hsf1 and its inhibitor HSP70, as well as Reb1 bind upstream 
of the pol I promoter. The pol I precursor rRNA is shown as a blue 
arrow. b In nitrogen deprivation conditions, TOR, PKA and Sch9 
are inactive allowing the activation of Rim1 and Yak1 kinases and 
the subsequent phosphorylation  (star) of Hsf1. Hsp70 is released 

allowing Hsf1 to recruit the mediator, Rpd3, and pol II transcription 
machinery and Pol II rRNA transcription (red arrow). Ongoing oxida-
tive stress and nutrient depletion recruit Hsf1 to other stress promot-
ers resulting in a decrease in Hsf1 binding at the pol II rDNA pro-
moter. Other stress transcription factors (TF) may bind to the pol II 
rDNA promoter to maintain pol II rRNA transcription. The nuclear 
envelop is shown as a dashed line. Created with BioRender.com
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as another important area for further research to understand 
the intricate regulation of rRNA and ribosome synthesis.
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