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Abstract: Ribosomal RNAs (rRNAs) are structural compo-
nents of ribosomes and represent the most abundant cellular
RNA fraction. In the yeast Saccharomyces cerevisiae, they ac-
count for more than 60 % of the RNA content in a growing cell.
The major amount of rRNA is synthesized by RNA polymerase
I (Pol I). This enzyme transcribes exclusively the rRNA gene
which is tandemly repeated in about 150 copies on chromo-
some XIL The high number of transcribed rRNA genes, the
efficient recruitment of the transcription machinery and the
dense packaging of elongating Pol I molecules on the gene
ensure that enough rRNA is generated. Specific features of Pol
I and of associated factors confer promoter selectivity and
both elongation and termination competence. Many excellent
reviews exist about the state of research about function and
regulation of Pol I and how Pol I initiation complexes are
assembled. In this report we focus on the Pol I specific lobe
binding subunits which support efficient, error-free, and
correctly terminated rRNA synthesis.
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1 Introduction

Like many eukaryotes, Saccharomyces cerevisiae (hereafter
referred to as yeast) contains three different nuclear
DNA-dependent RNA polymerases (Pols): Pol I, Pol I and Pol
III. They all share a common core architecture and use ribo-
nucleotide triphosphate-molecules (NTPs) to polymerize RNA
from a DNA template (Engel et al. 2018; Girbig et al. 2022;
Khatter et al. 2017; Vannini and Cramer 2012). The structural
features of the active centre and the molecular mechanism to
synthesize RNA in the three Pols are rather similar. Never-
theless, all three Pols have adapted to fulfil specific tasks and
produce different classes of cellular RNAs (Engel et al. 2018;
Girbig et al. 2022; Werner and Grohmann 2011). Pol I exclu-
sively transcribes the 35S ribosomal RNA (rRNA) gene con-
taining the sequences for the mature 18S, 5.8S and 25S rRNAs
in a membrane less substructure of the nucleus, the nucleolus.
Thus, Pol I has to recognize only one specific gene promoter.
Electron micrographs of chromatin spreads show an
extremely high density of elongating Pol I molecules on the
rRNA gene which is indicative for a high initiation rate and
probably one reason for the high efficiency of rRNA produc-
tion. In contrast Pol II transcribed genes are much less
covered with polymerases (French et al. 2008; Laird and Chooi
1976; Osheim et al. 2004). The main products of Pol II depen-
dent transcription are mRNAs and small non-coding RNAs.
Thus, Pol II must recognize many different promoter struc-
tures, deals with distinct chromatin components, and tran-
scribes many genes of different length. To achieve this, Pol IT
cooperates with many different factors involved in initiation,
elongation, and termination of transcription. Pol III associates
only with a few conserved promoter types and produces short
untranslated RNAs such as transfer RNAs (tRNAs), the 5S
rRNA, spliceosomal U6 small nuclear RNA (snRNA) and 7 SL
RNA (Kessler and Maraia 2021; Moir and Willis 2013; Sentenac
1985; Vannini and Cramer 2012; Wang et al. 2022). Another
significant difference between the three transcription ma-
chineries is that genes transcribed by Pol I and most Pol III are
mostly devoid of nucleosomes (Conconi et al. 1989; Helbo et al.
2017; Merz et al. 2008; Parnell et al. 2008) whereas transcribed
Pol II genes are usually covered with nucleosomes.
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Interestingly, Pol IT can substitute Pol I in genetically modified
yeast strains (Nogi et al. 1991; Oakes et al. 1993). In these
strains, rRNA genes remain assembled into nucleosomes
(Dammann et al. 1995; Hontz et al. 2008). However, these
strains grow much slower than wildtype strains, probably
because of inefficient rRNA synthesis, which underlines that
Pol I is optimized for rRNA production. Some molecular fea-
tures which may explain the specialisation of the three Pols
were recognized, whereas others are still unclear. This review
aims to summarize the possible contributions of yeast Pol I
specific subunits and their structural domains to the
specialisation of this highly efficient transcription machinery.

2 Structural features of yeast RNA
polymerase I in comparison with
RNA polymerases II and III

All multisubunit Pols including bacteria and archaea share
core subunits with an overall conserved structure (Table 1)
which resembles a crab claw. This core structure contains the
catalytic centre including a coordinated magnesium ion. In
yeast Pol I the core is formed by the two largest subunits, A190
and A135, together with subunits AC40, AC19 and Rpb6
(Figure 1, Table 1). The two largest subunits contain double-{
B-barrel motifs to build the active site and share structural
homology with the two large catalytic subunits of the
eubacterial RNA polymerase, the two largest subunits of the
archaeal Pol, and the eukaryotic Pol II and Pol III (Cramer
et al. 2001; Gnatt et al. 2001; Hirata et al. 2008; Korkhin et al.
2009; Zhang et al. 1999). Several functional important struc-
tural features can be distinguished within the Pol subunits
(Figure 1). Additionally, an overview about the structural
features of Pol Iin correlation with similar structural features
of Pol IT and Pol III is given in Table 2. The two largest Pol I
subunits contain the “jaws” which interact with the DNA
substrate and form a cleft which opens and closes during the
transcription cycle (Cramer et al. 2001; Engel et al. 2016, 2013;
Fernandez-Tornero et al. 2013; Gnatt et al. 2001; Hoffmann
et al. 2015; Neyer et al. 2016; Pils] et al. 2016; Tafur et al. 2016;
Torreira et al. 2017). Apart from the cleft, the active centre can
be reached by two channels, the funnel and pore which
represent the entry site for nucleoside triphosphates (NTPs),
and the exit site for the synthesized RNA. The lobe domain and
the protrusion domain are formed predominantly by subunit
A135 on the core-module-side of the cleft. Subunits A190 and
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A135 comprise also some flexible domains. The clamp domain
can partially contract over the DNA binding channel during
the transcription cycle and its tip can transiently interact with
Pol subunits or transcription factors (Engel et al. 2013, 2018;
Fernandez-Tornero et al. 2013; Girbig et al. 2022; Gnatt et al.
2001; Grohmann et al. 2011). Mobility of two structural ele-
ments within the cleft, the trigger loop and the bridge helix,
correlates with DNA translocation and NTP positioning
(Brueckner et al. 2009a,b; Cramer et al. 2000; Engel et al. 2013;
Fernandez-Tornero et al. 2013; Tan et al. 2008; Vassylyev et al.
2007; Wang et al. 2006; Weinzierl 2011; J. Zhang et al. 2010).
Whereas the above mentioned features are similar in all
eukaryotic Pols, a DNA-mimicking ‘expander’ loop is specific
to Pol L. This element only becomes structured in inactive Pol I
and was suggested to inhibit unspecific DNA binding.

In addition to the subunits shared with bacterial Pols
the eukaryotic and archaeal Pols contain 6 additional
common subunits (coloured subunits in Table 1). These
include subunits which form the characteristic mobile
stalk structure (Table 1). In Pol I the stalk consists of
subunits A43 and A14 which are attached to A190. The
stalk is thought to primarily play a role in transcription
initiation.

In contrast to archaeal Pol and Pol II, Pol I and Pol III
comprise additional subunits that are binding to the lobe
structure (Figure 2). These subunits share functional and
structural similarities with transcription factors associating
with the lobe structure of Pol IT and are therefore considered
as “built-in transcription factors” (Geiger et al. 2010). The
“built-in transcription factors” of Pol I are A49, A34.5 which
form a heterodimer, and subunit A12.2 (Figure 1, Tables 2 and
3). The subunits A49 and A34.5 dimerize via their N-terminal
dimerization domains thereby forming a stable hetero-
dimeric complex. The N-terminal domain of A49 shares
homology with the transcription factor TFIIFa of Pol II and
C37 of Pol III (Tables 2 and 3). The C-terminal domain of A49
shares homology with the transcription factor TFIIEB of Pol
IT and C34 of Pol IIL. Further, the lobe binding subunit A34.5
shares homology with the transcription factor TFIIFf of
Pol II and C53 of Pol III (Tables 2 and 3). In contrast, the
transcription factor TFIIEa of Pol II and the subunits C82 and
C31 of Pol III have no counterparts in Pol I (Tables 2 and 3).
The N-terminal and C-terminal domains of the Pol I lobe
binding subunit A12 are homologous to the Pol II subunit
Rpb9, and the transcription factor TFIIS, respectively
(Jennebach et al. 2012; Ruan et al. 2011). Both domains of Pol I
subunit A12.2 are homologous to their counterparts in the
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Table 1: Subunit composition of multi-subunit RNA polymerases in the three domains of life.

Bacteria Archaea Eukaryotes (S. cerevisiae)
Pol I Pol 11 Pol 111
Core subunits shared B Rpol A190 Rpbl C160
between RNA :
polymerases in p Rpo2 Al35 Rpb2 C128
bacteria, archaea and
eukaryotes a Rpo3 AC40 Rpb3 AC40
o Rpoll AC19 Rpbl1 AC19
o Rpo6
Archaeal-eukaryotic Rpo5
specific subunits
Rpo8
Rpol0
Rpol2
Rpo4 Al4 Rpb4 C17
Rpo7 A43 Rpb7 C25
Pol-type specific Rpol3
subunits
Al2.2 Rpb9 Cl1
A49 C53
A34.5 C37
C82
C34
C31

The subunits are subdivided in core subunits, archaeal-eukaryotic-specific subunits and Pol-type specific subunits of the yeast S. cerevisiae. Shared subunits
of all three yeast Pols are depicted in orange, common subunits of Pol I and Pol IIL in green. Subunits in the same lane are homologous. All coloured subunits
belong to the eukaryote-specific 10 subunit-core structure (modified from Griesenbeck et al. 2017).

Pol III subunit C11. The Pol II lobe-binding subunit Rpb9 and
transcription factor TFIIS as well as the Pol I lobe binding
subunits are non-essential (Albert et al. 2011; Beckouet et al.
2008; Gadal et al. 1997; Hubert et al. 1983; Liljelund et al. 1992;
McKune et al. 1995; Nogi et al. 1991), whereas C11, TFIIE- and
TFIIF-subunits are essential proteins in yeast (Chédin et al.
1998; Feaver et al. 1994; Henry et al. 1992). The homologous
subunits and transcription factors bind to similar positions in
their respective Pols (see Table 3) and share also functional
similarities (Vannini and Cramer 2012).

An acidic loop which is present in the C-terminal
domains of A12.2, TFIIS and C11 can be positioned in close
proximity to the active site of the respective Pol (Engel et al.
2013; Fernandez-Tornero et al. 2013; Neyer et al. 2016)
and can support RNA cleavage activity of a mismatched
RNA/DNA hybrid (Chédin et al. 1998; Kettenberger et al.
2003; Kuhn et al. 2007; Schwank et al. 2022).

3 Structural features and cellular
functions of Pol I lobe binding
subunits

3.1 Structural domains of A12.2

The Pol I - specific subunit A12.2 is composed of 125 amino
acids and an N-terminal domain containing a zinc ribbon, a
flexible linker domain including a hinge domain and a
C-terminal domain comprising the evolutionary conserved
motif Q.RSADE..T.F with a zinc ribbon (Nogi et al. 1993; Van
Mullem et al. 2002) (Figure 3). The N-terminal part of the
subunit A12.2 is positioned between the A135 lobe, the A190
jaw and the A49/A34.5 dimerization module (Figure 1). The
conformation of the poorly conserved N-terminal domain
of A12.2 is slightly rotated and shifted when compared to its
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in S.c. Pol | dimers

DNA
template strand

RNA product

A14 | A43 ‘Stalk‘ subcomplex
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Figure 1: Structure of RNA polymerase I from S. cerevisiae. The overall structure of RNA polymerase I (Pol I) from S. cerevisiae. Ribbon model highlighting
specific subunits and domains. Hybrid model constructed using COOT (Emsley and Cowtan 2004) for demonstration purposes. The structure of the Pol I
elongation complex(PDB 5M3F) was extended by adding (a) a model of the C-terminal domain of subunit A12.2, (b) the “connector” domain of subunit A43
from the crystal structure (both from PDB 4C2M) and (c) the linker and tandem-winged helix domains (Geiger et al. 2010) from an ITC reconstruction
(PDB 5 W66). The “front view” looks along the incoming (“downstream”) DNA. Subunits not visible in the front view but present in the model are AC19,
Rpb10, and Rpb12. Cyan spheres depict coordinated zinc atoms (modified figure taken with permission from (Pilsl and Engel 2022).

Pol II counterpart Rph9. It is essential for correct Pol I
assembly (Van Mullem et al. 2002) (Table 5) and required for
the stable binding of A12.2 as well as for stable association of
A49 and A34.5 to the lobe of Pol I (Van Mullem et al. 2002).

The A12.2 linker domain (amino acids 52-70) exhibits a
helix-containing “mini-domain” that is positioned between
the A190 funnel and the jaw domain. This linker contains
a hinge domain that is required for the movement of the
C-terminal domain of A12.2.

The C-terminal domain of A12.2 comprising the amino
acids 78 to 124 is highly conserved and can occupy different

positions in Pol I (Table 6). In contrast to the N-terminal
domain that is exposed on the surface of Pol I, the C-terminal
domain of A12.2 is either located inside the NTP entry pore
close to the active site in elongation inactive complexes or is
flexibly oriented when RNA synthesis is in progress (Engel
et al. 2016; Neyer et al. 2016; Pilsl et al. 2016; Tafur et al. 2016).
This position of the C-terminal domain inside the pore
resembles almost perfectly the position of the corresponding
TFIIS domain in the active site of Pol IL. In the presence of the
nucleotide analog GMPCPP, the heterodimer A49/34.5 was
missing in the Pol I structure and the A12 C-terminal domain
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Table 2: Structural domains of yeast Pol I (in alphabetical order) and their corresponding domains in Pol IT and III. Positions of the domains in the Pol I

structure are depicted in Figure 1.

Domain Formed by Pol Function/localisation Counterparts  Counterparts References
I subunit(s) in Pol IT in Pol III
Active center A190, A135, Substrate binding, NTP Rpb1, Rpb2, C160, C128, Cramer et al. (2001), Gnatt et al.
Rpb5 polymerization, template Rpb5 Rpb5 (2001), Engel et al. (2013), Fernandez-
movement Tornero et al. (2013), Hoffmann et al.
(2015)
Assembly platform AC40, AC19 Assembly platform for the core  Rpb3, Rpb11 AC40, AC19 Vannini and Cramer (2012)
AC40/AC19 heterodimer enzyme
Bridge helix A190 Unwinding-refolding dynamics ~ Rpb1 C160 Cramer et al. (2001), Engel
required for catalysis and DNA et al. (2013), Fernandez-Tornero et al.
translocation (2013)
Clamp A190, A135 Closes on DNA and RNA Rpb1, Rpb2 C160, C128 Gnatt et al. (2001), Werner and
Grohmann (2011), Engel et al. (2013);
Fernandez-Tornero et al. (2013), Enge
et al. (2018), Girbig et al. (2022)
Cleft Between A190  Opens and closes during the Rpb1 C160 Cramer et al. (2001), Gnatt
and A135 transcription cycle et al. (2001), Engel et al. (2013),
Fernandez-Tornero et al. (2013),
Hoffmann et al. (2015), Tafur et al.
(2016)
C-terminal domain of A12.2 Required for RNA cleavage and  TFIIS cncrt Chédin et al. (1998), Cramer et al.
A12.2 including linker proofreading, interferes prob- (2001), Gnatt et al. (2001), Kuhn et al.
aa 69-125 (A12.2CT) ably with trigger loop closing (2007), Engel et al. (2013), Fernandez-
Tornero et al. (2013), Hoffmann et al.
(2015), Engel et al. (2018), Schwank
et al. (2022)
C-terminal domain of Heterodimer ~ Mobile domain which can be TFIIER/Tfa2 34 Cramer et al. (2001), Gnatt
A49 including the linker, A34.5/49 anchored on top of the clamp et al. (2001), Kuhn et al. (2007),
A49 aa 112-415 (A49LCT) opposite to the lobe, supports Beckouet et al. (2008), Geiger et al.
initiation and elongation (2010), Engel et al. (2013), Fernandez-
Tornero et al. (2013), Hoffmann et al.
(2015), Pilsl et al. (2016), Tafur et al.
(2016), Engel et al. (2018)
Dimerisation domain of  Heterodimer Associates to the lobe and con-  TFIIFa/Tfg1, 37,53 Cramer et al. (2001), Gnatt
the heterodimer A34.5  A34.5/49 tacts the N-terminal domain of  TFIIF/Tfg2 et al. (2001), Engel et al. (2013),
aminoacids 1-233 A12.2; the linker of A49 (aa 113- Fernandez-Tornero et al. (2013),
(aa 1-233) A49 aa 1-186 184) spans the cleft if A49CT is Hoffmann et al. (2015)
(A34.5/A49NTL) anchored at the clamp
Expander or DNA A190 Located between protrusionand No No Engel et al. (2013), Fernandez-Tornero
mimicking loop clamp, only structured in inactive etal. (2013)
Pol I, probably inhibits unspecific
DNA binding
Funnel and pore A190 Entry site of nucleotides, posi- ~ Rpb1 C160 Cramer et al. (2001), Engel et al.
tioning of a 3’extended RNA in a (2013), Fernandez-Tornero et al.
backtracked Pol (2013)
Jaws A190, Rpb5, Positioning of downstream DNA  Rpb1, Rpb5, Rpb1, Rpb5,C11 Cramer et al. (2001), Gnatt
A12.2 Rpb9 et al. (2001), Engel et al. (2013),
Fernandez-Tornero et al. (2013),
Hoffmann et al. (2015)
Lobe A135 Association of A12.2, A34.5, A49 Rpb2 128 Gnatt et al. (2001), Engel et al. (2013),
Fernandez-Tornero et al. (2013),
Hoffmann et al. (2015)
N-terminal domain of A12.2 Supports RNA cleavage and Rpb9 C1INT Hemming et al. (2000), Cramer et al.

A12.2 including linker,
aa 1-85 (A12.2NTL)

proofreading, supports elonga-
tion, required for Pol I assembly

(2001), Van Mullem et al. (2002), Kuhn
et al. (2007), Engel et al. (2013), Fer-
nandez-Tornero et al. (2013), Knippa
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Table 2: (continued)
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Domain Formed by Pol Function/localisation Counterparts  Counterparts References
I subunit(s) in Pol II in Pol III
and Peterson (2013), Hoffmann
et al. (2015), Engel et al. (2018),
Scull et al. (2021),
Schwank et al. (2022)
Protrusion A135 Upper boundary of the cleft Rpb2 C128 Cramer et al. (2001), Engel et al.
(2013), Fernandez-Tornero et al.
(2013)
Stalk domain A43, A14 Mobile element supporting Rpb4/Rpb7 C17/C25 Edwards et al. (1991), Cramer et al.
transcription initiation (2001), Engel et al. (2013), Fernandez-
Tornero et al. (2013)
Trigger loop A190 Folding dynamics required for ~ Rpb1 C160 Wang et al. (2006), Vassylyev et al.
substrate specificity, catalysis (2007), Tan et al. (2008), Brueckner
and DNA translocation et al. (2009ab), Zhang et al. (2010),
Weinzierl (2011), Engel et al. (2013),
Fernandez-Tornero et al. (2013)
Pol | Pol Il Pol Il

Figure 2: Pol [, Il and III from S. cerevisiae differ in their lobe binding subunits. Structural models of Pol I, Pol Il and Pol III which highlight the different
lobe binding subuits. Pol I contains three lobe binding subunits A12, and the heterodimer A34.5/A49 which have homologies to the Pol III subunits Rpc11,
Rpc37/Rpc53, respectively. Pol II contains only one lobe binding subunit, Rpb9 which is homologous to the N-terminus of the Pol I subunit A 12.2.
Homologous subunits have the same colours. Structure models were built according to (Engel et al. 2013; Han et al. 2017; Hoffmann et al. 2015;
Kettenberger et al. 2004; Neyer et al. 2016) and represent in part structure combinations of polymerases in different transcriptional states.

adopts a position on the surface of subunit A135. This sug-
gests that the binding of the A12 C-terminal domain to the
surface of A135 is either prerequisite or consequence of a
A49/34.5 dissociation (Tafur et al. 2019). However, the phys-
iological relevance of such a conformation remains elusive.

The C-terminal domain of A12.2 shares structural and
functional similarities not only with the C-terminal domains
of the Pol II transcription factor TFIIS, but also with the Pol
I subunit C11 and the archaeal counterpart TFS (Chédin
et al. 1998; Hausner et al. 2000; Van Mullem et al. 2002)
(Figure 4). All these domains support intrinsic RNA cleavage
activity of their respective Pol if the enzyme is backtracked
during RNA synthesis and the RNA 3’ end became displaced
from the active centre. Furthermore, they are involved in
proofreading (Chédin et al. 1998; Izban and Luse 1992; Reines
1992; Reines et al. 1989; Schwank et al. 2022; Sydow et al.

2009). They all use the amino acids glutamate and aspartate
within the shared Q.RSADE..T.F motif and a zinc ribbon
domain to reorient bivalent metal ions in the active site to
promote hydrolytic RNA cleavage (Jeon et al. 1994; Jeon and
Agarwal 1996). For yeast Pol I the two crucial acidic amino
acids are D105 and E106 of A12.2 which are located in an
acidic loop of its C-terminal domain and correspond to the
amino acids D290 and E291 of TFIIS (Schwank et al. 2022).

3.2 Structural domains of A49 and A34.5

The Pol I - specific subunit A49 is composed of 415 amino
acids. The subunit can be subdivided in an N-terminal
“dimerization” domain, a linker domain with an arm fol-
lowed by a helix-turn-helix (HTH) motif and a C-terminal
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Table 3: The lobe-binding subunits of Pol I and their counterparts in Pol II and Pol III.

Pol | Pol Il

Pol 11l

TFIEa

TFlIEa/Tfal

C82

C31

Schematic representation of Pol I and the lobe-binding subunits. The “built-in transcription factor”
subunits of Pol I are A12.2 (orange), A34.5 (pink) and A49 (purple) according to Figure 1. The proteins
TFIIEa, C82 and €31 that have no counterparts in Pol I are coloured in blue. The schematic representation
of the three yeast RNA polymerase structures indicate the binding sites of the lobe-binding subunits of
Pol I and their corresponding subunits and transcription factors of Pol I and Pol III.

Table 4: The Pol I specific heterodimer A49/A34.5 is conserved from
human to budding yeast.

Pol I specific subunits ~ A49 A34.5

S. cerevisiae A49 A34.5

M. Musculus PAF53 (POLR1E) PAF49 (POLR1G)

H. sapiens hPAF53 (POLR1E) CAST (POLR1G)

S. pombe RPA51 (Sp-A49) SPBC11G11.05 (Sp-A34.5)

Pol I specific subunits A49/A34.5 of Saccharomyces cerevisiae and their
homologs in Mus musculus, Homo sapiens and Schizosaccharomyces pombe.
Nomenclature is taken from Albert et al. (2011) and Knutson et al. (2020).

tandem winged helix (tWH) domain (Figure 3). The linker
domain and the attached tWH domain are rather mobile
within the Pol I enzyme.

The subunit A34.5 consists of 233 amino acids and con-
tains an N-terminal “dimerization” domain and a C-terminal
arm that is partially flexible, highly charged and required to
attach the subunit-complex to the Pol I core (Geiger et al. 2010)
(Figure 3). In metazoans, the C-terminal region of Pol I subunit
RPA34 is extended in comparison to the yeast counterpart
A34.5, attaches to the Pol I core via a rigid arm and dissociates
under high salt conditions (Daifd et al. 2022). Throughout

eukaryotes, both subunits, A34.5 and A49, form a stable het-
erodimeric complex via their N-terminal dimerization do-
mains that binds to the lobe structure of Pol I together with
subunit A12.2 (Engel et al. 2013; Fernandez-Tornero et al. 2013).

As mentioned above, homology sequence comparison
and high-resolution structures show striking similarities
between the Pol I subunits and general transcription factors
(GTFs) of Pol II (see above and Figure 4, Tables 2 and 3).
Furthermore, A49 and A34.5 from S. cerevisiae have ortho-
logs in other organisms like the Pol I-associated factors
PAF53/PAF49 (Mus musculus), hPAF53/CAST (Homo sapiens),
Sp-A49/Sp-34.5 (Schizosaccharomyces pombe) (see Table 4).
A49 and A34.5 share a conserved domain organization with
their mouse and human counterparts, although there is only
low conservation on the amino acid sequence level. Based on
the stability of biochemically isolated complexes, the mouse
PAF53 and PAF49 were initially described as Pol I-associated
factors (Hanada et al. 1996; Penrod et al. 2012) whereas the
baker’s yeast and human orthologues were considered to
be bona fide Pol I subunits. It should be mentioned, however,
that also from S. cerevisiae and mammals Pol I can be
isolated in forms lacking or containing the heterodimeric
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Figure 3: Schematic representation of protein domains within the lobe binding subunits of Pol I. (A) Schematic representation of the domains of subunits
A12.2, A34.5 and A49. The N- and C-terminal domains are indicated. (B) Domains of subunit A12.2. Structural domains are depicted with respect to their
position in the amino acid sequence. The N-terminal domain of A12.2 comprises a zinc ribbon and shares homology with the N-terminal domains of Rpb9
(Pol IT) and C11 (Pol I1I). The linker domain is rather flexible and mobile. It contains a hinge domain that is required for the movement of the C-terminal
domain. The C-terminal domain consisting of a zinc ribbon and an invariant Q.RSADE..T.F motif shares structural and functional similarities with the
C-terminal domains of TFIIS, C11 and TFS. The amino acids D105 and E106 are suggested to correspond to the amino acids D290 and E291 of TFIIS which
promote RNA cleavage of stalled Pol II. (C) Schematic representation of A49. Structural domains are depicted with respect to their position in the amino
acid sequence. The N-terminal domain of A49 comprises a dimerization domain and shares homology with TFIIFa/Tfg1 (Pol II) and C37 (Pol III). The linker
domain contains an arm and a helix-turn-helix (HTH) domain. The C-terminal domain is composed of a tandem winged helix (tWH) domain. It shares
homology with TFIIEB/Tfa2 (Pol II) and C34 (Pol III) (modified from Knutson et al. 2020). (D) schematic representation of A34.5. Structural domains are
depicted with respect to their position in the amino acid sequence. The N-terminal terminal domain of A34.5 comprises a dimerization domain and shares
homology with TF;FB (Pol II) and C53 (Pol III). The C-terminal domain is disordered (modified from Knutson et al. 2020).

complex (Hanada et al. 1996; Huet et al. 1975). Furthermore, in some conditions (Heiss et al. 2021). Thus, it remains
there is evidence that the Sp-A49/Sp-34.5 sub-complex in an open question if the heterodimeric A49/A34.5 complex
the fission yeast S. pombe might be compromised in its as- dynamically associates with Pol I in course of the tran-
sociation or rather flexibly attached to the remainder of PolI  scription process. Nevertheless, ChIP analyses suggested that
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Table 5: Overview about phenotypes observed in yeast strains expressing truncated lobe binding subunits or carrying complete deletions of the

respective genes.

Mutant strain Growth phenotype  Growth phenotype in

the presence of

Affinity-purified
Pol I

Functional analysis

References

inhibitors
ARPAT2 Temperature sensi- Sensitive to the nucleo-
tive > 34°C tide reducing drugs
6-azauracil and
mycophenolate
RPA12ANT (expresses ~ Temperature Sensitive to the nucleo-

RPA12 aa 69-125) sensitive > 34 °C tide reducing drugs
6-azauracil and

mycophenolate

RPA12ACT (expresses
RPA12 aa 1-69)

No growth phenotype
found

No sensitivity found

RPAT2DE/AA (ARPA12  Lethal upon growth on

PGAL-RPA12D105A/ galactose

E106A)

ARPA49 Cold sensitive <24°C,  Sensitive to the nucleo-
synthetic lethal with  tide reducing drugs
HMOT and TOP3 6-azauracil and
deletion mycophenolate

RPA49ACT (expresses  Cold sensitive <24°C  Sensitive to the nucleo-

Rpa49 aa 1-366) tide reducing drugs
6-azauracil and

mycophenolate (

RPA49ANT (expresses ~ No growth phenotype No sensitivity found
Rpa49 aa 119-416) found
ARPA34.5 No growth phenotype Hypersensitive to

caffeine, not sensitive to
mycophenolate

found; synthetic lethal
with TOP1 deletion

Pol I AA12 lacks
A12.2, A34.5 and A49

Pol T A12ANT lacks
A12.2, A34.5 and A49

Pol I A12ACT contains
all subunits, but lacks
A12CT

Not determined

Pol I AA49 lacks sub-
units A49 and A34.5,
but contains A12.2

Amount of A190 is
decreased, synthetic le-
thal with A14

Two-hybrid interaction
with A135 is impaired;
nucleolar integrity
impaired, synthetic le-
thal with A14

Sufficient for interaction
with Pol I

Weaker interaction with
A12.2 in vivo, changed
nucleolar shape,
Reduction of Pol I loading

McCusker et al. (1991),
Nogi et al. (1993),

Gadal et al. (1997),

Van Mullem et al. (2002)
Van Mullem et al. (2002),
Girke and Seufert (2019)

Van Mullem et al. (2002),
Merkl et al. (2020)

Own unpublished results

Liljelund et al. (1992),
Gadal et al. (1997, 2002),
Beckouet et al. (2008),
Albert et al. (2011)

rate

Weaker interaction with
A12.2 in vivo, changed
nucleolar shape,
Reduction of Pol I loading
rate

Not determined Lilielund et al. (1992),
Desmoucelles et al.
(2002), Beckouet et al.
(2008), Albert et al. (2011)

Not determined Beckouet et al. (2008)

Not determined, A49 Decondensed nucleolus
is still recruited to the

rRNA gene in ChIP

analysis

Gadal et al. (1997),
Beckouet et al. (2008),
Albert et al. (2011)

A49 and A34.5 remain attached to the Pol I core throughout
the transcription of an entire pre-rRNA gene in S. cerevisiae
cells (Beckouet et al. 2008; Rossi et al. 2021) which is clearly
different from ChIP experiments with subunits of TFIIF or
TFIIE (Mayer et al. 2010; Rossi et al. 2021).

3.3 Growth phenotypes and subcellular
distribution of Pol I in strains expressing
mutants of lobe-binding subunits or
carrying deletions of the respective
genes

The three yeast lobe binding subunits are all encoded by
non-essential genes at 30 °C, but RPA12 and RPA49 deletion

strains are temperature sensitive and do not survive at
restrictive temperatures. Some subdomains of the lobe
binding subunits were shown to be important for the
subcellular localization of Pol I and mutation/deletion of
the genes coding for the proteins were reported to have an
impact on the morphology of the nucleolus. Growth pheno-
types and cell biological features are summarized in Table 5.

By immunofluorescence microscopy, the localization
of Pol I was investigated in different rpal2 mutant strains.
In RPA12 deletion strains, Pol I was still restricted to the nu-
cleus, but its distribution was different from the distribution
in a wild type strain and it was speculated that the absence of
Rpal2.2 may have an effect on nucleolar organization (Van
Mullem et al. 2002). However, Arpal2 strains were not affected
in nuclear division or chromosome segregation (Girke and
Seufert 2019). Furthermore, the above phenomena might be
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Table 6: Overview about currently available cryo-EM structures of yeast Pol I with focus on domains of lobe binding subunits and the contraction state of

the cleft.
Activity Author Reference Functional state EMDB PDB A12-CTD A34.5/A49 A49tWH/ Cleft state
cycle nomenclature assigned attached linker A
Initiation cal Sadian et al. (2019)  Closed complex (partial) 4982 6RQH Infunnel Yes Flexible 35
c2 Sadian et al. (2019)  Closed complex (partial) 4984 6RQL Infunnel Yes Flexible 33
ocC1 Sadian et al. (2019)  Open complex with CF 10,007 6RUO Infunnel Yes Flexible 32
and Rrn3
0C2 Sadian et al. (2019)  Open complex with CF 10,038 6RWE Infunnel Yes Positioned 25
and Rrn3
M1 Sadian et al. (2019)  Intermediate initiation 4987 6RRD Infunnel Yes Flexible 32
complex with CF and Rrn3
M2 Sadian et al. (2019)  Intermediate initiation 10,006 6RUI  Infunnel Yes Flexible 34
complex with CF and Rrn3
eiPIC Pilsl and Engel (2020) Early intermediate Pol 10,544 6TPS  Flexible  Yes Flexible 28
I - Rrn3 - CF complex
Rrn3-free PIC1  Han et al. (2017) Early Rrn3 free PIC 8774 5W64 Flexible  Yes Flexible 25
Rrn3-free PIC2  Han et al. (2017) Rrn3 free PIC 8775 5W65 Flexible  Yes Flexible 23
Rrn3-free PIC3  Han et al. (2017) Late Rrn3 free PIC 8776 5W66 Flexible  Yes Positioned 24
ocC Tafur et al. (2016) CF/Rrn3 free open 3446 5M5W In funnel Yes Flexible 31
complex
PIC Sadian et al. (2017) 3727 50A1 Infunnel Yes Flexible 30
ITC Engel et al. (2017) Initially transcripting 3593 5N61 Flexible  Yes Partially 26
Rrn3-CF-Pol I complex positioned
Elongation  EC Neyer et al. (2016) Elongation complex 4147 5M3F  Flexible  Yes Flexible 25
EC_tWH Tafur et al. (2016) EC with defined tWH 3449 5M64 Flexible  Yes Positioned 25
position on initiation
scaffold
EC1 Tafur et al. (2016) Elongation complex 3447 5M5X Flexible  Yes Flexible 25
EC2 Tafur et al. (2016) EC on initiation scaffold 3448 5M5Y Flexible  Yes Flexible 25
Core EC-nh Tafur et al. (2019) GMPCPP containing 240 6HLR Flexible  No Flexible 24
core EC
EC-nh Tafur et al. (2019) GMPCPP containing 238 6HKO Flexible  Yes Flexible 24
complete EC
EC*-nh Tafur et al. (2019) GMPCPP containing 239 6HLQ OnA135 No Flexible 25
12SU EC external
Initiation Pol-I-Rrn3-tWH  Sadian et al. (2019) DNA-bound Pol I-Rrn3 4985 6RQT Flexible  Yes Positioned 24
competent complex with tWH
Pol I/Rrn3 Engel et al. (2016) Rrn3-bound Pol I 3439 5G5L Mostlyin  Yes Flexible 33
funnel
Pol I/Rrn3 Pilsl et al. (2016) 3443 - Flexible  Yes Flexible
Pol I/Rrn3 Torreira et al. (2017) 4086 - Flexible  Yes Flexible
14-Subunit  Pol I apo Neyer et al. (2016) Free 14 subunit Pol I 4148 5M3M In funnel Yes Flexible 36
apo Pol I
Pol T apo Torreira et al. (2017) 4086 5LMX Flexible  Yes Flexible 34
Pol I* apo Tafur et al. (2019) 241 6HLS OnA135 No Flexible 31
external

related to decreased A190 levels observed in RPA12 deletion
strains (Nogi et al. 1993) pointing to a role for Rpal2 in Pol I
stability. Interestingly, none of the phenotypes is observed in
a strain expressing a mutant Rpal2.2 lacking the C-terminal
domain, whereas the N-terminal deletion mutant behaves like
a RPA12 deletion strain. This indicated that the N-terminal
domain of Rpal2.2 bears its growth supporting functions
(Van Mullem et al. 2002).

Two nucleolar targeting mechanisms have been identi-
fied for subunit A34.5. First, the protein may reach the
nucleolus due to its association with A49 and second, a
species-specific nucleolar targeting signal is located in the
lysine-rich C-terminal domain of A34.5 (Albert et al. 2011).
When RPA34 is deleted, the nucleolus appeared decondensed
and less electron dense although the mutant strains did not
have a strong growth phenotype. In Arpa49 mutants, A34.5 is
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Figure 4: Schematic comparison of protein domains of transcription
factors of Pol II and lobe binding subunits of Pol I and Pol III. “Built-in
transcription factor” subunits of Pol I and III share structural homology
with transcription factors of Pol II (A) TFIIFa (Tfg1), A49 and C37 share
N-terminal dimerization domains (DD). The dimerization domains are
colored in blue. (B) TFIIFB (Tfg2), A34.5 and C53 share dimerization
domains (DD). (C) TFIIEB (Tfa2), A49 and C34 share winged-helix domains
(WH). The winged-helix domains are colored in green.

still located in the nucleolus but the nucleolar morphology is
drastically altered (Albert et al. 2011). The typical nucleolar
crescent-like shape observed in yeast nuclei is absent in
Arpa49 strains and the nucleolus is enlarged. Furthermore,
ultrastructural analysis suggested that the electron dense
areas of the nucleolus are distributed to other areas of the
nucleus. In Arpa49 strains carrying a reduced number of
rRNA gene copies, the size and shape of the nucleolus are asin
the wild-type situation. All in vivo data suggest that both
subunits of the heterodimer are important to maintain wild
type nucleolar morphology. As observed for the N-terminal
domain of Rpal2.2, yeast strains expressing the C-terminal
domain of Rpa49 lacking the dimerization domain have no
significant phenotype, whereas a C-terminal truncation
mutant behaves like a Arpa49 strain (Beckouet et al. 2008).
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4 Lobe binding subunits and
transcription initiation

Several auxiliary factors support yeast Pol I in transcription
initiation. Upstream activating factor (UAF) consisting of
Rrn5, Rrn9, Rrnl10, Uaf30 and the histones H3 and H4 is
bound to the upstream element (UE) at the ribosomal gene
promoter (Keener et al. 1997; Keys et al. 1996; Siddiqi et al.
2001). To initiate transcription, UAF in complex with the
TATA-binding protein TBP (Baudin et al. 2022) recruits the
core factor (CF) which consists of Rrn6, Rrn7 and Rrn11 (Keys
et al. 1994; Lalo et al. 1996; Lin et al. 1996) and binds the core
element (CE) located between 15 and 38 base pairs upstream
of the transcription start site (TSS). The promoter-bound
factors provide a platform for the recruitment of the initia-
tion competent Pol I in association with the Pol I specific
transcription factor Rrn3 (Aprikian et al. 2001; Keener et al.
1998; Milkereit and Tschochner 1998; Steffan et al. 1996;
Yamamoto et al. 1996) (see as recent review Hori et al. 2023).
These factors form the Pol I preinitiation complex (PIC).
Initiation efficiency is further supported by the C-terminus
of Netl (Nucleolar silencing establishing factor and telo-
phase regulator) (Hannig et al. 2019; Shou et al. 2001) which
might be functionally related to the C-terminal part of the
metazoan Pol I transcription factor UBF (Hannig et al. 2019).
UAF, TBP and Netl significantly enhance promoter-
dependent transcription in vitro, but they are not required
for basal transcription, whereas CF, Rrn3 and Pol I are suf-
ficient and required for a basal in vitro initiation activity
(Engel et al. 2017; Keener et al. 1998; Pilsl et al. 2016). Tran-
scription factor Rrn3 is released from the transcribing Pol I
immediately after rRNA synthesis has started (Beckouet
et al. 2008; Bier et al. 2004; Milkereit and Tschochner 1998).
Whether phosphorylation of Rrn3 and/or Pol I (Blattner et al.
2011; Fath et al. 2001) or a different mechanism triggers the
dissociation of Rrn3 from the elongating Pol I needs more
experimental evidence.

The initiation process is accompanied by several struc-
tural rearrangements of Pol I, in which also the lobe binding
subunits are involved. Transcriptional inactive Pol I dimers
were observed in vitro (Milkereit et al. 1997) and in vivo
(Torreira et al. 2017) and structurally characterized by X-ray
analysis (Engel et al. 2013; Fernandez-Tornero et al. 2013;
Kostrewa et al. 2015). Dimeric Pol I contains a structured
expander or DNA mimicking loop, an expanded cleft, a
partially unwound bridge helix and a positioned A12.2
C-terminal domain near the active centre (Engel et al. 2013;
Fernandez-Tornero et al. 2013; Kostrewa et al. 2015).
The inactive dimers have been discussed to represent
“hibernating” Pol I as a possible regulation of its activity in
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non-favourable growth conditions in S. cerevisiae (Torreira
et al. 2017). Pol I dimers that contain structural features of an
inactive enzyme were also observed in S. pombe indicating
an evolutionary conserved mechanism, at least in yeast
species (Heiss et al. 2021). Several structures of monomeric
Pol I were determined using single particle cryo-EM which
may represent steps from an inactive Pol I molecule to an
initiation competent and actively initiating form, and finally
to an elongating enzyme (Table 6). In general, the following
transcriptional Pol I-states can be distinguished: Apo Pol I'is
monomeric and inactive and has similar structural features
as the dimeric enzyme, although subtle cleft contraction is
observed, the A12.2 C-ribbon is partially detached and the
expander and connector domains are flexible (Neyer et al.
2016; Torreira et al. 2017). After recruitment to the promoter
in the presence of Rrn3 and CF, Pol I forms the closed com-
plex (CC), promoter melting yields the open complex (0C),
which is converted to an initially transcribing complex (ITC)
and finally to an elongating complex (EC) (Engel et al. 2018;
Girbig et al. 2022; Hori et al. 2023; Neyer et al. 2016; Tafur et al.
2016). Cryo-EM analyses revealed also several intermediates
which allow comprehensive insights into the structure of the
Rrn3-PolI complex (Engel et al. 2016; Pilsl et al. 2016; Torreira
et al. 2017) as well as in Pol I promoter binding and opening
(Pilsl and Engel 2020; Sadian et al. 2019). The step-by-step
transition from an initiation inactive to an elongation
competent enzyme is accompanied by gradual cleft
contraction, and the removal of the A12.2 C-terminal domain
from the active site (Table 6). The transition also involves
disordering of the expander, clamp closure, and folding of
the bridge helix. Furthermore, the A49 C-terminal tWH
domain and the linker which appear to be rather flexible
and are absent in many structures adapt defined positions in
structural snapshots of OC formation in good correlation
with clamp contraction (Sadian et al. 2019). Since the linker
spans the cleft and binds the non-template strand in an open
complex it might assist stable PIC formation. The A49 tWH
domain was localized on top of the clamp and was shown to
contact the upstream DNA at defined residues within the
CE in the OC structure (Sadian et al. 2019) further pointing
to a role in transcription initiation. Accordingly, promoter-
dependent in vitro experiments confirmed that the tWH
domain and the linker region of A49 is required to achieve
efficient initiation (Pilsl et al. 2016). Clear evidence that A49
and in particular the tWH domain of A49 support Pol I
association with the rDNA promoter in vivo were provided
by Miller spreading (Albert et al. 2011) and ChIP experiments
(Beckouet et al. 2008). Upon initial transcription the A49 tWH
alters its location within the complex which was discussed to
assist promoter escape and Rrn3 release (Sadian et al. 2019).
Positioning of the A49 tWH towards the A135 wall domain
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presumably triggers the dissociation of the transcription
initiation factor Rrn3 from the pre-initiation complex. Along
these lines, Chromatin immunoprecipitation analysis (ChIP)
revealed that Rrn3 is exclusively bound at the rRNA gene
promoter in wildtype cells whereas Rrn3 remains associated
with the elongating Pol Iin mutant strains lacking either A49
or its C-terminal domain (Beckouet et al. 2008). Additionally,
in vitro experiments confirmed in yeast (Bier et al. 2004;
Milkereit and Tschochner 1998) and in vivo experiments in
mammals (Herdman et al. 2017) that Rrn3 travels a short
distance with Pol I in the initial phase of transcription and
gradually dissociates. The latter might be mediated by the
altered association of the A49 tWH with Pol I upon initial
transcription perhaps in combination with the loss of
CF-Rrn3 contacts (Sadian et al. 2019).

The A49 tWH was also localized on top of the clamp in an
elongation complex again correlating with cleft contraction
which indicated that A49 tWH may stabilize a contracted
cleft also in this transcription phase (Tafur et al. 2016). In
support, the tWH of RPA49 was detected at a very similar
position in an elongation complex of human Pol I (Misiaszek
et al. 2021). It is tempting to speculate that the tWH
(and perhaps the linker spanning the cleft) are important to
stabilize elongating Pol I by cleft contraction leading to a
processive enzyme. Since the A49 tWH and linker cannot be
seen in other EC structures (Table 6) (Neyer et al. 2016; Tafur
et al. 2016) it could be that the position of these domains is
subject of dynamic alterations. Interestingly, first evidence
that A49 might localize at the position on top of the clamp has
already been proposed more than 20 years ago based on EM
analyses of apo Pol I with A49 specific antibodies (Bischler
et al. 2002).

Whereas several reports propose an active role of TFIIS
in Pol II-dependent transcription initiation, not much is
known whether its Pol I homolog A12.2 functions in a similar
way (Guglielmi et al. 2007; Kim et al. 2007; Malagon et al.
2004; Prather et al. 2005). RNA-Seq data of RPA12 deletion
strains showed increased Pol I occupancy at the 5'end of the
rRNA gene (Clarke et al. 2021). This indicates that Pol I is
more often paused in vicinity of the promoter. Since lack of
A12.2 reduces the tight binding of the heterodimer A34.5/49
to the Pol I core (Merkl et al. 2020; Schwank et al. 2022; Van
Mullem et al. 2002) (Table 5), a pleiotropic effect due to
improper A49-association cannot be ruled out. Since the
C-terminal domain of A12.2 is removed from the active
centre during initiation (Engel et al. 2017; Tafur et al. 2016),
it remains to be determined whether this movement is a
prerequisite rather than a consequence of the initiation
process. Experiments in which Pol I lacking all three lobe
binding subunits (Pol I ARPA12) (Table 5) is reconstituted
with recombinantly expressed domains of A12.2 and A34.5/49
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(Schwank et al. 2022) should help to answer the question if
any of the A12.2 domains support transcription initiation in
the presence or absence of the heterodimer.

5 Lobe binding subunits and
transcription elongation

5.1 Contributions of the lobe binding
subunits to efficient RNA synthesis

The first indication that the heterodimer might be involved
in rRNA synthesis was published in 1975 (Huet et al. 1975)
when a Pol I was purified lacking two polypeptides with
molecular masses similar to A34.5/49. This so called Pol A*
enzyme was compromised in RNA synthesis from many
different DNA templates when compared with the Pol I
wildtype enzyme called Pol A with the exception of the
synthetic polymer d(A-T),, templates This suggested that the
missing polypeptides might participate in an important step
of transcription though not interfering with nucleotide
polymerisation (Huet et al. 1976, 1975). Since then, experi-
mental data accumulated underlining the involvement of
the heterodimer in several steps of transcription elongation.
ChIP experiments of yeast strains lacking either A49 or
A49CT showed that the C-terminal domain of A49 alone
supports Pol I recruitment to the promoter and stably
associates with elongating Pol I within the entire transcribed
region (Beckouet et al. 2008). Pol I lacking A49 and A34.5
can transcribe DNA templates in vitro, though with reduced
efficiency (Pilsl et al. 2016). Addition of recombinant heter-
odimer restores transcriptional activity (Geiger et al. 2010;
Kuhn et al. 2007). Reconstitution experiments confirmed that
the A49 C-terminal linker and the tWH domain are crucial to
support both in vitro transcription initiation and elongation
(Pilsl et al. 2016).

Deletion of RPA49 leads to a decrease in Pol I loading
rate per ribosomal gene (Albert et al. 2011) which can be
suppressed by mutations in the jaw and lobe domains
(Darriere et al. 2019). This led to the hypothesis that the
mutations in lobe and jaw domains may lead to structural
changes mimicking structural rearrangements induced by
the presencene of the A49 tWH, maybe facilitating loading of
the DNA and closing of the cleft (Darriere et al. 2019).
Accordingly, these Pol I suppressor mutants express a highly
processive enzyme.

Thus, the high processivity of Pol I may correlate with
closing of the cleft which results in tight binding to DNA and
probably involves the A49 tWH domain which dynamically
associates with Pol I on top of the clamp. Interestingly, it was
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suggested that the bona fide Pol II transcription elongation
factor Spt4/5, also supports Pol I transcription (Anderson
et al. 2011; Huffines et al. 2021; Schneider et al. 2006; Vik-
torovskaya et al. 2011). Based on the Spt4/5-Pol II structure
(Martinez-Rucobo et al. 2011) Spt4/5 should bind to the
elongating enzyme at a similar position as the A49 tWH
domain. However, Spt4/5 cannot occupy the exact same po-
sition, because the Pol I clamp core helices are extended in
length when compared to Pol II. Nevertheless, it is possible
that Spt4/5 and A49 tWH are exchanging at this position
during specific steps of initiation and/or elongation. Yet, the
low Spt4/5 enrichment at rRNA genes compared to enrich-
ment of A34.5 and other Pol I specific factors and compared
to the rather high Spt4/5 enrichment at canonical Pol IT genes
suggests that only very few transcribing Pol I complexes
interact with Spt4/5 (Rossi et al. 2021).

Subunit A12.2 is also involved in the nucleotide addition
cycle (Appling et al. 2018, 2017; Scull et al. 2021). Accordingly,
it activates transcription elongation by modulating kinetics
and energetics of nucleotide incorporation (Appling et al.
2017). Comparison of Pol I complexes containing no A12.2
with complexes containing A12.2 without its C-terminal
domain led to the conclusion that the A12.2 N-terminal
domain stimulates transcription elongation. Using native
elongating transcript sequencing (NET-seq), Pol I occupancy
along the 35S rRNA gene and the intragenic spacer (IGS) was
investigated in vivo (Clarke et al. 2018; Huffines et al. 2021;
Scull et al. 2020). The deletion of A12.2 significantly alters
the Pol I occupancy throughout the 35S rRNA gene and at the
IGS. Pol I occupancy was increased at the 5" and 3'end of the
35S rRNA gene when compared to the WT strain. The
elevated Pol I occupancy at the 5" end was explained as a
defect in transcription elongation (Clarke et al. 2021). How
these findings match with the proposed stabilisation of
elongation complexes when A12.2 is lacking (see paragraph
termination) remains to be studied in more detail. Further-
more, subunit A12.2 influences also Pol I pausing at AT-rich
sequences (Scull et al. 2021).

It is possible that dynamic interactions between A12.2
and the heterodimer A34.5/49 are required to promote effi-
cient elongation, explaining above mentioned results. First
evidence for such a dynamic interplay came from structural
studies using the non-hydrolysable NTP analogue GMPCPP
to arrest the elongating Pol I (Tafur et al. 2019) (Figure 5). In
the resulting Pol I EC* complex the N-terminal domain of
A12.2 is still associated with the lobe domain of Pol I at the
known position but its C-terminal domain binds Pol I at a
position where the dimerization domain of A34.5/49 is
associated with the wild-type enzyme. Since the heterodimer
was absent in this structure it was suggested that the A12.2
C-terminal domain might help to displace the heterodimer
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from the A135 lobe (Figure 5). Initial in vitro experiments
indicated that the heterodimer cannot be removed by sub-
unit A12.2 (Tafur et al. 2019). Thus, it remains unclear
whether and how the A12.2 C-terminal domain and the het-
erodimer compete for the same lobe binding site and/or
cooperate to ensure efficient elongation. Since ChIP data
clearly show that the heterodimer is associated with the core
PolIover the entire ribosomal gene from the initiation to the
termination site (Beckouet et al. 2008; Rossi et al. 2021), such
an interaction must be either short-lived or only a minor Pol
I fraction use such a lobe binding exchange mechanism
during elongation. In such a scenario it is also possible that
the heterodimer is removed by elongation factors like Spt4/5
which would otherwise clash with the A49 tWH domain
(see before) and thereby allows binding of A12.2 CT to the
lobe. On the other hand, it cannot be ruled out that the EC*
complex does not resemble a physiological Pol I complex due
to the presence of the non-hydrolysable nucleotide GMPCPP.

5.2 Lobe binding subunits and RNA cleavage

During RNA-synthesis elongating RNA polymerases move
forward along the DNA template, they may pause or stall,
and they can also backtrack on the DNA. During deeper
backtracks, the 3'end of the RNA is displaced from the active
site leading to a transcriptionally inactive state (Cheung and
Cramer 2011; Kettenberger et al. 2003; Komissarova and
Kashlev 1997; Nudler et al. 1997; Wang et al. 2009). As a
trigger, physical barriers like nucleosomes or incorporation
of wrong nucleotides may slow down elongating poly-
merases and promote pausing (Cheung and Cramer 2011;
Erie et al. 1993; Jeon and Agarwal 1996; Lisica et al. 2016; Luse
and Studitsky 2011; Sydow et al. 2009; Thomas et al. 1998).

elong (Pol | EC)
28-31A

elong (Pol I*EC)

slightly variable cleft width
A49LCT

Figure5: Structures of PolIEC and of Pol I* EC (formed in the presence of
GMPCPP). The 14-subunit Pol I bound to a DNA-RNA scaffold is shown. In
this conformation, only the first 67 amino acids of A12.2 can be observed
(A12.2 hinge) while the C-terminal domain (A12.2CT) is disordered. In the
Pol I* EC, which was obtained in the presence of GMPCPP, A49 and A34.5
are absent and the A12.2 C-terminal domain adopts a position on the A135
surface (Tafur et al. 2019).
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According to Pol II dependent transcription, mismatched
3-RNA termini could cause a distortion in the RNA/DNA
duplex and either adopt a frayed state or promote back-
tracking of the enzyme (Cheung and Cramer 2011; Sydow
et al. 2009; Wang et al. 2009). To overcome the backtracked
state to restart transcription elongation, Pols have to
realign the 3'end of the RNA with the active site either by one
dimensional diffusion or by RNA cleavage (Depken et al.
2009; Galburt et al. 2007; Izban and Luse 1993; Lisica et al.
2016; Reines 1992). The efficiency of backtrack recovery is
influenced by the depth of the backtracked state. The pres-
ence of TFIIS enables Pol II to recover from backtracks by its
RNA cleavage activity and accelerates this process. When
compared with Pol II, Pol I can recover from backtracking
more efficiently: Pol I recovers from deeper backtracks and
is faster in backtrack recovery (Lisica et al. 2016). Never-
theless, the mean pause durations were similar for both
enzymes. Pol I recovers from short backtracks (up to ~3 nt
for Pol I) mainly by diffusion and from intermediate back-
tracks mostly by cleavage with the help of subunit A12.2. Pol
IT overcomes short backtracks (up to ~7 nt for Pol II) mainly
by diffusion and from intermediate backtracks equally by
diffusion and cleavage. The Pol I structure of the open
complex with the C-terminal domain of the subunit A12.2
in the active centre (Table 6) might represent Pol I in a
backtracked stage which is prerequisite for RNA cleavage.
Alternatively, the structure could represent Pol I before RNA
synthesis has started (Sadian et al. 2019; Tafur et al. 2016).
The C-terminal domain of A12.2 is required but not
sufficient for efficient Pol I cleavage. This could be shown in
reconstitution experiments adding purified recombinant
proteins/domains of the lobe binding subunits to purified Pol
I lacking both A12.2, and the heterodimer A34.5/49 and
monitoring transcription and RNA cleavage (Schwank et al.
2022). These experiments revealed that both the conserved
amino acids D105 and E106 within the Q.RSADE..T.F motif
and a completely folded C-terminal domain are necessary
for the cleavage reaction. Furthermore, the N-terminal re-
gion of A12.2 supported the cleavage reaction. This domain
probably helps to position the C-terminal domain correctly
in the active site of Pol I to execute the cleavage reaction.
Accordingly, addition of the separated two domains to Pol I
lacking lobe binding subunits cannot fully restore cleavage
activity (Schwank et al. 2022). Like TFIIS mediated Pol II
cleavage, cleavage by Pol I occurs mainly in steps of di-
nucleotides until a correct 3’ RNA/DNA hybrid pair resides
within the active centre of the enzyme. The high conserva-
tion between TFIIS and Al12.2 in structure and function is
underlined by swap experiments which showed that A12.2
supports Pol II RNA cleavage to some extent. Whereas A12.2
removes two nucleotides from misaligned RNA/DNA hybrids
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together with Pol II, TFIIS could not substitute for Al12.2-
-dependent Pol I cleavage. It is likely that the partial
complementation is due to the structural differences be-
tween TFIIS and A12.2 and that the same reason prevents a
functional interaction of TFIIS with Pol I (Schwank et al.
2022).

Only the fused N-and C-terminal domains of A12.2 can
promote re-extension of cleaved RNA. Without the
N-terminal domain misaligned DNA/RNA hybrids were often
shortened only by 2 nucleotides and still contained an
incorrect base pair. Nevertheless, they were extended
(Schwank et al. 2022). Usage of the reconstituted Pol I
transcription system helped also to reinvestigate the role of
the heterodimer in the cleavage reaction more in detail. The
heterodimer stimulated neither cleavage nor backtracking if
the N-terminal or C-terminal domain of A12.2 was absent or
inactive. But in the presence of the complete subunit A12.2
both the heterodimer and the dimerization module
including the linker increased cleavage efficiency (Geiger
et al. 2010; Kuhn et al. 2007; Schwank et al. 2022). Interest-
ingly, in the presence of either heterodimer or the dimer-
ization module including and the linker, a longer backtrack
of the reconstituted Pol I enzyme on misaligned DNA/RNA
hybrids was observed. Accordingly, a correct assembled
dimerization domain together with the N-terminal domain
of Rpal2.2 might represent a prerequisite to stimulate deep
backtracking and efficient RNA cleavage mediated by the
Rpal2.2 C-terminus.

5.3 Transcription fidelity and proofreading

Transcription fidelity is required to ensure the production
of functional active RNAs. Transcription fidelity can be
achieved by two different mechanisms: (1) Proofreading
and (2) selectivity for the correct nucleotide. Proofreading
is required after the incorporation of a mismatching
nucleotide. After recognition of the mis-incorporated
nucleotide, RNA polymerase II backtracks, cleaves off the
mis-incorporated nucleotide with the support of TFIIS and
re-enters transcription elongation (Jeon and Agarwal 1996;
Thomas et al. 1998; Wang et al. 2009). The Pol II subunit Rph9
stimulates the cleavage reaction by enhancing the response
of Pol II to TFIIS (Awrey et al. 1997; Knippa and Peterson
2013). Furthermore, Rpb9 is important for transcription
fidelity in vivo (Nesser et al. 2006) and in vitro (Knippa and
Peterson 2013).

The second mechanism relies on the selectivity for the
correct nucleotide. Before nucleotide addition, the enzyme
must discriminate between nucleotides and select the
correct nucleotide that forms a Watson-Crick base pairing
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with the DNA template strand. The substrate selection
requires two steps. First, the nucleotide binds to an open
active centre and establishes Watson—Crick interactions.
Then, the nucleotide is transferred to the insertion site and a
phosphodiester bond is formed between the nascent RNA
and the nucleotide (Brueckner et al. 2009b; Sydow et al. 2009;
Vassylyev et al. 2007; Westover et al. 2004).

Like TFIIS, the Pol I subunit A12.2 is involved in tran-
scription fidelity in vitro and in vivo. Yeast strains carrying a
deletion of RPA12 have an 11-fold increase in the error-rate
upon RNA synthesis in vivo (Gout et al. 2017). Pol I lacking
the C-terminal domain of A12.2 or the entire full length A12.2
mis-incorporates NTPs in vitro and loses its cleavage activity
(Kuhn et al. 2007; Schwank et al. 2022). Only the presence
of the complete subunit A12.2 but not the presence of the
isolated A12.2 domains can prevent significant nucleotide
mis-incorporation of Pol I in vitro and lead to resumption of
transcription after the cleavage reaction (Schwank et al.
2022). In the presence of full-length A12.2 backtracking in
combination with cleavage and re-extension is probably the
predominant mechanism to reactivate a paused ternary Pol I
complex rather than reactivation through one dimensional
diffusion kinetics. Furthermore, the release of a backtracked
PolI by RNA cleavage minimalizes erroneous transcripts. In
cleavage deficient Pol I mutants the backtracked state
apparently cannot be resolved by removal of nucleotides.
Therefore, one dimensional diffusion kinetics might even-
tually allow that a small fraction of the enzyme escapes the
backtracked state and extends an error-containing RNA.

In addition to its role as RNA cleaving factor, subunit
A12.2 can also influence transcription fidelity by affecting
nucleotide selectivity and/or incorporation kinetics (Appling
et al. 2017). Nucleotide addition rate constants of wild-type
Pol I and Pol I lacking subunit A12.2 are always in the range
of milliseconds (Appling et al. 2017, 2015), although the
polymerization mechanism is affected in Rpal2.2 depleted
Pol I (Appling et al. 2017). RNA cleavage reactions are in the
same time range, though slightly delayed (Appling et al.
2015). In contrast, the elongation assays which suggested that
synthesis of errorfree RNA require RNA cleavage activity,
used a much longer time scale (Schwank et al. 2022). In this
experimental set-up Pol I which contains a functional A12.2
subunit steadily incorporates and removes wrong nucleo-
tides, whereas Pol I containing A12.2 mutants cannot remove
mis-incorporated nucleotides which then result in the
synthesis of erroneous RNA. In summary, A12.2 domains
might contribute differently to elongation properties. The
N-terminus might speed up elongation by appropriate
nucleotide incorporation (Scull et al. 2021) or support back-
tracking, whereas the C-terminus is responsible for RNA
cleavage of a backtracked enzyme.
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Surprisingly, A12.2 mutants expressing a truncated A12.2
C-terminus show no growth phenotype even under stress-
conditions like elevated or reduced temperature or deple-
tion of the nucleotide pool (Darriere et al. 2019; Van Mullem
et al. 2002). This implicates that Pol I proofreading under
the tested conditions is not required to generate functional
ribosomal RNAs. Mis-incorporated nucleotides in the rRNA —
for example in the decoding centre of a newly synthesized
ribosome — can, however, be disastrous for the translation
process (Chernoff et al. 1994; Green et al. 1997; LaRiviere et al.
2006; Liebman et al. 1995; Powers and Noller 1990; Yoshizawa
et al. 1999; Youngman et al. 2004). Furthermore, alterations
in the rRNA sequence might also impair proper assembly of
ribosome biogenesis factors or ribosomal proteins
which would lead to dead-end rRNA precursors, impairing
ribosome production (Raué and Planta 1995). Post-
transcriptional quality control and RNA degradation mech-
anisms (see as review Houseley and Tollervey 2009) like the
nonfunctional rRNA decay (NRD) (Cole et al. 2009; LaRiviere
et al. 2006) or pre-rRNA degradation by the exosome in
No-bodies (Dez et al. 2006) might explain the lack of a
prominent phenotype in strains lacking Pol I proofreading
activity. It remains to be investigated in which physiological
situations the impaired proofreading activity of the rRNA
synthesis machinery becomes crucial for cellular survival.

5.4 Transcription through nucleosomes

Transcription through nucleosomes is a special challenge
for all eukaryotic RNA polymerases. If Pols encounter
nucleosomal barriers, they often stall, backtrack and ar-
rest (Cheung and Cramer 2011; Lisica et al. 2016; Luse and
Studitsky 2011). Rapid relief of enzyme arrest requires
additional factors including RNA cleavage stimulating pro-
teins and cleavage of the 3’ end of the RNA which is displaced
from the active centre when the enzyme is backtracked. The
mechanism to overcome nucleosomal barriers seems to be
similar for many RNA polymerases (Studitsky et al. 1997,
1995). Nevertheless, Pol I and Pol II probably face different
challenges in their interplay with native chromatin tem-
plate. The dense packing of elongating Pol I molecules is
likely not compatible with a regular nucleosomal structure.
Indeed, rRNA genes are nucleosome depleted, resulting in a
so called “open” chromatin state at transcribed rRNA genes
(Conconi et al. 1989; Merz et al. 2008). Furthermore, there
is evidence that nucleosome depletion occurs upon Pol I
transcription and that DNA replication is the dominant
process re-assembling nucleosomes on rRNA genes in
dividing cells (Wittner et al. 2011). This indicates that Pol I
faces the nucleosomal barrier only once during the cell cycle
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and that nucleosomes might be depleted during a pioneering
round of transcription.

Affinity purified Pol I and Pol III transcribe nucleosomal
DNA templates in in vitro assays more efficiently when
compared with Pol II (Merkl et al. 2020). In the absence of
transcription factors like TFIIS, or TFIIF or other elongation
factors which facilitate chromatin transcription (such as
FACT) Pol II has difficulties to transcribe through nucleo-
somes (Belotserkovskaya et al. 2003; Gaykalova et al. 2015;
Luse and Studitsky 2011). In Pol I and Pol III the subunits
A34.5/49, A12.2 and C37/53, C11 resembling TFIIE, TFIIF, and
TFIIS in Pol II are integral components of the enzymes. For
Pol I, the C-terminal part of A12.2 contributes to the ability to
transcribe through nucleosomes, suggesting that the RNA
cleavage activity of Pol I supports passage through nucleo-
somes (Merkl et al. 2020). The heterodimer A34.5/49 also
supported Pol I passage through a nucleosome. Interestingly,
in the absence of the dimerization module formed by A34.5
and the A49 N-terminal domain, addition of the A49 linker
and tWH alone improved Pol I movement through nucleo-
somes. Based on genetic and structural data it was discussed
that the A49 linker together with the A49 tWH domain might
stabilize the closed conformation of DNA-bound Pol I,
thereby maintaining a contracted cleft (Darriere et al. 2019;
Tafur et al. 2019). It is possible that an enzyme containing the
A49 linker and tWH, but lacking A34.5 and the A49
N-terminal domain may not go into deep backtracks with the
3 end of the RNA displaced from the active centre, and, thus,
might be highly processive (Merkl et al. 2020). In summary,
this suggests that cooperation between the different do-
mains of the Pol I lobe binding subunits contributes to the
competence to transcribe nucleosomal templates.

The finding that mutant strains expressing Pol I
enzymes lacking either A34.5/A49 or A12.2 are viable suggests
that Pol I movement through nucleosomes is supported by
other factors which weaken the interaction between nucle-
osomes and DNA during transcription (Gadal et al. 1997,
Liljelund et al. 1992; Nogi et al. 1993). Such candidates could
be the above mentioned Spt4/5 (Anderson et al. 201%;
Schneider et al. 2006) which might replace the A49 linker and
tWH domain at the edge of clamp, or FACT (Birch et al. 2009)
or Pafic (Zhang et al. 2009; Y. Zhang et al. 2010) which both
interact with chromatin. All three factors contribute to Pol II
passage through nucleosomes (Belotserkovskaya et al. 2003;
Crickard et al. 2017; Hsieh et al. 2013; Kim et al. 2010). The
true impact of these factors on rRNA gene chromatin
transcription of Pol I in comparison to their role in Pol II
transcription of nucleosomal templates remains to be
elucidated. None of these factors shows a strong accumula-
tion at rRNA genes when compared to the respective asso-
ciation with Pol II genes (Rossi et al. 2021). Accordingly, the



DE GRUYTER

next challenges are to determine (i) the crucial factors
to allow Pol I transcription of nucleosomal rRNA genes
in vivo (ii) whether nucleosomes are evicted, or temporally
disassembled upon Pol I passage through nucleosomes
and (iii) the possible cooperation between the participating
factors and the lobe hinding subunits to elucidate the mini-
mal requirements for Pol I passage through nucleosomes.

5.5 Termination of transcription

Transcription termination is the last step of each transcrip-
tion cycle. It results in a length restricted transcript and
the dissociation of Pols and the transcript from the DNA.
Common features for all transcription machineries in the
termination process are (i) to recognize the site which
represents the end of the transcript and (ii) to overcome
energetic barriers to release the transcript and to dissociate
from the template. Accordingly, in termination complexes
both elongating Pols and associated RNAs must be destabi-
lised. In general, the termination process includes the
slowing and pausing of the elongating enzyme which can be
achieved by a DNA bound protein and/or by a specific RNA
(secondary) structure. Co-transcriptional RNA processing
may also have a major impact on termination (see as review
Nemeth et al. 2013).

In yeast, one main and several so called “fail-safe”
termination sites were determined for Pol I using either
invitro termination assays (Lang and Reeder 1993; Lang et al.
1994) or in vivo analysis (Clarke et al. 2021; E1 Hage et al. 2008;
Prescott et al. 2004; Reeder et al. 1999) (Figure 6). Most
transcripts are terminated at site T1 which is located 90 bp
downstream of the mature 25S rRNA sequence and includes
an A/T rich sequence (Figure 6). The binding site for the DNA
binding proteins Nsil or Rebl (Rebl/Nsil binding site) is
located 18 bp downstream of the external transcribed spacer
element ETS2 (Lang and Reeder 1995; Reeder et al. 1999).
The second termination site T2 is in the intergenic spacer
IGS1 downstream of the Reb1/Nsil binding site. T2, which is
followed by replication fork barrier (RFB) sequences
(E1 Hage et al. 2008; Prescott et al. 2004; Reeder et al. 1999),
and a recently suggested third termination sequence, T3, just
upstream of a promoter-proximal Reb1 binding site of the
following 35S rRNA gene (Clarke et al. 2021) are considered
as fail-safe termination sites.

Proper Pol I termination in vitro and in vivo requires the
Pol I specific termination factor Nsil which binds to a specific
DNA sequence to pause elongation shortly upstream of its
binding site. DNA-bound Nsil or the Nsil-homolog Rebl
cooperate with a T-rich sequence upstream of the pausing
site leading to destabilization and dissociation of the ternary
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Pol I-RNA-DNA complex in vitro (Lang et al. 1994; Merkl et al.
2014; Reiter et al. 2012). Whereas both Myb-related proteins
Nsil and Rebl recognize the same binding site and induce
termination in vitro, predominantly Nsil binding to its
cognate termination site was detectable in vivo (Goetze et al.
2010; Kawauchi et al. 2008; Reiter et al. 2012) arguing that
Nsil is the bona fide Pol I termination factor. In fact,
DNA-bound Nsil is sufficient to induce Pol I termination
in vitro and in vivo (Merkl et al. 2014; Reiter et al. 2012).
Additionally, factors involved in rRNA 3'end processing were
reported to also contribute to transcription termination
(Braglia et al. 2010a, 2011; E1 Hage et al. 2008; Elela et al. 1996;
Kawauchi et al. 2008; Reeder et al. 1999). Accordingly,
co-transcriptional cleavage by the endonuclease Rntl
generates an entry point for the exonuclease Ratl which
progressively degrades the Pol I-associated transcript
with the help of the helicase Senl. After Ratl reaches the
polymerase, which is slowed down by Nsil at the termina-
tion site, it collides with the enzyme and disrupts the ternary
transcription complex. This process resembles the torpedo-
like model of Pol II termination (Kim et al. 2004; Luo et al.
2006; West et al. 2004). The RNA cleavage reaction, which
provides the entry point for the exonuclease, is crucial for
the torpedo-like termination process. However, in vivo and
in vitro experiments confirmed that transcription can be
terminated in the absence of the known Rntl cleavage site
(MerKkl et al. 2014; Reiter et al. 2012). According to the torpedo
model, this result could be interpreted by endonucleolytic
(failsafe) cleavage within the T-rich DNA stretch to support
termination (Braglia et al. 2010b). However, failsafe cleavage
is hard to explain since a protein factor must get access to an
RNA region which is protected by Pol I bound at the termi-
nator region. This argues that efficient termination either
does not absolutely require a functional torpedo mechanism
or RNA hydrolysis might be executed by an intrinsic RNA
cleavage activity which might be supported by subunit A12.2.

In fact, A12.2 was previously reported to be involved in
transcription termination (Clarke et al. 2021; Prescott et al.
2004) and was suggested to destabilize the Pol I elongation
complex (Appling et al. 2018). Complete depletion of A12.2
resulted in stabilized elongating Pol I complexes by probably
altering the electrostatic interactions within the Pol I EC
(Appling et al. 2018). In contrast, Pol I containing only the
N-terminal domain of A12.2 was similar to wild-type Pol I in
elongation complex stability, indicating that it is an intrinsic
destabilizer of the Pol I EC which might help to dissociate
the ternary transcription complex at the termination site
(Scull et al. 2021). Native elongating transcript sequencing
(NET-seq) experiments revealed an increased Pol I occu-
pancy downstream the rRNA gene 3’ end in mutants lacking
A12.2 which was explained as terminator read-through.
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Figure 6: Structure of the S. cerevisiae rDNA locus with termination sites. One rDNA repeat of the 150 to 200 tandemly repeated transcription units on
chromosome XII is depicted. Pol I synthesizes a 35S precursor RNA (about 9.1 kb) which extends from the promoter (P/black arrow) to the terminator
element. The precursor contains the sequences of the mature 18S, 5.85 and 25S rRNA and the external and internal transcribed spacer elements ETS1,
ETS2, ITS1and ITS2, respectively. Pol I-transcribed genes are separated by an intergenic spacer (IGS) which contains the Pol IlI-transcribed 55 rRNA gene
(opposite transcription direction), and the IGS1 and IGS2 sequences which were previously thought to be not transcribed and named NTS1 and NTS2 for
non-transcribed spacer. Most of Pol I terminates 90 bp downstream of the 3’end of 255 RNA (T1). Fail-safe termination sites are reported at T2, 250 bp
downstream of the 3’end and at the replication fork barrier (RFB), and at site T3 upstream of a promoter proximal Reb1 binding site. Cis elements which
were described to be involved in termination are the Reb1/Nsi1 binding site, an upstream T-rich sequence and the RFB. E-pro is a bidirectional Pol II
promoter, rARS marks a replication origin within IGS2, Rnt1 the position coding for the Rnt1 cleavage site (modified from Nemeth et al. 2013).

Furthermore, Pol I occupancy downstream of the termina-
tion sites T1 and T2 and throughout the IGS was observed for
the rpal2A strain. These analyses suggested that PolIlacking
subunit A12.2 is not terminating transcription at the termi-
nation sites T1 and T2 but reaches a third termination site
(Clarke et al. 2021). In S. pombe the physical interaction
between the Nsil-homolog Reb1 and subunit SpA12 is crucial
to efficiently terminate transcription (Jaiswal et al. 2016)
which argues that yeast A12.2 and Nsil might function
similarly in termination.

In summary, subunit A12.2 might play a dual role to
support Pol I termination. RNA cleavage by the C-terminal
part might either destabilize the ternary transcription
complex or help to generate the entry site for exonucleolytic
degradation independently of Rnt1, whereas both full length
A12.2 and its N-terminal part participate to destabilize the
elongating Pol I (Appling et al. 2018; Scull et al. 2021). It will be
interesting to see, whether the absence of Al12.2-mediated
cleavage activity impairs termination at the main termina-
tion site T1 or at any of the fail-safe termination sites if the
endonuclease Rntl is inactivated. Furthermore, future
experiments using in vitro termination assays in the absence
and presence of the different lobe binding domains must
clarify whether and how the cleavage activity of A12.2
and the backtracking activity of the heterodimer A34.5/A49
influence Pol I termination.

5.6 PolI regulation and outlook

Not much is known whether the lobe binding subunits are
involved in yeast Pol I regulation. In some mammalian cell
lines the expression levels of PAF53 and PAF49, which are
homolog to A49 and A34.5, can be reduced by 70 % upon
serum starvation, whereas in other cell lines the expression
level was not so drastically reduced (Penrod et al. 2015). In
other studies treatment of serum deprived cells with insulin
resulted in an increase of PAF53 production and enhanced
levels of the Pol I initiation and elongation factor UBF
(Hannan et al. 1998). Furthermore, posttranslational modi-
fications (PTMs) might impact the dynamics of the PAF53/
PAF49 interaction with the Pol I core enzyme (Chen et al.
2013; Penrod et al. 2015). Although all yeast lobe binding
subunits have phosphorylated sites (Gerber et al. 2008;
Sadowski et al. 2013), up to now no alteration in the phos-
phorylation pattern depending on growth phase and/or
nutrient availability was observed. Although clear evidence
exists that the Pol I machinery responds to nutrient avail-
ability implicating the target of rapamycin (TOR) signalling
pathway (Claypool et al. 2004; Laferte et al. 2006; Li et al.
2006; Milkereit and Tschochner 1998; Philippi et al. 2010;
Torreira et al. 2017) (see as review Hori et al. 2023) it is
unclear how stringent and fast the reported mechanisms
are. Along this line, it was shown that levels of newly
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synthesized ribosomal proteins dropped drastically before
the activity and integrity of the Pol I machinery was altered
upon nutrient deprivation (Philippi et al. 2010; Reiter et al.
2011). It was shown that the immediate shutdown of rRNA
production following TOR inhibition was rather the conse-
quence of rapid degradation of aberrantly assembled pre-
ribosomal RNAs than due to a direct effect on rRNA synthesis
by the Pol I transcription apparatus. But even if rRNA gene
transcription is not the target of TOR inactivation, it is still
possible that modulation or modifications of transcription
factors or Pol I subunits help to adjust the efficiency of rRNA
synthesis according to nutrient conditions upon longer times
of nutrient deprivation.

In any case, the multiple activities and the dynamics of
the lobe binding subunits make them to good candidates to
modulate Pol I activity at different stages of the transcription
cycle. Future analyses will give further molecular insights
how they cooperate to adapt Pol I for maximal efficient rRNA
synthesis, how their dynamic movements are co-ordinated
and regulated, and whether and how these features are
conserved in different eukaryotic cells. The stage is prepared
to gather more insights in their precise role in Pol I tran-
scription both in vitro and in vivo.
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