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ABSTRACT

In yeast, transcription of ribosomal DNA (rDNA) by RNA polymerase | (Pol ) is regulated by unique
mechanisms acting at the level of the enzyme. Under stress situations such as starvation, Pol |
hibernates through dimerization. When growth conditions are restored, dimer disassembly and
Rrn3 binding drive enzyme activation and subsequent recruitment to rDNA.

Introduction

Ribosomal DNA (rDNA) presents distinctive features.
First, it is formed by several hundreds of tandem
repeats of about 10 kb in yeast that cluster together to
form the nucleolus [1]. Second, promoters contain
two main regions termed upstream element (UE) and
core element (CE) in yeast, with the latter overlapping
with the transcription start site and the former extend-
ing to about 150 bp upstream of this site [2]. Third, in
actively growing cells rDNA transcription represents
60% of the total transcriptional activity [3], which cor-
relates with a high content of RNA polymerase occu-
pancy on rDNA genes [4]. As a consequence, TDNA
transcription is a major point for the regulation of cell
growth and, thus, misregulation of the system is
related with tumour development [5].

Initiation of rDNA transcription in yeast requires
the sequential assembly of factors on different pro-
moter elements (reviewed in [6,7]). The upstream acti-
vating factor (UAF) binds the UE [2], while the core
factor (CF) binds the CE [8]. The two protein com-
plexes interact with each other and are bridged
through TATA-box binding protein (TBP) binding
[9]. While the CF is sufficient for promoter recogni-
tion, UAF and TBP enhance rDNA transcription [10].
Promoter-attached initiation factors foster binding of
RNA polymerase I (Pol I) in complex with the Rrn3
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protein [11-13]. The complete assembly of enzyme
and factors on the promoter constitutes the pre-initia-
tion complex (PIC) that has been proposed to evolve
from a closed to an open complex upon DNA melting,
which in Pol I is independent from ATP hydrolysis
[14-16]. As proposed by these authors, an initially
transcribing complex (ITC) forms upon addition of
the first RNA nucleotides in the presence of initiation
factors, and subsequent enzyme dissociation from the
PIC leads to the formation of an elongation complex
(EC). Elongation is paused in case of an obstacle in
the transcribed region, which is resolved by enzyme
backtracking and subsequent RNA cleavage [17]. At
the terminator, a similar situation likely leads to
enzyme detachment, which may be mediated by exter-
nal factors such as Nsil in yeast [18].

In spite of its central role in cell homeostasis, the
study of the Pol I transcription system was neglected
in favour of Pol II, responsible for the transcription of
protein-coding genes. In recent years, however, a
series of structural biology investigations have started
to unveil the mechanisms regulating Pol I-mediated
transcription. Two independent studies reported the
crystal structure of Pol I in its inactive dimeric confor-
mation [19,20]. More recently, electron cryomicro-
scopy (cryo-EM) analysis revealed the structures of
Pol I in the free monomeric and Rrn3-bound states
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[21-24]. Additional cryo-EM studies reported the
structures of Pol I engaged in elongation [22,25].
Finally, the structures of a minimal PIC comprising
the CF, Rrn3 and Pol I in the absence and presence of
melted DNA provided hints into the initiation process
[14-16].

Pol | subunits, modules and structural domains

Pol I is formed by 14 subunits with a total mass of
590 kDa (Figure 1(A)). The enzyme conserves the
overall crab-claw shape defined for other multi-sub-
unit RNA polymerases [19,20], with a central cleft
that binds downstream DNA [22,25]. Below the active
site, located at the centre of the enzyme, a secondary
pore opens in the floor of the cleft. In Pol II, the pore
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was suggested to constitute the entry site for NTPs
[26] and shown to harbour extruded RNA during
backtracking [27]. Next to the pore, the bridge helix
crosses the cleft in the vicinity of the trigger loop. In
Pol 11, these structural elements participate in enzyme
translocation along DNA during elongation [27].

In analogy to Pol II and bacterial RNA polymerase
[26,28], four mobile modules can be defined in Pol I
(Figure 1(A)). The core module harbours essential ele-
ments for RNA polymerization such as the active cen-
tre and the pore, as well as several subunits and
regions involved in enzyme assembly, including subu-
nits AC40, ACI19, Rpb10 and Rpbl2. The three
remaining modules lie on both sides of the DNA-
binding cleft. On one side is the lobe-jaw module,
which in Pol I comprises the lobe domain in subunit
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Figure 1. (A) Pol | subunits, modules and domains. On the left, the 14 subunits forming the complex are coloured according to the top
legend. The middle panel shows the 4 modules defined for Pol Il [26] as well as the stalk and the A49/A34.5 dimerization region. On the
right, the most important structural domains are labelled. (B) The three major conformations of the Pol | enzyme as derived from recent
structural studies, with defining features below. Black bars on the jaw-lobe and the rigid shelf-clamp-stalk are depicted to help visualis-
ing their relative movements.
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A135, the jaw domain in A190, and the N-terminal
and linker regions of A12.2. As the dimerization
region of the A49/A34.5 heterodimer binds on the
lobe, it can be included inside this module. The shelf
and clamp modules locate on the opposite side of the
cleft. The shelf includes the foot and cleft regions of
A190, and subunits Rpb5 and Rpb6. The clamp essen-
tially comprises domains of A190 with a minor contri-
bution of A135. In contrast to Pol II where clamp
swinging over the shelf was shown to play a role in
transcriptional regulation [26], the clamp and shelf
modules in Pol I constitute a rigid mobile unit [22].
Because the Pol I stalk, formed by the A43/A14 heter-
odimer, is tightly attached to both the shelf and the
clamp, these two modules and the stalk can be
regarded as a single unit that pivots against the core
and jaw-lobe modules for cleft closure [20,25]. Two
additional structural elements that are unique in Pol I
are only ordered in the inactive homodimeric configu-
ration. The A43 C-terminal tail (residues 251-326)
including the connector element (residues 262-326) is
essential for enzyme dimerization. The expander in
subunit A190 (residues 1337-1439) including the
DNA-mimicking loop (residues 1361-1399) blocks
the binding site of nucleic acids inside the cleft.

Conformational states in Pol |

Structural studies allow definition of three major con-
formations of the Pol I enzyme (Figure 1(B)). Confor-
mation I corresponds to the inactive state of the
enzyme, as observed both in crystals and in solution
[19,20,23]. This configuration is defined by an
expanded DNA-binding cleft of about 42 A in width
and a bridge helix that is partially unfolded in its cen-
tral region. In addition, the DNA-mimicking loop is
well ordered inside the cleft. Moreover, the A12.2
C-terminal domain, involved in RNA cleavage [29], is
located inside the pore. As mentioned, ordering of the
A43 C-terminal tail enables essential contacts for
enzyme dimerization. Conformation II corresponds to
free monomeric Pol I, and it has also been observed
in Rrn3-bound Pol I [21-24]. This configuration
presents a semi-expanded cleft of about 38 A in width,
a partially-unfolded bridge helix and a disordered
DNA-mimicking loop. This conformation has been
compared with the ratcheted state in bacterial RNA
polymerase and suggested to reflect the backtracked
state of the Pol I enzyme [22]. In this conformation,

the A12.2 C-terminal domain has been found either
disordered or partially ordered inside the pore. The
major difference between free monomeric and Rrn3-
bound Pol I is the stalk, which appears flexible in the
former while it is fixed upon Rrn3 interaction, with
the exception of the A43 C-terminal tail [24]. Finally,
conformation IIT corresponds to Pol I in the pre-initi-
ation and elongation complexes, and is defined by a
closed cleft of about 30 A in width and a fully ordered
bridge helix [14-16,22,25]. As expected by the pres-
ence of nucleic acids in the cleft, the DNA-mimicking
loop is disordered. In addition, the 12.2 C-terminal
domain is disordered, suggesting that in the presence
of nucleic acids it may only access the pore during
enzyme backtracking. Minor differences between
reported structures in conformation III allowed defini-
tion of three structural states of the enzyme in the
minimal PIC [15].

The transition between conformations I and II
involves partial closure of the DNA-binding cleft by
approach of the rigid shelf-clamp module towards the
jaw-lobe (Figure 1(B)). The lobe and clamp approach,
while the jaw and shelf slightly move away from each
other. Within each structural module, minimal rear-
rangements of internal domains are observed. The
bridge helix remains partially unfolded and the trigger
loop is disordered. This transition, which implies dis-
ruption of Pol I homodimers into monomers and dis-
ordering of the DNA-mimicking loop, plays an
important role in the regulation of rDNA transcrip-
tion [24]. The transition between conformations II
and III involves full closure of the cleft by further
approach of the rigid shelf-clamp module towards the
jaw-lobe (Figure 1(B)). It has been suggested that
binding of nucleic acids in the cleft maintains confor-
mation III, while their absence allows access of the
A12.2 C-terminal domain inside the pore, which par-
tially widens the cleft by opening of the clamp-shelf
and jaw-lobe modules [22]. The transition between
conformations I and III likely plays a central role in
the progression from closed to open PIC, as well as
during transcriptional pausing.

Pol | enzyme activation

In actively growing cells, most cellular Pol I is engaged
in rDNA transcription. When detached from DNA,
free monomeric Pol I cannot directly be recruited to
rDNA promoters but requires prior binding to the
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activating factor Rrn3 [12,13]. This event allows direct
downregulation of rRNA production by Rrn3 degra-
dation [24,30]. In addition, rDNA transcription is also
down-tuned by Pol I dimerization [24]. Upon nutrient
addition, the transition from inactive homodimers to
activated Pol I requires at least two events (Figure 2).
First, enzyme dimers must dissociate to yield mono-
meric Pol I. Second, Pol I monomers need to bind
Rrn3 in order to be recruited to promoter DNA. Rrn3
contacts the enzyme at both stalk subunits, A43 and
A14, as well as A190 and the AC40/AC19 heterodimer
[21,23,24]. Enzyme activation can, thus, be seen as a
two-step process in the recovery from stress condi-
tions such as nutrient deprivation. Enzyme inactiva-
tion applies to the opposite route.

In bacteria, a holoenzyme was defined to designate
the complex between the RNA polymerase core and
the o factor, which is sufficient for promoter binding
and DNA melting [31]. In archaea and eukaryotes the
situation is more sophisticated because, for promoter-
specific transcription, general transcription factors
must bind DNA prior to enzyme recruitment. Never-
theless, a holoenzyme was defined for Pol II when
complexed to the Mediator [32]. While description of
eukaryotic holoenzymes may be controversial, the
transcription-competent Pol I-Rrn3 complex could be
regarded as a holoenzyme that, in analogy to Pol II,
requires contact with promoter-bound transcription
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factors to initiate rRNA synthesis. In agreement, Rrn3
occupies a similar area as the Mediator in Pol II.

Pol I hibernation by dimerization

In vitro Pol I dimerization was first observed by the
end of last century [33] and later postulated to repre-
sent a regulatory mechanism [19]. We showed for the
first time that Pol I dimerization occurs in vivo when
cells are subjected to stress conditions that compro-
mise processes downstream of rRNA synthesis [24].
Nutrient depletion but also the use of drugs blocking
ribosome biogenesis or protein synthesis, all trigger
the formation of Pol I dimers, which associates with
reduced levels of the enzyme on rDNA promoters. In
agreement with structural data, this process relies on
the A43 C-terminal tail, as removal of the last 20 resi-
dues in this subunit hampers Pol I dimerization.
Moreover, in starving conditions, this deletion strain
presents higher levels of Pol I and Rrn3 associated to
rDNA promoters than the wild-type strain, suggesting
that Pol I dimerization downregulates rDNA tran-
scription. In addition, it was also shown that Pol II or
Pol III do not homodimerize under nutrient starva-
tion, indicating that this mode of transcriptional inac-
tivation is unique for Pol L.

Pol I dimerization can be seen as a hibernating
mechanism under harsh environmental conditions
(Figure 2). Pol I hibernation might protect the enzyme
from degradation and, at the same time, allow fast
reactivation when favourable growth conditions are
restored. Interestingly, a similar mode of hibernation
by dimerization has been observed for bacterial ribo-
somes [34,35]. Nevertheless, while the formation of
ribosome homodimers, also termed disomes, relies on
external factors that bind prior to dimerization, struc-
tural studies established that Pol I dimerization does
not require binding of external factors [19,20]. More-
over, it was shown that Rrn3 addition is unable to dis-
assemble Pol I dimers [23]. Therefore, control of the
Pol I monomer-dimer transition relies on yet unde-
scribed regulatory mechanisms. In addition to dimer-
ization, hibernation implies cleft expansion and
ordering of the DNA-mimicking loop inside the cleft.
In Pol IT and bacterial RNA polymerase, it was shown
that certain RNAs and proteins can block the enzyme
by binding inside the cleft [36-38]. The DNA-
mimicking loop within the expander could have a pro-
tective function in the Pol I hibernating state, by
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hampering the binding of macromolecules that could
compromise enzyme reactivation.

The role of phosphorylation

Phosphorylation might play an important role in Pol I
activation and inactivation. It was shown that only
unphosphorylated Rrn3 is able to bind Pol I in yeast,
while the polymerase must be phosphorylated for this
interaction to occur [39]. In agreement, the S145D
phospho-mimetic mutation in yeast Rrn3 impairs the
formation of the Pol I-Rrn3 complex and associates
with reduced levels of both Pol I and Rrn3 on rDNA
promoters [40]. In addition, a proteomic study in
yeast revealed several phosphosites in Pol I-specific
subunits A190, A34.5 and A43, but single mutations
of specific residues did not affect Pol I-Rrn3 complex
formation [41]. However, all A43 phosphosites identi-
fied in this report locate in regions connected with Pol
I dimerization. In particular, Ser208 and Ser220 lie
next to the Pol I dimer interface, while Ser262/263
and Ser285 belong to the A43 C-terminal tail, which is
essential for dimerization. This suggests that, rather
than a direct effect on Rrn3 interaction, phosphoryla-
tion of the A43 C-terminal region may regulate the
Pol I monomer-dimer transition. Interestingly, Ser220
and Ser262/263 are fully exposed in the dimeric con-
figuration, while Ser208 is in a flexible loop [19,20].
Therefore, phosphorylation of these residues may
drive dimer disassembly, while Ser285 may play a role
at a later stage. In a scenario of nutrient deprivation,
dephosphorylation of the A43 C-terminal region
would allow dimer formation (Figure 2). When
nutrients are restored, phosphorylation of this region
in Pol I dimers would increase the levels of free mono-
meric Pol I, while dephosphorylation of Rrn3 would
allow the formation of Pol I-Rrn3 complexes to restore
rDNA transcription. Identification of the kinases and
phosphatases controlling this process will likely pro-
vide clues to understand how this transcription system
is regulated.

Finally, phosphorylation may also play a role in the
regulatory function of the expander. Ser1413, Ser1415
and Ser1417 in subunit A190, all belonging to this
loop, were identified as phosphosites in the proteomic
study [41]. Deletion of the DNA-mimicking loop
within the expander exhibits a mild growth phenotype
at 37 °C [20] but the phosphosites lie outside the
deleted region. Further investigations are, thus,

required to address how phosphorylation may influ-
ence the role of the expander in Pol I transcription.

Concluding remarks

Structural and functional studies of the Pol I system
have revealed unique mechanisms that regulate rDNA
transcription. Importantly, the stalk has emerged as a
central Pol I platform to direct the enzyme towards
activation or hibernation, depending on external con-
ditions. Future structural research will likely shed light
on additional conformational changes and interac-
tions regulating the system. In addition, additional
studies on how phosphorylation controls enzyme acti-
vation by Rrn3 binding and enzyme inactivation by
hibernation will deepen our understanding of this
essential cell process and its relation to cell growth
control.
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