












candidate for important interactions with further compo-
nents of the initiation machinery.

In vivo phenotypes after mutation of the major
Pol I-phosphosites

To study functional consequences of states that mimic
either the non-phosphorylated or constitutively phosphor-
ylated state, each of the single phosphorylated residues
was replaced by either an alanine or aspartate, respec-
tively. The clustered phosphoserines in A190 and A34.5
were each mutated in combination. We replaced each
wild-type subunit by the corresponding mutant copies
and investigated growth complementation at 16, 24, 30
and 378C as well as the resulting growth behavior in the
presence of 6-azauracil (6AU) and rapamycin. 6AU helps
to detect elongation defects by indirectly lowering the
pool of the nucleotides GTP and UTP (37,38), whereas
rapamycin inhibits the TOR pathway through which cells
sense nutrient availability. In total 27 different mutants
were generated and analyzed (Supplementary Fig. S3).
None of the mutations showed a significant growth
phenotype (data not shown) arguing that crucial steps in
rDNA transcription are not absolutely dependent on the
single phosphosites investigated. Accordingly, for instance
a single phosphorylated residue in subunit A43 or any
other subunits tested cannot be crucial for interaction with
transcription factor Rrn3p, which was previously shown
to be growth-dependent (7). Since we found previously
that in vitro interaction between Rrn3p and Pol I depends
on the phosphorylation status of Pol I (19), it is possible
that either combinations of several phosphosites are
required for Rrn3p-binding or that the crucial site(s) was
yet not identified. Also, no growth phenotype was detected
if all serines in the motif present both in A190 (S1413/
S1415/S1417) and A34.5 (S10/S12/S14) were exchanged
as well as if both serines S208 and S220 were replaced
in subunit A43. However, a change in growth behavior in
the A190 S685D mutant was observed in the presence of
6AU. Replacement of S685 by an aspartate resisted 6AU
concentrations under which growth of both wild-type
cells and A190 S685A mutants is significantly reduced
(Figure 4B). One possible explanation for this phenotype
is that A190 S685D mutants do not respond properly
if environmental conditions produce cellular stress,
which in wild-type cells leads to growth inhibition and
down-regulation of rRNA synthesis. This observation is
supported by the growth behavior of different A190 S685-
mutants at elevated temperatures. While the exchange to
an alanine results in almost complete growth inhibition,
wild-type cells can slowly grow at 408C and replacement
of S685 by an aspartate allows even better growth at this
temperature (Figure 4C).

The finding that many major phosphosites are not
involved in essential functions of Pol I-activity is remini-
scent to the non-essential subunits in Pol I and Pol II
which are not required for growth although their evolu-
tionary conservation suggests that they participate in
important steps of transcription. We investigated system-
atically genetic interactions between most of the mutated
phosphosites and non-essential components of the Pol I

transcription machinery like the Pol I subunits A12.2,
A14, A34.5, A49, the transcription factors Uaf30, Hmo1
and other factors that interact with rDNA chromatin
like the topoisomerases Top1 and Top3 or the histone
assembly factor Asf1 by synthetic lethality assays. We
replaced each phosphorylated Pol I subunit-gene by the
corresponding phospho-mutant allele in the knock out
strain of the candidate interaction partner (Supplementary
Fig. S4). Remarkably, only one of the tested 180 combi-
nations between a mutated phosphoserine/threonine and
a gene deletion revealed a significant growth reduction.
This is the same mutation leading to an altered growth

Figure 4. Synthetic lethal effects and growth analysis of A190 S685
mutants. (A) Scheme of Pol I, showing the localization of A190 S685
and A12.2. (B) A yeast strain carrying the mutation A190 S685D is less
sensitive to the NTP-pool depleting drug 6–azauracil (6AU) than the
isogenic wild-type or a strain with the analogous mutation to alanine.
(C) The same mutant (A190 S685D) grows better on YPD at elevated
temperatures (408C) than the corresponding wild-type strain, while the
alanine variant is growth inhibited. (D) Mutation of A190 S685 to
aspartate (left), but not to alanine (middle) is synthetic lethal with a
deletion of RPA12. No genetic interaction with other non-essential
Pol I subunits was observed. The deletion of RPA14 is shown as an
example (right).
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behavior on 6AU-plates: replacement of S685 in the sub-
unit A190 by an aspartate, but not by alanine resulted in
synthetic lethality, if RPA12 was lacking, which encodes
the non-essential Pol I subunit A12.2 (Figure 4D).
In contrast yeast strains containing this phosphomutation,
but lacking other non-essential Pol I subunits were not
affected. It is possible that A190 S685 phosphorylation
supports a non-essential function of subunit A12.2, which
was discussed to be involved in elongation and/or
stabilization of Pol I (39), transcription termination (40)
and/or rRNA cleavage (9). If A12.2 is absent, the switch
to phosphorylation might lead Pol I into a dead end
situation, which then also impairs essential functions of
the enzyme and which could only be avoided if S685 stays
dephosphorylated. Accordingly, the viability of a �rpa12
strain depends on the non-phosphorylated state of A190
S685. Thus, we conclude that this residue is reversibly
phosphorylated in wild-type cells. Interestingly, A190
S685 is located well apart from A12.2 on the 3D structure
of the enzyme [Figure 3A, B and D, Figure 4A, (9)]
suggesting a functional co-operation of two spatially
separated entities. It is possible that binding of A12.2
induces changes in the structure of Pol I (39) which,
finally, ensures a high processivity of the enzyme in con-
text with the reversible phosphorylation of A190 S685.
Since subunit A12.2 was reported to be involved in trans-
cription elongation (39), transcription termination (40)
and rRNA cleavage (9) and, furthermore, the A190 S685D
mutation caused growth resistance in the presence of
6AU, it is likely that the phosphorylation of this residue
is involved in rRNA cleavage/elongation or termination.
We are presently investigating which and how these steps
are modulated by A190 S685 phosphorylation.

Phosphorylation and assembly/stability of Pol I

In many cases stability of protein–protein interaction or
degradation of polypeptides depends on a distinct phos-
phorylation pattern (41–44). In particular, subunits
ABC23 and AC19 are the o-like and one of the a-like
subunits of the Pol I complex, respectively, which are
involved in enzyme-assembly (6,10,11,14,15). Therefore,
we analyzed whether dephosphorylation of Pol I results
in a loss of interactions between Pol I subunits. Such
a reduced stability of Pol I could explain the loss of
transcriptional activity which was previously found if
Pol I-containing fractions were treated with alkaline
phosphatase (18,19). Purified Pol I was dephosphorylated
using alkaline phosphatase and affinity purified via its His-
tagged A43 subunit under high ionic strength (1.5M KAc)
(Figure 5A). The dephosphorylation reaction resulted in
a shift of subunit A34.5 and A43, respectively to a lower
molecular weight on SDS-gels. No significant dissociation
of any subunit could be detected, suggesting that the
phosphosites analyzed are not required for complex stabil-
ity as determined by subsequent western analysis and
silver staining. The loss of transcriptional in vitro activity
after Pol I-dephosphorylation (18,19) can, therefore, not
be due to an instability of the core-enzyme at the promoter
or during the transcription reaction. However, analysis

by phosphostaining demonstrated that it was not possible
to achieve a complete dephosphorylation of subunits A43,
A190 and AC19 (data not shown) even, if extended
incubation times or increased amounts of phosphatase
were used. This suggests that some phosphorylation sites
are not accessible to alkaline phosphatase [see also (29)].
To find out whether one of the phosphomutants is affected
in either complex stability or in vivo assembly we system-
atically immunopurified Pol I from phosphomutant
extracts using high salt conditions (1M NaCl). None of
the mutated Pol I molecules tested differed significantly
in their substoichiometric composition suggesting that
phosphorylation of the residues investigated in this
study play neither a role for assembly nor for the stability
of the mutated subunits under the conditions analyzed
(Figure 5B and Supplementary Fig. S2). In particular, this
means that A34.5 phosphorylation is neither required
in formation of the A49/A34.5 dimer (9) nor in the
association of the heterodimer to the core polymerase (8).

S102 of subunit ABC23 is one of the few phosphosites
within interfaces between Pol I subunits. It is located in
close proximity of amino acid Q100 (Figure 2) which is
required for binding of the Pol II-specific subunits Rpb4
and Rpb7 (45). Exchange of Q100 with an arginine results
in a temperature sensitive phenotype and a reduction in
mRNA- and tRNA- however not in rRNA-synthesis. It is
possible that the modulation of the close-by serine helps
the common ABC23 subunit to distinguish between the
different contact sites required for interaction with
the distantly related Pol I, Pol II and Pol III-specific

Figure 5. Stability of phosphatase-treated and of mutated Pol I
complexes. (A) Purified Pol I was treated with heat-inactivated (Mock)
or active alkaline phosphatase (AP), affinity purified and analyzed by
western blotting (upper panel; anti-Pol I antiserum was used) or silver-
staining (lower panel). No significant changes in the complex stoichio-
metry were visible. Shifts of dephosphorylated A43 and A34.5 are
indicated by arrows. The asterisk indicates an additional proteinband,
which is due to heat-treated alkaline phosphatase fraction. (B) Pol I
variants and the corresponding wild-types were immunoprecipitated from
whole cell extracts and analyzed by western blotting. Two examples are
shown. No differences in complex stability were detectable.
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subcomplexes A14/A43, Rpb4/Rpb7 and C17/C25, respec-
tively (13,46–48). However, since S102 mutations exhibit
no significant growth phenotype, subunit and enzyme
selection cannot exclusively be triggered by phosphoryla-
tion at this position. It is more likely that S102 phos-
phorylation is involved in a distinct function related to the
largest Pol subunits, since genetic interactions between
ABC23 S102F and an insertion mutation (W954(LELE)P)
positioned in the foot domain of Rpb1 were reported
(10,49). This insertion belongs to the domains which differ
significantly between the largest Pol I and Pol II subunits
(9). Further investigations will show whether the phos-
phorylation of ABC23 (2,3,50) appears also in Pol II and
Pol III at the same position and whether this modification
is either crucial for the assembly in a specific polymerase
complex (10,32) or whether it is involved in a regulatory
role as suggested by the 3D-neighborhood of ABC23 to the
clamp (51). Accordingly, similar considerations are possi-
ble for the incorporation of the shared subunit AC19 into
Pol I or Pol III, respectively.

In summary, our systematic studies about the
Pol I-phosphoprotein complex show that, most residues
that are phosphorylated at a molar ratio make no
exclusive contribution to control cellular growth and,
thus, to regulate ribosome synthesis. Furthermore, they
are not essential for subunit stability or enzyme assembly.
In this regard they are reminiscent of yeast Pol I subunits,
which are not essential for growth though they are
evolutionary conserved constituents. Apparently, they
fulfill important functions for Pol I which are not
detectable through the growth rate of the respective
deletion strain. Possible roles of these non-essential
subunits are emerging with the application of assays
which allow to resolve single steps of transcription or
processes related to nuclear transcription (8,9,40,52). Our
phosphomutant strains are suitable to perform similar
studies on the function of the major phosphorylated
residues in Pol I subunits. On the other hand, cooperation
between two or more phosphosites might be required to
accomplish a significant impact on Pol I assembly or -
activity or, for instance, to allow nuclear import of
(preassembled) Pol I subunits. Investigations of such
combinatorial effects can now be started.
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