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ABSTRACT

The balance and the overall concentration of intracel-
lular deoxyribonucleoside triphosphates (ANTPs) are
important determinants of faithful DNA replication.
Despite the established fact that changes in dNTP
pools negatively influence DNA replication fidelity,
it is not clear why certain dNTP pool alterations are
more mutagenic than others. As intracellular dNTP
pools are mainly controlled by ribonucleotide reduc-
tase (RNR), and given the limited number of eukary-
otic RNR mutations characterized so far, we screened
for RNR1 mutations causing mutator phenotypes in
Saccharomyces cerevisiae. We identified 24 rnr1 mu-
tant alleles resulting in diverse mutator phenotypes
linked in most cases to imbalanced dNTPs. Among
the identified rnr1 alleles the strongest mutators pre-
sented a ANTP imbalance in which three out of the
four dNTPs were elevated (dCTP, dTTP and dGTP),
particularly if dGTP levels were highly increased.
These rnr1 alleles caused growth defects/lethality in
DNA replication fidelity-compromised backgrounds,
and caused strong mutator phenotypes even in the
presence of functional DNA polymerases and mis-
match repair. In summary, this study pinpoints key
residues that contribute to allosteric regulation of
RNR’s overall activity or substrate specificity. We
propose a model that distinguishes between differ-
ent dNTP pool alterations and provides a mechanistic

explanation why certain dNTP imbalances are partic-
ularly detrimental.

INTRODUCTION

DNA replication errors are prevented by DNA polymerases
that select and incorporate the correct dNTP, but also
proofread base pairing according to the Watson-Crick
model. To further increase the fidelity of this process, most
organisms possess a DNA mismatch repair (MMR) sys-
tem that recognizes and excises incorrectly incorporated nu-
cleotides (1-3). Another important determinant of DNA
replication fidelity is the proper balance and overall con-
centration of dNTPs, both primarily regulated by ribonu-
cleotide reductase (RNR) (4-6). Eukaryotic RNR is a mul-
timeric enzyme (with the minimal unit composed of two
large o subunits and two smaller B subunits) that catalyzes
the reduction of ribonucleoside diphosphates (rNDPs)
into the corresponding deoxyribonucleoside diphosphates
(ANDPs) (6-8). In most eukaryotes, RNR activity is con-
trolled at multiple levels including: transcriptional, spatial
(regulating the cellular compartmentalization of different
RNR subunits) and through allosteric regulation. The over-
all enzymatic activity and the substrate specificity are con-
trolled by their respective allosteric sites (6,9,10). The site
that regulates the overall activity is called the ‘activity site’
(A-site) and it serves as an on/off switch in response to the
binding of the effectors ATP or dATP (ATP works as an ac-
tivator and dATP as an inhibitor) (7). The second allosteric
site, referred to as the ‘substrate specificity site’ (S-site), de-
termines which substrate (rNDP) is going to be reduced at
the ‘catalytic site’ (C-site). Substrate specificity is accom-
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plished by partially characterized protein conformational
changes triggered upon binding of nucleotide effectors at
the S-site. These conformational changes prime the C-site
for specific substrates. Thus, ATP or dATP binding at the
S-site favors CDP and UDP reduction, whereas dTTP and
dGTP promote GDP and ADP reduction, respectively (7).
Previously, the yeast Rnrl crystal structure was used to pre-
dict mutations that may interfere with RNR’s allosteric reg-
ulation by altering a flexible loop (loop 2) that intercon-
nects the S-site with the C-site (11). Characterization of
yeast strains expressing these rnr/ mutations revealed se-
vere dNTP imbalances, some of them associated with ex-
treme growth defects and S-phase checkpoint activation.
Although all characterized mutations resulted in increased
mutation rates, the small number of examples could not ex-
plain why certain dNTP pool alterations were more detri-
mental for DNA replication fidelity than others (11,12).
To gain a more comprehensive understanding of how dif-
ferent rnrl mutations affect ANTP homeostasis and DNA
replication fidelity in vivo, we randomly mutagenized yeast
RNRI gene to search for mutations causing increased mu-
tagenesis. A similar approach has been successfully used in
the past for the identification of mutations in Escherichia
coli (E. coli) ribonucleotide reductase genes NrdA and NrdB
(13). To increase the chances of identifying rnr/ mutations
causing strong as well as weak mutator phenotypes, we
screened for rnrl mutations in an exonuclease 1 deficient
(exolA) background. Exol is a 5 to 3’ double stranded
DNA exonuclease that participates in different DNA repair
transactions including recombination, double strand break
repair, MMR and post-replication repair (PRR) (14,15).
exol A mutants show a mild mutator phenotype that can
be exacerbated by mutations compromising DNA replica-
tion fidelity or repair (16-18). A previous random muta-
genesis screen performed in an exol A strain (16) identified
a number of exol A-dependent mutator mutants, including
among others, several hypomorphic MMR mutants, and
one Rnrl mutant (rnrl-G271S) that was not characterized
at that point to a large extent. Therefore, we hypothesized
that screening for rnr/ mutations in an exo/ A background
may uncover novel rur/ alleles that compromise DNA repli-
cation fidelity. In agreement with our expectations, we iden-
tified a collection of rnr/ mutations that strongly exacer-
bated exol A mutator phenotype. Most mutations were lo-
cated at or near the S-site, affecting residues predicted to
be in direct contact with the dNTP effector. Other muta-
tions were located at the A-site, near the C-site or at two
a-helices at the Rnrl-Rnrl dimer interphase. Quantitative
analysis of ANTP concentrations in yeast strains expressing
rnr] mutant alleles showed either ANTP imbalances or an
overall increase in dNTP levels. Mutation rate analysis, as
well as genetic interaction studies revealed that ANTP pool
imbalances having elevated three out of the four dNTPs are
particularly detrimental for DNA replication fidelity and
survival. Among the rnrl mutations causing a ‘3 out of 4’
imbalance we found that the most mutagenic ones were
those with the highest dGTP concentrations. This type of
imbalance causes mispairs and frameshift deletion muta-
tions that frequently escape DNA polymerase proofread-
ing and MMR. In summary, this study first, pinpoints to
key residues that play important roles in the regulation of

RNR’s substrate specificity and activity, and secondly, it
specifies which dNTP alterations are more detrimental for
DNA replication fidelity.

MATERIALS AND METHODS

All S. cerevisiae strains used in this study (Supplementary
Table S7) are derivatives of the S288C strain RDKY3686
(MATwo ura3-52 leu2 Al trpl A63 hom3-10 his3A200 lys2-
10A4) (16) or RDKY 5964 (a M ATa version of RDKY3686)
(19). Strains were cultivated at 30°C according to standard
protocols. Gene deletions and gene tagging were performed
using standard PCR-based recombination methods (20,21),
followed by confirmation by PCR. Specific rnr/ mutations
were introduced at the RNRI chromosomal locus by pop-
in/pop-out strategy and the presence of the desired muta-
tions, as well as the absence of additional unwanted muta-
tions was confirmed by sequencing (for details, see Supple-
mentary Data).

Random rnrl mutagenesis screen

The RNRI gene was randomly mutagenized by PCR,
using a similar strategy as previously described (22).
Briefly, RNRI (including some vector related sequences)
was amplified by PCR under mutagenic conditions and
co-transformed together with a linearized plasmid (CENG,
ARSH4, LEU2) into HHY6555 (MATa ura3-52 leu2 Al
trpl A63  hom3-10  his3A200 lys2-104  rorl::kanM X4
exol::hphNTI lig4::HIS3 + pHHBS560) for in vivo gap
repair. Leu®™ transformants were grown on 5-FOA to
eliminate the WT-RNR/ plasmid by plasmid shuffling
(23), and then screened in vivo for mutator phenotypes
with frameshift reporters (lys2-104 and hom3-10) and
one general mutator reporter (CANI inactivation) (16,24).
Plasmids resulting in increased mutagenesis were identi-
fied, sequenced for rnrl mutations (Supplementary Table
S8) and retransformed in HHY6214 and HHY6551 for
further analysis. For details about strain construction and
screening strategy, see Supplementary Data).

Determination of mutation rates

Mutation rates using frameshift reversion (hom3-10 and
lys2-10A4) and CANI inactivation assay were determined by
fluctuation analysis as described previously (16,24). Muta-
tion rates were determined based on two biological isolates
and at least 14 independent cultures.

Determination of rNTP and dNTP pools
rNTP and dNTPs were measured as described in (17,25).

Synthetic growth defect/lethality analysis by plasmid shuf-
fling

Genetic interactions resulting in growth defects (GD) or
synthetic lethal (SL) interactions between rnrl- and DNA
replication fidelity/checkpoint-mutant alleles were identi-
fied by plasmid shuffling experiments. We generated yeast
strains lacking chromosomal RNRI gene (complemented



by a WT-RNRI-URA3 plasmid) and indicated additional
gene deletions/mutations. These strains were transformed
with plasmids (4 RSH4-CEN6, LEU2) expressing the WT-
RNRI or mutant rurl alleles. Overnight cultures were spot-
ted in serial dilutions on medium lacking leucine and con-
taining 5-FOA. Plates were incubated for 4 days at 30°C,
imaged (GelDoc System, Bio-Rad) and scored visually.

Yeast cell lysates and immunoblotting

Saccharomyces cerevisiae whole-cell protein extracts were
generated as previously described (19) and analyzed on
4-15% Mini-PROTEAN TGX precast gels (Bio-Rad)
followed by immunoblotting using anti-Rnrl (AS09576,
Agrisera), anti-Rnr2 (AS09575, Agrisera) anti-Rnr3
(AS09574, Agrisera) and anti-tubulin/anti-Rnr4 (YL1/2,
Sigma).

DNA content analysis

Logarithmic S. cerevisiae cultures were processed as de-
scribed in (26) and analyzed using BD FACS Canto II (BD
Biosciences). Percentage of cells in S phase was determined
using FlowJo (v10.1, Tree Star Inc.) cell cycle analysis plug-
in.

Live-cell imaging of Pms1-GFP foci

Exponentially growing cells were processed and imaged as
described in (19) using a DeltaVision Elite imaging system
(Applied Precision). Three independent biological repli-
cates were analyzed per genotype and Mann-Whitman test
was used to compare different genotypes.

CANI and UR A3 mutation spectra analysis

The CANI or the URA3 gene of independent Can® or 5-
FOAR colonies, respectively, was amplified from genomic
DNA by PCR and sequenced (GATC). Sequences were an-
alyzed with Lasergene 12 (DNASTAR). Mutation spectra
and mutational hotspots were compared by Fisher’s exact
test in R. Values of P < 0.05 were defined as significantly
different.

RESULTS

An RNRI mutagenesis screen identifies mutations causing
Exol-dependent and Exol-independent mutator phenotypes

We performed a gene-specific screen for rnr/ mutations that
exacerbate exol A mutator phenotype (Supplementary Fig-
ure S1A). First, we generated a plasmid library of randomly
mutagenized yeast RNRI (rnrl, ARS-CEN, LEU2) by us-
ing mutagenic-PCR and in vivo gap-repair (22). This RNRI
mutant library was then used to replace a wild-type (WT)
RNRI-URA3 plasmid in an rnrl A exol A strain by plasmid
shuffling (23). For the identification of rnrl mutant plas-
mids resulting in mutator phenotypes, we took advantage of
three in vivo mutational reporters: the forward inactivation
assay CANI and two frameshift reversion reporters (/ys2-
104 and hom3-10). The CANI inactivation assay serves as
a general mutator assay, as CANI inactivation can result
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from base substitutions, frameshifts or even gross chromo-
somal rearrangements, giving rise to canavanine resistant
colonies (Can®). In contrast, the lys2-104 and hom3-10
frameshift reversion assays are extremely sensitive to sin-
gle nucleotide deletion events due to DNA polymerase slip-
page (-1 nucleotide deletions) that occur in a well-defined
mononucleotide run, resulting in lysine (Lys*) and thre-
onine (Thr*) prototrophic colonies, respectively. As result
of three independent screens, and having tested for muta-
tor phenotype approximately 39,000 Leu* transformants,
we identified 272 rnrl mutant plasmids that conferred a
mutator phenotype when they were retransformed in the
rnrl A exol A strain. DNA sequencing of RNRI gene of the
272 confirmed mutator plasmids revealed a variety of mu-
tations resulting in single and multiple amino acid substi-
tutions. For those plasmids containing two missense muta-
tions, we identified ‘passenger’ mutations (that did not con-
tribute to the mutator phenotype) by creating plasmids con-
taining each of both point mutations by site directed muta-
genesis or subcloning. These plasmids were compared side-
by-side for mutator phenotype with the corresponding plas-
mids containing multiple mutations initially isolated in our
screen. After excluding plasmids containing redundant mu-
tants and those resulting in more than two amino acid sub-
stitutions, we obtained 24 unique rnr/ mutant alleles caus-
ing increased mutagenesis (Table 1). Out of the 24 identified
rarl alleles (Table 1), 16 of them harbor a single point mu-
tation resulting in one amino acid substitution responsible
of the mutator phenotype. The remaining plasmids contain
mutations resulting in two amino acid substitutions, both
of which were required to induce increased mutagenesis. In
agreement with the high sequence conservation between .S.
cerevisiae and human RNR (about 67% protein identity),
21 out of 22 affected residues are conserved between both
species (Figure 1A) and remarkably, four of them (A245,
R256, A283 and Y285) have been found mutated in human
tumor samples (cBioportal for Cancer Genomics and/or
the Catalog of somatic mutations in cancer databases).
Eleven out of the 24 rnrl alleles were recovered inde-
pendently more than once. For example, rnrl-S269P, rnrl-
Y285C, rnrl-K243 E and rnr1-T265 A mutations were identi-
fied 14-, 10-, 10- and 9-times in independent yeast transfor-
mants. These observations are in agreement with a high de-
gree of saturation of the mutagenesis screen, suggesting that
under our experimental conditions it is unlikely that many
rnr] mutations remain unidentified. Interestingly, almost all
mutations clustered within amino acids 226 and 291 (Fig-
ure 1A), a region that comprises two flexible loops (loop 1
and 2) with important functions in RNR allosteric regula-
tion (6,27,28). About half of the residues affected by muta-
tions (11 out 23) located at or near the S-site (Figure 1B)
where they engage in hydrogen-bonding and other electro-
static interactions with several atoms of the bound effector
(Figure 1C and D). We also identified two mutations (rnri-
G8D and rurl-F155) affecting residues located at the A-site
(Figure 1B and E), and two others more closely located at
the C-site (rnrl- A245V and rnrl-S425L). Moreover, some
mutations (e.g. rnri-S242T, rnrl-M275T and rnrl-T282A)
affected residues located in one of two a-helices at the
Rnarl-Rnrl dimer interface. First, we validated the identi-
fied mutator phenotypes by measuring mutation rates in
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Figure 1. rnrl mutations that cause increased mutator phenotypes in an exol A mutant cluster in the Raorl S-site. (A) Schematic representation of Rnrl
protein indicating the position of amino acids affected by rnrl mutations (red arrows). Loop 1 and loop 2 are shown in cyan and red boxes, respectively.
Below, sequence alignment of Rnrl from S. cerevisiae (amino acids 223-294) with H. sapiens, M. musculus and E. coli NrdA homologs. Amino acids affected
by mutations are marked in red. Asterix (*) denotes conservation across all four species. (B) Structural model of S. cerevisiae Rnrl dimer (PDB: 2CVV)
(28) indicating the position of amino acids affected by mutations identified in this study as blue spheres, in one of the two RNR monomers (shown in
yellow and green). In addition, in this model the A-site of human RNR (hRRM1), shown in grey, has been superimposed (PDB: 3HNE, residues 1-94, in
complex with ATP). (C) Front and (D) back views of the S-site structure from S. cerevisiae (PDB: 2CVV). Mutations identified in this screen are indicated
as ball and sticks. Loop 1 and 2 are shown in cyan and red, respectively. (E) Ribbon diagram depicting the human RNR A-site composed by a four-helix
bundle forming an ATP-binding cone covered by a 3-hairpin (PDB: 3HNE, residues 1-94, ATP bound) (39). Residues Phel5 (F15) and Asp57 (D57) are
represented as ball and sticks. See text for more details. Figures B-E were made using indicated Protein Data Bank (PDB) entries, rendered with Protean
3D, Lasergene 15.1 DNASTAR.
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Table 1. Mutation rates caused by rnr/ mutations expressed on a centromeric plasmid in the exo/ A rurl A double mutant strain

Mutation Rate (fold increase)”

Allelef CanR Thr* +

+ RNRI-WT 1.7[1.5-3.0] x 1076 (1) 2.4(1.8-3.2] x 1078 (1) 1.6-3.0] x 1077 (1)

+ rnrl-G8D, V278 4 3.5[3.1-4.9] x 107° (2) 2.5[1.6-3.5] x 107 (10) 2.8-8.6] x 1070 (19)
+ rarl-FI5S 2.6[1.9-3.9] x 1075 (16) 3.8[2.7-5.0] x 107 (158) 2.6-5.8] x 1070 (15)
+ rnrl-D226G 1.3[0.4-1.8] x 10~* (80) 1.8[0.9-3.5] x 10~* (7523) 5.3-25.9] x 107 (424)
+ rnrl-D226V 1.1[0.6-1.7] x 10~ (66) 1.9[0.7-3.2] x 10~* (7737) 0.7-2.8] x 10™* (753)
+ rarl- D226N,S117P% 4.5[3.0-9.0] x 1075 (27) 1.1[0.4-2.8] x 107 (4612) 1.0-1.9] x 107* (645)

+rnrl-1231T, 72444
+rnrl-S242T

+ rnrl-K243E
+rnrl-T2441 V2784
+ rnrl-A245V

+ rmrl-R256H,Y779C
+rnrl-1262T, M2751
+ rnrl-1262V,N291D
+ rnrl-1262V
+rnrl-T265A4
+rnrl-G267C

+ rnrl-S269P

+ rnrl-G271S

+ rnrl-P274L
+rnrl-M275T
+rnrl-T282 A

+ rnrl-T282S

8.4
4.5
1.0
1.4
1.3
2.3
1.1
6.4
2.8
6.3
3.9
8.4
3.7
5.9
1.8
2.9
33

6.9-11.0] x 1076 (5)
3.1-7.7] x 1073 (27)
0.8-1.2] x 10~ (63)
0.9-2.5] x 1075 (8)
0.9-2.3] x 1073 (8)
1.3-3.6] x 1075 (14)
0.8-1.9] x 10~ (69)
4.5-9.6] x 1073 (39)
2.1-3.4] x 1076 (2)
3.9-7.9] x 107 (4)
2.2-7.8] x 1073 (23)
6.6-13.0] x 1073 (51)
3.4-4.5] x 1070 (2)
3.9-10.2] x 107 (4)
1.0-2.4] x 1076 (1)
2.4-4.6] x 1076 (2)
2.4-6.4] x 1070 (2)

3.3[2.3-5.2] x 1076 (137)

9.5[6.4-16.3] x 1070 (396)
3.9[2.6-8.1] x 1073 (1613)

1.0 [0.8-2.1] x 1073 (423)

5.0[2.8-11.7] x 1076 (207)
2.9[1.9-5.6] x 1073 (1214)
2.0[0.7-2.6] x 10~ (8165)

]
1.7[1.0-2.8] x 1073 (711)
2.8[2.2-3.11 x 1077 (12)
1.9[0.9-4.1] x 107 (81)
1.0[0.6-2.0] x 1075 (428)

]

2.1[1.2-4.1] x 107* (8595)

1.1[0.9-1.2] x 107° (47)
9.4 [5.5-11.5] x 10~7 (39)
2.6[2.0-4.3] x 1077 (11)
1.0[0.8-1.5] x 1077 (4)

3.3[2.3-6.4] x 1077 (14)

4.5[3.5-7.1] x 10~ (187)

2.9-4.5] x 1073 (150)
1.3-2.8] x 107 (750)
1.8-4.9] x 1074 (1185)
1.3-11.0] x 1073 (262)
2.1-6.6] x 1076 (16)

0.9-2.4] x 10~% (741)

1.2-2.8] x 1074 (815)
1.8-6.3] x 1076 (15)
1.1-5.9] x 1075 (153)
1.8-2.8] x 107* (957)
2.0-4.3] x 107 (1276)
1.4-3.6] x 1076 (8)
1.7-3.9] x 1075 (123)
1.3-6.3] x 1076 (9)
1.6-2.2] x 1076 (9)
1.5-5.5] x 1073 (138)
2.1-6.4] x 107> (140)
6.4-13.0] x 1073 (35)

+ rnrl-A283V,S425L 8.2[6.4-9.4] x 1076 (5)
+ rarl-Y285C 1.1[0.8-1.3] x 1075 (7)
msh2A + RNRI-WT 4.0[2.4-6.2] x 1073 (24)

]

]
1.1[0.9-1.5] x 107 (48)

]

]

4.3[2.4-7.9] x 1075 (1789)

22]
407
320
93]
1.6]
14]
33]
1.6]
2.6]
571
34]
1.6]
4.5[3.0-11.2] x 1074 (2077)
1.8]
33]
33]
211
28]
L7]
271
217
20]
3.0]
310
771
23]

1.5-2.7] x 1074 (1032)

*Median rates for the CANI (CanR) inactivation assay and for om3-10 (Thr*) and lys2-10A4 (Lys*) frameshift reversion assays with 95% confidence
interval in square brackets and fold increase in parentheses, relative to rnrl A exol A strain complemented with the WT-RNR/ plasmid.

fAllele expressed on a low-copy number plasmid in an rnrl A exol A strain. As reference for total MMR deficiency an rnrl A msh2 A strain complemented
with the WT-RNRI plasmid was included. Site directed mutagenesis (or subcloning) was used to independently generate rnr/ single point mutants for
plasmids containing more than one mutation. fIndicates an expected passenger mutation that was not further validated.

the rurl A exol A strain complemented by mutant rnr/ plas-
mids. Some mutations resulted in weak mutator phenotypes
(e.g. rnrl-A245V, rnrl-1262V, rnrl-M275T or rnrl-T282 A)
causing a less than 10-fold increase in the CANI inactiva-
tion assay, whereas others showed strong mutator pheno-
types with increases up to 80-fold in CAN/ inactivation (e.g.
rnrl-D226G, rnrl-K243E and rurl-S269P) (Table 1). Fur-
ther complementation analysis in a rur/ A EXO1-WT back-
ground revealed that most rnr/ alleles do not cause mutage-
nesis unless the FXO! gene was inactivated (Supplementary
Figure S1B). Thus, under normal conditions cells largely
compensate for the presumed dNTP alterations associated
with these rnrl mutant alleles. Outstandingly, three rnrl
mutant alleles (rnrl-K243E, rnrl-1262V,N291D and rnrl-
1262T M2751) (Supplementary Figure S1B) caused a strong
frameshift mutator phenotype even in an Exol-WT strain,
indicating that these mutations can saturate or inactivate
cellular mechanisms that deal with mutation avoidance.

Genetic interactions resulting in synthetic growth
defect/lethality revealed rnrl mutants that depend on
DNA polymerase proofreading and/or MMR function for
survival

In yeast, extreme mutator phenotypes can lead to growth
defects (GD) or synthetic lethality (SL) as soon as the muta-
tion frequency exceeds an ‘error extinction threshold’ caus-

ing the inactivation of one essential gene per genome dupli-
cation (29,30). As some rnrl mutations in an exol A mutant
caused mutation rates that approximate the error-extinction
threshold in haploid cells (10~3 mutations per cell divi-
sion) (Table 1) (30), we asked whether rnr/ mutant alleles
may result in GD/SL in other DNA replication fidelity-
compromised backgrounds. To evaluate this possibility, we
introduced plasmids expressing rnrl mutations (by plas-
mid shuffling) (Supplementary Figure S2) in proofreading-
defective DNA polymerase mutants (pol2-04 and pol3-01)
(29,31) and a MMR-deficient (msh2A) strain (24,32). As
specific rnrl mutations can cause synthetic lethality in the
absence of the DNA damage-inducible large RNR sub-
unit Rnr3 (11), we also transformed this collection of rnrl
mutant plasmids in an rnr3 A strain, as well as in a strain
lacking the DNA damage checkpoint kinase Dunl (dunl A)
(33) which activates Rnr3 expression. Out of the 24 rnrl
alleles 17 of them resulted in one or more genetic inter-
action(s) resulting in GD/SL (summarized in Table 2, see
also Supplementary Figure S2B). These genetic interactions
were used to categorize the rnrl alleles into four differ-
ent groups: Group 1. Mutations (rnrl-G8D,V278A, rnrl-
FI5S, rnrl-I231T,T244A, rnrl-T2441,V278A, rnrl-1262V,
rnrl-T265A, rnrl-P274L, rnrl-M275T, rnrl-T282A4/S and
rnrl-A283V,S425L) that do not interact with any of the
tested alleles or interact exclusively with po/3-01. In gen-
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eral, these mutations caused weak mutator phenotypes in
the exol A background, most of them resulting in less than
10-fold increase in the CANI inactivation rate (Table 1) and
did not cause a frameshift mutator phenotype in the pres-
ence of Exol (Supplementary Figure S1). Group 2. Muta-
tions (rurl-A245V, rnrl-G271S and rnrl-Y285C) that ex-
clusively interact with proofreading-defective DNA poly-
merases pol3-01 and pol2-04. Similar to the previous group,
these mutant alleles when expressed in the exolA back-
ground resulted in a modest increase in the CAN/ muta-
tion rate, and no frameshift mutator phenotype in the pres-
ence of Exol. Group 3, rurl alleles (rnr1-D226G/V/N, rnrl-
S242T, rurl-R256H,Y779C, rnrl-G267C and rnrl-S269P)
that interact with proofreading defective DNA polymerase
alleles and a msh2 A mutation, cause a strong mutator phe-
notype (CANI inactivation) in the absence of Exol, but do
not show a frameshift mutator phenotype in the presence of
Exol. Group 4, rnrl alleles (rnrl-K243E, rnrl1-1262T, M2751
and rnrl-1262V,N291D) that interact with DNA poly-
merase proofreading defective alleles and a msh2A mu-
tation, cause strong mutator phenotype in the CANI as-
say but in addition they show increased frameshift muta-
tions in an EXOI-WT background (Supplementary Figure
S1). Within groups 3 and 4, we identified a subset of rnrl/
alleles (rnr1-D226G/V/N, rurl-R256 H, Y779C, rnri-S269P
and rnrl-1262T, M2751) that caused survival/growth defects
in the absence of Rnr3 or Dunl (Table 2 and Supplemen-
tary Figure S2B). The Rnr3-dependency indicates that these
rnrl mutations are severely compromising Rnrl enzymatic
activity, such that cells rely on Rnr3 for dNTP production.

Interestingly, all rnrl mutations resulting in GD/SL in an
msh2 A background caused similar growth defects in DNA
polymerase proofreading defective backgrounds (pol2-04
and pol3-01). The reciprocal correlation did not hold true
for those mutations causing GD/SL in po/2-04 and pol3-01
mutant backgrounds, as they either caused (groups 3 and 4)
or not (group 2) GD/SL in the absence of Msh2. These ob-
servations indicate that the correction of DNA replication
errors associated to changes in dNTPs have distinct require-
ments in regard of DNA polymerase proofreading and/or
MMR, depending on the type of ANTP alteration.

rnr]l mutations resulting in increased mutagenesis cause ei-
ther elevated or imbalanced dNTP pools

To test the assumption that mutator phenotypes in strains
carrying rnrl mutations resulted from dNTP pool alter-
ations, we quantified rNTP and dNTP levels in strains com-
plemented by mutant rnr/ plasmids, as previously reported
(11). We focused our analysis on those rnrl alleles caus-
ing moderate or strong mutator phenotype in the exolA
background, resulting in at least a 5-fold increase in the
CANI inactivation rate, or at least 40- or 150-fold increase
in the hom3-10 or lys2-10A4 frameshift reversion assays, re-
spectively. These different selected thresholds, though arbi-
trary, aim to take into consideration the distinct linear dy-
namic range of these three mutator assays. In agreement
with the role of Rnrl downstream of rNDP biosynthesis,
rnrl mutations did not cause major changes in rNTPs (Sup-
plementary Table S1); however, all mutations resulted in ei-
ther an overall increase in dNTP concentrations or a dANTP

pool imbalance (Figure 2A and Supplementary Table S2).
Rnrl mutant alleles were sorted according to their genetic
interactions (GD/SL) and mutator phenotypes (Table 2).
Among rnrl alleles in group 1, rurl-F15S is the only identi-
fied mutation predicted to affect Rnrl’s A-site, and in con-
trast to other identified mutations, it is the only mutation
that resulted in an overall increase in dNTPs (on average,
6.5 over WT levels) without affecting dNTP ratios. All re-
maining mutations clustered within amino acids 226-291, a
region that forms part of the S-site, and resulted in differ-
ent dNTP imbalances, characterized by having either two
or three dNTPs with increased concentrations relative to
WT levels. Among them, some caused a reduction in dATP
(e.g. rnr1-S242T or rnrl-G267C) or dATP and dGTP lev-
els (e.g. rnrl-A245V) relative to WT levels. Furthermore, all
rurl mutations resulted in increased pyrimidine levels; hav-
ing a relatively constant dCTP/dTTP ratio (ranging from
0.9- to 1.6-fold) but fluctuating dGTP/dATP ratio (rang-
ing from 0.6- to 13.4-fold) mainly determined by changes in
dGTP concentrations (Figure 2A and Supplementary Table
S2). Taken together, these results indicate that the mutator
phenotypes linked to these rnr/ mutant alleles are caused
by either increased or imbalanced dNTP pools.

To further explore the potential association between
GD/SL and changes in dNTP pools, we analyzed dNTP
pool alterations in more detail by plotting the log2 of the
normalized ratio of dGTP to pyrimidine levels over % of
dATP levels (Figure 2B). In this way, rnrl mutations result-
ing in an equal increase in dGTP and pyrimidine levels are
on the x-axis (y = 0), whereas rnrl mutations causing high
dGTP or high pyrimidine levels are above (y > 0) and below
(v < 0) the x-axis, respectively. All rnrl mutations but one
(rnr1-F155) resulted in lower relative dATP abundance (%
dATP/total dNTP) compared to WT (Figure 2B, x-axis).
Strikingly, rnrl mutations that interact exclusively with
proofreading-defective polymerases (group 2, Figure 2B
marked in blue), all showed at least 4-fold increased pyrim-
idine levels over dGTP (y < -2). In contrast, rnr/ mutations
causing GD/SL in both proofreading- and MMR-deficient
backgrounds (group 3 and group 4) clustered in a region
confined to <12% dATP and a dGTP/(dCTP+dTTP) ratio
> (.25 (normalized to WT). Rnrl mutant alleles in group
3 and group 4 resulted in a similar type of dNTP imbal-
ance characterized by elevated dCTP, dTTP and dGTP lev-
els, and close to WT dATP level. However, in contrast to
group 3, rnrl mutant alleles in group 4 presented in general
higher dGTP levels and caused a frameshift mutator phe-
notype in an EXOI-WT background (Supplementary Fig-
ure S1). One exception was rnrl-G267C allele that caused a
dNTP imbalance remarkably similar to rnri-1262T, M2751,
but did not cause an increased mutator phenotype in the
Exol-WT strain background (Supplementary Figure S1).
One possible explanation for this discrepancy may be due
to potential differences in cell cycle progression triggered
by dNTP limitations that may affect ANTP concentrations
and consequently our interpretations.

dNTP limitation threshold triggers S-phase checkpoint

Based on the above-mentioned characterization we selected
seven from the here identified rnrl alleles, as well as the
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Table 2. Summary of rnrl/ mutant alleles identified in this study including synthetic growth defect/lethal interactions and mutator phenotypes

Synthetic growth defect/lethality

CANI mutator Frameshift mutator

Allele” pol3-01 pol2-04 msh2 A phenotype in exol A phenotype in EXO1-WT?
Group 1 (no interaction or just with pol3-01)

rnrl-G8D, V2784 - - - Weak -
rnrl-FI5S - - - Strong -
rnrl-1231T,T244A4 - - - Weak -
rnrl-T2441, V278 A SL - - Moderate -
rarl-1262V - - - Weak -
rnrl-T265A GD - - Weak -
rnrl-P274L GD - - Weak -
rarl-M275T - - - Weak -
rnrl-T282 A - - - Weak -
rnrl-T282S - - - Weak -
rnrl-A283V,S425L SL - - Weak -
Group 2 (interaction with pol2-04 and pol3-01)

rnrl-A245V SL GD - Moderate -
rnrl-G271S SL GD - Weak -
rnrl-Y285C SL GD - Moderate -
Group 3 (interaction with pol2-04, pol3-01 and msh2 A)

rnrl-D226GE GD GD GD Strong -
rnrl-D226V* GD GD GD Strong -
rarl- D226N*,S117P GD GD GD Strong -
rnrl-S242T SL GD GD Strong -
rarl-R256 H, Y779C* SL GD GD Strong -
rnrl-G267C SL GD GD Strong -
rnrl-S269P% SL GD GD Strong -
Group 4 (interaction with pol2-04, pol3-01 and msh2 A and mutator in EXO1-WT)

rnrl-K243E SL GD GD Strong Mutator
rnrl-1262T, M2751% SL GD GD Strong Mutator
rnrl-1262V,N291D SL GD GD Strong Mutator

*Indicated allele expressed on a low-copy number plasmid was used for complementation studies in strains lacking the chromosomal RNR/ gene in addition
to the indicated mutations. Passenger mutations are marked with '. ‘-’ indicates growth similar to WT-RNRI; ‘GD’, growth defect; ‘SL’, synthetic lethality.

rnrl alleles show GD or SL in the absence of RNR3 and DUNI.

"Mutator phenotype according to the CANI inactivation rate (Table 1) fold increase over WT-RNRI (in rnrl A exol A): 2-5 = weak; 6-10 = moderate; >

11 = strong.

2Frameshift mutator phenotype (lys2-104 assay) in EXOI-WT rnrl A background (Supplementary Figure S1B).

previously reported rnrl-D57N mutation that results in an
overall increase in ANTP pools (34) for integration at the
RNRI chromosomal locus in both WT and exol A strains.
Within group 1, we selected rnrl-F15S as this allele causes a
strong exol A-dependent mutator phenotype, and similar to
rnrl-D57N mutant, results in an overall increase in dANTPs
(Figure 2A). Mutants within group 2 presented a ANTP im-
balance characterized by having elevated two out of the four
dNTPs (‘2 out of 4 ANTP imbalance). Within this group,
we chose rnrl-A245V and rnrl-Y285C, as both caused a
stronger exol A-dependent mutator phenotype compared
to rnrl-G271S (Tables 1 and 2). In contrast, mutants in
group 3 had in common a ‘3 out of 4 dNTP imbalance,
characterized by increased dCTP, dTTP and dGTP lev-
els and relatively low dATP. From this group, we selected
one Rnr3-dependent (rnrl-R256H, Y779C) and one Rnr3-
idenpendent allele (rnr1-S242T), both of which resulted in a
strong exol A-dependent mutator phenotype (Tables 1 and
2). Mutants within group 4, had a similar ‘3 out of 4 dANTP
imbalance (group 3), but with the distinction that these alle-
les had in general higher dGTP levels (‘3 out of 4 with extra-
high dGTP’). From group 4, we selected alleles rnrl-K243E

and rnrl-1262V,N291 D that showed the highest dGTP lev-
els for integration at the chromosomal locus. In case of the
rnrl-K243 E mutation, we succeeded in introducing this mu-
tation at the chromosomal locus in the WT background but
not in an exol A strain.

Analysis of the dNTP levels in strains carrying rnrl-
integrated mutant alleles (Figure 3A and Supplementary
Table S3) revealed strong similarities to strains carrying cor-
responding plasmid-borne alleles (Figure 2A and Supple-
mentary Table S2). However, in case of rnrl-R256 H, Y779C
we noticed a less pronounced increase in ANTP pools, likely
as result of the lower Rnrl-expression levels reached with
chromosomally-integrated alleles.

Mutations causing severe dNTP limitations have been
associated with S-phase checkpoint activation and syn-
thetic lethality in a rnr3A background (11). As rnrl-
R256H, Y779C mutant allele caused synthetic lethality in
an rnr3 A background (Table 2 and Supplementary Figure
S2B), we anticipated that this mutation could show consti-
tutively active S-phase checkpoint. In agreement with this,
strains expressing the rnrl-R256 H, Y779C allele exhibited a
higher percentage of cells in S phase (Figure 3B), and in-
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Figure 2. rnrl mutations cause imbalanced or increased dNTP pools. (A) Quantification of dANTP levels by HPLC in rur/ A strains complemented by
mutant rnrl plasmids. ANTP concentrations are expressed relative to the WT levels. Numbers on top indicate the fold increase (in green) or decrease (in
red) in dNTP pools over WT. (B) Graphical representation of the relative percentage of dATP over the total ANTPs (% dATP / total ANTPs) over the log,
dGTP/(dCTP+dTTP) normalized to WT levels for strains shown in A. To correlate ANTP levels with the mutator phenotype and the genetic interactions
resulting in synthetic growth defects or lethality, the identified mutations were clustered in four groups: mutations indicated by the grey squares did
not cause genetic interactions (or just with pol3-01) (group 1). Mutations highlighted as blue crosses caused growth defects in both DNA polymerase
proofreading defective backgrounds (po/3-01 and pol2-04) (group 2). Mutations indicated as orange circles (group 3) and red triangles (group 4) not only
presented growth defects in DNA polymerase proofreading defective backgrounds but also in a MMR-deficient background (msh2 A), with the distinction
that mutant alleles in group 4 have an increased mutator phenotype in an EXOI-WT background. See Table 2 and Supplementary Figure S2 for genetic
interactions and Supplementary Figure S1 for mutator phenotypes in an Exol-WT background.

creased Rnrl-4 subunits expression levels (Figure 3B and
C), which is indicative of DNA damage checkpoint activa-
tion (35). Interestingly, the rnrl-4245V allele that did not
interact with rnr3 A mutant, also caused S-phase checkpoint
activation, albeit less severe (about twice more cells in S-
phase and increased expression of Rnrl—4 subunits, relative
to WT) (Figure 3B and C). In agreement with a previous re-
port (11), rnrl mutations causing constitutive activation of
S-phase checkpoint (rnri-A245V and rnrl-R256 H, Y779C)
correlated with reductions in at least one dNTP (relative
to WT). Nevertheless, we observed that small reductions in
dATP levels (up to 20%) did not trigger S-phase checkpoint
activation (e.g. rnrl-S242T or rurl-Y285C) (Figure 3A-C
and Supplementary Table S3B). These results indicate that
the activation of the S-phase checkpoint in budding yeast
responds to a ANTP limitation threshold, and not to in-
creased dNTP pool size or the accumulation of mutations.

Interestingly, rnrl-K243E and rnrl-1262V,N291D alleles
caused a moderate increase in Rnr3 expression (and also
Rnr4 in case of rnrl-K243 E) without having evident ANTP
limitations or an S-phase delay. At this point we can spec-

ulate that the extremely high dGTP concentrations (dGTP
levels correspond to ~50% of GTP concentration in WT
cells) may potentially interfere with some cellular processes
that occur prior to G1 phase transition. For example, previ-
ous studies in vitro have shown that dGTP supports tubulin
nucleation even more efficiently than GTP (36). Thus, in-
creased dGTP levels may potentially interfere with micro-
tubule dynamics, which could influence chromosome segre-
gation.

rnrl mutations at the endogenous genomic locus induce mu-
tagenic ANTP alterations

Next, we determined mutation rates in strains carrying rnrl-
integrated alleles in the WT and exol A strains. In agree-
ment with results obtained with plasmid-borne alleles, all
rnrl-integrated alleles caused a synergistic increase in the
mutation rate in an exol/ A mutant (Table 3). Among the
tested alleles, rnrl-FI15S mutation affected the A-site and
caused an overall increase in the dNTP pool, rather than
an imbalance. As previous reports have described one mu-
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Figure 3. rnrl mutations integrated at the endogenous genomic locus result in ANTP pool alterations, S-phase checkpoint activation and increased Pmsl1-
foci abundance. (A) Quantification of dNTP levels in indicated strains. dNTP concentrations are indicated relative to WT levels. Numbers of top in green
and red indicate the fold increase/decrease in ANTP pools. Numbers in blue indicate the fold increase in the CANI mutation rate determined for each rnrl
mutant strain in an EXOI-WT background (see Table 3). The rnrl mutants were classified into four groups according to their ANTP alterations, genetic
interactions (GD/SL) and mutator phenotype. (B) DNA content analysis and percentage of cells in S phase of the indicated strains. (C) Whole-cell lysates
of yeast strains expressing rnrl alleles analyzed by western blotting with antibodies recognizing Rnrl—4 subunits. Tubulin was used as loading control.
(D) Quantification of Pms1-4xGFP nuclear foci (as percentage) in strains expressing WT or mutant rnr/ mutant alleles. Data is presented in box-plots
with whiskers (indicating the 25™ and 75 percentiles) and dots representing outliers. Numbers on top of the box-plots correspond to the median of three
independent experiments. ¥ Denotes rnrl alleles causing a significant increase (P < 0.005) in the abundance of cells containing Pms1-foci. ‘NS’ indicates not
significantly different. Total number of imaged cells (» = ) are indicated. (E) Representative images of Pms1-4xGFP foci in strains containing the indicated
rarl allele. Scale bar represents 5 pm.

tation that prevents the allosteric inhibition by dATP (rnri- in Figure 1E). This study showed that mutagenizing the
D57N) (Figure 1E) (34,37,38) we compared side-by-side the adjacent residue, Asp16 (rnrl-D16R), disrupted the dATP-
effects of these two mutations in vivo. As previously re- dependent RNR hexamerization in vitro, resulting in mu-
ported (34), rnrl-D57N mutation resulted in a modest mu- tant complexes that do not respond to dATP inhibition (39).
tator phenotype in the CANI assay (3-fold higher than WT) Most likely similar to the rnrl-DI6R mutation (39), the
(Table 3), which was comparable to the effect of rnrl-FI15S raurl-F15S mutation may disrupt the formation of dATP-

mutation. Interestingly, rnrl-F15S mutation, but not rurl- dependent hexamers, making Rnrl refractory to dATP in-
D57N, resulted in a synergistic increase in the mutation rate hibition.
in an exol A background (7-, 83- and 13-fold higher than Despite the fact that most chromosomally integrated
exol A in the CANI, hom3-10 and lys2-10A assays, respec- rnrl-mutant alleles caused moderate or high mutation rates
tively) (Table 3). While the lack of a synergistic mutator in- (up to 10~* mutations per cell division in frameshift rever-
teraction for rnrl-D57N allele and exol A was unexpected, sion assays) when expressed in an exol A background, the
it may correlate with its weaker increase in dNTP levels (on majority failed to do so in an EXOI-WT background (Ta-
average 3.7-fold over WT) compared to rnrl-FI5S (on av- ble 3). Two exceptions were rnrl alleles: rnrl-K243 and rnrl-
erage 6.6-fold over WT) (Figure 3A). 1262V,N291D that when integrated at the RNR/ locus, con-
Based on the reported human RNR structure (39), Phel5 sistent with results obtained after expression in a low-copy

is predicted to be located at the interface formed by two number plasmid (Supplementary Figure S1), caused high
dATP-bound cones from adjacent Rnrl dimers (illustrated mutation rates even in the presence of EXOI (Table 3). Re-
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Table 3. Mutation rates caused by rnr/ mutations integrated at the RNRI genomic locus in Exol-proficient and Exol-deficient backgrounds

Relevant genotype

Mutation rate (fold increase)”

CanR

Thr*

+

Lys

WT
exol A
msh2 A

‘overall increased
rnrl-FI5S
rnrl-FI15S exol A
rnrl-D57N
rnrl-D57N exol A

2 out of
rnrl-A245V
rnrl-A245V exol A
rmrl-Y285C
rnrl-Y285C exol A

‘3 out of ¥

rnrl-S242T

rnrl-S2427T exol A
rmrl-R256H,Y779C
rnrl-R256 H, Y779C exol A

‘3 out of 4 with extra-high dGTP’

rnrl-K243E

rnrl-K243E exol AT
rarl-1262V,N291D
rnrl-1262V,.N291D exol A

8.7[7.2-10.0] x 1078 (1)
7.416.3-9.8] x 1077 (9)
5.4[4.4-7.2] x 107 (61)

3.5[2.8-4.2] x 1077 (4)
5.1[3.9-6.3] x 1076 (59)
2.21[2.0-3.7] x 1077 (3)
6.5[4.0-9.1] x 1077 (7)

1.1[0.8-1.4] x 10°7 (1)
2.0[1.1-3.7] x 1079 (22)
3.2[1.8-5.11 x 1077 (4)
1.6[1.1-3.2] x 1075 (184)

2.6[2.0-5.1] x 1077 (3)
2.4[1.9-4.0] x 1075 (273)
9.5[7.1-16.0] x 1078 (1)
2.2[1.5-3.3] x 1079 (25)

8.1 [4.4-11.3] x 1076 (92)
nd

1.4[0.9-2.4] x x 1075 (164)

43[3.1-7.1] x 10-5 (489)

2.0[1.1-3.0] x 1072 (1)
8.7[6.1-15.0] x 1072 (4)
6.4[5.2-12.9] x 107° (3211)

5.3[4.4-7.6] x 1072 (3)
6.5[4.0-8.9] x 1077 (330)
4.0[2.5-7.5] x 1072 (2)
1.6[1.2-1.8] x 1078 (8)

3.1[2.1-4.2] x 1078 (16)
1.1[0.6-2.1] x 1073 (5405)

4.8[3.7-8.7] x 108 (24)
4.6 [3.0-7.8] x 107 (23037)

1.6[1.1-3.1] x 1078 (8)
9.4 [5.8-18.5] x 100 (4743)
2.6[1.4-4.0] x 1078 (13)
3.2[2.1-3.2] x 107° (1619)

1.5[1.1-2.4] x 1075 (7362)
nd
5.4[3.8-8.3] x 107¢ (2731)
1.9[0.7-3.0] x 10~5 (9366)

2.1[1.8-2.3] x 1078 (1)
1.4[0.9-1.8] x 1077 (7)
9.9 [8.1-10.8] x 1075 (4762)

2.0[1.6-2.6] x 1078 (1)
1.9[1.3-2.3] x 1076 (93)
1.6[1.3-2.3] x 1078 (1)
4.6[3.5-6.4] x 1078 (2)

3.8[2.2-5.3] x 1078 (2)
1.3]0.8-3.1] x 1073 (634)
1.6[0.9-2.0] x 1077 (8)
1.9[1.6-5.5] x 10~ (9139)

1.3[0.8-2.7] x 1077 (6)
1.7[1.3-3.0] x 10~ (8017)
9.2[7.2-11.6] x 1078 (4)
7.3[5.4-8.8] x 107 (351)

2.7[2.0-4.6] x 1075 (1319)
nd

6.7 [4.5-10.8] x 1072 (3216)

2.1[0.9-3.4] x 104 (10103)

*Median rates of inactivation of CANI gene (Can®) and hom3-10 (Thr*) and lys2-104 (Lys*) frameshift reversion, with 95% confidence interval in square
brackets and fold increase relative to WT strain in parentheses. Strains with partial or total loss of mismatch repair activity (exol A and mish2 A, respectively)

were included as reference.

TDespite several attempts we could not obtain this double mutant strain. ‘nd’ indicates ‘not determined’.

markably, both mutant alleles shared a common type of
dNTP imbalance, in which three out of the four ANTPs were
elevated, with under-represented dATP concentrations and
very high dGTP levels (21- and 17-fold over WT, respec-
tively) (‘3 out of 4 with extra-high dGTP’). These observa-
tions suggest that among the four types of ANTP alterations
here investigated, the ‘3 out of 4 with extra-high dGTP’ im-
balance correspond to the most detrimental dNTP pool al-
teration for DNA replication fidelity. In addition, these ob-
servations indicate that in the context of a ‘3 out of 4’ type
of imbalance, increased dGTP levels inversely correlate with
DNA replication fidelity.

Replication errors induced by a ‘3 out of 4 with extra-high
dGTP’ ANTP imbalance frequently escape DNA polymerase
proofreading resulting in increased Pms1-foci abundance

We have previously shown that the MMR complex Mlhl-
Pmsl1 forms nuclear foci that mark active sites of MMR
in living yeast cells (19,40). Accordingly, MMR mutants
with defects downstream mispair recognition (e.g. during
nicking or excision steps) or strains with reduced DNA
replication fidelity (e.g. proofreading defective or active-
site DNA polymerase mutants) showed increased Pms1-foci
abundance (19). As the mutation rate does not reflect the
total number of replication errors, but rather the fraction

that escaped correction, we quantified the abundance of
Pmsl1-foci in strains expressing chromosomally integrated
rnrl mutant alleles (and a fluorescently-tagged Pms1 gene
(Pms1-4xGFP)). Mutant alleles rnri-FI15S, rnr1-D57N and
rurl-Y285C did not cause a significant increase in the per-
centage of cells containing Pmsl-foci relative to the WT
(Figure 3D and E). Mutations rnrl-A245V, rnrl-S242T
and rarl-R256 H, Y779C resulted in a mild but significant
increase in the percentage of cells containing Pmsl1-foci
(Mann—Whitney test, P < 0.005). In contrast, mutations
rnrl-K243E and rnrl-1262V,N291 D caused the strongest in-
crease in Pmsl-foci abundance (4.9- and 3.3-fold over WT,
respectively) (Figure 3D and E) (Mann—Whitney test, P <
0.005), similar as previously reported for strains with com-
promised DNA polymerase replication fidelity (19).

These results indicate that among the four types of ANTP
alterations here evaluated, only rnr/ mutations resulting in
a ‘3 out of 4 with extra-high dGTP’ ANTP imbalance, are
causing a considerable number of replication errors that es-
cape DNA polymerase proofreading function, leading to
increased Pmsl repair foci abundance. These results are in
agreement with the Exol-independent mutator phenotype
observed in rnrl A strains complemented with these mutant
alleles (Supplementary Figure S1).



A ‘3 out of # ANTP imbalance overwhelms DNA polymerase
proofreading and MMR function resulting in base substitu-
tions and frameshift deletions

The synthetic GD/SL interactions between rnr/ mutant al-
leles resulting in either a ‘3 out of 4’ or a ‘3 out of 4 with
extra-high dGTP’ imbalance and the msh2 A mutation (Ta-
ble 2 and Supplementary Figure S2), suggest that in the ab-
sence of MMR, these double mutant combinations accu-
mulate a large number of mutations compromising cell via-
bility. As insertions or deletions are in general more delete-
rious than base substitutions, we asked whether these pre-
viously mentioned imbalances are causing more frequently
frameshift mutations than a ‘2 out of 4 imbalance. For
this, we performed mutational spectra analysis at the CAN/
locus in strains carrying chromosomally-integrated rnri-
Y285C, rnrl-R256H, Y779C and rnrl-1262V,N291D alleles
(Figure 4A and Supplementary Table S4), representing the
three types of dNTP imbalances here characterized. Muta-
tional spectrum in rnrl-Y285C revealed a 7- and 4-fold in-
crease in A:T to C:G and A:T to T:A transversions, respec-
tively, relative to WT (17). Outstandingly, together these
transversions accounted for 50% of all CANI inactivating
mutations, which are likely promoted by the slightly re-
duced dATP and excessively high concentrations of dCTP
and dTTP. Further analysis revealed mutational hotspots
A538C and A680T, both of which occurred 10-times more
frequently than in a WT strain (Figure 4B and Supplemen-
tary Table S5). All three mutational hotspots are in agree-
ment with the relatively low dATP and high concentrations
of dCTP and dTTP (Figure 3A), which may facilitate A to
C/T transversions.

In contrast, strains carrying rnrl-R256 H,Y779C or rnrl-
1262V,N291D mutations presented less base substitutions
but more frameshift mutations (mainly A /T deletions) com-
pared to WT mutation spectrum (Supplementary Table S4).
Remarkably, in the rnrl-1262V,N291 D mutant strain, the
frequency of frameshift mutations (82%) strongly resem-
bled that of MMR deficient strains (about 85% frameshift
mutations) (24,41). However, in contrast to the latter, in
which frameshift deletions (but also insertions) were found
at several mononucleotide runs within the CANI gene,
the rurl-1262V,N291D presented mainly one mutational
hotspot at position 964-969, involving the deletion of a A:T
base pair in a six A:T mononucleotide run (Figure 4C and
Supplementary Table S5). Strikingly, deletions at this sin-
gle hotspot accounts for 66% of the overall mutation rate
associated with rnrl-1262V,N291D mutation. These results
indicate that this specific ANTP imbalance strongly favors
frameshift deletion events at this specific hotspot, which fre-
quently escape MMR correction. As the mutational spectra
is largely influenced by the sequence context, we used an al-
ternative mutational reporter (URA3 gene) to further vali-
date the mutational signature caused by rurl-1262V,N291D
allele. The URA3 spectrum caused by rurl-1262V,N291D
mutant allele showed a 10% reduction in base pair muta-
tions and a 2-fold increase in single nucleotide A/T dele-
tions, compared with the reported WT URA3 spectrum
(42). Similar to the CANI mutation spectra, base substitu-
tions in URA3 were mainly A:T to G:C transitions, which
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occurred 27-times more frequently than in the WT strain
(Figure 4D and Supplementary Table S6). On the other
hand, frameshifts were mostly located at regions containing
3—4 mononucleotide runs, probably due to the low number
of longer mononucleotide repeats within URA3 gene.

In summary, we found that a ‘3 out of 4’ type of ANTP im-
balance represents the most mutagenic type of dNTP pool
alteration that favors not only base substitutions, but also
single nucleotide deletion events, mainly at mononucleotide
runs where the under-represented dNTP is on demand dur-
ing DNA synthesis. This mutagenic potential is likely driven
by a combinatorial effect: first, the under-represented ANTP
favors single nucleotide deletions or base substitutions; and
second, the other three dNTPs which are in excess dimin-
ish the effectiveness of the DNA polymerase proofreading
by promoting mispair/frameshift extension driven by the
‘next-nucleotide effect’ (43,44). According to this model, af-
ter misincorporation of a nucleotide (or a slippage event),
the high concentration of the next nucleotide to be incor-
porated, will favor its incorporation instead of mismatch
proofreading. In the presence of a ‘3 out of 4 dNTP imbal-
ance, the synthesis of mononucleotide runs demanding the
under-represented nucleotide pool, will lead to a frameshift
deletion that will frequently escape DINA polymerase proof-
reading, given that after the mononucleotide run any up-
coming nucleotide will be highly abundant. Thus, under this
extreme type of dNTP imbalance the sequence context be-
comes irrelevant for mismatch extension, though it might
have important consequences on how efficiently a specific
mutation/frameshift is recognized by MMR (45-47).

DISCUSSION

Here, we have screened for mutations in yeast RNRI gene
that cause increased mutagenesis in an exol A mutant back-
ground. We identified 24 rnrl mutant alleles either associ-
ated with an overall increase in dNTP concentrations or
changes in dNTP ratios (balance). Most mutations caused
dNTP pool imbalances and clustered in or near the al-
losteric S-site but were not restricted to loop 2, whereas one
mutation causing an increase in ANTP pool size was located
at the allosteric A-site. All mutations resulting in constitu-
tive S-phase checkpoint activation and synthetic lethality in
an rnr3 A background presented one or two limiting dNTPs
(with concentrations below WT levels). Our data suggest
that cells respond to a dANTP limitation threshold; reduc-
tions of 10-20% in dATP levels are well tolerated; how-
ever, higher reductions (>50%) triggered activation of the
S-phase checkpoint. Interestingly, a 50% reduction in dATP
levels results in dATP concentrations comparable to dGTP
levels in a WT strain (Supplementary Table S2 and Supple-
mentary Table S3B), suggesting that the dNTP limitation
threshold value approaches WT-dGTP levels, which has the
lowest concentration among all four dNTPs in yeast but
also in mammalian cells (48,49).

One important aspect of this RNRI random mutagene-
sis screen is that is not restricted « priori for a specific Rnrl
protein domain, hence allowing the unbiased identification
of mutations with profound effects on ANTP homeostasis.
Moreover, given our plasmid shuffling complementation-
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Figure 4. Mutation spectra analysis revealed highly mutagenic dNTP imbalances that escape DNA polymerase proofreading and MMR. (A) CANI mu-
tation spectrum in WT (17) and indicated strains expressing rnrl mutant alleles. Independent Can® clones (n > 91 per genotype) were sequenced for
CANI mutations. Graphs indicate the relative distribution of identified mutations (see also Supplementary Table S4 and Supplementary Table S5). (B)
CANI mutational hotspot (A538C) frequently associated to rnr/-Y285C mutation. Predicted mutation is noted in red. Nucleotides marked in green (im-
mediately after the mutation) are facilitating mispair rapid extension prior proofreading, due to their higher abundance in strains expressing rnr/ mutant
alleles, compared to wild-type RNRI. (C) The -1A frameshift deletion hotspot (964-969) was frequently found in strains expressing rnrl-R256 H, Y779C or
rarl-1262V,N291D mutant alleles. (D) URA3 mutation spectrum in WT (42) and a strain expressing rnr/-1262 V,N291 D mutant allele (see also Supplemen-
tary Table S6). Mutation spectra were color-coded in the same way as in (A). (E) Distinct ANTP pool alterations differentially rely on DNA polymerase
proofreading and MMR activity for mutation avoidance. The funnels below each of the different ANTP pool alterations represent DNA replication errors
that are corrected by DNA polymerase proofreading and/or MMR. Genetic interactions between mutations resulting in specific ANTP alterations and
mutations affecting DNA replication fidelity were color-coded as in Figure 2B. Among the four types of dNTP alterations, imbalances characterized by a
‘3 out of 4 with extra-high dGTP’ result in increased DNA replication errors that frequently escape DNA polymerase proofreading and MMR.



based strategy (done in a Rnrl-deficient strain), all identi-
fied mutations resulted in mutant RNR complexes that had
to retain substantial enzymatic activity in order to sustain
cell viability. This approach overcomes certain limitations
of mutations engineered by rational design, which in some
cases (rnrl-Q288A and rnri-R293A4) led to extremely im-
balanced dNTP pools and lethal phenotypes, unless these
alleles were overexpressed or integrated in the presence of a
repressed WT-RNRI gene (11,50).

Our RNRI mutagenesis screen shares some similarities
to a previous screen that identified mutations in NrdA and
NrdB ribonucleotide reductase genes in E. coli (13). Alike
most RNRI mutations reported here, mutations in NrdA lo-
cated either at the A-site or at the S-site, and resulted in in-
creased and imbalanced dNTP pools, respectively. Despite
some protein sequence conservation between S. cerevisiae
and E. coli RNR (29% protein identity), none of the RNRI
mutated residues identified here were previously found in
E. coli NrdA. This observation was unexpected, as sev-
eral of RNRI mutations (e.g. rnrl-D226 G, rnrl-1231T, rnrl-
R256H, rnrl-1262V, rnrl-G271S, rnrl-P274L, among oth-
ers) identified in our screen are affecting conserved residues
between both species. In part, this might be due to techni-
cal differences between both screening approaches, includ-
ing the use of a ‘sensitized mutator background’ (exolA),
random mutagenesis procedures, mutational reporters, etc.

Encouraged by the finding that specific mutations in
NrdB gene (encoding the small RNR subunit in E. coli) re-
sulted in ANTP imbalances (13), we performed a similar
screen as described here for RNRI, in which we mutage-
nized the RNR2 gene, encoding the yeast small RNR sub-
unit, homolog of E. coli NrdB. In contrast to these previous
findings, we could not identify RN R2 mutations resulting in
mutator phenotypes (data not shown). The absence of ho-
molog mutator mutations in yeast RNR2 may reflect struc-
tural differences and distinct regulatory requirements that
may distinguish E. coli from S. cerevisiae RNR.

Intriguingly, all mutant alleles resulting in ANTP imbal-
ances presented a lower relative percentage of dATP over
the total ANTP pool (Figure 2B). This commonality might
be in part linked to the frameshift reporters (/ys2-10A4 and
hom3-10) used for mutator phenotype identification (in ad-
dition to the general mutator assay based on CAN/ inac-
tivation). Low dATP concentrations may facilitate single
deletion events at the 10 A:T and 7 T:A mononucleotide
hotspot present in lys2-104 and hom3-10, respectively. On
the other hand, low dTTP levels could have triggered a simi-
lar effect, although this type of imbalance was not observed.
The absence of rnrl mutations resulting in low dTTP levels
might be due to the compensatory effect of dCMP deam-
inase that converts dCMP into dUMP, which is then used
for dTTP production (48,51). Additionally, as dATP acts as
a RNR inhibitor, we speculate that high dATP levels might
be incompatible with severely imbalanced dNTP pools in-
dependently of an activated S-phase checkpoint (e.g. rnri-
S242T and rnrl-Y285C).

rnr]l mutations interfering with A-site allosteric regulation

We found that rnri-F15S causes a mild mutator phenotype
driven by an increase in dNTP pool size (6.5-fold higher
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concentration of each dNTP over WT levels). Interestingly,
rnrl-F15S mutation strongly interacted with exol A result-
ing in 59-fold increase in CAN/ mutation rate compared to
WT (and about 7-fold higher than exol A). Given the region
affected by rnrl-FI15S mutation, and supported by previous
work by Dealwis group (39), we propose that rnr/-FI15S mu-
tation may prevent dATP-induced Rnrl hexamerization,
resulting in RNR mutant complexes that are refractory to
dATP inhibition in vivo. Moreover, the finding that muta-
tions causing elevated but balanced dNTP pools neither in-
teract with proofreading-defective nor MMR-deficient mu-
tants, suggest that elevated dNTP pools are in general less
mutagenic than imbalanced dNTP pools. Thus, overall in-
creased but balanced dNTP pools, do not result in a higher
frequency of misincorporated nucleotides, but rather pre-
vent DNA polymerase proofreading driven by the next-
nucleotide effect. These replication errors that escape proof-
reading might be efficiently repaired by MMR (Figure 4E).

Two classes of mutations resulting in increased pyrimidine
levels

Among the mutations that resulted in imbalanced dNTP
pools rnri-A245V, rnrl-G271S and rnrl-Y285C, had re-
sulted in elevated pyrimidines and relatively low purine lev-
els (Figures 2A and 3A). According to the S. cerevisiae Rnrl
crystal structure, the side chain of Tyr285 and the main
chain (oxygen) of Gly271 both form a hydrogen-bond with a
water molecule that interacts with the 2'-OH from the effec-
tor AMP-PNP (28). While these interactions may stabilize
the binding of AMP-PNP (or ATP) at the S-site, similar in-
teractions cannot take place with dNTP effectors. A previ-
ous study proposed that Tyr244 in Salmonella typhimurium
(homolog residue of Tyr285 in yeast) hinders rNTP bind-
ing at the S-site because of a steric clash between the 2'-
OH group of the ribonucleotide and the tyrosine side-chain
(52). As TNTP concentrations in yeast cells are on average
50-times higher than dNTPs, one could predict that mutat-
ing Tyr285 will favor ATP binding at the S-site (the most
abundant rNTP), which similar to dATP will promote CDP
and UDP reduction (10,28). Supporting this hypothesis, re-
placing Tyr285 with less bulky residues (e.g. cysteine or ala-
nine) or even phenylalanine (but to a lesser extent), favored
pyrimidine production (this study and (11)). Based on our
observations and previous findings, we propose that muta-
tion of Tyr285 (and potentially also Gly271) largely abol-
ishes the strong preference for dATP over ATP binding at
the S-site, resulting in elevated pyrimidine levels driven by
high intracellular ATP concentration.

The rnrl-A245V mutation, similar to rnrl-Y285C, re-
sulted in increased pyrimidine levels but in addition caused
a 60% and 30% reduction in dATP and dGTP levels, re-
spectively. Given the proximity of Ala245 to the C-site, one
could predict that replacing it with a bulky amino acid may
decrease the substrate pocket size. Accordingly, the rnri-
A245V mutation may result in steric clashes that may fa-
vor the binding and reduction of pyrimidines over purines.
Thus, we propose two alternative mechanisms that may ex-
plain the ‘2 out of 4’ imbalance, either by abolishing the abil-
ity to discriminate rNTPs from dNTPs at the S-site (rnri-
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Y285C) or through mutations that may decrease the sub-
strate pocket size (e.g. rnri-A245V).

The tip of a mutational iceberg: the bad and the worst dNTP
pool imbalance

In general, most identified rnr/ mutations neither caused
mutator phenotypes nor growth defects, unless they were
expressed in DNA replication fidelity-compromised back-
grounds. Thus, replication errors resulting from increased
or imbalanced dNTP pools are in most cases proofread by
DNA polymerases or corrected by MMR.

Genetic interactions between rnr/ mutant alleles and mu-
tations affecting DNA replication fidelity resulting in syn-
thetic GD/SL (Table 2 and Supplementary Figure S2) re-
vealed that overall increased dNTP pools are not affecting
cell viability even in the absence of DNA polymerase proof-
reading function or MMR activity. In contrast, mutations
resulting in specific ANTP imbalances relied for survival on
DNA polymerase proofreading (‘2 out of 4°) or DNA poly-
merase proofreading and MMR (‘3 out of 4’ and ‘3 out of
4 with extra-high dGTP’). These findings are further sup-
ported by the CANI mutation spectra analysis. For exam-
ple, the rnrl-Y285C mutation that results in a 2 out of 4’ im-
balance presented a CANI mutation spectrum dominated
by base substitutions, which are favored by low dATP and
high dTTP/dCTP concentrations (Figure 4A and Supple-
mentary Table S4). On the other hand, rnr! mutations (rnri-
R256H,Y779C or rnrl-1262V,N291 D) resulting in a ‘3 out of
4’ or a ‘3 out of 4 with extra-high dGTP’ dNTP imbalance,
respectively, presented a high frequency of CANI single nu-
cleotide deletions (mainly A /T deletions) that are promoted
by low dATP levels and the elevated concentrations of the
remaining three dNTPs. Similar results were obtained in
rnrl-1262V,N291D after analyzing the mutational spectrum
in URAS3 gene (Figure 4D and Supplementary Table S6).

All together, these findings indicate that mutations caus-
ing ‘2 out of 4 type of imbalance result in base substitu-
tions which are corrected to a large degree by DNA poly-
merase proofreading (Figure 4E). In agreement with this,
rnrl-Y285C and rnrl-A245V mutants did not cause major
increase in the abundance of Pms1-foci, which mark sites of
DNA replication errors recognized by Mlh1-Pmsl MMR
complex (Figure 3D and E).

Instead, mutations resulting in a ‘3 out of 4 with extra-
high dGTP’ imbalance cause frequent frameshift deletions
and base substitutions that rely heavily on DNA poly-
merase proofreading and MMR for repair (Figure 4E).
Accordingly, this imbalance caused increased abundance
of Pmsl-repair foci, indicative of replication errors that
escaped DNA polymerase proofreading that are being
recognized/repaired by MMR. The dependency on MMR
function can be rationalized as follows: first, the under-
represented dNTP favors base substitutions and deletion
events, and second, the increased concentrations of the
other three dNTPs promote mismatch extension indepen-
dently of the sequence context. In other words, regardless
of which base comes after the replication error, DNA poly-
merases will incorporate, as next, one of the three abundant
nucleotides, which will favor mismatch extension over DNA

polymerase proofreading and consequently will depend on
MMR for repair (Figure 4E).

Among the chromosomally-integrated rnr/ mutations
we identified mutants including rnrl-K243E and rnrl-
1262V,N291D with a ‘3 out of 4’ imbalance and extremely
elevated dGTP levels, that caused severe mutator pheno-
types even in the WT background. These results revealed
that this type of imbalance has the strongest mutagenic po-
tential and suggest that increased dGTP concentrations, in
the context of a ‘3 out of 4’ type of imbalance, correlate with
increased mutator phenotypes (Figure 4E). These findings
are in agreement with previous work done in E. coli (53) that
identified a group of particularly mutagenic nrdA ribonu-
cleotide reductase mutants with dNTP imbalances charac-
terized by high dGTP and low dATP concentrations asso-
ciated to reduced cell viability most likely due to the severe
accumulation of mutations (‘error catastrophe’). Similar to
the ruri-1262V,N291 D mutant that presented a ‘3 out of 4 +
extra-high dGTP’ ANTP imbalance, nrdA-G295S and nrdA-
A301V mutants showed a large proportion of A:T to G:C
transitions and severe mutation rates in one forward inac-
tivation assay, even in the presence of a functional MMR
system. Therefore, this type of dNTP imbalance is partic-
ularly mutagenic in E. coli as well as in S. cerevisiae and
potentially also in other organisms.

How may increased dGTP levels in the context of a ‘3
out of 4 imbalance compromise DNA replication fidelity?
We envision at least three, not mutually exclusive, potential
scenarios:

1. Increased dGTP levels may contribute to the mutagenic
dNTP imbalance that may overload the MMR system.
This hypothesis is supported by our findings as well as
by the previously mentioned study (53) that showed that
nrdA-G295S and nrdA-A301V mutants expressed in ei-
ther an MMR-proficient or an MMR-deficient back-
ground resulted - independently of the MMR status-
in increased mutation rates. Moreover, the extreme mu-
tation rates of these nrd4 mutants were partially sup-
pressed by either overexpression of MutL (one poten-
tially limiting MMR component during the repair re-
action) or by expression of an antimutator DNA poly-
merase mutant (dnaFE925) that results in an increased
DNA replication fidelity (53).

2. Given that dGTP concentrations are the lowest among
all four dNTPs, low dGTP concentrations may act as
an intrinsic brake, slowing down DNA replication and
therefore favoring DNA polymerase proofreading over
polymerization. Thus, increased dGTP concentrations
may increase the polymerization rate at the expense of
replication fidelity.

3. Increased dGTP levels may inhibit DNA polymerase
proofreading activity. Previous studies in vitro have
shown that supplementation of DNA synthesis reactions
with dGMP, inhibits polymerase proofreading activity
by binding to the exonuclease active site (product inhibi-
tion) (54,55). Thus, increased dGTP concentrations may
lead to higher dGMP concentrations and reduced proof-
reading activity. This reduced proofreading activity in
combination with a ‘3 out of 4 dNTP imbalance may
explain the severe mutator phenotype.



Interestingly, supporting the idea that dGTP levels may
play a central role for genome stability, previous work
(56,57) reported a positive correlation between intracellular
dGTP levels and both telomere length and telomerase pro-
cessivity in vivo. Therefore, it seems that cells have evolved a
way to take advantage of the least abundant ANTP (dGTP)
to control key processes associated with genome mainte-
nance.
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