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A Single Conserved Residue Mediates Binding of the Ribonucleotide
Reductase Catalytic Subunit RRM1 to RRM2 and Is Essential for

Mouse Development
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The ribonucleotide reductase (RNR) complex, composed of a catalytic subunit (RRM1) and a regulatory subunit (RRM2), is
thought to be a rate-limiting enzymatic complex for the production of nucleotides. In humans, the Rrm1I gene lies at 11p15.5,a
tumor suppressor region, and RRM1 expression in cancer has been shown to predict responses to chemotherapy. Nevertheless,
whether RRM1 is essential in mammalian cells and what the effects of its haploinsufficiency are remain unknown. To model
RNR function in mice we used a mutation previously described in Saccharomyces cerevisiae (Rnr1-W688G) which, despite being
viable, leads to increased interaction of the RNR complex with its allosteric inhibitor Sml1. In contrast to yeast, homozygous
mutant mice carrying the Rrm1 mutation (Rrm1*VS"WC) are not viable, even at the earliest embryonic stages. Proteomic analyses
failed to identify proteins that specifically bind to the mutant RRM1 but revealed that, in mammals, the mutation prevents
RRM1 binding to RRM2. Despite the impact of the mutation, Rrm 1™ *'* mice and cells presented no obvious phenotype, sug-
gesting that the RRM1 protein exists in excess. Our work reveals that binding of RRM1 to RRM2 is essential for mammalian cells
and provides the first loss-of-function model of the RNR complex for genetic studies.

Replication stress (RS) refers to a variety of situations that lead
to the accumulation of unprotected single-stranded DNA (ss-
DNA) at stalled replication forks. Due to the recombinogenic na-
ture of ssDNA, it is a source of genomic rearrangements fre-
quently observed in cancer (1). One way by which ssDNA can
accumulate at replication forks is by reduced deoxynucleoside
triphosphate (ANTP) concentrations, which limit the progression
of the DNA polymerases. Accordingly, reduced dNTP levels have
been proposed as a source of genomic instability in cancer (2). In
mammals, RS is signaled and suppressed by a phosphorylation
cascade that is initiated by the ATR kinase (3, 4). Although how
this signaling cascade suppresses RS is not entirely understood,
evidence from yeast and more recently from mouse models sug-
gests that it might be linked to a role of ATR in the regulation of
nucleotide pools (5-7).

In all eukaryotes, ANTP production involves a rate-limiting
ribonucleotide reductase (RNR) complex, which reduces nucleo-
side diphosphates (NDPs) to deoxyribonucleoside diphosphates
(dNDPs) (8). The complex is a heterotetramer formed by two
identical subunits, each of which is made of a catalytic subunit
(RRM1; Rnrl in Saccharomyces cerevisiae) and a regulatory sub-
unit (RRM2; Rnr2 in yeast). RRM1 contains the catalytic site as
well as two allosteric sites for its regulation. The smaller RRM2
subunit carries a nonheme iron center (Fe-O-Fe) that is used for
the oxygen-dependent generation of a stable tyrosyl radical nec-
essary for the reduction step. During catalysis, this radical is shut-
tled to redox-active cysteines in the RRM1 active site (8). The
active site, oxidized and inactive after this step, becomes subse-
quently activated by rereduction of the cysteines via interaction
with the RRM1 C-terminal domain (CTD) of the neighboring
RRM1 subunit, preparing it for a new cycle of catalysis (9). Given
the mutagenic effects of imbalanced dNTP pools (10-12), multi-

2910 mcb.asm.org

Molecular and Cellular Biology

ple levels of regulation limit RNR activity until it is needed,
namely, during DNA replication and repair.

RNR activity starts to rise at the G,/S border, resulting in about
a 10-fold increase of ANTP levels during S phase, which sharply
decrease before cells enter into mitosis (13). In mammals, whereas
RRM1 levels remain stable throughout the cell cycle, RRM2 is
expressed only during S phase and is degraded by the anaphase-
promoting complex (APC) in G,/G, and M phases (reviewed in
reference 8). In addition, an alternative and p53-inducible small
subunit, RRM2B, can bind RRM1 to provide additional dNTPs
for mitochondrial replication and DNA repair (14, 15). While the
main fraction of the RNR subunits localizes to the cytosol, small
fractions of both proteins can be found in the nucleus in response
to DNA damage (16). In addition to the regulated expression of
RNR subunits, yeast cells also contain allosteric inhibitors of the
RNR. In budding yeast (S. cerevisiae) a small protein inhibitor,
Smll1, binds and inhibits the RNR by preventing the interaction
between both Rnr1 subunits that is essential for reactivation of the
RNR (6, 9, 17). Interestingly, activation of the ATR orthologue
Mecl leads to the degradation of Smll (18), which increases RNR
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activity. Moreover, deletion of Smll can rescue the viability of
mecl A mutants, strongly suggesting that the essential role of ATR
is linked to RNR activity (6). A recent study described a human
protein, IRBIT, with distant sequence homology to Sml1 in a small
peptide, that could bind and inhibit the RNR. However, this in-
teraction was limited to mitosis and to RRM1/RRM2B complexes,
which is different from the general role that Sml1 plays in inhib-
iting the RNR (19). Although RNR subunits are highly conserved
from yeast to humans, including the sequence where Smll binds
to Raorl, and although recombinant yeast Smll may bind and
inhibit the mammalian RNR (17, 18), no allosteric inhibitors of
the canonical RRM1/RRM2 complex have been described in
mammals.

In 2010, Rothstein and colleagues reported a point mutation in S.
cerevisiae rnrl (Rnr1-W688G) that leads to a specific increase in
Sml1 binding to Rnrl, resulting in reduced RNR activity, dNTP
levels, and cell viability, all of which could be rescued by concur-
rent depletion of Sml1 (20). We hypothesized that if a mammalian
orthologue of Smll were to exist, introducing this mutation into
the mouse genome might lead to increased binding of such a fac-
tor to RRM1. The altered mice should have constitutively lower
levels of nucleotides, providing a valuable model to explore the
impact of reduced nucleotide pools in mammalian health. Hence,
given that the sequence surrounding Rnrl W688 (W684 in mice)
is conserved from yeast, we generated mice carrying the corre-
sponding mutation. The mutation yielded a nonfunctional
RRM1, which, in contrast to what happens in yeast, was not com-
patible with cellular viability. Even when we were able to purify
mammalian RNR complexes, proteomic analyses failed to detect
any protein that bound more avidly to RRM1 carrying the W684G
(RRM1-WG) mutation. In contrast to the mechanism reported in
yeast, the mutation in mice prevents the binding of RRM1 to
RRM2, demonstrating that RNR complex formation is essential
for mammalian cellular viability. Finally, the lack of detectable
phenotypes in RRM1 heterozygous mutant mice suggests that
RRMI exists in excess in mammalian cells and argues against a
major tumor-suppressive role of RRM1 heterozygosity.

MATERIALS AND METHODS

Mouse work. For the generation of the RrmI™V< allele, a 16.8-kb region
from the mouse genome containing Rrm I was first cloned from a bacterial
artificial chromosome (BAC RP23-111K8) into a minimal vector and sub-
sequently mutagenized by recombineering (Gene Bridges). The linearized
vector was electroporated into murine embryonic stem (mES) cells by the
Transgenic Mice Unit of the Spanish National Cancer Center (Centro
Nacional de Investigaciones Oncolégicas [CNIO]). Properly recombined
mES cells were identified by Southern blotting through standard proce-
dures and subsequently used for the generation of chimeric mice.
Knock-in mice were genotyped by PCR with primers amplifying a 369-bp
sequence from the vector (available upon request). Mice were kept under
standard conditions at a specific-pathogen-free facility of the Spanish Na-
tional Cancer Center in a mixed C57BL/6-129/Sv background. All mouse
work was performed in accordance with the Guidelines for Humane End-
points for Animals Used in Biomedical Research and under the supervi-
sion of the Ethics Committee for Animal Research of the Instituto de
Salud Carlos III.

Irradiation. Sublethal irradiation (6 Gy of total-body ionizing radia-
tion [IR]) was administered to 8-week-old mice (RS 2000 X-ray biological
irradiator; 160 kV, 4.2 kW, 25 mA [Rad Source]). Hematologic parame-
ters were evaluated at 1 to 5 weeks postirradiation as indicated below.

Blood analysis. Blood samples were obtained from the sublingual
vein. Samples were collected in EDTA-treated microtubes (Aquisel) and
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run on an Abacus Junior Vet hematology analyzer (Diatron), which pro-
vides complete blood analyses, including counts of leukocytes and
platelets.

Cell culture. 293 and U20S cells were grown in Dulbecco’s minimum
essential medium (DMEM; Invitrogen) supplemented with 10% fetal bo-
vine serum (FBS; Lonza) and 1% penicillin-streptomycin. Mouse embry-
onic fibroblasts (MEFs) from embryonic day 13.5 (E13.5) embryos were
generated by standard methods and grown in DMEM supplemented with
15% FBS. For all experiments, MEFs were used at low passage numbers
(<3) and grown in 5% oxygen to minimize exposure to reactive oxygen
species. Splenic B cells were isolated with anti-CD43 microbeads (anti-
Ly48; Miltenyi Biotech) and cultured in the presence of 25 pg/ml lipo-
polysaccharide (LPS; Sigma). Hydroxyurea (HU; Sigma) was added at the
concentrations indicated in the figure legends.

Plasmid construction. For the construction of pcDNA5/FRT/TO-
RRM1 (where FRT is Flp recombination target) with a C-terminal strepta-
vidin (Strep) tag, the coding sequence of human RRM1 (hRRM1) was
amplified by PCR from human ¢cDNA and cloned into pEXPR-IBA103
(Novagen) vector at Sacll/Xhol sites. From there, the Strep-RRM1 se-
quence was PCR amplified, adding AfIII/NotI restriction sites for subse-
quent cloning into the pcDNA 5/FRT/TO vector (Life Technologies). Ex-
pression plasmids for RRM1 with the W684G mutation (RRM1-WG)
were constructed by introducing the W684G mutation into the wild-type
(wt) pEXPR-IBA103 expression plasmid using a QuickChange site-di-
rected mutagenesis kit (Agilent Technologies), followed by PCR and sub-
cloning into the pcDNA 5/FRT/TO vector as described above. The final
constructs were sequenced to rule out the presence of mutations. For
bacterial expression, the cDNAs of human RRM1, RRM1-WG, RRM2,
and RRM2B were cloned into the pET30a expression vector at Sall/Notl
(RRM1 and RRM1-WG) or BamHI/Xhol (RRM2 and RRM2B) RS sites
and expressed as 6XHis-tagged versions. In addition, RRM1 and
RRMI1-WG were expressed as Strep-tagged versions by removal of the
N-terminal His tag and introduction of a Strep tag into the pET30a vector.

Protein expression. Stable cell lines of Flp-In T-REx 293 cells (Life
Technologies) expressing mutant or wt RRM1 were generated according
to the manufacturer’s instructions. Recombinant protein expression was
induced by addition of 100 ng/ml doxycycline to the medium for the times
indicated in the figure legends. In addition, RRM2, RRM2B, RRM1, and
RRM1-WG were expressed in Escherichia coli BL21(DE3) (Life Technol-
ogies). Cells were grown in Terrific broth (TB) medium at 37°C until the
culture reached an optical density at 600 nm (ODg,) of 0.6. Cells were
then chilled to 15°C for 30 min and induced with 0.5 mM isopropyl-f-p-
thiogalactopyranoside (IPTG) for 18 h at 15°C with shaking at 220 rpm.
Cells were harvested by centrifugation at 5,000 X g for 30 min, and pellets
were stored at —80°C.

Immunoblotting. For whole-cell extracts, cells were washed once with
phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA) containing protease and
phosphatase inhibitors (Sigma). Cytosolic and nuclear extracts were pre-
pared as previously described (21). Samples were resolved by SDS-PAGE
and analyzed by standard Western blotting (WB) techniques. Antibodies
against Strep-tag II (71590-3; Novagen), RRM2B (ab8105; Abcam) RRM2
(Sc-10844; Santa Cruz), RRM1 (3388; Cell Signaling), B-actin (A5441;
Sigma), Chkl (Novocastra), Chkl phosphorylated at $345 (Chk1-S345P)
(2348S; Cell Signaling Technology), replication protein A (RPA) (ab2175;
Abcam), RPA-S4P/S8P (S4/S8) (A300-245A; Bethyl), and yH2AX (05-
636; Upstate) were used.

IP. For protein immunoprecipitation (IP) from Flp-In T-REx 293
cells, cell lysate was loaded on a Bio-Spin disposable chromatography
column (Bio-Rad) and incubated with Strep-Tactin Macroprep resins
(Iba) for 2 h at 4°C on a rotator. The column was washed five times with
buffer W (100 mM Tris-HCI, pH 8, 1 mM EDTA, 200 mM NaCl) con-
taining 0.1% NP-40. RRM1 or RRM1-WG and associated proteins were
eluted with buffer W containing 2 mM biotin. For the isolation of recom-

mcb.asm.org 2911


http://mcb.asm.org

Specks et al.

A Wes4
\4

Yeast Rnr1 : 76-PDDLKQLYKTVWEI SQKTVLKMAAER C
Mouse RRM1 : 72-PQELKD LYKTVWEI SQKT | | NMAADR

A eFk kKKK KKK KKK K K. . KKk K

Rrm1++
Rrm1+We

5'Probe —20kb
B Sacll Notl 15kb
Rrm1 3’Probe -20kb
b -—
5Probe 3'Probe _10kb
) FRTsite mp PGK/gh2-neo + Point mutation
D Rrm1+*  Rrm1+*W& Rrmiweme E . 202
Adult 39 61 0 o
€ E E E
d135 35 64 0 T & Q&
d3,5 28 71 0 Kl
WT
F Rrm1**  Rrm1*Wé RrmiWeme
Rrm2++ 5 8 0
Rrm2+Té 14 19 0
Rrm2renme 13 12 0

FIG 1 Embryonic lethality in Rrm 1" mice. (A) Pairwise local alignments of yeast (Saccharomyces cerevisiae) and mouse (Mus musculus) RRM1 protein
sequences surrounding W684. (B) Scheme of the Rrm1 knock-in construct harboring a neomycin resistance cassette (PGK/gb2-neo) flanked by FRT sites and a
point mutation in exon 18 (W688G). The mutation is flanked by two homology arms of 6 kb. (C) Southern blotting in murine embryonic stem cells (mES)
electroporated with the construct shown in panel A. Probes external (5’ Probe) and internal (3’ Probe) to the construct were used to confirm the presence of a
single correct integration site in the mES cells. The 20-kb band corresponds to the untargeted Rrm1 allele in Rrm1 ™S cells. (D) Table showing the expected and
observed genotypes of 3-week-old pups, MEFs, or mES cells obtained from crosses of Rrm1 /WG animals. d13.5, 13.5 days postcoitus; d3.5, 3.5 days postcoitus.
(E) Example of the genotyping of PCR products illustrating the only two genotypes that were obtained from crosses of Rrm1 VS animals. WT, wild type; KI,

knock-in. (F) Table showing the observed genotypes of 3-week-old pups obtained from crosses of Rrm1

binant protein from bacteria, cells were thawed on ice and resuspended in
50 mM Tris (pH 7.8), 200 mM NaCl, 2 mM phenylmethylsulfonyl fluo-
ride (PMSF), and 1 mM dithiothreitol (DTT). Cells were ruptured by
sonication cycles at 4°C and centrifuged at 30,000 X g for 30 min at 4°C.
The supernatant was incubated with Ni-nitrilotriacetic acid (NTA)—aga-
rose (Qiagen) or Strep-Tactin Macroprep resins for 1 h at 4°C on a rotator
and loaded onto a Bio-Spin disposable chromatography column. For pu-
rification of Strep-tagged proteins, beads were washed three times with 50
mM Tris (pH 7.8), 200 mM NaCl, 2.5 mM, and 2 mM PMSF, and bound
protein was eluted with buffer containing 2 mM biotin. For the purifica-
tion of His-tagged proteins, 10 mM imidazole was added to the washing
buffer, and samples were eluted in buffer containing 250 mM imidazole.
Fractions were analyzed for purity using a 12% SDS-PAGE gel and Coo-
massie staining. Fractions containing RRM1, RRM1-WG, RRM2, or
RRM2B were pooled and dialyzed against 50 mM Tris (pH 7.8), 200 mM
NaCl, 2.5 mM, 2 mM PMSF, and 10% glycerol, and purified proteins were
stored at —80°C.

In vitro binding assay. A total of 1.5 pg of Strep-RRM1 or Strep-
RRM1-WG and 1.5 pg of His-RNR subunits were mixed in 0.5 ml of IP
buffer (25 mM Tris-HCL, pH 7.5, 200 mM NaCl, 1 mM EDTA, 2 mM
PMSF, 1 mM DTT) and incubated for 20 min at room temperature (RT).
Strep-Tactin beads were added, and samples were incubated for 1.5 h
under constant rotation at 4°C. Beads were washed five times, and bound
proteins were eluted in IP buffer containing 2 mM biotin. Proteins were
separated on an SDS gel and stained with Coomassie or analyzed by WB.

HTM analyses. For high-throughput microscopy (HTM) analyses,
cells were grown on WCLEAR flat-bottom 96-well plates (Greiner Bio-
One), and YH2AX immunofluorescence was performed using standard
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WG Rrm27/TS animals. TG, transgenic.

procedures. Images were automatically acquired from each well by an
Opera high-content screening system (PerkinElmer). A 20X magnifica-
tion lens was used, and pictures were taken under nonsaturating condi-
tions. Images were segmented using 4',6’-diamidino-2-phenylindole
(DAPI) staining to generate masks matching cell nuclei from which the
average YH2AX signal was calculated. Data are represented with the use of
Prism software (GraphPad Software).

RNA isolation and real-time PCR. Total RNA was isolated using an
Absolutely RNA Microprep kit (Stratagene) according to manufacturer’s
recommendations. cDNA was synthesized using a SuperScript IT Reverse
Transcriptase kit for reverse transcription-PCR (RT-PCR; Invitrogen).
Real-time PCR was performed using SYBR-Greener quantitative PCR
(qPCR) supermix (Invitrogen) in a real-time PCR system (Bio-Rad). The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression level
was used to normalize values of gene expression. Data are shown as fold
change relative to the level of the sample control, and at least two inde-
pendent experiments in triplicate were performed. Primers are available
upon request.

Flow cytometry. Cells were resuspended in a PBS solution contain-
ing 1% (wt/vol) bovine serum albumin (BSA), 10 wg/ml propidium
iodide, and 0.5 mg/ml RNase A and were analyzed by flow cytometry in
a FACSCalibur machine (BD).

RESULTS AND DISCUSSION

The Rrm1-W684G mutation causes early embryonic lethality in
mice. In order to evaluate the consequences of the W688G
change encoded by rurl (rnrl-W688G) in mammals, we gener-
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FIG 2 Normal RRM1 expression in Rrml1 ™" mice. (A) Representative picture of 4-month-old wt and Rrm1*/" littermates. (B) Weight distribution of
2-month-old wt and Rrm1 ™"V mice. (C) Real-time PCR (RT-PCR) analysis of Rrm1 mRNA levels in wt and Rrm1 ™S MEFs. Results are representative of three
independent experiments performed in triplicate. (D) Chromatogram of sequenced Rrm1 RT-PCR products obtained in the experiment described for panel C.
The arrows indicate the positions of the mutations (TGG — GGC) introduced in the Rrm 1"V allele. (E) Western blot showing the levels of RRM1 and RRM2 in
purified wt and Rrm1™"WE B cells after a 2-day stimulation with lipopolysaccharide from wt and Rrm1*"S mice. B-Actin is shown as a loading control. No
significant differences were found between the results of any of the analyses shown in the figure.

ated knock-in mice carrying the corresponding W684G muta-
tion encoded by the Rrm1 gene. To this end, a 16.8-kb region of
Rrm]I containing exons 14 to 19 was subcloned from a BAC and
subsequently mutated at the W684 position by recombineering
(Fig. 1A and B). The construct was subsequently used for the
electroporation of mouse embryonic stem (mES) cells, which
were selected for correct integration of the mutant sequence by
Southern blotting (Fig. 1C). Properly recombined ES lines were
used for the generation of mouse founder lines carrying the
mutation using standard procedures. Given that the targeting
construct carried a neomycin resistance cassette flanked by
FRT sites, Rrml mutant mice were initially crossed with a
transgenic mouse strain that ubiquitously expresses flippase
(22), which enabled the deletion of the neomycin cassette, leav-
ing exclusively the W684 mutation and an intronic FRT site in
the final allele (RrmI1™V©).

Although no obvious phenotypes were observed in Rrm1
mice, no Rrm1VYE mice were born, nor were we able to detect
homozygous mutant embryos at 13.5 or 10.5 days postcoitus
(dpc) (Fig. 1D and E). We also failed to generate homozygous
mutant ES lines from 3.5-dpc blastocysts, further underscoring
the essential nature of the mutation. Given the limiting role of
RRM2 levels for RNR activity in mammals, we sought to rescue
Rrm1"WS™S Jethality by crossing Rrm1 mutant heterozygous an-
imals with a transgenic mouse strain we recently generated that
harbors increased RRM2 levels and supraphysiological RNR ac-
tivity (7). However, increased RRM2 expression failed to rescue
the viability of RRM 1 mutant animals (Fig. 1F). Collectively, these
results reveal that the W684 residue of RRM1 is essential for mam-
malian cellular viability in a manner that cannot be rescued by an
additional supply of RRM2.

+/WG
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Rrm1*/YS mice present normal RRM1 levels and a profi-
cient RS response. In contrast to Rrm1™ "< mice, Rrm1*'W¢
mice were fertile, born at the expected ratios, and showed no ob-
vious phenotype (Fig. 2A and B). To determine if the essential
nature of the RrmI-W684G mutation was due to an effect on
protein levels, we first verified whether Rrm1 "< cells presented
normal expression of the mutant allele. RT-PCR followed by se-
quencing revealed equivalent expression levels of the mutant and
wild-type (wt) mRNAs in Rrm1"""VE cells (Fig. 2C and D). More-
over, Western blotting (WB) also failed to show any noticeable
differences in RRM1 protein levels between wt and heterozygous
cells (Fig. 2E). Hence, wt and RRM1-W684G (here, RRM1-WG)
versions of RRM1 coexist at similar levels in RrmI ™€ cells.

To overcome the limitations imposed by the lethality of the
mutation in mice and to further explore the consequences of
RRM1-WG expression in mammals, we developed a human cell
line where the expression of wt or mutant RRM 1 proteins could be
induced by doxycycline (Fig. 3A). In agreement with the absence
of obvious phenotypes in RrmI*"™S mice, overexpression of
RRM1-WG did not affect the phosphorylation of histone H2AX
that is induced upon exposure to the RNR inhibitor hydroxyurea
(HU) (Fig. 3B), nor did it have an obvious effect on cell viability or
cell cycle progression (Fig. 3C). The subcellular distribution and
stability of RRM1-WG were also comparable to those of the wt
RRM1 (Fig. 3D and E). Altogether, these results indicate that le-
thality of Rrm 1YV mice is not due to lower levels, altered dis-
tribution, or intrinsic toxicity of the RRM1-WG protein.

Despite the overall normal appearance of RrmI™YC heterozy-
gous mice and given the lethality of the mutation in homozygosis,
we next explored whether RNR function was even slightly com-
promised in RrmI*"™S cells. To investigate this possibility, we
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1+/+ 1+/WG

exposed Rrm and Rrm mouse embryonic fibroblasts
(MEFs) to HU. High-throughput microscopy (HTM) revealed
that HU-induced yH2AX levels were not altered in Rrml*/W¢
MEFs compared to those observed in littermate MEFs (Fig. 4A).
Of note, this assay is sensitive enough to detect even mild differ-
ences in RNR activity (3). Consistent with HTM data, phosphor-
ylation of CHK1 and RPA in response to HU as well as in response
to ionizing radiation (IR) was unaffected in ex vivo cultures of
Rrm1*"C B lymphocytes (Fig. 4B). Finally, given that the hema-
topoietic stem cell (HSC) compartment is particularly sensitive to
nucleotide levels and to RS (23-25), we evaluated the behavior of
Rrm1*""S HSCs in vivo. To this end, we evaluated how wt and
Rrm1"""G HSCs repopulated the bone marrow of mice exposed
to a sublethal dose of IR. In agreement with in vitro data, hemato-
poietic recovery of Rrml1 ™™ and Rrm1™'* cells showed no sig-
nificant differences (Fig. 4C). Collectively, the results above show
that the expression of RRM1-WG at around half of the total
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amount of RRM1 does not have a detectable impact on mamma-
lian cells, supporting the notion that RRM1 exists largely in excess
and that RNR activity is mostly dependent on RRM2 levels.
RRM1-WG binds to RRM2 in vitro but not in vivo. Even if
Rrm1*"™S mice and cells had no obvious phenotype, the lethality
of the allele in homozygosis indicated that the mutant protein was
not functional. In yeast, the Rnr1-W688G mutation leads to con-
stitutive binding of the RNR inhibitor Sml1 to Rnr1. The binding
of murine RRM1-WG to a yet unidentified RNR inhibitor could
also potentially explain the lethality of RrmI™<"S mice. To
search for proteins that more avidly bound to RRM1-WG than
to wt RRM1, we purified streptavidin-tagged RRM1 proteins
and looked for interactors by mass spectrometry (MS). The
purification pipeline was validated since RRM1 and both
RRM2 and RRM2B were the proteins identified with the high-
est number of peptides in these assays. However, no proteins
that distinctively bound RRM1-WG (versus RRM1) were
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for 4 h. Data from two independent experiments are shown, and the panel
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Gy). Platelet and leukocyte levels are from wt and Rrm1*""S miceat 1 to 6
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(n = 6). No significant differences were found between results of any of the
analyses shown in the figure.

found by MS. In contrast, we observed a major reduction in the
number of RRM2 and RRM2B (RRM2/B) peptides that were
brought down in RRM1-WG purifications (Fig. 5A). WB con-
firmed a very significant reduction of the levels of RRM2 and
RRM2B in RRM1-WG pulldown assays (Fig. 5B). The incapac-
ity of RRM1-WG to participate in RNR complexes explains
both the lethality of Rrm 1™ "V< mice and the absence of toxic
effects of the mutant protein even when it is overexpressed. In
addition, it explains the absence of major phenotypes if
Rrm1*""S mice and cells since the mutation does not generate
a dominant negative version but, rather, an inert RRM1 vari-
ant.

While loss of RNR complex formation could explain the lethal-
ity observed in Rrm 1< mice, this finding stands in contrast to
the impact of the mutation in Saccharomyces cerevisiae. In yeast,
although the Rnr1-W688G mutation led to increased Rnrl-Smll
binding, the formation of the RNR complex was not compro-
mised. Moreover, deletion of Sml1 rescued the Rnr1-WG pheno-
types (20). Interestingly, Chabes and colleagues reported that re-
combinant yeast Smll competes with RRM2 binding to human
RRM1, disrupting RNR complex formation (17). Hence, our ob-
servation of lower levels of RRM2 in streptavidin-RRM1 pull-
down assays allowed two interpretations. The W684G mutation
could directly impair the binding of murine RRM1 to RRM2.
Alternatively, the mutation could increase the binding of RRM1 to
another protein, precluding the RRM1-RRM2 interaction.

To distinguish between these two possibilities, we analyzed the
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in vitro capacity of RRM1-WG to form an RNR complex. To this
end, we first expressed and purified mutant and wt RRM1, as well
as RRM2 and RRM2B proteins, with an N-terminal His tag from
E. coli. RRM1 proteins were additionally expressed with an N-ter-
minal Strep tag to allow independent purification. Using purified
proteins, we first confirmed that RRM1-WG can bind to wt RRM1
and form the R1 homodimer (Fig. 5C). Second, we tested whether
RRM1-WG was able to bind RRM2 or RRM2B in vitro. Indeed,
recombinant RRM1-WG bound both RNR regulatory subunits as
efficiently as wt RRM1 (Fig. 5D). Hence, the introduction of the
W684G mutation in murine RRM1 does not intrinsically affect its
binding to RRM2 or RRM2B. Finally, to further search for factors
that could bind preferentially to RRM1-WG and prevent its bind-
ing to RRM2 and given that recombinant proteins were proficient
in the formation of an RNR complex, Strep-RRM1 and Strep-
RRM1-WG proteins were reversibly linked to Strep-Tactin beads
and used as baits for pulldown assays. Once again, MS analyses
failed to detect any preferential interactors of RRM1-WG. In con-
trast and in agreement with our previous approach, recombinant
RRM1-WG failed to pull down RRM2 and RRM2B as efficiently as
wt RRM1 (Fig. 5E and F). In summary, whereas RRM1-WG can
bind to RRM2/B in vitro, it fails to form an RNR complex in vivo,
which explains the lethality of Rrm1™YS"™S mice.

We here present the characterization of the first loss-of-func-
tion mouse model of RRM1, the mammalian catalytic subunit of
the RNR. Our approach was based on a recently described muta-
tion in yeast, which led to increased binding of Rnr1 to the RNR
inhibitor Smll. The present work reveals that the mutation also
compromises RRM1 function in mice, yet the mechanism differs
from that reported in yeast. In mice, the RRM1-W684G mutation
prevents the RRM1-RRM2/B interaction, leading to early embry-
onic lethality. It is possible that the change of a tryptophan residue
affects RRM1 binding to other essential proteins, such as the re-
cently described interaction with CHK1 (26), although we failed
to detect CHK1 in our analyses. Intriguingly, recombinant
RRM1-WG interacts normally with RRM2/B in vitro, which raises
the question of why the RNR complex does not form in vivo. One
option is that additional posttranslational modifications (PTM)
that occur in vivo are responsible for this observation. Alterna-
tively, RRM1-WG could bind to another protein in vivo, prevent-
ing RRM1 binding to RRM2/B. Unfortunately, we have been un-
able to find such a factor. Of note, all of our RRM1 or RRM2
pulldown assays failed to identify the recently described RNR in-
hibitor IRBIT (19), which might be related to the fact that the
IRBIT-RNR interaction seems limited to mitosis. Regardless of
the in vitro binding, the fact that the mutant protein fails to par-
ticipate in RNR complexes in vivo explains the absence of toxic
effects of RRM1-WG even when it is overexpressed. Finally, the
absence of a phenotype of RrmI1™"V< mice, even when they are
challenged with DNA damage, indicates that the levels of murine
RRMLI are not limiting for RNR function, which would mostly
depend on the availability of RRM2. This observation is particu-
larly relevant, given that RRM1 levels are considered a biomarker
of sensitivity to chemotherapy in cancer treatment, yet different
studies have yielded conflicting results (27). Whereas we do not
dispute that severely reduced RRM1 levels might sensitize cells to
genotoxic agents, our results indicate that reductions of as much
as 50% of RRM 1 would have a negligible impact on RNR function,
and thus any meaningful changes in expression should further
reduce RRM1 expression.
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