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The diferric-tyrosyl radical cluster of ribonucleotide
reductase and cytosolic iron-sulfur clusters have distinct
and similar biogenesis requirements
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How each metalloprotein assembles the correct metal at the
proper binding site presents challenges to the cell. The di-iron
enzyme ribonucleotide reductase (RNR) uses a diferric-tyrosyl
radical (Fe',-Y’) cofactor to initiate nucleotide reduction.
Assembly of this cofactor requires O,, Fe'', and a reducing
equivalent. Recent studies show that RNR cofactor biosynthesis
shares the same source of iron, in the form of [2Fe-2S]-GSH,
from the monothiol glutaredoxin Grx3/4, and the same electron
source, in the form of the Dre2-Tah18 electron transfer chain,
with the cytosolic iron-sulfur protein assembly (CIA) machinery
required for maturation of [4Fe-4S] clusters in cytosolic and
nuclear proteins. Here, we further investigated the interplay
between the formation of the Fe™™,-Y" cofactor in RNR and the
cellular iron-sulfur (Fe-S) protein biogenesis pathways by exam-
ining both the iron loading into the RNR 8 subunit and the RNR
catalytic activity in yeast mutants depleted of individual compo-
nents of the mitochondrial iron-sulfur cluster assembly (ISC)
and the CIA machineries. We found that both iron loading and
cofactor assembly in RNR are dependent on the ISC machinery.
We also found that Dre2 is required for RNR cofactor formation
but appears to be dispensable for iron loading. None of the CIA
components downstream of Dre2 was required for RNR cofac-
tor formation. Thus, the pathways for RNR and Fe-S cluster bio-
genesis bifurcate after the Dre2-Tah18 step. We conclude that
RNR cofactor biogenesis requires the ISC machinery to mature
the Grx3/4 and Dre2 Fe-S proteins, which then function in iron
and electron delivery to RNR, respectively.
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Iron is an essential element for all eukaryotes because of its
role as a redox-active cofactor in many fundamental biological
reactions including respiration, ribosomal biogenesis, DNA
replication, and repair. Many cytosolic and nuclear enzymes
use iron as a cofactor in the form of iron-sulfur (Fe-S)* clusters,
heme, mono-iron, and di-iron. Given the abundance of metal-
loproteins in the prokaryotic and eukaryotic proteomes, a main
challenge for the cell is to load the Fe>" onto the proper binding
site and convert it to into the active forms (1).

One family of di-iron enzymes is the class Ia ribonucleotide
reductases (RNRs). RNRs catalyze the conversion of ribonucle-
oside 5'-diphosphates (NDPs) to the corresponding deoxyribo-
nucleotides in some prokaryotes and all eukaryotes, providing
the monomeric building blocks for DNA replication and repair
(2, 3). All class Ia RNRs utilize a diferric-tyrosyl radical (Fe'",-
Y") metallocofactor to catalyze the nucleotide reduction reac-
tion. The level of the tyrosyl radical (Y*) of the Fe'",-Y* cofactor
is directly correlated with the catalytic activity of the RNR
enzyme (4, 5). The RNR holoenzyme consists of a and 3 sub-
units with a likely active quaternary structure of (a,),.(8,),, (6).
Subunit « contains the active site where NDPs are reduced and
the allosteric effector-binding sites that control substrate spec-
ificity and overall activity. Subunit 8 houses the Fe',-Y" cofac-
tor that is assembled from Fe', O,, and a reducing equivalent.
Structural and biochemical studies of Escherichia coli o, and 3,
support a mechanism in which the Y* in S is required for the
reversible oxidation, over a distance of 35 A, of a conserved
cysteine within the active site of « into a transient thiyl radical,
which initiates the nucleotide reduction reaction (7).

Previous biochemical studies of the E. coli NrdB (83,) as well
as other eukaryotic 8,5 have demonstrated that the Fe',-Y*
cofactor can be generated in vitro by self-assembly from apo-3,,
Fe', and O,, with Fe' serving as both the metal ligand and the
source of the obligatory reducing equivalent (Fig. 14) (4, 8).
However, Fe' is unlikely the electron donor in vivo because it is
highly redox-reactive and has to be chaperoned inside the cell
(9). Moreover, the self-assembly process is difficult to control

“The abbreviations used are: Fe-S, iron-sulfur cluster; RNR, ribonucleotide
reductase; ISC, iron-sulfur cluster assembly; CIA, cytosolic iron-sulfur pro-
tein assembly; RT-gPCR, reverse transcription and quantitative real-time
PCR; Fe',-Y’, diferric-tyrosyl radical.
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Connection between RNR cofactor and Fe-S cluster biogenesis
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Figure 1. Therelationship between the cofactor assembly in RNR and the
pathways of iron-sulfur protein biogenesis in the mitochondria (ISC) and
the cytosol (CIA) is shown. A, self-assembly of the RNR metallocofactor. The
Fe".-Y* cofactor can self-assemble in vitro from apo-B, Fe', and O, in a four-
electron reduction of O, with the indicated stoichiometry. Of the four elec-
trons required, two are from the two Fe" ions serving as the metal ligand and
one from a conserved tyrosine residue that is converted into a tyrosyl radical
(Tyr-O). The fourth electron, which can come from the excess of Fe' in vitro,
has to be supplied by an electron donor in vivo. B, connection between RNR
radical cofactor assembly and cellular Fe-S protein biogenesis. Assembly of
the Fe",-Y" cofactor in Rnr2 (B) is facilitated by Rnr4 (8'), which stabilizes 8 in
a conformation that allows iron binding. The monothiol glutaredoxins Grx3/4
function as [2Fe-2S]-GSH,-bridged dimers, and are required for several
aspects of intracellulariron metabolism. They are involved inintracellulariron
regulation (not depicted here), cytosolic Fe-S protein assembly, and in the
formation of the Fe'",-Y" cofactor in RNR. The CIA pathway and RNR cofactor
assembly share the electron donor complex Tah18-Dre2, which delivers elec-
trons from NADPH to the scaffold protein complex Cfd1-Nbp35in the CIA and
to Bin RNR. Genetic and physical interactions have been observed between
Dre2 and Grx3/4 in both yeast and human cells (14, 29, 30), although the
mechanistic basis of this interaction is unclear.

and of varying efficiency, pointing to the importance of a regu-
lated and catalyzed biosynthesis pathway in vivo.

The RNR of budding yeast Saccharomyces cerevisiae has
been an excellent model system for studying the proteins
involved in the RNR metallocofactor biosynthesis. S. cerevisiae
RNR has two B isoforms, Rnr2 () and Rnr4 ('), which readily
form the active BB’ heterodimer from apo-f3, and apo-B8', (5,
10). Only Bis capable of iron binding and cofactor assembly and
thus there is a maximum of one Y" radical per BB’ (11). Subunit
B’ can neither bind iron nor form its own cofactor because of
multiple substitutions of the conserved iron-binding residues
(12, 13). However, B’ is required to maintain 3 in a conforma-
tion competent for iron binding and cofactor assembly both in
vivo and in vitro (12, 14). The two key issues of in vivo RNR
cofactor assembly are the sources of iron and reducing equiva-
lent. Our recent studies have demonstrated that the paralogous
monothiol glutaredoxins Grx3 and Grx4 are required for iron
loading into B (15), whereas the electron donor complex
Dre2-Tah18 is required for RNR cofactor formation in yeast
cells (16).

Both Grx3/4 and Dre2-Tah18 are evolutionarily conserved in
eukaryotes; the human homologs can substitute the essential
function of their respective yeast counterparts (17-20). Grx3
and Grx4 form a heterodimer bridged by a [2Fe-2S] cluster
ligated to glutathione that is involved in the trafficking and
delivery of iron to almost all iron-requiring proteins inside the
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cell (15). Dre2 contains a [2Fe-2S] cluster and a [4Fe-4S] cluster.
In vivo, Dre2 forms a complex with the diflavin reductase
Tah18, thus constituting an electron-transfer chain in which
electrons are relayed from NADPH via the FAD- and FMN-
containing Tah18 to the [2Fe-2S] cluster of Dre2 (19). In addi-
tion to being essential to RNR cofactor formation, Grx3/4 and
Dre2-Tah18 are also required for cytosolic Fe-S protein assem-
bly pathway (CIA). The CIA pathway is responsible for biogen-
esis of the [4Fe-4S] cluster in many cytosolic and nuclear pro-
teins that function in divergent processes such as ribosome
maturation, tRNA modification, and DNA replication and
repair (21, 22). The first step of CIA involves formation of a
transient [4Fe-4S] cluster on the scaffold protein complex
Cfd1-Nbp35, which requires a sulfur-containing compound
synthesized by the mitochondrial Fe-S cluster assembly (ISC)
machinery and exported via the mitochondrial inner mem-
brane ABC transporter Atml (Fig. 1B). In addition, CIA
requires Grx3/4 function and reducing equivalents from Dre2-
Tah18 (21). The Dre2-Tah18 electron donor complex acts at an
early step in CIA, and is required for the generation of the
N-terminal [4Fe-4S] cluster of Nbp35 (19).

Our previous studies have established that the formations of
two different iron-containing cofactors, the Fe'™,-Y* of RNR
and the [4Fe-4S] cluster in cytosolic and nuclear proteins, share
the requirement of Grx3/4, likely as an iron donor, and of Dre2-
Tah18 as the source of electrons. In this work, we further inves-
tigate the connection between the two processes. In particular,
we asked whether iron loading and/or radical cofactor forma-
tion in RNR is dependent on specific components of the ISC or
CIA machinery. Our results indicate that the ISC machinery,
together with Grx3/4, is essential for both iron loading and
radical cofactor formation in RNR. In contrast, the CIA com-
ponents are dispensable for these steps with the exception of
Dre2 that supplies electrons for RNR cofactor formation,
downstream of the iron-loading step.

Results

Depletion of ISC and CIA components under iron-replete
conditions decreases both RNR B3’ activity and the 3 protein
level

To determine the contribution of the mitochondrial and
cytosolic Fe-S biogenesis machineries to the radical cofactor
assembly process in RNR, we examined the effects of depletion
of individual components of the ISC and CIA on the catalytic
activity of BB’ by a previously developed permeabilized cell-
based RNR activity assay (14). Toward this end, individual ISC
and CIA genes were placed under the control of the glucose-
repressible GALI promoter by homologous recombination-
based replacement of the native promoters at their respective
chromosomal loci (23). These strains were grown in rich media
containing either galactose (YPGal, GAL promoter-on) or glu-
cose (YPD, GAL promoter-off) for 40 h before being harvested
for assays of RNR BB’ catalytic activity in the presence of an
excess of the a subunit. Wild-type cells grown in YPD exhibited
70% of the RNR activity compared with growth in YPGal (Fig.
2A). Consistent with our previous report (14), GalDRE2 cells
grown in YPD only had 15% of the RNR activity as those grown
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Figure 2. Comparison of the RNR B’ activity in the Gal-ISC and Gal-CIA mutants grown in iron-replete rich media under GAL-on and GAL-off
conditions is shown. A, measurement of the B3’ catalytic activity in permeabilized spheroplasts of wild-type, GaINFS1, GalATM1, GalDRE2, GalCFD1, GalNBP35,
GalNAR1, and GalCIA1 strains grown in rich media containing galactose (YPGal, GAL-on, solid lines) or glucose (YPD, GAL-off, dashed lines). Cells from log-phase
cultures were harvested and converted into spheroplasts, and the catalytic activity of B3’ was assayed in the presence of an excess of a, as described previously
(14). Values are given as means = S.D. (n = 4). OD, optical desity. B, comparison of the protein levels of Rnr2 (8) in the wild-type (WT) and Gal strains grown in
rich media containing glucose (D, GAL-off) or galactose (G, GAL-on). Total protein extracts from an equal number of log-phase cells were loaded for each sample.
The protein blot was probed with anti-Rnr2 polyclonal antibodies (top panel) and stained with Amido Black (bottom panel) as a control for loading. Relative Rnr2
signals were normalized against that of the WT in YPD, which was set to 1. The Western blotting was done three times from independently grown cultures; one
representative blot was shown with quantitation. C, relative specific activities of B3’ after being normalized against the levels of the Rnr2 (8) protein, with the
activity of WT cells in YPD arbitrarily defined as 100%. D, comparison of mRNA levels of RNR2 and RNR4 in wild-type, GaINFS1, GalATM1, GalDRE2, GalCFD1,
GalNBP35, and GalCIAT cells by RT-qPCR. The signals of RNR2 and RNR4 were normalized against that of ACT1 in each strain, and the resulting ratios in the
wild-type cells were arbitrarily defined as 1-fold. Values are given as means + S.D. (n = 3).

in YPGal. Under the same growth conditions, all six Gal-ISC
and Gal-CIA mutants characterized exhibited various degrees
of reduction in RNR activity (Fig. 24).

The differences in the BB’ activity may reflect the severely
decreased B and B’ protein levels in the Gal-ISC and Gal-CIA
mutants (Fig. 2B). As observed previously Dre2-depleted cells
had a significantly reduced B protein level (16). We therefore
corrected the Rnr2 activity results for B protein levels. The
resulting relative Rnr2 activities fell into two groups: those for
GalNFS1 and GalATMI cells were lower than those for Gal-
DRE?2 cells, whereas those for GalCFD1, GalNBP35, GalNARI,
and GalCIA1 cells were much higher (Fig. 2C). The correction
for Rnr2 protein levels seemed justified because its decrease
was mainly because of a lower transcription of the RNR2 gene
and thus lower mRNA levels (Fig. 2D). Our recent study had
shown that the decrease in Rnr2 and Rnr4 mRNA levels in the
GalDRE2 mutant is partially because of Cthl/2-mediated
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mRNA degradation (16). Taken together, these results pro-
vided a first hint that the later CIA components may not play a
major role in RNR cofactor biogenesis.

Activity assay of RNR B’ in the ISC- and CIA-depletion
mutants under iron-deficient conditions revealed a
requirement for ISC and Dre2 but for none of the other CIA
components

We searched for an experimental condition under which the
Rnr2/4 levels do not alter strongly. From previous work, we
knew that under iron-limiting conditions the Rnr2 levels hardly
change (15). We therefore repeated the experiment of Fig, 2 and
grew the cells in the synthetic iron-free instead of rich medium,
with either galactose (GAL-on) or glucose (GAL-off) as the sole
carbon source, for 40 h before harvesting them for RNR activity
assay and protein analysis. Protein blotting revealed more con-
sistent Rnr2 protein levels across the strains under both

J.Biol. Chem. (2017) 292(27) 11445-11451 11447
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Figure 3. Comparison of the RNR B’ activity in the Gal-ISC and Gal-CIA mutants grown in iron-free media under GAL-on and GAL-off conditions is
shown. A, comparison of the Rnr2 (B) protein levels in the wild-type and the indicated Gal mutants grown in synthetic and iron-free media containing glucose
or galactose as described in Fig. 2B. The Western blotting was done three times from independently grown cultures; one representative blot was shown with
quantitation. B, measurement of the BB’ activity in permeabilized spheroplasts of the indicated strains grown in synthetic and iron-free media containing
either galactose (GAL-on, solid lines) or glucose (GAL-off, dashed lines) as described in Fig. 2A. Values are given as means = S.D. (n = 4). C, comparison of the

relative specific activities of BB’ as described in Fig. 2C.

GAL-on and GAL-off conditions when cells were iron-starved,
although the levels were still slightly lower in the Ga/ mutants
relative to the wild-type under GAL-off conditions (Fig. 3A).
Hardly any variation in RNR activity (5.01-5.67 nmol dCDP/
Agoo cells) was found among the wild-type and Gal strains
under iron-free and GAL-on conditions (Fig. 3B), as opposed to
the high variation (11.9-22.8 nmol dCDP/A, cells) in the
iron-rich and GAL-on (YPGal) medium (Fig. 24). Under iron-
free and GAL-off conditions, RNR activity of these strains
clearly fell into two categories. All the Gal-CIA strains with the
exception of Ga/DRE2 had an RNR activity comparable with
that of the wild-type. On the contrary, Ga/DRE2 and the two
ISC mutants Ga/NFSI and GalATM1I had a drastically dimin-
ished RNR activity relative to the wild-type (Fig. 3B). After cor-
rection for Rnr2 protein levels, the relative specific activities of
BB’ were drastically lower in cells depleted of Nfs1, Atm1, or
Dre2, ranging from 3 to 34% of the level of the wild-type under
Gal-off conditions (Fig. 3C). By contrast, depletion of the CIA
components Cfdl, Nbp35, Narl, and Cial did not cause any
decrease in the RNR specific activity. (Fig. 3C). Taken together,
these results strongly indicated that the assembly of the metal-
locofactor in RNR, as measured by the catalytic activity of B3,

11448 J Biol. Chem. (2017) 292(27) 1144511451

requires the mitochondrial ISC system and Dre2, but not the
rest of the CIA components downstream of Dre2.

Iron loading into 3 requires ISC but not Dre2 and the
remainder of the CIA components

Our recent studies have demonstrated that in vivo assembly
of the Fe'™,-Y" cofactor in B (Rnr2) of the yeast RNR requires
Grx3/4 as the source of iron, Dre2-Tah18 as the source of
reducing equivalents, as well as B’ (Rnr4) that stabilizes B in a
conformation to allow stable iron binding (14 —-16). One unre-
solved question was whether the iron loading into 8 occurs
independently of the electron delivery step. Another important
issue was the potential involvement of the ISC and CIA machin-
eries in these two steps. Maturation of the electron-transferring
[2Fe-2S] cluster in Dre2 is dependent on the ISC and Grx3/4,
whereas iron binding of Grx3/4 is independent of Dre2 (15, 19).
To address which components of the ISC and CIA are required
for iron loading into 3 of the RNR, we used an established *°Fe
radiolabeling and immunoprecipitation assay in wild-type,
Gal-ISC, and Gal-CIA mutant cells (24). *°Fe loading into 3
was decreased 2.5- to 5-fold in the GalNFSI, GalATM1I, and
GalGRX3/grx4A mutants, but was unaffected in the Ga/DRE2,

SASBMB
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Figure 4. Iron loading into Rnr2 protein depends on the mitochondrial
ISC system and cytosolic Grx3/4 proteins but not the CIA machinery. A
and B, wild-type (WT), GaINFS1, GalATM1, GalDRE2, GalCFD1, GalNBP35, Gal-
NAR1, and Gal-GRX4grx3A cells were grown in a synthetic iron-free medium
containing glucose (GAL-off) for 40 h or 64 h (26) before being radiolabeled
with *>FeCl, for 2 h. After >*Fe incorporation, the Rnr2 (A) and Leu1 (B) pro-
teins were immunoprecipitated with specific polyclonal antibodies. Incorpo-
ration of >*Fe into Rnr2 and Leul was quantified by scintillation counting.
Values are given as means = S.D. (n = 3). C, comparison of protein levels of
Rnr2, Leu1, as well as individual ISC and CIA components in wild-type (WT),
GalNFS1, GalATM1, GalDRE2, GalCFD1, GalNBP35, GaINAR1, and Gal-
GRX4grx3A mutant cells by Western blot. The protein blot was also probed
with anti-Porin as a loading control.

GalCFD1, GalNBP35, and GalNARI mutants relative to the
wild-type control (Fig. 44). To monitor the efficiency of protein
depletion in the Gal-ISC and Gal-CIA mutants, we measured in
parallel the *°Fe incorporation into Leul, the cytosolic Fe-S
cluster-containing isopropylmalate isomerase. *°Fe loading
into Leul was greatly diminished in all ISC- and CIA-depleted
mutant cells, consistent with the notion that Fe-S cluster
assembly in this cytosolic protein depends on both the ISC and
CIA machineries (Fig. 4B). The protein levels of Rnr2, Leul, as
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well as individual ISC and CIA components being depleted
were monitored by Western blotting. The levels of Rnr2 and
Leul were comparable across the strains except for the marked
decrease of Leul in the GalGRX3/grx4A mutant (Fig. 4C), an
observation consistent with earlier findings (15). Together, our
results indicated that iron loading into RNR was dependent on
the ISC but none of the CIA components. We conclude that
iron loading into 3 can occur in the absence of electron delivery
from Dre2.

Discussion

The molecular requirements for correct metalation of many
metalloenzymes are poorly understood. In this study, we dis-
sected the key steps involved in the assembly of the Fe' -Y*
metallocofactor of the yeast RNR. Based on our previous obser-
vation that RNR cofactor assembly and the CIA share the same
sources of iron and electron supply, we further examined the
requirement of individual ISC and CIA components for RNR
iron acquisition and cofactor formation. In particular, we asked
whetherthestepsofironloadingandelectrondeliveryareinterde-
pendent during cofactor assembly in RNR or can occur in a
stepwise fashion. Several conclusions can be drawn from this
study. First, iron loading into RNR is dependent on the mito-
chondrial ISC system and the previously identified cytosolic
Grx3/4, but not on the CIA machinery. Second, the electron
donor Dre2 is dispensable for the iron-loading step in RNR
cofactor assembly, suggesting that iron can assemble with 3
relatively stably without being converted to the active cofactor
Fe'™,-Y" by further electron supply (Fig. 1B). Third, none of the
CIA components downstream of Dre2 participates directly in
the RNR radical cofactor formation.

The requirement of the mitochondrial ISC machinery for
iron loading into RNR is likely because of the essential role of
ISC in the biogenesis of the cytosolic Fe-S proteins Grx3/4 and
Dre2. Their maturation requires the ISC but not the CIA
machinery (15, 19). Accordingly, we observed a severe diminu-
tion of the RNR activity in ISC- and Dre2-depletion mutants
but not in any of the other CIA mutants downstream of Dre2.
The increase of RNR BB’ catalytic activity in CIA-depletion
mutants relative to wild-type cells (Fig. 3C) suggests that under
iron-limiting conditions, blocking of the CIA pathway may
allow for more bioavailable iron to be funneled into RNR,
thereby enhancing its cofactor assembly process. This notion
was consistent with the observed moderate increase of *°Fe
incorporation into the RNR 3 (15)(Fig. 4A).

Dre2 (together with its electron supply partner Tah18) (Fig.
1B) stands unique among all the CIA components identified to
date because of its dual role as an electron donor both in cyto-
solic Fe-S protein maturation and in RNR cofactor assembly. It
is evident from our studies that Dre2 is essential for assembly of
the active Fe',-Y* cofactor of RNR but dispensable for the ini-
tial step of iron loading into B. Iron loading also appears to
occur independently of the Dre2-mediated electron-delivery
step during the maturation of [4Fe-4S] in cytosolic and nuclear
proteins, as depletion of Dre2 leads to an increase in *°Fe incor-
poration into the CIA scaffold protein Cfdl but abolishes
®°Fe-S insertion in all the rest of the CIA components and
downstream substrate proteins (19). Although Dre2 is unlikely
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directly involved in the iron loading step mediated by Grx3/4,
we cannot rule out the possibility that Dre2 can become critical
for loading of the correct metal (e.g. iron versus manganese) into
RNR under conditions of skewed cellular metal pools.

Experimental procedures
Strains and media

All yeast strains used for RNR activity assay in this study
were of the S288C strain background. GalNFS1, GalATM],
GalCFD1, GalNBP35, GalNARI, and GalCIAI strains were
constructed in the BY4741 strain (MATa, his3A1, leu2A0,
metl15A0, ura3A0) and GalDRE2 in BY4742 (MATw, his3A1,
leu2A0, lys2A0, ura3A0) by replacing the endogenous promot-
ers with the galactose-inducible GALI promoter that was
marked by HIS3MX6 as described (23). Transformants were
selected on synthetic complete histidine dropout agar plates
(SC-His) containing 1% raffinose and 1% galactose, and con-
firmed by PCR diagnosis as well as Western blot using specific
antibodies recognizing individual CIA and ISC components.
The GalGRX4grx3A strain was described previously (15). The
strains used for *°Fe incorporation analysis were of the W303
background.

Rich YP medium contained 1% yeast extract, 2% peptone,
and 2% of one of the following three carbohydrates as the sole
carbon source: glucose (YPD) that represses the GALI pro-
moter (GAL-off), raffinose (YP-Raffinose) that keeps the GALI
promoter at the basal level of transcription activity (uninduced
state), or galactose (YPGal) that activates the GALI promoter
(induced state or GAL-on). Synthetic complete (SC) medium
contained 0.17% yeast nitrogen base (YNB) (MP Biomedicals),
0.5% (NH,),SO,, 20 amino acids (Sigma) as described (25), and
the indicated carbon source. The iron-free medium was based
on the SC medium except for the use of an iron-free YNB (Sun-
rise Science Products). All solid media contained 2% Bacto Agar
that was added before autoclaving.

>>Fe incorporation analysis

Radiolabeling of yeast cells with >*FeCl, and measurement of
**Fe incorporation into RNR and Leul by immunoprecipitation
were performed as described (26).

Protein analysis

Yeast cells were harvested from early- to mid-log phase cul-
tures (A 4o 0.5—-1.0). Protein extracts were prepared by trichlo-
roacetic acid precipitation (10) and subjected to Western blot-
ting. Antibodies used for Western blotting were anti-G6PDH
(Sigma-Aldrich); anti-Rnr2 and anti-Rnr4 (13); anti-Leul, anti-
Nfs1, anti-Atm1, anti-Dre2, anti-Cfd1, anti-Nbp35, anti-Nar1,
anti-Grx4, and anti-Porin as described previously (15). Signals
from protein blots were recorded and quantitated by using
ChemiDoc MP Imaging System (Bio-Rad) or enhanced chemi-
luminescence imaging system (Intas, Gottingen, Germany).

RNA extraction, reverse transcription, and quantitative real-
time PCR (RT-qPCR)

Yeast strains were grown in YPD medium with starting Ay, =
0.002 for 16 h. Cells were harvested from early- to mid-log
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phase cultures and total RNA was extracted by using a hot-
phenol method (27) Ten ug of total RNA were treated with 10
units of RNase-free DNase I (New England Biolabs) for 30 min
at 37 °C to remove contaminating DNA. First-strand cDNA
synthesis was carried out by M-MuLV Reverse Transcriptase
(New England Biolabs) on aliquots of 1 ug RNA with a random
primer mix. The single-stranded cDNA products were used in
quantitative PCR on a Bio-Rad CFX96 Real-Time PCR Detec-
tion System based on SYBR Green fluorescence. Sequences of
oligonucleotide pairs used were 5'-CCTAAAGAGAC-
CCCTTCCAAAG-3" and 5 -GCCTTGTGATTTTCAG-
CGTC-3" for RNR2; 5'-CATAAGGCTGCTTTCATC-
GAG-3"and 5'-CTGTTGGCCATTGCTAAACC-3' for RNR%;
5'-GTATGTGTAAAGCCGGTTTTG-3" and 5'-CATGA-
TACCTTGGTGTCTTGG-3' for ACT1I.

RNR BB’ activity assays in permeabilized spheroplasts

Preparation of permeabilized yeast spheroplasts and mea-
surement of RNR activity were performed as described previ-
ously (14). Assay of BB’ activity in permeabilized spheroplasts
was performed in the presence of an excess of «, (4.4 uM) using
DTT as a reductant. Production of [PH]dCDP at 0-, 5-, and
10-min time points was calculated and normalized against cell
number using A, (28).

Author contributions—M. H., R. L., and J. S. designed the study and
wrote the paper. H. L. performed RNR activity using permeabilized
yeast cells. M. S. characterized **Fe incorporation in GAL depleted
strains. C. Z. determined RNR mRNA and protein levels. X. A. con-
structed the GAL promoter replacement strains in the S288C back-
ground. All authors analyzed the results and approved the final ver-
sion of the manuscript.
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