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The Streptococcus pyogenes genome harbors two clusters of class Ib ribonucleotide reductase genes, nrdHEF and
nrdF*I*E*, and a second stand-alone nrdI gene, designated nrdI2. We show that both clusters are expressed
simultaneously as two independent operons. The NrdEF enzyme is functionally active in vitro, while the NrdE*F*
enzyme is not. The NrdF* protein lacks three of the six highly conserved iron-liganding side chains and cannot form
a dinuclear iron site or a tyrosyl radical. In vivo, on the other hand, both operons are functional in heterologous
complementation in Escherichia coli. The nrdF*I*E* operon requires the presence of the nrdI* gene, and the nrdHEF
operon gained activity upon cotranscription of the heterologous nrdI gene from Streptococcus pneumoniae, while
neither nrdI* nor nrdI2 from S. pyogenes rendered it active. Our results highlight the essential role of the flavodoxin
NrdI protein in vivo, and we suggest that it is needed to reduce met-NrdF, thereby enabling the spontaneous
reformation of the tyrosyl radical. The NrdI* flavodoxin may play a more direct role in ribonucleotide reduction by
the NrdF*I*E* system. We discuss the possibility that the nrdF*I*E* operon has been horizontally transferred to
S. pyogenes from Mycoplasma spp.

Ribonucleotide reductases (RNRs) are a group of enzymes
that carry out the only metabolic pathway for providing living
cells with optimal amounts of the necessary buildings blocks
for DNA replication and DNA repair (29). Three classes of
RNRs (I, II, and III) have been characterized to date accord-
ing to their different mechanisms for radical generation, allo-
steric regulation, and oxygen dependence and for their quater-
nary structural differences, but all of them have in common a
reaction mechanism based on radical chemistry and the cata-
lytic core structure (29).

Class I RNRs (which are further subdivided into class Ia and
class Ib) are composed of two homodimeric proteins, R1 (�2)
and R2 (�2). The larger � subunit contains the catalytic and
allosteric sites, while the smaller � subunit harbors a stable free
radical at a tyrosine residue and a diiron center bridged by an
oxo (O2�) ion. Class Ib shares with class Ia this subunit com-
position as well as all conserved residues, including the tyrosyl
radical and the iron ligands in the � subunit and the active-site
cysteines in the � subunit, but all class Ib � subunits lack
approximately 50 N-terminal amino acids that constitute the
allosteric-activity site. The � and � subunits are encoded by the
nrdA and nrdB genes for class Ia and the nrdE and nrdF genes
for class Ib. Class Ib operons contain two additional nrd genes:
nrdH, which encodes an electron donor glutaredoxin-like pro-
tein (19), and nrdI, which encodes a small flavoprotein whose

function remains unknown (18). Typically, class Ib nrd genes
are arranged as an nrdHIEF operon, although examples of
bacteria bearing class Ib genes in slightly different patterns
have been described as well (43).

The genome of the gram-positive bacterium Streptococcus
pyogenes (group A Streptococcus) harbors three different clus-
ters of genes involved in ribonucleotide reduction (10). One
cluster contains the genes for the anaerobic class III RNR and
its cognate activase (nrdDG), but surprisingly, each of the two
other clusters contains genes to form unique class Ib operons
(nrdHEF and nrdF*I*E*). The S. pyogenes genome also con-
tains a second stand-alone copy of an nrdI gene (designated
nrdI2 in this work) elsewhere in the chromosome. Two features
make the class Ib operons in S. pyogenes unique. First, the
operons are arranged in a way that deviates from the common
nrdHIEF operon structure, and second, three residues involved
in iron binding are not conserved within the � subunit of the
nrdF*I*E* operon.

Although it is common to find multiple RNR classes within
a single microorganism (41), just a few cases of potential re-
dundancy, i.e., with a duplication of nrd genes belonging to the
same class, have been characterized. Saccharomyces cerevisiae
has a class Ia redundancy (Rnrp1 to Rnrp4), and Mycobacte-
rium tuberculosis has a second class Ib-like � subunit gene (46,
48; also see http://rnrdb.molbio.su.se for additional candi-
dates). S. pyogenes is one of a few bacteria (all belonging to the
Firmicutes) that have two distinct class Ib RNR gene clusters.
A redundancy of RNR genes might be of great importance
under different environmental conditions. In this study, we
have analyzed both the in vivo and the in vitro functionality of
the S. pyogenes class Ib nrd genes in an attempt to provide an
explanation for this atypical redundancy.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli strains
were routinely grown in Luria-Bertani (LB) broth at 15, 30, or 37°C. Streptococ-
cus pyogenes Rosenbach M1 (ATCC 700294, SF370) was grown in Todd-Hewitt
broth (Oxoid) supplemented with 0.2% yeast extract (THY) at 37°C and in
Columbia sheep blood agar plates (BioMérieux) whenever needed. Streptococcus
pneumoniae (Klein) Chester R6 (ATCC BAA-255) was grown on Columbia
sheep blood agar plates (BioMérieux) at 37°C. Antibiotics and chromogenic
substrates, when required, were included in the culture media or on agar plates
at the following concentrations for E. coli: 100 �g/ml carbenicillin, 100 �g/ml
kanamycin, 34 �g/ml chloramphenicol, and 30 �g/ml 5-bromo-4-chloro-3-indo-
lyl-�-D-galactopyranoside (X-Gal) (Sigma).

The E. coli strain IG101 [nrdA(Ts) nrdB1 thyA thr leu thi deoC and/or deoD
tonA lacY supE44 gyrA nrdH::Spc] was constructed by introducing the nrdH::Spc
allele (IG100 [this laboratory]) into KK450 (31) by P1 transduction.

Sequence analysis and DNA manipulations. Genomic DNA from S. pyogenes
was extracted as described previously (11). Electroporation of S. pyogenes was
performed as described previously (25), and other general DNA manipulations
were done by standard procedures (34). DNA sequence determination was
carried out using the BigDye Terminator kit and an ABI Prism 310 sequencer
(Applied Biosystems) according to the manufacturer’s specifications. Images of
gels were captured with a Gel Doc 2000 station and the Quantity One software
package (Bio-Rad Laboratories).

All nrd sequences were from RNRdb, the RNR database (http://rnrdb.molbio
.su.se). The Clustal W 1.8 (40) and GeneDoc 2.6.001 (28) programs were used to
perform global alignments.

RNA isolation. S. pyogenes was grown in 10 ml of THY until the A600 was
approximately 0.4. Ten-milliliter cultures were centrifuged and resuspended in
200 �l of diethyl pyrocarbonate (Sigma)-treated distilled water and quick-frozen
in a dry ice bath. Pellets were thawed on ice and added to 2 ml FastPrep Blue
tubes containing zirconite/silica beads, 500 �l of CPRS-Blue, and 500 �l of acid
phenol, as described by the manufacturer (Bio101, La Jolla, CA). Bacteria were
lysed with a FastPrep FP120 instrument (Bio101, La Jolla, CA) at setting 6 for
11 s and immediately placed on ice after disruption. Samples were incubated at
65°C for 10 min and centrifuged at 10,000 � g for 5 min at 4°C. The upper
aqueous phase was recovered and extracted with an equal volume of acid phenol
heated to 65°C. The phases were separated by centrifugation as described above,
and the extraction was repeated with acid phenol-chloroform (1:1, vol/vol) and
chloroform-isoamyl alcohol (24:1, vol/vol). The recovered aqueous phase was
treated with 50 U of DNase I (Ambion, Inc.) for 30 min at 37°C, and then 0.2
volume of inactivating reagent (Ambion, Inc.) was added to eliminate the en-
zyme. RNA concentrations were determined by measuring the A260. Samples
were immediately stored at �80°C. Reverse transcription-PCR (RT-PCR) was
performed as described in reference 43, and identical aliquots were processed in
parallel without the addition of RT in order to ensure that residual chromosomal
DNA was not being used as the template for PCR amplification.

Cloning and expression. The nrdF, nrdE, nrdF*, and nrdE* genes were am-
plified by PCR using primer pairs containing NdeI (upper primers) and BamHI
(lower primers) restriction sites and S. pyogenes genomic DNA as a template (see
Table S1 in the supplemental material). The resulting fragments were purified
and digested with NdeI and BamHI. The digested nrdF, nrdE, and nrdE* frag-
ments were inserted into pET22b(�) (Novagen) cut with the same enzymes to
give p22-FSpyo, p22-ESpyo, and p22-E*Spyo, respectively. The digested nrdF*
fragment was inserted into pET24a(�) (Novagen) cut with the same enzymes to
give p24-F*Spyo. The sequences of all of the above-named constructs were
verified by sequencing.

E. coli BL21(DE3) (Novagen) cells transformed with one of the expression
plasmids (p22-FSpyo, p22-ESpyo, or p22-E*Spyo) were grown overnight in LB
medium containing carbenicillin at 30 or 37°C. This culture was then used to
inoculate 5-liter flasks containing 2 liters of LB medium with the same concen-
tration of antibiotic as noted above (1:100). Cells were then grown at 30°C under
vigorous shaking to an A600 of �0.5 to 0.6 and subsequently induced with 0.5 mM
IPTG (isopropyl-�-D-thiogalactopyranoside; final concentration) for 4 hours.

BL21(DE3) transformed with plasmid p24-F*Spyo was grown overnight in LB
medium containing kanamycin at 30°C. This culture was then used to inoculate
5-liter flasks containing 2 liters of LB medium with the same concentration of
antibiotic as noted above (1:100). Cells were then grown at 30°C with vigorous
shaking. When they reached an A600 of �0.5 to 0.6, the cultures were chilled to
15°C before being induced with 0.3 mM IPTG (final concentration) and then
grown for 15 to 17 h at 15°C. After induction, cells were harvested by centrifu-
gation and the pellets quickly frozen and stored at �80°C.

Protein purifications. Frozen pellets were disintegrated by X-press (Biox AB)
and extracted in 50 mM Tris-HCl (pH 8), 50 mM KCl, 5 mM dithiothreitol
(DTT), and 1 mM phenylmethylsulfonyl fluoride (PMSF) (buffer L), after which
nucleic acids were precipitated by dropwise addition of streptomycin sulfate to a
final concentration of 1%. The precipitate was removed by centrifugation, and
solid ammonium sulfate was added to the supernatant to 45% saturation for
NrdE and NrdE* and to 60% saturation for NrdF and NrdF*. The precipitate
was recovered by centrifugation.

The NrdF and NrdF* pellets were dissolved in buffer L and desalted by dialysis
against 2 liters of buffer L for 4 to 5 h. The dialyzed solution was diluted with
buffer L to a 5-mg/ml protein concentration and loaded onto a DEAE-Sepharose
column (GE Healthcare) coupled to a fast-performance liquid chromatography
instrument (Biologic DuoFlow Systems, Bio-Rad). After a washing step with 140
ml of 0.15 M KCl in buffer L, elution was continued with a 0.15 to 0.6 M KCl
linear gradient in buffer L in a total volume of 300 ml. Fractions checked by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis containing the NrdF
or NrdF* protein were pooled and concentrated by ultrafiltration on a Centriplus
YM-30 instrument (Millipore) against buffer L and stored at �80°C for further
purification. The NrdF proteins eluted between 0.3 to 0.36 M KCl. The concen-
trated enzyme solution was loaded onto a Superdex 75 10/300 GL column (GE
Healthcare) previously equilibrated against buffer L. Proteins were eluted with
the same buffer at a constant flow rate of 0.4 ml/min. Fractions containing NrdF
or NrdF* were pooled, concentrated, and stored as described above.

For the purification of the NrdE and NrdE* proteins, the ammonium sulfate-
precipitated pellets were dissolved in 50 mM Tris-HCl (pH 8), 0.75 M ammo-
nium sulfate, 2.5 mM DTT, and 1 mM PMSF and loaded onto a HiLoad 16/10
phenyl-Sepharose high-performance column (GE Healthcare) equilibrated with
the same buffer. Elution was performed with a 0.75 to 0 M ammonium sulfate
linear gradient in 50 mM Tris-HCl (pH 8), 2.5 mM DTT, and 1 mM PMSF. NrdE
and NrdE* eluted between 0.44 to 0.35 M and 0.03 to 0 M ammonium sulfate,
respectively. The enzyme-containing fractions were pooled and concentrated in
Centriplus YM-50 (Millipore) and then adsorbed to a 2 ml MonoQ anion-
exchange column (GE Healthcare) equilibrated with buffer L. Proteins were
eluted with 20 ml of a 0.05 to 0.5 M KCl linear gradient in buffer L at a flow rate
of 0.1 ml/min. NrdE eluted between 0.21 and 0.28 M KCl and NrdE* between
0.19 and 0.27 M KCl. Fractions of 0.4 ml were pooled and concentrated as
described above and then stored at �80°C.

Analytical methods and enzyme activity assays. Iron reconstitution assays
were performed anaerobically as described in reference 17, and iron content was
determined as described in reference 33. Protein concentration was determined
by the Bradford method (6).

RNR activity was assayed in 50-�l mixtures containing 50 mM Tris-HCl (pH
8), 0.2 mM dATP as an effector, 20 mM magnesium acetate, and 30 mM DTT.
The reaction was started by the addition of [3H]CDP (specific activity, 10,000 to
20,000 cpm/nmol) to a final concentration of 1 mM. Assay mixtures were incu-
bated for 10 min at 29°C, and the reaction was stopped by the addition of 0.5 ml
of 1 M ice-cold perchloric acid. The amount of dCDP formed was determined by
the standard method as described in reference 39. One unit of enzyme activity
corresponds to 1 nmol of dCDP formed per minute of incubation. Km, Vmax, and
KL (ligand binding constant) values were obtained by direct curve fitting as
described previously (3, 7) and with the Kaleida-Graph software (Synergy Soft-
ware).

UV–visual-light (UV-vis) absorption spectroscopy and decay of the tyrosyl
radical site. Scanning spectra were registered on a Perkin Elmer Lambda2
spectrophotometer at 25°C, and a 20 �M concentration of the monomer in 50
mM Tris-HCl, pH 7.6, was used. The radical decay of the nrdF protein was
studied after the addition of hydroxyurea (HU) at final concentrations ranging
from 3.5 to 60 mM. Spectra were typically recorded between 300 and 750 nm in
cycles of 150 s, with a scanning rate of 240 nm/min. The endpoint spectrum, when
radical absorption at 407 nm had decayed, was subtracted from the start spec-
trum to give the radical concentration using the extinction coefficient 3.25 mM�1

cm�1 (30). Alternatively, the radical concentration was determined by calculat-
ing the dropline between 402 and 417 nm and using an ε407 of 2.11 mM�1 cm�1

in the equation {A407 � [A402 � (5/15) � (A402 � A417)]}/ε. Kinetic traces at 407
nm were also run to determine the decay rate; incubations of E. coli with HU
were run at 410 nm as controls. Spectra were run before and after the kinetic
trace to measure the degree of completeness of the reaction after subtractions as
described above.

EPR spectroscopy. Electron paramagnetic resonance (EPR) measurements at
X-band were performed either at �90 K on a Bruker ESP300 spectrometer using
a nitrogen flow system or at �60 K on a Bruker ESP500 using a Oxford helium
flow cryostat. Radical concentrations were determined, under unsaturated con-
ditions, using an E. coli NrdB sample with known tyrosyl radical concentrations
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as the standard. The error limits for radical quantitations are at most 	10%.
Reconstituted samples for EPR measurements were either frozen with liquid
nitrogen 6 min after the addition of 2 Fe ions/polypeptide or frozen after the
addition of 4 Fe ions/monomer followed by desalting on a NAP-5 column to
remove unbound iron.

Heterologous complementation assay. Class Ib nrd genes were amplified by
PCR using primers pairs containing a ribosomal binding site sequence from E.
coli and the SacI (upper primers) and PstI (lower primers) restriction sites (see
Table S1 in the supplemental material). The resulting fragments were purified
and digested with SacI and PstI and inserted into pBAD18Km or pBAD33Cm
(14) to generate the final constructs. p18-FI*Spyo, p18-IE*Spyo, and p18-
FE*Spyo were derived from p18-FIE*Spyo by enzymatic digestion.

In the heterologous complementation assay, constructs were transformed into
the E. coli strain IG101 and grown overnight at 30°C in LB medium containing
50 �g/ml thymine plus the corresponding antibiotics. The following day, serial
dilutions of the liquid cultures were plated onto LB agar plates containing the
corresponding antibiotics plus 50 �g/ml thymine and either 0.3% L-arabinose or
0.3% D-glucose and were incubated at both 30 and 42°C for 24 to 48 h. Attempts
to obtain S. pyogenes chromosomal mutants either by insertional or recombinant
inactivation in all class Ib nrd genes were unsuccessful, which was initially attrib-
uted to the essentiality of these genes. However, when we used the same muta-
genic strategies to obtain a chromosomal mutant of the previously described
nonessential covR gene (9), mutant colonies were recovered at extremely low
frequencies (1 � 10�8); therefore, the essentiality of the S. pyogenes class Ib nrd
genes could not be assessed by direct complementation.

RESULTS

S. pyogenes encodes two redundant class Ib gene clusters.
The complete S. pyogenes Rosenbach M1 genome (10) con-
tains seven genes putatively encoding class Ib RNR-related
proteins in three different regions of its genome (Fig. 1A). All
10 hitherto-completed S. pyogenes genomes encode the same
seven class Ib genes (see the RNRdb at http://rnrdb.molbio
.su.se).

The first class Ib region spans over 4.5 kbp and comprises
the nrdHEF cluster, which codes for a putative glutaredoxin-
like protein (NrdH) as well as the large (NrdE) and small
(NrdF) subunits of the holoenzyme. Both the NrdE and NrdF
proteins contained all the conserved residues necessary for
ribonucleotide reduction (see Table S2 and S3 in the supple-
mental material).

The second Ib region comprises the nrdF*I*E* cluster and

spans over 4 kbp. The nrdI* gene encodes an unknown protein
of 18 kDa and 162 amino acids which is 75% similar to E. coli
NrdI (19). S. pyogenes nrdE* encodes an RNR large subunit
with all the essential cysteines in the active site, the C-terminal
cysteine pair, and the two conserved C-terminal tyrosines (re-
quired for the transfer of the radical from the small subunit) as
well as the residues that form the allosteric-specificity site (see
Table S2 in the supplemental material). Finally, the nrdF* gene
encodes an RNR small subunit that lacks some important
residues for the proper function of the enzyme. Compared to
the E. coli NrdF protein, S. pyogenes NrdF* turned out to have
amino acid substitutions in three of the six important residues
involved in iron binding as well as in one of the residues
involved in radical stability. Instead of Glu115 in E. coli NrdB,
S. pyogenes NrdF* has Val116, instead of Glu204 it has Pro176,
instead of Glu238 it has Lys210, and instead of Phe208 it has
Leu180. All other residues important for radical stability and
transfer are conserved (see Table S3 in the supplemental ma-
terial).

A second stand-alone nrdI gene (nrdI2) was annotated else-
where in the genome (10). S. pyogenes nrdI2 encodes a protein
of 160 amino acids and 17.7 kDa which is 36% similar to nrdI*.

The two redundant class Ib operons are expressed simulta-
neously. To investigate whether all class Ib RNR regions were
simultaneously transcribed and to assess the operonic organi-
zation of each cluster, total RNA from strain SF370 was ex-
tracted at early exponential phase and used to perform non-
quantitative RT-PCR experiments. Primer pairs were selected
to bracket the intergenic junctions between nrdHE, nrdEF, and
nrdF*I*E* (Fig. 1A). Any PCR fragment generated by these
oligonucleotides is therefore derived from a polycistronic tran-
script.

An amplicon spanning the nrdHE junction was detected by
using primer 2 to generate the cDNA and primers 1 and 2 (see
Table S1 in the supplemental material) for the PCR (Fig. 1B,
lane A). Similarly, a PCR product bracketing the junction
between nrdE and nrdF could also be detected with primers 3
and 4 (Fig. 1B, lane B). Using primer 6 to generate a reversed

FIG. 1. (A) Schematic organization of the S. pyogenes class Ib nrd genes. Arrows indicate the positions and numbers of the primers used for
RT-PCR amplification, and black lines labeled A, B, C, and D show the positions and lengths of the expected transcripts. (B) Linkage RT-PCR
of the nrdHE (lane A), nrdEF (lane B), and nrdFIE (lane C) junctions and the nrdI2 gene (lane D). The linkage strategy is outlined in panel A.
MWM, molecular weight markers.
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transcribed cDNA template and the primer pair 5-6 to amplify
this template, we were also able to detect an amplicon span-
ning the nrdF*I*E* intergenic junction (Fig. 1B, lane C). An
RT-PCR for the second nrdI2 gene was also carried out with
primers 7 and 8, and the corresponding transcript was readily
detected (Fig. 1B, lane D). The nrdI2 product was sequenced
to ensure its correct amplification.

Control experiments conducted concurrently with each set
of RT-PCR assays confirmed the quality of the samples and
guaranteed the specificity of each component of the RT-PCR.
(i) Our inability to amplify the desired product when RT was
omitted validated the compulsory requirement of this enzyme
for the initiation of cDNA synthesis and ensured that no re-
sidual DNA contaminated the starting RNR preparations; (ii)
the expected amplicons were detected when genomic DNA
acted as the template, demonstrating the fidelity of the PCR
primers (data not shown). These results indicated the presence
of a polycistronic transcript for each cluster of genes as well as
their simultaneous transcription under standard laboratory
growth conditions.

Spectroscopic characterization of NrdF and NrdF*. Once it
was demonstrated that all class Ib nrd genes in S. pyogenes were
actively transcribed, we decided to check whether they were
capable of forming an active holoenzyme. The nrdE and nrdF
genes from both the nrdHEF and nrdF*I*E* operons were
cloned, overproduced, and purified as described in Materials
and Methods. After different purification steps, all purified
proteins showed the expected theoretical molecular mass. The
purity of the samples in all cases was over 90%. Attempts to
overproduce and purify the NrdI* and NrdI2 proteins were
unsuccessful since the overproduced proteins were continu-
ously recovered in the insoluble fraction of the bacterial ex-
tract, regardless of the incubation temperature or the IPTG
concentration used (not shown).

Purified NrdF protein showed a light absorption spectrum
typical of a diiron-tyrosyl radical RNR. Charge transfer bands
of the �-oxobridged diferric center were observed at 325 and
370 nm, as were weaker bands at 500 and 600 nm (Fig. 2A).
The tyrosyl radical showed a sharp peak at 407 nm. We also

registered the EPR spectrum of the NrdF protein (Fig. 3), and
the tyrosyl radical proved to be a typical class Ib radical similar
to those found in NrdF proteins from S. enterica serovar Ty-
phimurium, Corynebacterium ammoniagenes, and M. tubercu-
losis (17, 21, 24). At 95 K, the radical saturated at 1 order of
magnitude less power than does the E. coli NrdB protein (4.7
mW compared to 54.0 mW [data not shown]) but similarly to
the S. enterica serovar Typhimurium, C. ammoniagenes, and M.
tuberculosis NrdF proteins (3.7 mW, 1.3 mW, and 1.3 mW,
respectively) (17, 44). The S. pyogenes NrdF radical signal had
the same hyperfine structure at 10 to 20 K and at 95 K as that
previously observed for the class Ib radicals mentioned above,
in contrast to the E. coli Ia signal, which is considerably broad-
ened at 95 K compared to its structure at 10 to 20 K (32). The
radical saturation behavior reflects its environment, in this case
plausibly coupling to the iron, and its geometry. The difference
from the E. coli Ia radical may indicate that the S. pyogenes
NrdF radical has a weaker coupling to the iron site, perhaps

FIG. 2. (A) Line a, UV-vis spectra of the S. pyogenes NrdF protein. The arrow indicates the tyrosyl radical. Dotted line b, HU-treated sample.
Line a-b, subtraction of the HU-treated spectrum from the purified NrdF spectrum. (B) UV-vis spectra of the S. pyogenes NrdF* protein upon
purification (dashed line) and after the addition of 2 Fe ions/monomer.

FIG. 3. First-derivative EPR spectra of NrdF and NrdF*, as indi-
cated in the figure.
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with a water molecule between the radical and the closest iron,
as for other class Ib tyrosyl radicals. Addition of the radical
scavenger HU to reduce the tyrosyl radical gave the spectrum
shown in Fig. 2A (dotted line), where it is shown that the diiron
site remained essentially unchanged. Subtraction of the end-
point spectrum gives a typical tyrosyl radical spectrum (Fig.
2A, lowest spectrum) with a sharp peak at 407 nm. Using an
extinction coefficient (ε) of 3.25 mM�1 cm�1 (30) in the sub-
tracted spectra or using the dropline as specified in Materials
and Methods, we calculated, for the best preparation, a radical
content of 0.51 per monomer, in good agreement with the 0.57
radical per monomer determined by EPR. Analysis of the
NrdF iron content showed approximately 1.2 Fe ions/monomer
(Table 1). It is not uncommon that RNRs purify with subop-
timal iron content and, consequently, a small amount of radical
when they are overexpressed in E. coli. Hence, we added fer-
rous ions to the protein to investigate if we could increase the
yield of the diiron-radical site. Addition of ferrous ions, how-
ever, did not increase the radical yield of NrdF in the radical-
containing samples. To assess the stability of the tyrosyl radi-
cal, we monitored its reactivity toward the radical scavenger
HU. S. pyogenes NrdF reacted at a considerably lower rate (k1

[first order rate constant] of 0.12 min�1 with 60 mM HU) than
E. coli NrdB (k1 of 0.50 min�1 with 15 mM HU) at 25°C; i.e.,
it is at least an order of magnitude less sensitive than the E. coli
enzyme to reduction by HU.

On the other hand, purified NrdF*, which was obtained in
the apoform, showed no prominent features in light absorption

spectra (Fig. 2B, dashed line) and no EPR signal (Fig. 3); i.e.,
it had no diiron-tyrosyl radical site. As expected, analysis of the
purified NrdF* iron content showed only 0.05 Fe ion/monomer
(Table 1). The addition of 2 Fe ions/monomer gave a spectrum
without radical absorption and without the characteristics of
the diiron site observed in the NrdF protein but with absorp-
tion in the 325- to 450-nm region, similar to what has been
observed in iron ligand mutants in E. coli NrdB (Fig. 2B,
dotted line) (ε350 
 1,800 M�1 cm�1) (1, 45). Iron analysis of
the reconstituted and desalted samples gave values of �0.47 Fe
ion/monomer. Presumably, the altered residues within the iron
binding center of this protein impair the formation of a
dinuclear iron center and a tyrosyl radical.

The NrdEF enzyme is enzymatically active, whereas the
NrdE*F* enzyme is not. When assayed for enzymatic activity,
none of the four proteins had any activity on its own. When
mixed and assayed together, the NrdE and NrdF proteins
purified from the nrdHEF system were active and showed pro-
portional dCDP formation, with one protein in excess and
increasing amounts of its partner. Specific activities, in the
presence of dATP as a positive allosteric effector, were 169
nmol/min/mg for the NrdF protein and 45 nmol/min/mg for the
NrdE protein. Activity was dependent on the addition of mag-
nesium and DTT at an optimal pH of 8.0 and required CDP as
a substrate, with a Km of 0.34 mM (Fig. 4A). CDP reduction
was strongly stimulated by dATP as an effector and to a lesser
extent by ATP. Optimal activity with dATP was obtained at
nucleotide concentrations as low as 0.01 mM, and no signifi-
cant inhibition was seen even with 2 mM dATP. When ATP
was used, concentrations up to 2 mM were not enough to
achieve optimal activity. From Fig. 4B, apparent KL values of
0.0011 mM for dATP and approximately 0.3 mM for ATP can
be calculated. No significant gain in specific activity was de-
tected for the iron-reconstituted NrdF protein, in agreement
with the data provided by EPR and UV-vis spectroscopy.

The NrdE* and NrdF* proteins had no activity when as-
sayed together, nor when NrdF* was combined with the cata-
lytically competent NrdE protein, which agrees with the lack of
a tyrosyl radical in NrdF*. One might, on the other hand,

FIG. 4. (A) Comparison of CDP and CTP as substrates for the NrdF/NrdE reductase. Assay mixtures were made under standard conditions
with 1.2 �M NrdE and 5 �M NrdF (E, CDP; f, CTP). (B) Effect of ATP and dATP on CDP reduction. Incubation was with 1.2 �M NrdE and
5 �M NrdF, replacing the standard concentration of 0.2 mM dATP by the indicated concentrations of either ATP (F) or dATP (f).

TABLE 1. Iron and radical contents of S. pyogenes NrdF and
NrdF* before and after iron reconstitutiona

Protein No. of Fe ions/
monomer

No. of tyrosyl
radicals/monomer

NrdF 1.2 0.5
NrdFR 2.1 0.5
NrdF* 0.05 ND
NrdFR* 0.47 ND

a R, iron was reconstituted; ND, not detected.
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expect some activity when combining the NrdE* and NrdF
proteins, since NrdE* seems to have all the catalytically im-
portant residues and NrdF harbors a tyrosyl radical and is
catalytically competent. However, the mixing of NrdE* and
NrdF did not result in any enzyme activity. One explanation for
the lack of activity in this case is that NrdE* and NrdF cannot
form a holoenzyme complex. To test this, we performed com-
petition assays to detect protein interactions between subunits
from the different systems. Fixed concentrations of NrdF and
NrdE were assayed against increasing amounts of either
NrdE* or NrdF*. As shown in Fig. 5, concentrations of up to
2 �M NrdF* or NrdE* had no inhibitory effect on NrdF/NrdE
holoenzyme activity, suggesting that subunits from the two
systems do not cross-react.

Complementation assays show that nrdF*I*E* is functional
in vivo and that nrdI is essential for complementation. We also
decided to compare the in vitro results of the nrdHEF and
nrdF*I*E* systems with the results of complementation assays
of the in vivo functionality of each operon. To do so, we used
the E. coli IG101 strain, which is an nrdA(Ts)-nrdB1/nrdH::Spc
double mutant unable to reduce ribonucleotides aerobically at
42°C unless a functional RNR is provided to complement the
temperature-sensitive phenotype. The entire S. pyogenes
nrdHEF and nrdF*I*E* sequences were cloned separately into
the pBAD18 vector under the control of the E. coli arabinose
promoter (PBAD), an on/off switch promoter repressed by glu-
cose and induced by arabinose, generating plasmids p18-
HEFSpyo and p18-FIE*Spyo, which were then transformed
into the E. coli IG101 strain. Complementation was deter-
mined by plating serial dilutions of liquid cultures on LB agar
plates supplemented with either 0.3% L-arabinose or 0.3%
D-glucose at both 30 and 42°C. As an independent positive
control, we used the Salmonella enterica serovar Typhimurium
nrdHIEF sequence cloned into the pBAD18 vector (plasmid
p18-HIEFSal). Unexpectedly, the IG101 strain transformed
with p18-HEFSpyo was not able to grow at 42°C in the pres-
ence of either arabinose or glucose, whereas IG101 trans-

formed with p18-FIE*Spyo gave 1.56 � 108 CFU/ml after 24 to
48 h at 42°C in plates supplemented with arabinose, but not
with glucose, indicating that the nrdF*I*E* cluster was capable
of complementing the temperature-sensitive phenotype (Table
2). The same results were obtained with constructs in the
low-copy-number plasmid pBAD33 instead of pBAD18 (data
not shown). Neither pBAD18 nor pBAD33 alone was able to
support the growth of the IG101 strain at the restrictive tem-
perature.

Our next step was to determine if all three genes within the
nrdF*I*E* operon were required for the observed in vivo
complementation. A set of pBAD18/pBAD33 vectors were
constructed so that each gene within the nrdF*I*E* operon
could be evaluated in pairwise combinations with the other
genes. No complementation was detected when any of the
three nrdF*I*E* genes was missing (Table 2), suggesting that
the entire operon is needed for complementation. On the
other hand, complementation was restored when the missing
gene was provided in trans.

These results stress the essential role of the nrdI* gene for in
vivo activity. In view of these results, both the S. pyogenes nrdI*
and nrdI2 genes cloned into pBAD33 were cotransformed with
the nrdHEF operon into the IG101 strain. However, and as
shown in Table 2, neither S. pyogenes nrdI* nor nrdI2 could
complement S. pyogenes nrdHEF to overcome the tempera-
ture-sensitive phenotype. We then checked whether an nrdI
gene from the closely related bacterium Streptococcus pneu-
moniae could restore complementation when combined with S.
pyogenes nrdHEF. S. pneumoniae harbors an nrdHEF operon
as well as an isolated nrdI2 gene but lacks an nrdFIE operon
(16). Plasmids p18-HEFSpn and p33-I2Spn were generated by
cloning the nrdHEF and nrdI2 genes from S. pneumoniae into
the pBAD vectors. When assayed alone, p18-HEFSpn did not
complement IG101 at 42°C. Transformants with both p18-
HEFSpn and p33-I2Spn, however, restored the growth of the
IG101 strain at 42°C in arabinose-LB plates (but not in glu-
cose), showing that the S. pneumoniae nrdHEF operon can
complement if it is supplemented with S. pneumoniae nrdI2.
When we combined the S. pneumoniae nrdHEF operon with

FIG. 5. Assay for the competitive inhibition of both NrdE and
NrdF. Incubations were carried out under standard conditions (i) with
increasing concentrations of NrdF in the presence of 0.6 �M NrdE (F)
and 0.6 �M NrdE together with 2 �M NrdF* (f) or (ii) with increasing
concentrations of NrdE in the presence of 0.6 �M NrdF (v) and 0.6
�M NrdF together with 2 �M of NrdE* (Œ).

TABLE 2. CFU/ml and plating efficiencies for pBAD constructs in
the heterologous complementation assay

pBAD construct
Mean no. of CFU/

ml 	 SD at 42°C with
0.3 % arabinose

Mean plating
efficiency 	 SDa

p18-HIEFSal 1.56 � 108 	 9.60 � 105 0.214 	 1.31 � 10�3

p18-HEFSpyo �10 �1 � 10�8

p18-FIE*Spyo 1.56 � 108 	 8.10 � 105 0.214 	 1.11 � 10�3

p18-FI*Spyo �10 �1 � 10�8

p18-FE*Spyo �10 �1 � 10�8

p18-IE*Spyo �10 �1 � 10�8

p18-FI*Spyo/p33-E*Spyo 1.56 � 108 	 5.69 � 105 0.214 	 7.78 � 10�4

p18-FE*Spyo/p33-I*Spyo 1.56 � 108 	 4.24 � 105 0.213 	 5.80 � 10�4

p18-IE*Spyo/p33-F*Spyo 1.54 � 108 	 7.78 � 105 0.211 	 1.06 � 10�3

p18-HEFSpyo/p33-I2Spyo �10 �1 � 10�8

p18-HEFSpyo/p33-I*Spyo �10 �1 � 10�8

p18-HEFSpn/p33-I2Spn 1.55 � 108 	 9.74 � 105 0.212 	 1.33 � 10 �3

p18-HEFSpn/p33-I2Spyo �10 �1 � 10�8

p18-HEFSpn/p33-I*Spyo �10 �1 � 10�8

p18-HEFSpyo/p33-I2Spn 9.66 � 104 	 3.21 � 103 0.00013 	 4.39 � 10�6

a Plating efficiencies were determined as the fraction of CFU/ml under restric-
tive conditions compared to the number of CFU/ml under nonrestrictive condi-
tions. Values are based on results of at least six independent experiments.
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either the S. pyogenes nrdI* or nrdI2 gene, however, we were
unable to detect complementation at the restrictive tempera-
ture, suggesting that neither S. pyogenes NrdI nor NrdI2 can
successfully interact with the S. pneumoniae system. In con-
trast, growth at 42°C was indeed detected when we combined
the S. pyogenes nrdHEF operon with the S. pneumoniae nrdI2
gene, although the plating efficiency was low (Table 2). These
results show that the S. pyogenes nrdHEF operon has function-
ality also in vivo, given that it is supplemented with a functional
nrdI gene.

DISCUSSION

Genomes that display multiple RNRs are found in almost
every group of bacteria (41). The concurrence of an aerobic
enzyme (class I) and an anaerobic one (class III) in facultative
microorganisms reflects a metabolic need. In species that have
combinations of RNRs that can be used under the same envi-
ronmental conditions (such as classes I and II, Ia and Ib, or II
and III), it has been proposed that one of the enzymes might
support normal cell growth while the other would support
DNA repair and growth recovery (4, 5, 8, 26, 37, 42). The
genome of S. pyogenes is one of a few genomes that contain
redundant RNR operons—here, two different class Ib operons.
Moreover, only three genes are found within each of these
operons (instead of the four nrdHIEF genes in the classical
class Ib systems). The S. pyogenes nrdHEF cluster lacks an nrdI
gene, and the nrdF*I*E* cluster lacks an nrdH gene. A second
nrdI gene (nrdI2) is found elsewhere in the S. pyogenes chro-
mosome. Both of the Ib gene clusters are transcribed simulta-
neously with two independent polycistronic operons. In addi-
tion, Western blotting against rabbit-raised nrdF antibodies
demonstrated the presence of both nrdF and nrdF* products
within this microorganism (data not shown), suggesting that
both enzyme systems are expressed simultaneously.

Only one of the two redundant class Ib RNRs in S. pyogenes
is active in vitro. The NrdF subunit from the S. pyogenes
nrdHEF cluster is a classical class Ib protein with a dinuclear
iron center and a stable tyrosyl radical (30). It was catalytically
competent when assayed in vitro in the presence of its corre-
sponding NrdE subunit. Specific activities for this system were
within the range of those described in class Ib systems from M.
tuberculosis (48) and C. ammoniagenes (11). The nrdHEF-en-
coded enzyme also displayed dATP insensitivity, which is a
common feature in class Ib enzymes since their � subunit lacks
50 to 60 N-terminal residues which in class Ia enzymes consti-
tute the ATP/dATP allosteric-activity site (29). Collectively
these results show that the nrdHEF system behaves as a func-
tional class Ib enzyme in vitro.

The NrdF* subunit from the nrdF*I*E* cluster lacks three
of the six conserved side chains that normally ligate the iron
center. It has a low iron content and lacks the tyrosyl radical as
well as enzyme activity in vitro in mixtures with the NrdE*
subunit. Yet, NrdE* seems to retain all catalytically important
residues. Components from one class Ib cluster do not cross-
react with components from the other cluster.

In vivo heterologous complementation highlights the essen-
tiality of nrdI. Our in vivo results showed a completely different
picture. Both S. pyogenes gene clusters proved to be functional
in heterologous complementation assays even though the

nrdHEF operon required coexpression of an nrdI gene, in this
case from S. pneumoniae. To our surprise, the addition of
either nrdI* or nrdI2 from S. pyogenes did not render nrdHEF
functional in vivo. Moreover, in vivo complementation by
nrdF*I*E* was achieved only when all three genes were simul-
taneously present, thus indicating the compulsory requirement
for the nrdI* gene product. In a similar way, the S. pneumoniae
nrdHEF operon was able to complement only if it was coex-
pressed with its own nrdI gene. These results show that S.
pyogenes nrdI* is functional in vivo and suggest that S. pyogenes
nrdI2 is not.

An nrdI gene can be found in every class Ib-containing
microorganism (http://rnrdb.molbio.su.se/), and preliminary
assays in our laboratory with the Salmonella enterica serovar
Typhimurium class Ib RNR indicate that this gene is required
for in vivo class Ib ribonucleotide reduction in this microor-
ganism (I. Sala, unpublished results). The Bacillus subtilis nrdI
gene has also been shown to be essential (22, 36). Protein
comparison between S. pyogenes NrdI* and streptococcal
NrdI2 showed that they are distant relatives (36% similarity).
Sequence comparison between the streptococcal NrdI2 pro-
teins showed that two different groupings could be distin-
guished according to small differences in their primary se-
quences (Fig. 6A). The first group comprised the NrdI2
proteins from S. pneumoniae, Streptococcus mutans, and Strep-
tococcus suis, this being the only NrdI-like protein in their
genomes, while the second group included NrdI2 proteins
from S. pyogenes, Streptococcus agalactiae, and Streptococcus
equi, all of which posses an nrdF*I*E* cluster. As shown in Fig.
6A, clustering of these sequences into two separate groups is
due mainly to a 9-bp (3 amino acids) indel and approximately
10 substituted residues differing between the two groups. Com-
parison of B. subtilis NrdI and streptococcal NrdI2 proteins
indicates that none of these differences affect the residues
inferred in flavin mononucleotide (FMN) binding (see below),
as these regions of NrdI2 seem to be fully conserved among all
the streptococcal polypeptide chains. It is remarkable that the
three streptococcal species that bear the nrdI2 gene with the
indel also have in common a redundant class Ib operon.

Interestingly, an nrdFIE gene cluster with high levels of
similarity to the streptococcal nrdF*I*E* operon (87%, 57%,
and 76% similarity for NrdF*, NrdI*, and NrdE*, respectively)
can also be found in all Mycoplasma species. In addition, the
substitution of three of the iron binding residues described for
S. pyogenes NrdF* is also conserved in all Mycoplasma NrdFs
(Fig. 6B). Mycoplasma organisms are intracellular parasites
and among the simplest prokaryotes capable of self-replication
(23). Although Mycoplasma organisms may import deoxyribo-
nucleotides from their host, the nrdFIE genes encode its only
putative RNR. One possible explanation for the striking sim-
ilarities between the nrdFIE operons of Mycoplasma and S.
pyogenes could be that this operon has been horizontally trans-
ferred to S. pyogenes to compensate for the loss of the in vivo
functionality of the streptococcal nrdHEF system, due to the
lack of a functional NrdI2 protein. Further analyses are needed
to clarify this suggestion, since the codon usage of all current
class Ib nrd genes in S. pyogenes is in agreement with that
calculated for the rest of the S. pyogenes genome (2, 10, 38),
and we found no phagic signatures or mobile elements flanking
the streptococcal nrdF*I*E* genes. Interestingly, our results
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also suggest that nrdH is dispensable for nrdF*I*E* function.
This is not surprising since an nrdH gene is also lacking in Myco-
plasma and in B. subtilis, both of which contain a class Ib enzyme.
In E. coli, it has been shown that NrdEF can be reduced by
glutaredoxin-1 (Grx1) in the absence of NrdH (13), and in B.
subtilis, the essential thioredoxin-1 (TrxA) has been proposed as
the electron donor for class Ib RNR (15). We have not found grx
homologues in S. pyogenes or Mycoplasma, but they do contain a
trx homologue, which might supply the role of nrdH.

NrdI is a member of the flavodoxin family. The three-di-
mensional structure of the NrdI protein from B. subtilis is
available (Protein Data Bank accession no. 1RLJ) and pro-
vides evidence that NrdI contains a flavodoxin-like fold, and
thus, NrdIs are classified as the flavodoxin NrdI family (Pfam
accession no. PF07972). Flavodoxins are small electron trans-
fer proteins that utilize a noncovalently bound FMN as the
redox-active component (35). In E. coli, flavodoxin and
NADPH:flavodoxin oxidoreductase are essential for class III
RNR activation (27). Likewise, the flavin reductase Fre (12)
and the YfaE ferredoxin (47) can reactivate a non-radical-
containing met-�2 of E. coli class Ia RNR. We suggest that the

role of the NrdI flavodoxin is to reduce the iron cluster in class
Ib NrdF, thereby allowing the reactivation of the essential
tyrosyl radical. The iron center of Bacillus anthracis NrdF (44)
has in preliminary experiments been efficiently reduced by
incubation with B. anthracis NrdI (M. Sahlin, E. Torrents, and
B.-M. Sjöberg, unpublished data). Class Ib operons may thus
carry two specific electron donors, NrdH, which provides re-
ducing power to the � subunit, and NrdI, which supplies elec-
trons to the � subunit.

Jordan et al. (19) showed that the activity of the S. enterica
serovar Typhimurium NrdEF enzyme could be slightly stimu-
lated by the addition of a partially purified recombinant NrdI
protein, but all classical NrdEF enzymes analyzed to date are
active in vitro without the addition of an NrdI protein (17, 20,
21, 44, 48). Likewise, NrdI is not essential for the in vitro
activity of the S. pyogenes NrdEF enzyme. In sharp contrast to
this, the S. pyogenes NrdE*F* mixture had no in vitro enzyme
activity, likely relating to the lack of three of the six iron
binding side chains in NrdF*. The obvious in vivo activity of
the S. pyogenes nrdF*I*E* operon suggests that NrdI* may play

FIG. 6. (A) Clustal W alignment of deduced amino acid fragments of the nrdI gene. Ssan, Streptococcus sanguis; Spne, Streptococcus
pneumoniae; Ssui, Streptococcus suis; Smut, Streptococcus mutans; Spyo, Streptococcus pyogenes; Sequ, Streptococcus equi; Saga, Streptococcus
agalactiae; Bsub, Bacillus subtilis. Shading of the sequence names indicates common clustering. Those residues unique to each group are highlighted
in black. Conserved residues among all streptococci are highlighted in light gray, and the FMN binding residues in B. subtilis are shown in dark
gray. (B) Clustal W alignment of deduced amino acid fragments of the nrdF gene. Mpne, Mycoplasma pneumoniae; Styp, Salmonella enterica
serovar Typhimurium. Conserved residues are highlighted in light gray, and the conserved radical tyrosyl residue and conserved iron binding
residues are highlighted in dark gray. Substituted residues in S. pyogenes, S. equi, S. agalactiae, Mycoplasma pulmonis, Mycoplasma genitalium, and
M. pneumoniae are highlighted in black. All sequences were retrieved from the RNRdb at http://rnrdb.molbio.su.se.
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a more direct role in ribonucleotide reduction than in activat-
ing a reduced met-�2 protein.
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1. Andersson, M. E., M. Högbom, A. Rinaldo-Matthis, W. Blodig, Y. Liang,
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