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ABSTRACT: Escherichia coli class Ib ribonucleotide reductase (RNR) converts nucleoside 5'-diphosphates to
deoxynucleoside 5'-diphosphates in iron-limited and oxidative stress conditions. We have recently demon-
strated in vitro that this RNR is active with both diferric-tyrosyl radical (Fe'',-Y*) and dimanganese(III)-Y*
(MnHIz-Y') cofactors in the 52 subunit, NrdF [Cotruvo, J. A., Jr., and Stubbe, J. (2010) Biochemistry 49,
1297—1309]. Here we demonstrate, by purification of this protein from its endogenous levels in an E. coli
strain deficient in its five known iron uptake pathways and grown under iron-limited conditions, that the
Mn'"L,-Y* cofactor is assembled in vivo. This is the first definitive determination of the active cofactor of a
class Ib RNR purified from its native organism without overexpression. From 88 g of cell paste, 150 ug of
NrdF was isolated with ~95% purity, with 0.2 Y*/52, 0.9 Mn/$2, and a specific activity of 720 nmol min~ ' mg ™"
Under these conditions, the class Ib RNR is the primary active RNR in the cell. Our results strongly suggest that
E. coli NrdF is an obligate manganese protein in vivo and that the Mn'",-Y* cofactor assembly pathway we have
identified in vitro involving the flavodoxin-like protein Nrdl, present inside the cell at catalytic levels, is operative

n vivo.

Ribonucleotide reductases (RNRs)' catalyze the conversion of
nucleotides to the deoxynucleotide building blocks required for
DNA replication and repair (/). Class I RNRs are composed of
two subunits: a2, where nucleotide reduction occurs, and (32,
which contains the metallocofactor required for initiation of
nucleotide reduction. Escherichia coli encodes two class I RNRs.
Its class Ta RNR, NrdA (a2) and NrdB (2), supplies and
controls deoxynucleotide pools under normal aerobic growth
conditions. Enzyme activity requires a diferric-tyrosyl radical
(Fe'™,-Y*) cofactor in NrdB. Expression of the E. coli class Ib
RNR, NrdE (02) and NrdF (52), is triggered under iron-limited
and oxidative stress conditions (2—J3), but its physiological role is
unclear. By contrast, class Ib RNRs are the primary sources of
dNTPs in aerobic growth for many prokaryotes, such as the
human pathogens Mycobacterium tuberculosis, Staphylococcus
aureus, Bacillus anthracis, and Streptococcus pyogenes (6). The
identity of the metallocofactor required for activity of the class Ib
RNRs in vivo has been debated for nearly three decades
(summarized in ref 7). Although the class Ib RNR is active in
vitro with a diferric-Y* cofactor (8), we recently characterized a
dimanganese(IT1)-Y* (Mn'",-Y*) cofactor in NrdF that is also
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active in nucleotide reduction (7). Here we demonstrate that the
E. coli class Ib RNR uses this Mn'™-Y* cofactor inside the cell
under defined, iron-limited growth conditions.

Only recently has evidence accumulated that class Ib RNRs
very likely contain dimanganese cofactors inside the cell. Our
in vitro experiments demonstrated for the first time that NrdF is
competent to form a Mn",-Y* cofactor active in nucleotide
reduction, with a specific activity (600 nmol min~" mg " for 0.25
Y*/f2) 4-fold higher on a per-Y* basis than that of the diferric-Y*
cofactor (7). This Mn"',-Y* cofactor can be generated only by
incubation of the dimanganese(IT) form of the protein, Mn'',-
NrdF, with the reduced form of a flavodoxin-like protein, Nrdl,
and O,. Nrdl is universally conserved in class Ib systems, with the
nrdl gene often found within the same operon as the nrdE and
nrdF genes. We proposed that the Mn"",-Y* cofactor is formed
by reaction of Mn",-NrdF with 2 equiv of H,0, or HO,~
[HOO(H)], produced by two-electron reduction of O, by the
reduced flavin cofactor of Nrdl, and channeled to the metal site.
Support for this general mechanism has recently been provided
by crystallization of the complex of Mn",-NrdF and NrdI (9),
which revealed a channel between the two proteins through
which the oxidant could be delivered. The biochemical and
structural data led us to propose that the Mn'",-Y* cofactor is
the active form of the E. coli class Ib RNR in vivo.

Recent work by Auling, Lubitz, and co-workers has demon-
strated the ability of Corynebacterium ammoniagenes NrdF to
form the same cofactor inside the cell (10, 11). This NrdF was
overexpressed in C. ammoniagenes to 5% of total cellular protein
in the presence of 185 uM MnCl, in the growth medium. The
yield of purified NrdF was ~4 mg/g of cells, with 0.36 Y*/52, 1.5
Mn/f2, and a stated specific activity of 69000 nmol min~' mg ™.
The EPR spectrum of the protein was identical to that of E. coli
Mn"™-Y* NrdF reconstituted in vitro, and their extensive EPR
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analysis established that the cofactor is a ferromagnetically
exchange-coupled Mn'", cluster weakly coupled to a Y".

The activity of both diiron and dimanganese forms of NrdF in
vitro raises the question of how correct metalation is controlled in
vivo (12, 13). Overexpression of metalloproteins, even in their
native organisms, can lead to mismetalation, but attempts to date
to purify NrdFs after expression at their normal levels in several
organisms have failed to yield sufficient active cofactor to allow
its identification and biophysical characterization (/4—16). We
have therefore undertaken the purification of NrdF from its
endogenous levels in E. coli under conditions in which transcrip-
tional experiments (2—4, /7) have suggested that NrdEF is
maximally produced, namely iron limitation. Rensing and co-
workers have created E. coli strain GR536, which is deficient in
the five known iron uptake pathways but is still able to import
iron by one or more unknown pathways (18). They demonstrated
that, after the strain is precultured in minimal medium without
added metals and dilution into minimal medium containing the
cell-permeable Fe'' chelator 2,2-dipyridyl (bipy), growth is
severely attenuated, but it is fully restored by addition of
Mn'" (18). We hypothesized that Mn' was limiting under these
growth conditions, at least in part, because of an essential role in
the class Ib RNR metallocofactor.

Here we present the purification of NrdF from this strain, the
first purification of a NrdF without overexpression that allows
for definitive determination of its active metallocofactor. E. coli
GR536 cells were grown in Fe limitation in the presence of
Mn'" and harvested in midexponential phase. From 88 g of
cell paste, 150 ug of NrdF with 0.20 Y*/$32, a specific activity of
720 nmol min~ " mg~"', and 0.9 Mn/B2 was obtained. Spectro-
scopic and biochemical data show that a Mn"',-Y* cofactor,
not a Fe"',-Y* cofactor, is the active form of NrdF in E. coli
under these growth conditions. Activity assays in crude
extracts and Western blotting analyses suggest that the class
Ib RNR is the primary source of deoxynucleotides for E. coli
under these growth conditions. Quantitative Western blots
also demonstrate that levels of Nrdl are 13-fold lower than
those of NrdF, suggesting that Nrdl acts catalytically in vivo
in Mn'"',-Y* generation. We suggest that E. coli NrdF is an
obligate manganese protein. Furthermore, we propose that
emerging data illustrating the requirement of pathogens such
as Salmonella enterica serovar Typhimurium (S. Typhimurium),
S. aureus, and S. pyogenes (all of which contain class Ib RNRs)
for manganese for growth and virulence (19, 20) may be
explained by a requirement for a Mn"",-Y* cofactor in class Ib
RNRs in general.

MATERIALS AND METHODS

Materials. Chemical reagents were obtained from Sigma-
Aldrich at the highest purity available unless otherwise indicated.
Manganese concentrations were determined using a Perkin-Elmer
AAnalyst 600 atomic absorption spectrometer. N-Terminally
Hiss-tagged NrdI (HisNrdI) and NrdE* (140 nmol min~' mg ™",
assayed with Mn'",-Y* NrdF containing 0.25 Y*/82) were purified
as reported previously (21). E. coli NrdA (2500—3000 nmol min ™"
mg '), thioredoxin (TR, 40 units/mg), and thioredoxin reductase
(TRR, 1400 units/mg) were isolated as described previously (22—24).

The NrdE used in these experiments was purified using PMSF as a
protease inhibitor. We have subsequently found that use of PMSF
results in ~50% lower specific activity of the purified NrdE than use of
Roche Complete protease inhibitor tablets (280 nmol min™! mg™").
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Table 1: E. coli Strains Used in This Study

strain genotype ref
GR536 W3110 AfecABCDE::kan AzupT::cat 18
AmntH AentC AfeoABC
GR538 W3110 AfecABCDE: :kan 18
AzupT::cat AentC AfeoABC
JW2649 BW25113 AnrdI755. :kan 27
JW2651 BW25113 AnrdF757::kan 27

NrdA was prereduced with DTT, treated with hydroxyurea to
reduce any Y" in copurifying endogenous NrdB, and exchanged
into assay buffer [SO mM HEPES, 15 mM MgSO,, and 1 mM
EDTA (pH 7.6)], following the reported procedure (25). Concen-
trations of NrdA, NrdE, and NrdF are expressed per dimer, and
that of HisNrdI is expressed per monomer. Concentrations of
proteins prior to FPLC were assessed by the Bradford assay using
bovine serum albumin as a standard. After FPLC purification, an
€50 of 132 mM ™" em ™! for NrdF was used. Polyclonal rabbit
antibodies to NrdB, NrdF, and NrdI were produced by Covance
Research Products. For the purification of antibodies against
NrdF, a cell lysate of E. coli JW2651 (Table 1) was precipitated
with acetone and the antibodies were incubated with a powder
produced from drying the precipitate (26). E. coli strains GR536
and GR538 were gifts of C. Rensing (University of Arizona,
Tucson, AZ), and JW2649 and JW2651 were purchased from the
Keio Collection (27, 28) (Table 1).

Growth of E. coli GR536. E. coli GR536 was grown as
previously described (/8). A 5 mL culture of LB containing 30 ug/
mL kanamycin and 20 ug/mL chloramphenicol was inoculated
from a single colony on an LB-agar plate containing the same
antibiotics and was grown for ~12 h at 37 °C to an ODgq of 2—3.
Analiquot (500 uL) was removed, centrifuged at 10000g for 1 min,
resuspended in an equal volume of sterile phosphate-buffered
saline (PBS), and used to inoculate 100 mL of M9-based minimal
medium without antibiotics in a 500 mL baffle flask to an ODg of
0.004. From this point on, no antibiotics were added to the culture
media. The minimal medium consisted of 1 x M9 salts (11.28 g/L),
0.3% (w/v) Bacto casamino acids (BD), 0.2% (w/v) glycerol, 0.1%
(w/v) NaCl, 0.1 mM CaCl,, and 1 mM MgSOy,. The culture was
grown for 10 h at 37 °C with shaking at 220 rpm (final ODggy ~ 2).
To further decrease cellular iron levels, this culture was diluted
500-fold into another 100 mL of minimal medium in a 500 mL
baffle flask, which was grown for 2 h at 37 °C with shaking at 220
rpm (final ODgyy ~ 0.02). This culture was diluted 500-fold into
the final, large-scale cultures, which were grown at 37 °C in
supplemented minimal medium containing 50 4M 2.2'-dipyridyl
and 100 uM MnCl, in either a New Brunswick Bioflo
110 fermentor (10 L culture volume) with 300 rpm stirring and
2.5 L/min aeration, or in 2.8 L baffle flasks (1 L culture volume)
or 6 L flasks (2 L culture volume) with shaking at 220 rpm.

Cells were harvested while still in exponential growth at an
ODggp 0f 0.5—0.7 (13.5—14.5 h in the fermentor or 14.5—17 h
in the shaker; doubling times of 50—60 min) by centrifuga-
tion at 7000g for 10 min at 4 °C, flash-frozen in liquid N,, and
stored at —80 °C. The ODgg of a 100 mL culture grown in
parallel containing 2,2'-dipyridyl but without added MnCl,
was zero after 16 h, verifying the reported dependence of this
strain on added Mn" for growth (18). Cells were grown in six
batches, each starting from a different E. coli GR536 colony.
From a total culture volume of 91 L, 88 g of wet cell paste was
obtained.
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Purification of NrdF from E. coli GR536. To minimize the
amount of time NrdF was present in the crude cell extract, the
first steps in the purification of NrdF from E. coli GR536 were
conducted in three batches of approximately 30 g of wet cell
paste. All operations were perfomed at 4 °C. For each batch, the
cell paste was resuspended in 5 mL/g of 50 mM Tris and 5%
glycerol (pH 7.6) (buffer A) containing | mM phenylmethane-
sulfonyl fluoride (PMSF), and cells were lysed by being passed
once through a French pressure cell at 14000 psi. The lysate was
centrifuged at 45000g for 20 min. Ammonium sulfate was added
to 60% saturation (390 g/L) over 15 min to the stirred super-
natant, followed by stirring for an additional 20 min, and the
suspension was centrifuged at 40000¢ for 20 min. The pellet was
redissolved in ~12 mL of 50 mM sodium phosphate and 5%
glycerol (pH 7.0) (buffer B) containing | mM PMSF and passed
through a Sephadex G25 column (2.5 cm x 35 cm, 170 mL)
equilibrated in the same buffer. Protein-containing fractions were
identified by their yellow-brown color and pooled (~55—100
mL). HisNrdI (8.5 mg) and DNase (NEB, final concentration of
5 units/mL) were added to the pooled fractions, and the solution
was stirred for 1 h. An equal volume of buffer B containing 1 M
NaCl was added, and the protein was loaded onto a Ni-NTA
agarose column (1.1 cm x 2.2 cm, 2 mL) equilibrated with buffer
A containing 500 mM NaCl (buffer C). The column was washed
with 20 CV of buffer C. The column was then washed with 5 CV
of buffer C containing 50 mM imidazole and eluted with 10 CV of
buffer C containing 250 mM imidazole. The eluted protein was
diluted with buffer C to ~40 mM imidazole and concentrated to
~40 mL using an Amicon Ultra YM30 centrifugal concentrator
(Millipore). The protein solution was flash-frozen in liquid
nitrogen and stored at —80 °C until further purification. These
steps were complete 11—13 h after each batch of cell paste had
been thawed.

The protein solutions from the three preparations (120 mL)
were thawed on ice, pooled, diluted 10-fold in 20 mM HEPES
and 5% glycerol (pH 7.0) (buffer D) containing 10 mM NaCl,
and concentrated using a Millipore YM30 membrane in an
Amicon concentrator to ~500 mL (4 h). The protein solution
was loaded onto a DEAE Sepharose Fast Flow column (2.5 cm x
3 cm, 15 mL) preequilibrated with buffer D containing 10 mM
NaCl. The column was washed with 30 mL of buffer D contain-
ing 200 mM NaCl, which was collected in two 15 mL fractions.
The protein was then eluted with a 120 mL linear gradient from
200 mM to 1 M NaCl in buffer D, and 1.7 mL fractions were
collected. NrdF-containing fractions were determined by dot
blotting with antibodies to NrdF as described below. NrdF eluted
in the second wash fraction and elution fractions 1—32. Because a
large amount of NrdI was also present in the wash, only elution
fractions 1—32 were pooled (~55 mL, 200—600 mM NaCl).
These were concentrated to ~16 mg/mL (450 uL) using an
Amicon Ultra YMI10 centrifugal concentrator, frozen in liquid
N,, and stored at —80 °C until further purification. These steps
were complete 15 h after the protein solution had been thawed
following Ni-NTA chromatography. The protein was then
chromatographed twice using a Poros HQ/20 FPLC anion
exchange column (Applied Biosystems, 1.6 cm x 10 cm,
20 mL, flow rate of 2 mL/min). In the first run, the column
was equilibrated with buffer D containing 200 mM NaCl before
sample loading, and the column was washed with 2 CV of buffer
D containing 200 mM NaCl and eluted with a 120 mL linear
gradient from 200 to 900 mM NaCl in the same buffer. One minute
fractions (2 mL) were collected. NrdF-containing fractions were
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identified by SDS—PAGE and dot blotting, and fractions eluting
between 35 and 43 min (610—690 mM NaCl) were pooled and
concentrated to 320 uL using Amicon Ultra and Microcon
YMI0 centrifugal concentrators, frozen in liquid N», and stored
at —80 °C for further purification. The second FPLC step was
performed analogously; however, the column was equilibrated in
buffer D containing 400 mM NaCl and washed with 1 CV of the
same buffer, and the protein was eluted with a 120 mL gradient
from 400 to 800 mM NaCl in buffer D. The NrdF-containing
fractions (eluting at ~530 mM NaCl) were pooled, concentrated
as before, frozen in liquid N, and stored at —80 °C for analysis.
This protocol resulted in NrdF purified to 95% homogeneity.

Detection of NrdF-Containing Fractions by Dot Blot-
ting. NrdF-containing fractions after DEAE and FPLC were
determined by spotting | or 2 uL of each fraction onto a 6 cm x
10 cm, 0.45 um Protran nitrocellulose membrane (Schleicher and
Schuell). After drying, the membrane was incubated with gentle
shaking at room temperature in 25 mL of blocking buffer for
30 min, to which purified antibodies to NrdF were added at a
1:10000 dilution, and further incubated for 45 min. The mem-
brane was washed three times with 40 mL of PBS for 4 min each,
incubated with HRP-conjugated goat anti-rabbit secondary
antibodies (Thermo Scientific) at a 1:2000 dilution in blocking
buffer for 45 min, washed three times with 40 mL of PBS for
4 min each, developed using SuperSignal West Femto Maximum
Sensitivity chemiluminescence reagents (Thermo Scientific), and
imaged using a CCD camera (ChemiDoc XRS, Bio-Rad).

Activity Assays of NrdF in Crude Extract or Partially
Purified NrdF. Assays of NrdF in crude extracts and of protein
after ammonium sulfate precipitation and Sephadex G25 steps
contained, in a final volume of 135 uL, 2.5 mg/mL extract or
partially purified protein, 5 uM NrdE, 0.3 mM dATP, 20 mM
dithiothreitol (DTT), 10 mM NaF, and 0.5 mM [*H]CDP
(ViTrax, 5600—21000 cpm/nmol), in assay buffer at 37 °C (21).
Assays were initiated by addition of NrdF. Aliquots (30 uL) were
removed at 20 s, 3 min, 6 min, and 9 min and heated at 100 °C for
2 min. Each aliquot was incubated with 14 units of calf intestine
alkaline phosphatase (Roche) and 120 nmol of deoxycytidine in
75 mM Tris and 0.15 mM EDTA (pH 8.5) for 2 h at 37 °C, and
dC was analyzed by the method of Steeper and Steuart (29).

Activity Assays of Purified NrdF. Assays of NrdF after the
Ni-NTA, DEAE, and FPLC steps were performed as described
above, except 1.0 uM NrdE was used, no NaF was present, and
the concentration of NrdF protein in the assay mixture was either
0.5 mg/mL (after Ni-NTA), 0.1 mg/mL (after DEAE), or 0.015
mg/mL (0.2 uM) (after FPLC).

Activity Assays of NrdB in Crude Extracts. Assays of
NrdB in crude extracts contained, in a final volume of 135 uL, 2.5
mg/mL protein, 5 uM NrdA, 3 mM ATP, 30 uM TR, 0.5 uM
TRR, | mM NADPH, 10 mM NaF, and 1 mM [*’H]CDP (21000
cpm/nmol), in assay buffer at 37 °C (21). Assays were initiated by
addition of the extract. Aliquots (30 uL) were removed at 20 s,
3 min, 6 min, and 9 min and heated at 100 °C for 2 min, and the
samples were worked up as described above.

Western Blot Analysis of NrdB, NrdF, and Nrdl in
E. coli GR536. E. coli GR536 cells grown as described above
and harvested at ODg values of ~0.08, 0.16, and 0.55 were
resuspended in 5 mL/g of buffer A with 1 mM PMSEF, lysed with
a French pressure cell, and centrifuged at 45000g and 4 °C for
20 min. After determination of the protein concentration of the
supernatant by the Bradford assay, the supernatant was diluted
with 2x Laemmli buffer and boiled for 10 min at 100 °C. Because
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the presence of additional proteins affected the transfer of the
NrdF and NrdI standards in Western blots, extracts of E. coli
JW2649 and JW2651 (Table 1) were also prepared. These extracts
were prepared via a protocol similar to that used for the E. coli
GR536 extracts, except that the cells were grown in LB to an
ODgoo of ~0.8 and resuspended in 1 mL/g of buffer B before lysis.
Quantitation of NrdB, NrdF, and Nrdl was conducted by
Western blot analysis as described previously (30), with the
following modifications in the case of NrdF and Nrdl. For
NrdF, the standard curve used purified NrdF (4—34 ng) mixed
with 40 ug of E. coli JW2651 extract and loaded onto a Criterion
10% Tris-HCl gel (Bio-Rad). E. coli GR536 extracts (40 ug) were
loaded in duplicate. The gel was run at 200 V for 40 min at 4 °C.
The proteins were transferred to a PVDF membrane (Bio-Rad)
at 200 mA and 4 °C for I hin 25 mM Tris, 195 mM glycine, 15%
(v/v) methanol, and 0.01% (w/v) SDS using a Criterion Blotter
system (Bio-Rad). The membrane was then handled as described
above for dot blotting, with primary antibodies to NrdF added at
a 1:10000 dilution. For Nrdl, the standard curve used purified
HisNrdI (0.5—6 ng) mixed with 100 ug of E. coli JW2649 extract
and loaded onto a Criterion 15% Tris-HCI gel. E. coli GR536
extracts (100 ug) were loaded in duplicate. The gel was run at 200 V
for 45 min at 4 °C. The proteins were transferred to a PVDF
membrane as described above but at 100 V and 4 °C for 80 min.
Primary antibodies to Nrdl were added at a 1:500 dilution.
EPR Spectroscopy. EPR spectra of NrdF were recorded on
a Briker EMX X-band spectrometer at 77 or 4.6 K using an
Oxford Instruments liquid helium cryostat. Acquisition param-
eters were as described previously (7). Spin quantitation was
performed by double integration of the signal and comparison
with an E. coli NrdB sample with known Y* content [determined
by the dropline method (37) and by EPR spectroscopy by com-
parison with a CuSOy standard (32)]. To ensure a flat baseline,
quantitations of Y® in NrdF at 77 K were conducted after
subtraction of a buffer sample acquired under identical condi-
tions. Analysis was conducted using WinEPR (Briiker). The
microwave power at half-saturation (P,) and the inhomoge-
neous broadening (b) of the Y* signal were calculated as described

previously (7).

RESULTS

NrdF Is Expressed and Active in E. coli GR536. Rensing
and co-workers have created E. coli strains in which multiple
transport systems involved in iron uptake were deleted in an
effort to study metal specificity of particular transporters (18).
Deletions were made in the feo (ferrous uptake) and fec (ferric
citrate) loci, as well as in entC (involved in enterobactin biosynth-
esis for Fe'™ uptake), zupT (a broad specificity divalent cation
importer), and mntH (a Mn" transporter that also can take up
Fe'"). When E. coli strain GR536 (Table 1), which lacked all five
of these systems, was cultured in minimal medium in the presence
of 50 uM bipy, only addition of Mn"—not Fe", Mg"", or Zn"—
allowed for normal growth.

Given our recent observation that the E. coli class Ib RNR can
form a Mn'",-Y* cofactor, and that the class Ib RNR of E. coliis
expressed under iron-limited conditions, we hypothesized that
the growth defect of E. coli GR536 in the absence of Mn" could
be the result of manganese deficiency in the class Ib RNR,
limiting deoxynucleotide production and thus also growth.
Therefore, we grew E. coli GR536 cells as previously described
(18), in M9 minimal medium in the presence of 50 uM bipy and
100 uM MnCl,, and harvested them in early and midexponential
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FIGURE 1: Representative Western blots to determine the levels of
NrdB, NrdF, and Nrdl in E. coli GR536 cells harvested at ODyg
values of 0.08, 0.16, and 0.55. Standards for quantitation are in
lanes 1—8. Lanes 9—11 (NrdB and NrdF blots) and lanes 9—14
(NrdI blot) show the amount of each protein in E. coli GR536
crude cell extracts. For the NrdF and NrdI standard lanes, crude
extracts of AnrdF (40 ug) and AnrdI (100 ug) deletion strains were
added. Note that HisNrdl was used as the standard for the Nrdl
blots, and that these standards run slightly slower (~2 kDa) than
the untagged Nrdl band in the extract. The samples are shown in
duplicate for the NrdI blot.

growth phases (ODgoo = 0.08, 0.16, and 0.55) when demand for
deoxynucleotides is expected to be maximal. Levels of NrdF and
NrdB were determined by Western blot analysis. Both proteins
are expressed under these conditions (Figure 1 and Table 2). In
midexponential phase, NrdF is present at a concentration of
~400 ng/mg of total protein and NrdB at ~140 ng/mg. The
amount of NrdB is comparable to the 190 ng of NrdB/mg in
E. coli K-12 wild-type cells grown in LB medium (K. Yokoyama,
A. Q. Hassan, and J. Stubbe, unpublished results). Our previous
studies had shown that, in vitro, the flavoprotein NrdI is required
for Mn'"-Y* assembly in NrdF (7). Thus, to determine if NrdI is
used stoichiometrically or catalytically, we conducted Western
blots under the same conditions using antibodies to Nrdl. Nrdl
was determined to be present at ~1/13 the amount of NrdF
(10 ng/mg) and thus probably functions catalytically.

To determine growth conditions that maximized formation of
active NrdF, activity assays were conducted on the crude cell
extracts at different stages of growth (Table 2). Control experi-
ments showed no cross-reactivity between the class Ia and Ib
subunits (see the Supporting Information), and therefore, both
NrdF and NrdB could be assayed in the crude extracts via addi-
tion of the appropriate a2 subunit (NrdE or NrdA), substrate,
and allosteric effector. At an ODg 0f 0.55, the specific activity of
NrdF was 0.6 nmol min~' (mg of total protein)~' [2000 nmol
min~" (mg of NrdF)~']. NrdB protein levels are 3-fold lower than
NrdF levels, and NrdB activity is ~10-fold lower, 0.05 nmol min~!
(mg of total protein) ' [400 nmol min™~' (mg of NrdB) ~']. It should
be noted that the assays for NrdB activity were conducted with a
physiological reducing system (thioredoxin/thioredoxin reductase)
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Table 2: Protein Levels and Specific Activities of Class Ia and Ib RNRs in Crude Extracts

protein level (ng/mg of protein)®

specific activity [nmol min~' (mg of protein) ']

specific activity [nmol min~' (mg of 2)~'1¢

ODggo NrdF NrdB NrdI NrdF? NrdB¢ NrdF NrdB
0.08 450 + 180 160+ 10 16+3 1.1 0.08 +0.02 2400 £ 1000 500 £ 100
0.16 370 + 90 140 +40 10+ 1 0.8+0.1 0.09 £0.03 2200 £ 600 600 £ 300
0.55 300110 120 + 50 943 0.6+0.1 0.05+0.01 2000 £ 800 400 £ 200

“Determined by Western blotting. “Radioactive assay, 5 uM NrdE, DTT, 37 °C. ‘Radioactive assay, 5 uM NrdA, TR, TRR, NADPH, 37 °C. “Specific
activities normalized for the 52 (NrdF or NrdB) levels determined by Western blotting.

Table 3: Purification of NrdF from E. coli GR536

purification step protein (mg) total activity (nmol/min)

specific activity (nmol min~' mg™")

percent recovery purification factor

crude extract” 7100 5400
(NH,),S0,4/G25" 5400 2100
Ni-NTA 140 1200
DEAE 7.1 400
FPLC 1 0.39 230
FPLC 2 0.15 110

0.76 100 1
0.39 40 0.5
8.8 22 12
56 7 74
580 4 780
720 2 950

“NrdF was purified from 88 g of cells. “The results shown for these steps represent the aggregate of three separate purifications from ~30 g of cells.

while those for NrdF used DTT. These results thus likely under-
estimate the difference in the specific activities of NrdF and NrdB in
the crude extracts. Therefore, under these iron-limited growth
conditions, the class Ib RNR is the primary source of deoxynucleo-
tides for the cell. The specific activity of NrdF was constant (~2200
nmol min~" mg™") over the cell densities examined, indicating that
the highest yield of active NrdF per liter of culture would be
obtained by harvesting cells at an ODgyy of ~0.5. Thus, these
growth conditions were chosen as a starting point for purification
of NrdF.

Purification of NrdF from E. coli GR536. E. coli GR536
harvested at ODyg values of 0.5—0.7 gave 88 g of wet cell paste
from 91 L of culture. A summary of the purification of NrdF is
given in Table 3. The central feature of the purification protocol
was the addition of Hiss-tagged Nrdl, known to interact tightly
with NrdF (7). Ni-NTA affinity chromatography resulted in 12-
fold purification of NrdF. Although a large excess of Nrdl was
added to the extract to pull out NrdF, only 50% of the NrdF
activity was recovered after this step. This is likely due to the
extensive washing of the Ni-NTA column carried out to remove
the majority of the cellular proteins. The recovery following
DEAE anion exchange chromatography was also low; two-thirds
of the remaining NrdF activity was lost in the flowthrough and
wash of this column. Nrdl and NrdF are difficult to separate and,
in our experience, the Nrdl—NrdF complex does not bind well to
anion exchange columns, which probably accounts for the low
recovery in this step. It is also possible that the NrdF bound to
NrdI has different levels of Mn and Y* than the NrdF that is free
and thus binds more tightly to the column (see Discussion), but
the former fraction was not characterized further. Still, these steps
together accomplished 74-fold purification of NrdF. NrdF was
further purified by two additional chromatographic steps using a
Poros HQ/20 FPLC column (Figures S1 and S2 of the Supporting
Information), yielding 95% homogeneous protein (Figure 2).

NrdF As Isolated Contains a Mn™>-Y* Cofactor. The
UV-—visible spectrum of NrdF isolated from E. coli GR536
(Figure 3) contains the characteristic sharp and broad features at
408 and 390 nm, respectively, of a Y*. The absence of shoulders at
~325 and 370 nm indicates that the protein has not copurified
with a diferric cluster, and the broad absorption feature
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FIGURE 2: NrdF from E. coli GR536is purified to near homogeneity.
(A) Elution profile from the second FPLC step. NrdF eluted at 29
min. (B) SDS—PAGE (12.5%) analysis. Lane 1 contained molecular
mass standards (kilodaltons), and lanes 2 and 3 contained 1 and 3 ug
of NrdF, respectively.

at ~500 nm is suggestive of a dimanganese(III) cluster (7, 33).
The purified NrdF contained only 0.86 £ 0.03 Mn/$32, assayed by
atomic absorption spectroscopy, and thus is mainly in the apo
form.

Additional evidence for the presence of a Mn',-Y" cofactor in
the isolated protein was provided by EPR spectroscopy. We have
previously demonstrated that this method allows facile discrimi-
nation between the Mn',-Y* and Fe''-Y* cofactors in NrdF
because of differences in their temperature dependence, line

111
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FI1GuRE 3: UV-visible spectrum of NrdF (7 uM) isolated from its
endogenous levels in E. coli GR536. The spectrum is consistent with
that of the Mn"",-Y" cofactor previously described (7).

widths, and saturation behavior (7). The EPR spectra of NrdF at
77 and 4.6 K are shown in Figure 4. The Y* signal is identical to
that of the Mn",-Y* cofactor reconstituted in vitro (7), with
strong temperature dependence and line widths of 450 G at 4.6 K
and 130 G at 77 K. The electronic spin relaxation properties
(Pip = 424 0.6 mW at 4.6 K, while at 77 K and 100 mW, the
signal is only 20% saturated) are also similar to those previously
reported for the Mn",-Y* cofactor. These properties differ from
those of the Fe'",-Y* signal, which displays little temperature
dependence from 3.6 to 293 K, a line width of 60 G, and slower
electronic spin relaxation (P, = 0.03 4 0.0 mW at 3.6 K). Spin
quantitation of the purified NrdF Y* gives 0.20 Y*/52. The
specific activity of 720 nmol min~' mg~' compares well with
that observed for Mn"",-Y* NrdF assembled in vitro with NrdI
and O, (550 nmol min~' mg~" for 0.2 Y*/2). By contrast, the
specific activity of Fe'',-Y* NrdF with 0.2 Y*/2 is ~150 nmol
min~' mg~'. Together, the data demonstrate that the active
cofactor of NrdF in vivo is a Mn'",-Y* cofactor identical to the
one we recently assembled in vitro.

DISCUSSION

In Vivo Formation of a Dimanganese(I1)-Y" Cofactor in
NrdF. A dimanganese-Y" cofactor was first proposed in 1988
upon isolation of the C. ammoniagenes class Ib RNR (14). Over
the past two decades, substantial effort has been devoted to
establishing that an active manganese cofactor is present in the
class Ib RNRs. The class Ib RNRs are structurally homologous
to the iron-dependent class Ia enzymes, and when C. ammonia-
genes and other NrdFs were expressed recombinantly in E. coli,
iron was incorporated and the protein was active, leading to the
misconception that Fe is part of the active metallocofactor inside
the cell (8, 34). Efforts to isolate NrdFs from C. ammoniagenes
and Corynebacterium glutamicum were successful, but the active
cofactors could not be characterized (14, 15). Only recently have
active class Ib RNRs containing a dimanganese cofactor been
successfully obtained and characterized: by cluster assembly in
vitro in E. coli NrdF, requiring Nrdl and O, (7), and by over-
expression of C. ammoniagenes NrdF in its native organism (10).

Thus, our efforts to isolate the class Ib RNR from E. coli
initially focused on conditions to maximize the amount of active
enzyme produced. Transcriptional profiling studies under iron
limitation and oxidative stress demonstrated elevated levels of
mRNA for the class Ib system under these conditions (2—3). In
line with earlier studies of mRNA levels (35), preliminary Western
blots also showed that the level of NrdF was elevated by addition
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FiGURE 4: EPR spectra of NrdF from E. coli GR536 after the first
FPLC step (black) overlaid with that of the Mn'",-Y* form recon-
stituted in vitro (red) at (A) 77 K and (B) 4.6 +£ 0.2 K.

of hydroxyurea, a small molecule known to reduce the Y* in class
Iaand Ib RNRs, to the culture medium. After many variations of
growth conditions had been examined, a strain created by the
Rensing group lacking all known iron uptake systems and
requiring Mn'' for growth under Fe-limited conditions was
chosen. Interestingly, growth of a different strain [E. coli GR538
(see Table 1)] containing the Mn' transporter, MntH, in the
presence of Mn"! led to no increase in the amount of RNR activity
observed in crude extracts relative to that found for E. coli GR536
grown under the same conditions (data not shown).

Purification of NrdF was facilitated by taking advantage of
our previous observation that Nrdl binds tightly to NrdF (7).
While this affinity purification was successful, the Mn and Y*
contents of the purified protein were substoichiometric. In
retrospect, the majority (approximately two-thirds) of the activ-
ity remaining after the affinity step was lost in the DEAE
chromatography step, probably due in large part to the difficulty
in separating Nrdl from NrdF. Given that Nrdl is present at
catalytic levels inside the cell, it is likely that the affinity between
these two proteins is dependent on the Mn loading of NrdF and
the oxidation state of the flavin cofactor of Nrdl. It is therefore
possible that the NrdF in the discarded fraction may have had
higher Mn loading. Efforts to further understand the interactions
between these two proteins are in progress.

Low Mn and Y* contents have also been observed in the recent
isolation of C. ammoniagenes NrdF, in which the level of NrdF
expression was genetically manipulated to be 5% of the total
protein (10), and in B. subtilis, in which NrdF expression was
upregulated 20-fold relative to the wild-type levels (Y. Zhang and
J. Stubbe, unpublished results). Thus, in the cases examined so
far, the growth conditions have been manipulated to maximize
the amounts of NrdF produced. The substoichiometric amounts
of Mn and Y in these preparations underscore the need to
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understand the factors involved in NrdF cluster assembly,
including regulation of cellular Mn'" uptake, the mechanism
of Mn" loading of NrdF, and the importance of the levels of
NrdF and accessory proteins like NrdI for efficient cofactor
assembly.

A number of arguments suggest not only that E. coli NrdF can
assemble a Mn'-Y* cofactor in vivo but also that it is an
obligate manganese protein. First, there is a committed biosyn-
thetic pathway involving NrdI that provides the essential oxidant
for cluster formation. Second, if E. coli substitutes or supple-
ments its Fe-dependent class Ila RNR with the class Ib RNR
under Fe-limited conditions, it is reasonable that the class Ib
RNR would not use Fe. A similar situation has been observed
in E. coli under Fe-limited growth conditions with superoxide
dismutase (SOD), in which the Fe-dependent SOD is replaced
with a Mn-dependent SOD (36). Third, while it is possible that
NrdF is a diiron protein under other growth conditions such as
oxidative stress, Imlay and co-workers have pointed out that
oxidative stress is simply a special case of Fe limitation. Oxidation
of Fe'' to Fe'l by H,0, stress, disables the Fe“-responsive
transcription factor Fur (37), leading to derepression of Fur-
regulated genes such as nrdHIEF. Finally, in an elegant set of in
vivo experiments, Martin and Imlay have recently provided
compelling evidence that manganese is required for the function
of NrdF inside the cell and that the iron-loaded protein is not
sufficiently active to support growth (personal communication).
Thus, the independent but complementary approaches in their
studies and our own both have led to the conclusion that E. coli
NrdF is an obligate dimanganese protein.

Role of the Class Ib RNR in E. coli. The expression of the
class Ib RNR under iron limitation and oxidative stress suggests
that this system may be especially relevant to E. coli and related
enterobacteria such as pathogenic S. Typhimurium when the
bacterium is engulfed by a macrophage, which creates these
conditions to weaken and kill invading organisms (38). By exten-
sion, the presumptive use of a Mn",-Y* cofactor instead of a
Fe''l,-Y* cofactor may provide insight into why so many other
pathogenic organisms depend on class Ib RNRs as their primary
aerobic source of deoxynucleotides.

Recent work by Gibert and co-workers has begun to address
the role of the class Ib RNR under physiological conditions in S.
Typhimurium (/7). Their studies investigated the survival of
AnrdAB and AnrdEF S. Typhimurium LT2 strains in a macro-
phage cell line either possessing or lacking the integral membrane
protein Nramp1, which is important in conferring host resistance
to infections by pathogens. Phagocytosis of pathogens by macro-
phages leads to recruitment of Nrampl to the membrane of the
phagosome where it acts as an efflux pump for divalent cations
such as Mn"", Fe"!, and Zn" from the phagosome (19, 39). Gibert
and co-workers found that NrdEF appears to play an important
role in the early stages of infection, with deletion of nrdA B not
affecting viability of S. Typhimurium in either Nramp1™* or
Nrampl ™~ macrophages up to 6 h postinfection. Interestingly,
at 24 h, the AnrdAB S. Typhimurium was no longer viable in
either macrophage cell line but was still viable at 24 h when
infecting Nrampl~/~ macrophages in the presence of the Fe'!
chelator, bipy. One interpretation of these results in light of our
own is that, as long as Fe is limiting, NrdEF activity is sufficient
to sustain the viability of S. Typhimurium. The inviability at 24 h
in the absence of bipy may be due to the phagosome no longer
being sufficiently Fe-limited or oxidatively stressed for the level of
class Ib expression to be sufficiently high to support growth.

Cotruvo and Stubbe

In support of this hypothesis, the response of the major locus
containing S. Typhimurium virulence genes, Salmonella patho-
genicity island 2 (SPI2), to metal efflux by Nrampl is relatively
slow (40). SPI2 has been implicated in promoting survival and
replication of the pathogen within the macrophage in part
by interfering with localization of the superoxide-producing
NADPH oxidase, a major part of the host’s oxidative response,
to the phagosomal membrane (47). Furthermore, while Nramp|
is directed to the phagosome within 1 h postinfection (39), trans-
cription of the SPI2 genes is not significantly induced until 6 h
(40). In the absence of Nrampl, chelation of Fe by bipy is able to
induce transcription of these virulence genes as well (40). There-
fore, iron limitation and oxidative stress may be particularly
severe in the first 6 h of infection, thus providing a window in
which the class Ib RNR would be important, until other cellular
processes have been mobilized to counteract the macrophage-
mounted defense and Fe'" becomes more available for metalation
of the class Ia RNR (40). Studies of the time dependence of metal
availability in phagosomes would provide further insight into the
struggle between host and pathogen for metals. These results
must be interpreted with caution, however, as the results of
studies in macrophage cell lines can be highly dependent on the
host cell type and the specific S. Typhimurium strain used (/9).

In addition to active NrdEF, E. coli GR536 cells also contain
substantial amounts of largely inactive NrdAB; this may not be
so surprising, however, as unlike nrd HIEF, there is no evidence
that nrdA B is regulated by cellular iron levels via Fur. NrdB could
be predominantly in the apo form or, given that Mn" binds more
tightly to NrdB than Fe" (42), loaded with Mn", which cannot be
converted to active cofactor.’ The presence of a large amount of
NrdAB with low activity may suggest that such extreme Fe
limitation is not likely to be physiologically relevant for E. coli
and that the role of the class Ib RNR is to supplement, rather
than completely replace, class Ia function under iron limitation
and oxidative stress. Alternatively, inactive NrdB (Mn'-loaded
or apo) may remain in expectation of the higher iron levels that
would allow its activation. Further studies are required to
elucidate the factors controlling NrdAB and NrdEF expression
levels and activity in E. coli.

Are All NrdFs Dimanganese Proteins? (i) Role of Nrdl.
The question of whether all NrdFs, like those of E. coli and C.
ammoniagenes, use manganese or if some use iron must be add-
ressed on an organism-by-organism basis. Growth and expres-
sion conditions, differences in metal homeostatic mechanisms,
cellular metal concentrations, and relative binding affinities of
different NrdFs for Mn'" and Fe'" all are important factors. The
paucity of this information for most organisms utilizing class Ib
RNRs makes evaluation of this issue difficult. However, the
requirement of NrdI for assembly of the Mn',-Y* cofactor (7)
and biochemical (27) and structural (9, 43, 44) characterization of
NrdI allow us to begin to address this question indirectly.

We have proposed that NrdI’s role in Mn'",-Y* assembly is to
reduce O, by two electrons to HOO(H) (7). This reaction is
governed by the redox potentials of its flavin cofactor. The
factors responsible for modulation of these potentials have been
studied extensively. On the basis of these studies, we have
previously suggested that NrdI’s ability to reduce O, to HOO(H)
(7) arises from two factors: the positive electrostatic environ-
ment of the flavin and the presence of a flexible loop region

3In vitro incubation of Mn",-NrdB with reduced NrdI and O, fails to
generate Y* or activity (see the Supporting Information).
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(“50s loop”’) near the flavin N5 and reactive C4a positions, able
to form hydrogen bonds with the flavin in both the oxidized and
fully reduced states. These hypotheses are strongly supported by
the X-ray structures of these forms of Nrdl in complex with
NrdF (9).

As previously observed for NrdFs (45), genomic analysis
reveals that Nrdls can be grouped into three major classes that
correlate with the length and composition of the 50s loop (see
ref 44 for a phylogenetic tree). The proposed structure—function
relationships outlined above, along with the available biochem-
ical and physiological data, suggest that NrdIs of the same
phylogenetic group function similarly.

The first and largest subclass of Nrdls includes the proteins
from E. coli and C. ammoniagenes, which both assemble diman-
ganese(I11)-Y* cofactors in vivo. S. pyogenes NrdI1 (NrdI¥) also
falls into this class and has been reported to be essential for
activity of its class Ib RNR (46); it is thus also likely to be
involved in Mn'",-Y* cofactor assembly. NrdIs of a second and
smaller class have longer 50s loops than the first. One member of
this class is Lactobacillus plantarum, an organism that accumu-
lates millimolar levels of Mn, appears not to require Fe for
growth (47), and uses a class Ib RNR for aerobic growth. Itis
therefore reasonable to predict that this class also uses a
manganese cofactor.

Nrdls of the third class contain three-residue 50s loops not
capable of forming hydrogen bonds to the flavin in the oxidized
state. These Nrdls are found predominantly in Bacillus and
Staphylococcus, including Bacillus cereus (43) and B. anthracis
(44). The function of the Nrdls in this class is less clear, as they
stabilize larger amounts of the one-electron-reduced semiquinone
form of the cofactor than E. coli Nrdl (~60% for B. anthracis,
nearly stoichiometric for B. cereus, and 28% for E. coli). The
increased levels of semiquinone may suggest that the flavins are
inefficient two-electron reductants of O, (9, 44). These Nrdls
could be involved in Y* maintenance (30) or provide the extra
electron required for assembly of a diferric-Y* cofactor. However,
their redox properties could easily be modulated by interaction
with NrdF to favor reduction of O, to HOO(H), as the presence
of NrdF clearly perturbs the electrostatic environment of the
flavin cofactor of E. coli NrdI (7, 9). Alternatively, assembly of a
Mn'™,-Y* cofactor by a different mechanism in these NrdFs (for
example, with NrdI providing a different oxidant, superoxide)
cannot be ruled out. No experiments on the feasibility of Mn'",-
Y* cluster assembly in B. anthracis or B. cereus NrdFs have been
reported. Interestingly, however, experiments from our labora-
tory (Y. Zhang and J. Stubbe, unpublished results) have shown
that NrdF from the closely related B. subtilis assembles a Mn'">-
Y* cofactor in vivo. We therefore propose that the Mn™',-Y*
cofactor demonstrated in E. coli will also be found in the class Ib
RNRs of all three phylogenetic groups.

(ii) Essential Physiological Role of Mn. A large number of
prokaryotes have been documented to require Mn for growth
and, in the case of pathogens, virulence. Some, like Lactobacillus
plantarum (47) and the radiation-resistant Deinococcus radio-
durans (48), which both encode class Ib RNRs, do not require
iron for aerobic growth and accumulate high levels of intracel-
lular Mn, as determined by metal analysis of cell extracts. While
other prokaryotes that depend on class Ib RNRs for aerobic
growth have not completely eliminated a requirement for iron,
they also have been shown to accumulate high levels of Mn. The
affinities of regulators of Mn' transport, for example, MntR
from B. subtilis and AntR from B. anthracis AntR, are high,
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60 and 160 uM, respectively (49, 50), suggesting that the con-
centration range of weakly bound Mn"" in these organisms may
be of a similar order. Mn'" has also been reported to be crucial for
full virulence of the pathogenic organisms, including S. Typhi-
murium, S. aureus, and S. pyogenes (19, 39, 51). In fact, the host’s
immune response devotes much energy to making both Fe'' and
Mn" limiting nutrients in the phagosome.

Despite the importance of manganese, the essential roles that it
plays are not well understood. Relatively few enzymes have an
absolute requirement for this metal. A long-standing hypothesis
is that one of the major physiological functions of the high levels
of Mn"", complexed mostly with phosphates and nucleotides in
the cell, is to counteract oxidative stress by acting as a superoxide
dismutase (SOD) to disproportionate superoxide into H,O, and
O, (47). This proposal is supported by in vitro studies of
Mn"'—phosphate complexes (52) and recently by electron nuclear
double-resonance spectroscopic studies of whole Saccharomyces
cerevisiae cells (53). Such a role could be particularly important
for pathogens, as superoxide is a key part of the host’s oxidative
defense. Alternatively, the essential role of Mn'"' may be related to
MnSOD activity. Others have suggested that Mn'" can act as an
essential Lewis acid in some enzymes (I3, 19), especially to
replace Fe''under certain conditions to prevent oxidative damage
by Fenton chemistry (13).

Fe and Mn homeostasis appears to be quite different in the
bacteria described above than in E. coli, which may explain why
E. coli and related enterobacteriaceae are the only prokaryotes
that contain both class Ia and Ib RNRs and why their class Ib
RNRs are expressed only during iron limitation and oxidative
stress. Overexpression of all NrdFs reported to date in E. coli
grown in rich medium leads to incorporation of Fe and diferric-
Y*® formation with widely varying levels. By contrast, when
C. ammoniagenes NrdF is overexpressed in its native organism
in the presence of iron, it is still not loaded with iron (/0). In
E. coli grown in a defined minimal medium, Mn levels are quite
low, ~15uM (13),compared with ~1 mM Fe (54), although most
of this Fe is not readily bioavailable (55). No Mn'' chaperones are
known; we suggest that bioavailable iron levels are normally too
high and manganese levels too low in enterobacteriaceae to
metalate the class Ib RNR correctly with manganese, and only
under Fe limitation or oxidative stress is the ratio of free Mn'" to
Fe'! sufficiently high to allow Mn"" to effectively compete with
Fe'' for binding to NrdF. In other class Ib-containing organisms,
metal homeostasis may be controlled in such a way that there is
less Fe'" and more bioavailable Mn"' for loading NrdF, such that
it is correctly metalated with Mn"" in normal growth.

We propose that the Mn requirement of many prokaryotes is
linked, at least in part, to a Mn requirement for the class Ib RNR.
The essential function of RNR for deoxynucleotide provision for
replication and DNA repair is an obvious explanation for a
requirement for Mn. The Mn dependence, rather than Fe
dependence, of the class Ib RNRs of these organisms may reflect
the struggle between host and pathogen for essential metals.

CONCLUSION

The activity of E. coli (7) and C. ammoniagenes (10) NrdFs
with both Fe™-Y* and Mn'",-Y* cofactors demonstrates that
the metal coordination environment in NrdF itself is not the
primary determinant of the NrdF’s active form. Instead, the
redox properties of Nrdl, the mechanism of metalation of NrdF,
cellular Mn and Fe homeostasis, and regulation of RNR
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expression all appear to play roles. The biochemical and physio-
logical data presented here argue that most, if not all, class Ib
RNRs are dimanganese proteins in vivo. Ultimately, however,
parallel in vitro and in vivo studies of a number of class Ib RNR
systems, such as we have presented here and in our previous
work (7, 21), will be necessary to determine (1) whether all class Ib
RNRs contain dimanganese(I11)-Y* cofactors inside the cell and
(2) what factors are responsible for imparting cofactor specificity
in vivo.
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