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ABSTRACT: Ribonucleotide reductases (RNRSs) catalyze the conversion of nucleotides to deoxynucleotides

in all organisms. The class | RNRs are composed

of a 1:1 complex of two homodimeric subuaitd:

B. B contains the diferric-tyrosyl radical €Y cofactor essential for the reduction process. In vivo, the
mechanism of Yregeneration from the diferrif, (met{3,) or apof. is still unclear. ¥ regenerations

from met, and apgs, have been designated the maintenance and biosynthetic pathways, respectively.
To understand these two pathways, 181 genomes that canmtémrdB (genes encoding andf) were
examined. In 29% of the cases, an open reading frame annotated 2Fe2S ferredoxin (f$akearichia

coli) is located next tonrdB. Thus, YfaE has been cloned, expressed, resolubilized, reconstituted
anaerobically with F&, Fe*, and S, and characterized by Msbauer, EPR, and visible spectroscopies.
Titration of metf, with [2Fe2S}*-YfaE anaerobically results in the formation of an equilibrium mixture

of diferrousf; and [2Fe2S]"-YfaE with one Fe reduced/YfaE oxidized. At the end point of the titration,

0O, is added to the mixture and the diferrgisrapidly undergoes reaction to form the diferricaith a
stoichiometry of 2Fe/Yand a specific activity correlated to the amount of Yhe reducing equivalent
required for diferric-Y cofactor biosynthesis is supplied By Under anaerobic conditions, stopped flow
kinetics have been used to monitor the disappearance of the diferric cluster and the formation off2Fe2S]
YfaE. The titrations and kinetic studies provide the first evidence for a protein involved in the maintenance

pathway and likely the biosynthetic pathway.

Ribonucleotide reductases (RNRsatalyze the conversion
of nucleotides to deoxynucleotides in all organisms, provid-
ing the monomeric deoxynucleotides required for DNA
replication and repairl(—4). The class | RNRs found in both

35 A removed 1, 8). Hydroxyurea and gemcitabine are drugs
presently used clinically that can reduce theiMactivating

p and consequently RNR5( 9). The importance of the
diferric Y* cofactor as a therapeutic target has focused

prokaryotes and eukaryotes are composed of two subunitsattention on the mechanism by which it is biosynthesized

designatedr andp. In prokaryotes the active form of RNR
is a8z (5), whereas in eukaryotes the active form is likely
agfs (5, 6). a is the subunit where nucleotide reduction
occurs and the site of binding of dNTP/NTP allosteric
effectors that govern turnover rates and specificity of
turnover f is the subunit that houses a diferric-tyrosyl radical
(Y*) cofactor essential for nucleotide reduction. Thei&
required to initiate the nucleotide reduction processoon
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and maintained in an active forrd@. We now report the
discovery of a 2Fe2S ferredoxin, YfaE Escherichia coli
and present evidence that it plays a role in diferriczdfactor
maintenance and likely in diferric*\tofactor biosynthesis.

Seminal experiments in 1983 on crude extract& ofoli
suggested that enzymes (or small molecules) were present
that could remove and reintroduce theilY 5 of RNR (11—

13). The hypothesis was put forth that these molecules
responsible for modulating *Ytoncentrations could provide
an important mechanism for regulation of RNR activit(

13). Because the relative ratios of the deoxynucleotide pools
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e

responsible for the fidelity of DNA replication and repair,
understanding the assembly and maintenance of the diferric-
Y* cofactor is of great interesi)

The results of the early studies, predominantly carried out
by Fontecave, Reichard, and their co-workers, led to a
congruent model for cluster biosynthesis and maintenance
shown in Scheme 11@, 13). The product of these pathways
is the cofactor off5,: the diferric-Y. The early studies
revealed that the *vof the cofactor was reduced in crude
cell extracts to generate mgs; that is, 8, with diferric
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Scheme 1: Proposed Pathways for Diferriciuster
Biosynthesis inj, and Maintenance Once the ¥las Been
Reduced in Vivo

Biosynthetic pathway A

Fe?* delivery
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_ reductant source active
apo-f, (YfaE) 2
) HU or protein
“fraction B” o fraction
YfaE | NADH flavin- -
oxidoreductase

0.
Maintenance pathway B + Fe3
P y Y122 /met-B,
clusters and no ¥ (11, 13). 3, in this state is unable to
support deoxynucleotide formation. To reactivéiéo make

deoxynucleotides, the diferric*\tluster would need to be
assembled either de novo from gfptbiosynthetic pathway)

or from metf, (the maintenance pathway) (Scheme 1A,B).
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shown to use a methane monooxygenase reductase (MMOR)
composed of a ferredoxin (Fd) domain and Fd reductase
domain B0, 31). The Fd reductase domain uses NADH to
reduce its tightly bound FAD. The resulting FARkFeduces
the [2Fe2S)" cluster of the Fd domain, which in turn delivers
the reducing equivalents required to reduce the diferric cluster
of MMO to the active, diferrous form. The function of
MMOR has been established as it resides within the same
operon as MMOAO9D is also recycled from its inactive form
to its active diferrous form by a plant F8%). The Fd
reductase partner has not yet been identified. The diferrous
forms of MMO andA9D react with Q. In both cases, the
cofactor acts catalytically to oxidize substrate (methane or
stearoyl-ACP) to product (methanol or oleoyl-ACP). Thus,
the chemistry of reduction of a diferric cluster to a diferrous
cluster and reaction with Oparallels the maintenance
pathway proposed fgf,. In the case of5,, however, the
protein itself is the substrate, generating a diferriczdfactor
that can then function catalytically to make deoxynucleotides.
If the catalytic cycles for MMO and\9D are models for
cluster maintenance ¢f;, a Fd might be a likely candidate

The current model for the maintenance pathway is that to deliver the reducing equivalents required to generate

met{3, is reduced to diferroug,. The initial studies sug-
gested that this reduction could be accomplished by Fte (
16) [a ferredoxin (flavodoxin) reductase], NADPH, FAD (or
FMN or riboflavin), dithiothreitol (DTT), and a “fraction B”

(12, 13). Despite heroic efforts, the factors in fraction B that

facilitated the reduction were not successfully purifiéd)(

Moreover, during the attempted purification of fraction B,

Coves et al. showed that Feand DTT could replace the
entire “fraction B” (L7). Thus, a second model was formu-
lated in which the F& in fraction B was proposed to be the
likely reductant responsible for mgt reduction. These

diferrousf, in the maintenance pathway and to supply the
extra reducing equivalent in the biosynthetic pathway
(Scheme 1). The analogy might further suggest that Fre could
be part of a Fd reductase that acts in conjunction with a Fd.
To examine these possibilities, we have searched the 181
available genomes using the database SEED for conserved
genes adjacent to therdAnrdB operon coding for, and

B2 for class la RNRs. Twenty-nine percent of the genomes
have an open reading frame adjacent tornh#AnrdB that

is annotated as a 2Fe2S ferredoxinHncoli this gene has
been designategfaE In the present studies we report

studies thus called into question the role of Fre in the cloning, expression, refolding, and purification of YfaE. The
maintenance pathway. In contrast to the biochemical studies,protein has been characterized by physical biochemical
the experiments in whicfre was inactivated by transposon methods and shown to be a [2Fe2S]-Fd. The ability of the
mutagenesis suggest an important role for this protein in reduced form of YfaE to reduce the diferric cluster of met-
maintenance of active cofactor. Hydroxyurea is known to B2 has been examined by titration studies and by stopped
specifically reduce the ¥of the cofactor 9, 18), which flow spectroscopy. Reassembly of the diferrglasto the
inactivates RNR and results in cell death. Tiesinactivated diferric-Y* 8, has also been examined. The studies together
cells are 3 times more sensitive to hydroxyurea than the wild support the importance of reduced YfaE in the maintenance
type (wt) cells (9). These growth experiments thus support pathway. The quantitative analysis demonstrates that only 2
a role for Fre in the maintenance pathway. Fe* are required per ¥generated, suggesting thaitself

The current model for the biosynthetic pathway (Scheme supplies the required reducing equivalent. A comparison of
1A) is that apaB, can be loaded with P& to form diferrous- the specific activities ofg, produced in the absence or
Ba. Currently the mechanism of iron loading is not understood presence of excess YfaE suggests that YfaE can also supply
in vivo, whereas some information is available or®'Fe the extra reducing equivalent in the biosynthetic pathway.

loading in vitro 0—22). Once diferroug3; is formed, the MATERIALS AND METHODS

active diferric-¥ cofactor can be generated by the addition
of O, and a reductan®@). In vitro the reducing equivalent Genomic Analysis of Genes Contiguous to nrdABe

can be supplied by P&, ascorbate, or mercaptoethanol, in genome database SEED (http://theseed.uchicago.edu) using
addition to other small molecule reductar2d«27). In vivo, the subsystem ribonucleotide reductase was used to analyze
the factor delivering the required reducing equivalent remains the genes neighboring thedAB operon. For hypothetical
to be established. proteins contiguous in sequence spacarhAB, the amino
Insight into potential protein factors involved in the acid sequences were analyzed by a PHI-BLAST search to
maintenance pathway has been provided by examination ofsee if the open reading frames possessed interesting sequence
two proteins that are structurally and functionally homolo- motifs that might suggest their involvement in the biosyn-
gous tof»: methane monooxygenase (MMO) amxf- thesis of the diferric-Y cofactor of 5,. For genomes that
desaturaseA9D). Both enzymes use di-iron cofactors and containnrdB but lack contiguougfak, PHI-BLAST analysis
require a similar mechanism to recycle the inactive, diferric using the conserved Cys motif (GXCX,CXzs-35C) of the
form of the cofactor to the active, diferrous forrag( 29). ferredoxin iron cluster was performed to identify other
The MMO recycling process has been best studied andpossible ferredoxins.
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Cloning and Expression of YfaKfaE was identified in
theE. coliK-12 genome as a putative ferredoxin and a likely
candidate for involvement in diferric*Ybiosynthesis and
maintenance pathways. Two primer$;BCGCAAGAAT-
TCATATG GCCCGCGTTACCCTGCG-3and 3-ACTA-
CAGGATCCTCACATCTCGATTTCAATATC-3 contain-
ing Ndd (bold) andBanHI (underlined) restriction enzyme
sites were used to obtain tlyaE from a single colony of
wt E. coli K-12 (Yale E. coli Genetic Stock Center, New
Haven, CT) using Taq polymerase (Promega) and PCR
(manufacturer's protocol)yfaE was then subcloned into
pET11a (Novagen) via thidd and BanH]I sites using T4
DNA ligase (Promega) with a vector-to-insert ratio of 1:8.
The sequence offakE was confirmed by DNA sequencing
at the MIT Biopolymers Laboratory.

To express Yfak, pET11l@aEwas transformed into BL21
Gold (DE3) competent cells (Stratagene) that were grown
on LB plates with 10Qug/mL ampicillin. A single colony
from the plate was inoculated into 5 mL of LB (1@@/mL
ampicillin in all growths), and the culture was grown at
37 °C for 6 h, transferred it 2 L of LB, andgrown for an
additional 16 h at 37C with shaking at 180 rpm. When the
Asoonmreached>2, the cells were harvested by centrifugation
at 1200@ for 20 min at 4°C. The cells fron 6 L of LB
growth were suspended in 100 mL of 100 mM Tris-HCI/
5% glycerol, pH 8.0, rapidly frozen in liquid nitrogen, and
stored at—80 °C. A typical yield was~4 g of cell paste/L
of culture.

Purification of Inclusion Bodies Containing YfaE, Solu-
bilization, Refolding, Assembly of 2Fe2S Cluster, and
Purification of YfaE.To purify YfaE, the cell suspension
(~20 g in 100 mL of 100 mM Tris-HCI/5% glycerol, pH
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and the refolding process allowed to proceed for 18 h. The
sample (320 mL) was then loaded onto a Q-Sepharose
column (2.5x 4 cm, High Performance, Pharmacia Biotech)
in the glovebox at a flow rate of 3 mL/min, washed with
200 mL of 100 mM Tris-HCI, pH 7.8, and eluted with a
150 mL x 150 mL linear gradient from Oot1 M NacCl in
100 mM Tris-HCI, pH 7.8. Fractions of 5.5 mL were
collected, and those with afs40280nm > 0.6 were pooled
and concentrated to3 mL by Millipore Amicon concentra-
tor using a 45 mm PLBC3 membrane that had previously
been washed with 30 mL of 100 mM sodium dithionite, dd-
H.O, and 100 mM Tris-HCI, pH 7.8, before use. A typical
elution profile is shown in the Supporting Information (Figure
S1). The concentrate (3 mL) was then loaded onto a
Sephadex G-75 column (256 45 cm, superfine, Sigma) at

a flow rate of 25 mL/h and eluted overnight in 100 mM
Tris-HCI, pH 7.8. Fractions of 6.3 mL were collected, and
those with amz40280nm™> 0.7 were pooled and concentrated
as above. A typical elution profile is shown in the Supporting
Information (Figure S2). The YfaE concentration was
determined usin@4zonm = 11 MM cm™ (34). The yield
was typically~60 mg of YfaE/g inclusion bodies.

Preparation of a 1:1 Mixture of’Fe?":5"Fe3t for Moss-
bauer Analysis ofYFe]-YfaE.To prepare thé’Fe** stock
solution,>"Fe foil (~4 mg) was added to a mixture of 375
uL of 12 N HCI and 125«L of 13 N HNG; in a 10 mL
pear-shaped flask foer1l h at room temperature. The solution
was then degassed in vacuo fefl min with stirring and
brought into the glovebox. The solution was then neutralized
by adding~0.4 mL of 10 N NaOH. To prepare tHée?*
stock solution®’Fe foil (~8 mg) was added into 8Q@L of
12 N HCl in a 10 mL pear-shaped flask fitted with a ground

8.0) was thawed, and the cell walls were broken by passagegjass stopper. The solution was degassed immediately for

twice through a French pressure cell at 16000 psi. The
insoluble debris, including the inclusion bodies that were
predominantly YfaE, was spun down at 17gQ 4 °C for

20 min. The combined pellets were suspended in 120 mL
of 100 mM Tris-HCI/4% (v/v) Triton-X-100/2 M urea, pH
8.0 (33), by sonication 85 W output for 1 min in an ice
water bath (VirSonic 100, SP Industries Co., Gardiner, NY).
The suspension was then pelleted by centrifugation at Iy 000
and 4°C for 20 min and the supernatant discarded. This

process was repeated an additional two times. The pellet was

then washed three times with 120 mL of water. The resulting
inclusion bodies were stored at20 °C. Typically ~0.1 g
of inclusion bodies was obtained per gram of cell paste.
Cluster assembly of YfaE and subsequent purification of
the folded, holo protein was carried out in a custom-designed
glovebox (M. Braun, Newburyport, MA) in a cold room at
4 °C. All buffers and resins for chromatography were
degassed on a Schlenk line (stirring and evacuation-for
h followed by refilling with Ar for ~15 min, three times)
before being brought into the glovebox. Inclusion bodies
(~0.4 g for a typical purification) were suspended in 80 mL
of 100 mM Tris-HCI/8 M urea/100 mM DTT, at pH 7.8,
and stirred for 1.5 h. To the solubilized protein were added
80uL of FeCk (100 mM stock solution in 10 mM HCI), 88
uL of Fe(NH)2(SOQy)2 (90 mM of stock solution in KO),
and 160uL of NaS (100 mM stock solution in 10 mM
NaOH) over 10 min to give final concentrations of 100, 100,
and 200uM, respectively. The solution was then rapidly
diluted from 80 to 320 mL with 100 mM Tris-HCI, pH 7.8,

~1 min on a Schlenk line and then stirred in a 20 oil
bath overnight with the glass stopper closed. Pfee"
solution was degassed again fefl min, brought into the
glovebox, and neutralized by adding0.56 mL of 10 N
NaOH. The concentration of each solution was determined
by using the ferrozine assa$5) in the absence of (F€) or

in the presence of ascorbate fPe respectively. The
reconstitution and purification &fFe YfaE were then carried
out as described above.

Characterization of YfaE. a. UVWVisible Spectroscopy.
Purified [2Fe2S}-YfaE was placed into a 0.7 mL cuvette

in the glovebox and fitted with an airtight screw cap (Starna
Cells, Atascadero, CA). The cuvette was removed from the
glovebox, and the absorption spectrum was recorded using
a Varian Cary 3 spectrophotometer (Walnut Creek, CA). The
screw cap was then removed, ang(@irgas, Radnor, PA)
was blown over the surface of the sample for 5 s; the sample
was mixed by inverting the cuvette. The spectrum was then
again recorded.

b. Iron and Sulfide Quantitatiort.he amounts of iron3b)
and sulfide 86) per YfaE were determined following the
published procedures.

c. EPR Spectroscopyhe purified YfakE (1.8 mM) was
placed in an EPR tube inside the glovebox and frozen in
liquid nitrogen. EPR spectra were recorded using a Bruker
ESP-300 X-band spectrometer at 77 K. The spin quantitation
was carried out using a Cug®tandard §7) and Win-EPR
software (Bruker).
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d. Mossbauer Spectroscopyossbauer spectra were c. Assembly of Diferric-3, from Diferrousf,. Once an
recorded on spectrometers from WEB Research (Edina, MN) end point was reached in the reductiorfgf O, was blown
operating in the constant acceleration mode in transmissionover the solution surface fer5 s, and the sample was mixed
geometry. Spectra were recorded with the temperature of theby inversion of the cuvette. The spectrum was immediately
sample at 4.2 K maintained by a liquid helium cryostat. For recorded. The procedure was repeated, and no further change
low-field spectra, the sample was kept inside an SVT-400 in the spectrum was observed. The amount vf&nerated
dewar (Janis, Wilmington, MA) and a magnetic field of 53 was determined by EPR spectroscopy, and the specific
mT was applied either parallel or perpendicular to the activity of the enzyme was determined by the spectropho-
y-beam. For high-field spectra, the sample was kept inside tometric assay41).

a 12SVT dewar (Janis), which houses a superconducting d. Calculation of Fe Reduced and YfaE Oxidized at the
magnet that allows for application of variable fields between Titration End Point.The amount of Fe reduced during the
0 and 8 T parallel to thg-beam. The isomer shifts quoted titration is calculated by eq 3, assuming diferrglagnd met-
are relative to the centroid of the spectrum of a metallic foil 3, are the only forms ofs; in the sample. There are 3.4
of Fe at room temperature. Data analysis was performedirons/3,. Aszo andAsagrare the absorptions at 320 nm before
using the program WMOSS from WEB Research, using the and after the titrationAszoviae €quals [YfaE] x €320nm[€320nm
spin Hamiltonian given in eq 1, in which all symbols have = 13.3 mM™*cm™, based or4zonm= 11 mM~t cm™ (34);

their usual meaning3@). [YfaE]s is the concentration of YfaE at the end point of the
titration]. V; and Vs are the initial and final volumes of the
2 eQV,,; Li(l; + 1) titration (in units of microliters)eszoditerrous2 @aNdeazomes2 are
H=pSgB+ - ——+ 1.6 and 11 mM* cm?, based ore2go0nm Of diferrousf, and
= ’ 3 metf, (23, 41).
N 2 2
E(Ix’iz LA+ Y sAfL =Y 98Bl (1) nmol of Fe reducee-
1= i= V.
[A320f — Aszoviae — (Aszof VI)]
Simulations of the [2Fe25] cluster were carried out with 3.4V, f (3)
respect to the total spin of the ground stees= .. The €320diferroug2 — €320mep2
A-tensors in eq 1 are given with respect to the total spin.
They are related to the intrinsgstensors by eq 2, in which e. Reduction of Mg8, with YfaE and Assembly of Diferric-
+7/3 and—4/3 are the vector coupling coefficients for the Y- Cofactor: Analysis of ¥by EPR and Actiity. Met-$3,
S =1, ground state 39, 40). (10 uM) was titrated with 14200 uM YfaE in a final
volume of 360uL of 100 mM Tris-HCI, pH 7.8. The
AFe(,,,) = +7/3-aFe(|,|) AFe(”) = —4/3'aFe(||) (2) assembly of diferric-Ycofactor, EPR spectroscopic analysis,

and determination of the specific activity of RNR were
It was assumed that the fluctuation of the electronic statescarried out as described above.
is slow compared to th&Fe Larmor frequency. Quantitation of F&" Produced by the Ferrozine Assay
Titration of Met3, with [2Fe2S]*-YfaE. a. Preparation  during Reduction of Mef., with [2Fe2S}*-YfaE.[2Fe2S}H -
of Met#3,. Wt-5, [1 mL, ~0.4 mM, specific activity of 6500  YfaE (100u«M in 100 mM Tris-HCI, pH 7.8) was titrated
nmol/min/mg and 1.1 Y(41)] was incubated with 80 mM  anaerobically into 36Q:L containing 10uM met{, and
hydroxyurea (Sigma) at 30C for 30 min (1). The 100uM ferrozine (100 mM Tris-HCI, pH 7.8). The amount
hydroxyurea was removed by loadirgd.5 mL of sample of Fe*t-ferrozine complex formed was determined using
onto a Sephadex G-25 column €126 cm, Sigma) in 100  eseznm= 27.9 MMt cm™* (35). TheAssnmOf FE-ferrozine
mM Tris-HCI, pH 7.8. The protein-containing eluent (2 mL) generated concomitantly with [2Fe2S]yfaE oxidation was
was concentrated to1 mL by Microcon YM30 (Millipore), obtained by subtracting th&s.nmOf a titration in the absence
degassed with stirring on a Schlenk line, and then broughtof ferrozine and thus allowed removal of the absorption
into the glovebox. The concentration of the nfietwas features associated with YfaE afid

determined usingpgonm= 131 mMcm (41). The removal Stopped Flow (SF) U¥Vis Spectroscopic Characteriza-
of Y* was confirmed byAsi0nm and the iron content was tion of Metf3, Reduction by [2Fe23}-YfaE.The analyses
determined by the ferrozine ass&p). of the kinetics of mef3, reduction were carried out using

b. Reduction of Mef- to Diferrousf,. [2Fe2S}-YfaE an Applied Photophysics SX20 SF spectrometer with the cell
(100 uM in 100 mM Tris-HCI, pH 7.8) was placed into a thermostated at 37C. The stopped flow lines were washed
250 uL gastight syringe fitted with a repeating dispenser with 20 mL of a 100 mM dithionite solution, 20 mL of
(model PB600-1, Hamilton) and the needle passed throughanaerobic water, and 20 mL of anaerobic 100 mM Tris-HCI,
the septum (12 mm Teflon/silicon, Pierce) of the 0.7 mL pH 7.8. Degassed mgt (10 4M in 100 mM Tris-HCI, pH
cuvette. The cuvette contained 36D of 10 uM met-5; in 7.8) was loaded into one syringe, and reduced YfaE~(30
100 mM Tris-HCI, pH 7.8. YfaE was added ind aliquots. 90 uM in 100 mM Tris-HCI, pH 7.8) was loaded into the
The spectra were recorded on a Cary 3 spectrophotometersecond syringe in the glovebox. The connections of the
and a difference spectrum was recorded and examinedsyringes to the instrument were purged with nitrogen gas
between each titration step. The titration end point was during the experiments. The reaction was carried out by
reached when the difference spectrum indicated the presencenixing equal volumes from each syringe. The reactions were
of reduced YfaE. This experiment was repeated 10 times onmonitored at 320 and 465 nm, the reduction of the diferric
two separate batches of [2Fe2S)faE. cluster of met, and the oxidation of YfaE, respectively, in
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the single-wavelength photomultiplier mode. Data (2000 kDa A B2 E LSS
points) were collected in a logarithmic time scale (20 s) and 66.3 = -
analyzed in KaleidaGraph (v. 3.6, Synergy Software). 55 4 = B
Typically six shots were averaged in each set of experiments. 265 ' !

The amplitudes of the kinetic traces at 320 and 465 nm 31.0 .
were used to calculate the stoichiometry between the amount
of YfaE oxidized and Fe reduced in m@t- The amount of 21.5
YfaE oxidized was calculated fromAsssn (€a6s0xidizedyiae— S s
€465reducedvial: 1He Augsnm associated with met, and difer- i . -
rousf, is ~2% of the total change at 465 nm and was 6.0 wm— B oty

———

excluded from the calculation. The amount of mieteduced

was calculated from\Asaou (€szoaterrouse — €a20me2), 8S~ Eige 1 Purification of YfaE monitored by 15% SDS-PAGE.

suming at the end of the reaction thfatis in the form of Lanes: M, molecular mass markers; 1, whole cells; 2, cell lysate;
either metg, or diferrousp,. The amount of iron reduced 3, purified inclusion bodies; 4, pooled protein from Q-Sepharose

was calculated from the amount of m@&treduced times 3.4,  chromatography; 5, pooled protein from Sephadex G-75 chroma-

the iron content of mefs (3.4 Fepy). tography.
RESULTS in all cases the protein was found in inclusion bodies. Efforts
_ . _ to obtain soluble YfaE by changing the growth temperature,
Genomic Analysis of Genes Contiguous to nrdSBr adding iron to the growth media, appending different affinity

current model for assembly and maintenance of the diferric- tags at the C or N terminus (HisGST, NusA) of the protein,
Y*is shown in Scheme 1. We propose that the pathways areand coexpression witlisc operon proteins47) were all
likely to involve a Fd, a Fd reductase, and an iron delivery unsuccessful. We thus decided to purify YfaE from inclusion
system(s). In bacteria, proteins involved in metallocluster podies and refold and reassemble its 2Fe2S cluster in vitro
biosynthesis and repair are often organized in operd®s ( using protocols that have been successful with other-iron
43). Thus, with a bias for proteins, we decided to investigate sulfur-containing proteins4@). The inclusion bodies were
genes located near thedABcluster in all bacterial genomes. purified by repeated washing and centrifugation steps and
For this purpose we used the genomic database, SEEDthen brought into an anaerobic box and solubilized with 8

Comparison of 181 bacterial genomes that haverdAB M urea. All of the steps were then carried out anaerobically,
operon revealed that in 29% a gene encoding a hypotheticalas the oxidized YfaE has a propensity to aggregate. A 1:1:2
2Fe2S ferredoxin was found & nrdAB. This gene inE. mixture of Fét and Fét and sulfide was added to the

coli has been designatgaE For the genomes that do not  denatured YfaE under anaerobic conditions, rapidly diluted,
have a ferredoxin adjacent twdB, a PHI-BLAST search  and refolded for~18 h. The solution was then applied to a
using the YfaE sequence and the conserved ferredoxin ironQ-Sepharose column using a salt gradient for elution (S|
binding motif (CX: sCX2CX2s,:£C) revealed that 38% contain  Figure S1). The fractions containing [2Fe2SYfaE were
ferredoxin-like proteins, which could function in a capacity pooled, concentrated, and loaded onto a Sephadex G-75
similar to YfaE. For the remaining 33% of the genomes, column. The desired protein eluted as a single sharp peak
alternative reductants must be available, or the maintenancgs| Figure S2). The success of the purification protocol was
pathway may not play an important physiological role. judged by SDS-PAGE and is shown in Figure 1. ESI mass
Because of our interest . coliRNR, YfaE thus became  spectrometry of YfaE gave a molecular mass of 9336 Da,
the focus of our attention not only because of its location in consistent with the presence of the 2Fe2S cluster and loss
the genome relative tordB, but because a BLAST search of the N-terminal methionine. Typically, 60 mg of protein,
of the databases revealed that this protein has 29% sequenc the reduced state, can be isolatedir@ g of inclusion
identity with the Fd domain of MMOR and a 29% identity bodies. The protein is stable for 1 month at’@ in an
with a plant Fd that reduces9D. We have postulated that anaerobic box.
the reduction steps for these enzymes, mediated by a [2Fe2S}+2+-YfaE UV-Vis Spectrum and Sensity to
[2Fe2S}*-Fd, may be very similar to the maintenance O, YfaE as isolated has the absorption spectrum shown in
pathway to regenerate actifie from metg,. Figure 2 (dashed line), which reveals shoulders at 350, 390,
YfaE (84 amino acids) has a molecular mass of 9.3 kDa 470, and 550 nm, typical of reduced [2Fe2S]lusters 80).
and is smaller than the Fd domain of MMOR (98 amino It should be noted that YfaE contains only one Trp, and thus
acids) and the plant Fd (99 amino acids). Structural and the absorption at 280 nm is predominantly associated with
biochemical information on the Fd of MMOR oA9D the iron cluster. To characterize the oxidized state of YfaE,
suggests that the four cysteines of the 2Fe2S cluster arethe protein was exposed to, With stirring. The resulting
described by a C2CX,CXzs-31C fingerprint, which is also  spectrum is shown in Figure 2 (solid line). The oxidized form
found in YfaE @4, 45). After examination of additional  has absorption features at 340, 420, and 460 nm with a broad
annotated Fds in thE. coli genome, only the Fd in thisc shoulder at 550 nm and ratios relative®go.mof 0.83, 0.60,
operon, Fdx (111 amino acids), possesses a similar motifand 0.60, respectively30Q, 48). This spectrum and its
(CXsCX,CX35C) (46). isosbestic point (320 nm) are typical of previously reported
Expression and Purification of YfaRs a first step in ~ 2Fe2S Fds30).
studying the pathways of cluster maintenance and assembly, In contrast with many oxidized Fds, however, [2Fe2S]
our efforts were focused on the expression and purification Yfak is not stable under aerobic or anaerobic conditions.
of YfaE. Whereas overexpression of YfaE was successful, This instability may be the result of the absence of the Fd
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reductase. At room temperature under aerobic condition,
oxidized features associated with YfaE start to decrease after
1 h and disappear ov@ 6 hperiod. During the oxidation,

the oxidized YfaE aggregates. The aggregate can be separated
from reduced YfaE by Sephadex G-75 chromatography.
Whereas sodium dithionite can reduce oxidized YfaE to its
reduced state after initial exposure tg, (fails to regenerate
reduced YfaE from the aggregates. These results were the
basis for our purification and storage of YfaE in an anaerobic
chamber. I N R L

Quantitation of the amount of Fe and S in the reduced “ VELoGITY (mm/s)
YfaE requires a knowledge of the extinction coefficient for  Figure 4: 210-K/zero-field Mesbauer spectrum of reconstituted
the protein. As noted above, the protein has limited 280 nm YfaE. The solid, black line overlaid with the data is a simulation
features, and thus our quantitation is based on the reportecassuming three quadrupole doublets (see Table 1 for parameters).

P L The individual contributions of the P& and Fé" sites of the
extinction coefficients for [2Fe28] clusters at 420 nm. The [2Fe2S}* cluster (40% each) are shown in red and blue, respec-

numbers range from 9500 to 11000 Mem™ (30, 34). All tively. The contribution of the [4Fe48] cluster (20%) is shown
subsequent quantitation is based on the latter, with numbersn green.

based on 9500 M cm™! given in parentheses. Iron guan-

titation gave 2.2+ 0.2 (1.9+ 0.2) Fe/YfaE on the basis of that 89% of YfaE harbors a [2Fe2S]cluster and 11% a
seven determinations from three different batches. Sulfide [4Fe4S}" cluster?

quantitation gave 3.% 0.2 (3.24 0.2) S/YfaE on the basis The 210-K/zero-field spectrum (Figure 4) displays four
of eight determinations from three different batches. The iron lines corresponding to overlapping quadrupole doublets. The
assay suggests the success of the reconstitution of one 2Fe2guter and inner lines have parameters reminiscent of
cluster per YfaE. The iron content is also consistent with tetrahedrally Cyscoordinated F& and Fé* sites, consistent
the Méssbauer analysis described subsequently. The causavith a [2Fe2SY" cluster. The inner lines are broader and
of the greater than stoichiometric amount of sulfide observed more intense, suggesting the presence of a third quadrupole
is not understood, but could be associated with persulfide doublet overlapping with the quadrupole doublet of théFe
formation with cysteines at the C terminus of the Fd. site. The high-energy line of the additional component can

EPR Spectrum of [2Fe25}YfaE.A further quantitation ~ P€ Seen as a distinct shoulder-al mm/s (arrow in Figure
of the iron cluster has been made by analyzing the EPR4)- The low-energy lines of the Fesite and the third
spectrum of its reduced state. The result is shown in Figure quadrupole doublet overlap, resulting in the more intense
3. The spin quantitation using a Cu$€tandard indicates second line. The spectrum can be analyzed as a superposition
0.96+ 0.03 (0.83% 0.03) spin per [2Fe28]-YfaE [g values of three quadrupole doublets with parameters given in Table
of 2.036, 1.944, and 1.884, which are very similar to 1. The red and blue spectra in Figure 4 have parameters

previously reported quantitation for the plant 2Fe2S4g) ( €xpected for the e and Fé* sites of a [2Fe2S] cluster,
and the Fd domain of MMOR3()]. respectively, and their relative intensity was constrained to

be the same during the fit. The quadrupole doublet shown
in green has parameters reminiscent of [4Fé48Justers.

Spectra recorded at 4.2 K in various externally applied
fields corroborate this assignment. They can be analyzed as
a superposition of 78% [2FeZS]and 21% [4Fe4S3t

Mossbauer Spectroscopic Characterization of [2Fé2S]
YfaE.The necessity of protein refolding to produce “active”
YfaE required that further analysis of the cluster be obtained
by Mossbauer spectroscopy. This information is also es-
sential in eventually monitoring the kinetics of biosyn-
thesis of the di-iron cluster g¥ and its maintenance. The 3 _ _ _
Mossbauer spectra reveal thaB0% of total Fe is in form Tohca'cf'e‘.te the frac“o][‘FOf Yfa'é hartt’)o”gg.g gven E els C'%Ster .

+ luster and~20°/ Of total Fe iS in the form typ_e,t ere atl_ve amount of Fe needs to be divi e y the num er (o)
of a [2Fe2SY* cluste 0 Fe ions found in that cluster. For example, the fraction of YfaE contain-
of a [4Fe4Si" cluster. From these numbers we conclude ing a [2Fe2S}* cluster equals (80/2)/[(80/2) (20/4)] = 8/9 ~ 89%.
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Table 1. Msbauer Simulation Parameters of the [4F&49PFe2S}", and [2Fe2S] Clusters of YfaE

ground relative
sample cluster state amount (%) site  T(K) o0 (mm/s)  AEq (mm/s) n Algnn (T)
reconstituted YfaE  [2Fe28] S=1, 80 Fet 4.2 0.33 0.78 -0.6 —38.5,—37.7,—-30.9
210 0.25 0.75
Fer 4.2 0.60 -3.13 -1 10.7,10.1, 25.0
210 0.57 2.82
[4Fe4SET  S=0 20 F&*s 4.2 0.44 1.07 0
210 0.41 0.87
air-oxidized YfaE [2Fe2ST S=0 >90 Fer 4.2 0.28 0.58 nd

aTheg values of theS= 1/, ground state of the [2Fe28]cluster were taken from the EPR spectrum. The electric field gradient and hyperfine
tensors were assumed to be collinear.
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FIGURE 6: Titration of metS, with [2Fe2S}-YfaE under anaerobic
conditions. Metg, (10 uM, solid line) was titrated with 10 or 18

uM [2Fe2S}+-YfaE (dashed lines) to an end point with 221
[2Fe2S}t-YfaE (thick line). Upon completion of the reduction, O

was added to monitor cluster assembly (dotted line). (Inset)
Difference spectrum between the end point of the YfaE titration
53 mT (||-1) | 0.5% and the Q addition.

1 1 1 1
5 4 0 4 8

VELOCITY (mm/s) sample. Including a small amount of this cluster type does
FiGURE5: 4.2-K Mcssbauer spectra of reconstituted YfaE acquired NOt resultin parameters significantly different from those in
in various external magnetic fields (strength and orientation relative Table 1 and does not improve the quality of the spectral
to the propagation direction of thephotons is indicated adjacent  simulations. The spectrum of reconstituted YfaE that was
to each spectrum). The solid lines overlaid with the data are spin exposed to oxygen (S| Figure S3) exhibits a quadrupole

Hamiltonian simulations (see Table 1 for parameters). The indi- . -
vidual contributions of the P& and Fé" sites of the [2Fe2S} doublet with parameters typical of a [2Fe2S3luster (Table

cluster (39% each) are shown in red and blue, respectively. The 1). The upper limit of the fraction of Fe in the form of
contribution of the [4Fe43} cluster (21%) is shown in green. [4Fe4St cluster in this sample is-10%, suggesting that

the amount of this cluster type is variable, but small. Thus,

subspectra (Figure 5, black lines). The individual contribu- the visible spectrum, EPR spectrum, anddgloauer analysis
tions of the [4Fe43] and of the F&" and Fé" sites of the suggest that the reconstitution of a folded active YfaE has
[2Fe2ST cluster are shown for the 8-T and 53-mT spectra. been successful.
The simulation parameters (Table 1) are similar to those Titration ExperimentsTo determine if YfaE plays a role
observed for other [4Fe48]and [2Fe2S]" clusters 49— in the maintenance pathway of the diferric-06factor off3;
51). The isomer shift values decrease with increasing (Scheme 1), we examined the ability of [2Fe2Sp reduce
temperature, due to the second-order Doppler eff@8), (  met, Wt-5, (1.1 Y, 3.4 FeB, and specific activity of 6500
and the quadrupole splitting of the Fesite of the [2Fe23} nmol/min/mg) was reduced with hydroxyurea to produce
cluster is slightly temperature-dependent, as was observednmet{3; (3.4 Fep,). Met3, in deoxygenated Tris buffer at
for the [2Fe2S}" cluster from MMOR 60). We note that pH 7.8 was then titrated under anaerobic conditions with
the large number of variables does not allow all parameters[2Fe2S}t-YfaE. The titrations were repeated 17 times with
to be determined unambiguously. a representative titration shown in Figure 6. The end point

We also considered the possibility that the YfaE sample of the titration was assessed by monitoring the difference
contained oxidized [2Fe28] cluster. This cluster form  spectrum recorded subsequent to each addition of [2Fe2S]
exhibits a diamagnetic ground state and thus gives rise toYfaE. When additional YfakE added remained in the reduced
quadrupole doublet spectra in zero or low applied fields. state, the titration was assumed to be complete. At this end
High-field spectra of [2Fe28] clusters can be predicted with  point, YfaE reduced-2.5 Fé* of the 3.4 F&" per metp,,
good accuracy. From analysis of the spectra, we can set arthat is,~75% of the total iron. Assuming that YfaE is 90
upper limit of ~7% for the fraction of [2Fe23} in the 95% homogeneous on the basis of thédslmauer, 1 YfakE
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Table 2: Stoichiometry between Fe Reduced in Bletnd the Amount of YfaE Oxidized
YfaE oxidized Fe reduced Fe reduced/ activity
experiment (nmol) (nmol) YfaE oxidized (nmol/min/mg) Y52 FelY:
titration A2 10.3+0.3 8.9+ 15 0.9+ 0.2 6200+ 500 1.24+ 0.04 2.0£0.3
titration B? 9.3+0.3 9.3+ 0.7 1.0+0.1
stopped flow 2.4 0.6 2.44+0.3 1.0£0.2

a Average of three titrations of mé (3.6 nmol) with [2Fe2S}-YfaE in the absence (A) or in the presence (B) of ferrozinew@s added at
the end point of titration (A). Different batches of mgtor YfaE were used in titrations A and BThe amount of Fe reduced was calculated from
ferrozine-Fe#* complex formed in the titration, assuming 1 Fe reduced per ferreee complex formed.

to the size of the extinction coefficient of [2Fe28}™-YfaE

Table 3: Reduction of Mef, with Increasing Amounts of YfaE ) . ] s
relative to met- and diferrous,. However, spin quantitation

met Yfak activi . .
(nmff) (nmol) (nmollmif]y/mg) Yip, activity/(Y+/B) of Y* generated subsequent tg &ldition (Table 3) supports
this proposal.
g'g 13 gggii 388 2'613611 g'ég 228& 288 In this same experiment with stoichiometric and excess
3.6 20 8200t 400 1.33+0.05 6100+ 400 [2Fe2S}t-YfaE, one might be able to obtain further insight
3.6 50 9300t 600  1.40+0.06 6800+ 600 about the source of the reducing equivalent required for
3.6 72 1030Qt 400 1.5+0.1 6900+ 700

cluster assembly. When no excess [2F&2SffaE or F&"
is present, the reducing equivalent must come fr8m
However, when excess YfaE is present, it could function in
this capacity. Measurement of the activity of actife
To further examine the stoichiometry of YfaE oxidation produced in the presence and absence of excess [ZFe2S]
and iron reduction in meks,, a similar anaerobic titration in  YfaE could provide insight as to whether [2Fe2SYfaE
the presence of ferrozine was carried out (repeated threecould function in this capacity. One might expect that the
times) (Table 2, titration B; Sl Figure S4). After subtraction lack of a reducing equivalent could result in activity loss
of the absorption features associated with oxidized YfaE and due to multiple pathways for protein radical reduction, some
2 at 562 nm, the analysis of the stoichiometry revealed that of which could lead to altered nucleotide reduction ability.
every YfaE oxidized resulted in one iron reduced. A control On the other hand, if [2Fe28}YfaE is in fact the in vivo

reduces 1 Fe (Table 2, titration A, average of three
representative titrations).

experiment in which YfaE was titrated into a solution with
ferrozine demonstrated that the ferrous ion in [2F&2S]

reductant, one might expect to maximize enzymatic activity.
The activity assay is in general believed to be an independent

YfaE is not chelated (data not shown). Results from titrations measure of the ¥concentration as previous studies have

A and B (Table 2) indicate that YfaE is a chemically
competent reductant of mgt:

Reassembly of Diferric#YCluster from Reduced M¢k.
Once the end point for reduction of mgi-to the reduced
state was identified under the titration conditions, Was

shown that the activity is directly correlated with the amount
of Y* (52). The specific activity per Yregenerated pef,
was around 4000 nmol/min/mg pert/8¥, with stoichiometric
amounts of YfaE and around 6000 nmol/min/mg pefsY
in the presence of excess YfakE (Table 3). Recall that the

added to the cuvette and the visible spectrum recordedactivity of the starting3, was 6500 nmol/min/mg (1.1 %,
(Figure 6, dotted line). A difference spectrum was obtained ~6000 nmol/min/mg per ¥f3,). Control experiments showed
by subtracting oxidized YfaE (amount added at the end point the presence of oxidized YfaE causes no significant change
of the titration) from the spectrum generated in the presencein the activity of 5, (data not shown). Thus, the observed
of O,. Diferric cluster absorption features at 325 and 365 activities are in line with YfaE being able to protggtfrom

nm and the Y features at 390 and 410 nm are readily protein radical damage.

apparent (Figure 6, inset). The amount ofgénerated was
determined by EPR spin quantitation. From titration A in
which 2.5 Fé*s were generated, 1.2 Were produced (Table
2). Thus, 2 F&'s are sufficient to generate 1.NTen similar
experiments were carried out, giving 2:00.4 Fé*/Y*. Our

The titration studies have a number of mechanistic
implications. First, the reduction of iron jfy by YfaE must
occur cooperatively in ong. If iron was statistically reduced,
the amount of Yrecovered, which requires a diferrofs-
would be lower than the 2 Fef'8bserved. Second, diferrous-

chosen experimental conditions and a ferrozine assay estabg, itself, upon exposure to £ can rapidly deliver the
lished that no excess reductant (such a& F@as present  reducing equivalent and convert all of the reducet! Feto

to deliver the reducing equivalent required for cluster differic-Y*, despite the time taken for the titrations that would
assembly (Scheme 1). Thus, the reducing equivalent requiredpotentially allow Fé" to dissociate fron. The YfaE thus

for cluster assembly must be derived frghitself, with the
most likely candidate being the W428§, 27).
The observation that only75% of the iron of mef3,

may inhibit Fé* dissociation and/or enhang®s delivery
of the reducing equivalent. Thus, assembly of diferrous
cluster without excess reductant can now be studied. Finally,

had been reduced under these conditions suggested athe method of cluster assembly has resulted in high levels
equilibrium mixture of species. One would thus expect that of Y* as well as the highest specific activities to date and
the addition of an increased amount of YfaE would shift the suggests that if 4 Pés could be loaded int@,, 2 Y* could
equilibrium to the right, reduce more s in metf,, and be generated.

lead to additional formation of ¥after the addition of @ The difference spectrum (Figure 6, inset) from the as-
To test this hypothesis, m@t-was titrated with increasing  sembly process requires further comment. The spectrum
amounts of YfaE (Table 3). The amount of?Feould not reveals absorption features between 400 and 600 nm in
be quantified by the spectral subtraction method (eq 3) dueaddition to the diferric Y cofactor. We found that these
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A From the amplitudes of the SF data, the reaction stoichi-
034 ———7———7———7———3 0545 ometry between the amount of YfaE oxidized and fet-
reduced can also be calculated. Consistent with the titration
0.32 experiments, the results suggest 1 Fe reduced per YfakE
i oxidized (Table 2).
E oa3f >
§ [ § DISCUSSION
< 028y 3 The location of a putative 2Fe2S ferredoxin gene adjacent
[ to thenrdAnrdBoperon suggests that it might be a key player
0.26 in generating and maintaining actiyle in RNR. We have
succeeded in overexpressing thecoli Fd, YfaE. Purifica-
024 tion proved to be a challenge as we were unable to obtain
Time (sec) soluble protein under conditions we have tested. Refolding
B with incorporation of a homogeneous 2Fe2S cluster was also
0.001 ————— ——r challenging, but was successful as judged by characterization
OMWMWM _ Residual 465 3 of [2Fe2S}*-YfaE via visible, EPR, and Msbauer spec-
POV troscopies. The extinction coefficients at 414 nm (420 nm
0.001 mr—r—r—s I in YfaE) for these clusters reported in the literature vary from
o Residual 320 nm 4 9500 to 11000 M* cm™* (30, 34). We have used 11000 M
] cml, as it gave the best fit to all of our data: Fe
0.001 stoichiometry, EPR spin quantitation, and $4bauer quan-
Time (sec) titation. In our initial efforts to purify YfaE we took no
FIGURE 7: Reduction of meB, (5 uM) with 37.5 uM purified precautions to avoid cluster oxidation. We noticed, however,

[2Fe2S}-YfaE monitored by stopped flow spectroscopy. (A) thatthe oxidized form of YfaE aggregates irreversibly. Thus,
Oxidation of [2Fe2S}-YfaE was monitored at 465 nm (solid  all refolding, reconstitution, and purification steps of YfaE

circles); reduction of mes, was monitored at 320 nm (open  \yere carried out in a glovebox in a cold room.
circles). The data were fit in both cases to biexponentials (solid

line, 465 nm; dotted line, 320 nm). (B) The residuals of the fiting ~ Once the challenges of protein purification were overcome,
are shown. we set out to address the issue of YfaE’s function. Our
hypothesis (Scheme 1) of YfaE's involvement in both the
features varied when different batches of YfaE were used maintenance and biosynthetic pathways is based on the
in the titrations. Thus, these features are unlikely to be striking similarities with the structure and chemistryA8D
associated with an oxidized amino acid residug.imhey (29, 56). This protein can be reduced by a plant 2Fe2S-Fd,
are most reasonably associated with the heterogeneity of the29% sequence identical to YfaE. Moreover, recent studies
FeS clusters in YfaE from the in vitro reconstitutions and suggest that this plant Fd can reduce the diferric cluster of
the multiple spectral subtractions required to access thisSA9D through an electron-transfer pathway very similar to
spectrum. that proposed fof, in diferric-Y* assembly 10) [A9D(5>),

SF Kinetics To Monitor Reduction of Mgt-and Oxidation W62 (W48) to H146 (H118) to Fel]. The binding site for
of [2Fe2S}*-YfaE.To provide further support for the role  the Fd was proposed to be adjacent to the surface exposed
of YfaE in vivo, the kinetics of the reduction of mgt-by W62 in the vicinity of two conserved lysines (K56 and K60)
[2Fe2S}t-YfaE have been examined by SF spectroscopy. in A9D (32). Interestingly, these lysines have counterparts
The reactions were carried out under anaerobic conditionsin 8, (K38 and K42). YfaE also shares 29% sequence identity
and monitored at 320 and 465 nm. Changes at 320 nm, thewith the Fd domain of MMOR known to reduce the inactive
isosbestic point between oxidized and reduced YfaE (Figure diferric cluster of MMO (1, 44). The studies with MMOR/

2), provide the best way to monitor the reduction of the difer- MMO and the A9D provide compelling support for our
ric cluster inf,. Oxidation of YfaE was monitored at 465 proposed function of YfaE.

nm as this wavelength represents the biggest difference in  To study the ability of YfaE to reduce mgt to the
absorption between reduced and oxidized YfaE (Figure 2). diferrousp, we carried out titrations under anaerobic condi-

In a typical experiment mef, is mixed with variable tions. These studies revealed the ability of YfaE to play this
amounts of [2Fe23]-YfaE under anaerobic conditions at role. Quantitative analysis was also carried out using a
37 °C. The results of a typical experiment are shown in ferrozine assay to measure the amount oft Fgenerated,
Figure 7. The data from analysis of the fis s ateach and the stoichiometry of the reaction confirmed that every
wavelength were fit to two single exponentials giving rise YfaE oxidized resulted in one iron reduced (Table 2; S
t0 Kops1~ 5 st andkopsz~ 2 st at 465 nm andkyps;~ 4 1 Figure S4). Thus, YfaE is a chemically competent reductant
andkeps2~ 1 st at 320 nm. Under the set of conditions that of met{,. We also examined the ability of YfaE to reduce
we have examined, saturation of ntet5 uM) was detected  the diferric-Y* cofactor (data not shown). The rate of
at 37.5uM YfaE (data not shown). The rate constants for reduction is greatly reduced relative to nfkf-and further-
reduction are considerably faster than those previously more the diferric cluster is lost concomitant with® Y
reported with Fre, fraction B, DTT, and NADPH.3) or reduction. This behavior has been observed earlier with the
with chemical reductant$8—55). These results support our  chemical reductants hydrazine and phenylhydraZiigdnd
proposal that YfaE can function in cluster maintenance of interpreted to suggest that one*Fés reduced to B to
active 3z. form a transient mixed valent cluster, which is rapidly
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oxidized back to the diferric cluster concomitant with Y the oxidation of YfaE under anaerobic conditions. Because
reduction 68). The resulting mep; is then rapidly reduced  there are 3.4 irons in the mgtused in this experiment and
as described above. [2Fe2S}-YfaE can deliver only 1 electron at a time, the
After the titration end point was reached in the reduction kinetics by necessity are compleg1j. Our preliminary
process of mef,, we carried out two experiments to address results, however, suggest the rates are rapid, relative to those
the chemical competence of the resulting cluster to generateof other reductants previously reportded (54, 55). The data
the active cofactor. In one experiment only Was added, in Figure 7 have been fit for the first 5 s, during which 80%
and thus the additional reducing equivalent required for of the irons are reduced. Two single exponentials give rate
cluster assembly was missing. In a second experiment weconstants of 45 and 2 s % These numbers compare
added excess [2FeZSjYfakE followed by Q. In both favorably with similar experiments that have been carried
experiments, within the 2 min required to scan the spectrum, out on A9D and MMO. In the former case when reduced
the cluster had assembled as shown by the differenceFd is incubated with oxidized\9D, the rate of product
spectrum (Figure 6, inset). Strikingly, this occurred in both production (1.5 products/dimer) is 3.4s(56). The rate-
the absence and the presence of excess reduced YfaE. Thedeniting step is likely the reduction step, although this has
results require that the reducing equivalent is rapidly supplied not been rigorously established. In the case of MMO, studies
by § in the former case. We generated a difference spectrumwith the Fd domain only (residues-B8) show that it reduces
between the two experiments to look for absorption features oxidized MMO with rate constants of 1 and 0.2'{31).
associated with the oxidized amino acidfproviding the When the three electron reduced MMOR is used, the rates
reducing equivalent, the putative W28(26, 27). These are greatly increased to 957s although the kinetics are
experiments resulted in variable featureg at 400 nm due complex, and 1840% of the MMO is not reduced().

to multipl_e speptral subtractions and the transient nature of o titration and kinetics studies together suggest we have
the protein radical. o found the correct reductant and that it is both chemically

To further characterize the resulting diferric-dofactor and kinetically competent. When we find the Fd reductase
we have quantitated the amount of Yenerated by EPR  component, the reduction rates may increase and that YfaE
spectroscopy and measured the catalytic activity of the intactyyj| likely be used catalytically in this process. At present
RNR. Interestingly, the amount of radical is half of the oyr protein target for this reductant is Fre as it shares 25%
amount of Yfak oxidized and iron reduced, that is, 12Y  gequence identity with the Fd reductase domain of MMOR.
Fe. This result requires the reducing equivalent is provided oyr hypothesis is that Fre may form a complex with YfaE,
by 5 and not by F& that has dissociated frof, during  protecting YfaE from oxidation, and that complex formation
the reduction process. Finally, the amount ofgénerated  mgay also result in conversion of Fre to a flavoprotein. We
is greater than the amount of ¥bserved in a standard i paye generated antibodies to YfaE and will determine
vitro cofactor reconstitutef, suggesting that YfaE reduction  \yhether it is used catalytically in vivo. Finally, experiments
will allow us to generate Yequivalent to the amount of Fe/  yith transposon insertion into Fre suggest that these bacteria
2. The metg; used in our experiments contained 3.4 irons. 4re more sensitive to hydroxyurea than those with an intact
If all of the iron is reduced, then 1.7°6, should be detected.  fre (19). One interpretation of these results is that Fre is a
Under conditions where we have reduced 88% of the iron, missing factor in the maintenance pathway. Systematic
we have in fact observed 1.5.YThus, it is likely that in  nockout studies of each gene in the whBlecoli genome
_cluster a_ssembly the_ protein reduces the ferric peroxide pgye reported that YfaE is not essenti@0) This is not
intermediate, generating 22, 59) and W48" (26,27). The  gyrprising as recent studies of Fd and other flavoproteins
latter would then be rapidly reduced by YfaE, which is bound suggest redundancies in electron-donating pathw@g (
in a region off; adjacent to this residue, if the analogy with s or hypothesis is correct, then studies oAyaE, as with
A?ﬂﬂ:‘("di Gti). ditration data h early defined th Fre, should be more sensitive to hydroxyuré8) (

ough the titration data have clearly defined the . . . . .

chemically competence of YfaE, iF says nothing ab_ou't the it IiSs ﬁ:&:;n\é?\l,\éid t'ﬁeth:rgf;i?}ttget:bg\%hwggpx\é% t?llcr;\ll(v
kinetic competence. We thus carried out some preliminary experiments to monitor the assembly of the active cofactor

experiments to determine the rate of reduction of fhet- . : .
There have been many studies investigating the reduction(0m diferrousg, with O, in the presence/absence of reduced
YfaE are in progress to address this question.

of met{3, to the diferrous, using chemical reductants and
“protein reductants”12, 13, 17, 53—55). Unfortunately, the
actual rate constants are not readily accessible from the
published information. In the case of the chemical reductants, \ye thank Dr. Viviana Izzo for help with YfaE reconstitu-
dithionite and a dye mediator, deazaflavin and light, DTT, ign.
and Fé" etc., the rates of reduction are very slow, on the
order of several minuted 7, 53—55). In the case of aprotein  SUPPORTING INFORMATION AVAILABLE
reductant, Fre, a NAD(P)H:flavin oxidoreductase that was
initially implicated (12), the reported data for reduction Elution profile of Q-Sepharose chromatography of YfaE
suggested that the rate is also very slowd(001 s?) (13, (Figure S1), elution profile of Sephadex G-75 of YfaE
55). More recent studies suggest that Fre is unlikely to be (Figure S2), 4.2-K/53-mT NMssbauer spectrum of a sample
directly involved in met8; reduction, consistent with the of reconstituted YfaE that was exposed to oxygen (Figure
slow kinetics (7). S3), anaerobic titration of met; with [2Fe2S}-YfaE in

We have examined the rates of nfbtreduction by SF the presence of ferrozine (Figure S4). This material is
kinetics monitoring both the reduction of the ironsfnand available free of charge via the Internet at http:/pubs.acs.org.
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