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ABSTRACT: Biotin synthase catalyzes the insertion of a sulfur atom into the saturated C6 and C9 carbons
of dethiobiotin. This reaction has long been presumed to occur through radical chemistry, and recent
experimental results suggest that biotin synthase belongs to a family of enzymes that contain an iron-
sulfur cluster and reductively cleaveS-adenosylmethionine, forming an enzyme or substrate radical, 5′-
deoxyadenosine, and methionine. Biotin synthase (BioB) is aerobically purified as a dimer of 38 kDa
monomers that contains two [2Fe-2S]2+ clusters per dimer. Maximal in vitro biotin synthesis requires
incubation of BioB with dethiobiotin, AdoMet, reductants, exogenous iron, and crude bacterial protein
extracts. It has previously been shown that reduction of BioB with dithionite in 60% ethylene glycol
produces one [4Fe-4S]2+/1+ cluster per dimer. In the present work, we use UV/visible and electron
paramagnetic resonance spectroscopy to show that [2Fe-2S] to [4Fe-4S] cluster conversion occurs through
rapid dissociation of iron from the protein followed by rate-limiting reassociation. While in 60% ethylene
glycol the product of dithionite reduction is one [4Fe-4S]2+ cluster per dimer, the product in water is one
[4Fe-4S]1+ cluster per dimer. Further, incubation with excess iron, sulfide, and dithiothreitol produces
protein that contains two [4Fe-4S]2+ clusters per dimer; subsequent reduction with dithionite produces
two [4Fe-4S]1+ clusters per BioB dimer. BioB that contains two [4Fe-4S]2+/1+ clusters per dimer is rapidly
and reversibly reduced and oxidized, suggesting that this is the redox-active form of the iron-sulfur
cluster in the anaerobic enzyme.

The final step in the biosynthesis of biotin is the insertion
of a sulfur atom between the C6 and C9 carbons of
dethiobiotin (Scheme 1), a reaction catalyzed by biotin
synthase. ThebioB gene product has been identified as an
essential component of biotin synthase by genetic comple-
mentation (1, 2), and addition of overexpressed BioB protein
to in vitro assays increases biotin yield (3, 4). BioB is a dimer
of 38.5 kDa monomers that is purified under aerobic
conditions with two [2Fe-2S]2+ clusters per BioB dimer (5).
The predicted protein sequence contains a conservedCxxx-
CxxC motif that is shared by pyruvate formate-lyase
activating enzyme (PFL AE) (6), type III (anaerobic)
ribonucleotide reductase (anRR) (7), lysine 2,3-aminomutase
(8), and lipoic acid synthase (LipA) (9). PFL AE and anRR
have been shown to use AdoMet and reduced flavodoxin to
catalyze formation of an essential glycyl radical on the
protein backbone (10-13), while lysine 2,3-aminomutase
appears to use AdoMet to catalyze direct formation of
substrate radical (14, 15). BioB-catalyzed biotin formation
is increased by the addition of AdoMet and flavodoxin (3,
4, 16-18), and therefore it has been proposed that BioB is

also an AdoMet-dependent radical enzyme (16).
Radical enzymes play critical roles in biology (19), and

enzymatic radical generation must take place under both
aerobic and anaerobic conditions. One solution to enzymatic
radical generation in the absence of oxygen is the reductant-
induced oxidation of enzyme or substrate using AdoMet and
an iron-sulfur cluster (20). In a generalized scenario,
AdoMet binds near the iron-sulfur cluster and electron
transfer from flavodoxin into the iron-sulfur cluster/AdoMet
complex results in reductive cleavage of AdoMet, generating
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Scheme 1: Conversion of Dethiobiotin to Biotin Catalyzed
by Biotin Synthase
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methionine and the strongly oxidizing 5′-deoxyadenosyl
radical (21). Abstraction of a hydrogen atom either from a
glycyl residue or from the substrate results in oxidation to a
glycyl radical (22-24) or substrate radical (14) and formation
of 5′-deoxyadenosine (25). The structures and redox states
of iron-sulfur clusters in the active enzymes and the
mechanism of the reductive cleavage of AdoMet remain a
mystery.

Recent spectroscopic studies have established the flex-
ibility of the conserved iron-sulfur cluster-binding motif in
PFL AE, anRR, lysine 2,3-aminomutase, LipA, and BioB.
PFL AE is overexpressed and purified under anaerobic
conditions containing predominantly [3Fe-4S]1+ clusters that
are easily converted to the [4Fe-4S]2+ and [4Fe-4S]1+ clusters
upon reduction with dithionite in the absence and presence
of AdoMet (26). Overexpressed and reconstituted anRR
contains two [2Fe-2S]2+ clusters perR2â2 tetramer that are
converted to one [4Fe-4S]2+/1+ cluster upon reduction with
dithionite or 5-deazaflavin/formate, as demonstrated by EPR
and Mossbauer spectroscopy (27). Lysine 2,3-aminomutase
is purified anaerobically, containing six [4Fe-4S]2+ clusters
per hexamer that are converted to [4Fe-4S]1+ clusters upon
reduction with dithionite in the presence of AdoMet or
AdoHcy (28). Overexpressed LipA is purified under anaero-
bic conditions as a mixture of monomer that contains one
[2Fe-2S]2+ cluster and dimer that contains one [4Fe-4S]2+

cluster (29, 30). Finally, BioB purified aerobically contains
two [2Fe-2S]2+ clusters per dimer that are converted to one
[4Fe-4S]2+ cluster upon reduction with dithionite in 60%
ethylene glycol (31). The observation of several iron-sulfur
cluster configurations within the same conserved binding
motif suggests that these proteins share the ability to retain
bound iron and sulfide under conditions of both high and
low redox potential; this may confer an evolutionary
advantage for facultative anaerobes that must tolerate
exposure to high oxygen levels. In the case of lysine 2,3-
aminomutase, the [4Fe-4S]1+/AdoMet form of the enzyme
is active in the absence of exogenous reductant, suggesting
that the [4Fe-4S]1+/AdoMet to [4Fe-4S]2+/5′deoxyadenosine
conversion may represent the native cluster conversion (28).

Reductive conversion of BioB from the aerobically puri-
fied [2Fe-2S]2+ forms requires experimental conditions that
bring into question the likelihood of a similar in vivo cluster
conversion. Johnson and co-workers (31) report that incuba-
tion of BioB in 60% ethylene glycol or glycerol with the
strong reductant sodium dithionite produces [4Fe-4S]2+

protein over 4-5 h. [4Fe-4S]1+ cluster formation is only
observed at moderate levels following prolonged incubation
with a large excess of dithionite. The slow kinetics of this
process suggests that it is unlikely to occur in rapidly growing
bacteria that must have active biotin synthase to form biotin
within the ca. 30-60 min doubling time of the organism.
The apparent in vivo reducing system, flavodoxin, FNR, and
NADPH, does not bring about cluster conversion in water
or 60% ethylene glycol (J. Jarrett, unpublished results).

We have used UV/visible and EPR spectroscopy to
examine the kinetics of [2Fe-2S]2+ to [4Fe-4S]2+/1+ cluster
conversion in 60% ethylene glycol, conditions similar to
those used by Duin et al. (31), as well as in aqueous buffer.
We find that under all conditions, cluster conversion is a
two-step process in which iron is rapidly released from the
protein and then slowly reabsorbed. Reduction of BioB with

dithionite in the presence of iron chelators terminates cluster
conversion and results in precipitation of apoprotein. Reduc-
tion in the presence of excess iron and/or sulfide results in
an increase in the rate of cluster conversion and an increase
in the yield of [4Fe-4S]2+/1+ clusters. While in the absence
of excess iron the principal product of reduction is one [4Fe-
4S]2+/1+ cluster per BioB dimer, the product in the presence
of excess iron and sulfide is two [4Fe-4S]2+/1+ clusters per
BioB dimer. BioB containing two [4Fe-4S]2+/1+ clusters per
dimer undergoes rapid and reversible chemical reduction and
oxidation. Although our present assay system is not able to
distinguish the active forms of BioB, we believe that this
latter redox interconversion is comparable to the presumed
flavodoxin-dependent reduction of the iron-sulfur clusters
in the native enzyme.

MATERIALS AND METHODS

Materials. All reagents were obtained from commercial
sources and used without further purification. Protein
concentration was determined by the Bradford assay (32)
with bovine serum albumin as a standard, or for BioB in the
[2Fe-2S]2+ oxidation state, with a molar absorption for the
dimer of ε452 ) 7550 M-1 cm-1. The UV/visible spectrum
and the Fe/protein ratio is very reproducible between
preparations, and therefore we feel that the visible absorbance
is a reliable method for determining the concentration of the
freshly purified [2Fe-2S]2+ protein. Iron analysis was per-
formed by the method of Beinert (33); sulfide analysis was
not performed. Free iron was separated from protein-bound
iron by passing through a short desalting column (for protein
iron analysis, PD-10, Amersham Pharmacia) or by passing
through a 30 kDa cutoff centrifugal concentrator (for free
iron, Millipore). Unless otherwise stated, all protein purifica-
tion steps were performed under aerobic conditions and all
protein reduction, reconstitution, and analyses were per-
formed under oxygen-free argon or nitrogen atmosphere.

Cloning and Expression of BioB and His-Tagged BioB.
BioB was cloned by direct PCR from a lysate of Kohara
phage [202]3D4 (34) using VENT polymerase and primers
that containedNdeI andHindIII sites. The PCR product and
pET23b (Novagen) were digested withNdeI andHindIII and
joined with T4 DNA ligase. The resulting vector (pJJ07) was
transformed into BL21(DE3)pLysS. In a typical preparation
of BioB protein, 1 L of LB containing 10µM FeCl3, 50
mg/L ampicillin, and 25 mg/L chloramphenicol was inocu-
lated with 5 mL of an overnight culture of pJJ07/
BL21(DE3)pLysS in the same medium. The culture was
incubated at 37°C with vigorous shaking for 4-5 h and
then induced with 0.5 mM IPTG. Protein expression was
continued for 4 h and the cells were collected by centrifuga-
tion and frozen at-80 °C. The cells were suspended in 50
mM Tris, pH 7.5, and lysed by sonication, and cell debris
was removed by centrifugation at 25 000 rpm for 30 min.
The protein was loaded onto DEAE fast-flow Sepharose (2.5
× 20 cm, Sigma) equilibrated with 50 mM Tris, pH 7.5,
and eluted with a 300 mL linear gradient to 0.6 M NaCl, 50
mM Tris, pH 7.5. Reddish-brown fractions were collected,
concentrated, and desalted with Centriprep 30 concentrators
(Millipore). The desalted protein was loaded onto a Poros
HQ column (10× 100 mm, PE/PerSeptive Biosystems)
equilibrated in 50 mM Tris, pH 8, and eluted with a 150
mL linear gradient to 0.6 M NaCl, 50 mM Tris, pH 8. The
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protein was concentrated and desalted with Centriprep 30
concentrators. The resulting protein varies from 70% to 90%
homogeneous. Further purification invariably resulted in a
dramatic loss of activity.

BioB was subcloned into a His tag expression plasmid
constructed by Professor Greg Van Duyne (University of
Pennsylvania). This plasmid (pET21dHT) is derived from
pET21d (Novagen), in which the BioB protein is fused to a
6×His tag by an extended linker peptide that contains a TEV
protease site. BioB was cloned from pJJ07 by use of primers
that incorporatedBamHI and EcoRI restriction sites. The
PCR product and pET21dHT were digested withBamHI and
EcoRI and joined with T4 DNA ligase. The resulting vector
(pJJ15-4A) was transformed in BL21(DE3)pLysS. In a
typical preparation of His6-BioB protein, 1 L of LB with
10 µM FeCl3, 50 mg/L ampicillin, and 25 mg/L chloram-
phenicol was inoculated with 5 mL of an overnight culture
of pJJ15-4A/BL21(DE3)pLysS in the same medium. The
culture was incubated at 37°C with vigorous shaking for 5
h, cooled to 25°C, and then induced with 0.5 mM IPTG.
Protein expression was continued for 4 h at 25°C, and the
cells were collected by centrifugation and frozen at-80 °C.
The cells were suspended in 50 mM Tris, 0.5 M NaCl, pH
8, and lysed by sonication, and cell debris was removed by
centrifugation at 25 000 rpm for 30 min. The protein was
loaded onto Ni-NTA-agarose (2.5× 10 cm, Qiagen) and
washed with 300 mL of 50 mM Tris, 0.5 M NaCl, pH 8,
and 200 mL of 10 mM imidazole in the same buffer. His6-
BioB is eluted with 200 mM imidazole, 50 mM Tris, 0.5 M
NaCl, pH 8, and concentrated with Centriprep 30 concentra-
tors to ∼10 mL. To remove imidazole, the protein is
immediately loaded onto a Bio-Gel P2 column (2.5× 40
cm, Bio-Rad) equilibrated with 25 mM Tris, 25 mM NaCl,
pH 7.5, and the protein was eluted in the same buffer. The
resulting 41.3 kDa protein is>98% homogeneous as judged
by SDS-polyacrylamide gel electrophoresis. Attempts at
removal of the His6 tag with TEV protease lead to proteolytic
cleavage of a 4-6 kDa fragment from the C-terminus of
protein, yielding a 32-34 kDa protein that retained the bound
FeS cluster; we have avoided using this protein since it is
unclear what role this missing C-terminal fragment may play
in the protein structure.

Due to the abundant yield of His6-BioB and the relatively
high purity as compared to native (non-His-tagged) BioB,
we have used His6-BioB in all of the experiments described
in this paper. We have repeated both UV/visible and EPR
experiments with native BioB and obtained the same results
within the errors of our measurements. However, the quality
of the EPR spectra is significantly improved for His6-BioB,
and we therefore present only the data for this modified
protein. Using EPR spectroscopy, we could not detect
significant amounts of iron bound to the His6 tag in either
as-purified [2Fe-2S]2+ protein or reconstituted [4Fe-4S]2+/1+

protein.
Reduction of BioB with Sodium Dithionite.All experiments

were performed under anaerobic conditions either in a
glovebox under nitrogen atmosphere or in sealed Schlenk
tubes or cuvettes under an argon atmosphere. BioB or His6-
BioB was diluted into 25 mM Tris, 25 mM NaCl, pH 7.5,
with or without 60% (v/v) ethylene glycol, and the protein
solution (50-500 µM, 1 mL) was placed in an anaerobic
cuvette and capped with a tightly sealed rubber septum. The

sample was purged with cycles of vacuum and argon over
30 min to remove oxygen. A UV/visible spectrum of the
BioB protein was recorded and dithionite (2-4 mM final
concentration) was added with a syringe to initiate reduction.
UV/visible spectra were recorded at intervals over several
hours, and at various stages of reduction a sample (∼200
µL) was removed for EPR analysis.

Reduction in the Presence of Excess Iron and Sulfide.BioB
or His6-BioB was diluted into 10 mM dithiothreitol, 25 mM
Tris, 25 mM NaCl, pH 7.5, with or without 60% ethylene
glycol, and the protein solution (100-200 µM, 1 mL) was
placed in an anaerobic cuvette and purged with argon.
Anaerobic solutions of FeCl3 and Na2S were slowly titrated
into the protein solution to final concentrations of 0.5-1 mM.
Precipitate was not observed and the protein spectrum is
altered dramatically by these additions, resulting in a
greenish-yellow sample. Excess iron, sulfide, and dithio-
threitol were removed by passing through a desalting column
equilibrated with 25 mM Tris and 25 mM NaCl, pH 7.5, in
a nitrogen glovebox. The [4Fe-4S]1+ protein was produced
by addition of dithionite (2 mM), which resulted in immedi-
ate reduction of the protein within the time required to mix
the contents of the cuvette accompanied by bleaching of the
visible absorption band at 410 nm.

EPR Spectroscopy.Electron paramagnetic resonance (EPR)
spectroscopy was performed on a Bruker ESP300E spec-
trometer operating at X-band frequencies. Temperature
control was maintained by an Oxford ESR 900 continuous
flow liquid helium cryostat interfaced with an Oxford ITC4
temperature controller. Microwave frequency was measured
by a Hewlett-Packard 5350B frequency counter. Typical EPR
parameters were as follows: sample temperature, 20 K;
microwave frequency, 9.424 GHz; microwave power, 20
mW; modulation frequency, 100 kHz; modulation amplitude,
6.0 G; time constant, 164 ms. These conditions were shown
to produce clean spectra without saturation of the EPR
signals. Power saturation experiments were performed at 20
K with microwave powers between 50µW and 200 mW.
The temperature dependence of the [4Fe-4S]1+ resonances
were measured at 20 mW between 6 and 50 K. A 20 G
modulation amplitude was employed to increase the iron-
sulfur cluster signal during the power saturation and tem-
perature dependence experiments. The concentration of
unpaired spins was determined from a calibration curve based
on Cu(II)-EDTA standards. Unless otherwise noted, total
protein concentrations were 100-200 µM dimer.

Rate of [4Fe-4S] Oxidation/Reduction Measured by
Stopped-Flow Spectroscopy.Stopped-flow spectroscopy was
performed on a Hi-Tech DX-2 stopped-flow spectropho-
tometer that had been flushed with 10 mM dithionite for 24
h prior to use. Anaerobic samples of BioB in [4Fe-4S]2+

and [4Fe-4S]1+ oxidation states were prepared in the presence
of excess iron and sulfide and desalted into 25 mM Tris and
25 mM KCl, pH 7.5, as described above. The [4Fe-4S]2+

protein (50-100µM final concentration) was rapidly mixed
with dithionite (1 mM) at 25°C, and absorbance changes
were monitored at 410 nm. The [4Fe-4S]1+ protein (50-
100 µM) was rapidly mixed with K3Fe(CN)6 (500 µM) at
25 °C, and absorbance changes were monitored at 410 and
450 nm. Spectra were recorded prior to and following each
kinetic run to determine the products of oxidation or
reduction.
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RESULTS

Formation of One [4Fe-4S]2+ Cluster per BioB Dimer
InVolVes Dissociation and Reassociation of Iron.Generation
of a protein or substrate radical in AdoMet-dependent radical
enzymes requires the low-potential reductive cleavage of
AdoMet, a process that is probably initiated by electron
transfer from flavodoxin inEscherichia colibut can be
achieved with dithionite in vitro. Although the mechanism
of reductive cleavage has not been elucidated, it has been
proposed that the reaction requires a special interaction
between AdoMet and the conserved iron-sulfur cluster. In
lysine 2,3-aminomutase, the apparent active form of the
cluster is [4Fe-4S]1+ (28), and it has now been demonstrated
that all of the AdoMet-dependent radical enzymes are capable
of forming a [4Fe-4S]2+/1+ cluster (26, 27, 29-31, 35, 36);
it follows that activation of biotin synthase may require
conversion of [2Fe-2S]2+ BioB to a [4Fe-4S]2+/1+ protein.
Johnson and co-workers (31) demonstrated that reduction
of BioB with dithionite in 60% ethylene glycol or glycerol
results in the slow conversion of two [2Fe-2S]2+ clusters per
dimer to one [4Fe-4S]2+ cluster per dimer.

We have followed cluster conversion in BioB after
reduction with dithionite in 60% ethylene glycol using UV/
visible and EPR spectroscopy (Figures 1-3). We find using
UV/visible spectroscopy (Figure 1A and 2A) that the initial
reduction of [2Fe-2S]2+ protein with dithionite occurs at a
moderate rate (kobs ) 0.2-1 min-1), while the formation of
[4Fe-4S]2+ protein occurs much more slowly (kobs≈ 0.002-
0.05 min-1). The range of rates reflects our inability to
establish the total change in absorbance associated with each
kinetic phase; we can fit the data reasonably well to models
in which half or all of the iron is dissociated in the
intermediate stage. Further, we have assumed that dissociated
iron does not contribute to the UV/visible spectrum at 410
nm, but if iron and sulfide dissociate as a cluster, this may
contribute to the observed absorbance of the intermediate.
The overall reduction is accompanied by a shift in the visible
absorption band at 452 nm for the [2Fe-2S]2+ protein to a
shoulder centered at 410 nm for the [4Fe-4S]2+ protein
(Figure 1A). The final yield of [4Fe-4S]2+ cluster is
dependent on the initial concentration of protein and is ca..
60-70% after 4 h for an initial BioB concentration of 200
µM, assuming a typical extinction coefficient for the [4Fe-
4S]2+ cluster of∼7500 M-1 cm-1 (37). The resulting biphasic
kinetic curve suggests a maximal buildup at∼10-30 min
of intermediates that have little visible absorbance (Figures
1A and 2).

Two opposing interpretations of the above results are that
the observed intermediate is either apoprotein and dissociated
Fe2+ or BioB with two [2Fe-2S]1+ clusters per dimer; [2Fe-
2S]1+ protein would be predicted to have little UV/visible
absorbance but display a characteristic anisotropic EPR
spectrum withgav ≈ 1.9-2.0 with maximal signal intensity
observed at temperaturesg50 K (37). However, EPR spectra
of samples removed at 10, 30, and 90 min after reduction
show only minor amounts of [4Fe-4S]1+ cluster (less than
10% of total protein; Figure 3D,E) and also show variable
amounts of dissociated iron (g ≈ 3.7-4.3, not shown). Free
iron is difficult to quantitate by EPR in dithionite-reduced
samples and is difficult to chemically analyze in the presence
of ethylene glycol; chemical measurements of free iron are

described below for samples reduced in water. The EPR
spectrum of fully reduced enzyme after 4 h of incubation
with dithionite shows formation of∼0.1-0.2 [4Fe-4S]1+

cluster per dimer. The temperature dependence of the EPR
signal for 10 min reduced and fully reduced samples shows
a maximum intensity atT ) 20 K, consistent with a [4Fe-
4S]1+ cluster (data not shown). The EPR spectrum for fully
reduced [4Fe-4S]1+ enzyme is similar to that observed by
Johnson and co-workers (31), with g values of 2.04 and 1.93.
Thus EPR spectra suggest that the [2Fe-2S]1+ cluster is not
a significant intermediate during reduction and that the final
reduced protein is a mixture of [4Fe-4S]2+ and [4Fe-4S]1+

protein, as previously observed.
[4Fe-4S] Cluster Formation Depends on the AVailability

of Free Iron. The conversion of apoprotein to [4Fe-4S]2+

protein requires the association of iron or of preformed iron-
sulfur complexes with the apoprotein. We would predict,
therefore, that the rate of formation of [4Fe-4S]2+ protein
should be a second-order kinetic process dependent both on
the concentration of free iron and on the concentration of
apoprotein. Indeed we observe that when 200µM BioB is
reduced with dithionite in the presence of 500µM FeCl2,
the rate of formation of [4Fe-4S]2+ protein (the second kinetic
phase in Figure 2A) is increased ca. 4-fold (kobs ) 0.02-

FIGURE 1: Reduction of [2Fe-2S]2+ BioB with dithionite. (A)
Incubation of BioB (200µM) with dithionite (2 mM) in 60%
ethylene glycol, 25 mM Tris, 25 mM KCl, pH 7.5. Reduction of
[2Fe-2S]2+ clusters results in a decrease in absorbance at 452 nm
and probable formation of apoprotein. Slower reassociation of iron
results in formation of a [4Fe-4S]2+ cluster as indicated by an
increase in absorbance at 410 nm. (B) Incubation of BioB (200
µM) with dithionite (2 mM) in 25 mM Tris, 25 mM KCl, pH 7.5.
Reduction of [2Fe-2S]2+ clusters results in a decrease in absorbance
at 452 nm and the formation of protein with a featureless UV/
visible spectrum that is shown by EPR spectroscopy to contain∼0.6
[4Fe-4S]1+ clusters per dimer.
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0.06 min-1). Further, when the initial BioB concentration is
increased to 500µM in the absence of exogenous iron, the

rate of formation of [4Fe-4S]2+ protein is increased∼2-fold
(not shown). Increasing the iron or protein also increases
the final yield of [4Fe-4S]2+ cluster to∼0.9 cluster per dimer
based upon UV/visible spectra. This suggests that both the
equilibrium concentration and the second-order rate of
formation of the [4Fe-4S]2+ cluster depends on iron and
protein concentrations. In contrast to these results, when iron
is competitively bound by chelation to either EDTA (2 mM)
or L-histidine (5 mM) during reduction, we observe rapid
loss of the [2Fe-2S]2+ cluster (kobs) 0.5 min-1) as indicated
by the disappearance of the absorbance band at 452 nm
(Figure 2A), but the formation of both [4Fe-4S]2+ and [4Fe-
4S]1+ clusters is completely blocked (see Figure 3F). The
resulting sample is colorless, and white apoprotein precipi-
tates over 30-60 min. The initial [2Fe-2S]2+ protein is
completely stable to EDTA for days, while the [4Fe-4S]2+

protein (after removal of dithionite) loses iron very slowly
in EDTA (t1/2 ≈ 12-15 h). Together these results are
consistent with a model in which formation of a [4Fe-4S]2+

cluster in BioB is a second-order kinetic process involving
association between apoprotein and iron or preformed iron-
sulfur clusters.

Reduction of [2Fe-2S]2+ BioB in the Absence of Ethylene
Glycol Results in Formation of One [4Fe-4S]1+ Cluster per
Dimer. Due to the reported requirement for 60% ethylene
glycol for assembly of the [4Fe-4S]2+ cluster in BioB, and
the slow time scale we had observed for this cluster
conversion, we felt that it was unlikely that this process could
precede AdoMet-dependent enzyme activation in either in
vitro assays or in vivo biotin biosynthesis, both of which
proceed in<30 min in the absence of ethylene glycol. Flint
and co-workers (5) had reported the destruction of the iron-
sulfur cluster upon treatment of [2Fe-2S]2+ BioB with
dithionite in aqueous buffer. We followed reduction of [2Fe-
2S]2+ BioB with dithionite using UV/visible and EPR
spectroscopy and observed stoichiometric conversion to BioB
containing∼0.6 [4Fe-4S]1+ cluster per BioB dimer (Figures
1B and 3C). The UV/visible spectrum of the resulting [4Fe-
4S]1+ protein shows no distinct features but rather shows
gradually increasing absorbance over the range from 300 to
600 nm (Figure 1B). Reduction occurs at approximately the
same rate as in the presence of ethylene glycol, with an
apparent rate constant of 0.05 min-1 (Figure 2,b). EPR
spectra of samples removed at 10, 30, and 90 min show
formation of the [4Fe-4S]1+ cluster with∼0.1, 0.5, and 0.6
spin per dimer, respectively. The temperature dependence
of the EPR signal for the 10 and 90 min samples (Figure 4)
is characteristic of [4Fe-4S]1+ clusters, with maximal signal
observed at 20 K. The observed decrease in signal intensity
and broadening of the resonance at lower temperatures is
due to saturation of the signal. There is no EPR evidence
for a stable [2Fe-2S]1+ cluster in the early stages of reduction.
Following complete reduction with dithionite in aqueous
buffer, the EPR spectrum has an axial signal withg values
of 2.04 and 1.93, identical to the spectrum obtained in the
presence of ethylene glycol (Figure 3 and ref31), but the
yield is dramatically improved, with>90% of the protein-
bound iron present in [4Fe-4S]1+ clusters and∼60% of the
total protein containing [4Fe-4S]1+ clusters.

Since EPR spectroscopy had ruled out formation of stable
[2Fe-2S]1+ clusters immediately following dithionite reduc-
tion, the observed initial decrease in UV/visible absorbance

FIGURE 2: Kinetics of reduction of BioB (200µM) with dithionite
(2 mM) followed at 410 nm. (A) Reduction in 60% ethylene glycol
(O) results in dissociation of iron accompanied by a decrease in
absorbance (kobs≈ 0.2-1 min-1) and the slower formation of [4Fe-
4S]2+ protein with the appearance of a shoulder at 410 nm (kobs ≈
0.002-0.05 min-1). Reduction in the presence of FeCl2 in 60%
ethylene glycol (500µM, 4) results in an increase in the rate of
[4Fe-4S]2+ cluster formation with an increase in the rate constant
for the second phase to 0.01-0.05 min-1. Reduction in the presence
of EDTA (2 mM, 0) in 60% ethylene glycol results in the complete
formation of apoprotein with no absorbance remaining after 15 min.
Reduction in aqueous buffer (b) results in a decrease in absorbance
(kobs ) 0.05 min-1) that reaches a plateau atA410 ) 0.9, indicating
the formation of a reduced protein-bound cluster. (B) Free iron
found in the buffer following reduction of His6-BioB (9) or WT
BioB (O) with dithionite in aqueous buffer. Conditions were
identical to closed circles in panel A. Error bars indicate the standard
deviation of three trials.

FIGURE 3: EPR spectra of intermediate and final stages of the
reduction of BioB (200µM) with dithionite (2 mM). (A) Initial
[2Fe-2S]2+ protein; (B) reduced 10 min with dithionite in aqueous
buffer; (C) reduced 90 min with dithionite in aqueous buffer; (D)
reduced 10 min with dithionite in 60% ethylene glycol; (E) reduced
90 min with dithionite in 60% ethylene glycol; (F) reduced 60 min
with dithionite in EDTA (2 mM).
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was likely due to dissociation of iron from the protein. In
the presence of dithionite, the majority of free iron would
be expected to be Fe2+, with no visible absorbance or EPR
signal. We directly followed the formation of free iron, using
30 kDa centrifugal concentrators to separate free iron from
protein-bound iron. The buffer that passed through the
concentrator was analyzed for total iron (33) and shows a
rise in the concentration of free iron immediately following
reduction (Figure 2B). The free iron concentration reaches
a maximum concentration of∼80 µM at 20 min and then
slowly decreases. Similar results were seen for WT BioB
(dashed curve) and His6-BioB (solid curve). The concentra-
tion of free iron measured is significantly less than the total
iron in the samples (800µM), suggesting that the dissociated
iron remains weakly bound to the protein. Indeed, when we
reduce a sample for 10 min and then add EDTA (1 mM),
we can rapidly strip all of the iron from the protein and detect
this iron in the buffer, suggesting that iron is bound much
more weakly to the intermediate protein than to the initial
[2Fe-2S]2+ or final [4Fe-4S]2+ proteins. The rates of release
and reabsorption of iron by the protein in aqueous buffer
are comparable to the rates of reduction and cluster formation
observed by UV/visible spectroscopy for protein in 60%
ethylene glycol.

Equilibration of [2Fe-2S]2+ BioB with Excess Iron and
Sulfide Results in Formation of Two [4Fe-4S]2+ Clusters per
Dimer. Conversion of the [2Fe-2S]2+ clusters to [4Fe-4S]
clusters in BioB apparently requires a strong reductant such

as dithionite to reduce the [2Fe-2S]2+ clusters and dissociate
iron from the protein. This cluster conversion is not effected
by either dithiothreitol or flavodoxin, FNR, and NADPH
(data not shown), but these are the only reductants typically
available in routine biotin synthase assays. Therefore it seems
that reductive cluster conversion cannot be occurring during
in vitro assays. Furthermore, exogenous iron is required for
biotin synthase activity (17), and it seemed plausible that
[4Fe-4S]2+ clusters could be built up by addition of iron and
sulfide to the existing [2Fe-2S]2+ clusters without the
requirement for reduction or dissociation of iron. Indeed,
when we incubate [2Fe-2S]2+ BioB in 60% ethylene glycol
with dithiothreitol and 4 equiv of FeCl3 and then titrate in
sulfide, we find that the absorbance spectrum of the protein
is dramatically altered (Figure 5), with a UV-visible
spectrum that shows an absorbance centered at 410 nm, but
that does not match the spectrum obtained in the absence of
excess iron and sulfide, with increased absorbance over the
range of 450-700 nm. Desalting under anaerobic conditions
does not alter the UV/visible spectrum, indicating that only
tightly bound clusters, and not free iron, contribute to this
spectrum. The EPR spectrum of this sample is devoid of
features, indicating the absence of EPR active clusters. We
believe that this sample contains two diamagnetic [4Fe-4S]2+

clusters per BioB dimer; this interpretation is consistent with
EPR results described below.

Reduction of 2×[4Fe-4S]2+ Protein Results in Rapid
Formation of 2×[4Fe-4S]1+ Protein. The protein obtained
by direct reconstitution of [2Fe-2S]2+ BioB apparently
contains two [4Fe-4S]2+ clusters per BioB dimer, as indicated
by the UV/visible spectrum (Figure 5). This protein sample
can be repurified by gel-filtration chromatography under
anaerobic conditions and retains the original (diluted) optical
spectrum, indicating no loss of bound iron or iron-sulfur
clusters. Addition of dithionite to BioB containing two [4Fe-
4S]2+ clusters results in rapid reduction of the protein within

FIGURE 4: Temperature dependence of the EPR intensity for BioB
reduced with dithionite in aqueous buffer. (A) EPR spectra of BioB
following 90 min reduction with dithionite. (B) Temperature
dependence of theg ) 1.93 resonance for the 10 and 90 min
reduced samples. Both samples show a maximal signal intensity at
20 K, typical of [4Fe-4S]1+ clusters. Spectra were recorded at 4-70
K with other EPR parameters as indicated in Materials and Methods.

FIGURE 5: UV/visible spectra of various cluster forms in BioB.
The initial 2×[2Fe-2S]2+ protein (200µM), with a typical absorp-
tion band at 452 nm, is reductively converted to [4Fe-4S]2+ protein
in 60% ethylene glycol, with a shoulder at 410 nm, or [4Fe-4S]1+

protein in aqueous buffer (both 200µM protein,∼120µM cluster).
Incubation of BioB with Fe2+, S2-, and DTT results in formation
of 2×[4Fe-4S]2+ protein, with an increased absorption band at 410
nm and significant absorption from 450 to 800 nm. Reduction of
this protein with dithionite results in formation of a 2×[4Fe-4S]1+

protein, a green-gray protein with significant absorption across the
entire UV/visible spectrum. The latter two spectra are samples that
have been desalted to remove excess iron and sulfide; while this
process results in ca. 2-fold dilution, precise protein concentrations
are not known and extinction coefficients have not been determined.
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the time required to mix the contents of the cuvette. The
fully reduced protein has a broad, featureless UV/visible
absorbance over the range from 350 to 600 nm (Figure 5)
and a weak absorbance at∼800-900 nm (not shown); this
spectrum is not the same as a scaled spectrum of BioB
containing one [4Fe-4S]1+ cluster per dimer. Following
anaerobic desalting to remove free iron, the bound iron in
the reconstituted and fully reduced protein was determined
to be ca. 10( 2 Fe per BioB dimer, while the sample
reduced in the absence of excess iron contains 2.4( 0.5 Fe
per dimer. The slightly high iron content of reconstituted
and reduced protein may reflect some adventitiously bound
iron, while the low iron content of the directly reduced
protein indicates the presence of residual apoprotein. The
EPR spectrum of the fully reduced reconstituted protein is
compared to the spectrum of a sample obtained by direct
reduction of BioB with dithionite in the absence of excess
iron in Figure 6. Spin quantitation indicates that the
reconstituted and reduced protein contains∼1.9 [4Fe-4S]1+

clusters per BioB dimer, while the sample reduced in the
absence of excess iron contains∼0.6 [4Fe-4S]1+ cluster per
dimer. The temperature dependence of the EPR intensity
indicates that all EPR-observable clusters are present as [4Fe-
4S]1+ clusters. The axial EPR spectrum withg values of 2.04
and 1.93 is typical of [4Fe-4S]1+ clusters and is similar to
spectra obtained for anRR (27), but theseg values are slightly
higher those found for other AdoMet-dependent radical
enzymes (26, 28, 29). For example, the EPR spectrum of
PFL AE with [4Fe-4S]1+ clusters (in the presence of
AdoMet) showsg values of 2.01 and 1.89 (26).

Rapid and ReVersible Reduction and Oxidation of BioB
Containing Two [4Fe-4S] Clusters.We can now prepare
samples of BioB that contain either two [4Fe-4S]2+ or two
[4Fe-4S]1+ clusters per dimer; under anaerobic conditions
these enzyme forms are completely stable. Previous experi-
ments described above had indicated that the interconversion
of these two enzyme oxidation states is particularly rapid.
We followed the reduction of 2×[4Fe-4S]2+ BioB with
dithionite in an anaerobic stopped-flow spectrophotometer

at 410 nm. The reduction is largely biphasic, with ca. 50%
of the clusters reduced rapidly (kobs ) 0.4 s-1) and the
remaining 50% over 10-20 s (kobs ) 0.05 s-1). We also
followed the oxidation of 2×[4Fe-4S]1+ clusters with potas-
sium ferricyanide at 410 and 452 nm. The oxidation occurred
largely in a single phase, with 90% of the protein oxidized
rapidly (kobs) 0.2 s-1) and the remaining 10% oxidized much
slower (kobs ) 0.001 s-1). UV/visible spectra of oxidized
and reduced samples indicated that, over short time intervals
(<5 min), clean interconversion of 2+ and 1+ clusters
occurred without net destruction of clusters. Oxidation with
excess ferricyanide eventually results in destruction of the
[4Fe-4S]2+ clusters over 10-20 min. The observation of
biphasic kinetics for reduction suggests that the two [4Fe-
4S]2+ clusters in BioB may differ either in accessibility to
exogenous reductants or in equilibrium midpoint potential.

DISCUSSION

Conversions of [2Fe-2S] and [3Fe-4S] clusters to [4Fe-
4S] clusters have now been reported for all of the known
AdoMet-dependent radical enzymes, including PFL AE (26,
35), lysine 2,3-aminomutase (28, 38), anRR (27), BioB (31),
and LipA (29, 30). Although these enzymes differ in their
ultimate mechanisms of catalysis, they are believed to share
a common mechanism for activation of the enzyme via
reductive cleavage of AdoMet and generation of a protein
or substrate radical. Although little is known about the
chemical details of this reaction, one plausible hypothesis is
that flavodoxin-catalyzed reduction of the [4Fe-4S]2+ cluster
to a [4Fe-4S]1+ cluster is followed by reductive cleavage of
the AdoMet sulfonium. The resulting transient 5′-deoxyad-
enosyl radical abstracts a hydrogen from either the protein
backbone or from substrate, generating a glycyl or substrate
radical. Consistent with this scenario, the chemically prepared
[4Fe-4S]1+/AdoMet form of lysine 2,3-aminomutase is active
in the absence of exogenous reductants (28).

An essential prerequisite in understanding the mechanism
of the reaction involving AdoMet and the iron-sulfur cluster
is an accurate understanding of the in vivo forms of enzyme.
Anaerobic purification represents the most reliable method
for accessing the in vivo clusters; for example, anaerobic
purification of PFL AE allows the observation of a [3Fe-
4S] cluster (26), while exposure to even trace amounts of
oxygen results in a mixture of several cluster types (35).
Several attempts at anaerobic overexpression of BioB have
resulted predominantly in the formation of inclusion bodies
(J. Jarrett, unpublished results). Aerobic purification of BioB
results in the high-yield isolation of the dimeric [2Fe-2S]2+

protein. Initial reports by Flint and co-workers (5) suggested
that dithionite reduction of the protein in aqueous buffer
resulted in destruction of the cluster, although these observa-
tions were based upon UV/visible spectroscopy which does
not easily detect reduced clusters. Johnson and co-workers
(31) later reported that, in 60% ethylene glycol or glycerol,
prolonged dithionite reduction resulted in slow formation of
a [4Fe-4S]2+ cluster. They suggest that reduction may result
in the merger of two [2Fe-2S]2+ clusters located at the dimer
interface to form a single bridging [4Fe-4S]2+ cluster and
that cluster interconversion could represent a regulatory
response to oxygen, allowing inactivation of the enzyme by
reoxidation to [2Fe-2S]2+ clusters in the presence of oxygen
(31). In this model, the active enzyme is postulated to be

FIGURE 6: EPR spectra of various cluster forms of BioB (all
samples are 200µM). (A) The initial [2Fe-2S]2+ sample contains
no observable spin. (B) Reduction with dithionite in aqueous buffer
results in formation of protein containing∼0.6 [4Fe-4S]1+ cluster
per BioB dimer. (C) Reduction of BioB reconstituted with Fe2+,
S2-, and DTT results in formation of∼1.9 [4Fe-4S]1+ clusters per
BioB dimer. Both spectra exhibitg values of 2.04 and 1.93 and
maximal signal intensity atT ) 20 K, consistent with the presence
of only [4Fe-4S]1+ clusters.
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the BioB dimer containing one merged [4Fe-4S]2+ cluster
at the dimer interface.

We have demonstrated that formation of a [4Fe-4S]2+

cluster in BioB does not occur through a “merging” of bound
[2Fe-2S] clusters but rather involves the dissociation and
reassociation of iron from the protein. Following addition
of dithionite in 60% ethylene glycol, we are able to observe
the formation and decay of an intermediate that has little
visible absorption and whose EPR spectrum shows primarily
the broad high-field signal characteristic of free iron. We
are able to chemically detect a corresponding increase in free
iron, and we believe that this intermediate is likely to be
predominantly apoprotein and dissociated iron. Consistent
with this interpretation, the rate of the initial formation of
this intermediate is not affected by iron chelators, while the
subsequent formation of [4Fe-4S]2+ protein is completely
blocked by EDTA or histidine. Further, the formation of
[4Fe-4S]2+ enzyme is accelerated by the presence of excess
iron, consistent with a second-order kinetic process involving
free iron. However, the experiments described within this
paper cannot rule out the possible presence of mononuclear
Fe2+ bound either within the conserved cluster binding site
or at other sites on the surface of the protein intermediate.

The role of ethylene glycol or glycerol in these reactions
is unclear and is certainly not physiological. Reduction in
the absence of ethylene glycol results in the rapid release of
iron from the protein and the apparent formation of apopro-
tein, consistent with early observations of Flint and co-
workers (5). However, reassociation of iron with the protein
occurs over 15-60 min and one observes conversion to
protein containing∼0.6 [4Fe-4S]1+ cluster per dimer. Thus,
we believe that ethylene glycol plays two roles in the
previous experiments: first, it is clearly slowing the rate of
iron association, allowing observation of an apoprotein
intermediate, and second, it may be lowering the thermo-
dynamic midpoint potential for the [4Fe-4S]2+/[4Fe-4S]1+

couple, resulting in formation of predominantly [4Fe-4S]2+

protein. In other AdoMet-dependent radical enzymes it has
been reported that the [4Fe-4S]1+ redox state is inaccessible
in the absence of AdoMet (26-30). It is clear that in the
absence of ethylene glycol and glycerol, the [4Fe-4S]1+ state
is easily accessible in the BioB dimer in the absence of
AdoMet, and this may allow an accurate determination of
the midpoint potential.

The BioB dimer contains two conserved iron-sulfur
cluster binding motifs, which in the aerobic protein contain
two [2Fe-2S]2+ clusters, and in the absence of added iron,
the reassociation of iron and sulfide could result either in
the formation of a bridging cluster (31) or in the formation
of a [4Fe-4S]2+ cluster in one monomer and an empty cluster
binding site in the other monomer. We are not able to
distinguish these possibilities with the present experiments.
However, incubation of the enzyme with iron, sulfide, and
dithiothreitol results in the direct formation of BioB contain-
ing two [4Fe-4S]2+ clusters per dimer, and whose spectrum
differs from the [4Fe-4S]2+ enzyme produced in the absence
of excess iron. BioB containing two [4Fe-4S]2+ clusters per
dimer is rapidly and completely reduced by dithionite with
observed rate constants of 0.4 and 0.05 s-1. The reduced
protein has an EPR spectrum that is consistent with two [4Fe-
4S]1+ clusters per BioB dimer. Together, these results are
consistent with the reactions summarized in Scheme 2, in

which formation of either one or two [4Fe-4S] clusters per
dimer is possible depending on the availability of excess iron.

A high-turnover assay for biotin synthase activity is
currently not available, probably due to uncertainty regarding
the in vivo sulfur donor (17, 39, 40), and therefore it is
impossible to unambiguously identify the active form of the
iron-sulfur cluster in biotin synthase. Rapid and facile
interconversion of [4Fe-4S]2+ and [4Fe-4S]1+ clusters sug-
gests that these may represent the native cluster forms in
the active enzyme, but it is unclear whether the BioB dimer
needs one or two clusters to catalyze AdoMet-dependent
radical generation. Exogenous iron is required for activity
in vitro, and therefore it seems plausible that maximal activity
occurs when two [4Fe-4S] clusters are present per BioB
dimer. Our current model, that we hope to test with future
experiments, is that the respective monomers of the BioB
dimer are independently active for formation of one C-S
bond in biotin. Thus BioB dimer that contains only one [4Fe-
4S] cluster would be active for formation of one C-S bond
and would then release a 9-mercaptodethiobiotin intermediate
(or a related compound) into solution. In vitro assays
demonstrate that 9-mercaptodethiobiotin is chemically com-
petent for conversion to biotin with retention of labeled sulfur
(41). Binding of this intermediate by another half-active BioB
dimer would catalyze complete thioether ring formation. One
the other hand, BioB dimer that contains two [4Fe-4S]
clusters would be active for formation of both C-S bonds
and would therefore release little or none of the proposed
intermediate into solution. Differentiating these mechanisms
will require a substrate-defined high-turnover assay that can
be sustained in the absence of exogenous iron or reductants.
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