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ABSTRACT: Biotin synthase, the enzyme that catalyzes the last step of the biosynthesis of biotin, contains
only [2Fe-2S]2+ clusters when isolated under aerobic conditions. Previous results showed that reconstitution
with an excess of FeCl3 and Na2S under reducing and anaerobic conditions leads to either [4Fe-4S]2+,
[4Fe-4S]+, or a mixture of [4Fe-4S]2+ and [2Fe-2S]2+ clusters. To determine whether any of these
possibilities or other different cluster configuration could correspond to the physiological in vivo state,
we have used57Fe Mössbauer spectroscopy to investigate the clusters of biotin synthase in whole cells.
The results show that, in aerobically grown cells, biotin synthase contains a mixture of [4Fe-4S]2+ and
[2Fe-2S]2+ clusters. A mixed [4Fe-4S]2+:[2Fe-2S]2+ cluster form has already been observed under certain
in vitro conditions, and it has been proposed that both clusters might each play a significant role in the
mechanism of biotin synthase. Their presence in vivo is now another argument in favor of this mixed
cluster form.

Biotin synthase (BS)1 catalyses the final step of the biotin
biosynthetic pathway, i.e., the insertion of a sulfur atom into
dethiobiotin, as shown in Scheme 1. Aerobically purified
recombinant BS fromEscherichia coliis a homodimeric
protein that contains a [2Fe-2S]2+ cluster (1-3). However,
the iron and sulfide contents of the purified enzyme can vary
from a maximum of 1.5[2Fe-2S]2+ to a minimum of 0.25-
[2Fe-2S]2+ per monomer as judged by the different reports
(4-6). The reason for this discrepancy is still unknown, but
one possible explanation might be that the apo-polypeptide
is not properly folded to accommodate the [Fe-S] clusters.

In vitro activity requires the absolute presence ofS-
adenosylmethionine (AdoMet) (7, 8) and a reducing system
[NADPH, flavodoxin (9), flavodoxin reductase (10)] whose
role is to transfer an electron to the [Fe-S] center, which is
then able to reductively cleave AdoMet, generating methion-
ine and a 5′-deoxyadenosyl radical (DOA•) (11).

By using deuterated dethiobiotin samples, we have dem-
onstrated that the DOA• abstracts a hydrogen atom directly
from the substrate and that one DOA• is involved in the
formation of each C-S bond (12). We have also shown that

BS in which the [2Fe-2S]2+ cluster was labeled with34S by
reconstitution donates34S to biotin in an in vitro assay (13).
Hence, we proposed that the source of sulfur was very likely
the [Fe-S] center. These two crucial findings in the mech-
anism of BS are depicted in Scheme 2.

The conditions of the enzymatic assay being reducing, a
wide variety of spectroscopic methods has been employed
to characterize the reduced state of the [Fe-S] centers in BS.
The first detailed investigation was carried out using a
combination of UV-visible, EPR, resonance Raman, and
variable temperature magnetic circular dichroism spec-
troscopies by the group of Johnson (2), who showed that
anaerobic reduction with dithionite results in the conversion
of two [2Fe-2S]2+ clusters to one [4Fe-4S]2+ or [4Fe-4S]+

per dimer depending on whether the medium contains
ethylene glycol or not. However, no significant difference
in enzymatic activities was observed in assays starting from
the three different cluster states, which probably means that
the transformation occurs during the reaction.

Later, by using Mo¨ssbauer spectroscopy, which allows
quantification of the different iron species, we confirmed this
[2Fe-2S]2+ to [4Fe-4S]2+ transformation during dithionite
reduction in a glycerol (55%, v/v) medium but in addition
noticed that there was partial destruction to Fe2+, indicating
that the conversion was not quantitative. This cluster
transformation was reversible, and during exposure to air,
the [4Fe-4S]2+ was quantitatively reconverted to [2Fe-2S]2+

clusters (3).
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Scheme 1: Reaction Catalyzed by Biotin Synthase
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More recently, it has been reported by Ollagnier-de
Choudens et al. (14) and Ugulava et al. (15) that incubation
with excess FeCl3, Na2S, and dithiothreitol (DTT) under strict
anaerobic conditions produces a protein that contains two
[4Fe-4S]2+ clusters per dimer and subsequent reduction with
chemical reducing agents produces two [4Fe-4S]+ clusters
per dimer. The latter are rapidly oxidized to the [4Fe-4S]2+

state, which finally decays to the [2Fe-2S]2+ form (14) as
previously observed (3). During activity measurements, the
[4Fe-4S]2+,+ form was reported to produce twice as much
biotin as the [2Fe-2S]2+ enzyme (14).

Lately, Ugulava et al. (6) observed that the type and
amount of clusters that BS can assemble depend on the
reconstitution conditions; they could assemble either one
[4Fe-4S]2+, two [4Fe-4S]2+, two [4Fe-4S]+, or a mixture of
[2Fe-2S]2+ and [4Fe-4S]2+ clusters per enzyme monomer.
It was reported that all these different cluster forms were
stable under strict anaerobic conditions but that only the latter
preparation displayed enzymatic activity (16).

From all the above findings taken together, the only
conclusion that can be drawn without ambiguity is the
omnipresence of the [4Fe-4S]2+ under reducing and anaerobic
conditions and its sensitivity to oxygen. Besides this, which
cluster composition, among the above possiblilities, reflects
the precise state in in vitro biotin synthase and a priori in
vivo cannot be inferred. Hence, in an attempt to answer this
question, we have undertaken Mo¨ssbauer studies of whole
cells containing overexpressed biotin synthase (BS+). As
reference, whole cells of the wild-type strain (WT) grown

under the same conditions were measured. Analysis of the
Mössbauer data presents convincing evidence of the presence
of a mixture of [4Fe-4S]2+ and [2Fe-2S]2+ clusters. This
result is discussed with respect to the recent findings of
Ugulava et al. (16), who reported this cluster composition
to be the active species in vitro.

MATERIALS AND METHODS

Materials. All chemicals were purchased either from
Sigma-Aldrich Chemical Co., Merck Eurolab, or Acros
Organics unless otherwise stated.

Preparation of57FeCl3. 20 mg of57Fe (96% enrichment)
was converted into iron chloride by dissolving it in 1.5 mL
of concentrated (36%) hydrochloric acid at 80°C. This stock
solution was added directly to the cultivation medium.

Preparation of Whole Cells. E. coliTK101 strains, one
bearing the plasmid pI3BLS2 overexpressing biotin synthase
(BS+) (17) and the other one from which the plasmid has
been removed (WT) were generous gifts from Pr. Y. Izumi
(Tottori University, Japan).57Fe was incorporated into BS
by growing theE. coli strains on medium enriched with
57FeCl3. The medium that we normally employ in the
laboratory for the cultivation of TK101pI3BLS2 is TB (12 g
of tryptone (Organotechnie), 24 g of yeast extract (Organo-
technie), 4 mL of glycerol, 2.31 g of KH2PO4, and 12.54 g
of K2HPO4 in 1 L, pH 7.0). This medium contains ap-
proximately 27µM 56Fe from the yeast extract in addition
to 3 µM from tryptone. Generally, for in vivo57Fe labeling,
cells are grown in M9 minimal media (18). But due to the

Scheme 2: Mechanism Postulated for Biotin Synthase
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poor growth of our strain in this medium, we employed our
usual TB medium and supplemented it with∼30µM 57FeCl3.

A preculture of E. coli TK101pI3BLS2 was grown aerobi-
cally overnight at 37°C in 5 mL of TB medium containing
31 µM 57FeCl3 in the presence of 100µg/mL of ampicillin.
This preculture was then used to inoculate 800 mL of
medium in 2-L flasks, and the culture was left to agitate
vigorously at 37°C. At A600 ∼ 1, 100µM isopropyl-â-D-
thiogalactoside (IPTG) was added, and cultivation was
continued overnight to reach the stationary phase. The BS
WT strain was grown under the same conditions except that
no ampicillin and no IPTG were added. The cells were
harvested by centrifugation and washed with buffer A (50
mM Tris-HCl, pH 7.5) containing 0.1 M KCl followed by
buffer A containing 2 mM DTT. One gram of wet-packed
cells of BS+ and WT were then transferred separately to
1-mL Mössbauer sample holders and frozen in liquid nitrogen
until measurement.

Preparation of Cell-Free Extracts and Pure Biotin Syn-
thase.To minimize the presence of oxygen, all buffers used
during enzyme preparations were saturated with argon. BS+
cells were suspended in buffer A containing 2 mM DTT and
0.2 mM phenylmethane sulfonyl fluoride and disrupted with
an ultrasonic oscillator (Vibracell VC 600, Fisher Bioblock
Scientific). Cell debris were removed by centrifugation at
30000g for 20 min. The supernatant solution constitutes the
cell-free extracts. As this fraction was too dilute for Mo¨ss-
bauer measurements, it was further concentrated on an
ultrafiltration device with a molecular weight cutoff of 30
kDa (Centriprep YM-30, Millipore). This fraction was termed
crude BS+.

BS was purified from the cell-free extracts, with some
modifications, as already described (1). An anion-exchange
(DEAE), a hydrophobic (phenyl), and another anion-
exchange (Q) chromatographic columns were successively
employed. The as-purified protein sample was in 50 mM
Tris-HCl + 2 mM DTT (pH 7.5). A 800-µL sample of 48
mg of protein/mL of crude BS+ and 210µL of 50 mg/mL
of pure BS were then transferred to Mo¨ssbauer cups and
frozen in liquid nitrogen until measurement.

Analytical Methods.Protein concentration was measured
by the method of Bradford (19) using bovine serum albumin
as a standard. Iron was assayed by the method of Fish (20),
and inorganic sulfide was quantified as described by Beinert
(21).

Mössbauer Spectroscopy.Mössbauer spectra were re-
corded using a spectrometer in the constant acceleration
mode. Isomer shifts are given relative toR-Fe at room
temperature. The spectra obtained at 20 mT were measured
in a He-bath cryostat (Oxford MD 306) equipped with a pair
of permanent magnets. High-field measurements (7 T) were
performed with a cryostat equipped with a superconducting
magnet (Oxford Instruments, Spectromag 4000). Magneti-
cally split spectra were simulated within the spin Hamiltonian
formalism (22); otherwise, spectra were analyzed by least-
squares fits using Lorentzian line shape.

RESULTS
Characterization of Biotin Synthase Purified from57Fe-

Enriched Cells.Biotin synthase purified aerobically fromE.
coli cells overexpressing the enzyme, cultured in57Fe-
enriched TB media, presented consistent values of 1.6( 0.1

Fe and 1.6( 0.1 S2- per monomer. This amount of cluster,
i.e., 0.8[2Fe-2S]2+ per monomer is what we usually obtain
for the purified enzyme derived from cells grown in the same
medium without addition of Fe (13).

Figure 1a shows the 4.2 K Mo¨ssbauer spectrum of the
purified in vivo 57Fe-labeled biotin synthase. It exhibits a
doublet with quadrupole splitting∆EQ ) 0.53 mm/s and
isomer shiftδ ) 0.28 mm/s, similar to that obtained for the
[2Fe-2S]2+ cluster of the57Fe-enzyme chemically reconsti-
tuted in vitro (3). These parameters are typical for tetra-
hedrally sulfur-ligated high-spin Fe3+ with a S ) 5/2 spin
state. Application of a high field of 7 T (Figure 1b) clearly
shows that the magnetic splitting is solely due to the applied
field, i.e., no additional magnetic hyperfine contribution due
to unpaired Fe 3d electrons is observed. This diamagnetic
behavior is a consequence of the two antiparallel spin-
coupled Fe3+ sites in a [2Fe-2S]2+ cluster. The fit of the high-
field spectrum using∆EQ ) 0.53 mm/s andδ ) 0.28 mm/s
from the low-field measurement yields for the asymmetry
parameter the valueη ) 1.

Characterization of Biotin Synthase in Whole Cells.The
4.2 K Mössbauer spectrum of whole cells of BS+ (Figure
2a) exhibits four doublets (Table 1). Doublet 1 represents
parameters (∆EQ,1 ) 0.53 mm/s,δ1 ) 0.28 mm/s) equivalent
to those found for the [2Fe-2S]2+ clusters of biotin synthase
purified from cells enriched with57Fe (Figure 1a). Doublet
2 exhibits parameters (∆EQ,2 ) 1.11 mm/s,δ2 ) 0.45 mm/

FIGURE 1: Mössbauer spectra of purified biotin synthase from
overproducing strain of biotin synthase (BS+) grown in 57Fe-
enriched media. Spectra were recorded at 4.2 K in a field of 20
mT (a) and 7 T (b) applied perpendicular to theγ-beam. The solid
line in panel a is a doublet for [2Fe-2S]2+ with quadrupole splitting
∆EQ ) 0.53 mm/s and isomer shiftδ ) 0.28 mm/s. The solid line
in panel b is a theoretical spectrum computed with values of∆EQ
and δ obtained from panel a with the assumption that both
(equivalent) Fe sites of the cluster reside in a diamagnetic
environment. The simulation yielded for the asymmetry parameter
the valueη ) 1.
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s) that are identical to [4Fe-4S]2+ clusters of reduced biotin
synthase (3). The [2Fe-2S]2+ clusters account for 17%, and
the [4Fe-4S]2+ clusters account for 12% of the total amount
of Fe. Doublet 3 has parameters (∆EQ,3 ) 2.92 mm/s,δ3 )
1.34 mm/s) that are typical for high-spin Fe2+, and doublet
4 (∆EQ,4 ) 0.66 mm/s,δ4 ) 0.49 mm/s) indicates the
presence of high-spin Fe3+ species (in both cases, 3 and 4,
the iron is not coordinated to sulfur). The last two sets of
parameters have been previously reported inE. coli cells
and suggest the presence of iron storage proteins such as
ferritin (23) or compounds involved in iron metabolism (24).

Cells of the WT strain grown under the same conditions
as BS+ were used as reference. Only two signals with similar
parameters to 3 and 4, doublets 3′ and 4′ (∆EQ,3’ ) 3.02
mm/s,δ3’ ) 1.32 mm/s and∆EQ,4’ ) 0.75 mm/s,δ4’ ) 0.52
mm/s), were present in this case (Figure 2b).

To verify the assignments made in Figure 2, high-field
measurements were performed. Figure 3, panels a and b
respectively, shows the spectra of the BS+ (dashed line) and
WT (squares) samples in an applied field of 7 T. The broad

background in the spectra of WT and BS+ is indicative of
a heterogeneous distribution of magnetically ordered species.
Since in the velocity range of 11 mm/s> |V| > 3 mm/s, the
absorption pattern of these species is the same for both
(Figure 3c), we conclude that these species show the same
pattern in the whole velocity range. Therefore the difference
spectrum represents [Fe-S] clusters present only in the BS+
cells (Figure 3d). The observed magnetic splitting in Figure
3d is again solely due to the applied field and therefore
represents diamagnetic [2Fe-2S]2+ and [4Fe-4S]2+ clusters.

The difference spectrum of Figure 3d displayed over a
smaller velocity range is shown in Figure 4. The solid lines
are simulations with parameters corresponding to diamagnetic
[2Fe-2S]2+ clusters (line 1) and diamagnetic [4Fe-4S]2+

clusters (line 2). The fit of this difference spectrum yields
relative areas of 58% for [2Fe-2S]2+ and 42% for [4Fe-4S]2+

clusters (Table 2). It should be noted that the relative amount
of these species obtained from the high-field spectra depicted
in Figure 3 is the same as that obtained from the analysis of
the low-field spectra displayed in Figure 2. During this study,
the low- and high-field spectra of another set of indepen-
dently grown batches of cells (BS+ and WT) with similar
growth conditions were recorded. The total amount of sulfur-
ligated Fe found in BS in this case was 17% of the total cell
iron and exhibited relative areas of 67% for [2Fe-2S]2+ and
33% for [4Fe-4S]2+ clusters, comparable to the cell batches
shown in Figure 4. At this point, it is worth noting that our
values are not far from those obtained with whole-cell
Mössbauer studies of FNR (25); the total fraction of iron
contained in FNR varied from 10 to 25% of total cell iron,
while it varied from 17% to 29% in the present case. Thus,
the analysis of the field-dependent Mo¨ssbauer spectra

FIGURE 2: Mössbauer spectra of whole cells ofE. coli measured
at 4.2 K in a perpendicular field of 20 mT, with (a) overproducing
strain of biotin synthase (BS+) and (b) the reference strain (WT).
Doublet 1 represents [2Fe-2S]2+ clusters, and doublet 2 represents
[4Fe-4S]2+ clusters. Doublets 3 and 3′ belong to high-spin Fe2+,
and doublets 4 and 4′ represent high-spin Fe3+ species where iron
is not coordinated to sulfur. The parameters and the corresponding
percentage of the absorption areas are listed in Table 1.

Table 1: Parameters for Simulations of Whole Cells Overexpressing
Biotin Synthase (BS+) and of Reference Cells (WT) Shown in
Figure 2

δ
(mm/s)

∆EQ

(mm/s)
Γ

(mm/s)
area
(%)

BS+ 1:[2Fe-2S]2+ 0.28 0.53 0.31 17
2:[4Fe-4S]2+ 0.45 1.11 0.34 12
3:high-spin Fe2+ 1.34 2.92 0.63 26
4:high-spin Fe3+ 0.49 0.66 0.60 45

WT 3′:high-spin Fe2+ 1.32 3.02 0.61 36
4′:high-spin Fe3+ 0.52 0.75 0.70 64

FIGURE 3: Mössbauer spectra of whole cells ofE. coli measured
at 4.2 K in a field of 7 T perpendicular to theγ-beam, with (a)
overproducing strain of biotin synthase (BS+), (b) reference strain
(WT), and (c) superposition of BS+ and WT. The difference
spectrum (d) of BS+ and WT represents only [Fe-S] clusters in
BS+ cells (see text).
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presented in this study shows that both [4Fe-4S]2+ and [2Fe-
2S]2+ clusters are present in biotin synthase in vivo.

Characterization of Biotin Synthase in Crude Extracts.
This mixed cluster state can still be seen in the crude extracts
obtained by ultrasonication of BS+ cells, followed by
centrifugation and concentration of the supernatant with a
30-kDa cutoff centrifugal concentrator, all under aerobic
conditions. The 4.2 K Mo¨ssbauer spectra of crude BS+ are
shown in Figure 5. The measured low-field spectrum (Figure
5a) is represented as a superposition of three quadrupole
doublets: doublet 1 represents [2Fe-2S]2+ clusters (∆EQ )
0.53 mm/s,δ ) 0.28 mm/s, 40%), doublet 2 represents [4Fe-
4S]2+ clusters (∆EQ ) 1.11 mm/s,δ ) 0.45 mm/s, 21%),
and doublet 3′′ (∆EQ ) 3.0 mm/s, δ ) 1.36 mm/s) is
characteristic for high-spin Fe2+ species (Table 3). These Fe2+

species, already observed in the whole cells, obviously were
not removed by filtration while Fe3+ species were removed
since a doublet corresponding to lines 4 and 4′ was no longer
observed in Figure 5a.

The measured high-field spectrum of crude BS+ (Figure
5b) is consistent with this assignment; i.e., the [2Fe-2S]2+

and [4Fe-4S]2+ clusters are represented by diamagnetic
subspectra (line 1 and line 2), while the Fe2+ species is hardly
visible as a broad background in the velocity range from
-4 to +4 mm/s. From these findings we conclude that,
during the preparation of the crude extracts by filtration, Fe3+

species were removed but not Fe2+. Hence Fe3+ sites must

belong to proteins with less than 30 kDa, according to
filtration conditions, and therefore cannot correspond to
ferritin (∼500 kDa) (23) or compounds associated to iron
metabolism (155 kDa) (24), as suggested above. The
nonidentification of Fe2+ and Fe3+ is not at all surprising as
the nature of about 75% of the iron pool inE. coli is still
unknown (24).

It is worth noting that, although the crude extracts were
prepared under aerobic conditions, the presence of the [4Fe-
4S]2+ clusters could still be observed. This is probably due
to the action of oxygen-scavenging enzymes (in the crude
extracts, BS comprises∼10% of the total soluble proteins,
as determined by densitometric analysis of an electrophoresis
gel stained with Coomassie Brilliant Blue R-250), which
might provide a protective effect for [4Fe-4S]2+. Contrarily,
almost all [4Fe-4S]2+ clusters were decomposed (9% [4Fe-
4S]2+ and 75% [2Fe-2S]2+) after passage of the cell-free
extracts through the first purification column using DEAE
sepharose (unpublished spectrum). Since, during aerobic
purification, the [4Fe-4S]2+ clusters tend to disappear, a
remedy to maintain this cluster form would be to purify the
enzyme under strict anaerobic conditions.

FIGURE 4: Difference spectrum of BS+ and WT measured at 4.2
K in a field of 7 T perpendicular to theγ-beam. The same spectrum
is shown over a larger velocity range in Figure 3d. Line 1 represents
[2Fe-2S]2+ clusters, and line 2 represents [4Fe-4S]2+ clusters. The
solid lines are computed with values∆EQ andδ obtained in a field
of 20 mT. For the asymmetry parameterη, the valuesη ) 1 for
[2Fe-2S]2+ clusters andη ) 0.6 for [4Fe-4S]2+ clusters were used.
The fit yields 58% for [2Fe-2S]2+ clusters and 42% for [4Fe-4S]2+

clusters. The obtained parameters are summarized in Table 2.

Table 2: Parameters for Simulation of Difference Spectrum of
Whole Cells Overexpressing Biotin Synthase (BS+) and of
Reference Cells (WT) Shown in Figure 4

δ
(mm/s)

∆EQ

(mm/s)
Γ

(mm/s) η
area
(%)

1:[2Fe-2S]2+ 0.28 0.53 0.26 1 58 (3)a

2:[4Fe-4S]2+ 0.45 1.11 0.35 0.6 42
a [2Fe-2S]2+/[4Fe-4S]2+ ratio.

FIGURE 5: Mössbauer spectra of crude BS+ measured at 4.2 K in
a perpendicular field of 20 mT (a) and 7 T (b) perpendicular to the
γ-beam. Doublet 1 belongs to [2Fe-2S]2+ clusters, doublet 2 belongs
to [4Fe-4S]2+ clusters, and doublet 3′′ belongs to high-spin Fe2+

species. The obtained parameters are summarized in Table 3.

Table 3. Parameters for Simulations of Crude BS+ Extract Shown
in Figure 5a

δ
(mm/s)

∆EQ

(mm/s)
Γ

(mm/s)
area
(%)

1:[2Fe-2S]2+ 0.28 0.53 0.35 40 (4)a

2:[4Fe-4S]2+ 0.45 1.11 0.35 21
3′′:high-spin Fe2+ 1.36 3.00 0.59 39

a [2Fe-2S]2+/[4Fe-4S]2+ ratio.
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DISCUSSION

We have used Mo¨ssbauer spectroscopy to investigate the
nature of the iron-sulfur clusters of biotin synthase in vivo.
Overexpression of57Fe-labeled BS was achieved by growing
the E. coli cells aerobically with vigorous agitation till late
stationary phase, in a TB medium enriched with57FeCl3.
Mössbauer analysis of the enzyme, aerobically purified from
these cells, shows that under these conditions the intracellular
isotopic enrichment of BS with57Fe was high enough to
obtain a well-resolved spectrum (Figure 1). The purified
enzyme exhibits 100% of the [2Fe-2S]2+ species and is
devoid of adventitous iron. This method of obtaining57Fe-
enriched enzyme by in vivo labeling seems to be more
appropriate than the in vitro57Fe-reconstitution method,
which often gives rise to additional contaminating Fe species.
According to chemical analysis, the purified enzyme contains
1.6 Fe and 1.6 S2-, i.e., 0.8[2Fe-2S]2+ per monomer, which
is comparable to the amount of clusters we usually obtain
for the pure enzyme prepared from cells grown in the same
medium without addition of Fe (13).

Previous results showed that anaerobic reduction (2, 3)
or reconstitution with an excess of FeCl3 and Na2S (14, 15)
lead to [4Fe-4S]2+,+ clusters. Air oxidation of the [4Fe-
4S]2+,+ form results in the formation of the stable [2Fe-2S]2+

state (3, 14). It was thus interesting to investigate whether
the former species existed in vivo. Therefore, Mo¨ssbauer
spectroscopy was applied to whole cells ofE. coli overex-
pressing BS, with the WT cells as reference. Since the
background of the different iron species were identical in
both samples (Figure 3), we deduced that the difference
spectrum corresponded solely to [Fe-S] clusters present on
biotin synthase. An overexpression of other [Fe-S] proteins,
for instance from theisc operon, implicated in the biosyn-
thesis of [Fe-S] clusters (26, 27), cannot be completely
excluded but should be negligible as compared to that of
biotin synthase. Furthermore, these low molecular weight
proteins (IscU, IscA, ferredoxin, and IscR) were eliminated
during the preparation of the crude extracts.

Analysis of the aerobically grown cells shows that biotin
synthase contains a mixture of [4Fe-4S]2+ and [2Fe-2S]2+

clusters in an approximately 1:3 ratio (Figure 4). At this
point, it was interesting to investigate if the proportion of
[4Fe-4S]2+ was higher in anaerobically grown cells. Unfor-
tunately, no overexpression of BS was observed under our
experimental conditions.

This mixed cluster state is still seen in the Mo¨ssbauer
spectrum of the crude cell-free extracts overexpressing biotin
synthase (Figure 5). Although these extracts were obtained
under aerobic conditions, the presence of [4Fe-4S]2+ was
still detectable in a [4Fe-4S]2+:[2Fe-2S]2+ ratio of 1:4. As
expected, aerobic purification of BS gives rise to a decrease
in the amount of [4Fe-4S]2+; a first anion-exchange column
yielded an enzyme fraction with a [4Fe-4S]2+:[2Fe-2S]2+

ratio of 1:17 and further purification led to the pure enzyme,
which is completely devoid of [4Fe-4S]2+.

Jarrett and co-workers (16, 28) recently obtained by in
vitro reconstitution an enzyme containing a mixture of [2Fe-
2S]2+ and [4Fe-4S]2+ clusters in a 1:0.8 ratio. Their Mo¨ss-
bauer study using differentially substituted57Fe protein
indicated that the two clusters bind at distinct sites. These
authors also reported that this mixed cluster state was

essential for optimal activity in vitro. Using UV-visible
spectroscopy and quantitative iron and sulfide analysis, they
observed that the [2Fe-2S]2+ cluster was destroyed whereas
the [4Fe-4S]2+ cluster was preserved during enzymatic
reaction. Our previous results showing the incorporation of
34S into biotin from an [Fe-[34S]]-reconstituted enzyme
indicated that the [Fe-S] center was the sulfur source for
biotin (13). Of course, these experiments did not address the
question of the nature of the sulfur-donating cluster. The
results of Jarrett and co-workers suggest that the [4Fe-4S]2+

cluster could be involved in radical generation by mediating
the reductive cleavage of AdoMet into DOA• while the [2Fe-
2S]2+ could be the immediate source of sulfur in biotin.

Interestingly, we also observed the presence of the two
types of clusters in biotin synthase in vivo. Purification of
the enzyme under strict anaerobic conditions, which is under
way in our laboratory, will enable us to further characterize
the protein, in particular, to verify if it has the same properties
as the reconstituted enzyme. Although not strictly demon-
stated, it is tempting to assume that the mixed cluster state
is also the active form in vivo.

To date, in vivo Mössbauer spectroscopy has been widely
applied to obtain information on the intracellular iron pool
and on iron uptake and metabolism in a number of
microorganisms (29-31). Some time ago, Mu¨nck and co-
workers (25) demonstrated for the first time that57Fe
Mössbauer spectroscopy could be used to study the structure
of [Fe-S] clusters of FNR expressed to∼5% in whole cells
of E. coli. With this study, we present a second example of
a successful application of this technique to the in vivo
characterization of [Fe-S] clusters.
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