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Abstract Lipoate synthase catalyzes the last step of the
biosynthesis of lipoic acid in microorganisms and plants. The
protein isolated from an overexpressing Escherichia coli strain
was purified from inclusion bodies. Spectroscopic (UV-visible
and electron paramagnetic resonance) properties of the recon-
stituted protein demonstrate the presence of a (2Fe-2S) center
per protein. As observed in biotin synthase, these clusters are
converted to (4Fe-4S) centers during reduction under anaerobic
conditions. The possible involvement of the cluster in the
insertion of sulfur atoms into the octanoic acid backbone is
discussed.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Lipoic acid, 6,8-thiooctic acid, is a widely distributed pro-
tein-bound dithiol-containing cofactor found in most pro-
karyotic and eukaryotic microorganisms as well as in many
plant and animal tissues [1]. In Escherichia coli, it is required
in the energy metabolism for the activity of pyruvate dehy-
drogenase, K-ketoglutarate dehydrogenase and glycine cleav-
age enzyme complexes [2^4]. Several isotope experiments have
suggested that in E. coli, octanoic acid is the direct precursor
of lipoic acid and that 8-thiooctanoic and 6-thiooctanoic acids
are possible intermediates [5]. Furthermore, molecular genetic
studies have demonstrated that the lipA gene product, named
lipoate synthase (LS), is involved in the insertion of at least
one of the sulfur atoms into the octanoate backbone [6].
Whether a second enzyme is required for the insertion of
the second sulfur atom is still unclear. A highly homologous
enzyme from Arabidopsis thaliana has recently been cloned
and the corresponding cDNA proved to be able to comple-
ment a lipA mutant of E. coli defective in lipoic acid synthase
[7].

While a great deal is known on the genetics of the lipoic
acid synthase system, very little is known on the enzyme itself
and on the reaction mechanism. The enzyme was not available
in a pure form and an in vitro assay system for lipoic acid
synthesis has not been established.

Conversion of C-H bonds into C-S bonds is a fascinating
chemical problem and lipoic acid synthase provides an inter-
esting example of a biological solution to that challenge. A
similar reaction, the insertion of a sulfur atom into dethiobio-
tin, is catalyzed by the biotin synthase (BS). This enzyme is a
(2Fe-2S) protein, in which the iron atoms are supposed to be
chelated by cysteines from the CXXXCXXC sequence, in the
N-terminal part of the protein [8]. The fourth ligand is still
not identi¢ed. This sequence has been shown to be present in
the anaerobic ribonucleotide reductase (ARR) [9], pyruvate
formate lyase (PFL) activating enzyme [10] and in the tran-
scription factor FNR [11], which all are iron-sulfur proteins.
As this sequence is also present in the lipA gene product [6], a
likely working hypothesis is that LS is also an iron-sulfur
protein.

Here, we report the puri¢cation of the LipA protein and
some of its spectroscopic properties which, for the ¢rst time,
unambiguously show that LS is an iron-sulfur enzyme.

2. Materials and methods

2.1. Materials
A BL21(DE3) E. coli strain was obtained from Promega. Plasmid

pKR116, carrying the LS gene (lipA) [6] was a gift from S. Cronan
laboratory (Illinois University). Isopropyl-L-D-thiogalactopyranoside
was from Eurogentec, 56Fe(NH4)2(SO4)2 and Na2S were from Al-
drich, sodium dithionite was from Fluka and 5-deaza-7,8-demethyl-
10-methyl-isoalloxazine (5-DAF) was available in the authors' labo-
ratory.

2.2. Bacterial growth
BL21(DE3)pKR116 cells were grown in LB medium (1.5 l) contain-

ing 0.2% glucose and 100 Wg/ml ampicillin at 37³C under aeration.
When the A600 reached 0.4^0.5, the culture was induced with 1 mM
isopropyl-L-D-galactoside. After 3 h of growth, the cells (5 g) were
centrifuged, washed twice with 50 mM Tris-HCl pH 7.5, resuspended
in 25 ml of 50 mM Tris-HCl pH 7.5, 5 mM dithiothreitol (DTT) and
sonicated. After centrifugation at 14 000 rpm, 4³C, for 30 min, both
the pellet and supernatant were analyzed by SDS-PAGE.

2.3. Puri¢cation of the LipA protein
The pellet was dissolved in denaturing bu¡er (50 mM Tris-HCl pH

7.4, 6 M guanidine-HCl, 100 mM DTT) in order to reach a ¢nal
protein concentration of 5 mg/ml. The solution was maintained at
room temperature for 1 h. Unsoluble material was discarded by cen-
trifugation and the clear supernatant loaded onto a Superdex-75 gel
¢ltration column, 16/60 (Pharmacia Biotech) previously equilibrated
with 50 mM Tris-HCl pH 7.4, 6 M guanidine-HCl, 5 mM DTT.
Protein fractions were eluted at 0.8 ml/min with the same bu¡er using
the FPLC system. Fractions corresponding to puri¢ed denaturated
LS, as judged by SDS-PAGE, were pooled and used for subsequent
refolding experiments. The typical yield of such a step from 5 g of
cells is 40 mg of protein.

2.3.1. Refolding of denaturated LS. Denaturated LS was allowed
to refold by dilution of the protein solution to 40 Wg/ml in 6 M
guanidine-HCl pH 7.4 bu¡er. Refolding was performed at 4³C under
aerobic conditions by dialysis against 50 mM Tris-HCl pH 8.6 bu¡er
during 14-16 hours. After dialysis, the refolded protein was cleared by
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centrifugation and concentrated to 2 ml by ultra¢ltration with a Cen-
tricon-30 (Amicon) device. Approximately 28 mg of protein were then
recovered.

2.3.2. Superdex-75 ¢ltration. Finally, LS was chromatographed
using a Superdex-75 column equilibrated with 50 mM Tris-HCl pH
8.6, at 0.8 ml/min. Fractions of 2 ml were collected and those corre-
sponding to pure LS were pooled and frozen in liquid nitrogen. 18 mg
of pure protein was recovered under these conditions.

2.4. Reconstitution of LS
Reconstitution was done at 4³C under anaerobic conditions. The

protein solution was continuously purged with argon on a manifold
and treated in an ice bath under strict anaerobiosis for 3 h with 5 mM
DTT and a six molar excess each of Na2S and 56Fe(NH4)2(SO4)2,
added in that order. After addition of iron, the solution became
brown. Then, 2 mM EDTA was added and the solution was further
incubated for 30 min. The capped solution is then transferred to an
anaerobic hood and passed through a G25 column (50 ml) equili-
brated with 100 mM Tris-HCl pH 8. The colored fractions were con-
centrated aerobically over a YM10 Dia£o membrane (Amicon), with
recovery of 80% of the protein.

2.5. Analysis
The protein concentration was determined by the method of Brad-

ford [12], standardized by amino acid analyses. Protein-bound iron
was determined under reducing conditions with bathophenantroline
disulfonate after acid denaturation of the protein [13] and labile sul-
¢de by Beinert's method [14].

2.6. Electron paramagnetic resonance (EPR) spectroscopy
The EPR ¢rst derivative spectrum was recorded on a Varian E109

(9.5 GHz) EPR spectrometer equipped with an ESR 900 helium £ow
cryostat (Oxford Instruments). The double integral of the EPR signal
was evaluated by using a computer on-line with the spectrometer. The
spin concentration in the protein sample was determined by calibrat-
ing double integration of the EPR spectrum with a standard sample of
a Cu-EDTA (100 WM).

A reduction experiment was performed inside a glove box (Jacomex
BS531 NMT) in a N2 atmosphere containing less than 2 ppm O2.
Stock solutions of dithionite were prepared in 30 mM Tris-HCl pH
8. 5-DAF was dissolved in DMSO, diluted with water to 500 WM and
stored inside the box in the dark. LS (70 WM) was prepared in 30 mM
Tris-HCl pH 8. Then, either dithionite (5^10 molar excess) or 5-DAF
(catalytic amount) were added to the protein solution. After 60 min
incubation with dithionite or irradiation with 5-DAF, EPR tubes were
frozen in liquid nitrogen inside the box and analyzed.

2.7. UV-visible absorption
UV-visible spectra of the LS, in 30 mM Tris-HCl pH 8, were re-

corded with a Cary 1 Bio (Varian) spectrophotometer.

3. Results

3.1. Puri¢cation and characterization of the product of the
lipA gene

pKR116 which carries the lipA gene under the control of
the T7 promoter was used to transform E. coli BL21(DE3)

cells. Induction with IPTG resulted in the overexpression of a
36 kDa polypeptide as observed by SDS-PAGE of whole cells.
The N-terminal sequence of the overexpressed protein was
determined, con¢rming its identity to the product of the
lipA gene. Unfortunately, the overproduced LipA protein
formed insoluble aggregates which appeared almost exclu-
sively into the pellet of centrifuged bacterial extracts. Even
when the cells were induced at lower temperatures or lower
IPTG concentrations or in other DE3 strains, the formation
of inclusion bodies, containing almost exclusively LipA, could
not be decreased. Thus, the protein was puri¢ed from the
inclusion bodies, after solubilization with 6 M guanidine-
HCl pH 7.4, 100 mM DTT.

The solubilized protein was ¢rst puri¢ed by gel ¢ltration on
a Superdex-75 column equilibrated and eluted with 50 mM
Tris-HCl pH 7.4, 6 M guanidine-HCl, 5 mM DTT. Renatur-
ation was obtained by dialyzing the protein against 50 mM
Tris-HCl pH 8.6. Then, a second Superdex-75 chromato-
graphic step, run with the same bu¡er, led to a 95% pure
soluble protein, as shown by SDS gel electrophoresis (Fig.
1). From 5 g of cells, 18 mg of pure LipA protein could be
obtained.

The protein was slightly brownish and was shown to con-
tain comparable amounts of iron and sul¢de (0.5^0.6 atoms
per polypeptide chain) as shown from speci¢c iron and sul¢de
quantitation assays [13,14]. This strongly suggested the pres-
ence of an iron-sulfur center in the protein as expected from
the sequence similarities with the ARR and the BS. In order
to reconstitute a full iron-sulfur center, the protein was incu-
bated anaerobically with a small excess of iron and sul¢de for
180 min and desalted on a Sephadex-G25 column, under con-
ditions that we previously used to reconstitute the iron-sulfur
center of the ARR. As found for the ARR, reconstituted LS
could not retain more than 1.8^2.3 Fe and S atoms per poly-
peptide chain.

3.2. Spectroscopic properties of the iron-sulfur center of LS
3.2.1. Light absorption spectroscopy. Fig. 2 shows the light

absorption spectra of both as-isolated (0.56 Fe per protein)
and reconstituted (2.3 Fe per protein) LS. Both display sul¢de
to iron charge transfer bands at 420 nm (O = 4500 M31 cm31).

Fig. 1. SDS gel electrophoresis of LS after renaturation of the pro-
tein extracted from inclusion bodies (B) and after puri¢cation on a
Superdex-75 column (C). (A) Size markers (67, 43, 30 and 20 kDa,
from the top to the bottom).

Fig. 2. UV-visible light absorption spectra of the as-isolated protein
(300 WM, 0.56 Fe/protein) (dashed line) and the reconstituted (60
WM, 2.3 Fe/protein) (solid line) LS in 100 mM Tris-HCl pH 8.
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The reconstituted protein contains additional bands at 540
(O = 2800 M31 cm31) and 600 nm (O= 2500 M31 cm31), the
intensities and energies of which are consistent with the pres-
ence of an iron-sulfur center. This spectrum looks very much
like that of the oxidized ARR and it is quite similar to other
(2Fe-2S)2� proteins. During anaerobic reduction, a bleaching
of the solution is observed with loss of the visible absorption
bands.

3.2.2. EPR spectroscopy. Both as-isolated and reconsti-
tuted proteins were EPR silent. However, reduction with di-
thionite or photoreduced 5-DAF under anaerobic conditions
generated a S = 1/2 species, characterized by an axial EPR
signal with g values at g = 2.03(8) and 1.92(5) (Fig. 3). The
temperature dependence and the microwave power saturation
properties of the signal were in agreement rather with a re-
duced (4Fe-4S)� center than with a (2Fe-2S)� center. The
signal integrates for 30% of the total iron contained in the
protein, showing that the iron atoms have not been fully re-
duced.

4. Discussion

LS from E. coli has been puri¢ed from inclusion bodies
generated during growth of an E. coli strain overexpressing
the lipA gene product. Thus, for the ¢rst time, a puri¢ed
soluble form of the enzyme could be obtained, allowing its
characterization. It is quite remarkable that after denaturation
and refolding, signi¢cant amounts of iron and sul¢de were
still bound to the protein. In fact, anaerobic incubation with
iron and sul¢de generated an enzyme which could chelate two
Fe and two S atoms per polypeptide chain. We take the ob-
servation that the protein has retained its capacity to bind
iron and sul¢de as an evidence that it folded correctly during
the renaturing process. In agreement with the presence of iron
and sul¢de, the protein is dark brown and displays a band at
420 nm in its light absorption spectrum, characteristic of a
sul¢de to iron charge transfer. Finally, during reduction under
anaerobic conditions, a (4Fe-4S)� center is generated, as
shown from the appearance of a characteristic EPR signal.

We thus suggest that LS contains (2Fe-2S) centers which
during reduction are converted into (4Fe-4S) centers, at least
partially.

It is thus obvious that the iron-sulfur cluster of LS has
many similarities with the iron-sulfur centers of BS, PFL ac-
tivating enzyme and the ARR. All these enzymes have the
properties to assemble both (2Fe-2S) and (4Fe-4S) clusters
depending on the redox conditions [15^17]. Also in those
cases, iron cannot be fully reduced probably due to a very
low redox potential of the (4Fe-4S) cluster. If we add the
information that a CXXXCXXC motif, probably involved
in Fe chelation, is common to all four proteins, it is tempting
to suggest that they all belong to the same class of en-
zymes.

So far, we have not been able to assay the puri¢ed protein
reported here for lipoic acid synthesis. However, considering
the structural similarities discussed above, it is a likely work-
ing hypothesis that LS also shares catalytic properties with
PFL activating enzyme and ARR and even more with BS
since the latter also catalyzes a C-H bond to C-S bond con-
version.

PFL activase, ARR and BS use their iron-sulfur center to
catalyze the one-electron reduction of S-adenosylmethionine
as a mechanism for generating a putative 5P-deoxyadenosyl
radical [18^20]. The latter is supposed to abstract a hydrogen
atom either on a glycine residue of the protein (ARR, PFL) or
on the substrate (BS). A similar mechanism might be opera-
tive in lipoic acid synthesis with the intermediate formation of
an octanoate radical, as the precursor of 6- or 8-thiooctanoic
acid.

An intriguing problem remains in the case of BS and LS,
the origin of the sulfur atom. Recent studies have made the
interesting suggestion that in the case of BS, the Fe-S center
might be the actual S donor [21]. The availability of a new
enzyme, LS, might be useful for better understanding the bio-
logical C-S bond formation reactions.
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