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ABSTRACT: The Escherichia coli lipAgene product has been genetically linked to carbon-sulfur bond
formation in lipoic acid biosynthesis [Vanden Boom, T. J., Reed, K. E., and Cronan, J. E., Jr. (1991)J.
Bacteriol. 173, 6411-6420], although in vitro lipoate biosynthesis with LipA has never been observed.
In this study, thelipA gene and a hexahistidine taggedlipA construct (LipA-His) were overexpressed in
E. coli as soluble proteins. The proteins were purified as a mixture of monomeric and dimeric species
that contain approximately four iron atoms per LipA polypeptide and a similar amount of acid-labile
sulfide. Electron paramagnetic resonance and electronic absorbance spectroscopy indicate that the proteins
contain a mixture of [3Fe-4S] and [4Fe-4S] cluster states. Reduction with sodium dithionite results in
small quantities of an S) 1/2 [4Fe-4S]1+ cluster with the majority of the protein containing a species
consistent with an S) 0 [4Fe-4S]2+ cluster. LipA was assayed for lipoate or lipoyl-ACP formation using
E. coli lipoate-protein ligase A (LplA) or lipoyl-[acyl-carrier-protein]-protein-N-lipoyltransferase (LipB),
respectively, to lipoylate apo-pyruvate dehydrogenase complex (apo-PDC) [Jordan, S. W., and Cronan, J.
E. (1997)Methods Enzymol. 279, 176-183]. When sodium dithionite-reduced LipA was incubated with
octanoyl-ACP, LipB, apo-PDC, andS-adenosyl methionine (AdoMet), lipoylated PDC was formed. As
shown by this assay, octanoic acid is not a substrate for LipA. Confirmation that LipA catalyzes formation
of lipoyl groups from octanoyl-ACP was obtained by MALDI mass spectrometry of a recombinant PDC
lipoyl-binding domain that had been lipoylated in a LipA reaction. These results provide information
about the mechanism of LipA catalysis and place LipA within the family of iron-sulfur proteins that
utilize AdoMet for radical-based chemistry.

Lipoic acid (6,8-thioctic acid) (Scheme 1) is a sulfur-
containing cofactor found in many prokaryotic and eukaryotic
organisms. This cofactor is utilized by several enzymes
involved in oxidative metabolism including: pyruvate de-
hydrogenase,R-ketoglutarate dehydrogenase, branched-chain
ketoacid dehydrogenases, and the glycine cleavage system
(1). In each protein, lipoic acid forms an amide linkage via
its carboxylic acid moiety to theε-amino of a specific lysyl
residue (2). During catalysis by these dehydrogenases,
protein-bound lipoamide serves as a carrier of activated acyl
groups between the active sites of these multienzyme
complexes (1). Recently, lipoic acid has received attention
for its role as a biological antioxidant and has shown some

promise in the treatment of diabetes and ischemia reperfusion
injury (reviewed in ref3).

Although the existence of lipoic acid has been known for
almost 50 years (4), the biosynthetic pathway of this impor-
tant cofactor is poorly understood. InEscherichia coli(5)
and other bacteria (6), yeast (7, 8), and plants (9), lipoic acid
can be synthesized endogenously or scavenged from the
environment. Humans and other mammals may synthesize
lipoic acid (10, 11), but efficient scavenging from dietary
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Scheme 1: Carbon-Sulfur Bond Forming Reactions
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sources by intestinal vitamin transporters (12) clouds this
conclusion.

Posttranslational modification of unlipoylated apoproteins
with lipoate occurs by several mechanisms. Higher eukary-
otes transfer lipoate to specific apoproteins using two
enzymes: lipoate-activating enzyme (13), which catalyzes
the formation of lipoyl-AMP,1 and a lipoyl-AMP:Nε-lysine
lipoyltransferase (14), which transfers the lipoyl moiety of
lipoyl-AMP to unlipoylated apoproteins. InE. coli, two com-
plementary systems for protein lipoylation have been char-
acterized (Scheme 2). Exogenous lipoate is transferred to
unlipoylated apoproteins in an ATP-dependent process by
lipoate-protein ligase A (LplA) (15, 16). The second pathway
in E. coli requires thelipB gene product (lipoyl-[acyl-carrier-
protein]-protein-N-lipoyltransferase) to transfer endogenous-

ly synthesized lipoate to apoproteins (16). LipB utilizes
lipoyl-acyl carrier protein (ACP) as a source of lipoyl groups,

1 Abbreviations: AMP, adenosine monophosphate; ACP, acyl carrier
protein; kD, kilodalton; EPR, electron paramagnetic resonance; MALDI,
matrix-assisted laser desorption ionization; CoA, coenzyme A; ATP,
adenosine triphosphate; PDC, pyruvate dehydrogenase complex; TPP,
thiamin pyrophosphate; AdoMet,S-adenosyl methionine; SAH,S-
adenosyl homocysteine; LplA, lipoate-protein ligase A; LipB, lipoyl-
[acyl-carrier-protein]-protein-N-lipoyltransferase; EDTA, ethylenedi-
aminetetraacetic acid; APAD, 3-acetyl pyridine adenine dinucleotide;
BS, biotin synthase; PFL-AE, pyruvate formate lyase activating enzyme;
ARNR, anaerobic ribonucleotide reductase; LAM, lysine 2,3-amino-
mutase; SDS, sodium dodecyl sulfate; kB, kilobase; mTB, modified
terrific broth; ACPS, holo-acyl carrier protein synthase; AAS, acyl-
acyl carrier protein synthase; IPTG, isopropyl-â-D-thiogalactopyrano-
side; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PAGE,
polyacrylamide gel electrophoresis.

Scheme 2: Complementary Pathways of Protein Lipoylation inE. colia

a Although PDC is shown as the substrate of LipB and LplA, transfer of lipoyl groups to other lipoic acid-dependent enzymes such asR-ketoglutarate
dehydrogenase or the glycine cleavage enzyme is equally likely.
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although octanoyl groups from octanoyl-ACP can be trans-
ferred to apo-lipoylproteins when lipoyl-ACP is limiting (17,
18).

Lipoate biosynthesis studies have focused onE. coli,
althoughSaccharomyces cereVisiae(7), Rhizobium etli(19),
and the plant,Pisum satiVum(9), have also been investigated.
Early studies established that octanoic acid is the fatty acid
precursor to lipoate synthesized byE. coli (20-24). The
results of metabolic feeding studies demonstrated thatE. coli
lipoic acid biosynthesis does not involve desaturation or
hydroxylation of octanoate but does result in inversion of
stereochemistry at carbon 6 (24). Monosulfurated octanoic
acids are substrates for in vivo synthesis of lipoic acid inE.
coli, with greater incorporation of 8-thiooctanoate than
6-thiooctanoate (23).

Genetic studies have identified only oneE. coli gene
responsible for the sulfur-insertion steps of lipoate biosyn-
thesis (5, 25-28). The lipA gene encodes a protein of 36
kD that exhibits approximately 36% identity to the biotin
synthase (bioB) gene ofE. coli (26, 28). These proteins both
catalyze insertion of sulfur at unactivated carbons (Scheme
1) and are expected to operate by similar mechanisms.

LipA has been overexpressed inE. coli and purified from
soluble lysates (29) and insoluble aggregates that were
subsequently refolded and reconstituted with ferrous iron and
sulfide (30). In both cases, the protein was found to contain
two iron and two sulfide atoms per polypeptide. Improved
anaerobic techniques and reconstitution procedures resulted
in approximately four irons and four acid-labile sulfides per
refolded/reconstituted LipA polypeptide (31). Electronic
absorbance, resonance Raman, and Mo¨ssbauer spectroscopic
results are consistent with the presence of an iron-sulfur
cluster in LipA (29, 30), most likely in the form of a cubane
[4Fe-4S] cluster (31) with complete cysteinyl ligation (29).
In this study, overproduction and purification of soluble LipA
were improved and a method for purification of a soluble
hexahistidine tagged LipA was developed. Results from iron
and sulfur stoichiometry, electron paramagnetic resonance
(EPR) spectroscopy, and electronic absorbance spectroscopy
confirm that the soluble recombinant wild-type and hexa-
histidine-tagged proteins contain a [4Fe-4S]2+/1+ cluster and
that this species is likely essential for lipoate biosynthesis.

The direct involvement of LipA in the sulfur insertion
reaction of lipoic acid biosynthesis has been difficult to
establish due to the lack of an in vitro assay. Gueguen and
colleagues have recently described an in vitro system in
which lipoylation of the apo-H protein of the pea mitochon-
drial glycine cleavage system is monitored by MALDI mass
spectrometry (9). Recombinant apo-H protein was partially
lipoylated and octanoylated in the presence of pea (Pisum
satiVum) mitochondrial extracts, potential sulfur donors,
S-adenosyl methionine (AdoMet), ACP, coenzyme A (CoA),
malonate, and ATP. While this system shows promise as an
assay of in vitro lipoate biosynthesis, the presence of
endogenous sources of lipoic acid [e.g., lipoyl-ACP (17)] in
the crude pea mitochondrial extracts makes the demonstration
of de noVo lipoate biosynthesis problematical.

Recent advances in the study of apoprotein lipoylation by
LplA and LipB have led to the development of highly
sensitive and specific in vitro assays for lipoyl species (32).
These assays take advantage of the two systems for protein
lipoylation inE. coli (Scheme 2). Formation of enzymatically

active lipoylated-pyruvate dehydrogenase complex (PDC) is
monitored spectrophotometrically via reduction of NAD+ or
a suitable analogue in the presence of pyruvate, CoA, thiamin
pyrophosphate (TPP), and cysteine. Within a finite range,
the rate of reduced pyridine dinucleotide formation is directly
dependent upon the amount of lipoylated PDC. The apo-
PDC assays are versatile, as both free lipoate and lipoyl-
ACP can be detected (16, 17, 32). In this study, these assays
were adapted to the conditions of the LipA reaction and were
utilized to detect the first in vitro biosynthesis of a lipoyl
species.

LipA is proposed to belong to the growing family of
enzymes that utilize a reduced iron-sulfur cluster and
AdoMet to generate a deoxyadenosyl radical for further
radical-based chemistry. Members of this family include
pyruvate formate lyase activating-enzyme (PFL-AE) (33),
anaerobic ribonucleotide reductase (ARNR) (34), lysine 2,3-
aminomutase (LAM) (35), biotin synthase (BS) (36), and
possibly the spore photoproduct lyase (37) and benzylsuc-
cinate synthase activating enzyme (38). This paper presents
evidence that LipA is a member of this family of proteins,
as LipA is activated by AdoMet and must undergo reduction
of the iron-sulfur cluster for lipoyl synthase activity.

MATERIALS AND METHODS

Materials. The following were obtained from Difco
Laboratories (Detroit, MI): Bacto-Agar, yeast extract, Tryp-
tone, and Casamino Acids. Ampicillin, 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF/Pefabloc), isopropyl-â-D-
thiogalactopyranoside (IPTG), and restriction endonucleases
were purchased from Roche Molecular Biochemicals (In-
dianapolis, IN). Macroprep CHT-II (ceramic hydroxyapatite)
and Macroprep CM (cation exchange) resins were purchased
from BioRad (Hercules, CA). TSK DEAE 650M anion-
exchange resin was purchased from TosoHaas (Montgom-
eryville, PA). Superdex 200 HiLoad 26/60 and 16/60 gel
filtration columns, PD-10 gel filtration columns, and [1-14C]-
octanoic acid were purchased from Amersham-Pharmacia
Biotech (Piscataway, NJ). Pre-cast 10-20% Tris-glycine
SDS polyacrylamide gels and Mark 12 molecular weight
standards were purchased from Invitrogen (Carlsbad, CA).
Vectors pET23a and pET3a and BL21(DE3) chemically
competentE. coli were purchased from Novagen, Inc.
(Madison, WI). NI-NTA agarose was purchased from Qiagen
(Valencia, CA). DE53 resin was purchased from Whatman
(Clinton, NJ). Ultrafree 5000 MW and 30 000 MW cutoff
spin filters were purchased from Millipore (Bedford, MA).
Unless specified, all other reagents were obtained from Sigma
Chemical, St. Louis, MO.

Cloning and OVerproduction of LipA. The Clarke-Carbon
plasmid pLC15-5 (39) was digested withEcoRV and
shotgun cloned into theSmaI site of pUC18. From the
mixture of pLC15-5 subclones, plasmid pLE71 was isolated
for its ability to complement lipoate auxotrophic JRG33-
lip9 E. coli (5). A 3.0 kB EcoRV-EcoRI fragment contain-
ing the lipA gene was isolated from pLE71 and subcloned
into pUC18 to give pLE61. ABamHI site was inserted 3′ of
the lipA coding sequence by digestion withSnaBI and
ligation to a BamHI linker sequence. The LipA coding
sequence was excised by digestion withBamHI, and the
resulting 2.1 kB LipA expression cassette was ligated into
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BamHI-digested pET3a to give pEL21(+). The 2.1-kB
BamHI fragment contains 834 bp of untranslated sequence
upstream of the start codon and includes arho-independent
transcription terminator (28). Transformation of the lipoate
auxotrophicE. coli strain JRG33-lip9 with plasmid pEL21-
(+) complements the lipoate auxotrophy of JRG33-lip9 cells.

Construction of a C-Terminal Hexahistidine Tagged LipA
OVerproduction Strain. ThelipA coding sequence including
834 bp of 5′-untranslated sequence was amplified from
plasmid pEL21(+) by the polymerase chain reaction using
the following primers: LipA5′His (CGGATCCCCATC-
GAAGGAAGCTATG) and LipA3′His (GCGGATCCGACT-
TAACTTCCATCCCTTTCGC). Primer LipA3′His substi-
tutes a serine codon for thelipA stop codon and includes a
BamHI restriction site that allows in-frame ligation to the
hexahistidine linker sequence ofBamHI digested pET23a.
The resulting plasmid was designated pLipA-His.

OVerproduction of Wild-Type and Hexahistidine-Tagged
LipA in E. coli. Cultures of BL21(DE3)E. coli containing
the LipA overexpression plasmids pEL21(+) or pLipA-His
were grown in a modified Terrific Broth (mTB: 8 mL/L
glycerol, 12 g/L casamino acids, 23.9 g/L yeast extract, 5.0
g/L NaCl, 12.3 g/L K2HPO4‚3 H2O and 2.2 g/L KH2PO4).
Single colonies were picked from fresh agar plates and
inoculated into 100 mL of mTB containing 300µg/mL
ampicillin. Cultures were incubated at 37°C with shaking
(250 rpm) overnight and were centrifuged at 5000g for 10
min and diluted 1:100 in fresh mTB media containing 300
µg/mL ampicillin. Cells were grown at 37°C with shaking
in baffled flasks (250 rpm) or a 12 L New Brunswick
Scientific fermenter (300 rpm, 5 L/min aeration). Upon
reaching anA600 of 0.6, cells were induced by addition of
IPTG to a final concentration of 400µM. The temperature
was reduced to 20°C upon induction and expression was
allowed to proceed for 7 h. Cells were harvested by
centrifugation at 12000g at 4 °C for 15 min and stored at
-80 °C for up to 3 months.

Purification of Soluble Wild-Type LipA. All buffers and
columns used during purification of LipA were maintained
at 4 °C and continuously sparged with purified argon.E.
coli BL21(DE3) cells (40 g of wet weight) overexpressing
wild-type LipA from plasmid pEL21 were thawed at 4°C
and resuspended in 50 mL of buffer A [25 mM HEPES, pH
7.5, 20% (v/v) glycerol, 1 mM benzamidine, 50µM AEBSF,
and 5 mM â-mercaptoethanol]. Cells were disrupted at
16 000 psi using a French pressure cell (SLM Instruments,
Rochester, NY) previously chilled to 4°C. Cell lysate was
collected directly into centrifuge tubes under a constant
stream of purified argon. The lysate was centrifuged at
100000g for 45 min at 4°C, and the resulting dark brown
supernatant was immediately loaded onto a 5× 21 cm
Macro-Prep CHT-II ceramic hydroxyapatite column previ-
ously equilibrated with buffer A. The column was washed
with 400 mL of buffer A (1.5 mL/min) then eluted with a
750-mL gradient from 0 to 35% buffer B [500 mM potassium
phosphate, pH 7.5, 20% (v/v) glycerol, 1 mM benzamidine,
50 µM AEBSF, and 5 mMâ-mercaptoethanol] followed by
a 275-mL gradient from 35 to 100% buffer B. After 275
mL of the 0-35% buffer B gradient had flowed through the
column, the eluate was diverted onto a 5× 10 cm TSK
DEAE 650M anion exchange column previously equilibrated
with buffer A. Protein that did not bind to the DEAE column

was collected in 12-mL fractions. Dark brown fractions were
pooled (∼400 mL) and concentrated to 50 mL under purified
argon using an Amicon stirred cell equipped with a YM30
membrane. The concentrated LipA was diluted to 150 mL
with buffer A and loaded onto a 2.5× 25 cm Macro-Prep
CM cation exchange column previously equilibrated with
buffer A. The column was washed with 200 mL of buffer A
at 1.75 mL/min and eluted with a 600-mL gradient from 0
to 30% buffer C [25 mM HEPES, pH 7.5, 20% (v/v)
glycerol, 2 M NaCl, and 5 mMâ-mercaptoethanol] also at
1.75 mL/min. Fractions (8 mL) were collected starting at
the beginning of the sodium chloride gradient. LipA typically
eluted between 200 and 300 mM sodium chloride. Dark
brown fractions were pooled (∼160 mL) and concentrated
to 15 mL or less as previously described. The concentrated
LipA was split into two portions and loaded onto two
Superdex 200 HiLoad 26/60 gel filtration columns previously
equilibrated with buffer D [25 mM HEPES, pH 7.5, 10%
(v/v) glycerol, 100 mM NaCl, and 5 mMâ-mercaptoethanol].
Fractions (3 mL) were collected at a flow rate of 1.2 mL/
min. Monomeric and dimeric LipA constitute the major
protein peaks eluting from the gel filtration column and were
separately concentrated to 150µM LipA as described above
and stored in 1 mL aliquots at-80 °C. Typical yields were
5-10 mg of dimeric LipA and 30-40 mg of monomeric
LipA.

Analytical Gel Filtration. LipA (3 mg) or protein molec-
ular weight standards (750µg each ofâ-amylase, alcohol
dehydrogenase, bovine serum albumin, egg albumin, carbonic
anhydrase, and cytochromec in 1.5 mL of buffer D) were
chromatographed on a Superdex 200 HiLoad 16/60 gel
filtration column previously equilibrated with buffer D. A
standard curve of the logarithm of the molecular weight of
the standards vs the elution volume was generated to
calculate the apparent molecular weights of monomeric and
dimeric LipA.

Purification of Soluble Hexahistidine-Tagged LipA. All
buffers and columns used for the purification of LipA-His
were sparged with purified argon and maintained on ice in
an anaerobic chamber (Coy Laboratory Products, Grass Lake,
MI). E. coli BL21(DE3) cells (30 g of wet weight from 3L
of culture) expressing hexahistidine-tagged LipA were
thawed at 4°C and resuspended in 40 mL of buffer E [25
mM HEPES, pH 7.5, 500 mM NaCl, 50 mM imidazole, 10%
(v/v) glycerol, and 50µM AEBSF]. Cells were lysed and
centrifuged as described for wild-type LipA. Cell-free extract
was loaded onto a 2.5× 7 cm column of Ni-NTA agarose
(Qiagen) previously equilibrated with buffer E and subse-
quently washed with 150 mL of buffer E. LipA-His was
eluted in a minimal volume (approximately 10 mL) of buffer
F [25 mM HEPES, pH 7.5, 500 mM NaCl, 250 mM
imidazole, and 10% (v/v) glycerol]. Imidazole and sodium
chloride were removed from the LipA-His samples using a
disposable PD-10 gel filtration column previously equili-
brated with buffer G [25 mM HEPES, pH 7.5, 100 mM
NaCl, and 10% (v/v) glycerol]. Desalted LipA-His was
reloaded onto a 1× 5 cm column of Ni-NTA agarose
equilibrated with buffer E. After washing with 50 mL of
buffer E, LipA-His was eluted in a minimal volume of buffer
F (6 mL or less). LipA-His was desalted into buffer G as
described above and stored at-80 °C. Yields were 20-40
mg of pure LipA-His/L of culture. Slightly higher purity
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could be obtained by subsequent gel filtration chromatog-
raphy as described for wild-type LipA; however, this
involved some exposure to oxygen and was not routinely
performed. Analytical gel filtration analysis of hexahistidine
tagged LipA-His was conducted as described above for wild-
type LipA with the exception that buffer G was used instead
of buffer D.

Analysis of Protein Purity and Concentration. Protein
fractions were analyzed for purity by SDS-PAGE using pre-
cast 10-20% Tris-Glycine gels and stained with Coomassie
Blue R-250. Protein concentrations were determined using
the BioRad Bradford protein assay kit standardized with
BSA. Quantitative amino acid analysis of purified wild-type
LipA (University of Michigan Core Facility) determined that
the Bradford assay overestimates the concentration of LipA
by 92%. An extinction coefficient of 6000 M-1 cm-1 at 413
nm was calculated for highly purified dimeric and monomeric
LipA based on Bradford assays and visible absorption
spectroscopy.

Iron and Sulfide Analysis. Analysis of protein-bound iron
and sulfide was conducted using 3-(2-pyridyl)-5,6-bis(4-
phenylsulfonic acid)-1,2,4-triazine (40) and N,N-dimethyl-
p-phenylenediamine (41), respectively.

Electronic Absorbance Spectroscopy. UV/visible spectra
were recorded on a Cary 3E spectrophotometer equipped with
a Neslab RTE-100 temperature controller set to 10°C.

EPR Spectroscopy. Samples were prepared in an anaerobic
chamber under an atmosphere of 93% argon/7% hydrogen.
Solutions of LipA were degassed using a conventional gas
train with 10 vacuum/argon cycles and a 3-min equilibration
period between each cycle. Dry reagents were preweighed
into 1.7-mL centrifuge tubes that facilitated transfer into the
anaerobic chamber. Reagents in solution were placed in
Reacti-vials (Pierce, Rockford, IL) fitted with a Teflon cap
and made anaerobic by repeated cycles of vacuum/argon
prior to transfer to the anaerobic chamber. Stock solutions
were prepared in the anaerobic chamber using deoxygenated
water. Following preparation, samples were transferred to a
Wilmad (Buena, NJ) EPR tube (714-PQ-8), fitted with an
airtight septum and immediately frozen and stored in liquid
nitrogen for no more than 24 h. All EPR spectra were
obtained using a Bruker ESP300E X-band spectrometer
equipped with a standard TE102 rectangular cavity and an
Oxford instruments ESR-9 helium flow cryostat. Unless
otherwise stated, conditions were as follows: temperature,
12K; microwave frequency, 9.49 GHz; microwave power,
1.99 mW; modulation frequency, 100.0 kHz; modulation
amplitude, 10.084 G; and time constant 40.96 ms. Spin
quantitations were performed by comparison to a Cu-EDTA
standard of known concentration as described (42).

LipA Assay. All assays were conducted on ice in an
anaerobic chamber unless otherwise stated. Any omissions,
additions, or changes are described in the text or table
legends. LipA (50µL of a 150µM solution) was incubated
with AdoMet (500µM final concentration) for 30 s prior to
reduction with dithionite (1 mM final concentration). Reduc-
tion was allowed to proceed for 1 h after which octanoyl-
ACP (500µM final concentration) or octanoate (500µM
final concentration) was added. After 15 min, any lipoyl
product formed was covalently attached to apo-pyruvate
dehydrogenase complex (apo-PDC) and quantified as de-
scribed below.

Detection of Lipoate by Lipoylation of apo-PDC. Lipoate
was transferred to the apo-E2 protein ofE. coli pyruvate
dehydrogenase complex (PDC) with LplA using a modifica-
tion of the previously described procedure (32). The fol-
lowing were added to a 50µL LipA assay: 1µL of 1 M
potassium phosphate (pH 7.0), 2µg of purified LplA, 5µM
(final concentration) ATP, and 240µg of apo-PDC. The
reaction mixture was incubated at 37°C for 8 min and then
assayed for holo-PDC activity as described below.

Detection of Lipoyl-ACP by Lipoylation of apo-PDC.
Lipoyl groups from lipoyl-ACP were transferred to apo-PDC
with hexahistidine tagged LipB (LipB-His) using a modifica-
tion of the previously described procedure (17). The fol-
lowing were added to a 50µL LipA assay: 1µL of 1 M
potassium phosphate (pH 7.0), 2µg of LipB-His, and 240
µg of apo-PDC. The reaction mixture was incubated at 37
°C for 8 min and assayed for holo-PDC activity as described
below.

Assay of holo-PDC. Lipoylated (holo-) PDC was assayed
spectrophotometrically for formation of reduced 3-acetylpy-
ridine adenine dinucleotide (APAD) in the presence of
pyruvate, coenzyme A, thiamin pyrophosphate, and cysteine
(17). APAD was utilized in place of NAD due to the higher
extinction coefficient of reduced APAD (17). The amount
of holo-PDC activity observed was used to calculate the
amount of lipoyl species formed by comparison to standard
curves determined with lipoate or synthetic lipoyl-ACP.

Lipoylation and Purification of Apo-Lipoyl Domain for
MALDI-Mass Spectrometry. LipA-His (75 nmol in 500µL
buffer G) was anaerobically mixed with 2.5µL of 100 mM
AdoMet and 5µL of 100 mM sodium dithionite or 5µL of
buffer G. After the sample was incubated for 30 min on ice,
1.1 nmol of octanoyl-ACP was added to each tube, and the
sample was incubated on ice for 15 min. Potassium phos-
phate (5µL of a 1 M, pH 7.5solution), 50 pmol of LipB-
His, and 2 nmol of apo-lipoyl domain (apo-E2 domain) were
added to each tube. The mixtures were incubated at 37°C
for 15 min. LipA-His and LipB-His were removed by batch
binding to Ni-NTA agarose. Residual modified and unmodi-
fied E2 domain was bound to a 1-mL octyl-Sepharose
column, washed with 10 mL of water, and eluted with 3
mL of 25% (v/v) 2-propanol in water. Samples were
concentrated under vacuum to 20µL and analyzed by
MALDI mass spectrometry.

MALDI Mass Spectrometry. MALDI mass spectra were
obtained by cocrystallization of a 1:1 (v/v) solution of matrix
[saturated solution of sinapinic acid in 60% (v/v) acetonitrile
with 0.1% (v/v) trifluoroacetic acid] and protein sample. Data
were collected on a Perseptive Biosystems Voyager DE/STR
MALDI instrument operating in linear positive ion mode with
delayed extraction.

Preparation of Holo-Acyl Carrier Protein. Acyl carrier
protein was overexpressed inE. coli strain DK739 (43) in
2× YT media containing 50µg/mL kanamycin and 5 mM
pantothenate. Cells were grown at 37°C to mid-logarithmic
phase (A600 of 0.6) and induced with IPTG (final concentra-
tion 500 µM). ACP was purified from 32 L of fermented
culture according to the published procedure (44) with the
following modifications: cells were lysed by French press
at 16 000 psi in 10 mM Tris-Cl, final pH 7.0, and DE53
resin was used for anion exchange chromatography. Each
liter of culture yielded approximately 16 mg of pure ACP
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with approximately 90% of the ACP in the holoenzyme
(phosphopantetheinylated) form. Complete phosphopanteth-
einylation of ACP was accomplished using coA and partially
purified E. coli holo-acyl carrier protein synthase (ACPS)
as described (45). Holo-ACP was precipitated by addition
of acetic acid to pH 3.8 and resuspended at a concentra-
tion of 10 mg/mL in 10 mM Tris-HCl, pH 7.0. Concentra-
tions of ACP species were determined by the BioRad
Bradford protein assay kit using bovine serum albumin and
a factor of 2.2 to correct for underestimation of ACP
concentration.2 Holo-ACP was aliquoted and stored at-80
°C until use.

Preparation of Acylated-Acyl Carrier Protein DeriVatiVes.
Octanoyl-ACP was synthesized from holo-ACP and octanoic
acid using catalytic quantities of partially purifiedVibrio
harVeyi acyl-ACP synthetase (AAS) (46). Lipoyl-ACP was
synthesized in the same manner using 1 mM lipoic acid
instead of octanoic acid (17). Acylated-ACP derivatives were
purified by hydrophobic interaction chromatography on an
octyl-Sepharose CL-6B column (2.5× 10 cm) (47) followed
by gel filtration chromatography on a Superdex 200 HiLoad
26/60 column equilibrated with 20 mM Tris-Cl, pH 7.4.
Purified acyl-ACP derivatives were concentrated using 5000
MW cutoff spin filters, and the pH was adjusted to 7.0 prior
to storage at-80 °C. Octanoyl-ACP is stable for at least 3
months. Lipoyl-ACP is readily deacylated and was utilized
within two weeks of synthesis.

Urea-PAGE Analysis of Acyl-ACP-DeriVatiVes.Analytical
separation of apo-ACP, holo-ACP, and acyl-ACPs was
accomplished using 20% polyacrylamide gels as previously
described (44), except that the pH of the running buffer was
8.8 and 4 M urea (48) was included in the separation and
sample buffers, respectively.

Preparation of LplA. E. coli LplA was overexpressed and
purified from E. coli strain TM202 as described (15, 49).

Preparation of LipB-His. Hexahistidine-taggedE. coli
LipB was overexpressed and purified to>80% purity by
immobilized metal affinity chromatography (Ni-NTA aga-
rose) and gel filtration chromatography from BL21(DE3)E.
coli carrying plasmid pSJ1202.

Purification of Apoenzyme Complexes. Apo-PDC was
purified by differential centrifugation from 22 L of fermented
E. coli strain TM136 as previously described (32). Apo-lipoyl
domain (apo-E2 domain) was overexpressed and purified as
previously described (18).

RESULTS

Expression and Purification of Wild-Type LipA. Plasmid
pEL21(+) encodes thelipA gene (28) under control of an
inducible T7 promoter and includes 834 bp of noncoding
sequence upstream of thelipA start codon. Chemical trans-
formation of lipoate auxotrophicE. coli strain KER176 (lipA)
(26) with plasmid pEL21(+) is sufficient to permit growth
on lipoate deficient media. KER176 cells similarly trans-
formed with the parent vector pET3a exhibited no growth
on lipoate-deficient media. As strain KER176 does not
contain the gene for T7 RNA polymerase, expression oflipA
is likely initiated from the endogenous promoter located
within the 834 bp of 5′-noncoding sequence.

IPTG induction of BL21(DE3)E. coli containing plasmid
pEL21(+) results in overproduction of a protein that migrates
at 36.5 kD on SDS-PAGE (Figure 1A, lane 1). The majority
of this protein is found in the soluble fraction of cell lysates.
The procedure for purification of LipA described in this paper
is a modification of a previous method (29) and generates
protein of significantly higher purity in much greater yield.

Soluble LipA is purified using hydroxyapatite, anion
exchange, cation exchange, and gel filtration chromatography
and is approximately 95% pure by SDS-PAGE (Figure 1,
panel A, lane 6). LipA is resolved by gel filtration chroma-
tography into two distinct peaks, each dark brown in color
(Figure 1, panel B). The apparent molecular masses of these
species as determined by analytical gel filtration chroma-
tography are 43.3( 1.1 kD and 84.6( 6.2 kD, consistent2 Jordan, S. W., and Cronan, J. E., unpublished results.

FIGURE 1: Purification of LipA and LipA-His. (A) SDS-PAGE
(10-20% Tris-glycine gel) showing LipA during different stages
of purification: lane 1, cell free extract; lane 2, hydroxyapatite
eluate; lane 3, DEAE unbound proteins; lane 4, post-CM pool; lane
5, LipA dimer after gel filtration chromatography; lane 6, LipA
monomer after gel filtration chromatography. (B) S200 gel filtration
chromatogram of LipA CM pool. (C) SDS-PAGE (10-20% Tris-
glycine gel) showing LipA-His during different stages of purifica-
tion: lane 1, cell free extract; lane 2, pool from first Ni-NTA
column; lane 3, pool from second Ni-NTA column.
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with monomeric and dimeric forms of LipA (predicted
monomeric molecular weight of 36.1 kD). Multiple LipA
preparations consistently resulted in 70% monomeric LipA.
N-terminal sequence analysis confirmed the identity of the
purified protein as LipA (data not shown).

Expression and Purification of LipA Containing a C-
terminal Hexahistidine Tag (LipA-His). Purification of wild-
type LipA is a relatively lengthy process (>48 h) and
involves unavoidable exposure to oxygen. To address these
problems, alipA construct containing a C-terminal hexahis-
tidine tag (lipA-His) was constructed and expressed in BL21-
(DE3) E. coli. IPTG induction results in synthesis of large
quantities of a protein that migrates at approximately 38 kD
on SDS-PAGE (Figure 1, panel C). The protein is efficiently
purified (>90% pure by SDS-PAGE) within an anaerobic
chamber by two successive rounds of immobilized metal
affinity chromatography using Ni-NTA agarose (Figure 1,
panel C). Similar to the wild-type protein, LipA-His is
isolated as a mixture of 70% monomer and 30% dimer. No
differences in spectrophotometric properties or activity are
observed between wild-type LipA and LipA-His.E. coli
lipoate auxotrophic strain KER176 (lipA) (26), chemically
transformed with pLipA-His, can grow in lipoate-deficient
media.

Electronic Absorbance Spectroscopy.The electronic ab-
sorbance spectra of dimeric and monomeric wild-type LipA
are shown in Figure 2, panels A and B, respectively. The
spectra are identical and have absorbance maxima at 278
and 413 nm with shoulders present at 343 and 455 nm. The
spectra are most similar to that previously reported for soluble
monomeric LipA (29) and anaerobically purified pyruvate
formate lyase activating enzyme (PFL-AE) (50) but differ
considerably from the featureless spectrum of reconstituted/
refolded LipA (31). The electronic absorbance spectra are
consistent with a mixture of [3Fe-4S] (51) and [4Fe-4S] (52)
clusters in monomeric and dimeric LipA. Addition of sodium

dithionite to either form of LipA results in a decrease in the
absorbance maxima at 413 nm and a shift to 420 nm (Figure
2, panel B), consistent with reduction of [3Fe-4S] clusters
to [4Fe-4S] clusters. The electronic absorbance spectra of
LipA reduced with sodium dithionite is similar to that
previously reported for soluble dimeric LipA (29). In each
case, the electronic absorbance spectra of LipA-His are
indistinguishable from those of the wild-type protein (data
not shown).

Iron and Sulfide Content.Analysis of protein-bound iron
and acid-labile sulfide in wild-type LipA shows 3.4( 0.4
iron atoms and 4.8( 0.8 sulfur atoms/monomer (n ) 3)
and 6.6( 0.8 iron atoms and 8.4( 1.0 sulfur atoms/dimer
(n ) 3) (Table 1). These results are inconsistent with previous
determinations of LipA iron and sulfide content (Table 1)
(29, 30). This discrepancy is likely due to oxidative loss of
iron-sulfur cluster in the earlier preparations. The iron and
sulfide content of soluble LipA are consistent with those
recently reported for anaerobic preparations of reconstituted
and refolded LipA (Table 1) (31). These results corroborate
the electronic absorbance spectroscopic results in Figure 2
and support the presence of [3Fe-4S] and/or [4Fe-4S] clusters
in both monomeric and dimeric LipA.

Electron Paramagnetic Resonance Spectroscopy of LipA.
Monomeric and dimeric LipA were analyzed by electron
paramagnetic resonance (EPR) spectroscopy, and both
exhibited a nearly isotropic EPR signal centered atg ) 2.006
(spectrum of monomeric LipA is shown in Figure 3, panel
A). The amount of this species varied between successive
preparations but never comprised more than 15% of the
sample. The characteristics of this signal, fast relaxation (not
detectable above 30 K), low anisotropy, and ag value of
2.006, suggest the presence of a [3Fe-4S]1+ cluster in a sub-
population of the LipA molecules. Samples of LipA-His
exhibited a nearly identical signal (Figure 3, panel B) and
contained only trace amounts (<1% of total iron) of
noncluster associated ferric iron (data not shown).

Reduction of wild-type LipA or LipA-His with a 10-fold
molar excess of sodium dithionite generates a nearly axial
EPR signal withg values of (2.06, 1.95, and 1.92) (spectrum
of reduced LipA-His is shown in Figure 3, panel C), similar
to that reported previously for refolded/reconstituted LipA
reduced with photoreduced 5-deazariboflavin (31). This
signal is not detected above 30 K, consistent with the
relaxation properties of a S) 1/2 [4Fe-4S]1+ cluster (data
not shown). Addition of a 10-fold excess of AdoMet prior
to reduction causes only small changes in the signal features
(Figure 3, panel D). The amount of [4Fe-4S]1+ cluster
generated by dithionite reduction varies between different
preparations of LipA. Spin quantitation using a Cu-EDTA
standard shows that the [4Fe-4S]1+ cluster is formed in
1-3% of wild-type LipA polypeptides and up to 5% of
LipA-His polypeptides. The addition of AdoMet has no effect
on the amount of [4Fe-4S]1+ cluster generated by dithionite
reduction.

DeVelopment of an in Vitro LipA Assay. Lipoyl-acyl carrier
protein and/or lipoate were considered the most likely
products of LipA turnover, and a successful in vitro LipA
assay system should detect and quantify either product.
Previous work has shown that enzymatic lipoylation ofE.
coli apo-pyruvate dehydrogenase complex (PDC) to produce
holo-PDC is a sensitive and highly specific means of

FIGURE 2: Electronic absorbance spectra of purified LipA. (A)
Dimeric LipA (15 µM). (B) Monomeric LipA (37µM) as isolated
(solid line) and after reduction with sodium dithionite (300µM)
for 1 h at 0°C (dotted line).
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detecting lipoate or lipoyl-ACP (16, 17, 32). This assay is
particularly appealing, as apo-PDC exhibits no enzymatic
activity and the fact that the lipoyl moieties are used
catalytically in holo-PDC gives a large amplification of the
signal. Lipoylation of the apo-enzyme generates active holo-
PDC that can then be assayed spectrophotometrically for
pyruvate-dependent pyridine dinucleotide reduction (32).

Free lipoate was assayed using purified lipoate-protein
ligase A (LplA) and apo-PDC (16, 32). The amount of holo-
PDC activity increased with increasing amounts of lipoate
and exhibited saturation kinetics, consistent with a limited
number of lipoate binding sites on apo-PDC (Figure 4, panel
A). PDC showed 50% of maximal activity with 1.9 nmol of
lipoate. PDC activity as a function of lipoate concentration
is nearly linear in the range of 0-2 nmol of lipoic acid (inset
of Figure 4, panel A). Lipoyl-ACP was similarly assayed
using LipB-His and apo-PDC (17, 32). Holo-PDC activity
was dependent on lipoyl-ACP concentration with 50% of
maximal holo-PDC activity observed with 250 pmol of
lipoyl-ACP (Figure 4, panel B). The functional linear range
of the assay is between 0 and 100 pmol of lipoyl-ACP (inset
of Figure 4, panel B). The activity of fully reconstituted PDC
differs between Figure 4, panels A and B, due to the use of
different apo-PDC preps having different specific activities.

In Vitro Lipoyl-Synthase ActiVity of LipA. LipA or LipA-
His were incubated with either octanoic acid or octanoyl-
ACP under a variety of conditions (Table 2). Each reaction
was supplemented with apo-PDC and either LplA (octanoic
acid reaction) or LipB-His (octanoyl-ACP reaction). Active
holo-PDC was formed only in assays containing both reduced
LipA or LipA-His and octanoyl-ACP. LipA-His exhibits
slightly higher activity than the monomeric and dimeric
forms of wild-type LipA, which exhibit similar activities.
PDC activity increased with increasing amounts of reduced
LipA or LipA-His (data not shown). Assays that either
contained octanoic acid or that omitted reducing agents
produced no active holo-PDC. The former result indicates

that octanoate is not a substrate for LipA. Addition of
AdoMet to LipA results in an approximately 6-fold increase
in active PDC (Table 2), whereas a similar quantity of
S-adenosyl homocysteine (SAH) slightly reduces LipA
activity. Inclusion of Fe2+, Fe3+, or S2- resulted in only small
increases in activity (data not shown).

Although an excess of octanoyl-ACP substrate is present
in each assay, the amount of lipoyl product formed is
significantly less than the amount of LipA or LipA-His
(Table 2). The errors in these determinations are due to large
variations in lipoyl synthase activity among different prepa-
rations of LipA. Under the conditions of the assay, nonpro-
ductive octanoylation of apo-PDC (18) does not appear to
reduce the number of available lipoylation sites on apo-PDC,
as adding additional octanoyl-ACP after a LipA assay does
not alter the amount of lipoyl-PDC produced. Consistent with
this observation, incubation of lipoyl-ACP and a 1000-fold
excess of octanoyl-ACP with LipB-His and apo-PDC results
in less than a 10% decrease in PDC activity relative to that
observed without octanoyl-ACP (data not shown). These

Table 1: Iron and Acid Labile Sulfide Content of LipA from Various Preparations

soluble LipA
monomer

(current protocol)a

soluble LipA
dimer

(current protocol)a

soluble LipA
dimer

(previous protocol)b
refolded

reconstituted LipAc
refolded

reconstituted LipAd

iron/polypeptide 3.4( 0.4 3.3( 0.4 1.8( 0.2 1.8-2.3 3.7-4.2
sulfide/polypeptide 4.8( 0.8 4.2( 0.5 2.2( 0.4 1.8-2.3 3.7-4.2
a This paper.b Ref 29. c Ref 30. d Ref 31.

FIGURE 3: Electron paramagnetic resonance spectra of LipA and
LipA-His. Conditions and sample preparation were as described
in Materials and Methods. (A) LipA as isolated (150µM). (B) LipA-
His as isolated (167µM). (C) LipA-His (167 µM) after reduction
with 1 mM sodium dithionite without exogenous AdoMet. (D)
LipA-His (167 µM) and 1 mM AdoMet after reduction with 1 mM
sodium dithionite.

FIGURE 4: Activation of E. coli apo-PDC by lipoate and lipoyl-
ACP. Assay conditions are described in Materials and Methods.
(A) PDC activity resulting from incubation of increasing concentra-
tions of lipoate with apo-PDC and LplA. (Inset) Linear region of
assay utilized as a standard curve. (B) PDC activity resulting from
incubation of increasing concentrations of lipoyl-ACP with apo-
PDC and LipB-His. (Inset) Linear region of assay utilized as a
standard curve. The differences in maximum PDC activity between
the two assays are due to use of PDC preparations with different
specific activities. One unit of PDC activity is defined as 1µmol
of reduced APAD formed/min.
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results suggest the affinity of LipB for octanoyl-ACP is lower
than for lipoyl-ACP.

The Amount of Lipoyl Product is EquiValent to the Amount
of [4Fe-4S]1+ Cluster Generated by Sodium Dithionite
Reduction. Reduction of LipA with sodium dithionite gener-
ates substoichiometric quantities of [4Fe-4S]1+ cluster,
suggesting that protein reduction is a limiting factor in the
formation of the lipoyl product. Spin quantitation of the
amount of [4Fe-4S]1+ cluster generated by sodium dithionite
reduction and comparison to the amount of lipoyl product
formed showed these values were similar in three prepara-
tions of wild-type LipA and LipA-His (Table 3).

Identification of a Lipoylated Product of the LipA Reac-
tion. The presumed product of the LipA reaction with
octanoyl-ACP is lipoyl-ACP. Lipoyl-ACP is a substrate for
LipB, and free lipoyl-ACP is found in cellular extracts from
pea (Pisum satiVum) and the fungus,Neurospora crassa(17).
E. coli appears to contain little, if any, free lipoyl-ACP (17).
Several attempts were made to isolate this species from LipA
reactions prior to the addition of LipB and/or apo-PDC.
Lipoyl-ACP, octanoyl-ACP, and monothiooctanoyl-ACPs
can be separated and detected using polyacrylamide gel
electrophoresis (44) in the presence of urea (48). No lipoyl-
ACP or monothiooctanoyl-ACPs were detected by urea-
PAGE in LipA reactions that contained lipoyl product as

determined by apo-PDC assay (data not shown). This amount
of lipoyl product formed by LipA was sufficient for detection
by urea-PAGE, as identical quantities of exogenous lipoyl-
ACP were readily detected. Additional attempts were made
to isolate the lipoyl product by hydrophobic, immobilized
metal affinity, and size exclusion chromatography. All were
unsuccessful, as the product was unstable to chromatography.
Inclusion of LipB-His in the reaction mix did not result in
product detection by any of the above techniques. Further,
no free lipoate was detected in LipA reactions assayed with
LplA and apo-PDC.

Our inability to isolate a free lipoyl-ACP product suggests
that the product remains associated with LipA. Consistent
with this hypothesis, the lipoyl product and LipA were both
retained by membranes that exclude molecules with a mass
greater than 30 kDa (data not shown). Exogenous lipoyl-
ACP, which has a mass of approximately 9 kD, was not
retained by the membrane. The possibility of a covalent
lipoyl-product/LipA adduct was tested by reduction of LipA
and addition of [1-14C]-octanoyl-ACP and subsequent analy-
sis by SDS-PAGE at neutral pH. No radioactivity was found
associated with LipA (data not shown). These results cannot
rule out a noncovalent or unstable lipoyl product-LipA
complex. This concept will be addressed further below.

Direct evidence for a lipoyl-containing product of the LipA
reaction was obtained by transfer of the lipoyl moiety of the
product to a stable acceptor protein. LipB-His was utilized
to catalyze transfer of the acyl moiety of the LipA reaction
product to a recombinant lipoyl-binding domain of the E2
subunit of PDC (apo-E2 domain). The apo-E2 domain is
approximately 8.8 kD and contains a single lipoylation site
(18). The small size of the E2 domain facilitates analysis of
the acylation state by mass spectrometry.

LipA-His with a 10-fold molar excess of AdoMet was
reduced with sodium dithionite, or an equivalent volume of
water was added for 1 h prior to addition of octanoyl-ACP,
LipB-His, and an excess of the apo-E2 domain. The resulting
acylated and apo-E2 domains were purified and subsequently
analyzed by MALDI mass spectrometry to determine the
identity of the acyl moieties (Figure 5). A species with a
mass identical to lipoylated-E2 domain (8974.1 Da) was
observed when sodium dithionite reduced LipA-His was

Table 2: LipA Assay Resultsa

reaction LipA species relative activityb (%)
mol of product/

mol of LipA polypeptide

complete monomer 100 0.017( 0.011c

complete dimer 94 0.016( 0.010d

minus LipA monomer or dimer <2 <0.0005
minus C8-ACP monomer or dimer <2 <0.0005
minus sodium dithionite monomer or dimer <2 <0.0005
minus AdoMet monomer 15 0.0030e

minus AdoMet, plusS-Adenosyl homocysteine monomer 8 0.0017e

minus apo-PDC and LipB-His monomer <2 <0.0005
minus LipA and LipB-His, plus LplA and octanoic Acid monomer or dimer <2 <0.0005
minus LipB-His, plus LplA and octanoic acid monomer 3 <0.0005
minus LipB-His, plus LplA and octanoic acid dimer 2 <0.0005
complete LipA-His monomer and dimer 190 0.032( 0.010f

minus C8-ACP, plus octanoylated-PDC LipA-His monomer and dimer <2 <0.0005
a Assays were performed as described in Materials and Methods. The standard reaction mixture contained LipA, sodium dithionite, AdoMet,

octanoyl-ACP (C8-ACP), LipB-His, and apo-PDC. Additions or omissions are indicated in the table.b Relative activity was calculated as the
percentage of holo-PDC activity observed relative to that observed with monomeric LipA and octanoyl-ACP.c Average( standard error from five
LipA preparations.d Average( standard error from three LipA preparations.e Average of two LipA-His preparations.f Average( standard error
from three LipA-His preparations.

Table 3: Equivalence of LipA Lipoyl Product Concentration and
[4Fe-4S]1+ Cluster Concentrationa

sample

LipA
conc
[µM]

[4Fe-4S]1+

cluster
conc [µM]

Lipoyl
product
[µM]

ratio of
product to
[4Fe-4S]1+

cluster

wild-type LipA monomer
(prep 1)

113 3.8 5.4 1.4

wild-type LipA monomer
(prep 2)

141 2.2 2.3 1.0

LipA-His monomer
and dimer

167 5.3 6.0 1.1

a Samples were prepared from three separate LipA or Lip-His
preparations as described. Lipoyl product concentrations were deter-
mined by apo-PDC assay as described in Materials and Methods, and
[4Fe-4S]1+ cluster concentrations were determined by spin quantitation
of EPR spectra using a Cu-EDTA standard.
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included in the assay (Figure 5, panel A). Reactions
containing unreduced LipA-His do not produce any detect-
able lipoyl product from octanoyl-ACP (Table 2) and in this
assay result in an acylated E2-domain identical in mass to
octanoyl-E2 domain (8912.7 Da, Figure 5, panel B). The
difference in mass between the acylated E2-domains in
Figure 5, panels A and B, is 62 Da, consistent with insertion
of two sulfur atoms and loss of two hydrogen atoms in the
sample containing reduced LipA (Schemes 1 and 2). Apo-
E2 domain is present in excess of octanoyl-ACP and thus is
detected in both reactions. No species corresponding to the
octanoyl or monosulfurated products (i.e., 6-thiooctanoyl-
E2 domain or 8-thiooctanoyl-E2 domain) were observed with
reduced LipA.

DISCUSSION

The family of proteins that utilizes iron-sulfur clusters
and AdoMet to perform radical chemistry is rapidly growing.
Although the chemistry catalyzed by each protein in this
family [e.g., glycyl radical formation in pyruvate formate
lyase by PFL-AE (53) or sulfur insertion in BS (54, 55)] is
different, certain characteristics are shared by all members
of the family: (i) all contain a CxxxCxxC iron-sulfur cluster
binding motif which is the only sequence similarity between
many members of this family; (ii) all contain an iron-sulfur
cluster that cycles between various redox states; and (iii) all
require AdoMet for full activity. Lipoyl synthase had
conformed to only two of these requirements as it contains
the requisite cluster binding sequence motif (26, 28) and an
iron-sulfur cluster (29-31). However, the lack of a func-
tional activity assay had prevented the determination of a
requirement for AdoMet and precluded classification of LipA
as a member of this protein family. The results described in
this manuscript demonstrate in vitro lipoyl synthase activity
with purified LipA and place LipA in the family of AdoMet-
dependent iron-sulfur proteins.

Since our initial report on LipA (29), advances in the
expression and purification of LipA have been made that
greatly increase the yield and purity of this protein. These
modifications allow separation of LipA into monomeric and
dimeric forms (Figure 1, panel B). It is unclear whether one
or both oligomeric forms of LipA are physiologically
relevant, as both show identical lipoyl synthase activities and
spectroscopic properties. We previously reported differences
in the electronic absorbance spectra and cluster content
between these two species (29); however, these differences

now appear to be the result of oxidative damage to the protein
during purification. LipA exhibits extreme oxygen sensitivity,
as observed by ourselves3 and others (30, 31). Although the
purification procedure for wild-type LipA produces large
quantities of protein, a faster method of purification adaptable
to an anaerobic chamber was needed. The closely relatedE.
coli bioB (biotin synthase) gene product has been expressed
and purified with a C-terminal hexahistidine tag with no loss
in activity or change in properties (56). On the basis of the
success of these results, a hexahistidine tag was incorporated
into the C-terminus of LipA. The hexahistidine-tagged
protein shows lipoyl synthase activity and is indistinguishable
from wild-type soluble LipA in oligomeric state and spec-
troscopic properties.

The members of the AdoMet-dependent iron-sulfur
protein family exhibit multiple forms of redox active iron-
sulfur clusters including [2Fe-2S], [3Fe-4S], and [4Fe-4S]
(55, 57-59). Soluble LipA, as isolated, contains a mixture
of [3Fe-4S]1+ clusters and EPR-silent clusters consistent with
the electronic absorbance spectroscopic properties of [4Fe-
4S]2+ clusters. Reduction of LipA with sodium dithionite
results in a mixture of EPR active [4Fe-4S]1+ and EPR-silent
clusters with an electronic absorbance spectrum consistent
with a [4Fe-4S]2+ cluster state. This conversion occurs in
the absence of exogenous ferrous iron and does not require
addition of exogenous AdoMet. Reduction of LipA to the S
) 1/2 [4Fe-4S]1+ state has been reported for refolded/
reconstituted LipA (31), and we provide confirmation that
the native protein behaves similarly. The small amount of
[4Fe-4S]1+ cluster generated by sodium dithionite reduction
of LipA is not an indication of inactive or damaged protein,
as we have recently determined that photoreduced 5-deaz-
ariboflavin can generate greater quantities of the [4Fe-4S]1+

cluster than sodium dithionite.4 Additionally, protein com-
ponents present inE. coli lysates are observed to increase
LipA activity severalfold.5 These results suggest that the in
vitro LipA assay described within this paper is a starting
point for development of a more robust system.

Although progress on the biophysical characterization of
LipA reported here and by others (31) has been made, further
research on LipA requires both an in vitro assay that can
detect a lipoyl product(s) and the demonstration of lipoyl
synthase activity by the recombinant protein. We took
advantage of the endogenous protein lipoylation pathways
of E. coli (Scheme 2) as a source of assay components (32).
These assays are sensitive and quantitative (Figure 4) and
offer the benefit of detecting free lipoate and lipoyl-ACP.
The principal disadvantage is that the assays are indirect and
detect lipoylation of apo-PDC rather than the lipoyl species
itself. Thus, the exact identity of the lipoyl product of the
LipA reaction cannot be determined by the assay.

Previous biochemical (17) and genetic (16) studies ofE.
coli lipoate biosynthesis have indicated that octanoyl-ACP
is the immediate precursor to lipoate. Indeed, free octanoate
is not a substrate for LipA, whereas octanoyl-ACP is (Table
2). Observation of lipoyl synthase activity requires only a
strong reductant, octanoyl-ACP, LipB, and a lipoyl-accepting

3 Busby, R. W., and Marletta, M. A., unpublished results.
4 Miller, J. R., Henshaw, T. F., Cheek, J., Broderick, J. B., and

Marletta, M. A., unpublished results.
5 Miller, J. R., and Marletta, M. A., unpublished results.

FIGURE 5: Reduced LipA catalyzes synthesis of lipoyl groups from
octanoyl-ACP. MALDI mass spectra of purified E2 domains after
incubation with octanoyl-ACP, LipB-His, apo-E2 domain, AdoMet,
and (A) LipA-His reduced with sodium dithionite or (B) LipA-
His.
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apoprotein (e.g., pyruvate dehydrogenase complex). It has
not been determined if a lipoyl product is formed by LipA
in the absence of LipB and apo-PDC. LipA activity increases
from a basal level upon addition of AdoMet and is decreased
by the AdoMet analogueS-adenosyl homocysteine. These
results suggest that LipA copurifies with less than a full
complement of AdoMet and that the AdoMet that is bound
to LipA can be displaced byS-adenosyl homocysteine. This
is consistent with results obtained with other members of
the AdoMet-dependent family of iron-sulfur proteins (34,
54, 58, 60). Analogous to biotin synthase (61-63), no
exogenous sulfur source is required for lipoyl synthase
activity, suggesting that the source of the sulfurs in the
dithiolane ring of lipoate is the LipA protein itself. It should
be noted that octanoyl-PDC is not a substrate for LipA in
vitro, consistent with previous in vivo experiments (26).

As the apo-PDC assay for lipoyl synthase activity is
indirect, it was desirable to confirm lipoyl synthesis via a
separate analytical technique. Additionally, knowledge of the
identity of the LipA reaction product could provide informa-
tion about the reaction mechanism. The logical product of
the LipA reaction is lipoyl-ACP, as octanoyl-ACP is the only
known LipA substrate (Table 2), and LipB transfers only
ACP-esterified acyl groups to unlipoylated apoproteins (17).
Multiple attempts to isolate free lipoyl-ACP, thiooctanoyl-

ACP, or free lipoate from the LipA reaction mixtures were
unsuccessful. Further, no evidence for a stable covalent
association of the lipoyl product with LipA was observed.
In every case, the product behaves as if it is tightly associated
with LipA but is unstable to chromatographic analysis. We
hypothesized that enzymatic transfer of the lipoyl product
to an unlipoylated apoprotein would facilitate detection.
When LipB-His and recombinant apo-E2 domain (18) were
added to the LipA assay, lipoylation of the E2 domain was
observed by MALDI mass spectrometry (Figure 5). The mass
of the lipoylated E2 domain formed in the LipA reaction is
consistent with an oxidized lipoyl moiety. This does not
imply that an oxidized lipoyl species is the immediate product
of the LipA reaction, as the acylated E2 domains were
purified aerobically. Under these conditions, a dihydrolipoyl
(reduced) product would be readily oxidized.

No monothiooctanoyl-E2 domains were detected in this
reaction or on urea polyacrylamide gel electrophoresis,
suggesting that monosulfurated-ACP products are not re-
leased from LipA as intermediates. However, we cannot rule
out the possibility that the high ratio of LipA to octanoyl-
ACP in these experiments precludes detection of small
concentrations of intermediates or that free monothiooctanoic
acids are released as intermediates not detectable by our assay
techniques. These results are in marked contrast to BS, in

Scheme 3: Proposed Mechanism of the LipA-catalyzed Reaction Showing a Hypothetical Intermediate of the LipA Reactiona

a The first three species shown in the upper portion of the scheme have all been observed. Although we have evidence consistent with the
formation of an ACP-lipoate-[FeS] complex similar to the hypothetical structure shown in the lower portion of the scheme, we have not directly
observed this species. The formation of the final product, lipoylated-PDC, was detected by PDC activity and by mass spectrometry of an isolated
lipoyl domain from the E2 subunit of PDC (Figure 5). Note that although the final step of the mechanism is shown as transfer to apo-PDC, transfer
to other lipoic acid-dependent enzymes such asR-ketoglutarate dehydrogenase or the glycine cleavage enzyme can also occur.
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which both free biotin and an unidentified intermediate
(proposed to be a 9-mercaptodethiobiotin derivative) can be
isolated from reaction mixtures (64).

Reduction of LipA is required for product formation, as
evidenced by the lack of E2-domain lipoylation in the
unreduced protein sample shown in Figure 5. The amount
of product formed is approximately equal to the amount of
LipA in the [4Fe-4S]1+ state (Table 3). These results suggest
that the [4Fe-4S]1+ cluster is the active form of the protein
and that one LipA monomeric unit is responsible for both
sulfur insertion reactions within a single turnover. These
hypotheses are currently under investigation.

Ugulava and colleagues have proposed for dimeric BS that
each monomer containing a [4Fe-4S] cluster is responsible
for formation of one of the two C-S bonds in biotin (56).
Thus, BS dimers that lack full cluster occupancy could
release the 9-mercaptodethiobiotin derivative described above
as an intermediate. A second molecule of BS could rebind
this intermediate and convert it to biotin. This hypothesis is
consistent with the 2:1 stoichiometry of AdoMet consumption
to biotin formation (36, 64). Such a scenario may not occur
with LipA, as both monomeric and dimeric LipA are
competent for lipoyl product formation, and no monosulfu-
rated-ACP products or other reaction intermediates were
detected.

A mechanism for LipA lipoyl biosynthesis that is consis-
tent with the results reported above is shown in the top
portion of Scheme 3. The mixture of [3Fe-4S]1+ and [4Fe-
4S]2+ clusters in the protein as isolated is reduced to the
active [4Fe-4S]1+ state by dithionite in the in vitro assay.
However, flavodoxin and flavodoxin (ferredoxin) reductase
(65) are likely the physiological reductants. AdoMet and
octanoyl-ACP are proposed to bind the reduced protein, and
the [4Fe-4S]1+ cluster is likely used to reductively cleave
AdoMet to generate methionine and a 5′-deoxyadenosyl
radical. This deoxyadenosyl radical could then abstract a
hydrogen atom from the alkyl chain of octanoyl-ACP
generating an alkyl radical that would recombine with a
cluster sulfide to form a carbon-sulfur bond. Repetition of
this process could generate a lipoyl-ACP-iron-sulfur cluster
similar to the hypothetical species shown in the bottom
portion of Scheme 3. This species remains a part of the
cluster until the lipoyl moiety is removed by LipB in an
undetermined manner and transferred to an unlipoylated
apoprotein (e.g., apo-PDC). This leaves a [2Fe-2S] cluster
in LipA that is inactive for additional lipoyl synthesis until
reconstituted, thus allowing only a single turnover to occur
in our in vitro LipA assay system.

The proposed LipA mechanism is appealing as it accounts
for our inability to isolate a free lipoyl product from the LipA
reaction. However, the instability of the lipoyl product
observed in our in vitro reactions is difficult to reconcile
with a lipoyl-ACP-iron-sulfur species such as that shown
in the lower portion of Scheme 3. This lipoyl-ACP-iron-
sulfur cluster should either remain stably associated with
LipA or decompose to release free lipoyl-ACP. Little
chemical precedent exists for the mechanism in Scheme 3.
However, the use of iron-sulfur cluster sulfides to catalyze
nucleophilic chemistry has some biochemical precedent in
the reaction of spinach thioredoxin reductase (66). Staples
and colleagues proposed nucleophilic attack by aµ3-sulfide
of a [4Fe-4S]1+ cluster on an active site disulfide to initiate

thiol-disulfide interchange chemistry resulting in reduced
thioredoxin (67, 68). Recently, Bui and colleagues have
shown that in BS, [2Fe-2S] clusters can be converted to [4Fe-
4S] clusters by the NifS (cysteine desulfurase) protein of
AzotobacterVinelandii (69). The BS produced by this
reaction is fully functional. AsE. coli contain proteins of
similar function (70, 71), LipA might use a similar mecha-
nism to regenerate an active [4Fe-4S] cluster from the [2Fe-
2S] cluster formed in the last step of Scheme 3, thus allowing
multiple turnovers. The mechanism in Scheme 3 raises some
intriguing questions that can now be addressed experimen-
tally using purified active LipA.

Redox roles for iron-sulfur centers are well-established.
The results reported here extend this redox chemistry to
include the donation of sulfur atoms to alkyl carbons that
may result in disassembly of the iron-sulfur cluster as
illustrated in Scheme 3. The chemistry involved in the
formation of the proposed deoxyadenosyl radical(s) is likely
analogous to that proposed for other members of the AdoMet
dependent iron-sulfur protein family. The formation of two
C-S bonds with sulfur atoms from the iron-sulfur cluster
would be unprecedented chemistry for this cofactor, and
experiments are underway to further characterize this reac-
tion.

ACKNOWLEDGMENT

We thank Dr. Mark P. Molloy for performing the MALDI
mass spectrometry analyses and Mr. Dannie Yu for expert
technical assistance. The advice and suggestions of members
of the Marletta lab and Dr. Dale Edmondson (Emory
University) are greatly appreciated.

REFERENCES

1. Reed, L. J., and Hackert, M. L. (1990)J. Biol. Chem. 265,
8971-8974.

2. Nawa, H., Brady, W. T., Koike, M., and Reed, L. J. (1960)J.
Am. Chem. Soc. 82, 896-903.

3. Packer, L., Witt, E. H., and Tritschler, H. J. (1995)Free Radic.
Biol. Med. 19, 227-250.

4. Reed, L. J., De Busdk, B. G., Gunsalus, I. C., Hornberger, C.
S. (1951)Science 114, 93-94.

5. Herbert, A. A., and Guest, J. R. (1968)J. Gen. Microbiol. 53,
363-381.

6. Herbert, A. A., and Guest, J. R. (1975)Arch. Microbiol. 106,
259-266.

7. Sulo, P., and Martin, N. C. (1993)J. Biol. Chem. 268, 17634-
17639.

8. Tzagoloff, A., and Dieckmann, C. L. (1990)Microbiol. ReV.
54, 211-225.

9. Gueguen, V., Macherel, D., Jaquinod, M., Douce, R., and
Bourguignon, J. (2000)J. Biol. Chem. 275, 5016-5025.

10. Dupre, S., Spoto, G., Matarese, R. M., Orlando, M., and
Cavallini, D. (1980)Arch. Biochem. Biophys. 202, 361-365.

11. Carreau, J. P. (1979)Methods Enzymol. 62, 152-158.
12. Prasad, P. D., Wang, H., Kekuda, R., Fujita, T., Fei, Y. J.,

Devoe, L. D., Leibach, F. H., and Ganapathy, V. (1998)J.
Biol. Chem. 273, 7501-7506.

13. Tsunoda, J. N., and Yasunobu, K. T. (1967)Arch. Biochem.
Biophys. 118, 395-401.

14. Fujiwara, K., Okamura-Ikeda, K., and Motokawa, Y. (1994)
J. Biol. Chem. 269, 16605-16609.

15. Morris, T. W., Reed, K. E., and Cronan, J. E., Jr. (1994)J.
Biol. Chem. 269, 16091-16100.

16. Morris, T. W., Reed, K. E., and Cronan, J. E., Jr. (1995)J.
Bacteriol. 177, 1-10.

17. Jordan, S. W., and Cronan, J. E., Jr. (1997)J. Biol. Chem.
272, 17903-17906.

In Vitro Lipoic Acid Biosynthesis Biochemistry, Vol. 39, No. 49, 200015177



18. Ali, S. T., Moir, A. J., Ashton, P. R., Engel, P. C., and Guest,
J. R. (1990)Mol. Microbiol. 4, 943-950.

19. Tate, R., Riccio, A., Iaccarino, M., and Patriarca, E. J. (1997)
FEMS Microbiol. Lett. 149, 165-172.

20. Reed, L. J., Okaichi, T., Nakanishi, I. (1964) inAbst. Int. Symp.
Chem. Nat. Prod.p 218.

21. Parry, R. J. (1977)J. Am. Chem. Soc. 99, 6464-6466.
22. Parry, R. J., and Trainor, D. A. (1978)J. Am. Chem. Soc. 100,

5243-5244.
23. White, R. H. (1980)J. Am. Chem. Soc. 102, 6605-6607.
24. White, R. H. (1980)Biochemistry 19, 9-15.
25. Vanden Boom, T. J., Reed, K. E., and Cronan, J. E., Jr. (1991)

J. Bacteriol. 173, 6411-6420.
26. Reed, K. E., and Cronan, J. E., Jr. (1993)J. Bacteriol. 175,

1325-1336.
27. Hayden, M. A., Huang, I. Y., Iliopoulos, G., Orozco, M., and

Ashley, G. W. (1993)Biochemistry 32, 3778-3782.
28. Hayden, M. A., Huang, I., Bussiere, D. E., and Ashley, G.

W. (1992)J. Biol. Chem. 267, 9512-9515.
29. Busby, R. W., Schelvis, J. P. M., Yu, D. S., Babcock, G. T.,

and Marletta, M. A. (1999)J. Am. Chem. Soc. 121, 4706-
4707.

30. Ollagnier-de Choudens, S., and Fontecave, M. (1999)FEBS
Lett. 453, 25-28.

31. Ollagnier-De Choudens, S., Sanakis, Y., Hewitson, K. S.,
Roach, P., Baldwin, J. E., Munck, E., and Fontecave, M.
(2000)Biochemistry 39, 4165-4173.

32. Jordan, S. W., and Cronan, J. E., Jr. (1997)Methods Enzymol.
279, 176-183.

33. Knappe, J., Neugebauer, F. A., Blaschkowski, H. P., and
Ganzler, M. (1984)Proc. Natl. Acad. Sci. U.S.A. 81, 1332-
1335.

34. Harder, J., Eliasson, R., Pontis, E., Ballinger, M. D., and
Reichard, P. (1992)J. Biol. Chem. 267, 25548-25552.

35. Moss, M., and Frey, P. A. (1987)J. Biol. Chem. 262, 14859-
14862.

36. Escalettes, F., Florentin, D., Tse Sum Bui, B., Lesage, D., and
Marquet, A. (1999)J. Am. Chem. Soc. 121, 3571-3578.

37. Rebeil, R., Sun, Y., Chooback, L., Pedraza-Reyes, M.,
Kinsland, C., Begley, T. P., and Nicholson, W. L. (1998)J.
Bacteriol. 180, 4879-4885.

38. Leuthner, B., Leutwein, C., Schulz, H., Horth, P., Haehnel,
W., Schiltz, E., Schagger, H., and Heider, J. (1998)Mol.
Microbiol. 28, 615-628.

39. Takeda, Y., Nishimura, A., Nishimura, Y., Yamada, M.,
Yasuda, S., Suzuki, H., and Hirota, Y. (1981)Plasmid 6, 86-
98.

40. Stookey, L. L. (1970)Anal. Chem. 42, 779-781.
41. Beinert, H. (1983)Anal. Biochem. 131, 373-378.
42. Aasa, R., and Va¨nngård, T. (1975)J. Magn. Res. 19, 308-

315.
43. Keating, D. H., Carey, M. R., and Cronan, J. E., Jr. (1995)J.

Biol. Chem. 270, 22229-22235.
44. Rock, C. O., and Cronan, J. E., Jr. (1981)Methods Enzymol.

71, 341-351.
45. Lambalot, R. H., and Walsh, C. T. (1995)J. Biol. Chem. 270,

24658-24661.
46. Shen, Z., Fice, D., and Byers, D. M. (1992)Anal. Biochem.

204, 34-39.

47. Rock, C. O., and Garwin, J. L. (1979)J. Biol. Chem. 254,
7123-7128.

48. Post-Beittenmiller, D., Jaworski, J. G., and Ohlrogge, J. B.
(1991)J. Biol. Chem. 266, 1858-1865.

49. Ali, S. T., and Guest, J. R. (1990)Biochem. J. 271, 139-145.
50. Broderick, J. B., Henshaw, T. F., Cheek, J., Wojtuszewski,

K., Smith, S. R., Trojan, M. R., McGhan, R. M., Kopf, A.,
Kibbey, M., and Broderick, W. E. (2000)Biochem. Biophys.
Res. Commun. 269, 451-456.

51. Kennedy, M. C., Kent, T. A., Emptage, M., Merkle, H.,
Beinert, H., and Munck, E. (1984)J. Biol. Chem. 259, 14463-
14471.

52. Johnson, M. K., Robinson, A. E., and Thomson, A. J. (1982)
in Iron-Sulfur Proteins(Spiro, T. G., Ed.) pp 367-406,
Wiley-Interscience, New York.

53. Knappe, J., Schacht, J., Mockel, W., Hopner, T., Vetter, H.,
Jr., and Edenharder, R. (1969)Eur. J. Biochem. 11, 316-
327.

54. Florentin, D., Bui, B. T., Marquet, A., Ohshiro, T., and Izumi,
Y. (1994)C. R. Acad. Sci. III 317, 485-488.

55. Sanyal, I., Cohen, G., and Flint, D. H. (1994)Biochemistry
33, 3625-3631.

56. Ugulava, N. B., Gibney, B. R., and Jarrett, J. T. (2000)
Biochemistry 39, 5206-5214.

57. Broderick, J. B., Duderstadt, R. E., Fernandez, D. C., Woj-
tuszewski, K., Henshaw, T. F., and Johnson, M. K. (1997)J.
Am. Chem. Soc. 119, 7396-7397.

58. Lieder, K. W., Booker, S., Ruzicka, F. J., Beinert, H., Reed,
G. H., and Frey, P. A. (1998)Biochemistry 37, 2578-2585.

59. Ollagnier, S., Meier, C., Mulliez, E., Gaillard, J., Schuenemann,
V., Trautwein, A., Mattioli, T., Lutz, M., and Fontecave, M.
(1999)J. Am. Chem. Soc. 121, 6344-6350.

60. Kulzer, R., Pils, T., Kappl, R., Huttermann, J., and Knappe,
J. (1998)J. Biol. Chem. 273, 4897-4903.

61. Sanyal, I., Gibson, K. J., and Flint, D. H. (1996)Arch.
Biochem. Biophys. 326, 48-56.

62. Gibson, K. J., Pelletier, D. A., and Turner, I. M., Sr. (1999)
Biochem. Biophys. Res. Commun. 254, 632-635.

63. Bui, B. T., Florentin, D., Fournier, F., Ploux, O., Mejean, A.,
and Marquet, A. (1998)FEBS Lett. 440, 226-230.

64. Shaw, N. M., Birch, O. M., Tinschert, A., Venetz, V., Dietrich,
R., and Savoy, L. A. (1998)Biochem. J. 330, 1079-1085.

65. McIver, L., Leadbeater, C., Campopiano, D. J., Baxter, R. L.,
Daff, S. N., Chapman, S. K., and Munro, A. W. (1998)Eur.
J. Biochem. 257, 577-585.

66. Johnson, M. K. (1998)Curr. Opin. Chem. Biol. 2, 173-181.
67. Staples, C. R., Ameyibor, E., Fu, W., Gardet-Salvi, L., Stritt-

Etter, A. L., Schurmann, P., Knaff, D. B., and Johnson, M.
K. (1996)Biochemistry 35, 11425-11434.

68. Staples, C. R., Gaymard, E., Stritt-Etter, A. L., Telser, J.,
Hoffman, B. M., Schurmann, P., Knaff, D. B., and Johnson,
M. K. (1998) Biochemistry 37, 4612-4620.

69. Bui, B. T., Escalettes, F., Chottard, G., Florentin, D., and
Marquet, A. (2000)Eur. J. Biochem. 267, 2688-2694.

70. Flint, D. H. (1996)J. Biol. Chem. 271, 16068-16074.
71. Schwartz, C. J., Djaman, O., Imlay, J. A., and Kiley, P. J.

(2000)Proc. Natl. Acad. Sci. U.S.A. 97, 9009-9014.

BI002060N

15178 Biochemistry, Vol. 39, No. 49, 2000 Miller et al.


