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ABSTRACT
The lipoyl cofactor is an essential cofactor employed in various multi-enzyme complexes
that have roles in primary metabolism. Each of these complexes contains a lipoyl carrier protein
(LCP) to which lipoic acid is tethered via an amide linkage to a conserved lysine residue. In the
glycine cleavage system, the LCP is H protein. There are two ways by which the lipoyl cofactor
can be synthesized by E. coli – free lipoic acid may be directly attached to a LCP by lipoate
protein ligase A (LplA), or the sulfur atoms can be directly inserted into C6 and C8 of a fatty noctanoyl chain attached to the LCP by lipoyl synthase (LipA).
The way in which LipA inserts sulfur atoms into unactivated, saturated carbons has been
the subject of many recent biochemical studies. It was determined that LipA contains two [4Fe4S]2+ clusters essential in catalysis, each of which are ligated by three cysteines in two conserved
motifs. The first, harbored in a CX3CX2C motif, is found in members of the radical S-adenosylL-methioine

(SAM) superfamily of enzymes and is responsible for donating an electron into the

sulfonium of SAM yielding highly reactive 5’deoxyadenosyl radicals. In the case of LipA, two
of these radicals are thought to abstract hydrogens from C6 and C8.

The second motif,

CX4CX5C, is conserved only among lipoyl synthases and the [4Fe-4S] cluster housed therein is
proposed to be the source of sulfur in the lipoyl product. In support of this role are findings that
both product sulfur atoms are sourced by LipA itself and both are donated by a single LipA
polypeptide.
The proposed mechanism of catalysis by LipA thus invokes carbon-centered substrate
radicals at C6 and C8. Direct evidence of these radicals has not yet been presented. In an effort
to spectroscopically observe these radicals, a number of substrates for LipA where synthesized
with side chains capable of radical stabilization. These side chains were attached to the H protein
LCP with LplA and used in reactions with LipA. When a 2,4 hexadienoyl-H protein substrate
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was used, an organic radical was readily observed by electron paramagnetic resonance (EPR)
spectroscopy supporting that carbon-centered radicals are on the LipA reaction pathway.
Additionally, if an Fe-S cluster is indeed the source of both sulfur atoms in the lipoyl
product, free monothiolated intermediates should not be observed on the reaction pathway, but
instead associated with LipA via a carbon-sulfur linkage to the Fe-S cluster. In support of this, a
crosslinked species has been identified and isolated containing LipA and an 8,8,8-2H3-octanoyl-H
protein. It is known that sulfur insertion at C6 precedes insertion at C8 and that there is a
significant deuterium isotope effect at C8, making it likely that LipA and H-protein are
crosslinked directly via a sulfur atom in one of the [4Fe-4S] clusters. This species has been
characterized by UV-vis, EPR and Mössbauer spectroscopies. The unique signature produced is
typical of a [3Fe-4S]0 cluster, which is a possible intermediate on the reaction pathway. Iron and
sulfide release have also been observed during LipA catalysis supporting that the cluster degrades
following product sulfur donation.
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Chapter 1

Introduction
Lipoic acid is an intriguing and essential natural product that is present in organisms
throughout all kingdoms of life (1). The mechanism by which this cofactor is endogenously
biosynthesized has puzzled scientists for many years, but recent biochemical studies are
beginning to shed light on it. After initial isolation of crystalline lipoic acid and subsequent
characterization, the structure was found to contain two sulfur atoms in a fatty acyl octanoyl chain
that together act as one of nature’s simplest yet most important organic cofactors (2, 3). Since its
identification, many studies of lipoic acid have been carried out, including elucidation of its role
in the many reactions in which it participates, the way it is attached to the proteins that carry the
cofactor in vivo, and the unique way in which the lipoyl cofactor can be synthesized by the cell.

1.1 Properties of Lipoic Acid and the Lipoyl Cofactor
Lipoic acid (1,2-dithiolane-3-pentanoic acid, or 6,8 thioctic acid), is an essential redox
cofactor utilized in primary metabolic pathways by both prokaryotic and eukaryotic organisms
(3).

It is an eight-carbon fatty acid with sulfur atoms at C-6 and C-8 (figure 1-1) (4). In its

active, protein-bound form, lipoic acid is covalently attached to a lipoyl carrier protein (LCP) via
an amide linkage to the ε-amino terminus of a conserved lysine residue (5). This creates a 14 Ǻ
swinging arm that shuttles intermediates among subunits of large multienzyme complexes that are
responsible for the oxidative decarboxylation of glycine and α-ketoacids, as well as the cleavage
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of acetoin. During catalysis, the lipoyl cofactor is converted from the cyclic disulfide in which a
dithiolane ring is formed between the sulfurs on C-6 and C-8, to the 2 e- reduced dithiol,
dihydrolipoamide. To return to its active state, it is re-oxidized by a flavin-dependent enzyme,
lipoamide dehydrogenase, which concomitantly reduces NAD+ to NADH (6).

O
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Figure 1-1: Structures of α-Lipoic acid (a) and β-Lipoic acid (b). The lipoyl cofactor is tethered
in an amide linkage to a conserved lysine residue on a lipoyl carrier protein creating a 14 Å
swinging arm and acts as an essential redox cofactor (c).
There are two pathways by which lipoic acid can be incorporated into E. coli cells;
exogenous lipoic acid can be taken into the cell through the cytoplasmic membrane and attached
to a LCP, or it can be synthesized endogenously by two sequential enzymatic steps. In the first
pathway, exogenous lipoic acid is attached to LCPs via a lipoate protein ligase (LplA), generating
the active cofactor (7).

Alternatively, in the second pathway, acyl carrier protein (ACP)

containing an eight carbon fatty acyl chain from the Type II fatty acid biosynthetic pathway, can
be used as a substrate for octanoyltransferase (LipB), which catalyzes transfer of the octanoyl
chain from ACP to a LCP (8). The octanoylated LCP is then acted upon by lipoyl synthase
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(LipA), which catalyzes insertion of sulfur atoms at C-6 and C-8 (9).

Similar lipoylation

pathways have been discovered and characterized in members of every kingdom of life including
yeast, mammals, plants, and Archaea. These pathways and their constituents will be discussed in
greater detail later.

Initial characterization and feeding studies
α-Lipoic acid was first isolated as a yellow crystalline solid from beef liver in 1951 and
was characterized by Lester Reed and coworkers in 1953. The initial isolation, which yielded
approximately 30 mg of crystalline lipoic acid, was purified from an estimated 10 tons of beef
liver residue (4). Until that point, lipoic acid had been known as acetate replacing factor, so
named because of its ability to replace acetate in growth media for certain lactic acid producing
bacteria, or as the pyruvate oxidation factor, because of

its necessity in the oxidative

decarboxylation of pyruvate, a property under investigation by I. C. Gunsalus (10, 11). The two
compounds both, in fact, turned out to be lipoic acid.
Isolated crystalline lipoic acid was reported to be soluble in organic solvents and have a
melting point of 47.5 °C to 48.5 °C, and a pKa of 4.7. Early characterization of the crystalline
cofactor produced a positive qualitative test for sulfur. When subjected to a nitroprusside assay
the results were at first negative, but after addition of sodium cyanide a positive result was
obtained, providing evidence of disulfide formation.

Further polarographic studies led

researchers to believe that the product contained a cyclic disulfide that was hypothesized to be
4,8-, 5,8-, or 6,8- mercapto-n-caprylic acid (4). Reed then turned his attention to the way in
which the cofactor is synthesized in vivo. It was proposed that the precursor to lipoic acid in the
cell may be the short fatty acid n-octanoic acid based on the eight carbon structure of the
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complete cofactor (4, 12). In 1964 he obtained experimental evidence supporting this hypothesis
using feeding studies. When [1-14C] octanoic acid was added to the growth media of E. coli
cultures, [1-14C] lipoic acid could be isolated; however when [1-14C] hexanoic acid or [1-14C]
adipic acid were used, no labeled lipoic acid was observed (Figure 1-2, a) (12).
This experimental evidence was corroborated almost ten years later when the question of
octanoate as a precursor to lipoic acid was re-examined in studies conducted by the laboratory of
Robert White, and the incorporation of octanoate into lipoic acid was again observed.
Experiments conducted by Ronald Parry also showed that when [1-14C] octanoate was added to
shake cultures of E. coli and the lysate subjected to acid hydrolysis followed by recrystallization
to constant radioactivity, 0.17% of the radioactivity was recovered from the lipoic acid product.
Greater than 90% of this incorporated radioactivity was in the carboxylate group of the isolated
lipoic acid, providing strong evidence that intact octanoic acid was indeed the precursor to lipoic
acid (13). Further experiments in this study involved synthesis of the following isotopically
labeled forms of octanoic acid: [5(R,S)-3H]octanoate, [7(R,S)-3H]octanoate, [6(R,S)-3H]octanoate
and [8-3H]octanoate (Figure 1-2, b-d) (13). When these compounds were introduced to cultures
of E. coli in combination with [1-14C] octanoate, analysis of the 3H to 14C ratio in isolated lipoic
acid was unchanged from that in the precursor compounds containing tritium at the 5, 7, or 8
positions. This suggested that introduction of sulfur at C-6 and C-8 did not necessitate loss of
hydrons at C-5 or C-7, suggesting unsaturated intermediates at these positions were unlikely.
Since a hydrogen atom must be removed at C-8 to allow insertion of a sulfur atom at that
position, the unchanged ratio was attributed to a significant kH/kT kinetic isotope effect. The 3H to
14

C ratio recovered with the precursor compound labeled at C-6 was 49.8%, indicating the

stereospecific removal of only a single hydrogen atom at that position.
Another set of experiments addressed the stereochemistry of hydrogen removal at C-6,
which is the only chiral carbon in lipoate. [6(S)-3H]- And [6(R)-3H]-octanoate were synthesized
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and added to growing cultures of E. coli (Figure 1-2, e-f). Results showed that the reaction
predominantly proceeds with loss of the 6-pro R hydrogen atom and overall inversion of
stereochemistry at C-6 (14). Based on these observations, it was speculated that the mechanism
of lipoate biosynthesis was a multistep reaction process involving intermediate hydroxylation at
C-6 (and/or C-8) with retention of stereochemistry and replacement of this activated hydroxyl
group with a sulfur nucleophile (15, 16).
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Figure 1-2: Structures of various compounds used in metabolic labeling studies to investigate the
mechanism of lipoamide biosynthesis: (a) [1-14C]octanoic acid; (b) [5(R,S)-3H]octanoic acid; (c)
[7(R,S)-3H]octanoic acid; (d) [8-3H]octanoic acid; (e) [6(R)-3H]octanoic acid; (f) [6(S)3
H]octanoic acid. Tritium labels are shown as “H” for clarity.
To test the possibility of hydroxylated intermediates on the reaction pathway, deuteriumlabeled potential precursors were synthesized with either hydroxyl or thiol groups at carbons 6
and 8. While very little [8,8-2H2]-6,8- dihydroxyoctanoic acid, [8,8-2H2]-8-hydroxyoctanoic acid,

6
or [6-2H]-6-hydroxyoctanoic acid was converted to lipoic acid, the monothiolated species [8,82

H2]-8-thiooctanoic acid and [6-2H]-6-thiooctanoic acid were incorporated into the final product

with recoveries of 27.9% and 5.1% respectively (Figure 1-3) (16). This provided evidence that
hydroxylated intermediates were not on the reaction pathway, but rather that monothiolated
intermediates were likely.

This discounted the hydroxylation hypothesis and supported the

specific removal of single hydrogen atoms at the C-6 and C-8 positions followed by direct sulfur
insertion. Futher supporting this mechanism was the finding that when 2H15-octanoate was added
to cultures of of E. coli and the lipoic acid content extracted and analyzed by GC-MS, 90.3% of
the lipoic acid was found to have originated directly from that compound. The labeled octanoic
acid that was recovered contained 13 deuterium atoms, further supporting the specific removal of
hydrogens followed by sulfur insertion (16, 17).
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Figure 1-3: Structures of potential intermediates on lipoic acid biosynthetic pathways: (a) 6(R,S)hydroxyoctanoic acid; (b) 8-hydroxyoctanoic acid; (c) 6(R,S)-8-dihydroxyoctanoic acid; (d)
6(R,S)-mercaptooctanoic acid; (e) 8-mercaptooctanoic acid. Deuterium labels on the compounds
have been omitted for clarity.
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The mystery of lipoic acid biosynthesis was slowly being unraveled. It would be nearly a
decade later that research in this area would resume when the lipA gene was identified as being
responsible for de novo biosynthesis of lipoate and sequenced (18). Additional feeding studies
were carried out using two strains of E. coli that were auxotrophic for lipoic acid (W1485-lip2
and JRG33-lip9), which were later found to have mutations in the lipA gene. These bacteria were
unable to grow on medium devoid of acetate and lipoic acid, even when supplemented with
octanoate or 6-mercaptooctanoate (19).

They could survive when supplemented with 8-

mercaptooctanoic acid, however. A separate and independent study found that these lipoic acid
auxotrophs could survive on minimal media supplemented with either 6- and 8- mercaptooctanoic
acid if the compounds were added at concentrations approximately 1000-fold higher than the
concentration of lipoic acid supplementation to achieve similar growth patterns (18).

The

restoration of typical growth patterns when lipoic acid was added supported that the lip locus was
indeed responsible for endogenous biosynthesis of lipoic acid.

The poor growth of cells

supplemented with monothiolated potential intermediates was puzzling, however, and suggests
that another enzyme may be capable of converting these compounds to lipoic acid when a large
excess is present in the cell (20).
The lipA gene from E. coli was the first of several genes identified that produce proteins
responsible for lipoic acid biosynthesis in vivo. Others include lipB, lplA, and lpa, which produce
proteins responsible for transfer of the octanoate precursor, attachment of lipoic acid and cleavage
of the lipoate moiety from target LCPs, respectively. The respective properties of these proteins
and their roles in the fascinating reactions that lead to the complete and active form of the lipoyl
cofactor will be described in the following sections.
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1.2 The Lipoyl Cofactor in Primary Metabolic Pathways
Lipoate plays a critical role as a cofactor in various primary metabolic pathways
including the glycine cleavage system, the α-ketoglutarate dehydrogenase complex, the branched
chain oxo-acid dehydrogenase complex, the acetoin dehydrogenase complex and the pyruvate
dehydrogenase complex (1, 3, 21-23). These pathways are central in cellular metabolism and
play crucial roles in the production and degradation of glycine, the generation of acetyl-CoA - a
key metabolic intermediate used in the Tricarboxylic Acid Cycle (TCA Cycle, also known as the
Citric Acid Cycle or the Krebs Cycle) - and the breakdown of branched-chain amino acids and αketoacids in the cell. Genetic defects in any of these complexes cause severe disease states including mental retardation in humans - and can often result in death.

The glycine cleavage system
The glycine cleavage system (GCS), or glycine decarboxylase system, is composed of a
collection of loosely associated proteins that form a complex found in prokaryotes and the
mitochondria of plant and mammalian tissue (24-29).

This complex is responsible for the

reversible degradation of glycine to NH3 and CO2 with donation of its α-carbon to N5,N10methylene tetrahydrofolate (30). The protein components of the GCS are the H, T, P and L
proteins (Figure 1-4) (31-34).
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Figure 1-4: Schematic representation of the reactions catalyzed by the glycine cleavage system.

Figure 1-5: Structure of the H protein from the glycine cleavage system of Pisum sativum (PDB
1DXM). The lipoyllysine (Lys-63), located on the tip of a β-hairpin structure, is shown in stick
format. The lipoyl group is drawn in its reduced form. This structure was prepared using the
Pymol Molecular Graphics System (http://www.pymol.org).
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The H-protein is the lipoyl-bearing subunit of the complex (25, 35-39). Crystal structures
have been solved for the H protein of Pisum sativum and Therums thermophilus by X-ray
diffraction in both the apo- form without the lipoyl appendage and the holo- form containing the
lipoyl arm (40-42). The lipoamide cofactor is attached in a covalent amide linkage to the ε-amino
terminus of a lysine residue that is located at the tip of a β-hairpin (Figure 1-5). This 14 Å
extension allows the shuttling of intermediates among the other subunits and is freely-swinging in
its reduced dihydrolipoamide form, but becomes locked in a fixed position in a cavity of the
protein when oxidized (43). The lysine residue to which the lipoyl cofactor is attached is wellconserved among H proteins of different species and among LCPs in general (44).

The

homodimeric P protein is responsible for decarboxylation of glycine in a PLP-dependent
mechanism, which precedes reduction of the lipoyl cofactor and concomitant transfer of a
methylamine group to one of the resulting dithiols (45-47). The T protein is monomeric and
catalyzes transfer of a methylene unit from the aminomethyl group to tetrahydrofolate with
concomitant release of NH3 (39, 48). After interaction with the T protein, the resulting reduced
lipoyl H protein contains two sulfhydryl groups at C6 and C8 on the swinging octanoyl chain
(35). In an NAD+-dependent reaction, the L flavo-protein re-oxidizes the lipoyl moiety to its
active dithiolane form in a lipoamide dehydrogenase type reaction (33, 49). The cofactor is then
ready to participate in successive rounds of chemistry.

The α-ketoglutarate dehydrogenase complex and the branched-chain oxo-acid
dehydrogenase complex
The α-ketoglutarate dehydrogenase complex is another multienzyme complex that is
well-conserved among plants, mammals, and prokaryotes, and is composed of three proteins that
are non-covalently associated with one another: the E1o, E2o and E3 proteins (3, 50-53). This
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complex is responsible for decarboxylation of α-ketoglutarate, a key intermediate in the
tricarboxylic acid cycle.

A similar complex, the branched-chain oxo-acid dehydrogenase

complex, is responsible for the oxidative decarboxylation of α-keto acids resulting from the
transamination of valine, leucine and isoleucine (53). Both complexes have similar structures and
mechanisms of catalysis (3). The E1 subunit is a TPP (thiamine pyrophosphate) -dependent αketoacid decarboxylase, which is also responsible for reductive acylation of the lipoyl arm
attached to a conserved lysine residue of subunit E2 (54, 55). The E2 subunit is both the lipoyl
carrier subunit and the centrally located core to which the other subunits are attached. This core
is composed of many copies of the E2 polypeptide; two forms have been observed – one
containing 24 subunits in octahedral symmetry, and one containing 60 subunits in icosahedral
symmetry (56). The E2 subunit contains between one and three lipoyl domains, each of which
bears a prosthetic lipoyl chain, and a subunit binding domain involved in the binding of E1 and/or
E3 to the core (3, 50, 57). As in the glycine cleavage system, the prosthetic lipoyl group acts as a
swinging arm to deliver the acyl moiety to coenzyme A (44). The E3 subunit is a flavindependent protein that acts in the same manner as the L protein from the glycine cleavage system,
and is actually a product of the same gene in many organisms (the lpd gene in E. coli) to
reoxidize the reduced lipoyl cofactor for subsequent rounds of chemistry (58-60).

The acetoin dehydrogenase complex
In certain Gram-negative bacteria that are capable of performing anaerobic respiration,
(eg. Pelobacter carbindicus, Alcaligenes eutrophus, and Clostridium magnum) the degradation of
acetoin (3-hydroxy-2-butanone) to acetaldehyde and acetyl coenzyme A is completed by the
acetoin dehydrogenase complex (61-64). This allows these bacteria to persist on acetoin as a sole
carbon source. In many respects, this complex is analogous to the α-ketoacid dehydrogenase
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complexes. This complex is also composed of multiple copies of three subunits termed E1, E2
and E3. Subunit E1 is a TPP dependent α2β2 homotetramer encoded by the acoA and acoB genes
respectively (65). E1 is responsible for the dehydrogenation of acetoin. The E2 subunit, a product
of the acoC gene, is the lipoyl bearing subunit. The E2 homomultimer acts as a dihydrolipoamide
acetyltransferase, again catalyzing the transfer of an acetyl moiety from a thiol of the lipoamide
arm to coenzyme A forming acetyl CoA (64). After completion of the catalytic cycle, the
dihydrolipoyl group must be reoxidized in an NAD+ dependent reaction by the homodimeric E3
subunit (22, 66).

The pyruvate dehydrogenase complex
The pyruvate dehydrogenase complex is yet another multisubunit complex that uses the
lipoate prosthetic group, and is responsible for the oxidative decarboxylation of the α-ketoacid
pyruvate to acetyl-CoA at the expense of NAD+. This enzyme complex resides in prokaryotes
and within the matrix of the mitochondrion of eukaryotic cells (67-69). It is similar in structure to
both the α-ketoglutarate dehydrogenase complex and the branched-chain oxo-acid dehydrogenase
complex in that it is composed of three subunits that associate noncovalently (3, 70). The
centrally located E2p subunit, the product of the aceE gene in E. coli, is a transacetylase which
bears one to three lipoyl domains per monomer (56, 70, 71). These lipoamide appendages shuttle
intermediates between the E1p pyruvate dehydrogenase and E3 dihydrolipoyl dehydrogenase
subunits, products of the aceF and lpd genes, respectively. Interestingly, the E3 lpd gene product
is the same dihydrolipoyl dehydrogenase used by other α-ketoacid dehydrogenase complexes in
E. coli (59, 60). These are also products of the same gene in many other organisms. One
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exception to this is the bacterium Pseudomonas putida, which contains up to four different genes
for each of the E3 subunits in its genome (65, 72).
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Figure 1-6: Schematic representation of the reactions catalyzed by the pyruvate dehydrogenase
complex.
In E. coli, the E2 subunit of the pyruvate dehydrogenase complex contains 24
transacetylase chains with octahedral symmetry, each of which bears at least one lipoyl domain
(73, 74). Most Gram negative bacteria, including E. coli, contain two to three lipoyl domains per
monomer (74). The Gram-negative bacterium Zymmomonas mobilis, however, only has one
lipoyl domain per monomer, as do most Gram-positive bacteria (74). The number of lipoyl
domains does not seem to play a substantial role in the activity of the complex, however, because
the deletion of one or two domains in E. coli has very little effect on the overall activity of the
complex (75).
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Figure 1-7: Structure of lipoyl domain from pyruvate dehydrogenase complex of Bacillus
stearothermophilus. The lysine on the E2 subunit that becomes lipoylated (Lys42) is located at
the tip of a β-hairpin and is shown here in stick format. This structure (PDB 1LAB) was solved
by NMR. This structure was prepared using the Pymol Molecular Graphics System
(http://www.pymol.org).
The three dimensional structure of the the lipoyl domain of the pyruvate dehydrogenase
complex has been solved for E. coli, Azotobacter vinelandii, and Bacillus stearothermophilus by
nuclear magnetic resonance (NMR) spectroscopy (76-78). The structure of the E2 lipoyl bearing
subunit is that of a flattened 8-stranded beta barrel that wraps around a well-defined core of
hydrophobic residues. The lipoyl lysine is positioned at the tip of one β turn and is between an
aspartate and an alanine. The specific location of the lysine residue appears to be important to
function; an experiment in which a double mutant was constructed in E. coli where Asp41 was
changed to lysine and Lys42 was changed to alanine (Lys42 is the site of lipoylation), the variant
protein was inactive (79).
The mammalian complex differs in structure; the E1 subunit is an α2β2 heterotetramer and
contains 60 transacetylase chains arranged in an icosahedral fashion, each of which bears two
lipoyl domains in mammals, or one lipoyl domain in other eukaryotes like Saccharomyces
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cerevisiae (67, 80). Mammalian pyruvate dehydrogenase also contains two regulatory enzymes,
a kinase and a phosphatase, that are both attached to the E2 subunit core (81, 82).
The reaction process catalyzed by the PDC begins with the oxidative decarboxylation of
pyruvate by the E1 subunit, which uses TPP as a cofactor, yielding carbon dioxide and 2hydroxyethylidene-TPP. The lipoyl moiety on the E2 transacetylase subunit is reduced yielding
acetyl-dihydrolipoamide and regenerating the TPP cofactor. The acetyl group on the lipoyl
moiety is then transferred to CoA (coenzyme A), generating acetyl CoA and dihydrolipoyl E2.
The dihydrolipoyl group is re-oxidized by the E3 subunit to the dithiolane ring at the expense of
NAD+, yielding NADH and generating the active form of the lipoyl cofactor for subsequent
rounds of catalysis (83).

Mechanism of the lipoyl cofactor
Protein-bound lipoate in the cell acts as an important redox cofactor, the mechanism of
which has been well defined. In each of the aforementioned complexes, the lipoyl cofactor is
tethered to a centrally located protein and acts to shuttle intermediates among the other
peripherally associated proteins (56). Lipoic acid is a true cofactor in these reactions; it is
regenerated to perform successive rounds of chemistry in each case by the dihydrolipoyl
dehydrogenase subunits in each of the complexes. The chemistry of the lipoyl cofactor is not in
itself remarkable, and although this cofactor is imperative in the primary metabolic pathways
previously mentioned, it is one of nature’s simplest organic cofactors. The ability of the cofactor
to undergo redox chemistry and change from the dihydrolipoamide to the cyclic disulfide form is
key for each of the complexes that employ it. Free lipoic acid is also a powerful antioxidant in
the cell and is able to trap highly reactive free radical species such as superoxide (1).
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1.3 Lipoylation Pathways
Protein-bound lipoic acid is essential for primary metabolism in most organisms (1).
Almost all of the lipoic acid found in the cell is tethered via an amide linkage to highly conserved
lysine residues of lipoyl carrier proteins. Significant amounts of the free form are observed only
when an organism is given a large amount of exogenous lipoic acid (5, 84). There are two
pathways for protein lipoylation in E. coli cells; both have been well characterized (Figure 1-8).
The first pathway, responsible for endogenous production of lipoic acid in vivo, involves two
enzymatic steps. The precursor of endogenously produced lipoate is a fatty octanoyl chain
attached to ACP from type II fatty acid biosynthesis. The octanoyl chain is transferred from ACP
to a LCP by LipB (85). This octanoylated LCP becomes the substrate for another enzyme, LipA,
which is responsible for the insertion of two sulfur atoms at C-6 and C-8 of the octanoyl chain
(9). The octanoylated LCP then becomes the substrate for LipA resulting in production of the
final lipoyl cofactor (86).
The second, exogenous pathway involves uptake of lipoic acid directly into the cell from
the surrounding environment. This can be achieved either in solution in the case of single-celled
organisms, or in the diet in the case of multicellular organisms. Once in the cytoplasm, lipoic
acid is enzymatically attached directly to the target lysine of an LCP (7). Attachment of the
lipoyl cofactor is a two step ATP-dependent reaction involving an activated lipoyl-AMP
intermediate (87, 88). In mammals, two enzymes are necessary to accomplish this process: lipoate
activating enzyme (LAE) and lipoyltransferase (LT) (89, 90). In E. coli the activation and
attachment of lipoic acid is catalyzed by a single enzyme, lipoate protein ligase A (LplA) (87).
The feeding studies in which labeled octanoic acid analogs acted as direct precursors to lipoic
acid can be rationalized by this pathway because LplA is capable of attaching octanoic acid to
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lipoyl carrier proteins (86). The mechanism of LplA is further addressed below.
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Figure 1-8: Two pathways of lipoamide biosynthesis in E. coli. In pathway 1, octanoylated acyl
carrier protein (ACP) is shuttled from fatty acid biosynthesis. The octanoyl appendage is
transferred from ACP to a lipoyl carrier protein (LCP) by octanoyltransferase (LipB). Lipoyl
synthase (LipA) is responsible for insertion of two sulfur atoms at carbons 6 and 8. In pathway 2,
free lipoic acid is transported into the cell, activated by ATP, and attached directly to a lipoyl
carrier protein by lipoate protein ligase A (LplA).

Throughout the course of seminal studies completed on the lipoate activating system and
the mechanism of its attachment, an additional enzyme was identified in E. faecalis and in
mammals that is capable of cleaving the lipoyl appendage from LCPs. This enzyme, named
lipoamidase, is thought to play a role in catabolism and recycling of lipoic acid in the cell. The
mechanism of this enzyme is also addressed in the following sections.

1.7 Lipoate Protein Ligase A (LplA)
Lipoate protein ligase A in E. coli is responsible for both the activation and attachment of
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lipoic acid to a LCP in the exogenous pathway of lipoate biosynthesis (87). The first report of
lipoate ligation activity was by Reed and coworkers. A lipoic acid-defecient Streptococcus
faecalis strain 10C1 was used in experiments that probed the mechanism of activation of the PDC
by lipoic acid. When radiolabeled lipoic acid was incubated with cell-free extracts and later
dialyzed to remove small molecules, a portion of the radiolabel was detected in the protein
fraction of the extract (91).

These results suggested that lipoic acid had undergone direct

attachment to a protein. Also, upon addition of unlabeled lipoic acid to cell-free extracts, PDC
activity increased. Upon further investigation, it was determined that Mg2+, an organic source of
phosphate, and two separable protein components from the S. faecalis cell lysate were essential
for activation of the PDC with lipoic acid. Several organic phosphate sources were tested and,
although the highest activity was achieved when ATP was used, some measure of activity was
observed when CTP, GTP, ITP, and UTP were supplied (91).
The lplA gene in E. coli, encoding LplA, was identified in the early 1990s (92). Strains
with null mutations in the lplA locus were identified, and it was found that although they were
able to transport lipoic acid successfully into the cell, they were unable to attach it to the requisite
LCPs.

These strains were also resistant to the effects of seleno-lipoate, which had been

previously shown to inhibit growth of E. coli.

The gene sequence was found to contain

approximately 4657 bases and code for a 38 kDa protein. The isolated gene product was capable
of catalyzing attachment of radiolabeled lipoic acid to apo-LCP in the presence of ATP,
confirming that it had lipoate ligase activity. The lplA null mutants employed in this study also
revealed the presence of another mechanism for protein lipoylation in E. coli, since these mutants
were still able to survive (92).
LplA from E. coli was isolated and characterized in a second, independent study. The
purified protein was determined to contain at least one disulfide bond. When this disulfide was
oxidized, the protein was inactivated; however, addition of reducing agents restored LplA
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activity. The pI of LplA was calculated to be 5.80. Kinetic studies revealed that the specific
activity was 30 nmol min-1 mg-1 when DL-lipoic acid was used as the substrate. The Km of LplA
and ATP was calculated to be 1.9-3.1 µM and the Km for LplA and DL-lipoic acid was 1.6-5.0
µM. In addition to DL-lipoic acid, LplA was also able to catalyze attachment of dihydro-DLlipoate, D-lipoate, and, to a lesser extent, L-lipoate and octanoate (87).
The structure of LplA has been solved by x-ray crystallography for Thermoplasma
acidophilum and E. coli (88, 93). Shown in figure 1-9 are the structures of the E. coli enzyme
complexed with lipoic acid (a) and the T. acidophilum enzyme complexed with lipoyl-AMP (b).
The T. acidophilum enzyme was crystallized in four forms in two separate studies: the apo form,
and the holo forms with ATP complexed, with lipoyl-AMP complexed, and with lipoic acid
complexed (88, 94).

Its structure is monomeric and it is composed of a central core of two

nearly orthogonal β sheets with eight α helices surrounding them. Similarity searches yielded
two other proteins with significant areas of structural homology. The first was a putative LplA
from Streptococcus pnemoniae, whose primary structure was longer than the T. acidophilum
enzyme by 67 residues at its C terminus; the two enzymes have 29% sequence identity. The
second was the biotin holoenzyme synthase/bio repressor (BirA) from E. coli. This enzyme is
responsible for ligation of the biotinyl appendage to target proteins and has a sequence identity of
13% with LplA from E. coli.
Structurally, the T. acidophilum LplA showed a bifurcated binding pocket which bound
AMP and the lipoyl moiety in a U-shaped conformation with the phosphate group and part of the
ribose sugar accessible to solvent. The dithiolane ring of the lipoyl moiety is surrounded by
hydrophobic residues and by the side chains of His81 and His161. Lys145 and Lys135 are
believed to be responsible for stabilization of the phosphate group. Sequence homology searches
revealed the presence of three highly conserved sequence motifs in lipoate ligases: the first is
(RRXXGGGXV(F/Y)HD),

the

second

(KhXGXA)

and

the

third
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(HXX(L/M)LXXX(D/N)LXXLXXHL). When the sequence may contain any amino acid, X is
used; h is used to denote any hydrophobic residue, and (X/Y) means that either X or Y is
conserved in that position. All of these three conserved motifs contain key residues that are part
of the lipoyl-AMP binding pocket (88). There was some debate in the literature between the two
groups who solved the nearly identitical structures. The first group did not comment on the
activity of the isolated protein. The second group to publish the crystal structure said they were
unable to detect lipoylation of target proteins with the isolated LplA, and proposed that the
enzyme from T. acidophilum may be unable to catalyze both the activation and attachment of
lipoic acid. Rather, they proposed it was only able to catalyze the activation of lipoic acid to
lipoyl AMP and commented on the need for further research to determine whether lipoylation is a
one or two step process in Archaea.
The crystal structure of LplA from E. coli was also solved (93).

Unlike the T.

acidophilum LplA, which was debated in the literature as to its ability to catalyze the entire
lipoate ligation reaction, it is well known that the enzyme from E. coli is able to catalyze both
activation and attachment of lipoic acid to target LCPs. The structure of the E. coli LplA is
similar to that of T. acidophilum, however, it is markedly larger. The general structure is
composed of two large domains, a C-terminal domain and an N-terminal domain. Lipoic acid is
bound in a pocket located between these two domains, with the binding channel on the Nterminal domain side. The N-terminal domain is made up of two β sheets surrounded by seven α
helices. The smaller C-terminal domain is composed of three α helices and one β sheet. The
lipoic acid binding pocket is a hydrophobic cavity formed by Leu-17, Phe-24, Phe-147, and Ala138, and aliphatic parts of the side chains of Glu-21 and Ser-72. Additionally, residues Ser-72 in
crystals in one orientation and Arg-140 in crystals in a different orientation formed a hydrogen
bond with the carboxyl terminus of lipoic acid.

The authors hypothesized that this weak

hydrogen bonding and the shape of the cavity likely allowed LplA to bind both R-(+)- and S-(-)-
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lipoic acid, lipoic acid analogues and octanoic acid.

Although the crystal itself was dimeric,

studies with the protein in solution show that is is monomeric.

(a)

(b)

Figure 1-9: Structures of lipoate protein ligase A from Escherichia coli and Thermoplasma
acidophilum. (a) Structure of the Escherichia coli lipoate protein ligase A (PDB 1X2H). LplA is
shown complexed with lipoic acid (stick format). Also shown in stick format are His79, His149,
and Lys146, all residues that are strictly conserved among LplAs. (b) Structure of the
Thermoplasma acidophilum lipoate protein ligase A (PDB 2ART). LplA is complexed with
lipoyl AMP, shown in stick format. Also shown in stick format are His82, His161, and Lys145.
These structures were prepared using the Pymol Molecular Graphics System
(http://www.pymol.org).
Although lipoate protein ligase activity was also detected in mammals, it was determined
that the mechanism for activation and attachment of the lipoyl moiety to the target lysine residue
was not carried out by a single protein, as it is by LplA in E. coli, but rather by two separate
proteins, as is observed with S. faecalis.

The first, lipoate activating enzyme (LAE), is

responsible for activation of free lipoic acid to lipoyl-AMP (95). The activated lipoyl group then
becomes the substrate for lipoyltransferase, the enzyme responsible for attachment of the lipoyl
arm to the target lysine residue on the lipoyl carrier protein (96). Both enzymes have been
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purified and characterized genetically and biochemically.
LAE in mammalian cells was first reported in 1967 when the enzyme was purified by
traditional purification procedures using an ammonium sulfate gradient from bovine liver (95). In
addition to activating lipoic acid, the enzyme also activated octanoic acid, 1,2-dithiolane-3butyric acid, and 1,2-dithiolane-3-caproic acid, all of which contain a free carboxyl group (95).
In 2001, LAE was cloned from cDNA and purified by Fujiwara, et al from the mitochondria of
bovine liver. The molecular mass of the purified enzyme appeared to be 61 kDa by SDS-PAGE,
but was determined to be 49 kDa by gel filtration chromatography. Activity assays were carried
out and the enzyme displayed an absolute requirement for (R) lipoate, GTP and MgCl2.
Surprisingly, activity was about 1000 fold higher in the presence of GTP as compared to ATP.
The nucleotide sequence of the purified enzyme was found to be identical to that of the
xenobiotic-metabolizing/medium-chain fatty acid:CoA ligase-III in mitochondria and was able to
catalyze synthesis of acyl-CoA and acyl-GMP (90).
Lipoyltransferase from bovine liver has also been well characterized and is present in two
isoforms: lipoyltransferase 1 (LipTI) and lipoyltransferase 2 (LipTII). The only difference in
sequence between these two isoforms is the presence of an additional asparagine residue at the Nterminus of LipTII; it is hypothesized that both isoforms come from the same gene product, but
are processed differently. The cDNA encoding LipTII resulted in a protein that contained 373
amino acids, 26 of which were determined to be a mitochondrial targeting sequence. The amino
acid sequence of the mature protein has an estimated molecular weight of 39,137 kDa, and 35%
identity with LplA from E. coli (97). The x-ray crystal structure of bovine lipoyltransferase in
complex with lipoyl-AMP has been solved and is shown in Figure 1-10. One striking difference
between the structures of E. coli and T. acidophilum LplA is that bovine lipoyltransferase
contains a tetrahedrally coordinated magnesium ion. This ion appears to play a structural rather
than a mechanistic role for the enzyme. Also, although the crystal was not soaked in lipoyl-AMP,
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the crystal contained electron density in the binding pocket consistant with lipoyl-AMP in the (R)
configuration (89). The authors suggest that lipoyltransferase probably has a very high affinity
for lipoyl-AMP, although Km values determined by steady-state kinetics find the values to be only
13 µM-16 µM (98).
Human lipoyltransferase has also been cloned and purified. The gene encoding human
lipoyltransferase is organized into four exons and three introns spanning approximately 8 kb of
DNA.

The amino acid sequence of human lipoyltransferase was determined to have 88%

sequence identity with bovine lipoyltransferase II, and 31% identity with LplA from E. coli. The
mRNA levels for lipoyltransferase were analyzed in various human tissues using Northern Blot
analysis. The tissues with the highest levels of the mRNA were skeletal muscle and heart,
followed by kidney and pancreas, with lesser amounts of expression in the liver, brain, placenta,
and lung (96).
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Figure 1-10: Crystal structure of the bovine lipoyltransferase. Lipoyltransferase (PDB 2E5A) is
complexed with lipoyl-AMP, shown here in stick format. A magnesium in the binding pocket is
shown as a red sphere. This structure was prepared using the Pymol Molecular Graphics System
(http://www.pymol.org).

Octanoyl Transferase (LipB)
Octanoyl transferase (LipB) is responsible for the transfer of an octanoyl group from
ACP to the target lysine of a lipoyl carrier protein (LCP). Identification of the lipB gene in E.
coli occurred during experiments with lplA null mutants. Researchers noted that although the
lplA gene was inactivated, cells were still able to catalyze transfer of lipoic acid to LCPs and
maintain growth (99). Growth defects were only noted in strains with the lplA null mutation in
addition to a defect in the lipA or lipB genes. It was hypothesized that lipB coded for a protein
capable of lipoate ligation, defining a redundant pathway (7). It was further noted that when lipB
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was amplified, it resulted in a high resistance of E. coli to selenolipoic acid, a lipoic acid analog
that previously had been shown to cause severe growth defects due to its inability to undergo
reduction after incorporation into multienzyme complexes that utilize lipoate as a cofactor (100,
101).
In 2003, the Cronan laboratory gathered evidence that the E. coli lipB gene was
unambiguously responsible for the transfer of lipoyl and octanoyl groups from lipoylated or
octanoylated ACP to LCPs. A hexahistidine tagged LipB was purified by Ni-NTA immobilized
metal affinity chromatography (IMAC) and the pure recombinant protein was demonstrated to
transfer an octanoyl appendage from ACP to a LCP (102). In an independent study carried out
by Nesbitt, et al in the Booker laboratory, native LipB from E. coli was conventionally purified
and further characterized (85). In this study, the pI of LipB was determined to be 5.4, and the
extinction coefficient at 280 nm was calculated to be 23,881 M-1 cm-1. The molecular mass was
determined by ESI+ mass spectroscopy to be 23,880.45 ± 1.31, the same as its mass when
calculated from its amino acid sequence. Analytical gel filtration chromatography showed that
protein existed after purification in a combination of monomeric and trimeric states. The activity
of the purified protein was monitored by its ability to catalyze transfer of an octanoyl appendage
from ACP to H protein, the LCP from the glycine cleavage system. The specific activity was
calculated to be 0.514 U mg-1. The Km values for ACP and apo-H protein are 10.2 ± 4.4 µM and
13.2 ± 2.9 µM, respectively.
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Figure 1-11: Structure of the Mycobacterium tuberculosis octanoyl-[acyl carrier protein]-protein
transferase, LipB (PDB 1W66). Shown in stick format is the lysine residue (Lys142) that is
conserved among LipBs, LplAs and biotin ligases. The two histidine residues conserved among
LipBs and LplAs are also shown in stick format, and the two black spheres represent water
molecules that are within hydrogen bonding distance to these residues. Decanoic acid is also
depicted as an adduct with Cys176, the residue that directly participates in covalent catalysis.
This structure was prepared using the Pymol Molecular Graphics System
(http://www.pymol.org).
The mechanism of action of LipB was investigated by the Cronan laboratory. Catalysis
of transfer of octanoate by LipB proceeds via an acylated enzyme intermediate, which was
purifed and characterized (8). Study of the LipB enzyme from Mycobacterium tuberculosis
revealed that it functions by a cysteine/lysine dyad acyltransferase (103). In 2006, the structure
of LipB was solved by x-ray crystallography and is shown in figure 1-11.

1.6 Lipoamidase (Lpa)
Lipoamidase, originally named lipoyl-X hydrolase, was first observed in 1958 (91). When
the Reed laboratory was carrying out experiments aiming to characterize the reactions associated

27
with protein bound lipoamide, they noticed that a certain fraction of cell-free extract from E.
facaelis exhibited much lower pyruvate dehydrogenase activity than other fractions. In further
studies, they determined that incubation of this specific fraction with partially purified E. coli
pyruvate dehydrogenase complex greatly decreased pyruvate dismutase activity. In the same
year, the presence of an enzyme with similar properties was reported by Seaman (104). He
purified the enzyme 45 fold from yeast and monitored the cleavage of the lipoyl moiety in a
coupled assay by observing a decrease in the activity of the α-ketoglutarate dehydrogenase
complex. Later, this lipoyl-X hydrolase was renamed more generally “lipoamidase,” based on a
study in which the enzyme was purified 100x from S. faecalis and found to work on numerous
substrates including protein-bound lipoic acid, methyl lipoate, and some N-lipoylamino acids
(105). The cleavage of the lipoyl moiety was observed by coupled assays by monitoring decrease
in activity of the pyruvate dehydrogenase complex as evidence of lipoyl cleavage, and also by the
release of free 35S-labeled lipoic acid. Lipoamidase from E. facaelis was also tested with biocytin
and showed no cleavage of the biotin appendage, differentiating lipoamidase from biotinidase, a
similar enzyme capable of cleaving biotin appendages.
After these seminal studies reporting only partial purifications of lipoamidase, a study
was completed by Jiang and Cronan in which the enzyme was cloned into an expression vector
and purified to near homogeneity (106). To identify the gene encoding lipoamidase, researchers
constructed a cosmid library of genomic DNA from Enterococcus faecalis strain 10C1 in E. coli,
selected for those clones with lipoamidase activity, and ligated them into appropriate expression
vector. The toxcicity of lipoamidase to E. coli in vivo made selection of viable clones a difficult
task, but two clones harboring the lpa gene were selected and sequenced. The lpa gene from
Enterococcus faecalis was identified as a gene of previously unknown function - coded EF1033
by GenBank - of about 2.2 kb encoding a protein of 77,516.2 Da. The protein sequence of this
gene suggested that it was a member of the amidase superfamily. This superfamily is a class of
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aminohydrolases that contain a Ser-Ser-Lys triad in their active sites; lipoamidase contains a
conserved sequence including Ser-235, Ser-259 and Lys-159 (106).
After purifying the hexahistidine tagged lipoamidase to near homogeneity by immobilized
metal affinity chromatography (IMAC), the activity was tested using various substrates. Activity
assays that were performed include gel-shift assays that qualitatively provided amounts of holo
and apo forms of lipoyl carrier proteins by exploiting the difference in migration of these two
forms of protein on polyacrylamide gels, and also more quantitatively by measuring release of [114

C]-octanoate form lipoyl carrier proteins.

Purified lipoamidase was found to inactivate PDC

and KGDH in E. coli cultures in vivo. In vitro, it abolished activity of KGDH and decreased
activity in PDC, probably because PDC contains more lipoyl domains than KGDH and is
therefore harder to inactivate by cleavage of the lipoyl moiety. The small molecule ε-lipoyl-αacetyl lysine methyl ester was also determined to be an acceptable substrate for lipoamidase. To
test whether lipoamidase was a member of the amidase superfamily of hydrolyases, each of the
conserved amino acids in the suspected Ser-Ser-Lys triad was changed via site-directed
mutagenesis. Variants S259A, S235A, and K159A were constructed and tested for lipoamidase
activity. S259A and S235A were inactive and K159A had significantly lower activity than did
wild type lipoamidase, suggesting that these residues play an essential role in catalysis (106).
Mammalian tissues also produce lipoamidase; for example, levels of lipoamidase can be
found in human serum, pig brain and guinea pig liver (107-111). Lipoamidase activity has also
been observed in human breast milk and in the digestive tract (112). It is believed that the
enzyme acts to hydrolyze the lipoyl moiety from food so that the body can absorb the free lipoic
acid; mothers pass the enzyme from breast milk to infants’ digestive tracts. In one study,
lipoamidase was purified from human breast milk and its amino acid sequence was found to be
similar to other esterases secreted from the pancreas. Later, Nilsson and Kagedal reported that
the lipoamidase purified from human serum also had biotinidase activity and proposed that the
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two enzymatic activities were actually accomplished by the same protein in humans (113).

1.7 Lipoyl Synthase
Lipoyl synthase (LipA), a product of the lipA gene in E. coli, is the enzyme responsible
for insertion of sulfur atoms at C-6 and C-8 in the fatty acyl octanoyl chain attached to a lipoyl
carrier protein, which results in the endogenous synthesis of the lipoyl cofactor. When lipoic acid
was first identified and characterized, several feeding studies were completed in E. coli that
probed the mechanism of lipoate biosynthesis, as previously discussed.

This gave some

indication as to how LipA catalysis may occur. Results from these feeding studies suggested that
lipoate biosynthesis proceeded with removal of only two hydrogen atoms from the saturated fatty
acyl chain, specifically at C-6 and C-8, with subsequent sulfur insertion at those same positions.
These studies also suggested that monothiolated intermediates may be on the reaction pathway,
while hydroxylated intermediates were not (16, 17). However, the way in which the hydrogen
atom abstraction and subsequent sulfur insertion actually occurred was still an enigma. After
cloning and isolation of LipA, and several elegant in vitro experiments, the mechanism of lipoate
biosynthesis finally began to come to light.

Initial cloning and isolation
In 1992, the sequence of E. coli lipA was reported by Ashley and coworkers (114). The
cloned gene was checked by complementing E. coli lipoic acid autotrophic strains W1485-lip2
and JRG33-lip9. These strains were generated by Herbert and Guest in the 1960s during the
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course of their studies on lipoate biosynthesis (115). The start site of the gene was assigned to
Met41, which would yield a 31.35 kDa protein with 281 amino acids. This was puzzling, since
previous transcriptional analysis predicted that the gene should, in fact, have a molecular mass of
about 36 kDa (99). The Cronan laboratory also cloned the lipA gene from E. coli and used in
vitro transcription to show that the actual start site of the gene is 120 base pairs upstream from
Met41 (18). Therefore, E. coli LipA actually contains 321 amino acids and has a molecular mass
of 36.072 kDa.
LipA was first purified to 80% homogeneity by Cronan and coworkers from inclusion
bodies, which resulted from overexpression in E. coli using a recombinant plasmid-based system.
The isolated protein was 36 kDa as predicted, but was not active when added to assay mixtures
containing octanoylated E2o (18). In 1999, the purification of LipA to near homogeneity was
reported by Michael Marletta’s laboratory, and subsequently by Marc Fontecave and
collaborators. In the study by Marletta, the isolated LipA was reddish-brown in color and metal
analysis indicated that iron was the only metal present. Stoichiometric analysis showed that there
were 1.8 mol of iron per mol of LipA polypeptide. Based upon a 17% sequence homology with
biotin synthase (BioB), a similar enzyme that contains one [4Fe-4S] cluster and one [2Fe-2S]
cluster, it was proposed that LipA may contain an iron sulfur cluster as a cofactor. Quantitation
of acid-labile sulfide contained in the purified enzyme revealed that 2.2 mol of sulfide were
present per mol of LipA polypeptide. It was therefore hypothesized that LipA may contain a
[2Fe-2S] cluster. A UV-visible spectrum of the peptide revealed maxima at 278, 330 and 420
nm; the latter two are features often found in the spectrum of proteins containing [4Fe-4S]
clusters. Resonance Raman spectroscopy showed features typical of a [4Fe-4S] cluster as well.
Since lipoyl synthase purified in both the monomeric and dimeric forms, it was hypothesized that
perhaps a [4Fe-4S] cluster was formed at the dimeric interface of two LipA monomers, each
containing a [2Fe-2S] cluster (116)).
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The study by Fontacave corroborated the finding that lipoyl synthase was an iron-sulfur
protein. In this study, lipoyl synthase was overexpressed in E. coli on a recombinant plasmid
under an IPTG-inducible promoter. The protein was purified from inclusion bodies, because very
little LipA was contained in the soluble fraction of the cell lysate, and again was described as
brownish in color. This time, the isolated protein was subjected to anaerobic reconstitution, a
process involving incubation of the protein with excess dithiothreitol (DTT), sodium sulfide and
ferrous ammonium sulfate.

This process if often used for Fe-S proteins to restore cluster

equivalents that have been lost during purification. The UV-visible spectrum again appeared to
be typical of a protein containing a [4Fe-4S] cluster, with a broad feature stretching around the
400 nm range. Further evidence of the cluster was provided by electron paramagnetic resonance
(EPR) spectroscopy. Although both the as-isolated and reconstituted forms of LipA were EPR
silent, when the cluster was chemically reduced by addition of sodium dithionite or 5-deazaflavin
and light, the species produced an EPR signal. Electron paramagnetic resonance allows the
observation of only paramagnetic species; when a [4Fe-4S] cluster has an integer spin, it is silent.
However, when the cluster becomes reduced by one electron, an s = 1/2 spin ground state is
achieved and the cluster becomes visible.

The EPR spectrum of reduced LipA provided

parameters consistent with a [4Fe-4S]+ cluster (g values at 2.03 and 1.92) (117, 118).
In a follow-up study by the Marletta group, purification of recombinant, overexpressed E.
coli LipA, in both the native and hexa-histidine-tagged forms, was completed from the soluble
protein fraction under anaerobic conditions. The majority of LipA was determined to be in the
monomeric form, although a comparatively small fraction was in the dimeric form, as evidenced
by analytical gel filtration. The isolated protein contained approximately 3.4 iron and 4.6 acidlabile sulfide atoms per monomer and EPR showed [3Fe-4S]1+ clusters in non-reduced and [4Fe4S]1+ clusters in reduced LipA.

Additionally, for the first time, in vitro lipoylation of

octanoylated apo-PDC was observed. Lipoylation of PDC was calculated based upon the ability
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of holo-PDC to catalyze the reduction of 3-acylpyridine adenine dinucleotide (APAD), which
changed the UV-vis signature of the product and was thus able to be spectrophotometrically
quantified. Assay mixtures leading to lipoylation of PDC included octanoyl-ACP and LipB in
addition to LipA.
At that time, LipB was hypothesized to be a lipoyl-transferase and it was thought that
LipA acted directly upon the octanoylated ACP. The authors were unable to detect any lipoylated
ACP in their assay mixtures, however, when a variety of methods were employed including
various chromatographic techniques and MALDI mass spectrometry (9). Strong evidence was
later gathered that suggested the actual course of events was that octanoyl transfer from ACP to
PDC E2 preceded lipoylation. Thus, the true substrate for LipA is the octanoylated-lipoyl carrier
protein, not octanoyl-ACP. Because the assay mixture contained LipB, it is likely that the
octanoyl group was transferred from the acyl carrier protein to the lipoyl carrier protein of PDC
and that LipA then acted upon this substrate. Also, interestingly, the study determined that free
octanoic acid could not act as a substrate for LipA in vitro, although it was able to be converted
into lipoic acid in vivo (8, 119).
By this time, LipA had been cloned and purified, but some difficulty was still
experienced obtaining soluble enzyme. A study by the Roach laboratory addressed the problem
of LipA solubility when expressed in a recombinant system. They hypothesized that insoluble
inclusion body formation might be due to protein misfolding or incomplete Fe-S cluster
formation. Several well-known examples of chaperone proteins aiding in proper protein folding
are known to aide in proper folding and Fe-S cluster formation. To test this hypothesis, accessory
plasmids were constructed incorporating different systems of these known chaperone proteins,
and expression levels of soluble LipA were tested with each of the best known candidates. These
plasmids included genes encoding thioredoxin (TrxA), a chaperone protein known to play a role
in proper protein folding, and the chaperonins GroES and GroEL. Another plasmid encoding

33
proteins with purported functions in Fe-S cluster biosynthesis was constructed incorporating the
genes for IscS, IscU, IscA, HscB, HscA and Fdx (a ferrodoxin). These proteins were supposed to
act together in sulfur liberation and as scaffold proteins upon which Fe-S clusters are constructed
prior to insertion into the appropriate nascent polypeptide. The LipA that was purified from an
expression system including the latter plasmid produced higher amounts of soluble protein that
contained more iron and sulfide per monomer than was previously observed (120). It was thus
concluded that these Isc and Hsc proteins somehow aided in proper Fe-S cluster insertion for
LipA.

The radical SAM superfamily of enzymes
A this point, strong spectroscopic evidence had been gathered supporting that LipA
contained at least one Fe-S cluster (116-118). Further examination of the peptide sequence and
homology studies revealed that this Fe-S cluster might be a [4Fe-4S] cluster that lay in a
conserved motif seen in the newly recognized radical SAM superfamily of enzymes (121). This
superfamily includes many well-studied enzymes including biotin synthase, pyruvate formate
lyase activating enzyme, anaerobic ribonucleotide reductase, and lysine 2,3 aminomutase (122126). One large-scale bioinformatics study indicated that there may be as many as 592 proteins
that are members of this superfamily (121). All known members of this class of enzymes contain
a [4Fe-4S]2+/1+ cluster ligated by three cysteinyl residues in a highly conserved CXXXCXXC
motif and require S-adenosyl-L-methionine (SAM) as a cosubstrate or cofactor (127-130). There
are also putative members of this superfamily that have small variations in the motif, but none of
these have been experimentally characterized (121). In radical SAM enzymes, catalysis initiates
with the one electron reduction of the [4Fe-4S] cluster from the 2+ to the 1+ state. This electron is
transferred to the sulfonium of SAM resulting in homolytic cleavage which produces a highly
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reactive 5’ deoxyadenosyl 5’ radical (5’dA•) and methionine (Figure 1-12). Many interesting and
difficult reactions are performed using this type of chemistry. These reactions include generation
of protein radicals, methylations, isomerizations, and, in the case of both LipA and BioB, sulfur
insertion (121, 129, 131, 132).
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Figure 1-12: Homolytic reductive cleavage of S-adenosyl-L-methionine by an Fe-S cluster. In
proteins that are members of the radical SAM superfamily of enzymes, a [4Fe-4S]2+ cluster is
reduced by one electron to the 1+ oxidation state. The reduced cluster donates an electron to the
sulfonium of SAM giving methionine and a highly reactive 5’deoxyadenosyl 5’ radical.
The hypothesis that LipA was indeed a member of the radical SAM superfamily was
corroborated by the observation that SAM cleavage accompanied LipA activity.

This was

monitored by production of 5’-deoxyadenosine (5’dA) (119). Experiments by the Booker lab
further confirmed that 5’dA was produced as a direct result of LipA activity as monitored in an
HPLC-based assay. Furthermore, a 2H15-octanoyl-H protein (the LCP from the GCS) substrate
was shown to produce deuterated 5’dA in reaction mixtures with LipA. This demonstrated that
5’dA• were responsible for direct hydrogen atom abstraction from the octanoyl substrate (86).
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LipA contains two [4Fe-4S] clusters
The structure of the iron-sulfur centers of lipoyl synthase was further investigated by the
laboratories of Booker and Krebs using a variety of spectroscopic techniques. A slightly different
approach was used to produce recombinant LipA in this study; the lipA gene was cloned into a
pET28a vector with an N-terminal hexahistine tag under an IPTG-inducible promoter (86). This
plasmid was co-transformed into E. coli BL-21, along with plasmid pDB1282 encoding genes
involved in Fe-S cluster biosynthesis (IscS, IscU, HscA, HscB, fdx) that were previously shown
to increase LipA solubility, and aide in cluster incorporation (120). The genes on plasmid
pDB1282 were under an arabinose-inducible promoter. E. coli cells harboring both plasmids
were grown in a defined minimal medium supplemented with exogenous iron, and the two
different promoter types allowed for induction of the genes on pDB1282 prior to LipA
expression. This defined medium also allowed LipA to be expressed solely in the presence of
57

Fe; this isotope is used in Mössbauer spectroscopy as a means to probe the spin state and

coordination sphere of iron atoms.

LipA was isolated by IMAC under strictly anaerobic

conditions and the as-isolated protein contained significantly more iron and sulfide per monomer
of protein than previously reported: 6.9 ± 0.5 mol of iron and 6.4 ± 0.9 mol of sulfide per mol of
protein, as determined by chemical analyses (133).
The metal center was probed using a combination of EPR, Mössbauer, and UV-visible
spectroscopies. The UV-visible spectrum of LipA resembled those that had been previously
reported with maxima at 280 nm and 400 nm. Although the chemical analyses of iron and
sulfide reported numbers that would be consistent with the presence of one [2Fe-2S] and one
[4Fe-4S] cluster as observed in the similar sulfur-insertion enzyme biotin synthase, the spectral
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envelope lacked features typically observed with [2Fe-2S] clusters.

The UV-vis spectral

envelope of protein containing [2Fe-2S] clusters usually contains a broad peak at 460 nm and a
shoulder at 550 nm. EPR analysis of dithionite-reduced LipA showed that predominantly
[4Fe-4S]+ clusters were present with only about 1.5% in the form of a [3Fe-4S] cluster.
Mössbauer spectroscopy, completed on as-isolated LipA grown in the presence of only the 57Fe
isotope, showed that the sample contained mostly [4Fe-4S]2+ clusters with at most 5% of the
total iron in the form of [2Fe-2S] clusters. When considered in combination, results from EPR
and Mössbauer spectroscopies with chemical iron quantitation can be used to discern the type
of clusters and number of these clusters per polypeptide. When samples of the exact same
batch of protein were analyzed by this combination of methods, it was concluded that there
were approximately 1.7 ± 0.2 [4Fe-4S]2+ clusters and 0.03 [3Fe-3S] cluster per as-isolated
wild-type LipA polypeptide. These results are consistent with the presence of not one, but two
distinct [4Fe-4S]2+ clusters per LipA monomer (133).
This exciting discovery was further corroborated by examining the sequence homologies
of lipoyl synthases among different organisms. In addition to the highly conserved radical SAM
motif, which is ligated by three cysteines in the C94XXXC98XXC101 motif in E. coli, there is an
additional highly conserved cysteinyl motif, CXXXXCXXXXXC, only found among lipoyl
synthases. In E. coli, the cysteines in this motif are C68, C73, and C79. These two conserved
motifs were hypothesized to each harbor one [4Fe-4S] cluster. To test this hypothesis, two triplevariants were constructed in E. coli in which the three cysteines in each conserved motif were
changed to alanines, creating a C68A-C73A-C79A triple variant and a C94A-C98A-C101A triple
variant. When isolated, these variant proteins contained similar UV-visible and EPR spectra
consistant with the presence of [4Fe-4S] clusters. However, hemical analysis of iron and sulfide
for each of the variants was significantly lower than wild-type LipA. The C68A-C73A-C79A
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variant contained 3.0 ± 0.1 irons and 3.6 ± 0.4 sulfides per polypeptide and the C94A-C98AC101A contained 4.2 ± irons and 4.7 ± 0.8 sulfides per polypeptide. When these results were
combined with EPR and Mössbauer spectroscopies, it was clear that each variant only contained
one [4Fe-4S] cluster per polypeptide. Furthermore, both of the triple-variant proteins were
inactive when assayed for lipoyl synthase activity. It was proposed that the role of the first
cluster was to coordinate and donate an electron to S-adenosyl-L-methionine while the second
cluster might serve as a sulfur donor to the lipoyl product (133).

Mechanistic studies of LipA
By the year 2004, lipoyl synthase had been identified, cloned and isolated in an active
form. Its expression had been optimized to provide hundreds of milligram quantities of purified
protein. It had also been confirmed that LipA harbored not one, but two [4Fe-4S] clusters, one of
which was involved in cleavage of SAM. At the same time, new mechanistic studies were being
performed to elucidate the mechanism of LipA. In vitro assays provided more defined means of
analysis and quantitation than did the earlier in vivo feeding studies.
LipA is responsible for the insertion of two sulfur atoms into unactivated carbons in an
octanoyl chain covalently attached to a lipoyl carrier protein. Catalysis begins with the cleavage
of S-adenosyl-L-methionine when an electron from a reduced [4Fe-4S] cluster is transferred to
the sulfonium of SAM. The resulting 5’ deoxyadenosyl radical species can then attack C-6 and
C-8 and remove the requisite hydrogen atoms. Since there are two sites of hydrogen atom
abstraction, it follows that there would be two equivalents of 5’ deoxyadenosine produced if this
mechanism is indeed correct.

In vitro kinetic analyses of the generation of both 5’

deoxyadenosine and lipoyl cofactor supported this hypothesis.
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In one study, carried out by the Booker laboratory, the octanoylated form of the E. coli H
protein from the glycine cleavage system was used as the substrate LCP. This substrate was
generated using the E. coli lipoate protein ligase A (LplA) to attach free octanoate to the
conserved lysine residue on purified H protein. LipA was coexpressed with a plasmid containing
genes from the Isc operon and the protein was isolated by IMAC and subjected to chemical
reconstitution with excess iron and sulfide.

Reaction mixtures contained lipoyl synthase,

octanoyl-H protein, SAM, NADPH, flavodoxin, flavodoxin oxido-reductase and L-tryptophan as
in internal standard for high performance liquid chromatography (HPLC) analysis (86).
Flavodoxin and flavodoxin oxido-reductase in association with NADPH were employed
to supply the requisite electron to the [4Fe-4S] cluster of LipA in the radical SAM motif resulting
in reductive cleavage of SAM. These proteins were selected specifically because they are the
purported in vivo electron supplying system and have also been found to produce less abortive
cleavage of SAM when compared to chemical reductants (i.e. sodium dithionite). All assays
were run under strictly anaerobic conditions in a glovebox to prevent oxidation of the Fe-S
clusters. The resulting 5’dA and lipoyl H protein products were monitored as a function of time
simultaneously; 5’dA time points were quenched in acid and monitored via HPLC. Lipoyl H
protein formation was monitored by quenching over commercially available NICK gel filtration
columns and analyzed via a coupled spectrophotometric assay in which reduction of NAD+ by
dihydrolipoamide dehydrogenase at the expense of TCEP.

The formation of NADH was

monitored at 340 nm. After a twenty minute incubation of reconstituted LipA with all necessary
assay components at 37 °C, 18 µM lipoyl H protein and 50.5 µM 5’dA were detected. The
greater amount of 5’dA was attributed to a small amount of nonproductive abortive cleavage of
SAM. When fit to simple first-order kinetic equations, the rates of formation were 0.175 ± 0.010
min-1 for formation of lipoyl H-protein and 0.144 ± 0.005 min-1 for formation of 5’dA (86).
The stoichiometry of product formation observed was consistently one equivalent of
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lipoyl H protein for every two equivalents of SAM, although overall production of lipoyl product
was substoichiometric with respect to initial enzyme concentration (only about 0.378 equivalents
of lipoyl product were formed for each equivalent of LipA). This lead to the hypothesis that two
molecules of SAM were cleaved for each molecule of lipoyl product produced. This could be
rationalized by considering that each 5’dA• was responsible for the abstraction of one hydrogen
at positions C-6 and C-8. The hypothesis was tested using [octanoyl-d15]H-protein as a substrate.
After catalysis was complete, the amount of deuterium associated with the produced 5’dA was
analyzed by GC-MS. When the [octanoyl-d15]H-protein was used, only monodeuterated 5’dA
was detected signifying that each molecule of SAM was responsible for abstraction of one
hydrogen (deuterium) and that the hydrogen atom came directly from the octanoylated H protein.
It was also noted that the amount of 5’dA observed was significantly smaller than with proteated
substrate and no lipoyl product was produced beyond background levels. From this data it can be
concluded that a significant isotope effect is associated with abstraction of one of the deuteriums.
Since each molecule of SAM is responsible for the abstraction of one hydrogen, the kinetic data
were reconstructed with an equation accounting for two simultaneous and independent first-order
processes taking into consideration that the rate constant for productive cleavage of SAM must be
at least as great as the rate constant for lipoyl product. This resulted in rate constants of 0.175
min-1 and 0.092 min-1 (86). Further kinetic analysis of the reaction products with [octanoyld15]H-protein were carried out using LC-MS (liquid chromatography - mass spectrometry) of the
entire protein, as previously mentioned. When deuterated substrate was used, no lipoyl product
was observed, but a shoulder corresponding to a possible monothiolated species not detected in
the substrate alone was observed. Assay mixtures containing proteated substrate contained a peak
corresponding to a monothiolated species and a separate peak corresponding to lipoyl product.
This provided further evidence for a monothiolated species that does not freely dissociate from
the lipoyl carrier protein on the reaction pathway as an intermediate (86).
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A follow-up to this study addressing the source of the inserted sulfur was again published
by the Booker lab. Because the amount of lipoyl product produced was substoichiometric with
respect to LipA concentration, it was hypothesized that one LipA molecule was responsible for
each sulfur insertion, totaling two equivalents of LipA for each complete lipoyl product
Experiments in this study were carried out by overexpressing recombinant His-tagged lipoyl
synthase using E. coli BL-21 in defined M-9 minimal media with either
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S or

34

S as the sole

source of sulfur. These produced proteins that carried solely the 35S or 34S isotope. These two
proteins, alone or in combination, were incubated with all other assay components necessary for
production of lipoyl product. Following turnover, proteins were subjected to acid hydrolysis
causing lipoic acid to dissociate from the H protein LCP. The sulfur isotope present in the lipoyl
product was monitored by GC-MS. When only 35S-labeled LipA was used in reaction mixtures,
only

35

S product was observed, and the same result was obtained when

34

S-labeled LipA was

used. Surprisingly, when 35S- and 34S-labled LipA were added in a 1:1 ratio, only product labeled
with 35S or 34S was observed. The results of this study provided valuable information; first, they
indicated that both sulfur atoms were sourced by the LipA polypeptide itself, meaning that the
enzyme was acting as both a catalyst and a reactant. This explained, in part, why multiple
turnovers were not accomplished in vivo. Second, it provided evidence that the sulfur atoms in
the lipoyl products derived from a single lipoyl synthase polypeptide. If each sulfur were from
different LipA polypeptide, the ratio of products should have been 1 34S - labeled polypeptide and
1
35

35

S –labeled polypeptide for every 2 polypeptides labeled with one molecule each of

34

S and

S. Almost no lipoyl product with one molecule of 34S and one molecule of 35S was observed

(134).
The mechanism of lipoyl synthase of a different organism, the thermophilic bacterium
Sulfolobus solfataricus, was investigated by the laboratory of Peter Roach. In this study, the
substrate was a synthetically produced peptide mimicking a sequence from the E2 subunit of the
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pyruvate dehydrogenase complex. The tetra-peptide was manually synthesized using standard
solid-phase peptide synthesis procedures and was engineered such that the lysine residue had the
requisite octanoyl prosthetic arm attached during synthesis. This was accomplished by taking
advantage of orthogonal protecting groups allowing formation of the amide linkage between the ε
amine of the lysine with the carboxyl group of octanoic acid with standard coupling chemistry.
This made kinetic studies much easier than was previously possible with the bulky proteins
necessary for synthesis of the full octanoylated lipoyl carrier proteins used as substrate. The S.
solfataricus lipoyl synthase was isolated by IMAC utilizing the hexahistidine tag engineered into
the recombinant protein in an E. coli expression system. Assay mixtures contained 300 µM LipA
that had been reconstituted with exogenous iron and sulfide, 1 mM SAM tosylate salt, 150 µM
octanoyl peptide and 1 mM sodium dithionite or 20 µM flavodoxin, 5 µM flavodoxin reductase
and 1 mM nicotinimide adenine dinucleotide phosphate (NADPH).

After a 180 minute

incubation at 37 °C, proteins were precipitated with trichloroacetic acid and the amount of lipoyl
product was quantified using reverse-phase high performance liquid chromatography (RPHPLC). With the flavodoxin / flavodoxin reductase / NADPH reducing system, 1.5 nmol of
lipoyl peptide was produced from 38 nmol of octanoyl peptide substrate. Higher amounts of
lipoyl product were detected when the chemical reductant sodium dithionite was used,
approximately 21.1 nmol of lipoyl product from 38 nmol of substrate. Time-dependent formation
of the lipoyl product was also monitored and the data was fit to a first-order kinetic equation with
a rate constant of 0.016 ±0.003 min-1. This is slower than the rate constant observed with E. coli
LipA which the researchers attributed to different optimum temperatures for the thermophilic S.
solfataricus enzyme that was determined to provide maximum turnover at 60 °C, compared to
turnover with the E. coli enzyme, which was typically assayed at 37 °C (135).
Further studies with this system revealed evidence of a monothiolated species that was
present when the reaction with a similarly octanoylated tripeptide substrate was used. When the
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reaction was quenched after only 20 minutes of incubation, a new species was detected in the
HPLC chromatogram. To address whether this monothiolated species was thiolated at the C-6 or
C-8 position, an 8-2H3-octanoyl peptide was used, and the observed product did not have any
deuterium incorporation, pointing to the removal of exclusively the hydrogen at the C-6 position.
When the deuterated substrate was used, only a miniscule amount of lipoyl product was produced
and it could not be quantified by HPLC. The researchers hypothesized this may be due to a
significant isotope effect on removal of deuterium at the C-8 position, which is consistant with
the results previously reported by Cicchillo, et al. To further characterize the monothiolated
species, 2-D NMR Correlation Spectroscopy (H,H COSY) was used to confirm that the observed
monothiolated species was indeed the 6-thiooctanoyl peptide (136).
Although there have been a number of rigorous experiemental studies completed on
lipoyl synthase, there are still some questions yet to be answered. Perhaps the most intriguing
question is why isn’t LipA catalytic in in vitro assays? This has led to the hypothesis that perhaps
LipA is acting not only as a catalyst, but also as a substrate in donating the two sulfur atoms to
the product itself. The proposed source of the sulfur is the second [4Fe-4S] cluster contained in
the protein. However, this only raises more questions about how the cluster is re-introduced into
the polypeptide. It is hypothesized that the Isc and/or Hsc proteins that have been found to
increase LipA solubility and activity are perhaps responsible for this. Most intriguingly, why
nature would elect to use this protein as both an enzyme and its own substrate?

Proposed mechanism of lipoyl synthase
The current working-model mechanism for lipoyl synthase employs this enzyme as both
a catalyst and a substrate (134, 137).

The first step involves association of S-adenosyl-L-

methionine with the free iron in the Fe-S cluster coordinated in the radical SAM motif
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(CXXXCXXC). This cluster becomes reduced from the 2+ to 1+ oxidation state, which can be
accomplished in vitro chemically with dithionite or deazariboflavin and light, or physiologically
by the flavodoxin and flavodoxin oxido-reductase system (117, 133). The electron is transferred
from the cluster into the sulfonium of SAM, resulting in irreversible reductive cleavage of this
cosubstrate. The products of cleavage are methionine and a highly reactive 5’ deoxyadenosyl
radical (5’dA•) (128). This radical is then free to attack C-6 of the fatty octanoyl chain covalently
linked to the target LCP. A hydrogen transfer from the octanoyl chain creates 5’ deoxyadenosine
(5’dA) as well as a hypothesized carbon-centered radical at C-6 on the octanoyl chain (86).
Although no direct evidence of this radical has yet been gathered, 5’dA is readily measured as a
product by HPLC methods during in vitro assays with lipoyl synthase (86, 119). Deuterium
transfer from a fully deuterated octanoyl chain has also been observed to be incorporated into 5’
dA as previously discussed (86).
At this point, the carbon-centered radical at C-6 attacks an undetermined sulfur source,
incorporating sulfur into the chain at this position. As previously discussed, when lipoyl synthase
is produced recombinantly in defined media containing isotopically labeled sulfur, both
incorporated sulfur atoms are from the same molecule of LipA (134). This has led to the
hypothesis that both sulfur atoms come from one molecule of LipA itself. The most likely sulfur
source is the second iron-sulfur cluster housed in the CXXXXCXXXXXC motif. As shown in
figure 1-13, the carbon centered radical is predicted to attack one of the sulfurs in that cluster,
forming a highly transient intermediate species. Although this seems unusual, there is precedent
for sulfur incorporation from an Fe-S cluster on a related radical SAM family protein: biotin
synthase (BioB). BioB is responsible for sulfur incorporation into dethiobiotin forming the biotin
cofactor (121, 122). This enzyme contains two Fe-S clusters, similar to LipA, but rather than two
[4Fe-4S] clusters, it contains one [4Fe-4S] cluster and one [2Fe-2S] cluster (138).

Much

experimental evidence has accumulated that the inserted sulfur originates from the [2Fe-2S]
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cluster on BioB (the [4Fe-4S] cluster is responsible for SAM cleavage) (139, 140). This cluster is
then proposed to be reinserted into the protein, presumably by proteins from the Isc (iron sulfur
cluster) or Hsc (heat shock) systems that have been shown to be intimately involved in the
biosynthesis and insertion of iron sulfur clusters.
Biosynthesis of the lipoyl cofactor continues with the re-reduction of the [4Fe-4S]2+
radical SAM cluster and cleavage of a second equivalent of SAM. This again produces a 5’
deoxyadenosyl radical, which attacks C-8 on the octanoyl chain and creates a carbon-centered
radical at the 8 position (Figure 1-14). At this point, the substrate is still proposed to be attached
to LipA through the C-6 to sulfur bond. The radical at the 8 position can then attack a second
sulfur molecule from the CXXXXCXXXXXC cluster. It is then hypothesized that the completed
lipoyl cofactor dissociates from LipA and the remaining two sulfurs and four irons from the
cluster collapse. This mechanism is consistent with much experimental evidence that has been
gathered and discussed here in the preceding pages. It also accounts for the reason only a single
turnover is observed in vitro since the enzyme would essentially use itself up after performing
only one round of catalysis (106).

45
First Half Reaction:

-OOC

NH2

NH2
N
N

H

S

H
O

H3N

-OOC

N

H3N

N

N

S
H

OH OH

OH OH
+1

Cys

Cys

H
O

N

Fe S
S Fe
S Fe
Cys
Fe S

Cys

Cys

N
N
H
H2C

O
H

H

LCP

N
H

+2

Fe S
S Fe
S Fe
Cys
Fe S

NH2
N
H
H

H

L
FeII X

Cys
S

III

Fe
Cys

O
N
H

S

FeII

S
Cys
FeII

S

N
N

OH OH

e- donor

H
H2C

H
O

N

H
H2C

LCP

L

H
Cys
FeIII X
S
S
II
Cys
S Fe
III
FeII
Fe
S
Cys

O
N
H

LCP

Figure 1-13: First half reaction of proposed mechanism of catalysis by lipoyl synthase, LipA.
Catalysis occurs on an octanoyl substrate attached in an amide linkage to a lipoyl carrier protein,
LCP. The mechanism begins with cleavage of SAM by one iron-sulfur cluster, creating a
substrate-centered radical at the C-6 position. The proposed source of sulfur in the final lipoyl
product is a second [4Fe-4S] cluster which creates a transient monothiolated species.
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Figure 1-14: Second half reaction of proposed mechanism of catalysis by lipoyl synthase. The
second half reaction proceeds with reductive cleavage of a second molecule of SAM. The
5’deoxyadenosyl radical attacks the C-8 position of the octanoyl substrate, creating a carboncentered radical at this position. It is proposed that the radical attacks a second sulfur atom in the
sulfur-donating cluster creating a highly transient intermediate that then collapses and product is
released.

Medical significance of lipoyl synthase
Given its central role in many primary metabolic pathways, it is easy to see how lipoic
acid is a significant factor in health and disease (1). Beyond these obvious ties to proper
metabolic function, however, are underlying reasons why the relevance of research in this area
from a mechanistic standpoint is so important. In addition to its factor as an important biological
cofactor, it is also a powerful antioxidant shown to ameliorate the effects of many diseases caused
by oxidative stress, tumor growth, and HIV (141-144). Also, pathways by which lipoic acid is
synthesized differ among humans, bacteria, and some parasites, making for attractive targets for
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potential antiparasitic or antibiotic agents (1, 145, 146). Recent studies in mice have even shown
that lipoyl synthase is essential for proper growth and development in utero (147).
Abnormalities in any of the primary metabolic pathways that utilize lipoic acid as a
central cofactor usually result in fatality before the embryo is carried to term. There are some
known advanced disease states that can occur in humans that are attributed to genetic defects in
these pathways. For example, incorrect function of the branched-chain α-ketoacid decarboxylase
system can result in a condition known as Maple Syurp Urine Disease (MSUD), so named
because its sufferers excrete characteristically sweet-smelling urine (148, 149). This autosomal
recessive disease often causes ketoacidosis, a disease state in which high levels of acids or
ketones build up in the blood, and mental retardation. Evidence has shown that defects in any of
the subunits in the α-BCKDH system may be responsible for this disease (150). When the
pyruvate dehydrogenase complex (PDC) fails to function normally due to genetic mutations, the
effects are often lethal in utero or in early childhood (151, 152). Those who survive are plagued
by impaired neurological function, seizures, and are often developmentally impaired. Incorrect
PDC function has also been correlated to Leigh’s disease, a progressive neurological disorder
exhibiting a variety of symptoms that vary in onset time and overall course of the disease (153).
Yet another severe disease that causes severe neurological symptoms is non-ketotic
hyperglycenemia. In one study, it was determined that all patients who suffered from this disease
had specific genetic point mutations in either the T-protein or the P-protein gene of the glycine
cleavage system (GCS) (154, 155). Clearly, the effects of improper function of these pathways
that use the protein-bound lipoyl cofactor are essential to the health of eukaryotic organisms.
Further study concerning the biochemical and genetic implications of these diseases is needed to
fully understand and develop treatment strategies.
Another important feature of lipoic acid is the low redox potential (E0’-0.29 volts) of the
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disulfide bond contained between carbons 6 and 8 which makes it a powerful antioxidant. Lipoic
acid is also an amphipathic molecule that is solube in either aqueous solutions or in lipids
allowing it access to the majority of tissue types (1). Although very little free lipoic acid is
present in cells that have not been supplied with exogenous lipoic acid, supplements of high
levels of this antioxidant have been shown to decrease oxidative stress and are sometimes given
as treatment for diabetic neuropathy in some European countries (141, 156-159). No such
treatment is common practice as of yet in the United States, but ongoing studies in this area are
aiming to address the toxicity levels and possible health benefits of exogenous supplementation
(160).
Lipoic acid as an antioxidant has been shown to alleviate symptoms or have preventative
effects in a variety of diseases including Parkinson’s, Alzheimer’s, diabetes, and heart disease
(161-166).

Studies on the antioxidant potential of lipoic acid have shown that lipoic acid

increases acetylcholine production by activation of choline acetyltransferase and increases
glucose uptake, a feature that makes it a potential treatment for some symptoms of Alzheimer’s
disease (163). Lipoic acid also chelates potentially harmful transition metals and scavenges free
radicals and reactive oxygen species (ROS) (167, 168). ROS increase in aging tissues and are
known to lead to oxidative stress that can lead to heart disease, diabetes, Alzheimer’s and
Parkinson’s disease (169). Several epidemiological studies have shown that antioxidants can
protect against heart disease in particular (170, 171). When lipoic acid was supplemented in diets
of diabetic murines, it had preventative effects on heart disease and even seemed to reverse some
of the symptoms (172, 173). Myocardial infarction (heart attack) and stroke often result in
ischemia-reperfusion events that can cause severe tissue damage which is in part due to oxidative
damage (165, 174, 175). Lipoic acid has the potential to scavenge some of the free radicals
responsible for such damage and thus alleviate the symptoms from these events (176)).
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There is also potential for lipoic acid to be used as a powerful protective agent in
neurodegenerative diseases like Alzheimer’s and Parkinson’s diseases. Persons with Alzheimer’s
develop plaques made of β-amyloid peptides that form on parts of the brain causing dementia
(177). There is evidence that these plaques are a source of ROS, and when lipoic acid is given to
patients experiencing dementia, tests revealed that it seemed to inhibit progress of the disease
(161, 163). Patients with Parkinson’s disease show a decreased level of reduced glutathione
(GSH), an important antioxidant (178). Additionally, post-mortem studies on brain tissue from
affected individuals detected elevated dopamine levels which would also lead to increased levels
of hydrogen peroxide and hydroxyl radicals (179). Dihydrolipoic acid was found to reduce
harmful adducts resulting from such radicals in vitro.
Lipoic acid has even been implicated in the treatment or prevention of diseases including
tumor growth and AIDS. Oxidative damage can lead to mutations in DNA causing unregulated
cell growth and possibly cancerous metastasis. The effects of lipoic acid on inflammation which
can sometimes lead to skin tumors were examined using the skin of mice. Topically applied
lipoic acid inhibited the activation stages of skin inflammation and also inhibited tumor formation
when the tumor-forming agents DMBA and 12-O-tetradecanoylphorbol 13-acetate (TPA) were
applied to the dermis. Overall, the conclusion of this study was that lipoic acid could be used as a
tumor preventative agent (180). Additionally, studies indicate that lipoic acid can counteract NFκB activation (180). NF-κB is an important transcription factor that is induced in response to
oxygen shock in mammalian cells (181). This transcription factor has been demonstrated to bind
to DNA sequences specific to provirus human immunodeficiency virus (HIV), which ultimately
leads to proliferation of the virus. NF-κB is also a contributing factor to the development of
cancerous cell proliferation. Thus, lipoic acid is seen as an important topic of research for AIDS
prevention and tumor prevention and/or treatment.
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It is clear that proper functioning of the enzyme complexes that employ the lipoyl
cofactor is essential for proper growth and development. Exogenous lipoic acid supplementation
has shown that it is truly a powerful antioxidant and it has the potential to be used in a variety of
treatment and prevention therapies for some of the major diseases impacting human health.
However, what about endogenous production of lipoic acid? Humans are able to use lipoic acid
from the environment and attach this exogenous lipoic acid to the requisite lysine of lipoyl carrier
proteins, but we can also produce this essential cofactor endogenously. Recent studies have
shown that endogenous production of lipoic acid is essential to proper growth and development as
well. Mice that did not possess at least one copy of the lias gene encoding lipoyl synthase died in
utero shortly after the blastocyst stage (147).

The embryos could not be rescued by

supplementing the mother’s diet with exogenous lipoic acid. This data provides evidence that
lipoic acid and the enzymes that produce this cofactor is essential and it may even have a role in
cell growth and differentiation. Not only is the biosynthesis and incorporation of lipoic acid
enthralling, but the effects of research on this system could have staggering results in the
treatment and prevention of several diseases in the medical community.

1.8 Conclusion
The mechanism of lipoic acid biosynthesis is an interesting and complex process. Full
understanding of the various enzymes and pathways that contribute to the production of this
essential metabolic cofactor has the potential to contribute greatly to basic metabolic and
biochemical understanding, but also to benefit human health. In the studies presented herein on
the lipoyl synthase from Escherichia coli we provide compelling evidence that the proposed
mechanism of action for this enzyme is mostly correct. By synthesizing a number of radical-
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stabilizing analogs of the H-protein from the glycine cleavage system, we observed by EPR
spectroscopy evidence of a carbon-centered radical on the reactionary pathway providing direct
evidence of carbon-centered radical intermediates. We also provide evidence of a cross-linked
species between lipoyl synthase and a deuterated species that demonstrates that monothiolated
intermediates do not freely dissociate from the lipoyl synthase enzyme during catalysis. Evidence
of a [3Fe-4S]0 cluster in this crosslinked species will also be presented; a species that has never
before been observed in association with LipA. This species provides direct evidence of cluster
degradation as a result of LipA catalysis.
Further studies are needed to determine the source of the sulfur in the lipoyl product,
although a compelling argument has been made that the source is one of the [4Fe-4S] clusters
harbored by the enzyme. Preliminary studies by our lab suggest that iron and sulfide is released
in a stoichiometric ratio as would be expected if one [4Fe-4S] cluster is donating two sulfur atoms
to a lipoyl group and then degrading. Further studies are needed to confirm these results. Also,
kinetic competence of a protein-bound monothiolated intermediate has not yet been shown.
Clearly, there is still much to be done in resolving the exact mechanism of lipoate biosynthesis.
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Chapter 2

Synthesis and Characterization of Analogs of Octanoyl-H Protein as
Substrates for Lipoyl Synthase

2.1 Introduction
Lipoic acid is an essential cofactor utilized by primary metabolic pathways in bacteria,
plants, mammals, and Archea (1, 84). In its active protein-bound form as a cofactor, it is tethered
via an amide linkage to a conserved lysine residue on a lipoyl carrier protein (LCP) (5). This
creates a 14 Å “swinging arm” that acts to transfer intermediates among subunits in the
complexes (44). The lipoyl cofactor is employed by several multienzyme complexes including
the α-ketoglutarate dehydrogenase complex, the glycine cleavage system, the pyruvate
dehydrogenase complex, the branched chain oxo-acid dehydrogenase complex and the acetoin
dehydrogenase complex, found in certain bacteria capable of performing anaerobic respiration
(22, 64, 65, 70, 182).
Endogenous biosynthesis of this cofactor can occur in E. coli cells via two well-defined
pathways (7, 9, 183). The first, sometimes referred to as the salvage pathway, occurs when
exogenous free lipoic acid translocates across the cell membrane and is attached to a lipoyl carrier
protein by lipoate protein ligase A (LplA). In E. coli, LplA catalyzes both the activation of free
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lipoic acid to lipoyl-AMP and the attachment of the activated intermediate to the conserved lysine
of the LCP; however in mammals and some bacteria, two separate enzymes are necessary – one
for the activation of lipoic acid to lipoyl AMP (lipoate activating enzyme) and one for the
subsequent attachment to the LCP (lipoyltransferase) (87, 89, 90). The second pathway allows an
organism to make its own lipoic acid de novo.

In E. coli, this pathway begins with an

octanoylated acyl carrier protein (ACP) emanating from the type II fatty acid biosynthetic
pathway. This octanoyl fatty acyl chain is transferred from ACP to a specific lysine residue of a
LCP by octanoyltransferase (LipB) (85). The octanoylated LCP becomes the substrate for lipoyl
synthase (LipA), which catalyzes the insertion of two sulfur atoms into the C6 and C8 positions
of the octanoyl moiety, thus generating the complete cofactor (9).
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Figure 2-1: Two pathways of in vivo formation of the lipoyl cofactor.

LplA from E. coli has been isolated and characterized (87). For catalysis to proceed,
Mg2+, ATP, and lipoic acid are necessary; lipoic acid must be activated to lipoyl-AMP prior to
attachment to the target lysine of the LCP. In addition to catalyzing the transfer of R-lipoic acid
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(the biologically active enantiomer), studies have shown that LplA is capable of attaching various
lipoic acid analogues to LCPs including S-lipoic acid, 8-methyllipoic acid, octanoic acid,
selenolipoic acid, and 6-thiooctanoic acid (87, 183). The crystal structure of E. coli LplA has
been solved by x-ray diffraction crystallography, which helps to explain why this enzyme is able
to transfer so many different acyl side chains (93).

The binding pocket for lipoic acid is

composed of hydrophobic amino acid side chains, which hold the substrate in place by weak and
nonspecific van der Waals interactions making substrate binding of different acyl chains possible
(93, 184).
Early studies of lipoic acid involvement in metabolic pathways and the attachment of the
lipoyl prosthetic group led to the discovery of an additional enzyme in E. faecalis extracts capable
of cleaving the lipoyl moiety from LCPs and thus inactivating the complex that the LCP was
associated with (5). This enzyme was termed lipoamidase (Lpa), and it essentially performs the
opposite reaction of LplA (105). When 2-oxoacid dehydrogenases were treated with Lpa they
were inactivated, but activity could be restored by incubation with lipoic acid and LplA (5, 58,
105). Later studies on the primary amino acid sequence and mechanism of Lpa revealed it to be a
Ser-Ser-Lys aminohydrolase of the amidase family. If any of these conserved residues was
changed by site-directed mutagenesis, Lpa became inactivated (106). Although it may seem
counterintuitive for an enzyme to be present that is capable of deactivating essential central
metabolic pathways, Lpa homologues have also been identified in mammals. E. faecalis is the
only bacterium that has so far been found to possess the enzyme. The presence of Lpa in E.
faecalis is more logical when it is taken into account that lipoic acid metabolism is distinctly
different in this organism than in E. coli. It contains two putative LplAs, but neither LipA nor
LipB (2, 185). It is hypothesized that lipoamidase is involved in recycling lipoic acid as part of
protein degradation.
The final enzyme in the pathway of de novo lipoic acid biosynthesis, LipA, has been the
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focus of many recent studies to dissect its mechanism of catalysis. Given the difficulty of
overcoming the energy barrier associated with direct removal of hydrogen atoms from a fatty acyl
chain of saturated carbons, it is an intriguing subject of study. Deuterium labeling experiments
confirmed that only two hydrogens, specifically at the C6 and C8 positions, are removed in the
reaction (17). Later, studies revealed that two iron-sulfur clusters and S-adenosyl-L-methionine
(SAM) are employed as cofactors and/or co-substrates in the reaction (121, 133). One iron sulfur
cluster is ligated by three cysteines that lie in a CXXXCXXC motif, which is highly conserved
among members of the Radical SAM Superfamily of enzymes. This now well-characterized
superfamily uses a [4Fe-4S]1+/2+ cluster to reductively cleave SAM, generating methionine and a
highly reactive 5’-deoxyadenosyl radical (5’dA•) (186). In the case of LipA, two of these 5’dA•
intermediates are thought to abstract hydrogens directly from first the C6 and then C8 positions,
creating carbon-centered radicals that allow for subsequent sulfur insertion (16). Consistent with
this hypothesis is the 2:1 stoichiometry of 5’dexoyadenosine (5’dA) : lipoyl product observed in
the LipA reaction. For generation of each carbon-centered radical, one equivalent of SAM is
used, totaling two for generation of the complete lipoyl product (86).
In addition to the Radical SAM cluster, lipoyl synthase harbors a second iron sulfur
cluster that lies in a CXXXXCXXXXXC motif, which is strictly conserved only among lipoyl
synthases; both of these clusters are required for catalysis (133). Although the exact source of
sulfur has not yet been identified, it is known that it comes directly from LipA itself, and is
thought to originate from the second [4Fe-4S] cluster (Figure 2-2) (134).
Carbon-centered radicals are thus invoked twice on the reaction pathway of LipA, but no
direct experimental evidence has yet been gathered to substantiate their existence. In an effort to
address whether carbon-centered radicals are intermediates in the LipA reaction, the following
analogs of octanoyl-H protein, the LCP from the glycine cleavage system, were synthesized: 8bromooctanoyl-, 5,7-dioxooctanoyl-, 6-bromohexanoyl-, 7-oxooctanoyl-, 8-aminocaprylic, and
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2,4-hexadienoyl-H protein. Herein we describe methods for the attachment of various fatty acyl
appendages to the H protein and their use to probe for the existence of carbon-centered radicals in
the LipA reaction. We find evidence that a stabilized carbon-centered radical is present when
2,4-hexadienoyl H protein is employed as a substrate.
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Figure 2-2: Current working-model for the mechanism of LipA. In the first half-reaction, a
carbon-centered radical is generated at C6 followed by insertion of a sulfur atom from one of the
Fe-S clusters on the protein. In the second half-reaction, a carbon-centered radical is generated at
C8, which is again followed by sulfur insertion at that position, generating the lipoyl cofactor.
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2.2 Materials and Methods

Materials
All DNA oligos were purchased from Integrated DNA Technologies. SacI, EroRI, and
NdeI restriction enzymes, and T4 DNA ligase used in cloning, as well as Vent polymerase and its
associated 10x reaction buffer used in PCR, were from New England Biolabs (Ispwich, MA).
Pfu-Turbo high-fidelity polymerase and its associated 10x reaction buffer were from Stratagene
(La Jolla, CA). Kanamycin and ampicillin were from IBI Shelton Scientific (Peosta, IA). HPLC
solvents including acetonitrile and methanol were of the highest grade from Honeywell Burdick
and Jackson (Morristown, NJ).

Ni-NTA agarose beads were from Qiagen (Valencia, CA).

Sephadex G-25 resin and pre-poured NICK gel filtration columns were from GE Healthcare
(Piscataway, NJ). Dithiothreitol (DTT) and isopropyl β-D-1-thiogalactopyranoside (IPTG) were
from Gold BioTechnology (St. Louis, MO). Octanoic acid, lipoic acid, 8 -bromooctanoic acid, 6bromohexanoic acid, 8-aminocaprylic acid, 2,4-hexadienoic acid, 5,7-dioxooctanoic acid, 7oxooctanoic acid, TCEP, PMSF, and E. coli genomic DNA (strain W3110) were purchased from
Sigma Corp (St. Louis, MO). Enterococcus faecalis genomic DNA was purchased from ATCC
(Manassas, VA). Lipoamide dehydrogenase was from Calzyme Laboratories, Inc. (San Luis
Obispo, CA). All other common reagents and chemicals used were of reagent grade or higher. Sadenosyl-L-methionine was prepared using S-adenosyl-L-methionine synthase as previously
described by Iwig and Booker.

General procedures
High performance liquid chromatography (HPLC) was carried out using an Agilent
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(Foster City, CA) 1100 HPLC unit equipped with an autosampler and a variable wavelength
detector. Data was analyzed using the corresponding Chemstation software package. Sonic
disruption of cells was performed using a 550 sonic dismembrator from Fisher Scientific
(Pittsburgh, PA) fitted with a horn containing a ½” tip.

Spectroscopic methods
UV-visible spectroscopy was conducted using a Cary-50 or Cary-300 spectrometer
(Varian; Walnut Creek; CA), and the data was analyzed with the associated Cary WinUV
software package.

Low temperature X-band electron paramagnetic resonance (EPR)

spectroscopy was carried out in perpendicular mode on a Bruker ESP 300 spectrometer (Billerica,
MA) with an ER 041 MR microwave bridge and a ST4102 X-band resonator.

Sample

temperature was regulated and maintained using an ITC503S temperature controller and an
ESR900 liquid helium cryostat (Oxford Instruments; Concord, MA).

Expression, purification and characterization of lipoyl synthase
Expression and purification of lipoyl synthase was carried out as previously described,
but with some alterations (133). Briefly, BL-21 DE3 E. coli cells were co-transformed with a
plasmid harboring a hexahistidine-tagged lipA construct in a KanR pET28a vector, and an AmpR
plasmid pDB1282 that encodes proteins used in iron-sulfur (Fe/S) cluster assembly. A single
colony was used to inoculate 200 mL of M-9 minimal medium and the culture was grown to an
OD600 of approximately 0.8. Sixteen liters (4 x 4 L) of M-9 minimal medium containing 50 µg
mL-1 kanamycin and 100 µg mL-1 ampicillin was inoculated with 800 µL each of the starter
cultures and incubated at 37 °C while shaking at 180 rpm. At OD600 = 0.3, solid arabinose was
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added to a final concentration of 0.2%. At OD600 = 0.6, flasks were removed from the incubator
and cooled on ice for about 30 min. IPTG was added to a final concentration of 200 µM, ferric
chloride was added to a final concentration of 50 µM, and L-cysteine was added to a final
concentration of 100 µM. Flasks were returned to the incubator and incubated an additional 16
hours at 18 °C while shaking at 180 rpm. Cells were harvested by centrifugation at 4 °C and
10,000 x g. They were then frozen in liquid nitrogen, and stored at -80 °C for a time not
exceeding three days.
Purification of LipA was carried out in a Coy anaerobic chamber (Coy Laboratories;
Grass Lake, MI) under an atmosphere of 95% nitrogen / 5 % hydrogen with ≤ 1 ppm oxygen.
Palladium catalysts were employed to maintain the oxygen-free atmosphere.

Water was

deoxygenated by boiling a 6 L volume until it was reduced to 4 L and then stirring in the
anaerobic chamber for 24 hours. Plastics were autoclaved, brought into the chamber while hot,
and allowed to equilibrate for 24 hours. Plastics that were not autoclavable were brought into the
chamber and equilibrated at least 1 week before use.
All purification steps, except for centrifugation, were carried out in an anaerobic chamber
and on ice unless specifically stated otherwise. Frozen cells were suspended in 100 mL cold
buffer A (50 mM HEPES pH 7.5, 300 mM KCl, 10 mM β-mercaptoethanol (BME). Lysozyme
was added at 1 mg mL-1 and the cells were stirred further for 30 min at room temperature. Cells
were lysed with 4 1-min sonic bursts while on ice, and the crude lysate was centrifuged for 1.5 h
at 4 °C and 50,000 x g. Prior to removing centrifuge tubes from the anaerobic chamber, they
were sealed with tape. Crude supernatant was loaded by gravity onto a Ni-NTA column (2.5 cm
x 6 cm) pre-equilibrated in buffer A. The column was washed with 200 mL of buffer A
containing 20% glycerol and 40 mM imidazole. LipA was eluted with buffer A containing 20%
glycerol and 250 mM imidazole in a single dark brown fraction. The collected protein was
concentrated using an Amicon (Millipore; Billerica, MA) stirred cell fitted with a YM-10
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membrane (pore size 10 kDa) and loaded onto a G-25 gel filtration column pre-equilibrated in
buffer B (50 mM HEPES pH 7.5, 300 mM KCl, 10 mM DTT, 20% glycerol) and eluted with the
same buffer. Protein was snap-frozen in liquid nitrogen and stored in a liquid nitrogen dewar to
ensure anaerobicity.
Protein concentration was determined by the method of Bradford using a correction
factor of 1.47 to account for the finding that using BSA as a standard results in the overestimation
of the protein’s concentration (86). Iron and sulfide analyses were conducted as described
previously (187-189).

LipA-dependent formation of 5’dA was observed by HPLC using

tryptophan as an internal standard.

Lipoyl-H protein production was monitored using a

spectrophotometric assay with lipoamide dehydrogenase. Both of these procedures have been
described previously (86).

Expression and purification of H protein
For overproduction of recombinant E. coli apo-H protein, a previously described
construct harboring the gcvH gene was employed (85).

The KanR plasmid pETgcvH was

transformed into E. coli BL-21 DE3, and transformants were selected on 1% agar LB plates
containing 50 µg mL-1 kanamycin. A single colony from this plate was used to inoculate a 200
mL culture of M9ZB media (1 g NH4Cl, 3 g KH2HPO4, 8 g Na2HPO4, 4 g D-glucose, 10 g
tryptone, 5 g NaCl, and 1 mL of 1 M MgSO4 solution per liter of liquid medium) containing 50
µg mL-1 kanamycin, and this culture was grown at 37 °C while shaking at 230 rpm for 10 – 12 h
until turbid. Twenty mL of this culture was used to inoculate each of four 4-L cultures of M9ZB
media containing 50 µg mL-1 kanamycin, and these were grown at 37 °C to an OD600 of 0.6 while
shaking at 180 rpm. The flasks were then removed from the incubator and placed in a water bath
at ambient temperature to cool to ~ 30 °C. An IPTG solution was added to each flask to a final
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concentration of 200 µM, and the flasks were returned to the incubator and incubated at 30 °C for
20 h while shaking at 180 rpm. The cells were harvested by centrifugation at 15,000 x g for 10
min, frozen in liquid nitrogen, and stored at -80 °C until ready for purification. Typical cell paste
yield was about 5 g (wet weight) per liter of culture. The overexpressed H protein band did not
migrate by SDS-PAGE at its expected molecular weight of ~ 16 kDa, but instead at ~ 25 kDa. As
previously described elsewhere, the protein was analyzed by mass spectroscopy and the
difference in migration was attributed to the presence of the N- terminal hexahistidine tag (85).
The purification of apo-H protein was conducted at 4 °C inside of a cold room. Cell
paste (30 g) was suspended in 100 mL of cold buffer C (50 mM HEPES pH 7.5, 300 mM sodium
chloride, 10 mM imidazole) and stirred at room temperature. The mixture was stirred for an
additional 30 min at room temperature after the addition of 100 mg of Lysozyme. The cells were
cooled to 4 °C and lysed by sonication in four 1 min bursts. The crude lysate was centrifuged at 4
°C for 1 h at 50,000 x g to remove cellular debris. The supernatant was transferred to a beaker
containing 60 mL of Ni-NTA resin pre-equilibrated with buffer C, and stirred slowly with a
magnetic stirbar at 4 °C for 2 h. The suspended resin was then transferred to a glass fritted
column and the supernatant was filtered. The resin was washed with 500 mL of buffer D (50 mM
HEPES pH 7.5, 300 mM sodium chloride, 20 mM imidazole), and the H protein was eluted with
500 mL of buffer E (50 mM HEPES pH 7.5, 300 mM sodium chloride, 200 mM imidazole). The
eluted protein was concentrated using an Amicon stirred cell with a 3 kDa membrane pore size,
and exchanged into buffer F (50 mM HEPES pH 7.5, 300 mM NaCl, 20% glycerol) by gel
filtration chromatography (G-25). Protein concentrations were determined using the extinction
coefficient 19,167 M-1 cm-1, previously determined using the method of Gill and von Hippel by
Nesbitt and coworkers (85).
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Cloning of lipoamidase (Lpa)
The lpa gene was cloned from Enterococcus faecalis genomic DNA (strain V583) using
primers lpaforNdeI and lparevSacI with sequences listed in Table 2-1. PCR reactions contained 2
µL of 100 ng µL-1 E. faecalis genomic DNA, 2 µL of a 10 µM stock of each primer, 5 µL of 2.5
mM dNTP mixture, 5 µL of pfu 10x buffer, 1 µL of 100 mM MgSO4 and 1 µL of pfu polymerase
in a total volume of 50 µL. The PCR was carried out using a Stratagene Robocycler Gradient 40
machine. Following a 5 min incubation at 95 °C, 35 cycles of 1 min at 95 °C, 1 min at 55 °C, and
2.5 min at 72 °C were carried out. Reaction mixtures were incubated for an additional 10 minutes
at 72 °C. PCR products were visualized under UV light on a 1 % agarose gel with ethidium
bromide staining. Bands were excised and extracted from the gel using a Qiagen Gel Extraction
Kit. PCR products were digested with restriction enzymes NdeI and SacI and ligated into a
pET28a vector (Novagen, Gibbstown, NJ) digested with the same enzymes using T4 DNA ligase.
Cloning into the NdeI site of the pET28a vector allowed the incorporation of a hexadistidine tag
at the N-terminus of lipoamidase. Ligation mixtures were transformed into E. coli dh5α cells,
and the presence of the correct insert was verified by restriction analysis and DNA sequencing by
the Penn State DNA Sequencing Facility. The resulting construct was designated pETlpa.

Expression and purification of lipoamidase
The pETlpa plasmid was transformed into E. coli BL-21 DE3, pLyS and pLysS STAR to
check for expression levels. Expression studies were conducted with all three cell types and the
best results were obtained with BL-21 DE3 cells as evidenced by SDS-PAGE. E. coli from this
cell line were streaked onto LB agar plates containing 50 µg mL-1 kanamycin and incubated
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overnight at 37 °C. A single colony from this plate was used to inoculate 200 mL of LB media.
This culture was incubated for 10 – 12 hours at 37 °C with shaking, after which 25 mL was used
to inoculate each of 4 4-L cultures of LB. These large cultures were grown at 37 °C at 180 rpm
to an OD600 of 0.6 at which time IPTG was added to a final concentration of 400 µM. After an
additional 2 h of incubation, the cells were harvested by centrifugation for 10 min at 15,000 x g
and 4 °C. Cell paste yield was approximately 1.5 g L-1 (wet weight) and cell pellets were frozen
in liquid nitrogen and stored at -80 °C. Expression was checked by SDS-PAGE with Coomassie
Brilliant Blue staining.
All purification steps were carried out at 4 °C unless specifically stated otherwise.
Purification of lipoamidase was achieved by first resuspending 24 g of frozen cell pellet in cold
buffer G (20 mM potassium phosphate pH 7.2, 150 mM potassium chloride, 10 mM imidazole)
and stirring at room temperature until cells were completely in suspension. Lysozyme was added
at 1 mg mL-1 final concentration, and the suspension was stirred at room temperature for an
additional 30 min. Cells were lysed by four 1 min sonic bursts on ice with five minutes of rest
between bursts to allow the suspension to cool. The crude lysate was centrifuged at 50,000 x g
for 1 h, and the supernatant was loaded onto a column (2.5 x 5 cm) of Ni-NTA agarose beads preequilibrated with buffer G. The column was washed with 250 mL of buffer G containing 40 mM
imidazole, and lipoamidase was eluted in 200 drop fractions with buffer G containing 200 mM
imidazole. Fractions containing protein were concentrated using an Amicon stirred cell fitted with
a YM-30 membrane. The protein was exchanged into buffer H (50 mM HEPES pH 7.5, 300 mM
NaCl, 20% glycerol) by gel filtration chromatography (G-25), and concentrated to ~3 mg mL-1.
Protein concentration was determined by the method of Bradford using BSA as a standard, and
purity was assessed by SDS-PAGE.
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Cloning of lipoate protein ligase A (LplA)
The lplA gene was cloned by PCR from E. coli genomic DNA (strain W3110) using
primers lplAforNdeI and lplArevEcoRI (Table 2-1). Cloning was carried out in a manner similar
to that described for Lpa above. PCR fragments were digested with restriction enzymes EcoRI
and NdeI and ligated into similarly digested pET28a, which encodes an N-terminal hexahistine
tag on the resulting protein. The sequence of the lplA gene was verified by DNA sequencing at
the Pennsylvania State Nucleic Acid Sequencing Facility. The correct construct was designated
pETlplA.

Table 2-1: Sequence of primers used in cloning E. facaelis lipoamidase and E. coli lipoate
protein ligase A. Restriction enzyme sites are underlined.
Primer
lpaforNdeI
lpareevSacI
lplAforNdeI
lplArevEcoRI

Sequence
GCG GCG TCC ATA TGT TGG CAC AAG AAA GTA TAC
TAG AAA CAA CCG
GCG CGG AGC TCT TAT CAT TTT CTA GTT TTC CTT
ATA TAA ATC GTT CCA CTC G
GCG GCG TCC ATA TGT CCA CAT TAC GCC TGC TCA
TCT CTG
GCC GGA ATT CTT ACT ACC TTA CAG CCC CCG CCA
TCC ATG CC

Purpose
Forward primer
cloning lpa
Reverse primer
cloning lpa
Forward primer
cloning lplA
Reverse primer
cloning lplA

for
for
for
for

Expression and purification of lipoate protein ligase A
E. coli BL-21 cells harboring plasmid pETlplA were streaked onto an LB agar plate
containing 50 µg mL-1 kanamycin and grown overnight at 37 °C. A single colony from this plate
was used to inoculate 200 mL of LB media containing 50 µg mL-1 kanamycin. This culture was
incubated for 10-12 hours without shaking in an incubator at 37 °C until turbid. Fifty mL of this
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culture was used to inoculate each of 4 4-L cultures of LB media containing 50 µg mL-1
kanamycin. These large cultures were incubated with shaking (180 rpm) at 37 °C to an OD600 of
0.6, after which IPTG was added to a final concentration of 200 µM.

The cultures were

incubated further for 4 h and then cells were harvested by centrifugation for 10 min at 15, 000 x g
and 4 °C. The cell pellets were frozen in liquid nitrogen and stored at -80 °C. Expression levels
were monitored by SDS-PAGE. Cell paste yields were ~ 2.2 g L-1 of culture.
All purification steps were carried out at 4 °C unless otherwise specified. In a typical
purification of LplA, 35 g of frozen cell paste was resuspended in 100 mL cold buffer I (50 mM
Tris-HCl pH 7.5, 300 mM sodium chloride, 10 mM imidazole, 10 mM MgCl2, 1 mM PMSF).
Lysozyme was added to 1 mg mL-1 final concentration and the suspension was stirred for an
additional 30 min at room temperature. The mixture was sonicated four times at a setting of 7 in
1 min bursts while stirring on ice, and then centrifuged for one hour at 50,000 x g and 4 °C. The
crude supernatant was loaded onto a Ni-NTA column pre-equilibrated in buffer I, and washed
with 250 mL of buffer J (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 20 mM imidazole, 10 mM
MgCl2, 5% glycerol). The protein was eluted in a single fraction with buffer J containing 250
mM imidazole, and concentrated to a volume of about 5 mL using an Amicon stirred cell fitted
with a YM-10 membrane, being careful not to concentrate to the extent at which crystals begin to
form in the solution. The protein was then loaded onto a G-25 gel filtration column preequilibrated in buffer K (50 mM Tris-HCl pH 7.5, 300 mM sodium chloride, 10 mM MgCl2, 1
mM ATP pH 6.5, 20% glycerol) and eluted with the same buffer. Protein concentration was
determined by the method of Bradford using BSA as a standard and purity was analyzed using
SDS-PAGE with Coomassie brilliant blue staining. Aliquots of the protein were snap-frozen in
liquid nitrogen and stored at -80 °C.
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Activity determination of lipoate protein ligase A
Following each isolation of LplA, the activity of the enzyme was determined to ensure
that active enzyme had been obtained. Assay mixtures contained 50 mM HEPES pH 7.5, 5 mM
MgCl2, 5 mM ATP, 0.5 mM 14C-octanoic acid (S.A. = 2.2 x 106 cpm µmol-1), 0.5 mM apo-H
protein, and 1 µM LplA.

The reaction was initiated with the addition of LplA after pre-

incubation of other assay components for 5 min at 37 °C. At fixed time points, 100 µL aliquots
of the reaction mixture were removed and applied to pre-poured NICK gel filtration columns.
The columns were washed with 400 µL of 50 mM HEPES pH 7.5 immediately to quench the
reaction by physically separating the small molecules from the proteins. Proteins were eluted
upon application of a second 400 µL volume of 50 mM HEPES pH 7.5. The volume of the eluate
was brought to 1 mL with ddH2O and the sample was analyzed on a Beckman LS 6500 multipurpose scintillation counter (Beckman Coulter; Fullerton, CA). Specific activity of the protein
was calculated based on increase in radioactive octanoic acid attached to apo-H protein.

Activity determination of lipoamidase
Prior to using lipoamidase in enzymatic treatments of as-isolated apo-H protein, activity
of the enzyme was determined. Assay mixtures contained 50 mM KH2PO4, pH 7.5, 300 µM
DTT, and 200 µM

14

C-labeled octanoyl H-protein (S.A. = 4.68 x 106 cpm µmol-1), which was

enzymatically synthesized using LplA in a manner similar to that described for the enzymatic
synthesis of acyl-H protein analogs. Mixtures were typically run in 1 mL volumes and preincubated at 37 °C for five minutes. Reactions were initiated with addition of lipoamidase to a
final concentration of 2 µM. At fixed time points, 100 µL aliquots were removed and applied to
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pre-poured NICK gel filtration columns equilibrated in 50 mM KH2PO4 pH 7.5 and immediately
washed with 400 µL of the same buffer. Protein was collected in a single fraction by applying an
additional 400 µL of 50 mM KH2PO4, pH 7.5 and, any cleaved

14

C-labeled octanoic acid

remained on the de-salting column. Collected fractions were brought to 1 mL total volume with
ddH2O and analyzed by scintillation counting. Specific activity was determined by the rate of
cleavage of the octanoyl appendage from octanoyl H-protein.

Treatment of apo-H protein with Lpa to remove lipoyl contaminants
Recombinantly produced H protein was treated with Lpa to remove contaminating lipoyl
groups. A typical reaction mixture contained 50 mM potassium phosphate pH 7.2, 300 mM
dithiothreitol (DTT), 500 mM apo-H protein, and 5 µM Lpa, and was carried out in a total
volume of 50 mL. Reaction components were added to a 200 mL Erlenmeyer flask and swirled
gently to mix. The flask was sealed with Parafilm and foil and then incubated in a water bath at
37 °C for one hour. The reaction mixture was then diluted 10 fold with cold buffer L (20 mM
potassium phosphate pH 7.2, 180 mM NaCl) and loaded at 4 °C onto a DE-52 anion exchange
column (2.5 x 40 cm) pre-equilibrated with 20 mM potassium phosphate pH 7.2 at 2 mL min-1.
The proteins were eluted with a linear 1 L gradient of buffer L to buffer L containing 450 mM
NaCl. The eluate was collected in 200 drop fractions, and those containing protein, as evidenced
by Bradford reagent, were pooled and concentrated in an Amicon stirred cell fitted with a YM-3
membrane. Typical yields of recovered H protein after treatment with Lpa were 50 - 60%.
To detect the amount of lipoyl-H protein contaminating the apo-H protein before and
after treatment with Lpa, a spectrophotometric assay to quantify the amount of lipoyl side chain
was employed. Each reaction mixture contained 50 mM HEPES pH 7.5, 8 mM TCEP, 2 mM
NAD+, and apo-H protein at varied concentrations before or after treatment with Lpa in a total
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volume of 1.1 mL. Reactions were initiated with lipoamide dehydrogenase (Calzyme, San Luis
Obispo, CA) and production of NADH was monitored at 340 nm. The amount of lipoyl-H
protein was quantified by comparing the rate of production of NADH in the samples to that of
known concentrations of lipoyl-H protein. Lipoyl-H protein was prepared in the same manner as
the other acylated-H protein analogs as detailed below.

Determination of amount of analog attachment to H protein
Before carrying out large-scale syntheses of the H protein analogs, small scale reaction
mixtures were analyzed to determine whether or not LplA was capable of attaching the desired
side chain. To accomplish this, an assay was designed using [1-14C]-octanoic acid. Apo-H
protein (post-treatment with Lpa) was added to a reaction mixture at a final concentration of 500
µM. Additionally, 50 mM HEPES pH 7.5, 5 mM ATP, 5 mM MgCl2, and 1 mM of the octanoyl
analog were added and the volume was brought to 1 mL with ddH2O. The reaction was initiated
by adding 2 µM LplA. The assay mixtures were incubated at 37 °C overnight to ensure that the
analog would attach to the fullest extent possible, regardless of incubation time. To quench the
reaction, 100 µL was added to a pre-poured NICK gel filtration column. The column was washed
with 400 µL of 50 mM HEPES pH 7.5 and eluted with 400 µL of the same buffer. The collected
eluate contained H protein, presumably with some percentage of the analog attached if the LplA
ligation was successful. To determine the extent of attachment, to each 400 µL aliquot of
collected eluate from the NICK column was added 30 µL [1-14C] octanoic acid, 50 µL of 50 mM
ATP, and 4 µL MgCl2. From this, a 100 µL portion was removed and applied to a NICK gel
filtration column to serve as a zero time point for the ligation reaction. To the remaining reaction
mixture was added 5 µL of 146 µM LplA. Reactions were allowed to progress at 37 °C for 10
min, and then 100 µL was removed and applied to a NICK column. Columns were washed with
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400 µL of 50 mM HEPES, pH 7.5, and eluted with 400 µL of the same buffer. Collected eluate
volumes were brought to 1 mL by adding 600 µL of ddH2O, after which 5 mL of scintillation
fluid was added to each. The amount of 14C was determined by scintillation counting.

Enzymatic synthesis of 8-bromooctanoyl-, 5,7-dioxooctanoyl-, 6-bromohexanoyl, 7oxooctanoyl-, and octanoyl-H protein
Prior to use as a substrate in synthesis, all batches of apo-H protein were treated with Lpa
to remove any lipoyl contaminants as described above.

Reactions were carried out in an

Erlenmeyer flask submerged in a 37 °C water bath and sealed with Parafilm and aluminum foil to
prevent evaporation. A typical reaction mixture contained 50 mM HEPES, pH 7.5, 5 mM MgCl2,
5 mM ATP, 1 mM octanoic acid or analog, and 300 µM apo-H protein in a final volume of 20
mL. The mixture was incubated for 10 minutes at 37 °C and then 1 mL LplA was added (145 –
200 µM). The reaction was allowed to progress for two hours with gentle agitation by swirling
every 30 minutes.
The reaction was stopped by adding the mixture to 180 mL of ice-cold buffer L (20 mM
KH2PO4, pH 7.2, 180 mM NaCl) to yield a 10-fold dilution.

The diluted mixture was loaded

slowly onto a DE-52 column at 4 °C that was pre-equilibrated with 20 mM KH2PO4, pH 7.2.
After loading, the column was eluted with a 0.5 L linear gradient of buffer L to buffer L
containing 450 mM NaCl. The eluate was collected in 4 mL fractions and scanned by UV-vis to
determine whether separation of protein from ATP had been successful. Fractions were pooled
based on absorbance at 280 nm, and concentrated to 1 – 3 mM using an Amicon stirred-cell fitted
with a YM-3 membrane. Before using in assay mixtures with LipA, acylated-H protein was
anaerobically exchanged into buffer D (50 mM HEPES, pH 7.5, 300 mM NaCl, 20% glycerol) on
a G-25 column in a Coy anaerobic chamber. Post gel filtration, the protein was collected, and its
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concentration was determined by UV-vis spectroscopy (ε = 19,167 M-1 cm-1) before it was snapfrozen in liquid nitrogen. To maintain anaerobicity, the protein was stored in aliquots in a liquid
nitrogen dewar until needed.

Enzymatic synthesis of 2,4-hexadienoyl-H protein
Synthesis of 2,4 hexadienoyl H protein was completed differently to avoid exposure to
oxygen. Reaction mixtures were prepared under anaerobic conditions in a 50 mL Erlenmeyer
flask and contained 50 mM HEPES pH 7.5, 5 mM MgCl2, 5 mM ATP, 1 mM 2,4 hexadienoic
acid, and 300 µM apo-H protein in a final volume of 20 mL. The mouth of the Erlenmeyer flask
was then sealed with Parafilm and covered with aluminum foil before the flask was removed
from the anaerobic chamber. The flask was placed in a 37 °C water bath and incubated for one
hour. Following incubation, it was transferred back to the anaerobic chamber. The mixture was
diluted 10 – fold with ice-cold buffer L, and loaded slowly (1 mL min-1). The column was eluted
with a 0.5 L linear gradient of buffer H to buffer H containing 450 mM NaCl, collecting 4 mL
fractions. Fractions were analyzed by UV-visible spectroscopy, and those containing protein
were pooled and concentrated in an anaerobic chamber using an Amicon stirred-cell fitted with a
YM- 3 membrane. The protein was exchanged into buffer D by gel-filtration and stored as
described above for the synthesis of the other analogs.

HPLC analysis of H protein analogs
The attachment of fatty acyl chains to H protein was monitored by HPLC using an
Agilent Zorbax SB300-C8 column (4 x 250 mm, 5 µm). The column was equilibrated in buffer
M (0.2% TFA in water) for 10 minutes (flow rate 1 ml min-1), followed by a five minute gradient
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from 100% buffer M to 60% buffer M and 40% acetonitrile (ACN). For 4 min, 60% buffer M
and 40% ACN was maintained, after which ACN was increased to 57% over 17 min. ACN was
then increased to 85% over 4 min, and this concentration was maintained for 5 min. At the end of
the method, the column was returned to 100% buffer M over 2 min.

When this method is

employed, apo-H protein elutes at 26.3 min, lipoyl-H protein at 28.3 min, and octanoyl-H protein
at 28.8 min.

SAM cleavage with LipA and H protein analogs
H-protein analogs were used in an assay with LipA to determine the amount of 5’dA
produced. Reaction mixtures contained 50 µM LipA, 50 mM HEPES pH 7.5, 2 mM sodium
dithionite, 0.7 mM SAM, 1 mM tryptophan internal standard, and 300 µM octanoyl H protein or
analog. Reactions were initiated with the addition of SAM. At times 0, 0.5, 1, 5, and 10 min, 50
µL of the mixture was removed and added to 50 µL of 100 mM H2SO4.

Samples were

centrifuged to remove precipitated protein and 20 µL volumes were subjected to HPLC analysis
using the method previously described (86).

Preparation of samples for electron paramagnetic resonance (EPR)
EPR samples were all prepared anaerobically in a Coy anaerobic chamber containing ≤ 1
ppm molecular oxygen in an atmosphere of 95 % N2 / 5 % H2. Samples contained 200 µM LipA,
50 mM HEPES pH 7.5, 300 µM acyl-H protein, 300 µM SAM, and 8 mM sodium dithionite in a
total volume of 250 µL. Samples, with the exception of sodium dithionite, were prepared in test
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tubes. Sodium dithionite was added quickly and then the mixture was transferred to an EPR tube
and rapidly hand-quenched by submerging the tube in isopentane cooled in liquid nitrogen.
Samples were kept frozen and stored under liquid nitrogen until they were analyzed by EPR
spectroscopy.

2.3 Results

Characterization of LipA
The method of expression of LipA was changed from previous publications.

An

induction at 18 °C overnight was shown to yield greater levels of soluble protein and less in
inclusion bodies as evidenced by SDS-PAGE. UV-visible spectroscopy was used to determine
the relative amount of cluster present, employing specifically the ratio of peak height at 280 nm /
420 nm. This value is typically between 2.5 – 3 for as-isolated LipA. Fe and S analyses typically
showed that LipA was purified with ~ 6-7 Fe and ~ 5-8 S per monomer. As-isolated LipA only
catalyzes a single turnover in vitro, as evidenced in previous studies, since the protein destroys
itself during catalysis, and preparations were determined to be 25% - 35% active when the
chemical reductant sodium dithionite was used. Multiple batches of purified LipA were used for
the experiments described herein, but each had iron and sulfide content and activity within the
specific ranges given above.

Cloning, expression and purification of lipoamidase
Once the correct sequence had been verified, pETlpa was transformed into three different
E. coli cell lines: BL-21, pLysS, and pLysS STAR. Expression levels were greatest with E. coli
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BL-21 DE3 cells. Less expression was seen when using pLys, and none was observed when
pLysS STAR cells were used. Therefore, E. coli BL-21 DE3 harboring pETlpa were used for the
remainder of the study. First attempts at using this plasmid were not successful because the E.
coli seemed to grow slowly, and after addition of 200 µM final concentration IPTG, they began to
die if incubated for an additional 4-6 hrs. Various expression conditions with different induction
times and concentrations of IPTG were tried and the most successful conditions were addition of
400 µM final concentration IPTG at OD600 = 0.6 followed by incubation for a further 2 hrs at 37
°C.

Isolation of the recombinant Lpa was also challenging.

Despite exploitation of its

hexahistidine tag for a one-step purification by IMAC, the enzyme proved to be very unstable.
The enzyme was inactivated if stirred with Ni-NTA resin and instead had to be loaded by gravity
onto a column. Allowing the enzyme to sit at 4 °C for extended periods of time, or concentrating
the enzyme to concentrations greater than ~ 200 µM produced a white precipitate and greatly
decreased activity.

Cloning, expression and purification of lipoate protein ligase A
Plasmid pETlplA was easily expressed using E. coli BL-21 DE3 cells.

Optimum

expression levels were observed when IPTG was added to a final concentration of 200 µM and
cells were incubated for an additional 4 h at 37 °C. During purification, LplA seemed relatively
stable if kept at 4 °C, but precipated upon standing for extended time periods at room
temperature. When concentrating LplA using an Amicon stirred cell, needle-like crystals began
to form if the protein was concentrated below a volume of 5 mL without glycerol or 3 mL with
20% glycerol.

Care was taken not to concentrate the protein past this point and typical

concentrations of LplA after purification were 145 – 260 µM.
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Activity determination of lipoate protein ligase A
An assay using [1-14C]-octanoic acid was employed to determine the activity of LplA
after isolation. The assay mixtures were quenched by physically separating small molecules
necessary for catalysis (Mg2+, ATP) and excess [1-14C]-octanoate from the proteins LplA and H
protein by applying aliquots to G-50 gel filtration columns. The activity was calculated based on
the increase in amount of

14

C-labeled octanoyl-H protein per unit time. Typical values for

Octanoyl-H protein (umol)

specific activity of isolated LplA were approximately 0.132 µmol min-1 mg-1 (Figure 2-3).
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Figure 2-3: Activity of E. coli lipoate protein ligase A.

Activity determination of lipoamidase
Lipoamidase activity was also determined using [1-14C]-octanoic acid. [1-14C]-octanoyl
H protein was used as a substrate in the assay and the reaction was quenched at fixed time points
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by again applying aliquots to G-50 columns. The column separated cleaved [1-14C]-octanoic
acid, and as lipoamidase released the prosthetic group from H protein, the radioactivity detected
in the protein fraction decreased. The rate of decrease was determined by calculating the average
of the differences in y positions of assay points. The specific radioactivity of the [1-14C]-octanoyl
H protein was used to calculate the specific activity for Lpa.

Typical specific activities were

around 0.173 µmol min-1 mg-1 (Figure 2-4).

Figure 2-4: Activity of E. faecalis lipoamidase.

Cleavage of lipoyl contaminants from isolated H protein
In previous reports, it was noted that a small amount of apo-H protein in the as-isolated
form already had the lipoyl moiety attached. This was a source of background for the lipoamide
dehydrogenase spectrophotometric assays employed to quantify lipoyl product in the LipA
reaction. In an effort to remove this background from assays so that no contaminating lipoyl or
octanoyl protein was present in any of the synthesized substrate analogs, the Enterococcus
faecalis lipoamidase gene, lpa, was cloned into a vector under an IPTG-inducible promoter and

76
purified by affinity chromatography. Lpa cleaves the lipoyl or octanoyl moiety from LCPs. The
purified protein was used in an enzymatic treatment to remove any contaminating holo-H protein
to ensuring that all starting material for analog syntheses was in the apo- form.
Samples of H protein at varied concentrations were analyzed using a coupled
spectrophotometric assay with lipoamide dehydrogenase to quantify the amount of contaminating
lipoyl prosthetic group present. Typical as-isolated samples of apo-H protein had between 2 –
5% lipoyl-H protein contaminant. After treatment with Lpa, all detectable lipoyl contamination
was removed (Table 1-2). This contaminant was also evidenced by SDS-PAGE. Holo-H protein
migrates slightly above apo-H protein in 12% SDS polyacrylamide gels, and in samples of asisolated apo-H protein, a small amount of holo-H protein is apparent. SDS-PAGE has also been
carried out on all eluted fractions of apo-H protein after treatment with Lpa and no Lpa is
apparent; since lipoamidase is very unstable, the majority of the protein likely precipitated during
the incubation.
After H protein was incubated with Lpa, a white flocculent precipitate was visible in the
flask, which was likely precipitated protein. Some of this precipitate appeared to go back into
solution when the mixture was diluted 10 fold prior to loading onto the DE-52 column. However,
this precipitation accounted for yields of H protein after treatment with Lpa of only 50 – 60% that
of starting material by mass. Decreasing the incubation of the reaction from 2 h to 1 h increased
yields.
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Table 2-2: Amount of lipoyl-H protein present in as-isolated vs. post-treatment with Lpa
samples. Prior to treatment with Lpa, there is approximately 1.93 % contaminating lipoyl-H
protein in samples of as-isolated apo-H protein. After treatment with Lpa, all detectable lipoyl-H
protein has been removed.
H protein As Isolated

H protein Post-Lpa Treatment

[H protein]

[LipH] (µM)

% LipH in sample

[LipH] (µM)

% LipH in sample

10

0.152

1.52

0

0

25

0.525

2.10

0

0

50

0.991

1.98

0

0

100

2.051

2.05

0

0

150

3.001

2.00

0

0

Determination of Amount of Analog Attachment to apo-H protein
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Figure 2-5: Structures of acyl side-chains attached to H protein. (a) octanoic acid, (b) 7oxooctanoic acid, (c) 5,7-dioxoooctanoic acid, (d) 2,4-hexadienoic acid, (e) 6-bromohexanoic acid,
(f) 8-bromooctanoic acid, and (g) 8-aminocaprylic acid.

Prior to large-scale synthesis of octanoyl-H protein analogs, small scale reactions were
carried out with various side chains to test the ability of LplA to ligate them to H protein, the LCP
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of the glycine cleavage system. Structures of the various analogs that were tested are shown in
figure 2-5. These small scale reactions were quenched while still keeping the protein in its native
form, and then an additional ligation step with [1-14C]-octanoic acid and LplA was performed.
Any H protein remaining in the apo- form after the first ligation of the side chain analog with
LplA was labeled with [1-14C]-octanoate during the second ligation step. A schematic for the
assay is detailed in Figure 2-6.
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Figure 2-6: Scheme for assay to check analog ligation to H protein. H protein was used in two
successive ligation steps with LplA.

Excess radioactive octanoic acid was removed by gel filtration, which is shown to be
successful by the low background level of counts per minute (cpm) present at the zero time points
(Figure 2-7). Since octanoic acid is known to ligate almost completely to apo-H protein with
LplA, this was used as a point of comparison for degree of analog attachment. 6-Bromohexanoic
acid, 8-bromooctanoic acid, 7-oxooctanoic acid, and 5,7- dioxooctanoic acid all attached to apo-H
protein with a degree similar to octanoic acid (± 150 cpm). 2,4-Hexadienoic acid did not attach
quite as well, with 17,120 cpm as compared to 1,573 cpm for octanoic acid, but was still used in a
large-scale synthesis.

The 8-aminocaprylic acid sample had a much higher level of cpm

associated with it (69,700 cpm), indicating that it did not attach well, leaving much of the H
protein in its apo-form and allowing subsequent attachment of 14C-octanoic acid. Based on this
observation, 8-aminocaprylic acid was ruled out as a good candidate for analog synthesis using
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LplA and was not used in further experiments.

Figure 2-7: Attachment of octanoyl analogs with LplA. Counts per minute were used to
determine the amount of [1-14C]-octanoic acid ligated to analogs following incubation with LplA
and the side chain. Analog side chains used were 6-bromooctanoic acid (A), 8-bromooctanoic
acid (B), 2,4-hexadienoic acid (C), 7-oxooctanoic acid (D), 8-aminocaprylic acid (E), 5,7dioxooxtanoic acid (F). Octanoic acid was used as a control (G).

Synthesis of H protein analogs
Analogs were attached via enzymatic synthesis with LplA, and included 8 bromooctanoic
acid, 5,7 dioxooctanoic acid, 6 bromohexanoic acid, 7 oxooxtanoic acid, 2,4 hexadienoic acid,
and octanoic acid (Figure 2-7). For the synthesis of each analog, one entire batch of apo-H
protein (from 30 g of cells, about 300 – 500 mg) was used as starting material. This was
necessary based on yields of H protein after treatment with Lpa, subsequent ligation of the fatty
acyl chain with LplA, and re-isolation. Each batch was treated with Lpa as detailed in the
materials and methods section to ensure that any lipoyl appendages were cleaved from H protein.
During ligation of the acyl appendages to apo-H protein, similar difficulties were
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encountered as were observed in the Lpa treatment reaction mixtures. During incubation at 37
°C, the mixture turned cloudy and a white flocculent precipitate became visible. This was likely
precipated H protein and/or LplA. Since LplA was not very stable at room temperature, a large
excess of the enzyme (1 mL of the as-isolated LplA stock) was added to each reaction mixture to
ensure that ligation of the analog would occur before it precipitated.

In the case of 2,4

hexadienoic acid, which was more difficult to attach to apo-H protein, a second 1 mL aliquot of H
protein was added after 30 min of incubation and the mixture was incubated for an additional 30
min. If significant precipitation was observed, 1 mL of 1 M MgCl2 was added to reaction
mixtures prior to dilution. This helped to resolubilize some of the precipitated protein. After
diluting the mixture 10 fold, a significant portion of the precipitate went into solution. Typical
yields from the ligation step were between 60 – 90% after the lipoamidase treatment, or about 20
– 40% overall from the as-isolated apo-H protein.

HPLC analysis of analogs
Octanoyl-H protein analogs were prepared with Lpa-treated apo-H protein (Figure 2-8) as
described in the materials and methods section, and each was subjected to HPLC analysis to
determine extent of attachment (Figure 2-9). An HPLC method was developed that was capable
of separating apo-H protein from holo-H protein. In each HPLC chromatogram shown, apo-H
protein post-Lpa treatment (shown in red) is overlaid as a means of comparison of retention times
of apo- vs. holo- H protein.
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Figure 2-8: HPLC chromatogram of neat apo-H protein post treatment with Lpa. Post-Lpa
treatment, the entire protein sample is in the apo- form with no detectable amount of side chain
attached.
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Figure 2-9: HPLC analysis of octanoyl H-protein analogs. Analog traces are shown
in blue while apo-H protein has been overlaid in red for comparison. Octanoyl H protein (a), 7
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oxooctanoyl H protein (b), 6 bromooctanoyl H protein (c), 8 bromooctanoyl H protein (d), 2,4
hexadienoyl H protein (e), and 5,7 diooxoctanoyl H protein (f).

Percentages for the amount of each analog in holo- form were calculated based upon peak
areas of apo- and holo- species. Octanoyl-H protein was present in an abundance of 95.51 %,
while 7-oxooctanoyl-H protein and 8 bromooctanoyl-H protein both had an abundance of 100 %.
In the case of 6-bromooctanoyl-H protein, 94.26 % holo-protein was observed, close to the
percentage of octanoyl-H protein. 5,7-Diooxooctanoic acid did not attach quite as well, with a
final abundance of 92.94 % in the holo- form. Also, a doublet in the chromatogram of 5,7dioxooctanoyl-H protein is present. Although the compound was synthesized twice, both yielded
similar results with nearly identical HPLC traces. 2,4-Hexadienoic acid was the poorest substrate
for LplA used in large-scale synthesis with only 68.58 % of the sample as holo- protein. This
synthesis was repeated three times and this was the best ligation percentage achieved.

SAM cleavage with LipA and H protein analogs
In order for a substrate radical to be observed, a hydrogen atom abstraction by the 5’
deoxyadenosyl radical would have to first take place. Therefore, to determine whether the
analogs would be good candidates for observing a carbon-centered radical, each was added to an
assay mixture to assess whether it triggered formation of 5’dA. It has been previously established
that in the absence of substrate, 5’dA production is not observed in LipA reaction mixtures. The
amount of 5’dA produced was monitored by HPLC.
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Figure 2-10: 5’deoxyadenosine production in assay mixtures with LipA and octanoyl H protein
substrate analogs. Assay mixtures contained octanoyl-H protein (crosses), 2,4-hexadienoyl-H
protein (closed diamonds), 7-oxooxtanoyl-H protein (closed squares), 8-bromooctanoyl-H protein
(x’s), 5,7-dioxooxtanoyl-H protein (closed triangles), and 6-bromooctanoyl-H protein (open
circles).

Octanoyl-H protein was used as a means of comparison and triggered formation of 88
µM 5’dA after 10 minutes (Figure 2-10). After 10 minutes of incubation the reaction mixture
with 2,4- hexadienoyl-H protein afforded 72.85 µM 5’dA. This was followed by 7-oxooctanoylH protein with 59.06 µM 5’dA, 8-bromooctanoyl-H protein with 20.45 µM 5’dA, 5,7dioxooctanoyl-H protein with 7.90 µM 5’dA, and 6-bromooctanoyl-H protein with 6.68 µM
5’dA. Octanoyl-H protein, 2,4-hexadienoyl-H protein, and 7-oxooctanoyl-H protein produced
5’dA levels that were greater then the concentration of enzyme used, signifying that more than
one equivalent of 5’dA was produced per monomer of LipA and therefore that more than one
hydrogen per molecule had been removed suggesting the triggering of abortive cleavage. Based
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on this evidence, substrate radicals would most likely be observed with 2,4-hexadienoyl-H
protein or 7-oxooctanoyl-H protein.

Analysis of LipA with H protein analogs by electron paramagnetic resonance
Samples of LipA under turnover conditions with substrate analogs were analyzed by EPR
spectroscopy at 13 K. The samples were rapidly hand-quenched under anaerobic conditions with
the hope of observing a substrate-centered radical during catalysis. When octanoyl-H protein is
used as the substrate, the resulting signal is axial and significantly sharper than that of LipA alone
with a g-value centered at 1.88 (Booker lab, unpublished data). When certain acyl-H analogs
described here are employed, however, the spectra are markedly different.
The spectrum of LipA with 5,7-dioxooctanoyl-H protein has a similar spectral envelope
as is observed with the normal substrate. The spectrum is axial and centered at a g-value of 1.92.
A marked difference is a splitting of the largest positive peak at g = 2.05. Rather than a single
peak, it appears to be split into two smaller peaks at this position. The EPR signal is shown in
Figure 2-11.
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Figure 2-11: EPR spectrum of LipA with 5,7 diooxooctanoyl-H protein.
The EPR signal produced when LipA is combined with 7-oxooctanoyl-H protein under
turnover conditions contains two unique features. A long 6000 Gauss spectrum is shown in
Figure 2-12. A sharp feature is apparent at g = 4.39. This is indicative of ferric iron that is not
associated with an iron-sulfur cluster. It is possible that when LipA is incubated with the 7oxooctanoyl-H protein substrate, one or both of the clusters is degraded. The signal resulting
from the iron-sulfur cluster is semi-axial. The top of the signal located at g = 2.02-1.95 is split
into four parts. It is likely that the peak on the right and one of the peaks on the left are resulting
from the iron-sulfur clusters, as are typically observed when LipA is incubated with octanoyl-H
protein. The other two spectral features may result from other forms of the reduced cluster.
Raising the temperature to 77 K, wherein the spectrum of the iron-sulfur cluster should be
unobserved, showed no evidence of an organic radical, which would typically be observed at this
temperature.
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Figure 2-12: LipA with 7-oxooctanoyl H protein.
Arguably the most interesting results were obtained when 2,4-hexadienoyl-H protein was
employed as a substrate in the LipA reaction and subjected to spectroscopy. The spectrum
changes from that observed with any of the other substrate analogs. The spectral envelope still
displays pseudo-axial symmetry, but a distinct feature is centered at g = 2.0.

Hyperfine

interactions are observed with a total of three lines and the spectral features that are contributed
by the [4Fe-4S] clusters are broadened. Figure 2-9 displays the 1000 Gauss EPR spectrum with
features from the carbon-centered radical and one or both [4Fe-4S] clusters at 13 K. In Figure 213 is a 250 band-width scan of the carbon-centered radical. In Figure 2-14, a 600 Gauss scan is
depicted at 75 K in which the signal arising from the organic radical is still visible. At this
temperature, no signal is apparent from the Fe-S clusters. The carbon-centered radical signal is
complex and not easily interpertable.
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Figure 2-13: EPR spectrum of LipA and 2,4 hexadienoyl-H protein at 13 K. Reaction mixtures
contained SAM and sodium dithionite as reductant.
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Figure 2-14: EPR spectrum of LipA with 2,4 hexaidenoyl-H protein at 13K, 250 band width.
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Figure 2-15: EPR spectrum of LipA with 2,4 hexadienoyl-H protein at 75 K.
For both of the bromine-containing substrates, 6-bromohexanoyl-H protein and 8bromooctanoyl-H protein, a very weak EPR signal was observed (data not shown). The signal
barely had amplitude above background, and appeared similar to that of LipA with octanoyl-H
protein in shape.

2.4 Discussion
Lipoyl synthase catalyzes a difficult chemical reaction, overcoming a substantial energy
barrier to remove hydrogen atoms from a saturated fatty acyl chain. Direct hydrogen atom
abstraction from octanoylated LCPs has been observed by deuterium isotope studies. However,
invoked in the proposed mechanism are two carbon-centered radicals, which form after each
hydrogen atom abstraction, first at the C-6 position and then at C-8. There has not been any
direct experimental evidence of these carbon-centered radical intermediates presented in the
literature to this date.
In order to test our hypothesis of the presence of carbon-centered radicals on the lipoyl
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synthase reaction pathway, substrate analogs with side chains capable of stabilizing a radical at
the C-6 or C-8 positions were synthesized. Apo-H protein, the lipoyl carrier protein from the
glycine cleavage system was used as the LCP to which all of the analog acyl-chains were attached
in this study. H protein has previously been used in studies with lipoyl synthase and is a good
candidate given its high level of stability and ease of purification of the hexahistidine tagged
form, which yields homogenous protein in one step.

A problem that has been previously

identified with H protein is that a small percentage of the apo- protein contains contaminating
holo-protein with a lipoyl group already attached (86). To eliminate any background that could
be generated with this lipoyl group in assays or spectroscopic studies, the lipoyl group was
cleaved by enzymatic treatment with recombinant Lpa from E. faecalis.
Attachment of various side analogs thought to have radical-stabilizing properties was
carried out enzymatically using LplA. LplA is known to attach a variety of analogs to LCP’s,
including monothiolated octanoyl species, octanoic acid, and deuterated substrates (87, 183).
However, to ensure that these side-chain analogs would be accepted by LplA, small-scale
syntheses were conducted before attempting large-scale syntheses. To quantify the amount of
side-chain attachment, each analog was subjected to a second reaction with LplA and [1-14C]octanoic acid. Any H protein remaining in the apo- form would thus have the [1-14C] moiety
attached and could be detected by counting for the presence of radioactivity after gel filtration to
remove excess [1-14C]-octanoic acid. Based on the results from this assay it was determined that
8 aminocaprylic acid was not an acceptable substrate for LplA and did not efficiently attach to
apo-H protein; it was not used further.

The other candidates, 2,4-hexadienoic acid, 8-

bromooctanoic acid, 6-bromohexanoic acid, 7-oxooctanoic acid, and 5,7-dioxooctanoic acid were
all used in large-scale enzymatic syntheses. Based on the crystal structure of LplA from E. coli, it
is possible that the 8-aminocaprilic acid was a poor substrate because the amine group would
have bound tightly to the active site, particularly to His149 (93). This may have created a tightly
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bound intermediate that was not capable of dissociating from the LplA active site after attachment
to H protein.
The amount of analog attachment of each substrate in large-scale enzymatic synthesis
was analyzed by HPLC. Percentages for the amount of each analog in holo- form were calculated
based upon peak areas of apo- and holo- species. All of the synthesized analogs attached to
nearly 100% final yield, with the exception of 2,4-hexadienoic acid. However, since apo-H
protein affords very small amounts of 5’dA in assays with LipA (about 8-fold less as compared to
octanoyl-H protein), 2,4 hexadienoyl-H protein was used in assays as-is (Booker lab unpublished
data).
Analogs were used in LipA reactions containing sodium dithionite as reductant and
analyzed by EPR spectroscopy.

EPR spectra of LipA with various substrates have been

characterized previously by Cicchillo, et. al. The spectrum of LipA without substrates present is
broad and pseudoaxial. It has a g-tensor with values of g║ = 2.03 and g┴ = 1.93; these parameters
are consistent with the presence of [4Fe-4S]+ clusters. Upon addition of octanoyl-H protein to
mixtures with sodium dithionite and SAM, significant spectral changes were observed, consistent
with substrate binding. Potential reaction intermediates, 6-mercapto- and 8-mercaptooctanoyl- H
protein, were also added to samples of LipA and caused less severe perturbations to the spectral
envelope.
In this study, we see a similar spectrum as previously reported for samples with LipA
reduced with sodium dithionite in the presence of SAM and octanoyl-H protein. The spectrum of
reduced LipA with SAM and 6-bromohexanoyl-H protein looks similar to the octanoyl-H protein
spectrum, suggesting that 6-bromohexanoyl-H protein binds to LipA, but since no 5’dA
formation was observed, it does not trigger turnover. This is not surprising, as it is well known
that H protein, even in the apo- form is able to tightly associate with LipA in the presence of
SAM (Booker lab, unpublished results). It is possible that LipA and 6-bromohexanoyl-H protein
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dock with one another, and that although the substrate arm is extended into the active site, the
steric hinderance of bromine at the C-6 position prevents hydrogen atom abstraction.
The EPR spectrum of LipA with 5,7-dioxooctanoyl-H protein in the presence of SAM
and sodium dithionite is very weak in comparison with others observed. It has sharp features and
pseudoaxial character. There is a feature that differs from the spectrum of octanoyl H-protein and
appears to have some hyperfine character, but the signal disappears when the temperature is
raised from 13 K to 75 K, meaning a carbon-centered radical is not likely to be present. LipA in
combination with 7-oxooctanoyl-H protein, SAM and sodium dithionite displays an unusual EPR
spectrum. .
The EPR spectrum of 2,4-hexadienoyl H-protein is the most intriguing. In some respects
is it similar to the spectrum observed with 7-oxooctanoyl-H protein, but has a more broadened
character. There appears to be some hyperfine splitting indicative of a carbon-centered radical.
Upon raising the temperature from 13 K to 75 K, there is still a signal visible, which is again
consistent with the presence of an organic radical, presumably one that is on the acyl chain. We
can undoubtedly conclude that a carbon-centered radical is present and the most likely place it
can reside is on the 2,4-hexadienoyl arm given the complex splitting pattern. This fits well with
our hypothesis that a H atom is abstracted from the C-6 position and stabilized by the conjugated
double bonds of the 2,4 hexadienoyl moiety.
Although further characterization of the LipA reaction is needed to definitively
characterize the presence of a carbon-centered radical, herein evidence is provided that an organic
radical may be on the reaction pathway of LipA in E. coli.

Additionally, this study has

demonstrated the broad range of substrates capable of being accepted and ligated to LCPs by
LplA. This may serve as useful information to researchers desiring to carry out different analog
studies in this system. A procedure for the treatment of as-isolated apo-H protein with Lpa to
remove lipoyl contaminants that have previously been the cause of background in LipA assays
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has been introduced. This procedure may work with other lipoyl carrier proteins as well, and can
be used routinely to “clean up” starting materials in the LipA reaction.
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Chapter 3

Lipoyl Synthase and Octanoyl-H Protein Form an Undissociable Complex
During Catalysis

3.1 Introduction
In its active, protein-bound form, lipoic acid is an essential redox cofactor found in most
prokaryotic and eukaryotic organisms (1, 84). Lipoyl synthase (LipA) catalyzes the last step in
the de novo production of the lipoyl cofactor, which is the insertion of two sulfur atoms into
unactivated C-H bonds at C-6 and C-8 of a fatty acyl 8-carbon chain attached via an amide
linkage to a specific lysine residue on a lipoyl carrier protein (LCP) (9, 190, 191). These LCPs
include subunits of multienzyme complexes responsible for the oxidative decarboxylation of αketoacids, and acetoin, as well as the degradation of glycine to carbon dioxide and ammonia with
donation of its α-carbon to N5N10-methylene tetrahydrofolate.

These complexes are the α-

ketoglutarate dehydrogenase complex, the pyruvate dehydrogenase complex, the branched chain
oxo-acid dehydrogenase complex, the acetoin dehydrogenase complex, and the glycine cleavage
system (3, 22, 52, 58, 65, 182, 192). Each of these complexes contains a lipoyl-bearing subunit to

95
which the lipoyl appendage is attached and employed as a 14 Å “swinging arm” to shuttle
intermediates among other requisite subunits (44).
Lipoyl synthase was identified as a member of the radical S-adenosyl-L-methionine
(SAM) superfamily, a special class of enzymes that harbor an essential [4Fe-4S]+1/+2 cluster. It is
believed that this cluster donates an electron into the sulfonium of SAM, initiating fragmentation
of this molecule into methionine and a highly reactive 5’dexoyadenosyl-5’-radical species
(5’dA•) (121, 186). In lipoyl synthase, it is thought that this 5’dA• directly abstracts hydrogen
atoms from carbons 6 and 8 of the n-octanoyl chain. In support of this role, transfer of deuterium
directly to 5’ deoxyadenosine (5’dA) from a 2H15-octanoyl fatty acyl chain attached to a LCP was
observed (86). Hydrogen atom abstraction by a 5’dA• would create carbon-centered substrate
radicals at C-6 and C-8, and allow for subsequent sulfur insertion.

Consistent with this

hypothesis, the time-dependent formation of 5’dA and lipoyl product was monitored and found to
be produced in an approximate 2:1 stoichiometry, respectively; one equivalent of SAM is thus
used for each hydrogen atom abstraction, necessitating two for each equivalent of lipoyl product
produced (86).
Much research has recently centered on understanding the mechanism of lipoyl synthase.
The Booker laboratory led studies, using the E. coli enzyme, demonstrating that lipoyl synthase
contains not only one, but two conserved [4Fe-4S] clusters (133). While one is intimately
involved in cleavage of SAM, the other is proposed to be the source of sulfur in the lipoyl
product. Experimental evidence has shown that both sulfur atoms are indeed sourced from the
same lipoyl synthase molecule (134).
If one molecule of lipoyl synthase does indeed source both sulfur atoms from one if its
[4Fe-4S] clusters, the monothiolated species should not freely dissociate, and instead might be
crosslinked to lipoyl synthase through the Fe-S cluster. Separation would occur upon insertion of
both sulfur atoms and concomitant destruction of the Fe-S cluster. Evidence of monothiolated
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species have been observed in LipA reactions, but kinetic competence has not been demonstrated.
These species have only been observed as dissociable from LipA when the reaction is acid
hydrolyzed or quenched with a metal chelator such as EDTA (86, 136). Also, when either 8,8,82

H3-octanoyl- or 2H15-octanoyl- substrates are employed in the reaction, no detectable lipoyl

product is formed.
In studies by the Roach laboratory, the monothiolated species has even been isolated by
quenching LipA reaction mixtures with acid and subjected to COSY NMR revealing the chemical
structure of an octanoyl chain with sulfur exclusively at the 6 position (136). Additionally, in
experiments performed by Cicchillo with specifically deuterated substrates, the removal of a
deuterium at the 6 position procedes with a significant isotope effect (Booker Lab unpublished
data). Removal of deuterium at C-8 proceeds at a much slower rate and no lipoyl product is
observed, signifying the inability of lipoyl synthase to remove the deuterium and insert the sulfur
atom at that position. Based on these observations, using an 8,8,8-2H3-octanoyl-H protein as
substrate should result in a tightly associated crosslinked species that results from the inability of
LipA to complete the second sulfur insertion step at C-8.
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Figure 3-1: Crosslinked species resulting from first half reaction of lipoyl synthase with
deuterated substrate.

Herein, for the first time, we present results that demonstrate the existence of this
crosslinked species between E. coli LipA and 8-2H3-octanoyl-H protein when incubated with S-
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adenosyl-L-methionine and the chemical reductant sodium dithionite. We have also characterized
this species by EPR and Mössbauer spectroscopies and find evidence of a [3Fe-4S]0 cluster.
Additionally we have demonstrated that release of iron and sulfide accompany turnover by LipA.
Our results further support the hypothesis that the second [4Fe-4S] cluster harbored by LipA is
directly responsible for sourcing the sulfur atoms in the lipoyl product.

3.2 Materials and Methods

Materials
Kanamycin and ampicillin were from IBI Shelton Scientific (Pecsto, IA). HEPES, tris(2carboxyethyl)phosphine (TCEP), NAD+, sodium sulfide, and sodium dithionite were purchased
from Sigma Corp (St. Louis, MO). Ferric chloride used in reconstitutions was from EMD
Biosciences (Gibbstown, NJ). Coomassie brilliant blue was from ICN Biomedicals (Aurora,
OH). Bradford reagent and BSA standard were from Pierce, Thermofisher Scientific (Rockford,
IL). Dithiothreitol (DTT) and isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased
from GoldBiotech (St. Louis, MO).
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Fe metal (98 %) was from Isoflex USA (San Francisco,

CA), and 8,8,8-2H3 octanoic acid (99.7%) was purchased from CDN Isotopes (Pointe-Claire,
Canada).

Sephadex G-25 resin and Talon metal affinity resin were from GE Healthcare

(Piscataway, NJ) and Clontech (Mountain View, CA), respectively. DE-52 anion exchange resin
was from Whatman (Florham Park, NJ). The thiol and sulfide quantitation kits were purchased
from Invitrogen (Carlsbad, CA).

S-adenosyl-L-methionine was synthesized using SAM

synthetase in a procedure described by Iwig and Booker. All other chemicals and reagents used
were reagent grade or higher.
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General procedures
All work done anaerobically was carried out in a Coy (Grass Lake, MI) anaerobic
chamber under an atmosphere of 95% N2 and 5% H2 gases. In addition, the chamber was
equipped with palladium catalysts to maintain oxygen levels at ≤ 0.2 ppm. All liquids were
prepared with water that had been boiled to remove oxygen, and then stirred for at least 24 hours
in the anaerobic atmosphere. All plastic ware was either autoclaved, brought into the chamber
hot and allowed to equilibrate for at least two days, or simply equilibrated for two weeks in the
anaerobic chamber if it could not be autoclaved. Iron and sulfide analyses were carried out as
previously described (187-189).

Spectroscopic methods
A Cary-50 or Cary-300 (Varian; Walnut Creek, CA) spectrometer and its associated Cary
WinUV software package were used to record UV-visible spectra. Low-temperature X-band
electron paramagnetic resonance (EPR) spectroscopy was carried out using a Bruker Elexsys E560 spectrometer (Billerica, MA) equipped with a SuperX FT microwave bridge. An ITC503S
temperature controller and ESR900 liquid helium cryostat (Oxford Instruments; Concord, MA)
were used to control and maintain sample temperature. Mössbauer spectra were recorded on
spectrometers from WEB research (Edina, MN) operating in the constant acceleration mode in a
transmission geometry. Spectra were recorded with the temperature of the sample maintained at
4.2 K.

For low-field spectra, the sample was kept inside a SVT-400 dewar from Janis

(Wilmington, MA), and a magnetic field of 40 mT was applied parallel to the γ-beam. For highfield spectra, the sample was kept inside a 12SVT dewar (Janis), which houses a superconducting
magnet that allows for application of variable magnetic fields between 0 and 8 T parallel to the γ-
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beam. The reported isomer shifts are relative to the centroid of the spectrum of a metallic foil of
α-Fe at room temperature. Data analysis was performed using the program WMOSS from WEB
research.

Expression and purification of lipoyl synthase
The E. coli lipA gene containing an N-terminal hexahistidine tag was expressed under an
isopropyl β-D-thiogalactopyranoside (IPTG)-inducible promoter using the KanR plasmid
pMGS10, the construction of which has been previously described elsewhere (86). This plasmid
was co-transformed into E. coli BL-21 DE3 cells along with the AmpR plasmid pDB1282, which
harbors Azotobacter vinelandii genes encoding proteins used in iron-sulfur cluster biosynthesis
and assembly under an arabinose-inducible promoter (86). A single colony resulting from the cotransformation was used to inoculate 200 mL of M9 minimal media (40 mL 20% D-glucose, 100
µL 1 M CaCl2, 6.75 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl and 1 g NH4Cl per liter)(193). This
culture was grown at 37 °C with shaking until turbid (~ 20 hr), and 600 µL aliquots were used to
inoculate four 4 L cultures of M9 minimal medium. These cultures were incubated at 37 °C with
shaking to an OD600 of 0.3, at which time solid arabinose was added to a final concentration of
0.2 %. At an OD600 of 0.6, IPTG and FeCl3 were added to final concentrations of 200 µM and 50
µM, respectively.
spectroscopy,
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To generate
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Fe-labeled LipA for characterization by Mössbauer

FeSO4 prepared from 57Fe metal, as previously described elsewhere, was added

in place of FeCl3 (133). The cultures were incubated for an additional 4 hr at 37 °C with shaking,
and harvested by centrifugation for 10 min at 10,000 x g and 4 °C. Cell pellets were frozen in
liquid nitrogen and stored at -80 °C prior to purification of LipA. Expression of the lipA gene
was monitored by SDS-PAGE with Coomassie blue staining.
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All purification steps were carried out in a Coy anaerobic chamber under an atmosphere
of 95% N2 / 5% H2 with oxygen maintained at ≤ 0.2 ppm. In a typical purification of LipA, 28 g
of frozen cell paste was resuspended in 100 mL of buffer A (50 mM HEPES pH 7.5, 0.3 M KCl,
0.02 mM PLP, 0.02 mM ATP, 10 mM MgCl2, 80 mM BME). Once the cells were fully in
suspension, they were lysed by four 1 min sonic bursts at a setting of 7 on ice with 5 min of rest
in between to allow the suspension to cool. The lysate was transferred to centrifuge tubes, which
were sealed with tape prior to removal from the anaerobic chamber, and centrifuged at 50,000 x g
and 4 °C for 1.5 h. After centrifugation, tubes were brought back into the anaerobic chamber and
the dark brown supernatant was loaded by gravity onto a column of Talon Co2+ metal affinity
resin (2.5 x 5 cm) pre-equilibrated in cold buffer A. A dark brown band became apparent and the
column was then washed with 200 mL cold buffer B (50 mM HEPES pH 7.5, 0.3 M KCl, 10 mM
MgCl2, 10 mM imidazole, 10 mM BME, 20% glycerol). LipA was collected in a single, dark
brown fraction by washing the column with 200 mL of buffer B containing 250 mM imidazole.
The protein was concentrated to a volume of 3 mL using an Amicon stirred cell fitted with a YM10 (pore size 10 kDa) membrane. Prior to storage, the protein was desalted by gel filtration
chromatography (G-25) and stored in buffer C (50 mM HEPES pH 7.5, 0.3 M KCl, 10 mM
MgCl2, 10 mM DTT, 20% glycerol). Protein aliquots were snap-frozen in liquid nitrogen and
stored in a liquid nitrogen dewar to prevent exposure to oxygen. Protein concentration was
determined by the method of Bradford with BSA as a standard. A correction factor of 1.47 was
used to account for the overestimation of LipA concentration, as previously described (86, 133).
Purity was assessed by SDS-PAGE with Coomassie blue staining.
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Reconstitution of lipoyl synthase
All reconstitution procedures were carried out in an anaerobic chamber containing an
atmosphere of ≤ 0.2 ppm oxygen unless specifically noted otherwise. The procedure was carried
out in a 50 mL polystyrene conical tube on ice in a final volume of 20 mL. Following isolation,
LipA was diluted in buffer C to a final concentration of 100 µM. Dithiothreitol was added to a
final concentration of 5 mM and the mixture was inverted gently three times and incubated on ice
for 45 min. After incubation, ferric chloride hexahydrate (or for protein to be used in Mössbauer
spectroscopy, 57FeSO4) was added to a final concentration of 300 µM (3 equivalents of LipA) and
the mixture was again inverted and incubated on ice further for 15 min. Sodium sulfide was
added to a final concentration of 300 µM (3 equivalents of LipA) in three equal aliquots in 45
min intervals and the tube was inverted to mix after each addition. The reconstitution mixture
was then incubated for approximately 14 hours on ice.
After incubation, the mixture was concentrated to 2 mL using an Amicon stirred cell
concentrator fitted with a 10 kDa membrane and jacketed with ice packs. The 2 mL solution was
transferred to two 1.7 mL microcentrifuge tubes, taken out of the anaerobic chamber while on ice,
and centrifuged in a tabletop microcentrifuge at 14,000 x g for 1 min. The tubes containing the
reconstitution mixture were immediately placed on ice and taken back into the anaerobic
chamber. A Pasteur pipet was used to load the reconstituted protein onto a G-25 column preequilibrated in cold buffer C. Care was taken to leave behind the dark pellet of precipitated iron
and protein that formed after centrifugation. The reconstituted LipA was collected in a single
fraction and again concentrated by Amicon stirred cell to a final volume of approximately 3 mL.
Protein concentration was determined by the method of Bradford as described for as-isolated
LipA. Iron and sulfide quantification was carried out as previously described (187-189).
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Expression and purification of H protein
Recombinant N-terminally hexahistidine-tagged apo-H protein was produced using
plasmid pETgcvH, the construction of which has already been described elsewhere (85). This
plasmid is KanR and is constructed such that the gcvH gene expression is under the control of an
IPTG-inducible promoter. This plasmid was transformed into E coli BL-21 (DE3) cells and a
single colony was used to inoculate a 200 mL starter culture of M9-ZB media (1 g NH4Cl, 3 g
KH2PO4, 6 g Na2HPO4, 4 g D-glucose, 1 mL 1 M MgSO4, 10 g tryptone, 5 g NaCl per liter of
liquid medium). The culture was grown while shaking at 37 °C until turbid and 30 mL aliquots
were used to inoculate each of four 4 L volumes of M9-ZB media. These large cultures were
grown at 37 °C to an OD600 of 0.6 while shaking, at which time the flasks were removed from the
incubator and placed in a water bath at ambient temperature until the cultures cooled to ~ 30 °C.
IPTG was added to a final concentration of 200 µM and the flasks were returned to the incubator
and incubated for an additional 20 h at 30 °C while shaking. Cell pellets were harvested by
centrifugation at 10,000 x g and 4 °C for 10 min and frozen in liquid nitrogen.
All purification steps were carried out at 4 °C. In a typical purification, 30 g of frozen
cell paste was suspended in 100 mL of buffer C (50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM
imidazole) and lysozyme was added to a final concentration of 1 mg mL-1. Cells were lysed by
four 1 min sonic bursts, and the lysate was centrifuged for 1.5 h at 50,000 x g and 4 °C. The
supernatant was transferred to a beaker containing 80 mL Ni-NTA resin that had been preequilibrated in buffer C, and slowly stirred for 2 h. The suspended resin was then loaded into a
fritted glass column (2.5 x 20 cm) and washed with 300 mL of buffer D (50 mM HEPES pH 7.5,
300 mM NaCl, 20 mM imidazole). The H protein was eluted by addition of buffer D containing
250 mM imidazole and the eluate was collected in 5 mL fractions. Those that contained protein
as determined by addition of Bradford reagent were pooled and concentrated using an Amicon
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stirred cell fitted with a YM-3 membrane. The protein was exchanged into buffer E (50 mM
HEPES pH 7.5, 300 mM NaCl, 20% glycerol) by gel filtration chromatography (G-25), and
aliquots were snap-frozen in liquid nitrogen and stored at -80 °C. Concentration was determined
spectrophotometrically (ε = 19,167 M-1 cm-1) and purity was analyzed by SDS-PAGE.

Expression and purification of lipoate protein ligase A
Recombinant E. coli lipoate protein ligase A (LplA) was expressed using plasmid
pETlpla, which encoded the lplA gene such that it contained an N-terminal hexahistidine tag.
This plasmid was transformed into BL-21 DE3 cells that were grown in LB medium as described
in Chapter 2. Purification was carried out at 4 °C by IMAC on a Ni-NTA column. The details of
this procedure were also described in Chapter 2.

Synthesis of 8,8,8-2H3-octanoyl- and octanoyl- H protein
8,8,8-2H3-octanoyl-H protein was synthesized using recombinant E. coli LplA as
previously described (86).

In a similar manner, octanoyl-H protein was synthesized

enzymatically in a 100 mL flask after treatment of H protein with lipoamidase (Lpa) to remove
any lipoyl-H contaminants as detailed in Chapter 2. Reaction mixtures contained 50 mM HEPES
pH 7.5, 5 mM MgCl2, 5 mM ATP pH 6.5, 1 mM octanoic acid, and 200 µM apo-H protein in a
total volume of 50 mL. The reaction was initiated by the addition of 1 mL LplA (specific activity
= 0.10 µmol min-1 mg-1) and incubated in a 37 °C water bath for 1 h. Following incubation, some
white precipitate was visible. This precipitate was likely LplA – which in other studies has proven
to be quite unstable in solution at temperatures exceeding 4 °C – and some H protein. Some of
this precipitate returned to solution when the reaction mixture was diluted 10 fold with cold 20
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mM KH2PO4 pH 7.2, 180 mM NaCl. The diluted mixture was loaded at a flow rate of 1 mL min1

onto a DE-52 column (2.5 x 20 cm) pre-equilibrated in 20 mM KH2PO4 pH 7.2 in a cold room

at 4 °C. The octanoyl-H protein was eluted from the column with a 0.5 L linear gradient of 20
mM KH2PO4 pH 7.2 with 180 mM NaCl increased to 450 mM NaCl. Fractions were collected in
5 mL amounts, and those containing protein as judged by a peak at 280 nm using UV-vis
spectroscopy, were pooled and concentrated with an Amicon stirred cell fitted with a YM-3
membrane. After concentration, the protein was exchanged into anaerobic buffer E (50 mM
HEPES pH 7.5, 300 mM NaCl, 20% glycerol) using pre-poured NAP G-10 columns.
Concentration was determined spectrophotometrically (ε = 19,167 M-1 cm-1). Protein aliquots
were stored under liquid nitrogen to prevent oxygen exposure until they were used in assays with
LipA.

FPLC method to separate LipA from H protein
FPLC chromatography was completed using an instrument housed in a Coy anaerobic
chamber with anaerobic columns and buffers. Reaction mixtures containing lipoyl synthase and
octanoyl-H protein in 1 mL amounts were loaded onto a MonoQ column using a Superloop. The
MonoQ column (GE Healthcare) was charged with 30 mL of buffer F (50 mM HEPES pH 7.5, 1
M NaCl) and equilibrated with 60 mL buffer G (50 mM HEPES pH 7.5, 0.1 M NaCl) prior to
use. Following loading of the protein sample, the column was washed with 5 mL of buffer G at a
flow rate of 1 mL min-1. Proteins eluted during a 60 mL linear gradient of 100% buffer G to
100% buffer F. Fractions were collected using an automatic fraction collector in 1 mL volumes
and analyzed by SDS-PAGE.
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Assay mixtures used in FPLC
To determine whether a MonoQ column was effective in separating LipA from octanoylH protein, a 1 mL equimolar mixture with a final concentration of 300 µM each, in 50 mM
HEPES pH 7.5, was applied to a MonoQ column by FPLC. Fractions from the linear gradient of
50 mM HEPES pH 7.5, in which salt concentrations were varied from 0.1 M NaCl to 1 M NaCl,
were collected every minute for 60 minutes. Fifty microliters of each collected 1 mL fraction was
combined with an equal amount of 2x SDS running buffer and boiled for 10 min. After brief
centrifugation in a microcentrifuge, 10 µL of each sample was loaded onto a 15% polyacrylamide
gel and subjected to SDS-PAGE. Gels were stained with Coomassie Brilliant Blue to visualize
protein bands.
Possible crosslinking between LipA and 8,8,8-2H3-octanoyl-H protein was investigated
by subjecting these proteins to turnover conditions. Octanoyl-H protein was used as a control in a
tandem experiment as a means of comparison.

Assay mixtures contained 179.98 µM

reconstituted LipA, 50 mM HEPES pH 7.5, 2 mM sodium dithionite, 1 mM SAM, and 300 µM
octanoyl-H protein or 8,8,8-2H3-octanoyl H protein in a total volume of 1 mL. The reaction was
initiated by addition of SAM and incubated for 20 min at 37 °C under anaerobic conditions. The
reaction mixture was then transferred to a sealed tube and quickly transferred to a second
anaerobic chamber where the FPLC was located.

Large-scale isolation of cross-linked species
A large-scale isolation was performed to generate sufficient quantities of the crosslinked
species to characterize spectroscopically. All steps were carried out in a Coy anaerobic chamber
unless stated otherwise. The reaction mixture contained 400 µM reconstituted LipA, 50 mM
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HEPES pH 7.5, 2 mM dithionite, 0.7 mM SAM, and 200 µM 8,8,8-2H3-octanoyl-H protein in a
total volume of 7 mL. This mixture was incubated at ambient temperature for 1.5 h and then
diluted 10 fold with cold buffer E. The diluted sample was loaded by gravity at a flow rate of ~ 2
mL min-1 onto a DE-52 column (2.5 x 10 cm) pre-equilibrated in cold 50 mM HEPES pH 7.5.
The crosslinked species was eluted using a 500 mL linear gradient of cold buffer E to buffer F.
The flow-through from the load volume was collected in two 35 mL fractions, and 5 mL fractions
were collected on ice as the NaCl gradient was applied to the column. The locations of unreacted
LipA and the crosslinked species were determined by SDS-PAGE. Fractions containing either
LipA or the crosslinked species were pooled separately and concentrated using Centriplus
(Amicon) concentration devices with a 3 kDa membrane size by centrifugation at 3,000 x g and 4
°C and/or by Amicon stirred cell with a YM-10 membrane. Samples were stored under liquid
nitrogen to maintain anaerobicity. The concentration of LipA in each sample was determined by
the method of Bradford using BSA as a standard and taking into account the overestimation by a
factor of 1.47 that occurs when LipA concentration is measured this way. Iron and sulfide
analyses were conducted on both the LipA and the crosslinked species as previously described
elsewhere (187-189).

Preparation of samples for Mössbauer spectroscopy
Samples for Mössbauer spectroscopy were prepared in a Coy anaerobic chamber. For
both the unreacted LipA and the crosslinked species, 300 µL of each were transferred into
separate plastic cups frozen by slowly immersing in liquid nitrogen. Samples were stored in
plastic holders in a liquid nitrogen dewar until spectra were collected.
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Preparation of EPR samples
Samples were prepared in thin-walled quartz EPR tubes in an anaerobic chamber.
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Fe

LipA that eluted first from the DE-52 column and was not associated with the 8,8,8-2H3-octanoylH protein was used at a final concentration of 160.3 µM either with or without 8 mM sodium
dithionite. The 57Fe LipA – 8,8,8-2H3-octanoyl-H protein crosslinked species was used at a final
concentration of 206.2 µM either with or without 8 mM sodium dithionite. Samples with
dithionite were incubated for 20 min on ice prior to freezing. EPR samples were frozen rapidly
by placing the tube in isopentane immersed in a dewar of liquid nitrogen. Samples were stored in
a liquid nitrogen dewar until EPR spectroscopy was performed.

Quantification of Fe and S released during catalysis
All steps were carried out in a Coy anaerobic chamber containing ≤ 0.1 ppm O2 unless
specifically stated otherwise. Only as-isolated LipA (not chemically reconstituted) was used in
these experiments. Reaction mixtures contained 50 mM HEPES pH 7.5, 20 µM flavodoxin, 5
µM flavodoxin reductase, 1 mM NADPH, and 300 µM octanoyl-H protein in total volumes of
350 µL. LipA was added to final concentrations of 50, 100, or 150 µM to each reaction mixture.
For each concentration of LipA, two identical samples were prepared – one with 0.7 mM SAM
and one with no SAM added.

A control reaction was run in tandem with these samples

containing TeSAM, an analog of SAM known to prevent LipA catalysis. Reaction mixtures were
incubated at 37 °C for 20 min, or at ambient temperature for 1 hr, after which 200 µL portions
were applied to 3 kDa microcons (Millipore). The microcons were centrifuged at ambient
temperature anaerobically, or sealed tubes were removed from the anaerobic chamber and
centrifuged at 4 °C and 14,000 x g to remove the proteins from solution. Portions of the eluate
were subjected to colorimetric assays to quantify the amount of iron and sulfide produced using
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methods previously described, or a thiol and sulfide quantitation kit (Invitrogen) (187, 188).
Additionally, 100 µL of the remaining mixture was quenched on a NICK gel filtration column
and the amount of lipoyl-H protein produced was quantified using a spectrophotometric assay
with LipDH as previously described (86).

3.3 Results

Characterization of lipoyl synthase
For this series of experiments, a new resin was tested for purification of LipA. While
IMAC was still employed, which separates LipA from other cellular proteins by exploiting the
hexahistidine tag present on the recombinant protein, Ni-NTA resin (Qiagen) was replaced with
Talon Co2+ resin (Clontech). This purification method yielded much cleaner LipA protein as
judged by SDS-PAGE (Figure 3-2).
The growth and expression conditions, as well as the components in the lysis buffer
(buffer A), were changed as compared to the method followed in the most recent previous
isolations of hexahistidine tagged E. coli LipA. In the very first purifications of lipoyl synthase
carried out in the Booker lab, an induction time of 4 hr at 37 °C was employed. This method
produced some soluble LipA, but yields of protein were increased upon changing the incubation
conditions to 18 °C for 16 hr. In the course of recent expression and isolations of LipA, it has
been found that although induction for 4 hr at 37 °C produced less soluble protein, the amount
that is isolated is comparably more active. With LipA, this means that more of the isolated
protein is able to catalyze formation of lipoyl-H protein in our assays, since LipA can only
accomplish a single turnover in vitro due to its self-destruction during catalysis. An additional
activity increase was observed when the lysis buffer had ATP and PLP, and all purification
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buffers had MgCl2 (5 mM) added to them. Addition of L-cysteine to either the lysis buffer or
growth medium did not have any measurable affect on LipA activity. Employing these variations
of induction time and purification buffer components, activity of as-isolated LipA increased from
approximately 10% (ie 100 µM LipA is capable of producing 10 µM lipoyl-H protein) to 30-35%
when the physiological reducing system (E. coli flavodoxin and flavodoxin reductase) was used.
In the experiments described here, with the exception of the cluster degradation trials,
LipA was reconstituted with a 3-fold molar excess FeCl3 and a 3-fold molar excess Na2S based
on relative concentrations of these components as compared to the concentration of LipA in
solution.

These molar ratios were decreased from previous reconstitutions in which 8-fold

excesses of FeCl3 and 8-fold excess of Na2S were used. When the 8-fold excess amounts of
FeCl3 and Na2S were added, iron and sulfide numbers for the reconstituted LipA as determined
by routine spectrophotometric assays were very high, often between 12 and 16 equivalents of Fe
and/or S associated with each LipA monomer. These numbers far exceeded the optimum 8
equivalents of each that would indicate the presence of 2 [4Fe-4S] clusters. EPR and Mössbauer
analyses revealed that much of this excess Fe was ferrous iron, or iron that was not associated
with an Fe/S cluster, but instead adventitiously bound to the protein. The use of 3-fold excess Fe
and S in reconstitutions has decreased the amount of detected Fe and S to 8 – 10 equivalents of
each per LipA monomer. It is likely that this method restores a comparable amount of Fe/S
cluster and activity as when 8-fold excess Fe and S is used, but much less of these elements are
adventitiously bound.
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Figure 3-2: SDS-PAGE of recombinant LipA purification by IMAC. Results of purification
using Ni-NTA (A) or Talon (B) resin. Lanes show low molecular weight markers (M), crude
supernatant (lane 1), crude pellet (lane 2), load flow-through (lane 3), wash flow-through (lane 4),
and pure protein (lane 5).

Two batches of LipA were used for the crosslinking experiments – one for the FPLC
separations and one with
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Fe for the large-scale isolation of the crosslinked species and

spectroscopic characterization.

The preparation used in the FPLC separation experiments

contained 7.97 ± 0.53 sulfides and 10.85 ± 0.81 irons per LipA monomer.

A UV-visible

spectrum of the reconstituted protein revealed a ratio of 1.93 for absorbance at 279 nm /
absorbance at 400 nm. Proteins harboring [4Fe-4S] clusters, including LipA, have a unique
signature UV-visible spectrum that consists of a sharp peak at 280 nm and a broad feature around
400 nm. The ratio of these peaks is used as a qualitative estimation of the amount of cluster
associated per monomer of LipA. In activity assays, 100 µM of this enzyme produced 59 µM
LipH protein and 112 µM 5’dA when sodium dithionite was used as a reductant after a 25 min
incubation at 37 °C. The 57Fe LipA that was used in the spectroscopic studies and for large-scale
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isolation of the crosslinked species contained 11.54 ± 0.20 sulfides and 7.51 ± 0.11 irons per
LipA polypeptide. The ratio of absorbance at 279 nm / absorbance at 400 nm was 2.47 from a
UV-visible spectrum. After 20 min under assay conditions, 100 µM of this enzyme facilitated
production of 30 µM LipH and 103.64 µM 5’dA. The excess 5’dA is likely a product of abortive
cleavage of SAM that is sometimes observed when sodium dithionite is used as a reductant.
For the cluster destruction experiments, five separate batches of LipA were used without
chemical reconstitution. Each batch of LipA contained 6-9 equivalents of Fe and S each per
LipA monomer. Only protein with a minimum of 20% activity was used in these experiments so
that released Fe and S would be within detection limits of the colorimetric assays.

Separation of LipA from octanoyl- and 8,8,8-2H3-octanoyl-H protein by FPLC
Octanoyl H protein and lipoyl synthase are known to associate tightly, but noncovalently
with one another, even when not under turnover conditions. This feature has, in fact, been
exploited for purification of a non-hexahistidine tagged E. coli lipoyl synthase.

When

hexahistidine tagged octanoyl H protein, or apo-H protein, is loaded onto a Ni-NTA column, the
H protein-tagged resin binds with non-tagged LipA. The resulting H protein and LipA protein
mixture can be eluted with high concentrations of imidazole, and when this collected fraction is
loaded onto a DE-52 anion exchange column, the two proteins can easily be separated. Lipoyl
synthase tends to bind very loosely to the DE-52 resin and elute with a low salt concentration,
while H protein binds more tightly and is eluted with a higher salt concentration.
In much the same way, a MonoQ column, a strong anion exchanger, was tested for its
ability to separate octanoyl-H protein from LipA using an FPLC contained in a Coy anaerobic
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chamber under an atmosphere of nitrogen and hydrogen with ≤ 0.2 ppm of molecular oxygen
present. (Figure 3-3).

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 M

0.1 M NaCl

1 M NaCl

Figure 3-3: SDS-PAGE of FPLC Fractions of an equimolar mixture of LipA and octanoyl-H
protein. Samples in lanes 1 – 6 contain LipA, while samples 27 – 30 contain octanoyl-H protein.

Since the FPLC method was found to efficiently separate LipA from octanoyl-H protein
when the two were combined in an equimolar ratio, this method was utilized for similar
experiments in which LipA and either octanoyl-H protein or 8,8,8-2H3-octanoyl-H protein were
subjected to turnover conditions to investigate whether a crosslinked species was formed between
LipA and the deuterated substrate. As expected, when the 8,8,8-2H3-octanoyl-H protein was
employed as a substrate, a significant portion of LipA coeluted with the H-protein (Figure 3-4).
This signifies that a large portion of the LipA was tightly associated with 8,8,8-2H3-octanoyl-H
protein, causing it to elute in the middle of the NaCl gradient. Some LipA that was not involved
in crosslinking with 8,8,8-2H3-octanoyl-H protein eluted at the beginning of the gradient as was
observed in the absence of SAM and reductant; it is likely that this is the unreactive portion of
LipA.
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When the unlabeled substrate was used, a smaller amount of association between
octanoyl-H protein and LipA was observed. Since the reaction mixtures were only incubated for
20 min and LipA catalysis procedes slowly, it is likely that a portion of the octanoyl-H protein did
not yet have both sulfurs inserted into the octanoyl chain at the time the mixture was loaded onto
the MonoQ column. This monothiolated species would thus be associated with LipA just as it is
when the deuterated substrate is used. The double band that is apparent in the fractions that
contain octanoyl-H protein is due to the difference in migration of lipoyl-H protein product from
the unreacted octanoyl-H protein substrate (Figure 3-5).

M 1 2 3 4

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 M

0.1 M NaCl

1 M NaCl
2

Figure 3-4: SDS-PAGE of FPLC fractions from LipA and 8,8,8- H3-octanoyl-H protein under
turnover conditions. Lanes 2-6 contain LipA and lanes 28-31 contain unreacted octanoyl-H
protein and a very small percentage of lipoyl-H protein. Lanes 20-26 contain both LipA and
8,8,8-2H3-octanoyl-H protein that coeluted form the MonoQ column.
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M 1 2 3 4

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 M

0.1 M NaCl
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Figure 3-5: SDS-PAGE of FPLC fractions from LipA and octanoyl-H protein under turnover
conditions. Lanes 1-4 contain LipA while lanes 25-28 contain a mixture of octanoyl-H protein
and lipoyl-H protein. A small amount of LipA and octanoyl-H protein coeluted in lanes 16-20.

Large-scale isolation of LipA / 8,8,8-2H3-Octanoyl-H protein Crosslinked Species
After confirming that crosslinking indeed occurred between LipA and a specifically
deuterated H protein substrate, a large-scale isolation of the products from a reaction mixture with
LipA and 8,8,8-2H3-octanoyl-H protein was performed so that the species could be characterized
spectroscopically. The dark brown fraction of the reaction mixture containing LipA clearly
eluted in two fractions. The first was lighter in color and larger in volume (about 150 mL). SDSPAGE analysis confirmed that this was LipA that was not associated with the octanoyl H protein
substrate. A darker brown band remained at the top of the column in a discrete ~ 2.5 cm band.
This band eluted in fractions 7-12, which were pooled and concentrated. It is important to note
that a very small, thin, light brown band remained at the very top of the DE-52 column following
the entire procedure. This band may have been precipitated LipA or a small amount of iron.
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Figure 3-6: SDS-PAGE analysis of fractions from DE-52 column. Lanes are molecular weight
markers (M), flow-through during column load (A and B), and samples from eluted 10 mL
fractions as the NaCl gradient was increased from 0.1 – 1 M (1-14). Fractions that were pooled
and used in further experiements are boxed.

Iron and sulfide content of LipA and crosslinked species
Following large-scale isolation of the
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Fe LipA and 8,8,8-2H3-octanoyl-H protein

crosslinked species by anion exchange chromatography, iron and sulfide was quantified using
colorimetric assays as described in materials and methods. In order to accurately quantify the
amount of iron and sulfide associated per monomer of LipA, it was necessary to determine the
concentration of LipA in each sample. Concentration of the unreacted LipA that eluted first from
the column was determined as usual by Bradford, taking into account the 1.47 correction factor.
To determine the concentration of the crosslinked species, it was first assumed that equal amounts
of the H protein and LipA were present in the mixture. A Bradford assay was performed using
BSA as a standard. To determine the concentrations of each protein, it was first assumed that
LipA and H protein were in an equimolar ratio. Then, the equation x + 2.41 x = z (a + b) / (a +
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1.47b) was employed, where: x = H protein in mg, z = total mg determined by Bradford, a =
molecular weight of H protein, and b = molecular weight of LipA. Determining the concentration
of LipA in this manner gave 190.85 ± 1.5 µM LipA in the sample of LipA alone, and 321.8 ± 3.1
µM LipA in the sample with the crosslinked species.
Iron and sulfide analyses were carried out on both the unreacted portion of LipA and the
LipA / 8,8,8-2H3-octanoyl-H protein crosslinked species to determine associated cluster content in
combination with Mössbauer spectroscopy. Iron analysis revealed that there were 8.56 ± 0.93
equivalents of Fe associated with the unreacted portion of LipA and 6.64 ± 0.30 equivalents of Fe
associated with the crosslinked species per LipA polypeptide. Sulfide analysis showed 6.56 ±
0.65 equivalents of S associated with the unreacted portion of LipA and 7.30 ± 0.17 equivalents
of S associated with the crosslinked species per LipA polypeptide. In both cases, these numbers
are close to the 8 equivalents of both Fe and S that would be predicted for intact LipA containing
2 [4Fe-4S] clusters.

UV-visible spectra of LipA and crosslinked species
The unreacted portion of LipA and the LipA / 8,8,8-2H3-octanoyl-H protein crosslinked
species were each diluted to a concentration of 8 µM and subjected to UV-visible spectroscopy.
The peak at 280 nm is larger in the crosslinked species as expected because both LipA and
octanoyl-H protein are present in equimolar concentrations. The characteristic broad peak at 400
nm that is typical of proteins containing 4Fe-4S clusters is observed in both spectra. It looks
markedly different in the spectrum of the crosslinked species than in spectra of LipA alone. The
feature at 400 nm is broader and flattened. It stretches from approximately 350 nm to 450 nm.
This feature bears some resemblance to reported spectra of proteins harboring [3Fe-4S] clusters,
although it is broader, and not as pronounced (194, 195)). This suggests that perhaps a mixture of
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[4Fe-4S] and [3Fe-4S] clusters exist in the crosslinked species.
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Figure 3-7: UV-visible spectra of unreacted LipA (dashed line) and LipA / 8,8,8-2H3-octanoyl-H
protein (solid line).

Mössbauer spectra of LipA and crosslinked species
The spectrum of the non-crosslinked fraction (Figure 3-7a) exhibits a quadrapole doublet
with parameters typical of [4Fe-4S]2+ clusters. The spectrum of the crosslinked species collected
under identical conditions (4.2 53 mT magnetic field, Figure 3-7c) is markedly different. It
exhibits several broad poorly defined peaks in addition to a broad feature extending from -1 to +2
mm s-1. These features become more sharp and pronounced in the 4.2 K / 0 field spectrum
(Figure 3-7b), suggesting the presence of a paramagnetic species. The zero-field-minus-53 mT
difference spectrum (Figure 3-7d) illustrates this.

The broad component pointing upwards

represents the spectrum of a paramagnetic species in a 53 mT field. It is remarkably similar to
the features caused by the [3Fe-4S]0 cluster of D. gigas ferredoxin (solid line Figure 3-7d), which
suggests that the broad species may be caused by a 3-Fe cluster. Adding back the theoretical
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spectrum of D. gigas ferredoxin yields the zero field reference spectrum of the paramagnetic
species (Figure 3-7e). It can be simulated with two quadrapole doublets with parameters typical
of FeIII in an S4 environment (δ= 0.28 mm s-1, ∆Eq= 0.60 mm s-1, 11% intensity) and Fe 2.5
valence-delocalized FeII-FeIII sites (isomer shift δ = 0.48 mm s-1 and quadrapole splitting
parameter ∆EQ = 0.94 mm s-1). The intensity ratio of 2:1 strongly suggests the presence of a 3-Fe
cluster with two mixed-valent sites and one high spin ferric site as they are found in [3Fe-4S]0
clusters. The data does not provide information about the core structure of the Fe3 cluster and
alternative core structures such as [3Fe-3S] clusters are also compatible with the spectroscopic
data. Also present is a quadrupole doublet which accounts for approximately 18% FeII (δ = 1.16
and ∆EQ = 2.60). This species is not merely an artifact from oxidative damage or due to sample
treatment, because in the sample of unreacted LipA alone, 90% of the Fe is associated with a
quadrapole doublet with parameters consistent with [4Fe-4S] clusters on LipA. The presence of
the 3-Fe center suggests that this is a possible intermediate in the LipA reaction.
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Figure 3-8: Mössbauer spectra of (a) unreactive portion of LipA alone with line overlaid to
represent parameters typical of [4Fe-4S]2+ cluster, (b) crosslinked species at B=0, (c) crosslinked
species in 53 mT, (d) subtraction spectrum of quadrapole doublets in zero field with spectrum
from D. gigas [3Fe-4S]0 overlaid, (e) reference spectrum representing a 2:1 ratio of mixed valent
to ferric species typical of a [3Fe-4S]0 cluster.
EPR spectra of LipA and crosslinked species
To gain better insight about the differences in the iron-sulfur clusters in the crosslinked
species and in the unreacted portion of LipA, EPR spectra were collected. In Figure 3-9 are
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spectra of the crosslinked species and unreacted LipA after reduction by excess sodium dithionite.
A strong signal with g-values typical of a 4Fe-4S cluster is observed in both samples.
Interestingly, the signal appears stronger for the unreacted portion of LipA, even though a lower
concentration of protein was actually used in this sasmple.
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Figure 3-9: EPR spectra of crosslinked species (solid line) and unreacted LipA (dashed line)
reduced with dithionite at 13 K.

Figure 3-9 displays the spectra of the crosslinked species and unreacted LipA as they
were isolated. In the absence of a chemical reductant, two signals are apparent, both of which are
significantly weaker than the signal resulting from the cluster after treatment with sodium
dithionite. These signals are indicitave of some amount of “junk” ferric iron and a [3Fe-4S]+
cluster. Both of these may result from either partial collapse of one or both clusters as a result of
DE-52 chromatography or from oxygen contamination. In the case of the crosslinked species, it
may be due to partial degradation of a cluster resulting from catalysis.
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Figure 3-10: EPR spectra of crosslinked species (solid line) and unreacted LipA (dashed line)
without dithionite at 13 K.
Quantification of Fe and S released during catalysis
To assess the extent of cluster degradation in LipA during catalysis, Fe and S that were
released from LipA were quantified. Two methods were employed to monitor Fe and S released.
First, time-dependent trials were carried out in which LipA reaction mixtures were quenched over
NICK columns at fixed time points to filter out released Fe and S. Portions of the eluate
containing LipA were subjected to Fe and S analyses to determine the amount of Fe and S still
associated with the protein. The caveat of using this method was that since LipA contains a total
of 8 Fe and 8 S on average, and only 20-30% of the enzyme is active, an overall decrease of only
1 Fe and 0.5 S per monomer should be observed. However, these assays are not sensitive enough
to be able to accurately distinguish between one or two equivalents of Fe and S; these close ratios
are within experimental error. A more precise way of measuring Fe and S was to quantify the
amounts of each that were released and compare them to the amount of LipH produced.
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Following LipA turnover, the proteins were filtered out by a small 3 kDa microcon membrane,
allowing any of the eluate containing released Fe and S to pass through and be quantified by
colorimetric assays. Time-dependent trials did not provide an accurate amount of Fe and S
released as a direct result of turnover because it took many minutes to filter out the proteins in
this manner. Instead, varied concentrations of LipA (50, 100, 150 µM) were used. Additionally,
two reactions were prepared for each concentration of LipA – one with SAM and one without.
To account for any “background” release of Fe and S, the samples without SAM were subtracted
from those that did contain SAM. TeSAM, which is similar in structure to SAM but does not
support LipA turnover, was used as a control and no Fe and S release above background was
observed. Small amounts of Fe and S released from the protein can be attributed to a small
amount of damage to Fe-S clusters when handling the enzyme. To prevent the detection of Fe and
S that does not correspond directly to turnover, the physiological reducing system flavodoxin
/flavodoxin reductase was used because dithionite is known to cause cluster destruction. Also,
only as-isolated LipA was used to prevent release of adventitiously bound Fe and/or S that
sometimes associates with LipA following chemical reconstitution.
In an average of five independent trials, results showed that for every molecule of LipH
produced, 3.70 ± 1.25 equivalents of Fe were released.

Sulfide analysis was not as

straightforward, and when the method of Beinert was followed, no acid-labile S release was
detected in either experimental or control samples. Two independent trials in which a thiol and
sulfide quantitation kit from Invitrogen was used showed an average of 1.64 ± 0.74 equivalents of
S released into solution for each molecule of LipH produced (Table 3-1). These results support
the hypothesis that one [4Fe-4S] cluster is responsible for donating two sulfur atoms to the lipoyl
product, causing the remaining 4 Fe and 2 S to be released into solution.
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Table 3-1: Quantification of Fe and S released as a function of turnover by LipA. Trials listed
were perfomed independently. For trials 3-5, no sulfide release was detected.
[LipA] (µM)

[LipH] (µM)

Fe released per LipH

S released per LipH

Trial 1
50
100
150

11.25
26.58
30.97

4.29
3.52
4.97

2.21
1.71
1.65

50
100
150

9.16
11.46
13.01

3.19
1.89
2.40

2.65
0.71
0.92

50
100
150

17.43
30.43
50.17

4.85
4.49
4.03

50
100
150

15.73
23.05
22.69

3.12
1.28
2.85

50
100
150
Average

8.25
14.02
20.99

5.77
4.55
4.25
3.70 ± 1.24

Trial 2

Trial 3

Trial 4

Trial 5

1.24 ± 0.739

3.4 Discussion
Lipoyl synthase (LipA) is responsible for the de novo biosynthesis of lipoic acid, an
essential cofactor utilized by many primary metabolic pathways (1). This enzyme catalyzes the
unique chemical reaction of sulfur insertion directly into unactivated saturated carbons in a fatty
acyl chain. Besides the sheer interest generated by the mechanism of catalysis of such a difficult
chemical reaction, the importance of LipA in mammals was recently illustrated. When the lias
gene, which codes for LipA in mice, was knocked out in a murine model, embryos homozygous
for the deletion died in utero shortly after the blastocyst stage (147). Study of LipA can thus have
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important implications on health and disease. In this study, we use LipA from E. coli to probe the
reaction mechanism and generate supporting evidence that a [4Fe-4S] cluster on LipA is directly
responsible for donation of sulfur atoms into the lipoyl product.
It has been well established that LipA harbors 2 [4Fe-4S] clusters, both of which are
essential in catalysis (133). One is ligated by three conserved cysteines in a CX3CX2C motif
common to members of the radical SAM family of enzymes (121, 186). Radical SAM enzymes
use a highly reactive 5’dA• in catalysis. In the case of LipA, this radical is thought to abstract
hydrogen atoms directly from C-6 and C-8 of a fatty n-octanoyl chain attached to a LCP yielding
carbon-centered radicals that can attack a sulfur source. The second cluster lies in a CX4CX5C
motif, which is conserved only among lipoyl synthases. This cluster is thought to be the source
of sulfur atoms in the lipoyl product.
Experimental evidence is consistent with the hypothesis that the second [4Fe-4S] cluster
provides sulfur to the lipoyl product, but this evidence is indirect. When LipA is grown in
defined media with only a single isotope of sulfur available, that isotope is incorporated into the
product (134). This experiment demonstrated that the source of product sulfur is LipA itself.
Furthermore, when two batches of LipA labeled with different sulfur isotopes were incubated
under turnover conditions in equimolar concentrations, produced lipoyl product contained
identical sulfur isotopes (134).
individual LipA polypeptide.

This revealed that both sulfur atoms were sourced by an
This finding argues against freely dissociable monothiolated

intermediates on the LipA reaction pathway, and indeed these have not been observed. If both
sulfur atoms are from the same LipA monomer, it follows that product release should not occur
until insertion of both sulfur atoms has occurred.
Monothiolated species have previously been detected during LipA catalysis, especially
when deuterated substrates are employed, but these are not freely dissociable. When a 2H15-
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octanoyl-H protein was used as substrate in LipA reactions, no lipoyl product was observed in
spectrophotometric assays. Analysis of reaction products by LC-MS, following a quench in
EDTA resulting in LipA precipitation, indicated that although no lipoyl-H protein was present, a
peak matching the molecular weight of a monothiolated-octanoyl-H protein was observed (86).
In an independent study, an octanoylated peptide was used as substrate in LipA reactions.
Following incubation of the peptide with LipA under turnover conditions, the reaction was
acidified and subjected to analysis by LC-MS. In reaction with proteated substrate, a small
amount of a species consistent with the molecular weight of a monothiolated octanoyl peptide
was observed (136). In a separate experiment, when a size-exclusion membrane was used to
physically separate LipA from the peptide, the amount of monothiolated peptide in the eluate was
greatly reduced, suggesting that under non-denaturing conditions it was not freely dissociable
from LipA. When an 8,8,8-2H3-octanoyl peptide was used in the LipA reaction, no quantifiable
lipoyl product was observed. Upon isolation of the monothiolated species, followed by alkylation
of thiols by iodoacetamide, COSY NMR revealed that the octanoyl chain had a thiol only at C-6
(136).

These studies demonstrate that a large isotope effect is associated with removal of

deuterium at C-8. Therefore, using an 8,8,8-2H3-octanoyl-H protein substrate should essentially
resulting in “stalling” the enzymatic reaction after the first sulfur insertion. If the sulfur source is
indeed LipA itself, and both sulfurs are sourced by the same monomer, this would also result in a
crosslinking between the two proteins, conceivably at the C-6 postion.
When considering the possibility of a [4Fe-4S] cluster being the source of sulfur in the
lipoyl product, it is helpful to look at studies on biotin synthase (BioB), an enzyme that also
catalyzes sulfur insertion. BioB is responsible for the insertion of a single sulfur atom into
dethiobiotin forming the thiophane ring of biotin (196). There are many parallels that can be
drawn between the mechanisms of LipA and BioB. Both enzymes are members of the radical
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SAM superfamily of enzymes; and in both cases two hydrogens are removed from unactivated,
saturated carbons, evidenced by a 2:1 stoichiometry of 5’deoxyadenosine (5’dA) to product (121,
132, 140, 197).

Both are also only capable of completing a single turnover in vitro; these

enzymes literally produce product at their expense (137). In the case of LipA, there are three
pieces of experimental evidence that point to an Fe-S cluster as the source of product sulfur. First,
the sulfurs originate from LipA itself; second, both sulfurs originate from the same LipA
polypeptide; and third, free monothiolated intermediates have never been observed on the
reaction pathway (86, 134, 136). Studies on the largely parallel mechanism of BioB have
provided significantly more experimental evidence pointing to an Fe-S cluster as the sulfur
source.
Like LipA, BioB harbors two iron-sulfur clusters essential in catalysis (198). However,
instead of 2 [4Fe-4S] clusters, BioB contains one [4Fe-4S]2+/1+ cluster and one [2Fe-2S] cluster.
While the [4Fe-4S] cluster is involved in SAM coordination and cleavage, the [2Fe-2S] cluster is
proposed to be the sulfur source of biotin (139, 197). Studies have shown that this mixed cluster
state affords maximum activity in BioB, and interestingly, when the enzyme is isolated
aerobically, the [2Fe-2S] cluster is intact (198-200). The [4Fe-4S] cluster must be chemically
reconstituted (122, 138, 198). This allows differential isotopic labeling of Fe and S in the two
clusters, and because the spectroscopic signatures are quite different between [4Fe-4S] and [2Fe2S] forms, the two cluster types can be analyzed independently of one another (139, 201). There
has been much experimental evidence that the [2Fe-2S] cluster of BioB is indeed the sulfur
donor.

In independent studies, isotopic labeling of the clusters with
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S or
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S showed direct

insertion of the sulfur isotope into biotin (202, 203). When BioB harboring a [2Fe-2Se] cluster
was produced, seleno-biotin was produced during turnover (201). There is also evidence that the
UV-vis signature of the [2Fe-2S] cluster disappears during turnover (198). Perhaps the most
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convincing evidence was provided by a Mössbauer spectroscopic study which observed that BioB
with [257Fe-2S]2+ clusters degrade as a function of catalysis. Interestingly, this degradation
occurred an order of magnitude faster than production of biotin, leading the authors to spectulate
that sulfur insertion was not the rate-limiting step in catalysis. Under turnover conditions, a
transient [2Fe-2S]+ cluster was also observed, which may represent an intermediate reduced
cluster form prior to degradation (139). Additionally, the crystal structure of BioB with SAM and
dethiobiotin has recently been solved. Dethiobiotin is located between SAM and is only 4.6 Å
from the nearest bridging sulfur atom of the [2Fe-2S] cluster – a distance and coordination
geometry that certainly would allow this sulfur to be inserted (138).
Because LipA contains only [4Fe-4S] clusters which have very similar spectroscopic
properties, differential labeling to observe the clusters independently by spectroscopy is
significantly more difficult. Furthermore, only about 20 – 30% of any given preparation of
purified LipA is in its active form, making it difficult to monitor different cluster forms as
catalysis is occurring. In an effort to probe the structure of the clusters during catalysis, however,
the use of an 8,8,8-2H3-octanoyl-H protein substrate has been employed. In this study, we first
investigated whether this deuterated substrate would result in the formation of the predicted
crosslinked species. Anion exchange chromatography, which is known to effectively separate
octanoyl-H protein from LipA, was used to probe for the presence of a crosslink. A method was
developed using FPLC over a MonoQ column to generate precise and reproducible separation of
the two proteins followed by SDS-PAGE to determine where the proteins eluted in the NaCl
gradient. This method efficiently separated LipA from octanoyl-H protein, resulting in two clear
bands – one at the beginning and one at the end of the NaCl gradient. When LipA was incubated
with the deuterated substrate under catalytic conditions, a large portion of LipA and the 8,8,8-2H3octanoyl-H protein co-eluted in the middle of the gradient, indicating that the proteins were
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tightly crosslinked. A similar reaction with unlabeled substrate produced a very small amount of
the LipA-H protein crosslink. Also, a double band corresponding to octanoyl-H protein and
lipoyl product eluted at the end of the gradient indicating that catalysis had taken place. These
results indicate that the crosslink is also present during typical reaction conditions, even in the
absence of a deuterated substrate and supporting that the crosslink may be an intermediate. After
demonstrating that a crosslinked species is produced when 8,8,8-2H3-octanoyl-H protein was used
in LipA reactions, a large-scale reaction was carried out to generate sufficient quantities of this
species for spectroscopic characterization. Using
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Fe-labeled LipA has allowed us to analyze

cluster forms found only in the active portion of LipA by EPR, Mössbauer, and UV-visible
spectroscopies and to separate this species from unreacted portions of LipA.
The UV-visible spectrum of the crosslinked species contains a flattened and broadened
peak around 400 nm, which is slightly different than that observed in as-isolated preparations of
the LipA. This absorbance at 400 nm is characteristic of proteins containing [4Fe-4S] clusters.
The difference in the spectral envelope observed with the crosslinked species suggests that in
some way, the coordination environment or cluster type has been altered. Additionally, the UVvisible signature is consistent with those observed in spectroscopic studies on proteins containing
[3Fe-4S] clusters, although the feature at about 450 nm is less pronounced indicating that perhaps
a mixed cluster state of [4Fe-4S] and [3Fe-4S] clusters is present (194, 195). The EPR spectra of
the as-isolated unreacted LipA and crosslinked species are rather unremarkable. Both show a
small amount of a spectrum consistant with parameters of a [3Fe-4S]1- cluster. The signal for the
crosslinked species is slightly stronger than that of the unreacted LipA. When both species were
reduced with sodium dithionite, spectra typical of [4Fe-4S]1+ clusters were observed. It should be
noted that there are small differences in the two spectra. The unreacted portion of LipA shows a
slightly broader signal and the signal appears stronger. The crosslinked species displays a weaker
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signal with a greater amount of ferric iron present.
The most interesting results were obtained when the crosslinked species was
characterized by Mössbauer spectroscopy. The crosslinked species shows that a large portion of
iron, 20 – 30%, is in the form of [3Fe-4S]0 clusters, or [3Fe-3S]2+ clusters. There is no way to be
absolutely sure how many sulfur equivalents are associated with the cluster because Mössbauer
spectroscopy is only capable of producing a signal from 57Fe and these two cluster forms would
appear to have essentially identical coordination environments and coupling schemes among the
iron atoms. The presence of this cluster type would signify the loss of at least one Fe and
possibly one Fe and one S from the cluster. These results are consistent with cluster degradation
preceding insertion of both sulfurs and product release. It is possible that this cluster form may
not represent an actual intermediate, but instead is simply the most stable intermediate during the
isolation procedure; however, from a mechanistic standpoint, transient intermediate [3Fe-4S] or
[3Fe-3S] clusters fit well with other experimental evidence. This would also suggest that all or
part of the [4Fe-4S] cluster responsible for donating the S atoms degrades prior to product
release. Similar results were obtained in an aforementioned spectroscopic study of BioB. In this
study, [2Fe-2S]2+ clusters were first reduced by one e- and then degraded during catalysis.
Furthermore, cluster degradation appeared to occur one order of magnitude faster than biotin
formation. These results prompted the authors to hypothesize that sulfur insertion was not the
rate-limiting step in biotin biosynthesis. It is possible that only the
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Fe dissociated from the

cluster, leaving behind a protein-bound persulfide still attached to biotin, but not yet released
from the active site. This may also be the case in lipoate biosynthesis. Rather than both sulfurs
being inserted followed by release of lipoyl product concomitant with degradation of the [4Fe-4S]
cluster, the cluster may degrade while lipoyl production is occurring.
In order to determine if this 3-Fe cluster is indeed an intermediate, more active

130
preparations of LipA are necessary.

If intermediate iron species were to be observed

spectroscopically, a significant portion of the enzyme would have to be active so that a
sufficiently strong signal could be obtained and monitored in addition to the signal that arises
from the radical SAM clusters. In the past, activity levels have been improved by coexpressing
LipA with plasmid pDB1282, which contains genes coding for IscS, IscU, HscA, HscB, and fdx.
All of these proteins are responsible for providing scaffolding for the construction of iron-sulfur
clusters or are directly involved in insertion of the clusters to apo-protein.

When this

coexpression system is used, levels of soluble LipA and the amount of iron and sulfur associated
with the as-isolated protein are greatly increased. Chemical reconstitution of as-isolated LipA
also yields an activity improvement, sometimes as much as 3-fold. The caveat of using this
method is that LipA often binds exogenous iron and sulfide so that when reconstituted protein is
used in spectroscopic studies, the spectra appear “sloppy” due to the extra iron associated with the
protein. Even with reconstituted preparations of LipA, the best reported activity is only about 3050% active. Throughout the course of the experiments detailed here, various methods have been
employed for optimization of activity of as-isolated enzyme and reconstituted enzyme (if activity
is high in the as-isolated form, it is usually only increased by chemical reconstitution).
Techniques that have optimized activity include expression after induction of the IPTG-inducible
lipA gene for only 4 hr at 37 °C, addition of 0.2 mM ATP and PLP to LipA lysis buffer, and
purification by IMAC on Talon Cobalt resin rather than Ni-NTA resin.
Additionally, in support of the [4Fe-4S] cluster of LipA contained in the
CXXXXCXXXXXC motif, Fe and S released during catalysis have been quantified. The relative
amounts of Fe and S were compared to the amount of LipH produced to provide a ratio of these
products. If a [4Fe-4S] cluster is responsible for donating 2 S atoms to the lipoyl product, it is
expected that the remaining 2 S and 4 Fe atoms would no longer form an intact cluster. The
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majority of these products would be expected to be released into solution, although LipA may
still coordinate some of them, since it is known to have the ability to bind adventitious Fe and S
when subjected to chemical reconstitution. These experiments were challenging because any
precipitation of LipA resulted in large amounts of Fe and S release with or without SAM. In five
independent trials, the average amount of Fe equivalents released as a function of LipA catalysis
was 3.70 ± 1.24. Sulfide analysis proved to be more difficult and was only detected when a
commercial thiol and sulfide quantitation kit was employed. Two independent trials showed an
average sulfide release of 1.64 ± 0.739 per molecule of LipH produced. The release of Fe and S
further supports that a cluster is being destroyed as a function of catalysis by LipA and the ratios
observed point to this cluster as the likely sulfur donor.
Although there seems to be no clear-cut answer for why the portion of LipA that did not
react with the deuterated substrate is inactive, this study has, for the first time, succeeded in
separating active LipA from inactive LipA. The inactive portion of LipA appears to contain
about 90% of iron in the form of [4Fe-4S]2+ clusters, and iron analysis shows that each monomer
contains 8.56 ± 0.93 Fe. There is ample iron present to form 2 [4Fe-4S] clusters, and Mössbauer
spectroscopy indicated that about 90% of this iron was indeed in this form. The other 10% was
present as ferrous iron, probably resulting from adventisiously bound species after the
reconstitution procedure. Sulfide analysis showed a slightly lower amount of sulfide associated
with each monomer, only 6.56 ± 0.65, although it is within experimental error to assign a full
complement of sulfide to the clusters. This evidence seems to suggest that both 4Fe-4S clusters
are present in the unreactive portion of LipA, likely ruling out improper cluster formation being
the cause of inactivity. It is possible then that the inactivity is due to improper folding of LipA.
The spectroscopic evidence gathered during the couse of this study has led to a new,
slightly different mechanism of catalysis for LipA. Rather than the [4Fe-4S] cluster that is
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responsible for collapsing and releasing ferrous iron and sulfide into solution in concert with
product release, one of the irons dissociates upon the first sulfur insertion at C6 (Figure 3-9). If
only a single ferrous iron atom is lost, this mechanism would predict an intermediate [3Fe-4S]1cluster that would be paramagnetic and visible by EPR spectroscopy. This cluster form would
result from reduction of the cluster after the carbon-centered substrate radical attacks a sulfur
atom, presumably causing one atom from a Fe-S bond to move to the iron, reducing it from FeIII
to FeII. However, this is not what we observe in this study. Instead, it is possible that an iron and
a sulfide have been lost from the [4Fe-4S] cluster forming an intermediate [3Fe-3S]0 cluster. It is
also possible that a small amount of contaminating oxygen oxidized the [3Fe-4S]1- cluster to a
[3Fe-4S]0 cluster, although every effort was made to ensure that the experiments were conducted
in the absence of oxygen. Oxygen contamination is not what caused the degradation of the [4Fe4S] cluster, however, since the unreacted portion of LipA underwent the same experimental
procedure, but none of this species is present in the Mössbauer spectra. It must be concluded that
the partial cluster degradation is directly linked to the presence of 8,8,8-2H3-octanoyl-H protein.
Additional experiments are currently underway to demonstrate that the crosslink occurs
directly between octanoyl-H protein and one of the Fe-S clusters on LipA.

Native gel

electrophoresis has demonstrated that when the crosslink is treated with agents known to destroy
Fe-S clusters, but not break covalent disulfide bonds, dissociation of substrate is observed from
the crosslinked species. These treatments include addition of EDTA, urea and addition of buffer
containing oxygen (data not shown). These results support that the crosslink occurs directly
between the octanoyl chain and an Fe-S cluster.
While this evidence is convincing for a possible intermediate, it is impossible to rule out
definitively that the observed [3Fe-4S]0 cluster is simply the most stable product for the cluster to
adopt during purification steps. Despite the desire to monitor the cluster during catalysis, rapid
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freeze-quench Mössbauer spectroscopy would contain too large a portion of unreactive LipA
resulting in a spectrum with many types of iron that could not be definitively analyzed. The best
way to demonstrate that this is a true intermediate would be to demonstrate catalytic competence.
This could be achieved by reacting a large amount of LipA with unlabeled octanoyl-H protein
and substoichiometric amounts of SAM. This would likely cause a portion of LipA and Hprotein to associate tightly as observed with the 8,8,8-2H3-octanoyl-H protein substrate and it
could be isolated in the same way. The crosslink could then be added to a reaction mixture with
additional SAM and the production of LipH product could be monitored.
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Figure 3-9: Proposed mechanism for catalysis by LipA with 8,8,8-2H3-octanoyl-H protein with
formation of a [3Fe-4S]1- cluster.
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