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SUMMARY INTRODUCTION

Although the structure of lipoic acid and its role in bacterial
metabolism were clear over 50 years ago, it is only in the past
decade that the pathways of biosynthesis of this universally
conserved cofactor have become understood. Unlike most co-
factors, lipoic acid must be covalently bound to its cognate
enzyme proteins (the 2-oxoacid dehydrogenases and the gly-
cine cleavage system) in order to function in central metabo-
lism. Indeed, the cofactor is assembled on its cognate proteins
rather than being assembled and subsequently attached as in
the typical pathway, like that of biotin attachment. The first
lipoate biosynthetic pathway determined was that of Escherichia
coli, which utilizes two enzymes to form the active lipoylated
protein from a fatty acid biosynthetic intermediate. Recently, a
more complex pathway requiring four proteins was discovered
in Bacillus subtilis, which is probably an evolutionary relic. This
pathway requires the H protein of the glycine cleavage system
of single-carbon metabolism to form active (lipoyl) 2-oxoacid
dehydrogenases. The bacterial pathways inform the lipoate
pathways of eukaryotic organisms. Plants use the E. coli path-
way, whereas mammals and fungi probably use the B. subtilis
pathway. The lipoate metabolism enzymes (except those of sul-
fur insertion) are members of PFAM family PF03099 (the co-
factor transferase family). Although these enzymes share some
sequence similarity, they catalyze three markedly distinct en-
zyme reactions, making the usual assignment of function based
on alignments prone to frequent mistaken annotations. This
state of affairs has possibly clouded the interpretation of one of
the disorders of human lipoate metabolism.

June 2016 Volume 80 Number 2

Microbiology and Molecular Biology Reviews

Lipoic acid is an essential cofactor that functions only when
covalently bound to specific subunits of the pyruvate dehy-
drogenase (PDH), 2-oxoglutarate dehydrogenase (OGDH),
branched-chain 2-oxoacid dehydrogenase, and acetoin dehydro-
genase enzyme complexes. Lipoic acid attachment is likewise re-
quired for the glycine cleavage system (called glycine decarboxyl-
ase in plants), an enzyme complex that catalyzes reactions very
different from those of the 2-oxoacid dehydrogenases. The
TUPAC name for lipoic acid is (R)-5-(1,2-dithiolane-3-yl)pen-
tanoic acid, although the cofactor is also called thioctic acid, 6,8-
dithiooctanoic acid, and a-lipoic acid. The last name is a relic of
the early work in which oxidized and polymerized forms of the
molecule were isolated. Lipoic acid acquired its name because it is
poorly soluble in water but, like a lipid, is highly soluble in organic
solvents (1, 2). Indeed, lipoic acid is a derivative of the short-chain
fatty acid octanoic acid (Fig. 1).

Lipoic acid was discovered as a cofactor that replaced acetate in
supporting the growth of certain lactic acid bacteria (3, 4). Since
acetate is volatile in the acidic media favored by these bacteria,
much of it was lost upon autoclaving of the growth media, and
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FIG 1 Lipoic acid and related molecules. Lipoic acid is a derivative of octanoic acid in which sulfur atoms are inserted at carbon atoms 6 and 8. The two thiols
form the disulfide, which is called lipoic acid (dihydrolipoic acid is the reduced form). The ITUPAC names of (R)-lipoic acid and dihydrolipoic acid are
(R)-5-(1,2-dithiolan-3-yl)pentanoic acid and 6,8-dimercaptooctanoic acid, respectively.

robust growth required supplementation of the autoclaved me-
dium with acetate. However, acetate-free extracts obtained by acid
hydrolysis of liver and yeast also strongly stimulated growth. Ex-
traction into organic solvents concentrated the stimulatory activ-
ity, and these preparations were called the acetate replacement
factor (1-5). The most straightforward interpretation was that the
factor somehow allowed these bacteria to make their own acetate.
Another laboratory found that a different lactic acid bacterium,
now called Enterococcus faecalis, grew on pyruvate only when the
medium was supplemented with a similar acetate-free liver ex-
tract, indicating that acetate was synthesized by decarboxylation
of pyruvate (6, 7). The two groups then joined forces and, greatly
aided by large-scale processing of liver extracts by the Eli Lilly
Company, isolated 30 mg of lipoic acid from about 10 tons of liver
(8). Lipoic acid was thought to contain a dithiol because pyruvate
metabolism in brain tissue was inhibited by trivalent organoarse-
nic compounds that were known to tightly bind 1,2- and 1,3-
dithiols (such the trench warfare agent, Lewisite) and inhibition
was reversed by the addition of a 1,2-dithiol (9). The presence of a
dithiol was confirmed upon chemical synthesis of lipoate (10).

The next question was, how did lipoic acid allow these bacteria
to decarboxylate pyruvate to acetate? Lipoic acid added to bacte-
rial cultures at limiting levels could not be recovered. This finding,
together with the hydrolytic step required to obtain the com-
pound from natural sources, suggested that lipoic acid was cova-
lently bound to enzyme proteins, and this was demonstrated using
?3S-labeled lipoic acid (11). Numerous laboratories had estab-
lished the other cofactor requirements for the oxidative decarbox-
ylation of 2-oxoacids (see below). Coenzyme A (CoA), NAD, and
thiamine diphosphate plus a divalent metal ion and (now) pro-
tein-bound lipoic acid were all required. A perplexing result was
that the addition of all of these components to cell extracts of
Enterococcus faecalis cells grown in the absence of lipoic acid failed
to allow pyruvate oxidation (12, 13). However, if the extracts were
supplemented with lipoic acid plus ATP and incubated prior to
the addition of pyruvate, robust oxidation was observed. Hence,
an enzyme activity, now called lipoate protein ligase (Fig. 2), was
required to activate the inactive pyruvate oxidation system (13).
Lipoate attachment was demonstrated to be through an amide
linkage to a specific lysine residue located close to the N terminus
of the E2 subunit (2).

THE ENZYMES THAT REQUIRE ATTACHMENT OF
LIPOIC ACID

The 2-oxoacid decarboxylases have been the subject of several
excellent reviews (1, 2, 14-16), and thus, only an overview will be
given here. These enzyme activities reside in very large, stable pro-
tein complexes that catalyze the general reaction depicted in Fig.
3A. In the early work, the complexes had the disadvantage that
methods to characterize such large complexes and their compo-
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nents were lacking, but this was offset by the advantage that the
proteins catalyzing each of the partial reactions of the overall re-
action were present in the required stoichiometry (except for the
enzymes that modify the proteins with lipoic acid). The pyruvate
dehydrogenase and 2-oxoglutarate dehydrogenase complexes are
required for entry of carbon into the tricarboxylic acid (TCA)
cycle and progression of carbon through the cycle, respectively,
whereas the branched-chain 2-oxoacid dehydrogenase complexes
are required for degradation of branched-chain amino acids in
mammals, for synthesis of branched-chain fatty acids in bacteria,
and for synthesis of branched-chain hydrocarbons in plants. In
eukaryotes, these enzyme complexes are generally located in the
mitochondria or another organelle. Some bacteria also contain a
dehydrogenase complex that degrades acetoin (3-hydroxybu-
tanone) to acetyl-CoA and acetaldehyde (acetoin is not an
2-oxoacid, so it cannot be decarboxylated). Acetoin dehydroge-
nase is closely related to pyruvate dehydrogenase.

In all 2-oxoacid dehydrogenase complexes, the core of the
structure is provided by the E2 subunit, to which the E1 and E3
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FIG 2 The lipoate ligase reaction. The reaction proceeds in two partial reac-
tions: the formation of lipoyl-adenylate, followed by transfer of the lipoate
moiety to the acceptor protein (an E2 or GevH protein). The lipoyl-adenylate
intermediate is tightly bound. The biochemically characterized ligases also use
octanoate as a substrate. Attachment is to an LD of a 2-oxoacid dehydrogenase
E2 protein or to a glycine cleavage system H protein.
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FIG 3 The lipoate-requiring enzymes. (A) The general 2-oxoacid dehydroge-
nase reaction. ThDP, thiamine diphosphate. (B) The glycine cleavage system
(GCV, called glycine decarboxylase in plants). The synthesis of serine from
N?,N'%-methylene-tetrahydrofolate and a second molecule of glycine by serine
hydroxymethyl transferase (SHMT) is not part of the glycine cleavage system
but plays an important role in some organisms and may be a key factor in the
first role of lipoic acid in metabolism. The E2 subunit of the 2-oxoacid dehy-
drogenases and the L protein of the glycine cleavage system are the same pro-
tein. (C) Structure of the LD of Bacillus stearothermophilus PDH E2 subunit
(PDB code 1LAB).

components are tightly bound. In the pyruvate dehydrogenase
(PDH) and 2-oxoglutarate dehydrogenase (OGDH) complexes of
Escherichia coli and other Gram-negative bacteria plus the OGDH
and branched-chain 2-oxoacid dehydrogenase complexes of
mammals (17, 18), the core consists of 24 copies of the E2 chain
arranged with octahedral symmetry, whereas in the PDH com-
plexes of mammals and Gram-positive bacteria, the core com-
prises 60 E2 chains arranged with icosahedral symmetry. In all
2-oxoacid dehydrogenase complexes, the E2 component has a
multidomain structure comprising (from the N terminus) lipoyl
domain(s), which are ca. 9-kDa domains that are the site(s) of
lipoic acid attachment, a small peripheral subunit-binding do-
main (ca. 4 kDa), and a much larger catalytic domain (ca. 28 kDa)
that houses the acyltransferase activity and polymerizes to form
the inner core of the complexes. The lipoyl domains (LDs) are
separated by long (25 to 30 residue) segments of polypeptide
chain, characteristically rich in alanine, proline, and charged
amino acids, that form flexible but extended linkers (16). The
number of PDH lipoyl domains per E2 subunit varies from one to
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three. In the PDH complexes of Gram-negative bacteria, the num-
ber is usually two or three, whereas all of the OGDH E2o0 subunits
described to date contain a single lipoyl domain, as is the case for
the E2b chains of all branched-chain 2-oxoacid dehydrogenase
complexes.

Lipoic acid attachment is also required for a reaction very dif-
ferent from those catalyzed by the 2-oxoacid dehydrogenases, the
cleavage of glycine to N°,N'%-methylene-tetrahydrofolate, CO,,
and NH; (Fig. 3B) (19, 20). This reaction of single-carbon metab-
olism is catalyzed by a loose complex of four proteins (more prop-
erly called a system) and is called the glycine cleavage system in
mammals and bacteria and glycine decarboxylase in plants. Like
the 2-oxoacid dehydrogenases, these are mitochondrial proteins
in eukaryotes. The lipoylated subunit of these complexes is called
GevH or H protein and is a small protein of a size similar to the
2-oxoacid dehydrogenase lipoyl domains. However, rather than
carrying an organic acid in thioester linkage as in the 2-oxoacid
dehydrogenases, the distal thiol of the H protein lipoate moiety
carries aminomethylene. The H protein lipoyl moiety undergoes a
cycle of reductive methylamination (catalyzed by the P protein),
methylamine transfer (catalyzed by the T protein), and electron
transfer (catalyzed by the L protein). Hence, during catalysis, the
lipoate moiety is successively methylamined, reduced, and oxi-
dized (Fig. 3B). Glycine cleavage has been most extensively stud-
ied in plants and mammals (for excellent reviews, see references 19
and 20), where the N°,N'°-methylene-tetrahydrofolate is com-
bined with another molecule of glycine to form serine. In plants,
this reaction sequence plays a key role in the photorespiratory
cycle. In bacteria, the N°,N'°-methylene-tetrahydrofolate can be
used in various reactions, including serine synthesis, whereas in
mammals, glycine cleavage functions to prevent buildup of toxic
levels of glycine. Despite the very different reactions catalyzed, the
2-oxoacid dehydrogenase complexes and the glycine cleavage sys-
tems share a subunit (E3 in the dehydrogenases and L in glycine
cleavage system) that is responsible for reformation of the lipoate
dithiolane ring to allow another catalytic cycle (21, 22).

STRUCTURES OF LIPOYL DOMAINS

The structures of LDs (Fig. 3C) are highly conserved throughout
biology, despite fairly wide variation in amino acid sequences. A
demonstration of the structural conservation is that the mamma-
lian (23) and plant (24) domains are readily lipoylated when ex-
pressed in Escherichia coli. The LD structures are directly related to
the catalytic functions of the domain in substrate channeling and
active-site coupling within the complexes. First, although free li-
poic acid or its amide are substrates for the E2p and E3 partial
reactions in vitro, the lipoylated domain is a better substrate by
more than 4 orders of magnitude (25). The attachment of the
lipoyl group to the conserved lysine at the tip of the protruding
B-turn gives a dramatic reach to the business end. Moreover, the
flexible and extended linker regions that connect the lipoyl do-
main(s) with the catalytic domain contribute increased mobility
to the swinging arm. This was shown by deletion of the linker
region in a modified single-lipoyl-domain bacterial E2, which
caused an almost total loss of overall activity without substantially
affecting the individual enzymatic activities (26). Moreover, E1
subunits of different bacterial species can transfer acyl groups only
to their cognate E2 protein, thereby providing an accurate sub-
strate channeling mechanism that results in reductive acylation
occurring only on the lipoyl group covalently attached to the ap-
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propriate E2 subunit (27, 28). Third, although the attached lipoate
was once thought to be freely rotating, recent structural data
showed that the lipoyl-lysine B-turn of the domain becomes less
flexible after lipoylation of the lysine residue (29). The restricted
motion of the lipoyl group would facilitate effective E1 and E2
catalysis by presenting the lipoyl group in the preferred orienta-
tion to the active sites of E1. This is in agreement with a crystal
structure of the E1 component of a BCDH complex (30). In this
structure, the active site where thiamine diphosphate binds is lo-
cated at the bottom of a long funnel-shaped tunnel, suggesting
that the lipoyl group attached to the lipoyl domain must be fully
extended and accurately positioned to reach the thiamine diphos-
phate cofactor. The domain amino acid side chains responsible for
this specific positioning have been mapped to two residues that
flank the lipoyl-lysine (31). Finally, the prominent surface loop
connecting B-strands 1 and 2 (which lie close in space to the li-
poyl-lysine) is another major determinant of the interactions of
the lipoyl domain with E1 (32). Deletion of this loop results in a
partially folded domain and almost completely abolishes lipoyla-
tion and reductive acylation, indicating that the loop is involved in
maintaining the structural integrity of the domain, posttransla-
tional modification, and catalytic function (29). The loop struc-
ture may be important for stabilization of the thioester bond of the
acyl-lipoyl intermediate (29). The aminomethylene-modified li-
poyl moiety of the pea leaf H protein also is protected by the
domain structure and does not swing freely (33).

Subgenes encoding the lipoyl domains from a wide range of
bacteria have been expressed in E. coli, and sufficient recombinant
protein has been obtained for the domain structures to be deter-
mined by multidimensional nuclear magnetic resonance (NMR)
spectroscopy and X-ray diffraction. The archetypical structure,
that of the single apo lipoyl domain of the E2p chain of Bacillus
(now Geobacillus) stearothermophilus (Fig. 3C) (34), is composed
largely of two four-stranded 3-sheets, with the N- and C-terminal
residues of the domain close together in space and the lysine res-
idue earmarked for lipoylation in an exposed position in a tight
type I B-turn generated by B-strands in the other sheet. There is a
well-defined hydrophobic core, the least well-defined regions be-
ing the exposed B-turn where the lipoyl-lysine resides and, most
notably, the nearby large surface loop that connects the first two
B-strands (Fig. 3C). Consistent with the high levels of sequence
similarity between lipoyl domains of 2-oxoacid dehydrogenase
multienzyme complexes, all other lipoyl domains have the same
structural pattern. Given the small differences in the NMR spectra
of the lipoylated and unlipoylated forms of E2p domains, the
structures of holo and apo domains have been inferred to be sub-
stantially the same.

The determination of lipoyl domain structures allowed predic-
tion of the structure of the H protein of the glycine cleavage system
(35). H proteins are about 130 residues in length. Although the
overall sequence identity was low (<20%), the conservation of
key residues indicated that there was likely to be considerable
structural similarity between the H protein of glycine cleavage
systems and the lipoyl domains of 2-oxoacid dehydrogenase com-
plexes (35). Indeed, the X-ray crystal structure of the lipoylated
pea leaf H protein (24, 36) and, subsequently, those of a large
number of bacterial lipoyl proteins, agree well with the prediction.

A remarkable finding is that the biotinoyl domains of biotin-
dependent enzymes have structures strikingly similar to those of
lipoyl domains as predicted by Brocklehurst and Perham (35). As

432 mmbr.asm.org

Microbiology and Molecular Biology Reviews

in the case of lipoylation, biotin is ligated to the €-amino group of
alysine reside located at the tip of a protruding B-turn. The bioti-
noyl domains of enzymes other than bacterial and plant plastid
acetyl-CoA carboxylases most closely resemble lipoyl domains,
because they lack the characteristic thumb structure of acetyl-CoA
carboxylase domains (37). The structure of the biotin domain of
the E. coli acetyl-CoA carboxylase biotinylated subunit (AccB) has
been established by X-ray crystallography and NMR spectroscopy
(38-40). The structure closely resembles those of the lipoyl do-
mains of the E2 component of 2-oxoacid dehydrogenase com-
plexes and of the H protein of the glycine cleavage system. The
high-resolution NMR structure of a biotinoyl domain lacking the
thumb structure has also been determined (41), and this structure
more closely resembles the lipoyl domain. Depending on the pair
of domains chosen for comparison, the root mean square devia-
tion of biotinoyl and lipoyl domain backbone atoms can be as low
as 1 A, and hence, these proteins define a protein family
(PF00364). Other work has shown that one of the proline/alanine-
rich linker regions that lie between the domains of E. coli PDH can
functionally replace the proline/alanine-rich linker region that lies
upstream from the biotin domain of E. coli AccB (42), underlining
the interrelatedness of the biotin and lipoic acid acceptor proteins.
Therefore, nature has used essentially the same structural ele-
ments for enzymes that catalyze very different reactions using dif-
ferent covalently attached cofactors.

ATTACHMENT OF LIPOIC ACID

Some bacteria are known to be able to scavenge lipoic acid from
the environment, and although this has long been thought to be
the case in mammals, recent data argue strongly against this pos-
sibility (see below). In bacteria, the source of lipoic acid is the
growth medium or the intestinal environment. Lipoic acid at-
tached to dietary proteins can be set free by an intestinal amidase,
whereupon bacteria compete for this “free lunch.” Some bacteria
also encode an amidase called lipoamidase that is able to release
lipoic acid from intact 2-oxoacid dehydrogenase complexes. In-
deed, alipoamidase or equivalent enzyme activity must be respon-
sible for the free lipoic acid available in nature, because lipoic acid
is made on its cognate proteins (see below).

Lipoate-protein ligase activity was first described by Reed and
coworkers (12) in Enterococcus faecalis and E. coli, and these work-
ers postulated that lipoate was attached to protein by a two-step
ATP-dependent reaction with lipoyl-AMP as an activated inter-
mediate (Fig. 2). Although the lipoate-protein ligase was a key
reagent in the demonstration of the role of lipoic acid in the
2-oxoacid dehydrogenase reactions, the protein had not been pu-
rified to homogeneity, and thus, it was not clear whether or not a
single protein catalyzed the activation and transfer steps. This was
answered by analysis of the E. coli IplA ligase. The IplA gene was the
first gene encoding a lipoate-protein ligase, and LplA was the first
such ligase purified to homogeneity (43, 44). Mutants with muta-
tions in IplA were isolated by two different approaches (44, 45). In
the first approach, an lipA strain was mutagenized by transposon
insertion and the mutagenized cells were supplemented with a
mixture of succinate and acetate, which bypasses the lipoate re-
quirement. The supplement was then switched to lipoate and se-
lection for nongrowing cells was performed, followed by plating
onto the succinate—acetate-supplemented medium. The resulting
colonies were screened for strains able to grow on succinate—ace-
tate-supplemented medium but not on lipoate-supplemented
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medium (44). Three classes of mutant strains could have resulted
from this scheme: strains lacking the ligase (IpIA), strains defective
in lipoate transport, and mutants lacking the E3 subunit common
to all E. coli lipoate-dependent enzymes. Surprisingly, all of the
mutants isolated were I[pJA mutants. The lack of lipoate transport
mutants suggests that there may be no lipoate transporter in E. coli
(as is believed to be the case for short-chain fatty acids). Given the
small size, the hydrophobicity, and the miniscule amount of the
cofactor (46) required for growth (lipoate at 0.5 ng/ml gives half-
maximal aerobic growth of E. coli lipoate auxotrophs), no trans-
porter may be needed. Indeed, it has been reported that both
enantiomers of >°S-lipoate were taken up by E. coli, although only
(R)-lipoic acid became attached to the 2-oxoacid dehydrogenases
(47). Since a transporter protein would be expected to discrimi-
nate between enantiomers, this finding argues strongly against the
existence of a lipoate transporter. Mutants with mutations map-
ping in IpIA were also isolated by a direct selection mechanism,
resistance to selenolipoic acid. Selenolipoic acid is a growth-inhib-
itory lipoate analogue in which the sulfur atoms are replaced with
selenium (45). These mutants encoded a ligase of somewhat com-
promised activity that was able to discriminate against the larger
selenium atoms.

Purified LplA is a 38-kDa monomeric protein (43). Assays with
a fully purified apoprotein acceptor have demonstrated that puri-
fied LplA plus lipoate and Mg-ATP are sufficient to reconstitute
lipoylation in vitro (43, 44). Thus, it is clear that LplA catalyzes
both the ATP-dependent activation of lipoate to lipoyl-AMP and
the transfer of this activated lipoyl species to apoprotein, with the
concomitant release of AMP (Fig. 2). This conclusion is consistent
with the early findings of Reed and coworkers (12), who were
unable to fractionate the E. coli activity into lipoate activation and
lipoyl transferase components. LplA has been shown to be capable
of utilizing octanoate and several lipoate analogs for the posttrans-
lational modification of E2 apoproteins in vivo (44). This rather
broad substrate specificity in vivo matches the similarly broad sub-
strate specificity observed in vitro (43). E. coli LplA is a robust
enzyme that has become a standard reagent in the study of lipoic
acid metabolism and has become a very useful reagent for in vivo
protein labeling with diverse fluorophores by substituting other
residues for the residue tryptophan-37. Tryptophan-37 is located
atthe end of the lipoic acid binding pocket and acts as a gatekeeper
residue. The mutations enlarge the volume of the active site and
allow binding of substrates having different sizes and shapes than
lipoic acid (48-52).

Several crystal structures of LplA and of LplA homologues have
become available, including structures of E. coli LplA, LplA with
bound lipoyl-5"-AMP, and LplA with octanoyl-5"-AMP in a com-
plex with the apo form of GevH (53). These structures define the
LplA structural mechanism. Three large-scale conformational
changes occur upon completion of the lipoate adenylation reac-
tion: (i) binding of the adenylate, (ii) movement of the lipoate-
binding loops to maintain the lipoyl-5’'-AMP reaction intermedi-
ate, and (iii) rotation of the C-terminal domain by about 180°.
These changes are prerequisites for LplA to accommodate the
apoprotein for the lipoate transfer reaction. The invariant Lys133
residue (54) plays essential roles in both the lipoate adenylation
and transfer steps. (Note that in a prior E. coli LplA structure, the
lipoate molecule was bound in a catalytically inappropriate man-
ner). Two lipoic acid-containing structures of an LplA homologue
from the archaeon Thermoplasma acidophilum (55, 56) can be
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readily superimposed on the E. coli LplA structure, except that the
T. acidophilum protein lacks the LplA C-terminal domain. More-
over, the addition of lipoic acid to a complex of the T. acidophilum
protein with ATP gave lipoyl-AMP, thereby showing that lipoic
acid was bound in a physiologically meaningful manner. Lipoyl-
AMP bound in a U-shaped pocket and was well shielded from
solvent, explaining the stability of its mixed anhydride linkage.
The T. acidophilum LplA was reported to be inactive in catalyzing
the overall LplA reaction (55), although lipoyl-AMP synthesis was
demonstrated (56). Since T. acidophilum LplA lacks the C-termi-
nal domain of E. coli LplA, this suggested that the missing domain
plays a key role in transfer of the lipoyl moiety from lipoyl-AMP to
the acceptor domain. Indeed, a second protein had been proposed
to interact with T. acidophilum LplA and thereby allow the com-
plete reaction (55), and this proved to be the case (57, 58). Hence,
lipoate ligases can be bipartite, and a crystal structure of a bipartite
enzyme has recently been reported (59). The lipoate ligase family
has recently been shown to include a circularly permuted enzyme
from the soil bacterium Streptomyces coelicolor. In this case, the
LplA C-terminal domain is found at the N terminus (60). This
domain can be moved to the C terminus with some retention of
activity or can be expressed as a separate protein, where it is active
but only in the presence of the other domain of the protein (60).
Aninteresting proposed mechanism to generate circularly permu-
tated enzymes by partial gene duplication and fold switching has
been put forth to explain the structure of the E. coli BirA biotin
protein ligase, an enzyme closely related to LplA (see below) (61).

The most curious of the lipoate ligase family proteins are the
human (LIPT1) and bovine lipoyltransferases, which relative to
LplA are defective enzymes because they cannot perform the first
partial reaction, synthesis of lipoyl adenylate (Fig. 2) (62). The
large domains of the mammalian lipoyltransferases and E. coli
LplA share about 30% identity, whereas the small C-terminal do-
mains show few identical residues. Consistent with the results of
the in vitro assays, LIPT1 expression in E. coli failed to replace
LplA, and attempts to provide LIPT1 with the small domain from
a functional ligase also failed (60). During lipoate activation, the
small domain of E. coli LplA moves toward the large domain to
form the lipoic acid binding pocket, whereas in the second partial
reaction, the small domain rotates away from the large domain by
about 180° (63). In contrast, the small domain of the bovine li-
poyltransferase is always extended and the B12-a6 region dynam-
ically moves to the ligand side and forms an adenylate binding
loop (64). However, in the E. coli LplA structure, the loop equiv-
alent to the adenylate binding loop is disordered due to steric
hindrance caused by the altered conformation of the small do-
main (63). Note that in the synthesis of lipoyl-adenylate, the sub-
strate of LIPT1 has been ascribed to a mitochondrial medium-
chain acyl-CoA synthetase known as ACSM1 (65) that contains
each of the motifs of this well-studied enzyme family (66, 67). This
is an extraordinarily promiscuous enzyme with very broad specif-
ity that includes several xenobiotics (66, 67). However, ACSM1 is
reported to convert both the natural (R)- and unnatural (S)-li-
poate isomers to their adenylates and also uses GTP to produce
lipoyl-guanylate, which is released from the enzyme to serve as a
LIPT1 substrate (65). Moreover, ACSM1 uses GTP only to acti-
vate lipoate, while acyl-CoA synthesis requires ATP (65). From
these considerations in particular, the ability to activate (S)-li-
poate makes it very unlikely that ACSM1 acts in lipoate metabo-
lism; stereochemistry is a hallmark of physiological function. In-
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synthesis of another, lipoic acid.

deed, the nucleotide polymorphisms detected within the ACSM1
gene are associated with schizophrenia and not with central me-
tabolism (68, 69).

THE OCTANOYL-ACP:PROTEIN N-OCTANOYLTRANSFERASES
(LipB AND LipM)

During the characterization of E. coli IpIA null mutant strains,
compelling evidence was found for a second protein lipoylation
pathway that did not require the IpIA gene product (44, 45, 70).
When independently derived IpIA null mutations were introduced
into wild-type strains, the resulting mutant strains had active
(therefore, lipoylated) 2-oxoacid dehydrogenases. This was di-
rectly confirmed by bioassays that showed that IpIA null mutants
contained normal levels of lipoylated proteins (70). Therefore, E.
coli must have an IplA-independent lipoylation pathway. This was
first attributed to a second ligase that had been missed in the
biochemical analyses. However, no such second ligase could be
found (43), and thus, alternative pathways were considered. The
most straightforward alternative pathway was one in which the
fatty acid synthetic intermediate, octanoyl-acyl carrier protein
(octanoyl-acyl carrier protein [ACP]), would be converted either
directly or indirectly to lipoylated proteins. That is, lipoate would
be synthesized without going through an intermediate that has a
free carboxyl group. The carboxyl group would be in the thioester
linkage to the prosthetic group of ACP (which is essentially the
nonnucleotide portion of CoA attached to serine-36 of AcpP), and
this linkage would be attacked by the e-amino group of the lipoyl
domain lysine residue, resulting in the amide-linked coenzyme (as
shown for octanoate in Fig. 4). Several lines of evidence demon-
strated that this putative protein lipoylation pathway was depen-
dent on the lipB gene product. The lipB gene was originally iso-
lated as a class of E. coli lipoic acid auxotrophs (71). Biochemical
evidence demonstrated that [ipB was required for an octanoyl-
ACP:protein N-octanoyltransferase (72, 73) present in crude ex-
tracts that was also active with lipoyl-ACP (74), although this is
not its physiological reaction (Fig. 4) (75). This activity was also
found in extracts of E. coli IpIA null mutants and, unlike LplA, this
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activity did not require ATP. A temperature-sensitive lipB strain
was obtained and found to encode a transferase of decreased ther-
mal stability (73), indicating that lipB encoded the transferase
rather than a protein that regulated transferase expression. LipB
expression was complicated by the belated finding that a TTG
codon, rather than a conserved ATG codon 22 codons down-
stream, was the initiation codon (73). Finally, hexahistidine-
tagged LipB was purified, and the purified protein had high levels
of octanoyltransferase activity (73). The untagged protein has also
been purified by conventional means (76).

Based on these observations, two E. coli pathways for protein
lipoylation were proposed (Fig. 5) (70, 74, 77), as follows. When
free lipoic acid is available in the medium, E. coli incorporates and
attaches extracellular lipoate (78-80) via the LplA-dependent
scavenging pathway that proceeds through lipoyl-AMP (Fig. 5).
When lipoate is absent from the medium, lipoyl groups must be
made by de novo synthesis. An octanoyl group is first transferred
from octanoyl-ACP to the apo proteins by LipB. LipA then acts on
the protein-bound octanoyl groups to catalyze the sulfur insertion
step (Fig. 5). This model explained why Ip/A null mutants had no
growth defect unless the strain also carried a lipA or lipB mutation,
as well as the unidirectional redundancy between LipB and LplA
functions. Indeed, upon overexpression or mutation, LplA can
scavenge the low levels of free cytosolic octanoate, accounting for
the leakiness of lipB strains (81). The model also explained the
findings of Ali, Guest, and coworkers (82, 83) that high-level pro-
duction of an E. coli LD domain resulted in the octanoylated pro-
tein. It is now clear that these results were due to titration of
cellular LipA levels. Strains having null mutations in both IpIA and
lipB contain no detectable lipoylated proteins, indicating that
LplA and LipB are the only E. coli enzymes capable of modifying
lipoyl domains (70).

The LipB reaction was shown to proceed via an acyl enzyme
intermediate (84). The octanoyl group is transferred from the
ACP prosthetic group thiol to the thiol of Cys-169. This protein-
bound thioester is then attacked by the €-amino group of the
lipoyl domain lysine to give the lipoyl domain (Fig. 5). The reac-
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FIG5 Comparison of the lipoate assembly and lipoic acid ligation pathways in
E. coli. The top scheme shows the transfer of octanoate from ACP to the active
site thiol of LipB, followed by the attack on the e-amino group of the LD lysine
residue on the LipB thioester to give octanoyl-LD. LipA then converts this
intermediate to lipoate by the consumption of two molecules of S-adenosyl-
L-methionine (SAM) and two sulfur atoms derived from the LipA auxiliary
[Fe-S] cluster. Two molecules each of methionine (Met) and deoxyadenosine
(DOA) are also produced. The bottom scheme shows the lipoate ligase reac-
tion, as described in the legend to Fig. 2. Note that octanoate is also an LplA
substrate.

Lipoic Acid Assembly

tivity of the cysteine residue seems to be responsible for the only
LipB crystal structures currently available, those of Mycobacterium
tuberculosis (85) and Thermus thermophilus (86), in that the pro-
teins crystallized only when the loops containing the cysteine res-
idue were immobilized. The M. tuberculosis LipB (which comple-
mented the growth of E. coli lipB mutant strains) was crystallized
in a covalent complex with a decanoic acid. Surprisingly, although
the acyl chain was bound to the sulfur atom of a cysteine residue
corresponding to Cys-169 of E. coli LipB, the bond was a thioether
linkage to C-3 of decanoate rather than a thioester link to the
carboxyl group (85). This unexpected finding seems likely to be
the result of the addition of the cysteine thiol to the unsaturated
bond of trans-2-decenoyl-ACP or cis-3-decenoyl-ACP, a key in-
termediate in E. coli unsaturated fatty acid biosynthesis. Consis-
tent with this interpretation, no such adduct was seen upon the
expression of the protein in Mycobacterium smegmatis, a bacte-
rium that synthesizes unsaturated fatty acids by a pathway that
does not involve decenoyl intermediates (85). Based on the crystal
structure and mutagenesis studies, LipB is thought to function as
a novel cysteine/lysine dyad acyltransferase, in which the dyad
residues function as acid/base catalysts (85). Bacillus subtilis LipM
catalyzes the same reaction via the same general catalytic mecha-
nism as LipB and will be discussed below. Note that, like LipB (75),
LipM isolated from cells is acylated only with octanoate (the oc-
tanoyl-enzyme intermediate), indicating that octanoyl-ACP is the
sole in vivo substrate (87). The LipM and LipB octanoyltrans-
ferases can be added to the list of enzymes that have undergone
convergent evolution functionally and mechanistically (88, 89).
As previously stated, these enzymes are in the same family and
have remarkably similar protein folding patterns (Fig. 6). Despite
this, the primary sequences are markedly different. Therefore, it
appears that octanoyltransferase activity has evolved from the
same protein scaffold through two different paths. This highlights
the multitude of possible evolutionary outcomes and explains the
rarity of true convergent evolution at the sequence level (88, 89).

FIG 6 The PFAM 03099 lipoate metabolism enzymes are constructed on a common scaffold. (A) Superimposition of the crystal structures (Ca) of the
Mycobacterium tuberculosis LipB octanoyltransferase (PDB code 1W66) (in magenta) with the Thermoplasma acidophilum LplA lipoate ligase (PDB code 2C8M)
(in cyan). Note that the structures are circularly permuted. An interesting model to generate circularly permuted proteins has been put forth for a PFAM 03099
biotin ligase (61). (B) Superimposition of the crystal structures (ribbon diagram) of Bacillus halodurans LipL (in green, PDB code 2P51) with M. tuberculosis LipB
(in blue, PDB code 1W66). Note the strong conservation of helices and sheets in both superimpositions.
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THE ENZYMES OF LIPOATE ASSEMBLY AND ATTACHMENT
ARE MEMBERS OF A MECHANISTICALLY DIVERSE
PROTEIN FAMILY

With the exception of the radical S-adenosyl-L-methionine
(SAM) enzymes that catalyze sulfur insertion, the enzymes of li-
poate assembly and attachment are members of PFAM family
PF03099, the cofactor transferase family. Although the proteins of
this family share overall-similar folding patterns (Fig. 6), the en-
zyme reactions catalyzed are mechanistically and functionally di-
verse (Fig. 7). This circumstance makes assigning functions based
on sequence alignments perilous. A prime illustration of the fail-
ure of sequence alignments to predict function is the case of LipB,
LipM, and LplA. LipBs are octanoyltransferases that transfer oc-
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tanoate from octanoyl-ACP to H proteins and the E2 subunits of
2-oxoacid dehydrogenases (Fig. 4), whereas LplA is the paradigm
lipoate ligase described above (Fig. 2). The E. coli LipB and LplA
proteins align with 19% identity over only about 70% of the length
of the shorter LipB protein. B. subtilis LipM is also an octanoyl-
transferase that functionally replaces LipB in E. coli (87, 90). How-
ever, LipB and LipM show only 20% identity over less than half
their lengths despite the fact that the proteins have the same func-
tion and chemical mechanism. In contrast, LipM and LplA show
25% identity over essentially the full length of the shorter LipM.
Hence, alignments would argue that LplA and LipM have the same
function and that LipB is the functional outlier. However, LplA is
the functional outlier. Moreover, the PF03099 family has yet an-
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other demonstrated lipoate metabolism activity, the LipL amido-
transferase reaction, which transfers lipoate from H proteins to
the dehydrogenase E2 subunits (Fig. 7) (90, 91). By sequence, LipL
is the closest relative to LipB and retains the conserved structural
elements, although it comes from a divergent bacterium and has a
different enzyme activity. LipL attacks an amide linkage rather
than the much more labile thioester linkage attacked by LipB and
LipM (Fig. 7). The PF03099 family encompasses other complica-
tions. As mentioned above, a bipartite lipoate ligase is known in
which the small domain is encoded by a gene adjacent to the LplA
large domain homologue. However, there is no reason that this
must be the case. Indeed, there are putative bipartite ligases en-
coded by genes located far apart in the genome, such as in Pyro-
coccus furiosus, and there is the circularly permuted ligase men-
tioned above. Moreover, PF03099 also includes ligases that attach
biotin to its cognate proteins. Hence, we are faced with a protein
family composed of members constructed on the same structural
scaffold but having diverse enzyme activities. These attributes
seem an unusually fertile ground for the construction of so-called
“moonlighting” proteins having dual enzyme activities (see be-
low).

BIOSYNTHESIS OF LIPOIC ACID

Although the functions of lipoic acid in its cognate multienzyme
complexes have been thoroughly studied over the past 40 years,
the pathways of lipoic acid biosynthesis have only recently been
elucidated. Early studies established that octanoic acid (Fig. 1) is
the precursor of the lipoic acid carbon chain (92, 93). Analysis of
the conversion of specifically labeled forms of octanoic acid to
lipoic acid by E. coli cultures showed that the two sulfur atoms are
introduced with the loss of only two hydrogen atoms from the
chain, one from C-6 and the other from C-8 (92). Additional
metabolic feeding studies demonstrated that in E. coli, lipoic acid
biosynthesis does not involve either desaturation or hydroxyla-
tion of octanoic acid but does result in inversion of stereochemis-
try at C-6 (92-95). Sulfur is introduced at C-8 with racemization,
in agreement with the formation of an intermediate carbon radi-
cal at C-8 (92, 94, 95). 8-Thiooctanoic and 6-thiooctanoic acids
were both converted to lipoic acid, although 6-thiooctanoic acid
was converted only 10 to 20% as efficiently as the other positional
isomer (96). (Current knowledge argues that these results were
due to LplA-catalyzed ligation of the exogenously fed octanoic
acid to the 2-oxoacid dehydrogenases, followed by insertion of the
sulfur atoms by the LipA lipoyl synthase, as discussed below.) It
should be noted that the octanoyl precursor of lipoate is synthe-
sized by a type II fatty acid synthesis system. Such systems, in
which each step of fatty acid synthesis is catalyzed by discrete
individual proteins, have been studied most thoroughly in bacte-
ria, where they provide all of the fatty acid moieties (97). In eu-
karyotes, mitochondria and plant plastids (such as chloroplasts)
contain type II fatty acid synthesis systems encoded by nuclear
genes with the proteins targeted to the organelle, usually by N-ter-
minal sequences. Organelle fatty acid synthesis seems largely, if
not entirely, devoted to providing the octanoyl-ACP for lipoic
acid synthesis. The very large polyfunctional proteins that per-
form the bulk of fatty acid synthesis in fungi, mammals, and some
plants play no role in lipoate metabolism.

Genetic studies identified a single E. coli gene responsible for
the sulfur insertion steps of lipoic acid biosynthesis, first called lip
(80) and now lipA, which encodes the protein called lipoyl syn-
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thase (98). E. coli strains having null mutations in /ipA cannot
synthesize lipoic acid even when provided with the monothiol
precursors, suggesting that LipA is responsible for the formation
ofboth C-Sbonds (71, 78, 80, 99, 100). Investigations of the mech-
anism of LipA sulfur insertion were guided by the extensive prior
work on biotin synthase (BioB), the enzyme that inserts the sulfur
atom of the biotin thiophene ring. BioB makes two C-S bonds to a
single sulfur atom by the replacement of two unactivated hydro-
gen atoms. LipA also makes two C-S bonds but to different sulfur
atoms. The similarity in chemistry between the biosynthesis of the
lipoate dithiolane ring and the biotin thiophene ring strongly sug-
gested functional parallels in the mechanism of sulfur insertion in
the two enzymes. Indeed, the amino acid sequences of the E. coli
LipA and BioB proteins show some sequence conservation (40%
sequence similarity and 17% sequence identity) (78). BioB is a
charter member of what is now a large protein family, the radical
SAM (S-adenosyl-L-methionine) family, whose members catalyze
a range of reactions that invariably involve difficult chemistry
(such as insertion of a sulfur atom into methyl or unactivated
methylene groups) accessible only by radical chemistry (101—
103). Extensive attempts to demonstrate in vitro sulfur insertion
by BioB all failed until Ifuku and coworkers (104) succeeded in
showing biotin synthesis from dethiobiotin in a cell extract. The
reaction required dethiobiotin, SAM, NADPH, BioB, and an un-
known protein or proteins later shown to be flavodoxin and fla-
vodoxin reductase. This breakthrough was soon followed by the
demonstration of activity in a defined system containing NADPH,
flavodoxin and flavodoxin reductase as the electron transfer sys-
tem, plus dethiobiotin, SAM, and a BioB preparation in a reducing
environment. BioB was found to be a very labile protein that had
to be purified and assayed under anaerobic conditions. In this
family of proteins, the radical is generated by reductive cleavage of
SAM to give a deoxyadenosyl radical plus methionine. The deoxy-
adenosyl radical then cleaves a C-H bond to generate a carbon
radical that allows the chemistry to proceed (see below). The elec-
tron donor in the single electron reduction of SAM is a [4Fe-4S]
cluster liganded by the cysteine residues of a perfectly conserved
CX,CX,C motif.

BioB has both a [4Fe-4S] cluster and a [2Fe-2S] cluster. The
canonical cluster for iron-sulfur binding, CX;CX,C, is also
found in the LipA sequence, leading to early predictions that it
was an iron-sulfur protein (78, 99). Spectral studies argued for
Fe-S centers, but the data were confusing as to the number of
clusters and their coordination. This probably resulted from
the LipA species studied,which lacked the first 40 residues due
to the selection of an incorrect translational initiation codon.
Moreover, LipA was sometimes purified under aerobic condi-
tions. The demonstration that LipA contains two distinct [4Fe-
4S] clusters per polypeptide (105) has been confirmed by a
recent crystal structure (106).

Direct involvement of LipA in the sulfur insertion reaction
of lipoic acid biosynthesis was difficult to demonstrate, due to
the lack of an in vitro assay and the assumption that free oc-
tanoic acid was the sulfur acceptor. The LipB transferase activ-
ity (Fig. 4) and the lipoate auxotrophy of lipB mutants showed
that free octanoate was not a substrate and that an ACP-bound
intermediate was involved (72). Miller and coworkers (98)
were the first to report synthesis of lipoic acid in vitro. This was
facilitated by the discovery of LplA and LipB, which allowed the
development of a defined in vitro lipoic acid synthesis system
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FIG 8 Bypass of LipB function by LplA-catalyzed attachment of exogenous octanoate to lipoyl domains (LDs) in E. coli.

plus an assay that was much more sensitive and quantitative
than prior assays (98). Lipoic acid synthesis was assayed indi-
rectly by using the apo form of the pyruvate dehydrogenase
complex (apo-PDH) as a lipoyl-accepting protein, purified
LipA, and either (i) purified LplA, ATP and octanoic acid as a
substrate (for lipoic acid synthesis) or (ii) LipB and octanoyl-
ACP as the substrate. Activation of apo-PDH by lipoylation
was monitored spectrophotometrically via reduction of an
NAD™ analogue. The rate of reduced pyridine dinucleotide
formation was directly dependent upon the amount of lipoy-
lated PDH. This assay showed that LipA is responsible for both
sulfur insertions and that octanoyl-ACP (or a derivative of oc-
tanoyl-ACP) but not octanoic acid was a LipA substrate. More-
over, this work showed that, as suspected, the LipA reaction
required iron-sulfur clusters and SAM to perform the radical
chemistry (98). The advantage of the assay was its sensitivity,
which was due to the amplification of each lipoyl attachment by
PDH activation. The disadvantage of the assay was its indirect
nature and detection of apo-PDH lipoylation rather than of the
primary lipoyl protein species per se. The first model to explain
these data was a conservative one in which LipA catalyzed sul-
fur insertion into the C-6 and C-8 positions of the octanoyl
moiety of octanoyl-ACP. LipB would then transfer the lipoyl
moiety of the lipoyl-ACP to the target protein lysine residues.
However, all attempts to isolate the putative lipoyl-ACP inter-
mediate were unsuccessful (98). Thus, the exact identity of the
acylated substrate of the LipA reaction was unknown until the
proposed conservative pathway was shown to be incorrect.
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LIPOIC ACID SYNTHESIS PROCEEDS BY AN
EXTRAORDINARY PATHWAY

Genetic analysis provided the first evidence that the octanoyl do-
main rather than octanoyl-ACP was the substrate for sulfur inser-
tion. Mutants with null mutations in lipB were found to grow well
when supplemented with octanoic acid in place of lipoic acid (77).
Octanoate supplementation of lipB strains required the functions
of both lipoyl synthase and lipoyl ligase. Moreover, growth was
specific to octanoate—fatty acids of 6, 7, 9, and 10 carbons were
inactive (77). These observations argued for the existence of an
LplA-dependent pathway that bypassed LipB function in the pres-
ence of octanoate. In the postulated bypass pathway (Fig. 8), LplA
would attach octanoate obtained from the growth medium to the
unmodified E2 domains of the 2-oxoacid dehydrogenase E2 sub-
units. LipA would then insert two sulfur atoms into the covalently
bound octanoyl moiety and thereby convert the octanoyl-E2 do-
mains to lipoyl-E2 domains in situ. Hence, lipoic acid would be
assembled on its cognate proteins. The resulting active 2-oxoacid
dehydrogenases would account for the growth on octanoate of
strains that lacked LipB. This pathway was tested in vivo (77) by
accumulating the octanoyl-E2 domain in the absence of the LipA
lipoic acid synthase, the octanoate moiety being deuterium la-
beled. Lipoyl synthase (LipA) was then restored, and the conver-
sion of the octanoyl-E2 domain to the lipoyl domain was moni-
tored by mass spectrometry. In the cultures in which lipoic acid
synthase activity was restored, a readily detectable conversion of
the E2 domain modified with d,5-labeled octanoate to a species of
60 additional mass units was seen (77). This was exactly the in-
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crease in mass (gain of two sulfur atoms of mass 32 and loss of two
deuterium atoms of mass 2) expected for conversion of the d, 5-
labeled octanoyl-E2 domain to the d,;-labeled lipoyl domain. In a
variation of the first protocol, the d,5-labeled octanoic acid was
removed by washing the cells and replaced with normal (nondeu-
terated) octanoate. This experiment gave essentially the same re-
sult: the d,s-labeled octanoyl-E2 domain was converted to
d,s-labeled lipoyl-E2 domain (77). A modification of these exper-
iments also showed that octanoyl-PDH accumulated in a lipA
strain was converted to its active form upon restoration of LipA
activity (77). The conversion of the octanoyl domain to the lipoyl
domain was also observed in vitro (77), although the extent of
conversion was much less than stoichiometric with LipA. These
results have been confirmed using either octanoyl-H protein or
synthetic octanoyl peptides as the substrate (107-109). As men-
tioned above, lipoyl synthase is a member of the radical SAM
enzyme superfamily, which utilizes a reduced iron-sulfur cluster
and SAM to generate 5'-deoxyadenosyl radicals for further radi-
cal-based chemistry. In the lipoyl synthase reaction, the role of the
5’'-deoxyadenosine radicals is to remove one hydrogen atom each
from the C-6 and C-8 positions of the octanoyl moiety, thereby
allowing for subsequent sulfur insertion (98, 108). Consistent
with this prediction, two molecules of SAM are required to syn-
thesize one molecule of lipoyl cofactor (108). This stoichiometry is
similar to that obtained in the BioB reaction and suggests that the
abortive cleavage of SAM observed in these systems might result
from some innate reactivity associated with this subclass of radical
SAM enzymes (108).

As in the case of biotin, the source of the sulfur atoms of lipoic
acid was thought to be an [Fe-S] cluster distinct from the SAM
radical [4Fe-4S] cluster. In the first successful in vitro lipoyl syn-
thesis assays, lipoylated protein was formed in the absence of
exogenous sulfur-containing compounds (98, 108). This sug-
gested that, like BioB, the protein itself has some mobilizable sul-
fur atoms that originate from an Fe-S cluster, a persulfide, or some
other species. One of two LipA [4Fe-4S] clusters is coordinated by
the radical SAM CXXXCXXC motif that functions in 5'-dA radi-
cal generation. The second cluster is coordinated by a CXXXXCX
XXXXC motif plus a serine residue that is found only in lipoyl
synthases (106). This second cluster (now generally called the aux-
iliary cluster) was suggested to be the source of the sulfur atoms (as
sulfide). This has been addressed (analogous to BioB) by prepara-
tion of LipA from E. coli cells grown on an isotopically labeled
(**S) sulfur source (107). As expected, the lipoic acid formed using
this enzyme in vitro was isotopically labeled with **S. Moreover,
when the reactions were performed with equimolar amounts of
*2S-labeled LipA and **S-labeled LipA, the lipoic acid molecules
formed contained either two *2S atoms or two >*S atoms (107).
Hence, both sulfur atoms are donated by the same polypeptide,
which precludes the possibility that monothiolated species are re-
leased and the second sulfur atom is inserted following rebinding
to LipA. If release and rebinding had occurred, half of the lipoic
acid formed would contain one atom each of **S and **S. Such
mechanistic experiments were facilitated by the use of peptides
containing an octanoyl lysine residue as the sulfur acceptor. An
octanoylated tetrapeptide suffices in the Sulfolobus solfataricus
LipA assay (110). This system showed that LipA catalyzes lipoate
biosynthesis in a stepwise manner, with sulfur first being inserted
at C-6 of the octanoyl chain (109). Moreover, this intermediate
remained tightly bound to LipA, consistent with the finding that
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FIG 9 The Thermosynechococcus elongates LipA structure (106). The auxiliary
cluster (Aux) is to the left, and the radical SAM (RS) cluster is to the right. The
SAM was modeled in based on the binding of the SAM decomposition prod-
uct, methylthioadenosine, and the complex of another radical SAM enzyme
with SAM, whereas the octanoate moiety was docked into a channel between
the SAM molecule and the auxiliary cluster (106). The docking is supported by
the demonstration that C-6 of octanoate is sufficiently close to the auxiliary
cluster for sulfide extraction to occur (112). (Reprinted from reference 106
with permission.)

both sulfur atoms are derived from the same LipA polypeptide.
Indeed, biochemical evidence for a covalent cross-link between a
sulfur atom of the LipA auxiliary cluster and C-6 of a protein-
bound octanoate moiety provides strong support for the model
(111). The original model (98), in which reductive cleavage of a
SAM molecule is used to abstract a hydrogen atom from C-6 to
give a carbon radical which attacks an auxiliary cluster sulfur
atom, has stood the test of time (109). Sulfur insertion at C-8
involves cleavage of the second SAM molecule to generate a car-
bon radical at C-8 that attacks a sulfur atom of the partially de-
graded auxiliary cluster (111).

Very recently, the first crystal structure of a lipoyl synthase, that
of the thermophilic cyanobacterium Thermosynechococcus elon-
gates, was reported by Harmer and coworkers (106). The structure
shows the expected two [4Fe-4S] clusters per monomer (Fig. 9).
The protein topology varies somewhat from the common partial
TIM barrel (B6a6 rather than B8a8) of radical SAM enzymes in
that an additional B-sheet strand is present. The two [4Fe-4S]
clusters are located at opposite ends inside the barrel. The cysteine
residues that bind the SAM reduction cluster (the classical radical
SAM cluster) are typical of the enzyme family, whereas the cys-
teine residues that bind the auxiliary cluster lie on an N-terminal
extension. The surprise is that the auxiliary cluster is also liganded
by a serine residue located close to the carboxyl terminus. The
authors report that the replacement of this serine residue with
cysteine or alanine results in complete loss of the ability to synthe-
size lipoyl peptide. Moreover, the mutant proteins showed signif-
icantly less uncoupled SAM turnover than the wild-type protein
(106). Since uncoupled SAM turnover is the function of the rad-
ical SAM [4Fe-4S] cluster, it seems that the two clusters must
somehow communicate. The serine residue is conserved in all
LipA proteins of demonstrated activity, consistent with the mu-
tagenesis results. The authors propose that the deprotonated ser-
ine side chain might be involved in evicting the partially ligated
iron atom produced in the first carbon radical attack on the aux-
iliary cluster, and this would be consistent with spectroscopic data
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indicating that an iron ion is lost from the auxiliary cluster during
synthesis of the 6-thiooctanoyl intermediate (111). Eviction of the
iron atom would allow C-8 of the octanoyl moiety access to a
sulfide ion for the second sulfur insertion (106). Recently, the C-6
substrate radical has been trapped and characterized by electron
paramagnetic resonance methods, which demonstrated that the
acyl chain and auxiliary cluster are sufficiently close for the reac-
tion to proceed (112).

A remaining question is whether LipA is an enzyme. Enzymes
are catalytic by definition, and in vitro, the best LipA preparations
synthesize less than one equivalent of lipoate per molecule of LipA
protein (106, 111). This raises the possibility (long debated for
BioB) that a protein molecule is sacrificed for each molecule of
product formed (113). If no repair of the donor auxiliary cluster
occurs, LipA would be a reactant or substrate rather than an en-
zyme. However, BioB has been shown to be catalytic in vivo (114),
and the first instance of BioB undergoing multiple turnovers in
vitro has been reported (115). New data eliminate the possibility of
enzyme self-sacrifice. The recently developed ribosome profiling
technique (116) gives the first quantitation of the cellular contents
of BioB and LipA in E. coli and their rates of synthesis (these
proteins are of such low abundance that neither has been detected
by mass spectroscopy-based proteomics). The profiling data indi-
cate that both radical SAM proteins are catalytic in vivo. For E. coli
cells grown at a steady state in a minimal medium that requires the
function of the lipoate-dependent dehydrogenases, 1,100 LipA
molecules must modify 25,000 2-oxoacid dehydrogenase mole-
cules plus 4,000 molecules of GevH, whereas 900 BioB molecules
must modify 5,600 molecules of the biotinylated protein (AccB)
required for fatty acid synthesis. Since the rates of synthesis of
LipA and BioB are not exceptional (116), it seems clear that the
auxiliary clusters of LipA and BioB must be repaired following
their catalytic cycles. However, it is unknown how repair is accom-
plished. E. coli has two pathways for building [Fe-S] clusters. Each
pathway permits growth in a chemically defined minimal medium
in the absence of the other, and no defects in the synthesis of either
lipoate or biotin are seen in strains lacking either function. Mu-
tants lacking both pathways are nonviable, thus precluding in vivo
testing of the possibility that an unknown process is responsible
for repair of the LipA and BioB auxiliary clusters.

INVOLVEMENT OF THE GLYCINE CLEAVAGE H PROTEIN IN
2-OXOACID DEHYDROGENASE LIPOYLATION

In retrospect, it was fortunate that the lipoate synthetic pathway
was first elucidated in E. coli, because the pathway is straightfor-
ward and its study provided key insights and reagents. The E. coli
lipoyl synthesis pathway requires only two enzymes, the LipB oc-
tanoyltransferase and the LipA radical SAM sulfur insertion en-
zyme (Fig. 5). Additional proteins are required for lipoyl synthesis
in other organisms. The first of these more complex lipoyl synthe-
sis pathways was found in Bacillus subtilis, a Gram-positive bacte-
rium that is evolutionarily far removed from the Gram-negative E.
coli. B. subtilis encodes a LipA that could functionally replace E.
coli LipA, and disruption of the gene resulted in lipoate (or the
products of the 2-oxoacid dehydrogenases) being required for
growth (117). Although lipoate supplementation should require
lipoate ligase activity, it was unclear why this bacterium encoded
three putative lipoate ligases and no homologue of the LipB oc-
tanoyltransferase (87). This puzzle was approached by screening a
plasmid library of B. subtilis genome fragments for the ability to
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tacks the octanoyl (or lipoyl)-GevH amide linkage to form an acyl enzyme
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rescue the growth of an E. coli lipB null mutant strain. The screen
gave a gene called lipM that was one of the putative lipoate ligase-
encoding genes. Biochemical assays showed that the LipM protein
had no ligase activity and instead catalyzed octanoyl transfer from
octanoyl-ACP (87). Another of the putative ligase genes (now
called LplJ) was shown to encode a protein that functionally re-
placed LplA in E. coli and had only ligase activity (118). However,
the protein (called LipL) encoded by the third putative lipoate
ligase gene had no octanoyltransferase or ligase activity. LipL was
clearly a lipoate synthetic protein, because disruption of the en-
coding gene resulted in a growth requirement for lipoate. A con-
founding in vitro finding was that the LipM octanoyltransferase
failed to attach octanoate to a domain derived from the B. subtilis
pyruvate dehydrogenase E2 subunit. The enzyme was active with
an E. coli pyruvate dehydrogenase domain (90). Moreover, the B.
subtilis E2 domain was a good acceptor for octanoyl transfer cat-
alyzed by either the E. coli LipB octanoyltransferase or E. coli LplA
ligase. Therefore, the B. subtilis proteins were properly folded but
failed to interact with one another. Attempts to make a larger
functional B. subtilis pyruvate dehydrogenase E2 acceptor domain
failed, suggesting that perhaps the E2 subunit had to be assembled
into a complex with E1 and/or E3 or that an intermediate protein
was required. This led to testing of the B. subtilis glycine cleavage H
protein (GevH) because (as noted above) it is essentially a lipoyl
domain and is not part of a stable complex. B. subtilis GevH turned
out to readily accept octanoate either from octanoyl-ACP or from
octanoic acid plus ATP in reactions catalyzed by the B. subtilis
LipM octanoyltransferase or LplJ ligase, respectively (90). Was
GevH the putative missing intermediate? If so, did another en-
zyme transfer octanoate (or lipoate) from GevH to the 2-oxoacid
dehydrogenases? A good candidate for this additional enzyme was
LipL, the protein encoded by the last of the putative lipoate ligase-
encoding genes. LipL was purified and added to a reaction mixture
containing the LipM octanoyltransferase, octanoyl-ACP, GevH,
and the B. subtilis pyruvate dehydrogenase domain. The result was
octanoyl transfer to the pyruvate dehydrogenase domain, which
required both GevH and LipL (90). When octanoyl-GevH was
incubated with LipL, the octanoate moiety was transferred to a
LipL thiol group (Fig. 10). This acyl enzyme intermediate was
purified and shown to transfer octanoate to the pyruvate dehydro-
genase domain (90). Hence, LipL is an amidotransferase. The
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FIG 11 GcevH is required for 2-oxoacid dehydrogenase lipoylation. A strain of
B. subtilis lacking the gecvH gene (AgevH) failed to accumulate proteins that
react with anti-lipoyl protein antibody when grown without lipoicacid (—LA).
In contrast, when cells grown in the presence of lipoate are assayed, the E2
subunits of 2-oxoacid dehydrogenases are modified (all have molecular masses
of 43 to 47 kDa).

LipM thiol attacks the amide bond linking octanoate to GevH and
then relays the octanoate to the 2-oxoacid dehydrogenases.
Much of the B. subtilis lipoate synthesis pathway was based on
in vitro biochemistry, and therefore, the pathway required valida-
tion in vivo. The predicted properties of mutant strains lacking
each of the proteins were tested. First, B. subtilis strains lacking the
LplJ ligase should show a growth defect only in strains that also
lack LipA. This was the case (118). Second, strains lacking the
LipM octanoyltransferase or the LipL amidotransferase should
require lipoic acid for growth in the absence of the products of the

Lipoic Acid Assembly

2-oxoacid dehydrogenases. These predictions were also con-
firmed (90, 118). Finally, and most importantly, a strain lacking
GcevH, an essential subunit of an enzyme of single-carbon metab-
olism, should be unable to make lipoylated proteins and thus
would require lipoic acid (or the 2-oxoacid dehydrogenase prod-
ucts) for growth (as do the LipM and LipL mutant strains). This
was the case (90) and was confirmed by Western blotting of cell
extracts from a strain lacking B. subtilis GevH using an anti-lipoyl
protein antibody (Fig. 11). When the strain was grown on me-
dium lacking lipoate but containing the products of 2-oxoacid
dehydrogenases, no lipoylated proteins were detected, whereas
the addition of lipoic acid to the medium resulted in readily de-
tectable 2-oxoacid dehydrogenase E2 proteins due to lipoate at-
tachment catalyzed by the Lpl] lipoate ligase (Fig. 11). Therefore,
GcevH has an obligate role in lipoylation of key 2-oxoacid dehy-
drogenases, as well as its role in glycine cleavage. A comparison of
the B. subtilis and E. coli lipoyl assembly pathways is given in Fig.
12. Note that the overall B. subtilis pathway violates the biochem-
ical precept that such transfers proceed by the use of an activated
(high-energy) intermediate to synthesize a less activated (low-en-
ergy) product. The early part of the pathway obeys the precept,
because the thioesters of octanoyl-ACP and the octanoyl-enzyme
intermediate formed in the LipB reaction are activated electro-
philes. However, the amide bond of octanoyl-GevH is a low-en-
ergy linkage, and thus, attack on that linkage by the LipL thiol to
make a thioester is energetically uphill. However, this brand of
heresy is also used by the sortase amidotransferases that attach
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FIG 13 The Listeria monocytogenes lipoate-scavenging pathway. Lpa denotes a lipoamidase activity encoded by an unknown gene(s) that cleaves lipoate from
host proteins or peptides (91). This bacterium encodes two lipoate ligases, but only LplA1 functions during invasion of the host in pathogenesis (164). This is
probably due to its more efficient utilization of lipoate (91). LplA1 is largely specific for modification of the H protein of the glycine cleavage system. Following
attachment to GevH, the lipoate can be transferred to the 2-oxoacid dehydrogenases. The transfer reaction has been shown to be reversible (91).

proteins to the cell surfaces of some Gram-positive bacteria (119)
and the multisubunit transamidase complexes that attach eukary-
otic glycosylphosphatidylinositol anchors to proteins (120).

Two aspects of this pathway require explanation. First, in bac-
teria, the glycine cleavage system activity is expressed only in the
presence of exogenous glycine. In B. subtilis, the expression of
the glycine cleavage system is under the control of a riboswitch.
The riboswitch binds glycine, and this complex forms an RNA
structure that neutralizes an intrinsic transcription terminator se-
quence located between the operon promoter and the coding se-
quence of the first gene (121). Hence, it might be expected that
exogenous glycine would be required for protein lipoylation, but
this is not the case. The reason is that the riboswitch controls
transcription only of the genes encoding the T and P subunits (Fig.
3); the H subunit is encoded at a site far distant from the T and P
subunit genes and appears to be expressed as a constitutive
(housekeeping) protein, thereby allowing 2-oxoacid dehydroge-
nase lipoylation to proceed under all growth conditions.

The second aspect to be addressed is the unexpected role of
GevH in lipoylation of the 2-oxoacid dehydrogenases. This seems
to be an evolutionary relic. Braakman and Smith (122) have ar-
gued persuasively that the glycine cleavage system was the first
lipoyl-requiring metabolic pathway to evolve. Their proposal pos-
its that the ancestral function of lipoic acid was to connect glycine/
serine metabolism to folate—single-carbon chemistry through the
serine/glycine cycle (Fig. 3), which remains (nearly universally)
essential to this day. In contrast, the role of lipoic acid in the
oxidative TCA cycle or the degradation of branched-chain amino
acids likely arose later and, in many organisms, is not essential.
This is particularily true in thermophilic chemolithoautotroph
bacteria, which derive both biomass and energy from inorganic
chemical compounds. These bacteria are thought to represent
very early stages in the development of central metabolism and
lack 2-oxoacid dehydrogenases. In support of this proposal, ar-
chaea and bacteria that lack the glycine cleavage system also lack
genes encoding proteins involved in lipoylation or in lipoic acid
scavenging. Hence, in this scenario, lipoylation first evolved for
glycine cleavage, and upon the advent of 2-oxoacid dehydroge-
nases, LipL evolved to transfer lipoate to the new enzymes, prob-
ably via duplication of LipM and subsequence sequence diver-
gence (see below). The gene encoding the LipM octanoyl
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transferase neighbors the genes encoding the T and P subunits,
arguing that lipM is the original gene from which the genes encod-
ing the LplJ lipoate ligase and LipL amidotransferase arose.

In many bacteria, the two distinct transferase enzymes LipM
and LipL were replaced with a single all-purpose LipB transferase,
such as those of E. coli and M. tuberculosis, whereas other bacteria,
such as B. subtilis, retained the original, more complex pathway. A
modification of the B. subtilis pathway is found in the natural
lipoate auxotroph Listeria monocytogenes, a pathogenic relative of
B. subtilis. L. monocytogenes lacks lipA and lipM and obtains lipoic
acid from its mammalian host by use of a lipoamidase that hydro-
lyzes the amide bond of the host-lipoylated enzymes. This pirated
lipoic acid is attached to GevH using a ligase, and a LipL amido-
transferase subsequently transfers the lipoate to the 2-oxoacid de-
hydrogenases (91). Hence, as seen in the B. subtilis pathway, the
attachment of exogenous lipoate to the 2-oxoacid dehydrogenases
requires that the lipoate first be attached to GevH (Fig. 13). The
degenerate nature of the L. monocytogenes pathway can probably
be explained by the ability to pirate lipoate, which removed selec-
tion for retention of the lipoyl assembly genes.

Braakman and Smith (122) also propose that the lipoate ligases
that scavenge lipoate from the environment evolved from the oc-
tanoyltransferases, thereby explaining the structural relatedness of
LipB, LipM, and LplA (and probably LplJ). This proposal seems
clear-cut, because lipoate biosynthesis had to evolve before there
was lipoate available for scavenging. However, it is possible that
the ligases might first have scavenged octanoate.

LIPOYLATION IN EUKARYOTES

Gene and protein nomenclatures differ in bacteria, yeast, and
mammals (plant genes and proteins largely follow bacterial no-
menclature). The gene names are given in Table 1. The proteins
have the same names, although the protein names are not itali-
cized and can contain lowercase letters.

Lower Eukaryotes

Lipoylation in yeast has been most thoroughly studied in the lab-
oratory workhorse, Saccharomyces cerevisiae. However, the path-
way is almost entirely based on phenotypic and immunoblotting
analyses of mutant strains. Very little in vitro biochemistry has
been done because the proteins have thus far proven intractable,
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TABLE 1 Gene names

Gene name in“:

Enzyme E.coli  B.subtilis  Homo sapiens  S. cerevisiae

Lipoyl synthase lipA lipA LIAS LIP5

Octanoyltransferase  lipB lipB LIPT2 LIP2

Glycine cleavage H gevH  gevH GCSH GCV3
protein

Amidotransferase None  lipL LIPTI? LIP3?

Lipoate ligase IpIA Ipl] None? None?

“ The question marks indicate predicted but unproven activities.

since they form insoluble inclusion bodies when expressed in E.
coli and yeast (123). Several mutants with mutations in lipoate
biosynthesis were isolated in the Tzagoloff laboratory (124) as
strains having pleiotropic effects on mitochondrial metabolism
(all of the lipoyl metabolism proteins are encoded by the nuclear
genome but localize to the mitochondria). Mitochondrial metab-
olism mutants are generally isolated as strains that form very small
(petite) colonies when grown on a medium containing glucose.
This is due to the inability of the mutant strains to metabolize the
ethanol produced in glucose fermentation. Hence, the growth of
mutant cells, but not that of wild-type cells, is halted when the
supply of glucose in the medium is exhausted. In contrast, the
wild-type cells continue growing on ethanol. Petite strains also
grow poorly on other carbon sources that require respiration,
such as glycerol.

The first of these mutant strains identified as blocked in lipoyl
metabolism was one with a mutation in LIP5, which encodes a
LipA homologue (125). As expected, the LIP5 strains had very low
levels of total protein-bound lipoic acid. Unexpected was that ex-
ogenous lipoic acid failed to allow growth of these strains on glyc-
erol (125). A curious sidelight was that these authors were not
seeking mutants in lipoyl metabolism but, rather, mutants defec-
tive in mitochondrial tRNA processing (see below). Strains with a
defect in LIP2, a gene encoding a protein with strong sequence
similarity to the E. coli LipB octanoyl transferase, were also iso-
lated while seeking mutant strains defective in other metabolic
processes. This occurred in both S. cerevisiae (126) and the related
yeast Kluyveromyces lactis (127). These strains were also petite mu-
tants; they could be rescued by ethanol-plus-succinate supple-
mentation but not by lipoate supplementation. Moreover, both
strains were unable to use glycine as the sole ammonia source,
indicating a glycine cleavage defect. Echoing the LIP5 case, the
LIP3 lipoate metabolism gene was isolated while screening for
strains defective in mitochondrial RNA processing (128). LIP3
encoded a protein having strong sequence similarity to the E. coli
LplA ligase (128). Assay of the lipoylation status of the three S.
cerevisiae lipoylated-protein subunits, those of the pyruvate and
2-oxoglutarate dehydrogenases and the H protein of the glycine
cleavage system, showed that strains lacking the LIP5 or LIP2 gene
had no detectable lipoylated proteins (128). However, strains
lacking LIP3 had normal levels of lipoylated H protein but no
lipoylated 2-oxoacid dehydrogenases detectable either by Western
blotting or by dehydrogenase activity (128). This effect was spe-
cific to the H protein in that strains lacking the genes encoding the
other glycine cleavage system subunits, P and T, showed normal
levels of lipoylated 2-oxoacid dehydrogenases, indicating that
cleavage of glycine played no role (128). Moreover, mutant strains
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in which the H protein lysine targeted for lipoylation was replaced
with other residues also blocked all lipoylation. Hence, lipoyl-H
protein was the active species and not H protein per se. Note that
the mitochondrial RNA processing screen also turned up strains
lacking various of the enzymes of the yeast mitochondrial type II
fatty acid synthesis pathway and these strains also lacked lipoy-
lated proteins (128). The link between lipoic acid synthesis and
mitochondrial RNA processing remains unresolved, although it is
thought to be a regulatory checkpoint preventing RNA processing
in response to the metabolic state of the cell (129).

In more recent work, the protein encoded by LIP3 (Lip3) was
found to allow slow growth of an E. coli strain that lacked both the
LplA lipoate ligase and the LipB octanoyl transferase, but only in
the presence of octanoate (lipoate did not support growth but was
not toxic) (123). Lip3 expression also restored 2-oxoacid dehy-
drogenase activity and E2 subunit lipoylation. Growth in the pres-
ence of octanoate required that the E. coli strain have an active
acyl-CoA synthetase, and acyl-CoA synthetase overexpression
stimulated growth. Hence, a substrate of Lip3 seemed likely to be
octanoyl-CoA, but the growth could also be explained by octano-
yl-adenylate released by the synthetase being utilized by Lip3
(123). This was tested in vitro, and Lip3 was found to weakly mod-
ify both an E. coli lipoyl domain and yeast H protein (encoded by
the GCV3 gene), using octanoyl-CoA as acyl donor. In further
investigations, a mitochondrial targeting sequence was added to
the N termini of E. coli LplA and LipB. The B. subtilis LipL ami-
dotransferase was also targeted to the mitochondria. The growth
of S. cerevisiae strains carrying deletions of the LIP2, LIP3, or
GCV3 gene was tested on ethanol medium after transformation
with either an empty vector or a plasmid encoding one of the
bacterial proteins targeted to mitochondria. The parental wild-
type strain grew well on ethanol medium, whereas the LIP2, LIP3,
and GCV3 mutant strains transformed with the empty vector
failed to grow on the ethanol medium, even when it was supple-
mented with octanoate. The expression of the E. coli LplA deriva-
tive allowed growth of all three yeast mutant strains, indicating
that the inactive yeast 2-oxoacid dehydrogenase proteins had been
activated by lipoate attachment (123). The growth of the GCV3
mutant strain showed that the H protein is not necessary for res-
piration but, rather, is required for lipoylation of the 2-oxoacid
dehydrogenases. The B. subtilis LipL derivative allowed growth of
the LIP3 mutant strain but not of the LIP2 mutant strain, suggest-
ing that Lip2 is the primary source of octanoyl-Gev3, the substrate
of LipL. The E. coli LipB derivative produced octanoyl-Gcev3, as
indicated by its ability to allow growth of the LIP2 strain. How-
ever, the inability of LipB to allow growth of the GCV3 strain
indicates that E. coli LipB cannot efficiently modify S. cerevisiae
PDH and OGDH. Finally, the inability of LipB to complement the
LIP3 strain indicates that Lip3 acts downstream from the synthesis
of octanoyl-Gev3 catalyzed by either Lip2 or LipB (123).

Taken together, the data argue that Lip3, like B. subtilis LipL, is
an amidotransferase that transfers octanoate (and/or lipoate)
from the H protein to the 2-oxoacid dehydrogenase E2 subunits.
This interpretation fits the data showing that lipoylated Gev3 is
required for lipoylation of the yeast 2-oxoacid dehydrogenases
and the finding that the expression of mitochondrion-targeted
LipL allowed growth of the yeast LIP3 strain on ethanol. More-
over, it is consistent with analyses of certain human disorders of
lipoate metabolism (see below).
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Lipoate Metabolism of Pathogenic Protozoa

Lipoic acid synthesis and salvage have been intensively studied in
the apicomplexan parasites, Plasmodium and Toxoplasma, which
cause malaria and toxoplasmosis, respectively. The apicoplast is a
degenerate organelle thought to be the result of endosymbiosis by
an algal cell. Apicoplast function is required for the growth of the
parasites in that it provides key metabolic pathways, such as fatty
acid and lipoic acid synthesis. As is often the case, the original gene
complement of the endosymbiont has been transferred to the nu-
cleus. The resulting proteins contain a sequence that targets them
to the apicoplast. In both apicomplexan parasites, the LipA homo-
logue is found only in the apicoplast, along with the LipB homo-
logue, the enzymes of fatty acid synthesis, and pyruvate dehydro-
genase. The other lipoylated enzyme complexes (OGDH, the
branched-chain dehydrogenase, and glycine cleavage system
[GCV]) reside in the mitochondrion. This division of labor plays
a role in the complex life cycles of these parasites. Synthesis of
lipoylated proteins occurs only in the apicoplast. The mitochon-
drial enzymes acquire lipoic acid by salvage, using two ligases
called LplA1 and LplA2. LplA2 is also targeted to the apicoplast
and can bypass the loss of LipB in some stages of the complex
Plasmodium life cycle. Hence, putting the division of labor and
multiple ligases aside, these parasites have lipoate metabolism
pathways that are remarkably similar to that of E. coli.

LIPOATE METABOLISM OF HIGHER EUKARYOTES

Plant Lipoate Metabolism

Similarly to the apicomplexan parasites, plants have divided their
lipoylated proteins between two organelles, mitochondria and
plastids (chloroplasts in green tissue), albeit with some redun-
dancy. In plant cells, PDH, OGDH, branched-chain 2-oxoacid
dehydrogenase complexes, and GCV subunits are located in mi-
tochondria, although PDH is also found in plastids. Both organ-
elles carry out fatty acid synthesis and convert octanoyl-ACP to
lipoylated proteins (130). LipB activity has been demonstrated in
mitochondrial lysates. The expression of the gene called LIP2 in E.
coli replaces LipB function (131). A second gene, called LIP2p,
encoding a LipB activity specifically targeted to plastids, has also
been demonstrated (132). More recent work has shown that
plants lacking LIP2p are viable due to a second, nonessential LipB-
like activity encoded by LIP2p2, whereas double mutants lacking
both plastid isozymes are nonviable (133). LIPI has the sequence
hallmarks of a gene encoding a lipoyl synthase, and its expression
was shown to replace LipA in E. coli (134). LIP1 was shown to be
targeted to the mitochondria. As in the case of the LipB activities,
a distinct LipA activity called LIP1p is targeted to the plastids; this
protein has 52% sequence identity with the mitochondrial form
(135) and has been shown to be essential (136).

Recent work has shown that the mitochondrial LIP2 is an es-
sential enzyme that is primarily expressed in leaves and other pho-
tosynthesizing organs and is not expressed in roots and flowers
(136). Note that leaf mitochondria accumulate huge amounts of
the GCV proteins to run the photorespiratory cycle, a process
essential for oxygenic photosynthesis in which two molecules of
glycine are converted to one molecule of serine. In photosynthe-
sizing leaves, these proteins comprise half of the mitochondrial
protein content, and thus, very high levels of lipoylation are re-
quired for H protein modification. Another essential enzyme tar-
geted to the mitochondria is a ligase that can functionally replace
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IplAin E. coli (136, 137), although the overall reaction could not be
demonstrated in vitro (136). This enzyme is essential in both
leaves and roots (136).

Mammalian Lipoate Metabolism

Insights into the importance of lipoylation in mammals primarily
come from knockout mouse studies and human genetic defects.
All of the mammalian proteins involved in lipoic acid synthesis
and utilization are located in the mitochondria, and thus, the
complexities of some of the systems discussed above are not pres-
ent. Studies of knockout mice and human patients give a consis-
tent picture and will be discussed in turn. Although long sus-
pected, it has only recently been demonstrated that mammalian
mitochondria contain their own de novo fatty acid synthesis path-
way, comprised of proteins encoded by nuclear genes (138—140).
A key finding was the demonstration that mitochondrial lysates
contain appreciable levels of soluble ACP, a portion of which car-
ried an octanoyl moiety (141). Previously, the mitochondrial ACP
was thought to be present only as subunits of complex I of the
membrane-bound respiratory chain, where it is called SDAP
(named for the amino acid sequence of the prosthetic group at-
tachment side, serine-asparate-alanine-proline, with the serine as
the site of attachment) (142). In vitro studies (139, 140) showed
that the major product of the mitochondrial pathway is the octa-
noyl-ACP precursor for lipoyl moieties, which is utilized for the
posttranslational modification of the E2 subunits of the 2-oxoacid
complexes and the glycine cleavage system H protein. The first
lipoyl synthase-deficient mammals were mice in which the LIAS
gene had been disrupted (143). LIAS is the mammalian homo-
logue of the LipA sulfur insertion enzyme (Table 1) and function-
ally replaces LipA in E. coli (144). Homozygous embryos that had
disrupted LIAS genes appeared healthy at the blastocyst stage, but
their development was globally retarded by 7.5 days of life and all
homozygous null embryos died before 9.5 days of life (143). Sup-
plementing the diet of the heterozygous mothers with lipoic acid
during pregnancy failed to prevent the death of the homozygous
embryos. Therefore, endogenous synthesis of lipoyl groups is es-
sential for mouse embryo development and cannot be bypassed by
providing lipoic acid to the mothers. Note that exogenous lipoate
is readily taken up into plasma and tissues (lipoic acid has been
widely studied as an antioxidant). Several studies have adminis-
tered radioactive lipoic acid to mammals and followed its fate
(145-148). However, lipoate is quickly reduced and degraded by
the B-oxidation pathway, and no evidence for attachment of ex-
ogenously fed lipoate to proteins has been reported.

The pathway of lipoate modification of mitochondrial
2-oxoacid dehydrogenases and GCSH has also been tested, by us-
ing an inducible-knockout mouse model. In this system, the mi-
tochondrial pathway for the de novo synthesis of fatty acyl and
lipoyl moieties was controlled by the presence of an inducing
compound which caused disruption of the fatty acid synthetic
gene, Mcat, the gene encoding the mitochondrial malonyl CoA:
ACP transacylase responsible for transfer of malonyl moieties
from CoA to the phosphopantetheinyl moiety of ACP (malonyl-
ACP is the building block of fatty acid synthesis) (139). Upon the
addition of the inducer to disrupt the Mcat gene, the knockout
mice fell behind their control littermates in weight gain and pro-
gressively lost weight and energy as the experiment proceeded.
These symptoms occurred despite the fact that the knockout mice
ate more than the control mice. The diet was processed normally
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and should have provided a rich source of lipoic acid. Enzyme
activity and lipoylation assays showed that knockout of the Mcat
gene causes a lipoylation defect rather than an altered mitochon-
drial fatty acid composition (139). The levels of the catalytically
active lipoylated forms of all four components of the mitochon-
drial lipoamide E2 subunits of the three 2-oxoacid dehydroge-
nases and the H protein component of the glycine cleavage system
were reduced in tissues of the knockout mice. Skeletal muscle was
particularly affected in that the values were reduced severalfold
(139).

Finally, a study in tissue culture cells showed that knockdown of
ACP production by the use of small interfering RNAs largely
blocked lipoylation and severely decreased 2-oxoacid dehydroge-
nase activities. Upon knockdown, cell growth progressively
slowed and cell death eventually resulted (138). Supplementation
of the growth medium with lipoic acid failed to restore protein
lipoylation and cell viability, consistent with the results of the in
vivo mouse studies.

Human Disorders of Lipoate Synthesis and Attachment

The first patients recognized as having disorders of lipoate metab-
olism were those with deficiencies of dihydrolipoamide dehydro-
genase activity, the E3 subunit of the 2-oxoacid dehydrogenases
and the L subunit of the glycine cleavage system (149). Dihydro-
lipoamide dehydrogenase deficiency is clinically heterogeneous,
with effects ranging from early death to chronic fatigue. As ex-
pected from a deficiency in 2-oxoacid dehydrogenase function,
lactic acid (from reduction of pyruvate) and 2-oxoglutarate accu-
mulate in bodily fluids. Surprisingly, glycine levels are very seldom
elevated, an observation which argues that the glycine cleavage
system is favored over the 2-oxoacid dehydrogenases when dihy-
drolipoamide dehydrogenase activity becomes limiting. Knowl-
edge of the lipoate synthetic and attachment pathways in micro-
organisms has led to recognition of disorders of lipoate
attachment. Mutations are found in two genes, that encoding li-
poyl synthase (LIAS) and that encoding the defective lipoate ligase
activity (LIPT1I). As first seen in dihydrolipoamide dehydrogenase
deficiency, the four known LIAS patients are clinically heteroge-
neous (144, 150-152). Two died early in life and two survived,
albeit with severe neurological problems. All four patients showed
elevated glycine levels in plasma and cerebrospinal fluid plus low
or absent glycine cleavage system activity. The administration of
lipoic acid failed to reverse the metabolic defects (150). Fibroblasts
from the two most severely affected patients had extremely re-
duced or undetectable levels of lipoylated proteins. The LIAS
genes of all four patients contained mutations in highly conserved
residues (150), and one of the LIAS alleles was shown to be defi-
cient in restoring the growth of an E. coli lipA mutant strain (144).

In contrast to the LIAS patients, two children with LIPTI mu-
tations had normal levels of glycine cleavage activity, H protein
lipoylation, and glycine in body fluids (153, 154). As seen in the
LIAS cases, pyruvate and 2-oxoglutarate dehydrogenase activities
were very low. Both patients showed a severe lack of muscle tone
and excreted very high levels of lactate (the product of pyruvate
reduction) and 2-oxoglutarate (153, 154). The E2 subunits of all
three dehydrogenases showed low levels of lipoylation, concomi-
tant with the results of the 2-oxoacid dehydrogenase activity as-
says, whereas liver tissue glycine cleavage H protein lipoylation
appeared to be increased somewhat above control levels in the
patient tested (154). The addition of lipoic acid to the growth
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medium of fibroblasts derived from both patients failed to restore
lipoylation (153, 154), whereas the introduction of a wild-type
LIPT1 gene restored fibroblast 2-oxoacid dehydrogenase activities
(153).

Conclusions and a Unifying Hypothesis

The above-described studies clearly demonstrate that mammals
lack the ability to attach exogenous lipoic acid to the essential
enzymes that require the lipoyl cofactor for activity. Therefore,
endogenous synthesis of lipoylated proteins is essential and the
pathway proposed for modification of these enzymes with exoge-
nous lipoic acid in vitro lacks physiological relevance. As discussed
above, the ACSM1 enzyme reported to activate the lipoate car-
boxyl group lacks the properties of a lipoate metabolism enzyme.
In contrast, LIPT1 has the hallmarks of an enzyme of lipoate me-
tabolism, including a crystal structure with bound lipoyl-adenyl-
ate. I propose that the defective lipoate ligase activity of LIPT1 is a
remnant of enzyme evolution that has long misled the field and
posit that the relevant activity of the protein is amidotransfer, the
reaction catalyzed by the B. subtilis and L. monocytogenes LipL
proteins. In recent years, a concept of enzyme evolution called
moonlighting has received much support (155-158). A protein
can acquire a second (moonlighting) function without concomi-
tantly losing its original function. That is, mutations can enhance
the moonlighting function without eliminating the ancestral
function. This can arise through mutagenesis followed by gene
duplication and further mutation, which could result in two spe-
cialist proteins that perform either the original function or the
new function. Another probable moonlighting pathway is gene
duplication that results in two genes encoding proteins having the
original function and one of these genes undergoing mutation to
encode a protein having a new function. In the case of LIPT1, its
original ancestor would have encoded a fully functional lipoate
ligase, such as LplA or LplJ, rather than the defective ligase activity
of the present protein. That is, evolution of the gene has resulted in
a protein that has lost the ability to activate lipoate while (perhaps
temporarily) retaining the ligase lipoyl transfer half-reaction and
acquiring amidotransferase activity.

The hypothesis that LIPT1 has amidotransferase activity can
fully explain the human LIPTI deficiency data. These patients (or
their derived fibroblasts) accumulate lipoylated H protein and
have normal glycine cleavage activity and glycine levels but are
unable to synthesize lipoylated 2-oxoacid dehydrogenases (the ac-
ceptor proteins are present at normal levels). A parallel argument
is that yeast Lip3 protein is also an amidotransferase and the ob-
served octanoyl transfer from octanoyl-CoA is another example of
moonlighting. Indeed, the finding that the expression of a version
of the B. subtilis LipL amidotransferase targeted to mitochondria
allothe wed growth of a yeast LIP3 mutant strain (but not of a LIP2
strain) on ethanol is a strong indication that Lip3 is also an ami-
dotransferase (123). B. subtilis LipL has only amidotransferase ac-
tivity and lacks ligase and octanoyltransferase activities (90). Bio-
chemical attempts to assay Lip3 for amidotransferase activity were
unsuccessful. However, the problematical nature of the yeast pro-
teins engendered technical difficulties that weaken this result.
Gcev3 had to be refolded from insoluble inclusions, the acceptor
dehydrogenase domain was from E. coli rather than yeast, and
only an insensitive gel shift assay could be used (123).

It seems possible that the expression of LplA in mitochondria
could bypass the genetic defects of LIAS and LIPTI patients by
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restoring the function of their lipoylated enzymes. LplA is known
to attach lipoic acid to the human 2-oxoacid dehydrogenase E2
subunits (23, 159) and bovine H protein (160). Indeed, it has been
proposed that LIPT1 and yeast Lip3 have the same function (153).
If so, an experiment parallel to alleviation of LIPT] deficiency has
been done in yeast. The expression E. coli LplA ligase targeted to
mitochondria allowed the growth of the yeast LIP3 mutant strain
and, thus, bypassed the loss of Lip3 (123).

An argument against the proposal that LIPT1 and Lip3 (which
show 31% identity, found mainly within the large domain) have
amidotransferase activity is that when aligned, they lack a con-
served residue to replace the key LipL nucleophile, the cysteine
thiol that attacks the amide bond. However, a serine residue acti-
vated by a catalytic triad as in serine proteases would suffice. In-
deed, the alignment of LIPT1 and Lip3 show two highly conserved
clusters within the large domain that contain serine residues. It
should be noted that serine proteases can act as amidotransferases
when water is limiting (161-163).
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