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Lipoyl synthase (LS) catalyzes the final step in the de novo
biosynthesis of the lipoyl cofactor, which is the insertion of two
sulfur atoms into an 8-carbon-saturated fatty acyl chain at C-6 and
C-8 (Figure 1).1,2 Genetic and recent biochemical studies indicate
that the enzyme is a member of a newly characterized superfamily
of metalloproteins that utilize a [4Fe-4S]+ cluster to reductively
fragmentS-adenosyl-L-methionine (SAM) intoL-methionine and
a 5′-deoxyadenosyl radical (5′-dA•).3-6 This high-energy radical
then initiates catalysis by abstracting a key hydrogen atom from
the relevant substrate, or it abstracts a hydrogen atom from the
R-carbon of a glycine residue on a cognate protein, creating a stable
glycyl radical cofactor.7 In the LS reaction, the octanoyl acyl chain
substrate is attached covalently in an amide linkage to a conserved
lysine residue on the protein that is to bear the lipoyl cofactor,
indicating that the cofactor is constructed “on site”.2,8 In Escherichia
coli, three proteins are known to house the lipoyl cofactor: the H
protein of the glycine cleavage system, and the E2 subunits of the
pyruvate andR-ketoglutarate dehydrogenase complexes.9

Recent studies have provided strong evidence that the active form
of LS contains two [4Fe-4S] clusters per polypeptide. One of the
clusters is coordinated by cysteines residing in the CX3CX2C motif
that is common to all radical SAM enzymes, while the other cluster
is coordinated by cysteines residing in a CX4CX5C motif, which is
found only among lipoyl synthases.10 The presence of two distinct
iron-sulfur clusters on LS is reminiscent of biotin synthase (BS),
in which the active form of the enzyme is proposed to contain a
[2Fe-2S] cluster in addition to the [4Fe-4S] cluster that interacts
with SAM.11 The reaction mechanisms of the two enzymes are
presumably similar, given the similarities in reaction type and
primary structures (32% sequence similarity);3 although, BS
catalyzes the insertion of only one sulfur atom, between C-6 and
C-9 of dethiobiotin, while LS catalyzes the insertion of two sulfur
atoms into the octanoyl chain. Although there is not yet conclusive
evidence that the additional cluster provides the sulfur in each
enzyme system, it is tempting to speculate that the different
configurations of the additional cluster somehow relate to the
number of sulfur atoms that are mobilized during catalysis.

It has been proposed that during catalysis by LS, the 5′-dA•
abstracts hydrogen atoms from C-6 and C-8 of the octanoyl chain,
allowing for subsequent sulfur insertion by a mechanism involving
carbon-centered radicals.6,8,12Consistent with this premise, we have
shown recently that synthesis of one lipoyl cofactor requires the
expenditure of two molecules of SAM, and that deuterium from
[octanoyl-d15]-H protein is transferred to the resulting 5′-dA.8 In
analogy to BS, LS does not catalyze multiple turnovers; 50µM
LS affords only 18µM of the lipoyl cofactor over 30 min at 37°C
in a kinetic process that displays a pseudo-first-order rate constant
of 0.175 min-1.8 Two hypotheses have been envisaged to account
for the meager amount of the lipoyl cofactor generated by LS.8

The first hypothesis simply supposes that only 36% of the enzyme
is capable of generating the lipoyl cofactor. The second supposes
that 72% of the enzyme is in an active state; however, each
polypeptide contributes only one sulfur atom to the intact cofactor.
This scenario would predict that the maximum concentration of
lipoyl cofactor synthesized by LS could be no higher than one-
half of the enzyme concentration, or 25µM.

The above working hypotheses can be differentiated experimen-
tally. The first hypothesis assumes that both sulfur atoms derive
from the same polypeptide. The second hypothesis necessitates that
after insertion of one sulfur atom into the octanoyl chain, the
monothiolated intermediate dissociates from the enzyme and binds
another LS polypeptide that is competent for sulfur transfer. Herein,
we address this issue directly using two differentially labeled forms
of LS: one that is isolated from minimal medium containing Na2

34S
(98%) as the only sulfur source, and one that is isolated from
minimal medium containing natural abundance Na2S (32S ) 95%)
as the only sulfur source.13 Under turnover conditions, in the absence
of extraneous sources of sulfur, and using equimolar concentrations
of [34S]-LS and [32S]-LS, each synthesized lipoyl cofactor should
contain either two atoms of32S or two atoms of34S if both sulfurs
emanate from the same polypeptide. If each polypeptide contributes
only one sulfur atom in the reaction, then the isolated lipoyl cofactor
should contain a 1:2:1 ratio of32S-32S, 32S-34S, and34S-34S,
respectively.

The analysis of oxidized lipoic acid methyl ester (LAME) by
GC-MS has previously been described.14 The relative intensities
of the parent ion (m/z ) 220), which is approximately 40% of the
base peak (m/z ) 85), were used to analyze LS-dependent
incorporation of32S or34S sulfur into LA by single ion monitoring
(SIM) analysis after derivatization with (trimethylsilyl)diaz-
omethane.15 In Figure 2A, the mass spectrum of LAME synthesized
from LS containing natural abundance sulfur is displayed fromm/z
values of 219-228. It is virtually identical to that of commercially
available LS derivatized in the same manner (data not shown). As
expected, the base peak corresponds tom/z ) 220, and the peaks
at m/z values of 221 and 222 (12.2 and 9.01% of the base peak,
respectively) represent the contribution of13C and33S to the M+

Figure 1. Reaction catalyzed by lipoyl synthase. Two molecules of
S-adenosyl-L-methionine (SAM) are cleaved to two molecules of 5′-
deoxyadenosine (5′-dA) andL-methionine (Met) concomitant with formation
of the lipoyl cofactor.

Published on Web 02/11/2005

2860 9 J. AM. CHEM. SOC. 2005 , 127, 2860-2861 10.1021/ja042428u CCC: $30.25 © 2005 American Chemical Society



1 peak, and34S to the M+ 2 peak of LAME. In Figure 2B, the
mass spectrum of LAME synthesized from [34S]-containing LS is
displayed. The base peak corresponds tom/z ) 224, indicating
insertion of two34S atoms and clearly supporting the premise that
the sulfur atoms in LA derive directly from LS itself. The peak
intensities atm/z values of 220, 222, 225, and 226 are higher than
what would be expected as a result of contributions by other relevant
isotopes of sulfur (32S and33S) and carbon (13C). In particular, the
peak atm/z ) 225 is approximately twice the intensity predicted
based on other isotopic contributions. We attribute this to adventi-
tious contamination, which appears to be significant because of
the low concentrations of metabolites analyzed. In Figure 2C, the
mass spectrum of LAME synthesized from equimolar concentrations
of [32S]-LS and [34S]-LS is displayed. The two most prominent
peaks exhibitm/z values of 220 and 224, indicating that most of
the LAME synthesized by LS contains two sulfur atoms of identical
isotope. Again, the peak atm/z ) 222 is more intense than what
would be expected from analysis of the plots in Figure 2A,B
(observed 19.4% of base peak; calculated 10.9% of base peak).
This may reflect a small fraction of liberated monothiolated species
that are converted to the intact cofactor at another active site, or it
may arise from adventitious contamination. The peaks atm/z )
225 and 226 correspond to the predicted intensities after correcting
for the contribution by13C to the product. Ideally, the peaks atm/z
) 220 and 224 should be of equal intensity. The deviation might
reflect a slight difference in activity of the two proteins or a slight
contamination atm/z) 224. Clearly, however, the ratio of the peaks
atm/zvalues of 220, 222, and 224 is far from the 1:2:1, respectively,
that is expected for a mechanism in which the monothiolated species
are obligatorily released and is consistent with a mechanism in
which both sulfurs must derive from the same polypeptide. A similar
result might also arise from a mechanism in which sulfurs derive
from different LS polypeptides that form kinetically stable dimers.
However, molecular sieve chromatographic studies conducted under
anaerobic conditions indicate that LS is primarily monomeric (data
not shown).

Our studies herein strongly suggest that both sulfurs in the lipoyl
cofactor, synthesized by action of lipoyl synthase, emanate from
the same polypeptide, again eliciting speculation that the difference
in cluster configuration between LS and BS might relate to the
number of sulfurs that are mobilized for insertion by each enzyme.
If indeed the sulfurs mobilized by LS derive from one of the [4Fe-
4S] clusters on the protein, then the mechanism originally proposed
by Miller et al.6 might serve as a good initial working model.
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Figure 2. Analysis of the lipoyl synthase reaction by GC-MS. Each
reaction contained in addition to 0.1µmol of octanoyl-H protein, 0.53µmol
of 32S-labeled LS (panel A), 0.53µmol of 34S-labeled LS (panel B), or a
mixture of 32S- (0.16µmol) and34S-labeled (0.16µmol) lipoyl synthases
(panel C). The reaction conditions and subsequent workup are described in
ref 15.
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