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Lipoyl synthase (LipA) catalyzes the insertion of two sulfur atoms
at the unactivated C6 and C8 positions of a protein-bound octanoyl
chain to produce the lipoyl cofactor. To activate its substrate for
sulfur insertion, LipA uses a [4Fe-4S] cluster and S-adenosylmethio-
nine (AdoMet) radical chemistry; the remainder of the reaction
mechanism, especially the source of the sulfur, has been less clear.
One controversial proposal involves the removal of sulfur from a
second (auxiliary) [4Fe-4S] cluster on the enzyme, resulting in de-
struction of the cluster during each round of catalysis. Here, we
present two high-resolution crystal structures of LipA from Myco-
bacterium tuberculosis: one in its resting state and one at an in-
termediate state during turnover. In the resting state, an auxiliary
[4Fe-4S] cluster has an unusual serine ligation to one of the irons.
After reaction with an octanoyllysine-containing 8-mer peptide
substrate and 1 eq AdoMet, conditions that allow for the first sulfur
insertion but not the second insertion, the serine ligand dissociates
from the cluster, the iron ion is lost, and a sulfur atom that is still
part of the cluster becomes covalently attached to C6 of the octanoyl
substrate. This intermediate structure provides a clear picture of
iron-sulfur cluster destruction in action, supporting the role of the
auxiliary cluster as the sulfur source in the LipA reaction and de-
scribing a radical strategy for sulfur incorporation into completely
unactivated substrates.

iron-sulfur cluster | radical SAM enzyme | lipoic acid

he functionalization of aliphatic carbon centers is widely

regarded as one of the most kinetically challenging reactions
in nature, a striking example of which is found in the biosynthesis
of the lipoyl cofactor, famous for its central role as the “swinging
arm” of the pyruvate dehydrogenase enzyme complex. Lipoyl
synthase (LipA) generates the lipoyl cofactor by insertion of two
sulfur atoms at C6 and C8 of a protein-bound n-octanoyl chain,
sites distal from the nearest functionality (1-4). LipA and the
closely related biotin synthase (BioB) (Scheme 1) are founding
members of the ever-expanding S-adenosyl-L-methionine (Ado-
Met) radical enzyme superfamily that uses a [4Fe-4S] cluster to
reductively cleave the C5’-S bond of AdoMet, generating me-
thionine and a 5’-deoxyadenosyl radical (5’-dAe), a powerful
oxidant (5, 6). LipA requires 2 eq AdoMet—one per sulfur in-
sertion—and two sulfur atoms to produce 1 eq lipoyl product
through radical-based chemistry (4). One of the most contro-
versial aspects of the LipA and BioB reactions is the source of
the sulfur. AdoMet radical enzymes that catalyze sulfur insertion
always seem to have an additional iron—sulfur (Fe/S) cluster: a
[2Fe-2S] cluster in BioB (7), a [4Fe-4S] cluster in LipA (8), and a
[4Fe-4S] cluster in the methylthiotransferases RimO and MiaB
(9, 10). These auxiliary clusters in LipA and BioB have been pro-
posed to be cannibalized during turnover to supply the inserted
sulfur atom(s) (8, 11-13), a proposal that has not enjoyed universal
agreement. Here, we investigate this incredible sulfur insertion
chemistry through crystallographic snapshots of LipA from the
human pathogen Mycobacterium tuberculosis both in the absence of
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substrate and at an intermediate stage in the reaction, just after
insertion of the C6 sulfur atom but before sulfur insertion at C8.

Results

The crystal structure of LipA from M. tuberculosis was de-
termined to 1.64-A resolution by iron multiwavelength anoma-
lous dispersion phasing (Table S1). The overall fold of LipA consists
of a (p/a)s partial barrel common to most AdoMet radical enzymes
(14), an N-terminal o-helical extension, and a C-terminal ex-
tension (Fig. 14 and Fig. S1). The [4Fe-4S] cluster that binds
AdoMet and is responsible for radical generation is coordinated
by three cysteines of the CX;CX®C motif (® denotes an aro-
matic residue) that is on the AdoMet radical loop between p1
and ol of the barrel (Fig. S2). The second (auxiliary) [4Fe-4S]
cluster is sandwiched between the N- and C-terminal extensions
(Fig. 14). As also observed in a recent structure of LipA from
Thermosynechococcus elongatus (15), three of the iron ions of the
auxiliary cluster are ligated by cysteines residing in a conserved
N-terminal CX,CXsC motif, whereas the fourth iron ion is li-
gated by S292 found in a conserved C-terminal R(S/T)S® motif
(Fig. 1B and Fig. S1). R290 of this R(S/T)S® motif extends
between the two [4Fe-4S] clusters and covers the most exposed
face of the auxiliary cluster with the aliphatic portion of its side

Significance

Lipoic acid, an enzyme cofactor in central metabolism and a
livestock feed supplement, is produced on an industrial scale by
a costly multistep synthesis. Nature makes lipoic acid in one
step by the chemically challenging addition of two sulfur
atoms to an inert fatty acid chain. The sulfur source in this
reaction has been controversial, and its identity has implica-
tions for engineering microorganisms to overproduce lipoic
acid. Structural characterization of a lipoyl synthase enzyme
captured in the middle of catalysis shows unequivocally that
the enzyme obtains its sulfur atoms by cannibalizing an iron-
sulfur cluster, another ancient and essential cofactor. This re-
sult reveals an alternative strategy for sulfur mobilization and
an unexpected self-sacrificial role for iron-sulfur clusters
in biology.
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Scheme 1. The reactions catalyzed by the AdoMet radical sulfur insertion
enzymes (Upper) BioB and (Lower) LipA. The inserted sulfur atoms are
marked in red.

chain (Fig. 1B). In the absence of substrate, the active site is
open and filled with solvent, with a 15.3-A dlstance between the
two clusters (Fig. 24). Thus, for the auxiliary cluster to serve as
the source of sulfur, displacement of R290 and a conformational
tightening of the active site seem to be required.

To investigate the mechanism of sulfur insertion by LipA, we
crystallographically characterized a stable but kinetically compe-
tent reaction intermediate that was previously described by Lanz
et al. (16) for Escherichia coli LipA. Briefly, MtLipA was reacted
with a synthetic peptide corresponding to eight residues of the
M. tuberculosis octanoyl-H protein (sequence ESTK,.SVSD),
which supports turnover at the same rate as the full-length protein
(17), excess reductant, and 1 eq AdoMet (Scheme 2). Upon re-
action under these conditions for 45 min, the resulting protein
sample was crystallized, and the crystal structure was determined
to 1.86-A resolution. This “intermediate-bound” structure contains
six molecules in the asymmetric unit, all bound with the peptide
substrate as well as methionine and 5’-deoxyadenosine (5’-dA), the
reductive cleavage products of AdoMet.

The substrate peptide binds primarily to the N-terminal extension
of LipA, such that its octanoyllysine residue inserts into the cavity
between the Fe/S clusters (Fig. 1C). It is held in place chiefly by
hydrogen bonding contacts involving peptide backbone atoms (Fig.
3). Comparison of the substrate-free and intermediate-bound LipA
structures shows a pronounced conformational rearrangement of the
enzyme: the N-terminal extension and auxiliary cluster move toward
the barrel core (Fig. 1.4 and C and Fig. S3), closing off the active site
to solvent and decreasing the distance between the clusters to 11.8 A.
Residues 4-30, disordered in the substrate-free structure, are
now ordered with residues 4-18 forming a helix adjacent to the
AdoMet radical loop and residues 19-35 connecting this helix to
the rest of the N-terminal extension (Fig. 1C).

The loop in the C-terminal extension that contains the R(S/T)S®
motif also has been rearranged, and R290 is no longer blocking
substrate access to the auxiliary cluster (Fig. 1D). R290 now packs
against the octanoyl moiety of the substrate and hydrogen bonds to
its acyl carbonyl oxygen (Fig. 1D). The octanoyllysine is additionally
secured through hydrogen bonds between its acyl amide and peptidyl
amide nitrogens and the carbonyl oxygens of A58 and G59, re-
spectively (Fig. 3), residues that are found in a highly conserved part
of LipA sequences between the first and second cysteines of the
auxiliary cluster CX;CXsC motif (Fig. S2). Through these interac-
tions, octanoyllysine appears beautifully positioned for radical-based
sulfur insertion, in that Met, 5’-dA, and the octanoyl group are all
buried away from solvent and all within van der Waals distances of
each other (Fig. 2B, Fig. S4, and Table S2). In particular, the C5’ of
5'-dA, which performs the He abstraction, is 4.2 A from C6 of the
octanoyl substrate. Additionally, the orientation of the octanoyl
group with respect to 5’-dA and the auxiliary cluster is consistent
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with the abstraction of the pro-R He from C6 (2) and inversion of
configuration on sulfur insertion (Fig. 2B and Fig. S4).

Consistent with the first half reaction having taken place, we find
that the substrate octanoyl group is covalently attached to the
auxiliary cluster by a bond between C6 and a cluster sulfur atom
(Fig. 1D). S292 is no longer a ligand to the cluster, and the iron
atom that was coordinated by S292 in the substrate-free structure is
no longer present (Fig. 2C, Inset). Previously, a Mossbauer spec-
troscopic study revealed the loss of an iron atom from the auxiliary
cluster on the timescale of the first sulfur insertion (16), and here,
we see which iron is lost, and potentially, how it is lost: a solvent-
filled cavity exists on one side of the cluster that extends to the
protein surface (Fig. 2C). These structural data also present an
explanation of why iron loss could be of mechanistic significance.
The presence of this iron atom would block access of the two closest
sulfur atoms of the auxiliary cluster (5.5 and 5.3 A) to C8 of the
octanoyl moiety (Fig. S4), hindering the second sulfur insertion.

Discussion

The chemical difficulty of synthesizing the lipoyl and biotin co-
factors cannot be overstated. This point is exemplified by the fact
that 10-30 tons of biotin sold each year are produced by a chemical
synthetic route that is estimated to have as many as 15 steps (18).
First, the challenge of regio- and stereoselective C-H bond acti-
vation must be overcome, and second, a route for sulfur func-
tionalization must be achieved. Here, we find that the LipA
substrate is exquisitely positioned next to 5-dA for pro-R He
abstraction, allowing for this requisite selectivity. The next step is
sulfur functionalization (Scheme 2), which raises the controversial
issue of whether an Fe/S cluster is really the source of sulfur. In
this respect, the structure of BioB sets the stage, revealing an
auxiliary [2Fe-2S] cluster with an atypical arginine ligation near

A AdoMet radical domain C

AdoMet radical
cluster

5-dA octanoyl-

helix 4-18 ¢ H peptide

0

Fig. 1. Structural comparisons of substrate-free and intermediate-bound
forms of LipA. (A) Structure of substrate-free LipA in ribbon representation
with the (p/a)s AdoMet radical domain (green), N-terminal extension (red),
and C-terminal extension (blue). (B) The auxiliary [4Fe-4S] cluster of LipA in
the absence of substrate. R290 and S292 of the R(S/T)S® motif are shown as
sticks. Simulated annealing omit density (2F,—F.) is contoured at 2.0c in
black mesh. (C) Structure of LipA after reaction with 1 eq AdoMet in the
presence of octanoyl-H peptide substrate (yellow); 5-dA and methionine are
in dark blue. A loop and helix comprising residues 4-30 become ordered
when substrate is bound. (D) The auxiliary cluster of LipA with octanoyl-H
peptide substrate (yellow) coordinated. Simulated annealing omit density
(2F,—F,) is contoured at 2.0c in black mesh.
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Fig. 2. The active sites of LipA and BioB. (4) Substrate-free LipA with R290
blocking access to auxiliary cluster. (B) Intermediate-bound LipA structure.
(C) A cross-section of the intermediate-bound LipA structure showing water-
filled cavity created by residues in p1 (E71-T73), p2 (Y117-T119), and the
C-terminal helix (5292-R297). Inset depicts simulated annealing omit density
(2F,—F¢) around the auxiliary cluster contoured at 2.0c. (D) BioB active site
(Protein Data Bank ID code 1R30) with a highly conserved arginine residue,
R260, ligating the auxiliary [2Fe-2S] cluster. AdoMet ligates the AdoMet
radical cluster, whereas dethiobiotin, the substrate, is between AdoMet and
the auxiliary cluster.

the substrate binding site and the radical AdoMet cluster (Fig. 2D)
(19). In this work, we find that substrate binding to LipA induces a
large conformational change that shortens the distance between

[4Fe-4S]2+

[4Fe-4S]2*-AdoMet

Fe/S clusters (15.3-11.8 A), such that the agreement with the sub-
strate-bound structure of BioB is now incredible (Fig. 2 B and D).
This consistent ~12-A distance seems to be ideal for substrate to be
packed sulfficiently close to the 5’-dA radical for He abstraction and
smultaneously near enough to the auxiliary cluster for sulfur in-
sertion (4.6 Ain BioB). Interestingly, like BioB, there is an unusual
ligand to the auxiliary cluster, but the ligand is a serine, not an ar-
ginine as it is in BioB. As far as we know, LipA is the only example
of serine ligation to a [4Fe-4S] cluster in a WT protein. Serine li-
gands have been introduced into proteins with [4Fe-4S] clusters by
mutagenesis, usually resulting in decreased cluster stability under
oxidizing or acidic conditions (20-23). This latter property perhaps
explains the choice of serine as a ligand for a [4Fe-4S] cluster that
must be labile by design. Although it is not a ligand, arginine 290 of
the R(S/T)S® motif seems critical for both protection of the aux-
iliary cluster in the absence of substrate and substrate binding.
Although [3Fe-4S] clusters are often found as dead-end products
of oxidative inactivation of [4Fe-4S] enzymes, in LipA, these clus-
ters seem to be reaction intermediates. The strongest support for
the catalytic relevance of an intermediary [3Fe-4S] cluster comes
from a Mossbauer spectroscopic study that showed that a [3Fe-4S]
cluster appears and disappears on the timescale of LipA turnover
(16). In particular, under the conditions used for these crystal trials
(excess reductant and 1 eq AdoMet), E. coli LipA accumulates a
cross-linked species that is stable to gel filtration chromatography
and contains 0.9 eq monothiolated peptide and 0.6 eq 3-Fe—con-
taining clusters (Scheme 2) with Mdssbauer parameters similar to
those of previously described [3Fe-4S] clusters. When reacted with
excess AdoMet and reductant, this cross-linked species supports
the formation of 0.5 eq lipoyl product in a kinetically competent
manner, the Mdossbauer signal for the 3-Fe—containing cluster

[4Fe-4S]2*-Met [4Fe-4S]2*-Met

$292
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Scheme 2. Proposed catalytic mechanism for LipA. Inserted sulfur atoms are shown in red; species represented by the crystal structures described in the text are
shown in blue. The timing of dissociation of the conserved serine ligand, 5292, is unknown, but it is shown concomitant with substrate binding. Modified from ref. 16.
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Fig. 3.
strate (yellow). Six chains are present in the crystal structure’s asymmetric
unit with various degrees of order; the interactions shown are only those
present in four or more chains and mediated by zero or one water molecule.
The N-terminal extension is in red, the AdoMet radical core is in green, and
the C-terminal extension is in cyan.

Polar interactions between LipA and the octanoyl-H peptide sub-

disappears, and signals increase for N/O- and S-coordinated high-
spin Fe', corresponding to degradation of the auxiliary cluster. For
MtLipA, the analogous cross-linked species supports formation of
almost a full equivalent of lipoyl product with a rate similar to that
of the overall reaction (17).

One surprising attribute of the cross-linked intermediate is its
unusual stability: over 5 d between intermediate generation and
crystal growth and for an additional 4 d in crystallo, the partially
degraded auxiliary cluster remains intact, and the peptide, 5'-dA,
and methionine remain enzyme-bound. It stands to reason that
LipA would maximize the sulfur yield from each Fe/S cluster by
preventing dissociation of the monothiolated intermediate, but the
persistence of 5'-dA and methionine is puzzling, considering that
the second sulfur insertion requires their replacement with AdoMet
for 5’-dAe generation. Attempts to soak a second molecule of
AdoMet into crystals of the LipA intermediate (5 mM AdoMet for
5 d and 10 mM AdoMet for 1 d) do not displace 5'-dA and Met,
suggesting that exchange may require a conformational change that
is not possible in the crystal. However, cocrystallization of the in-
termediate-bound species with up to 5 mM AdoMet over several
days also fails to exchange 5'-dA and Met for AdoMet, instead
producing identical intermediate-bound crystals. These results may
indicate that the AdoMet-bound intermediate complex does not
crystallize as readily as the 5'-dA and Met-bound complex, that
the exchange of 5’-dA and Met for AdoMet is highly unfavorable,
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or that the dissociation of 5’-dA and Met is slow. Although current
data do not support any one explanation, if either of the latter two
explanations is correct, exchange may be at least partially rate-
limiting in solution-phase experiments with MtLipA.

Overall, these structures corroborate previous biochemical
and spectroscopic studies on LipA (3, 4, 8, 13, 16, 17) and sup-
port the role of the auxiliary cluster as the sulfur donor (Scheme
2). By showing the octanoyllysine moiety covalently attached to a
sulfur atom in the auxiliary cluster, these structural data repre-
sent a smoking gun for what has been a truly heated debate
about the sulfur source for these reactions. Although these
structures may end this debate, there are many exciting questions
about LipA that remain: after the first sulfur insertion, how are
5’-dA and Met exchanged for a second equivalent of AdoMet,
and which of the two equidistant sulfur atoms is inserted into
C8? Perhaps the most enigmatic question regarding the LipA
mechanism is the ultimate fate of the degraded auxiliary cluster
in vivo. It may be repaired on LipA, removed and replaced by
Fe/S cluster assembly machinery, or simply released in the form
of free iron and inorganic sulfide ions. The latter process would
seem to present a problem for the cell in the form of iron and
sulfide toxicity. Given that LipA enzymes exist in a wide range of
organisms from pathogens to humans, it is unclear whether
there will be a single solution to this question. Certainly, the
sulfur insertions en route to production of the lipoyl and biotin
cofactors will continue to fascinate for years to come.

Materials and Methods

N-terminally Hise-tagged MtLipA was expressed in E. coli BL21(DE3) cells, pu-
rified under anaerobic conditions, and reconstituted with iron and sulfide as
described previously (16, 17). The MtLipA intermediate was generated by re-
action of 200 pM as-isolated MtLipA with 300 pM octanoyl substrate peptide,
180 pM AdoMet, and 2 mM sodium dithionite anaerobically at room tem-
perature for 45 min; intermediate formation was monitored by liquid chro-
matography-MS of acid-quenched reaction samples (S/ Materials and
Methods). MtLipA and the MtLipA intermediate were crystallized anaerobi-
cally by the vapor diffusion method. Each structure was solved from data
collected on a single crystal at beamline ID-C of the Advanced Photon Source.
The structure of MtLipA alone was originally solved to 2.28-A resolution by Fe
multiwavelength anomalous dispersion; later, a higher-resolution dataset was
collected from a different crystal, and a second structure was solved to 1.64-A
resolution using the first structure as a search model for molecular re-
placement. This high-resolution MtLipA structure was used as a molecular
replacement model to solve the intermediate-bound structure. Details of
crystallization, data collection, structure solution, model building, and re-
finement can be found in S/ Materials and Methods.
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