
Two [4Fe-4S] Clusters Containing Radical SAM Enzyme SkfB Catalyze
Thioether Bond Formation during the Maturation of the Sporulation
Killing Factor
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ABSTRACT: The sporulation killing factor (SKF) is a 26-
residue ribosomally assembled and posttranslationally
modified sactipeptide. It is produced by Bacillus subtilis
168 and plays a key role in its sporulation. Like all
sactipeptides, SKF contains a thioether bond, which links
the cysteine residue Cys4 with the α-carbon of the
methionine residue Met12. In this study we demonstrate
that this bond is generated by the two [4Fe-4S] clusters
containing radical SAM enzyme SkfB, which is encoded in
the skf operon. By mutational analysis of both cluster-
binding sites, we were able to postulate a mechanism for
thioether generation which is in agreement with that of
AlbA. Furthermore, we were able to show that thioether
bond formation is specific toward hydrophobic amino
acids at the acceptor site. Additionally we demonstrate that
generation of the thioether linkage is leader-peptide-
dependent, suggesting that this reaction is the first step in
SKF maturation.

The sporulation killing factor (SKF, Figure 1A) is a circular
bacteriocin, produced by the skf operon of Bacillus subtilis

Py791 and B. subtilis 168. It plays an important role during
sporulation: when a B. subtilis population starts to experience
nutritionally limiting conditions, the regulatory protein Spo0A
activates the expression of the skf and sdp operons, which leads
to the production of SKF and the sporulation delay protein
(SDP), respectively. Both compounds are exported, and sibling
cells with inactive Spo0A begin to lyse. This behavior releases
additional nutrients for the B. subtilis subpopulation possessing
active Spo0A, enabling them to delay the main sporulation
event.1−3

In addition to its head-to-tail circular peptide backbone, SKF
contains one unusual thioether bond, which links the cysteine
residue Cys4 with the α-carbon of the methionine residue
Met12, and one disulfide bridge.3 The presence of the thioether
bond puts SKF in the newly established class of sactipeptides.4

The skf operon (Figure 1B) consists of the precursor gene skfA;
the genes skf B (radical SAM enzyme), skf C (putative CAAX
protease), and skf H (putative thioredoxin), which are required
for the maturation of the 55-amino acid-containing precursor
peptide (Figure S1); the genes skf E and skf F, which are

required for export and immunity toward SKF; and the gene
skf G, with unknown function.1,3

It was shown for the sactipeptide subtilosin A that the radical
SAM enzyme AlbA catalyzes thioether bond formation.5 We
hypothesized that its homologue SkfB may have the same
function during SKF maturation. To verify this assumption, we
first characterized SkfB as a radical SAM enzyme with two
[4Fe-4S] clusters. Afterward we were able to show that it
catalyzes thioether bond formation in a leader-peptide-depend-
ent manner and that the generation of the thioether linkage is
specific toward the acceptor site.
Radical SAM enzymes commonly share a characteristic

CXXXCXXC motif, which coordinates a [4Fe-4S] cluster
required for the reductive cleavage of S-adenosylmethionine
(SAM) into methionine (Met) and a 5′-deoxyadenosyl (5′-dA)
radical. The generated 5′-dA radical is then responsible for the
wide variety of transformations catalyzed by this enzyme
class.6−8 In the absence of a second substrate, 5′-dA is
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Figure 1. (A) Structure of the sporulation killing factor, with the
thioether bond in red and the disulfide bond in brown. (B) Illustration
of the skf operon of B. subtilis 168. The hairpin symbol indicates a
stem-loop structure on the mRNA level.1
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generated through unspecific proton abstraction of the 5′-dA
radical from the environment.5,9,10 Hence, a protein could be
confirmed as a radical SAM enzyme if it catalyzes the
aforementioned reductive cleavage of SAM (Scheme 1) and
contains at least one [4Fe-4S] cluster.

The skf B gene was amplified from B. subtilis 168
chromosomal DNA and cloned into a pET-28a(+) expression
vector. After purification by Ni-NTA affinity chromatography
(Figure S2) and subsequent concentration of the elution
fractions, the brownish SkfB was reconstituted using lithium
sulfide and ammonium iron citrate, resulting in a dark brown
solution, typical for Fe-S cluster-containing enzymes. Sub-
sequently the SAM cleavage activity was investigated (Figure
2). To ensure reductive conditions, dithionite was added to the
assay.

Only in its reconstituted state and under reductive conditions
was SkfB able to cleave SAM into Met and 5′-dA, as is
characteristic for radical SAM enzymes. Subsequent analyses
aimed to confirm the presence of iron−sulfur clusters in SkfB
employing different spectroscopic techniques. The UV−vis and
EPR spectra (Figure S2) of reconstituted SkfB and its iron and
sulfur contents of 8.19 ± 0.07 and 8.36 ± 0.14 equiv,
respectively, indicated the presence of at least one [4Fe-4S]
cluster. To investigate the presence and nature of a second Fe-S
cluster, an SkfB C117A-C121A-C124A triple alanine mutant
was generated by SLIM mutagenesis.11 The EPR and UV−vis
spectra as well as the SAM cleavage activity of the mutant SkfB
are shown in Figure S3. Because the recorded spectra are
typical for [4Fe-4S] cluster-containing enzymes10,12,13 and the
iron content of the mutant is 4.5 ± 0.2 equiv, we conclude that

SkfB is a radical SAM enzyme that contains two [4Fe-4S]
clusters.
To further investigate the SkfB-catalyzed reaction, the

precursor peptide substrate SkfA had to be produced first.
Therefore, the skfA gene was amplified from B. subtilis 168
chromosomal DNA and cloned into the pET-48b(+) vector.
Subsequent SLIM mutagenesis11 was used to exchange the
existing HRV-3C with the TEV protease cleavage site. After
purification, cleavage of the Trx-Tag by the TEV protease, and
final purification by HPLC, a SkfA derivative with an additional
serine residue at the N-terminus (SerSkfA) could be obtained
(Figure S4). A typical precursor peptide modification assay
contained 200 μM SerSkfA, 20 μM reconstituted SkfB, 1 mM
SAM, and 1 μM sodium dithionite and was carried out in a
strictly anaerobic environment. In the control SkfB was omitted
from the reaction mixture. Prior to HPLC-MS analysis of the
reaction mixture (Figures 3, S8, and S9), the assay and control
reaction were exposed to aerobic conditions, so as to allow
disulfide bond formation.

Due to exposure to oxygen before HPLC analysis, disulfide
bridge formation occurs in the control reaction, resulting in the
observed sbSerSkfA species. In the assay a dbSerSkfA species is
observed. The mass difference between sbSerSkfA and
dbSerSkfA is in exact agreement with the mass difference
expected for the formation of a thioether bond (calcd 2.01565
Da; obsd 2.016 Da). Further assays that were quenched by the
addition of iodoacetamide while still under anaerobic
conditions confirmed the formation of a thioether linkage
(Figures S8 and S9). Similar to the AlbA-catalyzed reaction,5 all
three cysteine residues could be carbamidomethylated in the
control reaction, whereas only two of them could be modified
in the presence of SkfB.
To study the specificity of SkfB toward the donor and

acceptor amino acids, we generated 13 SerSkfA derivatives
(Table S5, Figures S5−S7): two Cys4 mutants, the Cys4-to-
Met12 exchange mutant, and 10 Met12 mutants. As expected,
SkfB is not able to modify the SerSkfA C4A derivative (Figure
S10). The SerSkfA C4S species is also not modified by SkfB
(Figure S11), indicating that the enzyme is not able to catalyze
ether bond formation. The same behavior was observed for
AlbA as well,5 which could suggest a similar reaction

Scheme 1. Reductive SAM Cleavage Reaction Catalyzed by
Radical SAM Enzymesa

aIn the absence of the substrate, the generated 5′-deoxyadenosyl
radical reacts with the environment, yielding 5′-deoxyadenosine.

Figure 2. Single-ion chromatograms of different assay conditions: (I)
control without SkfB; (II) assay without dithionite; (III) assay with
nonreconstituted SkfB; and (IV) assay with reconstituted SkfB under
reductive conditions.

Figure 3. MS spectra from the HPLC-MS analysis of the assay and
control reaction with SerSkfA. In the control reaction a singly bridged
SerSkfA derivative (sbSerSkfA) is formed, whereas in the assay a
doubly bridged SerSkfA derivative (dbSerSkfA) is observed. The mass
difference between the two compounds is 2.016 Da.
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mechanism. With the generation of the SerSkfA C4M M12C
mutant, we intended to address the question of whether SkfB is
capable of generating a thioether linkage with inverted
directionality. Because no modification could be observed, we
conclude that the positions of the donor and acceptor amino
acids play important roles in SkfB-catalyzed thioether formation
(Figure S12).
To investigate the substrate specificity of SkfB toward the

acceptor amino acid, the following SerSkfA derivatives were
generated: M12A, M12S, M12T, M12N, M12Y, M12F, M12Q,
M12K, M12E, and M12L. The first six mutations were chosen
due to the presence of the respective substitute amino acids in
other known sactipeptides like subtilosin A,14 thurincin H,15

and thuricin CD.16,17 The last four amino acids were selected
due to their structural similarity to methionine. The results of
the assays are shown in Figures S13−S22. Interestingly, SkfB
possesses broad substrate specificity toward the acceptor site.
All investigated hydrophobic and aromatic amino acids were
tolerated as acceptors for thioether bond generation, showing
product formation amounts similar to that observed with the
natural methionine residue (Table S7). The small hydrophilic
amino acids Ser, Thr, and Asp were also incorporated into a
thioether bond but with a lower yield compared to that with
Met. No thioether bond formation was observed when using
the larger hydrophilic amino acids Glu, Gln, and Lys as
acceptors. This behavior points toward a hydrophobic binding
pocket at the acceptor site where hydrophobic and aromatic
amino acids are recognized best, small hydrophilic amino acids
are still tolerated, and larger hydrophilic amino acids not
tolerated at all. This broad substrate tolerance also indicates
that radical generation at the α-carbon is independent of the
acceptor amino acid. To elucidate whether thioether bond
formation is leader-peptide-dependent, we assayed a leaderless
SkfA derivative (Figure S23). No modification could be
observed, suggesting that the generation of the thioether
linkage may be the first step in SKF maturation, as was shown
for subtilosin A.5 Thus, our data are in agreement with the SKF
maturation mechanism proposed by Liu et al.3 (Figure S27).
Finally, we intended to further elucidate the mechanism of

thioether bond formation and specifically the location and role
of the second Fe-S cluster. Therefore, an alignment containing
several radical SAM enzymes involved in sactipeptide biosyn-
thesis was created (Figure S24). As in AlbA, three cysteine
residues are conserved in the C-terminal region of SkfB that
could function in the coordination of the second [4Fe-4S]
cluster. To test this hypothesis, a SkfB C380A-C385A-C387A
triple alanine mutant was generated via SLIM mutagenesis.
After purification and reconstitution, its iron content was
determined to be 4.2 ± 0.1 equiv, pointing toward a loss of one
[4Fe-4S] cluster. The UV−vis and EPR spectra as well as the
measurement of the SAM cleavage activity (Figure S25)
demonstrated that the [4Fe-4S] cluster, which is coordinated
by the CXXXCXXC motif, is still active. Hence it follows that
Cys380, Cys385, and Cys387 constitute the coordination site of
the second [4Fe-4S] cluster. To show that this cluster is crucial
for the synthesis of the thioether bond, as was shown for AlbA
before,5 we carried out precursor peptide modification assays
with the SkfB C380A-C385A-C387A mutant (Figure S26). As
expected, the SerSkfA peptide was not modified, indicating that
the second [4Fe-4S] cluster is essential for thioether bond
formation. Thus, a mechanism similar to that of AlbA in
subtilosin A biosynthesis can be proposed (Figures 4 and S28).
In the first step, a reducing agent transfers an electron to the

[4Fe-4S] cluster coordinated by the CXXXCXXC motif.
Subsequently, bound SAM is reductively cleaved into Met
and a 5′-dA radical. The generated 5′-dA radical then abstracts
a hydrogen atom from the α-carbon of the methionine residue
of SkfA, which is bound to the second [4Fe-4S] cluster through
the thiol group of Cys4. In the last step, the generated carbon-
centered radical forms a thioether bond with the coordinated
sulfur atom of Cys4, while the second Fe-S cluster accepts an
electron and gets reduced. The electron may then be
transferred via an intramolecular mechanism to the first Fe-S
cluster, allowing the enzyme to regenerate or be transferred to
an external electron acceptor. This mechanism is also in
agreement with the results of the SerSkfA C4S and SerSkfA
C4M M12C assays. Interactions of oxygen with iron greatly
differ from sulfur−iron interactions. Oxygen has a much higher
affinity toward iron, which would inhibit subsequent ether bond
formation. In the case of the SerSkfA C4M M12S derivative,
the inverted arrangement of donor and acceptor amino acids
would prevent the coordination of the cysteine residue by the
second [4Fe-4S] cluster, due to spatial separation.

Figure 4. Role of SkfB in a B. subtilis subpopulation with active Spo0A,
leading to cannibalistic behavior.
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In conclusion, we have demonstrated that SkfB-catalyzed
thioether bond formation most likely follows the same
mechanism as that of AlbA. Additionally, we gained new
insights into the substrate specificity of SkfB regarding the
donor and acceptor amino acids. As expected, the donor amino
cannot be varied, whereas the acceptor site shows broader
substrate tolerance. Those results establish SkfB as a key
component of the physiological response of B. subtilis to
nutrient limitation, ultimately leading to cell lysis and
subsequent cannibalistic behavior (Figure 4). Furthermore,
we have established a system that generates only one specific
thioether bond, making it ideal for future investigations aimed
at the detailed mechanistic elucidation of thioether bond
formation in sactipeptides.
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