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ABSTRACT: Sporulation killing factor (SKF) is a ribosomally
synthesized and post-translationally modified peptide (RiPP)
produced by Bacillus. SKF contains a thioether cross-link
between the α-carbon at position 40 and the thiol of Cys32,
introduced by a member of the radical S-adenosyl-L-
methionine (SAM) superfamily, SkfB. Radical SAM enzymes
employ a 4Fe−4S cluster to bind and reductively cleave SAM
to generate a 5′-deoxyadenosyl radical. SkfB utilizes this radical
intermediate to abstract the α-H atom at Met40 to initiate
cross-linking. In addition to the cluster that binds SAM, SkfB
also has an auxiliary cluster, the function of which is not
known. We demonstrate that a substrate analogue with a
cyclopropylglycine (CPG) moiety replacing the wild-type
Met40 side chain forgoes thioether cross-linking for an alternative radical ring opening of the CPG side chain. The ring
opening reaction also takes place with a catalytically inactive SkfB variant in which the auxiliary Fe−S cluster is absent.
Therefore, the CPG-containing peptide uncouples H atom abstraction from thioether bond formation, limiting the role of the
auxiliary cluster to promoting thioether cross-link formation. CPG proves to be a valuable tool for uncoupling H atom
abstraction from peptide modification in RiPP maturases and demonstrates potential to leverage RS enzyme reactivity to create
noncanonical amino acids.

Enzymes in the radical S-adenosyl-L-methionine (SAM)
superfamily catalyze diverse and often chemically

challenging transformations in primary and secondary
metabolism. Most radical SAM (RS) enzymes bind a site
differentiated 4Fe−4S cluster through thiolate side chains from
a CxxxCxxC motif; the fourth iron of the cluster binds SAM
through its amino and carboxylate moieties. The role of the RS
cluster is to reductively activate SAM for cleavage of one of its
C−S bonds,1−3 in most cases generating a 5′-deoxyadenosyl
radical (dAdo•). The dAdo• in turn initiates chemistry by
either H atom abstraction or radical addition.4−6 The radical
intermediates that are formed subsequently undergo trans-
formations that result in C−C bond formation, group
migration, epimerization, and cross-linking.4,7

In addition to the cluster that activates SAM, a growing
subset of RS enzymes also harbor additional clusters, termed
auxiliary (Aux) clusters.8,9 Aux clusters are thought to be
involved in the enzymatic mechanism and/or in catalytically
essential redox transformations.8−27 In contrast to the role of
the RS cluster, the functions of the Aux clusters have remained
enigmatic at least partly because their removal destabilizes the
proteins.13,28,29 However, in cases in which it has been possible
to remove the Aux cluster(s), overall activity is abolished.11

Recent studies have implicated radical SAM enzymes in the
maturation of ribosomally encoded and post-translationally

modified polypeptides (RiPPs).30−32 The range of RS-
dependent modifications includes cross-linking,11,14−17,33−35

methylation,36−44 oxidative decarboxylation,45−47 epimeriza-
tion,43,48−50 and amino acid splicing.51 Sporulation killing
factor (SKF) is an antimicrobial RiPP that is secreted by
sporulating Bacillus subtilis to lyse and cannibalize non-
sporulating neighbors within a colony.52 The precursor of
SKF is encoded by skfA, and the thioether cross-link of the
mature product is introduced by the RS enzyme SkfB (Scheme
1A). Sequence conservation, biochemical, and spectroscopic
investigations of the protein suggest that SkfB harbors at least
two clusters, of which the N-terminal cluster bound by the
CxxxCxxC motif is necessary for activating SAM. Both are
required for thioether bond formation.33

The mechanism for SKF thioether cross-link formation is
not known, but it was previously reported that SkfB can
accommodate various bulky and/or hydrophobic side chains at
position 40.33 In a previous study we exploited this flexibility to
incorporate site selective isotopic labels to demonstrate that
dAdo• directly abstracts a hydrogen atom from the α-carbon at
position 40 and infer the presence of a peptide-based radical.34
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This finding, in combination with the promiscuity of the
enzyme, suggested that we could further exploit SkfB not only
to interrogate the H atom abstraction step but also to
determine if the Aux plays any role in this process.
Because of their propensity of rapid ring opening to a

homoallylic radical, cyclopropyl moieties have been used as
diagnostic probes for radical intermediates in enzymatic
transformations.53−64 For example, the isopropyl cyclopropane
radical undergoes ring opening at a rate of 8.8 × 107 s−1.65 The
inclusion of a cyclopropyl moiety at the site of H atom
abstraction in SkfA would permit one to examine partitioning
between ring opening and thioether bond formation. Herein,
we report that SkfB catalyzes ring opening of cyclo-
propylglycine-bearing SkfA, providing unambiguous evidence
of generation of a radical intermediate. Moreover, a catalyti-
cally inactive SkfB variant that lacks the auxiliary cluster is
shown to perform the same transformation allowing uncou-
pling of H atom abstraction from thioether cross-linking in
SkfB.

■ MATERIALS AND METHODS
Cloning and Expression of ΔAux SkfB. The skf B gene

was previously amplified via polymerase chain reaction from
the Bacillus subtilis subsp. subtilis str 168 genome and cloned
into a pET28JT66 vector, with the resulting construct named
pNB529.34 The ΔAux variant (pNB611) was generated by
consecutive site-directed mutageneses, using the primers listed
in Table S1. First, pNB606, a C351A variant, was generated
using the pNB529 plasmid as a template. Then, pNB611, a
C351A/C385A double mutant variant, was generated using the
pNB606 plasmid as a template. Standard Sanger sequencing at
the University of Michigan DNA Sequencing Core confirmed
the sequence of each construct. The variants were expressed
and purified as discussed previously.34

Elemental Analysis. The iron contents of wild-type (WT)
and ΔAux SkfB were determined by ICP-OES. Concentrated
SkfB and ΔAux SkfB were diluted to 1 μM (based on the
corrected Bradford concentration)34 in 1% (v/v) trace-metal
grade nitric acid. Analyses were conducted by the Analytical
Facilities of the Department of Hydrology & Atmospheric
Sciences at the University of Arizona. The acid-labile sulfide

content of SkfB (wild type and ΔAux) was determined using
the Beinert method.67

Peptide Synthesis. A PS3 peptide synthesizer (Protein
Technologies Inc.) was used to synthesize wild-type SkfA,
CPG-SkfA, SIAXTR, and SIAZ′TR on a 0.025 mmol scale by a
solid phase peptide synthesis methodology, as discussed
previously.34 Fmoc-L-cyclopropylglycine and Fmoc-L-norvaline
were purchased from ChemImpex. All other protected Fmoc-L-
amino acids were purchased from Protein Technologies Inc.
Following synthesis and cleavage from resin, the peptide was
resuspended in water and lyophilized to dryness.

Purification of Synthetic Peptides. Each crude peptide
was purified by HPLC using a Phenomenex Jupiter C12 prep
column (21.2 mm × 250 mm, 4 μm particle size, 90 Å pore
size). The HPLC method for purification and the method for
LC−MS analysis of fractions have been discussed previously.34

The fractions containing pure peptide were pooled and
lyophilized to dryness.

Analysis of the Purity of the Synthetic Peptide. SkfA
peptide fractions were analyzed for purity using a LTQ-
OrbiTrap XL instrument (Thermo Fisher) connected to a
Vanquish UHPLC instrument (Thermo Fisher) with a diode
array detector by injecting an aliquot onto a Hypersil GOLD
C4 column (2.1 mm × 150 mm, 1.9 μm particle size; Thermo
Fisher) pre-equilibrated in 95% buffer A and 5% buffer B.
Buffer A consisted of 0.1% (v/v) LC−MS Optima TFA
(Fisher) in LC−MS Optima water (Fisher). Buffer B consisted
of 0.1% (v/v) LC−MS Optima TFA (Fisher) in LC−MS
Optima acetonitrile (Fisher). The SIAXTR and SIAZ′TR
peptide fractions were analyzed for purity also by UHPLC−
MS, but with a Hypersil GOLD C18 column (2.1 mm × 150
mm, 1.9 μm particle size; Thermo Fisher) pre-equilibrated in
95% buffer A and 5% buffer B. Buffer A consisted of 0.1% (v/
v) LC−MS Optima TFA (Fisher) in LC−MS Optima water
(Fisher). Buffer B consisted of 0.1% (v/v) LC−MS Optima
TFA (Fisher) in LC−MS Optima acetonitrile (Fisher). The
buffer compositions were the same as those used for the C4
column. For both columns, the reaction components were
eluted at a rate of 0.2 mL/min with the following program: 5%
B from 0 to 1 min, 5 to 70% B from 1 to 11.5 min, 70 to 100%
B from 11.5 to 11.6 min, 100% B from 11.6 to 16.6 min, 100 to
5% B from 16.6 to 16.7 min, and 5% B from 16.7 to 21.7 min.
All data were analyzed in Xcalibur (Thermo Fisher).
Chromatogram profiles were smoothed with a boxcar
algorithm set to a value of 5. The deconvoluted spectra of
SkfA were generated from the raw LC−MS data using the
Xtract software (Thermo Fisher).

Analysis of the Thioether and Deuterium Content of
SkfA and CPG-SkfA upon Incubation with SkfB.
Reactions of SkfB with wild-type SkfA or CPG-SkfA were
conducted in an anoxic environment (Coy Laboratories
anaerobic chamber with a 97% N2/3% H2 atmosphere) and
analyzed by UHPLC−MS to examine the deuterium content
of both. Reaction mixtures in 2H2O (99.9%, Cambridge
Isotope Laboratories, Inc.) contained 0.05 M Tris-2HCl (p2H
8.0), 0.01 M DTT, 0.1 M KCl, 2 mM SAM, 1 mM dithionite,
0.1 mg of SkfA, and 0.05 mM SkfB, in a final volume of 0.1 mL.
The buffer p2H was adjusted with 2HCl (99.5%, Cambridge
Isotope Laboratories, Inc.). Salts were dissolved in 99.9%
2H2O prior to addition. The peptide was H/D exchanged by
repeated rounds (at least three) of washes in 2H2O, followed
by lyophilization. After hydrogen/deuterium exchange, the
peptide was resuspended in 0.05 M Tris-2HCl (pD 8.0) and

Scheme 1. (A) Thioether Formation in SkfA Initiated by H
Atom Abstraction at the Cα Atom of Met40 by SkfB and
(B) Radical Ring Opening Catalyzed by SkfB with CPG-
Containing SkfA
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0.01 M DTT to a concentration of 10 g L−1. The enzymes
were exchanged into 2H2O by repeated rounds of concen-
tration and dilution in an Amicon concentrator fitted with YM-
10 membranes in the anaerobic chamber. A 0.1 mL aliquot of
the concentrated enzyme was diluted to 1 mL with 0.05 M
Tris-2HCl (p2H 8.0), 0.01 M DTT, and 0.15 M KCl and
subsequently concentrated to the starting volume. This was
repeated at least three times.
The reaction was initiated by addition of substrate, and the

mixture was incubated at room temperature overnight. The
next day, the reaction mixture was treated with 2 μL of 1 M
iodoacetamide to alkylate all free Cys thiolates in the SkfA
peptide. The alkylation reaction mixture was incubated at
room temperature in the dark for 30 min, and the reaction was
subsequently quenched with 10 μL of 30% (w/v) trichloro-
acetic acid. The quenched samples were centrifuged at 16000g
for 10 min to pellet the insoluble material. The soluble portion
was frozen, lyophilized, and subsequently washed with H2O
several times for hydrogen/deuterium exchange. After at least
three cycles, the peptide was resuspended in 0.1 mL of H2O.
The SAM was enzymatically synthesized and purified
as described previously.68

The SkfA peptides were analyzed for thioether cross-link
formation and deuterium content using a LTQ-OrbiTrap XL
instrument (Thermo Fisher) connected to a Vanquish
UHPLC instrument (Thermo Fisher) and a diode array
detector. An aliquot was injected onto a Hypersil GOLD C4
column (2.1 mm × 150 mm, 1.9 μm particle size; Thermo
Fisher) pre-equilibrated in 95% buffer A and 5% buffer B.
Buffer A consisted of 0.1% (v/v) LC−MS Optima TFA
(Fisher) in LC−MS Optima water (Fisher). Buffer B consisted
of 0.1% (v/v) LC−MS Optima TFA (Fisher) in LC−MS
Optima acetonitrile (Fisher). The reaction components were
eluted at a rate of 0.2 mL/min with the following program: 5%
B from 0 to 1 min, 5 to 70% B from 1 to 11.5 min, 70 to 100%
B from 11.5 to 11.6 min, 100% B from 11.6 to 16.6 min, 100 to
5% B from 16.6 to 16.7 min, and 5% B from 16.7 to 21.7 min.
All data were analyzed in Xcalibur (Thermo Fisher). The
deconvoluted spectra of SkfA were generated from the raw
LC−MS data using the Xtract software (Thermo Fisher).
Analysis of the Deuterium Content of Tryptic Digests

of CPG-SkfA following Incubation with SkfB. Reactions
were conducted the same as described above. Following TCA
precipitation and hydrogen/deuterium exchange, the extracted
peptides were resuspended in 50 mM Tris-HCl (pH 8.0)
containing 0.5 mM CaCl2. Bovine pancreatic trypsin (Sigma)
was added to each extract [1:100 trypsin:peptide weight ratio
(milligrams)]. The trypsin reaction mixtures were incubated
for 6 h at 37 °C. The digested peptide was passed through a
YM-10 membrane (VWR) via centrifugation at 10000g for 10
min.
The CPG-SkfA tryptic fragments were analyzed for

deuterium content using a LTQ-OrbiTrap XL instrument
(Thermo Fisher) connected to a Vanquish UHPLC instru-
ment (Thermo Fisher) with a diode array detector by injecting
an aliquot onto a Hypersil GOLD C18 column (2.1 mm × 150
mm, 1.9 μm particle size; Thermo Fisher) pre-equilibrated in
95% buffer A and 5% buffer B. Buffer A consisted of 0.1% (v/
v) LC−MS Optima TFA (Fisher) in LC−MS Optima water
(Fisher). Buffer B consisted of 0.1% (v/v) LC−MS Optima
TFA (Fisher) in LC−MS Optima acetonitrile (Fisher). The
reaction components were eluted at a rate of 0.2 mL/min with
the following program: 0% B from 0 to 1 min, 0 to 70% B from

1 to 11.5 min, 70 to 100% B from 11.5 to 11.6 min, 100% B
from 11.6 to 20 min, 100 to 0% B from 20 to 20.1 min, and 0%
B from 20.1 to 23.1 min. All data were analyzed in Xcalibur
(Thermo Fisher). Chromatogram profiles were smoothed with
a boxcar algorithm set to a value of 5.

MS/MS Analysis of CPG-SkfA Tryptic Fragments.
Reactions, tryptic digestions, and UHPLC methods were the
same as those described above. The peak corresponding to the
+1 charge state of the unmodified or modified SIAXTR tryptic
fragment were isolated in the CID cell using an isolation width
of m/z 0.5, a Q of 0.25, an activation time of 30 ms, and a
collision energy of 28%. The MS/MS experiments were carried
out using the FT analyzer set to a resolution of 100000, one
microscan, and a 200 ms maximum injection time. The CID
experiment for detecting the unmodified peptide began 6.6
min after injection of the sample onto the C18 column and
continued for 1.05 min. The CID experiment for detecting the
modified peptide began 6.96 min after UHPLC injection and
continued for 2.10 min. Predicted isotope distributions for
deuterium-incorporated peptide were calculated using Scien-
tific Instrument Services (SIS) Isotope Distribution Calculator
and Mass Spec Plotter (http://www.sisweb.com/mstools/
isotope.htm).

Analysis of 5′-Deoxyadenosine Production by SkfB
Variants. To determine if the CPG substrate analogue
effectively mimics the reactivity of the native substrate, assays
were conducted to monitor the amount of S-adenosyl-L-
methionine reductively cleaved to form 5′-deoxyadenosine by
WT and ΔAux SkfB. The assay conditions were the same as
described above, except that 20 μM enzyme was used and the
total reaction volume was 0.25 mL. After the reaction had been
initiated with the addition of SAM, aliquots of 0.03 mL were
removed at 5, 15, 30, 60, and 120 min and the reactions were
quenched by combining the mixtures with 0.03 mL of 30% (w/
v) TCA. Insoluble material was removed by centrifugation, and
an aliquot (25 μL) was analyzed using a Hypersil GOLD C18
column (2.1 mm × 150 mm, 1.9 μm particle size; Thermo
Fisher) attached to a Thermo Scientific Dionex UltiMate 3000
UHPLC instrument. The column was pre-equilibrated in 100%
buffer A. Buffer A consisted of 50 mM ammonium acetate
(Fisher) in LC−MS Optima water. Buffer B consisted of 60%
(v/v) LC−MS Optima acetonitrile (Fisher) and 40% LC−MS
water (Fisher). The reaction components were eluted at a rate
of 0.2 mL/min with the following program: 0% B from 0 to
3.46 min, 0 to 0.9% B from 3.46 to 3.69 min, 0.9 to 1.5% B
from 3.69 to 3.92 min, 1.5 to 3% B from 3.92 to 4.25 min, 3 to
20% B from 4.25 to 6.5 min, 20 to 25% B from 6.5 to 7 min, 25
to 40% B from 7 to 8.5 min, 40 to 45% B from 8.5 to 9.25 min,
45 to 60% B from 9.25 to 9.95 min, 60 to 100% B from 9.95 to
10.45 min, 100% B from 10.45 to 16 min, 100 to 0% B from 16
to 16.1 min, and 0% B from 16.1 to 20 min. The peak
corresponding to 5′-deoxyadenosine was integrated and
quantified using a standard curve created from authentic 5′-
deoxyadenosine.34,69

■ RESULTS AND DISCUSSION

To probe the mechanism of SkfB, an SkfA variant in which
M40 is replaced with a cyclopropylglycine (CPG) was
prepared by solid phase peptide synthesis, purified by
preparative HPLC, and analyzed by high-resolution mass
spectrometry (HRMS). The mass spectrum of the pure
peptide reveals [M + H]+ of 5765.9984 for the peptide,
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which is within 0.2 ppm of that expected for M40CPG-SkfA
(Figure S1).
The formation of a thioether cross-link in SkfA catalyzed by

SkfB is accompanied by a 2 amu decrease in the mass of SkfA,
or a 57 amu decrease when the product is carbamidomethy-
lated.33,34 In contrast to the WT peptide, which clearly exhibits
the expected mass shifts across all charge envelopes when SkfB
is present (Figure S2), peaks for cross-linked species fail to
develop when the CPG-containing SkfA is incubated with SkfB
(Figure S3). Therefore, CPG-SkfA does not appear to be a
substrate for thioether cross-linking by SkfB, even though the
relative amounts of 5′-deoxyadenosine produced by SkfB upon
its incubation with CPG-SkfA are comparable to those that are
observed with WT SkfA (Figure S4). However, a cyclopropane
ring opening and quenching of the subsequent peptide-based
radical by H atom abstraction would lead to a product that is
isobaric with the starting CPG-SkfA substrate (Scheme 1B).
To determine if reaction with CPG-SkfA occurs, we

performed the incubations of CPG-SkfA with SkfB in 2H2O.
In these experiments, all reagents were extensively exchanged
with 2H2O (see Materials and Methods for details). Control
experiments show that when the reactions with WT SkfA are
performed in 2H2O, the thioether-containing product has the
same mass as that obtained when the reaction is performed in
H2O (Figure S5). By contrast, when CPG-SkfA is incubated
with SkfB in 2H2O, mass spectral features of the peptide are
altered in a predictable manner (Figure 1A and Figure S6).
Upon careful examination of the spectral envelopes, distinct
changes in intensities of the isotope peaks are seen (Figure
1B), which are quantified as follows.
Using the peak at m/z 1485.7594 as the reference, the

intensities of all peaks at lower m/z values decrease and those
at higher m/z values increase, therefore indicating an overall
increase in m/z for the species. Consistent with this
observation, the mass calculated for the product upon
deconvolution of the full mass spectrum is 1.0039 amu greater
when the reactions are performed in 2H2O (Figure 1C).
To establish the location of the 2H, the product was

subjected to trypsin digestion and the resulting peptides were
analyzed by LC−MS. Control experiments, in which the
unmodified CPG-SkfA is digested with trypsin, yield the
hexapeptide (SIAXTR, where X = CPG).
The extracted ion chromatograms (EICs) at m/z 644 and

645, which correspond to the monoisotopic and natural
abundance 13C isotope, respectively, both show a peak at 6.9
min (Figure 2A,B, black). The corresponding spectral envelope
for the peptide (Figure 2C, black) is consistent with [M + H]+

of the hexapeptide.
After incubation of CPG-SkfA with SkfB in 2H2O and tryptic

proteolysis, we observe the same peak in the EIC at m/z 644,
corresponding to the unmodified peptide. However, at m/z
645, we observe two peaks with distinct retention times
(Figure 2B, red). The unmodified peptide is expected to have a
peak at m/z 645, which corresponds to the natural abundance
13C isotope (compare to Figure 2B, black). The second peak
that is present in the chromatogram appears to have a distinct
retention time of 7.2 min, suggesting that it is structurally
distinct from the CPG-bearing fragment. The MS spectrum of
the species eluting at 7.2 min clearly shows a peak at m/z
645.3767 (Figure 2C, red), which is consistent with a ring-
opened product that has incorporated a single, nonexchange-
able 2H (SIAZTR, where Z = ring open CPG).

More significantly, the peak at m/z 645.3767 is much larger
than would be expected from the isotopic contribution from
natural abundance 13C from the unmodified peptide, which is
only consistent with the assignment of this peak as a singly
deuterated peptide. The formation of the deuterated species is
dependent upon the presence of the enzyme, substrate,
reductant, and SAM (Figure S7). We also observe a shoulder
in the EIC at m/z 644, which has the retention time of the
ring-opened product. This peak could arise from residual 1H
and/or quenching of a small portion of the radical intermediate
from a site that cannot be solvent exchanged. Note that this
peak is absent when enzyme is omitted (compare red and black
traces in Figure 2).
Two hexapeptides were synthesized to validate the differ-

ences in the retention times of the CPG and ring-opened
product. The sequences of these products are SIAXTR and
SIAZ′TR, the second being a close structural analogue that
incorporated norvaline instead of Z (Figures S8 and S9). When
the two peptides are co-injected, the analogues have the same
separation seen in the tryptic digests (Figure S10).

Figure 1. (A) Full mass spectra of CPG-SkfA incubated in the
absence (black) or presence (red) of SkfB and carbamidomethylated
after incubation. (B) The +4 charge state envelopes from the mass
spectra in panel A are shown. The asterisk marks the average m/z of
the unreacted peptide (black). Peaks with increased intensity relative
the intensity of this peak are shown with up arrows, while lower m/z
peaks are shown with down arrows. The changes are shown visually in
the bar graph above the red trace. (C) Deconvoluted mass spectra of
the samples from panel A showing the calculated [M + H]+ for CPG-
SkfA after iodoacetamide treatment.
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To further probe the position of the 2H, we performed MS/
MS analysis. The species with peaks at m/z 644.37 and 645.38
corresponding to SIAXTR and SIAZTR, respectively, were
fragmented in the CID cell of the LTQ-Orbitrap instrument,
and the corresponding fragments were analyzed in the
Orbitrap detector. The incorporation of 2H at position 40 is
unambiguously demonstrated by the MS/MS data (compare
spectra in Figure 3). Specifically, we observe shifts in the
masses of the fragments containing the CPG-based product,
such as z3, y4, and b4 fragments in Figure 3, when CPG-SkfA is
incubated with the enzyme in 2H2O. A complete list of
observed fragments appears in Table S3.
The observation that SkfB catalyzes ring opening in the

CPG-bearing peptide without forming a thioether cross-link
suggests that the lifetime of the activated radical clock is much
shorter than that of turnover. This ultrafast substrate provides
an opportunity to determine if the Aux cluster is at all required
for the H atom abstraction step. Note that the Aux cluster is
necessary for thioether formation but not for reductive
cleavage of SAM.33 Beyond this observation, little else is
known about the role of Aux clusters in peptide maturases, but
it has been suggested that the cluster may serve as a binding
site for the substrate.8−11,14 To explore the potential role of the
Aux cluster, we prepared an SkfB variant in which the highly
conserved residues that are putative ligands to Aux (C351 and
C385) are mutated to Ala to obtain the ΔAux variant. These

residues were selected on the basis of their conservation
outside the CxxxCxxC motif that binds the radical SAM cluster
(Figure S11).
ΔAux-SkfB is purified by affinity chromatography, followed

by removal of the N-terminal affinity tag with TEV protease,
and reconstituted with Fe/S as described for the WT protein.34

Fe/S analysis of WT SkfB indicates the presence of 8.1 and 6.2
mol of Fe and S, respectively. In the ΔAux variant, these are
reduced to 4.6 and 4.5, respectively, consistent with the loss of
the cluster (Table S2).
Incubation of the ΔAux variant with SkfA does not lead to

formation of any cross-links (Figure S2), as has been observed
previously.33 However, when CPG-SkfA is used in 2H2O,
under the same conditions as with the WT enzyme, we observe
incorporation of deuterium into the peptide (Figure S6),
which we further localize to the SIAZTR trypsin fragment
(Figure S7).
The ability of ΔAux-SkfB to catalyze ring opening in CPG-

SkfA is highly suggestive that the Aux cluster is not required for
the initial H atom abstraction. This result has broad
implications for radical SAM enzymes. Specifically, it can
now be stated that a priori, there is no need for an Aux cluster
in H atom abstraction from the substrate. On the basis of our
data, we suggest that the Aux cluster is required by SkfB only
for promoting the formation of the thioether after the initial H
atom abstraction, presumably by acting in redox capacity, or in
positioning the peptide for the optimal cross-linking geometry.
We note that a role for the Aux cluster in binding the substrate

Figure 2. EIC and mass spectra of CPG-containing hexapeptide
trypsin digest fragments of CPG-SkfA. The top panels correspond to
CPG-SkfA with no SkfB prior to trypsin treatment (black traces),
while the bottom panels correspond to CPG-SkfA incubated with
SkfB prior to trypsin treatment (red traces). (A) EIC for the peak at
m/z 644.36−644.38 and (B) EIC for the peak at m/z 645.37−645.38.
Via comparison of the black and red traces, a new peak appears upon
reaction with SkfB. One is assigned as the starting material, and the
new peak with a longer retention time corresponds to a new product
with a 2H incorporated. Chemical structures of the proposed substrate
and product are shown in panel A, with D representing 2H. (C) Mass
spectrum from m/z 644 to 647 of two species found and highlighted
in panel B. The new peak shows that the hexapeptide from the
enzyme incubation shows an increased intensity at m/z 645.38
compared to the unreacted form.

Figure 3. MS/MS spectra of the tryptic hexapeptides of CPG-SkfA
that has been incubated in 2H2O in the absence (black) and presence
(red) of SkfB. The observed y, b, and z ions are indicated in the
corresponding structures. Fragments containing the CPG residue are
shifted by 1 amu upon being incubated with SkfB, while fragments
that do not contain the CPG residue have the same m/z values as
when the enzyme is omitted (see the dotted lines connecting the
black and red traces).
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and potentially in redox has been suggested for thioether cross-
link-forming enzymes, such as AlbA,14 CteB,10 and Tte.11 The
exact role of the auxiliary cluster, however, remains to be
established.
Cyclopropylcarbinyl radicals are termed radical clocks

because of their well-known propensity for rapid ring opening
to a homoallylic radical.65 While we cannot rule out the
possibility that the environment of the active site and the
nature of the intermediate influences the rate of ring
opening relative to those of the nonenzymatic systems, rates
of ring opening of a wide array of substituted cyclopropane
derivatives, such as the isopropyl cyclopropane, suggest that
the half-life of the initially formed radical is at least 7.9 ns.65

Our observation of the cyclopropyl glycine ring opening is the
first direct insight into the lifetime of a radical species in the
active site of a radical SAM enzyme.
There is currently significant interest in leveraging the RiPP

maturase biosynthetic logic toward synthesis of peptides with
novel amino acids. To the extent that a radical SAM maturase
can tolerate substitution of CPG, it may be possible to use
SkfB or similar maturases to generate a dehydronorvaline-like
side chain. From a mechanistic perspective, the incorporation
of CPG into radical SAM RiPP maturases, where tolerated,
provides a powerful tool for uncoupling the overall reaction
from the initial H atom abstraction step. To the best of our
knowledge, an uncoupled C−H cleavage has been observed
only with the RS enzyme DesII using catalytically inactive
fluorinated analogues of the substrate.70 However, CPG-SkfA
is the first instance of a substrate that uncouples H-atom
abstraction from overall turnover in a RS RiPP maturase. If it
were possible to tune sequence preference, CPG may provide a
method to unmask, at will, new amino acid functional groups.
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