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Despite its major importance in human health, the metabolic
potential of the human gut microbiota is still poorly understood.
We have recently shown that biosynthesis of Ruminococcin C
(RumC), a novel ribosomally synthesized and posttranslation-
ally modified peptide (RiPP) produced by the commensal bacte-
rium Ruminococcus gnavus, requires two radical SAM enzymes
(RumMC1 and RumMC2) catalyzing the formation of four C,-
thioether bridges. These bridges, which are essential for RumC’s
antibiotic properties against human pathogens such as Clostrid-
ium perfringens, define two hairpin domains giving this sacti-
peptide (sulfur-to-a-carbon thioether—containing peptide) an
unusual architecture among natural products. We report here the
biochemical and spectroscopic characterizations of RumMC2.
EPR spectroscopy and mutagenesis data support that RumMC?2 is
a member of the large family of SPASM domain radical SAM
enzymes characterized by the presence of three [4Fe-4S] clusters.
We also demonstrate that this enzyme initiates its reaction by C,
H-atom abstraction and is able to catalyze the formation of non-
natural thioether bonds in engineered peptide substrates. Unex-
pectedly, our data support the formation of a ketoimine rather
than an «,-dehydro-amino acid intermediate during C,-thio-
ether bridge LC-MS/MS fragmentation. Finally, we explored the
roles of the leader peptide and of the RiPP precursor peptide rec-
ognition element, present in myriad RiPP-modifying enzymes.
Collectively, our data support a more complex role for the peptide
recognition element and the core peptide for the installation of
posttranslational modifications in RiPPs than previously antici-
pated and suggest a possible reaction intermediate for thioether
bond formation.

The human microbiome represents an untapped but promis-
ing source of antibiotics (1-3). Recently, several novel antibiot-
ics such as colicin V (4), humimycin (5), and ruminococcin C
(RumC) (6, 7) have been characterized from this complex envi-
ronment. In a fascinating manner, these novel antibiotics
belong to the emerging family of ribosomally synthesized and
posttranslationally modified peptides (RiPPs) (8, 9) that encom-
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passes a large diversity of architectures from the linear epipep-
tide (10) to the cyclic darobactin (11). Although these RiPPs are
produced by different bacterial species, some inhabitants of the
human digestive tract such as Ruminococcus gnavus have been
shown to produce unrelated classes of RiPPs including the lan-
thipeptide ruminococcin A (RumA) (12) and the sactipeptide
RumC (7). Intriguingly, RumA and RumC, although belonging
to two distinct RiPP families, target Clostridium perfringens
and related Gram-positive bacteria (7, 13, 14), calling to ques-
tion the relevance of such apparently redundant systems.
Despite a simple biosynthetic logic based on the translation
of a precursor peptide, followed by the installation of posttrans-
lational modifications by tailoring enzymes and the cleavage of
a leader and/or follower sequence during the export in the
external medium, RiPPs have evolved an outstanding structural
diversity (8, 15, 16). This diversity is largely due to the various
and unrelated enzyme families that install posttranslational
modifications in the precursor peptides. Among them, radical
SAM enzymes have recently emerged as key catalysts (8,9, 17—
21). These enzymes are involved in the catalysis of chemically
unrelated transformations such as methylation (22-24), pep-
tide epimerization (1, 25-27), complex rearrangements (28—
30), and carbon-carbon (10, 31) and thioether bridge formation
(32-35). Interestingly, whereas most radical SAM enzymes
installing thioether bridges have been shown to catalyze the
formation of sulfur-to-a carbon thioether bonds in the so-
called “sactipeptides,” novel radical SAM enzymes have been
recently described installing sulfur-to-p- and sulfur-to-vy-car-
bon thioether bridges, further expanding the catalytic diversity
of radical SAM enzymes (36). To date, two mechanisms have
been proposed for C,-thioether bridge formation. The first
mechanism involves, after H-atom abstraction, formation of
a ketoimine intermediate followed by a polar reaction (32),
whereas the second one implies trapping of the C, radical in-
termediate by a cysteine residue coordinated to an auxiliary
iron-sulfur cluster (33). Indeed, early studies have shown that
radical SAM enzymes involved in protein (37, 38) or peptide
posttranslational modification often possess a so-called SPASM/
twitch domain containing auxiliary iron-sulfur clusters (39-41).
The function of these iron-sulfur clusters is ill-understood, but
they are required for catalysis. In addition, like myriad posttrans-
lational modification enzymes, radical SAM enzymes usually
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contain in their N terminus a RiPP precursor peptide recognition
element (RRE) (42) whose function is presumed to be key for
enzyme-peptide recognition and interaction.

To gain insights into the role of the RRE and SPASM
domains and thioether bond catalysis, we undertook the bio-
chemical characterization of RumMC2 that we have recently
shown installs four C,-thioether bridges in RumC (7) (Fig. 1a).

Results

RumMC1 and RumMC2 are radical SAM enzymes with three
[4Fe-4S] clusters

The RumC biosynthetic cluster contains two putative radical
SAM enzymes (RumMC1 and RumMC2). In addition to the
three cysteine residues defining the canonical CX3CX2C radi-
cal SAM motif, sequence analysis revealed the presence of
seven cysteine residues clustered in a characteristic motif,
CX13GX4CX36CX2CX5CX2CX18C, in the C-terminal end of
RumMC1 and RumMC2. This motif is the hallmark of the so-
called SPASM domain (subtilosin A, pyrroloquinoline quinone,
anaerobic sulfatase, and mycofactocin domain) radical SAM
enzymes (Fig. S1) (41). Initially identified in the anaerobic sul-
fatase-maturating enzyme (anSME) which catalyzes the oxida-
tion of a critical catalytic residue in sulfatases (37, 38, 43—46),
this domain is widespread among radical SAM enzymes cata-
lyzing peptide posttranslational modification such AlbA (32,
33), KW cyclase (10, 47), and PqqE (48).

In addition to the SPASM domain, sequence analysis, using
the HHPred server, revealed the presence of a putative RRE do-
main between the residues 16—94 in both enzymes. This do-
main, encountered in myriad enzymes, is postulated to interact
with the leader peptide for the correct installation of posttrans-
lational modifications. Hence, RumMCI1 and RumMC2 were
predicted to contain three distinct domains, including an RRE,
aradical SAM, and a SPASM domain (Fig. 15).

To validate these predictions, both enzymes were cloned and
expressed in Escherichia coli. After purification, they exhibited
the typical brownish coloration of iron-sulfur cluster contain-
ing enzymes (Fig. 1, c and d and Fig. S2). RumMC2 proved to be
more stable under in vitro conditions and was further charac-
terized. After anaerobic reconstitution, the iron-sulfur cluster
content of RumMC?2 increased, as judged by the UV-visible
spectrum (Fig. 1d) and iron assay, from 3.02 * 0.14 moles
of iron/mole of protein in the as-purified enzyme to 11.5 = 0.8
moles of iron/mole of protein in the reconstituted enzyme.
These results were consistent with the presence of three
[4Fe-4S] clusters in RumMC2 like in most SPASM domain rad-
ical SAM enzymes characterized to date. EPR analysis of
reduced RumMC?2 exhibited the typical spectrum of reduced
[4Fe-4S] cluster, which was well-simulated with the g-tensor
values as [2.03, 1.93, 1.86] (Fig. le). This spectrum was similar
to the ones reported for other SPASM domain radical SAM
enzymes such as anSME (38, 40) and AlbA (33). Upon addition
of SAM, the EPR spectrum was modified with novel g-tensor
values of [2.03, 1.92, 1.89]. This new rhombic g-tensor is in-
dicative of the interaction between SAM and the radical SAM
[4Fe-4S] cluster as shown for pyruvate formate lyase-activating
enzyme and other radical SAM enzymes (38, 40, 49). To better
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characterize the iron-sulfur clusters, two mutants were gener-
ated. In one mutant (A3-mutant), the three cysteine residues of
the radical SAM motif (CX3CX2C) were replaced by alanine
residues. In a second mutant (A7-mutant), in addition to the
three cysteine residues of the CX3CX2C motif, the four cyste-
ine residues predicted to be involved in the coordination of the
second auxiliary cluster (i.e. AuxIl; Cys*°, Cys**?, Cys*®, and
Cys*®") were replaced by alanine residues. The iron content of
the A3 and A7 mutants, after anaerobic reconstitution, proved
tobe 7.96 = 0.12 and 5.31 = 0.05 moles of iron/mole of protein,
respectively, supporting the presence of two [4Fe-4S] clusters
in the A3 mutant and a single [4Fe-4S] cluster in the A7 mu-
tant. EPR analysis of reduced A3 mutant (Fig. le, right panel)
exhibited the typical spectrum of reduced [4Fe-4S] clusters
with g-tensor values as [2.04, 1.93, 1.88]. These data support
that, in addition to the radical SAM [4Fe-4S] cluster, RumMC2
harbors additional [4Fe-4S] clusters. The A7 mutant, which
was designed to contain only one auxiliary cluster (AuxI, based
on the structure of anSME (46)), did not exhibit an observable
EPR signal after sodium dithionite treatment. Although this
might be attributed to protein instability, a recent investigation
of PqqE, another SPASM domain radical SAM enzyme, by Britt
and co-workers (50), has shown a similar behavior. In this
study, the authors elegantly demonstrated that only the AuxII
cluster is reducible by sodium dithionite whereas the AuxI clus-
ter proved to be a very low-potential cluster.

RumMC2 in vitro activity

We recently showed that RumMC2 catalyzes the formation
of thioether bonds on the C2 peptide which contains 63 amino
acid residues and also on a truncated peptide called C255_¢3 (7)
(Fig. 2a). This peptide, which elutes as both an oxidized and
reduced form under our analytical conditions ([M + 4H]*" =
926.45 and 926.95, respectively) (Table S1), led to the formation
of a product Pls eluting at 13.6 min when incubated in the
presence of SAM, reducing agent, and reconstituted RumMC2
(Fig. 2b and Table S1). LC-MS/MS analysis showed that this
peptide (M + 4H]*" = 926.45) contained one thioether bridge
connecting the residues Arg>® to Cys** (numbered according to
the C2 peptide sequence), as judged by its mass difference with
the substrate (A, = —2 Da) and the formation of peptide frag-
ments y10 and y11 —2, containing a dehydro-arginine (Fig. S3
and Table S2). Indeed, we and others have reported that, during
the fragmentation process, C,-thioether bridges can open and
that the amino acid residue linked to the cysteine residue is
then converted to an unsaturated residue, allowing the precise
location of thioether bridges (7).

After 20 min of incubation, a second product P1d ([M +
4H]*" = 925.95) eluting at 12 min was detected (Fig. 2b).
LC-MS/MS analysis showed that P1d contained two thioether
bridges (A, = —4 Da, compared with the substrate) connecting
Arg® to Cys™ and Arg®' to Cys™ as shown by the peptide frag-
ments y3 —2 and yI1 —4 (Fig. S3 and Table S2). These results
were consistent with the substrate being first converted to Pls, a
singly bridged species, then to P1d, a doubly bridged species.

Kinetic analysis of the reaction showed that the concentra-
tion of Pls plateaued at ~60 min before slowly decreasing,
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Figure 1. RumMC1 and RumMC2 reaction, purification, and spectroscopic characterization. g, biosynthesis of RumC. After translation, the C2 peptide is
modified by the radical SAM enzyme RumMC2 which installs four thioether bridges. Cleavage of the leader peptide (residues Met' to Lys'®) leads to the release
of the mature RumC. In red and green are indicated cysteine residues and other amino acid residues involved in thioether bridges, respectively. Numbering
refers to the position of amino acid residues in the full-length peptide. In inset, reaction catalyzed by RumMC2 and RumMC1. b, domain prediction of the radi-
cal SAM enzyme RumMC2. Based on HHpred server analysis, RumMC2 is predicted to contain an RRE (residues 16-94), a radical SAM (residues 120-297), and a
SPASM domain (residues 394-481). Red vertical bars indicate the cysteine residues (numbered) predicted to be involved in the coordination of [4Fe-4S] clusters.
¢, SDS-PAGE analysis of RumMC1 (MCT) and RumMC2 (MC2). d, UV-visible spectra of RumMC2 before (gray trace) and after (blue trace) iron-sulfur cluster recon-
stitution. e, EPR spectra of RumMCQC2 alone (left panel), of RumMC2 in the presence of SAM (middle panel), and of the A3 mutant (right panel). All samples were
reduced by sodium dithionite (3 mm). Blue traces: experimental data; Red traces: simulation. Microwave frequency = 9.636 GHz, microwave power = 1.0 milli-
watt, modulation amplitude = 8 Gauss, modulation frequency = 100 KHz, Gain = 40 db, temperature =10 K.

whereas P1d accumulated over 180 min (Fig. 2¢). At this time and d), supporting that one molecule of SAM is consumed per
point, ~500 uM of P1d containing two thioether bridges and thioether bridge formed. The apparent rates of formation for

~1 mM of 5'-deoxyadenosine (5'-dA) were formed (Fig. 2, ¢ Pls and P1d were 4.8 umol min~' and 3.7 umol min %,
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Figure 2. In vitro activity of RumMC2. g, sequence of the C2 peptide and the C2,5 43 peptide used as substrate. Numbering refers to position of amino acid resi-
dues in the full-length peptide. Amino acid residues involved in thioether bridges are indicated in red (cysteine) and green. b, LC-MS analysis of the C2,5_¢3 peptide
incubated with RumMC2. The C2,3 43 peptide eluted as oxidized (C2,5_63 OX) and reduced (2,563 RED) forms. After 20 min of incubation, under anaerobic and
reducing conditions in the presence of RumMC2, SAM, DTT, and dithionite, two peptide products (P1s and P1d) were formed. After 180 min of reaction, the P1d
peptide was the major product. ¢ time-course analysis of the C2,5 63, P1s and P1d peptides formed during reaction with RumMC2. Quantification was performed
using LC-MS/MS analysis. C2,5 63 peptide (650 um) was incubated in the presence of RumMC2 (350 pv) as described under “Experimental procedures.” Experi-
ments were performed in duplicate. d, time-course analysis of 5’-dA produced during reaction with RumMC2. Quantification was performed using HPLC analysis.
See “Experimental procedures” for experimental conditions. e, proposed model for the sequential formation of thioether bonds by RumMC2.

respectively, although both reactions were not performed
under steady-state conditions. Because the concentration of
Pls compared with the substrate was negligible at the begin-
ning of the reaction, these results suggest either a stronger af-
finity for P1s or a processive mode of action for the enzyme.
Collectively, these data support that thioether bridges are
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formed in a sequential order with formation of the Arg®>-Cys*
bridge preceding formation of the Arg®'-Cys*' bridge (Fig. 2e).

Substrate promiscuity of RumMC2

To probe for the selectivity and the mechanism of RumMC2,
we designed variants of the C2,5 ¢35 peptide in which the two
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Figure 3. Substrate promiscuity of RumMC2. g, based on the C2,4_65 peptide, three peptides variants: C255_63-K>2K®", C2,563-A%", and C2,5 ¢3-T®" were
designed. Numbering refers to position of amino acid residues in C2. Amino acid residues involved in thioether bridges are indicated in red (cysteine) and
green. Substituted residues are highlighted in blue. See Figs. S5-S7, Table S1, and Tables S3-S5 for full assignment. b, LC-MS analysis of the reactions per-
formed with the peptide variants: C2,5.43-K>3K®", C2,5 63-A%", and C2,4_65-T®" after incubation with RumMC2. Upper panel T = 0 min; Lower panel T = 240 min.
For each peptide, two products (i.e. species s and d) were obtained. The structures of species P2d, P3d, and P4d containing two thioether bridges are indicated
below each panel. Numbers refer to m/z ratios.

arginine residues (i.e. Arg® and Arg®') targeted by RumMC2 RumC operon (i.e. C1 and C3, Fig. S4) (6, 7). This novel peptide
were replaced by amino acid residues with different properties (C2,5_63-K>3K®) was efficiently modified by RumMC2 in vitro
(positively charged, polar and nonpolar amino acids). In a first  leading to the formation of two products: a singly P2s ([M +
attempt, Arg®® and Arg® were substituted by lysine residues 4H]*" = 912.45) and a doubly P2d (M + 4H]** = 911.94)
(Fig. 3a), as found in two of the five peptides encoded in the bridged species (Fig. 3b, left panel; Fig. S5; and Table S3). After
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Figure 4. Activity of RumMC2 on a glycine-containing peptide (€C238-63-G®"). a, sequence of the C2,5 ¢3-G®' peptide. Numbering refers to position of
amino acid residues in C2. Amino acid residues involved in thioether bridges are indicated in red (cysteine) and green. The substituted residue is highlighted in
blue. b, LC-MS analyses of the C2,5_¢5-G®' peptide before (upper panel) and after (lower panel) 240 min of incubation with RumMC2. Two new species, P5d and
P5'd, with a mass of [M + 4H]** = 901.18 were produced. ¢, MS/MS analysis of P5d. Relevant ion fragments are indicated. As shown, the y4 —2 Da, y3 —2 Da,
and y2 ions allow to position the second thioether bridge on G®'. Asterisk indicates loss of ammonia (—17.02 Da). See Table S1 and Table S6 for full assignment.
d, MS/MS analysis of P5'd. Relevant ion fragments are indicated. As shown, the y7 —2 Da and y6 ion fragments allow to position the second thioether bridge
on Ala®’. Asterisk indicates loss of ammonia (—17.02 Da). See Table S1 and Table S6. e, conversion of the C2,5_¢5-G®" peptide into two doubly bridged peptides

by RumMC2.

4 h of incubation, the doubly bridged species, containing Lys>>-
Cys* and Lys®'-Cys*' thioether bridges, was the major species,
a result similar to the one obtained with the WT substrate.
When the substrate was modified to contain an Ala residue
in position 61, (C2,5 ¢3-A°"), RumMC2 catalyzed the forma-
tion of a major product (species P3s, [M + 4H]*" = 905.19)

16670 J. Biol. Chem. (2020) 295(49) 16665-16677

containing one thioether bridge and a minor product with two
thioether bridges (species P3d, [M + 4H]*" = 904.68) (Fig. 3b,
middle panel; Table S1, and Table S4). LC-MS/MS analysis
confirmed that this latter product had, in addition to the Arg5 3.
Cys* thioether bridge, an Ala®-Cys* thioether bridge (Fig.
S6). Finally, substitution of Arg®' by the branched threonine
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Figure 5. Activity of RumMC2 on the C2,5 ¢3-A®'d3 and C2,545-A%"'d4 deuterated peptides. g, sequence of the C2,4_53-A%'d4 and C2,5_¢3-A%'d3 peptides.
The expected mass shift with the doubly bridged product (i.e. —4 and —5 Da, respectively) is indicated. Only with the C2,5 ¢3-A®'d4 peptide, production of 5'-
dA, enriched with deuterium (i.e. 5’-dAd), is expected. b, LC-MS analysis of C2,4_s3-A%'d4 peptide before (upper left panel) and after 240 min of incubation with
RUMMC2 (lower left panel). Mass spectra of the substrate (M + 4H]** = 906.69) and the doubly bridged product (IM + 4H]** = 905.43) are indicated (upper
right panel). The relevant y3 ion fragment originating from the product (blue trace; lower right panel) is superimposed with the y3 ion fragment from the sub-
strate (black trace; lower right panel). See Fig. S8, Fig. S9, Table S1 and Table S7 for full assignment. ¢, LC-MS analysis of C2,5_¢3-A%'d3 peptide before (upper left
panel) and after (lower left panel) 240 min of incubation with RumMC2. Mass spectra of the substrate ([M + 4H]** = 906.44) and the doubly bridged product
(IM + 4H]*" = 905.43) are indicated (upper right panel). The relevant y3 ion fragment originating from the product (orange trace) is superimposed with the y3
ion fragment from the substrate (black trace; lower right panel). See Table S8 for full assignment. d, mass spectra of 5’-dA produced in the presence of the
(2,5 63-A%"d3 (left panel) or C2,5_3-A%'d4 peptide (right panel). Percentage indicates isotopic distribution at m/z = 253.

amino acid residue resulted in a poor substrate with a low con-
version level of ~10% (Fig. 3b, right panel; Fig. S7; and Table
S5). Despite this low level of conversion, the major product
formed, P4d, was a doubly bridged species. Thus, whereas sub-
stitution of Arg®" by an Ala residue favored the accumulation of
a singly bridged species, substitution by a Thr residue reduced
the global yield of the reaction but led to the accumulation of
doubly bridged species.

To further probe the influence of the amino acid side chain,
we designed a novel substrate containing a glycine residue
(C255_63-G®%; [M + 4H]*" = 901.69). Assay with this substrate
led to the formation of two species, P5d and P5'd (Fig. 4, a and
b and Table S1). These two species ((M + 4H]** = 901.18) had
mass difference A, = —4 Da compared with the substrate, indi-
cating the formation of two thioether bridges. Species P5d con-
tained in addition to the Arg®>-Cys* thioether bridge a second
bridge connecting Gly®' to Cys*" (Fig. 4c and Table $6). Up to
now, no thioether bridge involving a Gly residue had been
reported in natural products (8).

The P5'd species proved to have, in addition to the Arg*-
Cys* bridge, a second thioether bridge involving Ala®” and
Cys*! (Fig. 4, d and e). This result was unexpected because even
when using chimeric and hybrid peptides (51), it has never
been reported that sactipeptide synthases could catalyze in vivo
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or in vitro the formation of thioether bonds at different loca-
tions other than the natural ones.

Thus, with the exception of the Lys-to-Arg mutations
(C255_65-K>>K®" peptide), introduction of an Ala, Thr, or Gly
in position 61 decreased the reaction yield. However, even
substitution by a glycine residue did not abrogate RumMC2
activity. Intriguingly, Gly mutation significantly altered the
recognition of the substrate by the enzyme, leading to the
introduction of an “out of frame” (Ala®’-Cys*') bridge. Of
note, this new bridge was located three residues away from
the Arg>>-Cys™ bridge, a distance identical to the one sepa-
rating the two thioether bridges located in the N terminus of
RumC (i.e. Glu*'-Cys** and Asn**-Cys** bridges) (Fig. 1a).

Substrate H-atom abstraction by RumMC2

Having established that RumMC2, like other sactisynthases
such as AIbA (32, 33, 35) and SkfB (52), exhibits substrate
promiscuity and tolerates Ala substitution, we used the strategy
elegantly developed by Bandarian and co-workers (53) to probe
for H-atom abstraction. We synthesized two peptides: one con-
taining a perdeuterated Ala (i.e. C2,5 ¢3-A®'d4 peptide) and a
second one containing an Ala residue labeled only on the
B-methyl moiety, in position 61 (C255_63-A%'d3 peptide) (Fig.
5a). Incubation with C2,5 ¢3-A®'d4 led to the formation of
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Figure 6. Proposed mechanism for C,-thioether bond breakage during
LC-MS/MS analysis. Starting from a perdeuterated alanine residue (d,-Ala-
nine), formation of a thioether bond leads to a mass shift of A, = —3 Da. Thi-
oether bond breakage (path a) leading to the formation of an «,3-dehydro-
amino acid residue requires the elimination of a Cgz D-atom resulting in a
mass shift of A, = —4 Da from the substrate. Experiments show that the frag-
mentation of thioether bridges leads exclusively to the formation of deuter-
ated peptide fragments with a mass shift of A, = —3 Da from the substrate.
This is consistent with the formation of a ketoimine intermediate (path b) or
an a,B-dehydro-amino acid residue following tautomerization and intramo-
lecular deuterium migration from a ketoimine intermediate. Starting from a
thioether bridge involving a glycine residue (path c), formation of peptide
fragments with a mass shift of A, = —2 Da is consistent with a ketoimine in-
termediate as previously suggested.

two species (Fig. 50). The major product (species Pés; [M +
4H]*" = 906.18) had a mass shift of A,,, = —2.01 Da compared
with the substrate (M + 4H]*" = 906.69, Table S1), supporting
the formation of one thioether bridge. The minor product (spe-
cies P6d; [M + 4H]*" = 905.43) had a mass shift of —3.04 Da
compared with P6s, indicating the additional loss of one H- and
one D-atom. LC—-MS analysis confirmed the formation of the
Arg®-Cys® thioether bridge and of the Ala® d4-Cys*' bridge
(Fig. 5b, Fig. S8, Fig. $9, and Table S7).

Incubation of RumMC2 with C2,g ¢3-A®'d3 (which eluted
as both an oxidized [M + 4H]** = 905.93 and reduced form
[M + 4H]*" = 906.44) led to the production of a singly bridged
P7s (M + 4H]*" = 905.93, Table S8) and doubly bridged P7d
(IM + 4H]*" = 905.43) species (Fig. 5¢). These two species, hav-
ing a mass shifts of A, = —2.02 and —4.04 Da compared with the
substrate, resulted from the loss of two and four H-atoms, respec-
tively (Fig. 5¢ and Table S8). Because the only difference between
C2y5_63-A% d4 and C2,5_¢3-A®'d3 was the presence of one deute-
rium on the C,-atom, these results unambiguously demonstrated
that RumMC2 catalyzes C,, H-atom abstraction. They also defini-
tively established that RumC contains C,-thioether bridges.

Further analysis of the 5'-dA produced during catalysis
showed that, compared with the natural isotopic distribution
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(~12%) (Fig. 5d), the 5'-dA produced in the presence of
C255_63-A%'d4 contained ~6% isotopic enrichment at m/z =
253. This modest but significant increase validates that
RumMC2 generates the 5'-dA” radical to catalyze C, H-atom
abstraction. This ratio was also consistent with the fact that
RumMC2 produced a mixture of singly P6s (~73%) and doubly
P6d (~27%) bridged species with only the Ala®'-Cys*! bridge
accounting for deuterium atom abstraction (Fig. 50). Futher-
more, presence of low level of unlabeled substrate (<5%) also
contributed to reduce the isotopic enrichment. In an attempt
to improve this ratio, we synthesized a novel peptide substrate
containing two perdeuterated Ala residues in positions 53 and
61 (i.e. C25 ¢3-A>>-A%'d8). However, this peptide was not
processed by RumMC2.

A novel mechanism for LC-MS/MS fragmentation of thioether
bonds

As explained previously, C,-thioether bridges are highly la-
bile under mild voltage MS/MS analysis (7, 36). Following thio-
ether bond opening, one cysteine residue and an «,3-dehydro-
amino acid residue are formed, allowing to precisely locate the
amino acid residues involved in thioether bridges (7, 54, 55).
This «,B-dehydro-amino acid residue results from the loss of
the C, H-atom (during formation of the thioether bridge) fol-
lowed by the subsequent loss of the Cg H-atom during mass
fragmentation. Following this logic, when analyzing P6d con-
taining a bridge with a deuterated alanine residue (Fig. 5), we
should have monitored the formation of peptide fragments
having lost two D-atoms (Fig. 6, path a). However, at odds with
this hypothesis, we measured only peptide fragments having a
mass shift of A, = —3 Da (Fig. 50 and Fig. S9). Similarly, when
using the C2,5_¢3-A%'d3 peptide, only peptide fragments with a
mass shift A, = —2 Da were measured (Fig. 5¢), despite the
presence of three deuterium atoms on the Cg. These experi-
mental data showed that peptide fragments were 1 Da lighter
than expected (Fig. 6, path b; Fig. S9; Table S7; and Table S8).

Interestingly, the P5d species containing the Gly®'-Cys*!
thioether bridge produced peptide fragments with a mass shift
A = —2 Da on Gly*! (ie. 10 —2 Da to y3 —2 Da and y2;
Fig. 4c¢), despite the absence of a side chain. Because an «,3-
dehydro-amino acid residue cannot be generated from a gly-
cine residue, a ketoimine intermediate is the only plausible
solution here (Fig. 6, path c).

Collectively, these results support that, unless «,3-dehydro-
amino acid residues are formed by tautomerization and intra-
molecular H-atom migration, LC-MS/MS fragmentation
of C,-thioether bonds leads to the formation of ketoimine
intermediate.

RRE domain of RumMC2

The role of the RRE domain (also called PqqD domain) in
radical SAM enzymes was first investigated in ThnB, a sacti-
peptide synthase involved in thurincin H biosynthesis (56). It
was shown that deletion of the RRE does not impair SAM cleav-
age activity but prevents the formation of thioether bonds, sup-
porting a role for enzyme-substrate interaction. More recently,
in the biosynthetic pathway of freyrasin, a RiPP containing six
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Figure 7. Role of the RRE domain in the sactisynthase RumMC2. g, schematic representation of RumMC2 showing its three domains (RRE, SAM, and
SPASM domains) and the location of the three [4Fe-4S] clusters. b, SDS-PAGE analysis of RumMC2ARRE and RRE-MC2. ¢, UV-visible spectrum of RumMC2ARRE
before (blue trace) and after (orange trace) anaerobic iron-sulfur cluster reconstitution. d, LC-MS analysis of C2 incubated with RumMC2ARRE alone (left panel)
or RumMC2ARRE in the presence of the RRE domain (RRE-MC2) (right panel). In inset, LC-MS analysis of 5'-dA produced during the reaction.

Cp-thioether bonds (36), deletion of the RRE domain proved to
impair freyrasin production in vivo but complementation in
trans was sufficient to partially rescue enzyme activity (57).

In RumMC2, we predicted that the RRE domain was located
between the amino acid residues 16—94 (Fig. 10). To probe its
function, we generated two mutants, one deleted of the first
111 amino acid residues called RumMC2ARRE, and a second
one containing only the N-terminal domain (i.e. residues 1-
111) and called RRE-MC2 (Fig. 7a4). Both mutants were
expressed and purified as soluble proteins (Fig. 7b). The
RumMC2ARRE mutant was reconstituted under anaerobic
conditions (Fig. 7¢) and assayed with C2 and C2,g_¢3. Despite
being able to cleave SAM, no modification of the substrates was
evidenced. However, when the RRE domain (i.e. RRE-MC2)
was added to the reaction mix, a small conversion (<10%) of
C2 was monitored (Fig. 7D and Fig. S10) supporting an impor-
tant role for substrate recognition. In contrast, no modification
was observed with the truncated substrate C2,5_g3, under the
same conditions.

Discussion

We have recently reported that RumC is a sactipeptide con-
taining four C,-thioether bridges with a unique architecture
(7). These thioether bridges are critical for the antimicrobial ac-
tivity of RumC against various Gram-positive bacteria, includ-
ing Clostridium and Bacillus species (7). Formation of these
thioether bridges is dependent on two putative and highly ho-
mologous radical SAM enzymes, RumMC1 and RumMC2,
which can modify the C1 and C2 precursor peptides and trun-
cated peptide variants. Here, we demonstrate that RumMC2 is
a SPASM domain radical SAM enzyme harboring three [4Fe-
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4S] clusters, as shown by the presence of the conserved radical
SAM motif, its UV-visible spectra, the formation of 5'-dA dur-
ing catalysis (Fig. 2 and Fig. 5D), and mutagenesis and EPR data
(Fig. 1, D and E, Fig. S1, and Fig. S2).

In addition to the three cysteine residues involved in the
coordination of the radical SAM [4Fe-4S] cluster (Cy5126,
Cyslgo, and CysBS), our results are consistent with the AuxI
[4Fe-4S] cluster being partially coordinated by three cysteine
residues (Cys?’%, Cys413, and Cys%z) and the AuxIl [4Fe-4S]
cluster being fully coordinated by four cysteine residues
(Cys*°, Cys*3?, Cys™, and Cys**'). Among radical SAM
enzymes modifying peptides and proteins, several enzymes
have been shown to house a fully ligated AuxI cluster involving
a remote protein residue (i.e. Asp in PqqE or Cys in anSME and
SuiB). Alternatively, the fourth ligand of the AuxI cluster could
be a cysteine residue from the peptide itself (34). Further stud-
ies will be required to discern between both possibilities in
RumMC2.

Based on kinetic data, we have shown here that formation of
each thioether bond requires the cleavage of one molecule of
SAM, supporting that SAM is a co-substrate (Fig. 2). Up to
now;, partly because of the difficulties to handle such hydropho-
bic peptides, kinetic data have been only reported for AlbA
(32). However, in this case, a strong uncoupling between SAM
cleavage and thioether bond formation was measured (32). Our
data also establish that RumMC2 catalyzes thioether bridge for-
mation in a defined order with the Arg>*>-Cys*® bridge being in-
stalled before the Arg®’-Cys*! bridge (Fig. 2E). Interestingly,
mutation of the residue in position 61 affects the formation
of not only the second bridge but also the first one (Fig. 3).
Collectively, these results favor a processive mode of action
for RumMC2, but a combination between cooperativity and
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processivity cannot be excluded. So far, the only processive rad-
ical SAM enzyme described was PoyD, a radical SAM epimer-
ase (26) that introduces posttranslational modifications in a
strictly ordered manner.

Although sactipeptide synthases have been reported to cata-
lyze the formation of a breadth of thioether bridges, the forma-
tion of bridges involving a glycine residue was unknown until
recently. Investigation of the C2,5_¢3-G®" peptide showed that,
contrary to other peptide variants, RumMC2 catalyzed the for-
mation of two doubly bridged species: P5d and P5'd (Fig. 4).
Whereas P5d contained the Arg>*>-Cys* and the Gly®'-Cys*!
bridges, the P5'd species exhibited a nonnatural Ala>’-Cys*!
bridge. To the best of our knowledge, the synthesis of out of
frame posttranslational modifications has never been reported
for other sactisynthases. Only the radical SAM epimerase
PoyD, when using a synthetic substrate, installs epimerizations
in nonnatural positions (26). Interestingly, with this peptide
variant, RumMC2 modified a residue (i.e. Ala®’) located three
residues apart from Arg>>, the same distance as between the
two N-terminal thioether bridges (i.e. Glu®! and Asn®) (Fig.
1A). This result suggests that not only the side chain of the
amino acid residue but also other factors likely govern the correct
installation of posttranslational modifications in sactipeptides.

LC-MS/MS analysis of deuterated peptides containing thio-
ether bridges revealed discrepancies between the expected and
measured mass of peptide fragments (Fig. 6). For instance, anal-
ysis of a peptide containing a thioether bridge with a perdeuter-
ated Ala residue led to the formation of peptide fragments with
a mass shift A, = —3 Da. This result, which implies the loss of
an H- and a D-atom, is likely explained by the formation of a
ketoimine intermediate. This ketoimine intermediate might
tautomerize in an «,3-dehydro-amino acid residue but, to be
consistent with the masses observed, this would require an
intramolecular D-atom migration. However, when analyzing
the peptide containing the Gly®'-Cys*! bridge, we measured
peptide fragments with a mass difference A,, = —2 Da com-
pared with the unmodified peptide. Because of the absence of
an amino acid side chain, only the formation of a ketoimine in-
termediate can be invoked here. Currently, the mechanism of
sactisynthases and other radical SAM enzymes installing thio-
ether bridges is not fully resolved. Notably, after substrate H-
atom abstraction and formation of a carbon-centered radical,
the nature of the reactive substrate intermediate has yet to be
determined. We proposed in an earlier study that the substrate
radical could undergo rearrangement into a ketoimine inter-
mediate, allowing the facile addition to a cysteine thiolate from
the peptide and formation of a thioether bridge (32). Our MS
results show that the intermediacy of such species is compatible
with thioether bridge chemistry.

To conclude, in recent years, radical SAM enzymes have
been shown to play a major role in RiPP biosynthesis (8). Nota-
bly, they catalyze the formation of a wide diversity of thioether
bridges. Our data show that RumMC2 is SPASM domain radi-
cal SAM enzyme with a likely processive mode of action.
Although a growing number of RiPP biosynthetic pathways
are investigated, it is likely that an increasing number of proces-
sive posttranslational modification enzymes will be uncovered.
Such processivity could be connected to the function of the

16674 J Biol. Chem. (2020) 295(49) 16665-16677

RRE domain, which is critical for thioether bridge installation,
even in peptides lacking the leader sequence. Finally, in addi-
tion to novel insights into thioether bridge biosynthesis, our
study opens new routes for the synthesis of designer RiPPs
using radical SAM enzymes.

Experimental procedures
Reagents

All Fmoc-amino acid residues and O-benzotriazol-1-yl-N,N,
N',N’-tetramethyluronium hexafluorophosphate were pur-
chased from Christof Senn Laboratories (Dielsdorf, Switzer-
land) or Novabiochem (Darmstadt, Germany). Preloaded
4-hydroxymethyl-phenoxymethyl-copolystyrene-1%-divinyl-
benzene resins were obtained from Life Technologies (Ville-
bon sur Yvette, France). N,N-Diisopropylethylamine, piperidine,
TFEA, triisopropylsilane, tert-butylmethylether were supplied
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Dime-
thylformamide (DMF) was from Biosolve (Dieuze, France).
Dichloromethane (DCM) and acetonitrile were from Fisher Sci-
entific (Illkirch, France).

Cloning, expression, and purification of RumMC2, RumMC1
and the RumMC2A7 mutant

The cloning, expression, and purification of the radical SAM
enzyme RumMC2 were performed as described previously (7).
Briefly, optimized gene was synthesized by Life Technologies
(Thermo Fisher Scientifc, GeneArt®) and ligated in a pET-28a
plasmid (pET28a-RumMC2) and transformed in E. coli BL21
(DE3) (Life Technologies). The proteins were expressed and
purified under aerobic conditions by affinity chromatography
(Strep-Tag) and flash-frozen in liquid nitrogen (7), and purity
was assessed by SDS-PAGE. The same strategy was used for the
cloning, expression and purification of RumMC1 and the
RumMC2A7 mutant.

Cloning, expression, and purification of RumMC2A3 mutant

The mutant was obtained by two site-directed mutagenesis,
the first one using the pET28a-RumMC2 plasmid as a template
and the primers 5'-GACCGAACAGGCTAATATGCGT-
3’ and 5'-ACGCATATTAGCCTGTTCGGTC-3’ to mutate
Cys'?® residue to alanine. After sequencing, the plasmid
containing the mutation C126A was used as a template for a
second site-directed mutagenesis with the primers 5'-GCG-
TGCTCGTTATGCCATCTAT-3" and 5'-ATAGATGGCA-
TAACGAGCACGC-3' to mutate Cys'** and Cys'** residues to
alanine. After sequencing, the plasmid encoding for the triple
alanine variant was transformed in E. coli BL21 (DE3) star cells
(Life Technologies). Expression and purification were performed
like for the WT enzyme.

Cloning, expression, and purification of RumMC2ARRE and
RRE-MC2 domains

RuMC2ARRE mutant was obtained by site-directed muta-
genesis using the pET28a-RumMC2 plasmid as a template and
the primers 5'-CATCACAGCAGCGGCCGTTATGATCTG-
CAG-3’ and 5'-CTGCAGATCATAACGGCCGCTGCTGTG-
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ATG-3' to remove the first 111 codons. After verification of the
correct deletion, the protein was expressed and purified as the
WT enzyme. Protein purity was assayed on a 12% SDS—-PAGE.
RRE-MC2 mutant was obtained by site-directed mutagene-
sis, using as the template the pET28a-RumMC2 plasmid and
the primers 5-CCCTGCGTGATCTGCTGTAATATGATC-
TGCAGCA-3" and 5'-TGCTGCAGATCATATTACAGCA-
GATCACGCAGGG-3' to insert a stop codon after the 111th
codon. After verification of the correct deletion, the protein
was expressed and purified as described for the wild-type
enzyme. Protein purity was assayed on a 12% SDS—-PAGE.

Peptide synthesis

Peptides C2,5_¢3-A®'d3 and C2,4_g5-A®' d4 were synthesized
by Fmoc solid phase methodology on a Liberty microwave
assisted automated peptide synthesizer (CEM, Saclay, France)
using the standard manufacturer’s procedures at 0.1 mmol
scale as previously described (58). Briefly, all Fmoc-amino acids
(0.5 mmol, 5 eq.) were coupled on preloaded Fmoc-Lys(Boc)-
4-hydroxymethyl-phenoxymethyl-copolystyrene-1%-divinylben-
zene resins resin by in situ activation with O-benzotriazol-1-yl-N,
N,N',N'-tetramethyluronium hexafluorophosphate (0.5 mmol, 5
eq.) and N,N-Diisopropylethylamine (1 mmol, 10 eq.), and Fmoc
removal was performed with a 20% piperidine solution in DMF.
After completion of the chain assembly, the peptide was depro-
tected and cleaved from the resin by adding 10 ml of the mixture
TFA/triisopropylsilane/H,O (9.5:0.25:0.25) for 180 min at room
temperature. After filtration, crude peptide was washed thrice by
precipitation in tert-butylmethylether followed by centrifugation
(4500 rpm, 15 min). The synthetic peptide was purified by
reversed-phase HPLC on a 21.2 X 250 mm Jupiter C;g (5 uMm, 300
A) column (Phenomenex, Le Pecq, France) using a linear gradient
(10-50% or 10—-40% over 45 min) of acetonitrile/TFA (99.9:0.1)
at a flow rate of 10 ml/min. The purified peptide was then charac-
terized by MALDI-TOF MS on an UltrafleXtreme (Bruker, Stras-
bourg, France) in the reflector mode using a-cyano-4-hydroxy-
cinnamic acid as a matrix. Analytical reversed-phase HPLC,
performed on a 4.6 X 250 mm Jupiter Cy5 (5 M, 300 A) column
(Phenomenex), indicated that the purity of the peptide was
>99.9%.

Other peptides were synthesized by Proteogenix and resus-
pended in DMSO. Peptides: C255 43, AVVENSHNAGPAYCV-
GYCGNNGVVTRNANANLARTK; C2j5 ¢3-A®, AVVENSH-
NAGPAYAVGYCGNNGVVTRNANANLAATK;  C25 63T,
AVVENSHNAGPAYCVGYAGNNGVVTRNANANLATTK;
C2,5-63G®", AVVENSHNAGPAYAVGYAGNNGVVTRNA-
NANLAGTK; and C2,5 ¢3-K>K®!, AVVENSHNAGPAY-
CVGYCGNNGVVTKNANANLAKTK.

Iron-sulfur cluster reconstitution and iron content titration

Iron-sulfur cluster reconstitution was performed as de-
scribed previously (7). Iron content titration was performed
using a solution of Mohr’s salt (for calibration curve) and pro-
tein samples with a known concentration. Both were mixed
with 100 wl of 1% HCl and incubated at 80 °C for 10 min. After
cooling and centrifugation, 500 ul of 7.5% ammonium acetate,
100 pl of 4% ascorbic acid, 100 ul of 2.5% SDS, and 100 ul of
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1.5% Ferene were successively added. After centrifugation, the
absorbance at 593 nm was measured for all samples. Based on
the calibration curve, the iron content of the proteins was
determined.

UV-visible spectroscopy

UV-visible spectra of proteins were recorded on JASCO
spectrophotometer.

Enzymatic assays

All the assays were performed in an anaerobic chamber at
24°C. Freshly prepared reconstituted protein (350 um) was
used for activity assays. All the reagents were freshly prepared
and suspended in H,O. SAM (Sigma-Aldrich), substrate, and
sodium dithionite (Sigma-Aldrich) were added successively to
a final concentration of 2 mm, 650 um, and 3 mwm, respectively.
Reactions were quenched by adding 0.1% formic acid for LC—
MS analysis and 0.1% TFA for HPLC analysis.

HPLC analysis and purification

Reactions were analyzed using an Eclipse C18 plus column
(2 X 50 mm, 1.8 um, 100 A, Agilent) by loading 10-20 wul of
each sample diluted 10 times in 0.1% v/v formic acid. Elution
was performed at a flow rate of 0.3 ml/min using an acetonitrile
gradient between 10-30% v/v of acetonitrile 80% v/v and formic
acid 0.1% v/v. Peptide UV-detection was performed at 215 nm.

LC-MS analysis

Samples were analyzed without prior purification of the pep-
tide using an Ultimate 3000 nanoHPLC and a Vanquish
UHPLC systems by LC-MS connected to a Q Exactive Focus
mass spectrometer (Thermo Fisher Scientific). Acetonitrile
gradients between 10-30% and 15-25% in formic acid (0.1%)
were used. Mass analysis was performed at a resolution of
35,000 (m/z 200) with a MS range of 500-1300 and MS/MS
analysis. Data were processed using Xtract tools included in the
Freestyle software suite version 1.3 (Thermo Fisher Scientific).
All daughter ions were verified and annotated manually.

EPR analysis

X-band EPR spectra were recorded on a Bruker ELEXSYS
500 spectrometer equipped with a Bruker ER 4116DM X-band
resonator, an Oxford Instrument continuous flow ESR 900
cryostat, and an Oxford ITC 503 temperature control system.

Conditions: Microwave frequency = 9.636 GHz, microwave
power = 1.0 milliwatt, modulation amplitude = 8 Gauss, modu-
lation frequency = 100 KHz, Gain = 40 db, temperature =10 K.

Simulations were done using the Bruker software XSophe.

Data availability

All the data supporting the findings of this study are available
within this article and in the supporting information.
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