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ABSTRACT: Mammalian microbiomes encode thousands of biosynthetic gene
clusters (BGCs) and represent a new frontier in natural product research. We
recently found an abundance of quorum sensing-regulated BGCs in mammalian
microbiome streptococci that code for ribosomally synthesized and post-
translationally modified peptides (RiPPs) and contain one or more radical S-
adenosylmethionine (RaS) enzymes, a versatile superfamily known to catalyze
some of the most unusual reactions in biology. In the current work, we target a
widespread group of streptococcal RiPP BGCs and elucidate both the reaction
carried out by its encoded RaS enzyme and identify its peptide natural product,
which we name streptosactin. Streptosactin is the first sactipeptide identified from
Streptococcus spp.; it contains two sequential four amino acid sactionine
macrocycles, an unusual topology for this compound family. Bioactivity assays
reveal potent but narrow-spectrum activity against the producing strain and its
closest relatives that carry the same BGC, suggesting streptosactin may be a long-suspected fratricidal agent of Streptococcus
thermophilus. Our results highlight mammalian streptococci as a rich source of unusual enzymatic chemistries and bioactive natural
products.

■ INTRODUCTION

Natural products remain a tremendous source of therapeutic
agents and chemical tools with which to investigate biological
phenomena.1,2 For decades, discovery of natural products
relied on screens of biological activity or chemical novelty.
More recently, advances in DNA sequencing technologies and
bioinformatics have reinvigorated the field by providing an
alternative gene-first or genome-first approach. Aside from
providing new discovery protocols, these advances have
revealed the hidden biosynthetic potential of talented
producers such as Streptomyces spp. They have also brought
microbial genera to the fore that have not traditionally been
viewed as abundant sources of bioactive compounds.3−7

Among these, bacterial members of the human microbiome
are an especially intriguing source because the natural products
they synthesize can have a direct impact on human health.8,9

The next challenge in tapping into the biosynthetic potential
encoded in our microbiomes is connecting the computationally
identified BGCs to their small molecule products and
elucidating the functions of these molecules.
A family of natural products that appears particularly

amenable to the genome-first approach is the ribosomally
synthesized and post-translationally modified peptides
(RiPPs).10−12 RiPPs are generated by a biosynthetic frame-
work that is conserved in all domains of life: A precursor

peptide is synthesized by the ribosome from the canonical 20
amino acids. It is then modified by one or more tailoring
enzymes, usually including a final proteolytic step to deliver the
mature product.13 A main advantage in mining for RiPPs when
compared to other classes is that the substrate of the
biosynthetic pathway, the precursor peptide, is genetically
encoded and can therefore be easily predicted. Reactions
catalyzed by the tailoring enzymes can then be characterized,
thus providing valuable information in the hunt for the natural
product.14,15

We previously conducted a bioinformatic search for RiPPs
encoded by Streptococcus spp., an abundant genus in human
and mammalian microbiomes and an underexamined source of
natural products.16 Our strategy was inspired by the BGC of
streptide, a quorum sensing (QS) regulated macrocyclic
peptide produced by the commensal bacterium Streptococcus
thermophilus LMD-9.17,18 Two features of the streptide BGC
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(str), the radical S-adenosylmethionine (RaS) enzyme and the
shp/rgg QS operon, anchored our search. RaS enzymes harness
a potent oxidant, the 5′-deoxyadenosyl radical (5′-dA•), to
initiate a plethora of challenging reactions.19−22 In streptide
biosynthesis, for example, the RaS enzyme StrB introduces a
carbon−carbon bond at unactivated positions between the side
chains of lysine and tryptophan.18,23,24 With only a fraction of
its >500 000 members characterized, the RaS enzyme super-
family appeared ripe for the discovery of new and unusual
chemistries.25 Shp/rgg QS operons are specific to streptococci
and regulate a variety of community behaviors, including
competence, biofilm formation, and virulence.26−32 We
reasoned that natural products associated with QS-regulated,
RaS enzyme-encoding clusters were likely to be chemically
novel and physiologically relevant. Moreover, knowledge of
their regulation would facilitate efforts to control production
and thereby identify the mature product.
To find all str-like BGCs, 2785 streptococcal genomes in the

Integrated Microbial Genomes and Microbiomes database
were analyzed for colocalized instances of shp/rgg operons and
genes coding for RaS enzymes.16,33 Precursor peptides in the
intergenic regions were then identified and mapped to give
∼600 such RiPP-encoding BGCs, which were organized in a
sequence similarity network using the EFI-EST tool according
to the precursor peptide sequences.34,35 This ‘RaS-RiPPs’
network consists of 16 distinct subfamilies, suggesting 16
groups of RiPP natural products, which are named based on
conserved motifs in the precursor peptides (Figure 1a). Our
subsequent characterization of several subfamilies within the
network has indeed uncovered an assortment of new
modifications, including installation of an unprecedented
tetrahydro[5,6]benzindole motif (WGK), a β-thioether linkage
(NxxC), an α-ether cross-link (TQQ), and a carbon−carbon
bond between the side chains of tyrosine and arginine (RRR)
(Figure 1a).16,36−38 While the reactions carried out by RaS
enzymes within these subfamilies have been determined, the
associated natural products have not yet been identified.
Herein, we investigate the GGG subfamily and report both the
reaction carried out by the RaS enzyme GggB as well as the
structure of the mature natural product. Biosynthetic
investigations reveal GggB to function as a sactisynthase that
installs two consecutive α-thioether cross-links on its peptide
substrate with a new topology for sactipeptides. Knowledge of
the transformation enabled the discovery of the mature
product, the first streptococcal sactipeptide, which we have
named streptosactin. Elucidation of the timing of streptosactin
synthesis and detection of antimicrobial activity against the
producing host and closely related strains, which also harbor
the ggg cluster, suggest this sactipeptide may be a fratricidal
agent in S. thermophilus.

■ RESULTS AND DISCUSSION
GGG Subfamily. As outlined above, the network in Figure

1a represents the landscape of RaS enzyme-synthesized and
shp/rgg-controlled RiPPs. Of the 16 subfamilies, GGG is the
fourth largest and comprises 35 gene clusters (Figure 1a).
Most of these (∼20) are found in various S. thermophilus
strains, nonpathogenic bacteria that are widely used starter
cultures in dairy fermentation. They are also often identified as
a natural constituent of milk, notably from cow and sheep.39−41

The ggg cluster is also found in members of the human oral
microbiome, including some strains of Streptococcus constella-
tus, Streptococcus gordonii, Streptococcus oralis, and Streptococcus

parasanguinis. These bacteria are commensal in the oral cavity
but can be pathogenic at other body sites.42,43 The ggg locus in
S. thermophilus encodes a 35mer precursor peptide (GggA), a
RaS enzyme (GggB), and a transporter/protease (GggC) and
is regulated by an upstream shp/rgg gene pair (Figure 1b). The
11 C-terminal residues of the precursor peptide are conserved
within the subfamily, as depicted in the precursor peptide logo
plot (Figure 1c). We focused on the ggg cluster from S.
thermophilus JIM 8232, which was originally isolated from
milk.44

Characterization of GggB and the GggB Reaction. We
began by examining the reaction catalyzed by the RaS enzyme
GggB. N-terminally hexaHis-tagged GggB was expressed
recombinantly in E. coli, purified anaerobically, and recon-
stituted with Fe and sulfide, as previously reported (Tables

Figure 1. RaS enzyme-modified RiPPs in streptococci. (a) Sequence
similarity network of RaS-RiPPs grouped according to precursor
peptide sequences. With the exception of streptide, subfamilies are
named on the basis of conserved motifs within the precursor peptide.
The GGG subfamily is shown in red. (b) The ggg gene cluster from S.
thermophilus JIM 8232. An shp/rgg operon (green) regulates
production of the mature RiPP, encoded by a precursor peptide
(black), a RaS enzyme (red), and a transporter (blue). (c) A sequence
logo plot of the 35mer precursor peptide (GggA) shows that the 11
C-terminal residues are conserved.
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S1−S3).45 A UV−visible absorption spectrum of reconstituted
GggB showed a shoulder at 325 nm and a broad feature at 410
nm, consistent with the presence of at least one [4Fe-4S]2+

cluster (Figure 2a). Quantification of Fe and labile sulfide
revealed 9.1 ± 1.3 Fe and 8.3 ± 1.2 S2− per protomer. An EPR

spectrum of reduced GggB gave a signal with apparent axial
symmetry (Figure 2b). Spectral simulation and deconvolution
showed that the observed signal was a composite of three
signals. The major component (∼75%) with g = [2.03, 1.91,
1.88] is indicative of a [4Fe−4S]+ cluster routinely found in
RaS enzymes and responsible for activation of S-adenosyl-
methionine (SAM, Figure 2b). Two minor components were
also identified, one (∼15%) with g = [2.04, 1.94, 1.89],
consistent with another [4Fe-4S]+, and a second (∼10%) with
g = [2.03, 2.01, 2.00], consistent with a [3Fe−4S]+ cluster
(Figure 2b) and likely the result of incomplete reconstitution
or degradation of a [4Fe-4S] cluster. These data are in line
with bioinformatic dissection of GggB, which predicts one
active site [4Fe-4S]+ cluster involved in the reductive cleavage
of SAM and two Fe−S clusters in its C-terminal SPASM
domain (Figure S1).46−49 The exact nature of these SPASM
domain clusters remains to be determined.
With reconstituted GggB in hand, its reaction with the

precursor peptide GggA was examined next. GggA was
prepared by solid-phase peptide synthesis (SPPS), purified,
and subsequently incubated with GggB, SAM, and reductant
(Na2S2O4) under anaerobic conditions. Analysis of the
reaction components by HPLC-Qtof-MS revealed formation
of a putative product that was 4 Da lighter than the substrate
(Figure 2c, Table S4). This species was not present in the
absence of GggB, consistent with its assignment as the reaction
product.

Structural Elucidation of the GggB Product. Initial
clues toward the structure of the reaction product were
provided by tandem high-resolution mass spectrometry (HR-
MS/MS). Collision-induced dissociation yielded y-ions for
nearly the entire sequence of GggA but only b-ions for the N-
terminal leader region (Figure 3a). All y-ions spanning His29
and Gly34 (Figure 3a, blue) lacked two hydrogens whereas
those from the N-terminus to Ser28 lacked four, implicating
Ser28 and Gly34 (Figure 3a, blue) as sites of modification
(Table S5). Given the presence of a conserved Cys three
amino acids upstream of each modified site (Figure 3a, red),
we considered that these residues may be participating in
thioether bonds. Indeed, the HR-MS/MS fragmentation
pattern of the product was indicative of α-thioether bonds,
also known as sactionine linkages, which undergo facile in-
source retro-elimination during MS analysis, thus affording
dehydrogenated acceptor residues and fragment ions within
the macrocycle.50−52

To test whether the modifications consisted of α-thioether
linkages, uniformly 13C-labeled amino acids were incorporated
into GggA by SPPS at the implicated positions, Ser28 and
Gly34. Each site-specifically labeled variant was reacted with
GggB and subjected to HR-MS/MS and NMR analysis. HR-
MS/MS was consistent with two macrocycles, also observed
with unlabeled GggA (Table S6). A 1D 13C-spectrum of
15N,13C2-Gly34-GggA reacted with GggB showed two new
peaks, which we attribute to the product (Figure 3b). The new
Cα signal was shifted downfield relative to substrate from 42.5
to 54.0 ppm. A DEPT-edited HSQC spectrum showed it was a
methine-carbon and gave the chemical shift of the associated
Hα at 5.48 ppm (Figures S2, S3, Table S7). The shift of the
new carbonyl was only slightly upfield (167.8 ppm) relative to
substrate but within range for a typical peptide bond. These
results along with other chemical shifts (Table S7) were fully
consistent with formation of sactionine bridge at Gly34.

Figure 2. Characterization of GggB. (a) UV−vis absorption spectrum
of reconstituted GggB. A 325 nm shoulder and a 410 nm broad
feature indicate the presence of at least one [4Fe-4S]2+ cluster. (b) X-
band EPR spectrum of reconstituted, reduced GggB (black trace).
Spectral simulation traces are color-coded as indicated. Note that
signals for two different [4Fe-4S]+ clusters can be simulated. See text
for g-values of the simulated spectra. (c) GggB enzymatic activity
monitored by HPLC-Qtof-MS. Extracted ion chromatographs (EIC)
of the [M+3H]3+ ion for the substrate (m/z 1265.6010) and the −4
Da product (m/z 1264.2555) are shown. Formation of this product
peak is GggB-dependent. Inset, HR-MS data focusing on the [M
+4H]4+ ion for the substrate (top, blue) and product (bottom, red).
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Due to the lack of availability of Ser isotopologues, we
explored a Ser28Ala substitution at the second site of
modification. Reaction of S28A-GggA with GggB and analysis
by HR-MS and HR-MS/MS revealed formation of a −4 Da
product with a fragmentation pattern matching wild-type (wt)
GggA, save for expected m/z shifts due to the Ala substitution

at residue 28. This indicated that the Ser28Ala variant
underwent the same cross-linking reaction (Tables S4, S8).
Next, 13C3−Ala was inserted by SPPS at residue 28 of GggA
and reacted with GggB, and the reaction product was analyzed
by NMR. We assigned a new peak at 65.7 ppm to the
thioetherified Cα at Ala28, a shift from 49.7 ppm in the

Figure 3. Structural elucidation of the GggB product. (a) HR-MS/MS analysis of the GggB product shows that fragments y2-y7 and y8-y33 are 2
Da and 4 Da, respectively, lighter than the same fragments derived from the substrate. The pattern points to modifications at residues Ser28 and
Gly34 (highlighted with blue spheres). (b) Stacked 13C NMR spectra of 13C3-A28-GggA (left) and 13C2-G34-GggA (right) before (top) and after
(bottom) reaction with GggB. Peaks are assigned to substrate (blue) or product (red), with the carbon position and chemical shift values labeled.
The numbering schemes for the isotopically labeled residues are shown. (c) Reaction of GggB with wt GggA (top), C25S-GggA (middle), and
C31S-GggA (bottom). The Ser25 substitution prevents cross-linking at Ser28 whereas the Ser31 substitution precludes formation of both cross-
links.
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substrate (Figure 3b). Similarly Cβ of Ala28 was shifted from
15.8 to 25.0 ppm after reaction with GggB. These properties
and correlations from a DEPT-edited HSQC spectrum
(Figures S4, S5, Table S9) were entirely consistent with an
S−Cα bond at Ala28.
Having confirmed the presence of the two sactionine

linkages, we next used Cys-to-Ser substitutions in GggA to
unequivocally determine the exact donor/acceptor pairings.
This substitution is known to preclude crossbridge formation
as sactisynthases do not install ether bonds in lieu of
thioethers.53,54 The sequence of GggA differs from those of
known sactipeptides in that the cysteines and acceptor residues
alternate along the peptide chain. Incubation of GggB with
C25S-GggA generated a product that was only 2 Da lighter
than the substrate with a single cross-link between Cys31 and
Gly34, as determined by HR-MS/MS (Figure 3c, Tables S4,
S10). To our surprise, no product was observed with C31S-
GggA, suggesting that the installation of sactionine linkages
occurs in a defined order from C- to N-terminus and that the
formation of the second is dependent on the presence of the
first. Together, these data demonstrate that GggB introduces a
duo of α-thioether bonds between Cys31-Gly34 and Cys25-
Ser28, building two adjacent 4-residue macrocycles in the core
region of GggA. The absolute configuration at the
thioetherified Cα of Gly34 and Ser28 remains to be defined.
Mechanistic Investigations. SkfB and AlbA are two well-

studied sactisynthases involved in the production of the
sporulation killing factor (SKF) and subtilosin, respec-
tively.53,54 Deuterium labeling studies by Bruender et al.
recently demonstrated that SkfB initiates α-thioether bond
formation via H-atom abstraction from the Cα of the acceptor
residue (Figure S6).55 To investigate if GggB installs α-
thioether cross-links in a similar manner, we synthesized
α-2H2-Gly34-GggA and examined its reaction with GggB. We
observed formation of 5′-2H-5′-deoxyadenosine (5′-2H-5′-dA)
and a product that was 5 Da lighter than substrate, consistent
with deuterium transfer from the Cα of Gly34 to 5′-dA•
(Figures 4a, S7, Tables S4, S11). Similar results were observed

with GggA carrying α-2H-Ala at position 28 (Figures 4b, S7,
Tables S4, S12). By contrast, when β-2H3−Ala was inserted at
position 28, all three deuterons were retained in the product
(Tables S4, S13), and only 5′-dA was observed, again
consistent with abstraction of Hα but not Hβ. Given that
5′-2H-5′-dA was detected upon labeling either Cα at Gly34 or

Ala28, it appears that each cyclization reaction is initiated de
novo, consuming one equivalent of SAM.
Following the generation of the substrate Cα radical, at least

three distinct routes to sulfur insertion are plausible. In one
pathway (mechanism A, Figure S6a), the Cys-SH, activated by
ligation to an auxiliary Fe−S cluster, directly couples to the
Cα• concomitant with the reduction of the auxiliary cluster.
This mechanism was previously favored by Marahiel and co-
workers.53,54 Alternatively, oxidation of the substrate radical
and deprotonation of the amide N−H bond could generate an
electrophilic ketoimine intermediate, which is primed for
nucleophilic attack by Cys-SH (mechanism B, Figure S6b).
Finally, a ketoiminium can be generated without deprotonation
of the radical-adjacent N−H (mechanism C, Figure S6c).56 To
investigate the involvement of the amide N−H bond, we tested
the activity of GggB on N-methylated substrate analogs and
found that methylation inhibited cross-link formation.
Reactions with either N-Me-Ala28 or N-Me-Ser28 generated
monocyclized products with cross-links at only Gly34, as
determined by HR-MS and HR-MS/MS (Tables S4, S14).
Reactions with N-Me-Gly34 generated no product at all.
Two conclusions may be drawn from these results. First,

they confirm the order of cross-link formation described above,
with GggB installing the modification at Gly34 and then at
Ser28. And second, they hint at a role for the amide N−H in
the catalytic cycle. Because the lack of product formation may
be explained by steric perturbations, this experiment alone is
not sufficient to differentiate between the mechanistic
possibilities. Nonetheless, the requirement for a Cα radical
and the importance of the N−H provide a framework for
examining the mechanism of GggB and differentiating between
pathways A−C in the future.

Engineered Processive Cyclizations by GggB. The
modified region of GggA consists of two 6-residue stretches
that are very similar in sequence (Figure 5a). The first 3
residues, (−SCG−) are conserved, followed by a helix breaker
(P/G), an acceptor (S/G), and a basic residue (H/R). We
imagined that this “consensus sequence” could be exploited to
manipulate the number of cyclizations catalyzed by GggB. As
the preparation of longer peptides by SPPS would be onerous,
we opted to carry out the reactions heterologously by
coexpressing GggB and the respective GggA variant from the
same plasmid in E. coli. The reaction would take place in the
context of the cytosol and the product would then be purified
using affinity chromatography.57 We previously used this type
of construct to investigate the rrr gene cluster from
Streptococcus suis.38

GggA was furnished with a hexaHis-maltose binding protein
(6HMBP) tag to enhance solubility and facilitate purification
of the reaction product from cell lysates. GggB was encoded on
the same plasmid, the expression of both genes being
controlled by a lac promoter (Figure 5b). After confirming
the efficiency of the system with wt GggA (Tables S15−S17),
we tested GggA variants with an increasing number of 6-
residue consensus sequence units from 1 to 4 (Figure 5c). For
simplicity, we used only the sequence “SCGGGR”. Interest-
ingly, GggB installed a cross-link on every iteration of the
consensus sequence, from 1 cross-link on the shortest variant
to 4 cross-links on the longest variant (Figure 5c, Tables S15−
S21). When the stretch of 6mer sequences was interrupted
with a sequence that did not contain a Cys residue, cross-link
formation stalled. In the final construct listed, for example
(Figure 5d, Table S22), only a single sactionine was installed at

Figure 4. GggB-catalyzed H-atom abstraction from the Cα of
acceptor residues by 5′-dA•. Reaction of GggB with 2-2H2-G34-GggA
(a) or 2-2H-A28-GggA (b) yields a product that is 5 Da lighter than
substrate, and to formation of 5′-2H-5′-dA.
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the C-terminus. These results suggest that GggB recognizes the
consensus sequence and installs the thioether bond from C- to
N-terminus in a processive manner regardless of the length of
the precursor. It will be of interest to examine the role of the
leader peptide and the RiPP recognition element in this
process in the future.
Discovery of Streptosactin, the Mature ggg Product.

The results thus far demonstrate the reaction carried out by
GggB and provide clues toward its catalytic mechanism. With
knowledge of the structure of the GggB product, we next set
out to identify the mature peptide secreted by S. thermophilus
JIM 8232. Cultures of this bacterium were grown to late
exponential phase (see below) and targeted HR-MS analysis
was conducted on the resulting cell-free supernatants.
Specifically, based on the logic of RiPP biogenesis, we
hypothesized that GggC would cleave doubly cross-linked
GggA at a residue N-terminal to Cys25, but not further
upstream than Phe15, beyond which there is a cluster of acidic
residues. We computationally assembled a list of nine m/z

values for the possible mature product and searched for these
in the S. thermophilus supernatants. The molecular ions thus
identified were subjected to HR-MS/MS analysis. Only one
candidate emerged from these experiments, corresponding to
the doubly cross-linked C-terminal 14mer (Figure 6a, top
trace); it displayed HR-MS and fragmentation patterns highly
analogous to that of the enzymatic product (Table S23). The
abundance of the natural product, however, was prohibitively
low for confirmation of the structure by NMR spectroscopy.
We therefore opted to prepare the putative mature product
and assess its chromatographic and HR-MS properties in
comparison to the authentic material.
Synthesis of the doubly cross-linked 14mer took advantage

of our heterologous coexpression system described above
(Figure 5b). To generate a 14mer, an Arg residue was inserted
into the GggA sequence just before Asn22 such that
proteolysis with trypsin, which hydrolyzes peptide bonds at
the carboxyl group of basic residues, would afford the desired
peptide. Coexpression of this modified peptide with GggB,
subsequent trypsinolysis, and purification by HPLC provided
the doubly cross-linked 14mer in approximately 1 mg yield
from a 15 L E. coli culture (Table S24). 1D/2D NMR analysis
of this 14mer peptide showed features identical to the GggB
product characterized above, confirming it was the doubly
cyclized peptide containing the same sactionine linkages
(Figure S8). This standard was then compared with the
authentic material from S. thermophilus JIM 8232; it showed
identical chromatographic behavior and coeluted with the
authentic natural product, when injected in a 1:1 ratio (Figure
6a). It also exhibited similar HR-MS and HR-MS/MS
properties (Tables S23, S25), supporting the same amino
acid sequence and structure. Together, these studies establish
the structure of the mature natural product from the ggg cluster
(Figure 6b,c). This 14mer RiPP, which we have named
streptosactin, is the first sactipeptide of streptococcal origin. It
forms a new subclass of sactipeptides: as recently pointed out
by Hudson et al.,12 all sactipeptides discovered thus far consist
of a hairpin topology in which thioether cross-links are nested
such that the most upstream (N-terminal) Cys residue reacts
with the most downstream (C-terminal) acceptor. In
streptosactin, however, the Cys donors and acceptors alternate
along the core peptide, yielding a distinct “bicycle” topology of
unnested macrocycles (Figure 6d). We propose classification
of sactipeptides with the hairpin topology as type 1 and those
with the new streptosactin-like topology as type 2.

Streptosactin: Timing of Production and Antimicro-
bial Activity. Like all BGCs in the network in Figure 1, the
ggg locus is controlled by an shp/rgg QS operon, which
suggests that streptosactin synthesis is positively regulated by
cell density. We tested this prediction by quantifying
streptosactin production as a function of S. thermophilus
growth phase, as determined by optical density at 600 nm
(OD600). Indeed, streptosactin levels in the supernatant
increased with cell density as a rapid rise was observed
between 12 and 15 h, with streptosactin concentrations
peaking at late exponential phase, beyond which point they
decreased slowly over several days (Figure 7a). The role of rgg,
and therefore QS, in this process remains to be determined.
The low levels of the sactipeptide, which we determined using
a standard curve with synthetic material, provide an
explanation as to why purification and structural elucidation
of authentic streptosactin was not possible. We do note that
the concentration shown (Figure 7a) represents a lower limit,

Figure 5. Processivity of GggB. (a) Alignment of residues 24−29 and
residues 30−35 reveals a consensus sequence on which GggB acts to
install a thioether cross-link. (b) Expression region of the plasmid
used to carry out the GggAB reaction heterologously. One lac operon
codes for GggA that is N-terminally fused to a 6HMBP tag; the other
codes for GggB. (c) Reaction outcomes for 6HMBP-GggA fusions
containing 1, 2, 3, or 4 “SCGGGR” units. GggB installs a thioether
bond at every instance of the unit, generating products with 1, 2, 3,
and 4 macrocycles. (d) A Cys-to-Ser substitution in the second unit of
the 3-unit variant gives a monocyclic product and stalls GggB.
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as some material is likely lost during workup and detection.
Moreover, this bulk concentration in a laboratory monoculture
is not necessarily indicative of the levels of streptosactin under
physiological conditions.

S. thermophilus JIM 8232 also encodes str, though streptide
production has not yet been shown in this strain. The str BGC
is also downstream of an shp/rgg operon. We therefore
monitored the supernatants of this strain, identified streptide,
and observed production patterns very similar to those of
streptosactin, with a rapid early increase, optimal streptide
concentrations in late exponential phase, followed by a steady
decline during stationary phase (Figure 7b). The shp/rgg
circuits in S. thermophilus, therefore, appear to optimize
streptide and streptosactin synthesis in late exponential
phase. It is unclear whether the decline in streptide and
streptosactin in stationary phase is due to spontaneous
degradation, reuptake, or enzyme-mediated decomposition.
S. thermophilus primarily resides in oral and nasal passages.

In exploring the bioactivity of streptosactin, we focused on its
effects on the growth behavior of 15 other firmicutes (Table
S26) that share these body sites and compete with S.
thermophilus.58 Because our studies suggested limited endog-
enous production of streptosactin, we tested low titers (0.1 μM
and 1 μM) against other bacteria. We observed no significant
effects on the growth kinetics of most strains tested (Figure 8).
Growth of Streptococcus sanguinis was affected by streptosactin,
although the control grew poorly in our hands. Clearly, most
affected by streptosactin, however, was the growth of S.
thermophilus LMD-9 and S. thermophilus LMG 18311, with 1
μM causing complete growth inhibition (Figure 8g).
Interestingly, these strains both encode a ggg cluster with
GggA precursor peptide sequences that are identical to that of
S. thermophilus JIM 8232. When tested against strain JIM 8232,
streptosactin showed similar growth-inhibitory activity (Figure
8h), an unusual case of a toxin killing the producing host when
provided during prelogarithmic growth. In addition to growth
inhibition, cell clumps were observed in a streptosactin-
dependent manner (Figure S9).

Figure 6. Identification of streptosactin, the mature product of the ggg
cluster. (a) HPLC-Qtof-MS analysis of authentic and synthetic
streptosactin. Shown are extracted ion chromatograms for authentic
streptosactin from S. thermophilus JIM 8232 (blue, top), hetero-
logously produced streptosactin (red, bottom), and a 1:1 coinjection
of these two samples (green, middle), which coelute. (b) Proposed
biosynthesis of streptosactin. GggB installs two thioether bonds in the
core region of GggA. A protease, likely GggC, removes the leader
(blue spheres), affording the mature 14mer product. (c) Structure of
streptosactin. Absolute configurations at the α-carbons of the acceptor
residues remain to be determined. (d) Comparison of the topology of
known “type 1” sactipeptides, with thurincin H as a representative
example, and the new type 2 streptosactin. Leader sequences are
shown in gray.

Figure 7. QS-regulated production of streptosactin and streptide by S.
thermophilus JIM 8232. Biosynthesis of streptosactin (a, blue bars) or
streptide (b, green bars) as a function of OD600 (black traces). The
averages of three independent measurements are shown; bars
represent standard error.
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The unusual property of streptosactin of killing the producer
cells provides an important clue in interpreting the function of
this sactipeptide. The timing of streptosactin and streptide
synthesis correlates well with the development of competence,
which has been reported from S. thermophilus by several
groups.59−62 Indeed, in a previous study, expression of the ggg
locus was found to correlate with those of early competence
genes in S. thermophilus LMD-9.59 Competence, the ability to
pick up environmental DNA and incorporate it into the
chromosome, is controlled by the comRS operon, also an shp/
rgg system in S. thermophilus.59 Competence is associated with
fratricide; that is, killing of noncompetent sister cells by
competent ones, a process that releases DNA into the
environment, which can be taken up and incorporated.63−67

The agents of fratricide, known as fratricins, have been well-
characterized in Streptococcus pneumoniae, where they have

been shown to consist primarily of hydrolytic enzymes (type
III bacteriocins) and to a lesser extent medium-length
unmodified peptides (type II bacteriocins).63−67 S. thermophi-
lus does not encode the typical set of fratricins and it has been
proposed to encode alternative ones.67,68 The correlated
production of streptosactin with the development of the
competent state, the potent self-killing activity of this
sactipeptide, and even the cell clumping phenotype, which
occurs when DNA is released into the medium,65,69 all lead us
to propose streptosactin as the first fratricidal agent in S.
thermophilus.

■ CONCLUSION
Our bioinformatic search for QS-regulated and RaS enzyme-
modified RiPPs identified streptococci as an abundant source.
This finding was rather surprising as the capacity for natural
product biosynthesis is typically correlated with genome size.7

With small, host-adapted genomes around 1.8 Mbp,
streptococci were not thought of as prolific producers. RiPP
BGCs, however, are the ideal small molecule tools for
streptococci as they have modest genomic footprints and
allow for synthesis of complex natural products. The
identification of streptide and streptosactin from S. thermophi-
lus, the use of short hydrophobic peptides to control the
synthesis of these molecules, and the presence of two
additional RaS-RiPP BGCs in this strain are in line with the
notion of streptococci using RiPPs as a language to
communicate and compete with other streptococci.
Streptosactin joins the growing list of sactipeptides first

structurally elucidated by Vederas and co-workers.70,71 Seven
sactipeptide natural products have been characterized to date:
subtilosin, SKF, thuricin α and β, thurincin H, huazacin/
thuricin Z, and ruminococcin C, all produced by Bacillus
species with the exception of the latter, which is synthesized by
Ruminococcus gnavus.12,50,72−77 The sactipeptide natural
products thus far exhibit a nested hairpin topology. As the
first streptococcal sactipeptide to comprise an unnested bicycle
topology, streptosactin bucks both trends. In the current work,
we explored the biosynthesis and biological activity of
streptosactin. We show that GggB installs the sactionine
linkages in an ordered fashion and report narrow-spectrum,
fratricidal activity for the mature product. Although the ggg
BGC is not regulated by competence, the upstream shp/rgg
locus could provide a synchronization device, as previously
proposed, to correlate streptosactin synthesis with expression
of competence genes.59,62 Other functions for streptosactin
cannot be ruled out, especially in the complex environment of
mammalian microbiomes, and these remain to be investigated.
Aside from addressing the absolute configuration of
streptosactin’s sactionine linkages and enhancing our under-
standing of its function, future studies will continue to mine
the streptococcal RaS-RiPPs network (Figure 1) as a rich
source of novel enzymatic chemistries and natural products as
well as their associated ecological roles.
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