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FIG 2 In vitro biosynthesis of suicin. (A) Schematic representation of coexpression combinations of precursor genes and modification genes. (B) Tricine-SDS-
PAGE analysis: lane 1, Hiss-mSuiA; lane 2, protein marker; lane 3, SuiT, 5o-Hisg; lane 4, suicin. (C) C,3 RP-HPLC purification of suicin. The black arrow indicates
the peak of suicin. mAU, milli-absorbance units. (D) MALDI-TOF MS analysis of unmodified SuiA core peptide (a) and suicin (b).

strains (20). The sui locus was sequenced and turned out to be
identical to that in S. suis SC84.

Biosynthesis of functional suicin in E. coli. To obtain suicin, a
semi-in vitro biosynthesis (SIVB) strategy was introduced (35),
consisting of an in vivo modification via coexpression of suiA with
suiM and an in vitro digestion via the peptidase domain of SuiT.

The two separate parts of suiM, and suiM, were linked to re-
constitute the function of SuiM (Fig. 2A). Whether modified or
not, His,-SuiA was mostly expressed in inclusion bodies (data not
shown) and was subsequently purified by IMAC and C, RP-HPLC
(Fig. 2B). Mass spectrometry analysis revealed that the molecular
mass of protonated Hiss-SuiA was 8,149.7 Da when SuiA was co-
expressed with complete SuiM, resulting in a deviation of 39.5 Da
from the theoretical mass of 8,189.2 Da. This indicated that SuiM
modified SuiA and that two dehydrations had happened (Table 2).
However, the mass of Hisg-SuiA coexpressed with only SuiM, dif-
fered by 3.4 Da from the calculated mass, indicating that no dehydra-
tion had happened. The 3.4-Da difference might have been due to
inaccurate detection of the linear mode in MS analysis of masses
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higher than 5 kDa or to spontaneous formation of disulfide bridges.
The results presented above demonstrated that reconstituted com-
plete SuiM, other than SuiM,, can fulfill its original function in vivo to
modify the SuiA substrate.

Incubation of modified precursor peptide Hisg-mSuiA with
C39 peptidase domain SuiT,5,-His, released the mature lantibi-
otic suicin. Suicin was purified through C,3 RP-HPLC with a re-
tention time of 17.8 min (Fig. 2C). MS analysis of suicin showed
an [M+H]™ of 3,341.28 Da (Fig. 2Db), which was a 38.35-Da
decrease from the theoretical mass of core peptide of SuiA of

TABLE 2 Modification of SuiA by SuiM, and SuiM

Calculated Molecular

molecular  mass by Molecular No. of
Precursor LanM mass (Da) MS (Da) mass A (Da) dehydrations
Hiss-SuiA  SuiM, 8,189.2 8,185.8 3.4 0
Hisg-SuiA  SuiM  8,189.2 8,149.7 39.5 2
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TABLE 3 NEM modification of suicin and its mutants

Calculated Molecular NEM Molecular

Suicin molecular mass by addition mass No. of
designation mass (Da) MS PTM* (Da) A (Da)®> NEM
WT 3,379.63 3,341.28 2H,0 + S-S 3,593.55 252.27 2
T8A/TI0A  3,319.61 3,319.44 - 3,819.87 500.43 4
CI3A 3,347.66 3,309.47 2H,O 3,561.55 250.08 2
C21A 3,347.66 3,311.52  2H,0O 3,436.58 125.06 1
C30A 3,347.66 3,311.53  2H,0O 3,436.60 125.07 1
C33A 3,347.66 3,309.52  2H,0 3,561.64 250.12 2
TI10A/C33A 3,317.65 3,299.64 1H,0 3,549.69 250.05 2

“ PTM, posttranslational modification.
b Data represent the mass difference after NEM addition.
¢ —, no modification.

3,379.63 Da. This indicated that the cleavage site was right after a
pair of glycine residues (Gly-2 and Gly-1), and the 38.35-Da de-
crease was thought to correspond to two dehydrations and one
disulfide bridge formation. The Hise-SuiA coexpressed with
SuiM, was also digested by SuiT | 5,-Hisg, and the product exhib-
ited an [M+H]™ of 3,379.37 Da (Fig. 2Da), which was in good
agreement with theoretical mass of the core peptide of SuiA. This
further indicated that His,-SuiA was unmodified by SuiM;.

Ring topology elucidation of suicin. To dissect the ring topol-
ogy of suicin, a series of suicin mutants were generated and sub-
jected to NEM treatment and MS analysis (Table 3). The absence
of dehydration in T8A/T10A demonstrated that the two dehydra-
tions actually happened at Thr8 and Thr10. To dissect the bridge
pattern, each Cys was mutated to Ala and the mutants were sub-
jected to NEM treatment for conjugating free thiols. MS analysis
showed that no Cys mutation had an influence on dehydration.
However, C13A and C33A mutants had two NEM adducts, while
C21A and C30A mutants had one. This indicated that Cys13 and
Cys33 were involved in thioether ring formation, while Cys21 and
Cys30 formed a disulfide bridge. This also indicated that mutant
C13A has no influence on the thioether formation of Cys33 and
vice versa. Furthermore, addition of two NEM molecules to mu-
tant TI0A/C33A was presumed to be attributable to Cys21 and
Cys30. This indicated that the thioether bridges were formed by
Thr10 and Cys33 as well as Thr8 and Cys13. Thus, the bridge
pattern of suicin was dissected and found to contain two thioether
bridges (rings A and B) and one disulfide bridge (ring C). There-
fore, suicin is similar to bovicin HJ50 in structure (Fig. 3).

Suicin displayed antimicrobial activities against various
Gram-positive pathogens. Suicin was tested against the series of
Gram-positive and -negative strains listed in Table 4. Suicin ex-
hibited inhibitory activity against some Gram-positive strains
from bacilli, micrococci, lactobacilli, lactococci, streptococci, leu-
conostoc, and enterococci. In particular, suicin showed inhibition
of E. pernyi, which is the causative agent of empty-gut disease of
tussah, and of vancomycin-resistant E. faecalis V583, which has
been clinically associated with urinary tract infection, bacteremia,
and infective endocarditis (36). As expected, suicin exhibited no
activity against Gram-negative strains. M. flavus NCIB8166 was
the most sensitive strain and was used as an indicator for MIC
determinations. Results showed that suicin inhibited growth of M.
flavus NCIB8166 at concentrations as low as 0.195 pg/ml, which is
its MIC for M. flavus NCIB8166. As a positive control, nisin Z
exhibited better potency, with a MIC of 0.0325 pg/ml.

To elucidate whether thioether ring or disulfide bridge forma-
tion is required for the antimicrobial activity of suicin, a series of
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suicin

lacticin 481

FIG 3 Structural comparison of suicin, bovicin HJ50, and lacticin 481. Dark
gray circles indicate identical residues in suicin and bovicin HJ50.

Cys mutants of suicin were purified and tested for inhibitory ac-
tivity against M. flavus NCIB8166. As shown in Fig. 4A, while
bovicin HJ50 and wild-type suicin markedly inhibited the growth
of M. flavus NCIB8166, disruption of any thioether ring and/or
disulfide bridge in suicin totally abolished its bactericidal activity

TABLE 4 Antimicrobial spectrum of suicin

Zone of inhibition
(mm)*

No. of strains

Indicator strain tested

Bacillus cereus

Bacillus brevis AS1.1165
Bacillus subtilis 168

Bacillus thuringiensis 1.1014
Enterococcus faecalis V583
Enterococcus durans 1.2023
Enterococcus pernyi 1.1010
Lactobacillus acidophilus 100-33
Lactobacillus curvatus LTH1174
Lactobacillus casei

Lactobacillus delbrueckii 8909
Lactococcus lactis MG1363
Leuconostoc dextranicum 181
Micrococcus flavus NCIB8166
Staphylococcus aureus 26122
Staphylococcus epidermidis 1.1229
Streptococcus bovis
Streptococcus mutans 1.2499
Streptococcus gordonii 1.2496
Escherichia coli DH5a
Pseudomonas aeruginosa
Shigella dysenteriae

Shigella flexneri

O N N | N |

N O T J QS Sy U U
~

@ Suicin (25 wl of 10 wg/ml) was applied to each indicator strain. The values stand for
the diameter of the inhibition zone. —, no inhibition zone.

aem.asm.org 1067

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


http://aem.asm.org
http://aem.asm.org/

Wang et al.

A

N
(&

N
o

-
(&)

=4—nisin Z 10MIC
—&-suicin 10MIC
——suicin SMIC

-
o

fluorescence intensity (AU) U0
(&

0

0 5 10 15 /min

time

FIG 4 Growth inhibition and membrane potential disruption of Micrococcus
flavus NCIB8166 by suicin. (A) Antimicrobial activity of suicin and its deriv-
atives against M. flavus NCIB8166, with bovicin HJ50 as a positive control. To
each hole, 25 pl of 5 pg/ml of each peptide was applied. 1, suicin; 2, unmodi-
fied core peptide of SuiA; 3, suicin C13A; 4, suicin C21A; 5, suicin C29A; 6,
suicin C33A; 7, bovicin HJ50. (B) Effect of suicin and nisin on membrane
potential of M. flavus NCIB8166. M. flavus NCIB8166 cells were treated with
suicin or nisin Z with a time duration of 15 min, and fluorescence was recorded
with excitation at 493 nm and emission at 516 nm. Diamond, nisin Z at 10-fold
MIC (0.325 pg/ml); square, suicin at 10-fold MIC (1.95 pg/ml); triangle, sui-
cin at 5-fold MIC (0.975 pg/ml).

against M. flavus NCIB8166, which was the most sensitive strain
among all tested strains (Table 4). Therefore, both thioether rings
and the disulfide bridge are essential for the function of suicin.
Suicin could disrupt the membrane potential of sensitive
cells. It has been well established that lantibiotics, especially type A
lantibiotics, primarily target and form pores in the cytoplasmic
membrane of sensitive cells, thus resulting in disruption of the
membrane potential and release of the intracellular components
(4, 37). To determine whether suicin acts through disintegrating
the membrane of sensitive cells, we monitored membrane poten-
tial changes of M. flavus NCIB8166 after application of suicin at 5-
or 10-fold MIC. In the assay, we used a voltage-sensitive fluores-
cence dye, DIBAC4(3), to measure the membrane potentials.
When the membrane potential is disrupted as a result of pore
formation in the membrane, DiBAC4(3) enters the cell mem-
brane and its fluorescence is enhanced (38). As shown in Fig. 4B,
addition of suicin to the M. flavus NCIB8166 cells caused a robust
increase of fluorescence in a concentration-dependent manner,
indicating that the membrane potential of indicator cells was dis-
rupted by suicin. This increase was also observed upon application
of nisin (Fig. 4B), which is known to disrupt membrane potential
with high potency (4). That the efficiency of suicin is lower than
that of nisin in inducing fluorescence fluctuation might be due to
the fact that the potency of suicin is lower than that of nisin in
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disrupting membrane potential. Therefore, forming pores in the
membrane might be one important, if not the only, mode of ac-
tion for suicin in inhibition of sensitive cell growth.

Virulence-associated SuiR could bind the suiA promoter. As
a TCS in the deduced sui locus, SuiK-SuiR was supposed to be
responsible for autoregulation of suicin biosynthesis, though sui-
cin production might be abolished by disruptions of the suicin gene
cluster. To confirm that supposition, EMSA was conducted to iden-
tify the binding ability of Hisg-SuiR toward suiA promoter P, ,.
Hisg-SuiR was purified to homogeneity and identified by Tricine-
SDS-PAGE analysis (Fig. 5B). Hiss-SuiR was then incubated with
biotin-P,,;, and a 100-fold excess of unlabeled P_,;, (U-P,,;,). The
transferability-retarded bands of biotin-P,,;,, which disappeared in
the presence of excess unlabeled P, clearly indicated that His,-
SuiR could specifically bind P,,;,, (Fig. 5C).

Sequence analysis of P_,;, indicated there were three inverted
repeats (IR) located upstream of suiA (Fig. 5A). IR1 was located
between a ribosome binding site (RBS) and a —10 box, and IR2
was located before a —35 box. IR3 was presumed to be the termi-
nator of gene SSUSC84_0868. To determine whether IR1 or IR2
was the binding site of SuiR, EMSA analysis was conducted using
the IR-deleted version of P,,;, (AIR). The mutations of AIR1 and
AIR2 were performed via SLIM on the pMG36e-suiKRPsuiAgfp
plasmid described later, and the corresponding probes were sub-
sequently amplified with primers as used for biotin-P,;,. The re-
sults showed that Hiss-SuiR could bind P_,;, AIR1 but not P_,;,
AIR2 (Fig. 5D and E). This indicated that SuiR binds to the AT-
rich inverted repeat IR2.

The SuiK-SuiR TCS was competent to activate P_,;,. To de-
termine if SuiK-SuiR could activate transcription of P,;,, the
SuiK-SuiR TCS was expressed in L. lactis NZ9000 and gfp was used
as the reporter gene, whose expression is under the control of P,,;,
(Fig. 5F). pMG36e-suiKRPsuiAgfp was transformed into L. lactis
NZ9000, and green florescence was visualized, indicating GFP ex-
pression. However, GFP expression was independent of suicin
induction (Fig. 5Ga and b), which might have been due to auto-
phosphorylation of SuiK resulting from high-level expression of
SuiK-SuiR driven by strong lactococcal promoter P32 (24). To see
if SuiK was required for P, activation, pMG36e-suiRPsuiAgfp
was constructed and transformed into L. lactis NZ9000, which
resulted in much lower GFP expression (Fig. 5Gc). This indicated
that SuiK was necessary for SuiR phosphorylation to exert its full
function, though other histidine kinases in L. lactis NZ9000 might
have transferred a phosphoryl group to SuiR at a low level.

To further confirm the role of SuiK-SuiR signal transduction in
activating P4, analysis of alignment of SuiK-SuiR with LanK-
LanR showed that there exists one conserved His residue (His311)
in SuiK and an Asp (Asp54) in SuiR (data not shown). Then,
site-directed mutagenesis targeting conserved residues was per-
formed and the function of mutant SuiK-SuiR was assessed. We
first found that P,,;, activation was inhibited by both H311A in
SuiK and D54A in SuiR (Fig. 5Gd and e). However, a conservative
mutation (D54E) of SuiR had no effect on the signaling potency of
SuiK-SuiR (Fig. 5Gf). Furthermore, when the binding site of SuiR
on P,,;, (IR2) was deleted, P_,;, AIR2 could not be activated by
SuiK-SuiR any more (Fig. 5Gh). Paradoxically, though IR1 of
P,,i4 was not involved in SuiR binding to P, in vitro (Fig. 5E), its
deletion significantly attenuated P_,;, activation by SuiR in vivo
(compare Fig. 5Gg with Fig. 5Ga). This indicated that IR1 and IR2
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FIG 5 In vitro binding activity of Hise-SuiR and in vivo activation of P_,;, by SuiK-SuiR. (A) Sequence analysis of suiA promoter P, ,. (B) Purified Hisg-SuiR
analyzed by Tricine-SDS-PAGE. Lane 1, Hisg-SuiR; lane 2, protein marker. (C) EMSA analysis of binding activity of Hiss-SuiR toward P_,;,. Lane 1, biotin-
labeled P_,,;, incubated with His6-SuiR and a 100-fold excess of unlabeled P,,,;, (U-P_,.,); lanes 2 to 5, gradient dilution of Hiss-SuiR with biotin-labeled P, ,;
lane 6, biotin-labeled P_,;, only. (D and E) EMSA analysis of binding activity toward P_,;, AIR1 and AIR2, respectively. (F) Illustration of plasmids pMG36e-
suiKRPsuiAgfp and pMG36e-suiRPsuiAgfp. (G) GFP visualization of L. lactis NZ9000 transformants with pMG36e-derived plasmids was examined with a
fluorescence microscope. In the following, NZ-SuiK-SuiR and NZ-SuiR refer to L. lactis NZ9000 transformants of pMG36e-suiKRPsuiAgfp or pMG36e-
suiRPsuiAgfp. a, NZ-SuiK-SuiR; b, NZ-SuiK-SuiR induced by 50 ng/ml suicin; ¢, NZ-SuiR; d, NZ-SuiK(H311A)-SuiR; e, NZ-SuiK-SuiR(D54A); f, NZ-SuiK-

SuiR(D54E); g, NZ-SuiK-SuiR(P,,,;, AIR1); h, NZ-SuiK-SuiR(P,,;,AIR2).

might play complementary roles in mediating binding of SuiR to
P,,is» though IR2 was more dominant.

DISCUSSION

The wide existence of lantibiotic gene clusters in bacteria, espe-
cially streptococci, has been extensively acknowledged in previous
research, and the quantity of known gene clusters has recently
been increased by genomic mining (12). However, disrupted or
unannotated genes of small size or nonconserved nature might
sometimes hamper context-based prediction by the use of such
tools as BAGEL3 (15). As we identified here, the sui loci were
probably overlooked because of the existence of interruptions or
frameshift mutations or omissions of annotation. Following the
clue of SuiK-SuiR sharing similarity with the TCS for lantibiotic
regulation and comparison of its neighboring lan relics with
bovicin HJ50 and salivaricin gene clusters, a primarily identical
but disrupted suilocus was unveiled and reannotated in three SS2
genomes. Indeed, sui locus was potentially wide distributed in
Chinese S. suis isolates because of its location on the 89K PAI (39,
40). Notably, similar situations were also observed in cytolysin
determinants in E. faecalis and the sallocus in S. pyogenes such that
intact or disrupted versions were unveiled in different strains (31,
41, 42). This implied that remnant lantibiotic loci like sui might

February 2014 Volume 80 Number 3

actually or even widely exist in bacterial genomes, which might be
overlooked with traditional mining approaches. Hence, by a com-
bination of i silico prediction and in-depth comparative analysis,
here the hidden remnant sui loci were rediscovered.

As suicin might not be produced by those sui loci containing
SS2 due to disruption of the sui loci, especially that of the crucial
modification gene suiM, suicin was therefore biosynthesized and
characterized successfully by reconstituting the intact SuiM in E.
coli and by subsequent processing via SuiT s, i vitro. As expected,
SuiM; could not produce any dehydrated SuiA, supporting the
idea that disruption of lanM might abolish lantibiotic production
(32, 43), whereas reconstituted intact SuiM produced SuiA with
two dehydrations, indicating that its modification function had
been restored. SuiT, 5o, the peptidase domain of transporter SuiT,
performed a digestion function at the double-Gly site to release
mature suicin, which was confirmed by antimicrobial assay and
MS analysis. Although authentic suicin was not produced, previ-
ous work has verified this strategy to obtain lantibiotics as genuine
(35, 44). Suicin is, to date, the first lantibiotic originating from S.
suis and showed remarkable inhibitory activity against various
Gram-positive pathogens, implying a promising application as an
antimicrobial agent. This work to obtain a new-to-nature lantibi-
otic, suicin, further exemplified the availability of applications to
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revitalize and thus broaden the range of lantibiotic resources from
cryptic and, especially, remnant gene clusters.

Structural elucidation indicated that suicin contained two
methyllanthionine residues and one disulfide bridge, exhibiting
an N-terminal linear structure and a C-terminal globular struc-
ture characteristic of type AII lantibiotics. However, different
from canonical type AII lantibiotics such as lacticin 481 and sali-
varicin A, suicin showed structural similarity with bovicin HJ50 in
containing a disulfide bridge other than a thioether bridge in ring
C (Fig. 3). The disulfide bridge is rare in lantibiotics but was dem-
onstrated here to be critical for suicin activity and has been previ-
ously underlined in bovicin HJ50 (35). A previous study showed
that bovicin HJ50 could disrupt the membrane integrity of sensi-
tive strain M. flavus NCIB8166, resulting in potassium efflux (45).
Here, we found that suicin also disintegrated the cell membrane of
M. flavus NCIB8166, leading to the disruption of membrane po-
tential (Fig. 4B). Suicin has a ring A identical to that of bovicin
HJ50, which contains a TxS/TxD/EC motif (the first x is in most
cases a hydrophobic residue, the latter x is undefined) conserved
among type All lantibiotics (37). This motif has been shown to
mediate binding of type AII lantibiotics to lipid II, an essential
intermediate during peptidoglycan synthesis and subsequent cell
wall formation (37). Therefore, further study is needed to eluci-
date whether suicin could display bactericidal activity by inhibit-
ing cell wall synthesis. Interestingly, by using SuiA as a drive
sequence, at least 16 SuiA-like putative lantibiotic precursor
peptides have been found in the NCBI database. Except for known
bovicin HJ50-identical lantibiotics such as thermophilin 1277
(33) and macedovicin (46), the others are distributed in E. colum-
bae, in Clostridium perfringens, and especially in bacillus strains.
By using the above-mentioned semi-in vitro biosynthesis strategy,
three new lantibiotics have been biosynthesized and characterized
from pathogenic C. perfringens, B. cereus, and B. thuringiensis
which were structurally elucidated to be similar to suicin and
bovicin HJ50, including the conserved disulfide bridge (data not
shown). Thus, along with suicin, they were grouped into bovicin
H]J50-like lantibiotics, which represented a novel disulfide-con-
taining subgroup of type AlI lantibiotics.

SuiK-SuiR has been demonstrated to be essential for virulence of
SS2 by regulating expression of virulence-associated factors (21, 47).
Here, we found that SuiK-SuiR was also involved in transcriptional
activation of promoter of structural gene suiA, displaying conven-
tional function of LanK-LanR. SuiK was supposed to transfer the
phosphoryl group to SuiR, initiating its binding to the promoter re-
gion of suiA at an AT-rich inverted repeat and consequentially acti-
vating GFP expression in our experiments. Based on sequence align-
ment (data not shown), His311 of SuiK and Asp54 of SuiR are
predicted to be the primary sites of phosphorylation. It was verified
that either mutation disabled the signal transduction from SuiK to
SuiR. However, this signaling appears to be independent of suicin
application, as P,,;, was efficiently activated in the absence of suicin
(Fig. 5Ga and b). We speculate that it might be due to high-level
expression of SuiK driven by strong lactococcal promoter P32, which
leads to autophosphorylation of SuiK and signal leakage (24). Yet,
SuiR alone was able to activate P, transcription, though at low
efficiency, as was also observed with BovR and SpaR (24, 48). Inter-
estingly, the genome of an S. suis serotype 9 strain isolated in China
was recently sequenced and shown to contain an intact sui locus
(SSUDI12_1302-SSUDI12_1310) nearly identical to the one un-
veiled here (40). Although it has not been tested for lantibiotic
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production, the operonic association of suiK-suiR with the intact
sui locus might underscore its connection to suicin production.
In conclusion, from a remnant gene cluster in highly virulent S.
suis serotype 2, a bioactive type AII lantibiotic suicin was biosyn-
thesized and characterized to contain a rare disulfide bridge.
Suicin displayed inhibitory activities exclusively against Gram-
positive bacteria, including pathogenic streptococci and vanco-
mycin-resistant enterococci, making it an alternative candidate
for combating against bacterial pathogens. Further, we found that
the virulence-associated SuiK-SuiR is involved in activating pro-
moter of suicin precursor gene. Thus, we propose that lan loci,
especially disrupted ones, might evolve to extended their func-
tions to control virulence-associated factors in S. suis serotype 2.

ACKNOWLEDGMENTS

We thank Zhizeng Sun at the University of Iowa Carver College of Med-
icine for critical reading of the manuscript. We are also very grateful to
Tang Jiaqi in the Research Institute for Medicine of Nanjing Command in
China for providing genomic DNA of S. suis Habb.

This research was supported by the National Natural Science Founda-
tion of China (31070041) and the Knowledge Innovation Program of the
Chinese Academy of Sciences (KSCX2-EW-J-6, KSCX2-EW-Q-14, and
KSCX2-EW-G-14).

REFERENCES

1. Hancock RE, Sahl H-G. 2006. Antimicrobial and host-defense peptides as
new anti-infective therapeutic strategies. Nat. Biotechnol. 24:1551-1557.
http://dx.doi.org/10.1038/nbt1267.

2. Piper C, Cotter PD, Ross RP, Hill C. 2009. Discovery of medically
significant lantibiotics. Curr. Drug Discov. Technol. 6:1-18. http://dx.doi
.org/10.2174/157016309787581075.

3. van Heel AJ, Montalban-Lopez M, Kuipers OP. 2011. Evaluating the
feasibility of lantibiotics as an alternative therapy against bacterial infec-
tions in humans. Expert Opin. Drug Metab. Toxicol. 7:675—-680. http://dx
.doi.org/10.1517/17425255.2011.573478.

4. Chatterjee C, Paul M, Xie L, van der Donk WA. 2005. Biosynthesis and
mode of action of lantibiotics. Chem. Rev. 105:633—684. http://dx.doi.org
/10.1021/cr030105v.

5. Jung G. 1991. Lantibiotics—ribosomally synthesized biologically active
polypeptides containing sulfide bridges and «,3-didehydroamino acids.
Angew. Chem. Int. Ed. Engl. 30:1051-1068. http://dx.doi.org/10.1002
/anie.199110513.

6. Koponen O, Tolonen M, Qiao M, Wahlstrom G, Helin J, Saris PE. 2002.
NisB is required for the dehydration and NisC for the lanthionine forma-
tion in the post-translational modification of nisin. Microbiology 148(Pt
11):3561-3568.

7. Chatterjee C, Miller LM, Leung YL, Xie L, Yi M, Kelleher NL, van der
Donk WA. 2005. Lacticin 481 synthetase phosphorylates its substrate
during lantibiotic production. J. Am. Chem. Soc. 127:15332-15333. http:
//dx.doi.org/10.1021/ja0543043.

8. Havarstein LS, Diep DB, Nes IF. 1995. A family of bacteriocin ABC
transporters carry out proteolytic processing of their substrates concom-
itant with export. Mol. Microbiol. 16:229-240. http://dx.doi.org/10.1111
/j.1365-2958.1995.tb02295.x.

9. Twomey D, Ross R, Ryan M, Meaney B, Hill C. 2002. Lantibiotics
produced by lactic acid bacteria: structure, function and applications.
Antonie Van Leeuwenhoek 82:165-185. http://dx.doi.org/10.1023
/A:1020660321724.

10. Daly M, Cotter KPD, Hill C, Ross RP. 2012. Lantibiotic production by
pathogenic microorganisms. Curr. Protein Pept. Sci. 13:509-523. http:
//dx.doi.org/10.2174/138920312803582997.

11. Coburn PS, Gilmore MS. 2003. The Enterococcus faecalis cytolysin: a
novel toxin active against eukaryotic and prokaryotic cells. Cell. Micro-
biol. 5:661-669. http://dx.doi.org/10.1046/j.1462-5822.2003.00310.x.

12. Nes IF, Diep DB, Holo H. 2007. Bacteriocin diversity in Streptococcus and
Enterococcus. J. Bacteriol. 189:1189-1198. http://dx.doi.org/10.1128/JB
.01254-06.

13. Majchrzykiewicz JA, Lubelski J, Moll GN, Kuipers A, Bijlsma JJ,

Applied and Environmental Microbiology

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


http://dx.doi.org/10.1038/nbt1267
http://dx.doi.org/10.2174/157016309787581075
http://dx.doi.org/10.2174/157016309787581075
http://dx.doi.org/10.1517/17425255.2011.573478
http://dx.doi.org/10.1517/17425255.2011.573478
http://dx.doi.org/10.1021/cr030105v
http://dx.doi.org/10.1021/cr030105v
http://dx.doi.org/10.1002/anie.199110513
http://dx.doi.org/10.1002/anie.199110513
http://dx.doi.org/10.1021/ja0543043
http://dx.doi.org/10.1021/ja0543043
http://dx.doi.org/10.1111/j.1365-2958.1995.tb02295.x
http://dx.doi.org/10.1111/j.1365-2958.1995.tb02295.x
http://dx.doi.org/10.1023/A:1020660321724
http://dx.doi.org/10.1023/A:1020660321724
http://dx.doi.org/10.2174/138920312803582997
http://dx.doi.org/10.2174/138920312803582997
http://dx.doi.org/10.1046/j.1462-5822.2003.00310.x
http://dx.doi.org/10.1128/JB.01254-06
http://dx.doi.org/10.1128/JB.01254-06
http://aem.asm.org
http://aem.asm.org/

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kuipers OP, Rink R. 2010. Production of a class II two-component
lantibiotic of Streptococcus pneumoniae using the class I nisin synthetic
machinery and leader sequence. Antimicrob. Agents Chemother. 54:
1498-1505. http://dx.doi.org/10.1128/AAC.00883-09.

Begley M, Cotter PD, Hill C, Ross RP. 2009. Identification of a novel
two-peptide lantibiotic, lichenicidin, following rational genome mining
for LanM proteins. Appl. Environ. Microbiol. 75:5451-5460. http://dx.doi
.org/10.1128/AEM.00730-09.

van Heel AJ, de Jong A, Montalban-Lopez M, Kok J, Kuipers OP. 15
May 2013. BAGEL3: automated identification of genes encoding bacterio-
cins and (non-)bactericidal posttranslationally modified peptides. Nucleic
Acids Res. 41:W448 -W453. http://dx.doi.org/10.1093/nar/gkt391.
Marsh A, O’Sullivan O, Ross RP, Cotter P, Hill C. 2010. In silico analysis
highlights the frequency and diversity of type 1 lantibiotic gene clusters in
genome sequenced bacteria. BMC Genomics 11:679. http://dx.doi.org/10
.1186/1471-2164-11-679.

Daly KM, Upton M, Sandiford SK, Draper LA, Wescombe PA, Jack
RW, O’Connor PM, Rossney A, Gotz F, Hill C. 2010. Production of the
Bsa lantibiotic by community-acquired Staphylococcus aureus strains. J.
Bacteriol. 192:1131-1142. http://dx.doi.org/10.1128/JB.01375-09.

Tang JQ, Wang CJ, Feng YJ, Yang WZ, Song HD, Chen ZH, Yu HJ, Pan
XZ, Zhou XJ, Wang HR, Wu B, Wang HL, Zhao HM, Lin Y, Yue JH,
Wu ZQ, He XW, Gao F, Khan AH, Wang J, Zhao GP, Wang Y, Wang
X, Chen Z, Gao GF. 2006. Streptococcal toxic shock syndrome caused by
Streptococcus suis serotype 2. PLoS Med. 3:e151. http://dx.doi.org/10.1371
/journal.pmed.0030151.

Normile D. 2005. Infectious diseases—WHO probes deadliness of Chi-
na’s pig-borne disease. Science 309:1308-1309. http://dx.doi.org/10.1126
/science.309.5739.1308a.

Chen C, Tang J, Dong W, Wang C, Feng Y, Wang J, Zheng F, Pan X,
Liu D, Li M. 2007. A glimpse of streptococcal toxic shock syndrome from
comparative genomics of S. suis 2 Chinese isolates. PLoS One 2:e315. http:
//dx.doi.org/10.1371/journal.pone.0000315.

Li M, Wang C, Feng Y, Pan X, Cheng G, Wang J, Ge J, Zheng F, Cao
M, Dong Y, Liu D, Lin Y, Du H, Gao GF, Wang X, Hu F, Tang J. 2008.
SalK/SalR, a two-component signal transduction system, is essential for
full virulence of highly invasive Streptococcus suis serotype 2. PLoS One
3:¢2080. http://dx.doi.org/10.1371/journal.pone.0002080.

Holden MT, Hauser H, Sanders M, Ngo TH, Cherevach I, Cronin A, Good-
head I, Mungall K, Quail MA, Price C, Rabbinowitsch E, Sharp S, Croucher
NJ, Chieu TB, Mai NT, Diep TS, Chinh NT, Kehoe M, Leigh JA, Ward PN,
Dowson CG, Whatmore AM, Chanter N, Iversen P, Gottschalk M, Slater JD,
Smith HE, Spratt BG, Xu J, Ye C, Bentley S, Barrell BG, Schultsz C, Maskell DJ,
Parkhill J. 2009. Rapid evolution of virulence and drug resistance in the emerging
zoonotic pathogen Streptococcus suis. PLoS One 4:e6072. http://dx.doi.org
/10.1371/journal.pone.0006072.

Sambrook J, Fritsch E, Maniatis T. 1989. Molecular cloning: a laboratory
manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY.

Ni J, Teng K, Liu G, Qiao C, Huan L, Zhong J. 2011. Autoregulation of
lantibiotic bovicin HJ50 biosynthesis by the BovK-BovR two-component
signal transduction system in Streptococcus bovis HJ50. Appl. Environ.
Microbiol. 77:407—-415. http://dx.doi.org/10.1128/AEM.01278-10.

Chiu J, March PE, Lee R, Tillett D. 2004. Site-directed, ligase-independent
mutagenesis (SLIM): a single-tube methodology approaching 100% effi-
ciencyin 4 h. Nucleic Acids Res. 32:e174—e174. http://dx.doi.org/10.1093/nar
/gnh172.

Schagger H. 2006. Tricine-SDS-PAGE. Nat. Protoc. 1:16—22. http://dx
.doi.org/10.1038/nprot.2006.4.

Sun Z, Zhong J, Liang X, Liu J, Chen X, Huan L. 2009. Novel mecha-
nism for nisin resistance via proteolytic degradation of nisin by the nisin
resistance protein NSR. Antimicrob. Agents Chemother. 53:1964—1973.
http://dx.doi.org/10.1128/AAC.01382-08.

Levengood MR, Knerr PJ, Oman TJ, van der Donk WA. 2009. In vitro
mutasynthesis of lantibiotic analogues containing nonproteinogenic
amino acids. J. Am. Chem. Soc. 131:12024-12025. http://dx.doi.org/10
.1021/ja903239s.

Schneider T, Kruse T, Wimmer R, Wiedemann I, Sass V, Pag U,
Jansen A, Nielsen AK, Mygind PH, Raventos DS, Neve S, Ravn B,
Bonvin AM, De Maria L, Andersen AS, Gammelgaard LK, Sahl HG,
Kristensen HH. 2010. Plectasin, a fungal defensin, targets the bacterial
cell wall precursor lipid II. Science 328:1168—1172. http://dx.doi.org
/10.1126/science.1185723.

February 2014 Volume 80 Number 3

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45

46.

47.

48.

Bioactive Suicin from a Virulence-Associated lan Locus

Holo H, Nes IF. 1995. Transformation of Lactococcus by electroporation.
Methods Mol. Biol. 47:195-199.

Upton M, Tagg J, Wescombe P, Jenkinson H. 2001. Intra- and interspe-
cies signaling between Streptococcus salivarius and Streptococcus pyogenes
mediated by SalA and SalA1 lantibiotic peptides. J. Bacteriol. 183:3931—
3938. http://dx.doi.org/10.1128/JB.183.13.3931-3938.2001.

Liu G, Zhong J, Ni J, Chen M, Xiao H, Huan L. 2009. Characteristics of
the bovicin HJ50 gene cluster in Streptococcus bovis HJ50. Microbiology
155:584-593. http://dx.doi.org/10.1099/mic.0.022707-0.

Kabuki T, Uenishi H, Seto Y, Yoshioka T, Nakajima H. 2009. A unique
lantibiotic, thermophilin 1277, containing a disulfide bridge and two
thioether bridges. J. Appl. Microbiol. 106:853—862. http://dx.doi.org/10
.1111/j.1365-2672.2008.04059.x.

Kabuki T, Kawai Y, Uenishi H, Seto Y, Kok J, Nakajima H, Saito T.
2011. Gene cluster for biosynthesis of thermophilin 1277—a lantibiotic
produced by Streptococcus thermophilus SBT1277, and heterologous ex-
pression of Tepl, a novel immunity peptide. J. Appl. Microbiol. 110:641—
649. http://dx.doi.org/10.1111/j.1365-2672.2010.04914.x.

Lin Y, Teng K, Huan L, Zhong J. 2011. Dissection of the bridging pattern of
bovicin HJ50, a lantibiotic containing a characteristic disulfide bridge. Microbiol.
Res. 166:146—154. http://dx.doi.org/10.1016/j.micres.2010.05.001.

Paulsen I, Banerjei L, Myers G, Nelson K, Seshadri R, Read T, Fouts D,
Eisen J, Gill S, Heidelberg J. 2003. Role of mobile DNA in the evolution
of vancomycin-resistant Enterococcus faecalis. Science 299:2071-2074.
http://dx.doi.org/10.1126/science.1080613.

Islam MR, Nishie M, Nagao J, Zendo T, Keller S, Nakayama J, Kohda
D, Sahl HG, Sonomoto K. 2012. Ring A of nukacin ISK-1: a lipid II-
binding motif for type-A (II) lantibiotic. J. Am. Chem. Soc. 134:3687—
3690. http://dx.doi.org/10.1021/ja300007h.

Epps DE, Wolfe ML, Groppi V. 1994. Characterization of the steady-
state and dynamic fluorescence properties of the potential-sensitive dye
bis-(1,3-dibutylbarbituric acid) trimethine oxonol (Dibac,(3)) in model
systems and cells. Chem. Phys. Lipids 69:137-150. http://dx.doi.org/10
.1016/0009-3084(94)90035-3.

Li M, Shen X, Yan J, Han H, Zheng B, Liu D, Cheng H, Zhao Y, Rao
X, Wang C, Tang J, Hu F, Gao GF. 2011. GI-type T4SS-mediated
horizontal transfer of the 89K pathogenicity island in epidemic Streptococ-
cus suis serotype 2. Mol. Microbiol. 79:1670-1683. http://dx.doi.org/10
.1111/j.1365-2958.2011.07553.x.

Zhang A, Yang M, Hu P, Wu J, Chen B, Hua Y, Yu J, Chen H, Xiao J,
Jin M. 2011. Comparative genomic analysis of Streptococcus suis reveals
significant genomic diversity among different serotypes. BMC Genomics
12:523. http://dx.doi.org/10.1186/1471-2164-12-523.

Shankar N, Coburn P, Pillar C, Haas W, Gilmore M. 2004. Enterococcal
cytolysin: activities and association with other virulence traits in a patho-
genicity island. Int. J. Med. Microbiol. 293:609-618. http://dx.doi.org/10
.1078/1438-4221-00301.

Shankar N, Baghdayan AS, Gilmore MS. 2002. Modulation of virulence
within a pathogenicity island in vancomycin-resistant Enterococcus faeca-
lis. Nature 417:746-750. http://dx.doi.org/10.1038/nature00802.

Diep DB, Godager L, Brede D, Nes IF. 2006. Data mining and charac-
terization of a novel pediocin-like bacteriocin system from the genome of
Pediococcus pentosaceus ATCC 25745. Microbiology 152:1649—-1659. http:
//dx.doi.org/10.1099/mic.0.28794-0.

Shi Y, Yang X, Garg N, van der Donk WA. 2011. Production of lanti-
peptides in Escherichia coli. J. Am. Chem. Soc. 133:2338-2341. http://dx
.doi.org/10.1021/ja109044r.

. Xiao H, Chen X, Chen M, Tang S, Zhao X, Huan L. 2004. Bovicin HJ50,

a novel lantibiotic produced by Streptococcus bovis HJ50. Microbiology
150:103-108. http://dx.doi.org/10.1099/mic.0.26437-0.

Georgalaki M, Papadimitriou K, Anastasiou R, Pot B, Van Driessche G,
Devreese B, Tsakalidou E. 2013. Macedovicin, the second food-grade
lantibiotic produced by Streptococcus macedonicus ACA-DC 198. Food
Microbiol. 33:124-130. http://dx.doi.org/10.1016/j.fm.2012.09.008.
Shen X, Zhong Q, Zhao Y, Yin S, Chen T, Hu F, Li M. 2013. Proteome
analysis of the two-component SalK/SalR system in epidemic Streptococ-
cus suis serotype 2. Curr. Microbiol. 67:118—122. http://dx.doi.org/10
.1007/500284-013-0343-4.

Stein T, Borchert S, Kiesau P, Heinzmann S, Kléss S, Klein C, Helfrich
M, Entian KD. 2002. Dual control of subtilin biosynthesis and immunity
in Bacillus subtilis. Mol. Microbiol. 44:403—416. http://dx.doi.org/10.1046
/.1365-2958.2002.02869.x.

aem.asm.org 1071

1sanb Aq 020z ‘/2Z J8quaAoN uo /Bio°wse war//:dny wolj papeojumoq


http://dx.doi.org/10.1128/AAC.00883-09
http://dx.doi.org/10.1128/AEM.00730-09
http://dx.doi.org/10.1128/AEM.00730-09
http://dx.doi.org/10.1093/nar/gkt391
http://dx.doi.org/10.1186/1471-2164-11-679
http://dx.doi.org/10.1186/1471-2164-11-679
http://dx.doi.org/10.1128/JB.01375-09
http://dx.doi.org/10.1371/journal.pmed.0030151
http://dx.doi.org/10.1371/journal.pmed.0030151
http://dx.doi.org/10.1126/science.309.5739.1308a
http://dx.doi.org/10.1126/science.309.5739.1308a
http://dx.doi.org/10.1371/journal.pone.0000315
http://dx.doi.org/10.1371/journal.pone.0000315
http://dx.doi.org/10.1371/journal.pone.0002080
http://dx.doi.org/10.1371/journal.pone.0006072
http://dx.doi.org/10.1371/journal.pone.0006072
http://dx.doi.org/10.1128/AEM.01278-10
http://dx.doi.org/10.1093/nar/gnh172
http://dx.doi.org/10.1093/nar/gnh172
http://dx.doi.org/10.1038/nprot.2006.4
http://dx.doi.org/10.1038/nprot.2006.4
http://dx.doi.org/10.1128/AAC.01382-08
http://dx.doi.org/10.1021/ja903239s
http://dx.doi.org/10.1021/ja903239s
http://dx.doi.org/10.1126/science.1185723
http://dx.doi.org/10.1126/science.1185723
http://dx.doi.org/10.1128/JB.183.13.3931-3938.2001
http://dx.doi.org/10.1099/mic.0.022707-0
http://dx.doi.org/10.1111/j.1365-2672.2008.04059.x
http://dx.doi.org/10.1111/j.1365-2672.2008.04059.x
http://dx.doi.org/10.1111/j.1365-2672.2010.04914.x
http://dx.doi.org/10.1016/j.micres.2010.05.001
http://dx.doi.org/10.1126/science.1080613
http://dx.doi.org/10.1021/ja300007h
http://dx.doi.org/10.1016/0009-3084(94)90035-3
http://dx.doi.org/10.1016/0009-3084(94)90035-3
http://dx.doi.org/10.1111/j.1365-2958.2011.07553.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07553.x
http://dx.doi.org/10.1186/1471-2164-12-523
http://dx.doi.org/10.1078/1438-4221-00301
http://dx.doi.org/10.1078/1438-4221-00301
http://dx.doi.org/10.1038/nature00802
http://dx.doi.org/10.1099/mic.0.28794-0
http://dx.doi.org/10.1099/mic.0.28794-0
http://dx.doi.org/10.1021/ja109044r
http://dx.doi.org/10.1021/ja109044r
http://dx.doi.org/10.1099/mic.0.26437-0
http://dx.doi.org/10.1016/j.fm.2012.09.008
http://dx.doi.org/10.1007/s00284-013-0343-4
http://dx.doi.org/10.1007/s00284-013-0343-4
http://dx.doi.org/10.1046/j.1365-2958.2002.02869.x
http://dx.doi.org/10.1046/j.1365-2958.2002.02869.x
http://aem.asm.org
http://aem.asm.org/

