








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 suiM1 and suiM2 were linked to re-
constitute the function of SuiM (Fig. 2A). Whether modified or
not, His6-SuiA was mostly expressed in inclusion bodies (data not
shown) and was subsequently purified by IMAC and C4 RP-HPLC
(Fig. 2B). Mass spectrometry analysis revealed that the molecular
mass of protonated His6-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 His6-SuiA coexpressed with only SuiM1 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

higher than 5 kDa or to spontaneous formation of disulfide bridges.
The results presented above demonstrated that reconstituted com-
plete SuiM, other than SuiM1, can fulfill its original function in vivo to
modify the SuiA substrate.

Incubation of modified precursor peptide His6-mSuiA with
C39 peptidase domain SuiT159-His6 released the mature lantibi-
otic suicin. Suicin was purified through C18 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

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, His6-mSuiA; lane 2, protein marker; lane 3, SuiT159-His6; lane 4, suicin. (C) C18 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).

TABLE 2 Modification of SuiA by SuiM1 and SuiM

Precursor LanM

Calculated
molecular
mass (Da)

Molecular
mass by
MS (Da)

Molecular
mass � (Da)

No. of
dehydrations

His6-SuiA SuiM1 8,189.2 8,185.8 3.4 0
His6-SuiA SuiM 8,189.2 8,149.7 39.5 2
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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 His6-SuiA coexpressed with
SuiM1 was also digested by SuiT159-His6, 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 His6-SuiA was unmodified by SuiM1.

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 T10A/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 �g/ml, which is
its MIC for M. flavus NCIB8166. As a positive control, nisin Z
exhibited better potency, with a MIC of 0.0325 �g/ml.

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

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 3 NEM modification of suicin and its mutants

Suicin
designation

Calculated
molecular
mass (Da)

Molecular
mass by
MS PTMa

NEM
addition
(Da)

Molecular
mass
� (Da)b

No. of
NEM

WT 3,379.63 3,341.28 2H2O � S-S 3,593.55 252.27 2
T8A/T10A 3,319.61 3,319.44 –c 3,819.87 500.43 4
C13A 3,347.66 3,309.47 2H2O 3,561.55 250.08 2
C21A 3,347.66 3,311.52 2H2O 3,436.58 125.06 1
C30A 3,347.66 3,311.53 2H2O 3,436.60 125.07 1
C33A 3,347.66 3,309.52 2H2O 3,561.64 250.12 2
T10A/C33A 3,317.65 3,299.64 1H2O 3,549.69 250.05 2
a PTM, posttranslational modification.
b Data represent the mass difference after NEM addition.
c –, no modification.

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

TABLE 4 Antimicrobial spectrum of suicin

Indicator strain
No. of strains
tested

Zone of inhibition
(mm)a

Bacillus cereus 3 –
Bacillus brevis AS1.1165 1 7
Bacillus subtilis 168 1 8
Bacillus thuringiensis 1.1014 1 –
Enterococcus faecalis V583 1 8
Enterococcus durans 1.2023 1 6
Enterococcus pernyi 1.1010 1 8
Lactobacillus acidophilus 100-33 1 6
Lactobacillus curvatus LTH1174 1 9
Lactobacillus casei 3 –
Lactobacillus delbrueckii 8909 1 –
Lactococcus lactis MG1363 1 7
Leuconostoc dextranicum 181 1 11
Micrococcus flavus NCIB8166 1 23
Staphylococcus aureus 26122 1 –
Staphylococcus epidermidis 1.1229 1 –
Streptococcus bovis 2 –
Streptococcus mutans 1.2499 1 –
Streptococcus gordonii 1.2496 1 6
Escherichia coli DH5� 1 –
Pseudomonas aeruginosa 1 –
Shigella dysenteriae 1 –
Shigella flexneri 1 –
a Suicin (25 �l of 10 �g/ml) was applied to each indicator strain. The values stand for
the diameter of the inhibition zone. –, no inhibition zone.
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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

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 His6-SuiR toward suiA promoter PsuiA.
His6-SuiR was purified to homogeneity and identified by Tricine-
SDS-PAGE analysis (Fig. 5B). His6-SuiR was then incubated with
biotin-PsuiA and a 100-fold excess of unlabeled PsuiA (U-PsuiA). The
transferability-retarded bands of biotin-PsuiA, which disappeared in
the presence of excess unlabeled PsuiA, clearly indicated that His6-
SuiR could specifically bind PsuiA (Fig. 5C).

Sequence analysis of PsuiA 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 PsuiA (�IR). The mutations of �IR1 and
�IR2 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-PsuiA. The re-
sults showed that His6-SuiR could bind PsuiA �IR1 but not PsuiA

�IR2 (Fig. 5D and E). This indicated that SuiR binds to the AT-
rich inverted repeat IR2.

The SuiK-SuiR TCS was competent to activate PsuiA. To de-
termine if SuiK-SuiR could activate transcription of PsuiA, 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 PsuiA

(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 PsuiA 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 PsuiA, 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 PsuiA 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 PsuiA (IR2) was deleted, PsuiA �IR2 could not be activated by
SuiK-SuiR any more (Fig. 5Gh). Paradoxically, though IR1 of
PsuiA was not involved in SuiR binding to PsuiA in vitro (Fig. 5E), its
deletion significantly attenuated PsuiA activation by SuiR in vivo
(compare Fig. 5Gg with Fig. 5Ga). This indicated that IR1 and IR2

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 �l of 5 �g/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 �g/ml); square, suicin at 10-fold MIC (1.95 �g/ml); triangle, sui-
cin at 5-fold MIC (0.975 �g/ml).
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might play complementary roles in mediating binding of SuiR to
PsuiA, 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 sui locus 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 sal locus 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

actually or even widely exist in bacterial genomes, which might be
overlooked with traditional mining approaches. Hence, by a com-
bination of in 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 SuiT159 in vitro. As expected,
SuiM1 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. SuiT159, 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

FIG 5 In vitro binding activity of His6-SuiR and in vivo activation of PsuiA by SuiK-SuiR. (A) Sequence analysis of suiA promoter PsuiA. (B) Purified His6-SuiR
analyzed by Tricine-SDS-PAGE. Lane 1, His6-SuiR; lane 2, protein marker. (C) EMSA analysis of binding activity of His6-SuiR toward PsuiA. Lane 1, biotin-
labeled PsuiA incubated with His6-SuiR and a 100-fold excess of unlabeled PsuiA (U-PsuiA); lanes 2 to 5, gradient dilution of His6-SuiR with biotin-labeled PsuiA;
lane 6, biotin-labeled PsuiA only. (D and E) EMSA analysis of binding activity toward PsuiA �IR1 and �IR2, 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; c, NZ-SuiR; d, NZ-SuiK(H311A)-SuiR; e, NZ-SuiK-SuiR(D54A); f, NZ-SuiK-
SuiR(D54E); g, NZ-SuiK-SuiR(PsuiA�IR1); h, NZ-SuiK-SuiR(PsuiA�IR2).
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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 AII 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
HJ50-like lantibiotics, which represented a novel disulfide-con-
taining subgroup of type AII 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 PsuiA 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 PsuiA 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
(SSUD12_1302-SSUD12_1310) nearly identical to the one un-
veiled here (40). Although it has not been tested for lantibiotic

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.
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