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LanM proteins are the synthetases of the class II lanthipeptides, which are responsible for lanthionine or
methyllanthionine formation in lanthipeptides. LanMs are bifunctional enzymes with N-terminal dehy-
dratase and C-terminal cyclase domains. However, the catalytic and especially the substrate binding
function of LanM are not fully investigated. In this study, we analyzed the function of conserved residues
of BovM, which is the synthetase of lanthipeptide bovicin HJ50, with alanine substitution method. Mass
spectrometry (MS) and surface plasmon resonance (SPR) analyses showed six hydrophilic residues (e.g.
Asp247) were involved in the dehydration activity of BovM and four hydrophobic residues (e.g. [le254)
were responsible for the substrate binding of BovM. In addition, a conserved Asp155 was proposed to
be general base in the elimination of phosphates during the dehydration reactions. This research of BovM
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shed a light on the catalytic and substrate binding mechanism of LanM proteins.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Lanthipeptides are ribosomal-synthesized, post-translational
modified peptides containing special cyclic amino acids lanthio-
nine (Lan) and 3-methyllanthionine (MeLan). Lanthipeptides pos-
sessing antimicrobial activity are called lantibiotics [1,2]. The
special residues endue lanthipeptides with biological activity along
with thermal stability and proteolytic resistance [3,4]. The Lan and
MeLan are generated by dehydration of Ser and Thr residues to
dehydroalanine (Dha) and dehydrobutyrine (Dhb) respectively
and subsequent cyclization with Cys residues [2]. These modifica-
tions are executed by dedicated dehydratase LanB and cyclase LanC
in class I lanthipeptides while in class I, IIl and IV lanthipeptides
are executed by multifunctional enzymes LanM, LanKC and LanL,
respectively [2]. The modified lanthipeptide precursor LanA is
secreted and processed to remove the N-terminal leader peptide,
thereby producing the active lanthipeptide [1]. Due to the potential
in clinical application and the convenient genetic manipulation,
the lanthipeptide engineering have drawn more and more atten-
tion in recent years [2,5].

LanM proteins are class Il lanthipeptide synthetase, which pos-
sess broad substrate specificity which can introduce thioether link-
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ages into unnatural substrates [6,7]. Thus, they are attractive
options to introduce constrained structure to biological peptides,
rendering them with high stability [8]. LanMs are bifunctional
enzymes containing an N-terminal dehydratase domain and a C-
terminal cyclase domain [9,10]. LanMs share about 30% sequence
identity, and their dehydratase domains show no homology to
any other protein families while their cyclase domains are homol-
ogous to cyclase LanC. The triad zinc ligands in cyclase domain
have been confirmed in LctM (Cys781, Cys836 and His837), the
synthetase of lacticin 481. Thus, the cyclization function of LanM
is proposed to be accomplished by Michael-addition assisting by
the chelating zinc [11]. However, the dehydration mechanism of
LanM is elusive. On the other hand, no substrate binding site has
been identified in LanM, which is important to the catalytic func-
tion of LanM. LanMs share approximate 30 highly conserved resi-
dues [12]. This provided clues for investigating the function of
LanMs. Mutagenesis of some conserved residues of dehydratase
domain of LctM released evidence that the dehydration function
is executed by phosphorylation of Ser/Thr and subsequent elimina-
tion of the phosphates [13,14]. The conserved Arg399 and Thr406
in dehydratase domain of LctM are responsible for the elimination
reaction, which was also observed in a newly identified ProcM
(Arg510 and Thr516) [14,15]. However, these two residues are
not sufficient to fulfill the elimination function, indicating some
other residues remain to be discovered. On the other hand,
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although a substrate binding pocket is speculated to be constituted
by several residues scattered in LanM [12,16], no such residue has
been identified.

Bovicin HJ50 is a class II lantibiotic produced by Streptococcus
bovis HJ50 isolated from milk [17]. It is reminiscent of lacticin
481 in ring topology but differed by containing an uncommon
disulfide bond (Fig. 1A) [18]. The biosynthetic gene cluster of bovi-
cin HJ50 has been sequenced containing the precursor gene bovA
and modification gene bovM [19]. The modification function of
bovicin HJ50 synthetase BovM has been reconstituted in Esche-
richia coli by co-expression of precursor BovA and BovM, achieving
native modification to Hisg-BovA [20]. In this study, we
successfully reconstituted the catalytic activity of BovM in vitro,
and further investigated the functions of the conserved residues
by site-directed mutagenesis, mass spectrometry (MS) and surface

Hisg-BovA
A ° Leader peptide

plasmon resonance (SPR) analyses. Our results identified a novel
Asp residue that participated in the elimination of phosphates dur-
ing the dehydration reactions, and determined the conserved resi-
dues that were responsible for substrate binding activities.

2. Materials and methods
2.1. Bacterial strains and growth conditions

E. coli DH5a and BL21 (DE3) were cultured in LB medium at
37°C and used for plasmids cloning and protein expression,
respectively. S. bovis HJ50 was cultured in M17 medium supple-
mented with 0.3 M sucrose at 37 °C. Micrococcus flavus NCIB
8166 was cultured in S1 medium at 30 °C.
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Fig. 1. (A) in vitro modification of Hiss-BovA by BovM. (B) Mass spectra of 6 uM Hisg-BovA treated with 0.08 M BovM for 0 min (Gray) and 15 min (Black). (C) Mass spectra of
(1) Hisg-BovA incubated with BovM for 15 min followed by treated with BovT15 and inhibition zones of the digested products against M. flavus NCIB8166 and (2)

subsequently treated with NEM for 30 min at 4 °C.
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2.2. Molecular biology protocols

General molecular biology manipulations were carried out
according to the established protocols [21]. PCR was performed
with Q5 High-Fidelity DNA polymerase (NEB). The PCR products
were purified with the AxyPrep PCR cleanup kit (Axygen). Restric-
tion digestions were performed by Fast-Digest restriction enzyme
(Thermo scientific). DNA ligation was executed by T4 DNA ligase
(Thermo scientific). Plasmids from E. coli were isolated by AxyPrep
plasmid miniprep kit (Axygen).

2.3. Construction of plasmids

The construction of plasmid pET-bovA has been reported previ-
ously [20]. The bovM gene was amplified from the genome of S.
bovis HJ50, digested by BamHI and Sall restriction enzymes and
ligated into pET-28a generating pET-bovM. Expression vectors of
site-directed mutagenesis mutants of BovA and BovM were con-
structed utilizing site-directed mutagenesis protocols described
by Chiu [22]. These mutations were identified by sequencing, and
plasmids containing correct mutations were transformed into
E. coli BL21 (DE3) for protein expression.

2.4. Over-expression and purification of proteins

Purification of Hisg-BovA and BovT150 was performed as previ-
ous reports [20]. E. coli BL21 (DE3) harboring pET-bovM or its
mutants were cultured in 1L LB with 50 pg/ml kanamycin at
37 °C till the ODggonm reaching 0.6-0.8, and induced by 0.5 mM iso-
propyl-B-p-1-thiogalactopyranoside (IPTG) at 18 °C for 20 h. After
that, the cells were harvested and resuspended in 40 ml start buf-
fer (50 mM NapHPO,4, 500 mM NaCl, 20 mM imidazole, pH 7.4) and
lysed by sonication. The cellular debris were centrifuged and the
supernatants were filtrated by 0.45 pm filter followed by loaded
onto 1 ml Histrap FF packing (GE healthcare) that was pre-equili-
brated by start buffer. After washed by 20 ml wash buffer (start
buffer plus 40 mM imidazole) to remove the unspecific binding
proteins, the protein was eluted by 5 ml elution buffer (start buffer
plus 480 mM imidazole). The eluted Hisg-BovM solutions were
concentrated by ultrafiltration (30 KD cut-off) and loaded onto
Superdex™ 200 10/300 GL size exclusion column (GE healthcare)
which was pre-equilibrated by assay buffer (50 mM Tris-HCl,
150 mM NaCl, 10 mM MgCl,, pH 7.4) or HBS-T buffer (10 mM
HEPES-NaOH, 150 mM NacCl, 0.005% Tween-20, pH 7.4). Collected
protein solutions were concentrated by ultrafiltration (30 KD cut-
off). The purity of acquired protein was judged by SDS-PAGE as
standard protocols [21]. The protein concentrations were deter-
mined by BCA protein-assay kit (Axygen).

2.5. Activity assays of BovM mutants to BovA by MALDI-TOF MS

The lyophilized Hisg-BovA was redissolved in assay buffer.
Hisg-BovA and BovM or its mutants were added into the reaction
mixture to a final concentration of 6 pM and 0.08 pM, respectively,
along with 2.5 mM ATP and 1 mM DL-Dithiothreitol (DTT). The
reactions were proceeded at 25 °C, and terminated by 0.5% trifluo-
roacetic Acid (TFA) at different time points from 15 min to 4 h. All
of the reaction mixtures were then desalted by zip-tip (MILLI-
PORE), and the molecular weight (MW) of products were tested
by matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS). Digestion of BovT150 and modifi-
cation of N-ethylmaleimide (NEM) were performed as previous
report [20], and the products were also identified by MALDI-TOF
MS. The antimicrobial activities of products were tested by agar
well diffusion assay against M. flavus NCIB 8166.

2.6. Affinity measurement of BovM derivatives and BovA by surface
plasmon resonance (SPR)

SPR measurements were executed by Biocore3000 (GE Health-
care). Lyophilized Hisg-BovA was dissolved in 10 mM acetate (pH
5.5) to a final concentration of 25 pg/ml, and immobilized on a
CM5 chip by amide coupling to 1000 RU. Hisg-BovM and its
mutants dissolving in HBS-T buffer were injected through this chip
as analytes at a flow rate of 30 pl/min for 180 s followed by eluted
with HBS-T buffer for 360 s. The concentrations of these analytes
were in 2-fold gradient dilution from 1.25 uM to 0.039 uM. After
every detection, the chip was regenerated by injection of 50 mM
NaOH at a flow rate of 10 p/min for 100 s. All tests were performed
at 25 °C. Collected data were analyzed by BlAevaluation 4.1 soft-
ware (GE Healthcare). The SPR curves were fitted by a 1:1 (Lang-
muir) binding model and local fitted Ry,.x to get the equilibrium
constants Kp, which was regarding to the protein-protein affinity.

3. Results
3.1. in vitro modification of BovA by BovM

To investigate the function of BovM, we reconstituted the cata-
lytic activity of BovM in vitro. BovM and its substrate BovA with N-
terminal 6 x His (Hisg-BovM and Hisg-BovA) were expressed in
E. coli, and purified to homogeneity (>95%) by size exclusion chro-
matography (SEC) and reversed-phase high performance liquid
chromatography (RP-HPLC), respectively. Hisg-BovM was incu-
bated with Hisg-BovA in the reaction buffer containing ATP, Mg?*
and DTT [10], and the product was identified by MALDI-TOF MS
analysis which exhibited a mass peak of 8244.2 Da. The 36 Da
decrease in comparison with theoretical molecular weight of
Hisg-BovA (m/z 8280.3) was in good accordance with Hisg-BovA
in 2-fold dehydration (Fig. 1B). This result demonstrated that the
BovA could be dehydrated by BovM in vitro. To further confirm
whether the modification was correct, the product was digested
by BovT150, the C39 peptidase domain of BovT, to remove the lea-
der peptide. Subsequent MALDI-TOF MS analysis showed a mass
peak of 3430.3 Da, which was identical to the mass of wild-type
bovicin HJ50 (3428 Da) without disulfide linkage. Chemical modi-
fication with NEM (125 Da), a thio-specific reagent which could
covalently bond to free thiols, generated a product with two
NEM additions (AM =250 Da), which confirmed the opening of
the disulfide bridge. This also implied the formation of two thioe-
ther bridges, which was further reinforced by that the modified
and digested product displayed antimicrobial activity against indi-
cator strain M. flavus NCIB8166 as authentic bovicin HJ50 (Fig. 2C).
Collectively, these results fully supported that Hisg-BovA could be
modified by Hisg-BovM in vitro, and this in vitro reaction system
could be applied for studying BovM function.

3.2. Generation of conserved residue substitution mutants of BovM
and their dehydration activity assays

BovM (837 residues) consists of an N-terminal dehydratase
domain (1-460 residues) and a C-terminal cyclase domain (536-
837 residues) (Fig. 2A). Sequence alignment of BovM with selected
LanM proteins revealed 25 conserved residues containing negative
charge residues (Asp155, Asp247, Asp264, Glu266, Glu446), posi-
tive charge residues (His157, Lys175, His249, Arg393, His672),
polar residues (Tyr230, Asn252, Thr399, Tyr402, Tyr556, Cys715,
Cys761) and hydrophobic residues (Ile254, Leu290, Phe365,
Phe458, Leu597, Trp714, Leu760, Leu771) (Fig. 2B). Except for the
reported zinc ligands His672, Cys715 and Cys761 [11], the func-
tions of others were studied in this work.
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Fig. 2. Sequence analyses of BovM (A) Schematic diagram of two functional domains of BovM. (B) Sequence alignment of selected LanMs. The conserved residues were shown
by dark color. The mutated residues were shown by stars. The cyclase active sites were shown by black triangle.

To investigate the contributions of these conserved residues to
function of BovM, the Ala substitution mutants of these residues
were constructed and purified. The relative activities of BovM
mutants were monitored by the substrate completely consumption
time. Hisg-BovA was catalyzed by them in the same conditions as
above-mentioned in vitro reaction system. As determined, wild-
type BovM (WT) fully dehydrated Hisg-BovA within 15 min. Thus,
the assay time of BovM mutants were ranging from 15 min to
4 h, and the modified products were identified by MS analysis
(Fig. 3). The results showed that, except mutants Y556A and
L771A possessed similar dehydration time to WT (Fig. 3A), the
other mutants possessed decreased dehydration activity
(described in followed sections), indicating these residues might
participate in the function of BovM. In addition, soluble expression
of Y402A, F458A, W714A and L760A was unsuccessful, implying
that mutations of these residues might influence the stability of
BovM.

3.3. Key residues of BovM responsible for the elimination of phosphates

The dehydration reaction catalyzed by LanM consists of phos-
phorylation and elimination of phosphates, and disruption of the
phosphates elimination activity would result in generation of
phosphorylated products. The MS results showed that mutants
D155A, H157A, R393A, T399A of BovM predominantly converted
Hisg-BovA into single phosphorylated products (AM = +80 Da) in
4 h. After incubation with D155A for 1h, Hisg-BovA were com-
pletely converted to single-phosphorylated products, while no
dehydrated product was detected after 4 h (Fig. 3B). This was also
observed in mutants of R393A, T399A and H157A. However,
H157A produced trace amounts of 2-fold dehydrated products
after 4 h (Fig. 3C). MALDI-TOF MS analysis about the products that

were digested by BovT150 showed single phosphorylated core
peptide, demonstrating that the phosphate group situated in the
core peptide (data not shown). These results suggested that these
four residues participated in the elimination of phosphates group
during the dehydration reaction.

3.4. Key residues of BovM involved in dehydration function

The N-terminal conserved residues of BovM might be respon-
sible for its dehydration activity. The MS analyses revealed nine
mutants of polar residues of BovM with low dehydration activ-
ity. K175A did not produce modified product in 1h, and a mix-
ture of 2-fold dehydrated substrates, single phosphorylated
substrates and most of the unmodified Hisg-BovA were detected
after 4 h (Fig. 3D). Y230A produced 2-fold dehydrated Hisg-BovA
along with considerable amounts of unmodified and trace
amount of single phosphorylated products after incubation with
Hisg-BovA for 4 h (Fig. 3E). D264A and E446A required 4 h to
convert the substrates completely to 2-fold dehydrated products
(Fig. 3F) whereas Q495A required about 2 h (Fig. 3G). The other
four mutants (D247A, N252A, H249A and E266A) showed dras-
tically decreased dehydration activity. A small amount of 2-fold
dehydrated products were detected after incubation of Hisg-
BovA with these mutants for 4 h, leaving most of the unmodi-
fied substrates (Fig. 3H). Collectively, the results suggested that
these polar residues were responsible for the dehydration activ-
ity of BovM.

To investigate the roles in the substrate binding of these resi-
dues, the substrate affinities of these mutants were tested by
SPR. Hisg-BovA was conjugated onto a CM5 chip as the ligand,
the analytes Hisg-BovM and its mutants were injected to flow past
the chip. The SPR data were collected and fitted by a 1:1
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Fig. 3. Mass spectra of Hisg-BovA (6 uM) after treated by partial BovM mutants (0.08 uM) for short (gray) and long (black) time at 25 °C. (A) Y556A 0 and 15 min, (B) D155A
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and (I) L290A 15 min and 1 h.
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Table 1

Kinetic constants for interaction between BovM or its mutants and Hisg-BovA.
Enzyme ke (M7'S™1) kq (S7Y) Kp (nM)
WT 1.83 x 10* 3.01 x 107 16.4
Y230A 1.82 x 10* 2.58 x 1074 14.2
D247A 1.07 x 10* 121 x 107 11.3
H249A 1.36 x 10* 214 x 107 15.4
N252A 2.03 x 10* 3.60 x 104 17.7
E266A 2.80 x 10* 521 x107* 18.6
E446A 1.69 x 10* 293 x 107 17.3
K175A 1.86 x 10* 9.46 x 107> 5.1
D264A 1.46 x 10* 6.52 x 10°° 4.5
Q495A 1.73 x 10* 1.75 x 107> 1.0
1254A 7.58 x 10° 6.28 x 107 82.9
L290A 5.45 x 10° 6.09 x 107 112
F365A 7.48 x 103 471 x 107 63.1
L597A 8.19 x 10° 6.97 x 107 85.1
MTM 6.53 x 10° 7.97 x 1074 122

(Langmuir) binding model and local fitted Ry.x. The SPR curves of
representative mutants were shown in Fig. 4, and the calculated
affinity constants (Kp) of these mutants and WT were listed in
Table 1. The k, referred to the association rate and the k, referred
to the dissociation rate, Kp = kq/kq. The Kp of WT was 16.4 nM
(Fig. 4A), similar to another LanM protein NukM (Kp =12 nM)
[16]. The Kp of Y230A, D247A, H249A, N252A, E266A and E446A
werel14.2 nM, 11.3nM, 15.4nM, 17.7 nM, 18.6 nM and 17.3 nM,
respectively (Fig. 4B and C), showing no significant difference to
that of WT. In contrast, the K, of K175A, D264A and Q495A were
5.4 nM, 4.5 nM and 1 nM, respectively, showing higher affinity to
BovA than that of WT (Fig. 4D and E). These results suggested that
the Tyr230, Asp247, His249, Asn252, Glu266 and Glu446 were
irrelevant with binding activity of BovM, while the Lys175,
Asp264 and GIn495 might be responsible for the substrate release
of BovM.

3.5. Conserved residues of BovM contributing to substrate binding

In contrast to the residues mentioned above, the MS results
showed that the hydrophobic residues mutants, 1254A, L290A,
F365A and L597A, achieved 2-fold dehydration of Hisg-BovA rang-
ing from 30 min to 45 min, exhibiting slightly lower activity than
WT (Fig. 31). No phosphorylated intermediate or unmodified prod-
uct was detected after catalyzing for 1 h. These results indicated
that these hydrophobic residues may not directly participate in
the catalytic activity of BovM. Furthermore, SPR assay was
employed to test the substrate affinity of these mutants. The Kp
of 1254A, L290A, F365A and L597A were 82.9nM, 112 nM,
63.1 nM, and 85.1 nM, respectively, indicating that the affinities
of these four mutants towards Hisg-BovA were all decreased com-
pared to that of WT. After that, the four hydrophobic residues in
BovM were then all mutated to Ala, acquiring a multiple mutant
(MTM), and the catalytic and binding activities were tested as
described above. Trace amount of 2-fold dehydrated products were
detected along with most of the unmodified substrate after 4 h,
showing that the catalytic activity of MTM was drastically
decreased. The Kp of the multiple mutant was 122 nM, exhibiting
lower affinity to BovA than that of single mutants (Fig. 4H). Collec-
tively, these results suggested that the hydrophobic residues
Ile254, Leu290, Phe365 and Leu597 participated in the substrate
binding of BovM.

4. Discussion

LanM proteins are posttranslational modification enzymes of
class II lanthipeptides with broad substrate specificity. Engineering

of LanMs as tool enzymes has drawn much attentions in recent
years [8,15]. Despite identification of some critical residues of the
catalytic function of LanMs [11,14], the dehydration and substrate
binding mechanism of LanM stays to be an open question. In this
study, we studied BovM, the synthetase of bovicin HJ50, by MS
and SPR and found two veiled residues Asp155 and His157 partic-
ipating the elimination of phosphates in the dehydration reaction;
in addition, four hydrophobic residues were revealed to be respon-
sible for the substrate binding of BovM. This work provided new
clues on the dehydration and substrate binding mechanism of
LanMs.

The elimination of phosphates is essential process in the dehy-
dration reaction catalyzed by LanM [13]. In this work, we found
that the mutants R393A and T399A lost the elimination activity,
which resembled to the previous reports about LctM (Arg399 and
Thr406) [14]. Furthermore, we found two new mutants, the
mutant D155A showed phosphorylation activity but lost the elim-
ination activity while H157A showed low elimination activity with
predominant phosphorylation activity. All these four residues con-
tain an active side chains with different charge and most likely co-
worked in the general acid-base mechanism [14]. Concretely, we
speculated that the Arg393 (pK,=12.48) acted as a general acid,
the Asp155 (pK, =3.86) acted as a general base and the His157
and (or) the Thr399 acted as activator(s). In addition, these four
residue situated in different part of BovM, blanked by the other
key residues, indicating that there was no independent phosphates
elimination domain in BovM. This is different from LanKC and LanL,
both of which possess separate protein kinase and pSer/Thr lyase
domains [23,24].

The hydrophobic Ile254, Leu290, Phe365 and Leu597 were
revealed to be responsible for the substrate binding of BovM.
Mutants of these residues showed higher KD than that of WT
(x5-x10), meaning that these mutants possessed lower substrate
affinity. Additionally, multiple mutants showed similar affinity to
single mutants but decreased dehydration activity. We speculated
that these residues situated in a substrate binding cassette that
interacts with BovA. In addition, some non-conserved residues that
also participate in the substrate recognition of BovM remain to be
revealed. Previous reports have shown that the hydrophobic
residues in leader peptide of lanthipeptides are important for the
modification of synthetases in class I and class III lanthipeptides
[25-28]. Likewise, a conserved hydrophobic residue Leu-7 in the
leader peptide of class II lanthipeptides is found important for
the catalysis of LanM [29]. Mutation of Leu-7 of BovA to Ala dras-
tically slowed down whereas to Asp totally hindered the modifica-
tion of BovM (data not shown), indicating the importance of
hydrophobic interaction for substrate binding of BovM. Moreover,
the amphipathic helix containing hydrophobic residues in the C-
terminal of the leader peptide is also important for the substrate
binding of LanM [30]. Thus, we interpreted that the conserved
hydrophobic residues interacted with the hydrophobic residues
in the leader peptide of BovA.

In summary, this study further studied the dehydration func-
tion of LanMs and provided clues on the substrate binding mecha-
nism of LanMs. We identified 22 conserved residues that were
responsible for the catalytic function of BovM, among which
Asp155 and His157 were responsible for the phosphate elimina-
tion of BovM that were not reported in other LanMs. In addition,
four conserved hydrophobic residues were unveiled to be respon-
sible for the substrate binding of BovM. More precise roles of these
residues will require the structure information of these enzymes,
which so far is not available. Future work will focus on the acquire-
ment of X-ray structure of BovM, which would further elucidate
the function mechanism of LanMs and facilitate engineering of
LanMs as tool enzymes.



1132 H. Ma et al./Biochemical and Biophysical Research Communications 450 (2014) 1126-1132

Acknowledgment

This research was supported by the Knowledge Innovation Pro-
gram of the Chinese Academy of Sciences (KSCX2-EW-J-6, KSCX2-
EW-Q-14).

References

[1] C. Chatterjee, M. Paul, L. Xie, et al., Biosynthesis and mode of action of
lantibiotics, Chem. Rev. 105 (2005) 633-684.

[2] PJ. Knerr, W.A. van der Donk, Discovery, biosynthesis, and engineering of
lantipeptides, Annu. Rev. Biochem. 81 (2012) 479-505.

[3] J. Lubelski, W. Overkamp, L.D. Kluskens, et al., Influence of shifting positions of
Ser, Thr, and Cys residues in prenisin on the efficiency of modification
reactions and on the antimicrobial activities of the modified prepeptides, Appl.
Environ. Microbiol. 74 (2008) 4680-4685.

[4] S. Suda, A. Westerbeek, P.M. O’Connor, et al., Effect of bioengineering lacticin
3147 lanthionine bridges on specific activity and resistance to heat and
proteases, Chem. Biol. 17 (2010) 1151-1160.

[5] J. Dischinger, S. Basi Chipalu, G. Bierbaum, Lantibiotics: promising candidates
for future applications in health care, Int. J. Med. Microbiol. 304 (2014) 51-62.

[6] M.R. Levengood, C.C. Kerwood, C. Chatterjee, et al., Investigation of the
substrate specificity of lacticin 481 synthetase by using nonproteinogenic
amino acids, ChemBioChem 10 (2009) 911-919.

[7] B.Li, D. Sher, L. Kelly, et al., Catalytic promiscuity in the biosynthesis of cyclic
peptide secondary metabolites in planktonic marine cyanobacteria, Proc. Natl.
Acad. Sci. U.S.A. 107 (2010) 10430-10435.

[8] M.R. Levengood, W.A. van der Donk, Use of lantibiotic synthetases for the
preparation of bioactive constrained peptides, Bioorg. Med. Chem. Lett. 18
(2008) 3025-3028.

[9] RJ. Siezen, O.P. Kuipers, W.M. de Vos, Comparison of lantibiotic gene clusters
and encoded proteins, Antonie Van Leeuwenhoek 69 (1996) 171-184.

[10] L. Xie, L.M. Miller, C. Chatterjee, et al., Lacticin 481: in vitro reconstitution of
lantibiotic synthetase activity, Science 303 (2004) 679-681.

[11] M. Paul, G.C. Patton, W.A. van der Donk, Mutants of the zinc ligands of lacticin
481 synthetase retain dehydration activity but have impaired cyclization
activity, Biochemistry 46 (2007) 6268-6276.

[12] P. Uguen, ].P. Le Pennec, A. Dufour, Lantibiotic biosynthesis: interactions
between prelacticin 481 and its putative modification enzyme, LctM, J.
Bacteriol. 182 (2000) 5262-5266.

[13] C. Chatterjee, L.M. Miller, Y.L. Leung, et al, Lacticin 481 synthetase
phosphorylates its substrate during lantibiotic production, J. Am. Chem. Soc.
127 (2005) 15332-15333.

[14] Y.O. You, W.A. van der Donk, Mechanistic investigations of the dehydration
reaction of lacticin 481 synthetase using site-directed mutagenesis,
Biochemistry 46 (2007) 5991-6000.

[15] G.N. Thibodeaux, W.A. van der Donk, An engineered lantipeptide synthetase
serves as a general leader peptide-dependent kinase, Chem. Commun. (Camb.)
48 (2012) 10615-10617.

[16] J. Nagao, Y. Aso, T. Sashihara, et al., Localization and interaction of the
biosynthetic proteins for the lantibiotic, Nukacin ISK-1, Biosci. Biotechnol.
Biochem. 69 (2005) 1341-1347.

[17] H. Xiao, X. Chen, M. Chen, et al., Bovicin H]50, a novel lantibiotic produced by
Streptococcus bovis HJ50, Microbiology 150 (2004) 103-108.

[18] J. Zhang, Y. Feng, K. Teng, et al., Type All lantibiotic bovicin HJ50 with a rare
disulfide bond: structure, structure-activity relationships and mode of action,
Biochem. J. (2014).

[19] G. Liu, J. Zhong, ]. Ni, et al., Characteristics of the bovicin HJ50 gene cluster in
Streptococcus bovis HJ50, Microbiology 155 (2009) 584-593.

[20] Y. Lin, K. Teng, L. Huan, et al., Dissection of the bridging pattern of bovicin
HJ50, a lantibiotic containing a characteristic disulfide bridge, Microbiol. Res.
166 (2011) 146-154.

[21] J. Sambrook, D.W. Russell, Molecular Cloning: A Laboratory Manual, third ed.,
Cold Spring Harbor Laboratory Press, New York, 2001.

[22] J. Chiu, P.E. March, R. Lee, et al., Site-directed, ligase-independent mutagenesis
(SLIM): a single-tube methodology approaching 100% efficiency in 4 h, Nucleic
Acids Res. 32 (2004) e174.

[23] Y. Goto, B.Li,]. Claesen, et al., Discovery of unique lanthionine synthetases reveals
new mechanistic and evolutionary insights, PLoS Biol. 8 (2010) e1000339.

[24] K. Meindl, T. Schmiederer, K. Schneider, et al., Labyrinthopeptins: a new class
of carbacyclic lantibiotics, Angew. Chem. Int. Ed. Engl. 49 (2010) 1151-1154.

[25] R. Khusainov, R. Heils, J. Lubelski, et al., Determining sites of interaction
between prenisin and its modification enzymes NisB and NisC, Mol. Microbiol.
82 (2011) 706-718.

[26] A. Abts, M. Montalban-Lopez, O.P. Kuipers, et al., NisC binds the FxLx motif of
the nisin leader peptide, Biochemistry (2013).

[27] A. Mavaro, A. Abts, P.J. Bakkes, et al., Substrate recognition and specificity of
the NisB protein, the lantibiotic dehydratase involved in nisin biosynthesis, J.
Biol. Chem. 286 (2011) 30552-30560.

[28] W.M. Muller, P. Ensle, B. Krawczyk, et al., Leader peptide-directed processing
of labyrinthopeptin A2 precursor peptide by the modifying enzyme LabKC,
Biochemistry 50 (2011) 8362-8373.

[29] G.C. Patton, M. Paul, L.E. Cooper, et al., The importance of the leader sequence
for directing lanthionine formation in lacticin 481, Biochemistry 47 (2008)
7342-7351.

[30] J. Nagao, Y. Morinaga, M.R. Islam, et al., Mapping and identification of the
region and secondary structure required for the maturation of the nukacin ISK-
1 prepeptide, Peptides 30 (2009) 1412-1420.


http://refhub.elsevier.com/S0006-291X(14)01203-0/h0005
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0005
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0020
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0020
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0020
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0025
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0025
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0030
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0030
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0030
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0045
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0045
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0050
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0050
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0075
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0075
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0075
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0085
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0085
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0090
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0090
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0090
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0095
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0095
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0100
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0100
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0100
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0105
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0105
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0105
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0110
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0110
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0110
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0110
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0115
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0115
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0120
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0120
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0125
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0125
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0125
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0130
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0130
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0135
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0135
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0135
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0140
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0140
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0140
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0145
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0145
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0145
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0150
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0150
http://refhub.elsevier.com/S0006-291X(14)01203-0/h0150

	Dissecting the catalytic and substrate binding activity of a class II lanthipeptide synthetase BovM
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and growth conditions
	2.2 Molecular biology protocols
	2.3 Construction of plasmids
	2.4 Over-expression and purification of proteins
	2.5 Activity assays of BovM mutants to BovA by MALDI-TOF MS
	2.6 Affinity measurement of BovM derivatives and BovA by surface plasmon resonance (SPR)

	3 Results
	3.1 in vitro modification of BovA by BovM
	3.2 Generation of conserved residue substitution mutants of BovM and their dehydration activity assays
	3.3 Key residues of BovM responsible for the elimination of phosphates
	3.4 Key residues of BovM involved in dehydration function
	3.5 Conserved residues of BovM contributing to substrate binding

	4 Discussion
	Acknowledgment
	References


