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Abstract

Lantibiotics are post-translationally modified peptide antimicrobial agents that are synthesized with
an N-terminal leader sequence and a C-terminal propeptide. Their maturation involves enzymatic
dehydration of Ser and Thr residues in the precursor peptide to generate unsaturated amino acids,
which react intramolecularly with nearby cysteines to form cyclic thioethers termed lanthionines and
methyllanthionines. The role of the leader peptide in lantibiotic biosynthesis has been subject to much
speculation. In this study, mutations of conserved residues in the leader sequence of the precursor
peptide for lacticin 481 (LctA) did not inhibit dehydration and cyclization by lacticin 481 synthetase
(LctM) showing that not one specific residue is essential for these transformations. These amino
acids may therefore be conserved in the leader sequence of class I1 lantibiotics to direct other
biosynthetic events, such as proteolysis of the leader peptide or transport of the active compound
outside the cell. However, introduction of Pro residues into the leader peptide strongly affected the
efficiency of dehydration, consistent with recognition of the secondary structure of the leader peptide
by the synthetase. Furthermore, the presence of a hydrophobic residue at the position of Leu-7 appears
important for activity. Based on the data in this work and previous studies, a model for the interaction
of LctM with LctA is proposed. The current study also showcases the ability to prepare other
lantibiotics in the class Il lacticin 481 family, including nukacin ISK-1, mutacin 11, and ruminococcin
A using the lacticin 481 synthetase. Surprisingly, a conserved Glu located in a ring that appears
conserved in many class Il lantibiotics, including those not belonging to the lacticin 481 subgroup,
is not essential for antimicrobial activity of lacticin 481.
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The problem of multi-drug resistant bacteria has become increasingly apparent in recent years,
with several strains posing the threat of becoming immune against all commercially available
antibiotics (1,2). Itis evident that in order to prevent potential epidemic outbreaks of infectious
diseases, a renewed focus on antibiotic research is highly desired, including the understanding
of biosynthetic pathways of natural product antibiotics (3). In this regard, the lantibiotics family
of antimicrobial peptides has shown promising properties (4). Nisin, the most studied
lantibiotic to date, is produced by Lactococcus lactis and has been used commercially as a
preservative in the food industry for over 40 years due to its potent antibacterial properties and
non-toxicity to humans (5). The high efficacy of nisin (nM MICs against many Gram-positive
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bacteria) has been attributed to its dual modes of action: highly efficient formation of pores in
the membrane and inhibition of incorporation of lipid 11, a membrane-anchored cell wall
precursor, into the peptidoglycan (6,7).

Lantibiotics are a group of peptide antimicrobial agents that are ribosomally synthesized as
precursor peptides containing two distinct regions, an N-terminal leader sequence and a C-
terminal propeptide (8). Maturation of the propeptide region of these prepeptides results in a
family of antibiotics with varying structure, size, and biological activity (4,8,9). In the first step
of post-translational modification, specific threonine and serine residues undergo dehydration
to generate the unsaturated amino acids 2,3-dehydrobutyrine (Dhb) and 2,3-dehydroalanine
(Dha). Subsequently, intramolecular Michael-type addition of nearby cysteines to the Dha and
Dhb residues form cyclic thioethers termed lanthionine and methyllanthionine (Figure 1A).
Two distinct enzymes, a LanB dehydratase and a LanC cyclase, catalyze these processes for
class I lantibiotics (eg nisin) while a bifunctional LanM protein performs both reactions for
class Il members (eg lacticin 481, Figure 1B) (10). The final step of lantibiotic biosynthesis
involves proteolytic removal of the leader peptide and transportation out of the cell. For class
Il lantibiotics, the leader sequences are removed by the protease domain of an ABC-transporter
LanT, which is also responsible for secreting the mature product (11-13). A better
understanding of the role of the leader peptide in the post-translational modifications is a
prerequisite for efficient efforts to reprogram their biosynthetic pathways.

The substrate specificity of the biosynthetic machinery has been investigated primarily by in
vivo experiments with mutant genes that produced variants in the leader and propeptide of the
precursor peptides (8,14,15). Collectively these studies have shown that the biosynthetic
enzymes for both classes of lantibiotics have high tolerance for amino acid changes in their
prepeptides. However, when such mutants were not processed to mature lantibiotics, it has
been difficult to delineate whether this was the result of incorrect dehydration, cyclization,
proteolytic processing/degradation, secretion, or possibly because of breakdown of the cell’s
self-resistance system when a lantibiotic analog was produced. Three biosynthetic systems,
lacticin 481 (16), haloduracin (17), and nisin (18), have been reconstituted in vitro with purified
enzymes and can be utilized to better understand the sequence requirements for substrate
recognition by the modification enzymes. We dissected the importance of leader peptide
residues for lanthionine formation and proteolysis in vitro, reporting in the accompanying paper
on the effects of mutation of the prepeptide of lacticin 481 with respect to proteolysis by LctT,
and disclosing in this study the effects on dehydration and cyclization by LctM.

Previous studies suggest that at least part of the function of the leader sequence may involve
recognition by the modification enzymes (16,18-20). However, a recent study demonstrated
that the leader sequence of the precursor peptide for lacticin 481 (LctA) is not required for
post-translational modification by the bifunctional dehydratase/cyclase LctM but greatly
increases the efficiency of modification (21). The current study shows that point mutations of
conserved residues of the LctA leader sequence do not impair either catalytic function of the
protein, but can result in decreased efficiency of both processes, thereby singling out important
residues in the leader peptide. In a different set of experiments probing the importance of the
leader peptide, LctM is shown to process chimeras of the LctA leader peptide and propeptides
from other members of the lacticin 481 subgroup of lantibiotics including NukA (nukacin
ISK-1), MutA (mutacin I1), and RumA (ruminococcin A). Surprisingly, mutagenesis of the
glutamate that is conserved in the A-ring of the lacticin 481 subgroup and in the B-ring of
mersacidin showed that it is not essential for antimicrobial activity of lacticin 481.
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MATERIALS AND METHODS

Primers for construction of LctA mutants as well as general methods for expression and
purification of peptides are detailed in the Supporting Information.

Construction of pET15b LctNukA expression system

To install the C-terminal mutations, the partial IctA gene was amplified using the primers
LctNukAL FP (5'-TCTCATGACTGTCACATGAATAGCTTCCAATTT-3') and T7
terminator (5-GCTAGTTATTGCTCAGCGG-3") with plasmid pET15b-LctA as the template.
The generated mega primer was subsequently used as the terminator primer with the long T7
promoter primer (5-CGCGAAATTAATACGACTCACTATAGGGGAATTGTGAG-3') to
yield the full IctA gene. The PCR product was digested with Ndel and BamHI restriction
enzymes then ligated into the pET15b vector. DNA sequencing revealed the three desired
mutations in the C-terminal portion of the propeptide. This plasmid was termed pET15b LctA
E13D/N15H/W19F. The partial IctnukA gene was then amplified using the primers LctNukA2
FP (5-GCAAAAAAAAAAAGTGGAGTTATTCCGACAGTTTCTCAT-3) and T7
terminator with plasmid pET15b-LctA E13D/N15H/W19F as the template. The generated
mega primer was subsequently used as the terminator primer with the long T7 promoter primer
to yield the full IctnukA gene. The PCR product was digested with Ndel and BamHI restriction
enzymes then ligated into the pET15b vector.

Construction of pET15b NukA expression system

Oligonucleotides corresponding to the full sequence of the NukA leader region were designed,
annealed and used as template DNA. The leader sequence of NukA was amplified using a
forward primer containing the Ndel restriction site (5'-
AGGAATTCCATATGGAAAACTCTAAAGTTATG-3') followed by 18 bases of NukA
leader and a reverse primer consisting of the last 18 bases of the NukA leader sequence followed
by the first 18 bases of the NukA propeptide. (3'-
AACTCCACTTTTTTTTTTAGCACCCAGAACTTCGTT-5’). This generated a piece of
DNA that coded for the NukA leader and a truncated portion of the NukA propeptide. The
NukA propeptide was amplified by employing pET15b LctNukA as template DNA. A forward
primer consisting of the last 18 bases of the NukA leader sequence as well as the first 18 bases
of the NukA propeptide (5-AACGAAGTTCTGGGTGCTAAAAAAAAAAGTGGAGTT-3)
and a reverse primer complimentary to the C-terminal portion of the propeptide of NukA
flanked by the BamHI recognition site (5'-
TAGCAGCCGGATCCTTAAGAGCAGCAAGTAAA-3') amplified the propeptide. With
these two pieces in hand, a subsequent PCR reaction was performed where the two pieces
primed to each other at the leader-structural interface and the outside primers containing the
restriction sites for the endonucleases were employed for amplification. The product was
digested with Ndel and BamHI and ligated into the pET15b vector.

Construction of pET15b LctMutA, LctRumA, and MutLctA expression systems

Generation of the LctMutA, LctRumA, and MutLctA peptides was undertaken in a similar
manor to the generation of NukA. Oligonucleotides corresponding to the full sequence of the
MutA propeptide or RumA propeptide were designed. PCR was conducted on these synthetic
oligos as well as the pET15b LctA template for chimera generation. The MutLctA construct
was generated by amplifying the MutA leader sequence off genomic DNA isolated from
Streptococcus mutans T8 and the LctA propeptide off pET15b LctA. With overlapping
fragments in hand, a subsequent PCR reaction was performed such that the two pieces primed
to each other at the leader-structural interface. Outside primers were employed for
amplification. Digested fragments were ligated into the pET15b vector between Xhol and
BamHI. See the Supporting Information for further clarification.
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Processivity Assay

The LctA peptide (0.5 uM) was incubated in 1 mL of 50 mM Tris-HCI, pH 7.5, containing 10
mM MgCly, 25 pg/mL BSA, 2.5 mM ATP, 5 mM TCEP (Fluka) and Hisg-LctM (1 nM) at 25
°C. At0, 30, 60, and 90 min, 200 pL of the assay was removed and quenched with 40 pL of 5
% TFA. The aliquot was lyophilized and resuspended in 10 pL of H,O. The assays were
analyzed by MALDI-TOF MS after preparing samples utilizing Millipore 10 uL C18 tips and
eluting with 4 pL of a saturated solution of a-hydroxyl cinnamic acid dissolved in ACN:H,0
(1:1) in 0.5 % TFA. The entire sample was applied to the MALDI target and analyzed.

General Methods for p-Hydroxymercuribenzoic Acid (PHMB) Assays

Results

Assays of Hisg-LCctNUKA, Hisg-LctMutA, Hisg-LctRumA, or Hisg-NukA with wt LctM or
LctM C781A/C836A were carried out as described above except on a 50 uL scale with 26
uM substrate and 1.7 uM enzyme. A 5 uL aliquot of the assay was removed after mixing prior
to enzyme addition, acidified with 2 uL of 5 % TFA and was concentrated to dryness. The
reactions were incubated with enzyme at room temperature for 3-4 h. Two 5 uL aliquots were
removed and both were acidified with 2 uL of 5% TFA. One aliquot was zip tipped as described
previously to confirm dehydration by MALDI-TOF MS and the second was concentrated to
dryness. To the dry 0 and 3 h time point aliquots was added 10 puL of 10 mM TCEP and 4 M
guanidine hydrochloride. Subsequently, 10 uL of 10 mM PHMB was added, incubated at 25
°C for 1 h and checked for thiol modification by zip tipping and eluting in 4 uL of a-hydroxyl
cinnamic acid to run MALDI-TOF MS as detailed above.

Site-Directed Mutants of Conserved Residues in the LctA Leader Sequence

While the leader sequence is not absolutely required for the LctA propeptide to undergo post-
translational modification by LctM in vitro, it provides imperative binding affinity for efficient
processing (21). An examination of class Il lantibiotic leader peptides reveals a sequence of
conserved residues that may be responsible for recognition by their synthetases (Figure 2).
These amino acids may provide a secondary structure that is adopted in the presence of LctM,
as the use of structure prediction tools expect the C-terminal portion of the leader peptide to
be alpha helical (nnPredict (22), residues -17 to -4; GOR4 (23), residues -16 to -4; SSPro
(24), residues -18 to -12 and -10 to -3).

The helix breaking residues Pro and Gly (25) were introduced at positions -8, -6, -5 and -4 to
assess whether LctM might require an a-helical structure for substrate binding. All six
constructs generated (E-8P, D-6P, D-6G, L-5P, I-4P, and 1-4G) were successfully expressed
in E. coli and purified (Table 1). In addition, a series of mutants was made of strictly or strongly
conserved residues (E-13A, E-8A, L-7E, L-7A, L-7K and L-5Q) to examine the importance
of side chain functionality for processing by LctM. The purified LctA mutants were subjected
to LctM in the presence of ATP and Mg2*. Interestingly, all mutants in Table 1 were substrates
for LctM as demonstrated by the loss of water molecules in the assay products by MALDI-
TOF MS (Figure S1). Unfortunately, efforts to obtain reliable kinetic parameters have been
hampered by the very low solubility of the Hisg-LctA peptide (~ 1.3 uM) as reported previously
(26,27). Qualitatively, most mutant substrates were processed by LctM with similar
efficiencies as wild type LctA as exemplified for E-8A in Figure 3A. Like wt LctA, these
mutants did not demonstrate significant build-up of intermediates and showed mostly products
of fourfold dehydration even after only partial conversion of the substrate at early time points
(Figure S1). Upon longer incubation, all substrate was converted to fourfold dehydrated
products. On the other hand, incubation of LctM with five mutants of LctA (E-8P, L-7E, L-7K,
D-6P, and I-4P) resulted in the observation of significant amounts of incompletely dehydrated
products (eg L-7E in Figure 3B). These mutants could not be converted completely to fourfold
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dehydrated products upon long incubation times. For a complete set of mass spectra, see the
Supporting Information.

Cyclization Activity with LctA Leader Peptide Mutants

Assessment of correct cyclization activity is more challenging since the cyclized and non-
cyclized products have identical masses. The most stringent method to investigate correct
cyclization is the use of antimicrobial assays because the thioether rings in lacticin 481 are
crucial for its antimicrobial activity (28). Hence, the products of LctM action on a selection of
the LctA mutants were subjected to proteolytic removal of the leader peptide with the
commercial protease Lys-C (16) and analyzed for antimicrobial activity against the reporter
strain Lactococcus lactis CNRZ 117. Only the L-7K mutant failed to show a clear zone of
growth inhibition indicating that correct cyclization activity was not abolished for all other
mutants tested (Table 1). However, bioactivity for two other substrates that displayed
inefficient dehydration (E-8P and L-7E) was weaker than other point mutants. Whereas the
qualitative bioassays can be used to assess whether cyclization occurred correctly, these
experiments do not report on any uncyclized material if the mutations resulted in reduced
cyclization efficiency. To assess the extent of cyclization of a subset of the LctA mutants, the
thiol specific modification agent p-hydroxymercuribenzoic acid (PHMB) was used due to its
large mass shift of 320 Da upon aryl mercury adduct formation with free cysteines (26,29).
Such adducts would report on incomplete cyclization. LctM-processed LctA point mutants
were lyophilized and treated with 4 M guanidine HCI and 10 mM TCEP to disrupt any
secondary structure and reduce disulfide bonds. After incubation with PHMB, adduct
formation was assessed by MALDI-TOF MS. No peaks corresponding to the loss of four water
molecules and a mercury adduct were observed for E-8A, D-6P, and 1-4P suggesting they
underwent complete cyclization. To confirm that cyclization was catalyzed by LctM, these
mutants were treated with a cyclization deficient mutant, LctM-C781A/C836A (26), followed
by incubation with PHMB. Arylmercury adduct formation was observed for dehydrated
material for all assay products further confirming that wild type LctM catalyzed complete
cyclization of E-8A, D-6P, A-1D, and I-4P (Figure S2). On the other hand, substantial adduct
formation for dehydrated peptides was observed for the LctM-proceesed products of E-8P,
L-7E and L-7K. These findings therefore demonstrate that introducing polar amino acids for
hydrophobic Leu-7 drastically affects not only dehydration but also cyclization. Furthermore,
for cyclization position -8 is more sensitive with respect to introduction of a Pro than positions
-4 and -6.

Mutants of the Double Gly Motif

The leader sequence of the class 11 lantibiotics ends in the double-glycine motif, which typically
consists of either two consecutive Gly residues or a GlyAla sequence (Figure 2) (8,11). To
probe the importance of this motif for LctM processing, the mutants G-2V, G-2K, G-2E, A-11,
A-1K, A-1D, and A-1G were generated. Treatment of these mutant peptides with LctM under
the same conditions as described previously resulted in four dehydrations for all analogs
(Figure S1). Proteolytic removal of the leader sequences with Lys-C resulted in antimicrobial
activity indicating that ring formation had also taken place (Table 1).

Processivity of LctM—The observation of only fourfold dehydrated LctA and no partially
dehydrated products even at early time points when the substrate is not completely consumed
has been interpreted previously as an example of processive enzyme catalysis (30). On the
other hand, partially dehydrated intermediates were observed when the leader peptide and
prepeptide were incubated with LctM in trans. These findings suggested that the leader peptide
keeps the substrate bound to the enzyme between subsequent dehydration events. During this
study on LctA mutants, an alternative explanation for these observations was considered. Given
the poor solubility of the substrate, if substrate deaggregation is slow in comparison to
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dehydration activity, then incompletely dehydrated intermediates would not be observable

either. To test this hypothesis, an experiment with low substrate (0.5 uM) and enzyme (1 nM)
concentrations was performed in a relatively large volume to allow analysis by MALDI-MS.
Intermediate dehydration products were observed under these conditions (Figure 4) suggesting
the previously observed processivity of LctM may be a consequence of peptide aggregation.

Chimera of the LctA Leader Peptide and the NukA Propeptide

Nukacin ISK-1 is a class Il lantibiotic produced by the Gram-positive bacterial strain
Staphylococcus warneri ISK-1. It is classified in the lacticin 481 subgroup of lantibiotics
(14). The peptide sequences of LctA and NukA have seven amino acid differences in their
propeptides (74% identity), but lower sequence identity in the leader peptides with the
conservation concentrated in the C-terminal half of the leader peptide (residues -13 to -1 have
61% identity, Figure 2). The similarity in the propeptide includes identical positions of the Ser/
Thrand Cys residues resulting in identical topologies of the ring systems of the two lantibiotics.
Given the significant similarity between these two prepeptides, a chimeric peptide was
constructed consisting of the LctA leader peptide and NukA propeptide (LctNukA) in an
attempt to use LctM for the preparation of nukacin ISK-1.

The Hisg-LctNukA peptide was generated through a series of PCR experiments (Materials &
Methods). The peptide was heterologously expressed in E. coli, and purified under denaturing
conditions. Incubation of LctNukA with LctM resulted in complete conversion of starting
material to a four-fold dehydrated peptide as analyzed by MALDI-MS (Figure 5A). To examine
the ability of LctM to catalyze cyclization of this chimeric substrate and generate nukacin
ISK-1, PHMB was again used. Incubation of unmodified LctNukA with PHMB resulted in
near quantitative derivatization. LctM-processed LctNukA was lyophilized and treated with 4
M guanidine HCI, 10 mM TCEP, and PHMB for 1 h at room temperature. Adduct formation
was assessed by MALDI-TOF MS. No peaks corresponding to mercury adducts were observed
(Figure 5B) suggesting cyclization had taken place to generate nukacin ISK-1. Treatment of
LctNukA with a cyclization deficient mutant, LctM-C781A/C836A (26), followed by
incubation with PHMB resulted in arylmercury adduct formation for fully dehydrated material
(Figure 5C), confirming that wild type LctM catalyzed complete cyclization of this chimeric
substrate.

Chimera of the LctA Leader Peptide with the MutA or RumA Propeptides

Mutacin 1, produced by Streptococcus mutans T8, and ruminococcin A, produced by
Ruminococcus gnavus, were chosen to examine the general utility of LctM to generate other
class I lantibiotics of the lacticin 481 subgroup. Ruminococcin A is isolated from human fecal
matter and has yet to be structurally characterized (31). The peptide sequences of LctA and
RumA have only 5 amino acid differences in their propeptides whereas LctA and MutA have
11 variations. The number of amino acids between the Ser/Thr and Cys residues involved in
cyclization are identical, but the distances to the leader peptide are quite different in the
prepeptides (Figure 2). Furthermore, in ruminoccocin A, the formation of the putative C ring
results in a methyllanthionine instead of a lanthionine in lacticin 481. LctM has already been
shown to be tolerant of such changes (28). Treatment of both LctRumA and LctMutA with
LctM resulted in four dehydrations and analogous analysis for cyclization as described above
for nukacin ISK-1 demonstrated that the chimeras were also cyclized (Figures S3 and S4).

Using the MutA leader sequence to generate lacticin 481

The broad substrate specificity of LctM raised the question whether other lantibiotic leader
peptides could be appended to the LctA propeptide and promote full processing by LctM. The
MutA leader was chosen to replace the LctA leader sequence. This MutLctA chimeric substrate
was treated with LctM and reaction progress was monitored by MALDI-MS demonstrating

Biochemistry. Author manuscript; available in PMC 2009 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Patton et al.

Page 7

four dehydrations. Furthermore, like wild type LctA, this peptide conveniently containsa lysine
residue at position 1 that was used to remove the leader peptide with endoprotease Lys-C.
Treatment of L. lactis 117 with the fully processed and leaderless compound resulted in a zone
of growth inhibition, demonstrating that the presence of the MutA leader sequence does not
impede the cyclization ability of LctM.

Processing of NukA by lacticin 481 synthetase

The gene encoding the precursor peptide of nukacin ISK-1, NukA, was generated via splicing
by overlap extension PCR, expressed in E. coli as a Hisg-tagged peptide, and purified. The
peptide was treated with LctM and loss of four water molecules was observed by MALDI-MS
(Figure S5A). Removal of the leader peptide and the first three-lysine residues of nukacin
ISK-1 using endoprotease Lys-C generated a compound with weak antimicrobial activity
against L. lactis 117 (Figure S5B).

The Importance of Glul3 for Lacticin 481 Activity—The mode of action of lacticin 481
is currently unknown. The sequence of its A-ring resembles the C-ring of mersacidin (Figure
6), with the glutamate in this ring being crucial for the antimicrobial properties of the latter
(32). In fact, this ring is also conserved in plantaricin C and the a peptides of two-component
lantibiotics (Figure 6) (33,34). The similarities in these ring structures has led to speculation
that the conserved glutamate (E13) in the A-ring of the lacticin 481 subgroup may be similarly
important for activity (9,28,33). To address the importance of this glutamate in lacticin 481,
the point mutation E13A was constructed in LctA. Treatment of this mutant with LctM under
standard assay conditions resulted in a loss of four waters observed by MALDI-TOF MS
(Figure S6A). Removal of the leader peptide by proteolysis with Lys-C and application of the
processed compound against a lacticin 481 sensitive bacterial strain resulted in a zone of growth
inhibition (Figure S6B).

DISCUSSION

Lantibiotic leader peptides range in length from 23 to 59 amino acids and seem to assist in
several processes of lantibiotic biosynthesis. Since the modified propeptide shows no antibiotic
activity as long as the leader sequence is attached, the leader peptide keeps the lantibiotic
inactive inside the cell, thereby protecting the producing bacterial strain (16,18,35). In addition,
the leader peptides appear to be important for molecular recognition by the lanthionine
incorporation machinery (16,18-21,36), by transporter systems that carry the lantibiotic across
the cell membrane (37,38), and by proteases that remove the leader peptide (13,35,39). It should
be emphasized that the segment of the precursor peptides termed the leader peptide is defined
by the protease cleavage site, but that it is currently not known whether it is also this segment
that is recognized by biosynthetic enzymes that precede the proteolytic processing step.
Similarly, which specific residues in the leader peptide are responsible for constructive
interactions with any of the biosynthetic enzymes is still not understood. To date, the sequence
requirement of class 1 lantibiotic leader peptides has only been investigated in vivo. Mutation
of the conserved double-glycine motif abolished production of mutacin 11 and resulted in
accumulation of dehydrated premutacin in the cell membrane (39). Whether cyclization had
also occurred was not determined. These observations suggested that mutacin Il production
was disrupted due to the inability of the protease to remove the leader sequence of modified
MutA. This hypothesis is corroborated by the in vitro data in this work on mutants of the double-
glycine motif that were fully dehydrated and cyclized, and by findings in the accompanying
paper that proteolysis by the protease domain of LctT was inhibited by mutations in this motif
(13).
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Of the remaining MutA leader peptide mutations generated in vivo only L-7K fully disrupted
mutacin 11 biosynthesis, but it could not be determined what step(s) in the overall maturation
process had been perturbed (39). The results of the current study suggest that mutacin |1
production was abolished due to decreased efficiency of dehydration as a result of the
incorporation of charge at the Leu-7 position since both L-7E and L-7K mutations in LctA
strongly perturbed lacticin 481 synthetase activity (Figures 3B) whereas the L-7A mutant was
a better substrate (Figure S1C). The L-7E and L-7K mutants also showed poor cyclization
activity as demonstrated by the presence of free thiols in the assay products. Collectively, the
MutA leader peptide findings are consistent with the ability of LctM to tolerate almost all point
mutations generated in this study, including residues that are fully conserved among class Il
lantibiotic peptides (Table 1). These findings then pose the conundrum that with the exception
of Leu-7 no residues appear to be critically important for activity yet removing the leader
peptide altogether strongly affects the efficiency of dehydration (21). The fact that no single
mutation alone completely abolished LctM activity suggest that multiple residues are required
for binding and raised the possibility that LctM recognizes a secondary structure of the leader
peptide.

Circular dichroism experiments on the leader peptides for nisin, subtilin, pep5, epidermin, and
gallidermin indicate they adopt an a-helical structure in solutions containing trifluoroethanol
(40). Indeed, current structure prediction tools all anticipate helical character for certain
stretches of amino acids in the leader peptides, although this has never been demonstrated in
aqueous buffer and could also not be confirmed in this study for LctA. Nevertheless, it is
possible that LctM induces or captures a helical conformation of its substrate. The importance
of a helical conformation for dehydration is supported by the E-8P, D-6P, L-5P, and I-4P
mutations that strongly decrease the efficiency of dehydration by LctM. These mutations are
in regions that are predicted to be helical by all three bioinformatics tools used. Although the
observations with the proline mutants do not unequivocally demonstrate that LctM recognizes
a helical conformation of the leader peptide, taken together with the results with the other
mutants they are fully consistent with disruption of secondary structure. Interestingly, proline
mutations at positions -4, -5, and -6 did not seem to perturb cyclization activity to nearly the
same extent as the dehydration activity with only the E-8P mutant showing incomplete
cyclization in this set. It should be noted that it is not known whether the binding site for the
leader peptide is shared between the dehydration and cyclization activities in the bifunctional
LanM proteins. The stand-alone cyclase NisC requires the leader peptide and functions in the
absence of the NisB dehydratase suggesting the cyclase has an independent leader peptide
binding site (18).

Our current hypothesis for the role of the leader peptide in dehydratase activity is shown in
Figure 7 and is based on the results in this study and that of previous reports. LctM is proposed
to recognize a certain secondary structure, possibly helical, adopted by the C-terminal segment
of the leader peptide. Leader peptide binding then brings the propeptide in close proximity to
the active site for dehydration resulting in highly promiscuous dehydration. Ser/Thr residues
that are too close to the leader peptide are not dehydrated in the propeptide as they cannot reach
into the active site, consistent with previous experimental results (28). Leader peptide binding
also results in overall increased efficiency of dehydration because a leaderless substrate is
processed much slower than the full length prepeptide (21). However, the observation that the
prepeptide without the leader is a substrate demonstrates that the leader peptide is not required
for dehydration (21). Therefore, we do not favor a model in which the leader peptide induces
acompulsory conformational change to convert inactive LctM to an active dehydratase (Figure
7, pathway B), but rather a mechanism in which the leader stabilizes an active form of LctM
that is present as a minor species (pathway A). Figure 7 depicts leader peptide binding as a
static event, but a related mechanism in which the leader peptide slides along a binding surface
with LctM cannot be ruled out. Furthermore, at present we have insufficient kinetic data to
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unequivocally determine whether leader peptide binding also contributes energetically to
enzymatic catalysis. The use of binding energy of a substrate at non-reactive positions for
enzymatic rate acceleration has been discussed previously (41,42) and has recently received
renewed attention (43,44). The strongly diminished activity with the proline mutants of LctA
is consistent with leader peptide binding contributing to catalysis. Similarly the observed higher
dehydration activity when the leader peptide is added in trans compared to when only the
prepeptide is incubated with LctM is consistent with the leader peptide playing a direct role in
rate acceleration. However, both observations can also be explained by a shift in the equilibrium
between active and inactive enzyme upon leader peptide binding. In the absence of the leader
peptide, this equilibrium will not be shifted toward the active conformation explaining the
greatly reduced activity in the absence of the leader peptide. Similarly, the observed reduced
activity of some of the proline mutants of LctA can be accounted for by a much reduced affinity
of the leader peptide for the enzyme, which would also result in a smaller fraction of active
enzyme. Finally, the presence of dehydrated intermediates observed by MALDI for LctM under
conditions to limit substrate aggregation suggests that LctM is not processive, in contrast to
previous interpretations of the data (30).

The observed activity of LctM with LctNukA, LctMutA, and LctRumA displays the
promiscuous nature of this modification enzyme. These peptides contain between five and
eleven mutations in the prepeptide compared to LctA, but did not affect LctM dehydration
activity. These findings with class Il substrates are reminiscent of in vivo experiments
conducted on the class I lantibiotics nisin and subtilin (45). The activity of LctM on a chimeric
substrate containing the leader peptide of another lantibiotic (MutLctA) also demonstrates the
overall promiscuous nature of the substrate recognition. Again, these in vitro results with class
Il lantibiotics parallel in vivo data reported for class | family members as a chimera of the leader
sequence of subtilin and the propeptide of nisin was processed in the nisin producer L. lactis
(46). However, the ability of LctM to process the NukA substrate highlights one of the
advantages of in vitro studies because a recent study reported that LctM could not complement
a NukM deficient strain in vivo. It was suggested that this observation resulted from the
incapability of LctM to process NukA due to the low sequence identity (42%) between LctM
and NukM (47), but our results suggest that the observed lack of nukacin ISK-1 production
may more likely result from perturbed protein-protein interactions in a lantibiotic synthetase
complex or incorrect folding of LctM. We attribute the weak antimicrobial activity observed
against L. lactis 117 for processed NukA to the removal of the first three N-terminal lysine
residues after treatment with Lys-C. It was previously shown that removal of these lysines
resulted in a 32-fold decrease in antimicrobial activity against several Gram positive strains
(48).

Mersacidin (49), plantaricin C (34), and the a peptide of the two component lantibiotic lacticin
3147 (33), which is structurally similar to haloduracin a, all have lipid 11 as their biological
target. For mersacidin (32) and haloduracin (Cooper, L.E., van der Donk, W.A. unpublished
results) the conserved Glu highlighted in Figure 6 is critically important for biological activity.
The unexpected finding that this Glu in the A-ring of lacticin 481 is not required for
antimicrobial activity suggests that lacticin 481 has either a different target or recognizes lipid
Il by a different molecular mechanism.

In summary, the results presented here provide support for the recognition of a secondary

structure in the C-terminal region of the leader peptide of LctA by lacticin 481 synthetase rather
than specific residues. The only specific requirement for efficient dehydration appears to be a
hydrophobic residue at position -7. Decreased dehydratase activity of helix-disrupting mutants
was also observed. Binding studies are required to further illuminate substrate recognition by
lantibiotic synthetases, but these have been hampered so far by the poor solubility of the LctA
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peptide. The higher solubility of the HalA2 substrate for the haloduracin synthetase HalM?2
shows promise to extend the current findings and provide quantitative binding data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Dehydroalanine (Dha) and dehydrobutyrine (Dhb) formation during lantibiotic
biosynthesis arises from the dehydration of serine and threonine residues, respectively.
Cysteine addition to the unsaturated amino acids generates the thioether crosslinks. (B) Lacticin
481 biosynthesis catalyzed by lacticin 481 synthetase (LctM). The enzyme dehydrates specific
serine and threonine residues of the substrate LctA and subsequently catalyzes cysteine
addition to the dehydrated amino acids, generating two lanthionines and one methyllanthionine.
The dual cysteine protease and ABC transport protein LctT is responsible for leader peptide
removal and transport of the mature lantibiotic out of the cell.
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Class II lantibiotics leader peptide ¢ propeptide
-20 -10 -1

Lacticin 481 MKEQNSFNLLQEVTESELDLILGA KGGSGVIHp§IEHECNM
Nukacin ISK-1 MENSKVMKDIEVANLLEEVQEDELNEVLGA KKKSGVIP HDCHM
Mutacin II MNKLNSNAVVSLNEVSDSELDTILGG NRWWQGVVP YECRM
Ruminococcin A MRNDVLTLTNPMEEKELEQILGG GNGVLKpyIEHECNM
Variacin MTNAFQALDEVTDAELDAILGG GSGVIPWISHECHM
Butyrivibriocin OR79 MNKELNALTNPIDEKELEQILGG GNGVIKiyIFHECHM

Figure 2.

WQFVE@CCS
FQFVF@CCS
WQHVFCC
WQFLFCC
FQFVEmCCS
WQFIFECCS

Alignment of class Il lantibiotic sequences. Highly conserved sequences in the leader peptide
are highlighted in yellow. Ser/Thr that undergo dehydration are highlighted in blue while Cys
that undergo cyclization are labeled in red. The conserved negatively charged residue (Glu/
Asp) that has been suggested to be important for antimicrobial activity is labeled in blue font.
The arrow denotes the proteolytic cleavage site at which the leader peptide is removed from

the mature propeptide.
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Figure 3.

Representative MALDI-TOF mass spectra of LctA leader mutants before (dashed line) and
after (solid line) incubation with LctM. Reactions were stopped after 10 min to compare relative
efficiencies of product formation, (A) LctA E-8A, (B) LctA L-7E. The (*) indicates
phosphorylated peptides (50).
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Figure 4.
Processivity of LctM with LctA at low substrate concentration (0.5 uM). MALDI-TOF mass
spectra of LctA taken before (dashed) and 60 min after LctM addition (solid).
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MALDI-TOF mass spectra of (A) LctNukA incubated with LctM (B) LctNukA incubated with
LctM and subsequently PHMB, and (C) LctNukA incubated with the cyclization deficient
synthetase LctM C781A/C836A and subsequently PHMB. The (*) indicates phosphorylated

peptide (50).
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Lacticin 481 Mersacidin

Plantaricin C

Figure 6.
Structures of lantibiotics containing a conserved methyllanthionine ring displayed in red. The
glutamate that is essential for both mersacidin and haloduracin antimicrobial activity is bolded.
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Figure 7.
The proposed role of the leader peptide in LctM activity. The leader peptide is proposed to
shift the equilibrium between inactive and active enzyme towards the latter.
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TABLE 1
Entry Hisg-Substrate Antibiotic Activity Synthetase Ac\t/l\)l_:_t)ya (Relative to
1 wit + ++
2 E-13A + ++
3 E-8P +b -
4 E-8A ND ++
5 L-7E 4P .
6 L-7K - -
7 L-7A ND +
8 D-6G + ++
9 D-6P ND -
10 L-5P ND +
11 L-5Q + ++
12 1-4G + ND
13 1-4P ND -
14 G-2v + ++
15 G-2K + ++
16 G-2E + ND
17 A-11 + ND
18 A-1K + ++
19 A-1D + ND
20 A-1G ND ++

aAII mutants shown in entries 1-20 underwent four dehydrations when incubated for 12 h except for L-7K. The designations +, ++, and - refer to the
following phenotypes of the mutant substrates when monitoring the time-dependence of dehydration by LctM. Mutants that were fully processed to a
four-fold dehydrated product in a similar timespan as wt-LctA are indicated with ++. Mutants that were processed by LctM into a mixture of three- and
fourfold dehydrated peptides in this time span are indicated with +. These mutants can be converted to fourfold dehydrated products upon longer incubation
times. Mutants that were processed to predominantly three-fold dehydrated products without ever going to complete fourfold dehydrated products are
indicated with -. ND, biological activity not determined (column 3) or not investigated in a time-dependent fashion (column 4).

b_. ..
Bioactivity was only observed when at least some fourfold dehydrated product was produced.
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