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ABSTRACT

Mutacin 1140 belongs to the epidermin family of type Al lantibiotics. This family has a broad
spectrum of activity against Gram-positive bacteria. The binding of mutacin 1140 to lipid I
leads to the inhibition of cell wall synthesis. Pharmacokinetic experiments on type Al
lantibiotics are generally discouraging for clinical applications due to their short half-life. The
unprotected dehydrated and protease susceptible residues outside of the lanthionine rings may
play a role in their short half-life in physiological settings. Previous mutagenesis work on
mutacin 1140 has been limited to the lanthionine-forming residues, C-terminal
decarboxylated residue, and single amino acid substitutions in positions Phel, Trp4, Dhab5,
and Argl3. To study the importance of the dehydrated (Dha5 and Dhbl14) and protease
susceptible (Lys2 and Argl3) residues within mutacin 1140 for stability and bioactivity, each
of these residues were evaluated for their impact on production and inhibitory activity. More
than 15 analogs were purified, enabling the direct comparison of the activity against a select
panel of Gram-positive bacteria. The efficiency of the post-translational modification (PTM)
machinery of mutacin 1140 is highly restricted on its substrate. Analogs in the various
intermediate stages of PTMs were observed as minor products following single point
mutations at 2", 5™ 13" and 14™ positions. The combination of alanine substitutions at the
Dha5 and Dhb14 positions abolished mutacin 1140 production, while the production was
restored with the substitutions of a Gly residue at one of these positions. Analogs with

improved activity, productivity and proteolytic stability were identified.
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IMPORTANCE

Our findings show that the efficiency of the mutacin 1140 PTMs is highly dependent on the
core peptide sequence. Analogs in various intermediate stages of PTMs can be transported by
the bacterium, which indicates that PTMs and transport are finely tuned for the native
mutacin 1140 core peptide. Only certain combinations of amino acid substitutions at the
Dha5 and Dhb14 dehydrated residue positions were tolerated. Observation of glutamylated
core peptide analogs show that dehydrations occur in a glutamate dependent manner.
Interestingly, mutations in positions outside of rings A and B, the lipid Il binding domain,
would interfere with lipid Il binding. Purified mutacin 1140 analogs have varying activity and
selectivity against different genera of bacteria, supporting the effort to generate analogs with
higher specificity against pathogenic bacteria. The discovery of analogs with improved
inhibitory activity against pathogenic bacteria, increased protease stability, and higher
product yields, may promote the clinical development of this unique antimicrobial

compound.

INTRODUCTION

Lanthipeptides are a class of lanthionine-containing, ribosomally synthesized and
post-translationally modified peptides (RiPPs), and lanthipeptides with antimicrobial
activities are termed as lantibiotics (1). Lanthionine (Lan) or methyllanthionine (MeLan)
rings are formed by a thioether linkage between a cysteine residue and a dehydrated 2,3-

didehydroalanine (Dha) or 2,3-didehydrobutyrine (Dhb) residue, respectively (2). The Dha
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and Dhb residues are derived from the dehydration of a serine and threonine, respectively.
The biosynthetic gene cluster for type Al lantibiotics contains genes that encode the
lantibiotic peptide lanA, the dehydratase lanB (3-5), the cyclase lanC (3, 6), and the
transporter lanT (7). The mutacin 1140 operon also contains an additional gene lanD, which
encodes a flavoprotein that is responsible for the C-terminal decarboxylation of the core
peptide forming an aminovinyl-cysteine (AviCys) residue (8). The dehydratase of nisin
functions through a tRNA-dependent manner (Figure 1A). The alcohol of the serine or
threonine residues are glutamylated with the help of tRNA®", and subsequently the glutamate
is eliminated to generate the dehydrated residue Dha or Dhb (5, 9). Nisin autoregulates its
own biosynthesis by binding to the transmembrane kinase NisK. The kinase phosphorylates
its intracellular response regulator NisR and is followed by activation of the nis promoter and
translation of the nis operon (10). However, mutR is the first gene in the mutacin 1140
biosynthetic gene cluster (11). There is no report confirming the autoregulation of mutacin
1140 biosynthesis and genes corresponding to niskK have not yet been identified. It has been
suggested that additional uncharacterized regulatory elements other than MutR may play a
major role in the production and regulation of mutacin I and 11 (1214), while little is known

about the production and regulation of mutacin 1140.

Type Al lantibiotics, including the nisin and epidermin family (Figure 1B), generally
possess a broad spectrum of activity against Gram-positive bacteria. Their conserved N-
terminal rings A and B represent the lipid 11 binding motif (Figure 1C), which targets the
pyrophosphate, peptidoglycan MurNAc, and the first isoprene of cell wall precursor lipid Il

(15-18). The complex formed between nisin or mutacin 1140 with lipid Il is extremely tight:
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Microbiology

mutacin or nisin could not competitively compete against each other for lipid 1l once the
lantibiotic/lipid Il complex was formed (19). However, apart from the N-terminal rings, there
is little structural similarity between the two peptides. The C-terminal residue of mutacin
1140 is decarboxylated and is involved in lanthionine ring D formation, while the C-terminal
residues of nisin retains its carboxyl group. C-terminal domain of nisin is much longer than
mutacin, which is believed to be responsible for pore formation activity of nisin (20). Nisin
forms large transmembrane pores on giant unilamellar vesicles (GUVSs), while mutacin 1140
does not (17). Furthermore, mutacin 1140 was not able to permeabilize the cytoplasmic
membrane of a sensitive strain of Streptococcus rattus (19). The lantibiotics epidermin and
gallidermin differ from mutacin 1140 primarily in amino acid composition at the N-terminal
and ring A region of the core peptide, but the peptide backbone length of ring A does not
change. Epidermin was shown to form pores in phosphatidylcholine/cholesterol liposomes
with the addition of 0.1 mol lipid Il, but it was not clear if epidermin could promote leakage
of susceptible bacterial cells (15). Gallidermin did not form pores on the membrane of a
susceptible strain Lactococcus lactis (21). The primary basis for the inhibitory activity of the
epidermin group of lantibiotics is attributed to lipid Il binding and inhibition of cell wall

synthesis.

Extensive mutagenesis work has been done to generate structural variants of nisin
with improved bioactivities and stabilities (22, 23). Chemical modifications have also been
done to improve the stability of nisin by substituting the C-terminus with various lipids to
avoid trypsin digestion, while maintaining its inhibitory activity (24). A mutagenesis study on

Pep5, a member in nisin family, showed that the elimination of dehydrated residues would
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decrease antimicrobial activity (25). Only a few single point mutations have been generated
on epidermin, all of which were shown to have similar or decreased inhibitory activity (26).
Mutagenesis studies on mutacin 1140 have revealed the importance of the lanthionine rings
for bioactivity. Furthermore, amino acid positions Phel, Trp4, Dha5, and Argl3 were
individually modifiable, while a combination variant of Trp4 and Argl3 was inactive (27).
Five mutants had enhanced overall antimicrobial activity against Micrococcus luteus, while
two purified analogs had increased activities against select pathogenic bacteria. However, it
remained unclear if the dehydrated and protease susceptible residues at Lys2, Dha5, Argl3,
and Dhb14 positions are individually or collectively modifiable, and whether analogs at these

positions would have improvements in stability or inhibitory activity.

Type Al lantibiotics generally have nanomolar or submicromolar activities against
Gram-positive bacteria. Nisin has been used as a food preservative for over 50 years without
developing significant resistance (28). However, it has poor pharmacokinetics and is
susceptible to proteolytic degradation and oxidation. Nisin can be inactivated by
chymotrypsin, trypsin and thermolysin (29). Through intravenous injection in a mouse model,
the half-life of nisin was determined to be 0.9 h and nisin was not detectable after 3 h (30).
Similar with nisin, the half-life of mutacin 1140 was determined to be around 1.6 h in a rat
model (31). The reason for the short half-life of nisin and mutacin 1140 has not yet been
elucidated, the Lys and Arg residues may account for enzymatic degradation in vivo, while
dehydrated residues may be susceptible to nucleophiles present in physiological settings.
Furthermore, stability during drug formulation may be an issue due to intermolecular

reactions with nucleophiles that may result in cross-linking, generating multimolecular
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aggregates of the antibiotic (32). Generating analogs that decrease the number of susceptible
residues may improve the half-life of mutacin in pharmacokinetic studies or promote the

stability of mutacin formulations.

In this study, we evaluated the importance of the residues in mutacin 1140 that
potentially could reduce the compounds stability. Until this study, it was not clear if the
dehydrated and protease susceptible residues were essential for the production and inhibitory
activity. Evaluating the production and activity of the analogs provided new insight into the
post-translational modification (PTM) machinery of mutacin 1140. Furthermore, the isolation
of the new mutacin 1140 analogs, provide a better understanding of the structural elements

within the epidermin group of lantibiotics that are important for their inhibitory activity.

RESULTS

Core peptide positions containing charged residues or dehydrated residues were

evaluated for their permissiveness to mutagenesis, as outlined in Figure 2.

Effects of core peptide mutations on product yield.

The product yield of each mutant was determined by comparing the area of the HPLC
fraction of the mutant analog to the area of the wild-type product, as shown in Figure 3 and
Suppl. Figure 1. A ratio greater than 1.0 signifies a higher yield of the mutant analog to the
wild-type product. Most of mutants are able to make quantifiable amount of analogs, with

the exception of the following mutants: S5A:T14S, S5A:T14A, S5T:T14G, S5T:T14A,
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S5E:T14A, WAS:S5A:T14A, SS5AL6S:T14A, S5A:A12S:T14A, S5A:R13S:T13A,

T14A:G15A and R13A:T14A:G15A.

Mutations at Ser5, Thrl4, or a combination of, had a variable effect on production yield
(Figure 3). Substitutions at the Ser5 residue were shown to improve or reduce the yield of
production. A S5G mutation resulted in a 67% increase in the production, while a S5E
mutation increased product yield by 44%. Conversely, the S5T mutation significantly
reduced the production by 26%. The S5G:T14G and S5G:T14A mutants resulted in a
statistically significant increase in yield, while the mutants S5A:R13S, S5A:T14G and
S5G:R13A:T14A had no statistical significant change in production compared to wild-type.
Several double mutant strains with amino acid substitutions at the Dha5 and Dhb14 positions
had lost core peptide production ability. Interestingly, four out of nine mutant strains that lost
core peptide production could be induced with native mutacin 1140, albeit only at levels that
facilitated mass spectrometry characterization. The data suggests that mutacin 1140
biosynthesis relies on autoinduction and that the corresponding mutant core peptides lost the

autoinduction activity.

Amino acid substitutions at the Lys2 or Argl3 residues resulted in higher product yields
(Figure 3). The K2A or R13A mutants had a 66% and 133% increase in the product yield,
respectively, while the double mutant K2A:R13A mutant had the highest increase in product
yield of 257%. Similarly, the mutants R13A:T14A and A12G:R13G:T14G had higher

production levels.

Effect of core peptide mutations on PTM maodifications
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Mass spectrometry examination of the core peptide analogs demonstrated that amino acid
substitutions interfered with PTM efficiency (Table 1, Suppl. Figure 2 and 3). Core peptide
analogs that did not have all of the serine or threonine residues undergo dehydration or
trapped in an intermediate stage of dehydration, and analogs that did not undergo C-terminal
decarboxylation were detected. The lack of a dehydration increases the predicted mass by 18
Da. The intermediate stage of dehydration involves the formation of a glutamylated Ser or
Thr residue that increases the core peptide mass by 147 Da (Figure 1A), while the lack of a
decarboxylation increases the mass by 46 Da. Each mutant strain’s predominant product
based on mass spectrometry peak intensity had the expected mass, except for the G15A
substitution. The major product of the G15A substitution lacked a single dehydration and a
C-terminal decarboxylation (2342 Da). The product with the expected mass of 2280 Da was
the secondary product. The Gly15 residue position is crucial for the efficiency of PTMs.
Other single point mutations that interfered with the efficiency of the PTMs include K2A,
S5G, S5T, R13A, and T14G. The double and triple mutants generally produced minor
products lacking some of the PTMs, with the exception of A12T:T14G and
R13A:T14A:G15A. Interestingly, a serine residue placed at the 4™, 12", or 13" position were

dehydrated by MutB, as indicated by mutants S5A:A12S, S5A:R13S, and WA4S:S5A:T14A.
Bioactivity of the core peptide mutant strains.

The bioactivities of mutA core peptide mutants and wild-type strain were determined by
measuring the area of zone of inhibition in the overlay assay against indicator strain M. luteus

ATCC 10240 (Figure 4 and Suppl. Figure 4). Ratio of the bioactivity of mutant to wild-type
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with a value greater than one indicates that the area of the zone of inhibition of the mutant

was larger than wild-type.

The two trypsin susceptible residues at K2 and R13 positions were modifiable. A K2A
mutation resulted in a 66% increase in the overall bioactivity and the R13A mutant had an
87% increase in its overall bioactivity, while the double mutant K2A:R13A had an 88%
increase in the overall bioactivity (Figure 4). The position of the Dha5 residue in ring A
moderately accommodated amino acid substitutions. The S5G mutant exhibited a 20%
increase in its overall bioactivity against M. luteus. However, the S5T mutant had a 60%
reduction in activity compared with wild-type, while the S5E mutant was completely
inactive. This loss in activity suggests that bulkier side chains or a negative charge at the
Dhab position may impact the inhibitory activity of the bacterium or possibly lanthionine ring

formation.

Hinge region residues were individually and collectively modifiable (Figure 4). T14G,
T14A and G15A exhibited similar activity as wild-type strain. A12T:T14G and T14A:G15A
mutants had a 17% and 40% reduction in bioactivity compared to wild-type, respectively,
while the R13A:T14A mutant had a 120% increase in its bioactivity. Interestingly, even when
the hinge region at residue positions Alal2, ArgR13, and Thr14 were changed to glycines or
alanines (Figure 4), the mutants exhibited slightly higher or similar level of inhibitory
activity. This is an interesting observation, given that the product yield of the
R13A:T14A:G15A mutant strain was too low to be quantified. The edge of the zone of
inhibition of R13A:T14A:G15A was not as clearly defined as normally observe in other

mutant stains, and the inhibition zone would grow in if incubated for a longer period of time
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(Suppl. Figure 4G). The inhibitory activity of the mutant appeared to be bacteriostatic and not
bactericidal as observed with the native compound. It is likely that the mutant product is not
very stable and that this contributes to its change in bioactivity. This explanation may also

explain our inability to isolate the analog product from culture.

A double mutation at the Ser5 position and the Alal2 or Argl3 position were tolerable,
but the bioactivity was variable (Figure 4). Combinations of mutations at residues Dha5 and
Dhb1l4 had a significant effect on the bioactivity of the producing strains. Several
combinations of amino acid substitutions, such as S5G:T14G, S5G:T14A, S5G:R13A:T14A
and S5A:T14G, maintained similar or had slightly higher bioactivity than wild-type strain.
The following mutant strains were completely inactive: S5A:T14S, S5A:T14A, S5T:T14G,
S5T:T14A, S5HE:T14A, WA4S:S5A:T14A, S5AIL6S:T14A, S5A:A12S:T14A  and
S5A:R13S:T14A. The data suggests that at least one Gly residue substitution in the Dha5 or
Dbb14 position is required to restore the bioactivity of the mutant strains. The
S5G:R13A:T14A mutant also exhibited an undefined edge on the zone of inhibition in the
overlay assay (Suppl. Figure 41), similar to what was observed for the R13A:T14A:G15A

mutant strain (Suppl. Figure 4G).

Inhibitory activity of isolated core peptide analogs.

The changes in overall bioactivity of each mutant could be attributed to many factors,
such as changes in the production level of mutacin 1140, changes in the bioactivity of
mutacin 1140 analogs, and changes in the ability of mutacin 1140 analogs to diffuse through

cell envelope and agar plates. In order to directly compare the specific activity of each
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analog, all the core peptide analogs that were producible in measurable amounts were tested

against a panel of Gram-positive bacteria.

All the analogs had varying level of activity and specificity against the four different
bacteria tested (Table 2). Specifically, ring A analogs varied significantly in their
bioactivities. S5G had a 64-fold increase in activity against S. pneumoniae, a two-fold
increase in activity against C. accolens, but a two-fold decrease in activity against M. luteus.
S5A had a four-fold increase in activity against S. pneumoniae, while a four-fold and two-
fold decrease in activity against M. luteus and S. aureus, respectively. However, the activity
of S5T analog had decreased 64-fold against M. luteus and decreased at least four-fold
against the rest of the four strains. S5E analog was completely inactive, suggesting that the
Dhab position is extremely important for both the activity and specificity of mutacin 1140.
Additional 5™ position analogs were generated by thiol organosulfur labeling of the T14A
analog (Suppl. Figure 5 and 2D-2F). In the T14A analog, the Dha5 residue is the only
chemically susceptible residue for the organosulfur addition. Three chemicals with different
physical properties were introduced into the Dha5 position, including ethanethiol (nonpolar),
mercaptoethanol (polar), and thiolactic acid (negatively charged). The MIC assays against M.
luteus ATCC 10240 (Table 4) showed that the introduction of an ethanethiol or
mercaptoethanol decreased the inhibitory activity by two-fold, while the introduction of the
negatively charged thiolactic acid decreased the inhibitory activity 16-fold. However, it
should be noted that the S5E analog, which incorporates a carboxyl group similar to that of

the thiolactic acid semisynthetic analog was completely inactive. The reason for the lack of
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activity needs to be further evaluated. One possibility is that the introduction of an Asp at the

fifth position interferes with the formation of ring A.

Single amino acid substitutions within hinge region changed the specificity of each
analog against the different bacteria tested. R13A analog had a four-fold increase in activity
against S. pneumoniae, while having a similar activity against C. accolens. T14A analog had
the same activity against S. aureus and S. pneumoniae, but the activity was increased two-
fold against C. accolens. Interestingly, T14G analog had more than a 4-fold decrease in
activity against S. aureus, but a four-fold increase in activity against C. accolens. The double
and triple amino acid substitutions in the hinge region had at least a two-fold decrease in
activity, except for A12T:T14G and R13A:T14A. These products had a two-fold higher level

of inhibitory activity against C. accolens.

Amino acid substitutions in both the N-terminus and hinge regions showed a decrease in
activity, except for the S5A:T14G analog. This analog had the same inhibitory activity
against M. luteus and a two-fold increase in activity against S. pneumoniae ATCC 27336. We
also noticed that the minimal lethal concentration (MLC) was either the same or at most two-
fold higher than the respective MIC values, except for the S5G:R13A:T14A analog. The
MLC was eight-fold higher than the determined MIC, suggesting that this analog is

bacteriostatic at the MIC.

Analogs K2A, S5G, S5A, R13A, T14G, T14A, Al12G:R13G:T14G, K2A:R13A and
S5A:T14G are of great interest, due to the fact that they showed improved activity and

greater specificity to a pathogenic bacterial strain or they have fewer dehydrated or charged

S31YvEgIT 0A3TOL 40 ALISHIAINN Ag 8TOZ ‘02 Aey uo /Bio wse wae//:dny woly papeojumoq


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

residues in the core peptide. These mutant analogs were chosen to further evaluate their
inhibitory activity against five additional S. pneumoniae clinical isolates (Table 3). The
inhibitory activity for all the chosen analogs were worse against a majority of the S.
pneumoniae strains except for the R13A analog. The R13A analog was either two-fold better
or had the same inhibitory activity in four out of five strains tested. The K2A analog did show
a two-fold improvement against the Al7 strain but showed an eight-fold or more loss in
activity against the other strains tested. Interestingly, the data does demonstrate that subtle
changes in the amino acid composition of the core peptide can have a significant effect on its
inhibitory activity. Unfortunately, it appears that identifying an analog with improved activity

against a selected species is more complicated than predicted.

Lipid 11 binding activity of core peptide analogs.

Several analogs, including S5E, S5G:R13A:T14A, K2A:R13A, A12G:R13G:T14G and
WA4A:A12T:R13D, have significantly reduced inhibitory activity compared to wild-type
product. A thin-layer chromatography (TLC) assay was performed to determine if their
reduction in inhibitory activity is attributed to a decrease in their ability to bind to lipid Il
(Suppl. Figure 6). At a molar ratio of 3:1, only wild-type mutacin 1140 retained lipid Il at
origin, suggesting a decrease in binding affinity of tested analogs to lipid Il. The fact that
K2A:R13A and A12G:R13G:T14G analogs have a reduced affinity to lipid 11, suggests that
positions outside the lipid Il binding region (rings A & B) may also play an important role for

binding to lipid II.
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Evaluation of trypsin sensitivity and the development of spontaneous resistance to core

peptide analogs.

Several analogs that substituted amino acids in or near the Lys2 and Arg13 residues were
evaluated for trypsin sensitivity. As expected, trypsin digestion of wild-type mutacin 1140,
T14A and S5A:T14G analogs did not show any resistance to trypsin cleavage, as observed in
the loss of inhibitory activity (Figure 5). The K2A analog was completely inactivated with
trypsin, while the R13A analog retained about 46% of its inhibitory activity. Under these
experimental conditions, this observation suggests that ring A provides some protection to the
nearby Lys2, and that the Argl3 residue in the hinge region is easily accessible for trypsin
cleavage. As expected, the K2A:R13A analog retained approximately 89% of its inhibitory
activity following trypsin treatment. Lastly, a resistance develop assay was developed to test
if the positively charged residues play a role in triggering resistance development in
susceptible bacteria strains. S. aureus ATCC 25923 was subcultured daily in subinhibitory
concentrations of wild-type mutacin 1140 and R13A analog for 21 days. A two-fold increase
in the MIC for wild-type was observed after four days, and this increase in resistance was
maintained for the duration of the 21-day study. In the meantime, there was no observed

increase in the MIC for the R13A analog during the 21-day study.

DISCUSSION

In this study, we generated single point mutations and a combination of amino acid

substitutions at the N-terminus and hinge region of the lantibiotic mutacin 1140. Our findings
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revealed that positions Lys2, Dha5, Argl3, Dhb14, and Gly15 are individually modifiable,
while a combination of substitutions at the Dha5 and Dhb14 positions resulted in the loss of
autoinducing activity or the ability to produce the lantibiotic. A single point mutation can
lead to the transportation of products that lack one or more PTMs. An alanine substitution at
the Lys2 or Argl3 position resulted in more than a two-fold increase in product isolation. In
some instances, a combination of amino acid substitutions yielded a core peptide with fewer
dehydrated or proteolytically susceptible residues with similar or enhanced inhibitory
activity. These analogs are of interest for future studies aimed at developing the antibiotic

into novel therapeutics against Gram-positive infections.

Nisin has been demonstrated to autoregulate its own biosynthesis by binding to the
transmembrane kinase NisK. The kinase phosphorylates its intracellular response regulator
NisR and is followed by activation of the nis promoter (10). Mutations in ring A (33) and C-
terminus (34) of nisin resulted in significantly lower or loss of auto-induction activity,
suggesting that autoinduction is dependent on several structural regions within nisin. Subtilin,
which is closely related to nisin (Figure 1B), is also an autoinducer for its own biosynthesis.
The F20 residue in subtilin is crucial for SpaK activation (35). The autoregulation of mutacin
1140 biosynthesis has not yet been clearly elucidated, but it was not surprising that mutacin
1140 autoregulates its production and that its autoinducing capacity is dependent on certain
structural regions, likely including a combination of the Dha5 and Dhbl4 positions.
Supplementation of 100 ng/mL of wild-type mutacin 1140 promoted enough production for
mass characterization. The induced mutants yielded a product with the expected mass,

suggesting that there are no deficiencies in the PTMs. Nonetheless, the demonstration that
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some mutants with substitutions in both Dha5 and Dhb14 positions lost autoinducing activity
provides the basis for future studies aimed at understanding the regulation of mutacin 1140
biosynthesis. Alanine scanning mutagenesis is commonly used to determine the essential
residues in lantibiotics (36, 37). However, our study shows that Gly residues are more
tolerated when multiple mutations are being introduced, as was observed in the amino acid
substitutions at the Dha5 and Dhb14 positions. The results suggest that glycine substitutions

other than alanine substitutions should also be considered in future mutagenesis studies.

A previous study on the transportation of mutacin 1140 had mainly focused on the
lanthionine-forming residues in the core peptide. Disruption of ring D resulted in the
complete loss of product isolation (38). Rings A, B, and C mutants were able to produce
mutacin 1140 analogs, but some lacked dehydrations and/or decarboxylation (27, 38). Our
current study shows that other core peptide structural elements aside from the lanthionine
rings are also essential for coordinating efficient PTMs of mutacin 1140. The biosynthetic
machinery of nisin has been extensively studied (39, 40), showing that NisB and NisC are
alternating enzymes, with a propensity for N-terminus to C-terminus directionality, and the
dehydration and cyclization processes are not separated in time and space. However,
decarboxylase does not exist in nisin biosynthetic machinery, thus little is known about the
possible interaction between MutB and MutD. The PTM machinery of nisin has been shown
to be relatively flexible on its substrate (41, 42). However, our study demonstrates that the
PTM machinery of mutacin 1140 is not as flexible on the core peptide sequence of its
substrate. Previous research on the leader peptide of mutacin 1140 (38, 43) demonstrated that

the leader peptide of mutacin 1140 is twice the length of the nisin leader peptide and mutacin
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1140 leader peptide contains a secondary cleavage site. Taken together, the PTM enzymes of

mutacin 1140 may coordination the post-translational modifications differently from nisin.

To date, the F11, W4A, R13D, and C-terminally modified analogs of mutacin 1140 have
been purified and characterized for their bioactivity (27). In this study, more residues are
evaluated for their importance on the bioactivity of the antibiotic. The 5" residue seems to be
a crucial core peptide position for activity, as demonstrated by analogs S5G, S5T and S5E.
The loss of activity of S5E has been attributed to the lack of lipid Il binding by a TLC assay,
which is in accordance with the fact that rings A and B is the lipid Il binding domain of this
class of lantibiotics. Interestingly, S5E analog of nisin had a two-fold increase in activity
against Streptococcus mitis and Bacillus cereus (44) while the S5T mutant in nisin showed a
10-fold decrease in activity against S. thermophiles (45). NMR study revealed that the
substitution of Dha5 to Dhb in nisin resulted in only a small chemical shift of the Leu6
residue, suggesting a negligible effect to the overall structure of the molecule (45). Given that
the ring A structure of mutacin 1140 and nisin are highly similar and only differ in the fourth
position (Figure 1B), much more work needs to be done to further the understanding of the
importance of the Dha5 residue for lipid Il binding and for the overall bioactivity of mutacin

1140.

Changes in the overall charge of mutacin 1140 plays an important role in its bioactivity.
The ionic interactions of the positively charged residues Lys2 and Argl3 to the negatively
charged lipids are presumably important for activity. This may explain the fact that the
K2A:R13A has lower affinity to lipid Il and has at least a four-fold decrease in inhibitory

activity against all strains tested. Based on the predicted three-dimensional structure of
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mutacin 1140 (46), the charged amino terminal of the Lys2 and Argl13 side chain are within a
common plane, and this charge distribution was predicted to be important for promoting the
appropriate orientation of mutacin 1140 in the lipid bilayer. Interestingly, the K2A and R13A
analogs were more active against certain strains than wild-type mutacin 1140, indicating that
one positive charge was sufficient to promote the membrane interaction and binding of
mutacin 1140 to lipid I1l. A possible advantage of these analogs with fewer charged residues
is the lower chance of the bacterium to develop an adaptive resistance. Teichoic acids are
modulated to contain more positive charges, which is believed to prevent nisin from reaching
the lipid Il target (47). Sequential subculturing of S. aureus ATCC 25923 in subinhibitory
concentrations of wild-type mutacin 1140 for 21 days led to a two-fold increase in the MIC,
while there was no increase in the MIC for the R13A analog. The identified analogs with
enhanced trypsin stability may also have enhanced stability in human physiological settings
and less potential to trigger resistance development. These observations will need to be

investigated in future experiments.

Previous mutagenesis studies of lantibiotics were to generate single point mutations in
structural regions of interest or multiple amino acid substitutions within a single lanthionine
ring or structural element. Very few groups have tried to construct analogs aimed at
understanding the interplay of two structural regions for bioactivity. A study on a type All
lantibiotic nukacin ISK-1 constructed variants Aspl3Glu:Val22lle and His15Ser:Val22lle
that had no detectable level of product formation (48). A double mutant L6V:S16T of
gallidermin produced only 8% of the level of wild-type product, thus its bioactivity was not

determined (26). A mutacin 1140 analog W4A:R13D did not have any inhibitory effect
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against M. luteus (27). A double mutation within rings AB and CD of mutacin 1140 resulted
in completely lost of bioactivity (38). In this study, we successfully generated bioactive
analogs of mutacin 1140 with substitutions in the lipid Il binding and hinge region. The study
provided a better understanding for the limitations in mutacin 1140 mutagenesis and the
importance for two distinct structural regions for the inhibitory and autoinduction activity.
Our in vitro protease stability study, suggests that the removal of the Lys2 and Argl3
residues improves the core peptide’s stability. The generation of mutacin 1140 analogs with
fewer chemically active vinyl groups as well as fewer protease susceptible residues will
provide a basis for the future study aimed at evaluating the hypothesis that these susceptible

residues may play a role in the short half-life of mutacin 1140 in vivo.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strains and plasmids used are listed in Table 5. The pCR™4-TOPO® TA vector,
pCR™2.1-TOPO® TA vector (Invitrogen, Carlsbad, CA), and pMiniT™ vector (NEB,
Ipswich, MA) were used as described by the manufacturer. Escherichia coli DH5a, TOP10
(Invitrogen, Carlsbad, CA) and 103 (NEB, Ipswich, MA) were used as host for the vectors
and were cultured in LB agar or broth. Streptococcus mutans JH1140, Micrococcus luteus
ATCC 10240, Staphylococcus aureus ATCC 25923, Streptococcus pneumoniae ATCC
27336, Streptococcus pneumoniae Al6 and Al7 were cultured on Todd-Hewitt yeast extract

(THyex) agar plates (containing 30 g/L Todd-Hewitt broth and 3 g/L yeast extract and 15 g/L
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agar) or in THyex broth (containing 30 g/L Todd-Hewitt broth, 3 g/L yeast extract).
Corynebacterium accolens KPL1818 (49) is fatty acid synthase-deficient, and the THyex
broth or agar was supplemented with 1% of Tween 80 to promote the bacteria growth. S.
pneumoniae Al8, Alll, and Al14 were cultured in THyex broth supplemented with 5%

human blood, or on Blood Agar plates. All bacterial strains were cultured at 37°C.
Site-directed mutagenesis of mutA

The S. mutans mutA gene cluster (50) was used to design primers (listed in Table 6) for the
mutagenesis and sequencing. The mutA is the structural gene encoding the prepeptide of
lantibiotic mutacin 1140 in S. mutans JH1140. Site-directed mutations were introduced into
the core peptide region of mutA by overlap PCR. PCR product containing desired mutations
and its upstream and downstream fragments (~500 bp) were inserted into pCR™4-TOPO®,
pCR™2.1-TOPO® or pMiniT vector, and transformed into competent E. coli cells following
the manufacturers’ instructions. The S. mutans strain Amut4/IFDC2 was used for
transformation as previously described with minor modifications (38). Briefly, pIFDC2 is a
hybrid positive- and negative-selection cassette (51) using a highly expressed S. mutans
lactate dehydrogenase (Idh) promoter to drive the expression of a positive selection marker
(ermAM) and a negative selection marker (-pheS*). Fragments of ~500 bp of the upstream
and downstream of mutA were attached to IFDC2 cassette respectively by overlap PCR,
introduced into S. mutans, and resulted in S. mutans AmutA/\FDC2. Plasmids containing the
desired mutations were introduced into S. mutans AmutA/IFDC2, and the recombination in S.
mutans enabled screening for the desired mutations within mutA. To activate the natural

competence pathway and transform plasmids into S. mutans, a synthetic competent-
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stimulating peptide (CSP), obtained from Peptides & Elephants (German)) was added as
previously described (52). An overnight culture of S. mutans AmutA/IFDC2 in THyex broth
was diluted to ODggo 0.1 and grown to ODggo 0.2, after which 5 pl of 10 pg/ml CSP was
added to 200 ul of the bacterial culture. After 30 min of incubation at 37°C, 5 pul of extracted
plasmid was added to the cell culture. Following 3 h of incubation, the culture was diluted
10-fold and 50 pl of the sample was plated onto a THyex agar plate containing 4 mg/ml of p-
chlorophenylalanine. Colonies grew up after 2 days indicate the loss of -pheS* and the
occurrence of recombination. To remove false positives, replicate plates of colonies on both
THyex and THyex with 15 pg/ml erythromycin plates were incubated for 2 days. Positive
transformants that did not grow on erythromycin plates were streaked again onto fresh THyex

agar plate and the mutation was confirmed by PCR and sequencing.

Determination of the bioactivity of the mutant core-peptide strains

The deferred antagonism assay was used to determine the bioactivity of mutants as
previously described (27). Briefly, S. mutans wild-type and mutants were grown overnight in
THyex broth gently shaking at 37°C. The culture was then diluted to ODggo 0.1 and grown to
ODggo 0.6-0.8. After diluting again to ODgg 0.2, 2 ul of each culture was spotted on a pre-
warmed THyex agar plate and allowed to air dry. The plate was inverted and incubated at
37°C for 18 h in an anaerobic jar before being heat killed at 65°C for 30 min. The indicator
strain M. luteus ATCC 10240 was grown to ODgg 0.6 and diluted to ODgy 0.2.
Subsequently, 400 wl of the bacteria culture was added to every 10 ml of molten THyex top
agar (0.75% agar). 5 ml of the indicator strain in top agar was poured over the surface of each

THyex agar plate. After solidifying, the plate was inverted and incubated for 18 hrs at 37°C.
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The area of zone of inhibition for each mutant was measured and compared to that of the
zone of inhibition for the wild-type JH1140 strain. Experiments were done in triplicate.

Student t-test was used to determine statistical significance (P < 0.05).

Purification of mutacin 1140 and its analogs

Purification of mutacin 1140 analogs was performed as previously described (27). Briefly, S.
mutans strains were grown on a modified THyex soft agar containing 30 g/L Todd Hewitt,
3 g/L yeast extract, 1g/L KH,PO4 0.1 g/L K,HPO,4 0.3 g/L MgSQO,4, 0.005 g/L FeSOQ,,
0.005 g/L MnSQy, and 0.3% agar. In cases when no product was detected for a mutant strain,
the soft agar was supplemented with wild-type mutacin 1140 (100 ng/ml) as an inducer for
production. The media was stab inoculated with S. mutans strain and was incubated at 37°C
for 3 days. After that, the media was immediately frozen at -80°C overnight and was thawed
the next day in a 65°C incubator. The thawed media was centrifuged at 20,000 g for 30 min
at 4°C in 250 ml centrifuge bottles to remove agar and cell pellets (Beckman J2-21
Centrifuge). The supernatant was mixed with an equal volume of chloroform and shaken
vigorously for several times. The mixture was again centrifuged at 20,000 g for 30 min at
4°C. The clear aqueous phase and chloroform phase was poured out immediately after
centrifugation and the white precipitant phase between the aqueous and chloroform layers
was collected and allowed to air dry. The dried material was resuspended in 5 ml of 35%
acetonitrile/water (vol/vol) with 0.1% trifluoroacetic acid (TFA). The remaining insoluble
material was removed by centrifugation at 15,000 g for 10 min (Eppendorf Centrifuge 5424).
The sample was run on either a semi-prep C18 column (Agilent® ZORBAX, (Agilent

Technologies, Santa Clara, CA) ODS, C18, 5 um, 4.6 x 250 mm) or analytical column as
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previously reported (27). All solvents for HPLC contain 0.1% TFA. The sample was
separated through a water/ACN gradient starting from 95% to 75% water over 10 min, an
isocratic flow at 75% water for 5 min, followed by a linear gradient from 75% to 5% water
over 35 min. The fractions eluted between 60-45% water and were analyzed by mass-
spectrometry. The desired fractions were dried by lyophilization and resuspended in 1 ml of
35% ACN with 0.1% TFA. The samples were rerun on an analytical column with the same
gradient, or a modified linear water/ACN gradient starting from 90% to 20% water over 30
min. The productivity of each analog was quantified by comparing the peak area of each
analog to the peak area of wild-type mutacin 1140. Extractions were done in triplicate.

Student t-test was used to determine statistical significance (P < 0.05).

Mass Spectrometry

Shimadzu/Kratos MALDI-TOF mass spectrometer or ThermoFisher DecaXP ion trap mass
spectrometer was used to determine the mass of each RP-HPLC core peptide fraction.
Briefly, for the MALDI-TOF mass spectrometer, 1 ul of each fraction was directly mixed
with 1 ul of a-cyano-4-hydroxycinnamic acid matrix (30 mg/ml in MeOH-0.1% TFA and
then dilute with 50% ACN/water with 0.1% TFA to a 6 mg/ml concentration) and dried on
the MALDI-TOF target plate in a 37°C incubator. MALDI-TOF MS was operated in the
positive linear mode or reflective mode. For the ThermoFisher DecaXP ion trap mass
spectrometer, around 1 pg of dried purified material was resuspended in 100 ul of 50%
ACN/water (vol/vol) and the masses were determined by direct infusion. Instrument was used
in positive mode was used and the chromatograph was recorded at a 0.5 min time frame.

Wild-type mutacin 1140 was used as a mass standard and control.
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Minimum inhibitory concentration and minimum lethal concentration assays

The mutacin 1140 analogs were dried and weighed on an analytical balance (Ohaus). The
concentration of samples (<1 mg in weight) were determined by Bradford assay using
mutacin 1140 wild-type as standard following the manufacturer’s instruction (Quick Start™™,
Bio-rad). The minimal inhibitory concentration (MIC) is the lowest concentration of
compound that inhibits the visible growth of the bacteria after 24 hours of incubation, and
was performed following a modified version of the broth microdilution method described in
MO7-A8 by the Clinical Laboratory Standards Institute ( 53 ).The minimum lethal
concentration (MLC) was determined by plating 50 pl of culture media on THyex plates at
2x and 1x of the determined MIC concentration, with the exception of S5G:R13A:T14A,
which was plated until 8x of the determined MIC. The concentration in which no colony
forming units formed on the plates after 24 hours was determined to be the MLC. The MICs
of mutacin 1140 wild-type and analogs were first determined against M. luteus ATCC 10240,
S. aureus ATCC 25923, S. pneumoniae ATCC 27336, and C. accolens KPL 1818. The
mutacin 1140 analogs of particular interest were selected and tested against five additional S.
pneumoniae strains, including Al6, Al7, Al8, Alll and Al14. All experiments were done at

least in duplicate.
Thiol organosulfur labeling of mutacin 1140 analog T14A

Thiol organosulfur additions occur readily at room temperature to the vinyl groups within
Dha and Dhb residues. Tris buffer (pH 8.5) was used to keep the thioether linkages intact

during the thiol addition reaction. The Dha5 residue in the T14A analog was chemically
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modified with thiol compounds containing different physical properties: non-polar, polar, and
charged. These compounds were ethanethiol, p-mercaptoethanol, and thiolactic acid, as
previously described (46) with some minor modifications. Briefly, T14A analog was
incubated in 200 mM Tris buffer pH 8.5 with 10-fold excess of thiol compound (molar ratio)
in a glass vial perfused with Helium at room temperature for 2 hours. Samples were then
purified by ZipTip (Pierce™ C18 Tips, #87782, ThermoFisher Scientific) and analyzed by
MALDI-TOF MS. The concentration of each sample was quantified by Bradford assay using
wild-type mutacin 1140 as a standard following the manufacturer’s instruction (Quick

Start™, Bio-rad).
Trypsin stability of selected mutacin 1140 analogs

The trypsin stability of mutacin 1140 analogs was tested as previously described with minor
modifications (54). Briefly, a 2x stock solution of sodium phosphate buffer (0.134 M, pH 7.6)
and a 10x trypsin stock solution (5.19 mg of trypsin in 1 mL 1 mM HCI solution) were used.
A 100 pl reaction mixture was made in 1.8 mL centrifuge tubes (VWR, Cat#89000-028),
consisting of 10 pl of the 10x protease stock solution, 50 pl 2x stock solution, 39 pL ddH20,
and 1 uL. DMSO. Reaction mixture without protease was made in the same way, except that
10 pl of 1 mM HCI was used instead of the 10x trypsin stock solution. 1 pg of each analog
was added to reaction mixtures with and without trypsin, and all tubes were incubated for 30
min at 37°C. An antagonism assay was used to determine the bioactivity of trypsin digested
mutacin 1140 analogs as previously described with minor modifications (27). Briefly, a
single colony of the indicator strain M. luteus ATCC 10240 was inoculated onto 5 ml of

THyex broth, grown to ODggo 0of 0.6 and diluted to ODggo Of 0.2. Subsequently, 400 ul of
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bacteria culture was added to every 10 ml of molten THyex top agar (0.75% agar), and
poured over the surface of the plate as described above. After solidifying, 10 pl of the
reaction mixtures, with and without protease, were spotted onto the bioassay plate. Once the
spots were dry, the plates were inverted and incubated overnight at 37°C. The area of zone of
inhibition after treatment relative to the zone of inhibition of the material before treatment
was used as an indication of protease stability. A value of 1.0 (or 100%) would indicate that
the analog retained all of its bioactivity following trypsin exposure, while a value of 0 (or
0%) would indicate the analog was completely inactivated by trypsin. A duplicate set of

experiments were performed.

Lipid Il binding assay

A lipid Il binding assay using a thin-layer chromatography (TLC) procedure has been
performed as previously described (55) with minor modifications. Briefly, the mobile solvent
used consists of butanol-acetic acid-water-pyridine in a 15:3:12:10 volume ratio. The reaction
mixture was made in 10 pl of mobile solvent consisting of 0.2 mM lipid Il and 0.6 mM
peptide in glass vials. Peptides include wild-type mutacin 1140, S5E, S5G:R13A:T14A,
K2A:R13A, A12G:R13G:T14G, and W4A:A12T:R13D. Experimental controls included lipid
Il and each peptide spotted separately. The reaction mixture was incubated for 2 hours at
room temperature before spotting approximately 10 pl on the TLC plate. The spotted samples
were allowed to air dry before the plate was inserted into a chamber containing the mobile
solvent. The mobile solvent was allowed to run until it reach approximately 2 cm from the
top of the plate. The plate was removed and air dried before being stained in an iodine

chamber for visualization.
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582  Table 1 Mass of mutacin 1140 analogs. * represents the requirement of wild-type mutacin
583 1140 as an inducer; “a” represents the lack of C-terminal decarboxylation; “b” represents the
584  lack of one or more dehydration; “c” represents the presence of glutamylated S/T residues.
585  Predicted mass is based on the mass observed for wild-type mutacin 1140, which serves as a
586  standard.

Mu1140 analogs Predicted (Da) Measured (Da)

Wild-type 2266 2266

Single point mutation

(19)
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(1)
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(0)
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——
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(19)
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K2A 2209 2209; 2255a

S5G 2254 2254; 2300a; 2551c

S5E 2326 2326

S5T 2275 2275; 2292b; 2440b,c; 2483a,b,c
R13A 2181 2181;2513b,c

T14G 2241 2240; 2302a,b

T14A 2252 2252

G15A 2280 2342a,b; 2280

Mutations in hinge region

A12T:T14G 2252 2252
R13A:T14A 2169 2169; 2186b

5 T14A:G15A 2263 2262; 2452a,c; 2473a,b,c

‘—g A12G:R13G:T14G 2127 2127; 2181b; 2503a,b,c

‘?é R13A:T14A:G15A 2183 2183

(9]

= Mutations in both N-terminus and hinge region
K2A:R13A 2124 2124; 2142b; 2187a,b
S5A:A12S 2261 2262; 2280b
S5A:R13S 2178 2178; 2196b; 2326¢
S5G:T14G 2228 2228
S5G:T14A 2237 2238; 2429a,c
S5G:R13A:T14A 2157 2157
S5A:T14G 2242 2242
S5A:T14S* 2252 2253
SS5A:T14A* 2253 2253
S5T:T14G 2254 No Product
S5T:T14A 2268 No Product
SS5E:T14A 2314 No Product
WA4S:S5A:T14A%* 2139 2137
WA4A:A12T:R13D 2119 2119
S5A:L6S:T14A 2209 No Product
S5A:A12S:T14A 2252 No Product
S5A:R13S:T14A* 2168 2169

587
588

Microbiology
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589  Table 2 MIC and MLC (ug/ml) of mutacin 1140 analogs against four indicator strains.

Accepted Manuscripf Posted Online

M. luteus S. aureus C. accolens S. pneumoniae
ATCC 10240 ATCC 25923 KPL 1818 ATCC 27336
Mu1140 analogs MIC MLC MIC MLC MIC MLC MIC MLC
WT 0.0625 0.0625 8 8 1 2 0.5 0.5
K2A 0.25 0.5 32 32 4 4 0.25 0.25
S5G 0.125 0.125 8 8 0.5 0.5 0.0078 0.0078
S5A 0.25 0.5 16 16 1 1 0.125 0.125
S5T 4 4 >32 >32 >4 >4 2 2
R13A 0.0625 0.0625 16 16 1 1 0.125 0.125
T14G 0.0625 0.0625 >32 >32 0.25 0.5 0.5 0.5
T14A 0.125 0.125 8 16 0.5 2 0.5 0.5
G15A 0.125 0.125 16 16 1 2 0.5 0.5
Al12T:T14G 0.25 0.25 >32 >32 0.5 1 2 2
R13A:T14A 0.25 0.5 32 32 0.5 0.5 2 2
A12G:R13G:T14G 0.5 1 32 32 2 2 1 1
K2A:R13A 0.25 0.25 >32 >32 >4 >4 2 2
S5A:A12S dehydrated 0.125 0.25 16 32 0.5 1 0.125 0.125
S5A:A12S 0.125 0.25 16 16 0.5 1 0.125 0.125
S5A:R13S 0.125 0.25 >32 >32 2 4 0.5 0.5
>~ S5G:T14G 0.5 0.5 8 16 0.5 1 2 2
_187: S5G:T14A 0.125 0.125 >32 >32 >4 >4 4 4
'_(6) S5G:R13A:T14A 2 16 >32 >32 >4 >4 8 >16
G S5A:T14G 0.0625 0.125 32 32 0.5 1 0.25 0.25
=
590
591
592

>
(o2}
O
.0
QO
)
_
2
=
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Table 3 MICs (pg/ml) of selected mutacin 1140 analogs against five
additional S. pneumoniae strains.

Mu1140 analogs Al6 Al7 AI8* Al11* Al14*
WT 1 0.25 1 1 0.125
K2A 8 0.125 8 8 >8
S5G >8 2 >8 8 >8
S5A 8 2 8 8 >8
R13A 0.5 0.25 0.5 0.5 0.25
T14G 8 8 8 1 1
T14A 8 8 8 4 2
A12G:R13G:T14G 8 8 >8 4 >8
K2A:R13A 4 4 32 16 64
S5A:T14G >8 8 >8 >8 >8

* MIC for the S. pneumoniae strains were tested in the presence of 5% human
blood to promote growth.
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Table 4 Mass of mutacin 1140 analogs generated by thiol organosulfur labeling and their

bioactivity against selected bacteria.

M. luteus

ATCC 10240
Mu1140 analogs Expected  Observed

mass (Da) mass (Da) MIC (pg/ml)

Wild-type 2266 2264 0.0625
T14A 2254 2252 0.125
T14A - ethanethiol 2316 2315 0.25
T14A - mercaptoethanol 2332 2329 0.25
T14A - thiolactic acid 2360 2359 2
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602  Table 5 Strains used in this study.

Reference and/or
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Strain Characteristic a
source
E. coli DH5a Cloning host (pCR2.1-TOPO, pCR4-TOPO) Invitrogen
E. coli 10B Cloning host (pMiniT) NEB
M. luteus ATCC 10240 Indicator strain for overlay assay ATCC
C. accolens KPL 1818 49&FI
S. aureus ATCC 25923 ATCC
S. pneumoniae ATCC 27336 ATCC
S. pneumoniae Al6 MSU
S. pneumoniae Al7 MSU
S. pneumoniae Al8 MSU
S. pneumoniae Al1l MSU
S. pneumoniae All4 MSU
S. mutans JH1140 (ATCC Wild-type strain that produces mutacin 1140 ATCC
JH1140 mutA/IFDC2 Gene replacement strain 38
JH1140 S5A mutA::S5A site-directed derivative 27
JH1140 W4A:A12T:R13D mutA::W4A:A12T:R13D site-directed derivative 27
JH1140 K2A mutA::K2A site-directed derivative This study
JH1140 S5G mutA::S5G site-directed derivative This study
JH1140 S5T mutA::S5T site-directed derivative This study
JH1140 S5E mutA::S5E site-directed derivative This study
3 JH1140 R13A mutA::R13A site-directed derivative This study
-2 JH1140 T14G mutA::T14G site-directed derivative This study
% JH1140 T14A mutA::T14A site-directed derivative This study
S JH1140 G15A mutA::G15A site-directed derivative This study
= JH1140 A12T:T14G mutA::A12T:T14G site-directed derivative This study
JH1140 R13A:T14A mutA::R13A:T14A site-directed derivative This study
JH1140 T14A:G15A mutA::T14A:G15A site-directed derivative This study
JH1140 A12G:R13G:T14G mutA::A12G:R13G:T14G site-directed derivative This study
JH1140 R13A:T14A:G15A mutA::R13A:T14A:G15A site-directed derivative This study
JH1140 K2A:R13A mutA::K2A:R13A site-directed derivative This study
JH1140 S5A:A12S mutA::S5A:A12S site-directed derivative This study
JH1140 S5A:R13S mutA::S5A:R13S site-directed derivative This study
JH1140 S5G:T14G mutA::S5G:T14G site-directed derivative This study
JH1140 S5G:T14A mutA::S5G:T14A site-directed derivative This study
JH1140 S5G:R13A:T14A mutA::S5G:R13A:T14A site-directed derivative This study
JH1140 S5A:T14G mutA::S5A:T14G site-directed derivative This study
JH1140 S5A:T14S mutA::S5A:T14S site-directed derivative This study
JH1140 S5A:T14A mutA::S5A:T14A site-directed derivative This study
JH1140 S5T:T14G mutA::S5T:T14G site-directed derivative This study
JH1140 S5T:T14A mutA::S5T:T14A site-directed derivative This study
JH1140 S5E:T14A mutA::S5E:T14A site-directed derivative This study
JH1140 W4S:S5A:T14A mutA::W4S:S5A:T14A site-directed derivative This study
JH1140 S5A:L6S:T14A mutA::S5A:L6S:T14A site-directed derivative This study
JH1140 S5A:A12S:T14A mutA::S5A:A12S:T14A site-directed derivative This study
JH1140 S5A:R13S:T14A mutA::S5A:R13S:T14A site-directed derivative This study
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Table 6. Primers used in this study.

Primer Sequence (5' - 3')
MutA UpF GTT GAA GAA ATA AAT CCT ACGATT GCT TC
MutA DnR GAT TTAACT GTGATG TCCTCATGA ATAT
MutA UpF-2 AGT TTT AGC CATTAAAGCCATCTT G
MutA DnR-2 CGA TGG ACG AAAACAAGCC
LanR AAA AGT TGC CTAATG GTTTTCTG
MutA Seq AGA GGCTAATGG TGG TAT TATATTATT G
K2A-F ACG ATC CAG ATACTC GTT TCG CAAGTT GGA GCCTTT GTA CG
K2A-R CGT ACA AAG GCT CCA ACT TGC GAA ACG AGT ATCTGG ATC GT
S5G-F CAG ATACTC GTT TCA AAA GTT GGG GCCTTT GTACGCCTG G
S5G-R CCA GGC GTACAAAGG CCCCAACTTTTG AAACGAGTATCTG
S5T-F AGATACTCGTTT CAAAAGTTG GACCCTTTGTACGCCTGG TTG
S5T-R CAA CCA GGC GTA CAAAGG GTCCAACTTTTG AAACGA GTATCT
S5E-F CAG ATACTCGTT TCA AAA GTT GGG AACTTT GTACGCCTG GTT GT
S5E-R ACA ACC AGG CGT ACAAAG TTC CCAACT TTT GAA ACG AGT ATCTG
A12S-F CTT TGT ACG CCT GGT TGT TCA AGG ACA GGT AGT TTC AAT AGT TA
A12S-R TAA CTATTG AAA CTA CCT GTC CTT GAA CAA CCA GGC GTA CAAAG
R13S-F CGC CTG GTT GTG CAA GCA CAG GTAGTTTCAATAGTTACTGTT G
R13S-R CAA CAG TAA CTATTG AAA CTA CCT GTG CTT GCA CAACCAGGCG
R13A-F GTA CGC CTG GTT GTG CAG CTA CAG GTAGTTTCAATAG
R13A-R CTATTG AAA CTA CCT GTA GCT GCA CAACCAGGCGTAC
T14G-F GCCTGG TTG TGC AAG GGG AGG TAGTTTCAATAGTTACTGTTG C
T14G-R GCA ACA GTA ACT ATT GAAACT ACCTCCCCTTGCACAACCAGGC
T14S-F GCCTGG TTG TGC AAG GAGCGG TAGTTTCAATAGTTACTGTTIGC
T14S-R GCA ACA GTA ACT ATT GAA ACT ACCGCT CCTTGCACAACCAGGC
T14A-F ACG CCT GGT TGT GCA AGG GCA GGT AGT TTC AAT AGT TAC TG
T14A-R CAG TAACTATTG AAA CTA CCT GCC CTT GCA CAACCAGGCGT
G15A-F GCCTGG TTG TGC AAG GACAGCTAGTTT CAATAGTTACTGTTG C
G15A-R GCA ACA GTA ACT ATT GAA ACT AGC TGT CCT TGC ACAACCAGG C
R13A:T14A-F ACG CCT GGT TGT GCA GCG GCA GGT AGT TTC AAT AGT TACTGT TGC
R13A:T14A-R GCA ACA GTA ACT ATT GAA ACT ACC TGC CGC TGC ACA ACC AGG CGT
GCCTGG TTG TGC AAG GGCAGCTAG TTT CAATAGTTACTG TTG CTG ATT
T14A:G15A-F G
CAA TCA GCA ACA GTA ACT ATT GAA ACT AGC TGC CCT TGC ACA ACCAGG
T14A:G15A-R C

A12G:R13G:T14G-F

A12G:R13G:T14G-R
R13A:T14A:G15A-F
R13A:T14A:G15A-R
WA4S:S5A-F
WA4S:S5A-R
S5A:L6S-F
S5A:L6S-R

CTT TGT ACG CCT GGT TGT GGA GGG GGA GGT AGT TTC AAT AGT TACTGT
TGC

GCA ACA GTA ACT ATT GAA ACT ACCTCC CCCTCCACA ACCAGG CGTACA
AAG

CGCCTG GTT GTG CAG CGG CAG CTAGTTTCAATAGTTACT GTTGCT G
CAG CAA CAG TAACTATTG AAA CTA GCT GCC GCT GCACAACCAGGCG
CAA AAG TTCGGCCCTTTG TA

TAC AAA GGG CCG AACTTT TG

AAG TTG GGC CAG TTG TACGC

GCG TACAACTGG CCCAACTT
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TGG TTG TTC AAG GGC AGG TA
TAC CTG CCC TTG AAC AAC CA
GTT GTG CAA GCG CAG GTA GT
ACT ACCTGC GCT TGC ACA AC

Al12S:T14A-F
Al12S:T14A-R
R13S:T14A-F
R13S:T14A-R
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Figure 1. Structural elements found in type Al lantibiotics. (A) Representation of the
dehydration mechanism of dehydratase LanB in type Al lanthipeptides. The mass difference
between the intermediate in the dehydration process and the final product is 147 Da. (B)
Primary sequence alignment of nisin family and epidermin family of type Al lantibiotics.
Lipid Il binding domain is shaded grey. Lanthionine rings are shown by black lines.
Epidermin and gallidermin are highly similar to mutacin 1140. The residues that are different
between gallidermin and mutacin 1140 are underlined. (C) A representative covalent
structure of mutacin 1140. The four lanthionine rings are labeled as A, B, C, and D. The lipid
I binding domain consists of the rings A and B, while the lateral assembly domain consists
of the hinge region (residues 12-15) and rings C and D. Protease susceptible residues Lys and
Arg are shown in bold, while dehydrated residues Dha and Dhb are shown in bold and italic.

Figure 2. Summary of the mutacin 1140 core peptide mutants generated in this study. Single
core peptide amino acid substitutions and multiple amino acid substitutions in the hinge
region are shown above the provided mutacin 1140 sequence, while multiple substitutions in
both the N-terminus and hinge region are shown below the mutacin 1140 sequence. Each lane
represents one single core peptide mutant. Bold amino acid abbreviations represent mutant
strains with significantly increased bioactivity, grey represents mutant strains with
significantly decreased bioactivity, and underlined represents mutant strains that are inactive.
The rest of the mutant strains presented had no statistical significant change in bioactivity
against the indicator strain M. luteus ATCC 10240.

Figure 3. Production level of the mutant mutA core peptide compare to the production of
wild-type core peptide. (A) Single point mutations in core peptide; (B) Multiple amino acid
substitution mutations in the hinge region; (C) Multiple amino acid substitution mutations
within the N-terminus and hinge region. Three independent extractions were quantified by
measuring RP-HPLC peak area at 220 nm. The ratio of the peak areas of the mutacin 1140
analogs to the peak area of wild-type mutacin 1140 are shown. The student t test was used for
statistical analyses, and the asterisks signify statistical significance (p < 0.05).

Figure 4. Bioactivity of mutA core peptide mutant strains compared to wild-type S. mutans
JH1140. (A) Single point mutations in the core peptide; (B) Multiple amino acid substitution
mutations in the hinge region; (C) Multiple amino acid substitution mutations within the N-
terminus and hinge region. The bioactivities of the mutants were measured as the ratio of the
area of the zone of inhibition of each mutant strain relative to the area of the wild-type strain.
A value greater than 1.0 would indicate that the mutant strain is more active than the wild-
type strain. M. luteus ATCC 10240 was used as the indicator strain for antimicrobial activity
and experiments were done in triplicate. The student t test was used for statistical analysis,
and the asterisks signify statistical significance (p < 0.05).

Figure 5. Trypsin stability of selected mutacin 1140 analogs. Wild-type mutacin 1140, K2A,
R13A, K2A:R13A, T14A, and S5A:T14G were tested. The bioactivity following trypsin
digestion was measured as the ratio of the area of the zone of inhibition of trypsin treated
analog to the untreated analog. A value of 1.0 would indicate that the analog retained 100%
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of activity following trypsin exposure. M. luteus ATCC 10240 was used as the indicator

strain for antimicrobial activity. The experiments were done in duplicate.
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