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Abstract

Lanthipeptides are a class of ribosomally-produced and post-translationally modified peptides
(RiPPs) that possess a variety of biological activities, but typically act as antimicrobial agents
(lantibiotics). Haloduracin is a lantibiotic that is composed of two post-translationally modified
peptides, Hala and Halp, which are biosynthesized from the precursor peptides HalAl and HalA2
by their cognate lanthipeptide synthetases, HalM1 and HalM2, respectively. Co-expression studies
of HalM1 and HalM2 with chimeric peptides consisting of the leader peptide of HalAl and the
core peptide of HalA2 (or vice versa) showed that the synthetases require both the cognate leader
and core peptides for efficient processing. Investigation of the affinity in vitro showed that binding
of the N-terminal leader peptide by HalM2 increases its affinity for the C-terminal core peptide.
Thus, the two segments of the precursor peptide HalA2 synergistically bind to HalM2.

At present, lanthipeptides are the largest known family of ribosomally synthesized and post-
translationally modified peptide natural products (RiPPs)! that are produced by bacteria.?
Many lanthipeptides possess antimicrobial activity and are designated lantibiotics.3* The
signature motifs of lanthipeptides are their lanthionine (Lan) and/or 3-methyl-lanthionine
(MeLan) structures. These thioether bridged bisamino acids are generated by the
dehydration of specific serine and threonine residues in the precursor peptide to give 2,3-
dehydroalanine (Dha) and (Z)-2,3-dehydrobutyrine (Dhb), respectively.> These unsaturated
residues then serve as electrophiles for subsequent intramolecular cyclization, wherein
cysteine residues within the peptide attack the Dha and/or Dhb residues in a regio- and
stereoselective manner to form the characteristic (Me)Lan residues (Figure 1A). Following
the post-translational modification of the core peptide, the leader peptide is proteolytically
removed and the mature lanthipeptide is secreted. The general lanthipeptide maturation
process is shown in Figure 1B for haloduracin, a class Il lantibiotic for which the
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dehydration and cyclization reactions are catalyzed by a bifunctional synthetase (generically
called LanM). For class | lanthipeptides, lanthionine formation is catalyzed by dedicated
dehydratase (LanB) and cyclase enzymes (LanC).>

Haloduracin is a two-component lantibiotic produced by Bacillus halodurans C-125.67 In
this organism, two lantibiotic synthetases, HalM1 and HalM2, process two different
ribosomally-synthesized peptide substrates (HalAl and HalA2, respectively) into the mature
lanthipeptides (termed Hala and Halp, respectively). Hala and Half function synergistically
with 1:1 stoichiometry to exert antimicrobial activity.8 The two synthetases are very
selective for their native substrate peptides in that HalM1 does not modify HalA2, and
HalM2 only very poorly processes HalA1.6:

As with all lanthipeptides, the full-length precursor peptide (generically termed LanA) can
be divided into an N-terminal leader and C-terminal core peptide. Although the exact
molecular mechanism is still not understood, the leader peptide has been proposed to play a
role in assembling and/or activating the lanthipeptide biosynthetic enzymes. In addition, the
leader peptide can act as a secretion signal and can reduce autotoxicity of the
posttranslationally modified peptide to the producing organism.10-12 Recently, in another
class of RiPPs, the ArgD leader peptide involved in the biosynthesis of the autoinducing
peptide in Saphylococcus aureus was shown to have cytolytic and amyloidogenic properties
after it was cleaved from the mature peptide, 13 suggesting that leader peptides may also
have biological roles after RiPP biosynthesis.

The core peptide is the site of the post-translational modifications that give the
lanthipeptides their unique structures and biological activities. To date, the molecular
interactions between the leader and core peptide sequences and their cognate synthetases are
poorly understood. Whereas site-directed mutagenesis studies have identified residues in the
leader peptide that are important for dehydration and cyclization, 1422 the manner in which
the enzymes bind the leader and core peptides and the effects on catalysis are not known.
Very recently, the first insights into leader peptide binding were obtained from a co-crystal
structure of the class | lanthipeptide dehydratase NisB and its substrate NisA.23
Unfortunately, crystal structures of the bifunctional class Il lanthipeptide synthetases are not
available.

Among the models proposed for the effect of the leader peptide on LanM activity, we have
favored the conformational selection model.1 In this model, the LanM enzyme exists
predominantly in two conformations (active and inactive, Figure 2), with the inactive
conformation being the dominant species in the absence of the precursor peptide. Binding of
the LanA leader peptide to the active conformation of LanM would then shift the
equilibrium towards the active state of LanM. In this leader peptide-docked Michaelis
complex, the core peptide may gain access to the active site(s) of the lanthipeptide
synthetase because of an increased effective concentration of the core peptide. Increased
effective concentration is important because the shape of the core peptide changes
considerably with each posttranslational modification, and hence the intrinsic affinity of the
core peptide and its modified intermediates for the active sites is anticipated to be weak.
Leader peptide binding may thus help the synthetase overcome weak core peptide binding
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affinity to allow a LanM synthetase to install multiple (Me) Lan rings in the same precursor
peptide. Given the relaxed substrate specificity of many lanthipeptide synthetases, this
conformational selection mechanism may also help to prevent non-specific post-
translational processing of other cellular proteins.

The model in Figure 2 predicts that two separate binding events (i.e. leader binding to a
LanM docking site and core binding to the LanM active sites) should contribute to LanM
catalytic efficiency. Substrate binding studies have not been reported previously for any
class 11 lanthipeptide synthetases. For the class I cyclase NisC, substrate binding studies
have shown that the leader peptide contributes nearly all of the substrate binding affinity as
binding of the core peptide without the leader peptide attached was not observed.22 These
findings are in agreement with a large number of studies that have shown that non-
lanthipeptide sequences attached to leader peptides are processed by both class | and class 11
biosynthetic machinery, 24-28 suggesting that leader peptide binding is sufficient for activity,
and by extrapolation for core peptide binding. However, recent studies in which the leader
and core peptides were provided in trans led to partial activity on the core peptide,
indicating that lanthipeptide biosynthetic proteins must possess some affinity for the core
peptides of their LanA substrates.2%-30 The model in Figure 2 provides a potential
explanation if leader peptide binding increases the affinity of the protein for the core
peptide. Thus far, the binding affinities of the leader and core peptides have not been
systematically determined for any LanM enzyme, and the possibility of synergism in
binding of the leader and core peptides has not been investigated for any lanthipeptide
biosynthetic enzyme. We report here the substrate specificities of the haloduracin
synthetases HalM1 and HalM2 using a variety of wild-type and chimeric HalAl and HalA2
precursor peptides as well as the binding affinities of the HalA2 leader and core peptides,
demonstrating synergism in the two binding events.

Results and Discussion

HalM1 and HalM2 assays with chimeric substrates

To probe the leader and core peptide specificity of the two synthetases we generated two
chimeric substrates consisting of the HalA1 leader peptide and HalA2 core peptide (HalAl-
AZ2) or the HalA2 leader peptide and HalAl core peptide (HalA2-Al). These chimeras as
well as the HalAl and HalA2 peptides contained a Factor Xa cleavage site between the core
and leader sequences to allow facile removal of the leader peptide. They were expressed in
Escherichia coli and purified as N-terminally Hisg-tagged peptides using immobilized metal
affinity chromatography (IMAC). N-terminally Hisg-tagged HalM1 and HalM2 were also
expressed and purified. Since previous studies on LanM enzymes have shown that the
substrates containing Hisg-tags do not affect catalysis, all experiments were performed with
the tag attached, which greatly increases the solubility of the peptides. To verify that the
His-tag did not affect the activity in this system, tagged and non-tagged HalA2 peptides
were incubated with HalM2 and ATP, and the activity towards the two substrates was
monitored over time by matrix-assisted laser-desorption time-of-flight (MALDI ToF) mass
spectrometry (MS). The data showed, that indeed HalM2 has very similar activity with Hisg-
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tagged HalA2 and non-tagged HalA2 (Supporting Figure 1). From here onwards, all
substrates discussed were His-tagged.

As expected, incubation of HalM1 with its cognate substrate HalAl and ATP resulted in
fully modified peptide as the major product as determined by MALDI ToF MS (three
dehydrations, Supporting Figure 2). Similarly, co-expression of HalM1 with HalAl in E.
coli provided fully modified HalAl (Supporting Figure 3). When HalM1 was supplied with
HalA2 in vitro under the same conditions, dehydrations were not detected (Supporting
Figure 2). Incubation of HalM1 with HalA1-Az2 in the presence of ATP resulted in
dehydration of five of the possible seven residues in the major product (Supporting Figure
2), whereas incubation of HalM1 with HalA2-A1 resulted in only one dehydration in the
major product (Supporting Figure 2). These data support the expected activation of HalM1
by its cognate leader peptide, such that it can partially process a foreign core peptide.
Furthermore, they also are consistent with weak recognition of the cognate core peptide by
the enzyme, resulting in a low level of activity with HalA2-Al.

HalM1 was also co-expressed separately with the HalA1-A2 or HalA2-Al chimeric
substrates in E. coli, and the results correlated with the in vitro data, except for the HalA2-
Al substrate for which very little activity was detected (Supporting Figure 3). The low
activity of the latter chimeric peptide may be caused by poor solubility, which was observed
for all peptides containing the Hal Al core peptide, or because of lower concentrations of
HalA2-Al in E. coli compared to the in vitro experiments.

Next, we carried out a similar set of experiments with the lanthipeptide synthetase HalM2.
As expected, incubation with its cognate substrate HalA2 and ATP resulted in
predominantly seven dehydrations in vitro (Supporting Figure 4). More surprisingly,
incubation with HalAl resulted in predominantly one dehydration (Table 1, Supporting
Figure 4). This finding suggests that HalM2 is more active or has a more relaxed substrate
specificity than HalM1. Similarly, incubation of HalM2 with the chimeric substrate HalAl-
A2 resulted in up to 6 dehydrations (Supporting Figure 4). This observation suggests that
either HalM2 has considerably higher affinity for its cognate core peptide than HalA1, or
that the HalAl leader peptide can also bind to HalM2, or both (vide infra). Lastly, HalM2
was incubated with HalA2-Al and the major product was dehydrated twice, with a peptide
with three dehydrations observed as a minor product (Supporting Figure 4). Qualitatively
similar results were obtained by co-expression of these substrates with HalM2 in E. coli
(Supporting Figure 5). The dehydration assays of HalM1 and HalM2 with the two chimeric
peptides suggest that either the enzymes have some affinity for the cognate core peptides,
resulting in partial processing in the absence of the cognate leader peptide, or the enzymes
have affinity for the non-cognate leader peptide. Regardless, it is clear that full dehydration
activity is only observed when both cognate leader and core peptides are present, suggesting
a synergistic mechanism of recognition.

Cyclization cannot be detected directly by mass spectrometry since the Michael-type
additions do not result in a change in mass. Therefore, N-ethylmaleimide (NEM) assays
were carried out to detect free thiols, which indirectly reports on cyclization activity. The
results of the NEM assays with the various co-expression products are shown in Supporting
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Figure 6 and summarized Supporting Tables 5 and 6. As anticipated,® full cyclization was
only observed when dehydration was complete (i.e. in the reactions of HalM1 with HalA1,
and HalM2 with HalA2). HalM1 did not dehydrate HalA2 and as expected a peptide with 4
NEM alkylation adducts was observed. Similarly, the two chimeric peptides showed mostly
fully alkylated (i.e. non-cyclized) peptide after co-expression with HalM1. Some minor
dehydrated species showed partial alkylation, implying some cyclization had taken place.
Although interpretation of these results is complicated by the low level of dehydration
observed with some of the peptides (precluding cyclization), HalM1 did not appear to have
robust cyclization with any of the peptides except its canonical substrate HalA1l.

As observed with the dehydration assays, HalM2 appears to display stronger cyclization
activity towards the various peptides than HalM1. Treatment of several of the partially
dehydrated peptides with NEM resulted in less-than-maximal alkylations, implying that
some of these peptides were partially cyclized. These findings are consistent with a recent
kinetic study on HalM2 that demonstrated that cyclization commences before dehydration is
completed.3!

Given the higher level of activity observed for HalM2 and the higher solubility of the HalA2
peptide compared to HalA1, all further experiments were conducted with HalM2.

In trans activity of HalM2

Based on the model in Figure 2, a small population of the active conformation of the enzyme
would be present in the absence of leader peptide. Therefore, HalM2 was incubated with the
HalA2 core peptide and the products analyzed by MALDI-ToF MS. As expected, the
majority of peptide was unmodified, but a small amount of mono-dehydrated product was
also observed (Figure 3A). When the HalA2 leader and core peptides were incubated with
HalM2 in trans up to six dehydrations were observed (Figure 3B). Although not conclusive,
these findings are less easily explained by a conformational change induced by leader
peptide binding that is required for core peptide recognition (diagonal arrow, Figure 2), and
are more consistent with the conformational selection model in Figure 2, because leader
peptide binding would increase the concentration of active HalM2.

HalM2 fluorescence polarization binding studies

The activity assays report on overall activity but not on the actual binding events.
Knowledge on substrate binding would be valuable, especially to distinguish between the
three possibilities offered above for the activity observed for non-cognate leader and core
peptides. Fluorescence polarization binding studies were therefore carried out to probe the
affinities of various peptides for HalM2. A Cys residue was introduced by site-directed
mutagenesis at the N-terminus of the His-tag of HalA2 and the HalA2 leader peptide
(HalA2LP). After over-expression in E. coli and purification by IMAC, the N-terminal Cys
was used to ligate these peptides by native chemical ligation (NCL)32 to a short synthetic
peptide containing a 5-carboxyfluorescein group (5-FAM), a Strep tag sequence, and a C-
terminal thioester (Supporting Figure 7). The NCL products were purified in two steps with
a HisTrap column and Strep-Tactin Superflow Plus beads (Supporting Figures 8-10). The
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HalA2 core peptide containing a C-terminal 5-FAM was synthesized by peptide synthesis.
This peptide did not contain a Hisg-tag.

The affinity of HalM2 for the fluorescently-labeled HalA2 and HalA2LP was similar (K4 =
1.9+ 0.5 yM and 3.7 £ 1.3 pM, respectively, Figure 4A and B). Very weak affinity was
observed for the HalA2 core peptide (K4 >500 uM; Figure 4C), indicating that the
interactions between the HalA2 leader sequence and HalM2 are largely responsible for
peptide binding under these conditions. Similar results were also reported for the class |
cyclase NisC.22

The conformational selection model in Figure 2 in conjunction with the observed in trans
activity predicts that binding of the leader peptide to the enzyme might increase the binding
affinity for the core peptide. Attempts to test this hypothesis by measuring the binding of the
core peptide to HalM2 in the presence of the leader peptide were unsuccessful because of
problems with solubility. However, we were able to test the model with a variant of HalM2
in which the leader peptide of HalA2 was covalently attached to the protein. We have
previously shown for the related class 11 lacticin 481 synthetase (LctM) that covalent
attachment of the leader peptide results in a Constitutively active Fusion enzyme that we
termed a ConFusion enzyme (LctCE) that displayed much higher activity towards the core
peptide than when the leader peptide was provided in trans.33 Therefore, a HalM2 variant
named HalCE2 was designed in which the HalA2 leader peptide was attached to the N-
terminus of the HalM2 enzyme though a (GS)15 linker (the optimized linker length for
LctM). This enzyme indeed was able to dehydrate the core peptide, but the activity was not
as strong as for the LctCE protein (Supporting Figure 11). The difference may be related to
suboptimal positioning of the leader peptide attached to the N-terminus of HalM2.
Regardless, because activity was observed, the dissociation constant of the HalA2 core
peptide with HalCE2 was measured using the C-terminally fluorescently labeled core
peptide. As expected based on the model in Figure 2, the HalA2 core peptide bound
considerably tighter to HalCE2 (K4 = 85 £ 12 uM) in comparison to wild-type HalM2 (K4 >
500 uM). This observation is the first experimental evidence for synergism in binding of the
core and leader peptides and suggests that the conformation of the enzyme containing the
bound leader peptide is different from that of the apo-enzyme.

The observed synergism also may provide a mechanism for product release. If leader
peptide binding was the only driving factor in substrate recognition, product inhibition could
be a problem. To test the affinity of the product for HalM2, the Hal A2 variant containing an
N-terminal Cys was co-expressed with HalM2 in E. coli to obtain fully modified peptide
with 4 rings, as verified by MALDI-ToF MS, N-ethylmaleimide alkylation assay, and
tandem electrospray ionization (ESI)MS (Supporting Figure 12). The purified product was
conjugated to 5-FAM maleimide to obtain a fluorescently-labeled, fully-modified HalA2
peptide. The affinity of HalM2 for modified HalA2 was roughly 5-fold weaker (K4 = 10.4 £
1.7 uM) than for unmodified HalA2 (Figure 4E). A similar decrease in affinity has also been
reported for the class | dehydratase NisB for the fully cyclized NisA peptide,2! but a
difference in affinity for unmodified and fully modified NisA peptide was not observed for
the class | cyclase NisC.22
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The class | NisA leader peptide contains a conserved FNLD motif that previous studies have
shown is required for NisB and NisC binding.21-23 Hal A2 does not contain the FNLD box,
therefore, it is likely HalM2 recognizes the HalA2 leader peptide in a different manner. As a
negative control, HalM2 was titrated into fluorescein-labeled NisA leader peptide and, as
anticipated, binding was not observed (Supporting Figure 13).

HalM2 fluorescence polarization displacement studies

Because of the unexpected activity observed in the assays of HalM2 with HalA1 and HalA1-
A2, we probed the affinity of HalM2 for the HalAl peptide and its derivatives via
displacement assays. To first validate the assay, increasing concentrations of unlabeled
HalA2 peptide were added to the complex of HalM2 with fluorescein-labeled HalA2. The
decrease in polarization signal demonstrated that unlabeled Hal A2 peptide displaced the
fluorescein-labeled HalA2 peptide from HalM2, providing an independent determination of
the affinity that agrees well with that determined by direct titration of fluorescein labeled
HalA2 (Figure 5A and Table 3).

As expected, unlabeled HalA2 leader peptide was also able to displace fluorescein-labeled
HalA2 leader peptide from HalM2 (Supporting Figure 14). The affinity of the leader peptide
by itself determined in this manner is close to, but slightly lower than, that determined by
direct binding assays (Table 3). To test the hypothesis that the greater than anticipated
activity of HalM2 towards HalA1 and HalA1-A2 was because of recognition of the HalAl
leader peptide, displacement of the Hal A2 leader peptide with the HalAl leader peptide was
investigated (Figure 5B). Interestingly, the HalA1 leader peptide was indeed found to have a
similar dissociation constant as the HalA2 leader peptide (Kg = 4.1 £ 1.1 uM). This
observation explains why the HalA1-A2 and HalAl peptides were substrates for HalM2, but
not why both peptides were only partially modified by the enzyme.

The latter observation, as well as other findings discussed below, suggests that the enzyme
has selectivity for the cognate core peptide. We also showed that the leader peptide of
HalA2 has about the same affinity as the full length HalA2 peptide, and that the HalA2 core
peptide by itself has very little affinity and is only dehydrated at most once in the absence of
the leader peptide. Collectively, these findings reinforce the general notion that most of the
binding affinity in lanthipeptide synthetases comes from the leader peptides. The observed
increase of the affinity for the core peptide of HalCE2 compared to wild-type HalM2
supports a model in which leader peptide binding changes the conformation of the enzyme,
and explains why in trans assays increase the activity over that seen with just the core
peptide. Clearly, the observed binding constant of the HalCE2 enzyme for the Hal A2 core
peptide (85 uM) is still significantly weaker than that observed for the full length HalA2
peptide or the HalA2 leader peptide, once again indicating that the leader peptide contributes
most to the affinity.

We attribute the partial activity observed with HalCE2 to suboptimal positioning of the
leader peptide on the N-terminus of HalM2. In this regard, HalM2 differs from the lacticin
481 synthetase LctM, which can completely modify its cognate core peptide either in trans
or with the leader peptide attached to its N-terminus. It is therefore possible that the
observed K4 of 85 uM of the core peptide with HalCE2 underestimates the true affinity and
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that the affinity for the core peptide upon leader peptide binding is increased more
substantially in the context of the wild type enzyme and substrate.

The importance of appropriate positioning of the substrate is also illustrated by other
observations in this study. The incomplete modification of HalA1-A2 and HalAl by HalM2
despite strong affinity for the HalAl leader peptide shows that the cognate leader peptide
may be important for precise placement of the core peptide. In other words, the HalAl
leader peptide may not be able to optimally position the HalA2 core peptide for catalysis by
HalM2. Indeed, the HalAl and HalA2 leader peptides have low sequence homology and
different lengths (Figure 1).

One important unresolved aspect of the LanM enzymes that complicates the exact
interpretation of binding and activity studies is that the proteins catalyze two reactions in
two different active sites. It is currently not known if the dehydration and cyclization
activities share one leader peptide binding site or if each has an independent binding site.
Neither HalM1 nor HalM2 display sequence homology to known or anticipated leader
peptide binding sites.23:34 Thus, binding of the HalA2 substrate could involve four different
binding sites (two leader peptide and two core peptide binding sites). Indeed, for the class |
nisin synthetase, both the dehydratase NisB and the cyclase NisC independently bind the
leader peptide.21:22 Structural studies with and without leader peptide bound to LanM
enzymes may provide insights into this question.

Conclusions

In summary, this study reports the first determination of dissociation constants of class Il
lanthipeptide synthetases and their substrates, as well as fragments thereof. We provide
evidence that for the haloduracin synthetase HalM2, most of the affinity of the enzyme for
its substrate comes from the leader peptide. We also demonstrated that the enzyme has weak
affinity for the core peptide and that this affinity is increased by the presence of the leader
peptide. The affinity for the core peptide is still lower than that for the leader peptide, such
that the leader peptide determines the overall affinity for the substrate. Finally, precise
positioning of the core peptide appears critical for HalM2 activity.

Materials and Methods

Cloning, Protein and Peptide Expression

Detailed procedures are described in the Electronic Supporting Information (ESI). Primer
sequences for peptide mutants are included in Supporting Table 1. The fluorescently labeled
HalA2 core peptide was obtained from United Biosystems.

HalM1 and HalM2 activity assays

HalM2 (4 uM) reactions were carried out at room temperature in 1 mL solutions containing
substrate (40 puM) and 50 mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES,
pH 7.5) supplemented with 10 mM MgCl,, 5 mM ATP, and 1 mM TCEP. The reaction was
quenched with TFA (final concentration 0.5%) after 12 h. The reaction mixtures were
subjected to C4 solid phase extraction (SPE) columns (Grace Vydac) to remove HalM2. The
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C4 SPE eluant was lyophilized and re-suspended in 50 mM Tris, pH 8.0, then Factor Xa,
trypsin or LysC was added dependning on the substrate peptide (see ESI), and the solution
was incubated for an additional 6-12 h at room temperature. The modified cleaved substrates
were zip-tipped and directly analyzed by MALDI-ToF MS. HalM1 reactions were
completed in the same manner as described for HalM2 with the exception of buffer; HalM1
reactions were performed using 50 mM 4-morpholinepropanesulfonic acid (MOPS) rather
than 50 mM HEPES.

HalM2 in trans assay

Purified HalA2 core peptide (40 uM) and HalA2 leader peptide (40 uM) were incubated
with HalM2 (4 pM) overnight at room temperature in 50 mM HEPES, pH 7.5 supplemented
with 10 mM MgCly, 5 mM ATP, and 1 mM TCEP. The reaction was quenched with TFA
(final concentration 0.5% v/v), partially purified by Zip-Tip, and directly analyzed by
MALDI-ToF MS.

Fluorescence polarization (FP) studies

All FP experiments were performed on a Synergy H4 Hybrid plate reader (BioTek) and data
recorded with Gen5 software. Increasing amounts of HalM2 were added to various
fluorescein-labeled peptides (20 nM) in FP buffer (50 mM HEPES, 10 mM MgCl,, 1 mM
TCEP, 0.25 mM AMP-PNP, pH 7.5). Each binding assay was repeated in triplicate in a 96
well black special optics polystyrene plate with a clear flat bottom (CoStar 3615). Data
analysis was performed using Origin 9.0 and curves were fitted to a dose-dependent and a
hyperbolic curve. Displacement assays were completed with HalM2 (1.5 pM) and a
fluorescein-labeled peptide (20 nM) in FP buffer. Increasing amounts of unlabeled peptide
were added to displace the labeled peptide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) The thioether bridges in lanthipeptides are formed by dehydration of Ser and Thr
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residues followed by a Michael-type addition of Cys residues to the dehydrated residues,
Dha and/or Dhb. A shorthand notation is used, where lanthionine rings are red and methyl-
lanthionine rings are blue. Dha is depicted in green and Dhb in purple. Abu, 2-aminobutyric
acid; Dha, dehydroalanine; Dhb, dehydrobutyrine. (B) The general maturation process of
Hala and Halp. HalT is a conserved bifunctional lantibiotic transporter and protease that
removes the leader peptide. In the HalM activity assays the last four amino acids in the
leader peptide were replaced with the Factor Xa cleavage recognition site (IEGR) to allow

leader peptide removal.
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Figure 2.
A putative model for the activation of a LanM lanthipeptide synthetase. Pink and green

represent the leader and core peptide, respectively. Blue represents the lanthipeptide
synthetase, with three possible binding pockets (dehydration active site at top, leader peptide
binding in the center, and cyclization active site at bottom; the locations of the active sites
are arbitrarily chosen). The diagonal arrow represents a model in which leader peptide
binding is required for a conformational change that generates productive core peptide
binding sites.
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MALDI-ToF MS of the HalA2 core peptide after treatment with (A) HalM2 and (B) HalM2
in the presence of the HalA2 leader peptide. Expected and experimental m/z values are listed

in Supporting Table 4. SM indicates starting material.
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Figure 4.

Fluorescence polarization was monitored to determine the dissociation constants of the
leader and core peptides to the synthetase. (A) HalM2 was titrated into fluorescein-labeled
HalA2, (B) HalM2 was titrated into fluorescein-labeled HalA2 leader peptide, (C) HalM2
was titrated into 5-FAM labeled HalA2 core peptide, (D) HalCE2 was titrated into 5-FAM
labeled Hal A2 core peptide, and (E) HalM2 was titrated into 5-FAM labeled modified
HalA2 peptide. All experiments were performed in at least triplicate and fitted to a
hyperbolic curve and a dose-response curve in order to extrapolate the Ky. The error bars
represent the standard deviation from the average of the triplicate measurements.
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Figure 5.
(A) Fluorescein-HalA2 displacement from HalM2 by unlabeled HalA2. (B) HalAl leader

peptide displaces the fluorescein-HalA2 leader peptide from HalM2. The curves were fitto a
dose-response curve using Origin 9.0 software. The error bars correspond to the standard
deviation of the average of the data that was recorded in triplicate.
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Dehydration of various substrates by HalM1 and HalM2 in vitro

Table 1

Substrate
HalAl
HalA1-A2
HalA2
HalA2-Al

Possible number of dehydrations
3

7
7
3

HalM1 (major product)
3

5
0
1

HalM2 (major product)
1

6
7
2
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Table 2

HalM2 binding affinities for various substrates.

Enzyme
HalM2
HalM2
HalM2
HalCE2
HalM2

Ligand
HalA2
HalA2 leader pe

Kg (HM)
1.9+ 0.5 uM
ptideonly 3.7+1.3uM

HalA2 core peptide only > 500 uM

HalA2 core peptide only 85+ 12 uM

modified HalA2

104 £1.7 M
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Table 3

Apparent binding affinities for HalIM2 via displacement assays.

Complex Titrant 1Csq Ki (UM)
HalM2:HalA2 HalA2 12+11pM  12+11puM
HalM2:HalA2L P2 HalA2LP 56+12pM 55+12uM

HalM2:HalA2LP HalA1LP 41+11puM 41+11pM

aLP = leader peptide
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