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Abstract

Stereochemical control is critical in natural product biosynthesis. For ribosomally synthesized and
post-translationally modified peptides (RiPPs), the mechanism(s) by which stereoselectivity is
achieved is still poorly understood. In this work, we focused on the stereoselective lanthionine
synthesis in lanthipeptides, a major class of RiPPS formed by addition of Cys residues to
dehydroalanine (Dha) or dehydrobutyrine (Dhb). Non-enzymatic cyclization of the small subunit
of a virulent lanthipeptide, the enterococcal cytolysin, resulted in the native modified peptide as
the major product, suggesting that both regioselectivity and stereoselectivity are inherent to the
dehydrated peptide sequence. These results support previous computational studies that a
DhxDhxXxxXxxCys motif (Dhx = Dha or Dhb; Xxx = any amino acid except Dha, Dhb, and Cys)
preferentially cyclizes by attack on the Re face of Dha or Dhb. Characterization of the
stereochemistry of the products formed enzymatically with substrate mutants revealed that the
lanthionine synthetase actively reinforces Re face attack. These findings support the hypothesis of
substrate-controlled selectivity in lanthionine synthesis but also reveal likely coevolution of
substrates and lanthionine synthetases to ensure the stereoselective synthesis of lanthipeptides with
defined biological activities.

Natural products and their derivatives have been key sources of pharmaceuticals over the last
century.! Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a
large and rapidly expanding family of natural products,? as the burst of available genomic
information has led to the identification of many RiPP biosynthetic pathways in the past
decade.3 4 The structural diversity of RiPPs is vast as a consequence of a multitude of
different post-translational modifications, such as various forms of macrocyclization,
methylation, hydroxylation, decarboxylation, cyclodehydration, and halogenation.2 5 Of all
the structural elements, one particular feature that accounts significantly for diversity and
complexity in other natural products, the stereochemistry, has not received much attention in
research related to RiPPs. The de-emphasis of stereochemistry is in part because RiPPs are
initially assembled by the ribosome with amino acid building blocks that have the L
configuration. However, new stereocenters may be introduced and existing stereocenters can
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be modified during the post-translational modification process.5-8 For instance, the presence
of 18 epimerized amino acids with the non-canonical D configuration in polytheonamide, a
RiPP of 48 amino acid residues, reinforces the idea that stereocenters inherited from the
amino acid building blocks of the precursor peptide can be altered in the final natural
product.® Epimerization of the backbone stereocenters have also been reported for other
RiPPs.%-14 Introduction of new stereocenters on side chains of selected amino acids by post-
translational modifications can further increase the structural diversity of RiPPs. Thus far,
relatively little is known how the stereoselective modifications are controlled during RiPP
biosynthesis.

Lanthipeptides, a shorthand nomenclature for lanthionine-containing peptides, are a family
of RiPPs that have been intensively studied over the past 40 years.1® 16 They are polycyclic
peptides characterized by the presence of intramolecular thioether crosslinks. The
biosynthesis of lanthipeptides initiates from a precursor peptide that consists of an N-
terminal leader peptide and a C-terminal core peptide (Figure 1). The leader peptide is
important for the recognition by the post-translational modification (PTM) machinery,’
bringing the enzyme in close proximity to the core peptide where the modifications take
place, 18- 19 and controlling the order of the PTMs.20 The post-translational modification of
lanthipeptides involves dehydration of serine and threonine residues to dehydroalanine (Dha)
and dehydrobutyrine (Dhb), respectively, and subsequent Michael-type addition of cysteine
thiols onto these dehydroamino acids to form the characteristic thioether crosslinks termed
lanthionine (Lan) and methyllanthionine (MeLan) (Figure 1).2 For class Il lanthipeptides,
both the dehydration and cyclization reactions are carried out by the same enzyme
generically named LanM.22: 23

The formation of dehydroamino acids as intermediates allows the possible generation of one
(Ser) or two (Thr) non-canonical stereocenters from the amino acid building blocks in the
final Lan- or MeLan-containing products. Based on the characterization of a handful of
lanthipeptide family members, it was generally assumed that the original L a.-stereocenter of
these residues is inverted to D during the Michael-type addition to form a (Me)Lan with DL
stereochemistry (i.e. D configuration for the a carbon of the former Ser/Thr residue and L
configuration for the a carbon of the former Cys residue; (25, 6/) for Lan and (25, 3S, 6R)
for MeLan).2! This assumption was only recently challenged by the discovery of LL
stereoisomers in the enterococcal cytolysin (i.e. L configuration for both a carbons; (27,
6R) for Lan and (2R, 3R, 6R) for MeLan, Figure 1).24 The enterococcal cytolysin is
produced by clinical isolates of Enterococcus faecalis and is made up of two post-
translationally modified peptides named cytolysin L and S.2° Because of its tight linkage
with the virulence of E. faecalis, cytolysin has been intensively studied since the 1930s with
respect to its biosynthesis and biological activities.26-30 The existence of (Me)Lan residues
in cytolysin that have different stereochemistry from all other lanthipeptides with previously
documented structural information was unexpected, but subsequently several other
lanthipeptides have been reported that contain LL-Lan or MeLan.31: 32 Sequence
comparisons and mechanistic studies suggested that the LL-stereoselectivity is encoded in
the substrate sequence rather than being governed by the enzyme, which is rare for naturally
occurring enzymatic reactions.33 All currently known LL-(Me)Lan structures are found in
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class Il lanthipeptides and are formed from a Dhx-Dhx-Xxx-Xxx-Cys sequence motif (Dhx
= Dha or Dhb; Xxx is any amino acid except Dha/Dhb/Cys).

The hypothesis that the unusual LL stereochemistry of the (Me)Lan in cytolysin is induced
by the substrate sequence has been supported by the observation that other distantly related
LanM enzymes take this sequence and convert it to products with the same LL
stereochemistry. However, the possibility that the cytolysin synthetase CylM also plays a
role during this process has thus far not been investigated. In this work, we provide further
evidence that the dehydrated cytolysin precursor peptide adopts a pre-organized
conformation that facilitates the formation of the desired cyclized product even without
enzymatic catalysis, reinforcing the idea of substrate-controlled reactivity and selectivity in
RiPP biosynthesis. However, we also show that CylM has coevolved with its substrate to
enforce the natural stereoselectivity for lanthionine synthesis in cytolysin, even when the
Dhx-Dhx-Xxx-Xxx-Cys sequence motif is changed.

RESULTS AND DISCUSSION
Dehydration of CylLg in E. coli

In previous work, we showed that three different lanthionine synthetases sharing limited
sequence homology with CyIM in their cyclase domain (<25% identity) all formed the A
ring in CylLg, the precursor peptide of cytolysin S (Figure 1), with the LL stereochemistry
that is found in the natural product.33 In that study, the dehydration of the CylLg peptide was
executed in tandem with the cyclization reaction in £. coli, which prevents the direct
investigation of the Michael-type addition process. In order to study the cyclization reaction
in isolation, we first targeted obtaining dehydrated CylLg without the formation of thioether
linkages. LanM proteins are bifunctional enzymes that catalyze both the dehydration and
cyclization reactions in the substrate peptides and these two functions are executed by two
distinct domains, an N-terminal dehydratase domain and a C-terminal cyclase

domain.2: 23. 34 The crystal structure of CylM reveals that each domain has its own
independent active site.3° In addition, the activity of the isolated dehydratase domain of
CyIM has been reconstituted in vitro,3® indicating that this domain can be catalytically
competent without the partner cyclase domain. Building on these results, dehydrated CylLg
was obtained by co-expression in E. coli of N-terminally Hisg-tagged CylLg with a truncated
CylIM consisting of residues 1 to 625 that encompass the dehydratase domain. The peptide
was then purified using immobilized metal affinity chromatography. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis
illustrated a mass shift corresponding to loss of four water molecules, consistent with what
was observed for fully dehydrated CylLg (Supporting Information Figure 1). To test whether
the two Cys residues in CylLg obtained using this strategy were cyclized, N-ethylmaleimide
(NEM) was employed as an alkylation reagent to detect free thiols in the peptide.36
Unexpectedly, dehydrated CylLg did not react with NEM under reducing conditions
(Supporting Information Figure 2), suggesting the thiols of both Cys5 and Cys21 were
involved in covalent linkages other than disulfide bonds. Removal of the leader peptide by
CylA, the dedicated serine protease encoded in the cytolysin biosynthetic pathway,3”
allowed liquid chromatography-MS (LC-MS) analysis of the modified core peptide. One
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major peak with a mass corresponding to cytolysin S was observed on the chromatogram
and the retention time matched that of cytolysin S produced by full length CyIM (Figure 2a
and Supporting Information Figure 3). Notably, a minor peak with the same mass but a
different retention time compared to cytolysin S was also detected on the chromatogram
(Figure 2a). Electrospray ionization (ESI) MS/MS analyses of both peaks revealed a similar
fragmentation pattern as native cytolysin S (Figure 2b and Supporting Information Figure 3),
indicating that both products obtained in this way were cyclized and that the regioselectivity
of cyclization was the same as that in the reaction catalyzed by full length CyIM. We next
examined the stereochemistry of (Me)Lan residues. The peptide was hydrolyzed in 6 M
HCI, and individual amino acids were derivatized and subjected to gas chromatography-MS
(GC-MS) analysis with a chiral stationary phase. Lan and MeLan signals were extracted
from the total ion chromatogram using their characteristic fragment masses and their
stereochemistry was assigned by comparing the retention time with those of synthetic
standards that were derivatized using the same procedure. This examination showed that the
major product contained an LL-MeLan and a DL-Lan, like the native compound, but that the
minor product contains an LL-MeLan and an LL-Lan (Supporting Information Figures 4, 5
and 6). These observations were quite surprising as they indicate that regioselective
cyclization of CylLg could be achieved without the cyclase domain, and suggested that
dehydrated CylLg attains an organized conformation that auto-cyclizes even without the
presence of a catalyst.

Non-enzymatic cyclization of dehydrated CylLg

The unexpected observation that dehydrated CylLg was completely cyclized even in the
absence of the cyclization domain may have several explanations. First, it is possible that the
dehydratase domain may catalyze the cyclization. Second, another protein in £. coli may
have promoted the cyclization, and third, the cyclization may have occurred non-
enzymatically. To investigate the latter, most probable possibility, the cyclization reaction of
dehydrated CylLg was conducted /n vitro. The two cysteines in CylLg were first protected as
an intramolecular disulfide (Figure 3a), and the oxidized CylLg was supplied to CyIM.
CyIM accepted oxidized CylLg as substrate and eliminated four water molecules (Figures 3b
and Supporting Information Figure 7), albeit with a lower efficiency compared to linear
reduced CylLg; as no free thiols were available, cyclization could not take place. The 4-fold
dehydrated and disulfide-containing CylLg peptide was then purified by reversed phase high
performance liquid chromatography (RP-HPLC) (Supporting Information Figure 8).
Subsequent incubation with dithiothreitol at pH 7.5 released the two Cys thiols and allowed
non-enzymatic cyclization to proceed. Free thiols could no longer be detected after 12 hours
of incubation at room temperature (Supporting Information Figure 9). Treatment of the
peptide with the peptidase CylA and analysis of the core peptide using LC-MS again
revealed a major peak on the LC chromatogram corresponding to cytolysin S as well as a
minor peak with the same mass (Figure 3c). MS/MS analyses of both products demonstrated
the formation of the correct ring topology (Supporting Information Figure 10). Thus, the
non-enzymatic /n vitro results are in good agreement with the /n vivo observations with
CylM-1-625, suggesting that the dehydrated CylLg produced by the dehydratase domain of
CyIM cyclizes non-enzymatically into two diastereomers with the correct ring topology.
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These observations at first glance raise the question whether the CyIM cyclase domain is
required for cytolysin S synthesis. However, both /n vitroand in vivo non-enzymatic
cyclization resulted in a minor product corresponding to a diastereomer of cytolysin S,
where the configuration of the Lan residue in the B ring was LL rather than DL found in
native cytolysin S. This peptide is never observed in vivo or in vitro for reactions with full
length CyIM. Therefore, we wondered whether the CylM cyclase domain could improve the
fidelity for the cyclization of the B ring in CylLs. To test this hypothesis, the CyIM cyclase
domain consisting of residues 626 to 993 and the CylM dehydratase domain were expressed
together with CylLg and allowed to modify the peptide in transin E. coli. Fully dehydrated
and cyclized product was obtained (Supporting Information Figures 11 and 12), and indeed,
the minor peak corresponding to the diastereomer of cytolysin S was considerably
diminished in intensity when analyzing the core peptide by LC-MS (Supporting Information
Figure 13). The LL-Lan signal on the chromatogram also returned to a basal level
(Supporting Information Figure 14), resulting in a similar GC trace as what was observed for
CyIM-modified CylLg. Collectively, these results suggest a role of the CylM cyclase domain
in CylM-catalyzed modifications with respect to the stereochemical fidelity of Lan
formation.

Mutation of the Dhx-Dhx-Xxx-Xxx-Cys motif

Based on previous studies, 31 33 the enzymatic formation of the non-canonical LL
stereochemistry in several lanthipeptides has been linked to a Dhx-Dhx-Xxx-Xxx-Cys motif
present in the substrate peptide. The second dehydroamino acid in such a motif was shown
to be important for the stereoselective cyclization of the A ring of the lanthipeptide
haloduracin B (Halp).32 To test whether the second Dhb is also important for CylM-
catalyzed cyclization of the Dhb-Dhb-Pro-Ala-Cys sequence (the dehydrated precursor to
the A ring of cytolysin S, Figure 1), Thr2 was substituted by Ala in CylLg. In HalB, such a
mutation resulted in an inversion of the facial selectivity of the Michael-type addition
catalyzed by HalM2.33 CylLs-T2A was modified by CylM in £. coli; and the resulting
peptide was purified. MALDI-TOF MS analysis indicated the desired loss of three water
molecules and no free thiols were present in the peptide (Supporting Information Figures 15
and 16). The modified CylLg-T2A peptide was then hydrolyzed in acid, and the amino acids
were derivatized and analyzed by GC-MS. Surprisingly, signals corresponding to LL-MeLan
and DL-Lan were detected (Figure 4 and Supporting Information Figure 17), similar to what
was observed for native cytolysin S. The selective formation of LL-MeLan in the A ring of
CylLs-T2A by CyIM can be explained in two ways: 1) the second Dhb is not required in the
Dhb-Dhb-Pro-Ala-Cys sequence to form an LL-MeLan; and/or 2) the synthetase CyIM has a
preference for the LL stereochemistry in the A ring and catalyzes the formation of LL-
MeLan even when the second Dhb is missing in the substrate motif.

To attempt to differentiate these two possibilities, we first expressed CylLg-T2A together
with the CylM dehydratase domain in £E. coli. As expected three dehydrations were
observed, corresponding to fully dehydrated CylLs-T2A (Supporting Information Figure
18). However, NEM analysis indicated one of the two thiols in the peptide remained non-
cyclized (Supporting Information Figure 19), different from what was observed for wild type
CylLg modified by the CylM dehydratase domain and for CylLs-T2A modified by full
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length CyIM. Removal of the leader peptide and MS analysis of the resulting mutated core
peptide confirmed that it was the A ring that was not properly cyclized as hydrolysis of the
N-terminal Dhb to 2-oxobutyrate after leader peptide removal was exclusively observed
(Supporting Information Figure 20). The partially cyclized CylLg-T2A peptide was purified
and non-enzymatic cyclization of the A ring was pursued /n vitro. Unlike the facile non-
enzymatic cyclization of the A ring in the wild-type sequence described above, very little
ring closure was observed after 15 hours of incubation at pH 9 (Supporting Information
Figure 21). Collectively, our results suggest that the cyclization of the A ring of dehydrated
CylLs-T2A requires the cyclase domain of CylM, and that non-enzymatic cyclization is
greatly aided by the second (underlined) Dhb in the Dhb-Dhb-Pro-Ala-Cys motif.

The inability to cyclize the A ring of CylLs-T2A non-enzymatically prevented determination
whether cyclization of the Dhb-Ala-Pro-Ala-Cys sequence in dehydrated CylLs-T2A to
form an LL-MeLan residue is controlled by CyIM. A second question is whether this
activity is unique to this enzyme. To answer the latter question, we tested whether a different
LanM, the Halp synthetase HalM2, would modify CylLs-T2A to form an LL-MeLan in the
A ring. A gene encoding a chimeric peptide with the leader peptide of Halp connected to the
CylLs-T2A core peptide was constructed and co-expressed with HalM2 in £. coli. HalM2
carried out the desired three dehydrations of the CylLg-T2A core peptide (Supporting
Information Figure 22). The efficiency of the cyclization reaction was evaluated using the
NEM assay. Partially cyclized HalA2-CylLgs-T2A peptide with one free thiol was detected
almost exclusively (Supporting Information Figure 23), suggesting that HalM2 is also
inefficient in catalyzing the cyclization of the A ring of dehydrated CylLg-T2A.

Previous studies have demonstrated that both enzymatic and non-enzymatic cyclization
involving a Dha is much more facile than cyclization onto a Dhb.38: 39 Thus, in a last effort
to achieve cyclization of the A ring of cytolysin S in the absence of two consecutive Dhx
residues we generated the double mutant CylLs-T1S/T2A, which after dehydration would
generate a Dha-Ala-Pro-Ala-Cys sequence. The peptide was co-expressed individually with
either CylM-1-625 or HalM2 in £. coli. Both proteins carried out the desired three
dehydrations and evaluation of cyclization by the NEM assay as well as tandem MS analysis
also showed that both rings were formed (Supporting Information Figures 24 and 25).
Hence, the increased reactivity of Dha indeed resulted in cyclization of the A ring.
Subsequent acid hydrolysis of the peptide, derivatization of the amino acids, and analysis by
GC-MS demonstrated that the experiment with CylM-1-625 generated predominantly DL-
Lan (Supporting Information Figure 26), indicating that non-enzymatic cyclization of the
Dha-Ala-Pro-Ala-Cys sequence preferentially provides the canonical stereochemistry.
However, the experiment with HalM2 generated a near 1:1 ratio of DL-Lan and LL-Lan
(Supporting Information Figure 27). The most likely explanation of these data is that the A
ring is formed with LL stereochemistry and the B ring with DL stereochemistry, indicating
that, like CylM, HalM2 catalyzes the enzymatic cyclization of the Dha-Ala-Pro-Ala-Cys
sequence to provide the LL stereochemistry even in the absence of the second Dhx. Thus,
both proteins impart onto the substrate a preference for attack by the thiol/thiolate onto the
Re face of Dha even when non-enzymatic cyclization preferentially occurs by attack onto
the Siface. Collectively, the data in this study clearly show that whereas the Dhx-Dhx-Xxx-
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Xxx-Cys motif indeed has an inherent preference for LL stereochemistry, the enzymes
investigated further enforce this preference even without the motif.

Ring size requirement for LL stereochemistry

Thus far, all naturally occurring LL-(Me)Lan residues have been identified in five amino
acid-rings. We therefore decided to probe whether this ring size is important for lanthionine
synthetases to produce thioether links with the non-canonical configuration. The large
subunit of cytolysin, cytolysin L (Figure 5a) contains two rings with LL stereochemistry, a
MeLan A ring and a Lan B ring. Given the higher reactivity for Lan formation as discussed
in the previous section, we therefore generated a series of mutants of the CylL B ring with
altered sizes. We first investigated ring contraction by deleting Alal6. Its precursor peptide
CylL-Al6del was co-expressed with CylM in £. coli and the desired seven dehydrations
were observed (Supporting Information Figure 28a). NEM analysis confirmed that the
CyIM-modified CylL | -A16del peptide was fully cyclized (Supporting Information Figure
28b). Acid hydrolysis of the modified peptide and derivatization of the individual amino
acids were followed by analysis by GC-MS. DL stereochemistry was exclusively observed
for the Lan signal (Figure 5b), suggesting that CyIM cyclized the four-amino-acid B ring of
cytolysin L to form a lanthionine residue with the DL configuration. As expected, a signal
corresponding to LL-MeLan (derived from the A ring) was also observed on the
chromatogram (Figure 5b and Supporting Information Figure 29). To construct an expanded
B ring in cytolysin L, an alanine was inserted after Ser15, resulting in a Dhal4-Dhal5-Ala-
Ala-Ala-Cys sequence. To be able to determine which dehydroamino acid was cyclized with
the Cys residue in this sequence, Serl14 or Serl15 were individually mutated to Thr, which
would then result in either a MeLan (cyclization with Dhb) or Lan (cyclization with Dha).
CylL -S14T-Al6ins and CylL -S15T-A16ins were co-expressed in E. coli with CylM and
the desired 7-fold dehydrated peptides were produced (Supporting Information Figures 30a
and 30b). Free thiols were not detected in either peptide using the NEM assay, indicating
complete cyclization (Supporting Information Figure 30c). The modified peptides were then
hydrolyzed, and the resulting amino acids derivatized and subjected to GC-MS analysis. For
CyIM-modified CylL -S15T-A16ins, signals corresponding to LL-MeLan and DL-Lan were
observed (Supporting Information Figure 31), whereas for CylIM-modified CylL -S14T-
A16ins, DL-Lan and a 1:1 ratio of DL- and LL-MeLan were observed in the chromatogram
(Supporting Information Figure 32). The most straightforward interpretation of these results
is that the Cys reacts with the underlined dehydroamino acid in Dhx14-Dhx5-Ala-Ala-Ala-
Cys. In CylL -S15T-A16ins, this results in a DL-Lan B ring (Dhx4 = Dha), to go along
with an LL-MeLan for the A ring and a DL-Lan for the C-ring. For CylL -S14T-A16ins,
this results in a DL-MeLan (Dhx4= Dhb), again along with an LL-MeLan for ring A
(resulting in the 1:1 observed ratio for LL and DL-MeLan) and DL-Lan for ring C.
Importantly, regardless of the mutant, the ring in such a six amino acid ring was synthesized
with the canonical DL configuration. Collectively, this suggests that the ring size with five
amino acids is required for CylM to catalyze the formation of the unusual LL
stereochemistry, at least for the B ring of CylL . We also note that cyclization occurred in
both cases on Dhx!4, rather than Dhx!® which would have given a five-amino-acid B ring as
found in native cytolysin L. These observations are in accord with the aforementioned lower
reactivity of a Dhx-Ala-Xxx-Xxx-Cys sequence compared to a Dhx-Dhx-Xxx-Xxx-Cys

ACS Chem Biol. Author manuscript; available in PMC 2017 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al. Page 8

sequence. In addition, these findings suggest that two consecutive Dhx residues may
generally increase the reactivity of the first Dhx, either electronically or because of
conformational preferences.

Discussion

In this study, we provide additional support for the hypothesis that the substrate controls in
part the regioselectivity and stereoselectivity of ring formation, but we also show that the
enzymes clearly play important roles as well. First, the successful non-enzymatic cyclization
of dehydrated CylLg, both in £. coli and /n vitro, confirmed that a substrate containing a
Dhb-Dhb-Pro-Ala-Cys sequence inherently prefers formation of the LL stereochemistry as
predicted computationally (Table 1).32 The Jn vitro auto-cyclization of dehydrated CylLg
proceeded efficiently at nearly neutral pH, which was unexpected before this work because
of results obtained for another group of lanthipeptides, the prochlorosins, where the non-
enzymatic Michael-type addition required a higher pH to activate the thiols and was
extremely slow, especially for the formation of MeLan residues.*? Indeed, we also observed
very slow non-enzymatic cyclization for the MeLan A ring of dehydrated CylLg-T2A
substrate. Our observations for wild type cytolysin S suggest that dehydrated CylLg can
access a conformation with increased reactivity, which allows the cyclization of both rings to
proceed efficiently even in the absence of an enzyme catalyst. Previous computational
analysis demonstrated that in the optimal transition state structure of Re-face attack of the
thiol on the alkene of Dhb en route towards the LL-MeLan A ring of cytolysin S, the
negative charge of the enolate intermediate is efficiently stabilized.33 The hydrogen bonding
network that stabilizes this enolate accounts significantly for the lower activation energy
barrier for the Michael-type addition to yield LL stereochemistry and might be the reason
why this reaction can proceed efficiently and with the same stereochemistry even without a
cyclase.

Second, the formation of the correct ring topology for cytolysin S by non-enzymatic
cyclization provides further support for our previous hypothesis of substrate-controlled
selectivity in the lanthipeptide family,3¢ and suggests that both regioselectivity and
stereoselectivity for cytolysin S synthesis are encoded, at least in part, in the CylLg
sequence.*! There are 144 possible constitutional isomeric products of the cyclization
process of dehydrated CylLg, considering different ring topologies and stereochemistries of
(Me)Lan residues with a fixed L configuration for the former Cys residue that does not alter
during the process. However, only one major product was observed for non-enzymatically
cyclized CylLg, suggesting that the conformational energy landscape of dehydrated CylLg is
such that the transition states leading to the natural product efficiently outcompete the other
143 possibilities and dominate the reaction outcome. Collectively, these observations
reinforce the idea of reactivity and selectivity for lanthipeptide biosynthesis in which the
sequence of the substrate is important for the final outcome.

Third, we show that having two consecutive dehydroamino acids alone is not sufficient for
obtaining the LL stereochemistry. Only when those amino acids are imbedded at the start of
a five amino acid sequence with a Cys at the 5t position, was cyclization by ant/ addition on
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the Re face of the alkene observed. When the Dhx-Dhx sequence was present at the start of
either a four or six amino acid sequence, the canonical DL stereochemistry was obtained.

Fourth, our results show that the dehydratase and cyclase activities of CylM can be
independently accessed using truncated CyIM proteins. Although cyclization of dehydrated
CylLg could proceed non-enzymatically with similar regioselectivity and stereoselectivity as
the native enzyme-synthesized product, the cyclase domain is clearly important since the
stereochemical fidelity of B ring formation was improved over non-enzymatic cyclization in
the presence of the C-terminal domain (Table 1). In addition to ensuring the correct
stereochemistry of the B ring of CylLg, the CyIM cyclase domain can overcome the inherent
stereoselectivity of cyclization that is encoded in the substrate for the A ring (Table 1). The
second dehydroamino acid in a Dhx-Dhx-Xxx-Xxx-Cys motif (underlined) has been
proposed to be important for the formation of LL-(Me)Lan as mutation of the second Dhb to
Ala in its natural substrate HalA2 resulted in an inversion of the face selectivity of
cyclization during formation of the A ring of Halp by HalM2.24 However, in this work, we
show that CylM cyclizes the A ring of CylLs-T2A to form an LL-MeLan residue even when
the second Dhb is replaced by Ala. To determine if such stereoselectivity is perhaps still
inherent to the substrate sequence, we tried to cyclize the mutated A ring non-enzymatically,
but unfortunately, the Dhb-Ala-Pro-Ala-Cys sequence was very unreactive towards non-
enzymatic cyclization. We therefore employed a double mutant to obtain a more reactive
Dha-Ala-Pro-Ala-Cys sequence (A ring formed from CylLg-T1S/T2A). This substrate
cyclized when co-expressed with CylM dehydratase domain, which reports on non-
enzymatic cyclization, and the product formed contained mostly DL-Lan. Thus, CylM
generates an A ring with LL stereochemistry when the substrate inherently prefers the DL
stereochemistry. Co-expression of CylLg-T1S/T2A with HalM2 also generated
predominately the LL-Lan isomer for the A ring, and hence this selectivity is not specific to
CylIM. Collectively, these observations indicate that the stereoselectivity of CylM is more
complicated than a simple preference of the substrate for a certain configuration. The
outcome with the CyILS-T2A mutant is puzzling since CylM cyclized this sequence to
generate the LL stereochemistry for the A ring while at the same time converting the Dha-
Ala-Lys-Phe-Cys sequence of the B ring to a DL-Lan. It appears that the enzyme has
evolved to provide LL stereochemistry at the N-terminus of the core peptide and DL
stereochemistry at the C-terminus. The reason why CylM coevolved with its substrates to
introduce the LL stereochemistry remains unknown. Both subunits of cytolysin (L and S)
contain the unusual LL stereochemistry, and cytolysin is unique in the lanthipeptide family
for its lytic activity against eukaryotic cells.16: 24 It is tempting to speculate that the unusual
LL stereochemistry may therefore be an essential feature that accounts for the virulence
activity of cytolysin. In that scenario, the LL stereochemistry probably originally arose from
the inherent preference of the substrate, but during evolution the enzyme co-evolved to help
enforce the LL stereochemistry such that now even when the dominant motif is removed, the
enzyme still forms the LL product. Whether there is indeed a structure-activity correlation
between the unusual LL stereochemistry and the Iytic activity of cytolysin requires further
investigation.

ACS Chem Biol. Author manuscript; available in PMC 2017 September 16.
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Materials and experimental procedures are described in Supporting Information.
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Figure 1. Schematic illustration of lanthipeptide biosynthesis using cytolysin S as an example
The leader peptide is shown schematically whereas the amino acid sequence is shown for the

core peptide Amino acid residues involved in post-translational modifications are
highlighted in color. Sequence of the leader peptide of CylLg =
MLNKENQENYSNKLELVGPSFEELSLEEMEAIQGSGDVQAE.
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Figutl'e 2. ESI MS analyses of cytolysin S peptide modified by the CylM dehydratase domain in

E. coli

a) Extracted ion chromatogram (/m/z= 1017) of CylLg core peptide modified by the CyIM
dehydratase domain. The mass spectrum corresponding to the major peak is shown in the
insert. For fully modified CylLg core peptide, calculated [M—4H,0+2H]%*: 1,016.52,
monoisotopic mass; observed [M—4H,0+2H]%*: 1,016.51, monoisotopic mass. b) MS/MS
analysis of the major peak on the LC chromatogram and a proposed structure deduced from
the fragmentation pattern. Both MS and MS/MS results suggest that the dehydrated CylLg
purified from E. colfis in its cyclized form.
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Figure 3. Non-enzymatic cyclization of cytolysin S peptide in vitro
a) ESI LC-MS analysis of the linear core peptide of CylLg in its oxidized (disulfide) form.

Extracted ion chromatogram (/m/z = 1052) of the LC trace for oxidized CylLg core peptide is
shown in dark red and the corresponding mass spectrum in the insert. No peak
corresponding to reduced CylLg core peptide was detected in the LC trace. Oxidized CylLg
core peptide with a disulfide linkage, calculated [M+2H]2*: 1,051.53, monoisotopic mass;
observed [M+2H]?*: 1,051.53, monoisotopic mass. b) ESI LC-MS analysis of oxidized and
dehydrated core peptide of CylLs. Extracted ion chromatogram (/7/z= 1016.5) of the LC
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trace is shown with the corresponding mass spectrum inserted. Dhb1 was hydrolyzed to a
ketone after leader peptide removal, resulting in a mass increase of 1 Da. Disulfide
containing and dehydrated CylLg core peptide (Dhb hydrolyzed), calculated [M-4H,0O-NH
+0+2H]?*: 1,016.00, monoisotopic mass; observed [M—4H,0-NH+0+2H]%*: 1,016.00,
monoisotopic mass. ¢) ESI LC-MS analysis of non-enzymatically cyclized CylLg core
peptide. Extracted ion chromatogram (m/z= 1017) of the LC trace is shown. The mass
spectrum corresponding to the major peak is shown in the insert. For fully cyclized cytolysin
S, calculated [M—4H,0+2H]?*: 1,016.52, monoisotopic mass; observed [M—4H,0+2H]?*:
1,016.40, monoisotopic mass. Obu: 2-oxobutyrate, LP: leader peptide. Yellow line
represents disulfide.
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Figure 4. GC-MS traces for hydrolyzed and derivatized (Me)Lan residues from CylLg and
CylLs-T2A peptides that were cyclized using different set ups

Gas chromatograms showing signals corresponding to derivatized MeLan (left panel) and
Lan (right panel) from CylLg peptides cyclized by CyIM (black trace)?4, by the CylM
cyclase domain (blue trace) or without a cyclase (brown trace), and CylLs—T2A peptide
cyclized by CyIM (magenta trace) are overlaid. For co-injection traces with synthetic
(Me)Lan standards that were used for stereochemistry assignments, see Supporting
Information Figures 4, 14 and 17.
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a) Structure of cytolysin L. b) GC-MS traces for hydrolyzed and derivatized (Me)Lan
residues from CylM-modified CylL -16Adel. For co-injection traces with synthetic
(Me)Lan standards that were used for stereochemistry assignments, see Supporting
Information Figure 29.
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