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Functional Genome Mining Reveals a Class V Lanthipeptide
Containing a dd-Amino Acid Introduced by an F420H2-Dependent
Reductase
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Abstract: Lantibiotics are a type of ribosomally synthesized
and post-translationally modified peptides (termed lanthipep-
tides) with often potent antimicrobial activity. Herein, we
report the discovery of a new lantibiotic, lexapeptide, using the
library expression analysis system (LEXAS) approach. Lex-
apeptide has rare structural modifications, including N-termi-
nal (N,N)-dimethyl phenylalanine, C-terminal (2-aminovinyl)-
3-methyl-cysteine, and d-Ala. The characteristic lanthionine
moiety in lexapeptide is formed by three proteins (LxmK,
LxmX, and LxmY), which are distinct from enzymes known to
be involved in lanthipeptide biosynthesis. Furthermore, a novel
F420H2-dependent reductase (LxmJ) from the lexapeptide
biosynthetic gene cluster (BGC) is identified to catalyze the
reduction of dehydroalanine to install d-Ala. Our findings
suggest that lexapeptide is the founding member of a new class
of lanthipeptides that we designate as class V. We also identified
further class V lanthipeptide BGCs in actinomycetes and
cyanobacteria genomes, implying that other class V lantibiotics
await discovery.

Introduction

Lanthipeptides are ribosomally synthesized and post-
translationally modified peptides (RiPPs) characterized by
the presence of thioether cross-linked amino acids, namely
lanthionine (Lan) and 3-methyl-lanthionine (MeLan).[1] Lan-

thipeptides that show antibacterial activity are called lanti-
biotics. Nisin was the first lantibiotic discovered, and exerts its
antimicrobial activity primarily by inhibiting cell wall biosyn-
thesis and forming pores in cell membranes.[2] Although nisin
has been used as a food preservative for nearly 60 years, only
limited cases of resistance have been reported. Therefore, the
discovery of further lantibiotics like nisin may be useful in the
fight against antimicrobial resistance.[3]

The (Me)Lan moiety provides lantibiotics with the
structural rigidity to survive proteolysis, and contributes to
their potent antibacterial activities.[4] The (Me)Lan moiety is
installed via the successive dehydration of Ser/Thr to form
a,b-unsaturated 2,3-didehydro-alanine (Dha)/2,3-didehydro-
butyrine (Dhb), followed by the Michael-type addition of
a cysteinyl thiol group to Dha/Dhb catalyzed by lanthionine
synthetases. (Me)Lan synthetases are grouped into four
classes according to their mechanism of catalysis and protein
organization.[1] For class I lanthipeptides, (Me)Lan is gener-
ated by two distinct enzymes: LanB and LanC. However, in
class II–IV lanthipeptides, multifunctional enzymes are
employed to form (Me)Lan, namely LanM (Class II), LanKC
(Class III),[5] and LanL (Class IV).[6]

Other rare post-translational modifications identified in
lanthipeptides include C-terminal (2-aminovinyl)-cysteine
(AviCys), lysinoalanine and labionine formation, halogena-
tion, acylation, hydroxylation, d-amino acids, and others.[1] d-
amino acids are introduced into lanthipeptides by the hydro-
genation of Dha/Dhb, resulting in d-Ala/ d-amino butyric
acid residues, such as those found in lacticin 3147,[7] lacto-
sin S,[8] carnolysin,[9] and bicereucin.[10] The enzymes that carry
out these reactions are encoded in the BGC and fall into two
main dehydrogenase families, represented by LanJA (zinc-
dependent dehydrogenases)[11] and LanJB (flavin-dependent
oxidoreductase superfamily).[10]

Herein we report the discovery of a novel lantibiotic,
which we name lexapeptide, using a recently developed
functional genome mining approach, LEXAS.[12] Our results
suggest that Lexapeptide is the founding member of the novel
class V lanthipeptides considering the unique tri-protein Lan
synthetase composed of LxmK, LxmX, and LxmY. In
addition, we identified and characterized a novel F420H2-
dependent reductase, which installs d-Ala in the lexapeptide
structure. Discovery of lexapeptide and its biosynthetic gene
cluster opens the door for genome mining of further “cryptic/
invisible” class V lanthipeptides for natural product drug
discovery.
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Results and Discussion

Functional screening of the Streptomyces rochei Sal35
bacterial artificial chromosome (BAC) genomic library, using
the LEXAS approach[12] identified five positive hits showing
antimicrobial activity against Staphylococcus aureus (Fig-
ure 1a). Subsequent metabolic profiling of the crude extracts
from five exconjugants revealed a distinct UV-absorption
peak in the high-performance liquid chromatography
(HPLC) chromatogram compared to the controls (Fig-
ure 1b). Large scale fermentation and purification was
performed to isolate the compound using S. lividans GX28
host expressing one of these BAC clones, 6A8. Pure

compound was then analyzed by high-resolution electrospray
ionization quadrupole time-of-flight mass spectrometry
(HRESI-QTOF-MS) and high-resolution matrix-assisted la-
ser desorption ionization Fourier transform ion cyclotron
resonance mass spectrometry (HRMALDI-FTICR-MS), re-
sulting in a penta-charged ion [M++5H]5+ = 775.4327 (Fig-
ure S1) and a singly-charged ion [M++H]+ = 3873.12966 (Fig-
ure 1c), indicating the presence of a peptide. Owing to its
discovery using LEXAS, we named this peptide lexapeptide.

Restriction enzyme mapping and DNA sequencing re-
vealed a shared 54 kb DNA overlap amongst the five BAC
clones 3C1, 5C3, 5G5, 6A8, and 8C6. To identify a minimal set
of genes for lexapeptide production, the BAC plasmid 6A8
was digested with ScaI and self-ligated to remove the & 88 kb
redundant sequence, resulting in pJLXM (Figure S2). The
resulting construct still produced lexapeptide in S. lividans
GX28. pJLXM contains & 23 kb of exogenous DNA from the
genome of S. rochei Sal35 encoding 21 open reading frames
(orfs), including lxmJP1P2MYKXDATIR1R2 and orf1 to orf8.
lxmD encodes a cysteine decarboxylase homologous to CypD
involved in the decarboxylation of C-terminal Cys residue
during the formation of the AviCys moiety in cypemycin
biosynthesis.[13] lxmM encodes a methyltransferase homolo-
gous to the cypemycin a-N-methyltransferase.[13a] Nine genes,
including lxmD and lxmM, form a putative operon led by
lxmA, which encodes a 72-amino acid (aa) small peptide
containing multiple Ser, Thr, and Cys residues. Therefore,
LxmA is likely the lexapeptide precursor peptide (Figure 1d).

We purified & 30 mg lexapeptide from a 30 L culture of S.
lividans GX28/6A8 for structural elucidation using nuclear
magnetic resonance (NMR) spectrometry, high-resolution
mass spectrometry (HRMS), and amino acid composition
analysis. Amino acid composition analysis revealed a mixture
of Gly, Ala, Thr, Leu, Ile, Glx, Pro, Lys, and Arg residues in
a ratio of 1:8:1:2:4:3:2:3:2. In the 1H and 13C NMR spectra,
characteristic signals of the side chains of Phe, Trp, Dha, Dhb,
and a cis-disubstituted olefin were observed (Table S1 and
Figure S3), suggesting lexapeptide possesses two Dha, three
Dhb, Phe, Trp, and C-terminal AviCys or Avi(Me)Cys
residues. The presence of (N,N)-dimethyl phenylalanine
(Me2Phe) residue was confirmed by LC-MS analysis of the
acid hydrolysate (Figure S4), suggesting that Me2Phe is the N-
terminal residue. These data are consistent with lexapeptide
being derived from the C-terminal 38-aa core peptide of
LxmA but undergoes multiple post-translational modifica-
tions common to RiPPs biosynthesis. These modifications
include Ser/Thr dehydration, N-terminal (N,N)-dimethyla-
tion, C-terminal Avi(Me)Cys, and probably Lan or MeLan.

The 38-aa core peptide of LxmA only has seven Ala
residues (Figure 1d), which stands in contrast to the detected
eight AlaQs in the amino acid composition analysis. This
indicates a possible Dha to Ala transition during the matura-
tion of lexapeptide, which typically occurs in RiPPs during d-
Ala installation. To determine the configuration of this extra
Ala, lexapeptide was hydrolyzed in 6n HCl and derivatized
by MarfeyQs reagent (N-(5-fluoro-2,4-dinitrophenyl)-l-alani-
namide, FDAA).[14] LC-MS analysis of the derivatized hydro-
lysate indicated one d-Ala and seven l-Ala in lexapeptide
(Figure 1e).

Figure 1. Discovery and structural characterization of lexapeptide.
a) Lexapeptide-producing clones identified from the genomic BAC
library of S. rochei Sal35 in LEXAS screening. A bioassay plate showing
two clones producing zones of growth inhibition is shown. b) HPLC
profile (at 230 nm) of S. lividans GX28 exconjugants carrying lexapep-
tide-producing BAC clones in comparison to vector control or S. rochei
Sal35 (the lexapeptide peak is highlighted with black diamonds).
c) HRMALDI-FTICR mass spectrum of lexapeptide. The monoisotopic
mass of lexapeptide ([M++H]+) was determined to be 3873.1297.
d) BGC of lexapeptide and core peptide sequence of LxmA. e) Chiral
analysis of d-Ala and l-Ala residues in lexapeptide. f) Determined
structure of lexapeptide. Post-translational modifications on lexapep-
tide are colored orange (methylation), blue (Dha, Dhb, Abu, and the
Cys in Lan), pink (the Cys in AviMeCys) and red (d-Ala). Chemical
structures of the modified aa residues are also shown.
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To determine the positions of Dha, Dhb, d-Ala, Avi-
(Me)Cys, and (Me)Lan, lexapeptide was subjected to trypsin
digestion as described previously.[15] MS and tandem MS/MS
analysis of the lexapeptide and its tryptic digests revealed that
lexapeptide is composed of an N-terminal Me2Phe; two Dha
formed at Ser2, and Ser18; three Dhb formed at Thr4, Thr12
and Thr30; a specific d-Ala28 derived from Ser28; a Lan
formed between Dha19 and Cys22; and a C-terminal
AviMeCys ring formed between Abu33 and Cys38 (Figur-
es S5–S11 and Figure 1 f).

Next, we examined the genes required for lexapeptide
biosynthesis by constructing 21 in-frame gene deletion
mutants using l-Red directed PCR targeting technology
(Figure S12 and S13).[16] Single gene deletion of the lxmADX-
KYMP1P2J operon, or the other four genes, lxmTIR1R2,
abolished the production of lexapeptide, whereas two new
compounds were produced in the DlxmJ (compound 2) and
DlxmM (compound 3) deletion mutant strains, respectively.
Single gene deletion mutants of orf1-orf8 did not affect
production of lexapeptide, indicating that they are not
essential for lexapeptide biosynthesis (Figure S14). The
DlxmJ accumulated compound (2) was determined to be
dehydrolexapeptide (Figure S15), with an m/z of 775.0288
[M++5 H]5+ in HRESI-QTOF-MS analysis (i.e., 2 Da smaller
than 1) (Figure S15). MS/MS analysis of 2 suggested the
presence of Dha28 (Figure S16) in its structure. These data
suggest LxmJ is involved in the conversion of Dha28 to d-
Ala28 to afford 1. Meanwhile, the DlxmM mutant accumu-
lated 3, with an m/z of 28 Da less than 1, suggesting 3 is
desmethyllexapeptide (Figure S15 and S17) and that LxmM is
responsible for the (N,N)-dimethylation of Phe1.

LxmJ is a 339-aa protein that belongs to the family of
bacterial luciferase-like proteins[17] and contains a conserved
domain of F420H2-dependent oxidoreductase (MSMEG_4879
family). The cofactor F420 is present in archaea and some
bacteria and has been implicated in secondary metabolite
biosynthesis in actinobacteria.[18] To verify the function of
LxmJ, we purified soluble apo-LxmJ protein from Escherichia
coli (Figure S18), and reconstituted holo-LxmJ by supple-
mentation with F420 purified from Mycobacterium smegma-
tis.[19] F420-dependent glucose-6-phosphate dehydrogenase
from Mycobacterium tuberculosis (Mtb-FGD) was used for
in situ regeneration of the reduced form of F420 (F420H2).[20] We
evaluated holo-LxmJ activity by an in vitro coupled-enzyme
assay using dehydrolexapeptide (2) as a substrate in the
presence of the F420H2 regeneration system. HRESI-QTOF-
MS analysis revealed complete reduction of 2 to form 1 in
10 min at 30 88C (Figure 2). As F420 shares structural similarity
with FMN/FAD, we also tested FMN/FAD as potential
cofactors using NADH and ferredoxin for cofactor regener-
ation; no conversion of 2 to 1 was observed (Figure S19),
signifying that LxmJ does not use flavins as cofactors. These
data identify LxmJ as belonging to a new and third family of
proteins for introducing d-stereocenters in lantibiotics. We
named this new family LanJC, with LxmJ as the founding
member.

To assess whether LxmJ can reduce Dhb to install a d-
Abu residue like in BsjJB,[10] a S28T point mutation was
introduced to the lxmA gene in pJLXM (Figure S20). MS

analysis of the butanol extract of an S. lividans GX28/
pJLXM_S28T culture indicated the presence of Dhb28 (m/z,
[M++5 H]5+ = 777.8335, + 12 Da compared to 1) (Figure S21),
showing that LxmJ is unable to reduce Dhb.

d-stereocenters installation in lantibiotics has been shown
to improve their activity and stability.[7] To further investigate
the significance of d-Ala in lexapeptide, a number of LxmA
point mutations were constructed in pJLXM. These mutants
accumulated lexapeptide derivatives in large quantity, allow-
ing them to be purified for subsequent minimal inhibitory
concentration (MIC) determination. Lexapeptide and its
derivatives exhibited potent antimicrobial activity against
a panel of Gram-positive bacteria, especially against both
methicillin-resistant S. aureus (MRSA) and S. epidermidis
(MRSE), Enterococcus faecalis and M. smegmatis mc2155,
with lower MIC values (except for Micrococcus luteus) than
those of nisin and vancomycin (Table 1). In addition, the rare
d-Ala modification in lexapeptide significantly enhanced its
antimicrobial activity against S. aureus ATCC 29213, M.
luteus, and M. smegmatis mc2155 compared to its l-isomer.
Together with its (N,N)-dimethylation modification, this
makes lexapeptide more potent than most reported Avi-
(Me)Cys-containing lantibiotics.[4, 21] Furthermore, lexapep-
tide and its derivatives exhibited improved pH- and thermo-
stability over nisin (Figure S22 and S23).

Figure 2. In vitro assay of the LxmJ- catalyzed transformation of Dha
to d-Ala. a) Coupled-enzyme assay using 2 as the substrate and F420H2

as the cofactor. b) HRESI-QTOF-MS analysis of the LxmJ-catalyzed
reduction reaction. Mass spectrometry identified a 0.4 Da increase
([M++5H]5+) in the penta-protonated ion, reflecting a 2 Da increase in
the monoisotopic mass after LxmJ treatment.
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According to our gene disruption analysis, the production
of lexapeptide requires the putative kinase LxmK, two
unknown proteins LxmX and LxmY, two putative zinc
peptidases LxmP1P2, the ATP-binding cassette (ABC) trans-
porter LxmT, the probable immunity protein LxmI, and two
LuxR family transcriptional regulators LxmR1R2, in addition
to the precursor peptide LxmA, cysteine decarboxylase
LxmD, methyltransferase LxmM, and the F420H2 dependent
reductase LxmJ (Table S5). Notably, none of these proteins
share any significant sequence similarity to the known
lanthionine synthetases for the maturation of Dha, Dhb,
and (Me)Lan in lanthipeptide biosynthesis.

Combining our gene disruption data with the current
knowledge of lanthipeptide biosynthesis,[1] we speculated that
the putative kinase LxmK and the unknown proteins LxmX
and LxmY are responsible for the installation of Dha, Dhb,
and Lan; and that AviMeCys might be installed by the joint
actions of LxmKXY and LxmD. To test this hypothesis, we
attempted to heterologously produce lexapeptide in E. coli
cells. Unfortunately, in an E. coli co-expression system, any
combination of LxmA with LxmK, LxmX, and LxmY failed
to produce any detectable unmodified or partially modified
linear precursor peptide. Given the difficulties of producing

the linear precursor peptide in the E. coli system, we
developed a co-expression system of lxmAKXYD in E. coli
to produce (fusion) proteins, consisting of His6-SUMO-
LxmA’, SUMO-LxmK, LxmD, SUMO-LxmX, and SUMO-
LxmY (Figure S24a). LxmA’ is a modified LxmA with
a Factor Xa site engineered between the leader peptide and
the core peptide, designed to release the modified core
peptide from the precursor peptide after Factor Xa protease
treatment. Modified His6-SUMO-LxmA’ was then purified
from the co-expression cells and treated with Factor Xa
protease to remove the SUMO tag and the leader peptide,
prior to MS analysis. UPLC-QTOF-MS analysis of the
purified product gave an m/z of 769.4227 ([M++5H]5+)
(Figure S24), indicating the production of desmethyldehy-
drolexapeptide (4) (Figures 3a and S24). To confirm the
reconstituted 4, a DlxmMDlxmJ double knock-out mutant
was constructed to produce 4 in S. lividans GX28 (Fig-
ure S25). 4 produced by the S. lividans GX28/
pJLXM_DlxmMDlxmJ mutant showed the same m/z value
as 4 in UPLC-QTOF-MS analysis (Figure 3d) and eluted at
the same time when co-injected with E. coli reconstituted 4
(Figure 3c). Removal of any genes from the E. coli co-

Table 1: Comparison of the minimum inhibition concentration (MIC, mm) of lexapeptide and its derivatives with known antibiotics.

Antibiotics S. aureus
ATCC25923

S. aureus
ATCC29213

E. faecalis
ATCC29212

MRSA[a] MRSE[b] M. luteus B. subti-
lis

M. smegmatis
mc2155

Ampicillin <6.73 27 430 430 27 n.d. n.d. 215
Kanamycin <4.29 17 2197 2197 549 n.d. n.d. <4.29
Vancomycin 0.61 0.61 1.21 1.21 1.21 0.3 <0.15 1.21
Nisin 1.19 2.39 4.77 4.77 2.39 <0.0092 0.6 0.6
Lexapeptide (1) 0.52 0.26 0.52 0.52 1.03 0.26 0.52 0.26
Dehydrolexapeptide (2) 0.52 0.52 0.52 0.52 1.03 0.52 0.26 0.52
Lexapeptide_S28A 0.52 0.52 0.52 0.52 1.03 0.52 0.52 1.03
Lexapeptide_S28G 0.26 0.52 0.26 0.52 1.04 0.26 0.26 1.04
Lexapeptide_S28T 0.51 0.51 0.51 0.51 2.06 0.51 0.26 1.03
Lexapeptide_S28V 1.03 0.51 0.51 0.51 1.03 0.51 0.51 2.05
Desmethyllexapeptide
(3)

1.04 1.04 1.04 1.04 2.08 n.d. 0.52 1.04

[a] MRSA, methicillin-resistant Staphylococcus aureus. [b] MRSE, methicillin-resistant Staphylococcus epidermidis. n.d., not determined.

Figure 3. Reconstitution of 4 in E. coli. a) LxmAKXYD co-expression to generate 4 in E. coli. Only key amino acids involved in the formation of Lan
and AviMeCys rings are shown in the LxmA variant His6-SUMO-LxmA’ and 4. A Factor Xa recognition site, IEGR, was inserted upstream of the 38-
aa core peptide in His6-SUMO-LxmA’. b) The structure of desmethyldehydrolexapeptide. c) HPLC profile (at 230 nm) of 4 produced by the
DlxmMDlxmJ mutant strain and the E. coli reconstitution system. d) UPLC-QTOF-MS spectrum of 4 reconstituted in E. coli.
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expression system completely abolished production of the
modified His6-SUMO-LxmA’.

These results suggest that LxmK, LxmX, LxmY, and
LxmD are necessary and sufficient for the modification of the
LxmA core peptide in E. coli to yield Dha, Dhb, Lan, and
AviMeCys residues. Therefore, LxmK, LxmX, and LxmY
constitute a three-component lanthionine synthetase distinct
from the previously described four classes of lanthionine
synthetase.

Combining our bioinformatic, genetic, and biochemical
analyses, we propose a biosynthetic pathway for lexapeptide
(Figure 4). As a three-component lanthionine synthetase,
LxmKXY is responsible for Ser/Thr dehydration and cycliza-
tion to install Dha, Dhb, and Lan. The putative kinase LxmK
phosphorylates Ser/Thr residues on the LxmA precursor
peptide. Then LxmX, which is a phosphotransferases homo-
log identified by Phyre2,[22] acts as a phosphoserine/phospho-

threonine lyase to remove the phosphate groups, thus
generating dehydro-amino acids. Meanwhile, the C-terminal
Cys is decarboxylated by LxmD. Finally, LxmY may function
as a cyclase to catalyze the Michael-type addition of the Cys22
thiol group to the b-carbon of Dha19 to generate Lan, and
likely the addition of decarboxylated-Cys38 to Dhb33 to
generate AviMeCys. In Streptomyces, the bicyclic modified
LxmA peptide is further processed by LxmP1/P2 peptidases to
remove the 34-aa leader peptide. LxmP1 is similar to the
mitochondrial processing peptidase (MPP)-a structural sub-
unit, whereas LxmP2 is similar to the MPP-b catalyzing
subunit that contains the conserved zinc-binding motif (Fig-
ure S26).[23] MPP exhibits a preference for cleaving aromatic
amino acids at the P1 site;[23] thus, LxmP1 and LxmP2 may
form a heterodimer to catalyze the proteolysis of the leader
peptide between Ala(-1) and Phe1 in lexapeptide biosynthe-
sis. Finally, after cleaving the leader peptide, LxmM catalyzes

Figure 4. Proposed lexapeptide biosynthetic pathway. Because LxmJ could catalyze the leader-free hydrogenation reaction very efficiently, we
propose that LxmJ works after leader peptide proteolysis.
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N-terminal dimethylation and LxmJ catalyzes the stereospe-
cific reduction of Dha28 to generate the mature lexapeptide.

The underlying mechanism for Lan formation in lexapep-
tide seems to be similar to those in class II, class III and IV
lanthipeptides. However, LanM/LanKC/LanL are multifunc-
tional proteins, while LxmKXY are standalone monofunc-
tional proteins with no sequence similarity between
LxmKXY and LanM/LanKC/LanL. LxmXKY proteins seem
to imply a similar phosphorylation and dephosphorylation
process to LanKC and LanL to form the Dha and Dhb
residues. Interestingly, only a conserved kinase domain was
identified in LxmK, with no conserved domains identified in
either LxmX or LxmY using Blastp analysis. According to the
standard nomenclature of lanthipeptides, we propose lexa-
peptide as a member of a new class of lanthipeptides (class V).
Using the Blastp algorithm to search against the NCBI
database with LxmK as a probe revealed additional class V
lanthipeptide BGCs with precursor peptide encoding genes
present upstream or downstream of lxmKXY homologs in the
genomes of actinomycetes and cyanobacteria (Figure S27,
Table S6 and S7). Like the lxm BGC, all class V lanthipeptide
BGCs identified from actinomycete (mostly Streptomyces)
genomes harbor structural and post-translational modifica-
tion genes (i.e., genes encoding the LxmKXY homologous
protein, methyltransferase, cysteine decarboxylase, and
F420H2-dependent reductase). Thus, using LxmK we have
identified a potential rich, untapped source of class V
lanthipeptides. However, in the class V lanthipeptide BGCs
identified from cyanobacteria, lxmD and lxmY homologs are
missing and the terminal cysteine residue is also missing in the
associated precursor peptides (Table S7), suggesting that
these gene clusters likely produce linear lanthipeptides.[24]

Conclusion

We discovered a novel lantibiotic with potent antimicro-
bial activity against Gram-positive bacteria using a bioactiv-
ity-driven functional genome mining approach. The novelty
of the LxmKXY proteins for introducing Dha, Dhb, and Lan
during lexapeptide biosynthesis made it invisible to the
classical bioinformatics-based genome mining approach. In
particular, LxmJC is the first reported example of an F420H2-
dependent reductase catalyzing d-Ala formation in lanthi-
peptides, displaying strict site-specific reduction of Dha. This
d-Ala introduced into lexapeptide contributes significantly to
its improved antimicrobial activity. We propose lexapeptide
as the first member of a new class of lanthipeptides, class V,
which appears to be widespread in actinomycetes and
cyanobacteria. However, more in vitro studies of LxmK,
LxmX, and LxmY proteins are still needed to fully under-
stand the biosynthetic mechanism of this novel class V
lanthipeptides. Considering its potent antibacterial activity,
further discovery of class V lanthipeptides would be invalu-
able to the development of drugs to combat multidrug-
resistance infectious diseases.
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