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Ribosomally synthesized peptide antibiotics constitute an
important group of secondary metabolites synthesized by
bacteria and fungi. Among these are lantibiotics, lanthionine
(Lan)-containing bioactive polycyclic peptide antibiotics
produced by various Gram-positive bacteria. Lantibiotics
exhibit antimicrobial activity against a variety of pathogenic
bacteria, for example, Staphylococcus aureus.[1] Subsequent to
ribosomal peptide synthesis (RPS) peptides are posttransla-
tionally modified. In the case of lantibiotics the amino acids
Ser/Cys and Thr/Cys form the thioether-containing amino
acids Lan and MeLan, respectively (Scheme 1).[2] Attempts to
broaden the structural diversity of such peptides are limited
by the restriction of ribosomal peptide synthesis (RPS) to the
set of 20 canonical amino acids (cAAs). While the viability of
total synthesis approaches to such peptides, albeit artful, is
limited,[3] semisynthetic modifications only with easily acces-
sible functional groups have been exploited, and site-directed
mutagenesis approaches have also met with restricted suc-
cess.[4] Expressed protein ligation (EPL) allows the genera-
tion of semisynthetic proteins with an almost unlimited
number of noncanonical amino acids (ncAAs).[5] Although
the intrinsic limitation that ncAAs are delivered only to the
peptide part of the target protein could be overcome, as
recently shown by Benkovic and Schultz,[6] the product yields
of this procedure are extremely low. In contrast, the residue-
specific replacement of amino acids,[7] which generally does
not suffer from such drawbacks, is a more promising strategy

to achieve efficient chemical diversification by directly trans-
lating various ncAAs into bioactive peptides.

Recently, possibilities for lanthionine formation in cell-
free translation systems (in vitro) have been reported,[8]

whereas we, and others, succeeded in the expression of
lantibiotics by RPS in Gram-negative Escherichia coli as a
heterologous host.[9, 10] This bacterial host is, to date, the most
efficient platform for genetic code engineering by which one
or more types of ncAAs are cotranslationally incorporated
into the target polypeptide sequences.[11] Therefore, it should
be possible to employ recombinant expression for the

Scheme 1. Expansion of the synthetic possibilities for the design of
ribosomal peptide antibiotics by an expanded amino acid repertoire.
Reprogrammed in vivo synthesis of lantibiotics includes three levels of
chemical diversification: 1) cotranslational, by insertion of various
ncAAs, including some with unique chemical handles, 2) posttransla-
tional, that is, enzymatic processing and assembly of characteristic
lanthionines (Lan, MeLan), and 3) postbiosynthetic, enabling the
tailoring of the lantibiotics’ structures by bioorthogonal conjugations
under physiological conditions (e.g. attachment of various ligands
such as chromophores and pharmacophores by click chemistry).
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production of antibiotics with ncAAs. By incorporating
different combinations of numbers and functional groups it
would be possible to diversify the lantibiotics� structure as
well as generate novel and unique sequence combinations.
This is of utmost importance for drug development since
lantibiotics, aside from possessing well-known antimicrobial
activity (e.g. subtilin and nisin[12]), also exhibit other impor-
tant bioactivities, such as pain-suppression in mice.[13]

In vivo expression of ribosomally synthesized peptide
antibiotics has not been examined with a more diverse set of
ncAAs. Herein we describe the heterologous expression of
the two-component lantibiotic lichenicidin from Bacillus
licheniformis[14] in E. coli (Scheme S2 in the Supporting
Information) as a model system for the translation of
ncAAs into lantibiotics (Scheme 1). In this system the
plasmid-encoded expression of the Blia and Blib prepropep-
tide is accompanied by expression of the fosmid-encoded
posttranslational biosynthesis machinery in the E. coli host as
described previously.[9] We used a 3D structural model of the
two lichenicidin components, termed Blia and Blib, based on
NMR data[15] to rationally choose residues to be exchanged
during translation (Scheme 2).

The auxotrophic E. coli strain B834 (Met�), unable to
synthesize Met, was transformed with a plasmid encoding for
the synthesis of the Blia prepropeptide (LicA1, Scheme 1)
and a fosmid encoding the posttranslational lantibiotic
biosynthesis machinery. Special features of the latter include
the lanthionine-cyclases LicM1 and LicM2 for the posttrans-

lational modification, the transporter LicT performing the
processing and export from the cytoplasm, and the protease
LicP (Scheme S2 in the Supporting Information). Trans-
formed cells were grown in liquid culture to a given cell
density (OD600 = 0.6–0.8). Then the medium was replaced by
new minimal medium (NMM)[7] supplemented with various
ncAAs (50 mgL�1): Hpg (homopropargylglycine), Aha (azi-
dohomoalanine), Nle (norleucine), and Eth (ethionine) as
replacements for Met. Upon induction of Blia production
with isopropyl b-d-1-thiogalactopyranoside (IPTG), cells
were grown for 16 h at 30 8C. Subsequently, peptides were
extracted with n-butanol and purified by solid-phase extrac-
tion.

The purified peptides were analyzed by high-resolution
HPLC-ESI-MS, and the incorporation of the amino acid
analogues of Met (Scheme 2) was detected based on the
characteristic mass shifts of the molecular masses of Blia
(Figure 1 and Figure S1 in the Supporting Information). The
incorporation of the amino acid analogues into the B-C-D
ring was further confirmed by MS/MS experiments (Figure S3
in the Supporting Information). LC-MS analyses were
performed in order to quantify the amounts of produced
congeneric Blia in comparison to the purified wild-type
peptide.

Micrococcus luteus was used as an indicator strain in an
agar-well diffusion assay to assess the antimicrobial activity of
Met congeners of Blia. To that end Met congeners were
quantified by mass spectrometry and applied to the assay in a
molar ratio of 1:1 (Blia :Blib). The antibacterial activity
displayed by Blia(Met28Hpg) combined with wt-Blib was

Scheme 2. Canonical amino acids and related analogues incorporated
into lichenicidin Blia and Blib. A) residue-specific exchange of canon-
ical amino acids (left) with related noncanonical analogues (right) is
achieved by a series of single in vivo expression experiments. B) 3D
structural model of the two-component lantibiotic lichenicidin, with
Met (Blia), Pro (Blia and Blib), and Trp (Blib) side chains; amino acid
residues selected for replacement are shaded in color.

Figure 1. Activity profiles and the conjugation properties of lichenicidin
congeners containing Met analogues. A) HR-ESI-MS analysis of lichen-
icidin peptide Blia (Mcalc = 3251.53 Da) and Met congeners: Blia-
(Met28Hpg) (Mcalc = 3229.53 Da), Blia(Met28Nle) (Mcalc = 3233.57 Da),
Blia(Met28Aha) (Mcalc = 3246.54 Da), Blia(Met28Eth)
(Mcalc = 3265.54 Da). B) M. luteus inhibition assay for Blia assessing
the antibacterial effects of Met congeners. C) Structure of Blia
(Met28Hpg). HR-ESI-MS analysis of Blia(Met28Hpg) conjugated to
D) the dye azido-fluorescein (Mcalc = 3603.6087 Da) and E) the azido-
sugar 1-azido-1-deoxy-b-d-glucopyranoside (Mcalc = 3435.6087 Da) as
examples of postbiosynthetic modifications of ribosomally synthesized
lantibiotics.
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somewhat less than that of wild-type lichenicidin, nearly
equal for congeners containing Eth or Nle analogues, and
even fully restored for the Aha congener (Figure 1B and
Figure S4 in the Supporting Information).

In a final set of experiments, we sought to apply the
principles of structural diversification to lantibiotics by
postbiosynthetic modifications using bioorthogonal synthetic
chemistry. A CuI-catalyzed Huisgen 1,3-dipolar cycloaddition
(click reaction)[16] was performed with Blia(Met28Hpg)
according to protocols described previously (Table S3 in the
Supporting Information).[17] Synthetic coupling to the Blia
peptide was achieved with 1-azido-1-deoxy-b-d-glucopyrano-
side and azido-fluorescein as shown by HR-ESI-MS
(Figure 1).

Finally, we aimed to elucidate the ability of the lichen-
icidin biosynthetic machinery to tolerate the exchange of
further cAAs for ncAAs in Blia and Blib. We chose proline
(Pro), represented twice in both Blia and Blib, and trypto-
phan (Trp), found exclusively in Blib, as residues to be
replaced (Scheme 2). The incorporation of Pro analogues was
performed only in Blia. All experiments with the related
auxotrophic strains JM83 (Pro�) and ATCC 49980 (Trp�)
were performed by using the media-shift procedure described
above and in the Supporting Information. Thereby, Pro was
replaced by (4R-OH)Pro (trans-4-hydroxyproline), (4S-F)/
(4R-F)Pro (cis- and trans-4-fluoroproline), and (S)Pro (l-
thioproline). Trp analogues (4-F)Trp (4-fluorotryptophan),
(5-OH)Trp (5-hydroxytryptophan), and (7-Aza)Trp (7-aza-
tryptophan) were translated into lichenicidin using fermenta-
tion and expression procedures described by Lepthien et al.[18]

Expectedly, the mass spectrometric analysis clearly showed
high levels of incorporation for all these analogues at the
defined positions (Figure S2 in the Supporting Information).
These experiments demonstrate the general applicability of
our approach for the structural and chemical diversification of
ribosomally synthesized lantibiotics.

In the natural scenario, lantibiotics (like many other
ribosomally synthesized peptides) must first pass the prepro-
peptide stage with 20 canonical amino acids as standard
building blocks before posttranslational modification (PTM),
which efficiently transforms the peptides into bioactive
lantibiotics (Scheme 1). PTMs constitute an additional level
of natural chemical modification and diversification achieved
by the battery of enzymes that selectively process various
types of amino acid side chains.[19] By the expansion of the
amino acid repertoire through the recruiting of other ncAAs
for ribosomal peptide syntheses, the diversity of these
modifications can be dramatically increased. The synthetic
scope of this system has been expanded as we efficiently
introduced additional levels of peptide diversity beyond the
capacities of living cells, enabling us to generate lantibiotics
with chemical properties not developed by natural evolution.

Currently we are expanding our strategy to other ncAAs
including fluorinated amino acid analogues. For example, it is
well known that fluorinated polymers show enhanced ther-
modynamic and hydrolytic stability as well as improved
bioavailability.[20] Similar effects can be envisioned by system-
atic fluorination of peptide antibiotics as well. In addition, as
we have illustrated with the Hpg-containing lichenicidin, the

sequence positions of lantibiotics not affected by PTMs can
be occupied by additional bioorthogonal reactive groups
making them amenable to other means of bioorthogonal
conjugation. On the other hand, sequence positions that are
targets for posttranslational processing can be translated by
various ncAAs (e.g. with alternative chirality, polarity,
molecular volume etc.) in order to harness the catalytic
scope of the PTM machinery of lantibiotics.

We anticipate that our findings, in combination with other
methods (such as site-directed suppression-mediated ncAA
incorporation and the guided evolution of target peptides),
will enable us to create toolkits for the generation of
antibiotics with novel sequence compositions. These com-
pounds should display greatly enhanced structural and func-
tional diversity while retaining or even improving their
structural integrity and bioactivity profile.

Experimental Section
Auxotrophic E. coli strains (JM83, B834, and ATCC 49980) were
transformed with fosmid pLic5DA1 and plasmid pQE80L-A2 or with
fosmid pLic5DA2 and plasmid pQE80L-A1[9] in order to express Blia
and Blib separately. Cells were grown in LB media to OD600 = 0.6–0.8.
Then the LB media was replaced by New Minimal Media (NMM)[7]

containing the ncAAs (50 mgL�1), and subsequently induced with
1 mm IPTG (final concentration). After growth for 16 h at 30 8C,
peptides were extracted with n-butanol and purified by solid-phase
extraction (SPE-C8). Analytical characterization of the peptides was
performed by high-resolution HPLC-ESI-Orbitrap-MS and MS/MS
experiments. LC-MS analyses were performed in order to quantify
the amounts of produced congeneric Blia in comparison to the wild-
type peptides.

Micrococcus luteus ATCC 9341 was used as an indicator strain in
the agar-well diffusion assay to test antimicrobial activity of
congeneric Met analogues of Blia.

A detailed description of the experimental protocols and
analytical methods is found in the Supporting Information.
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