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Abstract
The thiocillins from Bacillus cereus ATCC 14579 are natural products from the broader class of
thiazolyl peptides. Their biosynthesis proceeds via extensive post-translational modification of a
ribosomally encoded precursor peptide. This post-translational tailoring involves a key step formal
cycloaddition between two distal serine residues. In the wild type structure this cycloaddition
forms a major macrocycle circumscribed by 26-atoms (shortest path). Results presented herein
demonstrate the promiscuity of this last step by means of a set of “competition” experiments.
Cyclization proceeds in many cases to provide altered ring sizes, giving access to several variant
rings sizes that have not previously been observed in nature.

The vast majority of peptide bonds within known natural product scaffolds are installed by
action of non-ribosomal peptide synthetases (NRPSs), multi-modular complexes capable of
creating a wide range of functionality around the nascent peptide.1 However, an increasing
number of natural products have been found to derive from ribosomally-encoded peptides,
which are subsequently post-translationally modified to provide active compounds.2

Structurally, ribosomal peptide natural products can be limited: of necessity, frameworks are
defined by a peptidic backbone, comprised of the twenty proteinogenic amino acids. Never
the less, the array of observed post-translational modifications has proven to be both vast
and profound, leading to tremendous structural diversity. Additionally, the ribosmal-
encodement of biosynthetic starting materials provides great advantage in terms of
combinatorial biosynthesis: simple modifications to sequences of the peptide starting
materials can render profound changes to the natural product structure.3

The thiazolyl peptide antibiotics are a class of ribosomally encoded peptide-derived natural
products.4 The class is defined by a core complement of “NRPS-like” post-translational
modifications, including dehydroalanines (Dhas), dehydrobutyrines (Dhbs), oxazolines/
oxazoles, and thiazolines/thiazoles. These varied motifs contribute to the three-dimensional
architecture of a constrained macrocycle, which is 26-35 atoms (9-12 residues) in
circumference and closed by a central nitrogenous heterocycle. The different macrocycles
all have antibiotic activity against gram-positive bacteria but can have different targets,
depending on ring size. The thiocillin and thiostrepton subclasses (26 atoms, 9 residues in
the major macrocycle) target a crevice in the 50S ribosomal subunit between the 23S rRNA
and protein L11.5 The 29-atom GE2270A, GE37468, and thiomuracin instead target the
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aminoacyl tRNA chaperone EF-Tu.6 The target of the 35-atom members, such as
berninamycin, has yet to be determined.7

In prior efforts we have identified the thiocillin biosynthetic gene cluster in a strain of
Bacillus cereus (ATCC 14579) and demonstrated that compound maturation proceeds via a
cascade of fourteen enzymatic transformations about a 52 residue prepeptide.8 We have
probed much of the process by a site-directed mutagenesis gene-replacement strategy,
demonstrating profound substrate promiscuity at each step.9 That promiscuity contrasts with
the highly defined architecture necessary for antibiotic activity; the cluster is capable of
producing large quantities of apparently inactive analogs. More recently, this strategy has
uncovered a role for protein TclM in pyridine-ring formation.10

TclM appears to be instrumental in combination of Dhas 1 and 10 in a putative aza-Diels-
Alder reaction, which proceeds to form the central pyridine ring, while at the same time
closing the 26 atom (9 residue) major macrocycle (figure 1).11 Herein we present a compact
set of mutants aimed at interrogating the ability of the B. cereus biosynthetic machinery (in
particular the putative cycloaddition) to construct macrocycles of differing ring size. These
efforts represent a prelude to examination of the structural basis for ribosome/EF-Tu target
switching within this antibiotic class.

The first set of alterations is a direct test of ring size promiscuity. Site-directed mutagenesis
was employed to sequentially incorporate up to three glycine residues between threonines 3
and 4 of the precursor peptide. In this instance, glycine was chosen for incorporation due to
its lower conformational rigidity relative to the set of substituted amino acids. A threonine-3
deletion mutant was also engineered to examine the possibility for ring contraction.
Compound production in all four mutants was confirmed by LC/MS and signature MS/MS
of isolates (see Supporting Information).12

This set of mutants confirmed the ability of the thiocillin biosynthetic machinery to
accommodate ring size formation from a contracted 23-mer stepwise up to the
berninamycin-like 35-mer. The 32-mer, resulting from introduction of two glycines,
represents a previously unknown thiazolyl peptide ring size variant; to the best of our
knowledge, all naturally occurring thiazolyl peptides fall into the three sub-classes described
above (26-, 29-, and 35-membered macrocycles) and there have been no 32-mers observed
to date. Similarly, the 23-atom ring size variant resulting from the deletion mutant represents
the first such thiazolyl peptide of its kind.13

Given the now proven ability of the B. cereus system to produce macrocycles of at least five
different sizes, 23- (8 residues), 26- (9 residues), 29- (10 residues), 32- (11 residues), and
35-atoms (12 residues) a second set of mutants was examined to determine any degree of
preference within the system for a given ring size. The five mutants, three serine for cysteine
substitutions (C2S, C9S, and C11S) and two serine insertions (S1-2 and S9-10) are
illustrated in figure 2, together with the LC/MS traces for compound isolates. By selective
introduction of a serine residue, each of these mutants presents the enzymatic machinery
with at least the theoretical possibility of two different cyclization routes and, thereby, two
different ring size variant products. The first two in the series, the S1-2 insertion and C2S
substitution present this choice by means of two adjacent N-terminal 2-π components (in the
terminology of cycloaddition-type mechanism) and a single C-terminal 4-π component. In
both cases the overwhelming preference is for the “natural”, 26-atom ring size. In the S1-2
insertion mutant, both ring sizes, the 26-membered and, to a much lesser extent, the 29-

Supporting Information Available: Supporting figures and tables, experimental procedures, and spectral data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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membered, are observed. Interestingly, the pattern of thiazole and dehydroamino acid
modifications does not appear to have been perturbed: the resultant 26-member compounds
match wild type, as would be expected for standard processing of the mutant precursor
peptide. Formation of the 29-member compound demonstrates that the two successive
serines are capable of undergoing enzymatic dehydration as well as cycloaddition.

In contrast, the biosynthetic machinery in the C2S mutant appeared to ignore the newly
introduced pathway in of the favor of the natural 26-membered ring alone. Two compounds
were obtained, one bearing a C2S-hydroxyl and the other a C2S oxazoline; in this mutant,
the newly introduced serine did not undergo dehydration (we have previously characterized
products of the C2S mutant by NMR and a solution phase model is published in reference
9b). As a result, the dominant cyclization product derives from the only available pathway,
the 26-member pathway. A different cyclization pattern is observed in both the C9S
substitution and S9-10 insertion mutants. These mutants present a single 2-π component
with two different choices of C-terminal 4-π component. Isolates exhibit two “groups” of
compounds, distinguishable by differences in LC/MS retention times, yet containing several
identical masses. Extensive MS/MS on the subsets of compounds demonstrates that the two
“groupings” result from the two different ring size products: 23- and 26-member in case of
the C9S mutant and 26- and 29-member for the S9-10 insertion.

Due to the small amounts of compound produced in these cases and the complexity of the
mixtures, MS/MS was the only available technique capable of distinguishing the ring size
variants. Characterizations were aided by the familiarity of fragmentation pathways based
on our previously reported thiocillin mutants, as well as the presence of a number of
distinctive ions in these experiments. Overlayed MS/MS spectra for two compounds from
the S9-10 mutant are presented in figure 3 as an example of the latter. The similar structures
display many of the same ions, but ring size products could be distinguished by the presence
of different northern and southern half fragments (spectra and fragmentation schema are
presented in greater detail in the Supporting Information). In particular, ions for the C-term
tail of the 26-membered ring compound exhibit an added dehydroalanine residue, not
observed in previous mutants or the 29-memebred ring product. In general, fragmentation
patterns were in accord with literature precedent.9 Through these experiments it was
determined that compounds are present that possess dehydrations at the unreacted serines
(serines not undergoing cycloaddition).

A last, and somewhat cryptic, result is presented in the form of a C11S mutant. This mutant
provides a cyclization scenario similar to the S9-10 insertion mutant, wherein a single
dienophile is again presented with an option of two partners, one leading to a 26-member
and the other a 29-member macrocycle. The sole difference now is that the S9-10 mutant
possesses two C-terminal thiazoles, where the C11S mutant has only one. In a number of
different substitution mutations at cysteine 11, in addition to the C11S mutant, we observed
no compound production, suggesting either that the system is incapable of cyclizing/
producing these mutant variants, or that level is decreased to undetectable amounts.

In conclusion, the results presented herein clearly indicate that the B. cereus biosynthetic
machinery is capable of transforming variant preprotein substrates to a broader range of
macrocycle sizes than is observed naturally. The two components of ring closure, 2-π and 4-
π, can be tethered at variable distance, at least 23- to 35-atoms apart, and still participate in
the putative cycloaddition; tether length and rigidity does not appear necessary to
preorganize the two components. The promiscuity of the B. cereus machinery contrasts with
the highly modified structure of berninamycin from S. bernensis. Berninamycin possesses a
35-membered ring exhibiting Dhas (2-π alternatives) at positions capable of rendering a 26-
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or 29-membered ring. The S. bernensis system is currently under research in our
laboratories.

This promiscuity bears promise in regards to redesigning and even repurposing cyclic
thiopeptides. Initial assays have indicated that the new ring size variants from B. cereus are
all but devoid of antibiotic activity, in-keeping with our previous results on the importance
of ring constraint. However, new eukaryotic targets for thiazolyl peptides are emerging,
recently among them the apicoplast ribosomes and 20S proteasomes of P. falciparum.14 The
ability to more broadly manipulate thiopeptide structure and now ring size is also being
applied by us in these new target areas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of naturally occurring thiazolyl peptide ring size variants and fragment of
thiocillin gene cluster from B. cere- us ATCC 14579.
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Figure 2.
Overlayed extracted ion chromatograms (EICs) for expected thiazolyl peptide masses in
isolates from ring size competition mutants; peaks of compounds with 26-membered rings in
blue, 23-memebered rings in red, and 29-membered in black. C11S depicts the total ion
count (TIC) as no expected products were detected. Multiple peaks for each ring size were
detected due to stochastic modification at Val6 and Thr8 and combined to create a single
chromatogram. A detailed breakdown of ions present in the composite peaks above is given
in the supporting information.
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Figure 3.
MS/MS fragmentation pattern of 26-member and 29-member ring compounds from S9-10
insertion mutant. Two key fragmentations are indicated on structures above and according
ions are labeled below in an overlayed spectra; derivatives of these ions are further labeled
with asterisks. The same spectral data is also presented in the supporting information with a
more detailed fragment assignment.
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