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Berninamycin is a member of the pyridine-containing thiopeptide
class of antibiotics that undergoes massive posttranslational modi-
fications from ribosomally generated preproteins. Berninamycin
has a 2-oxazolyl-3-thiazolyl-pyridine core embedded in a 35-atom
macrocycle rather than typical trithiazolylpyridine cores embed-
ded in 26-atom and 29-atom peptide macrocycles. We describe the
cloning of an 11-gene berninamycin cluster from Streptomyces
bernensis UC 5144, its heterologous expression in Streptomyces
lividans TK24 and Streptomyces venezuelae ATCC 10712, and de-
tection of variant and incompletely processed scaffolds. Posttrans-
lational maturation in S. lividans of both the wild-type berninamycin
prepeptide (BerA) and also a T3A mutant generates macrocyclic
compounds as well as linear variants, which have failed to form
the pyridine and the macrocycle. Expression of the gene cluster in
S. venezuelae generates a variant of the 35-atom skeleton of ber-
ninamycin, containing a methyloxazoline in the place of a methyl-
oxazole within the macrocyclic framework.
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The thiazolyl peptide (thiopeptide) antibiotics, first discovered
in 1948, now number almost one hundred members and

encompass a wide range of chemical diversity (1–8). They can be
classified into subgroups by several criteria, including the size
of the macrocyclic ring(s), the oxidation state and substitution
pattern of the central pyridine core, and also by the nature of
the target in susceptible bacteria. These antibiotics are effective
against Gram-positive bacteria, including methicillin-resistant
Staphylococcus aureus (MRSA), and function by disrupting one
of two steps in bacterial protein biosynthesis: (i) blockade of
elongation factor binding to the 50S ribosomal subunit (9–11) or
(ii) by binding to the conditional GTPase elongation factor Tu
(EF-Tu) and inhibiting its aminoacyl-tRNA chaperone activity
(12–15). There are crystal structures of thiostrepton or nosihep-
tide bound to the 50S ribosomal subunit (10) and of GE2270
bound to EF-Tu (12), giving detailed information about inter-
actions of these constrained antibiotic scaffolds with their
respective targets.
Thiostrepton (tetrahydropyridine core) and nosiheptide

(hydroxypyridine core), two thiopeptides that exemplify the
26-membered ring class, have a central nitrogen heterocycle
substituted at positions 2, 3, and 6 with three thiazoles. This
tetracyclic core is embedded within a peptidyl macrocycle, which
forms a rigid pharmacophore that contributes to tight target
binding. Both of these antibiotics also have a second macrocyclic
ring that adds additional conformational constraint to the scaf-
fold. Thiocillins have a trithiazolylpyridine core embedded within
a single 26-membered macrocycle. We have recently shown that
the peptide macrocycle of thiocillins is produced late in the
maturation process, in the same posttranslational cyclization step
that builds the central pyridine ring (16). All these thiazolyl
peptide antibiotics with a 26-member macrocycle bind to the
50S ribosome.

On the other hand, three 29-membered macrocyclic family
members, GE2270, GE37468, and thiomuracin A, all inhibit EF-
Tu but not the 50S ribosome (12–15, 17, 18). The molecular
basis of thiazolylpyridine macrocyclic ring size as determinant of
ribosomal versus elongation factor targeting is not yet known.
One additional macrocyclic ring size in the thiopeptide antibi-
otic class is represented by the berninamycins, sulfomycin (19),
thioplabin (20), and TP-1161A (21, 22). This class has a unique
oxazolyl-thiazolyl-pyridine core embedded in a 35-membered
(13-residue) peptidyl macrocycle (Fig. 1) (23–25). The anti-
bacterial mechanism of TP-1161, recently isolated from a marine
Nocardiopsis species (21, 22), has not been disclosed, whereas
berninamycin is reported to target the 50S ribosome, similar to
thiostrepton (26, 27).
In recent years it has become clear that the various thiazo-

lylpyridine antibiotic scaffolds arise from extensive posttransla-
tional modification (PTM) of ribosomally generated preproteins
of approximately 50–60 residues (14, 17, 21, 22, 28–31), where
the core 14–16 residues that end up in the mature antibiotic are
at the C termini, downstream of leader peptide sequences of
the protein precursors (6, 32). We have been among the groups
that have reported gene clusters for the ribosome-targeting
26-membered macrocycle class (thiocillins) (28) and the EF-Tu-
targeting 29-membered macrocycles (GE37468) (17, 18). In this
study, we have turned to the 35-membered macrocycle scaffold
and identified a candidate biosynthetic gene cluster for berni-
namycin from a draft genome sequence of the known producer
Streptomyces bernensis UC 5144. The cluster was validated by
heterologous expression from both Streptomyces lividans and
Streptomyces venezuelae. Examination of the product distribution
in S. lividans reveals linear intermediates, which give insights into
the timing of various posttranslational modifications during the
maturation process. We also observe an altered macrocyclic
variant from S. venezuelae expression, where a methyloxazole
residue within the 35-atom ring has been left at a methylox-
azoline stage.

Results
Identification of a Candidate Berninamycin Gene Cluster from
S. bernensis UC 5144 Through Genome Mining. The genome of
S. bernensis UC 5144 (S. bernensis) has been sequenced by next-
generation Illumina sequencing technology and a portion of the
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data assembled into two contigs, comprising the suite of genes
normally associated with thiopeptide production as well as the
predicted serine-rich structural gene of berninamycin A. The two
contigs were connected through PCR amplification of genomic
DNA and traditional Sanger sequencing. Finally, a primer-walking
strategy was adopted to extend the Illumina sequencing coverage
and identify the boundaries of the cluster (SI Appendix).
The candidate cluster consists of 11 ORFs (berA–J) spanning

12.9 kb, bordered at one end by ribosomal and translation-
associated proteins and at the other by an acyl transferase,
presumably not involved in berninamycin production (Fig. 2).
The berninamycin structural gene (berA) encompasses a 31-aa
leader peptide and a C-terminal 16-aa core peptide, where 10

of the 16 amino acids are serine. Ser16 itself is not found in the
mature scaffold but is instead cleaved to reveal the C-terminal
amide, presumably by the action of BerI, which is homologous to
NocA and NosA from nocathiacin and nosiheptide biosynthesis,
respectively (33). The remainder of the cluster contains many
of the hallmarks of thiopeptide synthesis: lantipeptide-like
dehydratases BerB-C for installing the dehydroalanine (Dha)
and dehydrobutyrine (Dhb) functional groups; the purported
pyridine-forming BerD; and McbC-like dehydrogenases BerE1
and BerE2 and YcaO-type cyclodehydratases BerG1 and BerG2,
together responsible for thiazole, oxazole, and methyloxazole
synthesis. Additionally, cytochrome P450 BerH is likely involved
in hydroxylation at Val7 and berJ encodes for a 23S-rRNA

Fig. 1. Macrocyclic thiopeptide antibiotics: 26-membered ring thiocillin II, 29-membered ring GE37468, and 35-membered ring berninamycin A.

Fig. 2. The berninamycin A gene cluster and the BerA prepeptide.

8484 | www.pnas.org/cgi/doi/10.1073/pnas.1307111110 Malcolmson et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307111110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1307111110


methyl transferase, a well known mechanism in establishing
resistance to thiostrepton (27, 34, 35). Overall, the cluster bears
a great deal of resemblance to the reported gene cluster for
35-membered ring thiopeptide TP-1161A (SI Appendix, Fig. S1
and Table S1) (21, 22).

Expression of the Cluster in the Heterologous Hosts S. lividans TK24
and S. venezuelae ATCC 10712 and Evaluation of the BerA Prepeptide
Conversion to the Mature Antibiotic. We next focused our atten-
tion to transferring the cluster to a model host for heterolo-
gous expression, which would have two distinct advantages:
(i) expression of berninamycin in a heterologous host would
confirm the identity and completeness of the gene cluster and (ii)
it would allow us to test whether berninamycin analogs could be
prepared through simple mutations of the BerA prepeptide. The
complete gene cluster was isolated through screening of a genomic
fosmid library followed by restriction digest, and was inserted into
the pSET152 shuttle vector to yield the 22.7-kb pSET152+bern
plasmid (SI Appendix, Fig. S2).
The plasmid was then integrated into the genome of S. lividans

TK24 (S. lividans) and S. venezuelae ATCC 10712 (S. venezuelae)
by conjugative transfer to produce S. lividans/pSET152+bern and

S. venezuelae/pSET152+bern, respectively. As controls, the un-
modified pSET152 plasmid (lacking the presumed berninamycin
gene cluster) was transferred to S. lividans and S. venezuelae
genomes to furnish S. lividans/pSET152 and S. venezuelae/pSET152,
respectively (SI Appendix).
Small-scale cultures revealed that S. lividans/pSET152+bern

is capable of producing berninamycin A at a similar level to
the wild-type S. bernensis (2.4 times the quantity produced by
S. bernensis, Fig. 3); however, the level of expression was variable
(SI Appendix). [Berninamycin B (1.5% of berninamycin A),
a small amount of berninamycin D (approximately 1.0% of
berninamycin A), resulting from hydrolysis of the C-terminal tail,
as well as a trace amount of berninamycin C (obscured by ber-
ninamycin A), from partial hydrolysis of the C-terminal tail, were
obtained from S. bernensis cultures, as initially reported by
Rinehart and coworkers (ref. 24; SI Appendix).] The macrocycle
could not be detected from the S. lividans/pSET152 under
identical conditions, demonstrating that the collection of 11
genes (berA–J) is sufficient for producing berninamycin.
Similar to the S. bernensis expression, S. lividans/pSET152+

bern also delivers a substantially reduced amount of bernina-
mycin B (3.9% of berninamycin A), which lacks hydroxylation at

Fig. 3. Liquid chromatography traces (Left) of berninamycin A (Upper Right) expression from the natural producer S. bernensis UC 5144 and the het-
erologous host S. lividans/pSET152+bern (red peak); synthesis of an altered 35-membered ring macrocycle (Lower Right) from heterologous host
S. venezuelae/pSET152+bern (blue peak). The stereochemistry shown for this latter metabolite is assumed based on the structure of berninamycin A and
its prepeptide and has not been confirmed spectroscopically.
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Val7 (24). [A small amount of berninamycin D (<1.0% the
quantity of berninamycin A) could be detected in 50-mL ex-
pression cultures of S. lividans/pSET152+bern; however, berni-
namycin C, was not observed (SI Appendix).] A small quantity of
a compound bearing two hydroxylations at Val7 (approximately
1.0% of berninamycin A), a metabolite that has not been ob-
served previously (SI Appendix, Fig. S3) but that has an analo-
gous double hydroxylation of an isoleucine residue in
thiostrepton and thiomuracin maturation (13, 29), is also pro-
duced in both S. bernensis and S. lividans/pSET152+bern cul-
tures. The site of the second hydroxylation was determined by
MS/MS fragmentation studies (SI Appendix).
S. venezuelae/pSET152+bern expression also results in mac-

rocycle production, albeit at a reduced level (21% the quantity
produced by S. bernensis); however, high-resolution LCMS analysis
showed that rather than producing berninamycin A (M+H+ =
1,146.3483 m/z), a compound with a 2-Da increase in mass is
formed (M+H+ = 1,148.3639 m/z). Subsequent MS/MS fragmen-
tation analysis and chemical derivitization studies (SI Appendix)
revealed that the metabolite contains a methyloxazoline, rather
than the normal methyloxazole of berninamycin, at position 5
(Fig. 3). Similarly, thiazolines, rather than thiazoles, are naturally
found at or near this position of the macrocycle in GE37468 and
thiostrepton. Whereas berninamycin displays modest activity
against Gram-positive bacteria such as Bacillus subtilis [minimum
inhibitory concentration (MIC) = 6.3 μM] and MRSA (MIC =
10.9 μM), the analog produced by S. venezuelae is inactive as an
antibiotic (MIC > 200 μM against B. subtilis), suggesting the
importance of structural rigidity at this fifth residue in binding to
the 50S ribosome. Neither berninamycin nor the M+2 compound
were detected in the S. venezuelae/pSET152 control.

Partial Processing of BerA in S. lividans/pSET152+bern Results in
Linear Intermediates in both Wild-Type and Mutant Strains. Al-
though the core peptide of BerA is dominated by the presence
of serines, the differential processing of Thr3–5 (Thr3 is un-
modified, Thr4 is dehydrated to a dehydrobutyrine, and Thr5 is
cyclodehydrated and oxidized to a methyloxazole) provides an
opportunity for understanding the role of each residue in

ultimately forming the macrocyclic ring of berninamycin (Fig. 2)
and its binding to its biological target. Therefore, T3A, T4A,
and T5A mutations were individually introduced into the berA
gene through a PCR-directed mutagenesis (SI Appendix, Fig.
S4) and incorporated into S. lividans TK24 via conjugative
transfer (SI Appendix).
Whereas the T4A and T5A mutants do not generate any de-

tectable macrocyclic products, the T3A BerA prepeptide is
converted to the fully processed 35-membered ring along with
the metabolites lacking Val7 hydroxylation and with double hy-
droxylation (at Cβ and Cγ) at that residue in direct analogy to the
wild-type expression. The T3A variant of berninamycin does not
show antimicrobial activity against B. subtilis (MIC > 400 μM);
mutation to this residue in thiocillin has similarly abolished the
compound’s ability to act as an antibiotic (36, 37).
Further examination of the S. lividans/pSET152+bern T3A

mutant expression revealed the presence of two additional major
metabolites that elute before the 35-membered macrocycle (SI
Appendix). High-resolution mass spectrometry determined the
more polar of the two to have a 1,224.4276-Da mass (M+H+)
and the other compound to have a 1,206.4170-Da mass (M+H+),
suggesting a loss of water.
The masses, taken together with MS/MS fragmentation of

each compound, indicate that the two metabolites are linear
precursors to the macrocyclic structure, where almost all of the
leader peptide has been truncated (Fig. 4); fragmentation sites
for the dehydrated compound are shown and are identical to
those found in the more polar hydrate. Both compounds con-
tain a C-terminal amide, an unmodified Val7 residue, and an
N-terminal Ala−1 as the sole remaining amino acid of the leader
peptide (as the free amine). A linear intermediate, where the
majority of the leader peptide has been cleaved, has been
observed for thiocillin production in Bacillus cereus, but only in
a mutant where tclM, the gene encoding for the pyridine-forming
enzyme, has been knocked out (16). Furthermore, analysis of the
MS/MS data restricts the hydration site to Ser13 in the 1,224.4276-
Da compound (linear T3A–Ser13), one of the residues that takes
part in the pyridine-forming event to make the 35-membered ring
macrocycle. For the dehydrated compound (linear T3A–Dha13), all

Fig. 4. Linear metabolites from S. lividans/pSET152+bern (T3A) expression, resulting from interruption of macrocycle production by proteolysis of the
leader peptide; observed MS/MS fragmentation sites are highlighted for the linear T3A–Dha13 compound and are identical in the linear T3A–Ser13 me-
tabolite. The stereochemistry shown for these linear metabolites is based on the structure of berninamycin A and its prepeptide and has not been con-
firmed spectroscopically.
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PTMs of the core peptide en route to the macrocycle have taken
place apart from pyridine formation and valine hydroxylation.
The two linear metabolites are also observed in S. lividans/

pSET152+bern expression of wild-type berninamycin and in the
expression of the T4A mutant of S. lividans/pSET152+bern (SI
Appendix, Fig. S5); the linear compounds have not been observed
for the T5A mutant. Additionally, the linear precursors have not
been found in the S. venezuelae heterologous expressions; how-
ever, when fermentations of the native producer, S. bernensis,
were reexamined for these specific linear metabolites, we dis-
covered that the linear precursor to berninamycin, bearing a
Dha13, is detectable, but the corresponding compound with an
unprocessed Ser13 has not been found.

Discussion
The isolation of linear precursors to the berninamycin macro-
cycle from the S. lividans heterologous expressions provides
a glimpse into the possible timing of late-stage events in the
many posttranslational maturation steps and also into the im-
portance of key structural residues for mature scaffold assembly.
Both linear compounds have undergone nearly all of the PTMs
required for berninamycin synthesis, including all thiazole and
oxazole formations, Dha and Dhb formations, and C-terminal
amide formation by BerI. It has been demonstrated that NosA,
the BerI homolog involved in nosiheptide biosynthesis, is capable
of acting on a macrocyclized substrate to generate the C-terminal
amide (33); however, these data indicate that BerI reacts with
a linear precursor in berninamycin construction.
Val7 lacks hydroxylation in both linear compounds; taken to-

getherwith the presence ofmaturemacrocycle lacking hydroxylation
at that residue (berninamycin B) along with singly hydroxylated
(berninamycin A), and doubly hydroxylated (a previously unchar-
acterized compound) macrocycle, the data indicate that cytochrome
P450 BerH acts after scaffold macrocyclization. [Lack of valine hy-
droxylation was also observed in the linear compound obtained from
the tclM knockout in the thiocillin gene cluster (16).]
More important is the difference between the two linear

compounds, the dehydration of Ser13, one of the two Dha moi-
eties to take part in pyridine formation, or the lack thereof. With
all other essential PTMs in place, the observation of the dehy-
drated as well as unprocessed residue 13 in the two compounds
suggests that dehydration at this amino acid occurs just before
pyridine formation, even though there are several serines and
one threonine that are dehydrated both upstream and down-
stream of Ser13. This finding could be explained by the presence
of two lantipeptide dehydratases in the berninamycin gene
cluster, BerB and -C. One of the enzymes may carry out
the phosphorylation/elimination sequence at several serines and
Thr4, whereas the other dehydratase may subsequently act on the
remaining unmodified residues. In one scenario, one dehydratase
might process Ser1,6,8,10–11,14–16 and Thr4 in an N-to-C direction,
whereas the other may be dedicated to reaction at Ser13 (SI
Appendix, Fig. S6). In that case, the presence of oxazole12 may
assist in orchestrating the position of enzymatic modification to
the berninamycin prepeptide, halting the action of one dehy-
dratase at Ser13 and directing the action of the other. All of the
reported thiazolyl peptide gene clusters contain two lantipeptide
dehydratases, perhaps indicating that separation of dehydration
events might be a general phenomenon in thiopeptide bio-
synthesis. Future gene deletion studies may allow evaluation of
such regioselective dehydrative functions in this and other thio-
peptide gene clusters.
The presence of the two linear compounds in the S. lividans

expressions with wild-type and T3A berA in the presence of a
functional pyridine-forming enzyme, BerD, is likely due to an
imbalance in expression of Ber proteins in that heterologous
host. Underexpression of (active) BerD may lead to early ad-
ventitious proteolysis of the leader peptide, thus prohibiting BerD

from recognizing its substrate. Similarly, the loss of the leader
peptide may compete with dehydration at Ser13 by the required
dehydratase, again due to a change in rates through underex-
pression of the enzyme. (Lantibiotic-type dehydratases such as BerB
and BerC are known to require the upstream leader sequences for
downstream Ser and Thr phosphorylation/elimination chemistry;
ref. 32.) For the T4A mutant, however, only the two linear com-
pounds can be detected, which probably does not reflect competitive
proteolysis of the leader region but rather the inability for BerD to
cyclize a substrate bearing an sp3-hybridized residue at position 4
instead of the normally sp2-hybridized Dhb4. For the T5A mutant,
neither linear nor cyclized metabolites are observed, demonstrating
the need for a rigidifying methyloxazole (or methyloxazoline as
observed in the S. venezuelae heterologous expression) at that site
and implying the early action of the cyclodehydratase enzymes in the
berninamycin pathway. The incomplete processing of berninamycin
in the S. bernensis strain, althoughminor, suggests a partial failure of
posttranslational processing late in the PTM cascade even in the
native producer.

Conclusions
We have identified the biosynthetic gene cluster for the pro-
duction of thiopeptide berninamycin A in S. bernensis through
genome sequencing and confirmed the assignment by heterolo-
gous expression of the antibiotic in S. lividans TK24 and
S. venezuelae ATCC 10712. Mutations to the berA structural gene
have given insight into the structural requirements for post-
translational modifications of the BerA prepeptide. A number of
metabolites have been observed, including linear precursors to
berninamycin from S. lividans heterologous expressions, which
have provided insight into the possible late-stage timing of events
in berninamycin synthesis and perhaps suggest a general strategy
in thiopeptide production.

Materials and Methods
Additional and more detailed procedures and data analysis can be found in
the SI Appendix.

Identification of a Candidate Berninamycin Gene Cluster and Isolation Through
Construction of a Genomic Library. S. bernensis UC 5144 (NRRL 3575) was
grown in LB media for 3 d, and genomic DNA was isolated by chloroform
extraction followed by isopropanol precipitation. A portion of the genomic
DNA was used for next-generation Illumina sequencing, and the portion of
the data that related to thiopeptide production (including the serine-rich
BerA prepeptide) was assembled. Another portion of genomic DNA was
used to generate a fosmid library in the pCC2FOS vector according to the
CopyControl Fosmid Library Production kit protocol (Epicentre Biotech-
nologies). The library was screened according to established procedures (17),
and a single clone identified that contained the entire candidate bernina-
mycin gene cluster (established by PCR and traditional sequencing). The
gene cluster was isolated from the fosmid through restriction digest (SbfI-HF
and NotI-HF).

Synthesis of the pSET152+bern Plasmid and Conjugative Transfer to S. lividans
and S. venezuelae. To introduce the cluster into the pSET152 vector, two SbfI
restriction sites were first removed from the vector and SbfI and NotI re-
striction sites introduced into the lacZ gene by site-directed PCR mutagenesis
(SI Appendix). The vector was then subjected to restriction digest (SbfI-HF
and NotI-HF) and ligated to the berninamycin gene cluster, obtained from
the fosmid library screen, to yield the pSET152+bern plasmid. The plasmid
was integrated into the genomes of S. lividans TK24 and S. venezuelae
ATCC 10712 through conjugative transfer from ET12567/pUZ8002 E. coli
according to an established procedure (38) to furnish S. lividans/pSET152+
bern and S. venezuelae/pSET152+bern (SI Appendix, Fig. S2).

The T3A, T4A, and T5A mutations to the berA gene in the pSET152+bern
plasmid were introduced through site-directed mutagenesis (SI Appendix,
Fig. S4). Restriction digest of pSET152+bern with SpeI and NsiI yielded the
pSET152+bern vector, lacking the berD, berA, and berB genes. Additionally,
two PCRs were run with the pSET152+bern plasmid as template to introduce
the mutation into the berA gene. The products from these two reactions
were linked through another PCR and the product of this overlap PCR
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(comprised of the berD, mutant berA, and berB genes) was then subjected to
restriction digest (SpeI and NsiI). These thus-generated mutant inserts and
the pSET152+bern vector were then ligated to furnish the mutant pSET152+
bern plasmids. The gene cluster with the mutant berA gene was introduced
to S. lividans through conjugative transfer.

Expression and Isolation of Berninamycin and Analogs. Starter cultures (25 mL
of Seed media) were begun from spores of Streptomyces taken from soy
flour mannitol plates (3–4 d, 30 °C); cultures were grown for 3 d at 30 °C [250
rpm shaking in 250-mL baffled flasks with ColiRollers glass beads (Nova-
gen)]. At that time, 50-mL expression cultures (AF/MS or GYM media) were
initiated by inoculation with 0.5 mL of starter culture and were grown for
4 d at 30 °C [250 rpm shaking in 250-mL baffled flasks with ColiRollers glass
beads (Novagen)]. At that time, 10 mL of each expression culture was pel-
leted by centrifugation and the supernatant discarded. The cell pellet was
extracted with acetone containing anhydrous Na2SO4 by shaking and
vortexing vigorously for 30 min. The mixture was then filtered through
a cotton plug, and the volatiles removed in vacuo. The residue was dissolved
in 0.5 mL of 50:50 acetonitrile:water and filtered through a 0.45-μM filter for
high-resolution LC-MS analysis.

Preparative amounts of berninamycin A and its analogs were obtained
from large scale fermentations at the NERCE/BEID core facility. Starter cul-
tures were initiated as described above and were used to inoculate 5 L of
media in fermentors, maintaining oxygen in excess and the pH at 7.0 for the
duration of the fermentation (SI Appendix). The cell pellets obtained from
these fermentation cultures were extracted analogously to the procedure
described above. The unpurified cell extract was dissolved in 50:50 aceto-
nitrile:water and purified by preparative scale HPLC to obtain analytically
pure macrocyclic thiopeptides (SI Appendix, Fig. S2).
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