Downloaded on 05 November 2010
Published on 10 September 2010 on http://pubs.rsc.org | doi:10.1039/COSC00325E

EDGE ARTICLE

View Online

www.rsc.org/chemicalscience | Chemical Science

Dissecting tunicamycin biosynthesis by genome mining: cloning and

heterologous expression of a minimal gene cluster

Filip J. Wyszynski,” Andrew R. Hesketh,” Mervyn J. Bibb*” and Benjamin G. Davis**

Received 3rd June 2010, Accepted 12th July 2010
DOI: 10.1039/c0sc00325¢

Tunicamycin nucleoside antibiotics were the first known to target the formation of peptidoglycan
precursor lipid I in bacterial cell wall biosynthesis. They have also been used extensively as inhibitors of
protein N-glycosylation in eukaryotes, blocking the biogenesis of early intermediate dolichyl-
pyrophosphoryl-N-acetylglucosamine. Despite their unusual structures and useful activities, little is
known about their biosynthesis. Here we report identification of the tunicamycin biosynthetic genes in
Streptomyces chartreusis following genome sequencing and a chemically-guided strategy for in silico
genome mining that allowed rapid identification and unification of an operon fractured across contigs.
Heterologous expression established a likely minimal gene set necessary for antibiotic production, from
which a detailed metabolic pathway for tunicamycin biosynthesis is proposed. These studies unlock
a comprehensive and unusual toolbox of biosynthetic machinery with which to create variants of this
important natural product, allowing possible improved understanding of the mode of action and
facilitating future redesign. We anticipate that these results will enable the generation of altered specific

inhibitors of diverse carbohydrate-processing enzymes, including improved targeting of lipid I

biosynthesis.

Introduction

The tunicamycins are fatty acyl nucleoside antibiotics, first iso-
lated from the soil actinomycete Streptomyces lysosuperificus in
1971 and later from Streptomyces chartreusis.* Their structures
consist of an unusual eleven carbon aminodialdose core (tunic-
amine) to which uracil and N-acetylglucosamine (GIcNAc) are
anomerically attached, alongside a range of amide-linked
unsaturated fatty acids (Figure 1).> A number of related natural
products belong to the tunicamycin family, namely streptovir-
udins,? corynetoxins,* MM19290,% mycospocidin® and antibiotic
24010.7 All share the conserved carbohydrate core and presum-
ably have similar biosynthetic pathways, but the genes required
for their production have not been identified. The tunicamycins
are potent inhibitors of bacterial cell wall biosynthesis, targeting
MraY, which catalyzes the formation of the key peptidoglycan
precursor undecaprenyl-pyrophosphoryl-N-acetylmuramoyl
pentapeptide (lipid I).* Unfortunately, these antibiotics have not
been used clinically due to cytotoxicity against mammalian cells,
associated with inhibition of eukaryotic protein N-glycosylation.
Specific binding to the active site of UDP-GlcNAc:dolichyl
phosphate GIcNAc-1-phosphate transferase (GPT) blocks
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production of the lipid-linked precursor dolichyl-pyrophos-
phoryl-N-acetyl-glucosamine (Dol-PP-GIcNAc) and terminates
asparagine-linked glycoprotein synthesis at the first committed
step.® This property has also led to the widespread use of
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Fig. 1 (a) Structures of the tunicamycins and (b) sites of label incorpo-
ration from prior feeding experiments with labelled D-glucose.'* See ESIT
for a detailed interpretation of possible label incorporation pathways.

This journal is © The Royal Society of Chemistry 2010

Chem. Sci., 2010, 1, 581-589 | 581


http://dx.doi.org/10.1039/C0SC00325E

Downloaded on 05 November 2010
Published on 10 September 2010 on http://pubs.rsc.org | doi:10.1039/COSC00325E

View Online

tunicamycin as a crucial tool in the study of glycoproteins.’® A
number of synthetic studies towards the tunicamycins have been
published,' with two full syntheses,'* and preliminary biosyn-
thetic investigations with labeled precursors have suggested the
metabolic origin of some parts of the molecule (Figure 1(b) and
ESI7 for further details).”® Despite this interest, the absence of
a sequence for the tunicamycin gene cluster (or any part of it) has
hindered understanding of the biosynthetic pathway and it has
remained poorly defined, 40 years after tunicamycin’s first
isolation. Deciphering the biosynthesis of natural products active
against peptidoglycan biosynthesis, such as vancomycin,™ tei-
coplanin,” moenomycin'® and the B-lactams,'” has provided
insights into their modes of action, allowing identification and
specific tailoring of key structural motifs. In this report, these
studies are now extended to the tunicamycins with the identifi-
cation and heterologous expression of the biosynthetic gene
cluster (tun cluster) from S. chartreusis. Bioinformatic analysis of
these tun genes yields important information on the biogenesis of
complex linkages present in the molecule, particularly the unique
a,B-1,1-glycosidic linkage and an unusual tail-to-tail coupling of
two monosaccharide building blocks through a C-C bond.
Highly selective inhibitors of MraY as well as rationally designed
inhibitors of other important carbohydrate-processing enzymes
can now be envisaged, utilising the toolbox of biosynthetic
machinery presented herein.

Results
Identification of the tunicamycin biosynthetic gene cluster

Natural product gene clusters, particularly those for polyketide
or non-ribosomal peptide biosynthesis, have often been identified
by PCR amplification of highly conserved signature genes using
degenerate primers, followed by screening of genomic libraries
for the presence of these sequences.’® In contrast, tunicamycin is
unlikely to require a large number of genes for its production and
few of its biosynthetic genes can be predicted with enough
precision to confidently assign a particular genetic homologue as
a highly conserved probe sequence for degenerate primer design.
For this reason, de novo genome scanning of a known tunica-
mycin producer together with ‘filtered’ genome mining was used
instead as a rapid, more direct method to identify the genes for
tunicamycin biosynthesis.

High molecular weight genomic DNA was isolated from the
two bacterial strains known to produce tunicamycin - S. char-
treusis NRL3882 and S. lysosuperificus ATCC31396."% The latter
was shown to contain a high copy number plasmid and since this
would bias subsequent sequencing data towards plasmid
sequences, we elected to work with S. chartreusis NRL3882. The
genome was sequenced to 36x coverage, generating 3112
contigs" with a maximum size of 53.9 kb and an N50 average
size®® of 4.6 kb. The contigs covered 7.95 Mb of the S. chartreusis
chromosome with a G+C content of 70 mol%, consistent with
existing data for Streptomyces genomes.?!

Using bioinformatics tools tBLASTn?*? and Artemis,?® these
contigs were scanned for the presence of candidate tun genes. The
tunicamycins contain many unique structural motifs (Figure 1)
created by proteins with functions for which no similar examples
or parallels are known. We therefore selected from a wide range

of existing gene products with possible, chemically-similar
function to putative members of the tunicamycin biosynthetic
cluster. These focused on unique features and included: 1—1-
linking glycosyltransferases (such as those from 3,3'-neo-
trehalosadiamine biosynthesis** and from the OtsA-OtsB,
TreY-TreZ and TreS pathways of trehalose biosynthesis®®), N-
acetyl-hexosamine N-deacetylases (e.g., from mycothiol, glyco-
phosphatidylinositol, neomycin and teicoplanin biosynthesis®),
lipid-processing proteins and numerous examples from the
abundant NDP-hexose epimerase and dehydratase families.
Using the combined presence of more than one of these reac-
tivities (putative activity indicated by high similarity scores in
tBLASTn to known enzyme activities) coupled with a knowledge
of the required enzymology as a sifting strategy by which to mine
the genome sequence data, a single contig was identified as the
only ‘hit’ containing homologues of inosityl-GIcNAc deacety-
lase, hexose epimerase/dehydratase and acyl carrier protein
encoded by a cluster of eleven open reading frames (ORFs). The
3’-end of this operon coincided with the end of the contig and
terminated with the partial sequence of a putative GT-1 family
glycosyltransferase (termed tunD), another key element of our
reactivity filter. The full length sequences of glycosyltransferases
homologous to TunD were screened against the S. chartreusis
genome and an additional contig detected, containing the
remaining portion of funD and three further ORFs. In this way,
the use of a bioinformatics filter, based on chemical logic,
uniquely suggested the unification of an operon fractured across
two distinct contigs. This unification was confirmed experimen-
tally by generating a PCR product to bridge the gap between the
two contigs, using primers matching the 5" and 3’ ends of runD
and a genomic DNA template; its sequence confirmed that the
two contigs were indeed adjacent on the chromosome and
revealed that there were no bases between them. This joined
contig contained 14 ORFs that appear to lie in a single operon,
with many translationally coupled to the preceding gene
(Figure 2). Analysis of the 5’ upstream region of each ORF in the
cluster revealed that most had at least four bases of the GGAGG
ribosomal binding site motif; regions preceding tunJ, tunM and
tunN possess a GGA motif. Translational coupling to runK likely
allows effective expression of tunl and tunM. Further bio-
informatic analysis revealed that these genes are likely to
constitute a tunicamycin biosynthetic gene cluster and the pre-
dicted function of genes tunA-N and flanking ORFs are pre-
sented in Table 1 and Figure 2.

Isolation and heterologous expression of the zun cluster

To confirm the involvement of the putative fun gene cluster in
tunicamycin biosynthesis, it was introduced into Streptomyces
coelicolor and the resulting recombinant strains screened for
tunicamycin production. To do this, a cosmid library of S.
chartreusis NRL3882 was assembled in Escherichia coli and
probed with **P-labelled PCR amplicons from within fun4 and
tunN, which are located at either terminus of the putative run
operon (Figure 2). Cosmids hybridizing to both PCR probes
were isolated and restriction analysis revealed four that con-
tained the entire 12 kb run gene cluster positioned centrally in the
cosmid insert. The backbones of these SuperCosl-based cosmids
were subsequently exchanged for that of the conjugative and
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Fig. 2 Genetic organisation of the tunicamycin biosynthetic gene cluster in S. chartreusis and its homologues in S. clavuligerus and A. mirum.

integrative vector pMJCOSI1?” through A-RED-mediated
recombination.?® These modified cosmids were transferred to
S. coelicolor M1152 (see ESIt) by conjugation, and integration
into the chromosomal ¢C31 phage attachment site achieved by
selecting for apramycin resistance. In addition, a 12.9 kb Sacl
fragment from one of the four cosmids that contained the
complete putative tun gene cluster plus 427 bp upstream of tunA
and 500 bp downstream of runN (neither of these additional
DNA sequences is predicted to possess an entire ORF) was
cloned into the conjugative and integrative vector pRT802.%° The
resulting clone was similarly conjugatively transferred into an
S. coelicolor M1146 host (for bacterial strain descriptions see
ESIt). Heterologous expression of the putative fun gene cluster
was monitored using an agar-diffusion bioassay; all five
recombinant strains produced zones of inhibition when assayed
against Bacillus subtilis, whereas control strains containing the
relevant vectors alone did not (Figure 3A). This key observation
shows that the run cluster codes for a secondary metabolite with
bactericidal activity against the B. subtilis reporter strain. To
confirm the identity of this bactericidal metabolite, recombinant
strains containing the putative fun gene cluster and the relevant
controls were grown in liquid culture for five days and the pel-
leted mycelium extracted with methanol. LC/MS analysis of the
putative tun-containing clones revealed a mass distribution and
fragmentation pattern identical to that of tunicamycin; this
metabolite was absent from the control strains (Figure 3B). The
presence of tunicamycin was further confirmed by 'H NMR
spectroscopy (see ESIt). The transfer of tunicamycin production
to S. coelicolor M1146 by the Sacl-cloned tun operon is partic-
ularly informative, since it likely delineates the boundaries of the
tun gene cluster and defines the minimal biosynthetic gene cluster
necessary for tunicamycin production and for future mechanistic
and redesign studies.

Discussion

Description of the tun gene cluster and identification of
homologous clusters in Streptomyces clavuligerus and
Actinosynnema mirum

The likely minimal fun gene cluster identified by heterologous
expression comprises a contiguous 12.0 kb stretch of DNA
containing a total of 14 ORFs, all of which are oriented in the
same direction with many translationally coupled to the
preceding gene, presumably to ensure appropriate levels of

synthesis of each enzyme. This suggests that the entire cluster is
contained within a single polycistronic transcript, which is
feasible given its small overall size. The overall G+C content of
this region is 65.0%, well below that of a typical Streptomyces
genome or indeed the rest of the S. chartreusis genome. This
suggests that the run gene cluster was acquired from another,
lower G+C content, organism at some point during its evolution.

The ORFs flanking the proposed tfun gene cluster are clearly
not required for tunicamycin biosynthesis. The three flanking
genes downstream of the tun cluster (ORF1-3) have close
homologues in many Streptomyces genomes and encode
conserved housekeeping genes. The two upstream flanking genes
(ORF~1 and ORF2) are homologous to transposase and inte-
grase genes respectively, lending support to the hypothesis that
S. chartreusis acquired the tun gene cluster by lateral gene
transfer. The 1.9 kb region between ORF~1 and funA contains
a putative ORF with multiple frameshifts (“junk DNA”), again
consistent with recent evolutionary acquisition.

Bioinformatic analysis revealed other potential tunicamycin
producers. Homologous gene clusters were identified in 4. mirum
DSM43827% and S. clavuligerus ATCC27064; the latter has been
reported to produce the closely related antibiotic MM19290.°
Only minor differences were observed between the three gene
clusters, suggesting a recently shared evolutionary heritage
(Figure 2, Table 1).

Proteins encoded by the S. chartreusis gene cluster exhibit
greatest similarity to those from S. clavuligerus, with amino acid
sequence identities ranging from 52 to 90%. It is highly likely that
genes annotated SCLAV_4274to SCLAV_4287 are responsible for
MM19290 biosynthesis in S. clavuligerus ATCC27064. Although
the structure of MM 19290 has not been reported, the high degree of
homology with the tun genes from S. chartreusis strongly suggests
that, like the streptovirudins and corynetoxins, this compound
shares its core carbohydrate skeleton with tunicamycin.

Proteins encoded by the A. mirum gene cluster exhibit amino
acid sequence identities with Tun proteins from S. chartreusis
that range from 30 to 78%. While no full-length homologues of
TunN or TunL were found, closer inspection of the A. mirum
sequence revealed a truncated version of TunL that contained
a number of frameshift mutations. Since this organism has not
been reported to produce any antibiotics structurally related to
the tunicamycins, it is probable that we have uncovered a silent
gene cluster that has lost the ability to produce its tunicamycin-
like metabolite.

This journal is © The Royal Society of Chemistry 2010
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Fig. 3 Evidence of heterologous production of tunicamycins in S. coe-
licolor. (A): Bioassay showing heterologous expression of (i) a genomic
library-derived cosmid harboring the tun gene cluster introduced into a S.
coelicolor M1152 host (giving recombinant strains S. coelicolor M1027
and M 1028 derived from library cosmids 6N9 and 7C3, respectively) and
control strain S. coelicolor M1030 (containing the same cosmid but
without any insert sequence) and (ii) the minimal tun gene cluster cloned
into pRT802 in S. coelicolor M 1146 (giving recombinant strain S. coeli-
color M1035) and control strain S. coelicolor M1031 (containing the
empty pRT802 cosmid); (B): LC/MS analysis of (i) an authentic tunica-
mycin sample and mycelium extracts of these recombinant S. coelicolor
strains (see ESIT for further chromatograms) (ii) M 1031, (iii) M 1035, (iv)
M1027 and (v) M1030. See also Fig. S8, ESIt for '"H NMR analysis of the
extracts.

Proposed biosynthetic pathway for the tunicamycins

Bioinformatic analysis of the run gene cluster with BLAST and
Artemis, together with identification of conserved active-site
residues, allowed us to predict the functions of the products of
tunA through to tunN (Table 1). Detailed descriptions of indi-
vidual fun genes can be found in the ESIf. These assignments
reconcile the genetic insight gained here with previous feeding
experiments using labeled precursors,*® that together allow us to
propose a detailed biosynthetic pathway to the tunicamycins
(Figure 4). In our hypothesis, construction of the tunicaminyl-
uracil core proceeds via the tail-to-tail coupling of uridine and
galactosamine derivatives through a C-C linkage catalyzed by

TunM. The involvement of UDP-4-keto-5,6-ene-GlcNAc (or
another unsaturated substrate) as a substrate for TunM is sup-
ported by the presence of runF and tunA, coding for a putative
UDP-hexose-4-epimerase and a putative UDP-GIcNAc epim-
erase/dehydratase respectively and acting on UDP-GIcNAc,
previously established as a metabolic precursor.'®* The presence
of two enzymes of similar/related function may suggest that since
C-4 of the unsaturated substrate for TunM has lost all stereo-
chemical information, its subsequent (or indeed prior) reduction
after a coupling event may be enzymatically stereocontrolled. It
may also be that in order to maintain no overall redox change,
the product of TunA/F is an enol ether (as an alternative), raising
the intriguing possibility of an enzymatic C—C bond forming
reductive addition between enol ether and an aldehyde, a reac-
tion that has no precedent in biology. Uridine-5'-aldehyde is also
likely to feature as an intermediate and has been implicated in the
biosynthesis of nikkomycin, polyoxin, liposidomycin and
capuramycin nucleoside antibiotic families,** although its
formation and mechanistic role has not been studied in detail and
remains poorly understood. For tunicamycin, we propose TunB-
mediated formation, from uridine. TunB appears to be a radical
SAM protein containing a 4Fe4S redox centre. We suggest that
the requisite uridine is obtained from UTP by the sequential
action of TunN (a nucleotide pyrophosphatase) and TunG (a
nucleotide monophosphate phosphatase), respectively. It has
also been suggested§ that UDP liberated halfway through the
pathway by TunH followed by processing by TunN and TunG
might also act as a source of uridine rather than cellular UTP; it
should be noted that homologues of TunM are present and
absent in the identified S. clavuligerus and A. mirum clusters,
respectively. The coupling event may be mediated by TunB in
combination with TunM, a methyltransferase homologue.
Homologues of both of these enzymes catalyze radical processes,
and thus the coupling of the two activated carbohydrate inter-
mediates may proceed via a radical mechanism either by addition
to an o,B-unsaturated ketone or through a Barbier-type mecha-
nism. Alternatively, other (enol ether, uridine) substrates (see
above) might be intermediates and suggest alternative reaction
pathways, such as reductive enol ether-aldehyde coupling or
uridyl radical addition to an enol ether or enone. It may also be
that one enzyme alone (e.g. TunB) catalyzes this reaction.
Regardless, this bond-forming process seems to be without
precedent in nature. Subsequent tailoring of the pseudodi-
saccharide tunicaminyl-uracil core involves the formation of an
a,B-1,1-trehalose linkage. Nucleotide-sugar pyrophosphatase
TunH likely catalyzes the hydrolysis of UDP from this sugar for
subsequent transfer of GIcNAc to the liberated anomeric posi-
tion. This step we propose is catalyzed by a GT-1 family glyco-
syltransferase TunD, yielding the core pseudotrisaccharide
skeleton of the tunicamycins with concurrent formation of two
new stereocentres in the o,B-1,1-glycosidic bond. The final
modification to this skeleton involves the introduction of a range
of acyl chains to form each of the up to eighteen tunicamycin
homologues that have been described.?? Since the heterologously
expressed tun gene cluster produced fully acylated tunicamycins
despite lacking a fatty acid synthase gene, the constituent acyl
chains are most likely derived from the cellular pool of fatty
acids, as previously observed in teicoplanin biosynthesis.?® The
most likely function of TunL, a putative type 2 phosphatidic acid
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phosphatase (PAP2), is in the regulation of lipid synthesis in the
producing bacterium. By down-regulating the levels of cellular
phosphatidic acid and up-regulating levels of its cleavage
product diacylglycerol, phospholipid biosynthesis is repressed
and cellular pools of fatty acids can be diverted for use in tuni-
camycin biosynthesis via B-oxidative degradation pathways.**
Tunicamycin-producing organisms appear to have evolved an
efficient way of perturbing the complex regulatory pathways of
lipid metabolism regulation, allowing increased tunicamycin
biosynthesis without negatively affecting vital cellular processes.
Acyl carrier protein TunK next activates these sequestered fatty
acids for subsequent acylation, presumably through the action of
a fatty acyl-ACP ligase from primary metabolism, since no such
ligase is present in the tfun gene cluster. The tunicamycin core
skeleton is prepared for amide bond formation by N-deacetyla-
tion with TunE, a putative member of the GIcNAc N-deacetylase
family. TunC subsequently functions as an N-acyltransferase to
install the sequestered and activated fatty acids, yielding the full
range of tunicamycin homologues.

The tun gene cluster described is relatively small in size,
although a previous suggestion that as few as five genes would be
necessary for the biosynthesis of tunicamycin has proved too
conservative.®® Of the nine additional genes not originally

predicted, two are involved in the generation of free uridine from
UTP, contrary to suggestions that uridine would be obtained
directly from primary metabolism.'* Two further genes are
implicated in formation of UDP-tunicaminyl-uracil, one coding
for a sugar epimerase supplementary to the dehydratase cata-
lyzing UDP-4-keto-5,6-ene-GIlcNAc formation, and one which
potentially mediates the radical coupling event alongside the
gene responsible for uridine oxidation. Hydrolysis of UDP from
the undecose intermediate has also been suggested to require
enzyme catalysis. Although the acyl side chains are likely to
originate from cellular pools of fatty acids, consistent with the
lack of a fatty acid synthase, the fun gene cluster still encodes two
enzymes that may provide sufficient fatty acid flux and are
involved in sequestering lipids and processing them prior to
attachment. Finally, the last two additional run genes are not
directly involved in tunicamycin biosynthesis, but are likely to be
crucial in conferring self-resistance to the producing organism.
tunl and tunJ together encode for a putative ABC transporter,
homologues of which are responsible for rapid ATP-driven efflux
of antibiotics from cells in a large number of antibiotic-
producing organisms.*®

No regulatory genes were found in the run gene cluster, sug-
gesting that tunicamycin production may be subject to global

586 | Chem. Sci., 2010, 1, 581-589

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C0SC00325E

Downloaded on 05 November 2010
Published on 10 September 2010 on http://pubs.rsc.org | doi:10.1039/COSC00325E

View Online

control associated with growth rate reduction. The presence of
rare TTA leucine codons (only 2% of S. coelicolor genes contain
a TTA codon) in runAd and tunM may well reflect an element of
translational regulation. In S. coelicolor, the accumulation of
LeutRNAYYA is temporally regulated, and translation of mRNAs
containing this codon may be largely confined to later stages of
growth.?’

Conclusions

With well over 8000 literature citations, the tunicamycins have
attracted a great deal of attention for many years thanks to their
unique structure and function and their potent and specific
inhibition of N-acetyl-D-hexosamine-1-phosphate translocases
involved in important cellular processes, particularly eukaryotic
protein N-glycosylation and bacterial peptidoglycan biosyn-
thesis. In this report we have identified the biosynthetic genes of
a tunicamycin-family antibiotic for the first time, offering
insights into the poorly understood biosynthetic pathway of this
fascinating family of nucleoside antibiotics. Through molecular
cloning and heterologous expression of the fun gene cluster in
a S. coelicolor host, we have identified a minimal set of genes
required for tunicamycin production. Additionally, we have
identified close homologues of the fun gene cluster in A. mirum
DSM43827 and S. clavuligerus ATCC27064. The latter organism
is known to produce MM19290, an antibiotic closely related to
tunicamycin, and based on the close similarity of its homologous
cluster with the run genes, we suggest that this cluster is likely
responsible for MM19290 biosynthesis in S. clavuligerus
ATCC27064. Furthermore, we propose that MM19290 shares
the core structure of the tunicamycins and differs only in the
nature of its acyl side chains. The availability of relatively inex-
pensive high throughput sequencing, combined with the genome
scanning approach guided by the chemical logic described here
provides a rapid and efficient way of identifying natural product
gene clusters. The exponential increase in publicly available gene
sequences in recent years has dramatically expanded the possi-
bilities afforded by bioinformatic analysis. Our results suggest
that such in silico mining of partially assembled genome
sequences will constitute an increasingly effective tool during the
early stages of dissecting a bacterial biosynthetic pathway.

The findings presented here will allow detailed studies of
tunicamycin biosynthesis. Functional characterization of indi-
vidual enzymes will provide insight into how some of the unique
linkages in tunicamycin are constructed. In addition, armed with
this comprehensive toolbox of biosynthetic machinery, tunica-
mycin analogues with altered selectivity for bacterial MraY
versus human GPT can now be sought, potentially leading to
future therapeutic antibiotics with improved antibacterial
activity and reduced cytotoxicity. Importantly, the mode of
action of tunicamycin is orthogonal to all existing antibiotic
drugs. Tunicamycin also provides a unique natural product
template for inhibition of carbohydrate-processing enzymes. It
represents a possible substrate and/or transition state mimic and
hence transition state mimics of other important nucleotide
sugar-dependent carbohydrate-processing enzymes might also be
targeted by precursor-driven biosynthesis or chemoenzymatic
methods, exchanging terminal functionalities of the tunicamycin
structure.

Experimental
Materials and DNA manipulation methods

DNA manipulations were performed according to standard
procedures for E. coli*® and Streptomyces.® Unless otherwise
stated, all Streptomyces media are listed in ref. 39 Chemical
reagents, DNA oligonucleotides and media components were
purchased from Sigma-Aldrich or BD Biosciences and used
without further purification. Restriction endonucleases were
purchased from New England Biolabs and remaining enzymes
from Invitrogen.

Bacterial strains, plasmids and culture conditions

The bacterial strains, plasmids and PCR primers used in this
study are listed in Tables S1-3 (ESIt). All S. coelicolor strains
were propagated on MS agar, S. chartreusis NRL3882 on OB
agar and S. lysosuperificus ATCC31396 on MYM agar, at 30 °C
(see ESIf for MYM and OB agar recipes). E. coli strains and
B. subtilis EC1524 were routinely grown in Luria-Bertani broth
(LB) or on 1.5% LB agar plates supplemented with appropriate
antibiotics. For recombinant strain selection, antibiotics were
used in the following concentrations: carbenicillin (100 pg/mL),
kanamycin (50 pg/mL), apramycin (50 pg/mL), chloramphenicol
(25 pg/mL) or nalidixic acid (25 pg/mL). For the isolation of
genomic DNA, 10 pL of dense S. chartreusis or S. lysosuperificus
spore preparations were inoculated into 50 mL TSB/YEME (1:1)
in a 250 mL flask and incubated with shaking at 250 rpm and
30 °C for 24 h. For heterologous production, the growth medium
was replaced with TYD" and inoculated with spores from
appropriate recombinant strains.

Genome scanning of S. chartreusis NRL3882

Isolation of high molecular weight genomic DNA from
S. chartreusis NRL3882 and S. lysosuperificus AATCC31396 was
accomplished by published procedures.*® Genomic DNA
S. chartreusis NRL3882 was sequenced and assembled by the
University of Liverpool Advanced Genomics Facility using
a Roche 454 Titanium pyrosequencing platform and the Roche
Newbler (v2.0.00.20) assembler software. A BLAST database of
the S. chartreusis genome was constructed and genome scanning,
sequence analysis and functional annotation were performed
using BLAST search tools** and the Artemis v12.0** software
package. A putative tun gene cluster was located spanning two
non-overlapping contigs and the constituent genes were labeled
tunA-N (Genbank accession code HQ172897). Using primers
based on internal fragments from both ends of runD, generation
and sequencing of a PCR product spanning the gap between the
two contigs showed their sequences to be contiguous on the
bacterial chromosome.

Generation and screening of S. chartreusis genomic library

Genomic DNA was partially digested with Sau3Al to yield
30-60 kb restriction fragments. Size-fractionated fragments were
cloned into SuperCosl (Stratagene), packaged using the Giga-
pack III Gold Packaging Extract Kit (Stratagene) and trans-
duced into E. coli XL1 Blue MR (Stratagene), in each case
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following the manufacturers’ instructions. At the Genome
Analysis Centre (Norwich, UK), 3073 individual cosmid clones
were picked and transferred to 96-well microtiter plates con-
taining LB medium and ampicillin. DNA from these colonies
was fixed onto nylon membrane filters according to published
methods.?® Internal fragments of genes tund and tunN were
amplified by PCR from genomic DNA, labeled with **P using the
Rediprime II DNA Labelling System (Amersham) and used as
hybridization probes for library screening. Eight clones hybrid-
izing to both probes were subjected to restriction analysis with
BamHI and Xhol, resulting in the selection of four cosmids (4H8,
5K7, 6N9 and 7C3) containing a complete, centrally located tun
gene cluster.

Preparation of recombinant S. coelicolor strains harbouring the
tun gene cluster

The SuperCosl-derived library cosmids 4HS, 5SK7, 6N9 and 7C3
were made conjugative and integrative by A Red-mediated
recombination of the vector sequence with a 5.2 kb Sspl frag-
ment from pMJCOSI that contained an apramycin resistance
cassette aac3(IV), oriT and $C31 integrase int and attachment
site attB, as well as flanking sequences with identity to corre-
sponding regions of the SuperCosl backbone.* The resultant
constructs, named plJ12315-8 (see Table S2, ESIt), were intro-
duced into S. coelicolor M1152 via E. coli ET12567/pUZ8002 by
conjugation according to published procedures*! and analysed
for tunicamycin production. In addition, a 12.9 kb Sacl fragment
from cosmid 4HS8 was cloned directly into the Sacl site pRT802
yielding pIJ12003a. The Sacl fragment contained the complete
predicted tun gene cluster plus 427 bp upstream of funAd and
500 bp downstream of tunN; neither of these flanking DNA
sequences is predicted to possess an entire ORF. Subsequently,
plJ12003a was conjugated into S. coelicolor M 1146 via tripar-
ental mating using E. coli S17-1 and E. coli ET12567/pUZ8002.

Analysis of tunicamycin production by recombinant S. coelicolor
strains

Recombinant S. coelicolor M1025-1028, M 1031 and their vector-
only control strains were grown on R5 agar at 30 °C for 48 h.
Agar cores were transferred to empty plates, which were then
flooded with 50 °C soft nutrient agar inoculated with tunica-
mycin-sensitive B. subtilis EC1524. Additionally, sterile filter
disks spotted with 15 pL of tunicamycin stock solution (1 mg/
mL) were placed atop the solidified agar. The plates were grown
at 30 °C for 18 h and examined for growth inhibition of the
reporter strain. Furthermore, recombinant strains were grown in
liquid TYD medium for 5 days at 30 °C and the suspected
tunicamycin metabolites were isolated and characterized by
methanolic mycelium extraction and LC/MS analysis, as
described previously'® using a Micromass LCT (ESI-TOF MS)
coupled to an Agilent 1200 Series LC System. Crude extracts
were purified by flash chromatography using Fluka Kiegselgel 60
220-440 mesh silica gel (mobile phase: water/isopropanol/ethyl
acetate 1:3:6) and subjected to '"H NMR spectroscopy along with
an authentic sample to further confirm the presence of tunica-
mycin.
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