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BIOSYNTHETIC PATHWAY AND GENES
REQUIRED FOR TROPODITHIETIC ACID
BIOSYNTHESIS IN SILICIBACTER TM1040

CROSS-REFERENCE TO RELATED
APPLICATION

The present application is a continuation-in-part under 35
U.S.C. §120 of PCT Application No. PCT/US07/85681, filed
Nov. 27,2007 in the names of Robert Belas and Haifeng Geng
and published on Jun. 5, 2008 as PCT Publication No. 2008/
067338.

This application also claims the benefit of priority under 35
U.S.C. §119 of PCT Application No. PCT/US07/85681 as
referenced above, U.S. Provisional Patent Application No.
60/861,117 filed Nov. 27, 2006 in the names of Robert Belas
and Haifeng Geng and U.S. Provisional Patent Application
No. 61/174,841 filed May 1, 2009, in the names of Robert
Belas, Haifeng Geng and Ryan Powell. The disclosures of
these references are hereby incorporated by reference in their
entirety, for all purposes.

GOVERNMENT RIGHTS IN INVENTION

Work related to the invention was conducted in the perfor-
mance of National Science Foundation Grant MCB0446001.
The United States Government has certain rights in the inven-
tion.

FIELD OF THE INVENTION

The present invention relates generally to Roseobacter
bacteria and the production of antibiotic tropodithietic acid
(TDA) by use of such microbial species. The invention also
relates to use of the TDA in the treatment or prevention of
bacterial disease.

BACKGROUND OF THE INVENTION

Bacteria of the Roseobacter clade of marine alpha-Proteo-
bacteria stand out as some of the most critical players in the
oceanic sulfur cycle due to the ability of several genera to
degrade dimethylsulfoniopropionate (DMSP). While roseo-
bacters are wide-spread throughout the marine ecosystem,
their abundance is significantly correlated with DMSP-pro-
ducing algae, especially prymnesiophytes and dinoflagel-
lates, such as Prorocentrum, Alexandrium and Pfiesteria spe-
cies.

Roseobacters have abundant and diverse transporters,
complex regulatory systems, multiple pathways for acquiring
carbon and energy in seawater, and the potential to produce
secondary, biologically active metabolites.

SUMMARY OF THE INVENTION

The present invention relates to Roseobacter bacteria and
to the production of antibiotic tropodithietic acid (TDA) by
use of such microbial species.

In one aspect, the invention relates to an isolated nucleic
acid encoding a megaplasmid (pSTM3) of Silicibacter sp.
TM1040, wherein the nucleic acid comprises genes involved
in tropodithietic acid biosynthesis of Roseobacter bacteria.

Another aspect of the invention relates to a protein encoded
by a nucleic acid sequence comprising any of SEQ ID NO: 1,
SEQ ID NO: 2, SEQ ID NO: 3, and SEQ ID NO: 4, wherein
the protein is involved in the biosynthesis of tropodithietic
acid by Roseobacter bacteria.
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Yet another aspect of the invention relates to an antibacte-
rial composition comprising tropodithietic acid isolated from
bacteria of the Roseobacter clade.

A further aspect of the invention relates to a method of
treating or preventing bacterial disease or infection in a sub-
ject in need of such treatment or prevention, comprising
administering to said subject an antibacterial composition
comprising tropodithietic acid isolated from bacteria of the
Roseobacter clade, wherein administration of the antibacte-
rial composition is effective in killing the bacteria causing the
bacterial disease or infection. In one aspect the disease or
infection is caused by any of Vibrio anguillarium, Vibrio
cholerae, Vibrio coralliilyticus, Vibrio shiloi, Halomonas
spp., Mycobacterium marinum, Mycobacterium tuberculosis,
Pseudomonas elongate, Spongiobacter nikelotolerans, and
Staphylococcus aureus (MRSA).

In another aspect the invention provides a method of treat-
ing or preventing Mycobacterium tuberculosis or Staphylo-
coccus aureus (MRSA) disease or infection in a subject,
comprising administering to said subject an antibacterial
composition comprising tropodithietic acid, wherein the anti-
bacterial composition is effective to kill the Mycobacterium
tuberculosis or Staphylococcus aureus (MRSA) causing the
disease or infection.

In still another aspect, the invention provides a bactericidal
method, comprising contacting a surface or object containing
Mycobacterium tuberculosis or Staphylococcus aureus
(MRSA) with tropodithietic acid, wherein the tropodithietic
acid is effective to kill the Mycobacterium tuberculosis or
Staphylococcus aureus (MRSA) on the surface or object.

Another aspect of the invention relates to a method for
producing an antibacterial composition comprising
tropodithietic acid, the method comprising:

a) culturing Silicibacter sp. TM1040 in a culture medium
supporting growth of the bacterium and production of
tropodithietic acid; and

b) recovering the tropodithietic acid,

wherein the recovering comprises:

i) separating the tropodithietic acid from the culture
medium; and

i1) puritying the tropodithietic acid by high performance
liquid chromatography.

Yet another aspect of the invention relates to a plasmid
pSTM3.

Another aspect of the invention relates to a compound
selected from the group consisting of:

1,2-dihydro-phenylacetyl-CoA;

2-hydroxy-7-oxo-cyclohepta-3,5-dienecarboxylic acid;

2,7-dihydroxy-cyclohepta-1,3,5-trienecarboxylic acid;

2,7-dihydroxy-3-oxo-cyclohepta-1,4,6-trienecarboxylic
acid;

2,7-dihydroxy-3-thioxo-cyclohepta-1,4,6-trienecarboxy-
lic acid; and

7-hydroxy-2-mercapto-3-thioxo-cyclohepta-1,4,6-trien-
ecarboxylic acid.

Other aspects, features and advantages of the invention will
be more fully apparent from the ensuing disclosure and
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a comparison of Silicibacter sp. strain
TM1040 grown in a static environment versus with shaking
and evaluated for antibacterial activity against V. anguil-
larum.

FIG. 2 provides C18 reverse phase HPL.C chromatograms
of'ethyl acetate extracts from TM 1040 and Phaeobacter 27-4.
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Insets show the UV spectra of the HPLC peak corresponding
to the antibiotic activity. For 27-4, the peak is TDA.

FIG. 3 provides maps of the genes required for synthesis of
TDA in TM1040. The black boxes indicate the ORF inter-
rupted by the transposon. Arrows indicate ORFs transcrip-
tional orientations and hatch marks indicate a break in the
region.

FIG. 4 provides the results of experiments showing that
growth and TDA synthesis is affected by mutations in cysl.

FIG. 5 provides the results of characterization studies of
TM1040 (wt), tdaE:Tn mutant (strain HG1265) and a spon-
taneous mutant (sm; TM1040SM), where FIG. 5A provides
pigment analysis, FIG. 5B provides PCR amplification
results, FIG. 5C provides PFGE separation of total DNA,
FIG. 5D provides a Southern blot, FIG. 5E provides Ncol
digestion of plasmid DNA and FIG. 5F provides Southern
blot hybridization of Ncol-digested plasmid DNA to tdaE.

FIG. 6 illustrates Ncol digestion patterns of pSTM3 trans-
formed into E. coli. Of the total DNAs examined, four types
of'band patterns emerged and are shown in lanes 1-4, respec-
tively.

FIG. 7 demonstrates that DNA from other roseobacter
species hybridizes to tda DNA. Total DNA was extracted
from 13 roseobacters, TM1040, and a non-roseobacter con-
trol species (V. anguillarum), and used in a slot blot hybrid-
ization with labeled tda DNA. Positive hybridization was
strongly correlated with measurable antibiotic activity (indi-
cated by *). The strains used were: ISM: Roseovarius strain
ISM; TM1038: Roseobacter sp. strain TM1038; TM1039,
Roseobacter sp. strain TM1039; 33942, Roseobacter denitri-
ficans ATCC 33942; SE62, Sulfitobacter strain SE62; 49566,
Roseobacter litoralis ATCC 49566, DSS-3, Silicibacter
pomeroyi DSS-3; EE36, Sulfitobacter strain EE36; 1921,
Sulfitobacter strain 1921; TM 1040, Silicibacter sp. TM1040;
V. a, Vibrio anguillarum; 51442, Roseobacter algicola ATCC
51442; 27-4, Phaeobacter 27-4; TM1035, Roseovarius sp.
strain TM1035; and, TM1042, Roseovarius sp. strain
T™M1042.

FIG. 8 illustrates the presence and relative abundance of
each of the Tda proteins identified in TM1040 (rows) in the
GOS metagenomic database (via the internet website at
hypertext transfer protocol address, camera.calit2.net/). The
relative abundance is based on the total BLASTP matching
sequences in the individual filters using a cutoff E value of
1E-20 (Rusch, D. B., et al. PLoS Biol. (2007) 5:€77). The
distribution of Tda proteins harbored on pSTM3 (TdaA-F) in
the sample is remarkably different from the distribution of
Paa and sulfur metabolism proteins (Cysl, MalY, and TdaH),
which have a more even distribution throughout the series of
samples. Relative abundance is indicated by the size of the
circle. GOS sample numbers are indicated on the horizontal
axis.

FIG. 9 provides a putative model of the TDA biosynthetic
pathway.

FIG. 10 is an illustration of SEQ ID NO: 7, showing the
pSTM3 partial sequence contig tdaA~tdaE.

FIG. 11 is an illustration of SEQ ID NO: 8, showing the
pSTM3 partial sequence tdaF and membrane protein gene.

FIG. 12 is a graph showing the efficacy of TDA against
Vibrio anguillarum, as described in Example 10.

FIG. 13 is a graph showing the bactericidal character of
TDA against Vibrio anguillarum, illustrating the results using
control (squares; buffer only), control 0.001 (circles), TDA
(triangles), and TDA 0.001 (inverted triangles), as described
in Example 10.
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4
DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to Roseobacter bacteria and
to the production of tropodithietic acid (TDA) by use of such
microbial species.

The symbiotic association between the roseobacter Silici-
bacter sp. TM1040 and the dinoflagellate Pfiesteria piscicida
involves bacterial chemotaxis to dinoflagellate-produced
dimethylsulfoniopropionate (DMSP), DMSP demethylation,
and ultimately a biofilm on the surface of the host. Biofilm
formation is coincident with the production of an antibiotic
and a yellow-brown pigment. The antibiotic is a sulfur-con-
taining compound, tropodithietic acid (TDA). Using random
transposon insertion mutagenesis, 12 genes were identified as
critical for TDA biosynthesis by the bacteria, and mutation in
any one of these results in loss of antibiotic activity (Tda™)
and pigment production. Unexpectedly, six of the genes,
referred to as tdaA-F, could not be found on the annotated
TM1040 genome and were instead located on a previously
unidentified cryptic megaplasmid (ca. 130 kB; pSTM3) that
exhibited a low frequency of spontaneous loss. Homologs of
tdaA and tdaB from Silicibacter sp. TM1040 were identified
by mutagenesis in another TDA-producing producing roseo-
bacter, Phaeobacter 27-4, which also possesses two large
plasmids (ca. 60 and ca. 70 kb, respectively), and tda genes
were found by DNA:DNA hybridization in 88% of a diverse
collection of 9 roseobacters with known antibiotic activity.
These data suggest that roseobacters employ a common path-
way for TDA biosynthesis that involves plasmid-encoded
proteins. Using metagenomic library databases and a bioin-
formatics approach, a pronounced difference in the biogeo-
graphical distribution between the critical TDA synthesis
genes was observed, implying substantial environmental
preference differences among these genes.

The present invention in one specific aspect relates to the
interaction of a roseobacter, Silicibacter sp. TM1040, and
Pfiesteria piscicida. Silicibacter sp. TM1040 (hereafter
referred to as TM1040) is isolatable from laboratory micro-
cosm culture of heterotrophic DMSP-producing dinoflagel-
late P. piscicida. Marine algae are major producers of DMSP
in the marine environment while members of the Roseobacter
clade are capable of DMSP catabolism. TM1040 degrades
DMSP via a demethylation pathway producing 3-methylm-
ercaptopropionate (MMPA) as a major breakdown product.
The bacteria respond via chemotaxis to dinoflagellate homo-
genates, and are specifically attracted to DMSP, methionine,
and valine. TM1040 motility is important in the initial phases
of the symbiosis. Once the bacteria are in close proximity to
their host, TM1040 forms a biofilm on the surface of the
dinoflagellate. The symbiosis includes two parts: one that
involves chemotaxis and motility, and a second step in which
a biofilm predominates.

Specific phenotypes, e.g., the ability to produce antibacte-
rial compounds and biofilm formation, may give members of
the Roseobacter clade a selective advantage, and help to
explain the dominance of members of this clade in association
with marine algae. The production of an antibiotic activity is
observed in roseobacters and is hypothesized to provide an
advantage when colonizing phytoplanktonic hosts, such as
dinoflagellates. The genome of TM1040 consists of a 3.2 Mb
chromosome and two plasmids, pSTM1 (823 Kb) and
pSTM2 (131 Kb) (Moran, M. et al. Appl. Environ. Microbiol.
(2007) 73:4559-4569). A comparison between TM 1040 and
two other roseobacters (Silicibacter pomeroyi DSS-3 and
Jannaschia sp. CSS-1) suggests that roseobacters have abun-
dant and diverse transporters, complex regulatory systems,
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multiple pathways for acquiring carbon and energy in seawa-
ter, and the potential to produce secondary, biologically active
metabolites.

Biologically active metabolites, including antibacterial
compounds, are obtainable from roseobacters. A sulfur-con-
taining antibiotic compound, tropodithietic acid (TDA), has
been isolated and chemically characterized from Phaeo-
bacter 27-4, hereafter called 27-4, and Roseobacter T5. The
chemical backbone of TDA (shown in FIG. 2) is a seven
member aromatic tropolone ring, which is highly significant
as tropolone derivatives, notably hydroxylated forms, are
widely seen as medically important sources of antibacterial,
antifungal, antiviral, and antiparasitic agents. Thiotropocin,
another tropothione derivative closely related to TDA, can be
synthesized from shikimate by an oxidative ring expansion of
phenylacetic acid.

Both genomic and genetic techniques were used to identify
the genes and proteins required for TDA synthesis in TM1040
and 27-4 as models for the Roseobacter clade. In the process
of'locating these genes, a megaplasmid critical for TDA bio-
synthesis that is part of the TM 1040 genome was discovered
by the present inventors, as hereinafter more fully described.

As set forth in more detail below, in one embodiment the
invention provides an antibacterial composition comprising
TDA, where the antibacterial composition is effective against
Vibrio anguillarium, Vibrio cholerae, Vibrio coralliilyticus,
Vibrio shiloi, Halomonas spp., Mycobacterium marinum,
Mycobacterium tuberculosis, Pseudomonas elongate, Spon-
giobacter nikelotolerans, or Staphylococcus aureus
(MRSA). By the work reported herein, the present inventors
were able to show the bactericidal activity of TDA. Such
antibacterial compositions, are useful in methods such as
treatment of a bacterial infection, where administration of the
antibacterial composition is effective in treating the bacterial
infection, where the infection is caused by any of Vibrio
anguillarium, Vibrio cholerae, Vibrio coralliilyticus, Vibrio
shiloi, Halomonas spp., Mycobacterium marinum, Mycobac-
terium tuberculosis, Pseudomonas elongate, Spongiobacter
nikelotolerans, and Staphylococcus aureus (MRSA).
TM1040 Produces the Sulfur-Containing Antibiotic
Tropodithietic Acid

TM1040 produces an extracellular broad spectrum anti-
bacterial compound capable of inhibiting or killing many
bacteria. It was found that greater antibacterial activity
occurred when the bacteria were grown in a nutrient broth
culture under static conditions, i.e., no shaking, compared to
shaking conditions (11 mm; FIG. 1). Under static conditions,
TM1040 cells attached to one another forming rosettes and
produced a very distinct yellow-brown pigment (FIG. 1). The
Silicibacter sp. TM1040 grown in static liquid media has a
large amount of antibacterial activity, which was measured by
a well diftusion assay using Vibrio anguillarium as the target
organism (FIG. 1). In contrast, pigment and antibacterial
activity are both very low under 30° C. shaking conditions.

These phenotypes are consistent with Phaeobacter 27-4
and other roseobacters. During the course of this investiga-
tion, non-pigmented colonies were sometimes seen after
TM1040 was incubated on nutrient agar, and subsequent
analysis revealed that these ‘white spontaneous mutants’ also
had lost antibacterial activity as well.

TM1040 produces an antibiotic and shares common phe-
notypic traits with other roseobacters, notably Phaeobacter
27-4 whose antibiotic is tropodithietic acid (TDA). It was
therefore hypothesized that the antibacterial compound pro-
duced by TM 1040 may also be tropodithietic acid.

Example 2 describes characterization of the antibiotic pro-
duced by the bacteria of Example 1. Cell-free supernatants
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6

were collected independently from both TM1040 and 27-4,
ethyl acetate extraction of the supernatants was used to sepa-
rate TDA from other compounds, and the concentrated
extract was analyzed by HPLC. The resulting elution chro-
matograms and subsequent UV spectra of the putative peak of
TDA from TM1040 and 27-4 are shown in FIG. 2. Both
chromatograms and UV spectra are nearly identical, indicat-
ing chemically similar metabolites are produced by both
strains. A compound with a retention time of 4.2 min (indi-
cated in FIG. 2) is observed in both chromatograms and has
been positively identified as TDA in 27-4. The equivalent
“TDA peak’ from TM1040 has a UV spectrum that overlaps
with that of published spectrum of TDA obtained from 27-4,
with four major absorptions at 210 nm, 304 nm, 355 nm and
452 nm. Mass spectroscopy of the TM1040 “TDA peak’ was
used to confirm the efficacy of the compound as TDA. Taken
together, the data corroborate TDA as the antibacterial
metabolite produced by TM1040.

Identification of Genes Involved in the Synthesis of TDA

With the exception of genes involved in shikimate and
phenylacetate metabolism, an analysis of the genome of
TM1040 does not provide much insight into genes likely to
participate in the biosynthesis and regulation of TDA. To
determine the genes required for TDA synthesis, a genome-
wide random-insertion transposon bank of 11,284 Kan" colo-
nies was generated in TM1040 and screened for antibiotic
loss-of-function mutants (Tda~ phenotype), as described in
Example 3. Approximately 0.7% of the transposon insertions
(81 out of 11,284) were Tda™ mutants, all of which were
defective in TDA synthesis as well as in pigment formation.

The location of the transposon insertion site in each of the
81 Tda™ mutants was determined by sequencing TM1040
DNA adjacent to the transposon. The pair of sequences (both
sides of the transposon insertion point) obtained from each
mutant was used to search the annotated TM1040 genome to
identify the mutated gene. Surprisingly, homologs were not
found in the genome for 32 or nearly 40% of the Tda~
mutants, yet these DNAs overlapped permitting assembly
into one large contiguous DNA fragment of 4.5 kb harboring
atleast 6 ORFs, calledtdaA-F (Table 2 and FIG.3A). FIG.3A
shows sulfur assimilation genes, tdaH, malY, cysI, located in
the TM1040 chromosome. Phenylacetate catabolism genes
are in the megaplasmid pSTM1. It is clear that tdaA-F repre-
sent DNA that is not part of the original annotation of the
genome, suggesting that this DNA may have been lost from
the sequenced variant of TM1040. A thorough analysis of
these ‘orphan’ genes is presented below (TDA biosynthesis
genes resided on a 130 kb cryptic plasmid).

Forty nine Tda™ mutants had transposon insertions in genes
found in one ofthe three DNAs that make up the genome. Due
to the observation of a low frequency spontaneous loss of
TDA synthesis and knowledge of the existence of tdaA-F,
each of the 49 genomic Tda~ strains was analyzed for the
presence of tdaA-F. Nearly 90% (43 out of 49) did not harbor
tdaA-F, as determined by PCR amplification with primers to
tdaE, and had lost this DNA presumably resulting in their
Tda™ phenotype. The transposon insertion in these strains
may contribute to the Tda™ phenotype.

The sequences obtained from the remaining 6 Tda~
mutants were highly informative (Table 2).

An analysis of the genes identified from the 6 ‘genomic’
TDA™ mutants revealed that the phenylacetate catabolism
(paa) pathway is required for TDA synthesis (FIG. 3A).
Transposon insertions were identified in homologs of paal,
paal, and paaK. The deduced amino acid sequence from each
of these ORFs had strong homology to similar proteins
encoded by other roseobacters. For example, TM1040 paal is
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79% similar to paal of Silicibacter pomeroyi DSS-3, TM 1040
paal is 74% similar to an ORF of Roseobacter sp. MED193,
and paaK is 77%to Roseobacter sp. MED193 paaK (Table 2).
In other bacteria, paaGHIJK encodes a ring-hydroxylating
complex of proteins that is responsible for the first step in the
aerobic catabolism of phenylacetate involving Coenzyme A
(CoA) activation, producing 1,2-dihydro-phenylacetate-
CoA. The finding that mutations in paa genes affects TDA
synthesis is consistent with the biochemical evidence of phe-
nylacetate metabolism in thiotropocin synthesis.

Mutants with defects in phenylacetate metabolism were
also unable to grow on phenylalanine, phenylacetic acid,
tryptophan, sodium phenylpyruvate or phenylbutyrate as a
sole carbon source (Table 3).

TDA is a disulfide-modified tropolone compound, indicat-
ing that sulfur metabolism must be involved in TDA synthe-
sis. This hypothesis is supported by the identification of 3
Tda™ mutants (Table 2) each with a transposon inserted in a
gene whose product is involved in sulfur metabolism: cysl,
malY, and an ORF (tdaH) with homology to sulfite oxidase
(Table 2). The identification of these genes suggests that
sulfur from reductive sulfur pathways is used and incorpo-
rated into TDA, which was tested by observing growth of the
sulfur-metabolism mutants on a minimal medium containing
a sole sulfur source (Example 4).

TM1040 (inverted triangles) and the cysl mutant
(HG1220; circles) were grown in minimal medium contain-
ing either methionine (closed symbols) or methionine (open
symbols), and growth was measured optically at 600 nm.
Unlike the wild-type, the CysI™ mutant cannot grow methion-
ine, but does utilize cysteine. Measurement of antibiotic
activity indicates that the cysl defect also affects TDA syn-
thesis, which is corrected by the addition of cysteine to the
medium, but not methionine, DMSP, sulfite, or sulfate addi-
tion (Table 2). The results are shown in FIG. 4. The cysl
mutant grew when provided complex sulfur sources or cys-
teine and was unable to utilize DMSP, SO,*~, SO,>", or
methionine. The addition of cysteine to the medium resulted
in enhanced growth of the cysl mutant as well as increased
synthesis of TDA (FIG. 4).

TDA Biosynthesis Gene Resided on a 130-kb Cryptic Plas-
mid

As previously described, tdaA-F genes were not part of the
annotated TM 1040 genome and were absent in spontaneous
Tda™ mutants. A series of bioinformatic analyses was con-
ducted to elucidate the potential function of these genes
(Table 2) and their proteins. Interestingly, these genes share
their strongest homology with a similar set of genes in Para-
coccus denitrificans PD1222 chromosome 1 (Accession
number: NC__008686), a non-motile alphaproteobacterium
first isolated from soil by Beijerinck. As shown in FIG. 3B,
the orientation and spacing between tdaA and tdaB suggests
that these genes form a bicistronic message while tdaC-E are
likely to compose an operon separate from tdaAB. tdaF is in
a different operon (FIG. 3). In FIG. 3B, tdaH encodes sulfite
oxidase domain protein; hik2 encodes two-component hybrid
sensor and regulator; malY encodes $-C-S lyase (cystathio-
nase); asnC encodes transcriptional regulator AsnC family;
cysG encodes siroheme synthesis; hypo encodes hypothetical
protein; cysl encodes sulfite reductase beta (siroheme-depen-
dent); cysH encodes adenylylsulfate reductase; gntR encodes
GntR family transcriptional regulator; paaG, paaH, paal,
paal, paaK encode respectively phenylacetic acid degrada-
tion protein complex protein 1,2,3,4,5; tdaA encodes LysR
substrate binding domain protein; tdaB encodes f-etherase;
glutathione-S-transferase; tdaC encodes prephenate dehy-
dratase; tdaD, 4-hydroxybenzoyl-CoA thioesterase; tdaE
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encodes Acyl-CoA dehydrogenase; tdaF encodes phospho-
pantothenoylcysteine  decarboxylase. P denitrificans
PD1222 genome contains two chromosomes and one plas-
mid, whereas tdaAB, tdaCDE and tdaF homologue genes
located discretely in a 19 kb region of chromosome 1.

Amino acid domain identification was useful in assigning
potential functions to the encoded proteins. For example,
TdaA (Table 2) has homology with LysR regulatory proteins,
possessing a helix-turn-helix and a LysR substrate-binding
domain (Zaim, J., et al. Nucleic Acids Res. (2003) 31:1444-
1454). TdaA is the only regulatory protein uncovered in this
study, perhaps indicating that it is the sole regulator of TDA
synthesis. The remaining ORFs encode putative enzymes.
TdaB contains a glutathione S-transferase (GST) domain and
belongs to the bacterial GST protein family (Table 1). TdaC
has an amino acid domain with homology to prephenate
dehydratase (PheA), an enzyme involved in the conversion of
chorismate to prephenate, a step in the pathway leading to
phenylacetate synthesis.

The involvement of CoA metabolism, addition, or modifi-
cation is evident from the functional domains on TdaD and
TdaE. TdaD is anticipated to be a member of the thioesterase
superfamily of acyl-CoA thioesterases (Table 2), TdaE
encodes a putative acyl-CoA dehydrogenase (ACAD), and
TdaF has homology to aldehyde dehydrogenase.

The secondary evidence suggests that tdaA-F resides on a
cryptic plasmid that may be spontaneously lost. To develop a
means to test the hypothesis, three strains, TM1040, a spon-
taneous Tda~ nonpigmented strain of TM1040
(TM1040SM), and HG1265 (tdaE::Tn) (Table 1) were used.
FIG. 5A illustrates pigment analysis of the three strains,
where TM1040 (wt) produces a yellow-brown extracellular
pigment that is correlated with TDA synthesis. In contrast, a
tdaE:Tn mutant (strain HG1265) and a spontaneous mutant
(sm; TM1040SM) are nonpigmented and have lost the ability
to produce both TDA and pigment. Spontaneous loss of pig-
ment and antibiotic activity results from a loss of tda genes.

PCR amplification using primers for tdaA-E, was per-
formed, and predicted to generate a 3.8 kb product from
wild-type DNA. As shown in FIG. 5B, PCR amplification of
wild-type DNA gave the predicted 3.8 kb band, a 5.7 kb
product when tdaE:Tn DNA was used as a template, with the
additional 2 kb in size of the tdaE:Tn product resulting from
insertion of the transposon, and no product when the DNA
from the SM strain was amplified indicating that the SM
strain had lost the tdaA-E locus.

Total DNA from TM 1040, TM1040SM, and HG1265 (tda-
E:Tn) was separated by PFGE. As observed in FIG. 5C, all
three strains had high molecular weight DNA, presumably a
mixture of chromosomal and pSTM1 and a band or bands at
ca. 130 kb, corresponding to the size of pSTM2 (132 kb)
(Moran, M. A., et al. Appl. Environ. Microbiol. (2007)
73:4559-4569). Close inspection of this region and compari-
son between the SM DNA lane (middle, FIG. 5C) and either
the TM1040 or tdaE:Tn DNA (left and right lanes, respec-
tively) shows that the SM band is thinner than either TM1040
ortdaE:Tn hinting that SM DNA is missing a DNA species in
this size range that overlaps with pSTM2. Repeated attempts
to change PFGE conditions did not resolve this region. To
overcome this limitation, a Southern blot (FIG. 5D) using a
tdaD DNA probe was performed on the gel shown in FIG. 5C,
and the results confirmed that the SM DNA, while possessing
a 130 kb band, fails to hybridize to tdaD. In contrast, both
wild-type DNA and tdaE:Tn DNA hybridize to the expected
band (ca. 130 kb). This confirms the loss of tda DNA in SM
and adds evidence supporting the hypothesis that the missing
tda DNA is on a plasmid. It does not rule out the unlikely
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possibility that tda genes reside on pSTM2 and are somehow
deleted from that known molecule.

To resolve the issue, plasmids were isolated from each of
the three strains (TM1040, TM1040SM, and HG1265) and
subjected each mixture to Ncol digestion (FIG. 5E), chosen
because an in silico Ncol digestion of pSTM2 provided a
recognizable pattern of DNA fragments. The digested DNAs
were separated by electrophoresis and the band patterns com-
pared to each other and to an in silico Ncol digestion of
pSTM2 (supplemental data). The pattern of fragments from
sm DNA matched the predicted pSTM2 Ncol digestion,
while both wt and tdaE DNA patterns showed evidence of
additional restriction fragments. As shown in FIG. 5E, the
TM1040SM DNA digest had much fewer bands than wild-
type DNA or DNA from tdaE:Tn. This would be expected if
the TM1040SM strain lost a large plasmid. Consistent with
this hypothesis, Southern blotting showed that a tdaD probe
hybridized to a 4.5 kb fragment in wild-type plasmid DNA
and to a 6.4 kb fragment from plasmids isolated from the
tdaE:Tn strain. A tdaE probe hybridizes to one fragment in wt
and tdaE:Tn DNA cut with Ncol, but to any fragments pro-
duced from Ncol digestion of plasmid. The increase in the
size of the fragment in tdaE:Tn results from the insertion of
the 2 kb transposon. (FIG. 5F).

It was reasoned that it is possible to transform a cryptic tda
plasmid bearing a selectable marker into a suitable host and
thereby provide proof of the existence of this plasmid. The
transposon used, EZ:Tn, contains a kanamycin-resistance
gene as well as the oriR6K origin of replication permitting
replication in permissive hosts carrying the pir gene. Thus,
the plasmid from tdaE:Tn was used to transform E. coli
EC100D (Table 1) with a subsequent selection for kanamycin
resistance. This transformation was successful despite a very
low transformation efficiency resulting in 7 Colony Forming
Units (CFUs) per pg of mixed plasmid DNA, and provides
strong evidence for the existence of a cryptic ca. 130 kb
plasmid harboring tda genes. This new plasmid was called
pSTM3.

Twelve random colonies were chosen from the transforma-
tion with pSTM3 and the Ncol-digestion pattern of each
compared. FIG. 6 shows the four common patterns resulting
from this analysis. Although each plasmid was PCR positive
for the tda genes (data not shown) and the set of four shared
many common bands, they had remarkably different patterns
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indicating deletion and/or rearrangements had occurred dur-
ing or after transfer of pSTM3 to E. coli.

A mixture of plasmid pSTM3-1265 (pSTM3 harboring a
transposon in tdaF) and pSTM2 was isolated from HG1265
and the DNAs used to transform E. co/i. Each of the plasmids
harbored in the resulting Kan” transformants was purified,
digested with Ncol, and the resulting DNA fragments sepa-
rated by agarose gel electrophoresis.

The sum of the results indicates that TM 1040 harbors a ca.
130 kb plasmid, pSTM3, which is essential for TDA and
pigment biosynthesis and which may be spontaneously lostin
laboratory culture.

Distribution of tda genes in other Roseobacters

The Roseobacter clade produce an antibacterial activity. In
light of the current findings, confirmation was sought that
other roseobacters had tda genes as well, and Phaeobacter
27-4 was chosen as a suitable candidate. (Example 8)

The same transposon was used to construct a 6,321-mem-
ber library and was screened for the Tda™ phenotype. 37 Tda~
mutants were found of which 12 were analyzed further. Two
of'the 12 ORFs mutated were similar to TdaA (identity 38%)
and TdaB (identity 55%) from TM1040 (Table 4), suggesting
that these two roseobacters share a common TDA biosynthe-
sis and regulation scheme. The remaining 9 genes were not
identified as important to TDA synthesis in TM1040 and had
varying degrees of homology to genes in the annotated
TM1040 genome, but, unlike TM1040, were not part of the
phenylacetate or reductive sulfur pathways. The one excep-
tion is 27-4 metF (Table 4), which may possibly be involved
in sulfur metabolism.

DNA:DNA hybridization was also used to measure hybrid-
ization of a tdaA-F gene probe to DNA from 14 Roseobacter
clade species (FIG. 7). The tda probe hybridized to 8 of the 9
roseobacters that have been established as producing antibac-
terial activity (FIG. 7), with the ninth, Silicibacter pomeroyi
DSS-3, showing a low amount of hybridization. Three of 6
non-antibiotic-producing  roseobacters also positively
hybridized to the tda DNA. This false positive may have
resulted from a strain that has very low tda expression and
antibiotic activity below the detection limits of the well dif-
fusion assay, or from spurious hybridization to non-tda DNA.
The tda probe did not hybridize with DNA from V. anguil-
larum, implying that the second possibility is the more likely
scenario.

TABLE 4

Phaeobacter 27-4 genes and encoded proteins required for the regulation and

synthesis of tropodithietic acid.

Function Best Hit Ortholog/E score

Ring Precursors, Oxidation, and Expansion

B-etherase, glutathione S
transferase

Sinorhizobium meliloti putative p-
etherase (p-aryl ether cleaving
enzyme/4e—52

Sulfur Metabolism and Addition

5-methyltetrahydrofolate--
homocysteine S-
methyltransferase

Co-enzyme A Metabolism

Silicibacter sp. TM1040 MetF
protein/2e-77

GenBank

Mutant Accession Gene
Number  Number  Designation
JBB1001/ EF139212 tdaB
JBB1030

IBB1044 EF139218 metF
IJBB1009 EF139215 tdbA
IJBB1045 EF139216 tdbB

D-p-hydroxybutyrate
dehydrogenase
Phosphate acetyltransferase

Roseovarius sp. 217 D-p-
hydroxybutyrate dehydrogenase/2e-32
Roseobacter sp. MED193 phosphate
acetyltransferase/8e—81
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Phaeobacter 27-4 genes and encoded proteins required for the regulation and

synthesis of tropodithietic acid.

GenBank
Mutant Accession Gene
Number  Number  Designation Function Best Hit Ortholog/E score
Transport: Import and Export
JBB1003 EF139213 tdbC Lytic transglycosylase, Roseobacter sp. MED193
peptidase C14 hypothetical protein/6e—85
JBB1005 EF139221 tral Tral, Type IV (Vir-like) Rhodobacter sphaeroides 2.4.1 Tral/
secretion S5e-58
JBB1011 EF139222 tdbD Type I secretion target repeat  Roseobacter sp. MED193 type I
protein secretion target repeat protein/8e—54
JBB1029 EF139216 tdbE Oligopeptide/dipeptide ABC  Silicibacter sp. TM1040 binding-
transporter protein-dependent transport systems
inner membrane component/6e—124
Regulatory Mechanism
JBB1006 EF139220 clpX ATP-dependent Clp protease  Silicibacter sp. TM1040 ATP-
binding subunit ClpX/le-47
JBB1007 EF139214 tdbF Ribonuclease D Roseobacter sp. MED193
ribonuclease D/6e-49
JBB1030 EF139217 tdaA LysR substrate binding Paracoccus denitrificans PD1222

domain protein

regulatory protein, LysR:LysR,

substrate-binding/3e-51

Distribution of tda Genes in the Environment

Marine genome and metagenomic databases were
searched for sequences with homology to one of the 12 genes
(Table 2) required for TDA synthesis by TM1040. While
homologs to the proteins involved in phenylacetate and
reductive sulfur metabolism were found within the 14
selected roseobacter genomes in Roseobase (hyper text trans-
fer protocol world wide web address roseobase.org/) and the
Gordon and Betty Moore Foundation Marine Microbial
Genome databases (hyper text transfer protocol address
research.venterinstitute.org/moore/), close homologs of
TdaA-F were absent (at a BLASTP E value cutoff of 1E-30).
While the reason for the absence of homologs is not known, it
is possible, although unlikely, that all 14 roseobacters do not
produce TDA, produce an antibacterial activity that involves
another compound, or lost their tda plasmid. The last possi-
bility is most likely to have resulted from laboratory cultur-
ing, therefore Tda homologs were searched for in environ-
mental metagenomic libraries (hyper text transfer protocol
camera.calit2.net/) that should contain abundant uncultivated
roseobacter DNA.

The data gathered from searching the CAMERA marine
metagenomic GOS dataset database are shown graphically in
FIG. 8, where a circle and its relative size indicates the pres-
ence and abundance (respectively) of a given protein. As was
observed with the roseobacter genomes, phenylacetate and
reductive sulfur metabolism proteins were found at numerous
sites, with the greatest abundance of PaalJK and Cysl at site
GS00a, a Sargasso Sea sample (31 32'6" N, 63 35'42" W).
Positive Tda protein ‘hits’ were also recorded in a hypersaline
pond sample (GS033) and a sample obtained from Lake
Gatun, Panama Canal (FIG. 8). In no sample were hits to all
12 proteins involved in TDA biosynthesis found.

Various members of the Roseobacter clade, whose
genomes reveal a great potential for the synthesis of bioactive
molecules, produce TDA. Many marine bacteria produce an
antibiotic activity, including antibacterial activity from roseo-
bacters, e.g., a compound that produces a probiotic effect on
scallop larvae and is antagonistic to y-Proteobacteria strains,
as well as a compound that is antagonistic against fish larval
bacterial pathogens. From the data, it is likely that much of the
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antibiotic activity seen in roseobacters is due to plasmid-
borne tda genes that can be difficult to maintain in laboratory
conditions.

There is a direct link between the spontaneous appearance
of non-pigmented Tda™ colonies and the loss of pSTM3 of
TM1040. Over 40 of the mutants initially screened as Tda~
were ultimately found to have lost pSTM3. This suggests that
loss of pSTM3 is a relatively frequent event during laboratory
cultivation of TM1040. Instability of the Tda™ phenotype is
not unique to TM1040. The appearance of spontaneous non-
pigmented Tda™ mutants or variants is characteristic of other
roseobacters, including Phaeobacter 27-4 and Roseobacter
gallaeciensis sp. T5. One possible explanation for the cause
of these spontaneous mutants is a loss of a plasmid carrying
one or more critical genes required for TDA synthesis.
Indeed, 27-4 possesses at least two plasmids of ca. 60 kb and
70 kb respectively. One or both of these plasmids may be
involved in TDA biosynthesis of 27-4 and tdaA and tdaB,
identified by transposon insertion mutagenesis in 27-4 Tda~
mutants, reside on one of these plasmids.

Instability of pSTM3 is also apparent when the plasmid is
transformed into a nonroseobacter host, e.g., E. coli. As
shown in FIG. 6, at least four unique Ncol-restriction frag-
ment patterns were observed from pSTM3 that had been
successfully transformed into a new host. As a cause of this
instability, it seems improbable that TDA biosynthesis is to
blame, because the pSTM3 used to transform £. coli does not
confer a TDA™ phenotype due to the presence of a transposon
in tdaE. It is possible that, despite absence of TdaE, some
other protein(s) encoded by other tda genes (tdaABCD or -F)
may be detrimental when expressed in E. coli. While there is
no evidence to directly link instability of pSTM3 in E. coli
with spontaneous loss of the plasmid in TM 1040, these phe-
nomena may share a common cause. Efforts have been initi-
ated to sequence and annotate pSTM3 and compare it to the
pSTM3 species obtained from E. co/i. Preliminary evidence
indicates that pSTM3 harbors a repC homolog upstream of
tdaA. RepC forms a complex along with RepAB and is
required for plasmid replication and maintenance. It will be
determined if the pSTM3 plasmid species obtained from F.
coli transformation have defects in repABC.
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The ability of pSTM3 to replicate in E. coli, albeit with
significant alteration in the plasmid, suggests that pSTM3
also may transferred to other marine bacteria, perhaps other
roseobacters, or even to higher organisms, e.g., dinoflagel-
lates. TM1040 possesses varied capabilities to achieve hori-
zontal gene transfer, including the presence of several proph-
age genomes in the bacterium’s genome, one of which is
homologous to the gene transfer agent of other alphaproteo-
bacteria, and many of genes on pSTM2 are homologs of the
vir system of Agrobacterium tumefaciens. The A. tumefaciens
Ti plasmid, transferred by Vir Type IV secretion, requires
RepABC, suggesting that a similar mechanism may allow
pSTM3 transfer to other organisms. Plasmids similar to
pSTM3, such as pSymA of Sinorhizobium meliloti and the Ti
plasmid, are important for the proper interaction of those
bacteria and their respective hosts, and TM1040 pSTM3 and
pSTM2 may correspondingly serve to enhance the TM1040-
dinoflagellate symbiosis.

It is important to note that TDA activity and biosynthesis
depend on culture conditions and the physiology of TM1040.
TDA activity is significantly enhanced when TM1040 is cul-
tured in a static nutrient broth, a condition that accentuates
biofilm formation. The symbiosis includes two phases: the
motile phase in which TM1040 cells actively respond to
dinoflagellate-derived molecules by swimming towards the
host, and sessile phase, whereupon having located the
zoospore, the bacteria cease to be motile and form a biofilm
on the surface of the dinoflagellate. Thus, there is a direct
correlation between biofilm formation and TDA biosynthe-
sis.

Biosynthesis of TDA has several potentially beneficial
effects on the TM1040-dinoflagellate symbiosis. TDA is
likely to benefit the dinoflagellate by acting as a probiotic
with antibacterial activity whose action prevents the growth
and colonization of bacteria on the surface of the dinoflagel-
late that could potentially harm the zoospore. In turn, the
antibacterial activity of TDA may enhance the growth of
TM1040 cells attached to the zoospore by warding off other
biofilm-forming bacteria that compete with TM1040 for
space on the surface of and nutrients from P. piscicida. Inter-
estingly, DMSP appears not to be a primary source of the
sulfur atoms of TDA. One or more non-DMSP sulfur-con-
taining metabolites produced by the dinoflagellate may be
used by TM1040 in the biosynthesis of TDA.

One of the unexpected results from this study is the paucity
of homologous Tda proteins in either the genomes of other
sequenced roseobacters or in the CAMERA metagenomic
library (FIG. 8). There are several reasons why Tda proteins
were not found. For example, amino acid sequence diver-
gence between Tda proteins of TM1040 and other roseo-
bacters could result in BLASTP E values greater than the
chosen cutoft of 1E-20. This argument may also be applied to
the metagenomics search. In focusing on just the search for
Tda homologs in roseobacter genomes, it is possible that, in
culturing these roseobacter species in preparation for isola-
tion and purification of their genomic DNAs, the bacteria lost
a pSTM3-like plasmid harboring tda genes. Equally feasible
is the possibility that TDA is but one of many antibiotic
compounds produced by roseobacters or that more than one
biochemical pathway exists to produce TDA. Both arguments
may help explain the lack of Tda protein homologs in roseo-
bacter genomes.

The lack of Tda protein homologs in the marine metage-
nomics database presents a much more difficult problem to
interpret, especially in the context of PaallK and Cysl
searches that frequently identified their respective homologs
in numerous samples within the database (FIG. 8). While the
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data do not provide definitive answers to this question, the
data show that stability and retention of pSTM3 by TM1040
is greatest when the bacteria are directly associated with the
dinoflagellate, i.e., the plasmid may be lost when TM1040 is
grown in laboratory culture, yet retained when cultivated as
part of the Pfiesteria piscicida mesocosm from which the
bacteria were isolated. Close association of TM1040 with P
piscicida provides a selection to maintain the pSTM3; that
selective pressure is lost when the bacteria are taken away
from their host (as happens under laboratory culture). The
CAMERA metagenomic samples analyzed were prepared
after filtration to remove 0.8 pm particles, which may have
removed the portion of the roseobacter population harboring
a tda plasmid like pSTM3.

The two metagenomic samples that showed relatively good
Tda homolog hits were from a site in the Sargasso Sea and a
hypersaline pond, respectively. DMSP is potentially useful by
algae as an osmolyte that protects the cells against changes in
salinity. The results suggest that DMSP is not used as a sole
sulfur source in the biosynthesis of TDA, and show that there
is a correlation between salinity, DMSP, and the presence of
Tda homologs.

The genetic data from the current study, specifically the
identification of paalJK and tdaC (prephenate dehydratase),
indicate that TDA biosynthesis originates from the shikimate
pathway and proceeds through phenylacetate (FIG. 9). The
results also show that phenylacetate-CoA and CoA metabo-
lism is vital to TDA production and are consistent with
TdaD-F involvement in a ring expansion reaction that con-
verts PAA-CoA to a seven-member tropolone ring (step 8 in
FIG. 9). TdaB, a homolog of glutathione S-transferase, is a
potential agent in the addition of sulfur to the nascent TDA
molecule.

Accordingly, FIG. 9 provides a putative model of the TDA
biosynthetic pathway, based on the findings of the present
application. The pathway involves phenylacetate derivation
from shikimate-chorismate and degradation pathway provid-
ing precursors (step 1~6) and an core oxidative ring-expan-
sion pathway forming the seven carbon tropolone skeleton
(step 7~10) followed by sulfur-oxygen exchange (step
11~15), consistent with the proposed TDA synthesis based on
chemical labeling studies in Pseudomonas CB-104 (Cane, D.
E., et al. J. Am. Chem. Soc. (1992) 114:8479-8483). The
protein assignment was based on predicted functions.

The compounds shown in FIG. 9 include the following:

TABLE 5

Compound
Produced
from
Reaction:

International Union of Pure and
Applied Chemistry (IUPAC) name

1,2-dihydro-phenylacetyl-CoA
2-hydroxy-7-oxo-cyclohepta-3,5-dienecarboxylic acid
2,7-dihydroxy-cyclohepta-1,3,5-trienecarboxylic acid
2,7-dihydroxy-3-oxo-cyclohepta-1,4,6-trienecarboxylic acid
2,7-dihydroxy-3-thioxo-cyclohepta-1,4,6-trienecarboxylic
acid

7-hydroxy-2-mercapto-3-thioxo-cyclohepta-1,4,6-
trienecarboxylic acid
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Identification of a LysR homolog in TdaA is consistent
with the regulation of TDA biosynthesis involving a cofactor.
In other bacteria, LysR cofactors can function as precursor
molecules required to synthesize the final product, implicat-
ing molecules in the shikimate pathway, phenylacetate, or
other TDA precursors as being required for maximal expres-
sion of the tda genes. Consistent therewith, modifications of
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the broth by addition of phenylalanine and histidine signifi-
cantly increase production of TDA from Phaeobacter T5.

The present application therefore disclose the genes and
proteins required for TDA synthesis by roseobacters, and the
occurrence of tda genes on a previously unknown megaplas-
mid (pSTM3) of TM 1040, as aspects of the present invention.
Sequencing of the 130kb pSTM3 plasmid bearing genes
required for TDA synthesis has been carried out with deter-
mination of sequences for pSTM3 partial sequence, contigu-
ous tdA~tdaE (SEQ ID NO: 7; FIG. 10), tdaF and membrane
protein gene (SEQ ID NO: 8; FIG. 11), lipoprotein (SEQ ID
NO: 9), and repC (SEQ ID NO: 10).

Another aspect of the invention relates to a methodology
for purification of TDA and intermediate compounds, includ-
ing the use of solid phase extraction techniques to obtain
tropodithietic acid from Silicibacter sp. TM1040.

A still further aspect of the invention relates to a method of
purification of TDA by HPLC techniques.

An illustrative purification technique is set forth in
Example 9 below.

The invention provides an effective and useful biosynthetic
capability for the production of tropodithietic acid (TDA) by
use of Roseobacter bacteria. TDA is a useful sulfur-contain-
ing antibiotic compound. The biosynthetic route of the
present invention enables scalable production of TDA and
TDA derivatives.

The backbone of TDA is a seven member aromatic
tropolone ring, which is highly significant as tropolone
derivatives, notably hydroxylated forms, are medically
important sources of antibacterial, antifungal, antiviral, and
antiparasitic agents. Chemical synthesis of tropolone and
derivatives can be difficult, making natural sources of
tropolone precursors often the preferred choice as starting
material for the synthesis of new tropolone antibiotics. The
mutants obtained in this study may lead to the development of
bacterial sources of medically important tropolone com-
pounds and a suite of new antimicrobial agents based on
TDA.

As is demonstrated in Example 10 below, tropodithietic
acid identified by the above methods, and exemplified in the
Examples set forth below can be utilized in methods of treat-
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ing or preventing bacterial disease in a subject in need of such
treatment or prevention. Antibiotic compositions containing
TDA isolated from bacteria of the Roseobacter clade can be
administered to subjects in need of such an antibacterial com-
position. Such a subject may have a malady involving bacte-
rial disease or bacterial infection. Administration of the TDA-
containing antibacterial composition is effective in treating
the bacterial disease or infection, where the disease or infec-
tion is caused by any of Vibrio anguillarium, Vibrio cholerae,
Vibrio coralliilyticus, Vibrio shiloi, Halomonas spp., Myco-
bacterium  marinum,  Mycobacterium  tuberculosis,
Pseudomonas elongate, Spongiobacter nikelotolerans, and
Staphylococcus aureus (MRSA). Exemplary efficacy of TDA
is shown in Example 10. Inhibition of various bacteria by
TDA other than that isolated from bacteria of the Roseobacter
clade was also previously known (Bruhn, J. B., et al., App/
Environ Microbiol (2007) 73: 442-450; Collins, L., et al.
Antimicrob. Agents Chemother. (1997) 41: 1004-1009.)

The advantages and features of the invention are further
illustrated with reference to the following examples, which
are not to be construed as in any way limiting the scope of the
invention but rather as illustrative of one embodiment of the
invention in a specific application thereof.

EXAMPLE 1
Bacteria and Media Preparation

The strains used in this study are listed in (Table 1). Sifici-
bacter sp. TM1040, Phaeobacter 27-4 and Vibrio anguil-
larum 90-11-287 were grown and maintained in 2216 marine
broth or 2216 agar as recommended by the manufacturer (BD
Biosciences, Franklin Lakes, N.J.). A marine basal minimal
medium (MBM; per liter: 8.47 g Tris HC1, 0.37 g of NH,Cl,
0.0022 g of K,HPO,, 11.6 g NaCl, 6 g MgSO,, 0.75 g KCl,
1.47 g CaCl,.2H,0, 2.5 mg FeEDTA; pH 7.6, 1 ml of RPMI-
1640 vitamins [Sigma R7256]) was used for determining
carbon and sulfur requirements. Sole carbon sources were
added at a final concentration of 1 g/1. Escherichia coli strains
were grown in Luria-Bertani (LB) broth or on LB agar con-
taining 1.5% Bacto Agar (Becton Dickinson, Franklin Lakes,
N.J.). As appropriate, kanamycin was used at 120 pg per ml
for Roseobacter strains and 50 pg per ml for E. coli.

TABLE 1

Bacterial strains and plasmids used.

Strain/plasmid Genotype/phenotype Source of reference
Escherichia coli
DH5a F~endAl hsdR17 (rx mg ) Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
supE44 thi-1 recAl gyrA96 cloning: a laboratory manual., 2nd ed. Cold Spring Harbor
relAl ®80dlacZAM15 Laboratory Press, Cold Spring Harbor, NY.

DHS5a(hpir) DH35a transduced with Apir Hanahan, D. 1983. Studies on transformation of Escherichia
coli with plasmids. J. Mol. Biol. 166: 557-580; Kolter, R., M. Inuzuka,
and D. R. Helinski. 1978. Transcomplementation-
dependent replication of a low molecular weight origin
fragment from plasmid R6K. Cell 15: 1199-1208.

EC100D pir+ F~ merA D(mrr-hsdRMS- Epicentre ™

merBC) fR0dlacZDM15
DlacX74 recAl endAl

araD139 D(ara, leu)7697

galU galK l-rpsL nupG
pir+(DHFR).
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TABLE 1-continued

Bacterial strains and plasmids used.

Strain/plasmid

Genotype/phenotype

Source of reference

Roseobacters

Silicibacter sp.

Wild type, antibacterial

Miller, T. R., and R. Belas. 2004. Dimethylsulfoniopropionate

TM1040 activity metabolism by Pfiesteria-associated Roseobacter spp. Appl.
Environ. Microbiol. 70: 3383-3391
Mutants derived from TM1040
Silicibacter sp. None pigment and tda current study

TM1040 SM
HG1005
HG1015
HG1050
HG1056
HG1080
HG1110
HG1213
HG1220
HG1244
HG1265
HG1299
HG1310
Phaeobacter sp.
27-4

spontaneous strain
paaK::EZ-Tn5,Kan
tdaB::EZ-Tn5,Kan
tdaF::EZ-Tn5,Kan
paal::EZ-Tn5 Kan
tdaC::EZ-Tn5,Kan
tdaD::EZ-Tn5,Kan
malY::EZ-Tn5,Kan
cysl::EZ-Tn5,Kan
tdaH::EZ-Tn5,Kan
tdaE::EZ-Tn5,Kan
paal::EZ-Tn5,Kan
tdaA::EZ-Tn5,Kan

Wild type, antibacterial

activity

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Hjelm, M., O. Bergh,

A. Riaza, J. Nielsen, J. Melchiorsen, S. Jensen, H. Duncan, P. Ahrens,
H. Birkbech, and L. Gram. 2004. Selection and

identification of autochthonous potential probiotic bacteria

from turbot larvae (Scophthalmus maximus) rearing units.

Syst. Appl. Microbiol. 27: 360-371.

Mutants derived from 27-4

JBB1001 tdaB::EZ-Tn5,Kan current study

JBB1003 tdbC::EZ-Tn5,Kan "

IBB1005 tral::EZ-Tn5,Kan "

JBB1006 clpX::EZ-Tn5,Kan "

IBB1007 tdbF::EZ-Tn5,Kan "

IBB1009 tdbA::EZ-Tn5,Kan "

JBB1011 tdbD::EZ-Tn5,Kan "

IBB1029 tdbE::EZ-Tn5,Kan "

JBB1030 tdaA::EZ-Tn5,Kan "

JBB1044 metF::EZ-Tn5,Kan "

IBB1045 tdbB::EZ-Tn5,Kan "
Other Roseobacters

Roseobacter Wild type, none antibacterial ~ Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of

algicola 51442 activity antibacterial compounds and biofilm formation by
Roseobacter species are influenced by culture conditions.
Appl. Environ. Microbiol. 73: 442-450; Lafay, B., R. Ruimy,
C. Rausch de Traubenberg, V. Breittmayer, M. I. Gauthier,
and R. Christen. 1995. Roseobacter algicola sp.
nov., a new marine bacterium isolated from the phycosphere
of the toxin-producing dinoflagellate Prorocentrum lima. Int.
J. Syst. Bacteriol. 45: 290-296.

Roseobacter Wild type, none antibacterial ~ Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of

denitrificans 33942 activity antibacterial compounds and biofilm formation by
Roseobacter species are influenced by culture conditions.
Appl. Environ. Microbiol. 73: 442-450; Shiba, T. 1991.
Roseobacter litoralis gen. nov., sp. nov., and Roseobacter
denitrificans sp. nov., aerobic pink-pigmented bacteria which
contain bacteriochlorophyll a. Syst. Appl. Microbiol. 14: 140-145.

Roseobacter Wild type, none antibacterial ~ Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of

litoralis 49566 activity antibacterial compounds and biofilm formation by

Roseobacter sp.
TM1038

Wild type, antibacterial

activity

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Shiba, T. 1991.
Roseobacter litoralis gen. nov., sp. nov., and Roseobacter
denitrificans sp. nov., aerobic pink-pigmented bacteria which
contain bacteriochlorophyll a. Syst. Appl. Microbiol. 14: 140-145.
Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Miller, T. R., and R. Belas.
2004. Dimethylsulfoniopropionate metabolism by
Pfiesteria-associated Roseobacter spp. Appl. Environ.

Microbiol. 70: 3383-3391
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Bacterial strains and plasmids used.

Strain/plasmid

Genotype/phenotype

Source of reference

Roseobacter sp.
TM1039

Roseovarius sp.
ISM
Roseovarius sp.
TM1035

Roseovarius sp.
TM1042

Silicibacter
pomeroyi DSS-3

Sulfitobacter
sp.1921

Sulfitobacter sp.
EE36

Sulfitobacter sp.
SE62

Vibrio anguillarum

Wild type, antibacterial
activity

Wild type, antibacterial
activity
Wild type, antibacterial
activity

Wild type, antibacterial
activity

Wild type, antibacterial
activity

Wild type, none antibacterial
activity

Wild type, antibacterial
activity

Wild type, none antibacterial
activity

Wild type, serotype 01,

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Miller, T. R., and R. Belas.
2004. Dimethylsulfoniopropionate metabolism by
Pfiesteria-associated Roseobacter spp. Appl. Environ.

Microbiol. 70: 3383-3391

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Miller, T. R., and R. Belas.
2004. Dimethylsulfoniopropionate metabolism by
Pfiesteria-associated Roseobacter spp. Appl. Environ.

Microbiol. 70: 3383-3391

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Miller, T. R., and R. Belas.
2004. Dimethylsulfoniopropionate metabolism by
Pfiesteria-associated Roseobacter spp. Appl. Environ.

Microbiol. 70: 3383-3391

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Gonzalez, J. M., I. S. Covert,
W. B. Whitman, J. R. Henriksen, F. Mayer, B. Scharf,

R. Schmitt, A. Buchan, J. A. Fuhrman, R. P. Kiene, and M. A. Moran.
2003. Silicibacter pomeroyi sp. nov. and Roseovarius
nubinhibens sp. nov., dimethylsulfoniopropionate-

demethylating bacteria from marine environments. Int. J. Syst.
Evol. Microbiol. 53: 1261-1269.

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450.

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Buchan, A., L. S. Collier,
E. L. Neidle, and M. A. Moran. 2000. Key aromatic-
ring-cleaving enzyme, protocatechuate 3,4-dioxygenase, in the
ecologically important marine roseobacter lineage. Appl.
Environ. Microbiol. 66: 4662-4672.

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of
antibacterial compounds and biofilm formation by

Roseobacter species are influenced by culture conditions.

Appl. Environ. Microbiol. 73: 442-450; Buchan, A., E. L. Neidle,
and M. A. Moran. 2001. Diversity of the ring-cleaving
dioxygenase gene pcaH in a salt marsh bacterial community.
Appl. Environ. Microbiol. 67: 5801-5809

Bruhn, J. B., L. Gram, and R. Belas. 2007. Production of

90-11-287 susceptible to tropodithietic antibacterial compounds and biofilm formation by
acid Roseobacter species are influenced by culture conditions.
Appl. Environ. Microbiol. 73: 442-450; Skov, M. N., K. Pedersen,
and I. L. Larsen. 1995. Comparison of pulsed-field
gel electrophoresis, ribotyping, and plasmid profiling for
typing of Vibrio anguillarum serovar O1. Appl. Environ.
Microbiol. 61: 1540-1545.
Plasmid
pSTM3 Harboring tda genes current study
pSTM3-1265 pSTM3 carrying a Tn5 current study
insertion in tdaE, derived
from HG1265
60
EXAMPLE 2

Characterization of Antibiotic

Bacterial spent medium was either injected directly (upto 65
10 pL) or purified by mixed phase anion-exchange reversed
phase mini column chromatography on Oasis MAX columns

as previously described. Tropodithietic acid was analyzed by
reverse phase liquid chromatography (LC) on an Agilent
1100 HPLC system equipped with a diode array detector
(DAD). Separation was conducted using a Phenomenex (Tor-
rance, Calif.) Curosil PFP 15 cm, 2 mm, 3 um column using
a water-acetonitrile (ACN) gradient system. Both solvents
contained 200 pl/L. trifluoroacetic acid, and started 35%
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ACN increasing this linear to 60% in 6 min. The wavelength
3044 nm was used for detection. LC-DAD with online high
resolution mass spectrometry (HR-MS) using positive and
negative electrospray was used for validation of tropodithietic
acid detection as previously described.

EXAMPLE 3
Transponson Mutagenesis and TDA™ Screening

Electrocompetent roseobacter strains were prepared fol-
lowing the method described by Garg et al. (Garg, B., R. C.
Dogra, and P. K. Sharma. 1999. High-efficiency transforma-
tion of Rhizobium leguminosarum by electroporation. Appl.
Environ. Microbiol. 65:2802-2804.) as modified by Miller
and Belas. (Miller, T. R., and R. Belas. 2004. Dimethylsulfo-
niopropionate metabolism by Pfiesteria-associated Roseo-
bacter spp. Appl. Environ. Microbiol. 70:3383-3391.) Ran-
dom transposon insertion libraries were constructed in
TM1040 and 27-4 using the EZ-Tn5<R6Kyori/KAN-2>Tnp
Transposome™ Kit (Epicentre, Madison, Wis.). Strains were
spread onto 2216 plates containing kanamycin and incubated
for 1 day at 30° C. Individual Kan” transposon insertion
strains were transferred to 7x7-arrays on 2216 marine agar
plus kanamycin to facilitate further screening. To screen for
loss-of-function, antibiotic-negative (Tda™) mutants, a modi-
fication of the method described by Bruhn et al. was used.
(Bruhn, J. B., K. F. Nielsen, M. Hjelm, M. Hansen, J. Bres-
ciani, S. Schulz, and L. Gram. 2005. Ecology, inhibitory
activity, and morphogenesis of a marine antagonistic bacte-
rium belonging to the Roseobacter clade. Appl. Environ.
Microbiol. 71:7263-7270.)

Bacteria were replicated, as a 7x7 array, to alawn of Vibrio
anguillarum strain 90-11-287, and incubated at 20° C. for 24
h, after which a zone of clearing indicative of antibiotic pro-
duction was measured and compared to the parental strain
(TM1040 or 27-4). For purposes of this study, Tda™ is defined
as a strain lacking a detectable zone of clearing on V. anguil-
larum. Strains determined to be Tda™ by the modified well-
diffusion assay were further tested by incubation at 30° C. for
48 h in 2216 marine broth without shaking. Bacteria were
removed by filtering through a 0.22 ym MCE membrane
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(Millex, Millipore, Bedford, Mass.) and the antibacterial
activity of the supernatant measured using the ¥, anguillarum
well diffusion assay, as described by Bruhn et al.

EXAMPLE 4

Sole Carbon and Sulfur Growth

Bacterial utilization of sole carbon sources was determined
by measuring growth in MBM broth that was modified by
replacing glycerol with the carbon source to be tested. Carbon
compounds tested included amino acids (alanine, arginine,
aspartic acid, cysteine, glutamic acid, glycine, histidine, iso-
leucine, leucine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, valine); sugars (arabinose,
fructose, galactose, glucose, lactose, maltose, mannose,
N-acetylglucosamine, ribose, sucrose, xylose); tricarboxylic
acid cycle (TCA) intermediates (citrate, fumurate, succinate);
as well as phenylacetic acid and sodium phenylpyruvate.

Sulfur utilization was tested by growth in MBM containing
different sulfur sources: DMSP, cysteine, methionine, sodium
sulfate, and sodium sulfite.

EXAMPLE 5

Bioinformatics Analysis

Approximately 1 pug of genomic DNA isolated from the
candidate mutant was digested with Nco I, self-religated with
T4 DNA ligase, and electroporated into DH5a (Apir). Fol-
lowing selection for kanamycin resistance, Kan” colonies
were picked and the plasmid isolated for bidirectional
sequencing with transposon-specific primers as recom-
mended by the supplier (Epicentre, Madison, Wis.). Nucle-
otide sequence thus obtained was analyzed by BLAST analy-
ses using DNA-DNA homology searches against the
Silicibacter sp. TM1040 genome (Accession numbers:
NC__008044, NC_008043, and NC__0080402). The genes
identified are listed in Table 2 for TM1040 and Table 3 for
27-4.

TABLE 2

Silicibacter sp. TM1040 genes and encoded proteins required for the regulation and

synthesis of tropodithietic acid.

GenBank
Accession
Number

Gene
Gene Number

Designation

Function Best Hit Ortholog/E score

Ring Precursors, Oxidation, and Expansion

TM1040_3728 CP0O00376 paaK
TM1040_3726 CP0O00376 paal
TM1040_3727 CPO00376 paal
EF139203 EF139203 tdaD
EF139204 EF139204 tdaE
EF139201 EF139201 tdaB
EF130202 EF130202 tdaC

Phenylacetate
oxidoreductase

Roseobacter sp. MED193
phenylacetic acid degradation
oxidoreductase PaaK/8e-161
Roseobacter sp. MED193
phenylacetic acid degradation protein
Paal/4e-110

Roseobacter sp. MED193 phenylacetic
acid degradation protein PaaJ/2e-69
Paracoccus. denitrificans PD1222
conserved hypothetical protein/2e—45
Paracoccus denitrificans PD1222
acyl-CoA dehydrogenase/9e—120
Paracoccus denitrificans PD1222

Phenylacetate oxygenase

Phenylacetate oxygenase
4-hydroxybenzoyl-CoA
thioesterase

Acyl-CoA dehydrogenase

B-etherase, glutathione S

transferase putative B-etherase (B-aryl ether
cleaving enzyme) protein/6e-56
Prephenate dehydratase Paracoccus denitrificans PD1222

hypothetical protein/2e—45
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Silicibacter sp. TM1040 genes and encoded proteins required for the regulation and

synthesis of tropodithietic acid.

GenBank
Accession Gene
Gene Number Number  Designation Function Best Hit Ortholog/E score
Sulfur Metabolism and Addition
TM1040_2581 CP000377 malY B-C-S lyase (cystathionase);  Roseobacter sp. MED193
amino transferase aminotransferase, classes I and I1/0.0
TM1040_0961 CP000377 tdaH Sulfite oxidase domain Sulfitobacter sp. NAS-14.1
protein hypothetical protein/7e-34
TM1040_1758 CP0O00377 cysl Sulfite reductase Roseobacter sp. MED193 sulfite
reductase/0.0
Co-enzyme A Metabolism
EF139205 EF139205 tdaF Phosphopantothenoyleysteine  Paracoccus denitrificans PD1222
decarboxylase flavoprotein/2e-55
Regulatory Mechanism
EF139200 EF139200 tdaA LysR substrate binding Paracoccus denitrificans PD1222
domain protein regulatory protein, LysR:LysR,
substrate-binding/1e-29
TABLE 3
Sole carbon source tested for TM1040 and mutants.
Phenylacetic Sodium Sodium Other
Gene Cys Trp  Phe acid phenylpyruvate phenylbutyrate 2216 Amino acid
WT + + + + + + + +
paal + - - - - - + +
paal + - + +
paakK + - - - - - + +
tdaA + + + + + + + +
tdaB + + + + + + + +
tdaC + + + + + + + +
tdaD + + + + + + + +
tdaE + + + + + + + +
tdaF + + + + + + + +
cysl + - - - - - + -
malY + + + + + + + +
tdaH + + + + + + + +

Signature amino acid domains in the deduced amino acid
sequence of the respective ORFs were identified using
BLASTP, Pfam, SMART, and the Conserved Domains Data-
base (CDD; hyper text transfer protocol world wide web
address ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).
Homologs in roseobacters were identified using BLASTP
analysis of Roseobase (hyper text transfer protocol world
wide web address roseobase.org/) and Gordon and Betty
Moore Foundation Marine Microbial Genome databases (hy-
per text transfer protocol address research.venterinstitute-
.org/moore/) with respective predicted protein sequence as
the query sequence and a maximum E value of 1E-30.
Homologs in the Global Ocean Sampling Expedition metage-
nomic libraries (hyper text transfer protocol address
camera.calit2.net/index) were identified by BLASTP analy-
sis using a cutoff E value 1E-20.

EXAMPLE 6
DNA Extraction and Separation

Chromosomal DNA was extracted from bacterial cells by
routine methods or by the DNeasy Blood & Tissue Kit
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(QIAGEN, Valencia, Calif.). Plasmid DNA was prepared by
the alkaline lysis method, digested with Ncol (New England
Biolabs, Beverly, Mass.), and the resulting restriction frag-
ments were separated by agarose gel electrophoresis in Tris-
acetate-EDTA (TAE) buffer.

Pulsed Field Gel Electrophoresis (PFGE) was performed
using a CHEF DR-III clamped homogeneous electric field
system (Bio-Rad, Richmond, Calif.) with a 1% agarose gel, a
3-10 15-s pulse ramp, an electrophoresis rate of 6.0 V/cm with
an included angle of 120° at a constant temperature of 14°C.,
and a run time of 26 h. Gels were stained with ethidium
bromide (EB) and visualized with a Typhoon 9410 (Amer-
sham Biosciences, Piscataway, N.J.)

EXAMPLE 7
PCR Amplification

Multiplex PCR amplification was used to screen for the
presence of tda genes in Tda™ mutants. A 716-bp sequence
internal to tdaE was amplified using primers 5'-CAGAT-
GATGGTGCCAAAGGACTAT-3' (SEQ ID NO: 1) and
5'-GGTCAGTTTCTTCTGCACATACTGG-3' (SEQID NO:
2), while (in the same reaction), an internal 401-bp fragment
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of flaA (accession number: CP0O00377, locus tag: TM1040__
2952) was also amplified using primers 5'-TTGCAGTATC-
CAATGGTCGTG-3' (SEQ ID NO: 3) and 5-TGAAT-
TGCGTCAGAGTTTGCC-3' (SEQ ID NO: 4) as a control.
Standard PCR amplification conditions were 100 uM dNTP
each, 0.2 uM of each primer, 1 U Taq DNA polymerase (New
England Biolabs, Beverly, Mass.) in 1x reaction buffer (New
England BiolLabs) with an initial denaturing step at 94° C. for
3 min, followed by 30 cycles of 94° C. for 1 min each,
annealing at 55° C. for 30 s, and an elongation at 72° C. for 1
min.

To detect the tdaA-E locus, PCR amplification was con-
ducted with a forward primer complementary to tdaA (5'-
CGCTTTCCGGAACTGGAGAT-3' (SEQ ID NO: 5)) and a
reverse primer complementary to tdaE (5'-GGCTGCCGTAT-
AGTTTCAGCA-3' (SEQID NO: 6)) using the Expand Long
Template PCR System (Roche Applied Science, Indianapo-
lis, Ind.) and the PCR program conditions and cycle param-
eters as described by the supplier.

EXAMPLE 8
DNA Hybridization

DNA:DNA hybridization by Southern ‘slot” blot (Ausubel,
F. M., et al., Current protocols in molecular biology. (2001)
John Wiley & Sons, Inc., New York, N.Y.) was used to detect
the presence of tda genes in other roseobacters. The roseo-
bacter strains used were: Phaeobacter strain 27-4, Roseo-
bacter algicola ATCC 51442, Roseobacter denitrificans
ATCC 33942, Roseobacter litoralis ATCC 49566, Roseo-
bacter sp. strain TM1038, Roseobacter sp. strain TM1039,
Roseovarius sp. strain TM1035, Roseovarius sp. strain
TM1042, Roseovarius strain ISM, Silicibacter pomeroyi
DSS-3, Silicibacter sp. strain TM1040, Sulfitobacter strain
EE36, Sulfitobacter strain 1921, Sulfitobacter strain SE62,
and Vibrio anguillarum 90-11-287.

Following extraction, 100 ng of total genomic DNA puri-
fied from each strain was spotted onto a positively charged
nylon membrane (Roche). The DNA was cross-linked to the
membrane with ultraviolet light using a Stratalinker UV
Crosslinker (Stratagene, La Jolla, Calit.), followed by prehy-
bridization of the membrane at 25° C. for 30 min, using the
DIG High Prime DNA Labeling and Detection Starter Kit II
(Roche) as described by the manufacturer. The membrane
was incubated at 25° C. overnight with a double-stranded
DNA probe prepared by Hind III digestion of a plasmid
bearing tdaA cloned from strain HG1310 that was labeled
with digoxigenin-dUTP using random priming as recom-
mended by the manufactures (Roche). Unbound labeled
DNA was removed from the membrane by 2x5 minin 2xSSC,
0.1% SDS followed by 2x15 min in 0.2xSSC, 0.1% SDS
(Ausubel, F. M., et al., Current protocols in molecular biol-
ogy. (2001) John Wiley & Sons, Inc., New York, N.Y.). In the
southern blot, the membrane was prehybridized for 30 min in
the same buffer to which was added a tdaD gene probe, and
the probe allowed to hybridize overnight at 42° C. The blots
were washed under high stringency conditions following the
manufacturer’s protocol (Roche applied science) and
exposed to Lumi-film chemiluminescent detection film
(Roche) for subsequent detection of the hybridization signal.

EXAMPLE 9
Purification of TDA
Purification of Compound.

1. Roseobacter 27-4 was grown in 500 ml MB in a 5 liter
volumetric flask at 25° C. for 4 days.
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2. The cells were removed by centrifugation (10,000xg for 10
min).
3. The pH of the supernatant was adjusted to 3.5

4. Extraction was carried out with 3 times 500 ml ethyl acetate
acidified with 0.1% formic acid (FA)

5. The organic phase was transferred to a vessel and evapo-
rated to dryness under nitrogen flow.

6. The dry ethyl acetate extract was redissolved in 3x3 ml
acetonitrile (CAN)-water (1:19) containing 1% FA

7. The redissolved extract was sequentially applied to two 60
mg Oasis MAX columns (Waters, Milford, Mass.) which
had previously been sequentially conditioned with 4 ml
methanol (HPLC grade) and 3 ml CAN-water (1:19) con-
taining 1% FA.

8. After loading the samples by gravity the columns were
washed with 4 ml PBS buffer (pH 7).

9. 3.5 ml CAN-water (1:1) was passed through the column
and collected (fraction 1)

10. 3.5 ml CAN-water (9:1) (fraction 2)
11. 3.5 ml CAN-water (1:1) with 2% FA (fraction 3)
12. 3.5 ml CAN-water (9:1) with 2% FA (fraction 4)

13. The solvents were then removed in vacuo on a SpeedVac
(ThemoSavant, Holbrook, N.Y.).

EXAMPLE 10

Antibiotic Activity of TDA-Containing Composition

Tropodithietic Acid (TDA) Minimal Inhibitory Concentra-
tion (MIC) against various types of bacteria was found to be
as follows:

Against Mycobacterium tuberculosis strain H37Rv

MIC=7.8 ug/ml

Results: TDA kills M. tuberculosis

Against Methicillin-resistant  Staphylococcus
(MRSA) strain USA300

MIC=40 ug/ml

Results: TDA kills MRSA

Against Vibrio anguillarium

MIC=1.5 ug/ml

Results: Confirms that TDA kills V. anguillarium and pro-
vides numerical data (See FIG. 12); when exposed to 5 ug
TDA perml (ca. 3x MIC), V. anguillarium stopped swimming
within 70 sec, suggesting that TDA activity affects either
membrane integrity or disrupts proton motive force (mem-
brane potential) of the cells. It is unlikely that the mechanism
of'action of TDS involves inhibition of protein, DNA or RNA
synthesis, transcription, or translation, all of which would
require more time to inhibit.

aureus

V. anguillarium was exposed to 5 ug TDS per ml (3x MIC)
for 90 minutes, after which the cells were washed and sus-
pended in fresh nutrient broth. TDA-exposed V. anguillarium
failed to grow, while the control (cells exposed to buffer) grew
normally. The results, as set forth in the graph of FIG. 13
indicate that the activity of TDA is bactericidal for this bac-
terial species, not simply bacteristatic.

Although the invention has been described with reference
to the above examples, it will be understood that modifica-
tions and variations are encompassed within the spirit and
scope of the invention. Accordingly, the invention is limited
only by the following claims.
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<160> NUMBER OF SEQ ID NOS: 10

<210> SEQ ID NO 1

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 1

cagatgatgg tgccaaagga ctat

<210> SEQ ID NO 2

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 2

ggtcagttte ttctgcacat actgg

<210> SEQ ID NO 3

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 3

ttgcagtatc caatggtegt g

<210> SEQ ID NO 4

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 4

tgaattgcegt cagagtttge c

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 5

cgcttteegy aactggagat

<210> SEQ ID NO 6

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 6
ggctgecegta tagtttcage a
<210> SEQ ID NO 7

<211> LENGTH: 5844
<212> TYPE: DNA

SEQUENCE LISTING

24

25

21

21

20

21
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<213> ORGANISM: Silicibacter sp. TM1040

<400> SEQUENCE: 7

geeeccegygy ggggggcceyg ggccaggtaa attegeccegg ggttttacgg gggggttttt 60
tttcecgaaa ggatgacgca aaattccacce cagtttectyg gecccggaaa tagaagccce 120
ceggtteggyg gggtgaactce ggggggaggg ggectttgece catcccagat gcagettgeg 180
cagataggce gtcggttgac cccccaagag ccaagcecgece tegecgggag gtgaacttge 240
gectecccetty gegetegggyg ggaaaggagg ctttegegtt gattgtgcaa tgtgegecca 300
gccattcegaa atgctcccga ataagetggt tgagatccte atgcageget tetgetgetg 360
cecggagectt ggtegttgca tgccgtectg cecttegtat ccetetgtgac ggttecactg 420
tgacggtgge gatggcgcaa ggagccgect cagatceggge gttttetett cagectgece 480
geegtgttea cggaaatcga cgtttttgta tettteegtg actatttacce gecgageggyg 540
attcgtgcaa gggttttetyg cccaagttat ccacaggatg cgcaattttt gagccccgea 600
gacgcggtga tggectetgg gggcggagaa gttgcectgte ataccegtga cacgagacta 660
aaggcattct gcaatagcca gccgceccagt ceggtcetete tgtgaccttt ggcatceggg 720
acggcgecge caaaccggcece ccatgtcage gecgcattge gggaaacgece agggcegcaga 780
agacccgaag acggceccgca aaccgecgga tgecgegtgg gacaggggeyg ggacaggatg 840
gagaaccgtyg gtggectcege cctttetgge gagggatttt cgegegtaac cegtgtggeg 900
aaaccccgece gaagegegta agtctcagaa aaaatgacta aattatcgge ttgataaaat 960
ctgtagacga cataacctat aggagattcg tttgccagtg ttttaccctt ggttgttgag 1020
ggcacattaa taagaccgcg gtteccggcca gcectattgacce gecgecegttg cagaccceect 1080
gcaatgegeyg cegtecageg agagagaccg acttteccaa aacccaaccce aagaccagat 1140
atggtgcact gtgcgtcatc agtgagtggg agcgagatta gatttggaca ttcaacagct 1200
aagagtcttt gtcaccgttg caaaacatgg cagcatcacc cgtgcttctg acattcectgtg 1260
gcagccagee cteggtgage gegcagatca agagectgga gacgacactc gggatcacge 1320
tgtttgagcg cacctcgegg ggcatggtgg tcacgcaggg gggcgagcgce cttcectggatg 1380
aggcgaccge ttgtggatcg gcacaaacag ttcatgcagyg aggcectcegeyg actgaaggge 1440
agtgtctegg ggctgtttge catgggcgca gggcggcatt cgggcaacgg ctttgtcagce 1500
tctttectge attgtctegg aacgctttcee ggaactggag atcgagctca aacacctggce 1560
ctcggegcag gtgatcgagg ggctgcgcga tcagtcgetg gacatgggat ttttcaccga 1620
aaccgaaagc gacacctcga ttgacgetgg tggaggtgge cagtttcgge atctaccttg 1680
cggcgecegeg cgggatgatce cgttgttcag agacccctga ctgggcgcegt cttcaggatce 1740
agatctggat tgtctcgtcet catgtggcge tgcggteget gggccaatge cctcatggag 1800
cagcatgaca ttcgcccaag gecgggtgatce aaggttgatg acgaggceggt gacgeggacyg 1860
ctggtggcaa gcggagcegg ggtcgggcetg tgcattceteg ggtgatgaag cgctgacgcece 1920
gccecgatgac atcgacctgt tgcaccgggt gcgcaagacce gcegcggatca tgtgcggceta 1980
tctcgaageg cgcagcgatg atccctectat tcecgegegtag ataattggtt ctggatttge 2040
tgaaatctca acaaaaaggc gaaacaccct ccttgttgca attggcgtaa tcacaatttce 2100
atttgagaat ccccaaataa gggaatacgt cattcgagag tgttattttg gagttgtcat 2160
gattacgatt tatagcctct gtggcaaaga cgatattcat tattcccecgce atgtttggaa 2220
agtcattatg gccctgcatce acaaagggct ttcatttgac gtggtgccgt ggattttcega 2280



31

US 8,058,417 B2

-continued
cgatccgega catcgaggge ggggcegttca acagegtgece ggtgetgege gatggegace 2340
gggtgatcgg ggacagcttce gagatctgca cctatctgga tgccgcectac ccggtgeccce 2400
ggcectgtttyg ceggtgeggg cagtgaggceg caggtgcggt tectggaaag ctattgectg 2460
acggcgcectge acccaccgcet cgcggtgate gcggtgatgg cgatgcatga catcatgcat 2520
cgggcgatca gectatttee gggccaaacg cgaagagegt tttggegtgt ccatcgaggce 2580
gectggeggaa accgegecceg ccgagegege gegattgcag gageggetgg cgecggtgeg 2640
cgeccgtetta cgcatcacac tggcttgegg gcgatgcecce ggcgatggece gattacgtgg 2700
tgttcagcge cttgcagtgg tgctgggtcg tggggctgeg cgatcttctg tecccecgacyg 2760
attcggtgge gegtggttca gecgtgtcag gcectgtttg gaggggcggce gcaaaagcect 2820
gectggagecee cgegectaage ctgagetgaa tcetgcgegaa caaaccggca aaacccggec 2880
caaattcatc tgatgcgccc ccgatcecgggg ccgetttttg ttggttttgg ggcatttacg 2940
gctgtgtcac caaagccgat agctgacctce agtttttceg aattgcgaca aagcgcgtca 3000
ttggatcata tgagtcccaa ggttcgatac gtcectgageg aattgatttt tgaaacggtt 3060
ggaaatgaac aagtaaatgg ttgcgtatcc gaaattgaat ttcagtcaat tgatgatgcce 3120
attggaggac tcttgaatgg acgtcgecgct atggacggtc ccagaaccaa cgcagtgaag 3180
acatatccaa aacctatgac tggggtgcgce catgttcata ccctgggacce ggctggcacce 3240
aactgtgaaa aggcggcgct gaaatgggcg gcgctcagtg ccgcaatgcet gectggtect 3300
gcatgacteg atggaggagg ccgcagagca ggtcgecggec tgeggcetgtt cggtgcttcet 3360
gagcgtggtyg gcctacccge agcetgcattce gatcatctac gacatatcgce gcatctggge 3420
ttectggatgt gttcatcatg aagaccgacg acatggtgct ggccteggtg agcggcgceca 3480
tgccgacget gtgccagacce cacccggege cggaaaaget getgecgece gagatgcage 3540
ggatctatge gacgagcaat tcccacgegg cctcetgaggt ggcggcaggg cggggcgatg 3600
gctgcatcac cacgcegtgce gccegccgaag cacgggcttt tggtggtgca gacctttgge 3660
caggtgccga tggggttcac cattcacgge cegetcaage atgegggetyg cgcggacace 3720
gcctttgacyg tttcagcace agatcacaac aggattttec caatgaccca acgcgcattt 3780
gagacccegga tcgaagtceceg ctaccgcgac accgactcga tgggccatat cagcagcccg 3840
atctactacg actacatgca gtcggcctat ctggaataca geccgcgctge tggagctgece 3900
gaagtccgaa aagctgccge atatcatggt gaaaaccgec tgcgagtaca tcagccagge 3960
ctattacggc gataccgtgg tggtgctgag caaagtgtcg aaattcgcge aagagtttcg 4020
agatcgacca tgagatccge cttggcageg cggacggecg ggtggtggea aagctacagt 4080
cggtgcatgt gatgttcgat tacgaaaagc agagcaccta cccggttcceg gagatttegce 4140
agccgegteg ccgattttca ggacgecgece tgagegegeg ccacggtceca gagagggaga 4200
atgcaatgga tttgagttgg agcacgcagc agcagtcgat ccgggcggag tttgectect 4260
cggagecgcea cagaccgcga tgagetgegt cttggacgge gegectttga ccagcagace 4320
tgggatcagce tgggagaggc gggcctgtgg cagatgatgg tgccaaagga ctatggtggce 4380
accggggegg accggggcett getggtggga tgtcaccgece geccttgagg ggctggecte 4440
gaccatcege gegecgggge tgttgectgte ggtgatcgec caagcecgggta tggcectacge 4500
gctggagete ttggcacccecg gcgcagaaat ccgactattt ccgeccgcatce ctgegcggeyg 4560
cgetgagege cacggecatce gecggaccceeg acaccggcac cgatgtceege gccagetcca 4620
cttacctcag cccgecgcega acgaaccttt gtgctcaacg ggaagaaata caacatcgcec 4680
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catgcgecgg tggcgaattt cactctggtg gtectgcaage tcgaaggcca tgcccgcgac 4740
ggcatctecee tggttetggt ggtcaggaca gaagggcgtce accatcggtg ccaaggatcg 4800
caagcttgga aacctagatt tgccgacggg ggcgctceteg tttgagaatg tgccgctgcea 4860
ctatgggcat attctggggg tgccgggcaa gggctgcgaa ccttgtgcgg tttgtctege 4920
tggggcggat ctattacggg ctggtggcgg cgaccctgtg cggcccgatg cttgcggagg 4980
cgctgtetta tgccaaggcec cggcagacct ttggcagecce atcgtgatca ccagtatgtg 5040
cagaagaaac tgaccgatat gcgcatcgeg gcagagaccg ccaaatggac ctcttatggg 5100
gcgttgcace agttgctgag cggcgcgecce gaggcggtga gagctgttcecg atgccaaget 5160
ggccggagee agcgcgatca ccgatgggge cgtggacctg ctgaaactat acggcagecyg 5220
gggctatcac gtagggcgag gtgtccacgt tcecctgcgcga tgcgcetgect tttgcagegt 5280
ggcggcaceyg aggaaatgca tcggcgcaac atcatgaacce agatgatgeg agaggcccege 5340
cecggecaagt ccaageccge cgccceggeg cgggatcetgg aaaccgtcetyg aggecgectt 5400
tattgattgg agacaatcat gttaaaagat ttcaacagct tgcgctgtcet cgcgcatggt 5460
getgcactag gegetgtact gggegegatg cecgcettgegg cgggtgecge agaagaggga 5520
tcctgagega ggccagatceg actgggecge cgcagaggac teggeggtgyg caaccgcetac 5580
agcagaagcce gcactcacgg aggcgtttet ggecctgece gegagcegecyg agceccaccgg 5640
tttgcggtga tgctectttgg geggcecggcgg atctgcecga gecgggcecttt gtcagtcagg 5700
gcagcgcecta tgtggecctat tacgcgcagg acgatattca getttcegatce tcggggtceaa 5760
aggcggtggt caggeggggg atgcgetgtt ctgcaccatyg cceccaagege gtgggaaage 5820
atcggaacgg gcgcggatta caat 5844
<210> SEQ ID NO 8
<211> LENGTH: 2501
<212> TYPE: DNA
<213> ORGANISM: Silicibacter sp. TM1040
<400> SEQUENCE: 8
gegeceggtygy agagaacaaa catcctcgeg gettgetgga gttctaccte gaggaagega 60
gatcacggee cgccacctge tgacacaagt ctcggtatcet gagtcgaagg tgtgccggtyg 120
cgcgagggaa caccegtttce gcaaaccget cteccggete agggtggggyg atcacctgeg 180
cagcgecgac cgcategtge ggccgaggac gtegaagect ttggccacct cacgggcgat 240
ctgttttatg cccttggacg aggccgecge gegcaatcat cegttetttyg acgggegegt 300
cgegeatggg caatacatca tggcgetgge caacggecte tttgtggace ccgageccgg 360
cceegtgetyg gecaatcteg ccccgegate tgegtttttt tgegecggte tatttcgaca 420
cegegeteta tgtgacgete acctgetget geatcggece ccetcaacagyg tcegggegegyg 480
ccgaagtgca atggagetge caggteggge agegatgacyg acacccgegt ggceccagtte 540
gacctgctga cecttgtege cgcccaatgg ccgcececage cegeccceeeg cgectgagag 600
geecgagagyg cctgagacge cgggtacgcece aatgcccectt ceectgetat tgaaacaaaa 660
ggatttccaa tgacctctge tccaaagcce cgcatcctga teggtgectg cggetcegete 720
gacctgctga tgctgccgea gcacctgcege gecatcagga cacatcgact gcacgctgag 780
cctgatgete acgecgacgg cggtgaaatt tgtcaacacyg gatgegetgg ccctgetggt 840
ggaccggetyg atccacggeg accgecccga cgactggceca cgcacaagec ggacgecttg 900
cecgecgatca cgatcttett geggtgetge cgacaaccge aaacacccte agtgecgtgg 960
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ccaacggcag ctcgcagaac cgcctcacca cggtgatcect cgcagceggat ttceeggactg 1020
ttettteceg tgatgggegyg gecgatgtgg gacaaggcect cggtgcageg caatgtgagce 1080
cagatccgeg ccgacgggta tgaggtgttt cagecggtet ggegegaaca cagcgeccge 1140
atcgcaaaag gtccacggcec atcattcgct gccggaccce geggatgtgg tcegacatcect 1200
ccaaagccge ctgcecegege agecgctgace cggectaccee gectgeccecee cctgecccac 1260
agatctgtcc aaacaggaaa cgccgccgga tctecteegg cggegtttet cgtggtetcet 1320
ttgcetttgg ccctagecgg tcacatcacg caggcecegggyg cgcagcatgyg gccacagecg 1380
cgectgecca gegecgcaga tagagceccca ceccaaagga gagatgegte atcgegetcet 1440
tcagctgecge aaaggtcgga tegggcettgt tgctggecat gatgcccgca cccatcgecg 1500
gctgcatcac aaaaagggaa agacatggtg ccgagcccca ccacaagcgce cagcaacacce 1560
tgeggecgtt gcagetgece gacgcceceg atcgccacaa agagcgccge aaagaccacg 1620
cccaccgeat aatgtaccgce cagccaageg cgectcaccee gcecaccggeyg ccgecgegeg 1680
aatgctctca tgggegaaca cgcccteggg catatggecyg acccaacgece ccaccaggge 1740
aaagttgcte tgcggaatcg caaacagege ctecgcecage acggcccaga gatccatcac 1800
caccgtggea cccacgecca agcagtacge gaaaaacaat ctgtgcagga gacatcctga 1860
gaaccctete tcectegetcac aggcgccage cgcctggcca gecccttttg aagatgegece 1920
cgacccatca aaatgcgggce cgggcggtac gcgttacgece ctttactggg acaccatcgt 1980
gctatcgaac cecggcacagg tctggggege ggeggecteg gegcetgaggg gttgtagege 2040
ggttgcageg acgtgatgce cgatctggta gccacatatc gcccaccgceg ttecgagegec 2100
ggtaatgcac gccgccaatce aggcgcgatt ccgattceccte tteggcgagg tgctgcagac 2160
tgtcgtaaga cttgctgatg ttggcggcce cctcaaaggg acgggaaagg cgcgctgeca 2220
aagaccgagg tcatcacctc aagcgctgcg ctgccgetgg tgcaatgctg acaggggtat 2280
tcgggatgea tceggegecagg aatgcgegat teccagacca gaccggcetca ggteggggtyg 2340
gttgtaggtt ttgcccaacg cctceccacgge ggtctgtgge cgccagagcecg cgtagctgta 2400
cttggegttyg aacccggeca ccaacgcatce getcagggeg acattcaaca cgccacatge 2460
gcgtttecte gagaagaggce agcgcgcecag gccgegcaga g 2501
<210> SEQ ID NO 9
<211> LENGTH: 934
<212> TYPE: DNA
<213> ORGANISM: Silicibacter sp. TM1040
<400> SEQUENCE: 9
gaattcgeee gecttgateg cggegegeac ctettecate ggggcgatgg cetetteggyg 60
caccatcgac gcggtaaagg agatgtegtt gecgecctet ttcatgagge caaagegggt 120
gtagtcceee getggaattg cccgecgege gatccgecag cgecgeccca aggatgggge 180
caaagttcca gatcgcattc gagaacacgg tcteggggta gegetceggta taatcggtga 240
gegageccac cgetgatgee gegttecttg geggegtegg cggtgecgat cegetcgeca 300
aagaggatgt cggcgecgga atcgatctge gecagacegg cctegeggge cttgggegga 360
tcaaagaagg tgccgataag tgatgagatg ggtcgcateyg ggacgcaccyg cgtcgacace 420
ctgacggaac ccgttgatga gcatgttgac cteggggate gggatcgece ccaccgegece 480
aaagacgcceg gactggetca tcttgecgea geatgcecgea cagataggece gectegtggt 540
tccaggtgee aaaggtgcca aagttgtege cegegggett gecgetggag cccatcacga 600
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agcgegtgte gggatagtcg cccgccacct gegegetege getccaccge ataggettceg 660
cccacgatca catcecgegec ctgctcggea tattcacgeca tcegegegcege atagteggtg 720
cececgegatcece cctcggaaaa gacatattceg atctcegegeg cttgecegett cgagcatcge 780
cacatgcaga cgcgagttcce acgcegttcte caccggcgag gcatgcacce ctgccacctt 840
gatcggegcet tgcgecagca ccatcggegce cggcagcaac gaggccgecc caagtgetge 900
gccgetette aggatcgate ttegggttca tacce 934
<210> SEQ ID NO 10
<211> LENGTH: 687
<212> TYPE: DNA
<213> ORGANISM: Silicibacter sp. TM1040
<400> SEQUENCE: 10
gaattccteg gcgeggacat cctctgecag catttcgatce tettgegecac gcagccgcag 60
gggagagaga tcaaagccat aggcgacctt cteggtgcca tagcgccegeg catagegttt 120
gccattgget gtcegegtetyg agcagcaaac cggcctcgac caggcgggeg agatagegge 180
gcatggtgga attggccatg cecgttgagcec gctcgcagat gcetctggttce gaggggtgaa 240
tgacaaggtc gcgtcacggg cagctcggece ccggaccaga agctcaagag cgcttgcagce 300
actgagagat cccggtcgcet gaggccaaaa tgatgccggg cggtcegegag atcgegcagce 360
acattccact tgctgacagt gaagtgcggt cgtgggctga gacctegggg cctegggatce 420
ggtggatgcg gcaggcatac gggagctggce cgectgaagce tgcgtctgac gtttgatcag 480
aacagcatca acggtgcgcce caaaagcgga caggatgata ccccatgttt cattcacgaa 540
gacaaagaaa tccegttetg cgaatcacat ttgacttgca gtttcagget cctgacacta 600
gcttgatggt gctaaacaca agtcagggtc tgtgggcgat gtctttgegg gaccttttet 660
tttgtectget cgtgectect ttettag 687

What is claimed is: 40 Tegulation and synthesis of tropodithietic acid selected from a

1. An isolated nucleic acid comprising a polynucleotide
encoding at least one protein required for regulation and
synthesis of tropodithietic acid by Roseobacter bacteria and
wherein the isolated nucleic acid sequence is either SEQ ID
NO:7 or SEQ ID NO:8.

2. Anisolated protein comprising a protein encoded by the
nucleic acid sequence of either SEQ ID NO:7 or SEQ ID
NO:8, wherein the protein is at least one protein required for

45

LysR substrate binding domain protein, a f-etherase, a
prephenate  dehydratase, a dehydroxybenzoyl-Co A
thioesterase, an acyl-CoA dehydrogenase, a phosphopanto-
thenoylcysteine decarboxylase, a membrane protein, and a
phosphoesterase of a Roseobacter bacteria.



