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Abstract

Investigation of the organic extracts obtained from cultures of four species of bacteria
isolated from the northeastern Pacific ocean led to the isolation of eight new and six previously
known secondary metabolites. The structures of the new compounds were elucidated by
extensive spectroscopic analysis. In addition, the biogenetic origins of the atoms in two of the
bacterial metabolites were probed using stable isotope incorporation experiments.

A culture of the bacterium Serratia odorifera, isolated from a surface water sample taken
near a Chinook salmon (Oncorhyncus tshawytscha) farm in Georgia Strait, British Columbia,
produced the novel compound oncorhyncolide (34). Oncorhyncolide has a unique structure that
is apparently not related to other known microbial metabolites isolated from terrestrial sources.
Biosynthetic studies using stable isotopes have shown that all the carbons in oncorhyncolide are
derived from acetate. The methyl branches in oncorhyncolide are derived from the C2 of acetate
and are attached to carbon atoms derived from the carbonyl carbon, C1, of an acetate unit. This
type of methyl branching 1s very rare in polyketide biosynthesis.

Examination of the ethyl acetate extracts of a solid agar culture of Pseudomonas
fluorescens obtained from an unidentified tunicate in Moira Sound, Alaska, led to the isolation
of moiramides A (38), B (39) and C (40) as well as the known compound andrimid (41). The
crude extract had shown antibacterial activity against Staphyvlococcus aureus and methicillin-
resistant . aureus. Moiramide B and andrimid proved to be the compounds responsible for this
activity. Biosynthetic studies on andrimid have shown that the acylsuccinimide ring is derived
from valine, glycine and acetate. It has been proposed that the biosynthesis proceeds through a
dipeptide-like intermediate formed from y-amino-fB-keto acids that are in turn formed from valine
and glycine homologated with acetate, presumably via malonyl-CoA.

Liquid cultures of Pseudomonas sp. 91V47 obtained from an abalone collected off
Cortez Island in Georgia Strait, British Columbia, gave an extract that exhibited potent in vitro

cytotoxicity. Bioassay-guided fractionation of the crude extract led to the isolation of three new



d-hydroxy acid rhizoxin analogs (44 to 46). The three new compounds showed significant in
vitro activity against P388 murine leukemia.

A marine isolate of the bacterium Bacillus pumilus, obtained from a sediment sample
collected in Georgia Strait, British Columbia, produced an extract that exhibited antimicrobial
activity against Staphylococcus aureus, methicillin-resistant S. aureus and S. saprophyticus.
The known compound AI-77-B (54), previously isolated from terrestrial and marine sources of
B. pumilus, was found to be responsible for the antibacterial activity in the crude extract. A new
Al-77-B analog, compound 57, was also isolated. Compound 57 showed antibacterial activity

only at high concentrations.
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1. INTRODUCTION

1.1. General Introduction

Despite the availability of many clinically useful antibiotics for treating bacterial
infections, there is still a need to search for new antimicrobial agents. The need for new
antibiotics is driven by three main forces: i) more effective and less toxic antibiotics are needed
to replace the older antimicrobial agents currently in use, ii) pathogenic bacteria have developed
resistance to existing antibiotics, and iii) some human pathogens cannot be effectively treated
with the currently available drugs.

The problem of antibiotic toxicity is illustrated by the aminoglycoside antibiotics
gentamicin and streptomycin. Gentamicin, used for treating kidney infections, may cause kidney
damage. Streptomycin, used to treat tuberculosis and infections of the intestines, kidneys and
lungs, can cause hearing defects.

The growing problem in antibiotic resistance has been reviewed in a recent issue of
Science.! Bacteria have responded to the widespread misuse and overuse of antibiotics by
mutating and becoming immune to the killing effects of the antibiotics. Adding to the problem is
that antibiotic resistance can be transferred from antibiotic-resistant bacteria to other bacteria.
Antibiotic resistance is a problem in the community and hospitals. Multidrug-resistant strains of
Neisseria gonorrhoeae. amphicillin-resistant Haemophilus influenzae and the multidrug-
resistant enteric organisms Shigella and Salmonella are examples of community-acquired
organisms. Hospital-acquired infections may be caused by multidrug-resistant
Enterobacteriaceuae, vancomycin-resistant enterococci and methicillin-resistant Staphylococcus
aureus.

Human pathogens that cannot be treated effectively with currently available antibiotics
include Candida sp. and Enterococcus sp. and no antibiotics are available to treat infections of

Mycobacterium avium-intracellulare and Pseudomonas cepacia.



1.2. Microorganisms as a Source of Antibiotics

The discovery of the antibiotic penicillin by Alexander Fleming in 19292 revolutionized
the treatment of infectious diseases. Fleming demonstrated the ability of penicillin, a secondary
metabolite of the fungus Penicillium notatum, 1o kill the pathogenic bacterium Staphylococcus
aureus 1n vitro. The use of penicillin as a therapeutic agent to treat infectious diseases in humans
did not occur until the 1940°s.3

Following the discovery of penicillin much attention was focused on soil microorganisms
as sources of other antimicrobial chemotypes. In 1939 René J. Dubos isolated gramicidin from
the soil microorganism Bacillus brevis.* Gramicidin was found to be toxic when given
intravenously but it is used today as an external application for minor skin wounds. A major
breakthrough came in 1943 when the soil microbiologist Selman Waksman and his group
isolated streptomycin from the actinomycete Streptomyces griseus.> Streptomycin was found to
be an excellent chemotherapeutic agent against Mycobacterium tuberculosis, the cause of
tuberculosis. Waksman observed that many soil actinomycetes inhibited microbial growth.

Today it is accepted that a large proportion of microorganisms produce chemicals that
inhibit the growth of other microorganisms and that these “antibiotics™ help the organism
compete for nutrients in their natural environment. The majority of antibiotics produced
commercially and used to treat human infections are produced by the actinomycetes and
endospore-forming bacteria. These include: bacitracin, chloramphenicol, erythromycin,
kanamycin, lincomycin, neomycin, nystatin, polymyxin B, streptomycin and tetracycline. An

exception are the B-lactam antibiotics which are produced by fungi.

19



1.3. Marine Bacteria as a Source of Antimicrobial Agents

Marine bacteria”™ are an under-explored source of bioactive natural products. Since many
terrestrial microorganisms, especially actinomycetes, produce novel and biologically active
secondary metabolites, it is not unreasonable to expect marine bacteria to be a rich source of
structurally novel and clinically useful antibiotics and antitumour agents.

The marine environment offers a diverse range of habitats including high salinity,
extreme pressure and temperatures and sediments rich in organics. Marine plants and animals
provide a variety of host surfaces for bacteria. The microorganisms populating these habitats and
hosts are expected to have developed unique biosynthetic and physiological capabilities leading to
structurally unique compounds not observed from terrestrial microorganisms.

The presence of antagonistic bacteria in the marine environment was first demonstrated
by the work of De Gaxia® in 1889. The first systematic study of antibiotic production by marine
bacteria was carried out by Rosenfeld and Zobell” in 1947. A decade later, in 1958, Grein and
Meyers? reported that approximately fifty percent of the actinomycetes recovered primarily from
the Florida coast exhibited antibiotic activity against both Gram-positive and Gram-negative
bacteria. Despite this early work., marine microorganisms as a source of biologically active

secondary metabolites remain relatively unexplored.

1.4. Marine Bacteria

The classification of marine bacteria has been discussed in the literature.? A diverse range
of microorganisms with different morphological, ecological and physiological characteristics
exist in the marine environment. Gram-negative rods make up the majority of the
microorganisms in the water column, while a higher proportion of Gram-positive bacteria are

found in sediments.

* In this thesis, the term marine bacteria refers to bacteria isolated from the marine environment.

13



Many microorganisms isolated from the marine environment have features in common
with terrestrial microorganisms and may not be indigenous to the marine environment. There is a
large interest in the isolation of actinomycetes from the marine environment since it is well
known that terrestrial actinomycetes produce many clinically useful antimicrobial and
chemotherapeutic agents. It is questionable as to whether the actinomycetes, found in marine
sediments, are part of the marine microflora since true marine bacteria may have a physiological
requirement for salt. Actinomycetes are known to have a salt tolerance!” and are able to produce
resistant spores that may be washed into the ocean from terrestrial environments. A recent study
by Jensen et al.!! on the distribution of actinomycetes in near-shore tropical sediments suggests
that different taxonomic groups vary in their adaptability to the marine environment. The 289
colonies of actinomycetes isolated were mainly assigned to the groups streptomycetes or
actinoplanetes. The streptomycetes were found mainly along the shore in shallow mud. The fact
that their numbers decreased with distance from the shore and their ability to grow without
seawater, although growth was bertter in seawater, suggests that these streptomycetes were
mainly of terrestrial origin but could grow in the marine environment. The highest number of
actinoplanetes were isolated from the deepest sediments. It was found that actinoplanetes grew
poorly or not at all in the absence of seawater and this could not be explained by the theory that
they are dormant terrestrial bacteria. Therefore, it was suggested that the actinoplanetes had
physiologically adapted to the marine environment.

Other Gram-positive bacteria such as Bacillus and Clostridium form stable endospores
and may not be true marine bacteria, however, examples of these groups isolated from the marine

environment require seawater for growth.



1.5. Secondary Metabolites from Marine Bacteria

Marine microorganisms live in very different environments than terrestrial organisms.
These organisms may have developed novel biosynthetic capabilities leading to structurally novel
secondary metabolites. A number of excellent reviews on metabolites produced by marine
microorganisms have been published recently,?®12 therefore, a comprehensive review of the
literature will not be presented in this thesis. However, a number of examples will be discussed
to demonstrate the ability of marine bacteria to produce structurally novel and biologically active
secondary metabolites.

Most of the attention has focused on marine actinomycetes. Novel metabolites produced
by actinomycetes include altermicidin (1), the four new phenazine esters 2-§ and maduralide (6).
The novel monoterpene alkaloid altermicidin (1) was obtained from cultures of the bacterium
Streptomyces sioyaensis isolated from a sea-mud sample collected at Gamo, Miyagi Prefecture,
Japan.!3 This altermicidin producing bacterium was identified during the screening of 200
actinomycete strains, isolated from the marine environment, with reference to brine shrimp
toxicity. Altermicidin exhibited in vitro cytotoxicity against L1210 murine leukemia (ICsg = 0.84
pg/mL) and IMC carcinoma (ICsp = 0.82 pg/mL); potent in vivo toxicity in mice (LDsy= 0.3
mg/kg) would limit its use as a chemotherapeutic agent. Selective activity against the bacteria

Xanthomonas sp. was also observed.

1 Altermicidin



A Strepromyces sp. isolated from a sediment sample collected in Bodega Bay, CA,
produced four new alkaloid esters (2-5) of the rare phenazine class.!# These compounds are
phenazine esters of the rare sugar L-quinovose. Compounds 2 and 3 showed broad-spectrum
activity against a number of Gram-positive and Gram-negative bacteria with MIC concentrations
in the range 1-4 ig/mL.

Maduralide (6), a 24-membered ring macrolide isolated from a liquid culture of a marine
actinomycete, obtained from a shallow mud sample collected at Bodega Bay, CA, exhibits weak

activity against Bacillus subtilus.'S
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2 R2
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2 R,=0OH,R,=R;=R,=H 3 Ri=OH,R,=Ry=Ry;=H

6 Maduralide

Bacteria inhabiting the dark deep sea may have unique biosynthetic capabilities since they

must tolerate large in situ pressures. Novel metabolites produced by bacteria isolated from deep-



sea sediments include the macrolactins (for example 7-10) and bisucaberin (11). An undefinable
deep-sea bacterium #C-237 isolated from a sediment sample collected at a depth of 1000 meters
along the California coast, produced the macrolactins (for example 7-10) when cultured in a
marine medium at atmospheric pressure.!® The macrolactins are novel cytotoxic and antiviral
macrolides. Macrolactin A accounted for the majority of the biological activity and was active in
vitro against B16-F10 murine melanoma (ICsg = 3.5 pg/mL). This compound also inhibited a
number of human viruses including Herpes simplex (ICso = 10 pg/mL) and the human-

immunodeficiency virus. HIV, (ICsg = 10 pg/mL).

7 Macrolactin A R=R'=R"=H
8 Macrolactin B R = glucose R'=R"=H
9 Maucrolactin C R =R'=H R" = glucose

The bacterium Alteromonas haloplanktis isolated from a deep-sea mud off the coast of
Aomari Prefecture, Japan. produced the new siderophore bisucaberin (11) only when grown in a
marine medium supplemented with sardine and curtlefish powders.!? Bisucaberin sensitizes
tumour cells to macrophage-mediated cytolysis making it a good candidate for use as an

antitumour agent. Although the bacterium Alteromonas haloplankiis was isolated from a deep-



sea mud collected at about 3,300 meters in depth, this organism grew well at atmospheric

pressure even though bacteria obtained from deep-sea sediments often require increased

pressures for growth.

11 Bisucaberin

True marine bucteria might be expected to produce metabolites that are not observed from
terrestrial microorganisms. It is interesting to note that some compounds isolated from near-shore
actinomycetes have similar structures to metabolites produced by terrestrial actinomycetes. The
first antibiotics to be isolated from a marine actinomycete were the aplasmomycins A (12), B
(13) and C (14), produced by cultures of Streptomyces griseus, a common soil species, which
had been isolated from shallow sea mud collected in Sagami Bay, Japan.!® Antibiotic production
was only observed in a medium that contained seawater salt concentrations suggesting that the
bacterium had adapted to its marine environment. The aplasmomycins show in vitro antibacterial
activity against the Gram-positive Staphylococcus aureus, Bacillus subtilus, B. anthracis and
Corynebacterium smegmatis. The aplasmomycins are similar to the boron containing antibiotic,
boromycin (135), first isolated from Strepromvces antibioticus obtained from an African soil
sample.19 A second bacterium, Streptomyces tenjimariensis, isolated from sea mud in Sagami
Bay, Japan, produced the antibiotics 1stamycins A (16) and B (17) when grown in a marine
medium.20 The istamycins inhibit the growth of both Gram-positive and Gram-negative bacteria
including many that are resistant to known aminoglycoside antibiotics. These two antibiotics are

similar to fortimicin A (18),?! isolated from a culture of Micromonospora species MK-70



obtained from a soil sample, and sporaricin A (19),22 isolated from cultures of the soil organism

Saccharopolyspora hirsuta subsp. kobensis.

12 Aplasmomycin A R’

15 Boromycin

13 Aplasmomycin B R'=H R" =Ac
14 AplasmomycinC R'=Ac R"=H
CH, CH, CH,
HN Hal- NH, Ha-NH,
O 0]
R" ' NH,
HoN R HN NH, H,N
OH OH
HO~
~N
H,C L' OCH. H3C/T OCH, Hsc/IT OCH,;
COCH.NH, COCH,NH, COCH,NH,
16 Istamycin A R'=NH, R"=H 18 Fortimicin A 19 Sporaricin
17 Istamycin B R"=H R" =NH,

An unidentified estuarine actinomycete isolated from a sediment sample produced two

antibacterial metabolites. marinone (20) and debromomarinone (21), when cultured in a marine



medium.23 Their structures are related to naphterpin (22)24 and naphthgeranine A (23)25 both

1solated from cultures of terrestrial actinomycetes.

From the examples presented it is clear that marine bacteria have the biosynthetic

capabilities to produce biologically active compounds with novel structures.

20 Marinone X = Br
21 Debromomarinone X =H HO

23 Naphthgeranine A

1.6. Symbiotic Marine Bacteria

Marine natural products chemists are also interested in marine bacteria from an ecological
perspective. It has been postulated that many secondary metabolites isolated from marine
invertebrates are actually being produced by symbiotic marine microorganisms since the
metabolites produced are present in low concentrations and their occurrences violate taxonomic
guidelines. Several recent examples have demonstrated the origin of some potent marine toxins.
Neosurugatoxin (24), originally isolated from the digestive gland of the Japanese ivory shell,

Babylonia japonica. the causative agent of food poisoning associated with the shellfish, has

10



11

been shown to be produced by a symbiotic coryneform bacterium isolated from the digestive
gland of the organism.2¢ Tetrodotoxin (25), the potent neurotoxin associated with pufferfish
poisoning, is produced by cultures of a Pseudomonas sp. isolated from the skin of the

pufferfish, Fugu poecilonotus 27

HO OH OH
H
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N
H\ I;l _-: Q /
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N
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N Br OH
H O

25 Tetrodotoxin
24 Neosurugatoxin

A study by Gil-Turnes et al. has demonstrated that marine bacteria may benefit their host.
In this study the eggs of the estuarine shrimp, Palaemon macrodacrylus, were found to be
resistant to infection by the fungus Lagenidium callinectes when associated with the epibiotic
bacterium Alteromonas sp.. When the bacternia were removed by antibiotic treatment the shrimp
eggs were rapidly infested by pathogenic fungi, especially Lagenidium callinectes.
Fermentation of an Alreromonas sp., obtained from the shrimp eggs, led to the isolation of the
antifungal compound istatin (26).28

The first chemical evidence of a microbial symbiont associated with a sponge was
provided when Stierle et al. i1solated the diketopiperazines 27-29, originally ascribed to the
sponge Tedania ignis, from cultures of the symbiont marine Micrococcus sp..2% Other chemical

evidence for a symbiotic relationship was provided when cultures of the bacterium Vibrio sp.,



isolated from the sponge Dysidea sp., was found to produce the brominated pheny! ether 30.39

The tetrabrominated phenyl ether 30 was also isolated from the sponge Dysidea sp..

o 0 OH OCH,4
27 R= ,ﬂ"\/k 0

B
T30

26 Istatin

As part of a study to examine symbiotic bacteria associated with marine invertebrates a
new tetracyclic alkaloid, alteramide (31), was isolated from cultures of the bacterium
Alteromonas sp. obtained from the sponge Halichondria okadai.3! Alteramide exhibited in
vitro cytotoxicity against P388 murine leukemia (ICs = 0.1 pg/mL), L1210 murine lymphoma
(ICsp = 1.7 ug/mL) and the human epidermoid carcinoma KB cells (ICsg = 5.0 pg/mL). The
authors did not provide any evidence for the symbiotic relationship between the Alreromonas sp.

and the sponge Halichondria okadai.

31 Alteramide



2. BACTERIA FROM THE NORTHEASTERN PACIFIC OCEAN

2.1. Research Objectives

The continuing need for new antibiotics and the fact that marine bacteria are capable of
producing biologically active natural products, prompted us to investigate bacteria obtained from
the northeastern Pacific ocean for the production of novel antibiotics. In collaboration with
Dr. M. Kelly, bacteria were isolated from the marine environment and tested for antimicrobial
activity. The promising antibiotic-producing organisms were grown in moderate scale culture.
The objective of the research presented in this thesis was to isolate, elucidate the structures of,
and study the biosvnthesis of secondary metabolites produced by selected marine bacteria.
Emphasis was placed on isolating compounds exhibiting antibacterial activity against clinically

relevant human pathogens and to a lesser extent antitumour agents.

2.2. Isolation of Marine Bacteria3?

Surface water, sediment, algal and invertebrate samples were collected from coastal
marine environments ranging from southern British Columbia to Alaska. Surface water samples
were collected in sterile Whirl-Pak bags. The water samples were passed through a 0.22 um
pore size membrane filter to collect any organisms present. The bacteria were cultured by placing
the filter on the surface of an agar plate. Sediment samples, collected in sterile disposable plastic
syringes by SCUBA or by a bottom-sampling device, were inoculated directly on the surface of
the agar medium. Algal and invertebrate samples were collected using SCUBA in sterile Whirl-
Pak bags and were inoculated directly to the agar plate. In some cases, the invertebrates were

dissected and their intestinal contents were cultured directly on the agar medium.

13



The samples were inoculated to ten different media selected to represent the
environmental conditions of the sample site and to provide a variety of conditions for the
isolation of different microbial species. The culture media included: one half and full strength
seawater agar, seawater agar plus 1 % peptone and 0.5 % glucose, seawater agar plus
1 % starch, 0.1 % yeast extract and 0.6 % glucose agar, Middlebrook 7H10 agar, Sabourad’s
agar, MacConkey agar, 5 % sheep blood agar and algal extract agar. Cultures were incubated at
18-22°C and examined for growth after one, two and seven days. Each unique morphological
type was isolated by subculturing to a new plate of the same medium. The origins and the

medium used for the isolation of antibiotic-producing marine bacteria are shown in Table 1.

Table 1. Origin and isolation media of antibiotic-producing marine bacteria.

Strain No. Isolation Medium Source Location
91D13 algal extract agar kelp Georgia Strait
91D48 seawater agar (1/2 strength) sponge Georgia Strait
91K 17 yeast extract agar sediment Georgia Strait
917250 yeast extract agar sediment Georgia Strait
91K3 blood agar sediment Georgia Strait
91BB19 seawater agar (full strength) tunicate Prince of Wales Is.
91W51 Middlebrook agar algae Georgia Strait
910048 starch agar tunicate Prince of Wales Is.
91Vv47 blood agar abalone Georgia Strait
91-157 blood agar water Georgia Strait
91-162 blood agar geoduck Vancouver Is.




2.3. Screening Bacterial Isolates for Antibiotic Production3?

Dr. Kelly has screened five hundred bacterial isolates for antibiotic production against ten
test organisms chosen to provide a general assessment of activity and to indicate activity against
organisms that are resistant to currently available antibiotics. Candida albicans, Escherichia
coli, Staphylococcus aureus and Staphylococcus saprophyticus were chosen for the general
assessment of activity. Organisms resistant to currently available antibiotics include:
Enterobacter cloacae, Enterococcus faecalis, methicillin-resistant Staphylococcus aureus,
Pseudomonas aeruginosa, Pseudomonas cepacia and Xanthomonas maltophilia. From the
five hundred isolates screened eleven were found to produce antibiotics (Table 1, Table 2).

The spectrum of activity was quite different between the various marine bacteria. Bacillus
megaterium 91K 17 shows selective activity against the Gram-positive bacteria Staphylococcus
aureus and Enterococcus faecalis. The isolate 91D13, identified as Alcaligenes faecalis,
shows selective activity against the Gram-positive §. aureus and the Gram-negative
Pseudomonas aeruginosa and P. cepacia. In addition. several bacterial isolates showed a broad
spectrum of activity against several Gram-positive and Gram-negative bacteria, these include:

Serratia odorifera 91-157, S. odorifera 91-162 and P. chlororaphis 91W51.

2.4. Identification of Antibiotic-Producing Strains3?

The antibiotic-producing organisms were identified by traditional biochemical methods
and by analysis of cellular fatty acid patterns. Traditional methods involve examining each isolate
by the Gram-stain and by a series of growth dependent assays. The isolates were grown on a
variety of media which include selective and differential media. A selective medium contains
compounds that are added to selectively inhibit the growth of certain microorganisms.
Differential media contain an indicator, usually a dye. to allow the identfication of various

reactions. These tests measure the presence or absence of enzymes involved in catabolism of the

15



substrate or substrates added to the differential medium. The MIDI automated Microbial
Identification System (MIS) is a fully automated, commercially available (available from MIDI,
Newark, Delaware), computerized, high-resolution gas chromatography system that analyzes the

whole cell short-chain fatty acid methyl esters.

Table 2. Antibiotic activity of marine bacteria isolated form the northeastern Pacific ocean.

rget Organism

Staphylococcus aureus (MRSA)
Stuphylococcus saprophyticus

Staphylococcus aureus
Enterococcus faecalis
Enterobacter cloacae
Pseudomonas aeruginosa
Pseudomonas cepacia
Xanthomonas maltophilia

Escherichia coli
Candida albicans

'l‘

Bacterium (Strain No.)

Alcaligenes faecalis (91D13) + - - - - -+ o+ -
Alcaligenes faecalis (91D48) + + + + - -+ - - -
Bacillus megaterium (91K17) + - -+ - - - - - -
Bacillus pumilus (912.50) + + + + - - - - - -
Bacillus pumilus (91K3) + 4+ + + - - - - - -
Enterobacter intermedius (91BB19) + + + + + + - - - -
Pseudomonas chlororaphis (O1W51) + + 4+ + + + + + -+
Pseudomonas fluorescens (91QQ48) + + + + + + - - - .
Pseudomonas sp. (91V47) + + + 4+ - - - + - -
Serratia odorifera (91-157) + + + + + + o+ - - -

+
-+
-+
+
+
+
+

Serratia odorifera (91-162)
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2.5. Moderate Scale Culture of Antibiotic-Producing Bacterial Isolates

Antibiotic-producing organisms were grown in liquid culture or on solid agar. Bacterial
isolates 91-157, 91250 and 91V47 were grown at room temperature in liquid shake cultures in
one liter Erlenmeyer flasks containing 500 mL of tryptic soy broth supplemented with 1 %
sodium chloride (except for 91-157 which was grown without a salt supplement). The cultures
were harvested by centrifugation or filtration four of five days after inoculation. Isolate 91QQ48
was cultured as lawns on solid media containing tryptic soy broth, 1 % agar and 1 % sodium
chloride at room temperature for three days after inoculation. The isolation of secondary

metabolites from these organisms will be discussed elsewhere in this thesis.
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3. SECONDARY METABOLITES FROM SERRATIA ODORIFERA (91-157)

3.1. Introduction

In January 1990 two bacterial isolates exhibiting broad-spectrum antibiotic activity, 91-
157 and 91-162, were obtained from Dr. M. Kelly. Bacterial isolate 91-157, obtained from a
surface water sample taken near a Chinook salmon (Oncorhyncus tshawytscha) farm in Georgia
Strait, British Columbia, was identified as the Gram-negative Serratia odorifera. The marine
isolate 91-162, obtained from the intestines of a geoduck collected off the coast of Vancouver
Island, British Columbia, was also identified as the bacterium Serratia odorifera. Preliminary
studies showed that liquid shake cultures of 91-157 gave an extract that exhibited antimicrobial
activity against Staphylococcus aureus, Bacillus subtilus, the yeast Candida albicans and the
fungus Rhizoctonia solani. Therefore, Serratia odorifera 91-157 was grown in moderate scale
liquid culture in order to produce sufficient quantities of the antimicrobial metabolites for

structure elucidation.

3.2. Results and Discussion

Serratia odorifera 91-157 was grown in liquid shake culture at room temperature in one
liter Erlenmeyer flasks containing 500 mL of 1/2 strength tryptic soy broth medium. The cultures
were harvested by centrifugation four days after inoculation and the supernatant was passed over
a column of XAD-4 resin packed in water. Elution of the adsorbed organic material from the
XAD-4 resin with methanol followed by evaporation of the methanol eluate in vacuo gave a
crude residue which exhibited broad-spectrum antimicrobial activity. The crude residue was
partitioned between water and ethyl acetate and the antimicrobial activity was found to reside in

the organic extract. Fractionation of the ethyl acetate extract by Sephadex LH-20 chromatography
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(eluent: 3:1 methanol/dichloromethane) yielded six fractions. The second fraction exhibited weak
antibacterial activity and the sixth fraction showed activity against the fungus Rhizoctonia
solani. Purification of the sixth fraction by reversed-phase HPLC (eluent: 4:6 water/methanol)
led to the isolation of the known antimicrobial compound aminopyrrolonitrin (32) (1 mg).33 The
second fraction from the LH-20 column was applied to a reversed-phase Sep-Pak and eluted with
a step gradient from 7:3 water/methanol to 100 % methanol. A late eluting fraction resulted in the
isolation of the known antibacterial compound prodigiosin (33) (2 mg).34 Prodigiosin was also
1solated from the cell pellet after cenmrifugation. Purification of the first fraction from the Sep-Pak

by reversed-phase HPLC (eluent: 4:6 water/methanol) gave pure oncorhyncolide (34)

(16 mg).35
NH, Cl H H
al N N NN -CH,
L M
“H OCH; CsHy,
32 Aminopyrrolonitrin 33 Prodigiosin

34 Oncorhyncolide
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3.2.1. Oncorhyncolide

34 Oncorhyncolide O

Oncorhyncolide (34) was isolated as an unstable, optically active ([a]p -36°; ¢ 3.1
(MeOH)), colourless oil. The HREIMS spectrum showed a molecular ion at m/z 278.1527
corresponding to a molecular formula of Cy5H2204 (AM +0.9 mmu). The molecular formula
indicated that 34 had 6 sites of unsaturation. The IR spectrum contained a hydroxyl stretch at
3400 cm-! and an adsorption band at 1690 cm-! indicated the molecule contained an o,f-
unsaturated carbonyl. Table 3 provides a summary of the NMR data acquired for compound
34.7

The 'H NMR spectrum (Figure 1) of oncorhyncolide (34) contains two allylic methyl
singlets at & 1.14 (H15) and 6 1.58 (H16) which integrated for three protons each. Analysis of
the COSY spectrum (Figure 2) identified a twenty proton fragment, A. A methylene pair at
d 1.36 (H4) and 81.54 (H4') was coupled to a multiplet, integrating for one proton, at  4.24
(H5). The chemical shift of the methine proton (H5) suggested that the proton was attached to a
carbon atom bearing an oxygen atom. Long-range coupling was also observed between the
H4/H4' methylene pair and the broad singlet at 5 1.14 (H15) which integrated for three protons.
Allylic coupling was observed between the H15 methyl singlet and the proton at 8 5.56 (H2), a
broad singlet which integrated for one proton. In addition, the signal at 8 4.24 (H5) showed a
COSY correlation to an olefinic doublet of doublets at & 5.33 (H6) which in turn was coupled to
a multiplet integrating for one proton at & 5.67 (H7). A methylene pair at § 2.17 (H8) and

8 2.29 (H8') was coupled to the H7 multiplet (8 5.67) and to a methine proton, a multiplet, at

" Appendix 1 provides a simple non-quantum mechanical description of the NOE difference,
COSY, HMQC and HMBC experiments.



8 4.53 (H9). Again the downfield chemical shift of this methine proton suggested that it was

attached to a carbon atom bearing an oxygen atom.

34 Oncorhyncolide R =H
35 Diacetate R = Ac

Table 3. 'H and 13C NMR data for oncorhyncolide (34) and oncorhyncolide diacetate 35.

Oncorhyncolide 34

Diacetate 35

Cc# THa COSY THa COSY NOEsbP | 13Ce | HMBCd
1 — — — 163.5 [H2
P 15.56,bs H4' HI15 5.62,bs H4' H15 Hi5 117.3 {HIS
3 — — — 154.9 [H15
& 1.36,dd(17.7,4.4) H4' H5' HI15 1.41,dd(17.6,4.2,) [H4' . HS 344 JH2HIS
4 11.54,ddm(17.7,10.3,=1) |[H4 H5 H15 1.63,m H4,HS
S 4.24m H4,H4' H6 1.27.m H4 H4' H6 H6.H7 [76.3
3 .33,dd(15.5,5.9,) HS,H7 5.39,dd(15.5,6.0) JH5,H7 131.5 [H6,H7
7  |5.67.m H6,H8 HE' 5.52,m H6,H8 HY' H3 128.3
8 2.17,m H7,H8 H9 2.21.m H7 H8 H9 37.9 [HI0
B 2.29.m H7 H8 HY 2.30,m H7,HE8 HI
D M.53m H8,H8 H10 5.93.m H8 HE H10  [H12 9.0 |H11
10 |5.37.1(8.8) HY H11I 5.37.1(10.0) H9 H11 128.9
11 16.23,du(11.4=1) H10,H12 0.21,dt(11.5,<1y  [HI10,H12 H10,H16]127.3
12 6.41.dm(11.6~1) Hil,H14 H16 $.54.dm(11.5=1) H11 Hi4 H14 |HO HI4 121.7 H10H14
H16 H14' H16
13 |— — —_ 136.0 jH11,HI4
16
14 3.90,d(5.9) H12,14-OH,H164.35,d(13.5) H12,H14' H16 3.8 |H12,H16
14" | — — .44 d(13.5) H12,H14 H16
15 |1.14.bs H2 H4 H4' 1.19.bs H2 H2 22.1  H2
16 ]1.58,bs HI2 H14 1.46,bs HI2 HI4 H14 {H11 14. H12 H14
14- 11.87.16.0) H14
OH
OAC|{— — 1.68,s: 1.75.8 20.4
20.7
169.5
169.8

a Recorded in benzene-dg at 400 MHz. Chemical shifts in ppm relative to internal TMS.
5 Proton in carbon # column irradiated.
¢ Recorded in benzene-dg at 125 MHz. Chemical shifts in ppm relative to solvent.
d Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 1. 'H NMR spectrum of oncorhyncolide (34) (400 MHz, CgDg).
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Figure 2. 'H COSY spectrum of oncorhyncolide (34) (400 MHz, C¢Dg).



The methine proton at & 4.53 (H9) showed a COSY correlation to an olefinic proton at
d 5.37 (H10) which in turn was coupled to another olefinic proton at  6.23 (H11). A COSY
correlation was observed between the H11 olefinic proton and a doublet of multiplets at 6 6.41
(H12). Allylic coupling was also observed between the H12 proton and the methylene doublet at
0 3.90 (H14). The chemical shift of the methylene protons suggested that they were attached to
a carbon atom bearing an oxygen atom. In addition, the H14 methylene protons showed a cross

peak to the broad methyl singlet at 8 1.58 (H16).

Oncorhyncolide was found to be quite unstable and readily decomposed. Acetylation of
compound 34 resulted in the somewhat more stable oncorhyncolide diacetate 35. The greater
stability of 35 made it the compound of choice for structure determination by spectroscopic

analysis.

Oncorhyncolide diacetate 35 was isolated as a colourless oil. An intense molecular ion at

m/z 380 (CygH2606 + NHy) in the LRDCIMS was observed. The HREIMS did not show a



molecular ion but had a strong peak at m/z 302.1519 (Cy3H27;04 AM +0.1 mmu) corresponding
to the loss of AcOH from the molecular ion. The molecular formula indicated that 35 had eight
sites of unsaturation. A summary of the NMR data for 35 is provided in Table 3.

The 13C NMR spectrum of 35 (Figure 3) showed twenty well resolved carbon
resonances, including three carbonyl and two quaternary carbons. An APT experiment (Figure 3)
indicated four methyl, three methylene and eight methine groups accounting for the twenty-six
protons in the molecule. The deshielded carbon at & 163.5 in the 13C NMR spectrum was
assigned to an o,B-unsaturated ester carbonyl. A carbonyl stretching band at 1728 cm! in the IR
spectrum of 35 was consistent with ester functionalities. The resonances at 6 20.4 (CHjs),
8 20.7 (CHj3), 6 169.5 (C) and & 169.8 (C) in the 13C spectrum and, & 1.68 (s, 3H) and
8 1.75 (s, 3H) in the 'H spectrum indicated two acetate groups. Resonances at 8 69.0 and
8 76.3 in the 13C NMR spectrum suggested that the methine carbons were attached to oxygen
and the resonance at 0 68.8 was indicative of a methylene carbon connected to an oxygen atom.
13C NMR resonances at & 117.3 (CH), 121.7 (CH), 127.3 (CH), 128.3 (CH), 128.9 (CH),
131.5 (CH), 136.0 (C) and 154.9 (C) were assigned to four olefinic functionalities. The four
olefins and the three carbonyl functionalities accounted for seven of the eight sites of unsaturation

in the molecule; the remaining site of unsaturation had to be a ring.

The 'H NMR spectrum of the diacetate 35 (Figure 4) was well dispersed. Analysis of the
COSY (Figure 5) and HMQC (Figure 6) data collected on the diacetate 35 identified the twenty

proton fifteen carbon fragment B corresponding to fragment A identified in oncorhyncolide.
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Figure 5. 'H COSY spectrum of oncorhyncolide diacetate 35 (400 MHz, CgDg).
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Figure 7. HMBC spectrum of oncorhyncolide diacetate 35 (500 MHz 'H NMR, C¢Ds).
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Double resonance experiments on H5, H7, H9 and H11 failed to provide chemical shifts
and coupling constants of the two overlapping protons H6 and H10. These were assigned from
NOE difference experiments by irradiating HS and HI1 1.

The 'H NMR spectrum of 35 showed obvious acetylation shifts in the terminal
H14/H14' methylene protons, (34: 86 3.90 (2H); 35: 6 4.35 and 6 4.44), and in the H9
methine proton, (34: 8 4.53; 35: 85.93), resulting from the conversion of 34 to 35. As
mentioned earlier, the IR spectrum of oncorhyncolide contained an O-H stretch at 3400 cm-1.
This O-H stretch was not observed in the IR spectrum of the diacetate 35 indicating the loss of
hydroxyl functionality in 35. An HMBC correlation from the methine proton at 8 5.62 (H2) to
the carbon at 8 163.5 placed the unsaturated ester carbon at C1 (Figure 8). Since C9 and C14
contained the acetate groups, the ester carbonyl (C1) had to be attached to the oxygen atom on C5
to generate the lactone and to account for the unassigned site of unsaturation. Additional

correlations in the HMBC spectrum (Figure 7) were completely consistent with the proposed

connectivity.

77N

HMBC correlation

Figure 8. Selected HMBC correlations for oncorhyncolide diacetate 35.

The configurations of the olefinic functionalities in 35 were determined by NOE

experiments (Figure 9). Irradiation of the signal for H7 resulted in enhancement of the H5
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methine signal suggesting an E configuration for the A®7 double bond. The signals for H10 and
H16 were enhanced by irradiation of the H11 resonance, demonstrating a Z configuration for the
A10.11 glefin. The A12.13 double bond was assigned to an E configuration since irradiation of the
H12 signal induced NOEs in the H14 and H14' resonances. The relative configurations at C5

and C9 were not determined.

12.7 % }% /-\ NOE

H3
6069%

Figure 9. Results from selected NOE difference experiments on oncorhyncolide diacetate 35.

3.2.2. Known Compounds from Serratia odorifera

Two known antimicrobial compounds, aminopyrrolonitrin (32) and prodigiosin (33)
were also isolated from the ethyl acetate extract of a Serratia odorifera culture.
Aminopyrrolonitrin was isolated as a yellow oil. Its structure was determined by comparison of
its 'H and!3C NMR data (see experimental) with published results.3> A molecular ion in the
HREIMS at my/z 226.0067 confirmed the molecular formula C gHgCloN> (AM +0.3 mmu).

The antibiotic aminopyrrolonitrin was first isolated from cultures of the soil bacterium
Pseudomonas aureofaciens.3* It has also been isolated from cultures of Pseudomonas

cepacia obtained from apple leaves.33¢ Biosynthetic studies??P-36 have shown that pyrrolonitrin



(36), a compound related to aminopyrrolonitrin, is derived from tryptophan. It has been

proposed that aminopyrrolonitrin is an intermediate in the biosynthesis of pyrrolonitrin.33b.36

R Cl
Cl \ N
N\
H OCH, CSHH
32 Aminopyrrolonitrin R = NH, 33 Prodigiosin

36 Pyrrolonitrin R = NO,

Prodigiosin, isolated as a red oil, was identified by comparing its MS and 'H NMR data
to literature values.*? A molecular ion in the HREIMS at m/z 323.1995 confirmed the molecular
formula C,pH,5N30 (AM -0.2 mmu).

Prodigiosin (33) is the characteristic red pigment of the bacterium Serratia marscens.342
Its chemical structure was not deduced until 1960.34k The production of prodigiosin or of
prodigiosin-like pigments is a common characteristic of bacteria in the genus Serratia. Bacteria

belonging to other genera may also produce prodigiosin pigments.3?

3.3. Conclusion

A culture of the bacterium Serratia odorifera (91-157) isolated from a surface water
sample taken near a Chinook salmon (Oncorhyncus tshawytscha) farm in Georgia Strait, British
Columbia, produced the new compound oncorhyncolide (34). Oncorhyncolide has a unique
structure that is apparently not related to other known microbial metabolites isolated from
terrestrial sources. It is interesting to note that the okadaic acid ester 37, isolated from cultures of

the dinoflagellate Prorocentrum concavum,® contains a seven-carbon ester fragment that



resembles the methyl branched diene system in oncorhyncolide (C1-C14, C16). The isolation of
oncorhyncolide provides further evidence that bacteria isolated from the marine environment have

the ability to produce unique metabolites.
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4. BIOSYNTHESIS OF ONCORHYNCOLIDE

4.1. Biogenesis

Although oncorhyncolide has a relatively simple structure its biogenetic origin is not
immediately obvious. Several pathways may be proposed which include using exclusively
acetate as the precursor, or a mixed biogenesis using acetate plus methionine or proprionate, or
acetate and a five carbon unit derived from leucine, mevalonate, or valine. Three alternative
biogenetic origins (A, B, C) that seemed reasonable possibilities at the outset of this study are
given in Figure 10.”

The most straightforward possibility involves a linear heptaketide initiated with an acetate
starter unit at C1/C2 as depicted in A. Two additional methyl groups are required at positions C3
and C13 to give the skeleton of oncorhyncolide (34). These methyl branches may be introduced
from S-adenosylmethionine (SAM) or via propionate. Alternative A readily accounts for the
formation of 34 but this pathway does not directly generate the correct oxidation patterns at C1,
C5 and C9, since oxygen atoms are attached at these positions in oncorhyncolide. In addition,
deoxygenation is required at C4 and C8 to form the natural product.

The pathway B/B' involves a linear heptaketide with an acetate starter unit at either
C14/C13 or C16/C13. This is an attractive pathway since the oxygen atoms at C1, C5 and C9
exist in the precursor and only the carbon at C14 needs a change in oxidation state apart from the
standard polyketide synthase (PKS) reduction-dehydration-reduction transformations. In B the
formation of the C15 and C16 methy! groups may occur via an aldol-like condensation between

an acetyl-SEnz group and the carbonyls at the C3 and C13 positions followed by subsequent

* Evidence is mounting for a so-called “processive™ mode of polyketide biosynthesis in which
the oxidation state at the keto group of the B-keto thioester is adjusted before the next carbon
extension occurs.?? Thus the “polyketides™ in Figure 10 are formalisms used to illustrate the
origin of the atoms in the natural product, and are not true proposed intermediates.
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decarboxylation. This is similar to the reactions leading to the formation of an isoprene unit. A
similar mechanism for the formation of methy! branches from the C2 of acetate has been

previously reported in the biosynthesis of the virginiamycins.40

34 Oncorhyncolide R = H O
35 Diacetate R = Ac

Polyketide C1/C2 starter unit

Me /Me
Enz 0
O A O

Five carbon starter unit

Figure 10. Alternative biogenetic origins for oncorhyncolide (34).
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Pathway B' involves a linear heptaketide with C15 being formed by decarboxylation of the linear
chain and C1/C2 is introduced as a separate intact acetate unit. Methylation at C13 is again from
the C2 of acetate.

The pathway C/C' involves a five carbon starter unit, possibly derived from leucine,
mevalonate or valine. The correct pattern of oxygen atoms at C1, C5 and C9 exists and only one
methylation is required.

In an attempt to distinguish between the various possible biogenetic origins of
oncorhyncolide depicted in Figure 10 a number of stable isotope feeding experiments were
proposed. A feeding experiment using [1-13C]sodium acetate would distinguish between the
polyketide pathway A and pathways B/B' or C/C'. Incorporation of [2-13C]sodium acetate into
oncorhyncolide should provide complementary results to the [1-13CJacetate experiment. If the
biogenetic origin of oncorhyncolide is from either pathway B/B' or C/C' this experiment may
determine the origin of the C15 and C16 methyl branches. The origin of these methyl branches
may also be probed by feeding !3C labelled sodium propionate or methionine. The use of [1,2-
13C;]sodium acetate will show intact acetate units. In addition, separate labelling experiments
using 13C labelled leucine, mevalonate or valine may provide insight into the five carbon starter

unit of pathways C/C".

4.2. Results and Discussion

Liquid shake cultures of Serratia odorifera 91-157 (12 x 1 L flasks each containing 500
mL of 1/2 strength tryptic soy broth) were fed [1-13C: 1 g], [2-13C: 0.5 g], [1,2-13C;: 0.25 g]
and [2-13C,2H3: 0.5 g] labelled sodium acetate in separate experiments. The labelled precursors
were added in two pulses 30 and 50 hours after inoculation and the cultures were harvested by
centrifugation after four days. The supernatant was passed over a column of XAD-4 resin and
the adsorbed organic material was eluted with methanol. Evaporation of the methanol eluate in

vacuo gave a crude residue which was partitioned between water and ethyl acetate. The ethyl
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acetate extract was fractionated by Sephadex LH-20. The fraction containing oncorhyncolide was
acetylated and purified by radial thin layer chromatography (silica gel) which yielded the pure
oncorhyncolide diacetate 35.

The incorporation of the labelled precursors into oncorhyncolide diacetate 35 was
determined by the comparison of the '3C NMR spectrum of the diacetate with that of a natural
abundance spectrum run under identical conditions. The specific incorporation, that is the percent
enhancement above natural abundance, for a particular carbon equals 1.1 % x ([integrated peak
area of the enriched signal - integrated peak area of the natural abundance signal] / integrated peak
area of the natural abundance signal).4! The specific incorporations were normalized to an

unenriched carbon and the results are summarized in Table 4.42

Table 4. Stable isotope incorporation data for oncorhyncolide diacetate 35.

# of 2Hs
Specific Incorporationb incorporated
C# | 313Ce [1-13C] [2-13C] Jc ¢ Hz {[2-13C/2H;)
1 163.5 7.8 0.2 68.3 —
2 117.3 0.6 2.9 68.3 1
3 154.9 9.9 0.1 37.7 —
4 34.4 0.0 3.5 36.9 2
5 76.3 7.9 0.0 49.8 —
6 131.5 0.4 4.0 50.6 1
7 128.3 9.6 0.4¢ 43.1¢ —
8 37.9 0.0 4.6 43.1¢ 2
9 69.0 11.4 0.3 50.2 —
10 128.9 0.4 4.5 498 1
11 127.3 10.0 0.3 56.2 —
12 121.7 0.0 3.6 56.2 1
13 136.0 10.3 0.3 47.4 —
14 68.8 0.6 4.5 47.4 2
15 22.1 0.3 2.6 S 2
16 14.0 0.4 4.1 s 2
AC 20.4 0.4 0.2
Ac 20.7 0.3 0.0
AC 169.5 -0.3 0.1
Ac 169 % 0.7 0.0

a Recorded in C4Dg at 125 MHz.

b Specific Incorporation = 1.1 % x ({integrated peak area of the enriched signal - integrated peak
area of the natural abundance signal] / integrated peak area of the natural abundance signal).4!

¢ Recorded in acetone-dg at 125 MHz.
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Figure 13. 13C NMR spectrum of oncorhyncolide diacetate 35 labelled by |1,2-13C;}sodium acetate (125 MHz, C¢Dg).
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Figure 15. 13C NMR spectrum of oncorhyncolide diacetate 35 labelled by [1,2-13C,]sodium acetate (125 MHz, C¢Dy),
a) (125 MHz, acetone-dg).
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Figure 16. '3C NMR spectrum of oncorhyncolide diacetate 35 labelled by |2-13C,2H3}sodium acetate (125 MHz, Cg¢Dg).



The diacetate 35. obtained from the feeding experiment with [1-13C]sodium acetate,
displayed seven enhanced signals in the 13C NMR spectrum (Figure 11, Table 4) with
enrichment at C1, C3, C5, C7, C9, C11 and C13. This suggests that seven molecules of acetate
were used in the biosynthesis of the carbons Cl to C14 in oncorhyncolide. The observed
labelling patterns from this sodium acetate feeding experiments ruled out the biogenetic
pathway A. Pathway A, with a C1/C2 acetate starter unit, would have shown enhancement at
the C2, C4, C6, C8, C10 and C12 resonances on feeding [1-13C]sodium acetate.

An incorporation study with [2-13C]sodium acetate provided complementary results to
the [1-13C] experiment. Nine non-acetate carbons were enhanced, C2, C4, C6, C8, C10, C12,
C15 and C16 (Figure 12, Table 4) suggesting that these carbons were derived from the methyl
carbon of acetate. From these two experiments an all acetate biosynthesis was established since
all the carbons in oncorhyncolide were enhanced on feeding [1-13C] and [2-13C] labelled sodium
acetate. These experiments eliminated pathways C/C' with a leucine or valine derived starter
unit. The acetate pathways B/B' and the mixed acetate and mevalonate pathways C/C' would
result in the observed labelling pattern.

The use of uniformly labelled [1,2-13C;]sodium acetate identified the intact acetate units.
The proton decoupled 3C NMR spectrum (Figure 13, Figure 14, Figure 15) of the diacetate
35 exhibited doublets flanking a central singlet for the carbons C1 to C14 representing seven
intact acetate units. The doublets are due to 13C/!3C coupling in doubly labelled molecules and
the central singlet represents the natural abundance '3C in unlabelled molecules. The 13C/13C
coupling constants are given in Table 4. The carbon resonances for C15 and C16 appeared as
singlets.

The [2-13C.2Hz)sodium acetate feeding experiment identified the location of 3C-2H
bonds and the number at each site. A 'H and H broadband decoupled '3C NMR spectrum
(Figure 16) showed the presence of the !3C-!H resonance and one or two isotopically shifted
resonances indicating the presence of one or two 2H atoms. The results (Table 4) showed that the

maximum number of 2H atoms, derived from the C2 of acetate, were incorporated at each site in
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the heptaketide chain. Two 2H atoms were also incorporated at both the C15 and C16 methyls.
This provided further evidence that these methyl groups were derived from the C2 of acetate.

In an attempt to distinguish between the acetate derived pathways B/B' and the acetate
and mevalonate derived pathways C/C', a feeding study was conducted with [2-13C: 100 mg]
mevalonolactone following the same protocol used for the acetate studies. The 13C NMR
spectrum of the isolated oncorhyncolide diacetate 35 showed no evidence for the incorporation
of mevalonolactone. This negative evidence does not prove that mevalonic acid is not on the
biosynthetic pathway to oncorhyncolide. However, if the biosynthesis of oncorhyncolide
proceeded from acetate, via mevalonate, then it would not be unreasonable to expect carbons
Cl11, C12, C13, Cl14 and C16 to show lower incorporation levels. These carbons have virtually
the same incorporation levels as the other carbons in the molecule. Considered together, the
uniform labelling and the negative incorporation of mevalonolactone suggests that mevalonate is
probably not an intermediate in oncorhyncolide biosynthesis.

The biosynthesis of polyketides is thought to proceed via a mechanism similar to that of
fatty acid biosynthesis which is carried out by an enzyme system known as the fatty acid
synthase (FAS) system. Fatty acid biosynthesis involves the successive extension of an acyl
chain by two methylene groups obtained, via malonate, from acetate.4? Polyketide biosynthesis
1s thought to be carried out by a set of enzymes known as the polyketide synthase (PKS) system
(Figure 17).4 A more complex molecule can be biosynthesized from this system by omitting
some of the reduction-dehydration-reduction steps normally used to convert the acetate keto
group to a methylene group or olefin.

Evidence is mounting for a so-called “processive™ polyketide biosynthesis in which the
oxidation state at the keto group of the [-keto thioester is adjusted before the next carbon
extension occurs.?? In addition, it has been suggested that the intermediates in polyketide
biosynthesis remain enzyme-bound and are released only for final modifications such as

cyclization and oxidation.
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Figure 17. Proposed polyketide synthase system. 4
ACP acyl carrier protein
KS ketone synthase
KR ketone reductase
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ER enoy! reductase

The biosynthesis ot oncorhyncolide is unusual because of the methyl branches at chain
carbons derived from the carbonyl carbons of acetate units. The feeding studies indicated that
oncorhyncolide biosynthesis is initiated by an acetate starter unit at C14/C13. This is followed by
addition of a second acetate unit, via malonate, to form acetoacetyl-SEnz. Malonate is derived
from acetate and is activated by coenzyme A (CoA). If oncorhyncolide is biosynthesized by a
“processive” mechanism then one would expect the introduction of the methyl branch at this
stage and a proposed mechanism is given in Figure 18. A third acetate unit, presumably from
malonate, is added via an aldol-like condensation and subsequent decarboxylation results in a

five carbon enzyme-bound unit.
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Figure 18. Proposed mechanism for methyl branching at C16 in oncorhyncolide.

The enzyme-bound five carbon unit undergoes an addition of five acetate units in the
PKS system and after each addition the oxidation state at the -keto group is adjusted (Figure 19
A-G). The introduction of the methyl branch at C3 may arise by the addition of an acetate group
at C3 (F) and subsequent decarboxylation, or by the addition of an intact acetate unit at C1/C2
(G) and decarboxylation of the straight chain. It is not possible to distinguish between these two

possibilities and both lead to intermediate H and finally to oncorhyncolide (34).
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Figure 19. Proposed enzyme-bound thioester intermediates in the ““processive” mechanism of
oncorhyncolide biosynthesis.
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4.3. Conclusion

Stable isotope studies on oncorhyncolide have shown that all the carbons are derived
from acetate. Analysis of the labelling patterns revealed the incorporation of seven intact acetate
units in the linear carbon chain extending from C1 to C14. These results are consistent with the
biogenetic pathway B/B' shown in Figure 10. The methyl branches at C15 and C16 are derived
from the C2 of acetate and are attached to carbon atoms derived from the carbonyl carbon, C1, of
an acetate unit. This type of methyl branching, formed by the decarboxylation of an acetate unit,
is quite rare in polyketide biosynthesis and has only been reported from bacterial metabolites
including the aurantinins,*> myxopyronin,*® myxovirescin A4’ and the virginiamycins.40 An
exception is cylindrocyclophane D which is produced by a cyanobacteria.#8 The results presented
in this thesis do not provide any insight into the mechanism of this unusual methyl branching and
further studies involving the incorporation of more advanced precursors are required.

Oncorhyncolide (34) has a unique structure that is apparently not related to other known
microbial metabolites isolated from terrestrial sources. As mentioned earlier, the okadaic ester
37, isolated from cultures of the dinoflagellate Prorocentrum concavum, contains a seven-
carbon ester fragment that resembles the methyl branched diene system in oncorhyncolide. This

seven-carbon ester fragment in 37 is also derived completely from acetate.#9

te 1108 6 4
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5. SECONDARY METABOLITES FROM PSEUDOMONAS FLUORESCENS
(91QQ48)

5.1. Introduction

The marine isolate 91QQ48 was obtained from tissues of an unidentified tunicate
collected from rock ledges off Prince of Wales Island in Moira Sound, Alaska. The tunicate was
sectioned and inoculated directly to the surface of a variety of media. Isolate 91QQ48 was
recovered from starch agar. Initial screening by Dr. M. Kelly showed that the marine isolate
91QQ48 exhibited antibacterial activity against Gram-positive bacteria including several
organisms that are resistant to currently available antibiotics (see Table 2, page 16). The
organism was identified as the Gram-positive bacterium Pseudomonas fluorescens by using
classical biochemical methods and cellular fatty acid analysis (MIDI system, Newark, Delaware).

Preliminary studies showed that extracts of liquid shake cultures of P. fluorescens had
no antibacterial activity. However, cultures grown on solid media resulted in extracts which, at
low concentrations, inhibited methicillin-resistant Staphylococcus aureus. Therefore, P.

fluorescens was grown in moderate scale culture on solid media.

5.2. Isolation of secondary metabolites from Pseudomonas fluorescens>?

Forty-six aluminium trays (23 x 33 x 5 cm) each containing 500 mL of tryptic soy broth
medium, 1 % agar and 1 % sodium chloride were each inoculated with 2 mL of an actively
growing liquid culture of P. fluorescens. The cultures were incubated for 3 days at room
temperature at which time the cells were gently scraped off the solid media. The scraped media
was sectioned into 3 x 3 cm cubes and immersed in ethyl acetate. After 24 hours the ethyl acetate

was decanted, dried over sodium sulfate, and concentrated in vacuo to give a pungent dark red
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oil. The ethyl acetate extraction of the agar cubes was repeated three times to yield 12.4 g of the
crude oil.

The crude extract was processed in a batchwise manner beginning with reversed-phase
silica column chromatography (eluent: 65:35 methanol/0.025 M phosphate buffer, pH 6.86). The
chromatographic fractions were pooled into four fractions on the basis of their TLC behaviour
and antimicrobial activity. Each of the four pooled fractions was concentrated in vacuo to remove
the methanol and the aqueous residue was exhaustively extracted with ethyl acetate. The fastest
eluting fraction (6.4 g) was chromatographed on Sephadex LH-20 (eluent: ethyl acetate/
methanol/water 8:2:1) and again the chromatographic fractions were pooled into fractions on the
basis of their TLC behaviour and antimicrobial activity. Further purification of the pooled
antimicrobial fractions from the Sephadex LH-20 column by reversed-phase HPLC (eluent:
methanol/0.025 M phosphate buffer, pH 6.86) yielded pure samples of moiramide A (38) (25
mg), moiramide B (39) (27 mg) and andrimid3! (41) (1 g) as well as a partially pure sample of
moiramide C (40).52 Final purification of the impure moiramide C via normal phase silica gel
HPLC (eluent: ethyl acetate/hexane 7:3) yielded 1.5 mg of pure compound. The slowest eluting
fraction from the reversed-phase silica column contained a red pigment that was identified as

prodigiosin (33).34

40 Moiramide C
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5.3. Results and Discussion

5.3.1. Moiramide A (38)

Moiramide A (38) was isolated as an amorphous white solid. The HREIMS spectrum
showed a molecular ion at m/z 285.1366 corresponding to a molecular formula of C17H9NO3
(AM +0.1 mmu). The molecular formula indicated that 38 had 9 sites of unsaturation. Table 5
provides a summary of the NMR data acquired for compound 38. The 'H NMR spectrum
(Figure 20) of moiramide A contained a methyl doublet at & 1.76, a methylene resonance at
5 2.68 and a downfield methine resonance at 8 5.25. Six olefinic protons were observed from
5 5.89 to 7.00 ppm, and five aromatic protons from 8 7.2 to 8 7.3 indicated the presence of a

phenyl ring. A doublet at & 8.48 in the 'H NMR spectrum showed no HMQC correlation to a
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carbon resonance and was assigned to an amide proton. The broad singlet at 8 12.25 had no

attached carbon and was assigned to a carboxylic acid proton.

Table 5. 'H and 13C NMR data for moiramide A (38).

C# | B3¢ IHb COSY HMBC¢
1 1716 f— — H2" H3"
2" K09 PR.68m H3" H3"
3" H9.5  15.25.dd(15.3.8.3) H2".NH H2"
i 426 [ — H2" H3"

5 1264 [7.30.4(4.1) — —
6 1282 [7.30.d(4.1) — —
7 1269 [1.22.m — —
R [128.0 [71.30.d4.1) — —

5" 1264 [1.30,d(4.1) — —
NH | —  B.48.d(8.3) H3" —

1 1642 | — — H3" NH,H2" H3"
R 1241 6.00,d(15.0) H3" —

37 11394 17.00.dd(15.0,11.3) H2" H4" [H5"

i [128.0 16.25,4d(14.8.,11.3) H3" H5"  [H2" H5" H6"

5" [138.9  6.53.dd(14.8.10.7) H4" H6™  |H3" H4" H7"

b 1314 6.18,ddd(15.0.10.7.1.5) __|H5"H7" _ |H4" H8"

7" 1333 5.89.m H6" HE™  |H5".HR"

8" [18.2  |1.76.4(6.6) H7" H6™ H7™

1.0H | _ 12.25 b — —

2 Recorded in DMSO-dg at 125 MHz. Chemical shifts in ppm relative to solvent.
b Recorded in DMSO-dg at 400 MHz. Chemical shifts in ppm relative to solvent.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 21. 13C and APT NMR spectra of moiramide A (38) (125 MHz, DMSO-dg).
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Figure 22. HMQC NMR spectrum of moiramide A (38) (500 MHz 'H NMR, DMSO-dg).
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The 13C NMR spectrum of 38 (Figure 21) showed fifteen resolved carbon resonances.
Analysis of the APT (Figure 21) and HMQC (Figure 22) NMR data demonstrated the presence
of a mono-substituted aromatic ring. The five aromatic proton resonances from 8 7.2 10 6 7.3
were attached to three '3C resonances at 6 126.4, 6 126.9 and & 128.2. This data was
consistent with a symmetrically substituted benzene ring where C5" and C9" as well as C6" and
C8" are chemically equivalent. Since the 13C resonances at 8 126.4 and & 128.2 accounted for
two carbons each, the 13C NMR spectrum confirmed the presence of seventeen carbon atoms.
An APT experiment (Figure 21) indicated one methyl, one methylene and twelve methine groups
accounting for seventeen of the nineteen protons in the molecule. The deshielded resonances at
8 171.6 and & 164.2 in the 13C NMR spectrum were assigned to the carbonyl carbons of a
carboxylic acid and an amide group, respectively. Six olefinic carbons were identified,
corresponding to the 13C NMR resonances at & 124.1 (CH). 128.0 (CH), 131.4 (CH), 133.3
(CH), 138.9 (CH) and 139.4 (CH). '3C NMR resonances at 6 126.4 (2 x CH), 126.9 (CH),
128.2 (2 x CH) and 142.6 were assigned to aromatic carbons. The six olefinic carbon
resonances and the two carbonyl functionalities account for five of the nine sites of unsaturation
in the molecule and the remaining four sites of unsaturation were assigned to a phenyl ring.

Analysis of the 'H, COSY (Figure 23) and HMQC (Figure 22) NMR data of moiramide
A identified three fragments. A. B and a phenyl ring. Together these fragments accounted for
eighteen of the nineteen protons in the molecule. The remaining proton was assigned to that of a
carboxylic acid. A methyl doublet at 6 1.76 (H8""), integrating for three protons, was coupled
to an olefinic proton. a multiplet at & 5.89 (H7""), which in turn showed a correlation to the
olefinic proton at & 6.18 (H6™). The H6™ proton was also coupled to an olefinic proton at
8 6.53 (H5™). The H5" doublet of doublets was coupled to the H4" olefinic proton at § 6.25
which in turn showed a correlation to the doublet of doublets at 8 7.00 (H3"'). A correlation
from the H3" proton to the doublet at & 6.00 (H2"') completed fragment A.

In fragment B a multiplet at 8 2.68 (H2"), integrating for two protons, was coupled to a
methine proton at 8 5.25 (H3"). The downfield chemical shift of this proton together with a 13C

chemical shift of 49.5 ppm for its attached carbon suggested that the methine carbon was attached
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to a nitrogen atom. A COSY correlation was observed between the H3" methine proton and a
doublet at 8 8.48 (NH). The proton at d 8.48 was not attached to a carbon and was therefore

assigned to an amide proton due to its downfield chemical shift.

5890 6.53 7.00 5.25
H H H H
HH
8.48 ) 68
A B

Examination of the HMBC spectrum (Figure 24) of moiramide A connected the three
fragments and assigned the two carbonyl groups. HMBC correlations between the carbonyl
carbon at 8 164.2 (C1™) and the protons at & 5.25 (H3"), d 8.48 (NH), 6 6.00 (H2") and
0 7.00 (H3™) positioned the carbonyl carbon C1" between the olefinic carbon C2"' of
fragment A and the nitrogen of fragment B. HMBC correlations from the methylene protons at
0 2.68 (H2") and the methine proton at 8 5.25 (H2") to the quaternary carbon at 8 142.6 on
the phenyl ring and HMBC correlations from the protons at 8 2.68 (H2") and & 5.25 (H3") 10
the carbonyl carbon at 8 171.6 give rise to two possible structures depicted in Figure 25. The
HMBC data is consistent with the attachment of either the phenyl ring or the carboxylic acid to
C3" or C2". Structure 38a gives rise to the normal amino acid phenylalanine, whereas 38 gives

rise to a B-phenylalanine moiety.
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Figure 25. HMBC correlations for moiramide A.

The observed HMBC correlation from a proton at § 7.30 on the phenyl ring to C3" (3 49.5)
(Figure 24) would be a three bond correlation in 38 but a four bond correlation in 38a (Figure
26). Since the HMBC experiment is optimized for two and three bond correlations, this
correlation unambiguously attaches the phenyl ring to C3" and supports the proposed

constitution for 38.
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HMBC correlation

Figure 26. An HMBC correlation for moiramide A.
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The configurations of the olefinic functionalities were determined by NOE difference
experiments (Figure 27). Irradiation of the signal for H5" resulted in enhancement of the H3™
and H7" signals. This suggested an E configuration for the A*"-3" and A®"7" double bonds.
The signal for H4” was enhanced by irradiation of the H2"' resonance suggesting an E
configuration for the A2"3" olefin.

The NMR data presented for moiramide A supports the proposed constitution for 38.

The absolute configuration of C3" in 38 will be discussed in section 5.3.5.

54% 44 %

Figure 27. Results from selected NOE difference experiments on moiramide A.

5.3.2. Moiramide B

Moiramide B (39) was isolated as an amorphous white solid. The HREIMS spectrum

showed a molecular ion at 453.2262 corresponding to a molecular formula of Cy5H31N3O5
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(AM -0.1 mmu). This molecular formula indicated that 39 had twelve sites of unsaturation.
Examination of the NMR data, summarized in Table 6, suggested that moiramide B
contained a PB-phenylalanine moiety and an olefinic chain as depicted by fragment A. Four
olefinic resonances in the 'H NMR spectrum (Figure 28) at 8 5.92, 6.06, 6.19 and 6.95 and a
methyl doublet at 8 1.78 suggested that moiramide B contained a hexadienoyl fragment in place
of the octatrienoyl fragment present in moiramide A. No carboxylic acid proton was observed in

the 'H NMR spectrum of 39.

7.2-7.3

Moiramide B had a more complex structure than moiramide A since additional resonances
in the 'H NMR spectrum of 39 included three upfield methyl doublets, two methine signals at
4 3.91 and 8 4.61, a second amide proton at & 8.08 and a broad singlet at  11.33.

The 13C NMR spectrum of moiramide B (Figure 29) showed twenty-three resolved
resonances. The aromatic resonances at 8 126.4 and & 128.2 accounted for two carbons each
so that the 13C NMR spectrum confirmed the presence of twenty-five carbons. An APT
experiment (Figure 29) indicated four methyls, one methylene and fourteen methine groups
accounting for twenty-eight of the thirty-one protons in the molecule. The deshielded 13C NMR
resonances at & 164.4. 1698, 173.7, 180.0 and 203.3 suggested that 39 contained five
carbonyl functionalities and these accounted for the five oxygen atoms in the molecule. Fragment
A accounted for eight of the twelve sites of unsaturation in moiramide B. Three sites of
unsaturation are accounted for by the three unassigned carbonyl functionalities and the remaining

site of unsaturation had to be a ring.



Table 6. 'H and !*C NMR data for moiramide B (39).

C#* [13Ca 13Hb COSY HMBC¢
1-NH | — 11.33,bs — —
2 173.7 — — H3
3 57.8 3.91,d(5.5) H4 H1,H4 H6
o 38.9 2.90,dq(7.3,5.5) H3 . H6 H1,H3 H6
5 180.0 — — H4,H6
6 14.5 1.07.d(7.3) H4 H3 H4
i’ 203.3 — — H3 H4 H2'
2 63.0) H.61,dd(8.4,5.4) D' -NH H3' 2'-NH H4' HS'
3’ 8.1 2.28.m H2' H4' HSY H2' H4' HS'
2y 17.2 ).74,d(6.7) H3' H3' HS'
5 19.4 ).79,d(6.7) H3' H4'
2-NH | — 8.08,d(8.4) H2' —
1" 169.8 e — H2' H2'-NH,H2a" H2b" H3"
2a" 141.9 2.63,dd(14.3,6.0) H2b" H3" H3"-NH
2b" — 2.76.dd(14.3,8.6) H2a" H3" —
3" 19 8 5.27.m H2b" 3"-NH H2a" H2b", H3"-NH
4" 142.8 — — H2a" H2b", H3"
5" 126.4 7.3 — —
6" 128.2 7.3 — —
7" 126.8 7.20.m — —
]" 128.2 7.3 — e
9" 126.4 7.3 — —
3"-NH | — 3.37.d,(8.4) H3" —
1" 1644 — — H3" 3"-NH H2" H3"
oA 1229 5.92.d(15.1) H3™ —
3" 1394 6.95,dd(15.1,10.8) H2" H4™ H2" H4" H5"
= 1299 6.19.dd(15.0,10.8) H3" H5™ H2" H6™
5" 136.6 6.06. m H4™ H6™ H3" H4" H6™
6" 18.2 1.78.,d(6.5) HS™ H4"™ H5™

4 Recorded in DMSO-dg at 125 MHz. Chemical shifts in ppm relative to solvent.
b Recorded in DMSO-dg at 400 MHz. Chemical shifts in ppm relative to solvent.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 28. 'H NMR spectrum of moiramide B (39) (400 MHz, DMSO-d,).
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Figure 31. HMQC NMR spectrum of moiramide B (39) (500 MHz 'H NMR, DMSO-dg).
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Analysis of the 'H, COSY (Figure 30) and HMQC (Figure 31) NMR data for
moiramide B identified two additional fragments, B and C. In fragment B two methyl doublets
at 8 0.74 (H4") and 8 0.79 (H5") showed COSY correlations to a methine proton at & 2.28
(H3") which in turn was coupled to a doublet of doublets, integrating for one proton, at 8 4.61
(H2"). The H2' proton showed a correlation to a doublet which integrated for one proton at
3 8.08 (2'-NH). This proton at o 8.08 had no proton-carbon correlation in the HMQC
spectrum and was therefore assigned to an amide proton. The downfield chemical shift of the
methine proton H2' and a 13C chemical shift of 63.0 ppm for its attached carbon suggested that
C2' was attached to a nitrogen atom. In fragment C a methyl doublet at & 1.07 (H6) showed a
COSY correlation to a methine proton at 8 2.90 (H4) which in turn was coupled to a methine

doublet at & 3.91 (H3).

The 'H, COSY. 3C and HMQC NMR data identified fragments A, B, and C, together
accounting for thirty protons, twenty-three carbons, two nitrogens and two oxygen atoms in the
molecule and eight of the twelve sites of unsaturation.

An HMBC experiment (Figure 32) assigned the three remaining carbonyl groups and the
proton at 8 11.33. This downfield proton had no attached carbon. HMBC correlations between
the carbon resonance at 6 169.8 (C1") and the protons at & 4.61 (H2') and 6 8.08 (2'-NH)
connected fragments A and B by an amide bond. The carbonyl at C1' was positioned between
C2' and C3 by HMBC correlations from the protons at 6 2.90 (H4), 6 3.91 (H3) and 6 4.61
(H2') to the carbon at 8 203.3 (C1'). HMBC correlations from the proton resonances at § 2.90

(H4) and & 1.07 (H6) to the carbonyl carbon at 8 180.0 (C5) assigned C5 adjacent to the



methine carbon C4. The final carbonyl was assigned from the HMBC correlation between the H3
proton at 8 3.91 and the carbon at 8 173.7 (C2). HMBC correlations from the H1 imide proton
at 6 11.33 into the carbons at & 57.8 (C3) and 8 38.9 (C4) (Figure 33) formed an

acylsuccinimide ring. Selected results from the HMBC experiment are summarized in Figure 34.

N

HMBC correlation
O
f\H
L
" N
H

Figure 34. Selected HMBC correlations for moiramide B (39).

The configurations of the olefinic double bonds were determined by NOE difference
experiments (Figure 35). Irradiation of the H3" resonance at & 6.95 resulted in the
enhancement of the H5" resonance at 8 6.06. This suggested an E configuration for the A4"3"
double bond. The signal for H2" was enhanced by irradiation of the H4™ resonance,

demonstrating an E configuration for the A2"3" olefin.

/~ "\ NOE

Figure 35. Results from selected NOE difference experiments on moiramide B (39).
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From the NMR data it was not possible to determine the relative configurations at C3,

C4, C2' and C3". The stereochemistry of the chiral centers in moiramide B will be discussed in

section 5.3.5.

5.3.3. Moiramide C (40)

Moiramide C (40) was isolated as an amorphous white solid. A molecular ion in the
HREIMS at m/z 495.2379 corresponded to a molecular formula of C;7H33N304 (AM +0.9
mmu).The molecular formula of 40 indicated that the molecule had thirteen sites of unsaturation.
Examination of the 'H and !13C NMR data for moiramide C (Table 7) revealed that it contained
the octatrienoyl and B-phenylalanine fragments present in moiramide A and the valine moiety
present in moiramide B (39).

The acylsuccinimide portion of moiramide C seemed to be different from that in
moiramide B. From the 'H NMR spectrum of moiramide C (Figure 36) it was apparent that the
resonance assigned to H3 in moiramide B was absent in moiramide C and the proton resonance
at 8 2.89 (H4) in moiramide C was simplified to a quartet. These data together with the
appearance of a sharp singlet at 8 6.99 in the 'H NMR spectrum of moiramide C suggested the
presence of a hydroxyl functionality at C3. Further support for the hydroxyl functionality came
from the presence of a resonance at 8 86.8 (C3) in the '*C NMR spectrum (Figure 37) that had
no HMQC correlation (Figure 38) but was correlated to the hydroxyl proton at 8 6.99 and to the

H1 imide proton at 8 11.41 in the HMBC spectrum (Figure 39).



Table 7. 'H and !3C NMR data for moiramide C (40).

C* | d13Ca S13Hb COSY HMBC¢
1 — 11.41.bs — —

D 174.8 | — — —

3 6.8 — — H13-OH
] 186 1.89.9(7.1) H6 H1,H6

5 176.6 | — _ H4,H6
N 0.71.d(7.1) H4 H4

3-OH | — 6.99. 5 — —

U P86 | — — H4 H2'3-OH
2 [58.0  [5.18.dd(9.4,3.4) D' NH,H3 H4' H5'

3 P74 [P.50.m H2'.H4 H5' H2' H5' HS'
b 159 10.61,d(6.8) H3' H2 HS'

s 197 K.81.d(6.8) H3' Ha'

D" NH | — 783d(9.4) H2' —

1" 695 | — — D _NH,H2" H3"
2" B8 |P.66.d(7.4) H3" H3"

37 H99  [5.25.m H2" 3".NH H2"
b a2y [ — — H2", H3"
s 1263 [73 — —

6" 11280 7.3 — —

7 1267 [7.19.m — —
3" 1128.0 7.3 — —
o 1263 [7. — —
3"-NH|— 8.33.d,(8.5) H3 —

1 el | — — R NH H2"
2 N124.2 15.99.4(15.1) H3" —

37 113927 16.98.dd(15.1,11.4) H2" H4™ H5™
L1280 16.24.4d(15.0,11.4) H3"H5" —
57 11388 }6.53.dd(15.0,10.9) Ha" H6" —
6" 1314 J6.18,ddd(15.0.10.9,1.5) JH5""H7" H4" H8™
77 1332 [5.90.m H6™ HR™ H5™ HR"
8" 182 [1.76.4(6.4) H7" —

75

2 Recorded in DMSO-dg at 125 MHz. Chemical shifts in ppm relative to solvent.
b Recorded in DMSO-d¢ at 400 MHz. Chemical shifts in ppm relative to solvent.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 36. TH NMR spectrum of moiramide C (40) (400 MHz, DMSO-dy).
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Figure 40. 'H COSY NMR spectrum of moiramide C (40) (400 MHz, DMSO-dg).



The hydroxyl proton at & 6.99 (3-OH) also gave an HMBC correlation to the carbonyl
resonance at 6208.6 (C1'). The COSY NMR data (Figure 40) supported the proposed
connectivities in moiramide C (40).

Comparison of the 'H NMR data for moiramide C with the NMR data of the octatrienoyl
fragment of moiramide A suggested an all E configuration for the olefinic double bonds. NOE
difference experiments (Figure 41) established a trans relative stereochemistry of the methyl and
hydroxyl substituents on the acylsuccinimide ring. Irradiation of the signal for H4 resulted in the
enhancement of the hydroxyl proton (3-OH) signal, and the H4 signal was enhanced by the
irradiation of the hydroxyl proton resonance at 8 6.99.

The NMR data for moiramide C did not provide any information about the relative
stereochemistry at C2' or C3", however, the data supported the proposed constitution of 40. The

stereochemistry of the chiral centers in moiramide C will be discussed in section 5.3.5.

/~ T\ NOE

3.1 %

Figure 41. Results from selected NOE difference experiments on moiramide C.

5.3.4. Known compounds from Pseudomonas fluorescens

Two known compounds andrimid (41)3! and prodigiosin (33)34 were isolated from the
ethyl acetate extract of a P. fluorescens culture. Andrimid was isolated as an amorphous white
solid. Its structure was determined by the comparison of its 'H and '3C NMR data (see
experimental) with published results.3!* A molecular ion in the HREIMS at m/z 479.2416

confirmed the molecular formula C27H33N3Os (AM -0.4 mmu).
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Andrimid was initially isolated from cultures of Enterobacter sp. that is found as an
intracellular symbiont of the brown planthopper Nilaparvata lugens. Andrimid exhibits potent
antibiotic activity against Xanthomonas campestris pv. orzae, the pathogen that causes bacterial
blight in rice plants.

Prodigiosin, isolated as a red powder, was identified by the comparison of its 'H NMR
and MS data with literature values.34P A molecular ion at 323.2006 in the HREIMS
corresponded to a molecular formula of C;oH24N30 (AM +0.8 mmu). This pigment was

isolated from liquid cultures of Serratia odorifera discussed previously in this thesis.

.

H H
: N N NN CH,
Ao AN \ /7 7 L
H OCHjs CsH,
41 Andrimid 33 Prodigiosin

5.3.5. The absolute stereochemistry of moiramides A, B and C

The absolute configuration of the four chiral centers in andrimid (41), originally isolated
from cultures of an Enterobacter sp., were determined to be (3R,4S5,2'S,3"S) by amino acid
analysis3!2 and stereocontrolled synthesis.>'® There is no circular dichroism or rotation
information in the literature for this sample that would provide a quick method for confirming the
absolute configuration of the andrimid isolated from P. fluorescens. However, it has been
assumed that the andrimid isolated from P. fluorescens is identical to the sample originally
isolated from the bacterium Enterobacter sp.. Families of related natural products generally have
the same absolute configurations. It has also been assumed that the absolute configuration of the
chiral centers in moiramides A and B are the same as those in andrimid based upon their

structural similarity.
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Figure 42. Circular Dichroism spectra of andrimid (41) and moiramides A (38), B (39) and
C(40) (recorded in methanol).



In an attempt to verify the configurations of moiramides A (38), B (39) and C (40)
circular dichroism (CD) spectra of andrimid (41) and compounds 38, 39, and 40 were recorded
in methanol (Figure 42).

The major Cotton effect observed for moiramide A (38) at 245 nm had the same sign as
that observed for andrimid. This suggested that C3" in moiramide A had the same configuration
as in andrimid. This band, also seen in moiramides B and C, as are well as in andrimid can be
tentatively assigned to the -phenylalanine moiety present in all four compounds.

The CD spectrum of moiramide B is similar to that for andrimid suggesting that the
configurations of the four chiral centers in moiramide B (39) are identical to those in andrimid.
Further evidence for this assignment was provided by the NMR data. The NMR data for
moiramide B was nearly identical to that for andrimid except for the resonances assigned to the
polyene fragment.

A trans relative stereochemistry of the methyl and hydroxyl substituents on the
acylsuccinimide ring in moiramide C was established by NOE difference experiments. If the
configuration at C4 in moiramide C (40) is assumed to be identical to the configuration in

andrimid then the stereochemistry of this compound is as depicted in structure 40 (Figure 42).

5.3.6. Antimicrobial activity of andrimid and moiramides A, B and C

The ethyl acetate extract from the solid culture of P. fluorescens had shown antibacterial
activity against Staphvlococcus aureus and methicillin-resistant S. aureus. Moiramides A to C
and andrimid were tested for antumicrobial activity against a variety of microorganisms.
Moiramides A and C were found to be inactive against the test organisms. The in vivo
antimicrobial activities of moiramide B and andrimid are listed in Table 8 along with the results
from the known anubiotic ciprofloxacin. The antibiotic activities are recorded as minimum
inhibitory concentrations (MIC), that is, the smallest amount of compound needed to inhibit the

growth of the test organism.
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Table 8. Antimicrobial activities of moiramide B (39), andrimid (41) and ciprofloxacin.

Minimum inhibitory concentration pig/mL

est Organism Moiramide B|] Andrimid | Ciprofloxacin
Staphylococcus aureus 2 4 0.25
S. aureus (methicillin-resistant) 0.5 2 0.25
S. aureus (oxacillin-resistant) 1 8
S. aureus (oxacillin, gentamicin, ciprofloxacin- 0.5 2
resistant
Enterococcus faecium (vancomycin-resistant) 4 32 0.12
Escherichia coli (permeability mutant) 0.25 2 <0.015
Fscherichia coli 16 64 0.03
Pseudomonas aeruginosa >128 >128 0.50
Candida albicans >128 >128 <0.06

Moiramide B (39) and andrimid (41) both showed significant antibacterial activity
against the test organisms. Both compounds exhibited activity only against Gram-positive
bacteria. They did not show significant activity against the Gram-negative bacterium
Pseudomonas aeruginosa or the yeast Candida albicans. In contrast, the known antibiotic
ciprofloxacin exhibited a broad spectrum of activity against both Gram-positive and Gram-
negative bacteria as well as the yeast Candida albicans. Moiramide B and andrimid exhibited
potent antibacterial activity against drug-resistant strains of the human pathogen Staphylococcus
aureus. Andrimid was found to have only weak in vivo antibacterial activity against S. aureus in
mice (EDsg 2 16 mg/kg) and was found not to be cytotoxic.

McWhorter et al. observed a strict requirement for the methyl group and stereochemistry
at the C3 and C4 positions of the acylsuccinimide ring for antimicrobial activity in andrimid
(50).51° This observation was reinforced by the observed antimicrobial activities of moiramides
A to C. Moiramide A with no acylsuccinimide ring and moiramide C with the presence of a 3R
hydroxyl functionality both showed no antibacterial activity. Only moiramide B and andrimid

with a 4S-methyl group were biologically active.
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5.4. Conclusion

Examination of the ethyl acetate extracts of a solid culture of Pseudomonas fluorescens
obtained from an unidentified tunicate in Moira Sound, Alaska, led to the isolation of moiramides

A (38), B (39) and C (40). The known compounds andrimid (41) and prodigiosin (33) were

also isolated from this extract.

38 Moiramide A

g H
; N X N\ CH3
= S AN N =
H OCH; CiH,,

41 Andrimid 33 Prodigiosin

The crude extract showed anumicrobial activity against Staphylococcus aureus and
methicillin-resistant §. aureus. Moiramide B and andrimid proved to be the compounds

responsible for this activity.



6. BIOSYNTHESIS OF ANDRIMID

6.1. Biogenesis

The biogenetic origin of the 3-acyl-4-methylsuccinimide fragment in andrimid (41) and
moiramides B (39) and C (40) was not immediately obvious from their structures and a search
of the literature failed to provide any clear precedent for the biogenetic origin of this fragment.
Four alternative biogenetic origins (A, B, C, D) for the acylsuccinimide ring in andrimid that
seemed reasonable possibilities at the outset of this study are depicted in Figure 43. The four
pathways all start with linear fragment R corresponding to moiramide A (38).

In pathway A four of the succinimide ring carbons are derived from glutamic acid.
Nucleophilic addition of glutamic acid to fragment R followed by ring closure and loss of the
glutamate C1 by decarboxylation provides the acylsuccinimide ring. Subsequent methylation,
presumably from S-adenosylmethionine, at C4 of the succinimide ring leads to andrimid. This is
an attractive pathway since the amine group of glutamic acid provides the nitrogen in the
acylsuccinimide ring of the natural product. Precedent for the loss of C1 of glutamate is provided
by the formation of the maleimide ring during the biosynthesis of showdomycin.>3

Succinic acid provides the four succinimide ring carbons in pathway B. Nucleophilic
addition of succinic acid to the carbonyl carbon of a valine moiety, the introduction of nitrogen,
possibly from ammonia, and ring closure leads to the formation of the succinimide ring.
Subsequent methvlation, presumably from S-adenosylmethionine, would lead to the natural
product. This 1s an auractive pathway since the correct oxidation state exists at C5.

Pathways C and D are based on a proposal put forward by McWhorter et al. during the
stereocontrolled svnthesis of the acylsuccinimide ring in andrimid.?!® The synthesis was based
on an expected biogenetic pathway in which a valine residue, accounting for Cl' to C5', is

homologated with an acetate unit presumably via malonyl-CoA.
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Figure 43. Alternative biogenetic origins of the acylsuccinimide ring in andrimid.
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This acetate unit would account for C2 and C3 of the acylsuccinimide ring. McWhorter et al. did
not propose a biogeneuc origin for the carbons C4, C5 and C6 or the nitrogen of the
acylsuccinimide ring.

Pathway C involves the homologation of the valine moiety of fragment R by an acetate
unit to form a new y-amino-B-keto acid. The C6 methyl group as well as C4 and CS5 of the
acylsuccinimide ring may originate from pyruvic acid. The introduction of nitrogen, possibly
from ammonia, and ring closure leads to andrimid. This is an attractive pathway since the correct
oxidation state exists at C5 of the acylsuccinimide ring and pyruvic acid provides the C4 methyl
branch.

In the fourth proposal. pathway D, the valine moiety of fragment R is homologated by an
acetate unit, presumably via malonyl-CoA. The C6 methyl branch as well as the C4, C5 and the
nitrogen of the acylsuccinimide ring may originate from threonine. Loss of the threonine C1 by
decarboxylation and ring closure would lead to the natural product. This is an attractive pathway
since threonine provides the C4 methyl branch and the ring nitrogen.

A precedent for the homologation of an amino acid residue by an acetate unit is found in
the biosynthesis of (3S,4R)-4-amino-3-hydroxy-6-methylheptanoic acid (AHMHA).542 In
AHMHA an L-leucine residue is homologated by an acetate unit. This unusual amino acid is a
component of the pepstatins (for example 42)% and pepsidines.’> Another unusual amino acid,
4-amino-3-hydroxy-5-phenyvlpentanoic acid (AHPPA), found in the aphatinins (for example

43)%¢ may be derived from the homologation of phenylalanine by acetate.

O H H
H W oM 0 e
N , N N COOH
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In an attempt to distinguish between the various possible biogenetic origins of the
acylsuccinimide ring in andrimid depicted in Figure 43, the following series of stable isotope
feeding experiments were proposed. 1) A feeding experiment using [1-13C]valine would confirm
that carbons C1' to C5' in pathways A to D are derived from valine. 2) Feeding [1-13C|sodium
acetate would distinguish between pathways A/B and C/D. If acetate was not incorporated into
the C2 of the acylsuccinimide ring this would support pathways A and B. To distinguish
between pathways A and B 13C labelled glutamic acid and succinic acid would be fed in separate
experiments. 3) Feeding [2-!3C,!5N]glutamic acid would determine if the carbons C2 to C4 and
the ring nitrogen in pathwav A are derived from glutamic acid. 4) Incorporation of |1,4-
13C,]succinic acid into andrimid would support pathway B in which carbons C2 to C4 of the
acylsuccinimide ring originate from succinic acid. 5) The origin of the C6 methyl group in
pathways A and B can be probed by feeding {methyl-13C}methionine. Incorporation of acetate
into C2 of the acylsuccinimide ring in experiment 2 would support pathways C and D, and 13C
labelled pyruvic acid and threonine would be fed in separate experiments to distinguish between
these two pathwavs. The incorporation of valine and acetate incorporation into C2 of the
acylsuccinimide ring would provide evidence for the proposal by McWhorter et al. in which a
valine residue is homologated by an acetate unit. 6) Feeding [1-13CJsodium pyruvate would
determine if the C6 methyl group as well as the C4 and C5 of the acylsuccinimide ring in

pathway C originate from pyruvic acid. In this pathway the nitrogen may come from ammonia.
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7) Feeding [2-13C,!5N]threonine would determine if the C4 methyl branch as well as the C4, C5

and the nitrogen in pathway D are derived from threonine.

6.2. Results and Discussion

The labelled precursors [1-13C: 0.5 g]valine, [1-13C: 1 g]sodium acetate and [1,2-13Cy:
0.5 g]sodium acetate were dissolved in water and filter sterilized before adding to the culture
medium (4 x 500 mL tryptic soy broth, 1 % agar, 1 % sodium chloride) just before pouring the
media into aluminium trays (23 x 33 x 5 cm) in separate experiments. The trays were each
inoculated with 2 mL of an actively growing liquid culture of Pseudomonas fluorescens and
incubated for 3 days at room temperature. After this time the cells were gently scraped off the
solid media. The solid media was extracted with ethyl acetate to yield 0.65 g of a pungent dark
red oil. The crude extract was chromatographed on a Sephadex LH-20 column eluted with ethyl
acetate/methanol/water (8:2:1). The andrimid containing fractions were pooled and concentrated
In vacuo to give a pink powder. Further purification by reversed-phase column chromatography
and HPLC (eluent: 65:35 methanol/0.025 M phosphate buffer, pH 6.87) gave andrimid
(50 mg). The incorporation of the labelled precursors into andrimid was determined by the
comparison of the 13C NMR spectrum of andrimid with that of a natural abundance spectrum run
under identical conditions and the results are summarized in Table 9.

Andrimid. isolated from the feeding experiment with [1-13C]valine displayed one
enhanced peak in the 13C NMR spectrum at 8 203.3 (Figure 44). A specific incorporation of
22.4 % at the carbonyl carbon of the valine moiety was observed thus supporting the proposal by
McWhorter et al., and the pathways A to D (Figure 43).

The feeding experiment using | 1-13Clsodium acetate led to the isolation of andrimid that
showed five enhanced peaks in the '3C NMR spectrum (Figure 45) with enrichment at C2, C1™,
C3™, C5" and C7". This suggested that four molecules of acetate were used in the biosynthesis

of the octatrienoyl fragment.



Table 10. Stable isotope incorporation data for andrimid (41).

13
[\]/z;lin(c:l ‘;;;S (1,2-13C; Jacetate 11,2-13C; Jglycine (1,2-13C2,5N]glycine
c* | 8 Pca Specific doubletsP[singletsP | Uic ¢ foubletsP<] singlets? | doublet Woubletsb<] e e | e n | Ue N
Incorponuionb Hy. of Hy. Hr. Hz.
[oubletsbe
2 173.6 0.0 18.4 17.0 0.9 42.8 1.2 0.1
3 57.8 0.1 -0.2 16.2 1.1 42.8 0.3 0.7
4 389 0.0 1.1 0.3 29.3 1.9 10.2 45.8 5.7
S 179.9 0.0 -0.1 -0.1 30.0 12.5 9.7 2.3 45.8 124
6 14.5 0.0 0.0) 17.0 1.1 1.0
I’ 203.3 22.4 0.1 -0.1 0.1
2 63.0 0.0 0.1 -0.1 0.1
¥ 28.1 0.0 0.0 -0).1 0.1
4 17.2 0.0 0.0 0.0 0.0
5 19.3 0.1 0.1 0.0 0.1
1" 169.8 0.0 0.2 0.1 0.0
2" 419 0.1 0.1 0.0 0.1
3" 49.8 0.0 0.0 0.1 0.0
4" 142.8 0.1 0.1 -0.1 0.0
5" 126.4 0.0 -0.1 0.0 0.1
6" 128.2 0.1 0.1 0.1 0.1
7" 126.8 0.1 -0.1 0.0 0.0
8" 128.2 0.1 0.1 0.1 0.1
9" 126.4 0.0 -0.1 0.0 0.1
1" 164.2 0.1 21.7 24 9 1.7 64.4 1.3 2.5
2 124.2 0.1 0.1 20.2 1.9 64.4 1.1 1.7
3" 139.4 0.1 17.7 17.7 1.9 56.3 1.1 2.5
4" 128.0 0.0 -0.3 14.5 2.1 56.2 0.9 1.6
5" 138.8 0.0 18.7 18.3 1.5 55.7 1.0 2.3
6" 1314 0.1 -0.2 16.8 2.1 55.7 1.2 2.1
7" 133.3 0.1 17.2 19.0 1.6 43.0 1.0 2.5
8" 18.2 0.1 -0.1 18.9 1.1 43.0 1.4 2.1

a Recorded in DMSO-dg at 125 MHz. Chemical shifts in ppm relative to solvent.

b Specific Incorporation = % enhancement above natural abundance = 1.1 % x (lintegrated peak area of enriched signal - integrated

peak area of natural abundance singlet] / integrated peak area of natural abundance singlet).!
¢ Integrated peak area of enriched signal = combined integrated area of the multiplet.
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Figure 45. 13C NMR spectra of a) andrimid (41) and b) 41 labelled by | 1-13C]sodium acetate (125 MHz, DMSO-dg).
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Of greater interest was the efficient incorporation (18.4 % specific incorporation) of the labelled
precursor into the carbonyl carbon, C2, of the acylsuccinimide ring. Again, this provided
evidence for the proposal by McWhorter et al. in which a valine moiety is homologated with an
acetate residue as depicted by pathways C and D in Figure 43. The observed labelling pattern
ruled out the biogenetic pathways A and B in Figure 43 since C2 and C3 of the succinimide ring
in these two pathways are not derived from acetate.

An incorporation study using [1,2-13C;|sodium acetate identified the intact acetate units.
The proton decoupled '>C NMR spectrum is provided in Figure 46. This experiment confirmed
the incorporation of four acetate units into the octatrienoyl fragment. It also confirmed the
incorporation of an intact acetate unit at C2/C3 of the acylsuccinimide ring. An interesting,
though unexpected, result was provided by the enhancement of the C6 methyl resonance at
d 14.5 (17.0 % specific incorporation). This signal appeared as a singlet in the proton decoupled
13C NMR spectrum suggesting that the methyl group was not incorporated as an intact acetate
unit. The incorporation of intact acetate units lead to the appearance of doublets flanking a central
singlet in the proton decoupled '*C NMR spectrum. The central singlet is due to natural
abundance 3C in the unlabelled molecules and the doublet that is centered around the singlet is
due to 13C/13C coupling in doubly labelled molecules. This enhancement of the C4 methyl group
suggested that it was derived from the C2 of an acetate unit. The carbons C4 and C5 of the
acylsuccinimide ring were not significantly enhanced by acetate. This experiment ruled out the
biogenetic pathways C and D depicted in Figure 43. The C4 methyl branch in these two
pathways is not derived from acetate.

The results from the acetate and valine feeding experiments provided evidence for the
proposal by McWhorter et al. in which a valine moiety may be homologated with an acetate unit
presumably via malonyl-CoA. The feeding experiments utilizing {1-13C]valine and '3C labelled
acetate have not accounted for the carbons C4, C5 and the nitrogen of the succinimide ring. The
unexpected labelling of the C6 methyl by C2 of acetate gave rise to the proposed pathway for the
formation of the acvlsuccinimide ring in andrimid utilizing valine, acetate and glycine that is

depicted in Figure 47.
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In this proposed pathway the valine moiety is homologated with an acetate unit via malonyl-CoA
to give the new y-amino-f3-keto acid. This new amino acid would form a peptide bond with a
molecule of glycine, which is in turn homologated to a second acetate unit. Decarboxylation at
the terminal y-amino-f-keto acid would lead to the methyl branch at C4. Ring closure followed
by a change in oxidation state at C4 and C5 would lead to andrimid. To test this proposal a
culture of P. fluorescens was fed both [1,2-13C5: 250 mg] and [1,2-13C,,15N: 100 mg] labelled
glycine in separate experiments using the same protocol used for the valine and acetate feeding
experiments.

The 13C NMR spectrum of andrimid resulting from the [1,2-13C;]glycine feeding
experiment (Figure 48) showed significantly enhanced peaks for both the C4 and C5 resonances
(29.3 % and 30.0 % specific incorporation). The C4 resonance at 8 38.9 appeared as a doublet
(Mca.cs = 45.8 Hz) arising from 13C/13C coupling in doubly labelled molecules flanking a
central singlet arising from the natural abundance !3C of unlabelled andrimid. The carbonyl
resonance at 8 179.9 also appeared as a doublet flanking a central singlet. The enriched doublet
(Ueca.cs = 45.8 Hz) from doubly labelled molecules was centered around a singlet that showed
significant enhancement (12.5 % specific incorporation) above the natural abundance 13C
indicating the presence of molecules singly labelled at C5.

Examination of the 13C NMR spectrum (Figure 49) from the [1,2-13C,,15N]glycine
feeding experiment showed that the nitrogen of the acylsuccinimide ring was also derived from
glycine. The C4 resonance now appeared as a doublet of doublets (1Jcs.cs = 45.8 Hz, ZJcant =
5.7 Hz), due to one bond !3C/13C and two bond 13C/!3N coupling in triply labelled molecules,
around a central singlet arising from natural abundance '3C in unlabelled molecules (Figure 50).
The C5 resonance also gave a doublet of doublets (cac5 = 45.8 Hz, Ucany = 12.4 Hz), due
to one bond '3C/13C and '3C/!3N coupling in triply labelled molecules centered around a doublet
(Ueant = 12.4 Hz), due to one bond 13C/13N coupling in doubly labelled molecules, and a
singlet due to the natural abundance 13C in unlabelled molecules of andrimid (Figure 50). These
results provide evidence for the incorporation of glycine into the acylsuccinimide ring of

andrimid.
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Figure 50. 13C/13C and 13C/5N coupling constants for the C4 and CS5 resonances of andrimid (41) labelled by [1,2-13C,,!5N]glycine.
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The feeding experiments using [1,2-13C;] and [1,2-13C;,19N] labelled glycine also
provided evidence for the incorporation of only the nitrogen atom and the C2 atom of the original
glycine into the nitrogen and C5 of the acylsuccinimide ring. In the [1,2-13C;]glycine experiment
the central singlet for the C5 resonance in the 13C NMR spectrum was enhanced suggesting the
incorporation of a singly labelled precursor. In addition, the [1,2-13C,,'5N]glycine feeding
experiment led to the isolation of andrimid that showed a doublet (1Jcsn; = 12.4 Hz) in the 13C
NMR spectrum arising from the incorporation of doubly labelled molecules as well as a doublet
of doublets around a central singlet. These results suggest that a pathway exists for the loss and
replacement of the carboxyl carbon atom (C1) of glycine. In an experiment using [1-14C]glycine
Klein and Sagers demonstrated the exchange of the carboxyl group of glycine with bicarbonate
from the culture of Pepiococcus glyvcinophilus. >’ A similar reaction in P. fluorescens would
account for the incorporation ot only the nitrogen and C2 carbon of glycine observed in the
biosynthesis of andrimid.

Low level incorporation of 13C into the carbons derived from acetate was observed in the
13C NMR spectrum of andrimid arising from the [1,2-13C;]glycine experiment. Small doublets
from doubly labelled molecules were observed around a central singlet that was enhanced above
the natural abundance 1*C arising from singly labelled molecules. These results support the
metabolism of [1,2-14Cs]glycine into acetate as previously observed in cultures of Diplococcus

glycinophilus 38

6.3. Conclusion

Stable isotope studies on andrimid have shown that the acylsuccinimide fragment is
derived from valine, glycine and acetate. The results are consistent with the proposed biogenesis
depicted in Figure 47. This pathway involves the homologation of amino acids with acetate,
presumably via malonyl-CoA. as in the biosynthesis of 4-amino-3-hydroxy-6-methylheptanoic

acid.’* In andrimid biosvnthesis a valine moiety is homologated with an acetate unit to form the



new y-amino-B-keto acid 4-amino-3-keto-5-methylhexanoic acid. A second new y-amino-f3-keto
acid, 4-amino-3-ketobutanoic acid, is formed by the homologation of glycine with acetate. The
proposed biogenesis proceeds through a dipeptide-like intermediate formed between these two -
amino-B-keto acids.

The isolation of moiramide A from cultures of P. fluorescens suggest that it may be an
intermediate in the biosynthesis of andrimid. Although the mechanism for the biosynthesis of
andrimid is not known, three possibilities for the assembly of the building blocks in andrimid can
be postulated. In the first pathway the octatrienoyl fragment is derived from polyketide
biosynthesis onto which the B-phenylalanine and the y-amino-B-keto acids are assembled in a
linear process similar to polyketide biosynthesis. Another possibility involves the linear build up
of andrimid from the 4-amino-3-keto-5-methylhexanoic acid terminus. Andrimid may also be
formed by a convergent mechanism. This would involve bringing together two fragments made
independently, such as moiramide A and a dipeptide-like intermediate resulting from the
condensation of the two unusual y-amino--keto acids. The stable isotope feeding experiments
carried out in this study provide information about the building blocks in andrimid but they do

not provide any information about the timing of assembly and further studies are required.
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7. SECONDARY METABOLITES FROM PSEUDOMONAS SP. (91V47)

7.1. Introduction

The bacterial isolate 91V47, obtained from an abalone collected off Cortez Island in
Georgia Strait, British Columbia, was identified as a Gram-negative Pseudomonas sp..
Preliminary studies showed that extracts of liquid shake cultures of this Pseudomonas sp.
91V47 had potent in vitro cytotoxicity against P388 murine leukemia (EDso = 0.0287 pg/ml) as
well as antimicrobial activity against methicillin-resistant Staphylococcus aureus. This bacterium
was grown in moderate scale culture in order to obtain sufficient quantities of the cytotoxic and

antimicrobial metabolites for structure determination.

7.2. Results and Discussion

Pseudomonas sp. 91V47 was grown in liquid shake culture at room temperature. Thirty-
six one liter Erlenmeyer flasks containing 500 mL of tryptic soy broth medium and 1 % sodium
chloride were each inoculated with 2 mL of an actively growing culture of Pseudomonas sp.
91V47 and the cultures were harvested by filtration five days after inoculation. The supernatant
was passed over a column of XAD-4 resin and the adsorbed organic material was eluted with
methanol. The crude residue was partitioned between water and ethyl acetate. Fractionation of the
organic soluble materials by Sephadex LH-20 (eluent: 3:1 methanol/dichloromethane) yielded
thirteen fractions. An early eluting fraction was found to be cytotoxic. The more polar
constituents of this fraction were purified by reversed-phase HPLC (eluent: methanol/0.025 M
phosphate buffer, pH 6.78) and yielded the new natural products 44 (15 mg), 45 (12 mg) and
46 (8 mg).
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Purification of the less polar compounds by normal phase silica flash column chromatography
and HPLC (eluent: ethyl acetate/ hexane) yielded 47 (8 mg), 48 (=1 mg) and 49 (2 mg) as well
as the known compound WF-1360C (50) (9 mg).5°

7.2.1. WF-1360C (50)

WEF-1360C (50) was obtained as a white amorphous solid. The structure of WF-1360C
was elucidated by comparison of its MS and NMR data with literature values>® (Table 10). A
molecular ion in the HREIMS at m/z 579.3202 was consistent with a molecular formula of
Ci4H45NO7 (AM +0.6 mmu). The IR spectrum contained absorption bands at 3418 and
1715 cm! that were assigned to hydroxy and carbonyl functionalities, respectively. The 'H
NMR spectrum of WF-1360C (50) is provided in Figure 51. Several discrepancies in the 13C
NMR data of 50 (Figure 52) and the literature assignments for the carbon resonances at C10,
C11, Cl2a, C13, C17 and Cl18a were resolved by the analysis of the COSY, HMQC and

HMBC data (Table 10). No two-dimensional data has been reported in the literature for WF-

1360C.



Table 10. 'H and 3C NMR data for WF-1360C (50).

WE-1360C WE-1360C isolated from 91V47
C* |5 13Ca|d IHbP | 13Ce o 1Hd COSY HMBCe

1 166.2 |— 166.2 | — — H2
2 1245 5.63 1242  15.63,d(15.7) H3 —
3 146.7 6.79 146.8  6.80.m H2,H4, H4" |-
o 38.3 1.75 [B83 1.75,m H3,H4' H2,HSa
i — .55 — 2.55,m H3,H4 —
S 29.7 1.80 P9.6 1.80,m HS5a,H5a ,H6 {H4 H5a
5a 369 PR10 B68  P.08.m H5,HSa' H6'
Sa’ — 2.77 o 2.77.dm(14.9) HS5 HSa —
Sb 170.3 j— 170.3 | — — H5a
6 346 070 P46 0.70,m HS,H6' H7 | —
' — 1.97 — 1.97,m {H6,H7 —
7 832 PBJ70 RB3.2  B.70,m H6,H6',H8  |H6,H8HBa
S K43.3 229 K52 P.29m H7,H8a,H9 {H8a,HI
8a 16.6 1.20 16.5 1.22,d(6.6) H8 H9
o 1346 5.18 134.7 15.19,dd(15.2.9.6) |H8,H10 H8a,H11
10 126.17 16.24 129.7  6.25,dd(15.2,10.9){H9 H11 H11
11 129.8" pB.79 1263 15.85,d(10.9) H10,H12a  [H9,H12a H13
12 1393 | — 139.2 | — — H12a
12a 12.8 1.81 11.0 1.81.5 Hil H11,HI13
13 779 P99 783  K1.00,dd(10.6,2.6) {H14 Hi4' H1l,H12a
14 33.5 1.83 P35 1.90,m H13,H14' —
14’ - 2. 16 — 2.15,m HI13,H14 H1§ —
15 749 469 (748  K.70,dd(10.65.1) HI14 H16a
16 HO.0 P12 KOO P.12.m H16a,H17 |H16a,H17
16a 0.6 097  p.J7 ).97.d(6.9) H16 H17
17 78.3  3.89 7.6 13.90.d(6.3) H16 H16a,H18a
18 1387 |— 1383 1 — — H18a
18a 11.0 1.88 12.8 1.89s H19 H17
19 126.77 p.21 1267  6.21,d(10.9) H18a,H20  JH17,H18a,H21
2() 1242 .58 1244 6.58.dd(15.2,10.9HI19.H21 H21
21 137.3 1640 1374 6.40,d(15.2) H20 —
22 137.1 | — 137.0 | — — H20,H22a
22a 14.4 2.13 144 P.l4s H23 H21
23 1204 .25 1204 .255 H22a H21,H22a
24 138.7 | — 138.7 | — — H25
25 1338 [7.54 1359 [7.535 — —
26 161.0  |— 1609 | — — H25,H26a
26a 138 PR46 138 P46 — —
17-OCH»

a Recorded in CDClx at 67.5 MHz.3% Chemical shifts in ppm relative to TMS. ™ Interchangeable

assignments.

b Recorded in CDCl;.592
¢ Recorded in CDClx at 125 MHz. Chemical shifts in ppm relative to solvent.

4 Recorded in CDClx at 400 MHz. Chemical shifts in ppm relative to TMS.

¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 51. 'H NMR spectrum of WF-1360C (50) (400 MHz, CDCl5).
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WEF-1360C is a rhizoxin analog that was originally isolated from the fungi Rhizopus
chinensis,’% the pathogen responsible for rice seedling blight, and Rhizopus sp. No.
F-1360.59 Other rhizoxin analogs have also been reported in the literature.5 Rhizoxin (§3),60
originally isolated from the fungus Rhizopus chinensis is a 16-membered macrolide that exhibits
potent antifungal and antitumour activity.%!

Three new natural products 44, 45 and 46 have been isolated from liquid cultures of
Pseudomonas sp. 91V47. These compounds are rhizoxin analogs containing a 8-hydroxy acid
functionality in place of the 8-lactone. Compounds 44 10 46 are d-hydroxy acids of the
previously isolated 8-lactone rhizoxin analogs 50 to 52.5% The 8-hydroxy acids 44 to 46 have
not been found as natural products but they have been claimed in the Patent literature$? as semi-

synthetic derivatives of 50 to 52. No spectroscopic data has been reported for these compounds.

= “d

50 WE-1360C ©OH 51 OH

53 Rhizoxin
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7.2.2. Compound 44

Compound 44 was isolated as an unstable white solid. The HRLSIMS showed a peak at
m/z 598.33982 (C34HigNOg AM +1.83 mmu) corresponding to (M + H). The IR spectrum
contained absorption bands at 3400 and 1710 cm-! consistent with hydroxy and carbonyl
functionalities. Inspection of the 'H NMR spectrum (Figure 53) identified 44 as a rhizoxin
analog with a similar structure to WF-1360C (50). A 8-hydroxy acid moiety in 44 replaced the
d-lactone in WF-1360C. Evidence for the 8-hydroxy acid moiety was provided by the 'H and
COSY NMR data. The 'H NMR spectrum of 44 contained a downfield proton resonance at
& 11.98 that had no attached carbon and was assigned to a carboxylic acid proton. The 7-OH
proton at & 4.51 showed a COSY correlation (Figure 54) to the H7 proton at 8 2.83. The 13C
NMR (Figure 55), HMQC (Figure 56) and HMBC (Figure 57) data are summarized in Table 11.

One of the structural differences between compound 44 and rhizoxin (53) was the
presence of A%3 and A!'-12 double bonds instead of epoxy groups. A large coupling constant
for the H2 doublet (1y; 43 = 15.6 Hz) suggested an E configuration for the A3 double bond.
An NOE experiment assigned the configuration at the A11.12 olefin. Irradiation of the H12a
methyl resonance at & 1.61 induced an NOE (-5.8 %) at & 6.05 (H10) indicating an E

configuration.
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Table 11. H and 13C NMR data for compound 44.

c* |8 13Csa S THP COSY HMBCe¢
1 165.0 | — e H2
2 123.3  {5.58.,d(15.6) H3 H4
3 147.8 b.55,m H2,H4 H4' H4
4 37.6 1.82,m H3,H4' H2,H5a,H5a' H6'
3 — 2.25,m JH3,H4 —_
5 34.2 1.75,m H5a H4,H5a,H5a'
5a 0.1 2.04,dd(16.2.4.9) H5,HS5a' H6'
53’ e 2.90,dd(16.2,3.2) H5a —
5h 174.0 | — e H5a,H5a'
0 36.4 .78.m H6',H7 —
3 o 1.82,m H6 —
7 75.7 2.83,m H6,H7-0H HE H6,H6' HB8a
8 5.8 1.88.m H7,H8a,HY H8a,H9,H10
8a 17.0 0.90,d(7.3) H8 H9
9 1369 15.10,dd(15.2,9.6) H8 HI10 Hg8a,H11l
10 127.6  6.05,dd(15.2,10.8) HY9.HI1 Hil
11 1242 15.53,d(11.0) H10,H12a H9,H12a,H13
12 138.6 — — H12a
12a 10.6 1.6153 H1l H11,H13
13 77.0 3.68,m H13-OH H14 H11.H12a
14 33.0 1.64,m HI13 H14 H15
14’ — 1.85,m H14 H15 —
15 73.1 4.62,dd(9.7,3.2) HI14' HI16 H16a
16 10.0 1.81,m H15,H16a,H17 [|H16aH17-OH
16a 0.8 ).84.d(6.7) H16 H15
17 77.4 3.70,m H16,H17-OH H16a,H18a,H19
18 140.6 | — — H18a
18a 12.1 1.78.s H19 H19
19 125.5 16.08.d(10.0) H18a,H20 H18a,H21
20 1246 6.60,m H19,H21 H18a
21 136.4  .39d(15.1) H2() H19 H23
22 136.2 |— — H20
224 14.0 2.15,s H23 H21,H23
23 119.6 .235 H22a H21,H22a
24 138.2 | — — H25
25 1371 B.Ols — —
& 1604 | — — H25 H26a
264 13.3 2.39.5 — —
5Sb-OH — 11.98,% — —
7-OH — 44.51,d(6.1) H7 —
13-OH — 11.67,(3.0) HI13 —
17-OH — 4.83.d(4.5) H17 —
17-OCHx

2 Recorded in DMSO-dg at 125 MHz. Chemical shifts in ppm relatuve to solvent.
bRecorded in DMSO-dg, at 4000 MHz. Chemical shifts in ppm relative to TMS.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 54. 'H COSY NMR spectrum of compound 44 (400 MHz, DMSO-dg).
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Figure 56. HMQC NMR spectrum of compound 44 (500 MHz 'H NMR, DMSO-dg).
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The absolute configuration of rhizoxin (53) has been determined by interrelation to a
related compound whose structure was established by X-ray crystallography, and by hydrolytic
cleavage of the C2/C3 epoxide in rhizoxin using H2!180 and subsequent acetylation to give the
ring opened !80-labelled seco-rhizoxin acetate.®3 The absolute stereochemistry of 44 was
assumed to be as shown in structure 44 due to the similarity of this compound with rhizoxin
(53).60

The 'H NMR spectrum of compound 44 was originally obtained in chloroform-d.
However, compound 44 readily cyclized to WF-1360C (50) during an overnight NMR
experiment. Evidence for this cyclization was the appearance of a proton resonance at 0.70 ppm
in the 'H NMR spectrum (chloroform-d). This proton resonance was assigned to the H6 proton
in WF-1360C (50). The 'H chemical shift of the H6 proton observed for compound 44 obtained
in chloroform-d was 0.98 ppm. Therefore, this upfield chemical shift of the H6 proton resonance
was diagnostic for 8-lactone formation. Purification of the mixture of compounds 44 and 50 by
reversed-phase HPLC (eluent: methanol/0.025 M phosphate buffer, pH 6.78) led to the partial
recovery of compound 44 as well as WF-1360C (50) and the methyl ester of 44, compound
47. Subsequent attempts to repeat the cyclization of the 8-hydroxy acid compounds failed and

resulted in a mixture of decomposition products.
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7.2.3. Compound 45

Compound 45 was isolated as an unstable white solid. A peak in the HRLSIMS at
m/z 614.33214 (C34H4sNOg, AM -0.77 mmu) was appropriate for (M + H). Absorption bands
at 3420 and 1714 cm! in the IR spectrum of 45 were consistent with hydroxy and carbonyl
functionalities. Analysis of the NMR data (Table 12) identified 45 as a rhizoxin analog.
Compound 45 contained a d-hydroxy acid moiety as indicated by the presence of a 7-OH proton
at 8 4.46 and a carboxylic acid proton at 8 12.06 in the '"H NMR spectrum (Figure 58).
Compound 45 differed from 44 at the C11/C12 bond. Two epoxy carbon signals were observed
at 8 60.7 (C11) and & 64.7 (C12) in the '3C NMR spectrum (Figure 59) of 45 in place of the
two olefinic signals CI1 and C12 in 44 suggesting that 45 contained an epoxide. This was
corroborated by the appearance of a resonance at 6 2.84 (H11) in the 'H NMR spectrum. The
COSY (Figure 60), HMQC (Figure 61) and HMBC (Figure 62) data summarized in Table 12
confirmed the proposed constitution of 45. The absolute stereochemistry shown in structure 45

was proposed on the basis of its similarity to rhizoxin.®"
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Table 12. 'H and '*C NMR data for compound 45.

c* 13Ca THb COSY HMBC¢
1 164.6 | — — H2 H3
2 1249 15.74,d(15.6) H3 —
3 1455 6.67.m H2 H4 H4' —
4 346 [2.10,m H3,H4' H2,H5a'
4 — 2.40.m H3,H4 —
5 30.6 [2.15.m H6,H6' H5a,H5a'
Sa 0.0 2.20,m — H4'
54’ — 2.30,m — e
S5b 1737 | — — H5a,H5a’'
6 37.8 ).95.m HS5,H6' H7 H5a'
6' — 1.52,m HS5 H6 —
7 70.7 2.98,m H6,H7-OH, H8 H8a
8 44 .9 1.90.m H7 H8a,HY9 H8a,H10
8a 17.4 X).94,d(6.6) HY —
3 140.2 15.32,dd((15.6,9.2) H8,H10 H8a,H11
10 125.8 ]5.08,dd(15.6,8.1) H9 H11 H11
11 60).7 2.84,d(8.1) H10 H9 H12a
12 61,7 — — H12a
12a 10.8 1178 — —
13 76.9 2.78.dd(10.5,2.5) H14 Hi4' Hi2a H1S
14 33.4 1.75.m H13 H14' H15 p—
14 — 1.85.m H13,H14 H15 —
15 73.8 H.64,dd(9.7,3.6) HI14 H14' ' H16 Hl6a
16 39.7 1.85,m H15 H16a,H17 H16a
16a 0.6 ).86.d(6.8) H1i6 —
17 77.5 3.69.d(7.6) H16 H16a,H18a,H19
18 140.5 — — H1i8a
18a 12.0 1.78.s H19 H19
19 125.6  6.05.4(11.0) H18a,H20 H18a H21
() 124.5  J6.57.dd(15.2.11.0» H19 H21 —
21 136.6  16.35,d(15.2) H20 H19,H22a H23
22 1362 | — e H20,H21
224 14.0 2.13.s H23 H21,H23
23 1197 6.22s H22a H21,H22a
24 1382 |— — H23 H25
25 137.1  8.00.s — —
26 160.5 | — — H25,H26a
26a 13.4 2395 — —
5Sb-OH | — 12.06.5 — —
7-OH | — H.16,d4(6.6) H7 —
13-OH | — 5.01,d(3.8) — —
17-OH | — H.87,4(4.5) H17 —

a Recorded in DMSO-dg at 125 MHz. Chemical shifts are referenced to solvent.
b Recorded in DMSO-dg at 400 MHz. Chemical shifts in ppm relative to TMS.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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Figure 58. TH NMR spectrum of compound 45 (400 MHz, DMSO-d).
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Figure 60. 'H COSY NMR spectrum of compound 45 (400 MHz, DMSO-dg).
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Figure 61. HMQC NMR spectrum of compound 45 (500 MHz 'H NMR, DMSO-dg).
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Figure 62. HMBC NMR spectrum of compound 45 (500 MHz 'H NMR, DMSO-dg).
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7.2.4. Compound 46

Compound 46 was isolated as an unstable white solid. The HRLSIMS showed a peak at
m/z 628.34436 (CasHsoNOg, AM -4.20) corresponding to (M + H). Absorption bands at 3428
and 1713 cm-! were consistent with hydroxy and carbonyl functionalities. Analysis of the NMR
data (Table 13} identified 46 as a rhizoxin analog. The structure of 46 was disclosed by
comparison of its NMR data with those of 45. A new signal in the 'H NMR spectrum
(Figure 63) at 0 3.08, a singlet integrating for three protons, and a new carbon signal at 8 55.6
in the 13C NMR spectrum (Figure 64) demonstrated that 46 contained a methoxy group. This
was corroborated by an HMBC correlation from the methyl resonance at & 3.08 (17-OCH3) to
the carbon resonance at 6 88.2 (C17). COSY (Figure 65), HMQC (Figure 66) and HMBC
(Figure 67) experiments confirmed the proposed constitution for 46. The absolute configuration
was assumed to be as shown in structure 46 due to the similarity of this compound with

rhizoxin.60



Table 13. 'H and 1*C NMR data for compound 46.

c* |8 13Ca 5 IHP COSY HMBC¢
1 1646 | — — H2,H3
D 1247 15.76,d(15.5) H3 —
3 1458 6.69,m H2,H4 H4' —
e 34.6 P.08,m H3 H4' H2,HS5a'
n D 42.m {H3,H4 —
5 30.6 P.20m H6' H5a'
5a 100 P.23m — H4'
52’ P.33.m — —
5b 173.7 | — — [H5a,H5a'
6 37.8 .95.m H6' H7 —
3 — 1.52,m H5,H6 —
7 70.7  B.00,m H6,H7-0H,H8 H8a
3 49 ]1.88.m H7 H&a,H9 H8a,H9,H10
Ra 174 10.94,4(6.6) HS HY
3 1402 15.33,dd(15.6,9.2) H8,H10 [Ha
10 1258 [5.07.dd(15.6.8.0) H9 H11 H1l
11 60.6  P.84.d(8.0) H10 H9 H12a
12 646 | — — H12a,H14
12a 10.7 1.195 p— —_—
13 76.9  P.77.dm(10.1) H13-OH,H14,H14 [H12a,H14 H14' H15
14 332 [1.65.m HI3.H14' H13-OH
14’ 1.85,m HI13,H14 HIS —
15 729  1.63,dd(9.6,3.2) H14' H14'H16a
16 38.9 1.93.m Hioa HI7 H16a
16a 10.1 ).91.d(6.7) H16 H15
17 88.2  [.28.d(8.8) Hi6 H16a,H17-0CHs3,H18a,H19
17-OCH3 [55.6  [3.08.s — —
18 136.0¢ | — — H18a
18a 113 [1.76.5 H19 H19
19 128.8  16.13.d(11.0) H 18a,H20 H18a,H21
D() 124.0  6.63,dd(15.1,11.0) H19.H21 —
D1 137.5 16.42.d(15.1) H20 H19.H23
D2 136.19 |— — H20,H22a
D22 140 D.16,s H23 H21,H23
D3 1203 .27 H22a H21,H22a
D4 138.1 | — — H25
D5 1373 RB.04s — _
D6 160.5 | — — H25 H26a
D6a 134 Pals _ —
5b-OH | — 12075 - —
7-OH — 1 47.d(6.5) H7 _
13-0H |[— 5.07.d(3.9) H13 —

a Recorded in DMSO-dg at 125 MHz. Chemical shifts are referenced to solvent.
b Recorded in DMSO-dg at 400 MHz. Chemical shifts in ppm relative to TMS.

¢ Carbons in the carbon # column are correlated to the listed proton resonances.
d May be interchanged.
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Figure 65. 'H COSY NMR spectrum of compound 46 (400 MHz, DMSO-de).
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Figure 66. HMQC NMR spectrum of compound 46 (500 MHz 'H NMR, DMSO-dg).
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7.2.5. Compound 47

Compound 47 was isolated as an amorphous white solid. A molecular ion in the
HREIMS at m/z 611.3449 (AM -0.9 mmu) corresponded to a molecular formula of C3s5H49NOg.
The IR spectrum contained absorption bands at 3412 and 1715 cm! indicating the presence of
hydroxy and carbonyl functionalities. Comparison of the NMR data for 47 (Table 14) with those
for WF-1360C (50) identified a 8-hydroxy methyl ester functionality for 47 in place of the 8-
lactone in WF-1360C (50). A new signal in the '"H NMR spectrum (Figure 68) at & 3.68 (5b-
OCH3) and a new carbon signal at 8 51.6 (3b-OCH3) in the 3C NMR spectrum (Figure 69)
demonstrated the presence of a methyl ester group. Upfield chemical shifts in the H7 proton (47:
8 3.11, WF-1360C (50): 8 3.70) and C7 carbon (47: 8 77.2, WF-1360C (50): 6 83.2) of
47 suggested a change in the d-lactone ring of WF-1360C. Further evidence for the 8-hydroxy
methyl ester was provided by an HMBC experiment. The methyl resonance at & 3.68 (5b-
OCH3) showed an HMBC correlation to the carbonyl carbon at 8 173.8 (C5b). These data
support the constitution depicted in 47. The absolute stereochemistry was proposed to be as
shown in structure 47 on the basis of its similarity to rhizoxin.®? This compound is probably an

artifact due to the use of methanol in the isolation procedure.
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Table 14. 'H and 1*C NMR data for compound 47.

C* & 13Ca 6 IH?b COSY HMBC¢
1 166.7 | — — H2
D 123.0 [5.61,dd(15.4,1.6) H3 —
3 149.3  6.80,m H2,H4 H4' —
4 392 [1.95.m H3,H4' H2,H5,H5a,H5a'
4 — P.35.m H3,H4 —
5 345 [1.97.m H5a,H5a' H5a
Sa 110.5  [2.40,m HS,H5a' H5
5a’ — 2.81.dd(15.6.4.4) H5,H5a —
5b 173.8 [— — H5a,5b-OMe
Sb-OMe [51.6  [3.68.s — —
6 37.1  10.96,m H6' H7 —
6' — D.02,m H6 —
7 772 R.1Lm H6,HS H8a
3 6.1 2.04.m H7,H8a HO H8a,H10
8a 16.6  [1.05.d(6.5) HS H9
3 1378 [5.25,dd(15.1.9.6) HY,H10 H8a,H11
10 128.1  6.13.dd(15.1,10.8) H9 HI11 —
11 126.6  [5.81,d(10.8) H10,H12a H9 H12a
12 138.14 | — — H12a
12a 10.5  [1.76.s H1l Hil
13 78.7  H.06,bd(10.6) HI4 H14 H11,H12a
14 343 N1.90,m H13,H14 —
14' — 2.10,m H13,H14,H15 —
15 73.8  14.90,dd(10.3.6.8) H14' Hl6a
16 0.6 [1.90,m H16a,H17 Hl6a
16a 0.7 0.92.d(6.9) H16 H15
17 757 R.91.bs H16 H16a,H18a,H19
18 138.3¢ | — —_ H18a
18a 136 [1.81,s H1Y H19
19 126.0  16.26,d(11.0) H18a,H20 H18a,H21
) 1245 16.57,dd(15.1,11.0) H19 H21 —
D1 137.1  16.39.d(15.1) H20 H20,H22a
2 137.99 | — — —
2a 144 P.13s H23 H21,H23
23 120.2 |6.24.5 H22a H21,H22a
D4 138.8 — H25
25 135.8 [7.52.s — H23
D6 160.8 | — — H25,H26a
26a 13.8  [.46.s — _

2 Recorded in CDCly at 125 MHz, Chemical shifts are referenced to solvent.

b Recorded in CDCl3 at 400 MHz. Chemical shifts in ppm relative to TMS.

¢ Carbons in the carbon # column are correlated to the listed proton resonances.
d May be interchanged.
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7.2.6. Compound 48

Compound 48 was obtained as a white solid. A molecular ion in the HREIMS at
m/z 611.3463 (AM +0.5 mmu) was appropriate for a molecular formula of C35sH49NOg.
Absorption bands at 3404 and 1715 cm-! in the IR spectrum indicated the presence of hydroxy
and carbonyl functionalities. Analysis of the 'H (Figure 70) and '3C NMR (Figure 71) data
summarized in Table 15 identified 48 as a rhizoxin analog. Compound 48 was identified as the
(22Z)-1somer of compound 47 on the basis of an NOE experiment. Irradiation of the\methyl
resonance at d 2.03 (H22a) induced enhancements of the signals for H20 (19.2 %) and H23
(12.5 %). The absolute stereochemistry of 48 was proposed based on the structure of rhizoxin
(53).60 The (22Z)-isomer was probably an artifact due to the exposure of 47 to light. It has been
shown that (22Z)-rhizoxin is a photoisomerization product obtained when rhizoxin was irradiated

by a UV-Auto-Fade meter.61¢



Table 15. H and 13C NMR data for compound 48.

Cc* |8 13Ce S 'HP COSY HMBC¢

1 166.8 |— — -
% 123.1  [5.61.dd(15.7,1) H3 —
3 149.3 16.80.m H2,H4 H4' —
4 39.2 1.95,m H3,H4' H2,H5a
4’ — 2.35,m H3,H4 —
5 34.4 1.95,m IH5a,H5a’ H5a
Sa 10.5 2.40,m HS5, HS5a' —
Sa’ — 2.81,dd(15.6,4.0) HS5,HSa —
5b 173.8 | — — 5b-OMe
5b-OMe  [51.6  |3.68.s — —
6 37.1 0.95,m H6' H7 o
6' — 2.00,m H6 —
7 77.5 3.11,m H6,HS H8a
8 16.1 2.05.m H7.H8a,H9 H8a,H10
Ra 6.7 |1.05.4(6.5) FS HO
9 137.7 15.24,dd(15.1,9.6) HE HI0 H8a

10 128.1 6.13,dd(15.1,10.8) HO HT11 —
11 126.5  15.80.d(10.8) H10.H12a H9. H12a
12 138.0 — — Hil,H12a
12a 10.6 1.77.s HIll Hil

13 78.6 1.06,bd(10.7) HI4 HI4® H11 HI2a
14 34.5 1.90.m H13 H14' —

14’ —_ 2.10.m H13,H14 H15 o

15 74.0 H.89,dd(9.8,7.2) H14' H16a

16 10.6 1.90.m Hl6a, H17 H16a
16a 5.8 K).92,d(6.9) H16 H15
17 75.9 3.93 by H16 H16a,H18a,H19
18 1383 |— — H18a
18a 13.5 1.81.s H19 H19
19 126.5 16.33,d(11.0) H18 H20 H18a . H21
20 126.7 6.62.dd(15.3,11.0) H19 H21 H21
21 131.1  [7.34.d(15.3) H20 H19 H22a,H23

2 1358 | — — H21,H22a
24 120.9 203, H23 H21 H23
23 117.6 6.06.s H22a H22a
24 138.6 — e H25
25 1359 [7.47.s — H23
26 161.5 — — H25,H26a
264 13.9 2.45.5 — —

2 Recorded in CDCls at 125 MHz. Chemical shifts are referenced to solvent.
b Recorded in CDCls at 500 MHz. Chemical shifts in ppm relative to TMS,
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
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7.2.7. Compound 49

Compound 49 was obtained as a white solid. A molecular ion peak in the HREIMS at
m/z 579.3188 was appropriate for the molecular formula C34H45NO7 (AM -0.8 mmu). Hydroxy
and carbonyl functionalities were indicated by the presence of absorption bands at 3415 and
1714 cm! in the IR spectrum. Analysis of the 'H (Figure 72) and '3C NMR (Figure 73) data
summarized in Table 16 identified 49 as a rhizoxin analog. Compound 49 was identified as the
(22Z)-isomer of WF-1360C (50) on the basis of an NOE experiment and is probably an artifact.
Irradiation of the methyl resonance at 6 2.04 (H22a) induced enhancements of the signals for
H20 (5.7 %) and H23 (7.5 %). The absolute stereochemistry of 49 was proposed based on its

similarity to rhizoxin (53).60



Table 16. 'H and '*C NMR data for compound 49.

c* |15 13Ca S THb COSY HMBC¢
1 166.3 — — —
” 124.2  [5.64,4(15.8) H3 —
3 146.7 16.79,m H2 H4 H4' —
4 38.3 1.75.m H3,H4' H2,H5a
4 — 2.55,m H3 Ha —
5 29.7 1.80,m H5a' H5a
S5a 36.8 [2.10,m Hsa' e
S5a’ — 2.77,dd(18.1,3.1) H5,H5a —
5b 170.3 | — — H5a
6 34.6 0.70,m H6' H7 —
5' — 1.97,m H6 —
7 83.2 3.69,m H6 H8a
8 45.3 2.30.m H8a H8a,H10
8a 16.6 1.20,d(6.4) H8 —
& 134.6 15.18.dd(15.29.6) H10 H8a,H1l
10 129.7  16.25,dd(15.2,10.7) H9 HI1 —
11 126.0 [5.83.d(10.7) HI10.H12a H9 . H12a
12 1394 - — Hil,Hi2a
12a 11.0 1.81,s8 Hil H1l
13 78.2 H.00,d(10.1) H14 H14' H11,H12a
14 33.9 1.88.m HI13,HI14 —
14’ — 2.15.m H13,H14 —
15 75.1 4.68.,dd(10.3,5.3) — H16a
16 K10.1 2.15,m Hl6a,H17 H16a
16a 0.7 1.98,4(6.7) Hl6 —
17 78.0 3.92 bs H16 H16a,H18a,H19
18 138.7 |— — H18a
18a 12.7 1.89.s H19 H19
19 1273 16.29.d(11.2) H18a,H20 H18a,H21
() 126.5 6.62,dd(15.3,11.2) H19 H21 —
21 131.8 [7.40,d(15.3) H20) H19,H23
22 1356 |— — H20,H22a
224 20.9 2.04 .5 H23 H21,H23
23 117.6  6.07.s H22a H22a
24 1383 | — — —
25 136.1 [7.47s — H23
D6 161.3 | — — H25.H26a
P64 13.9 2.45.s — —

a Recorded in CDCly at 125 MHz. Chemical shifts are referenced to solvent.
b Recorded in CDCls at 300 MHz. Chemical shifts in ppm relative to TMS,
¢ Carbons in the carbon number # are correlated to the listed proton resonances.

142



TMS

H26a
H12a
H1i8a
H22a w
H8a
H16a
Hl6
H14'
H21 HS5a
H25 HS
H4
\w U H6 L
HOH14 KJL___.J
7"1ﬁ|I'ﬁ‘l111l"'lllTIlT'l|11ll‘7l|‘l|j7‘r“lil"'1l111l|l]l‘r‘TﬁTj‘r'|ll‘ll|1j117
ppm 7 6 5 4 3 2 1 0

Figure 72. TH NMR spectrum of compound 49 (500 MHz, CDCl5).
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7.2.8. Biological activity of rhizoxin analogs 44 to 47 and 50

The crude extract obtained from cultures of Pseudomonas sp. (91V47) had shown potent
in vitro cytotoxicity. The pure compounds 44 to 47 and compound 50 were tested against P388
murine leukemia and the results are presented in Table 17. The rhizoxin analogs 44 to 47 and
50 showed significant cytotoxicity against the P388 murine leukemia cell line. At concentrations
of 100 pg/disc compounds 44 to 47 and 50 failed to show antibacterial activity against

methicillin-resistant Staphylococcus aureus.

Table 17. Cytotoxic activity of the rhizoxin analogs 44 to 47 and 55.

Compound EDsg against P388 (ug/mL)
Crude extract 0.0287
Compound 44 0.0230
Compound 45 0.140
Compound 46 0.008
Compound 47 0.0613
Compound 50 0.0586

7.3. Conclusion

A culture of the bacterium Pseudomonas sp. 91V47, isolated from an abalone collected
off Cortez Island in Georgia Strait, British Columbia, resulted in the isolation and structure
elucidation of the 16-membered macrolides 44 to 50. Compounds 44 to 46 are new natural
products containing a 8-hydroxy acid moiety in place of the 8-lactone in the previously reported
rhizoxin analogs 50 to 52.59 Although compounds 44 to 46 have been claimed in the Patent

literature®? as semi-synthetic derivatives of 50 to 52, no spectroscopic data has been published.
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The new compounds 47 to 49 are presumed to be isolation artifacts. The rhizoxin analog WF-
1360C (50) has been previously reported.>®

The crude extract from cultures of Pseudomonas sp. 91V47 showed potent in vitro
cytotoxic activity against the P388 murine leukemia cell line and antibacterial activity against
methicillin-resistant Staphylococcus aureus. The rhizoxin analogs 44 to 47 and 50 proved to be
responsible for the cytotoxic activity. However, the pure rhizoxin analogs did not exhibit
antibacterial activity at concentrations of 100 pg/disc against methicillin-resistant S. aureus,
therefore, the antibacterial constituents of the crude extract still need to be identified.

Rhizoxin (§3) and the analogs 50 to 52 belong to a family of 16-membered ring
macrolides originally isolated from the fungi Rhizopus chinensis, 92 the pathogen responsible
for rice seedling blight, and Rhizopus sp. F-1360.59 Rhizoxin and its analogs exhibit antifungal
activity39:60 and are promising lead compounds for antitumour drug development due to their in
vitro and in vivo antitumour activity.®! The mechanism of action is thought to be similar to that
ot the dimeric vinca alkaloids vincristine and vinblastine which inhibit mitosis by binding to
tubulin.

Biosynthetic studies on rhizoxin have established a polyketide biosynthesis with

O-acetyl-L-serine as a starter unit. The methyl substituents are derived from methionine.%
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8. SECONDARY METABOLITES FROM BACILLUS PUMILUS (91250)

8.1. Introduction

A marine isolate of the bacterium Bacillus pumilus was obtained from a sediment sample
collected in Georgia Strait, British Columbia. Preliminary studies showed that extracts of liquid
shake cultures of Bacillus pumilus 917250 exhibited antimicrobial activity against
Staphylococcus aureus. methicillin-resistant S. aureus, S. saprophyticus and Enterococcus
faecalis. In order to obtain sufficient quantities of the antibacterial metabolites for structure

elucidation Bacillus pumilus 91250 was grown in moderate scale liquid culture.

8.2. Results and Discussion

Bacillus pumilus 917250 was grown in liquid shake culture at room temperature in one
liter Erlenmeyer flasks containing 5({) mL of tryptic soy broth medium and 1 % sodium chloride.
The cultures were harvested by filtration five days after inoculation and the supernatant was
passed over a column of XAD-4 resin. Elution of the adsorbed organic material from the XAD-4
resin with methanol followed by evaporation of the methanol in vacuo gave a crude residue
which exhibited antibacterial activity. The crude residue was partitioned between ethyl acetate and
water and the antibacterial activity was found to reside in the organic extract. The ethyl acetate
extract was fractionated by Sephadex LH-20 chromatography (eluent: 3:1
methanol/dichloromethane). An early eluting fraction contained an interesting purple TLC spot on
spraying with ninhydrin (reversed-phase silica, Ry = 0.39, 4:1 methanol/water). Further
purification by reversed-phase column chromatography and HPLC (eluent: methanol/water)
yielded the known antimicrobial compound AI-77-B%3d (54) (22 mg). Acetylation of Al-77-B

gave the triacetate (55).934 A later LH-20 fraction showing antimicrobial activity was further
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purified on Sephadex LH-20 (eluent: ethyl acetate/methanol/water 8:2:1) followed by normal
phase TLC silica flash chromatography yielding the known compound AI-77-F (56)%34 (6 mg)

as well as the novel compound 57 (5 mg).

OAc O

56 Al-77-F

8.2.1. Known compounds from Bacillus pumilus

The major metabolite obtained from cultures of Bacillus pumilus was identified as AI-77-
B (54) by comparing its MS and NMR data (see experimental) with literature values.63d
IH (Figure 74) and 13C (Figure 75) NMR spectra were obtained in methanol. A molecular ion
peak was observed in the LRDCIMS at m/z 425 (Cy9H28N20g + H). The HREIMS did not
show a molecular ion peak but a peak at m/z 406.1740 (Cy0H24N207, AM +0.0 mmu)
corresponded to the molecular ion peak with the loss of water. At a concentration of 100 pg/disc
AI-77-B showed antibacterial activity against Staphyvlococcus aureus, methicillin-resistant
S. aureus and §. saprophyricus. This compound accounted for most of the antibacterial activity
in the crude extract. AI-77-B, a gastroprotective substance, was originally isolated from a

terrestrial isolate of the bacterium Bacillus pumilus obtained from a soil sample .63
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Figure 76. 'H NMR spectrum of compound 55 (400 MHz, CDCl5).
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Figure 77. 'H NMR spectrum of Al-77-F (56) (400 MHz, CDCl3).
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The structure of AI-77-B (54) was confirmed by acetylating a portion of the sample. The
triacetate (55) gave a molecular ion at m/z 532.2060 (AM +0.3 mmu) in the HREIMS,
appropriate for a molecular formula of C26H32N2019. The structure of §5 was confirmed by
comparison of its MS, 'H NMR (Figure 76) and 13C NMR data (see experimental) with
published results.654

A minor metabolite obtained from cultures of Bacillus pumilus 917250 was identified as
AI-77-F by comparison of its MS and NMR data with literature values.%34 AI-77-F (56) was
isolated as a white amorphous solid. A molecular ion peak in the HREIMS at m/z 389.1478 (AM
+0.3 mmu) corresponded to the molecular formula CyoH23NO7. The 'H and 13C NMR are
shown in Figures 77 and 78, respectively. Al-77-F was originally isolated along with AI-77-B

from a culture of Bacillus pumilus.

8.2.2. Compound 57

Compound 57, a minor metabolite produced by liquid cultures of Bacillus pumilus
91750 was 1solated as a white amorphous solid. A molecular ion in the HREIMS at
m/z 389.1481 was appropriate for a molecular formula of CygH3NO7 (AM +0.7 mmu). The IR
spectrum of 57 contained a broad, shallow absorption band at 3327 cm! that was assigned to
overlapping N-H and intramolecular bonded O-H stretching vibrations. A carbonyl absorption

band at 1760 cm! in the IR spectrum was assigned to a butenolide carbonyl and the absorption
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band at 1673 cm! corresponded to overlapping amide and of3-unsaturated ester carbonyl
groups. Comparison of the 'H (Figure 79) and 13C (Figure 80) NMR data obtained for 57 with
the NMR data obtained for AI-77-F (56), summarized in Table 18, revealed that these two
compounds were diastereomers.

The COSY (Figure 81), HMQC (Figure 82) and HMBC (Figure 83) data confirmed the
proposed constitution for 57. The 'H and 13C NMR data for AI-77-F and 57 differed at the
butenolide moiety. An upfield chemical shift of the H8', H9' and H11' resonances as well as a
downfield chemical shift of the H10' resonance were observed in the 'H NMR spectrum of 57.
Comparison of the 'H coupling constants for the two diastereomers suggested that the relative
configuration at C3 and C5' were the same, however, a difference in the coupling constant for
the H8' doublet (57: 8 4.33, d. Jyg . yo = 5.3 Hz; AI-77-F (56): 5 4.58, d, Jyg Ho = 4.4
Hz) suggested that the stereochemistry differed at the C8' or C9' position. If the stereochemistry
of 57 at the C3 and C5' positions are assumed to be the same as in A [-77-F then 57 may have
the absolute stereochemistry depicted by 57a or 57b. The 'Jyg' yo coupling constant for the
diastereomer 57¢ would be expected to be the same as that in 56, therefore, 57¢ was not

considered as a possible structure for compound 57.
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56 Al-77-F

Table 18. 'H and !*C NMR data for AI-77-F (56) and compound 57.

Al-77-F (56) Compound 57
c# | 13¢a IHb 13¢cu IHb COSY HMBC¢
1 169.44 | — 169.44 | — — —
3 30.9 K.63.d1(12.32.5) 1.0 }.59,d1(12.5,2.5) H4a,H4b H4b
ba  [30.3  [2.88.dd(16.5,3.0) 303 [2.84,dd(16.5.3.0) H3,Hab H5
b | —  [3.06.dd(16.5.12.3) —  [3.02.dd(16.5,12.5)  |H3,H4a —
5 118.2 |6.71.d(7.4) 118.2 16.69,d(7.4) H6 H4a,H7
6 136.5 [7.42.dd(8.5.7.4) 136.5 17.40,dd(8.4,7.4) H5,H7 _
7 116.3 16.88.d(8.5) 116.3 16.86,d(8.4) H6 H5.,8-OH
3 162.2 [ — 1622 | — — H6,H7,8-OH
3 108.1 | — 108.0 | — — H4a,H5 H7, 8-OH
10 [139.1 [— 139.1 | — — H4a,H4b H6
1 P16 0964d6.5) P18 10.95.d(6.5) H3' —
D P31 0.98.di6.5) P31 §0.97,d(6.5) H3' —
3 P49 J1.61.m P47 [1.67.m H1' H2' H4a' —
da K03 [1.48.m 10.5 [1.47m H3',H4b' H5' —
b — 1.85.m —_— 1.83,m H4a' HS' —
5 93 B.38m 494 K37.m H4a H4b' 6'-NH [—
6-NH| —  6.90,d(9.7) —  6.91.d409.7) H5' —
7' 169.34 [ — 169.34 | — — —
R 170.7 H.58.didd) 72.0  K.33,d(5.3) H&'-OH HY' —
' B3.6 [5.46.m 3.5 [5.31.ddd(5.3,2.0.1.5) [H& H1Q H11',  [H10'
100 N152.4 [7.37.dd(5.7.1.2) 153.6 [7.66.dd(5.8.1.5) HY' H11' Hit'
11 [123.4 16.23.dd(5.7.1.8) 122.9 §6.19,dd(5.8.2.0) HO' H1(' H10,
127 (1727 | — 172.3 |— — H10 H1l'
K-OH | —  [10.73.5 — 10735 — —
Q-OH|—  13.75.bs —  [3.73bs HY' —

4 Recorded in CDCl3y at 400 MHz. Chemical shifts in ppm relative to TMS.

b Recorded in CDCl5 at 125 MHz. Chemical shifts are referenced to solvent.
¢ Carbons in the carbon # column are correlated to the listed proton resonances.
d Carbons within the same column may be interchanged.
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Figure 79. 'H NMR spectrum of compound 57 (400 MHz, CDCl3).
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Figure 83. HMBC NMR spectrum of compound 57 (500 MHz 'H NMR, CDCl»).
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8.2.3. Moshers ester

The Moshers method using 2-methoxy-2-phenyl-2-(trifluoromethyl) acetic acid (MPTA)
esters®® was investigated for the purpose of determining the absolute stereochemistry of the
secondary alcohol in 57. AI-77-F (56) was used as a model compound since its absolute
configuration was known. S-(+)-MPTA-chloride, prepared according to the literature,962 was
added to a solution of AI-77-F, triethylamine, CDCl3z and a catalytic amount of
dimethylaminopyridine.®” After one hour the chloroform was evaporated and the residue was
applied to a normal phase Sep-Pak (eluent: ethyl acetate/hexane). Further purification by normal

phase HPLC (eluent: ethyl acetate/hexane) yielded the pure R-MPTA ester 58.

The Moshers ester 58 was isolated as a pale yellow film. A molecular ion in the
HREIMS at m/z 587.1771 was appropriate for the molecular formula C3oHsNOgF3; (AM +0.4
mmu). This molecular formula together with the appearance of a methyl singlet at & 3.79,
integrating for three protons, in the 'H NMR spectrum of 38 (Figure 84) suggested that
esterification occurred at only one of the alcohols. The 'H NMR spectrum of 58 did not contain

a signal that could be assigned to the H&' proton and no phenolic proton was observed. This
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suggested that esterification occurred at the phenol. The absence of two oxygenated methine
carbons for C8 and C9' in the 13C NMR of 58 spectrum (Figure 85) suggested that the
butenolide moiety present in 56 was absent in §8. Carbon resonances at 8 158.9 (C8"),
5 103.8 (C9"), 8 142.6 (C10'), 8 123.7 (C11) and 8 167.7 (C12") as well as proton
resonances at 0 5.79 (H9"), 6 8.50 (H10") and & 6.41 (H11") indicated the presence of a
substituted pyran-2-one ring.%8 COSY (Figure 86), HMQC (Figure 87) and HMBC (Figure 88)
data supported the proposed constitution for 58. The NMR data is summarized in Table 19.
Treatment of 56 with base would presumably result in the elimination of the H8' proton
followed by ring opening to form a 5-keto acid derivative. Once the butenolide ring has been

opened the unstable 5-keto acid derivative would readily cyclize to form a substituted pyran-2-

one.
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Table 19. 'H and '*C NMR data for AI-77-F (56)and 58.

Al-77-F (56)

Compound 58

ct 13Ca 1Hb 13¢a Iyb COSY HMBC¢

1 169.44 | — — — —
3 0.9 63.41(12.32.5) [79.8 1 62.m H4a,H4b Hab
Ha 30.3 P 88.dd(16.5.3.0) 31.3 P 99.dd(16.4,3.3)  |H3.H4b —
m — 3.06.dd(16.5,12.3) — 3.13,dd(16.4,11.3)  |H3,Hda —
5 1182  $.71.d(7.4) 126.3  [7.19.d(8.0) H6 H7
6 136.5  [7.42.dd(8.5,7.4) 1348  [1.51.48.0) H5,H7 —
i 116.3  }6.88.d(8.5) 1221 1.94.4(8.0) H6 H5
3 162.2 — 150.8 — — H6
3 108.1 — 118.1 — _ HS5,H7,
10 139.1 — 141.1 — — H6 H7
1 D1.6 0.96.d(6.5) D1.9 ).96,d(6.5) H3 —
3 D3.1 0.98.d(6.3) 3.0 ).96.,d(6.5) H3' —
3 D4.9 1.61,m D48 1.65.m H1' H2' —
H'a 40.3 1.48.m 11.0 1.50,m H4b' H5’ —
4'b — 1.85.m — 1.82,m Hda' HS' —
5’ 49.3 4.38,m 49.5 4.45.m H4a' H4b' 6-NH | —
6-NH |— 6.90.d(9.7) — 5.88.d(10.0) HS' —
7’ 169.39 | — — — —
R’ 70.7 4.58,d(4.4) 158.9 — — H9 H1(

' 3.6 5.46,m 1038 15.79s H1l' —
10' 1524 [7.37.dd(5.7.1.2) 1426  B.50.d(5.6) H1l' HY'
11 123.4  6.23.dd(5.7.1.8) 1237 41,d4d(5.6,1.7) HY' H1(0' —
12’ 172.7 — 167.9 — — Hil'
Ph — — 127.7Q2C)7.74,m 7.75.m — —

128.5(20)[7.46-7.47 (3H)
129.5

OMe | — — 56.0 3,79 5 — —
iC — — 5.5 — _ —
ICF3 — — _ _ —
8-OH [ — 10.73.5 — _ — —

a Recorded in CDCl3 at 400 MHz. Chemical shifts in ppm relative to TMS.

b Recorded in CDClz at 125 MHz. Chemical shifts are referenced to solvent.

¢ Carbons in the carbon #column are correlated to the listed proton resonances.
d May be interchanged.
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8.3. Conclusion

A culture of the bacterium Bacillus pumilus (91Z50), isolated from a sediment sample
collected in Georgia Strait, British Columbia, resulted in the isolation and structure elucidation of
the new compound 57, as well as the known compounds Al-77-B (54) and AI-77-F (56).
Compound 57 was found to be a diastereomer of Al-77-F (56). The stereochemistry of the
secondary alcohol in 57 could not be determined by the Moshers method since esterification of
AI-77-F under basic conditions led to the opening of the butenolide ring and subsequent

formation of a substituted pyran-2-one (58).

56 Al-77-F

At a concentration of 100 pg/disc compound 54 showed antibacterial activity against
methicillin-resistant Staphylococcus aureus, S. aureus and S. saprophyticus. Compounds 56
and 57 exhibited antibacterial activity only at concentrations greater than 100 pg/disc.
Compound 54 also exhibited cytotoxic activity against P388 murine leukemia (EDsg = 2.6

pg/mL). In a structure-activity study on AI-77-B and related compounds, Shimojima and
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Hayashi found that modifications of the amino acid moiety of Al-77-B significantly influenced
the activity.53¢ The amino acid end group was required for activity. The isocoumarin skeleton
was also required for activity.

The antimicrobial compound AI-77-B was originally isolated by Shimojima et al. from a
terrestrial source of Bacillus pumilus obtained from a soil sample.®> Aminocoumacin B, the
same compound as Al-77-B, and other related compounds have been isolated by Itoh et al. from
cultures of B. pumilus obtained from a soil sample collected in Nikko City, Tochigi Prefecture,
Japan.®? It is interesting that AI-77-B has also been isolated by the group of Elyakov in
Vladivastok, USSR, from cultures of a marine isolate of B. pumilus obtained from the sponge
Dendrilla sp..’0 These examples, together with the isolation of AI-77-B from the marine isolate
91Z50 presented in this thesis, show that isolates of B. pumilus obtained from soil samples and
the marine environment in various parts of the world, produce Al-77-B and other related
isocoumarin compounds. Since B. pumilus seems to be a common soil bacteria, and the fact that
B. pumilus is capable of forming stable endospores that may be washed into the ocean, it seems

likely that the marine isolates of B. pumilus may be of terrestrial origin.
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Marine Bacteria: Unanswered Questions and Future Research

The results presented in this thesis have demonstrated that bacteria isolated from the
marine environment are capable of producing structurally novel and biologically active secondary
metabolites. However, several fundamental issues relating to research in the field of marine
microorganisms need to be addressed. These include: i) What is a marine bacterium? ii) Do
marine bacteria produce unique metabolites not observed from terrestrial microorganisms?
iii) Are the bacteria isolated from the ocean indigenous to the marine environment? iv) When is a
natural product considered marine or terrestrial?

It is difficult to answer these questions and the results presented in this thesis are not
conclusive. In the current literature, the term marine bactena is used freely and often refers to any
bacterium isolated from the marine environment. Zobell and Upham?! in 1944 suggested that
bacteria found in the ocean at places remote from possible terrestrial contamination, and which
require sea water for growth upon initial isolation, could be regarded as marine bacteria. A
universal definition of a marine bacterium would be useful, but this may not be possible due to
the diverse species of bacteria in the ocean, many of which belong to genera that up to now have
been considered “terrestrial”.

The compounds isolated from the four bacterial species presented in this thesis have
demonstrated that marine bacteria are capable of producing novel compounds. This is illustrated
by the isolation of oncorhvncolide (34), a metabolite of the bacterium Serratia odorifera.
Oncorhyncolide has a unique structure that is apparently not seen in other microbial metabolites
1solated from terrestrial sources. However, all four bacterial species produced metabolites that
have identical or similar structures to metabolites isolated from terrestrial microorganisms.
Cultures of Serratia odorifera produced the known antimicrobial compounds aminopyrrolonitrin
(32)33 and prodigiosin (33).34 Both compounds have been isolated from terrestrial sources. A
marine isolate of Pseudomonas fluorescens produced andrimid (41) and the new natural
products moiramides A to C (38 to 40). Andrimid was originally isolated from a terrestrial

source of the bacterium Enzerobacter sp..>' Cultures of Pseudomonas sp. 91V47 produced the
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rhizoxin analogs 44 to 50. Rhizoxin analogs have been previously isolated from the fungi
Rhizopus chinensis>% and Rhizopus sp. No. F-1360,39P organisms that are very different
from the bacterium Pseudomonas sp. 91V47. In addition, the known compound Al-77-B (§7)
has been isolated from cultures of a marine B. pumilus. Terrestrial sources of this bacterium also
produce Al-77-B.65.69

The isolation of a bacterium, usually considered terrestrial, from a marine environment
does not necessarily mean that this organism is a contaminant in the ocean or that it is a
halotolerant terrestrial bacterium. Bacillus pumilus has been isolated from both the marine and
terrestrial environments. It is possible that a number of bacteria are common in both the marine
and terrestrial environments and that they produce similar or identical natural products.

Historically, the classification of natural products as marine or terrestrial has been based
on the origin of the initial source organism. However, the isolation of a previously known
“terrestrial” metabolite from cultures of a bacterium isolated from the marine environment does
not exclude this metabolite from being considered a marine natural product. With the increasing
number of metabolites being isolated from bacteria inhabiting the marine environment, many of
which are similar in structure to previously known terrestrial microbial metabolites, the
classification of natural products needs to be re-evaluated.

The standard techniques used today for culturing bacteria provide us with less than five
percent of the bacteria in a marine sample that can be observed by microscopic methods. These
standard methods usually result in the isolation of bacteria belonging to common genera found
from terrestrial sources. Therefore, we need to target the large percent of bacteria that are not
cultured under standard conditions for future developments. This will require a better
understanding of the physiological requirements ot marine bacteria and the development of
alternative culturing techniques. In addition, the marine environment offers regions of extreme
pressure and temperature and we will need to develop culturing techniques to target
microorganisms surviving in these extreme environments. Bacteria found in these areas may

have very different biosynthetic capabilities than those of terrestrial origin.
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EXPERIMENTAL SECTION

General materials and methods

The 'H NMR spectra were recorded on Bruker WH-400 and Bruker AMX-500
spectrometers. Chemical shifts were referenced to either tetramethylsilane (TMS, & 0.00 ppm) or
the residual solvent peaks as a secondary reference (CDCl3 6 7.26 ppm, C¢Dg & 7.15 ppm,
CD30D 8 3.30 ppm, DMSO-d6 8 2.49 ppm). The 13C and APT spectra were recorded on
Varian XL-300 (75 MHz) and Bruker AMX-500 (125 MHz) spectrometers. !3C chemical shifts
were referenced to the residual solvent peaks (CDCl3 & 77.0 ppm, C¢Dg & 128.0 ppm, CD;0D
6 49.0 ppm, DMSO-d6 6 39.5 ppm). COSY, NOE difference and double resonance
experiments were performed on a Bruker WH-400 spectrometer. HMQC and HMBC
experiments were conducted on a Bruker AMX-500 spectrometer.

Low and high resolution electron impact (EI) mass spectra were recorded on Kratos AEI
MS-59 and AEI MS-50 mass spectrometers, respectively. Low resolution desorption chemical
ionization (DCI) mass spectra were performed on a Delsi-Nermag R-10-10 C quadrupole mass
spectrometer using ammonia as the reagent gas. Low and high resolution liquid secondary ion
mass spectra (LSIMS) were recorded on a Kratos Concept II HQ mass spectrometer using
3-nitrobenzylalcohol as the sample matrix.

Infrared (IR) spectra of samples applied as films on sodium chloride plates were recorded
on a Perkin-Elmer 1600 Fourier Transform (FT) spectrometer. Ultraviolet-visible spectra were
recorded on a Bausch and Lomb Spectronic-2000 spectrophotometer. Optical rotations and
circular dichroism (CD) spectra were measured using a Jasco J-710 spectropolarimeter.

Normal and reversed-phase thin layer chromatographies (TLC) were performed using
Merck type 5554 aluminium backed Kieselgel 60 F254 silica and Whatman MKC;gF plates
respectively. TLC plates were visualized by UV (254 nm) or by the use of H,SOy, vanillin or

ninhydrin spray reagents. Further information on the preparation of spray reagents is provided

175



by Stahl.”2 XAD-4 resin was used to adsorb the organic material from the supernatant of a
bacterial culture. Sephadex LH-20 (bead size 25-100 p) was used for size exclusion
chromatography. Normal phase flash chromatography was accomplished using Merck silica gel
G60 (230-400 mesh) or Sigma type H TLC grade silica gel (10-40 p, no binder). Radial thin
layer chromatography was performed on a Harrison Research Chromatotron model 7924 and a
FMI model RPG-150 lab pump. Chromatotron plates were made from Merck silica gel 60 PF-
254 with CaS0O4.1/2H;0 as a binder. Reversed-phase open column chromatography was carried
out using reversed-phase silica prepared according to the literature.”3

Samples were prepared for HPLC purification by application to Waters Sep-Pak C18 and
silica cartridges according to package instructions. High performance liquid chromatography
(HPLC) separations used one of two systems. The first was comprised of a Waters 501 HPLC
pump connected to a Waters model 440 absorbance detector and a Perkin-Elmer LC-25 RI
detector. The other system consisted of a Waters 600E multisolvent delivery system equipped
with a Waters 486 tunable absorbance detector. Reversed-phase HPLC separations were
performed using Alltech C18 5 p analytical and C18 10 p semi-prep columns. Normal phase
HPLC separations utilized an Alltech silica 5 pt analytical column.

Solvents for extractions and column chromatographies were Fisher or BDH reagent
grade. All HPLC solvents were BDH Omnisolve or Fisher HPLC grade. All reagents were
commercial grade and were used without further purification. Exceptions were pyridine and
triethylamine which were distilled and stored over BaO and 4 A Linde type molecular sieves,
respectively.

Antimicrobial assays against the bacteria Staphylococcus aureus, methicillin-resistant S.
aureus, S. saprophyticus and Enterococcus faecalis, the yeast Candida albicans and the
fungus Rhizocronia solani were carried out using the disc diffusion method. Antimicrobial
assays for andrimid and moiramides A to C were conducted by Dr. Valerie Bernan, American
Cyanamide, Pearl River, NY. Cytotoxicity bioassays against mouse P388 (in vitro) leukemia cell
line were performed under the supervision of Dr. Theresa M. Allen of the Department of

Pharmacology, University of Alberta.
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Bacterial culture conditions

Cultures of Serratia odorifera 91-157, Pseudomonas 91V47 and Bacillus pumilus
91750 were grown at room temperature in liquid shake cultures in one liter Erlenmeyer flasks
containing 500 mL of tryptic soy broth medium (Difco) supplemented with 1 % sodium chloride
(except for 91-157 which was grown without a salt supplement). The cultures were harvested by
centrifugation (8000 rpm, 10 minutes) or by filtration (Millipore Pellicon Cassette System,
45 pum filter) four or five days after inoculation. The marine isolate Pseudomonas fluorescens
91QQ48 was cultured as lawns on solid media containing tryptic soy broth medium (Difco), 1 %
agar (Bacto agar, Difco) and 1 % sodium chloride at room temperature for three days.

Samples of these bacteria are preserved in | mL vials in liquid nitrogen.

Secondary metabolites from Serratia odorifera (91-157)

The Gram-negative Serratia odorifera 91-157 was isolated from a surface water sample
taken near a Chinook salmon (Oncorhyncus tshawyischa) farm in Georgia Strait, British
Columbia. Serratia odorifera was grown at room temperature in liquid shake culture in 1/2
strength tryptic soy broth medium. Thirty-six one liter Erlenmeyer flasks containing 500 mL of
medium were each inoculated with 2 mL of an actively growing culture of Serratia odorifera
and the cultures were harvested by centrifugation four days after inoculation. The supernatant
was passed over a column of XAD-4 resin packed in water, the column was washed with water,
and the adsorbed organic material was eluted with methanol. Evaporation of the methanol eluate
In vacuo gave a crude residue which exhibited antimicrobial activity against Staphylococcus
aureus, Bacillus subtilus, the yeast Candida albicans and the fungus Rhizoctonia solani. The
crude residue was partitioned between water (200 mL) and ethyl acetate (5 x 250 mL). The

combined ethyl acetate extracts were dried over NaaSQy, filtered and concentrated in vacuo to
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yield a pungent dark red oil (1.3 g). The antimicrobial activity was found to reside in the organic
extract.

Fractionation of the organic soluble materials by Sephadex LH-20 (3:1
methanol/dichloromethane) yielded eighty-eight fractions which were analyzed by TLC and
pooled to give six major fractions. The second fraction exhibited weak antibacterial activity and
the sixth fraction was active against the fungus Rhizoctonia solani. The sixth LH-20 fraction
contained the antimicrobial compound aminopyrrolonitrin (32) (I mg).33 Aminopyrrolonitrin
was purified by reversed-phase HPLC (4:6 water/methanol). The second fraction was applied to
a reversed-phase Sep-Pak and eluted with a step gradient of solvents beginning with 7:3
water/methanol through methanol. A late eluting fraction resulted in the isolation of the antibiotic
red pigment, prodigiosin (33).34 Purification of the first fraction from the Sep-Pak by reversed-
phase HPLC (7:3 water/methanol) gave pure oncorhyncolide (34) (16 mg). Oncorhyncolide was
isolated as an unstable oil and was acetylated with acetic anhydride and pyrnidine (0.5 mL of each,
room temperature, 20 hours) under an atmosphere of nitrogen to give the relatively stable
diacetate (35).3% The antibiotic pigment prodigiosin was also isolated from the cell pellet after
centrifugation. The cells were freeze-dried and extracted with diethyl ether to yield 2.26 g of a
crude red oil. Half of the crude extract was applied to a silica gel flash column and eluted with a
step gradient from dichloromethane (100 %) to ethyl acetate (100 %). The fractions showing a
pink TLC spot (Rf = 0.48, ethyl acetate) were pooled and concentrated in vacuo to yield 110 mg

of a dark red oil containing the known compound prodigiosin.
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Aminopyrrolonitrin (32)33

Cl

Aminopyrrolonitrin (32) was isolated as a yellow oil: IR (film), vhax: 3426, 3384, 1610
1069 cm-1; ITH NMR (CDCl3, 400 MHz), &: 4.23 (bs, 2H); 6.71 (1, J = 7.8 Hz, 1H); 6.84
(t,J = 2.6 Hz, 1H): 6.88 (1, J = 2.6 Hz, 1H); 7.09 (dd, J = 7.6,1.5 Hz, 1H); 7.24 (dd, J =
8.0, 1.5 Hz, 1H): 8.33 (bs. 1H) ppm: 13C NMR (CDCls, 75 MHz), &: 112.2, 116.1, 117.1,
117.9, 119.2, 119.4, 120.0, 128.5, 130.0, 141.7 ppm: HREIMS C;oHgN,Cl, (M*) m/z:
226.0067 (AM +0.3 mmu); LREIMS, m/z (formula, relative intensity): 226 (C,gHgN;Cl>,
85.4), 191 (C1gHgN-Cl, 67.5), 190 (CoH7N,Cl, 100), 156 (CgHgN2, 95.2).

Prodigiosin (33)34p

H H

\N/ \N/ Ny

D ——

OCHj; CsH,,

Prodigiosin (33) was isolated as a red oil: 'H NMR (CDCls, 400 MHz), &: 0.87 (t,J = 6.9 Hz,
3H), 1.25-1.32 (m. 6H), 2.38 (1, J = 7.5 Hz, 2H), 2.53 (s, 3H), 3.99 (s, 3H), 6.07 (d,J = 1.5
Hz, 1H), 6.33 (m, 1H). 6.67 (d, J = 2.0 Hz, 1H), 6.91 (m, 1H), 6.94 (s, 1H), 7.21 (bs, 1H),
12.54 (bs, 1H), 12.69 (bs, 1H) ppm: HREIMS C,3H35N:0 (M*) m/z: 323.1995 (AM -0.2
mmu); LREIMS, m/z (formula, relative intensity): 323 (CagHy5N40, 41.2), 266 (C;¢H (N3O,
100.0).
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Oncorhyncolide (34)

Oncorhyncolide (34) was isolated as an unstable colourless oil; [a]p -36° (¢ = 3.1, methanol);
IR (film), Vyax: 3400, 1690 cm!; 'H NMR (benzene-dg, 400 MHz), &: 1.14 (bs, 3H), 1.36 (dd,
J =177, 44 Hz, 1H), 1.54 (ddm, J = 17.7, 10.3, =1 Hz, 1H), 1.58 (bs, 3H), 1.87 (t, J = 6
Hz, 1H), 2.17 (m, 1H), 2.29 (m, 1H), 3.90 (d, J = 5.9 Hz, 1H), 4.24 (m, 1H), 4.53 (m, 1H),
5.33 (dd, J = 15.5, 5.9 Hz, 1H), 5.37 (1, J = 8.8 Hz, 1H), 5.56 (bs, 1H), 5.67 (m, 1H), 6.23
(dt, J = 114, =1 Hz, 1H), 6.41 (dm, J = 11.6, =1 Hz, 1H) ppm; HREIMS C;¢H,,04 (M*)
m/z: 278.1527, (AM +0.9 mmu); LREIMS, m/z (formula, relative intensity): 278 (Ci14H2,04,
0.8), 260 (Cy¢H2003, 13.4), 244 (CcH2(02, 6.4), 126 (C7H,(0,, 100).

Oncorhyncolide diacetate (35)

Oncorhyncolide diacetate (35) was isolated as a colourless oil; IR (film), Vgax: 1728 cm-l;
'H NMR (benzene-de. 400 MHz), 8: 1.19 (bs, 3H), 1.41 (dd, ] = 17.6, 4.2 Hz, 1H), 1.46
(bs, 3H), 1.63 (m, 1H), 1.68 (s, 3H), 1.75 (s, 3H), 2.21 (m, 1H), 2.30 (m, 1H), 4.27 (m,
1H), 4.35 (d, J = 13.5 Hz, 1H), 4.44 (d, J = 13.5 Hz, 1H), 5.37 (t, J = 10.0 Hz, 1H), 5.39
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(dd, J = 15.5, 6.0 Hz, 1H), 5.52 (m, 1H), 5.62 (bs, 1H), 593 (m, 1H), 6.21 (dt, J = 11.5,
<1 Hz, 1H), 6.54 (dm, J = 11.5, =1 Hz, 1H) ppm; 13C NMR (benzene-ds, 125 MHz), 6:
14.0, 20.4, 20.7, 22.1, 34.4, 379, 68.8, 69.0, 76.3, 117.3, 121.7, 127.3, 128.3, 128.9,
131.5, 136.0, 154.9, 163.5, 169.5, 169.8 ppm; HREIMS C;3H7;04 (M* -AcOH) m/z:
302.1519 (AM +0.1 mmu); LRDCIMS (NH3), Co0H2604 (M + NHyy m/z: 380 (relative

intensity 47.7).

Biosynthesis of Oncorhyncolide

Liquid shake cultures of Serraria odorifera 91-157 (12 x 1 L flasks each containing 500
mL of 1/2 strength tryptic soy broth) were fed [1-13C: 1 g}, [2-13C: 0.5 g}, {1,2-13C5: 0.25 g|
and [2-13C,2Hj: 0.5 g] labelled sodium acetate in separate experiments. The labelled precursors
were added in two pulses 30 and 50 hours after inoculation and the cultures were harvested by
centrifugation after four days. The supernatant was passed over a column of XAD-4 resin packed
in water, the resin was washed with water and the adsorbed organic material was eluted with
methanol. Evaporation of the methanol eluate in vacuo gave a crude residue which was dissolved
in water (100 mL) and partitioned with ethyl acetate (3 x 10{) mL). The ethyl acetate extract was
fractionated by Sephadex LH-20 (3:1 methanol/dichloromethane). The fraction containing
oncorhyncolide (34) was acetylated with acetic anhydride and pyridine (0.5 mL of each, room
temperature, 20 hours) under an atmosphere of nitrogen. Removal of excess reagents under
reduced pressure gave a crude oil which was purified by radial thin layer chromatography (silica

gel: EtOAc/hexane 4:6) 1o yield the pure oncorhyncolide diacetate (35).42

[1-13C]Sodium acetate
13C NMR (benzene-dg. 125 MHz), & (% enrichment above natural abundance): 14.0 (0.4), 20.4
(0.4), 20.7 (0.3), 22.1 (0.3), 34.4 0.0y, 37.9 (0.0), 68.8 ( 0.6), 69.0 (11.4), 76.3 (7.9),



117.3 (0.6), 121.7 (0.0), 127.3 (10.0), 128.3 (9.6), 128.9 (0.4), 131.5 (0.4), 136.0 (10.3),
154.9 (9.9), 163.5 (7.8), 169.5 (-0.3), 169.8 (0.7) ppm.

[2-13C]Sodium acetate

13C NMR (benzene-dg, 125 MHz), 8 (% enrichment above natural abundance): 14.0 (4.1), 20.4
(0.2), 20.7 (0.0), 22.1 (2.6), 34.4 (3.5), 37.9 (4.6), 68.8 (4.5), 69.0 (0.3), 76.3 (0.0), 117.3
(2.9), 121.7 (3.6), 127.3 (0.3), 128.3 (0.4), 128.9 (4.5), 131.5 (4.0), 136.0 (0.3), 1549

(0.1), 163.5 (0.2), 169.5 (0.1), 169.8 (0.0) ppm.

[1,2-13C,]Sodium acetate

13C NMR (benzene-de, 125 MHz), 8: 14.0 (s), 20.4 (s), 20.7 (s), 22.1 (s), 34.4 (Mc3cq =
36.9 Hz), 37.9 (1Jc7c5 = 43.1 Hz, acetone-de), 68.8 (cizcia = 47.4 Hz), 69.0 (Moo =
50.2 Hz), 76.3 (Mes.ce = 49.8 Hz), 117.3 (Uepcr = 68.3 Hz), 121.7 (Uey) oz = 56.2 Hz),
127.3 (Merpcyp = 56.2 Hz), 128.3 (Mg = 43.1 Hz, acetone-dg), 128.9 (Ucgcio = 49.8
Hz), 131.5 (Jes.cq = 50.6 Hz), 136.0 (Ucy3c1a = 47.4 Hz), 154.9 (Ucscq = 37.7 Hz), 163.5

(Ucy.c2 = 68.3 Hz), 169.5 (s), 169.8 (s ) ppm.
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Secondary metabolites from Pseudomonas fluorescens (91QQ48)
Moiramide A (38)

NEH

MN OH
H

;

Moiramide A (38) was isolated as an amorphous white solid; CD (methanol): [®]2124 13080,
[O)asag -11230, [O]a926 -6003; UV (methanol), Amax (€): 293.8 (27421) nm; IR (film), Viyax:
3281, 1698, 1648 cm'l: 'H NMR (DMSO-ds, 400 MHz), &: 1.76 (d, ] = 6.6 Hz, 3H), 2.68
(m, 2H), 5.25 (dd, J = 15.3 8.3 Hz, 1H), 5.89 (m, 1H), 6.00 (d, J = 15.0 Hz, 1H), 6.18 (ddd,
J =15.0, 10.7, 1.5 Hz. 1H), 6.25 (dd, J = 14.8, 11.3 Hz, 1H), 6.53 (dd, J = 14.8, 10.7, Hz,
1H), 7.00 (dd, J = 15.0. 11.3 Hz, 1H), 7.22 (m, 1H), 7.30 (d, J = 4.1 Hz, 4H), 8.48 (d, ] =
8.3 Hz, 1H), 12.25 (bs. 1H) ppm; 13C NMR (DMSO-dg, 125 MHz), 8: 18.2, 40.9, 49.5,
124.1, 126.4 (2C). 126.9, 128.0, 128.2 (2C), 131.4, 133.3, 138.9, 139.4, 142.6, 164.2,
171.6 ppm; HREIMS C}7H;9gNO3z (M*) m/z: 285.1366 (AM +0.1 mmu); LREIMS m/z
(formula, relative intensity): 285 (Cy7H4NO3, 36.1), 164 (CoH(NO,, 100.0), 121 (CgH4O,
68.4).



Moiramide B (39)

Moiramide B (39) was isolated as an amorphous white solid; CD (methanol): [@]2140 6302,
[@l237.6 -24140, [Ol289.0 570,[O]311.4 -3187; UV (methanol), Apax (€): 255.9 (29040) nm;
IR (film), Vimax: 3272, 1725 (sh), 1712, 1658, 1633, 1538 ¢cm'!; 'TH NMR (DMSO-dg, 400
MHz), §: 0.74 (d, J = 6.7 Hz, 3H), 0.79 (d, J = 6.7 Hz, 3H), 1.07 (d, J = 7.3 Hz, 3H), 1.78
(d, J = 6.5 Hz, 3H). 2.28 (m. 1H), 2.63 (dd. J = 14.3, 6.0 Hz, 1H), 2.76 (dd, J = 14.3, 8.6
Hz, 1H), 290 (dd, J = 7.3, 5.5 Hz, 1H), 3.91 (d, J = 5.5 Hz, 1H), 4.61 (dd, J = 8.4, 54 Hz,
1H), 5.27 (m, 1H), 592 (d, J = 15.1 Hz, 1H), 6.06 (m, 1H), 6.19 (dd, J = 15.0, 10.8 Hz,
1H), 6.95 (dd, J = 15.1, 10.8 Hz, 1H), 7.20 (m, 1H), 7.3 (m, 4H), 8.08 (d, J = 8.4 Hz, 1H),
8.37 (d, J = 8.4 Hz, 1H), 11.33 (bs, 1H) ppm; '3C NMR (DMSO-ds, 125 MHz), §: 14.5,
17.2, 18.2, 19.4, 28.1, 38.9, 41.9, 49.8, 57.8, 63.0, 122.9, 126.4 (2C), 126.8, 128.2 (20),
129.9, 136.6, 139.4, 142.8. 164.4, 169.8, 173.7, 180.0, 203.3 ppm; HREIMS C;5H3;N305
(M*) m/z: 453.2262 (AM -0.1 mmu); LREIMS m/z (formula, relative intensity): 453
(C25H31N30s5, 5.0), 358 (C19H24N:Oy4, 14.0), 242 (C5H NO,, 69.4), 200 (C13H14NO,
39.0), 146 (C4HxNO, 63.0). 95 (CH70, 100).
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Moiramide C (40)

Moiramide C (40) was isolated as an amorphous white solid; CD (methanol): [@]2;8.0 -2075,
[@l237.8 -12360, [Ol303.2 4971; UV (methanol), Amax (€): 289.2 (29771) nm; IR (film), Viax:
3247, 1729 (sh), 1717, 1636, 1608, 1541 cm'!; TH NMR (DMSO-dg, 400 MHz), 8: 0.61 (d, J
= 6.8 Hz, 3H), 0.71 (d, J = 7.1 Hz, 3H), 0.81 (d, J = 6.8 Hz, 3H), 1.76 (d, J = 6.4 Hz, 3H),
2.50 (m, 1H), 2.66 (d, J = 7.4 Hz, 2H), 2.89 (g, J = 7.1 Hz, 1H), 5.18 (dd, J = 9.4, 3.4 Hz,
1H), 5.25 (m, 1H), 590 (m, 1H), 599 (d, J = 15.1 Hz, 1H), 6.18 (ddd, J = 15.0, 109, 1.5
Hz, 1H), 6.24 (dd, J = 15.0. 11.4 Hz, 1H), 6.53 (dd, 15.0, 10.9, Hz, 1H), 6.98 (dd, J = 15.1,
11.4 Hz, 1H), 6.99 (s, 1H), 7.19 (m, 1H), 7.3 (m, 4H), 7.83 (d, ] = 9.4 Hz, 1H), 833 (d, ] =
8.5 Hz, 1H), 11.41 (bs, 1H) ppm; 13C NMR (DMSO-dg, 125 MHz), 8: 7.7, 15.9, 18.2, 19.7,
27.4, 41.8, 48.6, 49.9, 58.0, 86.8, 124.2, 126.3 (2C), 126.7, 128.0, 128.0 (2C), 131.4,
133.2, 138.8, 139.2, 142.7. 164.1, 169.5, 174.8, 176.6, 208.6 ppm; HREIMS C;7H33N30¢
(M*) m/z: 495.2378 (AM +0.9 mmu). LREIMS m/z (formula, relative intensity): 495
(C27H33N30¢, 0.6), 146 (CgHNO, 91.8), 121 (CgHo0, 39.7).
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Andrimid (41)3!

Andrimid (41) was isolated as an amorphous white solid; CD (methanol): [@];158 4944,
[©]240.2 -11480, [O)274.8 -367, [O|309. -6096; UV (methanol), Apax (€): 292.1 (35759) nm;
IR (film), Vimax: 3282, 1712, 1650, 1644, 1538, 1531 cm't; TH NMR (DMSO-dg, 400 MHz),

H

6:0.74 (d, J = 6.7 Hz, 3H), 0.80 (d, J = 6.7 Hz, 3H), 1.07 (d,J = 7.3 Hz, 3H), 1.78 (d, ] =

6.5 Hz, 3H), 2.29 (m, 1H), 2.65 (dd, J = 14.3, 6.1 Hz, 1H), 2.76 (dd, J = 14.3, 8.5 Hz, 1H),

291 (dd, J = 7.3, 5.5 Hz, tH), 3.92 (d, ] = 5.5 Hz, 1H), 4.63 (dd, J = 8.4, 5.4 Hz, 1H), 5.28
(m, 1H), 5.89 (m, 1H), 6.01 (d, J = 15.1 Hz, IH), 6.17 (ddd, J = 15.2, 10.8, 1 Hz, 1H), 6.25
(dd, J = 14.8, 11.3 Hz, 1H). 6.53 (dd, 14.8, 10.8, Hz, IH), 7.00 (dd, J = 15.1, 11.3 Hz, 1H),
7.2 (m, 1H), 7.3 (m, 4H), 8.09 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 8.5 Hz, 1H), 11.35 (bs, 1H)
ppm; 13C NMR (DMSO-de, 125 MHz), 6: 14.5, 17.2, 18.2, 19.3, 28.1, 38.9, 41.9, 49.8,
57.8, 63.0, 124.2, 126.4 (2C), 126.8, 128.0, 128.2 (2C), 131.4, 133.3, 138.8, 139.4, 142.8,
164.2, 169.8, 173.6, 179.9, 203.3 ppm; HREIMS Ci7H33N305 (M*) m/z: 479.2416 (AM -0.4
mmu); LREIMS m/z (formula, relative intensity): 479 (C37H33N30s5, 358 (C19H24N304,17.5),
268 (C7H13NO2, 81.7).146 (CyHyNO, 74.5). 121 (CyHyO, 100.0).



Prodigiosin (33)34p

H H
\ \N/ R

—

OCH, CiH,,

Prodigiosin (33) was isolated as a red powder; 'H NMR (CDCls, 400 MHz), 8: 0.88 (t, J = 6.9
Hz, 3H), 1.25-1.35 (m, 6H), 2.32 (1, J = 7.9 Hz, 2H), 2.55 (s, 3H), 4.00 (s, 3H), 6.07 (bs,
1H), 6.35 (dd, J = 3.7, 2.5 Hz, 1H), 6.66 (bs, 1H), 6.91 (m, 1H), 6.94 (s, 1H), 7.25 (m,
1H), 12.57 (bs, 1H), 12.76 (bs, 1H); HREIMS C;pH2sN30 (M*) m/z: 323.2006 (AM +0.8
mmu); LREIMS, m/z (formula, relative intensity): 323 (Cy9HpsN3O, 98.7), 266 (C)¢H16N30,

100.0).

Biosynthesis of Andrimid

Pseudomonas fluorescens 91QQ48 was grown as lawns on solid media. Four
aluminium trays (23 x 33 x 5 cm) each containing 500 mL of tryptic soy broth medium, 1 % agar
and 1 % sodium chloride were each inoculated with 2 mL of an actively growing liquid culture of
P. fluorescens. The cultures were incubated for 3 days at room temperature. After this time the
cells were gently scraped off the solid media. The agar medium was sectioned into 3 x 3 cm
cubes and immersed in ethyl acetate. After 24 hours the solvent was decanted, dried over sodium
sulfate and concentrated in vacuo to obtain a pungent dark red oil. The ethyl acetate extraction of
the agar was repeated three times to yield 0.65 g of the crude oil.

The crude extract was chromatographed on a Sephadex LH-20 column eluted with ethyl
acetate/methanol/water (8:2:1). TLC analysis indicated the presence of andrimid in fractions
fourteen to twenty. These fractions were pooled and concentrated in vacuo to give a pink

powder. Reversed-phase column chromatography (65:35 methanol/phosphate buffer, pH 6.87)
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of the andrimid containing fraction allowed the separation of the pink pigment prodigiosin which
remained on the top of the column. The andrimid containing fractions were pooled and
concentrated in vacuo to remove the methanol. The aqueous residue was exhaustively extracted
with ethy! acetate. Further purification by reversed-phase HPLC (65:35 methanol/phosphate
buffer, pH 6.87) gave pure andrimid (50 mg).5!

The labelled precursors [1-13C: 0.5 g]valine, [1-13C: 1 g]sodium acetate, [1,2-13C: 0.5
g)sodium acetate), [1,2-13Ca: 250 mg]glycine and [1,2-13C,,15N: 100 mg]glycine were
dissolved in water and filter sterilized before adding to the culture medium (4 x 500 mL tryptic
soy broth, 1 % agar, 1 % sodium chloride) just before pouring the media into the aluminium

trays in separate experiments. Andrimid was isolated by the procedure outlined above.

[1-13C]Valine

13C NMR (DMSO-dg, 125 MH2z), 8 (% enrichment above natural abundance): 14.5 (0.0), 17.2
(0.0), 18.2 (0.1), 19.3 (0.1). 28.1 (0.0), 38.9 (0.0), 41.9 (0.1), 49.8 (0.0), 57.8 (-0.1), 63.0
(0.0), 124.2 (0.1), 126.4 (0.0), 126.8 (0.1), 128.0 (0.0), 128.2 (0.1)), 131.4 (0.1), 133.3
(0.1), 138.8 (0.0), 139.4 (0.1), 142.8 (0.1), 164.2 (0.1), 169.8 (0.0), 173.6 (0.0), 179.9

(0.0), 203.3 (22.4) ppm.

[1-13C]}Sodium acetate

13C NMR (DMSO-dg, 125 MHz), 8 (% enrichment above natural abundance): 14.5 (0.0), 17.2
(0.0), 18.2 (-0.1), 19.3 (0.1), 28.1 (0.0), 38.9 (1.1), 41.9 (0.1), 49.8 (0.0), 57.8 (-0.2), 63.0
(0.1), 124.2 (-0.1), 126.4 (0.1), 126.8 (-0.1), 128.0 (-0.3), 128.2 (0.1)), 131.4 (-0.2), 133.3
(17.2), 138.8 (18.7), 139.4 (17.7), 142.8 (0.1), 164.2 (21.7), 169.8 (0.2), 173.6 (18.4),

179.9 (-0.1), 203.3 (0.1) ppm.
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[1,2-13C,]Sodium acetate
13C NMR (DMSO-dg, 125 MHz), 8: 14.5, 17.2, 18.2 (M7 cy~ = 43.0) , 19.3, 28.1, 38.9,
41.9, 49.8, 57.8 (Mo = 42.8 Hz), 63.0, 124.2 (HJci+ o~ = 64.4 Hz), 126.4 (20), 126.8,

]

128.0 (MJcs~.ca = 56.3 Hz), 128.2 (2C), 131.4 )5 cg+ = 55.7 Hz), 133.3 (LJcr~ g™
43.0), 138.8 (LJcs~ce = 55.7 Hz), 139.4 (13~ .ca = 56.3 Hz), 142.8, 164.2 (e~ oo

64.4 Hz), 169.8, 173.6 (1Jcy.c3 = 42.8 Hz), 179.9, 203.3 ppm.

[1,2-13C;]Gycine

13C NMR (DMSO-dg, 125 MHz), &: 14.5, 17.2, 18.2, 19.3, 28.1, 38.9 (1Jc4.c5 = 45.8 Hz),
41.9, 49.8, 57.8, 63.0, 124.2, 126.4 (2C), 126.8, 128.0, 128.2 (20), 131.4, 133.3, 138.8,
1394, 142.8, 164.2, 169.8, 173.6, 179.9 (*J¢4.c5 = 45.8 Hz), 203.3 ppm.

[1,2-13C2,15N]Glycine

13C NMR (DMSO-dg, 125 MHz), : 14.5, 17.2. 18.2, 19.3, 28.1, 38.9 (1Jcacs = 45.8 Hz;
2cant = 5.7 Hz), 41.9, 49.8, 57.8, 63.0, 124.2. 126.4 (2C), 126.8, 128.0, 128.2 (20),
131.4, 133.3, 138.8, 139.4, 142.8, 164.2, 169.8, 173.6, 179.9 (Ucacs = 45.8 Hz; Ues ng =

12.4 Hz), 203.3 ppm.



Secondary metabolites from Pseudomonas sp. 91V47

The bacterial isolate 91V47, obtained from an abalone collected off Cortez Island in
Georgia Strait, British Columbia, was identified as a pseudomonad. Pseudomonas sp. 91V47
was grown at room temperature in liquid shake culture in tryptic soy broth. Thirty-six one liter
Erlenmeyer flasks containing 500 mL of medium plus | % sodium chloride were each inoculated
with 2 mL of an actively growing culture of Pseudomonas sp. 91V47 and the cultures were
harvested by filtration five days after inoculation. The supernatant was passed over a column of
XAD-4 resin packed in water, the column was washed with water, and the adsorbed organic
material was eluted with methanol. Evaporation of the methanol eluate in vacuo gave a crude
residue which was found to be cytotoxic. The crude residue was partitioned between water (200
mL) and ethyl acetate (5 x 250 mL). The combined ethyl acetate extracts were dried over sodium
sulfate, filtered and concentrated in vacuo to yield a pungent brown oil. The cytotoxic activity
was found to reside in the organic extract ( in vitro P388 murine leukemia, EDsg = 0.0287
png/mL). Three batches of bacteria were grown to yield 7.74 g of the crude extract.

Fractionation of the organic soluble materials by Sephadex LH-20 (eluent: 3:1
methanol/dichloromethane) vielded two hundred fractions which were analyzed by TLC and
pooled to give thirteen major fractions. The third fraction was found to be cytotoxic. The polar
constituents of the third LH-20 fraction were purified by reversed-phase HPLC (eluent: 4:6
methanol/0.025M phosphate. buffer pH 6.78) and yielded eleven fractions. Each fraction was
concentrated in vacuo to remove the methanol and the aqueous residue was exhaustively
extracted with ethyl acetate. Further purification by reversed-phase HPLC (eluent: methanol/
0.025M phosphate butfer. pH 6.78) yielded three new natural products 44 (15 mg), 45
(12 mg) and 46 (8 mg). The third fraction contained a less polar, purple staining TLC spot
(R = 0.32, silica, ethyl acetate) on spraying with vanillin. Purification of the less polar purple
spot by normal phase silica HPLC (eluent: 2:3 and 1:1 hexane/ethy! acetate) yielded the new
compounds 47 (8 mg). 48 (1 mg) and 49 (2 mg) as well as the known compound WF-1360C

(50) (9 mg).5°

190



WF-1360C (50)°°

WE-1360C (50) was isolated as an amorphous white solid; IR (film), v 3418 (br),
1715 cm-!; TH NMR (CDCls, 400 MHz), 8: 0.70 (m, 1H), 0.97 (d, J = 6.9 Hz, 3H), 1.22 (d,
J = 6.6 Hz, 3H), 1.75 (m, 1H), 1.80 (m, 1H), 1.81 (s, 3H), 1.89 (s, 3H), 1.90 (m, 1H), 1.97
(m, 1H), 2.08 (m, 1H), 2.12 (m, 1H), 2.14 (s, 3H), 2.15 (m, 1H), 2.29 (m, 1H), 2.46 (s,
3H), 2.55 (m, 1H), 2.77 (dm, J = 14.9 Hz, 1H), 3.70 (m, 1H), 3.90 (d, J = 6.3 Hz, 1H), 4.00
(dd, J = 10.6, 2.6 Hz, 1H), 4.70 (dd, J = 10.6, 5.1 Hz, 1H), 5.19 (dd, J = 15.2, 9.6 Hz, 1H),
5.63 (d, 15.7 Hz. 1H). 5.85 (d, J = 10.9 Hz, 1H), 6.21 (dd, J = 10.9 Hz, 1H), 6.25 (s, 1H),
6.25 (dd, J = 15.2, 10.9 Hz, 1H), 6.40 (d, J = 15.2 Hz, 1H), 6.58 (dd, J = 15.2, 10.9 Hz,
1H), 6.80 (m, 1H), 7.53 (s, 1H) ppm: 13C NMR (CDCls, 125 MHz), 6: 9.7, 11.0, 12.8, 13.8,
14.4, 16.5, 29.6, 33.5, 34.6, 36.8, 38.3, 40.0, 45.2, 74.8, 77.6, 78.3, 83.2, 120.4, 1242,
124.4, 126.3, 126.7, 129.7, 134.7. 1359, 137.0. 137.4, 138.3, 138.7, 139.2, 146.8, 160.9,
166.2, 170.3 ppm: HREIMS C34H45NO7 (M™) m/z: 579.3202 (AM +0.6 mmu); LREIMS m/z

(formula, relative intensity): 579 (C34HysNO7, 8.3), 561 (C34H43NOg, 41.9).
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Compound 44

Compound 44 was isolated as an unstable white solid; IR (film), Viyax: 3400 (br), 1710 cm'l;
'H NMR (DMSO-dg, 400 MHz), 6: 0.78 (m, 1H), 0.84 (d, J = 6.7 Hz, 3H), 0.90 (d, ] = 7.3
Hz, 3H), 1.61 (s. 3H), 1.64 (m, tH), 1.75 (m, 1H), 1.78 (s, 3H), 1.81 (m, 1H), 1.82 (m,
1H), 1.82 (m, 1H), 1.85 (m. 1H), 1.88 (m, 1H), 2.04 (dd, J = 16.2, 49 Hz, 1H), 2.15 (s,
3H), 2.25 (m, 1H), 2.39 (s, 3H), 2.83 (m, 1H), 2.90 (dd, J =16.2, 3.2 Hz, 1H), 3.68, (m,
1H), 3.70, (m, 1H), 4.51 (d, J = 6.1 Hz, 1H),. 4.62 (dd, ] = 9.7, 3.2 Hz, 1H), 4.67 (d, ] = 3.0
Hz, 1H), 4.83 (d. J = 4.5 Hz, 1H), 5.10 (dd, J = 15.2, 9.6 Hz, 1H), 5.53 (d, J = 11.0 Hz,
1H), 5.58 (d. J = 15.6 Hz, 1H), 6.05 (dd, J = 15.2, 10.8 Hz, 1H), 6.08 (d, J = 10.0 Hz, 1H),
6.23 (s, 1H), 6.39 (d, J = 15.1 Hz, 1H), 6.55 (m, 1H), 6.60 (m, 1H), 8.01 (s, 1H), 11.98 (s,
1H) ppm; 13C NMR (DMSO-dg, 125 MHz). 8: 9.8, 10.6, 12.1, 13.3, 14.0, 17.0, 33.0, 34.2,
36.4, 37.6, 40.0. 40.1. 45.8. 73.1, 75.7, 77.0, 77.4, 119.6, 123.3, 1242, 124.6, 125.5,
127.6, 136.2, 136.4, 136.9, 137.1, 138.2, 138.6, 140.6, 147.8, 160.4, 165.0, 174.0 ppm;
HRLSIMS (positive ion, 3-nitrobenzylalcohol matrix), CagHygNOg (M + H)* m/z: 598.33982.
(AM +1.83 mmu): LRLSIMS (positive ion, 3-nitrobenzylalcohol matrix), m/z (formula, relative

intensity): 598 (C34H4yNOg. 2.0), 580 (C34H44NO7, 2.6), 562 (C34H44NOg,1.7).
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Compound 45

Compound 45 was isolated as an unstable white solid; IR (film), vpax: 3420 (br), 1714 cml;
'H NMR (DMSO-dq. 400 MHz), &: 0.86 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.95
(m, 1H), 1.17 (s, 3H). 1.52 (m, 1H), 1.75 (m. IH), 1.78 (s, 3H), 1.85 (m, 1H), 1.85 (m,
1H), 1.90 (m, 1H), 2.10 (m, 1H), 2.13 (s, 3H), 2.15 (m, 1H), 2.20 (m, 1H), 2.30 (m, 1H),
2.39 (s, 3H), 2.40 (m, 1H), 2.78 (dd, J = 10.5, 2.5 Hz, 1H). 2.84 (d. J = 8.1 Hz, 1H), 2.98
(m, 1H), 3.69, (d, J = 7.6 Hz, 1H), 4.46 (d, J = 6.6 Hz, 1H), 4.64 (dd, ] = 9.7, 3.6 Hz, 1H),
4.87 (d, J =45 Hz, 1H), 5.01 (d.J = 3.8 Hz, 1H). 5.08 (dd, J = 15.6, 8.1 Hz, 1H), 5.32
(dd, J = 15.6, 9.2 Hz, 1H), 5.74 (d. J = 15.6 Hz, 1H), 6.05 (d, J = 11.0 Hz, 1H), 6.22 (s,
1H), 6.35 (d, J = 15.2 Hz, 1H), 6.57 (dd, J = 15.2, 11.0 Hz, 1H), 6.67 (m, 1H), 8.00 (s,
1H), 12.06 (s, 1H) ppm: 13C NMR (DMSO-d,. 125 MHz), &: 9.6. 10.8, 12.0, 13.4, 14.0,
17.4, 30.6, 33.4, 34,6, 37.8, 39.7, 40.0, 449, 60.7, 64.7, 70.7, 73.8, 76.9, 77.5, 119.7,
124.5, 1249, 125.6, 125.8, 136.2, 136.6, 137.1. 138.2, 140.2, 140.5, 145.5, 160.5, 164.6,
173.7 ppm: HRLSIMS (positive ion, 3-nitrobenzylalcohol matrix), C34H4gsNOg (M + H)* m/z:
614.33214 (AM -0.77 mmu); LRLSIMS (positive ion. 3-nitrobenzylalcohol matrix), m/z
(formula, relative intensity): 614 (C34Hs3NOy, 5.2), 596 (C34H46NOg, 3.8), 578 (C33H44NO7,

1.5).
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Compound 46

Compound 46 was isolated as an unstable white solid; IR (film), Viux: 3428 (br), 1713 cm!;
'H NMR (DMSO-dg, 400 MHz), &: 0.91 (d,J = 6.7 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.95
(m, 1H), 1.19 (s. 3H), 1.52 (m, 1H), 1.65 (m, 1H), 1.76 (s, 3H), 1.85 (m, 1H), 1.88 (m,
1H), 1.93 (m, 1H), 2.08 (m. 1H), 2.16 (s, 3H), 2.20 (m, 1H), 2.23 (m, 1H), 2.33 (m, 1H),
2.41 (s, 3H). 2.42 (m, 1H). 2.77 (dm, J = 10.1, Hz, 1H), 2.84 (d, J = 8.0 Hz, 1H), 3.00 (m,
1H), 3.08 (s. 3H). 3.28, (d. J = 8.8 Hz, 1H), 447 (d, J = 6.5 Hz, 1H), 4.63 (dd, J = 9.6, 3.2
Hz, 1H). 5.07 (d. J = 3.9 Hz, 1H), 5.07 (dd, J = 15.6, 8.0 Hz, 1H), 5.33 (dd, J = 15.6, 9.2
Hz, 1H), 5.76 (d. J = 15.5 Hz. 1H), 6.13 (d. J = 11.0 Hz, 1H), 6.27 (s, 1H), 6.42 (d, J =
15.1 Hz, 1H), 6.63 (dd, J = 15.1,11.0 Hz, 1H), 6.69 (m, 1H), 8.04 (s, 1H), 12.07 (s, 1H)
ppm; 13C NMR (DMSO-dg. 125 MHz). &: 10.1, 10.7, 11.3, 13.4, 14.0, 17.4, 30.6, 33.2,
34.6, 37.8, 38.9, 40.0, 44.9, 55.6, 60.6, 64.6, 70.7, 72.9, 76.9, 88.2, 120.3, 124.0, 124.7,
125.8, 128.8, 136.0, 136.1. 137.3, 137.5, 13&.1, 140.2, 145.8, 160.5, 164.6, 173.7 ppm;
HRLSIMS (positive ton, 3-nitrobenzylalcohol matrix), C3sHsoNOy (M + H)* m/z: 628.34436
(AM -4.20 mmu); LRLSIMS (positive ion, 3-nitrobenzylalcohol matrix), m/z (formula, relative
intensity): 628 (C3sHs5gNOg, 12.8), 627 (Ci4H49NOg, 7.2), 610 (C34H4sNOg, 2.4), 596

(C33H46NOg, 7.8).
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Compound 47

Compound 47 was isolated as an amorphous white solid; IR (film), Viax: 3412 (br), 1731 (sh),
1715 ecm'!; 'H NMR (CDCls, 400 MHz), 8: 0.92 (d, J = 6.9 Hz, 3H), 0.96 (m, 1H), 1.05 (d,
J = 6.5 Hz, 3H), 1.76 (s, 3H), 1.81 (s, 3H), 1.90 (m, 1H), 1.90 (m, 1H), 1.95 (m, 1H), 1.97
(m, 1H), 2.02 (m, 1H), 2.04 (m, 1H), 2.10 (m, 1H), 2.13 (s, 3H), 2.35 (m, 1H), 2.40 (m,
1H), 2.46 (s, 3H), 2.81 (dd, J = 15.6, 4.4 Hz, 1H), 3.11 (m, 1H), 3.68 (s, 3H), 3.91 (bs,
1H), 4.06 (bd, J = 10.6 Hz, 1H), 490 (dd, J = 10.3, 6.8 Hz, 1H), 5.25 (dd, J = 15.1, 9.6 Hz,
1H), 5.61 (dd, 15.4, 1.6 Hz, 1H), 5.81 (d, J = 10.8 Hz, 1H), 6.13 (dd, J = 15.1, 10.8 Hz,
1H), 6.24 (s, 1H), 6.26 (d, J = 11.0 Hz, 1H). 6.39 (d, J = 15.1 Hz, 1H), 6.57 (dd, J = 15.1,
11.0 Hz, 1H), 6.80 (m, 1H), 7.52 (s, 1H) ppm: '3C NMR (CDCl;, 125 MHz), 8: 9.7, 10.5,
13.6, 13.8, 14.4, 16.6, 34.3, 34.5, 37.1, 39.2, 40.5, 40.6, 46.1, 51.6, 73.8, 75.7, 77.2,
78.7, 120.2, 123.0, 124.5, 126.0, 126.6, 128.1, 135.8, 137.1, 137.8, 1379, 138.1, 138.3,
138.8, 149.3, 160.8, 166.7, 173.8 ppm: HREIMS C35H49NOg (M*) m/z: 611.3449 (AM -0.9
mmu); LREIMS m/z (formula, relative intensity): 611 (C35H49NOg, 0.4), 593 (C35H47NO35,

4.0), 579 (C34H45NO7, 5.5), 561 (C34H43NOy, 27.8).



Compound 48

Compound 48 was isolated as a white solid: IR (film), Viay: 3404 (br), 1715 cm-1; TH NMR
(CDCl3, 500 MHz), 8: 0.92 (d, J = 6.9 Hz, 3H), 0.95 (m, 1H), 1.05 (d, J = 6.5 Hz, 3H), 1.77
(s, 3H), 1.81 (s, 3H), 1.90 (m, 1H), 1.90 (m, 1H), 1.95 (m, 1H), 1.95 (m, 1H), 2.00 (m,
1H), 2.03 (s, 3H). 2.05 (m. 1H), 2.10 (m, 1H), 2.35 (m, 1H), 2.40 (m, 1H), 2.45 (s, 3H),
2.81 (dd, J = 15.6, 4.0 Hz. 1H), 3.11 (m, IH), 3.68 (s, 3H), 3.93 (bs, 1H), 4.06 (bd, J =
10.7 Hz, 1H), 4.89 (dd. J = 9.8, 7.2 Hz, 1H), 5.24 (dd, J = 15.1, 9.6 Hz, 1H), 5.61 (dd,
15.7, 1.0 Hz, 1H). 5.80 (d. J = 10.8 Hz, 1H), 6.06 (s, 1H), 6.13 (dd, J = 15.1, 10.8), 6.33
(d, J = 11.0 Hz, 1H), 6.62 «dd. J = 15.3. 11.0 Hz, 1H), 6.80 (m, 1H), 7.34 (d, J = 15.3 Hgz,
1H), 7.47 (s. 1H) ppm: '3C NMR (CDCls. 125 MHz), 8: 9.8, 10.6, 13.5, 13.9, 16.7, 20.9,
34.4, 34,5, 37.1. 39.2. 40.5. 40.6, 46.1, 51.6, 74.0, 75.9, 77.5. 78.6, 117.6, 123.1, 126.5,
126.5, 126.7, 128.1, 131.1, 135.8, 135.9, 137.7, 138.0, 138.3, 138.6, 149.3, 161.5, 166.8,

173.8 ppm: HREIMS C3sHgNOg (M*) m/z: 611.3463 (AM +0.5 mmu).
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Compound 49

Compound 55 was isolated as a white solid: IR (film), Vi, 3415 (broad), 1714 cm-!; 1TH NMR
(CDCls, 500 MHz). 8: 0.70 (m, 1H), 0.98 (d, ] = 6.7 Hz, 3H), 1.20 (d, J = 6.4 Hz, 3H), 1.75
(m, 1H), 1.80 (m, 1H). 1.81 (s, 3H), 1.88 (m, 1H), 1.89 (s, 3H), 1.97 (m, 1H), 2.04 (s, 3H),
2.10 (m, 1H), 2.15 (m. 1H), 2.15 (m, 1H), 2.30 (m, 1H), 2.45 (s, 3H), 2.55 (m, 1H), 2.77
(dd, J = 18.1, 3.1 Hz, 1H), 3.69 (m, 1H), 3.92 (bs, 1H), 4.00 (d, J = 10.1 Hz, 1H), 4.68 (dd,
J =103, 53 Hz, IH), 5.18 (dd, J = 15.2, 9.6 Hz, 1H), 5.64 (d, 15.8 Hz, 1H), 5.83 (d,J =
10.7 Hz, 1H), 6.07. (s, 1H), 6.25 (dd, J = 15.2, 10.7 Hz, 1H), 6.29 (d, J = 11.2 Hz, 1H),
6.62 (dd, J = 15.3, 11.2 Hz, 1H), 6.79 (m, 1H), 7.40, (d, } = 15.3 Hz, 1H), 7.47 (s, 1H)
ppm; 13C NMR (CDCls. 125 MHz), 8: 9.7, 11.0. 12.7, 13.9, 16.6, 20.9, 29.7, 33.9, 34.6,
36.8, 38.3, 40.1. 45.3. 75.1, 78.0, 78.2, 83.2, 117.6, 124.2, 126.0, 126.5, 127.3, 1297,
131.8, 134.6, 135.6. 136.1, 138.3, 138.7, 139.4, 146.7, 161.3, 166.3, 170.3 ppm; HREIMS
C34H4asNO7 (M*) m/z: 579.3188 (AM +0.6 mmu): LREIMS m/z (formula, relative intensity):
579 (C34H4sNOo, 4.7).



Secondary metabolites from Bacillus pumilus (91Z250)

Bacterial isolate 91750, obtained from a sediment sample in Georgia Strait, British
Columbia, was identified as the Gram-positive Bacillus pumilus. B. pumilus was grown at
room temperature in liquid shake culture in tryptic soy broth. Thirty-six one liter Erlenmeyer
flasks containing 500 mL of medium plus 1 % sodium chloride were each inoculated with 2 mL
of an actively growing culture of Bacillus pumilus and the cultures were harvested by filtration
five days after inoculation. The supernatant was passed over a column of XAD-4 resin packed in
water, the column was washed with water, and the adsorbed organic material was eluted with
methanol. Evaporation of the methanol eluate in vacuo gave a crude residue which exhibited
antibacterial activity against Staphyvlococcus aureus, methicillin-resistant S. aureus, S.
saprophyticus and Enterococcus faecalis. The crude residue was partitioned between water
(200 mL) and ethyl acetate (5 x 250 mL). The combined ethyl acetate extracts were dried over
NazS Oy, filtered and concentrated in vacuo to vield a pungent brown oil. The antibacterial
activity was found to reside in the organic extract. Three batches of bacteria were cultured to
yield 10.64 g of the oil.

Fractionation of the organic soluble materials by Sephadex LH-20 (3:1
methanol/dichloromethane) yielded one hundred and thirty fractions which were analyzed by
TLC and pooled to give six major fractions. The first three fractions showed antibacterial activity
against the four test organisms, Staphvlococcus aureus, methicillin-resistant S. aureus,
S. saprophyticus and Enterococcus faecalis. The second LH-20 fraction was applied to a
reversed-phase column and eluted with water/methanol (1:4). TLC analysis yielded seven
fractions. The second fraction contained an interesting purple TLC spot on reversed-phase silica
(Rf = 0.39, 1:4 water/methanol) after spraying with ninhydrin. Further purification of the
fraction containing the purple spot by reversed-phase preparative TLC (1:4 water/methanol) and
reversed-phase HPLC (6:4 water/methanol) yielded the known antimicrobial compound Al-77-B
(54) (22 mg).53d Acetvlation of Al-77-B with acetic anhydride and pyridine (0.5 mL of each,

room temperature, 20 hours) under an atmosphere of nitrogen gave the triacetate 55634
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The third antimicrobial fraction was applied to a Sephadex LH-20 column and eluted with
ethyl acetate/methanol/water (8:2:1). One hundred and forty fractions were collected, analyzed by
TLC and pooled to yield six fractions. The second fraction showed antimicrobial activity.
Recycling of this active fraction on Sephadex LH-20 (ethyl acetate/methanol/water, 8:2:1) gave
an interesting fraction containing two green TLC spots (Rf = 0.39, 0.52) on spraying with
ninhydrin. Application of this fraction to a TLC silica flash column (3:6 hexane/ethyl acetate)

yielded the known compound Al-77-F (56) (6 mg)®3d and the new compound 57 (5 mg).

AlI-77-B (54)65d

Al-77-B (54) was isolated as an amorphous white solid; UV (methanol), Ay 244 nm (€ =
7540), 312 nm (€ = 5161). CD (methanol), @95 -47770, Oy19 8726, O29 3601, By4y 7306,
Oa60 -7312, Opg4 -137, B317 -2065; IR (film), Vimax: 3238 (broad), 1671, 1665, 1654 cm-b:
'H NMR (CD30D, 400 MHz), 6: 0.94 (d. J = 6.5 Hz, 3H), 0.97 (d, J = 6.5 Hz, 3H), 1.44
(m, 1H), 1.72 (m. 1H). 1.82 (m, 1H), 2.52 (m, 1H), 2.59 (m, 1H), 2.92 (dd, J = 16.5, 3.0
Hz, 1H), 3.09 (dd. J = 16.5. 12.2 Hz, 1H), 3.59 (bs, 1H), 3.92 (m, 1H), 4.14 (d, ] = 5.3 Hz,
1H), 4.35 (dt. 10.6, 3.4 Hz. 1H), 4.66 (dt. 12.2, 3.0 Hz, 1H), 6.78 (d, ] = 7.4 Hz, 1H), 6.83
(d, J = 8.4 Hz, 1H), 7.44 (dd, J = 8.4, 7.4 Hz, 1H) ppm: 'H NMR (DMSO-dg, 400 MHz),
5:0.85(d, J = 6.3 Hz, 3H). 0.89 (d, J = 6.3 Hz, 3H), 1.33 (m, 1H), 1.66 (m, 2H), 2.13 (m,
1H), 2.27 (m, 1H), 2.85 (dd. J = 16.5, 2.3 Hz, 1H), 3.05 (dd, 16.5, 12.4 Hz, 1H), 3.24 (m,
1H), 3.64 (m, 1H), 3.93 (d. J = 5.5 Hz), 4.19 (m, 1H), 4.68 (dm, J = 12.4 Hz, 1H), 6.81 (d,
J =75Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 7.47 (dd, J = 84, 7.5 Hz, I1H), 7.84 (d, ] = 9.3
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Hz, 1H) ppm; 13C NMR (CD;OD, 125 MHz), 6:22.0, 23.8, 25.8, 30.9, 35.1, 40.7, 50.4,
52.6, 73.2 (2C), 82.7, 109.4, 116.7, 119.5, 137.5, 141.6, 163.2, 171.0, 175.2, 178.2 ppm;
HREIMS, C3p0H2¢N207 (M - H,0) m/z: 406.1740 (AM +0.0 mmu); LREIMS, m/z (formula,
relative intensity): 389 (Cy0H23NO7, 4.3), 371 (CapH,NOg, 2.8), 307 (C1sH,21NOs, 4.4), 244
(C11H20N704, 46.6), 227 (C11H17NOy4, 31.3), 201 (Cy3H130,, 33.6); LRDCIMS (NH3), m/z
(formula, relative intensity): 425 (CyoH29N70g, 2), 424 (CooH2gN,Og, 1), 407 (C0H27N207,

82).

Al-77-B Acetate 5565d

OAc O

OAc NHAc

Compound 55 was isolated as a pale yellow oil; IR (film), vihax: 3310, 1771, 1757, 1729, 1670
cm-l; TH NMR (CDCls, 400 MHz), &: 0.88 (d, J = 6.4 Hz, 3H), 0.93 (d. J = 6.4 Hz, 3H),
1.38 (m, 1H), 1.69 (m, 2H). 1.88 (s. 3H), 2.15 (s. 3H), 2.34 (s, 3H), 2.55 (dd, J = 18.4, 3.7
Hz, 1H), 2.89 (dd, J = 16.5, 3.0 Hz, 1H), 3.01 (m, 2H), 4.31 (m, 1H), 448 (d, J = 11.7, 3.0
Hz, 1H), 4.72 (bs, 2H), 5.40 (m, 1H), 6.67 (d, ] = 5.0 Hz, 1H), 6.81 (d, J = 9.4 Hz, 1H),
7.04 (d, J = 8.0 Hz, 1H), 7.16 (d. J = 7.6 Hz, 1H), 7.54 (dd, J = 8.0, 7.6 Hz, 1H) ppm; 13C
NMR (CDCls, 125 MHz). 6: 20.8, 21.2, 21.7, 22,9, 23.2, 24.6, 31.1, 35.3, 40.2, 47.6, 49.5,
73.4, 799, 83.4, 117.4, 123.0, 125.7. 1349, 141.2, 151.8, 162.0, 166.2, 169.6, 1699,
170.8, 174.7 ppm; HREIMS, C;6H32N>O (M™) m/z: 532.2060 (AM +0.3 mmu); LREIMS,
m/z (formula, relative intensity): 532 (CagH12N20qg, 0.2), 490 (CoaH39N20g, 5.4), 268

(Cy3H2oN204, 91.6).



Al-77-F (56)¢3d

AI-77-F (56) was isolated as an amorphous white solid; UV (methanol), Apayx; 243 nm (€ =
8072), 312 nm (g = 5099); CD (methanol), ®1q; -87030, @223 -787S5, @126 -8151, ©24, 5646,
O260 -1027, Oz 1, O373 -1839; IR (film), Vinax: 3323 (broad), 1758, 1672, cm'!; 'H NMR
(CDCls, 400 MHz), 6: 0.96 (d, J = 6.5 Hz, 3H), 0.98 (d, J = 6.5 Hz, 3H), 1.48 (m, 1H), 1.6]
(m, 1H), 1.85 (m. 1H), 2.88 (dd. J = 16.5, 3.0 Hz, 1H), 3.06 (dd, J = 16.5, 12.3 Hz, 1H),
4.38 (m, 1H), 4.58 (d, J = 4.4 Hz, 1H), 4.63 (dt, J = 12.3, 2.5 Hz, 1H), 5.46 (m, 1H), 6.23
(dd, J = 5.7, 1.8 Hz, 1H), 6.71 (d, ] = 7.4 Hz, 1H), 6.88 (d, J = 8.5 Hz, 1H), 7.37 (dd, J =
5.7, 1.2 Hz, 1H), 7.42 (dd, J] = 8.5, 7.4 Hz, 1H), 10.73 (s, 1H) ppm; 'H NMR (DMSO-de,
400 MHz), 6: 0.83 (d. J = 6.5 Hz, 3H), 0.90 (d, J = 6.5 Hz, 3H), 1.31 (m, 1H), 1.68 (m,
2H), 2.96 (d, ] = 6.2 Hz, 2H), 4.16 (m, 1H), 4.40 (bs, 1H), 4.68 (m, 1H), 5.35 (m, 1H),
6.19 (d, J = 5.1 Hz, IH), 6.26 (dd, J = 5.7, 1.9 Hz, 1H), 6.83 (d, J = 6.3 Hz, 1H), 6.85 (d, J
= 7.7 Hz, 1H), 7.49 (m, 2H), 7.81 (d, J = 9.5 Hz, 1H), 10.80 (s, 1H) ppm; 13C NMR
(CDCl3, 125 MHz), &: 21.6, 23.1, 24.9, 30.3, 40.3, 49.3, 70.7, 80.9, 83.6, 108.1, 116.3,
118.2, 123.4. 136.5. 139.1. 152.4, 162.2, 169.3, 169.4, 172.7 ppm; HREIMS, C;0H23NO+
(M*) m/z: 389.1478 (AM +0.3 mmu): LREIMS, m/z (formula, relative intensity): 389
(CaoH23NO7. 0.4). 371 (CagH2 NOg. 0.5), 227 (C11H 7Ny, 6.8), 209 (C;1HsNO3, 10.4),
163 (CoH703, 16.9), 135 (CyH704, 20.0), 86 (CgH 2N, 100.0).



Compound 57

Compound 57 was isolated as a white solid; UV (methanol), Apax; 244 nm (€ = 7261), 312 nm
(e = 4743); CD (methanol), © 94 -64450, @,14 49050, O139 9403, O,4; -5896, Oyy¢ 553,
®314 -752; IR (film), Vimax: 3327 (broad), 1760, 1673 cm'l; 'TH NMR (CDCls, 400 MHz), &:
0.95 (d, J = 6.5 Hz, 3H), 0.97 (d, J = 6.5 Hz. 3H), 1.47 (m, IH), 1.67 (m, 1H), 1.83 (m,
1H), 2.84 (dd, J = 16.5, 3.0 Hz, IH), 3.02 (dd, J = 16.5, 12.5 Hz, 1H), 433 (d, J = 5.3 Hg,
1H), 4.37 (m, 1H), 4.59 (dt, J = 12.4, 2.5 Hz, 1H), 5.31 (ddd, J = 5.3, 2.0, 1.5 Hz, 1H),
6.19 (dd, J = 5.8, 2.0 Hz, 1H), 6.69 (d, ] = 7.4 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.91 (d, ]
= 9.7 Hz, 1H), 7.40 (dd, J = 8.4, 7.4 Hz, 1H). 7.66 (dd, J = 5.8, 1.5 Hz, 1H), 10.73 (s, 1H)
ppm; 'H NMR (DMSO-dq. 400 MHz), d: 0.86 (d, J = 6.4 Hz, 3H), 0.91 (d, J = 6.4 Hz, 3H),
1.32 (m, 1H), 1.67 (m, 2H). 2.96 (d, J = 7.5 Hz, 2H), 4.21 (m, 1H), 4.32 (dd, ) = 6.4, 2.7
Hz, 1H), 4.68 (m. 1H), 5.42 (m, 1H), 599 (d. J = 6.5 Hz, 1H), 6.24 (dd, J = 5.7, 2.0 Hz,
1H), 6.84 (d, J = 7.4 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 7.48 (dd, J = 8.4, 7.4 1H), 7.62 (d, ]
= 9.6 Hz, 1H), 7.71 (dd, J = 5.7, 1.5 Hz, 1H). 10.80 (s, 1H) ppm; 13C NMR (CDCl;, 125
MHz), &: 21.8, 23.1. 24.7. 30.3, 40.5. 49.4. 72.0. 81.0. 83.5, 108.0, 116.3, 118.2, 122.9,
136.5, 139.1, 153.6. 162.2. 169.3, 169.4. 172.3 ppm: HREIMS, CoH2:NO7 (M*) m/z:
389.1481 (AM +0.7 mmu): LREIMS, m/z (formula. relative intensity): 389 (CyyH»3NO-, 0.2),
371 (CooH21NOg, 0.9), 227 (C11H17NOy, 6.8). 209 (C;1H5NO4, 8.5), 163 (CyH705, 18.2),
135 (CgH70,, 22.5), 86 (CgH; 3N, 100.0).
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Moshers esterification

(S)-(+)-2-methoxy-2-phenyl-2-(trifluoromethyl) acetic acid chloride (MPTA-CI), (5 uL),
prepared according to the literature,¢ was added to a solution of AI-77-F (72) (1 mg),
triethylamine (5 L), dimethylaminopyridine (1 crystal) in CDCl3 (100 uL).67 After one hour
the chloroform was evaporated. The residue was applied to a normal phase silica Sep-Pak and
eluted with 1:1 ethyl acetate/hexane. Purification by normal phase HPLC (I:1 ethyl

acetate/hexane) yielded the pure R-MPTA ester 58.

Compound 58

Compound 58 was isolated as a pale yellow film; IR (film), vy 3320, 1790, 1766, 1732,
1673; TH NMR (CDCl;, 400 MHz), &: 0.95, (d, ] = 2.8 Hz, 3H), 0.97 (d, J = 2.8 Hz, 3H),
1.50 (m, 1H), 1.65 (m, 1H), 1.82 (m, 1H), 2.99 (dd, J = 16.4, 3.3 Hz, 1H), 3.13 (dd, J =
16.4, 11.3 Hz, 1H), 3.79 (s, 3H), 4.45 (m, 1H), 4.62 (m, 1H), 5.79 (s, 1H), 5.88 (d, J = 10.0
Hz, 1H), 6.41 (dd, 5.6, 1.7 Hz, 1H), 6.94 (d, J = 8.0 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H),
7.46-7.48 (m, 3H), 7.51 (t, ] = 8.0 Hz, 1H), 7.74 (m, 1H), 7.75 (m, 1H), 8.50 (d, J = 5.6 Hz,
1H); 13C NMR (CDCly. 125 MHz), 8:21.9, 23.0, 24.8, 31.3, 41.0, 49.5, 79.8, 103.8, 122.1,
123.7, 126.3, 127.7 (2C), 128.5 (2C). 129.8, 134.8, 138.5, 141.1, 142.6, 156.7, 158.9,
163.6, 165.3 ppm: HREIMS, C3gHyxNOgF3 (M*) m/z: 3587.1171 (AM +0.4 mmu); LREIMS,
m/z (formula, relative intensity): 587 (C3oH23NOgF3, 3.5), 464 (Co4H2sNOsF3, 1.6), 379

(C19H1405F3, 6.7), 208 (C;1H14NOs, 65.2), 189 (CyHgOF3, 100.0).
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Appendix 1.

Nuclear Magnetic Resonance Techniques

Nuclear magnetic resonance (NMR) techniques have been employed in this thesis to aid
in the structural elucidation of the new natural products. A simple, non-quantum mechanical
description of the NOE difference, COSY, HMQC and HMBC experiments, along with an
example of each will be presented in this appendix. A number of books and reviews provide a
more detailed explanation of the theory of one-dimensional and two-dimensional NMR.74 Tables

of chemical shifts and coupling constants are also readily available.”>

One-dimensional NMR experiments

The ume sequence for a one-dimensional experiment is shown in Figure Al. The
preparation time allows the sample to reach thermal equilibrium. A radiofrequency pulse is
applied and data collection starts at the end of the evolution period with the detection time. During
the evolution time (t;, a constant), additional pulses may be applied, scalar spin-spin interactions
can be applied by gating the decoupler channel, or dipolar couplings (through-space) may take

place.

Pulse

Preparation Evolution Detection

A
Y
A

b

Figure Al. Time sequence for a one-dimensional NMR experiment.”®



The nuclear Overhauser effect difference experiment

In this thesis the nuclear Qverhauser gffect difference spectrum (NOEDS) was used to
determine stereochemical features of the new metabolites. When two protons (Ha and Hy) are
close to each other in space, saturation of Ha by the application of a selective radiofrequency
pulse alters the intensity of the signal Hx. This change in intensity is known as the nuclear
Overhauser effect (NOE) and it is a consequence of the through space dipolar coupling between
Ha and Hy. Subtraction of the unperturbed FID as a result of off-resonance irradiation from the
perturbed FID (with NOE) and subsequent Fourier transform generates a spectrum containing
only the NOE enhanced signals, the NOEDS. The NOE difference spectrum contains a signal at
dx, the chemical shift of the NOE, and a large negative signal at 84, the chemical shift of the
irradiated proton. NOEs are usually positive for small molecules in a non-viscous solvent,
however, larger molecules may give rise to negative NOEs.74¢ The intensity of the signal is

inversely proportional to the sixth power of the distance between the two protons, Ha and Hy.

90°

Acquisition

'H

Selective continuous
irradiation

'H Decoupler

Figure A2. The pulse sequence for an NOE difference experiment.”’

The pulse sequence for a NOEDS experiment 1s given in Figure A2. This experiment

consists of the sequential acquisition of 'H spectra with gated decoupling.
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Figure A3. NOE difference spectra of thymol (400 MHz, DMSO-de).



In gated decoupling the decoupler is turned on and a specific resonant frequency is irradiated
allowing the build up of NOE. The decoupler is then turned off and a 90° pulse is applied
followed by the acquisition of FID. All the NOEDS experiments in this thesis were recorded on a
Bruker WH-400 spectrometer with a decoupler power of 47-51 dB and a preparation delay of 6
seconds. The preparation delay allowed the system to come to thermal equilibrium between
irradiations. The NOE enhancements in this thesis were calculated as a percent of the irradiated
peak (large negative peak). A one-proton irradiated peak was assigned to -100 %. The percent
NOE:s do not provide an accurate measurement of the distance between protons but they do
provide some indication of the strength of the NOE.

The NOE difference spectra of thymol, a simple organic molecule, are shown in
Figure A3. The off-resonance spectrum of thymol is shown at the bottom of the figure. In
spectrum b the aromatic proton at & 6.95 (H3) was irradiated inducing NOEs at 6 6.53 (H4)
and 6 1.11 (1'-Me). Irradiation of the methyl singlet at 8 2.15 (5-Me) resulted in the
enhancement of the H4 and H6 resonances at § 6.53 and 8 6.56 respectively (spectrum f). The

results from selected NOEDS are summarized in Figure A4.

("~ "\ NOE

H,C CH,
111 il

Figure A4. Results from selected NOE difference experiments on thymol.
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Two-dimensional NMR experiments

The time sequence for a two-dimensional (2D) NMR experiment is shown in Figure AS.
It has the time sequence “‘preparation - evolution - detection” as in the 1D experiment illustrated in
Figure Al. In a 1D NMR experiment the receiver signal S(tp) is solely a function of the detection
time ty but in a 2D NMR experiment the evolution time t; is variable. The mixing period consists
of pulses and fixed delays. At the end of the mixing period the chemical shifts of the observed
nuclei are recorded. During the course of n experiments the evolution time, ty, is increased by a
constant time increment Aty. A separate FID is detected in t> for each t; increment. Therefore, the
receiver signal is dependent on two time variables, t; and tp, 1.e. S(t1,t) and the data is Fourier
transformed twice. Fourier transformation of the data with respect to t; provides n conventional
spectra that are phase or amplitude modulated. The phase or amplitude modulation contains
information about homo or heteronuclear coupling or dipolar coupling and originates by varying
the delays and pulses during the evolution period. Fourier transformation in the second
dimension, with respect to t, leads to a second frequency domain that may contain information

about coupling constants or chemical shifts.

Pulse

Mixing Detection
FID

Preparation Evolution

- o Ll
4 L

Figure A5. Time sequence for a two-dimensional NMR experiment.742
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The 'H-1H COSY experiment

The homonuclear gorrelated spectroscopy (COSY) experiment was used in this thesis to
determine proton connectivities. A series of 1D homonuclear decoupling experiments can provide
the same information as the COSY experiment. The advantage of a COSY experiment over its 1D
analog is that information about all the scalar couplings of a molecule is provided in a short time

even when the 1D 'H NMR spectrum is congested.

90° 60"

Aquisition
FID

Figure A6. The pulse sequence for a COSY experiment.’8

The pulse sequence tor the acquisition of a COSY60 experiment is provided in Figure
A6. Following the preparation time a 90 pulse is applied and produces transverse magnetization.
The magnetization precesses at its Larmor frequency (vp) in the x,y plane during t;. At the end of
the evolution time t; a second pulse, 60°, 1s applied that transfers coherence from the protons that
have evolved during t; to protons with which they are scalar coupled. Fourter transformation
with respect to t; leads to a series of proton spectra that are modulated by scalar coupling. A
second Fourier transformation gives a 2D NMR spectrum with the 'H chemical shift on both
axis. The COSY spectrum contains a signal on the diagonal at (84,64) when protons are
correlated to themselves. Cross peaks or off-diagonal peaks arise from scalar coupling when v,

# v, and have coordinates (8,05) and (8g.04).
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Figure A7. 'H COSY NMR spectrum of thymol (400 MHz, DMSO-dg).
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The entire COSY spectrum of thymol is shown in Figure A7. Diagonal peaks appear on a
line from the bottom left hand corner to the upper right hand corner of the spectrum, occurring at
the intersection of the same signal on both axes. Peaks that appear elsewhere are cross peaks and
indicate coupling. Two isolated spin systems are observed for thymol. The resonance at 6 1.11
(1'-Me), integrating for six protons, shows a correlation with the methine resonance at 8 3.13
(H1"). The doublet at 8 6.53 (H4) shows a COSY correlation (cross peak) to a doublet at

8 6.94 (H3). The COSY correlations for thymol are summarized in Figure AS8.

¥ X

COSY correlation

Figure A8. COSY correlations for thymol.

The HMQC experiment

The 'H-detected heteronuclear multiple-quantum coherence (HMQC)79 experiment was
used in this thesis to determine one bond 'H-1*C connectivities and it is often referred to as an
inverse-detected experiment. An HMQC experiment provides the same information as the 13C-
detected heteronuclear correlation® (HETCOR) experiment. The advantage of the HMQC
experiment is that the FID is acquired in the 'H domain and the greater sensitivity of the 'H
nucleus in the NMR experiment means that the HMQC experiment requires less sample and/or

less time to obtain the data than in the analogous HETCOR experiment.



The pulse sequence for the HMQC experiment is depicted in Figure A9. The Bird pulse is
employed at the beginning of the pulse sequence to suppress signals from protons not coupled to
13C nuclei. Typical values for the delays A (1/21Jcy) and 1T (optimized to eliminate 'H-12C
bonded signals) used in the HMQC experiments in this thesis were 3.5 ms and 0.7 s,
respectively. Fourier transformation with respect to t; results in a series of 'H spectra modulated
by one bond 'H-13C scalar coupling. A second Fourier transformation with respect to t; results
in a 2D spectrum with proton chemical shifts along the F; axis and carbon chemical shifts along

the F; axis. Proton-carbon correlations are observed at (Fy,F»7).

90% 180% 90"-x QQ"x ' 180% '
: E : Aquisition
1 s ' y/2 u/2 v A
H A A A : 1 v ! A : FID
: 180° ‘ 90° 90" 90
X ' B
13 ' ]
C ] ' A
" X A Decouple
~—

Figure A9. Pulse sequence for the HMQC experiment.”

The HMQC spectrum of thymol is provided in Figure A10. This spectrum shows
correlations between carbons and their attached protons. The three aromatic protons at 8 6.53,
0 6.56 and & 6.95 show correlations to the carbons at 8 119.7, 6 115.2 and 6 125.7
respectively. The methine carbon at & 3.13 is correlated to the carbon at 8 26.2. Intense
correlations are observed for the upfield methyl resonances. The methyl resonance at 6 2.15 is
correlated to the carbon at § 20.7 and the methyl doublet at § 1.11, integrating for six protons,

is correlated to the carbon resonance at 8 22.6.

I
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Figure A10. HMQC NMR spectrum of thymol (500 MHz 'H NMR, DMSO-de).



The HMBC experiment

The 'H-detected multiple-bond heteronuclear multiple-quantum coherence (HMBC(C)38!
experiment is similar to the HMQC experiment but it has been optimized for long range, two and
three bond, 'H-13C connectivities. This experiment is analogous to the 13C-detected correlation
to long range coupling (COLOC)3? experiment. The 'H-detected HMBC experiment is more
sensitive than the COLOC experiment and it can provide 'H-13C connectivities through
heteroatoms and allows the unambiguous assignment of quaternary carbon atoms.

The pulse sequence for the HMBC experiment is provided in Figure A11l. One-bond
correlations are eliminated from this experiment by using a low-pass J-filter, consisting of a 90°
proton pulse, a delay Aj, followed by a 90" carbon pulse, at the beginning of the pulse sequence.
Typical values for the delays Ay (1/2'Jcy) and A> (optimized for long range Jey) used for the
HMBC experiments in this thesis were 3.5 ms and 60 ms, respectively. Fourier transformation
results in a 2D spectrum with 'H chemical shifts along the F; axis and 13C chemical shifts along
the F; axis. Two and three bond 'H-13C correlations are observed as cross peaks at (F,,F;). The

HMBC spectrum of thymol is given in Figure A12.

Aquisition

Figure A11. Pulse sequence for the HMBC experiment.®!
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Figure A12. HMBC NMR spectrum of thymol (500 MHz 'H NMR, DMSO-dg).
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Large noise peaks for the methyl signals running along the F; axis appear in the
spectrum. Methy!l peaks show cross peaks which are three times more intense than methine
peaks. Plotting a higher contour level will decrease this noise but it will weaken cross peaks from
the other groups. The intense methyl cross peaks are easily distinguished from the noise. The
methyl resonance at 8 2.15 is correlated to the carbon resonances at 8 115.7, 119.7 and 135.3.
The phenolic proton is correlated to the quaternary carbon at & 131.3. The HMBC experiment
shows correlations from protons to carbons two and three bonds distant. Selected HMBC

correlations for thymol are summarized in Figure A13.

¥ N

HMBC correlation

Figure A13. Selected HMBC correlations for thymol.
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