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Marine Natural Products

Over the past 25 years, two thirds of drugs which have
been developed for the treatment of human diseases

have been derived from natural products (NPs) or their
derivatives.

Bioprospecting for new marine natural products
(MNPs) has increased significantly over the past
decades, leading to an unprecedented discovery of
new molecules.

Most compounds isolated from marine invertebrates
— Sponges are biggest single source
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Marine natural product discovery from marine phyla from
1990-2009.
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Other Phyla include Annelida, Arthropoda, Brachiopoda, Hemichordata, Platyhelminthes and Bryozoa

Adapted from Leal et al., Plos ONE 2012




Total number of new compounds isolated from different types of marine sources,

2001-2010.
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Current Pipeline of Marine Drugs

Clinical status

Compound name

Marine organism

Chemical class

Disease area

Approved

Phase III

Phase II

FPhase I

Preclinical

Cytarabine, ara-C
Brentuximab vedotin (SGN-35)
Vidarabine, ara-&
Omega-3-acid ethyl esters
Ziconotide

Eribulin mesylate (E7389)
Trabectedin (ET-743)
Plitidepsin

Tetrodotoxin

Soblidotin (TZT 1027}
DMXBA (GTS-21)

Plinabulin (NPI-2358)
Glembatumumab vedotin
Elisidepsin

PM1004

Tasidotin, synthadotin (ILX-651)
Pseudopterosins

Bryostatin 1

Pinatuzumab vedotin
(DCDT-2980%) and (DCDS-45014)
Hemiasterlin (E7974)
HuMax®-TF-ADC

Marizomib (salinosporamide A)
Chrysophaentin A
FPhenethylamine

Geodisterol sulfates
Pseudoalteraomonas sp. metabolites
Peziza vesiculpsa B-carboline
Bromophycolides

Flalkortin

Homogentisic acid

Cladonia cervicornis diterpene
Hymenidin

Ggyrosanols

Dysidine

Arenamides A and B
Capnellene

Floridosides

Grassystatins A-C
Callyspongidiol

Calyculin A

Pulicatin A

Dysideamine

Sponge
Mollusk/cyanobacterium
Sponge
Fish

Cone snail
Sponge
Tunicate
Tunicate
Pufferfish
Bacterium
Worm

Fungus
Mallusk/cyanobacterium
Mallusc

Nudibranch

Bacterium

Soft coral

Bryozoa
Mallusk/cyanobacterium

Sponge
Mallusk/cyanobacterium

Bacterium
Alga Halobacillus salfinus
Bacterium lyngbyoic acid
Sponge
Bacteria
Bryozoa
Alga
Sponge
Sponge
Alga
Sponge
Soft coral
Sponge
Bacteria
Soft coral
Alga
Bacteria
Sponge
Sponge
Bacteria
Sponge

Mucleoside

ADC (MMAE)
MNucleoside
Omega-3 fatty acid
Peptide

Macrolide
Alkaloid
Depsipeptide
Guanidinium alkaloid
Peptide

Alkaloid

Diketopiperazine
ADC (MMAE)
Depsipeptide
Alkaloid

Peptide

Diterpene glycoside
Polyketide

ADC (MMAE)

Tripeptide
ADC (MMAE)

Beta-lactone-gamma lactam
Shikimate
Shikimate
Peptide
Polyketide
Alkaloid
Terpene
Polyketide
Shikimate
Terpens
Allkaloid
Terpene
Terpene
Peptide
Terpens
Glycolipid
Peptide
Polyketide
PKS/MRPS
Allkaloid
Terpense

Cancer, leukemia
Cancer, lymphoma
Anti-viral
Hypertriglyceridemia
Pain

Breast cancer

Cancer

Cancer

Chronic pain

Cancer

Cognition, Alzheimers
disaese, schizophrenia
Cancer

Breast cancer, melanoma
Cancer

Cancer

Cancer

Wound healing

Cancer

MNon-Hodgkin lymphoma,
chronic lymphocytic leukemia
Cancer

Cancer for ovary,

endometrium, cervix, prostate

Cancer

Bacterial infections
Bacterial infections
Fungal infections
Bacterial infections
Fungal infections
Malaria

Malaria

Malaria

Protozoal infections
Tuberculosis

Viral infections
Diabetes
Inflammation
Inflammation
Inflammation
Immunity
Immunity

Nervous system
Nervous system
Nervous system

ADGC: Antibody drug conjugate, MMAE: Monomethylauristatin E, PIKS: Polyketide synthases, NRPS

- DMXBA: 2-(2,4 dimethoxy) benzylidene-anabaseine

: Nonribosomal peptide synthases,
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CYTABARINE

Chemotherapy medication used to
treat acute myeloid leukemia, acute
lymphocytic leukemia, chronic
myelogenous leukemia, and non-
Hodgkin's lymphoma.

G293 19 20 .

CYTARABINE

BECTAON
20/20 mL SR

Nucleoside called
Arabinosyl cytosine (ara-C).

Discovery in Florida (1945).

Produced by the sponge
Cryptotethia crypta.
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VIDARABINE

An antiviral drug which is active
against herpes simplex and
varicella zoster viruses.

Nucleoside called 9-8-D-
arabinofuranosyladenine
(ara-A).

Discovery in Caribbean
sponge Tethya crypta.
in early 1960s.

Copyright Museum of Health Care

Tethya crypta



ZICONOTIDE

Powerful analgesic drug which
blocks calcium channels, preail |

v’.t: meg /20 mk

interrupting pain signalling at the
level of the spinal cord.

Peptide with a 25 amino
acid sequence.

Discovery in Cone Snail
Conus magus

Patented by Neurex Corp.,
a U.S. company purchased
in 1998 by Elan

Corporation. Conus magus




ERIBULIN

Eribulin is a drug used to treat
metastatic breast cancer.

H xl )V(

Lmq/? mL‘]

Synthetic analogue of the
marine natural product
Halichondrin B.

Approved by USFDA 2010.
Also being tested as a
treatment for lung and
prostate cancer.

Discovered in sponge
Halicondria okadai
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TRABECTEDIN -
’ E
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Used as a drug to treat advanced T,i"“‘
soft-tissue sarcomas, liposarcoma, ,.

and leiomyosarcoma.

Complicated heterocyclic ring
structure. Semisynthetic
process using the antibiotic
SAFRACIN B obtained by
fermentation of the bacterium
Pseudomonas fluorescens.

Approved by US FDA 2015

Discovery in tunicate
Ecteinascidia turbinate.

R T e c—

—— Ecteinascidia turbinate



Marine natural product discovery from marine phyla from
1990-2009.
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Other Phyla include Annelida, Arthropoda, Brachiopoda, Hemichordata, Platyhelminthes and Bryozoa

Adapted from Leal et al., Plos ONE 2012
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https://www.youtube.com/watch?v=q7mKS4bCfuo

Genomic based studies in deep-sea sponges
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Microbes in Marine Ecosystems

e Bacteria account for most oceanic biomass
and metabolism.

« Total number of bacteria in marine
environments including the sub-surface is
estimated at ~ 3.67 x 10 °9.

« Up to 10° bacteria are present in 1 ml of
seawater.



antimicrobial compounds

Distribution of Sponge-Associated Microorganisms producing
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BIOMINING BIOACTIVE MARINE STREPTOMYCES STRAINS

Over 65% of the natural antibiotics produced in the
pharmaceutical industry are from Streptomycetes.

Streptomyces
venezuela

Streptomyces fradiae

I,

i

R

._24 S— -
—

NDC 63323-359-03 305903

{
INJECTION, USP
(333 mg/mL)

For IM or IV Use .
3mLvia  Rxony o°F

muy |

Streptomyces
kanamceticus

Daptomy
for Injection

e ==

NDC 0172-2416-8

TETRACYCLINE HCI
CAPSULES USP

" Rx only.

(Orange/eliow!

Streptomyces
aureofaciens

Streptomyces roseosporus

Streptomyces lincolnensis
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Rapamycin

Streptomyces
hydroscopicus

—

DOXOrubicin
Hydrochloride ',

 for Injoction, USP

50 mgivial

CAUTION: CYTOTOXIC AGENT

LYOPHILZED
For IV use only.

Rx only Sogle-Done Vial

Streptomyces
peucetius

Used to coat coronary |
.. stents, to prevent
o organ transplant |—
rejection.

Used to treat acute myeloid leukemia (AML),
acute lymphocytic leukemia (ALL),
chronic myelogenous leukemia (CML),
and Kaposi's sarcoma.

BT
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Crowley et al., (2014) Marine Drugs 12,
5926-5929.



540 actinomycetes, isolated from shallow water and deep-
sea sponges, were screened for growth inhibition of a
number of clinically relevant bacterial and fungal/yeast
species.

MRSA

Thirteen of these strains which displayed the most N
Interesting range of bioactive antimicrobial activities, C. glabrata
Including growth inhibition of problematic anti-microbial
resistant (AMR) human pathogens such as methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-
Intermediate Staphylococcus aureus (ViSA), were identified. C.diffcie

BEFORE GROWTH AFTERGROWTH

Bacterial growth Well containing solution
of inhibitory chemical

B. subtilis

No bacterial growth
Agar media, spread {Zone of inhibition)

Antibioticdisks on Petri dish

Bacterial growth



Antimicrobial activities of 13 cultured sponge Streptomyces strains

Gram negative bacteria Gram positive bacteria Yeasts
E. coli NCIMB L. monocyte genes A. fumigatus
Test strain P. aeruginosa PAO1  Bacillus spp.  Staphylococcus spp. Candida spp.
12210 F2365 ATCC 46645
SM1* + - +12 +2 + + n.d.
SM5* + - +12 +2 - - n.d.
SM9* W - - = = = n.d.
SM10* + n.d. = = = = n.d.
SM11* = = +2 +ab = = n.d.
SM12* = + - +2 - - n.d.
SM14* - = +12 +2 - = n.d.
SM16* = + +2 € - = n.d.
SM17* + = = +b - + n.d.
SM18* = = +2 4 = = n.d.
FMC008* - + +2 +d - - n.d.
D ee p | { B2265N101 = = = = n.d. + +
Sea B188M101 - - -3 - n.d. o +

Antimicrobial activities of cultured sponge bacteria using deferred antagonism assays. 1: Bacillus cereus FPL1;

2: Bacillus subtilis 1A40; 3: B. subtilis 1E32; & hVISA (Heterogonous Vancomycin Intermediate

Staphylococcus aureus) 22900; °: MRSA (Methicillin resistant S. aureus) ST544; ©: VISA (Vancomycin intermediate
S. aureus) 35403; 9: S. aureus NCIMB 9518: ‘+’ = positive. ‘=’ = negative; n.d. not determined. *

Adapted from Kennedy et al., 2009.




Group A isolates SM11,
SM16, B188M101 and
B226SN101) appear
enriched

for adenylation and
condensation domains of
NRPS.

The majority of predicted
protein domains from the
deep sea isolates
(B188M101 and
B226SN101) are more
similar to each other than
to similar genes in
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Streptomyces sp. SM14 I
Streptomyces sp. SM1 &
Streptomyces sp. SM9
Streptomyces sp. FMC008
Streptomyces sp. SM10 3
Streptomyces sp. SM12
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S. albus J1074 1
S. griseus NBRC 13350 i
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Streptomyces sp. SM 11
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genomes.
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Novel thiopeptide gene cluster from
Streptomyces SM2

SARP .
Transport regulator | | Pré-peptide

P

TsrG

TsrC  TsrF TsrH

Dehydratase

Peptidase

Heterocyclisation

* Related proteins from thiostrepton biosynthesis cluster are
indicated (30-40% identity)

» Contains all ‘core’ thiostrepton tsr genes except tsrE

« Functional predictions are based on thiostrepton cluster

* Pre-peptide sequence indicates novel thiopeptide core



Heterologous expression of silent
gene clusters

SM2 genomic library prepared in E.coli —
Streptomyces shuttle fosmid/BAC pCC-

ERI aprR i{or”— ChIR
attP ﬁ %
Select clones with clusters - %/"“’
phiC31 integrase
pCCERI i

Heterologous hosts . ﬂ e
— S. coelicolor M1152 & M1154 /@

No antibiotic activity P %@/

cos parA

Up-regulated for secondary metabolism



Novel thiopeptide antibiotic cluster
from Streptomyces SM2

* EXxpression not detected in native host

« Heterologous expression:
« Fosmid conjugated into S. coelicolor M1152
« EXxpression of predicted dehydratase gene detected
« EXxpression correlates with production of broad spectrum
antibacterial activity Day2 Day4 Day6 Day8

Day2 Day4 Day6 Days8 Day2 Day4 Day6 Day8

Y
sInans 'g

. - . broth J
expression of thiopeptide

(predicted dehydratase gene)

biosynthesis gene
- broth

Antibacterial activity of culture extrac
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Pseudovibrio

o—"

Members of this genus are from the

Rhodobacteracea family, .

Rhodobacterales order and Heptylprodigiosin Tropodithietic
alphaproteobacteria class. 2l

o

AB681310, Pseudovibrio ascidiaceicola gene for 165 rRNA, par
98% AB175663, Pseudovibrio ascidiaceicola gene for 165 rRNA, par
86% AB210280, Pseudovibrio ascidiaceicola gene for 165 rRNA, par
53%] JN848338, Pseudovibrio sp. OEX34 165 ribosomal RNA gene, par
t EU768841, Pseudovibrio sp. PV4 165 ribosomal RNA gene, parti
50%, HQ647057, Pseudovibrio sp. Ad30 165 ribosomal RNA gene, part
73%— JN167515, Pseudovibrio axinellae strain Ad2 165 ribosomal RN
98% - AM990762, Pseudovibrio sp. MOLA 539 partial 165 rRNA gene, ¢
66%| - AB246748, Pseudovibrio japonicus gene for 165 rRNA, partial
69%. JN128253, Pseudovibrio denitrificans strain HNS019 16S ribos
HE 584768, Pseudovibrio denitrificans 165 rRNA gene, isolate
90%  AB112826, Pseudovibrio sp. MKT84 gene for 165 ribosomal RNA,
61%|' AB681580, Pseudovibrio sp. NBRC 101892 gene for 165 RNA, pa
56%) HQ908691, Pseudovibrio denitrificans strain F71059 16S ribos
AY486423, Pseudovibrio denitrificans strain DN34 165 ribosom
ABXL01000052, Pseudovibrio sp. JE062 ctg_1106541214818, whole ge
CP003147, Pseudovibrio sp. FO-BEG1, complete genome.
HQ908666, Pseudovibrio denitrificans strain F71058 165 ribos

00%| DQ097238, Alpha proteobacterium JE062 165 rib | RNA gene
72%| “ DQ097240, Alpha p bacterium JE064 165 rib | RNA gene
| AF513441, Nesiotobacter exalbescens strain LA33B 16S ribosom
68%—— D85832, Roseibium denhamense gene for 165 rRNA, partial se
| — D85836, Roseibium hamelinense gene for 165 rRNA, partial s
| — AJ582083, Labrenzia alexandrii DFL-11 partial 165 rRNA gene,
51% AY628423, Stappia marina strain mano18 165 ribosomal RNA gen
|- AJ878875, Stappia alba 165 rRNA gene, type strain CECT 5094
62% AJ400704, Pannonibacter phragmitetus partial 165 rRNA gene,
100%; AAUWO01000002, Stappia aggregata IAM 12614 1101096003795, whole g
_ 98%) D88520, Stappia aggregata gene for 165 rRNA, partial seque
|_100%~ EU726271, Stappia indica strain B106 165 ribosomal RNA gene,
— D88525, Agrobacterium stellulatum gene for 165 rRNA, parti
80%— AF 118020, Erythrobacter citreus strain RE35F/1 165 ribosomal
100%, — FJ999661, Sphingomonas phyllosphaerae strain FA2 165 ribosom
81%— AB013354, Erythrobacter litoralis gene for 165 rRNA.
99% —— 01785, Porphyrobacter is 165 rib IRNA. |
_96% AB021370, Sphingomonas echinoides DNA for 165 rRNA, strain A |
| 84% — AF131296, Sphingomonas sp. J$5-26 165 ribosomal RNA gene, pa

Antimicrobial activity of Pseudovibrio R L Sebpmene ot 16 R

isolates against (a) E. coli, (b) s R il

snamnunann®®
§7%— AY 178860, Fulvimarina pelagi strain HTCC2506 165 ribosomal R

I S_ Typhlmurlum’ (C) C_ difﬁC”e and Ll = D14514, Mesorhizobium loti gene for 165 rRNA, complete seq

Pseudovibrio genus

89%; L26166, Brucella melitensis 165 ribosomal RNA (165 rRNA) g
AY509899, R hizobium pisi strain DSM 30132 165 ribosomal RNA

(d) meth I CI I I I n-reSISta‘nt - outgroup —86%— 030750, Rhodots » i it s Seq‘llieFr;:lemN, Pelagibacter ubique strain HTCC1062 165 ribcsomal‘
Staphyl OCOCCUS au reuS uSI ng 100% ¢ L36217, Rickettsia rickettsii (strain R) 16S ribosomal RNA
deferred antagonism assays. ;

D30778, Rhodos pirillum rubrum gene for 165 ribosomal RNA.
—

— ‘_‘_- e MU —— . ‘-—-4




Tropodithietic acid (TDA) is a
sulphur-containing compound with a
unigue structure consisting of

a dithiete moiety fused to tropone-2-
carboxylic acid.

Timecourse for TDA production in

TDA has a strong inhibitory activity Pseudovibrio W74
against a range of marine bacteria, A l
such as Proteobacteria, l

Actinobacteria, Firmicutes and
Bacteroidetes, the fish pathogens
Vibrio anguillarum and Vibrio
splendidus, as well as marine TR e ow

Absorbance measured at 600nm

algae and a range of human
pathogenic bacteria.

48

Harrington et al., 2014 Mar Drugs 12, 5960-
5978.




Proposed TDA Biosynthetic pathway
in Pseudovibrio W74

Induction of TDA genes is linked to

bioactivity in Pseudovibrio W74
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Timmermans et al., 2017 Mar Drugs 15, 235-271.

Harrington et al., 2014 Mar Drugs 12, 5960-5978.




Other metabolites in Pseudovibrio W64 o

OH H—IETA:}H

HO OH
TDA Methyl (2) 1pa (3) 3,7,12-trihydroxychol-5-enoylglycine

ester
o O

OH

OH H"»/OH OH NH,
© \/\/\/\/\/\/\I)\/OH

OH

HO OH
HO OH (6) Hexadecasphinganine

3,7,12-trihydroxy-5-cholenoic acid
(5) o ?

N
. OH HWOH
o

(4) Glycocholic acid

OH NH,
OH
13
OoOH
HO OH HO OH
(7) 4-hydroxysphinganine (8) Cholic acid (9) Glycodeoxycholic acid
NH, NH, OH NH,
\(\,)/\I)\/OH MOH \M)\I/I\/OH
13 15 17
OH OH OH

(12) C,, sphinganine

(10) sphinganine (13) 4-hydroxyl C,, sphinganine

A unique analogue of TDA, methyl-TDA, and a number of cholic acid derivatives together
with amino diols and triols have been identified in Pseudovibrio W64 strain. These
metabolltes have prewously been reported to possess antimicrobial act|V|ty

Choudhary et al., 2018 Rapid Commun Mass Spectrom July 3. doi 10.1002/rcm. 8226




Novel marine enzymes/bioactives: Bioprocessing

DRIVERS:
« Demand for natural products

* Novel food grade enzymes
® World industrial enzyme market to be worth $6.2 billion by 2020

® Biostimulant market grow to $3 billion by 2018
Fastest growth in developing economies
® Demand rising 6.8% pa

* Recognition of unique properties
« Search for novelty
* Low capital investments

APPLICATIONS:

Supporting small molecule production/processing

* Animal feed

* Food and beverages
» Agriculture biocontrol
* Horticulture

} Hydrolysis of starch - Food and beverages

UNIQUE PROPERTIES:
» Salt & pH Tolerance

* Hyperthermostability
« Barophilicity

* Novel Chemically &
Stereochemically

* Cold Adaptivity

| } Animal feed, human food supplements

- Fructose/fructo-oligosaccharides -
sweetners/preb|ot|cs

Food and feed applications, baking, bfew'fng

The deep-seais a

i Baking, brewing, dairy, fish and seafood, fruit juices, meat, particularly harsh
| functional foods, nutraceuticals environment with high
- - | — pressures, low
- Flavour enhancement, structured lipid synthesis/baby formula, temperatures, high
~ nutraceuticals salinity and low light
: — — - and oxygen

- . concentrations



Novel Enzymes

* Approx. over 3,500 microbial enzymes
have to date been Isolated.

 The majority have been derived from
either mesophilic bacteria or fungi;

predominantly sourced from terrestrial
environments.



Lipases

 Important biocatalysts
— Multiple families of enzymes
— Hydrolyse triacyl glycerols
e Short chain and long chain
— Applications

* Biodiesel, laundry, food, paper,
pharmaceutical

« 3'9 most important enzyme group
(market value- $590M by 2020)

— Desired characteristics

» Substrate specificity, stability, activity,
temperature, pH, halotolerance.



Metabolic Potential

Bacteria can achieve densities of up to 10°
per of ml seawater (Azam, 1998)

assuming 3,000 genes per single genome

could be up to 3x10°genes mediating up to
1.2x10° putative reactions in that sample

(assuming that 40% of these genes have
catalytic activity) (pinsdale et al., 2008)



Definitions

 Metagenome: The collective genomes of an assemblage of
microorganisms.

* Metagenomics: The genetic and functional analysis of the
metagenome.

« The culture independent study of microbial
communities.

Typically used to determine:-

*What organisms are there, and where they are distributed
within an ecosystem.

*What they are doing.

*Their interactions with each other and with their ecosystem.



Metagenome of deep-sea sponges
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Functional Metagenomics
% @

Isolate
sponge DNA

@ Transform
into E. coli

Construct




High throughput screening with
automated colony picker.




Lipase from Stelletta normani library

Lipase activity of E.
coli clones carrying
the 7N9 esterase
gene on pBAD
olasmid.
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Purification of 7N9
esterase using Ni-
NTA resin.




Multiple Sequence Alignment of closely related esterase sequences

SN1_7N9_esterase
E40 esterxase
AJZ73156.1
ACL67845.1
ADMET446.1
ETW98043.1
ETX02836.1

SN1_7N9_escerase
E40 esterase
AJZ73156.1
ACL67845.1
ADMET4946.1
ETWS8043.1
ETX02836.1

SN1_7N9 escerase
E4Q0 esterase
AJZ273156.1
ACL67845.1
ADM67446.1
ETW98043.1
ETX02836.1

SN1_7NS_esterase
E40_esterase
AJZ73156.1
- ACLE7845.1
- W | ADME7446.1
. ETW98043.1
ETX02836.1

- WSS SN1_7NS escerase
v E40_escterase
AJZ73156.1

- “ ACL67845.1
R - ADM67446.1

TW98043.1
| ETX02836.1

SN1_7N9_esterxase
E40_estexase
AJZ73156.1
ACL67845.1
ADM67446.1
ETW98043.1
ETX02836.1
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Domain architecture of the 7N9 Esterase




3D Docking model of the preferred substrate 4-Nitrophenol Acetate
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Enzyme characteristics

Optimum at pH 8

pH
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Enzyme activity (u/ml)
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968 Cold adapted
9.86
9.14
9.23
9.29
8.9

N

4°C 20°C  25°C 30°C 37°C 40°C

Temperature

These properties would allow use of this enzyme in industrial related low
temperature applications such as the manufacture of food ingredients or thermo-
labile pharmaceutical products or the production of cold-wash detergents.



Summary

Marine sponge derived Streptomyces spp.
Isolates contain a diverse range and number
of secondary metabolism biosynthetic gene
clusters. Some of these may encode

novel bioactive compounds, with potential
biopharmaceutical applications.
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potentially produce a range of bioactive T S
metabolites other than Heptylprodigiosinand _~. .  --.
Tropodithetic acid.

Functional metagenomics approaches can
lead to the identification of enzymes with

novel biochemical characteristics. (Cold

2LLR

adapted lipase).
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