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Definition of Ecology for Chemists

Ecology Isthe branch of science that studies
the distribution and abundance of living
organisms, thair habitats, and the interactions
between them and their environment —
which includes both abiotic (non-living)
elementslike climate and geology, and biotic
ones like other species.



Interactions between different organisms:

Negative effect

for (one or both) interacting species/populations:

competition — outcome depends on innate capabilities of nutrient uptake,
metabolic rates

antagonism — specific inhibitor or metabolic product may impede
growth/metabolism of others (antibiotic or bacteriocin release, lactic acid

production)

Positive effect

for (one or both) interacting species/populations:

cooperative interactions - interacting species must share same/nearby
environment

Syntrophy/symbiosis — organisms together carry out transformation neither
can conduct alone

complementary metabolic interactions — for example S cycling: anaerobic
sulfate reducing bacteria (SO, ? H,S) provide substrate for
microaerophilic sulfide-oxidizing bacteria (H,S + %2 0, ? S° + H,0)



concerns
, the identification and

biological evaluation of chemical compounds (> 1000
amu) (generally named natural products or secondary
metabolites) working as mediators between organisms
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Natural products are defined as chemicals produced by an organism that
do not play a role in the internal chemistry of the organism. It has been
proposed that a natural product must serve the producing organism by

enhancing its viability in nature, such as acting as an anti-feedant or
antibiotic (Williams 1189). Since natural products do not play a direct role in
the normal metabolic processes of an organism, natural products are often
equated to secondary metabolites
(Williams & Dudley 1989)



Strictly speaking, any biological molecule is a natural product. But this term
usually refers to secondary metabolites that are not involved in primary
metabolism, and therefore differ from the more prevalent macromolecules
such as proteins and nucleic acids that make up the basic machinery of
life.... Many of these products find important biotechnological applications in
biomedical research, and in the agriculture, aquaculture and chemical
industries.... Aside from their biotechnological applications, many natural
products play fundamental roles as defences against predators, competitors
and pathogens, and are therefore driving ecosystem functionalities.

Adrianna lanora, from “Rosemeb” Introduction
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Small molecules often carry vital information.

Jerry Meinwald, PNAS 2005




With genome sequences accumulating at a rapid pace, one major goal of
biology is to understand the function of genes. Many gene functions are
comprehensible only within the context of chemical communication, and
emerging research on genomics and chemical communication has catalyzed
development of this highly productive interface. Many of the most abundantly
represented genes in the genomes characterized to date encode proteins
mediating interactions among organisms, enzymes involved in biosynthesis
of pheromones and toxins, and enzymes catalyzing the detoxification of
defense compounds. .........Across a wide range of organisms, many of the
same classes of molecules perform these functions, even if the precise
identity of the molecule in particular systems differs.

Berenbaum and Robinson, PNAS, 2003



What the chemist can do for chemical ecology:

slsolation and structure elucidation (natural product
chemistry);

sldentification and “certification of quality” of the natural
product(s) (analysis);

Providing information for taxonomy (Chemo-
taxonomy);

*Origin and Function.
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Chemist’s contribute in chemical ecology:

slsolation and structure elucidation (natural product
chemistry);
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Consider a signal compound (pheromone, allomone, kairomone,
hormone, or neurotransmitter) with a modest molecular mass of
~ 300:

Since 1850, the amount of compound required for a structure
determination compared with ours has decreased at least a million-
fold.

oIn 1950, structure proof for such a compound might have been
carried out by using a sample size of ~ 50 mg.

*Today, this task might be accomplished by using only 50 pg or
perhaps even 50 ng for a moderately complex unknown, which
would represent a reduction of between 103 and 10° in sample size.

Furthermore, a structure determination that might have required
20 or more years, starting in 1900, might be accomplished
In 1 hour today, using readily available NMR spectroscopic
techniques.



sample size,
Sample no. of H-ray MMR
size, g molecules crystallography  spectroscopy

=
=
i

-~ 300 = 107 6.23 x 1023
GO = 107 1023
G 10-F 1020
GO =« 105 1017
GO« 10—% 1014
GO = 1012 10M
GO = 1015 102
GO = 1018 105
GO = 10— 102

L+ + 4+
L+ + 4+
L1+ 4+ 4+ + + +

+, applicable; —, inapplicable.

50 ng of our hypothetical signal compound corresponds to
a hundred trillion (10'%) molecules. Because 102 or fewer
signal molecules are certainly sufficient in many situations
to trigger behavioral responses, there is still a quantitative
gap of at least a factor of 10> between biologically
significant quantities of a molecular messenger and the
guantities that a chemist skilled in the art can characterize
today.
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The metabolite content (metabolome) reflects the totality of
metabolic processes. It results from expression of the
genome and proteome, but also includes “independent”
cellular processes such as absorption, distribution, and
detoxification of natural and xenobiotic materials, energy
utilization, signal transduction, and regulation. While the
Genome is representative of what might be, and the Proteome
IS what is expressed, itis the “Metabolome” that represents
the “actuality” of the cell or tissue.

. “...there must then be a principle of such a kind that its
f o substance is activity .... the actuality (entel eceia -entelecheia

B or energeia) is the end and it is for the sake of this that the
potentlallty (dunamV-dynamis) is acquired...

(Aristotle, Methaphysics, 350 B.C.)



‘Quality and fidelity” of the natural product

Chemical manipulation (extraction, purification,
analysis ....) always produces artifacts.

@
CHO NH5 >—N>\COZH
CHO co,
ﬁk Extraction

Cacospongia mollior LLLL ] ]
active Inactive

The potential effect of these products is of primary
Importance in the evaluation of the biological activity
of extracts and pure metabolite




But not always it iIs so easy to establish If the
product is truly “natural’...
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What the chemist can do for chemical ecology:

slsolation and structure elucidation (natural product
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.
“



What the chemist can do for chemical ecology:

slsolation and structure elucidation (natural product
chemistry);

sldentification and “certification of quality” of the natural
product(s) (analysis);

Providing information for taxonomy (Chemo-
taxonomy);

*Origin and Function.



34 of the 36 phyla of our planet’s biodiversity is found in oceans

13’000 marine natural products described to da%?@

OH
discodermolide

isogranulatimide

eleutherobin Halichondrin E

Lamellarin |

Chemical signaling shares several features irrespective of
taxon. Across awide range of organisms, many of the same
classes of molecules perform this function, even if the
precise identity of the molecule in particular systems differs.



From the molluscs to mankind




Antitumor compound from Jorunnafunebris

Tetrahedron 56 7305 200(




Zalypsis

Jorufiha flimetis jorumycin

Zalypsis® (PM00104/50) is PharmaMar's fifth new mau ~-ound
that has begun Phase 11 clinical trials for the treatment o .S.

«Zalypsis® is a novel chemical entity related to the - natural
compounds Jorumycin and the family of Renieramycins, ained from

molluscs and sponges, respectively. Zalypsis binds to DNA anc is cytotoxic;
however, it does not activate the “DNA damage checkpoint” response. Thus,
Zalypsis has cytotoxic effects dependent on DNA binding that are not
associated with DNA damage.

eIn pre-clinical trials, Zalypsis demonstrated strong in vitro and in vivo
antitumoural activity in a wide variety of solid and haematological tumour
cell lines and human transplantable breast, gastric, prostate and renal
xenografted tumours. Zalypsis also demonstrated a manageable and
reversible preclinical toxicology profile.



Opisthobranchs

Rinophores

Hf"l"l

'+ Chromodoris purpurea -,
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Taxonomy of Opisthobranchs

Phylum

Class

Subclass

Order

M ollusca

Gastropoda

Opisthobranchia

Acochlidea Thecosomata Rhodopemorpha

Gymnosomata Anaspidea Notaspidea

Cephalaspidea Sacoglossa  Nudibranchia



sFaulkner DJ Stallard MO Fayos J Clardy J A novel monoter pene from the
sea hare; Aplysia californica. J. Am. Chem. Soc. 95 3413

sKato Y Scheuer PJ Aplysiatoxin and debr omoaplysiatoxin; constituents of
the marine mollusk Stylocheiluslongicauda. J. Am. Chem. Soc. 96 2245

Scheuer PJ Chemical communication of marine invertebrates. Bioscience
27 664

*Kinnel RB Dieter RK Meinwald J Van Engen D Clardy J Eisner T Stallard MO
Fenical W Brasilenyne and cis-dihydrorhodophytin; antifeedant medium-
ring haloethersfrom a sea hare (Aplysia brasiliana) Proc. Natl. Acad. Sci. U. S.
A. 76 3576

sIreland CM Scheuer PJ Photosynthetic marine mollusks: in vivo 14C
incor por ation into metabolites of the sacoglossan Placobranchus ocellatus
Science (Washington DC) 205 922

*Sleeper HL Fenical W Navenones A-C: trail-breaking alar m pher omones
from the marine opisthobranch Navanax inermisJ. Am. Chem. Soc. 99 2367



Why the chemical interest?

hydroids
sponges soft corals

/

algae bryozoans

- S

Infaunal organisms tunicates

ILLI IMPRUDENTES |PSI SIBI SAEPE VENENUM VERGEBANT,

NUNC DANT ALIISSOLLERTIUSIPS

TitoLucrezioCaro De Rerum Natura

“after some intoxications, they discovered that the natural venoms
could be more useful if offered to the enemies’



Hystoric milestones on Chemical Ecology of
Opisthobranchs

1890 Prof. Herdman tested some alive specimens of Ancula cristata
by putting them on the toungue of hisassistant dr. Moore

1960 T.E. Thompson J. Mar. Biol. U.K. 39, 115

g X > ©

mollusc
with shell
) X > o
mollusc
without shell

O P> e —e

opisthobranch

1976  J. Ros Oecologia aquatica 3, 153
"bad taste of the nudibranchs’
"ignorance of the chemical mechanisms’




RESEARCH AIMS

Digtary habits and metabolite origin

Bjoassays;

Bjiosyntiesis:

Anatiemiical distiibution off the.active:
molecules;
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Origin of secondary metabolites
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Transfer of Sponge
Metabolites to the
MDF's of H. webbi

Experientia 50, 510, 1994



Transter of diet-derived chemicals into the MDF of H. webbi

Alicante ¢
Hypsel odoris webbi
(nudibranch)
longifolin
Q
Dysidea fragilis \@L/)
(sponge) §V (-)-furodysinin
- leum ether MDF's extract
(-)-furodysinin pEtro
9. longifolin
(3.8) (13)
0 0 (only longifalin) - i
7 3,8
- - - -
35 13,0 . . .
H. webbi D. fragflis 0 7 35

Fxperientia 50 510 1004



Transformation of sponge-derived metabolite

C. mollior
H.orsni MDF




Caulerpenyne-derived productsin
sacoglossans




Caulerpenyne-derived products

Caulerpa prolifera

ACOI13 AcO 13
‘ /MCHO 7 X Z
N v % 1
i X7 Al H 2 N

1 "'OAc
caulerpenyne oxytoxin-1 oxytoxin-2

toxicity against G. affinis

v EyvunsArtisstr s A2 727 100



e accumulation of toxinsfrom the alga
Pietraet a., Helv. Chim Acta 78, 1759, 1995

e wound-induce transformation of algal metabolite
Pohnert and Jung, Org. Lett. 26, 509, 2003




Studies with homogenates of Oxynoe and caulerpenyne

caulerpenyne  OAc
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Ahzorbance

Lipase-mediated hydrolysis of caulerpenyne

Source Reactiontime  Yiekd
Aspergillus niger 90 min 80%
Aspergillus oryzae 345 min 15%
Mucor miehel 120 min 80%
Penicillium chamemberti 720 min nessuna
Candida rugosa 90 min 95%
Pseudomonas cepacea 30 min 100% 13
|
1
1
& A
1
1
1
a J\h :
15" OXY-2 \
Lipase from Pseudomonas cepacea A POXJY'U\—
1,..
3. 15 OXY-2
= POXY-2
Py - _ A
5 = 3 4 & i B & i 11 1 12 1 1%




Wound-induced hydrolysisin Caulerpa prolifera




Oxytoxin synthesis in Oxynoe olivacea

Org. Biomal . Chem. 2, 1, 200/



BIOASSAYS

with freshwater organisms
cytotoxicit antifeedant hycthyotoxicit

Not ecologically relevant but easy to carry out in any lab

with organisms from the same habitat

Ecologically relevant but noy easy to carry out in any lab




Marin’s Experiment




Studies on warning colours of Chromodoridid
nudibranchs

Thalassoma pavo _ g) non aposgmaticr:] o
10 specimens 25 modelli ) aposemat_lc + chemica
C) aposematic + no chemical

Hypselodoris

\)
\)
A\

furodysinin

T. Pavo keeps memory of the potentially dangerous preys
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Biosynthesis Determination

Intuitive proposal of pre-cursor (Literature)

Feeding experiment with labelled precursors
Extract target-metabolite

Determine inclusion/location of isotopic |abel
Characterization of the enzymatic activities
Build-up the biosynthetic pathway

Molecular techniques



Biosynthesis: Unstable Isotopic Labels

Often used: 3H (tritium) and *C (Half-lives: 12.3
and 5,700 years respectively)

o Unstable isotopic labels. advantages

e Sensitive isotope detection
e Tiny amount of incorporation detected
e Tiny amounts of labelled substrate required

o Unstable isotopic labdls. disadvantages

e Suitable laboratory and Handling difficulties
e Location of incorporation difficult to determine
e Tritium is poor mimic for hydrogen



Biosynthesis: Stable Isotopic Labels

Most commonly used: ?H (deuterium, D), 13C,
15N and 180

« Main advantages:
v'"No handling difficulties
v'100% enriched samples can be used
v'Multiply labelled pre-cursors available
v'Availability of simple labelling methodologies
v' Site of incorporation
v'Deuterium is better mimic for hydrogen than tritiur

Main disadvantages.

v Relatively low sensitivity (6,000 times more
difficult to detect 3C than 14C)
v Still not a cheap process!



3iosynthesis: 2H-labelled precursors

=Detection of deuterium label:
v'Loss of signal in 1H spectrum

v2H is NMR active: obtain spectrum

v'Splitting in H decoupled 13C spectrum: Singlet will
become atripletas?Hhas | =1

v'Upfield shift in 13C spectrum: 13C-D resonate »0.3-0.6
ppm upfield of 13C-H

» Increased intensity of M+1 ion in mass spectrum
T
C;Hg . 100% C,H,D-™, 100%

[15C Satellite 1.1% |13C Satellite 1.1%
92 93 %4 92 93 94



3josynthesis: 13C-labelled precursors

sDetection of 13C label;

v Enhanced intensity in 13C NMR spectrum (or
Increased intensity of M+1 ion In mass spectrum)

WWNWMJ‘MWWWMWWMWWW WNWWWWWWMWMWWAM

.1-.

MWWWMWWMLWWM

iy MMW« gty

L Y . Y N Ry laYaYaYalllalalaleTals



Biosynthetic Capacity and Chemical Markers

order chemical class chemicals
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blosyntnes s in Cephnalaspideans
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Haminols work as Alarm pheromones

A

_Experientia, 47, 61, 1¢




Biosynthesis in Haminoea orbignyana

Injection
3-days




Haminoea orbignyana: Feeding d,-nicotinic ethyl ester
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Bloassays With Rydra vulgaris
PKC-mediated tissue regeneration

——— q—-.- —*—
DAG

2. Schematic representation of the Hydra twlgaris regeneration agsay.

befor e, ' after




Autotomy In Cyerce cristallina
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Biosynthesisin Cyerce cristallina

Fvnerientia A7 1221 1901



Experientia 49, 268, 1993
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Doris verrucosa

ichthyo-toxic diter penoyl glycerides

| OH f OH | OH
S O A OAC 3 O A OAC > O A OAC
< 0 . o} Yo
verrucosm 4
OR;
\)\/ -— \)\/ —3 O\)\,ORZ
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verrucosin A R;=H, R,= Ac R. = OH. R.=Ac
verrucosin B R;=Ac, R,= H orlvice ve:rsaz




8 | l-se-dioleylglyoemd
O—0  compound 2
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Figure 1. Dose-response curve for the effect of 1,2-s-dicleoyl-

: M i 4

E]}F'Glﬂﬂ ‘ﬂd mm]:n}und 2 on Ca 'Irpb-“ld.u'mq I.Iat E?“.Ph{' Fig. 4. Time-response curve for the effect of varioes substances on Apdra vafporis average tentacle

activation. The effect was measured as ﬁdﬂnkmlﬂl}l ‘- F} ncor- number, The concentrations used are shown and were those necessary e oblam a maximal effect on
tenfack: regeneration.

porated into histone Hi.




Those of us who have had the privilege of pursuing
problems involving natural products chemistry and chemical
communication have enjoyed the endeavor immensely. It is hard to
iImagine that future generations of chemiphiles will not be at
least equally intrigued by the opportunities that the explorations
of future biophiles are sure to provide. If one were to ask whether
chemistry right now is anywhere near reaching its ultimate goal
with respect to providing a full molecular understanding of
chemical communication, the answer must be a resounding NO!
Future opportunities far outweigh present accomplishments, which
are best viewed as a promising start. So, we are not there
yet, but we are certainly on our way!



