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Vias do Mevalonato (MEV) e
Metileritritol-fosfato (MEP):

Terpenoides

Prof. Marcelo J. Pena Ferreira
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Formacdo do MEV
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@ Claisen also involves hydrolysis of
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ATP facilitates the o

decarboxylation—elimination;

isopentenyl PP dimethylallyl PP
phosphorylation of the tertiary (IPP) (DMAFPP)

: acetoacetyl-CoA synthase E5: phosphomevalonate kinase
ydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase) E6: mevalonate 5-diphosphate decarboxylase
ydroxy methylglutaryl-CoA reductase (HMG-CoA reductase)

E4: mevalonate kinase

ET7: isopentenyl diphosphate isomerase (IPP isomerase)
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Conversdo do IPP em DMAPP no sitio ativo da IPP isomerase

G|U207

Difosfato de Isopentenila (IPP) Difosfato de dimetilalila (DMAPP)
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Formagdo da 1-Deoxi-D-xilulose-5-fosfato
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El: 1-deoxy-D-xylulose 5-phosphate synthase (DXP synthase)
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~
Formagdo do MEP e precursores IPP e DMAPP
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X 0" OH i orp E7 H 8 E3: 4-diphosphocytidyl-2-C-methyl-D-erythritol synihase (IspD)
OH H ©OH - OH \ E4: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE)
2-C-methyl-D-erythritol- 4-hydroxy-3-methyl- )\/\ E3: 2-C-methyl-D-erythritol-2.4-cyclodiphosphate synthase (IspF)
2.4-cyclophosphate but-2-enyl diphosphate OPP  E6: 4-hydroxy-3-methylbul-2-enyl diphosphate synthase (IspG)

dimethylallyl PP ET: %—hyquJplelhthuL}en)] diphnsphgﬂe reductase (IspH)
(DMAPP) E8: isopentenyl diphosphate isomerase (IPP isomerase)

Década de 80
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Compartimentalizagdo dos precursores MEV e MEP

Cytosol
/ Chloroplast
co,

Fatty acid TPT
Biosynthesis

Triose phosphate
>3-PGA

2-PGA

B-elimination

Rubi ?
{fblseo GAP~Pyruvate €«—PE

RuB! . 3
5 side reaction) PK,
Pi
5 Pyruvate —> AcCoA
Calvin-Benson| FBP Na-dependent
Cycle Pyruvate transport l
MEP Pathway (developing leaves)

F6P | Isoprenoids MEV

E4P‘g_/

4
Shikimate pathway

K Phenylpropanoids
S

RuBP: ribulose 1,5-difosfato; 3-PGA: acido 3-fosfoglicérico; FBP: frutose 1,6-difosfato; F6P: frutose 6-fosfato; E4P: eritrose 4-
fosfato; PEP: fosfoenolpiruvato; GAP: gliceraldeido 3-fosfato; 2-PGA: acido 2-fosfoclicérico
TPT: transportador triose-fosfato; PPT: translocador fosfoenolpiruvatofosfato; Pi: fosfato inorganico; PKp: piruvato quinase (plastidica)
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BIOSSINTESE X BIOGENESE
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EXPRESSAO DAS VIAS MEV E MEP NOS ORGANISMOS

v' Animais e fungos: exclusivamente via MEV
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Substancias que |n|bem E3 Exl_ Esfq'hnas E3: 3-hidroxi-3-metil-glutaril-CoA redutase
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EXPRESSAO DAS VIAS MEV E MEP NOS ORGANISMOS

v' Animais e fungos: exclusivamente via MEV

v’ Bactérias, algas e plantas: apresentam e empregam as vias
MEP e MEV

v' Enzimas da via MEP sdo alvos atrativos no desenvolvimento de
novos antimicrobianos — via MEP usada pelo patdgeno e ausente
em humanos
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SUBSTANCIAS TERPENOIDICAS

citosol Mevalonic acid 7 Methylerythritol i

P -
~ OoPP )\/\OPP Hemiterpenes (Cs)
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1. HEMITERPENOIDES (Cs)

v Isoladamente: Pouco produzidos na natureza

v Agentes alquilantes em outras vias

gt
H OJQ/ - F
El
M " allylic cation isoprene
~ orp

\ + Hzo

DMAPP E2 . HO
/@/ E2 /

allylic cation 2-methyl-3-buten-2-ol
El: isoprene synthase
E2: methylbutenol synthase

sps. de pinheiros
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2. MONOTERPENOIDES (C,)

D e N
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DMAPP i i 1

allylic cation Hp Hg Hp Hs
stereospecific
El i loss of proton
® cauda Condensagdo \f
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El: geranyl diphosphate synthase geranyl PP
(GPP)

E
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resonance-stabilized allylic cation resonance-stabilized allylic cation

geranyl cation) (neryl cation)
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MONOTERPENOIDES ACICLICOS

El: geraniol synthase

E2: geraniol dehydrogenase

E3: linalool synthase

E4: myrcene synthase

(GPP is substrate for E1, E3, E4)
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onelal Geranial (E-citral) Neral (Z—ciTral)
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cyclopropane
) ring formation electrophilic addition
Ny, OrP creates 4-membered
@ ! ring and tertiary
bocation
A H car.
] o e

menthyl/o-terpinyl

cineole

El: a-terpineol synthase
E2: limonene synthase
E3: 1.8-cineole synthase
E4: 3-carene synthase
ES: pinene synthase

cation -H* F4 1.2-shift creates secondary
0)) H>0 /Fl F2\‘_ H* cation, but reduces ring strain
B 1,2- u}l?kw!
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.|
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tertiary cation

12 a.l'k\l
shsfr
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PPO~ F7 - H*l
bornyl PP camphene
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OH o 0
—
E9
borneol camphor

CH; CH;
(0] (0]
AN AN
HiC CH» H;C CH,»
R-(+)-limoneno S-(-)-limoneno

(R)-(-)-carvona (S)-(+)-carvona

binding site of the receptor binding site of the receptor
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Chenopodium ambrosioides

Erva de Santa Maria
ASCARIDOL

v’ Presente no dleo voldtil de sps. de Chenopodium
(Amaranthaceae).

v Utilizado como vermifugo;

v'Uma das 71 espécies presentes na RENISUS - Relagdo
Nacional de plantas medicinais de interesse ao SUS (2009

PNPMF)
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cyclopropane
ring formation
® \‘ @

menthyl/e-terpinyl
cation -H F4 l 1,2-shift creates secondary
HgO/Fl B\ H* cation, but reduces ring strain

electrophilic addition
creates 4-membered
ring and tertiary
carbocation

electrophilic addition
creates 5-membered
ring and secondary
carbocation

Py

1,2-shift creates
tertiary cation

% Q

@%

© 2 ﬂUm‘
shift
pinyl fenchyl

12 (u‘k\! t
sh:ﬁ

N
bornyl isocamphyl
cation cation cation cation
car-3-ene
. . —H* —H*
a-terpineol limonene /ES ES H7() E6 ppo—l E7 _H+l
OH OPP |
® X
—_— \
E3 - .
1 o-pinene  B-pinene fenchol bornyl PP camphene
OH (o]

cineole

MONOTERPENOIDES CICLICOS

El: o-terpineol synthase E6:

W-M = Wagner-Meerwein
rearrangement

fenchol synthase

o8

E2: limonene synthase E7: bornyl diphosphate synthase
E3: 1.8-cineole synthase E8: bornyl diphosphate phosphohydrolase
E4: 3-carene synthase E9: borneol dehydrogenase

ES: pinene synthase

(GPP is substrate for EI-E7) fenchone

05/08/2023
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MONOTERPENOIDES AROMATICOS

? Y

p-cymene thymol carvacrol

v Presentes em éleo voldtil de tomilho (Thymus vulgaris)

e orégano (Origanum vulgare)
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DISTRIBUICAO DOS MONOTERPENOIDES

v Universal (?): mais de 100 familias de Angiospermas produzem C,q
v Fungdo: COV's estdo entre os principais atrativos de insetos
polinizadores ou predadores de pragas

v/ Gimnospermas e "Briéfitas”

Rhodophyta

v’ Delesseriaceae: Pantoneura

Plocamium cartilagineum

v’ Plocamiaceae: Plocamium

Halomon

10
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o — N
/J\/\opp <, —

@
El = oprpP ~
DMAPP

L oprP
Hgp Hs

stereospecific
loss of proton

El l
° ~ E
——— ¢ Cauda Condensagdo ~

orPP
cabega cabega-cauda )\W

El: geranyl diphosphate synthase geranyl PP
(GPP)

MONOTERPENOIDES IRREGULARES

DMAPP electrophilic addition loss of proton hydrolysis of phosphate ester;
giving tertiary cation via cyclopropyl oxidation of alcohol to acid
| ©] ring formation
L orp H~
@/ — OPP  — orp —>
=% ~o- 5 N

DMAPP El — Ll COH

chrysanthemyl PP chrysanthemic acid

El: chrysanthemyl diphosphate synthase
(substrate DMAPP)

Ndo seguem o mecanismo de acoplamento cabega-caudalll
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MONOTERPENOIDES IRREGULARES

. 0. S
“CO,H “CO,H ]r 22
o MeO,C o R! 0
chrysanthemic acid pyrethric acid
(0]
1 2
HO. — HO. — HO. — R R
— pyrethrin 1 Me CH=CH;
cinerin | Me Me
o] Jjasmolin I Me Et
pyrethrolone cinerolone jasmolone pyrethin I1 COMe CH=CH,
cinerin 11 COsMe  Me

jasmolin II CO-Me Et

v Isolados das flores de Chrysanthemum cinerariaefolium (Asteraceae)
v Agdo inseticida (> agdo: piretrinas I e IT)

v’ Biodegraddvel e atéxico para mamiferos

v Protétipo de vdrios inseticidas comerciais de uso doméstico

v Piretroides: Distribuigdo restrita a algumas sps. de Asteraceae

05/08/2023
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Nature, 2012 - iridoide ciclase isolada de Catharanthus roseus
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3. IRIDOIDES (C,,)

Espécies Vegetais

z
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geraniol OH 0~ iridodial iridodial iridodial w

10-hydroxygeraniol 10-oxogeranial (keto form) (enol form) (hemiacetal form)

¥

hemiacetal

-deoxyloganin 7-hydroxyl

£ formation ’
_H
. .OH
CHO —= .
o
OH; oHCT S
iridotrial iridotrial

(hemiacetal form)

(keto form)

T oxidation of
formation of alkene ondation. aldelyde to acid;
and ring cleavage Enz—Fc  [coin glucosylation |
H OFrH
HO ) HO
S r «,LH S
H s H
.0Gle SAM .0Glc
H’ S H” E6
MeoyC” N Mo”7 S HO,C
l loganic acid deoxyloganic acid
glucosylation has
Enz—Fey now transformed
ks the hemiacetal
Ho H HO on into an acetal
4
— triptamina . —
.0Gle M ocic .0Gle i} Alcaloides
H H indoloterpénicos
O dopamin Alcaloid i
MeO,C MeO,C caloides =gap]

tetraidroisoquinolinicos

secologanin
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IRIDOIDES (C;()

v" Nome originado das formigas do género Iridomyrmex
v’ Hipétese: produgdo de iridoides como deterrentes de inimigos
v/ 2009: indicam presenga de vida nas espécies; praticam necroforese

H H
_0 _0

/O 0]

C iid H H
\ Dolichodial Iridomirmecin

\
‘ Dol

/ St St St St

‘ \\ Do I1iC
i

L r

L ) T 6 %10 7 8 910 7 8 %10

Live ant 10 min-old 20 min-old 40 min-old

(© W.P. Armstrong 2004

05/08/2023
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v Lagartas e borboletas - Ex: Euphydryas phaeton

© Bryan Pfeiffer

Aureolaria flava - Orobanchaceae
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Butterfly Host plant
Euphydryas phaeton Aureolaria flava

Euphydryas phaeton Plantago lanceolata

E. chalcedona Scrophularia californica
E. anicia Besseya plantaginea
Poladryas arachne Penstemon virgatus
Junonia coehia Plantago lanceolata
Ptatyptila pica Castilleja sulphurea
Metris alticola Besseya plantaginea
Ceratomia catalpae Catalpa bignonioides

v Efeito dissuasor: Sabor amargo
v Amarogentina: sabor amargo em diluigdes 1:50.000.000

Gentianaceae 07N -

13
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v Iridoides em frutos: raros

Vaccinium macrocarpon
w "
cranberry Vaccinium vitis-idaea o .,

- 3 ik 35 . 4
lingonberry” A pAl R AN
Vaccinium corymbosum

“blueberry”

OGlc

Monotropeina 6,7-diidromonotropeina
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Harpagophytum procumbens - Pedaliaceae

Popularmente: garra-do-diabo - Artrite reumatdide

Harpagosideo: atua inibindo a biossintese

de tromboxanos - propriedades analgésicas

e antiinflamatérias.

harpagosideo

RENISUS

14
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HO H daic A G
Aucubina e Eufrosideo

Euphrasia of ficinalis - Orobanchaceae
Eufrdsia

Colirio de
€uphrasio
Officinoli

SNUNDIO HISUYHNS 3d O8N0

== Utilizado em irritagdes e inflamagdes
o oculares

Conteugo 20 |

g Weuog
odUydoINON
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CO-H
0 valtrate valerenic acid
Valeriana of ficinalis - Valerianiaceae

Valeriana - raizes

H
=
0
H Nepeta cataria - Lamiaceae
Nepetalactona Erva-de-gato

Tnibem a enzima que degrada o GABA, neurotransmissor com efeito tranquilizante

15
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{Boraginales
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geranyl PP

lm

allylic cation

g SEE

= S

E,Z-farmesyl cation

[

S~ £

E,Z-FPP

e Al E

Hg Hg
E o~
S opp T
®
z
X
opp

El

= =

E.E-farnesyl cation

farnesyl PP
(FPP)

oPP

stereospecific
loss of proton

farnesyl diphosphate synthase

=

-y
- S
S

=

!

= @ 2
nerolidyl cation

OPP

AN v

nerolidyl PP
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CICLIZACAO DE SESQUITERPENOIDES

7

@Q

guaiyl cation
e.g. matricin, thapsigargin

/@Y

. germacryl cation \

e.g. parthenolide
X
@\/

8

N e

E.E-farnesyl cation @ q\@'/ eudesmyl cation
P e.g. o-santonin

‘ \ humulyl cation

e.g. humulene

E
S
R
® oS caryophyllyl cation
e.g. caryophyllene
continua

BIB 5754 — Produtos Naturais I: Biossintese e Distribuicdo em Espécies Vegetais

Cordia verbenacea - Boraginaceae
Erva-baleeira ou maria-milagrosa
Espécie nativa brasileira

RENISUS

a-Humuleno: componente majoritdrio e
responsdvel pela agdo anti-inflamatéria

Tdo eficaz quanto diclofenaco de
dietilamdnio e ndo causa rea¢des adversas

17
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continuagdo W-M
E ® 1,3-hydiride
Z ) shift
I ] | p

@
nerolidyl cation bisabolyl cation amorphyl cation
eg. bisabolene, ct-bisabol o e.g. artemisinic acid
/ j .
E \
Z
S @‘)n carotyl cation
W-M
Z g\l

b 1,3-hydride
\ shift @
—
E,Z-farnesyl cation .
He

cis-germacryl cation cadinyl cation

e.g. a-cadinene
=
Lo ®
n = ring size generated

cis-humulyl cation

BIB 5754 — Produtos Naturais I: Biossintese e Distri

o em Espécies Vegetais

(—)-B-bisabolene bisabolyl cation y-bisabolene

Ij/ (—)-a-bisabolol oxide B

_OH
H OH H
a
= ot [s)

(—)-a-bisabolol oxide A
(—)-0ot-bisabolene

(—)-ct-bisabolol El: y-bisabolene synthase
(FPP is substrate)

05/08/2023
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Matricaria chamomilla - Asteraceae
RENISUS

a-Bisabolol: componente majoritdrio das flores de camomila e
responsdvel pela agdo anti-inflamatéria e espasmolitica

Creme Kamillosan - dermatite

Kamillosan Creme
ot (no G o e .
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vanous this is a cyclic ether

i i (0]
OH 0-\"1_@’ ve of the primary alcohol
0, processes OH )
NADPH OO OH CH,OH
=
o 2 OH )ﬁ‘/g
H H ¥ j

desoxyhemigossypol

cadinyl cation (+)-6-cadinene 8-hydroxy-8-cadinene

\i)
one-electron
oxidation

0y CHO OH CHO

radical

coupling

gossypol

0 CHO
. OH > OH 0, OH

O~ 0 90
OH OH E3 OH

hemigossypol

resonance forms of radical

El: (+)-8-cadinene synthase

E2: (+)-6-cadinene 8-hydroxylase
E3: peroxidase

(FPP is substrate for E1)

Gossypium sp. - Malvaceae
Botdes florais imaturos e
sementes

Contraceptivo masculino
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DISTRIBUICAO DOS SESQUITERPENOIDES

v Universal (?): mais de 100 familias de Angiospermas produzem C;5
v Fungdo: COV's estdo entre os principais atrativos de insetos
polinizadores ou predadores de pragas

v Gimnospermas e "Briéfitas”

Rhodophyta
v Rhodomelaceae: Laurencia
v 2013 na familia: 275 Cy5

L 3 e A
aurencia pinnatifida

Br _

BIB 5754 — Produtos Naturais I: Biossintese e Distribuicdo em Espécies Vegetais

DISTRIBUICAO DOS SESQUITERPENOIDES

v "Pteridofitas” - Moniléfitas, especialmente na classe Filicopsida
v Até 1987: 120 estruturas descritas

0 0
Pterosina Z Pterosina B

Iludalano Iludano

05/08/2023
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DISTRIBUICAO DOS IRIDOIDES X Cyo-C;5s EM LAMIACEAE

N Strict
st Salvia officinalis Salvia officinals
L — olati +
== Iridoids abundant Mojorana nortensis \nlall.le monoterpenes Majorana hortensis
sesquiterpency Mentha longifolia
Mentha longifolia abundant
Monards fistulosa Monarda fistulosa
Orviganun vaigare Origanum vulgare
Thymus vulgaris Thymus vulgaris
Rosmarinus officinalis Rosmarinus officinalis
Perovskia abrofanoides b orovshia abrotanoides
Agastache mexicana Agastache mexicana
Glechoma hederacea Glechoma hederacea
Dracocephalum moldavical Dracocephalum moldavica
Hyssopus officinalis Nepetoideae Hyssopus afficinelis Nepetoideae
Satureja hortensis Satureja hortensis
—\opeta Galaria Nepeta cataria
Hormium pyrenaicum Harmium p
Prunella vulgaris Prunella vulgans
Melissa officina lis Melissa officina lis
Ocimum basilicum Ocimum basilicum
Collinsonia canadensis \ Collinsonia canadensis
Lavandula lanata Lavanduia lanata
E Ajuga reptans R [: Ajuga reptans I
Teucrium scorodonia Teucrium scorodonia
Lamium album Lamium album
Lamium purpureum Lamium purpureum
Marrubium vulgare Lamioideae Marrubium vulgare Lamioideae
Stachys officinalis Stachys officinalis
Scutellaria galericulata
[ vestnngie offonais [ Wi o
Prostanthera nivea Prostanthera nivea
Verbens officinalis Verbenaceae Varhana officinalis.—— Verbenaceae

os Naturais |

iossintese e Distribuicdo em Espécies Vegetais

7 @

germacryl cation

5. LACTONAS SESQUITERPENICAS (C,5)

_gt
GAS @Y

(+)-germacrene A

/
)
0

(+)-costunolide

0,

NADPH NADP*

—_— —_—

GAO = GAO =

CH»,OH CHO
GAO ,l, NADP
0,

-H;0 NADPH

————— -

cos ~ cos Y

1

lactone OH  COH CO.H

Jformation

Chicorium intybus - Asteraceae

05/08/2023
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H H H : H , H H v

[ Ll 0:‘ L} L) !

NADPH
— —_— —_— —_—
'
4 h E1 ; E2 i E2 s E2 I
-
A HO OHC HO,C
amorphyl cation amorpha-4,11-diene artemisinic alcohol artemisinic aldehyde artemisinic acid

cleavage of hydroperoxide, —
ring expansion, and .

quenching of carbocation H
'

photooxidation

hydrolysis of
to hydroperoxide

l reduction
hemiketal H
'

dihydroartemisinic acid dihydroartemisinic acid

air oxidation to hydroperoxide
02 l hydroperoxide yerepe
formation of
hemiacetal,

o ' i
H hemiketal then lacione
formation
—_— I

the conversion of dilhydroartemisinic
acid into artemisinin is thought to
be a non-enzymic autooxidation

0
HO,C

artemisinin

El: amorpha-4,11-diene synthase A
(ginghaosu)

(FPP is substrate)
E2: CYP sesquiterpene oxidase

Artemisinina
Componente de Artemisia annua (Asteraceae).
Possui atividade com‘r'a Plasmod/um falciparum,

genes genes host organism: Saccharomyces cerevisiae
upregulated downregulated
MVA == EPP == _ sterols
—_— -

Artemisia annua
gene encoding

Artemisia annua
P450 gene

amorphadiene ‘
synthase H H H + semi-synthesis

L] [} 0
—— —b—/@ — »  artemisinin
—_—
HO,C

artemisinic acid

=

(2=

amorphadiene
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NOBEL DE 2015

Medicina ou Fisiologia

g
oH

o
Avermectina Ivermectina Hon

Tratamento da elefantiase

Artemisinina
Componente de Artemisia annua
(Asteraceae).

Possui atividade contra Plasmodium
falciparum, causador da maldria.

BIB 5754 — Produtos Naturais I: Biossintese e Distribuicdo em Espécies Vegetais

14l
H,C "HO-
o}
vernolepin helenalin

Apresentam elevada citotoxidade - Agentes antitumorais

active inactive
enzyme enzyme

\/?’;CHz _conjugate addition CH,
00—
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Espécies Vegetais

DISTRIBUICAO DAS LACTONAS SESQUITERPENICAS

Magnoliales
Piperales Magnoliids
] Commelinids

sunadsoibuy

sjo00usly

Fagales
Cucurbitales "
Oxalidales Fabids H

Maipighiales > Mais de 7000
Celastrales

Dugopilaies ocorréncias
rtak

es
Crossosomatales
Porammides Malvids
Brassicales
Huerteales
sapindales a
itaies
saxifragales
Dileniaies

spisouadng

Santalales

Caryophyliales
——Comnales
Ericales

Campanulids

spuojsesodng

Solanales
amiales
tVahliales
Gentianales
{Boraginales
arryales
Mettenjusales
Tlcacinales

Lamiids
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