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

Terpenoides — Parte 2

Prof. Marcelo J. Pena Ferreira
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Formacdo do MEV

stereospecific aldol reaction;
H @ Claisen also involves hydrolysis of

(o] (o] H®
)L EnzSH (: -~ reaction 5) o acelyl-enzyme linkage

SCoA Ej SEnz M OH (e}
O SCoA o Holc\>\/|l\SC + EnzSH

acetyl-CoA E1 "
\'rS(:OA acetoacetyl-CoA 3-hydroxy-3-methylel 1-CoA
acetyl-CoA —= ] T MG o)
HMG-CoA
o EnzSH \“/ SEnz ( J
acetyl-CoA  —— o enzyme-bound
E2 acetyl group E3 l NADPH

reduction of thioester
to aldehyde via
hemithioacetal

reduction of
aldehvde to alcohol

6 .
HO,C - HO,C ~<—— HO.C G|
2 - = ra
73 ToH 3 0 g3 R sCoA
mevalonic acid mevaldic acid mevaldic acid
(MVA) hemithioacetal
sxate ! B
sequential le)

phosphorylation of

the primary alcohol stereospecific allylic

1o a diphosphate o ® 5 isomerization
H 3 1
3 N
H AN -
‘o RS orPP £7 oPP
Hg Hs
ATP facilitates the .
decarboxylation—elimination; isopentenyl PP dimethylallyl PP
phosphorylation of the tertiary (IPP) (DMAPP)
E1l: acetoacetyl-CoA synthase E5: phosphomevalonate kinase
-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase) E6: mevalonate 5-diphosphate decarboxylase

ydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) E7: isopentenyl diphosphate isomerase (IPP isomerase)
E4: mevalonate kinase
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Formagdo do MEP e precursores IPP e DMAPP
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oH reverse aldol oH aldol 0\
reaction ¢ reaction OH NADPH OH
= or —~= \%/‘(\op — op = op| —= op
W E2 bl HO E2
o) .O: O‘l—[ (o] OH (0] OH OH OH
1-deoxy- 2-C-methyl-
D-xylulose 5-P D-erythritol 4-P
nucleophilic attack of phosphate .
hydroxyl on diphosphate; E3 | cTP
9 Sformation of phosphoanhydride NH, NH,
P
07 1 0H SN Sy
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07| o7 "0-CH, - “ 1707 | O-CH,
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2-phospho-4-(CDP)- HO OH 4-(CDP)-2-C-methyl- HO OH
2-C-methyl-D-erythritol D-erythritol
o, oH . orp
O-y-0 o isopentenyl PP ED: ).C-methyl-D-erythritol 4-phosphate synthase;
s Nz (IPP) r inse 5. -
P |-deoxy-D-xylulose S-phosphate reductoisomerase (IspC)
X OH o H £ E3: 4-diphasphocytidyl-2-C-methyl-D-erythritol synthase (IspD)
OH H OH : E4: 4-diphosphocytidyl-2-C-methyl-D-erythitol Kinase (IspE)
2-C-methyl-D-erythritol- 4-hydroxy-3-methyl- - ES: 2-C-methyl-D-erythritol-24-cyclodiphosphate synthase (IspF)
2,4-cyclophosphate but-2-enyl diphosphate OPP  Ef: 4hydroxy-3-methylbut-2-enyl diphosphate synthase (spG)
dimethylallyl pp E/ ydrony--methylbul-J-enyl diphosphate reductase (spH)
(DMAPP) ES: mpenlem] d]phnsphale isomerase (IPP isomerase)

Década de 80
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SUBSTANCIAS TERPENOIDICAS

" Mett hylerythritol
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MEV

/k/\
S"opp )\/\OPP

dimethylallyl PP isopentenyl PP

(DMAPP) (Cs) Y (IPP) (Cs)

citosol - cloroplastos

" Monoterpenes (Cjg)*

C —_— 3
10 K doids
IPP #
Cis —————— { Sesquiterpenes (Cys)
IPP
x2
Cxy —————— i Diterpenes (Cy)
IPP
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Cao *" Tetraterpen,

(Cy)™
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6. DITERPENOIDES (C,z)
/J\/\/R/\/R/\’ 5 = -

orp { orpP
farnesyl PP [ H
(FPP) Hg Hg

l E1

l E1l

)\/\)V\)\/. }\/\ ~ ~ ~ ~ ore
orpP

geranylgeranyl PP
allylic cation (GGPP)

. CGUdG ]_ Condensagao cabega -cauda El: geranylgeranyl diphosphate synthase

cab. eg
PN P P SN

phytol
(o)

SO ON

phylloguinone
(vitamin K)

o-tocopherol
chlorophyll a (vitamin E)
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CICLIZACOES DO GGPP - ESQUELETO TAXANO

A
verticillyl cation
acetyl-
0; CoA
NADPH N ADP]—[
E4
OAc
~ taxadien- taxadiene taxenyl cation

Sa-acetoxy-10p-ol
| 10-deacetyl-

baccatin IIT

ﬂum_\q_c(,,-.\l Es El: taxadicne synthase

E2: taxoid Se-hydroxylase

E3: taxadienol (-acetyltransferase

E4: taxoid 10B-hydroxylase

E5: 10B-0-acetyltransferase

Eé6: baccatin III 13-0-phenylpropanoyliransferase
ET7: B-phenylalanoylbaccatin I11 2’-hydroxylase
ES8: taxane N-benzoyltransferase

E9: phenylalanine aminomutase

(3-phenylalanoyl-CoA

0, NADPH l

benzoyl-CoA, E8 S

paclitaxel
(taxol)
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HOC 55390-114-05

5 el Meitipk-Dose Vil

e Taxus brevifolia - Taxaceae
shok Gymnospermae

‘ .
et Paclitaxel (Taxol)

WAST 5£ DILUTED PRIOR T
WUSE. Read eaclssed

isolado das cascas de Taxus brevifolia
e usado na quimioterapia do cdncer.
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Desacetilbacatina
isolado das folhas de Taxus
baccata e usado para a
sintese de taxol (utilizado na
quimioterapia do cdncer de

mama, ovdrio, pulmdo, cabeca Patente do Lab. Bristol-Myers Squibb
e pescogo).

Taxus baccata - Taxaceae
Gymnospermae




05/08/2023

BIB 5754 — Produtos Naturais |: Biossintese e Distribuigdo em Espécies Vegetais

CICLIZACOES DO GGPP - SERIE "NORMAL" E ENT-

H '

H H orp
] | orr
H
(=)-copalyl PP

~"opp oPP

H '

H

(+)-copalyl PP
(labdadienyl PP)
El: (—)-copalyl diphosphate synthase (enr-kaurene synthase A)

E2: (+)-copalyl diphosphate synthase (part of bifunctional abietadiene synthase)
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FORMACAO DOS ESQUELETOS LABDANO, PIMARANO E
ABIETANO

=)
> )
|

(+)-copalyl PP sandaracopimarenyl cation

1.2-methyl

l W-M
shift

0,
NADPH
- - -
E2 E2
i H K
COH (///J
(—)-abietic acid (8] (—)-abietadiene abietenyl cation

El: abietadiene synthase (bifunctional enzyme)
E2: abietadienol/al oxidase

Resina terebentina




GGPP

l El

5
(+)copalyl PP

El: levopimaradiene synthase

ginkgolide A OH H
ginkgolide B OH OH
ginkgolide C OH OH
ginkgolide J OH H
ginkgolide M H OH
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abietatriene
(dehydroabictanc)

M

ginkgolides

abietenyl cation levopimaradiene

bilobalide

Ginkgolideos: isolados das folhas de 6. biloba e usados na melhora da circulagdo periférica e

cerebrovascular.
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FORMACAO DE ESQUELETOS DA SERIE ENT-

1 H
CO,H

ent-kaurenoic acid

. 0,
f--‘l NADPH

' H
COH

stev

El: kaurene synthase (ent-kaurene synthase B)
E2: ent-kaurene oxidase

ent-pimarenyl cation ent-beyeranyl cation

W-M
1.2-alkyl
0 shift

* &
0, ! 7/“’\ H
NADPH
- - v
E2 E1l
H
ﬂ ent-kaurene enr-kauranyl cation
o}
B2—1
13,0H ,OGlc—Gle
3 x UDPGle
——
E4 E5 E6
! H
CO,Gle
iol stevioside

A% ¥4
E3: ent-kaurenoic acid 13-hydroxylase

E4, E5. E6: glucosyltransferases Stevia rebaudiana

(Asteraceae)
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FORMACAO DAS GIBERELINAS

/ 3B,7p- dlhydroxykaurenollde

; ;H s
COH 18 \
L ic acid 7B-hy y lid
HOH,C oK

7B, 18-d|hydroxykaurenollde

ol ;H£ §0H ;Lfco H HwCO H

CON CO,H OH O H COMH

9’" -70-hydroxy- ent- Sa,7a-d|hydroxy- fujenoic acid fujenolc triacid
kaurenoic acid  kaurenoic acid

COZH O,H
l A ,-aldehyde GA,,-aldehyde

l;;H gOH H COH
COH ° GA,,
19

GGPP—CPP
~N

I m—
bl 3
- <

GA,, _

GA; =— GA, =— GA4
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DISTRIBUICAO DOS DITERPENOIDES

v Presentes em todas as linhagens de Plantae

v Angiospermas: Maior representatividade em familias de hdbito herbdceo

Rhodophyta Clorophyta
v Rhodomelaceae: Laurencia v Géneros: Halimeda e Udotea
v/ 2013 na familia: 71 C,, v Poucos representantes

Br

3o MJ\L | /L/J\)qg

udoteal

Halimeda macr‘oléaba

Laurencia pinnatifida
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DISTRIBUICAO DOS DITERPENOIDES

Phaeophyta : TR
phy “'3",&‘7%

Y

v Dictyotaceae: Dictyota
v 2011 na familia: +350 C,, de 34 esqueletos

% |E|

[;O/ o

Dictyopteris Stypopodium Taonia Spatoglossum

Cis
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(in Jack pine
Lodgepole pine

isopimaradiene sandaracopimaradiene
—
class |

pimaradiene

free
diffusion

opp g \i 5 Eig
QD’ Qg/\/ isopimaradiene sandaracopimaradiene
e e
assi Class1 ; J ; L ;J\ ;H\
", (+)-CPP

in various conifers

la LPP

cis-abienol
in balsam fir
S
H Va
( -
| class |
taxadiene

inyew

Hall et al., Plant Physiol. 2013, 161: 600-616.

Specialized Metabolism

General Metabolism

DISTRIBUICAO DOS DITERPENOIDES

class il class|
oPP
claullg i ; cramg \i ;
@ ent-CPP Q ent-kaurene
cPs Ks

in all flowering plants
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Taxus species trivial name distribution

T. baccata L. European or English yew Europe and Asia

T. brevifolia Nutt. Pacific or Western yew  Northwest Pacific
2011: 568 taxoides isolados T. canar-imsis Marsh. - C:n-mdian yew Cal-md:l

T. celebica (Warburg) Li ~ Chinese yew China
de Astr'otaxus Spfcata e dqs T. cuspidata Sieb. et Zucc. Japanese yew Japan

T. foridana Nutt. Florida yew Northwest Florida
9 SpS. de TGXUS T. globosa Schlechtd. Mexican yew Mexico,/El Salvador

T. wallichiana Zuce. Himalayan yew Himalayas

T. fuana Nan Li and West Himalayan yew Woestern Himalayas

RER. Mill
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7. TRITERPENOIDES (Cs0)

1 ¥
i S PPN
l PPO’ L / F

J FPP
@8

~ ~ & electrophilic addition
H

allylic cation giving tertiary cation

H
W ;
° ©)
=~ =~ = = = loss of proton with formation
of cyclopropane ring

loss of diphosphate ®

~
—OPP iv imary catie
gives primary cation

H “ H

H
presqualene PP W-M
1,3-alkyl l’
shift

attack of hydride

S

1,3+
new
and
lerti

/ >
cation quenched by E)\@/‘ }\H‘\>7 % I ’LL,’-J\/ ’i%‘ﬁi
o H

(NADPH) H

bond cleavage produces alkene
and favourable allylic cation

NADPHl El
H H ® cauda : Condensacdo cauda-cauda
- ~ ~ ~ '\. ~ ~ N
El: squalene synthase squalene
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HOPANOIDES

squalene

hopanyl cation

SHC

hopan-22-ol
(diplopterol)

v presentes em membranas bacterianas

v’ componentes de monilofitas

SHC: esqualeno-hopano ciclase
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S
S [~ SHC
QEH\B —> Hopanos (bactérias, moniléfitas)

Squalene

soE |
~ L
- Qjﬁ s

N \ - s
OH\/"V 1 k\‘_/\‘[rH 2,3-Oxidosqualene 0\3_5;-3/,‘_19 ?\“

Triterpenoides e
Esteroides

Triterpenoides

LAS l(AS cPQ BAS

oiH 1L |
] f § = g f
HO"CE HOT KR HO'

Lanosterol Cycloartenol Cucurbitadienol
/ ] :
: ; ¥ ¥
¥ Y Portosiomk Cucurbitacins Triterpene
Ergosterol Cholesterol stigmasterol, glycosides
brassinosteroids (e.g., glycyrrhizin,
avenacins)
Fungi Animals Plants Plants Plants

SHC: esqualeno-hopano ciclase; SQE: esqualeno epoxidase; LAS: lanosterol sintase; CAS: cicloartenol sintase;
CPQ: cucurbitadienol sintase; BAS: B-amirina sintase



Skeletal rearrangement

Prefolding

Ring expansion

Skeletal rearrangement

and cyclization

a CBC
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o 0 - 1 -
‘ﬂ/\kj/\*y\/kf/\/%ﬁ’\/g}f’ 2,3-Oxidosqualene

Enz-AH*
bl

2-hydride and
1,2-methyl shifts

t

23

Dammarenyl
cation

1] Protosteryl
e l cation

= iy
c-8 Baccharenyl "X Baruol
cation cation
e —
Lo Lupyl Ho'
’\!di;ir‘ﬂ\s? -9 cation
o7 cation l
l T l;ﬁ
= Germanicyl
cation TR ‘L:J;;‘?;‘)‘l

Cycloartenol

- g
Oleanyl /’\ﬁ”
o'

cation 7 B-Amyrin

e —> +
A Taraxareyl f\
5 Ho'

i cation 7~ Taraxerol
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N
~ —_— H

Taraxareyl f A
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ED

—_

" Multiflorenol Eﬁ[ i

* l cation Lalr Multiflorencl
b4

! ; B Walsurenyl

rc-’(-jl\ cation

AP jj Companulyl
" UJ LA cation
(R l

—

Friedelyl
cation

-J Friedelin

11
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Lupeol
synthases Rice parkeol
synthase (PS)
) Monocot
Diverse o % rpene synthases
products 8 Z = .
9 = 3 Oat B-amyrin
:; % 29 59 ) /”T synthase (AsbAS)
28498558, »
222825 5A 8
2322285058578
z ZI53 IS § Lanosterol
- EE§Q§§§$§§ synthases
- CESFIANST TS
-l ‘?05’1‘6%1 & c?':’\ » Cucurbitadienol
2 & & s‘,\.\ synthase (CPQ)
s oy
- 28 o
5 [g % FOES & o
Do oX AT N6V P
2 S
z ot éﬂ"
¢ oF ST a1
9 RECK WY
¢ et
" PTG
" 050”(' N«,\ﬂ"!
» sV 8507
5 "‘:DS;;'\»P&OS
Sioho-AME9TEES
e - s | e - LeCAS1-AB033334
Friedelin — KdFRS-HMg23870 1] 1 | * 2T CpCPX-AB116237
synthase KdLUS-HM623871 | » - BpCASBPX1-AB0S5500
KATASHME23S he Rﬁgﬁgim‘”?ﬁn
x RaMt ’P‘?;i;gsas A 5‘45‘2395&3
57 260
AR m@éﬁﬁ ;4?‘2 Cycloartenol
s ™ et 5%*2- synthases
- A\ 5
wo“c‘:h ST 5%, %*)e%) o
PSSR0t Ny . O@q:g
A h“"&b @"31'{” | v ‘ 0, 0
A s 35 23
: &i‘\\m‘c}-»,f\ o CEN"C Y e, T
Y EFTsSss L B\ % % A
ST EES e\ % *
FTELF I o5 SN\ %, @
Ferres/ 82 e\ %™
& TS TSI AEER °, T, %
§F TEHLLsFEFEC £°% 2
S §EEE5 X
§6855% %,
S & v 2
& 28 < Z
. p-Amyrin T8 F3E £ )
Baccharis oxide synthases 5 < £y Shionone
1!

synthase (BOS), synthase (SHS)

es Vegetais

cucurbitadienol cucurbitacin E

v’ compohentes sabor amargo, purgativo e altamente citotdoxico
v Cucurbitacina E: estimula alimentagdo de besouros que se alimentam

de vermes parasitas

12
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Shorea wiesneri -

Dipterocarpaceae

v" incensos na India

v’ verniz em pinturas a éleo
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B-amyrin

q S

)0 DE BREU-BRANCO

Protium heptaphyllum -

Burseraceae

05/08/2023
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TETRANORTRITERPENOIDES
Sent T

SNT G O . p
) ‘ O uenhanuxldmm
HO™ ~ HO™

mu;'dlme(a.lphme) @ (j V HO~ &%{OH

4GE g ;LEW

apotirucalol (apoeuphol)
(protolimonoids)

* COOR
ing B-seco group fing A-s6co group

H,mocr ‘ N | ’ Q

ring o seco grow ., P 0
azmracniin, azadrechtinine, u . ¥ .= 47 Coor

nimbolirin- slennin-, nimbir-, .. : P P
nimbalidin-class H> et Fings A,B-sero group:
-0 R = pricurianinclass
& .
= ~
OR - —
- .. e

~o
dl o - avaritone., cedrelone, o

hewvenensin-, trichilin, A
7 oR . vilsininclas o ;( >’ o
fing D-se0o group ’,,- i
v
; | N rings A, D-seco group
» v

rearranged limoncids @ (;C)}
» \ P

mexicanolide, phragmalin-,

wijugin-, cipadesin-class ¥ HB
0 (s]
e A, : A,
o=
O- o]
% COOR “ Coor

rings B D-seco group:
andirobin-class

fings A, B,D-seco group
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TETRANORTRITERPENOIDES

o COOMe

AcO - 3
MeOOC %0

Azadiractina

Atividade inseticida e supressora da

alimentagdo de insetos

v 2011: 1160 estruturas isoladas e

descritas

Plantagées de A. indica

14
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DECANORTRITERPENOIDES

Perda 10C O ©
Incluindo Me-C, MeO

apoeuphol (20R)
apotirucallol (205)

quassin

Citotéxico, antimaldrico e
amebicida

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

DISTRIBUICAO DOS TRITERPENOIDES

v Universal (?): mais de 120 familias de Angiospermas produzem Cs,
v "Briofitas”, "Pteridéfitas” e Gimnospermas

Rhodophyta
v' Rhodomelaceae: Chondria e Laurencia
v 2013 na familia: 43 C5

Laurencia pinnatifida

15
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DISTRIBUICAO DOS TRITERPENOIDES
“Pteridofitas”

suuadsoBuy.

Adianane

Filicane

os Naturais |

- &
#

piploptene

"

Fern-9(11)-enea

DISTRIBUICAO DOS TETRANORTRITERPENOIDES

Magnoliales
Laurales
Piperales
Canellales
hioranthales
Arecales
Poales
Commelinales
Zingiberales

|

]Magnnl ds

Commelinids

H

s Asparagales

H Lilaies

H Dioscoreaies

2 ndanales

& Petmsaviales Biehersteiniaceae

trariaceae

Kirkiaceae

m
4
i
3
s
“ Burseraceae
Fabids
Anacardiaceae
@
g
3
3 Sapindaceae
8 Malvids|
4
@ Ruraceae

aifragales
Dileniales
D,

Santalales
Caryophyllales
Cornales
Ericales
Aquifoliales
Asterales
Escalloniales
Bruniales
Apiales
Dipsacales

spuasseiedng

b
I
g
2
¥

Paracryphiales _|

Solanales
Lamiales
Vahliales
ntianales

Loomgeaes

1ME((EH|LSHIEE

Icacinales

Campanulids

Lamiids

I feliaceae
Simaroubaceae

16
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SAPONINAS TRITERPENICAS (Cs,)

b £ o {/f
& .
i " Qs21-Xyl NS_M %

Mistura de 70 saponinas

Quillaja saponaria

Fungdo bioldgica: antimicrobiana, alelopdtica, inseticida, deterrente: atividade hemolitica
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Perturbagdo de membranas penns & iﬂg&ﬁﬁﬁ
o e
%0000 %P ¥ &P / wgi&iﬁremrlﬁi&ﬁgg
i

RERIRN LEERE R og;‘%cf?‘}c

I g‘% o7

éﬁmﬁ’“ P?’é’ﬁ%

(B) vesiculation

QOD%D a P ap o P
smnatnn _ smeniidhein _ MWWM
T g A e

(C) membrane domain disruption

g phospholipid ¢ saponin
* starol

sapanin-sterol complax
ﬂ sphingolipid

17
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Sapogeninas ( *
A YP72A61v2 ~
NP Ll
WO \A HO” =
oH \ o
24-Hydroxy-f-amyrin % Soyasapogenol B
X L?*V“n'w‘lj,
Lq‘? ;q;&
NS TOH c®
; ] N
H‘],‘ X
Sophoradiol
Vo CooH
e ~ e ~
> L bl !
C 54 [ —_——
—_— WY Ho”
30-Hydroxy-p-amyrin 11-Deoxoglycyrrhetinic acid
e ) ,(OON
~ Vo,
] | 88p, o [
6 < o 1
m) \ [ | A T : <
—_———
a Ho” -
B-Amyrin HO!
11-Oxo-p-amyrin Glycyrrhetinic acid
Cy, o
\‘f”" ) |
To D ; ,r,' 2
\ I~ 8 | e
] l ! SO — ——p (PN B3
0o i oH
Ara=0"" Y
co‘fo 12,13p-Epoxy- &
0%, ):\ 16p-hydroxyl-p-amyrin Avenacki Al
DICNEAL)
G, 77
NG
7. 2,
5, 72 [
% > J UGT74M1
— 2 T TP CYP72A68v2 <cook —_—
~LA T —_— !
HOT S :;( < coon
Gypsogenic acid 28-O-glucoside

Oleanolic acid Gypsogenic acid

o em Espécies Vegetais
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Sapogeninas CYP716A12
CYP716A15
CYP716AL1 COOH
— — — B
HO' HO'
a-Amyrin Ursolic acid
Jf
CYP716A12 -
CYP716A15
CYP716AL1 oeh
— ) —
HO'
Betulinic acid
HO
\.,‘
CYP71D353 CYP71D353
— — — —

HO

Dihydro-lupeol

, OH OH

\
CYP716A47
—

HO

T CYP716A53v2
> o

HO'
Protapanaxatriol

Dammarenediol Il Protapanaxadiol
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ginsenoside

Ginsenosideos: beneficios ndo confirmados |
farmacologicamente. Panax ginseng - Araliaceae
Embora, o extrato da raiz do ginseng é usado

para modular fungdes imune e neuroenddcrinas.

Ndcleo triterpénico tetraciclico
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DISTRIBUICAO DAS SAPONINAS TRITERPENICAS

[A:gn?ena\es

urales "

—[Epipe(a\es ]M“’“'""
Carellales

hioranthales
-Arecales

suuadsoibuy

Poales -
Commelinales | Commelinids

Zingiberaies

Asparagales

Likales

BiSreaies Raras
Pandanales

Petrosaviales

Alismatal

sjoacusyy

] >|7
5]

Proteales
Eunnem =
Fabales
Rosales
Fagales
Cucurbitales
Oxalidales
Malpighiales
Celastrales

al;op_h?\lales _
raniales =

Myrtales
Crossosomatales
Picramniales
Malvales
Brassicales
Huerteales
Sapindales

itales
Saxifragales
Dilleniales

sjoo1png

Fabids

Malvids.

spisouodng

Santalales
Caryophyliales
Cornales
Ericales
Aquifoliales
Asterales
Escalloniales
uniales Campanulids

spuoayseaodng

»|
w
F
g
a
@

Dipsacales
Paracryphiales _|
Solanzles 5

{Borzginales Lamiids
arryales

Metteniusales
Icacinales |
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8. ESTEROIDES (C,;._3,)

Precursores:

lanosterol

ergosterol campesterol cholesterol

Produtos Naturais |: Biossintese e Distribuicdo em Espécies Vegetais

Perda: Me- C14 8

MDPI{ NATPH
Enz—Fe-OOH 3

e T\o -H

((J—F\.—F\u
R NADPH
H,O

kY X 1 ol EL .
H o

AR diene HCO:H

0= Fetne WQT)\O'H

El: sterol 14-demethylase ‘0=Fe-Enz

E2: sterol AM-reductase

Perda: Me's-C,

f@': I\ADPH (Q': NAD* - c07
—_—— o
: H 0 ; i
HOXC O % i/ W/
By Vdﬁ NADPH ’1
HO B ELELE po? N B o oY
'

H /

E1+E2+E3: sterol 4o-methyl oxidase (sterol C-4 demethylase) E2: sterol-4a-carboxylate 3-dehydrogenase (decarboxylating)
El: methylsterol monooxygenase E3: 3-ketosteroid reductase
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Adigdo de Me ou Et em C,,: via SAM

—_— —_—
Annnrne El ranar El i
e.g. lanosterol, cycloartenol
F;y \ NADPH
isomerization
N NADPH
- -
Anmnnn E2 EJ
e.g. fucosterol e.g. campesterol
. ; 0,
isomerization E3 NADPH dehydrogenation E4 NADPH
dehydrogenation
0,
. S NADPH _ NADPH .
- N -
E3 E4
e.g. sitosterol e.g. stigmasterol e.g. ergosterol
El: sterol C-24 methyltransferase E3: A2 sterol reductase
E2: 24-methylenesterol C-methyltransferase E4 sterol C-22 desaturase

es Vegetais

C-24 alkylation

—
El
HO
H

cycloartenol cycloeucalenol

opening of E3
cyclopropane =

loss of C-14a meihyl and

urther side-chain ; .
fi allylic isomerization

alkylation L 3 7
(migration of A° 1o A’)
E7 s
HOT Y HO™ Y E6 Es E4 HOT T
N ! . !
citrostadienol gramisterol obtusifoliol
(24-ethylidenelophenol) (24-methylenelophenol)
loss of i ES
5 ) i loss of \E‘)
€4 methyl . C-4 methyl

— —> 24-ethyl sterols —> — 24-methyl sterols

HO ] HO 1
H H
avenasterol episterol
El: sterol 24-C-methyltransferase ES: sterol A'*-reductase
E2, E8, E9: sterol 4o-methyl oxidase (sterol C-4 demethylase) E6: sterol A®-A7-isomerase (cholestenol A-isomerase)

E3: cycloeucalenol cycloisomerase (cycloeucalenol-obtusifoliol isomerase)  E7: 24-methylenesterol C-methyltransferase
E4: sterol C-14 demethylase
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24
=

dem”mfnns at
C-1dand C-4 C-24 alkylation
— - —

HO HO ' El HO '

H H

lanosterol zymosterol fecosterol
demethylations ring B and side-chain
C-24 alkylation i - at C-4 / F“E li modifications

HO

eburicol 4.4-dimethylfecosterol
(24-methylenedihydrolanosterol)

El: sterol A% methyltransferase (Erg6)  E4: C-22 sterol desaturase (Erg5)

E2: C-8 sterol isomerase (Erg2) E5: C-24(28) sterol reductase (Erg24)
E3: C-5 sterol desaturase (Erg3)

¥ Cetoconazol e Miconazol: inibigdo seletiva da 14a-demetilase

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

) 2 stigmasterol sitosterol campeserol
[ ¥ - o, o, o,
20% 50% 20%

Glycine max - Fabaceae 40% forma livre; demais esterificado ou glicosilado
soja

Fitoesterdis: eficazes redugdo colesterol (LDL) e utilizados

como aditivos alimentares (margarinas)

catalysed by introduced bacterial enzyme oGM
H 1‘91 H 1’1‘ H 52 H "l’z_ H 1%1
— - — - — - — -
El El
HO [0} (0] O 1 HO i
| H H

1 SHipimge Rl e catalysed by endogenous planf enzymes
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DISTRIBUICAO DOS ESTEROIDES

v Universal (?): Presentes em todas as linhagens de Plantae

Rhodophyta Phaeophyta
v Coleterol mais abundante v Fucosterol mais abundante
v Hypnea: 22-deidrocolesterol v Intermedidrios biossintese

cholesterol

sargasterol

HO

demosterol

Hypnea musciformis
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DISTRIBUICAO DOS ESTEROIDES

v Universal (?): Presentes em todas as linhagens de Plantae

Clorophyta
v Producgdo diversificada de esteroides

HO' .
cholesterol ergosterol chondrilasterol

poriferasterol
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SAPONINAS ESTEROIDAIS

22 26

e !
;"’ N OH
—_— OH —_—
hydroxylations at ’1'5_ !
HO C-20, then C-16 H
cholesterol
A |
(OG -
15,; | H  ketal (spiroketal)
H Jormation from
hemiketal l UDPGlc
OGlc
UDPsugars H*
-

saponins -
-

. . . furostano
diosgenin/yamogenin

espirostano
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Agavaceae, Dioscoreaceae, Liliaceae, Smilacaceae

saponinas esteroidais — cortisona

diosgenina progesterona cortisona
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DISTRIBUICAO DAS SAPONINAS ESTEROIDAIS

Magnoliales
Laurales
Piperales
Caneilales
hal

] Magnoliids

Fl
Arecdes

suuadsoiBuy.

ﬁ?‘%
i

les
Commelinales
Zingiberales
Asparagales
Likales
Dioscoreales
Pandanales
Petrosaviales
Is matales
Acoral

]Enmmalmlds

Ceratophyllales
R lales
Proteales

spisouadng

itales

axifragales

Dileniales
oer

Fabids

Santalales
Caryophyliales
Cornales
Ericales
Aquifoliales
Asterales
Escalloniales
niales
iales

spuoiseiadng

P
&
g
3
#

jales
tVahiiales
Gentianales
{Boraginales
arryales
Metteniusales
tlcacinales

Fabales
Rosales
Fagales
Cucurbitales
Oxalidales
Malpighiales
Celastrales
agnpnwa\es B
raniales =
Myrtales
Crossosomatales
ficammiales Malvids
Brassicales
Huerteales
Sapindales  _|

Campanulids

Lamiids

cholesterol pregnenolone

malonyl-CoA

HO
H

digitoxigenin

12B-hydroxylation /

\6,{:’ -hydroxylation
o) (0]

o

o ™

oxaloacetyl-CoA

(9]

]
 J

OH

HO
H

SB-hydroxylation and
bufalin - C-19 oxidation

(o] [e]
HO _= _=
12
OH
16
OH OH
HO HO
H H
digoxigenin gitoxigenin hellebrigenin
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As folhas fornecem glicosideos cardioativos

Q
(o]
N
OH H OH ’
HO. 0.-.0,
AORSSSOL:
o e R e )
H OH H H

Digitoxina

Ndcleo esteroidal tetraciclico e trés
residuos de aglcar.

: Digitalis lanata — Digoxina Q
Digitalis purpurea o
Plantaginaceae
Dedaleira HO,, &Oﬁoﬁ
HO" ™2 07 S 0
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D

-

UL

,@)}N

Danaus plexippus
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scillarenin D-glucose

glucoscilliroside

Urginea maritima
Bufo marinus

9. CAROTENOIDES (C,)

GGPP

El ,,mz.\%/\/l\/\/l\/\yj\
l ) GGPP

O~
- electrophilic addition
allylic cation wiving feriiary cation
pp
MK et loss of proton
8 with formation of
) e =, eyclopropane ring
~ loss of diphosphate
H g-orp gives primary cation Oy u
{ \/\[/\/‘QT/\/\]/ \ Hlﬁ
§ . PP
prephytoene PF WoM 1, 3-alkyl shift generates
new cyclopropane ring and l
w  morefavourable teniary cation

H

apart from the final proton T _H

loss, this sequence is exactly @ E J\ by

anaiogous 1o that seen with N — P
H H

presqualene PP (Figure 5.60)

and favourable allylic cation

loss of proton X bond cleavage produces alkene
generates alkene i E1

® cauda: Condensacéio cauda-cauda

Z-phytoene (plant
(E-phytoene in b

sequence of desaturation FZ‘
reactions; in plants and fungi, "::‘ &
the centrai double bond is also -
isomerized Z — E

plants ES

bacteria/Tungi

E

Iycopene

El: phytoene synthase E3: [-carolene desaturase
E2.ES: phyloene desaturase  E4: carolene isomerase
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lycopene

L P NN P U N

B-carotene

astaxanthin

zeaxanthin

Co.H
e e e P S L

crocetin

Crocus sativus - Iridaceae

E3: norbixin carboxyl methyltransferase
E4: zeaxanthin 7,8(7" 8')-clcavage (di)oxygenase

El: lycopene cleavage (dijoxygenase
E2: bixin aldehyde dehydrogenase
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Formagdo da Vitamina A

B-carotene
O2 | excentric
cleavage b

B-carotene 15,15"-monooxygenase

El: B-
E2: retinol dehydrogenase
0, L central

central cleavage generates
Ely cleavagea

two molecules of retinal
R N YN =0

NS YV YN NADH
OH
retinol E2 retinal
(vitamin A )
oxidafive
chain T
shortening T
o]

\\\\\\\\\

B-apo-carotenal

dehydroretinol
(vitamin Aj)
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10. ESTRIGOLACTONAS

ey Sy ey At\\ l/j
- \\J\, L,‘ \T/ \/Y \/T?.,

fo

\/ p°
gos"
. 3o

-
5-Deoxystrigol L:;:zio

o X
N

/

J CCD7 (MAX3, RMSS5, D17/HTD1, DAD3)
-~ L Dﬁi\zf\ S
NN AN + | ) .
I T 450 P4s0 Pnsu\\
l CCD8 (MAX4, RMS1, D10, DAD1) Y . o
eSS s QNG
0 ( o e
0 OH o oH
Surgumu\ =, Orobanchol Z: Strigol Z:Q
Aceyl | O-Methyl Acetyl transferase
transferase transferase |

l

g 4 /\,J\
L i,
|__=::<\‘:D
0.0 ,\1 . o¢°
i&«i S
‘\D? O Dmbanrh::rrﬂaﬂ -

\(\, 0.0
ok

Strigyl acetate

P450 (MAX1?)
l Other enzymes?
O
sorgolactone
v
\ 0.0
Hofé L />i
N Cx
oH Y MeO D?D

g §¥
T 0
-0
o
<\:o
7-Hydroxy-orobanchol Methoxy orobanchol /strigol

5-Deoxystrigol (and its stereo-isomers)

Carlactone
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Monocots

a2

. TPS-a
Gimnospermas
TPS-d
d-3
CE =
TPS + conservadas de Eudicots
plantas ferrestres
0.4

Angiospermas

Selaginella

TPS-g
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