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Composti aromatici

e Benzene, naftalene e fenantrene (IPA)
e Fluorene e derivati
e Bifenile
e Ftalati
e Benzoato
- idrossilazione
— coniugazione con CoA
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Composti aromatici

O U2

e Benzene, naftalene e fenantrene (IPA)

Origine: Naturale (vulcani, incendi), umana
(industria chimica, fumi di sigaretta e
scarichi automobili).

Tossicita: l'esposizione agli IPA provoca
effetti sul midollo osseo (leucemia, anemia,
ecc.). Sono possibili carcinogenici.
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Come metabolizzare un anello aromatico
¢ Il meccanismo per rendere piu solubile un
composto aromatico consiste nell’inserire uno
o piu gruppi idrofili.
e Per gli aromatici una delle vie & quella di
inserire due gruppi —OH attraverso due
reazioni successive:
La formazione di un diolo ciclico per azione di un
riducente e di O,
¢ Agisce una diossigenasi
La riossidazione del diolo ad aromatico
e Agisce una deidrogenasi
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Diossigenasi
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Degradazione degli IPA
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

NADH + 0, + H*

NAD* NAD* NADH + H+
OH OH
OH OH
> 4
naftalene 1,2- O‘ cis-1,2-diidro-1,2-diidrossinaftalene OO
diossigenasi deidrogenasi
naftalene EC1.14.12.12 cis-1,2-diidrossi- EC1.3.1.29 1,2-diidrossinaftalene
1,2-diidronaftalene A
NADH + O, + HNaAD+ OH OH
HO. NAP+ NADH 4 H* HO
‘ O 3 4-diidrossi-
OO OO OO fenantrene
diossigenasi cis-3,4-diidrofenantrene- NAD* + CO,
fenantrene EC1.13.11.- cis-3,4-diidrossi-  3,4-diol deidrogenasi diossigenasi
3,4-diidrofenantrene EC 1.3.1.49.- EC1.13.11.- salicilato
o 1-monossigenasi
2 EC1.14.13.1
OH 9 epimerasi
\ o EC5.1.2.-
cis-4-(1'-idrossinaft-2'-il)- NADH + 0,
2-ossobuten-3-ato 0 ¢
H,0 aldeide-liasi 2-idrossi-2H-benzo
o) EC4.1.2.- cromenecarbossilato
piruvato |, C)J\fo v
3 +
o OH H NAD* + 0, NADH + H*

e \
aldeide-ossidoreduttasi
EC1.2

v
]
|

1-idrossi-2-naftaldeide
1-idrossi-2-naftoato
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

NADH + 0, + H*

NAD*
OH
OH
4>
naftalene 1,2-
diossigenasi
naftalene EC1.14.12.12 cis-1,2-diidrossi-
1,2-diidronaftalene
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (1EG9)

Un esamero a3B;

[ .
Da PSEUDOMONAS PUTIDA » 8 "y Subunita p
Espresso in ESCHERICHIA COLI  ¢o+iopy e ,Jf )
Strutture: 1EG9; 1NDO; g 1

A Indolo nel
sito attivo
Referenze
- Ensley, B.D. and Gibson, D.T.
Naphthalene dioxygenase:
purification and properties of a

terminal oxygenase component. J. - ) T 3
Bacteriol. 155 (1983) 505-511. 1 -
- Jeffrey, A.M., Yeh, H.].C., Jerina, Y v
D.M., Patel, T.R., Davey, J.F. and -, "_“"
Gibson, D.T. Initial reactions in AW “
,w- Subunita o
{

-

the oxidation of naphthalene by
Pseudomonas putida.
Biochemistry 14 (1975) 575-584.
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (107G)

Subunita B

Fat+ Fe,S,

Naftalene nel sito attivo
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (1EG9)

Fe++OH
Residui di istidina 2

Residui di istidina

\

Indolo nel sito attivo
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (1INDO)
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (1INDO)

Subunita B3

Subunita a5

Cavita del sito attivo

-l S - Fe,S, in una subunita o
nella subunita a adiacente
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Naftalene 1,2-diossigenasi
EC 1.14.12.12 (1INDO)

Subunita B;

Subunita a5

Cavita del sito attivo

! S - Fe,S, in una subunita o
nella subunita a adiacente
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

NAD*  NADH + H*
OH OH

o \ on
4
cis-1,2-diidro-1,2-diidrossinaftalene OO

deidrogenasi
cis-1,2-diidrossi- EC1.3.1.29 1,2-diidrossinaftalene
1,2-diidronaftalene
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

NADH + O, + H'Nap+

OH OH
HO. NAP* NADH 4 H* HO
‘ O 3,4-diidrossi-
se o0 Sepe

diossigenasi cis-3,4-diidrofenantrene-
fenantrene EC1.13.11.-  cis-3,4-diidrossi- ~ 3,4-diol deidrogenasi
3,4-diidrofenantrene EC1.3.1.49.-
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Da naftalene e fenantrene a 1,2-diidrossinaftalene
OH
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OO fenantrene
diossigenasi
EC1.13.11.-
o, fo)
— OH
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

N o
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Da naftalene e fenantrene a 1,2-diidrossinaftalene

OH

OH

1,2-diidrossinaftalene

A
NAD* + CO,
salicilato
1-monossigenasi
EC1.14.13.1
NADH + 0,
v
OH O

1-idrossi-2-naftoato
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Degradazione degli IPA

«—— ~—|Naftalene |
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fenantrene- trans-9(S)-,10(S)-
9,10-o0ssido diidrodiolofenantrene 9-fenantrolo
H,0 I
99 BN QL ——
N idrolasi “OH
EC 3.3.2.- OH OH
0, + H*
e
OO fenantrene-
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EC1.14.13.-
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O R—CH, R
OO OH E £ O O/CH3
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Degradazione degli IPA

1,2-diidrossinaftalene

SN

l 1-idrossi-2-naftoato —» —» _ftajato
l
l
l

Piruvato

| Salicilato |

| Catecolo I
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Degradazione degli IPA

1,2-diidrossinaftalene
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l
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Degradazione dell’idrossinaftalene

NAD* + CO, NADH + 0,

OH
OH i i
1,2-diidrossinaftalene OO _ - -

salicilato monoossigenasi
EC1.14.13.1

dlosslgenasl
C 1.13.11.-

2-idrossicromene-
2-carbossilato

2- ldrosslcromene- -
arbossllato isomerasi

liasi
EC4.2.1.-

piruvato Hjc/ﬁ\(o J
NAD* + H,0
salicilaldeide NADH + H*

salicilaldeide deidrogenasi

O. (o)
OH
EC1.2.1.65
salicilato
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4-(2-carbossifenil)-2-ossobuta
n-3-enoato aldolasi

trans-o-idrossibenziliden EC4.1.2.34
piruvato

OH O
o
1-idrossi-2-naftoato
0, 1-idrossi-2-naftoato
1,2-diossigenasi
EC1.13.11.38

chf\fo piruvato
OH

H,0
H.
[o} OH
o
5)‘\ "
NAD* + H,0 2-carbossibenzaldeide
deidrogenasi

EC1.2.1.-

NADH + H*
ftalato

FO7 - Biotrasformazione dei composti xenobiotici
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Degradazione dell’idrossinaftalene

OH

OH
1,2-diidrossinaftalene OO
0, diossigenasi
EC1.13.11.-
2-idrossicromene- 0
2-carbossilato

2- ldross/cromene -2-
arbossl/ata isomerasi

trans-o-idrossibenziliden
piruvato

liasi

EC4.2.1.-
piruvato o
H,C
OH H o
OH _ NAD* + H,0
salicilaldeide NADH + H*

O. (0}
salicilaldeide deidrogenasi OH

EC1.2.1.65
salicilato
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Degradazione dell’idrossinaftalene

NAD* + CO. NADH + O.
OH 2 2 OH O

OH _
o . .
1,2-diidrossinaftalene ¢+ 1-idrossi-2-naftoato
salicilato monoossigenasi

EC1.14.13.1
0, 1-idrossi-2-naftoato
1,2-diossigenasi
EC1.13.11.38
o]
o o
= _
o)
o
H,0
chjf\fo piruvato
[o} OH
o]
H

OH
NAD* + H,0 2-carbossibenzaldeide
deidrogenasi
-

4-(2-carbossifenil)-2-ossobuta
n-3-enoato aldolasi
EC4.1.2.34

EC1.2.1.-
NADH + H B
0, ftalato
o]
o
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Da salicilato a catecolo
o_ _0 NADH + O, NAD* + CO,
OH
»
P L
N
salicilato monoossigenasi
EC1.14.13.1
salicilato catecolo

e Il meccanismo ipotizzato prevede la formazione di un o-
chinone intermedio che viene ridotto a fenolo in maniera non
enzimatica da una seconda molecola di NADH. La
stechiometrica NADH:salicilato:ossigeno € 2:1:1

e L'enzima catalizza la formazione di catecolo da substrati
diversi (o-nitro-, o-amino-, o-iodo-, o-bromo- and o-clorofenol
derivati) attraverso la rimozione del sostituente in orto.
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p-idrossibenzoato idrolasi
EC 1.14.13.2 (1IUU)

p-idrossibenzoato
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Composti aromatici

e Fluorene e derivati

Origine: fumi da combustione di
combustibili fossili e rifiuti (PVC). I
loro derivati clorurati sono stati
usati come defolianti

Tossicita: irritanti per la pelle, gli
occhi, il sistema respiratorio. Hanno
proprieta mutageniche. Provocano il
cancro. Mimano gli ormoni. Esistono
i loro derivati clorurati usati come
defolianti, ancora pil tossici. Non
esiste una dose di sicurezza.

O'O fluorene

dibenzofurano
o
(0]

©i jij dibenzodiossina
(0]
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Degradazione ossidativa del fluorene

(+)-(35,4R)~cis-3,4-
diidrossi-3,4-diidrofluorene

NAD*
dossigenast Specifica per gli IPA
EC1.14.12.12

OH NADH + O, + H*
2 9-fluorenolo
OH diossigenasi
3,4-didrossifivorene 0.0 EC1.14.12.12 0.0
c ; \:
0+ 21 vorene 4 L,
l NADH + HY MO nape

o OH
Ling 2-indanone
indanone o 4-idrossi-9-fluorenone '

o

o OH
ue
o o

8 OH OH salicilato dibenzofurano

3-idrossi- 3-(2-idrossifenil)
1-indanone propionato l

° OH

oH Degradazione del
_— benzoato
o via idrossilazione
dibenzo-p-diossina catecolo
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D dazi idativa del fl
(+)-(35,4R
diidrossi-3,4-diidrofluoren
NAD*
diossigenasi Specifica per gli IPA
EC1.14.12.12
OH NADH + O, + H* 9-fluorenolo
OH diossigenasi
T —~ O ﬁ“ — O
3,4-diidrossifluorene 0, + 2H* fluorene O/\
0,+ NADH + H+ 2 H,0 NAD* OH
ret
1,2-diidrossifluoren
ossigenasi fluorene-9-olo NAD+
EC1.13.11.- deidrogenasi
OH EC1.1.1.256 NADH
OH + H*
O+ H ossigenasi
acido 2-idrossi-4-(1-0sso- EC 1.13.11.-
1,3-diidro-2-indene- o
2-ilidene)butan-2-oico HO
o
OH
~ OH
S Lo} acido 2-idrossi-2-(1-0ss0-
re) 1,3-diidro-. ene- o
OH 1-ilidene)butan-2-oico 9-fluorenone
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Degradazione

acido 2-idrossi-4-(1-0sso-
1,3-diidro-2-indene-
2-ilidene)butan-2-oico

[o]
H
S o
o
2-formil-
1-indanon /0
co
o, b
swl
1-indanon
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ossidativa del fluorene - II

o 9-fluorenone

NADH
+0.
9-fluorenone 2
diossigenasi
EC1.14.12.-
NAD*

. Xo 3,4-diidrossi-3,4-
1-formil- diidro-9-fluorenone
2-indanon
o
o
co
H2Q

I,

2-indanon

acido 2-idrossi-2-(1-0ss0-
1,3-diidro-2-indene-
1-ilidene)butan-2-oico

o

4-idrossi-9-fluorenone

-39 -
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NADPH + O, + H*

NADP+

3-idrossi-
1-indanone o

OH

3-(2-idrossifenil)
propionato
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Degradazione ossidativa del fluorene

()
1-indanone Qj
2-indanone
NAD(P)H

dibenzo-p-diossina

II1

I,

NADPH + O, + H*
indanone +0, + H*
NADP* diossigenasi
EC1.14.12.-
NAD(P)*

0. (o]
@f3,4-diidrocumarina

diidrocoumarina
idrolasi
EC3.1.1.35 salicilato

o
Y
/}ossrdazlone
AMP + NADH o
dibenzofurano

o ATP + NAD*
DH + 0,

OH + COASH +  + AcetilCoA + NA
H,0 + FAD H* + FADH,
saliciliato monossigenasi EC 1.14.13.1

indanone
diossigenasi
EC1.14.12.-

3-isocromanone

NAD* + CO, + H,0

Degradazione del
benzoato
via idrossilazione

catecolo

- 40 -
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B-ossidazione

HO
CH,0 o) :
AcetiICoA NADH
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -41 -
dibenzofurano dibenzo-p-diossina
we ’
O 2-idrossipenta- @ ]@
2,4-dienoato  CO, H,0 g- ossalocrotoanto o
NADH + O, + H*
- NADH + O, + H*
diossigenasi 0
EC1.14.12.- C‘ diossigenasi
NAD+ decarboss//asl EC1.14.12.-
OH EC4.1.1.77 NAD*
o] A isomerasi OH
’ ) ) EC5.3.3.- o 2,2',3-triidrossi
2,2',3-triidrossi difeniletere
bifenile
HO'
OH
di
Eg) isgg; TZSI, 2-idrossi fo) 0, diossigenasi
muconato EC1.13.11.-
OH 2-idrossi-6-0ss0-6-
o (2-idrossifenossi)-
2,6-diosso-6-fenilesa-3-enoato o 'esa-2,4-dienoato
O idrolasi
2-idrossi-6-0ss0-6- EC3.7.1.8 o
(2-idrossifenil)- OH
esa-2,4-dienoato
salicilato OH
1-monoossigenasi OH
salicilato EC1.14.13.1 Degradazione del
» benzoato
\ via idrossilazione
NADH + 0, NAD* + CO, + H,0  catecolo
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -42 -
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2,6-diosso-6-fenilesa-3-enoato idrolasi
EC 3.7.1.8 (1C4X)

s © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici

2,6-diosso-6-fenilesa-3-enoato idrolasi
EC 3.7.1.8 (1J1I)
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Scissione del 2-idrossi-2,4-pentadienoato

[o} o
2-idrossi-penta-2,4-dienoato
/
H,C= OH
H,0
2-ossoopenta-4-enoatoidratasi
EC4.2.1.80

[oN o
OH 4-idrossi-2-ossovaleranato

H,C [o}

4-idrossi-2-ossoovaleranato
o) aldolasi (HOA) H

piruvato H,C EC:4.1.3.- /g acetaldeide
i o H,C i o

Glicolisi Metabolismo del
piruvato
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -45 -
Aldolasi EC 4.2.1.13
Prodotto 1T CH;0P0,~- o
Diidrossiacetonfosfato
Lys
HO " HaN—=(CHy),
H
P/‘i _
CH,0PO, -~ \
R N Tyr
(CHy),
HO' /
H
H _ Idrolisi della e ¥ ) CH,0p0,
base di Shiff Legame del a—_
substrato L
Enzima libero HN=(CH,), |
Complesso
enzima-prodotto con Base
di Shiff protonata CH,0P0, -
Formazione della
Tautomeria e base di Shiff
protonazione protonata
/ Complesso
enzima-substrato
H,0
H
N
CH,0PO, -~ S~ Prodotto T
\U (CHa), Gliceraldeide-3-fosfato
5
Ho" L
o
Complesso
enzima-substrato con
Base di Shiff protonata
Intermedio
enaminico
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 46 -
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Composti aromatici

e Bifenile

-47 -

FO7 - Biotrasformazione dei composti xenobiotici

gs © 2001-2012 ver 4.1

Schema generale - bifenile

2-Hydroxy-6-0x0-

2 3-D ihpdrozy-p-cumsate

o
DI Z-Hyd roxy-

p-Cumie aloohol
O C—{1.1190
-Cymene P Cumic sldehyle is-2 3-DihyArony-
iz, B-carboxy--oxo-
7-methlac -
2 A-dienoate O [aohumprate
Biphe 1yl O cis-2-Hylroxypents-
2 Hydmoics-6-oxe- 2#-dienaak
&-phenylliexa:
a2.180

£
i
g
2
o
Z
E
1

2 d-dieTioats

-Hydnoxa-
2-oxovalerate

Benzoot degradation vis hydroxslaton jeg— —A
|
Benzosts degrsdation via Cod ligation Je— —*

O aucetaldshole

|
|
Dyruvate metaholim G%My&a:

- 48 -
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Scissione del bifenile

2,3-diidro-2,3- s
diidrossibifenile bifenile 2,3-diolo

bifenile 0, + NADH NAD* NADH + H* OH

OH
+H* NAD+
E E HO. ! i f HO. g
bifenil 2,3-diossigenasi O cis-2,3-diidrobifenil-
bifenil-2,3-diol

EC1.14.12.18 2,3-diol deidrogenasi O
EC1.3.1.56
1,2-diossigenasi

0, EC 1.13.11.39

0.0
) H,O 2-idrossi-6-0x0
degradazione z -6-fenilesa-2,4-dienoato
del benzoato ——————————

0.0 2,6-diosso-6-fenilesa
-3-enoato idrolasi
Z "OH EC3.7.1.8

z 1C4X 1J11

cis-2-idrossipenta-2,4-dienoato

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 49 -

2,6-diosso-6-fenilesa-3-enoato idrolasi
EC 3.7.1.8 (1C4X)
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2,6-diosso-6-fenilesa-3-enoato idrolasi
EC 3.7.1.8 (1J1I)

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -51-

Scissione del p-cimene

NADH + 0, OH- +

HO. NADH NADH [o) 3
\jNAD* NAD* NAD* °
ossldaS/ aril-alcool
arl/ aldeide
EC 1.17.99.- deidrogenasi deidrogenasi
EC1.1.1.90
H;_(éimengm H;C Cﬂg Trer EC1.2.1.29 HC cH,
P alcool p-cumico aldeide p-cumico p-cumato
NADH + O,
N R . diossigenasi
2-idrossi-6-0ss0- 2-\drossw-3-car_boss|- EC 1.13.11.-
7-metilotta 6-0ss0-7-metilotta
-2,4-dienoato -2,4-dienoato NAD*
050 050~
0; NAD* NADH
\ \ on t oH 5 / OH
liasi \ » K
dlosslgenasl 2,3-diidrossi-2,3 OH
H,C” CH, EC4.1.1.- \ N eCcti13.11- OH  diidro-p-cumato
deidrogenasi H.C
H,C CH, EC1.3.1.58 2
2,3-diidrossi-p-cumato cis-2,3-diidrossi-
2,3-diidro-p-cumato
0._0
CH; cis-2-idrossipenta-2,4-dienoato
)Yo ooon ’
H,C 7
3 5 isobutirrato H,C
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -52-
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Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)

Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)
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Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Alcool deidrogenasi EC 1.1.1.1

e Catalizza la reazione di ossidoriduzione:

H H H
+
/g NADH — >< +
<+— NAD+
He Yo H,C~ TOH
Acetaldeide Alcol etilico
R

H " 0—H
)\\9 /S\ H3CH7<H
TN

N NAD+
s
/ k V7
NH
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -57-

Scissione del 2-idrossi-2,4-pentadienoato

[oN o
/\/\i 2-idrossi-penta-2,4-dienoato
_—
H,C™ OH

2-ossoopenta-4-enoatoidratasi
EC4.2.1.80

0. o
OH
4-idrossi-2-ossovaleranato
H,C o

El

4-idrossi-2-ossoovaleranato
o] aldolasi (HOA) H

piruvato H}:ka EC:4.1.3.- /& acetaldeide
l o H,C l o

Glicolisi Metabolismo del
piruvato

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -58-
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Composti aromatici

- - (@) 0
[0) (0]
o [e) [¢] 0
e Ftalati o o
OH
o o
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -59 -

Schema generale

O—1.1412.15 = O 1.3.151

Terepthalatt  Terephthalate 1 Z-cis-dihmdrodiol
4 2-Dihsdroxvphifialate

o {THEZT—> 0 [T 15 #0 2o

Phihialate Phihialats -4 5-ciz-dihpdrodiol 3 4-Dilpdroxyhenzogte

A-Hdroxyphthalate O—-<1.1.1.55 * 1.141323

FHydmoxvhenzoate

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 60 -
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A 3,4-idrossibenzoato

tereftalato tereftalato 1,2-cis-diidrodiolo
O«_OH NADH + O, NAD*

NAD*

> NADH + H* +CO,
tereftalato 1,2-diossigenasi tereftalato
07 0oH EC1.14.12.15 1,2-cis-diidrodiol
deidrogenasi
EC 1.3.1.61
ftalato 4,5-cis-diidrodiolo 4,5-diidroftalato 3,4-diidrossibenzoato
_ _ tereftalato o
0. 0o ftalato 4,5-diossigenasi 0. 4,5-cis-diidrodiolp, o 4,5-diidrossiftalato
EC1.14.12.2 deidrogenasi 9 decarbossilasi
o R o EC1.3.1.61 — EC4.1.1.55
—» » o
NAD*  HO NAD+ HO OH
ftalato . OH OH OH
NADH + H* +0, NAD* + H,0 co,
NADH + H+ v
NADH + H*+ +0,
0«0 0 . ;
4,5-diidrossftalato decarbossilasi o 3 'drqss b eyzagta
- EC 4.1.1.55 4-idrossilasi
o S o EC 1.14.13.23
»
4
on N 5
-i i co
4-idrossiftalato 2 3-idrossibenzoato
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -61-
3,4-diidrossibenzoato a piruvato e ossalacetato
o- [Nl
3,4-diidrossibenzoato
» gallato
02
HO OH
OH OH
OH u : . "
3,4-diidrossibenzoato 4-carbossi-2-idrossi
diossigenasi _o muconato-semialdeide o .
(deciclizzante) o) = diossigenasi
EC1.13.11.8 EC1.13.11.3
X _
o
NADP+ + OH
H,0
> H,0 NADH + H*
J\ 0.0 -+ _
ho” H NAP 0w 0
4-carbossi-2-0sso- =~
4-pentanoato _—(t
° ° (O]
0 0 NADPH + H+ H OH
W ° .
o 0 M0 4 carbossi-2-idrossi 2-idrossi-2-idropirone- 2-pirone-
o CH, cis-cis-muconato 4,6-dicarbossilato 4,6-dicarbossilato
H,0
o
CH, O - o
o- o ? Ho _ — b ossalacetato
piruvato ¢— o
OH - o o
o () -
o
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -62-
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Da 3,4-diidrossibenzoato a (R)-4-
idrossimandelato

3,4-diidrossibenzoato

4-idrossibenzoato 4-idrossibenzaldeide
[ ; M’ [ : i\ o |

4-idrossibenzoato-
3-monossigenasi

4-idrossibenzaldeide
deidrogenasi
EC1.2.1.64 OH
EC 1.14.13.2 benzaldeide
EC1.14.13.33 deidrogenasi benzoilformiato
%ﬂg';)‘,_:gcl 1221 lzg decarbossilasi
CO, EC4.1.1.7
1MCZ 1BFD
o, H,0,
OH oH 9
i o H o (o]
m X
. — ) _
HO ° mandelato racemasi /©/\f o
HO HO
EC5.1.2.2
(R)-4-idrossimandelico 2MNR 1MRA 1MNS (S)-4-idrossimandelico
1DTN 1MDR 1MDL

4-idrossibenzoilformiato
gs © 2001-2012 ver 4.1
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- 63 -

Composti aromatici

e Benzoato

— idrossilazione

gs © 2001-2012 ver 4.1
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Schema generale

114523]

Tryprophan metebolism ~——t>( Benzos degmastion via Coa ligation
i &

3-Hydroxyberzoats

Benzoxe

~ Fluorens degradation
-
[F— Nitohe nzene degradation

Gentise

Phenylalanine metabolism J— —— —\‘
F—— 2 4 Dichlorabenzoste degradation |

4 4 Hytmxybenzonte

2 3-Dikpdroxy-
henzoate B
@ farioef © KEEES), :
s T o i
(—@——o St L }
g . [155153] OGalse
oo ¥ ] b [TEE) TCavox (X T |
LTy ane cisgis & priw—
somoliehse Muoisre ook T !
v
3-0-Methylgalate Taoluens dezradation
o
5

ZHor o 55510

mnronst pre—
muronse 7
semialiehyte  Mucono- o & i oy

e ;
o G
T
Y e ) sosopen 5334 Li4d
-eroate 2 4
g‘Hyﬂmxy z-0x0-O

7 o
30 xosdipate O i5,pis-muconat | 4-pentanoate
enal-lactone

Acetalienyie O O Pymiraty
I

|
¥ ¥
=
histabolism

3-Oxoadipyl-,
Cod. o
1
|
|
|
|
1 |

Favbomans
51157
Crarboxy
2-hydrosyhesta-

1124 2 Male ylacetatQ
& 4-Hylioxy-2- z - 2 A-ened O
s SO fomton: § 2 atention O bty
3-OxostipaieQ [ERER] 2-otoglmerste | Z-ozoadipste ]
[53310] 1199
41317
L acarboxpz-oxo-
Ihexencionte (S)-a-Hpdrory-O
‘mandelat:

Pmvaie © - Oxeloasetsts
| 5122
|
|
|
|
|

4-Hyloxy-
Tenzalie ipde

©  2-pyrone-d -
dicarbosryiate &

O (Rrd-Ha oy
nandelse

Acety-CoA O © Succinyl-Cod
Lomd
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benzoato

(o] o

In sintesi...

OH OH
<“«—> —
OH
2,3-diidrossi catecolo

0._0 o
CH _
0}
HO o
o o
4-idrossi-2-
ossopentanoato 3-ossoadipato

acetaldeide e piruvato acetilCoA e succinilCoA

gs © 2001-2012 ver 4.1

benzoat o
enzoato \ / 3,4-diidrossibenzoato
o
\' 0

OH

\‘ 00 3-idrossibenzoato 00

¢

OH
OH

4-idrossibenzoato

0 0
o
o
4-carbossi-
4-idrossi-2-ossoadipato

4-idrossi-
4-metil-2-ossoglutarato

HO

piruvato ossalacetato 4-idrossimandelato

FO7 - Biotrasformazione dei composti xenobiotici
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Ossidazione del benzoato

3-idrossibenzoato 2-monoossigenasi

EC 1.14.99.23
benzoato ‘
2-aminobenzoato o. o o__o
(antranilato)
o o NAD(P)H 3-idrossibenzoato
+ 0, + H,0 >
NH e NAD(P)*
H; + CO, NADH + O,
antranilato ADH + O,
1,2-diossigenasi
O, +H* EC1.14.12.1 benzoato 3-idrossibenzoato
antranilato NADPH diossigenasi 4-monoossigenasi
3-monoossigenas EC1.14.12.10 EC 1.14.13.23
EC 1.14.13.35 NH,
IAD* + CO, +
NADP+ > NAD* + H,0
o} o

3,4-diidrossibenzoato
OH

decarbossilasi
OH EC4.1.1.63
>
<
OH o-pirocatecoato
2,3-diidrossibenzoato decarbossilasi catecolo fl’v 4- dlldrosslbenzoato
EC4.1.1.46

co,

acetaldeide e piruvato acetilCoA e succinilCoA

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici

piruvato e ossalacetato ~ 4-idrossimandelato
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o o 2,3-diidrossibenzoato OH
OH catecolo
o. OH 0, catecol 2,3-diossigenasi
2 2,3-diidrossibenzoato (deciclizzante)
3,4-diossigenasi EC1.13.11.2
EC1.13.11.14 €O

3-carbossi-2 O OH

2
: 1 / AN OH 2-idrossimuconato-
-idrossi fo) » semialdeide idrolasi
muconato EC3.7.1.9
semialdeidet -
o W O o _
o NAD* + H,0 o o o
, _jemlaldelde_ cis-2-idrossi-
i ; NADH -idrossimuconica 2,4-pentadienoato
2-idrossi OH H« —
muconato =
) o 0 HC OH
aminomuconato-semialdeide
deidrogenasi
EC1.2.1.32

2-ossopenta-4-enoato
idratasi
Isameras:

HzO EC 4.2.1.80
EC 5.3.3.-
4-idrossi-2-
4- ossalacratonato
H,C

ossovaleranato
decarbossilasi

v—ossalocrotoanto EC4.1.1.77

4-idrossi-2-ossoovaleranato
aldolasi (HOA)
EC:4.1.3.-
Glicolisi ~4¢—— )Lf

Metabolismo del
piruvato

H,C O
piruvato .
acetaldeide

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici

Degradazione ad acetaldeide e piruvato
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Da catecolo a acetilCoA e succinilCoA

0, + H,0 _
OH 22 o o
- muconolattone
©/ O”L, S N o
+“— o
catecol
1,2-diossigenasi ° X o  4-metilmuconolattone o
catecolo (deciclizzante) liasi
EC1.13.11.1 cis-cis-muconato EC5.5.1.1
1MUC 2MUC muconolactone
3MUC 1F9C 1BKH d-isomerasi
EC5.3.3.4
IMLI
H,0

3-ossoadipato

[oN OH .
o 3-ossoadipato
‘ o_0 enol-lattone
e
o o o
3-ossoadipato

o enol-lattonasi
CoA-S. _ EC3.1.1.24
o
succinil-CoA 0
3-ossoadipato
o CoA-transferasi
- Ec2.8.3.6 acetil-CoA
O. -
: o
succinato
o
o acetil-CoA C-aciltransferasi
_ EC2.3.1.16
CoA-S o 1AFW 1PXT
o o
succinil-CoA
3-ossoadipil-CoA
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 69 -
EC 5.5.1.1 (1MUC)
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4-metilmuconolattone liasi
EC5.5.1.1 (1MUC)

~ |
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Da catecolo a acetilCoA e succinilCoA

0, + H,0 _
OH 202 ° o
- muconolattone
OH o BN o
 — o
catecol o} . _ i
1,2-diossigenasi fo) 4-metilmuconolattone
catecolo (deciclizzante) liasi
EC1.13.11.1 cis-cis-muconato EC5.5.1.1
1MUC 2MUC muconolactone
3MUC 1F9C 1BKH d-isomerasi
EC5.3.3.4
1ML
H,0
OH
o 3-ossoadipato
‘ o_ o enol-lattone
B
o
3-ossoadipato
o enol-lattonasi
COA-SY\)J\ _ EC3.1.1.24
succinil-CoA o
3-ossoadipato
CoA-transferasi
M Fe283.e acetil-CoA
O. _
[9)
succinato
(o}
o acetil-CoA C-aciltransferasi
EC2.3.1.16
CoAs o 1AFW 1PXT
o (o}
succinil-CoA
3-ossoadipil-CoA
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -73-
EC 5.5.1.1 (1BKH)
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Muconolactone d-isomerasi
EC 5.3.3.4 (1MLI)

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Acetil-CoA C-aciltransferasi
EC 2.3.1.16 (1AFW)

2-metil-2,4-pentandiolo

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Acetil-CoA C-aciltransferasi
EC 2.3.1.16 (1PXT)
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. .
In sintesi...
benzoato
0. o 0_0
>
OH
\‘ o ° 3-idrossibenzoato o o
©/ OH
zses;s:::s' o
\ / 3,4- dudrossmenzoato \ 4-idrossibenzoato
\ o
‘ 0 Ho 0
)\/\E ° ° °
HO o =0
‘ ‘ o o o}
4-idrossi-2- 5 dinat 4-idrossi- 4-carbossi-
ossopentanoato -ossoadipato 4-metil-2-ossoglutarato 4-idrossi-2-ossoadipato
OH
(0]
o
HO
acetaldeide e piruvato acetilCoA e succinilCoA piruvato ossalacetato 4-idrossimandelato
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -78 -
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oo coo’
]

CH

W

H
[niv g
a
4-Chlorobenzoate
(o1 1]
4-Coumerate Cyclohexane
o0 carboxylate
cH,
Q00
—_—
OH
OH 4-Hydroxybenzoate  HO™ ™ Ok
p-Cresol HQ" H
l Shikimate
Coo’ H oo
Co0 OO0 p
—_— —— e
OH HO™ OH
O HO" "H
B 3-Hydrox oH Quinate
Protocatechuate
?00- IG-I,OH
CH

AN

"
CH
.
OCH; : Oty
OH

0cH, OH
Ferulawe OH Conifieryl alcohol
Vanillate
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Da 3,4-diidrossibenzoato a piruvato e
0__o °
3, bato
» gallatc
02
HO' OH
OH OH
OH _
3,4-diidrossibenzoato
diossigenasi diossigenasi
e °
A _
(¢}
OHO
NADP* +
0 H,0 NADH + H*
o}
[N _
)k NAP* )
‘ S
° [Oe]
(0]
2-pirone-
4,6-dicarbossilato
o}
CH, O _ o
3
(o)
OMO Ho o
piruvato 47
OH — [¢] )
(o} o -
(o}
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -80 -
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Da 3,4-diidrossibenzoato a (R)-4-
idrossimandelato

4-idrossibenzoato
3,4-diidrossibenzoato 4-idrossibenzaldeide
o _o NAD(P)H  NAD(P)* SN NAD(P)H NAD(P)* o_ H
—— —_—>
OH
4-idrossibenzaldeide
OH 4‘;idrossibe‘nzoato_f OH deidrogenasi OH
-monossigenasi EC1.2.1.64
EC1.14.13.2 benzaldeide
EC1.14.13.33 deidrogenasi . -
(NADP) EC 1.2.1.7 benzoilformiato
51 5 decarbossilasi
(NAD) EC 1.2.1.28 co, e
1MCZ 1BFD
02 HZOZ

oH 0
_ +—
[ S— _
HO

mandelato racemasi HO HO o
EC5.1.2.2
(R)-4-idrossimandelico 2MNR 1MRA 1MNS —4- simandelic
(8)-4-idrossimandelico 4-idrossibenzoilformiato

1DTN 1IMDR 1MDL
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Benzoilformiato decarbossilasi
EC4.1.1.7 (1BFD)

tiamina difosfato
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Benzoilformiato decarbossilasi
EC4.1.1.7 (1MCZ2)

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -83-

Benzoilformiato decarbossilasi
EC4.1.1.7 (1MCZ2)

Mg++

tiamina
pirofosfato
(Vit. B1)

acido (R)-mandelico
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Da 3,4-diidrossibenzoato a 4-
idrossimandelato

4-idrossibenzoato
4-idrossibenzaldeide

3,4-diidrossibenzoato
o _o NAD(P)H  NAD(P)* o ° NAD(P)H NAD(P)* o_ H
OH
4-idrossibenzaldeide
OH 4-idrossibenzoato- OH deidrogenasi OH
3-monossigenasi EC1.2.1.64
EC1.14.13.2 benzaldeide
FC1.14.13.33 ( N:Del/’d)rté%elnazsl 1.7 benzoilformiato
(NAD) EC 1 2.1.28 decarbossilasi
et co, EC4.1.1.7
1MCZ 1BFD
0, H,0,
o (o)
———
- ) _
mandelato racemasi o
EC5.1.2.2 HO HO
2MNR 1MRA 1MNS
(S)-4-idrossimandelico ; .
N 4-idrossibenzoilformiato

(R)-4-idrossimandelico
1DTN 1MDR 1MDL

FO7 - Biotrasformazione dei composti xenobiotici
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Mandelato racemasi
EC5.1.2.2 (1MNS)

FO7 - Biotrasformazione dei composti xenobiotici
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a-fenil
glicidato

(sostituisce I'acido

mandelico)

Mandelato racemasi
EC5.1.2.2 (1MNS)

Mg++

Lys166
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Mandelato racemasi
EC 5.1.2.2 (1MNS) a_fen”
glicidato
Mg*+
AA acidi
AA acidi Lys164
Lys166
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Composti aromatici

e Benzoato
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Succinate Fumarate
(Hmsmethophensl)
Phenol Fhenpiphosphate B;nzay]sw:cu\y] Cod s\lccmyl Coa
En E Ehxﬂ Toluere
haC E == Bl
Suecingl-Cod Bsa
o
4-Hymry Cyulohsxans-
re0st: I-carboxyl-Cod. Cyelohexane -1 -carboxslate
Bezouik Hwep ©
0
2 Hydoxysyvlohexane-  z-Kewcyelohexans-
EE“”Y‘ phosphate Cyolohor-25-dione- 1-cathoxyl-Cos b ;,mi;l Cod, Pimeloyl-Cos. 25 Dldehyrlm pimeloyl-Cod.
Loacborsion o ro—{ia oo {immt—~
Telephwame o} Cyelohex-1-ene- Badk,
I-tarbonyl-Cad
[ze.17]
BadD BadF 6-Hymoiyoyelohex- 6-0x0-2-hytroxyeyelahexane-
Bald W BadE BalG Dch  1-ene-1-carboxyl-Cod. 1-carboryl-Cod
(a2 —wo—TiTs—ro——{si5 F——g s
Benzoph Cok Cyelohes | 5-dieme- 2 5 Diltroxyuyslohexare | it
i-carboxyt-Cod. L-camoxyrCos
1141210] B4 penc y
o
© cls-1 S-Dihyioxy-2 d-cycloheadiene-
1-carbonglic erld Corloher-1 ddiene- &-Ketonyeyelohex- Q St coa
i-carmoxy-Coa. L-ene-1 calboxyl-Cod
13.L55] BenD
R ) RO -
o O GlmyCoa
3 o Fre— e
| Catechol 2-Crlombenzoate degaraation
o 13997
Benzost: degradaton via hydraxslaton Acetoarety-CoA Crownoy-Cea
< 0% {2333 |0 —{TITET} 0= {TEL T O (AL} cinmsamicon
AcetprCoa - Hydoxybutanoyl-Cod
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In sintesi...

o} S-CoA

OH OH

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -91-
Composti aromatici
e Toluene e xilene
e Carbazolo
e Stirene
e Etilbenzene
e Atrazina
e Caprolattame
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -92-
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Composti aromatici

e Toluene e xilene

CH,

CH, CH,
H,C

CH

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -93-
2z Hytony
“oluene
114137 ] [11a137]
3-Methyleatechol  Cise-Z-Hplronr oo b
Sexsteie S soece v omohen 2w S5 T
Ca—1190] o o L14iz1]] ] O—{i13112 o O—{az.1 80]wq +Hylroxy
Beuzsl eleohal | Toné | Toud Toluene-cis- 2-oxovletate
Tzize|[1217 Tonb | TouE dihgodiol
Touc | Touf O aeetate
0 114137
Hydrony
Benzae O — — — { Beuzon:acprtaten i arstanens et Py
T
(o ) |
1 2-Dihyioxs- |
2-Methylhenzsl  2-Methylbena- Gemethyleyriohesa: |
el 3 5-disnscarboxyiats 7 b
czmuo 22 5o im >0 9
XC
1 2-Dihydroxs-
. . Fmemyleyeiohexa-
Ty B e 35 ienecarboryiate
it |0 e 0 o
EylM = m-Toluate
B
G
ciol 2-Dihydroxs-
4-Memylbenzyl  4-Metplbenz: 4-1me uyle yrlohe -
Saoner ldehpde B5IK | 35-diene-Leabonyle 4 1t g catechol
220 e o—{L1s0—=0 . o 13167 o 115111 - SELL 0
(st | R b-Toluse L Ty ety muconslarione
3 X0 cisis-hexodiensdioats
o
Tolneng-<-sulfonat:
LBUZ|ESE g prtrcis- d-Hydrony-
ZHyor ez Adienoate  2-0Xohexanost
e o EXIE] s
muzonic semdenyse]  Lrid Hk
HF
Tolnene
o—{ins1 |0 121 64— WO 4 Hytrozyherzaat
4 Hylmoxymlete 4 Hylmoxy }
bezaldelste | b4 © 20T tgcis
| 2-Hyroxy 5-methyloispis-  usenat
7 nate
Benzoae degrdation via hyfroxylaton
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ferredossina-NAD*

Degradazione del benzoato
per idrossilaz

Ossidazione di toluene e xilene

Degradazione del benzoato

e per legame con AcetilCoA

reduttasi _
EC 1.18.1.3 o_ H o. O
CH, OH
NAD+
NADH
toluene benzoato
OH o _ H o_,0
CH,
H,C ferredossina  H_c H.C. H.C.
Fe2+ Fe3+ 7 3 : o-toluato
o-xilene NADH NAD* NAD(P)H NAD(P)*
» .
OH o _ H o_ 0
CH,
O, +H+ H.,0 O, +H* O, +H+
m-xilene : 2 ? H.0 2 H,0 m-toluato
toluene xilene ) .
H,C monoossigenasi H3C aril-alcool H,C benzaldeide ¢
deidrogenasi deidrogenasi _
OH EC1.1.1.90 o, H (NADP)EC1.2.1.7 0.0
CH; 1F8F (NAD) EC 1.2.1.28
p-xilene (; p-toluato
CH, CH, CH, CH,
R benzilalcool R bezilaldeide
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -95-
Ossidazione del toluene
Degradazione del
benzoato
f d ina-NAD* per idrossilazione
ferredossina-
reduttasi
EC1.18.1.3
NAD* NADH
NAPD*
UDPH
4-idrossibenaldeide
toluene 4-idrossitoluene ferre
erredossina o H
FAD 2 Fe3 o_,0
CH, FADU CH, Fe NAD(P)H NAD(P)*
Y
O, + H+ H,0 OH 0, +H+* H,0 OH 0, +H* H,0 OH
toluene 4-cresolo 4-idrossibenzaldeide 4-idrossibenzoato
4-monoossigenasi i i deidrogenasi
g deidrogenasi EC1.5.1.64
benzaldeide
deidrogenasi
(NADP) EC 1.2.1.7
(NAD) EC 1.2.1.28
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -96 -




Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)

Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)
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Benzilalcool deidrogenasi
EC 1.1.1.90 (1F8F)

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -99 -
H,O
Oz + H* N/-\ZDP* o, +nr MO
NADPH CH; NADPH NADP
OH k
fenol
2-monoossigenasi EC
H,0
0, + H* NAZDP+ 0, +H* H,0
+
CH, NADPH CH; NADPH  NADP CH,
Z C[OH OH
toluene OH cis-1,2-diidrobenzene- OH
diossigenasi 1,2-diol deidrogenasi
EC1.3.1.19
toluene CHs
3-monoossigenasi @\ EC
NADPH H,0 NADPH Hy
NADP+ NADP*
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -100 -
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Da o-toluato e m-toluato a 3-
metilcatecolo

1,2-diidrossi-
6-metilcicloesa-
3,5,dienecarbossilato

o_,0 o_ 0
OH - . o
e H,C OH 1,2-diidrossi-6-metilcicloesa-
3,5-dienecarbossilato
deidrogenasi
EC 1.3.1.68
o-toluato O, + H* H,0 CH3
+
NAD(P)H NAD(P) OH
O ° OH
ggisggjgzsi OHOH 3-metilcatecolo
1,2-diidrossi-3-metilcicloesa-
CH, 3,5-dienecarbossilato
toluat deidrogenasi
frtoluato 1,2-diidrossi- EC1.3.1.59
3-metilcicloesa-
3,5,dienecarbossilato
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -101 -
CH,
Degradazione del 0, +H+
clorobenzoato
NAD(P)H
PN
[e}g 6] H,0
. diossigenasi NAD(P)*
toluen 4-solfonato EC1.14.12.-
HSO,"
_ H,0 _
(o T O, + H* . o. O
NaD(P)H  NVAD(P) o OH
Z OH OH
»
L
diossigenasi 1,2-diidrossi-4-metilcicloesa-
EC1.14.12.- 3,5-dienecarbossilato
CH, CH, deidrogenasi CH;
EC 1.3.1.67
p-toluato 1,2-diidrossi- 4-metilcatecolo
4-metilcicloesa-
3,5-dienecarbossilato
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Da 3-metilcatecolo a piruvato ed
acetaldeide

2-idrossi-6-0ss0-
CH, 0, + H,0 2,4—eptz<g§n3a;o idrolasi

OH E f N o
_ = CH 2-idrossi-penta-
I o km 3 /v/\i 2,4-dienoato
cateco
OH o] H,C=" OH

OH 2,3-diossigenasi
N L (deciclizzante) .
3-metilcatecolo EC 1.13.11.2 2-idrossi-6-ossoepta-2,4-diencato  CHsCOO
2-ossoopenta-4-enoato H,0
idratasi /
EC4.2.1.80
H
Metabolismo del ¢ /g
piruvato H,C 0]
4-idrossi-2-ossoovaleranato -
acetaldeide > (o} (0]
acetaldeide aldolasi (HOA) on PR
EC:4.1.3.- drossi
+ ossovaleranato
H,C o
o
Glicolisi 4+—
(0]
H,C
o
piruvato
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Da 4-metilcatecolo a piruvato e
propanaldeide

0, + H,0 -

OH ~ o o
0.
OH XX o o
catecol 0 A _ i
1,2-diossigenasi H,C 0 4-metilmuconolattone H,C .
(deciclizzante) s ga? y
CH, ECL13.11.1 3 petil-esadienedioato e 4-metilmuconolattone
4-metilcatecolo
catecol 0, + H,0
2,3-diossigenasi
(deciclizzante) H,0
EC1.13.11.2 H,0
0 _o Q
» o CH
+—
4—— HC _— 3
2-idrossi-6-ossoepta = OH 2-ossoesa o OH
-2,4-dienoato ~ -4-enoato
idrolasi ¢ idratasi
EC3.7.1.9 EC4.2.1.80
1IUP

H 4-idrossi-2-ossoesanoato
aldolasi (HOA)
H,yC EC:4.1.3.-

o

propanaldeide
o
()
Glicolisl  4——  H,C
oir o
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 104 -
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4-metilmuconolattone liasi
EC 5.5.1.1 (1MUC)
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Composti aromatici

e Carbazolo
N
H

gs © 2001-2012 ver 4.1
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Schema generale

Carda Carhc CarBa

2-dmino
Caxib Cartd CorBb Car  z-Aminoberzoste AMNG  perzoplCos AbmA | #-Civelahesane Linne
o FEETE o [EET O—L1a1 O——w——w0
Carvazolz 2 -Aminobiphenyl 2-Hydmxy-6-0%0- 2-Amino-S-oxo-c yelohe -
et AN | L-enecarbony-Clod
hexa-z d-dienoate 47
Benzoaw degradation via Cod lzation
__ Berzoats degradation
il g O‘; wia hpdroxwlation
2 3 Dilplroxybenzoat clspis-Muconat:
¢ z-Hylmxymuronate semisldehyle
.
Gis-2-Hydronypents  CarD o Pyt
2 A-diemos
Pyrvat
O — 1
Acetsldehyde-m
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Ossidazione e scissione del carbazolo

2'-aminobifenil-2,3-diol

carbazolo 1,9a-diossigenasi 1,2-diossigenasi NH o
EC1.13.11.- NH, EC1.13.11.- @NO,
X0 = O,
H HO OH
O, + H*
2 NADH  NAD+ O, +H" NADH  naD+

2-ossoopenta-4-enoato

0. o idratasi
OH EC4.2.1.80 O- o)

> . .

chetoidrolasi

H,C o _ EC3.7.1.-
’ H,CZ OH
H,0 (o] o
4-idrossi-2-ossoovaleranato NH,
aldolasi (HOA)
EC:4.1.3.-

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -108 -




Destino del 2-aminobenzoato

2,3-diidrc

sibenzoato

0, +H* NH;
NADPH NADP* 0. o
» OH
>
antranilato 1,2 ga'éi?g/gnas‘
3-monoossigenasi +2-0I0SS! i
EC1.14.1%.35 OH EC1.13.11.1 _
o-pirocatechina o
decarbossilasi co.
- EC4.1.1.46 2 nuconato
NH, + CO.
Ox© 0, + H,0 + 5 3 R o
NADPH NADP* 2
NH

: / OoH \ 7 N\—OH

I
>
antranilato @ catecolo B
OH 2,3-diossigenasi

0 1,2-diossigenasi o [o]
: 11002 Ec1.13.11.2 © H

antranililCoA

CoA-S._0 2NADH 2NAp+  COASS -0 H,0 + NH; + CO,
antranilato-CoA ligasi

[o}
C 6.2.1.32 NH, E ? NH,
antraniloil-CoA

monoossigenasi . cic CoA-SH
2-a ocicloes- 0A-!
AMP + PP EC1.14.13.40 1- o}

CoA-SH  aATP

1,4-cicloesandione

e del benzo:

> via CoA

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici

-109 -

Destino della semialdeide 2-
idrossimuconica

2-idrossimuconato-
semialdeide idrolasi
EC3.7.1.9

o} o
= 2,4-pentadienoato
H,C= OH

2-ossopenta-4-enoato H,0
idratasi
EC4.2.1.80

[oN o
)OH\I
H,C o
4-idrossi-2-ossoovaleranato
aldolasi (HOA)
o EC:4.1.3.-
Glicolisi ~ ¢——— o H

H,C /& —>

piruvato  © H,C o

acetaldeide

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Composti aromatici

CH,

e Stirene

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Schema generale

Styrene oxide Phenylacetaliehpde 2 Hydooxyphenglscetate 4-Malsylacetnacetat f—
o—{i1ia o—{1113- o—{1431E o—5212
i Homogentisate
Fhenglacstic acid 3 Fumerylscetoscetale | o acetate
o —
2-Hydeoxy-6-0xo00ts-2 A, 7-tienoate 4 Hypdroxy-2-oxovalaras f—
[r— o1z — —t=f Giycolysis

F-Vingleatecho

scetaldehyde  (p
o ruae
acryiomiile o=

o {733 —mo—{TTEl—ro—[FEaT}»d
late

&
Acrylamide &1y Aerylyl-Cod Lactoyl-Closs, L-Lactats

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici
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Propenoate
metaholism

-112 -
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Ossidazione dello stirene

NADP* NADPH

FADH2

[0}
FAD
\ j > 1,0

stirene monossigenasi

CH

Z EC 1.14.12.-
stirene ossido
+ 0, + H*
_CH,
stirene stirene diossigenasi
EC 1.13.11.- OH

»
»
/ \ OH
NADH

NAD* stirene cis-glicole
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H o
Q
NAD* NADH
o o
H,0 H*
-
stirene ossido fenilacetaldeide
isomerasi deidrogenasi
EC 5.3.99.7 EC1.2.1.39
stirene ossido enilacetaldeide enilacetato
NAD(P)H
0, + H*
monoossigenasl
EC1.14.13.- H,0
NAD(P)*
[e} _
o}
_ Nap(R)* NAD(P)H
o o
MO o hhe
2
OH OH
monoossigenasi
EC1.14.13.-
HO C 3.
omogentisato 2-idrossifenila
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Scissione dell’'omogentisato

0, maleilacetoacetato

OH isomerasi
o EC5.2.1.2 5
1FW1

omogentisato ; ;
HO 1,2-diossigenasi o o

omogentisato EC1.13.11.5 ‘ GSH GSR ‘

o o

4-maleilacetoa

o]
" ° JWE
Ciclo di Krebs 4—— W + o
° o]

fumarato acetoac

fumaroilacetoacetato

fumaroilacetoacetato
idrolasi
EC3.7.1.2
H,0 1Qco

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -115 -
Maleilacetoacetato isomerasi
EC 5.2.1.2 (1FW1)
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Scissione dell’'omogentisato

o Q

o, maleilacetoacetato

isomerasi
o EC5.2.1.2 o
1FW1
omogentisato ; ;
HO 1,2-diossigenasi ‘ o o

omogentisato EC 1.13.11.5 GSH GSR ‘
0 v o
o o
4-maleilacetoacetato fumaroilacetoacetato
fumaroilacetoacetato
idrolasi
EC3.7.1.2
Q H,0 1QCo
H,C o P o
o W . o gt‘b‘g‘d‘
o] o
o
fumarato toacetat
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Fumaroilacetoacetato idrolasi
EC3.7.1.2 (1QCO)
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Da stirene cis-glicole a lattato,
piruvato ed acetaldeide

_CH, NAD+ NADH + H* _H,
OH OH f
} / N O,W cH,
OH cis-1,2-diidrobenzene- OH catecolo o 5

1,2-diol deidrogenasi 2,3-diossigenasi
" EC1.3.1.19 o EC1.13.11.2
stirene cis-glicole 3-vinilcatecolo 2-idrossi-6-ossoocta-2,4,7-trienoato
2-idrossi-6-ossoepta
Metabolismo del acetaldeide H -2,4-dienoato R0
piruvato +— 4-idrossi-2-ossoovaleranato idrolasi
aldolasi (HOA) EC3.7.1.9
H,C [¢] EC:4.1.3.- 11up -

+ [N o, » o o
OH /v\i
2-ossoopenta
Q -4-enoato H,C= = OH
° HsC O jdratasi

] <+— EC 4.2.1.80 2-idrossi-penta

Gt HyC 2,4-dienoato

3 4-idrossi-2- H,0
ossovaleranato

piruvato o +

lattoil-CoA
deidratasi Is)

0
) cH, Q EC4.2.1.54 HZC/YO
° CH, > CH, A~
o CoA—0 CoA—0 o

CH,C00" AcetilCoA

H,0
lattato CoA-SH lattoilcon O 2 acrililCoA glutaconato acrilato
propionato C(;;étzra;fefirSSl
CoA-transferasi e
EC2.8.3.1
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2-idrossi-6-ossoepta-2,4-dienoatoidrolasi
EC 3.7.1.9 (1IUP)
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Composti aromatici

e Etilbenzene

CH
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- . 7 .
Ossidazione dell’etilbenzene - 1
CH; HO CH,
NADH + H*
o2
Oz NN
d/osstgenast diossigenasi
2.3-dlid OH EC 1.14.12.- EC1.14.12.12
cis- iidrossi- etilbenzene R
2,3-diidroetilbenezene 1-feniletanolo
NAD* NAD*
deidrogenasi diossigenasi diossigenasi
EC 1.3.1.66 EC1.14.12.12 EC1.14.12.12
+
NADH + H 2 H+ NADH + H

H,C /CHZ [0} CH,
OH
OH

2,3-diidrossi-etilbenzene stirene acetofenone
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Ossidazione dell’etilbenzene

H,C O,
OH
OH
Co.
0, o
diossigenasi
EC1.13.11.- o
acetofenone
carbossilasi
EC6.4.1.-
CoA-S ligasi
EC6.2.1.-
H,0
0, SCoA

chetoidrolasi
EC3.7.1.-

- 11

CH,

HO

diossigenasi
EC1.14.12.12

0,

0]
benzoil acetil-
CoA tiolasi
HO (o] 0 B
CH, EC2.3.1.
! cH
= HO
OH
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Ethylbenzene (114 lfhenylemaml
117
BdoAl | BdoAS ‘ |
EE L1.-- |l1141242]
EdoA2 | Bdosd \ﬁiﬂl \—“—1
b
cis-2 3-Dihydrory- henone
2,3-dilrpdooe thylbenzens ? Srens
13166 ‘
2,3-D ihepd nox -
ethslhenzens Anyrene degradaton Z-Hydm?:y- Berzoyl acemw
acetnphenone
Q) Bexg oyl aceyl-Cos
ciz-2-Hdroxypenta- - .
Pmpamme? © 3 drdie nmare ?Benzayl Cod Q acetyl-Cod
| |
! 4-Hpl ¥ ¥
Propanoate -Hipdrooc- " -
e G
Acetaliehwde (P C‘) Fymvate
| |
(Pyruvﬂm metahuhsm) CGlchlymsf Glumnmganﬁﬁls)
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Composti aromatici

e Atrazina e e
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) Hydroxiata zine N-Tzopropylammelide Cyarmrie a2id
Atmzine o—3599.3—wo—3598.4—mwo—]3.5.2.15—wO—]35.1.84—mw0— 3515 |—-(F coz
Awh Amd AwD Biuret T=E Urea
TrzD |
2 A-Dihgdroxy-6-(M ethyl) {7
Dreisopropyla raz ing amino-1,3 5-tiazine
38.1- 03599 }0—]{3599 -
T4 Deisopropyl
hydrox yatmeing
Atrd TheC
E Thel
(o]
Deisopopyl 2-Chloro-4-hyndoxy-6 -6 ming-
Deethylatiazing PR 15 Seutazta
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Formazione di acido cianurico

lamino)-2-idrossi
cl H,0 HCI H sopropiylamino)

atrazina )\ /(r\ -1,3,5-triazina
NT SN cH
o P
_
3C/\N N N CH,
H H

atrazina cloroidrolasi o~ )‘\ )\ )\

H.
EC3.8.1.8 H,C N N N CH
H H
1/2 05 idrossidecloroatrazina H,0
atrazina monossigenasi etilaminoidrolasi R ~
o EC 1.14.15.- EC 3.5.99.3 -~ ctilamina
H,C NH,

P e, NSy
NTOSN ) | ) )
)‘\ )\ deisopropilatrazina _— N-isopropilammelide
= H.C N N OH isopropilaminoidrolasi
S ’ H EC 3.5.99.4

H,C N N NH,
H H,0

H,0
H,C. NH
idrolasi 3 \( Z,
EC3.8.1.- 2,4-diidrossi-6-(N'-etil)amino ¢H isopropilamina
HCI -1,3,5-triazina 3
NH
"0 . H HC O NH, OH
H;0 etilamina
~N

oo X PY
~

T Y Sy
=
HBC/\N N NH, ) N )\ )\ 2,4-diidrossi-6 )‘\ )\
H deisopropilidrossi H,C N N OH ~(N"-etil)amino =
atrazina aminoidrolasi H 1,3, 5-triazina HO N OH
deisoproplidrossiatrazina EC 3.5.99.- aminoidrolasi acid cianurico
EC 3.5.99.-
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H
/g acetaldeide
1
1/2 0.
atrazina /T\ /@ o i
N7 SN CH
3 . NTSN CH,
PN =~ trazina e )‘\ /)\
a
HsC H N N CH, monossigenasi H,N N N CH,
EC 1.14.15.- H
120 dietilatrazina
2 atrazina atrazina 1/2 0,
monossigenasi monossigenasi
Q EC 1.14.15.- acetaldeide £C 1.14.15.- o
PIg : PIg
HyC CH, /g H,C CH,
cl etone
acetone )\ 12 0, H,C (o] /T\ acetone
NT SN
)‘\ )\ \/ N‘ N deisopropildietilatr
/\ — > eisopropildietilatrazina
H,C N N NH, atrazina =
monossigenasi H,N N NH,
EC 1.14.15.-
deisopropilatrazina H,0
s-triazina idrolasi NH;
EC 3.8.1.-
)CI\
[N
2-cloro-4-idrossi-6-amino-1,3,5-triazina ‘
_—
HO N NH,
-128 -
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Destino dell’acido cianurico

OH H,0 co,
)\ \ 7 NH,  NH
N‘ X N 2 2
)\ A acido cianurico 0o N
HO N OH aminoidrolasi
EC 3.5.2.15

. H,0
biureto
aminoidrolasi
EC 3.5.1.84
NH;
o]

gs © 2001-2012 ver 4.1
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HO
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H,0 CO, NH,
K j/ f
»
L4
o] biureto H,N NH,
aminoidrolasi
EC 3.5.1.84
H,0
ureasi
EC 3.5.1.5
1EF2 1EJW
NH,
allofanato
aminoidrolasi
EC 3.5.1.54
» cCo,
H,0 NH,
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Ureasi EC 3.5.1.15

Organismo

Peso Molecolare

(Kda)
Helicobacter pylori 600
" T~ Helicobacter pylori 484
Organlsmo Subunita Helicobacter mustelae 484
Ureaplasma urealyticun ? Helicobacter _ 484
- Helicobacter felis 484
Gchme max ? Glycine max 480
: : P Staphylococcus 420
Brevibacterium - Staphylococcus xylosus 410
Canavalia ensiformis ? Ureaplasma urealyticum 380
X - Lactobacillus animalis 350
Helicobacter pylori ? Glycine max 80
Mycobacterium ? Arthrobacter oxydans 242
- Spirulina_maxima 232
Klebsiella aerogenes 10 Bacillus pasteuri 330
Morus alba 2 Klebsiella_aerogenes 224
Lactobacillus fermentum 220
Staphylococcus 12 Lactobacillus reuteri 220
: Brevibacterium 215
Ur?a gla sma u.rea |ytICUI’T 6 Streptococcus mitior 200
Spirulina maxima 6 Methylophilus 190
. Rhodobacter capsulatus 185
Methylophllus 6 Mycobacterium 185
Helicobacter py|ori 6 Rhodobali):ter capsulatus 180
. . Morus alba 175
bacterium strain SL100 6 Lactobacillus ruminis 150
Ureap|asma urealyticun 5 Streptococcus salivarius 140
- — Bos taurus 135
Bacillus pasteurii 4 Bos taurus 130
i i Bos taurus 125
Brevibacterium 3

gs © 2001-2012 ver 4.1
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Ureasi EC 3.5.1.15 1EF2
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Ureasi EC 3.5.1.15 1EF2

Ureasi EC 3.5.1.15 1EF2
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Ureasi EC 3.5.1.15 1EF?

Ureasi EC 3.5.1.15 1EJW (298K)
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Ureasi EC 3.5.1.15 1EJW
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Ureasi EC 3.5.1.15 1EJW
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Composti aromatici

e Cicloesanolo e caprolattame

gs © 2001-2012 ver 4.1
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Schema generale

Camloheanol

126

.. ¥
Cloieanong

1141352

S-Aexanolile

o]
A

e-Ildroxy-
CcyClohexan-1-Jme

o 1143522 12117

s

CalulEiane-1 2-Ciul
31117 L1 ¥ “

E-Hanlrowy-
haxanoate

t1.1.z

Adipate
serialde honle

o Cavliliexene-1 2-divne
11120] -
—
-

E-ATIN0he Fancate epsilourCapila itz

371.-
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Adipate
¥

Len,
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Da cicloesanolo e cicloesandiolo a
adipato semiladeide

OH
cicloesanone AN OH
OH NAD*  NADH 0 n-1,2-diolo
NAD*
4 +— cicloesanone
monoossigenasi —
cicloesanolo deidrogenasi EC 1.14.13.22
EC1.1.1.245 o, cicloesano
aril-alcool deidrogenasi / NADH -1,2-diolo
EC1.1.1.90 NADPH deidrogenasi
1F8F 2 o EC1.1.1.174
1-on
NADP+ OH
NAD*
H,0 o} /
NADH
6-esanolide ] NADPH \&‘/'
bresanol NADP* 0,
H,0 °
Iaétcogolldgol/a; ! chetoidrolasi
e EC3.7.1.-
H,0
NaDp+  NADPH
i ;.L’ i
H
o o
alcool deidrogenasi o)
6-idrossiesanoato EC1.1.1.2 adipato semialdeide
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Da e-caprolattame ad adipato
[o}
H\ cicloaminoidrolasi
N EC 3.5.2.-
H,0 _ glutarato
o o
. o
6-aminoesanoato
transaminasi
EC2.6.1.-
3 o
O%\WU\O’ glutamato
[*] NH,
H _
0 adipato semialdeide
o
NADP*
aldeide deidrogenasi
EC1.2.1.4
6-0ssoesanoato
deidrogenasi
EC1.2.1.63 NADPH
Q
o o o
(o] adipato
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Composti organoclorurati e organofosfati

e Bifenile e PCB

e DDT

e 2,4-diclorobenzoato

e 1,4-diclorobenzene

e 1,2-dicloroetano

e Acido 3-cloroacrilico

e Tetracloroetene

e y-esaclorocicloesano e parathion
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Composti organoclorurati e organofosfati

Cl Cl
e Bifenile e PCB
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Schema generale

bifenile e PCB

312 H 0T ypenta-
2 A-die roste

'
S
I
S A-El ki >
/ £-IX0vALETalE
S
.//
e
// : Panisat:
Erhi Z FDihl o - -
BEhE L / ?"‘“""H‘h”d” I
4-C:lora iphenzl UW—PO—' BrhE [eC—{L15113BHe0— cnly | #
Son | 012 3Dl 2-HICK-6-0%0- v
P |2 3-tibrdnos 6-{<-chlojopherrl-

A e (?)T\LW‘B me'.ahol.ism) ( Clyeclreis ]

hewa-2 d-firnna e

(2 4

Dicalorotenzoate daaradetion)<
Z-hlonobenzoate
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0, + NADH
+ H NAD® NAD+ NADH + H* o
HO HO
g g
bifenil 2,3-diossigenasi cis-2,3- dudroblfen/l-
EC1.14.12.18 ¢ 2,3-diol deidrogenasi
EC 1.3.1.56 a
bifenil-2,3-diol 0,
1,2-diossigenasi
EC1.13.11.39
H,0
‘7
2,6-diosso-6-fenilesa
0._0 -3-enoato idrolasi
EC3.7.1.8
1C4X 1711
Z 0OH
P
H,C
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2,6-diosso-6-fenilesa-3-enoato
idrolasi EC 3.7.1.8 (1C4X)
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2,6-diosso-6-fenilesa-3-enoato
idrolasi EC 3.7.1.8 (1J11)
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Scissione del 2-idrossi-2,4-pentadienoato

[eN o
/V\/E 2-idrossi-penta-2,4-dienoato
/
H,C= OH

2-ossoopenta-4-enoatoidratasi

EC4.2.1.80
0. o
OH
4-idrossi-2-ossovaleranato
H,C [¢}

4-idrossi-2-ossoovaleranato
o aldolasi (HOA) H

piruvato Hac)Lf EC:4.1.3.- /& acetaldeide
i = H,C i o

Glicolisi Metabolismo del
piruvato
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Composti organoclorurati e organofosfati

Cl
Cl
1t
Cl

Cl

e DDT

1,1,1-tricloro-2,2-bis-(4'-clorofenil)etano
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Schema generale

11-Dichlom-2 2~
bis{4"chlorophenyl}-
ethane (DDD)

!

1-Chloo-2 2-

1 1-Trichlore bis{<-chlomphensl}- 1-Chlomo-2 2-
22 ise-chlamphernt- E"‘Y‘W (PRMUY s Cidofophenyl-
1,1 A-Trichlorn-2 2-his- ethyrlen: (DDE ) ethane(DD M&)
(d-zhlorophenylyethane { DD'T ) () B 1971 -}—bo_{ 13- 251~ 3?‘53?3’“3(’%5 €£DMPMﬂ?1)

1,1-Dichlono-2-(d inpad rozs-
cigZ 3-Dipimdiol DT O 4tchorophenyl-2-
-chlowophenyl)e thyls ne 2 2-bis{4" Chlorophe nyljethancl (DDOH)

B=01x0-2=hyed roxy-
7-(d '-ch}omp henyl)-

'b (4 )Ch]umphenyl et {J———————W7) 4 A Dichlomobenzophenons DB F)

411*

2-{4-Chloraphengd)-

E-0xo-2-Tual rox
iy 3 ,3-dic hloropropenoate

7-{4*chloxop henvl)-
38 B 5-tetrac hloroocte-

L& Bia(4“Chlorophe nlyme there (DD
2E AE -dienoate i

&

|

|

|

4-Chlarob e nanate 0 4-Chlnroace tophe none ? <-Chlorop he nlacetats

() d-Chlorobe nzal dehsde

2 A4-Dichlonohenzoate de gradation
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Cl o
O ° “ "
cl >
O Cl cl
l a
cl cl
cl
ALl ’I‘
v
OH al
OH
O OH m
o
cl
e
cl l
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Declorurazione del DDT

o] 1-cloro-2,2-bis-
(4'-clorofenil)-etano
(DDMS

) H
[¢] H
2H* + 2¢°
>/ZI ! l cl

1,1-dicloro-2,2-bis-  H:
(4'-clorofenil)-etano
(DDD)

cr
@] H
: genasi
cl
1 al 1-cloro-2,2-bis-
cl (4'-clorofenil)-etilene
- (DDMU)
ar
N
HCl +H
a al al %, cl cl
1,1,1-tricloro-2,2-bis- ‘
(4'-clorofenil)-etano
(1
cl HO cl
cl cl
OH
1,1-dicloro-2,2-bis- 1,1-dicloro-2-
(4'-clorofenil)-etilene (didrossi-4'-clorofenil)-2-
(DDE) (4'clorofenil)etilene
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cis-2,3-diidrodioloDDT
cl
cl Cl Cl
Cl cl
ossidoreduttasi
Cl EC 1.14.99.-
cis-2,3-diidrodiol
DDT deidrogeni
cl HO a EC1.3.1.-
AH, + O,
A OH )
NAD(P)H 2,3-diidrossiDDT
al NAD(P)* e
cl
1,1,1-tricloro-2,2-bis- 2,3-diidrossi DDT
(4'-clorofenil)-etano 1,2-diossigenasi
(PDT) 'Ec 1.13.11.-
cl Cl -la.1l1.
4/< a HO a
o, OH
OH
Cl
6-0s50-2-idrossi-7-
(4'-clorofenil)- o (0] o o
3,8,8,8-tetraclorootta
-2E,4E- dienoato
4-clorobenzoato
cl
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Cl

Cl

DDE 1,2-diossigenasi
EC1.13.11.-

3,3-diclorc

penoato

4-clorobenzoato

[o) o}

4-clorobenzaldeide
ossidasi
EC 1.2.-.- a
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H
H c H H
liasi ‘
EC4.5.1.-
Cl Cl Cl Cl
DDMS bis(4' nil)eti
Hel DNU)
H,0
Hel bis(4'-clorofenil)metano
(DDM)
u o HO  He Oy ~OH co, H H
liasi “
cl cl Cl Cl EC4.1.1.- c a
2,2-bis-(4'-clorofenil)etanolo bis(4'-clorofenil)acetato
(DDOH) (DDA)
H
OH
o
Cl
orofenilacetato
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Prodotti finali

o] o
H
o
o
cl
Cl
4-clorobenzoato

4-clorofenilacetato
Metabolismo della
tirosina
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Composti organoclorurati e organofosfati

Cl
e 2,4-diclorobenzoato

Cl
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Schema generale

4ClunuLe s y-Cod

{ DDT degrdation —— 7=t O-{a gl 2 A0 1802051
| 4-CHonvenzoate 2 4 Dichlorobenzoyl-Cos
|
|
!

Fiphenyl degmadatiom J— —
O<-Hyilroxy benzoyl-Zok

Toluene-4-sulfana e
+SulloheEnz AdenTe

4Medoybizaisn O—J1140LE]— = O4—{11a |0
ARsiostees [Tzl o {TZ 1 -0 =—[LITZ]- G4 T |0 Toene-somora

4-Sulfodenz ylalcohol

! 4-Sulfoberzome
1341z15—w O[3 161—, e
Terehal?le  Tersrhitalats 1 2-ciz-dibpamdiol pd /@m“:m 1338 =0 Vondly.akolol
4 5-Diihyror yphthalate ‘54 PRV
(1] 0 etz sinsantng st

O—{ 114127 — - 0—{1 3.1 64—O— 4.1 55| il T
hthalon: Phthalaos =4 Gezis-diFydiod:ol 3 4'Dl]\y\‘l‘[\:lxyhmzuaﬁc
’/ [r141527)
AT meshtAlan D41 15 a2
1

FHytmehanIae [pp— {

¥

gamna -hexarhloroeye.ohexane
dsgradation

© A-sminohe nzens exlfonss

Attt
3arhory-ris pismuconsts O i e
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In sintesi

CoA-S. o [N o
o) o
cl cl
‘7
cl el
al OE ;S-COA
cl

[o] S-CoA o} o (o] 10}

OH OH
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Da 4-clorobenzoato e 2,4-diclorobenzoato
a 3,4-diidrossibenzoato

ICoA

2,4-diclo
B CoA-S. (0} AMP + PP 0. (o)
[0} o
cl ATP a
4-clorobenzoato- 2, 4-diclorobenzoil-CoA
CoA ligasi reduttasi
. EC6.2.1.33 EC1.3.1.63 a CoA-SH a
& ATP [¢ S-CoA NADPH Echgazsjz _ 2,4-diclorobe
AMP + PP
NADP+ + HCI
CoA-SH
Cl
4-clorobenzoilCoA
4-clorobenzoil-CoA H,0
dealogenasi
EC3.8.1.7
cr 4-idrossibenz: ) 3,4-diidrossibenzoato
o S-CoA O, O 4-idrossibenzoato °
3-monoossigenasi
H,0 CoA-SH EC1.14.13.2
\) EC1.14.13.33
4-idrossibenzoilCoA —>
4-clorobenzoil- OH
CoA tioesterasi
EC3.1.2.23 NAD(PIH  NAD(P)*
OH + H* +0, +H,0 OH
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Da 3,4-diidrossibenzoato a piruvato e
ossalacetato 7

0.__0 [ONGo)
> gallato
OZ
HO' OH
OH OH
OH -
3,4-diidrossibenzoato
diossigenasi o
(deciclizzante) o NF diossigenasi
EC1.13.11.8 EC1.13.11.3
o
o
NADH + H*
00 + _
)J\ NAP 00
~
o ° [Oe]

i OH
o

o —p ossalacetato
o

FO7 - Biotrasformazione dei composti xenobiotici

conal
H,0
o

piruvato

o NADPH + H* oH
= - (o) 2
o 0" H0 4-ca 2-idross = 2
o CH, 0 — OH
o
HO
o]
o
HO. ~
0
=0
o
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Da 3,4-diidrossibenzoato a (R)-4-
idrossimandelato

4-idrossibenzoato X
3,4-diidrossibenzoato 4-idrossibenzaldeide

ol _o NAD(P)H  NAD(P)* o ° NAD(P)H NAD(P)* o H
4+ — -
é\m 4-idrossibenzoato-
3-monossigenasi
OH EC 1.14.13.2
EC 1.14.13.33 OH EC1.2.1.64
benzaldeide
deidrogenasi
(NADP) EC 1.2.1.7
(NAD) EC 1.2.1.28

benzoilformiato
decarbossilasi

COZ EC4.1.1.7
1MCZ 1BFD
o, H,0,
o
-—
e _
mandelato racemasi [9)
EC5.1.2.2 HO
(R)-4-idrossimandelico 2MNR 1MRA 1MNS (S)-4-idrossimandelico

1DTN 1IMDR 1MDL 4-idrossibenzoilformiato
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Benzoilformiato decarbossilasi
EC4.1.1.7 (1BFD)

o
Il

tiamina difosfato
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(o]

s
N B b -
= P
Yo 0
N/\ W)\Aoo o
PN HC
H,e” SN ONH,
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Benzoilformiato decarbossilasi
EC4.1.1.7 (1MCZ)
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Benzoilformiato decarbossilasi
EC4.1.1.7 (1MCZ2)

)
¥

N
NZ =
)\\ | H,C
H;C N NH,

tiamina difosfato
Vit. B1

Mg++

acido (R)-mandelico

gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici - 166 -

83



Da 3,4-diidrossibenzoato a 4-
idrossimandelato

4-idrossibenzoato
4-idrossibenzaldeide

3,4-diidrossibenzoato
o _o NAD(P)H  NAD(P)* o ° NAD(P)H NAD(P)* o_ H
OH
4-idrossibenzaldeide
OH 4-idrossibenzoato- OH deidrogenasi OH
3-monossigenasi EC1.2.1.64
EC1.14.13.2 benzaldeide
FC1.14.13.33 N:De’/)dr(é%elnazsl 1.7 benzoilformiato
EN A D))EC 1.2.1.28 decarbossilasi
et co, EC4.1.1.7
1MCZ 1BFD
o, H,0,
o (o)
———
- ) _
o
HO'

mandelato racemasi
EC5.1.2.2 HO

(S)-4-idrossimandelico ol
4-idrossibenzoilformiato

2MNR 1MRA 1MNS

(R)-4-idrossimandelico
1DTN 1MDR 1MDL
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Mandelato racemasi
EC5.1.2.2 (1MNS)
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a-fenil
glicidato
(sostituisce I'acido
mandelico)
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Mandelato racemasi
EC5.1.2.2 (1MNS)

Mg++

Lys166
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Mg++
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Mandelato racemasi _
EC 5.1.2.2 (1MNS) gicidato
= 1/

AA acidi

Lys164

Lys166
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Composti organoclorurati e organofosfati

Cl
e 1,4-diclorobenzene

Cl
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Composti organoclorurati e organofosfati

H

e 1,2-dicloroetano %I%CI

H
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Schema generale

o1 2-Dichloroethans

¢y 2-Chloroe theanl

() & hloma cetaldehpde
1213

¢y Chloroa cetic acid

O Glvoolate
I
|

¥

Glyoxylate and dicarboxylate
me tabaolism
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Dealogenazione del 1,2-dicloroetano

H,0 HCl
H H H H
Cl
cl > “
aloalcano dealogenasi OH
H { EC 3.8.1.5
(1HDE 1EDE 1EDD H H

1D07 1CV2 1CQW
1EDB 2DHD 1K5P
1K63 1K6E 1MJ5
2DHC 2EDC 2EDA
2DHE 1BEO)

1,2-dicloroetano 2-cloroetanolo
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Aloalcano dealogenasi
EC 3.8.1.5 (1EDE)
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Cl-
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Aloalcano dealogenasi
EC 3.8.1.5 (1B6G)
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Aloalcano dealogenasi
EC 3.8.1.5 (1CIJ)
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Aloalcano dealogenasi
EC 3.8.1.5 (1BEO)

CH,COO0r

CH,COOH
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Aloalcano dealogenasi
EC 3.8.1.5 (1K63)

2-bromopropen-1-olo
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Aloalcano dealogenasi
EC 3.8.1.5 (1CIJ)

Phe222
Trp175 Aspl24
His286
Aloalcano dealogenasi
EC 3.8.1.5 (1BEO)
Phe222
Trpl75
Aspl124
CH,COOH
His286
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Aloalcano dealogenasi
EC 3.8.1.5 (1K63)

Phel69

2-bromopropen-1-olo

His272
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Deidrogenazione del 2-cloroetanolo

2-cloroetanolo pirrolochinolina-chinone

alcool deidrogenasi

EC 1.1.99.8
1G72 1LWR
OH o]
HO. N
~ OH
/
cl +
H
HO.
H H N  HO o]
H
cloroacetaldeide (o}
pirrolochinolina-chinolo
gs © 2001-2012 ver 4.1 FO7 - Biotrasformazione dei composti xenobiotici -184 -

92



Alcool deidrogenasi
EC 1.1.99.8 (1G72)
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Alcool deidrogenasi
EC 1.1.99.8 (1LW2)
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Alcool deidrogenasi
EC 1.1.99.8 (1G72)

PQQ

Asp297
Ca++
Glul71
Glu55
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Deidrogenazione della cloroacetaldeide

NH,
NH, N
0 7 o NS
\ N
al + \N+ 9 ‘C‘) N N + H,0
H O ofl‘v—o—n‘afo\d
H H OH OH P
HO OH HO  ©OH
cloroacetaldeide NAD

aldeide deidrogenasi
EC 1.2.1.3
1AG8 1BXS INZX

NH
HH NH, 2 N
N= \
L L
SN R ? N

OH OH s
HoH Ho! O HO o

cloroacetato NADH
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Aldeide deidrogenasi
EC 1.2.1.3 (1BXS)
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Aldeide deidrogenasi
EC 1.2.1.3 (1BXS)

NAD+*
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Aldeide deidrogenasi
EC 1.2.1.3 (1BXS)

NAD+

Alifatici
Carichi
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Aldeide deidrogenasi
EC 1.2.1.3 (1NZX)
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Aldeide deidrogenasi
EC 1.2.1.3 (1NZX)

S

NAD*
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(9}
o]
cl + H,0 > + HCl
o HO
aloacetato o
dealogenasi
H H EC3.8.1.3
H H
cloroacetato .
glicolato
metabolismo del gliossilato
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Composti organoclorurati e organofosfati

H (o} Cl (e}
e Acido 3-cloroacrilico C.Mo* H)\Hkof
H H
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Schema generale

trane-2 [ 3-Dic hlonopuopene ¢ cie-1 3-Diz horopropans

j)cl&a-cmom-z-pmpem-l-oi

tans Z-Chlorn-2-propere-1-ol

(? ACETH-C0A

|
|
v

I\ Propanoats meahclizm
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Composti organoclorurati e organofosfati

Cl Cl

e Tetracloroetene
cl Cl
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Schema generale

Acetylene
O

G
Axetalde hyde ‘-\‘
m V
Tri chloros tens wans-1 2-Dichlorosthens Ethylens oxide
o O—{ Teed Teeh |—w-0—] Teeh |—O—Jtidt3s0—eO—~{ 111 |—>o———
Temmchioroetens | Peek Vinyl cHoride Ethylene Acenylod
ciz1 2-Dichlomethens
?Ethyler\e ghyeal
|
v
Clyoaylate and dicarboxmlate
e tabolism
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Degradazione del tetracloroetene

trans-1,2-dicloroetene

Cl H
H+ HCI > <
tetracloroetene cloroetene cis-1,2-dicloroetene
a a reduttasi cl Cl  reduttasi q "
EC1.97.1.- Cl
tetracloroetene EC1.97.1.8 tricloroetene cloroetene
reduttasi
NAD* + H,0 NADH + O, + H* H H EC1.97.1.- Hel

alchene
monoossigenasi HCI . H+
EC1.14.13.69 il reduttasi
0 etilene EC 1.97.1.- cl
epossido / N\ H,C=CH
idrolasi ’ ? > CH,
IEQCO37312L;I?1 ossido di etilene ferredossina H  vinilcloruro
ossidata
1EHY 1CR6 ADP + PO, + NH, (Ferry
1EK2 1CQZ NAD* + nitrogenasi
CoA-SH deidrogenasi N
o EC 1%414, EC1.18.6.1 ferredossina H.O acetaldeide
H:0 ATP + N, + H* + H,0 EIS:E? 2 H
e ! . L
" NADH HC=CH H,C o
H S-CoA
acetilene
HO OH He—( j
o \
glicole etilenico acetilCoA metabolismo del piruvato
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E ido idrolasi
EC 3.3.2.3 (1CQZ2)
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Epossido idrolasi
EC 3.3.2.3 (1EK1)

Inibitore
N-cicloesil-N’-
(4-iodofenil)-urea
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Epossido idrolasi
EC 3.3.2.3 (1EK1)

A Inibitore
i . e ey

N-cicloesil-N’-
(4-iodofenil)-urea

AA acidi AA idrofobici
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Composti organoclorurati e organofosfati

e y-esaclorocicloesano e parathion
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Schema generale

2 5-Dishlowophenol 1 2 4 Trichlombenzens
Q Q

2 5-Dichlomo- gamma-Pentashlors-
2 5-cyclohexadiens-1 4-diol

cyelohexen:

O
gamma-Hexachloro-
cyelohexans

ZA 5-Trichloro- 1,345 Tatras hoTo-
75 0yl 1ol lAcylohexadiene

2 5-Dichlorshydroguinons

i hlomehid roguinone

cis trans-Hydroxy-
e oniesemialdehe 3-Oxoadipats
Lin® & 13132
—{ L —wo—fiaizl—eo

Male ylacetats

[
4-Nitophs nol
i)
O

O O
4 Hitophe sl phosphate 4-Nitrocatechol

Benzoate degradation ¥ia hydioxylation

Resorinol OF

O p-Aminophenol

|
|
|
Digthylthiophosphoric asidr |
i

2 hlombenzoate degradation.

O
Diethlphosphoric acid
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Degradazione del y-esaclorocicloesano
(Lindano®)

2 5-Dichlorophenol 1 2 4-Trichlorobe nzens
. O

2 5-Dichloro-

gamma-Pentachloro-
2 B-cyclohexadiene-1 4-diol

cyeclohexens

Lind O
2 A 5-Trichloro- 1,3 4 5-Te trac Haro- %mm-g;?chhm-
z5-cyclohexadiene-1-01 1 A-cyclohexadiens t
LinC 2 5-Dichlorohsd rog vinone
'—"-OChlomhyquuimne
Lin¥
¥
o]
Hyadrog ninone
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In sintesi
ol al cl al
ajij:m Clﬁc'
a
a OH a i OoH
Hoj@u ¢ c|ﬁc|
OH OH
HO/©iCI 'HOQ/
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Degradazione del y-esaclorocicloesano

y-esaaclorocicloesano y-pentaclorocicloesene
cloruro-liasi al al cloruro-liasi
EC4.5.1.- j@/ EC4.5.1.- ﬁ
" ; a” >
HCl ¢
cl H,0
1,3,4,6-tetracloro-1,4-
HCI c/‘cloesadiene c/om/‘drolas/‘
EC3.8.1.-
CI H,0
diossigenasi
al OH  EC1.3.1.-
j@i Oﬁc‘ 2,4,5-tricloro-2,5- J@i
HO C\ NADH . cicloesadiene
NAD cloroidrolasi
EC3.8.1.-
EC1.97.1.-
H+
/@i EC 1.97.1.- /©/0H
HO'
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Degradazione del parathion®

- 1 2 A-Benzenetyinl
¥

4-Himaphe ol
1

O p-Ayminophe ol

Diethylthiophosphario aeidc

(2 A-Dichlombenzoate degmﬂatiun)

D iethlphosphaoric acid
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In sintesi

0\\N+/o Oy ,.0
N OH
H3C\/O\P/
» - ]
0~ o
parathion
HBC\/O\P,O F HZCVO\P/O dietilfosfato CH,
AN it A
o] 0" o
CH, paraoxon  CH, O\ /o’
N+
N
»
>
OH
4-nitrofenolo
NH,
HBC\/O\P/OH
7
So
H,C_ 0. .0
N ;l"/ dietiltiofosfato €3
So idrochinone
OH
CH,
NH,
aminoparathion /@/
HO
4-aminofenolo OH
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paraoxon
_ H.S _
0\\ +-0 H,0 2 0\\N+/O H,0 Hzc\/o//\,‘,/OH
parathion o7 o
aril-4-monoossigenasi
arildialchilfosfatasi
HC O\ .0 EC1.14.14.1 H,C 0o EC 3.1.8.1
Z 2 110B 110D 1JGM -
ST 5 o7y 1P6B 1P6C 1HZY
1EZ2 1EYW
CH, CH;,
RN
N
arildialchilfosfatasi
e EC 3.1.8.1
1I0B 110D 1JGM
6e” 1P6B 1P6C 1HZY
1EZ2 1EYW OH
H3C\/0\ _OH 4-nitrofenolo
1
H,0 o /
H,0
NH 2 H,0
: i ato CHs ? H,S  idrochinone
H,0 o OH
NH H* + HO\Né
Sé(‘) aminoparathion >
HO
CH
3 4-aminofenolo OH
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Monoossigenasi
EC 1.14.14.1 - CYP

CYP1A1l

CYP1A2

CYP1B1

CYP2A1

CYP2A2

CYP2A3A

CYP2A4

CYP2A5

CYP2A6

CYP2A7

CYP2A12

CYP2A13

CYP2B6

CYP2B9

CYP2B10

CYP2B15

CYP2B19

CYP2C

CYP2C8

CYP2C9

CYP2C12

CYP2C18

CYP2C19

CYP2C29

CYP2C37

CYP2C38

CYP2C39

CYP2C40

CYP2D10

CYP2D2

CYP2D6

CYP2D9

CYP2E1

CYP2F1

CYP2]2

CYP234

CYP215

CYP236

CYP3A3

CYP3A4

CYP3A5

CYP3A7

CYP3Al1

CYP3A13

CYP3A16

CYP3A41

CYP3A43

CYP4B1

CYP4F8

CYP4F11

CYP4F12

CYP4F14

CYP19

CYP19A

CYP19A1

CYP19B

CYP26A1
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Arildialchilfosfatasi
EC 3.1.8.1 (1EYW)
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Arildialchilfosfatasi
EC 3.1.8.1 (1EYW)
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Arildialchilfosfatasi
EC 3.1.8.1 (110B)
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Arildialchilfosfatasi
EC 3.1.8.1 (110B)

Mn++

Cco,
Lys
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Arildialchilfosfatasi
EC 3.1.8.1 (1EZ2)

Metilfosfonato
diisoprilestere
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Destino del nitrofenolo e
dell’'idrochinone

[HERVETTF S LN TR

p Benzoguinens e oniczemisldzhade 3-Orosdipets
11413~ 0 O LinE O LinE e 13.132 0
H:adroguinome Tale Flanata |
/
! Lo o 1 2 A-Beazenetiol
<=Mt A
I;]I]Bl'ﬂl ¥ / 6
O 0 .
- il Al gl <chzuuu: dcgwﬂuiuuviuhydxuxyluduu)
1141
Rezorinel O
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In sintesi

o T

OH oH
oH
_— — > [ °
o
o N:\O OH o o

!

o OH
o OH
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Destino del nitrofenolo

OH NADH + 0,

NAD* + H,0

_

OH
resorcinolo EC

4-nitrofenolo

OH NADH+0, NAD*+H

4-nitrofenolo
2-monoossigenasi
EC 1.14.13.29

H* + 0,

fenolo

2-monoossigenasi

1.14.13.7

4-nitro

20 on H* + 0, HNO,+H,0 oy

E t OH
1,2,4-benzenetriolo

monoossigenasi
EC 1.14.-.- OH

HNO, + H,0

p-be

moi

noossigenasi

EC 1.14.-.-

NADPH

+0, NADP* + HNO, + H,0

N

monoossigenasi
EC1.14.13.-

chinone
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Destino del 1,2,4-benzenetriolo e del
b hi
semialde
s-idrossimuconica
NADPH + H* NADP* OH 0,
degrad
del be
p-i benzoch/none reduttasi diossigenasi
EC1.6.5.6 EC1.13.11.-
OH
chinone
idrochinone NADP* + H,0
semialdeide
4-idrossimuconica
deidrogenasi "
EC1.2.1.61 NADPH + H
— NAD(P)H + H*
OH 0, idrossichinolo o] NAD(P)* (P)
oH 1,2-diossigenasi _
EC1.13.11.37 [o) 0. -
> _
v o maleilacetato o o
reduttasi
OH o] o} EC1.3.1.32 3-0
1,2,4-benzenetriolo :
mal etato
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Referenze sul WEB

e Vie metaboliche
- KEGG: http://www.genome.ad.jp/kegg/
e Degradazione degli xenobiotici:
http://www.genome.ad.jp/kegg/pathway/map/map01196.html
e Struttura delle proteine:
- Protein data bank (Brookhaven): http://www.rcsb.org/pdb/
- Hexpasy
e Expert Protein Analysis System: http://us.expasy.org/sprot/
e Prosite (protein families and domains): http://www.expasy.org/prosite/

e Enzyme (Enzyme nomenclature database):
http://www.expasy.org/enzyme/

- Scop (famiglie strutturali): http://scop.berkeley.edu/
e Enzimi:
- Nomenclatura - IUBMB: http://www.chem.gmw.ac.uk/iubmb/
- Proprieta - Brenda: http://www.brenda.uni-koeln.de/
- Expasy (Enzyme nomenclature database): http://www.expasy.org/enzyme/
e Database di biocatalisi e biodegradazione: http://umbbd.ahc.umn.edu/
e Citocromo P450: http://www.icgeb.org/~p450srv/
e Metallotioneine: http://www.unizh.ch/~mtpage/MT.html

e Tossicita degli xenobiotici: Agency for Toxic Substances and Disease Registry
http://www.atsdr.cdc.gov
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Crediti e autorizzazioni all’utilizzo

e Questo ed altro materiale pud essere reperito a partire da:
http://www.ambra.unibo.it/giorgio.sartor/

o Il materiale di questa presentazione & di libero uso per didattica e
ricerca e puo essere usato senza limitazione, purché venga
riconosciuto I'autore usando questa frase:

Materiale ottenuto dal Prof. Giorgio Sartor
Universita di Bologna - Alma Mater

Giorgio Sartor - giorgio.sartor@unibo.it

111



