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Biotické transformace chemickych latek.

Biodegradace, typy biodegradacnich reakci, aerobni
biodegradace a metabolické mechanismy, anaerobni
biodegradace, kinetika biodegradace.

Bioremediace.
Testy biodegradability.

Biotransformace, vlivy biotransformaci na xenobiotika, faze
biotransformacnich proces.
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Biodegradace

Mikrobialni degradace hraji kliCovou roli pfi odstrafniovani
syntetickych chemickych latek z vodniho a terestrického
prostiedi

Pokud je biodegradace pomala, dochazi k biakumulaci a
primarni a sekundarni toxikaci potravnich fetézcti nebo
muze dojit ke sniZeni kvality pitné vody nebo ovlivnéni
raznych funkci povrchovych vod.

Persistence chemickych latek z pohledu mikrobialni degradace
vede k fadé problémn:

% Estetickym — plasty, pénici detergenty..,
% Ekologickym rizikiim (tenzidy, PCBs, DDT, aldrin...),
Y,  Humannim rizikiim (PCDDs/Fs, pesticidy..).
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Some Definitions....

Biodegradation

The process in which material is broken down into innocuous
products by living organisms.

Websters New Collegiate Dictionary

Mineralization

The complete conversion of an organic chemical to stable
inorganic forms of C, H, N, P, etc. which may entail several

successive biological transformations
*from TWF - P&G

Stacy Simonich
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Biodegradace

V porovnani s nebiologickymi elimina¢nimi procesy jako jsou
hydrolyza nebo fotochemicka degradace, vede biodegradace
v aerobnim prostfedi k anorganickym koncovym produktim
jako jsou CO, a voda.

Tento proces se nazyva ultimativni biodegradace nebo
mineralizace — hlavni propad latek v biotickém prostiedi.

Research Centre for Toxic Compounds in the Environment
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More Definitions....

Primary Biodegradation

Y
Y
Y
Y

1st Step in the Biodegradation Process

Partial Breakdown

Loss of Chemical Identity and in some cases function
If Biodegradation Does Not Continue

> Persistent Metabolites Remain (e.g. Nonylphenol ethoxylates)

>  Only Part of the Mass Returned to Natural Mineral Cycles

Ultimate Biodegradation

R

Complete Breakdown
Loss of Chemical Identity and Function

Extensive Mineralization with No Persistent Metabolites

Mass Completely Returned to Natural Mineral Cycles

*from TWF - P&G

Stacy Simonich
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And More Definitions....

Ready Biodegradable

% Exclusively a Legal Term

%, Passes an OECD Ready Biodegradability Test

% By Inference, Is Inherently & Practically Biodegradable
Inherently Biodegradable

% Can be ultimately biodegraded under some circumstances

% Legal Term - Passes an OECD Inherent Biodegradability

Test

Practically Biodegradable
Is ultimately biodegraded in habitats to which it is discarded
% Rate of degradation exceeds or is similar to the rate of

Y

loading (No accumulation)

*from TWF - P&G

Stacy Simonich
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Mikrobialni transformace

Microbes can and will do anything:
microbes are smarter, wiser and
more energetic than
microbiologists, chemists,
engineers and others.”

Perlmon, D. (1980) Developments in g
Industrial Microbiology
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Spravné je

D. PERLMAN

Vit Matéju
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Mikrobiologie

MIKROORGANISMY schopné rozkladat polutanty:
Y, Bakterie

% Kvasinky

% Plisné

Y% NiZsi houby

Nejcastéji se vyuzivaji bakterie.

Vyuziti kvasinek pro CiSténi kontaminovanych lokalit prakticky
neexistuje.

Nizsi houby: snaha o jejich vyuZiti nevedla k ispésnym
vysledkiim, takZe se v soucasné dobé nevyuZzZivaji. Vie Matéid

Research Centre for Toxic Compounds in the Environment
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Mikrobiologie

Eukaryontni organismy — kvasinky, niZsi houby

Prokaryontni organismy - bakterie

Prokaryote

Vit Matéju
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Mikrobiologie

% PLASMIDY - vétsinou nesou genetickou informaci pro
syntézu enzymu nutnych pro degradaci polutanta

% Pokud pomnoZovaci kultivace neprobiha za selekcniho tlaku,
hrozi vyfedéni plasmidu a ztrata biodegradacni aktivity.

Bacterial DNA Plasmids

Vit Matéju
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Mikrobiologie

Vit Matéju
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Mikrobialni degradace

% VyuZivaji se kmeny pfirozené se vyskytujici v zajmoveé lokalité
— autochtonni populace
%  Nebo kmeny uméle pfipravené (izolace, selekcni tlaky,

pomnoZeni) s pozadovanymi vlastnostmi — allochtonni
populace.

% Pfi vyuZiti allochtonnich kmenu se postup nazyva
bioaugmentace — obohaceni vyselektovanymi kmeny z jinych
mist. Zastupitelny termin pro bioaugmentaci je inokulace.

% Otazkou je, jak dlouho inokulované kmeny pfeZivaji a jak
dlouho jsou aktivni.

Vit Matéju
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Mikrobialni procesy

Co mikroorganismy umi ?

BIOTRANSFORMACE
Obmeéna molekuly polutantu biologickou cestou, vysledek muzZe
byt pozitivni i negativni

BIODEGRADACE
Rozklad organickych latek na mensi organické Ci anorganické
molekuly (aminokyseliny, monosacharidy, tuky)

MINERALIZACE
Oxidace organické latky na oxid uhliity a vodu (za uvolnéni

energie a tvorby mikrobialni biomasy)
Vit Matéju
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Z.akladni mikrobiologické mechanismy vyuZiti

Substrates Products

(e.g., contaminants) CATABOLISM (e.g., CO,, H,0)
Energy generation

POLUTANT @

ATP ' NE PROTO, ZE '

1 ® MYCHCEME (g

Membrane potential

V

ANABOLISM

Simple Energy consumption Cellular
compounds >  constituents

(e.g., amino acids, lipids) Biosynthesis (Biomass)

RITS EN BIO

Vit Matéju
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Mikrobiologie — biologicky rozklad polutantu

Aerobni - v pfitomnosti kysliku (alifatické uhlovodiky, nékteré
chlorované ethyleny, aromatické uhlovodiky, fenoly), kyslik je
finalni akceptor elektront

Anaerobni — bez pfitomnosti kysliku (pentachlotfenol,
tetrachlorethylen, aromatické uhlovodiky, organické kyseliny,
nitroaromatické slouceniny — TNT, RDX, HRX - finalni
akceptor elektronu jiny nez kyslik

Vit Matéju
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Biologicka rozloZitelnost polutantu

Biologicka rozloZitelnost polutantu zavisi na:

Struktufe a naboji molekuly
Polarité

Rozpustnosti ve vodé

Stupni zvétrani

Biologické dostupnosti

Enzymatickém vybaveni mikroorganismu

& & & EFEF 6

Transportu do bunky (pfenosu hmoty)

Vit Matéju
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Factors Affecting Biodegradation

Inherent Properties of a Chemical

Y% Structure
%  Physical/Chemical Properties

Environmental Conditions

%  Local Biology
%  Physical chemical conditions

*from TWF - P&G

Stacy Simonich
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Faktory fidici biodegradace

Pudni matrice

Katabolicka schopnost mikrobu

Chemické vlastnosti

Biodostupnost

Pfitomnost dalSich chemickych latek (NAPLs)

Research Centre for Toxic Compounds in the Environment
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Inherent Properties of a Chemical

Molecular Weight

>500 Daltons - Negative
Types of Bonds (Stability or Availability of Enzymes in Nature)

Esters < Amides < Ethers < Sulfonates < Phosphonates

Stereochemistry
Types and Numbers of Substitutions

Cl, NO,, SO, - Negative

OH, =0, NH,, SO, - Neutral or Positive

Branching of Alkyl Chains
Steric Limitations around Bonds

The more crowded the more difficult for enzymes to reacltlmm WE - P&G

Stacy Simonich

Research Centre for Toxic Compounds in the Environment 20
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Polarita molekuly

Hydrofébni molekuly:

% silna sorpce na pevné Castice horninového prostfedi a v
organickém podilu

% rozpoustéji se v nepolarnich latkach pfitomnych v prostfedi
(ropné uhlovodiky)

% transport do bufiky je moZny pouze pokud jsou rozpusténé ve
vodé

Je nezbytna podpora pfenosu hmoty.

Research Centre for Toxic Compounds in the Environment
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Makroskopické parametry molekuly

Mezi nejCastéji pouzivané
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Struktrura molekuly

Adice halogenového iontu, nitroso skupiny, CN, sulfatu,
halogenu ¢i methylu k jednoduchému aromatickému
uhlovodiku, mastné kyseliné ¢i jiné molekule podstatné

zhorsuje biologickou rozloZitelnost
adice hydroxylové, karboxylové ¢i amidické skupiny
stimuluje biodegradovatelnost

c' b4 | 4 oy L4 r
| RozloZitelnost klesa se stoupajici alkylaci a

halogenaci puvodni latky

“@ "'l Chybi enzymy pro rozklad
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Chemicka struktura a degradace

1. Influence of point of linkage

CH,CH,CH,COOH CHCOOH
4-phenylbutyric 2-phenylbutyric
acid acid
Rapidly Slowly
degraded degraded
7 9
H*N*C*O*lchH;; CHs
CH3
Propachlor

Propham

Centre for Toxic Compounas 1n e cnvironment

http:/ /recetox.muni.cz



Chemicka struktura a degradace

2. Influence of substitution

O—CH, COOH O—CH> COOH
Cl Cl
2,4-dichloroacetic cl 2,4,5-trichloroacetic
aCid (2,4'D) Cl Cl aCid (2,4,5'T)
Rapidly Slowly
degraded degraded

w' :
CCl3

CCl3
Methoxychlor DDT

Research Centre for Toxic Compounds in the Environment
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Chemicka struktura a degradace
Rapidly

degraded 3. Influence of size
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Chemicka struktura a degradace

Degradation of PAHs in a soil

[Substrate]

l l “ Degradation of phenanthrene in a soil
O O by bacteria and fungi

Time .
L
8]
b )
_‘é Bacterial
«x, degradation
Fungal
degradation

N

: : . Tim
Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz



Environmental Factors Affecting Biodegradation

Presence of Potential Degraders

Favorable Conditions for Degrader Population Activity and
Growth

Temperature & pH

Sufficient Nutrients (N, P, trace elements)

Moisture

Availability of Electron Acceptors (O,, NO;, SO,)

Time (SRT > Generation Time)

Absence of Inhibitors

& & F & & &

Bioavailability of the Chemical
%  Solubility
Y% Sorption

*from TWF - P&G

Concentration Sufficient Opportunity for Acclimation

Stacy Simonich

Research Centre for Toxic Compounds in the Environment
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Podminky pro odbouravani chemickych latek

G

Pro biologicky rozklad polutanti je nezbytné, aby
mikroorganismy obsahovaly enzymy, které jsou schopné
katalyzovat degradacni Ci biotransformacni reakce polutantu.
Fyziologické pochody nesmi byt inhibovany pfitomnymi
polutanty

Kontaminované prostfedi nesmi ptisobit na mikroorganismy

toxicky.

Vit Matéju
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Podminky pro odbouravani chemickych latek

%V prostiedi je tfeba zajistit dostatek makrobiotickych prvki

(dusik jako NH, a fosfor jako orthofosfat) a

Vhodné pH, teplotu, dostatek vlhkosti (v ptid€) a pfitomnost
finalnich akceptori elektronu

Vit Matéju
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Odbouravani chemickych latek

N¢ékteré polutanty nelze odbouravat vedle sebe, napfiklad:

CH; CH

Toluen Chlorbenzen

Vit Matéju
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Optimalni podminky pro Cinnost pudnich bakterii

“% pH 4,5az8,2
%  Obsah vlhkosti nejméné 30 % padni vodni kapacity

% Enzymy — oxydasy, monoxygenasy, diooxygenasy,
hydrolasy, peroxidasy

Vit Matéju

Research Centre for Toxic Compounds in the Environment
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Transport do buriky — pfenos hmoty

& & & &

Bakterie nevytvafeji exoenzymy pro rozklad polutanti
Rozklad probiha v buitice

Molekuly se do bunky dostavaji pfes bunécnou membranu

Transport do buriky je: E
- aktivni (pfenasece)
., Y aen, Hydrophilic
- pasivni (napf. difuze) head
Hydrophobic
tail

Vit Matéju

Research Centre for Toxic Compounds in the Environment
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Transport do buriky — pfenos hmoty

Pasivni transport — difuze:

Neni tfeba energie, je to pohyb molekul z prostfedi s vyssi
koncentraci do prostfedi s niZsi koncentraci latky

FLOW
v @
Q
. NET FLOW
Nt -
ho FLOW
| -

Vit Matéju
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Transport do buriky — pfenos hmoty

Pasivni transport — podporovana difuze

Neni tfeba ATP, ale musi byt pfitomna pfenosova bilkovina,
ktera zprostiedkovava pfenos z prostfedi s vyssi koncentraci
do prostfedi s niZsi koncentraci

Facilitated Diffusion

@ Outslde of cell E @

@

=& )

Inside of cell

(L)

Vit Matéju

Research Centre for Toxic Compounds in the Environment 35
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Transport do buriky — pfenos hmoty

Pasivni transport — osmoza

Pohyb vody (Cervené teCky) polopropustnou membranou do

mista s vyssi koncentraci rozpusSténych latek (modré teCky)

Osmoasis

'Humipurmhuﬂhlu

membrane 5

High Low
Solute Solute

Vit Matéju

Research Centre for Toxic Compounds in the Environment
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Transport do buriky — pfenos hmoty

Aktivni transport

Pro aktivni transport je tfeba energie (napf. ve formé ATP)

K+
e i «

ATP

J

i

CyroPLASM

O Atn Baemy gt

Vit Matéju
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Transport do buriky — pfenos hmoty

Aktivni transport - endocytosa

Pfi tomto zpiisobu transportu vhesena latka neprochazi bunécnou
membranou

plasma membrane

Vit Matéju
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Transport do buriky — pfenos hmoty

% Rychlost pfenosu hmoty do buiiky je z hlediska rychlosti
biodegradace urCujicim krokem, protoze je nejpomalejsi.

Y% U nepolarnich slouCenin bakterie podporuje transport
tvorbou povrchové aktivnich latek (biosurfaktanty), které
konjuguji s molekulami polutantu a vytvafeji polarni
konjugovany komplex, usnadfujici pfenos do buriky.

BS-micelle Bioremediation

Qw §‘4§:>

Vit Matéju
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http:/ /recetox.muni.cz



Transport do buriky — pfenos hmoty

micorpores /nanopore

rate limiting process

Fyzikalni
nedostupnost MaCropores
polutantu

Vit Matéju
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Biodegradace

V anaerobnim prostfedi jsou tyto procesy mnohem pomalejsi a
vétSinou nevedou k mineralizaci.

V methanogennim prostfedi je mineralizace definovana jako

konverze na jednouhlikaté koncové produkty jako jsou CO, a
CH,.

Transformace ptuvodnich organickych latek na jiné organické
struktury (produkty) je oznaCovana jako primarni
(bio)degradace.

SpolecCenstva heterotrofnich mikroorganismu je charakteristicka
katabolickou vSestrannosti.

Research Centre for Toxic Compounds in the Environment
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Biodegradace

Tyto organismy jsou schopny vétSich zmén neZ vyssi organismyj,
jsou schopny adaptace a aklimatizace.

Pro degradaci jsou vétsinou vhodnéjsi smésné kultury
mikroorganismil.

Adaptace je popisovana jako zména v mikrobialnich
spoleCenstvech — zména rychlosti biodegradace latky jako
vysledek pfedchazejici expozice danou latkou.

Research Centre for Toxic Compounds in the Environment
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Fundamental basis for biodegradation

I. Organic Chemical = Nutrient

® Used as a Source of Carbon & Energy by Microbes
% Degrader Population Increases in Chemical's Presence

ORGANIC CHEMICAL

Mineralization . .
Humification

(Energy) Incorporation
(Growth)
CO., CH., NO;, etc. BIOMASS HUMIC
Humification MATERIALS

II. Organic Chemical - Cometabolized

%  Nonspecifically and partially metabolized
%  Not used as Nutrient
%  Degrader Population Does Not Increase

*from TWF - P&G

Stacy Simonich

Research Centre for Toxic Compounds in the Environment 43
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Mechanismy biodegradace

Mineralizace
¢  Uplna destrukce molekul na zakladni anorganické
komponenty (CO,, H,0..)
Ko-metabolismus
¢ Ko-oxidace molekul

L Vznik dead-end metaboliti

Detoxifikace

¢  Tvorba méné/ne-toxickych metabolitt

Polymerizace

¢  Vazba molekuly na Casti stejné molekuly

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz

44



Mineralizace — uplny rozklad molekuly

(iOOH Succinic acid
acid |

C=0 CH

~~ ~COOH ? ic aci

(|:H + CH,COOH Acetic acid
. - COOH GH [
/ CH COOH
—_— Catechol TCA cycle —> CO, + H,0
OH cH,
Phenol |
CH CH,
OH HCOOH | CH,
= CH cz=0 -+ | Acetaldehyde
| - 2 CHO
CHO
COOH  €=0 COOH
Pyruvic acid
2-Hydroxy- COOH
R muconic semialdehyde
f . Research Centre for Toxic Compounds in the Environment 45
%@,ANA 6@5 http:/ /recetox.muni.cz




Kometabolismus

“Metabolismus organické slouceniny (nebo jedné jeji zakladni
Casti) mikroorganismem, ktery neni schopen vyuZzit
slouceninu jako zdroj energie (nebo Ziviny)”

%  Neni spojen s ristem a neni znam vyznamny nutri¢ni
zisk

% Ziskané organické produkty mohou se mohou
hromadit

% Uhlik neni zabudovavan do typickych bunécnych
sloZek (odchazi do odpadu)

Research Centre for Toxic Compounds in the Environment
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Kometabolismus

Kometabolismus je transformace organické slouCeniny

organismy, které nejsou schopné tuto latku vyuZivat jako
zdroj energie.

Nespecifické enzymy pro jeden substrat jsou schopné vyuzZivat i
jiné latky, strukturné podobné (napf. monooxygenasy)

Vit Matéju
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Kometabolismus

iy Fromesiofe Trichlorethylen (aerobng&)
g icooen- \ o TS o Trinitrotoluen
. rler 7 1,1,1-trichlorethan
e % MTBE
- Chloroform

H] ON

|
=

- (%,.NGE PCB
H ! Polyaromatické uhlovodiky a
[ ]4-Aminn—2,64d?nitrotoluol mnoho dalsich

l

CH,

O:NTK/NHE
|

»\T___._;-
NH,
2 4-Diamino-6-nitrotoluol

Atmungs- oder
Gérungsprodukte

-

Weitere Reaktionen Vit Mat&ja

Research Centre for Toxic Compounds in the Environment
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Kometabolismus

Growth substrate
CH,

Kometabolicka
dehalogenace
trichlorethylenu za

aerobnich podminek

Intermediary
metabolism.

Generation of
reducing power

l

Growth

Research Ceg

Cosubstrate
Cl~  _H
C=C

Cl TCE Cl

cuPEH

o
TCE epoxide

Break down to
formate, CO,
dichloroacstate,

glyoxylate

Vit Matéju

]

http:/ /recetox.muni.cz




Kometabolismus

Existuje siroky rozsah slouc€enin, u kterych byl detekovan
kometabolimsus

Cyklohexan (na cyklohexanol)
PCBs

Nékteré chlorfenoly
3,4-dichloranalin
1,3,5-trinitrobenzen

Alachlor, Ordram, Propachlor
Chlorbenzen (3-chlorkatechol)
Parathion (4-nitrofenol)

DDT (DDE, DDD, DBP)
Propan (propionat, aceton)
Methyl flourid (formaldehyd)

S
S
S
S
S
S
S
S
S
S
S
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Proc¢ kometabolismus probiha ?

Enzym existujici v organismu nastartuje degradaci fetézce,
ale nepokracuje nebo ji nedokonci na ,,uZitecné* koncové
produkty.

Produkty vznikajici pfi poCatecni degradaci pozdéji mohou
inhibovat enzymy degradujici fetézec nebo zastavi celkovy
rist organismu.

Organismus tak aktualné potfebuje druhou latku
zpusobujici poZadovanou degradaci (druhy substrat ptisobi
napfiklad jako elektron donor).

Research Centre for Toxic Compounds in the Environment
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Kometabolismus

Analogie obohacovani...

...kde mineralizovatelna pfidavana slou€enina je strukturné
podobna (analog) té, jejichZ metabolismus zkousSime

podporovat — pfidavek bifenylu na podporu metabolismu
PCBs.

Research Centre for Toxic Compounds in the Environment
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Kometabolismus PCBs

—~ )~
>< Biphenyl

dioxygenase
]

COCOH
?H

CH C
YAY/A
CHy CH COOH

An aliphatic

Benzoic acid
acid

T _/

TCA cycle
e‘\]ERS"«y i3 en ESes,C

—

ijVW. v

Tengis®

O
“ranpa B
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Kometabolismus PCBs

0, + .Biphenyl ?Biphenyl +0,
dioxygenase dioxygenase
\ \/
OH OH
|
CH C
YA\ CH C
CHz// ‘C COOH CHZ// \C/l/—I\COOH
Cl
cl An aliphatic Benzoic acid
A chlorinated 4-Chloro- acid
«__ aliphatic acid  benzoic acid N~ T —
X TCA cycle

CA cycle
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Detoxikacéni reakce

NejduleZzitéjsi role mikroorganismu v biodegradaci je jejich
schopnost detoxikace latek sirokou Skalou reakci:

Hydrolyza (adice vody)

Hydroxylace (adice OH)

Dehalogenace (dechlorace — odstranéni atomu Cl)
Demethylace (dealkylace) (odstranéni Me skupiny)
Methylace

Nitro redukce

Stépeni ethert
Konverze nitrilu na amid

Konjugace

Research Centre for Toxic Compounds in the Environment
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Detoxikacéni reakce

Tyto reakce jsou katalyzovany enzymy, obvykle v bufice a pfes
fadu enzymatickych kroka muze byt toxicka latka rozloZen a
poté:

Y% Meziprodukty (detoxifikované) mohou byt vyloucCeny.

% Rozklad muZe pokracovat normalni metabolickou cestou za

ultimativniho vylouceni C jako organického odpadu nebo
jako CO,.

JERS/
S &

y}SVW. v

Research Centre for Toxic Compounds in the Environment
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Detoxikacéni reakce

OH OCH3

Cl Cl Cl Cl
Pentachlor- Pentachlor-

fenol Cl Cl Cl Cl anisol
Cl Cl

Y
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Biodegradace

Typy biodegradacnich reakci:

Dealkylace — biologické odstranovani methylu nebo dalsich alkyla z
dusikového atomu

Dealkoxylace — biologické odstrafiovani methoxy skupiuny z dusikového
atomu

Dekarboxylace — biologické nebo abiotické odstraniovani jednoho nebo dvou
kyslikovych atomi z karboxylové skupiny

Dehalogenace — biologicka nahrada atomu chloru vodikovym atomem
(degradace chlorovanych insekticidi)

Stépeni etherti — biologické $tépeni etherti na vazbé mezi kyslikem a uhlikem
Hydrolyza — biologické ¢i chemické stépeni molekul adici vody za vzniku
alkoholu nebo karboxylovych kyselin

Hydroxylace — biologické zavadéni hydroxylovych skupin na alifatické nebo
aromatické slouCeniny

Research Centre for Toxic Compounds in the Environment
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Biodegradace

Typy biodegradacnich reakci

Methylace — biologicka adice methylové skupiny na alkohol nebo fenol za
vzniku methyl etheru

Oxidace — biologicka nebo chemicka oxidace alkoholu za vzniku aldehydu,
které mohou byt oxidovany na karboxylové kyseliny — vznik epoxidu je
hlavnim krokem mnoha oxidacnich procesui

B — oxidace — biologické odstrafiovani dvou atomu uhliku z alkanového
fetézce vedouci ke struktufe aromatického kruhu

® — oxidace — pocatecni atak alifatického fetézce na koncové methylové
skupiné, ktera je oxidovana na mastné kyseliny

Redukce — biologicka redukce nitroskupiny na amino skupinu

Stépeni kruhti — biologické §tépeni aromatickych kruht

Research Centre for Toxic Compounds in the Environment
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1. Aromatic hydroxylation

cp-op

Dichlorophenyl
2. Aliphatic hydroxylation
W y gy Y
H-C € GG CG- H—Z % H- C-¢C-C—C—C—H
BoEoH R HHHHHH
r-Hexane
3. Epexidation
ClCl
cl
o]
Voo
H Cl
Aldrin Dieldrin
4. O-Dealkylation
/—GC=CHCI
/ \ o [ oH
f Gl CHCHG 11 o I ) HO
A- ,P—OR— CHscHD\; on —_ /F‘--OH+CHSCHO
HACH>D - CHaCHa20
\ CHZCH CHaGHAQ aCHz
\oCl /" Chlerenvinphos
5. N-Dealkylation H
|
(CH3)2N9=?CH3 CH3N?=?CH3
<G NCH =C _NCH
oS e 07 N
— > -+ HCHO
Aminopyrene
6. Oxidative desulphuration
CH4O T CHLO 9
SN ]
- -CoH GaH
CH;,O/ o /N N\22H5 CH3O/ 0 <CzH5
U M o \r :
g |
CHa CHz
Diazinon Diazoxon

Typy biodegradacnich reakci

Research Centre for Toxic Compounds in the Environment
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Typy biodegradacnich reakci

7. Sulphur oxidation

s S O S O
CabsO o CoHsO I o CoHsO- i I
/P"S—CEHq__S_C;_}HE —> .’,F_B_CEHJ:'__S_CEHE—} /P—S-CEH4_S“GEH5
CEH5D CEHED CEHED (|:|)
Disyston Disysion sulphoxide Cisyston sulphone
8. N-Hydroxylation
5 H O
H O
N_C_CHS D N_C_CHS
OL10 < QL0
A-Acetylaminofluorene (N-AAF) N-Hydroxyacetylaminofiuorene

FIGURE 2.5 Bintransformaitons by cyinchrome P43().

Research Centre for Toxic Compounds in the Environment
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Biodegradation - Hydrolysis

Hydrolysis through enzymatically mediated nucleophilic attacks
— uneven electron density due to heteroatoms — oxic or anoxic

environment:

1. If leaving group on sterically accessible position

; Rst ~5
ERB=Qrr - X —
L)

then nucleophilic attack, e.g., via -CH,~S

HO—( + L (17-12)

then hydrolysis with
a) base catalysis (e.g., serine—=O") or
b) acid catalysis (Zn?* and -COO")

R .

=X +L (17-13)
HO
R )
=X+ L (17-14)
HO

Stacy Simonich

NERS/
S 7

YS\;SVW. v

O
Aranp %

Tengis®

ent Reg,
o(‘«\ ee’"(‘ M 1 1
7 A\ Research Centre for Toxic Compounds in the Environment
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Biodegradation - Oxidation

Oxidation using an electrophilic form of oxygen — even electron
density — oxic environment:

3. If n, n electrons (N or S), alkyl o-electrons then oxidation via electrophilic oxygen (e.g. FeV1Oe)

Enz—Q° © — OO (17-15)

Enz—-zc:)'\/"'\:s\: — 0=8§: (17-16)
R, R,
E"Z"-:Q'\-/'/_H\—CHS —_—— HO—CH,4 (17-17)

Stacy Simonich

NERS/
S 7

ent Reg,
o"\«\ ee’"(‘ . o .
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Typy biodegradacnich reakci

OXIDATION

1. Side-chain oxidation

[O]
ReCH: i = BCH,0H

2. Aromatic hydroxylation
)}
Ot Cron - w
OH

3. N-dealkylation
O‘l
R-N(CH;) ——=» R-NHCH; +HCHO

4. O-dealylation

O,
R-O-CH3; ——» R.OH+HCHO

5. Deamination

0,
@CHz?HCHs — @'CH2”CCH3+ NH;
0

NH,

Research Centre for Toxic Compounds in the Environment
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Biodegradation - Reduction

Reduction by a nucleophilic form of hydride or reduced metals
like cobalt:

4. If aliphatic -C(=0)-,—-OH have partially oxidized / reduced carbon atoms then reduction / oxidation via nucleophilic H- transfers
(e.g., from NAD(P)H) and Lewis acid catalysis (e.g.,

an+)
H,N
(@)
+ +
H N\ EH
— + H— y —R2 (17_1 8)
Enz R,
Zn*

Sterically Limited Access Due to Substitution; Anoxic (Micro)Environment
8. If polyhalogenated then electron transfer from metals (Co(", Fe()

to halogen and addition of H* to the compound

RN o Ho o

/ \ &
Cl Cl c Cl

Stacy Simonich
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Biodegradation - Additions

Additions using electrophilic carboxyl, nucleophilic hydroxyl, or
free radical H-abstraction and addition of fumarate (even

electron density — anoxic):

5. If benzyl, allyl, alkyl o-electrons

COO-
Tt
Enz—s N CH;

6. If alkene

s N

e
Enz (M)’\/g‘\\-/ O\H I

7. If enol (including phenol)

5~ jH
- O8O
M IC/\_/“ > S

then H-abstraction via —Se radical
and addition to fumarate

] (17-19)
CH
Hooc” ?

then addition of water

OH

o (17-20)
aN

then addition of carboxyl group via -B-COOH

\OH

17-21
HO_ I/\; e

Stacy Simonich

Research Centre for Toxic Compounds in the Environment 66

http:/ /recetox.muni.cz



[}
ortho-cleavage B d d
. 1odegradace
\AI)H NAD' NAD' ‘\M)H /1 _OH
@ ()u s
OH
OH \
meta-cleavage
o-cleavage
2 COOH COOH COOH
——— 0 — |70
> _~COOH > X X
(6) (0]
Acetyl-CoA
\I\::cos-cm 5
COOH succinate
COOH
m-cleavage COOH acetaldehyde
+
NADH pyruvate
\JAD/ &
CHO
| COOH “(!OOH I\/(t)oll HO COOH
- OH OH HO 0
Figure 5.2.3 Bacterial decomposition of aromatic compounds (after Korte, 1992)

Research Centre for Toxic Compounds in the Environment
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Biodegradace

TABLE 145 Some Microbially Mediated Hydrolysis Reactions

Substrate Product(s)
©© ! .
o~ s 0 e e~ OH @
SR
G~ + H0 — O ~gy  + O M
(o] ]

Pyrene CH,Cly + H0 —— H,CO 4+ 2CI0 4 2H

Ring-oxidation products:

3 g - oo
©© ©© permethrin (insecticide)
OH QL. OO -

H
Cl N Ci NH, HO
H OH H OH Df 1.1/\ ,_,,-.C:©, + 1{\
Cl 1

cis-4,5-Pyrenedihydrodiol trans4, 5-Pyrenedihydrodiol Pyrenol propanil {nerbicide)
Ring-fission products: carbamales
H
(o) d _N_O. o HO o
7(1; \©;)< = CHyNH; + GO, + U)(
OH carboturan (insecticide)
©© © COOH
4-Hydroxyperinaphthenone 4-Phenanthroic acid ureas o o
{ O S o X
— NH + CO; «
o H H‘C'rlq’k»_a cl HaC ERETRY cl
Il l HeE
C\OH C\(l: o H hnuron {herbicide)
OH (thiolphosphatas
@: - 20N
C o7 OH S CH,COOCH,CH, s CH,COOCH,CH,
Il CH,0-P-5-CH — CH,0-P-OH + HS-CH
CH,O COOCH,CH, CH,0 COOCH,CH;

malathion (insecticide)

o o
cr-,cn(-o-%-o—@uo? = CHCH,0-P-CH + HO—@NO;

CHACH,0 CH,CH,0

Phthalic acid Cinnamic acid

FIGURE 7.12 Structure of identified pyrene metabolites produced by Mycobacterium sp. Source: M. A.
Heitkamp et al., Applied and Environmental Microbiology 54, no. 10, (1988):2556—65.

paraoxon (insecticide)

Research Centre for Toxic Compounds in the Environment
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Biodegradace

NO, HNOH NH,

NADH + H’ NA[@ADH +H’ Nz\l)(\lj\l/\l)ll +H’ M\D(\j
I. Reductive decomposition
NO, OH
NADH + H’
I S X
/ Z /

2. Oxidative decomposition R

Figure 5.2.4 Decomposition of aromatic nitro compounds

Research Centre for Toxic Compounds in the Environment
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Biodegradace

Cl, Cly (l,..
lst stcp

Cl, Cly

VaV, -
opcmng OH

HO OH

Cl, —)_ /Cl..
@—'COOH + / » | CO,, HyO, HCI
HOO('{

OH n=1-4m=0-2.n<m

3.7 Decomposition of PCBs

Research Centre for Toxic Compounds in the Environment
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Ale také aktivace...

“Proces vzniku toxickych produkti z neSkodnych prekurzori.”

RAPID
CARCINOGEN
~ T
MUTAGEN MINERALIZATION
TERATOGEN
ACUTE TOXICANT
NONTOXIC  ACTIVATION | SO
CHEMICAL Sl el
* PERSISTENCE
o ANTIMICROBIAL FEBSISTENG
Priklady:

* Dehalogenace (TCE na vinyl chlorid nebo chloral hydrat)
* Halogenace (Fenol na pentachlorfenol)
* Tvorba nitrosaminu (Dimethylamin na N-nitrosodimethylamin)

e Epoxidace (Aldrin na dieldrin) o
i
— == - e = RS =

* Fosforothionat-fosfat konverse (Parthion na paraoxon, (S nahrada kyslikem) )
* Oxidace thioethera (-C-S-C- oxidace)
* Hydrolyza esterti (Herbicidy na bazi esterti aktivace vodou)

Research Centre for Toxic Compounds in the Environment
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Aktivace benzo[a]pyrenu (B[a]P)

%‘OO Benzo[a]pyren

Vznik DNA aduktt

109 |
Crbepond L

@)

o
P U0,

OH

_ (@)
Dol L

OH

Research Centre for Toxic Compounds in the Environment 72
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Polymerace

Propanil NH— C CH»> CH;3
N-(3,4-dichlorophenyl)-propionamide

! !

3,4-dichloro- (| NH, CHD
aniline HO—C—CHz CH3
l

C ¢
CO, + H,0
+ Biomass
Cl
Cl w
cnﬁNN@a C'ﬁ"’“ NQC'
Cl Cl Cl
3,3’,4,4’-tetrachloro- 4-(3,4-dichloroanilino)-3,3’,4’-trichloroazobenzene
azobenzene

Research Centre for Toxic Compounds in the Environment
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Mikrobialni konsorcia a biodegradace

COOH
?H

CH C CO, + H,0
¢ ¢ YA - > :
PCB CHy ¢ cooH Chloroaliphatic and ~ + Cl

cometabolisers cl chlorobenzoate degraders
cl

A chlorinated 4-Chloro-
aliphatic acid  benzoic acid

COOH /CI' COOH /CH3COOH
@\ = © > H, + CO, > CH,
%! e e :
esulfomonile tiedjei Strain BZ-2 Methanospirillum sp
DCB-1

Research Centre for Toxic Compounds in the Environment
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Kinetika biodegradace

Latka je povaZovana za ,,substrat ¢ a limituje bakterialni rast.

Vétsina kinetickych modelt kombinuje pfenos hmoty (ze
substratu na biomasu) s jevem nasyceni a jsou analogické
nelinearni kinetice Michaelis-Menten pro biotransformace.

Biodegradace v sedimentech a pudach se Casto vyjadfuje
biologickym poloCasem Zivota.

Research Centre for Toxic Compounds in the Environment
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Kinetika biodegradace

Pokud je biologicky polocas Zivota latky nezavisly na jeji
koncentraci, je degradacni rychlostni rovnice rovnici prvniho
fadu:

dC/dt=-k*C=-(ln2/t1/2)*C
Kde:

C — koncentrace latky v mokrém sedimentu nebo pudé [mg.1!]

t,,, — biologicky polocCas Zivota [d]

k — rychlostni konstanta biodegradace [d!] pro mokry sediment
nebo pudu

Research Centre for Toxic Compounds in the Environment
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Kinetika biodegradace

Pokud se puda (€i sediment) skladaji pouze z porové vody a
Castic, celkova koncentrace v mokré pudé mizZe byt
vyjadfena:

C=R*C;+@®*C_
Kde:

C — celkova koncentrace v pudé [mg.1"}]

R — hustota tuhé faze [kg.l!_ ]

® - objem frakce vodni faze [L17_.]

C, — koncentrace latky v tuhé fazi [mg-kg'll

C,,, — koncentrace latky v pérové vodé [mg.1"]

Research Centre for Toxic Compounds in the Environment
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Kinetika biodegradace

Biodegradace v systému tuha faze-voda zavisi na sorpci
degradovanych latek:

% rozdéleni latky mezi tuhou fazi a vodni fazi je fizeno
termodynamickou rovnovahou,

%  biodegradace ve vodni fazi je relativné rychlejsi, ale celkova
eliminace ze systému tuha faze-voda je fizena pomalou
desorpci.

Research Centre for Toxic Compounds in the Environment
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Kinetika biodegradace

Ad 1)

Koncentrace latky v porove vodé C | muZe byt nizka, protoZe
rozdé€lovaci koeficient K (= Cg / C ) je vysoky.

Eliminacni rychlost biodegradace je relativné nizka, koncentrace
v porové vodé je umérna celkové koncentraci v mokré puadé:

Cou =[1/(®+R*K, )] *C

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz




Kinetika biodegradace

Ad 2)

Za pfedpokladu, Ze latka je dostupna pro biodegradaci pouze ve
fazi porové vody, celkova rychlostni konstanta biodegradace
ve vlhké pudé (k) miZe byt snadno odvozen z hodnot k. —
rychlostni konstanty prvniho fadu pro biodegradaci ve fazi
porové vody a pudnich charakteristik jako jsou R a ©.

Rychlost rozkladu latky na objem mokté pudy (V*k * @ ) je
rovna rychlosti rozkladu v porové vodé (@ * V ¥k * C ):

k=k, /[1+@*Kp)]
r=R/0O

kde:

1t - pomér suché hmoty k vodni [kg.1]

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz

80




Kinetika biodegradace

transition states of a

/T\\
/ | \
£ \

§ /| \ nonenzymatic reaction
@ / | AG? and of an enzymatically
® // | Ve catalyzed reaction

g / | /

= of | \

\._./(//\ /r 3( AG:“Z\'\\

educts S—Lﬂ_

enzyme:
educts enzyme: 8Grxn
complex products

complex products

progress of reaction

Figure 14.1 Schematic representation of the change in activation energy barriers for an
enzymatically mediated reaction as compared to the analogous noncatalyzed chemical

reaction.

NSYAL.
&) 7%

NERS/
N\ 7,
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Biodegradace

Aerobni biodegradace a metabolické mechanismy

Rada chemickych latek mtiZe slouZit jako zdroj Zivin pro bakterie,
jeZ jsou vyuZity pro jejich rist a energetické pozZadavky.

DuleZitymi reakcemi jsou oxidacni procesy:

% Aromaticka oxidace — enzymy katalyzovana oxidace s molekularnim
kyslikem — kruh je Stépen mezi nebo (na pfilehlych vazbach) mezi uhliky
nesoucimi OH skupiny. Aromatickou oxidaci zac¢ina vznik katecholu z
benzenu nebo benzoatud, fenola a dalsich sloucCenin.

% — oxidace — oxidace alifatickych fetézcti na koncové methylové skupiné
vedouci pfes primarni alkoholy a odpovidajici aldehydy ke karboxylovym
kyselinam — zavedeni kysliku pomoci oxygenaz

Research Centre for Toxic Compounds in the Environment
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Biodegradace

Aerobni biodegradace a metabolické mechanismy /11

B — oxidace — postupna oxidace — po dvouuhlikatych ¢astich — mastnych
kyselin katalyzovana enzymy; nejprve vznika thioester karboxylové
skupiny pomoci koenzymu A — odstranénim dvou H vznikaji a,3-
nenasycené derivaty.

Hydrataci vznika B-hydroxy- a dehydrogenaci B-ketoderivat.

Koenzym A (CoA) se aduje mezi o— a B-uhliky, acetylCoA je od$tépen a vznika
CoA mastné kyseliny o dva uhliky kratsi.

Tato reakce probiha ve vSech Zivych organismech a nepotfebuje molekularni
kyslik.

Reakce je stinéna methylem v a-poloze.

Research Centre for Toxic Compounds in the Environment
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Mikrobiologie — finalni akceptory elektronu

Respiration

Redox Energetics
, potential (mV) AG° (kJ)
Chemotrophic O, H,0 Aer Obnl
. aerobic i
N\ » CO, Aerobic +800 -3174.6
Ng Cell mass {Pseudomonas)
—=/
— e
; [Chemotrophic Anaerobni
—. ' anaerobic
Phﬂtﬂtl'ﬂp']lc ., NO,;-  NO- (N,) o ) +430 29773
anoxygenic . \\ > o, Denitrification
R domonas) ™ o (Azoarcus)
(Rhodopseu §) . Cell mass
Light y Fei* Fel+
cotmas T o et faeo o
' Cell mass
CO?_."“. \ S0z H,S
" Organic b C Sulfate reduction
" compounds G (Desuffobacterium) 270 -1854
‘ Cell mass
Cell mas
H*, €O, H,, CH,
Fermentation | o oanic acids y co, Methanogenesis —400 -124.3
(Syntrophus) (acetate, etc.) el s ' (Methanospiriflum)
Vit Matéju
f\\,ms,%:ﬁ Research Centre for Toxic Compounds in the Environment
“ranpa B
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Aerobni metabolismus

Electron Acceptor Electron Donor

Electron | Electron - Respiration
Donor +Acceptor Products

CO, + H,O + biomasa

+ Energy

DISSOLVED
OXYGEN

Vit Matéju
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Aerobni metabolismus

svi.
N
P

Hydrocarbons

Initial attack by
oxygenases

Degradation by
peripheral pathways

2

G of tricarboxylic Cs

/
./

Hlavni principy aerobni
degradace uhlovodiku
Proces spojeny s ristem

'a Cell biomass

HO
Vit Matéju

ic Compounds in the Environment 86
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Stechiometrie aerobniho rozkladu uhlovodikt

Oxidacni reakce:
CH,+12H,0 - 6CO,+30H" + 30 e
Redukcni reakce:
7,50,+30H" + 30 e — 15 H,O
1 g C.H, potiebuje na uplnou oxidaci 3 g O,

Organic
Contaminant

0, & .
Nutrients Bacteria Vit Mat&j
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Aerobni metabolismus

1. Metabolické procesy pro zlepseni kontaktu mezi bakterialni
bunkou a organickym polutantem. Molekuly polutantu musi
byt dopraveny do buifiky, protoZe bakterie nemaji exoenzymy
pro degradaci polutanti. Napfiklad syntéza biologickych

Surfaktantﬁ: HO O O—(l)H—Cl'h —@—O—?H—CHZ —COCH

CH; fl:Hz ?Hz
o
OH OH ChHy CH,
EH, CH:  Emulsification
R >
Ha il 000
CH, CHs (o).
Rhamnolipid

+ Formation of micelles

v

Biosurfactant 88

production
Uptake
o oLty
\____/ __
Cell wall

Vit Matéju

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz

88



Aerobni metabolismus

2. PocatecCni atak organického polutantu zac¢ina oxidacnim

procesem, aktivaci kysliku a inkorporaci kysliku do molekuly

polutantu. VSechny reakce jsou katalyzovany enzymy
oxygenasami a peroxidasami.

R-(CH.),-CH; R-(CH.),-CH; R-(CH.)>-CH;
NAD* + 0, + NADH + 0,
+ H. - NAD"
R-CH,-CH=CH: R-CH,-CH,-0-0-H
+ H.0O + H
NADH v - H:0
NADH
R-(CH,)>-CH,-OH
-2H i

Vit Matéju
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Aerobni metabolismus

3. Periferni degradacni cesta pfevadi organicky polutant krok za
krokem na meziprodukty centralniho metabolismu,
napfiklad na trikarboxylové kyseliny.

4. Biosyntéza bunécné hmoty z prekurzori vzniklych
v centralnim metabolismu, napf. acetylCoA, sukcinat,
pyruvat. Cukry se syntetizuji glukoneogenezi (syntéza
glukosy v buitice de n0v0).

Vit Matéju
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Aerobni degradace n-alkant

CHz — (CHz)p CH: —CHg
n-Alkane

O

Terminal Subterminal
CI)H

CH; — (CHu)n— CH, CH,OH CHz — (CHz)n—CH —CH;
Primary alcohol Secondary alcohol
NAD" NAD™
NADH @ NADH
]
CH; ~—(CHz)n—CH;  CHO CH3 —(CHy)n—CH—CHs
Aldehyde Methylketone
- NAD” C
NAD 2
D, 5
T
CH; —(CHz)n — CHy — COOH CHy — (CHz)n—O—CH—CHy
Fatty acid Acetyl ester
"0
HOOC ~(CHz)n—CH;—COOH CHz —(CHp) - 5—CH,OH
Dicarboxylic acid Primary alcohol Acetate
Fatty acid
4' /
p-Oxidation
Acstyl-CoA

l

Intermediary metabolism

Vit Matéju
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Aerobni metabolismus

Monooxygenase reactions

0, H,0

CHa-(CH,),-CH CHy-(CHpCHOH  Monooxygenasa do
n-Alkane Primary alco bstratu inkorporuje
Rubredoxin  Rubredoxin ; ,
Fe?" Fe* 1 atom .1ku, druhy se
'><. redukuje naH,0O
NADH NAD'
S @o—*- e~
NADH NAD' NAD* NADH
Benzene Arene oxide trans-Dihydrodiol Catechol

Vit Matéju

e
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Aerobni metabolismus

Dioxygenase reaction
O ~
NADH NAD' NAD® NADH
Benzene cis-Dihydrodiol Catechol

Dioxygenasa inkorporuje do molekuly substratu 2 molekuly
kysliku

Vit Matéju
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Aerobni metabolismus

Prvnim krokem je dioxygenasou

katalyzovany pfenos dvou ;\O—’H

atomu kysliku do molekuly

naftalenu nasledovany @ T iji/\/

Stépenim aromatického
kruhu.

U polyaromatickych uhlovodiku l i
s vice aromatickymi jadry to | -
3 . g ggg%@
vS§ak funguje trochu jinak. . l e
Duvodem jsou termodynamické

vlastnosti molekuly.

obr. €. 2 Bakterialni katabolicka degradace naftalenu

Vit Matéju
94
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Aerobni degradace PAHs

Anthracen 9,1-Anthrachinon
0
{f,;,ﬂ\‘ J,—--‘;\-,QH ,—'":‘Q}: =::}:._;--,‘\‘ . __I...IM\ ,-'"n“\x
lm,,.ﬂx x,;,:’f"\L‘, 5,:’:'] L ) JL f JL ,,J dloly

>

e e
_-_}_,-' L H-.,"‘QH Lt e

L

::'\‘2";\_,;"" \'u‘;’f—-{’ “"-\.V.-"-’

Anthracen-1,2-oxid

Pyren4 5-oxid Pyren-trans4,5-dihydrodiol

Vit Matéju
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Aerobni degradace monoaromatickych uhlovodiku

Aerobic Degradation of the ETEX Chemicals

9

(=] perzene katechol

S L2
[*] Toluene x x | OH

|E| Ethwlhenzens Benzene: R =H

Toluene: B = CHs
Ethwlbenzens: R = CH2CHzg
m-¥wlene: R =CHs

[*] m-wlene Vit Mat&ji
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Aerobni degradace monoaromatickych uhlovodiku

Toluene
Phenol Amlme

-L
i
Benzene \ éH Phenanthrene

5@

OH

Catechol
COOH

OH

OH
Protocatechuate

coo/ I AN \
ST 1 NS

Benzoate (CH,),-CH, Phthalate
NG,
OH m-Nitrobenzoate
p-Hydroxy- OH
benzoate Alkylphenol

Vit Matéju
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Aerobni rozklad

Ortho a meta stépeni
katecholu za aerobnich
podminek je nejCastéjsi
finalni metabolicka
cesta degradace
aromatickych

uhlovodiku

O/DH

Phenal

Fenol monooxygenasa
. katechol-1,2-dioxygenasa
. Laktoniza¢ni enzym

© AU A WN -

mukonové

kyseliny

. Isomereasa mukonolaktonu

. Oxoadipat enollakton hydrolasa

. Oxoadipat sukcinylCoA transferasa
. Katechol 2,3-dioxygenasa

. Hydrolasa semialdehydu kyseliny

9. Hydrolasa oxopentoové kyseliny
10. Aldolasa 4-hydroxy-2oxovalerové

®/ O:OH

o-Cleavage

COCH
COOH

eis-, cfs-Muconate

o]

COOH
O.
. C=0

Muconolactone

@)

COOH
O
C=0

3-Oxoadipate enol-actone

®)

O
COOH
COOH
3-Oxoadipate
@ l

GOOH + CH; —CO-SCoA
COOH

Succinate Acetyl-CoA

Catechol

*’”J##H’#Hf MH\HHHEL““* CHO

m-Cleavage

#oH
2-Hydroxymuconic-
semialdehyde

H,O

CH, COCH

HC\C,CO

2-0xo-penta-4-enoate

@lﬁHzo

COOH

HO—(|) —H
4-Hydroxy-2-oxo-valeriate

g

Acetaldehyde + Pyruvate
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Aerobni metabolismus

Polutanty, které 1ze biologicky odbouravat za aerobnich

podminek:

% n-alkany % Substituované alkany
Y% Alkeny % Neutralni tuky
Y%, MTBE %, Kresol
% Organické kyseliny %  Polyaromatické uhlovodiky do 4 az 5
%  Aldehydy kondenzovanych aromatickych jader
%  Alkoholy alifatické % Topny olej
%  Fenoly % Letecky petrolej
%, Katechol (dvojsytné fenoly) % Chlorbenzeny
%  Trichloethen % Aniliny
%  Dichloethyleny % Substituované aniliny
%  Vinylchlorid L adalsi......
Y  Monoaromatické uhlovodiky (benzen,

toluen, ethylbenzen a xyleny)

Vit Matéju
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Anaerobni metabolismus

Finalni akceptor elektronu je jiny nez kyslik: dusi¢nan, sulfat,
Fe’*t, vodik, oxid uhlidity, Mn**...
Anaerobni procesy jsou vyrazné pomalejsi neZ aerobni.

Vznika vétsinou mnohem vétsi mnozstvi vedlejsich produkta
(nékteré mohou byt toxické) neZ pfi aerobnim procesu

............
Carbono (o ety "
oxidado ® 2H
@
C . S Fe?’
arbono i
: Microbiota reducido
reducido Subglacial
H* D-Lactate —-.——— Glycolysis
-
\qERS I oo«\ent RES@@,(‘
f S e~\\G Research Centre for T B8 - -0 o
S B http:77fecetox.muni.cz Vit Mat&ja




Anaerobni biodegradace

Probiha v anoxickych sedimentech, ptidach nebo podzemnich
vodach.

Pfima biodegradace latek za methanogennich podminek.

Stupefl mineralizace je poclitan z méfeného mnoZstvi
produkovaného CO, a CH, podle rovnice:

C.H,O, + [C-H/4-Y/2]H,0 > [C/2 + H/8 - Y/4]CH, +
[C/2-H/8 +Y/4]CO,

Ve srovnani s aerobnim mechanismem je omezen pocet
katabolickych cest.

Research Centre for Toxic Compounds in the Environment
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Anaerobni biodegradace

Tento mechanismus se vyuZiva v biologickych Cistirnach
odpadnich vod (Cisténi, anaerobni stabilizace kalu..).

Produkty vznikajici primarni degradaci v anaerobnich reaktorech
jsou vétSinou stabilni — aplikaci kalu v zemédélstvi mohou
kontaminovat ptudu.

Typicky pfiklad:

Reduktivni dehalogenace — jako produkty vznikaji latky méné
hydrofébni.

Reduktivni dehalogenace na aromatickém kruhu vyZaduje
striktné anaerobni podminky.
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Biodegradace — reduktivni dehalogenace

NERS/
S &

NH?
cl Q a a
a Cl

cl ct

Cl 5 S
CzH,O\" czﬂﬁ\g
pentachloro- pentachloro- ¢ P -O—Q'mz 1 CoHed -O—O—M’h
nitrobenzene aniline 2Hs0
parathion amino-parathion
H
e — oL
CCly CHC,
DDD DDD HC.  CHs HC
H Cl
o 2
H cl cg-an-g (Clg=Cly)
by = ce =na
H d { toxaphene dechlorinated toxaphene
lindane benzene

Figure 5.2.2 Reductive (anaerobic) reactions of xenobiotics

$QSVW. v

Yensist®

O
“ranp B
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Anaerobni biodegradace

VyuZivaji se specifické mikrobialni enzymatické systémy.

Vyssi halogenované aromatické molekuly jsou méné persistentni
nez jejich niZe halogenované kongenery — v pudach a
sedimentech to muzZe byt ovlivhéno zménénou
biodostupnosti.

U aerobni biodegradace je to opacné — vice halogen atomt
zamezuje pristupu kysliku.

Biodegradace je tedy obecné zavisla na chemické struktufe a
environmentalnich podminkach.

Duvody pro environmnetalni persistenci latek
% Chemicka struktura
Y% Environmentalni podminky

%  Biodostupnost

Research Centre for Toxic Compounds in the Environment
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Finalni akceptory elektronu

Electron Acceptor Zones in Plume

- Monitoring wells
Service g ~a

Station
usTs@® @

Groundwater flow

co,— cH, o one

0>+ CO,

: : . Vit Matéja
Research Centre for Toxic Compounds in the Environment 1t Ma e}‘é 5
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Finalni akceptory elektronu

+500 Oxygen: O, =pH,O 1aerobic
Nitrate: NO,” =——pN, \
Manganese: MN*  ep  Mn*?

Eh O Iron: Fe*3 ==mpFa*?

PCE: PCE ——p TCE >anaerobic
Sulfate: SO, —pS°

-300 Carbonate: CO, —0p CH, y

Vit Matéji

«\er\t Resee
& e
& %
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]
3
o g
& a o
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% >
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Anaerobni metabolismus

. PCE
Prakticky se vyuZiva pfi Reductive ©6 &
. Dechlorination © @ ® tremomnm
dehalogenaci Ce —ET
Pathway 2 & ——
substituovanych uhlovodikui o ®

cis-1.2-DCE Irans 1,2-DCE

a chlorovanych organickych }D:E :“: H

sloucCenin.

Vlnyl Chlonde

Ethene Complete Mineralization
Nejznamnéjsi je reduktivni %® Fo
de Chlorace Ethane

/4 r OR c i c RC) mﬂﬂ:ﬂ?g’:{ah, 1996
perchlorethylenu, ktery ma ¢ ©
uhlik v maximalnim
oxidaCnim stupni, takZe ho

oxidacné nelze rozkladat.

Vit Matéju
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Anaerobni metabolismus

Anaerobni procesy se hojné vyuZzivaji jako preduprava pfi
oSetfovani kontaminace polyhalogenovanymi slouCeninami,
napfiklad DDT, polychlorované dioxiny, PCB, chlorované
pesticidy, polybromovana zhasedla ¢i TNT, RDX, HRX

apod.

DDT

Cl
Cl Cl

Cl I I Cl

H
H,  HCI Cl Cl

N
cl . ‘ of

Vit Matéju

«\er\t Resee
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& %
S Z (o
£ L)
]
3
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% >
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Anaerobni metabolismus

H
O
o S

cel,
% e
.r"j A\ CJ \-\ DDD
~ &
ccl,

DDE
DDNMU
Vit Matéju
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Anaerobni metabolismus

Reduktivni dehalogenaci dojde ke zméné molekuly, ktera je
potom snaze biologicky odbouratelna.

Samotné biologické Cisténi polyhalogenovanych slou€enin se
proto provadi v sekvencich: anaerobni faze — aerobni faze

Anaerobni rozklad n-alkant a dalSich alifatickych uhlovodikt je
mozny, ale je tak pomaly, Ze nenasSel praktického vyuZiti.

4

Podminky, za kterych muZe probihat, se dosahuji jen obtiZné.

Naklady na anaerobni €isténi materialti kontaminovanych
ropnymi uhlovodiky by byly velmi vysoké a trvaly by
neunosné dlouho.

Vit Matéju
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Srovnani

Aerobic
Effluent,

)4%

CO32,
48%

Anaerobic
Effluent,

|10°/o

‘
CH4JCO2, 7 Biomass,
Biomass, 85% 3%
48%
1.1 mJ/kg-COD +4.3 MJ/kg-COD
+31 g NHs-N/kg-COD  +3.2 g NHs+-N/kg-COD
Research Centre for Toxic Compounds in the Environment 111
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Anoxicky stres

Pfechod mezi aerobnim a anaerobnim metabolismem tvofi
anoxické podminky (koncentrace rozpusténého kysliku v
podzemni vodé 0,1 mg.L1az 0,5 mg.LY).

Pfi nizkych koncentracich kysliku v prostfedi vznika tzv.
anoxicky stres, ktery zpusobuje m.j. zvysovani specifické
spotfeby kysliku na odbourani jednotkového mnoZstvi
organického substratu (aZ 10nasobné).

Tim se vyrazné zvysuji naklady na eliminaci organickych latek

Vit Matéju
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Z.droje informaci

http:/ /umbbd.msi.umn.edu/

University of Manitoba Biocatalysis/Biodegradation Database -
UM - BBD

UNIVERSITY

1) 203 metabolickych cest o MaANTTOBA
2) 1405 reakci
3) 1301 latek .

4) 920 enzymu ot
5) 510 mikroorganismi
6) 246 biotransformacnich pravidel ---—
7) 50 organickych funké&nich skupin '
8) 76 reakci nafthalen 1,2-diooxigenasy

9) 109 reakci toluendiooxigenasy <
21.8.2011 -

w500 LA 00 - 226 g metabolan £ www brochemden blegsgot com

Vit Matéju
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Biodostupnost polutanta

Sorbed compound LANCASTER )
(rapidly reversible) Sorbed eomponnd

[bio:vailable//or bioc;ccgssible: (slowly/very slowly reversible)
emporally.consin a”% Plant root [bioaccessible:

temporally constrained)]

Bioavailable
compound

Bioaccessible
compound
[physically constrained]

Occluded compound |

[non-bioaccessible] Earthworm

Semple et al., 2004
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Vétrani (starnuti) polutantu

Na starnuti polutanti a sniZovani dostupnosti se podili:

Sorpce na pevné Castice pudy (jil)
Sorpce na organické latky v padé (huminové latky)
Diftize do mikropora a makropori

Odpar tékavych sloZek

& & & &6

Ubytek dobfe odbouratelnych sloZek zne&isténi
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Vétrani (starnuti) polutantu

Cemented
grains

Bacteria
~0.5-T1.0 urm
Bulk
fluid

Intra-aggregate
pore

Fissure

Natural
organic
matter

Micropore
<2nm
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Vétrani (starnuti) polutantu

1) v systémech s jednim polutantem: dochazi pfi zvysovani
kontaktniho ¢asu mezi polutantem a puidou ke sniZovani
biologické dostupnosti a odbouratelnosti

2) v systémech s vice polutanty pfitomnost dalSich latek
zpomaluje starnuti a zvySuje biologickou dostupnost
polutantu

3) Sorbované molekuly jsou nejcastéji diivodem ,,reboundingu®

Research Centre for Toxic Compounds in the Environment 117
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Rebounding

R elative Concentration

>

Tailing and Rebound Effects

Theoretical
Removal Without

Tailing

Cleanup Standard

Pumping Duration {(Time)
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Rebounding

Tailing and Rebound Effects

PUMP ON PUMP OFF PUMP ON
(tailling) (rebound) (return to tailing)

—

- —

— —
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T
Ty

-~ S ———
e
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S

Desorpiion ufZ
Adsorhed Contaminants
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Podpora prfenosu hmoty

Vlastnosti bakterii podporujici pfenos hmoty:

% tvorba biologickych povrchové aktivnich latek a jejich
exkrece do prostredi

% vznik struktur na povrchu buiiky, které podporuji emulgaci
hydrofobnich molekul polutantu

@

systém pfijmu s vysokou afinitou k polutantu

@

zvysena adhese bunék k pevnému nebo kapalnému substratu
’ TS N

Sl o' i > ;

past X

©.

NERS/
N\ 7,

120
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o(‘«\ es,.c . o .
% Research Centre for Toxic Compounds in the Environment
othuwoo "\fox

http:/ /recetox.muni.cz

O
“ranp B




Biofilm

Biofilm formation & \ \Ghaperones

around oil droplet \

Qligonutrient
SOS response . uptake
and DNA repairin d’:‘:fl"ii . D;Tm'c v
reaction to UV light YCroxyiato ess .
and oil endurance «

emulsification
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Biodegradovatelnost polutanta

Podle biologické rozloZitelnosti 1ze polutanty sefadit podle
sniZujici se biologické rozloZitelnosti:

jednoduché alifatické uhlovodiky, paliva > monoaromatické
uhlovodiky > alkoholy, estery > nitrobenzeny, ethery >
chlorované uhlovodiky > polycyklické aromatické
uhlovodiky > pesticidy.

n-Alkany:

6

Nejsnaze molekuly C,, az C,

Y C; az C, jsou plynné, rozkladaji je jen vysoce specializované
bakterie

% C; az C, jsou pro vétSinu mikroorganismu toxické

O
&

Research Centre for Toxic Compounds in the Environment
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Podpora prfenosu hmoty

Zptistupnéni molekul polutantii pro buiiky:

% Pfidavkem neionogenni povrchové aktivni latky (NPAL)

% Caste¢na chemicka oxidace

Research Centre for Toxic Compounds in the Environment 123
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YSQSVW. v

Podpora prfenosu hmoty

%  Ohfev horninového prostfedi (odporové ohfivani, vhanéni

pary.....)

% Uvolnéni sorpénich vazeb molekul polutanti ultrazvukem
% Podpora tvorby biosurfaktanti

NERS/
S &

Yensist®

O
“ranp B
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Podpora pfenosu hmoty — tvorba biosurfaktanta

The bacterium Pseudomonas aeruginosa produces a nontoxic,
degradable biosurfactant (detergent) called rhamnolipid

Courtesy Raina M. Maier
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Biosurfaktanty

(o]
ini i T
?]cho"?lq: on 0——CH-CH,~C—0-R,  rhamnolipid
rhamnolipids, 0
i Hy (CHpe from Pseudomonas sp.
trehalolipids Hy
HO ¢
& ZOOH (G (CHy)
1 i, ?1 ¢|:u
CH, CH;
Lipopeptides H Hicoc 2 |.-(\£:nco—m‘| f:. - NND i:‘mcq'uﬂ
surfactin, surfactin ai et GH—CH— G
i _ CIGAN ANGINGANLE L-Len? D-Leus L-Asps €O
ltUl'In f \,/b _” btl a co (I.H NH—CO—CH ~NH——CO - CH NH;.
: rom bacillus subtilis ' ca, oH,
fengycin o Coom

bioemulsan
from Acinobacter sp.

Polymeric surfactants X c\

W0 4 "'-/ /{’\ K /‘23}0

/P/J e, €,

Wt
"00

N T

Other surface active biomolecules in natural and man-made use, especially in food products

Phospholipids Proteins
e.g. lecithin e.g. b-casein
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Biosurfaktanty

Y% VSechny bakterie, které jsou schopné vyuzivat nepolarni

substraty, maji schopnost biosurfaktant vytvaret a uvolfnovat
do prostfedi

Y% Bez biosurfaktantu by nebyly schopné dopravit substrat do

burnky

Micela neionogenni

+— povrchové aktivni latky '

& Molekula polutantu .
polarni ‘

_.Hydrophilic head

Aqueous
solution

. . ““Hydrophobic tail

Molekula
polutantu nepolarni
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Biosurfaktanty

0
HO 0 o—CH—CHE—H—O—CH—CHE—CDDH
CH; CH, CH, / o
e CH, {::Hz Emulsification o Mineral oil
CH; CH; ]
CH, (leg QQ —

|
CH, CH, O
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.,/ CH; CH,
: QY |
/ @i‘* L@ CH; CHy Formation
‘,%—V_géi"@ Rhamnolipid of micelles
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Biosurfactant
production Uptake
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Faktory omezujici biodegradace

% Pfenos hmoty do buiiky

% Dostupnost molekul polutantu pro mikroorganismy (sorpce,
rozpustnost)

Y% Enzymaticky aparat mikroorganismu

% Tvorba toxickych metabolitt

% Inhibi¢ni podminky v prostfedi (toxicita polutanti, pH,

teplota, nedostatek vlhkosti, nedostatek finalnich akceptort
elektrony, limitace makro a mikrobiotickymi prvky .....)

%  Neschopnost odbouravat nékteré polutanty vedle sebe (napf.
toluen a chlorbenzen)

Research Centre for Toxic Compounds in the Environment 129
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Podpora vymytim
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(a)

Rozdéleni zbytkového znecisténi

Nenasycena zona

air

(b) Saturovana zona

water

De

water

DNAPL

- \ -
aquifer/solil grain

aquifer/soll grain
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Souhrn omezujicich faktori

Galaktosa a glukosa

sUperimposed regulation

Closed requlatory

~

pro E. coli

circLits GENE EXPRESSION
~_= . Specific EFFICIENCY MIXTURES OF INCOMPATIBLE
[:/(j> regulation SUBSTRATES
> CH, Cl
Catabolic genes
Dead-and
metabalites
CONCENTRATION
' CEA;;EE:E!‘E SURE:::;E;TE OF CONTAMINANT
[17
‘ Keat .
¢m = = i
— []
S
l MISROUTING Catabolic pathway UPTAKE
\\.\-\-

e
o
Toxic

bry-product

j

o

BIOAVAILABILITY =0
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Dead-end produkty pyrenu - houby

OMe 0‘ GSDBH

1-Methoxy pyrene

‘U .

OH
g 0
)
I RO® \
% 1,8-Dihydroxypyrene

1,6- D|hydrmxypyrene

1,8-Pyrenequinone

1 .B-F'we nequinone

Research Centre for Toxic Compounds in the Environment
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Odbouravani PAHs

Dehydro-
OH genase
> Ol= >l ~ o
BAKTERIE ::I:f:jfo OOH
Diooxygenasa
T / cis-Dihydrodiol Dihydroxy-FPAK Hydroxycarbonsaure  Catechol

O

Dehydro- 0
genase
PAK Eposic- O — O
h ydm.l'ay
HOUBY y

Cytochrom P-450 ' trans-Dihydrodiol o-Dihydroxy-PAK o-Chinon

peroxidasa
O DEAD END =»

Arenoxid nich I
enzymatisch O —_— — O —_— O

Hydroxy-FPAK p-Dihydroxy-PAK -Chinon
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Dusledky tvorby dead-end produkta

1. PROBLEM

Y% Stanoveni PAHs po extrakci nepolarnimi rozpoustédly

% Biotransformacni produkty jsou polarni — nestanovi se,
nastava pokles koncentrace PAHs - je to vyfeSeni problému
Pr?

Skutecnost

% Biotransformacni produkty a dead-end produkty jsou ve vodé
mnohem rozpustnéjsi a tedy mobilnéjsi, jsou vsak casto i
toxiCtéjsi nez puvodni PAHs, takZe zemina se sniZenou
koncentraci PAHs po biodegradaci je z hlediska Zivotniho
prostfedi mnohem skodlivéjsi, ma podstatné vyssi ekotoxicitu
a genotoxicitu

ijVW. v

JERS/
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Dusledky tvorby dead-end produkta

2. PROBLEM

% Heterocyklické slouceniny podléhaji rovnéZ biotransformaci
— vznikaji toxiCtéjsi produkty

% Pentachlorfenol tvofi v technické smési jen 30 az 35 %, jsou
tedy pfitomny dalsi kongenery — ale ty se nesleduji
(analyticky)

% Vedlejsi produkt z chlorace fenolu — polychlorované
dioxiny!!!!

Research Centre for Toxic Compounds in the Environment 136
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Biotransformace misto biodegradace

% Casto se stava, Ze rozklad polutantu neni totalni (nenastava
mineralizace)

LAS ULTIMATE BIODEGRADATION

Mineralization

S0;Na

Linearni alkylsulfonaty
\/5\/\/\/\ 4 \/ij\N\/EDDH
Q-oxidation

50;MNa

LAS

Oxygen —_—
SPC (5ulfo Pheny| Carbowxylic Acid)

+

ol NH, PO

Micro- Ent
organisms 5 Energy Products

S0,

l froxidation

COOH
CO,, H,0 SO, L o Vé\
+ Biomass +

[CH; -COGH]
50;Na
\qERSQ:Y . .
s 5 Research Centre for Toxic Compounds in the Environment
> @
3 & 2 &
'&k’AN A que %4”7 3\*0\
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Biotransformace misto biodegradace

o 95 i

Microorganisms eat oil Microorganisms digest oil and Microoganisms
or other organic convert it to carbon dioxide (CO2) give off CO2 and
contaminant and water (H20)

Research Centre for Toxic Compounds in the Environment
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Biotransformace misto biodegradace

Nedochazi k rozkladu aZ na H,0, CO, k tvorb€ biomasy a
energie.

Dochazi jen k biotransformaci molekul polutantu na nové
slouCeniny, které jsou bud’ dead-end produkty, nebo
nemohou byt dale rozkladany vzhledem k podminkam v
prostredi

Tyto meziprodukty mohou mit mnohem nepfizniveéjsi
vlastnosti pro Zivotni prostfedi neZ ptivodni polutanty

Research Centre for Toxic Compounds in the Environment
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Biotransformace misto biodegradace

HO

OH

Benzo[apyrene Benzo[a]pyrene 7, 8-
/,8-dihydrodiol dihydrodiol-9, 10-epoxide

Research Centre for Toxic Compounds in the Environment
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Biotransformace misto biodegradace

Biotransformace miiZe zpusobit:

1) Vyssi toxicitu

2) Endokrinni disrupci

3) Mutagenitu

4)  Dalsi negativni vlastnosti podle druhu vzniklého metabolitu

5) Zvysit polaritu a mobilitu v horninovém prostfedi

Research Centre for Toxic Compounds in the Environment
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Bioremediace — co musime znat 27?7

%,  Z pohledu degradované latky ¢i spiSe smési latek
%,  Z pohledti vyuZivanych mikroorganismu

%,  Z pohledu prostiedi, ve kterém se ma proces realizovat

Research Centre for Toxic Compounds in the Environment
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Bioremediace — co musime znat 27?7

Z pohledu degradované latky i spiSe smési latek:

% Strukturu zajmové latky ¢i smési latek

%  Fyzikalné-chemické vlastnosti — persistenci/reaktivitu,
rozpustnost, tékavost, tendenci ke kumulaci v abiotickém
prostfedi a potencial pro bioakumulaci

% Jeji/jejich koncentrace

@

Produkty degradace a jejich vlastnosti

Y% Biodostupnost v daném prostiedi

ont Res,
o“(‘\ o, . . .
)‘% Research Centre for Toxic Compounds in the Environment
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Bioremediace — co musime znat 27?7

Z pohledt vyuzivanych mikroorganismii

@

Jejich schopnost degradovat danou latku i smés latek
Zivotni optimalni podminky — Ziviny, vlhkost, pH, kyslik

Pfitomnost latek toxickych pro pouZivané mikroorganismy
nebo jejich konsorcia

Research Centre for Toxic Compounds in the Environment
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Bioremediace — co musime znat 27?7

Z pohledu prostfedi, ve kterém se ma proces realizovat

Sorpcni schopnosti — ovlivhéni biodostupnosti
Fyzikalné-chemické vlastnosti

Mechanické vlastnosti

& & & &

Toxicita prostfedi

Research Centre for Toxic Compounds in the Environment
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Zasady pro vyuzZivani mikrobialnich technologii

Y% Mikroorganismy pro nas nepracuji proto, Ze my chceme, ale
proto, Ze jim to pfinasi rizné vyhody, pfedevsim energii pro
mnoZeni a tvorbu biomasy a pro nezbytné fyziologické
pochody

% Pokud jim zlepSime podminky v prostfedi, pracuji o to 1épe.

Vit Matéju

Research Centre for Toxic Compounds in the Environment 147
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Bakterie vyuZivané pfi sanacich

EEEEEEEEEEEE

Pseudomonas sp.
Burkholderia sp.
Xanthomonas sp.
Acinetobacter sp.
Micrococcus sp.

Rhodococcus sp.
Ralstonia metallidurans
Deinococcus radiodurans
Arthrobacter sp.
Sphingomonas aromaticivorans
Nocardia sp.

Comamonas sp.

Vit Matéju

NSYAL.
&) 7%

NERS/
N\ 7,

Yensist®

O
“ranp B

ent Reg,
o(‘«\ ee,.c . o .
£ ~\% Research Centre for Toxic Compounds in the Environment
%"”Odm 02 A

http:/ /recetox.muni.cz

148




Bakterie vyuZivané pfi sanacich

sy
3

Bakterie rodt Xanthomonas sp. a Burkholderia sp. jsou schopné
vyuzivat > 100 chemickych sloucenin jako substrat.

Rhodococcus sp. — lipofilni slozky bunééné stény (peptydoglykan)
usnadiiuji transport lipofilnich polutantt do buitiky. Vytvareji

Vit Matéju
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Mikrobialni sanace

Pro biologickou sanaci se jen vyjimecné vyuZziva jediny bakterialni
kmen.

Prakticky vZdy se jedna o vznik bakterialniho konsorcia, které je
vytvofeno vnesenymi aktivnhimi kmeny a kmeny vzniklymi
pod selekCnim tlakem kontaminace v prostfedi.

Mikrobialni konsorcium
dehalogenujici
tetrachlorethan

Vit Matéju
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Biodegradability Test Methods

1) Screening Level Methods

% determine inherent & ready biodegradability
applicable mainly to sewage and soils
unrealistically high ratio of test substances to biomass
non-specific (indirect) detection methods
used for registering new chemicals in Europe & Japan

& & & &

2) Realistic Methods

%, determine ultimate & practical biodegradability (kinetics)
%, applicable to all relevant environmental compartments

%  realistic ratio test substance to biomass

%  utilize radiolabeled test substances

% specific detection methods o TWE - P&

Stacy Simonich
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Ready tests

Highly standardized batch systems

Low level of inoculum (no pre-exposure)

High test substance concentration (risk for toxicity)
Test material is sole carbon & energy source

Non-specific analytical methods
% Oxygen consumption (indirect)
% DOC disappearance
% CO, evolution

Pass Criteria
% DOC Loss exceeding 70% in 28 days or

% Oxygen consumption or CO, evolution exceeding 60% in 28 days
And these levels must be reached within 10 days of
biodegradation exceeding 10% (Ten day Window)

*from TWF - P&G

Stacy Simonich
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Ready Test

Y

BOD Water
1% Settled Activated Sludge
Test Material (10 - 20 mg )

0.5 N Ba(OH),

——> TITRATION
CO,

. . CO, Test - CO, Blank
% Mineralized =
ThCO,

x 100

*from TWF — P&G
Stacy Simonich
LAVERS, S . . .
s e ()6 Research Centre for Toxic Compounds in the Environment
= @ ¢ z
lé};}7‘1‘11\11\ B“Sg ‘/%%Odw 0o s\?“’\@
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Realistic radiolabeled (*C, °"H and *°S) testing —

design considerations

& &

Based upon known chemistry, test the chemical species most
likely to enter the environment
Based upon known physical/chemical properties, test in the
compartments in which the material will most likely reside
e.g. most relevant compartment for slow-degrading, sorptive
polymer = soil
Dose the chemical in a relevant environmental form
Choose test concentrations based upon likely environmental
concentrations estimated from usage information and
modeling
Position the radiolabel in the portion of the molecule most
resistant to biodegradation.

AE

(Alkyl Ethoxylate Sulfate) CuEsS
*from TWF - P&G

* *
n-CuHO — 0 — "0 —/\_~ OSC)—3 Stacy Simonich
* *

Research Centre for Toxi * Position of Radiolabel ient 154
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Activated sludge die-away test

|
LIQUID Evolved
BioActive & Abiotic SCINTILLATION — > 14
Activated Sludge COUNTING COZ
14C- Test Material (ppb-ppm)
1.5 N KOH
BIOMETER FLASK
15 ml subsamples >
LIQUID —_— Dissolved
l‘ SCINTILLATION HCO
Flash Frozen & Lyophilized COUNTING 2
1.5 N KOH

Acidification

Extract =——> Rad-TLC _ PARENT
Methanol:Water (80:20) METABOLITES
*from TWF — P&G
Extracted
51):15;2 : > BIOFRAX —> | BIOMASS | gtacy Simonich

Research Centre for Toxic Compounds in the Environment 155
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Continuous Activated Sludge System

- Realistic Test Concentration
- SRT =5 - 7 Days

l Air Lift
-HRT =6 - 8 Hours

Vent
1“CO, Traps
. Clarifier
14C Test Chemical |
Wastewater
Sludge

Parent

Effluent
—B— | Total “C |

[14C Parent & Metabolites ]
by Rad-TLC

% R 1=
. o nemoval —
Metabolites
i Cinﬂuent - Cefﬂuent X 100
Sludge Return Ci fluent
*from TWF - P&G
Stacy Simonich
e\qERS’ 7 e Reses, . . .
B . ()4 Research Centre for Toxic Compounds in the Environment 156
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Effluent in river water die-away test

ﬁ

Effluent
River Water
14C- Test Material (ppb)

LIQUID — > | Evolved
SCINTILLATION [

COUNTING 14CO,
BioActive & Abiotic 1.5 N KOH
BIOMETER FLASK
15 ml subsamples ——>
LIQUID > :
l SCINTILLATION [ D118801ved ]
Flash Frozen & Lyophilized COUNTING ‘CO,
1.5 N KOH
Extract Acidification

Methanol:Water (80:20)

Filtration (0.4 um) — Filter

Acidification LSC— [ BIOMASS ]

Fil PARENT
—_— _ —_—
1itrate Rad-TLC METABOLITES *from TWF — P&G
Stacy Simonich
f\q Ir“’w.m Research Centre for Toxic Compounds in the Environment
lQZ%‘"ANA queg
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Converting Biodegradation Test Data to
Rate Constants

If chemical passes Ready Test (including 10-day window) -
assume rate constant = 1 hr!

If chemical passes Ready Test (but not 10-day window) -
assume rate constant = 0.3 hr!

If chemical passes an inherently biodegradable test - assume
rate constant = 0.1 hr!

If chemical biodegrades in a realistic test at realistic
concentrations (1*C) - use measured rate constant

Stacy Simonich

Research Centre for Toxic Compounds in the Environment 158
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Biodegradability Test for Soil

Y

OECD 304A — Inherent Biodegradability in
Soil

Evaluation of mineralization rate of a #C
labeled compound in soil

50 g soil sample spiked with *C compound
and mixed, experiment run up to 64 days

14CO, trapped in alkali solution

If compound vapor pressure > 0.0133 Pa
polyurethane foam used to trap volatilized
compound

14CO, evolution measured over time

Stacy Simonich

Research Centre for Toxic Compounds in the Environment
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Estimating Probability of Biodegradation —
BIOWIN

Y%, Estimates probability of rapid biodegradation

% Training set = 295 chemicals, 186 classified as “biodegrades rapidly”
(dependent variable = 1) and 109 classified as “does not biodegrade
rapidly” (dependent variable = 0)

% Probability > 0.5 then biodegrades fast; probability < 0.5 does not
biodegrade fast

Y% Multiple linear and nonlinear regressions of dependent variables against
37 independent variables (36 structural fragments + molecular weight):

Y,=ay+af, tay),+ .. tagfes+a M, + e

__explag + a.fy + agfy + ... agefyg + 0, M)
7 1+ explay + o,f, + agfy + ... Ggefag + a, M)

Stacy Simonich
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BIOWIN Structural Fragments and Coefficients

BIODEG models survey models
fragment or parameter freq® linear coeff nonlinear coeff freq® primary coeff ultimate coeff
equation constant 0.748 3.01 3.848 3.199
My 295 -0.000476 -0.0142 200 -0.00144 -0.00221
unsubstituted aromatic (<3 rings) 2 0.319 7.191 1 -0.343 -0.586
phosphate ester 5 0.314 44.409 6 0.465 0.154
cyanide/nitrile (C=N) 5 0.307 4.644 11 -0.065 -0.082
aldehyde (CHO) 4 0.285 7.180 5 0.197 0.022
amide (C(=0)N or C(=S)N) 9 0.210 2.691 13 0.205 -0.054
aromatic (C(=0)0OH) 24 0.177 2.422 6 0.0078 0.088
ester (C(=0)0C) 23 0.174 4.080 26 0.229 0.140
aliphatic OH 34 0.159 1.118 18 0.129 0.160
aliphatic NH; or NH 13 0.154 1.110 7 0.043 0.024
aromatic ether 11 0.132 2.248 11 0.077 -0.058
unsubstituted phenyl group (CgHs) 26 0.128 1.799 22 0.0049 0.022
aromatic OH 46 0.116 0.909 21 0.040 0.056
linear C4 terminal alkyl (CH,CH2CH,;CHj) 44 0.108 1.844 26 0.269 0.298
aliphatic sulfonic acid or salt 4 0.108 6.833 4 0.177 0.193
carbamate 4 0.080 1.009 6 0.194 -0.047
aliphatic (C(=0)OH) 33 0.073 0.643 10 0.386 0.365
alkyl substituent on aromatic ring 36 0.055 0.577 36 -0.069 -0.075
triazine ring 5 0.0095 -5.7256 4 -0.058 —0.246
ketone (CC(=0)C) 12 0.0068 -0.453 10 -0.022 -0.023
aromatic F 1 -0.810 -10.532 1 0.135 -0.407
aromatic I 2 -0.7569 -10.003 2 -0.127 -0.045
polycyclic aromatic hydrocarbon (=4 rings) 6 -0.657 -10.164 2 -0.702 -0.799
N-nitroso (NN==0) 4 -0.525 -3.259 1 0.019 -0.385
trifluoromethyl (CFj) 1 -0.520 -5.670 2 -0.274 -0.513
aliphatic ether 11 -0.347 -3.429 16 -0.0097 -0.0087
aromatic NO; 14 -0.305 -2.509 13 -0.108 -0.170
azo group (N==N) 2 -0.242 -8.219 3 -0.053 -0.300
aromatic NH; or NH 32 -0.234 -1.807 23 -0.108 -0.135
aromatic sulfonic acid or salt 11 -0.224 -1.028 8 0.022 0.142
tertiary amine 10 -0.205 -2.223 10 -0.288 -0.255
carbon with 4 single bonds and no H 9 -0.184 -1.723 32 -0.153 -0.212
aromatic Cl 40 -0.182 -2.016 27 -0.165 -0.207
pyridine ring 18 -0.155 -1.638 8 -0.019 -0.214
aliphatic C] 12 -0.111 -1.853 14 -0.101 -0.173
aromatic Br 5 -0.110 -1.678 4 -0.154 -0.136
aliphatic Br 5 -0.046 -4.443 2 0.035 0.029
@ Number of compounds in the training set containing the fragment. Stacy Simonich

Research Centre for Toxic Compounds in the Environment

161

http:/ /recetox.muni.cz



Biotransformace

Organismy v prostfedi jsou v kontaktu s fadou latek, jeZ mohou
mit potencialné skodlivé ucinky.
Rada t&chto latek je pfijimana organismy.

Vyssi koncentrace urcitych latek v organismu mohou ovliviiovat
jeho funkce.

Organismus ma dvé cesty pro eliminaci latek:

% latka je vylou€ena v nezménéné podobé
% latka je v organismu transformovana a v této zménéné
podobé je vyluCovana — biotransformace

Biotransformace ovlivituje osud latky sniZenim jejiho mnoZstvi
konverzi na novy typ xenobiotika — metabolit.

Research Centre for Toxic Compounds in the Environment
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Biotransformace

Biotransformace mutZe byt definovana jako enzymaticky
katalyzovana konverze jedné chemické latky (xenobiotické,
odpadni produkty organismu) v jinou.

Vlivy biotransformaci na xenobiotika

Vseobecné — biotransformace vede ke konverzi rodiCovské latky
na ve vodé rozpustnéjsi formu — hydrofilnéjsi latka mizZe byt
snadnéji vylouCena z organismu nez latka ptivodni.

Biotransformace ovlivituje také toxicitu latky:

% transformace na toxiCt€jsi formu — bioaktivace,
% sniZeni toxicity - detoxikace

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz




Mechanismy biotransformaci xenobiotik v Zivych
organismech

Prostiedi

Xenobiotika v organismu
Superhydrofobni Hydrofébni Polarni Hydrofilni

L

Akumulace ‘

v tukové tkani ¥
3 M
Faze I
Bioaktivace nebo detoxikace
Oxidace, redukce, hydrolyza ]
Faze 11
Bioaktivace nebo detoxikace
Konjugace v
, Vylucovani
Research Centre for Toxic Compounds in the Environment 164
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Biotransformace

Uptake

-

Sites of
action

R

Sites of ]
metabolism

t

Sites of
storage

Excretion

FIGURE 2.1 Toxicokinetic model.
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Biotransformace

Typy biotransformacnich reakci

Dva typy:

Faze I - nesyntetické reakce — hydrolyza, oxidace, redukce —
molekuly latky jsou ménény zavadénim polarnich skupin (-
OH, -COOH, -NH,) — produkty jsou reaktivni latky snadno
konjugujici ve fazi II

Faze II — syntetické reakce — konjugace — tvorba glukuronidd,
sulfatd, acetyl a glutathion konjugatt — vysledkem je
konjugovany produkt schopny exkrece
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Biotransformace
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FIGURE 2.2 Metabolism and toxicity.
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Biotransformace

°2 o Probiha v jatrech

P450 Fe2+ o XH

2+ o
P450 « Fe<* « XH e, Transfer of

second electron

NADPH+H* Oxidised
Cytochrome
P450 reductase
P450 » Fe3+
NADP Reduced
P450 « Fe3* « XH
XH

I-Ilydrophobic binding site

Substrate

Cytochrome P450
catalytic centre

FIGURE 2.3 Oxidation by microsomal monooxygenases.
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Biotransformace

O
(from NADPH) e~ XH - Fe2*
[XH — Fe(ll)*O5)%*
XH — Fe3*
e~ (from NADPH
or NADH)
XH
[XH — Fe(Il)O5T*
Fe3*
XOH
2H*
[XH - Fe(llO)3*
HoO
FIGURE 2.4 Proposed mechanism for monooxygenation by cytochrome P450.
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Biotransformace

LIPOPHILIC M HYDROPHILIC

S

NADPH + H*  NADP*

Naphthalene a-naphthol
+
' ' OH — Glue. ! [ OH
Conjugate f-naphthol

HYDROPHILIC EXCRETION

Figure 1. The cytochrome P-450 mixed function oxidase system facilitates excretion of
lipophilic organic substrates in terrestrial and aquatic animals by producing metabolites that

are morc water soluble than the parent compound. Common metabolites of naphthalene arc
shown (after 2).
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Typy biodegradacnich reakci

REDUCTION
NH, NH,
NH,
HzN—@N=N—©—- SO,NH, —> .
NH, SO,NH,
HYDROLYSIS

H,0
CH3NHCH2CH9_OOC—©- NH; — HOOC@NHz + CHsNHCH,CH ,OH

FIGURE 9.28. Examples of Phase I biotransformation reactions.
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Q Q Q. Biotransformace

Phenol glucuronide

N
N
s ¢ {0
Lo B oo <N N) OH 0-SOgH

“0—S—0—-P—-0—CH
c“> c") 25 Sulpho-
fe
i paps, JROEE, + ADP
O OH Phenol
|
P
0”10~
o
PAPS (3-phosphoadenine
5-phosphosulphate)
3. (a) Substitution Glycine
& & (I:O[NHCHZCOOH}
15 Bk +HY+CI N[COCH,CH,CHCOOH
4-nitrobenzene NH,
(DCNB) Glutamate
Peptidase Glutathione conjugate
attack of DCNB
Cl
Nog@ -~ CH, OH COOH g”g‘g:{}g conjugate
NH
1 & 2

o Acetyl cysteine
NOZ@ s ?H COOH  (mercapturic acid)

HNCOCH;  conjugate of DCNB
3. (b) Addition to epoxide

o ©© Glutathione-S-
transferase
‘ © O GSH ———
H 0\\\\\\‘ ‘ 0\0\\

Benzo(a)pyrene
7,8-diol 9,10-epoxide

FIGURE 2.14 Phase Il biotransformation—conjugation. 1. Glucuronide formation. 2. Sulphate formation.
3. Glutathione conjugation.
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Biotransformace

H
CHoCl, My G —cHyCl 7225 HCHO + GSH + H* + O

Dichloro- + H*+ Cr Formal-
methane dehyde
H
H
CClj CCl,
p,p-DDT p,p-DDE
(@)
H
CClo CCl,
p,p-DDE Epoxide
e
Qe S=00H Methylation
+ oxidation
CCly
Methyl sulphone
metabolite

OH g
CCly

Glutathione conjugate

of epoxide
l SH,OH
Cl Cl
CCl,

Thioether metabolite

FIGURE 2.15 Glutathione-S-transferase attack on organochlorine compounds.
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Typy biodegradacnich reakci

CONJUGATION
o5 o COOH
. i
@LH:(»OOH RN —— QClig CNHCH + Hy0
(CHy), CHy)
CONH, CONH,

Glutamine

0
I
@»mou +H,N CH,COOH ——» Qc NH CH, COOH

benzoic acid glycine hippuric acid
COOH COOH
. O_OH 0 0O
OH + — +H,0
phenol glucuronic acid phenylglucuronide
cl GSH
cl - )
glutathione (GSH) C
_— +HCl
NO, NO,
?H
O  CcH, H
HOOC ! 8
N/\n/.\l\/co(m
NH, H

glutathione (Ly- glutamyl-cysteinyl-glycine)

FIGURE 9.29. Examples of Phase II biotransformation reactions.
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Biotransformace

/ O-glucoside
g O-glucuronide
—» O-sulphate

as conjugates

dihydriol

.~-OH
@EOH dchydrogenase OH

c n—dlhydml N/\D “H catechol

Z SCOOH
COOH

R  cis, cis-
mucic acid

aromatic
hydrocarbons

CHO
| COOH

=
OH

2-hydroxy-
mucic acid

Figure 5.3.3 Mechanisms for PAH decomposition in prokaryotes and eukaryotes
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