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Microorganisms, Bacteria, Enzymes……
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Formaldehyde Dehydrogenase (FideDH) from
Pseudomonas putida

Catalytic
domain

NAD Binding
Domain

Confidential

Formaldehyde Dehydrogenase (FideDH) from Pseudomonas putida



four identical
subunits

 four NAD(H)
cofactors
 8 Zn ions (violet)
(violet)..
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Introduction
● Sludge, Manure and Non-cellulosic vegetal
materials (the so called Fruit-Vegetal-GardenFVG residues): water content !
● Such organic waste, as well as some selected
monomeric organics, are suitable for the biogeneration of energy products like methane
and/or other biofuels (alcohol, oil, biodiesel,
biohydrogen).
● The valorization of waste contributes to
avoiding landfilling and may serve to recycling
water
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The “aerobic” and “anaerobic” processes
● The conversion of VGF and organics could in
principle take place in the presence or absence of
oxygen referred as “aerobic” and “anaerobic”.
● A “fermentation” process is in general either
neutral or slightly exoergonic under anoxic
conditions.
6C(0)
2C(+4) 4C(-2)
C6H12O6  2CO2 + 2C2H5OH
● “Composting” is an example of aerobic treatment
of waste
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Aerobic treatment
● In a composting plant, waste or sludge is
dispersed on soil in thick layers that are
frequently mixed for aeration and for avoiding
high local temperature that could kill the
bacterial population (up to 90 °C) .

● The cost of the treatment depends on the
aeration frequency
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View of a large composting facility
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Composting
● The degradable fraction is converted without
energy recovery: CO2, H2O (and oxidized
organics) are formed.
● During the oxidation phase temperatures such
as 90 °C can be easily reached.
● The “maturation” of the compost is easily
detected by measuring the “radical”
concentration (EPR)
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The anaerobic process
● The anaerobic fermentation converts organic
carbon into “biogas”, a mixture of CH4 and CO2
● The energy rich species CH4 can be separated
from the mixture
● Issues: the efficiency (30-50%),biodegradability
of the solid fraction, the complex technology
and the long retention times (20-30 days).
Energy is consumed for mixing, separation and
liquid phase treatment
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Methane separation
● Such technology is on stream since long:
separation of methane present in NG
● Liquid phases: MEA, monoethanol amine
2HOCH2CH2NH2 + CO2

HOCH2CH2NHCOO- +H3NCH2CH2OH

● Solid phases: CaO
● Polymeric amines, MOF, carbon
● Membranes
● Issues: loss of liquid phases, energetics, cost
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Localization of plants
● FV are ideal substrate for the anaerobic
fermentation, so waste must be treated as close
as possible to the collection area and as soon
as possible after collection
● The main theoretical limitations are: incomplete
conversion of the substrate (50%); medium-or
long-retention time; formation and persistence
of some polluting acids; bacteria need nutrients
that are not available in the original substrate;
permanence of ammonia (NH3) and other Ncompounds.
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The phases of biogas production
● The FVG biomass conversion into biogas
encompasses a number of phases, namely:

● i) depolymerization,
● ii) acidogenesis,
● iii) acetate formation,
● iv) methanogenesis, and
● v) methanation of CO2
each of which requires different bacterial
communities and a complex metabolic food chain.
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H2 FORMATION AND USE
H2 and organic carboxylic acids, such as acetic
acid, are key intermediates: it is important to
maintain a low PH2 for thermodynamic
reasons. (Zehnder, 1978)
The anaerobic digestion is accomplished
through a syntrophy between H2-producing
and H2-consuming methanogenic archea
(Schink, 1983) that favor the best use of the
energy content of primary substrates. (Thauer
et al., 1977)
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Metal enzymes involved in the conversion of CO2 or H2
Enzyme/Coenzyme

Metal in the active site

Reaction catalysed

W
Ni (in F-430 factor of
CH3-S-CoM)

CO2  HCOOCO2  -CH3/CH4

Co
Ni, Fe

methyl transfer
CO2  CO or CH3COOH

Fe
Ni,Fe
Ni,Fe,Se

H+  H2 (and H2  H+)
H2  H+ mainly Ni

Conversion of CO2
Formatedehydrogenase
Tetrahydrofolate (THF)
Methanofurane (MFR)
Tetrahydromethanopterin (H4-MPT) CH3-S-CoM
methyl reductase
Methyl transferase (cobalamine)
Carbon monoxide dehydrogenase (CODH)
Dihydrogen formation/consumption
Hydrogenases
Hydrogenases
Hydrogenases
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The methanogenesis scheme
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The substrates used for biogas production 1

Cellulose
Three different types of depolimerization enzymes can be
categorized:
endoglucanase attacks the internal cellulose chain. It is
active on “amorphous”, but not on crystalline cellulose
(natural cellulose is 70 % crystalline);
exoglucanase attacks the terminal part of the chain;
β-glucosidase hydrolyses cellobiose and cellodextrins
produced by previous reactions.
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Hemicellulose

The enzymatic functions involved in its hydrolysis
are essentially extracellular
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Lignin
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● Key objective:
To reduce the impact on Climate Change.
by reducing the immission of CO2 (or other species with high CCP) into
the atmosphere and the amount of climate alterating species (CAS)
that accumulate in the atmosphere.

Apulia
● Question: is it enough to use CO2 for reaching the above goal?.
V-IV
●Century
The use of CO b.C.
is not per se a guarantee that its emission is reduced.
2

● The new process (conversion or technological use) or product (substitute of existing
ones) must minimize the use of materials, the energy consumption and the emission of
CO2

This is a
difficult
type!
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Pectin

Pectin occurs as cellular walls plant constituents and can be also
found in intercellular layers. It has a linear structure with the
galacturonic acid units bound through a α-1,4 bond;
the carboxylic groups are methylated.
The enzymes leading to pectin degradation are:
pectinesterase, polyglycanohydrolase, and polylyase.
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Starch
Amilopectine

Amilose
Four enzymatic systems are involved
in starch degradation:
(i) α-amylase (α-1,4 glucan glucanohydrolase),
(ii) α-Amylase (β-1,4-glucan maltohydrolase),
(iii) amyloglucosidase, and
(iv) debranching enzymes
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Lipids
● Fats (animal), tri-, di-, mono-glycerides,
phospholipids, glycolipids share the same
features: they are FA esters of glycerol.
CH2O-C(O)(CH2)n(CH=CH)(CH2)n(CH=CH)(CH2)nCH3
CH-O-C(O)(CH2)n’(CH=CH)(CH2)n’(CH=CH)(CH2)nCH3
CH2O-C(O)(CH2)n(CH=CH)(CH2)n(CH=CH)(CH2)nCH3

Sugar
Phosphate

TG

Glycolipids
Phospholipids
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Lipids degradation: the stoichiometry
Saturated fatty acids undergo a β-oxidation that
removes two C-atoms from the carboxylic end.
The products are: a fatty acid with a Cn-2 chain,
acetic acid (as AcetilCoA) and 4H.

RCH2CH2CH2COOH + H2O + AcetylCo-SH 
RCH2COOH + “AcetylCoSCOCH3 + 4H”
In case the chain has an odd number of carbon
atoms, propionic acid is also produced
Glycerol itself enters the glycolysis path through the
glycerol-1-P-dehydrogenase enzyme.
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Proteins
● Proteins are linear sequences of aminoacids
characterized by peptide bonds –NH-CO- in the
polymeric structure that may also bear sulphide SH and disulphide –S-S- moieties (stabilization!).
● They can be simple or conjugated (containing
inorganic groups).
● Proteins degradation occurs via de-amination,
trans-amination, and de-carboxylation reactions:
formation of free NH3 and/or CO2 and are
competitive and governed by the medium pH.
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Natura docet

● The anaerobic digestion of waste is a typical

example of transfer at the industrial
scale of a natural process occurring in
oceanic and lagoon sediments, landfills, or
the intestine of animals (particularly
rumens) under anaerobic or microaerobic
conditions.
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Natura docet
● The hydrolysis and acidogenesis products are
then converted into acetate, hydrogen and
carbon dioxide by the Obligate-H-Producing
Acetogenic (OHPA) bacteria.
● “Methanogenic” bacteria produce methane and
carbon dioxide. CH3COOH  CH4 + CO2
● Acetate, the substrate that is mostly used by
methanogens, is also produced by a fourth
bacterial class called homoacetogenic bacteria
that can ferment a wide spectrum of substrates.
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Methane yield and rate of formation
● The methane yield of the anaerobic digestion
mainly depends on the yield of the hydrolysis
of the organic fraction. Lignin, for instance,
under anaerobic conditions is hardly
biodegraded. The difficulty is essentially due to
the lack of specific hydrolytic enzymes in
anaerobic bacteria, and the oxygen demand
typical of hydrolytic enzymes. Specific
hydrolytic agents (fungi, other microorganisms)
are used
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Methane yield and rate of formation
● Methane production also depends on the
biodegradable organic fraction composition:
”reduced” substrates (like proteins and lipids)
give better methane yield than “oxidized” ones
(sugars).
● Different processes regulate the methanation
speed.
● In substrates rich of polymeric materials like
cellulose, hydrolysis is the rate determining step
● If the substrate is soluble, it is the methanation to
determine the overall rate.
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Stability and efficiency
Several parameters are used to describe the
stability and efficiency of an anaerobic process.
The parameters most commonly used are:
●
●
●
●
●

methane production;
methane volumetric rate (MVR);
organic substance degradation rate (ODR);
culture stability;
thermal efficiency
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Biodegradability
● While the biodegradability of waste, depends
on the degradation thermodynamics, the
biogas daily yield depends on the kinetics

of the process.
● A compound that is “non biodegradable” or
requires a long induction time for
biodegradation is defined “refractory”.
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Bacteria involved in the hydrolysis-acidogenesis phase
C

H

Lg

Pc

S

Lp
X

Pr

Anaerovibrio
Bacteroides amylophilus
X
X
X
X
X
X
Bacteroides fibrisolvens
Bacteroides succinogens
X
X
X
X
Butyrivibrio fibrisolvens
X
X
X
X
Clostridium multifermentans
X
X
Clostridium thermocellum
Ruminococcus albus
X
X
Ruminococcus flavefaciens
X
X
X
Succinomas amylotica
C = Cellulose; H = Heminocellulose; Lg = Lignin; Pc = Pectin; S = Starch; Lp = Lipids;
Pr = Proteins
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Thermophilic…………………………..Asterobacteria!!!
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Hydrolysis and acidogenesis
Two levels of biodegradation are usually
distinguished:
● primary, in which the reaction products are
directly related to the original compounds
(e.g. from cellulose to glucose);
● final, in which the substrate is converted into
CH4 and CO2 (i.e., from cellulose to methane).
However, the methane production is not
influenced by the eventual loss of acids
through the effluent. The high production rate
leads to re-establishment of equilibrium.
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Factors affecting the growth rate
● Growing bacteria on a single- or multi-substrate
(that is typical of a digester) may produce
different products from both a quantitative and
a qualitative point of view.
● Such variety is due to many factors, as growth
rate variation, pH value, and concentration of
the substrate used as energy source.
● These parameters affect the bacterial flora
composition and the extracellular enzymes
concentration.
Confidential

Energy source
● The energy used by bacteria during the anaerobic
fermentation derives essentially from oxidation
reactions: molecules other than oxygen are used as
electron acceptors.
● A narrow class of bacteria use either nitrates or
sulphates as electron acceptors.
● NO3- + 6H+ + 5e-  1/2N2 + 3H2O;
● SO4= + 8e- + 10H+  H2S + 4H2O.
● The largest part reduces the compounds produced in
the hydrolysis-acidogenesis phase, or form gaseous-H2
in combination with hydrogenase enzymes.
● H+ + e½ H2
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Acetogenesis
● Acetate, hydrogen, and carbon dioxide are the
substrates mostly used by methanogenic bacteria. The
hydrolysis of the original substrate provides 24% of
these products, whereas the remaining 76% results
from further reactions occurring on other substrates
produced during the hydrolysis-acidogenesis phase
(propionate, butyrate, lactate, ethanol, methanol).
● The acetogenesis reactions are driven by the
transitional bacteria (OHPA and homoacetogens).
Acetate derives from both the hydrolysis of the original
substrate and the action of transitional bacteria, in
particular the OHPA ones.
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Acetogenesis
Hydrolytic bacteria can produce acetate also in the
presence of an excess of hydrogen produced by
themselves, the OHPA bacteria are able to
produce acetate only if H2 is removed. If a high
hydrogen concentration is reached in the liquid or
gas phase, it originates a feedback mechanism
that inhibits the OHPA bacteria with a consequent
accumulation of organic acids (propionic, butyric)
at the acetic acid expense.
The interaction between the H2-producing and H2utilising species is the “H2-transfer interspecies”.
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Role of PH2
● The reactions involving OHPA bacteria are
endoergonic, if the substrates and products are
in their standard state.
● The concentration in digesters differs from the
standard one.
● It has been shown that within a well defined
range of PH2 1.6x10-6 atm < PH2< 5.8x10-5 atm
the reactions are exoergonic. The H2 partial
pressure plays, thus, an important role in the
overall process.
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Acetate forming bacteria
Organism
Acetobacterium kivui
Acetobacterium wierinage
Acetobacterium woodii
Clostridium aceticum
Clostridium formicoaceticum
Clostridium thermoaceticum
Desulfobulbus propionicus
Eubacterium limosum
Peptostreptococcus products

Products
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Propionate
Acetate, butyrate
Acetate, succinate
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[Fe-Fe]H2ases from Clostridium pasteurianum
SH
CH
H2N CH2COOH

Fe3+ + 1e-  Fe2+
1/2H2  H+ + e-

IR and EPR have shown the existence of 4 different forms
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The active centre
● Two S=1/2, EPR-active states have been identified,
designated as Hox (g=2.06) and Hox (g=2.10).
● Two EPR-silent states namely Hox,s and Hred have
been identified using IR, the Hox,s form corresponds to
a over-oxidized species, which is not active catalyst for
H+ reduction or H2 oxidation. The Hox,s form may be reactivated by either electrochemical reduction or by
using a reducing agent.

Confidential

The e- transfer
● The active site can undergo a “one-electron” reduction:
the electron is initially localized on the [Fe4S4] moiety,
generating a species designated as Hox (g=2.06). The
transfer of the electron from such site to the [FeFe]
cluster is performed through a conformational change
of the protein superstructure species is designated as
Hox (g=2.10). The second one-electron reduction
follows yielding a species designated as Hred.
● Models of the active site of [FeFe]H2ase have been built
by using small molecules
● [FeFe]H2ase are active in H2 formation and consumption
Confidential

[Fe-Ni]H2ases
S
Cys

S

Fe

Fe

S
Fe

S
Fe
Cys

S

S

S

Cys
Cys

S

[Ni-X-Fe](SγCys)4(CY)2(SO)
X=OH- or HO2- O2-; Y=O or N

A heterodimeric unit formed by four subunits,
three of which are small [Fe] and one contains the bimetallic
active centre consisting of a dimeric cluster formed by a
six coordinated Fe linked to a pentacoordinated Ni(III)
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[Fe-Ni]H2ases
● Fe and Ni are linked through two cysteine-S and a third
ligand whose nature changes with the oxidation state of
the metals: in the reduced state it is an hydride H-, while
in the oxidized state it may be either an oxo, O2- or a
sulphide, S2-.
● It has also been shown that in some microorganisms
such as Desulfomicrobium baculatum a S-cysteine has
been replaced by a Se-cysteine giving place to a
trinuclear [FeNiSe] hydrogenase.
● Ni(III)/Ni(II)/Ni(I)/Ni(0) system has been proposed
● Fe-Niases are more active in H2-consumption
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[Fe-Mo]N2ases

Active in N2 reduction to NH3 and incidentally in proton
reduction. A hydride H- linked to Mo has been detected
recently.
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Reactions involved in methanogenesis
● i) 4 H2 + CO2 → CH4 + 2 H2
● ii) 4 HCOOH → CH4 + 3 CO2 + 2 H2O
● iii) CH3COOH → CH4 + CO2
● iv) C2H5COOH + 2 H2O → CH4 + 2 CO2 + 2 H2
● v) C3H7COOH + 2 H2O → 2 CH4 + 2 CO2 + 2 H2
● vi) C4H9COOH + 4 H2O → 2 CH4 + 3 CO2 + 5 H2

Differences in biogas real composition depend
on the process control and the capacity to
optimize the various steps.
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Barker’s scheme for methanogenesis, 1956
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CO2 + 8”H”  CH4 + 2H2O

Methanogenesis
H
H4 Folate CH3

Co

CO
Ni Fe4S4

H3CCONi Fe4S4
O

CH3

CH3CSCoA

CO2

THF
cycle

Co
H4 Folate H

O

CODH
Cycle
CH3

HSCoA
Ni Fe4S4H

CONi Fe4S4H
Nireductase

CO2

H2O

Ni-CO
2H+ + 2e-
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CH3COH

How the Methyl group is built from CO2?
+ H2O
NH2

+

“CH2O”
“HCOO-”
“CO2”

N=CH2
H-H

B12Co-H

B12Co-CH3

NHCH3
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What a life!!!
I have to live on
CO!!!
Do
You???
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Carbon monoxide dehydrogenase (CODH)
CODH from Clostridium thermoaceticum
3 3

2 Ni
11-14 Fe
14 inorganic sulfides
1-3 Zn

Center

Metal system

Catalytic activity

A

Ni/Fe-S cluster

Synthesis of the
acetyl-moiety

B

[4Fe-4S]2+/1+

Electron transfer

C

Unknown
(Ni?, Fe?)

Reversible CO2
reduction to CO
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Anaerobic fermentation of residual fresh biomass
Hydrolysis: Monomeric
compounds such as
monosaccarides, aminoacids,
FA, etc.

Reactor
Gasmeter

A

Acidogenesis: through
dehydrogenation of substrates
with formation of acetic acid
and H2 or hydrogenation
with formation of acetic acid.
Methanogenesis: CH4
formation through
hydrogenation of CO2 or
decarboxylation of acetate
Aresta et al., 2002

Connection
to the
thermostat
Stirrer
1 mL of NiCl2 . 6 H2O solution 1 mol L-1;
1 mL of CoCl2 . 6 H2O solution 1 mol L-1;
1 mL of FeCl2 . 4 H2O solution 1 mol L-1
Confidential

Too
Much

Work Here!
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Metals and enzymes involved in the methanation process
Metal

Enzyme

Role

Ni

CH3-S-CoM methyl
reductase

Reduction of CO2 to CH3/CH4

Carbon monoxide
dehydrogenase (CODH)

Hydrogenases
Fe
Carbon monoxide
dehydrogenase (CODH)

Co

a. Reversible reduction of CO2 to CO
b. Coupling of CO with the methyl group to afford
the -COCH3 group
c. Transfer of the acetyl group to CoAS- to afford
CoAS-COCH3
H2 uptake
a. Reversible reduction of CO2 to CO
b. Coupling of CO with the methyl group to afford
the -COCH3 group (proposed but not verified)
c. Transfer of the acetyl group to CoAS- to afford
CoAS-COCH3 (proposed but not verified)

Hydrogenases

H2 uptake or evolution

Cobalamine

Transfer of methyl groups
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Methanogenesis and role of Fe and Ni
on the H2 production

0,2

0,2

0,15

0,15

Fe and
feed added

%

0,25

%

0,25

0,1

0,1

Ni and
feed added

0,05

0,05

0

0
0

2

4

6

8

10

12

0

2

Time (h)

4

6

8

10

12

Time (h)

% of H2 in the control system

% of H2 in the control system

% of H2 in the reactor

% of H2 in the reactor

Ni

Fe
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Methanogenesis and role of Fe, Ni, Co
on the CH4 production
5

Fe
Fe and feed
added

Effect of the
addition of Fe

3
2

New fe ed added

1
0
10
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25

30

5
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10

15

20

Time (days)

Co

4

CH4/CO2 in the reactor

Start of the
amplification

0

35

Ni

2

0

Time (days)

CH4/CO2 in the control system

Addition
of feed

3

New
feed added

Ni and
feed added

1

Start of the
amplification

CH4 /CO 2

CH4 /CO2

4

Effect of the
addition of Ni

4

Maxium of the
amplification
CH4 /CO2

5
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amplification

Co and feed
added
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amplification
Effect of the
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3
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0
10

15

20
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The End!!!
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Thanks for your attention!
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Acetic acid synthesis mimicking
acetogenic and methanogenic
enzymes

C
Fe

Fe
Fe

2+

Fe

S

Ni

CO

+

CH3

III

CODH mediated synthesis of CO from CO2

S

S

O

S

Fe
S

CH3 carrier

+

Ni

S

+

I

Enzymatic Process

C
Fe

Fe

1/2

O 2+

Ni

O

H3C C

S
FeII

[M] + CO2 + 2[H+ + e-]  M-CO + H2O

Ni II
S

2+

C CH3
Fe
S

or

[M] = Ni (Fe might be involved)

Ni

S

ACoS

Ni
O
C CH3

CODH mediated synthesis of the acetyl-moiety

O 2+ ACoS
H3C C

Corrin-CH3 + Ni-Fe(CO)  Corrin + (CH3)Ni-Fe(CO)

FeII

(CH3)Ni-Fe(CO)  Ni-Fe-C(O)CH3

+

S
Fe

Ragsdale

(CO) Ni-Fe (CO)(CH3)Ni-Fe

CH3

Aresta

CH3C(O)-Ni-Fe + CoAS-  Ni-Fe + CoAS-C(O)CH3
If Ni is eliminated from CODH no reaction takes place!!!

Fe

III

(CH3)(CO)Ni-Fe  H3C(O)CNi-Fe

Ni II

S

Ni

S

+

Ni

CO

II

Ni-Fe-C(O)CH3  CH3(O)C-Ni-Fe

ACoS

+

CO
Fe

S

Ni CO

CH3 carrier
Ragsdale et al., Chem. Rev., 96, 1996, 2515
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Aresta M. et al. Rev. Mol. Biotech.,
90, 2002, 113-128
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Fe

Fe
Fe

Fe

The Biological “Monsanto” Process

S Ni

S
O
C
Fe

CH3 carrier

I
CO
Rh
I
CO

+

Ragsdale et al., Chem. Rev.,
Ni

S

CO

96, 2515, 1996

O
C
Fe

+

CH3

III

Ni

S

+

I

Fe
O 2+

H3C C
FeII

Ni

- H2O
CH3I

C CH3

Ni II
S

S

Fe
S

or

2+

ACoS

Ni

I
I

O
C CH3
ACoS

O 2+ ACoS

Ni II

CH3
III

Fe

S

Ni

S

+

CH3 carrier

S

O
CH3

C
OH
O

CO

CH3

C
+ HI

CO
Ni CO

I

CH3
CO
I
CO
Rh
I
CO
I

Ni

+

Fe

CO

CH3
CO
Rh
CO
I

C CH3

+

Fe

I

O

H2O or
CH3OH

S

Rh

CO

I

H3C C
FeII

CH3OH + HI

O

II

S

2+

S

Aresta M. et al. Rev. Mol.
Biotech., 90, 2002, 113-128

CH3
I
I
CO

Rh
I

CO
CO

OCH3

Monsanto Process
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