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Program

June 6: Lectures in the morning:
1. From Thermodynamics to microbial Lifestyles.

2. Thermodynamic Concepts applied to the Study of metabolic Interactions.

June 6 and 7: Exercises in the Evening:
Predicting Processes in microbial Ecosystems.

June 8: Sulfur Lecture in the morning:
Microbial Diversity in biogeochemically-driven Sulfur Cycling
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Contents

Part 1
* Introduction to Bio-Thermodynamics
« The concept of “free energy”

« “Standard free energy” vs. “actual free energy”

Part 2
« Calculating “free energy” from electrochemical potential energy
+ Summary of terms, relations and abbreviations

* Examples using Thermodyn
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From Bio-Thermodynamics to Bio-Energetics

Bio-Thermodynamics Bio-Energetics

Application of physico-chemical principles What cells need to grow.
to biological and biogeochemical processes
Through which mechanisms do cells

How are (redox) reactions formulated? convert food energy?

What is energetically possible? What are structural prerequisites?

How is available energy calculated? What are the biochemical (enzymatic)
processes?

How are diverse life styles defined

energetically? How do cells couple electron transport
to ATP synthesis?

What is the predictive power of Bio-

Thermodynamics? (applications) How did cellular energy metabolism
evolve?
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From Bio-Thermodynamics to Bio-Energetics

AGr

How to best introduce thermodynamics.

« Start with Gf° and calculate AGr° and Keq

* Introduce Q and define non-equilibrium conditions

» Calculate AGr as deviation from AGr°®

» Consider half-reactions

» Calculate the potential of electrons in half-reactions (Eh) from AGr
» Combine electron donating and electron accepting half-reactions

Bio-Thermodynamics can unify microbial diversity with a set of basic physico-

chemical principles.

What are the unifying concepts for all life?

1. Thermodynamic rules

2. Directions of redox and acid-base reactions

3. Bioconversion of energy through electron transport and proton translocation
(chemiosmotic gradients) to high-energy molecular bonds and cellular functions

1 + 2 + 3 define the basics of metabolic chemistry, cellular physiology.

Metabolic diversity lies in the kind and variations of electron transport components,
enzymes, pathways, energy storage mechanisms, adaptation to trophic structure of
habitats

l.' v+t 5

swiss

Objectives

The colonization of habitats, community composition and community dynamics depend
on ...

the stoichiometry of biomass formation and the presence and availability of the
necessary chemical elements in the form of nutrients

the efficiency of the biochemical energy yield from dissimilation reactions and its
coupling to biomass formation (growth)

the kinetics of growth
the environmental conditions which promote or hinder growth reactions

the presence and dominance of other organisms

The functioning of energy fluxes is dictated by thermodynamic laws

Biological energy conversion takes place via electron and/or proton transfer reactions

In this lecture we would like to address some basic thermodynamic approaches, apply
them towards the understanding of microbial life styles and for the formulation and
evaluation of geo-chemo-biological processes
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Learning Objectives

Construct balanced redox reactions from half-cell reactions.
Predict energy yields from redox reactions.

Determine whether a redox reaction is spontaneous or non-spontaneous.
Convert between various energy units.

Identify types of metabolisms based on redox chemistry.

HEl 2 7

Contents

* Introduction to Bio-Thermodynamics

el 8




Bioenergetic Principles for Metabolism
Different ways of "how to make a living" emerge from ...

» the kinds and presence of reductants and oxidants
+ the energy conversion mechanisms employed
» the actual conditions under which metabolic processes take place

+ the biochemical machinery and cellular architecture involved in energy conversion

* Free energy is due to chemical (redox) disequilibria
» Metabolism is basically redox (e transfer) chemistry
« Thermodynamics quantifies reaction energetics

* Enzymes determine kinetics by catalyzing electron transport, proton
transfer and bond synthase reactions.

» Localization of enzymes, e.g. arrangements within the topology of
membranes is directing electron flow and
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Growth Efficiency (GE) of Microorganisms

Microbial respiration / fermentation (substrate oxidized to gain energy)
-> Dissimilation (Sg;,)
H,O

Carbon Dioxide (CO,)

<HCHO> 4 .
POM,DOM GE = Biomass formed  _ Bm
Substrate (S) Substrate utilized Saes + Syies

Nutrients Biomass formed (Bm)

Microbial biomass formation (substrate incorporated into biomass, >
Assimilation (S,,)
measured, e.g. by incorporation of 3H-leucine
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Synthesis of “new” cells requires mass, energy and a “template”

Educts / Substrates - — — — — — — - » Metabolic products
Corg, HZO, NO3_, 8042_, HPO42' HZO,CH4,COZ

<0

assimilation

Assimilation
Cell mass

Bio-polymers: proteins, lipids,
carbohydrates, nucleic acids,
etc.
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Prerequisits for microbial existence
e.g. Growth = formation of biomass

Assimilation requires: Dissimilation requires:

* mass: nutrients * mass: oxidizable compounds

» template”: inoculum » chemical oxidant

* energy: since AGris >0 * release of energy, AGr must be <0

+ catalytic converters: enzymes * energy converter: membranes, enzymes
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Biomass Yield from

Stoichiometry

(e.g. Sporomusa termitida, an anaerobic, hydrogenotrophic acetogen, present
in the hindgut of the termite Nasutitermes nigriceps). What are its energy,
carbon and nitrogen sources ?

Assimilation
5HCO; +10H, + 1 NH, +4 H*

y. n.

-

(CH,0,N,) + 13 H,0
(MW 113)

formal

biomass unit

Is S.termitida

Dissimilation
y*[2HCO; +4 H, + H']

n n |
~
-«

l

y * [CH,COO + 4 H,0]

+ a chemotrophic or a phototrophic organism ?
+ a lithotroph or an organotroph ?
* a heterotroph or an autotroph ?
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Wood
polysaccharides
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Anaeobic Hindgut Microbiology in Termites

fermented by protozoan
and insect enzymes

— H,+C0, ——

Emitted to
— atmosphere

—> Methane —

Methanogenic
Archaea

CO,-reducing
homoacetogens

—— Acetate —

Acetogens:

Firmicutes;

—— Acetate

but also Spirochaetes

Treponema azotonutricum ZAS-9
Treponema primitida ZAS-1, ZAS-2
Express Wood-Ljungdahl pathway of acetogenesis
And delta Proteobacteria
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by insect

Adsorbed by
termite for
oxidation and
biosynthesis

Acetonema longum and other spore-forming




Assimilation - Dissimilation / Anabolism - Catabolism

Assimilation: A Gr > 0, Anabolism

+ mass : nutrients consumption
+ ,template: inoculum 3 of energy for
+energy "~" +«— Bm formation

Assimilation includes the uptake into the cell, the conversion into monomers and
the assembly of growth components into bio-molecules

Dissimilation: A Gr < 0, Catabolism

+ mass : oxidizable release of
+ oxidant AR —
+ catalytic converter oxidation energy
Dissimilation is .......
w@®
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Synthesis, Death and Degradation of Cell Mass

Mixture of substrate molecules
containing C, H, O, N, P, S, etc. atoms
e.g. CO,, H,0, NO;, SO,%, HPO,*
high entropy

Degradation, Catabolism
Dissimilation of
biomacromolecules

Biosynthesis, Anabolism
Assimilation of
nutrient molecules

Living cells Dead cells

* Biomass whose molecules consist * Biomass whose molecules
of stoichiometric ratios of C, H, O, consist of stoichiometric ratios of
N, P, S, etc. atoms in proteins, »» C,H,O,N,P S, etc. atoms in
lipids, carbohydrates, nucleic biomacromolecules
acids, etc.

* low entropy * low entropy
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Elemental Analysis of Chromatium okenii Cell Biomass
(DelDon biomass for phototrophic bacteria in Lago Cadagno)

Dead cells

Biomass whose molecules consist
of stoichiometric ratios of
C,H,O,N,P, S, etc. atoms

in biomacromolecules

Elemental analyses

C:H:O:N:P:S=380:580:153:67:3:2.5

Oxidation states of atoms in biomass molecules
S:-l, P: +V, N:-lll, O: -ll, H: 41, C_,cuiated average- - 0.225
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Elemental Composition of Biomass

Stoichiometric ratio of chemical elements which are present in the organic portion
of biomass. Example: Organic components of bacterial biomass (P XlI / 3)

C:H:O:N:P:S=380:580:153:67:3:2.5

The 5 elements account for 86.7 % (w/w) of the biomass dry weight.

The composition includes cell mass without storage polymers which can vary depending of
the growth status of a cell (e.g. Glycogen granules and sulfur droplets are not included in
the stoichiometric ratio)
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Photosynthetic sulfido-autotrophic Formation of Biomass (Assimilation)

380n CO, + 67n NH,* + 3n HPO,2 + 804n HS" + 743n H* + nM

<Csg0 Hsgo O153 Ng7 P3 S5 M>, + 801.5 S, + 619n H,0

How are the atoms of the substrates altered during assimilation ?
How can the average formal oxidation state of the carbon in biomass be

calculated and what value does it have ?
3. Why does the organism need the large amounts of sulfide sulfur if only very

little is assimilated into biomass ?

N —

See also P XII/3

19
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Overview about Life Styles: All Organisms are Chemotrophs

Process Source of Source of
electrons carbon
auto
litho _trophy
hetero
chemo
auto
organo -trophy
hetero

Chemotrophy: ability to transform energy released through redox processes into
biochemically useable energy, e.g. chemiosmotic potentials, reversed electron

transport, motility, energy-rich bonds (e.g. phosphoanhydride), a.o.
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Overview about Life Styles: Some Organisms are ALSO Phototrophs

Process

photo

chemo

Source of Source of
electrons carbon
auto
litho
hetero
auto
organo
hetero

-trophy

-trophy

Phototrophy: ability to transform radiation energy (photon energy) into redox energy
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Overview about Life Styles: Carbon Autotrophy

Process Source of Source of
electrons carbon
auto
litho _trophy
hetero
photo chemo
auto
organo -trophy
hetero
3l.' v+t 23

Overview about Life Styles: Is there Nitrogen Autotrophy?

Process Source of Source of
electrons nitrogen
auto
litho _trophy
hetero
photo chemo
auto
organo -trophy
hetero
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Overview about Life Styles: Is there Sulfur Autotrophy?

Process Source of Source of
electrons sulfur
auto
litho _trophy
hetero
photo chemo
auto
organo -trophy
hetero
S-rd %
Life Styles of Microorganisms: Summary
energy- electron- carbon- choice of
conversion donor- donor- oxidants
mechanism source source (exogenous)
chemo- litho- auto- 0,
-trophic I':‘AOS NO;
organo- tero- NWyis)
g hetero MnO('OH),;S,
photo- litho- auto- SO/, 8%,
-trophic ';e(oczg)ﬁ.;s;.
- . e )njs)
organo hetero co,
H+
org. comp.

swiss
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Life style concepts

Free energy is due to chemical (redox) disequilibria
Metabolism is basically redox (e- transfer) biochemistry
Thermodynamics quantifies reaction energetics

Enzymes determine kinetics by catalyzing electron transport, proton transfer

and bond synthase reactions.
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Bioenergetic Life Style Models - 1

Think “Stinky” and find answers to following steps (model building, Lee Kump, 130703)

1. Define the physico-chemical picture (sketch the situation conceptually)

2. Define the physical-chemical-biological processes and laws that underlie them and the
boundaries of the model

3. Define and write down the (mathematical) biochemical laws and relationships that apply
4. Define the restrictive assumptions

5. Perform balances e.g. according to the laws of conservation (mass balance, electron
balance, charge balance, energy balance)

6. Check units and make sure they are at the same level
7. Define the initial and the boundary conditions and the time steps of iteration

8. Solve the system of equations mathematically
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Bioenergetic Life Style Models - 2

Think “Stinky” and find answers to following steps (model building, Lee Kump, 130703)

1.

8.

Define the physico-chemical picture (sketch the situation conceptually) of the system of
interest - lateral gradients due to advective flow is a system determinant

Select the physical-chemical-biological processes / laws that define the system and the
boundaries of the model - biochemical reactions obeying the laws of thermodynamics

Define and write down the (mathematical) biochemical laws and relationships that apply >
stoichiometric process / reaction equations according to the rules of redox states (> Alex)

Define the restrictive assumptions - dissimilation only or including assimilation as well ?

Perform balances according to the laws of conservation - electron balance, charge
balance, mass balance = conservation stoichiometry

Check units and make sure they are at the same level - all in mole mass / equal volume

Define the initial and the boundary conditions and the time steps of iteration > lowest and
highest concentrations / activities (accounts for interactions between molecules)

Solve the system of equations mathematically > That's what Thermodyn is doing for us

et g

Remember: Redox Reactions

Oxidation: loss of electrons.
half-reaction with e- on the right of the reaction equation
Oxidant: electron acceptor

Arsenic-oxidation: As(lll+) > As(V+)+2 e

Reduction: gain of electrons.
half-reaction with e~ on the left of the reaction equation
Reductant: electron donor

Denitrification: NO, +5e +6H*> /,N,+ 3H,0

(4% 4 o




Kluyver‘s global Concept of Metabolism: Redox Reactions

energy
H,A + B L» HB  + A
e - e - reduced oxidized
donor acceptor e - acceptor e - donor
energy
2H,A + CO, <HCHO> + 2A + H.,0O
e - e - yJreduced Loxidized
donor acceptor e - acceptor” e - donor*
Ared + Box Cred + Dox

Diversity today:
kind of reductants / oxidants: H,S, S°, S,04%, H,, Fe 2+, organic compounds, CO, SO,?,0, etc.
kind of electron transport coenzymes: Bpheo, FeS , Fd, UQ, PC, Cyt, NAD(P)*, etc.
topology and architecture of the chemiosmotic membrane

biochemical CO,-fixation mechanism, catabolic and anabolic metabolic pathways
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Redox Concept applied to dissimilative Respiration

2 CH,CHOHCOO" + SO,% + HY ——— 2 CH,COO" + 2 CO, + HS" + 2 H,0

energy
HA + B L» HB  + A
e - e - reduced oxidized
donor acceptor e - acceptor e - donor
Ared + Box Bred + on
Diversity:

+ kind of oxidants: O, , SO, , S°, S,0,%, H*, Fe3*, NO;", CO, etc.

+ kind of transport coenzymes which direct electron flow to the final acceptor: NAD+,
FAD, FeS, Fd, UQ, PC, Cyt, etc.

+ topology and architecture of the membrane which allows to create and maintain a
chemiosmotic potential difference
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Diversity during Mineralization (Chemotrophs)

t biomass + oxidant —» CO, + other

(oxidized) products

(HCHO) + 0, — Co,
Cre(l + Dox . Box
Diversity:
e-donors + e"-acceptors —p
organic 0, 8
inorganic NO, 0
NO; g2
N,O = 9
NO 22
N2 -9 g
[22]
Fe (lll+) 50
Mn (IV+) = ©
SO, ST
S° > 8
$,0,* 2
s0,* 2
co, °
@
i 34 3

+

+

+

reduced
oxidant

H,0
A

red

reduced oxidant

H,0
NO,

N,0

NO

N,

NH,'

Fe (Il+)

Mn (ll1+/11+)
HS'

S,0.%
SO

SO

CH,

Van Niel‘s unifying Concept of Photosynthesis as a Redox Process

(van Niel, 1930)

How can all photosynthesis processes be represented as a common concept ?
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2H,0 + CO, 7. <HCHO> +

O, +H,0
Redox concept of assimilative C-autotrophy
2H,A + CO, —L <HCHO> + 2A +H,0
e-donor e-acceptor ,reduced ,oxidized
e-acceptor e-donor*
Ared + Box Cred + Dox
Diversity

kind of reductants: H,0, H,S, S°, $,0,%, H,, Cyg req.
kind and number of photosystems: PS |, PS |l
kind of light harvesting pigments: Chl, Carotenoids, Biliproteins

kind of electron transport coenzymes: Bpheo, FeS , Fd, UQ, PC, Cyt,

topology and architecture of phototrophic membranes
biochemical CO,-fixation pathways
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Things to think about

What distinguishes a purely chemotrophic life style from a phototrophic life style?

What are autotrophic life styles?

Karsten used the term “electrotrophic” life style. What does this term mean?

Hid 34 3
Sequence of energetically driven Events in Oxidant-limited Sediments
€92 1,0 H,s 50 NH,* P
2
0, S° SO, NO,; NOy 2
pBm, POM, DOM
3 2V Hzo-... Fpren cRca o ntory unal W pRavand
,_:~:-:_. \),,-: 'I‘jl'Ci,nDlN, . T R
sBm, POM,DOM * . - =~ " | .
: NO, :
N, S
p DICDIN, st
sBm, POM, DOM ERAS E
Mn@v) L
T\ Magn, S
DIC DN, e
sBm, POM, DOM - .. . .
_ Fe(+Ill) o
. . Fe(+l) .. -
1¢.—‘ DICDIN, s -
sBm, POM, DOM . 8 S 3
: : . ®
DIC DN, -)
sBm . .
N — T —
Hy ) . .
: COZ_F CH
1 J
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Oxidation States of Atoms in Molecules are defined employing Pauling’s*

Examples

H

2.2

Na Mg
093 1.31

K Ca
082 10

B

Al

1.61

C
204 255 304 344 398
Si
19 219 258 3.16

Electronegativity Scale

ELECTRONEGATIVITY TREND

N ) F

P S Cl

From www.arbuiso.com/diary/trendsdiary.pdf

As Se Br
218 255 296

* Pauling, Linus, 1932. THE NATURE OF THE CHEMICAL BOND. IV. THE ENERGY OF SINGLE BONDS AND THE RELATIVE

ELECTRONEGATIVITY OF ATOMS. Journal of the American Chemical Society, 54, 3570-3582

19 3
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Oxidation States of Atoms in Molecules are defined employing Pauling’s

Group (vertical)
Perlod (horizontal)

1

2

6

4

Lanthanokis

Actinoids

1

Li
0.98
Na
0.83
K
0.82
Rb
0.82
Cs
0.79
Fr
0.7

=+ Atomic radius

2

Be
1.57

Mg
1.31
Ca
1.00
Sr
0.95
Ba
0.89
Ra
038

La
i

Ac
1.1

3

1.36

1.22

1.12

13

Electronegativity Scale

= energy ~El ity o
4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
T v
154 163
zZr Nb
1.33 1.6
Hf Ta
13 15 1 82
Rt Db Uus  Uuo
Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu
1437 Rit14 15180 RTETT 1.2 1.2 1.1 1.22 1.23 1.24 1.25 1.1 1.27
Pa U Np Pu Am Cm Bk ct Es Fm Md No Lr
15 138 136 128 1.13 128 13 13 1.3 13 1.3 13 1.3

Periodic table of electronegativity using the Pauling scale

Electronegativity applied to organic molecules:
http://www.chemguide.co.uk/basicorg/bonding/eneg.html#to

More about Electronegativity
http://www.chemguide.co.uk/atoms/bonding/electroneg.html
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Exercise: Determine Oxidation State of Atoms in Molecules
Carbon atoms and most bonds to hydrogen atoms are omitted in the structural formulas
see special slide series on Redox Concepts

Proline: Cz;HgNO, Xanthine: CzH,N,O,
0
H
/0\,,_H Hey N
,. JUN,
| ey i
H 0 |
H
Hydroxyproline: C;HyNO4 Adenine: CgHsN;
. ’ H\N/,H
: ,H
H ~0 N \ N>
‘%"b’ n \\N/ N
'§?’l’+‘]’ 39
Contents

« The concept of “free energy”
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Prerequisites for Bio-Thermodynamics

How are oxidation states of atoms in molecules defined?

How do we balance redox reactions?

How do we define molecular species of substrates and products?
How is the “energy content” of a molecule defined?

How do we calculate the free energy of a reaction?

What is the difference between free energy of a reaction under standard conditions
and under actual conditions?

How does Thermodyn calculate free energies of metabolic reactions?
How can we study coupled reactions with Thermodyn?

What are half-reactions?

How are electron potentials defined?
How do we construct “redox towers”™?
How do we construct stability diagrams?

-e “
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Objectives

The colonization of habitats, community composition and community dynamics depend
on ...

the stoichiometry of biomass formation and the presence and availability of the
necessary chemical elements in the form of nutrients

the efficiency of the biochemical energy yield from dissimilation reactions and its
coupling to biomass formation (growth)

the kinetics of growth
the environmental conditions which promote or hinder growth reactions

the presence and dominance of other organisms

The functioning of energy fluxes is dictated by thermodynamic laws

Biological energy conversion takes place via electron and/or proton transfer reactions

In this lecture we would like to address some basic thermodynamic approaches, apply
them towards the understanding of microbial life styles and for the formulation and
evaluation of geo-chemo-biological processes

3l.' %4 2




Fermentation of Ethanol to Methane: “Methanobacillus omelianskii” Problem
Ethanol fermentation to methane is carried out by a co-culture

2 CH,CH,OH + HCO; > 2 CH,COO + H* +CH, +H,0
AGr®,s = -59.94 [kJ mol] AGr® o = ; J mol]

Single cultures:

Organism 1: Stain S (ethanolotrophic, hydrogenic, acetogenic fermenter
2 CH,CH,OH + 2H,0 > 2CH;CO0O + 2H* +4H,

AGr®,s. = + 169.28 [kJ mol] AGr? g = : J mol]
Organism 2: Strain MoH (hydrogenotrophic methanogen)

4H,+HCO; +H* > CH, + 3H,0

AGr°,s. = -229.22 [kJ mol-] AGr® o = : J mol]

AGr°,s = Free Gibbs energy of the reaction under standard conditions of all reactants
AGre,s(0rg1) + AGr°,5(0rg2) = AGr°,s.(Coculture) = + 169.28 - 229.22 = - 59.94 [kd mol-']

AGr®,5. = Free Gibbs energy of the reaction under standard conditions of all reactants, except
for protons, which are assumed to have an activity of 107 (pH 7). Do NOT use !!

@
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“Methanobacillus omelianskii” with Thermodyn®

Reaction 1:
Organism 1: Stain S (ethanolotrophic, hydrogenic, acetogenic fermenter
2 CH,CH,OH,, + 2H,0, & 2CH,CO0, + 2H*,, +4H,,,

Reaction 2:
Organism 2: Strain MoH (hydrogenotrophic methanogen)
4 H,,q+ HCOg,q + HY,y 2 CHypq + 3 HY0

Reaction 3 = Reaction 1 + Reaction 2
2 CH3CH20Haq + HCO3'aq ->2 CH3COO'aq + H+aq + CH, aq T H,0,

Boundary conditions for calculation

Activities [mol equivalent / L]: Conditions:

CH;CH,0OH,, 102 T 15°C
CH;COO, 104 H,0, 1.00
HCOy 5x103 Haq (PH7.5) 1075
CH, g 2x103

Hj aq 1012<v<1

3 t-r:t “



“Methanobacillus omelianskii” with Thermodyn®

T R Organism 1: Stain S
Yo e 2 oo (ethanolotrophic, hydrogenic,
I T L & v acetogenic fermenter

2 s 4 H2 aq v . . n

2 s 1 H??S(-) aq 5.00E-03 Organism 2: Stra_ln MoH
2 s 1 H(+ aq 3.16E-08

— o —To - AL (hydrogenotrophic

2 p 3 H20 | 1.00E+00 methanogen)

O T arrisvis 2 S Coculture of Organism 1
3 p 2 CH3COO() aq 1.00E-04 (Stain S) + Organism 2
3 1 H(+) 3.16E-08 .

s a1 o 2 2.00E-03 (Strain MoH)

3 p 1 H20 1.00E+00

-
Conditions

3063 29.66 169280  159.620 g X 750  3.162E-08
41.62 -40.16 229220 -239.920 ! | 750  3.162E-08
10.99 1050 -59.940  -80.300 x| 750  3.162E-08

Standard values

«®
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Individual Cultures of “Methanobacillus omelianskii” with Thermodyn®

Organism 2: Strain MoH
4 H;,q+ HCOgyq + H'q > CH, g + 3H0,
100.00

Plot 1: AGr as log of H,

- 50.00

-14 -13 -12 11 -10 -9

L 0.00
- -50.00

- -100.00

AGr kJ/mol reaction

L -150.00

>
- -200.00

L 250.00

Organism 1: Stain S
2 CH;CH,OH,, + 2H,0; > 2CH,CO0, + 2H*,, +4H,,,
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swiss




Coculture of “Methanobacillus omelianskii” with Thermodyn®

Plot 2: AGr as log of Ethanol

AGr kJ/mol reaction

swiss
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-14 -13 -12

41 10 -9 -8

7 6 5 -4 3 2 A

0.00

-20.00

-40.00

-60.00

-80.00

-100.00

-120.00

-140.00

-160.00
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AGr° for “Methanobacillus omelianskii” as a function of pH at 25°C and 100°C

< . o
L .| =|5% 2 i 5
89| 5 (88| Enterformuia z rse':::::'s Activity |8 Note Compound
o »O S
3 >
1 s 2 C2H50H aq 1.00E+00 Ethanol
1 s 2 H20 | 1.00E+00 Water
1 p 2 CH3C00(-) aq 1.00E+00 Acetate
1 p 2 H(+) aq v hydrated H+ Proton
1 p 4 H2 aq 1.00E+00 Hydrogen
2 s 4 H2 aq 1.00E+00 Hydrogen
2 s 1 HCO3(-) aq 1.00E+00 Bicarbonate
2 s 1 H(+) aq v hydrated H+ Proton
2 p 1 CH4 aq 1.00E+00 Methane
2 p 3 H20 | 1.00E+00 Water
3 s 2 C2H50H aq 1.00E+00 Ethanol
3 s 1 HCO3(-) aq 1.00E+00 Bicarbonate
3 p 2 CH3C00(-) aq 1.00E+00 Acetate
3 p 1 H(+) aq v hydrated H+ Proton
3 p 1 CH4 aq 1.00E+00 Methane
3 p 1 H20 | 1.00E+00 Water
Red and green fields depict the
approximate range within which the
calculations are valid, i.e. where the
acidic species are deprotonated as
written
|Plot 1 Plot 2
Temp. (T1y (k) 20815 25  °C Temp.(T2) 37345 100  °C
(K) (K)
Mil iable: 1.00E-14 Ll 1.00E-14
in. variable: .00E- variable: .00E-
5 . Max.
Max. variable: 1.00E+00 variable: 1.00E+00
Log plot?: X Log plot?: X
pK(T1) pK(298) AGr°(298) AHr°(298) ASr® (298) AGr % pK(T2)
kJ/mol kJ/mol Jimol °K  uncertainty
Show reac1  x 29.66 29.66 169.280 159.620 -329  -0.09 24.04 Show reac1 b3
Show reac2  x -40.16 -40.16 -229.220 -239.920 -35.65 -0.03 -31.71 Show reac2  x
[Show reac3  x -10.50 -10.50 -59.940 -80.300 -68.55  0.13 -7.67 Showreac3  x

§ l.' (5 4

Plot 1: AGr as log of pH at 25°C

AGr kJ/mol reaction

Plot 2: AGr as log of pH at 100°C

AGr kJ/mol reaction

14-13-12-1
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Anaerobic Oxidation of Methane - Why are the AGr®’ values confusing

Table 2 AG® values for overall reactions using different electron

acceptors
Reaction AG® (kJ mol~! CH,)
: CH,; + SO~ - HCO;™ + HS™ + H,0 -31.4
: CH, 4+ 4NO;~ — CO, + 4NO,™ + 2H,0 ~519.9
. CH, + 4MnO, + 7TH" — HCO;™ +4Mn** 5116
+5H,0

: CH, + 8Fe(OH), + 15H" — HCO,™ + 8Fe? —1691.7

* 4 21H,0

Overall reactions from Knittel et al. [4]1], Haroon et al. [32], and
Beal et al. [6]. AG® values were calculated at pH 7, 25 °C, I value
of 0.25 M using the formula supplied by Alberty [1]. The AG* value
for the iron reduction reaction was calculated assuming that ferric
hydroxide dissociates into its respective ions

Calculate the chemical species that are actually participating in the reaction at pH 7
Formulate stoichiometries that are comparable

Assign physical states of reactants

Define actual conditions and correct for environmental variables that influence them

Methane oxidation by anaerobic archaea for conversion to liquid fuels. Thomas J. Mueller et al. 2015. J Industr. Microbiol. Biotechnol. 42:391-401

il." (5 4 “
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Anaerobic Oxidation of Methane - Corrected Equations for pH 7 / 25°C

CH, + 80, > H,CO; + HCO; + H,S + HS + H,0

CH, + 4NO; > H,CO, + HCO; + 4NO, + H,0

CH, + 4MnO, + 7H*> H,CO; + HCO; + Mn?* + H,0

CH, + 8Fe(OH); + 15 H*> H,CO, + HCO; + 8Fe? + H,0

Table 2 AG® values for overall reactions using different electron

acceptors
Reaction AG®' (kJ mol~! CHy)
: CH,; + SO, — HCO;™ + HS™ + H,0 -31.4
: CH, + 4NO;~ — CO, + 4NO,™ + 2H,0 ~519.9
CH, + 4MnO, + TH" — HCO,™ + 4Mn**  —511.6
+5H,0
CH, + 8Fe(OH); + 15H" — HCO;™ + 8Fe? —1691.7
* 4+ 21H,0

Overall reactinng from Knittel et al. [411. Haroon et al. [321 and
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How to read
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the following graphs

The reaction to be tested for energetic feasibility: 2 CO, + 4 H, > CH;COO- + H* + H,0

is presented in Thermodyn® in the
following manner

2 Jse o B AGr values in KiloJoule / mol (kJ/mol) are
82|a/2' S| special 8| calculated for chosen conditions for pH, T,
[ ~| = . .
@ “| T|® ©| Enter formula remarks| Activity [S| activities and range according to

1 s 2 CO2 aq 1.00E-03 _

CH,COO" |-[H"|-[H,0

1 s 4 H2 aq v AGr=AGr°+R-T-In[ ? ]2[ ]4[ 2 ]=AGr°+R-T-InQ

1 p 1 CH3COO- aq 1.00E-04 [co, ] [H,]

1 p 1 H+ aq 1.00E-08

1 p 2 H20 | 1.00E+00 orAGr=R-T-In-&

K

H, is the reductant whose activity can be

eq

varied

Temp. (K) 373.15 273.15
Min. variable: 1.00E-08 1.00E-08
1.00E+00 1.00E+00

Max. variable:

R gas constant

=8.31451-10-3[kJ - mo-'- K]
(concentration basis)

=82.057844 103 [atm |- mol-!- K]
(pressure basis)

and presented as a logarithmic graph of free energy
AGr as a function of the activity of the reductanto

50
Mductant (hydrogen, H,)
—0

o
o
~
&
L
&
)

kJ/mol reaction

For the reaction in the direction
as written
If AGr > 0 - reaction is endergonic

AGr, free energy of reaction

-200
If AGr < 0 - reaction is exergonic T=373.15K

l.' (4% 4
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Stoichiometric Balancing with Speciation of Oxidation Products

CH,CHOHCOO- + 4NO, + 5H* > 3CO, + 2N, + 5H,0

Most of the CO, dissolves in water and becomes H,CO,* and at pH 7.2 some of
the H,CO; dissociates into HCO;". H,CO3* = H,CO, (actual acid) + CO, (as
dissolved gas).

The above equation must thus be written as

CH,CHOHCOO + 4 NO, + (2+x) H* & x H,CO,* + (3-x) HCO, + 2 N, + 2 H,0

Find the value for x, if the reaction conditions are pH 7.2, T = 25°C and
ionic strength | = 1

@
HEd 5 4 %

Speciation of Oxidation Products

Determine the ratio of H,CO, / HCO;~ from the pK values of the carbonic acid /
bicarbonate / carbonate acid/base reactions and the actual pH according to

[H,CO;*] : [HCO4]: [CO4%] = 0gXCq:ayxCq:ayxCq
Oyt oy +0a,=1

where o, + o, + a0, =1 and
Cy=[H,CO;*] + [HCO3] + [CO4?]
C; = 3 in our example for the complete oxidation of lactate

d
an_ [H+]2 L K1[H+] o, - 2 K, K,
’ _[H+T+K1[H+J+K1*K2 | [H+T+K1[H+]+K1*K2 [H+] +K1[H+]+K1*K2

Ky is equilibrium value for H,CO,;* &> HCO5 + H* |, pK, 5. = 6.38
K, is equilibrium value for HCO;- €= COz% +H* , pK; s -1y= 10.32

Proton concentration in o, a,, a, can be replaced by [H+] = 101, since pH = -,,log[H+]

o - 102" o - K,-107" o = KK,
°A0TH LK, 10K K, T 10T 4K 10K K, C 107K 107 4K K

H l.' %4 54



Stoichiometry of Reaction Equation for desired pH

Calculated for the boundary conditions pH 7.2, T = 25°C and ionic strength | = 1

o, =0.133
a, = 0.866
a, < 0.001, neglected in calculation

[H,CO4*] = 0.399; calculate with x = 0.4
[HCO;] = 2.598; calculate with 3-x = 2.6
[CO;*] <0.003

And inserted into reaction equation
CH;CHOHCOO- + 4 NO, + (2+x) H* &> xH,CO;* + (3-x) HCO; + 2N, + 2H,0
yields

CH,CHOHCOO" +4 NO, +2.4H* - 0.4 H,CO,* +2.6 HCO, +2 N, + 2H,0

1 J
i-ed "

Summary: Complete Degradation of Lactate at pH 7.2 with different Oxidants

Nitrite and nitrate to dinitrogen oxide
CH,CHOHCOO- + 6 NO,” +44H* - 04H,CO;*+26HCO; +3N,0+3H,0

CH,CHOHCOO" + 3NO,” +1.4H* > 0.4 H,CO,* + 2.6 HCO, + 1.5 N,O + 1.5H,0

Nitrite and nitrate to elemental nitrogen
CH;CHOHCOO- +4 NO,” +24H* > 04H,CO;*+26HCO; +2N,+2H,0

CH,CHOHCOO" + 2.4 NO; +0.8 H* > 0.4 H,CO,* + 2.6 HCO, + 1.2 N, + 1.2 H,0

Nitrite and nitrate to ammonia
CH,CHOHCOO- +2NO,” +24H*+2H,0-> 04H,CO;*+26HCO; +2NH,*

CH,CHOHCOO" + 1.5 NO, + 1.4 H* + 1.5H,0 > 0.4 H,CO,* + 2.6 HCO,™ + 1.5 NH,*

H l.' %4 56



C / N Ratios: Complete Degradation of Lactate at pH 7.2 with different Oxidants

Nitrite and nitrate to dinitrogen oxide
CH;CHOHCOO- + 6 NO,» +4.4H* - 04H,CO;*+26HCO; +3N,0+3H,0
C/ Noxidant =0.5

CH,CHOHCOO" + 3NO,” +1.4H* > 0.4 H,CO,* + 2.6 HCO, + 1.5 N,O + 1.5H,0
C/N =1.0

oxidant —

Nitrite and nitrate to elemental nitrogen
CH;CHOHCOO" +4 NO,” +24H* 2 04H,CO*+2.6 HCO; +2N, +2H,0
C / N yigant = 0.75

CH,CHOHCOO" + 2.4 NO,” + 0.8 H* > 0.4 H,CO;* + 2.6 HCO, + 1.2 N, + 1.2 H,0
c/ Noxidant =1.25

Nitrite and nitrate to ammonia
CH,CHOHCOO- +2NO,” +24H*+2H,0-> 04H,CO;*+26HCO; +2NH,*
C / Noxidant = 15

CH,CHOHCOO + 1.5NO; + 1.4 H* + 1.5H,0 > 0.4 H,CO,* + 2.6 HCO, + 1.5 NH,*
C l Noxidant = 20

1 J
i-ed -

Results

The hypothesis for regulating one pathway over the other is

high carbon to nitrate or nitrite ratios (nitrate or nitrite (oxidant) limited conditions)
favor ammonia production.

This can be supported by the stoichiometries.

High nitrite to nitrate ratios are not necessarily different, provided the nitrate to nitrite
reduction step is not kinetically hindered.
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Thermodynamic Considerations

Try to show how the pathways differ with regard to potential energy yields.

Use Thermodyn !!

@
HEd 5 4 %

Thermodyn®
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Summary: Calculating Gibbs free energies

Write a balanced chemical reaction
Consider the phases of each species
Choose a temperature and pressure

Obtain Gf° at that temperature and pressure for each species (Standard free
energy of formation from the elements (Gf°).

Calculate AGr°

Calculate K, (equilibrium distribution)

Determine actual conditions under which the reaction takes place
Calculate actual AGr as AGr° + RT InQ

@
HEd 5 4 o

Contents

« “Standard free energy” vs. “actual free energy”
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Setting the Scene
What you once knew, but never thought that it could be important and helpful in
Microbial Ecology
Calculating half cell potentials using Nernst’ s equation and free Gibbs Energy Changes
Relations between AGr and E

AGr=-nFE AGr AG’+R-T-InQ

} AGe + RTInQ = - nFE E-

AGr = AG® + RTInQ nF- onF
AG® =-RTInK,, also AG° =-nFE° _ R TinKy,+R TInQ
AGr = - RTInK , + RTInQ -n-F
AGr= RTIn(Q/K,,) = 2.3026 R T1og(Q/K,,) E-R T 53026 logh
AGP = - RTINK,, = -2.3026 R TlogK,, n-F Q
AGT° e o

logK = — © K =10 23026RT )

9= 53006 R T’ " E-E° _%- 2.3026- logQ

AGrO = E Gfoproducts - E Gfosubstrates [kJ m0|_1:|

@
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(Gibbs) Free energy Change of Reaction under Equilibrium Conditions AGr°

aA + bB «<——> cC + dD

Equilibrium relation:
Difference of the sum of the free energies of formation of the products and the
free energies of formation of the educts (substrates)

AGI"O = E Gfoproducts - E Gfosubstrates [kJ m0|_1:|

or:
Difference of the enthalpy of the reaction and the temperature corrected entropy

of the reaction
AGr® = AHr® - T- ASr° [kJ moI‘*]
Free energy of reaction for standard state equilibrium conditions AGrO:

AGr® = -R-T-In Keq = -2.3026-R- T-logK,, =0 R gas constant
=8.31451-10-3 [kJ -mo"' K]

AGr° _aGr® (concentration basis)
logK_ = ———221 .k _qq 2302eRT =82.057844 - 10 [atm |- mol! - K-1]
& 2.3026-R- T e (pressure basis)

el o4



(Gibbs) Free Energy Change of Reaction for non-equilibrium Conditions AGr

aA + bB «<——> cC + dD

Non-equilibrium relation:
Ratio of the algebraic product of the activities of the products divided by the

algebraic product of the activities of the educts (substrates)

= {C}c'{D}d or 3" 2 or a-a%-a? a’or Ha_V‘
(o e O A aer Ll

{ } and a" denote activities; i reactant A, B, C, D; vi stoichiometric factors a, b, c, d

Free energy of reaction for non-equilibrium conditions AGr:
Deviation of free energy from a reference standard state AGr°

AGr =AGr’ +R- T-InQ

@
HEd 5 4 %

The three Key Relationships in ecological Thermodynamics

1. Equilibrium relation:
Difference of the sum of the free energies of formation of the products and the

free energies of formation of the educts (substrates)
AGrO = E Gfoproducts - E Gfosubstrates [kJ m0|_1:|

2. Free energy of reaction for standard state equilibrium conditions AGr?:

AGr’ = —R- T-In Keq =-2.3026-R- T- log Keq =0

AGr°

AGr° K 1 0_2.3026'R'T

10gK g =~ 5o —— 1 K, =
P9 e = To306 R T T

3. Free energy of reaction under actual conditions AGr:

AGr =AG° + RTInQ
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Summary: Non-equilibrium Thermodynamics applied to microbial Processes

aA+bB « ¢cC+dD

c d

o-[CT ]

a b
[A] [B]
AGr = AGr°+ RTInQ
AGr® =-RTInK_ = EGP(P) - EGf°(S)

AGr =RT In g
Keq
g, =-AC =-i(AGr°+ RT InQ) R, Q
nF nF nF Keq

R =8.31451 107 [kJ mol” °K'1], F=96.485309 [kJ mol" V]

@
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Distinguish AGr°® from AGr and do not use AGr®’

AGr° is a chemist’s view of free energy of a reaction in equilibrium, standardized
to molar conditions:

AGP® = -R-T-InK_, =-2.3026-R-T-logK,, =0

Keq = equilibrium coefficient (ratio)

AGr is a biologist’s view of free energy available to microbes in a particular
environment.

The actual conditions in the environment determine how much energy is available
while the reaction proceeds to equilibrium

AGr = AGr°+ RTIn Q

Q =non - equilibrium ratio
R =8.31451 107 [kJ mol °K-1]
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Thermochemical Relations that you might see in the Literature

AGre = standard free energy change of a reaction
AH - A(TS)
Y AG(( products) - 3 AG(reactants)

AGro  under standard conditions at pH 7
at standard conditions, 1 M and 1 atm

AGr’ = AG® + m AG’; (H)
m = number of protons produced
AG’(H*) = free energy of formation of H* at pH 7 = -39.96 kJ/mol

(there is no need to use AGr®’. pH must be treated as one of the environmental
reaction conditions and calculations can be made at any pH)

@
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What is the Difference between AGr and AGr° ?
AGr = AGr° if all species are in their standard state.
Solids and water: a, =1atanyTandp

Gases: f, =1atany Tand p =1 bar
Dilute aqueous solutes:a; =1 atany T and p

CH3CO00 5 + H" (aq) = COxaq) + CHy o)
AGr°=-2303 R Tlog Keq
-log Keq = pKeg = v

AGr=AGr° + 2.303 R T (log acg, + log acy, — log a,.. - log a,,)
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What is the difference between K, and Q ?

AGr=AGr +RTIn Q,
AGr =-RTIn K,
AGr = - RT In K, + RT In Q, = RT In (Q/K,,)

What is Q,?
The activity product of reaction ‘r’
Example
CHyCOO (o) + H'ag) ™ CHygaq) ¥ CO2aq)
K _ aCH4(eq) aCOz(eq) Q _ aCH4(r) aCOZ(r)
(eq) 4 a 0 g a
CH3CO0™ (eq) H* (eq) CH3COO0™ (r) H*(r)

If K=Q, then AGr = 0 = equilibrium

9w Biochemists d Physiol f Mi anisms - BIO-146 M23b
£ r- r++ iochemistry and Physiology of Microorg: 71

Conditions for thermochemical Reactions

If Keq > Q: AG, <0 Exergonic /
If Koq < Q: AG,>0 Endergonic /
If Koq = Q: AG,=0 Equilibrium )
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Abbreviations for Terms used

Q ratio of actual activity products of reactants

R gas constant =8.31451 10-3 [kJ mol' K-'], (concentration basis)
=82.057844 103[atm Liter mol' K] (pressure basis)

T thermodynamic temperature in [K]

F Faraday’ s constant = 96.485309 [kJ mol-' V1]

n number of electrons transferred

Gfo standard free energy of formation [kJ/mol]

Hfo standard enthalpy of formation [kJ/mol]

Sfe standard entropy of formation [J/K mol]

AGfe  standard free energy change of formation [kJ/mol]

AHf°  standard enthalpy change of formation, [kJ/mol]

AGre  change of Gibbs free energy of reaction at standard conditions =-R T InK®, [kJ/mol]

AGro”  change of Gibbs free energy of reaction at standard conditions except for one reactant
(e.g. at pH 0), [kd/mol]

AGr change of Gibbs free energy of reaction with actual conditions, [kJ/mol]

Keq= K° thermondynamic equilibrium coefficient
log Keq -AGr°/2.3026 RT
Q disequilibrium ratio

AE electrochemical potential =emf, AEr = AGr/ n F [Voli]
AErc  standard emf= electrochemical reference potential = -AGr° / n F [Volt]

¢« s
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Definition of Terms for Standard Conditions

AGre = Y Gf(products) - > Gf°(educts)

The Gibbs free energy (AGre) tells us in which direction a reaction will take place.

AGre is the sum of the Gibbs Free Energies of formation of the products on the right hand
side of a reaction, minus the sum of the Gibbs Free Energies of formation of the substrates on
the left hand side of the reaction.

If AGre < 0, the reaction will proceed to the right (in the direction as written in the
stoichiometric reaction equation); if AGr° > 0, the reaction will proceed to the left.

AHre = Y Hf°(products) - > Hf°(educts)

The enthalpy of reaction (AHr°) tells us how much heat will flow in or out of the reaction
system.

If AHre < 0, the reaction is exothermic -- it releases heat. For example, degradation of organic
carbon compounds (C,, + O, --> CO, + H,0) gives off heat. If AHr° > 0, the reaction is
endothermic -- it consumes heat. Melting ice [H,Ogjse) =-> H20)yater) ] is €ndothermic - it takes
up heat and cools the environment.

ASre = Y Sfo(products) - Y Sfo(educts)

The entropy of a reaction (ASr°) tells us whether the products (substrates, reactants) are
more or less disordered than the educts. For example, the reaction of liquid water to steam
[H20\water) => H2Ogwapor)] has a large entropy. The gaseous water molecules are more
dispersed, are less well bonded together, and have greater kinetic energy.
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Hierarchy of thermodynamic Terms: Define the terms

@®
‘ - r+* i-research & training

G
yGfo

MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 75 / Bio-Thermodynamics 1 Microbial Ecology

G, - TGP,

Hfo-T+Sf°

AGro+ReT+InQ
AGr

AGre

- ReTeInK®

AEre

- AGro/neF

ReTInQ/K°/n*F

ReT-InQ/K°

AGr/neF

Hierarchy of thermodynamic Terms: Define the Terms (Solution)

@®
‘ - r++ i-research & training

Hfo-T+Sfo

Gfe
Y Gfo

MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 76 / Bio-Thermodynamics 1 Microbial Ecology

5GP, - TGP,

AGro+R«T+InQ
AGr

AGre

- ReTeInK®

AEre

ReTeInQ/K°/n*F

ReT-InQ/K°

AGr/neF

Basic thermochemical values

Thermochemical values of
compounds calculated from basic
thermochemical values

Gibbs free energies and electron
potentials of reactions at standard
state equilibrium calculated from
thermochemical values of reactants

Gibbs free energies and electron
potentials of reactions at non-
equilibrium conditions in relation to
standard state equilibrium conditions
calculated from activities of reactants
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Thermodynamic Relationships to remember

AGr = free reaction energy at disequilibrium [kJ/Mol]

AGre =free reaction energy at equilibrium and for standard conditions (T = 298K)

AGre = - R*T*InK,, [kJ/Mol]

AGr = AGre + R*T*InQ [kd/Mol] or AGr = R*T*In[Q/Keq], if you replace AGre with - R*T*InK,
Q disequilibrium ratio of reactants for a given set of conditions

At equilibrium AGr = 0, since Q = K,

AGr = R*T*In[Q/Keq] is exergonic, if Q < Keq

Keq €quilibrium coefficient

R = gas constant 8.31451*10- [kJ*Mol-"*K-"]
kJ = Kilojoule

T in K = temperature in Kelvin

In (Y) = 2.3026*log (Y) = conversion of natural logarithms to logarithms to the base 10

t-r4 7

Check the following Statements ! Are they correct?

A chemical reaction will always proceed in the direction towards which its reactants
can attain lower Gibbs free energies of formation, i.e. 3 Gf°, 4,05 < 2 Gfgypstrates

A chemical reaction will always proceed in the direction towards which its Gibbs
free energy is negative, i.e. AGr<0

Products and educts are in equilibrium when the Gibbs free energies of formation
are equal, I.e. ZGfoproducts = ZGfsubstrates

Products and educts are in equilibrium when the Gibbs free energy of a reaction is
zero, i.e. AGr=0
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Check — Are the Statements correct?

Under what conditions are products and educts at equilibrium?

If products and educts are not at equilibrium how can one predict the direction in
which the reaction would proceed?

How will a reaction system behave if it is left to proceed entirely by itself?

lllustrate with thermodynamic terms the saying
“You can’ t shovel manure into the rear end of a horse and expect to get hay to

out of its mouth”

3 l." vt 79

Chemical Properties of Elements and Molecules

http://www.webelements.com

Element specific, e.g. Carbon: http://www.webelements.com/carbon/

Compound specific within C: http://www.webelements.com/carbon/compounds.html
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Examples
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Aerobic and anaerobic Ammonium Oxidation as Life Styles - 1

Define the conditions under which these life styles are thermodynamically favorable

ANH,* + 30, <+«— 2N, + 4H* + 6H,0

NH,* + NO,  +— N, + 2H,0
5NH,* + 3NO; «— 4N, + 2H*+ 9H,0
2NH,* + 3N,O +— 4N, + 2H*+ 3H,0

Boundary conditions for Thermodyn:
Reductant: [NH,*] = 103 [Mol/l];

variable oxidant: 10-10 < [oxidant] < 10-" [Mol/l];
N, = 10 [Mol/l]

pH=7.6

T = 25°C (298.15K)
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Aerobic and anaerobic Ammonium Oxidation - 2

c Q
S : =
= < 2
— © . -
85|88 % | special E Plot 1: delta-G as a function of log of
w| = - Py 3
€z |[Z|®O | Enter formula & |remarks Activity >[_Note } 0 ; ; ; " 0
1 s 1 NH4+ aq 1,00E-03
1 s 075 02 aq v -12 -10 -8 -6 -4 -2 (
1 p 05 N2 aq 1,00E-06
1 p 1,5 H20 I 1,00E+00 —@—1: Oxygen
1 p 1 H+ aq 2,51E-08 ’ )fg -100 +
N —0—2: Nitrite
2 s 1 NH4+ aq 1,00E-03 - Ni
5 s 1 NO2 aq v —A—3: Nitrate
2 p 1 N2 aq 1,00E-06 —@—4: Dinitrogen oxide 2001 €
2 p 2 H20 | 1,00E+00 O g
o
©
v A\A_A—A—A—&M 2
W 0+ —
o
M £
~
=
4 s 1 NH4+ aq 1,00E-03 x
4 s 1,5 N20 g v -400 +
4 p 2 N2 aq 1,00E-06
4 p 1 H+ aq 2,51E-08
4 p 15 H20 | 1,00E+00
5 -500 +
5
5
5
5
-600 -+
Plot 1 Plot 2
Temp. (K) 298,15 Temp. (K) 298,15
Min. variable: 1,00E-10 Min. variable: 1,00E-14
Max. variable: 1,00E-01 Max. variable: 1,00E-02
Log plot?: X Log plot?: X
Show react.1 X Show react.1
Show react.2 X Show react.2
Show react.3 x Show react.3
Show react.4 X Show react.4

Show react.5 Show react.5

-e g
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Example: Anaerobic Methane Oxidation in a Consortium

CH, . + SO,2,, > HCOy,, + HS,, + H0

aq

For Thermodyn®

5 4 8
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Nitrite-driven anaerobic Methane Oxidation by oxygenic Bacteria

Ettwig, K.F. et al. 2010. Nature 464, 543-548, March 25

Abstract

Only three biological pathways are known to produce oxygen: photosynthesis, chlorate
respiration and the detoxification of reactive oxygen species. Here we present evidence for
a fourth pathway, possibly of considerable geochemical and evolutionary importance. The
pathway was discovered after metagenomic sequencing of an enrichment culture that
couples anaerobic oxidation of methane with the reduction of nitrite to dinitrogen. The
complete genome of the dominant bacterium, named “Candidatus Methylomirabilis
oxyfera”, was assembled.

This apparently anaerobic, denitrifying bacterium encoded, transcribed and expressed the
well-established aerobic pathway for methane oxidation, whereas it lacked known genes for
dinitrogen production. Subsequent isotopic labeling indicated that “M. oxyfera” bypassed
the denitrification intermediate nitrous oxide (N,O, laughing gas) by the conversion of two
nitric oxide (NO) molecules to dinitrogen and oxygen, which was used to oxidize methane.
These results extend our understanding of hydrocarbon degradation under anoxic
conditions and explain the biochemical mechanism of a poorly understood freshwater
methane sink. Because nitrogen oxides were already present on early Earth, our finding
opens up the possibility that oxygen was available to microbial metabolism before the
evolution of oxygenic photosynthesis.
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Methane oxidation pathways

a Methylomirabilis oxyfera b Methanogenesis

ucers

| b% .. ‘l'

AC Ta

\ - 4

\ {
4

€ Aerobic oxidation of methane d Reverse methanogenesis (AOM)

V4

" |
f g
] f
/l
Oremlan Ronald S., 2010, NO connection with methane, Nature 464, 500-501

5 i-r %




swiss

swiss

Is Dismutation of Nitric Oxide thermodynamically feasible?
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Plot1

Temp. (K)

Min. variable:
Max. variable:

Log plot?: x

278.15
1.00E-09
1.00E+00

ag
ag

ag
ag

Showreact2 x
Show react.3
Show react.4
Show react.5

Plot 1: delta-G as a function of log of

H 1 J K
v Nitrogen oxide <
1.00E-03 Nitogen  —E—tVesgmade 4 8 5 4 2
100E0I T Ompet———  0—2tumen 20
——
v ﬁimen oxide ——
1.00E+00 itrogen -0
1.00E+00 xygen
§
S
«©
M
g
2
-200
Plot 2: delta-G as a function of log of
—fl— 1: Neogen axide o 8
—O— 2 Neogen axide -10
Plot 2 —
Temp. (K) 298.15 ——
Min. variable: 1.00E-09 -0
Max. variable:  1.00E+00
Log plot?: x
Show react.1  x

kJ/mol reaction
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Is oxygenic Denitrification thermodynamically feasible?

1CH, + 8NO, + 8 H*

39 Showreact1 x

40 Showreact2 x

41 Show react.3

[EZ3 Show react.4

43 Show react.5

44

@
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1 85(8|88| entertormua

21 s 1 CH4

31 s 8 NO2(

4 1 s 8 K

5 1 ] 1 Co2

6| 1 p 4 N2

7 1 ] 4 02

8 1 ] 8§ H20

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32 Plot1

33 Temp. (K) 278.15

34 Min. 1.00E-12

35 Max. variable: 1.00E+00

36

37 Log plot?: X

39 Show react.1 x

40 Show react.2

41 Show react.3

42 Show react.4

43 Show react.5
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Special
remarks

—>

1C0O, + 4N, + 40, + 6H,0

Plot 1: delta-G as a function of log of

1 J| K L M
,: BTt T -10 -8 6 4 -2
= —o— -200
Activity  |S|_Note Compound Formula ——
1.00E-03 eihane -0
v Nifrle &l
1.00E07 Proton HE) -400
1.00E-03 Carbon dioxide _COZ
1.00E-04 Nitrogen N2
1.00E-08 Oxygen 02 -600
1.00E-00 Waer F20
s -800
S
3
= -1000
g
<
2
00
-1400
Plot 2: delta-G as a function of log of
o 5
——Nede ~ N N N =
. 12 10 8 6 4 2
- -200
——
-0
-400
298.15 600
1.00E-12
1.00E-00 § 800
5
Log plot?: x 3
Show react.1  x E -1000
Show react.2 =
Show react.3 2
Show react.4 5200
Show react.5
-1400
88




Mixed Denitrification of Methane

In the issue of March 25, 2010 of Nature*, we find an interesting new process that
links the oxidation of methane under anoxic conditions to the denitrification of nitrite.
Concomitant to the release of N,, the researchers describe the production of O, as a
novel oxygenic process. The bacterial species that carries it out was named
Candidatus Methylomirabilis oxyfera, which means “strange oxygen-producing
methane consumer”.

Check the mixed oxidation process from a thermodynamic perspective by
1. Writing the stoichimetrically balanced overall equation for methane oxidation
with nitrite and the production of oxygen and elemental nitrogen gas.

2.
3.
4.

Assuming reasonable activities for the reactants for thermodynamic calculations.
Carrying out the calculations with the aid of Thermodyn®
Discussing the graphical presentation of the thermodynamic calculations

Can you think of reasons why mixed denitrification did not work in this organism
when nitrate was offered as an electron acceptor for methane oxidation?

Methylomirabilis oxyfera was isolated from anoxic sediments in ditches of agricultural
lands. Can you think of geological situations in Earth history or on other planets,
where oxygen could have been produced this way?

* Ettwig, K.F. et al. 2010. Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543-548, March 25

l.' v+t

swiss

89

Oxygenic Denitrification of Methane in 2 Steps - Calculations with Thermodyn 1

< A Bl C
=
2 £
8. (T|2%
1 288|6|88
2 1 s 1
3 1 s 4
4 1 s 4
5 1 P 1
b 1 p 2
7 1 P 1
8 1 P 4
9
10 2 s 15
11| 2 s 4
12 2 s 4
13 2 P 2
14 2 p 15
15 2 P 5
16
17
18| 3 s 025
19 3 s 1
20 3 s 1
21 3 p 025
22| 3 p 05
23| 3 p 025
24 3 p 1
25
26 4 s 70.38
27 4 s 1
28| 4 s 1
29| 4 p 05
30 4 p 038
31 4 p 71.25
32 Plot1
33 Temp. (K)
34 Min. variable:
35 Max. variable:
36
37 Log plot?:
39 Show react.1
40 Show react.2
41 Show react.3
42 Show react.4

L5 Show react.5
44
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D E F

Enter formula
Ch4
NO2(-)
H+

02
N2
Cco2
H20

CH4
NO2(-)
H+

N2
co2
H20

CH4
NO2(-)
H+

02

N2
co2
H20

CH4

NO2(-)

H+

N2

co2

H20
278.15

1.00E-09
1.00E+00

X X X X x

H

Special
remarks

Activity
1.00E-03
1.00E-06
1.00E-07
1.00E-08
1.00E-04
1.00E-03

1.00E+00

1.00E-03
1.00E-08
1.00E-07
1.00E-04
1.00E-03
1.00E+00

1.00E-03
1.00E-06
1.00E-07
1.00E-08
1.00E-04
1.00E-03
1.00E+00

1.00E-03
1.00E-06
1.00E-07
1.00E-04
1.00E-03
1.00E+00

Plot 2

Temp. (K)

Min. variable:

Max. variable:

Log plot?:

Show react.1
Show react.2
Show react.3
Show react.4
Show react.5

1 K L M
! ‘ po
]
K]
=
S Note Compound Formula
Methane CH4
v Nitrite NO2()
roton H#
)xygen 02
Nitrogen N2
Carbon dioxide  CO2
Water H2
ethane CH4
v itnte NO2(-)
roton H+
itrogen
Carbon dioxide _ CO2
Water H20
Methane Ch4
v Nitrite NO2(5)
Proton H+
Oxygen 2
Nitrogen N2
Carbon dioxide __CO2
Water H20
Methane CH4
v Nitrite NO2()
roton H+
itrogen N2
Carbon dioxide _ CO2
Water H2
298.15
1.00E-09
1.00E+00
x
x
x
x
x
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Oxygenic Denitrification of Methane in 2 Steps

Plot 1: delta-G as a function of log of T=5°C Plot 2: delta-G as a function of log of T =25°C
) —0 + + + + & —0 + + + + &
e -0 -8 -6 -4 -2 10 8 3 4 2
i:x S W W S S S SR Sy 3./ | e S S S S S YL
o S0+ 0090000000000 —0—2 Neme "“H—‘—“O—O—O—H—o—ﬂw
MT) B 4 —3 Y
—— 4 N
500 | - §00
800 + -800
¢ '
E -1200 g -1200
35 3
-1600 -1600
CH, + 4NO, + 4H* =—> 0, + 2N, + CO, + 4H,0 H A
1 —> 1
/,CH, + O, /,CO, + H,0
1/,CH, + 4NO, + 4H* ==>11,C0O,+ 2N, + 5H,0 o o
«®
é ‘ -r++ i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 91 / Bio-Thermodynamics 1 Microbial Ecology

Denitrification and Methane Oxidation by Methylomirabilis oxyfera

a norZ (1)
nirSJF norZ (2)
narGHJI D/GH/L norZ (3) nosDFYLZ

napABCDE
b mxaFJGIRSACKL/DE(1)  H4MPT-dependent C,
mxaFJGE(2) transfer reactions* fdhAB(1)
O, pmoCAB mxaFJG(3) fae  mtdB mch fhcABCD fdhAB/C(2)
CHOH =—— CH,O0 === === === == HCOOH -— CO,
CH,
Cc nirSJF Unknown

D/GH/L enzyme _ N,

A 26~
2e” 0, J
“> CHZOH =====»CO0,
CH
4" pmoCAB

Ettwig, K.F. et al. 2010. Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543-548, March 25
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Nitrogen, Oxygen and Nitric Oxide

Electronic configuration N: 1s2 2s2 2p3 Electronic configuration O: 1s2 2s2 2p4
Electronegativity N: 3.04 (Pauling scale) Electronegativity O: 3.44 (Pauling scale)

The nitric oxide molecule is a highly reactive free radical.

NO exposed to O, reacts to nitrous oxide

NO can be formed from O, and N, by an
endothermic reaction at temperatures >
2000°C (lightning)

N, + O, — 2 NO

The reverse reaction would be highly
exothermic, energetically exergonic, i.e.
favourable.

catalytic converters in cars minimize NO emission by conversion of NO to O, and N,

@
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Is Nitric Oxide Dismutase an additional Enzyme in the Nitrogen Cycle?

-3
2 -
Z
I.|6
©-1
p—
V]
-~ f—
@ 0
[
R
© 1
RS c
X — 2
O 2 ©
©
=
)
4 )
I dNaR/GHJI diss.Nitrate Reductase _
5 dNaR as NAP/AB periplasmic Nitrate Reductase N03
dNiR/SJFD/GH/L diss. Nitrite Reductase,
NOR/zZ Nitric oxide Reductase
N,OR also NOS/DFYLZ Nitrous oxide Reductase
NOD? Nitric oxide Dismutase (unknown enzyme)
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Phylogeny of ‘Methylomirabilis oxyfera’ pmoA protein sequences

Gammaproteobacteria PmoA

Gammaproteobacteria AmoA
Alphaproteobacteria PmoA
Verrucomicrobia PmoA

‘M. oxyfera’ culture ‘Twente’
‘M. oxyfera’ culture ‘Ooij’
Soil and sediment clones PmoA
Betaproteobacteria AmoA
Gammaproteobacteria PmoA

Verrucomicrobia PmoA

——— Uncultured methane-seep bacterium ERBWC_3B
o=um Crenarchaeota AmoA

0.5

Ettwig, K.F. et al. 2010. Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543-548, March 25
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a

Coupling of methane oxidation and nitrite reduction in
enrichment cultures of ‘Methylomirabilis oxyfera’

In presence of about 2,000 uM "“N-nitrate In presence of about 2,000 yuM '“N-nitrate
and 135 puM “N-N,O
total N,O
a b 1140
25k , OCE“ {160 10
Dﬁ'«g&f i {120
-,
%}o 15,‘15N2
20t il St 155 100 | 0o
s =
3 2 3
215- g-.":a’ {150 2 215: 2305
8 o E € 2 . < o
P | B3 25 £ s
z 10} o= {145 z 10} -
& cg = a
g © % o . 140
5 W. R 0 .
5t B Z *&@5140 5t.
= o 15,14N . 420
* 15.14N,0 , 1515N,,( :
| ' . N A N orvsmmad 135 F—r Jo
0 5 10 15 20 25 30 0 10
Time (min) Time (min)

Ettwig, K.F. et al. 2010. Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543-548, March 25
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Oxygen production from nitrite in ‘Methylomirabilis oxyfera’

707

Time (h)

Ettwig, K.F. et al. 2010. Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543-548, March 25
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Facultative Denitrifyers

Use Thermodyn to define conditions under which aerobic respiration and
denitrification can proceed simultaneously ?

Why can sulfate reduction not compete energetically with denitrification and
aerobic respiration ?

Choose the dissimilation of succinate under the following boundary conditions:

Succinate (C,H,0,%) 1 Millimol / Liter [millimolar = mM]

Oxygen 1uM =0, =500 pM

Nitrate 1 uM <NO; =500 uM

Sulfate 1uM =8S0,% <500 uM

Hydrogencarbonate HCO; constant at 10 mM

Hydrogensulfide HS- constant at 100 uM, how can this remain constant ?
Nitrogen gas N, constant at 100 yM

Proton concentration pH 7.5

Temperature 25°C

kl.' %4 98




Alternative Oxidants

Reaction
No.

TT OO0 (S,P)
~ Coeff.

NNNNNN 2 aaaa
Stoich.

TTOTOOO
IS

WWWwWwww
TTT O OO
»~

Plot 1

Temp. (K)
Min. variable:
Max. variable:

Enter formula
(CH2)2(C0O0-)2
02
H20
HCO3-

H+

(CH2)2(C0O0-)2
NO3-

H+

HCO3-

N2

H20

(CH2)2(C00-)2
S042-

H20

HCO3-

HS-

H+

298.15
1.00E-09
5.00E-04

a Plot 2: delta-G as a function of log of
. ] —a 8
Special 5 —m—1: Oxygen -10 -8 -6 -4
remarks Activity >|__Note —o—2: Ntrate -200 +
1.00E-03 —a—
v o -400 1
1.00E+00
1.00E-02 600 1
3.16E-08 00 4
] e
1.00E-03 2 -1000
v | H
3.16E-08 - -1200 +
1.00E-02 E 0000055 4 4 4
1.00E-04 | 3 M— -1400 1
1.00E+00 ~
— -1600 +
1.00E-03 1800 L
v —
1.00E+00
1.00E-02
1.00E-04 Plot 1: delta-G as a function of log of
3.16E-08 —0 &
—m—1: Oxygen S0 Sl b pod
—o—12: Ntrate -z00
| | —&—3:sulfate
LR -400
PR -0
JE— -600
-800
JE— E -1000
JE— g
8 -1200
Plot 2 B W - 1400
Temp. (K) 298.15 3
Min. variable: 1.00E-09 * =800
Max. variable: 5.00E-04 ~1800
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Could oxygenic Dismutation Reactions of N and S-oxides have played a Role in
the Production of O, during early Earth?

99

Check the following reactions for thermodynamic feasibility:

2NO,

N2O (g

NO; g

SO; (g)

SOz (g)

¢

swiss
-

Nag) + Oy

Na + 203
2Nz + Oz
% * Oz

100




Bio-energetic Question: NH,* Oxidation

Under which conditions can NH,* be oxidized aerobically and anaerobically?

Define oxidants and conditions that lead to exergonic reactions.
Where in the ocean could the anaerobic processes occur?
Check with actual measurements of conditions.

N J
Hid 3 4 o1

Ammonia Oxidation by Nitrogen Oxides

Ammonia oxidation with NO, (NO + NO,), N,O and NO," as oxidants

What makes a process proceed in the direction as written?
e transferred

4NH,* + 3NO, > 3,N, + 6H,0 + 4H* 12
2NH, + 3NO > 2/,N, + 3H,0 + 2H* 6
2NH,* + 3N,0 > 4N, + 3H,0 + 2H* 6
1NHs + 1NO, = 1N, + 2H,0 3

Make reactions comparable and determine conditions for which the processes are

th dynamically feasible
ermody y e transferred

1NH, + %NO, > &N, + 1%H,0 + 1H* 3
1NH,* + 1%NO >  1%N, + 1%H,0 + 1H* 3
1NH, + 1%N,0 > 2N, + 1%H,0 + 1H* 3
1NH, + 1NO, > 1N, + 2H,0 3

Thermodyn: “NH4-oxidation.xIsx” and “NH4-oxidation_pH8.xlsx”
@
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Bio-energetic Question: Aerobic Respiration vs. Denitrification

Under which O, concentrations (22 yM, 10 yM, <1 pM) in the OMZ will aerobic
respiration be energetically less favorable than denitrification?

» Define organic substrates (DOC) that can be degraded by both life styles.
» Define oxidants for denitrification.

* Write comparable degradation processes as stoichiometric reaction equations.
 Define conditions that are representative for OMZs.
» Check energetic yields with actually measured conditions in OMZs.

N J
Hid 3 4 108

Bio-energetic Question: Sequential Use of Oxidants

What are oxidants that are available for microbial degradation of DOM in oxic and
anoxic waters?

In which sequence are they being consumed by microbes?

« Assume an organic substrates (DOC) that is being degraded by the organisms.
 Define the sequence of oxidants for degradation.

 Define conditions that are representative for oxic and anoxic waters.

» Write comparable degradation processes as stoichiometric reaction equations.
» Check energetic yields.

@
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Bio-energetic Question: Enrichment of sulfate-reducing Bacteria

Why is it thermodynamically more favorable to enrich sulfate-reducers with sulfite,
rather than sulfate?

» Define an organic substrates (DOC) that is known to be used by sulfate reducers.

* Write two degradation equations, one with sulfate, the other with sulfite as oxidant
Define enrichment conditions.

 Calculate energetic yields for the two processes.

* Find the explanation for the result by studying the biochemical mechanism for
sulfate reduction.

@
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Bio-energetic Question: How Nitrogen and Sulfur Cycles can be linked
Can reduced Sulfur Compounds act as Electron Donors for Denitrification?

S,05%
HS- —l_' S,z l > So l >SO,* —l_'SO42‘
e e e e
I | | |
o
e e e e’
NO; - > 2NO, >

. > >N,
nitrate-reducers nitrite-reducers

Formulate possible reactions that could be mediated by microorganisms and
define the conditions that could support their lifestyles

@
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Bio-energetic Question: How Nitrogen and Sulfur Cycles can be linked
Can oxidized Sulfur Compounds act as Electron Acceptors for Nitrification?

SO, SO;* > HS-
‘ SO T HS-
e e e
| | |
.
e e e e
NH4+ - - - NOZ- —_— NOs-
ammonia oxidizers nitrite oxidizers

Formulate possible reactions that could be mediated by microorganisms and
define the conditions that could support their lifestyles

@
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Bio-energetic Question: aerobic and denitrifying Oxidation of Sulfur Compounds

These are reactions and corresponding standard free energies from Pancho’s
presentation on “Ecologia molecular del bacterioplancton oxidante de compuestos
reducidos de azufre en las aguas deficientes de oxigeno del Océano Pacifico Sur
Oriental”

HS" + 20, = SO, 2+ 2H* AG® = -798 kJ mol-’
S,052 + Hy0 + 20, mmmmmmp  2S0,2 + 2H* AG® = -818 kJ mol"’
S° + H,0 + 1.50, =mmmp SO, + 2H* AG® = -587 kJ mol’
HS + NO; =y SO,% +N, AG° =-679.3 kJ mol’
S,0;2+ NOy wemmmmp  2S0,% + N, + H* AG® =-907.2 kJ mol"

* Are their stoichiometry correct?

* Why are the thermodynamic values not comparable?

* How would thermodynamically comparable reactions look like?

* What are actual conditions for substrates and products in the OMZ?

 Calculate actual AGr values and draw conclusions about the occurrence in the
OMZ.

@
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Bio-energetic Question: aerobic and denitrifying Oxidation of Sulfur Compounds

These are reactions and corresponding standard free energies from Pancho’s
presentation on “Ecologia molecular del bacterioplancton oxidante de compuestos
reducidos de azufre en las aguas deficientes de oxigeno del Océano Pacifico Sur
Oriental”

HS- + 20, =) SO, 2+ 2H* AG® = -798 kJ mol"
S,0,2 + HyO + 20, mmmmmmp  2S0,2 + 2H* AG® = -818 kJ mol-’
S°+H,0+ 150, =)  SO,%+2H* AG® = -587 kJ mol’
HS + NO; = SO,% +N, AG® =-679.3 kJ mol’
S,0;2+ NOy =mmmmp  2S0,% + N, + H* AG® =-907.2 kdJ mol"

» Can you think of other reactions in the coupled N-S-cycle that might occur?

» Under what conditions are they thermodynamically favorable?

* Did you include disproportionation of S° and dismutation of thiosulfate?

* Are disproportionation of S° and dismutation of thiosulfate thermodynamically
exergonic?

N J
Hid 3 4 109

Bio-energetic Question:
Can Sulfate assure the anaerobic Oxidation of Ammonia to N-oxides?

NHs* + SO,* NOy + HS- + H* + H),0
NH,* + 3/, SO,* NO, + 3/,HS + 1'/,H* + H,O
NH,* + 5/3S0,% NO + B5/gHS + 3 H* + 1Y,H,0
NH,* + 1/, S0,% ,N,O + Y,HS + 'Y,H* + 1',H,0

Are the proposed processes thermodynamically feasible ?

Schrum H.N. et al. 2009. Geology, 37/10, 939-942, October

1 J
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Bio-energetic Question: Combine Sulfate Reduction with Denitrification and
Anammox to achieve anaerobic Oxidation of Ammonia to N,

Sulfate as oxidant:

NH,* + SO,* NO, + HS + H* + H,0

NH,* + 3/, S0O,* NO,- + 3%/,HS + 1Y/,H* + H,O

NH,* + 5/3SO,* NO + °®HS + 3/3H* + 17,H,0

NH,* + 1/,S80,* ,N,O + Y,HS + ',H* + 17/,H,0

Schrum H.N. et al. 2009. Geology, 37/10, 939-942, October

@
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Bio-energetic Question: How Dinitrogen Oxide (N,O) can be cycled

Under which conditions can N,O be an oxidant, how can it be a reductant?

+ Define stoichiometric reactions for N,O as reductant as well as oxidant.

» Choose conditions, which are representative for a natural habitat.

* Check energetic yields and define thermodynamically exergonic and endergonic
reactions.

» Can N,O be disproportionated in an energetically favorable way for
chemolithotrophic microbes?

1 J
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Bio-energetic Question: Can Dinitrogen Oxide (N,O) be an Electron Donor for
anoxigenic Photosynthesis

What is the redox potential of N,O electrons?
Can N,O electrons be transferred into a photosystem of phototrophic bacteria?

+ Define stoichiometric half reactions for N,O oxidation.

+ Calculate the potential in mV for electrons released from N,O.

» Find components of photosystems that could accept N,O electrons i.e. that could
oxidize N,0O.

» Compare N,O as electron donor for photosynthesis with nitrite, ammonia and
nitrous oxide.

» Compare N,O as electron donor for photosynthesis with non-nitrogen electron
donors like hydrogensulfide, ferrous iron, di- and trihydrogenarsenite.

» Compare N,O as electron donor for photosynthesis with H,O as electron donor.

N J
Hid 3 4 13

Thermodynamics for the synthesis of biomass

@
HEd 234 114



Synthesis of “new” cells requires mass, energy and a “template”

Educts / Substrates - — — — — — — - » Metabolic products
Corg, HZO, NO3_, 8042_, HPO42' HZO,CH4,COZ

AG

assimilation >0

Anabolism: Assimilation
demands energy Cell mass

Bio-polymers: proteins, lipids,
carbohydrates, nucleic acids,
etc.

v ®
Hid 3 4 15

Thermochemical values for biomass monomers

How much energy is needed to “synthesize” a cell?

+ Can we calculate energy needs for the synthesis of a cell?

* We need to know the composition of a cell.

« Gf° values allow one to calculate AGr® of cellular monomers.
* |s there a minimum energy need for the replication of a cell?

Synthesis model  Model Hfe () G )

monomers for structure  [kJ/mol] [kJ/mol]

carbohydrates C4HgO4 -790.51 -611.9
proteins CsHsO3N2 -1147.8 -989.39
lipids CgH160 -316.84  -76.45
P-compounds CHs0sP -1401.25 -1318.58
S-compounds C2oH402S -158.7 -91.81

" yalues for STP, solvatation correction included

L
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What cells are made off (building cells):
the chemical elemental composition of living cells

Inclusion

Nucl\eoid Ribolsome bOdiﬁ Capsule Component Composition
, w/o Hand O
Nucleus, DNA C,N,P

Ribosome, RNA C,N,P
Plasma membrane C, P

Cell wall C,N

Proteins C,N, S
s e e Flagellum C.N

Capsule C,N
Flagellum

Inclusion bodies:

PHB, PHA C

Polyphosphate P

'?l.’l'#]’ "7

Thermodynamics of biomass production

Assimilation of C, H, O into cell mass <C,H,05> (= approximate composition)

17 Fe(ll+) ——— 17 Fe(lll+)+17 & AGr,

4 HCO4 + 21 H* + 17 Fe(ll+) —><C,H,0,> + 9H,0 + 17 Fe(lll+)  AGr,- AGr,

Dissimilation

n [ Fe(ll+) — Fe(lll+) + e ] n AGr,
n [ 1/4 02 + H+ + e E— 1/2 Hzo] n AGF3
[Fe(ll+) +',0,+H* —— Fe(lll+) + '/, H,0] n[AGr; - AGr,]

How would you calculate the AGr values for assimilation and dissimilation reactions with
Thermodyn ?

@
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Calculation method illustrated for a—D—-Glucose

Assumption: Molecules are synthesized from the elements:

Enthalpy, entropy, free energy (Gibbs energy) of formation are defined as:

Hf* = Eel + Evib(T) + Etrans(T) + Erot(T) + EsoI(T) +RT Eel /
Sf° = Svib(T)+Strans(T)+Srot(T) Erans

Gf* = Hf* - TSf°

Calculations with the G3MP2 method provide high quality precision (error of about 6
kJ/mol) within an optimal calculation time for moderate size molecules.

swiss

it

Standard Hf° and Gf° for glycolysis intermediates

Molecule in H,O Hf° Gf° Method of
[kJ/mol] [kJ/mol] calculation
glc-D -1215 -907 g3mp2
g6p2- -2816 -2504 b3lyp
fép2- -2761 -2312 b3lyp
fdp4- -4434 -4699 b3lyp
dhap2- -2194 -2088 g3mp2
ga3p2- -2210 -2101 g3mp2
bpg4- -4598 -4485 g3mp2
3pg3- -2886 -2775 g3mp2
2pg3- -2526 -2395 g3mp2
pep3- -1679 -1604 g3mp2
pyr1- -584 -501 g3mp2
ADP3- -5545 -5154 b3lyp
ATP4- -7594 -7223 b3lyp
mNAD1+ -812 -953 g3mp2
mNADH -835 -674 g3mp2

‘.- (g +4} 120
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Calculate the stoichiometric composition and the oxidation state of carbon in
biomass that is derived from the oxidation states of the atoms in biomolecules

According to calculations by Verde et al. (2004) the dry organic biomass of autotrophs has a
C:N:P ratio of 113:14:1.

Calculate the average oxidation state of the C atoms in biomass, which consists of

30% (w/w)  Carbohydrates: polysaccharides, hexoses (HCHO),,
nucleotide pentoses 0

35% (w/w)  Proteins: amino acids (C,4H,,O5N,), -0.125
6% (w/w) Nucleic acid: RNA, DNA, purines, pyrimidines,
pentoses, phosphate (CHONP)

12% (w/w)  Lipids: glycerol, fatty acids, phosphate (CHOPS)
16% (w/w)  Neutral lipids (CgH,0), -1.750
0.75% (w/w) Small molecules: nucleotides, coenzymes (CHONPS)

Average - 0.2375

Verde T. et al. (2004) FUNDAMENTAL CONNECTIONS AMONG ORGANISM C:N:P STOICHIOMETRY, MACROMOLECULAR COMPOSITION, AND
GROWTH. Ecology, 85, 1217-1229

-ed
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Why thermodynamics allows microorganisms to make a living

Gibbs free Energy (AG):
is a function of

* Temperature

* Pressure

* Chemical Composition

AG,=AG°+RTInQ

AG,° : standard state (reference frame)
Q : chemical composition which defines deviation from equilibrium

v

swiss

How to present thermochemical calculation results — Terms to remember

aA + bB cC + dD
Substrates Products
Recall:

Q

eq

AGr=AGr’+R- T-InQ = -R: T-InK,+R- T-InQ=R- T-In

[c]"[o]

[T [6]

Q ratio of actual activity products of reactants

R gas constant =8.31451 10-3 [kJ mol' K-'], (concentration basis)
=82.057844 10-3[atm Liter mol' K-'] (pressure basis)

T thermodynamic temperature in [K]

InY  =23026 ,logY

We woud like to present AGr as a function of one of the reactants

@
HEd 234 124
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The semilogarithmic presentation is the most instructive one

o o [ [o]
AGr = AGr’ +R- T-InQ = AGr” +R- T- 2.3026-, log -— ——
Al [8]
c d C d
AGr = AGr° +R- T- 2.3026 log W- Lo AGr+R T-2.3026 Iogw ~a- log[A]
B [A] 8]
c d
AGr = AGr® +R- T- 2.3026- Iog[C][? -R- T-2.3026 a- Iog[A]
B
\ Y ] \ Y J AGP
u m- >0 pos.
constant for given T, AGr? constant for given
and defined reactants -1 T and stoichiometry a
log[A] <O\ log[A] =0 log[A] >0

AGr =u, -m, log[A] [A] <1 Xﬂ [A] >1
for substrate [A] >0, [A] =0 \

<0 neg.
l.'l’d' 125
How to present thermochemical calculation results (activity is always < 1)
aA + bB &> cC + dD
Substrates Products
Educts
AGr =ug -mg- Iog[S] for [S] > O,[S] =0 and S = substrates A or B (educts)
+AGr AGr
+ 150 T
200
- 100 T
2 -\\l 100 §
v : 0g [5], molar
-300 T
e !
. [][o] 4
ug for substrate A as variable = +R- T- 2.3026- log r—
8] K
ms for substrate A as variable = -R- T- 2.3026- a- Iog{[A]}
'§l.'l‘+“’ 126




How to present thermochemical calculation results (product-dependence)

aA + bB & cC + dD
Substrates Products

Verify the graphical presentation of AGr for a product as variable:
AGr =u, +m,- Iog[P] for [P] > 0,[P] =0 and P =products C or D

AGr
150

i log [P], activity
5

kJ/mol reaction

-15 -10

-100 +

-150 —

u, for product C as variable = ?
m, for product C as variable = ?

E‘..r#} 127
Semilogarithmic presentation of AGr for product formation
: : c-[o]
AGr =AGr’ +R- T-InQ = AGr” +R- T- 2.3026- , log ———~
Al [B]
AGr =
AGr =
| Y ] \ Y J AGr
v m >0 pos.
constant for given T, AGro constant for given
and defined reactants -1 T and stoichiometry
Check! log[P1 <Q loglP1=0 __log[P] >0

AGF = U, +m,- Iog[P] P] <1 P=1 [P]>1

for product [P] > 0, [P] =0

<0 neg.

128
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Thermodyn®™
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With Thermodyn® we can compare up to 5 consumption and production
reactions as long as we choose the same variable for each of them

AGr AGr

150 T 150 T

100 1 100 +
c c
2 50 + 2 50 T
g ‘ . ‘ | .| log[P]or
- T T T U - T T U
—g 15 ; ] ?E, : } - log [S]
3 50 3 50 +

-100 + -100 +

150 50 +

200 200 L

AGI‘ AGr

100 T 150 T
5 T8
g 3
3 3 | log [P]or
5 s log [S]
£ £ 1
2 2

-150 —

l.' v 130
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Comparing reactions with large and small free energies

Aerobic oxidation of glucose yields high free energies

c i o
2 = Enter formula SzGCEl Activity o Note Compound Formula
7] ~ OoF o remarks ©
5o o8 5 5
xz L »o ) >
1 s 1 a-D-Glucose aq 1.00E-06 a-D-Glucose CH20OH(CHOH)4CHO
1 s 6 02 aq 2.50E-04 Oxygen 02
1 p 6 HCO3- aq v Bicarbonate HCO3-
1 p 6 H+ aq 3.16E-08 Proton H+
f 1 . . &
-10 -8 ¥ 4
-500 T
-1000 T
c -1500 +
)
k3]
g -2000 T+
2
i -2500 T+
-3500 —

-e

swiss

Comparing reactions with large and small free energies

Anaerobic oxidation of fermentation products yields low free energies 20 7
g 10 +

5 . . o

B = Sy Enterformula ® rse’r;e::lfls Activity 8 Note Compound ! ©
S & o9 s s -

25 6 38 & $ 10 P
2 s 1 CH3CH2COO- aq 1.00E-03 Propionate 20 +
2 s 3 H20 | 1 Water c
2 p 1 CH3COO- aq 1.00E-03 Acetate 2 30 4+
2 p 1 HCO3- aq v Bicarbonate g
2 p 3 H2 aq 1.00E-06 Hydrogen @ 40 +
2 p 1 H+ aq 3.16E-08 Proton °

£ 50 +
3 s 1 CH3COO- aq 1.00E-03 Acetate ~
3 s 1 H20 | 1.00E+00 Water @—2: Bicarbonate 60 1
3 p 1 CH4 aq 1.00E-03 Methane T
3 p 1 HCO3- aq v Bicarbonate 3: Bicarbonate 70 L
—o—4: Bicarbonate 500
4 s 3 H2 aq 1.00E-06 Hydrogen
4 s 0.75 HCO3- aq v Bicarbonate
4 s 075 H+ aq 3.16E-08 Proton
4 p 075 CH4 aq 1.00E-03 Methane
4 p 225 H20 | 1.00E+00 Water -500 +
-1000 T
1 s 1 a-D-Glucose aq 1.00E-06 a-D-Glucose  CH20H(CHOH)4CHO
1 s 6 02 aq 2.50E-04 Oxygen 02 1500 +
1 p 6 HCO3- aq v Bicarbonate ~ HCO3-
1 p 6 H+ aq 3.16E-08 Proton H+
-2000 +
-2500 T

¢
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Reaction
No.

NN N

T T O 0

NN NN
TT ©0 00

W W www
TTT OO

B
TT T OO

a oo oo
TTT OO0

¢

swiss

Plot top
Temp. (K)
Min. variable
Max. variable

Log plot?:

Show react.1
Show react.2
Show react.3
Show react.4
Show react.5

¢

swiss

NN = N = 2o

W AN =

When do we use the logarithmic presentation mode

Enter
formula

H2

Co2
CH4
H20

H2
S042-
H+

HS-
H20

Ethanol
H20
acetate
H+

H2

n-butyrate
H20
acetate
H+

H2

propionate
H20
acetate
C0o2

H2

298.15
1.00E-14
1.00E-02

X X X X X

-0 > ()
8 x £ <t
£ 3% : 8
® a8 < s
aq v
aq 0.001
aq 0.001
| 1
aq v
zq o 000%881 Plot top Plot bottom
q ’ Temp. (K) 298.15 Temp. (K) 298.15
aq 0.001 Min. variable 1.00E-14 Min. variable 1.00E-11
| 1.00E+00 Max. variable 1.00E-02 Max. variable  1.00E-09
Log plot?: X Log plot?:
aq 1.00E-03
| 1.00E+00 Show react.1 X Show react.1  x
aq 1.00E-03 Show react.2 X Show react.2  x
aq 1.00E-07 Show react.3 X Show react.3 x
aq \Y Show react.4 x Show react.4 x
Show react.5 x Show react.5 x
aq 1.00E-03
| 1
aq 1.00E-03
aq 1.00E-07
aq v
aq 1.00E-03
| 1.00E+00
aq 1.00E-03
aq 1.00E-03
aq v
133
Logarithmic vs. linear mode of presentation 150
100
c
2
5
[ |
o ! f
5 -14
E
=
X
Plot bottom
Temp. (K) 298.15
Min. variable ~ 1.00E-11
Max. variable  1.00E-09
80
Log plot?:
60
Show react.1  x
Show react.2 x
Show react.3 x 40
Show react.4 x
Show react.5 x e 20
o
2
g8 o
1]
= 1EH11
]
£ -20
5
X
-40

AAAAAAAAAD
AAAAAAAAAAAANNAD
AAAAAAAAAA
AAAAA

AAAA
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Summary: Present thermochemical calculation results

aA + bB «— cC + dD
Substrates Products
Educts
Check!

AGr =ug -mg- Iog[S] for [S] > O,[S] =0 and S = substrates A or B (educts)
AGr =up +m,- Iog[P] for [P] >0, [P] =0 and P =products C or D

[cT-[]

o ke
[A]}

d

up for product C as variable = R- T- 2.3026 logy — ]

A [6]

m, for product C as variable =R- T- 2.3026- c- Iog{[C]}

ug for substrate A as variable = R- T- 2.3026- log

mg for substrate A as variable =R- T- 2.3026- a- Iog{

'F

@
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Check the following statements ! Are they correct?

A chemical reaction will always proceed in the direction towards which its reactants
can attain lower Gibbs free energies of formation, i.e. 3 Gf°, 4,05 < 2 Gfgypstrates

A chemical reaction will always proceed in the direction towards which its Gibbs
free energy is negative, i.e. AGr<0

Products and educts are in equilibrium when the Gibbs free energies of formation
are equal, I.e. ZGfoproducts ZG substrates

Products and educts are in equilibrium when the Gibbs free energy of a reaction is
zero, i.e. AGr=20

@
HEd 5 4 136
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Electromicrobiology Live Wires

Discoveries of microbial communities that transfer electrons between cells and
across relatively long distances are launching a new field of microbiology.

\ Cytochromes

on bacterial
outer membrane

Withina
cytochrome,
mes are

positioned in /

a chain that

allows electrons

to *hop” through

the molecule Flavins carry

electrons from
the bacterium
to the substrate

Pili
back to the
bacterium to

pickup more |
electrons

MINERAL
SUBSTRATE

Metal ions accept electrons,
generating energy for the cell

El-Naggar, Mohamed Y. and Steven E. Finkel. 2013. Live Wires. The Scientist Magazine, May 1. Image by Thom Graves
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Electromicrobiology Live Wires

Bacterla

reduce
oxygento §
generate

Electrons

move up
through the
periplasmic |

R Sediment

Cell
Periplasmic
space

Quter
membrane Hydrogen
Bacterla oxidize sulfide
hydrogen sulfide H,S

(H,S) to galn

electrons

Sulphur
S

El-Naggar, Mohamed Y. and Steven E. Finkel. 2013. Live Wires. The Scientist Magazine, May 1. Image by Thom Graves

w
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Contents

+ Calculating “free energy” from electrochemical potential energy
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Remember: Redox Reactions

Oxidation: loss of electrons
half-reaction with e~ on the right of the reaction equation

Needs to be linked to an oxidant = electron acceptor
Arsenic-oxidation: As(lll+) > As(V+)+2 e

Generalized equilibrium oxidation half-reaction

—_— : _
Ared — on+ ne + Qox H* g=n

Reduction: gain of electrons.
half-reaction with e~ on the left of the reaction equation
Needs to be linked to an reductant = electron donor

Denitrification: NO, +5e +6H*> /,N,+ 3H,0
Generalized equilibrium oxidation half-reaction

—B

Box tne+ qred H* — red q= n+1

w@®
Hid & 4 5

Remember: Redox Reactions

Generalized equilibrium halfreactions combined

Ared — on tne+ Qox H*
Box the+ qred H* C— Bred
Ared + Box + (qred = Qox ) H* : AOX + Bred

el 6




Remember: Redox Reactions

Oxidation: loss of electrons
half-reaction with e~ on the right of the reaction equation
Needs to be linked to an oxidant = electron acceptor

Arsenic-oxidation: As(lll+) €> As(V+)+2e

Generalized equilibrium halfreaction

Ared 4— AOX tne+ qOX H+

w@®
Hd 5 4 7

Remember: Redox Reactions

Oxidation: loss of electrons
half-reaction with e~ on the right of the reaction equation
Needs to be linked to an oxidant = electron acceptor

Arsenic-oxidation: As(lll+) > As(V+)+2 e
2 As(lll+) > Y2As(V+)+1 e

Standard Redox Potential (E,°) = per electron under STP

+5 +3 0 -3
acidic

solution  HaAsOg—2200 pago, 0240 o -0.225 ,q.
basic 0.68 137
solution  As0,3: <L AsQp—— As —— AsHz

kl.' % 4 8
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Remember: Redox Reactions
Reduction: gain of electrons.

half-reaction with e- on the left of the reaction equation
Needs to be linked to an reductant = electron donor
Denitrification: NO, +5e +6H*> /,N,+ 3H,0

+5 +4 +3 +2 +1 0 -1 -2 -3
1.25 -0,23
acidic 1,297 -0.05
solution
_ 1.41 275
NOs 2803y 0, 107 |1\ 0,096 0 159\ 01,77 o ~187 L or ket 2T
7 2.65 | 3 |
0.94 | 0.71 1 7,0, 1.35
0.86 | | 0.496
0.25 -1.16
basic 0.15 -1.05
solution | | | |
_ 0.46 - 0.73 0.1
NO5 2280 N0, 8870 =00 o 878 0084 ) 23 0 0H T NoH4 = NH4OH
0.01 | 0.18 | 10,152 | -0,42 |
-0.14 | | -0.76
1 J I
Hd 5 4

¢
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Midpoint Potential

Redox reactions consist of two half reactions, an oxidizing and a reducing one.

Oxidation is the loss of electrons from orbitals of an atom, reduction is the gain of
electrons.

Together, oxidation and reduction reaction form the combined redox reaction in which
electrons are balanced.

Oxidation and reduction potentials (AEh) express the tendency for a chemical species
to be oxidized or reduced.

The potential (energy) of the electron that is released or taken up by a half reaction is
measured in volts.

The standard reduction potential (AEh°red) is the likelihood (tendency) for a chemical
species that it will be reduced under standard state conditions (298 K, 1 atm, and with
1 M solutions). It is written in the form of a reduction half reaction. The more positive
the potential is the more likely it will be reduced under standard state conditions.

The standard oxidation potential (AEh°0x) is the likelihood (tendency) for a chemical
species that it will be oxidized under standard state conditions (298 K, 1 atm, and
with 1 M solutions). It is written in the form of an oxidation half reaction.

il." vt 1

The concept of metabolic redox half-reactions
e.g. oxidation of ferric iron by Acidothiobacillus ferrooxidans

4 Fe?* + O, +10H,0 —_— 4 Fe(OH), + 8 H*
4 Fe?* +12H,0 SE— 4Fe(OH), + 4 + 12 H*
O,+ 4e + 4H" _— 2 H,0

Generalized equilibrium halfreactions

—- N +
Ag —_— At ne+ q,H
- + ——————————-
BOX + ne + qred H r— Bred

Ared + Box + (qred - Qox ) H* : AOX + Bred

A - on +ne + q H*

red

B, + ne +q_ H < B

red

xl.' (5 4 "



Electron flow in electrochemical cells

Iron nail in aqueous
copper sulfate solution

Electrons ﬁ ﬁ

Voltmeter gives
cell voltage

_ Electrons
W \/
Anode - Cathqgde +
r M M e
[Ttk
=
s - o
Fe . Cu

P. n
= SP=t
a Q % c +
Feo & Fe?* + 2e Fe?* SO~
L 2H+
Cuz* + 2e0 & Cuw°
Feo & Fe?* +2e- Cu2*+2e < Cu° .

2+ o = from and
Fe™ag/Fe%q = -409 mV Cuso,  s0z  Hy@2H" + 26 CuZ+2e &3Cuw
Cu?*, /Cuc,, = +339 mV

H* /H.. =-91my from and

aq’’ 2aq Cuso, S0
Electrons (e) flow from the anode (electron donor) to the cathode (electron acceptor)
An electrochemically more negative couple can reduce a less negative couple

adapted from: Anderson, G.M. 1996.Thermodynamics of natural systems, John Wiley, New York

3 l.' (4% 4

Redox potential

AEr =_AGr and AEr° = AGr ReT

=- = *InK°
neF neF neF
AEr = - 1 -(AGﬁH-R-T-MQ)=AEﬂ%—R.T-MQ
n'F noF
AEr=-R.T°m£3
neF K°

R=8.31451 « 10° [kJ s Mol ° K'1], F=96.485309 [kJ * mol” ¢ V']
T =273.15 [°K] in Kelvin degrees, K°

—K
eq
l.' (4% 4

= equilibrium coefficient

swiss
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Redox potential definition by IUPAC

* Any oxidation-reduction (redox) reaction can be divided into two half reactions: one in which
a chemical species undergoes oxidation and one in which another chemical species
undergoes reduction.

« If a halfreaction is written as a reduction, the driving force is the reduction potential.

« |f the half-reaction is written as oxidation, the driving force is the oxidation potential related to
the reduction potential by a sign change.

* The redox potential is the reduction/oxidation potential of a compound measured under
standards conditions against a standard reference half-cell (E°), normally H* /H..

» Today: Actual redox potentials for processes occurring in a microbial habitat (Er in [volt]) are
calculated for the prevailing conditions and the activities of the chemical species involved at
a particular time and referred to the conditions against the standard reference half-cell H* /H,
(E°).

* Earlier: In biochemical systems the standard redox potential was defined at pH 7.0 versus the hydrogen electrode and
partial pressure of hydrogen = 1 bar (E° ). This is no longer needed, since it has become easy to calculate redox potentials
for any set of conditions.

IUPAC Compendium of Chemical Terminology 2003

l.' st 1

Thermodynamics of electrochemical half reactions: Redox potentials

Substrate Product + n electrons

reduced « oxidized
Seq P > P, + nelectrons
E=—AGr or E=—AGr _R'T_InQ
n-F nF n-F
and since % =E°, and AGr°= -R-T-InK_
n.
) . K
E=E°—E-InQ or E=E-In =
n-F nF  Q

E redox potential, E° redox potential under standard conditions [V]
n number of electrons transferred

R (gas constant) = 8.31451 107 [kJ mol” °K'1]
F (Farady constant) = 96.485309 [kJ mol” V]

t-r4 0




Definition of Terms

Actual oxidation and reduction potentials (AEh) express the potential difference to the
standard reference potentials (AEh°®). Standard potentials are measured in volts at
standard conditions. Gaseous hydrogen has universally been recognized as having
standard reduction and oxidation potentials of zero.

Actual reduction and oxidation potentials are expressed as the difference in the potential
from the standard potential of the corresponding half reaction.

What is a "redox tower"?
In common presentations of a "redox tower" the substances at the top have a greater

likelihood of being oxidized while the ones at the bottom have a greater likelihood of
being reduced. When an electron donating substance that is positioned at the top is
coupled with an electron acceptor substance positioned below, the one at the top will
become oxidized while the one at the bottom will become reduced. The combination
of the oxidation reaction with the reduction reaction yields the redox reaction.

The redox tower is a list of standard reduction potentials in descending order of the
tendency for chemical species to be reduced.

Species at the top are more likely to be oxidized while species at the bottom are more
likely to be reduced. .

sl." (4% 4 ”

Definition of Terms

Evaluate the statement:
"A standard reduction potential expresses the tendency for a given chemical species
to be reduced / oxidized."

How are standard reduction potential and standard oxidation potential related to each
other?

The standard oxidation potential expreses the tendency for a given chemical species to be oxidized as opposed to be reduced.
For the same chemical species the standard reduction potential and standard oxidation potential are opposite in sign.

How are standard electron potential and actual electron potential related to each other?

Standard electron potentials are defined for conditions of 298K (25°C), 1atm, and solute activities of 1M (standard conditions).
Actual electron potentials include the deviation from the standard potential with regard to temperature, pressure and activity.

How are electron reduction potentials measured?

Standard reduction potentials are measured relative to the potential of hydrogen which has been universally set to zero (= 0 Volts)

How can you calculate the standard reduction potential of H20, if you know the

oxidation potential of O27?

The standard oxidation potential and standard reduction potential are always opposite in sign for the same species. The
oxidation potential of O2 is +0.77V.

l.' (4% 4 1
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Check

Determine the values in general terms for the reaction

red + b Sz < - C P + d P2

OX

asS

AGr°

€q

AGr

EO

@
HEd 5 4 "

Summary: Non-equilibrium thermodynamics applied to microbial processes

aA+bB « ¢cC+dD

[ d

o-[CT ]

a b
[A] [B]
AGr = AGr°+ RTInQ
AGr® =-RTInK,, = EGf°(P) - EGf"(S)

AGr =RT In 3
Keq
g, =-2% =-L(Aer°+ RT InQ) = RT,Q
nF nF nF Keq

R =8.31451 107 [kJ mol” °K'1], F=96.485309 [kJ mol" V]

H l.' %4 20




Redox Couples

. -520 SO,%/HSO;
T 410 2H+/H, Convention for the arrangement of
1 -320 NAD+/NADH redox charts:
=217 SO,#/HS- )
T Oxidant + ne- — reductant
1 75 MQ ox/red
+ -10 glycine/am. acetate . " -
< Anything mor itiv n oxidize
= ything more positive can o
c +35 cytochrome b ox/red anvthing less positive
= T 4139 AsO,/AsO;> yining fess p
° +160 DMSO/DMS . .
w -— +200 Fe(llly/Fe(ll) pH 7 Anything more negative can reduce
—+ +230 cytochrome ¢ ox/red anything less negative
+360 NO,/NO
| +430  NO,/NO,
+760 Fe(ll/Fe(ll) pH 2
T +820 0,/H,0
§ ‘.- r** i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 21 / Bio-Thermodynamics 2 Microbial Ecology

Electron transfer in Chemolithotrophy

Couple Ey (V)
— -0.50

!I

How well reduced inorganic compounds can =040

donate electrons and how much energy is released
during the oxidation depends on ...

- -0.30

\

.

- -0.20

— -0.10

the oxidant and L 0.0

on the potential of the electron donor L +0.10
Fumarate/succinate (+0.03) 2 e~
Cytochrome b,yreq (+0.035) 1 e~
Ubiquinoneg,yreq (+0.11) 2 ™~
Fe®*/Fe?* (+0.2) 1 &, (pH 7)

Cytochrome Cyyreq (+0.25) 1 €~

— +0.20

=

— +0.30

A

— +0.40

Cytochrome a,,/eq (+0.39) 1 €~ — +0.50

NO5/NO,~ (+0.42) 2 &~ | 5

\

- +0.70

— +0.80

|

- +0.90

+ @
'§ ‘ - r++ i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 22 / Bio-Thermodynamics 2 Microbial Ecology
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Text book ,electron towers” are often based on E°*

Couple E°’ [Volt]
- -0.50
oxidant / reductant (E°’ ) #of electrons transferred to oxidant

!I

— -0.40

- -0.30

\

.

- -0.20
- -0.10
— 0.0

— +0.10
Fumarate/succinate (+0.03) 2 e~
Cytochrome by/req (+0.035) 1 €~
Ubiquinoneyyreq (+0.11) 2 €™ -
Fe®*/Fe* (+0.2) 1 e, (pH 7)

Cytochrome Cpyreq (+0.25) 1 €~

- +0.20

S\

— +0.30

AN

— +0.40

Cytochrome a,,/req (+0.39) 1 €~ — +0.50

NO37/NO,™ (+0.42) 2 e~ L 10.60

\

- +0.70

— +0.80

|

- +0.90

@
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Energetic calculations with actual redox potentials:
aerobic oxidation of ferrous iron

Fe2*+1,0, + 11,H,0 — Fe(OH),* + H* AEr=? [Volt]

Habitat conditions
10-6 0.2*103 1 106 pH 8

Fe(OH),* + 1e- + 2H* — Fe**+ 2H,0
106 103 pH38 10-6 1 Er=-0.127 [Volt]

02108 103 pH8 1 Er = +0.567 [Volt]

Anything more positive can oxidize anything less positive

Fe(lll)y/Fe(ll) Er=-0.127 [V]
0,/H,0 Er =+0.567 [V]
AEr = Eraccepting couple ~ Erdonating couple

= 0.567 - (-0.127) = 0.694 [V]

AGr =-nF AEr
=-(1) (96485 Joule mol' V-') (+0.694V) = - 66.96 kJoule mol-!

w

@®
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Standard electrode potentials of metabolic reactions (1 Mol/l, 1 atm, pH 7)

Couple E°" [mV] e transferred
C0,/CO -540 2
SO /HSO 5 -516 2
CO, / Formate -430 2
6 CO, / Glucose -430 24 .
2H'IH, -418 2 With the Thermodyn you can
S,05* /HS + HSO 5 -400 2 . .
O, I Methanol 580 & calculate electrochemical potentials
ot -2%0 S for any actual condition of redox
CO./CH4 -240 8 1 1
SO TS 2 3 pairs whose thermochemical values
Acetaldehyde / Ethanol -197 2 i i
Dihydroxyaceton -P/Glycerin -P -190 are available in the data base
Pyruvate / Lactate -186 2
Oxaloacetate / Malate -170 2
HSO4 '/ S;06* -170 27222272
HSO, / HS® -116 6
Cytb ssgex / CYD sse -75t0 - 45 1
APS/AMP + HSOj -60 2
Acrylyl -CoA/ Propionyl -CoA -15 277?
Glycin/ Acetat + NH 4" -10 2777
S406%12S ;05> +24 2
Fumarate / Succinate +33 2
AsO,> /AsO 5> +139 2
Dimethyisulfoxid / Dimethylsulfid +160 77?7
Fe(OH), + HCO4 /FeCO 4 +200 2
Fe> /Fe® +200 1
S3067 /8,057 " +HSO 4 +225 1
NO, /NO +360 1
NO; /NOy +421 2
NO2 /NH3 +440 6
Se04* /Se0 & +475 2
NO3 / '1;N, +740 5
Fe* /Fe® +763 1pH2
Mn* /Mn% +798 2
1, 0,/H,0 +818 2
NO/ '/, N,O +1180 1
N0/ N, +1360 2
@
ol 5 4 2

Standard electrode potentials of coenzymes (1 Mol/l, 1 atm, pH 7)

Couple E°" [mV] e’ transferred
Ferredoxin . / Ferredoxin g - 432 1

2H" /H» - 418 2

Ferredoxin ., / Ferredoxin g -410to -390 1 Clostridium
Flavodoxin o / Flavodoxin g - 370 27?777

NAD*/ NADH - 320 2
FeS-Protein,, / FeS -Protein ¢4 - 305 1 high potential
Cyt C30x / Cyt C 3red -290 1

Lipoic / Dihydrolipoic - 290 2

FAD / FADH , - 220 2

FMN / FMNH , -190 2

Flavodoxin o / Flavodoxin (g -120 2?7?77
Menaquinone ,, / Menaquinone ¢4 -74 2

Cyt b 5580x / Cyt b 558red -75t0 -45 1

Rubredoxin ., / Rub redoxin ¢q - 57 27777

Cyt bsssox / Cyt b sssreq +35t0+120 1

Ubiquinone ,, / Ubiquinone ¢4 +110 2

Cyt bsgaox / Cyt b se2red +125t0+260 1

CytCox/ Cyt C ey +230to+250 1

Cytdoy/ Cytd eq +260t0o+280 1
FeS-Protein,, / FeS -Protein ¢4 +280 1 low potential
Cytay, /Cyta g + 290 1

Cyt Csss0x / CYt Csssred + 355 1

Cytaa3 ./ Cyt aa3 o4 + 388 1

'/ 02/ H,0 +818 2

t-r4 %
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Calculating Eh with Thermodyn - 1

< )
§ sl &= '§§ © [Special 5
xz| 2| » c| Enterformula o |remarks Activity > |Note Compound Formula
1 p 1 H20 | 1,00E+00 Water H20
1 s 0,5 02 aq 1,00E+00 Oxygen 02
1 s 2 e- aq 1,00E+00 Electron e-
1 s 2 H+ aq 1,00E+00 v Proton H+
2 s 2 e- aq 1,00E+00 Electron e-
2 s 2 H+ aq 1,00E+00 v Proton H+
2 p 1 H2 aq 1,00E+00 Hydrogen H2
3 s 1 NO3- aq 1,00E+00 Nitrate NO3-
3 s 2 e- aq 1,00E+00 Electron e-
3 s 2 H+ aq 1,00E+00 v Proton H+
3 p 1 NO2- aq 1,00E+00 Nitrite NO2-
3 p 1 H20 I 1,00E+00 Water H20
4 s 1 C0O2 aq 1,00E+00 Carbon dioxide CO2
4 s 2 e- aq 1,00E+00 Electron e-
4 s 1 H+ aq 1,00E+00 v Proton H+
4 p 1 HCOO- aq 1,00E+00 Formate HCOO-
5 s 1 S0 s rhombic 1,00E+00 Sulfur S0
5 s 2 e- aq 1,00E+00 Electron e-
5 s 2 H+ aq 1,00E+00 v Proton H+
5 p 1 H2S aq 1,00E+00 undissoc Dihydrogen sulfide H2S

Plot 1 Plot 2

Temp. (K) 298,15 Temp. (K) 373,15

Min. variable: 1,00E-14 Min. variable: 1,00E-14

Max. variable: 1,00E+00 Max. variable: 1,00E+00

l.' st a7

Calculating Eh with Thermodyn - 2

Plot 1: E-value as a function of
—&— 1: Proton
—o—2: Proton
—A—3: Proton
e —e—4: Proton
& = % —0—5: Proton
s g
9 =l ¢ 2 s &
Ss ol 3 e = [Special =
xz| 2| & 8| Enter formula & |remarks Activity > [Note |C Formula
1 P 1 H20 | 1,00E+00 Water H20
1 s 0,5 02 aq 1,00E+00 Oxygen 02
1 s 2 e- aq 1,00E+00 Electron e-
1 s 2 H+ aq 1,00E+00 v Proton H+
o=
2 s 2 e- aq 1,00E+00 Electron e- 2'14'13 -12-11-10 -9
2 s 2 H+ aq 1,00E+00 v Proton H+
2 p 1 H2 aq 1,00E+00 Hydrogen H2
3 s 1 NO3: Nitrate NO3-
3 s 2e Electron e-
3 s 2 H+ v Proton H+
3 P 1 NO2: Nitrite 02-
3 P 1 H20 1,00E+00 Water H20
4 s 1 Cc0O2 aq 1,00E+00 Carbon dioxide C0O2
4 s 2 e- aq 1,00E+00 Electron e- - E-val fi i
4 s 1 H+ aq 1,00E+00 v Proton H+ Plot 2: asa of log of
4 p 1 HCOO- aq 1,00E+00 Formate HCOO- —a—1: Proton
5 1 hombi 1,00E+00 Sulfi SO A 2: Proton
s S0 s rhombic , + ulfur .
5 s 2 e- aq 1,00E+00 Electron e- z: E:z;g:
5 s 2 H+ aq 1,00E+00 v Proton H+ o
5 p 1 H2S aq 1,00E+00 Undissoc Dihydrogen sulfide —0—5: Proton
=
s
Plot 1 Plot 2
Temp. (K) 298,15 Temp. (K) 373,15
Min. variable: 1,00E-14 Min. variable: 1,00E-14
Max. variable: 1,00E+00 Max. variable: 1,00E+00
Log plot?: X Log plot?: X
Show react.1 X Show react.1 X
Show react.2 X Show react.2 X
Show react.3 X Show react.3 X
Show react.4 X Show react.4 X
Show react.5 x Show react.5 x

t-r4 %
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Electron potentials of half reactions with different states and variable pH

Reaction
No.

- A

NN
T 0

LT I

o o a ua

(4% 4

E, [ Volt ]

¢

(S,P)
Stoich.

T o o o

coeff.

s 2.00

1.00

2.00
2.00
1.00

1.00
4.00
4.00
2.00

1.00
4.00
4.00
2.00

T o »u o

And how it can be applied for the construction of stability diagrams

-0.8 T

Enter
formula

=z
n
=

02
H(+)
e(-)
H20

02
H(+)
e(-)
H20

aq
aq
aq

aq
aq

aq
aq
aq

Activity

<

1.00E+00
1.00E+00

A
1.00E+00
1.00E+00

1.00E+00
v

1.00E+00

1.00E+00

1.00E+00
v

1.00E+00

1.00E+00

E,% pH O
[mV]

-90.9

1228.9

1271.4

-505.1

814.8

857.3

E-values as a function of pH (-log [H*])

—8—1: Proton
—0—2: Proton
—

—&—4: Proton
—O—5: Proton

[ Volt ]

29

g =2 > °
5% 2 ¢ 3§ IS
438 £ 8 £ CE

2 < uf
s 100 O2 aq 1.00E+00 1271.4
s 4.00 H(+) aq \Y
s 4.00 e(-) ag 1.00E+00
p 2.00 H20 | 1.00E+00

Ew, pH7
[mV]

857.3

Stability fleld of H,O

-90.9 mV

Osaq) * 4 Hag) + 4 €7aq) > 2 H,0,

5 6 -7 -8 -9

10log[H*] =-pH

410 -11 -12 -13 -14

.
' 2Haq) * 2€g 2 Haag
£ c > = ~
&g 2 £ s Is 15
L8 5 o B & o &
a w < u ui
200 H(+) aq v -90.9 -505.1
200 e() ag 1.00E+00
1.00 H2 ag 1.00E+00

30
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Electron transfer onto biochemical electron carriers

Ferredoxinox / Ferredoxinred / lowest
Ferredoxinox / Ferredoxinred / low

-60
[ -55
r-50

DoOWOoOWOoOWOoo COUDOUOUYOYU DYDY DYDY O YW O Wn YWY e o
T TP ARTT8o822RABI3IIBEEBERRIISTILc Iy

Ferredoxinox / Ferredoxinred / high

Flavodoxinox / Flavodoxinred / highest

NAD" / NADH

FeS-Proteinox / FeS-Proteinred

Cyt c3ox / Cyt Cared

Lipoic / Dihydrolipoic

FAD / FADH2

FMN / FMNH2
Flavodoxinox / Flavodoxinred
Cyt bssgox / Cyt bssgred / low

Menaquinoneox / Menaquinonered
Rubredoxinox / Rubredoxinred
Cyt bssgox / Cyt bsssred

Cyt bsseox / Cyt bssered / low

Ubiquinoneox / Ubiquinonered

Cyt bsseox / Cyt bssered
Cyt bsszox / Cyt bsszred / low

Cyt Cox / Cyt Cred / low

Cyt Cox / Cyt Cred

Cyt bsezox / Cyt bssared
Cyt dox / Cyt dred / low

Cyt dox / Cyt dred
FeS-Proteinox / FeS-Proteinred

Cyt aox / Cyt ared

Cyt csssox / Cyt Csssred

Cyt aa3ox / Cyt @a3red

- r++ i-research & training

MBL Woods Hole / Microbial Diver

y Summer Course 2016

Kurt Hanselmann / 31 / Bio-The Microbial Ecology

nodynamics 2

Introducing pe, electron activity

Influence of changes in solute concentrations or / and pH on disequilibrium electron

activity:
Analogy: pH = - log [H*]

A

red

BOX

Solve for oxidation reaction

K

+ ne + q_ H*

pe = - log [e7]

< A +ne +q H

B

red

<>

o A [eTH]>

(Al

[eT =

Ke » [A

red ]

[A,]eHT>

-n ¢ log[e’]=-log K -log [A_,]+ log [A_]+ q_ log [H']

@®
‘ - r++ i-research & training

MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 32 / Bio-Thermodynamics 2
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Interpreting pe

pe

Intercept

1 o [Areql
—pK° - Iog re
[Aox]

If[A_,]1> [A_], then log [[ﬁ'e"]] > 1, i.e. positive

r+* i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 33 / Bio-Thermodynamics 2

pe° for reduction half-reaction

Ared hig on + ne- + qox H+
Box + ne- + qred H+ = B
Ko = [Bred]
B, ] [e] «[H]"

red

B
o7 =
[Box] e K .[H ]red

-n ¢ log[e']=log K° -log [B_ ]+ log [B_ 1+ ¢

red

Draw pe-pH stability diagram and interpret changes in he
concentrations of reduced and oxidized species

What are pe-pH stability diagrams useful for ?

MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 34 / Bio-Thermodynamics 2

log [H']

If[A_]1< [A_] then log [AEd] <1, i.e. negative

Microbial Ecology

Microbial Ecology



§ l.' (4% 4

§ l.' (5 4

pe for generalized reduction half-reaction

Ayt C +ne + qqH" " — A,y + B

oX

AGr = AGr° +RT InQ = AGr° + RT 2.3026 log Q
0. [A[B

[A.] [C] [e] ]

try to derive

AGr® - AGr 1 A.l B q
pe = ————— + —log - — pH
23026 nRT n [A] [C] n

AGr° - AGr . 1 q
2.3026 nR T n n

I
[
o
Q@
Q

pe =

pe for generalized oxidation half-reaction

A,+ C+ne + gH" = A4+ B

0X

AGr = AGr° +RT InQ = AGr° + RT2.3026 log Q

n

A [C] [e] [HT

[Aw] [B]

try to derive
o _ A B
pe = M - 1 |Og red _ g pH
23026 nRT n [AOX] [C] n
AGr°® - AGr 1 q
= — - — | '- 2 pH
Pe = S3026nRT n 0¥ P
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Calculating half cell potentials using Nernst’ s equation

Relations between AGr and E

We assign the thermochemical values listed in the table to

AGr=-nFE electrons and protons
= T Gf(0) Hf(0) Sf(0)
AGr = AG° + RTInQ : 298 208 208
AGe =-nFE° 5 o
k) £ [kJimoll] [kJimoll]  [J/K/mol]
AG°® = RTInK,, 3 a
Electron I- e(-) aq 0 0 65.25
AGr AG’+R-T-InQ Electron = e(-) g 0 0 65.25
E= °F = = Proton I+ H(+) aq 0 0 0
-n N Hydrogen [0 H2 g 0 0 130.57
-R-T-InK_, +R- T-InQ Hydrogen 0 |H2 aq 17.55 -4.16 57.7
- -n-F
E = RT 2.3026 Iog& n  number of electrons transferred
n-F Q Q ratio of actual activity products of reactants
or R gas constant =8.31451 103 [kJ mol* K]
R T =82.057844 10-3[atm Liter mol' K-']
E-E°-2".2302: logQ T  thermodynamic temperature in [K]
n-F InY =2.3026 ,,logY
F  Faraday conversion constant,
= 96.485309 [kJ mol-' V-]
'gl.'l’»«“' a7
Relations between E and pe - 1
E_ 2.3026-R- T- p,
- F
F R T K
=————E replace E with E = —— 2.3026: log—*
Pe = 23026 R T P nF a
F R T K
= . - 2.3026- log—*
Pe = 53026 R T nF 9a
1 1
=—log—* =p?-—1logQ
pe n g Q pe pe n g

follows from Q =1 (equilibrium conditions)

1
pg = E |Og Keq

l.' (4% 4

n  number of electrons transferred

Q ratio of actual activity products of reactants

R  gas constant =8.31451 103 [kJ mol! K]
=82.057844 1073[atm Liter mol' K]

T  thermodynamic temperature in [K]

InY =2.3026 ,,logY

F  Faraday conversion constant,

= 96.485309 [kJ mol-' V-]

38




Relations between E and pe - 2

Pe [-]

(@]

£
Ao N

F

Pe=53026 R T ©

e E [Volts]

-0.600  -0.400 0.000 0.200 0.400 0.600 0.800 1.000 1.200

swiss

=4 %

Check
Thermochemical energy yield from substrate oxidation with different oxidants

Boundary conditions: (concentrations are given in [mol/l])

Ethanol 104

HCO, 5*103

oxidant 0.5*1073 in general
reduced oxidant <0.3*103

pH 6.5<pH<85

Formulate the dissimilation reactions for the fllowing oxidants:

S0,% ,804%,S,0,%,8°, HCO4, H*, O,, NOy

and calculate the thermochemical energy yield for the boundary conditions
given above.

See also Exercises section

kl.' v 40
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Microbial Ecology

Why thermodynamics allows microorganisms to make a living

Gibbs free Energy (AG):
is a function of

Temperature
Pressure
Chemical Composition

AG,=AG°+RTInQ

AG,° : standard state (reference frame)

Q

: chemical composition which defines deviation from equilibrium

@®
‘ - r+* i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 42 / Bio-Thermodynamics 2
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How to present thermochemical calculation results — Terms to remember

aA + bB cC + dD
Substrates Products
Recall:
AGr=AGr’+R T-InQ=-R- T INK,, +R- T-InQ=R- T: Ing
eq
c d
_lc]-[p]
a b
[A]-[8]
Q ratio of actual activity products of reactants
R gas constant =8.31451 10-3 [kJ mol' K], (concentration basis)
=82.057844 10-3[atm Liter mol' K-'] (pressure basis)
T thermodynamic temperature in [K]

InY =2.3026 ,4logY

We woud like to present AGr as a function of one of the reactants

-e o

—0.3 | Anoxic
CH3—C00~ Carbonate respiration; H H
8= Sttt What can you read from this figure ?
bacteria, obligate
CO, anaerobes
Sulfur respiration;
-0.27 facultative aerobes
o and obligate
) anaerobes
-0.25
CHy Carbonate respiration;
methanogenic Archaea;
obligate anaerobes
CO,
-0.22 HS™ Sulfate respiration
(sulfate reduction);
- obligate anaerobes
EO, SO,
N N
WV X
Succinate L
0 Fumarate respiration;
facultative aerobes
Fumarate
Ry
NO,™, NoO, N.
2 2 Nitrate respiration
+0.4 (denitrification);
facultative aerobes
N
Fe2+ Iron respiration;
facultative aerobes
+0.75 and obligate
Fed* anaerobes
Oxic
(oxygen
t)
present) H0 Aerobic respiration;
+0.82 obligate and
facultative aerobes




swiss
-

swiss

Electron potentials of half reactions with different states and variable pH

Reaction
No.

NN - -
T 0

LT I

o o a ua

(4% 4

E, [ Volt ]

¢

(S,P)
Stoich.

coeff.

s 2.00

1.00

2.00
2.00
1.00

1.00
4.00
4.00
2.00

T o o o

1.00
4.00
4.00
2.00

T o »u o

-0.8 T

02
H(+)
e(-)
H20

02
H(+)
e(-)
H20

aq
aq
aq

aq
aq

aq
aq
aq

3:90.0 mv

Activity

<

1.00E+00
1.00E+00

A
1.00E+00
1.00E+00

1.00E+00
v

1.00E+00

1.00E+00

1.00E+00
v

1.00E+00

1.00E+00

Stability fiéld of H,O

E,% pH O
[mV]

-90.9

1228.9

1271.4

-505.1

814.8

857.3

E-values as a function of pH (-log [H*])

—8—1: Proton
—0—2: Proton
—

—&—4: Proton
—O—5: Proton

[ Volt ]

45

£ o 8 > ot ~
£5%y 2 ¢ £ %3 %5
w 29 = n © O"E. ‘o-.g.
2 < uf uF
s 1.00 O2 aq 1.00E+00 1271.4 857.3
s 4.00 H(+) aq \Y
s 4.00 e(-) aq 1.00E+00
p 2.00 H20 | 1.00E+00

Osaq) * 4 Hag) + 4 €7aq) > 2 H,0,

5 -

6 -7

-8 -9

10log[H*] =-pH

.
S 2H"q +2€aq P Haeg
-10 -11 -12 -13 -14
e o > = ~
as% 2 8§ 3 5 &%
28 5 & 3 & &
» w < ur ur
2.00 H(+) aq v -90.9 -505.1
200 e-) aq 1.00E+00
1.00 H2 ag 1.00E+00

46
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Apparent Eh anomaly 1: The problem

Thermodyn calculates values for E°h(H,) under standard conditions (activities = 1, pH =0, T=
25°C) which are different from 0 Volt (the reference value for the hydrogen electrode) and E
°h(0O,) which differ from the expected value of +1.233 Volt. Why ?

Explanation: We use the aqueous states H,,, and O,,, for most physiologically relevant
applications. The physicochemical reference values, however, are calculated for the
gaseous state H,, and O,,. The thermochemical values for the two states differ which leads
to different E°h values.

Gf(0) Hf(0) Sf(0)

FormulaState (298) (298) (298)
[kd/mol/l]  [kJ/mol/l] [J/K/mol]

Element: Hydrogen

Electron e- aq 0 0 65.25
Electron e- g 0 0 65.25
Proton H+ 0 0 0

Element: Oxygen

Water H20 -237.2 -285.8 69.9
Water H20 g -228.6 -241.8 188.7

@®
‘ - r+* i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 48 / Bio-Thermodynamics 2 Microbial Ecology



Apparent Eh anomaly 2: Calculations with Thermodyn

c . @ .
25 5% g - E-value as a function
§Z @] 2 olEnter ;,'!; =
'3 @ ~formula Activity >Compound |[Formula | —ll— 1: Proton
1 s 1 02 aq 1.00E+00 Oxygen 02 —0—2: Proton
1 s 4 e- aq 1.00E+00 Electron e- A
1 s 4 H+ aq v Proton H+
1 p 2 H20 | 1.00E+00  Water H20 —&— 4: Proton
—{—5: Proton
2 s 1 02 [ 1.00E+00 Oxygen 02
2 s 4 e- aq 1.00E+00 Electron e-
2 s 4 H+ aq v Proton H+
2 p 2 H20 | 1.00E+00 Water H20
4 s 2 H+ aq v Proton H+
4 s 2 e aq 1.00E+00 Electron e-
4 p 1 H2 aq 1.00E+00 Hydrogen H2
5 s 2 H+ aq v Proton H+
5 s 2 e- aq 1.00E+00 Electron e-
5 p 1 H2 [ 1.00E+00 Hydrogen H2
Plot 1
Temp. (K) 298.15
Min. variable: 1.00E-14
Max. variable: 1.00E+00 -1.5 4
w@®
Hid & 4 49
Apparent Eh anomaly 3: Comparison of values for Eh(H,)
2H* + 2¢ —— H,
Eh(H,)gaseous [VOII] Eh(H,).qe0us [VOIt]
pH O pH 7 pH O pH 7
0 -0.414 - 0.091 - 0.505
i
—0— —n— t t Eh(HZ)g =0V
—— -15 -13 -1 -9 Eh(H,),, =-0.091V
—&— 4: Proton
O S: Proton
Eh(H,), =-0.414 V
Eh(H,),, = - 0.505V
-0.6 +
Eh(HZ)gaseous -0.8 +
=
Eh(H2)aqueous g
=] s

l.' (4% 4 50
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Apparent Eh anomaly 4: Comparison of values for E°h(O,)

4H* + 4e + O, H,0
E°h(02)gaseous [Voli] E°h(0O,).qe0us [VOIT]
pH O pH 7 pH O pH 7
+1.229 +0.815 +1.272 + 0.858

—&— 1: Proton E°h(Oy)yq =+ 1.272V
—0—2: Proton

—A— E°h(O,), =+1.229V
——

a

th(OZ)aqueous (1% I o0

E°h(O,)

gaseous

0.2 +

D

Volt

E°" h(0,),, =+0.858 V
E°’h(0,), =+0.815V

51
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-




swiss

Electron Flow in Chlorobiaceae (green Sulfur Bacteria)

Em Volt How does electron flow differ from the
Ls one in the purple non-sulfur bacteria ?
*
Pgao ¢
-1.0=
Ao ~
Ay
-0.5 = FeS
\ Fd — .
/ NAD(P)* | S
2442
0.0 fp~ N0
AR l}cl
/"’” Csss 1 o +
+0.5 = P340 73 + H
+1.0=
@
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Phototrophy with Ferro-iron

Define the conditons which allow ferro-iron to act as an electron donor in anoxygenic
photosynthesis.

Can you think of other redox pairs which could act as electron donors in anoxygenic
photosynthesis ?

’

* Eo (U
-1.00 | (BChl), - ~0.50

N N

-090 € (CH0)
* \ + ~t
NAD*/NADHZ 4

-0.30 f
Cco,
-0.20 f
- 0.0

e’ e’
-010 | won yelic _-7 .
electron -
0.00 } flow Fumarate/succinate (+0.03) 2 & | 1020
uQ

- -0.40

- -0.30

- -0.20

- -0.10

Midpoint potential [V]

- +0.30
2+
+0.10 | Fe(OH), Fe Fe®*/Fe?* (+02) 1 67, (PH7)
C y't b - +0.40
+0.20 I +0.50
cyclic Cyt. ¢
electron . | 4060
+030 | Jlow
Cyt. ¢, ¢—— e L +0.70
+0.40 | 3%. U - +0.80
(BChl),
2 =5
+050 | 09
@®
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Phototrophy with Arsenite

* Ey (V)
-1.00 | (BChl), - -0.50
VAN e I -0.40
-090 | \ (CH,0) om0
£ S . ~t [
-030 } NAD™/NADH " i
CO,
-0.20 - -0.10

- 0.0

e’ e’
.00 } - m7 1010
electron
uQ

Midpoint potential [V]

flow Fumarate/succinate (+0.03) 2 e~ | 1020
0.00 /

- +0.30
+0.10 Fe**/Fe?* (+0.2) 1 e, (PH7) L +0.40

”””””””” Cyt:b--------- AsO,> AsOz* J
3 - +0.50

+0.20 eyclic Cyt. ¢ !
electron . | 4060
W 4

+030 £, flo » ) or0

;ﬁ Cyt. ¢; &=—— ¢ S8
+0.40 } | L 1080

(BChl),

L +0.90

+0.50

@®
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Electron Flow in oxygenic Phototrophs

E', (volts) What is common, what is different when compared with electron
flow in membranes of anoxygenic phototrophs ?

-1.5 =
*
e;/Pmo
-1.0=— Ao A
. Nd
Peso_e e
0.5 = A\pheo / FeS
<~ ho
\ H* NADP* |<Fd
PQ \
0.0— A~ pQg-1--*->PQH;
hv mwwawpe - A.‘.I bﬁf\ o
C —
+0.5— P
1 RCI
3 H0 _
&
+1.0=
>\\Peso
lo
472 RCII
@®
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Contents

* Summary of terms, relations and abbreviations

1 J
i-ed -

Summary of thermodynamic relationships

aA+bB « cC+dD
o LT T
[A] - []

AGr = AGr°+ ReTeInQ
AGr® =-ReTeInK° = EGf°(P) - EGf°(S)

AGr=R°T°In8
KO
AEr =260 -1 *(AGr° + R+ T+InQ) Rt
neF neF neF K°

R=8.31451 « 107 [kJ-Mor1 o K'1], F= 96.485309 [kJ*mol™ V']
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Hierarchy of thermodynamic terms: Define the terms

@
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AGro+ReT+InQ

5Gfop - 3Gfog,
AGre

Hf°-T+Sf°\ - ReTeInK°

yGfo

- AGro/n°F

ReTeInQ/K°

AGr/neF

Hierarchy of thermodynamic terms: Define the terms (solution)

Gfe
Y Gfo

@®
‘ - r+* i-research & training MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 60 / Bio-Thermodynamics 2 Microbial Ecology

5GP, - TGP,

Hfo-T+Sfo

AGro+R«T+InQ
AGr

AGre

- ReTeInK®

AEre

ReTeInQ/K°/n*F

ReT-InQ/K°

AGr/neF

Basic thermochemical values

Thermochemical values of
compounds calculated from basic
thermochemical values

Gibbs free energies and electron
potentials of reactions at standard
state equilibrium calculated from
thermochemical values of reactants

Gibbs free energies and electron
potentials of reactions at non-
equilibrium conditions in relation to
standard state equilibrium conditions
calculated from activities of reactants
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Examples using Thermodyn
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Summary: Calculating Gibbs free energies

Write a balanced chemical reaction
Consider the phases of each species
Choose a temperature and pressure

Obtain Gf° at that temperature and pressure for each species (Standard free
energy of formation from the elements (Gf°).

Calculate AGr°

Calculate K, (equilibrium distribution)

Determine actual conditions under which the reaction takes place
Calculate actual AGr as AGr° + RT InQ

HEl 2 s

The following slides summarize thermodynamic presentations of
chemolithotrophic life styles

Define the life style by extracting the dissimilation reactions from the Thermodyn
Excel sheet and define the conditions under which the life style can exist.

3l.' (5 4 4



Chemolithotrophic microorganisms

Formulate chemotrophic dissimilation reactions for the following organisms, write the proper
stoichiometries and evaluate the thermodynamic feasibility of the proposed reactions using

Thermodyn®
Aerobically .... - Hydrogen oxidizing Alcaligenes eutrophus

- CO-oxidizing Pseudomonas carboxydovorans
- Ammonium oxidizing Nitrosomonas europaea

- Nitrite oxidizing Nitrobacter winogradskyi

- Sulfur oxidizing Sulfolobus acidocaldarius

- Hydogensulfide oxidizing Beggiatoa mirabilis

- Thiosulfate oxidizing Thiobacillus novellus

- Manganese oxidizing Leptothrix sp.

- Ferrous iron oxidizing Thiobacillus ferrooxidans
- Methane oxidizing Methylococcus capsulatus

Anaerobically .... - H,S oxidizing Thioploca sp.
- S° oxidizing Thiomargaritha sp.
- NH,* oxidizing Brocadia anammoxidans
- S,0,% oxidizing Thiobacillus denitrificans
- Se disproportionating Desulfocapsa sulfoexigens
- S,0,% dismutating Desulfovibrio sulfodismutans

¢ 5
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Free energies of aerobic chemolithotrophic dissimilation reactions 1

NH,* + 1',CO, + /,H,O — 11, <HCHO> + NO, + 2H*
e.g. Nitrosomonas sp.

e.g. Nitrobacter sp.

H,S + 2CO, + 2H,0 —— 2<HCHO> + SO,> + 2H*
e.g. Thiobacillus sp.

Fe’* + 1/,CO, + H* — 1/, <HCHO> +Fe?* + 1/, H,0
e.g. Thiobacillus ferrooxidans, Leptothrix sp.

Mn?* + 1/,CO, + 2 H* — 1/, <HCHO> + Mn** + 1/, H,0
e.g. Bacillus sp., Aeromonas sp., Hyphomicrobium sp.

H, + 1,CO, — '/, <HCHO> + '/, H,0
e.g. Paracoccus sp., Hydrogenobacter sp.

kl.' %4 6




How Thermodyn works (chemolithotrophic dissimilation reactions)
1: CH,+20, ==> CO, + 2H,0 2: H,+050, ==> H,0

4. H,S+20, ==> S0,z + 2H*

S o

= < o

g G | < E £ | special 'g

xz (2| Ho Enter formula & | remarks Activity >
1 s 1 CH4 aq 1,00E-06

1 s 2 02 aq v
1 p 1 CO2 aq 1,00E-06
1 p 2 H20 | 1,00E+00
2 s 1 H2 aq 1,00E-06

2 s 05 02 aq v
2 1 H20 | 1,00E+00
s 1 co aq 1,00E-06

3 s 05 02 aq v
3 p 1 co2 aq 1,00E-06
4 s 1 H2S aq 1,00E-06

4 s 2 02 aq v
4 p 1 S0O42- aq 1,00E-06
4 p 2 H+ aq 1,00E-08
5 s 1 SO s rhombic 1,00E+00

5 s 1,56 02 aq v
5 s 1 H20 | 1,00E+00
5 p 1 S042- aq 1,00E-06
5 p 2 H+ aq 1,00E-08

@
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Free energies of aerobic chemolithotrophic dissimilation reactions 1

s 5 o| | Plot 1: delta-G as a function of log of at 100°C
§ o 3 % £ | special @ —8—1: Oxygen } } } ©
- [=] [] 7ol . - - -
¢2|e| 538 Enter formula » | remarks Activity S X gj ggg:: 15 10 5 -1009
1 s 1 CH4 aq 1,00E-06 o—4: Oxygen 0006000060000 -200 +
1 s 2 02 aq V| _o—5 Oxygen e e A Y
1 p 1 co2 aq 1,00E-06 -300 T
1 p 2 H0 | 1,00E+00 < 400+
2 s 1 H2 aq 1,00E-06 5 -500 T
2 s 05 02 aq v N P
2 p 1 H2 I 1,00E+00 = -600 7
© -700 T
3 s 1 Cco aq 1,00E-06 £
3 s 0,5 02 aq v 5 -800 T
3 p 1 CO2 aq 1,00E-06 _900 L
4 s 1  H2s aq 1,00E-06 . - : N
4 s 2 o2 aq v Plot 2: delta-G as a function of log of at0°C
4 p 1 SO42- aq 1,00E-06 —&—1: Oxygen : : : &
4 2 H+ a 1,00E-08 —0—2: Oxygen - R -
P d —A—3: Oxygen 15 10 5 -100 9
5 s 1 S0 s rhombic 1,00E+00 —&—4: Oxygen 00000600000 -200-
5 s 15 02 aq vy | —O—5: Oxygen A_H_H—A—-A—A—A—A—-A 3001
5 s 1 H20 | 1,00E+00 c
5 p 1 SO42- aq 1,00E-06 2 -400 1
5 p 2 aq 1,00E-08 § -500 +
- MDWH -600 1+
© - 4
E .:‘:':'Itz.:.:.:.:':. 709
3 -800 +
-900 +
@
HEd g3 8
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Free energies of aerobic chemolithotrophic dissimilation reactions 2

< @
g £ 3
13} ~| o& ] . ]
Ss | 53 s Special 5
xz |[L2|Ho Enter formula &% | remarks Activity >
1 s 1 NH4+ aq 1,00E-06
1 s 2 02 aq v
1 p 1 NO3- aq 1,00E-06 . _ ;
1 o 1 H0 | 1.00E400 Plot 1: delta-G as a Tunctlon of Igg of ‘ .
1 p 2 H+ aq 1,00E-08 —@—1: Oxygen ' ' ' v
—0—2: Oxygen -1 SW 50 +
2 s 1 NO2- aq 1,00E-06 —A—3: Oxygen M -
2 s 05 02 aq v —o—4: Oxygen 2100 +
2 p 1 NO3- aq 1,00E-06 —O—5: Oxygen
-150 +
3 s 1 N20 g 1,00E-06 c
3 s 2 02 aq v -g -200 +
3 s 1 H20 | 1,00E+00 ]
3 p 2 NO3- aq 1,00E-06 o -250 1
3 p 2 H+ aq 1,00E-08 1
g -300
4 s 1 Mn2+ aq 1,00E-06 ~ 1
4 s 0,5 02 aq v 5 350
4 s 1 H0 [ 1,00E+00 _400 L
4 p 1 gMnO2 s 1,00E+00
4 p 2 H+ aq 1,00E-08
5 s 1 Fe2+ aq 1,00E-06
5 s 0,25 02 aq v Plot 1
5 s 1  H20 | 1,00E+00 Temp. (K) 298,15
5 p 05 aFe203 s 1,00E+00 Min. variable: 1,00E-14
5 p 2 H+ aq 1,00E-08 Max. variable: 1,00E-04
@
od 5 4 9
Free energies of anaerobic chemolithotrophic dissimilation reactions
5 o| |Plot 1: delta-G as a function of log of
2 £ I
2 = = 100 T
85 (2|58 § | Special 2 ;: :ngoge”
¥z [2|HO Enter formula &» | remarks Activity S| | ~©—2: Hydrogen
1 s 1 H2 aq v —A—3: Hydrogen 50 |
1 s 1 a-Fe203 s 1,00E+00 o
1 s 4 H+ aq 1,00E-02 O L
1 p 3 H0 I 1,00E+00 } } i
1 p 2 Fex+ aq 1,00E-06 5 15 10 pH 8
= -50 T
2 s 1 H2 aq v S
2 s 1 aFe203 s 1,00E+00 o pH5 -100+
2 s 4 H+ aq 1,00E-05
2 p 3 H20 | 1,00E+00 E 150
2 p 2 Fe2+ aq 1,00E-06 S pH 2
X
3 s 1 H2 aq v -200 +
3 s 1 a-Fe203 s 1,00E+00 =
3 s 4 H+ aq 1,00E-08 Plot 2: delta-G as a function of log of
3 p 3 H0 I 1,00E+00 - L ‘ ‘ N
3 p 2 Fe2+ aq 1,00E-06 o _I‘ < ' ! Y
_A_ - - .
4 s 1 NH4+ aq v 4 Ammonium Dismutation -50 A
4 s 0,6 NO3- aq 1,00E-06 5 Thiosulfate
4 p 08 N2 aq 1,00E-06 B 2100 4
4 p 1,8 H20 | 1,00E+00 c
4 p 04 H+ ag 1,00E-08 2
‘g -150 +
5 s 1 $2032- aq v o
5 s 1 H20 | 1,00E+00 -200 ¢
5 p 1 HS aq 1,00E-06 S
5 P 1 S042- - i
aq 1,00E-06 E Anammox -250
5 p 1 H+ aq 1,00E-08 )
Plot 1 Plot 2 -300 -
Temp. (K) 298,15 Temp. (K) 298,15
Min. variable: 1,00E-14 Min. variable: 1,00E-14
Max. variable: 1,00E-04 Max. variable: 1,00E-04

l.' %4
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Chemolithotrophic Denitrification of reduced Sulfur Compounds
Example: Dissimilation by denitrifying Thiomargarita sp.

Intermediate storage of elemental sulfur and loss of N as N,O

4H,S + 2NO; + 2H* > 4S° + N,O + 5H,0
4S° + 6NO, + H,0 > 4S0,.2 + 3N,0 + 2H*

4H,S + 8NOy > 4S0,.2 + 4N,0 + 4H,0
(H,S + 2NO; > 80,2 + N,0O + H,0)

Intermediate storage of elemental sulfur and loss of N as N,

5H,S + 2NO; + 2H* > 58° + N, + 6 H,0
5S° + 6NO, + 2H,0 > 5S0,2 + 3N, + 4H*

5H,S + 8 NOy > 580,2 + 4N, + 2H* + 4H,0
(H,S + 1% NOy > SO2 + %N, + %H* + %$H,0)

Which nitrate concentrations in the cytoplasm of Thiomargarita
sp. lead to energetically most favorable reactions?

3l." vt 1
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Summary Exercises: Virtual experiments employing Thermodyn

We compare the anaerobic metabolism of ethanol (CH;CH,OH) employing different sulfur
compounds as oxidants and demonstrate how energy yield can vary. The virtual
experiments are carried out in chemostats with constant operating conditions (= boundary
conditions)

Boundary conditions (concentrations in [mol/I])

Ethanol variable 102 - 10-'%, HCO,", 5*10-3, oxidant 0.5*10-3 in general, reduced oxidant <
0.3*103, pH 6.5 < pH < 8.5, T = 25°C (298.15 K)

Problems

1. Formulate the dissimilation reactions for complete (to HCO;) oxidation of ethanol with

the following oxidants: SO,> , SO, , S,0,*, S°, and compare with HCO,, H*, O,, NO;
as oxidants.

2. Explain the differences in thermochemical energy yields.

t-r4 "’
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Thermodynamic comparison of sulfate, sulfite, thiosulfate and sulfur as electron
acceptors (oxygen for comparison)

é = % Plot 1: delta-G as a function of log of
¢ |z|2% 2 | special 2
gsls|88 - oty ity |8 e tEmenol 2 0 5 5 4 2
Z |2 | »nO | Enter formula o | remarks Activity >| Note Compound
1 s 1 C2H50H aq 1,00E-04 v Ethanol +§ E::a”"}
1 s 15 SO42- aq 500E-04 [ Sufate | i & Etenc! 50
1 p 2 HCO3- aq 5,00E-03 Bicarbonate o
1 p 1,5 HS- aq 3,00E-04 Hydrogen sulfide
1 p 05 H+ aq 3,16E-08 Proton 00t =
1 p 1 H20 | 1,00E+00 Water 5
2 s 1 C2H50H aq 1,00E-04 v Ethanol 3
2 s 2 SO082- aq 500E-04 _______ Sulfite M “l
2 p 2 HCO3- aq 5,00E-03 Bicarbonate £
2 p 2 Hs aq 3,00E-04 Hydrogen suffide N’\‘\‘\N\‘ 2
2 p 1 H20 | 1,00E+00 Water -200
Ethanol ‘\‘*‘\‘\N\‘\‘
Thiosulfate -250
Water
Bicarbonate
Hydrogen sulfide 300
Proton
4 s 1 C2H50H aq 1,00E-04 v Ethanol " n
4 S 6 SO S rhombic 1,00E+00 Sulfur Plot 2: delta-G as a function of log of
4 s 5 H20 | 1,00E+00 Water
4 p 2 HCO3- aq 5,00E-03 Bicarbonate R ~ ~ ~
4 p 6 HS aq 3,00E-04 ____ Hydrogen sulfide | 81 Ethanol 12 . 3 * :
4 p 8 Hr aq 3,16E-08 Proton o o EE‘% 200
5 s 1 C2H50H aq 1,00E-04 v Ethanol _e—4: Ethanol
5 s 3 02 aq 3,00E-04 Oxygen _0—5: Ethanol
5 s 5 H20 | 1,00E+00 Water -400
5 p 2 HCO3- aq 5,00E-03 Bicarbonate H
5 p 6 H20 | 1,00E+00 Water z
5 p 2  H+ aq 3,16E-08 Proton -600 s
Plot 1 Plot 2 =z
Temp. (K) 298,15 Temp. (K) 298,15 2
Min. variable: 1,00E-10 Min. variable: 1,00E-10 s0T3
Max. variable:  1,00E-02 Max. variable:  1,00E-02 =
Log plot?: X Log plot?: X ~1000
Show react.1 X Show react.1  x
Show react2  x Show react2  x -1200
Show react.3 X Show react.3  x D—“—'ﬂ—ﬂ—u—n—u_u_u_u_u
Show react.4 X Show react4  x 1400
Show react.5 Show react.5 x

l.' (4% 4 A
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Thermodynamics for alternative electron acceptors to sulfate:
bicarbonate, protons, nitrate and oxygen

é £ % Plot 1: delta-G as a function of log of
8 |g|es 2 i 2 150
So|5|28 = Special s —8—1: Ethanol
¥z |L2| 5O | Enterformula | ® |remarks Activity >| Note Compound Formula o2 Eth::gl
1 s 1 C2H50H aq 1,00E-04 v Ethanol C2H50H o Ethongl 100
1 s 15 SO42- aq 5,00E-04 Sulfate S042- ——
1 p 2 HCO3- aq 5,00E-03 icarbonate HCO3- o
1 p 15 HS- aq 3,00E-04 Hydrogen sulfid HS- 50
1 p 05 H+ aq 3,16E-08 roton H+
1 p 1 H20 | 1,00E+00 Water 20
2 s 1 C2H50H aq 1,00E-04 v Ethanol C2H50H c o ; ; ; ; o
2 s 1,5 HCO3- aq 5,00E-03 Bicarbonate HCO3- S 12 210 -8 _6 4 -2
2 s 0,5 H20 | 1,00E+00 Water H20 b
2 p 2 HCO3- aq 5,00E-03 icarbonate HCO3- E -50
2 p 15 CH4 aq 3,00E-04 ethane CH4
2 p 05 H+ aq 3,16E-08 roton H+ °
Ethanol C2H50H £ -100
roton H+ )
Water H20
icarbonate CO3- -150
Hydrogen 2
Proton H+ n i
4 s 1 C2H50H aq 1.00E-04 v thanol CoFBEOH Plot 2: delta-G as a function of log of
4 s 24 NO3- aq 5,00E-04 itrate 03- 200
4 p 22 H20 | 1,00E+00 Water 20 —B—1: Ethanol A—A—A_A_A_A_A__A_A__A__A
4 p 2 HCOS3- aq 5,00E-03 icarbonate HCO3- —0—2: Ethanol ) ) ) ) ) "
4 p 1,2 N2 aq 3,00E-04 itrogen 2 —A—3: Ethanol
4 s 04 H+ aq 3.16E-08 roton Fie e it 12 SRS R g ggeg oo
5 s 1 C2H50H aq 1,00E-04 v thanol C2H50H —0—5: Ethanol -200
5 s 3 02 aq 3,00E-04 Oxygen 02
5 s 5 H20 | 1,00E+00 Water H20 _400
5 p 2 HCOs3- aq 5,00E-03 Bicarbonate  HCO3-
5 p 6 H20 | 1,00E+00 Water H20 <
5 p 2 H+ aq 3,16E-08 Proton H+ s -600
Plot 1 Plot 2 i3
Temp. (K) 298,15 Temp. (K) 298,15 2 -800
Min. variable: 1,00E-10 Min. variable: 1,00E-10 -
Max. variable: 1,00E-02 Max. variable: 1,00E-02 g 1000
~
Log plot?: X Log plot?: X = 000 0o o oo 0o 0.1 200
Show react.1 X Show react.1  x
Show react.2 X Show react.2  x
Show react.3  x Show react.3  x
Show react.4 Show react.4  x
Show react.5 Show react.5  x
[ J
od 5 4 1

Check yourself: Incomplete propionate degradation

The conversion of propionate to acetate by Syntrophobacter wolinii follows the
stoichiometric reaction equation :

CH,;CH,COO- + 3H,0 - CH;COO- + HCO4; + 3H, + H*
Which of the following statements about the thermodynamics of this reaction is correct?
A At higher pH the reaction would become more exergonic

B Atlower pH the reaction would become more endergonic

¢ B




Bio-energetic question that came up during the course: NH,* oxidation

Under which conditions can NH,* be oxidized aerobically and anaerobically?

Define oxidants and conditions that lead to exergonic reactions.
Where in the ocean could the anaerobic processes occur?
Check with actual measurements of conditions.

@
HEd 5 4 7

Bio-energetic question: Aerobic respiration vs. denitrification

Under which O, concentration (22 uM, 10 yM, <1 pM) in the OMZ will aerobic
respiration be energetically less favorable than denitrification?

 Define organic substrates (DOC) that can be degraded by both life styles.
* Define oxidants for denitrification.

* Write comparable degradation processes as stoichiometric reaction equations.
* Define conditions that are representative for OMZs.

» Check energetic yields with actually measured conditions in OMZs.

3l.' (4% 4 18



Bio-energetic question: Sequential use of oxidants

What are oxidants that are available for microbial degradation of DOM in oxic and
anoxic waters?

In which sequence are they being consumed by microbes?

» Assume an organic substrates (DOC) that is being degraded by the organisms.
 Define the sequence of oxidants for degradation.

» Define conditions that are representative for oxic and anoxic waters.

» Write comparable degradation processes as stoichiometric reaction equations.
» Check energetic yields.

;l.' (4% 4 19

Bio-energetic question: Enrichment of sulfate-reducing bacteria

Why is it thermodynamically more favorable to enrich sulfate-reducers with sulfite,
rather than sulfate?

» Define an organic substrates (DOC) that is known to be used by sulfate reducers.
» Write two degradation equations, one with sulfate, the other with sulfite as oxidant
Define enrichment conditions.

+ Calculate energetic yields for the two processes.

* Find the explanation for the result by studying the biochemical mechanism for
sulfate reduction.
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Bio-energetic question: aerobic and denitrifying oxidation of sulfur compounds

These are reactions and corresponding standard free energies from Pancho’s
presentation on “Ecologia molecular del bacterioplancton oxidante de compuestos
reducidos de azufre en las aguas deficientes de oxigeno del Océano Pacifico Sur
Oriental”

HS- + 20, =) SO, 2+ 2H* AG® = -798 kJ mol"
S,0,2 + HyO + 20, mmmmmmp  2S0,2 + 2H* AG® = -818 kJ mol-’
S°+H,0+ 150, =)  SO,%+2H* AG® = -587 kJ mol’
HS + NO; = SO,% +N, AG® =-679.3 kJ mol’
S,0;2+ NOy =mmmmp  2S0,% + N, + H* AG® =-907.2 kdJ mol"

* Are their stoichiometry correct?

* Why are the thermodynamic values not comparable?

* How would thermodynamically comparable reactions look like?

* What are actual conditions for substrates and products in the OMZ?

+ Calculate actual AGr values and draw conclusions about the occurrence in the
OMZ.

@
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Bio-energetic question: aerobic and denitrifying oxidation of sulfur compounds

These are reactions and corresponding standard free energies from Pancho’s
presentation on “Ecologia molecular del bacterioplancton oxidante de compuestos
reducidos de azufre en las aguas deficientes de oxigeno del Océano Pacifico Sur
Oriental”

HS" + 20, = SO, 2+ 2H* AG® = -798 kJ mol-’
S,052 + Hy0 + 20, mmmmmmp  2S0,2 + 2H* AG® = -818 kJ mol"’
S° + H,0 + 1.50, =mmmp SO, + 2H* AG® = -587 kJ mol’
HS + NO; =y SO,% +N, AG° =-679.3 kJ mol’
S,0;2+ NOy wemmmmp  2S0,% + N, + H* AG® =-907.2 kJ mol"

» Can you think of other reactions in the coupled N-S-cycle that might occur?

* Under what conditions are they thermodynamically favorable?

* Did you include disproportionation of S° and dismutation of thiosulfate?

* Are disproportionation of S° and dismutation of thiosulfate thermodynamically
exergonic?
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Bio-energetic question:
Can sulfate assure the anaerobic oxidation of ammonia to N-oxides?

NH,* + SO,* NO, + HS + H* + H,0

NH,* + 3/, S0,* NO, + 3/,HS  + 1'/,H* + H,0

NH,* + 5 S0,2 NO + S/4HS + 3/gH* + 1,H,0

NH,* + 1/,S80,* ,NO + Y,HS + ",H* + 17/,H,0

Are the proposed processes thermodynamically feasible ?

Schrum H.N. et al. 2009. Geology, 37/10, 939-942, October

@
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Bio-energetic question: Combine sulfate reduction with denitrification and
anammox to achieve anaerobic oxidation of ammonia to N,

Sulfate as oxidant:

NH,* + SO,* NO, + HS + H* + H,0

NH,* + 3/, S0,* NO, + 3/,HS  + 1'/,H* + H,0

NH,* + 5/, 80,2

NO + S/gHS + ¥gH* + 11,H,0

NH,* + 1/,S0,* ,N,O + Y,HS + ",H* + 17,H,0

Schrum H.N. et al. 2009. Geology, 37/10, 939-942, October
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Bio-energetic question: How dinitrogen oxide (N,O) can be cycled

Under which conditions can N,O be an oxidant, how can it be a reductant?

+ Define stoichiometric reactions for N,O as reductant as well as oxidant.

» Choose conditions, which are representative for a natural habitat.

» Check energetic yields and define thermodynamically exergonic and endergonic
reactions.

» Can N,O be disproportionated in an energetically favorable way for
chemolithotrophic microbes?

5 l.' (4% 4 2

Bio-energetic question: Can dinitrogen oxide (N,O) be an electron donor for
anoxigenic photosynthesis

What is the redox potential of N,O electrons?
Can N,O electrons be transferred into a photosystem of phototrophic bacteria?

+ Define stoichiometric half reactions for N,O oxidation.

+ Calculate the potential in mV for electrons released from N,O.

» Find components of photosystems that could accept N,O electrons i.e. that could
oxidize N,O.

» Compare N,O as electron donor for photosynthesis with nitrite, ammonia and
nitrous oxide.

» Compare N,O as electron donor for photosynthesis with non-nitrogen electron
donors like hydrogensulfide, ferrous iron, di- and trihydrogenarsenite.

» Compare N,O as electron donor for photosynthesis with H,O as electron donor.
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Electron flow in Chlorobiaceae
(green sulfur bacteria)

Em Volt How does electron flow differ from the

Ls one in the purple non-sulfur bacteria ?

P*
e 840 -
’ A,
\A
1 \
-0.5 = FeS

7 H
0.0 ap~. MQ
hv v»wwwawv bICI

+0.5 =

+1.0 =

¢ 7

swiss
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Hydrogensulfide as electron donor for photosynthesis

(Ferredoxin) = NADP

T-O.!

—-0.2

A —

E3

A ATP consumption
(reversed clectron

flow)

b -0.1

Ubiquinone

Cytochnl)mc by J

+0.1

Redox potential, volts

External electron

HS +0.2

\_~

-~
N

Cytochrome ¢, Leos

4
;

/
L -+ 0.4

transport chain
chl+ -
P80 | ~

% “+0.5

Light at infrared
wavelengtin
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Electron donors and acceptors in phototrophy

Which redox pairs are possible electron donors and where could they
enter the photon driven electron flow ?

Couple Ey (V)
r -0.50
R EORREE | 040
NADHNADH (032) 26— |
1 ﬂ [
s - -0.10
-0.5}F - 0.0
s0775.08 wooaze — /| 10
E’
(\;D —0.25k Fumarate/succinate (+0.03) 2 e~ 4020
Cytochrome b6y (+0.035) 1 e~ ’
Ubiquinonegyreq (+0.11) 2 & - +0.30
0.0+ Fe®*/Fe?* (+0.2) 1 €7, (pH 7) | 040
Cytochrome C,y/eq (+0.25) 1 €7 /
Cytochrome ag,eq (+0.39) 1 &~ - +0.50
+0251 NOG/NO,™ (+0.42) 2 €™ | 060
- +0.70
@
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Standard electrode potentials of metabolic reactions (1 Mol/l, 1 atm, pH 7)

Couple E® [mV] e’ transferred
CO, / CO - 540 2
S0,% / HSOy -516 2
CO, / Formate -430 2

6 CO, / Glucose -430 24
2H" / H, -418 2
$,05% / HS + HSOy -400 2
CO, / Methanol - 380 6

2 CO, / Acetate - 280 8
S°/H,S -280 2
CO,/CH, - 240 8
S0,/ H,S -220 8
Acetaldehyde / Ethanol -197 2
Dihydroxyaceton-P / Glycerin-P -190

Pyruvate / Lactate -186 2
Oxaloacetate / Malate -170 2
HSO5 / S306* -170 22?7272
HSO3 / HS -116 6

Cyt bssgox / Cyt bssgred -75to - 45 1
APS /| AMP + HSO3 -60 2
Acrylyl-CoA / Propionyl-CoA -15 27?7
Glycin / Acetat + NH," -10 27?2
S,06% /2 S,05% + 24 2
Fumarate / Succinate + 33 2
AsO,* / AsO3z* +139 2
Dimethylsulfoxid / Dimethylsulfid + 160 777
FegOH)s +HCO; / FeCO; +200 2
Fe’/ Fe?" +200 1
S3067 1 8,05 * + HSOy +225 1
NO; / NO +360 1
NO; / NO; +421 2
NO, / NH3 +440 6
SeO,” | Se0s* +475 2
NO3/ '/, N, +740 5

Fe* / Fe?* +763 1 pH 2
Mn*"/ Mn?* +798 2

"1, 0,/ H,0 +818 2
NO / '/; N,O +1180 1
N2O /N, +1360 2

@®
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Standard electrode potentials of coenzymes (1 Mol/l, 1 atm, pH 7)

Couple E°’ [mV] e transferred
Ferredoxiney / Ferredoxin,eqg -432 1
2H* / H, -418 2
Ferredoxiney / Ferredoxin,eq -410 to - 390 1 Clostridium
Flavodoxin,, / Flavodoxin,eq -370 27?7?77
NAD* / NADH - 320 2
FeS-Proteinyy / FeS-Protein,gq -305 1 high potential
Cyt C3ox / Cyt Cared -290 1
Lipoic / Dihydrolipoic -290 2
FAD / FADH, -220 2
FMN / FMNH, -190 2
Flavodoxin,y, / Flavodoxineq -120 27?77
Menaquinone,x / Menaquinone eq -74 2
Cyt b5580x / Cyt b558red -75to - 45 1
Rubredoxiney / Rubredoxineg -57 2?77?77
Cyt bsssox / Cyt bssered +35to + 120 1
Ubiquinone,x / Ubiquinone g +110 2
Cyt bseoox / Cyt bseored +125t0o+260 1
Cyt Cox / Cyt Creq +230to+250 1
Cyt dox / Cyt dreq +260to+280 1
FeS-Proteiny, / FeS-Protein g + 280 1 low potential
Cyt aox / Cyt @req + 290 1
Cyt Csssox / Cyt Csssred + 355 1
Cyt aa3.x / Cyt aa3eq + 388 1
1, 0,/ H,0 +818 2

'§l.’l'+‘]’ ¥

Phototrophy with Ferro-iron

Define the conditons which allow ferro-iron to act as an electron donor in anoxygenic
photosynthesis.

Can you think of other redox pairs which could act as electron donors in anoxygenic
photosynthesis ?

* EO’ M
-1.00 | (BChl), r —0.50
AN\ o ERERREE — |- 040
0T \ (CH;0) COy/methancl (03816 — |
R + ~t NAD*/NADH (-0.32) 26~ - [=
-030 } NAD"/NADH 1 s . 550
/ Co, -0.10
-0.20 } T
s 0% .
= e e ; 0.0
S ! . -
‘qc'; 0.10 non cyclic D45z A2 e - +0.10
‘8‘_ oo | e]';::vmm Fumarate/succinate (+0.03) 2 e~ | 1020
k<
£ ua . L 4030
g +010 Fe(OH), Fe™ Fe®*/Fe?* (+02) 1, (pH7) e
s Cyt. b i
+0.20 } eyelic Cyt. ¢, - +0.50
electron . - +0.60
+030 | flow - *
hy - L +0.70
7?2 /Cyt. Cp—— ¢ ‘
+0.40 | U - +0.80
(BChi), WO WEEE— |00
+050 | '
@
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Phototrophy with Arsenite

* Ey (V)
-1.00 | (BChl), - -0.50
VAN e I -0.40
-090 | \ (CH,0) om0
£ S . ~t [
-030 } NAD™/NADH " i
CO,
-0.20 - -0.10

- 0.0

e’ e’
.00 } - m7 1010
electron
uQ

Midpoint potential [V]

0.00 flow Fumarate/succinate (+0.03)2e~ ~ 7 | 1020
/ - +0.30
+0.10 Fe®*/Fe?* (+0.2) 167, (PH7) | +0.40
ffffffffffffffff Cytb--------- AsO,* AsO;* '
0.20 I +0.50
* cyclic Cyt‘ G
electron . | 4060
+030 .o Sflow 2
;ﬁ Cyt. ¢; &—— e~ L +0.70
+0.40 U / - +0.80
(BChl), o
2 L
+050 | e
@
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Electron flow in oxygenic phototrophs

E', (volts) What is common, what is different when compared with electron
flow in membranes of anoxygenic phototrophs ?

-1.5 =
*
e;/Pmo
-1.0=— Ao A
* A/
Peso <, e
heo FeS
-0.5=— A P \ /
<~ ho
H* NADP* |<Fd
PQ \
0.0— A~ pQg-1--*->PQH;
hv mwwawpe - A.‘.I bﬁf\ o
C —
+0.5— P
1
HO RCI
&
+1.0=
>\\Peso
lo
472 RCII
@®
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Bio-energetic question: Fixation of dinitrogen oxide (N,O)

Would a process that fixes N,O instead of N, into NH,* be energetically less or
more favorable than the well known N, fixation process with nitrogenase?

@
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Weathering - How serpentinization can support life
What happens at Totalp?
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Prerequisite for life:
Are these reactions energetically exergonic?

¢ 7

swiss
-

Can small organic molecules be formed without the involvement of life
processes? (chemical origin of first organic molecules)

55
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Under what conditions can simple organics be produced by purely chemical
synthesis from CO, and “high energy electrons” in hot & cold aqueous fluids?

e.g. synthesis of acetate:

2CO, + 4 H, —— CH,COO" + H* + H,0
2CO, + 4HS + 3H* — CH,COO" + 4 8° + 2H,0
2CO, + 1% S° +3%H,0 — CH,COO" + 1% S0,2 + 3% H*
2CO, + $,0,% + 3H,0 — CH,COO + 2S0,> + 3H*
2C0O, + 4S° + 4H,0 — CH;COO +28S,0,> + 5H*
CO, + CH, —— CH,COO" + H*

2CO, + 8 Fe(OH)* + 7 H* — CH,COO" + 8 Fe(OH)?* + 2 H,0

§ l.' (5 4
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AGr in kdJoule/mol of Acetate produced from CO, and H, in hot and cold fluids
2CO, + 4H, — CH,COO" + H* + H,0

100

kd/mol reaction

-200

100

kJ/mol reaction

T=373.15K T=273.15K
. . 5 .. 2
Conditions for pH, T, activities and range 2s|a 5% 2 3
cZ 0w S0 &l s ial =
3 & 548 ®| Specia s
Te K 373.15 273.15 4 Enter formula remarks Activity >
emp. (K) : : 1 s 2 co2 aq 1.00E-03
Min. variable: 1.00E-08 1.00E-08 1 s 4 H2 aq v
Max. variable: 1.00E+00 1.00E+00 1 p 1 CH3COO- aq 1.00E-04
1 p 1 H+ aq 1.00E-08
1 p 2 H20 [ 1.00E+00

Acetate formation from CO, and H, is strongly exergonic above the pmolar activities
of H, in hot fluids, and above nanomolar activities in cold fluids

§ l.' (5 4
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AGr for Acetate from CO, and H, with various electron donors

S : 2
= — -5 a:‘ Q -g
AREE 5 | Special 5
Z|(L|hO| Enterformula | & |remarks Activity >

1 S 2 CO2 aq 1.00E-03

1 s 4 H2 aq v, & H2
1 p 1 CH3COO- aq 1.00E-04 |

1 p 1 H+ aq 1.00E-08

1 p 2 H20 I 1.00E+00

2 S 2 CO2 aq 1.00E-03

2 s 4 HS- aq v, & HS-
2 S 3  H+ aq 1.00E-08

2 p 1 CH3COO- aq 1.00E-04

2 p 4 SO s cyclo 1.00E+00

2 p 2 H20 | 1.00E+00

3 S 2 CO2 aq 1.00E-03

3 s F1.33 S0 s cyclo 1.00E+00 v| & S0
3 s F3.33 H20 | 1.00E+00 |

3 p 1 CH3COO- aq 1.00E-04

3 p F1.33 SO42- aq 1.00E-02

3 p F3.67 H+ aq 1.00E-08

4 s 2 CO2 aq 1.00E-03

4 s 8 FeOH)+ aq v & Fe(OH)+
4 s 7 H+ aq 1.00E-08 |

4 p 1 CH3COO- aq 1.00E-04

4 p 8 Fe(OH)2+ aq 1.00E-02

4 p 2 H20 | 1.00E+00

5 s 1 CO2 aq 1.00E-03

5 s 1 CH4 aq v, & CH,
5 p 1 CH3COO- aq 1.00E-04 |

5 p 1 H+ aq 1.00E-08

@
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AGr for Acetate from CO, and H, in hot and cold fluids is not always exergonic

~®— 1. Hydrogen
—0—2: Hydrogen sulfide

—e—3; Sutfur

kJimol reaction

-200
T=373.15K

=O=5: Methane

o3 Sulfur

——

—0—5; Mathane

—8—1: Hydrogen

—0—2: Hydrogen sulfide

kJ/mol reaction

-200

T=27315K

Conditions for T and range Temp. ()

5

Min. variable:
Max. variable:

2CO, + 4H, >
2CO, + 4HS + 3H* =
2CO, + 1% S° +3%H,0 >
CO, + CH,

r++ i-research & training

373.15
1.00E-08
1.00E+00

> CH,COO" + H*

MBL Woods Hole / Microbial Diversity Summer Course 2016 / Kurt Hanselmann / 42 / Thermodyn Exercises

273.15
1.00E-08
1.00E+00

CH,COO- + H* + H,0
CH,COO- + 4 S° + 2H,0
CH,COO- + 1% SO, + 3% H*

Microbial Ecology




AGr for Acetate from CO, and H, is most exergonic with ferrous iron as e~ donor

OO OOy

kJimol reaction

—0— 1. Hydrogen
—0—2: Hydrogen sulfide

—a—3: Sulfur -1200

—e— 4: Ferrous hydroxi ion

~0—5: Methane -1400

-400

-600

kd/mol reaction

-800

—8— 1. Hydragen -1000
—o—2 Hydrogen sulfide 1200
—o— 3. Sulfur L

—*—4: Famrous hydroxi lon -1400

—0—5: Methane

T=373.15K T=273.15K
Conditions for T and range Temp. () 37315 27315
Min. variable: 1.00E-08 1.00E-08
Max. variable: 1.00E+00 1.00E+00
1 2C0O, + 4H, - CH,;COO- + H* + H,0
2 2CO, + 4HS + 3H* > CH,COO- + 4S° + 2H,0
3 2CO, + 1%S° +3%H,0 > CH,COO  +1%S0,2 +3%H"
4 2CO, + 8Fe(OH)* + 7H* > CH,COO + 8 Fe(OH)?* + 2 H,0
5 CO, + CH, > CH,COO- + H*
-t “
How does the pH affect AGr for Acetate from CO, and H, ?
§ . o
= 4= 3 Qo
§ S 5-: '§§ ‘3 Special 'g e
xz|L2[(ho Enter formula # |remarks Activity >
1 s 2 CO2 aq 1.00E-03
1 s 4 H2 aq v
1 p 1 CH3COO- aq 1.00E-04
1 p 1 H+ aq 1.00E-08
1 p 2 H20 | 1.00E+00 |
2 s 2 CO02 aq 1.00E-03 | b 1
2 S 4 HS- aq \'% §
2 s 3 H+ aq 1.00E-08 O 1: Hydrogen 3
2 p 1 CH3COO- aq 1.00E-04 "~ 2: Hydrogen suifide §
2 p 4 SO s cyclo 1.00E+00 - £
2 p 2 H20 | 1.00E+00 —a—4: Hydrogen =<
=0 5: Hydrogen sulfide -200
4 s 2 CO02 aq 1.00E-03 T=373.15K
4 s 4 H2 aq v
4 p 1 CH3COO aq 1.00E-04
4 p 1 H+ aq r 3.16E-07 200
4 p 2 H20 | 1.00E+00
5 s 2 CO2 aq 1.00E-03
5 S 4 HS- aq v
5 s 3 H+ aq F 3.16E-07
5 p 1 CH3COO aq 1.00E-04
5 p 4 SO s cyclo 1.00E+00
5 p 2 H20 1.00E+00
1
AGr is less affected by pH (8 vs. 6.5) at low H
and at high temperatures than by the kind of 3
electron donor (H, vs. HS") 2
At low temperature (0°C) H, is the preferred 0. Hyogen it ea73i5K

electron donor over HS- at both pH values

44




Summary

Formation of organics, e.g. acetate Formation of organics, e.g. acetate
from CO, in fluids at 0°C is from CO, in fluids at 100°C is
thermodynamically thermodynamically

feasible with feasible with

» Hydrogen oxidation » Hydrogen oxidation

* Ferrous hydroxyde oxidation » Hydrogensulfide oxidation

* Ferrous hydroxyde oxidation

not feasible with not feasible with

* Anaerobic sulfur oxidation to sulfate » Anaerobic sulfur oxidation to sulfate

* Methane oxidation * Methane oxidation

barely feasible with
» Hydrogensulfide oxidation

Hydrogen and ferrous iron are more effective as electron donors at low
temperatures than at high temperatures

Hydrogensulfide is more effective as an electron donor at high temperatures
Ferrous iron is the most effective electron donor at all temperatures and pH

Hydrogen yields slightly more free energy at higher pH at both temperatures
Hydrogensulfide yields more free energy at lower pH at both temperatures

@
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Under which conditions can the hydrogenation reactions proceed as described?

Reactions 1 to 4 represent consecutive reductions of CO,-carbon to CH,-carbon.
CO, » HCOOH > CH,O0 > CH,OH > CH,

What is the free energy for each reaction step?

Reaction AGr [kJ/mol]

1. COpaq * Haag - HCOOH,,, exergonic or endergonic?
2. HCOOH ;) + Hyaqy 2 CH,0,q + HO, exergonic or endergonic?
3. CHyOnq * Hyag < CH30H,,q exergonic or endergonic?
4. CH;0H4q) * Hyag 2 CHyaq + HO(, exergonic or endergonic?
5. 2 COpaq * 4Hyaq 2 CHypg + 2H,0 exergonic or endergonic?

Is the formation of acetic acid exergonic or endergonic?
6. 2C0O,+4H, > CH;COOH +2H,0

3l.' %4 46



Reactions 1 and 2 are thermodynamically less favorable than reactions 3 and 4

=
2
k] —
® . |0
¢2|s
1 s
1 s
1 p
2 s
2 s
2 p
2 p
3 s
3 s
3 . p
4 s
4 s
4 p
4 p
5 s
5 s
5 p
5 p
Plot 1
Temp. (K)

SE
‘5 0
2o
» O

aaaa

-

A aaa

0.25

0.25
0.5

Min. variable:
Max. variable:

§ l.' (4% 4

Cc0o2
H2
HCOOH

HCOOH
H2
HCHO
H20

HCHO
H2
CH30H

CH30H
H2
CH4
H20

C0o2
H2

CH4
H20

373.15
1.00E-09
1.00E+00

Enter formula

State

aq
aq

aq
aq

aq
aq
aq

aq
aq
aq

aq
aq
aq

o —&—1: Hydrogen
. | —0—2: Hydrogen
Special = .
remarks | Activity |>| Note | Compound 3: Hydrogen
1.00E-06 Carbon dioxide —#—4: Hydrogen
v Hydrogen —0—5: Hydrogen
1.00E-06 Formic acid
10
1.00E-06 Formic acid
v Hydrogen 5
1.00E-06 Formaldehyde E=1
1.00E+00 Water §
-
1.00E-06 Formaldehyde )
v Hydrogen £ 6
1.00E-06 Methanol 2 H,=10-° mol/l
-120
1.00E-06 Methanol —8—1: Hydrogen
v___ Hydrogen —0—2: Hydrogen
1.00E-06 Methane —s—3: Hydrogen
1.00E+00 Water o—4: Hydrogen
—0—5: Hydrogen
1.00E-06 Carbon dioxide
v Hydrogen
1.00E-06 Methane -10
1.00E+00 Water c
L
°
©
e
)
E
Plot 2 3
Temp. (K) 273.15 —116
Min. variab 1.00E-09 H,=10-° mol/l 120
Max. varial 1.00E+00

47

Free energy of reactions 1 to 5 under standard (AGr°) and actual (AGr for 106
H,) for 2 temperatures (0°C and 100°C)

Reaction #

A WO DN -

AGr° /[ 1atm H,/ AGr° /1atm H,/

AGrat 106 H,/  AGrat 10 H,/

100°C/ [kJ/mol] ~ 0°C/ [kJ/mol] ~ 100°C/ [kJ/mol]  0°C/ [kJ/mol]

5=y 1-4

Free Energy AGr [kj/mol]

40

20

20
40

80
100
120

0

-2.65 -4.08 39.5
-14.09 -12.05 28.1
-54.85 -64.68 -12.7
-110.62 -114.41 -68.5
-45.55 -48.8 -3.4

o

L |
)\ ]
|
[ ]
1 2 3 4 5

Reaction number

® AGr® at 100°C

B AGreat 0°C AGrat 100°C “AGrat 0°C

26.8

18.8
-33.8
-83.6
-17.95

endergonic

exergonic

Conclusion ?
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At which H, concentrations do the reactions turn exergonic?

. -8 1: Hydrogen COy,, + Hyp, - HCOOH,
-8-1:Hydrogen  COgziaq * Haag > HCOOH, - (o) - L
o2 Hyarogen  HOBBH e + Hasy > OOy ¥ 10 gy o e OO a3 Gty O 250
-3 + - (aq) (aq) (aq)
_‘_25 mggg:: CHOML +Hee > CHyy o HO, “d:Hydrogen CHOH, +Hyy 3 Chuay + HOy
-0-5: Hydrogen 2 COzaq) * 4 Haeq) > CHyppq + 2 H0, 200 ] —0-5:Hydrogen % COgaq + 4Hyaq > CHigy + 2H0, 200 7
[
2 c
151 2
§ H
E e
3 g
32
At 0°C AL100°C
0 ] . Reaction #|log minmal H2 concentration
o o
. 100°C 0°C
s ®
- _E' P
7]
2 0 . 1 -0.36 -0.72
@
. X 2 -1.98 -2.34
24 3 -7.56 -12
2 . 4 -15.36 -21.6
51 -25
0 ! 2 s ¢ s 5 -6.3 -9.12
Reaction number ofor 100°C ®for 0°C
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Three key questions for life in hydrothermal springs

How is reducing power generated in the subsurface?
(precondition for life processes to occur)

Can small organic molecules be formed without the involvement of life processes?
(chemical origin of first organic molecules)

How are organisms changing their habitat?
(interacting geochemical cycles)

¢« 51
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Boiling, acid sulfate-chloride Cinder pool (Norris basin, YNP). Is it a model to
study processes of the sulfur cycle as they happen at “black smokers”?

Dissolved sulfur species:
* sulfide (H,S), 16 - 48 uM
thiosulfate (S,0,%), 35 - 45 uM, formed during S° hydrolysis
28° + 3H,0 — S,0,% + 2H* + 2H,
polythionates (S,04%), max. 8 yM
sulfate (SO,%), 1150 - 1300 yM
floating, black, hollow, sulfur spherules ([Z] ~ 5 mm) on surface, surrounded by
polythionates
molten sulfur (S°) at 18 m depth

Table 1
Chemical analysis of Cinder Pool, Yellowstone National Park (mg/1)*

Ca Mg Na K SO, F cl Si0, B Li
59 0.024 373 576 96 6.24 601 433 9.60 470
S,0; HS NO; NH} Al Feu Fe(ID) Sr Br Aser
5.10 16 1.63 18 113 0.088 0.088 0011 17 24

* Sample chllected 8/22/95, sample code 95SWAL110; pH = 4.22; T = 95°C, Specific Conductance = 2320 microS cm ™.

Xu, Y. et al. 2000. Journal of Volcanology and Geothermal Research 97, 407-423.
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Possible fates of sulfur compounds in Cinder pool and at its surface

4 S° + 4H,0 —— 3HS + SO, + 5H*
28° + 3H,0 — S,0;,7 + 2H" + 2H,
S,0.2 + H,0 —— HS + SO + H*
28,0% + 2 H" — 5,04+ + H,
2S,0,2+2H" + 120, — S,04* + H,0
S,044 + 2H,0 —— S, +2S0,2 + 4 H*
25,04 + 4H,0 —— S, +4S0,2+ 6H* +H,
S° + 6 Fe(OH)* + 4H,0 ~ — SO,> + 6 Fe(OH)* + 6 H*
'?l.'f#} 53

Sulfur oxidation to thiosulfate is thermodynamically not feasible

200 + 200 -+
——1: Sulfur —— 1: Sulfur
—o— —o—
= ——
150 | —— 150
- -0
5 100 + 100
3 S
= 5 o !
g i 50
5 £
~ 373.15 3 293.15
o ! . . . 0 nl - 0
6 5 4 3 2 1 1 -6 5 4 3 2 1 0 1
-50 + -50
1 s 2 SO s cyclo v
1 s 3 H20 | 1.00E+00
1 p 1  S2032- aq 1.00E-06
1 p 2 H2 aq 1.00E-04
1 p 2 H+ aq 1.00E-08
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Unless the [H,] is kept low at alkaline pH

200 200
—— 1: Sulfur —l— 1: Sulfur
—@— 2: Sulfur —Q@— 2: Sulfur
—— ——
—— 150 —— 150 -
-0 -0
s 373.15 100 293.15 100
8 8
5 £ 50 -
£ g
~ 3
B4
-6 1
-50
1 s 2 S0 s cyclo v
1 s 3 H20 | 1.00E+00
1 p 1 S2032- aq 1.00E-06
1 p 2 H2 aq 1.00E-04
1 p 2 H+ aq 1.00E-08
2 s 2 SO s cyclo v
2 s 3 H20 | 1.00E+00
2 p 1 S2032- aq 1.00E-06
2 p 2 H2 aq 1.00E-10
2 p 2 H+ aq 1.00E-12
@
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Sulfur disproportionation is thermodynamically feasible at alkaline pH
250 — 250
- -
—o— —o—
——3: Sulfur —A—3: Sulfur 200
—&— 4: Sulfur ——4: Sulfur
-+ -
373.15 293.15
s
8 §
3 g
= ®
° O ) A 5 , 2
E r Lr + O | =
3 6 -5 -4 -3 2 S 0 1 E 5 7
1 2
-100 —
-150
3 s 4 SO s cyclo v
3 s 4 H20 | 1.00E+00
3 p 3 Hs- aq 1.00E-03
3 p 1  S042- aq 1.00E-02
3 p 5 H+ aq 1.00E-08
4 s 4 S0 s cyclo v
4 s 4 H20 | 1.00E+00
4 p 3 HS- aq 1.00E-03
4 p 1 S042- aq 1.00E-02
4 p 5 H+ aq 1.00E-12
@
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Thiosulfate and tetrathionate dismutation reactions
are thermodynamically feasible

< ° —l— 1: Tetrathionate

o . -

5 | ~|S% @ . = —©—2: Hydrogen sulfide

Sol|2e8 i | Special & —2—3: Disulfide

xz|[L2|ho Formula o | remarks Activity > i
1 s 2 S2032- aq 1.00E-03 —&—4: Tetrasulfide
1 s 2 H+ aq 1.00E-08 . .
1 p 1 s4062 aq v —{3—5: Ferrous hydroxi lon 200
1 p 1 H2 aq 1.00E-06
2 s 1 S2032- aq 1.00E-03
2 s 1 H20 | 1.00E+00
2 P 1 HS- aq v
2 p 1 SO042- aq 1.00E-02
2 p 1 H+ aq 1.00E-08
3 s 1 S4062- aq 1.00E-03 a
3 s 2 H20 I 1.00E+00 I i t
3 p 1 S22- aq v - - -
3 p 2 SO42- aq 1.00E-02 15 1o e -sol
3 p 4 H+ aq 1.00E-08
4 s 2 S4062- aq 1.00E-03
4 s 4 H20 | 1.00E+00
4 [ 1 S42- aq v
4 p 4 SO42- aq 1.00E-02
4 p 6 H+ aq 1.00E-08
4 p 1 H2 aq 1.00E-06
5 s 0.17 SO s cyclo 1.00E+00
5 s 1 Fe(OH)2+ aq 1.00E-05
5 s 0.67 H20 I 1.00E+00
5 p 0.17 SO42- aq 1.00E-02
5 o] 1  Fe(OH)+ aq v
5 p 133 H+ aq 1.00E-08

@
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Possible origins of thiosulfate 1

Aerobic H,S oxidation by:
subsurface transport of O, with the infiltration water: -, quantitatively relevant?
above surface ingassing of O, from the atmosphere: + but quickly further oxidized

Subsurface reactions between ingassed magmatic H,S (-?) and ingassed magmatic
SO, (-?): but no evidence for SO, in the subsurface water

SO, hydrolysis (disproportionation of SO,-S:

4 SO, + 4H,0 HS- + 380, +7 H*

and further interaction of SO, with HS-

4SO, + 2HS + H,0 38,0, + 4H*
which can also produce elemental sulfur

SO, + 2HS + 2H* — . 3S° + 2H,0
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Possible origins of thiosulfate 2

Hydrolysis (disproportionation) of elemental sulfur as a source for thiosulfate
(requires opening of the Sg ring at elevated temperatures)

48° + 3H,0 S,0;% + 2HS + 4H*
4S° + 4H,0 SO,# + 3HS- + 5H*
$ £ 2
] ~| 6 & o . © )
Ss|lx|c8 ] Special E|  ——1: Thiosulfate
xz|2|»o| Enterformula o | remarks Activity >| —0—2Sulfate
1 s 4 SO s cyclo 1.00E+00 —— 3: Thiosulfate
1 s 3 H20 | 1.00E+00 —o—4:Sulfate
1 p 2 HS- aq 1.00E-03 o
1 p 1 8S2032- aq v 373.15 150 +
1 4  H+ El 1.00E-12
p q _§ 100
2 s 4 S0 s cyclo 1.00E+00 3
2 s 4 H20 | 1.00E+00 ‘_;
2 p 3 HS- aq 1.00E-03 E
2 p 1  S042- aq v =
2 p 5 H+ aq 1.00E-12
3 s 4 S0 s cyclo 1.00E+00
3 s 3 H20 | 1.00E+00
3 p 2 HS- aq 1.00E-03
3 p 1 S2032- aq v
3 p 4  H+ aq 1.00E-03 . . .
Thermodynamic considerations:
4 s 4 SO s cyclo 1.00E+00 N
4 s 4 H20 | 1.00E+00 Thiosulfate and sulfate can be formed at
4 p 3 HS- aq 1.00E-03 .
4 p 1 SOd2- aq v alkaline pH only
4 p 5 H+ aq 1.00E-03
@
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Cinder pool: proposed processes
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Question 2

Can small organic molecules be formed without the involvement of life processes?
(chemical origin of first organic molecules) - Repetition from above

@
HEd 5 4 o

Under what conditions can simple organics be produced by purely chemical
synthesis from CO, and “high energy electrons” in hydrothermal fluids?

e.g. synthesis of acetate:

2CO, + 4H, —— CH,CO0 + H* + H,0
2CO, + 4HS + 3H* —— CH,CO0 + 4S° + 2 H,0
2CO, + 11/3S° +3/3H,0 — CH,COO" + 1'/3 SO,2 + 33 H*
2CO, + S,0,2 + 3H,0 —— CH,COO0- + 2S0,2 + 3H*
2CO, + 4S° + 4H,0 —— CH,CO0 +28S,0,2 + 5H*
CO, + CH, —— CH,COO" + H*

2CO, + 8Fe(OH)* + 7H*  — CH,COO- + 8 Fe(OH)2* + 2 H,0
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Organics produced by purely chemical reactions in hydrothermal fluids
(e.g. acetate formation from CO, and H, is strongly exergonic above the pmolar range of H,)

100 +
—{— 1: Hydrogen
—0—
A
—o—
_D_ }
-10 2
c
o
=
(5}
@
o
°
£
~
~
T=373.15K
1 s 2 CO2 aq 1.00E-03
1 s 4 H2 aq v
1 p 1 CH3COO- aq 1.00E-04 373.15
1 p 1 H+ aq 1.00E-08 1.00E-01
1 p 2 H20 | 1.00E+00 1.00E+00
[ J
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Organics produced by purely chemical reactions in hydrothermal fluids
(e.g. acetate formation from CO, and HS- is less exergonic than from H,)

150
—l— 1: Hydrogen
—QO— 2: Hydrogen sulfide
—A—
+
_D_
-10 2
c
kel
=]
3]
]
L
°
£
~
=2
T=373.156K
2 s 2 CO2 aq 1.00E-03
2 s 4 HS- aq v
2 s 3 H+ aq 1.00E-08
2 p 1 CH3COO- aq 1.00E-04
2 p 4 SO s cyclo 1.00E+00
2 p 2 H20 | 1.00E+00
@®
(=rs¥ 6
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Organics by purely chemical reactions in hydrothermal fluids
(e.g. acetate formation from CO, and S° or S,0,2 is mostly endergonic)

aq
aq
aq
aq

aq
aq
aq
aq

aq

aq

aq

aq
aq

aq
aq
aq

cyclo

cyclo

1.00E-03

1.00E-04
1.00E-08
1.00E+00

1.00E-03

1.00E-08
1.00E-04
1.00E+00
1.00E+00

1.00E-03
1.00E+00 v
1.00E+00
1.00E-04
1.00E-02
1.00E-08

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

—l— 1: Hydrogen
—O@— 2: Hydrogen sulfide
—2x— 3: Sulfur

—— 4: Thiosulfate
——

kJ/mol reaction

T=373.15K

Organics produced by purely chemical reactions in hydrothermal fluids

(e.g. acetate formation from CO, and CH, or S,0,2 is only slightly exergonic)

1 s 2 CO2
1 s 4 H2
1 p 1 CH3COO-
1 p 1 H+
1 p 2 H0
2 s 2 CO2
2 s 4 HS-
2 s 3 H+
2 p 1 CH3COO-
2 p 4 90
2 p 2 H20
3 s 2 CO2
3 s 1.33 SO
3 s 333 H20
3 p 1 CH3COO-
3 p 1.33 SO42-
3 p 3.67 H+
4 s 2 CO2
4 s 1 8S2032-
4 s 3 H20
4 p 1 CH3COO-
4 p 2 SO042-
4 p 3 H+
w@®
b £ 4
—@— 1: Hydrogen
—@— 2: Hydrogen sulfide
—— 3: Sulfur
—@— 4: Thiosulfate
—{3— 5: Methane
5 0
g
5 s 1 CO2
5 s 1 CH4
5 p 1 CH3COO-
5 p 1 H+
4 s 2 CO2
4 s 1 S2032-
4 s 3 H20
4 p 1 CH3COO-
4 p 2 S042-
4 P 3 H+
@
b £ 4

aq
aq
aq
aq

aq
aq

aq

aq

T=373.15K

1.00E-03

1.00E-04
1.00E-08

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

——
—o—
—A— 2 -
—&— 4: Thiosulfate
—{1—5: Methane n
-1.2 P . -0. 0.2
<
k<
=3
o
®
o
°
£
~
=2
10 -
T=373.15K




Organics produced by purely chemical reactions in hydrothermal fluids

(more alkaline pH makes acetate formation from CO, and CH, or S,0,% or S° more exergonic)

co2
33 SO

33 H20

1 CH3COO-
33 SO42-
67 H+

2 co2

1 S2032-

3 H20

1 CH3COO-
2 SO42-

3 H+

CO2

CH4
CH3COO-
H+

oo ABRBRRRE WWWWWW
TTO®MW TOTTOLO®O TTTOLOO®

co2
33 S0
33 H20

1 CH3COO-
33 S042-

67 H+

2 co2

1 S2032-

3 H20

1 CH3COO-
2 SO42-

3 H+

COo2

CH4
CH3COO0-
H+

=0 oo ARRARRALA WWWWWW
TOT VWV TTTOV®O®M TTTOOO®O

L]
Q
-+
.
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Organics produced by purely chemical reactions in hydrothermal fluids

aq
S
I
aq
aq
aq

aq
aq
I
aq
aq
aq

aq
aq
aq
aq

aq

aq
aq
aq
aq
aq

aq
aq
aq

aq
aq

aq

cyclo

cyclo

1.00E-03
1.00E+00
1.00E+00
1.00E-04
1.00E-02
1.00E-09

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-09

1.00E-03

1.00E-04
1.00E-09

1.00E-03
1.00E+00
1.00E+00
1.00E-04
1.00E-02
1.00E-12

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-12

1.00E-03

1.00E-04
1.00E-12

0.2

v
. 80 +
—o—
—A—3: Sulfur 60
—&— 4: Thiosulfate
—{— 5: Methane
40 +
v
20 +
<
S
5
©
2
° 1.2
£
<
v =2
—m—
v o -1.2
—— 3: Sulfur
—&— 4: Thiosulfate
—{0— 5: Methane
v
<
o
5]
8
2
°
£
>
=
v
-100
T=373.15K

67

(e.g. acetate formation from CO, and ferrous hydroxide is strongly exergonic)

4 s 2 CO02

4 s 8 Fe(OH)+
4 s 7 H+

4 p 1 CH3COO-
4 p 8 Fe(OH)2+
4 p 2 H20

‘;.
Q
+*-
S
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aq
aq
aq
aq
aq

7148

1.00E-03

1.00E-08
1.00E-04
1.00E-02
1.00E+00

-10 -8

4: Ferrous hydroxi ion

kJ/mol reaction

v

[}

-200 +

-400 +

T=373.15K

68
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Ferrous hydroxide is by far the best reductant for CO, conversion to acetate

LR I WWWwWwww NNMNNMNNN =S aAaaa
T TT O OO TTT OO T T DT N OV
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N =B AN ND2wWwhADN N = =2 BN

N0 —=~NN

Co2

H2
CH3COO-
H+

H20

COo2

Hs-

H+
CH3COO-
S0

H20

COo2

S0

H20
CH3COO-
$2032-
H+

co2
Fe(OH)+
H+
CH3CO00-
Fe(OH)2+
H20

Acetate formation with thiosulfate is mostly endergonic.

aq
aq
aq
aq

aq

aq
aq

aq

aq

aq

aq
aq
aq
aq
aq

cyclo

cyclo

1.00E-03

1.00E-04
1.00E-08
1.00E+00

1.00E-03

1.00E-08
1.00E-04
1.00E+00
1.00E+00

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

1.00E-03

1.00E-08
1.00E-04
1.00E-02
1.00E+00

—— 1: Hydrogen

—O— 2: Hydrogen sulfide

—— 3: Sulfur

—&— 4: Ferrous hydroxi ion

.

600

400

kJ/mol reaction

69

-400 —

-1200

T=373.15K

Can coupling it with thiosulfate dismutation make the reaction exergonic?
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WN =2 W=N

A aaa

C0o2
$2032-
H20
CH3COO0-
S042-

H+

S$2032-
H20
HS-
S042-
H+

aq

aq
aq
aq

aq

aq
aq
aq

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

1.00E+00
1.00E-04
1.00E-04
1.00E-08

4: Thiosulfate

b1t o4

—@— 1: Thiosulfate
——

—
——
-0

kJ/mol reaction

kJ/mol reaction

70

=)

-90

T=373.15K




swiss

swiss

Thiosulfate dismutation can thermodynamically promote acetate formation

Aaaaa

ARBAAADN

aoaaaoaon

(4% 4

T TT OO T TT 0OV

T TTT OO O

WN = W= N A aa

S~ hwW_2BbNN

$2032-
H20
HS-
S042-
H+

C02
$2032-
H20
CH3COO0-
S042-

H+

Cco2
S$2032-
H20
CH3COO-
S042-

H+

HS-

aq

aq
aq
aq

aq
aq

aq
aq
aq

aq
aq

aq
aq
aq
aq

1.00E+00
1.00E-04
1.00E-04
1.00E-08

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08
1.00E-04

—— 1: Thiosulfate
——

——
—o— 4: Thiosulfate
-0

—8— 1: Thiosulfate
——
A

—o— 4: Thiosulfate
——5: Thiosulfate
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kJ/mol reaction

kJ/mol reaction
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-100

T=373.15K

80

-100

T=373.15K

Sulfur disproportionation cannot support acetate formation, but aerobic sulfur

EE N Y WWWWwww = A aa
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T T O nn
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A= wWh D

1.33
3.33

1.33
3.67

0.33
0.5
0.33
0.33
0.67

1.67
0.5
3.67

1.67
4.33

SO
H20
HS-
S042-
H+

COo2

SO

H20
CH3COO-
S042-

H+

SO

02
H20
S042-
H+

CcOo2

SO

02

H20
CH3COO-
S0O42-

H+

aq
aq
aq
aq
aq
aq
aq
aq

aq
aq

aq
aq
aq

aq
aq

cyclo

cyclo

cyclo

cyclo

oxidation can

1.00E+00
1.00E-04
1.00E-04
1.00E-08

1.00E-03

1.00E+00
1.00E-04
1.00E-02
1.00E-08

1.00E-03
1.00E+00
1.00E-02
1.00E-08

1.00E-03

1.00E-03
1.00E+00
1.00E-04
1.00E-02
1.00E-08

—— 1: Sulfur
—o—

—4—3: Sulfur
—o—4: Sulfur
0

kJ/mol reaction

-
—o—

—— 3: Sulfur
—&—4: Sulfur
—0—5: Sulfur

kJ/mol reaction
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Summary

Formation of organics, e.g. acetate from CO,, in hydrothermal fluids at 100°C is
thermodynamically feasible with

» Hydrogen oxidation

» Hydrogensulfide oxidation

Ferrous hydroxyde oxidation

Thiosulfate dismutation (coupled reactions)
Aerobic sulfur oxidation (coupled reactions)

It is not feasible with
* Anaerobic sulfur oxidation to sulfate or thiosulfate
+ Sulfur disproportionation

It is barely feasible with
» Thiosulfate to sulfate oxidation
* Methane oxidation

@
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How Life could have originated

Panspermia ?

Hydrothermal Vents?
Serpentinization?

Methane Coupling

Nutrient Soup? (Urey, Miller)

Others?
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Could C-C- bonds, like those in Ethane (CH;-CHj;) or Ethylene (CH,=CH,) have
been produced from CH, originally?

Propose pathways for

Methane coupling: Production of C-C bonds from CH,

CH, + CH, > CH,=CH, + 2 H,

CH, exhibits high C—H bond strength (434 kJ/mol), negligible electron affinity, large
ionization energy, and low polarizability.

Thus, to achieve direct conversion of CH,, one needs to cleave the first C—H bond

while suppressing further catalytic dehydrogenation and this avoiding both CO,

generation and coke deposition.

It is reported to occur with the aid of a catalyst, e.g. Fe/SiO,
(Xiaoguang Guo et all. 2014, et al. Direct, Nonoxidative Conversion of Methane to Ethylene, Aromatics and
Hydrogen, Science, 344, 616-619)

Could it occur biologically?

T 200

76

@
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Ethane and Ethene from Methane is feasible at very low Activities of H,
s . . . o
3 — _'§3: Enter formula [ SpzEEl Conc. Actlwfy Activity S
sl 53 E remarks correction =
¥z |L|ho 7} >
1 s 2 CH4 aq 1.00E-02 1.00E+00 1.00E-02
1 p 1 C2He aq 1.00E-09 1.00E+00 1.00E-09
1 p 1 H2 aq 1.00E+00 ¥  0.00E+00 v
" 0.00E+00 |
2 s 2 CH4 aq 1.00E-02 1.00E+00 1.00E-02
2 p 1 C2H4 aq 1.00E-09 1.00E+00 1.00E-09
2 p 2 H2 aq 1.00E+00 ¥  0.00E+00 v |
" 0.00E+00 |
Plot 1
Temp_1 (K) 298.15 25 °C
Min. variable: 1.00E-15 —8—1: Hydrogen
Max. variable: 1.00E+00 —0—2: Hydrogen
pK calculator ——
Log plot?: x  pK(T1) pK298) AGr°298 AHr°298 —o—
kJ/mol kJ/mol
Show react.1 x  12.16 1216 6943  71.74 -
Show react2 x  32.51 32.51 185.56  206.08
Show react.3 0.00 0.00 0.00 0.00 c
Show react.4 0.00 0.00 0.00 0.00 %
Show react.5 0.00 0.00 0.00 0.00 S
5
£
2
5]
<

+ -1005



Methane coupling: Production of C-C bonds from CO or CO, stemming from
CH, oxidation

Could it occur via re-synthesis reactions?

Synthesis of Ethane or Ethylene from CO and H.:

2CO+4H, > CH,=CH, +2H,0

Synthesis of Ethane or Ethylene from CO, and H,:

2CO,+6H, > CH,=CH, +4 H,0

Are these reactions thermodynamically feasible?

l.' st 7

swiss

Methane coupling: Production of C-C bonds from CO or CO, stemming from
CH, oxidation - Energetic Feasibility

s : . - 2
3 ~ '§ b Enter formula Q SIpeEEl Conc. Actm?y Activity S
© o3 o = remarks correction =
228|538 & s
1 s 2 CO aq 1.00E-04 1.00E+00 1.00E-04
1 s 5 H2 aq 1.00E+00 © 0.00E+00 v |
1 p 1 C2H6 aq 1.00E-09 1.00E+00 1.00E-09
1 p 2 H20 | 1.00E+00 1.00E+00 1.00E+00
r 0.00E+00
2 s 2 CO aq 1.00E-04 1.00E+00 1.00E-04
2 s 4 H2 aq 1.00E+00 * 0.00E+00 v:
2 p 1 C2H4 aq 1.00E-09 1.00E+00 1.00E-09
2 p 2 H20 | 1.00E+00 1.00E+00 1.00E+00
= 0.00E+00
3 s 2 €02 aq 1.00E-04 1.00E+00 1.00E-04
3 s 7 H2 aq 1.00E+00 ¥  0.00E+00 v
3 p 1 C2H6 aq 1.00E-09 1.00E+00 1.00E-09
3 p 4 H20 | 1.00E+00 1.00E+00 1.00E+00
= 0.00E+00
4 s 2 €02 aq 1.00E-04 1.00E+00 1.00E-04
4 s 6 H2 aq 1.00E+00 F 0.00E+00 v |
4 p 1 C2H4 aq 1.00E-09 1.00E+00 1.00E-09 |
4 p 4 H20 | 1.00E+00 1.00E+00 1.00E+00
Plot 1
Temp_1 (K) 298.15 25 °C
Min. variable: 1.00E-15
Max. variable: 1.00E+00
pK calculator pH calculator
Log plot?: x  pK(T1) pK298) AGr°298 AHr°298 pH H(+)conc.
kJ/mol kJ/mol
Show react.1 x -59.62 -59.62  -340.31 -410.96 0 ".00E+00
Show react.2 x -39.27 -39.27 -224.18 -276.62 0 ".00E+00
Show react.3 x -55.69 -55.69 -317.91 -389.78 0 ™.00E+00
Show react4 x -35.35 -35.35 -201.78 -255.44 0 ™.00E+00
Show react.5 0.00 0.00 0.00 000 ~ 0  ™.00E+00
@
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Methane coupling: Production of C-C bonds from CO or CO, stemming from
CH, oxidation is energetically feasible even at low H, Activities

~#1: Hydrogen 2CO +5H, » CH;-CH; +2H,0
—0-2: Hydrogen 2CO +4H, > CH,=CH,+2H,0
—-3: Hydrogen

——4: Hydrogen 2CO,+6H, > CH,=CH, +4H,0

T 400

AGr kd / mol reaction

¢« 7

Methane coupling: Production of H, and CO from CH,

Production of H,, CO and CO, through oxidation of CH,

CH,+H,0 > CO+3H, In industrial synthesis, this process is called the steam reforming
reaction of hydrogen from natural gas (15t Syngas production
reaction).

CO +H,0 - CO, +H, In order to produce more hydrogen, more steam is added to the

water gas and the hydrogen is then separated from the CO,.

Overall reaction for the production of H,: CH,+2H,0-> CO,+4H,

Are these reactions thermodynamically feasible to be carried out by microorganisms?

i3
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Methane coupling: Production of H,, CO and CO, from CH,

Are the reactions thermodynamically feasible to be carried out by microorganisms?

<
) c N Ay &
= = Special Activity o o
§ p T _g% Enter formula % e Conc. e Activity s
D& = o
xz (2 (mno (7] >
1 s 1 CH4 aq 1.00E-02 1.00E+00 1.00E-02
1 s 1 H20 | 1.00E+00 1.00E+00 1.00E+00
1 p 1 CO aq 1.00E-06 1.00E+00 1.00E-06
1 p 3 H2 aq 1.00E+00 * 0.00E+00 v
E 0.00E+00
2 s 1 CO aq 1.00E-06 1.00E+00 1.00E-06
2 s 1 H20 | 1.00E+00 1.00E+00 1.00E+00
2 p 1 CO2 aq 1.00E-04 1.00E+00 1.00E-04
2 p 1 H2 aq 1.00E+00 ¥  0.00E+00 v |
N 0.00E+00
3 s 1 CH4 aq 1.00E-02 1.00E+00 1.00E-02
3 s 1 H20 | 1.00E+00 1.00E+00 1.00E+00
3 p 1 CO aq 1.00E-03 1.00E+00 1.00E-03
3 p 3 H2 aq 1.00E+00 * 0.00E+00 v
a 0.00E+00
4 5 1 CO aq 1.00E-03 1.00E+00 1.00E-03
4 s 1 H20 | 1.00E+00 1.00E+00 1.00E+00
4 p 1 CO2 aq 1.00E-04 1.00E+00 1.00E-04
4 p 1 H2 aq 1.00E+00 * 0.00E+00 Vv
B 0.00E+00
5 s 1 CH4 aq 1.00E-02 1.00E+00 1.00E-02
5 s 2 H20 | 1.00E+00 1.00E+00 1.00E+00
5 p 1 CO2 aq 1.00E-04 1.00E+00 1.00E-04
5 p 4 H2 aq 1.00E+00 * 0.00E+00 v
Temp_1 (K) 298.15 25[°C
Min. variable: 1.00E-15
Max. variable: 1.00E+00
pK calculator pH calculator
Log plot?: x pK(T1) pK298) AGr°298 AHr°298 pH H(+)conc.
kJ/mol kJ/mol
Show react.1 x  35.89 35.89 204.87 241.35 0 M.00E+00
Show react.2 x -1.96 -1.96 -11.20 -10.59 0 ".00E+00
Show react.3 x  35.89 35.89 204.87 241.35 0 " _.00E+00
Show react.4 x -1.96 -1.96 -11.20 -10.59 0 ™.00E+00
Show react.5 x  33.93 33.93 193.67  230.76 0 ™.00E+00
)
HEd g3 4 81
Methane coupling: Production of H,, CO and CO, from CH,
Are the reactions thermodynamically feasible to be carried out by microorganisms?
—#-1:Hydrogen CH,+H,0 - CO+3H, (CO=10°Moll) T 250
—0-2: Hydrogen CO +H,0 - CO,+H,
—2—3: Hydrogen A 200
{X
- {X
—-4: Hydrogen CO +H,0 > CO,+H, (D)
£X 'l
—-5: Hydrogen CH,+2H,0 > CO,+4H, am s
T 100
c
i)
3 T 50
@
®
©
E | 00 0
2 -16 ’
g
T -50
T -100
T -150
-200

CH, can act as a source of H, and CO and CO can act as as source of Hziénd CO,,
if the activity of H, is kept low
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