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Core Concept

01: Evolution, Thermodynamics, Habitat diversity, Ecology,
Physiology their integration define Microbiology

02: Unigue goal of microbial life: survival, maintenance,
generation of ATP, growth of new cells

03: Planet’s habitat diversity results in genetic, molecular,
metabolic and physiological microbial diversity



LIVING vs NON living

You are alive if you have:

1. A membrane subsystem for compartmentalizing the functional
network components

2. An autocatalytic metabolic subsystem that functions out-of-equilibrium
by capturing energy and material resources

3. An information-based subsystem for processing and transferring
genetic information to the progeny via self-replication

Ganti, T. in The Principles of Life (ed. Szathmary, E. and Griesemer, J.) Ch. 3(Oxford Univ. Press, Oxford 2003)
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How can microbes grow?

How did microbes invent
biochemistry?



Key concepts for Microbial Life

 Metabolic diversity: cellular processes that support growth
Energy is conserved from chemical reaction or from light

*Energy is conserved, reducing power is obtain during catabolic
reactions and cells growth by decoupling this power to anabolic-
biosynthetic reactions (modularity)

*Electron flow via redox provide energy for ATP synthesis via:
1. Substrate level phosphorylation
2. Oxidative phosphorylation
3. Photophosphorilation

* Ecological diversity: interactions between organisms and their
environments

* Phylogenetic diversity: evolutionary relationships between organisms
0



Cellular growth

5 Growth is intimately connected with nutrient availably and energy
1 status of the cell
l ZBVindmg of- bnaA
to oriC initiates
replication . . . . .
; Spatial and temporal coordination between the DNA replication and
cell elongation, DNA segregation into new cells
‘% l ?e'gfiifl" bfi'sZ;'f\; B period C period D period
cell elongation r " ‘ T o
- R L
Chromosome =V Cell =
replication division
oriC in green
- l S'egregatton of
B period: time between division (birth) and the initiation of chromosome
S replication
C period: time window for chromosome replication
i A D period: time between the completion of chromosome replication and cell  gyigin of
l 71 division replication
formation

Protein Tus binds to terminus site and stop replication

Cell
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Zooming into DNA replication

Supercoiled _
chromosome ~

RNA primer

.y b Single-strand
,-f/' : 4 o binding protein Leading strand
.' ' ! 3 4
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0% Replication always 5’ to
| RS0 6 ——— 8 3', adding a new
'i" & " | S it nucleotide to the 3'-OH of
| .- '# ® \ L 4 the growing chain
1 L gging stran
' [
\' 7. - Primase

Madigan et al. 2018

1. DNA synthesis begins at a single site on chromosome, origin of replication (oriC), where DnaA

binds and opens up double helix
2. Stabilization of strands by helicase (DnaB), and its helper loader protein (DnaC). Two

helicases are loaded, one onto each strand, facing in opposite directions
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Zooming into DNA replication

Supercoiled |
chromosome ~

RNA primer

Single-strand

binding protein Leading strand

Replication always 5’ to
3’, adding a new
DNAPA el nucleotide to the 3'-OH of

the growing chain
Lagging strand

Madigan et al. 2018 RNA primer

3. Two primase and two DNA polymerase Ill enzymes are loaded onto the DNA behind
helicases and initiation of DNA replication begins
4. As replication proceeds, replication fork appears to move along the DNA



Nutrient & energy status controls
growth rate

Multiple replication forks

Madigan et al. 2018

0 60
| |
Time (min)
Nutrient availability
® From 40 to 20 min replication in E.coli \
® Multiple replication forks Atmincz'acid
starvation
® P replete cells (through (p)ppGpp)

J

® ATP cellular pool is essential for DNA replication

Chromosome
®* AA. pull rich segregation

10 Wang & Levin, 2009



Chromosome segregation and
Divisome complex

- E.coli daughter chromosomes must still be segregated prior to cell division

- After replication the resulting circular chromosomes remain interlinked

- Linkage is broken by the structural maintenance of chromosome complex, which is composed of a

topoisomerase (IV) and MukBEF protein

- MukBEF proteins move to discrete locations within the nucleoid and recruit a topoisomerase to separate
replicated sister chromosomes (a process called decatenation) prior to segregation
- Divisome complex: Fts proteins interact in cell to form a division apparatus

 Precise and temporally coordinate cleavages for growth

Initiation mass
reached and initiation

of DNA repllcatuon FtsZ ring formation Division
| 5
s =
= A @
Divisome Divisome assembly Qo
assembly e
<.
DNA replication Nucleoid DNA replication Nucleoid S
not initiated unsegregated initiated segregated 3
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Growth in an homogeneous-predictable-
low diversity environment, |

A Typical growth of cell culture | B What is measurable
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Growth in an homogeneous-predictable-
low diversity environment, |l

A Voronoi tree diagram of E.coli composition

DNA nina metabolites 40 min
rRNA beptidoglycan

165 . & - Eachpol is the relat
lipopoly- polygon area is the relative
rRNA 23S tRNA [Saccharide fraction of the corresponding cellular
constituent (dry mass)

» Similar colors = related functional role

» Steady-state mean cell size (large
circles) scales exponentially with

. %
p r Ot e I n oA =l nutrient-determined growth rate

Defined growth conditions
What is missing?

glycogen

http://book.bionumbers.orq/
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Growth

« Afixed relationship exists between initial cell number in a culture and cell number present after a period of
exponential growth: N = No2n where N is final cell #, No is initial cell #, and n # of generations during
period of exponential growth

« Generation time (g) of the exponentially growing population is t/n, where t is the duration of exponential
growth in days, hours, or minutes (g is the time from 1 cell to 2 cells)

« Equation N = No2n can be expressed in terms of n by taking the logarithms of both sides: n =[3.3(log N -
log NO)]

« |Instantaneous growth rate constant expresses the rate at which the population is growing at any instant
(by contrast, g is the mean time required for the cell population to double); k is expressed in units of
reciprocal hours (h-1): k = 0.693/g

Growth phases
l—'—ag—l'meﬂﬁal-'—suﬁonary l Death l
10 : E 5 41.0
: : : ¥ 4 0.75
Septum =
§ fmlm.‘ltmn 2 g 9 Turb‘d‘ty /
g § & (optical density) - 0.50
o't
S > S Viable count
| 3B 8
i i -
separation
7
Madigan et al. 2018 6 i
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Temperature affects growth

Enzymatic reactions occurring
at maximal possible rate .
* Reactions occur faster at warmer temperatures b/c rate
/_> oo of collisions between molecules increases

 If temperature gets too hot the enzyme may denature
and fail to function

« Arrhenius activation energy, which describes

Mosdiicen temperature effect on catalytic rate constant, kcat, and

\ thermal stability, which describes temperature effect on
thermal inactivation rate constant, kinact

Growth rate

Peterson et al., 2007

19,9 'A.
e
ampie:

Geobacillus stearothermophilus Example:

Mesophile Thermococcus celer Pyrolobus fumarii
xample: 60°
Escherichia colil 88" 106"

Growth rate

Psychrophile
ampie:

Polaromonas vacuolata

/ |
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Acidophiles

Alkaliphiles

pH affects growth
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Madigan et al. 2018

Example Moles per liter of:
H* OH™
1 10714
Volcanic soils, waters -1 -13
l(_?:astric fluids 10 10
emon juice 2 12
Acid mine drainage 10 10
Vinegar 3 z v
Rhubarb 107 10
. Peaches
-~ Acid soil 104 10710
Tomatoes
American cheese 10° 107°
Cabbage
Peas . 10 1078
Corn, salmon, shrimp
Pure water =t 10~7 10~7
Seawater 108 10°®
Very alkaline 1079 1075
natural soil
_ Alkaline lakes 107" 10
Soap solutions
Household ammonia 107" 107
Extremely alkaline i %
soda lakes 10 10
Lime (saturated solution)
1079 107
(s
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Optimal pH for growth refers to
extracellular environment only

Intracellular pH must be maintained in
5 -9 range

Extreme acidophiles and alkaliphiles
maintain cytoplasmic pH values
“neutrality

Extreme pH affects macromolecule
structures

H-bonds holding together strands of
DNA break up at high pH

Lipids are hydrolyzed by an extremely
basic pH

PMF responsible for production of ATP
In cellular respiration depends on
concentration gradient of H+ across
membrane



pH adaptive strategies

Active (proton exclusion, exchange, pumping, consumption and
neutralization) and passive (cytoplasmic buffering) mechanisms of

pH homeostasis as well as damage mitigation strategies (DNA repair, synthesis
of acid stable proteins)

Quatrini & Johnson, 2018

Lactobacillus plantarum is an anaerobic bacterium that produces lactic acid as metabolic
product and thus lowers pH but also prefers low pH values

Corynebacterium ammoniagenes produces urease that cleaves urea into ammonia and thus
increases pH at the same time, it prefers higher pH values

Pseudomonas veronii also increases medium pH but prefers low pH values for growth

Serratia marcescens strongly lowers pH but better tolerates comparably higher pH values, with
a slight optimum at around pH 8

In summary, we find that microbial growth often leads to dramatic changes in the pH of the
environment, and this pH change can promote or inhibit bacterial growth

Ratzke & Gore, 2018
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Osmotic pressure affects growth

Water availability is expressed in terms of water activity (aw): vapor pressure of air in
equilibrium with a substance or solution / the vapor pressure of pure water

Values of aw vary between 0 (no free water) and 1 (pure water)

H20 diffuses from regions of high
water concentration (low solute
concentration) — > regions of lower
water concentration (higher solute
concentration) in the process of
osSmosis

Cytoplasm has a higher solute
concentration than the environment,
so H20O —> into cell

Under such conditions, cell is said to
be in positive water balance,
normal cell state

TABLE 5.4 Water activity of several substances

1.000
0.995
0.980
0.950
0.900

0.850
0.800

0.750
0.700

Pure water
Human blood
Seawater

Bread

Maple syrup, ham

Salami

Fruit cake, jams

Salt lakes, salted fish

Cereals, candy,
dried fruit

Caulobacter, Spirillum
Streptococcus, Escherichia
Pseudomonas, Vibrio
Most gram-positive rods

Gram-positive coccl
such as Staphylococcus

Saccharomyces rouxii (yeast)

Zygosaccharomyces bailii
(yeast), Penicillium (fungus)

Halobacterium, Halococcus

Xeromyces bisporus and
other xerophilic fungi

18
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Osmotic pressure strategies

Madigan et al. 2018

From high aw —> low aw: cells maintains positive water balance by increasing .
its internal solute (compatible not interference with metabolism) F;;;g,;g:gug
concentration: Shntticcoccus: ARG facherd mreier
1. Pumping solutes into the cell from the environment aureus :’;,.",iﬁf,:,"”""’
2. Synthesizing cytoplasmic solutes
) B —
Compatible solutes are highly water-soluble organic molecules & E /
electrolytes: sugars, alcohols, and amino acid derivatives 'g‘ /
Glycine betaine, an analog of the amino acid glycine, is widely distributed among ~ © /
halophilic bacteria 4
Other common compatible solutes include sugars such as sucrose and
trehalose, dimethylsulfoniopropionate (produced by marine algae)
Escherichia
coli
5 10 15 20

0
H20 OUT of cells as their medium becomes more concentrated (an osmotic upshift) NaCl (%)
H20 INTO cells as their medium becomes more dilute (an osmotic downshift)

Bacterial membranes have high water permeabilities, so cellular hydration is altered within seconds of an osmotic shift

Approximately 0.5 g of water is bound per gram of cytoplasmic macromolecules

At low osmolality, phosphate, the predominant inorganic anion, is present at a concentration of approximately 10 mM. Most
metabolites are maintained at comparable or lower concentrations

At high osmolality, the amount of K+ exceeds that of nucleic acid phosphate and glutamate accumulates as K+ counterion (the
concentration of glutamate rising from approximately 0.05 to 0.50 M). The trehalose concentration rises from approximately 0.04

to0.4 M

Wood, 1999 & 2011 19



O: affects growth

Molecular oxygen (O2) is not toxic

O2 can be converted to toxic oxygen by-products:
A. superoxide anion (02 -)
B. hydrogen peroxide (H.02) —> damage cell components
C. hydroxyl radical (OH-) —> oxidation macromolecules & other organic compounds

All by-products of the reduction of O2 to H20 in respiration

Flavoproteins, quinones, and iron—sulfur proteins, electron carriers found all cells also catalyze
some of these reductions

Reactants Products
O, +e — O, (superoxide)
O, +e& + 2H*—> H,0, (hydrogen peroxide)
H,O, + e~ + H"— H,O + OH* (hydroxyl radical)
OH* +e + H"— H,0 (water)
Outcome:

02 + 4e + 4 HY— 2H20

Madigan et al. 2018
20



O2 adaptive strategies

1ABLE 5.6 Oxygen relationships of microorganisms

Group
Aerobes

Obligate Required Aerobic respiration

Facultative Not required, but growth better Aerobic respiration,
with O, anaercbic respiration,

fermentation

Microaerophilic Required but at levels lower than Aerobic respiration
atmospheric

Anaerobes

Aerotolerant Not required, and growth no Fermentation
better when O, present

Obligate Harmful or lethal Fermentation or

anaerobic respiration

Metabolic machinery to detoxify

Madigan et al. 2018
21

Specific niche

H202 + HQOQ*Z HQO + 02
(a) Catalase

H,O5, + NADH + H* == 2H,0 + NAD*
(b) Peroxidase

Oy + Oy + 2H" H,0, + O,
(c) Superoxide dismutase
40,7 + 4H*'>2H,0 + 30,

(d) Superoxide dismutase/catalase in combination

05~ + 2 H* + rubredoxinggyceq = Hs05 + rubredoxin,igized

(e) Superoxide reductase



Elemental composition of Earth
and microbes

Aston,1924
. | | I 905 0 |
* Universe, Earth, Life share important elements O e ““'"T""'fT"-' B
NN P TR N 2
. . . . | ,“" A [ | / » ."i'.' | l’-
® Majority of Universe is H and He and some others ;,'%« y | | Ln | 1V e i M
2 .‘ " . n ".31,,,,”
. . 1 \f .U - ’1 I\ JATH'W f
®* The essence of Life is the other elements 1 i —
T ? G Ed
%_.. 'nb ._l. o ..i” oegsu_ ._L- S— L
Mees Mowdrs oo o= Balae s shandamcn of et ypecios of tha o 15 Ve,
g B e 5] e
The Elemental Composition of E. coli P
Element | % dry sm Cellular Components Gmup_.
B e o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
o 20 0, DOM, CO, water; O, primary eloctron acceptor Period . : .
in aerobic respiration ‘ Essential for all microorganisms
N 10 m'i::?cf' v:o,; MMﬂtmm 1 I Essential cations/anions for most microorganisms
H 3 DOM, H, i sonsiimact St orpuis compeniy ___|___| B Trace metals (Table 3.1), some essential
: Coiusont of muclele sin 2| H W Used for special functions
| ] i “ichole acids in gram positves ! W Unessential, but metabolized
s 1 | 50, 15,8, Dom | OO O e cosntymes 3 3| W Unessential, not metabolized
[0 | o | it |, R RENEES
Mg 05 | Nagnesiumsakis “w.m;.um mcmm =
ca 05 | Calciomsaits | InorANicCoRCeton, cotictor for S
Fo 0.002 W Mmi:m oof-wm:::.:. 6|
enzymes

Demain, A. L. and Solomon, N. A. (1981), Manual of Industrial Microbiology &

Biotechnology, American Society for Microbiology, Washington, DC, p. 108 29

Madigan et al. 2018



From macromolecules to cell

Elemental composition of informational macromolecules  Macromolecular composition of a cell

Cells —__ C,0,and H Macromolecule  Percent of dry weight
Phosphoproteins N : Protein 55
acids .
S Proteins (DNA p Polysaccharide 5.0
and Lipopolysaccharide 3.4
RNA) DNA 3.1
RNA 20.5
®) @

« About 75% of microbial cell wet weight (a single cell of Escherichia coli weighs just
10-12 g) is water

* The remainder ~ 25% is primarily macromolecules—proteins, nucleic acids, lipids, and
polysaccharides

* The building blocks of these macromolecules are the amino acids, nucleotides, fatty
acids, and sugars, respectively

23 Madigan et al. 2018



Core Concept

02: Unique goal of microbial life: survival, maintenance,
generation of ATP, growth of new cells

LIVING vs NON living

1. A membrane subsystem for compartmentalizing the
functional network components

2. An autocatalytic metabolic subsystem that functions

out-of-equilibrium by capturing energy and material
resources

What is the metabolisms?
Which are the chemical reactions that are essential to the cell?

24



Coordinated Metabolism

Beyond fuelling cellular activities with building blocks and energy, metabolism also integrates
environmental conditions into intracellular signals

Metabolisms underlying regulatory network is complex and multifaceted

Nitrogen —— Nitrogen Nucleotides |=—| Nucleic acids
sources precursors

~ Amino acids |==»| Proteins

L \

Polysaccharides | == | Biomass

1 Carbon metabolism [ Amino acid metabolism [ Protein metabolism
1 Nitrogen metabolism B Energy metabolism

Chubkov et al., 2014 25



Anabolism and Catabolism

Anabolism Catabolism
Polymers

" E.g. polysaccharides,
lipids, proteins

Macromolecules

E.g. sugars, fatty
acids, amino acids

Metabolic Intermediates

E.g. pyruvate, TCA cycle intermediates

Small molecules

E.g. CO, H,O NH;
(Judge and Dodd, 2020)

https://app.jove.com/science-education/v/12114/concepts/overview-of-metabolism
26



Relative complexity of molecules

Catabolism: The
degradation of
complex molecules,

such as nutrients,
leading to the release
of energ

Metabolism

Anabolism: The energy-dependent formation of

building blocks and macromolecules in a cell

ANABOLISM

ANABOLISM

ANABOLISM

Peptidoglycan
Nutrients
from RNA + DNA
outside
or from Giycolysis S Compiex lipids
internal Krebs Pyruvate
pathways I Nucleotides
chain Fatty acids
Glyceraldehyde.3.P Some assembly
Fermentation reactions occur
spontaneously
Yields energy Uses energy Uses energy Uses energy

20



Real Growth in a limited
environment

Rapid exponential growth is not real in the environment

In 48 h assuming that E.coli that doubles every 20 min, given its weight 10-12 g, there
will be 2.2x1031 g

In the environment:

- Sporadic rapid growth
- Slow growth

- Sporadic slow growth
- Dormancy

28 Madsen, 2016



Figure 3.1 Metabolic coupling with respect to

energy conservation and electron flow.

Catabolism
Reactants
ADP + P, ATP
Cellular
materials i
Anabolism

(a) Energy conservation

Precursors
Products S _—
(oxidized) f
o
Electron donor
(reduced)
\
Electron acceptor
Precursors (oxidized) _——

(b) Electron flow

Cellular materials
(reduced)

Electron donor
(oxidized)

Electron acceptor
(reduced)

—

Anabolism

Catabolism

(a) Catabolism employs exergonic reactions to drive the synthesis of ATP. Anabolism

employs endergonic reactions, which consume ATP, to drive the biosynthesis of cellular

material. Some energy would be lost as heat and cannot be conserved in the formation of

ATP (not shown). (b) Cells require reducing power, in the form of a reduced electron donor,

as a source of electrons (e~) needed to carry out anabolic and catabolic reactions. Inputs to

metabolism are labeled in {green} and outputs of metabolism are labeled in {yellow}.

29
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Catabolic and Anabolic pathways

Catabolic pathways arrocesses in which cells€enerate free energyby
rrrsfaTming reactants 1imto-products Free Zn\erg ' available to do

work. The free energy produced in catabolism is.congamzed bs synthe31zmg energy-rich
inelecdles such as ATP Thé¢ formation of ATP requires at least

AG%= —31.8kJ/mol. Hence, the aerobic respitatiovrrofainole of glucose could produce up
to 91 moles of ATP under standard conditions, though under natural cellular conditions this
reaction actually produces closer to 38 moles of ATP. This difference in ATP yield occurs
because reactions in the cell do not occur under standard conditions.

free energy available under natural conditions differs from the free energy
calculated at sta itions. In addition, chemical reactions release some portion of
energy in tlfe form of heat ‘which cells cannot conserve in the formation of ATP. The heat
lost during métabe eaetonis is what makes your body warm and what makes a
decomposing compost pile become steaming hot.

athways are arocesses in which the synthesis of cellular rpaterial from

S precursors

. o . The energy reguized-te-fugl
bolic reactions, =i 0.53% we-cellular materials, comes from the ‘@
@ this way, catabolic and anabolic reactions are fundamentally linked :

0 Madigan et al. 2020



Principle of Bioenergetics

Energy flows (radiation—>chemical—> heat)
Matter cycles (uptake—>growth—> death—>recycle)

Energy is defined as the ability to do
work, kilojoules (kJ), a unit of heat
energy

All chemical reactions in a cell are
accompanied by changes in energy,
energy being either required or
released as a reaction proceeds

AGo <0, reaction will proceed with
release of free energy- exergonic

AG0’ >0, reaction requires energy in
order to proceed- endergonic Madsen, 2016

A AGo >0 reaction under standard conditions can become exergonic AGo >0 under the actual
conditions present in the microbial habitat



Spontaneous Not Spontaneous

AG0’<0, reaction will proceed with AGo0’ >0, reaction requires energy in
release of free energy- EXErgonic order to proceed- ENDergonic
Exergonic Reaction: AG < O Enderqgonic Reaction: AG >0

-Reaction is spontaneous. -Reaction is not spontaneous.
5 5
5 g
g 3
& &
3 2
) &
Reaction Reaction

1. Libretexts. “11.5: Spontaneous Reactions and Free Energy.” Chemistry LibreTexts, Libretexts, 13 July 2018
2. Science, Ck12. “Spontaneous and Nonspontaneous Reactions.” CK-12 Foundation, CK-12 Foundation, 28 Mar. 2017

23



Enzyme, |

Reaction:A+B—C+D
Free-energy calculations reveal only whether - ___

: - i " Activation
energy Is released or required in a given fh
reaction > [T ¥~
o
AGO' says nothing about the rate of the reaction e L
L | AGY=GPOC + D) - |
_ _ _ GL(A + B)
Activation energy can be viewed as the l

minimum energy required for a chemical

reaction to begin Products (C + D)

Progress of the reaction

Catalysts function by lowering the activation
energy of a reaction thereby increasing the
reaction rate

33 Madigan et al. 2018



Enzyme, II

£ | AGY=GP(C +D)-
GO(A + B)

ay
§
3
=
5
:

Products (C + D)

Catalysts have no effect on the energetics or the equilibrium of a reaction but
affect the rate at which a reaction proceeds

Most cellular reactions will not proceed at significant rates without catalysis

The major catalysts in cells are enzymes, proteins (or in a few cases, RNAs)
that are highly specific

This specificity is a function of the precise 3D structure of the enzyme.

In an enzyme-catalyzed reaction, the enzyme combines with the reactant, called
a substrate, forming an enzyme-substrate complex. Then, as the reaction
proceeds, the product is released and the enzyme is returned to its original state,
ready to catalyze a new round of the reaction

Prosthetic groups bind tightly to their enzymes, usually covalently and
permanently (e.g. heme group present in cytochromes such as cytochrome c)

Coenzymes, with a few exceptions, are loosely and often transiently bound to
enzymes

Single coenzyme molecule may associate with a number of different enzymes
(e.g. vitamins)

34 Madigan et al. 2018



Speed and specificity of a reaction

If the enzyme has more than one possible
substrate, the kcat/Km values determine the
specificity of the enzyme for each

The higher this value the more specific the
enzyme is for that substrate

This is because a high value of kcat and a low
value of Km are expected for the best substrates

If kcat/Km — which is the apparent second-order
rate constant for the enzyme-catalyzed
reaction — approaches the diffusion limit

(~ 10.—-10° M- s-1), the enzyme cannot catalyze
the reaction any better and is said to have
reached ‘catalytic perfection’

—-> second-order rate constants that approach
their rates of encounter (~10° s M-7) with the

substrate in solution

Triosphosphate isomerase, superoxide
dismutase and carbonic anhydrase are
examples of perfect enzymes

109 M- sec 1

107 M1 sec-1

105 M- sec-1

L L AL ||||| ||||||||’ llllllll‘

superoxide dismutase
Jumarase

cytochrome c peroxidase
triosephosphate isomerase
crotonase
acetylcholinesterase

carbonic anhydrase

OMP decarboxylase, catalase
B-lactamase I, phophotriesterase
alkaline phosphatase, HIV protease
staphylococcal nuclease

adenosine deaminase
carboxypeptidase A

cytidine deaminase

ribonuclease T2, yeast glyxoxalase I
mandelate racemase

chorismate mutase
aminocyclopropane carboxylate synthase
aldolase, aspartate aminotransferase

yeast alcohol dehydrogenase
urease

leucine aminopeptidase

acetoacetate decarboxylase

D-amino acid oxidase

FIGURE 1. Representative values of k.ai/Kn, at 25 °C compiled from

the literature.

WOLFENDEN and SNIDER, 2001
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Evolution in action !

k=10"® soc-1

{——1age of the earth

t;» = 1 billion years glycine decarboxylation 1.1 billion years

OMP decarboxylation 78 million years
phosphodiester hydrolysis > 13 million years

The half-life of a reaction: amount of time needed t,» = 1 million years  O-glycoside hydrolysis 5-8 million years

for a reactant concentration to decrease by half
compared to its initial concentration

fumarate hydration 700,000 years
phosphomonoester hydrolysis > 500,000 years

mandelate racemization 72,000 years

t,» = 1 thousand years

Enzymes allow organisms to channel the flow of

peptide hydrolysis (int.,C-term. dipep.) 450 years

. . k=1 0-9 1 cytidine, adenosine deamination 200 years
matter to their own advantage, allowing some "y
reactions to proceed rapidly compared with other t,»=1year | carboxylic ester hydrolysis 4 years clz:?lgd
reactions that offer no selective advantage c-C
. o S S S P-O
After a substrate is bound at an enzyme’s active site, te = 1day-f T7000 lSOMZaton 2days C-H
its half-life is usually a small fraction of 1 s chorismate mutstion 7 hours C-0
C-N
Rapi rnoverisn if any enzyme i tyz = 1 minute
apid tu over is necessary if any enzyme s to - n o cio. e
produce a significant rate of reaction at the ‘co'z hydration 5 seconds
limited concentration (<10-> M) at which enzymes k= 1sec
are present within the cell FIGURE 4. Natural half-times of some biological reactions in neutral

solution at 25 °C.

Table 1. Cleavage of Polymers at 25 and 100 °C

T100T “dAAINS Pue NHANAITOM

bond ¢z ti;2 per cleavage event
reaction 25 7€ 100 °C no. of bonds per polymer 25 °C 100 °C
protein hydrolysis 400 years 5.5 weeks 123 (RNase A) 4 years 7 hours
polysaccharide hydrolysis 4.7 x 108 years 160 years 10° residues (glycogen) 50 years 12 hours
RNA hydrolysis 4 years 9 days 70 residues (tRNA) 20 days 3 hours
DNA hydrolysis 140 000 years 22 years 109 residues (human DNA) 1 month 2 hours
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Energy conservation from chemical and
light reactions in to energy-rich compounds

Reducing power, soluble e- carriers

Coupling energy producing with energy
consuming reactions

Multi step reactions
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Basic Cellular Metabolism

1. Harvesting energy source to store it in ATP

2. Generation of reducing power

3. Carbon and other nutrient source (H20) for assembling cellular building blocks

S ——— — — i ———- - -
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Basic Cellular Metabolism

—> For maintenance of existing cells and growth of new cells
—> Successful exploitation well-defined energy and carbon source

—> Physical, biological and chemical properties vary in space and time

Energy Sources

Chemicals Light
Chemotrophy Phototrophy
Organic / \ Inorganic
chemicals chemicals
fgfucose, acetate, etc.) {H,, H,S, Fe™* , NH,*, otz

Chemoorganotrophs  Chemolithotrophs Phototrophs
(Glucose + B0,=B6CO, + 6H.0)(H:S + % O,=S%+ H.O) (ight)

| | l

ATP ATP ATP

Example: Escherichia Thiobacillus Rhodobacter
coll thiooxadans capsulatus

Madigan et al. 2020



Metabolism & Growth in a
limited environment

Madsen, 2016




Energy conservation

According to the first law of thermodynamics, energy is neither created nor destroyed.
Hence, in order to grow, cells must conserve energy by converting energy available from their
surroundings into a form that can do work. Cells accomplish this by generating energy-rich

compounds such as adenosine triphosphate (ATP)—a molecule capable of storing energy and
releasing it to fuel cellular processes

All living cells share certain fundamental metabolic requirements. All cells require water in
which to perform metabolic reactions, as well as sources of carbon and other nutrients with
which to synthesize cellular materials. All cells also require free energy°—the energy
available to do work—and reducing power °—a source of electrons (e~) that can be used to
both generate free energy and perform certain biosynthetic reactions

Madigan et al. 2020
41



Energy conservation

NH2
N
Anhydride bonds Ester bond NI 3 \>
o/ ol o
i | | O
A e
0) O O
OH OH
ATP generation, adenosine triphosphate

O O
rdl ol g r—lo-r r—L-o-nr,
Anhydride Ester Amide
d O O O A
I [
R—P—O—-p—R R—p-O-R
Anhydride Ester
" ATP y

ATP the energy currency of the cell —> cell motility, biosynthetic reactions,
replication, cell growth and heredity, its generation relays:

e 1. Substrate-level phosphorylation

e 2. Membrane-bound e- transport chain —> create H+ motive
force that drives ATP synthetase embedded in cytoplasmic

membrane

Earth including biota are a very heterogeneous and complex environment — >
thermodynamics (prediction of reactions that are energetically favorable)

42

Madigan et al. 2018



Energy-rich compounds

CH,=C—CO0"

?
o-p-o
0

Anhydride bond

Phosphoenolpyruvate

Thioester
bond

O @) 0O
ll/ H I H ol

CHy—C~8—(CH,),—N—C— (CH,),—N—C

| I

NH2

Anhydride bonds Ester bond k\ N\>

AR

00— ﬁ~0— ro—ﬁ-o—-CH

OH OH

Adenosine triphosphate (ATP)

Anhydride bond

" o o |o

~C—C—CH—0~R  HC-C-Bfb-0

OH CHgq ] O

Acetyl Coenzyme A
Acetyl-CoA

Acetyl phosphate

43

(IJHO
H?OH Ester bond
OHClZH
HCOH
HCOH O‘
CHz‘O_ lFl) O
O
Glucose 6-phosphate
Compound G% kJ/mol
AGY > 30kJ

Phosphoenolpyruvate -51.6
1,3-Bisphosphoglycerate| -52.0

Acetyl phosphate -44.8

ATP -31.8

ADP -31.8

Acetyl-CoA -35.7
AGY < 30kJ

AMP -14.2

Glucose 6-phosphate -13.8

Madigan et al. 2018



Energy-rich compounds

NH2
CHO
Anhydride bonds  Ester bond NI ~ N\> HCOH
kN/ N '

o-/ o-\ o / OHEH
CH,=C—C00" Ol ! :0: \ HGOH

Ester bond

[
0 —P~0—P~0—P-0—CH

S ? 58 i) &
g Py e Anhydride bond CH, Y0~ IFI, —o-
= 3 OH OH o!
"O-J' Phosphoenolpyruvate Adenosine triphosphate (ATP) Glucose 6-phosphate
c
g Thicest Compound G kJ/mol
— ioester i 30KJ
g bond Anhydride bond AGY >
= (0] / 0 O H CH, 0 / Phosphoenolpyruvate -51.6
I I Hll || I | 1,3-Bisphosphoglycerate| -52.0
CH3;—C~8—(CHy),—N—C— (CHp);—N—C— (|3 = (|: —CH,~0—R HSC—~C*0~r|’ -0 Acetyl phosphate -44.8
OH CH3 (9] ATP "31 .8
L Il | ADP -31.8
Acetyl Coenzyme A Acetyl phosphate Acetyl-CoA -35.7
Acetyl-CoA AGY < 30kJ
AMP -14.2
Glucose 6-phosphate -13.8

® The energy released from redox reactions fuels energy-requiring cell functions

® Free energy released in the coupled exergonic redox reaction must first be
trapped by the cell and conserved

® Energy conservation in cells is accomplished through the formation of a set of
compounds containing energy-rich phosphate or sulfur bonds

® The biosynthesis of these compounds functions as the free-energy trap, and their
hydrolysis releases this energy to drive endergonic reactions (AGo >0)
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Mechanisms of Energy Conservation

Cells conserve energy by generating ATP through one of three fundamental mechanisms.
The first mechanism is substrate-level phosphorylation ‘. In substrate-level
phosphorylation the energy-rich bond of a substrate is hydrolyzed to directly drive the
formation of ATP. For example, hydrolysis of the phosphate bond in phosphoenolpyruvate
is sufficiently exergonic to drive ATP formation . We will see
that substrate-level phosphorvlation is the dominant mechanism of energy conservation in
fermentative organisms

The second mechanism of energy conservation is oxidative phosphorylation ‘. In oxidative
phosphorylation the movement of electrons from an electron donor to an electron acceptor

generates a proton motive force. The proton motive force is an
electrochemical gradient formed by energy-conserving reactions that transport protons
outside the cytoplasmic membrane. This electrochemical gradient creates a force that is
ultimately used to synthesize ATP . Oxidative
phosphorylation is the defining feature ot respiration reactions and it is performed by
diverse chemotrophic organisms

The third mechanism of energy conservation is photophosphorylation®. In
photophosphorylation light energy is used to form the proton motive force that powers ATP
synthesis and is the dominant mechanism of energy conservation in phototrophic
organisms. Both photophosphorylation and oxidative phosphorylation ultimately rely on
electron transfer reactions to drive the formation of the proton motive force .

Madigan et al. 2020
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Reducing power
Electron Carriers and NAD " /NADH Cycling

Cells require a net movement of electrons from an electron donor to an electron acceptor,
but such reactions are rarely performed in a single step. More often, the movement of

electrons from electron donor to electron acceptor proceeds through a series of consecutive
reactions at different locations within the cell. Hence, the cell needs soluble electron carriers

such as nicotinamide adenine dinucleotide® (NAD" /NADH) to carry electrons from one

place to another within the cell .NAD" /NADH is a redox couple with a
reduction potential of —0.32 V, which makes NADH a good electron donor and NAD™ a
weak electron acceptor . The reduction of NAD™ to NADH requires 2e~ and

1H™, but the oxidation of electron donors typically results in the production of 2e~ and

2H". Therefore, the reduction of NAD™ typically results in the production of NADH + H*
with the extra proton released into solution ;

Catabolism, and indeed life itself, depends on the directed flow of electrons from an electron
donor to an electron acceptor during redox reactions . Redox reactions are also
required in many biosynthetic reactions that occur during anabolism

Redox reactions can be understood in terms of reduction potential
which measures the affinity of a substance for electrons.

Madigan et al. 2020
46



Redox Tower for electron carriers
molecules

(A) Removing e- carriers —>
NADH

giving them to substrates

Reductive
metabolism te’

* Fermentation « DIET
* H, formation « Respiration

* Reductive  + Degradation of
NAD+ acetogenesis recalcitrant
compounds

Oxidative
4e” metabolism
« Substrate degradation

Removing e- from substrates
—> giving them to e- carriers

NAD+ and NADH balance in microbial communities: microbial processes constantly balance NAD+ (oxidized) and NADH
(reduced) levels

Substrate breakdown (oxidation) generates NADH, while various pathways (respiration, fermentation) reoxidize NADH

Bouranis & Tfaily, 2024 47



Nicotinamide adenine dinucleotide, i

NADH is a good electron donor

Nicotinamide adenine dinucleotide phosphate (NADP+) is
made from NAD+ by adding a phosphate molecule I

NAD+ Il NADH + H*
P . . . L . C\
NADP+ /NADPH participates in anabolic redox reactions noinanice— il
H™ ™N

NH, o
. . 20 HH ]
(biosynthesis of cellular) o \QHWWW
2 i . .

NAD+/NADH participates in catabolic redox reactions Fiose

& OH OH NH,
|
NAD™* reduction steps —> O—CH, O N e NAD*/ NADH
i i Ey'=-0.32V
NAD*  Active Enzyme-substrate Ribose Adenine 0
t;iltr;dmg alts 1. Enzyme | reacts with e compiex S OH‘ In NADP*, OH is .
donor and oxidized form replaced by OPO5*".
PR R of coenzyme, NAD*.
=
™ —_— EEN .
: Y m 2.NADH and
- reaction
Substrate s product are
W NAD + ’ (e donor) P ' NADH quus formed.
A : +
= @ xProduct
® 4. NAD*is l
]
Fd
a
\ 4

released. Product NADH Active
binding * site b
' site ~
QuEnm
G Substrate
3. Enzyme |l reacts with e (e™ acceptor)

acceptor and reduced
form of coenzyme, NADH.

Enzyme-substrate ~— NADH oxidation steps

complex

Madigan et al. 2018
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Electron Donors and Electron
Acceptors

Cells conserve energy released from exergonic reactions by coupling the reaction
to the biosynthesis of energy-rich compounds, such as ATP

Reactions that release sufficient energy to form ATP require oxidation—reduction
biochemistry

An oxidation is the removal of an electron (or electrons) from a substance, and a
reduction is the addition of an electron (or electrons) to a substance: OILRIG

In redox reactions, we refer to the substance oxidized as the electron donor, and
the substance reduced as the electron acceptor

By convention, in writing a redox couple, the oxidized form of the couple is always
placed on the left (before the forward slash) followed by the reduced form after the
forward slash
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Electron Donors and Electron
Acceptors

Substances differ in their tendency to donate or accept electrons

This tendency is expressed as their reduction potential (E?, standard conditions), a
value measured in volts (V) compared with that of a reference substance, H>

When two redox couples react, the reduced substance of the couple (E0 is <0,
negative) donates electrons to the oxidized substance (E0 >0, positive)

The half reaction with the more negative E0 proceeds as an oxidation and is therefore
written in the opposite direction

Redox reactions: reactions consisting of the movement of electrons between
substrates constituting reduction (addition of electrons) and oxidation (removal
of electrons) reactions

50



Redox Tower Reduced  metwspms 53

SO /HSO, (-0.52) 2 &

- -0.50
CO./glucose (-0.43) 24 & —
b 2 H/H, (-0.42)2 e S
Ferredoxin, Ferredoxin, g (<0.4) - -0.40
COy/methanol (-<0.38)6e™ — |7

e Redox couples are arranged from the strongest NADTINAH (0312 &

CO./acetate (-0.28)8 €™ —nw__|

donors at the top (E<0) to the strongest acceptors SUFS (02826 ——

CO./CH, (-0.24) 8 &~ =
at the bottom (Eo>0) ot te - Thom
S03%/H-S (-0.12)6 &~

[ -0.30

ey

- ~0.10

Adenosine phosphosulfate/
AMP + HSO4™ (-0.06) 2 e~

e The larger the difference in reduction potential --00

»| Fumarate/succinate (+0.03) 2 e~ ]

between electron donor and electron acceptor, the Cytochrome Doupeq (+0.035) 1 &°

Ubiquinoneg, req (+0.11) 2 &7

more free energy is released (AGo0 can be computed SRR
via Nerst equation from reduction potential) S ARGINERL % S A

Cytochrome €y reg (#0.25) 1 @
Chlorobenzoate™/benzoate (+0.3) 2 e~ - +0.30

- +0.10

NO,/NO (+0.36) 2 &"

s Cytochrome (#0.39)1 e~ 1A
Redox reactions | OO L Ca3 S e 1040
(reduction-oxidation reactions) Se0,7/Se0y%- (+0.48) 2 - —
Reduced compound A  Oxidized compound B
2 > g% s - +0.60
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e
AQ B NOg /¥ N (+0.74) 56" — | [*07°
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compound A compound B L +1.10
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Redox couples in the environment

Redox couples and potentials (mV) for elements common in biology at pH 7 and temperature 25 C *

.. HPO/HPO,
o H PO/ PH,

0 Pyruvate / Glucose

R » 0 CO. /Glucose i) SO * /HSO

PO [HPOF «u®aH /H, : 20:»'2&1.*«: o S° /‘HS :
O/ CH ; o H
Pyrlvate’/ Lactate B HSO, /HS

O Fumarate [ Succinate o APS [HSO'

DMSO / DMS

Across periodic table
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O Se° [ HSe"
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High diversity of key molecules in
the Electron Transport Chain

Organic compounds
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Standard redox potential (EO" [mV,
25°C, pH = 7]) are indicated by
dashed (- - -) lines

If physiological or environmental
conditions are known to shift the
potential from the EOQ’, redox windows
are indicated (solid lines)

® Blue: aerobes
® Green: facultative anaerobes

® Red-yellow:

c-type cytochromes can cover a broad
range of redox potentials as indicated.

Not all bacteria mentioned will cover
the whole range.

Kracke et al., 2015



V™

All types of metabolism can be classified based on their source of energy

Phototrophs® obtain energy for metabolism from light. Plants are one type of phototroph,
but we will learn that many different types of phototrophic metabolism exist in the microbial
world . Chemotrophs® obtain energy for
metabolism from chemical reactions . The aerobic respiration of glucose is an
example of chemotrophic metabolism in that free energy comes from the chemical oxidation
of glucose to COs : - Chemotrophic reactions are classified as aerobic
if they require O; as an electron acceptor, but they are classified as anaerobic if their
electron acceptor is anything other than O, . Chemotrophs can conserve
energy from either respiration reactions or fermentation reactions

For example, in the presence of Oy, yeast can perform aerobic respiration of glucose to COz,
but when Oj is limiting they alter their metabolism to perform anaerobic fermentation of
glucose to ethanol and CO.,.

Energy Sources

Chemicals Light
Chemotrophy Phototrophy
Organic / \ Inorganic
chemicals chemicals
[gfucose, acetate, otc.) {H,, H,S, Fe™ NH,*, mtc)
Chemoorganotrophs  Chemolithotrophs Phototrophs
(Glucose + 60,* 6 CO, + 6H,0) (HsS + % O, = 8%+ H.O)  (ight)
ATP ATP ATP
Example: Escherichia Thiobacilues Rhodobacter
ool thooxidans capsulatus

Madigan et al. 2020
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