1.3 Physical Foundations

Living cells and organisms must perform work to stay
alive and to reproduce themselves

Living Organisms Exist in a Dynamic Steady State,
Never at Equilibrium with Their Surroundings

Precursors —)> Hemoglobin —)> Breakdown products
(amino acid) I, r, (amino acid)
When I' =T,
[hemoglobin]=const
i F oo f5 Steady State » 2 2t Equilibrium !
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Organisms Transform Energy and

Matter from Their Surroundings
System

Universe
Surroundings
closed system :  the system exchanges energy but not
matter
open system : exchanges energy and matter
isolated system : exchanges neither energy nor matter

Living organism is an open system
*Living organisms create and maintain their complex,
orderly structure using energy extracted from fuels or
sunlight.
In any physical or chemical change, the total amount of
energy in the universe remains const. 2

The Flow of Electrons Provides Energy for Organisms

* Nutrients in environment Heat
(complex molecules such as

otential energy S )

(e)

* Sunlight

(a) Increased randomness
(entropy) in the surroundings

e Metabolism produces compounds
s simpler than the initial
fuel molecules: CO,, NH;,
Energy H,0, HPO3~
transductions = Cellular work:
accomplish * chemical synthesis ()
work * mechanical work
« osmotic and electrical gradients
« light production
« genetic information transfer

Decreased randomness
(entropy) in the system

Simple compounds polymerize

(b) to form information-rich
macromolecules: DNA, RNA,
) proteins
Heat (absorbed or emitted)
(e)
© ¢
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Energy Coupling Links Reactions in Biology
AG= AH-TAS
Free energy (G) & Free energy change (AG)

Exergonic : AG < 0  Endergonic : AG > 0

(a) Mechanical example

AG >0 AG <0

Work
done

Loss of
potential
energy of

position

I Endergonic Exergonic [l
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Energy Coupling Links Reactions in Biology
(1) Glucose + Pi =———> Glucose 6-phosphate

(phosphate) AG;> 0
(2) ATP ——> ADP+ Pi
Adenosine triphosphate AGZ <0

(major carrier of

chemical energy in all cells)
(3)Glucose + ATP———> Glucose 6-phosphate + ADP
Reaction % AG,=AGHAGKO0

Reaction 3:
Glucose + ATP —
glucose 6-phosphate + ADP

ATP — ADP + P;

Reaction 1:
Glucose + Py —
glucose 6-phosphate

Free energy, G

AG3=AG; + AGy

Reaction coordinate

a reaction :

[CI‘[D]*
aA+bB —— c¢C+dD K=""—
[AI'[B]

Hi % ok

[cI‘[p]*
AG = AG'+RTIn————

[AI'[B]”

=g s AG=0
I

AG® =—RTInK,,
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Enzymes Promote Sequences of Chemical Reactions

Enzyfnes catalyze . Activation barrier
reactions by lowering > (transition state, §)
the activation energy(AG"
— g Reactants (A
collision frequency o| mmm——l_ A\ [T
AGH =
_T '}RiT AG
é—zpe Products (B)

Reaction coordinate (A — B)

',
Jt steric factor
rate const.

*multiplicity

specificity }of the enzymes
esusceptibility to regulation

give cells the capacity to
lower activation barrier selectivity
1
Effective regulation of
cellular processes

-A%. fraction of collisions with sufficient
L energy to produce a reaction

Each enzyme protein catalyzes a specific reaction,
onap 1.5 A0 each reaction in a cell is catalyzed bya |
different enzyme

g TTmTTmmmmmmemm e \ reaction pathway
1 = 1J =]
® : E-BHEFHPLT
A Srymet o c o e H tfenzyme
[Threonine Isoleucine

Feedback inhibition

Metabolism: Catabolism and Anabolism

Nutrients Cellular works
Foods Complex biomolecules
Solar Mechanical works
photons Osmotic work
catabolism| s ADP
(exergonic @ ADP § anabolism
ATP ATP .
(endergonic)
H Co, '
\ 1
\ NH3 l'
S HZO - ’
precursors

chap 1.3t0 1.5

9
Summary of 1.3

1.4 Genetic Foundations
i# @4 F : DNA (deoxyribonucleic acid)
A. Genetic continuity is vested in DNA molecule

2 P oehiedk it b eiedr
! |
FEL i F DNA
reproduce themselves with
\ nearly perfect fidelity for

countless generations
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B. The structure of DNA allows for its repair ’
and replication with near-perfect fidelity &

# 9% DNA(double helix ! ) '\
Strand 1 / »/

*Complementarity between the two
strands accounts for the accurate
replication essentials for genetic
continuity

*Genetic information is encoded in the
linear sequence of four kinds of
subunits of DNA

*The double-helical DNA molecule
contains an internal template for its

own replication and repair
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o1d KV« New %ld

rand 1 strand rand 1 strand

The linear sequence in DNA encodes proteins with
3-dimensional structures

Gene 1 Gene 2 Gene 3
DNA i

e “m » . = =

o = Em &

4 P =S o

Transcription of DNA sequence
into RNA sequence

l Transcription of DNA sequence
into RNA sequence

RNA

NA 1 RNA 2. - RNA 3‘5.
l Translation of RNA sequence fw *z =t
. . PO S -
into protein sequence -

Translation (on the»nhosome) of RNA sequence
into protein sequence and folding of protein
Linear amino acid sequence Inte nativegnirmation
Noncovalent interactions ) 4

: (] Yy
' =g/

Protein 1 Protein 2 Protein 3

The structure and function of proteins ( \ Y
are encoded in its linear a.a. sequence
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Summary of 1.4

Protein with native conformation

Formation of supramolecular complex




1.5 Evolutionary Foundations

Changes in the Hereditary Instructions Allow Evolution

Time
Wild type — -mcsccrn Fig. 1-32 Role of mutation in
it evolution The gradual
wandoms 1eawens| accumulation of mutations over
long periods of time results in
new biological species, each with
a unique DNA sequence.

fchaldlc i TR - e ANe e A

{zHcHAHEHEHTHEE- ~{rHcHAHGHCHTHAH

Gene duplication and mutation (I)

Hexokinase gene
INYNINYNINY N

ltranscription of DNA

into complementary RNA

MessengerRNA  \ ./ \/\/\L

translation of RNA on
ribosome to polypeptide chain

Unfolded \ A\ B
hexokinase -

folding of polypeptide chain

into native structure
of hexokinase

ATP + glucose
i ADP + glucose
Catalytically / g
active hexokinase 6-phosphate
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Figure 1-32
LemingerPinilsof BiochentstyFith Edon
oy

13 "
A ——
Gene duplication and mutation (1I) Biomolecules First Arose by Chemical Evolution
In 1922, Oparin proposed :
Hexokinase gene . . .
onA NZNZANZNAN N early in the history of the earth at a reducing
A rare mistake durin
lg"grevﬁf-ﬁf:ﬂd"vzu"s atmosphere(rich in methane, ammonia, and water)
e hexokinase gene:
Original gene Duplicate gene
sscondaremisake el electrical energy (from lightning discharge or heat
in a mutation in the secons
e el One pathway to energy from volcanoes
utation
generate new
 xpression expression . . el . . .
orgiat gene. imated enzymatic activities forming simple organic compounds
T ol pr ronecere dissolved in the ancient seas
ADP + glucose ADP + galactose
6-phosphate 6-phosphate millions of years
simple organic molecules associate into larger complexs
(alacimmanota sbsrate) e subswate specihlty 1 millions of years
for galactose 15 chap 1.3t0 1.5

form membrane and catalysts(enzymes)

Chemical Evolution Can Be Simulated in the Laboratory
In 1953, Stanley Muller’s expt’l:

Electrodes
-

/-

NH,, CH,, H,, and H,0

o

Electrical sparks for a weak

ormore [l Spark ol
gap |

analyzed the contents: \ » J/
amino acids 7 !
hydroxy acids \ Condenser — I |

X |
aldehydes pmduced@“ | |
hydrogen cyanid / A= P o

| |

Even, polypeptides and RNA- & e

likemeletules!! (later expt’l) Figure 1_33“‘“’

In conclusion,

many biomolecules, under prebiotic condition can be
formed : including

polypeptides and RNA-like molecules (as catalyst)

Protein

Whether life also arose on the planets of other solar systems?

RNA or Related Precursors May Have Been the First
Genes and Catalysts

RNA can act as catalysts on their own formation

i
RNA:;may have been the first catalyst and first gene




Creation of prebiotic soup, including nucleotides,
from components of Earth’s primitive atmosphere

RNA World |

Production of short RNA molecules
with random sequences

!

Selective replication of self-duplicating
catalytic RNA segments

Synthesis of specific peptides,
catalyzed by RNA

|

Increasing role of peptides in RNA replication;
coevolution of RNA and protein

|

Primitive translation system develops,
with RNA genome and RNA-protein catalysts

|

Genomic RNA begins to be copied into DNA

|

F'igd""s“-t TORTA a4 o R i s 19
(ribosome) with protein catalysts

0
ShE W
Multicellular eukaryotes — 500
1074 # % endosymbionts — 1o
(mitochondria and plastids) ’
156 & %
first eukaryotes, protists - 1500
(R224) s
7 2,000
% 2,500
E
3,000
35ED
Photosynthetic sulfur = 350
bacteria
4,000
45t #
Fo#mitioh%f earth = 1500

Diversification of multicellular eukaryotes
(plants, fungi, animals)

Appearance of red and green algae

Appearance of endosymbionts
(mitochondria, plastids)

Appearance of protists, the first eukaryotes

Appearance of arobic bacteria
Development of Oy-rich atmosphere

of 0,-prod
cyanobacteria

Appearance of photosynthetic sulfur bacteria
Appearance of methanogens

Formation of oceans and continents

Formation of Earth 20

Evolution of eukaryotes through endosymbios

Symbiotic system
carry out
acrobic catabolism.

Anacrobic Some bacterial genes
‘metabolism Bacterium is move to the nucleus,
is inefficient engulfed by ancestral

eukaryote, and

because fuel is not
multiplies within it.

completely oxidized.

Nucleus

( Photosynthetic
Acrabic bacterium cyanobacterium

Acrobic metabolism is Light energy is used
ficient because fuel to synthesize

is oxidized to COp. COy.

Mitochondrion
=P\
Acrobic cukaryote \ @

Cyanobacterial 57
enome (0

L
Nonphotosynthetic
eukaryote

ww

Engulfed
cyanobacterium
endosymbiont

d
cell can make ATP
using energy from
sunlight.

Photosynthetic
t

In time, some.
cyanobacterial genes
move to the nucleus,
and endosymbionts
become plastids
(chloroplasts).

Comparison of prokaryotic and eukaryotic cells

TABLE 1-3 Comparison of Prokaryotic and Eukaryotic Cells

Characteristic Prokaryotic cell Eukaryotic cell

Size Generally small (1-10 pm) Generally large (5-100 pm)

Genome DNA with nonhistone protein; DNA complexed with histone and nonhistone
genome in nucleoid, not proteins in chromosomes; chromosomes in
surrounded by membrane nucleus with membranous envelope

Cell division Fission or budding; no mitosis Mitosis, including mitotic spindle; centrioles in

many species

Membrane-bounded organelles Absent Mitochondria, chloroplasts (in plants, some

algae), endoplasmic reticulum, Golgi complexes,
lysosomes (in animals), etc.

Nutrition Absorption; some photosynthesis Absorption, ingestion; photosynthesis in

Energy metabolism

No mitochondria; oxidative
enzymes bound to plasma

some species
Oxidative enzymes packaged in mitochondria;
more unified pattern of oxidative metabolism

membrane; great variation

in metabolic pattern
Cytoskeleton None

Intracellular movement None

Complex, with microtubules, intermediate filaments,
actin filaments

Cytoplasmic streaming,
mitosis, vesicle transport

wiap 10w 1o
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Molecular anatomy reveals evolutionary

relationships

* Relatedness of species:

— 18 century, anatomic similarities and differences among

organisms (Linnaeus)

— 19 century, phylogeny of modern organisms (Darwin)

— 20 century, ‘molecular anatomy’: sequences and

three-dimensional structure of nucleic acids and

proteins

¢ Genome (the complete endowment of an organism)

* Some organisms whose genomes have been completely

sequenced: (see table 1.2)
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Genome size Number of
Organism (millions of nucleotide pairs) genes Biological interest
Mycoplasma genitalium 058 483 Smallest true organism
Treponema pallidum 11 1,039 Causes syphil
Borrelia burgdorferi 144 1,738 Causes Lyme disease
Helicobacter pylori 17 1,589 Causes gastric ulcers
Methanococcus jannaschii 1.7 1,783 Archaean; grows at 85 °Ct
Haemophilus influenzae 18 1,738 Causes bacterial influenza
Archaeoglobus fulgidus* 22 - High-temperature methanogen
Synechocystis sp. 36 4,003 Cyanobacterium
Bacillus subtilis 42 4,779 Common soil bacterium
Escherichia coli 46 4377 Some strains cause toxic

shock syndrome

Saccharomyces cerevisiae 125 5770 Unicellular eukaryote
Plasmodium falciparum 23 5,268 Causes human malaria
Caenorhabditis elegans 100 19,400 Multicellular roundworm
Anopheles gambiae 278 13,700 Malaria vector
Arabidopsis thaliana 157 25,500 Model plant
Oryza sativa 390 37,500 Rice
Drosophila melanogaster 140 13,000 Laboratory fly (“fruit fly”)
Mus musculus domesticus 2.4Xx10° 25,000 Laboratory mouse
Pan troglodytes 24x10% 25,000 Chimpanzee
Homo sapiens 29x10% 25,000 Human

*The number of genes is not yet determined.
Table 12

C Lehninger Principles of Biochemistry, Fifth Edition
2008 .. Freeman and Company.




Molecular phylogeny is derived from gene
sequences
* When two genes DNA or protein share detectable
sequence similarities , their sequences are
‘homologous’ and the proteins they encode are
‘homologs’.

* Two homologous genes occur in the same species, they
are ‘paralogous’ and the proteins are ‘paralogs’.

* Two homologous genes occur in the different species,
they are ‘orthologous’ and the proteins are ‘orthologs’.
Annotated genome includes (1) DNA sequence, and (2)
a description of the likely function of each gene
product (deduced from comparisons with other
genomic sequences and established protein function).
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Species A Species B
(® Mutations in many genes lead
Gene 1 to evolution of a new species. Gene 1*
Function 1 Function 1

(D) Gene duplication leads to
& superfluous copy of gene 1

Gene 1 Gene 1 copy

Function 1 Function 1

to gene 2. Gene 2 encodes a protein

(2 Mutations in gene 1 copy give rise
with a new, different function.

Gene 1 Gene 2

Function 1 Function 2

Homologous genes 1and 2

are paralogs, related in sequence but
encoding proteins of different function
in the same species,
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Homologous genes 1 and 1* are orthologs
encoding proteins of the same function
in different species.

FIGURE 1-37 Generation of genetic diversity by mutation and gene dupli-
cation. (1) A mistake during replication of the genome of species A results in
duplication of a gene (gene 1). The second copy is superfluous; mutations in
either copy will not be deleterious as long as one good version of gene 1 is
maintained. () As random mutations occur in one copy, the gene product
changes, and in rare cases the product of the “new” gene (now gene 2)
acquires a new function. Genes 1 and 2 are paralogs. (3) If species A
undergoes many mutations in many genes over the course of many
generations, its genome may diverge so greatly from that of the original
species that it becomes a new species (species Bi—that is, species A and
species B cannot interbreed. Gene 1 of species A is likely to have undergone]
some mutations during this evolutionary period (becoming gene 1%, but it
may retain enough of the original gene 1 sequence to be recognized as
homologous with it, and its product may have the same function as (or
similar function to) the product of gene 1. Gene 1* is an ortholog of gene 1
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Molecular phylogeny is derived from gene
sequences

* The sequence differences between two homologous
genes may be taken as a measure of the degree to
which the two species have diverged during
evolution.

* The larger the number of sequence differences, the
earlier the divergence in evolutionary history.

* Phylogeny (family tree) (see fig. 1-4)
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