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Biochemistry: the study of the chemistry of life

What are the chemical and 3D structures of biomolecules
How do bimolecules interact with each other
How does the cell synthesize and degrade biomolecules
How is energy conserved and used by the cell
What are the mechanisms for organizing biomolecules
and coordinating their activities
How is genetic information stored, transmitted, and expressed



Evolution
The origin of the universe and the chemical elements
from simple elements to biochemically important elements
The origin of the solar system and the earth

Chemical evolution: Abiotic synthesis of biomolecules
functional groups
condensation
complementary

Cellular evolution
compartmentation: the rise of protocells
primitive catalysts
energy

Organismal evolution



Tahle 1-1 Most Abundant Elements in the
Human Body?

Dry Weight
Element (%)
C 61.7
N 11.0
O 9.3
H 5 7
Ca 5.0
P 3.3
K 1.3
S 1.0
Cl 0.7
Na 0.7
Mg 0.3
“Calculated from Frieden, E., Sci. Am. 227(1), 54-55

(1972).
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The earth, 4.6 billion yrs old
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How old i1s life on earth?

Stromatolite, 3.5 billion yrs old

Figure 1-1 Fundamentals of Biochemistry, 2/e



Chemical evolution

Chemical Evolution on Early Earth

Earth early cools, outgassing

!

early hot atmosphere that cools and H,O condenses to form oceans
warm poolsrich in CO,, H,O, NH,, CH, —— primordial soup

primordial soup energy (solar, UV, eleciric discharge, heat)

N

Miller-Urey experiment
i _arninn acids — proteins

base purines —— nucleic acids
carbohydrates — polysaccharides

fatly acids — lipids

l

building blocks of
self—replicating molecules

output = organic compounds —

http://en.wikipedia.org/wiki/Abiogenesis



http://en.wikipedia.org/wiki/Abiogenesis

Origin of chemical evolution
simple compounds to biochemically significant molecules
1903s, Oparin & Haldane
1953, Miller & Urey

EXPERIMENT

Question: Can organic compounds be generated under :
conditions similar to those that existed on primeval Earth? Tung sten electrode!

METHOD /- —=

— — o S
N3
“ Atmospheric” ~«Cold
compartment water
“Oceanic”
compartment

Heat ’ :
RESULTS ..
L R

Conclusion: The organic building blocks of life are SDD-CC. flask
generated in the probable atmosphere of early Earth. }
@ 2001 Sinaver Associates, Inc.




Life from the sea?

Figure 1-2 Fund tals of Biochemistry, 2/e




The Essential Role of Water

Water Is the key to understanding the behavior of macromolecules
the solvent of life
all living transformations occur in an agueous media

Water-insoluble compounds (lipid membranes)
derive their nature and function by their interactions with water



Common Functional Groups
Arise from simple organic compounds

Table 1-2 Key to Structure. Common Functional Groups and Linkages in Biochemistry

Compound Name Structure” Functional Group or Linkage
Amine? RNH, or RNH; |
R,NH or RZIJ{THZ —N< or —+N— (amino group)
R:.N or R,NH |
Alcohol ROH —OH (hydroxyl group)
Thiol RSH —SH (sulfhydryl group)
Ether ROR —O— (ether linkage)
I i
Aldehyde R—C—H —C— (carbonyl group)
C”) @]
|
Ketone R G R —C— (carbonyl group)
I I I
Carboxylic acid® R—C—OH orR—C—0O" —C—O0OH (carboxyl group) or
(@]

—C—0" (carboxylate group)

C”) (@] O

Ester R—C—OR —C—0— (ester linkage) R—C— (acyl group)”
I i I

Thioester R—C—SR —C—S— (thioester linkage) R—C— (acyl group)”

“R represents any carbon-containing group. In a molecule with more than one R group, the groups may be the same or different.
PUnder physiological conditions, these groups are ionized and hence bear a positive or negative charge.
“If attached to an atom other than carbon.
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Table 1-2 Key to Structure. Common Functional Groups and Linkages in Biochemistry

Compound Name Structure” Functional Group or Linkage
I
Amide R—C—NH,
I I I
R-—C NHR —C—N< (amido group) R—C— (acyl group)”
I
R G NB

Imine (Schiff base)”

Disulfide

Phosphate ester”

Diphosphate ester”

Phosphate diester”

R—NH ar R—NH;
R—NR or R—NHR

R—S—S—R
|
R—O—I|’ @
OH

e o L e R :
& N or _C=N{_(imino group)

—S—S— (disulfide linkage)
@)

I
—P—0O  (phosphoryl group)

|
OH

—P—0O—P—0O" (phosphoanhydride group)

—O—E|’—O— (phosphodiester linkage)

O

“R represents any carbon-containing group. In a molecule with more than one R group, the groups may be the same or different.

PUnder physiological conditions, these groups are ionized and hence bear a positive or negative charge.

“If attached to an atom other than carbon.
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Condensation reactions

Chemical Evolution, simple molecules condense to form

more complex forms (polymers)
o

I H
R—-C—OH + H:N—R'
N
Condensation Hydrolysis
H,0 JL H,0
\ Functional groups into larger molecules
c"> and give rise to more complex molecules
R—C—NH-R’

Figure 1-3 Fundamentals of Biochemistry, 2/e

I
*NH,

complementary o\ °

Figure 1-4 Fundamentals of Biochemistry, 2/e



Replication through complementarity

NINNNINN
AdALA
VNV

Figure 1-5 Fundamentals of Biochemistry, 2/e
© 2006 John Wiley & Sons

Self-perpetuation & natural selection

« More complex molecules increases chemical versatility
» Specific pairing of functional groups gives rise to complementarity
o Complementarity makes it possible for macromolecules to replicate

e QOver time natural selection favored molecules that made accurate
copies of themselves



Double origin hypothesis: DNA & protein

RNA world hypothesis



Cellular evolution — = —— '

Protelns i ) i
Rlbosome B Lipopolysaccharide

mRNA tRNA DNA | phospholipid

y% ' 4 \ Lipoprotein

— Peptldoglycan

Figure 1-6 Fundamentals of Biochemistry, 2/e
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Cell compartmentation: independent life

Required Biosynthesis & Energy

Fermentation as a source of energy
Development of photosynthesis

Evolution of aerobic metabolism
Replicate & propagate

differentiated & became multicellular



Spirillum
A

Ana

spirochete
baena (a cyanobacterium)

r i rﬂ_;‘wmnp sy r_‘-,‘.m&m'

Escherichia coli

# Large Bacillus
\_,
@ staphylococcus .o * Three species of
) Rickettsia Mycoplasma
< 10 wm -|

Figure 1-7 Fundamentals of Biochemistry, 2/e
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Physical Units of Space, Time, and Energy.
LENGTH You must know this and be comfortable using them.

Length is very important!!

«C-Chbondis1.54 A 1mm=103m
«Hemoglobin 65A 1 um=10%m
*Ribosomes 300A 1nm=10°m

\/iruses 100 - 1000A
Cells 7 umor 7 x 104 A

1A =101m
Limit of a light microscope = 2000 A or 0.2um
1A= 10 A

knowledge comes from X-ray crystallography, electron microscope or atomic
force microscope



Life is In constant flux

Enzyme catalyzed reactions- Substrates = Products 10 sec - milli sec
Unwinding of DNA 10 sec - micro sec

10155 1012 s 10°s 108 s 10%s 10°3s 10s 103s

femto pico nano micro milli  sec
«femto fs excitation of chlorophyll
*pICO PS charge separation in photosynthesis
*nano ns hinge protein action
*108 10 ns fluorescence lifetime
*MICro us DNA unwind
emilli ms enzymatic reactions
103 sec generation of bacteria

2.3 X 10° sec average human life span



Centrioles

Nucleus Golgi apparatus

Nucleolus

Chromatin

Free
ribosomes

Endoplasmic
reticulum

Rough
endoplasmic
reticulum

Smooth endoplasmc
reticulum

Figure 1-8 Fundamentals of Biochemistry, 2/e



Organismal evolution
Evkarya

Animals
Archaea

Fungi
Plants

Ciliates
Flagellates

Bacteria Slime molds

Halophiles

Purple bacteria .‘Gram-posmves
Methanococcus
Thermoproteus

Microsporidiae

Cyanobacteria

Flavobacteria

Symbiosis

| Sexual reproduction
Figure 1-9 Fun!:Iamentals of Biochemistry, 2/e . .
©2006 John Wiley &Sons Evolution by mutations




Living organisms operate within the same
physical laws that apply to physics and
chemistry

Thermodynamics:
Allows a prediction as to the spontaneous nature of a chemical reaction:

WilI this reaction proceed in a forward direction as the reaction is written:

A + B » C

Will A react with B to form C or not?



Definitions:

System: a defined part of the universe
a chemical reaction
a bacteria

a reaction vessel
a metabolic pathway

Surroundings: the rest of the universe

Open system: allows exchange of energy and matter

Closed system: no exchange of matter or energy.




The 1st Law of Thermodynamics: Energy is Conserved

Energy (U) is neither created or destroyed. AU = U = Uinitiag = 4 — W
heat absorbed by the system from the surroundings
- work done by the system on the surroundings
change in internal energy

universe

=

AU

q @

surroundings (env)




Enthalpy (H) = U + PV

Enthalpy is the sum of the internal energy of matter and the product of its
volume and pressure.

Most biological processes take place at constant pressure (AP=0)
AH = H(products) — H(reactants)
=AU + PAV
=(Q,- W+ PAV
=(, - PAV + PAV
= g, (heat at constant pressure)

therefore, AH = AU in biochemical reactions where volume changes
are insignificant



It is Impossible to measure H, but possible to measure AH
AH = H(products) — H (reactants) = q (+ or -; g, gt

00

)

Thermodynamics is useful for indicating the spontaneity of a process
However, AH is not suitable for the purpose

Enthalpy shows heat change but not the direction
AH < 0 exothermic (enthalpically favored)
AH >0 endothermic (enthalpically disfavored)



The 2" Jaw of thermodynamics

Systems tend to proceed from a state of low probability (ordered)
to a state of high probability (disordered)

Entropy (S): measure the degree of randomness
Entropy tends to increase: consider both system & env

S=k,LnW

K, : Boltzman’s constant

W: all the equivalent arrangements of its components
It is difficult or (impossible)
to count the number of arrangements or the most probable state!

There is another expression for entropy at constant pressure conditions

AS> T
=



Free energy

At constant pressure we have changes in g, (Enthalpy) and changes in order
A spontaneous process gives up energy and becomes more disordered

AS > q,/T = AHIT
AH-TAS <0
G=H-TS

If AG is negative, the process is spontaneous
AG = AH - T AS < 0 exergonic
AG = AH - T AS > 0 endergonic
AG = AH - T AS = 0 equilibrium




Tahle 1-3 Variation of Reaction Spontaneity (Sign of A &) with

the Signs of AHand AS

AH AS

AG = AH — TAS

—~ -

The reaction 1s both enthalpically favored
(exothermic) and entropically favored. It is
spontaneous (exergonic) at all temperatures.

The reaction is enthalpically favored but entropically
opposed. It is spontaneous only at temperatures
below T = AH/AS.

The reaction is enthalpically opposed (endothermic)
but entropically favored. It is spontaneous only at
temperatures above T = AH/AS.

The reaction is both enthalpically and entropically
opposed. It is unspontaneous (endergonic) at all
temperatures.

Table 1-3 Fundamentals of Biochemistry, 2/e
© 2006 John Wiley & Sons



Chemical equilibria & Standard state

Standard Temperature and Pressure and at 1M concentration.
We calculate AG’s under these conditions.

aA+bB «— cC+dD

[C]°[D]°
[A]*[B]

AG =+ RTIN



If we are at equilibrium (or AG = 0)

AG =0=AG° +RTIn [C]C[D]Z
[AT'[B]

o _ oy [CIDY" o
AG® = RTIn[A]a[B]b OR AG” = RTInKeq

What does AGP° really mean?

If Keg =1, then AG®=0



Keq Can vary from 10° to 10° or more!!!

[l D, e
€g = .
[A]:q [B]eq

The Variation of K, with AG® at 25 °C

€q

106
104
102
101
100
101
10-2
104
10°

AG

-34.3
-22.8
-11.4
-5.7
0.0
5.1
11.4
22.8
34.3



K depends on temperature

InKeqz'AH (1J+AS
R \T R

R = gas constant for a 1 M solution
Plot InKeq vs. 1/T ( remember T is in absolute degrees Kelvin)

Van’t Hoff plot

- AH°
" = Slope "> Measure AH and AS
nKeq

0

= Intercept



Standard State for Biochemistry

1 M, 1 atm, 25 °C
pH=7.0 (not 0, as used in chemistry)
[H,O] is taken as 1

The prime indicates Biochemical standard state
/ \

N\
Kr AGIO AG’

€q



Life obeys the Laws of Thermodynamics

Living organisms are open systems
Living things maintain a steady state not equilibrium

Enzymes catalyze biological reactions



Radiant energy
from the sun Heat loss
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