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Themolecular logic of L ife

Why do we stud y biochemistry ?
e What distinguishes living matter from inanimate ?

* How do living organisms survivein their
envi ronment ?

* How do they produce copies of themselves ?

plants, animals, fung , etc.

Living mdter is 4
gructurally complicated 0rg:ns
and organized als
4
orgarelles

(mitochondria, chloroplasts etc.)

Macromolecules
(proteins, DNA, RNA, etc.)

Biomolesu es
(Amino acids, ducose, dNTP' g
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What distinguishes living matter from inanimate?

Living matter extrects, transforms and utilizes
energy fromi ts environment

Inanimate matter decaysto astaeof
equili bri um wi th its surroundings

What distinguishes living matter from inanimate?

Living matter : self-assambly and repliceion

Inanimate matter formed from dements combined
under physi cal forces such as pressureand heat.




Biochemistry - processes of lifein chemical terms

By isolating the componernts o living matter from cellsand
orgarelles

. Chranosomal DNA and proteins from the cell nucleus

. Erzymesinwolvedin metatolic reactions

. Pratein complexes invol ved in gene expression, memlr anes

By studying their structure and function
- Amiro acid, nucleic acid sequence
. 3D structureof proteins, nucleic acids, membrares

By elucidating the physical and chemical mears by which such
reactiansand interactions take dace

. Catalytic mechanisms (enzymes)
. Pratein-protein, protein-nucleic acid interactions

All macromol ecules are
constructed from
afew “simpl€’ compou nds

Amino Acids Ll ol

Nucleotides B 1 aRa

Monosachaides It ild ame
MW <~500 A

The fundional groups of monomers react with each
other to form new covalent bonds

The polymerization of these monomericunits resultsin the creationof
larger, macramadecuar structuressuchas proteins, DNA, ard celluose

Most monomeri ¢ subunits serve more than one function

Nucleotides: DNA, RNA, energy cariers (ATP)

. AminoAcids. Proteins, Horm ones, neurot ransmitters,

pi gments
Carbohydrates: Energy stores, comm unication

Lipids: Energy stores, membranes, vi tamins,
homones

Principlesof Molecular Logic

All'living organisms build molecules from same
kindsof monomeric units (starting material9

The gructure of a macromol ecul e determines its
specific biological function

Eath genus and speciesis defined by its
diginctive set of macromolecules

Energy Producti on and Consumption

Naturé stendency: systems decay to lowest energy
state

Energy requi rements:

- Storage and expession of genetic information
- Biosynthesi s (proteins, nucleic acids, starch)
- Motion (musd econtraction)

- Structural i ntegrity (ion pumping)

- Chemical reecti ons (neuron firing)




Organisms are never at eyuilibri um with their surrounding s

Mineral concentratiors dffer N a', K*, Cl-, etc.)

Aminoacids, proteirs, nucleicacids (DNA, RN A) virtually absert
outsice of cells

Energy expenditure is required tomaintain balance with surrourdings

Biological composition refleds a dynamic steady state

o o r,_a Waste CO,
Food l.ngE-bt]Uﬂ Glueose utilization Storage fats
(carbohydrates) n (in blood)
"™ Qther products

‘When r, = ry + rg + r4, the concentration of glucose in blood is constant.

(b)

Fats, carbohydrates, proteins, etc. continuousy broken
down to release energy and synthesize othe
compourds

Constant flux of mass and energy thraugh arganism
(“systam’)

Organisms transform energy and matter from their
surroundingsinto cell ular “parts’ and chemical enegy (ATP)

Synthedsd DNA, RNA, poteins, ligds, membr anes, etc.

Accumulation ard retertionof salts, ions(K*, H*),etc.
against a cancentr ation gradient

Contractionof muscle, operationof cytoskeletonto move

organisms, and contentswithincells.

Biochemistry studies how energy is extracted, converted
and consumed
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Organism extractsenergy from surlight (photasynthesis)

Organism takes up chemical energy (“food”) andextracts
energy via oxidatian (removal d electrons)

Living organisms maintain their complex, or derly structures
using energy fram sunlight or chemical flels

Cellshave evdved hichly efficient mechanisms for capturing
energy from surlight o fuel molecules(food)

Photosynthesis: energy of sunlight isused to drive electrons from*“fuel”
molecules(H ,0, H,S) to “acceptor” nolecules (CO,),
with theconcomittant syntesis of Adenosire
Triphosphate (ATP), ashort termstore of chemical
energy used in an abundant number biochemicd
reactions.

Oxidation: electrons ae removed (“oxidized” ) from fud molecules
suchasfats, carbohydraes, and proteins. Thedectrons flow
in an energeticdly downward path to O, rdeasing energy
usedto drivethe synthesisof ATP.

Most energy needs for biological organisms are
ultimately provi ded directly orindiredly by sunlight
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Plants use sdar energy to dive electrons from H,O to CO,
(GO, — dlwose — darch)

Non-phaosyrthetic cellsobtain erergy by removing electrons from
food ources (starch —= glicose — QO,)




Energy coupling links reacti ons in Biology

tas Michanicsl cxample
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Energy releasng chemical reactions are coupled to

energy-requiring reactions through shared intermediates

The amount_of energy requi red depends on therezcti on and
how farthesystem is from equilibrium (i.e. concentration
of products and reactants)

Glucose+ P, — glwose-6-phogphate A G=+14kJmade

ATP —— ADP+P, A G=-32 kimole

Glucose + ATP ——Glucose- 6-phosphate +ADP  AG= -18 k¥mole

Spontaneous reactiors releasefree energy (A G-, exergonic)
Non-spontaneous reections require free energy ( A G+, endergonic)

Enzymes promote seguences of chemical reactiors

Reactions that proceed spontanecusly (A G-)
don't necessarily proceed rapidly

_ Chemical reactants must be in praper position
relative to each other

- Reactants mugt have sufficient kinetic energy
to combine

- Concentration of reactants must be sufficient
for interactions to occur

Adenosine Triphosphate (ATP) is ahigh-enegy
compound which often saves as a sourae of a shared
intermediate (P,)
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Catalyzingadir ect reaction between glucose ard A TPprovides the
energy to convert glucose to glucose-6-phosphate

The Breakdown of ATP drives many cellular reactions
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The removal of the termiral

phosphoryl group is highly exerganic

Pahs from reactantsto produds often have an energy barri e

Activation barrier
(transition state, &)

Free energy, G

AG
Products (B)

Reaction coordinate (A — B)

Enzymes lower the adivaion energy barrier




Conveting A to B requi res bresking existing bonds
and forming new ones

Activation barrier
(transition state, 1)

Free energy, G

AG
Products (B)

Reaction coordinate (A — B)

Distortion of existing bonds cregtes atransition statetha
Has ahigher freeenemy than ether A or B

Enzymes lower the adivaion enemy barier by binding
reactantsin doseproximity in thecorrect orientation

Qﬂ..

- Increases the ef fective concentration o reactarts (proximity)
Provides proper orientation for reactionto occur

. “bends’ reactantsuntil they mimic the transitionstate (highy
reactive inter mediate)

Combination of ef fects increasesrate of reaction by afactor of 10%
compared to uncatalyz ed reaction.

Chemical reactionsin cellsoccur & measurable raes
because of the presence of enzymes

. The mncentration of many readants isvery low

- At physiologicd temperature (37° C) most
reactants lack suffid ent kinetic energy

Orientation between reatants must be precise

Enzymes are bi ocatalyst's - they grestly enhancethe rate
of gpecific chemical resctions, without becoming used
up i n the process

A paticular enzyme caalyzes a specific reaction. Eech
reactioninacell iscaalyzed by adiffeent enzy me

enzyme 1 enzyme 2 enzyme 3 enzyme 4 enzyme
N
> >

Chemical reactions in the cell are often organized
into sequerces of reaction pathways -

the product of one reaction becomes the reactant
in the next

Pathways which convert smaller, precursor
moleculesto larger, more complex molecules are
known as anabolic pathways

Catabolic pathways break down larger, more
complex molecules into simpler ones
(example : proteins to amino ac ids)

The network of anabolic and catabalic
pathwaysisknow as meabolism

ATPisthe maja comecting link (shared

intermediate) lirking anabolism and
catabolism

ATP is made during catodism and
“spert” in anabolic pathways

ATPisthe universal carrier of biological,
chemical (metabolic) energy




Metaboli smis regul ated to achieve bd ance and economy
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enzyme 1 :

A—B—C—D—E—F

Threonine Isoleucine

Key enzymes ineach pathway ar e regulated sothat
precisely theamount of product required is made

Often accomplishedvia*“ feedback” inhikition- high
concentratiors d final product can irhikit the catalytic
activity of the key erzyme in the pathway.

Cellsmay also regulate the amount d enzyme made

These =If adjusting mechanisms allow cellsto
maintain themselvesin ad ynamic steady state,
despite fluctuations in the environment
(nutrient concentration, etc.)

Biological | nformation Transfer

The continued existence of aspecies reguirestha its
genetic information b ema ntained in a stable form, and
be transmitted and expressed with very few arors

DNA (Deoxyribonucleic acid) isa linear
polymer of nucleotides with the instructions
for forming al aher cellular components

..AGTTCGAGAGATTCCTGCGT...
...TCAAGCTCTCTAAGGACGCA..

DNA provides a template for the production
of identical D NA moeculesto be

distributed to progeny

The structure of

DNA dlowsfor its Doublehelix &>
repair and &
replication with S

near-perfed fidd ity

DNA isali near polymer of
four diffeent mo nomer
subunits A,T,G,C
Arranged in apred selinear
sequence

old TNy New Ok
strnd1 strand2  strand 1 strand 2

Changesi n hereditary instructions allow for evolution

Time
faHG AHeHCHTHAL-

Mutation
1

ARHGHAHEHGHTHAS THGHANGHEHTHA

Mutation
2
STHGHAHKHCHBHAY - -{THGH ARRHORTHAL -

Mutation
3

rHc {aHGHoHTHA} - -{HGHAHGHEHTHA}

THEHAHAHOHEHA - - THGHAHAHOHEHAS

Mutation
8
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Mistakesin the DNA replication or repair process
can introduce mutatins




Ge 1 Gene 2 G 3
_ The.lmear, one- s = =
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Transeription of DNA sequence

in DNA encodes O
proteins wi th three-
dimensiona structure

RNA1 RNA 2 RNA3 /
£E e
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bosome of RNA sequence
rotein

DNA mdes (through the

intermediary RNA) for -y a’,&
proteins, which fold into q &)
3D structures, determined Froge ! g Foged

by the r ami no ecid 7.
sequence i )

Weak, non-covalent interadions stebi lize the three-
dimensional structures of biomolecul es

1. Hydrogen bands /C=O 1HIH=0-—
2. lonichonds NHz" - ‘o—i—
 Attraction .
* Repulsion NHZ" ) +HaN—

CHz CH3 GHg CHs
3. Hydrophdbic interacti ns \of e
1
CHy G2

\an der Wels redi

4. vander Waalsinteactions @

The weak, transi ent nature of these non-covalent interactions
dlows for theflexibility foundinpratens, DNA, and RNA

The multiple rumber of irteractionsensuresstability - very unlikely
al wouldbebroken at ary oneinstart

Summary
Living orgarismsdiffer from iranimate matter by their
chemical complexity and orgarization

All organismsare remarkably alike at the cellular level

Living orgarismsareconstr ucted from afew simple
compounds(amino acids nucleotides, lipids, carbohydrates)

Energy couplirg links unfavarable (energy requiring to
favorable (energy releasing) reactions

Enzymes catalyze cellular reactionsby bind ngto reactants and
low ering activetionenergy barriers

Summary (entinued)

Enyme-catalyzedr eactions are or ganized into hichly
reguated, pathways, conservingnutrients and energy

Genetic irformation is cortainedin DNA madecules

The unique double-helical structure d DNA allows far its
efficient replicationandrepair

Thelinear, 1D sequence of DNA encodesfor RNA and
proteinswith 3D structure

Noncovalent inter actionsdictate the 3D corf or mation of
DNA, RN A and proteirs, aswell as supramolecuar
complexes (chromosomes, ribosomes, membranes, etc.)




