Energy and Metabolism

Chapter 6

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




Flow of Energy

« Thermodynamics

— Branch of chemistry
concerned with energy
changes

* Cells and biological

processes are governed
by the laws of physics
and chemistry
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http://vinodwadhawan.blogspot.com/2011/12/5-can-you-unscramble-egg.html



* Energy — capacity to
do work

— Two states

1. Kinetic — energy of
motion

2. Potential — stored
energy

Potential energy

— Many forms —
mechanical, heat,
sound, electric current,
light, or radioactivity

Kinetic energy Kinetic energy

http:/www.petervaldivia.com/technology/energy/
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a. Potential energy b. Kinetic energy



* Energy — capacity to do work

— Heat Is the most convenient way of measuring

energy
« 1 calorie = heat required to raise 1 gram of water 1°C

« calorie or Calorie (= 1000 calories)?

The Calories in these items could:

Potential energy Kinetic energy
T IO Brew a pot
i of coffee
5 Ibs of spaghetti -
7™
| 60w |
1 plece of cherry ...,E Light a bulb
cheesecake for 1.5hours

217 Big Macs

£2000 How Stuff Warks Drive a car 88 miles




* Energy flows into the biological world from
the sun

— Photosynthetic organisms capture this energy
— Stored as potential energy in chemical bonds

e HEAT
o\
AT
% A% * . 01%

http://utahscience.oremjr.alpine.k12.ut.us/sciber99/8th/energy/sciber/ecosys.htm



http://mwww.green-planet-solar-energy.com/oxidation-reduction-reactions.htmi

Redox reactions

Oxidation

— Atom or molecule loses an

electron
Reduction

— Atom or molecule gains an

electron

— Higher level of energy than

oxidized form

Oxidation-reduction
reactions (redox)

— Reactions always paired

OILR

Potential =2 Kinetic
Chemical Energy converted to Electrical Energy
/"'/—f————_—_—‘_“"—-m.x&

— —— “\\
7 Oxidation . N7
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. Redox Reactions

> Low Energy
-~ Chemicals

High Energy
Chemicals

e | | N
TR pesucion

Electrical Energy converted to Chemical Energy

Kinetic < Potential
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Loss of electron (oxidation)

Gain of electron (reduction)

[1 Lower energy [ Higher energy




Laws of thermodynamics

* First law of thermodynamics

— Energy cannot be created nor C°“SerVation of
destroyed Energ,,

— Energy can only change from
One form to anOther (@) The First Law of Thermodynamics
Energy

— Total amount of energy Iin the -
universe remains constant

— During each conversion, some
energy Is lost as heat

http://biology200.gsu.edu/houghton/2107%20%2713/lecture18.html



(b) The Second Law of Thermodynamics

 Second law of
thermodynamics sttt

. . e ( Usable ener
— Entropy (disorder) is s Iiz> _after o
continuously increasing 4 )" U

— Energy transformations Closed system
proceed spontaneously e i
to convert matter from a L1 energy
more ordered/less stable T
form to a less ordered/ =i

more stable form

— Heat Is lost from all
reactions 10

http://biology200.gsu.edu/houghton/2107%20%2713/lecture18.html
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Disorder happens
spontaneously

Organization
requires energy

© Jill Braaten



Free energy

G = Energy available to do work (usable energy)
G=H-TS
* H =enthalpy, energy in a molecule’s chemical bonds

= T = absolute temperature
= S = entropy, unavailable energy (lost, unusable)

(b) The Second Law of Thermodynamics
Energy
transformation

Usable ener
Energy | | 8Y - H —
before after G=H TS
Unusable energy after
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http://biology200.gsu.edu/houghton/2107%20%2713/lecture18.html



AG=AH-TS

(products)
« AG = change In free energy
- AG >0
. o
* POS|t|Ve AG $ Initial state
— Products have more free energy than reactants [ | ")
— H s higher or S is lower
— Endergonic
— Not spontaneous, requires input of energy
* Negative AG _
— Products have less free energy than reactants ?f Initial state
] ] ] c (reactants)
— H s lower or S is higher or both o A
— Exergonic £ AG <0
— Spontaneous (may not be instantaneous), v
— Releases energy Final state
(products)

13



Free Energy (G)
Energy Released Energy Supplied

Free Energy (G)
Energy Released Energy Supplied
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Endergonic Products

Reactants

Course of Reaction ————

Exergonic

Reactants

P ;

Products

Wl

Course of Reaction ——

Energy must
be supplied

AG>0

Energy is
released

AG<O

14



Activation energy

« Extra energy (E,) required to
destabilize existing bonds and
Initiate a chemical reaction

« Exergonic reaction’s rate depends
on the activation energy required

— Larger activation energy proceeds -
more slowly ot oncyme, A
G I Activation energy (Ea)
= with enzyme
« Rate can be increased 2 ways JEE5 —
. . E in free
1. Increasing energy of reacting G
molecules (heating) e ——
2. Lowering activation energy Progress of reaction %
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http://iww4.nau.edu/meteorite/Meteorite/Book-GlossaryA.html



Free Energy (G)
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D
i uncatalyzed
% catalyzed
n L
> —Activation
(@))
= energy
0 Activation
5 0_""T --------------------- ———  energy
@
] Reactant
x
— AG
>
> ¥ Product
()
5 .

Course of Reaction ———>
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Catalysts

e Substances that influence
chemical bonds in a way that
lowers activation energy

e Cannot violate laws of
thermodynamics

— Cannot make an endergonic
reaction spontaneous

A
Activation energy (EA)
without enzyme

Activation energy (Ea)
with enzyme
i

Energy of :

reactants Change
in free
energy
(AG)

« Do not alter the proportion of
reactant turned into product e —

Free energy (G)————>»
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http://iww4.nau.edu/meteorite/Meteorite/Book-GlossaryA.html



Free Energy (G)
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- Activation
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i Activation
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)

x — AG

> Y
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(D)

< .
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ATP

 Adenosine triphosphate
— Chief “energy currency” all cells use
— Composed of...

ADENINE

* Ribose — 5 carbon sugar NH, 3 PHOSPHATE GROUPS
* Adenine " \_ P
- Chain of 3 phosphates "5 ¢ 'y o we—e-—fropofo
— Key to energy storage o
— Bonds are unstable L J,H
RIBOSE

« ADP — 2 phosphates
« AMP — 1 phosphate — lowest energy form

19

http://chemwiki.ucdavis.edu/Physical_Chemistry/Thermodynamics/Case_Studies/Case_Study%3A_Thermodynamics_of ATP
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Triphosphate
group

High-energy
bonds

AMP CORE

20



ATP cycle

 Exergonic ATP hydrolysis e
drives coupled endergonic . e
reactions W 'W\:':
— Coupled reaction results in net ADP +©,
—AG (exergonic & spontaneous) %

Heat

* ATP not suitable for long-term
energy storage
— Fats and carbohydrates better

— Cells store only a few seconds
worth of ATP

21



Energy from
exergonic
cellular
reactions
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ATP — *+ (HO

ADP +

Energy for
endergonic
cellular

processes
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Enzymes: Biological Catalysts

* Most enzymes are protein
— Some are RNA

« Shape of enzyme stabilizes a temporary
associlation between substrates

* Enzyme not changed or consumed In
reaction

Induced fit model

Enzyme changes shape Products
- Substrate slightly as subs1r.1te binds ‘ ‘

Active site
‘@‘E’ W -

Substrate enter m,a tive Enzyme/substrate Enz yme c oducts Products leaving active
site (f BOZY M complex. — complex site of erzyme

23

http://lwww.ptj.com.pk/Web-2010/04-10/Muhammad-Ayaz-Shaikh.htm



http://mww.chem.harvard.edu/groups/shakhnovich/people/kutchukian.html

Enzymes: Biological Catalysts

« Example: Carbonic anhydrase
(enzyme used to maintain blood pH)

— 200 molecules of carbonic acid per
hour made without enzyme

— 600,000 molecules formed per
second with enzyme

0 0
C-HO C
& HO OH

 Most enzymes end In -ase

24
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http://faculty.ccbcmd.edu/courses/biol41/lecguide/unité/genetics/proteins/enzymes/enzsub.html

Active site

Pockets or clefts for
substrate binding

Precise fit of substrate into
active site

Forms enzyme—substrate
complex

substrate 1 ’

substrate 2

i

enzyme




Active site

* As the enzyme-substrate complex forms...

— The enzyme molecule changes shape slightly
(Induced fit) - ...

— Applies stress to distort particular bond to lower
activation energy to speed reaction

Induced fit model

Enzyme changes shape
slightly as substrate binds

Substrate

[ Active site

Substrate entering active Enzyme/substrate Enzyme/products Products leaving active
site of enzyme complex complex site of enzyme

26
http://www.ptj.com.pk/Web-2010/04-10/Muhammad-Ayaz-Shaikh.htm
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Active site

Substrate

Enzyme Enzyme-substrate complex

a. b.

27



1. The substrate, sucrose, 3. The binding of the substrate and
enzyme places stress on the glucose-

consists of glucose and
fructose bonded together. fructose bond, and the bond breaks.

Glucose

2. The substrate binds to the active site
Bond of the enzyme, forming an enzyme—
X substrate complex. 0» Fructose

released, and

the enzyme is
free to bind other
substrates.

4. Products are
Active site /

Enzyme
sucrase

28
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Hﬁw Enzyme Action and the Hydrolysis of Sucrose

o , Q‘@"El

Play | Pause | Audio | Text

An example of how enzymes function in the body is from the enzyme sucrase.
Sucrase resides on the surface of the microvilli on the intestinal epithelial
(mucosal) cell surfaces.

Copyright © The McGraw-Hill Companies, Inc.
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 Enzymes may be suspended in
the cytoplasm or attached to
cell membranes and organelles

 Multienzyme complexes —
subunits work together to form
molecular machine

— Product can be delivered easily to
next enzyme g

— Unwanted side reactions prevented » %

— All reactions can be controlled as a  “\
unit

http://msb.bio.uni-goettingen.de/SFB860/Projects_b.html



Nonprotein enzymes

* Ribozymes

— 1981 discovery that certain
reactions catalyzed in cells

N
by RNA molecule itself j? y j;

steps of\

— Two kinds ) \;y
. # i
1. Intramolecular catalysis — / "\ s o

catalyze reaction on RNA |§ |§
molecule itself

2. Intermolecular catalysis —
RNA acts on another
molecule

31

http://chemistry.gsu.edu/faculty/Huang/ribozyme.htm



ﬂuration point

Substrate concentration —
(c) Substrate concentration

Enzyme activity —

Enzyme function

* Rate of enzyme-catalyzed @ = oo o o e
reaction depends on What is happening here??
concentrations of substrate | /
and enzyme (c)

« Any chemical or physical
condition that affects the Vi .\
enzyme’s three-dimensional @ mperstrs
shape can change rate... |

— Optimum temperature (a)
— Optimum pH (b) E

32

http://academic.pgcc.edu/~kroberts/Lecture/Chapter%205/enzymes.html



What is happening here??

Rate of Reaction

Rate of Reaction

Optimum temperature JOptimum temperature for enzyme

for human enzyme from hotsprings prokaryote
o
I I I I I I
30 40 50 60 70 80

Temperature of Reaction (°C)

Optimum pH for pepsin  Optimum pH for trypsin

pH of Reaction
33
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Inhibitors

* Inhibitor — substance that
binds to enzyme and oo

decreases its activity hirforcs i
active site o
Subials.

cannot bind  [asapsiate

« Competitive inhibitor
— Competes with substrate for
active site
— Physically blocks active site

— Typically reversible

(a) Competitive inhibition

34

http://biochemanics.wordpress.com/tag/reversible-inhibitors/



Inhibitors

 Noncompetitive inhibitor

Substrat
— Binds to enzyme at a site other S
than active site (allosteric site) L/'
/ \)

— Causes shape change that
makes enzyme unable to bind
substrate

_ Maybe irreverSible (tOXin) or Noncompetitive inhibitor
reversible (allosteric regulation) g ere o o

bind to substrate

(b) Noncompetitive inhibition

35

http://biochemanics.wordpress.com/tag/reversible-inhibitors/
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Substrate

Active ———
site

Inhibitor

Enzyme

Competitive inhibitor interferes
with active site of enzyme so
substrate cannot bind

a. Competitive inhibition

Substrate

Active
site

Inhibitor

Enzyme
Allosteric site 4
Noncompetitive inhibitor changes

shape of enzyme so it cannot
bind to substrate

b. Noncompetitive inhibition

36



Allosteric Enzymes

* Allosteric enzymes — enzymes exist in active
and inactive forms

* Most noncompetitive inhibitors bind to allosteric
site — chemical on/off switch

active allosteric  Substrate
site -Sit,e

e
ACTIVE o
ENZYME . .
{“}Eﬁ%‘“_ S8 Prode

INACTIVE

w L w]
EMTYIE ~ ~
- -
A - = ["-‘\ [

regulatory : .
subunit allosteric catalytic

inhibitor subunit 37

http://www.biology.arizona.edu/biochemistry/problem_sets/energy_enzymes_catalysis/03t.html



Allosteric Enzymes

 Allosteric inhibitor — binds to allosteric site and
reduces enzyme activity

 Allosteric activator — binds to allosteric site and
Increases enzyme activity

acive  gllosteric  Substrate
site site

*"%@#&—ww

INACTIVE
ENTYME —_ —_—
~ s
A ~ "
regulatory allosteric catalytic
subunit inhibitor subunj
38

http://www.biology.arizona.edu/biochemistry/problem_sets/energy_enzymes_catalysis/03t.html

ACTIVE
ENTYME




Metabolism

 Total of all chemical reactions carried out by
an organism
— Anabolic reactions/anabolism

* Expend energy to build molecules
* Anabolic steroids = build muscle

— Catabolic reactions/catabolism
« Harvest energy by breaking down molecules
o Starvation = breaks down muscle

D




Energy and Energy
conversions

 Summary of terms:

Catabolism

Exergonic

lReIeases

Kinetic Energy

Anabolism

Endergonic

l,Sto res

Potential Energy




Biochemical pathways

 Chemical reactions
that create/store or
produce other
chemical products
for daily function

« Reactions occur in r
a sequence '

l

o—
o—

41




Biochemical pathways

 Product of one reaction
IS the substrate for the
next reaction

« Some reactions such
as glycolysis takes
place in the cytoplasm;
others such as the
electron transport chain
take place in

organelles

 Enzymes in pathway /
maybe located within a
single membrane

. Intermediate
" substrate A

'_ Intermediate

/ substrate B

Intermediate
substrate C

0 End product

42
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Basic metabolic pathway chart

ATP ADP | Adenosine
dATP | dADP Adenine
GTP GDF | Guanosine
GMP
dGTP | dGDP Guanine
(Glicuronate|Metabalism et
W Serine
—
ethionine
Fiistidine]Metabalism
Cysteine
Tryptophan L
i Threonine ] Asparagine] Synticsi=]
[OtherSugan faromatictining]
Viclabelisn Ribulose-5F m&ﬁﬂm Aspartate Lysine l
Laciss it
nostol
Galactose Wetabolisi
[RSiioi M tabol s e’ . .
Bentose BIEspHate]EaEthway, Succinate Haemaglobin
Asrobic Sugan Respiration | [[REElaslH=lE Y Vitamin B12
|Sucrose 1 hic | Sugarn Respiration a
acid|cycle Cytochromes
|Ge|l|.|lu:rse w;ie;ﬁH{jlucuse—ﬁp Fructose-EP GAD-3P Pyruvate Acetyl-CoA B | : = -
-oxo glutarate orophy
@elllss enel ; [FED )
Seros iz abaisy D=CaBon
a = @t Ao
slycogen ucosamine
[Starchland] Chitin Lactate ‘mmm
GlycogsnMelabolism] Ethanal
Jaminclsugarsihictabolism)
I(.-‘.chme H Serine HAlﬁnme J [GIutamateH Proline ]
(Small lAminofAcidfSynthesis]
ﬁm U Gyl Eyrimidinels
Valine Cytidine
Branchedmino] Threonine Fatt i
W Acid
PACid[Synihesis) Arginine
Leucine Aspartate Uracil UTP Cytosing] CTP
Iso-leucine Thymine] dTTR CcDhF dCTF

http://upload.wikimedia.org/wikipedia/commons/1/11/Metabolism wip.png
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Feedback inhibition

* End-product of
pathway binds tm, .
allosteric site on ﬂ

enzyme that catalyzes Enzyme 1 O

first reaction In

» Shuts down pathway e
so raw materials and
energy are not wasted

Initial
substrate

/i
\_ Enzyme 3 & » End product
e’

« Usually at or near first
step in pathway " 44



Biochemical pathway Biochemical pathway
lacking feedback with negative feedback

Initial 0 Initial
substrate « substrate
Enzyme 1 Intermediate Enzyme 1 0
substrate A
Enzyme 2 Enzyme 2

Intermediate

zj substrate B

Enzyme 3 End product K Enzyme 3

O End product

45
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Negative vs. Positive Feedback

* Negative feedback
(|nh|b|t|on) @ Blood pressure ]
decrease
— Most common control type ‘1'
— Downstream product _
increases, this increase [ Receplors In ]

level of product tells an
upstream factor that there is
enough and it slows or
stops the reaction.

* Blood pressure: standup fast, [

_ Increase
HR increases to keep you heart rate ]
from passing out, then HR

returns to normal. 46




Negative vs. Positive Feedback

 Positive feedback

— Very few examples in normal physiology that have a good
outcome

— Downstream product tells the upstream system that more
needs to be produced
« Childbirth: control of the contractions, the harder the babies head
pushes on the cervix causes hormones to be produced that

increase the muscle contraction. This continues until baby and
placenta are delivered.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

@ Oxytocin stimulates uterine
contractions and pushes
. o fetus toward cervix
(4) Oxytocin carried in
bloodstream to uterus
\ @ Head of fetus pushes
A\ om j’ against cervix
N ;
-
(3) Brain stimulates ™ > -~ J
pituitary gland to —
secrete oxytocin
47
http://kageeamy2012.wikispaces.com/01 (2) Nerve impulses from
+Homeostasis+%26+Chemical+Aspects cervix transmitted to braif




gﬁw Feedback Inhibition of Biochemical Pathwavys

gy THE
® Audio } Text

Many of the enzyme-catalyzed reactions that occur in a cell, such as those
involved in the biosynthesis of an amino acid, are carried out in a specific
sequence called a biochemical pathway.
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