An Introduction
to Metabolism
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KEY CONCEPTS

6.2

The free-energy change of a
reaction tells us whether or not
the reaction occurs spontaneously

ATP powers cellular work by
coupling exergonic reactions
to endergonic reactions

Enzymes speed up metabolic
reactions by lowering energy
barriers

Regulation of enzyme activity
helps control metabolism




= Universe = system +surroundings sl + kil = 4 <)

= |n 1878, ). Willard Gibbs defined a very useful function called the Gibbs free
energy of a system symbolized by the letter G.
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= Free energy: is the portion of a system's energy that can perform work when
temperature and pressure are uniform throughout the system, as in a living
cell.
3l padl da ja cagpha () oS0 Ledie Jad Jh e 3 a8 () S8 Cuay aUail) 28U (e ¢ ja 1 8 el A8L
Al LAY 8 LS Uil Jaka Bas ge Jaiuall

= We can calculate the change in free energy using the following equation:

AG = AH -TAS
v' AH: the change in the system's enthalpy Al (gl all (g finall & il
v’ AS: is the change in the system's entropy pUaill 4l ple (3 i)

v’ T:is the absolute temperature in Kelvin (K) unit's  (&lSIL 2Uaill 3 ) ja 3a s
v (K=°C+273).

= In order for AG to be negative:
1) AH must be negative (the system gives up enthalpy and H decreases).
CHJE JUEL 5 oloal) o sisall Julss aUaill e g
2) TAS must be positive (the system gives up order and S increases).
S. daf adi i Ml g 450 gliall 304 ) plaill (e g
AG = Gfinal =Ginitial

v AG can be negative only when the process involves a loss of free energy
during the change from initial state to final state.
(bl aza sl NN ) (e Al L] UL ()08 Je il Cpanal 13) Al AG el () 5SS
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= Free energy is a measure of a system's instability—its tendency to change to a
more stable state.
JSI gy G ania s sl alaill Jae gl - 4dl jlacal ol pUaill i il ased ulie 3 jadl AUl aa
Aol el
= Spontaneous reactions:
v Occur when AG is negative.
v" From more free energy (higher G) to less free energy (lower G) = Gf<Gi.
v From less stable to more stable.
v" From greater work capacity to less work capacity.

2 every spontaneous process decreases the system’s free energy.
ALl 8 sl ZBUI S e Jamy ((pmanka) (A5 Jelis S

= Chemical equilibrium easS Gl Y
v" Forward and backward reactions occur at the same rate.

coSall 5 ala¥) Jelail) de ju (g gl

v No further net change in the relative concentration of products and
reactants.

Aadldl) 5 e\l o sall 3 53 e juid gl dasy Y

= As areaction proceeds:
v’ toward equilibrium = free energy decreases.

OV s Jeldil) any Levie 3 pall 48Ul (aiss

v Away from equilibrium-> free energy increases
u'l_):l‘}f'l S [ReP Jeladl) 4ah Ladie '6_):.“ 4aldall J\J")'j

o At equilibrium, G is at its lowest possible value in that system.
DY) paas die Sy Le ol pUaill G dagd () S5

= Types of chemical reactions based on their free-energy changes:
ol A8l 358 e Talaie) ALesll cle i) ¢ il

1.Exergonic  48Uall 5o jUall oDlelil), 2.Endergonic 4Uall Al cdleldl),
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« More free energy (higher G)
* Less stable
= Greater work capacity

In a spontaneous change

» The free energy of the system
decreases (AG < 0)

* The system becomes more
stable

« The released free energy can
be harnessed to do work

'

« Less free energy (lower G)
= More stable
« Less work capacity

@@
o\;é’

v
o & ¢

(a) Gravitational motion. Objects  (b) Diffusion. Molecules in a drop  (c) Chemical reaction. In a cell, a
move spontaneously from a of dye diffuse until they are glucose molecule is broken down
higher altitude to a lower one. randomly dispersed. into simpler molecules.
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= Exergonic reactions

v Occur with a net release of free energy - AG is negative — spontaneous.
(1) Al 3 5 gy Chaadt - Al AG Al (5583 - COleLiil) ol & paad Ao A8 (e dgeS )
(sl il Jdalll o

v" Example of an exergonic reaction: cellular respiration
(g slal) Ll dlee 1 Jle

CH,,0O( + 6 O, —> 6 CO, + 6 H,O
AG = —686 kcal/mol (—2,870 kJ/mol)

= For each mole (180 g) of glucose broken down by respiration under what are
called “standard conditions”,686 kcal (2,870 kJ) of energy is made available for
work.

180 5! Jsa 1 uS die (5 5IS 518 686 Lo laie Aihall (o 4paS il oy Ay jlamall oy ylall ns
sl aiiill lee (8 5 Sle a2

» Standard conditions 4 lxall <okl

v 1 M of each reactant and product sl g S leldial (e S (e J e )

v’ T=25°C 5ol da

v pH7 agaall A 3

A2 ¢ Y0 B ya da ¢ gl sill s e liiall (e S (e s ) A lnall Cagplall da gy L
7= duda saall
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v The chemical products of respiration store686 kcal less free energy per mole

than the reactants.
Jsals o518 SIS 686 Lhaiey cdleliiall (pe Ji Al () 335 ) il (8 ¢ diild) Asladl) e olaie )

= Breaking of bonds does not release energy, it requires energy.
Al dllging Jyddlla ) ag Y Sl adl G dayd 5 1) jus

= The phrase “energy stored in bonds” is shorthand for the potential energy that
can be released when new bonds are formed after the original bonds break, as
long as the products are of lower free energy than the reactants.

(a) Exergonic reaction: energy released, spontaneous

Reactants

Amount of
energy
released

Free energy —»

Progress of the reaction =

= Endergonic reactions:
v’ Reactions that absorb free energy from its surroundings- AG is positive -
nonspontaneous.
Al ) zlad) 408l je - Aaa 50 AG A - Ly Jaad) Lol (e A8l Do dll o3 il
(el Sy s

v If AG =-686 kcal/mol for respiration, which converts glucose and oxygen to
carbon dioxide and water, then the reverse process—the conversion of
carbon dioxide and water to glucose and oxygen-must be strongly
endergonic, with AG = +686 kcal/mol.

O3S0 2T ) €Y1 5 5 oS slall o gt Aglae ) il Alae (e i) A8LLY Aah il 13
KIS S8 Jasad) (uSall Jeldll AaS b UL ¢ Jse JS () IS LS 686 - (s sbedi (elas
686+ Lo A8al) dad () 5<i g Adllall dale dilae o (LSl 58 5le ) elall 50 SU)

Jse [ sl 1S
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v" If a reaction is endergonic, it’s reverse reaction is exergonic.
Adall 5 jla ()5S Al el Jelal (8 28Ul el Lo Jelds S 13

(b) Endergonic reaction: energy required, nonspontaneous

Products

Amaunt of
energy
required
(AG>0)

Reactants

Free energy ——»

Progress of the reaction >

e Equilibrium and Metabolism oVl Gildesy Ol

= A Living cell is never at equilibrium. the constant flow of materials in and out
of the cell keeps the metabolic pathways from ever reaching equilibrium, and
the cell continues to do work throughout its life.

Cllee aiay 1080 2 a5 Jaly ) gall abitiall gaall o Cam ¢ o 33 Alla I Jaad Y dpaldl DAD)
Lt 5 (DA ik elal e 508 (85 5 o) Y1 Ala ) J gl e L oY)
= |nisolated systems, reactions reach equilibrium and can no longer do work.
Jad gl Ja ke W L ¢ Agleal) 3 ol 3V e Al () A el Aalasl) 8 e i) Juad

» Concept 6.3: ATP powers cellular work by
coupling.exergonicreactions to endergonic
reactions

= A cell does three main kinds of work:

Ay caiths ¢ O G Audal 1ﬁ“,§5

1. Chemical work, the pushing of endergonic reactions that would not occur
spontaneously, such as the synthesis of polymers from monomers
e el gl oy Jie A 5 ) gy aand Y Al Aalall cSle il aby Jio dlaS) diyla )
2l e g sall
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2. Transport work, the pumping of substances across membranes against the
direction of spontaneous movement.

el AR S pall sla) (Sas eLial e 30l g Jidl A

3. Mechanical work, such as the beating of cilia, the contraction of muscle cells,

and the movement of chromosomes during cellular reproduction.
s slall S U il g a5 KU AS ja ¢ i mall (bl ¢ laad) AS a Jhe ASalSuall ddla )

= Energy coupling: the use of an exergonic process to drive an endergonic one by

ATP.
JI Sy s aladiuly Al dale (s Al codlelan; Hlall 4l 30l e ld aladiinl ¢ 48Ul e

.ATP

e The Structure and Hydrolysis of ATP

= ATP = Adenosine triphosphate.

= ATP Consists of: Adenine 1,
1. Ribose sugar. Py HC//N“E/C‘“T
2. Nitrogenous base (adenine). *o—r‘l’l—o—l‘%—o—%—o;—cm . et
3. Three phosphate groups. Sﬂpho;ph‘.;eé;ous’ W

o« Notice that in the following figure the o phesphate aroups v Sl

hydroxyl groups of the phosphate groups are ionized.

= Hydrolysis of ATP:
v" The bonds between the phosphate groups of ATP can be broken by
hydrolysis.

(el JIill 3150 e ATP ) s s (b lbas sill e sana o Jal 5 o oSy

v By addition of a water molecule, the terminal phosphate bond is broken and
a molecule of inorganic phosphate (HOPO32-,
abbreviated ~ Pi) leaves the ATP, which p-_p-_p@
becomes adenosine diphosphate, or ADP.
Adenosine triphosphate (ATP)
Gle gana U:ug‘..ﬂ_).‘n.\'l ;Lia,\'l‘)]\ S ‘5.“ sla °L§_)=~ 43l LSJJJ
4 e e Cli s Ao gana 7 93 () (5350 Laa (il 5l

SATP Jesin donis ATP D eggin 0o Pi @ led om0 ,
.. . . o + @ + Energy
A8 lis b e ganae e (g giay mual 3 ADP

Inorganic
Adenasine diphosphate (ADP) phosgphale
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v The reaction is exergonic and releases 7.3 kcal of energy per mole of ATP
hydrolyzed.

ATP Use US55 518 51S 357 1ol 48l gty ) 48Ul 3 U Jelidl 13

ATP + H,0 — ADP + @)

AG = —7.3 kcal/mol (=30.5 kJ/mol)

= In the cell, conditions do not conform to standard conditions (reactant and
product concentrations differ from 1 M).
ety e il 5 gl gl 3158 o Cam i jlanall Cag Slal) (3305 Y A8 Jalay 50 sidll Gy )
Jse ) sV

= The actual AG produced equals -13 kcal/mol, 78% greater than the energy
released by ATP hydrolysis under standard conditions.
i A el (e % VA (sns 5T gl ¢ Jsa [ oSS VY o 5 g Ll s 3l AG daS
A bl Cagplall uay

= The release of energy during the hydrolysis of ATP comes from the chemical
change of the system to a state of lower free energy, not from the phosphate
bonds themselves.
) Al gl el il g s sl il g DG Jlas ol A8 ) ja8 G (55
laws sill e sana (Tl N sy Gl s B Qs (5 5ne

e How the Hydrolysis of ATP Performs Work

= |f AG of an endergonic reaction is less than amount of energy released by ATP
hydrolysis, then the two reactions can be coupled so that, overall, the coupled
reactions are exergonic.

e Ay ¢ G W) il g IO Jlad (e Aol A8l 40aS e Jil (ale Jeliil AG S 1)
Al 3 jUa Jelds (llaey Cusy (and) Loguany (plelatl)

= This usually involves phosphorylation, the transfer of a phosphate group from
ATP to some other molecule, such as the reactant.

g;n u.-.‘-“‘}-‘;’-ﬁylQmﬁ@%w&@ﬁ@wdﬂgﬁjaJMSMWQJh@ﬂ] |J.Au.ua:\..3
e il Jie g AT cily ja
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= The recipient molecule with the phosphate group covalently bonded to it is
then called a phosphorylated intermediate.

nal) s slly G5 3y sy s Fpet i Al 3y L s il A gamnal Jifnnall 55 3l Lo

= An example of energy-coupling:

(a) Glutamic acid conversion to glutamine. A
Glutamine synthesis from glutamic acid (. + @ —= @ AGgyy = +3.4 keal/mol
(Glu) by itself is endergonic (AG is positive), FASUI 3
so it is not spontaneous. Glutamic acid Ammonia Glutamine

AG) Ball jale Jeldi s glutamine ) glutamic acid J) Jasad Ganaly A Jeladll v
APl 3 ) geay Casg W N (daa e

(b) Conversion reaction coupled with ATP @
hydrolysis. In the cell, glutamine synthesis
- \0

occurs in two steps, coupled by a phosphorylated ~ M (1) —P
intermediate. @) ATP phosphorylates glutamic L\ + Sape y/ + AD + ADP + (P)
acid, making it less stable, with more free energy. fGuy - 500 / Glu\ Glu
Ammonia displaces the phosphate group, Glutamic acid ‘ Phosphorylated Glutamine
forming glutamine. i e

rofsha e Jelall 1 Casy v

glutamic acid J! s s (Gliusé de gane Ji ) 8 ks ATP ) ss 0 o582 REPNEFVEN
el B s Al llig ) ) il 8 glutamic acid J) s

Lol el () 6K L YL i sl A pane Jagind 1Al 3 ghadll

:AGG‘U =+34 kcallmolj

(c) Free-energy change for coupled o) WP
reaction. AG for the glutamic acid /e @ + SATP? —» /L + ADP + (P
conversion to glutamine (+3.4 kcal/mol) .G_'“) L AT Glu ot

plus AG for ATP hydrolysis (-7.3 kcal/mol)

gives the free-energy change for the AGgy = +3.4 keal/mol

overall reaction (-3.9 kcal/mol). Because Gl AGpp = ~7.3 keal/mol
+ AGpp = -7.3 kecal/mol

the overall process is exergonic (net AG is
negative), it occurs spontaneously.

Net AG = -3.9 kcal/mol

O Al A8LLY (5 58 A ae (s st Clias b O Jlad (e Al 48U (5 58 dal madi v
e OS5 S A 7,4 - lld e Al Al () 585 (pali e ) laali gall (men g
Al gl (2t Jelas) Aall datine JSS dlanll raaid
= Transport and mechanical work in the cell are also nearly always powered by
the hydrolysis of ATP.

ATP J) el il Jdaill a5y Lails SlSeall JlaeY 5 Jail duimsy 200 o 58
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< Transport: ATP hydrolysis leads to a Transport protein SIS
change in a protein’s shape and 2 g
often its ability to bind another
molecule. Sometimes this occurs

via a phosphorylated intermediate, STTE—

as seen for the tra nsport pr‘otein in (a) Transport work: ATP phosphorylates transport proteins, causing
Lo a shape change that allows transport of solutes.
this figure.

(s AY) iy jall Bl V) e a5 508 5 G g pall JSE (A s I ATP J) gl Slal Jalaill oy
bl JSA 8 LS jida Jagu g 2L (33 pha e b Giaay

< Mechanical work:
v ATP is first bound non-covalently to the motor protein.

Apealid ye ddadl s JAU 0y s ATP IV e Jasi Y f
v Next, ATP is hydrolyzed, releasing ADP and ~ Pi.
Aygiae ye Cliugh de gana g ADP s 32Ul ) 535 s ATP J) s Jaiy
v Another ATP molecule can then bind.

(A e el ) SEl AT ATP e llb any dasi

Vesicle Cytoskeletal track
\
‘IJ 7
< ATP 7 e oM —» ADP + (P)
EANT ﬁ'?T,PS A :

Motor protein Protein and vesicle moved

(b) Mechanical work: ATP binds noncovalently to motor proteins
and then is hydrolyzed, causing a shape change that walks the
motor protein forward.

o At each stage, the motor protein changes its shape and ability to bind the
cytoskeleton, resulting in movement of the protein along the cytoskeletal
track.

ﬂﬁé\gdﬁhgj&lgwﬂ \L_A.i:ﬁ_)‘)’lésﬁjﬁjoﬁjﬂld&i(;ﬁélﬁ;ﬁdﬂéaj‘j
g el Jlie sk (e s )
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e The Regeneration of ATP

= An organism at work uses ATP continuously, but ATP is a renewable resource
that can be regenerated by the addition of phosphate to ADP.
Zll sale ) Sy o0 ¢ At g ool oLE ) painly (e sl i 8 DG iy ja Al QIS ellgiag
e 5 Dlde b AU ) lia b Ao sene d8la) (33 5k e Gy Sall o2
= The free energy required to phosphorylate ADP comes from exergonic
breakdown reactions (catabolism) in the cell.
Gt i AUl 53 el aagll Ve ld 5 238 Cilius il e sana AliaY Ao I 6 jall d8lall jaias
Adal b
= The regeneration of ATP is necessarily endergonic.

ALl dale dles A ATP J) 055 sale ) dlee

ADP + @, = ATP + H,0
AG = +7.3 kcal/mol (+30.5 kJ/mol) (standard conditions)

= What (catabolic) exergonic processes provide energy for the endergonic
process of making ATP?

SATP JI s i sl e 30U 48Ul o g5 il d8Ual 5o jUal) cidlelill o L

1. Cellular respiration.
2. Plants use light energy to produce ATP.

= Thus, the ATP cycle is a revolving door through which energy passes during its
transfer from catabolic to anabolic pathways.

Y Figure 8.12 The ATP cycle. Energy released by breakdown
reactions (catabolism) in the cell is used to phosphorylate ADP,
regenerating ATP. Chemical potential energy stored in ATP drives
most cellular work.

ATP synthesis
from ADP + (P),
requires energy.

AAAAARS

Energy from

ATP hydrolysis
to ADP + (P),
yields energy.

#-®

Energy for cellular
catabolism (exergonic, work (endergonic,
energy-releasing ADP + ®i energy-consuming
processes) processes)
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= A spontaneous chemical reaction occurs without any requirement for outside
energy, but it may occur so slowly that it is imperceptible.
3y sy OO Ll o2 Chaad a8 (K1 g A HlA A8l dala o (50 A00EHD ALKl Lol Gaaa
Abgale ye g dha
v" For example, even though the hydrolysis of sucrose (table sugar) to glucose
and fructose is exergonic & occurring spontaneously & release of free energy
(AG = -7 kcal/mol), a solution of sucrose dissolved in sterile water will sit for
years at room temperature.
s ALl gl ddee (& 5558 85 G858 ) s Sl dlaidee O O o S e S
On Jslaa & i vie Gl YI( Jsafs 508 LS Ve lajlase A8l (e 4aaS i Cupa) Lilall Caass
s Bamd JIad 50 98 LeS Bas 48 48 pal) 3 ) s da o 2ie G5 Sl

< If we add a small amount of the [Sucrase|
enzyme Sucrase to the solution, then QOO @ — Q@ * moO

Sucrose Glucose Fructose
all the sucrose may be hydrolyzed e e

within seconds.
Jons) 53500 5 IS8 a5 0Sll 06 ¢ Jolaall Sucrase Ol g5 (s fal g s Lidh
(Jelal) s e 53Y)
= Enzyme: macromolecule that acts as a catalyst, a chemical agent that speeds
up a reaction without being consumed by the reaction.
O U5 el ay yed o Jead AilasS Jalso (A 5 <l jinaS Jori 3 S Sl Ja 1 Silay 53V
Jelall oW ellgis

= Most of enzymes are proteins.
il oo 5 ke Glay 3Y) Al

= Some RNA molecules, called ribozymes, can function as enzymes.
Ol 1 Agaliie Cailds o ",:L..ﬁl'l @L’.L.u ribozymes (seud g_gﬂl‘JRNA J Gl s ian

e The Activation Energy Barrier
= Every chemical reaction between molecules involves both bond breaking and
bond forming.

12| Page
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= Changing one molecule into another generally involves contorting the starting
molecule into a highly unstable state before the reaction can proceed.
238 O 8 e e oS je ) Jsnidl 4 e AT egja Il sadl aal o sat Al )
G gaally ke Ll

= To reach the contorted state where bonds can change, reactant molecules

must absorb energy from their surroundings.
Lo Lol T g1l (p AUl (g0 a8 e Lilall alimial ) 2 lind S all 3 dlee

= When the new bonds of the product molecules form, energy is released as
heat, and the molecules return to stable shapes with lower energy than the
contorted state.
Al Lo ) s 5al) 2503 85l pn a5 AT e gl sl a5 05550 Laie
LY g e J8T Lgiila () S5 Gy
= Activation energy:
v’ EA: the initial investment of energy for starting a reaction or the energy

required to contort the reactant molecules so the bonds can break.
el iy a8 da U A8l A ¢ Jelall ead A8l Y1 Sy ; dapkil i
nSU ALE Loyl 5 Il sl
v' Activation energy is often supplied by heat in the form of thermal energy
Aol a A8l JS5 e 5 ) jall Aol g Japdl) d8Uay Jelail) a3 A L Llle

< The absorption of thermal energy:
tsl) Al ) Al (aliaial (52
1. Accelerates the reactant molecules so Increase the collides.
L Lad Slarbiaill 33 UL 5 ¢ o lelaiall Gl ja o jlud

2. Agitates the atoms within the molecules, making the breakage of bonds
more likely.

e Lol 5l 55 Al (g 33 Las e ol s DY) il
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v When the mOIeCU|e5 have absorbed The reactants AB and CD must absorb After bonds have
enough energy from the surroundings broken, new bonds
t h the unstable transiti tate, f , releasi
enough energy for the bonds to v?h[:ricboniucasnabreak. e tgrtmherseuﬁfghnngd\'enngesr.gy
break, the reactants are in an |

I
unstable condition known as the . 00O
00

transition state. '

| Transition state

ST A8l (e A8 GpaS Al jall alad Ladie
S Sle i) il a JsaTi ey L a5

Reactants

Free energy —»

v" In most cases, Ea is so high and the
transition state is reached so rarely
that the reaction will hardly proceed | R —
at all, in these cases, the reaction will Progress of the reaction —»
occur at a noticeable rate only if
energy is provided, usually by heat.
5500 (5 5S0 AEEY) AN 1 g sl 41 (6T Amiti yo Tapiill 48U A (5S35 VA alana
S13 Y A gale Y amay Jelal iy of (e Y VLAl o3 8 ¢ gaal) Cmaa ale JS Jelal)
Bl JSG Je A8l oay g

e How Enzymes Speed Up Reactions
= Heat can increase the rate of a reaction by allowing reactants to attain the
transition state more often, but this would not work well in biological systems.

Ul J g 5l e liiall @l jad Flandl 31y e Jelall & gan Jana 33 ) Ao 8 jall Jasd
Ay gal) Akl 3 asd) 3a )5 el ds ) e Y oS ¢ Agany)

< Why?
1. High temperature denatures proteins and kills cells.

bw\dﬁjuuj_}dlekmwﬂ\'é)\‘)ﬂlm ..:Y_ji

2. Heat would speed up all reactions, not just those that are needed.
i 4 gllaall el Gl g ¢ 40a) Jals COle bl aaa ag yud e 5 ) jall Jass 1 Lol
v' Instead of heat, organisms use catalysis to speed up reactions.

el a sl ) Jaaall dad) LSS i ¢ 50 jall aladial (e Yoy
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= An enzyme lowering the Ea barrier -
cannot change the AG - cannot make an

Y Figure 8.14 The effect of an enzyme on activation energy.
Without affecting the free-energy change (AG) for a reaction, an
enzyme speeds the reaction by reducing its activation energy (E,).

endergonic reaction exergonic Course of
reaﬁtion Ep
Glc. )33_] v - ] " =l asdls Ll"» Lf‘c' C;‘ILA;I‘)JY'I !::"1 ewr:tzy‘;:let :\.;:tzl’;?nuet E, with
- - e - enzyme
C’_:E«.c.l_ﬁl'a dﬂ};ﬁéﬂk—l&.ly&:}h—b‘)ﬂ] ‘\.BLL.“ d_)ﬂ‘\.a...\ﬂ |s\<j§\‘/vm

Reactants /

32k ) Al
AG is unaffected
by enzyme

Course of
reaction
with enzyme

Free energy —

v Enzymes cannot change Gi or Gf 2 AG is

constant.
Enzymes are very specific for the reactions

Products

Progress of the reaction —»

e Substrate Specificity of Enzymes

e Substrate: The reactant an enzyme acts on.
Y e Jeay Al Jelaidl :Substrate

= The enzyme binds to its substrate (or substrates, when there are two or more
reactants), forming an enzyme-substrate complex.

.enzyme-substrate complex ¢S a 31 ae delitall salall ks 5 Leaie

Enzyme + Enzyme- Enzyme +
Substrate(s) = substrate = Product(s)
complex

= Each enzyme has a specific substrate.
Ay oalAd 2l g Jeldia oy i) JS]

= Sucrase will act only on sucrose and will not bind to other disaccharides, such

as maltose.
Ls"'L“ S LﬁL dalusi Y C.._\J::\u.._ﬁ Y gdatd o Sullh daldll alleldlll JuaiSycrase J (‘:-U-"' W

L sllall Jia Al
Sucrase + Sucrase- Sucrase +
Sucrose + = sucrose-H,0 = Glucose +
H,O complex Fructose
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= Active site: a pocket or groove on the surface of the enzyme where catalysis
occurs formed by only a few of the enzyme's amino acids

dilaill 038 8 (Jeliill) uiail) dolee Caaad Cua ¢ a3V o o 3 5aa] 5l Caysad s el 8 sall
A i saal) e Jilh 3o (e 5S¢
= Asthe substrate enters the active site, the enzyme changes shape slightly due
to interactions between the substrate's chemical groups and chemical groups
on the side chains of the amino acids that form the active site.
IS5ty Tadall gl ) salall Jaxi Lavie subste
O Sle L O saad A dddla 5 ) ey 3Y)
Cile sanall 5 5alall ALl e gandll
o saall 45 Sl 48l ALulull 45l sl
Aoy

Active site ——

= This so-called induced fit brings
chemical groups of the active site

Enzyme Enzyme-substrate

complex
H H H (a) In this space-filling model of the enzyme (b) When the substrate enters the active site, it
I nto pOSItlonS th at en ha nce thEIr hexokinase (blue), the active site forms a forms weak bonds with the enzyme,
e . groove on the surface. The enzyme's inducing a change in the shape of the
abil |‘ty to cata Iyze the chemical substrate is glucose (red). protein. This change allows additional weak

bonds to form, causing the active site to
enfold the substrate and hold it in place.

reaction.
3 50l Jadil) a8 sall Ale S Cile sanall 40d ) oS3 52 5 ¢ Calatisall 2 5L dilaal) 038 | _aws
2 & 3 ST S g3 s

e Catalysis in the Enzyme’s Active Site

= the substrate is held in the active site by so-called weak interactions, such as
hydrogen bonds and ionic bonds.

Aian g pnell s 43 0¥ danl 5 )l Jie Adiaia Jaol 5 3 il 28 gall ae Aleliiall ) sall Lo 53

= The R groups of a few of the amino acids that make up the active site catalyze
the conversion of substrate to product, and the product departs from the
active site.

D il 8 N cleliiall J gt jaiady Jadill o sell & oSall A3l m ganll 238 jlall JuDlad) g
L) o gall el i) Gl ey
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. S L PRI | b ade il sald) (e @ Substrates enter the @) Substrates are held
ﬁ;:n L CBJA" :51; & | d; (1 : aﬁtive site;henﬁyme changes In thli(a active site by .
L 5y . o A5 3 40 shape such that its active weak interactions, suc
¢S ) o el s u"‘uj)-'d e site enfolds the substrates as hydrogen bonds and

(g-_‘] i 11, | (induced fit). lonic bonds.
| ey
- Sle i Al 53 Jnll g8 pally 5 58 ) Jo TN
e s a5 Bsallbs 38l s 5 (2 b
Te
Ll gl 5 A s sngl bl )l Jie ddmn ) ¢
.. % Substrates € The active
@ﬁy‘ I EggT:;SUbStrate site lowers
I 6 P «_ | Enand
R et] e e - “ Active speeds up
@)—uﬂ] .k...u.n.l.‘.l'l 43l [gP-tLENT] Ll cBJA.“ po (3 [ site 1s the reaction
d‘;u:m I avail- (see text).
. able for

two new

@ el ST (4
SV T A ) Gl (5

Enzyme

I © Products are 1r./""'/. N\
dLﬁme 3_}.&1; H_)Jm Ll é}ql'l T (6 I released. ' OSutlJrf(tr;‘ies are
converted to
Saaa Gl s I Products products.

= Most metabolic reactions are reversible, and an enzyme can catalyze either
the forward or the reverse reaction, depending on which direction has a
negative AG.
et kil an 3V1 S0 ¢ (Caladls dhaat) duSaie el 4 () Clilee Ol e
Al 5 pall A8l (358 dagd 4gh () 5S5 A sladY) e lalaie) el ol alaY 1 Jelill
= Because EA is proportional to the difficulty of breaking the bonds, distorting

the substrate helps it approach the transition state and thus reduces the
amount of free energy that must be absorbed to achieve that state.

el Aleldial salall 4 g ol UL ¢ Loyl g ) 4 it Lol 8Lk o Lag

e S O 3 $a A U
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= Subsequent steps of the reaction restore the side chains to their original
states, so that the active site is the same after the reaction as it was before.

O sl ¢ Jelall any Alal) Lgilla 1) 4 phall Judlall sale ) e ddlaiall < shadll (e e gane Jand
A () oSy Jeldill axy g J8 il #8 gall
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The rate at which a particular amount of enzyme converts substrate to product
is partly a function of the initial concentration of the substrate.

3 gall Ali¥) 58 53l e by 3V (e A Ao gana ddasd 50 il 68 (I3 gall ot Joama 2alay
_'6._'\_9_7.‘94]\

The more substrate molecules that are available, the more frequently they
access the active sites of the enzyme molecules.

a2 00 okl a8 gall ) Led g3 AlSa) a3 i) gall o) gall <l ja 20e 3 5 LalS

At some point, the concentration of substrate will be high enough that all
enzyme molecules have their active sites engaged.

Ao e Dy 30U ALl a8 sall moess ol Cumy ¢ @l go 2l gall 58 5 5S¢ OV (any
A gall 238 (e B2 o

At this substrate concentration, the enzyme is said to be saturated, and the
rate of the reaction is determined by the speed at which the active site
converts substrate to product.

o3 8 ShaaSll Jeldil) de ju daiad Capn ¢(aadia a3l ) w3V e O Sy ¢ S 1 e
Lol o8 gall il s SN Jasat ey e 2IAY)
When an enzyme population is saturated, the only way to increase the rate of
product formation is to add more enzymes.

o T 5 0585 A s 3ol 3 B 1) A3 el (G ¢ Aradia 33 53 sall Gl Y e 555 Leie
B Gl i) Al

Effects of Local Conditions on Enzyme Activity
The three-dimensional structures of proteins are sensitive to their
environment.

A ddagnall Aol Cag all slas Gl (i pll Slan¥) DA Ll

<Increasing temperature increases the speed of molecules resulting in more
collision between substrates and active sites of enzymes—> the rate of the
reaction increases.

™ T speed of molecules T Collide T Rate of Reaction

18| Page



a8 A3 Ul g il jall de ja ala 35 s 03l pall A 3 33k o e BY) el Jama ala

o U Tl 8 el e Lgadlia

Increasing the temperature increases rate of the reaction until we reach the

optimal temperature. Above that temperature, however, the speed of the
enzymatic reaction drops sharply.

:\._;_).J t_l..".'l_) Jal t(.u_).lm UIA'A]] 3_)‘);.“ R.;_).ﬂ Jaal JPEEN EJ]JA.“ :\._;_)."- 'S.JLJ_).\ Jelail) H.c._),\.u .J]J_)J

Each enzyme has an optimal temperature at which its reaction rate is greatest.
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= Optimal temperature for some enzymes:

v" Human enzymes: 35 - 40 °C.

v Thermopbhile bacteria: 70°C or higher.

Optimal temperature for Optimal temperature for

typical human enzyme (37°C)  enzyme of thermophilic
(heat-loving)
bacteria (75°C)

Rate of reaction —»

T + T v‘

T T T T
0 20 40 60 80 100 120
Temperature (°C)

(a) The photo shows thermophilic cyanobacteria (green) thriving in
the hot water of a Nevada geyser. The graph compares the
optimal temperatures for an enzyme from the thermophilic
bacterium Thermus oshimai (75°C) and human enzymes (body
temperature, 37°C).

= Each enzyme also has an optimal pH value at which it is most active.

Lol S0 a5y baie &6 B A s L a3l JS0

= The optimal pH values for most enzymes: 6-8.

8. 56 O ey Y alinal dlliall dua ganll i 3 A - )

v’ Pepsin: a digestive enzyme in the stomach, works best at pH 2.

205 s Al pan A )3 i Allie B ) gy L)) Bana (8 3 g sall audaled) Gasall g 33 Jeny

v’ Trypsin, a digestive enzyme in human
intestine, has an optimal pH of 8

Jany ¢ Gl slaal (8 8 2a) g aumala w33 ¢ Cpua Sl
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Pepsin (stomach Trypsin (intestinal
enzyme) enzyme)

Rate of reaction —»

0 1 2 3 4 5 6 7 8 9 10
pH
(b) This graph shows the rate of reaction for two digestive
enzymes over a range of pH values.



e Cofactors a5 Lusall Jal g2l
= Cofactors: non-protein helpers for catalytic activity for the enzymes.

Sy 31 B int Jle Jaxd 35 e Jalse 5o ladl Jal sal
= Types of Cofactors:
1. Inorganic: metal atoms zinc, iron, and copper in ionic form.
Lol g aaall g ol 3l e Al A A sae e
2. Organic: they are called coenzymes such as Vitamins.
el Jia sacbusall Cilay 1Y) e 14 saiac
e Enzyme Inhibitors cilay 3 cildagia
= Enzyme inhibitors are either:
1.Irreversible: attaches to the enzyme by covalent bonds
el Ayl ey YL Cllaiall Lag i lSnia e
2.Reversible: bind to the enzyme by weak interactions
Adria ol ¢y Gilay 3YL Gladiall Jas i riuSaie
= There are two types of reversible inhibitors

1) Competitive inhibitors: resemble the normal substrate molecule and compete
for admission into the active site, they reduce the productivity of enzymes by

blocking substrates from entering active
(a) Normal binding

sites. A substrate can it Q\Substrate
) . . bind normd]_ly tothe | — l/Active site
Ry Aol ol pall S8 2 - Gndlill Cilagial scive e of
Gt e p Y Al G S i Y2 1l 85 e
Al adgall ) JsAall e il hall aia
v" This kind of inhibition can be overcome by | ) competitive inhibition Q
inhibitor mimics the |

increasing the concentration of substrate it s o NS
R Competitive

substrate, competing

EJLJJ LS._:‘JL e - .,-,. | e t}-m Ia L;“; . Lall < " for the active site. inhibitor
-""'I.’AJ] ~)-"‘S-)3 = Animation: Enzymes:

O Competitive Inhibition
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2) Noncompetitive inhibitors: do not directly compete with the substrate to bind
to the enzyme at the active site but by binding to another part of the enzyme.

Lail 3 yilae ?JJJMM'I cﬁ)ALgLL:\SJY\ e 3 SOl Glladiall sda (a8l Y 2 dpdlil) je Giladial)

v’ This interaction causes the enzyme

. . (c) Noncompetitive inhibition
molecule to change its shape in such a Q
. . A noncompetitive inhibitor
way that the active site becomes less binds to the enzyme away
. . . from the active site, altering
effective at catalyzing the conversion of the shape of the enzyme so \
that even if the substrate can
bind, the active site functions
SUbStrate to prOdUCt' less effectively, if at all. l
3el8S (e dls:a Laa Q;ﬁ“g‘)-}l'l I8 i jﬂL_,_Uy1 KYS e ® Animation: Enzymes: Noncompetitive inhibitor

Noncompetitive Inhibition

2 S Mo Wiall Jgad jadad GAL&J\ &8 sall

= Irreversible inhibitors:
v Toxins and poisons
Dl FO A&ata pe GUadie o send) (o B2all Joad w
(A)Sarin, a nerve gas, binds covalently to the group on the amino acid serine,
which is found in the active site of acetylcholinesterase, an enzyme
important in the nervous system.

25 Al O (83 5 sall Ao gaaally ealad JSS Jad ¢ onas e ¢ Gl
el Sleall (8 age a3 8 5 ¢ 5w S JiinY laill #8 sal

(B) Pesticides DDT and parathion, inhibitors of key enzymes in the nervous
system.

aerandl Sleall 8 A )l Sl 1Y) Sladfia ¢ o5l L g DDT A pdadl Slagal) aas

v" Many antibiotics are inhibitors of specific enzymes in bacteria. For instance,
penicillin blocks the active site of an enzyme that many bacteria use to make
their cell walls.

Ol Sl ¢ Jlall G e, LSl 8 Agee Silay 3 e (& & saall Claliaal) e s
LAAN ) jas adial b Sl e apaell deadiud (31 oy 5300 i) &8 sall
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e Allosteric Regulation of Enzymes

In many cases, the molecules that naturally regulate enzyme activity in a cell
behave something like reversible noncompetitive inhibitors.

mw»&wwﬁjww}Y|km1#gﬂ\ Gl all u)mﬁcu‘yw‘?kugﬂ
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These regulatory molecules change an enzyme's shape and the functioning of
its active site by binding to a site elsewhere on the molecule, via non-covalent
interactions.
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Allosteric regulation is the term used to describe any case in which a protein's
function at one site is affected by the binding of a regulatory molecule to a
separate site.

Jeaiiia @ e b dalaial) iy jall Jal Y

Allosteric Activation and Inhibition & N Japil) g Japlil)
Most enzymes known to be allosterically regulated are constructed from two
or more subunits, each composed of a polypeptide chain with its own active

site.

b e Lgie OS ging ST 6l a5 (el Gy ¢ 2 i) Lgankaiy Cilay 35Y1 (any o e

b kil g sall b asiadl e

In allosteric regulation, the regulator binds to a site known as the regulatory
site.

.regulatory site sl <8z a8 o A alalall (o el Lo g e el adatill 3

An allosteric enzyme has more than one subunit. It has two different shapes:
one active and the other is inactive.

Jud e AV 5 Jlad asaal (piline (plSE a3V elliag 8an 5 e ST (e (g i sV 331 0 5S0
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= The binding of an activator to a regulatory  (a) Allosteric activators and inhibitors

site stabilizes the shape that has S

functional active sites, whereas the N ot ot

binding of an inhibitor stabilizes the ra

inactive form of the enzyme.
adadla ol u.i"" ?qu.n]\ cj}a.“.i Ll "(.5‘)3'“ .}nu‘)'l (_j.qa_.l’ R%\gl(ﬂatory 9

. ) axtl 2t . . sie (one Activator
.):L_u_)'l d.aa_.g Lu:u ¢ M‘ @Jﬂ'u M] ds'mn ‘51; o Active form Stabilized active form
JSal e il e aliiall o sally Jadiall ss 3l
H.)"m Jladl) B Oscillation
sAg?J?Iti‘;rei: iirr:;‘(i?ii\fg ;orm

= Through this interaction of subunits, a Non- L ‘

fun_ctiopal
single activator or inhibitor molecule that e 5“9\

binds to one regulatory site will affect the

—

/
active sites of all subunits >
R Inhibitor

T il é'l}d\ aa (’; g £S5 Loyl g Inactive form Stabilized inactive form

ﬁ_)-l‘}“ L'—ﬂhj dSJ Adaiil) cﬁ"}‘-“ & At low concentrations, activators and inhibitors dissociate from the

enzyme. The enzyme can then oscillate again.

< Another kind of allosteric regulation is cooperativity.

= A substrate molecule binding to one active site in a multi-subunit enzyme
triggers a shape change in all the subunits, thereby increasing catalytic activity
at the other active sites

ot 2amta oy Y A5 Sall Clas gll (e Bas 5l Alail) 481 gl 2 & e liid) saldl (g ja Ll )
A Claa gl aand (g sl Ll 52l 5 UL 5 Slas sl aes JISS

"= Coo pera tIVlt\/ a mechanism that am pl ifies  (b) Cooperativity: another type of allosteric activation

the response of enzymes to substrates: Binding of one substrate molecule to
active site of one subunit locks all
One Substrate molecule primes an subunits in active clonformation.
enzyme to act on additional substrate Substrate
molecules more readily. )
N

rAlelaial) ol gall cilay 3 Alain) axdoat 4401 14 gladll
. )_,Si al [P Z\ﬂgl_m‘j\ ale latall Inactive form Stabilized active form

The inactive form shown on the left oscillates with the active form
when the active form is not stabilized by substrate.
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= Example of coopertaivity:

v" Hemoglobin which made up of four subunits, each with an oxygen-binding site,
the binding of an oxygen molecule to one binding site increases the affinity for

oxygen of the remaining binding sites.

ses o Bl G ¢ O Bl b pald adse leie JS lliad Slan g a)l e Gl saaedl O 5S
S ol (5 AY) a8l gall Aall 50l 5 a8l pall o3 aaf 3 s (1

o Where oxygen is at high levels, such as in the lungs or gills, hemoglobin's
affinity for oxygen increases as more binding sites are filled.

el WS i€ DU G sle pangll A8l ala 35 ¢(Se 20 8) e GaanS Y1 58 55 (55 Laaie

Al )Y A8l ga

o« In oxygen-deprived tissues, however, the release of each oxygen molecule
decreases the oxygen affinity of the other binding sites, resulting in the release

of oxygen where it is most needed.
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e Feedback Inhibition

= Feedback inhibition: in which a metabolic
pathway is halted by the inhibitory binding of
its end product to an enzyme that acts early

in the pathway.

AREWY ua_.)'l lee e Calyy) Lead ‘aﬂg Al :Lu\‘)l'l PR |
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= Some cells use this five-step pathway to
synthesize the amino acid isoleucine from
threonine, another amino acid.

i) (meal) aial Jal jo ) slaall JE) gy
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Threonine ews m 33¥ biill 8 allh Threonine (i)
Adlise Glay 3 Jady il g 32e ) 4l a3 SSdeaminase
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¥ Figure 8.21 Feedback inhibition in isoleucine synthesis.
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= Asisoleucine accumulates, it slows down its own synthesis by allosterically
inhibiting the enzyme for the first step of the pathway.

L™ s gl 5 W) dals ) JBIA (e 4ali) jlie Jaad o5 GOIAN 28 G gl 5 30Y) (e oS 55 i
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= Feedback inhibition thereby prevents the cell from making more isoleucine
than is necessary and thus wasting chemical resources.

) sall laal a Y in Camnsds5aY) (e 2 3al) ) (e AT aa Al Al Sl Al o g
Adall 8 4l

Localization of Enzymes within the Cell

= Some enzymes are grouped into complexes, some are incorporated into
membranes, and some are contained inside organelles, increasing the
efficiency of metabolic processes.
22 sia (55 Leia mmy ¢ A glal) Ap5e V) 8 aal 55 38 gl and) Lgaine ae ey 33Y) ams g
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= Some enzymes and enzyme complexes have fixed locations within the cell and
act as structural components of particular membranes. Others are in solution
within particular membrane enclosed ¥ Figure 8.22 Organelles and structural order in metabolism.

Organelles such as the mitochondrion (TEM) contain enzymes that carry

eukaryotic organelles, each with its out specific functions, in this case the second and third stages of cellular
own internal chemical environment. e

A

For example, in eukaryotic cells, the N
enzymes for the second and third aN)))
S 2 |

stages of cellular respiration reside in
specific locations within

mitochondria.
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