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oncept 6.2: The free-energy change of a reaction
tells us whether or not the reaction occurs
spontaneously

e Biologists want to know which reactions occur
spontaneously and which require input of energy

e To do so, they need to determine the energy and
entropy changes that occur in chemical reactions
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ree-Energy Change, AG

e Aliving system’s free energy is energy that can do
work when temperature and pressure are uniform,
as in a living cell
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e The change in free energy (AG) during a process is
related to the change in enthalpy—change in total
energy (AH)—change in entropy (AS), and
temperature in Kelvin units (7) Ig‘wombw

AG = AH - TAS e itk L;H,,awt

spontaneous

e Spontaneous processes can be harnessed to
perform work
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ree Energy, Stability, and Equilibrium

e Free energy is a measure of a system’s instability,
its tendency to change to a more stable state

e During a spontaneous change, free energy
decreases and the stability of a system increases

e Equilibrium is a state of maximum stability

e A process is spontaneous and can perform work
only when it is moving toward equilibrium
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Figure 6.5

* More free energy

L3
(higher G) * 2
* Less stable 2% %
» Greater work capacity 299

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

l

* Less free energy
(lower G)

* More stable
» Less work capacity

(a) Gravitational (b) Diffusion (c) Chemical
motion reaction

© 2018 Pearson Education Ltd.



ree Energy and Metabolism

e The concept of free energy can be applied to the

chemistry of life’s processes - valike = Wl — )
( L dead..
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xergonic and Endergonic Reactions In
Metabolism

e An exergonic reaction proceeds with a net release
of free energy and is spontaneous - "7 foworabie

e An endergonic reaction absorbs free energy from
its surroundings and is nonspontaneous

43 endvmonic .-
Fm/ Q,Kejrjow{c, e hews \AG"\ dokorminey T e amowwt L,i_ owk needid te diive
awvouwnA- %, wosvk o veolhiownn <o du. P veehown
ovonell  vencRew  Kov @ N\ Mpiw\b\w~ Hoo . Koo

CetaOg + O, ——» EH0 + GCOL}/ TRe «itemb Lo "(‘,L C M\ D6
?\t‘o'vv\- GHLO MS“’LO

@éf; = —¢€86 kel /mo| = —2870 KJ /mol W 1686 kc‘*l/mol,

ord owdahows ¢ PH = , | = , (:Y‘ut_. ((m-k.-&'-"-
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Figure 6.6a

(a) Exergonic reaction: energy released, spontaneous
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Figure 6.6b

(b) Endergonic reaction: energy required, nonspontaneous

Products
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quilibrium and Metabolism

e Reactions in a closed system eventually reach
equilibrium and can then do no work

Tha kug/\v\ wot no\(‘h'\v»} Q;Iulli\ovtwm st Qocrease
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Figure 6.7
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e Cells are not in equilibrium; they are open systems
experiencing a constant flow of materials

e A defining feature of life is that metabolism is never
at equilibrium

e A catabolic pathway in a cell releases free energy in
a series of reactions
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Figure 6.8

(a) An open
hydroelectric
system

(b) A multistep open hydroelectric system
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oncept 6.3: ATP powers cellular work by
coupling exergonic reactions to endergonic

reactions el oy

2

e A cell does three main kinds of work:

e Chemical work—pushing endergonic reactions

e Transport work—pumping substances against the
direction of spontaneous movement

e Mechanical work—such as contraction of muscle cells
e:9's
va\-w,o'ls ﬂ,?q\jw&/ﬂ Frewm wonowuns .

Active tromntpevt w@ooj{-or?s v e,MCﬂh):;S-

QLakMa,»é alia , conkvrection <§VV\M$0‘LS ov  wuovumumt
ﬂ/ chronvo t oy W,\v; CQ,& o{,{,V{SIeVL.
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e To do work, cells manage energy resources by
energy coupling, the use of an exergonic process
to drive an endergonic one

e Most energy coupling in cells is mediated by ATP

7__)
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he Structure and Hydrolysis of ATP
VL o&/ koS tde Hripvospokes wed. wmlr-%-], 5/\/,4 _
/‘\

o
e ATP (adenosine triphosphate) is the cell’s eneE

shuttle A

e ATP is composed of ribose (a sugar), adenine
(a nitrogenous base), and three phosphate groups

Fov ATP V»a,olfro\\jsi"s:

ATP +H,0 — ADP 4—@i

AG = — F-3 kel fao) =—30.5 kT [me]
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Figure 6.9
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e The bonds between the phosphate groups of ATP’s
tail can be broken by hydrolysis

e Energy is released from ATP when the terminal
phosphate bond is broken

e This release of energy comes from the chemical

change to a

state of lower free energy

not from the

phosphate bonds themselves s Importunb.
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ow the Hydrolysis of ATP Performs Work

e The three types of cellular work (mechanical,
transport, and chemical) are powered by the
hydrolysis of ATP

e |n the cell, the energy from the exergonic reaction of
ATP hydrolysis can be used to drive an endergonic
reaction

e Overall, the coupled reactions are exergonic
Yo onm QMd.Mﬁovm‘c_ veachom, A& 1
% am  envgemic vendhon, AG,

% AG, + A&, L o = ( e L vemchiows)
(:ovuro«lka &XQT\?OMQJ [$F°v~d~vﬂw %]
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e ATP drives endergonic reactions by phosphorylation,
transferring a phosphate group to some other
molecule, such as a reactant

e The recipient molecule is now called a
phosphorylated intermediate )
-

<5 yYLovYe ruic,‘l'i\/f,

mahu/ free oevgy
less stk le

than He °V\j§\Ml t_x.___VE?MSPovylwf‘cd molecule .
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¥ Figure 6. i
M thg 10 How ATP drives chemical

s example, the exergonic pr work: energy coupling using ATP hydrolysis-
g oc el i
of the amino acid glutamine. Process of ATP hydrolysis drives an endergonic process—synthesis

(2) Glutamic acid conversi
1 Version to glutamine.
Glutamine synthesis from glutamic acid

220 i i AV e,/ _ +3.4 keal/mol
(Glu) by itself is endergonic (AG is positive) Glu\ " i
SO it is not spontaneous. 4 :

Glutamic acid  Ammonia Glutamine

(b) Conversion reaction coupled with ATP

hydrol_ysis. In the cell, glutamine synthesis
OCCUrs In two steps, coupled by a phosphorylated

. . :
intermediate (Glu- ®). @ ATP phosphorylates o__> v DP —S’e" [ ‘
glutamic acid, making it less stable, with more ?, % A v

EEVADP ®i

free energy. € Ammonia displaces the e Gl
phosphate group, forming glutamine. Glutamic acid Phosphorylated

intermediate

:AGG\U =134 kcal/mol——l
(c) Free-energy change for coupled § -
_ reaction. AG for the glutamic acid N @ A ~ + ADP + (@)
conversion to glutamine (+3.4 kcal/mol) Glu
plus AG for ATP hydrolysis (7.3 kcal/mol)

gives the free-energy change for the L—— AGrp =—7.3 keal/mol j_—l

overall reaction (-3.9 kcal/mol). Because
the overall process is exergonic (net AG is
negative), it occurs spontaneously.

AGg), = +3.4 kcal/mol
+ AGurp = —7.3 keal/mol

Net AG = -3.9 kcal/mol



e Transport and mechanical work in the cell are also
powered by ATP hydrolysis

e ATP hydrolysis leads to a change in protein shape
and binding ability
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¥ Figure 6.11 How ATP drives transport and mechanical work. ATP hydrolysis causes changes
in the shapes and binding affinities of proteins. This can occur either (a) directly, by phosphorylation:
as shown for a membrane protein carrying out active transport of a solute (see also Figure 8.16 apd
the proton pump in Figure 7.32, upper left), or (b) indirectly, via noncovalent binding of ATP and its

Vesicles (ang other organelles) along

hydrolytic products, as is the case for motor proteins that move
cytoskeletal “tracks” in the cell (see also Figures 7.21 and 7.32, lower right_)__—/// L
Cytoskeleta\ track

Solute ;‘

o

=

Transport protein

Solute transported

k: ATP phosp

a shape change

Motor protein

horylates transport proteins, causing (b) Mechanical work: ATP binds noncoval 10 motor proteins
and then is hydrolyzed, causing a shape Lchu!ange BHst vaiks 1t by

Transport wor
(a) Tra that allows transport of solutes.
motor protein forward,

o

Protein and vesicle moved




he Regeneration of ATP
\

e ATP is a renewable resource that is regenerated by
addition of a phosphate group to adenosine
diphosphate (ADP) Nwis EMWJ‘& (endaigonic].

e The energy to phosphorylate ADP comes from
catabolic reactions in the cell

e The ATP cycle is a revolving door through which
energy passes during its transfer from catabolic

to anabolic pathvx o
ATP ool tw leff
A (vvusole, all “f'“ugf V"Cé’d”s 163 ‘ a .,va-k.

{0 000, DOO KTP wolecslts  gor swmd /
perchl\
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V Figure 6.12 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 + (@), % T @
requires energy.

AL S

ATP hydrolysis
to ADP + ()
yields energy.

IN/N/N

St-Cen
Energy from A g Energy for cellular
catabolism (exergonic, \ work (endergonic,
energy-releasing ADP + ®, energy-consuming

processes) processes)



oncept 6.4: Enzymes speed up metabolic
reactions by lowering energy barriers

e A catalyst is a chemical agent that speeds up a

reaction without being consumed by the reaction

] . . Sowan K ’S '1‘002
e An enzyme is a catalytic proteml/" con ok {,:A c&i,y,ﬁ}m)

e For example, sucrase Is an enzyme that catalyzes the

hydrolysis of SUCrose +\z 0
f

olucose + fruchse
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Figure 6.UN02
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he Activation Energy Barrier

@ T vugy berrivr dehermines By

e Every chemical reaction between molecules involves
bond breaking and bond forming

e The initial energy needed to start a chemical
reaction is called the free energy of activation, or

activation energy (EA)

e Activation energy is often supplied in the form of
thermal energy that the reactant molecules absorb

from their surroundings
o Chumral Y‘MO‘HDA& Awolue b’re.wkf'l’?_oli)wv\—cap b owd)
onl ﬁrm%##nﬂw bonds ot abjémwt (>;<)ewlg*},

Conterk [/A&\ 'S &ss\v«&td ot oot ‘W Sfuw'\‘UW\%MS Vud-aeMJ
& s for of Havmal ontrgf -
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Figure 6

© 2018 P«

¥ Figure 6.13 Energy profile of an exergonic reaction.
The “molecules” are hypothetical, with A, B, C, and D representing
portions of the molecules. Thermodynamically, this is an
exergonic reaction, with a negative AG, and the reaction occurs
spontaneously. However, the activation energy (Ea) provides a
barrier that determines the rate of the reaction.

The reactants AB and CD must absorb After bonds have
enough energy from the surroundings broken, new bonds
to reach the unstable transition state, form, releasing energy

where bonds can break. to the surroundings.

7=

[ A gog B _
| C_aag D_

Transition state

Reactants

Free energy —»

Progress of the reaction ———



ow Enzymes Speed Up Reactions

e In catalysis, enzymes or other catalysts speed up
specific reactions by lowering the EA barrier

e Enzymes.do not affect the change in free energy
(AG); instead, they hasten reactions that would occur
eventually

@ M@S{j mechro me e codiA (DNA7 PyOk)\V\S) ) hwe (&) 4G
”5/ breakd. down it Aty eritt (n Wigh vy i)
rsoost A preskdewn vequird) gl By wlode b
wo ¥ Pv-e,uw\: W \nio\wfj‘\"—“l cells £€°'V \7°oclJ_

& Cragwes ow ol durge A& 5@ o yeachn.
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Figure 6.14

Course of
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e enzyme
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ubstrate Specificity of Enzymes

e The reactant that an enzyme acts on is called the
enzyme’s substrate

e The enzyme binds to its substrate, forming an
enzyme-substrate complex

e While bound, the activity of the enzyme converts
substrate to product

Emzdmo}tio AUHU“ba_
EV\'Z- - Sub!iwwf&(ﬂ ?_ EVLZ— Subs. ComP. sz_ 4 @ro(km.f ()
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Shruchwmt).
e The reaction catalyzed by each enzyme is very

specific_J— suurase am notr Wydrotyze Maltose

e The active site is the region on the enzyme where
the substrate binds

e Induced fit of a substrate brings chemical groups of
the active site into positions that enhance their abllity
to catalyze the reaction

® Cwiyner ot dgnemic sruchures A oscillaticg
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belpsern _Lu A}fM make Mo frommesnt OL
He vagne & help Ho
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Figure 6.15

Substrate

Active site——

Enzyme-substrate
complex
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atalysis in the Enzyme’s Active Site

e |n an enzymatic reaction, the substrate binds to the
active site of the enzyme

e Enzymes are extremely fast acting and emerge from

reactions in their original form
\

e Very small amounts of enzyme can have huge
metabolic effects because they are used repeatedly

in catalytic cycles :\W
® Most matsbolic cydus am vwurrble KA
e | W\ ‘é Mo L avthond Tl ‘:\::\b\:\“o’l"

wlostrade wwlt™
CNL'Z&W&_ Q_G)Va)\ju/& CB&‘Q}N\Q\A S 4'%,_163_3 . :.,‘Lg__‘ A s
~ol
ok AN decchsrvs  suclhioa P cowe. 'S e
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Fiqure R 1R 4

An enzyme can con
product molecules.
molecules to twoO product

Substrates enter the
active site; enzyme changes
shape such that its active
site enfolds the substrates
(induced fit).

" i ite and
L Figure 6.16 The active si
o = vert one or more r

The enzyme shown
molecules.

==t
-+

Substrates

O Active
site is
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able for
two new
substrate
molecules.

Enzyme "

Enzyme-substrate

complex

9 Products are ,/‘
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© Products
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catalytic cycle of an enzyme.
eactant molecules to one or more
here converts two su bstrate

23 substrates are held
in the active site by

weak interactions, such
as hydrogen bonds and
ionic bonds.

€ The active
site lowers
EA and
speeds up
the reaction
(see text).

O Substrates are
converted to
products.




e The active site can lower an EA barrier by
. . ?Yo\l‘dﬂ’\ (=N '\'UM.QIGJW—
e orienting substrates correctly 1 <. Qrepr coliiions

Ais’mr’ﬁ\&\ Sabs e Lol codss
‘o mel,‘lj Ve amn ((Less EA)

e providing a favorable microenvironmﬂgfgi%\*;%
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e straining substrate bonds }-
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e The rate of an enzyme-catalyzed reaction can be
sped up by increasing substrate concentration

e When all enzyme molecules have their active sites
engaged, the enzyme is saturated

e If the enzyme is saturated, the reaction rate can only
be sped up by adding more enzyme

(A) fov cowdf Eunz. e (M.(Wlé IR+>
Rd\/(TL D< E"‘MJV\- (S‘P‘Zkﬂ Eve. b tonvert S'uJo:> -
= wlenm “coturuted —> Ouly eQn(?w\oLv N <S?°‘A‘ZL Enz )

(B) T wovnie Qu}ﬂ_ " «Su.wn o3 (___s“""‘-:] \S  excets.
= add wave LWL‘()MLE Q‘AW"?X/ g,,)fuM‘vw sGafus .
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ffects of Local Conditions on Enzyme Activity

e An enzyme’s activity can be affected by

e general environmental factors, such as temperature
and pH

e chemicals that specifically influence the enzyme

© 2018 Pearson Education Ltd.



ffects of Temperature and pH

e Each enzyme has an optimal temperature in which it
can function

e Each enzyme has an optimal pH in which it can
function

e Optimal conditions favor the most active shape for

the enzyme molecule Vv
&/ y 2-D shuctwre
—’“;, &WZJYIM, (a-S a“fl’ok"\"‘/) Swtble v
Quushnes ok Cloash " envivonmuntal Catmlysis .

avd o levitr Switoe to  woevlk Rate ol | ,nert
IR Galy/

= A T <Tep fy,g P W.ad—_] _
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Figure 6.17b
—m-ﬂ-wﬂm € ,:35 ; Uo] c /E:t.ﬁa.c, Bl > +o C.

Optimal temperature for )\ Optimal temperature for
typical human enzyme (37°C) enzyme of thermophilic

' ;Lo (heat-loving)
bacteria (75°C)

(nemf)

10 [ | |
n O 2 4 6 8 100 120

0 0 Température (°0)
(a) Optimal temperature for two enzymes
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Figure 6.17c
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ofactors

o Cofactors are nonprotein enzyme helpers

e Cofactors r%ay be inorganic (such as a Lnetal In ionic
form) or organic > 720, Fe,Co-

e An organic cofactor is called a coenzyme
e Coenzymes include vitamins

© 2018 Pearson Education Ltd.



nzyme Inhibitors orapsiny L subs ]
com e oV LoV \a:j w,z,\,\'\\u_ Now Lo
/‘?
o eeps ) i . . .
e Competitive inhibitors bind to the active site

of an enzyme, competing with the substrate

e Noncompetitive inhibitors bind to another part of
an enzyme, causing the enzyme to change shape
and making the active site less effective

e Some examples of inhibitors are toxins, poisqns,
pesticides, and antibiotics - s ol Iy IS Yo\

@ I{' ove Wl tov @-j. _S;.'M’IVL

CD\)O\b‘A/\A’\.j o ond-$ NG b:] iv b omd
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Figure 6.18
(a) Normal binding

Substrat

l\Active

site
Enzym
e

(b) Competitive inhibition
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he Evolution of Enzymes

e Enzymes are proteins encoded by genes

e Changes (mutations) in genes lead to changes
In amino acid composition of an enzyme

e Altered amino acids, particularly at the active site,
can result in novel enzyme activity or altered
substrate specificity
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e Under environmental conditions where the new
function is beneficial, natural selection would favor
the mutated allele

e For example, repeated mutation and selection on the
B-galactosidase enzyme in E. coli resulted in a change
of sugar substrate under lab conditions

bveaks  lache Cusually |

( disace oy &l) .

[bior ey
\ an%w e T S EN RN T
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Figure 6.19

Two changed amino acids were Active site
found near the active site.

Two changed amino acids Two changed amino acids
were found in the active site. were found on the surface.
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oncept 6.5: Regulation of enzyme activity helps
control metabolism

e Chemicakchaos would result if a cell’'s metabolic
pathways were ot tightly regulated

e A cell does this by switching on or off the genes that
encode specific'enzymes or by regulating the activity
of eNnzymes ows fog Wovt beew vmode

(@Y (OVUY ConCnn- VVOW).

© 2018 Pearson Education Ltd.



llosteric Regulation of Enzymes

e Allosteri ulation may either inhibit or stimulate
an enzyme’s activity

e Allosteric regulation~eccurs when a regulatory
molecule binds to a protein at one site and affects
the protein’s function at another site
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llosteric Activation and Inhibition

e Most allo icaIIy regulated enzymes are made
from polyp subunits, each with its own active
site }%Kﬁm,_

e The enzyme complex has active and inactive forms

e The binding of an actlvrator stabilizes the active form

of the enzyme ususlly binds et glae of
Y /‘a J www\?“ \ﬂ’\.w sub otk
e The binding of an inhibitor stabilizes the inactiv

L _2

form of the enzyme
B Althowyh N adivdor [miniitoy acts diredly vpia|
speofic sbundt®) — all sumls ore odfecked.
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¥ Figure 6.20 Allosteric regulation of enzyme activity.

(a) Allosteric activators and inhibitors

T—"

Allosteric activator
stabilizes active form

Allosteric enzyme
with four subunits

Active site (one of four)

Regulatory : ; .
S'ﬁ (one Activator # )
of four) Q 2

Active form Stabilized

active form
A
Oscillation
Allosteric inhibitor

TR stabilizes inactive form.

functional
active site \

Q-
=
'

: Inhibitor /-)
Inactive form 0

@

e

Stabilized
‘ inactive form
concentrations, activators and inhibitors dissociate from the
e. The enzyme can then oscillate again.

4
B
b
t‘ !
3

Fluctuating concentrations of regulators can cause a sophis-
ticated pattern of response in the activity of cellular enzymes.
The products of ATP hydrolysis (ADP and (),), for exam ple, play
acomplex role in balancing the flow of traffic between anabolic
and catabolic pathways by their effects on key enzymes, ATP
binds to several catabolic enzymes allosterically, lowering their
affinity for substrate and thus inhibiting their activity, ADP,
however, functions as an activator of the same enzymes, This
is logical because catabolism functions in regenerating AT, i
ATP production lags behind its use, ADP accumulates and gt
vates the enzymes that speed up catabolism, producing mope
ATP. If the supply of ATP exceeds demand, then catabolisy,
slows down as ATP molecules accumulate and bind to (b, Me
enzymes, inhibiting them. (You'll see specific examples of this
type of regulation when you learn about cellular f€Spiration
in Chapter 10; e, for cxample, Figure 10.19) ATP, App angd
other related molecules also affect key enzymes in dnaboljc
pathways. In thisway, allosteric enzymes control the raye of
important reactions in both sorts of metabolic pathways.



e Cooperativity is a form of allosteric regulation that
can amplify enzyme activity

e One substrate molecule primes an enzyme to act on
additional substrate molecules more readily

e Cooperativity is allosteric because binding by a
substrate to one active site affects catalysis in a
different active s't\e
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Figure 6.20b

(b) Cooperativity: another type of
allosteric activation
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eedback Inhibition

—_

e |In feedback inhibition, the end product of a
metabolic pathway shuts down the pathway

e Feedback inhibition prevents a cell from wasting
chemical resources by synthesizing more product
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Figure 6.21
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ocalization of Enzymes Within the Cell

e Structures within the cell help bring order to
metabolic pathways ™~

e Some enzymes act as structural components of
membranes

e |n eukaryotic cells, some enzymes reside in specific
organelles; for example, enzymes for cellular
respiration are Yocated in mitochondria
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Figure 6.22

Mitochondrion

The matrix contains
enzymes in solution that |
are involved in the second
stage of cellular respiration.
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Enzymes for the third
stage of cellular
respiration are
embedded in the
inner membrane.
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