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1.1 The study of life reveals common themes
Energie en materie

Op elk niveau, van cel tot ecosysteem, zijn energie en materie
nodig

Chemicals
pass to
organisms

. that eat the
Energie plants.
Light -
- Heat
Plants take | | .
up chemicals | 1 224
from the soil | & @
and air. | & 588 4
Decomposers
. return
Materie

. | chemicals
to the soil.
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Hoofdstuk 6 - Energie en leven

Metabolische routes — energie - thermodynamica

6.1 An organism’s metabolism transforms matter and energy
Metabolic pathways - Forms of energy - The laws of energy transformation
Vrije energie AG
6.2 The free-energy change of a reaction tells us whether or not the reaction occurs spontaneously

Free-energy change, AG - Free-energy, stability and equilibrium - Free-energy and

metabolism

ATP

6.3. ATP powers cellular work by coupling exergonic reactions to endergonic reactions
The structure and hydrolysis of ATP - How ATP provides energy that performs work -
The regeneration of ATP

Activatie-energie - enzymen

6.4 Enzymes speed up metabolic reactions by lowering energy barriers
The activation energy barrier - How enzymes speed up reactions - Substrate specificity
of enzymes - Catalysis in the enzyme’s active site - Effects of local conditions on
enzyme activity - The evolution of enzymes
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6.1 - Metabolische routes

Metabolisme = alle chemische reacties in (de cellen van) een
organisme

l Reaction 1 l Reaction 2 ! Reaction 3

Starting
molecule
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6.1 - Metabolische routes

Er zijn reactieroutes die energie nodig hebben
Anabole routes
Endergone reacties

Enzyme 1 Enzyme 2 Enzyme 3

Reaction 1 I Reaction 2 Reaction 3
Starting Product
molecule

Er zijn reactieroutes waarbij energie vrij komt
Katabole routes
Exergone reacties
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6.1 - Metabolische routes

Er zijn reactieroutes die energie nodig hebben

Maken van klein iets groters

Assimilatie
Enzyme 1 Enzyme 2 Enzyme 3
Reaction 1 l Reaction 2 Reaction 3
Starting Product

molecule

Er zijn reactieroutes waarbij energie vrij komt

Breken groot af tot kleiner
Dissimilatie
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Het metabolisme in
een cel bestaat uit
duizenden chemische

reacties
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6.1 - Energie

Metabolisme = alle chemische reacties in (de cellen van) een
organisme met behulp van energie

Welke vormen van energie ken je (nog)?
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6.1 - Energie

Zwaarte- (of ‘hoogte-')energie

Kinetische energie

Veerenergie (beweging)

\

Potentiéle energie Elektrische energie

Energie

H Warmte-energie

Chemische energie

% Stralingsenergie

Kernenergie
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6.1 - Energie

Energie kan van vorm veranderen

A diver has more potential
energy on the platform
than in the water.

Diving converts
potential energy to
kinetic energy.

Climbing up converts the kinetic A diver has less potential
energy of muscle movement energy in the water
to potential energy. than on the platform.

Zie https:/Imediaplayer.pearsoncmg.com/assets/secs-c HAN_UNIVERSITY
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https://mediaplayer.pearsoncmg.com/assets/secs-campbell-energy-transformations
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6.1 - Energie

Energie kan van vorm veranderen

Chemicals
pass to
organisms
that eat the
plants.

Light
energy

Plants take
up chemicals | 1, L *5
from the soil | &

and air.
Decomposers
\ R return

. [ chemicals

to the soil.

Een organisme = open systeem
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6.1 - Wetten van de thermodynamica

Eerste wet:

ENERGY FLOW

Chemicals
pass to
organisms
that eat the
plants.

Plants take
up chemicals | 1, L *5
from the soil | &

and air.
Decomposers
[ return
=% | [ chemicals
to the soil.

Energie in het heelal is constant; het kan worden doorgegeven en
veranderen van vorm, maar niet worden gemaakt of vernietigd
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6.1 - Wetten van de thermodynamica

Tweede wet:

© . Kinetic
¥ energy
Ats.’ s

(a) First law of thermodynamics: Energy can be (b) Second law of thermodynamics: Every energy transfer or transformation increases

transferred or transformed but neither created nor the disorder (entropy) of the universe. For example, as the bear runs, disorder is
destroyed. For example, chemical reactions in this increased around its body by the release of heat and small molecules that are the

brown bear will convert the chemical (potential) by-products of metabolism. A brown bear can run at speeds up to 35 miles per hour
energy in the fish into the kinetic energy of running. (56 km/hr)—as fast as a racehorse.

Energie-overdracht of -veranderinF draagt bij aan een
verhoging van entropie in het heelal

Entropie = wanorde OF APPLIED SCIENCES



6.1 - Wetten van de thermodynamica

Zolang er energietoevoer is kan er tijdelijk en lokaal meer
structuur en ordening bestaan

(a) Glass sponge (b) La Sagrada Familia towers

Order is evident in the detailed structures of (a) the Venus flower basket glass sponge, which inspired the
Spanish architect Antoni Gaudi in his design of (b) the towers of La Sagrada Familia church in Barcelona, Spain.
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6.1 - Wetten van de thermodynamica

Een proces dat leidt tot een verhoging van de entropie (meer
wanorde), verloopt (meestal) spontaan - komt energie bij vrij

S Chemical
energy
in food

L Kinetic
V2 sheravan

(a) First law of thermodynamics: Energy can be (b) Second law of thermodynamics: Every energy transfer or transformation increases
transferred or transformed but neither created nor the disorder (entropy) of the universe. For example, as the bear runs, disorder is
destroyed. For example, chemical reactions in this increased around its body by the release of heat and small molecules that are the
brown bear will convert the chemical (potential) by-products of metabolism. A brown bear can run at speeds up to 35 miles per hour
energy in the fish into the kinetic energy of running. (56 km/hr)—as fast as a racehorse.

Een proces dat leidt tot een verlaging van de entropie (meer

orde), verloopt (meestal) niet-spontaan - kost energie
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6.2 - Vrije energie
Om arbeid te kunnen verrichten (alle kenmerken van leven uit
te voeren) heeft een systeem (een cel) energie nodig

In de biochemie wordt de energie die hiervoor beschikbaar is
vrije energie genoemd, G

De verandering van hoeveelheid vrije energie = AG

Een systeem met veel vrije energie is instabiel en zal dan
spontaan naar een toestand gaan met minder vrije energie
die dus stabieler is, dus AG is negatief!
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6.2 - Vrije energie

Figure 6.5 The relationship of free energy to stability, work capacity, and spontaneous change

* More free energy (higher G)
® Less stable
* Greater work capacity
|
In a spontaneous thange
* 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)
* [Jlore stable
* | ess work capacity

(a) Gravitational motion. Objects (b) Diffusion. Molecules in a drop (c) Chemical reaction. Ina 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.

Unstable systems (top) are rich in free energy, G. They tend to change spontaneously to a more stable state
(bottom). This “downhill” change can be harnessed to perform work.
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6.2 - Exergone en endergone reacties

Op basis van veranderingen in vrije energie kunnen chemische
reacties worden ingedeeld in:
* Exergone reacties

* Endergone reacties

Hoe zit dit ook alweer?
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6.2 - Exergone en endergone reacties

Er zijn reactieroutes waarbij energie vrij komt (exit)
Katabole routes

Dissimilatie
Exergone reacties AG <O
Enzyme 1 Enzyme 2 Enzyme 3
Reaction 1 Reaction 2 Reaction 3
Starting Product

molecule

Er zijn reactieroutes die energie nodig hebben
Anabole routes
Assimilatie

Endergone reacties AG >0 AN, UNIVERSITY
OF APPLIED SCIENCES



(a) Exergonic reaction: energy released, spontaneous

Amount of
energy
released
(AG < 0)

Free energy—»

Progress of the reaction -
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Zie h

(b) Endergonic reaction: energy required, nonspontaneous

Amount of
energy
required
(AG > 0)

Free energy —»

Progress of the reaction

Products

— —

amp

eli-exergonic-anc

-end

s:// mediqQlayer.Qearsoncmg.com[assets[secs-c

ergonic-reactions
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6.2 - Evenwicht en metabolisme

Metabolische processen zijn omkeerbaar en zouden een
evenwicht kunnen bereiken, AG =0

Biologische systemen zijn open systemen en bereiken
daardoor geen evenwichtstoestand

(b) A multistep open hydroelectric system. Cellular respiration
is analogous to this system: Glucose is broken down in a series
of exergonic reactions that power the work of the cell. The
product of each reaction is used as the reactant for the next, HAN UNIVERSITY
so no reaction reaches equilibrium. OF APPLIED SCIENCES



6.3 - ATP

In een cel vinden drie verschillende soorten werk (arbeid)
plaats:

CH,OH CH.,OH CH,OH CH.,OH
H/f.l- ()\H ”/ij- —-:,‘\H H/ 'rl\“ H/fj--—(J\H
i ChemiSCh t'wm H/{'\ $ OH H S ¢ OH H ¢ S OH H /Y
HO N C OH HO \ [_/r'nu } 7 0 \f_ ,/rm

[ —

¢ TranSpOrt H OH ,,.'f_] B -, 0K H OH | H OH

glucose

* Mechanisch

oa¥g IV san
.. 2 spiervezelbundel

3 spiervezel

4% NN
L A% IS .

’0¢ 89| - 4 spier-

L
.- { - cel
&8 3
.
- =

Exergone reacties worden gebruikt voor endergone reacties

Wat wordt hiermee bedoeld?
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6.3 - ATP

Het molecuul dat koppeling tussen exergone en endergone
reacties mogelijk maakt:
Zie https://mediaplayer.pear

ATP soncmg.com/assets/secs-ca
mpbell-energy-coupling

Adenosine trifosfaat

Adenine NH,
|
C
P At S
;'-O_P_O_P_O_,L_O%CH N= =Sy Zie https://mediaplayer.pear
e B e soncmg.com/assets/secs-ca
mpbell-structure-atp
Triphosphate group .
(3 phosphate groups) H H Ribose

OH OH

(a) The structure of ATP. In the cell, most hydroxyl groups of

phosphates are i1onized (— Q7).
HAN_UNIVERSITY
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6.3 - ATP

Bij de exergone reactie (de hydrolyse van ATP, oftewel
vorming van ADP) komt energie vrij.

Deze energie kan vervolgens weer gebruikt worden voor een
endergone reactie.

D—P—E jC

Adenosine triphosphate (ATP)

® + O Q +

=l

ATP + H,0 — ADP + ¢,
AG = —T7.3 kcal/mol( — 30.5 kJ /mol)

Energy

Inarganic . . .
phosphate Adenosine diphosphate (ADP)
(b) The hydrolysis of ATP. The reaction of ATP and water yields

inorganic phosphate ((P),) and ADP and releases energy. HAN_UNIVERSITY
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6.3 - ATP

Vaak wordt de hydrolyse van ATP gekoppeld aan een
endergone reactie via fosforylatie

(a) Glutamic acid conversion to glutamine. o
Glutamine synthesis from glutamic acid /{t;lt:\‘ - @ —_— AGg, = +3.4 kcal/mol

(Glu) by itself is endergonic (AG is positive),

so It 1s not spontaneous. Glutamic acid Ammonia Glutamine
(b) Conversion reaction coupled with ATP @
hydrolysis. In the cell, glutamine synthesis
occurs in two steps, coupled by a phosphorylated \
., (1) /5 ® 2 ' + ADP + (B

intermediate (Glu- (). @) ATP phosphorylates /\ - + ADP
o S fGIu . T %,,ATPK iGIu}

glutarmnic acid, making it less stable, with more
free energy. € Ammonia displaces the Glutamic acid Phosphorylated Glutamine
phosphate group, forming glutamine. e

J\k.ﬂ‘.ﬁﬁm =+34 kcaUmolj
r !
(c) Free-energy change for coupled , I
reaction. AG for the glutamic acid ’/\\ CATP e 4
glutamic aci o +@+§@$f—p + ADP + @)

conversion to glutamine (+3 4 kcal/mol)

plus AG for ATP hydrolysis (7.3 kcal/mol)
gives the free-energy change for the AGg,, = +3.4 kcal/mol |
overall reaction (—3.9 kcal/mol). Because AGarp = -7.3 keal/mol
+ AGarp = —7.3 kecal/mol

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

Net AG = -3.9 kcal/mol

HAN_UNIVERSITY
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6.3 - ATP

Ook de soorten arbeid transport en mechanisch komen vaak

tot stand door de hydrolyse van ATP te koppelen aan
bepaalde eiwitten die daardoor van vorm kunnen veranderen
en de mogelijkheid hebben aan andere moleculen te binden

Figure 6.11 How ATP drives transport and mechanical work

Transport protein

Solute transported

(a) Transport work: ATP phosphorylates transport proteins, causing
a shape change that allows transport of solutes.

Cytoskeletal track
-
Vesicle - 2=

-
._?_“'L\'“"l--*/ e ® =
Py b — = ADP + (P)
LA i ZATP i
4 ) AR

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.

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
8.160 and the proton pump in Figure 7.3218, upper left), or (b) indirectly, via noncovalent binding of ATP and its
hydrolytic products, as is the case for motor proteins that move vesicles (and other organelles) along cytoskeletal
“tracks” in the cell (see also Figures 7.218 and 7.3210, lower right).
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6.3 - ATP

Om het celmetabolisme aan de gang te houden wordt ATP
constant gevormd en gehydrolyseerd, dit wordt de ATP-cyclus
genoemd

Figure 6.12 The ATP cycle

wivd ATP hydrolysis

Lokl 4
JAC+ (@) o rDP+ @),

g4 yields energy.

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

AAAAA N AAAAA
Energy from Energy for cellular

catabolism (exergonic, work (endergonic,
energy-releasing ADP + ®i energy-consuming

processes) processes)

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.

Zie https://mediaplayer.pearsoncmg.com/assets/secs-micro

- xleRel : HAN_UNIVERSITY
bio-amin-metabolism OF APPLIED SCIENCES
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6.4 Enzymen

De wetten van de thermodynamica maken duidelijk welke
processen, onder bepaalde omstandigheden, wel of niet
gebeuren

Over de snelheid waarmee de processen verlopen wordt niks
gezegd:

‘ - S 4
@0 ®—Bg o
Sucrose Glucose Fructose
(C12H22044) (CgH1206) (CgH1206)

HAN_UNIVERSITY
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6.4 Enzymen

Wat is een enzym?

A. Een biokatalysator
B. Een eiwit

C. Een chemische stof die een reactie versnelt zonder deel te
nemen aan de reactie.

D. Een macromolecuul
E. Alle bovenstaande antwoorden zijn juist.

HAN_UNIVERSITY
OF APPLIED SCIENCES



6.4 Activatie-energie

Waarom verlopen exergone reacties vaak (te) langzaam?

Er is wat energie nodig om bindingen in een molecuul voor te
bereiden op het breken van die bindingen

Dit wordt activatie-energie genoemd, E,

HAN_UNIVERSITY
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6.4 Activatie-energie

The reactants AB and CD must absorb
enough energy from the surroundings
to reach the unstable transition state,
where bonds can break.

After bonds have
broken, new bonds
form, releasing energy
to the surroundings.

|

Vi

00
60

! Transition state

s o o anam am =

Reactants

Free energy —»

@O
00

Products

Progress of the reaction —»
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6.4 Activatie-energie

In cellen helpen enzymen de activatie-energie voor exergone

reacties te verlagen

Figure 6.14 The effect of an enzyme on activation energy

Course of
reaction
without
enzyme

Freeenergy — 5.

Reactants /
Course of

reaction

with enzyme

___________________________

AG 15 unaffected

Products

Progress of the reaction —»

Without affecting the free-energy change (AG) for a reaction, an enzyme speeds the reaction by reducing its

activation energy (Ea).

Zie https://mediaplayer.pearsoncmg.com/assets/secs-camp

bell-how-enzymes-work
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6.4 Substraat-specifieke enzymen

Enzymen hebben een specifieke vorm waardoor ze alleen
geschikt zijn om zich aan bepaalde reactiestoffen - het
substraat - te binden:

Ze zijn substraat-specifiek
Ze hebben een active ‘site’ (plek) - hier past het substraat
Samen vormen ze het enzym-substraat complex

Dit noemen we ook het sleutel-slot-principe

HAN_UNIVERSITY
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6.4 Substraat-specifieke enzymen

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

Figure 6.15 Induced fit between an enzyme and its substrate

Substrate

Active site ——__

Enzyme-substrate

complex
(a) In this space-filling model of (b) When the substrate enters the active site, it forms
the enzyme hexokinase (blue), the weak bonds with the enzyme, inducing a change In
active site forms a groove on the the shape of the protein. This change allows additional
surface. The enzyme’s substrate is weak bonds to form, causing the active site to enfold
glucose (red). the substrate and hold it in place.

HAN_UNIVERSITY
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6.4 Substraat-specifieke enzymen

@ Substrates enter the
active site; enzyme changes
shape such that its active

site enfolds the substrates
(induced fit).

=i
@

Substrates

e Active
site is
avail-

able for
two new
substrate
molecules.

€ Substrates are held
in the active site by
weak interactions, such
as hydrogen bonds and
lonic bonds.

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

Enzyme-substrate
complex

Enzyme
s
© Products are | —
released. ' o Substrates are
converted to
Products products.

Zie https://mediapla
yer.pearsoncmeg.com
/assets/secs-microbi
0-amin-enzymes-ste
ps
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6.4 Substraat-specifieke enzymen

De snelheid waarmee substraat met behulp van enzymen
wordt omgezet tot producten hangt af van:

* Hoeveelheid substraat

* Hoeveelheid enzymen

HAN_UNIVERSITY
OF APPLIED SCIENCES



6.4 Enzymactiviteit

De snelheid waarmee substraat tot product wordt omgezet
hangt ook af van hoe goed het enzym zelf werkt.
Dit wordt beinvloed door:

* Omgevingsfactoren zoals temperatuur en pH
leder enzym heeft optimale waarden waarbij deze het
beste werkt

* Chemicalién die aan het enzym kunnen binden

HAN_UNIVERSITY
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6.4 Enzymactiviteit

Rate of reaction —»

Optimal temperature for Optimal temperature for
typical human enzyme (37°C) enzyme of thermophilic
(heat-loving)
bactena (75°C)

|
20 40 60 80
Temperature (°C)

| |
100 120

(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 (37°C,
body temperature).
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6.4 Enzymactiviteit

Pepsin (stomach Trypsin (intestinal
enzyme) enzyme)

Rate of reaction —»

| | I | I | I I | I

0 1 2 3 4 : 6 7 8 9 10
pH

(b) This graph shows the rate of reaction for two digestive
enzymes over a range of pH values.

HAN_UNIVERSITY
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6.4 Enzymactiviteit

De snelheid waarmee substraat tot product wordt omgezet
hangt ook af van hoe goed het enzym zelf werkt.
Dit wordt beinvloed door:

* Omgevingsfactoren zoals temperatuur en pH
leder enzym heeft optimale waarden waarbij deze het
beste werkt

* Chemicalién die aan het enzym kunnen binden
O Cofactor (zoals ijzer) of coenzym (zoals vitamines)
O Competitieve remmer (competitive inhibitor)

O Niet-competitieve remmer (non-competitive inhibitor)

HAN_UNIVERSITY
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6.4 Enzymactiviteit

(a) Normal binding

A substrate can Substrate
bind normally to the Active site
active site of an l /
enzyme.
Enzyme

inhibitor mimics the
substrate, competing
for the active site.

(b) Competitive inhibition
A competitive q\_/

Competitive
inhibitor

(c) Noncompetitive inhibition
A noncompetitive inhibitor binds q
to the enzyme away from the "'
active site, altering the shape of
the enzyme so that even though
the substrate can still bind, the

active site functions much less
effectively, if at all.

Noncompetitive inhibitor

HAN_UNIVERSITY
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