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ife Is Work

e Living cells require energy from outside sources to
do work

e The work of the cell includes assembling polymers,
membrane transport, moving, and reproducing

e Animals can obtain energy to do this work by
feeding on other animals or photosynthetic
organisms
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e Energy flows into an ecosystem as sunlight and
leaves as heat

e The chemical elements essential to life are recycled

e Photosynthesis generates O2 and organic
molecules, which are used in cellular respiration

e Cells use chemical energy stored in organic
molecules to generate ATP, which powers work
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oncept 10.1: Catabolic pathways yield energy by
oxidizing organic fuels

e Catabolic pathways release stored energy by
breaking down complex molecules

e (Electron transfer plays a major role in these
pathways

¢ These processes are central to cellular respiration
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atabolic Pathways and Production of ATP

e The breakdown of organic molecules is exergonic

e Fermentation is a partial degradation of sugars that
occurs without O2

e | Aerobic respiration,consumes organic molecules
and O2 and yields ATP ™ st e§fichmnk -

e (Anaerobic respiration is similar to aerobic respiration
but consumes compounds other than O2

dowl ‘o) Sowma Qrb\cw:Io‘qv)
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e Cellular respiration includes both aerobic and
anaerobic respiration but is often used to refer to
aerobic respiration

e Although carbohydrates, fats, and proteins are allmt&,‘\3
consumed as fuel, it is helpful to trace cellular —2

. . : owm ovemk—
respiration with the sugar glucose )— i‘fﬁ?‘%ﬁ&w .
COAA S .,

C6H1206 + 6 O2 — 6 CO2 + 6 H20 + Energy (ATP + heat)
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edox Reactions: Oxidation and Reduction

e The transfer of electrons during chemical reactions
releases energy stored in organic molecules

e This released energy is ultimately used to
synthesize ATP
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he Principle of Redox

e Chemical reactions that transfer electrons between
reactants are called oxidation-reduction reactions, or
redox reactions

e |n oxidation, a substance loses electrons, or is
oxidized

¢ |n reduction, a substance gains electrons, or s
reduced (the amount of positive charge is reduced)
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Figure 10.UNO1
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Figure 10.UNO2
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e The electron donor is called the reducing agent
e The electron receptor is called the oxidizing agent

e Some redox reactions do not transfer electrons but
change the electron sharing in covalent bonds

\r degrenot
e An example is the reaction between methane and
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Figure 10.3
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xidation of Organic Fuel Molecules During
Cellular Respiration

e During cellular respiration, the fuel (such as glucose)
Is oxidized, and O2 is reduced

e Organic molecules with an abundance of hydrogen
are excellent sources of high-energy electrons

e Energy is released as the electrons associated with
hydrogen ions are transferred to oxygen, a lower
energy state

T Catabolic pofliweyh
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tepwise Energy Harvest via NAD+ and the
Electron Transport Chain

e |n cellular respiration, glucose and other organic
molecules are broken down in a series of steps

e Electrons from organic compounds are usually first
transferred to NAD+, a coenzyme

e As an electron acceptor, NAD+ functions as an
oxidizing agent during cellular respiration

e Each NADH (the reduced form of NAD+) represents
stored energy that is tapped to synthesize ATP
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Figure 10.4

N -
\ox RNV ;&,
\“
o~ ‘A

'\T\\"’“ ——— =>:Ss\ wown

2¢e +H*t \

[ NAD | :
Y NAD H
H o Dehydrogenase H l

: L
| Reduction of NAD+ I

= C—NH2 + 2[H - = C—NH2 + H*
| (fro food) Oxidation of NADH | | |

~ 4
N* Nicotinamide
(oxidized form)

Nicotinamide

N
I (reduced form)
|

/’5

4 ' oL
H4</|N)N\H e’hwﬂﬂ

3

(4]

o
o

W\
e

© 2018 Pearson Education Ltd.



Figure 10.4a
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Figure 10.4b
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Figure 10.UN0O4
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To homilor o € From NADH to Oxgoanis @XNJO™S
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e NADH passes the electrons to the electron

. oM sk SRV M gvunden e
transport chain - Byt A recadie

e Unlike an uncontrolled reaction, the electron L\ eyl
transport chain passes electrons in a series of steps
instead of one explosive reaction

e O2 pulls electrons down the chain in an energy-
yielding tumble {> O, s analegers o qraaily

e The energy yielded is used to regenerate ATP

© 2018 Pearson Education Ltd.



Figure 10.5
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he Stages of Cellular Respiration: A Preview

e Harvesting of energy from glucose has three stages

Glycolysis (breaks down glucose into two
molecules of pyruvate)

The citric acid cycle (completes the breakdown of
glucose)

Oxidative phosphorylation (accounts for most of
the ATP synthesis)
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Figure 10.UNO5

(Il GLYCOLYSIS (color-coded blue throughout the chapter)
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(color-coded light orange and dark orange)

3 OXIDATIVE PHOSPHORYLATION: Electron transport and
I chemiosmosis (color-coded purple)

© 2018 Pearson Education Ltd.



Figure 10.6_3
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e The process that generates almost 90% of the ATP
Is called oxidative phosphorylation because it is
powered by redox reactions

e A smaller amount of ATP is formed in glycolysis and
the citric acid cycle by substrate-level
phosphorylation
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e For each molecule of glucose degraded to CO2 and
water by respiration, the cell makes up to 32

molecules of ATP 7 29
20 &
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e We can use money as an analogy for cellular
respiration:

e Glucose is like a larger-denomination bill—it is worth
a lot, but it is hard to spend

e ATP is like a number of smaller-denomination bills of
equivaIth value—they can be spent more easily

e Cellular respiration cashes in a large denomination of
energy (glucose) for the small change of many

molecules Ofﬂf’)__a 2.7k A/l
Cellulow ]

(5 . "
F3x32 o 2uv Aoy o g e
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oncept 10.2: Glycolysis harvests chemical
energy by oxidizing glucose to pyruvate

o Glycolysis ("sugar splitting”) breaks down glucose
into two molecules of pyruvate J» = et kg

QWW\]: C ocid.

e Glycolysis occurs in the cytoplasm and has two
major phases

o Energy investment phase 1> — 2AT P
o Energybayoff phase > + “1aTf + 2NADH
e Glycolysis occurs whether or not O2 is present

l\)o COL IAACAGSS VBN VW Q7\‘j C-D\dsl\s.

— 1 = 2 A
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Figure 10.8
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Figure 10.9a
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Figure 10.9b
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oncept 10.3: After pyruvate is oxidized, the citric
acid cycle completes the energy-yielding
oxidation of organic molecules

e In the presence of O2, pyruvate enters a
mitochondrion (in eukaryotic cells), where the
oxidation of glucose is completed
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xidation of Pyruvate to Acetyl CoA

e Before the citric acid cycle can begin, pyruvate must
be converted to acetyl coenzyme A (acetyl CoA),
which links glycolysis to the citric acid cycle

e This step is carried out by a multienzyme complex
that catalyzes three reactions

Oxidation of pyruvate and release of CO2
Reduction of NAD+ to NADH

Combination of the remaining two-carbon fragment
and coenzyme A to form acetyl CoA
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Figure 10.10
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he Citric Acid Cycle wewe 32 1S/ A
—rV‘chlaoxj\ e Acd C.UGLQ_

N A — mmle,\
e The citric acid cycle, also called the Krebs cycle,
completes the breakdown of pyruvate to CO2

e The cycle oxidizes organic fuel derived from
pyruvate, generating 1 ATP, 3 NADH, and 1 FADH2

er turn
P \Qv QNery acnhgk—CoA_ 1+?-s’+l.5]

L — Supiwd = 16 ATP
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e The citric acid cycle has eight steps, each catalyzed
by a specific enzyme

e The acetyl group of acetyl CoA joins the cycle by
combining with oxaloacetate, forming citrate

e The next seven steps decompose the citrate back to
oxaloacetate, making the process a cycle

e The NADH and FADHZ2 produced by the cycle relay
\ / \ S
electrons extracted from food to the electron

transport chain 5311} pex acetyl—Co A
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Figure 10.UNO8
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Figure 10.11
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Figure 10.11a
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Figure 10.12_8
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oncept 10.4: During oxidative phosphorylation,
chemiosmosis couples electron transport to
ATP synthesis

e Following glycolysis and the citric acid cycle, NADH
and FADH2 account for most of the energy extracted

_ by exi1dabive
from food \— (2.5%26+ 15 2) = 28 Aﬁ'?w\i:pmywm

e These two electron carriers donate electrons to the
electron transport chain, which powers ATP
synthesis via oxidative phosphorylation
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he Pathway of Electron Transport

‘i e plodma

e The electron transport chain is in the inner}f MM rOML
membrane (cristae) of the mitochondrion

e Most of the chain’s components are proteins, which
exist in multiprotein complexes = {1,,, V¢ &

e Electrons drop in free energy as they go down the
chain and are finally passed to O2, forming H20

e Electron carriers alternate between reduced and
oxidized states as they accept and donate electrons
® Mdt'levo{:tkw ComUNG2)  ove \'\j‘/\klz, bound to Brottuatic
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e Electrons are transferred from NADH or FADHZ2 to
the electron transport chain

e Electrons are passed through a number of proteins
including cytochromes (each with an iron atom) to

02

e The electron transport chain generates no ATP
directly

e |t breaks the|large free-energy drop|from food to O2
iInto smaller steps that release energy in manageable

amounts @ AG gewy frewn NAM\—% O,

_—_-—53 lLCok/vvw,L [)L}ro 3y =F3%25
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Figure 10.UN09
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hemiosmosis: The Energy-Coupling Mechanism

e The energy released as electrons are passed down
the electron transport chain is used to pump H+ from
the mitochondrial matrix to the intermembrane space

e H-+ then moves down its concentration gradient back
across the membrane, passing through the protein
complex ATP synthase > wiidr assembls™ ATP

<
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\e\rw& "V\NR

&M'\\cc Civages .
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e H+ moves into binding sites on the rotor of ATP

synthase, causing it to spin in a way that catalyzes
phosphorylation of ADP to ATP

e This is an example of chemiosmosis, the use of
energy in a H+ gradient to drive cellular work

© 2018 Pearson Education Ltd.



¥ Figure 10.13 ATP synthase, a molecular mill. Multiple

ATP synthases reside in eukaryotic mitochondrial and
chloroplast membranes and in prokaryotic plasma membranes.

See Figure 7.32bandc)
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e Certain electron carriers in the electron transport

chain accept and release H+ along with the electrons

e |n this way, the energy stored in a'H+ gradient'
across a membrane couples the redox reactions of
the electron transport chain to ATP synthesis

e The H+ gradient is referred to as a proton-motive
force, emphasizing its capacity to do work
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Figure 10.15a
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n Accounting of ATP Production by Cellular
Respiration

e During cellular respiration, most energy flows in this
sequence: O

glucose — NADH — electron transport chain —
proton-motive force — ATP

e About 34% of the energy in a glucose molecule is
transferred to ATP during cellular respiration, making
about 32 ATP 2 soq s wally ff 24 % (Qink fadbmeoied.

e The rest of the energy is lost as heat
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Figure 10.16d
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e There are th reasons why the number of ATP is
not known exactly

Photophosphorylation and the redox reactions are
not directly coupled; the ratio of NADH to ATP
molecules is not a whole number

o

ATP yield varies depending on whether electrons
are passed to NAD+ or FAD in the mitochondrial
matrix c.os b Sk S Brom colls.

(mito. FAon,)

¢ The proton-motive force is also used to drive other
kinds of work such ah wpteke oL pyravele frown tue Cybusal,
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oncept 10.5: Fermentation and anaerobic
respiration enable cells to produce ATP without
the use of oxygen

e Most cellularXspiration depends on electronegative
oxygen to pull electrons down the transport chain

e Without oxygen, the electron transport chain will
cease to operate

e In that case, glycolysis couples with anaerobic
respiration or fermentation to produce ATP
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e Anaerobic respiration uses an electron transport
chain with a final electron acceptor other than .
oxygen, for example, §u|fate}» oo woaing. bacttria

e Fermentation uses substrate-level phosphorylation

iInstead of an electron transport chain to generate
ATP
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ypes of Fermentation ﬁﬁ"’ 2 ATP/ Glucose
— Q °“l21 ; \aﬂ Su)ﬁs’rra/f:tf‘ﬁwd
r ‘—’/;' pWosylhov y'(u/HW.
e Fermentation consists of glycolysis plus reactions
that regenerate NAD+, which can be reused by

glycolysis

e Two common types are alcohol fermentation and
lactic acid fermentation
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e |n alcohol fermentation, pyruvate is converted to

ethanol in two steps o Formivy WMMHO
HsC
o The first step releases CO2 from pyruvate’ S.wi\,vul-

e The second step produces NAD+ and ethanol

e Alcohol fermentation by 'yeast is used in brewing,

winemaking, and baking Q
> @
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Figure 10.17a

) ngﬁ\;
. o woW.-
/ TN 2 Pyruvate 7 J

2 [NAD 2 NADH 2@
+ + 2

H /\ ox._ H+ H Lined

| | »
H—C_OH C=o Q,\QC/'\'TW\

| < NAD REGENERATION | ] acteptoy

CH,4 4 red.. | CHg Cﬂdw& Xo
2 Ethanol 2 eXnoal.

Acetaldehyde
(a) Alcohol fermentation

© 2018 Pearson Education Ltd.



e |n lactic acid fermentation, pyruvate is reduced by
NADH, forming NAD+ and lactate as end products,
with no release of CO2 N 2C = Py rovode (AC=0)

e Lactic acid fermentation by some fungi and bacteria

IS used to make cheese and Xogurt‘ Sk erodunohs

e Human muscle cells use lactic acid fermentation to
generate ATP during strenuous exercise when O2 is
scarce
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Figure 10.17b
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What about lactate production in humans? Previously,
we thought that human muscle cells only produced lactate
when O, was in short supply, such as during intense exercise.
Research done over the last few decades, though, indicates
that the lactate story, in mammals at least, is more compli-
cated. There are two types of skeletal muscle fibers. One (red
muscle) preferentially oxidizes glucose completely to CO,; the
other (white muscle) produces significant amounts of lactate
from the pyruvate made during glycolysis, even under aero-
bic conditions, offering fast but energetically inefficient ATP
Production. The lactate product is then mostly oxidized by
red muscle cells in the vicinity, with the remainder expo_rted
to liver or kidney cells for glucose formation. Because this .lac-
tate production is not anaerobic, but the result of glycolysis

i : term
"N these cells, exercise physiologists prefer not to use the

f SMmentation,
\

During strenuous exercise, when carbohydrate catabolism
outpaces the supply of O, from the blood to the muscle, lac-
tate can’t be oxidized to pyruvate. The lactate that accumu-
lates was once thought to cause muscle fatigue during intense
exercise and pain a day or so later. However, research suggests
that, contrary to popular opinion, lactate production actually
improves performance during exercise! Furthermore, within
an hour, excess lactate is shuttled to other tissues for oxida-
tion or to the liver and kidneys for production of glucose or
its Storage moIeCIile, glycogen. (Nextday muscle soreness is
more likelyv caused by trauma to cells in small muscle fibers,
Which leads to inflammation and pain.)



omparing Fermentation with Anaerobic and
Aerobic Respiration

e All use glycolysis (net ATP = 2) to oxidize glucose
and harvest the chemical energy of food

e In all three, NAD+ is the oxidizing agent that accepts
electrons during glycolysis\« 1 Avrobic Res V-W,,,{,',Dm

2 Aneoevobic RdV
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e The processes have different mechanisms for e/
oxidizing NADH to NAD+: Jos EA; welt

e In fermentation, an organic molecule (such as

p?ruvate or acetaldehyde) acts as a final electron

acceptor\b loth ¢ wttd form > dlehol formanhohion

e In cellular respiration, electrons are transferred to the
electron transport chain finsllay—to Qo e~ wotley

. N
» vebit o Yab 1¢

e Cellular respiration produces 32 ATP per glucose
molecule; fermentation produces 2 ATP per glucose

molecule |
(£75) o fcmb ﬁﬁlmu—,q’rpuzul_
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e Obligate anaerobes carry out fermentation or

anaerobic respiration and cannot survive in the
presence of O2

o\ ”,,bl\‘jo\)fe’ o0

e Yeastand many bacteria are facultative
anaerobes, meaning that they can survive using
either fermentation or cellular respiration

e |n a facultative anaerobe, pyruvate is a fork in the
metabolic road that leads to two alternative catabolic
routes - o\@Qmﬁww& o X prefoma oé/ O, .

@ 'llA,()V'dJV 45\, o o[aw.lba)d\/{- anaerobe o ()rodﬂ-t& ATP oF Tva some
voAke oS VLS()\'vwl"\em \oj %wxwﬁﬁﬁ““; W wnast  GewSume sugowr al o
_Gmgl-w voke — ook 1@ Hymas fosber covgumnplion-
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Figure 10.18
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he Evolutionary Significance of Glycolysis

e (Glycolysis is an ancient process

Early prokaryotes likely used glycolysis to produce
ATP before O2 accumulated in the atmosphere

Used in both cellular respiration and fermentation, it
Is the most widespread metabolic pathway on Earth

This pathway occurs in the cytosol so does not
require the membrane-bound organelles of
eukaryotic cells
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oncept 10.6: Glycolysis and the citric acid cycle
connect to many other metabolic pathways

e Gycolysis and the citric acid cycle are major
Intersections to various catabolic and anabolic
pathways
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he Versatility of Catabolism

e Catabolic pathways funnel electrons from many
Kinds of organic molecules into cellular respiration

e Glycolysis accepts a wide range of carbohydrates
iIncluding starch, glycogen, and several
disaccharides

e Proteins that are used for fuel must be digested to
amino acids and their amino groups must be

removed > de guminokion Qrocess
VWA c:)vbw@r WV e exo've’c&cl Qs N\'\’j )

wea, or oflun woalte QV"de
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e Fats are digested to glycerol (used to (produc?

compounds needed for glycolysis) and fatty acids

o Fatty acids are broken down by beta oxidation and
yield acetyl CoA,(NADH, and FADH2{ “z=72 7
~

o 9oLS b TCAuk — ETC — |o ~} ATP ]
An oxidized gram of fat produces more than twice as

much ATP as an oxidized gram of carbohydrate

due B thr
oo ndomtp 0(‘]2 (C+H)
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Figure 10.19_1
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iosynthesis (Anabolic Pathways)

e The body uses small molecules from food to build
other their own molecules such as proteins

e These small molecules may come directly from food,
from glycolysis, or from the citric acid cycle

These  ondmlic PMS cnswl TP

? wA to
e.(7. 5 Ai«ba‘ds otuer A-acids [—,VL""""“IWMJ
&Q}T‘jl—C.OA ’fuﬁj acsds
pﬂvwvv’l'@ 3\\&005&‘
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egulation of Cellular Respiration via Feedback

. f . an endpreduct whibits an euzyme ok
Mechanisms - Gh  cakalyues om early Step of the patiwsey

- #
o rFreedback Inhibition is the most common mechanism

for metabolic control

e |f ATP concentration begins to drop, respiration
speeds up; when there is plenty of ATP, respiration
slows down

e Control of catabolism is based mainly on regulating
the activity of enzymes at strategic points in the
catabolic pathway
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Figure 10.20 ¥ Figure 10.19 The control
enzymes at certain points in ti
inhibitors and activators that
citric acid cycle. Phosphofru

in glycolysis (see Figure 10.8,

“enzyme. Itis stimulated by A

nd by citrate. This f

He subshrate
posses step (3)

it is commibted
irrevursi\oly b e

\

respir

. the cell’s catab
‘FhDSFhD-fwc"bk\mz ‘on as e catabo gkjco\&jﬁs ed:quv 5
is considered ta U ‘ i.c. phosphofructo kinase
Pacemkw % B GLYCOLYSIS ' mlubition i3 erucial
mmnaew\mh-
| )

\St?/[’ kS re_jw\a.:\'va

ie- ATP " jmwivits
citrakt

AMp — Stiwulates
njuhbz Hre vate .}

Ql/cof)/sig.

Gt

Oxidative
phospheorylati

© 2018 Pearson Education Ltd.



Figure 10.UN11
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Figure 10.UN12
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Figure 10.UN16
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Figure 10.UN17
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Figure 10.UN18
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