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Chapter 6

Aerobic respiration

Most eukaryotes and prokaryotes carry
out aerobic respiration. They use oxygen
to oxidize glucose to carbon dioxide
(CO2) and energy. The overall reaction
pathway for the aerobic respiration of

glucose is summarized as follows:
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Aerobic respiration involves four stages:

Glycolysis stage: in this stage the six-
carbon glucose molecule is broken down
to two molecules of three-carbon pyruvic
acid molecules.

Acetyl CoA stage: Then the pyruvic acid
molecules are oxidized to two molecules
of acetyl CoA and 2CO..

Citric acid cycle: In the citric acid cycle,
the acetyl CoA molecules are completely
oxidized to carbon dioxide, and the
resulting electrons are accepted by
hydrogen acceptors or carriers; NAD*
and FAD.

Electron transport chain: in this chain,
the reduced electron curriers NADH and
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FADH; transfer electrons and hydrogen
to the oxygen and form water

Glycolysis

Glycolysis occurs in a series of 10 steps,
each catalyzed by a specific enzyme. This
series of reactions is carried out by almost
all living cells, from bacteria to the
eukaryotic cells of plants and animals.
Glycolysis is an anaerobic process. It
occurs in the cytosol.

Glycolysis  begins with preparation

reaction in which glucose receives
phosphate group from ATP molecule. In
this step, ATP molecule is changed to
ADP. Phosphorylated glucose is known
as glucose-6-phosphate. Phosphorylation
of glucose makes it more chemically

reactive (Figure 6 - 1).

Glucose-6-phosphate is rearranged and is
converted to fructose-6-phosphate. The

fructose 6-phosphate gains another

phosphate group to form fructose 1,6-
bisphosphate by addition of phosphate
group from another ATP, which is
converted to ADP.

Fructose-1,6-bisphosphate is then split
into two 3-carbon sugars molecules. The
two sugars are glyceraldehyde-3-
phosphate (G3P) and dihydroxyacetone
phosphate.

Dihydroxyacetone phosphate is

enzymatically converted to
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glyceraldehyde-3-phosphate. Therefore,
at the end of this step, there are two
molecules  of  glyceraldehyde  3-

phosphate.

Each
undergoes dehydrogenation with NAD*

glyceraldehyde-3-phosphate

as hydrogen acceptor. Product of this
reaction is phosphoglyceric acid, which
reacts with inorganic phosphate present in
the 1,3-
bisphosphoglyceric acid. In this step,

cytosol to yield
some of the energy from the oxidation of
glyceraldehyde 3-phosphate is stored as
high-energy electrons in the NADH.

1,3-bisphosphoglyceric acid lose one

group
phosphoglyceric acid. This phosphate
united with ADP and form ATP. This

process s

phosphate and become 3-

called  substrate-level

phosphorylation.

3-phosphoglyceric acid is rearranged to
2-phosphoglyceric acid by shift of
position of phosphate group from position
3 to 2. Then 2-phosphoglyceric acid lose
water molecule and produces phospho
enol pyruvate. Each of two phospho enol
pyruvate molecules transfers phosphate
group to ADP to yield ATP and pyruvic
acid (Figure 6 - 1).

CGlingd Gl Soom S J5a%
el i 3 amall uida ) G 3
sala e Ol dla G shaall oda Aty

i g 3 2l

Ny Cliwg 3 aaall s A S
JiiwS  NAD?
oaes a Jeldll e A sy
D Gl b aa Jeldh A el jonnla sdu
-1 (e il J s sl 33 9 50 (5 e
¢3 shadll sl < Ll gl @Lu éhjualal
3 aaall jeuls 300ST e AU cany 535
e Gl IS i g

.NADH

g Gngoue

o dal

Clis gl (AU el s 301 (e a3y
_3um@453;;\} i g8 A gana
ge ahy Glingll s el s Cla g
Alaall o2 aud ATP o35 ADP

el 3ale (5 siua o 3 jdudlly

) s i A3 (man i olal
oad el g Gl puals Gl 8D aes
Y 3 psall e Dlis ill de e punse
26 5 Sl punla Gld 8.0 (aea 28y &5 D
OS by s siusd oA s sle
Jiy Cligym Jsi) sugdl s oe
ATP s ADP o) i e sene

(1 -6 JS5) el sy (aes

394



(<5}
elueese 000000 2.
ATP 3 :1
2 o
ADP B
o
et 000000 85
hosph >3
phosphate 53
H ‘.
LIO +
st 900009 £ g
phosphate % <

AT i

ADP

Fructose 1, 6
bisphosphates

:
\

i

Glyceraldehyde
3-phosphates

o

NAD
NADH+H*

N

1, 3-bisphospho
glyceric acid

ADP
ATP

3-bisphospho
glyceric acid

¢4

2-bisphospho
glyceric acid

Phospho enol ADP

ruvic acid
1 ATP

pyruvic acid

= iTi'_

2 2 2 A A

N

Dihydroxy acetone
phosphates

—

:

P
NAD \
NADH+H+>

Glyceraldehyde 3-
phosphates

€=

1, 3-bisphospho
ADP glyceric acid
ATP
3-bisphospho
l glyceric acid
2-bisphospho
1 glyceric acid
ADP Phosp_ho epol
pyruvic acid
ATP

* pyruvic acid

395



Acetyl CoA stage

In eukaryotes, glycolysis occurs in
cytosol. The resulted two pyruvic acid
molecules are transported from cytosol
into a mitochondrion, where they are
converted to two molecules of acetyl
coenzyme A (acetyl CoA). Within the
mitochondrion, pyruvic acid is oxidized
by removal of electrons and
decarboxylated by removal of CO,. A
multienzyme complex catalyzes three

reactions:

e A carboxyl group (COO) is removed
from each pyruvic acid and released
as CO.. In this reaction each of the
three-carbon  pyruvic  acid is
converted to two-carbon acetyl group
and COa.

e Each acetyl group is oxidized by
removal of electrons. A molecule of
NAD* accepts these electrons and
become reduced to NADH. The
NADH carries the high energy
electrons to the electron transport
chain (ETC).

e A compound called co enzyme-A
units with the oxidized acetyl group to

form a molecule called acetyl Co-A.

The original glucose molecule has now
been partially oxidized, yielding two
acetyl groups and two CO2 molecules.
The electrons removed cause reduction of
NAD" to NADH.
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At this point in aerobic respiration, four
NADH molecules have been formed as a
result of the catabolism of a single
glucose molecule. Two NADH molecules
were formed during glycolysis and two
during the formation of two acetyl CoA
from two pyruvic acid molecules. These
NADH molecules will be passes through
chain to form

additional ATP molecules (Figure 6 - 2).
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The citric acid cycle

Citric acid cycle represents the third stage
in aerobic respiration and it takes place in
the mitochondrial matrix. The citric acid
cycle is also known as Krebs cycle or
tricarboxylic acid cycle = TCA. It begins
with the formation of citric acid, which

has three carboxylic groups (-COOQ).

When the two-carbon acetyl group enter
citric acid cycle, it combines with a four-
carbon compound (oxaloacetic acid) to
produce a six-carbon compound; citric
acid (Figures 6 — 3 and 4). In this process,
Co-A is released to combine with a new
acetyl group when a new molecule of
pyruvic acid is oxidized. The reaction is
catalyzed by the enzyme citrate synthase.
Citric acid is then isomerized to isocitric
by the enzyme aconitase. In the
isomerization process, atoms of citric acid
are rearranged by two reactions: first,
molecule of water is removed, and then
molecule of water is added. Through
these reactions citric acid is converted to

isocitric.
The enzyme isocitric dehydrogenase
causes dehydrogenation and

decarboxylation of isocitric to yield 5-
carbon compound called a-ketoglutaric
acid. Next a-ketoglutaric acid undergoes
decarboxylation and dehydrogenation by
the a-ketoglutarate
dehydrogenase to form  4-carbon
compound called succinyl coenzyme-A.

enzyme
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Each of the last two reactions produces
one NADH and releases one molecule of
CO.. At this point, three molecules of
CO2 have been released for each pyruvic
molecule that entered the mitochondrion
(Figures 6 — 3 and 4).

The energy of the of succinyl-CoA bond
is used for synthesis of GTP from GDP
and  Pi
phosphorylation catalyzed by succinyl-

via a  substrate-level
CoA synthetase enzyme. Then GTP
transfers phosphate to ADP to yield ATP.
The resulting succinic acid is oxidized to
fumaric acid by enzyme succinate
dehydrogenase. The removed electrons
and protons from succinic acid are
transferred to the cofactor flavin adenine
dinucleotide (FAD) forming FADH..
FAD is covalently bound to the active site

of succinate dehydrogenase enzyme.

In the final two reactions of the citric acid
cycle, fumaric acid is hydrated (addition
of water) to produce malic acid, which is
subsequently  oxidized by malate
dehydrogenase to regenerate oxaloacetic
acid and produce another molecule of
NADH. The produced oxaloacetic acid is
now able to react with another acetyl-
CoA and continue the cycling (Figures 3

and 4).
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During the process of aerobic respiration,
one glucose molecule produces two
molecules of pyruvic acids. The two
pyruvic acids produce two acetyl Co-A.
The two acetyl Co-A united with two
oxaloacetic acids to produce two citric
acids. For this reason, krebs cycle must be
repeated twice for every one glucose
molecule breakdown during aerobic
respiration (Figures 3 and 4).

Oxygen is not directly involved in the
citric acid cycle; the electrons and protons
removed in the oxidation of carbon are all
accepted by NAD" and FAD. The overall
equation for the citric acid cycle is as

follows:
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Electrons transport chain

The complete oxidation of one glucose
molecule during aerobic respiration
produces six molecules of CO, and
energy. Some of this energy has been
used to produce ATP from ADP and Pi in
the  substrate-level  phosphorylation
during glycolysis and citric acid cycle.
Only four molecules of ATP have been
produced. Two ATP from glycolysis plus
one for each turn of the citric acid cycle

(Figure 6 - 5).

It was proved that, most of the energy
stored in the glucose molecule still
remains in the electron pairs. These
electrons are released by oxidation of
glucose during glycolysis, acetyl Co-A
formation and citric acid cycle. For each
molecule of glucose, a total of 12
electron pairs were released. These
electrons are accepted by the two
hydrogen carriers NAD* and FAD. Ten
electrons are accepted by NAD" and two
by FAD. These electrons are transferred
semaltenouslly with the hydrogen
protons to the hydrogen acceptors NAD*
and FAD, forming and FADHo.
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he transfer of electrons from NADH and
FADH: to oxygen is carried out through
a chain of electron carriers. This chain is

called electron transport chain.

The chain consists of four large
multimolecular complexes (complexes I,
I1, 111 and 1V) and two mobile carriers
located in the inner mitochondrial
membrane (Figure 6 - 5). The three
protein structures of the complexes I, 11I,
and IV contain electron carriers and
enzymes required to catalyze the transfer

of electrons from carrier to the next.

Each component of the chain can accept
electrons from the preceding carrier and
transfer them to the following carrier in a
specific sequence. They finally united
with oxygen and form water. In this
chain, each acceptor becomes alternately
reduced as it accepts electrons and
become oxidized when it transfers

electrons to the next acceptor (Figure).

The electrons that entering the electron
transport chain by NADH and FADH:
have a high energy content. These
electrons lose some of their energy at
each step as they pass along the chain of
electron carriers (Figure 6 — 5&6).
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The protein complexes (1, 11l and 1V) of
the chain use the energy released from
these electrons to catalyze pumping of
hydrogen ions across the inner
mitochondrial membrane, from where
hydrogen ion is less concentrated (from
the matrix of the mitochondrion) to
where it is more concentrated (into the
narrow intermembrane space) (Figure 6 -
5).

The reduced NADH transfers the two
electrons to the Complex-1 and in the
same time releases the hydrogen proton
to inside the mitochondrial matrix.
Similarly, the reduced FADH: transfers
the two electrons to the Complex-11 and
in the same time releases the hydrogen
protons to inside the mitochondrial
matrix. Then the released hydrogen ions
are pumped by the three complexes I, 111
and 1V from mitochondrial matrix to the
membrane the

inter space  of

mitochondrion (Figure 6 - 5).
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The path of electrons from NADH to
oxygen are as follows:

NAD" molecules accept electrons during
glycolysis, the formation of acetyl CoA,
and the citric acid cycle and become
reduced to NADH.

Electrons from NADH enter the electron
transport chain through complex-1. In the
same time NADH releases the hydrogen
proton to inside the mitochondrial matrix.
Complex-I contains the electron carrier
flavin mononucleotide (FMN), which
receives the two electrons from NADH
and passes them to lipid ubiquinone (also
called coenzyme-Q or Co-Q), located in
the inner mitochondrial membrane
(Figure 6 - 5). Co-Q transports electrons
from Complex-lI to Complex-111, which
contains cytochrome b. Complex-IIl,
transports electrons to cytochrome-c.
Cytochrome-c is a mobile protein on the
peripheral of inner membrane towards the
intermembrane-space side. It transfers
between and

electrons Complex-11I

Complex-IV.  Complex-IV  contains
cytochromes-a and a3. Then the electrons
move from cytochromes-a and a3 into the
matrix, where they combine with protons
(H™) and oxygen, forming water (Figure 6

-5).
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The path of electrons from FADH to
oxygen are as follows:

FAD molecules accepts electrons from
citric acid cycle and become reduced to
FADHo,.

The reduced FADH: transfers the two
electrons to the Complex-Il and in the
same time releases the hydrogen protons
inside the mitochondrial matrix. Complex
Il contains flavin adenine di-nucleotide
(FAD).

Electrons are passed from succinic acid
(in the citric acid cycle) to FAD, forming
FADH_, and then to CoQ. From CoQ, the
electrons pass through Complexes 111 and
IV to the molecular oxygen to form water.
Complex 11 is not part of the transfer of
electrons from NADH to Oa.

As the electrons make their way through
the electron transport chain, they drop to
lower energy levels. Their released free
energy is used by the three protein
complexes (I, 11 and V1) to pump protons
(H") from the matrix across the inner
the
This pumping

mitochondrial membrane  to
intermembrane  space.
generates the electrochemical proton
gradient that utilized for the synthesis of

ATP.
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In other words, as electrons flow from
NADH to Complex I then to Complex 111
and finally to Complex IV, protons are
transferred from the matrix side across the
inner membrane to the intermembrane
space. It is estimate that for each pair of
electrons moving towards the end of the
electron transport chain from NADH to
oxygen, about 10 protons are pumped out
of the matrix (Figure 6 - 5).

It was proved that, the inner membrane of
the mitochondrion is impermeable to
protons (H*). Thus, the protons that are
pumped into the intermembrane space
cannot easily move back across the inner
membrane to the matrix. The result is
formation of a concentration gradient of
protons across the inner membrane of the
mitochondrion. The gradient has much
higher concentration of protons in the
intermembrane space than in the matrix
(Figure 6 - 5).

The difference in the concentration of
protons between the intermembrane space
and the matrix produces potential energy.
The potential energy results not only from
the actual concentration difference of
protons (more hydrogen ions in the
intermembrane space than inside the
matrix) but also from the difference in
electric charges (more positive charges
inside the intermembrane than inside the
matrix).
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The potential energy is thus in the form
of an electrochemical gradient (Figure).
This energy is used by a large enzyme
complex known as ATP synthase to
synthesize ATP molecules (Figure 6 - 5).

The enzyme complex is embedded in the
inner membrane of the mitochondrion. It
has binding sites for ADP and phosphate.
Also, it has an inner channel, or pore,
through which protons can pass. When
protons flow through this channel, causes
moving down the electrochemical
gradient from the intermembrane space
back into the matrix. This moving
produces energy. The released energy is
used for the synthesis of ATP from ADP
and phosphate (Figure 6 - 5).

This mechanism of ATP synthesis is
known as chemiosmotic coupling (Figure
6 - 7). The term chemiosmotic, indicates
that the production of ATP in oxidative
phosphorylation  includes  chemical
processes and transport processes across
a membrane with selectively permeable.
Chemiosmotic includes:

e A protons gradient is formed across
the inner membrane of the
mitochondrion, and

e Potential energy stored in the gradient
is used to generate ATP from ADP
and phosphate.

SRS Jaiad ) sa (8 ()5S agall dila 1ag]
Sire daulgy A8l 038 addiud | JLeS
ATP ) @S a3l Cajmy aS oa )l

(5 - 6 JSE) ATP <y s il

Sl e LERl) 1) sera () 5Ky g 3V dina
ADP J L)l 81 e aly 0 s 35S sinall
e i ol ALK Bl Al Lyl i g
Clut Leie Cligis p Hype (Sar 4D
Jaiall @lgal sl sda A g pll
Opelaall o LA QA Sl Sl
Al i ol padll a5 edall ) saile
e ATP 1 Galal dallaidll Z8Ual) aadius

(5 - 6 J88) iy ADP

Zlsih Gl ATP Gdaal 40Y) oda
dhias (7 — 6) Libesll 4y 5aul)
ATP z) of Gle Ja Ailesll 4y ) sany)
Gl o Jaly s il 50uSY) 3
L g0 slie e JB cillee 5 Ailas

e Alaaslll 4y ) panl) Ay i)

sliall e OsSh Cligign ais e
(03200 S saall sl

P PP & LAAl seall dill o
i s 9 ADP (e ATP (oSl

411



ATP synthase complex

The enzyme complex consists of two
major portions. These two portions are,
FO, which is present within the inner
membrane of the mitochondrion, and F1,
which extends inside the matrix. Binding
sites for both ATP and ADP are located
on the F1 portion, which consists of nine
separate protein subunits. There is a
channel, or pore, connecting the
intermembrane  space  with  the
mitochondrial matrix. This channel
passes through the entire enzyme
complex. The protons flow through this
channel from intermembrane space to the
matrix i.e. they move down the
electrochemical gradient, and provides
the energy by which ATP is synthesized
from ADP and phosphate (Figure 6 - 7).

Summary of the chemiosmotic

synthesis of ATP in the mitochondrion

As electrons pass down the electron
transport chain, which forms part of the
inner mitochondrial membrane, protons
are pumped out of the mitochondrial
matrix into the intermembrane space.
This creates an electrochemical gradient.
The subsequent movement of protons
down the gradient as they pass through
the ATP synthase complex provides the
energy by which ATP is regenerated from
ADP and phosphate. Current evidence
suggests that three protons flow through
the ATP synthase complex for each
molecule of ATP formed.
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Energy released by aerobic respiration

The gained energy from complete
oxidation of one glucose molecule to
CO2 and water in aerobic respiration
equal to 36 — 38 ATP molecules. In
glycolysis, glucose is changed to fructose
1, 6 bisphosphate by the union with
phosphates from 2 ATP molecules and
converted ultimately to 2 pyruvic acids
and 2 NADH.
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Glucose + 2ATP  + 2NAD* —— 2 pyruvates + 2 NADH + 2 ATP,

The two pyruvic molecules are oxidized
and decarboxylated to two acetyl CoA,
two CO. and two NADH.

In the citric acid cycle the 2 acetyl CoA
molecules are metabolized to 4 CO2 + 6
NADH + 2 FADH; + 2 ATPs.

Because the oxidation of NADH in the
electron transport chain yields up to 3
ATPs per molecule, the total of 10
NADH molecules can yield up to 30
ATPs. The 2 NADH molecules from
glycolysis, however, yield either 2 or 3
ATPs each. The reason is that certain
types of eukaryotic cells carry out
glycolysis in the cytoplasm and the Krebs
cycle within the mitochondria. They
must transport the two molecules of
NADH produced during glycolysis
across the mitochondrial membranes.
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The process of transport requires one
ATP per molecule of NADH. Thus, the
net ATP production is decreased by two.

The prokaryotic cells lack mitochondria;
hence, they have no need to shuttle
NADH molecules. For this
bacteria are able to generate 3 ATPs for
every NADH,
during glycolysis. Thus, the maximum

reason,

even those produced

number of ATPs formed using the energy
from NADH is 28 to 30. The oxidation of
FADH; vyields 2 ATPs per molecule
(because electrons from FADH: enter the
electron transport chain at a different
location than electrons from NADH), so
the 2 FADH> molecules produced in the
citric acid cycle yield 4 ATPs.

Summing all the ATPs (2 from
glycolysis, 2 from the citric acid cycle,
and 32 to 34 from electron transport and
chemiosmosis), The complete oxidation
of one molecule of glucose in aerobic
respiration yields a maximum number of
36 to 38 ATPs. Most ATP is generated by
oxidative  phosphorylation,  which
involves the electron transport chain and
chemiosmosis. Only 4 ATPs are formed
by substrate-level phosphorylation in
glycolysis and the citric acid cycle

(Figure 6 - 8).
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Anaerobic respiration (fermentation)

In the absence of oxygen, aerobic
metabolism cannot occur, and cells must
depend on completely on glycolysis to
produce ATP. Under these conditions,
the hydrogen ions generated by
glycolysis are transferred to organic
molecules in a process called
fermentation. Bacteria carry many kinds
of fermentations, all using different types
of organic molecule to accept the
hydrogen ions from NADH and thus

recycle

Often the reduced organic compound is
an organic acid; such as acetic acid,
butyric acid, propionic acid, or lactic acid

or an alcohol.
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Ethanol Fermentation:

In yeast, the molecule that accepts
hydrogen from NADH is pyruvic acid,
the end product of glycolysis itself. Yeast
enzymes remove a terminal CO, from
pyruvic acid through decarboxylation,
producing a two-carbon molecule called
acetaldehyde. The acetaldehyde accepts a
hydrogen atom from NADH, producing
NAD" and ethyl alcohol (Figure 6 - 9).

Lactic acid fermentation:

Most animal cells regenerate NAD™*
without decarboxylation. Muscle cells,
for example, use an enzyme called lactate
dehydrogenase to transfer a hydrogen
atom from NADH back to the pyruvic
acid that is produced by glycolysis. This
reaction converts pyruvic acid into lactic
acid and regenerates NAD" from NADH.
It therefore, allowing glycolysis to
continue as long as glucose is available

(Figure 6 - 9).
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Figure 6 - 9 : Ethanol alcohol and lactic acid fermentation
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