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. mskiglouuuldooanslou (aerobic respiration)

. mskielouuuliloandiou (anaerobic respiration)

- mskuUn (fermentation)
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Introduction to Cell Respiration

(A) DIRECT BURNING OF SUGAR (B) STEPWISE OXIDATION OF SUGAR IN CELLS
IN NONLIVING SYSTEM
A .
large activation
energy overcome small activation energies
by the heat from overcome by enzymes that
a fire ]/ work at body temperature

all free energy is released
as HEAT; none is stored

free energy
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some free energy stored in
ACTIVATED CARRIERS




Introduction to Cell Respiration
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Introduction to Cell Respiration

GLYCOLYSIS
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Introduction to Glycolysis

. [nalalasa (Glycolysis)

CH,OH
: VAR R R
on [
O O ( ( U
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glucose NET RESULT: GLUCOSE — 2 PYRUVATE + 2 ATP + 2 NADH
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Introduction to Glycolysis

Energy investment phase Cleavage phase
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Glycolysis
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Glycolysis
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Glycolysis

. Jucoun 1

- nalaann phosphorylation lag ATP naldu glucose-6-phosphate (G6P)

. toulsunns:Guns:uoumst Ao hexokinase
(1saddivu 1sozyme: glucokinase)

CH20H CH20P032_
0O 0
Hexokinase
OH + ATP — OH + ADP + H*
HO OH HO OH
OH OH
Glucose Glucose 6-phosphate
(G-6P)
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Glycolysis

. Judoun 2

- msinadnnsen isomerization vov glucose-6-phosphate (G6P) 1du

fructose-6-phosphate (F6P)

. toulsunns:Guns:uoumst fAa phosphoglucose isomerase
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Glycolysis

. Jucoun 3

- Fructose-6-phosphate nn phosphorylation 10u fructose-1,6-
bisphosphate (F1,6P) lasnszuoumstidu irreversible reaction
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Glycolysis

. Jucoun 4
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Glycolysis

. guaaun 5
- mswasu glyceraldehyde-3-phosphate 1Ju 1,3-bisphosphoglycerate
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Glycolysis

. Jucoun 5 (ciod)

0o H
| Oxidation
H—C—OH + NAD* + H,0 ———
CH20P032_
0\\ /OH Acyl-phosphate
C formation
(dehydration)
Ff———?-——{)H + P —_
CH,0PO%2-
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Glycolysis

. Jucoun 5 (ciod)

®) Oxidation Acyl-phosphate
formation

Enzyme @

reactants 5 Enzyme
o products
Q
g

Free energy —

Reaction progress —
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Figure 16.3 Free-energy profiles for
glyceraldehyde oxidation followed by
acyl-phosphate formation. (A) A
hypothetical case with no coupling between
the two processes. The second step must
have a large activation barrier, making the
reaction very slow. (B) The actual case with
the two reactions coupled through a
thioester intermediate. The thioester
intermediate is more stable than the reactant,
and, hence, its formation is spontaneous.
However, the intermediate is less stable than
the product, which forms spontaneously.
Thus, the barrier separating oxidation from
acyl-phosphate formation is eliminated.
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Glycolysis

. Jucoun 6

. 1,3-bisphosphoglycerate 1Wasuidu 3-phosphoglycerate (3PG) ua:zinis
Ina substrate-level phosphorylation (Dniswaca ATP)

. toulsunns:Guns:uoumst Asa phosphoglycerate kinase

2- —
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C G
Phosphoglycerate ‘
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1,3-Bisphosphoglycerate 3-Phosphoglycerate
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Glycolysis

. guaoun 7
. 3-phosphoglycerate Wasuidu 2-phosphoglycerate
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Glycolysis

. gucioun 8
. 2-phosphoglycerate Wasuidu phosphoenolpyruvate (PEP)

. toulsunns:guns:uounisi Ao enolase

Dr Supanut Pairohakul

o. .0
\\C// H20
H—C—OP032~ - .
Enolase
H—C—OH
H

2-Phosphoglycerate

!

, 2-
o= A

Phosphoenolpyruvate

20




Glycolysis

. Jucoun 9

. Phosphoenolpyruvate (PEP) wWasuldu pyruvate ua:imsiia substrate-
level phosphorylation waaidu ATP du

. 1oulsunns=Guns:=uoumsi fio pyruvate kinase
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? + HY ATP
PO32-
O/C\ AP0 \/ o~ \C 70
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Glycolysis

Table 16.1 Reactions of glycolysis

AG®" in k] mol ™!

AGin k] mol™!

Step  Reaction Enzyme Reaction type (kcal mol 1) (kcal mol ™)

1 Glucose + ATP — glucose Hexokinase Phosphoryl transer —16.7 (—4.0) —33.5 (—8.0)
6-phosphate + ADP + H”

2 Glucose 6-phosphate =— Phosphoglucose Isomerization +1.7 (+0.4) —2.5(—0.6)
fructose 6-phosphate isomerase

3 Fructose 6-phosphate + ATP ——> Phosphofructokinase ~ Phosphoryl —14.2(—3.4) —22.2(—5.3)
fructose 1,6-bisphosphate + transfer
ADP + H'

4 Fructose 1,6-bisphosphate == Aldolase Aldol cleavage +23.8 (+5.7) ~1.3(-0.3)
dihydroxyacetone phosphate +
glyceraldehyde 3-phosphate

g Dihydroxyacetone phosphate == Triose Phosphate Isomerization +7.5(+1.8) +2.5 (+0.6)
glyceraldehyde 3-phosphate isomerase

6 Glyceraldehyde 3-phosphate + Glyceraldehyde Phosphorylation +6.3 (+1.5) —1.7(—0.4)
P, + NADT — 3-phosphate coupled to
1,3-bisphosphoglycerate + dehydrogenase oxidation
NADH + H”

7 1,3-Bisphosphoglycerate + ADP Phosphoglycerate Phosphoryl —18.8 (—4.5) +1.3(+0.3)
== 3-phosphoglycerate + ATP kinase transfer

8 3-Phosphoglycerate =— Phosphoglycerate Phosphoryl shift +4.6 (+1.1) +0.8 (+0.2)
2-phoshoglycerate mutase

9 2-Phosphoglycerate =— Enolase Dehydration +1.7 (+0.4) —3.3(—0.8)
Phosphoenolpyruvate + H,O

10 Phosphoenolpyruvate + ADP + H* Pyruvate kinase p hoslghoryl —31.4(—7.5) —16.7 (—4.0)

transter

— pyruvate + ATP

Note: AG, the actual free-energy change, has been calculated from AG®" and known concentrations of reactants under typical physiological conditions. Glycolysis can

proceed only if the AG values of all reactions are negative. The small positive AG values of three of the above reactions indicate that the concentrations of metabolities
in vivo in cells undergoing glycolysis are not precisely known.
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Glycolysis - Pyruvate Fate

- Pyruvate Fate

Glucose

l@

glycolysis

Pyruvate
N\
oxidative
phosphorylation /. alcoholic
citric acid homolactic fermentation
cycle fermentation
\
CO, H,0 Lactate CO, Ethanol
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Glycolysis - Pyruvate Fate

- Pyruvate Fate - Alcoholic Fermentation

(.|) NADH
- Ht  CO + H*  NAD*
.C 0 2 H O H OH
N N /
0) (|Z U X ? U \ H”C
Pyruvate Alcohol
CHs decarboxylase CHs dehydrogenase CHs
Pyruvate Acetaldehyde Ethanol

- Pyruvate Fate - Lactic Acid Fermentation

NADH ,
0 + H*  NAD* 0‘\ O
- ¢ \ /
O'}C\Cyo - -~ HO— C—H
| Lactate |
CH dehydrogenase CHz
3
Pyruvate Lactate
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Glycolysis - Pyruvate Fate

a)
+ +
COOH NADH+H NAD COOH GOOH
(l::O - = HO—(|:H H(‘: —OH
CH, CH, CH,
Pyruvate L-Lactate  or  D-Lactate
+ +
COOH COOH NADH+H NAD COOH  COOH
?=0 +HJ—?H ‘hu?—n CH
CH, R CH,
Pyruvate + o.- Aminoacid Opine
b)
?OOH ClEOOH ('l.!OOH (|:00H (l.ZOOH (|300H
H?—H—?H H(lz—u——CH2 H(].I—H—ClH
CH, (ﬁ:H.‘,)3 CH,3 CH, CH,
"llH D-Strombine meso-Alanopine
I
H,N NH
Octopine
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COOH
HC —N —CH,
| H |
CH  GH,
SO H

Tauropine

Table 14.5. Activities (U/g fr. wt.) in various animals of D-
and L-lactate dehydrogenase (LDH), strombine dehydro-
genase (StrDH), alanopine dehydrogenase (AloDH) and
octopine dehydrogenase (ODH) [84]

LDH StrDH AloDH ODH

Porifera

Halichondria panicae (total) 0 0.1 0 0
Nemertina

Cerebratulus lacteus 05 0 3.0 50
(proximal end)

Mollusca

Littorina littorea (foot) 142 0 2.4 0
Nassa mutabilis (foot) 10.7 2.4 29 186
Buccinum undatum (various 3.1 0 9.3 69
muscles)

Mytilus edulis (adductor) 13.3 4.9 2.7 17.5
Cardium edule (adductor) 9.0 9.7 7.5 30.6
Cardium edule (foot) 11.2 33 2.5 15.6

Cardium tuberculatum 4.0 18.1 22 117
(foot)

Lima hians (adductor) <0.1 4.1 4.6 60
Ensis siliqua (foot) 09 6.1 13.6 167
Sepia officinalis (mantle) 03 0 0 97
Annelida, Sipunculida

Nephthys hombergi (body 0 44 50 0
wall)

Nereis diversicolor (total) 49 0 0 0
Arenicola marina (body 0.2 4.0 45 0
wall)

Glycera convoluta (total) - 52 171 -
Sipunculus nudus (body  <0.05 9.2 49 445

wall)

-, not determined




Glycolysis - Pyruvate Fate

TABLE 3-11
Stoichiometry of ATP synthesis by various anaerobic metabolic pathways for glucose (Glu)
and glycogen (Glc) compared with aerobic metabolism; the ATP yield is expressed as pmole
mg~' of the end product. (Modified from de Zwaan 1983.)
pm ATP

mg~'
Anaerobic Metabolism
Glu + 2 ADP - . 2 lactate + 2 ADP 11.2
Glc + 3 ADP > 2 lactate + 3 ATP 16.7
Glc + 3 ADP 2 lysopine + 3 ATP 7.3
Glc + 2 Arg + 3 ADP 2 octopine + 3 ATP 6.4
Glc + 2Gly + 3 ADP — 2 strombine + 3 ATP 11.1
Glc + 2 Ala + 3 ADP — 2 alanopine + 3 ATP 10.1
Glu + 4 ADP 2 acetate  + 4 ATP 33.9
Glc + 2 Asp + 4.71 ADP—— 1.71 succinate + 1.14 CO, + 2 Ala + 4.71 ATP 23.7
Glc + 0.86 CO, + 4.71 ADP — 1.71 succinate + 4.71 ATP 23.7
Glc + 6.43 ADP _ 1.71 propionate + 0.86 CO, + 6.43 ATP 515
Aerobic Metabolism
Glu + 60, + 38 ADP — 6 CO, + H,O + ATP 144
Glc + 6 O, + 39 ADP 6 CO, + 5 H,O + 39 ATP 148
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Glycolysis - Fructose and Galactose

Glucose

v

Glucose-6P
(G-6P)

v

{ Fructose [ Fructose-6P J
(

adipose tissue) (F-6P)

{ Galactose

v

F-1,6-BP

Lo el R
; 2x

Pyruvate
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Glycolysis - Fructose and Galactose

(@)
Trehalose Lactose HO o H
trehalase lactase
OH H
* H OH
CH.OH H.0  Dietary Endogenous
§ 0 « ./  glycogen; starch glycogen i OH
H H o-amylase D-Galactose
H v
OH H '
Sucrose HO OH bhosphorylase UDP-galactose
v
sucrase H OH Glucose ~ «—— UDP-glucose
p-Glucose - I-phosphate CH,OH
hexokinase O
phosphogluco- H H H
HOCHZ CH 20H mutase
0 OH HO
Glucose
H HO
6-phosphate
H OH pnosp H H
OH H ATP D-Mannose
D-Fructose nexokinase AT%exokmase

ATP lfructokinase

Fructose 1-phosphate

fructose 1-
phosphate
aldolase

( !

Glyceraldehyde + Dihydroxyacetone
phosphate

ATP

S

triose triose phosphate
kinase isomerase
Glyceraldehyde

Fructose Mannose 6-phosphate

6-phosphate
phosphomannose

isomerase

Fructose
1,6-bisphosphate

3-phosphate
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Glycolysis - Control and Regulation

- msaouaulnalalada (Glycolysis Regulation) - Muscle Fiber

. msaouauo:tnaduluduaaunidu irreversible reaction

- Phosphofructokinase (PFK)

- Hexokinase

- Pyruvate kinase
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Glycolysis - Control and Regulation

Allosteric ATP  AMP, ADP
regulators \ |
\ \
@
Fructose 6- + ATP > Fructose 1,6- + ADP
phosphate ® @ bisphosphate
A A
] [

\ \
citrate fructose 2,6-

bisphosphate

L‘ LA

Fructose 7 / _7

1,6-bis-
phosphate

Gluconeogenesis

)

ATP Fructose 6-phosphate P,
X «<---- ATP
<-—---ADP
PFK-1 @e———— AMP - R ® FBPase-1
® <———- citrate
ADP H,0

, Fructose 1,6-bisphosphate
Allosteric -
regulators J,

(ATP) Glycolysis
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Glycolysis - Control and Regulation

AT REST
(glycolysis inhibited)

Glucose
Hexoklnase DQ .
Negative
Glycogen <—— Glucose 6-phosphate feedback
y
Fructose 6-phosphate
PFK
Nllldllr|  Fructose 1,6-bisphosphate
\l/ High energy
charge
ATP % ATP/AMP
I Phosphoenolpyruvate
Relaxed ATP %Pyruvate kinase S
muscle

fiber Pyruvate
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DURING EXERCISE
(glycolysis stimulated)

Glucose

Hexokinase

v

Glycogen —> Glucose 6-phosphate

v Low energy
Fructose 6-phosMrge
PFK
 / © ATP/AMP
Fructose 1,6-bisphosphate
Y
ATP é/‘ Feedforward
stimulation
il Phosphoenolpyruvate
Muscle- ATP <— Pyruvate kinase ©
fiber '
contraction Pyruvate
CO, + H,0 Lactate
(long, slow run)  (sprint)
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Glycolysis - Control and Regulation

. msaouaulnalalada (Glycolysis Regulation) - Liver

- Phosphofructokinase (PFK)

- Hexokinase (ua: glucokinase)

- Pyruvate kinase
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Glucose

) 4
A 4

F-6P sl F-2,6-BP
activates PFK

PFK «<———
F-1,6-BP
HIGH BLOOD- G LOW BLOOD-
GLUCOSE - ’ GLUCOSE
LEVEL Phosphorylated LEVEL

pyruvate kinase

less active)
H,0 ADP
ATP

> Pyruvate + ATP

Phosphoenolpyruvate + ADP + H*

7o
Fructose ATP
1,6-bisphosphate  Alanine 32




Gluconeogenesis

M [ = Pyruvate Ol("\cyo
| - - ATP, HCO ‘
+ Gluconeogenesis R

|:mﬁ Oxaloacetate oi/’é‘:\ C/Ez\ c,/.-C’
— — Phosphoenolpyruvate || Gre 5 l) i
. Ns:uouMSAvlnsIzinalaaoin f = ror
Phosphoenolpyruvate ﬁ
noncarbohydrate precursor < e 40 S
] — 2" 2-Phosphoglycerate H —\i‘/—OPO;,z'
. 18u lactate, nsaa:i0lu ua: glycerol
. Omiswasu pyruvate 1Ju glucose o
[W:I Phcspgr?agbécerate _/. . ) OzPO\C/’
- Lils upnsergaunauvav glycolysis 1 SIS
- unuindanylumssnus:=aunalaalizaon e ot

o}
Fructose 1,6-bisphosphate HO
OH
Fructose ra H;0
1, 6-bisphosphatase |

0
Fructose 6-phosphate HO
. OH
Phosphoglucose H
isomerase -
| H,0P0;?
Glucose 6-phosphate
phosp oH
HO OH
Glucose ( —Ha0

6-phosphatase N p CH,0H
! i

Glucose OH
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Gluconeogenesis

Cytoplasm
Matrix
Pyruvate (
CO, + ATP
Oxaloacetate
NADH + H*
) "‘&w NAD*

Malate

— | =

Malate
NAD*

> NADH + H*
v

Oxaloacetate

[ Glucose ]

|

GLYCOLYSIS l'

Fructose 6-phosphate

N

F-2,6-BP (9
AMP ()
ATP ()
Citrate (O
H* (O

(<) F-2,6-BP

(& AMP

(@) Citrate

Phosphofructo- Fructose
kinase 1, 6-bisphosphatase

Fructose 1,6-bisphosphate

VS

1 lSeveraI steps

Phosphoenolpyruvate

S

(= ADP

Phosphoenol-
pyruvate
carboxykinase

F-1,6-BP (+)
ATP ()
Alanine (5

Pyruvate
kinase Oxaloacetate

Pyruvate
carboxylase

Pyruvate

() Acetyl CoA
(= ADP

GLUCONEOGENESIS
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