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Glucose as Energy Substrate
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* To function properly, our cells are in need for
energy which can be generated from the
metabolism of various biomolecules such as

carbo

 Actua

nydrates, proteins and lipids

ly CHO particularly glucose is a'major

energy substrate in certain tissues like brain

* What are the metabolic pathways of glucose
inside our cells?
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* Glycolysis Is the metabolic pathway which converts

glucose ruvate molecules (3 g)
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* It occursiin the cell cylosol <rwese <nii cie iy in
Mikochondria

. Glycoly3|s takes place In nearl¥ all organisms both
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* Glycolysis is a sequence of fen oxygen-independent and
enzyme-catalyzed steps —— & el ,obp
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» The intermediates either provide entry pomts to the cycle

or themselves directly useful (biosynthetic intermediates)
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Glycolysis
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A. Preparatory Phase

(a) Glucoso Preparatory phase
Phosphorylation of glucose
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A. Preparatory Phase @
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» Step 1: Hexokinases catalyze the ATP- dependen?_h
phosphorylation of glucose to produce glucose-6-
phosphate (G6P)

* Hexokinase is a transferase enzyme which
phosphorylates hexoses by transferring ‘an‘inorganic
phosphate from/ATP usually tothydroxyl O at C6

* Irreversible reaction (another enzyme catalyzes the
dephosphorylatlon only found in specific tissues).
Therefore, it is a target site for'cycle regulation

* This first priming reaction is important to maintain
the influx_of glucose through glucose transporters
(GLUTs) and at the same time to trap the
transported glucose molecules inside the cell
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Hexokinases @
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iIsoforms (isozymes) of hexokm@ase (I, I, M & V)

WhICh differ in their location, catalysis and
regulatlon thereby, contributing to different pattern of

g
.
p

ucose metabolism in different tissues

exokinase |, Il & lll are nonspecific and can

nosphorylate a variety of hexoses (e.g. glucose,

fructose, mannose) but typetlhis involved in catabolic
pathways like'glycolysis whereas type Il & lll are
involved in anabolic pathways like glycogenesis

+ Hexokinase 1V is called [glucokinase Jexpressed in

liver and pancreatic [3-cells. It is specific for D-
glucose
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» Glucokinase has low affinity for glucose (high
Km value) compared to others (low Km value)

* Therefore, glucokinase in liver is active only
at high blood glucose level to accumulate
G6P for glycogen synthesis but in the
pancreas it acts as glucose sensor to control

insulin release from beta cells
_p glqcose_qi:’JbLI:oJjS_' (S W

» Hexokinase isoforms (except isoform |V) are

allosterically inhibited by G6P only at high
level i inhib) For




Hexokinases @
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* Hexokinase Is an enzyme with m

sites: catalytic site (blnds substrate) and regulatory site
(allosteric site'binds effectors)

substrate

noncompetitive
(allosteric)
inhibitor

/ active site

enzyme
—

glocsse - ~ Phesbhate

Wt (v,,m) g0y JTAPIE . b

A2 allosteric

site




A. Preparatory Phase

Preparatory phase

(a) Glucose
Phosphorylation of glucose
first (i\ ATP and its conversion to
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A. Preparatory Phase @
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- Step 2: Phosphoglucoseisomerase (PGI) 24—
interconverts G6P and(FGBP (reversible reaction).

* Indeed, Mannose and Fructose can enter the
glycolysis pathway at this point
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D-glucose D-fructose
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A. Preparatory Phase

drructwes _ s cite
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A. Preparatory Phase




A. Preparatory Phase @
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Step 3: This is the rate limiting or key regulatory step.
The activity of'phosphofructokinase-1 (PFK-1) enzyme
can be controlled. PFK-1 catalyzes the
phosphorylation of hydroxyl oxygen at C1 to produce
fructose-1,6-bisphosphate

» Step 4: Aldolase enzyme catalyzes the cleavage to
. two triose phosphates: DHAP (dihydroxyacetone
“phosphate) and GAP (glyceraldehyde-3-phosphate)

The addition of the second phosphate group on C1
from the previous step destabilizes the hexose ring

and facilitates the cleavage reaction
Y eor3den atdew cre s




A. Preparatory Phase

(a) Preparatory phase

Glucose
Phosphorylation of glucose
f"ffqt . -~ ATP and its conversion to
priming @ glyceraldehyde 3-phosphate
reaction -
ADP

Glucose 6-phosphate

|

/.!-_) Hexokinase —» phosphorylation
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reaction OH H .
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Aldolase Mechanism of Action

Haworth and Fischer Projections
Equivalency

<|:+1|20Po§‘
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~20.,POCH 1 H c':3 OH
T2 5. CHa0PO03" |4 \f
— H—C—OH N
>R Ho A4 T C'I-sl OPO3" (D
H gr==1 OH e =
HO H Fructose-
Fructose-1,6-bisphosphate 1,6-bisphosphate

(FBP) (FBP)



Aldolase Mechanism of Action

Six Carbon Sugar Cleaved to Two
Three Carbon Units

O%c /CH20P032“
1 l Dihydroxyacetone
(o) CH,0P0;%" phosphate
S s HO—C—H
e 3] (DHAP)
La;jy( Aa
HO—C —H H - =
3 Aldolase
H—4C —OH g
H—C —OH "~
| Glyceraldehyde
: H—C —OH 3-phosphate
g CH20P0;3? (GAP)
o CH,0P0; | Losbyl Gan
1,6-bisphosphate
AP o What is the bond to be cleaved?
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A. Preparatory Phase

(a)

Glucoso Preparatory phase
Phosphorylation of glucose
f"qut ; -\ ATP and its conversion to
:’;:z‘t'l';rg‘ (l/’ glyceraldehyde 3-phosphate
ADP
Glucose 6-phosphate
~ / (1) Hexokinase — | phosphorylation
( ) -
(2) . . L.
H OH </ Pf‘osﬂt‘oﬁlucose —_» isomerization
S0 erase
Fructose 6-phosphate @—0—CH, O_ CH,—OH
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“eoond 3 - H OH / ~ fructokinase-1
] OH H
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two 3-carbon
sugar
hosphates
phosphates i /O
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OH H




A. Preparatory Phase @

« Step 5: Isomerization of DHAP by triose phosphate

iIsomerase (TPI)t o proceed further in glycolysis
as GAP is the substrate for the next reaction. This
reaction is reversible

0 0
Triose phosphate Il
-o—ll'—o—CI:Hz isomerase uzT—o—p—o.

0- ¢c=o0 - H—C—O0H O-

| - |

CH,OH c=o0
I
H
¢
Tracylglicenl eoospihydroxy acetone D-glyceraldehyde
phosphate 3-phosphate
% DHAPJ“”“’ Linl s GAP

\3@0&3&3 g =ty

° L Lipicl mekobolism




B. Pay Off Phase

Glyceraldehyde 3-phosphate
}

Dihydroxyacetone phosphate

® ]

0
‘/
"H—C_

OH H
®—0—CH,—C—CH,0H

®—0—CH,—

6/%/3/)q —erevers able

o et '

et

G.

al i

\M\%

VM

fw g

2

(b)

4
Glyceraldehy de J phosphate (2)

[

1,3-Bisphosphoglycerate 1‘))

Al 2 A TATy

E’ZATP

3-Phosphoglycerate (2)
A —3
2-Phosphoglycerate (2)
A f—

Phosphoenolpyruvate ( 2)

2NAD

oxidation and
phosphorylation

2INADH + H"

formlng reaction
(substrate-level
phosgphorylation)

N> 2H.0

second ATP- 2ADP
forming reaction @
(substrate-level 20 ATP
phosphorylation)

Pyruvate (2)

—

/

N o

®P)—0—CH,—CH—C

H (8]
/0
CH.,—CH—C
| I \0
OH O
/(')
CH,=C—C
(l) O
@ oD_Ij.'é_;Jl
e
CH,—C—C
“ \(_)

Payoff phase

Oxidative conversion of
glyceraldehyde 3-phosphate to
pyruvate and the coupled
formation of ATP and NADH

AP

Glyceraldehyde
—

3-phosphate
dehydrogenase

@ Phospho-

glycerate
kinase

@ Phospho- —_
glycerate
mutase

@ Enolase —
Iyr re >

Pyruvate I

kinase

oy Phespho@dation ¢, o190
(boncU__: EX)VNPSIIRN PPY

Oxidative
phosphorylation

Substrate-level
Phosphorylation

isomerization

Dehydration

Substrate-level
Phosphorylation
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Step 6: GAP dehydrogenase enzyme catalyzes the
oxidative phosphorylation of GAP,(electron donor)
into er-nigh-energyycompound (1.3-BPG) and
the transfer of electrons into the coenzyme —,
NAD*(electron acceptor) forming NADH " bt <

Q)gg\ \&v a6 SN

» Dehydrogenases are named as electrons donor
substrate -dehydrogenase ————

t eleckron eleckvon Yan
0 df\.’lwé-(a/\ accgﬁ}-of t ey -Ta
H / Glyceraldehyde 2-g po 0 .
¢ 3-phosphate N f}"fd(m
| . dehydrogenase |
H—C—OH  + NAD" + Pi+ HO ; > H—C—OH + NADH + H*
Electrons |
2- Electrons
CH,0PO; acceptor CH,0P0 32" donor
Glyceraldehyde Q2 H atoms 1,3-Bisphosphoglycerate
3-phosphate 0[ _ — — (1,3-BPG)
(GAP) re LLcmﬂ c%p/ﬁ_ ’
Electrons donor J >S5 ’D Electrons acceptor
(reductant ) <)== J-Le (oxidant)



Nicotinamide Adenine Dinucleotide 6

* NAD (Nicotinamide adenine dinucleotide) is a coenzyme
which exists in two forms: NADH (the reduced form) and

L - o ’
NAD* (the oxidized form) o Sl () 5
(&) ayoas (NADY)
B D Bagph aliy ek
s 2 e\—+ H* ﬁ (J}) Uo
) Dehydrogenase Y NADH NI
\p Moy Qo & oxidoreductase = @ glicudss fote
' D@? Reduction of NAD* ~ H__H | Qe &2
NADY : . mc— NH, |+
Oxidation of NADH e .
1o NNicotinamide /& 22 U%fx:f
DH = (ll‘— NH l (reduced form CHE e e
WADK | FADR2 4 : i Bl e G5y, dbs

: . o o~ .
A Nicotinamide — “‘L‘ggw cJelat oo Bl ghe
OERSE R ¥ Dehydrogenase enzyme

¥ removes a pair of hydrogen
atoms (2 electrons and 2
protons) from the substrate (eg.
sugar)

“ 2 electrons and 1 H+ stay on
nicotinamide leaving 1 H+



Nicotinamide Adenine Dinucleotide @

* NAD (Nicotinamide adenine dinucleotide) is a

coenzyme of dehydrogenases
(MBDH) 3 s s law)

» The reduced form NADH is ‘electrons carrier and it is
called energy rich molecule. It is an indirect form

Store the energy M electrons
Of energy e,fec,l'v’on '|'rou’)sp0f)'i.yg s l‘?"”

> Pty —e 25 ATp 1 (€) d9™

1 NADH = 2.5 ATP




B. Pay Off Phase :..

Glyceraldehyde 3-phosphate

t

Dihydroxyacetone phosphate

A
©,

e
®—o—cuz—(|:u—c\
on H

®)—0—CH,—C—CH,0¥

& suPer high energy
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(b)

Gl yceraldehyde

oxidation and
phosphorylation @

)

3-phosphate (2)

2P;
; zNAD '

1y

1,3-Bisphosphoglycerate (2)

first ATP-
forming reaction
(substrate-level
phosgphorylation)

®

2-Phosphoglycerate (2)

A

®

2ADP
2 ATP

3-Phosphoglycerate (2)

3

N> 2H.0

Phosphoenolpy ruvate (2 )

becond ATP-
forming reaction
(substrate-level
phosphorylation)

ZADY
o[ aw

Pyruvate (2)

> 2 (NADH + H*

(s}
. 7
#F—0—CH,—CH—C
| ~N
OH H
(P)—0—CH,—CH 1(‘/0
D—CH,—C ~
O
cH,—CH—
SH—C
(s}
/o
N
(s}

O
CH. —(I-f—(
% O
(9]
CH,—C—C
“ O

§

Payoff phase

Oxidative conversion of
glyceraldehyde 3-phosphate to
pyruvate and the coupled
formation of ATP and NADH

Glyceraldehyde
3-phosphate
dehydrogenase

Phospho-
glycerate
kinase

Phospho-
glycerate
mutase

Enolase

Pyruvate
kinase

@® ® O

—

Oxidative
phosphorylation

Substrate-level
Phosphorylation



B. Pay Off Phase @
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» Step 7: The first ATP molecule is generated by the =

substrate-level phosphorylation process catalyzed by
phosphoglycerate kinase (PGK)

« 2 ATP molecules will be generated in this step -

* Methods of ATP synthesis:
1. Substrate-level phosphorylation: it is a »
me_mod of ATP synthesis by an .
enzyme which catalyzes the transferiof Subs"ajﬁj
\Bhosphate group from w 906‘ ddﬁ’i”n
2. Oxidative phosphorylation: indirect 2"
method of ATP synthesis in which the I - z:;r\“;}
oxidation of NADH/FADH2 and the Product
subsequently dransferred electrons An enzyme transters phosphate

GﬁdTrectly drive ATP. synthesis from ADP oM sbetrteto AP
—_— —==

|




B. Pay Off Phase

Glyceraldehyd

¢

e 3-phosphate

Dihydroxyacetone phosphate

o A

®

e
®—o—cu2—ﬁ:u—c\
on H

®—0—CH,—C—CH,0H

(b)
Glyceraldehyde

oxidation and
phosphorylation

®

1,3-Bisphosph

first ATP-
forming reaction
(substrate-level
phogphorviatian

|

v

3-phosphate (2)

2P,
; 2NAD'

> 2 (NADH + H*

y

oglycerate (2)
2ADP

2 JATP

3-Phosphoglycerate (2)

®

3

2-Phosphoglycerate (2)

®

N> 2H.0

y

Pbosphoenolpymvate (2)

second ATP-
forming reaction
(substrate-level
phosphorylation)

@

Pyruvate (2)

Payoff phase

O Oxidative conversion of
, 7
®—O—CII._,—L|SII—C\ glyceraldehyde 3-phosphate to

OH H pyruvate and the coupled
formation of ATP and NADH
e
®—O—CH,—C|'.H—C\ K Glyceraldehyde Oxidative
OH 0—® < 3-phosphate phosphorylation
dehydrogenase
3 2 0 X (@ Phospho- > Substrate-level
®—0—CH,—CH—C glycerate Phosphorylation
| \0 kinase
OH
> = . . .
7< @ Phospho- —  isomerization
O glycerate
7
CH,—CH—C mutase
|5 No !
OH O
\W @ Enolase &Q(D
=
_ _ _/() < - [’:vruvatc
CH,==C—C kinase
[ .
O O
O
-
CH,—C—C
“ \(_)

O



B. Pay Off Phase @
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» Step 8: Phosphoglycerate mutase (PGM) is an isomerase
which catalyzes the isomerization of 3-phosphoglycerate to
2-phosphoglycerate

e [t is actually an internal shifting of P group from C3 to C2
within the same molecule

« The main purpose of this step is the activation of the
phosphate group to prepare for the generation of the second
ATP in the next reactions

*Step 9: T hesis of the se Second super-high- enerJD

compound phosph enolgﬂuvate (PEP) in a simple
denydration’reaction catalyzed by enolase enzyme

* Enolase acts by catalyzing the cleavage of bond between C3
and oxygen of OH group thus enhancing the formation of
double bond between C3 & C2 and subsequently H atom

elimination fromC2  , £ "=iwn




B. Pay Off Phase

Glyceraldehyde 3-phosphate
}

Dihydroxyacetone phosphate

A
©,

OH

e
®—o—cuz—(|zu—c\
H

®—0—CH,—C—CH,0H

(b)

v

3-phosphate (2)

2P;
; zNAD '

Gl yceraldehyde

oxidation and
phosphorylation

®

y

1,3-Bisphosphoglycerate (2)

first ATP- 2ADP
forming reaction

( substrate-le»;el 2 ATP
phosgphorylation)

3-Phosphoglycerate (2)
®
I
2-Phosphoglycerate (2)
@ N> 2H.0
Phosphoenolpyruvate (2)
C—
® j@ .GR

Pyruvate (2)

second Aixr-
forming reaction
(substrate-level
phosphorylation)

.Y ‘ /‘\IJ ‘ﬂq o~ o

> 2 (NADH + H*

OH H pyruvate and the coupled
formation of ATP and NADH
RSP LY
> = T\
®_0_CH2_CH_C U\ Glyceraldehyde
OH d}b@s < 3-phosphate
dehvydrogenase
Supet’hdgl’l Mgy’
o Phospho-
Va Nvearato —
®—0—(_:H,—(_1H—c/ LATP glycerate
| N kinase
OH o
Phospho- —
3 2 L isomenzobron glycerate
CH,—CH—C mutase
b 8
{‘ « i
? Sup h/g Enolase — >
Pyruvate
) >
CH., —ﬁ/( /) kinase
O () ?A 7‘
o)
(9]
CH,—C—C
i

G

[8)

; &
#F—0—CH,—CH—C

| N

Payoff phase

Oxidative conversion of
glyceraldehyde 3-phosphate to

Oxidative
phosphorylation

Substrate-level
Phosphorylation

isomerization

Dehydration

Substrate-level
Phosphorylation



vy -6 TR
B. Pay Off Phase @

* The aim of this step is to increase the energy stored in the
phosphate bond

» Step 10: The second ATP molecule is generated by the
substrate-level phosphorylation process catalyzed by
pyruvate kinase (PK). Pyruvate is the final product of
glycolysis

* The activity of pyruvate Kinase can be@rﬁoll@(wrever&ble
reaction) So this reg_g_tlon IS regulatory step

* The net result of glycolysis is the formation of:
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