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General Stages of Metabolism

Stage I:

Hydrolysis of
complex molecules
to their component
building blocks

Stage II:

Conversion of building
blocks to acetyl CoA
(or other simple
intermediates)

Stage lI:

Oxidation of
acetyl CoA; oxidative
phosphorylation
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Metabolic
pathways
Intersect to
form network
of chemical
reactions
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Types of Metabolic
Pathways

Energy-yielding Complex
molecules

nutrients
Proteins
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e Signals from within the cell

Regulation of Metabolism

— Substrate availability, product

inhibition, allosteric

— Rapid response, moment to

moment

Communication between cells

(intercellular)

— Slower response, longer range

integration

* Second messenger

— Ca?* [ phosphatidylinositol system
— Adenylcyclase system

Synaptic signaling
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Communication between cells
through G-Protein Coupled

Receptors (GPCRs)

E

Extra-

cellular
space

Unoccupiod r
not interact with

tor does
-protein.

_ { Hormone or neuro-
transmitter

Cell membrane

Occupied receptor
chape ancl interacts with

and bln

changes

-Protein releases
GTP.

i
(BIRIH1E

The extracellular domain contains
the binding site for a ligand
(a hormone or neurotransmitter).

Intracellular domain
that interacts with
G-proteins

@ Subunit of G_-protein

dissociates and activates

cAMP + PP,

rn When hormone is no longer

II‘
A3

il \W‘
1| | ULMMJ@L
LJ - .

resent, the rec or reverts
tutln state, on the

Seven trans-
membrane
helices




Regulatory —
subunits

cA MP-dedent protein kinase
Adenylyl

ATP 2E288 5 CAMP (=

0 Active catalytic unit
of protein kina
Protein —u - se> Phosphorylated

substrate protein

ATP ADP L0

Protein
phosphatase

0

INTRACELLULAR Dephosphorylated

SOE
C subunits
2 R |RE

=

EFFECTS rotein

INTRACELLULAR EFEECTS

v Activated enzymes
v Inhibited Enzymes
v Cell'sion channels
v Bind to promoter




GLYCOLYSIS

Glucose 6-P’K\j Glucose

vl
Fructose 6-P : v'Breakdown of glucose to
(" Preparative o Path
ruvate Pathwa
Fructose 1,6-bis-P phase Py o Y
$ . characteristics
v Y
Glyceraldehyde 3-P 5 Dihydroxy | » Universal Pathway: In all cell
11 acetone-P types
1,3-bis-Phosphoglycerate
() » Generation of ATP
3-Phosphoglycerate > With or without O,
) ATP generating
2-Phosphoglycerate  phase The product of one reaction
1 is the substrate of the next
Phosphoenolpyruvate reaction
Y

Lactate < Pyruvate




The Two Phases of the glycolytic Pathway

1 Glucose (C6)

Preparative LATP
Phase 1 ATP

1 Fructose 1,6 bisphosphate (C6)

y

—2 Triose Phosphate (C3)

2 NADH
ATP-generating 2 ATP
Phase 5 ATP

__2 Pyruvate (C3)



Steps of Glycolysis




Step 1

CH,OH Phosphorylation H,O0PO
I o
Hexokmase
OH + ATP ———— OH + ADP + H
|
HO OH HO OH
OH OH
Glucose Glucose 6-phosphate
(G-6P)
eokmse Gcaunme
Occurrence In all tissues In liver
Km <0.02 mM 10-20 mM
Specificity Glc., Fruc, Man, Gal Glc.
induction Not induced I insulin, Glc

Function At any glucose level Only > 100 mg/d|I



Glucose 6-phosphate
(G-6P)

Isomerization

OQ\':;‘C /.H
J CH,OH
H C.—0On ( 4
Sl e g # g 2-04POH CH,0OH
HO—C—H HO~—C~—H i By
H——C~—OH H—C—OH T
H—C—OH H—C—OH
CH20P032' CH20p052'
Glucose 6-phosphate Fructose 6-phosphate Fructose 6-phosphate
(Open chain form) (Open chain form) (F-6P)
#
—

Phosphoglucose
Isomerase




Step 3

Phosphorylation
2 05POH,C o CH,OH “0;POHC o CH;0P0 2~
: Phosphofructokinase
" i + ATP ' | HO + ADP + H*
OH Phosphfructo- /O
0 kinase OH
Fructose 6-phosphate uctose 1,6-bisphosphate

(F-6P) (F-1, 6-BP)



Step 4

O.. _-CH0POs*
e
HO—C —H
H——C —OH
H—C—O0OH
CH,0PO "
Fructose
1,6-bisphosphate

(F-1, 6-BP)

Cleavage

Aldolase
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.
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+
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H—C —OH
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Dihydroxyacetone
phosphate

(DHAP)

Glyceraldehyde

3-phosphate
(GAP)



Step 5

<|:H20Po§'
C=0
™ : o
CHQOH Isomerization
0. _CH-0PO<*
. 3 Dihydroxyacetone | triose
HO—C —H phosphate phosphate
— Isomerase
H—C —OH 0
H—C —OH e C’/
el
l.&lfi?pclrzss;hate _\-b | 5
Wl S20) CH,OPO; —> —> —>
Glyceraldehyde

3-phosphate



Step 6

Oxidation-reduction

Glyceraldehyde 2-
H O O,PO__
ok 3-phosphate
i _ Dehydrogenase |
H—C~—O0H + NAD® + P; . > H —OH + NADH + H*
=
inopogl- 20P0O5*
Glyceraldehyde 1.3-Bisphosphoglycerate
3-phosphate (1,3-BPG)

(GAP)



Step 7

O%C /OPOS"_

|
H—C—OH

|

CH,0PO52-
1.3-Bisphosphoglycerate

Phosphorylation
0.~ 0
Glycerate C
Kinase J
+ AbP &=mm———> H T OH
CH)OPO}Z'

3-Phosphoglycerate



Step 8-10

Phosphoryl-shift Dehydration Phosphorylation
isomerization
oa\;,,«o o
H—:!—ou e —— H—J - oReE-
H—C—oPOZ~ musse  H_d_OH
. H

3-Phosphoglycerate 2-Phosphoglycerate Phosphenolpyruvate Pyruvate



Glucose 6-PS Glucose

Energy Need and

W ~~——_  Production
" Fructose 6-P
(3 T -ATP
Fructose 1,6-bis-P — -ATP

Glyceraldehyde 3-P 5 Dlhydro

%) acetone- N

1,3-bis-Phosphoglycerate 2 NADH

't > 2 ATP
3-Phosphoglycerate

1) ls Oxygen needed?
2-Phosphoglycerate

"
Phosphoenolpyruvate

v

-> 2ATP

Pyruvate



Synthesis of
2,3 bisphosphoglycerate TR——

in RBC

TTOxygen delivery to

tissues

By binding to deoxyhemoglobin
reducing its affinity to O2 and
increasing O2 release to tissues
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4 | Ethanol AS'/’/

k NAD*
NADH + H*

Acetaldehyde

NAD*
NADH
+ H*,
(T hiamine-PP)

Lactate

2

PYRUVATE

Pyruvate Fates



1. From Pyruvate to Ethanol

Pyruvate Bloohol
Decarboxylase Dehydrozenase

D D' +
MALDH - MAD

|_|:3
LYY ate ar Etal-:lehar de ethan ol



2. From Pyruvate to Lactate

COO”
C=0
CHj;
Pyruvate
NADH + H* NADH + H*
Lactate
dehydrogenase
NAD* NAD*
COO”
H-C-OH
CHjy
Lactate
Pyruvate + NADH _ > Lactate + NAD*




When is Lactate Produced?

e Cells with low energy demand

* To cope with increased energy demand in

rigorously exercising muscle, lactate level is
increased 5 to 10 folds

* Hypoxia

to survive brief episodes of hypoxia




Clinical Hint: Lactic Acidosis

* J pH of the plasma
e The most common cause of metabolic acidosis

— I Production of lactic acid
— { utilization of lactic acid

Pyruvate + NADH ¢ >  lactate + NAD*

 Most common cause: Impairment of oxidative
metabolism due to collapse of circulatory system.
— Impaired O, transport
— Respiratory failure
— Uncontrolled hemorrhage




Clinical Hint: Lactic Acidosis

Direct inhibition of oxidative phosphorylation
Hypoxia in any tissue

Alcohol intoxication ( high NADH/ NAD+ )

J Gluconeogenesis

{ Pyruvate Dehydrogenase

J TCA cycle activity

J Pyruvate carboxylase




Regulation of Glycolysis




Concentration

Hexokinase

of fasting
blood glucose
_______________________ Vmax
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Glucose concentration, mmol/L
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and
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Glucose

m P’ GLUT-2 PLASMA MEMBRANE

Glucose CYTOSOL
ip Glucokinase
Regulation

Glucokinase

Y Glico- regulatory

Pyruvate kinase (GK) &;‘,’(‘33‘)

(inactive)




Allosteric Regulators of PFK1

( Glucose W
GLYCOLYSIS b GLUCONEOGENESIS
Fructose &phosphate)
F-2,6-BP ()
AMP () (5 F-2,6-BP

Phospholructo-
kinase




10 - Regulation of
+ AMP or PFK1 by
fructose-2,6-bis-P Fructose 2,6-

bisphosphate

-phosphate + ATP —> Fruc. 1,6 bisphosphate + ADP

1 2 3 - 3]
Fructose 6-P (mM)



How about the other substrate?

B
1.0

+ AMP or
fructose 2,6-bis-P

ATP (mM)



Regulation of Pyruvate Kinase

Glycolysis

Pyruvate
AP O kinase

Alanine is a source

of pyruvate k ) @ Acety! CoA

) App




Hormonal Regulation

Glucose

@cokin@l
Glucose 6-m

It
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Phosphenolpyruvate
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Hormonal Regulation of
Phosphofructokinase

Insuli Gl
- e o~
I - _‘V-’_m
e SN

Activation of many enzymes :'Ag)j’gzge” Y

High insulin/glucagon ratio causes AL CA';“.p
decreased cAMP and reduced levels of v

active protein kinase A. Active protein kinase A s i

1
v Decreased protein kinase A activity
wL favors dephosphorylation of
Giyoolysis Fructose 6-phosphate —) Fructose 6-phosphate ; PFK-2/FBP-2 complex.
L
Gloces 65 Oixoie  ATP E : -~ =
+1 '\‘:‘ !\ P J |"‘ P\j

Fructose 6.9

& Phosphofructo-
Fructoss 1,6-bisP kinase-1 s
: : <Y ADP ‘\’\‘\—L\‘\_‘_\_\—L
b 7",‘:ti'-fj\ L .
e ) P Bifunctional enzyme
WA Fructose 1,6-bisphosphate Fructose\ \2,6-bisphosphate

Fhosphosnoprusne I

3 Dephosphorylated PFK-2is active,
whereas FBP-2is inactive; this favors
formation of fructose 2,6-bisphosphate.

Elevated concentration of fructose 2,6-bisphosphate activates
PFK-1, which leads to an increased rate of glycolysis.




Glucagon ~_

Adenylyl
cyclase

ATP  cAMP + PP,

. l’ . Hormonal Regulation
Active protein kinase A
= Of Pyruvate Kinase

LUy .
-
-

-

Pyruvate
kinase
(inactive)

e

-~
- -

<-

ATP & Pyruvate



Clinical Hint: Pyruvate Kinase Deficiency

The most common among
glycolytic enzyme deficiencies

RBCs are affected

Mild to severe chronic hemolytic
anemia

ATP is needed for Na+/K+ pump=>
maintain the flexible shape of the
cell

Low ATP =» premature death of
RBC

Abnormal enzyme; mostly altered
kinetic properties

Gluot‘)s‘e 6-P _ Glucose

g{ The enzyme may show

an abnormal response to

Fru the activator fructose
1,6-bisphosphate.

The enzyme may show
an abnormal K, or V..«
for substrates or
coenzymes.

1 A
2-Phosphoglycerate

vt

ADP
Pyruvate

kinase <~~~ Fructose 1,6-

bisphosphate

ATP

Pyruvate
1

Lactate

Enyme activity or
stability may be altered,

or the amount of enzyme
may be decreased.

A Alterations observed with various

mutant forms of pyruvate kinase




External (non-physiological)
Inhibitors of Glycolysis




Inorganic Inhibitors of Glycolysis,
non-physiologic

Fluoride

 Fluoride inhibits Enolase

0. .0
\C’p’ Hzo
H—C—OPO;2- / :
~Noase
H—C—OH
H
2-Phosphoglycerate Phosphenolpyruvate

Fluoridated water =» \L bacterial enolase =
Prevention of Dental Carries



Inorganic Inhibitors of Glycolysis,
non-physiologic

» Arsenic Poisoning O ;
—Pentavalent Arsenic (Arsenate) H—g-ou
competes with phosphate as H'ﬁ'°'®
as a substrate for GA3PDH -mw
‘LATP synthesis il
Gycevaidetiyde [ ¥ NAD
—Trivalent Arsenic (Arsenite) Forms 3-p0splae
danyirogenase
stable complex with-SH of lipoic acid NADH + H*
Pyruvate Dehydrogenase 2 0~(F)
‘l’ a ketoglutarate Dehydrogenase H-C-OH
o H-C-0-(F)
,l,-) Neurological disturbances.......DEATH H
1,3-Bisphosphoglycerate



