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Enzymes

Eduard Buchner in 1897

1 2 3
Cell-free yeast extracts Fermentation was The name "enzymes" was
could ferment sugar to promoted by molecules given to these molecules
alcohol that functioned outside
cells

The term "enzyme" comes from the Greek words en [meaning "in") and zyme (meaning "yeast"). It
reflects their role in fermentation.
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Enzymes

Enzymes are Biological  Highly Specialized RNA or Extraordinary Catalytic High Degree of Specificity
Catalysts Proteins Power
Enzymis accelerate chemical Post enzymes are proteins, but Increase reaction rates Enzymes bind specific substrates
reactions  in living organisms some are RMA molecules (e.g., Example: Carbomnic  anhydrase via precise molecular interactions.
without being consumed in the ribozyrmes). Their three hydrates €O, 107 times faster than Example: Lactase hydralyzes
process. They are essential for life dimensional structures are highly the uncatahyzed reaction. lactose but not other disaccharides

because they enable metabolic specialized to perform  specific
reactions to occur at rates functions.
compatible with cellular needs.

Function Under Mild
Conditions

Operate efficiently in aqueous Non-biological catalysts often require extreme conditions (e.g.,
solutions at physiological pH and
temperature.

Example: Trypsin functions
optimally at pH &.

Unique Properties Compared to Non-Biological Catalysts

high temperature, pressure).
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Ribozymes

* Ribozymes (ribonucleic acid enzymes) are RNA molecules that have the ability to catalyze specific

biochemical reactions.

~CH,
O
N A {J"M | ~N N ’ b -GHy
N A g ] %
g2 N™N"NH, .5 4
N~ 7 : M- '"N" ;
mG m A
) e NI\
If-'gfll'-bf”m guanine methylated RNA (P)

Methyltransferase Ribozyme (MTR1): is a ribozyme catalyzes

methyl transfer to generate 1-methyladenosine (m1A).
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Some Enzymes Need Other Chemical Groups

Not all enzymes are fully
functional on their own.

Many require additional Inerganic cotaclor Active slts
molecules to catalyze

reactions effectively. Coenzyme

(organic
cofactor)

Apoenzyme (protein)

Holoen
1 Cofactors 2  Coenzymes e
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Some Enzymes Need Other Chemical Groups

Cofactors:
Inorganic ions (e.g., Mg?*, Zn?*, Fe?*/Fe®*) that assist in
catalysis.
Example: Carbonic anhydrase requires Zn?* for activity. His
H
N
HB
His N

. Ligand
Cofactor =
HN N Zn 0O

/ N O

/ 7\ Binding site
His X
H

without the cofactor attached, C uﬁnrmr binding
the protein is not active, activates the protein.

Figure 4.1 Cofactor binding

MoOoHAMMED ELEYAN

S5l asliosS wlegone ] gl wlos Yl yass
1628 buall Jolgell

5 assist il (te.g., Mg?*, Zn?*, Fe2+/Fe3) wligl sgias ué
Lol J *Zn? Lllai, Carbonic anhydrase : Jlio



Some Enzymes Need Other Chemical Groups

Table 6-1 Some Inorganic lons That Serve as

Cofactors for Enzymes

lons Enzymes

Cu® Cytochrome oxidase

Fe’* or Fe'* | Cytochrome oxidase, catalase, peroxidase

K’ Pyruvate kinase

Mg* Hexokinase, glucose 6-phosphatase, pyruvate
kinase

Mn?** Arginase, ribonucleotide reductase

Mo Dinitrogenase

Ni=* Urease

2t Carbonic anhydrase, alcohol dehydrogenase,
carboxypeptidases A and B
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Some Enzymes Need Other Chemical Groups

Coenzymes:
Organic or metalloorganic molecules that often act as carriers
of specific functional groups (e.g., electrons, acyl groups).
Example: NAD* (nicotinamide adenine dinucleotide) is a
coenzyme involved in redox reactions

Substrate
Coenzyme v
o . i E § 1 i ’
Cofactor Holoenzyme
(nonprotein (whole
portion), portion), enzyme),
inactive activator active
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Some Enzymes Need Other Chemical Groups

Table 6-2 Some Coenzymes That Serve as Transient Carriers of

Specific Atoms or Functional Groups
Examples of chemical Dietary precursor in

Coenzyme groups transferred muammals
| Biocytin CO, Biotn (vitamin B,)
| Coenzyme A Acyl groups Pantothenic acid (vitamin
B3) and other compounds
| §'-Deoxyadenosylcobalamin (coenzyme B,.) H atoms and alkyl groups | Vitamin B,
| Flavin adenine dinucleotide Elecirons Riboflavin (vitamin B.)
f Lipoate Electrons and acyl groups | Not required in diet
| Nicotinamide adenine dinucleotide Hydride 1on (:H") Nicotuue acid (macin,
. vitamin H,)
| Pyridoxal phosphate Amino groups Pynidoxine (vitamin Bg)
| Tetrahydrofolate {ne-carbon groups Folate (vitamin By)
| Thiamine pyrophosphate Aldehydes Thiamine (vitamuin B,)
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Coenzymes are further divided into two types

Prosthetic group: coenzyme that is tightly (or even covalently and, therefore, permanently) bound to the
enzyme.

Cosubstrates are transiently bound to the protein. Cosubstrates may be released from a protein at some point,
and then rebind later.

Coenzymes

Both prosthetic groups and cosubstrates have
the same function, which is to facilitate the
reaction of enzymes and proteins.

Tightly bound cofactor
I]{h'l'ﬂ'd] = prosthedc groug

(Transient binding) (Permanent binding)

Cofacior F
(required for sctivity)
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Key Differences Between Prosthetic Groups and Cosubstrate

Feature Prosthetic Group Cosubstrate
Binding Tightly bound (often covalent) Loosely bound (non-covalent)
Release Remains attached to the enzyme  Released and regenerated
Function Permanent part of the enzyme Acts as a carrier or shuttle
Examples Heme, FAD, biotin NAD*, CoA, ATP
Active site
/\‘% Cosubstrates
— e.qg., NAD
Prosthalic group P

(perm. attached)

Enzyme

Prosthetic Groups

f\g

Cosubstrates
{detaches)

e.g., FAD Enzyme
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Holoenzyme vs. Apoenzyme

Apoenzyme: The protein part of the enzyme, inactive without its cofactor/coenzyme.

Holoenzyme: The active enzyme complex (apoenzyme + cofactor/coenzyme).

Example: Pyruvate dehydrogenase is a holoenzyme requiring thiamine pyrophosphate (TPP) as a coenzyme.

Inorganic cotactor Active site
Enzyme Type Requires Cofactor? Term to Use / :?::T
Enzyme without cofactor Mo Enzyme (e.q., lysozyme) cotaclor)
Enzyme with cofactor {inactive without it}  Yes Apoenzyme (inactive form)
Enzyme with cofactor (active with it) Yes Holoenzyme (active form)

Apoenzyme (protein)

Holoenzyme
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Active Site and Substrate

1. Active Site:
A specialized region of the enzyme where the substrate binds and the reaction occurs.

Provides a unique microenvironment (e.g., specific pH, charge distribution) to accelerate the reaction.
Contains catalytic residues that participate directly in the reaction.
Example: Chymotrypsin catalytic triad (Ser195, His57, Asp102).
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Active Site and Substrate

2. Substrate

The specific molecule that binds to the active site and is transformed into the product(s).
Binding is highly specific due to complementary shape and chemical properties.

Example: Glucose is the substrate for hexokinase.
Binding groove and active site of lysozyme

View 2

Lysozyme has negatively charged residues in its
active site that bind to the positively charged
regions of its polysaccharide substrate.
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Cellular distribution of enzymes

Intracellular enzymes: Produced and act inside the cells e.g. metabolic enzymes.

Extracellular enzymes: Produced inside the cells and act outside

the cells e.g. digestive enzymes.
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Enzyme specificity

* Enzyme specificity refers to the ability of an enzyme to selectively recognize and catalyze a particular substrate or a
group of substrates. There are several types of enzyme specificity, each describing a different level or type of

selectivity
* QOptical (stereo) specificity
* Group specificity
» Absolute specificity

* Relative specificity

Reaction specificity

Dual specificity
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Optical (stereo) specificity

H, p>_<ﬂ;-
FAD FADH,
H COOH COOH
| u | . l + NH!
]|_| LAAD “NH 0
a-imino acid a-keto acid

L-amino acid

» Enzymes act on one of 2 isomers

* L-amino acid oxidase acts only on L-amino acids, not D-amino acids.

» D-lactate dehydrogenase acts only on D-lactate, not L-lactate.

MoHAMMED ELEYAN

(m.-"h.a.nJl) arigiall ascgill

o puSlaiall 3ol Gle @loy Yl Jasi *

D g5 o asinoYl JolazYl e Luds L £9i o aniroYl Jolam Yl e lnas oxidase joo> L-amino Jos, ®
L-lactate le Ludg D-lactate e lasd (LDH) wWSWI uzg o ac jU-D Josy ©



Group specificity

Hexokinase
sy h
| O, o
o 0 o M~y B (4] o Mo 2y
O D—FI'—U—FI'—‘:I—F:'—:J Y o oM Q_p_.ﬂ—;:'—q:l < -]l
Ii Ii I h e "‘I-:"-' 1i 1 “"l MH s M".-':'
Q Q o O o o | o
=0 - A0, i
(o3| - - = (W . 1 +
HICY I on | I D o L]
G OH OH OH OH QM
a-D-Clucces ATP o DGR DEe-6- Phopphats AR

H 0 (N 0 0 0 0 0
:'5.'—1'|!_—{l—?-.;—rll—[l—r-;—L']I:—||‘—:-;—c'll—¢l—:-;—-:'H—nl'—:-;—1'H_.—rl—r-.|—|‘ll—nt—:v;—ril_.—rf

]

&
H g HiCH), H CH, H CH, HICH) H H CH, H

MNH,* OH NH L B
H N =C—NH,

FIGLRE 15.1 A typical amino aod sequence. The enzyme trypsin catalyvzes the
mydrodysas of the chain onby at the points marked with an arrow (the carbosyl

side of ysine and arginine).

The enzyme acts on a specific functional group or chemical bond within a group of structurally related substrates.

* Example:
. Hexokinase phosphorylates hexose sugars (e.g., glucose, fructose) at the 6" carbon.

*»  Trypsin cleaves peptide bonds on the carboxyl side of basic amino acids (lysine and arginine).

MoOoHAMMED ELEYAN

Losis b yall 35,1 o 4Sgame (o 83020 axbasS alul, sl 83020 dxiulog abgamo wle ¥l Jass

'Jlo ®
bl 09,80 8,5 2is (eiSrally soSslall Jin) igamSell lySow SluSomSugll joma, *
(ouaz Vs ouaall]) apnslall auineYl GolasW JawsSsr Sl dg> o anindl luls | Gun,dll oy *



Absolute specificity

O

J\ Urease

HoN~ “NH, + 3H,0

CO, + 2NH,OH

Urea

One enzyme acts only on one substrate e.g. urease enzyme acts only on urea.
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Relative specificity

Acts on a range of related substrates.

Example: Alcohol dehydrogenase oxidizes various alcohols.
Carboxypeptidase cleaves amino acids from the C-terminus of various peptides.

MAD* NADH + H*® Ill aleakol lil
\ / H H—(—OH ;“"“""\"\ » H—C=0
CH3~CH,—OH > CHy-C=0 H

NAD* NADH + H
Ethanol Acetaldehyde

| site where carboxypeptidase cleaves

0 0 / 0
I I |
L C C

—HHfI'H"" “‘*NHcl':H”’ “ergl'H"” o
R R R
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Reaction specificity

g | '
1' Oxicdaso “
R—C—COOH » R L 4 COOH + NH,
|
MNH-
Amino acid Keto ncid
H
J De
carboxylase
R—C—COOMH ——m———————— . F:t__rl;:H:j_. > O
NH. N
Amineg aciad Amino

*The same substrate can undergo different types of reactions, each catalyzed by a separate enzyme and this is referred to as

reaction specificity.

* An amino acid can undergo transamination, oxidative deamination, decarboxylation etc. The enzymes are different for each

of these reactions.
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Dual specificity

CH, —CO0"
' I e NAD* MNADH+H* [
—C - LU
I SN A
HO —C—COQ-
I B
H
Isocitrate

LA B |

H =i

O

0 ==

H, —CO

]
=

T
o | 0 W]
LWL

—CO0"

-
-

Oxalosuccinate

) CH, —COCr
U 2

o
5 |
—
CH
=l
|-L

H-l-

O=C—CO0"

a-Ketoglutarate

One enzyme acts on 2 different substrates e.g. isocitrate dehydrogenase enzyme acts on isocitrate and oxalosuccinate.
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Zymogens

Zymogens (or proenzymes) are inactive precursors of enzymes.

They are synthesized in an inactive form to prevent unwanted enzymatic activity within the

cell or during secretion.

Activation of zymogens occurs through proteolytic cleavage or changing the configuration,

where a portion of the polypeptide chain is removed to expose the active site.

Inactive NIRRT ACTIVG CREVIIE; P prean
FH"F".“.'I"!."I‘H&T

'!l..'l.'{l.it'.'l! e
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Zymogens

Transcription

W\ \ =

Translation

Activation

Zymogen

[ Substrate 3]
|
i

~

<9

Inhibition

l.L.-'ﬂ'n--l:ﬂ.iw’«la- protease )

v 5
CB3 )\

Downstream effect

SOOCO

Protease—inhibitor complex

egradation
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Table 14.1 Gastric and pancreatic zymogens

Site of synthesis Zymogen Active enzyme
Stomach Pepsinogen Pepsin

Pancreas Chymotrypsinogen = Chymotrypsin
Pancreas Trypsinogen Trypsin

Pancreas Procarboxypeptidase Carboxypeptidase
Pancreas Proelastase Elastase
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Introduction:

* The end products of carbohydrate digestion are monosaccharides:

glucose, galactose and fructose.

* They are absorbed from the jejunum to portal veins to the liver, where

fructose and galactose are transformed into glucose.

* Two mechanisms are responsible for absorption of monosaccharides:

active transport and passive transport

M ELEVN

140290

:monosaccharides _a ciagll ol )omg Sl o wile end JI ¢

JeiSall 9 soiSYLl 95 ol
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plocess of @nvelsien of 1 glucese to 20 e o wate -

L Glycolysis (Embden Meyerhof Pathway)

* Definition: Breakdown of glucose:
5r 5 \Wach! y,,;f;-?_,ﬂ 3P O 2y 030 4f.5) (2

1. Into 2 molecules of pyruvate aerobically®(in the presence O, and

mitochondria) OR

2. Into 2 molecules of lactate anaerobically (1n the lack of O, or absence of -

mitochondria).» #* #8G
BGw= —
» Site: Essentially all cells carry out glycolysis in the cytosol.

M ELEAN

flavars/] o Zmolecule J| atycese” o aonvelsion . pfocess
(ULluwoll Embden Meyerhof) (Glycolysis) ;gSglall Jl=i*

9SS olall o Breakdown :cay =il ¢

9 ,presence O JI _9) paneer aerobically o wlyj=z 2 J] .1

sl (LyaisSsuall

+ oo absence 41,0 » lack JI 9) anaerobically wSWI o wlyjz 2 W .2
Ex: RBCs .(LxigS ginall

+ 36.5

Jowginad| JI 8 (Glycolysis) ;g5 ¢lell =i carry out LMl so> Essentially :gégo ¢
OME LEVAN



The Overall Pathway of Glycolysis

* Glycolysis 1s divided into two phases.

1. The first phase converts glucose to two glyceraldehyde-

3- phosphates and is the energy requiring phase.

2. The second phase conversion of two molecules of
glyceraldehyde-3-phosphate into pyruvate (aerobic
glycolysis) or lactate (anaerobic glycolysis) and is the

energy producing phase.

M LEVN

&
s Glucose

-"'E G..-'
i
2 ATP
2 AP
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diphosphabe

8

Ghosraidehyde 3-phasphate  Ghycerabidenyde 3-phosphale
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MADE D
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2 AT 4
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Pyrunaie

MALH
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£ AlTP
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Pyrunvale

(Glycolysis) joSolall M= yo ,luall Overall JI
phases. SIV glil (J| 1s divided (Glycolysis) jgSolell =i ¢
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Glycogen

.

Glucose-1-phosphate

Phosphohexose CH;O
HC=0 [somerase CH.OH Cp c=0 @
HC-OH C=0 j& CH,OH
HD—n.I"‘.H HO-CH Dihydroxyacetone
eh thI:—DH HC-OH ' Aldolase| Phosphate
H-tI::—l:JIH HlIZ: OH
CH CH2
blsphnsphaiasn CH.O
Glucose-6-phosphate Fructose-G-phosphate Fructose 1,6-bisphosphate H'l:I]—I‘.z]-H
I
, K. HC=0
AP AR, &5 Glyceraldehyde-
3-phosphate
2 = 3 carbon sugar molecules per glucose HaP O, NAD*
Glyceraldehyde-
3-phosphate
dehydrogenase MADH
Pyruvate kinase Enolasa Phosphoglyceromutase |T"hnsplmghr:nmta
CHy g 2 cH0(P) cH0(P)
?:D ﬂ?—-\~— C@#Hﬂ _Hc OH WHGO
CoO0OH ATP  ADP CDCI'H ATP  ADP cCOo
Pyruvate Phosphoenolpyruvale 2-Phosphoglycerate 3-Phosphoglycerate Bisphosphoglycerate
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Important Note (G|l_.]C0|l_.]SiS)

Enzymes and substrates
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Phosphorylation keeps G6P in the Cell

Erfraceﬂulnr
* Glucose phosphorylation for 1ts b

intracellular trapping.

Glucose is kept in the cell
by phosphorvlaton o G6-I,
which cannot easily cross
the plasma membrane

ad=dl 51> G6P (8.5 6 9.ueall
o J 8 ramall j9Sglall o
trapping al=ll J=1b




Glucokinase (GK)/ Hexokinase (HK) (Enzymes)

e HK is found in most tissues and has a high glucose affinity (inhibited by G-6-P).

e GK 1s found 1n liver and has low glucose atfinity.

» Insulin induces the synthesis of GK and has no direct effect on HK.

M LEnN

(wlos;i¥l) (HK) (laSgumuSin) LaS gamusan /(GK) (LaSsSsle) jLuSeSole
(G-6-P alawly, Lais) joSelall ale aall aly axmi¥l plaxo (6 HK 22 *

oS olell diaanio aall alg uSJl 8 GK 2>,
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Glucokinase (GK)/ Hexokinase (HK) (Enzymes)

i
« Effect of glucose concentration on the rate of blood !Iur;%“
v
...... L .. .... Glucokinase _
phosphorylation catalyzed by hexokinase and
glucokinase. % Glucokinase
« K, = Michaelis constant; V_ ., = maximal ' | Hexokinase
[ : Hexokinase
l re; u PR .E....].....I.....al
e g 5 i 15 2
m KI'I'I

Hexokinase Glucokinase
Glucose concentration (mmol/L)
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(wlasss¥l) (HK) (laSomSan) jLuSsmSan /(GK) (LuSsSslse) jLuSsSsle
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9 GlisSomSun) LS gumSun bY jamo & pamall
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Vmax = maximal ; 5o culi = Km



_ Glucokinase Hexokinase

Site
Affinity to
glucose

VIIIH.}[
K,

Substrate
Role

Feedback
Inhibition

M LEnN

Liver

Low affinity 1.e. it acts only in the presence

of high Glucose blood concentration.

High

High

Glucose only

Captures glucose from the bloodstream in the
liver, facilitating glucose uptake and

glycogen synthesis.

Not subject to feedback inhibition by its

product

All tissue cell

High affinity 1.e. it acts even in the presence

of low blood Glucose concentration.

Low
Low

Glucose, galactose and fructose

Also facilitates glucose uptake but is not
primarily involved in regulating blood

glucose levels.

Subject to feedback inhibition by its product
(G6P)

UlsSsSsle) jluSsSele

OlsSounsun) LS suuSun
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ad=l il gro=
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presence Jl 9 lais Jas, i.e. it aalVl jassio
31555 el sSslall gisre ¢y

presence J| 9 even Jaos; i.e. it aalVl gai o
31555 ssSslall el Gaasio o

Vmax

& o

Km

& po

6 juS I

INTPRAR]

35Sl 5 oSV s slal

Role

Jl 9 el suz0 Jl o joSolsll lasil,

9 e bainYl j4Sglall facilitating ,ausJl
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el regulating 9 primarily involved
levels ;¢4Sqlall
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Phosphofructokinase-1 (PFK-1) (Enzymes)

* Also known as 1-phosphofructokinase

* PFK-1 is a key enzyme (catalyzes committed reaction: means that under

physiological conditions, the reaction proceeds in the forward direction).

M LEnN

(<losjs¥1) (PFK-1) (PFK-1) 1-;LisS9iS 5950059
as 1-phosphofructokinase (9g 20 Layl ©

e sl means : Jelaidl committed ja=y) ou Y] @ key on PFK-1 ©
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Phosphofructokinase-1 (PFK-1)

* Regulation of PFK-1:

1. Activation: High levels of ADP and AMP (indicators of low cellular

energy) activate PFK-1, promoting glycolysis for ATP production.

2. Inhibition: Conversely, high levels of ATP (indicating sufficient
energy) and citrate (a metabolite signaling abundant energy stores)

inhibit PFK-1, slowing down glycolysis to prevent energy waste.

M LEnN

(PFK-1) (PFK-1) 1-;L.SgiS 9990499

PFK-1 (o pulais ©

1

cellular jasxio o AMP (indicators ¢ ADP o levels gai o :lasinis
.cls] ATP J (Glycolysis) jeSelall Jlxi jusa5 ,activate PFK-1 (aslall

9§ ATP (indicating (o levels gai o ,Conversely :laui .2

(stores aslall ju94 &, ,Lul Jlw,] claiuwe a) citrate ¢ (aslall

o adlall giay I (Glycolysis) ;95 glell =i PFK-1, slowing down lau,



Phosphofructokinase-2/ fructose-bisphosphatase-2

* This PFK-2/FBPase-2 has two enzymatic

activities kinase [(phosphofructokinase-2)] and

phosphatase [FBPase-2 (fructose-bisphosphatase-

2)] residing on the same protein molecule.

(FBPase-2) 2-;Lilaw g ;giS ,9 /(PFK-2) 2-;LixSgiS ;99299

I3 *

PFK-2/FBPase-2

4._:_.)J

olsl

enzymatic

9 [((PFK-2) 2-;liuSsiS ,990m99)] ;LS activities
-FBPase-2 (fructose-bisphosphatase] ;Llawg9

s> oug ol pua JI residing on [(2



Phosphofructokinase-2/ fructose-bisphosphatase-2

'?D;,pﬂ

phosphofructokinase-2
Fructose-6-phosphate * Fructose 2,6-bisphosphate
PFK-2 FB-P -2 ez
- fructose-bisphosphatase-2
Frugtome -3 k&nghosphee
El PO’
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(PFK-2) 2- LS 9iS 199iu099

bisphosphate-2.6 ¢S ol ¥————— Fe i Fructose-6-phosphate

PFK-2 " pep 1-2 Ses
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Phosphofructokinase-2/ fructose-bisphosphatase-2

Glucose * F2,6BP is a potent activator of
HK1/2 j
Glucose-6P PFK- 1

Fructose-6P
PFK1 j
Fructose-1,6P, e=—= pHAP * Glycerol-3P

Il
Glyceraldehyde-3P o U
(! FH i
1,3-phosphaglycerate
3-phosphoglycerate
2-phos phc:-1g|:.rce rate

PEP

|

Pyruvate
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oo a potent activator ¢» F2,6BP
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PFK2 allows for endocrine (insulin and

glucagon) regulation of glycolysis
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Dihydroxy acetone P04 (Substrate)

Gludoss

*can be used 1n liver and adipose . N—

B-phospheinacior
l 2-kinaas [P

Fructose-1,8-BP

tissues to form glycerol-3-PO4 which =" " J* 7

3 hosorate GAP) P ool rar) ) Gcaro s Giyero
: 1 Menrmans o—
1s used to form TAGs but, that occurs |
l o EIEH}BH WHE?GH '[UH:EH?W
. . . TCA cycle = H H
with excessive glucose intake. . Nororo CH0PO: CHom
DHAP Glycerol-3-P Glycerol
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Important Notes

Glycolysis Enzymes and substrates

M LEnN
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BPG mutase (Enzyme)

e It is found in RBCs
e [t forms 2, 3 BPG which Facilitates oxygen unloading from hemoglobin (Hb) by

decreasing its affinity to oxygen at tissues

2- 3

O OPQC4 AOF ATP O O

: Phosphoghcerate kinase i i
HFGH s H¥ OH
oPO," . 0PO,*
1,3-Bisphosphoglycerate 0. O - 3-Phosphoglycerate
Bis rate
: phm-phngmse H OPO 2- 2,3-Bisphosphoglycerale
Luebering—Rapoport pathway 3 phosphatase
—- DPDEE*

Luebering—Rapoport shunt 2 3-Bisphosphoglycerate

M LEnN

(e25:¥1) ,Lso BPG
RBCs ¢ found g It *

by (Hb) uslégasgdl o Unloading u=wsSYl Facilitates s3Jl It forms 2, 3 BPG
azxawY| at uzasYI J] aalVl o) decreasing
,luwwll Luebering-Rapoport

Luebering-Rapoport shunt



Oxygen Binding and Unloading

BPG mutase (Enzyme)  oommos sy

e reasing H'{Pu o/ W
Imcreasing 2.3 - DPOR
Fallrg ., "

Increasing Py
o

¢ When 2,3-BPG binds to hemoglobin,
it reduces hemoglobin's affinity for
oxygen. This makes it easier for Relaxed binding structure
oxygen to unload from hemoglobin

and reach the tissues that need it. See

.........

1 "
physiology!!. —
BPG stabilizes taut form of
Hb (4D affinity). 0> moves
from Hb into plasma and into
tissue by diffusion.
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(025:Y1) ;Lgo BPG
romslégaiel I s BPG-2,3 Losic

J aaJVl hemoglobin's J iz it
J it easier Jsz [3n . uzans Yl

onelegaiell o unload Jl eVl
it. See ¢lix, sl axwVl Jl reach o
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Glyceraldehyde-3-P04 dehydrogenase (Enzyme)

1. It removes H + 1on from Glyceraldehyde-3-
PO4 and adds Pi.

2. Importance:

A. Formation of 1, 3 BPG with high energy bond.

B. Release of NADH which 1s H+ carrier.

»  NADH can enter mitochondria in presence of

M LEnN

oxygen to form ATP by ETC. (Next side and

chapter).

Carboxyl phosphate bond

1,3- Bisphosphoglycerate (1,3 BPG)
0

1|
l'i‘ -0 —@ (11.8 kcal/mole)

H- C - OH

|
n-o-@)

(oY1) az9 0 ac ;L Glyceraldehyde-3-PO4
1

-Glyceraldehyde-3 ;o 0g.l + It removes H
.adds Pi 4 PO4

2

tauadY |

A

bond aslall gaio go BPG 3,1 (o (iS5

B

.J8L +H g» s3I NADH y0 =

>

oo presence 9 L,xsSqiell enter ,So, NADH
9 ATP by ETC. (Next side 0855 JI cuzanSY
.(chapter

bond .-,la.0-8 Carbaoxvl




H () () ()
._ H H & Ii_fli

"NH, > [ ._ NH;, .. [ NH; Ly
N N
R A side R B side
NADH
(reduced)
NH,
T {N - - NADH and NADPH are soluble
N) electron carriers used by enzymes
called dehydrogenases
NAD® it - i :
(oxidized) * Niacin (vitamin B3) 1s a precursor

In NADP"' this hvdroxyl group
18 esterified with phosphate. to NADH and NADPH
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(oY1) az9 0 ac ;L Glyceraldehyde-3-PO4
1

-Glyceraldehyde-3 ;o 0g.l + It removes H
.adds Pi 4 PO4

2

tauadY |

A

bond aslall gaio go BPG 3,1 (o (iS5

B

.J96 +H ¢ s3I NADH 0 =

>

oo presence 9 L,xsSqiell enter ,So, NADH
ATP by ETC 455 (Jl SV



BPG kinase or phosphoglycerate kinase (PGK
(Enzyme)

e It breaks high energy bond in 1,3 BPG @ 4 0

ool
cin- o)

. 3-Basphosphi-

storing 1t as ATP.

gly eerate

2 ADP

e ATP here, is an example of substrate level

Phosphog iy cerate kinase

My
phosphorylation; ATP {formation from s \';[’
= (OOH
substrate not ETC. HCON
@ (r!"n*-- o(r)

3-Phaspho-gly cerate
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BPG 1,3 % bond aslall gai o It breaks

.storing it as ATP

level & uS JI yo Jlo @an g ,lin ATP

;6 eall

ATP
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Requlation of Glycolysis

Allosteric and Hormonal Regqulation

M LEnN

soSalall Ui sl
wigo rgll oudaiill g Allosteric



Regulation of Glycolysis

* Reversible reaction means that the same enzyme can catalyze the

reaction in both directions. sl
o | p— e .
:'E::H :::'wr:; :E..gn Fhﬂ.::r::“ El_"lannl ATR  ADP EHE? :I“:::H.l
* All reactions of glycolysis - "% airon O L R

- — HE -~ OM HIC - O "7_‘ MG - G4 A pl'lninh by
i~ HE-OM HG -~ OH 0 HE I:IH hm
H a0y phiocsp
EMuOH —= e, o P) &io(F)
Glscass fHphasphalnss L b - ﬂ

Olucass-&-phosphaie  Fruclose-6-phasahale u-hl-p-h-wh-'l- l-u: DH

except 3- are reversible.

ﬂ'ﬂﬂrm—
A-phasphute

2 = 3 eaiben SUpar msoculan por guoosa

ﬁiﬂ' Y o ’F.:, ﬁ—h“gm% -—--Hr:nH
C‘“ Pyruvate Phasphosnclpyruvate  2-Phosphoglycerate 3-Phos phoglycerate Bisphosphoglycerats
M LEnN
.directions Lals ¥ Jelail

HyPO Fﬂ.n
Cilyearnldalnds
dephosphalm
dakydragonnns NADH
m _ [ Phasphagiyceromutata | ETI__F.GEE}
I 5 II II - x I. . ae
- (Glycolysis) joSelall Mxi o wielaill o> ©

ﬂi;ﬂ@ CHHD@
ATE ADR ATPF  ADE
JI catalyze (Soy oYl puas JI s3I means Jelaidl Reversible e
reversible _a -except 3



Requlation of Glycolysis

* The 3 1rreversible reactions (those are catalyzed by kinase enzymes),

* Key enzymes: glucokinase (or hexokinase), phosphofructokinase-I

(PFK-I) and pyruvate kinase (PK).

a) Glucose # Glucose-6-phosphate
b) Fructose-6-phosphate 9 F 1,6 Bisphosphate
¢) Phosphoenol pyruvate. # Pyruvate

M LEnN
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GliSI lag i) b jass Gill) aweSell e &Ml wlelail
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Hormonal requlation

1. Insulin: Stimulates synthesis of all key enzymes of glycolysis. It 1s

secreted after meal (in response to high blood glucose level).

2. Glucagon: Inhibits the activity of all key enzymes of glycolysis. It 1s

secreted in response to low blood glucose level.
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Energy requlation:

1. High level of ATP inhibits PFK-1 and pyruvate kinase.

2. High level of ADP and AMP stimulate PFK-1.
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Substrate requlation:

1. Glucose-6-phosphate inhibits Hexokinase (and not Glucokinase).
2. Fructose 2, 6 bisphosphate stimulates PFK-1.

3. Citrate inhibits PFK-1.

4. Fructose 1,6 bisphosphate stimulates pyruvate kinase.
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Glucose

4

Insulin -m-------------m@ Glucoklnase
Glucagon > &

Hexokinase © «——— Glucose-5-p

i

O «—— ATP
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) o Eructose 2,68
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Glucagon — O kinase (@) teovoooen Eeyctose 1,6
bisphosphate
4
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Anaerobic respiration (Glycolysis)

Lactate dehydrogenase (LDH)
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Anaerobic respiration

* |In anaerobic tissues:

* Lactate dehydrogenase (LDH) i1s an enzyme that catalyzes the

conversion of pyruvate to lactate. -

0 B 0 D
*\\c/ NADH + H* %c/
l NAD* I
?=0 HO—LI'—H
lactate
CHs dehydrogenase CH,
Pyruvate L-Lactate
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:azw Y| anaerobic 9
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Anaerobic respiration

* Muscle Cells During Intense Exercise: When muscle cells are working
vigorously and the oxygen supply 1s limited they can switch to anaerobic
glycolysis.

* Red Blood Cells: Red blood cells lack mitochondria, which are the cellular

organelles responsible for aerobic respiration.
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Importance of lactate production in anaerobic glycolysis:

* Lactate production 1n anaerobic glycolysis 1s a vital survival strategy

for cells and tissues when oxygen 1s not readily available.

* It enables the continued production of ATP and the maintenance of essential

metabolic processes by ensuring a steady supply of NAD+ for glycolysis.
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Differences between aerobic and anaerobic glycolysis

- | Ghucose |
Aerobic Anaerobic D | Hexokinase
ADP+H"*

| Glucose B-phosphate |
End product Pyruvate Lactate ' G
Fen Fructose &-phosphate
D l Phosphofructokinase
Energy 6 or 8 ATP 2 ATP AR 4
l Aldolase
Regeneration Through ETC in  Through lactate NAD" + PI D hﬁ?wﬂd??mw'ﬂl i
: : : +H - dehydroganase
of NAD+ mitochondria formation T e, ""’“""Ti”""*“] _
D l‘ Fhosphoglycerate kinase
e 2 3-phosphog)y cerate
. ag s . . Phos mutase
Availability  Availableand 2~ ATP Not available o wiwzﬁm R
H,0 Enolase
of TCA in pyruvate can as lactate is — mp}!‘uL,.m
. . S . . Pyruvate Kinase
mitochondria oxidize to give 30 cytosolic substrate ‘“PD z:#,!‘m

O/ LEIAN *ﬂki‘m

(Glycolysis) jgSolall JUxi anaerobic ¢ aerobic . Differences
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Clinical aspects of glycolysis

* There are many diseases associated with impaired glycolysis.
* They include:

1. Pyruvate kinase deficiency.
2. Hexokinase deficiency.

A 3.Lactic acidosis. P

jgSgladl Ji=il CIJ_,J).I-IIJI wslgadl
(Glycolysis) ;9S¢l2)l =i impaired go los ;o ol jol o 2l o Jlin ©

P o ©
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Pyruvate kinase (PK) deficiency

* PK deficiency is typically inherited as an autosomal recessive genetic disorder.

* PK deficiency causes decrease in the rate of glycolysis and decreased production

of ATP.
In absence of <*4 ATP by (Substrate level 2 ATP
0, phosphorylation) a)glucose to glucose-6-p.
(anaerobic  a)2ATP from 1,3 BPG. b)fructose-6 to fructosel,6 9

glvcolysis) b)2ATP from phosphoenol pyruvate bis p.

M LEnN
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Pyruvate kinase (PK) deficiency

* ATP is required for Na-K* ATPase,
which is important for stability of

RBCs.

Defective PK enzyme

| Damaged function

* This leads to excessive hemolysis of - | f
. - "Ft

RBCs, leading to hemolytic anemia. s

Low e ErEY

-~
L v

M LEnN

,Na-K+ ATPase J wgllas g ATP

oo stability J ogo 52 sl
.RBCs
oo excessive hemolysis (J| leads i *

oMl 439 hemolytic (J| RBCs, leading



Hexokinase (HK) deficiency

* HK results from a lack of the enzyme hexokinase, which is the first enzyme 1in the

glycolytic pathway.

* HK shares a similar mechanism to PK deficiency in causing hemolytic anemia

due to decreased ATP production in red blood cells (RBCs).

* HK deficiency 1s generally considered a rarer and more severe than PK deficiency.

M LEnN
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Lactic acidosis

* A condition characterized by a accumulation of lactic acid in the
bloodstream, leading to a decrease in blood pH (acidity) and

bicarbonate levels (HCO3-) and may lead to coma.
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Lactic acidosis

* Causes: It results from
1. Increased formation of lactate

2. Decreased utilization of lactate.
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Lactic acidosis: Increased Lactate Formation:

1. Severe Exercise: During intense activity, muscle cells may rely more on

anaerobic metabolism, producing excess lactate.

2. Tissue Hypoxia (Oxygen Deprivation): Conditions like heart attack,
respiratory failure, or severe anemia can deprive tissues of oxygen,

leading to increased lactate production.
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Lactic acidosis: Decreased Lactate Utilization

* Liver Disease: Liver dysfunction can impair lactate clearance,

contributing to acidosis.

* [t can convert lactate back into pyruvate through a process called the

Cori Cycle
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Lactic acidosis: Certain Medications

* Phenformin: this medication, no longer widely used, can cause

excessive anaerobic metabolism and lactate production.

Certain Medications : il jolo=ldl
cuwud| Sa, , paxiuws medication, no longer widely lxa :Phenformin e

zwl o SWI o ,asYl excessive anaerobic



[ actate

Glycolysis in RBCs and muscles during exercise are the primary sources of lactate
production.

Lactate Transport: Lactate diffuses from these tissues into the bloodstream.
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Fate Lactate

1. Glucose formation: Lactate formed in muscles and RBCs may

diffuse to the blood then to the liver.

* In the liver, lactate 1s converted to glucose by gluconeogenesis.

* Glucose may diffuse back to the blood, then to red cells or muscles to be used

for production of energy.
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Fate Lactate: Glucose formation: Cori cycle

* [t 1s the conversion of glucose into lactate in peripheral tissues.

Followed by conversion of lactate into glucose 1n liver
Biood

» Glucose

;SJ’S ©,9) :UJ’SI J_,S’ll." :uuwl_’m.o
azaY| peripheral (9 iSWI G| joSelall o Jugm=i Jl on It @
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Fate Lactate

2. Conversion into pyruvate: If oxygen gets available, lactate 1s

converted into pyruvate, which proceeds into Kreps cycle

3. Lactate 1s excreted 1n urine and sweat
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Lactate dehydrogenase (LDH): The Crucial Enzyme

* Function: LDH 1s an essential enzyme that catalyzes the reversible

conversion of lactate to pyruvate and vice versa.

* NADH Regeneration: This reaction helps the re-oxidation of
NADH+H into NAD.
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Lactate dehydrogenase (LDH): The Crucial Enzyme

* Five LDH 1soenzymes share a similar core structure but differ

in their subunit composition.
* There are two main subunits: H (heart) and M (muscle).

* Different combinations of these subunits create the five

isoenzymes (LD1-LDSJ).
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Lactate dehydrogenase (LDH): Medical importance

A Isoenzyme | Subunits - Tissue localization
* Estimation of the activity of o e 88 N
LDH-2 . “ cardiac muscle

lymphatic tissue, brain,
platelets, malignant tissue

LDH-4 HM3 u .
liver

lactate dehydrogenase enzyme in | Lows  |Hom2

plasma helps the diagnosis of T iows |, 26 kbl wisaite
heart and liver diseases. - ‘NADH|
LDH
PYRUVATE ¢ LACTATE

iNADﬂ

oo lbliudl Jl ;o Estimation ¢
9 el (LDH) wlSWI Gz g o ac U
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In vitro inhibition of glycolysis

1- Arsenate: by competing with inorganic phosphate in the reaction:

glyceraidhyde-3 -p - 1,3 bisphosphoglycerate

) H ») OnsO™
.. 0 \\ S X l
%/ 5 NAD® NADH + HT l:l—I!—lT C C
HEOH » HO—b—0O" W b | GAPDH 3
I | ghyceraldehyde | H—C—OH /5' He=—C=—H
CHzOPO3™ o HCOH :
g Y v R NADH *\Qm' -
Glyceraldehyde  Inorganic CHzOPO3 CHAOPOY B : * CHOPO,
1 phphie PR 1.3-Bisphosphoglycerate . : + Astly
glycesaldehyde.3-phasphate l-munn—,‘i-phnitillhn_nly{:r::mt
(unstabls)

M LEnN
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glyceraidhyde-3 -p = 1,3 bisphosphoglycerate



In vitro inhibition of glycolysis

2- lodoacetate: by inhibiting glyceraldhyde-3-p dehydrogenase.

Example
Glyceraldehyde-3 i ffEHg - COOH
phosphate dehydrogenase lodoacetate

(enzyme poison)

"-i"'-
0 H 0 .
N/ 5 HA{_ naoH aHe ok Active enzyme Hﬁ/
t . Z N
HCOH + HO—P—0" - S — T e Glyceraldehyde-3
CH0PO2" - kot HCOH phosphate dehydrogenase
Glyceraldehyde  Inorganic i, it g CH20PO3" IS CH. — COOH
Fphosphats - phosphite 1,3-Bisphosphoglycerate N

Covalent bond
Inactive enzyme

WLEH{N (irreversible inhibition)

(Glycolysis) j9Solall M= yo lousis Vitro (o9
.ox>9 b ac ;L lodoacetate: by inhibiting glyceraldhyde-3-p -2




In vitro inhibition of glycolysis

3. Fluoride: Inhibits enolase enzyme.

* Sodium Fluoride: Clinically, sodium
fluoride (NaF) is the most common |

form of fluoride used to inhibit

glycolysis by adding it to the blood

before measuring blood glucose.
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Galactose metabolism pathway (primarily in the liver).

[y ¥
Glucose + Galactose A\ » Galactose-1-PO

Galactokinase

e Lactose Lactase
(From milk) At brush border of

enterocytes

4

UDP
ucas | Galactose-1-P
glucose ,
* UDP galactose can be Epimerase uridyl 1
bound with glucose to transferase

form lactose by lactose
synthase enzyme in
mammary glands
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Glycolysis =

Stored

Glycogen =

Glucose-1-PO,

Oxidized

(Sl JI o primarily) jesSY! Lol o
ATP ADP

,Galactose-1-PO - oSVl + j4Sglell .silactose —_ ae _s
S siSYLe (0 4 brush border (milk ¢»)
enterocytes

UDP

Galactose-1-P jgSglall

uridyl 1

transferase

U9y Sy joiSYlell UDP *

oIl ssSslall go lasi o

JsiSWI by SeSMI 0385

w9 ¥l i

Gl Stored

mammary glands weogen
,Glucose-1-PO

(Glycolysis) joSoladl =i

»uSlio a0nN




In mammary gland and lactose synthesis

UPD-Galactose reacts with a molecule of glucose in

Structure of UDP-galactose. UDP = uridine the presence of lactose synthase enzyme to form
diphosphate. lactose.
s UDP-Galactose
ra {I:I:' Ty
..-""'G“‘-..
HOCH, HE th
D- S T r— - R - [— ——— -
HO H O= CH
e ul® 9 SN e Lactose
H O-P-0O-P-O-CH; _O
H oH O O
H H Mammmary gland
HO OH
k . /N - / Glucose
Galactose UDP
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Galsull 5 9iSMWI ¢ mammary gland 9
UDP-galactose. UDP = uridine o awull

.diphosphate

w9 joSolzll o £5 3> @ go UPD-Galactose reacts
0SS Wl eyl liw jeiSWI o presence JI
JgiSWI



Lactase deficiency

* It also known as lactose intolerance & 1s a deficiency of lactase enzyme which

digest lactose.
* It may be Congenital or Acquired.
* Hereditary (autosomal recessive) mostly in Asians and Africans. 1™ cause.

* Acquired after gastroenteritis due to enterocytes destruction. 2% cause.
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Acquired ol Congenital ogS, 25 It
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Lactase non-persistence
Lactose maldigestion

pain

persistence LSV
No symptoms

Jejunum lleum
non-persistence LSy
maldigestion Dian jg¢iS\I
Abdominal pain

Bloating



Lactase deficiency

* The presence of lactose in intestine causes:
* Increased osmotic pressure: So water will be drawn from the tissue (causing dehydration) into the large
intestine (causing diarrhea).
* Increased fermentation of lactose by intestinal bactena and produce CO, gas (distention and abdominal
Cramps).

* Investigation: +ve H2 breath test after lactose administration.

* Treated by removing lactose from diet (free lactose milk ) or lactase pills.
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LS o

ol sleo¥l 9 joiSWI o presence JI e

large JI (J| (causing dehydration) guwidl JI o drawn ¢ wWill sladl So :laziall Increased osmotic o
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Galactosemia:

Definition: It is increase blood galactose concentration due to inability to metabolize

galactose.

* Causes: Inherited enzyme deficiency of:

1. Galactokinase.
2. Galactose-1-P undyl | transferase.

Epimerase.

Q‘M&t N

tleos j9iSVLe

metabolize (J| inability J| due juS 5 jiSYlal pdl 3 ju g It 1oy =il
J9iS Yl

rad Wl lay Yl 9 wilhe padi tobuwdl o

1

JluSsisYle

2

.Galactose-1-P uridyl 1 transferase

.3
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Z2- Sugar alcohols

vl iy i B il Nl

Galactokinase deficiency (autosomal recessive (AR)) e s T2 T
T —

*Classic galactosemia: Benign galactosemia due to accumulation of

unphosphorylated galactose which can leave cells again (not trapped yet).

* Early cataracts in child due to high galactitol in eye lens.

Aldolse reduct
s = > Galacticol —» Catara
In eye lens ‘@

Galactose

M LEVN

(autosomal recessive (AR)) ;L.Sq:iSVle Yy
Classic

oy joisYle

da0>

Loy j9iS YL

due

|

accumulation

O

(trapped yet ¥) s, 5l 8,0 LM leave Say s3Jl jsiSYI unphosphorylated
oedl awae eye 9 galactitol gai o J] child due (9 (u=ll awse plic| Early



Galactose-1-P uridyl transeferase deficiency (AR)

* Malignant galactosemia (severe consequences) due to accumulation of phosphorylated galactose,
which 1s trapped 1nside cells and leads to osmotic destruction of tissues. So early onset:
» Cataracts
* Liver curhosis
* Lethargy, vomuting and diarrhea on lactose ingestion

* Hyperurecemia due to phosphate trapping & decrease purine salvage

* Treatment: Galactose free diet (Soy based milk formula which has sucrose instead of lactose).
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(AR) o9 Galactose-1-P uridyl transeferase
JsiSYlall jamas o accumulation (J| due (consequences xauw) boy jeiSYE s ©

:So early onset .axuwV| o 0smotic destruction J| leads ¢ LMl =15 trapped o s3I

oadl awoe plic] o

cirrhosis xSJI -

ingestion j5iSWI diarrhea on g Lethargy, vomiting
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C(])/(SL EYAJN Metabollsm of fructose in liver.

Sucrase

Sucrose ‘
(Table sugar) A* brush border of > OClucose + Fructose

Metabolism of fructose: In the liver: i
Fructose
Liver contains fructokinase enzyme, which phosphorylates '
fructose into fructose-1-phosphate.
: Fructose -1- phosphate
Fructose-1-phosphate by aldolase B enzyme gives
Dihyd hosph I Idehyd —
1§ e+ :
thydroxyacetone phosphate + glyceraldehyde L PYTa—
Glyceraldehyde gives glyceraldehyde-3- phosphate. ml{mm kinase
L
2 12 ' 2 . Dihydroxyacetone  Glyceraldehyde -3-
Glyceraldehyde-3-p + Dihydroxyacetone-p may undergo: 4 . mlbj“:mhﬂi
a) Glucose formation (gluconeogenesis): main pathway. ' | 1
o | Giucaneogenesis l lﬂaﬁmhn
b) Oxidation to pyruvate (glycolysis). St -

13uSIl JI (o9 15958 58]l o JauVl

sy s, a0l LS 9is 18 Lle sgin sl .1
fructose-1-phosphate (J| jgiS all

laz, o3l B j¥eull Fructose-1-phosphate by .2
.m_\J'IMJ_'c + wlawgs Dihydroxyacetone

.wlawss -glyceraldehyde-3 Llas, xa)luule .3

:undergo .é Glyceraldehyde-3-p + Dihydroxyacetone-p .4
Jbwall uus I i(gluconeogenesis) (9SG jsSolell (a
((Glycolysis) joSola)l M) elog ull J] saumSYI (b



Metabolism of fructose: In extra-hepatic tissues:

_ _ _ _ Fructose
* Because fructokinase 1s not available in muscles km.
and adipose tissue, fructose 1s metabolized by Fructose-6-phosphate
_ _ (Phosphfructokinase-1) | ATP
hexokinase and other enzymes into pyruvate
Fructose 1,6 bisphosphate
(oxidation).

Dihydroxyacetonep &) Glyceraldehyde-3-p

4

Oxidation == 2 Pyruvate 0‘.,'9*

Fructose metabolism in extrahepatic

SUELEMN i

rasau V1 Sl s 9 1giS 2l o GauVI
wMaszll 49 available Y g jluSeiS 0 oY °
metabolized by g» j4iS o)l , puanid| id ]l il o
gl ] wlapi¥l 3T s GluSsmSan) LS sunsen
(&2au8Y1)




In the testis (seminal vesicle), lens, peripheral nerves and renal
glomeruli:

* Glucose 1s converted into fructose through sorbitol formation:

H 'E =20 '-'l.: -0H H’: "F -0H
R -C-on ALDOSE K -C-oH SORBITOL c=0
HO-C «H REDUCTASE HO-C -H DEMYDROGENASE HO-C -A
M -C-OH . H -C-0H ﬁ) H -G-OH
I'l, - -ﬂH NADPH+H H -#-ﬂ“ NAD * H "'?'UH
Hy-0H P CH,-0H CH, -OH
Glucose Sorbito) Fructose |
oraby

* Fructose 1s the main nutrient for sperms.
* Deficiency of fructose in semen correlates with male Infertility.

M LEVN

renal g peripheral nerves ,uall awac ,testis (seminal vesicle) Jl (9
e bS]

11955 SObItol jue oS pall G| J3= s jeSolalle
.sperms J nutrient quus JI Jl g 935 xalle
.00zl male go correlates sgiodl Lludl (9 955 ,all Ho Lasi®



Genetic disorders of fructose metabolism:

* Essential fructosuria: Benign high fructose in urine

* Cause: Due to deficiency of fructokinase enzyme (AR).

* Effect: Not serious condition. The excess accumulated fructose 1s lost

in urine (fructosuria).

M LEVN

1oVl 9iS 2]l ;o Genetic disorders

Jodl 8 joiS soll aua> lai)l tawluwYl & eiS yall alulle
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Hereditary fructose intolerance.

* Cause: Due to deficiency of aldolase-B enzyme (AR).

* This leads to accumulation of fructose-1-phosphate leading to damage

of liver and kidney tissues (Liver and kidney failure).

* Treatment: Fructose free diet.

M LEVN

wsilygll j9iS y0ll Jox pac
(AR) oYl aldolase-B (o asi J] Due :cuwudle

damage J| fructose-1-phosphate leading o accumulation (J| leads lx»®
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Sucrase deficiency:

* A rare condition, showing the signs and symptoms of lactase deficiency.

* It occurs early 1n childhood

M LEVN
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Pyruvate metabolism

Functions of different pyruvate metabolic
p;lﬂm ays (and their associated cofactors):

Fructose  (lucose +—— Galactose © Alanine aminotransferase (Bg): alanine
\ carries amino groups to the liver from
muscle
- @ Pyruvate carboxylase (B-): oxaloacetate
2 oy, can replenish TCA cycle or be used in
Mr:‘n:!ne NAD gluconeogenesis
Cahillcycle  Cytosol - tH Nap Lagte © Pyruvate dehydrogenase (B), By, Bs, Bs,
Mitochondria 2 Cori cycle lipoic acid): transition from glycolysis to
NAD" "_\ the TCA eycle
SRt . O Lactic acid dehvdrogenase (Bs): end of
o anacrobic glycolysis (major pathway in
(2] & NADH RBCs, WBCs, kidney medulla, lens,
Oxaloacetate { © testes, and cornea)
Acetyl-CoA
el
gl Laul
oSVl ———» jgSolall jeiS ol
nt
ya NADH O

H+ 6,921 hill

fe} NAD isctate Jgwginadl y

S9S 6,90 2 ¥ L xigSginall

NAD* eA

CO, +ATP

,CO

NADH 4 (2)

(Oratoacetate +H r 3

Acetyl-CoA

iyl lig | Calixe o aslboll

(6o buoll Jolgall layi o lg) 9) ol luall

O Alanine aminotransferase (By); alanine
oo Sl JI Wl wlegoxo carries amino
aliasll

oxaloacetate :(:B) ;NS g ,S wlog ull @
9 paxiw 0sSy ol replenish ‘“TCA cyele )Sa,
gluconeogenesis

,Bj, Bo, Bs, Bs) juzg o ac ;U wleg uldl (3)
| (Glycolysis) j9S¢ledl M= o transition :(ae> lipoie
6,92J1 TCA JI

oo end :(;B) ouzg ad ac Ll Jaos> O Lactic

w9 lwa]l Guus 1) (Glycolysis) jsSglzll JIxi anaerobic
ell 5. v meadiillla s I<I RBRCe \WER(Ce






Medical Biochemistry

: Carbohvydrate Metabolism

Asst. Prof.Mohammé -' 1Ha, "
Faculty of Medict ¢
Al-Azhar University-Gaza

Mohammed Hasan Eleyanis Luoll 5L VI
calall als

6,& - Yl dxol>
wlapsSl al
daulall ayguxdl ¢ lauSII



Oxidation of extra mitochondrial
NADH+H*

1. Glycerophosphate shuttle

2. Malate-aspartate shuttle

295 girall EXtra o soauSVI

+NADH+H

1

wlaw g9 g ]l J5U
2

Malate-aspartate shuttle




Oxidation of extra mitochondrial NADH+H*

* Cytosolic NADH+H+ Challenge:
Glycolysis

* It cannot directly cross the highly S Extra mitochondrial NADH + H+
Lt oL IS IRl IR R R RS R LRI E R R LR R T BT LRy it (1 ]
selective inner mitochondral el

SRRSO ESRE RO RRRD RO R OFRER DR RDRDDOOE =2

membrane. - “ - - -
S8R DRED L L L g
‘ Soed

NADH  NAD- FaOw.  FAD [weera0-@—mo]sr

- G

Krebs Cycle
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NADH cannot pass into mitochondria

(Camed across the membrane

FAD FADH,

Reduction

NAD+ e NADH + H+

G-3-P
\ KATIH T s WA TEH

Reduced Form Oxidized Form
1,3-BPG e
,3-BPG Extra mitochondrial (Cytosol)

Mitochondrial

ATP synthesis

* Electrons from NADH are carried across mitochondrial membrane
*  NAD+ must be regenerated for glycolysis and other metabolic processes

to continue, so NADH must be oxidized NAD+

£ * Don’t forget pyruvate to lactate
M LEVN

LxigSeinall Wl pass Sos Y NADH
G-3-P
BPG-1,3

sliwsll 5,295 giunll e carried s NADH (o wligusd]

processes el ;51 o (Glycolysis) jsSelall Jlxs J regenerated oeS wx +NAD
+NAD xwSlio Vs wxy continue, so NADH (J|

wSWI J| wlég,uldl Don’t forget

FAD

FADH2




Oxidation of extra mitochondrial NADH+H*

* The Solution: Shuttles: To overcome this barrier and utilize NADH+H+ for
energy production, cells employ special "shuttle systems.” These shuttles act as
mediators, transterring the electrons from cytosolic NADH+H+ into the
mitochondria.

1. Glycerophosphate shuttle

2. Malate-aspartate shuttle

M LEVN

+NADH+H s,3i9Sgizall eXtra ;o 6xausSVI
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Glycerophosphate Shuttle

* [t 1s important for muscles and nerve cells.

* Mechanism:
*Cytoplasmic glycerol-3-phosphate
dehydrogenase (GPDH) uses NAD+ as its
coenzyme in the cytosol.

*Mitochondrial glycerol-3-phosphate

dehydrogenase utilizes FAD as its coenzyme

within the mitochondrial inner membrane.

* The final energy produced 1s 2 x 2 ATP — 4 ATP.
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NADH +H' H&D'
CHE-'DH ]
A \ _/_// e
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EH?':"'@:’ 3-phosphate rogenase GH?GM@‘J
Dihydroxyaceione Glycerol 3-phosphale
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.llll' -
f CH,OH Mitochondrial glycerol CH.0OH
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Malate - Aspartate Shuttle

* It 1s important especially in tissues like the liver cells and cardiac muscle

cells

* The primary enzyme in this shuttle is malate dehydrogenase (mitochondrial

malate dehydrogenase and cytosolic malate dehydrogenase).

* The coenzyme involvement (NAD+) for both enzymes

* Energy Yield is 2 x 3 ATP — 6 ATP
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Essential Electron Carriers for Energy Production

* Essential electron carriers are molecules capable of accepting and
donating electrons in biological redox reactions, facilitating energy

transfer and ultimately ATP production
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Essential Electron Carriers for Energy Production

1. NAD+: nicotinamide adenine dinucleotide soluble molecule used by dehydrogenases

2. FAD: Flavin Adenine Dinucleotide acts as a prosthetic group in flavoproteins.
3. FMN: Flavin Mononucleotide also acting as a prosthetic group in flavoproteins.

4. Ubiquinone also known as coenzyme Q lipid-soluble molecule with isoprenoid chain

5. Cytochromes — proteins that contain a heme prosthetic group

6. Iron-sulfur proteins — Contain iron-sulfur clusters for electron transfer
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H 0 E B N H H 9O

s o - o A
NH, - = | N NH, . [ ] NH; . g
R A side K B side
NADH
(reduced)
NH, . +
* NAD+ is soluble electron carriers used
N Adenine
. by enzymes called dehydrogenases
* Niacin (vitamin B3) is a precursor to
NAD" NAD+ Niacin Niacinamide
(oxidized) ot R

O 0
In NADP" this hvdroxyl group X" “0OH = NH;
15 esterified with phosphate. | .—— | o
WLEYA’N 3 CHHNO, " CHND

ez J3lgs 09Il Olgall L5 5o +NAD
dehydrogenases  woums <lay iVl by

] azdlo @ gn Niacin (vitamin B3)
+NAD



igoalloxazine ring

B | O 1

CIL., N
;C{ NH
E 8 N 1/1%0
L.
HCOH
HCOH

HCOH
H,

FMN

FAD

— e —— —— e ———

CH Log g
S5 SHESL NG S
3 N o CH, N N"'L*ﬂ
& I
R H
FADH" (FMINH") FADH; (FMNH;)
(semiquinane) (fully reduced)
o * Some enzymes use flavin nucleotides for

oxidation-reduction

Flavin adenine dinucleotide ( FAD} and

flavin mononuecleotide (FMN)
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Flavoprotein

* Flavoproteins are a class of enzymes that
contain a flavin coenzyme, either FMN
or FAD, tightly bound to the protein

structure.

* Flavoproteins are capable of accepting or

donating one or two electrons.

* Example: succinate dehydrogenase.

M LEVN

ariadMall o liaig ull

Sl wloy iVl o a class w sadlall wlisg ull °
FMN Ll ,os5Ylco u9)9 a sgixy

oss sl JI ] Jas re oS> ,FAD o

ol Joud o capable _a SasisMall wlig !
ligiSI] Ol ol 1>y gis

o lipuSad] iz g o as b 1 lio @



4Fe

Iron-sulfur (Fe-S) centers

[ron—sulfur clusters occur in many biological systems, often as components of electron transfer proteins.
Fe atom coordinated to sulfur atoms of Cys residues in the proteins. Each Fe 1s surrounded by four
sulfurs.

The Fe atom 1s oxidized or reduced

J&i ug sl o as components Llle ,biological systems o xoasll (19 Loy clusters o uS-0>

- liaig yudl
as,l surrounded by o» Fe JS .o liigull JI (8 Ll Cys e atoms cuuS J| Fe atom coordinated

.sulfurs

Jjizo ol 2unSlic on Fe atom JI
(Fe-S) cuuSdl-a0=dl 51,0
2Fe

4Fe

Fe



Iron-sulfur (Fe-S) centers

His The iron-sulfur (Fe-S) centers range from
simple structures with a single Fe atom
NH coordinated to four Cys groups to more

Nﬁ/ complex Fe-S centers with two or four Fe

Fe Fe atoms.

S/ \S/ \N"--:'\ Rieske iron-sulfur center (named John S.
/7 . N Rieske) are a variation on this theme, in

which one Fe atom is coordinated to two

His His residues rather than two Cys residues.

(Fe-S) cu . Sil-au0dl 51,0

oo range (Fe-S) ey uSJl-auo=dl 51,6 JI

a single Fe atom go uidl simple

ST W] wle gazo Cys as,l Jl coordinated
Fe az,l ol Olil go ;S| 0 Fe-S xizo

.atoms

.named John S) ;S ,. Rieske iron-sulfur
9 ,theme li» a variation on _» (Rieske
olil J| coordinated ¢» Fe atom a>lg sl
Ll Cys plsl o rather Lls, His



Ubiquinone (coenzyme Q, or simply Q). Lipid-soluble

molecule with a long isoprenoid side chain.

Diffusible in the membrane.

Can accept one electron to become coenzyme QHe or

ubisemiquinone ( semiquinone or radical form).

Can accept two electrons to become ubiquinol,

coenzyme QH,.

M LEVN

CHs

o I
CH30 (CH;—CH=C—CH3)10—H
Coenzyme Q (CoQ) or ubiquinone
CH 30 CH 3 [ﬂ!idil?ﬂ or quiﬂﬁﬁﬂ fﬂl"l"l"l]
0
‘P H* + e
ul
CHs0 R )
CoQH »
(radical or semiquinone form)
CHs;O CH4
OH
Ip H* + e
H
CH30 R
CoQH,
(reduced or hydroquinone form
CH30 CHy
OH

Figure 19-3
Lefaniruyer Primcipied of Bicchemistry, Sioth Edmen
D 0013 W, He Freeman and Compary

Lipid-soluble .(Q alo Luuw ,i yQ p2Y1c0) (Q 04,;VICO) HginSisgall
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sl =1 [ lasd L

ol *QH 0,35Y1€0 e Wl 098] a>ly Juds S
(08 radical _97 semiquinone ) ubisemiquinone
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Cytochromes are
proteins that contain
heme prosthetic groups

Heme is a metalloporphyrin (porphyrin + Fe ion)

Porphyrin is a cyclic structure consists of four pyrrole rings
(five-membered, nitrogen containing rings) linked by four

bridging carbon atoms

o wlog,S gisull

Soize M| wlig

S((ae gomo dsiniwg ) dsiiwg | acgonoll) dvisiing v 4£ 5020 oud
s @lal> @)l Go S asil> asis 19,94

azy )l linked by (five-membered, nitrogen containing rings)

bridging carbon atoms

(Fe ugul + und,90) st 0lline 52 pugll



HOOC

COOH |
Propionic acid

Cytochromes are
proteins that contain
heme prosthetic groups

The four nitrogen atoms are coordinated with a central Fe

ion, either Fe2+ or Fe3+.

All heme derivatives have the same basic structure formed
of a cyclic tetrapyrrole found in a b-type heme (or
protoporphyrin IX). The four rings of the porphyrin
macrocycle and the different substitutions at various side
chains are indicated as A, B, C and D and R1, R and R3,
respectively. The different chemical moieties occupying the
R1, R and R3 positions of different hemes are listed in the
next slide.

oo <log Ssinl

Ssizy SMI Wil

S((asgomo dyisiwg ) dsisimg il dcgozmall) dpising 1 489020 pud
08w awdl aoeld Huai JI ) derivatives o o>
O

a

cyclic

tetrapyrrole

found

a

b-type

Pt

)

protoporphyrin

(I1X

JI

JI

P PLY

side aalixo substitutions at walixo JI ¢ macrocycle
,R3 g R1, R g D g indicated as A, B, C _a chains

JI moieties occupying (wlaesS calixe JI .respectively
JI 9 listed o hemes walixo o R3 positions g R1, R
.next slide

a central Fe go coordinated _a nitrogen atoms as, | JI

c c
™ I «+ ™ 1 1 a 1



Cytochromes are proteins that contain heme prosthetic groups

Thioether linkage s_¢,,
L3 LY i
* [ron protoporphyrin IX 1s found CH=CH ™y CHCH
P POLPY Vinyl groups ; Cy—3 - .
CHy=(| CH CHyC
] "~ i Ethyl grmjp

in b-type cytochromes and in

CHzCH3C00" CHy |
Propionic acid
€Hy  CH3CHZC00"

Iron protoporphyrin IX
{in b-type cytochromes)

hemoglobin and myoglobin

CHy Hy—CH
Hy

hydroxyethylfarnesyl

Heme A
(in a-type cytochromes)

L e e cacs me Formyl group
M LEVN
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found g¢» protoporphyrin IX xa>

9 5 wlog Sl b-type (9
myoglobin g ugelégougll
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Laa> Propionic

Thioether linkage

icgoxo Ethyl
hydroxyethylfarnesyl
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Respiratory Chain

14

l_ m
4 H- 4 M- IH K-
5 L] = - _I__.-"
||-""‘:'\- — J _— i‘ -l = 1I s
- vy : gl
it 1:") ' ]} ote, l i inner mitachondrial
f r L F I mambrana
® & -
L/ . ‘ ' CA
i : ey b .
H.-!-n;-l rdrm- e D W12 0F WD
AP &P = ;‘F‘
" Mitochondrial matrix
Complex | Complex II Complex Wl Complex IV ATP Synthase

Oxidative Phosphorylation

Oxidative phosphorylation is made up of two closely connected components: the electron transport chain and
chemiosmosis.

2 i)l aloal
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oS Wl & piumall
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ATP synthase Outer membrane
Py Frecly permeable to
_ |- small molecules and ions
o " Inner meambrana

/lrnplrrn-.lhll to most
small molecules and lons,

« Mitochondria contain two membranes, an outer

membrane permeable to small molecules and ions

* Respiratory electron
carriers (Complexes [=1V]

= ADP-ATP translocase
4| = ATP synthase (F F,}

and an impermeable inner membrane. o Gl rois

* The mner membrane contains components of the

respiratory chain for transfer of electrons to O,. B s deiudrogenase

2 ﬁ = Fatty acid
E I_. 5 PB-oxidation
| enzymes
R 1 ~ = Amino acid

an enzyme that synthesizes ATP. / s

* The inner membrane also contains ATP synthase,

GNIYymMes
= DMA, ribosomes
= H.Il'l'ﬂ other enzymes
Porin channels « ATP, ADP, P, Mg®*, Ca®*, K

* Many soluble metabolic
imtermediates

Figura 19-2a
r Lehwninger Principles of Blochemistry, Shoth Edithon
LEY N © 2013 'W. H. Freeman and Compamy
*

membranes, an outer glil sgizu LxgSginall ©
wligl g wli s> small G| raio sl

slall inner xaio ju¢ an g

JI e components e sgix; sliwzll inner JI ¢

02 | wlbig sS| o Jai J puaidl alwdw

,Gliww ATP) ATP guias oo il wle sgizy Uil sbiwsdl inner JI o
ATP 5152 sall o)l an



Electron Transport Chain/Respiratory Chain

* Dehydrogenases produced NADH and FADH,

* What happens to the electrons stored in NADH and
FADH,?
* They get transferred to O, through a series of electron carriers

located in the inner membrane of mitochondria.

* Definition: It 1s the final common pathway in aerobic cells by
which electrons derived from various substances (carbohydrate,
amino acids and fatty acids) are transferred to oxygen to form

walter.

M LEVN

Glucose

Fructose
: Galactose Fatty acids "
[_Giycolysis | } p-Oxidation
ATP NADH
NADH FADH,
Pyruvats
waow o\
Acetyl CoA
; \
a— Amino
w acids
GTe cycle
5 NADH
FADM,
wnJ 'y ‘

outiill alubw/clig uSIYI Jéi alubus

FADH2 ¢ NADH @i Dehydrogenases »

9 NADH s stored «wlg usd| JI J] What happens

?FADH2

Jilgi g S| (o a series e 02 J| get transferred on °

LS giuall o sbadl inner JI 9 located

by LMxJl aerobic (9 ,Lluoll common (slgdl Jl ga It 1oy ynill ©
yel)ungs )SI) substances aaliso (o derived wlig uSJ| sl
035 W] oSV | transferred G (Lolo>l fatty g jola>l amino

s Lol



Electron Transport Chain Components

1. Protein complexes:

I NADH-Q reductase
Il. Succinate dehydrogenase
ll. Cytochrome C reductase

IV. Cytochrome C oxidase

2. Bridging components:

Coenzyme Q and Cytochrome C

M LEVN

Free energy relative to O, (k) mol™)

=100

—150

- 200

p—

- NADH-Q ®
reductase
complex

Succinate dehydrogenase

Ubigquinone (Q)

Cytochrome ¢ reductase
Fe complex

iCytnchrumn c

Cytochrome ¢

oxidase complex

D

0, )

Components wlg uSIYIl Jai alwdw
cowgudl wlidss |1

A

NADH-Q reductase

Al

@ bS] uz g 0un ac U
Al

C reductase g ,Sginull
AV

C oxidase pg,S givull
ralay | I o LgSall .2

C o9 ,Sgiudl § Q o uYICo




Complex I: NADH to Ubiquinone

* Names: Complex I, NADH:ubiquinone oxidoreductase or NADH dehydrogenase.

* Def: It 1s a large enzyme (flavoprotein), L-shaped, with one arm embedded in the inner

membrane and the other extending into the matrix.

* Composition: It 1s composed of 45 different A
Intermembrane
Q pool space

polypeptide chains, including an:
1. NADH dehydrogenase
2. FMN

Y
X

L

Matrix

3. Iron-sulfur centers.

M LEVN

: (Q 023Y1C0) VgixSasgall ~J] NADH :JgVI raxoll
.ox>9 b ac ;L NADH ol oxidoreductase (Q oy 5YIC0O) (giuSwod :NADH ,JoVI xizall :Names *

inner JI w arm embedded x>y go ,L-shaped ,(ausMNall wliwg l) oYl a large g» Def: It ©
a9gaanll JI L] extending ,sl Jl g sbinsll

alize 45 o composed ¢ Composition: It

:an &l 9 Ly ,polypeptide chains

o292 ac ;L NADH .1

FMN .2

S| o Iron-sulfur .3



H +
HC 20 42N HyC ' Intermembrane 4H
OO0y, o™ 1 comeln
e S e L .I.An GO IO “ﬂ N HEOR00000000000
H E
CH, A\ 4

b

H———OH Flavin mononucleotide [reduced) . '

(FMNH,) ‘
H . M il b 4 J I ) .
N e “ 220iE OCOOOCEO

Flavin mnmnullﬂtljdli;:thdl Membrane arm
i Matrix (n side)

Complex I transfers a the electrons from NADH

to ubiquinone and pumps 4 protons across the
inner mitochondrial membrane

NADH+H" +Q — NAD" +QH,

NADH + 5Hy + Q — NAD™ + QH, + 4Hy NAD"  NADH +H"

P for the positive side (the intermembrane space), N for the negative side (the matrix)

ML LEN

(a9g9.00]l JI) side wdlw JI J N ,(intermembrane space Jl) side wsg0 JI J P
NADH ;o wlig uSl Jl @ Jai, Jg¥l xiszoll

JI e wligio p 4 ®iaw 9 (Q 0o Y1C0) OginSugddl LI
slingdl s,29S giuall iNner



H* are pumped out of
the mitochondrial matrix.

Therefore a H" gradient is
being built up.

The matrix becomes
negatively charged and
the intermembrane space
becomes positively charged

Matrix
Rilbosomes

Inner membrane

Outer membrane

SUELERN .

oo OUt zgsuoo o +H
a9gamonll 5,295 ginall JI

9d 7 +Therefore a H
Dbuilt up aigS

ey ddgammoll JI

9 Vs hegatively
intermembrane space J|

Ugie positively auay



Complex II: Succinate to Ubiquinone

* Names: Complex I, succinate- Succinate Fumarate

coenzyme Q reductase , succinate o :

b
dehydrogenase ‘2 3
“
T
* Def: the only membrane-bound s
QH,
enzyme In the citric acid cycle and dehydrogenase
SR R INTERMEMBRANE \_{Complex i)
SPACE

participate in electron transport chain

M LEVN

(Q 0+Y1C0O) YgirSugall (sl Succinate : Ll raxoll

-succinate , ulill xa=oll :Names »
Q reductase, succinate o, Ylco
a2 b &l

membrane-bound laas JI :Def

9 8,92l Jae> citric JI (9 oy )l
wlig uSIYI Jai alwlw 9 participate



Complex Il: Succinate to Ubiquinone  intermembrane

space (pside)
Phosphatid

* Composition

1. subunits C and D are integral membrane

proteins, they contain heme b, and binding site

for Q.

Matrix
(n side)

2. Subunits A and B extend into the matrix; they
contain Fe-S centers, bound FAD, and a

binding site for the substrate, succinate | _ site

Flgure 1910
' Letirmigper Priveiplds of o hemisrry, St Bdisen
LE“N © 201 3'W. H. Fressmar and Comipairg
]

(Q 0+Y1C0O) YgirSugall (sl Succinate : Ll raxoll

Composition »

clizll integral o D g C a9 wlazg .1

&hso iVl 5,0 ad s9iz b o lisig

QJ

od ;adqamanll JI | B extend g A auc 9 wlazg .2
ay ,FAD by ,s , ;51,0 Fe-S sgixy

succinate ,6 S JI JI J gdgo bbli,VI



Complex II: Succinate to Ubiquinone

* Electron transter through Complex II 1s not accompanied by proton pumping
across the inner membrane, although the QH2 produced by succinate oxidation

will be used by Complex III to drive proton transter.

* The heme b of Complex II 1s apparently not in the direct path of electron transfer;
it serves instead to reduce the frequency with which electrons “leak™ out of the

system, moving from succinate to molecular oxygen to produce the reactive

oxygen species (ROS) hydrogen peroxide (H202) and the superoxide radical ( -O

(Q £+5Y1ICO) YgirSuugall o] Succinate : Ll raxoll

pumping ggig » accompanied by VY ga sl sdrall jue Jai (g usd] @

soSYI by succinate @iy QH2 Jl o pé | e slisdl inner Jl e

Jii 0gigu drive (Jl cdUl xisall by poziwd 0955 Will

sdii 09 uSd] o Hlwall direct JI o Y apparently ga Wl sisall jo b oun JI °

JI oo leak” out” wlg, Sl sill go frequency Jl reduce J| it serves instead
reactive J| qi Jl cuzanSY i j> J] succinate o system, moving

superoxide radical ( «O JI g species (ROS) hydrogen peroxide (H202) uzwSYI
(2 —

2022-2021 Lulall aizVl ole -olde om0 .




Complex II: Succinate to Ubiquinone

* Some individuals with point mutations in Complex II subunits near heme b or the

ubiquinone-binding site suffer from hereditary paraganglioma, characterized by

benign tumors of the head and neck, commonly 1n the carotid body, an organ that
senses O, levels in the blood. These mutations result in greater production of ROS,
which cause DNA damage and genome instability that can lead to cancer.
Mutations that affect the succinate-binding region in Complex II may lead to
degenerative changes 1n the central nervous system, and some mutations are

associated with tumors of the adrenal medulla.

M LEMN

(Q £+5Y1ICO) YgirSuugall o] Succinate : Ll raxoll
Jl 5l b s near ac ;9 wlisg ilill xisall L8 point mutations g individuals jas, *

hereditary paraganglioma, characterized by ;o suffer gigo bl VI-(Q 0, 15YICO) YsiSugdl
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O le udl Wl lead S s3Jl genome instability ¢ DNA damage cuwuwdl sl

wJl lead x5 Ul xa=all 9 succinate-binding region JI affect sl Mutations
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Complex Il of ETC

* Names: cytochrome becl complex or CoQH,-cytochrome ¢ oxidoreductase,

cytochrome reductase.

* Transfers electrons from ubiquinol (QH,) to cytochrome ¢

M LEVN

ETC Hyo cdlll 2 0xoll

,CoQH2-cytochrome c oxidoreductase gl xizo bcl pg,Ssimull :Names *
reductase pg,S il

€ po S sl WIH(QH2) Jsiwsgdl o wlig uSIYI daiy @



Complex Il of ETC

The complex 1s a dimer of identical monomers, each with 11

different subunits.

The functional core of each monomer consists of three
subunits:

cytochrome b [with its two hemes (b, and by)]

2. The Rieske iron-sulfur protein

Cytochrome cl [its heme]

ML LEN

bt

Intermembrane Cyte Rieske iron-
space (p side) ‘ . | 4sulfur proteins
Hemec, ' o .

\ 4

Cytochrome ¢,
)\
4

LA AN L RO

Heme b, Heme b,

Heme b" m Heme IIH
AL : LLLLL
Matrix

(n side) [

: 2
\/

4 <., Cytochrome b "i-\ :
£ =
/(: W) . .
—y =

|

==

11 &0 JS ,identical monomers ;0o S a dimerJ_.,')!I raexoll JI

a9 wlisg walise

AW o 08Sy Monomer JS o core (alog JI
1dus 9 wlazg

1

[(bH g bL) hemes ylil oJ go] b pg,S gl

2

o9l Rieske iron-sulfur JI

3

[a aJ] €1 o5 Seimll
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Complex Il of ETC Rieske iron—sulfur center

His

Heme bL (Low potential):
*Reduction Potential: Heme bl has a lower redox potential
than heme bH. This lower potential allows it to facilitate

electron transfer earlier in the Q cycle within Complex III. Heme b,

Heme bH (High potential):
*Reduction Potential: Heme bH has a higher redox potential

compared to heme bL. This higher potential is necessary for its

role in accepting electrons within Complex 1.

Flgura 19.12
Blaghevmiitry: A Shaef Cawria, Firgs Edition

C = 301 0 W ML Freerman and Cosmpany
M LEVN
(2g> &9i,0) bH oun

22> Jizly sauwST Glel a ayn) bH o 1ag> JljisYle

oJ J necessary s» g> el Ian .bL o J] compared
Wl sizoll 51 @l ,iSl] Joud 9 role

((2g> Jasxio) BL oud

xgz Jizle souwST Jsl @ aya) bL o ag> JljisYle
facilitate _J| it zoww 2g> J8l I3 .bH s oo

edWl sdsodl Jo15 6,921 Q JI 9 earlier Jai og,58]
ETC o el xizoll




Complex Ill of ETC

Intermembrane _.---.
* In the transfer of electrons, coenzyme QH, has  space (eside) " cyte

two electrons to transfer, but

cytochrome ¢ molecule can accept 1 electron.

* Each QH, donates:

1. one electron (via the Rieske Fe-S center) to

cytochrome c1 then cytochrome c.

2. one electron (via cytochrome b) to a molecule of Q.

M LEVN

as3J QH2 o, ;V1c0 ,lig S| o Jis Jl (9 ©
but ,Jas ol wlg,us] olil

sl 1 dusy 9Sey 5552 C o9 S siaand|
:QH2 donates JS °

1

| (JS o Rieske Fe-S Jl juc) g sl x>lg
€ s Seimll 0 €1 pg S siumll

2

Q uo sz @ LIl (b ey Ssindl ue) VoSl =15
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The Q Cycle of Complex Il

* In the first stage, Q on the N side i1s

reduced to the ubisemiquinone

(semiquinone), which moves back

into position to accept another

electron.

M LEVN

QH,; + Q + cytc, (oxidized) —
Q+ "I.'.l_+2Hi:F + cyt ¢, (reduced)

<JUl axoll o 66,9201 Q JI

s» N side Jl stage, Q on Jg¥l JI w9 *
ubisemiquinone JI J| Jjixe

s,>1 80 moves sill ,(semiquinone)
351 Juay I position I
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The Q Cycle of Complex Il

* In the second stage, the semiquinone

radical 1s converted to QH2.

2H*

QH, +'Q " + 2Hy; + cytc, (oxidized) —
Q + 2H; + QH,; + cytc, (reduced)

M LEVN

Wl 2bxoll o 6,901 Q JI

semiquinone JI ,stage Wl JI 9 °
QH2 LJ| J3; sa radical



The Q Cycle of Complex Il

* Meanwhile, on the P side of the
membrane, two molecules of QH2 are
oxidized to Q, releasing two protons
per Q molecule (four protons in all)

into the intermembrane space.

M LEVN

Intermembrane _.---. e
space (pside) ° gyic s Cyte

QH; + Q + cyt ¢, (oxidized) — QH; +°Q + 2Hy + cytc, (oxidized) —
Q +'Q + 2H; + cytc, (reduced) Q + 2H; + QH; + cytc, (reduced)

i

.

Net equation: QH, + 2 cytc, (oxidized) + 2Hy — Q + 2 cytc, (reduced) + 4H}

<JUl axoll o 66,9201 Q JI
JI oo P side JI Meanwhile, on
o QH2 o wlijz bl slasl
wligiou 0lil Q, releasing Jl xuwSlio
(207 o9 wligign axl) 5552 Q JSI
.Intermembrane space JI JJ|




Complex IV of ETC

* Names: Cytochrome oxidase

* Carries electrons from cytochrome c to

molecular oxygen, reducing it to H,O.

* Complex IV 1s a large, dimeric enzyme

of the inner mitochondrial membrane.,

each monomer having 13 subunits

M LEVN

Subunit |l

Intermembrane 1 Subunit Il

space e , — '

(p side) i p /
o iy A S » Subunit |
Cuions FE O R e -

- \

Matrix X

id '
.

Subunit IV

ETC o el )l adnall

oxidase pg,Sgiudl :Names

| € pgSgidl o wlig,usd| Carries
H20 J| reducing it , pumanSY i >
oYl alarge, dimeric gn gl JI dizall ©
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Complex IV of ETC Pl

Subunit | has two heme groups (a and a,) . N
near a single copper ion, Cug. Heme a; and i “x,l \
Cug form a binuclear Fe-Cu center. o e P |
Intermembrane space Hemea,;—_| '
= 02 !_'I"I —— Fe-Cu
* ) ) center
5 Subunit \
m ea
}Hm'n < / ||
st QOOR , DO
- ':-' - '-.:':_-"' //-/
P ‘-f-’ o Matrix \ |
. "*;i: (v side) \ |
-I. T :
4H‘ -ﬂ--q‘ﬁ-____
(substrate) e
to H, aHq*  2H0
reduction site (pumped)

Matrix Figure 19-14

Lafuininger Principles of Siochemistry, Siath Bdition
€ 2013 W H. Freeman and Company

ETC o gl ]l 2axoll

(a3 5 a) wlegoxo pud Ol awnd | auc 19 82>
9 a3 s .CUB ,0sl uwlx near a single
S o @ binuclear Fe-Cu (55 CuB



Complex IV of ETC

_ ] . Intermembrane
* Subunit Il contains two Cu ions and cytochrome ¢—  space (r side)
= o ' = __,.'-""-' "
binding site. AAAS ot
0,
* Subunit lll is essential for rapid proton movement. | |
-
* The roles of the other 10 subunits in mammalian LALELY _‘x\ |
FININ I
Complex IV are not fully understood, although some . . \\
(N side) d .
function in assembly or stabilization of the complex. T
i .
(substrate) f“"" =
4H" 2H,0
(pumped)

W Lehninger Principhes of Sochemisine, Sinth Edition
LEYAJN £ 2013W. M. Freeman and Conmparyy
ETC o & |)J | s axoll

~C ey Ssinmdl 5 wlissd Cu Olsl Gle sgimy Il as,5 s3> °
2990 ol )Vl

.movement ygig o rapid J essential g lll ayc ,9 82>9 ©
mammalian ¢ as 9 wlx>g 10 ;51 JI o roles Jl o
e go pbll Wle L fully understood ¥ (o &l Jl as=all
aézo J| oo stabilization sl assembly (o aayls ol



Path of electrons through Complex IV ane

) L Intermembrane |
* The three proteins critical to electron space(pside) /
flow are subunits I, II, and III. '"""L‘““"f“"./ Hemea,
"
* Electron transfer through Complex IV ‘ Subunit
begins with cytochrome c (top). YOO ;\
il s St S N .
Matri 3
* Two molecules of reduced papi ““R___%
cytochrome ¢ each donate an electron ... T . 4
substrate L = -
1o 2 0 P8 il
A (pumped)

C Lefninger Principles of Bochemistry, Sisth Edition
LEY N £ 2013'W. K. Freeman and Comparny
*

&)l 2iimall jue wligiSl] o lusoll
098] I critical wlug ul & JI e

Al g1 1ae 39 wlosg o (§925
&l siall e Jai 09 usd]
.C (top) pgSsill o begins

Jiize o wlujz ol »

Vs ] an gioy JS € g S gl
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Path of electrons through Complex IV

From here, electrons pass through heme a to

the Fe-Cu center (heme a, and Cuy).

1.Two molecules of cytochrome c sequentially
transfer electrons to reduce Cug and heme a:
2 Cytochrome c

Intermembrane
space (p side)

| - 4

(substrate)

44t 2H0
(pumped)

Figure 19-14
Letninger Principles of Biochermibstry, Sixth Edition
€ 2013 W, H. Freeman and Company

&l vasoll jue wlig Sl o Hluuodl
@ psd s pass wlis S|, ls oo
(CuB g a3 o) ;5 0 Fe-Cu Jl



Path of electrons through Complex IV

* Oxygen now binds to heme a3 and 1s
reduced to its peroxy derivative (O, ?) by

two electrons from the Fe-Cu center.

M LEVN

1.Two molecules of cytochrome ¢ sequentially
transfer electrons to reduce Cug and heme a;.

2 Cytochrome ¢

4. The addition of two more
protons leads to the
releasa of water.

2.Reduced Cug and Fe in
heme a; bind O, which
forms a peroxide bridge.

L. I’
|
2 Cytochrome ¢
i e

2H*

3.The addition of two more
electrons and two more protons

cleaves the peroxide bridge.
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Path of electrons through Complex IV

* Delivery of two more electrons from cytochrome
c (top), for a total of four electrons, converts the
0,72 to two molecules of water, with
consumption of four “substrate” protons from

the matrix.

M LEVN

1.Two molecules of cytochrome ¢ sequentially
transfer electrons to reduce Cug and heme a;.

2.Reduced Cug and Fe in
heme a; bind O, which

2 Cytochrome ¢ forms a peroxide bridge.
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L " . A b A
2H,0 94 2 Cyrochrome ¢
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2H* FiL
4, The addition of two more 3.The addition of two more
protons leads to the electrons and two more protons
release of water. cleaves the peroxide bridge.

p9Sginadl o wliguSl] LiST ylil o Delivery e

Jl converts , e lq S| 42,1 0 a total J ,c (top)
02

&o sl yo wlu iz olsl Jl 2—

oo wligig "85S 1" a=,l (0 consumption
.a9gaanll JI

el xizoll ue Slig S| o Lusol




* At the same time, four protons are pumped from the Intermembrane
space (P side)

matrix for every four electrons passing through Complex - it-JJJ/

IV. ‘

Matrix
(n side)
aH* e = | ff.
(substrate) l 1;" —
‘H'I' EHJU
(pumped)

Flgure 19-14
{ n Lefminger Princigles of Siochermstey, Sixth Edition
LEY N £ 201 3'W M. Freeman pnd Compary
#
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A simplified reaction sequence is presented here

4 cytc(red) + O, + 8H",, — 4 cyt ¢ (ox) + 2H,0 + 4H",

B g

I i e e e aree wpace

QQUQ00R00e : 000000

F

Pumped
G{.‘}D{}OGGGD m JDDGG{}(} protons

4 H*
Chemical
protons

CytCreduced CVE Coxidizea
an 4 4 La presented g» sequence Jclail A simplified

& ,(*cyt c (red) + O, + 8H*,,,, 4 cyt ¢ (ox) + 2H,O + 4H 4

Qo7

iinonina spans j 0,->2H,0

299999999

aut 4Ht

wligig p _ wlsignm
,606605008




Intermembrane
space (p side) ; aH*

Matrix (n side)

NADH + H* NAD*

Figure 19-16
Lehninger Principles of Biochemistry, Sixth Edition
£ 2013 W. H. Freeman and Company
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Intermembrane
*space (P side) * 4H

(n side) adga.aoll

*NADH +H* NAD

Figure 19-16

Biochemistry, Sixth Edition ;- Lehninger Principles
Company ¢ W.H. Freeman 2013 ©
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Mitochondrial Electron-Transport Chain Components

Table 19.2 Components of the mitochondrial electron-transport chain

Enzyme complex

Oxidant or reductant

Mass (kd) Subunits Prostheticgroup Matrix side Membrane core Cytoplasmic side

NADH-Q oxidereductase =900 46
Succinate-Q reductase 140 4
Q-cytochrome ¢ oxidoreductase 250 mn
Cytochrome ¢ oxidase 160 13

FMN NADH Q
Fe-5

FAD Succinate Q
Fe-S

Heme b, Q
Heme b,

Heme c,
Fe-5

Heme a Cytochrome ¢
Heme a,
Cu, and Cu,

Cytochrome ¢
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Components alwlw Electron-Transport (s, xsS givall

alwlw electron-transport xS giuoll JI (o Table 19.2 Components

reductant ¢l Oxidant

side (w jWgiw Prostheticgroup Matrixside Membranecore ac ,9 wlasg Mass (kd) xdzo o)l

NADH-Q oxidoreductase >900 46 FMN NADH Q

Fe-S

Succinate-Q reductase 140 4 FAD Succinate Q

Fe-S

C pgSsdl b,, Q aur Q-cytochrome c oxidoreductase 250 1
,6 oud

C osd

Fe-S

C pgSoimull € oxidase 160 13 Hemea pg 1S giwul

A oud
,Cu 4 ,Cu
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Chemiosmotic Model
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Intermembrane
space (P side)
= o b P P +_.+_.'l:._++-|'++'l'
Fa
matix o |
(N side) ADP
1 K Fy +P
'
2H' & e
Proton-motive force
Chemical potential  Electrical potential ATP synthesis driven
ApH 5 Ay e by proton-motive force
(inside alkaline) ~(inside negative)
Figure 19-19
Lehninger Principles of Blochemistry, Sbcth Edition

C £ 2013'W. H. Freeman and Company
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ATP Synthesis via a Proton Gradient

M LEVN

Matrix

Intermembrane
space

ADP + P,

H‘I"

ATP

ATP synthase

Proton-motive
force

Electron-transport chain

The two major 20" century biological
discoveries:

DNMNA structure and
ATP synthesis

wligig ydl gy jue ATP gulss
20th century biological _uws JI oLl JI

:discoveries
9 duidd| DNA
Sul=xall ATP




Mitochondrial ATP synthase complex

Complex V, also known as ATP synthase, is a
complex molecular machine that catalyzes the
synthesis of ATP from ADP and inorganic

phosphate (P1) using the energy stored in a proton

gradient across the inner mitochondrial membrane.

f “cgt0 Cyq
H (c,oin yeast mitochondria)

Figere 13158
Ctumngey Frinzipdo o Sioc i, Saih e
© 2013 W H_Feeman s Company
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Structure of ATP Synthase

* ATP synthase is composed of two main
components:

1. Proton-Conducting (F,;) complex

2. Catalytic (F,) complex
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ATP Synthase

otator

* F0 complex: Embedded in the inner mitochondrial membrane and

consists of a, b, and ¢ subunits

* C subunit (ring) i1s embedded in the membrane, comprising 8-15

subunits, rotor ring.

* A subunit binds to the outside of the ring, , it forms a proton channel

* B subunit 1s an extended arm to fl1 complex to stabilize it.
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(LLisw ATP) ATP guvai 045l

g sbinadl s, 2i9Sqiall inner Jl 9 Embedded :ad20 FO
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e ——,——_—,—,—,———
ATP Synthase

F, contains:

a5, B; heximeric ring, central stalk (v, €), and &

Some texts: central stalk and C-ring form the rotor and

remaining molecule 1s the stator

twde sgiu F1
0 5 ,a3, B3 heximeric ring, central stalk (y, €)

9 ulgo JI 08C C-ring g texts: central stalk jax
el Jl o» 5> remaining
(Gliww ATP) ATP guivai o il



* The F1 subunit of ATP synthase has 3 a and 3

subunits.

 Alternating o and 3 subunits are arranged in a

hexamer.
* The vy subunit is a central shaft.

* Each of the [ subunits has a catalytic site for

ATP synthesis.
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The three P subunits are each in a different conformation,

B-empty, B-ADP, or 3-ATP.

Each (3 subunit alternates between conformations,

B-empty = B-ADP + Pi = [-ATP.
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Proton Motion Across the Membrane Drives C-Ring Rotation

H* enter the a subunit through proton entry

; i MATRIX H* D
channel, this allows the H' to access to ¢c-subunit

| 'l."l- = . b ]
LAl
2 i

i ""EF- Z

EE N =
W

The c-ring rotates 120 degree and expose new

L]
- e

H* binding site
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rr
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-
s

I
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Proton exit channel: This channel allows protons

ilfr
« ([l

to exit the a subunit into the mitochondnrial

-

matrix.
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C-Ring Tightly Linked to y and € Subunits

. |
-
L L [ "
M M M i

The rotation of the c-ring drives the rotation of

the central stalk (y and e¢)inside the o534

hexamer unit of F,
The b with & subunits (prevent rotation of the

03 .,q P3 hexamer unit
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v-Rotation Induces a Conformational Shift in the (3 Subunits

2L AL

M, ik

1. When protons pass through F; the ¢ subunits rotate and rotate the attached y subunit along with them.

2. With each 120° rotation of the y subunit, they comes in contact with another p subunit, forcing it to release ATP and
enter the B-empty conformation.

3. The empty subunit then binds ADP and Pi and catalyzes the synthesis of another ATP molecule.

ac,9 wlsg B Jl 9 INnduces a Conformational Shift gl 95~y
1
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ATP Synthase
Mechanism

Copyright © W, W, Norton & Company, Inc.
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Electron Transport Chain Inhibitors e
'
NADH-Q
oxidoreductase
* Rotenone is a naturally occurring compound found 1n several T i
QH;
plants. It has been used for centuries as a natural insecticide and
Y
Q-cytochrome ¢
iscici idored
piscicide. i
T antimycin A
« Antimycin A is a natural antibiotic produced by Streptomyces Cytochrome ¢
L
bacteria. It is a potent inhibitor of Complex III in the electron Cytochrome c oxidase
? O o
transport chain. 0,
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Oligomycin

+ Oligomycins are antibiotic created by Streptomyces that are strong
antibacterial agents but are often poisonous to other organisms,
including humans.

* This drug binds to the Fo of ATP synthase, closing the H+ channel
and preventing reentry of H+ into the matrix, thereby inhibiting

phosphorylation of ADP to ATP.

* Because the pH and electrical gradients cannot be consumed in the
presence of this phosphorylation inhibitor, electron transport stops
because of the difficulty of pumping any more H+ against the steep
concentration gradient. This dependency of cellular respiration on
the ability to phosphorylate ADP to ATP is known as respiratory
control and is the consequence of the tight coupling of these
processes.
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Thank you

| know it's too long lecture but this is what is called medicine
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Ketone Bodies

DEFINITION: These are 3 compounds formed by the liver and include:

7 1.
Acetoacetate 0 Y C;Q'L Lui \'L
CHy-C 7 CH, - COOH - L et

\3;

e Q\\
P-Hydroxybutyrate |cu, -g:-cnz - COOH | . % _L\ = L .
: CAN

Acetone cH,-E-CH, %
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tJoins g 2SIl JI by 085 LS 40 3 (b 0id 1cay pzill

a oes
_(CHy-C 7 CH, - COOH ay Ss
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Ketone bodies are used as a source of energy

* They are converted into acetyl-CoA which is oxidized in tricarboxylic acid (TCA) cycle.

* Skeletal muscles, cardiac muscles, kidneys and most of tissues can use ketone bodies as a

source of energy in prolonged fasting and starvation.
* Brain tissue can also oxidize ketone bodies within 5 to 6 days of starvation.

* Liver does not contain enzymes for ketone bodies oxidation (ketolysis). Thus liver cannot

oxidize them.
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Synthesis of ketone bodies (ketogenesis):

*Site:
* Organ location: Liver

* Intracellular location: Mitochondria.

*Precursor: Acetyl CoA
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ketogenesis

The first step in the formation of acetoacetate,
occurring in the liver, is the enzymatic
condensation of two molecules of acetyl-CoA,

catalyzed by thiolase; this is simply the reversal of

the last step of B oxidation.
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{:Ha ) - CH - CH
5-CohA

2 Acetyl-CoA

0
I A
CHy=E—CH,—C_
5-CoA
Acetoacetyl-CoA

HMG-Cod khcewl-tnﬂ + H,0

CoA-5H
OH
ﬂ“% | ;;D
HC_EHI_"E_CH‘?_EH
Q0 CH, 5-CoA,
B-Hydroxy-g-methylglutaryl-CoA
{(HMG-CoA)
HML-C oA
o Acetyl-CoA
. )
Dx"'-;.. il =
C—(rg—5—CH;
Y = 4
5
Acetoacetate
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fﬂ P
{:Ha _"c- . CH £ o ':

kEtOgenESiS Mcem -CoA

5-CoA
‘}‘ CoA-SH

CHH—E‘—EH;—C
The acetoacetyl-CoA then condenses with another 5-Con

Acetoacetyl-C

molecule of acetyl-CoA to form B-hydroxy B C
J
methylglutaryl-CoA (HMG-CoA). /)

L e—CH B, —C
Qr — = _5 \ o Oy 5-CoA

B-Hydroxy-g-methylglutaryl-CoA
/H {HMG-CoA)

H B L= i
s Acetyl-CoA

0 A
L 1.

MU Lev

(Ketogenesis) ygisSll plwzl 035
5] g0 wailSi, oi acetoacetyl-CoA JI
B-hydroxy B us J] acetyl-CoA o s>
.methylglutaryl-CoA (HMG-CoA)
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5-CoA S-Cod

kEtﬁgenESiS 2 Acetyl-CoA
H‘-CMSH

The HMG-CoA is cleaved to free acetoacetate and Acmmw{ni s
=L ume-coa b Aecetyl-CoA + H,0
acetyl-CoA. W.t._mrm_m
OH
D% | ;;D
C—CH—88CH,—C_
"0 Oy 5-CoA
B-Hydroxy-8-methylglutaryl-CoA
(HMG-CoA)
HML-L oA
i Acetyl-CoA
2
:::.% K.

"
c—CPY-ECH,
s = g

¢ 0
WLE YAJN Acetoacetate
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ketogenesis

0
AN ||
_ C—CH,—C—CH;
Formation of B- hydroxybutyrate and -0
o Acetoacetate
acetone: Acetoacetate is either:
- - acetoacetate / NADH /‘\\ |:-;j-ha_,rdrm:yh[_d'fral.c
a) decarboxylation into acetone. decarbonyiase +H ) dehydrogenase
b) Reduced by hydroxybutyrate /( CO, NAD*
: N
' - \
dehydrogenase into B-hydroxybutyrate. CHy—C—CH, :: C—CH,—CH—CHy
0
Acetone p-B-Hydroxyhiityrate

'\..“ =
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Conditions that increase ketogenesis:

1. Starvati
2."\Diabetes mellitus.

3. Low carbohydrate diet.

* Regulation of ketogenesis:
+ After meal, ﬁh‘v_isec&eted, and this Inhi lipolysis and in turn Mits

ketogenesis. ] N I

* During fasting anti-insulin hormones are secreted e.g. glucagon. This stimulates
lipolysis and In turn ketogenesis.
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OXIDATION OF KETONE BODIES (KETOLYSIS): Site:

* Intracellular location: Mitochondria

* Organ location: Extra hepatic tissues as muscles

* Noto: Ketolysis does not occur in liver because it does not contain

enzymes for it
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CH;—C—EH;—CR o-B-Hydroxybutyrate :
L ¥ I G _E
KETOLYSIS: Steps: : |
NAD™
=A-hydroxybutyrate :
dehydrogenase FNFMDH + Ht :
; ; . 0
* Acetone is volatile and removed in the i pe :
IEI-h—li—f.‘.ﬁH;,—i:H Acetoacetate }
expired air. N
i} -ketu:n:y-l-lf:uﬁt Succinyl-CoA :
transferase ; £
* B-Hydroxybutyrate is converted in to s
0
J A
acetoacetate by hydroxybutyrate CHy—C—CH,—C Acetoacetyl-CoA
-CoA
dehydrogenase enzyme. S I,EUA.EH
7 A

KS-DJA - ¥
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CHl_‘;_EHE_E\x D-B-Hydroxybutyrate :

KETOLYSIS: Steps: : .

NAD™
KNADH + H
* Acetoacetate is then activated into i P

CH;—C—CH;—(‘.R Acetoacetate

0-
B-ketoacyl-CoA t Succinyl-CoA

201 W H, Fieer

o-A-hydroxybutyrate
dehydrogenase

;. e, B

acetoacetyl-CoA by in the presence of

Waretnram b G, Lafenlagee Prchiies of Mot

¥ ransferase ’
succinyl-CoA : Succinate

CH—C—CH—C
“S-CoA

5 H,EUA-EH
tnigase

0 ;,i’fﬂ

&
CHJ-{:\ + CH]_{:\ "“:* g

5-CoA 2
M LEVN =N

:Steps :(Ketolysis) vgiuSIl plusl wMaiwl
| Jres oi g» Acetoacetatee
oo presence Jl ¢ acetoacetyl-CoA by
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OH P
CHz—E_‘:HE_{:.\ nvﬁ-HydmxybutyrateE

KETOLYSIS: Steps: H v
NAD™
KNADH + H*
* Acetoacetyl CoA is split into two molecules i P
CH;—C—CH;—(‘.R Acetoacetate

0

B-ketoacyl-CoA Succinyl-CoA
transferase S

R FRR

=A-hydroxybutyrate
dehydrogenase

of acetyl CoA which are oxidized in citric acid

Waretnram b G, Lafenlagee Prchiies of Mot

cycle; Each gives 12 ATP

0
I A
CHy—C—CH,—C Acetoacetyl-CoA

-CoA

5 H/EUA-EH
tnigase

CH C{Fﬂ CH Eﬁﬂ
A + i g
3 3 e oy .
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General catabolic pathways of amino acids

* Most catabolic reactions are preceded by cleavage of the amino acids into

ammonia and the carbon skeleton (usually in the form of an a-keto acid).
* The ammonia 1s mostly converted to urea, which 1s excreted in urine.
* Little ammonia 18 also excreted in urine.

* The carbon skeleton may be converted to glucose or ketone bodies, or may be

oxidized to carbon dioxide and water.

M LEVN

: ._,-aLn:i amino (o «l,lLusll General catabolic

| polo=l @amino JI o ,lauw preceded by o wle laill catabolic olaszo ©
(uoo> an a-keto o 085S JI 9 3ole) carbon skeleton JI g ammonia
Jadl (9 excreted g» sl ,urea (J| Jg= mostly ¢ ammonia JI ¢

.Jeudl s excreted Ll ¢ Little ammonia «

0550 35 ol ,0euSIl pluzl ol jsSelall JI J§=5 0sSs 28 carbon skeleton JI »
<L)l g carbon dioxide (J] swSlis



General catabolic pathways of amino acids

1. Transamination.
2. Deamination
3. Transdeamination

4., Decarboxylation.
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General catabolic pathways of amino acids

*  Deamination:

Dxidative deamination.
:""-:i'."l l.l"q..-\'.'.-.l.li".l_“' deamination.

Hydrolytic deamination.
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Deamination:

* Definition: It is the removal of amino group from amino acids in the form of

ammonia (NH;).
* Site: Mostly liver and kidney.
* Types:
* Oxidative deamination.
* Non-oxidative deamination.

* Hydrolytic deamination:
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General catabolic pathways of amino acids

* Deamination:

1. Oxidative deamination.
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Oxidative deamination

* By oxidative deamination reaction both oxidation (removal of hydrogen) and

deamination (removal of ammonia, NH,).
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There are three main enzymes involved in oxidative
deamination

1. L-glutamate dehydrogenase

2. L-amino acid oxidase

3. D-amino acid oxidase

oxidative 9 involved wlos Yl (il @i 2 Jln
deamination

> 9 xb as L L-glutamate .1

oxidase jao> L-amino .2

oxidase jao> D-amino .3
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Oxidative deamination by L-glutamate dehydrogenase

* It 1s highly active enzyme catalyzes the deamination of L-glutamate amino acid.
* This enzyme 1s present in both cytosol and mitochondria of most tissues.

* [ts coenzyme 1s either NAD+ or NADP+.

M LEVN

o> 9yad ac ;L Oxidative deamination by L-glutamate

.Jeo> L-glutamate amino » deamination Jl jax, eVl losin 8,05 45,5 ob It °
iz Y| plazo o byrieSsisall 9 Jowsimmd| Lad)MS (9 present on oy iVl lin
.+NADP ol +NAD L] 92 o Ylco o *

2022-2021 _ulall @iz Yl ale -plle somo >



Oxidative deamination by L-glutamate dehydrogenase
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il
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HNHH
Amonia (NH4)

ﬂ:i‘.:: -CO0H
CH,
l‘:Hz'ﬂUﬂH
a -Ketoglutaric acid

L-Glutamate dehydrogenase.

Crualy

29, as ;L Oxidative deamination by L-glutamate
H2N-CH-COOH HN=C -COOH

,CH, ta ath b cH

CH2-COOH CH2-COOH

ueo> Yanipy’'- NAD(PJH+H" a -Iminoglutaric— wLUgle
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Amonia (NH3)
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CH2-COOH
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Regulation of L-glutamate dehydrogenase:

* ATP, GTP and NADH + H* allosterically inhibit L. glutamate dehydrogenase.

* ADP, GDP stimulate 1t .

* Thus, 1ts activity 1s increased when energy 1s required \ ATP GTP NADH+H'

Ol ™

(Glutamate Dehydrogenase |
O 7
ADP 6DP
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L-amino acid oxidase (LARO):

*LAAOQ is a flavoprotein enzyme that can deaminate a wide

range of L-amino acids.

peroxide (H202), as a side product .It is highly toxic to the cells.
It 1s hydrolyzed rapidly by catalase into H20 and O2.

*[ L AAOQ is primarily found in the liver and kidney.
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L-amino acid oxidase (LARO):

[ - —
" ; 3 |
R_FH__ COOH b L-Amino acid oxidase . R—E-ﬂﬂﬂH
NH N NH
( MO
Hydrogen peroxide v Ammonia
Catalase’ | Ho O R-C-COOH
(o)
a - Keto acid
2 Hzﬂ * OE 'r."l-lﬂrilﬂ
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R-C-COOH
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Oxidative deamination by D-amino acid oxidase:

* D-amino acids are found in plants and in cell wall of microorganisms.
* They are not used 1n the synthesis of proteins inside the human body.

* D-amino acids present in diet are deaminated 1n the liver by D-amino acid oxidase.

* Its coenzyme 1s FAD .
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General catabolic pathways of amino acids

* Deamination:

2. Non-oxidative deamination.
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Non-oxidative deamination

* This occurs for hydroxy amino acids e.g. serine, threonine, without removal of

hydrogen (non-oxidative) =———» Pyruvate.

* [ts coenzyme 1s pyridoxal phosphate. 5 0"
| -
~0—P=0 D—‘T=D
i ?
|
T CHy : CH,
0=C NH Harft—tl: NH
= I N—
OH CH, OH CH,
Pyridoxal phosphate Pyridoxamine
(PLP) phosphate

WLE}/A’N Pyridoxal phosphate (PLP) and its aminated form, pyridoxamine phosphate

Non-oxidative deamination
oo removal ggs e ,€.9. serine, threonine _olo>l hydroxy amino J wax, Isa *

g ull hydrogen (non-oxidative)
wwlawgd pyridoxal g oy Ylco o ©
wlawgd pyridoxamine ,»8Ss aminated o) g (PLP) wlawgd Pyridoxal



Non-oxidative deamination

hydratase : NH

i,

i o %,

s g i § o
]

i B T S

| Serine

s‘.l'.'Hz -CH-COOH o=
1

OH H,N

Serine

de

T RS D

PLP
HOoH

qu

HNHH
Amonila (NH4)

Non-oxidative deamination

(“rubfy

CH4- C -COOH
a - Imino propionate

o
CH3" t: -MH

Pyruvate

Non-oxidative deamination
re -CH-COOH

1

OH HN

Serine

Non-oxidative deamination

Cruby

a-lmino propionate
HNHH

Amonila (NH3)

0

CH,-¢ -COOH
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General catabolic pathways of amino acids

* Deamination:

3. Hvdrolvtic deamination.
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Aspartic acid

O0C— CH:; mCHESCOO

|
NH."

Asparagine

H.N— C— CH,—CH —COO |

|
o

L

[
NH5T

Glutamic acid

"OOC—CH,-CH,— (.I‘.H —CO0O
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| § NH3+ |
H,N—C—CH,-CH,—CH —COO™
i I I
Glutamine . NH.*

O0C— CH, cia (aroley“

NH3

OOC—CH,- CH,— CH — Coo"

| o= yao> Glutamic
™H,N—C—CH,- CH, — CH — COO

Glutamine n
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Hydrolytic deamination

* For glutamine and asparagine:

* Both are hydrolytically deaminated by glutaminase and

asparaginase respectively.

* Glutaminase enzyme 1s present in Kidney.

* It produces ammonia (NH3), which 1s used in regulation of acid E::
base balance by kidneys. HCNH,

COOH
Glutamate

Hydrolysis of glutamine to form

Q{])/(SL EYAJN ammonia.

Hydrolytic deamination
:asparagine g glutamine J »

9 hydrolytically deaminated by glutaminase _a La)s
.asparaginase respectively

adsdl 9 present g» os Yl Glutaminase

Ueo> oo pdaii (9 paxiuwg ga sl It produces ammonia (NH3) -
.Sl balance by sxcls
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General catabolic pathways of amino acids

 Transamination
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Transamination:

» Definition: It is the transfer of amino group from a-amino acid to a-keto acid to

form a new a -amino acid and a new a —keto acid.
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Mechanism:

* Enzymes called transaminases (or amino transferases) catalyze transamination
reactions.

* PLP is the coenzyme for all transaminases.

« All amino acids (except lysine. threonine. proline and hydroxyproline) may
undergo transamination.

* All transamination reactions are reversible.

» All transaminases are present either in cytosol or in both cytosol and mitochondria
of most tissues.

* Among all transaminases, 3 are present in most mammalian tissues and they are of
clinical importance. These are: ALT . AST and glutamate transaminase .
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Alanine transaminase (ALT):

* ALT also called glutamate pyruvate transaminase

{GPT); N ﬂ-tl.‘.-C’DﬂH
CH3- CH -COOM cH2
« ALT is present in the cytosol of the cells. Alanine CH2-COOH
-i e .ﬂ.'l-l--ﬂ ;".‘_"'" : l «s-Kotoglutrato
= ALT 1s an enzyme that catalyzes the transfer of Milﬂﬁf’ﬂﬂ' PLP
‘ _ - o MaN - CH - COOM
amino group from alanine to a-ketoglutarate to o 4}143
CHI~ C-C00N CH2-COOH
form glutamate and pyruvate. Pyruvate Sutamats
. . : inati lanine tr i ALT).
* The reaction is reversible. RSN D S N “'L
C
CMGLEVAN
OM ELEN

:Alanine transaminase (ALT)

transaminase gl wloligle ous Lyl ALT *

NH 0=¢-COOH .(GPT)

CH3- CH -COOK

Aanine CH2-COOH .\l JI (jo Jewgivmd]l JI 9 present ¢n ALT *
rae | «-Kotoglutrate

Aminotronsterose’ [PLP | ;o Jis JI jax; siJl a Y] an gn ALT *
HQN-CH -COOH - (ALT)

é ° JJ| a-ketoglutarate _J| alanine ;j» icgaxs amino

CH3- C-COOH CH2-COOH

gl . wligull 5 wllisle 03

wlolgle

.(Pie. pencominati Jonine tronsomi 7

(reversible. ™ Seatiee BS eainase AEN g» Jclaill JI *
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Aspartate transaminase (AST):

* AST is also called glutamate oxaloacetate transaminase

MM - CH - COOM 0+C-COOH
(GOT). CH2-CO0H
A:-nﬂﬂr CHEZ-COO0OH
* AST is present in both cytosol and mitochondria of the l nqurtm: w-Ketoglutrato
cells {Asg S -
©0=C-COOH ’
* AST is an enzyme that catalyzes the transfer of amino e N ﬂﬂ-ﬁﬂ.au
group from aspartate to a ketoglutarate to form — - ] T A
(AST). ' ' Crerky

glutamate and oxaloacetate.

* The reaction i1s reversible.
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Glutamate transaminase:

» This enzyme catalyzes the transfer of amino

group from any amino acid to a-ketoglutarate. COOH O=C-COOM
CH-NH, S
| ™
R CH2-COOH
Amino acid a-Ketoglutarate
[_Elutnmnu
transominase PLP
COOH HoN-CH-COOH
¢-o
R CHZ-COOH
a-Keto acid Glutamate
Transamination by glutamate transaminase.

Cyabay
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Pasty 0+C-COOM
CH3- £= .COOM
T—— CHZ-COOM
| dbomine | - Katoglutrate
AminotransTerose PLP
L I Mgt e - COOM
' eHz
CH3- C-COOM £H2.COOM
Pyruvate Qlutam ate
Transamination by alonineg tronsammase (ALT)
€ nanbag
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?—I-hﬂ-‘l: H
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EI'JOH I-Izhl'- I;.!H =CO0H
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L
R CHZ-COOH
a-Keto ocid Glutamate
Transamination by glutamate mhﬂl} .

Giutamate wlog i
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Functions of transamination:

* Transfer of amino group ( NH2) from most amino acids to a-ketoglutarate to form

glutamate.
» Glutamate is then deaminated to give ammonia.

* Transamination is important for formation of non-essential amino acids
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Diagnostic importance of transaminases (ALT and AST):

» Transaminases are normally intracellular enzymes.

= The presence of elevated levels of transaminases in the blood indicates damage to cells

producing these enzymes.

* Elevated levels of both ALT and AST indicate possible damage of liver cells with

subsequent escape of hepatic enzymes into blood

= An elevated level of AST only suggests damage to heart muscle (myocardial

infarction). skeletal muscle or kidney.
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