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Enzymes

Eduard Buchner in 1897

1 2 3
St
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

s LA T cells

The term "enzyme" comes from the Greek words en (meaning "in") and zyme (meaning "yeast"). It

o2 N S

reflects their role in fermentation.
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Enzymes

/ ﬂ
Enzymes are Biological ~ Highly SpeC|aI|.zed RNA or
Cata|ysts Proteins
———,
Enzymes  accelerate  chemical  Most enzymes are proteins, but

reactions in living organisms
without being consumed in the
process. They are essential for life
because they enable metabolic
reactions to occur at rates
compatible with cellular needs.

e pdt 7% Function Under Mil
.,,._6_’,0' - —

Conditions
N

Operate efficiently in agueous
solutions at physiological pH and
temperature.

Example: Trypsin functions
optimally at pH 8.

some are RNA molecules (e.g.,
ribozymes). Their three-
dimensional structures are highly
specialized to perform specific
functions. L .
3 sifuncuonal T png "e'h.é

9‘“’“@”‘)&\_—’)\?—“

Extraordinary Catalytic
Power

Increase reaction rates

Example:  Carbonic  anhydrase
hydrates CO, 107 times\faster than
the uncatalyzed reaction

v
=g’ \z‘q:gﬂ\ tEa (_l'j»\
29750 5 (3N I

High Degree of Specificity
- . S 5“‘ L

Enzymes bind specific substrates

via precise molecular interactions.

Example:  _Lactase  hydrolyzes
lactose but not other disaccharides
QY

Lactose— ) ln(osaj elacto 3¢

Unique Properties Compared to Non-Biological Catalysts

Non-biological catalysts often require extreme conditions (e.g.,

high temperature,/pressure).
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Ribozymes

<ACW(®
%

* Ribozymes (ribonucleic acid enzymes) are RNA molecules that have the ability to catalyze specific
Guane, I\ 0‘ 6(“/@&

biochemical reactions. e&“o
NH,
< S

N“ N = »Lma\,B\ Adenosime

me /\/\/\
. ¥ -
suostate) \V

Eié))ozyme guanine methylated RNA (P)  Prodore

owclucre | V,Luao substraie 3l Qe Co-tnzgmal (s» CHg 3) 354
EX Methyltransferase Ribozyme (MTR1): is a ribozyme catalyzes

),

methyl transfer to generate 1-methyladenosine (m1A).

MoHAMMED ELEYAN



Some Enzymes Need Other Chemical Groups

RS

Not all enzymes are fully QA —X°“\é

functional on their own.—% %"

Many require additional Inorganic cofactor. Active site
molecules to catalyze /
reactions effectively. :

_- Coenzyme
. (organic
cofactor)

Apoenzyme (protein)

oy

Holoenzyme Qb Az Sl i

1 Cofactors 2  Coenzymes
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Some Enzymes Need Other Chemical Groups

Cofactors:
Inorganic ions (e.g., Mg?*, Zn?*, Fe?*/Fe3*) that assist in
catalysis.

Example: Carbonic anhydrase require for activity.

ngand

mdmg site

Active
Protein

Cofactor

;

Inactive
Protein

without the cofactor attached, Cofactor binding
the protein is not active. activates the protein.
e —————..

Figure 4.1 Cofactor binding
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Some Enzymes Need Other Chemical Groups

Table 6-1 Some Inorganic Ions That Serve as

Cofactors for Enzymes

Ions Enzymes

Cu?* Cytochrome oxidase

Fe?* or Fe3* Cytochrome oxidase, catalase, peroxidase

K* Pyruvate kinase

Mg?* Hexokinase, glucose 6-phosphatase, pyruvate
kinase

Mn?* Arginase, ribonucleotide reductase

Mo Dinitrogenase

Ni<* Urease

Zn** Carbonic anhydrase, alcohol dehydrogenase,
carboxypeptidases A and B
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Some Enzymes Need Other Chemical Groups

oﬁam'c, Puﬂ- connect wikh  wnotQaNe Qar
R Coenzymes:
Organic or metalloorganic molecules thaact as carriers
dé L\/Lc —% of specific functional groups (e.g., electrons, acyl groups).
Example: NAD* (nicotinamide adenine dinucleotide) is a
coenzyme involved in redox reactions

o)jﬁyl 2 Band U1 uc\a

Substrate
Coenzyme
+ S —>
Apoenzyme Cofactor Holoenzyme
(protein (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 mammals

Biocytin CO, Biotin (vitamin B,)
( aﬂ\C/ Coenzyme A Acyl groups Pantothenic acid (vitamin
o) 2 B5) and other compounds

5'-Deoxyadenosylcobalamin (coenzyme B,,)

H atoms and alkyl groups

Vitamin B,

Flavin adenine dinucleotide

Electrons

Riboflavin (vitamin B,)

Lipoate

Electrons and acyl groups

Not required in diet

Nicotinamide adenine dinucleotide

Hydride ion (:H")

Nicotinic acid (niacin,
vitamin B;)

Pyridoxal phosphate

Amino groups

Pyridoxine (vitamin By)

Tetrahydrofolate

One-carbon groups

Folate (vitamin By)

L Thiamine pyrophosphate

Aldehydes

Thiamine (vitamin 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. e

o 3»

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

.  ————————— S — p—
and then rebind later. Alpy Al RN g e
(L

Coenzymes

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

Tightly bound cofactor
(low K) = prosthetic group

(Transient binding) (Permanent binding)

Protein
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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.g., NAD
Prosthetic group AGHVE SIS

(perm. attached)

Enzyme

Cosubstrates
(detaches)

Prosthetic Groups
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 cofactor Active site

Enzyme Type Requires Cofactor? Term to Use Coenzyme
(organic
. f
Enzyme without cofactor No Enzyme (e.g., lysozyme) cofactor)
Enzyme with cofactor (inactive without it)  Yes Apoenzyme (inactive form)
Enzyme with cofactor (active with it) Yes Holoenzyme (active form) Apoenzyme!(protein)

\ J

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. c)““'gﬂ
Q,*/\"—J"é:)}(l) | s Contains catalytic residues that participate directly in the reaction.

~ e Sybstiglp) Example: Chymotrypsin catalytic triad (Ser195, His57, Asp102).
d_‘w{/y‘_@ Q)’ﬂiﬂo QCI'OlCS. -'(es,' clues serind l’ His+ tdline A”?"me'
o —~ & Bpnlao PNV e
Py " ’,agc%x » \ i. X 9! '
S )
s \L' ' // \ / Key active site
,>/‘& Asp 1’0‘2 Q\HES? iy (*\i on Q(O‘“Q\n ‘S\ ‘ amino acid
" Y ' : ' residues
( } W e \ candormation?!
3 ( \&- ) ) oo
N ‘ L = TOUN ST 5
N\ S % Lj{,‘};}/ globule® 5 sV

S \poit Ex21 5 Wotiw P
Neloh vols Subsiione O o L0710 Pokve ske
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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).

&»5 & Cotud)
» ook ""‘%‘ Binding is highly specific due to complementary shape and chemical properties.— S

PN e g T

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

View 1 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

L3 0%\ C}"M P Z«e:

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.

MoHAMMED ELEYAN



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
* Optical (stereo) specificity
* Group specificity
* Absolute specificity

* Relative specificity

» Reaction specificity

Dual specificity

©
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Optical (stereo) specificity

}{202 02
i FAD FADH,
: COOH COOH
| Yl | . | + NH!
H,N —C—COOH > R—G > R—L\\ i
! LAAO “NH 0
a-imino acid a-keto acid

[.-amino acid

* Enzymes act on one of 2 isomers

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

* D-lactate dehydrogenase acts only on D-Iactate,L-Iactate.

—EEE—— S _e———
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Group specificity

Hexokinase
NH,
R\ ’O o O N X
Q’/Ji; 5:;5(5\5 K\\@zo ﬁ o— ﬁ o < ) -0—P—0—P—0 O</N\AKN\/)N
OH ‘h + k # ~ o= g h
(guY\C\fO‘f‘q\ o™ OH OH OH OH

3‘ (’:»‘AE> o-D-Glucose P < Q(\DG*’A\{LS\&Q’ o-D-Glucose-6-phosphate ADP
D), NN SN S NS T | NOVE B T
/:T_CHZ_C_ITT_C\"H_C IT—?H—C—IT—?H—C—IT—?H—C III—CHZ_C_III_(?H_C_:TI_CHZ—C\
H g H (CHy), H CH, H CH, H (CH), H H CH, H 0
NH,- o N &00
H h=é—NH

@/ Ala Ser . ) Asp Gly

FIGURE 15.1 A typical amino acid sequence. The enzyme trypsin catalyzes the
hydrolysis of this chain only at the points marked with an arrow (the carboxyl

side of lysine and arginine). ' )
LW A2 (o wite >y
The enzyme acts on a specific functional group or chemical bond within a group of structurally related substrates.
\r\_\'r'\osnua“
?\“860 Je Qv
. Hexokinase phosphorylates hexose sugars (e.g., glucose, fructose) at the 6t carbon.

Trypsin cleaves peptide bonds on the carboxyl side of ba5|c amlno acids (lysine and arginine).
e Bz ~ s Ry
MoHAMMED ELEYAN
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B\ @&’U\M\& Absolute specificity

61_9\9 .
@)
/U\ Urease
H2N NH2 . 3 Hzo > COZ . 2 NH4OH
Urea ooy C\

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.

H

alcohol |
dehydrogenase

1
H—C—OH > H—C==
\ / " | # ey KL=t
CH3~CH,—OH (@™ CH;-C=0 NAD* NADH + H*
Ethanol Acetaldehyde

NAD* NADH + H*

v

— -
CoY (QSbO V\OI% 3 0‘94\’ ‘ \ng 6_Jj O\ site where carboxypeptidase cleaves

C \oA ehiol¢ (||) (|? (I?
/C\ /C /C\
—NH?H NH(liH HC|H O
R R R
<o bexilic
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Reaction specificity

o O
l Oxidaso ||
R—C—COOH > R C COOH + NH-,
I
NH.
Amino acld O« Keto acid
H
I De
carboxylase
SR —— et £abac S R—GH2 + CO2
NH. NH.
Amino acid Amine

. . — -_ . ~"' . — [\ LI - L .
Qo Lel-E3 L VY Ms 38 Ju. (SJ’\ o 3R gr M (o SOV 050 e e Sile G
eThe same substrate can undergo different types of reactions, each catalyzed by a separate enzyme and this is referred to as

reaction specificity.

H. Y oxb g Coolt §
* 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, =00

2

H | OO NADH MADH +H* [ CI: H, —CO0 ] caQ, Cl H, —COC~
— '-: — _: M - -
| \- -"/ >~ He=C=—COO"- % CH..

HO —C — COO" | |-

I | O=Cc—C00- | H* O=C—CO0r

H

Isocitrate — oA r({ 2NN Oxalosuccinate a-Ketoglutarate
—_— -~

One enzyme acts on 2 different substrates e.g. isocitrate dehydrogenase enzyme acts on isocitrate and oxalosuccinate.
. - ~ o\ . ' ‘
/ . L - - Cf C)”’
M;?SD\WL}@D)MWW@/‘”/ -
. - * . - " . )\
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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
. N A S G INGS 6 Que gt st EPMN ALY g
cell or during secretion. Vot Daliitg y{wf?’/- ©> T &ee
A 205, i e Vs ina (VRN TN pep QUpAA Bl W5 £ QIS 50 = €

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.

/ o P . \ . .
C,’T""V oo J"\(r__')-)l D sPS Psaxeo\:)\—\’c« Vo w P‘P'”fes e sl
Inactive Zymogoen ACTIVe Cravimee, popsn
pepsinagen @ &« D

Adtive
site

Masking
eguomnce
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Zymogens

)

Transcription

NN

l Translation

, MosK

Activation
Zymogen

Pro ﬁﬁ?j/’%

C Substrate j
|

c

<3

KActuve groteaie )

v
CZID

Downstream effect

e ——

p

Inhibition V; -
ibitio =

Protease—inhibitor complex

Degradation

= =
/%ca

Oloes) )5 Lyndim
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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 o Trypsin

Pancreas Procarboxypeptidase Carboxypeptidase
Pancreas Proelastase Elastase

MoHAMMED ELEYAN
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Biochemistry II Dr. Mohammed Eleyan

Chapter |
Introduction

I- Enzymology:

Enzyme t(e;.l:’linologg:~

. zKinase,; ?’;‘c‘)‘s?p\ﬁatg‘;rua:s,flér (-\TQTP —> ADP*‘ Pi -9 ¢ GTP —CRP «
* Phosphatase = Remove phosphate from a substrate
* Dehydrogenase = Add or remove hydrogen molecules from a compound
* Hydroxylase = Add hydroxyl group to a substrate
* Carboxylase = Transfer COOH group @,P@LQ;;;

CO2
* Mutase = Relocate a side group in the same substrate 3- Pbaspb;l;ttﬁh’.
S——

Sywhese
*  Synthase/synthetase = Synthesize a product from different substrates \_) < Q—%\J l 1
n{ W (
Maximum velocity (Vmax) com PV

Def the point where any further increase in the amount of substrate causes no increase in
. . : QNN 3 Y N Ml SF S
the velocity of the reaction (Fig.1: A).

Michaelis constant Km
vm ok
e Def: It is substrate concentration that produces half maximum velocity (Fig.1: B).

o Ky, reflects the affinity of the enzyme for the substrate. (‘é“’ @;«w&— Qs

e Ky isused to compare the affinity of different enzymes to the same substance.

[
s SR




p ) 2 enzymes lucoks
Biochemistry II =y owm [ En: glucokcinase Dr. Mohammed Eleyan
subsivatl Hetokinase substtate Ot (ua g larallds

At high concentrations
of substrate ([S] >> K,,,), Vmax
the velocity of the reaction
is zero order. That is, it is
constant and independent
of substrate concentration.

““y:f,b us. = ;qb!‘\‘ﬂ“)\

Reaction velocity (vo)
]

2
Vmax ___________________ z _____
2 =
= -
no— 8 |
72\ %Ex,
= L
1= substales -% -
Beloely 0\ & ’ Large Km of enzyme 2
A e o reflects a low affinity
3 AL o e of enzyme for the
L—_ _ 5T [Substrate] substrate.
He substbate_3 Km
/r',/-G) Cj'\, v) At low concentrations of Small Kn, for enzyme 1
Q. subatrate (IS] <« Ky)), the reflects a high affinity
= velocity of the reaction is

of enzyme for the
substrate. B

first order. That is, it is
proportional to substrate
concentration.

Fig.1: A. Maximum velocity & Michaelis constant; B. Vmax & Km vs affinity

Example Hexokinase and glucokinase

Affinity o 1/km

e Low km & Vmax reflects a high affinity of the enzyme for substrate i.e. low of
concentration of substrate is needed to half saturate the enzyme.
e High km & Vmax reflects a low affinity to the enzyme for substrate i.e. high

concentration of substrate is needed to half saturate the enzyme.




Biochemistry II Dr. Mohammed Eleyan

II- Transport Across a Cell Membrane

1. Passive transport:

e The movement of substances across a cell membrane without the_input of energy,

b . . .
-\Qv\ > from an area of higher concentration to an area of lower concentration.

qloY_'j concentration ﬂmdiw
2. Active transport:

e The movement of substances across a cell membrane} againsb their concentration

gradient, from an area of lower concentration to an area of higher concentration.

This process requires the input of energy, usually in the form of ATP.

» Secondary active transport: The transport of an ion (glucose) in the

WSk concemvtaven L . . .
AN direction of its increasing electrochemical gradient coupled to the

I
AUCSEAN ’y\cf"' .. . . . - . . . )
s facilitated diffusion of a second ion' {Na") in the direction of its decreasing
. . . )\Aﬂ;‘-@,\:& (z)’.PJ\—\'M..»;L—_?f
electrochemical gradient (Fig.2). g, L5 Jo 0> \L e T Chimalty
,  RQudvared
(\ Active Transport ) SPassive Transport
@ i w{o"\/
Movement against the Simple Diffusion Facilitated Diffusion M
concentration gradient X cqirier pHA - 0
using energy (ATP) Achqwfrxvegmrear:learl.;)r;i&tbr:q;?;:e!;;at-on . “
: Molecules, Diftusing V||9
Outside ..4 ‘\. .:.
' ® o
¥ PO ®
Y
:l::\:lllde WP Channel @ Carrier {a
: —a protein ® o !
.v) C.°“L

Primary '

| Secondary
s Active Transport *

! Active Transport
- Vol Dlag smps

o7 0ty win 035 LRRE , S
psv mead@Ls ap+R @yl (s ) WL i Sy
)9S O Q e %\hdﬂ)(’y;ﬁ)\_‘r‘f
. e Ji AR - PR
T Yo s P 21 il 24TV
oS i
- . .
Fig.2: Transport Across a Cell Membrane Hp A5t Rrimafy M)~ B
L5t p5 b W <.

25PN O, {5225\ Lon
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N %‘\'q((,\(\ Jigesion by GIT 19lucese

() gecose. Convelsion oy liver, ghese, —2%5, €&l
HUel, Qs

Fos “'%;':f,.—> lackose, 2~ “4 ‘jq\q‘l*"SC +iucse © Factose, Byrymy d«pﬁ
Fate Of glucose@m%mg Cefose 2 oy FHactose rJlucase
L =\e Qe
i . . en 8 A
., bo\\ SW\ mA L' ADSE \QC"’S’QJ\ ~ A nq bo ‘?Q.AL- )})—’Z:-P\ ~u8|\4CQY’€J4 r’.rL—J,
Oxidation pathways . Conversion
Major Glycolysis (Production of Glycogenesis (iver & lipogenesis
Acetyl Co-A).... ATP Muscles)
' . - \,0\ \_leju
2 %\u@se N\ Yoyl TPl L
. § iR K
Minor 1. Pentose phosphate pathway ’ :
_‘g_; Uronic acid pathway Coton
_Bichemisic T _ \- Qex\-\-ose, ()I'\DSP}'IQ‘E'J \ Zf{ ~le
G 6 J\Ce;eit}?OMc&omow\lZU <) 2" M(Ohic qu‘

U955 (5 (CHO) 1\ 33y o 23\ D1 AL 7
002 Jd) o s ¢ (CooH) Sy I B




Introduction:

) | e : ™ - -~ < — |
@@w}\ ) @@Z;\Qv;\& On A ez (o0 N (P VAW Db 2\ s
* The end products of carbohydrate digestion are monosaccharides:

glucose, galactose and fructose.

e 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
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Pfece—‘” gonvelsion of ’_\_‘jtq@seb 2 molecule oF cj w/aTe -

Tt Glycolysis (Embden Meyerhof Pathway) Qm’y‘ @@ng\
}ﬁj -

* Definition: Breakdown of glucose: =
200 \pw q}' \"//M_g?lg.-“ J',.-r.qe_-OL\{,l’if"C.? o8 o
1. Into 2 molecules o%\ pyruvate aerobically‘T (in the presence O, and

mitochondria) OR

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

mitochondria). » EX-RBG | sevee  excefsist
(3G
» Site: Essentially all cells carry out glycolysis 1n the cytosol.
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The Overall Pathway of Glycolysis

* Glycolysis 1s divided into two phases.

1. The first phase converts glucose to two glyceraldehyde-

3- phosphates and 1s the energy requiring phase.

2. The second phase conversion of two molecules of

glyceraldehyde-3-phosphate 1nto pyruvate (aerobic

——

glycolysis) or lactate (anaerobic glycolysis) and is the

energy producing phase.

M LEVN

Ao @\(\%ﬂ —>  NEIHY (eqU .\(\('YB

Qose 1 A\ 2L &\

Fructose
diphosphate

N
QOO OO

R:Glyceraldehyde 3-phosphaterGlycerauaehyde 3-phosphat¢ﬂ

Shase, T—spleduce ener

NAD" NAD*

NADH NADH
2 ADP 2 ADP
2ATP 2ATP

% Pyruvate

aveovorc




Oi ﬂﬂ"“’_xﬂ oLcekoNe phosphate

2° W, OH \C H20 \C #20P
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Glycogen

.

Glucose-1 -phosphate 'QD V /(
Hexokinase,
HC=0 HC=0 isomerase CH,OH CH P ) C=0
. — DP St
H(?-OH AT HC OH clz O S CH,OH
HO-CH HO-C':H _ .. HO-CH A—‘!) Dihydroxyacetone
| R — _ £
1 wE}“‘Hc—OH HC OH - phosphate
:g-gH‘ﬂé’/" - Hé"OH HC OH s Triose
, : H4PO, ' H3PO, HC 0 phosphate
" |6-phosphatase bl Ll CH,O
Glucose Glucose-6-phosphate Fructose-6-phosphate Fructose 1,6-bisphosphate H (': —OH
|
s HC=0
3
AfP—vﬁDQ b o Glyceraldehyde-
3-phosphate
2 x 3 carbon sugar molecules per glucose HaPO4 NAD*
Glyceraldehyde-
3-phosphate 4
dehydrogenase NADH 4
Phosphogtyceromutase Phosphoglycerate
CHy CH CH,0 cu—up@ "'"ase CH,0
0, T~ $AD) ———H D) ——— o FEe
A LEARADE ATP ADP co0
Pyruvate Phosphoenolpyruvate 2-Phosphoglycerate 3-Phosphoglycerate Bisphosphoglycerate
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Important Notes

Glycolysis Enzymes and substrates

M LEVN




BPG mutase (Enzyme)

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

decreasing its affinity to oxygen at tissues

2- -
) OPO; ADP ATP O )
\ Phosphoglycerate kinase /4
H——OH >  H——OH
P;

2- X
OPO, OPO,’
1,3-Bisphosphoglycerate 3-Phosphoglycerate

@) o) H,0
Bisphosphoglycerate
. re l°(b mutase H OP 032- 2,h3-Biiprt\osphoglycerate
Luebering—Rapoport pathway ¥ion o2 PROSPREIZSE = (o gt Eri
— 3 &M -
o aa outfer 3 q,, -
Luebering—Rapoport shunt 2 3-Bisphosphoglycerate . .4(:::{:
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Oxygen Binding and Unloading

B P G mu t ase (E Nz g m e) Oxyhaemoglobin eoxhaemolin <

Increasing 2,3 - DPOR
Falling Pos =

e When 2,3-BPG binds to hemoglobin,

Increasing Py A0
cO [

it reduces hemoglobin's affinity for
oxygen. This makes 1t easier for

oxygen to unload from hemoglobin

Right shift:
TH* (Acidosis)
TBPG
TTemp
TAltitude

sl

and reach the tissues that need it. See

physiology!!.
e 2g0dl) s SN 21 B5m 333

S8 3 BP0 Hsseh 2o\ O SWL

@stabmzes taut form of
Hb (L0 affinity). O, moves
from Hb into plasma and into
tissue by diffusion.

PO, 20-50 mm Hg

c‘]l/(é’wm S J




Glyceraldehyde-3-P04 dehydrogenase (Enzyme)

1. It removes H + ion from Glyceraldehyde-3-

PO4 and adds P1. Carboxyl phosphate bond

2. Importance: .
P 1,3- Bisphosphoglycerate (1,3 BPG)
A. Formation of 1, 3 BPG with high energy bond. 0

Il
C-0

B. Release of NADH which is H+ carrier. | @ (1{8 kcal/mole)
H- c OH B Qe
» \NADH jcan enter mitochondria in presence of CH» i B3 0 padTns
s ( 14¢
oxygen to form ATP by ETC. (Next side and phosenegle ne —
&
chapter). A]P 2,,@-9[ ] ) Ye (i &= V1 pTP

9 ¢ Tonidgave ) Sebasped supsioule, \ol]  \So
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H O H H _O

o P
| Nl l- or ' Nl l: + l I
R A side R B side
NADH
(reduced)

NADH and NADPH are soluble

electron carriers used by enzymes

called dehydrogenases

NAD*
(oxidized)

Niacin (vitamin B3) 1s a precursor

In NADP' this hydroxyl. group

is esterified with phosphate. to NADH and NADPH

M LEN




BPG kinase or phosphoglycerate kinase (PGK
(Enzyme)

(00 @)

e It breaks high energy bond in 1,3 BPG
@ ll(l‘ull
storing it as ATP. “_(;:‘:;h:;?.
2 ADP ehycerate
e ATP here, 1s an example of substrate level

Phosphoglycerate hinase
Mg

phosphorylation; ATP formation from > ATP

(“( YOH

substrate not ETC. @ HEON
cH:-o(p)

3-Phospho-gly cerate
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Requlation of Glycolysis

Allosteric and Hormonal Requlation
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Regulation of Glycolysis

* Reversible reaction means that the same enzyme can catalyze the

reaction 1n both directions.

* All reactions of glycolysis -

except 3- are reversible.

M LEVN

Glycogen

|

Glucose-1-phosphate

Hexokinase, i

glucokinase Phosphohexose I RSO RERED I (FH20®
HC=0 HC=0 isomerase CH,OH CH20® c=0
HC-oH ATP ADP  HC-OH c=0 ATP  ADP é=o0 CH,OH
HO-CH HO-CH » HO-CH e HO-CH Dihydraxyacetone
- - - - phosphate
HC-OH :g_g: :g_g: 7 HC-OH Aldolase Triose
H?‘OH HaPO, i i H3PO, HC—-OH phosphate
CH,OH Glicese CH2°® CHZO@ Fructose CH20® isomerase
6-phosphatase [bisphosphatase CH20®
Glucose Glucose-6-phosphate Fructose-6-phosphate Fructose 1,6-bisphosphate H (I: —OH
|
HC=0O

Glyceraldehyde-
3-phosphate

2 x 3 carbon sugar molecules per glucose

Pyruvate kinase

Oty GHa

(|:=O 9—0@ —_—_— H(I:—O

COOH ATP  ADP COOH COOH
Pyruvate Phosphoenolpyruvate

I Phosphoglyceromutase |

CH0

2-Phosphoglycerate

Phosphoglycerate
@ kinase CH20®

3-Phosphoglycerate

HaPO4 NAD*
Glyceraldehyde-
3-phosphate
dehydrogenase NADH

ﬁ—% H(;‘,—O@
ATP ADP £oo
Bisphosphoglycerate




Regulation of Glycolysis

* The 3 irreversible 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
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Hormonal requlation
ad . < .
Ao C/z? »v_su?no Qfs\)\;?\j =

1. Insulin: Stimulates synthesis ot all key enzymes of glycolysis. It is
313@135\'5 A\l (g."(by'\cg_!, é-,«: Tngalin 4,&2;-

secreted after meal (1n response to high blood glucose level). ieed\v\\ﬁ Shage

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

secreted 1n response to low blood glucose level.  Sesing stode

M LEVN




O ————————————————————————S
A2 TRPALRDAE TGS averyy godam 3 B i gyootgsis
Energy requlation: Qields N oo 3@ Qad sl dowt
3\5@\\\3% T e QY Q\,LW —Q{i}\ > —Q;?\\@\J:» '64_,{; Q__é §é~s o

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

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




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.

M LEVN




[

\ Yosmend] [
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Glucose

!

Glucokinase J

INsUulinn s srssssnaxsenaxwerP @
Glucagon > &

N

Hexokinase ] 8 «——— Glucose-5p

I

- ATP
Insulin oo s (#) IPhospho- | % “-— Citrate energ 4
Glucagon > O fructokinase-1 @ *oooomem AMP
@ $=——==== Fryctose 2,6 | Shbsirate
Jl bisphosphate
INSUNN  exmaxsxmmxzarasananzd (&) Pyruvate E© «——— ATP
Glucagon — O kinase @) *oooooen Eectose 1,6
bisphosphate

I

Pyruvate




Anaerobic respiration (Glycolysis)

Lactate dehydrogenase (LDH)
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Anaerobic respiration

 |n anaerobic tissues:

 Lactate dehydrogenase (LDH) 1s an enzyme that catalyzes the

R
conversion of pyruvate to lactate. 0o o 0o O
N/ NADHABE N\
' '
?=0 &— e HO—Cl—H
lactate
CHa dehydrogenase CHs
Pyruvate 7 L-Lactate
C Qreducl:‘c% RY 7 +o —
M LEVN




Anaerobic respiration

* Muscle Cells During Intense Exercise: When muscle cells are working

vigorously and the oxygen supply 1s limited they can switch to anaerobic

$0,

glycolysis.

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

organelles responsible for aerobic respiration.

M LEVN




Glucokinase (GK)

Pho plvlul’ﬂ ?

. !!l!! UI, !! Sl ($ 3palt uﬂm\

or Phosphohexose - & ATP (PFK-D) DFructoss 1.5~ ¢ TG
D-Gluco AL v AT D-Glucose 6+ [somerase -Fructose 6- LATC Loy 3 -
AT;)DL\OMHUX‘!'R] » frivaar (i) phosphate \ Mg _/ bisphosphate w E 2 Jﬁ@" :MJ:‘." QW!, é SARY D 2% th:. G)
o ‘—————’ - - o=
) \ MG) Fructose 1,6- bisphosphate aldolase T 5‘3(!’0\ foq O\ M_';Qow-
- (Aldolase A) -
r “ D \ 4 = -
e abon W@ ELDpEe 0 v NADR v QL -
Li()()~® Glyceraldehyde 3-phosphate H-lC’— O ! ‘1“*[‘““'“‘“‘ ¥ - - . (! NAD™ 1 2\ L @
}’(i.(.)l‘ " dehydrogenase HFOH 1somerase (l_*.-,o @ . @".'
a-o® .- 0@ SHi=0 Shuttles

1.3-Bisphospho-

e S 2 NADHH
2 ADP SRS T -~
Phosphogiy cerate Kinasc \_)/A'.\S’,:z.\ (3(};,_\0 J‘-‘:‘"‘
Mg le-ocﬂl KT} a_ﬂ‘n\-b._\ap
2 ATP o . ]
ik Us M ,za N
@ HCOHM

ch-o(@) S d-be»@

3-Phospho-glycerote

/ﬂs.r:"‘é’"
- e ' . —
S t”'or &t

Phosphogly cerale mutase

1
|
.
|
f
L}
I
1
i
i
|
|
I
i
1
1
'
]
1
[]

T~~_-

Dihydroxyaceione-
phosphate

—y
—ay
-_—
---~--
— ey
—ay
-—

Problem: Cytosolic NADH cannot penetrate
the mitochondria

---»

)5(»55:‘5 3\ ‘%Lt"f"':’

iyrolys 1 o
© “2 iy i Two Shuttles Skeletal muscle and brain
Uinder Anaerobic State
CH; -OH
2-Phospho-glycerate E :' GlycerOI'P04 EE— FADHz — 2 ATP per NADHc
Enolase ' |
Mg 2H.0 : :
® X » ~ Malate-aspartate — NADH — 3 ATP per NADH_
OFb e e \
B & % \ Liver, kidney, and heart
> ADP 2-Phosphoenol py muvate
2-PEP) naerobic Oxidation
L}mum.umw 2 Na " LbL (: "‘ e ()'Q}’ /\)’/JPW /AASSM—K’\GLZ’JN 24 )\ gresbic )!q)\,u
2 ATP Mg™ T 2 e 2@
oo qoc;u 4% @ coon G)le @@ O, 3\ cfu@ s\:e\e\a\ N> RRCs s \’/“SW @L 2R 3| amwbic O YL (r
2 - OH oo naneous ) HO
E”: Spor E“} Echne deh)-druch‘ ':{:l NBD Js CAD J"\’f_}:fi" - o ETC J\g’ {Mll aCCfP"‘ ot
Lnolpytuvate

Kao—mrus;ncq;"@, ﬁ/my“" lH 6.}:’




N A N Y L A e ——

Importance of lactate production in anaerobic glycolysis:

 Lactate production in 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

BT O

End product Pyruvate Lactate

| Glucose |

Glucose 6-phosphate

|

Fructose 6-phosphate

Hexokinase

Phosphoglucoisomerase

Phosphofructokinase

Energy 6 or 8 ATP 2 ATP »‘;\ff; ADPAH* D |

e

‘E*'
Regeneration Through ETC in  Through lactate . oW O g S

Fructose 1,6- bisphosphate

!

Aldolase

[2 x Glyceraldehyde 3-phosphate

Glyceraldehyde 3-phosphate
dehydrogenase

fNADH+H D : JI T

of NAD+ mitochondria formation © / «x  ADP
@:‘Z)‘Z <« NP e Malgie 9 X ATP

Availability  Available and 2 ~ ATP Not available

H,0
of TCA in pyruvate can as lactate 1s =
mitochondria oxidize to give 30 cytosolic substrate PR

)I ceiolwq 9 e =P G - 9\,

CMU.(LEIAN

[2 x 1,3-bisphosphoglycerate ]

V1

[ 2x 3-phosphoglycerate

L1

2x 2-phosphoglycerate

| 1

Phosphoglycerate kinase

Phosphoglycerate mutase

Enolase

[ 2x Phosphoenolpyruvate

g

2X Pyruvate

- 8 2X Acetyl CoA

Pyruvate Kinase

@p‘\‘m W AP
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Important Note (Glgcolgsis)

Enzymes and substrates
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Phosphorylation keeps G6P in the Cell

* Glucose phosphorylation for its

intracellular trapping.

Extracellular
fluid

Glucose is kept in the cell
by phosphorylation to G-6-P,
which cannot easily cross
the plasma membrane




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

@—’ (\@mw\\to\\mv\) é";’%f‘f”af’ L3, e
-@( is found in most tissues and has a@igh glucose affinity (inhibited by G-6-P).
e B e ———

e GK 1s found 1n liver and has@ow glucose affinity.
G Gl Migh o v negalite Jeedbadk

: . /v b S
a/// 0‘6\7 ‘L'\‘Ja a_ (ﬂhtb’”""-"n

» Insuliniinduceg the synthesis o@and has no direct effect on HK.

Az gl nsuling D os® / SHSN 59N\ opsut .-
GAS L 5m G 3 gger Sy Indudion
serfe S E= G-6-R S )9 s &

.
M LEVIN gmppessreoiam meyners




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

Concentration
. of fasting
 Effect of glucose concentration on the rate of blood glucose

Vmax

O e e Glucokinase _

phosphorylation catalyzed by hexokinase and

>
C») same sybsHIK «— QQM%jmeS =
glucokinase. b Glucokinase
< :\l_\.«ﬂﬂi\.--; ......
E <
. . . E Vmax
* K,, = Michaelis constant; V_ . = maximal g Hexokinase
Hexokinase
hd ...LL....;....I....I....J
velocity. km X\ * 5 10 15 20
. K ( K \ - coneerivali
Q ifl% hrgh ' % Hexokina Glucokinase L A‘L—[Mg 16 cs tha
4 Wg Glucose concentration (mmol/L)




_ Glucokinase Hexokinase

Site Liver All tissue cell

Affinity t0  Low affinity 1.e. it acts only in the presence ~ High affinity 1.e. it acts even 1n the presence

glucose of high Glucose blood concentration. of low blood Glucose concentration.

N High Low

K, High Low

Substrate  Glucose only Glucose, galactose and fructose

Role Captures glucose from the bloodstream in the Also facilitates glucose uptake but is not
liver, facilitating glucose uptake and primarily involved in regulating blood
glycogen synthesis. glucose levels.

Feedback  Not subject to feedback inhibition by its Subject to feedback inhibition by its product

[nhibition  prodyct (G6P)

M LEVN




Phosphofructokinase-1 (PFK-1) (Enzymes)

_ G- BEx b s phate
76 Ty $ 166 visp

* Also known as 1-phosphofructokinase

>

= e

* PFK-1 1s a key enzyme (catalyzes committed reaction: means that under
- Y
physiological conditions, the reaction proceeds in the forward direction).

N/ >
[\~

M LEVN




Phosphofructokinase-1 (PFK-1)
SESR 22 g seedal)

* Regulation of PFK-1: O &_.»)Lc Q;’T—(; 25892 T3 Ul S iy
N @ €, > = Vo

O/P\/- 1. Activation: High levels of ADP and AMP (indicators of low cellular
o) energy) activate PFK-1, promoting glycolysis for ATP production.
e N S5 Q& 25295

aﬁ)” ~ 2. Inhibition: Conversely, high levels o(indicating sufficient

energy) and citrate (a metabolite signaling abundant energy stores)

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

olylelgls CISTPRE Sy}
)
M LEVN




Phosphofructokinase-2/ fructose-bisphosphatase-2
S S
D kmnase 1, (2 © © m suprinie
 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.




Phosphofructokinase-2/ fructose-bisphosphatase-2

2- O;PO
P phosphofructokinase-2
PR ' Fructose-6-phosphate —— Fructose 2.6-bisphosphate
PFK-2 FBPase-2 - ,
fructose-bisphosphatase-2
Fructene.- 2. 6-2isphosphate H;O
2- “0.PO . .
RPN °"°’ & PGy \y B \sw )5\
~ Y A P)

Ofk-2 ™




Phosphofructokinase-2/ fructose-bisphosphatase-2

Glucose * F2,6BP 1s a potent activator of

Glucose-6P
11 PFK-I.
PFK1 |
Fructose-1,6P, «<— DHAP — Glycerol-3P

I S ! 070 o ~ 57
GcheraIdeThyde-BP (_)Suf.c:u (;ZS V(2o Yo 9 ﬁ azljsis BRI

1,3-phosphoglycerate

3—phosphyglycerate -oa\p Z“‘g) Q/LOM} I»é-é’ \vg\.r. P e-2 A
2-phosphoglycerate
N 266 Q9

PEP

Pyruvate
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PFK2 allows for endocrine (insulin and
glucagon) regulation of glycolysis

Jlyclyrs = T 2

)Iucomeojenos/s_)qugo% St ’, ~

[Glucose]pjood = Low
{

' / M/_ _Glucggon éeqretion up

VL insulin secretion down

Adenylyl Cyclase activation

e
.
.
.
‘e,
.
.
.
.
.

[cAMPl rises

Protejn Klnase A activity rises
rFruct. 6-P + Aﬁ A Fruct, 2.6-bisP
_ywu \
ey PFK2-P

(active) q:‘: " (inactive)

FBPase - FBPase

(InaUct{ive)

+
l Protein Kinase A aclivity falls

[cAMFI] falls PF P‘( i . |
activity
down

v.,
[Glucose]b“,od = High ([)

foedn stk

inactivalion =@
Potont  aciivater

| 9 babsis &

)

Fruct. 6-P

v
Forent
activalor PFK1

activity

Insu|ln secretiogjup
Glucagon secrellon down

[nsulin and glucagon levels affect the
balance between PFK-2/FBPase-2

(2\evse YD), lont aro & 571 Qi
= B\ 60 D TN P qulucsa
~ PFI'(-2 -— VS Q@ _;AP)}S}
(F268P) =/ (active) /~ N AR 6} 3
Stimulates glycolysis, FBPase-2 Qand G W60
inhibits gluconeogenesis (inactive) \\ R 3%
I NwizsL@P S s
Pi h h (AMP‘ /ATP @ R/ U\AIL
7 : P OS[.) 0 dependent lucagon
insulin - = = - protein pw“in @ €~ ---(g (‘A:‘P"
phosphatase) inase
H,0 ADP
Phosho related
J J ﬁ/m(a on
. PFK-2 (i')
F26BP inactive
frasen B L 0-P—0"  ppe dom
Inhibits glycolysis, — [ FBPase-2/~ | 1 b eros
stimulates gluconeogenesis —/ (active) 0" I

//||\\




PFK2 allows for endocrine (insulin and

glucagon) regulation of glycolysis

[Glucose]pjgoq = Low
Glucagon secreionup ..,
Insulin secretion down

Adenylyl Cyclase activation

[cAMPl rises

Protein Klnasﬁ_ A activity rises

Fruct. 6-P + ATP //_\ Fruct, 2.6-bisP

PFK2 PFK2-P
(active) (inactive)
FBPase FBPase
(inactive) (active) Y
Fruct. 2.6-bisP ;\’/ Fruct. 6-P
+
l Protein Kinas? A activity falls
Y
[cAMP] falls
PFK1 T PFK1
aCti V|ty Insulin secretion up aCtiVity
Glucagon secretion down
up . T down

1 [Glucose]piood = High

"’

[nsulin and glucagon levels affect the
balance between PFK-2/FBPase-2

~ -
~/ PFK-2 /_
(F268P) =/ (active) S
Stimulates glycolysis, FBPase-2
inhibits gluconeogenesis (inactive)
P, _— cAMP- ATP
) PROSpNo- dependent lucagon
W ey e O ® ""(:‘ mfwn
kinase
H,0 ADP
PFK-2 0
V[F26BP] (inactive) -—
2% A N 0—P—0
Inhibits glycolysis, — [FBPase-2/~ |
stimulates gluconeogenesis — / (active)/ =  0°

g gy v
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Dihydroxy acetone PO4 (Substrate)
ook 1 gl S e s
mwv&a\wf& NG

Glucose

*can be used in liver and adipose W S—

6-phosphofructo-
2-kinase (Pfk2)

Fructose-1,6-BP

tissues to form glycerol-3-PO4 which  p=———-"-=— P

C’\n acyl glyeerels) 3 ospate (oAP) .oty (orne) " | Gpearor ) +
: 1 el (M) [ ([ o
1s used to form TAGs but, that occurs gty p
vate
pyml y CHiO0H fH:OH ?H,OH
. . . TCA cycle 0=C N (OH )('.‘.H (OH)('ZH
with excessive glucose intake. SHOPOF PO o

= — DHAP Glycerol-3-P Glycerol

o —C -0k Tai
e @y/xw& —— \Ce
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Clinical aspects of glycolysis
oo

* There are many diseases associated with impaired glycolysis.

* They include:
@Pyruvate kinase deficiency.

@ Hexokinase deficiency.

3.Lactic acidosis.




Pyruvate kinase (PK) deficiency

Beth qllels v;v(,
(P4

* PK deficiency i1s typlcallyLmherlted \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

0, phosphorylation) a) glucose to glucose-6-p.
(anaerobic a)2ATP from 1,3 BPG. b)fructose-6 to fructosel,6 2
glycolysis)  b)2ATP from phosphoénol fyruviite bis p.
Tn RRG[ Ve Gy e (Lo vt R 2M Vg p s = Zefs

SUCLEAY R o e




Pyruvate kinase (PK) deficiency

2%\ A2 & I\ Lo Ol

is required for Na-K* ATPase, K wd » @se. YRl A S\

C o Csp) YWL Jadl A w 4
which 1s important for stability of teu M' i A e

RBCS_ - - z/ 'R%C)\J 6\M Defectlve PK enzyme
mebrate, > G S Lo /

e 2 IR o
* This leads to excessive hemolysis of wemaligss, 22 S ®
GRy A el Lo g
. . . ." :a : 1' .
RBCs, leading to hemolytic anemla’l/ Ce&d.eslqu.c)uy A OR
= ——— ¢ emolysis ",
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Hexokinase (HK) deficiency

( :
* HK results from a lack of the enzyme hexokinase, which is th enzyme 1n the

a)

leCOlYth pathway _ﬂco\(\&%ﬁ 3 6(_/«_’\1\3\—()\:‘-\% 1C,S><3l ZE) q?’ G>CsY

* HK shares a @milar mechanismjto PK deficiency in causing hemolytic anemia

due to decreased ATP production in red blood cells (RBCs). 12 ¢3oisphespregectate

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

DL, e
SUCLEN S




Lactic acidosis

* A condition characterized by a accumulation of lactic acid in the

— P——

OeZ %
bloodstream, leading to a decrease in blood pH and

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

Qcoboondle.  NGe 55T v Syl 4>
Ru&fer

OGN




Lactic acidosis

e Causes: It results from

—

1. Increased formation of lactate 3 onacumu lad o c)/{ ladic O(C(Q

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
———— — e

@aerobic metabolism,)producing excess lactate. 3 'Eivm\ (:rooQ(AC\L@

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

leading to increased lactate production.

M LEVN




Lactic acidosis: Decreased Lactate Utilization

M(Paliu's
\jc\'{fm's
* Liver Disease: Liver dysfunction can impair lactate clearance,
ZL/QWL ﬁbeVaJe _)%y/;é(& Z,' (R

accumun ool Q)r r R

e It can convert W through a process called the

Cor1 Cycle
———

M LEVN

contributing to acidosis.




Lactic acidosis: Certain Medications

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

—_—

excessive anaerobic metabolism and lactate production.

-




Lact%te -

Glycolysis in RBCs and muscles during exercise are the&rimary sources pf lactate
production.

Lactate Transport: Lactate diffuses from these tissues into the bloodstream.
pr—— N — —_—
Shean

M LEVN
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Fate Lactate

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

diffuse to the blood then to the liver. © 9. s
RSh fef

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

°@lucose may diffuse back to the blood, then to red cells or muscles to be used
—_— —

for production of energy.
—_——

o —

ot Cycle J1Zus

M LEVN




laciate- gl cose Cyel®

Fate Lactate: Glucose formation: Cori cycle

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

—

Followed by conversion of lactate into glucose in (liver )




Fate Lactate e Rest oA +he muscle
/

2. Conversion into pyruvat xygen gets available, lactate 1s

(converted into pyruvat%], which proceeds 1nto Kreps cycle

-

3. Lactate is(excreteﬁ in urine and sweat

—

 —

M LEVN




Lactate dehydrogenase (LDH): The Crucial Enzyme

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

conversion of lactate to pyruvate and vice versa.
I —

* NADH Regeneration: This reaction helps the(re-oxidation)of
(NADH+H )nto NAD™

M LEVN




Lactate dehydrogenase (LDH): The Crucial Enzyme

: : _ : H4
* Five LDH 1soenzymes share a similar core structure but differ “

. . . . st Gl st
in their subunit composition. &
* There are two main subunits: H (heart) and M (muscle). ::::”
W M2
* Different combinations of these subunits create the five u .
wh

1soenzymes (LD1-LD5).

 + 40
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+ elevgliow g/w \-3\‘

Lactate dehydrogenase (LDH): Medical importance (it P T
A Isoenzyme  Subunits | Tissue localization
* Estimation of the activity of a1 A—
I T ' HaM cardiac muscle
lactate dehydrogenase enzyme in Lok | o e |
. . LDH-4 i

plasma@ the diagnosis of  LDH-5 PP+
heart and liver diseases. B

PYRUVATE LACTATE

M LEVN
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In vitro inhibition of glycolysis
™ v C e ‘-Lf‘-‘} l'no!jmrc Phrosghufe 9. ()E/— CLJLU Ui Ui
1- Arsenate: by competing with inorganic phosphate in the reaction:

glyceraidhyde-3 -p - 1,3 bisphosphoglycerate

° H O, OAsO™

o\ /H + + ? \\ / \\ /

c o NAD® NADH +H* o & - C C

| i\ / ey s | GAPDH |
Vs + HESE lyceraldehyd ? o~ - H e e OH

= 3 glyceraldehyde ,
CH2090§ $ 3.ph0§ph<\[e H CIOH l ' I C — Ol' , / \ )
Glyceraldehyde  Inorganic Geydrogenace CH20PO3" . — NADEH NAD CHOPOy

Fphosphats PHONRNS 1,3-Bisphosphoglycerate 2 3

glyceraldehyde.3.phasphate

l-arsene-3-phosphoglyecrate

P G S
C A 9lycolgsis Mz el AL
M LEVN




In vitro inhibition of glycolysis

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

Example

lodoacetate

[ Glyceraldehyde-3
(enzyme poison)

phosphate dehydrogenase

Il“
0 3
O M ( NADH + H* i .. Active enzyme Hh/
E 0 P—0
Nt '
0

iCH, — COOH
] "

(8) L e
| T S x TN
HCOH + HO—P—0" 3 : = Glyceraldehyde-3 ¢ UAN
| 2= &_ glyceraldehyde /Q)’
CH,0PO3 3-phosphate HCIOH phosphate dehydrogenase o9 S
Glyceraldehyde  Inorganic QEyogeRIse CH,0POT” I

) —~CH, - H a\‘ﬁ.
T PROINALE: ' PHIOSRONDS 1,3-Bisphosphoglycerate SsL 2 coo CS’A £ D‘u’
A Covalent bondB .
Inactive e

nZyme N’:}\z\

L (irreversible inhibition) o\
M LEVN




In vitro inhibition of glycolysis
eyt U!Q;)gz/t,@\m/ .

3. Fluoride: Inhibits enolase enzyme.

e Sodium Fluoride:@linicall%, sodium

fluoride (NaF) is the most common |

form of fluoride used to inhibit

glycolysis by adding it to the blood

before measuring blood glucose.

A
M LEVN
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Galactose metabolism pathway (primarily in the liver).

SNC@BQ Y jq\ac-lose —
p Bl

: Galactose
Galactokinase

\ enterocytes NPl meciledy 5% O il -0 pmsprac

e Lactose Lactase
(From milk) At brush border of

Glucose + Galactose

B UbE ) Galactose-1-p
i alactose-1-
glucose ,
dyl 1
* UDP galactose can be Eiinerase . uri
bound with glucose to e P e/t ransferase

form lactose by lactose

syt yme i Stored
svnthase enzyme in Glycogen & ore
mammary glands

— e e—

Glucose-1-PO s

—
A

Oxidized

Glycolysis <

M LEVN




In mammary gland and lactose synthesis

UPD-Galactose reacts with a molecule of glucose in
the presence of lactose synthase enzyme to form

Structure of UDP-galactose. UDP = uridine
lactose.

diphosphate.
PRI CIges (UDP-Galactose S
4 - ~ i ——
Lo 3 wm QU3 S &
HOCH, R HN™ \ICH
HO o=<J:\ /éH
T N
H O-P-O-P-O-CH, O
H oH O O
NG /7H
HO OH
\ v RS - ¥
Galactose UDP

M LEVN




Lactase deficiency

Wie \R¥aNe ome vk OeswI\ QY
oGt s \\;I T

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

digest lactose.
A

* [t may be Congenital or Acquired.
\_ R

* Hereditary (autosomal recessive) mostly in Asians and Africans. 1% cause)

* Acquired after gastroenteritis due to enterocytes destruction. 2% cause.

destiucton
M LEVN _




Lactase persistence

No symptoms
Lactose

Jejunum

Lactase non-persistence snest choin Sy peds o T BsvReATC
. . \¢ '
Lactose maldigestion ‘ ; ( Diarh

Abdominal pain

. L e ‘ 3 Bloating

Jejunum lleum Colon o, CH,, H,
M LEVN



Lactase deficiency

* The presence of lactose 1n intestine causes:

* Increased osmotic pressure: So water will be drawn from the tissue (causing dehydration) into the large

intestine Qcausing diarrhea).

* Increased fermentation of lactose by intestinal bacteria and produce CO, gas (distention and abdominal

cramps). jYe w|.'.b-:ﬂ—‘_;° AP /}"6“‘ U"a";-(’te—’_f“ ;L;_;L.‘:v—

.. .. ) 42 Co, VE WL e e o\ o 9!
* Investigation: +ve H2 breath test after lactose administration. (. 7 22 Z/ T &z I L
e — ————— ‘J'A, \a\, DJ&.V QYU \.)'93 ().A-wl g 'b)?’z\}w‘ q“g)/' b_,\:‘; e’_)

7 1 opM
* Treated by removing lactose from diet (free lactose milk ) or lactase pills.

M LEVN




Galactosemia:

Definition: It 1s increase blood galactose concentration due to inability to metabolize

galactose.

* Causes: Inherited enzyme deficiency of: 3 3’ ] (5 ds\l//.. (}x>

1. Galactokinase.

2. Galactose-1-P uridyl 1 transferase.

Epimerase.

(»/l/(&t VAN




2- Sugar alcohols:

==
. - ¢ .
' ! ) . . O M NG
WM W * Galactose is reduced to galactitol (dulcitol) cl/ 1’"
. < it
7 S | H—C—OH NADPH u—cl—ou

* It has a sweet taste but is not as sweet as sucrose. | +H NADP*
H

° ) e -"p.
Galactokinase deficiency (autosomal recessive (AR)) oo s o 50

L]
Cﬁ'& \ \ Galactose Galactitol
« Additionally, it has applications in the

pharmaceutical and medical fields.

‘ 1 MELERN
*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 reductas WA &F Qolie
[ e] Galacﬁ{ol —> Cataract

| In eye lens \ 2 B
plae

7j al A<

Galactose




04 A ORI~ @v;M
Galactose-1-P uridyltranseferase deficiency (AR)
Crpa3DYE yheose -1-P 3 afgn0 ey,

J

* Malignant galactosemia (severe consequences) due to accumulation of phosphorylated galactose,

which 1s trapped inside cells and leads to osmotic destruction of tissues. So early onset:

- wg punaes PP vhas yec h%wy cliv
» Cataracts swelliny Mg U 2bst) s ZUasss oy ig:,; Ly a
VP vRcoma e GV viic acid N aygy L 7

e Liver cirrhosis C )

* Lethargy, vomiting and diarrhea on lactose ingestion

. Uily @ = lowsr (1 708 Pathw
* Hyperurecemia due to phosphate trapping & decrease@urme salva_gg—p y & Slowsr G’ A k (g

 Treatment: Galactose free diet (Soy based milk formula which has sucrose instead of lactose).

M LEVN




Sucrose Sucrase
(Table sugar) At brush border of

Metabolism of fructose: In the liver: enteracytes

» Glucose + Fructose

Fructose

‘“"

1. Liver contains fructokinase enzyme, which phosphorylates

fructose 1ntolfructose 1 phosphat\ %ng

——N alda |qs( A Fructose ~1- phosphate

2. Fructose-1-phosphate by aldolase B ‘enzyme gives

Dihydroxyacetone phosphate + glyceraldehyde. \sc e
» Glyceraldehyde
3. Glyceraldehyde gives glyceraldehyde-3- phosphate. wiese  Il<panse lTriose kinase)
Y
4. Glyceraldehyde-3-p + Dihydroxyacetone-p may undergo: . gL';‘g:a"t{a“”“’ ‘,j,',&‘;",::':::"y"‘* 3
a) Glucose formation (gluconeogenesis): main pathway. ! | ,'
o . Gluconeosenesisl leidcfion
b) Oxidation to pyruvate (glycolysis). . .

WLE YA)N Metabollsm of fructose in liver.




VN OV
Metabolism of fructose: In extra-hepatic tissues:

Fructose
* Because fructokinase is not available 1n muscles lm
and adipose tissue, fructose 1s metabolized by Fructose-6-phosphate

(Phosphfructoklnaso-ﬂ ATP

Qlexokinasa and other enzymes into pyruvate

Fructose 1.6 bisphosphate
Fucox 3 Geps \

Wwear AGS vl

(oxidation).

Dihydroxyacetoned &) Glyceraldohyde-3-p

Oxidation - 2 Pyruvate o o

Fructose metabolism in extrahepatic

WLEYAJN tissues.




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

* Glucose 1s converted into fructose through sorbitol formation:

pl+ H -C =0 x+  H,-C -0M H,-C -0H
H -C-OH io08E H -G-OH SORBITOL {_c=0 )
HO-C ~H REDUCTASE uo.? -H DENYDROGENASE uo.g -H
H -C-OH __—’d H -C-OH ﬁ’ R -C-OH
= NADP - NADH+H !

“2 OH : cnz.oa caz.ou

Glucose . Sorbitol | Fructose
glucose_altheladk onby

* Fructose is the main nutrient for sperms. s8> mer @39~ ==
* Deficiency of fructose in semen correlates with male Infertility.

SUELEMN




Genetic disorders of fructose metabolism:
Sruckuse  Melaloolizee]

c ls feelos s
exra [/\q:aﬁc \\ /7 Sractoze is \8%(
Gj hevelcineve

a/do{rado%e in lens rmpare

* Essential fructosuria:[Benign high fructose in urine X
2rS NS O o X)
* Cause: Due to deficiency of fructokinase enzyme (AR). 1

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

\ —_—

in urine ([f?uctosuri@.

——
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Hereditary fructose intolerance.

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

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

X di @Am\)&j acelowte phos P
X 3(055«ddmd

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

~—ETEE——— —

. Treatment{i Fructose free dieﬁ

ity G YY) s s

( L : /(cv" =
SUCLENN e =




Sucrase deficiency: .\ sivome  Sie gk
S

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

—

CSID Intestine

Normal Intestine

* It occurs early in childhood

SMALL »
B choyme W INTESTINE o
| __enzymo =
Absorption | "
| process yl d"‘l‘o
Begins ncreased At D

LARGE

0 INTESTINE Fermentation

motility
k/ in ASSWG

@ "V

Gasses, organic
acids, other
osmotically

4 . .-‘:‘I ¥ v e
C.. active molecules
.(,LEYAN




Pyruvate metabolism

Alanine
Cahill cycle

Fructose

N

Cytosol
Mitochondnia

CO,+ATP

Glucose «—— Galactose

Pyruvate

4

Lactate
Cori cycle

Functions of different pyruvate metabolic
pathways (and their associated cofactors):

O Alanine aminotransferase (Bg): alanine
carries amino groups to the liver from
muscle

(2 Pyruvate carboxylase (B:): oxaloacetate
can replenish TCA cycle or be used in
gluconcogenesis

© Pyruvate dehydrogenase (By, By, Bs, Bs,
lipoic acid): transition from glycolysis to
the TCA cycle

O Lactic acid dehydrogenase (By): end of
anacrobic glycolysis (major pathway in
RBCs, WBCs, kidney medulla, lens,

testes, and cornea)
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