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Enzymes

Cell-free yeast extracts 
could ferment sugar to 

alcohol

Fermentation was 
promoted by molecules 
that functioned outside 

cells

The name "enzymes" was 
given to these molecules

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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Eduard Buchner in 1897



Enzymes

Enzymes accelerate chemical 
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.

Enzymes are Biological 
Catalysts

Most enzymes are proteins, but 
some are RNA molecules (e.g., 
ribozymes). Their three-
dimensional structures are highly 
specialized to perform specific 
functions.

Highly Specialized RNA or 
Proteins

Increase reaction rates
Example: Carbonic anhydrase 
hydrates CO₂ 10⁷ times faster than 
the uncatalyzed reaction.

Extraordinary Catalytic 
Power

Enzymes bind specific substrates 
via precise molecular interactions.
Example: Lactase hydrolyzes 
lactose but not other disaccharides

High Degree of Specificity

Operate efficiently in aqueous 
solutions at physiological pH and 
temperature.
Example: Trypsin functions 
optimally at pH 8.

Function Under Mild 
Conditions

Unique Properties Compared to Non-Biological Catalysts

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

high temperature, pressure).



Ribozymes

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

biochemical reactions.

Methyltransferase Ribozyme (MTR1): is a ribozyme catalyzes 

methyl transfer to generate 1-methyladenosine (m1A).



Some Enzymes Need Other Chemical Groups

1 2Cofactors Coenzymes

Not all enzymes are fully 
functional on their own. 
Many require additional 

molecules to catalyze 
reactions effectively.



Some Enzymes Need Other Chemical Groups

Cofactors:
    Inorganic ions (e.g., Mg²⁺, Zn²⁺, Fe²⁺/Fe³⁺) that assist in 

catalysis.
    Example: Carbonic anhydrase requires Zn²⁺ for activity.



Some Enzymes Need Other Chemical Groups



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



Some Enzymes Need Other Chemical Groups



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. 

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



Cosubstrates



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.



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).



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.

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

Active Site and Substrate



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.



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



Optical (stereo) specificity

• 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.



Group specificity

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 6th carbon.
•     Trypsin cleaves peptide bonds on the carboxyl side of basic amino acids (lysine and arginine).



Absolute specificity

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



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.



Reaction specificity

•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. 



Dual specificity

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



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.



Zymogens
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Chapter I 

Introduction 

I- Enzymology: 

Enzyme terminology: 

• Kinase = Phosphate transfer  

• 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 

• Mutase = Relocate a side group in the same substrate 

• Synthase/synthetase = Synthesize a product from different substrates 

Maximum velocity (Vmax) 

Def: the point where any further increase in the amount of substrate causes no increase in 

the velocity of the reaction (Fig.1: A). 

Michaelis constant Km  

• Def: It is substrate concentration that produces half maximum velocity (Fig.1: B). 

• Km reflects the affinity of the enzyme for the substrate. 

• Km is used to compare the affinity of different enzymes to the same substance. 
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Fig.1: A. Maximum velocity & Michaelis constant; B. Vmax & Km vs affinity 

 

Example Hexokinase and glucokinase  

 

Affinity α 1/km 

• 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. 

• 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. 

 

 

 

A B 
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II- Transport Across a Cell Membrane 

1. Passive transport: 

• The movement of substances across a cell membrane without the input of energy, 

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

2. Active transport: 

• The movement of substances across a cell membrane against 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 

direction of its increasing electrochemical gradient coupled to the 

facilitated diffusion of a second ion (Na+) in the direction of its decreasing 

electrochemical gradient (Fig.2). 

Fig.2: Transport Across a Cell Membrane 
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Important Notes
Glycolysis Enzymes and substrates 



BPG mutase (Enzyme)

• It is found in RBCs

• It forms 2, 3 BPG which Facilitates oxygen unloading from hemoglobin (Hb) by

decreasing its affinity to oxygen at tissues

Luebering–Rapoport pathway

Luebering–Rapoport shunt



BPG mutase (Enzyme)

• When 2,3-BPG binds to hemoglobin,

it reduces hemoglobin's affinity for

oxygen. This makes it easier for

oxygen to unload from hemoglobin

and reach the tissues that need it. See

physiology!!.



Glyceraldehyde-3-PO4 dehydrogenase (Enzyme)

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

PO4 and adds Pi.

2. Importance:

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

B. Release of NADH which is H+ carrier.

➢ NADH can enter mitochondria in presence of

oxygen to form ATP by ETC. (Next side and

chapter).

Carboxyl phosphate bond



Glyceraldehyde-3-PO4 dehydrogenase (Enzyme)

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

PO4 and adds Pi.

2. Importance:

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

B. Release of NADH which is H+ carrier.

➢ NADH can enter mitochondria in presence of

oxygen to form ATP by ETC.



BPG kinase or phosphoglycerate kinase (PGK 
(Enzyme)

• It breaks high energy bond in 1,3 BPG

storing it as ATP.

• ATP here, is an example of substrate level

phosphorylation; ATP formation from

substrate not ETC.



Regulation of Glycolysis
Allosteric and Hormonal Regulation



Regulation of Glycolysis

• Reversible reaction means that the same enzyme can catalyze the 

reaction in both directions. 

• All reactions of glycolysis -

except 3- are reversible.



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).



Hormonal regulation

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

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

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

secreted in response to low blood glucose level.



Energy regulation: 

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

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



Substrate regulation: 

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.





Anaerobic respiration (Glycolysis)

Lactate dehydrogenase (LDH)



• In anaerobic tissues: 

• Lactate dehydrogenase (LDH) is an enzyme that catalyzes the 

conversion of pyruvate to lactate.

Anaerobic respiration 



Anaerobic respiration

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

vigorously and the oxygen supply is limited they can switch to anaerobic 

glycolysis.

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

organelles responsible for aerobic respiration.





Importance of lactate production in anaerobic glycolysis:

• Lactate production in anaerobic glycolysis is a vital survival strategy 

for cells and tissues when oxygen is 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.



Differences between aerobic and anaerobic glycolysis

Aerobic Anaerobic 

End product Pyruvate Lactate

Energy 6 or 8 ATP 2 ATP 

Regeneration 

of NAD+

Through ETC in 

mitochondria

Through lactate 

formation

Availability 

of TCA in 

mitochondria

Available and 2 

pyruvate can 

oxidize to give 30

ATP Not available 

as lactate is 

cytosolic substrate
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Important Note (Glycolysis) 
Enzymes and substrates



Phosphorylation keeps G6P in the Cell

• Glucose phosphorylation for its 

intracellular trapping.



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

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

• GK is found in liver and has low glucose affinity.

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



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

• Effect of glucose concentration on the rate of 

phosphorylation catalyzed by hexokinase and 

glucokinase.

• Km = Michaelis constant; Vmax = maximal 

velocity.



Glucokinase Hexokinase
Site Liver All tissue cell
Affinity to 
glucose

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

of high Glucose blood concentration.

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

of low blood Glucose concentration.

Vmax High Low 
Km High Low 
Substrate Glucose only Glucose, galactose and fructose
Role Captures glucose from the bloodstream in the 

liver, facilitating glucose uptake and 

glycogen synthesis.

Also facilitates glucose uptake but is not 

primarily involved in regulating blood 

glucose levels.

Feedback 
Inhibition

Not subject to feedback inhibition by its 

product

Subject to feedback inhibition by its product 

(G6P)



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).



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. 



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.



Phosphofructokinase-2/ fructose-bisphosphatase-2



Phosphofructokinase-2/ fructose-bisphosphatase-2

• F2,6BP is a potent activator of 

PFK-1.







Dihydroxy acetone PO4 (Substrate)

• can be used in liver and adipose 

tissues to form glycerol-3-PO4 which 

is used to form TAGs but, that occurs 

with excessive glucose intake.
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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. 

3.Lactic acidosis. 



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.



Pyruvate kinase (PK) deficiency

• ATP is required for Na-K+ ATPase, 

which is important for stability of 

RBCs.

• This leads to excessive hemolysis of 

RBCs, leading to hemolytic anemia. 



Hexokinase (HK) deficiency

• HK results from a lack of the enzyme hexokinase, which is the first enzyme in 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 is generally considered a rarer and more severe than PK deficiency. 



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. 



Lactic acidosis

• Causes: It results from

1. Increased formation of lactate

2. Decreased utilization of lactate. 



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.



Lactic acidosis: Decreased Lactate Utilization

• Liver Disease: Liver dysfunction can impair lactate clearance, 

contributing to acidosis.

• It can convert lactate back into pyruvate through a process called the 

Cori Cycle



Lactic acidosis: Certain Medications

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

excessive anaerobic metabolism and lactate production.



Lactate
Glycolysis in RBCs and muscles during exercise are the primary sources of lactate 
production.
Lactate Transport: Lactate diffuses from these tissues into the bloodstream.



Fate Lactate

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

diffuse to the blood then to the liver. 

• In the liver, lactate is 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. 



Fate Lactate: Glucose formation: Cori cycle
• It is the conversion of glucose into lactate in peripheral tissues. 

Followed by conversion of lactate into glucose in liver



Fate Lactate

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

converted into pyruvate, which proceeds into Kreps cycle 

3. Lactate is excreted in urine and sweat



Lactate dehydrogenase (LDH): The Crucial Enzyme

• Function: LDH is 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. 



Lactate dehydrogenase (LDH): The Crucial Enzyme

• Five LDH isoenzymes 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-LD5).



• Estimation of the activity of 

lactate dehydrogenase enzyme in 

plasma helps the diagnosis of 

heart and liver diseases.

Lactate dehydrogenase (LDH): Medical importance



In vitro inhibition of glycolysis 

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

gIyceraidhyde-3 -p → 1,3 bisphosphoglycerate 



In vitro inhibition of glycolysis 

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



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).



In mammary gland and lactose synthesis

Structure of UDP-galactose. UDP = uridine 
diphosphate.

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



Lactase deficiency

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

digest lactose.

• It may be Congenital or Acquired.

• Hereditary (autosomal recessive) mostly in Asians and Africans. 1ry cause.

• Acquired after gastroenteritis due to enterocytes destruction. 2ry cause.





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 bacteria and produce CO2 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.



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 uridyl 1 transferase. 

3. Epimerase. 



Galactokinase deficiency (autosomal recessive (AR))

•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.



Galactose-1-P uridyl transeferase deficiency (AR)

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

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

• Cataracts

• Liver cirrhosis

• Lethargy, vomiting 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).



Metabolism of fructose: In the liver: 

1. Liver contains fructokinase enzyme, which phosphorylates 

fructose into fructose-1-phosphate. 

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

Dihydroxyacetone phosphate + glyceraldehyde.

3. Glyceraldehyde gives glyceraldehyde-3- phosphate.

4. Glyceraldehyde-3-p + Dihydroxyacetone-p may undergo: 

a) Glucose formation (gluconeogenesis): main pathway. 

b) Oxidation to pyruvate (glycolysis).



Metabolism of fructose: In extra-hepatic tissues: 

• Because fructokinase is not available in muscles 

and adipose tissue, fructose is metabolized by 

hexokinase and other enzymes into pyruvate 

(oxidation).



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

•Glucose is converted into fructose through sorbitol formation:

•Fructose is the main nutrient for sperms. 
•Deficiency of fructose in semen correlates with male Infertility.



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 is lost 

in urine (fructosuria).



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.



Sucrase deficiency:

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

• It occurs early in childhood



Galactose Fructose

O2

Pyruvate metabolism
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