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Metabolism
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* It 1s a series of chemical reactions inside the cell with the help of different types of
enzymes. The chemical compounds involved in this process known as metabolites.
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* This process can be linier (Glycolysis), cyclic (Krebs cycle) or spiral (Fatty acid
synthesis).
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* It’s divided 1n two pathways on the basis of synthesis and breakdown
of compounds. SLOAT Uty GlaS Gl sle Doyl sl] sl

* Anabolic pathway: It’s involve synthesis of compounds and usually
endergonic in NAtUre. Bl isio bk 15 o L Suley SLS 383 a1l Ll -

* Catabolic pathway: Its involve breakdown of compounds and
usually exergonic 1n nature. LA 3yl ks 13 036y Le Buleg LS AT pandls s gangll Ll @
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Catabolic and anabolic pathways in cell metabolism (Catabolic pathways involve the breakdown of nutrient molecules (Food: A, B, C)
into usable forms (building blocks). In this process, energy is either st. ored in energy molecules for later use, or released as heat.
Anabolic pathways then build new molecules out of the products of catabolism; and these pathways typically use energy. The new
molecules built via anabolic pathways (macromolecules) are useful for building cell structures and maintaining the cell



1) Amino acids and proteins
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What are amino acids and proteins?

* Amino acids and proteins are the basic structural unit of all cells. Proteins are the
building blocks of any biological entity. Proteins are actually polymers that are
made up of monomers called amino acids.

* Amino acids are organic compounds having 2 essential groups: amino group and
Carboxylate groups. WSS S Sleganas LYl deganll bl fiesans o (S5 Gsde OlS,0 oo Lina¥l (alaad]

* Then there’s one side chain group that 1s specific to each amino acid. Different or
same amino acids are linked to each other via peptide bonds and form long
peptides (polypeptides/ protems)



1. Protein Anabolism (Synthesis)
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* Let’s define anabolism involving proteins! Protein anabolism is the process by

which various proteins are synthesized inside/outside a biological body.
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* It encompasses 2 processes: amino acid synthesis and protein synthes1s (or
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» Amino acids are of 2 types: ©ssential and non-essential 1n6fd1umans Non-essential

ones can be synthesized by the human body but essential-ones need to be taken via

diet. There 1s no such concept of essential and non-essential amino acids for plants
since they can produce all of them.

* Protein synthesis from amino acids encompasses 4 major steps: (transcription,

translation of proteins, PTMs (post-translational modifications), and protein
folding
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2. Protein Catabolism (Breakdown)
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The breakdown of proteins is specifically called proteolysis.

 After the proteins are broken down to the monomeric form i.e. amino acids, they
are further reduced by degradations to individual atoms like nitrogen, oxygen,
carbon, and hydrogen (also sulfur, selenium in some specific amino acids).

* Vital roles performed by proteins are:
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* Catalysis of metabolic pathways

* Formation of cell and organism’s structure nll IS LAl Ty o o5 o
e Intracellular transportation waﬁ'dlﬁ : ’
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* Cell signaling L Ll Cislglly saLiall alua¥l o
e Antibodies and immune functions croaills syl »

 Hormones and storage
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Proteins are one of the most important biochemicals in the biological world. They play some indispensable roles

N

as described in the figure.
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2) Lipids
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. IN/}pids are the biochemicals that don’t dissolve in polar solvents but only in non-polar solvents.
ost of the lipids are either amphipathic or hydrophobic. Amphipathic, literally means a
molecule that has both hydrophilic and hydrophobic parts. There’s an entire array of lipids in the
biological world ranging from simple fats to PUFAs (polyunsaturated fatty acids), from mono-
& triglycerides to long-chain prenol lipids, from different types of phospholipids and
sphingolipids to sterols.
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* While some lipids are non-essential for animals and mammals as they can be derived from
cetain lipids in the body, other lipids like ALA (alpha-linolenic acid) and LA (linoleic acid) are
essential for the human body. There’s no such concept of essential and non-essential lipids for

plants; they are the major producers of lipids on this planet.
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* Site of major lipid and fat metabolism in animals: liver, pancreas

* Site of major lipid metabolism in plants: plastids and peroxisomes
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 Lipid anabolism 1s the process by which lipids are synthesized biologically.
* Plants are the major producers of lipids on the planet. -+ sle Gsaall !l gl SBLAT i

* Plants and bacterial systems are characteristically different from animals and mammals
in lipid production since they possess distinct enzymes for each step of lipid biogenesis
while the‘animals and mammals possess a‘multi-functional enzyme that carries out all

the steps of lipid synthesis.

* Plants possess special desaturase enzymes that aid in the introduction of double bonds
after carbon 9 and 10. Mammals are devoid of any such enzyme and thus can’t
synthesize their own omega fatty acids (omega-3 and omega-6); making these the
“essential fatty acids™ that need to be obtained from the diet.



2. Lipids Catabolism (Breakdown)
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The process of lipid breakdown 1s called beta-oxidation.

* Sites of beta-oxidation in plants: peroxisomes and glyoxysomes

* Sites of beta-oxidation in‘animals and mammals: mitochondria and peroxisomes
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Vital roles performed by lipids are:

* Storage of energy

* Structural component of membranes
* Hormonal and homeostatic functions
* Signaling and chemical messenger

* “Cushion” of vital organs

* Transport of fat-soluble nutrients
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Lipids perform some very essential roles in a cell metabolism and organism’s body as described in the figure.
These are only a few of the many roles played by lipids.
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3) Carbohydrates
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Carbohydrates are basically the hydrates of carbon; mainly consisting of carbon, oxygen, and
hydrogen atoms. The four main types are mono-, di-, oligo— and poly-saccharides.
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Monosaccharides: The main fuel source of all biological activities is monosaccharides. Glucose,
ribose, fructose, trehalose, ribulose, xylulose, galactose, mannose, deoxyribose, and lyxose are

examples of monosaccharides and serve as important precursors of many metabolic activities

1N <1 Craalad (e oLl Bapbe (36 JSAB Hareas clyaad 93,8 LiAai o ESLl) ol Seadl iUl by ySeall »
inside a cell. AT i Sl (ol AT (a3 5ol 23,519 S5ULLI3 S s gl darlg s

Disaccharides: Disaccharides are also simple carbohydrates that are formed via the joining of
two monosaccharides by glycosidic linkages. Lactose, maltose, sucrose, and cellobiose are some
examples Of dlsaccharl es. Ol S 10-3 (ol 9o (o (19S5 (ily Sl (10 8 yaiis Gl pand g (4o Bylae sualill ALUBY Cily ySead) tosaill ALuBL Csly Sl »

30 LRI Oy Sl (oole ALY T (a0 (i Shovs (o yinaSad silla ¢ 3y Auabe . pall Ludiads dlagiys dolal
Oligosaccharides: Oligosaccharides are small polymers of sugars; of about 3-10

monosaccharides joined together. Raffinose series, maltodextrin, cellodextrin are some
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Polysaccharides: Polysaccharides are Folymeric complexes that are composed of 200-2500

monosaccharides joined together by glycosidic linkages. They are both linear and branched.
Starch, cellulose, chitin, glycogen, and galactogen are some examples of polysaccharides.



* Commonly referred to as » Complex sugars
"SUGARS" * Oligos are of two types:
* Name ends with suffix "-ose" 1. With N-linked glycosylation
» Smallest carbs 2. With O-linked glycosylation
* Polysaccharides are the most
abundant carbs b

The 3 main types of carbohydrates and the basic pointers related to them.
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1. Carbohydrates Anabolism (Synthesis)
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* Plants: Plants synthesize their own carbohydrates via photosynthesis from carbon
dioxide, sunlight, and water.

* Animals & Fungi: Gluconeogenesis 1s an anabolic reaction method of
carbohydrate production from non-carbohydrate sources in animals and mammals.
The site of gluconeogenesis 1s the liver in vertebrates. There 1s another method of

carbohydrate synthesis called glycogenesis; the process of conversion of glucose

t0 glycogen, st casss cise olodily blpall od Llaan S st ol o St I ELY G5 el ook 58 35Solall S il billy olilsead!
oransSil o) sl gt dulee goas (opasSladl oSS (an Slhasas KU 3RS (AT Bk Jla ol 8 4 g

* 2. Carbohydrates Catabolism (Breakdown) h
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* The breakdown of carbohydrates like glucose happens via glycolysis. Glycolysis
happens in both plants and animals.

* The breakdown of carbohydrates like glycogen happens via glycogenolysis, a
catabolic reaction process.



Various carbohydrates anabolic and catabolic processes are explained in the given flowchart.




Vital roles performed by carbohydrates are:

* Vital roles performed by carbohydrates are: (& Slaiag Sl =T ST gall L lg5¥] ¢
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* Storage of energy IV [N
* Structural components NRLE QU
* Coenzyme component sl il oy sSa®
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* Role 1in the immune system, fertilization Latilly gaill o3 5ol

* Role in growth and development
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Various roles performed by carbohydrates in biological bodies.




Carbohydrates Metabolism

By :Assistant Lecturer Mustafa Talib Saleem , BSc, M..Sc. , Ph.D. candidate Clinical
Biochemistry

lecture 4
Northern Technical University
College of Health and Medical techniques —AL-Dour
Optics Department
11th of March



Contents

1- Carbohydrates
2- QUICK GUIDE TO CARBOHYDRATES
3- METABOLISM OF SIMPLE SUGARS

4- Fructose
5- GLYCOGEN SYNTHESIS AND DEGRADATION MAINTAINS GLUCOSE HOMEOSTASIS



Carbohydrates

are the most abundant macromolecules on our planet, in part because of the plant
carbohydrates cellulose and starch, both composed of multiple conjugated
glucose molecules. Cellulose 1s an important structural element of plant cell
walls. Animals lack enzymes that can break down the cellulose into smaller
glucose molecules, but they can break down starch into smaller glucose
molecules. Animals also have glycogen, another carbohydrate composed of
multiple conjugated glucose molecules.

Many of us who exercise or play sports know that carbohydrates serve as a really
good source of fuel during these strenuous endeavors. Unfortunately, most of us
realize that overconsumption of carbohydrates can easily help us put on weight
under nonexercised conditions. So, we know that carbohydrates can either be
catabolized for energy (ATP) or used for anabolic functions, such as production >
of fatty acids.




/ .

Carbohydrates are divided into three major groups based on their structures: (1) simple sugars (monosaccharides
and disaccharides), such as glucose or sucrose (glucose and fructose); (2) complex carbohydrates, such as
glycogen, starch, and cellulose, which are multiple conjugated glucose molecules; and (3) glycoconjugates,
which are modified forms of glucose covalently attached to either proteins (glycoproteins) or lipids (glycolipids),
which participate in important functions, such as immunity, and as components of cell membranes. This review
covers all three groups and highlights their 1mportance 1in maintaining physiological
functions.
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QUICK GUIDE TO CARBOHYDRATES

Simple sugars, such as glucose, fructose, and galactose, can enter glycolysis.

Gluconeogenesis begins with mitochondrial oxaloacetate being converted to phosphoenolpyruvate (PEP) by
either mitochondrial or cytosolic phosphoenolpyruvate carboxykinase (PEPCK) .

Glycerol, alanine, lactate, and glutamine are the major substrates for gluconeogenesis.

There are three irreversible steps in glycolysis (hexokinase, phosphofructokinase-1 [PFK1], and pyruvate
kinase) that are bypassed by enzymes specific to gluconeogenesis (glucose 6-phosphatase, fructose 1, 6-
bisphosphatase, and phosphoenolpyruvate carboxykinase). All the enzymes that catalyze the reversible steps in
glycolysis are used by gluconeogenesis.

Glycogen can be degraded to glucose 1-phosphate to enter glycolysis (i.e., glycogenolysis). Conversely, glucose
molecules can be converted into glucose 1-phosphate to generate glycogen (i.e., glycogenesis).
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Overview of carbohydrate metabolism.
Simple sugars, such as glucose, fructose, or
galactose, have different points of entry into
glycolysis. A  process referred to as
gluconeogenesis can also generate glucose.
Complex carbohydrates such as glycogen can
also enter glycolysis. The hexosamine pathway
generates glycoproteins and glycolipids, which
are modified forms of glucose covalently
attached to either proteins (glycoproteins) or
lipids (glycolipids), that participate in important
functions in signaling and as components of
cell membranes




METABOLISM OF SIMPLE SUGARS

The Greek word “sakcharon” means sugar, and we use the word saccharide to denote a sugar. Simple sugars are *
monosaccharides, such as glucose, galactose or fructose; the disaccharides include lactose (galactose and glucose,
milk sugar, sucrose (glucose and fructose, table sugar), and maltose (glucose and glucose) . Sucrase and lactase are
enzymes that break down sucrose and lactose into their monosaccharides, respectively . Many adults are unable to
metabolize lactose (i.e., they are lactose intolerant) usually because of diminished levels of the enzyme lactase.
Certain bacteria in the colon use lactose as a source of fuel and, in the process, generate methane (CH4) and

hydrogen gas (H2), which cause discomfort in the gut and the embarrassing problem of
flatulence.
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Simple sugars have different levels of sweetness in mammals. The sensation of sweetness i1s based on sugars
binding to G-protein-coupled receptors expressed on the surface of taste cells (gustatory cells) on our tongues,
which stimulate a neuronal signal to brain.

The differential affinity of sugars to the G-protein-coupled receptors in these cells determines the perceived
sweetness. For example, fructose 1s sweeter than glucose, making certain fructose-based drinks addictive.

Moreover, the metabolic fate of these sugars can be quite diverse. Glucose, galactose, and fructose enter glycolysis
through different routes. Glucose becomes glucose 6-phosphate by an ATP-dependent reaction, using hexokinases

Galactose enters through the Leloir pathway, in which galactokinase uses ATP to generate galactose 1-phosphate,
which 1s converted to glucose 1-phosphate and, subsequently, to glucose 6-phosphate by the enzyme's galactose-1-
P-uridyl transferase and phosphoglucomutase, respectively. In the liver, glucose 6-phosphate can be converted to
glucose, whereas, in other tissues, it 1s metabolized through glycolysis.



The conversion of galactose to glucose 6-phosphate is slower than the rate by which glucose becomes glucose 6-
phosphate. In proliferating cells, the replacement of glucose with galactose in vitro results in the galactose
preferentially entering the pentose phosphate pathway (PPP) because mitochondrial oxidative phosphorylation

provides ATP and the need for ribose 5-phosphate provided by the PPP 1s 1important for
proliferation.

.
/

In cells with mitochondrial oxidative phosphorylation defects, galactose metabolism through glycolysis 1s too

slow to generate enough ATP to meet metabolic demands, resulting in metabolic catastrophe and cell death.
Mitochondrial biologists use galactose sensitivity to determine whether a genetic mutation or pharmacologic
inhibitor 1s suppressing oxidative phosphorylation.
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Galactose catabolism occurs through
the Leloir pathway. The Argentine
Luis Federico Leloir, who received the
1970 Nobel Prize in Chemistry,
discovered  galactose  catabolism.
Galactokinase converts galactose into
galactose 1-phosphate, which
subsequently becomes glucose 1-
phosphate, which can either be stored
as glycogen or enter glycolysis by
being converted into glucose 6-

phosphate.
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Fructose metabolism. Fructokinase
converts fructose into fructose 1-
phosphate, which  subsequently is
converted into glyceraldehyde and
dihydroxyacetone phosphate by aldolase
B that enters glycolysis. A key feature of
fructose metabolism is that it bypasses the
major regulatory step in glycolysis, the
PFK1-catalyzed reaction.




Fructose

* is primarily metabolized by the liver and, to a lesser extent, by the small intestine and kidney. The first step is the
phosphorylation of fructose to fructose 1-phosphate by fructokinase. Subsequently, fructose 1-phosphate 1s cleaved
into glyceraldehyde and dihydroxyacetone phosphate by a specific fructose 1-phosphate aldolase B.
Glyceraldehyde 1s then phosphorylated to glyceraldehyde 3-phosphate, a glycolytic intermediate, by triose kinase.

* The glycolytic intermediates generated can either proceed through glycolysis and its subsidiary biosynthetic
reactions, including generation of fatty acids or storage as glycogen. At first glance, it seems that fructose
metabolism eventually mirrors glucose metabolism; however, fructose enters glycolysis after the important
regulatory step of PFK1 in glycolysis. At the end of this review, we will discuss how high consumption of fructose
through bypassing this regulatory step 1s linked to the alarming obesity epidemic.



GLYCOGEN SYNTHESIS AND DEGRADATION MAINTAINS GLUCOSE HOMEOSTASIS

Glycogen 1s a large, highly branched polysaccharide consisting of individual glucose molecules joined by o-(1,4)
and a-(1,6) glycosidic bonds.

Glycogen is degraded and synthesized in the cytosol, notably in liver and muscle cells, but also in other cells,
including tumor cells and cells in the retina.

The key enzymes are glycogen synthase, glycogen phosphorylase, and branching/debranching enzymes.

The enzyme UDP-glucose pyro phosphorylase exchanges the phosphate on C-1 of glucose 1-phosphate for UDP to
generate UDP-glucose. The energy of the phospho—glycosyl bond of UDP-glucose 1s used by glycogen synthase to
catalyze the incorporation of glucose into glycogen.
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Glycogen metabolism. Glycogen
phosphorylase breaks down
glycogen into glucose 1-phosphate,
whereas glycogen synthase
synthesizes glucose 1-phosphate
molecules into glycogen. Glucose 1-
phosphate can be interconverted
into  glucose  6-phosphate by

phosphoglucomutase.




The electron transport chain
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* The electron transport chain is a series of four protein complexes that couple redox reactions,
creating an electrochemical gradient that leads to the creation of ATP in a complete system
named oxidative phosphorylation.

* It occurs in mitochondria in both cellular respiration and in chloroplasts for photosynthesis. In
the former, the electrons come from breaking down organic molecules, and energy is released.

* In the latter, the electrons enter the chain after being excited by light, and the energy released is
used to build carbohydrates.



* Oxidative phosphorylation has two parts: the electron transport chain (ETC) and chemiosmosis.

* The ETC 1s a collection of proteins bound to the inner mitochondrial membrane and organic
molecules, which electrons pass through in a series of redox reactions, and release energy.

* The energy released forms a proton gradient, which 1s used in chemiosmosis to make a large
amount of ATP by the protein ATP-synthase.



Cellular Level

* In the electron transport chain (ETC), the electrons go through a chain of proteins that increases
its reduction potential and causes a release in energy. Most of this energy 1s dissipated as heat or
utilized to pump hydrogen ions (H+) from the mitochondrial matrix to the intermembrane space
and create a proton gradient. This gradient increases the acidity in the intermembrane space and
creates an electrical difference with a positive charge outside and a negative charge inside. The
ETC proteins 1in a general order are complex I, complex II, coenzyme Q, complex III,
cytochrome C, and complex IV.

* Complex I, also known as ubiquinone oxidoreductase, is made up of NADH dehydrogenase,
flavin mononucleotide (FMN), and eight iron-sulfur (Fe-S) clusters. The NADH donated from
glycolysis, and the citric acid cycle 1s oxidized here, transferring 2 electrons from NADH to
FMN. Then they are transferred to the Fe-S clusters and finally from Fe-S to coenzyme Q.
During this process, 4 hydrogen 1ons pass from the mitochondrial matrix to the intermembrane
space, contributing to the electrochemical gradient. Complex I may also play an important role
in causing apoptosis in programmed cell death.



* Complex II, also known as succinate dehydrogenase, accepts electrons from succinate (an
intermediate in the citric acid cycle) and acts as a second entry point to the ETC.

* When succinate oxidizes to fumarate, 2 electrons are accepted by FAD within complex II. FAD
passes them to Fe-S clusters and then to coenzyme Q, similar to complex L

* However; no protons are translocated across the membrane by complex II, therefore less ATP i1s
produced with this pathway.



* Glycerol-3-Phosphate dehydrogenase and Acyl-CoA dehydrogenase also accept electrons from
glycerol-3-P and fatty acyl-CoA, respectively. Inclusion of these protein complexes allows for
the donation to the ETC by cytosolic NADH (glycerol-3-P acts as a shuttle to regenerate
cytosolic NAD from NADH) and fatty acids undergoing beta-oxidation within the mitochondria
(acyl-CoA 1s oxidized to enoyl-CoA 1n the first step, producing FADH2).

* Coenzyme Q, also known as ubiquinone (CoQ), is made up of quinone and a hydrophobic tail.
Its purpose 1s to function as an electron carrier and transfer electrons to complex III. Coenzyme
Q undergoes reduction to semiquinone (partially reduced, radical form CoQH-) and ubiquinol
(fully reduced CoQH?2) through the Q cycle. This process receives further elaboration under
Complex III.

* Complex III, also known as cytochrome c reductase, is made up of cytochrome b, Rieske
subunits (containing two Fe-S clusters), and cytochrome ¢ proteins. A cytochrome is a protein
involved 1n electron transfer that contains a heme group. The heme groups alternate between
ferrous (Fe2+) and ferric (Fe3+) states during the electron transfer. Because cytochrome c¢ can
only accept a single electron at a time, this process occurs in two steps (the Q cycle), in contrast
to the single-step complex I and II pathways. Complex III also releases 4 protons into the
intermembrane space at the end of a full Q cycle, contributing to the gradient. Cytochrome c
then transfers the electrons one at a time to complex IV.



Q Cycle

* Step 1 in the Q cycle involves ubiquinol (CoQH2) and ubiquinone (CoQ) binding to two
separate sites on complex III. CoQH?2 transfers each electron to a different path. One electron
goes to Fe-S and then cytochrome c, while the second electron 1s transferred to cytochrome b
and then to CoQQ bound at the other site. While this occurs, 2 H+ ions are released into the
intermembrane space, contributing to the proton gradient. CoQH2 1s now oxidized to
ubiquinone and dissociates from the complex. The CoQ bound at the second site enters a
transitional CoQH- radical state from accepting one of the electrons.

* The second step of the cycle involves a repeat of the first: a new CoQH2 binds to the first site
and transfers two electrons like before (and 2 more H+ ions released). Again, one electron
passes to cytochrome ¢ and one to cytochrome b, which this time works to reduce CoQH- to
CoQH2 before it dissociates from complex III and can be recycled. In this way, one full cycle
appears as follows:



* Complex IV, also known as cytochrome ¢ oxidase, oxidizes cytochrome c¢ and transfers the
electrons to oxygen, the final electron carrier in aerobic cellular respiration.

* The cytochrome proteins a and a3, in addition to heme and copper groups in complex IV

transfer the donated electrons to the bound dioxygen species, converting it into molecules of
walter.

* The free energy from the electron transfer causes 4 protons to move into the intermembrane
space contributing to the proton gradient. Oxygen reduces via the following reaction



* ATP synthase, also called complex V, uses the ETC generated proton gradient across the inner
mitochondrial membrane to form ATP. ATP-synthase contains up of FO and F1 subunits, which
act as a rotational motor system. FO i1s hydrophobic and embedded in the inner mitochondrial
membrane. It contains a proton corridor that is protonated and deprotonated repeatedly as H+
ions flow down the gradient from intermembrane space to matrix.

* The alternating 1onization of FO causes rotation, which alters the orientation of the F1 subunits.
F1 1s hydrophilic and faces the mitochondrial matrix. Conformational changes in F1 subunits
catalyze the formation of ATP from ADP and Pi. For every 4 H+ ions, 1 ATP is produced. ATP-
synthase can also be forced to run in reverse, consuming ATP to produce a hydrogen gradient, as
1S seen 1n some bacteria.
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Enzymes
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* Enzymes are biological catalysts (also known as biocatalysts) that speed-up
biochemical reactions in living organisms.
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* They can also be extracted from cells and then used to catalyze a wide range of
commercially important processes.

* For example, they have important roles in the production of sweetening agents and
the modification of antibiotics, they are used in washing powders and various
cleaning products, and they play a key role in analytical-devices and assays-that
have clinical, forensic and environmental applications.
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* The word ‘enzyme’ was first used by the German physiologist Wilhelm Kiihne in
1878, when he was describing the ability of yeast to produce alcohol from sugars,
and 1t 1s derived from the Greek words en (meaning ‘within’) and zume (meaning
(4 p)
yeast’).
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Enzymes and activation energy ..o uw, ety
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* A substance that speeds up a chemical reaction—without being a reactant—is
called a €atalyst. The catalysts for biochemical reactions that happen in living
organisms are called enzymes. Enzymes are usually proteins, though some
ribonucleic acid (RNA) molecules act as enzymes too.

* Enzymes perform the critical task of lowering a reaction's activation energy—that
1s, the amount of energy that must be put in for the reaction to begin. Enzymes
work by binding to reactant molecules and holding them in such a way that the
chemical bond-breaking and bond-forming processes take place more readily.
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Image modified from "Potential, kinetic, free, and activation energy:
Figure 5," by OpenStax College, Biology, CC BY 3.0.




Active sites and substrate specificityss s v
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* To catalyze a reaction, an enzyme will grab on (bind) to one or more reactant
molecules. These molecules are the enzyme's substrates.
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* In some reactions, one substrate 1s broken down into multiple products. In others,
two substrates come together to create one larger molecule or to swap pieces.
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* In fact, whatever type of biological reaction you can think of, there 1s probably an
enzyme to speed it up!
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* The part of the enzyme where the substrate binds 1s called the active site (since
that’s where the catalytic “action” happens).
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‘ Acltive site

Lo Lajlis o3 1 s ALY o amilonn oo botill gish Joany

Substrate entering
active site of enzyme

Proteins are made of units called amino acids, and in
enzymes that are proteins, the active site gets its
properties from the amino acids it's built out of.

These amino acids may have side chains that are large

or small, acidic or basic, hydrophilic or hydrophobic. S Cempiex s
The set of amino acids found in the active site, along
with their positions in 3D space, give the active site a
very specific size, shape, and chemical behavior.
Thanks to these amino acids, an enzyme's active site 1s

uniquely suited to bind to a particular target—the Enzymesproducts
complex
enzyme's substrate or substrates—and help them @p

undergo a chemical reaction. R
Ludan gl Sypine o1 508 Luils Sl (ole Ll (alea¥l sla gsiad 43 ‘

UL 8580 g7 oLall ame g Eaealial i ) C

o Lndla Cila I ¢ lomill sl o Bagmll Taea¥ (ALen] esans i

LS Koloyg St Tinas Laa Lol adsll ¢ sla® (350 (<1

Loyl b Sy Gualie Lokl w53 s (5o el (alon¥l o da S,

@Sloa Je Ll § guadll ole pgiue vy - a3 S, o 8381 - cpae Ciaa

Products leaving
active site of enzyme




Slay Y] ddabsg
[ ]
function of enzymes
lisig ) Ll s @ asill paeadl (e Siloslall Zan i (o Il Sl aeall Slisia asti  (RNA) chilSoisn 1 Gaen lada pe 85ke Lt 01 e a)ll ol lifondl oa ol ¥ jame Llle

* The majority of enzymes Source areproteins, though some are Ribonucleic acid (RNA)
molecules. RNA molecules translate information from DNA and create proteins.

* Each cell contains thousands of enzymes, providing specific help throug?out the body.
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* Enzymes help with the chemical reactions that keep a person alive and well. For
example, they perform a necessary function for metabolism, the process of breaking
down food and drink into energy.
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* Enzymes speed up (catalyze) chemical reactions in cells. More specifically, they lower
the threshold necessary to start the intended reaction. They do this by binding to another
substance known as a substrate.
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Structure of Enzymes -ws-s

* All enzymes are proteins composed of amino acid chains linked together by
peptide bonds. This 1s the primary structure of enzymes. All enzymes have a
highly specific binding site or active site to which their substrate binds to produce
an enzyme-substrate complex. The three-dimensional structures of many proteins
have been observed by x-ray crystallography. These structures differ from one
enzyme to another, and some of the enzymes and their structure has been
described below:
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1. Ribonuclease (RNase)
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 Ribonuclease 1s a small globular protein secreted by the pancreas into the small
intestine, where 1t 1s involved 1n the catalysis of the hydrolysis of certain bonds 1n
ribonucleic acids present 1 ingested food.
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* This enzyme protein consists of a single-polypeptide-chain of 424 amino acid
residues withdysine at the N-terminal and valine at the {C-terminal.
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* About 25% of the segments are in o-helix structure while the rest are [-sheets.

* Besides, there are eight cysteine residues, thus apparently forming four disulfide
linkages that support the tertiary structure of the protein.
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* The active site 1s present in the depression at the middle of the chain and the
residues forming the active site are 6-8. 86 Ll gl S5 1 Ly el i e e ol g



2. Lysozyme
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* Lysozyme 1s another small globular protein that i1s present in:tears, nasal-mucus,
gastric secretions, milk, and egg white.
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* The enzyme lysozyme 1s consists of 129 amino acids linked together to form the
primary structure, and the first amino acid 1s lysine.
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* The enzyme has about 12% B-conformation and 40%-a. helical segments.

* Lysozyme has a compactly-folded conformation with most of its hydrophobic R
groups Inside the globular structure, away from water, and its chydrophilicc R
groups outside, facing the aqueous medium.
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 The active site has six subsites that bind various substrates or inhibitors, and the
amino acid residues located at the active sites are 35, 52, 59, 62, 63, and 107.
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3. Chymotrypsin
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* Chymotrypsin 1s a mammalian digestive enzyme produced in the small intestine
that catalyzes the hydrolysis of proteins.
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* Chymotrypsin 1s highly selective 1n its action as 1t:catalyzes:the hydr01y51s of only
those peptide bonds that are present on the carboxyl side of amino acids with
aromatic or bulky hydrophobic R groups.
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* A molecule of chymotrypsin consists of 3 short polypeptide chains of 13, 131, and
97 amino acid residues respectively, supported by two interchain disulfide bonds.

* The secondary structure of chymotrypsin consists of several antiparallelsf-pleated
sheet regions and a little o helical structure.
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Classification of Enzymes
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e Oxidoreductases

(lig IV U8 At Ean BanSY e aall E6le 6 uéal
* Catalyze oxidation-reduction reactions where electrons are transferred.
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* These electrons are usually in the form of hydride 10ns or hydrogen atoms.
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* The most common name used is a dehydrogenase and sometimes reductase i1s

used.
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* An oxidase 1s referred to when the oxygen atom 1s the acceptor.



Transferases
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 Catalyze group transfer reactions. ) ke oo ) e s i o
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e The transfer occurs from one molecule that will be the donor to another molecule
that will be the acceptor.
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* Most of the time, the donor 1s a cofactor that 1s charged with the group about to be
transferred.

e Example: Hexokinase used in glycolysis. s szasiineskinase e



Hydrolases

* Hydrolases L sl i Sl s
 Catalyze reactions that involve hydrolysis. L1 o bl Seganl! 55 le 55mis LoSale -

* It usually nvolves the transfer of functional groups to water.

« When the hydrolase acts on amrde “glycosyl, peptrde, ester, or other bonds, they
not only catalyze the hydrolytic removal of a group from the substrate but also a
transfer of the group to an acceptor compound

* For example: Chymotrypsin.
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 Catalyze reactions where functional groups are added to break double bonds in
molecules or the reverser where double bonds are formed by the removal of

functional groups. C-C ksl gk 35k e DHAP 5 GBP o] Slisusanas 106 353,811 gt o paiioal ] Gusall Sliesion 550 JBL Juse ol

* For example: Fructose bisphosphate aldolase used in converting fructose 1,6-
bisphospate to G3P and DHAP by cutting C-C bond.

 [somerases
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* Catalyze reactions that transfer functional groups within-a-meolecule so that
1Isomeric forms are produced.
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* These enzymes allow for structural or geometric changes within a compound.

* For example: phosphoglucose isomerase for converting glucose 6-phosphate to

fructose 6-phosphate.' Moving chemical group inside same substrate.
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* They are mvolved 1n catalysis where two substrates are ligated and the formation
of carbon-carbon, carbon-sulfide, carbon-nitrogen, and carbon-oxygen bonds due
to condensation reactions.

* These reactions are coupled to the cleavage of ATP.  ATPelkeis b, o5



Coenzyme:
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Coenzyme: A substance that enhances the action of an enzyme. (An enzyme 1sa
protein that functions as a catalyst to mediate and speed a chemical reaction).
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Coenzymes are small molecules. They cannot by themselves catalyze a reaction
but they can help enzymes to do so. In technical terms, coenzymes are organic
nonprotein molecules that bind with the protein molecule (apoenzyme) to form the
active enzyme (holoenzyme).
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A number of the water-soluble vitamins such as vitamins B1, B2 and B6 serve as
coenzymes.



cofactor =wsw

1s a non-protein chemical compound or metallic 10n that 1s required for an enzyme's
roleasa catalyst (a catalyst is a substance that increases the rate of a chemical
reaction). Cofactors can be considered "helper molecules" that assist in biochemical
transformations. The rates at which these happen are characterized in an area of

study called enzyme kinetics. Cofactors typically differ from ligands 1n that they
often derive their function by remaining bound.
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 Michaelis-Menten Kinetics
* Vmax — the maximum rate of the reaction
* Km (also known as the Michaelis constant)
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Michaelis-Menten Kinetics

e
* Michaelis-Menten kinetics 1s a model of enzyme kinetics which explains how the
rate of an enzyme- catalyzed reaction depends on the concentration of the enzyme
and 1ts substrate. Let’s consider a reaction in which a substrate (S) binds reversibly
to an enzyme (E) to form an enzyme-substrate complex (ES), which then reacts

irreversibly to form a product (P) and release the enzyme again.

Substrate Enzyme ‘Subs&raha—Ehzjme Product Enzyme

e S+E=2ES—-P+E
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e S+E —ES>P+E



Two important terms within Michaelis-Menten Kinetics are:
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* Vmax — the maximum rate of the reaction, when all the enzyme’s active sites
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* Km (also known as the Michaelis constant) — the substrate concentration at
which the reaction rate 1s 50% of the Vmax. Km 1s a measure of the affinity an
enzyme has for its substrate, as the lower the value of Km, the more efficient the
enzyme 1s at carrying out its function at a lower substrate concentration.

* The Michaelis-Menten equation for the reaction above is:
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Mmﬂ ’S] wWhat does mean

K ?

Vo= V max ?
Km + [S]




* This equation describes how the initial rate of reaction (V) is affected by the initial
substrate concentration (/S5/). (L) 81 55501 5553 (V) o) Jelill Jons 5 3 Talall ol i o

* It assumes that the reaction i1s 1n the steady state, where the ES concentration
remains constant. G ES 555 S Sam s Ul i il 5T L350 @
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* When a graph of substrate concentration against the rate of the reaction 1s plotted,

we can see how the rate of reaction 1nitially increases rapidly in a linear fashion as
substrate concentration increases (1st order kinetics).
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* The rate then plateaus, and increasing the substrate concentration has no effect on
the reaction velocity, as all enzyme active sites are already saturated with the
substrate (0 order kinetics).
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Fig 1 — Graph of the rate of reaction against substrate concentration, demonstrating Michaelis—Menten kinetics, with Vmax and
Km highlighted




* This plot of the rate of reaction against substrate concentration has the shape of a
rectangular hyperbola. ebiions 31y o S o 35801 585 ad Jeladl Jusd bl acll 1ia @
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* However, a more useful representation of Michaelis—Menten kinetics 1s a graph
called a'Lineweaver—Burk plot, which plots the inverse of the reaction rate (1/r)

againstjithe inverse of the substrate concentration (1/[S]).
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* This produces a straight line, allowing for the easier interpretation of various
quantities and values from the graph.
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* For example, the y-intercept of the graph 1s equivalent to the ‘Vmax. The
Lineweaver-Burk plot 1s also useful when determining the type of enzyme
inhibition present by, comparing its effect on Km and Vmax.
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Fig 2 — Different types of enzyme inhibition as shown on a Lineweaver-Burk plot
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* How important 1s the citric acid cycle? So important that it has not one, not two,
but three different names in common usage today!

* The name we'll primarily use here, the citric acid cycle, refers to the first molecule
that forms during the cycle's reactions—<itrate, or, 1n its protonated form, citric
acid. However, you may also hear this series of reactions called the tricarboxylic
acid (TCA) cycle, for the three carboxyl groups on its first two intermediates, or
the Krebs cycle, after its discoverer, Hans Krebs.



* The first two intermediates of the citric acid cycle are shown below. Each has
three carboxyl groups, marked with red boxes. When citrate gains three

* [H+] 10ns, so that it no longer has a negative charge, it 1s called citric acid.
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Overview of the citric acid cycle

* In eukaryotes, the citric acid cycle takes place in the matrix of the mitochondria,
just like the conversion of pyruvate to acetyl [CoA]

* In prokaryotes, these steps both take place 1n the cytoplasm. The citric acid cycle
1s a closed loop; the last part of the pathway reforms the molecule used in the first
step. The cycle includes eight major steps.
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Steps of the citric acid cycle

 Step 1. In the first step of the citric acid cycle, acetyl
* [CoA] joins with a four-carbon molecule, oxaloacetate, releasing the

* [CoA] group and forming a six-carbon molecule called citrate.



» Step 2. In the second step, citrate 1s converted into its isomer, isocitrate. This 1s
actually a two-step process, involving first the removal and then the addition of a
water molecule, which 1s why the citric acid cycle 1s sometimes described as
having nine steps—rather than the eight listed here

* Step 3. In the third step, 1socitrate 1s oxidized and releases a molecule of carbon

dioxide, leaving behind a five-carbon molecule—a-ketoglutarate. During this step,
[INAD+] 1s reduced to form

* INADH]. The enzyme catalyzing this step, 1socitrate dehydrogenase, 1s important
in regulating the speed of the citric acid cycle.



* Step 4. The fourth step is similar to the third. In this case, it’s a-ketoglutarate
that’s oxidized, reducing [NAD] to [NADH] and releasing a molecule of carbon
dioxide in the process. The remaining four-carbon molecule picks up Coenzyme
A, forming the unstable compound succinyl

* [CoA]. The enzyme catalyzing this step, a-ketoglutarate dehydrogenase, 1s also
important in regulation of the citric acid cycle.
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Fermentation

* Fermentation 1s the anaerobic degradation of glucose to produce ATP.
Interestingly, fermentation 1s considered the oldest metabolic pathway, as it is
suitable for environments that did not have oxygen yet.

* By contrast, in aerobic respiration (which includes the Krebs cycle and the

electron transport chain), glucose 1s broken down in the presence of oxygen to
form ATP.



* In particular, the role of oxygen in aerobic conditions is to serve as the final
electron acceptor in the electron transport chain.

* In this way, oxygen helps to regenerate NAD+ from NADH, which are then
shuttled to the glycolytic pathway. However, in anaerobic conditions, NAD+ must
be regenerated in the absence of oxygen, therefore, a molecule other than oxygen
must serve as the final electron acceptor.



Lactic Acid Fermentation

* There are two different types of fermentation — lactic acid fermentation and
ethanol fermentation. Lactic acid fermentation 1s performed by muscle cells
during periods of vigorous physical activity.

* During these activities, oxygen 1s used up so quickly that cells are under hypoxic
conditions.

* In such conditions, cells have to undergo fermentation in order to produce energy
to maintain the activity.

* Furthermore, in fermentation, pyruvate serves as the final electron acceptor.

illustrates the process of lactic acid fermentation 1n which pyruvate 1s reduced to
lactate and NADH 1s oxidized to NAD+.
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* Lactic acid fermentation is catalyzed by the enzyme lactate dehydrogenase.

* The NAD+ regenerated from this reaction can then be used in glycolysis,
contributing to the break down of glucose to pyruvate and ATP production. The
lactate produced 1s released into the blood or converted back to glucose by the
liver.
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Ethanol Fermentation

* Ethanol fermentation 1s performed by yeast cells to regenerate NAD+ and occurs
1n two steps.

First, pyruvate is broken down to acetaldehyde by pyruvate decarboxylase in a
decarboxylation reaction.

Then, alcohol dehydrogenase catalyzes the reduction of acetaldehyde to ethanol and
the coupled oxidation of NADH to NAD-+.

In this way, NAD+ 1s regenerated in order to be used in glycolysis. Ethanol
fermentation can be used 1n a variety of ways, such as producing alcoholic drinks,
like wine or beer, production of ethanol fuel, or even for baking bread.




Ethanol Fermentation

O\\ /O CO2 NADH + H
C TPP, NAD* OH
Mg2+ O\\ 7 4 /‘
C=0 > C - > CH,
Pyruvate | alcohol
CH3 decavboxylase CH3 dehydvogenase CH3
Pyruvate Acetaldehyde Ethanol

'MEDSCHOOLCOACH



Thanks for your attention



	Slide 1: Enzymes 
	Slide 2:                                    Contents 
	Slide 3:                                         Enzymes
	Slide 4
	Slide 5:                   Enzymes and activation energy 
	Slide 6
	Slide 7:                 Active sites and substrate specificity 
	Slide 8
	Slide 9:                                   function of enzymes 
	Slide 10
	Slide 11:                              Structure of Enzymes 
	Slide 12:                          1. Ribonuclease (RNase) 
	Slide 13: 2. Lysozyme 
	Slide 14: 3. Chymotrypsin 
	Slide 15: Classification of Enzymes 
	Slide 16: Transferases 
	Slide 17: Hydrolases  
	Slide 18: Lyases 
	Slide 19: Ligases 
	Slide 20: Coenzyme: 
	Slide 21:                                         cofactor 
	Slide 22: REFERANCES 

