
Glucose metabolism



Metabolism
 Most pathways can be classified into:

 Catabolism: degrade complex molecules (proteins, 
carbohydrate and triglycerides) to few simple products (CO2, 
NH3 and H2O). Capture chemical energy to form ATP. 
Considered a convergent process (large no. of substances 
are degraded to few common end products).

 Anabolism: synthesize complex end products from simple 
precursors. Requires energy which is provided by the 
breakdown of ATP. Considered a divergent process (few 
starting precursors produce wide variety of complex 
substances)



Regulation of metabolism
 Signals from within the cell (intracellular)

The rate of a metabolic pathway may be influenced by the 
availability of substrates, product inhibition, or alterations in 
the levels of allosteric activators or inhibitors.

 Communication between cells (intercellular)
Can be mediated by surface-to-surface contact, hormones 
and, in some tissues, by formation of gap junctions 

 Second messenger systems
Two of the most widely recognized second messenger 
systems are:

 The calcium/phosphatidylinositol system
 The adenylyl cyclase system





Regulation of metabolism
Adenylyl cyclase

1. GTP-dependent regulatory proteins (Gs and Gi-proteins)

2. Protein kinases: phosphorylates different proteins and enzymes

3. Dephosphorylation of proteins: Phosphatases reverse the effect of 
kinases.





Transport of glucose to cells
 Glucose cannot diffuse directly into cells, but 

enters by one of two transport mechanisms: 
 Na-independent, facilitated diffusion transport 

system 
 In facilitated diffusion, glucose movement 

follows a concentration gradient
 Tissue specificity of GLUT gene expression:

1. GLUT-3 is the primary glucose transporter in 
neurons

2. GLUT-1 is abundant in erythrocytes and 
brain, but is low in adult muscle

3. GLUT-4 (in adipose tissue and skeletal 
muscle). Their number is increased by 
insulin

4. GLUT-2 (in the liver, kidney, and β cells of 
the pancreas) can either transport glucose 
into these cells or from it depending on 
blood glucose levels



Transport of glucose to cells
 GLUT-5 is the primary transporter for fructose in the small intestine 

and the testes
 GLUT-7 (in the liver and other gluconeogenic tissues) mediates 

glucose flux across the endoplasmic reticular membrane.
 Na-monosaccharide cotransporter system: is an energy-

requiring process that transports glucose against a conc. 
gradient 
 This system is a carrier-mediated process in which the movement 

of glucose is coupled to the conc. gradient of Na, which is 
trasported into the cell at the same time. 

 It occurs in the epithelial cells of the intestine, renal tubules, and 
Choroid plexus.

 This system is mediated by a family of fourteen glucose 
transporters in cell membranes (GLUT-1 to GLUT-14)

 They exist in the membrane in two conformational states. 
Extracellular glucose binds to the transporter, which then alters its 
conformation, transporting glucose across the cell membrane.

5.

6.





1) Catabolism: cellular respiration 2) Anabolism: Gluconeogenesis



1) Cellular respiration



Glycolysis
 Glycolysis  occurs in the cytosol of all tissues and cells

 Defined as oxidation of glucose to pyruvic acid (in the presence 
of O2, Aerobic) and to lactic acid (in the absence of O2, 
anaerobic)

 The catabolism of 1 mol of glucose (6 C) produces 2 moles of 
pyruvate or lactate (3 C)

 Lactate is produced only in:
 RBC:  as there is no mitochondria
 Exercising muscles: lack of O2



Phosphorylation of glucose
 Phosphorylated sugar molecules do not readily penetrate cell 

membranes (no carriers, too polar to cross) 

 Hexokinase has broad substrate specificity and it is inhibited 
by the reaction product, glucose 6-phosphate

 It has a low Km (high affinity) for glucose and low Vmax 

 Glucokinase (similar broad specificity): In liver parenchymal 
cells and islet cells of the pancreas

 In β cells, glucokinase functions as the glucose sensor, 
determining the threshold for insulin secretion. In the liver, 
the enzyme facilitates glucose phosphorylation during 
hyperglycemia. 

 Glucokinase functions only when the intracellular 
concentration of glucose in the hepatocyte is elevated, such 
as during the brief period following consumption of a 
carbohydrate- rich meal





Step 6:
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In-vitro inhibition of glycolysis

 Flouride inhibits enolase enzyme (step 8)

 It is used in toothpastes as it inhibits glycolysis in 
mouth bacterial flora.

 It is also used as anticoagulant for blood samples 
to estimate its glucose content.



Fate of pyruvic acid

 Formation of acetyl CoA

 Formation of oxaloacetic acid

 Formation of lactate

 Formation of ethanol (in yeast 
and some M.O)



Aerobic phase of glucose oxidation
 Pyruvic acid formed by glycolysis enters the mitochondria 

where:
 it will be metabolized to acetyl-CoA by oxidative decarboxylation 

and 
 then Acetyl-CoA is oxidized in Kreb’s cycle

Kreb’s cycle
2 CO2 + 10 ATP



CoA

NAD+







Complete cycle of TCA/citric acid or kreb’s
cycle



Energy gain in Kreb’s cycle

2.5 ATP1 NADHIsocitrate DH

2.5 ATP1 NADHα-ketoglutarate

1 ATP1 GTPSuccinate thiokinase

1.5 ATP1 FADH2Succinate DH

2.5 ATP1 NADHMalate DH

10 ATPNet gain



1) Cellular respiration



 Glycolysis --------- 7 ATP + 2 pyruvate

 2 pyruvate -------- 2  acetyl-coA + 2 NADH ----- 5 ATP

 2 acetyl CoA --------- 20 ATP

 The net ATP produced by the oxidation of 1 mol of glucose = 32 
ATP

The overall energy gain of glucose 
oxidation



Defects in Glycolysis

 Pyruvate dehydrogenase deficiency: leads to congenital 
lactic acidosis. 

 This enzyme deficiency results in an inability to convert 
pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic 
acid via lactate dehydrogenase.

 This causes particular problems for the brain, which relies on 
the TCA cycle for most of its energy, and is particularly sensitive 
to acidosis. 



1) Catabolism: cellular respiration 2) Anabolism: Gluconeogenesis



2) Anabolism: Gluconeogenesis



Gluconeogenesis
When and where does it occur

 gluconeogenesis is the synthesis of glucose from 
non-carbohydrate sources and occurs in liver 
and kidneys.

 Glucose is formed from precursors as lactate, 
pyruvate, glycerol and ketoacids

 During prolonged fast and depletion of hepatic 
glycogen

 During overnight fast, liver is responsible for the 
majority of gluconeogenesis (90%) and the rest 
in the kidney

 During prolonged fast, kidney produces about 
40% of glucose production.



Substrates for gluconeogenesis
 Those include all the intermediates of glycolysis and the citric acid 

cycle.
1. Glycerol: released during the hydrolysis of triglycerols in adipose 

tissue and delivered to the liver. Glycerol is phosphorylated by 
glycerol kinase to glycerol 3-phosphate, which is oxidized by 
glycerol 3-phosphate dehydrogenase to dihydroxyacetone 
phosphate which is an intermediate of glycolysis.

2. Lactate: released by exercising muscles and RBC‘s. This is 
transferred to the liver and reconverted to glucose.

3. Amino acids: hydrolysis of tissue proteins are the major source of 
glucose. α-ketoacids (oxaloacetate and α-ketoglutarate are 
derived from the metabolism of glucogenic aa which can enter 
the TCA







 oxaloacetate إذا أول مرحلة نتج منها
بس السؤال شو بدي أعمل فيه لسا ما 

phosphoenolpyruvate صنعت



إذا أنا قدرت ارجع pyruvate الى 
 phosphoenolpyruvate

باستخدام انزيمين:
1) pyruvate carboxylase
2) PEP carboxykinase

pyruvate kinase is irreversible يعني كلها هاي الميمعه عشان ال



يعني أنا هسا الغلوكوز صفّا 
مخزن بال ER طيب لما أحتاجه 
وآجي أطلعه إلى ال cyctol مين 

بطلعو؟





Regulation of gluconeogenesis

1. Glucagon: stimulates gluconeogenesis in three mechanisms:
1. Change in allosteric effectors: it lowers level of fructose 2,6-

biphosphate leading to activation of fructose 1,6-biphosphatase 
and inhibition of phosphofructokinase.

2. Covalent modification of enzyme activity: it elevate cAMP 
leading to activation of cAMP-dependent protein kinase activity 
which will phosphorylate pyruvate kinase to its inactive form.

3. Induction of enzyme synthesis: it increases the transcription 
of PEP carboxykinase gene.

2. Substrate availability: like glucogenic amino acids
3. Allosteric activation of pyruvate carboxylase by acetyl coA.
4. Allosteric inhibition of fructose 1,6-bisphosphatase by AMP 
Note: ATP and NADH are produced in large quantities during fasts 

from fatty acid oxidation is required for gluconeogenesis. 







Metabolism of mono and
disaccharide



Metabolism of fructose

� The major source of fructose is the disaccharide sucrose, which,
when cleaved in the intestine, releases equimolar amounts of
fructose and glucose

� fructose is also found as a free monosaccharide in high-fructose
corn syrup (55 percent fructose/45 percent glucose, which is used
to sweeten most cola drinks), in many fruits, and in honey.

� Entry of fructose into cells is not insulin-dependent and, in contrast
to glucose, fructose does not promote the secretion of insulin.



Metabolism of fructose

A. Phosphorylation of fructose: by hexokinase or
fructokinase (found in the liver, kidney, and the
small intestinal mucosa). and converts fructose
to fructose 1-phosphate, using ATP as the
phosphate donor

B. Cleavage of fructose 1-phosphate (by aldolase
B)  to dihydroxyacetone phosphate (DHAP)
and glycerolaldehyde. DHAP can directly enter
glycolysis or gluconeogenesis, whereas
glyceraldehyde can be metabolized by other
pathways



C. Kinetics of fructose metabolism
A. The rate of fructose metabolism is more rapid than that of glucose

because the trioses formed from fructose 1-phosphate bypass
phosphofructokinase (the major rate-limiting step in glycolysis).

B. Intravenous infusion of fructose elevate the rate of lipogenesis
caused by the enhanced production of acetyl CoA.

D. Disorders of fructose metabolism
A. fructokinase deficiency: benign condition
B. Hereditary fructose intolerance (HFI): a severe disturbance of liver

and kidney metabolism as a result of aldolase B deficiency. Fructose
1-phosphate accumulates, and ATP and inorganic phosphate levels
fall significantly, causing hyperuricemia,  hypoglycemia, vomiting,
jaundice, hemorrhage and hepatomegaly.

If fructose was not removed from the diet, liver failure and death can
occur.

Diagnosis of HFI can be made on the basis of fructose in the urine

Metabolism of fructose

إذا إنزيم اللي بيخلي عملية glycolysis بطيئة هو 
phosphofructokinase بما إنه مش مستخدم 

لتكسير الفكرتوز اكيد هتكون ال metabolism اسرع 
بهاي الحاله





Metabolism of fructose

E. Conversion of mannose to fructose 6-phosphate
Hexokinase phosphorylates mannose, producing

mannose 6-phosphate, which is (reversibly)
isomerized to fructose 6-phosphate by
phosphomannose isomerase.

F. Conversion of glucose to fructose via sorbitol
A. In seminal vesicles, glucose converts to sorbitol by

aldehyde reductase followed by oxidation of
sorbitol by sorbitol dehydrogenase to produce
fructose. This is necessary in seminal vesicles as
fructose is a major carbohydrate energy source.

B. In hyperglycemia as in uncontrolled diabetes
glucose enter these cells (retina, lens, kidney,
nerve cells) convert to sorbitol which will be
trapped inside the cell, leading to water retention
due to osmosis. cataract formation, peripheral
neuropathy, and vascular problems leading to
nephropathy and retinopathy.



Galactose metabolism

� The major dietery source is lactose (in milk)

� Phosphorylation of galactose by galactokinase to galactose 1P
using ATP as phosphate donor

� Formation of UDP-galactose by exchange with UDP-glucose.
The enzyme that catalyzes this reaction is galactose 1-
phosphate uridyl-transferase.



C. Use of UDP-galactose as a carbon source for glycolysis or
gluconeogenesis. UDP-galactose is then converted to UDP-
glucose by UDP-hexose 4-epimerase.

D. Role of UDP-galactose in biosynthetic reactions: can be utilized in
many metabolic pathways as in biosynthesis of lactose,
glycoproteins, glycolipids, and glycosaminoglycans.

E. Disorders of galactose metabolism
A. classic galactosemia: Galactose 1-phosphate uridyltransferase is

missing and so galactose 1P and galactose accumulate in cell
causing a problem similar to that in fructose intolerance

Galactose metabolism





Lactose synthesis

❑ Produced in mammary glands of mammals
❑ Lactose is synthesized by lactose transferase which transfers

galactose from UDP-galactose to glucose, releasing UDP.
❑ This enzyme is composed of two proteins, A and B. Protein A is a β-

o-galactosyltransferase, and is found in a number of body tissues.
❑ In tissues other than the lactating mammary gland, this enzyme

transfers galactose from UDP-galactose to N-acetyl-D-glucosamine,
forming the same (1-4) linkage found in lactose, and producing N-
acetyllactosamine a component of the structurally important N-
linked glycoproteins.

❑  In contrast, protein B is found only in lactating mammary glands. It
is α-lactalbumin, and its synthesis is stimulated by the peptide
hormone, prolactin. Protein B forms a complex with the enzyme,
protein A, changing the specificity of that transferase so that lactose,
rather than N-acetyllactosamine, is produced.





Enzymes



Enzymes

 Enzymes are protein catalysts that increase the 
rate of reactions without being changed in the 
overall process.

 Nomenclature
 Recommended name
Most commonly used enzyme names 
substrate + -ase e.g. sucrase, urease, glucosidase)
Action performed e.g. lactate dehydrogenase and 

adenylyl cyclase

 Systematic name
IUBMB divided the enzymes into six major classes:
Oxidoreductase, Transferase, Hydrolases, Lyases, 

Isomerases, Ligases
Example: lactate:NAD+ oxidoreductase



Enzyme properties

1. Active sites: enzyme contain special pocket or cleft that binds the 
substrate

2. Catalytic efficiency: highly efficient (103-108) faster than uncatalyzed 
reaction

3. Specificity: highly specific, catalyzes only one type of chemical reactions.

4. Cofactors, Apoenzyme and holoenzyme: some enzymes need nonprotein 
cofactors like metal or organic molecule.  The enzyme with cofactor is 
called holoenzyme, the protein portion is apoenzyme.  The enzyme 
without cofactor doesn’t show biological activity

5. Regulation: can be activated or inhibited by different substances.

6. Location within the cell: each enzyme is localized in specific organelle 
within the cell which isolates the reaction substrate or product from 
other competing reactions.



How  enzymes work

 In each chemical reaction there is an energy barrier 
(energy of activation)

 For the molecules to react, they must overcome the 
energy barrier

 Enzymes reduce the energy of activation  without 
affecting the free energy of the reactants and 
products and fasten the reaction rate



Factors affect Reaction velocity
Substrate concentration

 Maximal velocity: The rate of an enzyme-catalyzed 
reaction increases with substrate concentration 
until a maximal velocity (Vmax) is reached 
(saturation with substrate of all available binding 
sites on the enzyme) 

 Hyperbolic shape of the enzyme kinetics curve: 
Most enzymes show Michaelis-Menten kinetics 
show hyperbolic curve while, allosteric enzymes 
frequently show a sigmoidal curve



Reaction velocity
Temperature

 Increase of velocity with temperature: The reaction 
velocity increases with temperature until a peak 
velocity is reached as a result of increased number 
of molecules having sufficient energy to pass over 
the energy barrier and form the products of the 
reaction.

 Decrease of velocity with higher temperature: as a 
result of temperature-induced denaturation of the 
enzyme



Reaction velocity
pH

 Effect of pH on the ionization of the active site: 
First, the catalytic process usually requires that the 
enzyme and substrate have specific chemical 
groups in either an ionized or unionized state in 
order to interact

 Effect of extremes of pH on enzyme denaturation: 
because the structure of the catalytically active 
protein molecule depends on the ionic character of 
the amino acid side chains.

 The pH optimum varies for different enzymes: 
often reflects the [H] at which the enzyme 
functions in the body



Inhibition of enzyme activity

➢ Inhibitor: any substance that can diminish the velocity of an enzyme-
catalyzed reaction

 
➢  Reversible inhibitors: bind to enzymes through noncovalent bonds.

Dilution of the enzyme-inhibitor complex results in dissociation of the
reversibly bound inhibitor, and recovery of enzyme activity

 
➢ Irreversible inhibition: occurs when an inhibited enzyme does not

regain activity on dilution of the enzyme-inhibitor complex.
 

➢ The above types can be competitive or noncompetitive.



Inhibition of enzyme activity
Competitive inhibitors

➢ occurs when the inhibitor competes with the substrate for the same site.
➢ Vmax is unchanged
➢ Apparant Km is increased
➢ statin drugs are example



➢ Occurs when the inhibitor and substrate bind at different sites on the
enzyme.

➢ It can bind either free enzyme or the ES complex, thereby preventing the
reaction from occurring

➢ Km is unchanged
➢ Vmax is decreased

Inhibition of enzyme activity
Noncompetitive inhibitors



Examples on enzyme inhibitors

➢ non- competitive inhibitor: lead forms covalent bonds with the sulfhydryl
side chains of cysteine in proteins

 
➢ Ferrochelatase, an enzyme that catalyzes the insertion of Fe+2 into

protoporphyrin (a precursor of heme) is sensitive to inhibition by lead.
 

➢ as drugs
➢ The widely prescribed β-lactam antibiotics, such as penicillin and

amoxicillin, act by inhibiting enzymes involved in bacterial cell wall
synthesis

➢ Angiotensin-converting enzyme (ACE) inhibitors (captopril, enalapril,
and lisinopril). They lower blood pressure by blocking the enzyme that
cleaves angiotensin I to form the potent vasoconstrictor, angiotensin II



…يجري التحميل

Regulation of enzyme activity
(Allosteric regulation)

➢ Allosteric enzymes are regulated by compounds
called effectors (or modifiers)

 
➢ Can have positive or a negative effect

 
➢ May affect the Vmax, Km or both.

 
➢ Can be
➢  homotropic (the substrate itself) sigmoidal shape

curve
➢ heterotropic (the product or other subsance) feed

back inhibition
 



➢ Phosphorylation (uses ATP as phosphate donor) or
dephosphorylation by phosphoprotein phosphatases

 
➢ The phosphorylated form of the enzyme can be

more or less active
 

➢ Glycogen phosphorylase (glycogen degradation)
increase activity upon phosphorylation

➢ Glycogen synthase activity decreases
 

Regulation of enzyme activity
(Covalent modification)

induction and repression of enzyme synthesis due to the above
factors



Enzymes in clinical diagnosis

➢ Low conc. of enzymes is present in blood due to cell turnover
 

➢ Destruction of cells due to any damage may lead to release of some
enzymes

 



Alteration of plasma enzyme levels in disease
states

➢ The activities of many enzymes are routinely determined for diagnostic
purposes in diseases of the heart, liver, skeletal muscle, and other tissues.

 
➢ The level of specific enzyme activity in the plasma frequently correlates

with the extent of tissue damage.
 

➢ Determining the degree of elevation of a particular enzyme activity in the
plasma is often useful in evaluating the prognosis for the patient.

 



Plasma enzymes as diagnostic tools

➢ Some enzymes show relatively high activity in only one or a few tissues.
 

➢ The presence of increased levels of these enzymes in plasma thus reflects
damage to the corresponding tissue.

 
➢ For example, the enzyme alanine aminotransferase (ALT) is abundant in

the liver. The appearance of elevated levels of ALT in plasma signals
possible damage to hepatic tissue.

 
➢ This lack of tissue specificity limits the diagnostic value of many plasma

enzymes.



lsoenzymes and diseases of the heart

➢ Isoenzymes (or isozymes) are enzymes that catalyze the same reaction.
However, they do not necessarily have the same physical properties
because of genetically determined differences in amino acid sequence

 
➢ isoenzymes may be separated from each other by electrophoresis

 
➢ Different organs frequently contain characteristic proportions of different

isoenzymes. The pattern of isoenzymes found in the plasma may, therefore,
serve as a means of identifying the site of tissue damage.

 
➢ The plasma levels of creatine kinase (CK) and lactate dehydrogenase

(LDH) are commonly determined in the diagnosis of myocardial infarction.
 
 
➢   They are particularly useful when the
electrocardiogram is difficult to interpret, such as
when there have been previous episodes of heart
disease.



Quaternary structure of isoenzymes

➢ Creatine kinase occurs as three isoenzymes. Each isoenzyme is a dimer
composed of two polypeptides (called B and M subunits) associated in one
of three combinations (CK1 = BB, CK2 = MB, and CK3 = MM). Each CK
isoenzyme shows a characteristic electrophoretic mobility

 
➢ Myocardial muscle is the only tissue that contains more than five percent

of the total CK activity as the CK2 (MB) isoenzyme.
 

➢ Appearance of this hybrid isoenzyme in plasma (four to eight hours
following onset of chest pain which reaches peak after 24 hr) is virtually
specific for infarction of the myocardium.

 
➢ Lactate dehydrogenase activity is also elevated in plasma following an

infarction, peaking 36 to 40 hours after the onset of symptoms. LDH
activity is, thus, of diagnostic value in patients admitted more than 48 hours
after the infarction





Newer markers for myocardial infarction

➢ Troponin T and troponin I are regulatory proteins involved in myocardial
contractility.

 
➢ They are released into the plasma in response to cardiac damage.

 
➢ Elevated serum troponins are more predictive of adverse outcomes in

unstable angina or myocardial infarction than the conventional assay of
CK2



Michaelis-Menten equation 

 Where
vo = initial reaction velocity
Vmax = maximal velocity
Km = Michaelis constant = (k-1 +k2)/k1
 [S] = substrate concentration

 Velocity of the reaction is directly proportional to 
the enzyme concentration

 assumptions made in deriving the Michaelis-
Menten rate:

1. The conc. of substrate [S] is much greater than the 
conc. of enzyme [E]

2. [ES] does not change with time (the steady-state 
assumption



Michaelis-Menten constant

 Km-the Michaelis constant- is characteristic of an enzyme and its particular 
substrate, and reflects the affinity of the enzyme for that substrate

 Km is numerically equal to the substrate concentration at which the 
reaction velocity is equal to 1/2 Vmax

 Km does not vary with the concentration of enzyme

 Small Km reflects a high affinity of the enzyme for substrate, because a low 
concentration of substrate is needed to half-saturate the enzyme

 Large Km reflects a low affinity of enzyme for substrate because a high 
concentration of substrate is needed



Michaelis-Menten constant

 The rate of the reaction is directly proportional to the enzyme 
concentration at all substrate concentrations

 For example, if the enzyme concentration is halved, the initial rate of the 
reaction (vo), as well as that of Vmax, are reduced to one half that of the 
original.

 When [S] is much less than Km, the velocity of the reaction is 
approximately proportional to the substrate concentration (first order)

 When [S] is much greater than Km, the velocity is constant and equal to 
Vmax. The rate of reaction is then independent of substrate concentration 
(zero order)



Linearization of Michaelis-Menten equation
(Lineweaver-Burke plot)

 It is not always possible to determine the Vmax from plotting vo against [S]

 The intercept on the x axis = -1/Km

 The intercept on the y axis = 1/Vmax



Why do we do a Linearization of Michaelis-Menten
equation- (Lineweaver-Burke plot)

Will not give
accurate
value of Km







Enzyme questions
1. The kinetics of an enzyme are measured as a function of substrate

concentration in the presence and absence of 100 mM inhibitor.

b) What are the values of Vmax and KM in the presence of this inhibitor?

 

c) What type of inhibition is it?

 [S]

(mM)

Velocity (mmol/L/minute)
No inhibitor Inhibitor

3 10.4 2.1
5 14.5 2.9
10 22.5 4.5
30 33.8 6.8
90 40.5 8.1



 

 



Enzyme questions-answers
1. The kinetics of an enzyme are measured as a function of substrate

concentration in the presence and absence of 100 mM inhibitor.

b) What are the values of Vmax and KM in the presence of this inhibitor?

     Without inhibitor � Vmax= 45.45 mmole/L/minute, Km= 10.18 mM

     With inhibitior � Vmax= 8.92 mmole/L/minute, Km= 9.8929 mM

 

c) What type of inhibition is it?

Noncompetitive inhibitor (km did not change), Vmax also decreased

 Remember !





How to judge if Km values are equal?

Subtract the value of Km and divide the answer by any km
value*100
 
So
10.18-9.892=0.288
 
0.288/10.18*100=2.8% (Km is considered as unchanged if you
obtain any difference value below than 10%� probably due to
experimental error).
 
 



Summary
Type of inhibitor Vmax Km
competitive inhibitor unchanged increased

non-competitive inhibitordecreased unchanged

uncompetitive inhibitor decreased decreased



 

 



 

 



Glycosaminoglycans

mucopolysaccharides



Glycosaminoglycans

 Are long, negatively charged, unbranched, 
heteropolysaccharide chains generally composed of a 
repeating disaccharide unit [acidic sugar-amino sugar]n

 The amino sugar is either D-glucosamine or D-
galactosamine in which the amino group is usually 
acetylated, thus eliminating its positive charge

 The amino sugar may also be sulfated on carbon 4 or 6 or 
on a nonacetylated nitrogen.

 The acidic sugar is either D-glucuronic acid or its carbon-
5 epimer, L-iduronic acid.



Glycosaminoglycans (GAG)

 These compounds bind large amounts of water, thereby producing 
the gel-like matrix that forms the basis of the body’s ground 
substance.

 The viscous, lubricating properties of mucous secretions are also 
caused by the presence of glycosaminoglycans, which led to the 
original naming of these compounds as mucopolysaccharides.

 As essential components of cell surfaces, GAGs play an important 
role in mediating cell-cell signaling and adhesion



Classes of GAGs
 There are six major classes of glycosaminoglycans, including:

 chondroitin 4- and 6-sulfates
 keratan sulfate
 dermatan sulfate
 Heparin
 heparan sulfate
 hyaluronic acid. 

 All of the GAGs, except hyaluronic acid, are found covalently 
attached to protein, forming proteoglycan monomers, which consist 
of a core protein to which the linear GAG chains are covalently 
attached

 The proteoglycan monomers associate with a molecule of 
hyaluronic acid to form proteoglycan aggregates. 

proteoglycan monomer

hyaluronic acid.



proteoglycan monomers + hyaluronic acid = proteoglycan aggregate





chondroitin

keratan

dermatan

Heparin

heparan

hyaluronic



Synthesis of Glycosaminoglycans

 GAGs are synthesized in the endoplasmic reticulum and the Golgi

 The polysaccharide chains are elongated by the sequential addition 
of alternating acidic and amino sugars, donated by their UDP-
derivatives

 The last step in synthesis is sulfation of some of the amino sugars. 
The source of the sulfate is 3’- phosphoadenosyl-5’-phosphosulfate.



PAP-S : 3’- phosphoadenosyl-5’-phosphosulfate



Mucopolysaccharidosis

 Glycosaminoglycans are degraded by lysosomal hydrolases. They are 
first broken down to oligosaccharides, which are degraded 
sequentially from the non-reducing end of each chain

 A deficiency of one of the hydrolases results in a mucopoly-
saccharidosis.

 These are hereditary disorders in which glycosaminoglycans 
accumulate in tissues, causing symptoms such as skeletal and 
extracellular matrix deformities, and mental retardation

 Examples of these genetic diseases include Hunter and Hurler 
syndromes



Glycoproteins

 Glycoproteins are proteins to which oligosaccharides are covalently 
attached. 

 They differ from the proteoglycans in that the length of the 
glycoprotein’s carbohydrate chain is relatively short (usually two 
to ten sugar residues long, although they can be longer)

 The carbohydrates of glycoproteins do not have serial repeats as 
do glycosaminoglycans. 



Function of glycoproteins

 Membrane-bound glycoproteins participate in a 
broad range of cellular phenomena, including:

 Cell surface recognition (by other cells, 
hormones, viruses)

 Cell surface antigenicity (such as the blood 
group antigens)

 As components of the extracellular matrix 
and of the mucins of the gastrointestinal and 
urogenital tracts, where they act as protective 
biologic lubricants.

 Almost all of the globular proteins present in 
human plasma are glycoproteins. 



Synthesis of Glycoproteins

 Glycoproteins are synthesized in the endoplasmic reticulum and the 
Golgi.

 The precursors of the carbohydrate components of glycoproteins are 
sugar nucleotides.

 O-linked glycoproteins are synthesized by the sequential transfer of 
sugars from their nucleotide carriers to the protein

 N-linked glycoproteins contain varying amounts of mannose. They 
are synthesized by the transfer of a pre-formed oligosaccharide from 
its membrane lipid carrier, dolichol, to the protein

 They also require dolichol, an intermediate carrier of the growing 
oligosaccharide chain. 





Synthesis of N-linked glycoproteins.



Lysosomal degradation of glycoproteins

 A deficiency in the phosphorylation of mannose residues in N-linked 
glycoprotein pre-enzymes destined for the lysosomes results in I-
cell disease

 Glycoproteins are degraded in lysosomes by acid hydrolases

 A deficiency of one of these enzymes results in a glycoprotein 
storage disease (oligosaccharidosis), resulting in accumulation of 
partially degraded structures in the lysosome



Lipid metabolism



Lipid metabolism

 Lipids are water-insoluble organic molecules that can be extracted 
from tissues by nonpolar solvents

 Present as membrane associated, lipoproteins or droplets of 
triglycerides in adipose tissues

 They are the major source of energy

 Responsible for dissolving fat-soluble vitamins which have 
regulatory or coenzyme functions in the body

 Prostaglandins and steroid hormones play role in body‘s 
homeostasis



Lipid digestion

 An adult ingest 60-90 g of fat /day, 90% as triglycerides and the rest 
as cholesterol, phospholipids and free fatty acids.

 Digestion starts in stomach by lingual lipase and gastric lipase 

 Triglycerides of short and medium chain length fatty acids (<12C) 
are the target of these enzymes.

 The enzymes are important in neonates to digest fat in milk and for 
people with cystic fibrosis (no pancreatic lipase)

 Emulsification of dietary lipid occurs in duodenum in presence of bile 
salts and perstalsis which will increase the surface area of digestion

 Bile salts are produced in liver and stored in gallbladder





Control of lipid digestion

 It is hormonally controlled
 Cholicystokinin (CCK) which is secreted from the mucosa of 

jejunum and lower duodenum and acts on:
Gallbladder to release bile
Pancreas to release pancreatic enzymes
Decrease gastric motility and so decrease gastric emptying

 Secretin which is secreted by other intestinal cells in response to 
the lower pH of the chyme cause pancreas and liver to release 
bicarbonate which will neutralize the pH making it optimum for 
the pancreatic enzymes to work



 The degradation products of lipids together with bile 
salts form mixed micelle (hydrophobic inside and 
hydrophilic outside)

 The hydrophilic surface facilitate the transport of the 
hydrophobic lipids through the unstirred water layer 
to the brush boarder membrane where they are 
absorbed.

 Formation of mixed micelles is not required for the 
absorption of short and medium chain length fatty 
acids

Absorption of lipids by intestinal mucosal 
cells



 In enterocytes triacylglycerol and cholesteryl esters are 
resynthesized 

 Short and medium chain length fatty acids are not converted to their 
CoA derivatives but released into portal circulation and carried by 
serum albumin to the liver to be metabolized.

Intestinal lumen
MAG       Glycerol     Fatty Acids

TAG

Lipoprotein+

Absorption of lipids by intestinal mucosal 
cells



Lipid malabsorption (Steatorrhea)

1. Cystic fibrosis
2. Shortened bowl

 Both causes decrease in absorption 
of lipids (including fat soluble vitamins 
and essential fatty acids) leading to 
increase in lipids in feces 
(Steatorrhea)



Secretion of lipids from enterocytes

 Phospholipids, unesterified cholesterol, and (apolipoprotein B-48) 
are at the outer layer and triacylglycerol and cholesterol ester form 
chylomicrons. And this is released to the chyle (milky appearance)

 This is released to blood



Use in tissue

 Triacylglycerol is broken down primarily in the capillaries of skeletal 
muscle, adipose tissues, heart, lung, kidney, and liver.

 Triacylglycerol in chylomicrons is degraded to free fatty acids and 
glycerol by lipoprotein lipase. This enzyme is synthesized primarily 
by adipocytes and muscle cells. 

 Familial Iipoprotein lipase deficiency (type I hyperlipoproteinemia) is 
a rare, autosomal recessive disorder that results from a deficiency of 
lipoprotein lipase or its coenzyme, apo C-Il. The result is massive 
chylomicronemia.



Fate of free fatty acids

 The free fatty acids derived from the hydrolysis of triacylglycerol may 
directly enter adjacent muscle cells or adipocytes

 The free fatty acids may be transported in the blood in association 
with serum albumin until they are taken up by cells.

 Most cells can oxidize fatty acids to produce energy

 Adipocytes can also reesterify free fatty acids to produce 
triacylglycerol molecules, which are stored until the fatty acids are 
needed by the body.



Fate of glycerol

 Glycerol that is released from triacylglycerol used almost exclusively 
by the liver to produce glycerol 3-phosphate, which can enter either 
glycolysis or gluconeogenesis by oxidation to dihydroxyacetone 
phosphate



Cell membrane



Function of the cell membrane

 Separation of the cell components from the nonliving 
surroundings (8 nm thick)

 It controls traffic into and out of the cell.

 Like other membranes, the plasma membrane is 
selectively permeable, allowing some substances to 
cross more easily than others (hydrophilic vs 
hydrophobic)



Composition of cell membrane

 The basic structural unit of biological 
membranes is a lipid bilayer

 Phospholipids are the primary bilayer 
forming lipids



General membrane structures

polar
hydrophilic

heads

nonpolar
hydrophobic

tails

polar
hydrophilic

heads



Different types of phospholipids

 Choline, ethanolamine are the most 
abundant PL classes. Head group 
has no net charge

 Serine and inositol head groups 
have net negative charges



Characteristics of membrane

 The main macromolecules in membranes are lipids and 
proteins, but include some carbohydrates

 Membranes are fluid

 Membranes are mosaics of structure and function

 Membrane carbohydrates are important for cell-cell 
recognition



Membranes are fluid

 A membrane is held in together by weak hydrophobic
interactions

 Most membrane lipids and some proteins can drift 
laterally within the membrane (2 microns per second)

Molecules rarely flip transversely
(flip-flop) across the membrane, 
because hydrophilic parts would have 
to cross the membrane’s hydrophobic 
core.



Membranes are fluid

 Membrane fluidity is influenced by temperature and by 
its constituents.

 As temperatures cool, membranes switch from a fluid 
state to a solid state as the phospholipids are more 
closely packed.

 Membranes rich in unsaturated fatty acids are more fluid 
that those dominated by saturated fatty acids because 
the kinks in the unsaturated fatty acid tails prevent tight 
packing



Membranes are fluid

 Short chain fatty acyl groups tend to increase lateral 
mobility 

 cholesterol in membrane of eukaryotes, modulates 
membrane fluidity by making the membrane: 
Less fluid at warm temperatures (e.g. 37 oC body 

temperature) by restraining the  phospholipid 
movement.

More fluid at lower (cool) temperatures by preventing 
close  packing of phospholipids.

Cells may alter membrane lipid 
concentration in response to changes 
in temperature



Membranes are mosaics of structure 
and function

 Membranes have asymmetric inside and outside faces. 
The membrane’s synthesis and modification by the ER 
determines this asymmetric distribution of lipids, proteins 
and carbohydrates.
The two lipid layers may differ 

in lipid composition.
 Membrane proteins 

have a clear direction.
 When present,  

carbohydrates are restricted
to the membrane’s exterior



Membrane Proteins

 Proteins determine most of the membrane’s 
specific functions

 Membrane proteins:
peripheral proteins
loosely bound to surface of membrane
cell surface identity marker (antigens)

 integral proteins: penetrate lipid bilayer, 
usually across whole membrane 
transmembrane protein: 
transport proteins (channels, 

permeases (pumps)(



Many Functions of Membrane Proteins



Glycolipids

 Pattern of sugar residues is variable
 Always in outer leaflet of cell membrane, & inner leaflet 

of organelles

Hydrophilic
(soluble)

Hydrophobic
(not soluble
= lipophilic)



Membrane carbohydrates are important 
for cell-cell recognition

 Cell-cell recognition: The ability of a cell to distinguish 
one type of neighboring cell from another.

 Cell-cell recognition is crucial in the functioning of an 
organism. It is the basis for: 
Sorting of cells into tissues and organs in an animal 

embryo’s cell.
Rejection of foreign cells by the immune system.

 The way cells recognize other cells is probably by keying 
on surface molecules (markers)



Membrane carbohydrates are important 
for cell-cell recognition

 Membrane carbohydrates are usually branched 
oligosaccharides with fewer than 15 sugar units.

 They may be covalently bonded either to lipids, forming 
glycolipids, or, more commonly, to proteins, forming 
glycoproteins.

 The oligosaccharides on the external side of the plasma 
membrane vary from species to species, individual to 
individual, and even from cell type to cell type within the 
same individual



Movement across cell membrane



Movement across cell membrane

 Passive Transport
 Simple diffusion

diffusion of nonpolar, hydrophobic molecules
 lipids
high  low concentration gradient

 Facilitated transport
diffusion of polar, hydrophilic molecules
 through a protein channel

high  low concentration gradient
 Active transport

 diffusion against concentration gradient
 low  high

 uses a protein pump
 requires ATP



Transport of large molecules 

 Moving large molecules into & out of cell
 through vesicles & vacuoles
endocytosis
phagocytosis = “cellular eating”
pinocytosis = “cellular drinking”

exocytosis



Diffusion of water
 Diffusion of water from high concentration of water to 

low concentration of water
 Direction of osmosis is determined by comparing total 

solute concentrations
 Hypertonic - more solute, less water

 Hypotonic - less solute, more water

 Isotonic - equal solute, equal water

hypotonic hypertonic

water

net movement of water


