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CHAPTER'1

Cell Membrane

I ntroduction

Theouter living boundary of thecdll iscalled asthe cell membrane
or ‘ Plasmamembrane’. Theterm cell membrane was coined by C.J.
Nageli and C. Crammer in 1855. Apart from the cell membrane, each
and every organelleinthe cell isalso covered by membranes. Thecell
membranenot only limitsthe cell cytosol, but it hasavariety of functions
likemembranetransport, signd transduction and neuro transmission.

1.1 Chemical Composition

To study the chemical composition of the cell membrane, the
preferred sourceisRBC, becausethey lack cell organellesand thusno
contamination of other cellular organelle membranes. Themembranesof
theRBCsdevoid of cytosol arecalled as‘ ghosts .

Four major constituentsare present in the cell membrane. They
are(i) lipids(28—79%) (ii) proteins(20—70%). (iii) oligosaccharides
(only 1-5%) and (iv) water (20%).

1.1.1 Lipids

Depending upon the tissue from which the cell membraneis
isolated, the composition aso differs. Nearly 80% of the myelin shegthis
made up of lipids, whileinliver, it congtitutesonly 28%.
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Themainlipid components of the membranesare phospholipids,
cholesterol and glycolipids. The major phospholipids present are
phophatidyl choline(lecithin), phophatidyl ethanolamine, phophetidyl serine
and phophatidyl inosital.

Membranelipidsare amphipathicin nature and they have ahead
portion, whichishydrophilicand atail portion whichishydrophobic. As
the membranes are exposed to the hydrophilic environments, thelipids
arrange themselvesto form abilayer in which the hydrophobic coreis
buried ingdethe membrane.

Hydrophilic head

/ Hydrophobic tail

CH,COO (H,CH, CH, CH, CH, CH, CH, CH, (CH2)n CH,CH3

(‘IHCOO CH,CH, CH, CH, CH, CH, CH;, CH, (CH;)n CH,CHjs

l o
HZO!IL—O— CH, CHoNH;' T
| ™

0 Tail

Head

Structureof phospholipid

1.1.2 Protens

All themajor functions of the plasmamembrane are executed by
the proteins present in the membrane. Proteinsaccount for about 20—
70% of the membrane depending on the type of thecell. They can be
classified into two types. Integral membrane proteins and peripheral
membrane proteins.



Integral Proteins

Some of the membrane proteins are tightly embedded in the
membrane and they cannot be isolated unless, the membrane is
disntegrated. They arecalled asIntegral or Intrinsic membrane proteins.
They areagain classifiedintotwo. (a). Transmembrane proteins, which
traverse (passthrough) or span the membrane. These proteinswill have
domainson either side of themembrane. Many cell surface receptors
belongtothisclass. (b). Lipidanchored proteins that are present either
onthecytosolicsideor ontheextracytosolicsde. They insert themselves
inthemembraneby alipid (acyl chain) attached to the N terminal end.

Transmembrane proteins are of two types. Single pass
transmembrane proteinsthat traversethe membraneonly once. Multipass
transmembrane proteinsthat traverse the membrane morethan once.

Hs"
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Fig. 1.1 Single pass transmembrane Protein
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Fig. 1.2 Multipass transmembrane Protein
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Peripheral Proteins

Those proteinsthat are present on the surface of the membrane
arecalled asperipheral proteins. They canbeeasily isolated fromthe
membrane. eg. spectrin present inthe RBC membrane.

1.2 Modelsproposed for the plasma membrane
1.21 Monolayer Mode

Overton wasthe pioneer to postulatethat plasmamembraneisa
thinlayer of lipid. He proposed thisbecause hefound that lipid soluble
substances are easily transported acrossthe membrane.

1.2.2 LipidBilayer Model

Theamount of lipids present inthe erythrocyte membranewas
nearly twicethat of itstotal surfacearea. Thismade Gorten and Grendel
to proposethat lipidsin themembraneexist asbilayers.

Proteins

/
e — ——
AEY LAY LY LAY LY LAY LY LAY Y A L

'\ Lipid bilayer

Fig. 1.3 Lipid bilayer membrane model

1.2.3 Unit MembraneM odd

Thismode wasproposed by Davson and Danidlli and wasshaped
by Robertson. Experimentsshowed that thesurfacetension of thebiologica
membranesarelower than that of the purelipid bilayers, suggesting the
presence of proteinsin them. Based upon this, Davson and Danielli
proposed that proteinsare smeared over thelipid bilayer.
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Fig. 1.4 Unit membrane model

When electron microscope was invented, plasma membrane
appeared asthreelayers. With thisobservation, Robertson formulated a
unit membranemodel, which statesthat the proteinsare present on either
sideof thelipid bilayer. Accordingtothismodel, themembranewill be
likealipidlayer sandwiched between two proteinlayers.

1.2.4 Fluid Mosaic modd

Thisistheuniversally accepted mode for plasmamembrane. On
thebasisof several experiments, S.J. Singer and G.L. Nicolsonin 1972
proposed thismodel.

The essentia features of the Fluid mosaic model are
1 Lipidsand proteinsare present inamaosaic arrangement within

thebilayer.

2. Phospholipidsact asafluid matrix, in which someproteins
areintegral and othersare associated with the surface of the
membrane.

3. Lipidsand proteinsare mobilein themembrane.

4. They can movelateraly, rotate but not from one monolayer
totheother.

5. Themembraneisasymmetric in nature, the outer and inner

leafletsof thebilayer differin composition.
1.3 MembraneTransport

Oneof thevita functionsof the plasmamembraneismembrane
transport. Such atransport isimportant to carry out thelife processes of
thecdl. Hydrophobic moleculesand smdl polar moleculesrapidly diffuse
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in the membrane. Uncharged large polar molecules and charged
molecules do not diffuse and they need proteinsto get transported.

outside cell

slycolipid
b
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glvcoprotein
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Fig. 1.5 Fluid Mosaic model of cell membrane

Depending upon the energy required and movement of the solute
for or against the concentration gradient, the transport can be classified
intotwo, activetransport and passivetransport.

1.3.1 Passivetransport

Passivetransportisalso called aspassivediffusion. Inpassive
transport, the substances move from higher concentrations to lower
concentrationsgenerally without the help of any protein. Thetransport
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continuesuntil the concentration of the substance becomes same on both
the sides of themembrane. O,, CO, and ureacan easily diffuse across
themembrane.

1.3.2 Facilitated Diffusion

Eventhough, the concentration of certain hydrophilic substances
like glucose are high acrossthe membrane, they cannot passthrough the
membrane and need a carrier for their transport. Such atransport is
cdled asfacilitated diffusion. The proteinsinvolvedinsuch processesare
caled ascarrier proteins. Carrier proteinsarepresentinall biological
membranes. Someimportant characteristicsof carrier proteinsare

1. They facilitatetransport from high concentrationsof the soluteto
low concentrations.

2. They speed up the process of attaining equilibrium

3. They do not need energy for their transport.

4. Theyarehighly specificinnature.

Some common examples are glucose transporter and anion
transportersin red blood cell membranes.

Carrier proteinsare classified into three major types.

1. Uniportersthat transport single solute from one side of the
membraneto the other.

2. Symporters that transport two different solute molecules
simultaneously inthe samedirection.

3. Antiportersthat transport two different solute moleculesin
oppositedirections.
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1.3.3 Activetransport

Cells have to transport substances against the concentration
gradient, i.e. fromlow concentrationsto high concentrations. Thistransport
called active transport isathermodynamically unfavourabl e reaction.
Hence, it needs energy to drivethereaction whichisacquired by ATP
hydrolysis. Activetransport isalso mediated by carrier proteinsand they
arecalledaspumps. Na'K* ATPasesthat isrequired to maintain the
potass um concentration high inside the cell and sodium concentrations
low isan examplefor pumps.

134 Endocytosis

Endocytosisistheactive processof engulfing largesize particles
of food substancesor foreign substances. Depending upon the nature of
thematerial that isingested, endocytosis may be classified into two.
Pinocytosis, inwhichthefluid material is engulfed and phagocytosis,
inwhich large sized solid material isengulfed.

During the process, the plasmamembraneinvaginatesinto tiny
pockets, which draw fluidsfrom the surroundingsinto thecell. Finaly,
these pockets pinch off and are known as pinosomes or phagosomes,
which fusewithlysosomesand liberatetheir contentsinto thecell cytosol.
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Exocytosisisthe process of exudating the secretory products
fromthecdls. Vescescontaining secretory materidsfusewiththeplasma
membraneand dischargetheir contentsinto theexterior. Pancreatic cells
pass out their enzyme secretionsto the exterior by exocytoss.

Tablel Similaritiesand differencesbetween facilitated diffusion
and activetransport

Facilitated Diffusion Active Transport

1. Needs a carrier protein and|  Needsacarrier protein and they
they arenamed astransporters|  are named as pumps
or channels.

2. Highly specificin nature Highly specificin nature

3. Saturable Saturable

4. Inhibited by competitive| |nhibited by competitive
inhibitors inhibitors

5. Spl utes are trangported from|  Solutes are transported from
high concentrations to low|  |ow concentrations to high
concentrations concentrations

6. No energy is needed. Energy is needed.

1.4  Viscosity

If two tubes, one containing water and the other containing
castor oil aretilted together, thelatter will flow slowly, when compared
totheformer. Thisisbecause of thefrictional forcethat existsbetween
liquid layers. Thisresistancefor the flow of theliquid istermed as
Viscosty.
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Viscosity isdefined astheinternal resistance against thefree
flow of aliquid to thefrictional forces betweenthefluid layersmoving
over each at different velocities. Each and every liquid hasitsown
characteristic viscosity co-efficient. The co-efficient of viscosity of a
liquid isdefined astheforcein dynesrequired to maintain the streamline
flow of onefluid layer of unit areaover another layer of equal areaseparated
fromoneanother by 1 cmat arate of 1cm/sec. Viscosity ismeasuredin
poisesor millipoises.

14.1 Factorsaffectingviscosity

1. Density

Densty and viscosity aredirectly proportiona toeach other. They
arerelated by Stoke' slaw. If asmall sphereof radius‘r’ anddengity ‘r’
falsverticaly throughaliquid withthedengity ‘r’ at asteady velocity ‘U,
inspite of the acceleration dueto gravity (g), the co-efficient of viscosity
and density arerelated asfollows.

_2r'g(r-r9
9u

h

2. Temperature

Temperatureand viscosity areinversaly related to each other. As
temperatureincreases, viscosity of theliquid decreases.

3. Solute

Dissolved substancesin the pure solvent increasesthe viscosity of
thesolvent. For eg. aprotein solutionishighly viscousthan purewater.

Sizeand Shapeof thesol ute particlesa so affect theviscosity of thesolution.
10
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1

2.

1.5

Biological Applications
Carbohydrate and protein solutionsare highly viscousin nature.

Blood plasma has a normal viscosity of 15 — 20 mpoises.
Alterationsintheviscosity isanindication of diseased condition.
Viscosity increasesduring macroglobulinemia, retind hemorrhages
and congestive heart failure.

Viscosity of bloodis30—40 mpoisesand isdueto thered blood
cells. Viscosity of blood decreasesduring anemia.

Blood viscosity isuseful instreamlining the blood flow.

Thelubricating property of thesynovid fluidisachieved mainly by
the viscous nature of the mucopolysaccharides present in the
synovid fluid.

Surfacetension

A moleculeinsdetheliquid mass(a) ispulled uniformly onal the

Sdesby intermolecular forces. But asurfacemolecule (b) suffersamuch
greater intermolecul ar attraction towardstheinterior of theliquid than
towardsthe vapour phase, because fewer moleculesare present in the
vapour phase. Theexcessof inward force onthesurfacelayer accounts
for thesurfacetension. Surfacetension (j ) isdefined astheforceacting
perpendicularly inwardsonthe surfacelayer of aliquid to pull itssurface
moleculestowardstheinterior of theliquid mass.

151

1

Factor saffecting surfacetension

Densty - Macloed’ sequation relaessurfacetensontothedengty
of theliquid (r ) and that of itsvapour (r ).
i p(r-r)s
11
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Fig. 1.6 Unequal force of attraction experienced by a surface
molecule

2. Temperature- Temperatureand surfacetensionareinversaly related
to each other. Asthetemperature of theliquidincreases, thesurface
tension decreasesand becomes zero at the critical temperature.

3. Solutes- Solutesthat enter theliquid raisethe surfacetension of the
0l vent, whilesol utesthat concentrateon thesurfacelower thesurface
tengon.

15.2 Biological Importance

1 Emulsification of fatsby bilesdts- Bilesatslower thesurface
tenson of thefat dropletsintheduodenum, whichaidsindigestion
and absorption of lipids.

2. Surfacetension of plasma: The surfacetension of plasmais70
dynes/cm, whichisdightly lower thanthat of water.

3. Hay’ stest for bilesalts- Theprincipleof surfacetensionisused
to check the presence of bilesaltsin urine. When fine sulphur
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powder issprinkled on urinecontaining bilesdts(asinjaundice),
it sinksdueto the surfacetension lowering effect of bilesalts. If
therearenobilesatsinurineasinnormd individuals, it floats.

4. Dipamitoyl lecithinisasurfactant thet issecreted by thelung aveoli,
which reducesthe surface tension and preventsthe collapse of
lung alveoli during expiration. Certain pre-matureinfantshave
low levelsof thissurfactant leading to acuterespiratory distress.

1.6 Osmosis

If aprotein solutionisseparated by asemipermeable membrane
from purewater, water tendsto flow from thelatter to theformer. The
property of themovement of solvent particlesiscaled asosmosis. Osmos's
isthenet diffusion of water from the dilute sol ution to the concentrated
solution. Osmosisisacolligative property of solution that dependsonthe
number of moleculesor ionsof the soluteinthe solutions. Osmol units
givethenumber of osmotically active particles per moleof asolute. Each
mole of anon-ionized soluteisequivalentto 1 osmol. Osmolarity of a
solutionisitssoluteconcentrationinosmols/ litre. Osmoldlity of asolution
isitssolute concentrationsin osmol s/kg of the solvent.

Two solutionswith identical osmotic pressuresarecaled asiso-
osmotic solutions. A solution having lower or higher osmotic pressure
with respect to the other is called as hypo-osmotic or hyperosmoatic
solutionsrespectively.

Theplasmamembraneisasemipermesblemembraneandit dlows
only certain solutesto diffuse. The osmotic pressure exhibited by these
impermeabl e solutesiscalled asthetonicity of thesolution. Tonicity isan
important physiologicd parameter.

Twosolutionswithidentical tonicitiesarecalled asisotonic solutions
A solution having lower or higher tonicitieswith respect to theother is
called ashypotonic or hypertonic solutionsrespectively.

13
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Biological Significance

Hemolysisand Crenation. The physiological orisotonicsdine is
0.9% NaCl. Whenred blood cellsare suspendedin 0.3% NaCl
(hypotonic solution), weter will enter into thecellsand thecell will
burst releasing al its contents. Thiskind of lysisiscalled as
hemolyss. Theresultingmembranesarecaled asghosts. Onthe
other hand, whenthe cellsare placedin 1.5% NaCl, water comes
out of thecell, leading to shrinkage of cells. Theprocessiscalled
ascrenation.

Theerythrocytefragility test isbased upon the osmotic diffusion
property. Theability of the membraneto withstand hypotonic
solution depends upon theintegrity of themembrane. Certain
genetic disorders like sickle cell anemia and deficiency of
vitamin E makesthe erythrocyte membrane morefragile.

Osmotic pressure of bloodislargely duetoitsminera ionssuch
assodium, potassium, chloride, calcium and protein. Theosmoatic
pressure exerted by proteins is of considerable biological
sgnificanceowingtotheimpermeshility of the plasmamembrane
tothecolloidal particles.

Absorption of water intheintestineisdueto osmosis. Formation
of urinein the kidneys may be attributed to osmotic pressure.
Thenet differenceinthe hydrostatic pressureand osmotic pressure
isresponsiblefor thefiltration of water at thearterial end of the
capillary and the reabsorption of the sameat thevenousend. At
the arterial end, the hydrostatic pressureis 22 mmHg and the
osmotic pressureis15 mmHg. Thepressuretodriveout thefluid
iIs7mmHg. Atthevenousend, the hydrostatic pressureis15
mm Hg and osmotic pressure is 7 mm Hg. The net
absorption pressure to draw water back into the capillariesis
15—7=8mmHg. Thisiscalled as Starling'shypothes's.

14



5. Therenal excretion of water isregulated partly by the osmatic
pressure exerted by the colloidsin theblood plasma. Increased
urination (polyuria) occurring in diabetes patientsis dueto the
increased water retention by the urinary glucose.

6. Donnan MembraneEquilibrium

L et usconsder two compartments separated by asemi permesble
membrane, whichis permeabletowater and crystalloids, but not
tocolloida particles. Oneof thecompartment (A) isfilledwitha
moles of NaCl, and the other compartment (B) isfilled with b
molesof NaR, inwhich R happensto beanon diffusibleion.

(A) (B)
a Na Nat b
a c R b 1

NaCl diffusesfrom (A) to (B) and after sometime, the system
attainsequilibrium. Atequilibrium, let usconsider that x molesof NaCl
havediffused from (A) to (B). So, theionic concentration at equilibrium
in both the compartmentswill beasfollows,

(A) (B)
ax Na Na- b+x
ax CI R b 2
Cl X

Atequilibrium, thenumber of ionsthat movefrom onecompartment
to other will beequal, and thiswill occur only, when theionic products of
theconcernedionsareequal.

15



Therefore, [Na'][Cl] in both the compartments at equilibrium
should beequal.

(&Xx) (ax) = (b+x) x

(ax)? = bx +x2

&—-2ax+x*> = bx + x2

& — 2ax = bx

a& = bx + 2ax

& = (b+ 2a)x
- a’

(b+2a)

On substituting numerical valuesfor aand b as2 and 1 moles
respectively,
22
1+(2° 2)
4
5
= 08

Cadlculating thetota molespresent in compartment (A) and (B) at
equilibrium.

16



(A) (B)

2-08=12 Na* Na®* 1+0.8
2-08=1.2 Cl- R 1
Cl 0.8
24 3.6
Fromthiswecan derivethat:

0] The concentration of solutesinthenon-diffusibleion sde(B)
isgreater than the other.

(i) Therewill beaccumulation of theoppositely charged ion (Na')
inthesde containing thenon-diffusibleion (R).

Inbiologica systems, Donnan membrane equilibrium prevailsdueto
thenon-diffusibleproteinsand isa so sgnificant for thefunctiona aspects
of thecell.

If thenon-diffusibleion happenstobe R and oneof thediffusibleion
H*, then there will be a change in the pH. Due to imbalance in the
electrolytes, swelling of proteinsoccur, whichiscaled asDonnan osmotic
effect.

1.7 Buffers

A buffer may be defined asasolutionwhichresiststhechangein
pH that will occur on addition of small quantitiesof acid or baseto the
solution. Buffersaremixturesof weak acid anditssalt or weak baseand
itssalt. ThepH of the solution isdefined asthe negative logarithm of
hydrogen ion concentration. The pH of buffers are determined by
Henderson Hasel bach equation, which isderived asfollows

17



L et usconsider awesak acid that ionizesasfollows
HA= H "+ A"
Then equilibrium constant K will be
. = HTIA]
[HA]
Rearranging theequation, we g,
Ka[HA] = [H'] [AT]

Ka[HA]

H =
] [A]

Takinglogonboththesides,

- [HA]
log[H*] = logKa+ log——
og[H"] og Ka+ og[A_]

Multiplying by -1, weget

. [HA]
-log[H] = -logKa- log——+
og[H'] 0g Ka- 1og A
_ [A]
pH = pKa+ Iogm

ThepH of bloodis 7.4 and it should be maintained congtant. If
pH increasesabove 7.5, akal osisoccursand beyond 7.8 death occurs.

18



If it falls below, 7.3, acidosis occurs and below 7.0 is
incompatiblefor life. Dueto metabolismand digtary intake, largequantities
of acids and bases are produced in the body and they have to be
transported through bloodfor dimination. Thisshould occur without any
magor changesinthepH. Thisiseffectively doneinthebody by meansof
the buffers present in the blood and by two mechanisms, namely the
respiratory mechanism and therena mechanism.

Thebuffer syssemsof blood areasfollows

Plasma Erythrocytes
H,CO, H,CO,
BHCO, BHCO,
H.Protein H.Hb
B.Protein B.Hb
BH,PO, H.Hb O,
B,HPO, B.HbO,
H.Organicacid BH_.PO,
B.Organic acid B,HPO,
H.Organicacid
B.Organicacid

The numerators are acid components and the denominators
aresalts.

19



Sincethe concentrations of phosphate and organic acidsarelow
in plasma, they do not play amajor rolein regul ation of pH.

Themajor buffer in plasmaisbicarbonate buffer and the pK aof
carbonicacidis6.1. Subgtituting it in the Henderson Hassalbach equiation,

74 = 6.1 +log BHCO,
H,CO,
74 - 6.1=log BHCO,
H,CO,
1.3 = log BHCO,
H,CO,

Sinceantilog of 1.3is20,

BHCO, _ 20
H,CO, 1
Toeffectively maintainthe pH of blood, according to Henderson
Hassel bach equation, theratio of bicarbonateto carbonic acid should be

20: 1. Thecarbon dioxide produced by metabolismisbuffered by the
hemoglobin buffer systemasfollows.

Hemoglobin buffer system

The buffering capacity of hemoglobin isdueto the presence of
imidazolegroupsinitshistidineresidues. Thedegreeof dissociation of
theimidazole groupsisdependant upon the degree of oxygenation of Hb.
If hemoglobinisoxygenated, itismoreacidic and thereforeexistsinits
dissociated form. When it isnot bound with oxygen, it will beinthe
reduced form.

20



Inthetissues, where oxygentensionisreduced, HbO, dissociates
to giveoxygentothetissues. Inturn, the CO, produced inthetissueswill
combinewithH,O to form H,CO,, which dissociatesto H* and HCO,..
Thereduced Hb devoid of O, combineswith H* ionsto form HHb resulting
avery littlechangeinthepH.

When the blood returnsto thelungs, O, tensioninthelungsis
high resulting in the oxygenation of Hb. Asmentioned earlier, HbO, has
lesser affinity to H* and releasesit. It combineswithHCO,™ ionstoform
H,CO, that dissociatesto H,0 and CO, .

Lungs Tissues

HCO; < HCOs
HHb < HHb

O,
| /
H,COs \
TED
H>O H>CO3
v H0O
CO; HbO; *HbO, CO;

Fig. 1.7 Buffering action of Hemoglobin
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It hasbeen found that morethan 80% of the buffering capacity of
bloodisduetored blood cells. But thebuffered HCO, istransportedin
the plasma. The process of transport of the formed HCO," from the
RBCsinto the plasmaneedschlorideionsand the phenomenoniscalled
asHamberger’ schloride bicarbonate shift.

When CQ, liberated fromthetissuesentersthe RBC viaplasma,
it combineswithwater toform carbonic acid, thereaction catalysed by an
enzymecalled ascarbonic anhydrase. Thesameenzymecan dsodissociate
carbonic acid to carbon dioxide and water. Carbonic acid dissociates
intoHCO, andH*ions.

Theformed bicarbonateis exchanged for one chlorideion with
theplasma. Thechloridethat entersthe cell formsneutral potassium
chlorideinthecell. Thebicarbonatethat entersthe plasmareactswiththe
sodiumionsto form sodium bicarbonate. Thus, the bicarbonateionsare
transported inthe plasma

Plasma

Erythrocytes

CO, " CO,
oo
Ban
HCO;

Fig. 1.8 HambergersChlorideBicarbonate Shift
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Regulation by Respiratory mechanism

Respiratory mechanism playsanimportant roleintheregulation
of acid-base balance because the respiratory centreis sensitiveto the
changesin pCO,.

If thereisanincreasein pCO,, increased respiration occurs, helping
toremovetheexcess CO,. Thiscontinuesuntil theblood regainsnormal
pCO, andpH. Similarly afdl inthepCO, leadstodow, shalow respiration,
hypoventilation and retention of CO..

Regulation by renal mechanism

Thelungs canremove only volatile acidslike CO, but not the
organic acidslikelactic acid and pyruvic acids. Theseacidsareeffectively
buffered by the bicarbonate system, but at the expense of the bicarbonate,
whichiscalled asthe alkali reserve of thebody. Lungscan eliminate
H,CQ,, but cannot restore bicarbonate. Thisisdone by the kidneys,
whicharetheultimateregulatorsof acid basebaance. Inacidemia, inorder
to bring thelow pH to normal, the excessive H* ions should be excreted
and bicarbonate excretion should bereduced. Thisisdoneby excreting
ahighly acidicurine(pH 4.5). Onthe other hand, during alkalemia, the
kidneys excrete the excess bicarbonate producing an alkaline urine
(pH 8.2). Thethreeimportant mechanisms attributed by the kidneysto
regulate the blood pH are

0] Reabsorption of bicarbonate
(ii) Buffering by phosphate buffers

(ii) Formeation of ammoniumions.

23



Exercises

| Choosethecorrect answer from thefour alter natives

a.  Thetermcel membranewascoined by

1 C.J. Nageli and Crammer
2. Singer and Nicolson
3. Robertson
4, Gorter and Grendel
b.  Proteinsareneededfor
1 Facilitated diffuson
2. Passivetransport
3. both of them
4, Noneof theabove
c. ThepH of bloodis
1. pH74
2. pH 6.1
3. pH 1.3
4. pH 4.7
d. Themajor buffer system of thered blood cellsare
1 Phosphate buffer
2. Hemoglobinbuffer
3. Carbonate buffer
4, Acetate buffer
e.  Theunitof viscogtyis
1 Ogmals
2 Poises
3. Dynes
4 Newtons

24



[1. Fill up theblanks

1

Two solutions with identical osmotic pressures are called

Theproteinsthat aretightly embedded inthemembranearecdled
as

The red blood cell membrane devoid of cytosol are called as

Thelubricating property of thesynovid fluidisduetothepresence
of init.

The non-volatile acids are buffered by
mechaniam.

[11. Say trueor false

1
2
3.
4

Carbohydrates arethe mg or componentsof the cell membrane.
Facilitated diffusion isan energy dependant process.
Viscosity of blood isincreased during anemia.

Thebuffering action of hemoglobinisduetothelysineresidues
presentinit.

When RBCsare placed in hypotonic solution, crenation occurs.

V. Match thefollowing

ok~ W DN

Erythrocyte Fragility Test - Surfacetension
Haystest - Dipdmitoyl lecithin
Surfactant - Osmosis

Unit membranemode - Nicolson
Fluidmosaic model - Robertson
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V. Giveoneword answer

1

1

Giveoneexamplefor periphera proteins.
What istheviscosity of blood?
How arefluidsabsorbed into thecell?

Namethe protein that exchanges chloride and bicarbonateions
inred blood cells.

Whichionswill accumulate onthesdecontaining anon-diffusible
proteinanion (R).

V1. Answer thefollowingbriefly

1

2.

Givean account on membrane proteins.
Briefly discussthevariousmodel s proposed for cell membranes.
Listthebiological applicationsof surfacetensionand viscosity.

How is CO, transported inthe blood without any changeinthe
blood pH?

Write briefly on Donnan Membrane Equilibrium.
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CHAPTER I

Digestion

I ntroduction

Theconversion of food into aform that can be absorbed by the
body is called digestion. It describes how the body breaks down food
and usesit for energy, cdll repair and growth. It startsinthemouth, continues
inthe stomach and small intestineand iscompleted inthelargeintestine.
Theliver and pancreas add enzymesand juicesthat aid in this process.
Carbohydrates are broken down to glucose, proteins to amino acids,
fatsto glycerol and fatty acids.

2.1 Carbohydrates

Themagor carbohydratespresent in our diet are starch, glycogen,
sucrose, lactose, maltose and very little concentrations of fructoseand
pentose.

2.1.1 Digestionin mouth

Milk and other fluiditemslikejuicesescapedigestioninthemouth
asthey do not residein themouth for alonger time, whereas, starch and
glycogen containing solid foodsaremedticated with sdlivathoroughly. Sdiva
containsptydin, ana amylase, which attacksthea 1-4 linkagesresulting
intheformation of monosaccharide glucose, disaccharide maltose and
trisaccharidemaltotriose. However, because of steric hindrance caused
by the branches, some of theinterior a 1-4 linkagesareinaccessiblefor
theenzyme. Thisresultsintheformation of ahighly branched structure
cdledaslimit dextrin.
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The optimum pH for salivary amylaseispH 6.7. Ptyalin needs
chlorideionsfor their effectiveaction.

Glycogen, Starch— Glucose, Maltose, Maltotriose, Limit Dextrin

Glycogen Limit Dextrin

When food along with ptyalin reachesthe stomach, ptyalinis
inactivated due to low pH. There are no enzymes to act upon
carbohydratesin the stomach. No changeto polysaccharidesoccursin
thestomach. Dietary sucrose may be hydrolyzed to equimolar quantities
of glucose and fructose by the HCI present.

2.1.2 Digestion in duodenum

When thefood bolusreachesthe duodenum, it ismixed with the
pancrestic juice, which containsa amylase. Itsactionissmilar tothat of
theptyalin, but itismore powerful because

0] It can act upon raw starch.

(ii) It can hydrolyzetheinterior linkagesof the starch, which
wereinaccessiblefor ptydin.

The optimum pH of pancreatic amylase ranges between 6.9 —
7.1andit needschlorideionsfor itsaction
2.1.3 Digestioninsmall intestine

Five enzymes are present in small intestine to hydrolyze the
carbohydrates compl etel y to monosaccharides.
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Intestinal amylase: It hydrolysestheterminal a 1-4 linkages
in polysaccharides and oligosaccharidesreleasing free glucose
molecules.

Lactase : Itisab-gdactosdasethat hydrolyseslactosemolecule
to equimolar amountsof glucoseand gaactose. Itsoptimum pH
is5.4-6.0

Lactose Lactase Glucose + Gaactose

Maltase : It isaglucosidase that acts on a 1-4 linkages of
maltoseyielding glucosemolecules. Fivedifferent mataseshave
beenidentifiedintheintestinal epithelial cells. Itsoptimum pH
ranges between 5.8 —-6.2.

Maltose Maltase Glucose + Glucose

Sucrase It hydrolyzessucroseto equimolar amountsof glucose
and fructose by hydrolyzing b 1-2linkages.

Sucrose Sucrase Glucose + Fructose

Isomaltase: It hydrolysesthe a 1-6 branch points of limit
dextrin and liberates maltose and glucose.

Therearenoenzymes present inour digestivesysemto hydrolyze

b1,4linkagesin cellulose, soit cannot be digested.

2.1.4 Absorption of carbohydrates

Only monosaccharides can be absorbed by theintestinad mucosa.

A few disaccharides can be pinocytosed and hydrolyzed to
monosaccharides by disaccharidases. The absorption rate of the
monosaccharidesisinthefollowing order:

Galactose > Glucose > Fructose > Mannose > Xylose > Arabinose
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M echanism of absor ption

1. SmpleDiffuson: Initialy, whentheconcentration of glucosein
theintestinal lumenishigh, by smplediffusionit crossesthe
membrane.

2. ActiveTrangport: To speed up the absorption process, active
transport mechanismsareinvolved. Absorption of glucoseisa
secondary activetrangport process, whichinvolvesATPhydrolys's
indirectly.

The stepsinvolved inthetransport of glucoseare:
(i) Onemoleculeof Na* and glucose bindsto thetransporter.

(i) Binding of sodium and glucose induces a conformational
changein thetransporter.

Lumen of small intestine

Apical side [high] Na* Glucose [low]
: = H0 0 y a -
{} Na’fg!iscose
Osmosis cotransporter
[low] symport |
Na*
igh
H,O s S Glucoseg:ug 1
ATPase / channel
_uniport
Basal side

[higl'l]Na"- Blood Glucose [low]

Fig 2.1 Model of glucose absor ption

i) Theconformational changeleadsto theddivery of sodiumand
glucosemoleculestotheintesting cells.
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iv) Sodiumispumped out of thecell resulting in the net absorption

of glucosemoleculeaone.

Step (iv) needsenergy that isderived by ATPhydrolysis.

215

1
2.

2.2

Factor saffecting r ate of absor ption

If theintestind mucosaisdamaged, absorptionisreduced.

Hormoneslikethyroid hormone, adrenal cortex hormonesand
pituitary hormones enhance the absorption of carbohydrates.

Insulin has no effect in the absorption of glucose.

Pyrimidine and pantothenic acid deficiencies diminish the
absorption.

Inherited enzyme deficiency states like lactose intolerance
decreasesthe absorption.

Proteins

Proteinsin diet arefrom animal sourcesand vegetable sources.

Animal sourceslikemilk, dairy products, met, fish, liver and eggsare
rich sourcesof proteins.

Vegetable sourceslike ceredls, pul ses, peas, beansand nutsare

richinprotein.

221

222

HCI :

Digestion in mouth
There areno enzymesin mouth to degradethe protein.
Digestion in stomach

HCI secreted by the gastric mucosa destabilizes the secondary
structuresof the proteins such that it can be easily acted upon by
theenzymes.
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The proteolytic enzymes present in the gastric juice are pepsin,
rennin, gastricin and gelatinase.

Pepsin : Itisapotent proteolytic enzyme and is present in the gastric
juices. Itissecretedintheinactive zymogen form called as pepsinogen,
which hasamolecular weight of 42,500 daltons. Intheacidic medium,
pepsinogen is cleaved to pepsin and the reaction is favoured
autocatalytically. Pepsin havingamolecular weight of 34,500 daltonsis
an endopeptidase. Anendopeptidaseisan enzymethat actson the peptide
linkagesintheinterior of theprotein.

Pepsin actson protein to convert it to proteoses and peptones,
whicharelow molecular weight peptides.

Proteins —»  Proteoses + Peptones

It hasabroader specificity and actson peptidelinkages condtituted
by the carboxyl group of an aromatic/ hydrophobic amino acid or amino
group of adicarboxylic acid.

It hydrolyzesthesolublecassininmilk , whichaongwith calcium
formsinsoluble paracaesinate.

Theoptimum pH for pepsinis1.6—-2.5
Rennin

Renninispresentininfantsonly and it issecreted by thegastric
mucosaas pro—rennin. Itisconvertedtoactiverenninby HCI. Italso
convertscasaininmilk toinsoluble calcium paracaesi nate.

2.2.3 Digestionin duodenum

The chief enzymes of the pancreatic juicethat actson proteins
area) trypsin b) chymotrypsin c) carboxy peptidase d) elastasesand
€) collagenases
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Trypsn

Trypsin, aproteinaseissecreted in theinactive zymogen form
cdledtrypsinogen. Itisactivated by enterokinaseand dso autocatayticaly
inthe presenceof calcium.

Itisan endopeptidasethat isspecific for peptidelinkagesformed
by carboxyl groupsof basic amino acids, namely arginine, lysine. The
hydrolytic products are polypetides, proteoses, peptones, di and tri
peptides. 1t cannot hydrolyze peptidelinkageswhichinvolvesproline.

It activates proelastase to elastase, chymotrypsinogen to
chymotrypsin, fibrinogentofibrin. The optimum pH for trypsinis
8-9.

Chymotrypsin
It isan endopeptidase, which issecreted in theinactiveform as
chymotrypsinogen. Itisactivated by trypsinand aso autocatayticaly. It

hydrolyses peptidelinkageswith carboxyl group of aromatic amino acids
liketryptophan, tyrosineand phenyl aanine.

The optimum pH for chymotrypsinis7-8

Carboxy peptidase

Two typesof carboxy peptidases, carboxy peptidaseA and B
areknown. Carboxy peptidase A isametallo enzymethat containszinc.
Both are exopeptidases. Carboxy peptidase A isspecific for aromatic
amino acidsat the C terminal end, while carboxy peptidase B isspecific
for basicamino acidsat the C termina end.

Theoptimum pH for both of them liesbetween 7-8.
2.2.4 Digestioninsmall intestine

The proteolytic enzymes present in the intestinal juice are
enterokinase, amino peptidase, prolidaseand di and tri peptidases.
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Enterokinaseisan enzymethat activatestrypsininthe presence
of calcium. Aminopeptidases are capable of removing oneamino acid
fromtheN termind end of thepeptide. They cannat hydrolyzethelinkages
of di-peptidesor if theN terminal amino acidisproline. Prolidasesare
enzymesthat hydrolyzelinkagesinvolving proline.

Thusby the concerted action of al the above enzymes, proteins
arebroken downto di and tri-peptides. Di and tri peptidases presentin
theintestinal mucosal cellsor insidethe absorptive cellscleavethemto
aminoacids.

Di-peptides%mi no acids

2.2.5 Absorption of aminoacids

Tri-pepti desT—>rI peptidases

Amino acidsand small peptidesthat areabsorbed will reach liver
through the porta circulation.

Naturally occurring L-amino acids are absorbed actively, while
D-amino acids are absorbed passively. Absorption of amino acidsare
similar to those of carbohydratesand they need acarrier and sodiumions.

Amino acids are absorbed via glutathione cycle. The steps
involvedinglutathionecycleare

a Glutathione combineswith amino acidsto form g-glutamyl amino
acidand cysteinyl glycine.

b. grglutamyl amino acidistransported and hydrolyzed to oxo proline
and L.amino acid, whichisabsorbed.

C. Cyseinyl glycineiscleavedto cysteineand glycine.
d. Oxoprolineisconverted back to glutamate.

e. Glutamate, cysteine and glycine combine together and form
glutathione.
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2.2.6 Factorsaffecting absorption

1 Dinitro phenal or cyanide decreasesthe absorption of amino acids.

2. Amino acids compete with one another for absorption. High
concentrations of one amino acid reduces the absorption of the
others.

3. Glutathioneis needed to absorb the amino acidsviaglutathione
cycle.

2.3 Digestion of Lipids

Asal theenzymesinvolvedindigestion arewater soluble, lipids
poseaspecial problem duetotheir insoluble nature. The problem of fat
digestion issolved by emulsification of fats (i.€). breaking of largefat
particlesto small particles such that thereisan increasein the surface
area, whichfadlitatestheinteraction of fatswith thefat hydrolyzingenzyme
lipase.

Dietary sourcesof fat arefromanimal aswell asvegetableorigin.
Anima sourcesincludedairy productslikemilk, butter, ghee, mest, pork,
eggsandfish. Vegetablesourcesincludevariouscooking oils. Vegetables
sources are superior to animal sources because of the presence of the
various polyunsaturated fatty acids.

2.3.1 Digestionin mouth

Recently, alingud lipase hasbeen detected in mouth. Itsoptimum
pHis4to4.5. It actson thefood in the stomach, whereit residesfor
sometime. Lingud lipaseisbest suited to act on milk.

2.3.2 Digestioninstomach

Gadtriclipase actson triglyceridesto some extent only because,

(8 noemulsfication of fatstakesplacein the ssomach.
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(b) thequantity of enzyme presentisvery low.
(¢) ithasan optimumactivity at pH 7.8

Satiety value

Fatsdelay therate of emptying of somach, by inhibiting thegastric
motility viathe hormone enterogastrone. Thusthey have ahigh satiety
vaue(fillingnessof thestomach).

2.3.3 Digestion in duodenum and small intestine

Thedigestion of fatstakes place mainly inthe duodenum and
small intestine because of the presence of powerful enzymelipaseinthe
pancreaticjuiceand emulsification of fatsby thebilesalts.

Pancredticlipaseiscalled asstegpsn andit actsonthetriglycerides
presentinthediet. 1t hasan optimum pH at the alkalinerange.

Theaction of lipaseontriglyceridesoccurs by thefollowing steps.

(@  Conversionof triglyceridetoa, b diglyceride by removal of the
terminal fatty acid.

(b) Removal of a fatty acid to produce b monoglyceride.

() b monoglycerides are not acted upon by lipases, so they are
isomerized toa monoglyceride.

(d  Completehydrolysisof a monoglycerideto freefatty acid and
glyceral.

Theother enzymespresent in pancreetic jui ce are phospholipases
and cholesterol esterase.
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There are four different phosopholipases that can cleave
phospholipidsto glyceral, freefatty acids, phosphoric acid and the base.
They are phospholipase A, phospholipase A, phospholipase C and
phospholipaseD. Thesiteof actionsof phospholipasesareasfollows.

Phospholipase A;

CH,OCOR;
| i Phospholipase A,

CHOCOR,
| o)
|

+

CHzo _P_ O_CHchzN H3

O-
Phospholipase D
Phospholipase C

Theaction of cholesterol esteraseis,

hol I .
Cholesterol ester Coestﬂe&se Cholesterol + fatty acid

2.3.4 Absorption of fats

1 Freefatty acidsareabsorbed by the absorptivecdlsof theintesting
wallsby smplediffuson. Astheentering fatty acidsarerapidly
converted to triglycerides, the above processis speeded up.

2. A part of glycerol and short chainfatty acidsaredirectly absorbed
by the portal circulation and takento theliver.

3. Glycerol and fatty acidsthat enter to theintestinal epithelia cells
areconvertedtotriglyceridesandinthelactedls, they are covered
withalayer of hydrophilic phospholipids, cholesteral, cholesterol
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estersand an apoprotein apo B. After being packaged to amore
hydrophilic solubleform, they enter into thelymphatic circulation
andfinally entersthe systemic circulation viathethoracic duct.

2.3.6 Factorsaffecting absorption

1 Short chain fatty acids are absorbed at a faster rate than long
chainfatty acids. They aso enhancetheabsorption of long chain
fatty acids.

2. Plant sterolslike stigmasterol and sitosterol inhibit cholesterol
absorption.

3. Bilesdtsenhancethedigestion of fats. Absenceof bileinjaundice
reducesthedigestion of fats.

4. Absorption of cholesterol isfacilitated by unsaturated fatty acids
andbilesdts.

2.4  Digestion of Nucleic acids
2.4.1 Digestionin mouth and stomach
Thereareno enzymesto digest nucleic acidsin themouth.

The highly acidic medium in the stomach destabilizes the
nucleoprotein structure and the proteol ytic enzymes split themto nucleic
acidsand proteins.

2.4.2 Digestion in duodenum

Pancreatic juice contains two enzymes ribonuclease and
deoxylribonucl easethet can hydrolyzethe nuclei c acidsto mononucleotides.

Depending upon the site of action, nucleases canbe either
endonucl easethat attackstheinterior linkagesand exonucleasethat attacks
thetermina linkages.
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Theintestinal juice (succusentericus) containsthefollowing two

enzymesthat digest nucleicacids.

a Nucleotidases that hydrolyze nucleotides to nuclosides and
phosphoric acid.

b. Nucleosdasesthat hydrolyzesthe nucleosidesto their respective
sugarsand bases.

243 Gastrolntestinal Hormones

Therearethreemgjor gastro intestinal hormones secreted by the
gut. They are gastrin, secretin and cholecystokinin. All of them are
polypeptides synthesi zed by the mucosal endocrine cellsof thestomach
andsmadl intestine.

Gadtrinisproduced by the mucosal cellsof the pyloric region of
the stomach and isthe most effective activator of gastric acid secretion.
Two gastrins, Gastrin | and Gastrin | have beenidentified. Gastrin| has
17 amino acids and Gastrin |1 has 14 amino acids. Gastrin secretion
increaseswith age, vagal stimulation, acetyl cholineand intake of foods
richin proteinsand amino acids particularly glycine. Theterminal four
amino acidsof gastrin areresponsiblefor itshormonal action.

Secretinisapolypeptidewith 27 amino acidsof which 14 amino
acidsareidentical tothat of glucagon. Itisformedintheduodend mucosa
cells. Thesecretionisstimulated by HCI and it increasesthe secretion of
electrolytes and fluid components of pancreatic juice. Itisoneof the
factorsthat increasethe secretion of bileby theliver. It canact likeglucagon
by increasing the cardiac output and lipolysis.

Cholecystokinin and Pancreozymin are two hormones that
stimulatethe secretion of pancreaticjuice. Pancreozymin aso stimulates
the pancreas to secrete insulin and glucagons. Due to this action of
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pancreozymin, insulin secretionishigher when glucoseisgivenordly than
intravenoudy. Out of the 33 amino acids present in the pancreozymin, the
eight Ctermina amino acidsarebiologicaly active.

Cholecystokinin causes contraction of the gall bladder and
dischargethebileinto the duodenum. Dischargeof bileisaso stimulated
by secretin and bile salts.

Other gut hormones

Hepatocrinin stimulatestheformation of bile, whichislow inbile
«ts. Matilinincreasesgestricmoatility. Enterogastroneand gestricinhibitory
polypeptideinhibit gastric acid secretion and gastric motility. Enterocrinin
stimulatesthe secretion of enzymesby theintestind mucosa. Chymodenin
stimul atesthe secretion of chymotrypsinfrom pancress.

Exer cises

|. Choosethecorrect answer from thefour alternatives
a.  Theenzymewhichisnot of pancreaticoriginis

i) trypsin  ii) amylase  iii) sucrase iv)chromotrypsin

b.  Thereareenzymesinthe stomachto digest
i) proteins ii) minerals iii) vitamins  iv) noneof theabove

Cc. Pepsnisactivated by
i) autocatayticaly i) rennin iii)HCl iv) HCl & autocatalyticaly

d.  Satiety vaueishighfor
i) carbohydrates ii) proteins iii)fats iv) vitamins
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e. Daminoacidsareabsorbed by
i) passivediffusion ii) activetransport
iii) both of them iv) none of the above

f.  Whichionsareneeded for glucosetransporter?
i)Na* i) K* i) Mg? iv) Ca*

g Whichoneisnot apancreatic enzyme?
i) trypsin ii) chymotrypsin iii) pepsin  iv) elastases

[I. Fill up theblanks

1 Pancregticlipaseisasocaled as

2. Cholecystokinin and are two
hormonesthat stimulate pancregtic jui ce secretion.

3. or cyanide decreasesthe absorption of amino
acids.
Secretinisapolypeptidewith aminoacids.

5. The enzymes that digest nucleic acids are present in the

[11. Say trueor False

L actaseisan enzyme present in the pancrestic juice.
Chlorideionsareneeded for theaction of amylase.

Absorption of amino acidsiscarried out by amino acid transporters.
Dipeptides cannot be absorbed by the mucosal cells of the
intestine,

Gadtrinisanenzymeinvolvedin protein digestion.

Fatsare hydrolysed by acidic pH in the stomach.

A owbdhPe

o o
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V. Match thefollowing

g krcowbdpRE

Biledts - Endopeptidase
Chymotrypsin - Exopeptidase
Carboxy peptidaseA - Gl tract hormone
Lysoledithin - Emuldfication
Secretin - PhospholipaseA,

V. Giveoneword answer

o b~ 0 DN

Namethetripeptidesinvolved in the absorption of amino acids.
Givethereaction by which maltoseisconverted to glucose?
Namethe enzymesinthe ssomach to digest proteins.

What isthe action of HCI on nucleoproteins?.

Name the hormone that influences the absorption of
carbohydrates.

What isthe enzymethat cleavesthe branch pointsin starch?
Why cdllulose cannot be digested by humans?
List any two GI hormones.

V1. Answer thefollowing briefly

a bk~ DN

Givean account on digestion of proteins.

Briefly anote on Gl tract hormones.

Discussthefactorsthat affect carbohydratesand lipid absorption.
How arefatsdigested?

How are carbohydrates absorbed from the diet?
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CHAPTER 111

Carbohydrate Metabolism

I ntroduction

Glucoseisthe major form of sugar moiety present in blood and
other body fluids. Thedigestion of food carbohydrates, such as starch,
sucrose, and lactose producesthe monosaccharides glucose, fructose and
galactose, which passinto the blood stream. The study of synthesis
(Anabolism) and degradation (Catabolism) of biomolecul esisbiochemi-

caly termed asmetabolism.

Anabolism + Catabolism = Metabolism
(Synthesis) (Degradation)

Since glucose is the most important carbohydrate existing in
physiological amountsin the body andiseasily absorbed fromthediet,
themetabolism of carbohydrateresolvesitsdf tothestudy of themetabolism
of glucoseand itsmain derivatives. The monosaccharides galactose and
fructose are converted to glucosein theliver. All the monosaccharidesare
completely absorbed inthesmall intestine.

Theglucoseinthecirculating blood and tissuefluidsisdrawn upon
by dl the cellsof thebody and used for the production of energy. Normally
carbohydrate metabolism supplies more than half of the energy
requirements of the body. In fact the brain largely depends upon
carbohydrate metabolism as a source of energy and quickly ceasesto
function properly when theblood glucoseleve fallsmuch below normal.

43



3.1 Carbohydrateasa sourceof energy

The major function of carbohydratein metabolismisto serveas
fuel and get oxidised to provide energy for other metabolic processes.
Themetabolicintermediatesare used for variousbiosynthetic reactions.
For thispurpose, carbohydrateisutilized by the cellsmainly intheform of
glucose. A mgjor part of dietary glucoseis converted to glycogen for
storage in liver. Glucose is degraded in the cell by way of a series of
phosphorylated intermediatesmainly viatwo metabolic pathways.

1. Glycdlyss
2. Tricarboxylicacidcycle

3.2 Glycolysis

Oxidation of glucoseto pyruvateiscalled glycolyss. It wasfirst
described by Embden-Meyerhof and Parnas. Henceitisalsocaled as
Embden-Meyerhof pathway.

Glycolyssoccursvirtudly indl tissues. Erythrocytesand nervous
tissuesderivetheenergy mainly fromglycolyss. Thispathway isuniquein
the sensethat it can proceed in both aerobic (presence of O,) and anaerobic
(absenceof O,) conditions.

All theenzymesof glycolysisarefound intheextramitochondria
solublefraction of thecell, the cytosol.

3.2.1 Reactionsof glycolytic pathway

Seriesof reactionsof glycolytic pathway which degradesglucose
to pyruvate are represented bel ow. The sequence of reactionsoccurring
inglycolysismay beconsidered under four stages.

Stage |

Thisisapreparatory phase. Before the glucose molecule can be
split, the rather asymmetric glucose moleculeis converted to almost
symmetrical form, fructose 1,6-diphosphate by donation of two phosphate
groupsfromATP.
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Glucose
ATP
Glucokinase
ADP

Glucose 6-phosphate

% 1} Phosphogluco isomerase
<
o
> Fructose 6-phosphate
S ATP
IS
%_ Phosphofructo kinase
I ADP
Fructose 1,6-diphosphate
1} Aldolase
Glyceraldehyde 3-phosphate
+
Dihydroxy acetone phosphate\
Triose phosphate '
isomerase
Glyceraldehyde 3-phosphate (2 molecules)
‘ +
Glyceraldehyde ZZP:\IAD
3-phosphate
dehydrogenase 2NADH + 2H"
1,3 bisphosphoglycerate (2 molecules)
y 2ADP
% Phosphoglycerate
P kinase
o 2ATP
% 3-phosphoglycerate (2 molecules)
g
a

Phosphoglycerate mutase
2-phosphoglycerate (2 molecules)

Enolase 1# 2 H,0

Phosphoenol pyruvate (2 molecules)

2ADP
Pyruvate kinase
2ATP

Pyruvate (2 molecules)

Fig.3.1 The glycolytic pathway
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1. Uptake of glucose by cellsand itsphosphorylation

Glucoseisfredly permesbleto liver cels, intestinal mucosaand
kidney tubuleswhere glucoseistaken up by 'active transport. Inother
tissuesinsulinfacilitatesthe uptake of glucose. Glucoseisphosphorylated
to form glucose 6-phosphate. Theenzymeinvolved inthisreactionis
glucokinase. Thisreectionisirreversble.

Glucokinase

» Glucose 6-phosphate
2+
Mg\

ATP ADP

Glucose

2. Conversion of glucose 6-phosphateto fructose 6-phosphate

Glucose 6-phosphate is converted to fructose
6-phosphate by the enzyme phosphogluco isomerase.

Phosphogluco

isomerase
Glucose 6-phosphate Fructose 6-phosphate

3. Conversion of fructose 6-phosphate to fructose
1,6 diphosphate

Fructose 6-phosphateisphosphorylated irreversibly at 1 position
catalyzed by the enzyme phosphofructokinase to produce fructose
1,6-diphosphate.

Phosphofructo
Fructose kinase ,  Fructose
6-phosphate ng\‘ 1,6-diphosphate
ATP ADP
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Stagell
1. Actual splitting of fructose 1,6 diphosphate

Fructose 1,6 diphosphateis split by theenzymea dolaseinto two
mol ecul esof triose phosphates, an ddotriose-glycera dehyde 3-phosphate
and one ketotriose - dihydroxy acetone phosphate. The reaction is
reversible. Thereisneither expenditure of energy nor formation of ATP.

Aldolase Glyceraldehyde

Fructose 1,6-diphosphate 3-phosphate
+

Dihydroxy acetone
phosphate

2. | nter convertion of triose phosphates

Bothtriose phosphatesareinterconvertible

Triose phosphate
Dihydroxy acetone isomerase Glyceraldehyde
phosphate 3-phosphate

Stage 11

Itistheenergy yielding stage. Reactionsof thistypeinwhichan
aldehyde group isoxidised to an acid are accompanied by liberation of
largeamountsof potentialy useful energy.

1. Oxidation of glyceraldehyde3-phosphateto
1,3-bisphosphoglycer ate

Glycolysis proceeds by the oxidation of glyceraldehyde
3-phosphateto form 1,3- bisphosphoglycerate. Thereactioniscatalyzed
by the enzyme glycera dehyde 3-phosphate dehydrogenase

+

NAD NADH+H"
Glyceraldehyde 1,3-bisphospho
3-phosphate + Pi Glyceraldehyde glycerate
3-phosphate
dehydrogenase
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2. Conversion of 1,3-bisphosphoglycer ateto 3-phosphoglycer ate

Thereactioniscatadyzed by the enzyme phosphoglyceratekinase.
Thehigh energy phosphate bond at position - 1 istransferredto ADPto
formATPmolecule.

2+

1,3-bisphosphoglycerate Mg 3-phosphoglycerate
+ ADP +ATP
Phosphoglycerate
kinase

Stage 1V

Itistherecovery of the phosphate group from 3-phosphoglycerate.
Thetwo moleculesof 3-phosphoglycerate, theend-product of theprevious
stage, still retainsthe phosphate group, originally derived fromATPin
Stagel.

1 Conversion of 3-phosphoglycer ateto 2-phosphoglycer ate.
3-phosphoglycerate formed by the abovereaction isconverted
to 2-phosphoglycerate, catdyzed by the enzyme phosphoglycerate mutase.

Phosphoglycerate

mutase
3-phosphoglycerate 2-phosphoglycerate

2. Conver sion of 2-phosphoglycer ateto phosphoenal pyruvate

Thereaction is catalyzed by the enzyme enolase, the enzyme
requiresthe presence of either Mg?* or Mn?* ionsfor activity.

H,0

2-phosphoglycerate é Phosphoenol pyruvate
Enolase

3. Conversion of phosphoenol pyruvateto pyruvate

Phosphoenol pyruvateisconverted to pyruvate, thereactionis
catdysed by theenzymepyruvatekinase. Thehigh energy phosphategroup
of phosphoenol pyruvateisdirectly transferred toADP, producing ATP.
Thereectionisirreversble.
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Pyruvate kinase
2+
Mg

Phosphoenol pyruvate \: Pyruvate

ADP ATP

3.2.2 Summary of glycolysis

During glycolyssNAD" isreducedto NADH. At thesametime,
glyceraldehyde 3-phosphate isoxidized to 1,3-bisphosphoglycerate. To
conserve the coenzyme NAD*, NADH must be reoxidized. Under
anaerobic conditionsthisisdonewhen pyruvic acid isconverted tolactic
acid. Inthe presence of oxygen, NADH, can beoxidized to NAD* with
the help of therespiratory enzymes.

3.2.3 Energyyield per glucose moleculeoxidation

During glycolysis ATP molecules are used and formed in the
following reactions (aerobic phase).

Table3.1
Reactions Catalyzed ATP used f ATP
ormed
Stage | 1
1. Glucokinase (for phosphorylation)
2. Phosphofructokinase | (for phosphorylation) 1
Stage I
3. Glyceraldehyde 3-phosphate dehydrogenase 6
(oxidation of 2 NADH in respiratory chain)
4. Phosphoglycerate kinase (substrate 2
level phosphorylation)
Stage IV
5. Pyruvate kinase (substrate 2
level phosphorylation)
Total 2 10

Netgan=8ATP
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Anaerobic phase

In the absence of O,, reoxidation of NADH at glyceraldehyde
3-phosphate dehydrogenase stage cannot take placein respiratory chain.
But the cells havelimited coenzyme. Henceto continuethe glycolysis
NADH must be reoxidizedto NAD*. Thisisachieved by reoxidation of
NADH by conversionof pyruvateto lactate (without producing ATP).

NAD"

7

Lactate dehydrogenase

NADH+H"

Lactate

Pyruvate

Itisto benoted that in the reaction catalyzed by glyceraldehyde
3-phosphate dehydrogenase, therefore, no ATPisproduced.

I nthe anaerobi c phase oxidation of oneglucose molecul e produces
4- 2=2ATP.

3.3 Tricarboxylic acid cycle (TCA cycle)

Thiscycleisthe aerobic phase of carbohydrate metabolismand
followstheanaerobic pathway fromthe stage of pyruvateandiscaled as
citricacid cycleor TCA cycle. The namecitric acid cycle stemsfrom
citricacidwhichisformedinthefirst step of thiscycle. Thiscycleisaso
named"Kerbscycle' after H.A. Krebs, an English biochemist whoworked
onit.

Under aerobic conditions, pyruvateisoxidatively decarboxylated
to acetyl coenzymeA (active acetate) beforeentering thecitricacid cycle.
Thisoccursinthemitochondrid matrix andformsalink betweenglycolysis
and TCA cycle.

CH,— C— COOH + CoA + NAD'-PPH, oy~ c— 5 coa + cO,

H Coenzyme A ‘ + NADH + H’
o o)
Pyruvic acid Acetyl CoA
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PDH-pyruvate dehydrogenase

Thisreaction iscatalysed by the multienzyme complex known as
pyruvate dehydrogenase complex.

Acetyl CoA

Citrate

synthase
CoA - SH

., Oxaloacetate

NADH + H
NAD‘/MaIate Citrate
dehydrogenase

Aconitase
Malate Ee?
Fumarase H,O
H,O . .
Cis aconitate
Fumarate Citric
FADH, Succinate Acid Cycle H,0
dehydrogenase or Aconitase
7D TCA cycle Fe?
Succinate Isocitrate
GTP Succinyl CoA NAD"
COA - SH 2 Synthetase
Mg Isocitrate

GDP + pi Succinyl NADH + H«—"dehydrogenase

CoA _ NADH + H"

NAD"  a-ketoglutarate co.

CO, a-ketoglutarate
dehydrogenase

Fig.3.2KrebsCycle

3.3.1 Reactionsof thecitricacid cycle

There are eight stepsinthecycle and the reactions are as
follows.
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1. Formation of citrate

Thefirst reaction of the cycleisthe condensation of acetyl CoA
with oxal oacetateto form citrate, catalyzed by citrate synthase. Thisisan
irreversiblereaction.

H,O CoA—SH

0=C—COo0’ CHZ—coo
CH;—CO—SCoA , |
H,C—CO00" O"C_COO

Acetyl CoA
Oxaloacetate Citrate synthase

c ,—CO0"~
Citrate
2. Formation of isocitratevia cisaconitate

Theenzyme aconitase catalyzesthereversibletransformation of
citratetoisocitrate, through theintermediary formation of cisaconitate.

(|:H2—COO H,0 clez—coo H,0 CH,—COO

|
Ho—cl:—cocj [ clzl—coo ( H—C—COO
|

—_— —_——
CH,~COO Aconitase = CH—COO Aconitase HO—CH—COO
Citrate Cis-aconitate Isocitrate

3. Oxidation of isocitrateto a-ketoglutarateand CO,

In the next step, isocitrate dehydrogenase catalyzes oxidative
decarboxylation of isocitrateto form a-ketogl utarate.

+ +
(i:HZ—COO' NAD NADH + H (l':HZ—COO'

AR TR - CHz  + cop
HO—CH—COO" Isocitrate O=C——CO00O°
Isocitrate dehydrogenase

a-ketoglutarate
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4. Oxidation of a-keto glutar ateto succinyl CoA and CO,

The next step is another oxidative decarboxylation, in which
a-ketoglutarateis converted to succinyl CoA and CO, by the action of
thea-ketoglutarate dehydrogenase complex. Thereactionisirreversible.

+ +
CH,—COO" NAD NADH + H

l CoA—SH u ?Hz—COO'
CH, k
| - (" +CO,

O=C——Co0 a- ketoglutarate O=C—S—CoA
a-ketoglutarate dehydrogenase

Succinyl CoA

5. Conversion of succinyl CoA tosuccinate

The product of the preceding step, succinyl CoA isconverted to
succinateto continuethecycle. GTPisformedinthisstep (substrateleve
phosphorylation).

C H —COO GDP + Pi GTP

I CoA—SH
C|:H2 cH2 CoO

O=C—s— - CH —CO00"
C—S—CoA Succinyl CoA 2 _ CO0
Succinyl CoA synthetase Succinate

Theenzymethat catalyzesthisreversblereactioniscalled succinyl
CoA synthetase or succinic thiokinase.

6. Oxidation of succinatetofumar ate

The succinateformed from succinyl CoA isoxidized tofumarate
by the enzyme succinate dehydrogenase

FAD FADH,

<I:H2—c00' K j H—(ﬁ—COO'
CH,—CO00 == == -00C—C—H
. Succinate
S t
uceinate dehydrogenase Fumarate
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7. Hydration of fumar ateto malate

Thereversible hydration of fumarateto malateis catalyzed by
fumarase.

H>,O
H—C—COO" HO—CH—COO’
I ™
"00C—C—H ~ H,C—COO
Fumarase
Fumarate Malate
8. Oxidation of malateto oxaloacetate

Thelast reaction of thecitricacid cycleis, NAD linked malate -
dehydrogenase which catal ysesthe oxidation of malate to oxal oacetate.

NAD" NADH + H”*
HO—CH—COO"
l 0=C—COO"
H,C—COO™ — - | _
Malate Malate H,C—COO
dehydrogenase Oxaloacetate

3.3.2 Energyyieldfrom TCA cycle

If onemoleculeof thesubstrateisoxidized through NADH inthe
electron trangport chain three moleculesof ATPwill beformed and through
FADH,, two ATPmoleculeswill be generated.

As one molecule of glucose gives rise to two molecules of
pyruvate by glycolyss, intermediatesof citric acid cyclea so result astwo
molecules.
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Table3.2

Reactions No.of ATP formed
1. 2isocitrate — 2 a-ketoglutarate
(2NADH +2H%) (2" 3) 6
P. 2 a-ketoglutarate— 2 succinyl CoA
(2NADH +2H%) (2" 3) 6
3. 2succinyl CoA— 2 succinate
(2GTP = 2ATP) 2
/. 2 succinate — 2 Fumarate
(2FADH,)) (27 2 4
5. 2maate — 2 oxaloacetate
(2NADH +2H%) (2" 3) 6
Total No.of ATPformed 24

3.4 HMPshunt pathway

Although glycolysis and citric acid cycle are the common
pathways by which animal tissues oxidiseglucoseto CO, and H,Owith
theliberation of energy intheform of ATP, anumber of dternative pathway's
areaso discovered. Themost important oneisHexose Monophosphate
Shunt Pathway (HMP shunt). The pathway occurs in the extra
mitochondrial soluble portion of thecells.

Unlikeglycolysisand Krebscyclewhich are primarily concerned
with the generation of ATP, HMP shunt generates a different type of
metabolic energy - the reducing power. Some of the electrons and
hydrogen atomsof fuel moleculesare conserved for biosynthetic purposes
rather than ATP formation. This reducing power of cellsis NADPH
(reduced nicotinamide adenine dinucl eotide phosphate).
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Glucose 6-phosphate

J NADP"
Glucose 6-phosphate M g2+
dehydrogenase
NADPH + H"

6-phospho glucono d-lactone
H,O
Lactonase 92+

6-phospho gluconate

NADP"
6-phospho glucono Mo
dehydrogenase 9
CO, NADPH + H"

\

D-Ribulose 5-phosphate

Phospho
pentoi somerase

D-Ribose 5-phosphate

Fig. 3.3 Oxidative reactions of the hexose mono-phosphate pathway

The fundamental difference between NADPH and NADH
(reduced ni cotinamide adenine dinucleotide) isthat NADH isoxidised by
the respiratory chain to generate ATP whereas NADPH serves as a
hydrogen and € ectron donor in reductive biosynthesis, for exampleinthe
biosynthesisof fatty acidsand steroids.

The first reaction of the pentose phosphate pathway is the
dehydrogenation of glucose 6-phosphate by glucose 6-phosphate
dehydrogenaseto form 6-phosphoglucono d-lactone.
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Step 1

Glucose 6-phosphatein the presence of NADP and the enzyme
gl ucose 6-phosphate dehydrogenase, forms 6-phospho glucono-d-lactone.
Thefirst molecule of NADPH isproducedinthisstep.

H*C‘*OH ‘C:O
H—g—oH | NADP NADPH+H* H—C—OH
HO—C—H \ Mg/ HO—C—H Q
H*(‘:*OH Glucose 6-phosphate H*(‘:*OH
H—C dehydrogenase H—C
H,C—0—PO3% Hz‘c—o—Pof'
Glucose 6-phosphate 6-phospho glucono d-lactone

Step 2

The 6-phospho glucono d-lactone is unstable and the ester
spontaneously hydrolyses to 6-phosphogluconate. The enzyme that
catalysesthereactionislactonase

(IZ:O o:CI?—O'
HO—(IZ—H ? E Lactonase HO_(I;_H
|

H—C—OH —C—

T M92+ H (I: OH
H=C H—C—OH
H,C—0—PO,* H,C—0—POz*

6-phospho glucono d-lactone 6-phospho gluconate

Step 3

6-phospho gluconate further undergoes dehydrogenation and
decarboxylation by 6-phosphogluconate dehydrogenase to form the
ketopentose, D-ribul ose 5-phosphate. Thisreaction generatesthe second
moleculeof NADPH.
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o—=C—0O .
] NADP  NADPH+H *

H—C—OH ) HpC—OH
HO—C—H Mg ¢=0
H—C—OH H—C—OH
H—CIZ—OH CO, H—(IZ—OH
H,C— O—P032' 6-phospho gluconate HZC—O—PO32'
6-phospho gluconate dehydrogenase D-Ribulose

5-phosphate
Step 4

The enzyme phosphopentose isomerase converts ribulose
5-phosphateto itsaldose isomer, D-ribose 5-phosphate.

H,C—OH CHO
o o eomerase e
H—C—OH bl H—C—OH
H—:C—OH H—:C—OH
H,C—0—PO;> H,C—0—PO*
D-Ribulose 5-phosphate D-Ribose 5-phosphate

In sometissues, the hexose phosphate pathway endsat thispoint,
anditsoverdl equationis
Glucose 6-phosphate Ribose 5-phosphate +
+ 2NADP" + H,0 CO, + 2NADPH + 2H *
The net result is the production of NADPH, a reductant for
bi osynthetic reactions, and ribose 5-phosphate, aprecursor for nucleotide
gynthesis.

3.5 Glycogen

Glycogenisthemagjor storageform of carbohydratein animals
and correspondsto starchin plants.It occursmainly inliver.

3.5.1 Glycogen biosynthesis

The processof biosynthesisof glycogen from glucoseisknown
asglycogenesis. Thisoccursin al thetissues of the body but the major
Stesareliver and muscles. A considerableamount issynthesisedinkidney
aso.
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Glycogenesisisavery essentid processsincetheexcessof glucose
isconverted and stored up as glycogen which could be utilised at thetime
of requirement. In the absence of thisprocessthetissuesare exposed to
excess of glucoseimmediately after ameal and they are starved of it at
other times. Thefollowing arethevariousreactionsof glycogenesis.

Step 1

Glucoseis phosphorylated to glucose 6-phosphate, areaction
that iscommon to thefirst reaction in the pathway of glycolysisfrom
glucose. Thisreactioniscataysed by hexokinasein muscleand glucokinase
inliverinthe presence of ATP.

CH,—OH CH,~0—P0Oz%

5 o) Q
H H

H Glucokinase H H
4 OH H 1 /’\
OH OH o\ " " on
> ATP  ADP
3
H OH H OH
Step 2 Glucose Glucose 6-phosphate

Glucose 6-phosphate is then reversibly converted to glucose
1-phosphatein areaction catalysed by enzyme phosphogluco mutase.
ThisprocessrequiresMg?* and asmall amount of glucose 1,6-diphosphate
ascoenzyme.

CH,—0—P0Oz% CH,—OH
(@] (@]
Phosphogluco

H H mutase H H

OH H
OH OH o\ M7 o—po

H OH H OH

Glucose 6-phosphate Glucose 1-phosphate
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Step 3

Theglucose 1-phosphateisthen activated by the energy produced
by the hydrolysisof uridinetriphosphate (UTP) inthe presenceof uridine
diphosphate glucose pyrophophosrylase. Thisisakey reactionin glycogen
biosynthesis.

CH,—OH CH,—OH

UDP glucose
H H H pyrophosphorylase H
OH H _ 2- ; ;
OH 0—PO; e 0—UuDP
uTP PPi

H OH (pyrophosphate) H OH
Glucose 1-phosphate Uridine diphophate glucose
Step 4 (UDP glucose)

UDP-glucoseistheimmediate donor of glucoseresiduesinthe
reaction catalyzed by glycogen synthase, which promotesthetransfer of
theglucoseresi duefrom UDP-glucoseto anonreducing end of abranched
glycogenchain.

CH,—OH

Glycogen .
synthase Glycogen chain (n + 1)

+
UDP

Uridine diphophate glucose
(UDP glucose)

+

Glycogen chain (n)
Step 5

When the chain hasbecomelong with morethan 8 glucose units,

a second enzyme, namely branching enzyme amylo 1-4 to 1-6

transglycosylase actson the glycogen and hel psinjoining of 1,4 glycogen

chainwithasmilar neighbouring chaintoforma 1-6linkage, thusforming
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abranching point in the molecule. Glycogen thusformed may bestoredin
liver, musclesandtissues.

3.5.2 Degradation of glycogen (Glycogenolysis)

Whentheblood sugar level fals(Hypoglycemia), glycogen stored
inthetissuesspecidly glycogen of liver and musclesmay bebroken down
and thisprocess of breakdown of glycogeniscalled glycogenolysis.

Glycogen

. L~ Pi (phosphate)

Debranching Glycogen
enzyme phosphorylase

+ cAMP (cyclic AMP)

Glucose 1-phosphate

Phosphoglucomutase
Mg?®*

Glucose 6-phosphate

bi JGlucose 6-phosphatase
i

Glucose
Fig.3.4 Glycogenolysis
Thefollowing arethevariousstepsof glycogenolyss.

Step 1

Thefirst stepinthe breakdown of glycogeniscatalyzed by two
enzymeswhich act independently.
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Thefirst enzyme, namely glycogen phosphorylasewithinorganic
phosphate catal ysesthe cleavage of atermina a 1-4 bond of glycogento
produce glycogen with one molecule less and a molecul e of glucose
1-phosphate. The enzyme glycogen phosphorylase cannot cleavea 1-6
linkage. Thisiscarried out by another enzyme called the debranching
enzyme(a 1-6 glucos dase) which hydrolysesthese bondsand thusmake
morea 1-4 linkage accessibleto the action of glycogen phosphorylase.

The combined action of glycogen phosphorylase and the
debranching enzyme converts glycogen to glucose 1-phosphate.

CHZ_OH

Pi

& Glycogen
Glycogen (n) s PRosphontase |

Debranching
enzyme

Glucose 1-phosphate

+

Glycogen (n - 1)
Step 2

Theglucose 1-phosphateisthen reversibly converted to glucose
6-phosphate by the action of the enzyme phosphoglucomutase

CH,—OH CH,—0—POz>
O, O,
H H H Phosphogluco H H H
mutase
OH H
OH 0—POZ* OH OH H OH
H OH H OH
Glucose 1-phosphate Glucose 6-phosphate
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Step 3

The next reaction namely the conversion of glucose 6-phosphate
to glucosetakesplaceintheliver and kidney by the action of the enzyme
glucose 6-phosphatase.

CH,—0—PO,* CH,—OH
Glucose
6-phosphatase
B ——
Glucose 6-phosphate Glucose

Glucose 6-phosphatase removes phosphate group from glucose
6-phosphate enabling the free glucoseto diffuse fromthe cell into the
extracellular spacesincluding blood. Thisreaction doesnot occur inthe
muscles because muscleslack the enzyme glucose 6-phosphatase.

3.5.3 Gluconeogenesis

The synthesis of glucose from non-carbohydrate precursorsis
known asgluconeogenesis. Themajor siteof gluconeogenesisisliver. It
usualy occurswhenthe carbohydrateinthediet isinsufficient to meet the
demand in the body, withtheintake of proteinrich diet and at thetime of
starvation, whentissue proteinsare broken down to amino acids.

3.5.3.1 Gluconeogenesisand glycolysis

Gluconeogenes sand glycolysisare opposing metabolic pathway's
and share anumber of enzymes. In glycolysis, glucoseis converted to
pyruvateand in gluconeogenes spyruvateisconverted to glucose. However
gluconeogenesisisnot exact reversa of glycolysss.
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There are three essentidly irrevesiblestepsinglycolysiswhichare

Glucokinase

1. Glucose + ATP Glucose 6-phosphate + ADP

Phosphofructo

kinase
2. Fructose 6-phosphate + ATP ———— »~  Fryctose 1,6-diphosphate + ADP

Pyruvate kinase
3. Phosphoenol pyruvate + ADP —— . Pyruvate + ATP

In gluconeogenesis these three reactions are bypassed or
subgtituted by thefollowing newsones.

A — = Glucose
ATP

Glucose Glucokinase
6-phosphatase
ADP
Glucose 6-phosphate

1» Phosphoglucoisomerase
— » Fructose 6-phosphate

Fructose ATP
1,6-diphosphatase Phosphofructokinase
ADP

sIsA|00A|1D

Gluconeogenesis

Fructose 1,6-di phosphate

Phosphoenol (

pyruvate carboxykinase
——— Phosphoenol pyruvate

2ADP
) Pyruvate kinase

3. Oxaloacetate  2ATP
A

Pyruvate

carboxylase Y
———— Pyruvate Y

Fig. 3.5 Gluconeogenesis and Glycolysis
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3.5.3.2 Reactions of gluconeogenesis
1. Theformation of phosphoenol pyruvate beginswiththecarboxylation
of pyruvate at the expense of ATPto form oxal o acetate.

€O, Pyruvate CO0O’
i & carboxylase C‘:H
CHg-ﬁ—coo = 72

o) ( ﬂg \ o=¢}

C
Pyrwvate 120 ATP ADP+Pi  (nn

] Oxalo acetate
Oxaloacetate is converted to phosphoenolpyruvate by

phosphorylation with GTP, accompanied by a simultaneous

decarboxylation.
COO- COO”
| Phospho enol pyruvate | .
(‘:HZ carboxykinase \C\’O’Pos + GDP + CO,
+GTP =
0 Mn?* H,C
COO-
Oxalo acetate Phospho enol pyruvate

2. Fructose 6-phosphateisformed from fructose 1,6-diphosphate by
hydrolysisand the enzymefructose 1,6-diphosphatase catalysesthis
resction.

0]

6 1 )
POs*—0—CH, O CH,—0—POS* POs*—0—CH, CH,—O0—H
5 > Fructose
i\ H HO /oH 1,6 diphosphatase B\ H HO /OH
4 3 /\
H,0 Pi

OH H OH H

D-Fructose 1,6-diphosphate D-Fructose 6-phosphate

3. Glucoseisformed by hydrolysisof glucose 6-phosphate catalysed
by glucose 6-phosphatase.

CH,—0—PO 3%

Glucose
6-phosphatase

D-Glucose 6-phosphate D-Glucose
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3.5.3.3 Gluconeogenesisof amino acids

Amino acids which could be converted to glucose are called
glucogenicamino acids. Mot of theglucogenic amino acidsare converted
to the intermediates of citric acid cycle either by transamination or
deamination.

3.5.3.4 Gluconeogenesisof Propionate

Propionateisamajor source of glucosein ruminants, and enters
themain gluconeogenic pathway viathecitric acid cycle after conversion
tosuccinyl CoA.

3.5.3.5 Gluconeogenesisof Glycerol

Atthetimeof starvation glycerol canaso undergo gluconeogeness.
When thetriglyceridesare hydrolysed in the adiposetissue, glycerol is
released. Further metabolism of glycerol doesnot take placein the adipose
tissue because of thelack of glycerol kinase necessary to phosphorylate
it. Instead, glycerol passesto theliver whereit is phosphorylated to
glycerol 3-phosphate by theenzymeglycerol kinase.

Glycerol kinase
Glycerol + ATP Glycerol 3-phosphate + ADP

Thispathway connectsthetriose phosphate stage of glycolysis,
because glycerol 3-phosphateisoxidized to dihydroxy acetone phosphate
inthe presenceof NAD* and glycerol 3-phosphate dehydrogenase.

Glycerol 3-phosphate

dehydrogenase .
Glycerol 3-phosphate ydrog Dihydroxy acetone phosphate

+NAD" + NADH + H*

This dihydroxy acetone phosphate enters gluconeogenesis
pathway and gets converted to glucose. Liver and kidney are ableto
convert glycerol to blood glucose by making use of the above enzymes.
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3.5.3.6 Gluconeogenesisof lacticacid (Cori cycle)

The liver and skeletal muscles exhibit a special metabolic
cooperation asfar as carbohydrates are concerned by theway of acycle
of conversionsknown asCori cycle.

--------------------------------------------------

glycolysis for rapid contraction

/ Glycogen

Lactate

Blood lactate Blood glucose

LIVER : ATP used in synthesis
of glucose (gluconeogenesis)
during recovery

Lactate /~ > Glucosei

__________________________________________________

Fig. 3.6 Cori cycle

Inthiscycleliver glycogen may be converted into muscle glycogenand
viceversaand themagjor raw materia of thiscycleislactate produced by
theactive skeletal muscles.

At thetime of heavy muscular work or strenuousexercise, O,
supply isinadequatein active musclesbut the muscleskeep contracting to
themaximum. Hence, glycogen stored up inthe muscleisconvertedinto
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lactic acid by glycogenolysisfollowed by anaerobic glycolysisand thus
lactate gets accumul ated in the muscle. Muscletissue lacksthe enzyme
glucose 6-phosphatase henceit isincapabl e of synthesi zing glucosefrom
lactic acid and the conversion take place only intheliver.

L actate diffuses out of the muscle and enterstheliver through
blood. Intheliver lactateis oxidised to pyruvate which undergoesthe
process of gluconeogenesisresulting intheresynthesisof glucose. The
glycogen may be once again converted to glucose (glycogenolysis) and
may be recycled to the muscle through the blood. The process of
gluconeogenesiscompletesthe cycleby converting glucoseonceagainto
muscleglycogen.

3.6 Diabetes Mdllitus

Diabetes mellitus is an important disorder of carbohydrate
metabolism. However, fat and protein metabolism are also affected in
diabetic condition. Diabetesmeansexcretion of excessvevolumeof urine
and mellitusmeans swest. So theword diabetesmilletusrefersto chronic
excretion of large volumeof urine contai ning glucose.

Diabetesmdllitus, caused by adeficiency inthesecretion or action
of insulin, isardatively common disease. Insulinisan endocrine hormone
which is secreted by b-cells of idets of Langerhans of pancreas. The
abnormality in glucose metabolismisindicative of diabetesor atendency
towardsthe condition. Diabetesmellitusisreally agroup of diseasesin
whichtheregulatory activity of insulinisdefective.

Therearetwomgjor clinical classesof thedisease:
1. Type-1 or insulin dependent diabetesmellitus (IDDM)
Thedisease beginsearly inthelifeand quickly becomessevere.

2. Type- 11 or non-insulin dependent diabetesmellitus (NIDDM)
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Thediseaseisdow to devel op, milder and often goesunrecogni zed.

Typeonerequiresinsulin therapy and careful, lifelong control of

the balance between glucose intake and insulin dose. The decreased or
defective production of insulinischaracterised by thefollowing symptoms.

1

Decreased permeability of thecell membranefor glucoseresulting
inthe accumulation of glucoseintheblood. Thisconditionis
known as hyperglycemia. Glucose concentrationincreasesashigh
as 500 mg/100 ml of blood.

Polyuria: Thismeansexcretion of increased quantity of urine.
Thisisto excrete the additional quantity of glucose in urine
(glucosuria).

Polydipsia: The excessive thirst which leads to increased
consumption of water. Thisconditionisknown aspolydipsia.
Thisisto replacethevolume of water excreted dueto polyuria

Polyphagia: Excessiveappetiteleadsto polyphagiaand increased
intakeof food. Thisisto replacethelost nourishment. Thediabetic
hasvoraciousappetite, but inspite of over egting, they loseweight
and becomelean and emaciated.

As glucose is not enough for energy production, increased
mobilisation of fat from adiposetissue occurs. But themetabolism
of fat isincompleteresulting in the production of largeamounts of
theintermediary productsof fat metabolism namely ketonebodies
(eg. Acetoacetate and b-hydroxybutarate). This conditionis
known as'ketos's and excessketonebodiescause severeacidos's,
ultimately resultingin‘comd.

Deposition of lipidsinthewalls of the blood vesselsresulting
"atherosclerosis'.

Biochemica measurementson theblood and urineareessentid in

thediagnosisand treatment of diabetes, which causes profound changes
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inmetabolism. A sengitivediagnostic criterionisprovided by theglucose
tolerancetest (GTT).

3.6.1 Glucose Tolerance Test (GTT)

After anight without food, the patient drinksatest dose of 1009
of glucosedissolved inaglassof water. Theblood glucose concentration
ismeasured beforethetest doseand at 30 minintervalsfor severa hours
thereafter. A normad individual assimilatesthe glucosereadily, the blood
glucoserising to no more than about 80 to 120 mg/100 ml; little or no
glucose appearsintheurine. Diabetic individua sassimilatethetest dose
of glucosepoorly; their blood glucoseleve far exceedsthekidney threshold
(about 180 mg/100ml), causing glucoseto appear intheir urine.

Exercises
I. Choosethecorrect answer from thegiven four alter natives

a Blood sugar is

) sucrose ii)lactose iii) glucose iv) fructose
b. Glycolysis occursin

i) mitochondria ii) cytosol i) nudeus iv) ribosome
C. How many ATPmoleculesare generated during glycolysis

i)2 i) 10 iii) 6 iv) 8

d. Which of thefollowing enzymelinksglycolysis and TCA cycle
) glucokinase ii) PFK iii) LDHiv) pyruvatedehydrogenase
e. Which oneof thefollowing enzymeisinvolvedin substratelevel
phosphorylation
1) citrate synthase i) isocitrate dehydrogenase
i) succinyl CoA synthetase iv) fumarase
f. How many irreversiblestepsoccursinglycolysis
i) 2 iy4 )3 iv)5
s} Theend product of glycolysisis
1) pyruvate i) citrate iii) acetyl CoA iv) lactate
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Theimportant reducing power produced in HMP shunt
pathway is

i) NADH i) NADPH  iii)FAD iv) FADH,
Pyruvateisconverted to oxal oacetate by

i) pyruvatecarboxylase i) pyruvatekinase

i) PFK iv) phosphoenol pyruvate carboxylase
Lactateisconverted to glucosein

i) skeletal muscle i) liver iii)kidney iv)lung
Insulinissecreted by

i) liver ii) kidney iii) pancreas iv) thyroid

[1. Fill up theblanks

d
e.
f

g

Glucokinase actson glucoseto form

2-phosphoglycerateisconverted to

by the enzymeenolase.

In the anaerobi c phase one mol ecul e of glucose produces
moleculesof ATP

Tricarboxylic acid cycleoccursin

isprecursor for nucleotide synthesis

Glycogen biosynthesisisknown as
Themgjor sourceof glucosein ruminantsis

[11. Say trueor false

a

Phosphoglycerate kinase converts 1,3 bisphosphoglycerateto
3-phosphoglycerate.
Pyruvate kinaseactsreversibly
24 moleculesof ATPareformedin TCA cycle
UDP glucose pyrophosphorylaseisinvolved in the synthesisof
glycogen
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e

f.

Degradation of glucose isasoknown asglycolysis
Pyruvateisthe end product of glycolysis

V. Match thefollowing

a Glycolyss - Ribose5-phosphate
b. PDH - Inalin

c. HMPshunt pathway -  Cytosol

d. Debranchingenzyme - Acetyl CoA

e. Diabetesmdllitus - Glycogenolyss

f. TCA - Glycerd

g.Lipid - Mitochondria

V. Giveshort answer for thefollowings.

1
2.

©ONO U AW

What isthe mean by aerobic and anaerobic phases?

Name theenzymeswhich areinvolved for NADH formationin
TCA cycle

What isthe difference between NADH and NADPH?
Whatisglycogenesis?

Writethethreeimportant irreversible reactionsinglycolysis?
Explaintheglycogenolysis

Wheat areglucogenic amino acids?

How pyruvateisconverted to |l actate?

Writeashort noteson GTT.

V1. Answer thefollowing

No ook~ owdNE

What arethe reaction sequencesof glycolysis?
Describethestepsinvolvedin TCA cycle
Explainthe HMP shunt pathway

Giveshort note on cori cycle

What arethe stepsinvol ved in glycogen metabolism?
How pyruvateisconvertedto glucose?
Explainthedigbetesmdlitus
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CHAPTER IV

Protein Metabolism

Introduction

The biosynthesis of protein molecules in the cell by sequential
addition of various amino acids using peptide bond is called protein syn-
thesis. The amino acids are linked together in succession to produce a
linear polypeptide chain. The polypeptide chain is a unit of a protein mol-
ecule.

4.1 Protein biosynthesis

In a protein molecule amino acids are joined together by peptide
bonds. In the process of protein synthesis also known as translation of
MRNA, the amino acids are added sequentially in a specific number.

The protein synthesizing mechanism involves the following steps:

Transcription Translation
_— >

DNA RNA ———» Protein

4.1.1 Transcription

The formation of RNA complementary to a DNA strand is called
transcription. In this process, the RNAs required for protein synthesis are
synthesized on DNA strands. This reaction is catalyzed by the enzyme
RNA polymerase.

The enzyme, RNA polymerase |, 11, 11 are involved in the synthesis
of rRNA (ribosomal RNA) mRNA (messenger RNA) and tRNA (transfer
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RNA) respectively in the eukaryotes. In prokaryotes only one type of
RNA polymerase is present to synthesize all the three classes of RNA.

In the DNA double helix, one of the strands serves as a template to
produce RNA. The RNA produced by transcription is inactive and is
called pre-RNA. They become active after further processing. All these
RNA are processed through chemical reactions and structural
modifications.

4.2 Translation

Translation is a process by which the base sequence of DNA
transcribed to the mRNA is interpreted into amino acid sequence of a
polypeptide chain.

Translation involves the following steps:

1. Activation of aminoacid

Transfer of activated amino acid to tRNA
Initiation of polypeptide chain

Elongation of polypeptide chain

a > w N

Termination of polypeptide chain

4.2.1 Activation of amino acid

Amino acids, the building blocks of proteins, are present in the
cytoplasm. They are activated before they are transported by tRNA. The
amino acids are activated by ATP with the help of the enzyme amino acyl
synthetase. Amino acyl synthetase is specific in activating each amino acid.

The activated amino acid is called amino acyl adenylate or amino
acyl AMP. Pyrophosphate is released.
Amino acyl

synthetase(E)
AA +ATP — > E - AA- AMP + PP

Amino Amino acyl AMP Pyrophosphate
acid
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4.2.2 Transfer of activated amino acid to tRNA

The same enzyme that activates the amino acid catalyses its transfer
to amolecule of transfer RNA at the 3" hydroxyl of the ribose, an ester
with a high potential for group transfer. In this reaction AMP and the
enzyme amino acyl synthetase are released.

Amino acyl tRNA

synthetase
E- AA-AMP+tRNA ——— » AA- tRNA + AMP +E

'*La%

Amino acid tRNA Amino acyl
tRNA complex

4.2.3 Initiation of polypeptide chain
Protein synthesis is initiated by the selection and transfer of the first
amino acid into ribosomes. This process requires ribosome subunits, amino

acyl tRNA complex, mRNA and initiation factors (IF). Initiation of

polypeptide chain involves the following steps.

1. The 30s ribosomal subunit attaches to the 5¢end of the mRNA to
form an mMRNA 30s complex. This process requires the initiation
factor IF-3 and Mg?* ions. The attachment is made at the first codon
of the mRNA.

2. Thefirstcodon of MRNA will be always AUG. This codon specifies
the amino acid methionine. So the firstamino acid in the synthesis of
any polypeptide chain is methionine.

—> @—UJJJJJJ—
5 mRNA 3’

30s 30s
ribosome ribosome

Fig.4.1 30s ribosomal subunit is attached to the 5' end of MRNA
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The tRNA having the anticodon UAC (complementary to AUG)
transports methionine to the 30s ribosome and attaches itself to the
initiation codon on MRNA. The tRNA, mRNA and 30s ribosome
subunit form a complex called 30s - pre initiation complex. This
process requires initiation factors and GTP.

fffffff Methionine amino acid - 1
--tRNA
— _.Anticodon

MRNA

3
“Codon
30s

ribosome

Fig.4.2 Formation of preinitiation complex

30s - pre initiation complex joins with 50s ribosomal subunit to
form initiation complex. The initiation complex is formed of 70s
ribosome, MRNA and met -RNA (methionine RNA).

The 70s ribosome has two slots for the entry of amino acyl tRNA,
namely P site (peptidyl site) and A site (amino acid site). The first
tRNA i.e. met RNA is attached to the P site of 70s ribosome.

—-50 s ribosome

4\ —Asite
=+ 70 s ribosome
’\JHIJ(I;IIIIIIIIII
ST\E+2 mRNA 3’

Fig.4.3 Formation of initiation complex
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4.2.4 Elongation of polypeptide chain

Elongation refers to sequential addition of amino acids to methionine,
as per the sequence of codon in the mRNA. It involves the following
steps:

1.  The second codon in the mRNA is recognised and as per the
recognition, the amino acyl tRNA containing the corresponding
anticodon moves to the 70s ribosome and fits into the A-site. Here
the anticodon of tRNA base pairs with the second codon of mRNA.

Amino acid 2
A site
tRNA 2

[ |

5@ mRNA 3
Codon 2

Fig.4.4 The second tRNA fits in A site of 70s ribosome

2. Apeptide bond is formed between the carboxyl group (- COOH)
of firstamino acid of site P and the amino group (- NH,) of second
amino acid of A-site. The peptide bond links two amino acids to
form adipeptide. The bonding is catalysed by the enzyme peptidyl
transferase which is present in 50s ribosomal subunit.

3. Afterthe formation of peptide bond, the methionine and tRNA are
separated by an enzyme called tRNA deacylase.

4.  Thedissociated tRNA is then released from P-site into the cytoplasm
for further amino acylation.

5. Now the ribosome moves onthe mMRNA inthe 5'® 3'direction so
that the first codon goes out of ribosome, the second codon comes
to lie in the P-site from A-site and the third codon comes to lie in the
A-site. Simultaneously, the second tRNA is shifted from A-site to
P-site. All these events, the movement of ribosome, the release of
first tRNA from P-site and shifting of second tRNA from A-site to
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P-site constitute translocation. Translocation is catalyzed by the
enzyme translocase.

The third codon is recognised and the amino acyl tRNA containing
the corresponding anticodon moves to the 70s ribosome and fits
into the A-site. The anticodon base pairs with the codon. A peptide
bond is formed between the third amino acid of site-A and the second
amino acid of the dipeptide present in the P-site. Thus a tripeptide is
formed.

P site
Peptide bond -~ /...

i N Y R RNA 3
UAC
L1 | I I |
5 A“Gw mMRNA 3
Codon 3
—_—>
Ribosome
moves

Fig.4.5 The ribosome moves in the 5° to 3" direction

The amino acids are added one by one as per the codon in the
mRNA and hence the tripeptide is converted into polypeptide chain.
The polypeptide chain elongates by the addition of more and more
amino acids.

The elongation of polypeptide chain is brought about by a number
of protein factors called elongation factors.

4.2.5 Termination of polypeptide chain

Termination is the completion of polypeptide chain. By termination,

a polypeptide chain is finished and released. The polypeptide chain is
completed, when the ribosome reaches the 3¢tend of mMRNA.

The 3' end contains stop codons or termination codons. They are

UAG or UAA or UGA. Termination is helped by the terminating protein
factors. The terminated polypeptide chain is released from the ribosome.
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3!
Stop codon

Fig.4.6 The ribosome reaches the termination or stop codon

After the release of polypeptide chain, the 70s unit dissociates into
50s and 30s sub-units. These subunits are again used in the formation of
another initiation complex.

Released polypeptide chain

*——0eo—0—0—0—90
Released tRNA Q
ucC

50s
LUl ety ribosome

MRNA 3

30s
ribosome

Fig.4.7 Termination of translation

The polypeptide chain released after translation is inactive. It is
processed to make it active. In the processing the initiating amino acid
methionine is removed. Along with methionine a few more amino acids
are removed from the N-terminal of the polypeptide. The processing is
carried out by deformylase and amino peptidase. This processing is called
as post translational modifications.

4.3 Metabolism of Proteins

The ingested proteins are metabolised to amino acids by peptide
bond cleaving enzymes known as proteinases.
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4.3.1 General reactions of amino acids

The general reactions of amino acids include deamination,
transamination and decarboxylation. The reactions of deamination and
transamination bring about the formation of keto acids which can undergo
a further series of changes. Inter-conversion between keto acids and
amino acids results in the synthesis of many nutritionally non essential amino
acids. These provide for the synthesis of protein and important non-protein
nitrogenous materials. During protein synthesis the amino acids are
absorbed from the blood, as the liver does not store them.

4.3.2 Catabolism of amino acids

Although each amino acid follows its own specific metabolic pathway,
a few general reactions are found to be common in the catabolism of
nearly all the amino acids. Most of the amino acids are converted to
a-keto acids by the removal of nitrogen in the form of ammonia which is
quickly transformed into urea or it gets incorporated into some other amino
acids.

1. Oxidative deamination

Deamination means removal of the amino groups from amino acids.
This is the mechanism where in the amino acids lose two hydrogen atoms
(dehydrogenation) to form keto acids and ammonia.

Oxidative deamination is accompanied by oxidation and is catalysed
by specific amino acid oxidases or more appropriately, dehydrogenases
present in liver and kidneys. The process of oxidative deamination takes
place in two steps.

The first step is oxidation (dehydrogenation) of amino acid resulting
in the formation of imino acid. The imino acid then undergoes the
second step, namely hydrolysis which results in a keto acid
and ammonia.
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2(H) H,O

RCHCOOH——4£>RCCOOH£¥*—>RCCOOH+NH3
NH; NH 0

Amino acid Imino acid Keto acid

The first reaction is catalyzed by amino acid oxidase (also called
dehydrogenase) and the coenzyme FAD or FMN takes up the hydrogen.
There are two types of amino acid oxidases depending upon the substrate
onwhich they act, namely,

1. L-amino acid oxidases which act on L-amino acids (FMN acts as
coenzyme).

2.  D-amino acid oxidases which act on D-amino acids (FAD acts as
coenzyme).

FMN occurs only in the liver and kidney and FAD occurs in all
animal tissues. The major site of oxidative deamination is liver but kidney
and other tissues also have a role.

The oxidative deamination of L-glutamic acid is an exceptional case
where the deamination needs not only the zinc-containing enzyme
L-glutamic acid dehydrogenase but also NAD* or NADP* as coenzymes.

OOH COOH
. . \
CH Glutamic acid
s + NAD" dehydrogenase (‘:HZ
CH; CH +
\ \ 2 + NADH + H
C‘:H-NHZ C=—NH
|
COOH COOH
L-Glutamic acid a-Iminoglutamic acid
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NADH gets oxidized to NAD* as it passes through the electron
transport chain.

C‘:OOH C‘:OOH

?HZ CH,

CH, H20 CH

C—NH S [° M

COOH COOH
a-lminoglutamic acid a-keto glutaric acid

Asthe above reaction is reversible it occurs during both amino acid
catabolism and biosynthesis.

2. Transamination

The process of transfer of an amino group from an amino acid to an
a-keto acid, resulting in the formation of a new amino acid and keto acid
is known as transamination. In other words, it is deamination of an amino
acid, coupled with amination of a keto acid.

Transamination is catalyzed by transaminases or aminotransferases
with pyridoxal phosphate functioning as coenzyme. There are two active
transaminases in tissues, catalyzing interconversions. They are

1. Aspartate aminotransferase (AST) is also known as Glutamate
- oxalo acetate transaminase (GOT)

2. Alanine aminotransferase (ALT) is also known as Glutamate
- pyruvate transaminase (GPT)
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1. AST

L -Glutamate AST a-keto glutarate

+ —_— +
oxalo acetate L-aspartate
C‘:OOH
CH, C‘:OOH
|
CH, CH»

\
C‘:H-NHZ
COOH

Glutamic acid

C‘: f— O
COOH
Oxaloacetic acid

AST
Pyridoxal phosphate

COOH $OOH
CH, .

2 CHy
Tz CH—NH,
¢=0 COOH
COOH

Aspartic acid
a-ketoglutaric acid

2. ALT

It catalyses the transfer of NH, group from glutamate to pyruvate,
resulting in the formation of a-ketoglutaric acid and alanine.

L -Glutamate ALT a-keto glutarate
+ _— +
Pyruvate Alanine
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(‘ZOOH

T

CH; fH3

CH—NH, =0

COOH COOH
Glutamic acid Pyruvic acid

ALT
Pyridoxal phosphate

(‘ZOOH

CH, .

[ 2 (‘3H3

ik CH—NH,

=0 COOH

COOH :
Alanine

a-ketoglutaric acid

3.  Decarboxylation

This refers to the removal of CO, from the carboxyl group of amino
acids. The removal of CO, needs the catalytic action of enzymes
decarboxylases and the pyridoxal phosphate coenzyme. The enzymes
act on amino acids resulting in the formation of the corresponding amines
with the liberation of CO,.

Amino acid
Rc.:HCOOHQEEa—@%@ieRCHZNH2+co2
NH2 Amine
Amino acid
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There are several amino acid decarboxylases found in various tissues
such as liver, kidney, intestine, spleen, lung and brain. They convert the
amino acids into the respective amines and liberate CO,. For example,
histidine is converted to histamine by the action of histidine decarboxylase.

O

H,N——CH—C——OH H,N——CH,

CH; Histidine decarboxylase CHz

L

> +CO,
N \ N \
\\—NH \\—NH

Histidine Histamine

The amino acid tryptophan is converted to tryptamine, tyrosine to
tyramine, etc. Such amines are called biogenic amines which are
physiologically important.

4.  Transmethylation

The transfer of methyl group from one compound to another is called
transmethylation and the enzymes involved in the transfer are known as
transmethylases.

Transfer of methyl group usually involves methionine (amino acid
containing methyl group). By this process various important, physiologically
active compounds such as epinephring, creatine, thymine and choline are
synthesised in the body. Detoxification of certain toxic substances are also
carried out by this process (eg. nicotinic acid is detoxified by methionine
into a nontoxic methy! derivative namely N-methyl nicotinamide).
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Methionine is a principal methyl donor. It has to be activated by
ATPwhich requires amethionine activation enzymeof liver,known as
methionine adenosyl transf erase By the action of thi serzyme, methionine
i sconverted to active methionine.

Methionine
adenosyl
Methionine transferase S-Adenosyl Methionine
/\ (Active Methionine)
ATP Pi + PPi

The active methionine thus formed is known as S-adenosyl
methionine andintheactivationreection, ATPtrand e sitsadenos nemoiety
to methionine and loses three molecules of phosphate, one as
orthophosphate(Pi) and two as pyrophosphate(PPi).

Active Methionine +Norepinephrine  ——»  Epinephrine

Active Methionine + Nictoinamide —  N-methyl
nicatinamide

Active Methionine +Uradl —  Thymine

Active Methionine +Guanidoacetate —  Credine
(Methyl groupdonor)  (Methyl group acceptor)

Active methionine contains S-methyl bond whichi sah gherergy
bond and hence methyl groupisliableand canbeeadly trandferedtoa
methyl group acceptor.

5.  Catabolism of the carbon skeleton of amino acids

The carbon skeletons left behind after deamination are identified as
a-keto acids. They may take any one of the following pathways.
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I.  Synthesis of amino acids

They may get reductively aminated by reversal of transdeamination
or undergo transamination to form once again the original amino acids.

ii.  Glucogenic pathway

The keto acids of some amino acids may get converted to the
intermediates of carbohydrate metabolism such as a-keto glutarate,
oxaloacetate, pyruvate, fumarate and succinyl CoA and hence could be
converted to glucose and glycogen and these amino acids are said to by
glucogenic amino acids.

The pathways of three important glucogenic amino acids are shown
below. Though the routes vary with each amino acid, they all converge at
the stage of pyruvic acid.

Glucose
Pyruvic acid Alanine
Oxalo acetate ————Aspartic acid
a -ketoglutaric acid =——= Clutamic acid

Glucogenic amino acids constitute more than 50% of the amino
acids, derived from animal protein. The process of conversion of the keto
acids of glucogenic amino acids to carbohydrate metabolites is known as
gluconeogenesis.

iii.  Ketogenic pathway

The keto acids formed from the deamination of certain amino acids
are closely related to fats rather than carbohydrates. They metabolise to
form acetyl CoA or acetoacetyl CoA or acetoacetate (ketone bodies)
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which are the intermediates of fatty acid metabolism and not glucose and
these amino acid are said to be ketogenic amino acids.

Ketogenic amino acids constitute only a minority and follow
specialised and complex pathways. Examples are leucine, isoleucine, phenyl
alanine and tyrosine. Among these, leucine is purely ketogenic, whereas
the other three amino acids are both ketogenic and glucogenic.

4.4 Urea Cycle

Living organisms excrete the excess nitrogen resulting from the
metabolic breakdown of amino acids in one of three ways. Many aquatic
animals simply excrete ammonia. Where water is less, plentiful processes
have evolved that convert ammonia to less toxic waste products which
require less water for excretion. One such product is urea, which is excreted
by most terrestrial vertebrates; another is uric acid, which is excreted by
birds and terrestrial reptiles.

NH, —C— NH,

I
Urea

Accordingly, living organisms are classified as being either
ammonotelic (ammonia excreting), urotelic (urea excreting) and uricotelic
(uric acid excreting). Some animals can shift from ammonotelism to
urotelism or uricotelism if their water supply becomes restricted.

Urea is synthesised in the liver by the enzymes of the urea cycle. Itis
then secreted into the blood stream and sequestered by the kidneys for
excretion in the urine.

The urea cycle reactions were elucidated by Hans Krebs and Kurt
Henseleit. This cycle starts with the amino acid ornithine. The cycle is
confined only to the mitochondria and cytoplasm of the cells of liver and it
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is found that the enzyme, arginase which isrequired in the final step

of urea formation is present only in the liver and absent in all the other
tissues.

7 \\
_+7 2ATP + HCO; + NH, %\\
/ NN
/ Carbamoy!l S\
/ . C \
/ phosphate 2 ADP + Pi >
H synthetase 2
1 ®
1
L Carbamoyl phosphate !
\ Pi ) ] /
N Citrulline —x¢ )
N N //C|truII|ne A tat
\\ Ornithine ‘0'\’&“\ ((\\J\a e spartate
~ O (ba //
S< Ry e o ATP
~< o _- Arginino
\\‘_ \(6- - .
—————— succinate
Ornithine synthetase .
AMP + PPi
Urea cycle
Argininosuccinate
Urea Cytosol
Arginase
Arginine Argininosuccinase
Fumarate

Fig. 4.8 Urea Cycle

Urea cycle occurs partially in the mitochondria and partially in the
cytosol with ornithine and citrulline being transported across the
mitochondrial membrane by specific membrane systems. The following
are the various reactions in the process of urea formation.

89



1.  Carbamoyl phosphate formation

Carbamoyl
phosphate

2 ATP + HCO3™ + NHg - e

HzN—‘(‘:—o—Pogz‘ + 2ADP + Pi
o]
Carbamoyl phosphate

Carbamoyl phosphate synthetase catalyses the condensation and
activation of NH," and HCO, to form carbamoyl phosphate.
2. Citrulline formation from ornithine

Ornithine transcarbamylase transfers the carbamoyl group of
carbamoyl phosphate to ornithine, yielding citrulline.

+ O=C— NHZ
NH3 NH
(CHy) Ornilt)hine Itrans ‘
| 2+3 N HZN*C*O*Pogz' carbamylase (CHy)s
H—C—NH, | \ s
| O : H—C—NHj,3
CcOO Carbamoyl phosphate Pi \ )
- COO
Ornithine o
Citrulline

The reaction occurs in the mitochondria so that ornithine, which is
produced in the cytosol, must enter the mitochondria via a specific transport
system. Like wise, since the remaining urea cycle reactions occur in the
cytosol, citrulline must be transported from the mitochondria.
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3. Argininosuccinate formation

O:Ci NH2 cCoO
" | )
CH, Argininosuccinate (‘:OO
+ nthetase +
(CH2)3 | 4 hd CH, NH,
H*(‘: Kby ¢ N ; ; | J
— NH3 i - C— NH—
[ Coo H™C—NH 7
Coo ATP AMP + PPi COO NH
Citrulline Aspartate \
(CH2)3
| s
H*(‘Z*NH3
COO
Arginino
succinate

Citrulline undergoes condensation with amino group of aspartate to
form arigininosuccinate this reaction requires ATP, Mg?* and the enzyme
argininosuccinate synthetase.

4.  Formation of arginine and fumarate

The enzyme argininosucccinase catalyses the elimination of arginine
from the aspartate carbon skeleton forming fumarate.

(‘300' N
+ 3 —C ==
C.ZHZ ”Hz C‘:OO H,N C‘: NH,
- . NH
B Argininosuccinase H—C
T NAG | *  (CH
} \ (CH2)3
elele) NH ¢—H +
2)3 -
+ Fumarate Coo
H*C‘Z—NH3 Arginine
COO

Argininosuccinate
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5.  Formation of urea

The fifth and the final reaction in the urea cycle is the hydrolysis of
arginine by the enzyme arginase to yield urea and ornithine.

+
HzNic‘:: NH2
+
NH : NH3
(CHy) Arginase ‘
2)3
NIV (GHa)s
i (‘3*NH3 2 HoN—C— NHz  H-C—NH;
cOO O COO’
Arginine Urea Ornithine

Ornithine is then returned to the mitochondria for another round of
the cycle.

4.5 Formation of Niacin

Niacin is pyridine 3-carboxylic acid. Nicotinamide or niacinamide
is the amide of nicotinic acid.

C—NH
o I 2

O

J

N

Nicotinamide

It derives its name from nicotine, from which it can be prepared by
oxidation. Intissues, it is present as nicotinamide which is the physiologically
active form. Nicotinamide, the active component in NAD* and NADP*.

Niacin is synthesised in the body from tryptophan, an essential amino
acid. Administration of tryptophan or proteins rich in tryptophan is followed
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by increased excretion of niacin metabolites. Diets deficient in tryptophan
produce a deficiency of niacin in the body.

The following scheme has been proposed by Hayaishi and others
for the conversion of tryptophan into niacin in liver.

Tryptophan —  Kynurinine—— 3-hydroxykynurinine —
— 3-hydroxy anthranilic acid — 2,acrolyl 3-amino fumaric acid

Quinolinicacid

l

Nicotinic acid (Niacin)
4.6 Formation of Melanin

The melanins, the pigments of skin and hair are complex polymers
inwhich amajor constituent is formed from tyrosine via dihydroxy phenyl
alanine (DOPA).

Tyrosinase 3 4 gihydroxy phenyt— DOPA quinone .

Tyrosine7— alanine (DOPA)

O

Leucodopachrome \ Indole 5,6 quinone

Co,

Melanin
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The formation of melanins from tyrosine, which occurs in animals,
plants and certain bacteria (B. niger), is due to the action of polyphenol
oxidases or tyrosinases. Tyrosinase, is a copper containing mixed function
oxidase that carries out a tricky sequence.

While the melanins of human beings are derived from tyrosine through
DOPA, most polyhydroxy phenyl and aminophenyl compounds having
ortho or para groups can be oxidized to pigmented polymers and the type
of melanin is best shown by indicating the substance from which the melanin
is formed. Thus we may have dopa-melanin, adrenaline-melanin,
homogentisic acid - melanin, p-phenylenediamine melanin etc.

Melanin forms a reversible oxidation - reduction system, in which
the reduced form is tan and the oxidized form is black. Melanins appear in
tissues as regular, spheroid granules and represent formed elements rather
than precipitated aggregates. Melanins are produced in pigment - forming
cells, the melanocytes, and their formation is stimulated by adrenal cortical
and especially pituitary hormones.

4.7 Formation of thyroid hormone

The thyroid gland is a bilobed organ in the anterior portion of the
neck. Thyroid gland in normal adult weighs 20-25 grams. Thyroxine the
hormone is secreted by this gland. Thyroxine is stored in the colloid of the
thyroid follicles, a form of glycoprotein called thyroglobulin.

Hydrolysis of thyoglobulin yields monoiodotyrosine, diiodotyrosine,
trilodotyrosine and thyroxine. Of these, trilodothyroxine is considered to
possess a biological potency greater than thyroxine.

Thyroxine is synthesised in thyroid gland from tyrosine. First
inorganic iodide is oxidised to organic iodide (21-»1,) . Tyrosine is iodinated
in the third position to form 3 - monoiodotyrosine. The next iodination
occurs in the fifth position to form 3,5-diiodotyrosine.
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HO CH,—CH-—COOH

NH,

3,5-Diiodotyrosine

Two molecules of diiodotyrosine couple to form a mole of
tetraiodotyrosine which is thyroxine. Alanine is liberated.

HO CHz CH-COOH + HO CH,—CH-COOH
NH; rl\le
I I

3,5-Diiodotyrosine 3,5-Diiodotyrosine
| |

HO @] CHZ*C‘ZH*COOH

NH,

| |
Thyroxine

=+

CH3—CH-COOH

NH,

Alanine
Synthesis of thyroxine is accelerated by thyroid stimulating hormone
(TSH) and inhibited by antithyroid drugs like thiocarbamides and
aminobenzenes. Thyroid has the capacity of trapping inorganic iodine
from circulation and storing it for utilization in the synthesis of thyroxine
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and its precursors. Depending upon the need for thyroxine and its iodinated
derivatives, a proteolytic enzyme hydrolyses thyroglobulin, under the
stimulating influence of TSH.

4.8 Formation of catecholamines

The adrenal glands in the human adult are situated close to the upper
pole of the kidneys and average 45 x 26 x 6 mm in size and weighs about
10g each. The adrenal gland is divided into two distinct portions - the
medullaand cortex.

Catecholamines are secreted from the medullary portion of the
adrenal gland.

OH

HO CH—CH,—NH—CHs

OH

Epinephrine
(Adrenaline)

OH

HO CH—CHy—NH;

OH

Norepinephrine
(Arterenol)
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These two hormones, belonging to the catecholamine class of
organic compounds, have potent biological activity in both metabolic
and physiologic regulations. Epinephrine regulates carbohydrate
metabolism, it has the effect of causing liver and muscle glycogenolysis,
hyperglycemia and glucosuria. The hormone causes increased oxygen
consumption, its effect being more rapid from that of thyroxine. Nor
epinephrine causes increase in blood pressure by causing an increase
in peipherd resisance. The hormone has, however, little effect on
carbohydrate metabolism.

Tyrosine getsconverted to form nor epinephri ne and epinephrine.

1. Tyrosine is firg hydroxylated to 3,4-dihydroxy phenylalanine
(DOPA) by a specific enzyme. DOPA isanintermediatewhichis
common to the synthes sof both epinephrine and melanin.

0,
H CHy—CH — COOH L

Tyrosme
hydroxylase

CH,—CH — COOH
NH,

Tyrosine DOPA

2.  DOPA isnext decarboxylated to dopamine by a decarboxylase
in the presence of pyridoxal phosphate.

Aromatic
L-amino acid
decarboxylase
HO CH,—CH — COOH CH,—CH>»
NH 2 C02
DOPA Dopamine

3. Nextdopamineis oxidisedtoyield norepinephrine. Thereaction
i s cat a ysed by dopamine hydroxyl ase and ascorbic acid.
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O,

HO CHy;—CH, HO CH—CHz— NH,
‘ Dopamine ‘
b-hydroxylase
NH, Y OH
HO Dopamine HO Norepinephrine

4. Methylation of norepinephrine in the medulla gives rise to
epinephrine. The methyl group is derived from S-adenosyl
methionine.

CHs

H CH—CHz— NH, & H CH—CHy— NH

‘ Phenylethanolamine ‘
OH N-methyl transferase OH CHg

HO Norepinephrine HO Epinephrine

Exercises

I. Choose the correct answer from the given four alternatives.
a. Which one of the following is codon for methionine

i) GUC i) AUG iii)) CGA iv)CGU
b. Amino acid is carried for protein synthesis by

1) mMRNA ii) rRNA iii) tRNA iv) both mRNA and tRNA
C. The enzyme carbamoyl phosphate synthetase present in

1) mitochondra i) cytosol iii) nucleus iv) cell membrane

d. Ureais formed from

i) citrulline i) argininosuccinate iii) arginine iv) ornithine
e. Niacin synthesised in the body from

i) phenyl alanine ii) tyrosine

iii) lysine iv) tryptophan
f. GPT requires cofactor

i) NADH ii) NADPH iii) pyridoxal phosphate iv) FAD
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Fill up the blanks

Transcription process is catalyzed by the enzyme

Protein synthesis is also called as

is formed by joining of 30s and 50s
ribosome units.

Translocation is catalyzed by the enzyme

Stop codons present in end of the mRNA

is produced by transmethylation reaction
withuracil

Synthesis of thyroxine is accelerated by

is pigment of skin and hair.

Deamination of amino acids give

I11. Say true or false

a
b.

C.

> @

Synthesis of RNA from DNA is known as transcription
Anti codon is present in MRNA
Ribosome moves from 5' to 3 direction

The elongation of polypeptide chain is brought by elongation
factors

ALT isalso known as GOT
Peptidyl transferase is present in 30s subunit of ribosome
Leucine is purely ketogenic amino acid

Epinephrine is also called as adrenaline.
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IVV. Match the following

a. MRNA - Ureacycle

b. tRNA - Initiation complex
c. Histidine - Epinephrine

d. Omnithine - Active methionine.
e. DOPA - Anticodon

f.  Thyroid gland - 3'endof MRNA
g. Transmethylation -  Histamine

h.  Stop codon - Codon

i GTP - Thyroxine

V. Give short answer for the followings

Explain the activation of amino acid.

What is elongation of polypeptide chain?

What is post translational modifications?

Name some biogenic amines.

How methionine is converted to active methionine?
How melain is synthesised from tyrosine?

Give the structure of thyroxine.

What are ketogenic aminoacids?

How niacin is formed?

©oNog~wWN R

V1. Answer the followings

What are the steps involved in the process of translation?
Give short notes on oxidative deamination.

Explain the transamination reactions.

Discuss the glucogenic and ketogenic pathways.

Write the reactions of urea cycle with structure.

Discuss the secretion of thyroxine from thyroid gland.
Explain the formation of epinephrine from tyrosine.

Nogahs~ownhE
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CHAPTER V

Lipid Metabolism

I ntroduction

Lipidsareorganic compoundsof biological naturethat includes
fats, oilsand waxes. They areinsolubleinwater but solublein nonpolar
solvents such asether, chloroform and benzene. Lipidsare utilizable by
livingorganiams.

In the normal mammal at least 10 to 20 percent of the body
weightislipid. They formimportant dietary constituent on account of their
highcdorificvaueandfat solublevitamins(vitaminsA, D, EandK) dong
withthe essentid fatty acids. Lipidsaredigtributedinal organs, particularly
In adiposetissuesin which lipids represent more than 90 percent of the
cytoplasmof acdl.

Biological functionsof Lipids

Lipidsarestoredinarelatively water - free statein thetissuesin
contrast to carbohydrateswhich are heavily hydrated to perform awide
variety of functions.

1. Body lipidsarereservoir of potential chemical energy. Lipidscanbe
stored in the body in amost unlimited amount in contrast to
carbohydrates. Furthermore, lipidshaveahigh calorificvalue (9.3
calories per gram) whichistwice asgreat ascarbohydrate. Large
amount of energy isstored aslipid than as carbohydrates
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2. Lipidswhich formsthe major constituent of biomembranes are
responsiblefor membrane integrity and regulation of membrane
permegbility.

3 The subcutaneous lipids serve as insulating materials against
atmospheric heat and cold and protect internal organs.

4. They serveasasourceof fat solublevitamins(Vitamin A, D, E and
K) and essential fatty acids. (Linoleic, Linolenic and Arachidonic

acid).

5. Lipids serve as metabolic regulators of steroid hormones and
prostaglandins.

6. Lipidspresentininner mitochondrial membraneactively participate
inelectrontransport chain.

7. Polyunsaturated fatty acidshelpinlowering blood cholesterol.
8. Sgualamine, asteroid, isan potential antibiotic and antifungal agent.

Fatty acids

Thefatty acidsarethe basic unitsof lipid molecules. Fatty acids
arederivativesof adiphatic hydrocarbon chain that containsacarboxylic
acid group. Over 200 fatty acidshave beenisolated from variouslipids.
They differ among themselvesin hydrocarbon chainlength, number and
position of double bondsaswell asin the nature of substituentssuch as
oxy-, keto-, epoxy groupsand cyclic structure. Depending on the absence,
or presence of double bonds, they are classified into saturated and
unsaturated fatty acids.

Saturated fatty acids, do not contain double bonds. The
hydrocarbon chain may contain 12 to 18 carbon atoms. eg. pamiticand
stearicacids.
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CH, (CH,),COOH - Pdmiticacid(C-16)
CH (CH), COOH - Stearicacid(C-18).
3

Unsaturated faity acidsaredassified into different typesdepending
on the number of doublebonds present in the hydrocarbon chain. These
fatty acidsaremainly foundin plant lipids.

Table5.1 Unsaturated fatty acids

Nameof Fatty Acid No.of DoubleBonds
Oleicacid 1
Linoleicacid 2
Linolenicacid 3
Arachidonicacid 4

Essential fatty acids

Fatty acids required inthediet are called essential fatty acids
(EFA). They are not synthesized by the body and are mainly
polyunsaturated fatty acids (PUFA).

€g. Linoleicacid

Linolenicacid
Arachidonicacid

Functionsof essential fatty acids

They arerequired for membrane structure and function, transport
of cholesteral, formation of lipoproteinsand prevention of fatty liver.
Deficiency of essential fatty acids

Thedeficiency of essentid fatty acid resultsin phrynodermaor
toad skin.
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5.1

Biosynthesis of fatty acids

Biosynthesisof fatty acidsoccursindl organismsandinmammals
it occurs mainly in adiposetissue, mammary glands, andliver.

Fatty acid synthesistakes placeinthe cytosol intwo steps.

a) Formationof medium chainfatty acid of chainlength 16 carbon
atoms.

b) Lengtheningof thiscarbon chaininmicrosomesfor larger faity
acids.

Acetyl CoA servesasasourceof carbon atomsfor saturated as
well asunsaturated fatty acids. Acetyl CoA can beformed from
excessvedigtary glucoseand glucogenicamino acids(aminoacids
which can be converted to glucose). Carbohydrates and
aminoacidsin the presence of oxygenisconverted to pyruvate

which inturn can be converted to acetyl CoA..

Excessive Glucogenic
carbohydrates aminoacids
0,
Gluconeogenesis
Glycolysis
Pyruvate

Pyruvate dehydrogenase

Acetyl CoA
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The synthesisof fatty acid from acetyl CoA takesplacewithaid
of amulti-enzyme complex termed asfatty acid synthetase complex.
Palmitic acidisthe mgor product of thefatty acids synthetase complex
mediated reaction and henceit isal so called as palmitate synthetase. It is
adimer with two identical subunits namely subunit-1 and subunit-2
arrangedin ahead to tail fashion. Each monomer of thisenzyme complex
containsseven enzymes, of these, eachisassigned adefinitefunction.

Migration of Acetyl CoA for thebio synthesisof Fatty acids

Formation of acetyl CoA from pyruvatetakesplacein mitochondria.
Mitochondrial membraneisimpermeableto acetyl CoA. Migration of
acetyl CoA fromthe mitochondriato the cytoplasmisfacilitated by the
condensation of theacetyl CoA with oxal oacetatetoform citratewhichis
permeableto mitochondrial membrane. In the cytoplasm, citratereadily
decomposed back to acetyl CoA and oxal oacetate in the presence of
ATPand co-enzymeA by the action of an enzyme called ATP- Citrate
lyase.

ATP-citrate lyase

ATP  ADP
Membrane + ;
: CoA I
Acetyl CoA : \ f Acetyl - CoA
+ —> Citrate ——— Citrate +
Oxaloacetate : Oxaloacetate
MITOCHONDRIA CYTOSOL

Conversion of Acetyl CoA to Malonyl CoA

Theacetyl - CoA iscarboxylated inthecytoplasminthepresence
of acetyl CoA carboxylase, avitamin Biotin containing enzyme, which
helpsin carbondioxidefixation. Acetyl CoA carboxylaseistheregulatory
enzymeinthefatty acid biosynthesis.
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CH3z —CO-CoA + CO,+ ATP

Acetyl CoA
Acetyl CoA
Carboxylase NADPH
Mn++ ,\V .
NADP

HOOC —CH,—CO — CoA + ADP + Pi

Malonyl - CoA
Conversion of malonyl CoA to palmiticacid
i i
HsC — C—CoA + SH —Cys ~00C — CH,— C—CoA + SH —ACP
Acetyl CoA Malonyl CoA
Acetyl CoA
transacylase i\r/laigglllgs?
i i
HyC—C—S—Cys ~00C —CH,— C-—S-—ACP
Acetyl enzyme Malonyl enzyme

Keto acyl synthase
LCO 2

|

Butyryl ACP (C,)

the steps repeated
six times

Palmitoyl ACP (Cyg)

Thioesterase

Palmitic acid  (C1g)
Fig. 5.1 Biosynthesis of palmitic acid
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Themalonyl CoA isconverted to palmitic acid by severa steps
and each of these steps are catalysed by different enzymes of fatty acid
synthetase complex.

Acetyl CoA and malonyl CoA condensesto form butyryl-ACP
withtheformation of intermediates. Thiscyclerepeatsitsaf sx timesand
ineach cycletwo carbon atoms (malonyl CoA) isadded to butyryl ACP,
ultimately resulting in the formation of palmitoyl CoA, a 16 carbon
molecule.

5.2 Oxidation of Fatty Acids

Thedigegtion of fatsgtartsinthesmal intestine. Fatsareemul sified
by the bile saltsand hydrolysed by the pancrestic lipasestoform freefatty
acids. Thesefreefatty acidscombinewith glycerol (produced by the
glycolytic process) toformtriglycerides. They combinewith proteinsto
form lipoproteinsand enter into circul ation to perform varioushbiolological
functionssuch asoxidation, storage and formation of new lipids. Thusthe
variousfatty acidsmay existinthefreeformaswell asinthe esterified
form (Triglyceride) inblood.

Fatty acidsaretheimmediate sourcefor oxidation of fatsinvarious
tissuesviz. liver, adiposetissue, muscles, heart, kidney, brain, lungsand
testes.

5.2.1 b-Oxidation

Fatty acidsare oxidised to CO, and water with the liberation of
large amount of energy. Oxidation isbrought about inthe mitochondria
because al the enzymes required for oxidation are present in the
mitochondria. Oxidation of fatty acidsis of three types, based on the
position of the carbon atom which getsoxidised (a, b and g).

R— CH, —CH, —CH, — COOH fatty acid
g b a
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However b-oxidation of fatty acids is predominant and
widely prevalent and it provides large amount of energy than a and
goxidation. b-oxidation of fatty acids can be conveniently studied under
different tagesasdetailed below.

l. Activation of fatty acids

Fatty acidsarerdatively inert chemical moleculesand hencethey
must be converted to an active intermediate for the initiation of
b-oxidation. Theactivation of fatty acidstakes placein the cytosol inthe
presence of ATP, coenzyme A and acyl CoA synthetase. The activated
fatty acid then entersinto mitochondriawiththe help of acarrier protein,
carnitineinthe presence of aenzyme carnitine acyl transferase.

Inactive Outer Inner
Acyl CoA mitochondrial mitochondrial
membrane membrane
Acyl CoA
synthetase
- - Acyl Acyl CoA
Binds W'th Carnitine
the carrier
Active protein Carnitine Mitochondria carnitine
Acyl CoA protein acyl transferase
Cytosol Mitochondrial

matrix

Oxidation of acyl CoA (fatty acid) takes placethrough several
stepsleading totheformation of acetyl CoA (C,) and anacyl CoA having
two carbon atomslessthantheorigina fatty acid withwhichtheb-oxidation
cyceorigindly started. Acyl CoA then entersintoasimilar oxidetioncycle
until all the carbon atoms arerel eased as acetyl CoA. Thesereactions
require cofactors like Flavin Adenine Dinucleotide (FAD) and
Nicatinamide Adenine Dinuclectide (NAD").
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Fatty Acid
R — CH, —CH, — COOH [Cn]

Acyl CoA
Synthetase

Fatty acyl CoA [Cn]

CYTOSOL
Mitcohondrial CARNITINE
membrane TRANSPORTER

Fatty acyl CoA [Cn]
| _~FAD, NAD ,
1 (
| ~FADH,, NADH + H "
Acetyl CoA (C ,) + Acyl CoA (C, )

Fig.5.2 Schematicrepresentation of b- oxidation
5.3 Cholesterol Biosynthesis

Cholesteral isan animal sterol which occurseither free or asfatty
edters. Asit wasfirgt isolated from human gall stonesdepositedinthebile
duct, it isnamed as cholesterol (Greek word chole means—bile, steral).
Cholesteral iscomposed of 1,2-cyclopentanoperhydrophenanthrenering
system. Although cholesterol isan essential compound for lifefor the
synthesisof hormones, bileacidsand vitamin D, it isnot necessary to
supply itinthediet becauseit can be synthesised in the cell from acetyl
CoA Carbohydrates, amino acids, fatty acidsand glycerol which gets
converted to Acetyl CoA can also serve as a source for cholesterol
synthesis. Theliver playsadecisiverolein the chol esterol metabolism
which accountsfor 90% of theoverall endogenic cholesterol and itsesters.
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A manweighing 70 kg containsabout 140 gramsof cholesteral.
The cholesterol concentration of blood in humanisbetween 150 to 250
mg per 100 ml, being distributed equally betweenthe cdlsand the plasma.
Thehalf life of cholesterol isabout 8to 12 days.

Structureof Cholesterol

5.3.1 Biosynthesisof cholesterol

Important intermediates of cholesterol Biosynthesisand enzymes
involved.

1 For mation of acetyl CoA
A moleculeof acetic acid combineswith coenzymeA (CoA) to
produce Acetyl CoA inthe presence of an enzymeAcetyl CoA synthetase

2. For mation of acetoacetyl CoA
Two moleculesof acetyl-CoA condenseto form an acetoacetyl-
CoA molecule, catalyzed by theenzyme“thiolase’.

3. Formation of HM G CoA

The acetoacetyl-CoA further undergoes condensation with one
moremoleculeof acetyl-CoA toform HMG-CoA (3-Hydroxy 3-Methyl
Glutaryl-CoA). Theenzymewhich mediatesthisreactioniscaled HM G-
CoA synthetase.

4. For mation of mevalonate

TheHMG-CoA isreduced to form mevalonate by NADPH +
H* dependent reductase (HM G-CoA reductase). Thisistheratelimiting
enzymeinthepathway of cholesterol biosynthes's.
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5. Meval onate thusformed isthen converted to squal enethrough
various steps.

6. Squa ene, withtheformation of variousintermediatesfinaly give
riseto theend product cholesterol.

Acetic acid + CoA

Acetyl CoA Synthetase
A 4

2 Acetyl CoA

Thiolase
A\ 4

Aceto acetyl CoA

HMG CoA Synthetase

\4

HMG CoA
(3-hydroxy 3-methyl glutaryl CoA)

l HMG CoA Reductase
Mevalonate

v
\
v

Squalene

\

v
\
v

Cholesterol

Fig.5.3 Biosynthesisof Cholesterol
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5.3.2 Important productsderived from cholesterol

Inthe body cholesterol isconverted into several other types of
biologicaly important steroids, viz. bileacids, bilesaltsand Vitamin D.

5321  Synthesisof Bile Saltsfrom Bileacids

Bileacidsare of two types namely primary and secondary bile
acids. Primary bileacidsinclude cholic acid and chenodeoxy cholicacid
and secondary bile acidsinclude deoxycholic acid and lithocholic acid.

Importance

Bileacidsare C,, steroids, detergent like compoundsthat are
responsiblefor the emul sification and absorption of lipidsintheintestine.

Bile salts

Cholicacidisconjugatedintheliver with either glycineor taurine
through peptidelinkagesforming the bilesatsglycocholic acid and tauro-
chalic acid respectively. They combinewith sodium and potassium present
inthebileand formwater solubleakalinebilesdts, namely sodium glyco-
cholate and sodium taurochol ate respectively.

Importance

1) Bilesdtsarethedigestion promoting constituentsof bile.
2) They lower surfacetension and thuscan emulsify fats.

3) Theydsoactivatelipases.

Vitamin D

Vitamin D isproduced by irradiation of 7-dehydrocholesterol in
theskinandinthekidney.
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Importance

Vitamin D isaderivativeof cholesterol and the precursor of para
thyroid hormonewhich regul ates cal cium and phosphate metabolismin
vertebrates.

Phospholipids

Phospholipidsare so designated becausethey contain phosphoric
acid. They arepresent in all cells, plantsaswell asanimals. They are
present both in cytoplasm aswell asin the cell membranes and serve
important functionsin both cell activity and cdll permegbility. Phospholipids
aremade up of fatty acids, nitrogenous base, phosphoric acid and glycerol
or other alcohol. Phospholipids can be classified based on the a cohol
moiety of the phospholipid asfollows.

1 Glycer ophosphatides

Glyceral istheacohol moiety inthisgroup. Thisincludelecithins,
cephdins, phosphatidyl serine, plasma ogensand diphosphetidyl glycerols.
2. Phosphoinositides

In this the cyclic hexahydric alcohol “inositol” replaces the
nitrogenous base.
3. Sphingolipids

Inthisgroup of substances, glycerol isreplaced by acomplex
aminoacohal “ Sphingosing’. Thesearedinicaly important phospholipids
inhuman.

5.4  Biosynthesis of phospholipids

All tissues synthesize phospholipids, but at different rates. Inall
tissuesexcept liver, phospholipids are synthes zed, utilised and degraded
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ingtu; whileinliver large proportion of the phospholipidsafter synthesis
is transferred to the plasmaand asamatter of fact, liver ispractically the
sole source of plasma phospholipids. Phospholipids are mainly

synthesized from glycerol asdetailed below.
Glycerol

ATP -
Glycerol kinase
ADP

Glycerol 3-phosphate
Glycerophosphate ‘FFatty acyl CoA

acyl transferase Coenzyme A
Lysophosphatidic acid
Glycerophosphate] [ Fatty acyl CoA
acyl transferase Coenzyme A
Phosphatidic acid
Phosphatidic ctp |CTP - Phosphatidic
acid PP acid
phosphatase| pi cytidyl transferase
Choline 1,2-Diacyl glycerol CDP - diacyl glycerol
phospho ) .
wransferase{ CDP choline~CDP - ethanolamine| \ - g cor0) 3 phosphate
CMP CMP P
Phosphatidyl ethanolamine CDP-diacyl
choline phospho transferase glycerol

Phosphotidyl ethanolamine transferase

Inositol D Phosphatidy!
CMP Glycerol

CDP-diacy!
glycerol inositol
transferase

\ 4
Phosphatidyl
inositol

Fig. 5.4 Biosynthesisof phospholipids
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5.4.1 Biosynthesisof Lecithins

L ecithinsare otherwise called asphosphatidyl choline. Thecholine
component of lecithins is derived by the stepwise methylation of
ethanolaminewhichin turnisformed by the decarboxylation of serine.
Serineisderived from the pathways of both carbohydrate and protein

metabolism as shown bel ow.

Carbohydrate Protein (Glycine)
Metabolism Metabolism

N

Serine

l Decarboxylation

Ethanolamine

Stepwise
methylation

Choline
ATP

Choline phosphokinase
ADP

Phosphoryl choline

CTP

Phosphoryl choline
cytidyl transferase )
PPi
CDP - Choline
Diacyl glycerol

CMP
Lecithin

Fig. 5.5 Biosynthesisof lecithin
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h) CH,—0—C—R
R—C—O—CH O CHg
I N —CH
H—0— p—0O—CH,—CH,;—N \ 3
CH3
OH
Lecithin

Structureof lecithin

5.4.2 Degradation of phospholipidsby enzymes

Degradation of phospholipidsareeffectively catalysed by agroup
of hydrolytic enzymes known as phospholipases. Phospholipases are
classified into four major typesnamely phospholipase A, A, ,CandD.
Theclassficationisbased ontheir cleavage specificity.

5.4.3 Lysolecithinformation

L ecithinishydrolysed by theenzymelecithinase. Thelecithinases
are a so known as phospholipases. When lecithin isacted upon by the

enzymephospholipase A, itisconvertedintolysolecithinand afreefatty
acid.
H0 R,—C—O—H

o
|

0 CH,—0—C—R;
| Phospholipase A,
R,—C—O—CH ﬁ CHg
+
H,—~0—P—O—CH,—CH,— N —CHs
CH3

OH lcl)

Lecithin

CH Z—O—C— R,
(e}

H—O—CH CH 4

n
H,—0— ||:|’—o —CH ,—CH,— N<CH 3
CH3

OH

Lysolecithin
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Lysolecithin may aso beformed by andternativerouteinvolving
lecithin cholesterol acyl transferase. Thisenzymeissynthesizedinliver
and found in plasmain appreciable amounts. Thisenzymetransfersthe
fatty acid moiety fromthelecithin to the cholesterol to form cholesterol
ester. Lysolecithin accounts much of the cholesterol ester in plasma.

Lecithin Le;tYIhltr; ;::;I;gol Cholesterol ester +
+ » lysolecithin

Cholesterol

5.4.4 Effectsof lysolecithin

L ecithinasesare gpecific enzymeswhich hydrolyselecithinstoform
freefatty acids, glycerol, phosphoric acid and choline. A lecithinasein
cobravenom reedily split off an unsaturated fatty acidinlecithin producing
“lysolecithin”. Asthenameimplies, lysolecithinisapotent red blood cell
hemolysing agent. Thisistheexplanation of thetoxicity of snakevenom,
bee-sting and certain poisonous spiders.

55 Cephalin

Thecephdinsarestructurally identical withthelecithinswith the
expection that the base enthanolamineinstead of cholineispresent. The
cephadinsare otherwise cdled as phosphatidyl ethanolamine.

I
O ayCH,—0—C—R
Il
R—C—O—CHb 0
aCH, —0— P—O— CH,—CH, —NHy'
OH

Structureof Cephalin
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The physical properties of the cephalins are smilar to those
of lecithins. Cephdinsaredifferentiated by the presenceof different fatty
acid groupsin the molecule. L ecithinase from snake venom hydrolyses
cephainsto lysocephdinswhich aresmilar totheformation of lysolecithin
fromlecithin.

5.6 Atherosclerosis

Thesynthesis, transport and storage of cholesterol inmammalsis
regulated by anumber of mechanisms. Defectsin these lead to many
pathol ogical abnormalities, most common of whichisatherosclerosis.
Atheroscleros sismanifested by deposition of cholesterol and other lipids
ontheinner walsof blood vessdls. Thisleadsto occlusion of blood vessels
inthe heart and the brain, resulting inincreased blood pressure, strokes
and heart attacks. The causative factors for atherosclerosis include,
smoking, obesity, lack of physical exercise, emotiona stressand highfat
diet.

Atheroscleroticindividua sawayshaveincreased levelsof VLDL
and LDL in plasma. Though many hypolipidemic drugsarecommercidly
availableto control the cholesterol levels, they often elicit harmful side
effects. Diet control and physical exercise are often recommended for
controlling atherosclerosis.

Excercises

I. Choosethecorrect answer from thefour alter natives.

a Which oneisasaturated acid?
i) Oleicacid i) Cerebronicacid

i) Nervonicacid iv) Stearicacid

b. isnot an essential fatty acid.
i) Linoleicacid i) Linolenicacid
i) Arachidonicacid V) Oleicacid
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vitaminisinvolved for acetyl CoA carboxylationreaction
i) TPP i) FAD iii) Biotin iv) VitaminC

isaderivative of cholesterol.

i) Vitamin A i) VitaminC

i) VitaminE iv) VitaminD
Lysolecithinisformed by theaction of onlecithin
i) Lecithinase A i) LecithinaseA

iii) LecithinaseC iv) LecithinaseD

|. Fill uptheblanks
1
2.

Deficiency of essential fatty acidscauses

Theactiveintermediateform of fatty acidsto undergo b oxidation
are

istheamino acohol present in sphingolipids.
Number of double bondspresent in Arachidonic acid

Atheroscleroticindividualshaveincreased level sof and
inplasma.

[11. Say trueor False

1
2.

s

Lipidscan bestored inthe body inamost unlimited amounts.

Acyl CoA dehydrogenaseisan enzymeinvolved infatty acid
biosynthes's

Cephdinisaso called asphosphatidyl ethalomine.

Obesity isone of the causativefactor of atherosclerosis.

Acyl carrier proteinisinvolved infatty acid degradation.
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IV. Match thefollowing

1

o o 0D

Lecithin - Cholesterol biosynthesis
Cephdin - Biledt

Acetyl CoA carboxylase - Phosphatidyl choline
Cholicacid - Fatty acid biosynthesis
HMG CoA reductase - Phosphatidyl ethanolamine

V. Given oneword answer

A WD

VI.

What type of fatty acidshelp inlowering blood cholesterol ?
Which steroid isused asan antifungal agent?
Namethe enzymethat covertsacetyl CoA to malonyl CoA.

How many cyclesof b oxidation are needed to convert pamitic
acidto acetyl CoA?

Namethecyclic hexahydric a cohol present in phospholipids.

Answer thefollowingbriefly

Givean account on oxidation of fatty acids.

Briefly discussthe various stepsinvolved in cholesterol biosyn-
thess.

Listthebiologica functionsof lipids.
Givean account on atheroscleross.

How fatty acidsare synthesized in our body?
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CHAPTER VI

Nucleic Acid Metabolism

I ntroduction

Nucleic acids arethe chemical basisof lifeand heredity. They
serve astransmitters of geneticinformation. Asthe nameimplies, their
locationismainly innuclel. However, itisasofoundto bepresent in other
intracellular organelles. Nucleic acidsare present both inthefreetate as
well as conjucated with proteins (Nucleoproteins). Likeamino acidsin
proteins, nucleotides arethe basic unitsof nucleic acids. Therearetwo
typesof nucleicacidsnamely,

1 Ribonucleicacid
2. Deoxyribonucleicacid

Structural Componentsof Nucleicacids

Components Ribonucleicacid Deoxyribonucleicacid
Acid Phosphoric acid Phosphoric acid
Pentose Sugar D-ribose D-2 deoxy ribose
Nitrogen Bases
i. Purines Adenine Adenine

Guanine Guanine
ii. Pyrimidines Cytosne Cytosne

Uradll Thymine
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Phosphoricacid

Themolecular formulaof phosphoricacidisH_PO,. It contains
3monovaent hydroxyl groupsand adivaent oxygenatom, al linkedtoa
pentava ent phosphorusatom.

o

HO— l,"3_ on Phosphoricacid

OH
Pentose Sugar

Thetwo typesof nucleic acidsare distinguished primarily onthe
basisof the 5 carbon sugar pentose which they possess. One possesses
D-2-deoxyribose, (deoxyribonucleic acid) whilethe other contains D-
ribose (hence called ribonucleic acid). Both thesesugarsinnucleicacids

arepresent inthefuranoseform and are of b configuration.

CH, OH o OH CH, OH o OH

OH OH OH H

b-D-Ribose b-D-deoxyribose
Nitrogenous Bases

Two types of nitrogenous basesarefoundin al nucleic acids.
Thesearederivativesof purineand pyrimidine.

i. Purine Bases

Theseareal derived fromtheir parent compound purine, which
containsasix membered pyrimidinering fused tothe5 memberedimidazole

ring, the purinederivativesfound in nucleic acidsare adenineand guanine.
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] : /NH2 N o )
AES T L0
Ny Ny WS

H Adenine "

! . Guanine (2-amino-6-0xo purine)
(6-amino purine)

Purine

ii. PyrimidineBases

Theseareal derived fromtheir parent heterocyclic compound
pyrimidine. Thecommon pyrimidinederivativesfoundinnucleicacidsare
Uracil, Thymineand Cytosine.

4 NH3 (@] fe)
3
N/j!s F | " /j N | CHg
1 N N N
Pyrimidine  Cytosine (2-oxo 4-amino Uradil (2,4-dioxo  Thyrrine (2,4-dioxo Smethy
pyrimidine) pyrimidine) pyrimiding)

Minor basesin nucleicacid

Apart fromtheabovefour bases, certain minor, unusua basesare
also found in DNA and RNA. They are 5 methylcytosine, N* acety!
cytosine, N® methyladenine, N6, N° dimethyladenine and pseudouracil
etc.,

BasePairing

Basepairingisan essentia featurenot only to maintain thedouble
helical structureof DNA, but also playsanimportant rolein DNA, RNA
and protein biosynthesis.

123



In DNA

Adenine (A) pairswiththymine(T) (A=T)
Guanine(G) pairswithcytosne(C)  (G=C)

In RNA

Adenine(A) pairswithuracil (U) (A=U)
Guanine(G) pairswithcytosne(C)  (G=C)

Two hydrogen bonds
(A=T or U)
— Three hydrogen bonds
(G=0)

Chargaffsruleof DNA composition

DNA hasequa number of adenine and thymineresidues(A=T)
and equal number of guanine and cytosine (G= C) residues. Thisis
known as Chargaffs rule of molar equivalence between purine and
pyrimidinesin DNA.

Structureof Nucleotides

Nucleotides are the fundamental units of nucleic acids. Each
nucleotideiscomprising of a

1) Phosphate groupii) Pentose Sugar and iii) Nitrogenousbase.

Sugar + Base — > Nucleoside
Nucleoside+ Phosphate ——» Nucleotide

6.1 Biosynthesisof DNA

The processby which the new double helical DNA synthesized
from the existing DNA iscalled as"Replication”. The mechanism of
biosynthesisof DNA hasbeen largely clarified by the discovery of the
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enzyme DNA Polymeraseor DNA Nucleotidyl transferase. Thisenzyme
cataysesthe polymeri zation of mononucl ectidesto polynucl ectides, which
needsthefollowingfor itsaction.

1 A template strand di ctatesthe synthesisof the new daughter strand
and sequence of thetempl ate strand determinesthe addition of the
nucleotides.

2. RNA primer to which subsegquent nucl eotides can be added.

3. Four nucleosidetriphosphates namely, dGTP, dATP, dTTPand

dCTP.
4. Magnesiumionsasco-factor.
ndATP d AMP
+ DNA polymerase d CMP
nd CTP+ RNA P | dGMP |+ 4n (PPi)
+ (Primer) Mg? dTMP )n
nd GTP
+
ndTTP
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Fig.6.1 Formation of Phosphodiester linkage
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Theenergy required for thisreaction isprovided by thehydrolysis
of highenergy bondsin thelinear triphosphate unitsof thedATP, dCTP,
dGTP& dTTP. Aseach monomer isincorporated into new chain, itloses
itsterminal pyrophosphateunit (PP).

6.1.1 Replication

Itisaprocessinwhich DNA copiesitself to produceidentical
daughter moleculesof DNA.
M odels of Replication

Three models of replication had been proposed. They are 1.
Conservativereplication 2. Dispersivereplication and 3. Semi conserva

tivereplication.
1. Conservativereplication

According tothismodel, the parental DNA isconserved to one
daughter cell and the newly synthesized DNA to another daughter cell.

Parent DNA Newly synthesized DNA
(daughter DNA)

Fig. 6.2 Conservativemodel of Replication
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2. Dispersive Replication

Accordingtothismodel, the parental DNA isunequaly distrib-
uted (randomly) to the daughter cells.

< 3

Fig. 6.3 Dispersivemodel of Replication

3. Semiconservative Replication

Semiconseravativemodd of replication showing thedaughter DNA
having one parenta strand and one daughter strand.

s

Fig. 6.4 Semiconservativemodel of Replication

Thismodel wasestablished to bethe correct mode of replication
by the experiment carried out by Messlson and Stahl in 1957. E. coli
cellsweregrown inamedium containing *NH,Cl, for many generations
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suchthat the E.coli cellshave density labelled ®N atomsintheir DNA.
The cellswere then grown inamedium containing unlabelled NH,Cl.
DNA washarvested from the daughter cellsafter one generation and the
density of the DNA wasanalyzed using Cesium chloride dendity gradient
centrifugation. If replication happensto occur by conservative model,
two bandsare corresponding to heavy DNA and other unlabelled DNA
should begot. But if replication issemi-conservative, daughter DNAS
should possess onelabelled strand and one unlabeled strand, sothey will
form only oneband withintermediatedensity. Theresultsshow that they
form bandswith intermediate density alonein thefirst generation, which

confirmsthe semiconservativemodd of replication.

6.1.2 Sequential Processof Replication
I nitiation of DNA replication
Initiation of DNA synthesis occurs at a site called origin of

replication.
In prokaryotes, only oneorigin.
Ineukaryotes, therearemultipleorigins.
Theorigin consists of ashort sequenceof A = T basepairs.

Replication bubbles

The two complementary strands of DNA separate at a site of
replicationto form abubble. In eukaryotes many replication bubbles
OCCU.

Unwinding of parental DNA
After theinitiation point islocated theunwinding of the DNA takes
placeonceinevery 10 nuclectidepairs. Thisalowsthe" strand separation”.
In prokaryotesthe unwinding of thestructure occurswith thehelp
of an enzyme called helicase, which requires energy of hydrolysis of
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two ATP molecules per base pair broken. Another protein singlestrand
binding protein (SSB), bindsto theunwound DNA to prevent (rewinding)

rgoining.

Asthe DNA polymerase cannot initiate replicationaprimerisa
needed and the primer isthe small nucleotide of RNA, synthesised by
enzymesprimase.

Initiation of
Leading Strand

replicatiW
BI
3'
w Lagging Strand
Primer

Fig. 6.5 Initiation of Replication

)

o

Under theinfluence of DNA polymerase, inthe presenceof Mg?,
the double strands of the DNA acting asatemplate (or primer) separate
by cleaving the hydrogen bonds between complementary bases. The
deoxyribo nucleoside triphosphates are attracted from solution in the
cellular sap to form hydrogen bondswith their complementary baseson
the separated strands of the (primer RNA) templ ate dictatesthe sequence
inwhich themonomersare assembled.

Polymerisation

During thisreaction, each incoming nucleotidelosesapyrophos-
phate group and formsan ester linkage with the 3' hydroxyl group of the
deoxyribose on the existing last nucleotide. This linkage is called
“phosphodiegter linkage'.
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L,

DNA Helicase

Single Strand
Binding Protein

Okazaki fragments

Fig. 6.6 Diagram of Replication Fork

Theparental strandsrunin antiparale direction. Synthesisoccur
simultaneously on both strands, but at different rates. No enzymes can
gynthesize3' ® 5 direction and asingleenzyme can not synthesize both
strands. Thesingleenzymereplicatesonestrand called leading strandina
continuous manner in5'to 3' direction (forward), it replicatesthe other
strand, lagging strand in adiscontinuous manner and polymerising only
few (250) nucleotidesagainrunin5'to 3' at backward direction. Thisis
called semicontinuous DNA synthesis. Thenewly synthesized DNA is
made as discontinuous small fragments called as Okazaki fragmentsand
joined by theenzymecalled ligase.

Thus 2 daughter doubl e helicesareformed each consisting of an
old strand of the primer DNA and acomplementary new strand. Thefina
composition and nucl eotide sequence of each strand isidentical withthe
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corresponding strand in the template (parent) DNA. This process has
been named asreplication.

6.2 Catabolism of DNA by Deoxyribonucleases

The nucleic acids exist mainly in the nucleus as
nucleoproteins. These nucleoproteinsinthe diet are degraded by HCI to
nucleic acidsand proteins.

HCI
Nucleoproteins Nucleic acids+ proteins
_

Nucleic acids passas such from the ssomach and their catabolism
startsin duodenum by several enzymes (nucleases, nucl eotidases and
nucleos dases) which degradethe nuclei ¢ acidsto purines, pyrimidines
and pentoses. Threedifferent types of enzymeswhich degradethenucleic
acidsarediscussed one by one.

Nucleases

The enzymes which degrade the nucleic acids are known as
nucleases. Someare specific for RNA and thusknown asribonucl eases,
and othersfor DNA and thusknown as dexoyribonucleases, while still
some othersare capable of attacking DNA aswell asRNA.

Deoxyribonucleasesarefurther classified into 2 categories.

1. Exonucleasesarethenucleasesthat attack only theinternucleotide
bonds|ocated at the ends of the nucleic acid.

Exonucleasesarefurther classified into 2 groups.

() Those whichattack the 3 end of singlestrand DNA called
3 exonuclease
(i)  Those, which attack the 5' end of the single strand DNA

called 5' exonuclease
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These 2 enzymesare non specifically called as phosphodi esterases.

|< Action site of 3 ' exonuclease
oO—P=
|< o Action site of 5 ' exonuclease
5

Base

Fig. 6.7 Sitesof action of exonucleases

2. Endonucleasesarethenucleasesthat attack only theinternucle-

otide bonds|ocated throughout the length of the nucleic acid chain
(inthemiddle).

Nucleotidases (Phosphatases)

These enzymes hydrolyse the nucl eotidesto the corresponding
nucleosides and inorgani ¢ phosphate mol ecul es.

Phosphatase
Nucleotides = Nucleoside + Phosphate

Nucleosidases (Nucleoside phosphorylase)

The nucleosides obtained above either absorbed or degraded
into bases and sugars by nucleosidases.
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Nucleosidase
Nucleosdes ————» Sugar + Base

6.3 Biosynthesis of RNA (Transcription)

Thebiosynthesisof RNA isvery much similar to that of DNA,
except that in RNA itisdiffered by having different RNA types(mRNA,
tRNA, rRNA), and the nitrogen base uracil ingtead of thymine. Like DNA,
polymerization of 4 nucleosidetriphosphates (vizATP,CTP, GTPand
UTP) inthe presence of Mg?* (or) Mn?* ioniscatalysed by the enzyme
RNA polymerase and one strand of DNA servesastemplate.

Transcription

DNA —_— RNA
nATP AMP
+ RNA polymerase | CMP
NnCTP +DNA ——m» GMP | +DNA +4n (PPi)
+ UMP- n
nGTP
+
nUTP
Nucleotidetriphosphate
M echanism

Transcriptioninvolves 3 stages
i) Initiation
i) Elongation

i) Termingion
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Threephasesof transcription

1. [Initiation

In E. cali, all genes are transcribed by a single large RNA
polymerase. Thiscomplex enzyme, called the holoenzymeisneeded to
initiate transcription sincethe s factor isessentia for recognition of the
promoter. Itiscommon for prokaryotesto have severa s factorsthat
recognize different types of promoter (in E. coli, the most common s
factoriss™).

The holoenzyme bindsto apromoter region about 40-60 bpin
sizeand theninitiatestranscription ashort distance downstream (i.e. 3'to
the promoter). With in the promoter lie two 6 bp sequences that are
particularly important for promoter function and which arethereforehighly
conserved between species. Using the convention of calling the first
nucleotide of atranscribed sequenceas+1, there 2 promoter elementslie
at position -10 and -35, that is about 10 and 35 bp respectively,
downstream of wheretranscription will begin.

2. Elongation

After transcriptioninitiation, the s factor isreleased from the
transcriptiona complex toleavethe coreenzyme (a, bb'w) which continues
elongation of the RNA transcript. Thus, the core enzyme containsthe
catalytic sitefor polymerisation, probably within the subunit. Thefirst
nucleotideinthe RNA transcript isusually PPPG (or) PPPA. TheRNA
polymerasethen synthesisestheRNA intheS' ® 3'direction, usngthe
4 ribonucleotide5' triphosphates (ATP, CTP, GTP, UTP), asprecursors.

The 3-OH group at theend of the growing RNA chain attaches
to aphosphate group of theincoming ribonucleotide 5' triphosphate to
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form a 3,5 phosphodiester bond (figure 6.8). The complex of RNA
polymerase, DNA template and new RNA transcript iscalled aternary
complex (i.ethree components) and theregion of unwound DNA thatis
undergoing transcriptioniscalled transcription bubble (figure6.9). The
RNA transcript formsatransent RNA-DNA hybrid helix withitstemplate
strand but then peelsaway from the DNA astranscription proceeds. The
DNA is unwound ahead of the transcription bubble and after the
transcription complex has passed, the DNA rewinds.

DNA Template Strand DNA Template Strand
s

Fig. 6.8 Transcription by RNA polymerase

In each step theincoming ribonucl eotide sel ected isthat which
can base pair with the next base of the DNA template strand. In the
diagram, theincoming nucleotideisUTPto base pair with the A residue
of thetemplate DNA. A 3',5' phosphodiester bond isformed, extending
the RNA chain by one nucleotide, and pyrophosphateisrel eased. Over-

al theRNA moleculeisgrownina5'to 3 direction.
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RNA Sense Strand
polymerase Direction of

transcription

Transcription

5 . elongation
PPP Newly synthesized  Antisense

RNA strand strand

Fig. 6.9 A transcription bubble

The DNA double helix isunwound and RNA polymerasethen
synthesizesan RNA copy of the DNA template strand. The nascent RNA
trangently formsan RNA-DNA hybrid helix but then pedsaway fromthe
DNA whichissubsequently rewound into ahelix oncemore.

3. Termination

Transcription continuesuntil atermination sequenceisreached.
The most common termination signal isa G © Crich regionisa
palindrome, followed by an A =T rich sequence. The RNA madefrom
the DNA paindromeissdf complementary and so basepairsinternaly to
formahairpin structurerichin GC base pairsfollowed by four or moreU
residues (fig.6.10). However not all termination sitesbasethishairpin
structure. Thosethat lack such astructurerequirean additiona protein,
called rho protein (r) to help recognize the termination site and stop
transcription.
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Fig. 6.10 A typical hairpin structureformed by the 3' end of
the RNA moleculeduring termination of transcription

Post Transcriptional M odification

Post-transcriptional modicationsare not needed for prokaryotic
MRNASs. Theformation of functionally active RNA molecule continues
after transcription iscompleted in eukoryotes. The product of transcrip-
tionin eukarryotes are called as primary transcripts and they undergo
modification by aprocesscalled post transcriptional modification.

6.3.1 Processing of MRNA molecules

MRNA undergoes severa modificationsbeforeitisbeingtrans-
lated. They are

1 Addition of blocks of poly A, containing 200 (or) more
AMP residuesto the 3' end of messenger RNAs. Thisaddition
of poly A tail takesplaceinthenucleus.
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2. A methylated Guaninenucleotidecalled as“5' cap” isadded to
the5' end of MRNA molecule.

3. Methylation occursin theinterna adenylate nucleotidesat their
N-6 position. It’ sfunctionisnot known.
ThusmRNA isprocessed to get the active mRNA molecule.

5¢ 3¢
Methyl cap Poly A tail
Structureof ActivemRNA

6.3.2 Processing of tRNA Molecules

Most cells have 40 to 50 distinct tRNAs. Transfer RNA's are
derived from longer RNA precursors of enzymatic removal of
extranucleotide unitsfromthe5' and 3' ends.

1. Formation of the3'-OH terminus

Thisprocessinvolvesthe action of an endonuclease that recog-
nizesahairpinloop at the 3 end called RNAse D, which stopstwo bases
at short of CCA terminus, though it later removesthesetwo bases after
the’5' endisprocessed. Thisenzymétic digestion|leavesthemoleculecalled
pre-tRNA.

2. For mation of the5'-P terminus

The5-Pterminusisformed by an enzymecaled RNAse P, which
removes excess RNA from the 5' end of a precursor molecule by an
endonucl eolytic cleavagethat generatesthe correct 5' end.

3. Production of modified bases
Thefinal modificationisto producethedtered basesinthetRNA.
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INtRNA, two uridinesare converted to pseudo uridine (y ), one
guanosineto methyl guanosine (MG), one adenineto isopentyladenine
(IPA) etc.

3'OH

RNAseD '
p5 — Ut 3'OH
5p
RNAseP T
cut Cleavage

Primary transcript
I (b) Addition of

CCAto3 end
3'0OH 204
5p 5p
2MG y T
Base
IPA modification _
Anticodon Intermediate
Mature tRNA

Fig. 6.11 Modification of tRNA molecules

Roleof tRNA in protein synthesis

Transfer RNA isthe smallest polymeric RNA. These molecules
seemto be generated by the nuclear processing of aprecursor molecule.

The tRNA molecules serve a number of functions, the most
important of whichisto activateamino acidsfor protein synthesis. The
function of tRNA isto bind the specific aminoacids, one might think that
thereare 20 typesof tRNAS(i.easmany asthe congtituent amino acids of
proteins). Sincethe codeisdegenerate(i.e. thereismorethan one codon
for aaminoacid). There are also more than one tRNA for a specific
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aminoacid. Thereforethereare generaly severa tRNAsspecific for the
same aminoacid (Sometimes upto 4 or 5); they are called isoacceptor
tRNA's. ThesevarioustRNA's, capable of binding the sameamino acid,
differ inther nucleotide sequence, they can either havethe sameanticodon
and therefore recogni ze the same codon (or) have different anticodons
and thus permit theincorporation of theaminoacidin responseto multiple
codons specifying the sameaminoacid.

Asmentioned, eachtRNA isspecificfor anaminoacidi.e. it can
bind (or accept) only that particular aminoacid. Thus, tRNA*'2denotesa
tRNA specificfor danine.

Codon is made up of 3 bases, and is present in mMRNA. The
tRNA contains anticodon which iscomplementary (opposite) to codons
iINnMRNA.

Table 6.1 Thedifferences between replication and
transcription

Sl. Replication Transcription
No.
1 Monomer possesses 2- Monomer possesses
" | deoxy ribose moiety ribose moiety
5 Product formed is double Product formed is sngle
" | stranded DNA stranded RNA
3. | RNA primer is essential RNA primer is not required
Both the strands act as a Only one strand act as a
4.
template template
5 The enzyme involved is The enzyme involved is RNA
" | DNA polymerase polymerase
6. | DNA template aterated DNA template unaltered
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Excercises

Choosethecorrect answer from the alter natives

Thedivalent cation needed for the catalysisof DNA synthesisis
i) Cacium i) Magnesium iii) Phosphate iv) Chloride
Okasaki fragmentsarepresentin

1) boththeparental strands  ii) boththedaughter strands
iii) leading strand iv) lagging strand
G-Crichregionfollowed by A-T richregionisasignd for

I) initiation ii) eongation iii) termination iv) primer formation
Oneamong thefollowingisnot amodified base

i) pseudouridine i) isopentyl adenine

i) methyl guanosne  iv) deoxy thymine

Methyl cap and poly A tail arepresentin
i) mRNA i) tRNA iii) rRNA iv) hnRNA

. Fill up theblanks

isneeded for the synthesisof DNA fromthe

template.

Post transcriptiona modification involves production of modified
baseslike

Adeninewill pair with inRNA.
Four Nucleoside are needed to synthesize
DNA and RNA

cataysesthe synthesisof RNA primer.
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[11. Saytrueor False

TTPisneeded for the synthesisof RNA.
Okasaki fragmentsarejoined by helicases.
Single strand binding proteinsbind to double stranded DNA

Sigmafactor of RNA polymeraserecognized different promoters
inE. coli.

5. tRNA moleculesare not processed.

A wbdhpRE

IV. Match thefollowing

1 DNA - mMRNA

2. Replication - deoxy ribose

3. Transoription - tRNA

4. Anticodon - synthesisof DNA
5. Codon - synthesisof RNA

V. Giveoneword answer

What enzymeisinvolved injoining Okasaki fragments?

Wheat arethemodified basespresentin RNA?

Namethe enzymethat catalysestheformation of RNA primer.
Namethebasethat isuniqueto DNA.

Which proteinisinvolvedintermination of transcription?

ak~ wDdPE

V1. Answer thefollowingbriefly

Givean account on catabolism of nucleic acids.

Briefly discussthevariousstepsinvolvedin DNA biosynthess.
List the post transcriptional modificationsthat occur to RNA.
Givean account on transcription

What istheroleof tRNA inprotein synthesis?

a s wbdhpeE
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CHAPTER VI

Inborn Errors of Metabolism

I ntroduction

The term inborn errors of metabolism was coined by Garrod
in 1908 for four rare hereditary diseases, albinism, alkaptonuria,
cysteinuriaand pentosuria. Such diseases occur even during birth
and thusareinherited. Inherited errors of metabolism lead toinherited
diseases.

The metabolism of our body comprises two major balanced
activities: anabolism (synthesis) and catabolism (degradation).
Whether the metabolic changes are exergonic or endergonic, most of
them have to be catalysed by enzymes. If one particular enzyme is
deficient or absent then that leads to a block in the pathway of
biochemical reactions leading to metabolic abnormalities which are
present throughout the life and handed over to the progeny.

The absence or deficiency of an enzyme will cause an
abnormal accumulation of the intermediate products of metabolism
in the body and increased excretion in urine as such or their
degradation products. Some of theintermediates could even betoxic.
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For example, inthefollowing reaction,

a b C d
R—» B p» C » D » P

Risthereactant, B, C and D areintermediatesand Pisthe product
and a, b, cand d areenzymes catalyzing varioussteps of thereactions. In
thisreaction pathway, if any oneof theenzymeisdeficient or absent, the
previousintermediate accumulatesand producestoxicity. It also affects
theamount of product (P) formation which may be essential biologically
and there by leadsto pathol ogical diseases.

Anenzyme usually controlsone step in asequence of reactions.
Beadleand Tatum put forth their theory of onegeneoneenzyme hypothesis
which statesthat one gene controlsthe synthesisof asingleenzyme. Itis
a so known that enzymesare being proteins, whose synthesisisgoverned
by the DNA and aberrationsof theenzymeproteinwill bedefinitely brought
about by mutationsinthe DNA. Thus, diseasesdueto absenceor deficiency
of enzymesaredueto defectivegenesin DNA. Hence, these hereditary
or congenital diseasescannot becured. Thedefectivegenemay be present
intheautosomal chromosomesor inthe sex chromosomes.

Galactosemia, Von-Gierke' s disease, hemophilia, albinism,

alkaptonuria and Tay-Sach’s disease are some of the important
diseasesdueto inborn errors of metabolism.
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7.1 Galactosemia

Itisan inherited disorder, in which thereisinability to convert
galactoseto glucosein anormal manner. Theincidenceof thisdiseaseis
about 1in 18,000 livebirths.

7.1.1 Causes

Enzyme deficiency in galactose metabolic pathway causes
galactosemia. The pathway for conversion of galactoseto glucoseis
shownin figure7.1.

a b

Galactose —p Galactose 1-phosphate ——p

c
UDP- Gadactose —p UDP Glucose
a = Galactokinase, b = UDP Galactose 1 - phosphate uridyl
transferase, ¢ = Epimerase

Fig. 7.1 Metabolism of Galactose

In galactosemia, there is inability to metabolize galactose
which may be caused by the enzyme deficiency of a= galactokinase,
b = UDP Galactose 1 - phosphate uridyl transferase.

7.1.2 Symptoms

Thedeficiency of galactose 1 - phosphate uridyl transferaseis
clinically important. Dueto the enzyme defect galactose accumulatesin
blood andisreduced by aldose reductasein the eyeto the corresponding
galactitol which causes cataract.
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The general conditionismoresevereif itisdueto a defectin
galactose 1 - phosphate uridyl tranferase, since galactose
1- phosphate accumulates and depletes the liver of inorganic
phosphate. Ultimately, liver failure and mental deterioration results.

Infantsappear normal at birth but | ater they show failuretothrive
and becomelethargic. They havefrequent vomitting and hypoglycemia.
After 2- 3monthsof agetheliver may show fatty infiltration and lead to
cirrhosis (non functioning of liver cells). Galactosemia at thisageis
associ ated with mental retardation dueto accumulation of galactoseand
galactose 1 - phosphate in cerebral cortex. So, the galactosemic child
failsto grow and suffer fromliver damage and mentd retardation.

7.2 Von-Gieke'sDisease

Thisis one of the groups of rare genetic disorder due to the
defect in one or more of the enzymesinvolved in glycogen metabolism
leading to excessive accumulation of glycogen inthetissueespecidly in
liver, muscleand heart.

Thefirst glycogen storage diseaseidentified was Von-Gierke's
disease. The frequency of thisdiseaseisonein two lakhs.

7.2.1 Cause

Thiswasthefirst inherited deficiency identified to affect liver.
In this, the enzyme which is deficient is glucose 6-phosphatase that
convertsglycogento glucose 6-phosphate and then to glucose.
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a
Glycogen ——p Glucose 6-phosphate ——p Glucose + Pi
a=glucose 6-phosphatase

Fig. 7.2 Conversion of glycogen to glucose

7.2.2 Symptoms

Bothliver cdlsand thecdlsof rend convoluted tubulesareloaded
with glycogen. Ketosisand hyperlipidemiaarea so present. Glycogen
contentintheliver canriseto 15 per cent. Glycogen accumulatesin kidney
also. Massive enlargement of theliver, pronounced hypoglycemiain
between meals, failure of blood glucose to rise on administration of
glycogen and convulsion are seen in this condition. Since glucose 6-
phosphate cannot leave liver cells, thereis compensatory increasein
glycolysisleading toincreased levelsof pyruvicacid andlacticacid. The
only trestment avail abl eisfregquent feeding to avoid hypoglycemiain Von-
Gierke' sDisease.

7.3 Hemophilia

The process of blood coagulation is a vital mechanism of
defence against excessive loss of blood. There are nearly 13 factors
involved in the mechanism of blood clotting. 1f any one or more of
these factors are not synthesised adequately and properly that results
in defect in blood clotting and thereby hemorrhage.

A number of inherited deficiency of the blood clotting factors
are found in human and are collectively called as hemophilias.
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Causes

Hemophiliaisan inherited disease, whereclotting occursat an
abnormally slow rate due to the absence of one or more of the blood
clottingfactors. Thesufferersareknown as* hemophiliacs’ or ‘ bleeders .
Itispeculiar that it affectsonly males. Themost common deficiency isthat
deficiency of thefactor V111, causeshemophiliaA. Deficiency of factor
IX causeshemophiliaB. Deficiency of factor X1 causeshemophiliaC.

Symptoms
The characteristic findings of this disease are:

* Bleeding which does not stop. These individuals should
be extremely careful not to contract even minor injuries
like traumaor extraction of tooth, since thismay resultin
severe hemorrhage ( blood 10ss).

» Marked prolongation of the coagulation time of the blood,
while prothrombin time being normal.

74  Albinism

It includes aspectrum of clinical syndromes characterized by
hypomelanosis i.e., reduced synthesis of melanin pigment in skin
and eyes. Thedefect isin theenzymetyrosinase whichisresponsible
for the biosynthesis of the pigment and hence the individual appears
bleached. In this condition, melanin is not synthesized in the
melanocytes and affectsthe skin, hair, scleraand choroidsetc. Meanin
Is synthesized from tyrosine as shown in the figure 7.3.
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Tyrosinase
Tyrosne » 34, dihydroxy phenyl alanine
—» dopaquinone —— Eumelanin and pheomelanins

Fig. 7.3 Synthesis of melanin from tyrosine

Generally, two types of albinism is seen ; a) Oculo-cutaneous
albinism. In this type, there is decreased pigmentation of skin and
eyes, b) Ocular albinism. Inthistype, thereisdecreased pigmentation
of only eyes and not the skin.

7.5 Alkaptonuria

This is a rare inborn error of metabolism of phenylalanine
and tyrosine. Estimated incident is 2-5 per million live births.

Cause

Thediseaseischaracterised by the deficiency of homogentisate
oxidase which catalysesthe conversion of tyrosineto acetyl coA and
acetate. Inthisreaction sequence homogentisic acid (homogentisate) isan
intermediatewhichisoxidised by theenzyme homogentissteoxidase This
resultsin the accumulation of homogentisic acid asshowninthefigure 7.4.

Homogentisate
Oxidase
Tyrosine ——p ——p Homogentisate >
Malelyl acetoacetate —p —p acetyl CoA + Acetate.

Fig. 7.4 Role of homogentisate oxidase in tyrosine catabolism
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Symptoms

Homogentisi ¢ acid accumulatesin thetissuesand blood and also
appearsinurine. Most striking clinical manifestation is occurrence of
dark urineon standing inair. Homogentisic acid likemany derivativesof
tyrosineisreadily oxidized to black pigments. Thesepigmentsarecalled
asakaptons. Urinein an exposed air slowly turns black from top to
bottom.

Inlong standing cases, deposition of homogentisic acid derivatives
in cartilages of ears and other exposed places leading to generalized
pigmentation of connectivetissuesand depositioninjointsleadingto
arthritis, aconditioniscalled ochronosis. Thisisdueto theof oxidation
homogentisate by polyphenol oxidase, forming benzoquinone acetate,
which polymerizesand bindsto connectivetissue macromol ecul es.

7.6 Taysach’sDisease

Gangliosidesare glycosphingolipidswhich are present in small
amountsin the membranes of awide variety of tissues. Nervoustissues
areparticularly richin gangliosides. Generaly, the carbohydrate ssgments
of glycolipidsareremoved by lysosomal hydrolasesin the early phasesof
the turn over of these compounds. Several inborn errors due to the
deficiency of these hydrolases have been well documented.

Gangliosdesare synthesized from sphingosineasfollows:
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Sphingosine——p Ceramide—— Glucosyl ceramide ——»

Glucosyl ceramide galactose » G, » G,
hexosaminidase A
—> G, (G,,, G, G, aegangliosides)

Cause

Taysach’'s disease is due to the absence of N-acetyl
hexosaminidase A that leads to the accumulation G, , in brain and
spleen. Hence theganglioside G,,, iscalled as Taysach’ sganglioside.

Inthiscondition G, , isnot degradedto G,,, and accumulatesin
large amountsin lysosomes, particularly inthe brain cells. The amount
sometimes exceeds 100 - 300 times the normal content causing
degeneration of thenervoussystem.

Symptoms

Muscleweskness retardationin devel opment and difficulty inesting
aretypical early symptoms.

Mental retardation and blindnessarethe characteristic symptoms
inthisrare genetic disorder. Death between 2 -5 yearsisunavoidable.
Morethan 90 % of the patientshave acharacteristic cherry red spot inthe
retina

Taysach’ sdisease can bediagnosed by taking amniotic fluid from
themother and assaying the hexosaminidaseA activity.
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7.7 Neoplasm

Cancer isthe second most common cause of deathintheworld
after cardiovascular diseases. Human of all ages develop cancer and
wide variety of organs are affected.

Cancer cells are characterized by three properties: 1)
diminished or unrestrained control of growth and cell division; 2)
invasion of local tissue; and 3) spread or metastasis to other parts of
the body. Cell growth and cell division are regulated by finely tuned
control mechanisms.When these processes lose their control, a cell
begins to grow uncontrollably. The result is the formation of a mass
of cells called atumour. The overall processes is called neoplasm.

The primary event in neoplasm appearsto bethe alterationin
DNA . Most of thetumoursarelocalized without spread and so without
risk to the host, they are called benign tumours. Sometimesthey start
interfering with normal tissuesand secreting excess ve amount of some
hormones or other biologically active substances. These substancesare
caled astumour markers.

Changesin thelevels of tumour markersin serum are useful
in detecting tumours and cancers. Increase in Ca™ level is seenin
multiple myeloma and bone cancer. Elevated levels of alkaline
phosphatase is observed in malignancy of bone, liver and carcinoma
of bronchus.

Tumours becomelifethreatening , when their cellsinstead of
being localized spread throught the body. They become malignant
and cause cancer. These cells can spread and invade surrounding
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tissuesor cantravel through the blood stream. Devel opment of secondary
areasof growth away fromtheorigina siteof growthiscalled metastases.
Changesin growth propertiesof cellsand their subsequent ability toform
malignant tumoursare collectively referred to astransformation.

Cancersare classified according to thetissue and cell type from
which they originate. Those arising from epithelial cells are called
carcinomas. Thosearising from connectivetissueor musclecdlsarecaled
assarcomas. Cancersthat do not fit into either of these broad categories
include leukemias, lymphomasand cancer of thecellsof central nervous
system. Nearly 90% of human cancersare carcinomas

Causes of cancer
Agentscausing cancer fall into 3 categories: ) radiant energy, b)

chemical compoundsand ¢) viruses.

a) Radiant energy: Ultravioletrays, X-raysand g-raysare mutagenic
and carcinogenic. Theseraysdamage DNA whichispresumedto bethe
bas c mechanism of carcinogenicity.

Apart from direct effectson DNA, X - raysand gammarays
cause free radicals to form in tissues which may act as carcinogens.

b) Chemical compounds: A wide variety of organic and inorganic
moleculesmay be carcinogenic.

Examplesof organic carcinogensare Benzopyrene, Dimethyl-
benzanthracene, Dimethylnitrosamineand AflatoxinB,
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Examplesof inorganic carcinogensarearsenic, asbestos, beryllium,
cadmiumand chromium.

Very few carcinogensinteract with DNA directly without further
metabolism. These carcinogensarecdled asdirect carcinogens. But many
of thecarcinogensneed prior metabolic activation and theactivated ultimate
carcinogen can interact with DNA.The ultimate carcinogensare usua ly
electrophileswhich readily attack nucleophilic groupsin DNA,RNA and
proteins.

c) Viruses: Virusesthat contain either DNA or RNA astheir genome
whichinduce cancer are called asoncogenic viruses. For example Epstein
- Barr virus cause Burkitt’ slymphomaand nasopharyngeal carcinoma
and Herpessimplex virus cause cancer inthe cervix in humans.

7.7.1 Biochemical changesfound in tumour cells

The following changes are found in tumour cells

I. Increased synthesis of RNA and DNA.

ii. Decreased catabolism of pyrimidines

iii. Increased rates of aerobic and anaerobic glycolysis.
Some changes that have been detected at the surface of

malignant cells are alteration in transport properties, permeability,
surface charge, diminished adhesion, appearance of new antigens,
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changesof glycolipid constituentsand alterations of the oligosaccharide
chainsof glycoproteins.

Exercises

I. Choosethecorrect answer from thegiven four alternatives

1

Themetabolitethat accumulatesin Tay Sachsdiseaseis
1) galactose i) tyrosine iii) ganglioside iv) glucose

Deficiency of glucose 6-phosphataseis seenin

i) Von Gierks disease ii) galactosemia

iii) albinism iv) akaptonuria

Liver cells are loaded with glycogenin

i) hemophilia ii) galactosemia

i) albinism Iv) Von-Gierkes disease

Hypopigmentation in skin and sclerais observed in
i) albinism ii) alkaptonuria
1ii) hemophilia Iv) galactosemia

Abnormal proliferation of cellsisseenin
i) neoplasm ii) albinism iii) akaptonuriaiv) hemophilia

Il1. Fillintheblanks

1. Metabolism comprisesof anabolismand

2. Theenzymedeficiency inabinismis

3. HemophiliaA iscaused by deficient of factor.
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4.
5.

o &~ w0 bdp PP

In alkaptonuria, deficiency of isobserved.

Carcinogens are chemicals which cause

. Say trueor false

Benign tumours cannot spread from one part of thebody to another
Galactosemiaaffectsliver

Blood clotting mechanismisaffectedin hemophilia
Alkaptonuriaisassociated with hypopigmentation of skin

Oncogenic viruscan induce cancer

V. Match thefollowing

1. Galactosemia - Hexosaminidase A

2. Von - Gierke' sdisease - Tumour

3. Neoplasm - Galactose 1 - phosphate
uridyl transferase

4. Tay sach’sdisease - Tyrosnase

5. Albinism - Glucose 1 - phosphatase

V. Answer thefollowing

1. Whatisaninbornerror of metabolism ?

2. Givethecauseand thesymptom of abinism

3. Explainthepathology of galactosemia

4. What arethe characteristic features of cancer cells?

5. What arethe causes of cancer ?
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CHAPTER VIl

Biological Oxidation

I ntroduction

Theoxidative degradation of carbohydrates, fatsand amino acids
at cdlular level needsoxygen and any metabolism after complete oxidation
formsCO, and H,O. Hence, any biologica oxidationtaking placeat tissue
level isassociated with the uptake of oxygen and rel ease of carbon dioxide
and rapidly liberatesenergy. Thishiological oxidation accompanied by
gpecific enzymesand coenzymesin astep wisefashioninvolvestheunion
between hydrogen atomswith oxygen atom to form water. During the
electron transport, the electronsare transferred from organic substrates
to oxygenyielding energy in the generation bond energy intheform of
Adenosinetriphosphates (ATP) from Adenosine diphosphates (ADP).
ATPandADP are known as high energy phosphates asthe cleavage of
phosphate bond inthemyield energy andinorganic phosphate. Thisenergy
is utilized for the anabolic and catabolic processes. The oxidative
phosphorylation enablesthe aerobic living organismsto capture afar
greater proportion of availablefree energy of theoxidizing substratesin
theformof ATP. Oxidationinvolving phosphorylationisavery vita process
and it is a continuous process and any disturbance of its function is
incompatiblewithlife.
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8.1 RedoxCouple

Always every oxidation is accompanied by a reduction
process. All such reactions aretermed as oxidation-reduction reactions
and shortly referred asredox. Theseredox reactions are associated with
movements of electron. The electron donor is called as reductant or
reducing agent and the €l ectron acceptor, the oxidant or oxidizing agent.
Thesystemwhichtransfer itselectronischanged into oxidant formwhile
the system whi ch accepts el ectrons gets converted to the reductant form.
Oxidation reduction systemissimplified and shown below (fig 8.1)

Red, OX,

OX{ Red,
Fig. 8.1 Oxidation-Reduction System

Electron donor—— » e + electron acceptor

A specific exampleisoxidation of ferrousirontoferriciron
indicatestheremoval of electron (e”) fromferrousiron.

Fet*+ p e + e

(Ferrousion) (Ferricion)

Since, theedectronisnot stablein thefreeformit getsattached to
another molecule and thus every oxidation isfollowed by areduction.
Alwaystheseredox reactionsare energy yielding. A direct transfer of
electronsfrom substrate to the oxidant would liberate asudden burst of
energy and most of it will bewasted by dissipation. Normally whenthe
electrons of hydrogen combine with oxygen resultsin explosion. In
biological system thisoxidation reduction processtakes place smoothly
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without increasing thetemperature becausethetransfer of hydrogen pairs
occursinastep by step processtill it reactswith oxygen. Thispermitsthe
liberation of energy in small amounts so that it can be captured and saved.

8.1.1 Redox Potential

In oxidation and reduction reactionsthe free energy exchangeis
proportionateto thetendency of reactantsto donate or to accept el ectrons.
Theaffinity for the e ectron by the oxidant iscalled the el ectron affinity or
redox potential. In biochemistry, the oxygen hasthehighest redox potentia
or electron affinity (E,) and thereforethe electron passfrom the systems
of hydrogen donorswhich havelower potentials. It isusual to compare
theredox potential of asystem (E,) against the potentia of the hydrogen
electrode, whichisat pH 0 designated as0.0 volts. However, inabiologica
systemitisnormal to expresstheredox potential (E) at pH 7.0 a which
theedectrode potentia of hydrogen dectrodeis- 0.42valts. Inthebiologica
system, the enzymes concerned with this oxidation reduction processes
aredesignated as oxidoreductases. Someof theredox potentialsaregiven
inthetable8.1.

Table8.1 Someof theredox potential of special interest

System E,(volts)

H*/H, - 042
Oxygen /water +0.82

tochrome a Fe3®/ Fe? +0.29
Cy
Cytochrome b Fe3*/ Fe? +0.08
Cytochrome c Fe®/ Fe? +0.22
NAD */ NADH+H* - 0.32
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A positive value for the standard reduction potential means
that acompound in question preferentially isreduced wheninvolvedina
redox reaction with hydrogen. A negative value meansthat acompound
inquestionispreferentialy oxidized. However, lisingsof standard reduction
potentialsare dwaysgivenintheform of areduction reaction.

8.2 Electron transport chain

Metallo Flavoprotein

Co enzyme Co enzyme

Flavm H, 1% 0O
X X X‘ Cytochromes
NADH+H Fe-Flavin

Dehydrogenase Protein

Fig 8.2 Electron Transport Chain

The electron transport chain (figure 8.2) consists of series of
proteinswhichtightly bound involvesthe passage of apair of electrons
from one chemical to the next, whereby each chemical in the sequence
haslessreduced energy than the previous. The electron transport chain
oxidizes (i.e. “burns’) the NADH+H * and FADH, cofactors, using
molecular oxygen asthefinal electron acceptor. Inthee ectron transport
chain electron carriers and hydrogen-el ectron acceptors are positioned
aternatively to carry thefunction. Therearethreedifferent regionsinthe
electron trangport chain, whereenergy isreleased. Ineachregionthereis
aformation of oneATP. All thesereactionsand capturing of energy takes
placeinmitochondria
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8.21 Componentsof mitochondriawith marker enzymes

The histochemical and ultra centrifugation studies clearly
established that the mgjor siteof cellular oxidationismitochondria. These
aresub cdllular organellesand quitevary in size and shape. Ellipsoidd,
spherical or rod shaped structures measuring about 0.5-5 1 inlength and
0.1-0.6p inwidth. Since, the energy released in the oxidation processis
convertedinto chemica energy (ATP). Mitochondria otherwisecalled as
power house of the cell. Hence the number of mitochondriain acell
dependsonit’ smetabolic activity. All the reducing equivalencethat can
rel ease energy during oxidation of carbohydrates, fatty acidsand proteins
areavailablein the mitochondria. In mitochondria, aseriesof cataysts
referred asrespiratory chain that collectsthesereducing equivalentsand
direct them towards oxygento form water.

The electron microscopic picture of the mitochondriashowsa
double membrane, an outer and inner membrane which consists of
different specific enzymes. Thefolding of theinner membrane producesa
number of partitionscalled cristaethat extend into the matrix. Theinner
membrane enclosesthematrix anditisvery selectiveinitspermesbility.
Inner membraneishighly complexinitsstructureand function. The space
between theinner and the outer membraneiscalled as| nter membrane
gpacewhichissurrounded by matrix. Themitochondriacontainsitsown
circular DNA and ribosomes. Somemitochondria proteinsarethuscoded
for and produced by the mitochondriaitself. Other mitochondria proteins
are coded by nuclear DNA, synthesized by cytosolic ribosomes, and
subsequently transported to themitochondria

Thegtructureof mitochondria(figure8.3) andthelocation of various

essential enzymesaregivenintheform of diagram. Sincetheseenzymes
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arelocated in specific placesand in position theseenzymes actsasmarkers
during isolation of mitochondrial sub fractionation. Such studiesrevealed
that intact inner membrane componentsare essentia for e ectron trangport
with energy capture.

dehydrogenase,

Fig. 8.3 Structureof Mitochondria

8.2.2 Membersof theelectron transport chain

Thedectrontrangport chainisinitiated by thereaction of anorganic
metabolite (intermediatein metabolic reactions) with the coenzyme NAD*
(nicatinamide adeninedinucl eotideisacoenzyme containing the B-vitamin,
nicotinamide). Thisisan oxidation reaction where 2 hydrogen atoms(or 2
hydrogenionsand 2 electrons) areremoved from the organic metabolite.
(The organic metabolitesare usually from thecitric acid cycleand the
oxidation of fatty acids—detailsinfollowing pages). Thereaction canbe
represented s mply where M = any metabolite.

MH,+NAD* ® NADH +H"+M: + energy
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Complex | - NADH dehydrogenase, also called NADH coenzyme Q
reductaselocated in theinner mitochondrial membrane and also contains
non hemeiron atoms. These dehydrogenase enzyme does not react with
oxygen instead an el ectron carrier isinterposed between the metabolite
and next member in the chain. These enzymes consist of aprotein part
and anon protein part which isacoenzyme. The co enzyme NAD* or
NADP" are utilized asthe prime carriersof hydrogen.

Complex |l - CoenzymeQ (Q for Quinone) or cytochrome ¢ reductase
isaUbiquinone. Itisintheinner membraneinthefreeform or protein
bound form. Coenzyme Q occupies the position between
metdlloflavoproteinsand cytochromeinthechain. At thepoint of coenzyme
the H* ion dissociate and go into solution, leaving the el ectronsto the
cytochromes.

Complex 111 -Cytochrome c oxidase. Cytochromesarevery similar to
the structure of myoglobin or hemoglobin. The significant featureisthe
heme structure containing theiron (Fe) ions, initialy inthe +3 stateand
changed to the +2 state by the addition of an electron. Cytochrome
mol ecul es accept only the el ectron from each hydrogen, not theentire
atom. Thesevera typesof cytochromeshold electronsat dightly different
energy levels. Electrons are passed a ong from one cytochrometo the
next inthechain, losing energy asthey go. Findly, thelast cytochromein
thechain, cytochromea,, passestwo electronsto molecular oxygen. .
These cytochromes are proteinsthat carry aprosthetic group that hasan
embedded metal atom. Theprotein‘steals theahility of themetal atomto
accept and rel ease el ectrons.

Complex 1V - ATPsynthase, also known asthe F F, particle hastwo
components F andF,
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(F-indicatesthefactor). F, protruding into matrix fromtheinner membrane
and F, embedded and extend acrosstheinner membrane. The protruding
F, isessentia for theenergy couplingtoATPmolecule. Careful removal
of thiscomponent (experimentally) leadstoimpairment inATPproduction
though theintact respiratory chainispresent.

8.3.3 Reactionsof electron transport

The electron acceptorsin the electron transport chain include
FMN, ubiguinone (coQ), and agroup of closely related proteinscalled
cytochromes. Thefigure 8.4 showsarrangement of the protein

+ + +
2H 2H 2H

) — J—

—

. NAD" —> FMN —> CoQ —> Cytochromes +0,—>H,0
—> 2e’ _ 2e’
(Hemin Fe)

Inner Membrane

Fig. 8.4 Simplified Electron Transport

Oxidative Phosphorylation in Electron Transport Chain consist of the
electrondonors
NADH+H*

FADH,

The coupled oxidation/reduction reactionis

NADH-+H* +1/20,
FADH, + 1/20,

H,O + NAD*
H,O + FAD
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This coupled reactions yield free energy NADH+H* yields
52 Kcal/mole asthe electronsfrom NADH+H* transfer to oxygen
consist of three pumps yield BATPmoleculeat 3 sitesFADH, yields
36 Kcal/mole astheelectron from FADH, transfer to oxygenthereare
two pumps yield 2 ATPmoleculeat 2 sites. The position at whichthe
energy captureoccurring asATParegiveninfigure8.5.

Cytochrome
NADH+H*  FMN  Q Cytochrome C Oxidase ©:

Complex|-Site1-ATP Complex111-Site2-ATP Complex 1V-Site3-ATP
NADH-Ubiquinone Cytochrome C reductase
reductase
ComplexIl FAD
Succinate-Ubiquinone
reductase

Fig.8.5 Arrangement of Proteinsin Electron Transport Chain

Spontaneousflow of electronsthrough each of therespiratory chain
complexesl, 111, & 1V iscoupled to g ection of H* fromthemitochondria
matrix toinner membranespace. The g ection of proton gradientisdone
through inner membrane protein, AT Pasethat usesreleased ener gy
todrivethe synthesis of ATP from ADP. Theterminal acceptor of
electronsismolecular oxygen and it isreduced to water. However not all
the energy released are captured as high energy phosphate bond and
liberated as heat. In warm blooded animals this heat is used for the
maintenance of body temperature. Theimportant respiratory control of
electron transport chain isthe availability of ADP, the substrate for
the ATP Synthase.

165



8.2.4 Inhibitorsof eectrontransport chain:

The use of inhibitors gives much information about the electron
transport chain. They areclassified as(a) inhibitorsof respiratory
chain, (b) inhibitors of oxidative phosphorylation, and (c)
uncouplersof phosphorylation.

(@ Inhibitors that arrest respiration are barbiturates like
amobarbital, antibioticlikepiericidin A , antimycin A and
fish poison retinone. The car bon monoxide and cyanide
inhibit cytochrome oxidase so that it cannot transport
electrons to oxygen. This blocks the further passage of
electronsthrough the chain, halting ATP production and life.

(b) Inhibitor sof oxidative phosphorylation areoligomycinand
atrctyloside.

(c) Uncoupler sdissolveinthemembrane, and functionascarriers
for H* or it can be an ionophores. Uncouplers block
oxidative phosphorylation by diss pating theH* electro chemical
gradient by an un coupling the essential linkage between electron
transport and ATPsynthesis. Un couplersare 2,4 dinitro phenal,
dinitrocresol, pentachol orophenol.

lonophores (ion carriers) arelipid soluble substance capable
of carrying specific ionsthrough the membrane. They dightly differin
their action from the uncouplers asthey al so transport cation other
than H* through the membrane. Valiomycin forms alipid complex
through which the K* ion readily pass through. The ionophore
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gramicidin induces penetration to H*, K* or Na* and uncouplesthe
oxidative phosphorylation.

8.3 Oxidative phosphorylation

Hydrogensor their electrons, pass down the electron transport
chainin aseriesof redox reaction. The el ectrons entering the el ectron
transport system have relatively high energy content. Asthey pass
along the chain of electron acceptors, they lose much of their energy,
some of which is used to pump the protons across the inner
mitochondria membrane. Theflow of electronsin the e ectron transport
isusually coupled tightly to the production of ATPwith the help of the
enzyme ATP synthetase, and it does not occur unless the
phosphorylation of ADP can also proceed. This prevents awaste of
energy, because high-energy electronsdo not flow unlessATP can be
produced. Becausethe phosphorylation of ADPtoform ATPiscoupled
with the oxidation of electron transport components, this process of
making ATPisreferred to as oxidative phosphorylation. The electron
transport and oxidative phosphoryl ation depends upon the avail ability
of ADPand Pi anditisreferred asacceptor control of respiration

8.3.1 Chemiosmotictheory

Peter Mitchell got the Nobel prizein 1978 for histheory of
chemiosmosis. Thechemiosmotictheory of Mitchell claimsthat
oxidation of componentsin respiratory chain gener ateshydr ogen
ion and g ected acr osstheinner membrane. The electrochemical
potential difference resulting from the asymmetric distribution of the
hydrogenionisused asthedriving force (potential energy). Thisconsist
of a chemical concentration gradient of protons across the
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membrane (pH gradient) also providesachargegradient. The
inner mitochondrial membraneisimpermeabl eto the passage of protons,
which can flow back into the matrix of the mitochondrion only through
special channelsintheinner mitochondria membrane. Inthesechannels,
the enzyme ATPsynthetaseis present. Asthe protons move down the
energy gradient (proton motive for ce = chemiosmotic energy) , the
energy releasesisused by ATPsynthetaseto produce ATP.

The chemiosmotic model explains that this electrochemical
potential difference acrossthe membraneisused to driveamembrane
located ATP synthetase which couplethe energy to ADP, to form ATP.
Protonsare pumped acrosstheinner mitochondrial membrane by three
electron transfer complexes, each associated with particular stepsinthe
electrontrangport system. Asdectronsaretransferred a ong theacceptors
intheeectron transport chain, sufficient energy isreleased at three points
to convey protonsacrosstheinner mitochondriad membraneand ultimately
tosynthesizeATP,

8.3.2 Roleof F —F  ATPase

ATPsynthetaseor F F, ATPase, hastwo major components, F_
and F, (Fforfactor). F, consistsof 5 polypegptides, with stoichiometry a,,
b,, 9, d, e TheF, component resemblesadoorknob protruding into the
matrix fromtheinner membrane. ItisattachedtoF_ by astalk, whichis
embedded intheinner membrane and extend acrossit. F_isacomplex of
integral membrane proteins. When F, iscarefully extracted (frominside
out vesiclesprepared) from theinner mitochondria membrane, thevesicles
still containintact respiratory chains. However, sinceit nolonger contain
the F, knobs, as confirmed by electron microscopy, they cannot make
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ATP. When apreparation of isolated F, isadded back to such depleted
vesi clesunder appropriate conditions, to recongtitutetheinner membrane
structure, with F, knobs, the capacity of theinner membranevesiclesto
carry out energy coupling between el ectron transport and ATPformation
isrestored. Thisshowsthe precisearrangement of these F_and F, make
the ATPsynthetaseto form complexescalled respiratory assemblies. It
isproposed that anirregularly shaped “shaft” linkedto F wasableto
produce conformational changesasfollows

1 A loose conformation inwhich theactivesitecanloosdly bind
ADP+Pi

2. A tight conformationinw’ " hich substratesaretightly bound and
ATPisformed

3. An open conformation that favoursATPrelease.

Astheprotonsmovedown theenergy gradient, theenergy releases
isused by ATPsynthetaseto produce ATP.

8.4  High energy compounds

Thehigh ener gy compound istheATP. Theother high energy
compoundsincludeADR1,3-diphospho glycerate, phosphoenol pyruvate
and al so creatine phosphate.

The phosphate group of the high energy phosphate may transfer
directly to another organic compound. For thisreason theterm group
transfer potential ispreferred by somehigh energy bond. However, the
phosphorylated compound may or may not have high energy phosphate
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bond, though thetota energy content of the moleculeishigher thananon
phosphorylated compound.

Storageform of high energy compounds

They are called as phosphogens and help to store the high
energy. The examplefor thisisthe creatine phosphate present in the
vertebrate muscles, thereaction worksin both directionsitisareversible
reaction formATPwhen ATPisrequired. When ATPismore, creatine
reactswith ATPand formsthe phosphocrestine.

8.4.1 1,3-diphosphoglycerate

?of 0 - PO~ ra c‘:of o
H- ? ~OH +ADP  Phosphoglycerate  H- (‘3 “OH  +ATP
kinase :
CH,—0O- PO, CH, -0~ PO,
1,3-diphosphoglycerate 3-phosphoglycerate

One of the phosphate groups undergoeshydrolysisto formthe
acid and aphosphateion, giving off energy. Thisfirst energy producing
reaction iscoupled with the next endothermic reaction making ATP. The
phosphate is transferred directly to an ADP to make ATP and thisis
catalysed by phosphoglycerate Kinase enzyme. Since one molecul e of
glucoseyield 2moleculeof Glyceraldehyde 3-phosphate, 2 highenergy
ATPareproduced for one molecule of glucose.
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Role of Phosphoenal pyruvate

Phosphoenol pyruvate, whichisformed during breakdown of glucose
tolactic acid, donatesits phosphate group to ADPin areaction catalyzed
by Pyruvatekinase. One of the phosphate groups undergoeshydrolysis
toformthe acid and aphosphateion, giving off energy. Thisfirst energy
producing reaction iscoupled with the next endothermic reaction making
ATP. The phosphate can only exist asthe high energy enol form. Thus,

when the phosphate group isremoved, the pyruvate can revert back to
the stable, low-energy keto form and the surplus energy is released.
Production of ATPinthisreactioniscontrolled by pyruvatekinase

CO-O ) CO-O CO-O
‘ Pyruvate kinase | Spontaneously \
C-0- PO, %*OH ‘c:o
I / \
CH, ADP  ATP CH: CHj
Phospho enol pyruvate Enol pyruvate Pyruvate

Actually, thisreaction takes placein two steps. First theenolate
form of pyruvateisformed, then thetransfer of the phosphate group to
ADP occur as second step. Theketo pyruvic acid may reduced to lactic
acidinthelack of oxygen. Mitochondriaisnotinvolved. Sinceone
molecule of glucoseyield 2 moleculeof Glyceraldehyde 3 phosphate,
2 highenergy ATPareproduced for one molecule of glucose.

Phosphocreatine

ADP ATP
NH ~(®) NH,
/ /
HN =C HN=C
\ N—CH,~CO0 \ N—CH,— COCH
(|3H3 ) Creatine Kinase (|3H3
Phosphocreatine Creatine
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Phosphocreatineisaphosphogen and it interactswith ADPto
form ATP. When ATP is more creatine reacts with ATP and forms
phosphocreatine. The enzymeinvolvediscreatine kinase. Thisenergy
transfer from creatine phosphate toADP helpsto produceATPmolecule
to provide energy during muscle contraction.

8.4.2 ATP ashigh energy compound

ATPisthemost widely distributed high-energy compound within
the human body. Adenosinetriphosphate (ATP) isauseful free-energy
currency becausethe dephosphorylationreactionor hydrolysis, yieldan
unusually lar geamount of energy; i.e., it releasesalarge amount of free
energy. “High energy” bonds are often represented by the ~” symbol
(squiggle), with ~P representing aphosphate group withahigh freeenergy
on hydrolysis. The termina phosphate group is then transferred by
hydrolysis to another compound, a process called phosphorylation,
producing ADP, phosphorylated new compound and energy. Thus, the
dephosphorylation reaction of ATPtoADP and inor ganic phosphate
isoften coupled with non spontaneousr eactions. Generally, ATPis
connected to another reaction—aprocess called coupling which means
the two reactions occur at the sametime and at the same place, usually
utilizing the same enzyme complex. Release of phosphatefromATPis
exothermic (areactionthat gives off heat) and thisreaction isconnected
to an endothermic reaction (requiresenergy input in order to occur). The
freeenergy yielded can be coupl ed to endothermic reaction and useful for
theworkssuch as.

Chemical work: ATP energy isconsumed to synthesizemacromolecules
that make up thecell.
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Trangport work: ATPenergy isutilized to pump substances acrossthe
plasmamembrane.

M echanical wor k: ATP provides energy to contract the musclesof the
body.

Sometimethe phosphate group can betransferred to an acceptor
moleculeand such group transfer potential areassociated with somehigh
energy compound. Thus, ATPact asacommon intermediate that serves
asavehiclefor transfer of chemica energy.

8.4.2.1 Structureof ATP

ATPisan abbreviation for adenos netriphosphate, acomplex
moleculethat containsthenucleos deadenosine, riboseand atall consisting
of three phosphates.

Adenosinetriphosphate ’l\“‘*z
~-C
NT ¢ N\
ATP | cn
%N/C\N/
- o o
Lo los
0—pP~0—P~0—P— 0L,
I LN
0O o0 o0 M S
F||\c:—(:2- H ADP+Pi = ATP+H,0
(l)H (l)H requires energy: 7.3 kcal/mole

Fig.8.6 Adenosinetriphosphate

The bond isknown asa*high-energy” bond and is depicted in the
figure 8.6 by awavy line. The bond between the first and the second
phosphateisalso* high-energy” bond.
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8.4.2.2 Freeenergy of hydrolysisof ATP

ATP+H,O—> ADP + Pi + energy released

DG° =- 7,300 calories/mol =- 7.3 kcal/mol = - 30.5 kJ/mol (DG° measured at 37°C)

ATPissometimesreferredtoasa“High Energy” compound. High
energy inthiscasedoesnot refer totota energy in compound, rather just
toenergy of hydrolysis. ThusATPhas alarger negative DG for hydrolysis.
For biochemistry High Energy isdefinedintermsof ATP: if acompound' s
freeenergy for hydrolysisisequal to or greater than ATP sthenitis“High
Energy,” if itsfreeenergy of hydrolysisislessthan ATP sthenitisnot a
“high energy” compound. Notethat ATP hastwohighenergy anhydride
bonds (AMP ~P~P). DG of ATPhydrolysisalso dependson thelocal
environmentsit varieswith pH, divalent metal ion concentration, ionic
strength and Consumption of ATP.AnE,  of -7.3 kcal /mol requires
ATP, ADP, and phosphateto be present at equal concentrations. Incells,
however the concentration of ATPisoften 5to 10 timesthat of ADP.

Asaresult, thefreeenergy of ATPhydrolysisisabout -12 kcal /
mol. Onemust be clear that the bond energy generaly meant by physical
chemist isthe energy required to break a covalent bond between two
atoms. Sincerelatively alarge amount of energy isrequired to break a
covaent bond, the phosphate bond energy istotally adifferent one.
Phosphate bond energy specificaly denotesthedifferenceinthefreeenergy
of thereactantswhen phosphorylated compound undergoeshydrolyss.
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8.4.2.3 Mono (ortho) phosphate cleavage and Pyrophosphate
cleavage

ATPmay under go either an orthophosphate or pyrophosphate
cleavage duringit’ sutilizationinbiosynthetic pathways. InanATPmolecule,
whentheterminal phosphateiscleavedit iscalled asmono phosphate or
ortho phosphate cleavage.

00
Adenosine'—QO—P ~O0—P~O0—P— OH + H,0 —» ADP+ Pi + energy

| | |
OH OH OH

However, inmany ATPutilizing reactionsinstead of oneterminal
phosphatetwo termina phosphate groupsareenzymatically hydrolyzed
togive apyro phosphate molecule and alargeamount of energy whichis
greater than the mono phosphate or ortho phosphate cleavage.

P00
Adenosine—O0—P~0—P~0—P— OH +H,0 —> AMP+Pi ~Pi +energy

| | |
OH OH OH

Pyrophosphate (PP) isoften the product of areaction that needs
adrivingforce. Itsspontaneoushydrolys's, catayzed by Pyrophosphatase
enzyme, drivesthereaction for which PPi isasubstrate. The DG (free
energy) for thispyrophosphate cleavageis 10.0 Kcal./mol and thusan
extrathermodynamic push isgiven to certain enzymatic reaction which
require more energy than that of amono phosphate cleavage and assure
the compl eteness of certain biosynthetic reactions.
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Exer cises

| . Choosethecorrect answers

a)

b)

c)

Which of thefollowing isthe high energy compound
i) Glyceraldehyde i) AMP
i11i) Pyrophosphate Iv) Lactate

Which of thefollowingisinvolvedin Electron trangport chain
(ETC)

i) Adenosin if) Non hemeiron protein
i) Cregtinephosphokinase  iv) Adenylasecyclase

Respiratory control of e ectron transport chain dependson
i) ATPsynthetase i) ADP
iii) lonophores iv) Cregtine

Pyrophosphate cleavageleadsto

i) moreenergy cleavageleadsto wastage

if) completenessof certain bio synthetic reaction
iii) Transfer of phosphate group to another molecule
iv) activation of Electrontransport chain

€) Succinatedehydrogenasein mitochondria, is amarker of

) Innermembrane i) Outer membrane
iif) Inter membrane space Iv) Matrix
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Fill in theblanks

Processinvolving gainof electrons is and
lossof electronis

b. Oxidation reduction reactionsare other wisecalled as

Direct transfer of energy from Phosphoenol pyruvateisan example
for

Inthemusclecellsenergy isstored intheform of

Uncouplers inETC are , and

Say Trueor False

Inmusclecell, when ATPislow the creatine phosphateis converted
toATP

b. WhenFADH, issubstratein ETC, threemolecule of ATPisformed

© 2P T

F, factor isnot essential for oxidative phosporylation
Hydrolysisof ATPto ADP givesmorethan 7.3 kilo calories of
energy

Removd of termina phosphate group fromATPiscalled
monophosphate cleavage

. Match thefollowing
Cyanide Reductant
NADH Inhibitscytochrome oxidase
Uncouplers Proton motiveforce
F andF, particle DissipatetheH * gradient
Chemiosmoticenergy isa ATPsynthetase
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Short answers

Energy conservation occursin what transport system?
What isknown as power house of thecell?

What areionophores?

d. Whatistheroleof a phosphagens?

o

o

Roleof Creatinephosphatein muscle?
Answer thefollowing

Who proposed the chemiosmotic theory ?

What isthe other name of ATP synthetase?

Cyanideinhibitswhich componentsof ETC?

Inwhich part of Mitochondria, the ETC chain proteinsarelocated?

What isthe other name of cytochrome C reductase ?

. Answer in detail

Describe Chemiosmotic theory
Siteat whichATPare produced
Pyrophosphate cleavage

High energy compounds

M ention the specific enzymethat marksthedifferent components of
mitochondria
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CHAPTER IX

Enzyme Kinetics

I ntroduction

For all enzymatic processes the rate of the reaction depends
upon theconcentration of theenzymeand itssubstrates, other conditions
liketemperatureand pH being congtant. Figure 9.1 showsthereationship
between the substrate and product concentrations.

Product

Concentration—p

Substrate

Time course —»

Fig.9.1 Relationship between substrateand product concentrations

Although theveocity increaseslinearly with enzyme concentration,
at congtant enzyme concentrationitincreaseshyperbolicaly asthesubstrate
concentration increases. Thisindicatesthat the enzyme hasadefinite
number of sitesto combinewith substrate. When all sitesare occupied,
no further rate enhancement occursand theenzymeissaturated with the

substrate.
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9.1 Derivation of M - M Equation

Leonor Michaelis and Mand L. Menton in 1913 proposed a
successful explanation for the effect of substrate concentration onthe
enzymeactivity.

According to them theenzyme E , and the substrate S combines
rapidly to form a complex, the enzyme substrate complex ES. This
complex then breaksdown relatively and dowly to form the product P of
the reaction .These sequence of reactions can be represented in the

following equations

Kl

E + S K, ES Stepl
K3

ES — E+P Step2

4

K, &k, aretherate constants of the forward and backward
reactions(step 1)

K, &k, are therate constants of the forward and backward
reactionsrespectively (step2)

Thisistrueonly for theenzymereactions which fulfill the
following conditions

i. only asingle substrate and asingle product areinvolved.
ii. thereaction proceedsessentially to completion.

lii. theconcentration of the substrateismuch greater than that of
theenzymeinthesystem.

Iv. anintermediate enzyme substrate complex isformed.

v. therateof decomposition of the substrateisproportional to the
concentration of the enzyme substrate complex.
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Itisassumedthat theconcentration of S ismuch greater than
that of E andthat only initial velocitiesaremeasured,whereonly asmall
fraction of Shasbeen converted. Under these conditions, concentration
of P ® ES canbeignored.

Applying law of massaction to thefirst step of thereactionin
which k and k, arethe rate constants for the forward and backward
reaction respectively,

Therateof forwardreaction =k [E] [ @)

Therate of backward reaction=Kk, [ES] (2

Applying law of massaction to the second step of thereactionin
which k,and k arethe rate constants for the forward and backward
reaction respectively,

Therateof forward reaction= k,[ES] (3)

Therate of backward reaction can be neglected.
Thetotal enzymein the system can berepresented as,
[Et] = [E] +[ES] (4)
Where[E] isthe uncombined free enzyme concentration, [ES]

theenzyme substate concentration and [ Et] thetotal enzyme concentreation.
Thevelocity of theoveral reaction is

V =k, [ES] ©)
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Thisistheactud rateequationfor theoveral reaction butitisnot
useful since neither k, nor [ES] can be measured directly. Itisassumed
that the reaction proceeds at steady state wheretherate of formation of
[ES] equalstotherate of degradation of [ES].

Therateof formation of ES, V. isproportional to Eand Sasin
any second order reaction.

V.= k, [E] [S]

= k, ([E] -[ES])[S] (6)
Therate of disappearanceof (ES), V is
V,= k,[ES] +k, [ES]

= k,+ Kk, [ES] (7

Sinceinthe steady stateV, =V,

k, ([E] -[ES]) [S] =k, +k, [ES] (8)

Rearranging thisequation gives

[S] ([Et]-[ES]) Kk, +k,
= = Km 9)
[ES] k

1

whereKm istheMichaelis—Menton constant, an useful parameter
characteristic of each enzymeand asubstrate.
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Rearranging thisequation by solvingfor [ES)]

[S] [Et] -[S] [ES]

= Km (10)
[ES]

K, [ES] =[S] [Et] -[S] [ES]
K, [ES] +[S] [ES] =[S] [E{]
[ES] (Km+[S]) =[S] [E]

[E][S]
[ES] =

(11
Km+[S]

Accordingtothepreviousequation (5), V =k, [ES] . Substituting
thevalueof [ES] (11) inthisequationweget ,
KJIEt [S]
V= — (12
Km +[S]

Themaximal velocity V__ isequd to
V. . =K [Et] (13)

m

subdtituting thevalueof k,[Et] in theequation (12), thefinal Michaglis
—Menton rate equation becomes,

Ve [S]
V= — (14)
Km+[S]
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Now, whenV isequal to half of the maximum vel ocity,

ie, V=V_/2

V..V __.[S
Thus = (15)
2 Km +[S]
Rearranging,
Km+[S] = 2[F]
Therefore, Km = []] (16)

9.1.1 Km ValueDs€finition

Km isdefined asthe concentration of the substrate at whichthe
velocity of thereaction ishalf maximal. It isindependent of enzyme
concentration. Theunit of Kmismolesper litre. Thus, Michadis—Menton
constant may be determined by a plot commonly known asM-M plot
obtained by plotting substrate concentration [§] versusrate of thereaction
[V] (Fig9.2).

Reaction rate V

Km

Concentration of substrate [9]

Fig.9.2 MichaelisMenton Plot
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9.1.2 Lineweaver —Burk Equation
Transformation of theMichaelis—Menton equation

Thevalueof Km may be obtained more accurately from the
Lineweaver - Burk equation whichisobtained by taking thereciprocal of
both sides of the Michaeglis—Menton equation.

WV = Km+[S]/V__[9] (1)
Rearranging thisequation ,wehave

W =Km/V__[S+[9/V,_I[S] (2
which isfurther smplifiedto

W =Km/WN__.U[§+UV__ (3)

A plotof 1/V versus /S (adoublereciprocd plot) yieldsagtraight
linewiththedopeof Km/V _ andordinateinterceptof 1/V _ . Sincethe
sopeandintercept arereadily measured fromthegraph, theV,_ andKm
can beaccurately determined (Fig 9.3).

w
Km /v__ (slope)

/ WV __ (ordinateintercept)

-UKm 1/[9]

Fig. 9.3 Lineweaver - Burk Plot
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9.2 EnzymeAction

Themolecular eventsthat accompany the conversion of substrate
into products congtitute the mechanism of enzymeaction. Enzymeaction
onitssubstrate resultseither intheformation or degradation of chemical
bondsin the substrate molecules.

9.21 ESComplex Formation

According to Michaglis—Menton theory, theenzyme E combines
with the substrate Sto form an intermediate enzyme substrate complex
ES. Thiscomplex then breaks down into product P and enzymeE is
regenerated. The enzyme can again combine with the fresh molecul e of
thesubgtratein s milar manner. Theformation of enzymesubstratecomplex
asan intermediate during the reaction has been proved by spectroscopic
studies. So, asimpleenzymatic reaction might bewritten as

E+S =—= ES =< > EP< ~FE+P

Where E, S and P represent enzyme, substrate and product
respectively. ESand EP are complexesof theenzymewith substrateand
product respectively. At the end of the reaction along with therequired
productstheenzymeisregeneratedinitsorigina formand caninvolvein
another round of catalysis. ES complex isahighly energised, transently
existing complex which can be easily degraded to form the product.

In the formation of enzyme substrate complexes, the substrate
moleculesattach at certain specific stesontheenzymemolecules. These
specific pointson enzymemol eculeswherethe substrate mol ecul esattach
areknown asactivesiteor cataytic site.
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Active sites on the enzymes are usually provided by certain
functiona group of amino acidspresentintheenzymeprotein. For example,
freehydroxyl group of serine, phenolic group of tyrosine, sulfhydryl group
of cysteineand imidazolyl group of histidineare someof theimportant
catal ytic groups present in enzyme active sites.

9.2.2 Theoriesof Active Site

INn 1894, Fischer proposed that the substratefitsinto the active
siteof theenzyme asakey fitsinto thelock (Fig 9.4). Becauseof this
model, thetheory isknown aslock and key theory of enzymeaction.

ﬁ Enzyme - substrate
Q complex

substrate

Enzyme

Fig 9.4 Lock and Key Theory of Fischer

Accordingtolock and key theory, thereareexact functiond groups
and structural featuresin the enzymeinto which substrate molecule must
fit. Theregion of the enzymethat complexeswith thesubstrateiscalled
active site or catalytic site. The theory cannot be applied for al the
enzymatic reactions becausein some reactionsthe substrate molecules
and the active site are not structurally similar to fit in with each other.
Moreover, in certain casesthe cata ytic activity isobserved eventhough a
fitisimpossble.
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Later, lock and key theory wasmodified by Koshlandin 1963in
theformof ‘inducedfit mechanism’. Theessentia fegtureof thistheory is
theflexibility of theenzymeactivesite. InFisher modd, theactivesteis
presumed to bearigid preshaped structuretofit the substrate, whileinthe
induced fit model the substrateinducesthe conformational changeinthe
enzyme (Fig 9.5), so that the substrate and active site come closeto each
other in such away that the substratefitsthe active sitein amore conve-
nient manner.

Enzyme - substrate

_— complex

+
|_| substrate

Enzyme l

O

products |—|
O

Enzyme

Fig. 9.5 Induced Fit Model of Koshland

Theactivesiteontheenzymemoleculeexertsabinding forceon
the substrate mol ecul e by hydrophilic and hydrophobic catalytic groups.
Enzyme substrate complexesareformed by multiple bondingi.e., cova
lent, electrostatic and hydrogen bonding with the substrate. Thefunc-
tional group at the active siteare arranged in adefinite spatial manner so
that the ES complex formationisfavourable.

Many enzymesrequire non proteinous group caled ascoenzymes
for thar maxima activity. Theenzymesrequiring coenzymesfor ther activity
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also possess sites for the attachment of co-enzymes. The complexes
formed in such cases are known as enzyme-substrate-coenzyme com-
plexes.

Certain enzymesrequireametal ion, in additionto coenzymefor
their full activity. Thesemetdlicionsarecalled positivemodifiersof en-
zymeactivity. Examplesof such enzymesincludea cohol dehydrogenase,
peroxidase, catal ase and xanthine oxidase etc., which contain sitesfor
binding metal ions. Theremova of metal from theseenzymesoftenresults
inpartiad or total lossof enzymatic activity. Theseenzymesareotherwise
caled asmetallo enzymes. Thecommon metallicionsrequired for enzy-
matic activity are K*, Cu*, Mg**, Ca™* etc.

9.3 Enzymelnhibitor - Concepts

Theratesof enzyme catalysed reactionsare decreased by specific
inhibitors. Inhibitors are compounds that combine with enzymes and
prevent enzyme and substrate from forming ES complex. Thetoxicity of
many compoundssuch ashydrogen cyanide and hydrogen sulphideresults
from their action asenzymeinhibitors. Many drugsalso act toinhibit
specific enzymes. Thus, knowledge of enzyme inhibitorsisvital to
understand drug action and toxic agents.

Compoundswhich convert the enzymesinto inactive substances
and then adversdly affect therate of enzyme catalysed reactionsarecalled
asenzymeinhibitors. Such aprocessisknown asenzymeinhibition. Two
broad classes of enzymeinhibitorsare generally recognized. They are
reversbleandirrevergbleinhibitors. Thisdependsonwhether theinhibition

can bereversed or not.
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9.3.1 ReversbleEnzymelnhibition

A reversbleenzymeinhibitor dissociatesvery rapidly fromitstarget
enzyme becauseit becomesvery loosdly bound with theenzyme. Three
general types of reversible inhibition is observed: competitive, non-
competitiveand un-competitive, depending on thefollowing factors.

1. Whether theinhibitionisover comeor not by increasing
the concentration of thesubstrate.

2. Whether theinhibitor bindswith theactivesteor Steother
thantheactivesite (dlogtericsite).

3. Whether theinhibitor bindswith thefreeenzymeonly or
with theenzyme substrate complex only or with either of
thetwo.

9.3.1.1 Competitivelnhibition

Competitiveinhibitorscan combinereversibly withtheactiveste
of enzyme and competewith the substratefor binding withtheactivesite.
If thesiteisoccupied by theinhibitor it isunavail ablefor the binding of the
subgtrate (Fig 9.6). Thecompetitiveinhibitor dwaysresemblesthestructure
of thesubstrate. In some cases competitiveinhibitorsareexact structural
ana ogues of thesubgtrates. The combination of acompetitiveinhibitor (1)
with enzyme (E) can bewritteninthesame manner as combinationwith
substrate, although the inhibitor cannot be chemically transformed to
products.

E+| =—— El
K. = [E] [I]/[E]]
K. isequal to thedissociation constant for the enzyme—inhibitor
complex El.
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The degree of inhibition depends upon therelative concentration
of the substrate and theinhibitor. 1t also dependson therdativeaffinity of
inhibitor towardsenzymeactive site. Thus, by increasing the substrate
concentration we can decreasethe degree of inhibition keepinginhibitor
concentration at constant level.

Theclassc exampleistheinhibition of succinate dehydrogenase
by mal onate and other dicarboxylic acids. Succinate dehydrogenaseisa
member of thegroup of enzymes catalyzing the Krebstricarboxylic acid
cycle

COO - COO -
by b
C||2H2 Suc‘ci nate dehydrogenase H|T|2
COO - COO -
Succinate Fumarate
COO -
o
COO -

Malonate ( acompetitiveinhibitor of
succinate dehydrogenase )
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It catalyzesthe removal of two hydrogen atoms from the two
methylene carbon atomsof succinate. Succinate dehydrogenaseisinhibited
by mal onate, which resembles succinatein having twoionized carboxyl
groups.

Many micro organismslike bacteriasynthesizethevitaminfolic
acid from para-aminobenzoic acid. Sulphanilamideand other sulfadrugs
arestructural anaogs of para-aminobenzoic acid. So, sulfadrugsact as
competitiveinhibitor and occupy the active site of some bacterial enzyme
catalyzing thisreaction. When thisreactionisaffected, it blocksthefolic
acid biosynthesiswhichisessentia for the growth of micro organisms,
ultimately resultsinthe death of the micro organisms. Thus, many sulfa
drugsact asantibiotics

®+ Q:\@

Enzyme substrate  Enzyme - substrate
+ complex
Q [nhibitor l
ﬂ Products

(N~

Enzyme- inhibitor
complex

Fig. 9.6 Competitiveinhibition
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9.3.1.2Un-competitivel nhibition

Thistypeaf inhibition occurswhen aninhibitor combinesreversbly
only with ESto form ESI which cannot yield the products.

ES+I ES

K. = [ESI]/[ES] [I]
K. = dissociation constant of ESI complex.

Anun-compstitiveinhibitor dsobindsat analostericsteand the
binding takes place only in enzyme substrate complexes and not with the
freeenzymemolecule (Fig 9.7).

() - a—(an)

Enzyme Substrate Enzyme - substrate complex
+

Inhibitor D
i

Products /
- /

Enzyme- Substrate
inhibitor complex

Fig.9.7 Uncompetitiveinhibition
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9.3.1.3 Non-competitive I nhibition

In this type of inhibition no competition occurs between the
substrate and theinhibitor and theinhibitor hasno structural resemblance
with the substrate and it bindswith the enzyme at aplace other than the
activesite. Sincel and Smay combineat different sites, formation of both
El and ESI complexestakesplace (Fig 9.8). Theenzymeisinactivated
when inhibitor is bound, whether the substrate is present or not. Non
competitiveinhibition in contrast to competitiveinhibition cannot be
overcome by increasing substrate concentration. For example various
heavy metd ionssuchasAg*, Hg?, P?* inhibit theactivity of avariety of
enzymes. Urease can beinactivated by any one of these metal ions.

+l +
E El: ES ESI: K = [E] [I]/[E)] or [ES] [1]/[ESI]

-1 -1

(). a—(an

Enzyme substrate  Enzyme - sbstrate complex

Inhibitor [ ] Inhibitor [

s

Enzyme - inhibitor Enzyme substrate -

complex inhibitor complex

Fig. 9.8 Noncompetitiveinhibition
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9.3.2 Irreversible Enzymelnhibition

Irreversibleinhibitors are those that combinewith or destroy a
functiond group ontheenzymethat isessentid for itsactivity. Theirreversble
inhibitor dissociatesvery dowly fromitstarget enzymebecauseit becomes
very tightly bound toitsactivesite, thusinactiveting theenzymemolecule.
The bonding between theinhibitor and the enzyme may be covalent or
noncovaent.

Examplesof Irreversiblelnhibition

1. Alkylating agents such asiodoacetamide, irreversibly inhibit
the catalytic activity of someenzymes by modifying cysteine
and other side chains.

2. Organo phosphorous compounds such asdiisopropyl phospho-
flouridate are potential irreversibleinhibitors of enzymesthat
have active seryl residuesat their catalytic sites.

Exercises
I. Choosethecorrect answer from thefour given alternatives

1 EScomplex formationis
a) areversiblereaction
b) anirreversiblereaction
C) anenergy consuming reaction

d) acompletereaction
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According to MichaglisMenton theory

a onlyasnglesubgrateisinvolved

b) theconcentration of substrateismuch greater than that of
enzyme

C) anintermediate enzyme substrate complex isformed

d) dltheabove

Thereciprocal form of M-M equation was considered by
a Lineweaver - Burk

b) Fscher

c) Kaoshland

d) Dixon

Lock and Key theory was proposed by
a) Dixon

b) Fischer

c) Koshland

d) MichaglisMenton

Anexact structura smilarity withthe substrateisneeded for a
a) comptitiveinhibitor

b) uncompetitiveinhibitor

C) noncompetitiveinhibitor

d) irreversbleinhibitor
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. Fillintheblanks

Whilederiving MichaglisMenton equation it should be considered
that the concentration of ismuch greater than that of
the inthe system.

Thetotal enzymein Michaelis Menton equation isrepresented as

Koshland proposed theory.
Metal requiring enzymesare otherwiseknown as

In typeof inhibition, theinhibitor hasgot attraction
towards ES complex.

. Say Trueor False.

Enzyme substrate complex isapermanent stable complex.
Malonateisthe competitiveinhibitor of succinatedehydrogenase.
Anenzymesubgtrate complex isformedindl theenzymatic reactions.
The degree of competitive inhibition cannot be decreased by
increasi ng the concentration of the substrate.

Anuncompetitiveinhibitor hasaffinity towardsEScomplex.

. Match thefollowing
Enzymes - WV vslS
EScomplex - ESI complex
K - Ungableand highly energetic
Lineweaver - Burk plot - Biocatdysts
Uncomptitiveinhibition - Aconstant factor
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Giveshort answer for thefollowing

DefineKm

What isthe nature of active siteaccording to lock and key
theory ?

What iscompstitiveinhibition ?

What isinduced fit theory ?

What isirreversbleenzymeinhibition?

. Answer thefollowing

Derive MM equation.

How isLineWeaver Burk plot arrived ?

Explainthe concept of competitiveinhibition

What isthe action of mal onate on succinate dehydrogenase ?
Compare competitiveand non-competitiveinhibition.
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CHAPTER X

Immunology

I ntroduction

TheLainterm”immunis’ meaning“ exempt” gaverisetotheEnglish
word “immunity”, which refersto the mechanismsused by the body to
protect against environmental agentsthat areforeign to the body. These
agentsmay bemicroorganismsor their products, foods, chemicals, drugs,
pollenor anima hair.

10.1 Infections

Theinvasion and multiplication of a parasitein or on the
surface of host tissue constituteinfection. Infection and immunity
involve interaction between the body (host) and the infecting
microorganism. Based ontheir relationship to their host, microorganisms
classified as saprophytes (freeliving microbesthat subsist on dead or
decaying organic matter, mostly found in soil). Parasites (establish
themsavesand multiply in hosts (it may be pathogens- disease producing)
or commensals (without causing any damageto the host-normal flora).
Infectionsmay beclassfiedinvariousways.

199



Primary infection
Secondary infection

Focal infection
Crossinfection

Reinfections

Nosocomial infections :

L atent infection

Sour cesof infection

. Firsttimeinfectionwithaparasiteinahost.
: When new parasite setsup aninfectionina

host whose resistance is lowered by a
preexigting infectiousdisease.

. Infectionor sepsisat localized Sites(tonsils).
: When a patient already suffering from a

diseaseanew infection isset up from another
host or another external source.

. Subsequent infectionsby the same parasitein

the host.
Crossinfection occurringin hospitals.

: Some parasites, following infection, may

remaninthetissuesinalatent or hiddenform,
multiply and producing clinical diseasewhen
thehost resistanceislowered.

. Many pathogensareabletoinfect, which may

befrom

1. Human beingsto human beings, or from animalsto human beings
(Zoonotic diseaseeg—Plague).
2. From insectsto human beings (arthropod bornediseaseeg Malaria).

3. Fromsoil, water and contaminated food. Thismay enter thehost by
ether, direct contact (contagiousdisease) or indirect (likeclothing).

It may aso occur by

i) Inhalation of pathogen (Influenza)
i) Ingestion of food or drinks contaminated by pathogens
iii) Inoculation directly intothetissuesof thehost (Tetanus spores).

iv) Congenitally some pathogens(eg) rubellavirus) areableto cross
the placental barrier and infect the fetus in utero (Vertical

tranamisson).
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Infectiousdisease may belocalized ( superficial or deep-seated)
or generdized (spreading through tissuespacesand circulation). However,
it can be Endemic (whenasmall number of casesoccur congtantly among
the population of acommunity eg: Typhoid), Epidemic (Thediscaseflares
up and large number of casesdevel op withinacommunity withinashort
time. eg: Influenza) or Pandemic ( when an epidemic becomes very
widespread areasin theworldinvolving large number of peoplewithina
short period).

10.1.1 Bacteria

Bacteria are unicellular prokaryotic organisms.Based on the
structure and shape three major group of bacteria namely, Bacillus
(cylindrical forms), Coccus (spherical forms) and Spiral. Humansand
anima shaveabundant normal flora(microbes) that usualy do not produce
disease under normal healthy condition. The pathogenesis of bacterial
infectionincludesinitiation of theinfectious processand mechanismsthat
lead to the devel opment of signsand symptomsof disease. Many bacteria
infections are considered pathogenic, though they are unapparent or
asymptométic.

Table10.1 Infection/ Disease and Causative Agents

Infection /Disease Causative agent
Tuberculoss Mycobacteriumtuberculosis
Meningitis Haemophilusinfluenzae
Cholera Vibrio cholerae
Bacillary dysentery Shigella species
Botulinum(food poison) Clostridium botulinum
Tetanus Clostridium tetani
Leprosy Mycobacteriumleprae
Typhoid (Enteric fever) Salmonella typhi
Syphilis Treponema pallidum
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10.1.2 Viral infections

Virusareacellular obligateintracellular parasites. It contain only
onetypeof nucleic acid, it may beeither single or double stranded DNA
or RNA. Theextracdlular infectiousvirusparticleiscdled thevirion. The
virion consistsof nucleic acid surrounded by aprotein coat called capsid
which protects the nucleic acid from deleterious environment and to
introduceviral genomeinto thehost cellsby adsorbing readily tothecell
surface.

Pathogenesisof viral infection

Viral diseasesrange from minor ailments such asthe common
coldtoterrifying diseasessuch asRabiesand Acquired Immune Deficiency
Syndrome (AIDS). They may be sporadic like Mumps, endemic like
Infectioushepatitis, epidemiclike Denguefever or pandemiclikelnfluenza
Depending on theclinical outcome, viral infectionscan beclassified as
unapparent (sub clinical) or gpparent (Clinical or overt) infections.

Table 10.2 Disease and Causative Agents

Disease Causative agent

Chicken pox Vaicdla

Burkitt’ slymphoma Epstein Barr virus

Pneumonia Adenovirus

Poliomyditis Poliovirus

Mumps Mumpsvirus

Rabies Rabiesvirus

Jaundice HepatitisA

AIDS Human Immuno Deficiency Virus
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10.1.3 Fungi

Fungi are eukaryotic protista, recognized as causative agents of
human disease earlier than bacteria. Fungi possess rigid cell wall
containing chitin, mannoseand other polysaccharides They divideasexudly,
sexually or by both processes. They may be unicellular or multicellular.
Depending onthe cell morphology fungi canbedividedintofour classes-

)  Yeasts . Unicdlular fungi which occur assphericd and
reproduce by smplebudding

i)  Yeastlikefungi : Grow partly asyeast and partly aselongated
cells resembling hyphae form a pseudo
mycdium

i)  Moulds . Truemycdiaand they arereproduced by the
formation of different typesof spores.

iv)  Dimorphicfungi : Occur asfilaments(soil) or asyeasts (host
tissues) depending on the conditions of
growth.

Human fungd infectionsareusually of two typessuperficial and
deep seated. Fungi causing superficial mycoses are specialized
saprophytes, with the capacity to digest keratin. Superficia mycosesare
of two types - surface infections (only on dead layers of skin) and
cutaneousinfections(cornified layer).

Human fungal infectionsaredetailedin Table 10.3.
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Table10.3 Human fungal infections

Der matophytoses
I nfection Causative agent
Ringworm Tinea corporis - ringworm of the smooth or
non hairy skin of the body
Itch Tinea barbae - involvement of the bearded
areas of the face and neck
Ringworm Tinea capitis - ring worm of the scalp
Subcutaneous mycoses
I nfection Causative agent
Mycetomas Actinomycetes and Filaments fungi

Rhinosporidiosis

Rhinosporidium seeberi

System

ic mycoses

I nfection

Causative agent

Blastomycosis

Blastomyces dermatitidis

Histoplasmosis

Histoplasma capsulatum

10.2 Immunity

Disease spreads from one person to another is called as
infectiousdisease. | nfectious diseases are caused by foreign substances
like fungi, bacteria, virus or parasite, when they enter in to the
human body. Though thedisease by such pathogen affectsthebody for a

shorter durtion, the person may surviveafter loosing functionsof someof
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theorgan (eg. Poliomydlitis). Sometimes, when theinfection or disease
IS severe the person has to die. Yet many of the human beings are
able to lead a normal life because of the immune system. The
immune system provides such freedom enjoyed by an individual,
inorder to keep them freefrom diseases.

Theimmune system hasthefollowing thefunctions,

1

Recognition and defense against foreign substances (antigen)
irrespective of theroute of entry.

Depending upon the nature of the pathogen, appropriate immune
reaction ismounted.

Theantigen induced Antibody combine specifically to that antigen
(Specificity)
Immune system keep memory about the pathogensand whenthesame

pathogen reentersabetter immuneresponseisproduced. Thisforms
thebasisof vaccination.

Recognition and destruction of the mutant cells that can become
cancerousand thisisknow asImmunosurveillance.

Normally, Immune system doesnot produce antibodiesagainst its
own body tissues (self antigens), called aslmmunetoleranceor Sdlf
recognization.

Depending on the nature of response towards the pathogen,

Immunesystemisbroadly classifiedinto Natura and Acquired immunity.
Immunesystemisclassified asfollows.
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Classification of |mmunity

Immunity
Innate or non specific Acquired or specific
or natural
Skin l Phagocytesl Inflammation l Interferon l
Secretion REC NK cell Complement
A\
Humoral Cell mediated
B cells T cells
B Memory Plasma cell T Helper |T Killer
Immunoglobulin T Suppressor T Memory

v

IgM | IgA | IgE
1gG IgD
10.2.1 Natural Immunity

Thenon specificimmunity present frombirthisknown asinnate
immunity or natural immunity. It protectsthe body against any foreign
invadersand doesnot show any specificity. Itisasofunctionaly matured
inanew born. It doesnot become moreefficient after subsequent exposures
to same organism.

10.2.1 Components(Cdl types) involved inimmunity

Thecdlsof theimmunesystemincludeleukocytes, whichared so
known aswhiteblood cdls(WBC). They devel oped fromthebonemarrow

stem cellsand giveriseto two families of whiteblood cells namely the
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Myeloid cells (named after bone marrow) and the Lymphoid cells, which
taketheir namefromthelymphatic sysem. Mye oid cdllsinclude Basophils,
Eosinophilsand Neutrophils.

The monocytesgiveriseto macrophageswhen enter into the
tissue space from blood circulation. Similarly, Basophil are
transformed to mast cells. The lymphoid cells include T and B
lymphocyteswhich get their matur ation in different lymphoid or gans.
B-cell maturation beginsintheliver (feta) and continueswithin thebone
marrow as maturation progresses (adult) and T cells complete their
maturation inthethymus.

M echanismsinvolved in Natural immunity
Sinbarrier

The skin covers and protects the body as a barrier to prevent
invading pathogens. Intact skin preventsthe penetration of most pathogens,
by secreting lactic acid and fatty acidswhich lower the skin pH.

Mechanical barriers

Mucous membranesform the external layer wherebody isnot
covered with skin and it plays an important role in the prevention of
pathogen entrance by traping them. Movement of themucociliary process
inthe upper respiratory tract, theciliainthe eyelids act asescalatorsto
removethe pathogens.

Secr etions

Sweat has antibacterial substancesand tears contain lysozyme.
M ucous secretionin nose preventsthe dust and microorganism entry into
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therespiratory tract. Sdlivacontainslysozyme, thiocyanteand lactoferrin.
TheHCI acid secreted in the stomach killsthe microbes.

Phagocytosis

Theingestion (endocytosis) and killing of microorganismsby
speciaized cdllscaled asphagocytes. Phagocytesare polymorphonucl ear
leukocytes (eg.Neutrophils) and mononuclear cells (Monocytes and
Macrophages). Opsonization - The processby which microbesare coated
by amolecul e called opsonin which aids attachment of microbesto the
phagocytic cdlswhich facilitatesphagocytosis. Neutrophilscongtitutively
expressligandsand receptors (L-sel ectin) which interact with reciprocal
receptors and ligands on endothelial cells (P- and E-selectin).The
endothelial cellsarelocated in theinnermost layer of the blood vessels.
Theseinteractionshel p the neutrophilsto mar ginateand r oll along the
endothdlium. Neutrophil respondsand movetowardsagroup of molecules
called chemo-attractants (chemical mediators) and thisprocessiscalled
chemotaxis(chemical attraction). The phagocytesmakeitsway through
intact capillary wallsand into the surrounding tissue by aprocesscalled
diapedesis (emigration of phagocytesinto tissues). Chemo-attractants
include complement protein C5a, bacterial products, cytokines, lipid
mediatorsfrom injured tissue. Thevarious stagesof Phagocytosisgiven
below.

Stages of Phagocytosis (Fig. 10.1)

Opsonization (process by which microbesare coated by amolecule
called opsonin). Attachment to the pathogen (so that pathogen movement
can berestricted).

1. Formation of Pseudopodia(hand like projections).
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2. Encircling of pathogen by pseudopodia leads to the formation of
Phagosome.

3. Fusionof Phagosomewith lysozyme vesi cleleadsto theformation of
phagolysosome,

4. Killing of Pathogen.

Capillary

Unstimulated Neutrophil

Adhesion
Molecule
Tissue trauma
—eh
Diapedesis Release M ediators
/ Chemotaxis
’ / Opsonin
—_— Opsonized (1)
—
Pathogen
Lysozyme C.a 9
Attached to (2)
Pathogen
Pseudopode
~ like structure
(€))
\ Formation of
Phagolysozyme
Endothelium ag

@
Fig 10.1 Process of Phagocytosis
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Killing by phagocytes

Neutrophil are ableto kill the pathogen asthey posses certain
chemicasintheform of granulesand d sothelysozymeenzyme. Neutrophil
invasionto aninflammed areais consider asthe second line of defence.
Neutrophil hasthree typesof granulesnamely Primary granules( contain
serine protesses, lysozyme and phospholipaseA,) Secondary granules
(include perforrin, elastase and collagenase) and Tertiary granules
(contain gelainase). A part from these granul esthe phagocytesa so posses
avariety of oxygen dependent killing mechanisms. Phagocytes produce
arespiratory burst, which produces superoxidesand hydrogen peroxide.
Neutrophils contain an enzyme called as myel oper oxidase, which can
convert superoxideinto hypochloriteion which hasastrong bactericidal
activity.

Reticuloendothelial system (RES)

A diffuse system of cells that includes monocytes and
macrophages, which are phagocyticinnature. Theroleof macrophageis
consider asfirst order defence mechanism, asit engulf andkill more
pathogensefficiently. Macrophagesa so takespart in antigen presentetion.
Apart fromthis, RESaso involved in removing aged RBCs, denatured
protein, steroids,dyesand drugs.

The macrophages derive the name according to their location.

Liver - Kupffer cells

Brain - Microglid cells

Kidney - Mesangid cdlls

Spleen - Splenic macrophages
Peritoneum - Peritoneal macrophages.
Alveali - Alveolar macrophages.
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I nflammation

A localized protective reaction produced in tissue responseto
any irritation, injury or infection iscalled asinflammation. Thisis
characterized by pain, redness, swelling, and sometimeslossof function.
Usually, the name of the tissue, organ and the region which develops
inflammationissuffixedwith‘itis for exampleconjunctivitis, gestritisand
pharyngitisrespectively. Theinflammatory responsehepsto mobilizethe
nonspecific defenseforcesto thetissue space where pathogenis present.
Thedamaged cdllsrelease chemica mediatorssuch ashistaminefromthe
meast cells, which dilatethenear by blood vessd's. The complement system
getsactivated and attracts phagocytes. The plasmalesking fromthedilated
blood vessdl containsclotting system of proteins. They get activated due
to thetissue damage and this processleadsto “walling off” theareaand
thishelpsto prevent spreading of theinfectiousmaterial.

Natural Killer Cells

Among theimmunecells, natural killer cells(NK cells) arethe
most aggressive. They arefirgt lineof defenseagaing infected and cancerous
cdls. They arelymphocytes(Largegranular lymphocytes, LGL) withno
immunological memory and arepart of theinnateimmunesystem. It aitaches
tothetarget and releasesalethal burst of chemicalscalled asperforins
that penetratethe cell wall. Fluidsbeginto leak inand out and eventually
thecell explodes.

Interferon

Interferonsare proteins produced by body cellswhen they are
invaded by viruses, isreleased into the bloodstream or intercel lular fluid,
inorder toinduce healthy cellsto manufacturean enzyme that block vira
replication.
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Complement System

Itisagroup of proenzymes. They circulatein serumininactive
form. The complement systemisthe part of innateimmune system plays
animportant defense against microorganisms, especially gram-negative
bacteria. The complement system consistsof aset of over twenty serum
proteinswhich are getting activated asfollows.

Antigen-antibody complex (classical pathway)

3 Opsonisation of bacteria
cL—Y—» C?q+ C, +C,

Activate mast cells

CA+C2— Y, CA2+Cla / and Basophiles
N Cabeca -
BNy Chemotaxis

G Pl of white blood cells

C5—Y > C5h + Ca

Microorganism C6+C7 v > C5hG7
+B, D and properdin 3

(alternative pathway) C8+C9 v Co06789

Lysisof cells
Fig 10.2 Classical and Alter native of Complement System

The complement cascade conssts of two separate pathwaysthat
convergeinafina common pathway (Fig.2). The pathwaysincludethe
classicpathway (C1grs, C2, C4), thealter native pathway (C3, factor
B, properdin) and these two pathways converge at the component C3.
Thetermina complement pathway consistsof al proteinsactivated after
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C3. Themost notable are C5-C9 group of proteinscollectively known as
themembraneattack complex (MAC). TheMAC exertspowerful killing
activity by creating perforationsin cellular membranes. Activated C3b
opsonizes bacteriaand C5afunction as chemotactic agent.

Antigen presenting cells (APC)

B cdll,dendritic cells (lymphnodes), Langerhans cells (from skin)
and macrophages are called asantigen presenting cells. All thesecells,
process the antigen and expressthe antigen over the surface of itscell
membrane a ong with amolecule called asMgjor Histo Compatibility
Complex (MHC) classlI molecule.

M ajor Histocompatability complex

A set of cell surface glycoproteins are called as the Major
Histocompatibility Complex or MHC molecules. Generally, they take
part in differentiating self and non self antigensand the presentation of
processed foreign antigento activatethe T cells. Therearetwo classes of
MHC proteins, MHC class| and MHC class|l. MHC class| moleculeis
expressed on the cell surface of all nucleated cells of the body. MHC
class| moleculeswith processed antigen are expressed on the surface of
theinfected cells, which present the processed antigento cytotoxic T cells
(CD8). MHC class |l moleculeare expressed on APC cell surfacewhich
present the processed antigento Helper T cells(CD4 cdlls).

10.2.2 Acquired immunity

Producing specific cellsand moleculeswhich aredirected against
theforeigninvaders. It hasthe specid ability to keep memory of firsttime
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exposure of an antigen (primary immune response) and mounts better
responsewhen thereis second time exposure of sameantigen (secondary
immuneresponse). Thisability of immuneresponseformsthebasisfor the
immunization or vaccination.

Acquired immunity isclassifiedinto humoral immunity and cell
mediatedimmunity. Both humora and cdllular immuneresponsesareevoked
during antigen exposure.

Theacquired immunity can beeither active or passive.
Natural (Due to natural

entry of pathogen)
Actively 7

acquired Artificial (Dueto artificially
~ introduced antigen like
immuni zation process)

Natural (Baby receives the antibody

/v synthesized by the mother through
Passively mother’s milk

acquired
SN Artificia (Antibodies are introduced
artificially)
10.2.3Humoral immunity

The humoral immune response beginswith the recognition of
antigen. Though the classification separatesthe cell mediated and humoral
immunity with different cell typesthey dointeract to bring an effective
immuneresponse. Specific T-cdlls are stimulated to produce lymphokines
that are responsible for the antigen-induced B-cells proliferation and
differentiation.

Thisisfor the T depended antigens. However some of themacro
antigenic moleculescan directly stimulatethe B cellsdirectly. Througha
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process of clonal selection specific B-cdllsare stimulated, the activated
B-cell first developsinto a B-lymphablast, becoming much larger and
shedding dl surfaceimmunoglobulin. Thisterminal differentiation stageis
responsi blefor production of primarily IgM antibody during the primary
immuneresponse. Few newly differentiated B-cellsremain aslong-lived
“memory cdls’ without secreting antibodies. Upon subsequent encounter
with antigen, these cellsrespond very quickly to producelargeamountsof
1gG IgA or IgE antibody, generating the better secondary immune
response.

Pathogen or foreign protein + Macrophage/ dentritic cells— processed antigen

Antibodies/ Immunoglobulin

Theinitia differentiation step that ultimately leadsto themature
B-cell involvesDNA rearrangements in heavy chainvariable (V) region
aswell assmilar rearrangementswithin thelight chain genesto synthesis
immunoglobulin. These stagesare, of course, initiated upon encounter
with antigen and activation by T-helper cell to secrete lymphokines. The
activated B-cdll first devel opsinto aB-lymphobl ast, becoming muchlarger.
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IgM antibody is formed during the ‘primary immune response.’
Instead, these cellsundergo secondary DNA rearrangementsto modify
thecongtant region andforms| gG, 1gA or IgE antibodiesduring secondary
immune response. The suppressor T-cells suppresses the immune
response once an adequate amount of antibody formed. Another way of
suppression occursby the produced antibody itsalf and known as, “ antigen
blocking”. When high doses of antibody interact withtheentireantigen’'s
epitopesthereby inhibitsinteractionswith B-cell receptors.

10.2.4 Cél mediated immunity

T cellsareresponsiblefor cell-mediated immunity. T cellsare
initidly formedinthebonemarrow and getitsmaturation and differentiation
inthethymusgland. After maturation T cellsmigrateto secondary
lymphoid organ. T cellsare classified according to their functionsand
cell-surface marker called CDs(cluster sof differentiation). They are
functionally classified asT helper, T suppressor, T memory and T killer
cels. T cellsareassociated with certaintypesof alergic reactionscalled
Delayed hyper sensitivity and asointransplanted organ rejection.

TheMajor Histocompatibility Complex (M HC) areuniqueto
eachindividua andindicate self-moleculesand awaysthesemolecules
aregiven asreferencewhen ever an antigenispresented and thishelpsthe
immune systemto differentiatethe self from non-sdlf. (fig. 3) Helper T
(T,,) cells(dsoknownasCDA4 cdlls) activate B cellsto produce antibodies
against T-dependent antigens (usually proteinin composition). T , cells
recognizeand bindto an antigen in association withan MHC 11 (Fig.
3) onthe surface of an antigen presenting cells(APC ) and the APC
cell secrete the cytokine IL-1 and induce the T, cell to secrete the
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cytokinelL-2. Only T, cellsthat have been stimulated by an antigen
havereceptorsfor IL-2 andthusthese T , cellsare specific for only that
stimulatory antigen. Production of I1L-2 and other cytokinesby these T,
cellsstimulatesthe cell-mediated (e.g., T, cells) and humoral (B cells-
Plasmacedl) immuneresponses. In Acguired Immuno Deficiency Syndrome
(AIDS),the Human Immuno deficiency virus (HIV) affect the T hel per
cells. Suppressor (T ) cellsappear to regulate theimmune response
oncethe antibody formation reached the adequate levels. Cytotoxic T
cells(CD8) identify thevira infected cellsandinject themoleculecalled
Perforintolysethevira infected cdls. Someof theactivated T cellsbecome
T memory cells.

Fig.10.3Major Histocompatibility Complex classI| with
processed antigen
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10.2.4.1 Roleof lymphokines

Lymphokines are the cytokines secreted by thelymphocytesand
theseare small moleculesreleased dueto astimulusand helpto send the
sgnd between cells. Theterminterleukin (IL) isalso oftenreferring tothe
cytokine produced by leukocytes. Thereiscons derable overlap between
theactionsof theindividua lymphokines, sothat many of theaboveeffects
are shared between TNFa, IL-2 to IL-12. In addition, these pro-
inflammetory cytokinesactivatetheimmunesystem, mohbilizing neutrophils
from bonemarrow, causing dendritic cellsto migrateto lymph nodes, and
also initiating changes in adipocyte and muscle metabolism and also
respons blefor inducing fever.

10.3 Antigens

Anantigen isaforeign substance, whichisrecognized by the
immune system. Antigens can be defined asasubstancethat can combine
specifically to the components of immune response such aslymphocytes
and antibodies. Animmunogen isany substance that hasthe ability to
evokeB or T or both B and T mediated immunereactions. Wholeantigen
cannot combinewith theantibody asantibodiesareformed againgt specific
regions on the surface of an antigen called antigenic deter minant or

epitopes.
10.3.1 Structureand Typesof Antigens

An antigen molecule may contain anumber of similar group or
different antigenic determinant. Thefigure 10.4 showsthat acell which
containsdifferent groupsof moleculesover the surface. However only the
group a and d has been selected for antigen processing. Hence aand d
areantigenic determinant. Normally antigensaremulti determinant
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d C

Fig 10.4 Antigen
Typesof antigen

Antigen possesses severa unique molecular structureswhich can
induce animmuneresponse. Most antigens are proteins, nucleoproteins,
lipoproteins, glycoprotens, or large polysaccharideswithamolecular weight
greater than 10,000. To becomean antigenthemoleculemust berel atively
having ahigher molecular weight. Largeantigenic molecule possesmany
antigenic determinant per molecule. However thelow-molecular-weight
substance that can combine with an antibody but cannot induce the
formation of antibodies are called as haptens. They can also initiate
antibody response when they are combined covalently withacarrier
molecule. Since antigens stimul ate theimmune responsethey are other
wisecdled asimmunogens.

10.3.2 Factorsinfluencing theantigenicity of antigens

Antigen must be a foreign substance as more foreign the
subgtance, themoreimmunogenicin nature. However thefollowing factors
candsoinfluenceit,

1) Theantigenicresponsewhichisindicated by the quantum of antibody
formed in response to antigenic stimulation varies depending onthe
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2)

3

4)

5

6)

dosage of antigen administered, r oute of administration and use
of adjuvant etc.

Molecular weight of the antigen affect the antigenicity as low
molecular antigens can only combine with theantibody (hapten)

Very low molecular wel ght substance cannot act asan antigen. Because
of thisthe viruswhich hasthevery low molecular weight proteins

escapestheimmune response.

Very largemolecular antigendirectly inducesthe B cdll differentiation
with out the involvement of T Cells.

Degradability isessentia asinthe antigen presenting cellsprocess
the antigen by degrading them and processed peptide antigen along
withtheMHC Il molecule presented tothe T cellsand such antigens
arecaled T dependent antigen.

Antigen induced antibody response can be suppressed by
adminigtrating the antibody passively either prior to or shortly after
adminigration of antigen (Thisisutilized for thetreatment of Rhantigen
induced antibody inthe mother leading to Erythroblastosisfetdlis).

10.4 Antibodies

Antibodiesfoundintheserum and other body fluidsof vertebrates

that react specificaly withthe Ag. Antibody belongsto afamily of globular
protein called Immunoglobulin. Antibody are Gammaglobulins, innormal
immuneresponseantibodiesare heterogeneous. It providesdefenseagaingt
extracdlular antigen.
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Antibody hastwo mainfunctions,
1. Bindspecificaly toforeign or nonsaf molecules.

2. Recruit other cellsand moleculeto destroy the pathogen (effectors
functionor Biologica activity)

- -
- -
A
: F(ab)2 Low Molecular
Pepsin / Weight Paptides
A4
\Fab
Papain

—
Fc-fragment

Fab
Fig.10.5 Papain and Pepsin cleavages

Toundergand thefunction of variousendsintheantibody molecule
the more abundant 1gG mol ecule when subjected to papain and pepsin
cleavages, asshown (Fig.10.5), the papain cleavageyields 2 monovaent
Fab moleculewhich combinewith theantigen (Fragment antigen binding)
and one Fc part which can bethe fragment crystalisable. Whenthesame
1gG molecule subjected to pepsin cleavageit resulted with adivalent
antigen binding Fab part and fragmentsof Fc portion. Thisisbecausethe
papain cleaves between the heavy chainand thehingeregion. Thepepsin
cleavesafter thedisulfide bridge. Thisenzymatic digestion alsoindicates
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that the two disulfide bond hold the chains together. However the Fc
portionisessential for biological activity. Fcregion can attach to ahost
cell or complement or hel psto crossthe placenta.

Fig. 10.6 Antibody Structure

10.4.1 Antibody Structure

A sngleantibody unitis‘Y’ shaped moleculewhichischemicaly
aglycoproteinformsthe gammaglobulin in plasma(Fig. 10.6). Most
antibody monomers consist of four polypeptide chains. Two areheavy
chainsandtwo arelight chains. Thereisaconstant region, whichis
specificfor aparticular dassof antibodies. For IgM the heavy chainism
for 1gGitisg forlgAisa,forIgDitisd, andfor IgEitise Thelight chain
may either be k (or) | (kappaorlamda). The chainsarefolded into
discreteregionscalled domains. Thereare2 domaininthelight chainand
4to5domain inthe heavy chains. In the constant region the free end
formstheF_ portion. Thereisavariableregion present in the heavy and
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light chainand cdled asvariable (V) region, whereantigen binding occurs.
Henceinagiven antibody moleculetwo binding Stesareavailable.

10.4.2 Typesof immunoglobulins

Anantibody orimmunoglobulin (1g) isglycoprotein produced
by B cells, whichiscapable of combining specifically with theantigen,
whichinducesit. Antibodiesare divided into five major classes, IgM,
1gG, 1A, 1gD and IgE, based onther heavy chain congtant region structure.
Anantibody hasat |east two identical antigen-binding sitesand itis
thevalence of an antibody.

10.4.3 Immunoglobulin and their functions

I gG hastwo light chainseither kappaor lambdaand two heavy
chain of gtypeand consistsof four subclasses1gGl, 1gG2, 1IgG3 and
1gG4. It is predominant class of immunoglobulin and account for
approximately 80% in human serum. 1gG produced particularly during the
secondary immuneresponse. 1gG stimulates phagocytic cells, activates
the complement system, binds neutrophils, and can neutrdizetoxins. Most
importantly, itistheonly antibody that can crossthe placentaand confer
immunity onthefoetus..

I gA hastwo light chainseither kappaor lambdaand two heavy
chain of a typeand consist of two subclasses|gA 1 and IgA 2, constitutes
only 13% of the antibody in human serum, but predominant class of
antibody in extravascular secretions. ThelgA present in secretions (tears,
sdliva, nasdl secretionsand mammary gland secretions) issecretory 1gA.
Itisfound to produce immunity against tapewormsand present in the
colostrums protectsthe baby fromintestina pathogens.
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IgM hastwo light chainseither kappaor lambdaand two heavy
chain of mtype constitutes 8% of the antibody in human serum, itisthe
largest of theimmunoglobulinsoften referred asthe macroglobulin because
it hasmorethan five binding sitesfor antigen. It isthefirst antibody to
appear inthe primary immune response therefore an useful indicator of
recent infection. Most of the natural antibodieslike ABO blood grouping
(anti-A anti-B) areof thelgM classand importantintheinitial activation
of B-cells, macrophages, and activate the complement system.

I gD hastwo light chains either kappaor lambdaand two heavy
chainof d typecongtitutelessthan 1% of the antibody in human serum.
Playsarolein activating and suppressing lymphocyte activity and found
largequantitiesin thecell wallsof many B-cells. IgD hasasinglebinding
gte.

IgE isareaginicantibody, hastwo light chainseither kappaor
lambdaand two heavy chain of e type congtitutelessthan 0.003% of the
antibody in human serum. Mediator indlergic responses. Most importantly
activateshistamine secreting cells. Also appearsto play arolein parasitic
infection and mediatestype onehypersensitivity.

10.5 Antigen antibody reactions

Theinteraction of an antigen determinant and antibody molecule
iscalledimmune complex or antigen - antibody complex. Variousfactors
influencing antigen-antibody complex. Specificity antibody to combine
with only onetypeof antigen, Binding Steof antigen and antibody ( epitope
and paratope), Binding forcesof antigen and antibody —closenessbetween
antigen and antibody and intermolecular forces, Affinity (attraction of
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Ag- Ab binding ) and Avidity (combining capacity of heterogenous
antibodieswith multivaent antigen).

Thefirg interaction of an antigenic determinant (epitope) withits
corresponding antigen binding site on an antibody iscalled aprimary
antigen- antibody reaction. The primary antigen-antibody reactionsare
rapid reaction, not dependent on dectrolytesand not visible. If theprimary
antigen- antibody reactionisfollowed by theaggregation of antigen antibody
complexesinto macroscopically visible clumpsiscalled the secondary
antigen-antibody reaction and this aggregation phase may take hoursto
day to reach maximum. Thetwo visiblereactionsarecalled precipitation
and agglutination.

10.5.1 Precipitation

Precipitation isthe combination of soluble antigen with specific
antibody, whichleadsto theformation of aninsol ubleaggregation. Immune
preci pitation occurs when antigen and antibody combinein solutionand
formavisbleaggregete. Precipitation reactionisquantifiable. Thevariation
intheratio of antibody- antigen leadsto different level sof latticeformation,
and thereby to different amounts of precipitate. Thisphenomenon, caled
the prozone phenomenon were antibody may excess, zoneof equivaence
of antigen- antibody or antigen may excess. Factorsaffect precipitation
aretemperature, pH, salt concentration and reaction volume.

10.5.2 Agglutination

Theclumping, or agglutination, of particulate antigensby specific
antibodies. Clumping resultsin theformation of alatticeinwhich antigen
and antibody are crosslinked. Agglutination methods are qualitative or
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semi quantitative at best and itsreaction can be used in many applications
asit possesahigh degree of sensitivity. Agglutination reactions can be
classified aseither direct or indirect. In thedirect agglutination reaction,
the antigenic determinantisanormal congtituent of the particlesurface. In
theindirect agglutination amoleculeisordinarily solubleisattached toa

particleand rendered insoluble.
Agglutinogen

Agglutination

Agglutinin
Fig.10.7 Processof agglutination

10.6 Blood groups

In 1901 Karl Landsteiner discovered that when the Blood of one
human being wastransfused with that of another human being, differences
intheir Blood leadsto shock, jaundice, and renal failure. Sincethe blood
group antigen and antibody reactionsresult in the agglutination reaction
theantigen isknown asagglutinogen and theantibody isknown as
agglutinin. Blood group antigens are present on the RBC membrane.
Accordingto Land Steiner when an agglutinogen ispresent onthe RBC
membrane the corresponding antibody isabsent in the plasma. So your
‘blood group’ dependson type antigenswhich found onthesurface of the
red blood cell membrane.

10.6.1 ABO System
Land Steiner found two types of antigensonthe RBC they are
antigen A and antigen B, smilarly therearetwo typesof antibodiesinthe
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plasmacaled antibody dpha and betaantibody. Sincethisantigen antibody
involved in agglutination reactionsthe antigeniscaled asagglutinogen and
theantibody isknown asaggl utinin.According to Land Steiner’ slaw when
an agglutinogenispresent on the RBC the corresponding antibody will be
absent in the plasma.Based on the presence or absence of antigensand
antibodieshuman blood isclassified into four major groupsnamely A,B,
ABandO.

Blood group A

If you belong to the blood group A, you have A antigenson the
surface of your red blood cellsand beta antibodiesin your blood plasma.

Blood group B

If you belong to the blood group B, you have B antigenson the
surface of your red blood cellsand dpha antibodiesinyour blood plasma

Blood group AB

If you belong to the blood group AB, you have both A and B
antigenson the surface of your red blood cellsand both a phaand beta
antibodiesare absent in your blood plasma.

Blood group O

If you belong to the blood group O (null), you donot havethe A
and B antigens on the surface of your red blood cellsbut you have both
aphaand betaantibodiesin your blood plasma.

Rhesus types

Itisasoliketheblood group antigen and also present inthecell
membrane. Sincethisantigen wasfoundin Rhesusmonkey first they called
thisantigen as Rhesus antigen or Rh system. Most people are ‘ rhesus
positive’ asthey haverhesusantigensontheir red blood cells. But, about
3in 20 people do not have rhesus antigen and are said to be ‘rhesus
negative .
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How blood group testingisdone?

Basically, a sample of blood is mixed separately with anti-A
antibodies, anti B antibody and Rh antibodies. If thered cellsto clump
together with anti-A antibodies, thenitindicatethe presenceof A antigens
intheblood cdlsand thepersonbelongsto A group. Smilarly if agglutinetion
reaction occurs with anti B antibodiesthen it indicatesthe presence of B
antigen. When agglutinationisfoundin both anti A and anti B antibodiesit
indicatesthat the person belongsto AB group. If no agglutination found
with both antibodies of A and B thenit indicatesthe absence of antigens
and the person belongsto O group.

Smilarly if ananti Rhantibody shows agglutination withthegiven
blood then it indicates the presence of Rh antigenson the blood cells.
HencethepersonisRh positive. If no agglutination seenthenthe personis
Rhnegetive.

Blood groupsand pregnancy

Theblood group testisamust for pregnant women. If the mother
isRh negative, and thefetusis Rh positive (inherited from aRh positive
father), whenthefetal blood entersin to mothersbody dueto somereason
the mother become sensitized. The mother’ simmune system produce
antibody against the Rh antigen. When these antibodiesenter into fetus,
these may attack and destroy the baby’ s blood cells. When thereisa
reductioninthefunctional RBC, theimmatureblast cdlscometothefeta
circulation. Thisconditioniscalled * Erythro blastosisfetalis (Because
erythroid (red blood cells) blast cellsarefound in thefetus). However,
without treatment, this can become a serious problem in subsequent
pregnanciesasthemother’ simmune systemwill be* sensitized’ after the
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first pregnancy. Thebaby with thisdisorder will have anemia, jaundice
and inmany casesthe mental retardation.

10.6.1.1 Antigensand natural antibodiesof ABO blood groups:

| soantibodies: (1so meansbel onging to the same species) | soantibody is
an antibody produced by oneindividual that reactswith the antigen of
another individua of the same species. Antibody —A and Antibody —B
arecalled Isoantibodies.

| soantigens: Anantigen of anindividua whichiscapableof diciting an
immune responseinindividuasof the same specieswho aregenetically
different and who do not possessthat antigen iscalled isoantigen.

Natural antibodies : Human formsantibodiesagainst the blood group
antigensthey do not express. Theseantibodiesarecaled naturaly occurring
antibodies or isoagglutinins. It may be of IgM, 1gG or IgA. Antibody
production startsat 3 monthsof age, reachesitshighest level during adult
and decreaseswith advancing age. Usually, Antibody A titersare higher
than Antibody- B.

Excercises

I. Choosethecorrect answer from thegiven four alter natives

a.  Whatisthefunctionof B and T memory cells?
) Phagocytoss
i) Secondary immuneresponse
iif) Primary immuneresponse
Iv) Production of Antibody isinhibited

b.  Immunoglobulinwhich can crossthe placenta
i) 1gA i) IgE i) 1gM iv) 1gG
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Type of heavy polypeptide chain present inthe lgM molecule
i)d i)k
iii)ym iv)a

InAIDS, thecellswhich are affected by HIV

i) Mastcells i) T helper cells
i) T suppressor cells iv) B memory cells
Haptens

i) Low molecular weight substanceswhich cannot induce
formation antibodies

ii) Highmolecular weight substanceswhich cannotinduce
formation antibodies

iif) Carrier moleculewhich caninduceimmuneresponse

iv) CanactivateB cdlsdirectly

. Fill up theblanks:

I nfection acquired during hospital stay iscaled as
Recognition and destruction of cancerous cells is done by

Substances which arereleased by Cytotoxic T cellsover thecells
carryingtheviral particles, arecaled as

Opsonization of bacteria is done by part of the
complement .

Function of Fab part of antibody moleculeis
Erythroblastosisfetalisis caused by antigen.

. Say True or False

Cdlsof naturd immunity and acquired immunity arenot interacting
with each other.
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Lymphokinesaremediatorsreleased by T killer cell tokill the
tumor cells.

Opsonins prevent phagocytos's.

Adaptiveimmunity functionsare non specific.
Interferonsareresponsiblefor thefever during infection.

. Match thefollowing
Adhesonmolecule ——  Expressed by antigen presenting cells
Chemotaxis ——  Attraction of phagocytes
MHCII —— Indicatesinflammation
Kupffer cells Helpsfor Margination
Pharyngitis Reticuloendothdlid system

Giveshort answer for thefollowing

What isMHC ?What isitsrolein our body ?
Nametheantigen presenting cellsand their role?

What isLand Steiner’slaw ?

What iscell mediated immunity ? Namethe componentsof cell
mediatedimmunity ?

Namethefactorsaffecting the antigenicity of an antigen?
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