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In the previous chapter. you have learni the inherttance
pattermns and the geneite basis of such patterns. At the
lime 'of Mendel. the nalure of (hbse "holors’ eoalating
the pattern of tnhermance was nol clear. Over Lhe next
himdred years: the nature of the putative genetlc material
was investlgaled culminating in the realisalion that
DNA=deoxyribanucleic acid — ts the genelic malerial, al
least for the majority of organtsms. In class X1 you have
learnt that nuelele acids are polymers of nucleotides.
Deoxynibonuclelc acld (DNA) and rihamucletc acid
[RNA) are the two types ol nucleic achds found in Iiving
sysiems DNA acts as'the genellc malerial in mosi of (he
organisms. RNA though 1 also acts as a genelle matertal
in some viruses, mostly functions as a messenger. RNA
has addittonal roles as well. || lunctions as adapler.
strucinral, and n seme cases as a catalyle molecule. I
Class Xl yvou have already learnil the stiuctures of
nueleotides and the way these monomer uniis are linked
to form maclelc actd polymers. in this chapler we are going
Lo discuss the strociure of DNAL ILs replication, Lhe process
of making BRNA fmm DNA (transorptlon), the genelte code
thal dietermines the sequences of amino actds tn proletns,
the process of protein synthests (lransiatton) and
clementary basis of thetr regilation. The determination

209435



BICHOGY

of complele nucleolide sequence ol hhaman genocme during last decade
has sed In a new era of genamics, In the last section, the essenttals of
haman genome sequencing and s consequences will also be disonssed.

Let us begin our discussion by [irst understanding the structure of
the most Intereésting molecule tn the iving system, that 1s, the DNAL In
sulsequent sections, we will understand (hat why 1L s the mast abundant
genetle malertal, and what its relationshipis with RNA

5.1 Tee DNA

DNA s a long polviner of desxyribonucleolides, The length of DNA 1s
isually defined as number of nucltolides (or A patr of micleollde refermed
{0 as base patrs) present il This also is the chiaractenstic of an organism.
For example. 8 bacteriophage known as %174 has 5386 nucleotides,
Bactertophace lambda has 48502 base palrs (bp), Escherichia coll has
4.6 » 10" bp, and haploid content of human DNA (s 3.3 % 107 bp. Let us
thiscuss the stmeture of such a long polymer.

5.1.1 Structure of Polynucleotide Chain

Let us recapttulate the chemieal strciure of a palynucleotide chatn (DNA
or RNA). A nucleotide has thiree comiponents — a tilrogenious base, a
pentose sugar (ribose in case of RNAL and deoxyribose [or DNA), and a
phosphate group. There are (wo (ypes of nitrogenous bases — Purines
|Adenine and Cuanine), and E’yrmﬂdihm {Cytosine, Uractl and Thymine).
Cytosie 15 common [or beth DNA and BNA and Thymine 1s present in
DNA, Ursicll 15 prisend (n BRNA al (the plage of Thymine, A nlirogeniois
base s Unked 1o the OH of 1'C pentose sugar (hrough a N-glyeosidie
Iinkage (o form a oucteostde, such #s adenosine or deoxyvadenosine,
guanoesine or deaxyguanosine, cytidine or deoxycytidine and uridine or
deoxythvmidine. When a phosphite group ts inked 1o OHof 5'C of a
nucleoside through phosphoesler inkage, a corresponding nuecleotide
for deoxymucleotide depending upan the type of sugar present) ts formed.
Two nuclepiides are inked through 3 -5 phosphodiester inkage (o form
a dinucleotide. More nucleotides can be jotned in such a manner o form
a polviudleollde chain. A polymer thus ormed has al one end a free

5 |;~h-|:rr:iph|.1tr
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Figure 5.1 A Polynuckotide chun
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MOLECULAR BASIS OF INHERITANCE

pliosphate motety al 5 -end of sugar, whilch 18 referred o as 5-end of
patyniicleolide chain. Stmilariy, at the other end of the polymer the sugar
has a free OH of 3C group which 15 referred (0 as -end of the
polynucteolide chatn. The backbone of a polynucteotide chain is [ormed
due 1o sugar and phosphates. The nitrogenous bases linked Lo sugar
molely project from the backbone (Flgune 5.1).

In RNA, every nucleolde residue has an additional -OH group present
al 2 -posttion in the nibose. Also, tn BNA the uracti ts found at the place of
thymine (5-methyl uractl, anothier chemical name for thvinine).

DNA as an acldic substance present in nucleus was first dentified by
Friedrich Metschier tn 18689, He named 0 as ‘Nuocletn'. However, due to
techntcal imitation in tsolaiing such a long polymer intact, the eluctdation
of structure of DNA remained clusive (or a very long period of tme. [l was
arily in 1953 Lhat James Walsan and Francls Crick, based an (he X-ray
diffraction data produced by Maurice Wilkins and Rosalind Franklin,
proposed a very stmple but famous Double Helix model for Lhe stricture
of DNA. One ol the allmarks of thelr proposition was base pairing beiwern
the two stramds of polvucleotide cliains. However, Uils propositlon was
also based on (e observation of Erwin Chargaff that for a double siranded
DNA. the ratios belween Adenine smi Thymine and Guanine and Cytosine
are consiant and eguals one.

Thee base patring confers a very onigue property lo the polymicieolide
chatns. They are sald to be complementary 1o cach other, and therefore
the sequence ol bases in ome strand is known then the ssquence in other
sirand can be predicted. Also. if each strand froma DNA{let uscall ltas a
parenial DNA) atts as a lemiplale [or synithests ofa new stranid. the two
double stramded DNA {let us call tem as daughier BNA) Uins, produced
woukd be identical 1o the parenial DNA molecule. Becanse of this, the genelie
implications of the stmicture of DNA became very clear

The saltent featuresof the Double-heltx structure of DNA are as follows:
{1} It 1s made of two polynucleotide chains, where thie backbone 1s
constituted by sugar-phosphate, and the bases project Instde.
(] The lwo chains have antl-paraliel polarity. |t means, |l one
chain has the polarity 53 the other has 325"
ittt} The hases In' two sirands are patred through hydrogen bond
(H-bonds) frmitng base patrs (bp). Adenine forms (wo hyidrogen
boniris with "lhj'rnllne from uppu&ite strand and vice-versa.
Stmilarly. Guanine is bonded with Cylosine with three H-bonds.
As a resull. always a purine comes opposite Lo a pyrimidine. This
generales approximately untlorm distance between the two
stranids of the helix (Flgore 5.2).
[iv] The two chains are colled in a right-handed fashion. The ptich
of the helix 1= 3.4 pm (2 nanometre s one billlonth of &
metre, thal 18 10" m) and there are roughly 10 bp in each
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Flgure 5.2 Danhile simnded polynoclentide choin

turn. Consequentiv, the distance
between a bp th a helix 1s
approximalely (.34 nm.
Bide ptls = (v} The plane of one base patr slacks
| Adenine: Thymine over the other in double helix, This,
in addition to H-bonds, confers
stability of the helical struciure
( < ) [Figure 5.3).

Guunitee  Cyvlmiine Compre the structure of purines and
pyrimidines. Can you find owd why the
) distance beliceen two palynucleotide

m”‘-:'i:!lﬂg:j‘”]::‘“" chains it DNA remains almost constant?
The proposition of a double helix
sttucture for DNA and s stmplicily In
explaining the genellc implication beczne
revoluttonary, Very socon. Francts Crick
proposed the Central dogma i molecular
blology, which slates (hal the genetie

Figure 5.3 DNA double helix information flows fram DNA=S RNA3 Proten.

L} 2 |i1u:.m- i

trarmeTyp iy Erpredation
[INA, ————— AN ——————— pirotelis

Central dogmi

Zo24T0



MOLECULAR BASIS OF INHERITANCE

In some viruses the low ol miormtiation is o reverse direction., that 1s,
from RNA (0 DNA. Can you sugges! a simple name (o the process?

5.1.2 Packaging of DNA Helix

Taken the distance between two constoutive base pairs
a5 (.34 mm (0.34x 107 m), if the length of DNA doubile
Lielix in a Lypleal mammaltan cell is calculaled [stmply
by multiplying the lotal number of bp with distance
between (wo conseculive bp, that s, 66 x |0%bp x

HI histone

0.34 x 10 "m/bp}. it comes ot Lo be approximately Figtotie
2.2 metres. A length that 1s far grealer than the netivner
dimension of a iypleal nuclens fapprosimately 109 ml
How ts such a long polymer packaged tin & ccll? .
s
I the wmath of E. coli DNA is 1.36 mm, can you , . ,\1}
L] Agm T > L) -‘
calculate the number of base pairs in E.col? Eoie of hisiofe isteeilEd U
In prokaryoles, such as, E coll. (hough they do _
not have a defined nucleus, the DNA 1s not seattered Figure 5.4a Nucleasome

throughonai the cell. DNA (bemg negatively charped)
Is held with some proteins (thal have postiive
charges) [n 4 region lermed as nuclendd’. The DNA
m nucleotd 1s organised In large loops held by
protens.

In enkaryotes. this organisation s much-more
complex. There 1sa sel ol positively charued. basic
proteins called histones, A protetn acquires charge
depending upon the abundance of amino aclds
yestdues with charged side chatns. Histones are nich
11 the baste amino acid residues lysine and arginine.
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Both the amino add residues camy posiiive charoes m 5.4b EM piciume - ‘Bends-on-Siring

tn thetr side chatns, Histones are organtéed to form
a4 undl of etaht molecules called histone octamer,
The negatively charged DNA is wrapped around the positively charged
Lislone octamer 10 [orm a strochure called nucleosome [Flgire b.d a). A
typlcal nucleosome contatns 200 bp of DNA helix. Nucleosomss constilule
the repeating unlt ufﬂSfmclum in muclens called chromating, thread-
ltke statned (coloured) bodies seen 1o nucleus. The pucleosomes tn
chiromaltln are seen as "beads-on-siring’ stricture when viewed under
electron microscope (EM) (Faure 5.4 b),

Thearetically, how many stuch beads fmuclessomes) do you magine
are presend In a mammalfon cell?

The brads-om-siring siruciure in chromatin s packaged to form
clmomiatn Abers that are furthercolled anid coridenised al metaphase sizpe
of cell diviston (o form dlromosomes, The packaging of cliromatin ad higher

level requires addivion:s! set of protems thal collectively are refermed o as
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Non-histone Chromosomal (NHC)] proteins In a typleal nuclens, some
region of cliromattn are loosely packed [and stains Ught) and are refemed o

as euchromatin. The chromatin (hat 1s more densely packed and stains
dark are called as Heterochromatin, Euchromaltn is sald lo be
transcriptionally acuve chromatin wiereas leterochromaltin 15 Inactive.

5.2 Tue SearcH ror GeneTic MareriaL

Even though the discovery of miclein by Metscher and the proposition
for principles ol tnheritance by Mendel were alimost at the same tdme, buat
that (he DNA acts as a genelie maleiial (ook long (o be discovered and
proven. By 1926, the quest (o determine the mechantsm for genetic
mheritance had resched the molecular level, Previous discoveries by
Gregor Mendel, Waiter Sutton, Thomas Hunt Morgan and numerous other
seferilisis had narrowed Lhe search Lo the chiromosomes located th the
nucieus of most cells. Bult the guestion of what moleciie was actually the
genetlc malerial, had nol been answered.

Transforming Principle
In 1928, Fredernck Grifith. in a series of expertments with Streplococes
pneumonifae (bacterium responstble lor pneumonia), wilnessed a
miraculous (ransformation 1 the baclena. During the course of his
experiment, a lving organism (bacteria) had changed tn physical form.
When Streptococous pneumonice [pnenmoooccus) bacteria are grown
on a culdiire plale, same produce smooth shiny colanies 15) while others
produce rottgh colonies (). This is because the S straln bacteria have a
mucous (polysaccharde) coal, while R siratn does nol. Mice tnfecied wilh
the S strain (vimilent) die from pneumanta infection bul mice infected
wiLl the R straun donot develop pneumonta.

S striln —» Inject ltlo mice —— Miee die

R'straln —— Itiject lnlo mice ———  Mice live

Girliflth was able o kil bacteris by heating them. He observed thal
heat-killed 'S stratn bacteria injected nto mice did pot K them. When he

5 slvain — Inject inlomice ——> Mice Hee
[heat-killed)

5 strain
(heat-killed)
4 — Inject Into milce ——  Mice die
R strain
(live)
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MOLECULAR BASIS OF INHERITANCE

injected A mixture of heat-Killed S and live R bacterta, the mice died.
Moreover, he recovered Iving S bactena from the dead mice.

He concluded that the R sirain bacteria had somchow been
transformed by the hest-killed S stram baclertic. Some ‘transforming
principle’. transferred from the heat-killed S stram, had enabled the
R siratn to svnthestse a smouth polysacchande coat and become virulent.
This musi be due to the transfer of the genetic material. However, the
blochemical nalure of genellc material was not defined from his

cXpeTiments.
Blochemical Characterisation of Transforming Principle

Priar (o the work of Oswald Avery, Colin Madleéod and Machmn McCarty
(1933-44), the genetle matenal was thowght (o be a protein, They worked

to determine the blochemlcal nature of “transfomimg principle’ tn Griffith's.

cxperiment.
They purtllad blochemicals (protetns, DNA, RNA, ele.) rom the

heat-killed S cells (o see which ones could transform lve R cells nlo
S cvlls. They discovered that DNA alone fram S hactena caused R bactetia
1o become transformed.

They also discovered Lhal protein-digesting enzvines [proleases) and
RNA-digesting epomes (RNases) did nol affecl translormablon. sa Lhe
transforming substance was nol a proletn or RNA. Digeston with DNase
did inhibit fransformation, suggesting thal the DNA caused the
transformation. They concluded that DNA s the hereditany material, but
not all biologists were convineed.

Cam you think of any difference betueen DNAs and DNase?

5.2.1 The Genetic Material Is DNA

The unequivecal procf that DNA 1s-the gfﬁrl;lr meslerial came from the
expertments of Alfred Hershey and Martha Chase (1952), They worked
with viruses that infecl bacleria called bacteriophages.

The bactentophage allaches Lo the bacterta nnd Its genelle material
then enters the bactenral cell. The baclerial cell treats the viral genetic
matertal as i 1t was 1is own and subsequently manufactures more vinus
particles. Hershey and Chase worked (o discover whether it was protetn
or DNA from the vieases that entered e bacleria

They grew some viruses on a medium that contained radioactive
phosphoros and some others on medium thal contatned mdicactive solfur
Viruses grown in the presence of radicactive phosphoris contained
radtoactive DNA bul nol radicactive prolein becanse DNA contams
phospharus it proten docs not. Smntlardy, virases grown on radicactive
sulfur contamed radioactive protein but not radicactive DNA because
DINA does not contatn sulfur,

Zo24T0



BICHOGY

Hadloactive phiapes were allowesd loaliach o E coll baclerda. Thers as
the infection proceeded. Lhe viral coals were removed from the bactena by
agttaiing them mn a blender. The virus particles were separated from the
bacteria by spinntng them in a centrifuges,

Bacteria which was infected with viruses thal had radicactive DNA
were radicactive, Indicating thatl DNA was the matedal that passed from
thevirus Lo the bacleria. Bacterta that were infected with viruses that had
radisactive protetns were not radicactive. This indieates that proleins did
not enier the bacieria from the vimuses. DINA Is therefore the genetic
malerial thal s passed from virns 1o bacteria (Flgure 5.5).

Radloactive [P}

& Baecleriophage —f,
lalrelied DNA

W——Rudioactve [ S labelled
protein capsule

(‘1 - __,.-f . [ 3] 1. Infection
g 8ol

=) =) 2. Blending

(:.{ === ¥%)) (= __'7; 3. Centrifugation

' Radioactive [P
! detor lt‘-rT in cells

Mo HFI'I.‘hIhﬂI'l'Lh\ ff‘r

detected 1 supermatonl

Mo Radosic Hve ll"E.]
deteoied m cells
+
L \
v Radionctive ("S)
delected i supernaton

Figure 5.5 The Hershoy Chase cxperiment

5.2.2 Properties of Genetlc Material (DNA versus RNA)

From the [cregoing discussion, I 1s clear (hai the debate betwsen protetns
versus DNA as the genelic malerial was unequivocally resolved from
Hershey-Chase expertment. It became an established fact that 1t 1s DNA
that acts as genelle material. However, 1L subsequently became-clear Lthat
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MOLECULAR BASIS OF INHERITANCE

i some virases, RNA L= the genetic meateral (for example, Tobacco Mosalc
virises, (OB bacteriophage, ¢ic,). Answer Lo some of the questons such as,
why [INA 15 the predominant genetic material. whereas RNA performs
dymamic fumcitons of messenger and adapler has to be found from the
differences between cliemitcal siructures of the two nuclelc acld molecules.

Can you recall the tuo chemittnl differences betueen DNA ard RNA?

A mileenle Lhal can act as a genelle malertal must fulfill the following
oriterts:

{1} It should be able to generate its replica (Replication).
() It should be stable chemieally and siructuraliv.
() It should provide the stope [or slow clianges (midlation) that
are required for evalution.

Itv] It should be able o express Usell n e form of ‘Mendellan
Characiers”

Il one examines each requiremerit one by one, because ol mule ol base
patring and complementanty, both the nuclete acids {DNA and RNA) have
the ability to direct thetr duplications. The other molecules in the living:
sysiem, such as proteins fatl to fulf fArst oriterta liself.

The genele material showld be stable enough not Lo change with
different slams of e cvele, nge or wilh change tn physiolvs of the
organism. Stability as one of the properifes of genetic material was very
evident in Griffith's ‘ransforming principle’ itsell that heat, which killed
Lthe bactena. at least did nol destroy some of the properues of genetic
material. Tis now can eastly be explained tn tahit of the DNA that the
bwo strands betng complementary If separated by heating come together.
when approprizte conditlons are provided, Further, 2-OH group present
At every nucleotide in RNA is a reaciive group and makes RNA labile and
casily degradable, RNA 15 also now Known 10 be catalylic, hence reactive.
Themwlore, DNA chemically 1s less reaciive and struclurally mare siable
when compared to RNA Therefore, amang the two nuclele actds, the DNA
isa better genetic material:

In fact, the presence of thymine al the place of umcll also confers
additional '_-uﬂijllll:,T o DNA. [Detated discusston aboul this requires
nnderstanding of the process of repatr in DNA. and you will study these
processes (n hlgher classes )

Hoth DNA and RNA are able (o mutate. In fact, RNA betng unstabie,
mulate at afasterrate. Consequently. viruses having RNA genome and
having shorler iile span mulale and evolve [aster,

RNA can directly code for the synthests of protetns, hence can eastly
express the characters. DNA. however, is dependent on RNA for synthests
af priteins. The proletn synihestsing machinery has evolved arotnd RNA
The above discusston indicate that both BNA and DNA can funciion as
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EEnelic malerial, bul DNA belig more stable s prefermed [or slorage of
genetie information. For the ransmission of genetic information, RNA

is bellor,

5.3 RNA Worip

From foregoing discusston, an immedizte queston becomes evident -
which is the first genetic matedal? It shall be discussed tn detatl in the
chapter on chemical evoluUorn., bul briefly, we shall Itghilighl seane of the

facts and points.

RNA was the first genetlc matenial. There 18 now enough evidence 1o
suggesi Lhal essential Hie processes [such as meiabolism, translation.

Flgure 5.8 Wilson-Crick model for

semiconsorvaiive DNA
replication

splicing, ete ), evolved aronnd RNA . RNA used Lo act as
a genwtle malerial as well as a calalyst (there are some
tmportant biochemical reactions in Lving systemss that
are catalysed by RNA catalysis and oot by protein
enzymes). But. RNA being a catalyst was reactive and
lietice nnstable, Therelone, DNA has snlved fom BNA
with chemical modifications that make 1t more stable.
DNA betng double stranded and having complementary
strand rther resists changes by evolving a process of

Tepalr.
5.4 Repucarios

While propostng Lhe double heltcal sirueture for DNA
Waison and Crick had tmmediately proposed a scheme
for replication of DNAL To quiote their original staiemenl
thal ts as [ollows:

"It has not escaped our notice thatl the specific
paitring we have postuksted immediately suggests a
possible copyving mechanism (or the genetlc material™
(Walson and Crick, 1953),

The scheme suggested that the two strands wouald
separaie and act as a template for the synithests of new
complementary sieands, Afler the completion of
replication, each DNA molecules would have one
parental and one mewly synthesised strand. This
scheme was lermed as semiconservative DNA

replication (Figure 5.6),

5.4.1 The Experimental Proof

It ts now proven that DNA replicates semilconservatively, 1 was shown (st in
Escherichia colf and snbsequently in higher organisms, such as planis
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and human cells. Matthew Meselson and Franklin Stald performed the
[ollowing experiment n | 958:

U]

]

They grew E coll o a medium contatntng "“NH, CI ("N 1= the heavy
isolope of nitrogen) as the only nirogen source for many
serieralions, The resullwas that "N was incorporaled intlo newly
symithestsed DNA (a5 well as other nittrogen containtng compounids),
This heavy DNA molecule could be disinmushed from (e nonmal
DINA by cerititfingation i a ceshium chiloride [CsCl) denslty gradient
{Please nole that "N is nol a radipactive lsolope, and I can be
separated from "N only based on densities).

Then they trmnsfermed the cells mio a medium with normal
YNHLCT and ook samples at vartous definite tme mtervals as
the cells multtplied, and extracted the DNA that remalned as

double-stranded helices. The various samples were separated

mndependenlly on CsCl gradients (o measure e densities of
DNA (Funire 5.7).

Can you recall what centrifugal force 15, and think why a

molecule with higher mass fdensily would sediment Jaster?
The resulis are shown in Flgiide 5?’

Crenierntione 1 Chepversat b 1

m W_' N-PNA
ONSTNA

Crenavitod bopal foree ;

"N'N "N " N":'J: " NN

MN-DNA

Fiehie Hyhriel Faghit

I.‘:u;uumluu. ol ].'.‘rN.:"L Ly L{'dlltllu.gﬂ.tll.llﬂ

(k1)

Lyl

" MADINA

Flgure 5.7 Meschon aml Stahl's Experiment

Thus, the DNA that was extracted from the culture one
generation afier the transfer from ‘"N to "N medium [thal 1s
aller 200minules; E. colf divides in 20 minuates| had a hwbnd or
inlermediale density. DNA extmacled fom (he enlture afier
another generation [that ts afier 40 minutes, [ generation) was
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compesed of egual amourits ol Uits livbiid DNA and of "Hght
DNA

Il E. colt was allwed (o grow for 80 minuies then what woitld be the
proparitons of lght and hybrid densiites DNA molecule?

Very similar experiments involving use of radloactive thymidine (o
detect distribution of tiewly synihestsed DNA I the chromjosomes was
perfimmed on Vicka Jiuba (faba beans) by Tavior and colleagues in 1958,
The expenments proved thal the DNA In chromosomes also replicate
semiconservalively.

5.4.2 The Machinery and the Enzymes

In living cells, such as E. ool the process of replication requines a selof
calalysis (envyimes). The maln enzyme IS referred Lo as DNA-dependent
DNA polymerase, since 1l uses a DNA templaie 1o catalyse the
polymerisation of demonucieotides. These enzymes are highly efficient
ciymes as they have o calalyse polymerisalion of a large number of
nitcleotides tn a verv short time, £ coll that has only 4.6 = 10° bhp (eompare
it with human whose diplotd content ts 6.6 % 10 bp), completes the
process of replicaticn wilthin 18 minntes; thal means the average rale of

polymerisadon has le be approximately 2000 bp per second. Nol only do

these polymerases have to be fast, but Lhey also have (o catalyse the reaction
with high degreeof accuracy. Any mistake during replication would result
into mmitalions. Furthermane, engrgelically eplicallon is a very expensive

rocess, Deoxyribonucleoside tiiphesphates serve dual purposes. In

arddition to acting as substrates, they provide energy for polymertsation
reaction (the two terminal phasphates in a deoxynucieoside iriphosphates
are Meh-enerpy phesphates, same as tn case of ATP).

I addition (o DNA-dependent DNA polymerases, many additionsl
engymes are required (o eomplete the process of replication with high
degree of accuracy, For long DNA molemiles, sinee the two sirands of
DMNA cannol be separated 1n Its entire length (due 1o very high energy
requirement), the replicatlon eccur within a small opening of the DNA
heltx, referred (o as replication fork. The DNA-dependent DNA
polymerases catalyse polymenisation only inone direction. that 1s 533"
This creates some addittonal complications at the replicating fork.
Conseipuesitly, on one strand {Lthe lemplate with polarity 335, the
replicalion 1s continuous, while on the other (the template with
polarity 5249, 1L 1s discontinuons. The discontinuonsly synthesised
iragments are laler joined by the enzyme DNA Ugase {Figure 5.8).

The DNA polviuerases on thelr own cannol inlilate the process of
replication, Also the replication doés nol iniiale mmdomly al any place
in DNA. There 15 a definite reglon tn E. coll DNA where Lthe replication
vriginates. Such regions are termed @s ordgin of replication. It Is
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beciause of Lhe reqgulrenienl ol the origin of 5!
rephication that a ptece of DNA U needed Lo be
propagated durtng recombinant DNA procedures,
Tequires a vector. The vectors provide the origin of
replication.

Further, not every detail of replication Is
understood well. In eukaryvotes, the replication of
INA takes place at S-phase of the cell-eycle. The
replication of DNAand cell division oycle should be.
highly coordinatled. A [allure n cell diviston alter ¢ ntinuous
DNA replication resulls Inte polyploldy(a  sylhesis
chromosamal anomalyl. You will learn the delatled
nature of origin and the processes ocoming at this
site, In higher classes.

5.5 TranscrirTION 5

The process of copying genetic information from one
strand of the DNA Into RNA Is lermed as
transeription. Here also, lhe prineciple of
complementarty governs the process of transcription, excepl the adenestne
complemenits now forms base patrwith uract instesd of thymine. However,
unttke inn the process of replication. which once sef {n., the total DNA of an
orgarlsm gels duplicaled. in transeripion only a segmenl of DNA and
cirity one of the stmnds is copled into RNA. This necessiinles défining (he
hotndantes that would demarcate the reglon and the strand of DNA (hal
wonile] be tramscribed:

Why both the sirands are nol copled durtng transcription has the
stinple answer. Fursi, I bolh stfanids acl asa temiplale, they would code
for RNA molecule with different sequences (Remember complemeniarity
dipes ol mean identical), and in tum. 1 they code for proleins, the sequenoe
of amino aclds tn the proteins would be different. Hence, ane segment of
the DNA would be coding [or Bwo dilferenl proleins, and s would
complicate (he genette Information transfer machinery. Secand, the (wo
RNA molecules il produced stmultaneously would be complementary to
each other, hence would form a double stranded RNA. This would prevent
RNA [rom being translated Into protein and Lhe exercise ol transcription
would become a uitle one.

5.5.1 Transcription Unit

A transeription unil tn DNA 1s deflned primanly by the three reglons in
the DNA:

i1l A Promoler

i) The Struclural gene
i A Terminator
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There Is:a converilion in delinlng e beo sitands ol the DNA th the
structural gene of a transerptton unit. Sinee the twoe strands have oppostie
polarity and the DNA-dependent RNA polymerase also catalyse the
polymenisation tin only one directiom, that 15, 5 -8, the strand that has
the polarity 3 -5 acts as a templale. and 1s also referred o as template
strand, The olher sirand which has the pelarity (5 —2') and the sequence
same as RNA (except thymine at the place of uractl), 1s displaced during
transcnption. Strangely. this sirand (which does not code for anything)
ts referred (o as coding strand. All the reference point while defining a
traziscriptlon wilt 1s made with coding strard. To explatn the poinl. 2
hypothictical sequence from a transeripiion untl s represented below:

S-ATGCATCCATOGCATOCATGCATGC-5  Template Strand
5 -TACOCTACGTACGTACOTACCTACG-3"  Coding Strand
Can you now uriie the sequence of RNA transoribed from the abore DNA?

Transcription start sile

>
Promoter . i Terminniar
3 & —_— Strartural-dene l'empliie simod i
i ) = 3
e — Confing strand

Figure 5.9 Schemalle strictare of @ trnseription wnit

The promoter amd terminator {lank the structural gene In a
transcription unlt.  The promoter 1s satd (o be located towards 5 -end
(upsiream) of the struciural gene (the reference ts made with respect (o
thee polarity of coding strand). [Lis a DNA sequenice thal provides binding
sile for RNA polymerase, and il Is the présence of 3 promoler tn &
transcription unil that also defines the template and coding strands. By
switching 1= posttion with temndnetor, the definition of codine and template
strands could be reversed. The terminalor is located towards 3 -end
([downstream) of the coding strand and it usually defines the end of the
process of transcripion [Flgare 5.9). There are additional reguldlory
sequences LHal may be present [urther upsirean or downstream Lo the
promoter. Some of the properiles of these sequences shall be discussed
whille deallng with regulation of gene expréssion,

5.5.2 Transcription Unit and the Gene

A gene is defined as the lunctional unit of inhentance. Though there s no
ambigmity that the genes are located on the DNA, s difficull to iterally
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define a gene in werms ol DNA seguence. The DNA sequenee codlng [or
LRNA or rRNA molesule also define a gene. Howsver by defining a efstron
as a seament of DNA coding for a polypeptide. the siructuril gene in a
transcription unil could be sald as monoclstronic (mostly in cukarvoles)
ar polycistronle (mostly in bacterta or prokaryotes]. In eukaryotes, the
monocistronie strctural genes have intenupted coding sequences —the
genes in eukarvotes are splil. The coding sequences or expressed
sequences are delined as exons. Exons are sakd (o be (hose sequence
that appear mmature or processed RNA. The exons are inlerrupled by
introns. Inirans or Inlefvening sequences do nol appear In maiure or
processed RNA. The split-gene armangement further complicates the
definttton of 2 gene 1n terms of a DNA segment.

Inherilance of a character 1s also affected by promoter and regulistory

sequences of a simichural gene. Henee, somettme the regulatony sequences:

are locsely defined as regulatory genes, even though ibese sequences do
not code for any RNA or protein.

5.5.3 Types of RNA and the process of Transeription

In bactera, there are three major types of RNAs: mRNA (messerger RNA).
IRNA (transfer RNA), and TRNA (ribosomal RNA), All three RNAs are
needed to synthestse a protetn (o a coll. The mRNA provides the lemplate,
(RNA brings amunecacids and reads the genetic code. and fRENAs play
structural and calalyte role during translaoton. There 15 single
DNA-dependent RNA polvmerase thal catalyses (ranseriplion of all types
of RNA tn bacterta RNA polymerase hinds to promoter and initiates
transcription (Initiation), It uses nucleostde inphosphales as subsirale

L 4

i [E3

5 5
roimister @

RA Thie i
HNA polvierasge ‘Sl faripr

Initiation
Elongation
a B!
A" ¥
- . RNA
Termination . @ Fodymmersn

e "
=B laidor

Figure 5.10 Process of Transcriptivn in Bacterin
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and polymerises i a lemplale depended [ashion Iollowine e mle of
commplementanty. [t somehow also facilitates opentng of the helix and
continies elongation. Only a short stretch of RNA remams bound (o the
ergyme. Unce the polymetases teaches the terminatar region, the nascenlt
RNA all=s off. so also the RNA polvmerase. Tlus resulis in termination of
transoriplion,

An intriguing question 1s that how 1s Lthe RNA palymerases able
o catalyse all the three steps, which are tnitiation, elongation and
termination. The RNA polymerase is only capable of catalysing the
process of dlongallon. 1L assoctales transtenilly with initiation-factor (o)
and termination-factor (p) lo initlale and (erminate Lthe transeription.
respectively. Assoctation with these [actors alter the specificity of the
RNA polymerase Lo etther iniliate or terminate (Frgure 5,10y,

In bacterta, sinee the mBENA does not require any processing Lo become
acitve, and also since lranseriplion and transiation lake place in the same
compartinent (there 1s no separation of cylosol amnd rbeleus tn bacterta),
many Hmes the transtation can begtn much before the mRNA ts fully
transcribed. Consequently, the \ranscription and transtation can be coupled
In bacterta

In eukaryoles, there are two additional complexities —

(i) There are at least three RNA polymemses in the nuclens {in additon
to the RNA polymerase found in the organelles). There Is a clear
cul diviston of labour. The RNA polymerase | transcribes rRNAs

4 3 mRNA
Cappling ‘E'.:I[. / I‘utm:} _m— — -~
i ”
E'mn.t . ? 4 RNA spliciig Polyadleoyliatlon
(153 ¥ 3
5 Cho Q ' Q Q Q f,.-'*'
q i ‘ Paly A toil
5.| {"'4||||_|I
"| I - r' 3
5 Ed'lt-'I-
Messenger RNA

Figure 5.11 Process of Trnscription in Enkaryotes
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1285, 185, and 5.8B5], wlicreas Lhe RNA polvimerase [ is responsible

for transcripuon of tRNA 5srRNA. aml snRNAs (small nuclear

RNAs|. The RNA polymerase H transcribes precursor of mRNA. the

heterogeneous nuclear RNA (hnRNA)

(1) The second complexity 18 that the prinary transceripls conlain both
the exons and the introns and are non-functlonal. Hence, 1L 1s
subjected (o a process called splicing where the (ntrons are removed
and exons are joined 1n a defined order. haRNA underpgoes
addttional processing calied as capping and tailing. In capping an
unusual nucleatide methyl guanostne tiphasphite) 1s-added Lo
the 5-end of hnRNA. ln talling. adenylate restdues (200-300) are
aiided 3t 2 -end n a template independent manner. 1L s the fily
processed hnRNA, now called mRNA, that 1s transported oul of the
rnuclens for ranslation [Flgare 5.1 1).

The significance of such complexilies Is now beglnning (o be
undersiood. The splil-gene arrangements represent pmfmh[y an anclent
featire of the genome. The presence of tntrons ts remintscent of antiquitty.
and the process of splicing represenis the dominance of RNA-world. In
receril tmes, the understanding of RNA and RNA-dependent processes
in (l1e Itving system have assumed more tmportance,

5.8 Gexenc Conz

During replication and transeription a nuelete aold was coplied to finm
another nucleic actd. Henee, these processes are easy (o concepiualise
on Lthe basis of complementanty. The process of translation reguires
transfer of yeneic informalion from a padyimes of nuclentides o syalhssise
a polvmer of ammo acids. Nelthier does any complementaniy exist between
nucicolides and amino aclds, nor {;ﬁ‘lllﬂ ary be drawn heoretically. There
cxisted ample evidences. though. to supporl the notion that change in
muclelc acids [genelic matertal) were responsible or changs i amino acids
in proletns, This led (o the proposition of & genetie code that could direct
the sequence of amino aeids during synthests of protetns,

If determining the blochemical nature of genetle matenal and the
structure of DNA was very exciting. the propositton and dectphertng of
genclie code were most chillenging, In a very true sense, I reguired
mvolvement of sclentists from several disciplines — physiclsts, arganic
chemisls, hluchf'ml_st',',_ and penciicists, [ was George Csmow, & phivsiolsi
whoargued thal stnee there are only 4 bases and if they have Lo code for
20 ammo avids, the code should constitule & combinalion of bases, He
suggested that in order o code [or all U 20 amino actds, (he code should
be made up of three tTmclentides. This was a very boid proposition, becanse
a permiuiation combination of 47 (4 x 4 x 4) would generale 64 codons;
generating many more codons than reguired.

Providing proof Lhal (he codon was a inpled, was a more daunting
task. The chemical method developed by Har Gobind Khorana was
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Instrumental i synthestsing RNA molecules with defined combinations
of kases (Homopolymers and copolvmers), Mamsball Nirenberg's cell-free
system for protetn synthests (inally helped the code 1o be dectphered.
Severo Ochoa enzyme (polynucleotide phosphorylase) was also helpful
in polvmensing RNA with deftned sequences in a template mdependent
mannes [eaymatle synlhesls of RNA). Fmally a checker-baard [or genelic
codde was prepared whichi s stven in Table 5.1,

Table 5.1: The Codons for the Various Amino Acids

Fisil Third
pon PIsITG
Hecorul postili

it [ & G l

UL The | UCU Ser | UAL Ty | UGLE Cyva| (U
LLE e | UCE St | LAGC Twr | UGE Cun |C
(THA Len | LCA Ser | UAS Stop | BGA Stap (&
LG Lewn | (06 Ser | DAG Stop| UGS Trp| g

CU Lew | OO0 Fro | fAL His |GOU Arg) (U
CLc ey | COC o | CAL Hiy | OO Ay (O
CUA Len | BCA Pro | CAK Glo [ OGA; A (A

CUG Lei | COG Pro | CAG Gln |06 A |
MU e | acu e | AAU Asn [AGL Ser |U
AUC T | ACC The |-AMD Asn | AGC Ser |C

AL AUA e | ACA ThE AMA Lys |AGA Arg (s
AUG Met | ACG The | AAG Lys | AGG Ard) |

GUL Vil | ael Ala | GRY Awp |06 Gly, |1
[UC Val | GOC Al | GAC Asp [ GGL Uly (T
GUa vl | GEA Ala | GRA Ohy | GBA GIV: A
GUG Val |'GEG ala | GAG Gl |GGG Gy |

The sallent leatures of genetic code are as follows:
(1} The codan s mplet. 61 codons code for amine ackds and 2 codens do
nol code o any antno acids, hence they lunction as stop codornis.
() Some amino actds are coded by more than ane codon, hence
the code 15 degenerate.
{1} The codion is read fn mRNA ina contiguous [ashilon, There are
o punctualions,
(vl The code 1s nearly universal: for example, from bacteria (o human
Ut woulkd code for Phenylalanine (phe). Some exceplions to this
tule have been found in mitochondral dodons, amd in some
protozoans.
fv) AUG has dual functions. 1t codes for Metluonine (met) . and i
also acl as inltiator codon.
{vi) UAA, UAG, LiCA are stop lerminalor codons.
Il [ollowing is Lthe sequence of nuclestides in mRNA. predict the
sequence Of aming acld coded by U (lake heip of the checkerboard );

AUG DT LRUC LUC ULt UL Llc-
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Newwtry the opposile. Following is e sequence of amino doid s vodiod
by an mRNA, Predict the nucleotide sequence in the RVA:

Met-Phe-Phe-FPhe-I'he-Phe-Phe

Do you face @y difficully n predicting the opposile?

Can you now corelate witch fwo properties of genetie code gou hare
learml?

5.6.1 Mutaiions and Genetic Code

The relatiomshitps betweem genies and DNA are best understood by mutation
studdies. Yon have studied abont mutation and iis effect tn Chapler 4. Effecis
of large deletions and rearmangements In a segimenl of DNA are easy 1o
comprehend. L may result in loss or gatn of a gene and so a funclion. The
cfiect of point mntations will be explained here. A classical example of
pidnt mutation s a change ol single base patr’ In Lthe gene for beia globin
chain that resulls m the change of amino ackd restdue glulamate to valine.
It resulis into r diseased condiiion called as sickle cell anemia. Effect of
polnl mutditons (hat mseris or deletes a base It struelural gene can be
beller undersiood by following stmple example

Congtder a statement that 1s made up of the following words each
having three lelters like gencte code.

RAM HAS RED CAP

If we tnserl a leller B in belween HAS and RED and rearrange the
statement, 1t would read as [ollows:

RAM HAS ERE DCA P

Similarly, Il we now nsert two letlers al the same place, say BI'. Now it
would read.

RAM HAS BIR EDC AP
Nowwe insert three letlers together, say BIG, the statement would read
RAM HAS BIG RED CAP

The same exercise can be repeated. by deleting the letters R, Eand D,
one by one and rearrangtng the stalement o make a iriplel word.

RAM HAS EDC AP
RAM HAS CAP

The concluston from the above exercise 15 vwery cbvious. Insertion or
delelion of one or two bases changes the reading [rmme [fom Lthe poinlof
Inseriton or deletion. However, such mutallons are refermed 16 as
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frameshift Insertion or deletion mutations. Inserlion or delelicn of
three or s mulltple bases insert or delete none or multple codon henee
ane ormnltiple amimo aclds, and readins frame remams onstered from
thal poinl onwards.

5.6.2 tiRNA- the Adapter Molecule

From the very beginntng of (he proposttion ol code, 1L was clear Lo Francls

Crick thal there has to be a mechamsm (o readd the code and also to lnk 1L

to the aminoe aclids, because amine ackis have no structural speclaltiies (o

read the code uniquely. He postulated the presence of an-adapler molecule

that would on one hand read the code and on other hand would brnd

to speciflc amino adds. The IRNA. then called sRNA [soluble RNA),

was known before the genetie code was postulated. However, Ils role
as an adapler molecule was asstgned much ater

ftRNA has an

5 s .- anticodon loop

‘ &Eﬂ‘f [ n:ltfr;l that has bases

= P et oomplementary o

3 tRNA — 3 the code. and i also

) ' has arramino scid

. peceptor end (o

' which 1t hinds (o

ren

’

- M Anticedon Efﬁﬂ-ﬁf amino acids
AGU ' UAC {RNAs are sperific

5! M 3 lorcach aminoacid

Figure 5.12). For

Figure 5.12 (MNA - the adapler molecule miltatton, there Is

another spectfic {RNA thal is referred (o as initiator tRNA. There are no
LRNAs [or stop codons. [n figare 5. 12, the secondary strocture of tIRNA
has been depleted that looks ke a clover-leal. In aclual stnicture, the
tRNA 15 a compact molecule which looks ke mveried L

5.7 TrRANSLATION

Transtation refers (o the process of polyimerisation of amino actds (o
form a palypeptide (Fleure 5. 13). The order and sequence of aminoe actds
are defined by the sequence of bases in |he mRNA. The amino acids are
jotned by & bond which is known as a peptide bond. Formation of a
pepude bond requitres enesuy. Therelore, (n e frst pliase sell @amino
arctds are activdted tn the presence of ATP and lnked to thelr cognate
IRNA—-a process commoniy called as charging of tRNA or
aminoacylation of tRNA (0 be more spectic. I two such charged (RNAs
are brought close cnough. the formation of pepdde bond between them
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would be Bvoured energellcally, The
presence of a catalyst would enhance
the rate of peptide bond formation.
The cellular (actory responsible for
synithestsing proleins is the dbosomie.
The rbosome conststs of structural
HNAs and about 80 different protetns.
In its mmactive state. 1L exisls as two
subunils; a large subunil and a small
subunit. When the small subunil
encouniers an mRNA. the process of
iransfation of the mRENA o protein
Degtnis, There are two siles iy e larpe
subumit, lar subsequent amine aclds
1o bind to and (hus, be cluose enough Figure 5.13 Trnslation
1o each other for be lormatton of &
pepude bond. The nbosome also acts as a catalyst (235 rRNA i bactena
Is Lthe enzyime- ribozyme) [or the lormalion of peplide bond.
A translattonal unil m mRNA 1s Lhe sequence of RNA that 1s llanked
by the start codon (AUG)and the stop codon and codes for a polypeptide.
An mRNA also has some addittonal sequences that are nol translated
and are referred as untranslated regions (UTR). The UTRs are present
at both 5 -end (before stant codon) and al 3 -end (afler stop codon), They
are required for elfictent bransktion process.
For mitiation, the ribosome binds to the mRNA al the start codon (AUG)
thal tsrecopmised only by (he Inltator (RNA. The ribasome procesds (o the
clongation phase of protetn synthests. During this stage, complexes
composed of an aming actd linked (0 (RNA. samenttally bind (o the
appropriate codon in mENA by forming compiementary base patrs with
the (RNA anucodon. Tl rbosame moves from codoit o codorealong e
mRNA. Amino actds are added one by one, transiated mio Palypeptide
soquences dictaled by DNA and represented by mRNA. At the enid, a release
factor bineds lo the stop codom, terminaling translation and releasing the
complele polypeptide from Uhe fbosone.

5.8 Recuarion or Gese Exrressiox
Regulation of gene expression refers Lo a very Broad term that may oocur

al various levels, Considering thal gene expression resulls in the formation
ol a polypeptde. it can be regulated al several levels. In eukaryoles, the
regulation conld be exerled at e

{i) transcriplional level (formallon of primary ranscripl),

{tt) processing level (regulation of splicing).
it} transport of mRNA from mucleus (o the cyloplasm.,

) iransintional el
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The genes in a cell are expressed Lo perform a particalar himellon or a
set of functions, For example, il an enzyme called beta-galactostdase 1s
synthesised by E. coll. 1t 1s used 1o catalyse the hydrelysts of a
disacchartde, lactose mnto galaclose and glucose: the bacteria use them
as a source of energy. Hence, if the bacteria do not have lactose around
them (o be ulilised for energy source, they would no longer require the
synthesis of the enzyme beta-galactosidase. Therefore, in stmple terms,
1L 18 the metabolie, phiystological or environmienial condittons il reguiale
the expression of genes, The development and differentiation of embrvo
into adull organtsms are also a resull of the coprimated regulatton of
expression of several sels of genes.

in prokaryotes, control of the rate of transcriptional witation is the
predoninant iie for control of gene expresston. In a trmascription unit.
thre activity of RNA polymerase at a given promoter is in torm regulaied
by interaction with accessory proteins, whichi allect tis abtlity to recognise
slar sites. These regulatony proteins can act both positively (activators)
and negatively (repressors). The accesstbilily of promaoter regiems of
prokarvotic DNA 15 in many cases regulated by the interacton ol profeins
wilh sequences lermied operators, The operalor reglon s adjacend o the
promoter elements i most operons and i most cases the sequences of
the operator bind a repressor protein. Each operon has tis specific
operator and specifle repressor. For example, Inc operator s present
anly in the lac operon and |1 nleracts specifically with loe repressar only.

5.8.1 The Lac operon

The elngidation of the lac operon was also a result of a close association
between a genctlcist, Franoots Jacob and a blochiemntst. Jacque Monod. They
weie Lhe first to elucidale a ranscriplionally regnlated syslem. In lacoperan
{here lao refers to laciose), a polyvoisironic stmictural gene s regulated by a
common promoter and regulalory genes. Such arrangesment s very comon
in bacterta and s relfemed o as operon, To name few such examples, lac
gpeTolL. (fp aperon, ara operon. his operon, ol operon, elc

The lac operon conststs of one regailatory gene (the { gene —here the
term { does nol refer Lo Inducer, raiher il Is derived [rom Ue word inhitbilor)
and three structural genes (2 y, and a). The | gene codes for the repressor
of the lac operon. The z gene codes for beta-galaclosidase {Fgal), which
Is primarily responsthle for the hydrolysis of the disacchande. lactose
into s monomeric units, galactose and glucose, The y gene codes for
permease, which Increases penmeabiltty of the cell to Sgalaclostdes. The
a gene encodes A transaceiylase. Hence, all the three gene products (n
law: operan are required for metabollsm of lactose. Inmost other operons
as well, the genes present in the operon are needed logether o fimetion
in the same or related metabolic pathway (Figure 5, 14).
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Il'l i Itll.l F4 | ¥ |nl in absence of Inducer

I Rrpressor hinds to the operntor reatondo]
P N : andd prevenita RNA polvinerasge from
Bepressor MENA | granseribilng the operon

Repreasor

\y/

4

Il"l 1 |1."|I:II x i ¥ |n In presence of inducer

Trotiscripiion

3 | —

N e .
Reproessar A lige miTiNA

l l [ Translatlon
L [ogutlactonldaye Periieate transacetviase

It !:illr“tﬁr /"é

[nactive repressor)

Figure 5.14 The lac Operon

lactose ts the substrate for the emgyme beta-palnclosidase and 1
regidates switching on and ofl of the operon. Henee, it is termed as inducer
In the abssnice of a prefermed carbon source such as pluoose, Il laclose s
provided in the growth mednem of the bactena, the lactose 1s transported
mnto the cells through the action of permease (Remember. a very low leved
of expression of lac operon has 1o be present in the cell all the me.,
otherwise acinse cannol enler the cells). The lactose then induces the
aperon In the [ollowing manmner.

The repressar of the operon 1s synilheslsed {all-the-ime — constilnively)
from the { gene. The repressor protetn binds to the operator reglon of the
operon and prevents RNA polyimerase [rom raziscribing the operon. In
the presence of an inducer. such as lactose or allolactose, the repressoris
Inactivaled by Irlltﬂwt_l{.tﬁmﬂl the inducer. This allows RNA polymerase
aceess (0 the promoter and transcripilon proceeds (Figure 5. 14).
Essenttally. regulation’of lae operon can also be visuallsed as regulation
of enzyme synihests by tis substrale.

Remember, glurose ar galnctose cannol acl as tnducers for lac
operon. Can you think_for how' long the lac operon woidd be expressexd
in the presence of lactose?

Regulation ol lac opiron by repressor is refemréd Lo as negative
regulation. Lar operon s under control of posiiive regulalion as well,
but 1t is heyonid the scope of discussilon at this level,
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5.9 Homan Genome Progect

in the preceding seclions vou have leamnt that it s the sequence of bases in
DNA that determines Uie genetle information of a gven organtsm. Inother
words, genielle make-up ol an organlsm or an individual les m (e DNA
sequences, Iiwo tndividuals differ, then thedr DNA sequences should alsa
be different. al least al some places. These assumptions led (o the quesiof
finding oul the compleie DNA sequence of human genome. With the
establishiment of genetic engineering technigques where It was possible (o
isofale and clone any plece of DNA and avatlabtlity of simple and st
technigques for determintng DNA sequences, a very ambllious project of
sequencing human genome was launched o the year 1990,

Human Genome Project (I101") was called a mega project. You can
Imagine tie magiitude and e requirements [or he project il we stmply
define the atms of the project as follows:

Human genome ts said 1o have approximately 3 x 10 bp. and if the
cosi of sequencing required is U15:% 3 per bp lthe estimmaled cost in the
beginning], the tolal estimated cost of Uie project would be approximaiely
f billlon US dollars, Further, if the oblatned sequences were Lo be stored
in typed form in boaks, and A each page of the book contatned 1000
letters and each book contatned 1000 pages. then 3300 such hooks would
be required Lo store the mformation ol DNA sequence from a single hiumuan
cell. The enormions amounl ol data expecled Lo be generated also
necessitated theuse of hugh speed compulational devices lor data storage
and retrieval, and analysis. HGP was closely assoctated with the rapid
development of a new area in biology called Biolnformatics.

Goals of HGP
Some of the impariant goals of HGP were as follows:

(4 Iddenithy all the approximetely 20,000-25,000 genes m bnmman DNA;
) Delermitne the sequences of the 2 billllon chemieal basi: patrs thal
make up human DNA;
[y Seore this iInformation 1n databases:
vy tmiprove tools for data analysts:
v] Translorrelaled technologies Lo other seclors, such as ndustries;
Vi) Address the etliteal, legal, and soolal 1ssues (ELST) that may antse
fromn the project.

The Human Genome Project was a 13-year project coordinated by
the US. Department of Energy and the Natlonal lusttule ol Health, During
the early years of the HOP, the Wellcame Trust (U.E.) became a major
partner; addittonal contributions came from Japan., France, Gormany.
Chilna and others. The project was completed 1 2003 Knowledge abouat
e effects of DNA varations among tndividuals can lead (o revolullonany
new ways (o diagnose, treal amnd someday prevent the thousands of
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disorders thal alfect hnman belngs. Bestdes providing clues Lo
understanding human biology, learming aboul non-human organtsms
DNA sequences can lead (o an understanding of thetr natursl capahilities.
that can be applied toward solving challenges in health care, agriculiure,
cheroy production. emvirommenlal remedialion, Many non-huaman model
organisms, such as bactena, veast, Caenorhiabdiils vlegans (a free lving
non-pathogentc nemalode), Drosophita (the frull fly), plants (roe and
Arabidopsis|, elc.. have also been sequenced.

Methodologies : The methods trvolved two major appmoaches. One
approach focused on tdenttfying all the genes that are expressed as
RNA [referred (o as Expressed Sequence Tags |ESTs). The ollier look
ihe bitnd approach of simply sequencing the whotbe set of genome thal
coni:atmed all the coding and non-coding sequence, and laler assiaming
different reglons in the sequence with lunctons (a trom referved (o as
Sequence Annotation). For sequencing. (hi total DNA from a cell is
tsolated and converted tnto random fragments of mlattvely smaller stees
(recall DNA 1s a very long polymer, and there are techmical Umitations in
sequencing very long pteces of DNAJ and cloned tn suitahle host using
specialised vectors. The cloning resulted thilo amplification of cach plece
aof DNA fragment so that 1 subsequently could be sequenced with ease.
The commeanly used hosts were baclerta and yeasl. and the vectors were
called as BAC (bactenal artficial chromosomes). and YAC [veast artificial
chrmmosamess).

The fragmenits were sequenced néng antomaterd DNA sequencers thal
worked on the principle of a method developed by Frederick Sanger.
[Remember, Sanger 1= also erediled for developing method for
delermination of aminoe acid
sequences In protems). These
sequences were then amanged based
on soifne overlapping regions
present in them, Thls required
generalion of overlapping fragments
for sequencing, Alignment of |hese
seguences was humanly not
possible. Therelore, speciallsed
commier based programs were
developed (Figure 5:15). These
seguences wire suhseguenitly
smnotated and were asslgned Lo each
chromosome, The sequence of
chromosoine 1 was campleted only
i May 2006 {this was the last ol the
24 human chromosomes — 22 Flgure 5,15 A representative diagram of human
autosomes and X and Y - to be genome praject
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sequenced).  Anolher challending task was assigiing lhe genelle and
phiysical maps on the genome. This was generated usting Information on
polymorphism of resiriction endonuclease recognition sites, and some
repetittve DNA sequenices known as microsélellites jone of the applications
of polymorphism in repetitive DNA sequences shall be explatned tn next
section of DNA fingerprinting).

5.9.1 Salient Features of Human Genome

Same of the sallenl observallons drawn from human genome projecl are
as follows:
) The human genome contains 31647 million bp.
i} Theaverage gene consisis of 3000 bases, bul sizes vary greatly, with
the karpest known Iorman gene betng dystrophin at 2.4 million bases,
fit)y The total mumber of genes 1s esttmaled at 30.000—much lower
than previous estimales of 80,000 (o 1,40.000 senes, Almost all
(99,9 pér cenit) nucleotide bases are exactly the same 10 all people.
(v The functions are unknown lor over 50 per eent of te diseoverecd
gencs.
(vi Less than 2 pereent of the genome codes [or proteims.
(vl) Repeated sequences make upvery karge portton of the lnumsm genome
Ivil] Repelilive sequences are siredches of DNA sequences (hat are
repestied many times, smnetimes fundred 1o thousand wmes. They
are thought (o hiave no direct coding functons. but they shed light
on chmomaosame strodlure, dvnamics and evolulion,
vitl] Chromosome | hasmosi genes (2968), and the Y has the fewest [231),
ik} Sclentists have identtfied about 1.4 million locations where single-
hase DNA differences (SNPs - single nucleotide polymorphism.
pronounced as 'snlps’) occur In homans, Ths Informalion promises
to reveluttontse the processes of finding chiromosomal locations (or
disease-associaled sequences and trmcing human history,

5.9.2 Applications and Future Challenges

Dertving meaningful knowledge from the DNA sequences will define
research through the coming decades leading to our understanding of
biologlcal systems. This enormous task will require the expertise and
ereaiivily of lens of thousands of stleniists from vaned disciplines i both
the public and private sectors worldwide. One of the grealest timpacts of
having the HG sequence may well be-enabliing a radically new approach
Lo bialogtcal research. In the pasl, esearchers studled dne or a few genes
al a ume. With whole-genome sequences and new high-throughpult
technologles, we can approach questions systematically and ona much
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broader seale. They can stidy all e genies 1n 8 iendme, lor exsmple, all
the transcripts In a parifewlar ssue or organ or lumor, or how tens of
thousands of genes and proteins work together iIn Intercormected networks
to orchiestrale the chemisiryvof life.

5.10 DNA FiNGERPRINTISG

As siated in the preceding sectton, 99.9 per cent of base sequence among
humans 15 the same. Assuming fumman genome as 2 = [0 bp, in how
mary base segiiences would there be differences? [L1s these dillerences
in sequence of DNA which make every indtvidual unique m thelr
phenotypic appearance. If one aims (o find oul genetie differences
beiween iwo individoals or among Individuals of a popuiation,
sequencing the DNA every Unie would be a dﬂ.uﬂLIEl.j'.g and expenstve
task. Imagine ving to compare (wo sels of 3 x 1) base patrs. DNA
fingerprinling 15 a very quick way (o compare (e DNA sequenices of any
two tndividuals.

DNA ngerprintng involves wenuiving differences in some spectile
regtons 1n DNA sequence called as repetitive DNA. because (n these
sequenices, A small stretoh of DNA B repealed many tmes. These epetitive
DNA are separaled from bulk genomic DNA as different peaks during
denstty gradient centrifugation. The bulk DNA forms a major peak-and
the other small peaks are referred Lo as satellite DNA. Dependimg om
hase composilan (A T rich ar GiC rich), léngil of segment, sl number
af Tepelitve units, the satellite DNA 1s classified inlo many calegories,
such as micro-satellites, mint-satellites ete, These sequences normally
de nol code for any proteins, but they form a large portion of human
genome. These sequence show Iigh degree of polymorphism and (orm
the basts of DNA (tngerprinting. Stnce DNA from every Ussue (such as
blood, hatr-follicle, skin, hone, saltva. sperm ele. ), from an individuoal
show the same degree of polymorphism. (hey become very useful
tderttlication tool b lorensic applicattons. Porther, as the polymorplilsms
are Inherilable from parents (o chitidren, DNA {ingerpirinting s (he basis
af paternily lesiing. In case of displtes.

As polymorphism i DNA sequence is the basis of genellc mapping
of human genome as well as of DNA Ongerprinting. 10 1s essental that we
pnnderstand whal DNA polymorphism means In simple lermiis.
Polymorphism {(varation al genetic lovel) arises due (o mutailons. (Recall
different kimd of mutattons and their effects thal you have already
studied in Chapter 4. and tn the preceding secttons in this chapler.)
New mnlations may arise th an ndividual etther i samatic eells or n
the gperm cells [cells thal generale gametes n sexually reproducting
organtsms), I a germ cell mutalton does not serously tmpatr individual’s
ability to have offspring who can transmil the mutation; If can spread 1o
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the othier members ol popilatici [Unrouch sexual reproducilon). Allelic
[agatn recall the definttion ol alleles from Chiapler 4) sequence variation
has traditonally been described as a DNA polymorphism if more than
one variani [allele) at a locus oceurs in human population with a
[reguency grealer than 0.01 . In stmple terms, ([ an inheritable mutation
15 observed 1n a population at high frequency. 1 1s referred (o as DNA
polymorphism._ The probability of such variztion (o be observed tn non-
coding DNA sequence would be higher as mulations in these seguences
may nol have any tmmediate eflfect /impact 13 an Individual's
reproductive ability. These mutations keep on acocumulating generation
after generation, amd fomm one of Lhe basis of varability /palymorphilsm.
There Is a variety of different fypes of polymorphisms ranging from single
nucieottde change o very large scale changes. For evolullon and
spectatton, such polymorplilsms play very tmportant rede, and you will
study these in detalls at higher classes.

The technmigue of DNA Fingerprinting was miltally developed by Alec
Jelfreys. He used a satellite DNA as probe (hat shows very high degree
of polymorphism, 1L was called as Variable Number of Tandem Repeats
(VNTR), The techniguie, as used earifer, tnvolved Southern blot
hybridisation using radiolabelled VNTH as a probe. It inclhaded

i) salaton ol DNA
) digesuon of DNA by restriciion endonucleases,
(1t} sepurstion ol DNA ragments by electrophorests,

(v iransferring (bloiing) of separaled DNA fragmenis (o synthelic
membranes, sucli as nitrocellulose or nvlon,

v hwbridisatton using labelled VNTR probe, and

fvil detection of hybridised DNA fragments by autoradiography. Aschematle
represcniation of DNA ingerprinting is shown in Figure 5. 16.

The VNTIR belongs toa class of sateltite DNA meferred (o as mitnd-satedltie,
A sminll DNA sequence s arranged (andenily in many copy riimbers, The
copy number vares from chiromosome (o chromoesome i an individual.
The numbers of repeat show very high degree of polymorphtsm, As a
result the size of VNTR varies in stze from 0.1 (o 20 kb. Conseguently.
alter liybridisation with VNTR probe, e auloradiogram gives miany barids
ol differing stzes, These bands give a charactenste pattem for an individual
DNA (Flgure 5. 18], I differs from mdividual (o individual in a populstion
excepl in the case of monozygotic (Identical] twins. The sensttivity of the
techrigue has been increased by use ol polymerase chain reaction (PCR-
vou will study about 1l in Chapter 9), Consequently, DNA from a single
cell ts enough (o perform DNA fingerprinting analysis, In addition o
application In forensic scicnce. 1L has much wider application. such as
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in determining population and genetic diversities. Currently, many _
T —

different probes are used (o generale DNA lingerprints:
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SUMMARY

Nugleic ackds are long polymers of nucicolides. While DNA sores genetlc
informntion, RNA moatly helps in trmnsfer and expression of informition.
Though PNA and RNA both function as genetie materidl, bt DNA belng
chemically aned sttucturafly more stable k= 0 better genelle moterial,
Flerwiver, RNA s the first to evelve and DNA was derived from BNA. The
halimark of (he double stranded belienl structure of DNA IS Lhe hydrogen
bomding betweon the bases from opposile strands, The fole Is that
Adenine phiirs wilh Thymine through two H-bonds, and Guunine wilh
Cytosine through three H-bonds, This makes one sivand
complementory o e ollier. The DNA replisates semleondessalively,
the process s gulded by the complementary H-bonding. A segment of
DONA (hol codes for RNA moy in o simplistie e ean be 'wefertisd os
gene. Duiring Lranscription alse, one of the strunds of DNA octs a
templite Lo direet (e synthesis of complemintnry BNAC T bocteria,
L tminseribed mRNA & nielonal, honee can digeetly. be transinted.
In cukaryoles, the gene B split The coding Seqilences, exons. ure
interruplod by non-coding sequernces. Blrons. . Titrons are removed
nrd exons are joined/lo) produce functional RINA by splicing. The
megsrnger RNA contilng the bake seguences thol are read In &
combinaticn of tree (o mube triplet geredo code) 1o code for an smirio
ncid. The genotle code e again on (e principle of complemeninriy
v (ANA Lkl nets"os b oadapler moleenle. There are specific TRNAs [oe
every amito mekid. The (RNA binds to specific nmine acid ol one emd
nnd pates [hrough IT-bonding with codes on mRNA Lthrooagh s
nnticodons. The stie of mmnsindon [protein synllesis) i dbosomes.
which bind to mBENA ond provide plotiorms for jeining of omino aoids.
Ui of the rHNA acts as.n comlyst for peptide houd formution, which is
un exmmnple of HA cmoyme (o). Transtodon is aoprocess thint
has evobved aroond BNA. indicating tmt iife began orommd RNA. Sinee,
prnnsrription and transtation nre emergelically sery exponsive

processis; these une o be tighily mgulated. Hepgolntion of tmnserption

is (the primury step {or regulation of genr expression: n bocterin,. more
v one gene b= armngded togethor amd regulnted o oanits called os
pperans. Lac operon & e protolype operon in bacteria, which codes
for gencs reapansibie for metabolism of lactose. The operon is eguiated
by the smoird of lnctose 6 the mediom: whene (he bocteria are grown,
Thoreforn, this regulntion cun also be viewed as egulation of enzyme
synithesis by s substmic

Humnn fenoms project wis n mopn project that simed to sequence
evory base in humnn genome. This project bns yiclded much new
information, Many now arcas and avenues have opencid up s o
consoquence of the project. DNA Fingerprinting is a technique (o find
out variations in tndividoals of o population at DNA level. It worles on
the principle of polymorphism in DNA sequences. It hos immoense
npplicatlons in the ficld of forenslc scdonee, genotie odiversity omd
evoelutionary biology

202475



MOLECULAR BASIS OF INHERITANCE

10,

1L

12,

(K S
14.

EXERCISES

woup the following as piirogenous bases and nuoeléosides;
Adenine, Cytidine, Thymine, Guanosine, Uracll and Cytosinoe

I o double stronded DNA bos 20 per o), of eyinsine, enfralate the per
cont of adenine n the DNA.

IF Lk sequednee of one strand of DMNA 5 wrillen as follows:
B -ATGCATGCATGCATGCATGCATRCATGC- 8
Write down the sequence of complementnry stmnd in 5 -8 dircetion.

Il the seqpuenese of the coeding strmud noa iranseripton anil 8 wriilen
s follows:

B -ATGCATOCATGCATGCATGCATGCATGC 8
Wrile down the seqguence of mRNAL

Which propory of DNA dootie Belix b Watson and Coek o hypssthesise
semi-conservative mode of DNA moplication? Explain,

Depending upon e chemical nature of the templote [DNA or RNA)
and e mmture of nocleie acils syntivesised fromeie (DNA or TENAL Tisi
the types of nuclele acid polymerascs.

How did Herslhwey and Chisse differentiale Defween DNA and protein in
their experiment while proving that DNA i the genetic motorind?

IDiiferentite between the fnllowings:

ta] Repetittbvo ONA ond Salcliite DNA

(1) mitNA and (RNA

e} Template stmnd and Coling stmmmd

List fwo cstential roles of dibwsopme dirng translation,

In the moditrm where E colt wns growing. tactose was ndded, which
indluees] the o operon. Then, why does e operon shul down some
time after addilion of laciese o the mediom?

Explain (in one or two lines) Lhe fungtion of the fallowings:
[a) Promoter

{b) IRNA

(o) Exorin

Why i« the Human Genomse profect called @ mega projeet?
Whint =5 DNA fingorprintiog?? Mention #ts npplication,
Brielly deseribe e Wllowing:

in] Transcription

() Tolymerphism

() Tronsluilon

fd) Bloinformalics
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