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Chaper I- “Mutation”
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ce - Adenine (normal) Thymine (armal) G *

Fig. 2. Base pairing of C* (taulon;cr of cytosine) with normal adenine and G* (lautomer of guanine) with

normal thymine.

parental duplex ot . - B

time of DNA @© Raturn of A% t0 A - AT G CACGT
replication. A*C pair duplex - T ACGTCA
foms : . -

Fig. 3. Mutogenesis through tautomeric shift in an A molecule at the ;tm of DNA nplicdion. prom
an AT —> GC transition. . '

The stable tautomers of thymine, adenine, cytoéine and guanine are shown in the center of
Figure 1 and their normal hydrogen—bonded configurations are indicated. These bases can, on occassion,

undergo tautomeric shifts in which certain hydrogen atoms migrate to new unstable positions. Fig. 1
off=ct when they alicr the staC of the at ons on the
g molecules T*, C*

oms at the critica!l 1 and 6 positi
ine rings. In all cases the resultin ,A* and G~ have modified
such shifts endow adenine with base-pairing properties of guanine,
th those of thyminé and thymine W

illustrates thetr
purine & pyrimid
pairing properties. Specificially,

guanine with those of adenine, cytosine w1 ith those of cytosine.

Directorate of Distance Education
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Figure 2 illustrate such mistaken pairing as it ocours between C* and adenine and between G* and
thymine. | -

nextround of replication the strand carrying the womng base will pair as it normally does in Fi gure 3,
C is seen 1o pair normally with G ~ and the resulting duplex will thus carry a GC pair where the
original molecule carried an AT pair. This replacement of AT by GC (or GC by AT) is known as a
transition. More generally a transition can be defined as the insertion of one purine where the other
is called for or the insertion of one pyrimidine where the other is called for. -

It is to be noted that the pairing errors arise through the transition of the pairing relationship of
one purine-base (e.g. adenine) into the pairing form of another purine base (e.g. gaunine) or of one

sequence.

s E o e Ay oy ey -
P alyelrin Transverston
T A C G\TAGAAAC

Fig. 4. Types of possible nycleotide gubstitution

Directorate of Distance Education
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Perma
In contrast to the transitory tautom

altering a base

in a parental DNA molecule. The alte

pent Alteration in Nucleotide Structure :
eric shifts, a no. of mutations are

induced by permanently
ration need not occur at the time the DNA is

replicating but to qualifyasa mutation it must have as its end resulta mistake made during replication.

- Such permarnent alterations

The three most widely used mutagens of th_is sort are nitrous acid

and a class of chemical that acts to alkylate

Nitrous acig :
HNO2 deaminates nucle

in nucleotide structure can be effected

otides, removing amino (-NH,) groups &
group (=0). As shown in Figure 5 deamination of cytosine yields uracil &

by a variety of chemicals.
(HNO,), hydroxylamine (NH,OH)

the bases.

substituting instead a keto
deamination of adenine

yields an unusual nucleotide, hypoxanthine (FHX). Uracil is seen to pair with adenine & thus the
5 A . A
Mutagen Origingl bases )
—
a) Nitrous acid
AT ——> OC.

—H GC ._;..) AT

o .

5) Hydroxlmmine | Cysosine %‘%
s)%’ S o o

o Toulomeric
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. H g
", o o) MA o N
' N ns N T
T *—-—.—) u,,_ —— . Ho N - \N
P *'(o )L.( Pt
©): Ethyl methaye Thveing - - o & N
sulfonate i ) »
Galrswith)  Guanine

(EMS)

A\ o \H

- - -

.~
f"‘?;;: %({(3 C, \¢ 40 / cu,
w

N
N
Guanine g — e H )ﬂ \N
H 7/ N H o
| B oatrs with)  Thyming

Figure 5. Three Oypes of mutagens that modify the chemical structure of bases

deamination of cytosine can produce a GC - AT transition. Hx resembles guanine at the critical | and
6 position on the ring & can pair with cytosine as shown in Figure 5. Again a transition results AT -
GC. Figure 5 showing three types of mutagens that modify the chemical structure of bases.
Hydroxylamine : . ‘ ' .
'. Hydroxylamine reacts only with pyrimidines & probably only its reactions with cytosine is
mutagenic. Hydroxylamine attacks the amino group in position 6 of cytosine converting it to an
© oxime (=N-OH), tht resuiting niuclectide preperantially pairs with adenine. . . =
Alkylating Agents : :

A variety of highly reactive chemicals introduces an alky] group (CH;~, CH,, CH, etc.) into the
nucleotides. These chemicals include mustard gas & the epoxides, dimethyl and diethyl sulfonate,

i LSRN
“Bast Anajogs :

In the preceding section we considered mutagens whose mode of action is, at least primarily,

the permanent alteration of the chemical structure of nucleotides in the parental DNA or RNA. They
are thus capable of producing mutations even when the nucleic acid is not undergoing replication,

Directorate of Distance Education
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Another class of chemical mutagen does not affect the parental DNA or RNA at all & acts only atthe
time nucleic acids are replicating, known as base analogs. These mutagens have chemical structure

analogous to naturally ¢ccuring bases but carry critical modifications.
Two of the most commonly used base analogs are S-bromouracil (5-BU)and its nucleoside 5-

bromodeyxyuridine (5-BUDR). 5-BU is an analog of thymine and carries a bromine atom in place of
methyl group on carbon 3 (Fig. 6). The presence of bromine atom in this molecule changes its charge

| “‘ Tmm‘c;ls{ﬂlikdy

' Fig. 6.
o—H---Qy &
: el —
LN
0~~-H——N

$-Bu- :
enol form (pairs with) w
distribution & thus increased the likelihood that it will undergo a tautomeric shift. The tautomeric
form 5-BU* possessés the hydrogen-bonding properties of cytosine rather than thymine. Therefore
:t a 5-BU* nucleoside triphosphate is mistaken for cytosine at the time of nucleic acid replication, it
may be’brought in by the polymerase to part with guanine. Figure showing mistake at BU replication
(BU incorporated for T, But pairs with G) : :

Arcplicaﬁ‘ona 1 '

B —rrloal” B (eno)

M) step é ) ; :
o . replication”

Mistake at By incorporation (Bu incorporated fi

C
{
Camapational” b o
siep (5& ) —W B?l (kato) g-
4 np)’icaﬂ'tmE A
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2-amingpurine and }u
J H o proposed base pair for-
with thymine.
2-Aminopurine  poizwity Cytosine
(2-4F) - '

Fig. 7 : Another widely used analog is 2-aminopurine can pair with C/T,
Acridines :
most widely used acridine, proflavin shown inFig. 6. Acridine produce mutations that are not revertible

by analogs or hydroxylamine. These mutations apparently involve deletion or addition of one to at
least 20 bases in a nucleic acid, ‘ ‘ h

Fig. The siruéhire of proflavin,
2n aoridint mutdgen,

Proflavin (Cloride) : 3,3 - dicatino acrdin Rycrochiorids
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Acridine dyes such as proflavin and acridine orange are other mutagens that seem to produce

direct effects on the DNA molecule. According to Lerman, acridine dyes act by inserting themselves

between two neighboring purine bases in a singl
expected transitions as do base analogues, nitrous acid,

Ref. Book :
Genetics by strickberger.

.Sample Question :
1. ADNA mol. which contains the tetranucleotide sequence

C-G
G-C
A-T
T-A

is subjected to the following mutagenic agents :

a).

b)

c)
d)

e)

For each of these mutagenic agents,

5.bromouracil
2-aminopurine

Nitrous acid

. Hydrpxyiamine

Ethyl ethane sulfonate.- ,

at best one nucleotide pair in replicates of this DNA chain.

transversion or (3) reading frameshifts

a)

G-C

PO~ N #a.. T

¢) UAUACC UAU - UAU AAC CUA '

d) UUG CUA AUA - UUG CUG AUA

¢ DNA strand. Thus acridine mutatio
hydroxylamine & alkylating agents. =

ns would not be

show the sequence of changes that mutational alteration in

2. Identify the following point mutations represented in DNA and in RNA as (1) transition (2)

Directorate of Distance Education
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Chapter I - Transposable elements in Bacteria :

certain sequences. We obtained evidence of this type of rearrangement, involving transposable
elements or transposons. Many such elements have been found in the DNA of prokaryotes. Bacterial
transposition involves duplication of the element one copy remains at the original “donor’ site, while

the other copy appears at a new ‘recipient’ or ‘target’ site,

The transposons are called insertion sequences. Each type is given the prefix 18, followed bya
number that identifies the type. The original classes were numbered Is !-4. The 1S elements are
normal constituents of bacterial chromosomes & plasmids. For example, one standard strain of E.
coli has eight copies of Is 1 and five copies of 1S 2. To describe an insertion into a particular site, a
double colon is used, lambda :: 1S I describes an 1S 1 element inserted into phage lambda.

The 1S elements identify the simplest class of transposons, since their genetic functions are

Target site
MMMM ATGCA MMMM
MMMM TACGT - MMM M
MMMM  ATGCA  123456789.... 987654321 ATGCA MMMM
AMMMM TACGT 123456789 ... 987654321 TACGT MMMM

i Oni cousist 9 bp. Wheun an ;S efement 1 ansposes,

Here Target js S'bpsequence. The ends of the transpos
a Sequence of host DNA 4t the site insertion is duplicated. The 1S DNA is always flanked by very

- short direct repeats. In this context, ‘direct’ indicates that two copies of a sequence are repeated in

Directorate of Distance Education
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the same orientation, not that the repeats are adjacent. In Figure 1, the target site consists of the

ATGCA
Sequence 4 ~G7 -

transposon. The most common length for the direct repeats are 5 bp and 9 bp.

After transposition, one Copy of this sequence is present on either side of the

As can be seen from Fig. 1, a transposon therefore displays a characteristic structure in which
its ends are identified by the inverted terminal repeats. While the adjacent ends of the flanking host
DNA are identified by the short direct repeats. When observed in a sequence of DNA, this type of

organization is taken to be diagnostic of a transposon.

Composite transposons have IS modules :

Some fransposons cary drug resistance markers as well as the functions concerend with
transposition. These transpons are named Tn followed by"a number. One class of larger transposons
ts that consist of a central region carrying the drug marker (S) flanked

comptises composite elemen
lated. These arms sometimes have been called lengthy

on either side by arms whose sequences are1e
terminal repeats. '
The arms may be in either the same or an inverted orientation. Thus a composite transposon

with arms that are direct repeats has the structure.

W/{/ﬂ/ R
,4'////’/‘7}/////@ entral region %:::%gi%

In the arms are inverted repeats, the structure is

1 Arm L > Central region v < Armﬂ

The arrows indicate the orientation of the arms, which are identified as L and R according to an

10 Directorate of Distance Education



The arms may consist of identical 18 ele
element is present at each end of'the trans
summerized in the following table :-

Distance Learning Marerials

ments. In the ease of Tn 9, a direct repeat of an |S 1
poson. The properties of some composite transposons are

Length

Element Genetic Terminal |  Module [ Module
(bp) markers module Orientation function

Tn 10 9300 tatk IS 10R Inverted fully functional

' IS10L Reduced function
Tns 5700 kan® IS S50R Inverted Functional

_ , : 15801 - : ’
Tn 903 3100 kanR 18 903 Inverted Functiona]
| T 2500 cam® 1S1 Direct | Presumed functionsl |

Directorate of Distance Education
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Two 18 element in fact are able to transposon any sequence residing between them, as well as
themselves. If Tn 10 residing on a circular rephcon its two modules ¢an be considered to flank either
the tet’ gene of the original Tn 10 or the sequence in the other part of the circle. Thus a transposition
even can‘itivolve either the original Tn 10 transposon or the “inside out” transposon with the alternate
central region. Note that both transposons have inverted modules, but these modules evidently can

function in either orientation relative to the central region. (Fig. 3)

ter

is 1oL 1S I0R .

=S

Transposition

N et '
5‘310' Nnmma

Fig. 3 shows th&l the IS 10 modules can cooperate to transpose any region of DNA that lies between them.

L AWhen Tol§is part of a smali circular molecule,
the circle. Transposition of tet’ corresponds to the movement of Tn 10. Transposition of the markers

on the other side to creats a new “inside out” transposon.

12 Directorate of Distance Education
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Only one module of Tn 10 is functional :

- L NGCTINAGCN |
. the target. Thus the fepeats on either side of Tn 10 often take the form NCGANTCGy Where N

identifies any base pair. The stronger the hotspot, the more closely it conforms to the consensus, The
element of Is 10 R provides the active module of Tn 10. The 1S 10 L module is functionally defective
and provides only 1-10% of the transposition activity of 1S 10 R,

Transposition involves replicative recombination :

‘Transposition’ is almost a misnomer in the sense that a ransposon does not leave its former
site in the course of transposition. Since the procesé involves duplication of the transposon, one
copy remains at the original, site, while the other is foun&;a't thé"new site. Thus transposition is

-accompanied by an increase in the no. of copies of the transposon.

Transposition involves two types of reaction, which in principle could occur in either order.
One involves replication of the transposon without replication of adjacent chromosomal sequences.
The other requires breakage of the target DNA sequence to generate a site into which the transposon
is inserted. At no stage in this process is a free molecule of trénsposon DNA generated. The general
nature of the insertion reaction is illustrated in F igure 4. ‘ .

Directorate of Distance Education 13
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Torget .
AW —
gwwwvvl
‘NV\N\NVF' ‘ |
l qun,.m.a-u
_ANMMAM—
E A l wnmmﬂdh&w
AW~ MMV
e NWWWA- MWW
r 1
mmw«lmum&

The above Fig. 4 shows the direct repeats of target DNA flanking a transposon are genaated by
the introduction of staggercd‘ cuts whose protruding ends ae linked to the transposon.

It consist of making stéggeréd breaks inthe taréet DNA joinihg the transposon to the protruding
single - stranded ends & filling in the gaps. The generation & filling of the staggered ends explainthe
aecusance of the direct repeats of the target DNA:at the site of insertion. The stagger between the

cuts on the two strands determines the length of the direct repeats, thus the target repeats characteristic
of each transposon reflects the geometry of the enzyme involved in cutting target DNA.

The most revealing of the transposon mediated reaction is replicon fusionto form a cointegrate
jning a transposon may become fused witha repficon lacking the element.

structure. A replicon conta
on, one ateach junction between the ori ginal

The resulting contrigrate has two copies of the transpos

répii@ognﬁ ori,.é:ntcd as direct repeats.
A model for a transposition pathway in which a cointegrate is an obligatory intermediate is |

illuatrated in Fig. 5. Four single stranded clea\}ages initiate the process. The donor molecule is cleaved

14 Directorate of Distance Education
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structured held together at the dupl
the movement of the transposon,

A site specifi

Ref. Book : Genes [V — Benjamin Lewin,

Directorate of Distance Education
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Nicked ends of trangpason jolned to

_nicked ends q;;m

& chi shaped struchue. The for mation .
of s ot s responsibic for

) " of Tramspescn
* Bwgyens =0 TRANSPOSASE

Thtz pecombination & rescludion’
() ta called "Resclution” .
Bnzyme = RESOLVASE

trameposon releases clrcles

cointegrate that Is resolved.-

Figure 5. One pathway for transposition proceeds tkrough the formation of a

16 Directorate of Distance Education
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Chapter III - Cancer :

~ Cancer may have Mmany causes and may occur via mulﬁple or individual events, A variety of
agents increase the frequency with which cells are converted to the transformed condition, they are
said to be careinogenic. ‘Sometimes these carinogens ae divided into those that ‘initiate’ & those that
‘promote’ tumor formation, implying the existence of different stages in cancer development. We
can sumarize the changes that occur when a cell becomes tumerogenic in 3 groups —

that is clinically benign or malignant.

Transformation may occur spontaneously, may be caused bsy certain chémical agents & most
notably, may result from infection with tumor viruses. There are many classes of tumor viruses,
including both DNA and RNA viruses & they occur widely in the avian & animal kingdoms.

The transforming activity of a tumor viruse may reside in a particular gene or genes carried in
the viral genome. Genes that confer the ability to convert cells to a tumerogenic state are called
oncogenes. Table summarizes the general properties of four major classes of transforming viruses.

Viral Class Type of virus Oncogenes - Genome size

Papova’ ~ DNAduplex | Tantigens | = 5-6kb

Adeno DNA duplex EIA&EIB ~37kb

Retrovirus RNA single str. Individual .. 6-9kb
Retrovirus :

U niy i1, Peyton Kotis found the tumor causing agent in heri which is known as Rous Sarcoma
virus (RSV). These viruses contain (+) RNA in their virions & propagate through a double-helica]

DNA intermediate. Hence they are known as retroviruses, In fact, retroviruses are the only RNA

Directorate of Distance Education 17
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.. viruses that can produce cancer. In 1964, Howard Temin observed that infection by RNA tumor viruses
L 1s blocked by inhibitors of DNA synthesis. This findings suggested that DNA synthesis is required for
“the ﬁgrov;th of RNA tumor viruses. Hence transcription’of DNA seemed to be essential for the
muultiplication of RNA tumor viruses: These unexpected results led Temin to proposé that a DNA
_provirus is an intermediate in the replication & oncogenic action of RNA tumor viruses. SO genetic

information.

~

RNA tumor virus - DNA provirus - RNA tumor virus
can flow from RNAoDNA. in 1970 Temin & Baltimore discovered an RNA directed DNA polymerase

which is called reverse trans'cr,iptas,e,tin the virions of some RNA tumor viruses.
Infécting virions bind to specific receptor on the surface of the host & enter the cell. The viral

(+) RNA is uncoated in the cytosol. Reverse transcriptase then synthesizes a () DNA strand. This
enzyme proceeds to digest the genomic RNA strand in the RNA-DNA hybrid. The () DNA then

directs reverse transcriptase to synthesize a (+) stran
sequence of three reactions. RNA-directed DNA synthesis, hydrolysis of RNA & DNA directed DNA

synthesis.

T gag Pol Ewmn Src T

Genetic map os avian sarcoma virus :

“The 10 kb genome of avian sareoma virus contains four genes (SeeFig. 1). Three of them — gag,

pol and env are essential for productive infection. The gag gene specifies a important in the attachment

of the virus to the surface of the host. The fourth gene sre (‘for’sarcoma) is not needed for viral
multiplication but is required for transformation. SR

The transforming ability of several retrovirus has been localized in individual oncogenes. The
ew sequences present in a tumor retrovirus can be

s with that of the parental (nontumorigenic) virus.
the cellular genome. The

oncogenic activity resides ina single gene. Then
delineated by comparing the sequence of the viru

Invariably there is a new region that is closely related to sequences in

cellular scquences inemselves are not oncogenic — i ity werg, the organism could scarcely-have

ila
survived — but we may take them to be proto-oncogenes, cellular genes whose capture

& subsequent. modification may create an oncogenc.

by a retrovirus

Directorate of Distance Education
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for cellular. Thus the oncogene carried by-Rous sarconia virus is called v-src & the prot&oncbgengm
related to it in cellular genomes is called c-sr. '

Often the v-onc sequence is expressed as part of a fusion protein also containin g viral functions.
The most common Structure is a gag-v-onc fusion whencthe v-onc coding sequence is closely related

Ref. Book :
GENES IV by Benjamin Lewin

Biocbemiétxy by Stryer.

Directorate of Distance Education
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Chapter IV — Hardy — Weinberg Equilibi'ium :-

Process of evolutionary change :

Evolutionary change effects all aspects of living tfﬁngs —Their morphology, physiology, behaviour
and ecology. Underlying these changes there are genetic changes, which in interaction with the
eivironment determine what the organism are. At the genetic level evolution consist of changes in the

genetic constitution population.

Evolution can occur if there is hereditary variability. The ultimate power of all hereditary
variations is multiple and such variabilities are sorted out by independent assortment and recombination.
Apparently it might appear that individuals exhibiting a dominant genotype should be more common
than individuals with a recesine phenotype. But it must be remembered that a 3:1 ratio occur in the
- offspring of two individuals heterozygotus for the same two alleles. Entirely different ratios would

occur in other mating combinations & the frequencies of these combinations would depend on the

genotype frequencies in a population. So the question comes how we can determine the frequencies

of a genotype in a population? Mendelism does not tell us anything about genotype frequencics.
Unlike the expected 3 :1 frequencies of a dominant allele brachydactyly occur ata very few frequencies
in the population. The first demonstration that gene ﬁéquencics are not dependent upon dominance
or recessiveness, but may remain essentially unchanged from one generation to the next under certain
condition was independently shown by the English mathematician GH. Hardy an the German Physican

W. Weinberg in 1908.
- Hardy — Weinberg law ¢

The main lement in Hardy-Weinberg law is that in the absence of the evolutionary process

(mutation, migration, drift & selection) gene frequencies remain constant from generation to

generation.

Gene frequencies & genotype frequencies :

Inaspecies we are characterized by many traits, most of us are tall, two eyed, fine fingered etc.

But there are people who are short, some are aibino, some has six fingers. But genes causing fine

fingers are more frequent than those causing six fingers or more.

20 Directorate of Distance Education
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A pre}iminary step. in analyzing the genetics of a population is to measure gene or allele
frequencies. The allele frequencies of all gene loci would define’a species precisely and a knowledge
of how these frequencies of all gene loci would define a species precisely and a knowledge of how
these frequencies change is tentamount to the knowledge of how evolution can occur.

Allele frequency :

Theoretically it is very simple to measure allele frequency. One simply looks at the population,
assuming that each person is justone cell and counts how many alleles of each kind there are for any
particular locus. Let us take the example of the locus controlling MN blood groups. Peoples are
either MM, MN, NN, of the genotypes L”LM, LMLN at the L locus respectively. All these genotype
identified directly.

Suppose in a sample of 100 people, 49 are of M blood group, 32 of MN table and 9 of N (Table

1). |
Blood Group Genotype People L™ alleis LY allels
M LMLM 49 98 -
MN 1MLN 42 42 42
N LNLN ' 9 - 18
| 140 60
Total allels = 200

T,

It can be seen from Table-1 that there are in total 200 EM and L™ or 200 L alleles of them 140/
200=0.7 (or 70 1) are LM and 60/200 = 0.3 (or 30 r) that are LV,

200 e, 140r
140x100
=70
100 e 200 r

I _
homozygote +-2~ heteroxygote

Directorate of Distance Education 21
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If there arc only two alleles at a particular locus, their frequencies are generally called ‘p"’ to‘q’.
Letuscall ‘p’as the frequency of LM and q that LN (‘p’ is usually given to the dominant allele). In our

0.7 t0'0.3 = 1.0. One important point to notice here is that the ratios associated with

examplep+q~
families just don’t show up in the population. We should not except at 1:2:10f M:MN:N ratio

because that is expected from onlyaMNXMN marriage. We had all possible matings in our population,
which are : '

1) MMXMN=MM:MN -

: 1 1

2) MM x MN =all MM

3) ‘MM x MN =all MN

4) NNXNN=allNN

5) NNxMN=MN : NN

1 1
& 6) MNXxMN=MM : MN : NN
S 2 1

Equilibrium : .

We will now have to investigate whether there is any pontaneous possibility of these allele
frequencies of change, because evolution involves the alternation of allel frequencies. For this letus
take our population & allow it form 2nother generation. Assuming a random mating the frequency of
- given genotype will simply be a produce of the frequencies of the two corresponding alleles.

Eggs
Tvbearng@D=p | L bearings (03)=4
LM bearing [MLM zygote L“i,“ zZygote
_(0.7) =3 (0.49) = p? | (0.21)=pq
Sperms _ .
[ M bearing 1M Nzygote , LNLY zygote
03)=Q (0.21)=pq 0.09)=¢’

22 Directorate of Distance Education
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The total genotypes of the next gencration will be therefore 0.49 blood group M, 0.21 +0.21
0.42 group MI'\I and 0.09 group N. In other words there will be no change in either gene or genotype

Weinberg Equilibrium.

Hardy-Weinberg equilibrium (HWE) is defined by a set of genatype frequencies of p2AA, 2 Pq.
Aaand q*aa on whichA and a reperesent alleles at any locus and p and q are the frequencies of A and
a.Iftheration AA : Aa: aa is p?:2pq: e then the population is in HWE and the allele and genotype

frequencies do not change from one generation to the other.

To show that this not justatrick of numbers we can use some allele frequencies, but non HWE
genotype frequencies and see the consequence from one generation to the next.

Take for e.g. a population of 45M, 50MN and 3N blood group> Hee p=.45 + '/,.50 = 45 +
-25=.70 and q=3. When this allele frequencies will be used in random mating we will again altaih a
- 49LMLM 421 M N and O9LM®. So this time we do have a change, our 45 : 50 : 5 ratio becomes a 49

: 42 : 9 ratio on one generation. The original population is obviously not in equilibrium.
If population is not in equilibrium then it takes, only one generation of random mating to establish
aHWE., o

AA Aa aa
L. | .03 0.0 0.7
2. » 6;2 | 0.2 0.6
3. S 01 09 05

Algebric demontration of equilibrium :
Allele frequencies don’t changes :
The frequencies of A allel is
P = homogygote + !/, heterozygote

= p*+pq-

Directorate of Distarce Education 23
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P(p+a)
pxl

P

or in other word no change in p has occured.

Genotype frequencies don’t change :

If we start p2 of AA, 2pq or Aaor Aa and @2 of aa, we get six possible types of mating as follows:

PROGENY

PAA . 2Pg(Aa) TJAA
PHAA) p* 1 2p'q 2 Pq 3
2Pq (Aa) 2plq 4 4p*q? 5 2pq® 6
q’ (aa) p’q* 7 2pq* 8 q* 9
Mating - Freq. AA | Aa aa
1) AAXaa p* (1) o - -
2)  AAxAa 4p’q (2+4) 2p’q 2p’q -
3) Aa Xaa 2p*q? (3+7) - 2p’ ¢ | -
5 | Aaxaa | Q®) | 1PT 25 1p
5) || AAxaa 4pq’* (6+8) - 2p'q 2pg
6) | ‘aaXaa P (@ - - Pq

24

p*+2p*q+ 1p*q*:2pg’ +4p’q’ + 4pq? - 1p?p? +2 pg’+q’
= p* (p? (2pa*tq?) : 20 (P* + 2pq + §) 1 & (PP + 2P ¥ @)

C=pr(prq? :2pa i@

=ptx1=p
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Ref. Book :-

Genetics — Strikcberger (3rd edition).

Questions :

1. The gamma-globulin portion of human blood serum is two types Gm** & Gm*. Gm™ is dominant
over Gm™. Assuming that HWE is established, what are the frequencies of heterozygotes (Gma*/
Gm”_) in the following population? . : '

Region ) No. of Tested No. of Phenotypes -
Gm** Gm*-
1 293 161 132
2 253 141 112
3 233 142 91
4 160 !1_98 52

2. Theincidence of recessive albinism is .0004 in a human population. What is the frequency of
the recessivé allele? (Assume random mating). ‘ |

3. i) When tranépo_sitibn-qccurs, two base sequences are duplicated what are théy?
i) Areall drug resistant genes located in transposons?

4. 1) Inwhat way, a retroviral provirus adjacent to tiie protooncoogena leads to the conversion
of a normal cellular-protooncogene to a cellular oncogene?

i) Mention the distinguishing caracteristics of v-src & e-src.

5. i) Drawa chi-shaped structure and a cointegrate structure which is responsible for the
movement of the transposon,

i) - Whatdo you mean by resolution? .
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6. Consider the population whose gcnotypcs are shown in Table.

Population | AA Aa aa
1. 1.0 0.0 0.0
2 0.0 1.0 0.0
3 0.50 0.25 0.25
4. 0.25 0.25 0.50
5 0.33 0.33 0.33
6 0.04 0.32 0.64

which of the populations are in Handy-Weinberg Equilibrium?

S| Qi
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VIDYASAGAR UNIVERSITY

DIRECTORATE OF DISTANCE EDUCATION
MID‘NAPORE? 721 102

M. Sc. in ZOOLOGY

Paper - II, Part-1, Group-A
Unit-1 (Cytogenetics)

Module No. 15

Contents :

1. Nature of the genetic code.

2. Mitotic apparatus.

3. Anaphase movement is diphasic.

Genetic Code : ‘e
Since, there are 20 different kinds of amino acids 1n proteins and only four kinds of nucleotides in

“"DNA, the relationship between the gene & its most elementary functional product, i.¢. between DNA and
~ proteins, can be interpreted through a code of one nucleotide ='one amino acid. A codon size of three
nucleotides for one amino acid or triplet code seems more likely, since it prduces 4°=64 possible codons
(Fig. 1). It is to be noted that since only 20 amino acids need to be coded, 44 codons in a triplet code scem
tw be superfluous. To account for the excess of codons beyond the necessary 20, we can’ suppose that more
than one codon can code for & particular amino acid. For example, it each kind of amino acid were coded
for three different possible codons, 60 possible codons would be accounted for. A code in which there is
more than one codon for the same amino acid is called degenerate. It is also possible that some or all of the
codons in excess of 20 do not code for any amino acid and are therefore nonsense codons.

Singlet code Doublet code Triplet Code :

‘ AAA AAG | AAC{ AAT

AGA AGG | AGC ! AGT

ACA ACG | ACC| ACT

ATA ATG | ATC | ATT

GAA GAG | GAC| GAT

L 1GGA | GGG | .GGC| GGT

Al AA | AG | AC AT GCA GCG | GCC| GCT

G GA | GG | GC GT GTA GTG | GTC| GTT

C CAjcclcc |cT CAA | CAG| CC [ CAT

T TA | TG | TC | TT 1. CGA | CGG | CGC CGT

R Higure - - ' Cca T ¢CG | cecc | et
Possible coding combinations using different-sized DNA nucleotide . ’I(;:‘: ‘EZ(C}Z ’(I":g E;,;.;
- sequences. On the level of mRNA transiation into protein, the mRNA codon TGA TG G | TGC T TGT
sequences would be complementary, of course, to those shown here, e.g,, TCA TCG | TCC | TCT
ATC (DNA)=(UAG (mRNA). (After Nirenberg, 1963). TTA TG | TIC | TFF
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Whatever the codon size, however, the form of the code may be overlapping or nonoverlapping. If for
example, the codons were triplets, this would mean that a sequence of six nucleotides could code cither two
amino acids, if it were nonoverlapping or more amino acids, if it were overlapping (Fig. 2). All evidence to
date indicates that single nucleotide mutations affect only a single amino acid in a protein chain, meaning

that the code is nonoverlapping.

amino acid: 1 . 2
nonoverlapping .
code (“commaless”)
nucleic acid: C AT G AT
amino acid: p  comma ’
nonoverlapping ) /
code with comma: _ i
nucleic acid: CAT X GAT
3
2 1
amino acid: 1 —A— !
nonoverlapping o ; '
code with comma: o X
nucleic acid: CATG A TC
4
,._:._A__——\
13 :
,.___,\...___.._\ H
12 L
amino acid: ,f;—*“““'; sy
¢ !
! ; 1 ; ¥
4 T
nucleic acid: CATGAT
Figure - 2

Nonoverlapping and overlapping triplet codes.
/

For a nonoverlapping code two further possibilities exist (1) The code has “commas”, consisting of

one or mote nucleotides placed between the codons; such commas might serve the purpose of particular

~staiting poiit oif the mRNA chain in a ‘reading frame’ consisting f
reading frame in a triplet code might begin with the nucleotide sequence CATGAT....., in which CAT and

GAT are subsequently transcribed and translated into two particular amino acids. Removal of the cytidine
nucleotide (C) from the beginning of this DNA sequence, e.g., ATGAT....., would produce triplets ATG

28 Directorate of Distance Education
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. that can translate into different amino acids than the originals (“missence” ﬁuta_tions) or yield no amino acidsat all

(*nonsence” mutations). These and other coding terms are discussed in Table 1.

same amino acid in a degenerate

code, e.g., UUU ='UUC = phenyla-

fanine

Table- 1
Definitions of some common terms used in describing the genetic code
Term Meaning Term ) Meaning
code letter nucleotide, e.g., A, U, G, C ampiguous code when one codon can code for more
(inmRNA) or A, T, G, C (in DNA) than one amino acid, e.g.,
code word, or codon | sequence of nucleotides specifying GGA=glycine, glutamic acid.
* | anamino acid, e.g., UUU=phenyl- commaless code . When there are no intermidiary nucleo-
alanine tides (spacers) between words,
anlicodon sequence of nucleotides on tRNA -e.g., UUUCCC = two amino acids
that complements the codon, e.g., . in triplet nonoverlapping code
AAA = anticodon for phenyi-alanine reading frame the particular nucleotide sequence
genetic code or a table of all the code words or that starts at a specific point and is
coding dictionary - codons that specify amino acids then partitioned into codons until the
- final code word of that sequence is
_ reached.
| word size or the number of letters in acode word | frame-shift mutation a change in the reading frame
codon length e.g., three letters in a triplet code because of the insertion or deletion
: (these are the same as coding ratio of nucleotides in numbers other than
- in-a nonoverfapping code) muitiples of the codon length. This
nonovertapping code | when only as many amino acids are modifies the previous partitioning
’ coded as there are code words in - of codons in the reading frame, and
end-to-end sequence, e.g. (triplet . causes a new sequence of codons
code), UUUCCC=phenylatanine fo be read
(UUU)+ proline (CCC). -
overlapping code when more amino acids are coded sense word acodon that specifies an amino acid
for than there are code words : normally present at that position in a
present in end-to-end sequence, : protein 4
1 8., UUUCCC = phenylalanine missense mutation achange in nucleotide sequence,
(UUU) + phenylalanine (UUC) either by deletion, insertion, or
+ serine (UCC) + (proline (CCC) substitution, resulting in the
nondegenerate code | when there is only one codon for appearance of a codon that produces
gach amino acid, e.g., 20 a different amino acid-in a particular
| different amino acids have a fotal protein, e.g., UUU (phenylalanine)
of 20 codons mutates to UGU ({cysteine)
degenerate code when there is more than one codon nonsense mutation a codon that does not produce an
for a particular amino acid, e.g. amino acid, £.9., UAG (also called
UUU, UUC=pheny/alanine, or 20 a *stop” mutation or “termination”
| dfferent amino acidshave 2 - eodon).
total of more than 20 codons S T e
Synonymous codons | different codons that specify the universalify utilization of the same genetic code

in all organisms, e.g., UUU =
phenylalanine in bacteria, mouse,
man and tobacco
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29

'

ETELL



Distance Learning Materials

EVIDENCE ON THE TRIPLET CODON, THE DEGENERACY OF THE CODE :
(Crick, er al 1961) _

Some mutations induced by acridine dyes represent deletions or insertions. Crick and his group tested
a number of such mutations located in the B cistocon of the 111 locus of T4. One of the mutations was
arbitrarily designated as +, and if this mutant effect.was suppressed by a different mutation the latter was
then designated as --. FCO, for examplé, was called + and produced an rlI mutant effect. FCI, another rll
mutation, suppressed the action of FCO, producing wild type when they were-both present in the cis
configuration and was therefore designated as —. FC 58, on the other hand, did not produce wild type when
present in cis configuration with FCO, but did produce wild type when present in cis configuration with
FCL Thus FC 58 could be designated as + (“2 suppressor of a suppressor”). :

As shown is Table 2 for a sample group of mutations, these cis tests had illuminating results: when
two + mutations or two — mutations were combined, the mutant effect was not modified; wild type only
appeared in the + - combinations or in combinations of three ‘4 5 or three ‘—’s. This mean that threc
changes of the same kind or a multiple of three were necessary to permit wild type to be formed. This
relationship is visualized in Fig. 3, by considering that the riI effect of a single + mutation (.8 inscrtion)-
can be corrected by either a — mutation (e-g., deletion) or by the presence of two further + mutations if the
code is in tiiplets. Similarly a — mutant effect is restored to wild type by a + mutation or two further -
mutations. It is to be noted that the restoration of wild type by these various combinations depends upon the
commaless nature of this triplet code. That is, the wild type message can be restored by changes further
along the nucleotide chain because all the intervening nucleotides are involved in the reading frame (i.c.

none are used as commas).
Table -2
Phenotypes produced by various cis combinations among a sample group of acridine-
induced mutations at the 711 locus of T4

Designations
+ -
FCO FC1
FC40 FC21
v FC 58 FC23
Wild-type combinations ’ rll combinations
FCO,FC1,(+-) FC 0, FC 40, (++)
FCO0,FC21,(+-) ' FC 0, FC 58, (++)
FC40, FC1,{+ = - : FC1, FC21,(==)
FC58,FC1,(+-) \ FC1,FC123, (=)
FC0, FC 40, FC58 (+ + 1) '

FC1,FC21, FC23,(-—-)
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Y CAT|GAT[CAT[GAT|[CAT]GATICATIG A

wild type (in phase)

insertion (out of phase)
- =T

€)
+G +A

=5

triple insertion (part out of phase)
A -G T

L CAIGATICAT[GAT CAT]
triple deletion (part out of phase) | l

CAT

Figure - 3
Effect of nucleotide insertions, deletions, and their combinations upon a nucleotide chain “read” or triplet
codons in a commaless sequence (“reading frame” from left to right. Since such insertions or deletions
affect a number of codons beyond the one carrying the mutation, these changes are considered as reading-
Jrame or frame-shift mutations. '

CHARACTERIZATION OTTHE LODON: S : _ o )
In 1961 Nirenberg and Matthei reported that a particular RNA sequence produced a particular amino

acid sequence. They used a cell free system extracted from E. coli containing ribosomes, radioactively

labelled amino acid, transfer RNA and the necessary enzymes and energy sources (ATP) for protein synthesis.

°
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Inthe absence of mMRNA-no observable protein synthesis took place. They then added RNA from tobacco mosaic
virus (TMV) and showed an increase in amino acid incorporation into proteins. In other words, mRNA was
necessary for protein formation & anE. coli system could use TMV-RNAto syntﬁesize TMV-like proteins.
However, their most remarkable discovery occured whenthey added the synthetic polyribonucleotide, poly-U, 0
this system and obtained a polypeptide whose amino acids were all phenylalanine iri spite of the presence of other
amino acids in the original mixture. The results mean that phenylalanine, or more precisely the anticodon ofa
phenylalanine-carying tRNA, was coded by a sequence of uracil bases (UUU codon of mRN A=AAA anticodon

of tRNA phe). It was immediately evident that other synthetic RNA messengers introduced into this system could

- be used to discern the code for a variety of amino acids. Thus poly-A was found to be the code for lysine and poly-

C for proline. Poly G was also tried but could not attach to ribosomes, since it remained in solution as multistranded

helixes caused by hydrogen bonding betweenits guanine bases. Aside from specifying the coding sequence of thse

three amino acids, such finding also indicated that the code was commaless, without special intervening nucleotides

between codons. The argument for this as follows:

i)  Ifthecodehas specific commas, the incorporation of phenylalanine into poly-U means that the commas
are all uracil. -~ ' A :

ii) However, the incorporation of lysine into poly A and of proiine into poly-C, in turn, means that the
commas are made of adenine and of cytosine explanations which are extremely inconsistent.

Within a ghort period of time, synthetic ribonucleotides containing mixed bases like-poly-UC also
tried which contained only eight different codons: yuU, UUC, UCU, UCC, CUU, CUC, CCU, CCC. In
this exain‘ple poly-UC caused the polypeptide incorporation of leucine and serine in addition to the expected

" incorporation of phenylalanine (UUU) and proline (CCC). Modifying the proportion of bases in poly-UC
so that it contains more uracil than cytosine causes more serine to be incorporated into the polypeptide,
indicating that serine may either be UUC, CUU or UCU. Futher determination with other nucleotide polymer
enabled other amino acids to be characterized by their general codes e.g., poly UG caused the polypeptide

. incorporation of cysteine, glycine, tryptophan and valine. Poly-UA led to incorporation of asparagine,

isol;:ucine, leucine, lysine and tyrosine. As in serine, however, the precise nucleotide sequence within the
codons of most amino acids could not be determined.

Evidence for the triplet nature of the code is obtained from the fact that the binding of specific amino
acids to ribosomes occurs preferentially in the presence of trinucleotide mRNA rather than in the presence
of dinucleotide mRNA. Thus, tRNA phe bearing C radioactive phenylalanine becomes bound to ribosomes
when UUU or UUC tfinucleotides are used. Radioactive leucine becomes ribosomal-bound by the
trinucleotides UUA, UUG, CUC and CUG. In the Khorana technique longer ribonucleotide sequences are

Ty Grst synthasizing specific DNA sequericesdng then using DNA diregied RNA polymerasa 0.

fOTm&d Py niShe
make complementary RNA molecules. These precisely sequenced RNA mess

translational systems from which the amino acid sequences in the resultant polypeptide are analyzed. Such
ons but also demonstrated that

studies not only reaffirmed the triplet code & provided information on disputed cod

engers are then used in vitro
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-

cause for this degeneracy arises from the fact that the tRNA molecules to which

code is degenerate. One

a particular amino acid

attaches may consist of more than one variety, each variety with its own anticodon. For example, some
types of tRNA bearing a specific anticodon to pair with two or more Synonymous codons of a particular
amino acid (e.g. yeast tRNA s bearing anticodon CGI can pair with alanine codons GCU, GCC and GCA).

Table - 3 A

ucu UAU"
uuc JPke uee uacS br
UUA Jeu UCA UAA nonsense or chain
S UCG UAG termination
CUU CcCcu ’ CAU his
CUC | z,,, . ccec CAC

pro

CUA CCA .CAA } gin
CuG J CCG - CAG
AUU ACU . AAU }as,,
AUC} ile ACC AAC .
~AUAJ ACA [ tr AAA },ys
AUG" ** gy ACG) +  AAG
GUU GCU GAUY 40,
Guc | Geel GAC _
GUA GCA [ ¥4 GAA}qu
GUG J GCG GAG

From data of Nirenberg and co-workers, Khorana and co-wrkers, and others,
* These codons are oriented on the mRNA molecule so that the nucleotide on the lefl is toward the 5

toward the 3/ end.
YARUG i theimost cominoii initiator codon © -

DEGENERACY AND WOBBLE :

UGU
UGC
UGA nonsense

cys

‘UGG mp

.. CGU

CGC { 4y
CGA
CGG

AGUY .
AGC
AGA }mg
AGG

GGU
GGC
GGA [8Y
GGGJ"

end, and the nucleotide on the right jg

All the amino acids except methionine & tryptophan are specified by more than one codon (Table 3),

Three amino acids leucine, serine, arginine are eac

Directorate of Distance Education
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The other amino acids each have cither two or four codons. The occurence of more than one codon per émino acid
is called degeneracy. The degeneracy in the genetic code ishighly ordered. Usually the multiple codons specifying
. anaminoacid differ by only one base, the third or 3’ base of the codon.
The degeneracy is primarily of two types _
1) Partial degenei'aby occurs when the third base may be either one of the two pyrimidines (U and C) or
alternatively, either one of the two purines (A and G). .
2) In the case of complete degeneracy, any of the four bases may be present at the third position in the
codon and the codon will still specify the same amino acid. For example, valine is specified by GUU,
GUC, GUA and GUG.
Because of the degeneracy of the genetic code, there must either be several different tRNAs that
recognize the different codons specifying a given amino acid or the anticodon of a given tRNA must be
“able to base-pair with several different codons. Actuaily both of these occur. Several t(RNAs exist for
certain amino acids ahd some tRNAs recognize. more than one codon. The hydrogen bonding between the
bases in the anticodon of tRNA and the codon of mRNA appears to follow strict base pairing rules (i.e. be
tight) only for the first two bases of the codon. The base-pairing involving the third base of the codon is
apparently less stringent, allowing what crick has called wobble at this site. |
On the basis of molecular distances, Crick proposed that wobble would allow several types, but not
all types, of base-pairing at the third codon base in the codon-anticodon interaction. His ;Sroposal has since
been strongly supported by experimental data. Table shows the base-pairing predicted by the wobble

hypothesis.

Table showing base-pairing between the 5 base of the anticodon of {RNA and 3’ base of codons of mRNAs.
According to the Wobble Hypothesis ' :

Base in Anticodon Base in codon
G- - UorC -
-G
U
AorG
A,UorC

—-c»0c

It necessitates that there be at least two tRNAs for each amino acid whose codons exhibit complcte
d been found to be true. The wobble hypothesis predicted

degeneracy at the third position. This has indee
been characterized:

the occurence of three {RNA for the six-serine codons. Three serine tRNAs have
i. iRNAS“I (&riiiccdon AGG) binds to codons UCU ana UCC '
2. tRNA,, (anticodon AGU) binds to codons UCA and UCG.
3. tRNAg, (anticodon UCG) binds to codons AGU and AGC.

Finally, several tRNAs contain the base inosine. Crick’s wobble hypothesis predicted that inosine could pair
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(at the wobble position) with adenine, uracil or cytosine (in the codon). In fact, purified alanyl-tRNA containing
inosine () at the $° position of the anticodon binds o ribosomes activated with GCU, GCC or GCA trinucleotides.
The same results has been obtained with othes purified tRNAs with inosine at the §' position of the anticodon. The

wobble hypothesis thus fits several observations, whether it is entirely accurate remains unknown.

I:\’ITIATION AND TERMINATION CODONS :
The genetic code also provides for punctuation of genetic information at the level of translation. three

codons, UAA, UAG and UGA, specify polypeptide chain termination. These codons are recognized by
protein release factors, rather than by tRNAs. One of these proteins, designated RF1, is apparently specific
for UAA and UAG. the other. RF2, causes termination at UAA and UGA codons. Two codons, AUG and
GUG, are recognized by the initiator tRNA, tRNAM, byt apparently only when they follow an appropriatc
nucleotide sequence in the leader segment of an mRNA molecule. At internal positions, AUG is recognized
by tRNAM* and GUG is recognized by a valine tRNA. In the casc of initiation codons AUG and GUG and
tRNA™=, the Wobble base appears to be the first or 5' base of the codon. Since wobble at the first base in
unique to initiation, it may be related to base-pairing at the P site rather than at the A site on the ribosome.
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B. Chemistry of Mitotic Apparatus (MA)

[ Isolation - ‘Selective solubilization procedure (Mazia & Dan’52)

Dividing cells stabilized by exposure to 30%-40% ethanol at —10°C
Y

Cytoplasm dispérsed (not MA) by means of digitonin (Mazia’55) or ATP (Mazia’57)

, o
Native MA free from other cell constituents.

MA have S-S bonds which must be protected by an excess of an S-S compound. The substance
chosen is dithiodiglycol (OHCH,CH,SS. CH,CH,OH). When sea-urchin eggs placed ina 1M sucrose soln.
containing 0.15M DTDG at pH 6.2-6.3, a structurally intact MA was set free.

II. Chemical description :

1.

~

36

Protein ; a major component of MA. It may account 10% or more of all the prteins in cell. 90%
or more protein content in sea-urchin egg. The amino acid analysis by Roslansky’57 shows
similarity with actin of mammalian muscle & much similar with protein of flagella of
chlamydomonas (Johes and Lewin 1960). : . ’

The mol. wt. of the protein 315000 + 20000 (Zimmerman 1960). So it is a major structural -
building block. , A |

Nucleic acid : RNA present. RNase treatment of Cyclops egg shows 5% reduction of RNA.
Sea-urchin egg contains 8% RNA. ‘

Polysaccharide : The association of polysaocharidéiwith the mitotic apparatus has been
confirmed from its positive reaction with PAS. But is cannot be isolated.

Lipids : Mostly it s possible lipoprotein system of MA express itself as membrane, vesicle &
tubvlar filament. . P o , . L.
Enzyms : MA isolated by DTDG’ method, specific active ATPase bind with the fraction of MA
soluble in .5 m KCI which includes the fibrous component & to exclude contaminating
cytoplasmic particles.

This finding of ATRase conform that biological system carry out movement posscss this enzyme
activity.

Zine : According to Fugii’ 54, 55 dithizone staring substance deposited in the spindle when MA

forms & leaves it at anaphase. i

“Thiol gronpt Glutathicne decreased in quantity upto meiaphase & then teappeared as division .

proceed. _
Other intermolecular bonds : Cations, involve in the formation of mitotic gel. Hydrogen

bond.
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ANAPHASE MOVEMENT IS DIPHASIC v

Majia & Daniel (1952) have first isolated mitotic apparatus (MA) by using sea urchin as mateiral. MA
comprises the spindle & the asters which surround the centrioles. The spindle is made of the chromosomal fibers
(Joining the chr. to the poles), the continuous fibers (extending pole to pole), the interzonal fibers (observed
between the daughter chromosomes nuclei). All these fibers, including those of the aster, are composed of

microtubules. " ,
Basically 2 groups of mitotic spindle microtubules are found - the chromosomal (or kinetochore)

microtubules and the polar (or interpolar) microtubules.
V ‘ {Note: In higher eukaryotes the centromeres of mitotic
chr. s generglly contain a specialized str. known as a
kinetochore. The kinetochore is a trilaminar disk
whose inner & outer layer consist of electron dense
material probably composed of tightly packed chromatin
in association with nonhistone chromosomal protein. -

» & middle layer of lower density] |
D‘kg";m of the distribution of microtubules in the Since the chromosome undergo condensation during
metaphase spindie. ) . :
KMfs - are kinetochore microtubules prophase & prometaphase, each can be seen to be made
AM[s — are Astral microtubules of 2 members, termed chromatid. The 2 chromati_ds of
PMfs — are Interpolar microtubules each chromosome are connected to each other at their

centromers. Anaphase begins with the sudden splitting
apart of the kinetochores of the 2 sister chromatids of each chromosome & the chromatids begin their poleward
migration. During metaphase an equilibrium of forces is established. But with the separation of the sister chromatids
at anaphase, this equilibrium is broken. A .

ANAPHASE MOVEMENT: : - , .

I. Movements during anaphase are accompanied with the change in length of microtubules,

2. Themovement of chromosomes from the equator to the poles is invariably accompanied by a shortening of
chromosomal microtubules & the. separation of poles is generally accompanied by a lengthening of the

polar microtubules. . ‘
3. These2 types of microtubular modifications, are involving the loss of subunits & the other involving the

addition of subunits, occurs at the same time in different regions of the same dividing ceil.
4. :So, the anaphase events may be described in térms of 2 movements:- .- o L
" ") [noné proposed that as thic loss of subunits (Disassembly) occurs, the chromosomal fibers shorten, "
 Thisdissolution of chromosomal fiber at one end provide much pulling force of 10 dyes (equivalent

t0 20-30 molecules of ATP) which is sufficient to pull the chromosomes forward,

Directorate of Distance Education 37



Distance Learning Materials

b)  Duetoadditionof subunits (assembly)to polar microtubules, ‘interzonal” region obviously does increase
in length, which acts as a ‘pushing body’ that pushes the poles farther apart.
So, it is justify to say that anaphase movement si biphagic.

OTHER VIEWS REGARDING MOVEMENTS:
1) Interacting microtubules asa force generating system : Richard MecIntosh formulates a hypothesis

to explain mitotic movement on the basis of sliding microtubuies & movable cross bridges. In this
model, the poleward movement of the chromosome would be accomplished by the sliding of the
chromosomal & polar microtubules over one another. This idea of interaction of microtubules has
received a boost in recent year with the finding that a particular protein dynein, appears 10 be a
involved in pole - pole separation. ~ , '

2) Actinomyosin & microtrabeculae as force generating system: It was discovered that the contractile
protein acting & myosin might be present within the region of the mitotic spindle. It was proposed
that the interaction between these two contractile proteins might serve to generate the force that
drives the chromosomes to the poles, while the microtubules would represent passive structures through
which the force would be transmitted. . . '

Regulation of the movement :

1. Caisa potent inhibitor of microtubule polymerization in vitro & elevated levels of Ca within the cell
lead to the depolymerizatfon of cytoplasmic microtubules. Examination of a variety of deviding cells
indicates that large nos. of smooth surfaced vesicles are present in and around the mitotic spindle.
The local release of Ca** in the cytosol would bring about the disassembly of microtubule at the

- spindle poles during chr. movement, while a local uptake of Ca?* from the cytosol would be expected
to promote the assembly of microtubules in the equatorial region during spindle elongation. ’

2. In the year 1587 GRAVEL et a! established that 2 factors which influence the movement o_f_
chromosome along microtubules. Calmodulin & STOP play important role in this process. Both of
them are under genetic control. STOP protein is attached to microtubule calmodulin is associated
with stop protein. Ca are mediated through calmodulin. Due to interaction between calmodulin &

stop protein chromosome may slide along microtubules.

Velocity :
The speed of chromosome movement in anaphase are somewhat variable,

0.2/ min to about Sp/min at normal temp.

the range being from about

THE MITOTIC APARATUS :
The mitotic apparatus. has been defined (Mazia and Dan 1952) as “the ensemble of -structures

38 Directorate of Distance Education



Distance Learning Materials

constituting the ‘inromatic’ and ‘achromatic’. It includes spindle, aster, centrioles.

A.  Physical property-
l.. MAasagel:
(@ MAoccupies a large part of the cell volume, Minimum 10% (as in sea-urchin egg) & maximum

50% of the cell volume. o
(b) Visually, MA displays itseif as an unbound region within cell. EM stu

boundary layer. v
(c) By isolation it is found that MAis a coherent body whose molecular units are associated in a

distinctive way. Thus MA may be characterised as a ge/, Recent work suggests that mitotic gel
may be composed of a compact mass of vesicular & tubular elements.

dy reveals that there is no

BIREFRINGENCE PROPERTY - (from optical study)
Sea-urchin.eggs when blooked by mercaptoethanoz, MA is converted to a spherical clear space but

isolation shows it as am or phous mass of gel. This loss of orientation is described as a dissolution or
disappearance of mitotic apparatus or modification of birefringence property. 1t is a gelled region composed
of fipers which are highly elastic. It is a discrete body &its movement in centribufal field depends on its
relative density, at high forced it is distorted which supports it orientation & attachment of chromosome.

Problems ;
I.  Define the following terms as they apply to the genetic code: _ -
(a) Reading frame, (b) Overlapping code (c) Non«ovcrlapping code (d) Initiation codon (e) Termination

codon, (f) Sense codon, (g) nonsense codon- _ '
2. Whatisthe Eigxﬂﬁcance of the fact that many synonymous codons differ only in the third nucleotide

B3

- position, o
3. What three different methods were used to help break the
- were the advantages and disadvantages of each?
4.  Howis the reading frame of a nucleotide sequence set?
5. " Prove that anephase movement is biphasic.
6. Mention the chemistry of Mitotic apparatus.

genetic code? What did each reveal & what

Suggested reading : .o
Genetics _ A conceptual Approach by Benjamin A. Pierce.
Principles of Genetics - Snustad. Simmons (Third edition).
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CELL - CYCLE

Cells reproduce by doubling their contents and then dividing into two. This cell division cycleis the fundamental
means by which all living organisms propagate. The time from the end of one mitosis to the start of the nextis called
interphase. The period between two mitotic divisions is called the somatic cell cycle. Two daughter cells are

- formed from a mother cell after one cell cycle. These nearly formed danghter cells can themselves grow anddivide
giving rise to anew cell population formed by the growth and division of 2 single parental cell and i its progeny. Thus
through repeated cycles of cell growth and division results in the development of a single fertilized egg (zygote) Into

the more than 10" cells that constitute the human body

The divisions of the cell cycle :

In general, every cell has two major periods iniits life cycle; interphase (non-division) and division (which
produces two daughter cells). This cycle is repeated at each cell generation, but the length of the cycle varics
considerably in different types of cells.

The interphase is composed of the G, S and G, where the divisional phase is popularly known as Mitotic
phase or M phase. (Fig - 1). The time from the end of one mitosis to the start of the next is called interphase. The
period of actual division, corresponding to visible mitosis is called M Phase. ‘

Functional activities of the different cell cycle phase :
G,— Cell those are released from mitosis enter into G, phase: During this phasé RNAs and proteins are
synihesized, but thereis no DNA replication. : S '

nucleusis to store and make available to the cell the information present
finterphase called the S

DNA replication marks

S~Phase —— The essential function of the
in its DNA molecule(s). This molecule duplicates during a special period 0

Phase (or Synthesis Phase) in preparation for cell division. The initiation of
the transition from G, Phase to the period of S Phase. § Phase is defined as lasting until all of the

DNA has been replicated. During S Phase, the total content of DNA increases from the diploid value

 of 2nio the fully replicated value of 4n. S Phase is so cailed as the synthetic period when DINA
replication takes place. G,and G,, stand for the two gaps inthe cell cycle whenno DNA synthesis

takes place.
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G2 — The period from the end of S Phase until mitosis iscalled G, Phase : during this period the cells et
two complete diploid sets of' chromosomes,

M - Phase: In this phase the segregation of one diploid set of chromosomes to each daughter cell takes place.

Individual chromosomes become visible oniy durihg this phase, when nuclear envelope dissolves, and

the cell isreorganized on a spindle.

Duration of various cell cycle phases :

The duration of the phases of cell cycle varies copsideraley in different kinds of cells, F oratypical rapidly
proliferating human cell with a total cycle time 24 hours, the G,-Phase nnght lastabout 11 hours, S-Phase about 8
hours, the G, about 4 hours, .and M about 1 hour. Other types of cells, can divide much more rapidly. Budding
yeasts, can progress through all four phases the cell cycle on only about 90 minutes. A single bacterium can make
a colony consisting of millions of progeny cells during cvernight incubation on a plate of nutrient agar medium. In
case of early embyonic cell cycles rapidly divide the egg cytoplasm into smaller cells. There is no G, or G, phasc,
and DNA repiicali’én oceurs very rapidly in these early embryonic cel] cycles, which therefore. consist of very short
S-phase alternating with M-phase. ' '

G,-Phase : Some cells in adult animals ceases division altolgether (e.g. nerve cells) and many otiler divide only
occasionally (e.g. skin fibroblast, kidney, liver, lung, cells). In case of these cells G phaseentersinto a

quiescent stage of cell cycle called G, where the cells remain }tletabolically active but no longer

proliferative unless they are induced. .

The cell-cycle control system:

The celi<ycle control systemisa cyclically operating biochemical device constructed from a set of interacting

proteins that induce and co-ordinate the essential downstream processes that duplicate and divide the cell’s

-cycle the control system is regulated by brakes that can stop the cycle at specific

contents. In a standard cel]
ronment. The

check points. The brakes allow the cell cycle control system to be regulated by signals from the envi
progression of cells through the cell division cycle is not only regulated by extra cellular signals from the environment .

-but also by the internal signals are responsible for the co-ordination of the stages. .

Incase of many types of cells a major cell-cycle regulatory pdint occurs date in G, and controls progression
from G, to S. One such regulatory point was known as START, discovered for the budding yeast cell cycle. Once
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cells have passed START, they are committed to entering S phase and undergiong one cell-division cycle. STARY
not only monitor extracellular signals but also actasa point at which cell growth is co-ordinated with DNA

replication and cell division, (Fig*-2).

In case of most animal, proliferation of cells is also regulated in the G, phase. A decision point in latc G1,
called the restriction point functions analogously to START in the yeasts. However animal cell proliferation

mostly depend upon the extracellular growth factors rather than by the availability of nutrients as required for the

yeast cells, (Fig - 3).
Cell-cycle checkpoint:

In most cells, the co-ordination between different phases of the ¢ell-cycle is dependent on a system of
checkpoints and feedback controls that prevent entry into the next phése of the cell cycle until the events of the
proceeding phase have been completed.

Several cell-cycle checkpoints function to ensure that incomplete or damaged chromosomes are not
replicated and passed on to daughter cells. One of the most defined checkpoint is called G, checkpoint. This
checkpoint senses unreplicated DNA, which generates a signal that leadsto cell cycle arrést. Operation of the G,
checkpoint therefore prevents the initiation of M phase before completion of S phase. asa result, cells remain in G,
until the genome has been completely replicated. Sensing completion of replication of DNA the inhibition of G,
progression is relieved following the cell to initiate mitosis and distribute the completely replicated chiromosomes {0

daughter cells (Fig- 4). DNA damage not only arrests the cell-cycle in G, but also slows the progression ofcells
This arrest may allow repair of the

through S - phase and arrests cell-cycle progressin at a checkpoint in G,
damaged DNA before the cell enters S phase. -

In mammalian cells, arrest at the G, checkpoint is mediated by the actionofa portein knownas p53. Loss
of p53 function as a result of mutations prevent G, arrest in response to DNA damage; so the damaged DNA s

replicated and passed on to the daughter cells instead of being repaired (Fig - 5)- '

The molecular mechanism that restricts DNA replication to once per cell cycle involves the action ofa
family of proteins (called MCM proteins)that bind to replication crigins together withthe on gm replication complex

(ORC) prbtcins. The MCM proteins act as licensing factors’ that allow replication to initiate.

Phosphorylation (Catalyzed by kinases) and dephos phorylation (Catalyzed by phosphatases) are the critical events
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that regulate the cell-cycle. They are used both to-control the activities of the regulatory circuit itself and to contro]
the activities of the substrates that execute the decisions of the regualtory circuit. '

Cell cycle regu'lation :

The cel~l~cycie regulatory circuit consists of a series 6f kinases and phosphates that respond to external
signal and checkpoints by phosphorylating or dephosphoryiative the next member of the circuit is to determine the
activity of M phase kinase (or the S phase kinase) by controlling its state of phorphosylation,

Regulators of cell-cycle Progression :

The cell-cycle regulation system is based upon two key families of proteins. The first family is known as

‘cyclin - dependent protein kinases (Cdk), which induce downstream process by phosphorylating selected proteins

on serines and threonines. The second familyisa specialized activating proteins, called cyclins. that bind to Cdk

molecules and control) their ability to phosphorylate appmpdaté ﬁrget proteins. (Fig - 6).

The cell cycles of fxigher enkaryctes are controlled not only by multiple cyclins, but also by multiple Cdc2

- relatg:d'protein kinases. These Cdc-2 related kinases are known as Cdk’s (Cyclin-dependent kinases). As the

original member of this family Cdc2 is also known as Cdk] » other members are called Cdk?2 through Cdk-8.

These multiple mémbers of the Cdk family dssociate with specific cyclins to drive progression through the different

stages of the cell cycle. The activity of Cdk’s during cell cycle progression is regulated by at least four molecular

mechanisms (Fig - 8). ‘

The cyclic assembly, activation and disas‘serhb}f of cyclin-Cdk complexes are thf; pivotal events driving the
cell-cycle. :

Experiments done by two groups of researches independently in 1971 on Oocytes show that certain factor
called maturation promoting factor (MPF) act as a regulator of the transition from G, to M. MPF is now understood
to stand for M phase promoting factor. Chemically MPF is a dimer of Cdc2 and ¢yclin B (Fig-7), Cyclin B js
aregulator subunit required for catalytic activity of the Cdc2 protein kinase. '

A number of studies have confirmed that MPF activity is controlled by the periodic accumulation and
degredation of cyclin B during cell-cycie progression. The ailaiiabiiity of MPF to induce mitosis implies that the M
phase kinase, directly or indirectly, triggers these activities. Activation of M phase kinase triggers onset of M phase.
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Inactivation is necessary to exit M phase. It is therefore suggested that M phase kinase activity are reversible. That
is, phosphorylation of substrates is required for the reorganization of the cell into a mitotic spindle, and

dephosphorylation of the same substrates is required to refurnto an interphase organization. (Fig -9).
Two alternate roles have been attributed to the functioning of M phase kinase

@ Itmay be ‘master regulatior” that phosphorylates target-proteins that in turn act to x:cgu_late other -

necessary functions — aclassic cascade.

(i) Itmay bea ‘workborse’ that itself directely phosphorylates the crucial substrates need to execute the
regulator events or cell reorganization involvedin the cycle. ‘

In addition to regulation of the Cdk’s by posphorylation, their activities can also be controlled by the
binding of inhibitory proteins {called Cdk inhibitors or CKls) to Cdk/cyclin complexes. In mammalian cells, two
families of Cdkinhibitors are responsibles for regulating different Cdk/cyclin complex. '

Cell Cycle (Stimmary) :

The cell-cycle consists of transitions ﬁ'bm one regulatory state to another. The change in regulatory étate is
separated by alag period from the subsequent changes in the cell phenotype. The transitions take the form of
activiting orinactivating a kinase(s), whichmodifies substrates that determine the physical state of the cell, Checkpoints
can retard a transition until some intrinsic or extrinsic conditions are fulfilled. There are two key control points inthe
cell cycle. They are in G, and at the end of G,. During G,, a commitment is made to enter a replication cycle; the
decision is identified by the restriction points in animal cells, and by START inyeast cells.

Afterthis decision has been taken, cells are committed to begining on.S phase, although thereis alag (gap)
period before DNA replication initiates. The end of G, ismarked by a decision that is executed immediately to
enter mitosis.

A common feature in the cell cycles of yeasts and animals is the existence of an M-phase kinase, consisting
of two subugiits : Cdc2, with serine/ threonine protein kinase catalytic activity : and a mitotic cyclin of either A orB
..class. The activity of the M-phase Kinase ic controlled by the phosphorylation state of the catalytic sybunit. T_he
 active form reQuiréS dephosphorylation on Tyr - 15 (in yeasts) or Thr - 14 / Tyr- 15 (in animal ceﬁs) and

phosphorylation on Thr-161. The cyclins are also phosphorylated. In animal cells, the kinase is inactivated by
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~ degradation of the cyclin component, which occurs abruptly during mitosis.

By phosphorylating appropriate substrates, the kinase provides MPF activity, which stimulates mitosis or

Meiosis. Phosphdrylaﬁon of H, could be concerned with the need to condense chromatin at mitosis, Phosphorylation

of lamins (another factor) causes the dissolution of the nuclear lamina. Phosphatases are required to reverse the

modifications introduced by M-phase kinase.

Transition from G, into S phase requires a kinase related to the M-phase kinase. In mammalian cells, a
family of catalytic subunits is provided by the Cdk genes. There are ~10 Cdk (cyclin - dependent kinase) genes in
animal genome.

Checkpoints control progression of the cell cycle. One checkpoint fésponds to the presence of unreplicated
or damged DNA by blocking mitosis. Others control progress through mitosis.

Model questions :
1. What are the divisions of a cell cycle? State the fimctional activities of the different stage. Comment on
the duration of various cell-cycle stages. -
2. Expound your knowledge on the cell cycle control mechanisms.

3. Narrate the roles of regulators of cell-cycle progression.

Glossary :

Interphase, Cytokinesis, M-phase, GO, START, ps3, Cdk’s Cde.- 2, MPF.

References :

I, Geoffrey M. Cooper (2000). The Cell (a Molecular Approach). Second Edition. ASM Press.
Washington, D. C. '

2. BruceAlbertsetal. (1994). Molecular Biology of The Cell Third Edition. Garland Publishing Inc. New

York & London.

e

3. Benjaniin Lewin (2000). genes VII. Oxford University Press..
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Fig.-1: The foursuccessive phase of a typical eukaryotic.cell cycls.
‘During interphase - Cell grows continuoulsy.
‘During M Phase - Cell divides

/ Nutrionts

. Mé“ng factors

STARY

JCell size

Fig.-2: Regutaﬁon of the cell-cycle of budding yeast.
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Growth factors

‘ "Restriction point -
Fig.-3: Regulation of animal cell cycle by grawth factors.

Unreplicated or Chromosome
damaged DNA '

misalignment

Damaged DNA

Fig.-4:  Cell cycle checkpoints. (Several checkpoints
tunction to ensure {hat comiste Qenomes ars
transroitied {o daughter cells).
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DNADAMAGE

{evels of p53 increase

Fig.-5: Roie of p53in G1 arrest induced by DNA damage.

AN

Cyclin

Cyclin-dependent kinase {Cdk)

Structure of MPF. (MPF is composed of

Fig.-6: Two key components of ceil-cycle Fig.-7:
" cyclin B and the Cdc2 protein kinse)-

control system in marnmals
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1. Association with cyclins

2. Association with Cdk ot
inhibitors CKJ's .
' N\ 4. Activating phosphory-
CAK ' lation of threonine
: around position 160,
& —( Tor >

3. Inhibitory phosphory- ® 4 '
lation of threonine 14
and tyrosine 15

Fig.-8: ° Mechanisms of Cdk regulation

MPF .

(L},yg,:y\m}y‘o, Nueleas ) Fmrwlﬂ\“)'ﬂh ’ SP;“M{“_
- Cemmvelope
CthithJ\OA

. G E A8 y b Q " ‘l
brzq;‘l(gfm 6; and ER i o

‘Pko: horgtabion  Pamsphovyfabion Paoplorylodion . 1y 'tzuamjg,'
4 c»t@z:;.‘w ' sgmzf » r?&Nt?:;a( v:“mw,:ub,—,

-Fig.-9:  Targets of MPF, .
MPF induces myltiple nuclear and cytoplasmic changes at the onset of

M Phase, both -activating other protein kinases and by phosphoryiat-
ing proteins such as condensins and the nuclear lamins,
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THE CHROMOSOMES

During cell division, Chromatin becomes condensed to form some distinct structures called chromosomces,
clearly visible, These are under the optical Microscopes. Specific number of chromosomes are found in the cells of

 the organisms of a particular species. Therefore these elements are very much important for the analysis of genetic

characters.
Shape of the Chromosomes :

Shape of and size of the chromosomes very with the state of condensation of the chromatm material. Atthe
metaphase state of cell division chromosomes become condensed to_szich e:;tént that they can be studied very well
at this stage. A typical metaphase chromosome posses two arms connected apoint called centromere. Eacharmis
with two chromatids, For better observation of the chromosomes under the light compound mictoscope squash
prepaiaﬁon technique is usually followed. For this purpose chmmosor;xa are stained with basic dyes (€.g. Orcein,
" Giemsa)and then sqixashed between the slide and coverslip by gentle pressure.

Chromosomes are classified into four types according to their shape; which s determined by the position
of the centromere. These are telocentric, acrocentric, submetacentric and metacentric. '

Telocentric chromosomes posses the centromere atone end of the chromatids. Acrocentric chromosom¢e

have centromere near the tip, thus one arm is much longer than the other. Submetacentric chromosomes have

" unequal arms because the centromere is located not at the middle, metacentric chromosomes have equal or almost
equal arms, therefore during anaphase. movement metacentric chromosomes take “V” shape, submetacentric ‘Y’

chaped and acrocentric ‘I’ shaped.

Nomenclature of chromosome 2

A typical metaphase chromosome posses chromatid, chromonema, chromomeres, centromere and Telomere.
Besides these Secondary constrictions, Nucleolar Organizers, Satellites are the features of some chromosomes

(Fig.-V)
Chromatid :

At metaphase each chromosome consists of two symmetrical structures; the chromatids, each one of

which contains a single DMA molecule. The chromatids are attached to each other only by the centromere and
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become separated at the start of anaphase when the sister chromatids migrate to opposite poles. Therefore,
anaphase chromosomes have only one chromiatid while metaphase chromosomes have two.

Chmmonemg(ta) :

Durmg prophase (rarely in mterphase) the chromosomal material becomes visible as very thin ﬁlamems
which are called chromonemata and which represents chromatids in early stages of condensation “chromatid” and
“chromonema” therefore, are the two names of the same stmctw-e asingle linear DNA molecule withits associated

proteins.

Chromomeres :

Thesc are bead like accumulations of chromatin material that are occasmnaly visible along mterphase
chromosomes. Chromomeres are especxally visible in polytene chromosomes, where they are arranged side by
side, constituting the chromosome bands. Inmetaphase stage the chmmosmncs are tighly coiled and the Chromomeres

are no longer visible.

Centroinere or kinetochore:

This is the area of the chromosome that becomes attached to the mitotic spindle. The centromere lies
within a thinner segment of the chromosome, called the primary coastriction. The regions flanking the centromere’
frequently contain highly repetitive DN A and may stain more intensely with basic dyes. This area is called

heterochromatic. Centromeres contain specific DNA sequences with speclal protein bound to them, forming a disc
shaped structure, wlled kinetochore. Microtubules become attached with this area. (Fig.-2) :

Teiomere :

This is the tip of the chromosomes (Fig- 2"). Telomeres contain the ends of the long linear DNA molecule
contained in each chromatid. The telomeres are composed ofrepeats of short, GC rich sequences. The G-rich
strand of a telomere is added at the vexy -3-ends of DNA strands, not by semxconservatzve replication, but byan

enzyme called telomerase. The exact sequence of the repeat in a telomere is spemes specific, in vertebrates

including humans, itis TTGGGG/AACCCC.

avs

Secondar ¥ coustrictions

This is an area where chromatin material is also less besides the primary contriction but not present in af}
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chromosomes Some chromosomes do possess this area secondary constrictions are distinguished from the primary ’
_constriction by the absence of marked angulardeviations of the chromosomal segments during anaphase.

Nucleolar organizers :

These areas are specific secondary constrictions that contain the genes coding for 185 and 28S ribosomal
RNA and that induce the formation of nucleoli. The secondary constriction may arise because the IRNA genes are
transcribed very actively interfering with chromosomal condensation.

Satellites :

Some chromosomes posses the element called satellites. These are rounded body of chromatm material

separated from the rest of the chromosomes by a secondary constrxctlon The satellitc and the constriction are

constant shape artd size for each particular chromosome.

ch&'\m e Tersurintg

Figi- 11 Classification of liomiosemes o5 the basis of centromaric pestion

~Telormera.

Fig.- 2’ : Cemromere and kinetochore of @ metaphase chromosome.
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CHROMOSOME & CHROMATIN

DNA is the principal genetic constituent of cells, carrying information in a coded form from cell to cell and
from organism to organism. The complexes between eukaryotic DNA and proteins are called chromatin, which
typically contains about twice as much proteinas DNA. The major proteins of chromatin are the histones. These
histones are small proteins containing a high proportion of basic amino acids (arginine and lysme) which facilitates

binding to the negatively charged DNA molecules.

Histones ;

Most eukaryotic cells contain five different kmd of histonies, H1, H2A, H2B, H3 and H4. These are very
similar among different species of eukaryotes, (Table - 1). The hxstoncs are extremely abundant proteins in eukaryotic
cells; together, their mass is approximately equal to that of the cells DNA. In addition, chromatin contains an
approximately equal mass of a wide variety of nonhlstone chromosomal proteins. Most of the histones are well
Conserved from one organism to another. The most extreme example is histone H4 of cow differs from H4 of pea
in only two aminoacids out ofa total of 1 02. Hisfone H3 is also extremely well conscrved histones H2A and H2B
are moderately well conserved; but bistone H1 varies considerably among organisms. Histones are not found in
eubaqtefia (e.g. E. coli), other proteins do the functions of histones. Archaebacteria, however, do contain histones.

Nucleosomes :

The basic structural unit of chromatin is called the nucleosome, first described by Roger Komberg in1974,
Nucleosomes as originally defined, contained about 200 bp of DNA, associated with a histone octamer that ‘
consists of iwo copies of each of HZA, H2B, H3 and B4. These are known as core histenes. 200 bp long DNA
is released by subjecting chromatin to amild nuclease treatment. F urther digestion with nuclease yields an intermediate,
sometimes called a ‘chromatosome”’, which retairs about 165 bp of DNA and histones H1. Exhaustive digestion
gives a nucleosome core particle with about 145 bp of DNA and no histone HIl.(Fig.-32’,b’,¢").

~ The packing of DNA with histones yields a chromatin fibre épproximatély 10nm in diameter which is
composed of chromatosomes separated by linker DNA segments averaging about 80 bp inlength. In electron
microscope, this 10 nm fibre has the beaded appearance that suggested the nucleosome modcl Packaging of

DNA into sucha 10 nm chromatin fibre shortens its length approximately six fold.
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The chromatin can then be further condensed by coiling into 30 nm fibre. Interaction between histone H1
molecules appear to play an important role in this stage of chromatin condensation.

The 30 nm Fibre:

Wien chromatin is examined in the electron microscope, two types of fibres are seen : the 10 nm fibre and
30 1 fibre. The 10 nm fibre is essentially a continuous string of nucleosomes, appearing as ‘beads - on - string’
' form, when chromatin is visualized in conditions of greater ionic strength the 30 nm fibre is obtained. The 30 nm
fibre probablyanswﬁﬂom the foldmg of the nucleosome chain into a solenoid structure having about six mxleosomes ‘
- per turn. In chromatin fibre it can be folded into such structures simply by increasing the salt concentration. At 1
mM the nucleosomes come closer together, and at concentrations over 60 mM a 30 nm thick fibre is found. The
whole structure is stabilized by interactions between H1 molecules i in nezghbourmg nucleosomes. The H1 molecules
can interact with each other because they are located in the central ‘hole’ of the solenoid. Although other structural
arrangements have been proposed for the 30 nm fibre (superbeads, invoked by Manfred Ren and Wolf stratling;
" Trregular condensed fibre shape was described by K.V. Holde and J. Zlatanova. Woodcock and colleagues have
proposed a variable zig zag ribon structure for the 30 nm fibre) the solenoid model remains the most likely form of.

chromatin foldmg

Therole of Hxstone H1 in chromatin foldmg

Earlier ewdence suggested that H1 hlstonc must play a critical role in forming the 30nm fibre because no
such fibre occured in the absence of this histone. Other evidence suggested that H1 -H1 interaction is possible

evenin the absence of the 30nm fibre.

A compromlsc hypothcszs suggests that the role of h:stone Hlisto space the nucleosorncs properly
chromation. This proper spacing then favours 30nm fibre formation.

The DNA of a30nm solenoxd has a packing that is about 40 folds. The DNA of a metaphase chromosome
however, is packed between 5000 and 1 0,000 times i.e. the 25nm (30nm) fibre must be further folded more than

100 fold during mitosis.
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H2A, #2D, 3 ard K4

DNA

k—.-—.—'ﬂ nn -——-—““""‘"}\

Fig. - 3¢’ : Structure of Chromatosome

A Table—1
*Characterization of the Mazor histone proteins of the nucleosome

. Number of' Percentage Lysine
Class Histone Molecular wt. amino acids |.  + Argenine
| Very Lysinetich | - H1 7500 | 244 _ - 308 .
) H2A 13,960 129 20.2
Lysine-rich - ' ,
H2B 13,774 125 24.2
H3 15,373 135 22.9
Arginine rich .

) H4 11,236 102 245

© *Data based on the siudies of calf thymus for histenes and 11 fHrrabbit
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Higher-order chromatin folding: The Supersoleniod

Itis now generally accepted that the chromatin fibre has a solenoid type ultrastructure, with the run of the
coil made up of linear nucleosome units, 30-nm solenoid undergo supercoiling to form 400-nm tubuler structure
called supersolenoid. Dissecting a supersolenoid a hierarchy of helices can be found, Starting with a single DNA
double helix of 2-nm diameter we can contruct a metaphase chromosome hypothetically. The DNA du plex is
wound around histone octamers with nearly two turns of DNA required per octamer. In the presence of histone
Hl, the speaccr histone, the nucleosome beads may be somewhat drawn together. Thus forming 10 nm fibre. 10
nm string of nucleosome fibre upon soling form a 30 nm solenoid, The 30-nm solenoid is supercoiled ina very

shallow helix of 30-nm pitch with a mean diametre of 400 nm. Each turn of the supersolenoid helix contains
150,000 base pairs of DNA which gives a packing ratio (length + 30 nm pitch) for DNA of about 1400. This
correspond well with the required packing ratio inmetaphasgchromosomes. ‘

According to this model, there are therefore, three hierarchies of helices, One helix is in the nucleosome, a
second in the solenoid and a third in the supersolenoid. Finally, the diameter of wet, unifixed human chromatids is
estimated at about ‘1 4 um. To account for this final dimension, the supersolenoid must be further contracted bya
factor of about S. This additional contraction may be either helical or by a folding mechanism (Fig, - 4).
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(@) (b) (<) {d)

Fig.-5 : The Scaffold model of chromosome structure :
(a) The DNA in the loops is condensed by interaction with hnstones and may take on a variety of conformations

(b-q).

Chromosome Scaffolding:

- Using chromosomes from which histones were removed by competing with the polyamons dextran sulfate and
~ heparin, Laemmli and co-workers have uncovered a proteinaceous scaﬁ'oldmg structure in the core of the
 chromosore. A fundamental arid reproducible observation is that DNA strands i inhistone depleted chromosomes
cluster around and are anchored to a central protein scaﬁ’oldmg that stm retains the skeletal structure of two
.chromatids. The DNA strand runs as a continuous loop from a point of exiting the scaffold to an adjacent pointof
entry. The majority of loops are about 15 to 30 Hm long, representing 45,000 to 90.000 base pairs>-

Laemli et al also isolated intact scaffolds depleted of DNA and showed that the scaffold structure is of the same
iength as the origiiial intact chromosome and has: very much the same morphology as the chromosome from which
itis isolated. The material of the scaffold is nonhistone protein. It is resistant to RNase butis disrupied by proteases

urea and thé detergent sodium dodecyl sulfate (Fig:-5)
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POLYTENE CHROMOSOMES

The intetphase nuclei of some tissues of the larvae of Dipteran flies contiin chromosomes that are greatly
enlarged relative to their usual condition. They posses bothincleased diameter and greater length. These chromosomes
are called polytene chromosomes. Polytene chromosomes are found in certain cells of dipteran larvae. The most
commonly studied source is salivary gland tissue of Drosophila and Chironomus.

Polytene is achieved by replication of the DNA several times without nuclear division (endomiitosis) and
the resulting daughter chromatids do not separate and remain aligned side by side, These giant chromosomes are
generated during early lerval development as a result of cessation of mito!ié divisions in these tissues without a
concomitant halt of DNA replication. DNA continues to replicate as many as 10 times, yielding 210 - 1024 copies
of DNA fibres, which remain together and exactly aligned. |

Banding and Genes:

In polytene cells, the chromosomes are visible during interphase with light microscopy. These chromosomes
provide insight into chromosome structure during interphase of the cell cycle.

One of the characteristics of interphase chromosome is banding. Each chromosome consistsof a visible
series of bands (chromomeres). The bands range in size from the largest with a breadth of ~ 0,5 pm to the smallest
of — 0.05 4m. The bands contain most of the mass of DNA and stain intensely with appropriate reagents. The
regions between bands stain more lightly and are called interbands, Band numbers and posiﬁons are predictable,
with as many as 65900 baqd repérted present on the four polytene chromosomes of Drosophila.

The centromcrés of all four cliromosomes of Dr‘oéophild niel&noga&:er aggregate to form achromocentre
that consists largely of heterochrmatin (in the maleit includes the entire Y chromosome). The lengthof the chronosome
setis — 2000 um. The DNA in extended form would stretch for ~ 40,000 L. 1m, so the packing ratio is ~ 20.

The banding pattern is characteristic for eachstrain of Drosophila. The constant number and linear
arrangement of the bands was first noted in the 1930s, when it was realized that fhcy forma cytéiogical map of
" he chromisomes, Reatrangements ~--sich 45 deletions, inversions, or duplications - results inalterations of the
‘ order of bands The linear array of Hands can be equated with the linear array of genes.
as seen in a linkage map, can be correlated with structual rearragements of the cytological map. Ultimately, a

So genetic rearrangements,
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particular mutation can be located ina particular band. Since the total number of genes in D. meianogaster to
exceed the number of bands. there are probably multiple genes in most orall *bands. '

The positions of particular genes on cytoIoglcal map can be determmed dxrectly by the technique of in it
or cytological hybridization. Cioned DNAs can be mapped by in situ hybridization to polytene chromosomes,
after with sufficient resolution to localize cloned genes to specific bands. Polytene chromosomes are very suitable
for in situ hybridization because of their more than 1000 DNA molecules aligned side by side, thereby greatly

facilitating the deletion of single copy genes

Puffs (Balbiani rings) :
One of the most remarkable characteristics of polytiene chromosomes is that it is possible to visualize in
them the genetic activity of specific chromosomal sites at local enlargements called puffs. A puffcan be considered

a band on which the DNA unfolds into open loops as a consequence of intense gene transcription. Sometimes in a
large puffas typified by the Balbiani rings, the swelling is so extensive as to obscure the underlying array of bands.

The pattern of puffs is related to gene expression. During larval development puffs appear and ) regressina
definite, txssue-spemﬁc pattern. A characteristic pattern of puffs is found in each tissué at a given time. Puffs are
induced by the hormone ecdyson that controls Drosophila development. Some puffs are induced directly by the
hormone: others are induced indirectly by the product of the earlier puffs.

Since puffs are sites where RNA is being synthesized, therefore puffing has been viewed as a consequence
of transcription.
Summary (Chroxﬁosem-es, Nucieosomes and Polytene Chroinosomes) -

Chromosomes :

The morphology of chromosomes can be best studied during metaphase and anaphase. Depending onthe
position of the centromere (the prirnary constriction) chromosomes are of four types i) telocentric ii) acrocentric 1)
submetacentric and iv) metacentric. Each metaphase chromosomes has two chromatids attached at a pomt called
the centromere. Each ohro*natxd consists s ofasingle linear DNA molecule withits associated pmtcms Mxtotzc
| chromosomes are made of chromatin ﬁbres of 30nm, Some regions of the chromosome remain condensed durmg ‘
| interphase and are stained dxfferentlal ly by basic dyes. These heterochromatic regxons are late replicati ng and

genetically inert. Two types of heterochromatm can be recognized : constitutive and facutative heterochromam
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consmunve heterochromaﬁn js permanently condensed in all types of cells and is related to highly repetitive DNAs
(satellite DNASs). *Facultative heterochromatin is condensed in certin cell types or at special stages of development.
The genes contamed in facultative heterobhmmann are not expressed as shown in the Barrbodies of mammals.

Chromatin & nueleosomes :

The genome of the eukaryotic cell is sequestered in the nucleas as part of nuclepprotein complex referred
to as chromatin. In most cells, the genome is present in units of chromatin, each unit a condensed form of chromatin

A
called a chromosome.

Prokaryotic genomes are circular duplex DNA molecules that are org anized and stabilized by attachments
to proteins and RNA. The DNA extends out from the organizing centre in domains that are supercoiled. |

All eullaryoﬁc chromatin consists of nucleosomes. Anuc}eosome contains a characteristic iength of DNA,

usually - -200 bp, wrapped around an octamer containing two copies each of histones H2A, H2B,H3and H4. A

single H1 protein is associated with each nucleosome. Virtually all genomic DNA is organized into nucleosomes.

Treatment with micrococcal nuclease can divide the nucleosomal DNA into two regions. The linker region is

 digested rapidly by nuclease but the core region of 146 bp s ws:stant to digestion. The path of DNA around the

histone octamer crdat% 1.65 supercoils. The DNA ‘enters’ and ‘leaves the nucleosome in the same vicinity and.
could be ‘sealed’ by histone H1. '

Nucleosomes are organized intb a fibre of 30 nm dxameter which has 6 nuleosomes per turnand a packing
ratio of 40. Removal of H1 allows this fibre to unfold into a 10 nm fibre that consists of a linear string of nucleosome.
The 30 nm fibre probably consists © ofthe 10 nm Ghre wound i intoa solenoid. The 30 nm fibre is the basic consutuent

of both euchromatin and heterochromatin; non ‘histone proteins are responsible for further organization of fibre into

chromatin or chromosome ultrastructure.

Polytene Chromosomes :

Chromosomes are generally decondensed dunng interphase, so the:r structure is difficult to discern. Notable
exceptions are thelampbrush cluomosomes of Amhibian oocyte and 1he polytene chromosomes of insects salivaly
gland. Studies of these twotypes of mterphase chromosomes suggesi iiat each 3ong DNA muiecuk: n achromuﬁume

. divided into a large number of discrete domairis that are folded differently.

Polytene chromosomes from dipteran species are banded. When genes are expressed, bands or
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chromomere, puffout by an uncoiling of the elementary chromatin fibre. Transcription takes place in puffregions.
Polyterie chromosomes provide the first evidence that eukaryotic gene activity is regulated at the level of
RNA synthesis, ' "

When dipterah chromosomes become polytenic, the DNA replicted by endomitosis, and the resulting
daughter chromatids remain aligned side by side. These chromatids produce distinct dark bands and interbands

. during interphase.
‘Model Questions :
L. With suitable sketch A@scﬁbe the structure of a tybical metaphase chromosome.
2. Elucidate the chemical component of eukaryotic chromatin. |
3. Describe the model for the formation of chromosome from the nucleosome fibre.
4. Expand the polytene organization of any dipteran insect. |
Glossary: Chromatin, histone, nucleosome, nucleosome core particle, )chrqmatosome,‘ euchromatin,
heterochromatin, centromere, kinetochore, telomere, Balbianiring, chromocentre.
Refémm : A | |
I. Molecular Biology of the Cell. Third Edition. BmoeAlbezt etal. (1994). Gar'lan& Publishing, inc.
2. Cell and molecular Biology. Ej ghth Edition. E.D.P. De Robertis & E.M.F. De Robertis, Jr. (1999) B.1L
Fubhcatmns Pyt Lid. 7 : ’ ‘ - : D '
3. The Cell - A molecular approach. Second Edition. Geoffery M. Cooper (2000) A.S.M. Press. Washington

D.C.
4, Molecular Biology International Edition. Robert F. Weaver (1999). WBC Mc Graw-Hill.

5. Genes VIL Benjamin Lewin. (2000) Oxford University Press.

Cell Biology Neal U. Thoipe. John Wiley & Sons.
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VIDYASAGAR UNIVERSITY

DIRECTORATE OF DISTANCE EDUCATION
- MIDNAPORE-721 102

M. Sc. in ZOOLOGY

Part-1

Paper - II, Group-A, Unit-TI

Module No. 16

Topoisomerase I catalyzes the relaxation of supercoiled DNA: - ‘
The irterconvension of tOpoispthcrse of DNA is catalyzed by enzymes called topoisomerases
that were discovered by James Wang '&”Marti'n Gellert. These enzymes after the linking number of

DNA by catalyzing a three step process: -

i) eleavage of one or both standards of DNA™

i) passage of asegment of DNA through this
iii) resealing of the DNA break.
The type I topoisomerase of E. Coli catalyzes t

~ relaxation of negatively supercolied DNA. This enzym-
acts first as a nuclease & then as a ligase. Howeverinte -
relaxed circies were formed in the absenc of ATP,NAT

& other energy donors. In fact, a covalent enzyme DN
complex has been formed. The 5/ phosphate moiety o
DNA strand was found to be linked to a tyrosine hydrox

‘other end of the cleaved chainnucleophilically attac
this activated intermediate to restore the continuity
the circle. The only role of this topoisomcrasc is
create a transient break that allows the passage of
segment of DNA. The linking no. increased by +1 wi
each catalytic cycle i.e. by one less turn of hegeti

supercoll.

64

or. of the 100 kd enzyme (fig. 1). The 3 SOH att

o
Hsﬂlmmq&amwc intermadiate in the ac-
tion of topisomerass. Ths 5'-phosphate end of the clsaved
Dot smvond ta covatancly linkad 10 the OF grewp /e e~
cific trosing residns of the snayms. o
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Supercoiling in E.colj is catalyzed by DNA gyrase, a topoisomerase consisting of two 105 kd. A
chains and two 95 kd-B chains. DNA gyrase, an energy-tmnsducing device; it converts the free energy
of ATP into torsional ¢pergy of supercoiling. The reaction begins with the 4wrapping ofabout 200 bp
DNA around the lozenge-shape enzyme. The binding of ATP then tri g8ers the cleavage of both strainds
of DNA : the four nucleotides from the site on the other strand. The 5'-phosphate terminus of each
cleaved strand is linked to a specific tyrosine residue of an A subunit of the enzyme. The anchoring of
the two ends of the cut DNA is essential for preventing their free rotation which would quickly lead
to the loss of supercoiling. | | . . :

The next step is the passage ofa scgment of DNA through the ~35 A gap between the fixedends. -
This passage is vectorial -DNA gyrase allows facile movement only in the direction leading to negative
supercoiling. The cleaved DNA ends then come together 1o reestablish the continuity of both strands

substrate without dissociating from it. A

The degree of supercoiling of bacterial DNA is thus determined in the opposite actions of two
enzymes. Negetive supercoils are introduced by DNA gyrase and are removed by topoisomerase I.
DNA polymerase I, the first template-directed enzyme :

The search for an enzyme that systhesizes DNA was initiated by ARthur Kornberg & his assotiates
in 1955, DNA pel 1 is not the enzyrae that replicates most of the DNA in E.coli. However itplays a
critical role in replication & also in the repair of DNA. o '
Function of DNA Pol I
* Catalyzing function : . _

- DNA poll, a 103 kd monomer catalyzes the step by step addition of deoxyribonneleotide units

‘tothe 3’ end of a DNA chain.

' .(DNQ);resfdiiesa;dNT}; z:’ (.DNA:)M; +PPi
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DNA pol I requires all four deoxyribonucleoside
5 triphosphates — d ATP, d TTP, dCTP & dGTP and
Mg++ to sysnthesize DNA. The enzyme adds
deoxyribonneleotides t0 the free 3/-OH of the chain
undergoing clongation which proceeds on the 5' =3’
direction. See fig. 2. A primer chain with a free 3’ —
OH gr. is needed at start. A DNA template containing
a single stranded region is also essential. The pol
catalyZes the nueleophilic attack of the 3/-OH
terminus of the.primer on the innermost phosphorus
atom a dNTP. A phosphoriester bond is formed and
pyrophosphate is released. DNA pol is a moderately
processive enzyme - it catalyzes multiple
polymerization steps (~20).

A striking feature of the enzyme is that it takes
instructions from its template.

* Proof reading function :

DNA pol I catalyzes the hydrolysis of
nucleotides at the 3’-end of DNA chains. Thus DNA
pol is a 3/ _ §' exonuclease. To be removed, a

 pucleotide must have a free 3-OH terminus. The 3'-»
5/ nuclease’ activity has an editing function in
polymerization. The polymer shown in figure containts
an unpaired C at the end of a sequence of T residues
that form a double helix. On addition of DNA pol1 &
JTTP the unpaired C is first excised. dCMP is
,r.r'ealeased and a 3~OH gr. is exposed on the terminal

“ i T at the primer strand. Additional T are addied only

after removal of the unpaired C. In general, DNA pol I

residues mismatched residues at the primer terminus

before proceeding into polymerization.
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The 3’ - 5 exonuclease activity markedly exhances the
accuracy of DNA replication.

~ * Error Correcting Function :.

DNA pol I can also hydrolyze DNA starting from the 5/
end of a chain. This 5 - 3’ nuclease activity is very
different from the 3/ - 5/ exonuclease action. First the

3%~ 3 nuclease - p—T- 4 —
activity . . cleaved bond must be in a double helical region. Second
’ : “ cleavage can occur atthe terminal phosphodiester bond or
——T 4—1" at a bond seVeral residues away from the 5 terminus, Third -
| r L] 5’ - 3’ exonuclease activity is enhanced by uncomitant
DNA synthesis. Fourth, the active site for exonuclease
T “ action is c}canly separate from the active sites for

polymenzanon and 3’ - 5 hydrolysis. Thus DNA pol I
contains three different active sites ona smgie polypptide
chain.

The 5/ 3’ exonuclease actmty plays akey role in DNA rcphcatzon by removing RNA primer.
Moreover, the 5/ - 3/ exonuclease complements the 3’ - 5’ exonuclease activity by correcting errors

ofa dxfferent type.

/ . N ) ’ .
36xd - ~ . - 57 K& - >
: 5 — J - ‘ g — : Polymarass -
S:aawuac Kxonuclease
l . Ji : }

Skl t ' y -

wcll fragmen Carzcﬁagmcnr (Ktmw elament)
DNA4 ydm I hu thrae cnxy-at{c acﬂvl:m ina :mglz pplmptldc chaln
Polymerase ITand XII ;

In fact E. coli contains two other DNA f)olymerasc named I and III which werz found some
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fifteen years after the discovery of DNA pol 1. DNA pol II and 11 are like polymerase I in these

~ respects — .
1. These caialyze a template directed synthesis of DNA from deoxyribonucleoside 5/

triphosphate precursor.
2. - A primer with a free 3'-OH group isrequired.
3.  Synthesis isinthe 5/ - 3/ direction.
4. They posses 3§ exonuclease activity.
DNA replicaﬁon starts at a Unique origin (ori C) & proceeds sequentally in opposite dlrectwn

A unit of DNA capable of being replicated. A replicon contains a unique origin and a umque
termination site. An entire replicon is replicated once in a cell ¢ycle. The whole E. coli chromosome
is a single replicon. The relative frequencies of a number of E. coli genes were determined by
hybridization with complementary probes. The results of these experiments clearly showed that the
relative gene ﬁequencxes depend on map position (see figure below) & revealed that :

Reiaiive gene frequency

[ | L

L. |
ty . lae r{yp YR “eyse ! iy
74° 20 29

FTAN A 74"

Fig shows that amo:m:: of dw'cnnr genas undsr conditions of rapr!d DNA
:y:fhut: in B. coli as a function of position on the guuﬂc map.
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1. Replications starts at a unique site — This origin locus has since been identified as ori C, located
at 83 minutes on the standard 100 minute genetic map of E. coli.

2. Replication proceeds simultaneously opposite directions at about the same velocity. In other
- words, there are two replication forks one moves clockwise, the other counter clockwise.

3. The two replication forks meet at the (near 31/ on the map), the termination region, which is
opposite the region of replication. _ ) ' '

 Further evidence for the bidirectionality of replication of E.coli DNA comes from
autoradiography. Replication was initiated in a mediufi containing moderately radioactive tritiated
thymine. After a few minutes of replication, the bacteria were transferred to a medium containing
highly redioactive tritiated thymidine. Two levels of radioactivity were used to c¢reate two kinds of
grain tracks in the autoradiographs : a low density track for DNA synthesized early & a high density
track for DNA synthesized later. It replication were unidirectional tracks with a low grain density at
one end a high grain density at the other end would be seen. On the other hand, it replication were
bidirectional, the middle of a track would have a low density (se figure below).

o o0 o e 900000000000 000000
c PR - ) ’ N N -
Bidirectional synthests
e2356¢6¢e 5 e ® .3 . eespoe 990000
€ O———>
_ Origin

- The autoradiographic pattern proyide.a vivid answer. All of the grain tracks were denser on both
ends than in the middie indicating that replication of the E. coli chromosome is bidirectiona;.
Replication begins with the unwinding of the ori C site :
The ori C locus is a sequence of 245 base pairs in the E. coli chromosome. The origin has some
69
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unusual features. It contains a tandem array of three 13 nuecleotide sequences. Each begins with
GATC, a sequence that appears at ori C. Methylatién of adenine in GATC may be important in
controlling wheﬁgeplication begins. , ’ '

The binding of the dna A protein (named for its gene) to four sites of ori C initiates an intricate
sequence of steps leading to the unwinding of the template DNA and the synthesis of a primer. The
DNA must be negatively supercoiled to enable dna A to bind. A complex of the dna B and dna C
~ proteins join. dna A to bend and open the double helix. dna B protein is a helicase it catalyzes the

ATP-driven unwinding of double helix DNA. The unwound protein of DNA is then stabilized by single
strand binding protein (SSB), a tetramer of 19kd subunits which binds cooperatively tosingle stranded
DNA. The unwinding of DNA at the origin would lead to the positive supercoiling of the circular -
DNA if the linking number remain constant and unwinding would soon stop. This is prevented by the
compensatory action of DNA gjmse. | ‘
AnRNA prinier synthesized by Primase: | A ,

RNA synthesis is essential for the initiation of DNA synthesis. Komnberg found that nascent
DNA is covalently linked to a short stretch of RNA. ' _

In fact RNA primes the synthesis of DNA. A specific RNA polymerase called primase joins the
‘prepriming complex in a multisubunit assembly called the primosome. Primase synthesizes a short
stretches of RNA (~5 nucleotides) that is complementary to one of the template DNA strands. This
primer RNA is removed at the end of replication by the 3’ - 5/ exonuclease activity- of DNA pol L.

" ADNA polymerase 114 heloenzyme, a highly proc&csive & precise enzyme syntehsizes most of
the DNA: '
- Comapositicn of DNA pol II koloenzyme: L |
Subunit Mass(kd) DNA 5ol Il boloenzyme, a multisubunit asscmbly
' is characterised by very high processivity,

* 1o catalytic potency & fidelity. The holoenzyme
¢ 21 core catalyzes the formation of many thousands of
0 10 phosphodiester bonds before releasing its
B 37 template, compared with only twenty for DNA pol

LT PR, - L. The much lower degree of processivity of DA
k , 78 ‘pol Iis well suited to its role as a gap filler &
repair enzyme. DNA pol 111 on the other hand, is
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Subunit Mass (kd) ' designed to grasp its template & not let go until
v 140 it has been completely replicated. A second
o distinctive feature of this enzyme is its
5 32 , catalytic process. 1000 nucleotides added per
o 32 second compared with only 10 per second by

DNA pol 1. This accelerated catalysis is not
accomplished at the cost of accuracy. The
holoenzyme consists of at least 8 kinds of
polypetptide chains and a mass of 800 kd. The
role of some of the subunits of the holoenzyme
have been elucideated. The catalytic activity
resides in the o subunit, and the 3/ - §/
txonuclease activity in the o subunit. The o, €
and 0 subunits'form a core that is catalytically
active but nor processive.

DNA replication proteins of E.coli :

Protein " Role  Size (kd)
dnaB protein Begins unwinding the double helix 300
primase . - Synthesizes RNA primer | 60
rep protein - Unwinds the double helix 65"
© SSB - Suabilizessingle standard ;E:giéhs Coa
DNA gyrase Introduces negative supercoils | 400
DNA pol {II  Synthesizes DNA | 800
DNA pol I . Erasesprimerandfillsgap = 103
DNA ligase Joins the ends of DNA 74

Discontinuous synthesis and okazaki fragments :

Atareplication fork, both strands of parental DNA serve as templates for the synthesis of new
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DNA. The parental strands are antiparallel. The overall direction of DNA synthesis must be 53" for
one daughter strand & 3/ — 5’ for the other.

Leading strand

Parental DNA

Figure showing schematic dia-

. . T - gram of a replicatias fork.
3 ) o .
: A ’ \i"‘ Okazakl fragments : .

The currently accepted model of DNA replication is not too unlike the original proposal of Waston
and Crick, and conforms to the experimental results of Meselson & Stahl. The molecule unwinds in
a localized area, thus forming replication “forks”. The replication process is generally refmed toas
a semidiscontinuous process. Because the actual polymerizing enzyme can add nucleotides only in
the S - 3/ direction. Synthesis on one strand (leading Str) is continuous in the 5’ — 3/ direction
. {oward thic fork from the point of initiatiozn. On the other strand {lagging strand); a5 the-fornropens, .
mxﬂtiple sites of initiation are exposéd. Synthesis then proceeds inshort segments in the 5' - 3/
direction away from the fork. Therefore, the DNA pol add new deoxyribonuclotides in the 53
direction by adding at the 3/ end of the nascent complementary strand, that is, both daughter strands
are extended only in the 5 - 3/ direction: This means that the lagging strand and to a lesser extent the
leading strand is synthesized in discontinuous segments. The major evidence for discontinuous
synthesis was obtained by okazaki & his colleagues. Reiji okazaki found that a significant proportion

= - of newly*synthesized DNA exists as small:fragments. “Thescamits of about a thousand nucleotides - =

(called okazaki fragments) are presents briefly in the replication fork. A replication proceeds, these
fragments becomes covalently joined by DNA ligase to form one of the daughter strand. The other
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-

new strand is synthesized continously. The strand formed from okazaki fragments is termed lagging
strand whereas the one syntehsized without interruption is the leading strand. Both teh okazaki
fragments and theleading strand are synthesized in the 5’ - 3/ direction. The discontinuous assembly
of the lagging strand enables 5/ - 3/ polymerization at the nucleotide level to give rise to overall

growth in the 3/ - 5/ direction.

REPETITIVE DNAAND SEQUENCE ORGANIZATION
AND C-Value Paradox

Repetitive DNA

The chromosome of procaryotes DNA molecules with unique (nonrepeated) base pair sequences.
That is, each gene (consider a gene to be a linear sequence of a few thousand bas pairs) is present only
once in the genome. The gene for rRNa molecules are an exception. If the prokaryotic chromosomes
are broken into many short fragments, each fragment will contain a different sequence of base pairs.
The chromosomes of eucaryotes are much more complex in this respect. Certain base sequences are
repeated many times in the haploid chromosome com'plement, sometimes as many as million times.
DNA containing such repeated sequence, called repetitive DNA often represents a major component

of the eukaryotic genome.

Satellite DNA : _

The first evidence of repetitive DNA came from density gradient analysis of eukaryotic DNA.
When the DNA of a piokaryotic DNA such as E. coli, is isolated, fragmented and centriﬁxgéd to
~ equilibrium: in a cesium chloride (Cscl)density gradient, the DNA usually forms a single band in the
gradient. For E. coli this band will form at position where the Cscal density is equal to the density of
DNA containing about 50 percent A-Tand 50 percent G-C base pairs. DNA density increase with the
increase of G-C base pairs content. The extra hydrogen bond in G-C base pairs is believed to result in
a tighter association between the bases and thus a higher density than for A-T base pairs. On the other
hand Cscl-density gradient analysis of DNA from eukaryotes usually reveals the presence of one
large band of DNA (usually called mainband DNA) and one to several small bands. These small bands
of DNA aré called satellite bands, and the DNA in this bands in often referred to satellite DNA: -

Drosophila virilis DNA for example, contains thus the distinct satellite DNAs. (Fig. below) When

73
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isolated and analyzed, each satellite DNA was found to contain a repeating sequence of seven base-
pairs. One satellite repeat sequence is 5-ACAAACT-3/ (one strand, other strand will have
complementary sequence). A second satellite DNA hasa 5~ATAAACT-3/ thus differe from each other
at only two positions. In three related species of crabs, a satellite DNA is present that contains 97
percent A-T base pairs. Some satellite DNAs in other eukaryotes have longer repetitive sequences.

\ Main band
/ i Satellite DNA bands
g .
- .
i |
: i !
& i | _'
2 '] i "
-] | I
3 ] . |
3 1 O
H [ 1
; : L
' |
1 i 1
- 1 I 1 _ ,
{ | ]
o ) : Boyaldwuyg/m"

1.693 1.685 1.680. 1.664

' Fig 1 Tia thras satellite DNAs of Drosaphilla vietlis DNA from D virlls embryos was centry

l'yg‘mi i cq%dklbﬁw in 6Ad Cuel.
The DNA in the bands were guantitated by measuring u-v (Ultra violet)-light {260 nu). - e

: The chromosomal location of several satellite DNAs have been determined by a fechnique called
in situ hybridization. The complementary strands of DNA molecule are separated by heat or alkaline
rsed by lowering the temperature.or lowvering the pH, and the -
lled DNA Renaturation.
bonded

denaturation. Conditian can then bereve
sepeated strand will renature to reform base-paired double helixes, a process ca
DNA renaturation is a specific type of Nucleic acid hydridization, the formation of hydrogen
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“under appropriate conditions, the rate of renaturation will depend on
I The concentration of DNA in solution and |
2. The complexity of DNA, that is the number of different 400 base-pairs gragments.

Consider a particular fragments composed of two complementary strands, a and .

A -
= mm— |

Denatyred Renaturation mixture

v
-
\.‘;.
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Reassociation of a and a’ will require a specific colision between these two single strands. -
Collisions between a or & and any other single strand will not lead to hybridization. For a given
" concentration, the larger DNA molecule, and thus the more nonidentical 400 base-pair fragments,
the slower the reassociation reaction will be, because a smaller proportion of the random collisions

will be between the complementax& single strands such a and &.

Note that every reassociation events, like a with a will require a collision between complementary
single strands that present in the renaturation mixture in equal concentration. Since the reaction
requires the interaction of two equally frequent molecules, the rate of renaturation should be a function
of the square of the concentration of single strands (so caled second order or millimolecular reaction

kinetics) or

:1‘!'.‘.=KC2
dt -

~de : .
(or v Kdt, rearranged for integration)

* where C = the concentration of single stranded DNA in moles of nucleotide per it.

¢ = time in second.

and K = asecond order rate constant in lit. per mole second.

Literally, the equation states that the change (decrease) in concentration of single stranded
DNA (-de) with time (df) is equal to the proportionally constant (K) times the square of concentration
of single stranded DNA. ' B .

Integration of the preceding equation from the initial condition (t = 0 seconds and c=7Co,
where Co equals the concentration of single stranded DNA att=0 )yields

=Kt

1
Co

o

1 1
e ox.r%rrgvaxgad,. Co TFKCa

This equation states that the fraction of input single stranded DNA remaining ina renaturation

reaction mixture (C/Co) at any given time (t) is a function of the initial concentration (Co) times
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elapsed time (t), or Cot. It is thus convinént to prc'écnt data on hybridization kinetics in a plot of C/Co
versus Cot. This is called Cot (pronounced caught) curves have provide a great deal of information
about the types of repetitive DNA in eukaryotic genomes. Consider a DNA molecule containing a
400 base-pair sequence that is repeated.

Nowaanda, an identical single strands a and & , are identical complementary strands Reassociation
of each repeated sequence will take only half as long as in the previous example, where each fragment A
contained a unique base sequence. Now reassociation will result from a collision of a with either a’ or
&, (likewise for a, and either a’ or &’ .)- Thus the time required for reassociation ofa particular DNA .
sequence is inversely proportional to the number of times that sequence is present in the genome.
Clearly highly repetitive DNA sequence will ranature very rapidly.

- a3

| iR -

a,

= |

Renaturation \

mixiure

Renaturation kinetics indicate that eukaryotic genomes charécteristical!y contain

1. a fraction (upto 90%) of unique of single cdpy of DNA sequence present in from one to few
copies. - S a R o
2. afraction of middle repetitive DNA sequences present in 10° copies.

3. afraction of highly repetitive DNA sequences present in greater than 10° copies.

77
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Interspersion of Single Copy and Middle Repetitive DNA Sequences :

Where the sequences organization of eukaryotes genomes is studied - by combining the
techniques of density gradient analysis, hybridization, kinetic analysis, bio-chemical analysis and
electron microscopy - a pattern emerges. Much of the genome consists of middle reptitive sequences
interpesred with single copy sequence. In toads, sea urchin, and human, the sequences are quite short.
The middle repetitive sequences average 300 nucleotide-pairs in length; the single copy sequences .

- are about 800 -1200 nucleotide pairs long. Drosophila melanogaster DNA also exhibits ._intét_spasiqn
of middle repetive and single copy sequences, but the sequences are much longer (5600 and 13 ,000
nucleotide-pairs respectively. '

Highly Repetitive Middle Repatitive Single sopy

. Percent of single stranded DNA

i g2 1ot 100 10' 10 100 . 10¢
Cot (mole xze¢ / iy
Renaturation - . ?SIW'

Fost-

Many geneticists have postulated that most middle repetitive sequences may be involved inthe
regulation gene expression. Their interpersion with single copy sequences, and thus their location
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adjacent to structural genesis certainly have a regulatory role. Récently several intermediate repetitive
sequences of Drosophila melanogaster have been shown to be 6apabic of moving from one location
in a chromosome to another location in the same chromosome or even to a different chromosome.
These intermediate repetitive DNA sequences have been called nomadic sequences or transposable
element, because of their ability to migrate from one position to another in the genome. The ‘nomadic’
middle repetitive DNA is well-characterized transposable of prokaryotes.

Function of highly Repetitive DNA sequence :

The function(s) of highly repetitive DNA - most if not all of which is located in genetically
inactive heterochromatic regions of chromosomes - is also completely unknown postulated functions

for high repetitive DNA include

. Structural or organizational roles in chromosome.

2. Involvement in chromosome pairing during meiosis.

3. Involvement in cross-over of recombination.

4.  Prolection of tmportant structural genes, like histone, r—RNA, or x_‘ibosomal protein genes.
5.

A respiratory of unessenontial DNA sequences for use in the fisture evolution of thé specics _
and no junction at all just ‘Junk’ DNA that is carried along by processes of replication and
- segregation chromosome. The validity of any of these postulated roles remain to be ‘

established.
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TRANSCRIPTION

‘Why gene expression is regulated ?
During its growth cycle a cell may not require functioning of all the genes it carries in its
chromosome. "

As the expression of the genes to othe levels of both RNAs and proteins involves the‘expen'dimre
of a huge amount of energy, cell expresses only the genes that are needed in a particular environment

to avoid the wastage of such energy.

Even a cell may need to express a gene for functioning for a very short period of time during its
growth cycle.

So, the expression of genes during the growth of a cell must be regulated.

Transcription is the first stage in gene expression. It is an autonomous activity of an en@me

which attaches to DNA at the start of a gene & then moves along, transcribing RNA. Transcription
involves systhesis of an RNA chain representing one strand of a DNA duplex. It takes place by usual

process of complementary base pairing.

PURPOSE OF TRANSCRIPT ION:

The purpose of transcription within the cellular economy is not just to make RNA but to make
appropriate types of RNASs in appropriate amounts at appropriate stages or moments of cell cycle.

(a) Theenzyme ;jmst rqmgnise the _begnning of the RNA sequence to be transcribed within
the random length of ds DNA sequernce ofthe entire genome; o

(b) Theenzyme must insert the correct nucleotide residues into each positions as determined
by he coding sequence of the template DNA following the principle of base

complementarity;

(¢) It must carry out RNA synthesis with total processivity; this means that RNA must be
transcribed from the beginning to the end as a consequence of one polymerase binding and
niiiationevent; ' o - S

(d) The enzyme must recognize the termination signals in order to end the RNA at appropriate

point.
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Besides these, RNAP must also reé'ognizé regulatory sites on both the DNA template and the
RNA transcript and interact with the protein factors and small molecules that modulate the activity of
the enzyme and the overall growth rate of a cell is dependent on the rate of expression of the regular
housekeeping genes which are necessary for the energy generating metabolism and for making the
cellular components directly or indirectly involved in cell growth.

The metabolism energy is transduced to make ATP. Other INTPs and made from NDPs and
dNDPs using ATP as energymch phosphate donor in reactions mediated by nucleoside diphosphate
kinase (Ndk). '

During the growth of a cell, all or some of these NTPs and dNTPs are heavily needed for the
synthesis of DNA, RNA, protein and cell wall polysacchandes

Depending on the small molecule energy source, a cell expresses its certain genes only when
those small molecules are present in the growth medium.

RNAP can make one copy of mRNA from a single event of initiation, but it can be repeatedly
translated to give several molecules of the relevant protein; this depends on the stability of mRNAs
in the intracellular environment. :

Subunit composition of bacterial RNA polymerase :

Subunit "Mol. Wt.Da ~ Function
B (1) 1,51,000 Binds tNTDs, inhibitors like Rifampicin,
Streptolydigin, functions in initiation and
3 elongation; |
B (1) : i,S_S,OOO : ~  Binds to.temp}até DNA, interaction with -

polyanionic inhibitors like Heparin;
Heparin; functions in elongation;
a (2) 736,000 Interaction with transacting positive
regulatory protein factors like CRP,
- Ada, [HF, OmpR, OxyReetc. and negative

regulatory proteins like lambda repressor;
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Sigma (o) (1) ‘Mol wt. varies ~ Gives the core RNAP the ability to
| with diff. os ° specifically recognize the promoters
when assoéiafe_s with the core enzyme t0
produoe holeenzyme ‘and to initiate RNA
synthesis.

. Different Sigma t_‘aqtors specific for different promoter

Sigma-D (c™) (rpoD) 70,000 Transcription from promoters controlling the
expressidnofregtilar house-keeping genes;

Sigma-H(c%?)  (rpoH) | 32,000 Activates transcﬁption from heat-shock

promoters at extreme heat stock genes.
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Q@ subunit (329 aaj Contact sita 1

b ’ M

RNA polymerase
Moloansyme (8 5 70

@ subunit (613aa) - - Contact site I7
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PROMOTER GENE

Promoter is generally defined as the segment of DNA that contains signals that direct the specific
and irreversible binding of RNAP holoenzyme and its subsequent activationtoa forfn which is capable
of initiating specific RNA transcript. ' -

There often occures within or immediately adjacent to the promoter, additional sequences of
DNA-coded signals tht control the specific binding of accessory regulatory proteins (repressor ot
activators). '

These accessory proteins modulate the effectiveness fo the promoter in bindin polymerase and
activating transcription initiation.

Any cell has a large number of promoters.

The relative effectiveness in transcription from various promoters is referred to as promoter
strength. '

The promoter strength is determined by the intrinsic base sequenées of the promoter itself and
by accessory proteins that may modulate promoter-RNAP interaction.

Promoters are recognised by RNAP polymerease on DNA sequences.

*Promoter include consensus sequence :

Any essential aucleotide sequence present in all promoter is called conserved. However ail
conserved sequence need not necessarily be (:onserved at every single position, ‘some variation may
be permitted. More than 100 prdmotérs have been scqiieﬂced inE. coliand a étrikiﬁg feature is the
lack of any extensive conservation of sequence over 60 bp associated with RNA-P. But some short

stretches within the promoter are conserved. Just upstream at the starta 6 bp region is recognizable

in all promoter. The hexamer is close to 10 bp upstream of the start point called - 1:0 sequence

TATAAT

The conservation of the base at each position of the sequence varies from 45% - 96%.
Tehsshislisolos
the subscript denotes the persent occurence of the most frequently found base. (Capital letters used
to indicate bases conserved >54% & small letters indicate bases not so well conserved).
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Similarities of sequence also occur at another location, centered ~35 bp upstream of the
startpoint. This is called -35 sequence. The consensus is- 'I'FGACA ‘in more detaﬂed form, the

conservation is

Factors determining promoter binding by RNAP :

(a) Promoters structures :
From analysis of several sigma -70 activable promoters of E. coli, it has been concluded that

the promoters have a definite hexanucleotide sequences at around -10 and -35 regions at the upstream

of +1 site. From such studies, followmg features of the promoters have been emerged :

1. The promoter sequence is asymetric :.

This reflects the inherrent asymmetry of the prmcxple function of the promoter which is to
initiate mRNA synthesis in the correct direction and on correct template strand.

2. There are highly conserved sequences around the -10 and -35 sequences is generaﬂy 17+ 1 bp
‘with 17 resulting in maximum promoter strength. '

(b) The association of specific sigma with RNAP core enzyme determines the specificity of the
. enzyme for transcnptlon from specific promoters. :

Structure of some sigma - dependent promoters

Fig. 2 : Sigma - 70 dependent promoters ;

= N
Q.
Q ‘ -
7.

8 }
> _
o —SPACING — ]
g 75— 17+1bp i'
8 .
9 501, - g
e A T ] AJ;_.};IL T ”TM iy A
-40 -20 -10 +1
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* Sigma brings the specific recognition property to the RNAP specifically to the promoter sites o and
70 binds both -10 and -35 sequences.

Extended -10 promoters :

TGn (-10 hexanucleotides) +1

The extended -10 promoter is recognized by o 70 RNAP and initiate transcription very efficiently
even in the absence of defined -35 region. '

An RNAP holoenzyme with truncated & 70 having truncation of the C-terminus of the protefn
can effeciently initiate transcription from extended -10 promoters. :

Sigma 54 dependent promoters :
24 0 12 o+l
GG -wimmmmammmem=me GC

These promoters do not have typically -10 and -35 elements.

& 54 forms physically detectable closed promoter complexes (which is very stable) but it is
unable to initiate transcription spontaneously.

The RNAP containing 54 is absolutely dependent on addi ional transcription factors like
enhancer-binding protein (EBPs) to initiate RNA synthesis. ' :

There is stringent requ‘irerhent for the spacing between -1Z and -24 elements of 54 promoters.

A deletion of even a single nucleotide in the space region abolishes the promoter activity.

o 24 (sigma E) dependenf promoters &
-35 16'bp

PRSI E N 5 T o D A Sty - g £ e S G 89 i o wamas e S
‘ WA 5 ATTT - ™ )
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Eukaryotic promoter

In eukaryotic cells, there are three different types of RNA polymerases, each having particular
functions and properties. RNA pol I is found in the nuleolar region of the nucleus & is responsible
for transcribing the large ribisomal RNAs. RNAbOl II transcribes messenger RNA precursors and
RNA pol Il transcribes small RNAs such as transfer RNA, Ss ribosomal RNA.

At least six nuclear proteins have been shown to be necessary for the proper initiation of
transcription by RNA polymarase I1. ‘

Inthe first step of RNA transcription, the TF I D complex binds to the TATA box. It is a multimeric
protein, one of whose components — the TATA binding protein (TBP) — binds directly into the minor
groove of the TATA sequences (Lee et al., 1991). Anotherrole of TF II D is to prevent the stabilization
of nucleosomes in the promoter region. Histone H1 stabilizes nucleosomes and prevents transcription
in the region where it binds. The addition of H1 prevents TF II D from finding the TATA sites and
prevents transcription, however this inhibition is overcome if TF II D is added first. The binding of TF
I D.s fascilitated & stabilized by the transcription factor TF II A. Thus the decision to transcribe or
not to transcribe a pamcular gene often depends on the balance between inhibitory factors such as
histnes and TFIID & TF 11 A.

The TF I D/ TF 11 A complex can not form a stable complex directly with RNA pol II, rather TF
+ I D binds factor TF II B. The binding of TFIBto TFI D appears to be the key rate hmltmg step in the-

transcription of numerous genes. This rate can be dramatically increased by certain promoter and
enhammer binding transcription factors. The activator domain of these transcription factors bind
‘-direct! /to TF II B and fascilitates its assembly w1th TFII D (Lin ez al., 1991). Once TF II Bisin
places it can bind RNA pol II.
Either directly before or during its binding to TF III B, RNA pol II becomes associated with TF
IIF and TFII E (Conaway ez al., 1991). '

TF II F has an enzymatic activity needed to unwind the DNA helix. TF I1 E is a DNA dependent
ATP-ase & is probably needed for generating the enrgy for transcription. For transcription to occur,

the RNA pol must be released from the promoter region. This releasing activity appears to be the

function of TF I H. The RNA pol is tightly bound by its carboxyterminal domain (CTD) to TF I D.
However TF I1 D will only bind the unphosphorylated form of the CTD. In mammels, the CTD contains
52 repeats of the seven amino acid sequence YSPTSPS. When the initiation complex is formed, the
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completed complex activates the serine / threonine protein kinase activity of TF II H, TF Il H then
phosphorylates each of the 52 repeats (see F ig. 4). TF 11 D can not bind this heavily phosphorylated
region and releases the RNA pol. while the first phosphodiester bond can be made without the
phosphorylation of the CTD, this phosphorylation appears to be essential for the further transcription

of messenger RNA (Akoulitchev’ 95).

Functional map of o 70 :

Sigma 70 is essential for the recognition of —10 and -35 elements of the 70 promoter by
RNAP holoenzyme and can spontaneously initiate transcription even in the absence of any activator

protein when such activator is not needed. . o

Four major regions of sequence similarity have been identified in most sigmas:

a) The4.2 subregion of 670 is essential for the recognition of ~35 element of the promoter;

b) The?2.4 subregionof 670 is essential for the recognition of —10 element of the promoter;

¢) The C-terminal end of subregion 2.3 around its junction with 2.4 is essential for DNA
strand separation during open complex formation; '

d) The 4.2 subregion which is essential for the 35 recognition, is not essential for the
recognition of extended —10 promoter; '

The truncated o70 lacking the C-terminal portion containing the region 4 can efficiently initiate

transcription from extended —10 promoter.

Steps fu iuitiation of transcription : o
a) Binding of RNAP holoenzyme at promoter site forming a close complex formation. At this
step, RNAP-DNA interaction is reversible. ‘ ’

b)  The close complex soon isomerizes to open complex formation which results in the undwinding
of DNA from -9 to +3 positions of the promoter; during this process, the conformation of
RNAP and DNA change. After isomerization, the RNAP-DNA interaction becomes irreversible;

" ¢) Immediate after isomerizaiion, initiation ocCurs with-the formation of first phosphodiester

bond.
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RNAP does not rchnqulsh its specific contact wﬁh open promoter until aﬁer an RNA chain 6 to
9 nucleotides in iength has been polymerized. '
d) Promoter clearence : ' ’

During this step, sigma is released and the complex enters elongation phase. Release of sigma
is an essential step for promoter clearance. The rate of promoter clearance determines the rate of

RNA eongation.
~ Anyoftheabove 4 steps may be a rate-limiting one and determine the overall rate of transcription
initiation.
Elongation :
The point of transcription at which the transition from initiation to elongation occurs can be
defined as :
a) The point at which o submit is released from the initiating RNAP-DNA complex.

b) Abortive initiation, if any, ceases living a stable ternary complex consisting of the core
polymerase, the nascent RNA chain and the template DNA.

c) RNAP—DNA‘complcx becomes salt resistant.

The Elongation Step :
a) Binding of INTP substrates with DNA-bound core-enzyme.
by  Transfer of anuclectide residue to the 3’-OH of the nascent RNA chain and dxsplacement

of the pyrophosphate;

e

¢) Release of Pi-Pi.
d) Translocation of the polymerase along the DNA template by one residue.

The movement of the polymerase involves melting DNA template in front and reformation of
. duplex DNA behind the transcription bubble and displacement of the 5° end of the RNA-DNA hybrid.
The RNA synthesis once enters elongation phase, becomes tdfaiiy pi?oces-sivc;' Dissociation

may occur on a time scale of hours.
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. bbble’ 174l muclsotidas *
100 [
1
O .
& v +— SPACING —i g
L |- AT o
= ' , )
R 50—y : ' ,
A T T M_ ;CA[ <
40 ‘ v 30 <20 10 +
- Tlongation rate :
E.coli RNA polymerase = Around 17 nucleotide / sec.
T7RNA polymerase . 100-200 nucleotide / sec.
Elongation rate is determined by sevéral factors :
a) Intrinsic factors :
i) Basecomposition of DNA : )

Presents of nucleotide sequence-dependent pausing sites within the template DNA which

are GC-rich region around 10 bp upstream of 3’ end pause site.
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ii) Presents of a dyad symmetry elc’m’enté centered around 16 bp upstream of the 3’ end.
b) Extrinesic factors : | . ’
PP-G-PP
-Protein factors - NusA protein
Process of Elongation is also regulated by :
1. The process of attenuation :
Example : ~
Amino acid bio-synthesis operon : Trp operon.
2. Termination and antitermination :
Bacteriophage lambda operons.

PROPERTIES & FUNCTION OF EUKARYOTIC RNAPOLS:

_ | Location Gene transcripts  Inhibit by-Amanitin
RNA pol Nucleolus 5.8srRNAs
R S ~ Nucleoplasm - mRNA, U-snRNA Sensitive fo low conc
: | \Uridinerich (0.1 microg/ml)
| (small nuclear) o
il Nuclcoplasm  RNA, 55 RNA, Sens. to high conc.
75S¢ RNA (10 micro g/mi)

(small cytoplasmic)

An RNA POL II promoter consists ofa TATA BOX, a CAAT BOX and aii Eihancer.
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i)

iii)

stimulation persisted whether enhancer D

before or after the globin gene. “Thus enhancer ¢

' Many genes (not all) have conserved sequence CAAT between

_ Globin expression greatly stimulated by tran

r—_m Intervening

' : Sequencs

BRIV AR a2
f A o

-10-
Enhancer ~ 200

l Transcription

hn RNA
Fig.-3: An idealized sukaryotic
pratciix - coding gene Nofe three

l Splicing + transpori
elements of Promoter.

AN

m RNA

l Translasion

Proteln

Conserved sequence TATA ; A 4 (called the Hogness - Goldberg box) occixrs 20-30 before

start. In prokaryotes A— T region is closer — 10. TATA is imp for transcription, its main function

seems to be to position precisely the start of transcription.

TATA box sequences is bound by transcription factor.

70 and =80, When it is removed,

the level of transeription is drastically reduced. It determines the efficiency with which a gene

can bz expressed.

The enhancer is a scgment of DNA that can increase expression of some gene & that has some

puzzling hearacteristics.
sforming this sequence. The puzzling was that

NA introduced in reverse orientation or positioned either
an work at a distance from gene & regardiess of

orientation.
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& GTGGTTTGA
| o o Charecteristics :
Meloney sarcome MSV. T G T G G T A A G i) The position of enhaneer
| | " need not be fixed.
Simianvirus SV40 GT G T G G A AAG ii) It can function in either
: " orientation.
Polyoma "PYGT GTGG

TTT
Core nucleotides - (G)T G G % ? %

G

Enhance Core sequence

The enhancer ismuch larger than this conserved core and in SV40 it has been mapped toa 72 bp .
(72 bp repeat) region located 100-170 nucleotides before early promoter.] |
o | | UAS=Upstream activator sequence in

Yeast analogus to ehnacer.

The thymidine kinase promoter :

May control initial Bindtng : : e L . > RN

Strand piont

Directorate of Distance Education 93



Distance Learning Materials

Encounting a TATA box, a GC box & then a CAAT box and a second GC box. The two GC boxes are in

opposite direction & CAAT box is in reverse-orientation.

'RESPONSE ELEMENT : HSE, GRE, MRE
Respbnse elements are recognized by factors that co-ordinate the transcription of particular
group of genes.

The heat shock response is commontoa wide range of prokaryotes and eukaryotes. Increased
temparature turns off transcription of some genes turns on transcnpuon ofthe heat-shock genes &

cause translation of mRNA.

1. The promoters of eukaryotic heat-shock 'gengss possess an HSE in the form of consensus
sequencer of ~15 bp upstream of stratpoint. ’ ,

2. HSE recognised by HSTF which is active only in heat-shocked cells, it binds with heat-shock
consensus sequence. '

3. Activation of this factor p}ovidcs a means to initiate transcription at the specific group of 20

genes.

Both HSE & HSTF leave been conserved inevolution.
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Fig.-4 :RNA pol II binds to promoters during assembly of a transcription complex that contais severa]
transcription factor : B . -

S0 .20 | ' | L The first Step - Binding of 1 D
/\NV\NWW\NVVW\/ to a region that extends upstream
' ' from TATA hox, TATA box lies at 21-

15 and the protected region extends
from ~42-17.

2.  WhenTFIIAisadded, TFIID
becomes able to protect a region
further upstream extending from —
55-80. T

2. Addition TF II B gives some .
partial protection of the region of
the template strand form —10 to +] 0.
So TF II B is bound downstream of
TATA box.

3. RNA pol II becomes able to
Join the complex at this point. It
exténds the sites that are propeetéd

downstream to +15 on the template

and +20 on the nontemplate strand,

4. TFIEcan bind at this point &
causes the boundary of the regibn
protected downsiream: io be
extended to +30.
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Transcription factors have motifs that bind DNA and active transcription :

The common types of motifs can be found that are responsible for binding to DNA. The motifs

are usually quite short and comprises only 2 sm?.ll part of protein structure.
Several groups of proteins that regulate transcription by binding DNA :
i.  The steroid receptor. |
ii. THezinc finger.
iii. Helox-turn helix-DN.A binding domain of i)hagé Tepressor.
iv. Leucine zipper.
v. Homeobox.

* Some protein may bind DNA using zinc motif :

. A “finger-protein’ often has a series of zinc fingers, as seen below:

Fig. -5 : Transcrquidn factor SP1 (mammalian) has a series of three zinc finger each with characteristic
pattern of Cysteine and histidine residue that constitute the zinc-binding site

Homeobox :

is a sequence that codes for a domain of 60 amino acids present in many / all eukaryotes. Its
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name derives from Drosophila homeotic lici {(whose genes determine the identity bf body structures).
* Sequence similarity is pronounced in two regions — :

. 4 .
(A ubiquitous transcription factor Oct 1 binds to Octamer to activate H2B genes. Oct | is the only
octamer-binding factor in non-lymphoid cells. In-lymphoid cells, a different factor oct-2 binds to

octamer to activate immunoglobin gene).

.
I3 pi

" 7$ &0aa . " Protein Consensus
‘ Octl 2 ATTIGCAT
- Ad
Pit] . T TAINCAT

Pit1is transciption factor
that functions in prolactin and
growth kormone genes in

| - m 291 ‘'éammalian pituitary

Piel

Fig.-6: Octl, Oct2 and Pit! have an extensive comavednglon that comprises 75 residnes &
60 amino acid region velated to homeo domain. -

c

Fig. « 7 : Two leucine zippers in parallel
oriestation could form a dimeric structure ’
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(The leucine zipper is astretch of amino acnds rich in leucine which form a o helix or coiled coil).
o helix has a structure in which hydrophobic groups (mcludmg Ieucmc) face one side while
chargcd group face the other side.

Original idea for the action of this motif was that the lucine, of the zipper on one protein could
protrude from a helix and interdigitate thh the leucine of the zipper of another protein in the reverse

orientation.

The leucine zipper provides an important motif in the components of AP1, an interesting
transcription factor that recognises the target sequéncesATGA TCAT TCAT (AP1 bindstothe SV

40 enhaneer).
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TRANSLATION OR PROTEIN SYNTHESIS

CENTRAL DOGMA states that mformauon in nucleic acid can be transferred, but the transfer of

information into protem is irreversible.

ROLE OF TRANSFER RNA (75~85 nucleotides in length) :

-

viy

Transfer RNA provides the “adapter”, with twin function of being used to recognise both
the codon and the amino acid. A

Each tRNA can be charged with amino acid for which its anticodon is appropriate.

~ The amino acid is linked by an ester involving its carboxyl gr.to one of the hydroxyl gr. of
ribose of the last base of tRNA (which s always adenine).

In the process of chargmg the tRNA is catalized by the specific enzyme ammo—acyl tRNA
synthetase.

The charging process involves a reaction between the amino acid & ATP to form aminoacyl
~ adenylate; then the activated amino acid is transferred to tRNA. This release AMp & PPi.
The function of recognizing the codon is done by the anticodon of tRNA that is
complementary to the codon.

Actually once ammoacyl——tRNA hasbeen formed it is the anticodon that is solely for recognizing

the correct codon.

What is Polysome :

ii)

i)

The interaction between tRNA & mRNA is sponsored by the ribosome.

The ribosome moves along the mRNA “reading” successive triplets by admxttmg
aminoacyl-tRNA having corresponding anticodon..

A complex of an mRNA associated with several ribosomes is known as polyribosome or

polysome.
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| MECHANISM OF TRANSLATION
i)  Initiation : | |
Involves the reaction between the first two amino acids of the protein. It requires the ribosomes
to bind to the mRNA, forming initiation complex together wnth the first aminoacyl — tRNA Thisisa

relatively slow step in protein synthesis.

Ribosomal site of action : (2 sites) s
i)  Messenger RNA (a stretch of about 30 bases) is associated with the small subunit of the
ribosome.
ii) Only 2 mol. of tRNA can be in place of ribosome. An incoming aminoacyl-tRNA can be
entered in A site (entyr.)

, A tRNA carrying the entire polypeptide chain, called peptidyl-tRNA occupies the P site (donor).
The ondon representing the last amino acid to have been added to the chain lies in P site.

_ What initiates protein synthesis ? _
Two features on mRNA are neceséary for initiation reaction :
a) Actual coding region _of mRNA functions as a single for the ribosome to bind.
b) The singal that merks the start of reading frame is a special codon,; the triplet AUG (in
bacteria, occasionally GUG) '
' The two signals that estabiisheé the starting point of trz';nslation.

Mote - The amino acid composition of E.coli proteins at their N-terminal and shows mostly

" “methionine as the first amino acid.

There are two types of fRNA able to carry methionine in E. coli. One is used for initiation, other
for recognizing AUG codons during elongation. ~

The initiator tRNA is known as tRNA' ¢
¢t-(RNA, the formylation teaction occurs to block the free NH gr. The product is active ini

G . ‘Met“t{LNA. It is used only for initiation & recognizes AUG/GUG.

itiator
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FORMATION OF INITIATION COMPLEX : (See Fig. 1)
1) The initial contact withmRNA occurs by binding of a small sununit (30S/40S) to form an

witiation complex at AUG,
ii)  Only aminoacyl-tRNA has the unique property of being able to enter directly into partial P

site to recognize its codon.
iii) Then the large subunit joins the complex to generate a complete ribisome, in which the

initiator aminoacyl-tRNA in now-intact Psite & the A site is available for entry of aminocyl-

tRNA complementary to next codon. _ .
iv)  Active 308 sununit contain initiation factors (IF). There are 3 IFs in bacteria : IFLIF2 &

IF3. . :

The first stage involves the binding of 30S subunits specifically at initiation sites in mRNA. IF3
participates in this reaction.

The second stage is involved in ensuring thaj only the initiator fMet-tRNA is placed in the
partial P site of the subunit-mRNA complex; IF2 is required for this reaction.

IF1 binds to 308 sununits only as integral part of the initiation complex. It may be involved in
stabilizing the complex. . ’
EUKARYOTIC INITIATION COMPLEX :

This proceeds through the formation of a ternary complex. This complex is formed in two
stages : 4

i)  GTP binds to eIF2, this increase its affinity for Met-tRNA which then is bound.

ii) The ternary complex association with free 30s subunit. |

This association is stimulated 'by elF2 & elF4c, which probaBly stabilizc_e it.

The binding of mRNA also requires elF1, elF4A, ¢lF4B & and a high energy bond (AtP) is

hydrolyzed. ’
CIF24+GTP oo (D
elE2 - GTP + met-tRNA .................(2)
elF-2-GTP-met tRNA =40s........... 3)

elF2 = eukaryotic initiation factor 2
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‘are released

® [F3 must be
released befors 305
can join

303 with IF, bind mRNA

305 AN comples
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/ " atabilized by IF,

1 Inittation
, Complex
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‘ Initiation factor (IF) in E. coli

Factor | Mass (dal) ‘Function _ :
IF, 9000 1. Probably stebilize the complete initiation complex.
2. Helpsin the interaction between IF, & initiation tRNA.
IF, 97,300 1. Initiator fRNA binding.
_ 2. GTP hydrolysis.
IF, 23,000 ‘1. Binding of mRNA to 30s subunit,
2. Subunit dissociation.
Eukaryotic initiation
> T
f—— met (RNA S
(gvz\ Q w0s )
Ternary complex

Subunit inttiation
complex

Subunts binds to 57
end of mRNA (nseds
SJurther ¢IF ypscies

Subunit migration
along mRNA.
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Three subunit for eIF,
Subunit Mass (dalton) | Func. in Initiation
o 35,000 Binds GTP controlled by phosphorylation
B 38,000 May be a recycling factor
Y 23,000 Binds met tRNA,

b.

aa

. Aminoacyl-tRNA

Elongation : EF-Tu places aminoacyl tRNA on the ribosome during elongation in prokaryotes.

O EF.TS

T

EF-TU-RP-I3
_ {Combinsd factor) T

XF-TY-GTP
(Ternary comp.)

a——

EF.JU.GDP complex

{Inactive Binary
vomplax)
| T - 1
- - T - . + P
Tersary W_ ; a(ufr Fig, 2
A aite of ridozome
) Three subunit for elF, , :
' Facior Mass/Dalion | Funciion Initintion

EF-TU 43,225 Binds aminoacy! tRNA & GTP Kirromycin
EF-TS 74,000 ~Binds IF - TU by displacing GTP
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Note : In eukaryotés the factor cEF] (like FF-
ribosome. It also involves cleavage of high e

EF-T like component may be found.

- | /Blengation factor BETU, BFTS
DP + Py
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Tu) is responsible for bringing aminoacyl tRNA to the
nergy bond in GTP. The size & mass of the factor vary

tRNA moves from A site to P site,

A site becomes free and welcomes another
aminoacyl tRNA to come. Here A site is
occupied by tyrosine (Tyr.).

Peptide bond formation ocours between the
amino acid of A site and the aa of P site with
the aid of peptidyl transferase (at large
subunit). ‘

. Ribospme advanced nucleotides along with

mRNA from_ 5°to3".
Uncharg«;d tRNA is expelled from P site.

- With the advancement of ribosome peptodyl

tRNA with fmet and Try. reaches Psite.

Another aminoacyl tRNA (here with ser)
comes at A site.

Ser makes bond with tyr. F ig. 3.

 Another (RNA becomes unchanged and -

expelled from P site.
New aa comes to elongate the polypetide
chain.

The cycle of addition of amino acids to the

growing polypeptide chain is called translocation in

- which ribosome advances three nucleotides along

with mRNA. In the process EF-G and 4.55 RNA

factors are required.
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Translocation requires following factors :

Factor - Mass Function | Inhibition
EF-G 77,444 1) Ribosome movement Fusidic
_ '2) Bindsribosome to GTP
4.5s RNA 114 bases | Unknown (found inE.coli)

Note : The eukaryotic counter part to EF-G is the protein factor ¢EF2 which seems to function in a,

simioar manner.

c) Termination :
The chain elongation contains as the above described sequence is repeated for éach codon of

the mRNA (about 300 condons on the average) until a chain termination codon (UAA, UAG UGA)is
reached at the A site. None of the texmmatlon codon is represented by a tRNA but are recognised by
‘protein factors or release factors (RF ). As a result of termination, the nascent polypepude the tRNA

in the P site, and the mRNA are released and the ribosomal sununits dissociate.

Two released factor in E. coli (prokaryote)

Factor ~ Mass - Function o Mutants
Location |
RF-I 35,911 Recognises terminator Suppress
' codon UAA/UAG at |
| Asite 4
RE-II 41,346 | Recognisesterminator None
i codon UGA atAsite

Note : In cukafyotic system there is only one RF called eRF.
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VIDYASAGAR UNIVERSITY
DIRECTORATE OF DISTANCE EDUCATION
MIDNAPORE - 721 102

, M.Sc. in Zoology
Part-1, Paper-II,Gr.A, Upit II (Molecular Biology)
' Module No. 17

' OPERON
ASYSTEM OF GENETIC REGULATORY CONTROL
MACHINERY AND FUNCTION

The ability to switch the genes on & off is of fundamental importance to cells, since it enables them to
respond to the changing environment & is the basis for the processes of cell growth & differenciation. The foregoing
study will throw light on the regulation of gene expression in bacteria, specifically on a bacterium E. Coli whose
primary nutrient for supply of energy is glucose, but occasionally the bacterium is seen encountering lactose, a
dissacharide, that is utilised by means of a regulatory control on the enzyme system, that provides evidences for our
knowledge regarding the functioning of genes. This developed system of co-ordinated gene expression in which
groups of genes coding for proteins with interrelated functions (that requires the presence of such protein in the cell
atthe same time) are all controlled as a transcriptional unit in prokaryotes mostly, where as in eukaryotes they may
also be controlled at the translational level, The evidences for such functional unit of transcription is now a matter of
scientific history & stems mainly from ideas of Jacob and Monod who in 1961 postulated the term OPERON as
acontrolling element for the genes involved in lactose metabolism. '

What then is operon _
Operon has been defined in many ways so far of which some are -

Jacob & Monod (1961) ,
A cotaplete unit of gene expression, including structural genes, a regulator gene (r genes) & control elements (the
site at which the regulator proteins act). Each operon can be characterised by network of interactions between

regulator proteins & their target sites.
Norman & Maclean (‘76)

An operon is a sequence of genes situated t6
ordinately.
Goodenough (‘78)

Agroup ofrelaied gene

gether on the DNA, the transcription of which is controlled co-

5 that is transcribed inte a single molecule 6f IRNA is known as Operon.
How the regulatory control is exercised?
The rate of expression of a bacterial gene is controlled at the level of mMRNA synthesis through proteins called
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repressors. The control is actually exercised by two systems:-

a) Enzymatic Induction : - The changes leading to activation of genes to synthesize true enzymes for the
breakdown of a substrate that th'e*cell encounters. It is seen in catabolic systems which degrade sugars,
the best known induction system is of Lac-operon.

b) Enzymatxc Repression :- Works in opposition to enzyme induction, i.e the process by which the
synthesis of certain enzyme is selectively inhibited by the end product of its metabolic chain. The
tryptophan operon, histidine operon are example of operon-repressible system. _

: . CH,OH
CH,OH OH o
- CH,OH | : OH *H0 { z OH
HO
OH — OH |
: HO
B galactosidase oH OH
(galactose) (gtucose)
(galactose) - (glucose)
“ o
Y
" (lactose) ) (b} isomerization of lactose (c) artificlal inducer
-CH,OH
CH,
CH,OH
o
‘oM .
isoporpylthigalactoside
(PTG)
COH
allolaclose (normal inducer)

LAC OPERON Machmery & onchemxcal control

A) Substrate Lactose is composed of sugars, glucose & galactose jomed thh an O, atoms that links the
first carbon of glucose to the fourth carbon galactose. The linkage is B linkage (Called the greek letter

B), the formal name is
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Lactose being glucose 1,4( galactoside.

" This substrate is spliit into glucose & galactose by addition of H,0 at linkage site, H going with one sugar

& OH withe other sugar the reaction is catalized_by the enzyme B-galactosidase that specifically attacks the 3 -

galactoside linkage of lactose.

B. Components of the Circuit : are regulated structural genes; controlling elements (promotor & operator);
regulator protein & its structural gene - the Regulatory gene & Effector or Inducer. ‘

1) Structural genes that carry the codes for the synthesis of proteins and determine the primary structure
of the polypeptides. By contrlling the amino acid sequence during synthesis (e.g. gene z, y, a in lac
soperon).

ii) Regulator genes comprise of the promoter and operator genes that play the rhost important function.

iii) Effector or inducer - 2 molecule when added to the medium traps the repressor protein from operator
that starts functioning & ultimately enzyme synthesis takes place. The effector is generally a small mol,
a sugar or a nucleotide. '

¢) The operon skeleton proper

laca X < Transcription

Laci } P taco , 4 3y } 4DNA ending gene
) : REP : 7 _
REP | \ AUG AUG UAA
¥ regulator .4
P=Promoter - [reP

8 @8 @

B-galactosidase ~ Permease Transacetylase

1. Aregulator gene denoted by (i) or (i)* that produces the monocistronic mRNA that codes for the Yac
repressor protein’. It is socalled because its function is to prevent the expression of the structural genes.
- Thelacrepressorisa protein with 4 protein subunits cach 0£40,000 daitons, There sre about 10 repressor

molecules in the E.Coli cells.

The REPRESSOR is an allosteric protein that has hi gh affiinity for the operator & also forms a complex
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a)

b)

110

with the inducer. The molecule has two binding sites (with notches) one for operator & other for inducer.

Controlling Elements :-
PROMOTER - denoted by P or (P*) is the DNA segﬁlent to which RNA pol becomes attached. The
promoter has two sites -

1) CAP site : that receives the CAMP -CAP complex during enzyme induction. The CAP is a dimeric
protein with MW of 22000 (Haggis’ 1974)

ii) RNA pol interaction site - has an AT rich region where the transcriptase enzyme binds. The lac
promoter is under positive control.

OPERATOR - is the part of operron adjacent to a set of structural genes.

Structural genes -are zor z; yory" andaora’.

a) z-codes for p -galactosidase enzyme (a tetrameric enzyme with subunits of 1,30,000 daltons each)
that eleaves the dissachraride into galactose and glucose.

b) y-codes for galactoside permease or M protein located in the cell membrane that acts as a carrier for
the entrance of lactose in the cell. _ ’

c) a codes for thiogalactoside transacetylase that occurs free in the cytoplasm. An erizymc of two
subunits that catalyges the transfer of one acetyl group from acetylcoA to galactose.

Effector or Inducer :- Lactose though is the substrate for B -galactosidase is not an inducer of the
operon, in fact it has slight effect as an anti-inducer (binds with repressor to improve its affinity for the

operator).

N o CH,OH

. -OH '
CH,OH ~ OH OH |
: B-galactosidase  OH @
ST e
. CH,

on CH,OH : | OH
lactose Alio-lactose

take of a little lactosc some of which is

ihe operon. Thestrong inducing
ufficient to out weigh the anti

The convoluted pathway for induction involves (in vivo) the u
converied to aflolactose by the enzyme. This allolactose then induces
effect of the small amount of allolactose that continues to be made is s
inducing effect (weak of the lacto<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>