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RMA Structurg

Ribsmucioic scid (RMNA) s & polymes of ribonucleotidon
Mgue L A) thal conLabing the supas Filoed asd the Bases sde
miser. guasing, cytoiing, and wracil nseeed of thymis<) The
i Rl e Joinad by i phosjhodicio bedd, juil ai they

ever, gh BMA drwnd cam ooil hack on (isell i lorm sgosdary

sirictehe imch b haarping with remplementany baw pasring
and berlial cogamraton (p A04) The fermstion of deabds-

siranded moglons In RMA b0 ofien critlcal s B Feaciion.
B Rejulatiie of Prdccription -|fu|u.|||l farctinn LY

s im DNA Most RNA aic

RNA medecules wemgle itramaded. Hiw-
Proveins sre podvmers of amino wchds inbed by pepaide bomds;
thus they are abeo called polypepildes. Az amine acd i defimed
Iy \ae prrewemie of @ central carben [Uhe o curbun) e whsh ane
attached 3 carbomy] group. an amine group. and 2 sde chain
{ igure | 3.6) Tweaiy amano acwds are normally weed io form
probrine. Mossres, o yasssa| iminn scikds bave rroostly been
discorerred b s proteing (s thon |61 Amens sids &85 in
PTG o (berat w5 Bting. (1 1 sl i o Pt vl
chaim, the smes scid cem b desirihed g wooler. palae. or
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Figure 10,050 Coupled Traneotpiion and Taanglabien mBacieris.  13) & esm ay oo ibomn margra it Ses o @ polgrfawme [0 4 el
EgrEsemats of sl maeegien i BEsdaior. ki e DL A vacaribes, sBinn=es and e dend 5 e of the = R Tk el o i
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il cifersn] porn n the Heedao o= e, Tibsamms | ), % aed P hose oo pleted the o angeoBidslion ssaction et trendocsion s noe
et ool B Baames S ans 4 ke an & sieoon!a ing e noomeg dminash Ak A e yspcear hak e sooomed BEcsome b oy
w" ion wgon comclstor of bof varepectdation and Tarsbocaton The memi i The e and s ampy
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IEMA w0 assume 2 chowerleaf cemformation [Gpere 13 %a)
Hsever, the three disemsional structue looks e thr emer
L ifgasre | 3. 04b), (hie imipa rlant Baature of El N A i tha sconp-
for siem, which holds the sctivaied amsino scid. The 1° end of
mllﬂ-ﬁlhﬂllﬂ—ﬂ—ﬁ—hmnlﬂh all cases,
the amino sckl Is sisched 1o e ersingd adenylie scid (AL
Anather imyporiani festure of the tRNA & the saticedon. The
astigednn is complementary to the mARA codos end 15 Located
on tha anblosdon arm iBgure 1 134a),

Enpymes called aminssoyl-tRMA svnibmtses catalyee
smine wid sctivation (Rigmre 13.35), As b true of A and RNA
wymihaaly, Uh riclion i dilven o compleion whes AT s by
drefyeed io release pyrophosphate. The aming wid s aitached o
the 3" hydromyl of the terminal adenylic acid on the tRNA by &
high-enargy bond The siorage of snergy = this bonsd provides
ither el nesded 1o geseraty the pepiide bond whes the smine
2l s added to the growisg pepride chein

There sre i lesa 20 amminoscyl-UAKA prnthetass, ssch
specithc for & single aming acld and ils SRNAS (cogaate (RN As)

Wi eritacad that cach ERM A snach the amume wcid
frcanst il an inconmxt amidne scid is aSached to o tANAL & will
b incorpesuied ins & polypeaptids | place al the correct smine
acil. The probain wnthetic machinery recognimes only the anti-
wodon of the amissecyl-IRNA and cannot o]l whertber the cor-
sl ansing sl s sRached Some amisoacy] 1ENA synibetases
prooiread pest like DMA palymersses do. |f the wrong smine
achl s amsched 1o (RN A, the enryme hydralyaes the amino
acid fromm tha (RNA, rather San redosss the incerrec) predisct.
& Amimoscyt- TRNA Siructuse

Ribosmme Struciure

Pratein synthesis takes place on ribosomes thal serve as
wurkbemchen, with mRNA soting g the blupprnt. Recall thal
ribasomses are formed from two submnits, the large ssbani
and the small subssin, and mch containg one sr mare rRNA
malecules amid mumsrous pelypoptide chaise A bacserial
ribasnimd gnd 1L comnponenty are shown (n figere 13,36 The
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1" end binds o & site on the keader ol ibe mRENA called 1B
Shind-Dalgarso sequescs; thas the Shine- Dalgarne sequence is
part of the ribosome-binding sile | RBS ). This belps position 1he
mBNA on the ribosome. The 165 rRNA also binds a protein
needed B0 indtiate translation (initiation factar 3] and the 37
CCA end of amino-acyl-tRMA. (3} The 235 rfANA s a riboryme
that c@lalyses pepticle bomel lormation

Initiation of Protein Synthesis

Like tramscription and [DXNA replication, prolein oy niLthesds is
divided snto thiee ages: initiation, chongalion, and ermind
tian, The imilation of protein spnthesis 8 wery dabarate, Appar
enlly the camplexily B necessary to ensare that the ribosome
dors mol start syntbesizing a pollypeptisde chain in the misdic
of & pemnic —a disastrEas error

Baciesia beghn protein symilesis with & mod ihéd asminoacyl
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M in - tructiure of
cysteine : WA intamg e teviiary & ’
mum.:h{ha:.::h':f“rpmma n he polypeptide chain ton T i.
I mmii:t m“‘lﬁlll[‘!_ e ular

The genes of a ¢ell contain eoded information for the maintlenance
B and reproduction of the cell. They direct the arrangement of (he 20
B opes of amino acids into the polypeptide chains of the protein mole-

cules. A polypeptide chain_typically contains about 100-300 amino
ﬁ;ﬂ T ;urmrd by Specific arrangement of The 20 Types oT amimor—
—

2. The genetic code is a triplet code. -
DNA contains four kinds of nucleotides (of AT G

b ~regarding the genetic code was : Low many bases of DNA
" gpecify one amino acid ? Ina singler code each base or letter would
~ specify one amino acid. Only 4 of the 20 types of amino acids would
~ pe coded unambiguously by a singlet code (Table 13, 1). In atwo-letter
doublet code tv/0 bases would specify one amino acid. Here 16 (4 x4)
the 20 amino acids can be specified, but there would be ambiguous
mipation of a number of amino acids. A rtriplet or three-letter
was first suggested by the physicist Gamow in 1954, According to
the triplet code three letters or bases specify one amino acid. Thus 64
J x 4 x 4) distinct triplets of purine and/or pyrimidine bases deter- |
f__ the 20 amino acids. These triplcts have been called codons. Since
’." re are 64 codcens and only 20 ammo acids it is cbvious that there
many more codons thanthere are amino acids, i.e. the code is
egenerate. Experimental evidence shows that the code is a triplet one
nd that 61 of the 64 codons code for individual amino acids during pro-
ein synthesis. ~ , VYT Y S
Me 13.1. The maximum possible number of codons in the singlet, doublet and triplel
codes. ]

i

ol et 0]  Number of . Ambiguous
H""'I e / aileas degenerate

codon o
: : Ambiguous
2 4xd=16 Ambiguous
3 dxdxd=64  Degencrate z
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A guadruplet code would have dxdxdxd — 256 codons, and would
show even more degencracy than the triplet eode,
_;l_,__ The code is non-overlapping. o *

Since the DNA molecule is a long chain ol nucleotides, it could be
read either in an overlapping or non-overlapping manner. The genetic code
could thus be overlapping or non=overlapping. The reading of the code
by these two different ways would yield different results. In the non-over-
lapping code six nucleotides would code for fwe amino acids, while in
the overlapping code up to four could be coded (Fig. 13.1). In the
) m-ﬂﬂﬂlPPiﬁI code cach letter is read only once while in the over-
f; Japping code it would be read three times, each time as a part of a
f different word. Mutational changes in one letter would affect only one

-

" word in the non-overlapping code,while it would affect three words in
the overlapping code.
Noa-overlapping code.

A, T & G are bases. "
ﬂlnﬂiﬂlrelmmﬁmd!h E‘I TEﬁT
Overlapping code.

c A

*, Fig. 13.1. Non-overlapping and overlapping code.
"+ Studies on gene mutations show that the codeis of the non-over-
L type. In the tobacco mosaic virus (TMYV) mutation of one
- : of the nucleic acid into another results in the alteration of only a
i ole amino acid. Similarly, studies on normal and sickle cell haemo-
~ globins show that a single mutational change results in the substitution
~ ofonly one amino acid.

d‘ Recently it has been shown that in the bacterial virus ¢ X174 there
ijs a possibility of overlapping of genes (Barrel and coworkers 1976,
‘Sanger ef al, 1977). Two genes contain the codes for second proteins
. with different amino acid sequences. Each of the two gene§ md‘ﬂ.hl‘ur
different sequences of amino acids by a frame shift (overlapping code)
~ and produces two totally different proteins (see ‘Genes within genes’,

in chapter 9).

~ The code is commaless. v/
nﬁwﬁﬂm&mdhummﬁdmmm one end

the nucleie acid chain to ﬂﬂﬂh&r!ﬁ'pemmtmﬂlhﬁ-

e i
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Y& hase acting #% 8 enmma)
5 2“"'3”1"1:111.& FUCC ¥ ACE ... Dess
Len v Ser The e Avime sds

.H‘::‘:':llﬂl'ln' in an addition of detetion of & hate would sffess
one vl of the polypeptide ehain. The 1018l genstie mesage
be only slighily changed.

UUD ¥—~u¢ & GUA X UCC X ACC ... Aases
Phe {'ﬁll,[nl‘ Yal Rer Thi Amine aculs

A mmltn code would not have the comma bases and can be
d thus :

| l:mu CUC GUA UCC ACC ...... Bases 1
\ * PheleuValSerThe ... Amino acids

-
: In such a code any mutation involving a deletion of a base 1--1'.‘:]
~ would result in a drastic change in the genetic message. %
8 UUU UCG UAU CCACC ... Bases '
Phe Ser Tyr Pre ... Amino acids

#

The entire series of amino acids following the deletion
".-E'F'
3

All the available evidence indicates that the code is commaless, i.e.

“there are no demarcating signals between codons. The 'u-nrl._m :
assoclales cl ow gives clear evidence of a commaless code A

Long synthetic polynucleotides with sp:cit:p!aﬁng SEQUETICES Were
Th

“drwtmnsla.tmn of protein chains us the repeating sequence
U......contains the codons CUC (for lewcine) and UCU

). .When this sequence is used for translation of proteins, neither
ino acid is incorporated into the protein unless the other is :hn“- d

This result can only be explained by a commaless triplet code s
, would have to be alternate translation of CUC and UCU codons. 1\

. The code has polarity. .~ -
- If a gene is to specify the same protein ref atndlynumml 7
code must I beiween fixed start and end points. These pollts
""l" ion and Ih:ltrmlnﬂtlnumdm sspectively. It is also essen-
| l"'m‘._ .It il nh‘rmm thll'.i.l'ihuudth read "1_ pposi
»d base sec ,‘ Thi t“m i

S _ "

_i‘hrﬂ.m W 5 L .‘; P "
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Lirmes "

h“mn[m wonld speeify foy,
beft 1o right LU0 AUC GUC UGG CCA ac-: ll:l| )
s Lem lie  Val Ser  Pro T

Yal lLen leu Als The The '“'

o loft the eodon would beeome GULL and woy -
1t is thus seen that the sequenee of amino nolds "ﬂﬂllumM
”ﬂm A dr.ll"l:' {'hﬂﬂll‘ ir ihe inile i rend :h

!5 %P![’H{ gvidence lmlhr"" that the

' ' direetion. - mh
= in the “1.¢. Trom the ﬂmﬁm
R ‘ﬂ'ﬁutpi (COOH) 'Inmmll

'I. r.u-—l anticodons. \ -
yuring transation the codons ﬂf mRNA pair with compleg

:E TRNA. inee mR i read ina polar manner
the codons are also wrﬂltn inthe 5 =%1° dlrﬂthmn

. - ‘. ALUG s written as Irespol

i

J

JG3'. The corresponding antics

- suld therefore be writlen as SCAUY, In such a configurayigy

;; st bases of both codon and anticodon would be the ones at he 5
and third bases at the 3’ end.

~ Base number 1 20y ﬁ___‘f
Codon (mRNA) 5 A UG X 'LH;_,
Anticodon (IRNA) ' U A C &

~ Base pumber 3 3 .1

:hm the uhnudun is written in the 3'—+ 5" direction so as
"lhnut an easier correlation between the bases of the codon and
anticode Thus the anticodon for AUG is written as 3 UAC % or,

L . UAC. Here the first letter in the codon is at the 5" end

il

~ the etler ol the IANTOAON al (he J end.
— ]
7. Initiation codons.-"
The starting amino acid in th: synthesis of most protein chains is
W TTGT U] i :
" ¥ s) or N-farmyim okearyoles). Methionyl - =

L methionyl-tRNA EPEGIIHE"]’ Elnﬂ'! to Inmmiﬂn :irr: containe
_ lll AUG godon, This codon is therefore called the initi

GLG also serves as the mitiation codon n bacterial pruu-m
5 ) GUG is the codon Tor va ine. 1) the phage MS3,
| ﬁl lation co or the A protein, j has been found te
' n synthesis when the normal AUG codon slost by deleu

L ’—*wﬂ.ﬁﬂ“hnh ale

'H.--L - *

.i-
'l‘
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~ Both AUG ang ¢
4 L ow an
of them codes for e r:';n:lr:t mfn.llumillI I::'nlq:: - S L

*ﬂl are al imfttarion positions of MRMA ey When thess 1w

In ¢ vode for N fur
me. In Internal positions AU codes Tor methionine and r'.l.}:-:lp:::

'-'. FI'Ir-IlI-IIH codons, \ e .

Three of the 64 codons do nol spegily any IRNA, and were hence

fe cpgony.  These codons are UAC (amber) 11
: . ) 1 UAA (ochre)
apal or wmber),  Since they bring abiout tunmr:unrm of -

ide chain synthesis they are also called rerminarion codons, LIAE was
I'l-t 1""1“1““-!“.1“ l'l"‘dl.l“ liw |_1|‘_‘I d""L'-"rc'L'il. ]‘t i s l“-”:";{l 'ﬂrﬂ l-l .ft-:r

graduate student named Bernstein (the Cerman for ‘amber’) who

h-w in the 'I:l.li-'l.."l.ﬁ'fl'fl' of n class ol mutations, .-\pp_ﬂ“nﬂ.? o give
uniformity the other two termination codons were also named after ©
colours.

Termination codons do not L:i_':ill:' for any amino acids and hence cause
~ termuination and release of ‘peptide chains, Apparently no
species has anticodons complementary (o the termination codons, -
are mRNAs with single termination codons and also mRNAs with two =
Cguccessive termination codons (e.g. M52 coat protein mRMNA),  Termi-
pation codons _are_not read by any 1R>NA molecules but by proteins
release factors, In prokaryetes there are three release factors RF-1,

-2 and RF-3. RF-1 recognizes UAA and UAG, while RF-2 recognizes

A and UGA. RF-3 stimulates RF-1 and RF-2, In ciekaryotes a single

iﬁrtm factor (RF) recogmizes all three termination codons. x K -
9. The code is degenerate. \” -

- As mentioned previously, there are 64 possible codons in_a triplet
code,of which 1 to code amin ids.  Since only 2(
no atids take part in_protein synthesis, it s gbvious that _there .
s than amino acid _(ypes.  Except for tryptophan > oo}
methionine, which have a single codon each, all other amino acids inva
- s — e, =

din protein synthesis have more than one codon. Phenylalanine, tyro-
istidine, glutamine, asparagine, lysine, aspartic acid, glutamic acid =
eine have two codons each. Isoleucine has three codons. Valine,
threonine, alanine and glycine have four codons each.” Leucing,

and serine have six codons each (Table 13.2). This variabili :':*‘bf
ber of codons for different amino acids may at least partially

or the unequal distribution of the different amino_acids in pro-
: frequency of appearance of amino acids otei

1ds to the number of available codons.




i code is a_degenerate one with many more codons theg the
amino acid types coded. _An explanation for this degencracy
e hypothesis' proposed by Crick (1964), Since
o aeids, (e cell should contain £|

tRNA molecules, each with a different anticodon -

A molecule types discovered s
anticodons of some tRNAs read more thagy
- than "

ob wthesis only the

; | ble | .
mmﬁuﬂ on_mRNA have a_precise pairing with the bases of 1he
antwodon,  The pairing of the third position bases of the codon

¥ be ambi

us, and varies according to the nucleotide present in
Thas a single tRNA type is _able to recognize two of

. odons differing NIV i0 the third base.  The anticodon UCG of serine
_ tRB rebognizes two codons, AGC and AGU.  The bonding between
ind AGL follows the usual Watson-Crick pairing pattern, In UCG-

?:_I.F__',:Jj @iring, however, hydrogen bonding takes place between G and U,
departure [rom the usual Watson-Cric pairing mechanism w
G pairs with C and A with U, Such interaction between th

red io as* lﬁﬂfl"ﬁl". oY tIpbhl;
. ﬂNﬁﬂﬂdnmfltrinﬂ 3 AGC ¥ 5 AGU %
| tRNA anticodon ¥ Uce ¥ Yy vce ¥
3 c ccpeneracy of the code is not random.  Mostly, the different
1 EE : | “uu“hr iR,

-

I Tivgeaphan, melhionine
 hiwtidine, glutamine, sepaiagins
b I v, NS, vt |
L L .
4  Vakine, proline, hreanine, alaning, plhyeline "
T The wobble hypothesls |

.
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Motes Tor Tabie 11,3
1. Mecrkiomine is the starting amino acld of sukaryole polypeptides, and M.

formyl methionine of bacierial polypeptides. The cadan for these aming
acids is AUG, which is called the iniriation codon because it starts proggly

synihesis,

2. ﬂ-"—ﬁ"ﬁ"'i FriethigniRe 1% pn\h‘bl_lp also coded by UG mned GUGE, which ".“ 1
also function as initiation codons.

‘momsense’ codons since they do not code for any lll‘l'll'lﬂ.lﬂ‘il.l. They are reg.
ponsible for signalling the termination of the polypeptide chain, and ape
therefore called rermination codons or stop codons  They are read by specige |
proteins called release facrors, and not by any IRNAs.

4. GGA probably also codes lor glutannc acid. When a codon codes for o
than one amino acid the code is said to be ambiguous.

.. : ) %
When only two codons specify an_amine acid the third letters of the

codons are either both purines ot both pyrimidines: never one purine ang

G6¢ pyrimidine. . =4
THIRD BASE
Pyrimidine Purine Pyrimidine Purine
~ Codons uuvu Uud CAU CAA  Watson-Crick

pairing

uuc UUG CAC CAG Wobble

8 pairing
- Amino acids  Phe Leu His Glu

- Anticodons  AAA AAU GUA GUU

- B It is possible to predict the minimum number of tRNAs required
E. anslate the different codons specifying a particular amino acid. The

- amino acid leucine is specified by six codons: UUA, UUG, CUU, CUC,
- CUA and CUG. The first two letters of two codons are UU and of
- four codons CU. Hence at least two different tRNAs are required,

~ anticodon.

= of l:hedl'uur. codons having CU two (CUU and CUC) have pyrimi-
dines as their third bases and two (CUA and CUG) have purines. Hence
- they cannot be read by the same anticodon, because the purine of the

4m can only pair with a pyrimidine and vice versa. The CU-
$ must therefore be read by at least two different anticodons. Thus

2 . # L o '..I el =
J-E"'l"_l. e gl " -mﬂhﬂ‘.ﬂ gl ‘u'.l..' B =i i,

3. UAA, UAG and UGA called ochre, amber and opal, respectively, were calley F

_ since the first two letters of a codon do not have wobble pairing withtll‘

_ mrﬂ codons are wumw|mmmj



and CUC, ang GAL reads CUA and CuUQ. It willbs seen thas
each anticodon has Watson-Criok pairing with (hird bate 6F GRS
~ and wobble pairing with the third base of the other codon. 1

-

THIRD BASE d
y Purine Pyrimidine Purine
Codons UU A4 vuG cuv Cuc CuA Cug
Anticodons  AAU AAU GAA GAA GAU GAU
; of wcCp wp wCP wp wCp WP

: ﬂ'l"‘
1 WCP= Watson-Crick pairing with anticodon.
WP =Wobble pairing with anticodon.

The six codons of leucine and their pairing with three types of anticodons,

The anticodon of certain tRNAs contains inosine (1), a deamination
product of adenosine. Inosine closely resembles G and would thus be

to pair with C. It is found to bond with C.AorU, Thusa
A with its anticodon having I in the wobble position wnu;d be able
pair with three codons having C, A or U in the third position. [soleu-
¢ine is the only amino acid to have three codons, these being AL.TU AUC
and AUA. A tRNA molecule having the anticodon UAT would be able
to pair with all these three codons (Fig. 13.3),

Pas
18
u al i
I | Li [
Ingsare  Adenosie
13.3. Wobble pairing of inosine with uracil cytosine and adenine,
s for isoleucine AUU AUC AU4 i
UAI UATI UAI q

cannot pair with G. Had it been able to do so the
ould have also paired with AUG, the initiation codon




~ ey

Waobble pairing takes place in only certain combing,

types have been proposed : (i) U in the wobble positian of o
anticodon can pair with A or G of the mRNA codon, (ij) “Lh. 'lr.ln
or C and (i) * can pair with A, U or C. Plh.“

- 11 Deciphering the code.

: ?".m to the breakthrough Nirenberg-Matthaei eXperimenyy

work on the genetic code was in the area of theoretical speculag l’i‘L
development of concepts. This period also has its IMPOrtanee ang
it laid tae theoretical foundations for subsequent uprnm“t:;h‘k
The physicist George Gamow proposed the digmond code ( 1954) ang ("

PM‘JI”H and gave a comprehensive thearetiog) (“Mﬁ!-h
different facets of the genctic code. Gamow's proposals dealt o
the general features of the genetic code as recognized to-day, The ""“_h
feallires ol his proposals were : Main

M) A triplet coden corresponding 10 one amino acid of (he
tide chain. i Polypep.

. i) Direct template transiation by codon-amino acid Pairing,
i) Translation of the code in an everlapping manner.

vV} Degeneracy of the code, 1e. an amino acid being cod
than one codon, ¢ 0ol by e

- v) Colinearity of nuclesc ac'd and the primary protein synthesized

2 o) *Universality of the code, i ¢ the code being essentially | same
for different organsms. . e

ate relaionshi y between nucleic acid
challe Crick his ¥ ' J

- 1o this hypothesis inlervenc beiween Bucleic acid and
655 e e L 5 T st i
: of mRNA and amino acids of the result-

g mﬁh.huﬁnﬂdﬂnﬂiﬂuhmi&,

. .
- O o i il _
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q .T.:- d::':“‘""j' of e enEymé ﬁ.h-nurhuﬂrl'l' pﬁll‘.ﬂﬂﬂ'rﬂﬂl' in 1933 by
.- Ahago And Mgl masible the synthesis of polynuclens
chon made p

mﬁ: f:'nm"?.ﬂln. ONly & single 1ype of nueleotide repeated several limes.
e possihie 1o synthesize polyawcleotides containing only
th A C 08 G nucleny ) e,

F“lml'“lllﬂr Conlignration Codes for ;
Pelyurdylic agig Polvi L) UuUUULUY Polyphenylalanine
Hj‘l.dtnh'fu: J““ll‘ O I‘"hf-‘\] ,I‘..ﬂl"ﬁﬁ-'"‘-"‘ I'rll'i'l'j'lmt
”F}'Ildllll: “'_-“J or |'U|5.'I'[':| Ct r.[[{ j|q||:|IP'fII|rI¢
Polyguanidylic acid or Poly(G) GGGGGG Inactive

The action

of Polynucleotide phosphorylase may be represented thus:
{l”ﬁ.}- + Ribonucleoside diphosphate=*(RNA) gy, + Pi

F":"I'!"“““rm_"d'-‘ phosphorylase differs from RNA polymerase used to
transcribe mRNA from DNA iy that - " aiil -k al
(i) n df"“_"m require a template or primer . i
(ii) the activated substrates are ribonucleotide diphosphates and not

triphosphates, and .
(i) orthophosphare (Pi) is produced instead of pyrophosphate (PFPi). 1

. The breaking of the genetic code was made possible by the use of
s,lﬂlﬂiﬁ polynucleotides and trinucleotides. The different types of

techniques used include the use of polymers containing & single type of
m (homopolymers), the use of mixed polymers containing more

than one type of nucleotide (hereropolymers) in_random or defined

Emm and the use of rtrinucleotides (‘minimessengers’) in filter
v T I'

1) The use of polymers containing a single type of nucleotide (homo-
- polymers). The landmark experiment which led to the decipbering of the
i ﬁfﬁdc was performed by Nirenberg and Matthaei (1961). Cellsof
rium E.coli n‘trﬂmm_qpﬂi._by grinding with finely powderéd—
‘alumina to yield cell sap. The DNA of the cells was broken down ‘-IJL
' the enzyme deoxyribonuclease. The template for synthesizing new
IRNA was thus destroyed. The cell sap was centrifuged to remove the

i gments of the cell wall and cell membranes, The slower-sedi-

‘mentin, cell-free extract contained ribosomes, enzymes, DNA, mRNA

and LR

To the cellfree system were added energy sources (A
Alure o ) amino acids, at least one of which
03 i ‘C). Protein synthesis took place in

a is unstable, came to an

v -




Gieneral M

—

Tor about an_hour protein synthesis way

v
e

— acetic acid stopped the reaction iﬂ“*m
M‘“m—‘ﬁﬂn‘:m amine acids remalned in ishation,

tate was washed and its radioactivity measured hy p"?ﬂiﬁ
on eointing instrumént. The amount of radio-aciivity i

On addition of a_crude fraction of mMRNA and 'neubatioy o -

s amount of labelled amine acids incorporated into rhg W:'"-'T*I'l.
Eﬁ-ﬂ;ﬁﬁr ruhtu-im-ruﬁﬁﬂlﬁii:ll profein in response 1o sta
E?m A -

Another crucial component of this experiment was the uge of the l

ie polynucieotide poly(U7) in the cell-free system. Such po

ining one type l'-f‘mm‘!m'l' are Ellli:'d homeopolymers, It was r‘““'i
that the ribosomes read the code in poly(U) and synthesized Polypheny.
lalenine, a polyvpeptide containing only phenyialanine repeated over and
over again. Since the synthetic messenger-RNA poly(U) coded for
polyphenylaianine, the codon UUU was identified for phenylatanine,
Thus the first code word to be deciphered was UUU,

This discovery was extended in the laboratories of Nirenberg angd
Ochoa. The experiment was repeated using synthetic poly(4) and poly
- {C) chains, which gave polylysine and polyproline chains, respectively,
| THus AAA was indentified as the code for Iysine and CCC as the code

- Tor profme. Poly (G) was found to be inactive,because it formed a triple-
- mﬁﬂ] structure,

i) The use of mixed polymers (heteropolymers) with random sequ-
ences, idation of the code took place by using synthetic
messengers conlaining fwo Kinds of bases. This technique was employed
~in the laboratories of Ochoa and Nirenberg and led the deduction of the
Somposition of the codoms Tor the 20 amino acids. The synthetic
messengers conlained bases distributed at random (random copolymers).
For example in a random polymer using U and A nucleotides eight tri-

. plets are possible:

b UUI_J, UUA, UAA, UAU, AAA, AAU, AUU and AUA. Theore-

i tically eight amino “acids could be coded by these eight codons. Actual
experiments, however, yielded only six, phenylalanine, lysine, tyrosine,
leucine, isoleucine and asparagine, By varying t

I' he relative compositions of
U and A in the synthetic messenger, and determining the percentage of

the different amino acids in the proteins formed, it was possible to
‘deduce the composition of the code for different amino acids,

i) The use of mixed polymers (heteropolymers) with defined sequen
ces. A few years later % combinined organic synthetic and 3
atic techniques to synthesize RNA pnbmlmhghluﬂﬂ

|
> . a ’ i
e TR P et st Dt eek s Lite B u o RIS 0




-
HM" #A

; . o the aynihesis of (ha
.‘_ L l"nmhln-m-... ol O Hrﬂ_ v “';::“::rl:l:: aliernaiing CUC and
m'""'"“"' SUCUGIeea form & polypepiide of
' vodons T T ——— L1 m-::l'll' T
mH". et T anid sorime AP BOI0N
Completely syniherie systems has heen produeed in the :'::;:.Trr
[ Sining -L'- and A yesulta in the Tormation of & """w"rﬁ ”#”“*
Ooambinmg 1w, such dlimpcleotides produces a TP [ | ﬂ-r
AdEng Tw sy tetranucleotides masults in UAUAUAUA. By “'Ml'l
pddien of such ohains s possible io obiain & Nrr”"rhﬂm *”A'..
na .'I"'”"l-hl"F L' and A nucleotides indefinitely | UAUALA
all-l’AL'-ﬂ : This_polynuelentide contains the eodons AT and
A a‘-__t_f]"'l'_il'ﬁ' several times, These codons code Tor [yrogine and dsole-

Aively. The polypeptide chain produced contams ‘lt""'_i']':ﬁ!
nr__._l_nl.‘l iscleugine unis,

It is possible to combine a LA doublet with a UC douhblet to yvield
UC. By adding such tetranucleotides it is possible to get a short
with message UAUCUAUCUALC. ... This can be resolved into

eodons UAU, CUA, UCU and AUC, which code for tyrosing,
, derime and isolewcine

ine, rrr.-i;mch;rly. It is thus possible that in the
future polynucleotides coding for

any desired protein may be synthe-
sized. This in effect would be the artificial production of genes by syn-
thetic methods.

) The use of irinucleotides ( minimessengers ) in filter binding.
In 1964 Leder and Nirenberg developed a more direct technique for
determining codons of amino acids. This technique employs cellulose
mitrate filters and has been called the filter binding technique, Cellu-
lose mitrate filters were originally used to isolate ribosomes from
microorganisms. The ribosomes are left behind on the filter, while the
IRNAs wash through the filter when mRNA is absent, In the pre-
sence of mRNA and ribosomes the tRNAs stick to the filter. mRNA
causes binding of amino acid charged tRNA to the ribosomes. This

Mechnique was developed in the laboratories of Nirenberg and Khorana
f analysing the genetic code.

mixture of the synthetic messenger poly(U) and ribosomes

i prepared op the f he various tRNAs, each carrying a specific

o acid labellec 1C, were individually passed through the filter,
| phenylalanine-tRNAs became attached 1o the poly(U) messenger
. ned on the filter, he_othi ming Id-tRNAs passed

This showed that UUU coded for nhenylalanine.
lound that when the long messengers were substituted




_-' hin Lewn verifl - . . i
g' penes” in ull:m::I' “::.F"F oxoeptions (o the eolinearily pﬂ'ﬂﬁl?l" vee 'Spl
13 The code 1 inlversa),

I The Benetie 2 (s O
man. 1 iy cs “ode is valld for all organisms ranging from bacier :
o be unlver w'",h,'“-'!' the sinine for ol organisms and s therefore si
Marchall q':-l'k Phe universality of the code was demonstrated =

§ sk p : ; a0
|"h|l.:|1l‘rlllm.’}I ¥ and Nirenbarg (1967, wha lound thal r

aming acyl mhwpm faevls (amphibian) and guinea pig (mummal)

NAS use nlmost the g . oyl = Jd that the
gode in essentially wiiyersnl. w Rame code,  This showe

e l-"'#'h]'nu-u. For the ""'i"'ul'lh'l|il3||I of the code comes Trom @&
‘Iu.ll‘? of BENE mututions.  Such muigtions result in amino acid substi-
futions.  Amino geiq) subsiitunion resulting from gene mutalions are
known for coat protein in lobacen mosaic virus (TMY), a chain W
tﬂpmphun synthetase in £ aul and haemoglobin in man, A change

in & single buse can account for nearly all aming scid substitutions.
This proves the universality of the vode.

i o

The code J'_ms remamed constant singe the time il was fixed when

- gomplex bacieria evolved (about three billion years ugo). Any mutation
M Ihﬂ ‘l.:l'l'l'llﬂ H'I:ld_'ltlg "H'I.:II.I.II.I. -l:.huugn 1!]'# ]._E_ﬂ-di“! U'r TH“-.H m.. iE-II'I
furn muy _ﬂhﬂugr.- the ammno H.Eia-;q-ucn;e of the '[IT‘-"llEl'l!-;-;j'"lhl.'hiIEd. t'.'f
the organism. Ax many of these changes could he lethal, there would
be 4 strong seleetion pressure against such a mutation. Hence the
constancy of the code aver u long period of time.

take place only with
Moreover, only a few such changes tuke

eabnlt in ARV 8 Cinole cememe amtl Cesie cac.

Changes in proleins
respeet to the positions of particular amino acids,
place at a time. MMost mutations

=1
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during Translation

of translation can be separated into the followng steps. (1) Innation
and (1) Termination. -
hmduﬂummuﬁmmm rokarscs
Ve these are more complex in eukaryotic cells. Thercfore, ransiation
- th}mned'mudmlr.

fion in Prokaryotes ' -
con of Plypeptide Chain in Prokoryotes (Formation

Complex)
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e chain. 2 thard ribwaine alss aftahves b inlsation codion of mEY A, Thas
- ‘mr “’ Femnatialivn oy wnbil mB A& A 5 cimoersl wak J WO

- al'qnd 8l & distance of 1 Tibsome per Bk mwbodndes. Sach n Lage
fation wmit with several bosomes attached 1 onc RN A o ¢ alied pulribossne
v a palysame,

Sl feoe of the
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13.7 Tronslation in Eukaryotes

The process of polvpepisde synthess m cubarvotes follows the samc gencra
#% im ihe case of prokaryoles. It can be dscussed umder the follow g hesd.

I. Initiation of Polypeptide Chain in Eukaryotes

The process of matation of polypepbde cham i cukaryotes B more comiplcs
needs ai least twelve protesns, marked as efFs (eukaryetic initiation factar,

mitiation mohes followmg sseps

* The mmaton factors o1 A and cIF1 bind 1o the 405 ribosomal subun

® TP beads 10 lF2 and this comples. binds 1o matiator amenoacyl RN A imgths.
RNAMY, forming Met-tRN A" elF2-GTP. In mammals initiation factor o
Mlh‘l‘l‘l.ﬂ'::llll.ﬂl'ﬂ ¥ The a-subunit of factor ¢lF? binds 1o clF? y b
1o Met-iIRNA™ and elF2, and subunit s supposed 1 be a recycling Facio

* Ma-tIRNA™ el 2.GTP associates with 0% subunit 10 form 05 preiitiator
compley.

- .:::.25 Prefmiistion complex. (405-Met IRNAM™IF2-GTP) binds 1 ¢ :




13.8 Protein Maturation and Secretion

After readieg this section, you should be able o
B [sguss B eoie of masecuir chijer ores = peotin lniding and
Il i rpailam eaar=phes of chage ey

B [hewriss iha role of proten gloing i= pratein maluralion
B Dt rafoloecatiod of proliang o St n e e o
B Liv! baerial irarsl ocstess syslems, and reicats whether Bey

funciien @ G- posheer, Gram-negaise or bath types of
bt

As o polypepisde emenges from 4 riboseme, i is mot yet ready to
assume ity cellular functions. Profein fanction depends on its
three -dimessional shape. Froteins must be properly Salded ansd
in jome casts sasicisied with oiber prosein ishunis w geaenain
 fanctional eseyme (eg. DNA and RNA polymerases are ml-
timeric proteing). In sdduien, protzins mest be delivesed 1w the
proper subcellular or entracellular sie. We now disouss these
poattramdational rrenia

1LE Fxwin Malaslion s Seceton I

Protein Folding and Molecular Chaperones
the pmuno acll srquessce of & polypeptide delermoses
m fimal comirmanien, belper proteiea sid e pewly formed or
macent polypepinde i folding to its proper fanctional chape.
Theese profeise. called meolecsler dhaperomses or simply chaper
o, Fecoghionn saly unlulded polypeptides or parily densswered
pEroieing and do pot Bind e soermal, usosesasl probeins Their
rodr in esaential because the cytoplasm iy hilled with new polypep-
tider chanigia. Uinder such comdithos, i i posible o polypoplide
e okl impeoperly and aggeegete 10 form nonfenctional oom-
plres Midecullar chaperorees ssppress moeeat Balding snd may
sewemie any incarrect folding gt has already mben plice. Thay

e o inporiant that chaperones are present i all cells.
Sevirral chaperoses pnd comperaling proleiss aid proper pre-
s fnbding is £ ool chaperosss Dnak, Deal, GeoEL, snd GeokS;
e dhe stress protein CirpE. &fer o sufficiest kength of sesmt
palypeplide evsends from the rbesame, & sefin of Feactions in-
velving D'ma) amd Dmak, fiold the protein inte s sative conformsa
tion. This requires the expenditure of ATF (figare 13430
Sometimes U polypeplide does not reach it nat e conformaton

e e By Ol

o hydevdgna [ty

Pkt e [l -4 Barnils gty
e i D i e k] ot

Figruns 1543 Chaps e s Polypepiids faiding, Fe seberme o bl s« #a
a1l Beiel, 20 3 Dobomy o Whuiki] ook it (o b Higa il A Bhh laia e, TRt Srd il dnalkiiay
I 3 TADIE AT T I A RO T BFONST Mary PR, Tt paimially Toiciet pobytantike may

tird again w Sra and Dral ot pobpepor may be rarsierso o Gofl and Goihm ampler mdeg.
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- J
©) e mucmotnn-secange

farey rpE abmulies
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XM cwwermn 1y | Bsciota Conomr -opiogs e and Lesiess o

i oite seties ol resctions, aed the feldding pocess mip e coprated.
Abernasimly, the partially folded proneas may be eranedmred w
ahiazercmes Gkl and UisalS, which compieie tae foldng. Ihis
chaperane nxhem alin evperde ATF ag A falds the preters ieta He
Freper cenformaton,

§Thaperiaes were Sl diicavered becaode They driimatically
irrane I cancrnlration when alle g axpased S0 high sem
peratunes, metalbelic posens, and cther stressfal comdions
that cause proceie ceraszration. Thas mary chaperanes are
called beat shodk prodeing. Whe= an £ sab eulrare 15 seched
rom ¥iko 41°C. the comceniratmas of seme 20 differenst heat
bk peteing srrase greatly =dhin sbeul 5 monaiee ik
cells are enpossd i o Ehal emperanuse, the best shack pra
feims ane still eonthesized but most oihes praterss are not. Thus
chaprrones proteci ine sell from thermal damage and ether
siiresses 38 well 23 promode the pooper folding of oew polvpep
tides, Fe enaraple. nak procects B coli BNA polymesass rom
thermal inactivalorn o witr, I8 addison, bRk meactivales
shermallrmactivaned EMA pnlymerase, sspecialiy i AT Dnal,
#ad Uirpl are peeient Gaeall smd CiralS glig preesst sssacd|
leCar provens frem aggregalon

Pratein Splicing

A furhes level of compleniiy in the fmmacinn of process has
e demmmeriad in mnloroben Dellenging bo ol (ke domens ol
Ely S mivredeal profc e ane spliond afer imslatisn o
iEetein il it w piail | l'||'|:|l||1l'|.'|llil-ri- Fismmieil lilery lis
Flﬂlr:rld.' fuskds inkn its feea whape. Se b licag prolans Ias
i o laiger precuianl profeds compesed & an ineer nal
inle reemng dogeengy Bl s inteln iabee) |30 W 600 am sy
acisly im bengthl Barked by calornal seguenvee called axteing
WSgure 1047, leicine memane Daenschors friem B (R TTT
peeitvin. When the splong b wmplidad twas proteis have
e fnimnand: the inten poaotein amd che pronein feremed b aplic
ing ke Vmo gxle ey Cugitksr,

Protein Trangocation and Secretion in Bactena

It s meem escimaged 1har almowr one ched of e proceing syn
thesized v cells beave the cytoplasm bo reside In membranes, 1he
iperiplasims apace of backenial snd echasal celli, of e anbernal
emaronmenl H s not scrprising then thal over 13 differenl s

tems Jur monong prennm wil of the ovieplasm hawy o,
S nif thess svazem s g und i all demaing ol B (e are

mmigae i bacterial czlls and nisers are sbserved only in Gram
mrgative bactera. When procins ard movd [rus the cvsopliam
e the membrane or 1o the penplasmic space, the muvemenl 13
callgil tremski abon, Profne sroncimn ol o Ve muecment ol
pataing brem the cytaplaim i she extenmal e nvaonment. Mary
ol e secienon patineays are degigmaied with numBers e g, Iype |
et jus s, Frpe 11 wr o lomwyns e, ks, ),

Wiy are so mary proteins moved out of the cvisplasm?
Mamy umpurian prutems are located 1n membranes, These in
wlude ivamapurt prutoins thal breg necded maberiale imbo the
el and tage wadres out of che el ‘Thee dlso onclade peoteins

Inirm
N geioe . = = omipe
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T b rian Cmn ey
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Flgeire 13.43 Protms Splidieg. A Sgenclect ke of aines
STl TR T S0 A T S T s S ar racheta it iR
WIS d1E PO MR N Py i | e Ol TR L ) i

e g (R & gy g 2 500 g

immvoderyd i el Inse Fransges], Indram-mogative b eria, thy
|H1-'_|.I|II|H1'I wgiidir w lisiided wilh gealivion i ae o heiotas is
prifeivs, cedymes ineedved it el wall h.gnlih.-:i'n, arsd peri
plexmic vosmpunemts of netnienl aptake sesbeme. Many vogan-
Iurma sy e BvddrPeosii e pvmey omle e et rnal ¢ sviPenmend,
Thine rnegmvs bresk issn m o somalicocles icle mememeers
1Basl & Feee iy Ilrl'lu;ﬁ' il abe el The [aiein subsmmins
A ruler nald afruclenes such as I'Ilirlld and fmlekas niuss alen
be mwved wal of e cell aed yrsembled vr iz extereal rurisce.
|'IIH|'11H. i Pl ollom frogmee tea i me Bal &P impusiesl in
Ik inlv Sism prisass

Privieim ser relion j1imas diffr=enn ditficulvies, |.'-rp|'-'||] g il
e ate i tume of Ehe coll puwelips, B § o posiie i tee B
seciele prsdeins. rhe projsing mast be rarslnscaned acrnss the
plewmy embBrane Cncr srave the plaama membrane the
profzin ciller passs (hrosgh the slalsele morws pepldogly-
var il Ther exbeemsl cosvirenmesd s eoemses eesdbrdiled = oor
sl hid G Phe pepticdinglyean. Gaam-ongellve heciorls bawe
mase hurchs 1 jmsp whes they secrere proleisd. They, Tim,
manl transpor Lhe prodeica v rass the plasms membeane, bt to
vormplifr scrvlivm. The predeing manl b brae spurad s the
mter mambrane

Comman Trarslocation and Seomtion Systems

Tha mupar pathisgy for ranahod alung protess acrow the plaama
mem'srane mehe e Gecreton] pathsay (fgure 15813 Ln Gram
nagatmve hacteria, profeine can be smansperted acmoas the suter
membrane b aevenid dilleses ] medPurisme srss of whilh by
pass the Ser meniem, moving prot e directly from dhe cytopdism



FIGURE 13.22
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4, Addition of Prosthenc Groups: Many enzymes can function in ssecms

]

with a covalently bound colactor or prosthetic group. The prosthenc pmg
are heme, FAD, biotin and pantothenic acid.
Trimming of Polvpepiide Chain: In some cases long polypepnde chams &
inmmed by enzyme exapeptidase. The amino acid residues are removed =
by one either from N- or C-terminus. For example. long polyvpeptide s
ol premsulin is cut 10 a small functional insulin of only 31 amine sk
Signal Molecules: These are added or removed from the N-termimal end ¢
some protens (Sumoylation). For transportation to their specific deshn
proteins have a sequence of up 1o 30 aming ackds at their N-termunal T®
5 called signal sequence. Onee 4 protein has reached its destination ®
Sinal sequence is removed before it assumes the functional status
P'"TP”F%_:: {‘i'nlams; Liroup are also complexed with metal ions or prosihes
mm n:ma:z.- and quartermary level of protein structure is anaincd @
Me & thetal won 15 complexed with i Iron in case of ]mnmgldﬂ-j
E 0 case of chlorophyll is essential for their quanemary structure




