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Nucleotide and Nucleic Acid Nomenclature

Base MNucleoside* Nucleotide* Nucleic acid
Purines
Adeninz Adenosine Adenylate RNA
Deoxyadenosine Deoxyadenylate DNA
Guanine Guanosine Guanylate RNA
Deoxyguanosine Deoxyguanylate DNA
Pyrimidines
Cytosine Cytidine Cytidylate RNA
Deoxycytidine Deoxycytidylate DNA
Thymine Thymidine or Thymidylate or DNA
deoxythymidine deoxythymidylate
Uracil Uridine Unidylate RNA

*Nucleoside and rucleotide are generic terms that include both ribo- and deoxyribo- forms. Note

that here ribonuc and ribonuc! are desig d simply as nucleosides and nucle-
otides (e.g., riboadencsine as adenosine}, and decxy leosides and deoxyrib lectides as
deoxynucleosides and deaxynucleotices (e.g., deguynb as 3. Both

Y
forms of naming are acceptable, but the shortened names are more commoniy used. Thymine is
an exception; the name ribothymidine is used to describe its unusual occurrence in RINA.

NH, Q o NH,
1 Cl
N)\j:% HN)IN.} !!N)j’ M n‘Jj
L‘“N N H,N'i%N N OJ\N C'J\N
- L e -
‘c—):-o-—cz{ 0 -0—1;—-0—0}1,,,0 “0~P-0~CH, O ~0—b—0—CH,
|
3] H H 0 H H (I.l fH H h
H H HN] H H H H H
]
OH H OH H H H H
D Dexyguanylate Devxythymidylate Deoxycytidylate
{decxyndenceine tdeuxyguanasine {deoxythymidine tdeoxyeytiding
5'-moncphasp) ate) & -monophoaphate) 5"-monophosphate) 6'-menophosphate)
Symbols: A, dA, dAMP G, dG, dGMP T, dT. dTMP C, dC, dCMP
Nucleosi D el i Deoxyguanasine Drenxythymidine Denxyeytidine
ta} Deoxyribonucleotides
NH, [\] 4] NH,
N N H‘N'Ij: Ns HNH N
kN D? H )N’L“ N~ N OJ\N O*N
g b9 i 4
[l
O—P—0—CH 0\)‘ 0—P—0~CH, "0--0—CH o ~0—P—0—CH, 0.
i
0 KH H 0 H H 0 H 3
H H . H H H H
H OH OH OH OH OH H
N i denosi Gunayl i U -idylate (uridine Cytidylate (eytidine
§'-monophosphate) Hmonnphosphate! &'-monaphosphate} 5'-monophcaphate)
Symbols: A, AMP G, GMP U, UMP c, cMp
Nucleoside: Adenaatne Guanosine Undine Cytidine

it HWiheanclontides

Deoxyribonucleotides and ribonucleotides of nucleic
acids. All nucleotides are shown in their free form at pH
7.0. The nucleocotide units of DMNA (a) are usually symbol-
ized as A, G, T, and C, sometimes as dA, dG, dT, and dC;
those of RNA (b)) as A, G, U, and C. In their fres form the
deoxyribonucleotides are commonly abbreviated dAMP,
dGMP, dTMP, and dCMP; the ribonucleotides, AMP, GMP,
UMP, and CMP. For each nucleotide, the more common
name is followad by the complete name in parentheses.
All abbreviations assurme that the phosphate group is at
the 5’ position. The nucleoside portion of each molecule
is shaded in red. In this and the following illustrations, the
rimg carbons are Nnot shown.
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’ mv BY4N
IBIBURE=0 Alternative representations of a nucleic acid
strand iliustrating its chemical directionality. Shown here is 8
single strand of ONA containing only three bases: cytosine {C),
adenine (A}, and guanine (G). ta) The chemical structure shows a
hydroxyl group at the 3’ end and a phosphate group at the 5
end. Note also that two phosphoester bonds link adjacent
riucleotides; this two-bond linkage commonly is referred to as a
phosphodiester bong. {b) In the "stick” diagram (top), the sugars
are indicated as vertical lines and the phosphodiester bonds as
slanting lines; the bases are denoted by their single-letter abbre-
viations. In the simplest representation (bottorn), only the bases
are indicated. By convention, a polynucleotide sequence is al-
ways written in the 5'-»3" dirgction (left to right) unless other-
wise indicated.
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Y \ .
» \ N‘!—:-:) CI\( S
R Live ) (’) ;
(e ‘a . . R . ;
s \ encapsulated “~——- : —NpEm
/ - L2 \\ "’\c_'_'r"-‘-h virulent Heat-killed . Mouse lives !
[ ] .-:) i P bacteria virulent bacteria
b =
Live encapsulated Mouse dies (©
virulent bacteria :
" Heat-killed virulent bacteria
(a) < .
A -y
i’ s R R R SR k3 —) l
\\ “Live non- \ C,
! L encapsulated - ‘
N e nonvirulent Mixture Mouse dies
Live noncncapsulated Meuse lives bacteria ‘ﬂ‘:::‘akggeﬁlw '
nonvirulent bacteria s mgvirulent bacteria
(b) @

*.. Live nonvirulent bacteria

‘ZJ DNA isolated from heat-killed

] virulent bacteria

transformed

E——

! \
i \

. N )
Livenon- /®® g
encapsulated k‘ ® o

nonvirulent
bacteria ~ Encapsulated
virulent bacteria

(e)

— S

Mouse dies

A 5

oA

The Avery-MacLeod-McCarty experiment. When injected
into mice, the encapsulated strain of pneumacoccus (a)
is lethal, whereas the nonencapsulated strain (b), like the
heat-killed encapsulated strain (c), is harmless. Earlier
research by the bacteriologist Frederick Griffith had
shown that adding heat-killed virulent bacteria (harmless
to mice) to a live nonvirulent strain permanently trans-
formed the latter into lethal, virulent, encapsulated bac-
teria (d). He concluded that a transforming factor in the
heat-killed virulent bacteria had gained entrance into the
live nonvirulent tacteria and rendered them virulent and
encapsulated.

Avery and his colleagues identified the transforming
factor as DNA. They extracted the DNA from heat-killed
virulent pneumocecci, removing the protein as completely
as possible, and added this DNA to nonvirulent bacteria
{e). The nonvirulent pneumococci were permanently
transformed into a virulent strain. The DNA evidently
gained entrance into the nonvirulent bacteria, and the
genes for virulence and capsule formation bezame incor-
porated into the chromosome of the nonvirulent strain. All
subsequent generations of these bacteria were virulent
and encapsulated.
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32 35 i
i e The Hershey-Chase experiment. Two batches of isotopi-
Nonradioactive -Radioactive  cany labeled bactariophage T2 parlicies were prepated.
- coat s ) €080 e was labeled with 2P in the phosphate groups of the
 Phage @ DNA, the other with *S in the sulfur-containing amino
Radioactive *Nonradiooative  agids of the protein coats (capsids). (Mote that DNA con-
DNA G H __ PNA yging na sulfur and viral protein contains no phosphorus.)

The two batches of labeled phage were then allowed to
infect separale suspensions of unlabeled bacteria. Each
suspension of phage-infected cells was agitated in a
blender to shear the viral capsids from the bacteria. The
= bacteria and emply viral coats (called ghosts) were then
3 i by centrifugation. The cells infected with the
¥p.jgheled phage were found 1o conlain 2P, indicating
that the labeled viral DNA had entered the cells; the viral
§,1\Dsts contained no radicactivity. The cells infected with
55.1abeled phage were found to have no radicactivity
after Glander treatment, but the viral ghosts contained
355 Progeny virus particles (not shown) were produced in
both batches of bacteria some time after the viral coals
were removed, indicating that the genelic message for
their replication had been introduced by viral DNA, not by
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8) Double helix (b) Antiarallol prentaton of strands
o ya JE -
The DNA Double Helix. ({a) This schematic (b} One of the strands of a DNA duplex (untwisted helix} is oriented
ilustration shows the sugar-phosphate chains of the DNA backnone, the 5 -—» 3 in one direction, whereas its complement has a " — 3

anentation in the oppaosite direction. This diagram also shows the
hydrogen bonds that connect the bases in AT and GC pairs.

cemplementary base pairs, the major and minor grooves, a
mportant dimensions, A = adenine, G = guarine, [ = cylusing
T = thymine, P = phosphate, and S = sugar [deoxyribose!
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Propertes of nucleases Y o

Enzyme Substrate Type Specificity
Standard Nucleases
Rattlesnake venom DNA, RNA exo (a) Begins at 3' end; no base specificity
phosphodiesterase
Spleen phosphodiesterase DNA, RNA exo (b} Begins at 5’ end; no base specificity
Pancreatic ribonuclease A RNA endo (b) Preference of pyrimidine on 3' side
Spleen deoxyribonuclease Il DNA endo (b) Internal ester bonds; no base specificity
Restriction Endonucleases i
EcoRl DNA endo (a) §' GAATTC!
}
Bail DNA endo (a) 5 TGGCCA \
3

Tagl DNA endo (a) 5' TCGA

| L
Hinfl DNA endo (a) 5" GANTC
"The i for each ict is showm with & red arrow denoting the actusd site of cleavage.

Preumococcus
5 " e " - ‘ r , !.r v
“g E | Melting curves for DNA mole-
2 cules from four microorganisms.
8 These are obtained by heating
= DNA solutions and measuring
& the absorbance changes at 260
' nm. When DNA is denatured,
|\¢‘ | i more light is absorbed. The ac-
70 20 %0 100 tual melting tcmpc_mmr: (Tl is
. . measured at the midpoint for
Temperature (°C) each curve. T,, for Preumocoe-
cus is about 83°C.
100 -
7
B
=
- =
5 =2
5 E
H =
£~ 3
§ 50 §
ﬂ L
g 1=}
a s
(& ]
@]
G | 7'5 L i
80 60 70 80 90 1
Temperature (°C) t_(°C) &0 o
m
(a) (b)
w4

Heat denaturation of DNA. (a) The denaturation or
melting curves of two DNA specimens. The temperature
at the midpoint of the transition (¢,) is the meiting point. it
depends on pH and ionic strength and on the size and
base composition of the DNA. (b) Relationship between
{n and the G=C content of a DNA.
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ok 5 B
]I:J .‘_ﬁ 1 Levels of DNA structuie: A, primary, 8, secondary, ¢,

tertiaty, 0, quaternaiy. The latter image depicts the winding of the
DNA doubie helix around histone protein complexes termed
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(a) I\{:';ax:d b Supercoilcd

Circular, duplex DNA

0 g

Tertiary forms of DNA: () relaxed and (b) supercoiled. Thel supcrcui‘.cdl form is less' slnblfe
than the relaxed form. Enzymes, called topoisomerases, which catalyze interconversion o
relaxed and supercoiled DNA, are present in the cell.
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The cloverleaf structure for
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double-helix regions stabilized
by hydrogen bonding between
complementary bases. Modified
nucleotides are abbreviated:
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methylguanosine (m?G); inosine
(I); methylinosine (m'I); dihy-
drouridine (D); and pseudouri-
dine ().
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Yo J=s The general structure of ribosomes in and 165 rAMA in bacteria, 285 and 185 rRNA in eukaryotes—and

prokaryotes and eukaryotes. In all cells, each ribx
sists of a large and a small subunit. The two subunits
rRNAs of different lengths, as well as a differant set of 1
All ribosomes contain two major rRNA mole

me con- one or two small RMAs (lignt red). The proteins are named L1,
i L2, etc., and S1, S2, etc., depending on whether they are found
in the large or the small subunit,
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Vitamin Synonyms Deficiency Function
disease
Water soluble
C Ascorbic acid Scurvy Oxidation-reduction
Thiamine Aneurine(c).By Beriberi Oxidative
decarboxylation
Riboflavine By, G Ariboflavinosis Oxidation-reduction
(FAD and I'MN)
Nicotinic acid and  Niacin and Peiiagra Oxidation-reduction
nicotinamide niacinamide (NAD and NADP)
Pyridoxaine Be Various in Amino acid
Pyridoxal and experimental reactions c.g.
Pyridoxamine animals. Man involving transfer of
probably never amino group
dificient
Pantothenic acid B3 None known in Part of cocnzyme A
man

Folic acid

Biotin

Cyanocobalamine

Fut soluble
Ay

A
Dy

D3
K

Pteroyl glutamic  Megaloblastic

acid an

la

H Only onc case
reported

Bi2 Pernicious anaemia

Retinol Night-blindness

and Keratomalacea

Dehydroretinol

Rickets and
ostcomalacca

Ergocalcifero! or
calciferol

Cholecalciferol

Menaphtone Prolongedblood
menadione clotting time
Tocopherols,

anti steriity factor

Transfer of one-

CO2
Carboxylation by
CO2

Concerned with
methyl transfer

Rhodopsin (visual
purple) component

Calcium absorption
and bone formation

Prothrombin
formation

None found in man None proved in man

1. Vital amines
2. Isovitamines

[
- ]
HO, 0,

w >

CHOH CH0H

HO' OH

L-ascorbic acid
open chain

L-ascorbic acid
ring form

A3 A
A

(S ygSunl al) C (malig
RV &)9&.“41 Sl (B l5ee s 4y 0B sid Ao s g Ll o)y lkiny
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0
HO
CH, 0

L-dehydroascorbic
acid

8- Vital amines
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9- Isovitamines
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Figure %~ 7. ATypical Prokaryotic Promoter.  The ONA promoter sequence, As their names imply. the two key sequences are located
region in prokaryotes is a stretch of about 40 bp adjacent to and including approximately 10 nucleotides and 35 nucleotides upstream from the
the transcription startpoint. By conventian, the critical DNA sequences startpoint. The sequences shown here are CONSENSUS SBQUENCES,
are given as thay appear on the coding strand (the nontemplate strand, meaning that they have the most commonly found base at each position.
which corresponds in sequence to the RNA transcript} Tha essential The numbers of nuclectides separating the consensus sequences from
features of the promoter arg the startpoint [designated +1 and usually an each ather and from the startpoint are important for pramoter function,
A, the six-nucleotide —10 sequence, and the six-nucleotide =35 but the identity of these nucleotides is not.
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Figure'_ -
Transcription by E. coli RNA poly-
merase The polymerase initially
binds nonspecifically to DNA and
migrates along the molecule until the
& subunit binds to the =35 and -10
promoter elements, forming a closed-
promoter complex. The polymerase
then unwinds DNA around the initia-
tion site, and transcription is initiated
by the polymerization of free NTPs.
The o subunit then dissociates from
the core polymerase, which migrates
along the DNA and elongates the
growing RNA chain.

Polymerase bound nonspet ifically to DNA

Wmmp‘mﬁwmmm\owmmwmmmmm

-35 -0 +1
promoter e specific binding of 6 to
15 and 10 promoter sequences

Closed-promoter complex

NAW\WWMWW

L Unwinding of DNA around the initiation site

NN NN NANANANE AOQ mmmWwW

L Initiation of transcription

Release of ©

50 ccin VO s Slpedds il 0 b s 1) DNA - S
e : 052 395 (50 4B Ay (pShiaS pluyaiiey 9 5lyesy o sl JLal
A :L):‘:l;i)i@‘»-‘w‘) S a8 St g 03900 b o2l (55120 oSl J‘):‘u)-“)?DJNA
AT )L;(.JI o —\e.):fs’ sl Jlail olSsle 53 sl Slpecy RNA 3,5 )15 o300 )3 (sungh
e l—’b)‘ 5‘ 9“’u‘°( TR LGTP)uW CP o & Jate el oKl . i b l:;z
b—w;&w‘ - l:w‘ .")“w»imwmwwww liwd 55 —\J}aﬂf?-m‘é;’RﬁA&; —\:9‘5
i} i o 2 ] ) 4595 o5
e jﬁ M:w w:uw SFRIES L G A8 Jagbo °L<<‘?-%W@(+1}L2)DN/§
NPT muw - 3»159’.9>~DNA iy > gan Sk b (Figsden S eSS gl pholaxiul
9 > Oliudyyy 5 WglS5 agd Cland & 4l o JdgtlS 'y dlos 13gtlS 5 gl 37
> 59l g Oyl 37 (3enS]



“Referm

(1) b pole Slodio (Somiign) doliuw 33

s5k g DA S Olhady g e 005 1k 036 RNA J5Slo Jgl soly clinsd (55 5" 095 . 395 (ool (63 g
O ) oS 5ly e 0y Jb )3 5255 ¢ 2595055 Vo390 (40 ALl 5l Ly - Lo (g0 (Bl agis) N5y (b 53 03,955 o
= pLosl )y b Jbo W) (st 4 (55550 w5 03900 S 1) ety il 298 (o b ey RNA 551 gon
RNA aws) w150 5l RNA a5l 6l - les oo 0w |y RNA oS o0 4 4565 b g 03905 <8 > DNA Jgb ;5 ams
«olo » syl g o1 jLy alisS alolé Sy 15 DNA ai 93 & sl p3Y . e 5220 |, DNA (gla s, j1 Sy JoSo
aab ool 3yl e oSS s 1) b s VY bogas E.COL 15 39350 51 lpeuh RNA ¢ angis, pl&in ,5 . lots |y (mwgig)

3 Endof ANA §
g@m_being elongated Poith SUpc

Negative supercolls

Template strand

5 mmEEE _HNA RNA-DNA hybrid hellx

Figure . ™/
Local unwinding of DNA caused by ANA polymerase.
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al |3 1 | R R i £
. . 1CC = gion Is synthesized by RNA polymerase. (b} Intra-
(31 CCCAGCCEOOCTANT G . LAACARAAIRY B elecular pairing of complementary s
'CGEGCTTTTTTTT™ the RNA forms a hairpin, destroying part of the

RNA-DNA hybrid. The remaining A=U hybrid
rogion in relatively unstable, and (c) the RNA
dissociates completely.
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FICURE . Mechanism for rm

transcription by p protein. This proteln is an ATP-c_iependeir:;m

he!ic;sc'thet binds the nascent RNA chain and pulls it away

RiA polymerase and the DNA template.
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Figure <~ The consensus sequences of some -110 i . —40 -25 L
common elements in promoters used by eukarvotic ~———— GGCCAATCT — [GGGCGG] |TAT 1 ey
RNA polymerase II, derived from a comparison of . _
100 promoters of this type. A transcription factor CCAAT Gc TATA
(TFIID) binds at the A=T-rich sequence called a i box b

TATA box, facilitating the binding of the polymer-
ase. This sequence is commonly found about 25
base pairs before the RNA start site. Two other
elements ave also sometimes present, found some-
where between —110 and —40: the CCAAT box and
GC box are binding sites for other transcription
factors that affect polymerase function. Other se-
quences, some quite distant in the DNA. can aiTect
transcription (Chapter 27). Eukaryotic promote:s
are more variable than their bacterial counterparts,
and some ENA polymerase I promoters lack all of 4
the sequences shown. As in Fig. 25-5, the se-

quences are those in the coding (nontemplate)

strand,
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Figure 7. Initiation of transcription of a eucaryctic gene by RNA start of transcription
polymerase I1. To begin transcription, RNA polymerase requires a number TATAbox [~ i

of general transcription factors (called TFIIA, TFIB, and so on). (A) The oy ' e
promater contains a DNA sequence called the TATA box, which is located l

25 nuclectides away from the site at which transcriptien is initiated. (B) The
TATA box is recognized and bound by transcription factor TFID, which then TBP TFIID

enables the adjacent binding of TFIIB (C). For simplicity the DNA distortion
produced by the binding of TFIID (see Figure 6-18) is not shown, (D) The
rest of the general transcription factors, as well as the RNA polymerase
itself, assemble at the promoter. (E) TFIIH then uses ATP to pry apart the
DNA double helix at the transcription start point, allowing transcription to
begin. TFIiH also phosphorylates RNA polymerase II, changing its

confermation so that the polymerase is released from the general factors TFIIB
and can begin the elongation phase of transcription. As shewn, the site of . :

phosphorylaticn is a long C-terminal pelypepride il that extends frem the m
polymerase molecule. The assembly scheme shown in the figure was {é} e : -

deduced from experiments performed in vitro, and the exact order ir. which

the general transcription factors assemble on premoters in cells is not TFIIF other factors
known with certinty. In some cases, the general factors are thought to first

assemble with the pelymerase, with the whole assembiy subsequen:ly

binding to the DNA in a single step. The genersl transcription faczors have TFIE

been highly conserved in evolution; some of these from human cells ean be Q

replaced in biochemical experiments by the correspending factors from —

simple yeasts, UL

RMNA polymerase II

UTP, ATP
CTP, GTP
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E 111 _ G i h Processing of pre-rRNA transcripts in bacteria. (a) Be-

g (I R T fore cleavage, the 305 RNA precursor is methyleted at
methyl groups specific bases. (b) Cleavage liberates precursors of rRNAs
(b} Cleevage and tRNA(S). Cleavage at the points labeled 1, 2, and 3is
carried out oy the enzymes RNase I, RMase P, and
RNase E, respectively. As discussed later in the text,

Intermediates | I | e it RiNase P is a ribozyme. (c) The final 168, 238, and 55
e IR T T '—J :E rRNA products result from the action of a variety of spe-
178 tRNA 258 58 cific nuclezses. The seven copies of the gene for pre-
= . (RNA in the E. coli chromasome differ in the number,
© Mucleazs BiuEienz0 location, and identity of tRNAs included in the primary
aepon action transcrigt. Some copies of the gene have additicnal IRNA
PSR AT Er— gene segments between the 163 and 23S rRNA seg-
e
Mature RNAs ) [:l T | L | ments and at the far 3' end of the primary transcript.
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Figure ~ . mRNA processing in eukaryotes.
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A. Chemical structure of 5' capped imRMA
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Capped mRNA

\ Figure !:-'-\ A 7-methyl guanosine cap blocks the 5° ends of
mRN.As and leaves a 3° OH. A, Newly synthesized mRNAs
acquire a protective cap shortly after they emerge from the
polymerase. The cap is formed by attachment of an inverted G
via an unusual 5'-5'-triphosphate linkage. In addition methyl
groups are added (red shading): one at the N7 position of the
inverted G, one on the 2’ OH of the first nucleotide (Nucl) of
the initial transcript, and generally another on the 2 OH of the
second nuclectide (Nuc?). B, Messenger RNA capping is a mul-
tistep process. First the 5' phosphate is removed b a triphos-
phatase, and guanylyl transferase adds the inverted monophos-
phate G. Next, methyl transferases to the S-adenosyl methionine
(SAM) transfer the methyl group from N7 position of the i verted
G (m”G) and the 2’ OHs of the first and second nucle stides
(Nm), releasing S-adenosyl homocysteine (SAH).
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Figure 151. Poly A tails are added to pre-mRNAs followi
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J' First transesterification

O =3' oxygen of
exon 1

0O = 2' oxygen of
branch-point A
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T + B— —O—P—0O—; 3
5 O A |
| 2" TN le]
C=pP—0 .
| . \3. Spliced exons

Excised lariat intron

-
A FIGURE .. . Splicing of exons in pre-mRNA occurs via
two transesterification reactions. In the first reaction, the
ester bond between the 5 phosphorus of the intron and the 3'
oxygen ired) of excn 1 is exchanged for an ester bond with the
2' oxygen (dark blue) of the branch-site A residue. In the second
reaction, the ester bond between the 5’ phosphorus of exon 2
and th2 3’ oxygen {light blue) of the intron is exchanged for an
ester bond with the 3’ oxygen of exon 1, releasing the intron as
a lariat structure and joining the two exons. Arrows show where
the activated hydroxyl oxygens react with phosphorus atoms.
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Figure 21 1 ne RNA spicing
mechanism. RNA splicing is catalyzed by
an assembly of snRNPs (shown as colored
circles) plus other proteins (most of which
are not shown), which together constitute
the spliceosome.The spliceosome
recognizes the splicing signals on a
pre-mRMNA molecule, brings the two ends
of the intron together, and provides the
enzymatic activity for the two reaction
steps (see Figure 6-26). The branch-point
site is first recognized by the BBP (branch.
point binding protein) and U2AF a helper
protein. In the next steps, the U2 snRNP
displaces BBP and U2AF and forms base
pairs with the branch-point site consensus
sequence, and the Ul snRNP forms base-
pairs with the 5 splice junction (see
Figure 6-30). At this paint, the U4/U6elUs
“triple” snRMNP enters the spliceasome. In
this triple snRMNP, the U4 and Ué snRNAs
are held firmly together by base-pair
interactions and the U5 snRNP is more
loosely associated. Several RNA-RNA
rearrangements then occur that break
apart the U4/Ué base pairs (as shown, the
U4 snRNP is ejected from the splicesome
before splicing is complete) and allow the
U6 snRNP to displace U1 at the 5’ splice
junction (see Figure 6-30). Subsequent
rearrangements create the active site of
the spliceosome and position the
appropriate portions of the pre-mRNA
substrate for the splicing reaction to
oceur. Although not shown in the figure,
each splicing event requires additional
proteins, some of which hydrolyze ATP
and promote the RNA-RNA
rearrangements.
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molecule and that a specific nuclectide triplet elsewhere mMRNA o B ———
in the tRNA interacts with a particular trigiet codon in Nucleotide triplet
mRNA through hydrogen bonding of cornplenientary coding for an
bases. amino acid
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- AUC CGU CGA, AU-.-

R

Ja tas fa~

Sl S a8 slosia g
.mRNA 2 ol

Second Position
1] c A G
uuu ucu UAU U
Phe a0
ol e ¥ uce (. | uac Fve vea yors s
wua ) o uca @UAA 1 o | BUGA Stop [ A
uuG UCG ¢ UAG Pl vee T |G
) cuy cou CAU cGU 3
) .
§ | cuw | .. cct | CAC }H's cGe g 2
b CUA ccA [T | caa }_ caa A9 | &
z cuG CcCa cAG JSGin CGG c o
] AUU ACU AAU AGU S
S .| Auw }Ile ACC Lo AAC }'“” AGC }SE’ g ©
B AUA ACA AAA }_ AGA A o
& @ AUG  Met | ACG AAG Sy AGG } Aol 3
— T =
GuUU Geu GAU GGu
GuUC Gce | GAC } Asp GGC e
G Val Ala Gl c
GUA GCA ] GAA aea (7 | A
GUG | ece GAG }G"‘ GGG G
|
§ = Chain-terminating codon
@ = Initiation codon

2 !' .J},ﬂ_} The genetic code. The focation of the nucleotide in first, second, and third position
defines the amino acid cnervpted by the code,
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If these bases are in
first, or wobble, position of

anticodon

121 lc | AlG | uli
|

123 |G| Alc| rhen the tANA may
| U G| A | recognize codons in

5 mRNA 3
m | | U | mRNA having these

bases in third position

If these bases are in
tiurd, or wobble, position
5 mANA 3 of codon of an mRNA

123 [c|alelu]

321 GLI'\,|A
HHEE

then the codon may
be recognized by a
tANA having these
bases in first position
of anticodon

3
tRNA

L oA Vo

= Nonstandard codon base pairing
at the wobble positicn. The base in the third (or wobblel
posit on of an mRNA codon often forms a nonstandard base
pair with the base in the first (or wobble) position of a tRNA
anticodon. Wobble pairing 3llows a tRNA to recognize more than
one mRNA codon (ropk conversely, it allows a codon to be
recognizec by mere than one kind of tRNA (bottom), although
each tRNA will bear the same amino acid. Note that a tRNA
with | {irosine) in the wobble position can "read” (become
paired with] three iHerent codans, and a tRNA with & or U in
the wobble ar can read two codons. Although A is
theoratically ble in the webble position of the anticodon,
it is almaost never found in nature
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3" end of IRNA

" Adenine
OH
i
0-(|!——?—R
‘ CHy— b “NH,
(I‘ Aminoacyl
! 0—P=0 group
L o
5 | Amino acid
pG arm

|
D ,—«___J'u ~TVC
arm \—’_W ~5T—" arm

LK Anticodon
arm
v b Jis
General structure of aminoacyl-tRNAs. The aminoacyl
group is esterified to the 3" position of the terminal

adenvlate residue. The ester linkage that both activates
the amino acid and joins it to the tRNA is shaded red.
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Methionine

Initiator tRNA

N'%-Formyl-TH FD Transformylase

N-Formyl-
methionine

fMet-tRNA

Generation of the inittiator N-formyl-
methionyl-tRNA (Met-tRNA).
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A yyccuce '.
IR
5-End AMUAAGGAGG AAMMAAAAAA, (A 3-End
—

Shine-Dalgarno sequence

30S-Ribosomal subunit

NAYE

Complementary binding betwsen prokaryotic mRNA Shina-Dalgarno sequence and 165 rRNA.
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Formation of the initiation complex. The complex forms
in three steps (described in the text) at the expense of the
hydrolysis of GTP to GDP and P, IF-1, IF-2, and IF-3 are
initiation factors. P designates the peptidvl site. A the
aminoacyl site, and E the exit site. Here the anticodon of
the tRNA is oriented 3' to 5', left to right, as in Figure
27-8 but opposite to the orientation in Figures 27-18

and 27-20. e

Subunit

(- mRNA

® Initiation !

codon
510 T Aule] [ [ BE

. : :
173" P Y
b W e
,--//r_“_‘_-_-_.—-_l#
N :
@, - JIR2) ™
5 et SN
= 2
GTP :
.\j\l,f\ g:“' tRNA _'._;; s -\l
3 UACH {( IF-2}-GTP
Anticodon . A [:C ]/
L s Y ) 0 O i
IF-3 P A1/ )
508 -~
Subunit !
v« GDP + Py
I f“\‘ - "'-\\
PoelIRl, 4 TR-2)4 1F-3 |
5. 3 s
@ -
\
50S — .-j . '
Subunit B "" )f’l
N o ; . v
5[ gagafue] | T R
T ) N T
WP \A- jNext
,‘_\__- : \_-._;"/' codon

Ol Yoore MRNA 5" lossl 4 AUG 55005 (o908 55 g Canss 95,815 opls (s, (ol b g, MRNA
$9) 72 e 9 995 5o e S5l MRNA 5" (glal SadS’ 4y e 408 pgion - 39 oo bl 9,5 olSyle
.(\~'J5\_‘;‘3)>9_,;'36“_é,mATP Sy opl cae vl o S AUG (4508 comine cqr 3’ cqe 4 MRNA
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408 Ribosomal subunit

LS

Protein complexes in the formation of a eukaryotic initi-
ation complex. The 3" and 5’ ends of eukaryotic mRNAs
ara linked by & complex of proteins that includes several
initiation factors and the poly(A) binding protein (PAB).
The factors elF4E and elFAG are part of a larger complex

| | called elF4F. This complex binds to the 40S ribosomal
Gene 3' Untranslated ¢ pnit.
region

Do Jugb oY dls go
ol 1 (53 iy S Y A oL TRNA — ol il JLl =) oo s ol 358 03 e o)y
EF-G,EF-EF-TU TS ;L Jigb (slaygiS plo Jgkxe slo opiigp (sjlo Jogb b 55 . 3L o (Translocation)
35 8 lie GTP 4 (LSt
(A Sl 4 tRNA Ll gl Ll -
Jeazos s Jlas] GTP 4 365 45 EF-TU _uSla & i) cslio (63905 tRNA Ll gial (53l isbo dly cylsl
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sl 5al & 393 o Jato o b slie sls tRNA Uylgipel Jlail  cal g3 by EF-TU slass TU.GDP
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mRNA

Initiatian factors
+ GTP
Met-tRNA,

40S subunit

40S subunit
with initation
components L ATF

- 605 subunit

itiaticn tactors

— T TT——
/ fivier B

B80S initiation complex

-3

Y- "‘L Eukaryotic transiation
initiat «<n. In eukaryotes, transiation
initiatiaon starts with the assembly of a
complex on the 5 cap that includes the
40S subunit and Met-tRNA,;,. Driven by ATP
hydrolysis, this complex scans the mMmRNA
untili the first AUG is reached. The 60S
subunit is then added to form the 805
initiation complex.
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50S s 53 sttt Jodty mpl g GESTy . 3,15 )8 agign) olSole 53 (gg) 2 ol 1 plaS o polie oS sk
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Initiation
complex 7
(703) 1

505

' Initiation . %
codon -

308

Next
aminoacyl-
tRNA

Binding of AN Ts )
next : 2 -
aminoacyl- ! f{ Tua ? GTP
tRNA ]
) . TP
| | L
4 . "»\

= AV c)‘.:" First step in elongation: the binding
of the second aminoacyl-tRNA. The second amino-
acyl-tRINA enters bound to EF-Tu (shown as Tu),
which also contains bound GTP. Binding of the sec-
ond aminoacyl-tRNA to the A site in the ribosome
is accompanied by hydrelysis of the GTP to GDP
and P;, and an EF-Tu-GDP complex leaves the ribo-
some. The bound GDP is released when the EF-
Tu-GDP compiex binds to EF-Ts, and EF-Ts is sub-
sequently released when another molecule of GTP
becomes bound to EF-Tu. This recycles EF-Tu and
permits it to bind another aminoacyl-tRNA.
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u fMet-tRNAMet
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Aminoacyl-

IR AL A 3
A /
Peptide bond E
formation |
J
i
E site P site A site i
* o
{ ‘o \ Deacyhted
e e tRNAMet
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! - \cpﬁ i
OH \ -t | O Dipeptidyl-
b 0.4 sl tRNA,
N ISy e O

s [CTTE ‘lAiUIGE | ] i
!.‘P ' n

W e

Second step in elongation (bacteria): formation of the
first peptide bond. The peptidyl transferase catalyzing
this reaction is probably the 23S rRNA ribozyme. The
N-formylmethionyl group is transferred to the amino
group of the second aminoacyl-tRNA in the A site,
forming a dipeptidyl-tRNA. At this stage, both tRNAs
bound to the ribosome shift position in the 50S subunit to
take up a hybrid binding state. The uncharged tRNA
shifts so that its 3’ and 5° ends are in the E site. Similarly,
the 3’ and 5’ ends of the peptidyl tRNA shift to the P site.
The anticodons remain in the A and P sites.
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ribosome movement i - |\‘ &‘-’
Termination of protein synthesis in bacteria. Termina-
tion occurs in response 1o a termination codon in the A

2 site. First, a release factor (RF, or RF; depending on
% g J‘-« which termination codon is present) binds to the A site.
Third step in elongation (bacteria): ¢ tion. The This leads to hydrolysis of the ester linkage between the
ribesome moves one codon toward the 3' end of mRNA, nascent polypeptide and the tRNA in the P site and
using energy provided by hydrolysis of GTP bound to release of the completed polypeptide. Finally, the mRNA,
EF-G (translocase). The dipeptidyl-tRNA is now entirély deacylated tRNA, and release factor leave the ribosome,
the P site, leaving the A site open for the incoming (1urd) and the ribosome dissociates into its 305 ang 505 sub-

aminoacyl-RNA, The uncharged tRINA dissociates from units.
the E site, and the elongation cycle begins again,

¥ J2xr Translation Factors

Translation factors

Role I‘ruiaryoles Eukaryotes

Initiaticon IF-1. IF-2, IF-3 elf-1, elF-1A, elF-2,
elF-2B, elf-3, elF-4A,
elF-4B, elf-4E, elF-1G.
elF-5

Elongation EF-Tu, EF-Ts, EF-C wEF-1a, eEF-18y, eEF-2

Termination RF-1, RF-2, KF-3 eRF-1, eRF-3
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Diagram of a polvribosome (poly-
some). Ribosomes move along the
mRNA in the 5 -+ 3" dircction. Thev
function independently of one '
another.
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Vs N—r . Model of protein synthesis on

mRNA 3 pl.‘@ /&'—:1 A Al = ". ci!cuIa‘r polysomes arl\d recycling of ribosomal
T N ! subunits, Multiple individual ribosomes can
s simultanecusly translate a eukaryotic mRNA, shown
805 ‘;' nere n circu'ar form stabilized by inter ctions between
= . proteins tound at the 3' and 5 ends. When 2

ribosome corapletes translation and disseciates from
the 3' end, the separated subunits can rapicly find the
nearby 5 cap (m’G) and initiate another round of
SyNINesis
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