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Before going into the details of how genes direct protein synthesis, let’s step
back and examine how the fundamental relationship between genes and
proteins was discovered.
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Evidence from Studying Metabolic Defects

In 1902, British physician Archibald Garrod was the first to suggest that genes
dictate phenotypes through enzymes, proteins that catalyze specific chemical
reactions in the cell.
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He postulated that the symptoms of an inherited disease reflect an inability to
make a particular enzyme. He later referred to such diseases as "inborn errors
of metabolism."
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< For example, people with a disease called alkaptonuria have black urine
because it contains a chemical called alkapton, which darkens upon exposure to

air.
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o Garrod reasoned that most people have an enzyme that breaks down

alkapton, whereas people with alkaptonuria have inherited an inability to
make that enzyme, so alkapton is expelled in their urine.
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Garrod’s hypothesis :a gene dictates the production of a specific enzyme, later
named the one gene—one enzyme hypothesis.
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= Reasons to reject the hypothesis:
A i) iy il
v Not all proteins are enzymes. For Example: Keratin, the structural protein of

animal hair, and the hormone insulin are two examples of non-enzyme
proteins.
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v" Many proteins are constructed from two or more different chains and each
polypeptide is specified by its own gene. For example: Hemoglobin.
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< Beadle and Tatum’s idea was therefore restated as the one gene—one
polypeptide hypothesis.
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= Reasons the one gene-one polypeptide hypothesis isn’t accurate:
v A eukaryotic gene can code for a set of closely related polypeptides via a
process called alternative splicing.
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v Quite a few genes code for RNA molecules that have important functions in
cells even though they are never translated into protein.

i g ) Al 8 aa T Y 5 AR (8 a5 Ll RNA Sl s Y (pad) s oy 8

= Genes provide the instructions for making specific proteins. But a gene does
not build a protein directly. The bridge between DNA and protein synthesis is
the nucleic acid RNA.
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= What is the difference between DNA and RNA?
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| DNA | RNA
Sugar Deoxyribose Ribose
Nitrogenous bases AG,CT AG,CU
Strcuture Double helix Single strand

Transcription is the synthesis of RNA using information in the DNA. The two
nucleic acids are written in different forms of the same language, and the
information is simply transcribed, or "rewritten," from DNA to RNA.
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The type of RNA molecule that can be translated into a protein is called

messenger RNA (mRNA) because it carries a genetic message from the DNA to
the protein-synthesizing machinery of the cell.
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Translation is the synthesis of a polypeptide using the information in the
mRNA. During this stage, there is a change in language: The cell must translate
the nucleotide sequence of an mMRNA molecule into the amino acid sequence
of a polypeptide.
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= The sites of translation are ribosomes, molecular complexes that facilitate the
orderly linking of amino acids into polypeptide chains.
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= Transcription and translation occur in both bacteria and eukaryotes, but there
is an important difference in the flow of genetic information within the cells.
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o« Bacteria do not have nuclei. Therefore, y
nuclear membranes do not separate V7

Iy DNA
bacterial DNA and mRNA from ribosomes 1
i i1 i O
and the other protein-synthesizing | cYToPLASM 1 MRNA |
equipment. This lack of L\ Ribosome |
. . n A N\ TRANSLATION
compartmentalization allows translation N

N Polypeptide -~

of an mRNA to begin while its
transcription is still in progress.
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—> In bacteria, transcription and translation occur in the cytoplasm.
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o« Eukaryotic cells have nuclei. The presence of a nuclear envelope separates
transcription from translation in space and time. Transcription occurs in the
nucleus, but the mRNA must be transported to the cytoplasm for translation.
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- Before eukaryotic RNA transcripts from proteincoding genes can leave the
nucleus, they are modified in various ways to produce the final, functional
MRNA. - —
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- The transcription of a protein-coding
eukaryotic gene results in pre-mRNA, and
further processing yields the finished mRNA.
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= Primary transcript: the initial RNA transcript TRANSLATION
from any gene, including those specifying
RNA that is not translated into protein.

iRtbosome
Polypeptide
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= To summarize: Genes program protein
synthesis via genetic messages in the form of messenger RNA. Put another
way, cells are governed by a molecular chain of command with a directional
flow of genetic information:
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v" This concept was dubbed the central dogma by Francis Crick in 1956.
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v In the 1970s, scientists were surprised to discover some enzymes that use RNA
molecules as templates for DNA synthesis.
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= There are only four nucleotide bases to specify 20 amino acids. How many
nucleotides would turn out to correspond to an amino acid?
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v" If each kind of nucleotide base were translated into an amino acid, only four
amino acids could be specified, one per nucleotide base.
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v" If two nucleotides were responsible for the production of one amino acid, 4

nucleotides would give us 16 (4?) amino acids.— still not enough to code for all
20 amino acids.
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v' Triplets of nucleotide bases are the smallest units of uniform length that can
code for all the amino acids. If each arrangement of three consecutive
nucleotide bases specifies an amino acid, there can be 64 (that is, 43) possible
code words—more than enough to specify all the amino acids.
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= For each gene, only one of the two DNA
strands is transcribed. This strand is
called the template strand because it
provides the pattern, or template, for the
sequence of nucleotides in an RNA
transcript. The other strand is called the
non-template strand.

S DNA J ‘___;Lmoﬂjnaésmjmuem
Alid) cai mRNA Jl 65 3 dclialtemplate
.template strand-non « Y

= Guanine is transcribed into Cytosine but
Adenine is transcribed into Uracil instead
of Thymine.
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= mRNA is synthesized in the 5" 2> 3’
direction.

Y Figure 17.5 The triplet code. For each gene,
one DNA strand functions as a template for transcription
of RNAs, such as mRNA. The base-pairing rules for

DNA
molecule

DNA synthesis also guide transcription, except that ~ Gene 1

RNA is made with uracil (U) instead of thymine
(T). During translation, the mRNA is read as a
sequence of nucleotide triplets, called codons.
Each codon specifies an amino acid to be
added to the growing polypeptide chain.

The mRNA is read in the 5’ — 3’ direction.
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= During translation, the mRNA is read as a sequence of nucleotide triplets,

called codons. Each codon specifies an amino acid to be added to the growing

polypeptide chain.
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= The genetic instructions for a polypeptide chain are written in the DNA as a
series of non-overlapping, three-nucleotide words.

= For any given gene, the same strand is used as the template every time the
gene is transcribed. However, farther along on the same chromosomal DNA
molecule, the opposite strand may function as the template for a different

gene.
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The strand that is used as the template is determined by the orientation of the
enzyme that transcribes genes, which in turn depends on the particular DNA
sequences associated with that gene.
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An mRNA molecule is complementary rather than identical to its DNA
template because RNA nucleotides are assembled on the template according
to base-pairing rules.
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The RNA molecule is synthesized in an antiparallel direction to the template
strand of DNA.

template strand J! gsSlas ola3ls RNA J) s i aua ddlac o

The term codon is also used for the DNA nucleotide triplets along the
nontemplate strand. These codons are complementary to the template strand
and thus identical in sequence to the mRNA, except that they havea T
wherever there is a U in the mRNA.
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For this reason, the nontemplate DNA strand is often called the coding strand;
by convention, the sequence of the coding strand is used when a gene’s
sequence is reported.
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Codons are written in the 5' = 3’ direction.

The number of nucleotides making up a genetic message must be three times
the number of amino acids in the protein product. For example, it takes 300
nucleotides along an mRNA strand to code for the amino acids in a polypeptide
that is 100 amino acids long.
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e The first codon was deciphered in 1961 by Marshall Nirenberg, along with his
colleagues. They did the following:
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1) They synthesized an artificial mRNA by linking together many identical RNA
nucleotides containing uracil as their base (Poly-U).
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2) Then they added this “poly-U" polynucleotide to a test-tube mixture

containing amino acids, ribosomes, and the other components required for
protein synthesis.
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3) The artificial system translated the poly-U mRNA into a polypeptide
containing many units of the amino acid phenylalanine (Phe, or F), strung
together as a long polyphenylalanine chain. Soon, the amino acids specified
by the codons AAA, GGG, and CCC were also identified.
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= More elaborate techniques were required to decode mixed triplets such as
AUA and CGA, all 64 codons were deciphered by the mid-1960s.
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e 61of the 64 triplets code for amino acids.
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e The three codons that do not designate amino acids are “stop” signals, or
termination codons, marking the end of translation.
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e Notice that the codon AUG has a

dual function: It codes for the amino UuU oy,
e
acid methionine (Met, or M) and ] vuc | G)
also functions as a “start” signal, or UUA Teu
initiation codon. uuG |©
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e Genetic messages usually begin with ; CuG
the mRNA codon AUG, which signals &8 AuU |
. . . 1l
the protein synthesizing machinery 'g A s (;
to begin translating the mRNA at E AU“—WM
that location. ;_g‘ . AUG orsar
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Second mRNA base

ucu
ucc
UCA
ucG

ccu |

CcccC
CCA

cCcG |

ACU
ACC
ACA

ACG |
GCU |

GCC
GCA
GCG

Ser
(S

(P)

Thr

UAU
UAC

UAA Stop
UAG Stop

CAU
CAC

CAG _

Tyr
)

His
(H)

Gln
Q)

Asn
(N)

Lys

J®

Asp
()

Glu

G

uGu
UGC

UGA Stop
UGG Trp (W)

cGu
CGC
CGA

CGG |

AGU
AGC

AGA |
AGG _

GGU
GGC
GGA

GGG _

Cys
©

Arg
(R)

Ser

©)
Arg
(R)

Gly
(G)

o« Because AUG also stands for

methionine, polypeptide chains begin with methionine when they are
synthesized. However, an enzyme may subsequently remove this starter

amino acid from the chain.
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= There is redundancy in the genetic code, but no ambiguity.

= For example, although codons GAA and GAG both specify glutamic acid

(redundancy), neither of them ever specifies any other amino acid (no

ambiguity).
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Third mRNA base (3’ end of codon)
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= The redundancy in the code is not altogether random. In many cases, codons
that are synonyms for a particular amino acid differ only in the third nucleotide
base of the triplet.
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= The reading frame is also important in the molecular language of cells. The
short stretch of polypeptide for instance, will be made correctly only if the
MRNA nucleotides are read from left to right 5 = 3’ in the groups of three
shown in the figure: UGG UUU GGC UCA. Although a genetic message is
written with no spaces between the codons, the cell’s protein synthesizing
machinery reads the message as a series of non-overlapping three-letter
words. The message is not read as a series of overlapping words—UGGUUU,
and so on— which would convey a very different message.
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= RNA is synthesized by an enzyme called RNA polymerase.
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= RNA polymerase pries the two strands of DNA apart and joins together RNA
nucleotides complementary to the DNA template strand, thus elongating the
RNA polynucleotide
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Slike the DNA polymerases that function in DNA replication, RNA polymerases
can assemble a polynucleotide only in its 5' = 3’ direction, adding onto its 3' end.
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S Unlike DNA polymerases, RNA polymerases are able to start a chain from
scratch; they don't need to add the first nucleotide onto a pre-existing primer.
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= In order for RNA polymerase to bind to the DNA, it must recognize a sequence
called the promoter sequence.
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= Promoter: The DNA sequence where RNA polymerase attaches and initiates
transcription.

ade s 23ll RNA polymerase 3! aadaivn (52l DNA J) Dl oS o35 (e gald Julass
Fetl) dolae Taad 4 ol )Y

= Molecular biologists refer to the direction of transcription as "downstream"
and the other direction as "upstream."
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Transcription unit: The stretch of DNA downstream from the promoter that is
transcribed into an RNA molecule.
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= Terminator: sequence of DNA where &upstream
transcription stops. It’s downstream from downstream
Promoter Transcription unit

the promoter sequence.
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RNA polymerase

= Bacteria have a single type of RNA polymerase that synthesizes not only mRNA
but also other types of RNA that function in protein synthesis, such as
ribosomal RNA.
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= In contrast, eukaryotes have at least three types of RNA polymerase in their
nuclei; the one used for pre-mRNA synthesis is called RNA polymerase Il. The
other RNA polymerases transcribe RNA molecules that are not translated into
protein.
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= There are three stages of transcription: initiation, elongation, and termination.
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= The promoter of a gene includes within it the
transcription start point-the nucleotide
where RNA polymerase actually begins
synthesis of the mRNA.
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© Initiation. After RNA
polymerase binds to the promoter,
the DNA strands unwind, and the
polymerase initiates RNA synthesis
at the start point on the
template strand.
Unwound DNA e

A Nontemplate strand of DNA
- |

) )
\—/‘( Template strand of DNA

W

RNA

transcript
) Elongation. The polymerase
moves downstream, unwinding
the DNA and elongating the RNA
transcript 5° — 3. In the wake of
transcription, the DNA strands
re-form a double helix.

Rewound

DNA\ .

: 7_/\t3= 2
.
RNA

transcript
€) Termination. Eventually, the
RNA transcript is released, and
the polymerase detaches from
the DNA.

. ¥
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3
Completed RNA transcript <

Direction of transcription (“downslroam:)

dalad Tans 3 3055 IS ill a5 Start point e 4ati e cpally Aalal) ey pll dilaia (g 5ind

= The Start point is upstream of the transcription unit.
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= How does RNA polymerase recognize the promoter sequence?




v' In prokaryotic: part of the RNA polymerase itself specifically recognizes and
binds to the promoter.
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In eukaryotic cells: proteins called transcription factors mediate the initiation

of transcription by RNA polymerase Il.
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Based on interactions with proteins that will be covered shortly, RNA
polymerase binds in a precise location and orientation on the promoter. This in

turn determines where transcription starts
and which of the two strands of the DNA
helix is used as the template.
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Only after transcription factors are attached
to the promoter does RNA polymerase Il bind
toit.
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Transcription factors: a collection of proteins

that mediate the binding of RNA polymerase
and the initiation of transcription.

Transcription initiation complex: the whole
complex of transcription factors and RNA
polymerase Il bound to the promoter.
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© A eukaryotic promoter
| TRANSCRIFTION | l 'ﬂ, commonly includes a TATA
Ptk box (a nucleotide sequence
1 containing TATA) about 25
— nucleotides upstream from
) A{ the transcriptional start point.
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P opepe
Promoter
DNA Nontemplate strand
I * 3
| 5
t
TATA box Start point  Template strand
©) several transcription
factors, one recognizing
the TATA box, must bind
to the DNA before P_;NA_
Transcription polymerase 11 can bind in
factors the correct position and

RNA polymerase 11

orientation.
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€) Additional transcription

factors (purple) bind to

the DNA along with RNA
polymerase II, forming the
transcription initiation
complex. RNA polymerase 11
then unwinds the DNA double
helix, and RNA synthesis
begins at the start point on
the template strand.

Transcription factors

W

RNA transcript

Transcription initiation complex
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The interaction between eukaryotic RNA polymerase Il and transcription
factors is an example of the importance of protein-protein interactions in
controlling eukaryotic transcription.
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As RNA polymerase moves along the DNA, it untwists the double helix,

exposing about 10-20 DNA nucleotides at a time for pairing with RNA
nucleotides.

Vo s Jdgil palidld) Juad e Jaxy Cus DNA J) Jsb e RNA polymerase a )i i

e e A a ol 3 37 Al aic mRNA strand of DNA
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The enzyme adds nucleotides to the 3' end of the growing RNA molecule as it
continues along the double helix.

J1 AL s € g5 ALl a3 i

Nontemplate

RNA nucleotides

y

.DNA J

g:lcmerase
In the wake of this advancing wave
of RNA synthesis, the new RNA
molecule peels away from its DNA
template, and the DNA double helix

re-forms.

058 2 e legzany DNA J) Giladis Jay  dlay

M\ dnlee elgi) Direction of transcripuon=

) - Template
L. strand of DNA

Transcription rate = about 40 -

nucleotides per second in A

eukaryotes.
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= Asingle gene can be transcribed simultaneously by several molecules of RNA
polymerase following each other, increasing the amount of mRNA transcribed
from it, which helps the cell make the encoded protein in large amounts.
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= The length of each new strand reflects how far along the template the enzyme
has traveled from the start point.
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= Bacteria and eukaryotes differ in the way they terminate transcription.
ol Alac o1l 48y yla b 81 sil) Aia LAY 5 Ly oK1 e JS i

v' In bacteria, transcription proceeds through a terminator sequence in the DNA.
The transcribed terminator (an RNA sequence) functions as the termination
signal, causing the polymerase to detach from the DNA and release the
transcript, which requires no further modification before translation.

2 DNA s Ao pald Juliss ) gela ie 3 ,nll LAY 8 fall dlee olgdl o4
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v" In eukaryotes, RNA polymerase Il transcribes a sequence on the DNA called the
polyadenylation signal sequence, which specifies a polyadenylation signal
(AAUAAA) in the pre-mRNA.

= DNA s a o pald Julid ) gels die 31 gill Adia UIAY & cil) dolee oled) o4
.pre-mRNA JI ¢ il 45 &4 Cus (AAUAAA)Polyadenylation signal

o This is called a "signal” because once this stretch of six RNA nucleotides
appears, it is immediately bound by certain proteins in the nucleus. Then, at a
point about 10-35 nucleotides downstream from the AAUAAA, these proteins
cut the RNA transcript free from the polymerase, releasing the pre-mRNA.

) il (8 i gl (e Ao gana 4y Jasi o sela )58 A0 Gl g "5 LA e Jududl) 138 e (3l
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o The pre-mRNA then undergoes processing.
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= Enzymes in the eukaryotic nucleus modify pre-mRNA in specific ways before
the genetic message is dispatched to the cytoplasm.

22 sl Juiy of J 3a3sa 35k pre-mRNA J) s s ey ey 31 o 688

= During this RNA processing, both ends of the primary transcript are altered.
Also, in most cases, certain interior sections of the RNA molecule are cut out
and the remaining parts spliced together.

g pall e A0S0 SRSl (any e o5 al ke i RNA ) o5 3 s s (e
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= These modifications produce an mRNA molecule ready for translation.

Aaa il 3ala MRNA £ 3haatl) oda i

e Each end of a pre-mRNA molecule is modified in a particular way:
il 2y ylay Ales IS Jaamd
v" The 5' end, which is synthesized first, receives a 5' cap, a modified form of a

guanine (G) nucleotide added onto the 5' end after transcription of the first
20-40 nucleotides.

ay Cus "ol s Aldaall A 5 il BacBll e 3 )le 51 a5 capsg il 0o 5 Al Jaiud
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v At the 3' end, an enzyme then adds 50-250 more adenine (A) nucleotides,
forming a poly-A tail.
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A tail

=  Functions of 5' cap and poly-A tail:
1) Facilitate the export of the mature mRNA from the nucleus.

318 e MRNA s z o died
2) Help protect the mRNA from degradation by hydrolytic enzymes.
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3) Help ribosomes attach to the 5' end of the mRNA once the mRNA reaches
the cytoplasm

.MRNAJ! e 3a1 5" Al Jlai¥) e o s g I 2clie

A modified guanine nucleotide 50-250 adenine nucleotides
added to the 5" end added to the 3" end
Region that includes \
, protein-coding segments Polyadenylation signal , \
5 r 5 \ — 3 \
G=rAPr - A0 i
4 v “Start codon Stop codon”” ; a ~——
5’ Cap 5"UTR 3" UTR Poly-A tail

= RNA splicing: the process where large portions of the RNA molecules are

removed (introns) and the remaining portions are reconnected (exons).

Lo 4l o1 a1 e sale) s RNA J) es i e 508 ol Jal A1) doleal) s28 anas

= The mRNA contains untranslated regions (UTRs) which will not be translated

into protein, but they have other functions, such as ribosome binding.

Lol )W) Jie (g al cailla g Wb Jb i g (M etan 53 a5 Y 3hlie (Ao mRNA J e (558
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= The sequence of DNA nucleotides that codes for a eukaryotic polypeptide is

usually not continuous; it is split into segments.

= |ntrons (intervening sequences): noncoding sequences are interspersed

between coding segments of the gene and thus between coding segments of
the pre-mRNA.

sl 55 3] introns < 4isel (aleal ) as 535 Y ) pre-mRNA J) s s (e Rl adaill e
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Exons: coding sequence that is eventually expressed, usually by being
translated into amino acid sequences.

.exons < Al (aleal ) a5 ) adaidl s

Exceptions include the UTRs of the exons at the ends of the RNA, which make
up part of the mRNA but are not translated into protein. Because of these
exceptions, you may prefer to think of exons as sequences of RNA that exit the
nucleus.




In RNA splicing, the introns are cut out from the molecule and the exons joined
together, forming an mRNA molecule with a continuous coding sequence.

gl by el Lecany Exon J) (3hlie zed 5 Intron J) ghlie (=8 &4 Splicing J) ddlee 4
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5" Cap \5‘ Exon Intron  Exon Intron Exon 3’
pre-mina [ I Fol-A ta
Codon numbers: 1-30 31-104 105-146

Introns cut out and
exons spliced together

5’ Cap

mRNA Poly-A talil

L 1-146 )
5" UTR Coding 3" UTR
segment

How is pre-mRNA splicing carried out?
The removal of introns is accomplished by a large complex made of proteins
and small RNAS called a spliceosome.

@Al Small RNA (A 48l Gl s sl e Gl (e OsSe oS S e Al g dglanll 0da o35

.spliceosome aul adde (3l

oc This complex binds to several short nucleotide sequences along an intron,

including key sequences at each end, the intron is then released (and rapidly
degraded), and the spliceosome joins together the two exons that flanked the
intron.
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Functions of small RNAs in the spliceosome:
1) Participate in spliceosome assembly and splice site recognition.
2) Catalyze the splicing reaction.

Ribozymes: RNA molecules that function as enzymes.
2 S Wil g ool e 5 08 RNA (e <l s 08 1 Clas sl )

In some organisms, RNA splicing can occur without proteins or even additional
RNA molecules: The intron RNA functions as a ribozyme and catalyzes its own
excision.
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o For example, in the ciliate protist Tetrahymena, self-splicing occurs in the
production of ribosomal RNA (TRNA), a component of the organism's
ribosomes.

Andly Intron J) ghlie ad e Tetrahymena J) 58S 2 rRNA (s aeking ;e Jia

= Three properties of RNA enable some RNA molecules to function as enzymes:
1) RNA is single-stranded, a region of an RNA molecule may base-pair, in an
antiparallel arrangement, with a complementary region elsewhere in the
same molecule; this gives the molecule a particular three dimensional
structure.
N S dniay Laa anl Lgaany os )W) e o) Jal galaivd Cusy ¢ 53 jiie Al (g oo jall Gillyy
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2) Some of the bases in RNA contain functional groups that can participate in
catalysis.

i)l dlee 5 daalusall e 5,08 Ligda 5 e sane 4SU)

3) The ability of RNA to hydrogen bond with other nucleic acid molecules
(either RNA or DNA) adds specificity to its catalytic activity.

adalis (anadi b aaluy @2 W) s Al Ay 58 (aleal wa dyism gy ol 5 ) 055 e 45,08
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= Many genes are known to give rise to two or more different polypeptides,
depending on which segments are treated as exons during RNA processing;
this is called alternative RNA splicing.
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v During RNA processing, one segment can be treated as an exon. If the same
gene gets transcribed again, the same segment may be treated as an intron
instead of an exon. Therefore, the sequence of MRNA will be different leading
to the production of different polypeptides from the same gene.
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Because of alternative splicing, the number of different protein products an
organism produces can be much greater than its number of genes.
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Proteins often have a modular architecture consisting of discrete structural
and functional regions called domains.

. domain e Alaadic aka 5 5 A0S (halia (e (5S84 Je i g ull (g 580 L Wle

Different exons code for the different domains of a protein.
The presence of introns in a gene may facilitate the evolution of new and
potentially beneficial proteins as a result of a process known as exon shuffling.
Introns increase the probability of Gene

crossing over between the exons of FNh s
alleles of a gene—simply by ‘
providing more terrain for
crossovers without interrupting RNA processing 1
coding sequences.

This might result in new

L
combinations of exons and proteins ‘ Comain 3
with altered structure and function.
Exon shuffling of either sort could :\f\

lead to new proteins with novel Domain 21 (g
combinations of functions. While .
most of the shuffling would result in
non-beneficial changes, occasionally
a beneficial variant might arise.

Transcription

Translation

Domain 1

o

Polypeptide

In the process of translation, a cell “reads” a genetic message and builds a
polypeptide accordingly.

URPSEILARY.FRVERSE [N WL RPN U T CR-E W JE WG KPS

The message is a series of codons along an mRNA molecule, and the translator
is called a transfer RNA (tRNA).
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= The function of a tRNA is to transfer an amino acid from the cytoplasmic pool
of amino acids to a growing polypeptide in a ribosome

o5l (G Lt oL ALl (0 6 530 il (e AiaY) alead) i 8 o yial) digda g
= A cell keeps its cytoplasm stocked with all 20 amino acids, either by
synthesizing them from other compounds or by taking them up from the
surrounding solution.
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3 v A tRNA molecule consists of a
Amino acid single RNA strand that is only about 80
attachment site nucleotides long

L 88 45 58 3aa) 5 Aol (50 tRNA s 0555
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v Because of the presence of
complementary stretches of nucleotide
bases that can hydrogen bond to each
other, this single strand can fold back
on itself and form a molecule with a
three dimensional structure.

LYY AL 638 (pe Aisee (3l aulains
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Anticodon

v tRNA molecule looks like a cloverleaf
v" The 3' end is the amino acid attachment site.

adiadl e AL 1) w330 st (e AL s Sl gy iaed) imanl LY Ladge 37 Al aa3
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v" The loop extending from the other end of the L includes the anticodon, the
particular nucleotide triplet that base-pairs to a specific mRNA codon.

J e Ao s adl s b )V LSy Dlagi € 515 3 (e ()5S anticodon adall (e
.mRNA

v Anticodons are conventionally written 3’ = 5’ to align properly with codons
written 5" 2> 3'.

MRNA J) e e @lign Sl Jals )Y akaiony s ’5 ) 37 (e eladls anticodon J) 58
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Amino acid

v" Like mRNA and other types of cellular RNA,
transfer RNA molecules are transcribed from
DNA templates. In a eukaryotic cell, tRNA, like

A

mMRNA, is made in the nucleus and then travels s )

to the cytoplasm, where it will participate in the é

process of translation.

gy DNA J) (e Jasdls s (0 tRNA JI Gl s paas 3 3,5 5
{Q Anticodon Anticodon
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AA_)S_“ (b) Three-dimensional structure in this book

= |n both bacterial and eukaryotic cells, each tRNA molecule is used repeatedly,
picking up its designated amino acid in the cytosol, depositing this cargo onto a
polypeptide chain at the ribosome, and then leaving the ribosome, ready to
pick up another of the same amino acid.

o o Jany un B ) Sie Gl e 4l 5 o2l tRNA 50 aabaing 4000l 5 4diall LAY (e S 8
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»= How do amino acids bind to tRNA molecules?

v The correct matching up of tRNA and amino acid is carried out by a family of
related enzymes that are aptly named aminoacyl-tRNA synthetases.

aminoacyl- (ses Glay 3V (e Alile Uiy 2l sl Gia) (aeall s tRNA J) s s o sl
.tRNA synthetases

v There are 20 different synthetases, one for each amino acid.

attachment site
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OThe amino acid
and the appropriate
tRNA enter the active Tyrosine (Tyr)

Z;‘t:tgéttgseespecific (amino acid) tRNA L_“ C—L“S_)Aj ‘;I.-}ﬂ‘y] um;.“ d;..'\.l.' .1
\ .. - ) - .
\ /l;’n‘:;ﬂ;i.’;??mm 23 13g) Jadall o8 all 4 unlial)
which can only bind
: tyrosine and Tyr-tRNA
Tyr-RNA /-ﬁm \ ;" U'A.AA.H .L.l‘).l ?,_\‘}JY'I e_}&r_l ‘ATP r-a'l_\a:\.n.nl_'l _2
Azaalod Aoy 5 tRNA J) eggjm (i)
”“lfr’ -
Anticodon on tRNA AMP +2(P),

complementary to the
Tyr codon on mMRNA

@ Using ATP, £
the synthetase ( N 4
catalyzes the o A AL
covalent bonding "
of the amino acid |
to its specific tRNA. K |

© The tRNA,

charged with
its amino acid, — Computer model

is released by
the synthetase.

el abalsi )l a2 tRNA J) es s Hoad 3
Ay palal) )

v Once tRNA is attached to it’s
appropriate amino acids it’s called charged
tRNA or Aminoacyl-tRNA.

= Remember! There are 20 synthetases and 61 codons for amino acids.

= |n bacteria, there are only about 45 tRNAs, signifying that some tRNAs must be
able to bind to more than one codon. Such versatility is possible because the
rules for base pairing between the third nucleotide base of a codon and the
corresponding base of a tRNA anticodon are relaxed compared to those at
other codon positions.

Sle Ju 135 (e 61 0K o sl () tRNA ) il (e Laih & 53 45 L el L as
Lo i Jla (A (5381 Bl Y ERNA I oS aals (5268 e S i Y1 e tRNA JI 38
Ell Ll 5 da yi% ¥ 3) ccodond) (A cpasi i€ e Jsl ae anticodon JI 8 s sl s J

= The flexible base pairing at this codon position is called wobble.

.wobble & 2 518 EU v ) yall Ja) Sill e

= Wobble explains why the synonymous codons for a given amino acid most
often differ in their third nucleotide base.




Accordingly, a tRNA with the anticodon 3’-UCU-5’ can base-pair with either the
MRNA codon 5’-AGA-3’ or 5’-AGG-3’, both of which code for arginine.

Ribosomes are composed of a small subunit and a large subunit. Each subunit
is made by proteins and ribosomal RNA” rRNA".

Sl il s g (e Leghe JS O 5Sh Cun ¢ B piam 83a 55 5 S B g (g o guu gl pl) allis
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Number of rRNA molecules = 3 in bacteria and 4 in eukaryotes.
49 5 Agiia WIAN Cilo s a5 3 5 3 LSl DA e gus sy 3 rRNAD) il 5 220
About one-third of the mass of a ribosome is made up of proteins
i gy e Boke agu sl I ABS & ) gs

Subunits are made in the nucleolus and then exported to cytoplasm via
nuclear pores.

S e p 5 gisdl (M Al 2ay Ji5 R3SV ANl 5 Sl Apa g gyl N B2 gl e
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Ribosomes of eukaryotic slightly larger than of bacteria's ribosomes
LS LA b Leena (a8 )l Agiia UDIAN 6 e g sy ) s

rRNA is primarily responsible for both the structure and the function of the
ribosome.

esasuoll ddila g5 S 5 e sl & rRNA J il s

Large and small subunits join to form a functional ribosome only when
attached to an mRNA molecule.

.MRNA s> Bl ) Jla A Jadd o gu g 1) (0 oS8T 3 Sl Bas dll 55 jorall Bas gl aaiad
Each ribosome has a binding site for mRNA and three binding sites for tRNA.
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v The P site (peptidyltRNA binding site) holds the tRNA carrying the growing

polypeptide chain.
£ 2l ae Alul Jesy 3 tRNA b by
LeisSs

Growing
v The A site (aminoacyl-tRNA binding site) polypeptide fg‘;mﬁ:g
holds the tRNA carrying the next amino polypeptide

acid to be added to the chain.
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IRNA small
v' Discharged tRNAs leave the ribosome molecules < il
from the E site (exit site).
tRNA JI z 505 O BRI
Dl P site (peptidyl-tRNA Amino end Growing polypeptide
binding site)
Exit tunnel Next amino acid
1o be added to
A site (aminoacyl- polypeptide chain
E site tRNA binding site)
(exit site) Vv
subunit 3
MRNA
binding site Small
subunit

= Asthe polypeptide becomes longer, it passes through an exit tunnel in the
ribosome’s large subunit. When the polypeptide is complete, it is released
through the exit tunnel.

On oAy oAk Al st JaiS) Ladie 5 g Al (38 YA ey 4 il die bl sl o
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=  We can divide translation, the synthesis of a polypeptide, into three stages:
initiation, elongation, and termination.
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= All three require protein “factors” that aid in the translation process.
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Some steps of initiation and elongation also require energy, provided by the
hydrolysis of guanosine triphosphate (GTP).

GTP J) il (e ila gms s ) Lgle Jumad dils llas ALY 5 dglad) ) gad (jamy
a) Initiation:
The start codon (AUG) signals the start of translation.

Aas il dlee Ay N AUG 52581 ndy

The small ribosomal subunit binds to both the mRNA and a specific initiator
tRNA, which carries the amino acid methionine.
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The tRNA that carries the amino acid methionine has the anticodon UAC.

= How does the small ribosomal unit bind to the mRNA?
In bacteria, the small subunit can bind the two in either order; it binds the
mRNA at a specific RNA sequence, just upstream of the AUG start codon.

In eukaryotes, the small subunit, with the initiator tRNA already bound, binds
to the 5’ cap of the mRNA and then moves, or scans, downstream along the
mRNA until it reaches the start codon; the initiator tRNA then hydrogen-bonds
to the AUG start codon.

This is followed by the attachment of a large ribosomal subunit, completing
the translation initiation complex.
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Proteins called initiation factors are required to bring all these components
together.
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= Hydrolysis of GTP provides the
energy for the assembly.

Als S pall U S aant Aglae ellgis
_GTP c-(é_)a dla:\ 'LA_).LAA
= A polypeptide is always
synthesized in one direction:
From N-terminus toward c-
terminus
s a5 aladls Ladlay agiull aae dlde i
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b) Elongation:

Initiator tRNA

mRNA

Start codon
Small

mRNA binding site subunit

@ A small ribosomal subunit binds to a
molecule of mRNA. In a bacterial cell, the
mRNA binding site on this subunit
recognizes a specific nucleotide sequence
on the mRNA just upstream of the start
codon. An initiator tRNA, with the
anticodon UAC, base-pairs with the start
codon, AUG. This tRNA carries the amino
acid methionine (Met).

ribosomal

Large
ribosomal
subunit

3

Translation initiation complex

@ The arrival of a large ribosomal subunit
completes the initiation complex.
Proteins called initiation factors (not
shown) are required to bring all the
translation components together.
Hydrolysis of GTP provides the energy
for the assembly. The initiator tRNA is in
the P site; the A site is available to the
tRNA bearing the next amino acid.

= In the elongation stage of translation, amino acids are added one by one to the
previous amino acid at the C-terminus of the growing chain.
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= Each addition involves several proteins called elongation factors and occurs in

a three-step cycle.
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M Amino end
AT of polypeptide
\ ‘ MRNA
isianon | f
Ribosome ready for MRNA

next aminoacyl tRy 5

€ Translocation. The
ribosome translocates the
tRNA in the A site to the

P site. At the same time,
the empty tRNA in the P
site is moved to the E site,
where it is released. The
mRNA moves along with its

next codon to be translated
into the A site.

Carboxyl end ot

) glad &

Although not shown, many different
aminoacyl tRNAs are present, but only
the one with the appropriate anticodon
will bind and allow the cycle to progress.

polypeptide ) Codon recognition. The anticodon of
an incoming aminoacyl tRNA base-pairs
with the complementary mRNA codon in
the A site. Hydrolysis of GTP increases
the accuracy and efficiency of this step.
{ ’

GDP +(P),

@) Peptide bond formation.

An rRNA molecule of the large
ribosomal subunit catalyzes the
formation of a peptide bond
between the amino group of the
new amino acid in the A site and
the carboxyl end of the growing
polypeptide in the P site. As
shown in the next diagram, this

step removes the polypeptide
T

attaches it to the amino acid on
the tRNA in the A site.




1. Codon recognition: The anti-codon of an incoming amino acyl tRNA base-
pairs with the complementary mRNA codon in the A site.

o A adidl (53 KU ae tRNAcs > (Ao 2 sall dlaal) (53 KU dass 190 <) Ao )
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v' Hydrolysis of GTP increases the accuracy and efficiency of this step.
5 shadll oda Aullad 383 500 N GTP e i Jilad oy

2. Peptide bond formation: An rRNA molecule of the large ribosomal subunit
catalyzes the formation of a peptide bond between the amino group of the
new amino acid in the A site and the carboxyl end of the growing
polypeptide in the P site.
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3. Translocation: The ribosome translocates the tRNA in the A site to the P
site. At the same time, the empty tRNA in the P site is moved to the E site,
where it is released.
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= The mRNA moves along with its bound tRNAs, bringing the next codon to be
translated into the A site.

= The mRNA is moved through the ribosome in one direction only, 5" end first;
this is equivalent to the ribosome moving 5 =2 3’ on the mRNA.

= Energy expenditure occurs in the first and third steps.

c¢) Termination:
= Elongation continues until a stop codon in the mRNA reaches the A site.
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Remember! The nucleotide base triplets UAG, UAA, and UGA (all written 5’ >
3’) do not code for amino acids but instead act as signals to stop translation.
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A release factor, a protein shaped like an aminoacyl tRNA, binds directly to the
stop codon in the A site.
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A site

The release factor causes the addition of a water molecule instead of an amino
acid to the polypeptide chain.
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This reaction breaks (hydrolyzes) the bond between the completed

polypeptide and the tRNA in the P site, releasing the polypeptide through the
exit tunnel of the ribosome’s large subunit.
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The remainder of the translation assembly then comes apart in a multistep
process, aided by other protein factors. Breakdown of the translation assembly
requires the hydrolysis of two more GTP molecules.

SIS o 3 GTP J) iy ja sacbiay laguzans (5o MRNA JI s a5 psssull (das g Glld aey SlSiw

GTP O s ) allaty oS )yl

Free
polypeptide

Stop codon
(UAG, UAA, or UGA)
€ When a ribosome reaches a stop codon on © The release factor promotes hydrolysis of the €} The two ribosomal subunits and the
mRNA, the A site of the ribosome accepts a bond between the tRNA in the P site and the other components of the assembly
“release factor,” a protein shaped like a last amino acid of the polypeptide, thus dissociate with the hydrolysis of two

tRNA, instead of an aminoacyl tRNA. freeing the polypeptide from the ribosome. GTP molecules.




= During its synthesis, a polypeptide chain begins to coil and fold spontaneously
as a consequence of its amino acid sequence (primary structure), forming a
protein with a specific shape: a 3D molecule.

SO IS 0 g 0 Gl a5 5S¢ glai) p CalatYL Lolal as Lld agd) sue Alul oLy oL
As pala ey
= Post-translational modifications: Additional steps may be required before the
protein can begin doing its particular job in the cell.

ARl 8 asils g bl ket s Adlia) COLaT (g pal) allay 08 ; Aaa il ey Lo LS

Examples:

[EY

. Chemical modification such as: attachment of sugars, lipids, phosphate groups.
i gl e Cile gana o clannlll (il Sl G gl ol ) e dgiluaSl canll

2. Enzymes may remove one or more amino acids from the leading (amino) end of
the polypeptide chain.

sl e AL Ene) AL e Risal) G genl) o ST Sf aal 5 A1) e (e a3 any 5
3. A polypeptide chain may be enzymatically cleaved into two or more pieces
I iakd Y agidl e Al (b e Cane o3 Jany 8

v" Example: An enzyme cut insulin in a central part of the chain, leaving a protein
made up of two chains connected by disulfide bridges. polypeptide

Ol (e 3 sl 4aS i muadl (iadal 14 S je ddlaie (e Gl W) g adads a3 0 sy 1 JUe
bl &0 ) geea Ao 0 (Sbal il aae (e

4. Two or more polypeptides that are synthesized separately may come together,
becoming the subunits of a protein that has quaternary structure.

Jie ¢ oail el 3 Aadig y ilas g oS8 i) dse e SISl il geasi of Sl (g
sl sangd)




= Free ribosomes are suspended in the cytosol and mostly synthesize proteins
that stay in the cytosol and function there. In contrast, bound ribosomes are
attached to the cytosolic side of the endoplasmic reticulum (ER) or to the
nuclear envelope.

Jsmsiand) & a0 Al Dl pall delia o A g (g8 J s sinall (85 jall Sl gus s )l 2a) 55
e 320 535V A8 e a5 sl Jdaal) ¢ Sall e Baiall Clla ga gy Sl 2a) 535 Al Lk 5 0585

Bound ribosomes make proteins of the endomembrane system as well as
proteins secreted from the cell, such as insulin.

Jie A0 (e 3 jaall lisi s pall 5 ATl AL AUaill <l 5 5 sas8all Cila gus g ) adal
O g

= |tis important to note that the ribosomes themselves are identical and can
alternate between being free ribosomes one time they are used and being
bound ribosomes the next.

iy B aiasle iy A a (s O sl asaasu ol (Sae, Alaie Baall 8 all e gas sl
LA
= The polypeptides of proteins destined for the endomembrane system or for
secretion are marked by a signal peptide, which targets the protein to the ER.
238 42 g1 sl sa 5 signal peptide & el 3 jiall lisi g ) ol PACNRV AR (aLL.'\l'l g g p
Aga Y 5y ASWll Sl

= The signal peptide, a sequence of about 20 amino acids at or near the leading
end (N-terminus) of the polypeptide, is recognized as it emerges from the
ribosome by a protein-RNA complex called a signal-recognition particle (SRP).

e ALl 4 Al die a5 el aes 20 (e 435S Al (e signal peptide JI oSy
.SRP (—w protein-RNA complex s el ;58 Alulidl sda o o oty aginl)

© Polypeptide @ AnSRPbindsto @) The SRP binds to a receptor ) The SRP leaves, and @ The signal @ The rest of

synthesis begins the signal peptide, protein in the ER membrane, polypeptide synthesis peptide is cleaved the completed

on a free halting synthesis part of a protein complex that resumes, with simultane- by an enzyme in P°|Y99Pt'd9 leaves
ribosome in momentarily. forms a pore. ous translocation across  the receptor the ribosome and
the cytosol. T the membrane. protein complex. foldsinto its final

\ o
\ ] conformation.

Ribosome \l

Signal
Q peptide

|
Signal-
reco_gnition
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Jadaad sl ae Al ¢ Uy Giliyl 5 signal peptide  Jb L ,VL SRP Sl ja sl 2

O o JS0y (a5 e )2 s ASll e L2 8 ) gy (A gy Jollisay el iy s i i3

aly el o 33} g il (pe Al s 0 oS e
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. Signal peptidess > A1) e adadll 4 55 Jony 5

il sl IS aalil ellin Gali Gum dpa 3 s A28 Y ALK agiall yie dlude Ja0i 6

* |n both eukaryotic and prokaryot
mRNA at the same Time that is; a single mRNA is used to make many copies of

a polypeptide.

e palall

ic cells multiple ribosomes can translate an

MMWLIJmRNA&qJ:QL&}uﬁUEx@Liﬁg,ﬂlﬁ,,ﬂbwﬁ\@:é;gw\wds‘;

Al e Alide (e o 330 S0

Once a ribosome is far enough past the start codon, a second ribosome can

attach to the mRNA, eventually resulting in a number of ribosomes trailing

along the mRNA (polyribosomes)

or polysomes.

Eun MRNA Aoy (S o s sl 1) Ja 1 Le Al el 55358 e J ¥ g gl ) 2y Laic
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Y Figure 17.23 Polyribosomes.
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TRANSCRIPTION

© RNA is transcribed
from a DNA template.

RNA PROCESSING

© In eukaryotes, the
RNA transcript (pre-
mMRNA) is spliced and
modified to produce
mRNA, which moves
from the nucleus to the

cytoplasm.

AMINO ACID ACTIVATION

©) Each amino acid
altaches to its proper IRNA

with the help of a specific
enzyme and ATP.




= Changes, called mutations, are responsible for the huge diversity of genes
found among organisms because mutations are the ultimate source of new
genes.

sanall cliall ol jaadl oo @l jilall oda GY duall Gl o

=  Point mutations: small-scale mutations of one or a few nucleotide pairs,
including changes in a single nucleotide pair of a gene.

ST i aal g o S g s e ) alal)
= |f a point mutation occurs in a gamete or in a cell that gives rise to gametes, it
may be transmitted to offspring and to future generations.
Jal) ae Jai Leld Ll daiial) dpuiad) LAY o clisalall 5 ikl i 13)

= |f the mutation has an adverse effect on the phenotype of a person, the
mutant condition is referred to as a genetic disorder or hereditary disease.
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= For example, we can trace the genetic basis of sickle-cell disease to the
mutation of a single nucleotide pair in the gene that encodes the B-globin
polypeptide of hemoglobin.

oo Jssmall Cpal) & 2l 5 a8 5l o o 55 Gaas Aot Adaiall Lan¥) iy ey JUall Jyss e
.B-globin xiull yae dluls L)

v The change of a single nucleotide in the DNA’s template strand leads to an
altered mRNA and the production of an abnormal protein.

worib e Oy il 5 Jame MRNA e g1 ) pill s (g

v In individuals who are homozygous for the mutant allele, the sickling of red
blood cells caused by the altered hemoglobin produces the multiple symptoms
associated with sickle-cell disease.

Wild-type B-globin . Sickle-cell B-globin
In the DNA, the

Wild-type B-globin DNA Mutant B-globin DNA mutant (sickle-cell)
3 5 | 3 N 5’ 'emplate strand
, , , , (top) has an A
. GA G | GG T G | ( A
> 3 > S 3 where the wild-
type template
hasaT.
MRNA MRNA The mutant mRNA
4 G A G  Ej S I LA N 3 has a U instead of

an A in one codon.

Normal hemoglobin Sickle-cell hemoglobin The mutant
J g B-globin has a valine
T (Val) instead of a

glutamic acid (Glu).

= Another disorder caused by a point mutation is a heart condition called familial
cardiomyopathy, which is responsible for some of the tragic incidents of
sudden death in young athletes.

5 ¢ llall il Aliae S ans QB 3 (e st s Akl 5k e sl AT il jlacal Gllia
Ll Gl 1 sl oalial) < gall A sl sl sall (mny e J g gasel)




=  Small-scale mutations within a gene can be divided into two general
categories:

dgasill & ikl ¢ gif
(1) single nucleotide-pair substitutions.
il 5 il
(2) nucleotide-pair insertions or deletions.
ALY o Cadall 3 el

v" Insertions and deletions can involve one or more nucleotide pairs.

a) Substitutions:
= A nucleotide-pair substitution is: the replacement of one nucleotide and its

partner with another pair of nucleotides.
A 7z s 50 Sl IS il (e g3 Mol tJlaiuY 8 ik

= What are the effects of substitutions?
a) Asilent mutation (4l 3 _8kll): substitutions that have no effect on the
encoded protein, owing to the redundancy of the genetic code.
0o w050 e ) A0 a8 asl 8 ) Sl i Sl g sl (g pall (e il (g Led
(Y Gmeall (it
A instead of G

v For example, if CCG on the template
3'!55'

strand mutated to CCA, the mRNA s e
codon that used to be GGC would U instead of C
become GGU, but a glycine would still JA U G AAGUUUGGIUUA AES
be inserted at the proper location in Stop

h Silent: No effect on the amino acid sequence
the protein.

v" A change in a nucleotide pair may transform one codon into another that is
translated into the same amino acid.

O SN i ae¥) (meal) () aa i DAY 0536 (I (92 58U iy ol plS il 7 55 s
(shaY!

v" No observable effect on the phenotype.
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b) Missense mutations (Lxxill dkada 5 3kll): substitutions that change one amino
acid to another one.

iling sl pmeal e SAT 05358 (558 Jlaial
v Such a mutation may have little effect on the protein:
(S Ja & i) oy ) e cuida ol 05S O (Saal) (e

o« The new amino acid may have properties similar to those of the amino acid it
replaces.

o« Or it may be in a region of the protein where the exact sequence of amino
acids is not essential to the protein’s function.

sl Ak e Jssae e adge G35 ikl Chas
v It may cause a major change in a protein:
FonS skl ol 1 (06K o (Sae
v The alteration of a single amino acid in a crucial area of a protein—such as in

the part of the B-globin subunit of hemoglobin or in the active site of an
enzyme— can significantly alter protein activity.

O B-globin sas 5 & 5 akll &igas Jie il (e e s 0 (B 25 sl paes i
@ oS S Ggaad s G ped) DS - 3Y il adsall (85 jakll Gisaa gl G sle sangl)
iy BLis

v’ Such a mutation can lead to an improved protein or one with novel
capabilities, but much more often such mutations are neutral or detrimental,
leading to a useless or less active protein that impairs cellular function.

o2 (5685 all el 8 oSl ¢ saaa <l 58 (3 (g sl lena g 0 ) Bkl o2 Jia g2
g gl Ayl ol) Camay Ualis J8T 1 50008 s (45 0 2531 1) (525 Laa ¢ 5 a5l Bl il jalal)




v

Substitution mutations are usually Tinstead of C
missense mutations. 3 E A W WY i i 5
EdA T G AAG T T TIAIG C T A AEY
Ainstead of G
94 U G A AGUUUIAIG C U A AES
Met , Lys 3 Phe ; ser |t

Missense: A range of effects depending on the location within the
protein and the identity of the new amino acid

c) Nonsense mutations (s_=all e 3 3hll) : change a codon for an amino acid into

a stop codon.
Aea il il 508 ) el aes e i A Lol (5 oS s

It causes translation to be terminated prematurely; the resulting polypeptide
will be shorter than the polypeptide encoded by the normal gene.

Aalall aluld ¢ 8 A aae Alule 708 das yill Aulee Cad g 505
3 U2 aall i ) i - 5 gy
Most nonsense mutations lead to
nonfunctional proteins. A Wstead of T
T A CIAITCAAACCGATIE
"“]qu@_’}cu“fuug\;xy‘ Lﬁ@aﬁ" 9A T GITIA G T T T GG C T A AE
. . U instead of A
(b ) A U GIULA G U UUGGUU A AES
IIEI stop

Nonsense: Effect depends on how close the new stop codon is to the
beginning of the coding sequence

Insertions and deletions:
Additions or losses of nucleotide pairs in a gene.

o € ol e ST )z 5 ada gl ddlal

They have a disastrous effect on the resulting protein more often than
substitutions do.

i) s ik il e STl sl e SIS 8 o
They may cause a frameshift mutation.
Aal Y5 sk Ggan ) ol oIS il e ST i gy i ol Adlial o o Sl (e

A frameshift mutation : occurs whenever the number of nucleotides inserted
or deleted is not a multiple of three which alters the reading frame of the
genetic message, the triplet grouping of nucleotides on the mRNA that is read




during translation. All nucleotides downstream of the deletion or insertion will
be improperly grouped into codons.

V) (525 Lae AN Cilicliae o Gl 015 1S il (e 20 Cada gl Ailia) die sl JY1 5 jaka Chaa
(el At el (oalea) Al juad s i 50 SN maan Bel i A s
Extra A

. , . .
The result will be extensive missense e e ——.

mutations, usually ending sooner or later in SA T G LA A G T T T G G C T A Ay
. Extra U

a nonsense mutation that leads to 5 CEVIE 1 WY >

premature termination. | Met [

Frameshift causing immediate nonsense (1 nudeotide-pair insertion)

) Jsat Lesale M\%Qbﬁkéﬁbdpéﬁw

R Ve . IY missing
Bome e b ik —I C A AC CGAT T

3 T T C
A T G AAGT T GG C T A Ak
= |nsertions and deletions also occur outside ﬁ missing

of coding regions; these are not called ¥ BN E - <«

Met Lys Leu Ala

] B

frameshift mutations, but can have effects
on the phenotype— for instance, they can

affect how a gene is expressed. = (& missing
EdT ACAAACCGAT TEY

_)A_):I'y s HUA"I . L_é“—’h _51 aalal 3_)5.‘:: Cohiaa 13 S4A T G T T 1T G G C T A AEY
“ e 1 ' b . . Y EW-WE missing
Al stk Giaa M gaxi Ve pdhll o (B sl o peelrr e
O S kD e i S of ofeall e oSU | met ; Phe ; Gly [
e (g Cl:u\ dmL;L; _)3“93 U‘ ")Saxll 3 nudeotide-pair deletion: No frameshift, but one amino acid is

missing. A 3 nucleotide-pair insertion (not shown) would lead to
an extra amino acid.

Frameshift causing extensive missense (1 nucleotide-pair deletion)

= Mutations can arise in a number of ways.
sy &l jilall i
1. Errors during DNA replication or recombination can lead to nucleotide-pair

substitutions, insertions, or deletions, as well as to mutations affecting longer
stretches of DNA.

sl i) 5 ik o Jlaiin) 5 ik Ggas ) 6255 Of Saall e ll s DNAJ) cieliai oL eLaal
Cada
v In many cases, the error will be corrected by DNA proofreading and repair

systems. Otherwise, the incorrect base will be used as a template in the next
round of replication, resulting in a mutation.




o oy ol Jla 8 elad¥) st dakail (5 )l (e eUadll oda sl 4y Glall) (e 3K b
(@l ih gan ) (535 las DNA J) sy ddelias aie (S kA sac @l aadiui dUadl)

v Such mutations are called spontaneous mutations.
Aglahil) o ekl @l jalall sda Jie e

2. Mutations due to chemical or physical mutagens.
i ol e e s

v' Mutagens: physical and chemical agents that interact with DNA in ways that
cause mutation.

3k Gaai dsy )k DNA ) e Je i 40 308 5 4l Jal 52 o

v For example:
oc  Mutagenic radiation, a physical mutagen:
a. Ultraviolet (UV) light, which can cause disruptive thymine dimers in DNA.
b. X-rays.
o Chemical mutagens:
a. Nucleotide analogs are chemicals similar to normal DNA nucleotides but
that pair incorrectly during DNA replication.

25 1S g1y Jas 3 LISLIDNA J (8 Amdall <l IS gl 408 40aS ) 5a (e 3 ke 255 lS il yias

b. Other chemical mutagens interfere with correct DNA replication by
inserting themselves into the DNA and distorting the double helix.

6550 Gmend) o5 Jad Leasis Jas) Gosb oe Cieliatll dlee 3 Uil Gian Aluall o)yl ey
A 45 ) L 5e

c. Other mutagens cause chemical changes in bases that change their pairing
properties.

Lt Aulial) saclally Jal jY) e saclall 3 )08 juad ) o) gall (ans (5353
v" Most mutagens are carcinogenic.




= Ageneis aregion of DNA that can be expressed to produce a final functional
product that is either a polypeptide or an RNA molecule.

RNA 555 5l i e Al o g iy o5 0m gl i 5558 el b dakie 5a (nll




