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Introduction

• DNA has hereditary information.

• DNA can be passed on unchanged through 
DNA replication.

• How does the cell decode and use 
the information?

Chapter 6 
How Cells Read the Genome: From 

DNA to Protein



• How do genetic instructions written in an 
alphabet of just four ‘letters’ direct the 
formation of a bacterium, a fruit fly, or a 
human?

Central dogma of molecular biology

‘The flow of genetic information in cells is 

from DNA to RNA to protein.’

Introduction

• Note that most of the proteins are identical between us 
and our extinct relative. The blue histogram indicates the 
extent to which portions of the human genome are 
conserved with other vertebrate species. 

• The Abcd1 gene codes for a protein that imports fatty 
acids into the peroxisome; mutations in the gene cause 
demylination of nerves which can result in cognition and 
movement disorders. 

• Incontinentia pigmenti is a disease of the skin, hair, nails, 
teeth, and eyes. 

• Hemophilia A is a bleeding disorder caused by mutations 
in the Factor VIII gene, which codes for a blood-clotting 
protein. 



FROM DNA TO RNA

• Introduction

Introduction

mRNA contains same genetic information as 
the genetic storage, DNA does. Then, why is 
mRNA necessary for the expression of 
proteins in cells ?

• Many identical RNA copies can be made from the same gene.

• Each RNA molecule can direct the synthesis of many identical 
protein molecules.

• Each gene can be transcribed and with a different efficiency.

• This provides the cell with a way to make vast quantities of some 

proteins and tiny quantities of others.



FROM DNA TO RNA

• RNA Molecules Are Single-Stranded

RNA Molecules Are Single-Stranded

Figure 6–4 A short length of RNA. The 
phosphodiester chemical linkage between 
nucleotides in RNA is the same as that in DNA. 

RNA Molecules Are Single-Stranded RNA Molecules Are Single-Stranded



RNA Molecules Are Single-Stranded

Figure 6–6 Uracil forms base pairs with adenine. 
The absence of a methyl group in U has no effect on 
base-pairing; thus, U-A base pairs closely resemble 
T-A base pairs (see Figure 4–4). 

RNA Molecules Are Single-Stranded

Figure 6–7 RNA can fold into specific 
structures. RNA is largely single-stranded, but 
it often contains short stretches of nucleotides 
that can form conventional base pairs with 
complementary sequences found elsewhere on 
the same molecule. These interactions, along 
with additional “nonconventional” base-pair 
interactions, allow an RNA molecule to fold 
into a three- dimensional structure that is 
determined by its sequence of nucleotides 
(Movie 6.1). (A) Diagram of a folded RNA 
structure showing only conventional base-pair 
interactions. 

RNA Molecules Are Single-Stranded

(B) Structure with both conventional (red) 
and nonconventional (green) base-pair 
interactions. 



RNA Molecules Are Single-Stranded

(C) Structure of an actual RNA, one that catalyzes its own splicing (see p. 324). Each conventional base-pair 
interaction is indicated by a “rung” in the double helix. Bases in other configurations are indicated by broken 
rungs. 

• Nucleotides : Ribonucleotides  (contain the 
sugar ribose rather than deoxyribose).

• Bases : A, G, C, and U (uracil) instead of  T.

RNA differs from DNA chemically

‘Very small chemical differences’

• Single-stranded (DNA: double-stranded helix).

• Fold up into a variety of shapes (intramolecular base pairs; 
double-stranded DNA cannot fold).

• Carry out functions + convey information.

• Structural and even catalytic functions. 

RNA differs from DNA in structure

‘Quite dramatic differences in overall structure’

중요 FROM DNA TO RNA

• Transcription Produces RNA Complementary to One 
Strand of DNA



Transcription Produces RNA Complementary to One Strand of DNA

• All of the RNA in a cell is made by transcription.

• Transcription begins with the opening and unwinding of a small 
portion of the DNA double helix. 

• One of the two strands of the DNA acts as a template for 
the synthesis of RNA.

• ‘Transcript’ : the RNA chain produced by transcription, 

which is elongated one nucleotide exactly complementary 
to the strand of DNA used as a template.

FROM DNA TO RNA

• RNA Polymerases Carry Out Transcription



RNA Polymerases Carry Out Transcription

RNA Polymerases Carry Out Transcription

Figure 6–10 Transcription of two genes as observed under the electron microscope. 

The micrograph shows many molecules of RNA polymerase simultaneously transcribing each of  
two adjacent genes. Molecules of RNA polymerase are visible as a series of dots along the DNA with the 
newly synthesized transcripts (fine threads) attached to them. The RNA molecules (ribosomal RNAs) shown 
in this example are not translated into protein but are instead used directly as components of ribosomes, the 
machines on which translation takes place. The particles at the 5ʹ end (the free end) of each rRNA transcript 
are believed to reflect the beginnings of ribosome assembly. From the relative lengths of the newly 
synthesized transcripts, it can be deduced that the RNA polymerase molecules are transcribing from left to 
right. (Courtesy of Ulrich Scheer.) 

Does not remain hydrogen-bonded to the template. 

The RNA chain is displaced. 

DNA helix re-forms.

Only one strand of the DNA is transcribed.

mRNAs are much shorter than DNA.
Human chromosome, 250 million nucleotide pairs (for the largest chromosome, Chromosome 1)

RNAs, a few thousand.

Transcription vs DNA replication



RNA polymerase (vs. DNA polymerase).

• Immediate release of the mRNA as it is synthesized.

•Many RNA copies can be made in a short time. 

• Simultaneously transcribing. The synthesis of next RNA is 

usually started before the first RNA has been completed.

• Speed: ≈ 30 bp/s (cf. DNA synthesis: 100 bp/s)

• A medium-sized gene (1.5 kb) requires about 50 s.

• Ribonucleotides not deoxyribonucleotides.

• No primer needed.

• Need not be as accurate as DNA replication. 

• RNA is not used as the permanent storage form of genetic 
information, so mistakes in transcription have relatively 
minor consequences.

• Mistake rate: 1 error / 104 nt 

• (cf. 1 error / 107~9 nt by DNA polymerase).

RNA polymerase vs DNA polymerase

FROM DNA TO RNA

• Cells Produce Different Categories of RNA 
Molecules

Cells Produce Different Categories of RNA Molecules



• In eucaryotes
• Each mRNA typically carries information transcribed from just one gene, 

coding for a single protein.

• In bacteria
• A set of adjacent genes is often transcribed as a single 

mRNA that therefore carries the information for several different 
proteins (see Operon).

mRNA in euk vs. prok Non-mRNAs
• like proteins, serve as structural and enzymatic 

components of cells, and play key parts translating the 
genetic message into protein.

     1. rRNA 
: ribosomal RNA forms the core of the ribosomes, on which 

mRNA is translated into protein.
     2. tRNA

: transfer RNA forms the adaptors that select amino acids.
     3. small RNAs

: used in pre-mRNA splicing, regulation of gene expression, transport 
of proteins to the ER, etc.

FROM DNA TO RNA

• Signals Encoded in DNA Tell RNA Polymerase 
Where to Start and Stop

Signals Encoded in DNA Tell RNA Polymerase Where to Start and Stop

Figure 6–11 The transcription cycle  
of bacterial RNA polymerase.



Signals Encoded in DNA Tell RNA Polymerase Where to Start and Stop

(B) Two-dimensional image of an elongating bacterial RNA polymerase, as determined by atomic force 
microscopy (see Figure 9–33). 

Signals Encoded in DNA Tell RNA Polymerase Where to Start and Stop

(C) Interpretation of the image in (B). (Adapted from K.M. Herbert et al., Annu. Rev. Biochem. 77:149–176, 
2008.) 

The initiation of transcription is an especially critical 
process because it is the main point at which the cell can  

select which proteins or RNAs are to be produced and 
at what rate.

Signals encoded in DNA tell RNA polymerase  
where to start and stop

Promoter (start signal)

• The specific DNA sequences (starting point) for RNA synthesis.

• RNA polymerase latches tightly onto the a promoter.

• RNA polymerase opens up the promoter immediately. 

• One of the DNA strands acts as a template.

• Chain elongation then continues until the enzyme encounters a second 

signal, terminator.

Terminator (stop signal)

Polymerase halts and releases both the DNA 
template and the newly made RNA chain.



Sigma (σ) factor 

• A subunit of bacterial polymerase.
• Is responsible for recognizing the promoter sequence.

• Once the polymerase has latched onto the promoter and synthesized about 10 nt 
of RNA, sigma factor is released.

• Releasing enables the polymerase to move forward.
• The polymerase reassociates with a free sigma factor after termination. 

• The polymerase (+ σ factor) searches for a promoter, where it can begin the 
process of transcription again.

FROM DNA TO RNA

• Transcription Start and Stop Signals Are 
Heterogeneous in Nucleotide Sequence

Transcription Start and Stop Signals Are Heterogeneous in Nucleotide 
Sequence

Transcription Start and Stop Signals Are Heterogeneous in Nucleotide 
Sequence

Figure 6–13 Directions of transcription along a short portion of a bacterial chromosome. Some genes are 
transcribed using one DNA strand as a template, while others are transcribed using the other DNA strand. The 
direction of transcription is determined by the promoter at the beginning of each gene (green arrowheads). 
This diagram shows approximately 0.2% (9000 base pairs) of the E. coli chromosome. The genes transcribed 
from left to right use the bottom DNA strand as the template; those transcribed from right to left use the top 
strand as the template. 



Because DNA is double-stranded, two different RNA 
molecules could in principle be transcribed from any gene, 
using each of the two DNA. Is it true?

• The promoter is asymmetrical and binds the polymerase in only one 
direction.

• RNA polymerase transcribes only one DNA strand in the 5’-to-3’ direction.
• Only a portion of DNA can be transcribed only if it is preceded by a 

promoter sequence.

• In bacteria, genes tend to lie very close to one another.

• In humans, individual genes are widely dispersed, with stretches of 

DNA up to 100,000 nt long between one gene and the next.

FROM DNA TO RNA

• Transcription Initiation in Eukaryotes Requires 
Many Proteins

Transcription Initiation in Eukaryotes Requires Many Proteins



Transcription Initiation in Eukaryotes Requires Many Proteins

Figure 6–14 Structural similarity between a bacterial RNA polymerase and a eukaryotic RNA polymerase II. 
Regions of the two RNA polymerases that have similar structures are indicated in green. The eukaryotic 
polymerase is larger than the bacterial enzyme (12 subunits instead of 5), and some of the additional regions 
are shown in gray. The blue spheres represent Zn atoms that serve as structural components of the 
polymerases, and the red sphere represents the Mg atom present at the active site, where polymerization takes 
place. The RNA polymerases in all modern-day cells (bacteria, archaea, and eukaryotes) are closely related, 
indicating that the basic features of the enzyme were in place before the divergence of the three major 
branches of life. (Courtesy of P. Cramer and R. Kornberg.) 

Eucaryotic vs Bacterial in transcription initiation 

1. RNA polymerase

• 3 RNA polymerases (cf. single bacterial polymerase)

2. Accessory proteins

• Require the assistance of a large set of accessory proteins 
(cf. bacterial polymerase initiate transcription on its 
own).

• General transcription factors, Co-activators (후성유전 조절) and 
so on.

3. Elaborate control mechanism

• Chapter 7.

4. Nucleosome structure

• Chapter 4, 후성유전조절

FROM DNA TO RNA

• RNA Polymerase II Requires a Set of General 
Transcription Factors



RNA Polymerase II Requires a Set of General Transcription Factors RNA Polymerase II Requires a Set of General Transcription Factors

RNA Polymerase II Requires a Set of General Transcription Factors

Figure 6–16 Consensus sequences found in the vicinity of eukaryotic RNA polymerase II start points. 

The name given to each consensus sequence (first column) and the general transcription factor that 
recognizes it (last column) are indicated. N indicates any nucleotide, and two nucleotides separated by a 
slash indicate an equal probability of either nucleotide at the indicated position. In reality, each consensus 
sequence is a shorthand representation of a histogram similar to that of Figure 6–12. For most RNA 
polymerase II transcription start points, only two or three of the four sequences are present. For example, 
many polymerase II promoters have a TATA box sequence, but those that do not typically have a “strong” 
INR sequence. Although most of the DNA sequences that influence transcription initiation are located 
upstream of the transcription start point, a few, such as the DPE shown in the figure, are located in the 
transcribed region. 

RNA Polymerase II Requires a Set of General Transcription Factors

Figure 6–17 Three-dimensional structure 
of TBP (TATA-binding protein) bound to 
DNA. The TBP is the subunit of the 
general transcription factor TFIID that is 
responsible for recognizing and binding 
to the TATA box sequence in the DNA 
(red). The unique DNA bending caused 
by TBP—kinks in the double helix 
separated by partly unwound DNA—is 
thought to serve as a landmark that helps 
to attract the other general transcription 
factors (Movie 6.4). TBP is a single 
polypeptide chain that is folded into two 
very similar domains (blue and green). 
(Adapted from J.L. Kim et al., Nature 
365:520–527, 1993. With permission 
from Macmillan Publishers Ltd.) 



• Purified eucaryotic RNA polymerase II could not on its 

own initiate transcription in vitro.

Eukaryotic RNA polymerase requires 
general transcription factors

• General [Basal] transcription factors

• (TFIIA), TFIIB, TFIID, TFIIE, TFIIF, and TFIIH.
• Assemble on the promoter.
• Assembly begins with TFIID binding to TATA box.

• Upon binding, TFIID causes a local distortion (landmark for the 
subsequent assembly of others).

• About 25 nt upstream from transcription start site.

• The actual order of assembly differs in the cell.

• Position the RNA polymerase (PIC, Preinitiation complex)

• Pull apart the double helix (Helicase activity by TFIIH).
• Launch the RNA polymerase.

• TFIIH

• Helicase activity
• After RNA polymerse II has been tethered to the promoter, it must be 

released to begin the synthesis of mRNA.

• Contains a protein kinase enzyme as a subunit.

• Phosphorylates the tail of RNA polymerase (C-terminal domain 
(CTD), Serine 5 of the CTD of RNApII).

• Phosphorylation of the CTD help the polymerase disengage from the 
cluster of transcription factors.



• Phosphorylation of RNA polymerase II

• Transcribing polymerase : massively phosphorylated.

• Transcription finished by polymerase: phosphatases strip off 
the phosphates.

• Unphosphorylated polymerase: recruited to and initiate RNA 
synthesis at a promoter.

FROM DNA TO RNA

• Polymerase II Also Requires Activator, Mediator, 
and Chromatin-Modifying Proteins

Polymerase II Also Requires Activator, Mediator, and Chromatin-
Modifying Proteins FROM DNA TO RNA

• Transcription Elongation in Eukaryotes Requires 
Accessory Proteins



• A series of elongation factors, proteins that decrease the 
likelihood that RNA polymerase will dissociate before it 
reaches the end of a gene. 

• ATP-dependent chromatin remodeling complexes that either 
move with the polymerase or may simply seek out and 
rescue the occasional stalled polymerase.

• Histone chaperones help by partially disassembling 
nucleosomes in front of a moving RNA polymerase and 
assembling them behind.

• As RNA polymerase moves along a gene, some of the 
enzymes bound to it modify the histones, leaving behind a 
record of where the polymerase has been.

FROM DNA TO RNA

• Transcription Creates Superhelical Tension

Transcription Creates Superhelical Tension Transcription Creates Superhelical Tension



Transcription Creates Superhelical Tension

FROM DNA TO RNA

• Transcription Elongation in Eukaryotes Is Tightly 
Coupled to RNA Processing

Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing

Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing



Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing

Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing

Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing

Transcription Elongation in Eukaryotes Is Tightly Coupled to RNA 
Processing



• The functions of two major mRNA processing modifications.

           1. Increase the stability of the mRNA.

           2. Aid its export from the nucleus to the cytoplasm.

           3. Identify the RNA molecules as an mRNA.

           4. Indication by the protein synthesis machinery that both ends of the 
mRNA are present and that the message is therefore complete.

         5. Quality control of the RNA

    1. Bacterial system

• DNA lies directly exposed to the cytoplasm, which contains the 
ribosomes on which protein synthesis takes place. 

    2. Eucaryotic system

• DNA is enclosed within the nucleus. 

• Transcription takes place in the nucleus, but protein synthesis takes place on 
ribosomes in the cytoplasm.

• So, before a eucaryotic mRNA can be translated, it must be transported out of 

the nucleus and it must go through several different mRNA processing steps.

1. 5’ RNA capping
• Modification of the 5’ end of the mRNA transcript.

• Addition of G with a methyl group (7-methylguanosine).
• Occurs after the RNA pol II has produced about 25 nt of RNA.

2. Splicing

3. 3’ Polyadenylation

3. 3’ Polyadenylation

• 3’ end of eucaryotic mRNAs are first trimmed by an enzyme that cuts the RNA chain 
(mRNA cleavage factors).

• Addition of a series of repeated A (a poly-A tail) onto the cut end (poly(A) 
factors + poly(A) polymerase).

• Generally a few hundred nucleotides long.



Initiation Elongation Termination
전사 

(Transcription)
: Transcript 생산

Capping Splicing CE, Poly(A)
가공 

(Processing)
: 완성된 RNA

(CTD 변형이 전사과 가공을 연결시킴)
Coupled or Connected

Cotranscriptional Regulation
(e.g. mRNA processing)

• mRNA processing steps are tightly coupled to transcription. 
• They take place as the RNA is being transcribed.

• Key enzymes : RNA polymerase II 

• C-terminal domain (CTD : repeats of ‘YSPTSPS’)

• The recruitment of mRNA processing factors are depend on the 
phosphorylation of CTD residues

• Two major mRNA processing steps;
            1. RNA capping
            2. Polyadenylation (poly(A))
           *Others include mRNA Splicing, mRNA export, mRNA 

surveillance, mRNA packaging, and mRNA cleavage, etc.

Cotranscriptional Regulation

FROM DNA TO RNA

• RNA Capping Is the First Modification of Eukaryotic 
Pre-mRNAs

RNA Capping Is the First Modification of Eukaryotic Pre-mRNAs

Figure 6–23 The reactions that cap the 5ʹ end of 
each RNA molecule synthesized by RNA 
polymerase II. The final cap contains a novel 5ʹ-
to-5ʹ linkage between the positively charged 7-
methyl G residue and the 5ʹ end of the RNA 
transcript (see Figure 6–21B). The letter N 
represents any one of the four ribonucleotides, 
although the nucleotide that starts an RNA chain 
is usually a purine (an A or a G). (After A.J. 
Shatkin, BioEssays 7:275–277, 1987. With 
permission from Wiley-Liss, Inc., a subsidiary of 
John Wiley & Sons, Inc.) 



FROM DNA TO RNA

• RNA Splicing Removes Intron Sequences from 
Newly Transcribed Pre-mRNAs

RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs

RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs

RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs



RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs

RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs

RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-
mRNAs

• Splicing: Intron sequences are removed from the newly 
synthesized RNA and the exons are stitched together.

• Once a transcript has been spliced and its 5’ end 3’ends have been modified, the RNA is a 
functional mRNA.

RNA Splicing Removes Intron Sequences from 
Newly Transcribed Pre-mRNAs 

small nuclear ribonucleoproteins (snRNPs, [snurps]) 



   1st step: Adenine nucleotide (A) in the intron attacks the 5’ splice site.

   2nd step: Cuts the sugar-phosphate backbone of the RNA at this point. The cut 5’ 

end of the intron becomes covalently linked to the A to form a branch 
structure.

   3rd step: The free 3’-OH end of the exon sequence then reacts with the 

start of the next exon, joining the two exons together and releasing the intron 
in the form of lariat.

   * The lariat containing the intron is eventually degraded.

3 steps

FROM DNA TO RNA

• Nucleotide Sequences Signal Where Splicing 
Occurs

Nucleotide Sequences Signal Where Splicing Occurs

Figure 6–27 The consensus nucleotide sequences in an RNA molecule that signal the beginning and the end of 
most introns in humans. The three blocks of nucleotide sequences shown are required to remove an intron 
sequence. Here A, G, U, and C are the standard RNA nucleotides; R stands for purines (A or G); and Y stands 
for pyrimidines (C or U). The A highlighted in red forms the branch point of the lariat produced by splicing 
(see Figure 6–25). Only the GU at the start of the intron and the AG at its end are invariant nucleotides in the 
splicing consensus sequences. Several different nucleotides can occupy the remaining positions, although the 
indicated nucleotides are preferred. The distances along the RNA between the three splicing consensus 
sequences are highly variable; however, the distance between the branch point and 3ʹ splice junction is 
typically much shorter than that between the 5ʹ splice junction and the branch point. 

FROM DNA TO RNA

• RNA Splicing Is Performed by the Spliceosome



RNA Splicing Is Performed by the Spliceosome RNA Splicing Is Performed by the Spliceosome

• Recognize and pair with the nucleotide sequences that mark the beginning 
and the branch point of each intron.

• Form the core of the                          , the large assembly of RNA and 
protein molecules that performs RNA splicing in the cells.

spliceosome

• RNA splicing process by spliceosome.

• A group of spliceosome components, is called the SR proteins (they contain a 

domain rich in serine and arginines)

snRNP

FROM DNA TO RNA

• The Spliceosome Uses ATP Hydrolysis to Produce a 
Complex Series of RNA–RNA Rearrangements



The Spliceosome Uses ATP Hydrolysis to Produce a Complex Series of 
RNA–RNA Rearrangements

Figure 6–29 One of the many rearrangements that take place in 
the spliceosome during pre-mRNA splicing. 

This example comes from the yeast Saccharomyces cerevisiae, in 
which the nucleotide sequences involved are slightly different 
from those in human cells. The exchange of U1 snRNP for U6 
snRNP occurs just before the first phosphoryl- transfer reaction 
(see Figure 6–28). This exchange requires the 5ʹ splice site to be 
read by two different snRNPs, thereby increasing the accuracy of 
5ʹ splice-site selection by the spliceosome. 

The exchange of U1 snRNP for U6 snRNP occurs

FROM DNA TO RNA

• Other Properties of Pre-mRNA and Its Synthesis 
Help to Explain the Choice of Proper Splice Sites

Other Properties of Pre-mRNA and Its Synthesis Help to Explain the 
Choice of Proper Splice Sites

Figure 6–30 Two types of splicing errors. (A) Exon skipping.

Other Properties of Pre-mRNA and Its Synthesis Help to Explain the 
Choice of Proper Splice Sites

Figure 6–30 Two types of splicing errors. (B) Cryptic splice-site selection. Cryptic splicing signals are 
nucleotide sequences of RNA that closely resemble true splicing signals and are sometimes mistakenly used 
by the spliceosome.



Other Properties of Pre-mRNA and Its Synthesis Help to Explain the 
Choice of Proper Splice Sites

Figure 6–31 Variation in intron and exon lengths in the human, worm, and fly genomes. (A) Size 
distribution of exons. (B) Size distribution of introns. Note that exon length is much more uniform than 
intron length. (Adapted from International Human Genome Sequencing Consortium, Nature 409:860–
921, 2001. With permission from Macmillan Publishers Ltd.) 

Other Properties of Pre-mRNA and Its Synthesis Help to Explain the 
Choice of Proper Splice Sites

Other Properties of Pre-mRNA and Its Synthesis Help to Explain the 
Choice of Proper Splice Sites

The exon definition hypothesis

1. SR proteins 

• bind to each exon sequence in the pre-mRNA and thereby 
help to guide the snRNPs to the proper intron/exon 
boundaries. 

• This demarcation of exons by the SR proteins occurs co- 
transcriptionally, beginning at the CBC (cap-binding complex) at 
the 5ʹ end.

2. hnRNPs

Heteterogeneous nuclear ribonucleoproteins (hnRNPs) may 
preferentially associate with intron sequences, further helping 
the spliceosome distinguish introns from exons. 



FROM DNA TO RNA

• Chromatin Structure Affects RNA Splicing

Nucleosomes act as “speed bumps,” allowing the proteins 
responsible for exon definition to assemble on the RNA as it 
emerges from the polymerase.

The rate at which RNA polymerase moves along DNA can 
affect RNA splicing; if polymerase is moving slowly, exon 
skipping is minimized.

Specific histone modifications attract components of the 
spliceosome, affecting the final pattern of splicing.

FROM DNA TO RNA

• RNA Splicing Shows Remarkable Plasticity

RNA Splicing Shows Remarkable Plasticity

Figure 6–33 Abnormal processing of  
the ︎β-globin primary RNA transcript in 
humans with the disease ︎thalassemia. 

In the examples shown, the disease (a 
severe anemia due to aberrant 
hemoglobin synthesis) is caused by 
splice-site mutations found in the 
genomes of affected patients. The dark 
blue boxes represent the three normal 
exon sequences; the red lines connect 
the 5ʹ and 3ʹ splice sites that are used. In 
(B), (C), and (D), the light blue boxes 
depict new nucleotide sequences 
included in the final mRNA molecule as 
a result of the mutation denoted by the 
black arrowhead. Note that when a 
mutation leaves a normal splice site 
without a partner, an exon is skipped (B) 
or one or more abnormal cryptic splice 
sites nearby is used as the partner site 
(C). 



FROM DNA TO RNA

• Spliceosome-Catalyzed RNA Splicing Probably 
Evolved from Self-splicing Mechanisms Initial questions

Why do RNA molecules instead of proteins perform important 
roles in splice-site recognition and in the chemistry of 
splicing? 

Why is a lariat intermediate used rather than the apparently 
simpler alternative of bringing the 5ʹ and 3ʹ splice sites 
together in a single step, followed by their direct cleavage 
and rejoining? 

Self-splicing

Some self-splicing RNA introns (that is, intron sequences in 
RNA whose splicing out can occur in the absence of 
proteins or any other RNA molecules) remain today—for 
example, in the nuclear rRNA genes of the ciliate 
Tetrahymena, in a few bacteriophage T4 genes, and in some 
mitochondrial and chloroplast genes. 

FROM DNA TO RNA

• RNA-Processing Enzymes Generate the 3ʹ End of 
Eukaryotic mRNAs



RNA-Processing Enzymes Generate the 3ʹ End of Eukaryotic mRNAs

Figure 6–34 Consensus nucleotide sequences that direct cleavage and polyadenylation to form the 3ʹ end of  
a eukaryotic mRNA. These sequences are encoded in the genome, and specific proteins recognize them—as 
RNA—after they are transcribed. As shown in Figure 6–35, the hexamer AAUAAA is bound by CPSF and the 
GU-rich element beyond the cleavage site is bound by CstF; the CA sequence is bound by a third protein 
factor required for the cleavage step. Like other consensus nucleotide sequences discussed in this chapter (see 
Figure 6–12), the sequences shown in the figure represent a variety of individual cleavage and 
polyadenylation signals. 

RNA-Processing Enzymes Generate the 3ʹ End of Eukaryotic mRNAs

RNA-Processing Enzymes Generate the 3ʹ End of Eukaryotic mRNAs

• 5’ capping enzymes of mRNA recruitment (S-5-P of CTD)

• Spliceosome recruitment (S-2, or 5-P of CTD)

• 3’ end processing enzymes of mRNA (S-2-P of CTD)

• CstF (cleavage stimulation factor F)

• CPSF (cleavage and polyadenylation specificity factor)

• Poly-A polymerase: Add app. 150~250 A nucleotide.

• Poly-A binding proteins: Assemble onto the poly-A tail

•The torpedo model for transcription termination.

RNA-processing enzymes generates the 3’ 
end of eucaryotic mRNAs



FROM DNA TO RNA

• Mature Eukaryotic mRNAs Are Selectively Exported 
from the Nucleus

Mature Eukaryotic mRNAs Are Selectively Exported from the Nucleus

Figure 6–36 Structure of the core of human RNA exosome. RNA is fed into one end of the central pore and is 
degraded by RNAses that associate with the other end. Nine different protein subunits (each represented by a 
different color) make up this large ring structure. Eukaryotic cells have both a nuclear exosome and a 
cytoplasmic exosome; both forms include the core exosome shown here and additional subunits (including 
specialized RNAses) that differentiate the two forms. The nuclear exosome degrades aberrant RNAs before 
they are exported to the cytosol. It also processes certain types of RNA (for example, the ribosomal RNAs) to 
produce their final form. The cytoplasmic form of the exosome is responsible for degrading mRNAs in the 
cytosol, and is thus crucial in determining the lifetime of each mRNA molecule. (PDB code: 2NN6.) 

Mature Eukaryotic mRNAs Are Selectively Exported from the Nucleus

https://www.rcsb.org/structure/2NN6

Mature Eukaryotic mRNAs Are Selectively Exported from the Nucleus

Figure 6–37 Transport of a large mRNA molecule through the nuclear pore complex. (A) The maturation of an 
mRNA molecule as it is synthesized by RNA polymerase and packaged by a variety of nuclear proteins. This 
drawing of an unusually large and abundant insect RNA, called the Balbiani Ring mRNA, is based on electron 
microscope micrographs such as that shown in (B). 



Mature Eukaryotic mRNAs Are Selectively Exported from the Nucleus Mature Eukaryotic mRNAs Are Selectively Exported from the Nucleus

Figure 6–38 Schematic illustration of an export-ready mRNA molecule and its transport through the nuclear 
pore. As indicated, some proteins travel with the mRNA as it moves through the pore, whereas others remain 
in the nucleus. The nuclear export receptor for mRNAs is a complex of proteins that binds to an mRNA 
molecule once it has been correctly spliced and polyadenylated. After the mRNA has been exported to the 
cytosol, this export receptor dissociates from the mRNA and is re-imported into the nucleus, where it can be 
used again. The final check indicated here, called nonsense-mediated decay, will be described later in the 
chapter.

• Of the total mRNA that is synthesized, only a small fraction is useful 
to the cell. 

• The remaining RNA fragments – excised introns, broken RNAs, and 
aberrantly spliced transcripts – are not only useless but also could be 
dangerous to the cell. 

• Degraded by Quality Control System: Exosome-
containing complexes.

Mature Eucaryotic mRNAs are selectively 
exported from the nucleus

How does the cell distinguish between the 
relatively rare mature mRNA molecules it needs 
to keep and the overwhelming amount of debris 
generated by RNA processing?



• mRNA export is highly selective, as it is closely coupled to correct 
RNA processing and transcription. 

• The coupling is achieved by nuclear pore complex (NPC), 
which recognise and transport only completed mRNAs.

• To be “export ready”, it seems that an mRNA molecule must be 

bound to set of RNA binding proteins (including poly(A)-
binding protein, a cap-binding complex, proteins that mark 
completed RNA splices, and a nuclear transport receptor).

• The entire set of bound proteins ultimately determines whether an RNA 
molecule will leave the nucleus.

• The RNAs that remain behind in the nucleus are degraded, and are reused for 
transcription.

FROM DNA TO RNA

• Noncoding RNAs Are Also Synthesized and 
Processed in the Nucleus

Noncoding RNAs Are Also Synthesized and Processed in the Nucleus

Figure 6–39 Transcription from tandemly arranged rRNA genes, as seen in  
the electron microscope. The pattern of alternating transcribed gene and nontranscribed spacer is readily seen. 
A higher-magnification view of rRNA genes is shown in Figure 6–10. 

Noncoding RNAs Are Also Synthesized and Processed in the Nucleus

Figure 6–40 The chemical modification and nucleolytic processing of a eukaryotic 45S precursor rRNA 
molecule into three separate ribosomal RNAs. Two types of chemical modifications (color-coded as indicated 
in Figure 6–41) are made to the precursor rRNA before it is cleaved. Nearly half of the nucleotide sequences 
in this precursor rRNA are discarded and degraded in the nucleus by the exosome. The rRNAs are named 
according to their “S” values, which refer to their rate of sedimentation in an ultracentrifuge. The larger the S 
value, the larger the rRNA. 



Noncoding RNAs Are Also Synthesized and Processed in the Nucleus

Figure 6–41 Modifications of the precursor rRNA by guide RNAs. (A) Two prominent covalent modifications 
made to rRNA; the differences from the initially incorporated nucleotide are indicated by  
red atoms. Pseudouridine is an isomer of uridine; the base has been “rotated,” and is attached to the red C 
rather than to the red N of the sugar (compare to Figure 6–5B). 

Noncoding RNAs Are Also Synthesized and Processed in the Nucleus

(B) As indicated, snoRNAs determine the sites of modification by base-pairing to complementary sequences 
on the precursor rRNA. The snoRNAs are bound to proteins, and the complexes are called snoRNPs (small 
nucleolar ribonucleoproteins). snoRNPs contain both the guide sequences and the enzymes that modify the 
rRNA. 

• The cell can produce adequate quantities of rRNAs only because it contains 

multiple copies of the rRNA genes that code for ribosomal RNAs 
(rRNAs).

•Human cells contain about 200 rRNA gene copies per haploid genome, spread out 
in small clusters on five different chromosomes, while cells of the frog Xenopus 

contain about 600 rRNA gene copies per haploid genome in a single cluster on 
one chromosome

•There are four types of eucaryotic rRNAs, each present in one copy per ribo- 

some. Three of the four rRNAs (18S, 5.8S, and 28S) are made by chemically 

modifying and cleaving a single large precursor rRNA. 5S RNA is synthesized from a 
separate cluster of genes by a different polymerase, RNA polymerase III.

Many Noncoding RNAs Are Also Synthesized and 
Processed in the Nucleus

Porrua, O. & Libri, D. RNA quality control in the nucleus: The Angels' share of RNA. Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms 1829, 604–611 (2013).



FROM DNA TO RNA

• The Nucleolus Is a Ribosome-Producing Factory

The Nucleolus Is a Ribosome-Producing Factory

Figure 6–42 Electron micrograph of a 
thin section of a nucleolus in a human 
fibroblast, showing its three distinct 
zones. (A) View of entire nucleus. 

The Nucleolus Is a Ribosome-Producing Factory

(B) Higher-power view of the nucleolus. 
It is believed that transcription of the 
rRNA genes takes place between the 
fibrillar center and the dense fibrillar 
component and that processing of the 
rRNAs and their assembly into the two 
subunits of the ribosome proceeds 
outward from the dense fibrillar 
component to the surrounding granular 
components. (Courtesy of E.G. Jordan 
and J. McGovern.) 

The Nucleolus Is a Ribosome-Producing Factory

Figure 6–43 Changes in the appearance 
of the nucleolus in a human cell during 
the cell cycle. Only the cell nucleus is 
represented in this diagram. In most 
eukaryotic cells, the nuclear envelope 
breaks down during mitosis, as 
indicated by the dashed circles. 



The Nucleolus Is a Ribosome-Producing Factory

Figure 6–44 Nucleolar fusion. These light micrographs of human fibroblasts grown in culture show various 
stages of nucleolar fusion. After mitosis, each of the 10 human chromosomes that carry a cluster of rRNA 
genes begins to form a tiny nucleolus, but these rapidly coalesce as they grow to form the single large 
nucleolus typical of many interphase cells. (Courtesy of E.G. Jordan and J. McGovern.) 

The Nucleolus Is a Ribosome-Producing Factory

Figure 6–45 The function of the 
nucleolus in ribosome and other 
ribonucleoprotein synthesis. The 
45S precursor rRNA is packaged in 
a large ribonucleoprotein particle 
containing many ribosomal proteins 
imported from the cytoplasm. While 
this particle remains at the 
nucleolus, selected components are 
added and others discarded as it is 
processed into immature large and 
small ribosomal subunits. The two 
ribosomal subunits attain their final 
functional form only after each is 
individually transported through the 
nuclear pores into the cytoplasm. 
Other ribonucleoprotein complexes, 
including telomerase shown here, 
are also assembled in the nucleolus. 

FROM DNA TO RNA

• The Nucleus Contains a Variety of Subnuclear 
Aggregates Several other nuclear bodies in the nucleus

• Cajal bodies (named for the scientist who first described them in 1906)

: sites where the snRNPs and snoRNPs undergo their final maturation 
steps, and where the snRNPs are recycled and their RNAs are “reset” 
after the rearrangements that occur during splicing.

• Interchromatin granule clusters (also called “speckles”)

: stockpiles of fully mature snRNPs and other RNA processing 
components that are ready to be used in the production of mRNA.



The Nucleus Contains a Variety of Subnuclear Aggregates

Figure 6–46 Visualization of some 
prominent nuclear bodies. The  
protein fibrillarin (red), a component of 
several snoRNPs, is present at both 
nucleoli and Cajal bodies; the latter are 
indicated by the arrows. The Cajal 
bodies (but not the nucleoli) are also 
highlighted by staining one of their  
main components, the protein coilin; the 
superposition of the snoRNP and coilin 
stains appears pink. Interchromatin 
granule clusters (green) have been 
revealed by using antibodies against a 
protein involved in pre-mRNA splicing. 
DNA is stained blue by the dye DAPI. 
(From J.R. Swedlow and A.I. Lamond, 
Gen. Biol. 2:1–7, 2001. With permission 
from BioMed Central. Micrograph 
courtesy of Judith Sleeman.) 

The Nucleus Contains a Variety of Subnuclear Aggregates

Figure 6–47 A model for an mRNA 
production factory. mRNA production is 
made more efficient in the nucleus by an 
aggregation of the many components needed 
for transcription and pre-mRNA processing, 
thereby producing a specialized biochemical 
factory. In (A), a postulated scaffold protein 
holds various components in the proximity 
of a transcribing RNA polymerase. Other 
key components are bound directly to the 
RNA polymerase tail, which likewise serves 
as a scaffold (see Figure 6–22), but for 
simplicity these are not shown here. 

The Nucleus Contains a Variety of Subnuclear Aggregates The Nucleus Contains a Variety of Subnuclear Aggregates

(C) Here, mRNA production 
factories and DNA replication 
factories have been visualized 
in the same mammalian cell by 
briefly incorporating differently 
modified nucleotides into each 
nucleic acid and detecting the 
RNA and DNA produced using 
antibodies, one (green) 
detecting the newly synthesized 
DNA and the other (red) 
detecting the newly synthesized 
RNA. (C, from D.G. Wansink et 
al., J. Cell Sci. 107:1449–1456, 
1994. With permission from 
The Company of Biologists.)



Several other nuclear bodies in the nucleus

• They lack membranes and are highly dynamic depending on the 
needs of the cell.

• Their assembly is likely mediated by the association of low 
complexity protein domains.

• Their appearance is the result of the tight association of protein 
and RNA components.

• The main function of these aggregates is to bring components 
together at high concentration in order to speed up their 
assembly. 

• Although a typical mammalian cell may be expressing on the 
order of 15,000 genes, transcription and RNA splicing takes place 
in only several thousand sites in the nucleus.

Summary

Before the synthesis of a particular protein can begin, the corresponding mRNA 
molecule must be produced by transcription. Bacteria contain a single type of 
RNA polymerase (the enzyme that carries out the transcription of DNA into RNA). 
An mRNA molecule is produced after this enzyme initiates transcription at a 
promoter, synthesizes the RNA by chain elongation, stops transcription at a 
terminator, and releases both the DNA template and the completed mRNA 
molecule. In eukaryotic cells, the process of transcription is much more complex, 
and there are three RNA polymerases—polymerase I, II, and III—that are related 
evolutionarily to one another and to the bacterial polymerase. 

Summary

RNA polymerase II synthesizes eukaryotic mRNA. This enzyme requires a set of 
additional proteins, both the general transcription factors, and specific 
transcriptional activator proteins, to initiate transcription on a DNA template. It 
requires still more proteins (including chromatin remodeling complexes and 
histone-modifying enzymes) to initiate transcription on its chromatin templates 
inside the cell. 

During the elongation phase of transcription, the nascent RNA undergoes three 
types of processing events: a special nucleotide is added to its 5ʹ end (capping), 
intron sequences are removed from the middle of the RNA molecule (splicing), 
and the 3ʹ end of the RNA is generated (cleavage and polyadenylation). Each of 
these processes is initiated by proteins that travel along with RNA polymerase II 
by bind- ing to sites on its long, extended C-terminal tail. Splicing is unusual in 
that many of its key steps are carried out by specialized RNA molecules rather 
than proteins. Only properly processed mRNAs are passed through nuclear pore 
complexes into the cytosol, where they are translated into protein. 

Summary

For many genes, RNA, rather than protein, is the final product. In eukaryotes, 
these genes are usually transcribed by either RNA polymerase I or RNA 
polymerase III. RNA polymerase I makes the ribosomal RNAs. After their 
synthesis as a large precursor, the rRNAs are chemically modified, cleaved, and 
assembled into the two ribosomal subunits in the nucleolus—a distinct subnuclear 
structure that also helps to process some smaller RNA–protein complexes in the 
cell. Additional subnuclear structures (including Cajal bodies and interchromatin 
granule clusters) are sites where components involved in RNA processing are 
assembled, stored, and recycled. The high concentration of components in such 
“factories” ensures that the processes being catalyzed are rapid and efficient. 



FROM RNA TO PROTEIN

• An mRNA Sequence Is Decoded in Sets of Three 
Nucleotides

An mRNA Sequence Is Decoded in Sets of Three Nucleotides

An mRNA Sequence Is Decoded in Sets of Three Nucleotides

Coding Problem

• How is the information in a linear sequence of 
nucleotide in RNA translated into the linear 
sequence of a chemically quite different set of 
subunits – the amino acids in proteins?



Figure 6-50  Molecular Biology of the Cell (© Garland Science 2008)

4 different nucleotides

An mRNA sequence is decoded in 
sets of three nucleotides

‘Genetic Code’

20 different types of amino acids

• Genetic code
• The rules by which the n.t. sequence of a gene is translated into the a.a. 

sequence of a protein.

• AUG - initiation codon that specifies methionine.

• Codon
• Three consecutive nucleotides in RNA that specifies one a.a. 

• Universal in all present-day organisms.

• Reading Frames
• An RNA sequence can be translated in any one of three different, 

nonoverlapping frames. 

• Only one of three possible reading frames encodes the required protein.

FROM RNA TO PROTEIN

• tRNA Molecules Match Amino Acids to Codons in 
mRNA

tRNA Molecules Match Amino Acids to Codons in mRNA

Figure 6–50 A tRNA molecule. A tRNA specific for 
the amino acid phenylalanine (Phe) is depicted in 
various ways. (A) The cloverleaf structure showing 
the complementary base-pairing (red lines) that 
creates the double-helical regions of the molecule. 
The anticodon is the sequence of three nucleotides 
that base-pairs with a codon in mRNA. The amino 
acid matching the codon/anticodon pair is attached 
at the 3ʹ end of the tRNA. tRNAs contain some 
unusual bases, which are produced by chemical 
modification after the tRNA has been synthesized. 
For example, the bases denoted ︎ (pseudouridine—
see Figure 6–41) and D (dihydrouridine—see 
Figure 6–53) are derived from uracil. 



tRNA Molecules Match Amino Acids to Codons in mRNA tRNA Molecules Match Amino Acids to Codons in mRNA

tRNA Molecules Match Amino Acids to Codons in mRNA tRNA Molecules Match Amino Acids to Codons in mRNA

(E) The linear nucleotide sequence of the molecule, color-coded to match (A), (B), and (C). 



tRNA Molecules Match Amino Acids to Codons in mRNA

Figure 6–51 Wobble base-pairing between codons and anticodons. 

The codons in an mRNA do not directly recognize 

the amino acids they specify. Then, how does the 

translation proceed from mRNA to protein?

tRNAs (transfer RNAs)

tRNA molecules match amino acids to 
codons in mRNA

• tRNAs (transfer RNAs)
• small RNAs (about 80 nt).

• Adaptors
• Recognize / bind both to the codon and to the a.a. 

• Cloverleaf, L-shaped structure
• Four short segments, folded, double-helical and held 

together by hydrogen bonds.

•  Anticodon : 3 consecutive nt that pairs with the codon.

•  Amino acid at 3’ end : a.a. that matches the codon 
is attached.

The genetic code is redundant; that is, several different codoens can 

specify a single amino acid. What does this genetic redundancy 
imply and what is the possible explanations of the redundancy in 
translation process?

Genetic redundancy and Wobble base pairing
wobble [|wɑ:bl]    
[동사] (불안정하게) 흔들리다[떨리다]; 흔들다, 떨다
[명사] (불안정하게 약간) 흔들림[떨림]



genetic redundancy

•20 amino acids , 61 codons and 31 tRNA

Two possibilities;

✓ Some amino acids have more than one tRNA.

✓ Some tRNAs can base-pair with more than one codon.

 Wobble(base pairing

•   Some tRNAs require accurate base-pairing only at the first two positions of the codon and can tolerate a 
mismatch (or wobble) at the third position.

•Explains why so many of the alternative codons for an amino acid differ only in their third 
nucleotide.

•  Make it possible to fit the 20 amino acids to their 61 codons with as few as 31 kinds of 
tRNA molecules (In bacteria).

FROM RNA TO PROTEIN

• tRNAs Are Covalently Modified Before They Exit 
from the Nucleus

Porrua, O. & Libri, D. RNA quality control in the nucleus: The Angels' share of RNA. Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms 1829, 604–611 (2013).

•tRNAs synthesized by RNA polymerase III are 
covalently modified.



tRNAs Are Covalently Modified Before They Exit from the Nucleus

Figure 6–52 Structure of a tRNA-
splicing endonuclease docked to a 
precursor tRNA. The endonuclease 
(a four-subunit enzyme) removes 
the tRNA intron (dark blue, 
bottom). A second enzyme, a 
multifunctional tRNA ligase (not 
shown), then joins the two tRNA 
halves together. 

tRNAs Are Covalently Modified Before They Exit from the Nucleus

Figure 6–53 A few of the unusual nucleotides found in tRNA molecules.

A. Trimming and Splicing
• Precursor tRNAs are synthesized.

• Trimmed to produce mature tRNA.

• Some tRNA precursors must be spliced out.
• Quality-control steps in the generation of tRNAs.

B. Covalent Modification

• Near 1/10 nt is altered.

• Over 50 different types of tRNA modifications.

• Inosine (deamination of guanosine):  affect the conformation and base-pairing of 

anticodon and facilitate the recognition of the appropriate mRNA codon by the 
tRNA.

• Others affect the accuracy with which the tRNA is attached to the correct amino 
acid.

FROM RNA TO PROTEIN

• Specific Enzymes Couple Each Amino Acid to Its 
Appropriate tRNA Molecule



Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA 
Molecule

Figure 6–54 Amino acid activation by synthetase enzymes. 

Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA 
Molecule

Figure 6–55 The structure of the aminoacyl-tRNA linkage. 

Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA 
Molecule

Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA 
Molecule

Figure 6–56 The genetic code is translated by means of two adaptors that act one after another. The first 
adaptor is the aminoacyl-tRNA synthetase, which couples a particular amino acid to its corresponding tRNA; 
the second adaptor is the tRNA molecule itself, whose anticodon forms base pairs with the appropriate codon 
on the mRNA. An error in either step would cause the wrong amino acid to be incorporated into a protein 
chain (Movie 6.6). In the sequence of events shown, the amino acid tryptophan (Trp) is selected by the codon 
UGG on the mRNA.



• Covalently couples each amino acid to its appropriate set of tRNA.

• 20 synthetases in all.

• Attaches the amino acid to the 3’ end of the tRNA.

• Specific nucleotides in both anticodon and the amino-acid-
accepting arm - allow the correct tRNA to be recognized by the synthetase.

Aminoacyl-tRNA synthetase

Specific enzymes couple each amino acid  to 
its appropriate tRNAs molecule

FROM RNA TO PROTEIN

• Editing by tRNA Synthetases Ensures Accuracy

Editing by tRNA Synthetases Ensures Accuracy

Figure 6–57 Hydrolytic editing. 

(A) Aminoacyl tRNA synthetases correct their own coupling errors through hydrolytic editing of incorrectly 
attached amino acids. As described in the text, the correct amino acid is rejected by the editing site.



Editing by tRNA Synthetases Ensures Accuracy

(B) The error-correction process performed by DNA polymerase has similarities; however, it differs because 
the removal process depends strongly on a mispairing with the template (see Figure 5–8). (P, polymerization 
site; E, editing site.) 

Editing by tRNA Synthetases Ensures Accuracy

Figure 6–58 The recognition of a tRNA 
molecule by its aminoacyl-tRNA synthetase. 
For this tRNA (tRNAGln), specific nucleotides 
in both the anticodon (dark blue) and the 
amino acid-accepting arm (green) allow the 
correct tRNA to be recognized by the 
synthetase enzyme (yellow-green). A bound 
ATP molecule is yellow.

https://www.rcsb.org/3d-view/1QRS

Editing by tRNA Synthetases Ensures Accuracy 

The overall accuracy of tRNA charging to approximately one mistake 

in 40,000 couplings.

1. the correct amino acid has the highest affinity for the active-site 
pocket of its synthetase.

(In particular, amino acids larger than the correct one are effectively excluded from the 
active site)

2. Hydrolytic editing
(A second discrimination step occurs after the amino acid has been covalently linked to AMP.  
Once an amino acid enters this editing pocket, it is hydrolyzed from the AMP and is released 
from the enzyme)



FROM RNA TO PROTEIN

• Amino Acids Are Added to the C-terminal End of a 
Growing Polypeptide Chain

Amino Acids Are Added to the C-terminal End of a Growing 
Polypeptide Chain

Figure 6–59 The incorporation of an amino acid into a protein. 

FROM RNA TO PROTEIN

• The RNA Message Is Decoded in Ribosomes

The RNA Message Is Decoded in Ribosomes

Figure 6–60 Ribosomes in the cytoplasm of a eukaryotic cell. This electron micrograph shows a thin section 
of a small region of cytoplasm. The ribosomes appear as black dots (red arrows). Some are free in the cytosol; 
others are attached to membranes of the endoplasmic reticulum. (Courtesy of Daniel S. Friend.) 



The RNA Message Is Decoded in Ribosomes

Figure 6–61 A comparison of bacterial and eukaryotic ribosomes. 

The RNA Message Is Decoded in Ribosomes

Figure 6–62 The RNA-binding sites in the ribosome. 
Each ribosome has one binding site for mRNA and 
three binding sites for tRNA: the A, P, and E sites 
(short for aminoacyl-tRNA, peptidyl-tRNA, and exit, 
respectively). 

The RNA Message Is Decoded in Ribosomes The RNA Message Is Decoded in Ribosomes

Figure 6–63 The path of mRNA 
(blue) through the small ribosomal 
subunit. The orientation is the same 
as that in the right- hand panel of 
Figure 6–62B. (Courtesy of Harry 
F. Noller, based on data in G.Z. 
Yusupova et al., Cell 106:233–241, 
2001. With permission from 
Elsevier.) 



The RNA Message Is Decoded in Ribosomes

Figure 6–64 Translating an mRNA molecule. 

Ribosome

•Protein manufacturing machine.
• Travels along the mRNA chain.

• Captures complementary tRNA.

• Covalently links the amino acid.

• Ribosomal proteins + ribosomal RNAs (rRNAs)

• Cell contains millions of ribosomes in its cytoplasm (Free in cytosol + 

attached to rER).



Srivastava, Rakesh, Srivastava, R., & Ahn, S. H. (2016). The Epigenetic Pathways to Ribosomal DNA Silencing. Microbiology and Molecular Biology Reviews : MMBR, 80(3), 545–563. http://doi.org/
10.1128/MMBR.00005-16

•  A large complex of 4 RNAs and more than 80 proteins.

• One large and one small subunits.

•  Small subunit: matches the tRNA to the codons.

•  Large subunit: catalyzes the formation of the peptide bonds.

• Remarkable efficiency

•  In eucaryote, add 2 a.a. / s to a polypeptide chain.

•  In bacterial, 20 a.a. / s.

• Cycles of translation

Step 1: The appropriated charged tRNA enters the A-site by base-paring with the 

codon on the mRNA

Step 2: Its amino acid is then linked to the peptide chain held by the 

tRNA in the P-site.

Step 3: Ribosome shifts and the spent tRNA is moved to the E-site

FROM RNA TO PROTEIN

• Elongation Factors Drive Translation Forward and 
Improve Its Accuracy



Elongation Factors Drive Translation Forward and Improve Its 
Accuracy

Figure 6–65 Detailed view of the 
translation cycle. The outline of 
translation presented in Figure 6–64 has 
been expanded to show the roles of the 
two elongation factors EF-Tu and EF-
G, which drive translation in the 
forward direction. As explained in the 
text, EF-Tu provides opportunities for 
proofreading of the codon–anticodon 
match. In this way, incorrectly paired 
tRNAs are selectively rejected, and the 
accuracy of translation is improved.

Elongation Factors Drive Translation Forward and Improve Its 
Accuracy

The binding of a molecule of EF-
G to the ribosome and the 
subsequent hydrolysis of GTP 
lead to a rearrangement of the 
ribosome structure, moving the 
mRNA being decoded exactly 
three nucleotides through it 
(Movie 6.9). 

Elongation Factors Drive Translation Forward and Improve Its 
Accuracy

Figure 6–66 Recognition of correct 
codon–anticodon matches by the 
small-subunit rRNA of the ribosome. 
Shown here is the interaction between 
a nucleotide of the small-subunit 
rRNA and the first nucleotide pair of a 
correctly paired codon–anticodon. 
Similar interactions form between 
other nucleotides of the rRNA and the 
second and third positions of codon– 
anticodon pair. The small-subunit 
rRNA can form this network of 
hydrogen bonds only when an 
anticodon is correctly matched to a 
codon. As explained in the text, this 
codon–anticodon monitoring by the 
small-subunit rRNA increases the 
accuracy of protein synthesis. (From 
J.M. Ogle et al., Science 292:897–902, 
2001. With permission from AAAS.) 



FROM RNA TO PROTEIN

• Many Biological Processes Overcome the Inherent 
Limitations of Complementary Base-Pairing • Induced fit

: The ribosome folds around the codon–anticodon interaction, and only 
when the match is correct is this folding completed and the reaction 
allowed to proceed.

• Kinetic proofreading

: After the initial codon‒anticodon pairing and conformational change of 
the ribosome, GTP is hydrolyzed. This creates an irreversible step and 
starts the clock on a time delay during which the aminoacyl-tRNA 
moves into the proper position for catalysis.

FROM RNA TO PROTEIN

• Accuracy in Translation Requires an Expenditure of 
Free Energy The accuracy of protein synthesis requires the 

expenditure of a great deal of free energy

• In most cells, protein synthesis consumes more energy than 
any other biosynthetic process. 

• At least four high-energy phosphate bonds are split to make 
each new peptide bond.

• In addition, extra energy is consumed each time that an 
incorrect amino acid linkage is hydrolyzed by a tRNA 
synthetase and each time that an incorrect tRNA enters 
the ribosome, triggers GTP hydrolysis, and is rejected.



FROM RNA TO PROTEIN

• The Ribosome Is a Ribozyme

The Ribosome Is a Ribozyme

Figure 6–67 Structure of the rRNAs in the large subunit of a 
bacterial ribosome, as determined by x-ray crystallography. 

The Ribosome Is a Ribozyme The Ribosome Is a Ribozyme

Figure 6–68 Location of the 
protein components of the 
bacterial large ribosomal 
subunit. The rRNAs (5S and 
23S) are shown in blue and the 
proteins of the large subunit in 
green. This view is toward the 
outside of the ribosome; the 
interface with the small subunit 
is on the opposite face. (PDB 
code: 1FFK.) 



The Ribosome Is a Ribozyme

Figure 6-69 Structure of L15 
protein in the large subunit of 
the bacterial ribosome. The 
globular domain of the protein 
lies on the surface of the 
ribosome and an extended 
region penetrates deeply into 
the RNA core of the ribosome. 
The L15 protein is shown in 
green and a portion of the 
ribosomal RNA core is shown 
in blue. (From D. Klein, P.B. 
Moore and T.A. Steitz, J. Mol. 
Biol. 340:141–177, 2004. With 
permission from Academic 
Press. PDB code: 1S72.) 

FROM RNA TO PROTEIN

• Nucleotide Sequences in mRNA Signal Where to 
Start Protein Synthesis

Nucleotide Sequences in mRNA Signal Where to Start Protein 
Synthesis

Figure 6–70 The initiation of protein 
synthesis in eukaryotes. 

Nucleotide Sequences in mRNA Signal Where to Start Protein 
Synthesis



Nucleotide Sequences in mRNA Signal Where to Start Protein 
Synthesis

Figure 6–71 Structure of a typical bacterial mRNA molecule. Unlike eukaryotic ribosomes, which typically 
require a capped 5ʹ end on the mRNA, prokaryotic ribosomes initiate translation at ribosome-binding sites 
(Shine–Dalgarno sequences), which can be located anywhere along an mRNA molecule. This property of their 
ribosomes permits bacteria to synthesize more than one type of protein from a single mRNA molecule. 

Only the methionine-charged initiator tRNA is 

capable of tightly binding to P-site of the small ribosome 

subunit without the complete ribosome present.

Codons in mRNA signal where to start and to 
stop protein synthesis

Eucaryotic initiation factors (eIFs)

• Loaded ribosomal small subunit binds to the 5’ end of an mRNA 
(signaled by the cap of mRNA).

• Then, it moves forward searching for the first AUG.

• When this AUG is encountered, eIFs (eIF-2 and others) dissociate.

• Large ribosomal subunit assembles and completes the ribosome.

• eIF-2; eIF-4E (which directly binds the cap); eIF-4G.

Initiation of translation
• Begins with AUG codon.

• It sets the reading frame for the whole message.

• The last point whether the mRNA is to be translated.

• Initiator tRNA always carries methionine.

• Distinct from the tRNA that normally carries methionine.

• This methionine is usually removed later by a specific protease.

• Translation initiation factors.  



Bacterial initiation

• No 5’ caps of mRNA.

• Specific ribosome-binding sequences.
• Up to 6 nucleotides long.

• Located a few nucleotides upstream of the AUGs.

• A procaryotic ribosome binds directly to a start codon.

• Polycistronic
• Procaryotic mRNA encode several different proteins.
• Each is translated from the same mRNA molecule.

FROM RNA TO PROTEIN

• Stop Codons Mark the End of Translation

Stop Codons Mark the End of Translation

Termination of translation

• Stop codons (UAA, UAG, or UGA).
• Not recognized by a tRNA.

• Do not specify amino acid.

• Signal to the ribosome to stop translation.

• Releasing factors
• Bind to any stop codon.
• Alters the activity of the peptidyl transferase.

• Catalyze the addition of a water instead of an a.a.

• Completed protein chain is immediately released.



FROM RNA TO PROTEIN

• Proteins Are Made on Polyribosomes

Proteins Are Made on Polyribosomes

Figure 6–73 A polyribosome. 
(A) Schematic drawing 
showing how a series of 
ribosomes can simultaneously 
translate the same eukaryotic 
mRNA molecule. (B) Electron 
micrograph of a polyribosome 
from a eukaryotic cell. 

Proteins Are Made on Polyribosomes



• Multiple initiations

• Protein synthesis takes between 20 s and several min.

• But, multiple initiations usually take place.

• Polyribosomes (or polysomes): large cytoplasmic 

assemblies made up of several ribosomes (Spaced as close 

as 80 nucleotides apart).

• Many more protein molecules can be made in a given time

• Bacteria and eucaryotes.

FROM RNA TO PROTEIN

• There Are Minor Variations in the Standard Genetic 
Code

There Are Minor Variations in the Standard Genetic Code

Figure 6–74 Incorporation of selenocysteine into a growing polypeptide chain. A specialized tRNA is charged 
with serine by the normal seryl- tRNA synthetase, and the serine is subsequently converted enzymatically to 
selenocysteine. A specific RNA structure in the mRNA (a stem and loop structure with a particular nucleotide 
sequence) signals that selenocysteine is to be inserted at the neighboring UGA codon. As indicated, this event 
requires the participation of a selenocysteine-specific translation factor. After the addition of selenocysteine, 
translation continues until a conventional stop codon is encountered. 

Candida albicans 

: is the most prevalent human fungal pathogen. It translates the codon 
CUG as serine, not leucine.

Mitochondria

: In mammalian mitochondria AUA is translated as methionine, whereas in 
the cytosol of the cell it is translated as isoleucine.

Translation recoding

Selenocysteine, which is essential for the efficient function of a variety of 
enzymes, contains a selenium atom in place of the sulfur atom of cysteine.

Selenocysteine is enzymatically produced from a serine attached to a 
special tRNA molecule that base-pairs with the UGA codon, a codon 
normally used to signal a translation stop.



FROM RNA TO PROTEIN

• Inhibitors of Prokaryotic Protein Synthesis Are 
Useful as Antibiotics

Inhibitors of Prokaryotic Protein Synthesis Are Useful as Antibiotics

Inhibitors of Prokaryotic Protein Synthesis Are Useful as Antibiotics
Here^^



FROM RNA TO PROTEIN

• Quality Control Mechanisms Act to Prevent 
Translation of Damaged mRNAs

The danger of translating damaged or incompletely processed 
mRNAs is apparently so great that the cell has several backup 
measures to prevent this from happening.

Quality Control Mechanisms Act to Prevent Translation of Damaged 
mRNAs

Figure 6–76 Nonsense-mediated mRNA decay. 

Nonsense-mediated mRNA decay (mRNA surveillance system)

• eliminates defective mRNAs before they move away from 
the nucleus.

• An mRNA molecule has a nonsense (stop) codon (UAA, 
UAG, or UGA) in the “wrong” place; aberrant splicing.



The importance of Nonsense-mediated mRNA decay

• Evolution by selecting only those mRNAs for translation that 
can produce a full-length protein.

• Developing immune system: the extensive DNA 
rearrangements that occur often generate premature 
termination codons.

• Mitigating the symptoms of many inherited human diseases.

• Approximately one-third of all genetic disorders in humans 
result from nonsense mutations or mutations.

FROM RNA TO PROTEIN

• Some Proteins Begin to Fold While Still Being 
Synthesized

Some Proteins Begin to Fold While Still Being Synthesized

Figure 6–77 Steps in the creation of a functional protein 

Some Proteins Begin to Fold While Still Being Synthesized

Figure 6–78 The structure of a molten globule. For some proteins, this folding begins immediately, as the 
protein chain emerges from the ribosome, starting from the N-terminal end. In these cases, as each protein 
domain emerges from the ribosome, within a few seconds it forms a compact structure that contains most of 
the final secondary features (α helices and β sheets) aligned in roughly the right conformation



Some Proteins Begin to Fold While Still Being Synthesized

Figure 6–79 Co-translational protein folding. A growing polypeptide chain is shown acquiring its secondary 
and tertiary structure as it emerges from a ribosome. The N-terminal domain folds first, while the C-terminal 
domain is still being synthesized. This protein has not achieved its final conformation at the time it is released 
from the ribosome. 

FROM RNA TO PROTEIN

• Molecular Chaperones Help Guide the Folding of 
Most Proteins

• Most proteins probably do not fold correctly during their 
synthesis and require a special class of proteins called 
molecular chaperones.

• Molecular chaperones specifically recognize incorrect, off-
pathway configurations by their exposure of hydrophobic 
surfaces, which in correctly folded proteins are typically 
buried in the interior. 

FROM RNA TO PROTEIN

• Cells Utilize Several Types of Chaperones



Cells Utilize Several Types of Chaperones

Figure 6–80 The hsp70 family of molecular chaperones. These proteins act early, recognizing a small stretch 
of hydrophobic amino acids on a protein’s surface. Aided by a set of smaller hsp40 proteins (not shown), ATP-
bound hsp70 molecules grasp their target protein and then hydrolyze ATP to ADP, undergoing conformational 
changes that cause the hsp70 molecules to associate even more tightly with the target. After the hsp40 
dissociates, the rapid rebinding of ATP induces the dissociation of the hsp70 protein after ADP release. 
Repeated cycles of hsp binding and release help the target protein to refold. 

Cells Utilize Several Types of Chaperones

Figure 6–81 The structure and function of the hsp60 family of molecular chaperones. (A) A misfolded protein 
is initially captured by hydrophobic interactions with the exposed surface of the opening. The initial binding 
often helps to unfold a misfolded protein. The subsequent binding of ATP and a cap releases the substrate 
protein into an enclosed space, where it has a new opportunity to fold. After about 10 seconds, ATP hydrolysis 
occurs, weakening the binding of the cap. Subsequent binding of additional ATP molecules ejects the cap, and 
the protein is released. As indicated, only half of the symmetric barrel operates on a client protein at any one 
time. This type of molecular chaperone is also known as a chaperonin; it is designated as hsp60 in 
mitochondria, TCP1 in the cytosol of vertebrate cells, and GroEL in bacteria. 

Cells Utilize Several Types of Chaperones

(B) The structure of GroEL bound to its GroES cap, as determined by x-ray crystallography. On the left is 
shown the outside of the barrel-like structure, and on the right a cross section through its center. (B, adapted 
from B. Bukau and A.L. Horwich, Cell 92:351–366, 1998. With permission from Elsevier.) 

Heat-shock proteins (designated hsp)

• molecular chaperones.

• they are synthesized in dramatically increased amounts 
after a brief exposure of cells to an elevated temperature 
(for example, 42°C for cells that nor- mally live at 37°C).

• hsp60 and hsp70 proteins.



FROM RNA TO PROTEIN

• Exposed Hydrophobic Regions Provide Critical 
Signals for Protein Quality Control

Exposed Hydrophobic Regions Provide Critical Signals for Protein 
Quality Control

• The number of copies of a protein : how quickly new 
proteins are made, how long they survive.

• Life-span of protein; 
Structural protein: last for months or years.
Other proteins : last only days, hours, or even seconds.

Carefully controlled protein breakdown helps 
regulate the amount of each protein in a cell

proteolysis: 발현된 단백질 분해 FROM RNA TO PROTEIN

• The Proteasome Is a Compartmentalized Protease 
with Sequestered Active Sites



The Proteasome Is a Compartmentalized Protease with Sequestered 
Active Sites

Figure 6–83 The proteasome. (A) A cut- 
away view of the structure of the central 
20S cylinder, as determined by x-ray 
crystallography, with the active sites of 
the proteases indicated by red dots. (B) 
The entire proteasome, in which the 
central cylinder (yellow) is supplemented 
by a 19S cap (blue) at each end. The 
complex cap (also called the regulatory 
particle) selectively binds proteins that 
have been marked by ubiquitin for 
destruction; it then uses ATP hydrolysis 
to unfold their polypeptide chains and 
feed them through a narrow channel (see 
Figure 6–85) into the inner chamber of 
the 20S cylinder for digestion to short 
peptides. (B, from W. Baumeister et al., 
Cell 92:367–380, 1998. With permission 
from Elsevier.) 

The Proteasome Is a Compartmentalized Protease with Sequestered 
Active Sites

Figure 6–84 Processive protein digestion by the proteasome. (A) The proteasome cap recognizes proteins 
marked by a polyubiquitin chain (see Figure 3–70), and subsequently translocates them into the proteasome 
core, where they are digested. At an early stage, the ubiquitin is cleaved from the substrate protein and is 
recycled. Translocation into the core of the proteasome is mediated by a ring of ATPases that unfold the 
substrate protein as it is threaded through the ring and into the proteasome core. This unfoldase ring is 
depicted in Figure 6–85). 

The Proteasome Is a Compartmentalized Protease with Sequestered 
Active Sites

(B) Detailed structure of the proteasome cap. The cap includes a ubiquitin receptor, which holds a 
ubiquitylated protein in place while it begins to be pulled into the proteasome core, and a ubiquitin hydrolase, 
which cleaves ubiquitin from the doomed protein. (A, from S. Prakash and A. Matouschek, Trends Biochem. 
Sci. 29:593–600, 2004. With permission from Elsevier. B, adapted from G.C. Lander et al., Nature 482:186–
191, 2012.) 

The Proteasome Is a Compartmentalized Protease with Sequestered 
Active Sites

Figure 6–85 A hexameric protein 
unfoldase. (A) The proteasome cap 
includes proteins (orange) that 
recognize and hydrolyze ubiquitin and a 
hexameric ring (blue) through which 
ubiquitylated proteins are threaded. The 
hexameric ring is formed from six 
subunits, each belonging to the AAA 
family of proteins. 



The Proteasome Is a Compartmentalized Protease with Sequestered 
Active Sites

(B) Model for the ATP-dependent unfoldase activity of AAA proteins. The ATP-bound form of a hexameric 
ring of AAA proteins binds a folded substrate protein that is held in place by its ubiquitin tag. A 
conformational change, driven by ATP hydrolysis, pulls the substrate into the central core and strains the ring 
structure. At this point, the substrate protein, which is being tugged upon, can partially unfold and enter 
further into the pore or it can maintain its structure and partially withdraw. Very stable protein substrates may 
require hundreds of cycles of ATP hydrolysis and dissociation before they are successfully pulled through the 
AAA protein ring. Once unfolded (and de-ubiquitylated), the substrate protein moves relatively quickly 
through the pore by successive rounds of ATP hydrolysis. (A, adapted from G.C. Lander et al., Nature 
482:186–191, 2012; B, adapted from R.T. Sauer et al., Cell 119:9–18, 2004. With permission from Elsevier.) 

• Proteolysis: enzymatically break proteins down into their 
amino acids.

• Proteases: degrade proteins, first to short peptides and 
finally to individual amino acids.

• The importance of eliminating improperly folded proteins 

• Neurodegenerative disorders (퇴행성 신경질환) such as 
Huntington’s,  Alzheimer’s and Creutzfeldt-Jacob diseases 
are caused by the aggregation of misfolded proteins. 

• These proteins aggregates can severely damage cells 
and tissues and even trigger cell death.

FROM RNA TO PROTEIN

• Many Proteins Are Controlled by Regulated 
Destruction

Many Proteins Are Controlled by Regulated Destruction

Figure 6–86 Two general ways of inducing the degradation of a specific protein. (A) Activation of a specific  
E3 molecule creates a new ubiquitin ligase. Eukaryotic cells have many different E3 molecules, each activated  
by a different signal. 



Many Proteins Are Controlled by Regulated Destruction

(B) Creation of an exposed degradation signal in the protein to be degraded. This signal binds a ubiquitin 
ligase, causing the addition of a polyubiquitin chain to a nearby lysine on the target protein. All six pathways 
shown are known to be used by cells to induce the movement of selected proteins into the proteasome. 

FROM RNA TO PROTEIN

• There Are Many Steps From DNA to Protein

There Are Many Steps From DNA to Protein
Here^^



THE RNA WORLD AND THE 
ORIGINS OF LIFE

• Introduction

Introduction

Interdependent components

(Genes & Proteins)

• Nucleic acids are required to direct the synthesis of proteins.

• Proteins are required to synthesize nucleic acids.

The RNA world and the origins of life

THE RNA WORLD AND THE 
ORIGINS OF LIFE

• Single-Stranded RNA Molecules Can Fold into 
Highly Elaborate Structures



Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures

Figure 6–89 Some common 
elements of RNA structure. 
Conventional, complementary 
base-pairing interactions are 
indicated by red “rungs” in 
double-helical portions of the 
RNA. 

Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures

Figure 6–90 A ribozyme. This simple RNA molecule catalyzes the cleavage of a second RNA at a specific site. 
This ribozyme is found embedded in larger RNA genomes—called viroids—which infect plants. The 
cleavage, which occurs in nature at a distant location on the same RNA molecule that contains the ribozyme, 
is a step in the replication of the viroid genome. Although not shown in the figure, the reaction requires a 
magnesium ion positioned at the active site. (Adapted from T.R. Cech and O.C. Uhlenbeck, Nature 372:39–
40, 1994. With permission from Macmillan Publishers Ltd.) 

Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures

Figure 6–91 In vitro selection of a synthetic ribozyme. 

Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures



Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures

Single-Stranded RNA Molecules Can Fold 
into Highly Elaborate Structures (고도로 정교한 구조)

• Figure 6–101 RNA secondary structural motifs
• Figure 6–102 RNA tertiary interactions (more complex and often 

longer-range interactions, known as RNA tertiary interactions)  

• Figure 6–103 serve as an enzyme (an RNA molecule with an 
appropriately folded shape)

• Figure 6–104 In vitro selection of a synthetic ribozyme
• Figure 6–105 An RNA molecule that folds into two different 

ribozymes 

THE RNA WORLD AND THE 
ORIGINS OF LIFE

• RNA Can Both Store Information and Catalyze 
Chemical Reactions

RNA Can Both Store Information and Catalyze Chemical Reactions



RNA can both store information and catalyze 
chemical reaction

• An RNA molecule can in principle guide the information of an exact copy of 
itself.

• Catalysts (e.g. peptidyl transferase).

• Unique folded shapes, can serve as enzymes (ribozyme).
• Ribozymes constructed in the lab (Table 7-4).

• All the properties required to catalyze its own synthesis.

THE RNA WORLD AND THE 
ORIGINS OF LIFE

• How Did Protein Synthesis Evolve?

THE RNA WORLD AND THE 
ORIGINS OF LIFE

• All Present-Day Cells Use DNA as Their Hereditary 
Material

All Present-Day Cells Use DNA as Their Hereditary Material



RNA is thought to predate DNA in evolution

All Present-Day Cells Use DNA as Their 
Hereditary Material

• DNA uses thymine rather than uracil.

• The double-helical structure.

• Stability: damaged nucleotides can be repaired by using 
the other strand as a template.

• Deamination is easier to detect and repair in DNA 
(deamination of cytosine is uracil).

•Ribose is readily formed form formaldehyde (HCHO).

• Deoxyribose is harder to make (produced from ribose catalyzed by 
a protein enzyme).

• Ribose presumably predates deoxyribose.

Eventually DNA took over the primary genetic function, 
and proteins became the major catalysts, while RNA 
remained as the intermediary connecting the two.

Summary

From our knowledge of present-day organisms and the 
molecules they contain, it seems likely that the 
development of the distinctive autocatalytic mechanisms 
fundamental to living systems began with the evolution 
of families of RNA molecules that could catalyze their 
own replication. DNA is likely to have been a late 
addition: as the accumulation of protein catalysts allowed 
more efficient and complex cells to evolve, the DNA 
double helix replaced RNA as a more stable molecule for 
storing the increased amounts of genetic information 
required by such cells. 


