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What is a Mutation?  

• A mutation is an change in a DNA sequence.

• Mutations occur randomly, either during DNA replication 
or as a consequence of modifying DNA bases by chemicals 
or radiation. 

• Most mutations are single nucleotide replacements.

• Larger scale mutations may occur by errors in crossing over 
during meiosis.

• Mutations in a protein coding gene can change the protein.

• Mutations that occur in gamete producing cells may be 
inherited.  



Consequences of Mutation
• Many genes are protein-coding, and determine the amino acid 

sequences of proteins.  
• Example:  Beta Globin

• Reference DNA coding sequence:

ATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAA 
GGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGCTGCTGGTGGTCT
ACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGAT
GCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGC
CTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACAC
TGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGCTC
CTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCAC
CCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCC
TGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAA

• Translation

MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPD
AVMGNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRL
LGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH



Single Nucleotide Changes

Reference DNA sequence (partial) and translation:

ATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCC 

M  V  H  L  T  P  E E K  S  A  V   (Normal)

ATGGTGCATCTGACTCCTGTGGAGAAGTCTGCCGTTACTGCC 

M  V  H  L  T  P  V E  K  S  A  V   (AA Sub) 

ATGGTGCATCTGACTCCTTAGGAGAAGTCTGCCGTTACTGCC 

M  V  H  L  T  P  * E  K  S  A  V   (Stop) 

ATGGTGCATCTGACTCCTGAAGAGAAGTCTGCCGTTACTGCC 

M  V  H  L  T  P  E E K  S  A  V   (Silent)



Why Are Some Mutations Silent?  

https://pt.slideshare.net/namarta28/genetic-code-12022220/17

Each amino acid  is 
specified by a 3-
base codon. 

64 possible codons, 
all used.

There are only 
20 amino acids

Most amino acids 
have more than 
one codon.  

https://pt.slideshare.net/namarta28/genetic-code-12022220/17


The Code is Translated on Ribosomes

https://en.wikipedia.org/wiki/Transfer_RNA

-

Some tRNAs can recognize 
2-3 similar codons.

Transfer-RNAs (tRNAs) match 
amino acids to specific codons

This partial mismatch 
is called “wobble.”  

https://en.wikipedia.org/wiki/Transfer_RNA


The Wobble Rules

https://www.chegg.com/homework-help/

The first base in the anticodon loop of a tRNA matches the 3rd of the 3 
bases in an RNA codon.  This is called the wobble position.   In tRNAs, 
this position may be occupied by one of tRNA’s many modified bases.  

https://www.chegg.com/homework-help/


Modified tRNA bases

N1-methyl-A N1-methyl-inosine inosine

2-methylthio- N6-threonylcarbamoyl-A

N1-methyl-G N2-dimethyl-G 3-methyl-C 3-(3-amino-
3-carboxypropyl)-U

Pan 2018.  https://www.nature.com/articles/s41422-018-0013-y

https://www.nature.com/articles/s41422-018-0013-y


Why am I even thinking about this?  

• Last semester, I asked my students a question:  If you look at 
the same protein-coding gene in two different species, which 
is likely to be more different:  the coding sequence of the 
gene or the amino acid sequence of the encoded protein?  

• In the genetic code, 3 bases specify one amino acid.  So a 
coding sequence of 300 bases would specify a protein of 100 
amino acids.  

• Assume one base change = one amino acid change, so 
changing 30 bases would change 30 amino acids.  

• 30 bases/300 = 10%.  30 amino acids/100 = 30%.  So, as a 
percentage,  the protein changes more than the DNA.  



BUT….

• In the genetic code there is more than one codon per amino 
acid.  

• Most amino acids have either 4 codons or 2 codons, for an 
average number of 3 codons/amino acid.    

• Changes in the third base of the codon usually don’t change 
the amino acid.  

• So only 2/3 of the mutations will change the amino acid.  

• So of our 30 mutations in the 300 base coding sequence are 
still 10% of the DNA.  But now only 20 of those changes will 
change the amino acid.  So the protein changes by 20%.  It still 
changes more than the DNA.  



Testing the Hypothesis

• So I have a hypothesis that changing the DNA by 10% will 
change the protein by 20%. 

• I love to snoop in the databases, and this is a question that 
can be answered in the databases.  

• I (or the students) could compare the DNA for a given 
gene for two different species.  

• Compare the protein encoded by that DNA in the same 
two species.  

• This is the story of what I learned by snooping.  



Mutations Accumulate over Time

• Mutations are the primary source of evolutionary differences.  

• If mutations occur more or less randomly, then the longer two 
species have been separated, the more mutations will have 
accumulated between them. 

• Note the differences between proteins like the beta globins are 
more a record of evolutionary diversification than a cause.    

• This is the basis for molecular phylogenies.  

• Sample phylogeny based on the beta globins of 12 species:  
human, dog, horse, cow, camel, llama, whale, dolphin, seal, rhino, 
gibbon. 



Beta Globin Phylogeny

We have six sister groups:  horse-rhino, camel-llama,  hippo-cow, 
dolphin-whale, human-gibbon and seal-dog.   The two closest are 
camel-llama and human-gibbon.  The furthest pair is hippo-cow.  



OK, Back to Silence!

• These phylogenies are based on protein 
differences, i.e. on mutations that are NOT silent.  

• How can we detect silent mutations?  

• We start with three proteins:  

– Beta globin

– Amelogenin

– Rhodopsin

• …and two species:  humans and dogs (Canis lupus 
familiaris)



Beta Globin (Human)

MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMG
NPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLA
HHFGKEFTPPVQAAYQKVVAGVANALAHKYH

Human
Dog

Human vs Dog protein:  15 differences

^       ^  ^^ 



Beta Globin CDS:Human vs Dog
Human vs Dog CDS:  53 differences

15 are reflected by amino acid changes.  
The rest (38 differences) are silent.  

Human
Dog

CTAA

CTAA



Amelogenin (Human)
MGTWILFACLLGAAFAMPLPPHPGHPGYINFSYEVLTPLKWYQSIRPPYPSYGYEP
MGGWLHHQIIPVLSQQHPPTHTLQPHHHIPVVPAQQPVIPQQPMMPVPGQHS
MTPIQHHQPNLPPPAQQPYQPQPVQPQPHQPMQPQPPVHPMQPLPPQPPLP
PMFPMQPLPPMLPDLTLEAWPSTDKTKREEVD

Human vs Dog protein:  17 differences (1 in a gap, 16 in the CDS)

Human
Dog



Amelogenin CDS Human vs Dog

Human vs Dog CDS:
39 differences
(3 in a gap, 36 in the 
CDS)

20 codon differences 
are silent.

Human
Dog

Gap
^              ^^                                ^ 



Rhodopsin (Human)
MNGTEGPNFYVPFSNATGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTPL
NYILLNLAVADLFMVLGGFTSTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNF
RFGENHAIMGVAFTWVMALACAAPPLAGWSRYIPEGLQCSCGIDYYTLKPEVNNESFVIYMFVVHFTIPMII
IFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTHQGSNFGPIFMTIPA
FFAKSAAI YNPVIYIMMNKQFRNCMLTTICCGKNPLGDDEASATVSKTETSQVAPA

Human vs dog protein:  26 differences (10 in gap, 16 in CDS )  

Human
Dog

^      ^                         ^ 

Gap



Rhodopsin CDS Human vs Dog-1

106 differences 
(30 in gap, 76 in 
CDS )  

60 codon differences 
are silent

Human
Dog

^                    ^   

Gap



Rhodopsin CDS Human vs Dog-2
Human

Dog



Partial translation of Rhodopsin
571 TAC TAC ACG CTC AAG CCG GAG GTC AAC AAC GAG TCT TTT GTC ATC TAC ATG TTC GTG GTC 

Y   Y T L   K   P   E V   N   N E   S   F V   I   Y   M   F   V   V
601 TAC TAC ACA CTC AAG CCA GAA ATC AAC AAT GAG TCC TTC GTC ATC TAC ATG TTC GTG GTC

M

631 CAC TTC ACC ATC CCC ATG ATT ATC ATC TTT TTC TGC TAT GGG CAG CTC GTC TTC ACC GTC  
H   F   T   I   P   M   I   I I F F C   Y   G Q   L   V   F   T V

661 CAC TTC GCC ATC CCC ATG ATT GTC ATA TTC TTC TGC TAT GGA CAG CTC GTC TTC ACA GTC 
R V

691 AAG GAG GCC GCT GCC CAG CAG CAG GAG TCA GCC ACC ACA CAG AAG GCA GAG AAG GAG GTC
K         E        A A A Q        Q Q E        S A        T        T Q        K        A        E K        E        V

721 AAG GAG GCA GCT GCC CAG CAG CAG GAA TCG GCC ACC ACC CAG AAG GCT GAA AAG GAG GTC 

751 ACC CGC ATG GTC ATC ATC ATG GTC ATC GCT TTC CTG ATC TGC TGG GTG CCC TAC GCC AGC
T   R   M   V   I   I M   V   I   A   F   L   I   C   W   V   P   Y A   S

781 ACC CGC ATG GTC ATC ATC ATG GTC ATC GCT TTC CTG ATC TGC TGG GTG CCC TAT GCC AGT

811 GTG GCA TTC TAC ATC TTC ACC CAC CAG GGC TCC AAC TTC GGT CCC ATC TTC ATG ACC ATC 
V   A   F   Y   I   F   T   H   Q   G   S   N   F   G   P   I   F   M   T   I

841 GTG GCA TTC TAC ATC TTC ACC CAC CAG GGC TCC GAC TTT GGC CCC ATC TTC ATG ACC CTC 
D L

In these five lines of sequence, there are 25 mutations (bold) with 5 mutations 
resulting in substitutions (in red) and 20 that are silent.  

Human
Dog



Summary of Differences

Protein Protein Size 
(Human aa) 

CDS
Differences

Protein
Differences

Beta globin 146 53 15

Amelogenin 191 36 16

Rhodopsin 348 76 16

These are all relatively small proteins.  How about a bigger one?  



Summary of Differences

Protein Protein Size 
(Human aa) 

CDS
Differences

Protein
Differences

Beta globin 146 53 15  (28%)

Amelogenin 191 36 16 (44%)

Rhodopsin 348 76 16 (21%)

CFTR 1480 468 147 (31%)



Why do silent mutations prevail?  

• Silent mutations are more common than chance predicts 
because of the structure of the code and the chemistry of 
mutation.

• Silent mutations are more common because if you get side-
by-side mutations in the same codon, it will only be 
expressed once.  Not all unexpressed mutations are silent.  

• Silent mutations are more common because there is natural 
selection in favor of silence. If you don’t mess with the 
protein you are more likely to survive.    



Why do silent mutations prevail?  

• Silent mutations are more common than chance predicts 
because of the structure of the code and the 
chemistry of mutation.

• There are two types of base substitutions:  

• Transitions (purine-purine or pyrmidine-pyrimidine)

• Transversions (purine <-> pyrimidine).   

Because of the chemistry of mutation, transitions are more 
common than transversions.   

• Transitions in the third position are likely to be silent 
because of the structure of the code.  



Transitions and Transversions
in the Rhodopsin Sequence

571 TAC TAC ACG CTC AAG CCG GAG GTC AAC AAC GAG TCT TTT GTC ATC TAC ATG TTC GTG GTC 
Y   Y T L   K   P   E V   N   N E   S   F V   I   Y   M   F   V   V

601 TAC TAC ACA CTC AAG CCA GAA ATC AAC AAT GAG TCC TTC GTC ATC TAC ATG TTC GTG GTC
M

TV TV

631 CAC TTC ACC ATC CCC ATG ATT ATC ATC TTT TTC TGC TAT GGG CAG CTC GTC TTC ACC GTC  
H   F   T   I   P   M   I   I I F F C   Y   G Q   L   V   F   T V

661 CAC TTC GCC ATC CCC ATG ATT GTC ATA TTC TTC TGC TAT GGA CAG CTC GTC TTC ACA GTC 
R V
TV                                                                                 TV TV

691 AAG GAG GCC GCT GCC CAG CAG CAG GAG TCA GCC ACC ACA CAG AAG GCA GAG AAG GAG GTC
K         E        A A A Q        Q Q E        S A        T        T Q        K        A        E K        E        V

721 AAG GAG GCA GCT GCC CAG CAG CAG GAA TCG GCC ACC ACC CAG AAG GCT GAA AAG GAG GTC 

751 ACC CGC ATG GTC ATC ATC ATG GTC ATC GCT TTC CTG ATC TGC TGG GTG CCC TAC GCC AGC
T   R   M   V   I   I M   V   I   A   F   L   I   C   W   V   P   Y A   S

781 ACC CGC ATG GTC ATC ATC ATG GTC ATC GCT TTC CTG ATC TGC TGG GTG CCC TAT GCC AGT

*TV

811 GTG GCA TTC TAC ATC TTC ACC CAC CAG GGC TCC AAC TTC GGT CCC ATC TTC ATG ACC ATC 
V   A   F   Y   I   F   T   H   Q   G   S   N   F   G   P   I   F   M   T   I

841 GTG GCA TTC TAC ATC TTC ACC CAC CAG GGC TCC GAC TTT GGC CCC ATC TTC ATG ACC CTC 
D L

Of the 25 mutations,  6 are transversions (TV),  but only one (*) was associated with a 
substitution.  The other 4 changes were all due to B1 transitions.  So there is no bias 
toward transversions producing amino acid substitutions.  

H
D



• Clustered mutations will be underexpressed if they fall 
into the same codon.  

• In the set of proteins we’ve looked at, the beta globin
coding sequence has the most clustering.  

• How does the clustering contribute to amino acid 
changes in the protein? 

• How does the clustering contribute to unexpressed 
base changes?   

Why do silent mutations prevail?  



Mutational Clusters in Human HBB CDS

• 53 nucleotide substitutions, with 42 codons changed.  8 codons contain 2-3 
substitutions.    

• 15 amino acid changes, and 27 silent codon changes.   A cluster can hide a 
nucleotide change, but ALL of the multichange codons will change the amino 
acid.  Of the 34 single nucleotide codon changes, 27 (79%) are silent.  

ATG GTG CAT CTG ACT CCT GAG GAG AAG TCT GCC GTT ACT
GCC CTG TGG GGC AAG GTG AAC GTG GAT GAA GTT GGT GGT
GAG GCC CTG GGC AGG CTG CTG GTG GTC TAC CCT TGG ACC
CAG AGG TTC TTT GAG TCC TTT GGG GAT CTG TCC ACT CCT 
GAT GCT GTT ATG GGC AAC CCT AAG GTG AAG GCT CAT GGC 
AAG AAA GTG CTC GGT GCC TTT AGT GAT GGC CTG GCT CAC 
CTG GAC AAC CTC AAG GGC ACC TTT GCC ACA CTG AGT GAG 
CTG CAC TGT GAC AAG CTG CAC GTG GAT CCT GAG AAC TTC 
AGG CTC CTG GGC AAC GTG CTG GTC TGT GTG CTG GCC CAT
CAC TTT GGC AAA GAA TTC ACC CCA CCA GTG CAG GCT GCC 
TAT CAG AAA GTG GTG GCT GGT GTG GCT AAT GCC CTG GCC
CAC AAG TAT CAC TAA 



• Assuming random mutation, about 1/3 of mutations should 
be silent, mostly those that change only the 3rd nucleotide of 
a codon.  

• In the beta globin gene, there are 10 first position mutations, 
8 second position mutations, and  34 third position mutations. 

• All of the 8 codons with more than one mutation change their 
amino acid.  

• Of the 34 codons with a single nucleotide change, only 7 
change their amino acid, and the remaining 27 are silent.  

• Silent mutations appear to be strongly selected, or most 
mutations that DO change the amino acid will kill the bearer.   

Why do silent mutations prevail?  



Darwin Wins Again



So it’s Probably Selection

• We’ve looked only at 4 proteins in two species:  humans 
and dogs.  

• Humans and dogs are in two different branches of the 
mammalian phylogenetic tree: humans in the 
Euarchontoglires and dogs in the Laurasiatheria.



Mammalian phylogeny

Kim et al. 2017.  https://doi.org/10.1073/pnas.1702012114

Afrotheria

Euarchontoglires

Boroeutheria

Laurasiatheria

https://doi.org/10.1073/pnas.1702012114


So it’s Probably Selection

• We’ve looked only at 4 proteins in two species:  humans and 
dogs.  

• Humans and dogs are in two different branches of the 
mammalian phylogenetic tree: humans in the 
Euarchontoglires and dogs in the Laurasiatheria.

• These two lineages separated over 90 MYA, so we’re looking 
at the mutational accumulation over that time span.  

• The silent mutations are much favored over the substitution 
mutations. 

• Some proteins are less tolerant of change than others.  



Question

Are silent mutations totally silent?

• They don’t affect the amino acid encoded by the protein.

• But do they affect the production of the protein?    

• Translation involves interaction between the tRNA 
anticodon and the mRNA codon on the ribosome.  

• Transfer RNAs have to match two different binding sites:  
the tRNA binding sites on the ribosome and the tRNA 
binding sites on the aminoacyl tRNA synthetases that put 
the amino acid on the tRNA.    



Some Codons are Preferred over Others
Example:  Human codon bias

UUU F 0.46   UCU S 0.19   UAU Y 0.44   UGU C 0.46
UUC F 0.54   UCC S 0.22   UAC Y 0.56   UGC C 0.54 
UUA L 0.08   UCA S 0.15   UAA * 0.30   UGA * 0.47  
UUG L 0.13   UCG S 0.05   UAG * 0.24   UGG W 1.00 

CUU L 0.13   CCU P 0.29   CAU H 0.42   CGU R 0.08  
CUC L 0.20   CCC P 0.32   CAC H 0.58   CGC R 0.18 
CUA L 0.07   CCA P 0.28   CAA Q 0.27   CGA R 0.11  
CUG L 0.40   CCG P 0.11   CAG Q 0.73   CGG R 0.20 

AUU I 0.36   ACU T 0.25   AAU N 0.47   AGU S 0.15 
AUC I 0.47   ACC T 0.36   AAC N 0.53   AGC S 0.24 
AUA I 0.17   ACA T 0.28   AAA K 0.43   AGA R 0.21 
AUG M 1.00   ACG T 0.11   AAG K 0.57   AGG R 0.21 

GUU V 0.18   GCU A 0.27   GAU D 0.46   GGU G 0.16 
GUC V 0.24   GCC A 0.40   GAC D 0.54   GGC G 0.34 
GUA V 0.12   GCA A 0.23   GAA E 0.42   GGA G 0.25 
GUG V 0.46   GCG A 0.11   GAG E 0.58   GGG G 0.25 

https://www.kazusa.or.jp/codon/

https://www.kazusa.or.jp/codon/


Switching codons may 
affect translation or protein folding.  

• The preferred codon may have more or more stable 
tRNAs.  Switching from a preferred codon may make the 
codon-anticodon interaction a little less stable or slower 
than usual. 

• …or vice versa.  

• Proteins fold during translation, so speeding up or slowing 
down translation might interfere with normal protein 
folding.    
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