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Ø Molecular Evolution - part 2

 • Assignment 2

TODAY'S TOPICS
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The Neutral Theory of Molecular Evolution
Ø Kimura, M. (1968) Evolutionary rate at the molecular level.
 Nature 217: 624-626

Ø King, J. L. & Jukes, T. H. (1969) Non-Darwinian 
evolution: random fixation of selectively neutral mutations. 

 Science 164: 788-798.

 ➜ The majority of molecular changes in evolution
  are due to the random fixation of neutral or nearly 
  neutral mutations

deleterious
advantageous neutral advantageous

deleteriousneutral

Selectionist model Neutralist model
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Ø “Functionally less important molecules or parts of
 molecules evolve faster than more important ones.”

Ø “Substitutions less disruptive to the existing 
 structure and function of a molecule occur more 
 frequently in evolution than more disruptive ones.”

Inverse correlations between the rate of 
substitutions and the degree of 
functional constraints

The Neutral Theory of Molecular Evolution

Kimura, M. (1983) The Neutral Theory of 
Molecular Evolution. Cambridge University Press
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Ø The majority of changes found in sequences have little 
effect in their functions ➜ Observations conform the 
neutralist model of molecular evolution.

Note: Recent molecular evolutionary studies are more focused on identifying positively 
selected changes that directly affect the functions/phenotypes.

deleterious
advantageous neutral advantageous

deleteriousneutral

Selectionist model Neutralist model

The Neutral Theory of Molecular Evolution

Kimura, M. (1983) The Neutral Theory of 
Molecular Evolution. Cambridge University Press

Ø Advantageous mutations happen. They are rare although important. 
➜ They are not the driving force of the main part of molecular 

evolution.
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Functional Constraints and Substitution Rates

• u: neutral mutation rate / gene / generation
• 2N genes in the diploid population (population size = N)
• 2Nu new mutations / gene / generation in the population

Many new neutral mutations appear Many will be lost

(Considering only neutral mutations) Fixation (slow)

=0/6

(N=3)
[Fixation of    allele]

=5/6

=3/6=2/6=1/6 =6/6

=3/6
=1/6

=2/6
=1/6

[Extinction of    allele]
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Functional Constraints and Substitution Rates

• u: neutral mutation rate / gene / generation
• 2N genes in the diploid population (population size = N)
• 2Nu new mutations / gene / generation in the population
• Fixation probability for each of these neutral mutants = 1/(2N)
 [Fixation probability = initial allele frequency]
 [Initial allele frequency = 1/(2N) because one new mutant among 2N genes]

Fixation (slow)

=1/6 =6/6

(N=3)

Many new neutral mutations appear Many will be lost

Fixed     allele had the freq. of 1/6 
when it first appeared.
  ®  Initial     allele freq. = 1/6

(Considering only neutral mutations)
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Functional Constraints and Substitution Rates

• u: neutral mutation rate / gene / generation
• 2N genes in the diploid population (population size = N)
• 2Nu new mutations / gene / generation in the population
• Fixation probability for each of these neutral mutants = 1/(2N)
 [Fixation probability = initial allele frequency]
 [Initial allele frequency = 1/(2N) because one new mutant among 2N genes]
• The rate of substitution for neutral mutations (K) = 2Nu x {1/(2N)} = u
   K = u

Fixation (slow)

This is what we see by comparing sequences

Many new neutral mutations appear Many will be lost

(Considering only neutral mutations)
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Functional Constraints and Substitution Rates
Ø The rate of substitutions for neutral mutations
(the number of mutants reaching fixation per unit time)

K = u
➜ Independent of population size

(advantageous ≈ 0)
deleterious neutral

K = u = uTf0
(uT: total mutation rate; f0: fraction of neutral mutations)
➜ explains the relationship between functional 

constraint and substitution rate
K becomes larger if f0 is larger (more neutral mutations)

f01 - f0
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Functional Constraints and Substitution Rates

Ø Inverse correlations between the rate of substitutions 
and the degree of functional constraints

 • Coding and non-coding sequence regions
  (e.g., exon vs. intron)
 

 

K = u = uTf0

f0(exon) << f0(intron)

K(exon) << K(intron)
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Sequence 1
Sequence 2

Sequence 1
Sequence 2

Sequence 1
Sequence 2

exon

intron

[exon region]

Nucleotide sites compared = 93
Nucleotide substitutions = 6
Nucleotide substitutions per site:
 6/93=0.065

[intron region]

Nucleotide sites compared = 67
Nucleotide substitutions = 38
Nucleotide substitutions per site:
 38/67=0.57

<<

Functional Constraints and Substitution Rates

K(exon) << K(intron)

12
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Functional Constraints and Substitution Rates

Ø Inverse correlations between the rate of substitutions 
and the degree of functional constraints

 • Coding and non-coding sequence regions
  (e.g., exon vs. intron)
 

 • Nucleotide substitutions at different codon positions
 

 

 • Synonymous (silent) substitutions vs. 
  nonsynonymous (replacement) substitutions

CCG

1st  2nd  3rd

K = u = uTf0

13

>Adh (partial CDS) [*: gap] 

                  M   S   F   T   L   T   N   K   N   V   I   F   V   A   G   L   G   G   I   G  

D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 

D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 

                  -   *   *   S   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -  

 

                  L   D   T   S   K   E   L   L   K   R   D   L   K   N   L   V   I   L   D   R 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 

D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 

                  -   -   -   -   R   -   -   V   -   -   N   -   -   -   -   -   -   -   -   -  

 

                  I   E   N   P   A   A   I   A   E   L   K   A   I   N   P   K   V   T   V   T 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 

D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 

                  -   D   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   I   - 
 

                  F   Y   P   Y   D   V   T   V   P   I   A   E   T   T   K   L   L   K   T   I  

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 

D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 

                  -   -   -   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -   - 

  

                  F   A   Q   L   K   T   V   D   V   L   I   N   G   A   G   I   L   D   D   H 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 

D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

                  -   -   -   V   -   -   I   -   -   -   -   -   -   -   -   -   -   -   -   - 
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Total nucleotide sites compared = 294
(100 codons, 2 aligned with gaps, 98codons x 3positions = 294bp) 

Total nucleotide substitutions = 36
Nucleotide substitutions per site: 36/294=0.12

Functional Constraints and Substitution Rates
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>Adh (partial CDS) [*: gap] 
D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 
D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 
 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 
D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 
 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 
D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 
 

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 
D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 
 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 
D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

Functional Constraints and Substitution Rates

[Codon position] 1st 2nd 3rd All

# nucleotide sites 98 98 98 294

# nucleotide substitutions 11 1 24 36

Nucleotide substitutions/site 0.11 0.01 0.24 0.12

15
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>Adh (partial CDS) [*: gap] 

                  M   S   F   T   L   T   N   K   N   V   I   F   V   A   G   L   G   G   I   G  

D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 

D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 

                  -   *   *   S   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -  

 

                  L   D   T   S   K   E   L   L   K   R   D   L   K   N   L   V   I   L   D   R 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 

D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 

                  -   -   -   -   R   -   -   V   -   -   N   -   -   -   -   -   -   -   -   -  

 

                  I   E   N   P   A   A   I   A   E   L   K   A   I   N   P   K   V   T   V   T 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 

D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 

                  -   D   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   I   - 
 

                  F   Y   P   Y   D   V   T   V   P   I   A   E   T   T   K   L   L   K   T   I  

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 

D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 

                  -   -   -   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -   - 

  

                  F   A   Q   L   K   T   V   D   V   L   I   N   G   A   G   I   L   D   D   H 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 

D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

                  -   -   -   V   -   -   I   -   -   -   -   -   -   -   -   -   -   -   -   - 

 

Some nucleotide substitutions change amino acids, and some don’t.

Functional Constraints and Substitution Rates
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>Adh (partial CDS) [*: gap] 

                  M   S   F   T   L   T   N   K   N   V   I   F   V   A   G   L   G   G   I   G  

D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 

D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 

                  -   *   *   S   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -  

 

                  L   D   T   S   K   E   L   L   K   R   D   L   K   N   L   V   I   L   D   R 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 

D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 

                  -   -   -   -   R   -   -   V   -   -   N   -   -   -   -   -   -   -   -   -  

 

                  I   E   N   P   A   A   I   A   E   L   K   A   I   N   P   K   V   T   V   T 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 

D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 

                  -   D   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   I   - 
 

                  F   Y   P   Y   D   V   T   V   P   I   A   E   T   T   K   L   L   K   T   I  

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 

D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 

                  -   -   -   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -   - 

  

                  F   A   Q   L   K   T   V   D   V   L   I   N   G   A   G   I   L   D   D   H 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 

D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

                  -   -   -   V   -   -   I   -   -   -   -   -   -   -   -   -   -   -   -   - 

 

(Substitutions at) 
 change amino acids 
 do not change amino acids 

(1st)  
 9/11 
 2/11 

(2nd)  
 1/1 
 0/1 

(3rd)  
2/24
22/24

Functional Constraints and Substitution Rates
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Universal Genetic Code

T C A G

T TTT TCT TAT TGT
C TTC

Phe
TCC TAC

Tyr
TGC

Cys

A TTA TCA TAA TGA Stop
T

G TTG TCG

Ser

TAG
Stop

TGG Trp
T CTT CCT CAT CGT
C CTC CCC CAC

His
CGC

A CTA CCA CAA CGA
C

G CTG

Leu

CCG

Pro

CAG
Gln

CGG

Arg

T ATT ACT AAT AGT
C ATC ACC AAC

Asn
AGC

Ser

A ATA
Ile

ACA AAA AGA
A

G ATG Met ACG

Thr

AAG
Lys

AGG
Arg

T GTT GCT GAT GGT
C GTC GCC GAC

Asp
GGC

A GTA GCA GAA GGA
G

G GTG

Val

GCG

Ala

GAG
Glu

GGG

Gly

1s
t 

co
do

n 
po

si
ti

on

3rd codon position

2nd
codon position

18
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CTA:L
Universal Genetic Code

T C A G

T TTT TCT TAT TGT
C TTC

Phe
TCC TAC

Tyr
TGC

Cys

A TTA TCA TAA TGA Stop
T

G TTG TCG

Ser

TAG
Stop

TGG Trp
T CTT CCT CAT CGT
C CTC CCC CAC

His
CGC

A CTA CCA CAA CGA
C

G CTG

Leu

CCG

Pro

CAG
Gln

CGG

Arg

T ATT ACT AAT AGT
C ATC ACC AAC

Asn
AGC

Ser

A ATA
Ile

ACA AAA AGA
A

G ATG Met ACG

Thr

AAG
Lys

AGG
Arg

T GTT GCT GAT GGT
C GTC GCC GAC

Asp
GGC

A GTA GCA GAA GGA
G

G GTG

Val

GCG

Ala

GAG
Glu

GGG

Gly

TTA:L

ATA:I

GTA:V

CCA:P

CAA:Q

CGA:R

CTT:L

CTC:L

CTG:L

Functional Constraints and Substitution Rates

Substitutions at
(1st) (2nd) (3rd)

No amino acid change 1/3 0/3 3/3
With amino acid changes 2/3 3/3 0/3>

<
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Ø Nucleotide substitutions in the coding region
 • ~70% of all possible nucleotide changes at the 

3rd codon position do not change amino acids.
 ➜  Selective constraint is weaker.
 ➜  More substitutions.
 • All nucleotide changes at the 2nd codon position 

and ~96% at the 1st codon position change 
amino acids.

 ➜  Selective constraint is stronger.
 ➜  Fewer substitutions.

Functional Constraints and Substitution Rates

20
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>Adh (partial CDS) [*: gap] 
D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 
D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 
 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 
D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 
 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 
D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 
 

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 
D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 
 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 
D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

Most conserved Least conserved

Functional Constraints and Substitution Rates

[Codon position] 1st 2nd 3rd All

# nucleotide sites 98 98 98 294

# nucleotide substitutions 11 1 24 36

Nucleotide substitutions/site 0.11 0.01 0.24 0.12

f0(2nd) <f0(1st)< f0(3rd) K(2nd) <K(1st)< K(3rd)

21
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Ø Nucleotide substitutions
 • Synonymous (silent) substitutions:
  Nucleotide substitutions that do not change 

amino acids
  (The majority of nucleotide changes at the 3rd codon 

position and a few at the 1st codon position)

 • Nonsynonymous (replacement) substitutions: 
Nucleotide substitutions that change amino acids

  (All nucleotide changes at the 2nd codon position and the 
majority at the 1st codon position)

Functional Constraints and Substitution Rates

22
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>Adh
D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt
D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc
D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t ---

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc
D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- ---

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc
D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- ---

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac
D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t

D. melanogaster  cag atc gag cgc acc att gcc gtc aac tac act ggc ctg gtc aac acc acg acg gcc att
D. pseudoobscura --- --- --- --- --- --- --- --t --- --- --g --- --- --- --- --- --c --a --- ---

D. melanogaster  ctg gac ttc tgg gac aag cgc aag ggc ggt ccc ggt ggt atc atc tgc aac att gga tcc
D. pseudoobscura --- --- --- --- --- --- --- --- --- --c --a --c --c --- --t --- --- --- --c ---

D. melanogaster  gtc act gga ttc aat gcc atc tac cag gtg ccc gtc tac tcc ggc acc aag gcc gcc gtg
D. pseudoobscura --- --c --t --- --- --- --- --- --- --- --- --t --- --- --- t-- --- --g --g ---

D. melanogaster  gtc aac ttc acc agc tcc ctg gcg aaa ctg gcc ccc att acc ggc gtg acc gct tac acc
D. pseudoobscura --t --- --t --- tc- --- --- --- --- --- --t --- --- --t --t --c --t --- --- --t

D. melanogaster  gtg aac ccc ggc atc acc cgc acc acc ctg gtg cac aag ttc aac tcc tgg ttg gat gtt
D. pseudoobscura --c --t --t --- --- --t aag --- --t --- --c --- --a --- --- --g --- c-- --- --g

D. melanogaster  gag ccc cag gtt gct gag aag ctc ctg gct cat ccc acc cag cca tcg ttg gcc tgc gcc
D. pseudoobscura --- --- -gt --g --g --- --- --g --c -ag --- --- --- --- a-c --t ca- cag --- ---

D. melanogaster  gag aac ttc gtc aag gct atc gaa ctg aac cag aac gga gcc atc tgg aaa ctg gac ttg
D. pseudoobscura --- --- --t --g --- --c --t --g --- --- a-- --- --t --- --- --- --g t-- --t c--

D. melanogaster  ggc acc ctg gag gcc atc cag tgg acc aag cac tgg gac tcc ggc atc taa
D. pseudoobscura --- --- t-- --- c-- --- aca --- --- c-- --- --- --t --g --- --- ---

Synonymous substitutions Nonsynonymous substitutions
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>Adh
D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt
D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc
D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t ---

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc
D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- ---

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc
D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- ---

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac
D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t

D. melanogaster  cag atc gag cgc acc att gcc gtc aac tac act ggc ctg gtc aac acc acg acg gcc att
D. pseudoobscura --- --- --- --- --- --- --- --t --- --- --g --- --- --- --- --- --c --a --- ---

D. melanogaster  ctg gac ttc tgg gac aag cgc aag ggc ggt ccc ggt ggt atc atc tgc aac att gga tcc
D. pseudoobscura --- --- --- --- --- --- --- --- --- --c --a --c --c --- --t --- --- --- --c ---

D. melanogaster  gtc act gga ttc aat gcc atc tac cag gtg ccc gtc tac tcc ggc acc aag gcc gcc gtg
D. pseudoobscura --- --c --t --- --- --- --- --- --- --- --- --t --- --- --- t-- --- --g --g ---

D. melanogaster  gtc aac ttc acc agc tcc ctg gcg aaa ctg gcc ccc att acc ggc gtg acc gct tac acc
D. pseudoobscura --t --- --t --- tc- --- --- --- --- --- --t --- --- --t --t --c --t --- --- --t

D. melanogaster  gtg aac ccc ggc atc acc cgc acc acc ctg gtg cac aag ttc aac tcc tgg ttg gat gtt
D. pseudoobscura --c --t --t --- --- --t aag --- --t --- --c --- --a --- --- --g --- c-- --- --g

D. melanogaster  gag ccc cag gtt gct gag aag ctc ctg gct cat ccc acc cag cca tcg ttg gcc tgc gcc
D. pseudoobscura --- --- -gt --g --g --- --- --g --c -ag --- --- --- --- a-c --t ca- cag --- ---

D. melanogaster  gag aac ttc gtc aag gct atc gaa ctg aac cag aac gga gcc atc tgg aaa ctg gac ttg
D. pseudoobscura --- --- --t --g --- --c --t --g --- --- a-- --- --t --- --- --- --g t-- --t c--

D. melanogaster  ggc acc ctg gag gcc atc cag tgg acc aag cac tgg gac tcc ggc atc taa
D. pseudoobscura --- --- t-- --- c-- --- aca --- --- c-- --- --- --t --g --- --- ---

Synonymous substitutions Nonsynonymous substitutions

Synonymous substitutions: 75*
Nonsynonymous substitutions: 21* 

Synonymous > Nonsynonymous
*To simplify, these are the numbers of codons (not numbers of individual positions) 

f0(nonsynonymous) < f0(synonymous)

K(nonsynonymous) < K(synonymous)

24
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How about amino acid substitutions?

Functional Constraints and Substitution Rates
>Adh (partial CDS) [*: gap] 

                  M   S   F   T   L   T   N   K   N   V   I   F   V   A   G   L   G   G   I   G  

D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 

D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 

                  -   *   *   S   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -  

 

                  L   D   T   S   K   E   L   L   K   R   D   L   K   N   L   V   I   L   D   R 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 

D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 

                  -   -   -   -   R   -   -   V   -   -   N   -   -   -   -   -   -   -   -   -  

 

                  I   E   N   P   A   A   I   A   E   L   K   A   I   N   P   K   V   T   V   T 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 

D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 

                  -   D   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   I   - 
 

                  F   Y   P   Y   D   V   T   V   P   I   A   E   T   T   K   L   L   K   T   I  

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 

D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 

                  -   -   -   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -   - 

  

                  F   A   Q   L   K   T   V   D   V   L   I   N   G   A   G   I   L   D   D   H 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 

D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

                  -   -   -   V   -   -   I   -   -   -   -   -   -   -   -   -   -   -   -   - 
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>Adh (partial CDS) [*: gap] 

                  M   S   F   T   L   T   N   K   N   V   I   F   V   A   G   L   G   G   I   G  

D. melanogaster  atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt 

D. pseudoobscura --- *** *** t-- c-c --- --- --- --- --c g-- --- --g --- --- --- --c --- --- --c 

                  -   *   *   S   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -  

 

                  L   D   T   S   K   E   L   L   K   R   D   L   K   N   L   V   I   L   D   R 

D. melanogaster  ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cgc 

D. pseudoobscura --- --- --- --- cg- --- t-- g-- --- --t a-- --- --- --- --- --c --- --g --t --- 

                  -   -   -   -   R   -   -   V   -   -   N   -   -   -   -   -   -   -   -   -  

 

                  I   E   N   P   A   A   I   A   E   L   K   A   I   N   P   K   V   T   V   T 

D. melanogaster  att gag aac ccg gct gcc att gcc gag ctg aag gca atc aat cca aag gtg acc gtc acc 

D. pseudoobscura --- --c --t --- --- --- --- --- --a --- --- --- --- --- --c --- --- --- a-- --- 

                  -   D   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   I   - 
 

                  F   Y   P   Y   D   V   T   V   P   I   A   E   T   T   K   L   L   K   T   I  

D. melanogaster  ttc tac ccc tat gat gtg acc gtg ccc att gcc gag acc acc aag ctg ctg aag acc atc 

D. pseudoobscura --- --t --- --c --- --- --t --- --- g-c --t --- --- --- --- --c --- --- --- --- 

                  -   -   -   -   -   -   -   -   -   V   -   -   -   -   -   -   -   -   -   - 

  

                  F   A   Q   L   K   T   V   D   V   L   I   N   G   A   G   I   L   D   D   H 

D. melanogaster  ttc gcc cag ctg aag acc gtc gat gtc ctg atc aac gga gct ggt atc ctg gac gat cac 

D. pseudoobscura --t --- --- g-- --- --a a-- --- --- --- --- --- --t --- --c --- --- --- --- --t 

                  -   -   -   V   -   -   I   -   -   -   -   -   -   -   -   -   -   -   -   - 
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4 I Û V, 2 L Û V, E Û D, D Û N, K Û R, T Û S

Functional Constraints and Substitution Rates
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20 Amino Acids
BASIC

ACIDIC

Neutral, POLARNeutral, NONPOLAR
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Major factors in
protein folding

protein functions

➜ Substitutions 
between similar amino 

acids are more 
common

Physico-chemical Properties of Amino Acids 

Aliphatic

Non-polar

Tiny

Small

Positive

Polar

Charged

Aromatic

Negative

Proline

Livingstone and Barton (1993) CABIOS 9: 745-756
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Aliphatic

Non-polar

Tiny

Small

Positive

Polar

Charged

Aromatic

Negative

Proline

Aliphatic

Positive

Negative

Small

Polar

D Û N, T Û S

Small

Polar

4 I Û V, 2 L Û V

Aliphatic

E Û D, K Û R
Positive

Negative

Livingstone and Barton (1993) CABIOS 9: 745-756

Physico-chemical Properties of Amino Acids 
Major factors in
protein folding

protein functions

➜ Substitutions 
between similar amino 

acids are more 
common
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Functional Constraints and Substitution Rates

Ø If all mutations are neutral,
 the rate of substitutions is equal to the rate of mutations
 K = u (independent of population size)

Ø If some mutations are under functional constraints,
 
 K = u = uTf0

 uT: total mutation rate, f0: fraction of neutral mutations

 e.g., f0(exon) < f0(intron) 
   f0(2nd codon position) < f0(3rd codon position) 
   f0(Nonsynonymous sites) < f0(Synonymous sites)
   f0(b/w dissimilar AAs) < f0(b/w similar AAs) 

(advantageous ≈ 0)

deleterious neutral
f01 - f0

30
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Functional Constraints and Substitution Rates
Universal Genetic Code

T C A G

T TTT TCT TAT TGT
C TTC

Phe
TCC TAC

Tyr
TGC

Cys

A TTA TCA TAA TGA Stop
T

G TTG TCG

Ser

TAG
Stop

TGG Trp
T CTT CCT CAT CGT
C CTC CCC CAC

His
CGC

A CTA CCA CAA CGA
C

G CTG

Leu

CCG

Pro

CAG
Gln

CGG

Arg

T ATT ACT AAT AGT
C ATC ACC AAC

Asn
AGC

Ser

A ATA
Ile

ACA AAA AGA
A

G ATG Met ACG

Thr

AAG
Lys

AGG
Arg

T GTT GCT GAT GGT
C GTC GCC GAC

Asp
GGC

A GTA GCA GAA GGA
G

G GTG

Val

GCG

Ala

GAG
Glu

GGG

Gly

Nondegenerate sites:
 all changes are nonsynonymous
 (e.g., all 3 sites of ATG:Met,
  all 2nd codon positions)

4-fold degenerate sites:
 all changes are synonymous
 (e.g., 3rd position of GTC:Val)
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Coding regions

Average numbers obtained from comparisons between human and chimpanzee 
(based on Graur, 2016)
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Functional Constraints and Substitution Rates

Pseudogenes:

DNA sequences that were 
derived from functional 
genes, 
but have been rendered 
nonfunctional due to 
accumulated mutations 
(e.g., frame-shifting indels, 
internal stop codons)
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Average numbers obtained from comparisons between human and chimpanzee 
(based on Graur, 2016)
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Functional Constraints and Substitution Rates
� Introns & Non-coding regions
� 4-fold degenerate sites: 
 3rd codon position of 4-fold 

degenerate amino acids
� Pseudogenes: non-functional

Higher 
molecular evolutionary rates

K = uTf0

K is the highest if f0 ≈ 1

Neutral
Average numbers obtained from comparisons between human and chimpanzee 
(based on Graur, 2016)
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Functional Constraints and Substitution Rates

Data are based on nonsynonymous substitution rates estimated from human/rat 
comparison (divergence time: 80 million years ago) from Graur (2016)

Substitution rate is slower
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Functional Constraints and Substitution Rates

Preproinsulin =
Signal peptide+
B chain+
C peptide+
A chain

Proinsulin =
B chain+
C peptide+
A chain

Insulin = B chain+A chain

(from http://en.wikipedia.org/wiki/Preproinsulin)
(ER: endoplasmic reticulum) 
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Functional Constraints and Substitution Rates
Ø Inverse correlations between the rate of substitutions 

and the degree of functional constraints
 • Functional constraints vary among 
  different gene/protein regions

Preproinsulin

Proinsulin Only B chain & A chain are important
for mature insulin è more conserved

36
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Functional Constraints and Substitution Rates

Choi et al. (2006) Mol Biol Evol 23:2131-2133

Effect of 3D structural context on protein sequence evolution
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Sequence 1
Sequence 2

Sequence 1
Sequence 2

Sequence 1
Sequence 2

Identifying Functional Constraints
exon

intron

[exon region]

Nucleotide sites compared = 93
Nucleotide substitutions = 6
Nucleotide substitutions per site:
 6/93=0.065

[intron region]

Nucleotide sites compared = 67
Nucleotide substitutions = 38
Nucleotide substitutions per site:
 38/67=0.57

<<
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exon

intron

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
     |           |   |                                       
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
               | |  |                    ||||||   ||  ||||||
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG
  ||||||| || |||  ||   |   |||||| |||
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Exon
[Codon position] 1st 2nd 3rd
# nucleotide sites 31 31 31
# nucleotide substitutions 2 0 4
Nucleotide substitutions/site 0.06 0 0.13

Identifying Functional Constraints

3rd >> 2nd

Under functional constraints
➜ Functionally important

The pattern indicates:
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exon

intron

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
     |           |   |                                       
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
               | |  |                    ||||||   ||  ||||||
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG
  ||||||| || |||  ||   |   |||||| |||
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Identifying Functional Constraints

Exon Intron
[Codon position] 1st 2nd 3rd 1st 2nd 3rd
# nucleotide sites 31 31 31 23 22 22
# nucleotide substitutions 2 0 4 12 12 14
Nucleotide substitutions/site 0.06 0 0.13 0.52 0.55 0.64

3rd >> 2nd

Under functional constraints
➜ Functionally important

The pattern indicates:
3rd ≈ or ≳ 2nd

Not under functional constraints
➜ Functionally less important

40

Exon (in frame) Intron
[Codon position] 1st 2nd 3rd 1st 2nd 3rd
# nucleotide sites 31 31 31 23 22 22
# nucleotide substitutions 2 0 4 12 12 14
Nucleotide substitutions/site 0.06 0 0.13 0.52 0.55 0.64
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intron

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
     |           |   |                                       
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
               | |  |                    ||||||   ||  ||||||
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG
  ||||||| || |||  ||   |   |||||| |||
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Identifying the correct coding frame

Exon not in frame
[Codon position] 1st 2nd 3rd
# nucleotide sites 31 31 31
# nucleotide substitutions 0 4 2
Nucleotide substitutions/site 0 0.13 0.06

3rd >> 2nd 3rd ≈ or ≳ 2nd

3rd < 2nd

exon (in a wrong frame)

41

Exon Intron
[Codon position] 1st 2nd 3rd 1st 2nd 3rd
# nucleotide sites 31 31 31 23 22 22
# nucleotide substitutions 2 0 4 12 12 14
Nucleotide substitutions/site 0.06 0 0.13 0.52 0.55 0.64
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exon (in a wrong frame)

intron

ATGGCTCTCACCAACAAGAACATCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
     |           |   |                                       
ATGGCACTCACCAACAAAAACGTCATCTTTGTGGCCGGTCTGGGCGGCATTGGTCTGGAC
ACCAGTCGCGAATTGGTCAAACGGGATCTCAAGGTTTGTTCAACTTTAATTATTTTGGTT
               | |  |                    ||||||   ||  ||||||
ACCAGTCGCGAATTGCTTAAGCGGGATCTCAAGGTTTGTTCGGAGAAAATCTTTGAAAGG
TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG
  ||||||| || |||  ||   |   |||||| |||
TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Sequence 1

Sequence 2

Identifying the correct coding frame

Exon not in frame
[Codon position] 1st 2nd 3rd
# nucleotide sites 31 31 31
# nucleotide substitutions 0 4 2
Nucleotide substitutions/site 0 0.13 0.06

3rd >> 2nd
This pattern indicates:

- correct coding frame
- coding region is functional
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Functional Constraints and Substitution Rates
Ø Inverse correlations between the rate of substitutions and 

the degree of functional constraints
 • Functional constraints vary 
  among different gene/protein regions
  among genes/proteins
 ➜ Substitution rates can be used to assess (or predict)
   functional constraints or functional importance
 e.g., exon or intron?
   correct coding frame?  
   functionary important protein region?
   functional gene or pseudogene?
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