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Bioinformatics and Molecular Evolution

Instructor: Etsuko Moriyama
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The neutral theory of molecular evolution

The Kimura, M. (1983) The Neutral Theory of

neutral theory

Molecular Evolution. Cambridge University Press

» “Functionally less important molecules or parts of
molecules evolve faster than more important ones.”

» “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
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Today's topics

> Molecular Evolution - part 2
» Assignment #2
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Neutralist model compared to selectionist model

» Kimura, M. (1968) Evolutionary rate at the molecular level.
Nature 217: 624-626.

» 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

Selectionist model

Neutralist model

deleterious 21 deleterious
ral

neutral / /

advantageous neu advantageous
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The neutral theory of molecular evolution
(continued)

The » The majority of changes found in sequences have
neutral theory

little effect in their functions
=> Observations conform the neutralist model of
molecular evolution.

» Advantageous mutations happen. They are rare
although important
=> They are not the driving force of the main part of
molecular evolution.

Selectionist model Neutralist model
deleterious Z deleterious tral 7
advantagebus neufral WAL

advantageous

Note: Recent molecular evolutionary studies are more focused on identifying

positively selected changes that directly affect the functions/phenotypes. BIOSS SR
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Fixation of neutral mutations
F------ Substitution

Fixation (slow)

(Considering only
neutral mutations)

‘01 /\
OF {11iff t=t - 1 t i1t 1

Many new neutral mutations appear

X - Many will be lost
(u: neutral mutation rate/gene/generation)

®=1/6 @®=2/6 @®=3/6 @®=6/6

> [Fixation of @ allele]
[Extinction of O allele]
O=5/6 0=3/6 0=2/6 O=0/6
®=1/6 ®=1/6

2Nu: the number of new neutral

N: population size » mutations/gene/generation
2N genes in the diploid population in the population BIOS477/877 L4 -7

Fixation probability of neutral mutations
 siaininiin Substitution |====- >

(Considering only
neutral mutations)

Allele frequency

‘Ol Vi
OT trtit tott— t t ttt ot

Many new neutral mutations appear Many will be lost
* 2Nu new mutations / gene / generation in the population
(u: neutral mutation rate/gene/generation, N: population size)
* Fixation probability for each of these neutral mutants = 1/(2N)

o All new neutral mutations have the equal chance to reach fixation
o Initial frequency of new mutant = 1/(2N)

o Fixed @allele had the freq. of 1/6
o when it first appeared.

° L .

b - Initial @allele freq. = 1/6

°

°

°o=1/6 ©=6/6 BIOS477/877 L4 -8

Fixation and mutant substitutions
e Substitution [===== 3|

(Considering only
neutral mutations)

‘0‘ I~ S~
OF {11iff t=t - 1 t i1t 1

Many new neutral mutations appear Many will be lost

* 2Nu new mutations / gene / generation in the population
(u: neutral mutation rate/gene/generation, N: population size)
* Fixation probability for each of these neutral mutants = 1/(2N)

o All new neutral mutations have the equal chance to reach fixation
o Initial frequency of new mutant = 1/(

The rate of substitution for neutral mutations (K)
K=2Nux{1/(2N)}=u
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Substitution rates for neutral mutations

» The rate of substitutions for neutral mutations
(the number of mutants reaching fixation per unit time)

K=u
=> Independent of population size

deleterious neutral
| fo || (advantageous ~ 0)
K=u=utfo

(uy: total mutation rate; f;: fraction of neutral mutations)

—> explains the relationship between functional constraint
and substitution rate

—> K becomes larger if fy is larger (more neutral mutations)
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Functional constraints and substitution rates
(exon vs. intron)
K=u=uf,
> Inverse correlations between the rate of substitutions
and the degree of functional constraints
= Coding and non-coding sequence regions
(e.g., exon vs. intron)

folexon) << f,(intron)

<=

K(exon) << K(intron)
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Nucleotide sequence comparison worksheet
(first alignment: exon vs. intron)

exon

Bcuanclllfarescrcrcasenscancns o

Sequence 2 CCGGTCTGGGCGECATTGGTCIGGA:
Sequence 1 T
Sequence 2 VLIV L
Sequence 1 shacrre
SequenceZ'rI”“”” HREEEH] ] LITETL 11 ‘l s
intron

[exon region] [intron region]

Nucleotide sites compared = 93 Nucleotide sites compared = 67

Nucleotide substitutions = 6 &< | Nucleotide substitutions = 38

Nucleotide substitutions per site: Nucleotide substitutions per site:

6/93=0.065 38/67=0.57

K(exon) << K(intron)

BIOS477/877 L4 - 12

11

12




Functional constraints and substitution rates

» 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 cC6
16§ 2nd 3rd

= Synonymous (silent) substitutions vs.
nonsynonymous (replacement) substitutions
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Nucleotide sequence comparison worksheet
(second alignment)

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
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Nucleotide sequence comparison worksheet
(second alignment: three codon positions)

[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

i
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Silent vs. replacement substitutions

>Adh (partial CDS) [*: gap]

M s F L T N K N V® F V A 6 L G G I G
D. melanogaster atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga gge att ggt
D. pseudoobscura --- *** *** t-- G-C === === === === ==Q g== === == === === === ==C =m= === =G

- e - - - - - - - - - - - Lo

L p T s ® £ L. ® k R ® L K N L V I L D R
melanogaster ctg gac acc agc aag gag ctg ctc aag cgc gat ctg aag aac ctg gtg atc ctc gac cge
pseudoobscura --- --- === --= cg- --- t-- g- a-- —-m —-m e - - -

TTTTe T T e oo

1 ® N P A A I A E L K A I N P K VvV T @ 1
melanogaster att gag aac ccg gt gec att goc gag ctg aag gea atc aat cca aag gtg acc gtc ace
pseudocbscura === ==C ==t === === === === o= —of === === -es —oe cee —og es ==s es ges e

- ® - - - - . e e e e e e e - - - - @ -

F Yy p Y p v T v p @ a E T T K L L K T I
melanogaster ttc tac ccc tat gat gtg acc gtg ccc att gec gag acc acc aag ctg ctg aag acc atc
pseudocbscura === ==t === ==Q === === ==t === === g=Q ==f === === === === ==Q === e= =oe e

LY

¢ == =g -t -——

L3

oo

F A ¢ ® k T ® p Vv 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 get ggt atc ctg gac gat cac
D. pseudoobscura --t --- --- 46- - --a .®»- Ot

Some nucleotide substitutions change amino acids, and some do not.
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Nucleotide substitutions at each codon position

>Adh (partial CDS) [*: gap]

M s F L T N K N V@ F V A G L G G I 6
D. melanogaster atg tcg ttt act ttg acc aac aag aac gtg att ttc gtt gcc ggt ctg gga ggc att ggt
D. pseudoobscura --- **% *% {f-— |G- --= --- === --- -4 g-- --= --g === --= === --g --= --- --C

I - - - - - - T,

L pr s ® £ L ® k R ® L K N L vV I L D R
melanogaster ctg gac acc agc aag gag Gty Gtc aag cgé gat ctg aag aac ctg gtg atc cte gac cge
Ppseudoobscura --- --- === --= Cg- --- E-- g-=- === ==t @== -== === —== === -=g === —-g -=t ---

e T T

1 ® N P A A I A E L K A I N P K VvV T @ r
melanogaster att gag aac ccg gct gec att goc gag ctg aag gea atc aat cca aag gtg acc gtc ace
Ppseudoobscura --- == ==t === -== === === === —-@ === === —o= —oo —oo —g —o- oo oo - oo

- ® - - - - - - = 4 - 4 - 4 o . - @ -

F Y P Y D v T v P @ A E T T K L L K T I
melanogaster ttc tac ccc tat gat gtg ace gtg ccc att gec gag acc acc aag ctg ctg aag acc atc
pseudoobscura --- -—t === =€ === === ==t —== === T@c mof === = mmm e meg mmm e —mm —ee

L3

oe

L

F A ¢ ® k T ® p Vv L I N 6 A G I L D D H

D. melanogaster ttc gcc cag [ctg aag ace gtc gat gtc ctg atc aac gga got ggt atc ctg gac gat cac
D. pseudoobscura --t --- --- %-D- - -a .é- St

(Substitutions at) ~ (1st) (2nd) (3rd)
amino acid changed =~ 9/11 1/1 2/24
amino acid not changed ~ 2/11  0/1  22/24 BIOS477/877 L4 -17
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Universal genetic code table

[T T ¢ T A T ¢ ] 2nd
N codon position
T TCT TAT TGT
=1 el PRe e TV [ Cys
<] [rze cc g, [TAC GC
[a] [TTA TCA TAA] [ TG Siop
e | _[¢] [TT6 TCG TAG GG Trp |
2 1| [crr CCT CAT CGT
a= 1 Len [——=— ——"His |-~
g |c c| [crc ccclp. [cac cGC
F | CCC pro Arg
[a] [cta ccA cAA[ [ cea
s | [c]| [cre cCG CAG CGG
B | [r] AT ACT AAT [ TAGT
8 |, [c] [axc|me [accl|,, [aac AGC
& a| [aTa ACA AAA AGA
2| A | AMALy oo [AGAL 4
| 6| [Are[met | acc AAG AGG
[1] [ferr GCT car| o 6ot
¢ ] [erc] ya [ecc] . [feaC 66C| gy
[a] [cTa GCA GAA| e | .GGA
| lel Lerg GCG GAG GGG
3rd codon position
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Nucleotide substitutions in coding regions

» ~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
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Functional constraints and substitution rates
(at each codon position)

cos) (=i _gap)

[Codon position] 1st 2nd 3rd All
# nucleotide sites 98 98 98 294
# nucleotide substitutions 11 i 24 36

Nucleotide substitutions/site = 0.11 0.01 0.24 0.12

fo(2nd) < ﬁ:(‘ls't) < fo(3rd) CaMos'r /m I «~ conserved
K(2nd) < K(1st) < K(3rd)

BI0S477/877 L4 - 20
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Functional constraints and substitution rates
(synonymous vs. nonsynonymous)

» 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)

BIOS477/877 L4 -21
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Functional constraints and substitution rates
(synonymous vs. nonsynonymous: example)

>Aan
. melanogaster atg tcg ttt WEN &g acc aac aag
Preudoobscura oo sxs ++e G G=E —o

melanogaster ctg gac acc ag:
seudoobscura ——- —-- - —_.

melanogass
pseudoob:

* Synonymous substitutions: 75*

molanogaster . asg ace ate
peewdosnscurs » NoONnsynonymous substitutions: 21* T
me1anogaster g gac gat gme
peeudoobscurs =3 Synonymous > Nonsynonymous -~ - -

melanogaseer eg aeg goe ate

mendoobacurs
. . *To simplify, these are the numbers of codons (not numbers of
anogaster

seudoobscure  individual positions)

melanogaster
pseudoobscurs

folnonsynonymous) < fo(synonymous)

lanogaster
pseudoobscurs

melanogaster

K( ynony ) < K(synonymous) TEIrE

melanogaster
pseudoobscurs

melanogaster gag aac Ete gee aag
peeudoobscura —-- - m=t Seg —--

get ate gas ctg aac gga gec atc tgg mas ctg gae ttg
e Sok tog - < < g

S5 U5 Y UL UL BY 8 UL BY BL BY BY OO

melanogaseer

c tgg gae tee ggc atc taa
paeudoobscura - ikl Rbidpuiiati
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Functional constraints and substitution rates
(among amino acid substitutions)

>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 goc ggt ctg gga ggc att ggt
D. pseudoobscura —-- %% **% £-- G- -== -== === —== —=€ gG-= === --g —== —-= —== --G ——= -== --¢
it

P L XK N L V- I Ly D R

D. melanogaster gat ctg aag aac ctg gtg atc ctc gac cgc
D. pseudoobscura &= --- o= —-- o= - o= —-g -k -
N - - - = e = o -

1 EE N P A A I A E L K A I N B K V T V T

D. melanogaster att gag aac ccg gct goc att goc gag ctg aag goa atc aat cca aag gtg acc gtc acc
D. pseudoobscurs --- 46 -J8 --- —--= == —-- --= —J8 -== —-= == ——= == —Jg == ——= -—- a-- -—-
AN I DU Y e '

F Yy 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 ace gtg ccc att gce gag acc acc aag ctg ctg aag acc atc
D. pseudoobscura --- -—£ --- ==€ —-= === =2t === —== G-€ —-f === === === === ==@ === —== —-- ——o
B - N Y ¥ B '

A ¢ L K T Vv D V L I N G A G I L D D &

D. melanogaster ttc gcc cag ctg aag ace gtc gat gtc ctg atc aac gga got ggt atc ctg gac gat cac
D. pseudoobscurs -+t --- --- |g-- --- -8 @-- == —-= —== ——= —== - ——= —-G == ——-= -—= ——-= -t
N- - - K - - - - - X- &- - - -

How about amino acid substitutions?

BIOS477/877 L4 -23
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Functional constraints and substitution rates
(among amino acid substitutions)

>Adh (partial CDS) [*: gap]
M s F L T N K N V F V. A 6 L G G I G

D. melanogaster atg tcg tt ttg acc aac aag aac gtg| ttc gtt gec ggt ctg gga ggc att ggt
D. pseudoobscura --- *** €€ ---= === --= --- ——¢| —-= =g == == === g == --- ¢
L o N L V. I Lo D R

D. melanogaster ctg gac aac ctg gtg atc ctc gac cge
D. pseudoobscura --- --- --- -—- e -g --t -—-
1|E N B Kk v T |v|rT

D. melanogaster att|gag|aac ccg gct gee att goc gag ctg aag gea atc aat cca aag gtg acc|gtc face
D. pseudoobscura B T -

i P e e Y

r ¥ p vy p v = v p[x)Ja B 7 T Kk L 1 K T I

D. melanogaster ttc tac ccc tat gat gtg ace gtg ccc|att|gee gag acc acc aag ctg ctg aag acc atc
D. pseudoobscura --- --t --- --g --= --= ==t --= ---|g-g|--f --= == —-- —o= —g oo oo o oo
A G A G I L D D &

D. melanogaster tte gcc ct ggt atc ctg gac gat cac
D. e i

Ppseudoobscura --t ---

4I<V,2LoV,E<D,DoNKeoR, TS
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Physicochemical properties of amino acids

Neutral, NONPOLAR Neutral, POLAR BASIC
e o, e
. N P N
X 3 rosine ; Lysine
-0oc we. N ) toyprophan -00c 00c
Wi T W)
e = e b Aginine
i “on-cr—on [=o . - (cHpnH—C iy | W9 ®
kel p— R o0c
B he) (5
-0oc Gl e e
H3Ne, CH=CH_ Ty CH=CH— ﬁ7N§
p. Giyeine oo I ~00c ch
Aha (Gly) (©) R0 i) HC—NH7 (His) (+)
ooc
o
= N sparagine
X Manine CH CH,—C — NH, fparag
Pl (Aa) (A) ooc” I ¢
oc ° AcCIDIC
N CHy N I =
| Valine N Glutamine ! 3
-l T / Aspartic acid
A v ) CH—(CHy), — C—NH; (@i @ G
5 f fi A S o) ©)
o0c ay “00¢ v ooc o
N cH—cH, - .
k. Isoleucine: 1N, 1N*, o
- N Cpstsine \ 4 Glotamic acid
S o) 0 ren= s i
e ey (1) Jenscry—sh e Jen=cetp—cl ey
00c °
s Laucoa
o = N, (ew) )
-00c any
" CHy nine
e : Methioni
CHo(cHy, s
_cx-coo
N
! o proiine
(s ®ro) ()
o BIOSA477/877 L4 - 25

Substitutions between physicochemically
similar amino acids

Small proline Physicochemical properties
of amino acids

Polar Major factors in
protein folding
protein functions

Aliphatic

Substitutions between
similar amino acids are
more common

4IoV,2LoV

EoD KoR

BIOS477/877 L4 - 26

Negative
Aromati¢ Positive

Non-polar Charged

Livingstone and Barton (1993) CABIOS 9: 745-756
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Functional constraints and substitution rates
(summary)
> If all mutations are neutral,
the rate of substitutions is equal to the rate of mutations
K=u (independent of population size)
> If some mutations are under functional
constraints, deleterious _neutral
K=u=utfp

ur: total mutation rate, fj: fraction of neutral mutations

0
(advantageous  0)

e.g., folexon) < fy(intron)
fo(2nd codon position) < fy(3rd codon position)
fo(Nonsynonymous sites) < fy(Synonymous sites)
folb/w dissimilar AAs) < fy(b/w similar AAs)

BI0OS477/877 L4 -27

Substitution rates among genomic regions

Pscudogenes

Intergenic region

4-fold degenerate sites
Introns

3" untranslated region

* Nondegenerate sites:

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

Nucleotide substitutions/site

Nondegenerate sites

Ii' untranslated region

4-fold degenerate sites:

0 all changes are synonymous
(3rd codon positions of 4-fold
degenerate amino acids)

|

Coding regions
Average numbers obtained from human-
chimp comparisons (based on Graur, 2016)

BIOS477/877 L4 - 28

27

28

Substitution rates among genomic regions
(continued)

Very high molecular
evolutionary rates are found

Pseudogenes

£ e £ in:
0.0 2 )
. " F =3 2
£ 5 2 g * Introns & other non-
3 H 3T & i i
£ ) H 3 coding regions
S 00 = & .
2 - = s |5 « 4-fold degenerate sites
z £
g 5 & 3 £ 5o
E ? = - * * Pseudogenes
H & 2
] 2 % =
EAE b K = utfy
z
= S - .
N Z K is the highest
0 if fo ® 1 > neutral
Coding regions
‘Average numbers obtained from human- Pseudogenes: DNA sequences that were derived from functional genes,
chimp comparisons (based on Graur, 2016) but have been rendered ional due to tati

(e.g., frame-shifting indels, internal stop codons)
BIOS477/877 L4 -29

Substitution rates among protein regions

Preproinsulin ‘
‘ Proinsulin ‘
Signal B chain C peptide A chain
I 1
AN J
nsulin S S E
Signal A l ‘ E C
L [ ] H )
154 x 1077 0.20 x 107 1.03 x 10
substitutions substitutions H substitutions
per site per year wuwlbersiteperyear % per site per year

moicuiar v GevomeevowTon 1e, et Substitution rate is slower
.

©2016Snauer Asociates,

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

BIOS477/877 L4 - 30
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Preproinsulin s
= Signal peptide +
B chain + C
peptide + A chain

L. rar

Proi
=B chain +
C peptide
+ A chain

packaging

4protease cleavage
liberates C-peptide.

Ay
Insulin \ <
2B Chain @ 5. carboxypeptidase E
A chain N\ Produces mature insulin
from Wikinedio CCBY:SAS,

|
Tansport veside E

nslation
and translocation

2. folding, oxidation
and signal peptide
cleavage

Maturation process of preproinsulin

Only B chain
& A chain are
used in the

mature
insulin
protein!

BIOS477/877 L4 -31

Substitution rates among preproinsulin protein regions
(identifying functionally important regions)

I i

‘ Proinsulin

Signal B chain C peptide

\ .
J Achan

A chain

Insulin

Signal ¥ A |
\

Only B & A chain regions are
used in the mature insulin
4=
More functionally important

1

31

substitutions
per site per year

54x 1077 020x107
substitutions
per site per year

Substitution rate is

slower in B and A-chain

regions compared to
other regions

for the mature insulin
-
Higher functional constraint

per site per year

Expect to see more
conserved, slower rate

Predict to be functionally more important
BIOS477/877 L4 -32

Functional constraints and substitution rates

32

(protein structural context)

Amino acids whose location cannot be disrupted (e.g., buried or within
alpha-helix or beta-strand) and those interacting are more conserved.
Amino acid replacement rate

0 004 008 012 056 060

Neutral expectation |IEEEEEEG—.

(6473/79206)
(17208/156548)

Residues partitioned by
solvent accessibility

Likely buried |
Likely exposed .

Turn

Residues partitioned by interact

Helix
Residues partitioned by Strand

[ (6542/71907)
P— (3679/38293)

secondary structural
context Loop |— (9307/87491)

@

whether they participate in

(12844/147810)

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

(10837/87944)
lonic interaction a
Interacting residues further Hydrophobic interaction (4557/59323)
partitioned by the type | gidechain-sidechain H bond ¢
ofinteraction | g/ qechain-backbone H bond
Disulfide bond il (21/1502)

BIOS477/877 L4 -33
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Identifying functional constraints
(exon vs. intron)

exon

Sequence 1
Sequence 2

Sequence 1
Sequence 2z

Sequence 1

SequenceZT”“l””‘” Ll |

RN |
)

intron

[exon region]
Nucleotide sites compared = 93
Nucleotide substitutions = 6

Nucleotide substitutions per site:

[intron region]

Nucleotide sites compared = 67
<< Nucleotide substitutions = 38
Nucleotide substitutions per site:

6/93=0.065

38/67=0.57

BIOS477/877 L4 -34

(coding regions)

Identifying functional constraints

[Codon position]

# nucleotide sites

# nucleotide substitutions
Nucleotide substitutions/site

The pattern indicates:
A coding region under
functional constraints
- Functionally important

exon

e S B S G
Sequence2 AT TCACK TCAT (T TTGTGGCCGGTCTGEGCGGCATTGGTCTGGAC
S | accheticadeanirrdordanalcadeaticrdandk e

o i] i R s LT T
equence2 ACH TCGCGAATTGCTTAAG ATCTGAAGGTTTGTT G i GG

intron

Sequence 1 G AAAAACTTAC G ACTTG

o FELLEIE T el I AL 1l

Sequence2 TTCCAA L ACTTG

BIOS477/877 L4 -35
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Identifying functional constraints

exon

(non-coding regions)

S 1
F K

JMMJRJA111II]III

oyt B A 015 im*j:*m

Sequence 1 ancrre intron
il 10 1
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 006 0 0.13 0.52 0.55 0.64

The pattern indicates:

3rd =~ or ® 2nd 1

A coding region under
functional constraints

- Functionally important

A region NOT under functional
constraints

- Functionally LESS important

3rd >> 2nd

BIOS477/877 L4 - 36
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http://en.wikipedia.org/wiki/Preproinsulin
https://creativecommons.org/licenses/by-sa/4.0
https://creativecommons.org/licenses/by-sa/4.0
https://creativecommons.org/licenses/by-sa/4.0

Identifying an incorrect coding frame

exon (using aﬂwr;long frame)
Sequence 1 alrederdreaccyachacaacareairc cdeTdr cdac iele Xo]
Sequence 2 ILF{' AQTCRACCHAC] AA m: J T 1bT T ] T 1 T

Sequence 1 TQGC GGTTTGTTCAACTTTAATTATTTTGGTT

VLELLL L LI

Sequence 2 TQGCH TG TT TTGTT GAAAATCTTTGAAAGG
intron

Sequence 1 TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG

LEEETLE B el | L 1
Sequence 2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

Exon (in frame) Intron
[Codon position] Ist 2nd 3rd 1st 2nd 3rd
# nucleotide sites 31 31 31 23 22 22
# nucleotide substitutions 2 0 4 12 12 14

Nucleotide substitutions/site 006 0 013 0.52 0.55 0.64

Exon (not in frame) \l

[Codon position] st 2nd  3rd 3rd >> 2nd ][ 3rd = or 2 2nd ]
# nucleotide sites 31 31 z

‘oding frame
# nucleotide substitutions 0 4 2 3rd <2nd @ orrectll
Nucleotide substitutions/site 0 0.13 0.06 BIOS477/877 L4 - 37

Sequence 1 T,” rdrcAce

|
Sequence 2 AJIGH TC C. nA Au q

Sequence 1 JGT GGTTTGTTCAACTTTAATTATTTTGGTT

I 11 L

Sequence 2 TT GTTTGTTCGGAGAAAATCTTTGAAAGG
intron

Sequence 1 TTGTTTTCCAAAAAACTTACTTTGTTTTCCCGCTGGTTAG

Identifying a correct coding frame

exon (using a wrong frame)
r'nlnr'nlm TCAlTC

LJ TI:I‘TW 11

T TESTAIGERC

Sequence 2 TTCCAAAGAATTACCTTTGTTTTTTTTGTTTTTTTTGTAG

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 006 0 0.13 0.52 0.55 0.64

Exon (not in frame)
[Codon position] st 2nd 3rd - —
# nucleotide sites 31 31 31 Th':z::::";‘i':; tfgr'sn:mz
# nucleotide substitutions 0 4 2 « coding region is functional
Nucleotide substitutions/site 0 0.13 0.06 BIOS477/877 L4 - 38
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Functional constraints and substitution rates

(summary)

» Inverse correlations between the rate of substitutions and
the degree of functional constraints
= Functional constraints vary:
o among different gene/protein regions
o 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?

BIOS477/877 L4 -39
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