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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
GGTGAACGTGGATGAAGT TGGTGGTGAGGCCCTGGGCAGGCTGCTGGTGGTCT
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 VvV (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 (Sstop)
ATGGTGCATCTGACTCCTGAAGAGAAGTCTGCCGTTACTGCC

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



Why Are Some Mutations Silent?

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

64 possible codons,
all used. 1ot
There are only letter
20 amino acids

Most amino acids
have more than
one codon.
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https://pt.slideshare.net/namarta28/genetic-code-12022220/17
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The Code is Translated on Ribosomes
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https://en.wikipedia.org/wiki/Transfer RNA
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The Wobble Rules

The first base in the anticodon loop of a tRNA matches the 3™ 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.

Phenylalanine
D'a:

- ™
o 'H_Thir-: base of Bass in
3 mAMNA codon: anticodon can be:
A U, I, xm~s2L,
il am=LUm, Um,
J:' J:' . am°U, xo®U, K°C
3“:\\ u A G, U, I U
_- Wobble _
U UU"  position G C, A, U, xo™U
3 G, A
i e— | )

(a) Location of wobble position (b) Revised wobble rules

https://www.chegg.com/homework-help/
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Modified tRNA bases
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Pan 2018. https://www.nature.com/articles/s41422-018-0013-y
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Why am | even thinking about this?

Last semester, | 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 | have a hypothesis that changing the DNA by 10% will
change the protein by 20%.

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

| (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 | learned by snooping.



Mutations Accumulate over Time

e 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.

* Thisis 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
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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.

HBE_RHIUN
HBB_HORSE
HBE_CAMBA
HBB_LAMGL
HBB_HIFAM
HBB_BOVIN
HBB_TURTR
HBE_PHYMC
HBE_HUMAMN
HBB_HYLLA
HBB_PHOVI
HBB_CANLF



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 vs Dog protein: 15 differences

Score Expact Method Identities Fositives Gaps
272 bits(695) 3e-95 Compositional matrix adjust. 131/146(90%) 137/146(93%) 0/146(0%)

Human 2 VHLTPEERSAVITALWGEVNVDEVGGEALGRLLVVYFWTQRFFESFGDLSTPDAVMGNEEY 61
VHLT EEES V+ LWGEVNVDEVGGEALGRELL+VYPWIQRFF+SFGDLSTPDAVM N EV
|30g 1 VHLT%EERSkVR%;WERVNVDE?EEEELEELLI?YPWTQEFFDSFEDLSTPDRVHSNRR? a0

Query b2 FAHGERVLGAFSDGELAHLDNLEGTFATLSELHCDELHVDPENFRLLGNVLVCVLAHHFGE 121
FAHGEEVL +F5DGEL +LDNLEGTFLA LSELHCDELHVDPENF+LLGHNVLVCVLAHHFGE
Sbjct 61 FAHGERVLNSFSDGELENLDNLEGTFARLSELHCDELHVDPENFELLGNVLVCVLAHHFGE 120

Query 122 EFTPEVQARYQEVVAGVANALAHEYH 147
EFTEF VOARYORVVAGVANATAHEYH
Skjct 121 EFTEQVQARYQEVVAGVANALAHEYH 146



Beta Globin CDS:Human vs Dog

15 are reflected by amino acid changes.

Human vs Dog CDS: 53 ditferences The rest (38 differences) are silent.

Score Expect Identities Gaps Strand
555 bits(615) 2e-155 387/440(88%) 0/440(0%) Plus/Plus
Human s - . i
Query 1 ATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGARAC 60
Dog 010 1 U O O IF 0 trreerrererrrnrrnnld

Sbjct &9 ATGGTGCATCTGACTGCTGAAGAGAAGAGTCTTGTCTCCGGCCTGTGGGGCAAGGTGAAT 128

Query 61 GTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGCTGCTGGTGGTCTACCCTTGGACCCAG 120
PPeer reeeeeer peeeeennen e  reeeeeetl 1eein 11l
Sbjct 129 GTGGACGAAGTTGGCGGTGAGGCCCTGGGCAGGCTGCTGATTGTCTACCCCTGGACTCAG 188

Query 121 AGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAG 180
FPrrreneeey reneenneenyr reneeeneereeereeeeeaaey 10l 1111
Skjct 188 AGGTTCTTTGACTCCTTTGGGGACCTGTCCACTCCTGATGCTGTTATGAGCAATGCTARR 248

Query 181 GTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGAC 240
Preeeeer reeeeeeeeey 1iitd (EEEEEEEEEEEERRRE EEREREE!
Sbjct 249 GTGAAGGCCCATGGCAAGAAGGTGCTGAACTCCTTTAGTGATGGCCTGAARRACCTGGAC 308

Query 241 AACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACARGCTGCACGTGGAT 300
ceeeeeeeeeeeeeeeeeer b re Perrrrer perrrrrrrrree el
Skjct 309 AACCTCAAGGGCACCTTTGCTAAGCTCAGTGAGCTTCACTGTGACAAGCTGCACGTGGAT 368

Query 301 CCTGAGRACTTCAGGCTCCTGGGCRACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGC 360
FEreerereeer teererrrrrrer e e peereererer tr rerrrrnil
Sbjct 369 CCCGAGAACTTCAAGCTCCTGGGCAACGTGCTTGTGTGTGTGCTGGCTCACCACTTTGGC 428

Query 36l ARAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGARAGTGGTGGCTGGTGTGGCTAAT 420
0 1 NN M
Skjct 429 ARAGAATTCACCCCTCAGGTGCAGGCTGCCTATCAGAAGGTGGTGGCTGGTGTGGCCAAT 488

Query 421 GCCCTGGCCCACARAGTATCA 440 CTAA
PPirierr reenenenr ui
Sbjct 489 GCCCTGGCTCACRAGTACCA 508 CTAA



MGTWILFACLLGAAFAMPLPPHPGHPGYINFSYEVLTPLKWYQSIRPPYPSYGYEP
MGGWLHHQIIPVLSQQHPPTHTLQPHHHIPVVPAQQPVIPQQPMMPVPGQHS
MTPIQHHQPNLPPPAQQPYQPQPVQPQPHQPMQPQPPVHPMQPLPPQPPLP

Amelogenin (Human)

PMFPMQPLPPMLPDLTLEAWPSTDKTKREEVD

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

Score

Expect Method Identities FPositives Gaps

216 bits(550) 8e-72 Compositional matrix adjust. 175/192(91%) 184/192(95%) 1/192(0%)

Human "2ery
Dog skt

Query
sbijct
Query
sbijct
Query

skict

MGTWILFACLLGAAFAMPLPPHPGHPGY INFSYEVLTPLEWYQS5-ITRPEYPSYGYEPMGG
MGTWILFACLLGAAFAMPLPPHPGHPGYINFSYEVLTPLEWYQ+ IR PYPSYGYEPMGE
MGTWILFACLLGAAFAMPLPPHPGHPGY INFSYEVLTPLEWYQNMIRHPYPSYGYEPMGE

{LHHQIIFVLSQQHPPTHT LQFHHHE I PVVEAQQEVI PQOEMMEVEGQHSMTPIQHHQENL
ILHEHQIIEVLSQO+E H LOPHHHIP+VEAQQEV+PQOEMMEVEGQHSMTE OHHQENL
TLHHQIIPVLSQONESNHALQPHHHE I FMVELAQQEVVEQQEMMEVEGQHSMT PTQHHQENL

PEEAQQEYQEQEVQEQPHQEMQEQPEVHEMOPLEPQPPLEEMFEMQPLEEMLEDLTLEAW
P EAQQP4+QEQEVQEQPHQE+QEQEEVHE+PLEFQPEPLEPMFE+PLEEMLEDL LEAW
PLEAQQPFQEQEVQEQPHQEIQEQPEVHEIQPLEPQPPLPEMFEIQFLEFMLEDLELELW

PSTDETEREEVD 181
P+TDETEREEVD
PATDETEREEVD 192

29

1149

120

179



Human
Dog

Amelogenin CDS Human vs Dog

Score

8567 bits(951)

Expect Identities Gaps Strand
0.0 540/579(93%) 3/579(0%) Plus/Plus

Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query
Skjct
Query

Sbjct

1
T4
6l
134
121
144
178
254
238
314
288
374
338
434
418
444
478
254
238
614

AT GEEEACCTGEAT T T TAT T TGO C TG CTCCTGERAGCAGCTTTTGCCATGCCTCTACCR

e rerrrrrrrrrrrrrrrrrerrr rerer o rrerr 1
AT GEEEACCTGEAT T T TG T T TGO C TG CTCCTGERAGCAGCCTTTGCTATGCCCCTACCR

CCTCATCCTGEGCACCCTGETTATATCARCTTCAGCTATGAGGTGCTTACCCCTTTGRAAG
Lrerrrerrrererrrrrrrrrrrrrrrerrrreerrrrrrrrrrrrrrrrrer rnnni
CCTCATCCTGEGCACCCTGETTATATCARCTTCAGCTATGAGGTGCTTACCCCTCTGRAAG

TEETACCAGAGCAT ——ARGGCCACCETACCCTTCCTATGETTACGAGCCCATGEETGEA
NERRRRERE! IIICSaFNIII Lrrrrerrrrrrrerrerrerer reerrrrertl
TGGTRECHEH%FREGRERREGER;FCGTRECCTTCCTHEGGTTREGHEQCCHTGGGTGGH

TEECTGCACCACCARATCATCCCCETGCTGTCCCARCAGCACCCCCCGACTCACACCCTR

Lrerreereeeeerereerr reeeeeerererer ee v rer v rerr 1l
TEECTGCACCACCARATCATTCCCGTGCTGTCCCAGCARMATCCCTCGRAATCACGCCCTR

CAGCCTCATCACCACATCCCAGTGETGCCAGCTCAGCAGCCCGTGATCCCCCAGCARCCR

Lrerreerrerrrrrerrer  rerrerr e e e e e e e ey rerr e
CAGCCTCATCACCACATCCCCATGGTGUCAGCTCAGCAGCCCGTGGTCCCCCAGCARCCR

ATEATGCCCGTTCCTGGCCARCACTCCATGACTCCAATCCRARCACCACCAGCCARACCTC

Lrerreer reeerrerrrrrrrrrrrrrrrrreerr rerrrrrrrrrrrrrrrrrnn
ATGATGCCAGTTCCIGECCARCACTCCATGACTCCARCCCARCRACCACCAGCCARRCCTC

CCTCCgococog
L rrn
CCTCTGCCTG

(=10
é—n
=1
=1
=1
=] o=
=]

é—t
=1
=1
é—t
(=10

atgoagocccagocacctGTGCACCCCATGCAGCCCCTGLCGCCACAGCCACCTCTGECT
AERRN I e terrrrrrr e e e e e e e errrrrrerreend

CETGECACCCCATCCAGCCCCTGCCGCCACAGCCACCTCTGCCT

é—t
E—L
=1

]
TCCRGCC

T

CCEAT T TCCCCATGCAGCCCCTGCCTCCCATGCTTCCTGATCTGACTCTGRAAGCTT G

e reeeerrrrrr rerrrrrrrrrrrr rer rrrrrrrrrrrnn
CCEAT T TCCCCATACAGCCCCTGCCCCCCATGCTTCCTGACCTGCCTCTGRRAAGCTTGSE

CCRATCRRCAGRCRAGRCCRAGCEGEAGERARCTEERATTRAR 576

e rrerrerrrrrr e reerrrrrrnenl
CCAGCARCAGRACRAGRCCARGCGEEAAGRAGTGGATTAR 652

a0

133
120
143
177
253
237
313
287
373
337
433
417
443
477
233
237
613

Human vs Dog CDS:
39 differences
(3inagap, 36inthe
CDS)

20 codon differences
are silent.



Rhodopsin (Human)

MNGTEGPNFYVPFSNATGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTPL
NYILLNLAVADLFMVLGGFTSTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNF
RFGENHAIMGVAFTWVMALACAAPPLAGWSRYIPEGLQCSCGIDYYTLKPEVNNESFVIYMFVVHFTIPMII
IFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTHQGSNFGPIFMTIPA
FFAKSAAI YNPVIYIMMNKQFRNCMLTTICCGKNPLGDDEASATVSKTETSQVAPA

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

Score Expect Method Identities Positives Gaps
667 bits{1722) 0.0 Compositional matrix adjust. 332/358(93%) 344/358(96%) 10/358(2%)

Hlanar] Query 1 MNGTEGENFYVEFSHATGVVRESPFEYPQY Y LARFWRFSMLARYMFLLIVLGFFINFLTLY &0
MNGIEGEFNFYVEPEFSN TGVVRESPFEYPQYYLARPWOFSMLAAYMFLLIVLGFFINFLTLY
Ek)g Skjet 1 MNGTEGENFYVEFSHNETGVVRESPFEYPQY Y LARPWRFSMLARYMFLLIVLGFPINFLTLY &0

Query 61 VIVQHEELRETPLNY I LLNLAVADLFMVLGGFTSTLY TSLHGYFVFGPTGCHNLEGFFATLG 120
VIVQHERELRTPLNYILLNLAVADLFMYV GGEFT+TLYTSLHGYFVEGPTGCH+EGFFATLG
Skjet 61 VIVQHEELETPLNY I LLNLAVADLFMVEGGFTTTLY TSLHGYFVEGETGCHNVEGFFATLG 120
N A A

fuery 121 GEIALWSLVVLATERYVVVCEPMSNFRFGENHATMGVAFTWVMALACRAPPLACGWS--—- 176
GEIALWSLVVLATERYVVVCEPMSNFRFGENHATMGVAFTWVMALACA R PPLAGWS
Sbjct 121 GEIALWSLVVLAIERYVVVCEPFMSNFRFGENHAIMGVAFTWVMALACRARPPLAGWSSLLS 180

fuery 177 —----—- RYIPEGLQCSCGIDY Y TLEPEVNNESEFVIYMEVVHFTIEMIIIFFCYGQLVETV 230
G d p EYTPEGHRCSCGIDYYTLEPE+NNESEVIYMEFVVHE IPMI+IFFCYGRLVETV
Sbijct 181 HSPLVLRYIPEGMQCSCGIDYYTLEFEINNESEVIYMFVVHFAIPMIVIFFCYGQLVETV 240

Query 231 EERRAQOOESATTQRAEREVIEMVIIMVIAFLICWVEYASVAFYIFTHQGSNFGEIFMTI 280
FE&L L R S A T TR AR REV IRV I IMV I AF LI CWVEYASVAFYTFTHQGS +FGEIFMT +
Sbkjet 241 ERERRAQOOESATTORAREEVIEMVIIMVIAFLICWVEYASVAFYIFTHQGSDFGPIFMTL 300

Query 291 PARFFRARSARAIYNEVIYIMMNEQFRNCMLTTICCGEWNFLGDDEARSATVSETETSQVAFR 348
PAFFARS++IYNEVITIMMNEQFRNCM+TT+CCGRNPLGDDEASAY SETETSQVAPLA
Skjet 301 PRAFFARSSSIYNEVIYIMMNEQFENCMITTLCCGENPLGDDEASARSASETETSQVAPR 358



Human
Dog

Rhodopsin CDS Human vs Dog-1

Score

1488 bits(1549)

Expect Identities Gaps Strand
0.0 971/1077(90%) 30/1077(2%) Plus/Plus

Query
Skjct
Query
Skjct
Query
Sbict
Query
Skjct
Query
Skbict
Query
Skjct
Query
Skjct
Query
Sbijct
Query
Skjct
Query

Skict

1

1
6l
6l
121
121
181
181
241
241
301
301
36l
36l
421
421
481
481
228
541

ATGRATGECACAGARGGCCCTARCTTCTACGTGCCCTTCTCCARATGCGACGEETGTGETA
freer re re rerrrrr rerrrrrrrrrrrrerrrrrenl RERRRRERRR
ATGRACGEEACGEAGGECCCGRACT TCTACGTGCCCTTCTCCARCARGACGEETGTGETE

CECAGCCCCTTCRAGTACCCACAGTACTACCTGECTRAGCCATGGCAGTTCTCCATGCT R

FrErrrrerererrrr e e e e e e e e e el
AT TCRAGTACCCACAGTACTACCTGECTGAGCCATGECAGTTCTCCATGETS

GCCGCCTACATGTTTCTGCTGATCG TGO T GGGCITCCCCATCARCTTCCTCACGCTCTAC

LD TPt e e e e el
GCTGCCTACATGTTTCTGCTGATCGTGCTCGECTTCCCCATCRACTTCCTCACGCTCTAC

GrCACCGTCCAGCACAAGRAGCTGCGCACGCCTICTCARCTACATCCTGCTCARCCTAGCC
e reeererererrrrrrerer ve reeeerrrrrrrrrrrrrrrrrreer
GrCACAGTCCAGCACARGALGCTGCGTACACCTCTCARCTACATCCTGCTCARACCTGGECT

CTGRCCTCTTCATGGTCCTAGETGECTTCACCAGCACCCTCTACACCTCTCTGCRT
IIIIIIIII|IIIIIIIIIII orrrrrrrrrerrr rerrrrrrrrrerrrrrrrnnd
GTGECTGACCTCTTCATGETCATCEETGECTTCACCARCACCCTCTACRACCTCTCTECAT

GEATACTTCGTCTTCGGECCCACAGEATGCAATTTGEAGEGCTICTTTGCCACCCTGEEC

FEREREEr Prrrrrr e e e e er e revrrreeee ey rerinl
GEATACTTTGTCT TCGGGCCCACAGEAT G AL TGTGRAGGECTTCTTTGCCACACTGGEC

GETGARATTGCCC TG TGETCCT TG T GETCCTGGCCATCRAGCGETACGTGETGETGTGT

trereererererererrrr rerrrerrrrrerrrrr rrerrrr e e el
GETGARATTGCCC TG TGETCT T TG T GG TCCTGGCCATTEAGCGGTACGTGETGETGTGT

A CCCCATGAGCAACTTCCGCTTCGEGEACGRACCATCCCATCATEGEECGTTGCCTTICACC

LEErrrrrrrrrrrrrr e tr rer e e e e e e e e rrrrrnl
ARGCCCATGAGCARCTTCCGTTTIGGGGRGARCCATECCATCATGEGCGTCGCCTTCACC

TGGETCATGECECTGECCTGCGCCECACCCCCACTCGCCGECTGETC —————————————
trereererrr rererrrr re reererer reeer rrrrrnn
IGGETCATGECACTGECCTGTGCAGCACCCCCCCTCECTGECTGGTCCAGTCTCCTGTCT

————————————————— CRGGTRCATCCCCGRAGGGCCTGCAGTGCTCETGTGGRATCGAC
(Sar) Lrrrrrereerr rereer rerrerrerr reeer rreend
CACTCCCCTCTGETGCTCAGETACATCCCAGRGEECATGCAGTGCTCATGTGEEATCGRC

]

]

120
120
180
180
240
240
300
300
3a0
3a0
420
420
480
480
227
-40
270
600

106 differences
(30in gap, 76 in
CDS)

60 codon differences
are silent



Rhodopsin CDS Human vs Dog-2

Human Query 2371 TACTACACGCTCAAGCCGGAGGTCAACARCGAGTCTTTTGTCATCTACATGTTCGTGETC 630

Dog LErrrerr e e rereeer reerr rr rerrrrrrrrrrrrrrrrrn
Sbjct 601 TACTRCRCACTCRAACGCCAGRRATCRALCAATCACGTCCTTCGTCATCTACATEGTTCGTGETC el

Query 631 CACTTCACCATCCCCATGATTATCATCTTITTTCTGCTATGEECAGCTCEGTCTTCACCETC 690

LErrrr reeerereerrrer reer e reererrrrer rerrrrrrrrrrer ol
Sbjct 66l CACTTCGCCATCCCCATGATTGTCATATTCTTCTGCTATGGACAGCTCGTCTTCACAGTC 720

Query 691 ARGGAGGCCECTGCCCAGCAGCAGGRAGTCAGCCACCACACAGAAGGCAGAGARGGRAGETC T30

LErrrrer reeeereerrrereerr re reeerrrr reereerr re rerrrerel
Sbjct 721 AAGGEAGGCAGCT GCCCAGCAGCAGGAAT CGECCACCACCCAGRAGGCTGARARLGGAGGTC TEO

Query 751 ACCCGCATGGTCATCATCATGGTCATCGCTTTCCTGATCTGCTGGGTGCCCTACGCCAGC 810
Lrrrrrrrrrererrrerrrerrrerrrerrrererrrerrerrrrerrerrr reenl
Sbjct 781 ACCCGCATGGTCATCATCATGGTCATCGCTTTCCTGATCTGCTGGGTGCCCTATGCCRGT 840

Query £11 GIGGCATTCTACATCTTCACCCACCAGEGCTCCARCTTCGGTCCCATCTTCATGACCATC E70
LErrrrrrrrrrrreerrrreerrrreeerr e reee e reerrrrerrrrrer
Sbijct 841 GTGECATTCTACATCTTCACCCACCAGGGCTCCGACTTTGECCCCATCTTCATGACCCTC 900

Query 871 CCAGCGTTCTTTGCCARGAGCGCCGCCATCTACARCCCTGTCATCTATATCATGATGRAC 930

Lrrrrerreer reeerr e rerrrrrrrrrrrr e rrrrrrrrrr e
Sbjct Q01 CCRAGCGITCTTCGCCAAGTCCTCCTCCATCTACRRCCCTEGTCATCTATATCATGATGRAC 960

Query 8931 LA GCRGTTCCGGRACTGCATGCTCACCACCATCTGCTGCGECARGRACCCACTEEETGRC 200

LErrrrerrrrerereeerer reereerr reerrrr reererrrrrrrrrrrrerel
Sbjct Gel AAGCAGTTCCGGRAACTGCATGATCACCACCCTCTGCTGTGGCAAGRAACCCACTGEETGRAC 1020

Query 8091 GATGAGGCCTCTGCTACCGTGT CCARGACGEAGACGAGCCAGGTGGCCCCGGCCTAR 1047

LTorrrererrerr e oreerreerrerrer oreerrrrrrrr rerrrrrrd
Sbjct 1021 GACGAGGCCTCTGCCAGCGCCTCCARGACGGAGACCAGCCAGGTGGCACCGGCCTAR 1077



Partial translation of Rhodopsin

Human 571
Dog 601

631

661

691

721

751

781

811
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TAC

CAC

CAC

AAG

AAG

ACC
T
ACC

GTG
\
GTG

TAC
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TTC

GAG

GAG

CGC
R
CGC

GCA
A
GCA
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ATC
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\
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ATT
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CAG
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T
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GTC
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GTC

CAG

CAG

GTC
\
GTC

CAC
H
CAC

AAC

AAC
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ATA
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ATC
I
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CAG

Q
CAG
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TCG

GCT
A
GCT

GGC
G
GGC

GAG
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TTC

TTC
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TTC
F
TTC

TCC
S
TCC

TCT

TCC

TGC

TGC

ACC

ACC

TTC

TAT
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ACC

ATC

ATC

TTC
F

GTC

GTC

GGG

GGA

CAG

CAG

TGC
C
TGC

GGT
G
GGC

ATC

ATC

CAG

CAG

AAG

AAG

TGG
w
TGG

CCC
P
CCC

TAC

TAC

CTC

CTC

GCA

GCT

GTG
\"
GTG

ATC
I
ATC

ATG

ATG

GTC

GTC

GAG

GAA

CCC
P
CCC

TTC
F
TTC

TTC

TTC

TTC

TTC

AAG

AAG

TAC
Y
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M
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GAG
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A
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ACC
T
ACC

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

GTC

GTC

GTC

GTC

GTC

GTC

AGC

AGT

ATC

CTC



Summary of Differences

Protein Size Protein
GUIMWELEE)) leferences Differences

Beta globin
Amelogenin 191 36 16
Rhodopsin 348 76 16

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



Summary of Differences

Protein Size Protein
GUIMWELEE)) leferences Differences

Beta globin 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?

e Silent mutations are more common than chance predicts
because of the structure of the code and the |¢ay ‘ His

chemistry of mutation. CAC
CAA | GIn

CAG

* 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

H 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 \Y N N E S F \Y I Y M F \Y \

D 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 TTIT 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 \Y F T \

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

TV TV TV
691 AAG GAG GCC GCT GCC CAG CAG CAG GAG TCA GCC ACC ACA CAG AAG GCA GAG AAG GAG GTC

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

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
\ 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.



Why do silent mutations prevail?

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?



Mutational Clusters in Human HBB CDS

ATG
GCC
GAG
CAG
GAT
AAG
CTG
CTG
AGG
CAC
TAT
CAC

GTG
CTG
GCC
AGG
GCT
AAA
GAC
CAC
CTC
TTT
CAG
AAG

CAT
TGG
CTG

CTG
GGC
GGC

[TC
GTT
GTG
AAC
TGT
CTG
GGC
AAA
TAT

11
ATG
CTC
CTC
GAC
GGC
AAA
GTG
CAC

ACT
AAG
AGG
GAG
GGC
GGT
AAG
AAG
AAC
GAA
GTG
TAA

CCT
GTG
CTG
TCC
AAC
GCC
GGC
CTG
GTG
TTC
GCT

GAG
AAC
CTG
TTT
CCT
TTT
ACC
CAC
CTG
ACC
GGT

GAG
GTG
GTG
GGG
AAG
AGT
TTT
GTG
GTC
CCA
GTG

AAG
GAT
GTC
GAT
GTG
GAT
GCC
GAT
TGT
CCA
GCT

TCT

GCC

GAA
TAC
CTG
AAG
GGC
ACA
CCT
GTG
GTG
AAT

GTT
CCT
TCC
GCT
CTG
CTG
GAG
CTG
CAG
GCC

GTT
GGT
TGG
ACT
CAT
GCT
AGT
AAC
GCC
GCT
CTG

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.

ACT
GGT
ACC
CCT
GGC
CAC
GAG
TTC
CAT
GCC
GCC



Why do silent mutations prevail?

Assuming random mutation, about 1/3 of mutations should
be silent, mostly those that change only the 3" 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.



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

13(1.97)
33 (3.59) Human = '
uman-Chimp
22 (1.65) Chimpanzee
32(2.29) ( Greatapes 41 (6.21) P . Primates
. (atarthini 7777 03> Orangutan h
47(0.98) o .
-4 Simian 122 (4.19) >+ Rhesus .w
. 110 2.53) o Marmoset \}
90136 | Euarchontoglires B =
Murcige Rodentia
Rodentia *Rat %
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+Pika S I Lagomorpha
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»1 Boroeutheria
“ Cetartiodactyla
+Goat
B Laurasiatheria +White Rhinocerosm\
1 Perissodactyla
=t Eutheria ehiorze )’ t
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+Shrew “|9- | Eulipotyphla
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Afrotheria +Manatee m Sirenia
o Tenrec Y | Afrosoricida
100 75 50 25 0

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



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

UWU 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
UuuG 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 CAAQ 0,27 CGA R 0.11
UG L CCG P 0.11  CAG Q CGG R 0.20
AUU I 0.36 ACU T 0.25 AAU N 0.47 AGU S 0.15
AUC T 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 vV 0.18 GCU A 0.27 GAU D 0.46 GGU G 0.16
GUC V 0.24  GCC A GAC D 0.54 GGC G 0.34
GUA V 0, GCA A 0,23 GAA E 0.42 GGA G 0.25
GUG V 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.

e ..Orvice versa.

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