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Sequence alignment

Guilt by association
Key mutation site discovery

What if no homology of known function is found?



Sequence

comparison /
alignment
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Motivations for seq comparison

Evolution is related to changes in DNA

By comparing DNA sequences, we can infer evolutionary
relationships between the sequences w/o knowledge of
the evolutionary events themselves

Thus, sequence comparison is a foundation for inferring
function, active site, and key mutations



Sequence
alignment

Key aspect of seq
comparison is seq
alignment

A seq alignment
maximizes the
number of positions
that agree in two
sequences

Sequence U
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Sequence alignment: Poor example

Poor seq alignment shows few matched positions
= The proteins are not likely to be homologous

Alignment by FASTA of the sequences of amicyanin and domain 1 of
ascorbate oxidase

60 70 80 S0 100
Amicyanin MPHNVHFVAGVLGEAALKGPMMKKEQAYSLTFTEAGTYDYHCTPHPFMRGKVVVE

Ascorbate Oxidase ILQRGTPWADGTASISQCAINPGETFFYNFTVDNPGTFFYHGHLGMQRSAGLYGSLI
70 80 90 100 110 120

No obvious match between
Amicyanin and Ascorbate Oxidase



Sequence Alignment: Good example

Good alignment has clusters of matched positions
— The two proteins are likely to be homologous

[T =zi113476732 | ref INP 108301.11  unknown protein [Mesorhizobium loti]

21114027493 |db) IBAB52762.11 unknown proteln [Mesorhlzoblum loti]
Length = 105

Score = 105 bits (262), Expect = le-22
Identities = 61/106 (57%), Positives = 73/106 (68%), Gaps = 1/106 (OR)

Query: 1 MEPGRLASIALAIIFLPMAVPAHAATIE I TMENLV I SPTEVSAKVGDT IRWVNKDVFAHT 60
ME G L ++ MA PA AATIE+T++ LV P WV AKVGDTI WYN DV AHT
MFAGAL TRLEWLAAT AT MAAPASAATIEVTIDELVEF SPATVEAKVGDT IEWVINDVVAHT &0

Good match betw Amicyanin & an unknown M. loti protein

Shict: 1



Multiple alignment: An example

Multiple seq alignment maximizes number of positions in
agreement across several seqgs

Seqgs belonging to same “family” usually have more
conserved positions in a multiple seq alignment

gil 126467
ol 2499753
ogi|462550]
ogi| 2499751
ogi| 1709906
gil1z26471]
ogi| 5486026]
i 131570]
ogil2144715

FHFTEWPDFGVPFTP IGHMLEF LEEVELCHP —— OV AGA TVIHC S AGVGRTGTFVWIDANLD

FHFTGWPDHGYPYHATGLLAF IRRVELSNP-—FP2AGE I

FHFTSWPDHGYPDTTDLL INFREYLVEDYMEQSPPESF INWHC S ALV GRTGTFIATIDRLIY
FOFTAWPDHGYPEHPTPFLAFLERVETCHP-—PDAGPMWVHCS ARGV GRTGCF IVIDAMLE
LAFTSWPDFGVYPF TP IGHMLEFLEEVETLNP -—VHAGP IWWHC S A GRTGTF INIDAMMA
FHFTGWPDHGYPYHATGLLAF IRRVELSNP-—-PaAGP IWWVHCSAGAGRTGCY IVIDINLD
FHFTGWPDHGYPYHATGLLGFVEOVESESP——PNAGEL

I ) . w JEEEwREE owEEw . OwH

Conserved sites
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Proteins

A protein is a large
complex molecule
made up of one or
more chains of
amino acids

Proteins perform a
wide variety of
activities in the cell




Function assignment to protein seq

SPSTNRKYPPLPVDKLEEEINRRMADDNKLFREEFNALPACPIQATCEAASKEENKEKNR
YVNILPYDHSRVHLTPVEGVPDSDYINASFINGYQEKNKFIAAQGPKEETVNDFWRMIWE
ONTATIVMVTNLKERKECKCAQYWPDQGCWTYGNVRVSVEDVTVLVDYTVRKFCIQQVGD
VINRKPQRLITQFHFTSWPDFGVPFTPIGMLKFLKKVKACNPQYAGAIVVHCSAGVGRTG
TFVVIDAMLDMMHSERKVDVYGFVSRIRAQRCOMVOTDMQOYVFIYQALLEHYLYGDTELE

VT

How to assign a function to a new protein sequence?

11



In the course of evolution...

12



Evolution takes time ...

Let = AFPHQHRVP
Let = PQVYNIMKE

Suppose each generation differs from the
previous by 1 residue

What is the max difference between the
2"d generation of

What is the min difference between the
2"d generation of and ?




The triumph of logic

In the course of evolution...

/

—

——

Evolution takes time ... »

Let - = AFPHQHRVP
Let ) = PQVYNIMKE

Suppose each generation differs from the
previous by 1 residue

Two proteins
iInheriting their
function from a
common ancestor
have very similar
amino acid
sequences

14



Discussion
How to guess the function of a protein?



Guilt by association: Caveats

Ensure that the effect of database size has been
accounted for

Ensure that the function of the homolog is not derived via
invalid “transitive assignment”

Ensure that the target sequence has all the key features
associated with the function, e.g., active site and/or
domain

22



Law of large numbers

Suppose you are in a room
with 365 other people

Q: What is the prob that a Q: What is the prob that
specific person in the room  there are two persons in
has the same birthday as the room having the same
you? birthday?

A: 1/365 = 0.3% A: 100%

23



Interpretation of P-value

Seq. comparison progs, Suppose the P-value of an
e.g. BLAST, often associate  alignment is 10

a P-value to each hit
If database has 107 seqs,

P-value is interpreted as then you expect 107 * 106
prob that a random seqg has = 10 seqs in it that give an
an equally good alignment equally good alignment

— Need to correct for
database size if your seq
comparison prog does not
do that!

Note: P=1—-¢ E

24



Lightning does strike twice!

Roy Sullivan, a former park ranger from Virgina, was
struck by lightning 7 times

1942 (lost big-toe nail)

1969 (lost eyebrows)

1970 (left shoulder seared)

1972 (hair set on fire)

1973 (hair set on fire & legs seared)
1976 (ankle injured)

1977 (chest & stomach burned)
September 1983, he committed suicide

Cartoon: Ron Hipschman
Data: David Hand

26



Effect of seq compositional bias

One fourth of all residues in protein seqs occur in
regions with biased amino acid composition

Alignment of two such regions achieves high score
purely due to segment composition

While it is worth noting that two proteins contain similar
low complexity regions, they are best excluded when
constructing alignments

BLAST employs the SEG algo to filter low complexity
regions from proteins before executing a search

Source: NCBI

27



Effect of sequence length

sequence identity (1), %
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Abagyan RA, Batalov S. Do
aligned sequences share the
same fold? J Mol Biol. 1997

sequence length (L) Oct 17;273(1):355-68
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Examples of invalid function assignment:

IMP dehydrogenases (IMPDH)

18 entries were found

ID Organism PIR Swigs-Prot/TrEMBL RefSeq/GenPept
21592300 inosine-S-monophosphate
. . E6438] conserved hypothetical protein g g dehydrogenase (guab)
NEQO181857 Methanococeus jammaschi — fuoees 1635 METIA Hypothetical protein MI0633 WP _247637 innsine-S-monophosphate
dehydrogenase (guab)
GH0355 MI0E5S homolog AF024T 22649754 inogine monophosphate
. ALT WNAMES: inosine-monophosphate 020411 INOSINE MONCOFHOSFHATE delrrdrogenase (guaB-1)
NE00187758 | Archasoglobus fulgidus dehydrogenase (guab-1) homolog DEHYDROGENASE (GUAE-1) HP_0A9621 innsine monophosphate
[misnomer] delrrdrogenase (guab-1)
Fa2514 vheV homolog 2 2648410 inosine monophosphate
. ALT MAMES: inosine-monophosphate 028162 INOSINE MONOPHOSFHATE dehydrogenase (guaB-1)
NEO0188267 Archasoglobus fulgidus dehydrogenase (guab-2) homolog DEHYDROGENASE (GUAB-) WE_070943 inosine monophosphate
[mistiomer] dehydrogenase (guaB-1)
B60407 MI01E8 homalog Ldeflfiiugﬁfai?epﬁfiﬁmsPhate
MEOO188697 | Archasoglobus fulgidus AI.T NAMES: mosmelmonophosphate 029009 Hypothetical protein AF1259 WE 070037 inosine monophasphate
putative
-5- rm;nophosphate
protem
NF00137776 Thermo onophosphate
protein
Z2A2233T inosine-3-monophosphate
Methanothermobacter 62030 M08 33 homoleg MTH1 226 (027294 INOSINE-5- MONOPHOSPHATE dehydrogenase related protein V
MEND4 14705 . ALT NAMES: inosine-monophosphate o
= |thermautotrophicus dehg?d.mgenase related protein V [misnomet] DEHYDROGENABE RELATED PROTEIN V HE_276354 inosine-S-monophosphate
delrdrogenase related protein ¥
Da2035 LIT1232 pmtein homolog MTHI126 22621166 inogine-5-monophosphate
NE00414211 Idethanothermobacter |ALT _NAMES: inosine-5-monophosphate  ||026220 INOSINE-5-MONOPHOSPHATE dehydrogenase related protein VII
= |thermautotrophicus dehrydrogenase related protein WII DEHVDROGEN ASE RELATED PROTEIN VII NE_275269 inosine-5S-monophosphate
[misnomer] dehrdrogenase related protein WII
. 2622093 inosine-S-monophosphate
Methanothermobacter HO9222 MI1225 related protein MTHI02 027073 INOSINE- 3. MONOPHOSPHATE dehydrogenase related protein [X
HEOD4 14837 . ALT MAMES: inosine-F-monophosphate e
————— |thermautotrophicus DEHYDROGEN ARE RELATED PROTEIN I HE_276127 inosine-3-monophosphate
|2 dehydmgenase related protein I [misnomert] P .
dehydrogenase related protein [X
22022697 inosine-'-monophosphate
Methanothermobacter BEP077 yhe¥ homelog 2 027616 INOSINE- 5. MONOPHOSPHATE dehydrogenase related protein X
RIEE A2 ' ALT_NAMES: inosine-monophosphate DEHYDROGENASE RELATED PROTEIN X NE_276627 inosine-5' hosphat
thermautotrophicus dehydrogenase related protein X [misnomer] HOSInE-SUEnopA0SpRale

dehydrogenase related protein X

29



IMPDH domain structure

dpip FCMOD427: PDOCOO291 ,IMP dehydrogenase £ GMWP reductase signature
i PFOD473: IMF dehydrogenase / GMP reductase C terminus
g FFOOS71: CBS domain
AR FFO13581: Helix-turn-helix
Pt il FFO1574: IMP dehydrogenase / GMP reductase N tarminus
LA FFO2195: ParB-like nuclease domain
A31997 .
[SFO00130) o o e o o e . spopoioodoodols ojodalodalodok “oane
ET0213 .
(SFON0131) et aties e e “a0e
EGdz21 . . . .o
(SFO04695) e e a 194 <::I IMPDH Misnomer in Methanococcus jannaschii
GEI255 <:|
(SFOD4GE6)  solobolodalobok  solboloolobok ‘e

FEO514 ;
[SFO0469%) i S b

123 <:| IMPDH Misnomers in Archaeoglobus fulgidus

(SFOL3698) stk 2 (o
Typical IMPDHs have 2 IMPDH domains that form the
catalytic core and 2 CBS domains.

A less common but functional IMPDH (E70218) lacks the
CBS domains.

Misnomers show similarity to the CBS domains

30



Invalid transitive assignment

Root of invalid transitive assignment~_

phosphanbosyl-AMP eyelohydralase (EC
B::} ™ H70468 [SFO01258 |051440)|3.5.4.19) f phosphoribosyl- ATP pyrophosphatase || Aquifex aeclicus Prolother [594.3  |4.8e-26 (205 [39.084 197
(EC 3.6.1.31) [srrularity]

phosphoribosyl-AMP cyclohydrolase (EC
7 576963 |[SFO01258 | 039935)|3.5.4.19) f phosphoribosyl- ATP pyrophosphatase |Synechocystis sp Proklgram- |557.0  [5.7e-24 (230 39,175 |19 | s——
(EC 3.6.1.31) [sunilanty]

[ T35073 |SF029243 005738 probable phosphoribosyl-AMP cyclohydrolsse  Streptomyces coelicolor  Prol/pram+ 399.3 [3.5¢-15 128 42.157 (102 | s

lshosphonbosyl- AMP eyelohydrolase (EC N
3.5.4.19) f phosphoribosyl- ATP pyrophosphatase
(EC 3.6.1.31) / lushdinel dehydrogenase (EC

553340 ||SFOO01257 00118 Saccharomyces cerevisiae [Eulofungs (3841 |2.5e-14 799 31363 (204 | eo—

L1123
A | rEssass srozsae oosme 3h;:“?;;‘?;ﬂﬁlp cyclahydralage (EC Archacoglobus filgidus  |Archae (3968 |4.8¢-15 108 }41.773 U —
CI::) [ G64337 |SFOD6833 (030827 gh;f’“g‘f"hs”ﬂiw pyroshosphatase (BC Methanococcus jannaschii [Archae | 246.9 [1.1e-06 (95 |36.842 |95 —

hofphonbosyl- ATP pyrophosphatase (EC
34.1.31) NMBD603 [smilanty)

y A

Bhosphorbosyl- ATP pyrophosphat A - B - C == A - C
13.6.1.3 1) MIMAORDT [somilarity]

phosphorbosyl- AMP cyclohydrals
o0fzz 3.54.19) ﬂhusphu{i‘pusﬁ-ATP oy
(EC 3.6.1.31) { hishidinol dehydrog
1.1.1.23)

Mis—assignm{ent A (Sme a s
offunction No IMPDH domain

T D3ILT8 [SFO06B33 |[101491

Pl
|HE1RRE’I’“iF| meninebdia |le-:|"mrn- 2104 |2 fie-Mf IE 15 227 |XR/ —

7 G31925 |[SFO0&833 (101491

B (SF001258)
T 551513 [SFO0O1257

C (SF006833)

31



Emerging pattern

Typical IMPDH Functional IMPDH w/o CBS

dplp PCMWOCSEY: PROCOOZ91, IMP dehydrogenase £ & ct, gnat
e PFO047S: IMP dehydrogenase / GMP reductagd Ct
e FFOOS71: CBS domain
= PFO1381: Helixturn-helix

L] PFO1574: IMP dehydrogenase / Ghp reductase N terminus
hlrghin FFO21995: ParB-like nuclease dopfain

A21907 & s

(SFOD0120) mmmﬁ#*‘?ﬁm e woae
E70218 =

(SFON0131)  srmpeimimim et “ A0e

(5%%%3485?;5) Pty = 4194 <:I IMPDH Misnomer in Methanococcus jannaschii

GEIISS <:|
(SFODAEDE)  sopbokobioid  solodoloodabok Lo

(SFO0ABE e s 183 <Z== IMPDH Misnomers in Archacoglobus fulgidus

BE9407
(SFOD4B0G) bbbt Adoddohdook IR

Most IMPDHs have 2 IMPDH and 2 CBS domains
Some IMPDH (E70218) lacks CBS domains
— IMPDH domain is the characterising pattern of IMPDH

32



Key mutation site
discovery
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>gi| 00000 PTPA-DZ /

EEEFEKELTSIKIQNDEMRTGNLF ANMEENRVLOQIIPYEFNEVI IPVERGEENTDYVNASF
IDGYROEDSY IASOGFLLHTIEDFWRNIWEWESCS IVNLTELEERGQEKCAQYWRFSDOGLY
St eD I TVELEREEECES Y TVRDLLVINTRENKSRQIRQF HF HOWFPEVGIFIDOKGN IS 1 1
AAVOKOQQOOSCGNHP I TVHCSAGAGRTGTFCALSTVLERVEAEGILDVFOQTVESLELOQRFH
MVOQTLEQYEFCYRVVQEYIDAFSDYTANF K

Discussion
Some PTPs have 2 PTP domains

PTP domain D1 has more activity than PTP domain D2
Why? How do you figure that out?

34
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Key mutation site: PTP D1 vs D2

Lim et al., JBC, 273:28986--28993, 1998

2 13 2 2 2 29

gi| 00000 F [)?) QFHFHGWPEVGIPSDGEGMISIIAAVOEQOQOO-3GNHF ITVHCSAGAGRTGTFCALSTVL

gi| 126467
gi| 24997553
oqi| 262550
gil2499751
gi| 1709906
gi| 126471
oqi| 545626
gi| 131570
gi|Z2144715

DI1¢

ALFHFTSUWFDFGUVPFTP IGMLEF LEEVELCHNP - - QVAGATVVHC S AGVGRTGTFYW IDAML
QFHF TGWPDHGVPYHATGLLAF IRRVELSNP--P3AGE IWVVHCSAGAGRTGCYIVIDINL
OYHY TOWP DGV PEYALPVLTFVRRESAARM--PETGPVLVHCSAGVGRTGTY IVIDINL
QFHFTEWPDHGYPDTTDLLINFRYLVERD YHEQSPPESP ILVHCSAGVGRTGTF IAIDEL T
QFOF TAWNPDHGVPEHPTPFLAFLERVETCHP--PDAGPMVVHCSAGVGRTGCF IVIDAML
QLHFTSWPDFGVPFTP IGHLEFLEEVETLNP--VHAGE IWVVHCSAGVGRTGTF IVIDANHY
QFHF TGWPDHGVPYHATGLLSF IRREVELSNP-—-P3AGE IVVHCSAGAGRTGCYIVIDINL
QFAF TGP DHGVEPYHATGLL GFVROVESKSP——-PNAGPLVVHCSAGAGRTGCF IVID IML
\QFHFTEWFDHGYVPDTTDLL INFRYLVREDYMEQSPPESP ILVHCSAGVGRTGTFIATDRLT

LI wE_OF_F . L O TEEEEE OEEEFT

Positions marked by “!" and “?” are likely places
responsible for reduced PTP activity

PTP D1 agree on them; PTP D2 disagree on them

37



Key mutation site: PTP D1 vs D2

Lim et al., JBC, 273:28986--28993, 1998

gi|00000|F )7
gi| 126467

gi| 2499753

gi| 462550

gi| 2499751

gi| 1709906 [)1<
gi| 126471

gi| 548626

gi| 131570
gi|2144715

Positions marked by

QF HFHGUF
7 QFHF TSR
QF HF TGWRDHS ,
QYHYTQWFDMGVPETEL
QFHF TSWPDHGVPDTTDI
QF QF TAWFDHGVPEHFT] g
QLHF TSWFDFGVPF TP It
QFHF TGWPDHGVP YHLT
QFHF TGWPDHGVP YHLT
\ QFHF TSWPDHGVPDTTDI

* ., T, F_%

“'”

are even more likely as 3D

modelling predicts they induce large distortion to structure



Confirmation by mutagenesis

What wet experiments are needed to confirm the
prediction?

Mutate E — D in D2 and see if there is gain in PTP
activity

Mutate D — E in D1 and see if there is loss in PTP
activity

Why do you need this 2-way expt?

39



What if no
homolog of known

function is found?

National University of 5ingapore




What if there is no useful seq homolog?

Guilt by other types of association!

Domain modeling (e.qg., HMMPFAM)

Similarity of phylogenetic profiles

Similarity of dissimilarities (e.g., SVM-PAIRWISE)

Similarity of subcellular co-localization & other physico-
chemico properties(e.q., PROTFUN)

Similarity of gene expression profiles

Similarity of protein-protein interaction partners

41



Hidden Markov Model for biological seqs

https://webpages.math.luc.edu/~tobrien/courses/bioinf/krogh.pdf

A multiple alignment of sequences of the same
family/function

ACA-=-=-=-ARATZ0G
TCAACTATC
ACAC--AGC
AGA---ATC
ACCG~-~-ATEC

(1 use DNA only because of the smaller number of letters than for amino acids).

HMM derived from the multiple alignment

- | C -
tef B

A
Coommmn | -
[E]

1.4

42



Scoring by HMM

https://webpages.math.luc.edu/~tobrien/courses/bioinf/krogh.pdf

uence Probability 100 Log odds

The prob depends on seq length; not very convenient
score for interpretation

Log odds obtained by comparing to a null model of the

same length
P(S)
0.25%

log-odds for sequence § = log = logP|§) — Llog0.25.

For a 4-letter alphabet, each letter has 0.25 prob to occur

Seq
Consensus A C AC--ATC 4.7 6.7
Original ACA---ATG 33 4.9
sequences T C A ACTATOC 0.0075 3.0
ACAC--A4GC 1.2 5.3
AGA---ATC 33 4.9
ACCG--ATGC 0.59 4.6
Exceptional TG CT - - AGG 0.0023 -0.97
Ammme| A A A o A P(ACACATC) = 0.8x1x08x1%x08x0.6x
c g | L c lc | C ¢
G Gmz G Gaz (el "ES 04x06x1x1x08x1x08
Tuz T T T m— T ~ 4.7x 1072,

43



Phylogenetic profiling

Pellegrini et al., PNAS, 96:4285--4288, 1999

Genes (and hence proteins) with identical patterns of
occurrence across phyla tend to function together

= Even if no homolog with known function is available, it
s still possible to infer function of a protein!

44



Phylogenetic
profiling:
How it works

B. aubitiliz {BS}

E. coli {EC) H. influenzee (HD)
I ‘ Profile Clusters:
Mg
— [ T
Phylogenetic Profile: T
EC 8¢ BS HI P 10
. 0 P 110
) 1 1 0 _>
P01 [P 10 1P 1|
Ps 1 0o 0
Ps P11
P 0 1 1
] i 1 0

Conclusion: P2 and P7 ore functionally linked ,
Fi und P oee funciionally linked

© Copyright National University of Singapore. All Rights Reserved. 45



Phylogenetic profiling: P-value

The probability of observing by chance z occurrences of genes X and YV in a set
of N lineages, given that X occurs in z lineages and Y in y lineages is

w, * W,

N
w., =

=
L N -2 N-—-zx
w., = *

T —2z y—2z

where

46



Phylogenetic profiles: Evidence

Pellegrini et al., PNAS, 96:4285--4288, 1999

No. of non- s .N o
homologous neighbors _:w:g.hhm:a
proteins in 11 kKevword i random
Kevword group group group
Ribosome fil) 197 27
Transcription 3 17 10
IRNA svnthase and hgase 26 11 3
Membrane proteins® 25 80 3
Flagellar 21 59 L
Iron, ferric, and fernun 19 3 2
Galactose metabolism 15 31 2
Molvbdotenn and Molvbdenum,
and molvbdotenn 12 6 1
Hypothetical 1,084 108,226 8,440

E. coli proteins grouped based on similar keywords in
SWISS-PROT have similar phylogenetic profiles

47



Phylogenetic profiling: Evidence

Wu et al., Bioinformatics, 19:1524--1530, 2003

D

hamming distance v

= #lineages X occurs +
#lineages Y occurs —
2 * #lineages X, Y occur

FEKEGG
COG

O 0O 0O OO0 o oo
™. B " ) I
T

in KEGG/COG

[ R

0 5 10 15 20 25 30 35 40
hamming distance (D)

fraction of gene pairs
having hamming distance D
and share a common pathway

Explain the two red ovals. Any surprise there?

48
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Discussion
What have we learned?

50
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