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Plan

 Recap of sequence alignment
* Guilt by association
* Active site/domain discovery
« What if no homology of known function is found?
— Genome phylogenetic profiling
— Protfun
— SVM-Pairwise
— Protein-protein interactions
 Key mutation site discovery
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Motivations for Sequence Comparis

 DNA is blue print for living organisms
= 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

 Foundation for inferring function, active site, and
key mutations
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Sequence Alignment

indel  Key aspect of seq
Sequence U comparison is seq
alignment
JATLPACPET E— mismatch
L+ I A seq alignment
*RLTELKRI R maximizes the
/ number of
positions that are Iin
Sequence V match agreement in two

sequences
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Sequence Alignment: Poor Exampie” ==

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

Alignment by FABTA of the sequences of amleyanin and domain 1 of

ascorbate oxidase
60 70 80 90 100
Amiecyanin HPHNVRF VAGYLGEARLHGP NMKREQAY SLTF TEAGTYDYHCTPHPPMRGKVVVE

heoorbate Oxidase ILORCIPWADGTABIBQCA IHP@E‘IFFEHFTWHPGT FFTHGHLGH‘QEE RGLYGELI
T &g a0 100 110 1240

No obvious match between
Amicyanin and Ascorbate Oxidase
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Sequence Alignment: Good Exam(

"),‘ of Singapore

 Good alignment usually has clusters of extensive
matched positions

— The two proteins are likely to be homologous
[ >zi 113476732 1 ref INP_108301.11

21114027493 |db) IBAB53762 .11
Length = 105

unknown proteln [Mesorhlzoblum lotil]
unknown proteln [Mesorhlzoblum lotl]

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

Query: | MEPGRLASTALAI IFLPMAVPAHAATIE [TMENLY [ SPTEVEARVGDT IRWVNEDVFAHT 60
ME G L ++ MA PA AATIE+T+ LV BP WV AKVGDTI WVN DV AHT
MFAGAL TRLEWLAAT AT MAAPASAATIEVTIDELVEF SPATVEAKVGDT IEWVINDVVAHT &0

good match between
Amicyanin and unknown M. loti protein

Shijct: 1
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Multiple Alignment: An Example“"m

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

* segs belonging to same “family” usually have
more conserved positions in a multiple seq

alignment
gi| 126467 | FHFTIWPDFGWPFTP IGHMLEF LEEVELCHP —— QY AGATVEVHC S AGYGRETGTFWWIDAMLD
gi| 2499753 FHFTGWPDHGVPYHATGLLASF IREVELSNP——FP23AGE IV LAGRTECYIVIDIMLD
gi|462550] THYTOWP DMV PEYALPVL TFVRRS S AARM--PETGPVEVHC S AV GRTGTY IVIDSMLO
gi| 2499751 FHFTEWPDHGVPDTTDLLINFRYLVEDYHEQSPPESP IMVHCSAGWGRTGTFIATDRLIY
gi| 17095206 FOFTAWPDHGVPEHPTPFLAFLERVETCHP--FPDAGPMYVHCSAGVGRTGCF IVIDAMLE
gi| 126471 LHFTEWPDFGVPFTPIGHMLEFLEEVETLNP--VHAGP INWHCSAGVGRTGTF IVIDAMMA
gi| 5458626 FHFTGWPDHGVPYHATGLLSF IRRVELSNP--P3AGP IWVHCSAGAGRTGCY IVIDIMLD
gi| 131570 FHFTGWPDHGVPYHATGLLGFVROVESESP—-PNAGPL LGRTGCFIVIDIMLD
gi| 2144715 FHFTSWPDHGYPDTTDLL INFREYLVEDYMEQSPPESP IDVHC S WA GRTGTFIATIDRLIY
__'.'.' TEHF OETET . * _'.'.".'.".'.".'.' '.‘.".‘.".‘.".‘.'___ T E

Conserved sites
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A proteinis a ...

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

 Protein performs a
wide variety of
activities in the cell

Copyright 2007 © Limsoon Wong



- /7]
o NUS
Function Assignment to Protein Sequerce

SPSTNRKYPPLPVDKLEEE INRRMADDNKLFREEFNALPACP 1QATCEAASKEENKEKNR
YVNILPYDHSRVHLTPVEGVPDSDY INASFINGYQEKNKFIAAQGPKEETVNDFWRMIWE
QNTATIVMVTNLKERKECKCAQYWPDQGCWTYGNVRVSVEDVTVLVDYTVRKFCIQQVGD
VTNRKPQRLITQFHFTSWPDFGVPFTP I GMLKFLKKVKACNPQYAGAIVVHCSAGVGRTG
TFVVIDAMLDMMHSERKVDVYGFVSRIRAQRCOQMVQTDMQYVFI1YQALLEHYLYGDTELE
VT

« How do we attempt to assign a function to a new
protein sequence?
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Guilt-by-Association

« Compare the target sequence T with sequences
S,, ..., S, of known function in a database

 Determine which ones amongstS,, ..., S, are the
mostly likely homologs of T

« Then assign to T the same function as these
homologs

« Finally, confirm with suitable wet experiments

Copyright 2007 © Limsoon Wong
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Guilt-by-Association

Compare T with seqs of
known function ina db

Good Sequence Alignment

+ Good alignment usually has clusters of
extensive matched positions

= The two proteins are likely to be homologous

Poor Sequence Alignment =
_.‘=v|:i 13476732 | raf INP_108201,1|  unkoown profain [Uesorkizobizm loti]
gili4027493 1dhj IBAES276L . 1| upkngwn prolein [Meseshizobium leti]
Lepgth = LOS
+ Poor seq alignment shows few matched positions Sooge = 103 hits (162, Fepect = le-22

ldemtities = GLA106 {57%), Positives = T3/106 (5E%), Gaps = 17LO6 (%)
= The two proteins are not likely to be homologous T e —
MK G L owe Mi F& AATIE#T+=+ LW 5P W REVGITL "N DY AHT
Fojee: | WEAGALIRLIWLAM Al M&APAKAATIEVTIDRLVFSFATVEAKWOITIEWISDVIANT 50
Alignment by FASTA of the sequences of amicyanin and domain 1 of

good mateh between
ascorbate oxidase ‘ 3 i : :
Amicvanin and v wi M. loti protein
&4 70 an 80 Le
Ardcyanin MPHNHFVAGVLGE RALEGPFHHEEEQAY SLTPTEASTYD YHE T HREFMRE SV

Bacorbate Qxidaas ILQRGTPWADGTASIZQCATHRCGETFFYHF TVDNPGTEF YHCHLOMOREAGLY D
0 g0 0 oo 11D

]:\li.'l ub:viuus match hutwm:]l'L ASSi gn to T Same
Amicyamn seorbate Oxidase ;
function as homologs

Discard this function _ _ _
as a candidate Confirm with suitable

wet experiments
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BLAST: How It Works mNEmS

Altschul et al., IMB, 215:403--410, 1990

« BLAST is one of the most popular tool for doing
“guilt-by-association” sequence homology
search

find seqs with

@ ] anking
T S alignment
> ap || eSS
find fromdbseqs pummsam G

with short perfect & x|
ap x|

J

matches to query
seq

Exercise: Why do we need this step?
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Homologs obtained by BLAST N

Score E
Sequences producing significant aligrmments: (hit=s) Value
gi|14193729 | gb| AAKS6103.1|AFS520581 1 protein tyrosin phosph... 52: e-177
gillsed6|sp|P15455 | PTRA HUMAN Protein-tyrosine phosphatase... EEI e=177
gil4s06303 | Felf| NP OUS8a77 . 1| protein tyrosine phosphatase; £... EEI e=176
qilé27294 | prf] | 17013004 protein Tyr phosphatase £20 e=176
gi1118450269 | ref|NP_S543030,1| protein tyrosine phosphatase, ... a2l e-176
i 32067 | mmb | CALITE47,.1| tyrosine phosphatass precursor [Ho... 51: =176
gi| 2851153 | pir| |JC1285 protein-tyrosine-phosphatase (EC 3.1.... 61 =176
gil 6981446 |ref |NP 036835.1| protein tyrosine phosphatase, r... 1: =176
gi| 2098414 | pdb | 1¥FO| A Chain A, Receptor Protein Tyrosine Ph. .. 1E e-174
gil32313 |emb | CALSEGEES . 1| protein-tyrosine phosphatase [Homo. .. 1 e—-174
il 450585 | gh| AAEOG150. 1] protein tyrosine phosphatase >gil|4d... GBO5 e-172
gil| 667955V | ref|NP O35006.1 ] protein tyrosine phosphatase, r... & - e-172
gil 4583922 |gb | AAL]1YI30, ]| protein tyrosine phosphatase alpha 99 e—-170
]

 Thus our example sequence could be a protein
tyrosine phosphatase o (PTPa)
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Example Alignment with PTPa G

store = 632 b1tz (l16dY:, Expect = e-1al
Icentltles = 29475302 (9™, Posltiwes = 2047302 (978

cuery: 1 BESTNREXYPPFLPVDELEEE I FREMADDNELFEEEFNALPACE 1QATCEAASZZTOEDETE. 6l
wP R TNEXYFFLPVDELEEE [REEMADDNELFREEFNALP ACE IQATCE AL E
Shict: 202 EPETNEIYPFLPVDELEEE IFEEMADDNKI FEEEFNALFACF IQATCEALSKEENKEINE 261

Query: A1  YVNILPYDHSEVHLTPVEGVEDSDY INASF INGYQEENEF [ AGQGPEEETVHDFWEMIWE 120
TWNILPYDHeEVHLTPVEGVED SDY INARE INGYQEENEF [ ARQGPREEETVNDFWEMIWE
Shirt- 2A2 VUNTI PYDHARVHLTPVEGYVEDSDY TNASE TNOVOEENER TAAQGPEEETVHDFWENTWE 3721

Query: 121 QENTAT IVMVTHLEERKECKCAGTWEDQG UTYGHVEYSVEDVTVLVDY TVEEFC IQQOWED 1450
QNTAT VMV THNLEERRECEC A0 YWE DG T Y GHVREVEVEDVTVLVDY TVEEF C TQOGED
Shict: 322 QNTATIVMVTHNLEEREECECAQYWEDQG UTYGNVEVEVEDVTVLVDYTVERFCIQOWED 2581

Query: 181 VINEEPGRLITQFEFTSWPDEGVEEFTE IIMLEFLEEVEACHPOTAGA I VVHC SAGVGRTG 240
VINEEPQRELITOFEF TeWPDEGYPEFTE [GMLEFLEEVEACHPOYAGA T VVHC S AGVGTG
Shict: 282 VTNEEP)RLITQFEFTSWFDEGVEEFTE ISMLEFLEEVEACNPOYAGA IVVHC SAGVGATG 441

Query: 241 TFVVIDSMLDMMHSEREVDVIGFVER I RAURCOMVUTIMYYE I TOALL FHYLVSDTILE 300
TFVV [ DM DMMESEREVDVYGF VSR [ RAORCOMVOTDM) TVE [ VAL L FHYLYGDTELE
Shict: 442 TEVVIDAMLDMMHEEREVDVIGEVER IRAQRCOMVOTDMOYYVE [ TOALL FHYLYGDTILE 501
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Guilt-by-Association: Caveats &)

e Ensure that the effect of database size has been
accounted for

 Ensure that the function of the homology 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

Copyright 2007 © Limsoon Wong
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Law of Large Numbers

e Suppose you areinaroom < Q: Whatis the prob that

with 365 other people there is a person in the
room having the same
 Q: What is the prob that a birthday as you?
specific person in the « A:1-(364/365)*°=63%
room has the same
birthday as you? ¢ Q: What is the prob that
e A:1/365=0.3% there are two persons in
the room having the same
birthday?
e A:100%

Copyright 2007 © Limsoon Wong
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Interpretation of P-value

e Seq. comparison progs,  Suppose the P-value of an
e.g. BLAST, often alignment is 106
associate a P-value to
each hit « If database has 107 segs,

then you expect 107 * 106 =
10 seqs in it that give an

 P-value is interpreted as )
equally good alignment

prob that a random seq

has an equally good

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

Exercise: Name a commonly used method
for correcting p-value for a situation like this

Copyright 2007 © Limsoon Wong
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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

Copyright 2007 © Limsoon Wong
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Effect of Seq Compositional Bias

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

« Alignments 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

 E.g., by default, BLAST employs the SEG algo to
filter low complexity regions from proteins before
executing a search

Source: NCBI

Copyright 2007 © Limsoon Wong
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18 entries were found
D | Organism \ PIR | Swiss-Prot TrEMBL | RefSeq/GenPept
21582300 inosine-Y-monophosphate
MF00181857 Methanococeus jannaschii  po- oo conserved hypotheticel protem ¥653_METIA Hypothetical protein MI0653 ;;hgﬁ%;“;?sf;f)mmpmsphm
dehyrdrogenase (guab)
30355 LI0ASS homolog AF0E47 2648754 inosine monophosphate
: ALT MAMES: inosine-monophosphate 02041 1 INOSINE MONOPHOEPHATE dehyrdrogenase (guab-10
NEQO187788 | Archaeoglobus fulgidus dehydrogenase (guab-1) homolog DEHYDROGENASE (GUAB-1) HP_069681 inositie monophosphate
[misnomet) dehyrdrogenase (guab-1)
F&0514 wheV homolog 2 226428410 inosine monophosphate
. LALT MAMES: inosine-monophosphate 028162 INOSINE MONOPHOSFHATE dehydrogenase (guabB-2)
NFO0188267 \Archaeoglobus fulgidus dehydrogenase (guab-2) homolog DEHYDROGENASE (3UAB-2) HP_070943 inosine monophosphate
[tistiomer] dehydrogenase (guabB-I)
= Z = ophosphate
Ive
wrooiszerr e A\ PDArtial list of IMPdehydrogenase miSNOMers
- - - - lve
hosphat
in complete genomes remaining in some =~ et
NF00157776 [Thermeo A protein
e b I - d b nonophosphate
public databases g
nophosphate
Ifethanothermobacter T R W 027204 INOSINE- 5-MONCOPHOSPHATE deliydrogenase related protein V
NEF00414709 thermantotrophicus ‘jLT—NMES ‘inosine-monophosphate DEHYDROGENASE RELATED PROTEIN ¥ HP_276354 inosine-5-monophosphate
ehydrogenase related protein V [tisnomer) I ar— .
dehyrdrogenase related protein V
Da2035 MT1232 protein homolog MTH126 2621166 inosine-S-monophosphate
NE00414311 Idethanothermobacter |ALT NAMES: innsine-5-monophosphate (026220 INOSINE- 5 MONOPHOSPHATE dehydrogenase related protein VII
= [thermautotrophicus dehydrogenase related protein VII DEHYDROGEW ASE RELATED PROTEIN WII MP_275269 inosine-5-monophosphate
[ristiomet) dehyrdrogenase related protein VII
. 22623093 inosine-Y-monophosphate
Methanothermobacter HG9232 MI1225-related protein MTH392 027073 INOSINE- 5 MONOPHOSFPHATE dehydrogenase related protein I3
NEO04 14537 . ALT MAMES: nosine-3-monophosphate T
————— |thermautotrophicus iy ] A DEHYDROGENASE FELATED FROTEIN [ MP_276127 inosine-3-monophosphate
|3 dehydrogenase related protein I [misnomer] e e S
2622697 inosine-S-monophosphate
ME004 14069 Methanothermobacter %ﬁg;ﬁﬁfiam hosnhate 027616 INOSINE- 5 MONOPHOSPHATE debydrogenase related protein 3
——————= W ermautotrorhicus — : Puospa DEHYDROGENASE RELATED FROTEIN X NP _276687 inosine-5-monophosphate
F dehydrogenase related protein X [misnomer) I aT— .
dehyrdrogenase related protein X
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IMPDH Domain Structure

dpip FChMOO0487: PDOCOO391 , IMP dehydrogenase £ GMP reductase signature
e PFOOS73: IMF dehydrogenase / GMWP reductase C terminus
e FFOOS71: CBS domain
= FFO1351: Helix-tum-helix
L] PFO157<: IMP dehydrogenase / GMP reductase N terminus
il FFOZ2195: ParB-like nuclease domain
AZ1997 . .
FYisFoo01a0m) T e Y ke P e e ool dojodoioiololok o
E70215 . .
(SFODD131)  Aiperi et et it 04 ‘\
EG4281 , ; ; ; T
(SFO04696) Ty e R e 194 <,':I IMPDH Misnomer in Methanococcus jannaschii
E9355 : <::|
(SFODG08)  solbolobiobok  #oloblabolorok 19

FEOS14 , ; ; :
e 183 <Z== IMPDH Misnomers in Archaeoglobus fulgidus

BE9407 ,
(SFOD4B00)  schokdobbobok $oiokdobobobok %0 S

 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
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Invalid Transitive Assignment 9

Root of invalid transitive assignment

lphasphorthosyl- AMP eyelohydrolase (EC
i fex aenlicis

B::) ™ H70468 |SFO01258 051440 (3.5.4.19) / phosphoribosyl- ATP pyrophosphatase
(EC 3.6.1.31) [swrularity]

phosphonbosyl-AMP cyclohydrolase (EC
7 576963 |[SFO01258 ||039935|3.5.4.19) f phosphoribosyl-ATP pyrophoshatase || Synechocystis sp Prokfgram- |557.0  |5.7e-24 230/ 39,175 (194 | s—
(EC 3.6.1.31) [stmilanty]

[ T35073 |SF029243 005738 grobable phosphonbosyl-AMP cyclohydrolase  [Streptomyces coelicolor  Prok/gramt (389.3  |3.5¢-15 |E43.15?

phosphorthosyl-AMP cyelohydrolase (EC

3.5.4.19) f phosphoribosyl- ATP pyrophosphatase
(EC 3.6.1.31) / lushdinel dehydrogenase (EC
1.1.1.23)

phosphonbosyl-AMP cyclohydrolase (EC

Prolfother [594.3  |4.8e-26 |205/39.086 (197 | ee—

102 |—

M 553340 ||SFOO01257 00118% Saccharomyces cerewisiae | [Eukffung (3841 [2.5e-14 79931363 (204 | e—

354 19) [similan \Archaeoplobus flpdus [Archae 396.8 |4.8e-15 108 47778 (90 E—

C{::) [ Ge4337 |SFO0ES33 ||p3nsgy [EeshoribossL-ATP pyrophosphatase (EC Methanococcus jannaschii [Archae 2469 |11e-06 95 |36.842 95
_ 3.6. 1g31) [simlary A

phefphoribosyl-ATP pyroghosphatase (EC
31A 1.31) NMB0603 [similarity]
Fhosphorbosyl- ATP pyrophosphat A>B>C = A>C
.3' 6.1.31) NMADEDT [ smdlarity]

phosphorbosyl- AMP cyclohydrals
3.5.4.19) / phosphonbosyl-ATP py
(EC 3.6.1.31) { hishdinol dehydrog
1.1.1.23)

M is-assign/ment A (SF029243
of function No IMPDH domain”

T E49403 [SF029243 ||005738

[T DeLLTE |SFODGE33 [10149] |HF1Q'QF'1’1::| metinoitidie |P~r'nl-r|"w::|rn. 7300 |? fir_MNf I; 15 727 |22/+/

7 GB1925 |SFO06833 ((101491

B (SF001258)

851513 [SFOOL257 |00pAEE

C (SF006833)
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Emerging Pattern

Typical IMPDH Functional IMPDH w/o CBS

dpip FChOO427: PDOCOO391,IMP dehydrogenase gnat
e PFOOS73: IMF dehydrogenase / GWP reductagd C terminus
e FFOOS71: CBS domain
= FFO1351: Helix-tum-helix
L] FFO1574: IMF dehydrogenase § GhMp reductase M terminus
il FFOZ2195: ParB-like nuclease dopfain
A31997 A =
(SFO00130) P o o s o e e e et o ":"7‘*‘ B iy = 514
E70215 .
(SFO00131T) el ek = 404
EG4281 , ; ; ; T
(SFO04696) Ty e R e 194 <,':I IMPDH Misnomer in Methanococcus jannaschii
GEII5S ,
(SFODG08)  solbolobiobok  #oloblabolorok 19 &=
FE9514 . 1a3 <Z== IMPDH Misnomers in Archaeoglobus fulgidus

(ZFO04594) B e e o o s I R o

BEOA07 ,
(SFODABOE)  dchakioidodoh  dobobdoddoiok I G

« Most IMPDHs have 2 IMPDH and 2 CBS domains
« Some IMPDH (E70218) lacks CBS domains
= IMPDH domain is the emerging pattern

Copyright 2007 © Limsoon Wong
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Discover Active Site and/or Doma oo

e How to discover the active site and/or domain of
a function in the first place?

— Multiple alignment of homologous seqs

— Determine conserved positions

= Emerging patterns relative to background
— Candidate active sites and/or domains

« Easier if sequences of distance homologs are

used
Exercise: Why?

Copyright 2007 © Limsoon Wong
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Multiple Alignment of PTPs

gillz26467] FHFTEWPDFGVPFTP IGHMLEFLEEVELCHP —— OV AGLA TVVHC S AGVGRTGTFVWIDANLD
gl 2499753 FHFTGWPDHGYPYHATGLLAF IRRVELSNP-—-P3AGP IVVHCSAGAGRTGCY IVIDINLD
ogi|462550] THY TOWPDMGYPEY ALPVYLTFVERS S AARN-—-PETGPVLVHC S LGV GRTGTY INIDSMLG
ogi| 2499751 FHFTSWPDHGVPDTTDLL INFREYLVEDYMEQSPPESP ILVHCSAGVGRTGTFIATIDELIY
i 17095906 FOFTAWPDHGYPEHPTPFLAFLERVETCHP-—PDAGPMVVHCSAGVYGRTGCF IVIDANLE
gil 126471 LAFTIWPDFGVYPF TP IGHMLEFLEEVETLNP-—VHAGP IVWVHC S LGV GRTGTF INIDAMMA
ogi| 5486026] FHFTGWPDHGYPYHATGLLAF IRRVELSNP-—-P3AGP IVVHC S AGAGRTGCY IVIDINLD
i 131570] FHFTGWPDHGYPYHATGLLGFVREOVESESP——PNAGPLVVHC S AGAGRTGCF IVIDINLD
gil2144715 FHFTSWPDHGVPDTTDLL INFREYLVEDYMEQSPPESP ILVHCSAGVGRTGTFIATIDELIY
LT wEE OTEE .o L EEEETE EEEE . wE

 Notice the PTPs agree with each other on some
positions more than other positions

« These positions are more impt wrt PTPs
 Else they wouldn’t be conserved by evolution
— They are candidate active sites

Copyright 2007 © Limsoon Wong
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Phylogenetic Profiling

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

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

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

Copyright 2007 © Limsoon Wong
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Q P Ps

FT
R P
& cerelisioe {500 kij
L Fl P3
Pt PS B, aublilis {BS)
E. eelt (EC) M. influensae (HD)

U Prafie Clustrs Phylogenetic

_I"1I'l:|-'|nut'.m-lil.' Profile: = = IiJ P rOfI | I n g :
BC 8¢ BS HI [ [ .
no1oo n_i i How It Works
| ) | I T>
Fd ¢ 1 | [P I 0 b Ps 11
Pa 1 0 0
3] | 1 1 1 2 y T
P o 1 6 o 1 ‘
F? i 1 0

‘ Conclusion: P2 and PT ore functionally linkad , ‘

Fi and PH are functionally linked
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Phylogenetic Profiling: P-value Nk
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The probability of observing by chance z occurrences of genes X and Y in a sef
of N lineages, given that X occurs in # lineages and Y in y lineages is

where
p
No. of ways to distribute z
co-occurrences over N —
Wy

lineage’s

No. of ways to distribute

the remainingx—-zandy -z
occurrences over the remaining
N —z lineage's

P(z|N,x,y) =

Wy * Wy
W

(N
(:)
f'ﬁf—.z) *(N—z)
\ & —2Z y—z

(N * N « No. of ways of
& i distributing X and Y

over N lineage's
without restriction

Copyright 2007 © Limsoon Wong
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Phylogenetic Profiles: Evidence 8% s
Pellegrini et al., PNAS, 96:4285--4288, 1999
No. of non- MNo. No.

homologous MEighbors  reighbors
proteinsin 10 kevyword ia randoam

Kewpeord group ErOup group
Ribosame AT 197 27
Transcrption Jh 17 i
tRMA synthase and ligase 26 11 >
Membrane prokemns® 25 Y 2
Flagella: 21 B A
Irom. fervie, and fereitin 1% 2] 2
Galactose metabalism 14 )| 2
Molvbdoterin and Molybdenum,
and melybdererin i2 & 1
Hypotheticalt (G L, 220 W et

* E. coli proteins grouped based on similar keywords
in SWISS-PROT have similar phylogenetic profiles
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Phylogenetic Profiling: Evidenceﬁgmsm

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

o
©

hamming distance y y

= #lineages X occurs + JKEGG
#lineages Y occurs — 0 COG
2 * #lineages X, Y occur

in KEGG/COG

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

5 10 15 20 25 30 35
é hamming distance (D)
* Proteins having low hamming distance (thus

highly similar phylogenetic profiles) tend to share

common pathways Exercise: Why do proteins having high
hamming distance also have this behaviour?
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The ProtFun Approach

Jensen, JMB, 319:1257--1265, 2002

A protein is not alone {pﬂﬁﬁ )
. . = &
when performing its S Yo ) ﬁﬁ @“‘@@
- - = #'fa
biological function G ésf;@ ‘ M@“ ST

effe @*#D o

&59 Gé{ﬁfoﬁgaﬁdﬁ@ﬁﬁtﬁ

* It operates using the same | - o @O
cellular machinery for
modification and sorting
as all other proteins do,
such as glycosylation,
phospharylation, signal
peptide cleavage, ...

* Proteins performing
similar functions should
share some such
“features”

— Perhaps we can predict
protein function by
comparing its “feature”
profile with other proteins?

Copyright 2007 © Limsoon Wong
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ProtFun: How it Works

|Ahhrh.|liatiun | Encoding | Description

|ec |5ing|e value |E}{tinctiun coefficient predicted by ExFPASy FrotFaram

|graw |5ing|e value |Hydrnphuhicit‘y predicted by ExFASY FrofFaram

|nneg |sing|e value |Numberufnegatively charged residues counted by ExPASY ProtParam

|np|:|s |sing|e value |Numbernfpnsitively charged residues counted by ExPASY ProtParam

|ngh,r|: |pntentia| in & hins |N-g|ycnsylatinn sites predicted by Meth Gl

||:|eg|: |pntentia|—threshnld in 10 hins |GaINA|: O-ghycosylations predicted by et Gy

Ipest \fraction in 10 bins \PEST rich regions identified by PESTfind

|ph|:|55T |pntentia| in 10 hins |Serine and threonine phosporylations predicted by MetFhos

|ph|:|5“rr |pntentia| in 10 hins |T3rr|:|5ine phosporylations predicted by FetPhos EX[raCt featu re
Ipsipred  |helix, sheet, coil in 5 hing Predicted secondary structure fram PS1-Fred profile of protein
|p5|:|r1 |2EI probabilities |5ubce|lu|ar location predtions by PS0OET usino various

zeq fraction in 10 bins Low-complexity regions identified by SEG =L

Isignalp Imeanﬁ, maxy, logicleavage pos) ISignaI peptide predictions made by SignalP pred:ctlon methOdS

|tmhmm |inside, outside, membrane in 9 hins |Transmembrane helix predictions made by ThiH i
Hidden
Categony ‘ units ‘ Input features
Armino acid hiosynthesis 30 |eu: psipred psort tmhmm
30 |eu: psipred tmhmm

|eu: netoglyve psipred psort

Average the output of—; [ paliet fee
the 5 component ANNS 30 [ogiye psipred psont
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ProtFun: Evidence

> r}bﬁa@}e{p & s
& & 1 \‘-a “{‘@ & o & &?‘.@“ @é@ F (\&\@
c&@:ﬁﬁ%ﬁ Q@@@{* *‘ﬁbc@ @&@o @@p ‘3‘*‘”‘)&\"& S & w&rﬁ
R *ﬁ"‘pﬁ*“? O « Combinations of
Ff *&*&w}*&po% o {épéﬁ & ofF S oS <8 . ’
| — features” seem to
gg g ; O ggo 2 - Amino acid biosynthesis characterize some
O - Biosynthesis of cofactors -
s 6 00 @@ |cmmmm  functional
O O oQ o OO L Cellular processes Categories
JNele *@@ O [ pmumn
O O O O O O - Energy metabolism
O O O o O O - Fatty acid metabolism
O OQ O O O - Furines and pyrimidines
e 8 6 @ O @ - Regulatory functions
o O 0 @ [ Rfiatend
@ L N O O O | Translation
OO O O O O - Transport and binding
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ProtFun: Example Output

Prion A4 TTHY

Amino acid biosynthesis 0.011 U 011 {} []']1 A

Biosynthesis ot c};}facmrﬁ U 041 At the A2l Ievel
Cell envelope 46 Prion, A4, & TTHY
Cellular processes 0 []2; ).027 0.051

Central iiitermedian metabolism 0.047 U.]3‘:J 0.059 are dissimilar
Energy metabolism 0.029 0.023 0.046

Fatty acid metabolism 0.017 0.017 0.023 .
Purines and pyrimidines 0.528 0.417 0.153 * ProtFun predicts
Regulatory functions 0.013 0.014 0.014 them to be cell

Replication and transcription 0.020 (0.029 0.040
Translation 135
Transport and binding

envelope-related,

0527 tranport & binding

Enz yme 0.233 0.367 0.227

Non-enzyme 767  0.633 @

Oxidoreductase (EC 1.—.—.-) 0070 0024 0055 © Thisisin agreement
Transterase (EC 2.—.—.—) 0.031 0.208 0.037 w/ known

Hydrolase (EC 3.—.—.-) 0101  0.090  0.208 _ _

Isomerase (EC 4.—.—.—) 0020  0.020  0.020 functionality of

Ligase (EC 5.—.—.-) 0010 0010  0.010 -

Lyase (EC 6.—.—.—) 0017 0078 0017 these proteins

Copyright 2007 © Limsoon Wong
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ProtFun: Performance

1.0 . ]

Amino acid biosynthesis
Biosynthesis of cofactors
Cell envelope
== Cellular processes
Central intermediary metabolism
— Energy metabolism
Fatty acid metabalism
06 Purines and pyrimidines
Regulatory functions
Replication and transcription
— Translation
e | PANEPOM a0d binding

0.8

False positive rate

0.4

0.0 0.2 0.4 0.6 0.8 1.0
Sensitivity
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Similarity of Dissimilarities

orange, banana,

app|e1 Color = red vs orange Color = red vs yellow
Skin =smooth vs rough Skin = smooth vs smooth
Size = small vs small Size = small vs small
Shape = round vs round Shape = round vs oblong

appI92 Color = red vs orange Color = red vs yellow
Skin = smooth vs rough Skin = smooth vs smooth
Size = small vs small Size = small vs small
Shape = round vs round Shape = round vs oblong

orange, Color = orange vs orange Color = orange vs yellow
Skin = rough vs rough Skin = rough vs smooth
Size = small vs small Size = small vs small
Shape = round vs round Shape = round vs oblong

Copyright 2007 © Limsoon Wong
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SVM-Pairwise Framework

Training Training Features
Data
Feature 1% S Support Vectors
S1 Generation | Stfu fio fig Training R Machine
S2
Sy far foo Tog oo (Radial Basis
S3 } fay fay faz ... Function Kernel)
f31 |S the Iocal / T l
alignment score
between S; and S, Trained SVM Model
(Feature Weights)
Testing Testing Features l
Data Feature S1 S S
T1 Generation | Ty fyp i fipo Classification RBF
T2 T2 f21 f22 f23 Kernel
T3 }fu f3o fa3 ... l
f31 is the local —1 ... ... vee e e . L.
: Discriminant
alignment score Scores
between T; and S,

Image credit: Kenny Chua
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Performance of SVM-Pairwise &)

Receiver Operating
Characteristic (ROC)

— The area under the
curve derived from
plotting true positives as
a function of false
positives for various
thresholds.

Rate of median False
Positives (RFP)

— The fraction of negative
test examples with a
score better or equals to
the median of the scores
of positive test
examples.

No. of families with given performance

G0

S0

40

30

No. of families with given performance

SVM- pairwise ———

SWM-Fishar -—s—-

SwWih-Fisher —---e-——
KMNM-pairwisge——="--—
PSI-BLAZET ——a— e
ST =T.Y Y, —
FPS —-o-—
,ff 2>
F > s
I" o
< F d
o
*el:w _!.nr _FE—"
Jﬁqm ——
: o —
¥ L C
Fat W - & -
=¥ I . e &
0 &'_A—..J__;B:T___ e

va-pauﬁwse _

1 1
02 0.4 0.6 o8 1
median RFEP
UPVYTTU



Protein Function
Prediction
from Protein Interactions
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Functional Association Thru Interactions™

 Direct functional association: Level-1 neighbour
— Interaction partners of a protein
are likely to share functions w/ it

— Proteins from the same >T\.

pathways are likely to interact O
 Indirect functional association

— Proteins that share interaction
partners with a protein may also
likely to share functions w/ it

— Proteins that have common a9
. . . . @)
biochemical, physical properties o
and/or subcellular localization ./?\.
are likely to bind to the same O
proteins

Level-2 9eighbour

Copyright 2007 © Limsoon Wong
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An illustrative Case of
Indirect Functional Association?

SH3 Proteins SH3-Binding
1024c Proteins
YirO24c Q\

Yvsl167

Ysc84 @~

Yerl3ow

Ypris4we

Bdcl
* Is indirect functional association plausible?
 |s it found often in real interaction data?

« Can it be used to improve protein function
prediction from protein interaction data?

Copyright 2007 © Limsoon Wong



Freq of Indirect Functional Associat

YALO12W
|1.1.6.5
|1.1.9
| | [ |
YJR0O91C YMR300C YPL149W YBRO55C YMR101C
11.3.16.1 11.3.1 114.4 111.4.3.1 142.1
116.3.3 120.9.13
142.25 ——J‘—ﬂ
'—l—' 114.7.11 YDR1
J11 . . :
YPLOSSW YBR293W 1.1 [Shared Functions with Fraction
12.16 116.19.3
|1.1.9 |42.25
11.1.3 ) )
11.1.9 YBLO72C Level-1 neighbours exclusively 0.016338
R Level-2 neighbours exclusively 0.226374
| I  [Level-1 and Level-2 neighbours 0.463960
YBR0O23C YLR330W YBLO61C YLR14( [Level-1 or Level-2 neighbours 0.706872
]10.3.3 11.5.4 11.5.4 E— -
132.1.3 [34.11.3.7 110.3.3
134.11.3.7 41.1.1 118.2.1.1 1657
|42.1 ]143.1.3.5 132.1.3 0. 1 L0
143.1.3.5 143.1.3.9 42.1 120.1.21
[43.1.3.9 [43.1.3.5 [20.9.1
[1.5.1.3.2 | [1.5.1.3.2
YKLOOG6W I [ [
| |12.1.1
112.1.1 ]12.1.1 [12.1.1 11.4.1 112.1.1
- ]12.1.1 142.16
112.4.1
116.19.3

Copyright 2007 © Limsoon Wong
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Prediction Power By Majority Vot <

« Remove overlaps in level-1
and level-2 neighbours to
study predictive power of
“level-1 only” and “level-2
only” neighbours

« Sensitivity vs Precision
analysis

Z|K ki SN = ZIK ki

Z.K m; ﬂ

* n,is no. of fn of protein i
* m;, is no. of fn predicted for
protein i

* k; is no. of fn predicted
correctly for protein i

PR =

Pre ¢ sion

0.3 1

0.2 1

01

BE &

NUS

National University

of Singapore
Precizion Vs Recall
HAE1N B2
O B2 - 51
& o= -52
Fi
Fi
Fiy
Fiy
ﬁﬂ
o
& FiY
& {,‘}
E”:tﬁg %M
0.2 0.4 0.8 0.e i
Recall

= “level-2 only” neighbours
performs better

= L1 N L2 neighbours has
greatest prediction power

Copyright 2007 © Limsoon Wong



Functional Similarity Estimate: 95 ...NNLU,,LS

Czekanowski-Dice Distance
 Functional distance between two proteins runeta, 2009

IN,AN, |
N, UN,[+|N, AN,

D(u,v)=

* N, is the set of interacting partners of k .
« X A Y is symmetric diff betw two sets Xand Y
* Greater weight given to similarity

= Similarity can be defined as

2 X

S(u,v)=1-D(u,v) =

2X+(Y +2)

Copyright 2007 © Limsoon Wong




Functional Similarity Estimate: 'MLS

FS-Weighted Measure
 FS-weighted measure
2N, NN, 2N, NN,
N, —N,|+2N, "N,| \N —Ny|+2N, "N,

S(u,v)=

* N, is the set of interacting partners of k
* Greater weight given to similarity

= Rewriting this as

S(u,v): 2X 2X

X
2X+Y 2X+~Z

Copyright 2007 © Limsoon Wong
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Correlation w/ Functional Similarit“"m

« Correlation betw functional similarity & estimates

MHeighbours [CD-Distance [F5-Weight

51 0471810 0498745 I
52 0. 224705 ). 208843 I
51 52 0. 224581 0.29629 I

 Equiv measure slightly better in correlation w/
similarity for L1 & L2 neighbours

Copyright 2007 © Limsoon Wong
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Reliability of Expt Sources

« Diff Expt Sources have diff | source Reliability
rellabll!tles S Affinity Chromatography 0.823077
— Assign reliability to an — —
interaction based on its Affinity Precipitation 0.455904
eXPt SOUICEeS (navieva et al, 2004) Biochemical Assay 0.666667
o Reliability betW u and \"4 Dosage Lethality 0.5
computed by:
Purified Complex 0.891473
ru,v _ 1_ | I (1_ r; ) Reconstituted Complex 0.5
lek, Synthetic Lethality 0.37386
* r; is reliability of expt :
i Synthetic Rescue 1
source i,
* E,, is the set of expt Two Hybrid 0.265407
sources in which

interaction betw u and v is
observed

Copyright 2007 © Limsoon Wong




Functional Similarity Estimate: Hymsi

FS-Welighted Measure with Reliability

« Take reliability into consideration when
computing FS-weighted measure:

2 ZruwrW 2 Z:ruwrW
Sq(u,v)= we(Nunthy) x we(NyON, )
[er+ Zrulw(l—rw)]+2 Dbl (erﬁ er(l—rw)}Lz >l
weN we(N,NN,) we(N, NN weN, we(N, NN we(N, nN,)

* N, is the set of interacting partners of k
* 1, is reliability weight of interaction betw u and v

= Rewriting
2X 2X

S(U,V): X
2X+Y 2X+~Z




Integrating Reliability

National University
of Singapore

FINUS
3

 Equiv measure shows improved correlation w/
functional similarity when reliability of
interactions is considered:

MHeighbours [CD-Distance [F5-Weight [F5-Weight B
51 0471810 0. 408745 0.532596
53 0. 224705 0. 208843 0.373317
51 Sa 0. 224581 0.20629 0363025
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Improvement to
Prediction Power by Majority Voting

0.8
e + Heighbour Counting Awweight & L2 Considering only
- & Neighbour Counting Aw weights neighbours w/ FS
04 | 0 Neighbour Counting weight > 0.2
i+
028
02t
= 025 b &
: s,
I:II: O i
0.2 o O ﬂh'l'
oat,
015 | ”ftgﬁ*
T
01 f +++
+-I-
- ¥+
Q.05 tr,
g .
0 0.2 04 06 0g 1
Recall
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Improvement to M,,{,,S
Over-Rep of Functions in Neighbours

of Singapore

o & o]
Fraction of neighbour pairs with Functional Similarity Fraction of neighbours with Functional Similarity
a FSueight threshold 0.2
! 0s1-82 1
0.9 4 o S2- 51 0.9 4 o51-52
ol il BICERE: 08 - 52 - §1
< D:E ] m All Pairs _ &; mS1, S2
g 051 o ﬁ 0.5 [ ] o
= 044 w04 -
0.3 03 -
- <1l
0 0.1 -
] 1 2 3 4 ] 0 ' ' ' ' '
0 1 2 3 4 5
MIPS Annotation Level
MIPS Annotation Lewel

o o o
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Use L1 & L2 Neighbours for Predlct

 FS-weighted Average

Sul6)+ 50wl x)

fx(u):% lint7Tx + Z

veN

r... is fraction of all interaction pairs sharing function
A is weight of contribution of background freq
o(k, x) =1 if k has function x, 0 otherwise

N, is the set of interacting partners of k
n, is freq of function x in the dataset
Z is sum of all weights

Z =1+ | Sp(u,v)+ > S (u,w)

weN,

£

veN,

weN,

NUS

Nutmnal University
Singapore
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Performance of FS-Weighted Averag¥

« LOOCV comparison with Neighbour Counting,
Chi-Square, PRODISTIN

1 Informative FCs

Jlt“:..e o N:
0.9 % : ohe
0.8 " o PRODISTIN
= " = FunctionalFlow
0.7 J° ”x « FS Weighted Awvg
0.6 oo "
E 1 o og =
Z 5 4 *
i .
a 0.4 1=, *x
o
03] ““‘&, o -
i T "
0.2 - ) A
D1 g xﬁft&% f‘ﬂ; r}ix
n i‘iﬂﬁha:ﬁﬁﬂﬂmﬂu

0 D‘I CIE CIE El-i 0.5 06 07 08 0.9

Recall

1
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Sequence Comparison:
Key Mutation Site Discovery
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Identifying Key Mutation Sites Nﬂgms

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

Sequence from a typical PTP domain D2

»g1l|0CO00| PTPL-D2

EEEFEFRLTS IKIQNT KR TGHLP ANFRENRVL I IPYEFNRV I IPVERGEENTD YVHASF
IDGYROEDSYIASOGPLLATIEDTRREIWEWRSICS IVAL TELEERGQEKCAQYWRSDGLY
STGD ITVILKKEEECESYTVRDLLY TN TRENESROIRQFEFAGNPTVGIPSDGKGRTISIT
LIVOROOO0S GNER ITVECS LGAGRTGTFC AL TVLE RVEAEGTL DY FQTVKSLRLORFH
AVQTLEQYEFCYRKVUQEYIDAFSDTANT K

 Some PTPs have 2 PTP domains

« PTP domain D1 is has much more activity than
PTP domain D2

« Why? And how do you figure that out?

Copyright 2007 © Limsoon Wong
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Emerging Patterns of PTP D1 vs “"m

 Collect example PTP D1 sequences
 Collect example PTP D2 sequences
 Make multiple alignment A1 of PTP D1
 Make multiple alignment A2 of PTP D2

 Are there positions conserved in A1 that are
violated in A2?

e These are candidate mutations that cause PTP
activity to weaken

 Confirm by wet experiments

Copyright 2007 © Limsoon Wong
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Emerging Patterns of PTP D1 vs )

T E
D2 - _ This site is consistently conserved in D1,

but is not consistently missing in D2

= ItIs not an EP
- - = not a likely cause of D2’s loss of function

D1< Exercise: Why?

This site is consistently conserved in D1,
but is consistently missing in D2
= itisan EP

) & " absent —> possible cause of D2’s loss of function

Copyright 2007 © Limsoon Wong



Key Mutation Site: PTP D1 vs D22 ==
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2 T 2 2 227

ogi|Oooooo| P [)2 QFHFHGUPEVGIPSDGEGH IS ITAAVOEQQOQO-SGNHP ITVHCSAGAGETGTFCALSTVL

gi| 126467
oi| 2499753
il 462550
gil|2499751
gi| 1709906
gil 126471
il 545626
il 131570
gil|2144715

D1}

RFHFTSUPDFGUVRF TP IGMLEF LEEVELCHNP ——QV AGATVVHCS AGVGRTG TRV IDAML
QFHF TGWPDHGVEPYHATGLLEF IRREVELSNP--P3AGP IVVHC S AGAGRTGCYIVIDIHL
YHY TOWP DM PEY ALPVLTFVRRS S AARM--PETGPVLVHC S AV GRTGTY IVIDSHL
QFHF TAWFDHGVFDTTDLL INFEYLVYRDYMEQSPPESF ILVHC S AGVGRTGTF IATDRL I
QFOF TAWNPDHGVPEHP TPFLAFLERVETCHNP--PDAGPMVVHC S AGVGRTGCF IVIDANL
QLHFTAWPDFGVPF TP IGHNLEFLEKVETLNP--VHAGP IVVHCI AGVGRTGTF IWIDAMM
QFHF TGWPDHGYPYHATGLLEF IRREVELSNP--P3AGE IVVHC S AGAGRTGCYIVID IML
QFHF TGWFDHGPYHATGLLGFVROVESESP-—-PNAGEFLVVHC S AGAGRTGCF IVID LML

\QFHF TEWPDHGYPDTTDLL INFRYLVEDYMEOSPPESP ILVHC S AGYWGRTGTF IATIDRLT

* ., wE_ Ok _K ] . FEEEEE KEEF |

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

— All PTP D1 agree on them
— All PTP D2 disagree on them

Copyright 2007 © Limsoon Wong
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Key Mutation Site: PTP D1 vs D22 ==

?
gi| 00000 P D2 QF HF HZTIE ES

gi|126467] r QFHF TS WE
gi| 2499753 QF HF TGWRDHS 1
gi| 462550 OYHY TOWPDMGVPETRL
gi|2499751 OFHF TSWPDHGVEDTTDI
gi| 1709906 [)1< OF QF TAWPDHGVFPEHE TI
gi| 126471 QLHFTSWEDFGVPFTEI: M
gi| G45626] OFHF TGWPDHGVEYHLT
gi| 131570 QOFHF TGWPDHGVE YHLT:
gi|Zz144715 \ OFHF TSWPDHGVED TTD]

w . '.'.".'.'_ '.'.'_'.'.'

 Positions marked by “!” are even more likely as 3D
modeling predicts they induce large distortion to
structure

Copyright 2007 © Limsoon Wong
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Confirmation by Mutagenesis Exp e

« 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

Exercise: Why do you need this 2-way expt?

Copyright 2007 © Limsoon Wong
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