Manifestation and Exploitation of
Invariants in Bioinformatics

Guest lecture for USP, 7/2/2007

What is invariant?

* Suppose you have a bag of x red beans and y
green beans

* Repeat the following:
— Remove 2 beans
— If both green, discard both
— If both red, discard one, put back one

— If one green and one red, discard red, put back
green

* If one bean is left behind, can you predict its
colour?
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Plan

* Invariants in Evolution
— Finding Active Sites
* From Invariants to Emerging Patterns
— Finding Key Mutation Sites
* From Invarians to Origin of Species
— Where do Polynesians come from
e From Invariants to “Guilt by Association”
— Predicting Protein Functions
* Invariants in Diseases
— Identifying ALL subtypes

Guest lecture for USP, 7/2/2007 Copyright 2007 © Limsoon Wong

Invariants in Evolution
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ERANUS
What is a domain &=

« A domain is acomponent of a protein that is self-
stabilizing and folds independently of the rest of
the protein chain

— Not unique to protein products of one gene; can
appear in a variety of proteins
— Play key role in the biological function of proteins
— Can be "swapped" by genetic engineering betw
one protein and another to make chimeras
 May be composed of one, more than one, or not

any structural motifs (often corresponding to
active sites)
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Ortlres] Urfegryily

Discovering Domain and Active Siteg' =~

>gi]475902|emb | CAA83657.1] protein-tyrosine-phosphatase alpha
MDLWFFVLLLGSGLISVGATNVTTEPPTTVPTSTRIPTKAPTAAPDGGTTPRVSSLNVSSPMTTSAPASE
PPTTTATSISPNATTASLNASTPGTSVPTSAPVAISLPPSATPSALLTALPSTEAEMTERNVSATVTTQE
TSSASHNGNSDRRDETP I IAVMVALSSLLVIVFI 1 1VLYMLRFKKYKQAGSHSNSFRLPNGRTDDAEPQS
MPLLARSPSTNRKYPPLPVDKLEEE INRRIGDDNKLFREEFNALPACP IQATCEAASKEENKEKNRYVNI
LPYDHSRVHLTPVEGVPDSHY INTSFINSYQEKNKF IAAQGPKEETVNDFWRMIWEQNTAT IVMVTNLKE
RKECKCAQYWPDQGCWTYGN IRVSVEDVTVLVDYTVRKFC 1QQVGDVTNKKPQRLVTQFHFTSWPDFGVP
FTP1GMLKFLKKVKTCNPQYAGAIVVHCSAGVGRTGTF 1V IDAMLDMMHAERKVDVYGFVSR IRAQRCQM
VQTDMQYVF I YQALLEHYLYGDTELEVTSLEIHLQKIYNKVPGTSSNGLEEEFKKLTS IKIQNDKMRTGN
LPANMKKNRVLQI IPYEFNRV I IPVKRGEENTDYVNASFIDGYRRRTPTCQPRPVQHT I EDFWRMIWEWK
SCSIVMLTELEERGQEKCAQYWPSDGSVSYGD INVELKKEEECESYTVRDLLVTNTRENKSRQIRQFHFH
GWPEVGIPSDGKGMIN I TAAVQKQQQQSGNHPMHCHCSAGAGRTGTFCALSTVLERVKAEG ILDVFQTVK
SLRLQRPHMVQTLEQYEFCYKVVQEY IDAFSDYANFK

* How do we find the domain and associated active
sites in the protein above?

Guest lecture for USP, 7/2/2007 Copyright 2007 © Limsoon Wong



Guest lecture for USP, 7/2/2007 Copyright 2007 © Limsoon Wong

hus
Multiple Alignment of PTPs =

gi| 126467 FHFTSWPDFGVPFTP IGHLEF LEEVEACHP—- QY AGAIVVHC 3 AGVGRTGTFVVIDANLD
gi| 2499753 FHFTGWPDHGYPYHATGLLSF IREVELSNP-—-PEAGP IVVHC I AGAGRTGCYIVID INLLD
gi| 462550 YTHYTOWPDMGYPEYALPVLTFVRRS S LARN-—-PETGPVLVHC I AGYGRTGTYIVIDSNLG
gi| 2499751 FHFTSWPDHGVPDTTDLLINFRYLVEDYMEQSPPESP ILVHC S AGVGRTGTF IAIDRLIY
gi| 1709506 FOFTAWPDHGVPEHPTPFLAFLREVETCNP-—-PDAGPMVVHCIAGVGRTGCFIVIDANLE
gi| 126471 LHFTSWPDFGVPF TP IGHLEFLEEVETLNP--VHAGP IVVHC 3 AGVGRTGTF IVIDAMMAL
gi| 543626 FHFTGWPDHGYVPYHATGLLEF IRRVELSNP--PEAGP IVVHCIAGAGRTGCYIVIDINLLD
gi| 131570 FHF TGP DHGYPYHATGLLGFVROVESESP-—-PNAGPLVVHC I AGAGRTGCFIVID INLD
gi| 2144715 FHFTSWPDHGVPDTTDLLINFRYLVEDYMEQSPPESP ILVHC S AGVGRTGTF IAIDRLIY
L kEE kEE Lo L EEEEEE REEE . kE

* 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
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A Twist in the Tale:
From Invariant to
Emerging Pattern
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L . . EBINUS
|dentifying Key Mutation Sites 5/ s
K.L.Lim et al., JBC, 273:28986--28993, 1998

Sequence from a typical PTP domain D2

»yi] OO030| FTPA-D2

EEEFKELTS IKIOND KERTCHL P ANTKENRVLAL IPYEFNRY L I PVERGEENTD TWNAST
IDOTROEDSY [ABQOP LLETIED FFRH LFEWKSCS IVEL TEL EEROOE RCAQYWP SDOLY
IR ITVELEEEEECE I TTVRDL LY THTRENEIRA L RN BF KPR BV IPADCRG LA 1 L
AAVORQOOCSONEP I TVECA AGAGR TOTFCALSTVLERVEAEGILDVT QTVIILRALORPHE
FOTLEQTEFCYRVWOETIDAFS DTANF K

e 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?
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ZINUS
Invariant as Emerging Pattern <=

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
Dl{

Exercise: Why?

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

=<7 :\ absent = possible cause of D2’s loss of function

X 6 present
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Emerging Patterns of PTP D1 vs DZ' =

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

» Arethere positions conserved in Al that are
violated in A2?

e These are candidate mutations that cause PTP
activity to weaken

* Confirm by wet experiments
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SANUS
Key Mutation Site: PTP D1 vs D='"-=“"

2 [ 2 ? 7 29
gi| 00000 F D2 QFHFHGWPEVGIPSDGRGMIS I TAAVOREQQOO-SGHNHP ITVHC S AGAGRTGTFCALITVL
gi| 126467 FHF TSWPDFGVPF TP IGHMLEF LEEVEACNE -— QY AGATVVHC S AGVGRTGTFVV IDANL
oi| 24959753 QFHF TGWPDHGVFP YHATGLLSF IRRVELINF——F3AGP IVVHC S AGAGRTGCYIVIDIML
ogi|462550| OYHY TOWPDMGVPEYALPVLTFVRRS S AARM-—-FPETGPVLVHC I AGVGRTGTYIVIDSHL
ogi| 2499751 QFHF T3WPDHGVPDTTDLLINFRYLVEDYMEQSPPESP ILVHC 2 AGVGRTGTFIAIDRLI
gi| 1709906 Dl QF QF TAWPDHGVPEHPTPFLAFLRRVETCNP——PDAGPMVVHC 2 AGVGRTGCFIVIDAML
gillaed47l| QLHF TSWPDFGVPF TP IGHLEF LEEVETLNP ——VHAGE IVWVHCSAGVGRTGTF IVIDAHMN
gi|548626] QFHF TGWPDHGVP YHATGLLSF IRRVELENP ——FP3AGP IVVHC I AGAGRTGCYIVIDIHML
gi|131570] QFHF TGWPDHGVP YHATGLL GFVROVESESP ——PNAGPLVVHC 3 AGAGRTGCFIVID IHML
gi| 2144715 QFHF TAWPDHGVPDTTDLLINFRYLVEDTHECSPPESP ILVHC S AGVGRTGTFIAIDRLT

* L . . TEEEEE REEE ...

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

— All PTP D1 agree on them
— All PTP D2 disagree on them
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gi|ooooa| P D2

il 126467]
il 2499753 ¢ X

il 462550 OVHYTQWPDMGVPE T3

il 2499751 OFHF TSWEDHGVEDTTDI
gi| 1709906 [)] < QFOQFTAWPDHGVPEHPT
il 126471 QLHF TSWPDFGVEF TP It
il 548626 OFHF TGWPDHGVE THAT
il 131570 OFHF TGWPDHGVETHAT
il2144715 OFHF TSWPDHSVED TTDI

* ‘ﬂ“ﬂ‘_ ‘ﬂ‘_‘ﬂ‘

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

 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?
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From Invariant to

Origin of Species
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Origin of Polynesians

e Do they come from AS|a or Amerlca’?

jm 189, 217 r

% 189,217,261 ¢
EM# uccas ! Admlnltr Islands|*
ﬁ, T Ncw HBritain |

e 2
¥ 21
7 Bocoeo 5 ‘.-
f/‘;'\[ ew Guinea | f
=l

Rdrumn - "otk

189, 217, 247, 261
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|
NUS
In the course of evolution... e
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Origin of Polynesians

e Common mitochondrial e More 189, 217 closer to
control seq from Taiwan. More 189, 217, 261
Rarotonga have variants at closer to Rarotonga
positions 189, 217, 247, 247 not found in America
ﬁGl. L1e8593 ;cl);mggln ones = Polynesians came from

ave ' ' Taiwan!

e Seq from Taiwan natives

e Taiwan seq sometimes
have variants 189, 217 q

have extra mutations not
found in other parts

* Seq from regions in betw = These are mutations that
have variants 189, 217, happened since
261. Polynesians left Taiwan!
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From Invariant to Guilt by Association
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A proteinis a ...

* A proteinis alarge
complex molecule
made up of one or
more chains of
amino acids

* Protein performs a
wide variety of
activities in the cell
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FINUS
Function Assignment to Protein SequeHceE

SPSTNRKYPPLPVDKLEEE INRRMADDNKLFREEFNALPACP 1QATCEAASKEENKEKNR
YVNILPYDHSRVHLTPVEGVPDSDY INASF INGYQEKNKF I AAQGPKEETVNDFWRMIWE
QONTAT IVMVTNLKERKECKCAQYWPDQGCWTYGNVRVSVEDVTVLVDYTVRKFCIQQVGD
VTNRKPQRL ITQFHFTSWPDFGVPFTP I GMLKFLKKVKACNPQYAGAIVVHCSAGVGRTG
TFVVIDAMLDMMHSERKVDVYGFVSRIRAQRCQMVQTDMQYVFI1YQALLEHYLYGDTELE
VT

 How do we attempt to assign a function to a new
protein sequence?
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FINUS
Sequence Alignment: Poor Exampte” ==

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

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

60 70 &0 a0 100

amieoyanin HPHNVHFVAGVLGERALHGFMMKREQAY SLTFTEAGTYDYHUTP HPFMRGRVVVE

Reoorbate Oxidase ILQRGIPWADGTALI SQCAINFGE'IFF&!;F"‘:;“ID&P@;'I;FE:"I:IGHLBHQP,SRGL'."GS Ll
T 80 20 190 110 120
No obvious match between
Amicyanin and Ascorbate Oxidase
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TINUS
Sequence Alignment: Good Exampté& ==

* Good alignment usually has clusters of extensive
matched positions
= The two proteins are likely to be homologous

™ 5£11134767321 ref INP_108301.11

21114027493 |dbj IBABS3762.11
Length = 105

unknown protein [Mesorhizobiom loti]
unknown protein [Mesorhizoblum lot1]

Score = 105 bits (262), Expect = le-22

Identities = 617106 (57%), Positives = 73/106 (68%), Gaps = 1/106 (0%)
Query: 1 MKPGRLASIALAIIFLPMAVPAHAATIE ITMENLYISPTEVSAKVGDT I RUVIKDVEART &0
MK G L 4+ MA PA AATIE+T++ LV 8PV AKVGDTI WWN DV AHT
MR AGAL TRLEWLAALAT MAAPAAMATIEVT IDKLVF SPATVEAKVGDT I EWVWNNDVVAHT A0

good match between
Amicyanin and unknown M. loti protein

fhjct: 1
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SINUS
Guilt-by-Association e

Compare T with seqgs of Good Sequence Alignment =
known function in a db

+ Good alignment usually has clusters of
extensive matched positions

= The two proteins are likely to be homologous

Poor Sequence Alignment gl 0670108 JOOLLI  saborm potsin Costorsizakien ot 1]

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

cors = 5 (262), Expact = la-il
fes = 6L/106 (57%), Positives = T3/105 (688), Gaps « 1106 (O%)

WGL M Fa AT v
e | WEAGALTRLEVLAAL ALMAAPAAAATIEVTIDELVF SPATVEAKRUTIEVVIRIIWYAIT 40

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

good m between
ascorbate oxidase : : c o
Amicvanin and | wn M. loti protein
i 0
Amicyanin MUV VAGYLGEAAL KGEHHKKE:
Ascorbate Oxidase 1LG GETFRENFT
i) ] 3 o 118
No obvious mateh between Asslgn to T same

Amieyanin scorbate Oxidase

function as homologs

Discard this function ' ‘ '
as a candidate Confirm with suitable

wet experiments
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EBANUS
Homologs obtained by BLAST =
Soore E
SJequences producing significant alignments: [bits) Value
oil14193729 | ogb| AAKS56109.1]|AF332081 1 protein tyrosin phosph. .. 62: e-177
gi|126467|sp|P18433 | PTRA HUMAN Protein-tyrosine phosphatase... 62| e=177
qi| 4506303 |ref|NP 0025827.1| protein tyrosine phosphatase, r... 62| e-=176
cil227204 | prf| 17013004 protein Tyr phosphatase 620 e-176
94118450360 |ref |NP_543030.1| protein tyrosine phosphatase, ... §2| e=176
1] 32067 mmh | CALIT447. 1 tyrosine phosphatase precursor [Ho... e L | e-176
gqil2851153 |pir| | JC1285 protein-tyrosine-phosphatase (EC 3.1.... 619 e=176
gi| 69581446 | ref |NP 0365895.1| protein tyrosine phosphatase, r... 61: e-176
qil2095414| pdkb | 1¥FS| A Chain A, Receptor Protein Tyrosine Ph. .. Slﬂ e-174
qi|323153 |emb | CALIEE62. 1] protein-tyrosine phosphatase [Homo... 61 e-174
il 450553 |gb| AAEO4150.1 protein tyrosine phosphatase >gi|4... 605 e=172
gi| 6672557 |ref|NP 033006.1] protein tyrosine phosphatase, r... 60- e-172
il 453922 || AALITOS0. 1] protein tyrosine phosphatase alpha 599 e-170
T -
e Thus our example sequence could be a protein
tyrosine phosphatase a (PTPa)
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What if there is no sequence homology?

Guilt by association of other invariants of
evolution!
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Guilt by Association of
Other Invariants of

Evolution!
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Dissimilarities as Invariant!

&

NUS
&

orange,;

banana,

apple,

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

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

apple,

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

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

orange,

Color = orange vs orange
Skin =rough vs rough
Size = small vs small
Shape =round vs round

Color = orange vs yellow
Skin =rough vs smooth
Size = small vs small
Shape =round vs oblong
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. . Btz Uity
SVM-Pairwise Framework =
Training Training Features
Data
Feature S1 S, S s t Vect
S1 Generation Sy iy fip fig Training upf/loarchisz o
s2 So fu foo fas (Radial Basis
S3 ﬁ'fal fp fag Function Kernel)
f5, is the local T e e l
alignment score
between S;and S, Trained SVM Model
(Feature Weights)
Testing Testing Features l
Data Feature Si S Sg -
T1 Generation T, fn fp fig o Classification RBF
e .,
T2 T2 f21 f22 f23 Kernel
T3 Tafo fao fa o l
fy is thelocal —] - - - - - Discriminant
alignment score Scores
between T;and S,
Image credit: Kenny Chua
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No. of families with given performance

Performance of SVM-Pairwise

60

SVM-pairwise ———
SWM-Fisher -——--e-—

%)
o

IS
[=]

W
o

N
o

<
=]

=]

o 0.2 0.4 0.6 0.8
ROC

e ROC: The area under the curve derived from
plotting true positives as a function of false

positives for various thresholds
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FNuS
Phylogenetic Profiles as Invariant =

* A protein is not alone when performing its
biological function

= Gene (and hence proteins) with identical patterns
of occurrence across phylatend to function
together
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Genomes: |
? - | SINUS
P2 Pd | B Uity
& s ’
K d
Pl P
o PS B. subtiliz {BS)
E. coli (EC) H. influenzae (H1)
| Froie Clusers Phylogenetic
hvd
- T T P4 1 Q 0 1h -
Phylogenetic Profile: T | P r0f| | I n g .
EC SC BS HI (] 0
mouoo n_1 1o How It Works
P2 1 [N >,
Fi a 1 1 o /
[ 10 1}—Fs |
Pa 1 o0
e o ]
P ] 11 153 [1] 1 1
L) i 1 0
\||/
Conclusion: ¥2and PT are funcii linked,
i ancl P6 are finctionally linked
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. . . EBINUS
Phylogenetic Profiling: Evidence 5 s
Wu et al., Bioinformatics, 19:1524--1530, 2003

hamming distance y v
= #lineages X occurs +

#lineages Y occurs — 0CoG
2 * #lineages X, Y occur

in KEGG/COG

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

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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Invariants in
Diseases

Guest lecture for USP, 7/2/2007

Childhood Acute Lymphoblastic Leuk

Major subtypes: T-ALL, e The subtypes look similar
E2A-PBX, TEL-AML, BCR-
ABL, MLL genome
rearrangements,
Hyperdiploid>50

Diff subtypes respond
differently to same Tx

Over-intensive Tx e Conventional diagnhosis

— Development of — Immunophenotyping
secondary cancers — Cytogenetics

— Reduction of IQ — Molecular diagnostics

Under-intensiveTx

— Relapse
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SANUS
Massive Gene Expression Profiling” ==
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TINUS
Subtype Diagnosis by Gene Expresstgm—

Gene expression data collection

Gene selection by 2

Classifier training

Apply classifier for diagnosis of future cases
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EBANUS
Signal Selection Basic Idea ='"-="'

* Choose asignal w/ low intra-class distance
» Choose a signal w/ high inter-class distance
= Invariants which are emerging patterns

23 o] Wbt Dt F, S0 S %ﬂ el oy
Clags 1 Class 2 Class 1 Class ?

[ s 2
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TINUS
Clustering by Gene Expression Profi&s~

Diagnostic ALL BM Samples (n = 327)

271)

Genes
selected

by %2

Genes for class distinction (n

EZA- MLL T-ALL  Hyperdiploid > 50 BCR-  MNovel TEL-AML1
PEXA ABL

— e
Jo o o 0l o 3

New subtype
discovered
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Impact

[ cure rate]

Childhood ALL in ASEAN Countrieslj .
2000 neve cases por vear Conventional Tx:
« intermediate intensity to
everyone
Patents Profie ‘ = 10% suffers relapse
] = 50% suffers side effects
e @ = = costs US$150m/yr

eHigh cure rate of 80%6

Our optimized Tx: * Less relapse
» high intensity to 10% * Less side effects
« intermediate intensity to 409% » Save US$51.6m/yr

* low intensity to 50%
* costs US$100m/yr

What have we learned?

Guest lecture for USP, 7/2/2007
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ZEINUS
What have we learned? —
e Paradigms e Techniques
— Invariants — Sequence comparison
— Emerging patterns — Multiple alignment
— “Guilt by association” — Machine learning

— Signal processing
e Applications

— Active sites and key e Miscellaneous
mutations — Microarrays

— Origin of species — Economic of

— Protein functions bioinformatics

— Disease diagnosis
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Suggested Readings ——

* Limsoon Wong, The Practical Bioinformatician, World Scientific,
2004. Chapters 1, 3, 4, 14.

* K.L.Lim et al. “Interconversion of kinetic identities of the tandem
catalytic domains of receptor-like protein tyrosine phosphatase
PTP-alpha by two point mutations is synergist and substrate
dependent”, JBC, 273:28986--28993, 1998

* J. Wu et al. “Identification of functional links between genes
using phylogenetic profiles”, Bioinformatics, 19:1524--1530,
2003

e T. Jaakkola, M. Diekhans, and D. Haussler. A discriminative
framework for detecting remote homologies. JCB, 7(1-2):95—
11, 2000

B. Sykes. The seven daughters of Eve, Gorgi Books, 2002
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