A Gentle Introduction to Bioinformatics
The Invariant Perspective

Talk at Hwa Chong Institution, 13 April 2009

What is an invariant?

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

beans
e Repeat the following:
— Remove 2 beans Shall we bet on
— If both green, discard the color of the
both .
— If both red, discard one, bean that is left
put back one behind?

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

e If one bean is left behind,
can you predict its colour?
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=BINUS
Bet on last bean being green '-‘*"--“*""

e Suppose you have a bag e When the parity of green
of x red beans and y green beans is odd, it remains
beans odd...

* Repeat the following: e Start with y=2n+1

— Remove 2 beans
— If both green, discard e y=2n+1 > y=2n-1
both

— If both red, discard one, o y=2n+1-> y=2n+1
put back one
— If one green and one red,
discard red, put back
green
e |If one bean is left behind,
can you predict its colour? ¢ It mustbe green!

e y=2n+1 2> y=2n+1
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SINUS
Bet on last bean being red ——
e Suppose you have a bag ¢ When the parity of green
of x red beans and y green beans is even, it remains
beans even...
e Repeat the following: e Start with y=2n
— Remove 2 beans
— If both green, discard e y=2n > y=2n-2
both

— If both red, discard one, e y=2n > y=2n
put back one
— If one green and one red,
discard red, put back
green
e If one bean is left behind,
can you predict its colour? * It mustbe red!

e y=2n > y=2n
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Bet on color of the last bean ... and

e If you start with odd #
(even #) of green beans,
there will always be an odd
# (even #) of green beans
in the bag

= Parity of green beans is
invariant

= Bean left behind is green
iff you start with odd # of
green beans
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« What have we just seen?

* Problem solving by logical reasoning
on invariants
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A Gentle Introduction to Bioinformatics
The Invariant Perspective

Talk at Hwa Chong Institution, 13 April 2009
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Plan
From Invariants to Origin e From Invariants to “Guilt
of Species by Association”
— Where do Polynesians — Predicting Protein
come from Functions
Invariants in Evolution e Invariants in Diseases
— Finding Active Sites — Identifying ALL subtypes

From Invariants to

Emerging Patterns

— Finding Key Mutation
Sites

Copyright 2009 © Limsoon Wong



Where do Polynesians
come from?
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In the course of evolution... ""‘""‘"‘"’
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m Mutations are
@ @ cumulative
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What is the invariant? m——

 Mitochondrial DNA accumulates 1 mutation about
every 10,000 years

 Human history is not so long relative to this

= When a nucleotide in mitochondrial DNA is
mutated it stays mutated through future
generations
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NUS
Origin of Polynesians -
¢ 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
261. Less common ones = Polynesians came from

have 189, 217, 261 Taiwan!

e Seq from Taiwan natives

. e Taiwan seq sometimes
have variants 189, 217

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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EBANUS
Are Europeans descended purely —5/ze==
from Cro Magnons? Purely from
Neanderthals? Or mixed?

Cro I\/Ianon
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Neanderthal vs Cro Magnon ""‘""‘"‘"’

e Based on palaeontology, e The number of diff betw
Neanderthal & Cro Magnon Welsh is ~3, & at most 8.
last shared an ancestor « When compared w/ other
250,000 yrs ago Europeans, 14 diff at most

* Mitochondrial DNA = Ancestor either 100%
accumulates 1 mutation Neanderthal or 100% Cro
per 10,000 yrs Magnon

= If Europeans have mixed « Mitochondrial DNA from
ancestry, the Neanderthal have 26 diff
mitochondrial DNA betw 2 from Europeans

Europeans should have
~25 diff w/ high probability

= Ancestor must be 100%
Cro Magnon
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The “Invariant” Perspective =

e The invariant:

When a nucleotide in mitochrondrial DNA is
mutated it stays mutated through future
generations

e The lesson learned:

Figure out origins of Polynesians
and Europeans by logical
reasoning on invariant
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Invariants in Evolution

Talk at Hwa Chong Institution, 13 April 2009

What is a domain

« A domain is a component 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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Discovering Domain and Active Sit

>gi 475902 |emb|CAA83657.1] protein-tyrosine-phosphatase alpha
MDLWFFVLLLGSGLISVGATNVTTEPPTTVPTSTRIPTKAPTAAPDGGTTPRVSSLNVSSPMTTSAPASE
PPTTTATSISPNATTASLNASTPGTSVPTSAPVAISLPPSATPSALLTALPSTEAEMTERNVSATVTTQE
TSSASHNGNSDRRDETP I IAVMVALSSLLVIVFI 1TVLYMLRFKKYKQAGSHSNSFRLPNGRTDDAEPQS
MPLLARSPSTNRKYPPLPVDKLEEE INRRIGDDNKLFREEFNALPACP IQATCEAASKEENKEKNRYVNI
LPYDHSRVHLTPVEGVPDSHY INTSFINSYQEKNKF I AAQGPKEETVNDFWRMIWEQNTAT IVMVTNLKE
RKECKCAQYWPDQGCWTYGNIRVSVEDVTVLVDYTVRKFC 1QQVGDVTNKKPQRLVTQFHFTSWPDFGVP
FTPIGMLKFLKKVKTCNPQYAGAIVVHCSAGVGRTGTF 1V I DAMLDMMHAERKVDVYGFVSR IRAQRCQM
VQTDMQYVFIYQALLEHYLYGDTELEVTSLE IHLQK 1 YNKVPGTSSNGLEEEFKKLTSIKIQNDKMRTGN
LPANMKKNRVLQ I IPYEFNRV I I1PVKRGEENTDYVNASFIDGYRRRTPTCQPRPVQHT I EDFWRMIWEWK
SCSIVMLTELEERGQEKCAQYWPSDGSVSYGD INVELKKEEECESYTVRDLLVTNTRENKSRQIRQFHFH
GWPEVG IPSDGKGMIN T IAAVQKQQQQSGNHPMHCHCSAGAGRTGTFCALSTVLERVKAEG ILDVFQTVK
SLRLQRPHMVQTLEQYEFCYKVVQEY IDAFSDYANFK

e How do we find the domain and associated active
sites in the protein above?
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In the course of evolution... e

Mutations are
cumulative
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Multiple Alignment of PTPs '-“*'"—-"’“"

gi| 126467 FHFTSWPDFGVPFTP IGHLEF LEEVEACNP - - QY AGATVWHCI AGVGRTGTFVV IDANLD
gi| 2499753 FHFTGWPDHGYVPYHATGLLEF IREVELSNP--PEAGP IVVHC S AGAGRTGCVIVIDINLD
gi|462550] THY TOWPDMGYPEYALPVLTFVRRS S L ARN--PETGPVLVHCIAGVGRTGTYIVIDSHLO
gi| 2499751 FHFTSWPDHGYVPDTTDLL INFRYLVRD YMEQSPPESPILVHCIAGYVGRTGTF IAIDRLIY
gi| 1709906 FOFTAWPDHGVPEHP TPFLAFLREVETCNP --PDAGPMVVHC S AGVGRTGCFIVIDANLE
gi| 126471 LHFTSWPDFGVPF TP IGHLEFLEEVETLNP --VHAGP IVWVHC3AGVGRTGTF IVIDAMMA
gi| 548626 FHFTGWPDHGYVPYHATGLLEF IREVELSNP--PEAGP IVVHC S AGAGRTGCVIVIDINLD
gi|131570] FHF TGWPDHGYVPYHATGLLGFVROVESESP - -PNAGPLYVVHC S AGAGRTGCFIVIDINLD
gi|2144715 FHFTSWPDHGYVPDTTDLL INFRYLVRD YMEQSPPESPILVHCIAGYVGRTGTF IAIDRLIY
L F O wEE OEEN L L EEEEERE REEE, . EF

* 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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NUS
The “Invariant” Perspective =

e The invariant:

When an amino acid is impt for function, it is
under evolutionary pressure to be conserved

e The lesson learned:

Figure out active sites by logical
reasoning on invariant
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A Twist in the Tale:
From Invariant to
Emerging Pattern
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ldentifying Key Mutation Sites E-"-.l.é
K.L.Lim et al., JBC, 273:28986--28993, 1998

Sequence from a typical PTP domain D2

»i] OO0 | FIPA-D2

EEEFKELTS IKIOND KERTCHL P ANTKENRVLOL IPYEFNRY L I PYERGEENTD YWNAST
IDOTROEDA T IASQIP LLETIED FFRH INEWKSCH IVEL TEL EERIOE B AQYEP SDOLY
JTD I'TVELKKEE ECE I TTVRDL LY THTRENEI R LROF BF KHIPEV IPADCGRGE LS I T
AAVORGOOOSONEP I TVECS AHAORTOTFCALSTVLERVEAEG ILDVF QTVIILALORP K
FOTLEQTEFCYRVWOETIDANA DYANF 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?
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Invariant as Emerging Pattern ="-“=“

D2 _ This site is consistently conserved in D1,

but is not consistently missing in D2

= itisnotan EP
= not a likely cause of D2’s loss of function
Dl{

[ &P x|

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 D>

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

» Are there 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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Key Mutation Site: PTP D1 vs D="-“"‘"'

2 [ 2 2 2 77
gi|0O00O| P D2 QFHFHGWPEVGIPSDGEGHIS T TALWOROOOO-S3GHP ITVHC S AGAGRTGTFCALSTVL
gi| 126467 FHF TSWPDFGVPF TP IGHLEKF LEEVEACNP - -0V AGATVVHC S LGVGRTGTFVY IDAML
gi| 2499753 QFHF TGWFDHGVF VHATGLLSF IRRVELSNF--F3AGP IVVHC S AGAGRTGCYIVID IHL
ogi| 462550 OYHYTQWPDMGVPEYALPVLTFVRRSZ AARN--PETGPVLVHCS AGVGRTGTYIVIDSHL
gi| 2499751 QFHF TSWPDHGVPDTTDLLINFRYLVEDYHEQSPPESP ILVHCSAGVGRTGTF IAIDRLI
gi| 1709906 Dl QF QF TAWPDHGVPEHP TPFLAFLRRVETCHP - -FPDAGPHVVHC S AGVGRTGCF IVIDANL
gi|lz2e471] QLHF TSWPLFGVPF TP IGHLEFLEEVETLNP--VHAGP IVVHC S AGVGRTGTF IVID AMM
gi| 5456246 QFHF TGWPDHGVP VHATGLLSF IRRVELSNP--FP3AGP IVVHC S AGAGRTGCYIVID ITHL
gi| 1531570 QFHF TGWPDHGVE VHATGLLGFVROVESESP - -PNAGPLYVVHC S AGAGRTGCF IVID THL
gi| 2144715 QFHFTSWPDHGVPDTTDLLINFRYLWRDYMEQSFPESP ILVHCIAGVGRTGTF IAIDRLT

* wE, KW . L O TEEEEE KEEE |

» 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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Key Mutation Site: PTP D1 vs D2~ =

gil0oooao| P D2 CFHFHGWE

gi| 126467 COFHFTSWE
gi| 2499753 (QF HF TGURADHC

gi| 462550 OTHYTQWPDMGVPET?
gi| 2499751 COFHF TSWPDHGVEDTTD]
gi| 1709906 [)]<{ OFOFTAWPDHGVPEHPT
il 126471 COLHF TSWPDFGVEFTE It
il 548626 COFHF TGWPDHGVETHAT
gi| 131570 COFHF TGWPDHGVETHAT
gil2144715 CFHF TSWPDHGVEDTTE]

* 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 Expt” =

 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
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NUS
The “Invariant” Perspective =

e The invariant:

When an amino acid is impt for function, it is
under evolutionary pressure to be conserved

e The lesson learned:

Figure out key mutation sites by
logical reasoning on invariant
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From Invariant to Guilt by Association
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Talk at Hwa Chong Institution, 13 April 2009

A proteinis a ... O e

e 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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TINUS
Function Assignment to Protein Seque#ce

SPSTNRKYPPLPVDKLEEE INRRMADDNKLFREEFNALPACP I1QATCEAASKEENKEKNR
YVNILPYDHSRVHLTPVEGVPDSDY INASF INGYQEKNKF I AAQGPKEETVNDFWRMIWE
ONTAT IVMVTNLKERKECKCAQYWPDQGCWTYGNVRVSVEDVTVLVDYTVRKFCIQQVGD
VTNRKPQRL ITQFHFTSWPDFGVPFTP I GMLKFLKKVKACNPQYAGAIVVHCSAGVGRTG
TFVVIDAMLDMMHSERKVDVYGFVSRIRAQRCQMVQTDMQYVFI1YQALLEHYLYGDTELE
VT

« How do we attempt to assign a function to a new
protein sequence?
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TINUS
Invariant and Abductive Reasoniny” =

* Function is determined  — Abductive reasoning
by 3D struct of protein & — If those invariant

environment protein is in properties are seen in a
protein, then the protein

_ _ is homolog of this protein
» Constraints imposed by

3D struct & environment
giverise to “invariant”
properties observed in

Entailment A = B

. havi h Hypothesis/ Observation/
protelns a_vmgt € Fact A Conclusion B
ancestor with that
function

= “Guilt by association”

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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Guilt-by-Association e

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

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

* Then assign to T the same function as these
homologs

» Finally, confirm with suitable wet experiments
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Sequence Alignment: Poor Exampte =

* 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

ascorbote oxidase
60 70 80 99 108
Amioyanin MPHNVHFVAGVLGEARLKGEMMKXEQRY SLTFTEAGTYDYRCTE HRFMRGKV VVE

Aeoorbate Oxidase ILQRGIFWADGTAEISQCAINPGETTFYNFIVDNPGIFTYHGHLOHGRERGLYGELI
1% &80 @0 199 110 129

No obvious match between
Amicyanin and Ascorbate Oxidase

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong




Sequence Alignment: Good Exam

* Good alignment usually has clusters of extensive
matched positions

= The two proteins are likely to be homologous

[T >gi113476732 1 ref INP_108301.11  unknown protein [Mesorhizobium loti]
211140274931dbj IBABS3762.11  unknown protein [Mesorhizebium loti]
Length = 105

Score = 105 bits (262), Expect = le-22
Identities = 61/106 (57%), Positives = 73/104 (68%), Gaps = 1/106 (0%)

Query: 1| MEKPGRLASTALAIIFLPMAVPAHAATIE ITMENLY I SPTEVSAKVGDT IRWWNKEDVFAHT 60
M GL + MA PA AATIE+T++ LV 5P V AKVGDTI WWN DV AHT
Shjct: 1 MKAGALIRLSWLAALAIMAAPAAAATIEVTIDELVF SPATVEAKVGDT IEWVNNDWVAHT 60

good match between
Amicyanin and unknown M. loti protein
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Homologs obtained by BLAST =
Soore E
Sequences producing significant alignments: (bits) Value
gi]14193729 | gb| ARKS6109. 1| AF332081 1 protein tyrosin phosph... 62: e-177
gi| 126467 | sp|P184335 | PTRA HUMAN Protein-tyrosine phosphatase... [ | e=177
i 4506303 |ref | NP 002827 .1 protein tyrosine phosphatase, r... 62| e=176
il 227294 | prf| 117013004 protein Tyr phosphatase £20 e=176
g1118450369 | ref NP _S43030.1] protein tyrosine phosphatase, ... szl e-176
il 32067 [ emh | CALIT447 .1 tyrosine phosphatase precurscor [Ho... 61! e=176
gqil 2851153 | pir| | JC1285 protein-tyrosine-phosphatase (EC 3.1.... 619 e=176
gi| 6981446 | ref|NP _036895.1| protein tyrosine phosphatase, r... 61= e-176
qil 2095414 | pdlb| 1¥FO| A Chain A, Receptor Protein Tyrosine Ph... 61E e-174
il 323153 |emb | CALISE62 .1 protein-tyrosine phosphatase [Homo... 61 e-174
il 4505585 | gb| AARO4150.1 protein tyrosine phosphatase >gi|4... 505 e-172
gqi| 6672557 |ref|NP _033006.1] protein tyrosine phosphatase, r... 60- e-172
i 453922 | ol | AAAI7S90.1] protein tyrosSine phosphatase alpha 593 e-170
T —
 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!

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong

FINUS
Phylogenetic Profiles as Invariant =

* A protein is not alone when performing its
biological function

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

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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Genomes:
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Phylogenetic Profiling: Evidence E—«-_"_é

Wu et al., Bioinformatics, 19:

=#lin

in KEGG/COG

hamming distance y v

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

1524--1530, 2003

eages X occurs + JKEGG

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

* Proteins having low hamming distance (thus

highly similar phylo
common pathways

Talk at Hwa Chong Institution, 13 April 2009

hamming distance (D)

genetic profiles) tend to share

Exercise: Why do proteins having high
hamming distance also have this behaviour?

Copyright 2009 © Limsoon Wong
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The “Invariant” Perspective -_-@-_l_ujg-g’

e Theinvariants:

When an amino acid is impt for function, it is
under evolutionary pressure to be conserved

When a partner is impt for function, it is under
evolutionary pressure to be conserved

e Thelesson learned:

Figure out protein function by
abductive reasoning on invariant

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong

Invariants in

Diseases

Talk at Hwa Chong Institution, 13 April 2009
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Childhood Acute Lymphoblastic Leuk

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

e Diff subtypes respond
differently to same Tx

e Over-intensive Tx e Conventional diagnosis
— Development of — Immunophenotyping
secondary cancers — Cytogenetics
— Reduction of I1Q — Molecular diagnostics
e Under-intensiveTx
— Relapse

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong

TNYS
Massive Gene Expression Profiling” =~
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EBANUS

T ekl Lrilerrsliy

Subtype Diagnosis by Gene Expres

Gene expression data collection

Gene selection by x2

» Classifier training

Apply classifier for diagnosis of future cases

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong

NUS
Signal Selection Basic Idea —

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

Class 1 Class 2 Class 1

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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Diagnostic ALL BM samples (n=327)

Genes for class distinction (n=271)

E2A- MLL T-ALL Hyperdiploid >50 BCR- Novel TEL-AML1
PBX1 ABL

A0 -0 -ld 0 1o 20 a
o = std deviation from mean

NUS
Childhood ALL Cure Rates e

\ﬂﬂ « Conventional risk
06\% assignment procedure
&L requires difficult
< S expensive tests and
& collective judgement of
Q{\Q’ multiple specialists
é\'b'
60& = Not available in less
N \Q) T T T T advanced ASEAN
&Q° 0% 20% 40% 60% 80%  countries
("O\Q

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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ERANUS
Childhood ALL Treatment Cost ""‘""‘"‘"’

e Treatment for childhood ALL over 2 yrs
— Intermediate intensity: US$60k
— Low intensity: US$36k
— High intensity: US$72k

e Treatment for relapse: US$150k

e Cost for side-effects: Unquantified

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong

52

Current Situation E...._l_é
(2000 new cases/yr in ASEAN)

e OQver intensive for 50% of

Childhood ALL patients, thus more side
Patients Profile effects
O High

10% * Under intensive for 10% of
B Low patients, thus more relapse

W Inter 50%
40%

e US$120m (US$60k * 2000)
for intermediate intensity tx
o ) ¢ US$30m (US$150k * 2000 *
e Intermediate intensity 10%) for relapse tx
conventionally applied in . i
less advanced ASEAN Total _U_S$150m/yr plus un
. guantified costs for dealing
countries o
with side effects

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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Why not high/low intensity to everyoRé#—

e High-intensity Tx e Low-intensity Tx
— Over intensive for 90% of — Under intensive for 50% of
patients, thus a lot more patients, thus a lot more
side effects relapse
— US$144m (US$72k * — US$72m (US$36k * 2000)
2000) for high-intensity tx for low-intensity tx

— US$150m (US$150k *
2000 * 50%) for relapse tx

= Total US$144m/yr plus un- = Total US$222m/yr
guantified costs for
dealing with side effects

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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Exploit Invariant Gene Expr Profile

e Low intensity applied to e US$36m (US$36k * 2000 *

50% of patients 50%) for low intensity
« Intermediate intensity to e US$48m (US$60k * 2000 *

40% of patients 40%) for intermediate
« High intensity to 10% of intensity

patients e US$14.4m (US$72k * 2000 *

10%) for high intensity

= Reduced side effects
= Reduced relapse + Total US$98.4m/yr
= 75-80% cure rates = Save US$51.6m/yr

Talk at Hwa Chong Institution, 13 April 2009 Copyright 2009 © Limsoon Wong
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What have we learned?

Talk at Hwa Chong Institution, 13 April 2009

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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