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Protein-Protein Interactions

Important for many cellular functions, e.g.
* DNA replication

* signal transduction

* ligand transport

 building structures
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Detecting Protein-Protein Interactions

« Tandem affinity purification (TAP)

* Yeast two-hybrid screen

« Co-Iimmunoprecipitation

* Bimolecular fluorescence complementation
 Affinity electrophoresis

e Pull-down assays

 Label transfer

* Phage display

* In-vivo crosslinking

e Chemical cross-linking

« Strepprotein interaction experiment

« Quantitative immunoprecipitation combined with knock-down
* Proximity ligation assay (PLA)
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Tandem Affinity Purification (TAP)

Do YGL227W and YMR135C interact?

1 2 3 4 5
YGL227W-TAP — YGL22TW —
YILO17C — YILO17C — A
oo
96 kD m fa_:l
=
YDL176W — YDL1/76W — o5
gy
0]
66 kD W =
YILO97TW — VILO97W——
YMR135C-TAP —
YMR135C —
YDR255C —
45kp ® YDR255C —
YBR105C —

Yes.
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Protein Interaction Network

 Pathways
: (chains)

 Functional Units
(dense subgraphs,
clusters)
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Evolutionary Transitions

Size (k) S/R Type

Chlamydomonas reinhardtii. A C.l0..oocooovcoviern 0 - Gs— -
Chiamycomonas debaryare 0 - 05 NG Comparison of Interactomes
Vitreochlamys gloeocystiformis.. 0 = GS o
Vitreochlamys ordinata 0 . GS
Vitreochlamys aulata 0] - GS @
Vitreochlamys pinguis................. 0 = GS ’
Chlamydomonas cribrum..... 0 - GS ;
Basichlamys sacculiferum............. e i GS —» .
Tetrabaena socialis.............c...ccoc... 2 . GS @
0.74 oy Astrephomene perforata...7
Astrephomene gubernaculifera...7
0.99 Gonium pectorale...B..G.p 4
Gonium viridistellatum................cceun. 4
Gonium multicoccum............ 5
0.63 Gonium quadratum......... 4

Gonium octonarium. 3
Voivox globator...............ccccveens
Volvox barberi
Volvox rousseletii.
Platydorina caudata

Volvulina compacta..................

-
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" Volvulina pringsheimii.
0.69 Volvulina steinii................
063 Pandorina morum A...
Pandorina morum B.....
0.99 Volvulina boldii.

Pandorina colemaniae....
Pandorina morum C...
Yamagishiella unicocca....................... .
Eudorina elegans A...... 5
Eudorina minodii........
0.98 0.97 Eudorina elegans B.. C..
Pleodorina thompsonii...........
Volvox aureus
Pleodorina californica
Pleodorina japonica.. R
+ - Volvox afficanus............ccoevvevinnnen
0.57 Volvox tertius.........
0.65 2 Volvox dissipatrix
Volvox obversus............ccceee .
Volvex carteri f. nagariensis E.F. :
0.66 Violvox carteri f. kawasakiensis...............
’ Volvox carteri f. weismannia.............
= Eudorina unicocca............
- Eudorina elegans C....
Volvox gigas.....
Volvox powersii
0.99 Pleodorina indica.......... -
Pleodorina starrii....D...FP.S.
0.97 Pleodorina illinoisensis A... .
= Eudorina elegans D.........................
0.05 Pleodorina illinoisensis B
Eudorina cylindrica

(31 N N N A ]
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Known Protein Interactions

species # proteins # protein # known # unknown
pairs Interactions interactions
S. cerevisiae 6,300 19,867,056 15,151 ?7?77?
C. elegans 23,684 280,454,086 6,607 ?7?77?
H. sapiens 22,513 253,406,328 41,678 ?7?7?
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PIPE (Protein Interaction Prediction Engine)

* Project started in 2003

- Multi-disciplinary team ’JﬂfVl
« Computer Science 1ir\
- F.Dehne _ _
. Biochemistry . qulpment used for this
- A.Golshani prOJeCt-
- J.Greenblatt « 256 core PC Cluster
 Blomed. Eng » 1168 core Sun T2
- J. Green

“Victoria Falls” Cluster
 Graduate Students / PostDocs

- S.Pitre, C.North, A, Amos-Binks, A.
Schoenrock, M.Alamgir, Bahram
Samanfar, Mohsen Hooshyar, ...
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Working Hypothesis

* Regions of interactions are usually small (20 -
40 amino acids)

e |Interaction “Codes”
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Basic PIPE Algorithm

Interaction List (L) Interaction Graph (G) Input Sequences
V-W V!
I
Step 1: V-X I\w | m |
p".l —Y x | I 1
X -Y b’ | |
W-Zz Y z | n |
V[ I |
F—=w— v List of neighbors (R)
Step2: Al[] | | - I::> XY,z
a, = wQ | |
Wy
List of neighbors (R) Result Matrix (M)
] X[ I | b, b,
Step3: Bl [ ; :{> ai| s
b| Yl !—! | E"z
Yi '
Step 4:  Result Matrix (M) |::>

String comparison

Match =
(Sum of pairwise PAM
values > Threshold)
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PIPE Output

Hits
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PIPE Output

Hits
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PIPE: Detecting Novel Protein-Protein Interactions

Hits
1 2 3 4 5
iid S. cerevisiae YGL227W-TAP — YGL22TW —
YILO17C — YILO17C — \/
o
120 96 kD W <
=
100 YDL176W — YDL176W— N
N
1]
80 66 kD W =
&0 YILO9TW —— YILO97W ——
YMR135C-TAP —
40
- ol . , : ) YMR135C —
LR - e et R B fe B, 2 450
20 AT R . ol it b B PP il T L . 400
o o e TP R o Pl R s YDR255C—
» - 45kp W YDR255C —
0q
YBR105C —
YMR135C __

0. 50l ,;jf;
YGL227W ) )
Banting and Best Institute of

Medical Research, Toronto

Protein complex: YGL227W, YMR135C, YILO17C, YDL176W, YILO97W, YDR255C, YBR105C
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PIPE: Elucidating the Architecture of Protein Complexes

S. cerevisiae

50-100 50-100

YDR255C
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PIPE: Reducing False Positives

Eliminate “popular
motifs” via median
filter

False positive
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PIPE's Prediction Accuracy

No filter T
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Many Other Methods...

Types of Protein Interaction Prediction Methods:
* Phylogenetic profiling

* |dentification of homologous interacting pairs

* |dentification of structural patterns (Van der
Waals)

* Bayesian network modelling
» 3D template-based protein complex modelling
e Supervised learning (SVM)
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Park's Comparison Experiment

Park (BMC Bioinformatics, 2009, 10:419) compared the four best methods

« [M1] Martin et.al. (Bioinformatics 2005,21(2):218-226): protein pair is encoded by a
product of signatures which is then classified by a support vector classifier

. [M2] PIPE

« [M3] Shen et.al. (Proc Natl Acad Sci USA 2007, 104(11):4337-4341): each protein
sequence is encoded by a feature vector that represents the frequencies of 3 amino
acid-long subsequences, and feature vectors are concatenated for a pair of proteins
and classified by SVM.

« [M4] Guo et.al. (Nucl Acids Res 2008,36(9):3025-3030): each protein sequence is
encoded by a feature vector that represents auto-correlation values of 7 different
physicochemical scales, and feature vectors are concatenated for a pair of proteins
and classified by SVM.

« Consensus Method: “Vote” among M1-M4.
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Park's Comparison Experiment

YEAST YEAST ROC100 HUMAN HUMAN ROC100 .
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Global Scan of Entire Protein Interaction Network
e

species # proteins # protein # known
pairs interactions

S. cerevisiae 6,300 19,867,056 15,151

Open Problem...

C. elegans 23,684 280,454,086 6,607
H. sapiens 22,513 253,406,328 41,678
Challenges:

Large number of protein pairs (requires high speed, SVM not possible)

Small number of true positives (very sparse, ~ 0.1 % density)

Requires very high specificity ~99.95 % (i.e. less than 0.05% false positive
rate) — Otherwise: #false positives > #true positives

Massive computational challenge
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PIPE's Prediction Accuracy
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PIPE Sequential Performance Improvements

e Character based amino acid representation
was converted into binary encodings. Removed
need for character-to-index lookup in PAM120.

» “Sliding window” process was improved to use
Incremental updates.

* Pre-computed all possible protein fragment
comparisons and stored all matches of similar
fragments in a hash table.
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Large Scale Parallelization: MP-PIPE

Algorithm 1: MP-PIPE Scheduler.
Split protein pairs into packets. ArChIteCture:
while packets remain do * Cluster of multi-core processors
receive work request from worker
receive previous results from worker * One MP-PIPE Workel’ per prOC.
send packet to worker x ; :
Rend paciet o worer I « Each worker with multiple threads 8 8
| write results to output file S S
foreach worker process do 8 u'_‘w
receive work request from worker ~N M
. . > ~ O o
receive previous results from worker = 40 l?g o'_o‘ o o
send KILL_SIGNAL to worker x 3 8 uo{
write results to output file 30 - N O
nog N
© 0V N o
20 m 0O m 5
- ~ o
(=] ~
S 104 — 9
. , S = =
Algorithm 2: MP-PIPE Worker., T 504 <
o ' o
Load PIPE database (interaction graph  and hash S 15- 8 o
table of pre-computed protein fragment similarity - o) 8
matches). L 104 N 8' o
current_packet + [ e - & 8
current_results + % 0.5 e
work_available + TRUE Request work Y -
foreach thread in parallel do Y a3 : 0.02+ 8
while work_available do p-Rcceive work  J o
— 0.01-+ -
if current_packet = [} then Y 'V Y VV 00
request work from scheduler 4 0 -
send current_results to scheduler Y 0 1s 10s 30s 1m 10m 30m 1h 6h 12h 12+k
receive message from scheduler Request work | |  / ] .
if message = KILL SIGNAL then Running Time
work_available + FALSE pReceive work YYVYVYY . . .
BREAK H.sapiens protein pairs
else
|_ current_packet + message
retrieve pair from current_packet
run PIPE algorithm on pair YYYYYYYY YYYYYYYY
L add results to current_results
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Summary of PIPE Results

PIPE's superior performance and prediction accuracy enabled
the first ever complete scan of entire protein interaction networks

species # proteins # protein # known # novel RUNNING time
: : . g
pairs interactions PIPE pred. *
S. cerevisiae 6,300 19,867,056 15,151 14,438 1 hour
C. elegans 23,684 280,454,086 6,607 32,548 1 week
H.sapiens 22,513 253,406,328 41,678 130,470 3 months

* False positive rate: 0.0001

« 256 core PC Cluster unf
» 1168 core Sun T2 “Victoria Falls” Cluster 7, 'r‘ .
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Cellular Co-Localization
e

S000 = mPIPE2 -
[ ] Gavin et al
B Krogan et al (S7)
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S. cerevisiae
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Cellular Co-Localization

Cellular component

31.7%

Molecular Biological
function process

(a) Random Pairs

Frank Dehne

Cellular component

82.5%

67.7%
90.1% 82.2%

Molecular Biological
function process

(b) Previously Detected
Interactions

H.sapiens

Cellular component

74.9%

50.3%
73.3% 66.3%

Molecular Biological
function process

(c) MP-PIPE Predictions
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PIPE Enabled Discoveries

H.sapiens dsDNA break repair

014757
(CHEK1)

Q92547 096017

(TOPBP1) (CHEK2)
QINNZ6
(PRM3)

Q9Y620
P46100 (RAD54B) P38398
(ATRX) (BRCA1)

 Blue: Proteins known to be involved
in dsDNA break repair

e Green: Known interaction

* Red: Novel interactions dicovered by
PIPE

* Yellow: Novel proteins likely involved
iIn dsDNA break repair

Q06609
(RAD51)

075943
(RAD17)

Q13535
QINRF9 (ATR) P16591 Q13315
(POLE3) (FER) (ATM)

Q92698 P43351

(RAD54L)

(RAD52)
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Inter Species PIPE

 Prediction of human-pathogen protein-protein
Interaction

* Used PIPE to predict Human vs. Hepatitis C (HCV),
Influenza A, HIV-1 and HIV-2 interactions (using “all”
database)

 Found novel interactions between HCV non-structural
5A (NS5A) protein and several Human proteins,
Includes human IPO5 which is known to be involved
In HIV-1 transmission

* Found novel interactions between HIV-1 virion
Infectivity factor Vif and human APOBECS3A,
APOBEC3B, APOBECS3D (family of APOBEC proteins
are known to be deactivated during HIV infection)

HIV Virus
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Evolutionary Transitions

Size (k) S/R Type
- GS —»

& o New Project

- GS

Chlamydomonas reinhardtii. A C.l0..oocooovcoviern 0
Chlamydomonas debaryana...............0

Vitreochlamys gloeocystiformis. 0

Vitreochlamys ordinata........... 0

Vitreochlamys aulata..............c.ccccceeeenan 0

Vitreochlamys pinguis...............cooouiivnincvnncennd 0
0
2
2
7
7

- GS

Chlamydomonas cribrum. "
Basichlamys sacculiferum............ccoceeveeenen.

Tetrabaena socialis.................cccceccinieniiiane
0.74 oy Astrephomene perforata...
Astrephomene gubernaculifera...
Gonium pectorale...B.. (5. [D................ 4
Gonium viridistellatum........... 4
Gonium multicoccum.. .5
0.63 Gonium quadratum.............. .4
Gonium octonarium........3

* Frank Dehne et.al.
(PIPE Group)

 Pierre Durand

Volvox globator...

+ Volvox barberi....... 18
Volvox rousseletii w15
Platydorina caudata............c.c.ccoucernenn. 5
Volvulina compacta.................. 4
y Volvulina pringsheimii.............. 4 - .
0.69 Volvulina steinii................4 o R I C ar M IC O
063 Pandorina morum A...4
Pandorina morum B............4
0.99 Volvulina boldii. .4
Pandorina colemaniae..........4
Pandorina morum C............ 4 ) B rad |ey O ISon
Yamagishiella unicocca.... R
Eudorina elegans A...... 5
Eudorina minodii.................. 5
0.98 0.97 Eudorina elegans B.. C...............5
Pleodorina thompsonii. D
Volvox aureus........ 11
Pleodorina californica.. sl
Pleodorina japonica. PSR =
S P o— Comparison of
0.57 Volvox tertius........
0.65 2 Volvox dissipatrix
Volvox obversus...........cccceee
Volvox carteri f. nagariensis E.F. : I n t e r act o m e S
0.66 Violvox carteri f. kawasakiensis...............
’ Volvox carteri f. weismannia...........cc......
=~ Eudorina unicocca...........
- Eudorina elegans C
Volvox gigas.......
Volvox powersii..
0.99 Pleodorina indica...
Pleodorina starrii....D...!
0.97, Pleodorina illinoisensis A..
= Eudorina elegans D.... ) -
0.05 Pleodorina illinoisensis B....................... 5 0.143

Eudoring cylindrica...........ccccoveevrssnisinrans 4
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Volvox & Clamy Interactomes

» 8,885 mapped volvox and clamy proteins

 PIPE database: known arabidopsis interactions
e LOOCYV test set:

 POSITIVE: 509 arabidopsis interactions could be mapped
Into both chlamy and volvox

« NEGATIVE: random pairs
* PIPE parameter tuning

« Specificity: 99.95%

e Sensitivity: 70%
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PIPE parameter tuning: Volvox

04 - =

sensitivity {True Positive Rate)

0.2 - Traditional PIPE score 1 ]

Traditional PIPE score 2
Traditional PIPE score 3
0.1 - Similarity-Weighted score 1
Similarity-Weighted score 2
Similarity—Welighted scorala 3

0 . | . | . | . | . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1-Specificity {False Positive Rate)
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PIPE parameter tuning: Clamy

0.4 - -

Sensitivity {True Positive Rate)

03 =
Traditional PIPE score 1 —_—
Traditional PIPE score 2 —
0.9 Traditional PIPE score 3 —

) Similarity-Weighted score 1 —_—
Similarity-Weighted score 2 _
Similal;ity—Weightled score ? —_—

01 1 | 1 | L | L | L |
0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1-Specificity {False Positive Rate)
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PIPE: Volvox & Clamy Interactomes

« 8.885 mapped volvox and clamy proteins

* PIPE parameter setting:

* Sensitivity: 70%

e Specificity: 99.95%
* Volvox Iinteractome: 25,111 interactions
* Clamy interactome: 23,403 interactions
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Comparison of Interactomes

 Compare networks
around regA protein

= @@ groups

FPandoring Eudioning

_ﬁ"aﬁrwm cell division program |
\ s CoOMmpare networks
|9. Partial germ/soma division of labor | .
| around proteins of

8. Increased volume of ECM |

|7. Complete inversion of the embryo |

s ] Interest for evolutionary
[5. Transformation of cell walls into an ECM |

4_ E stablishment of organismic polarity | tranSIthnS,
. .
e.g. Kirk's 12 steps

J2. Partial inversion of the embrye
j1 . Incomplete r_:','tnhmasisi

‘ﬁmmmm penatarciti
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Comparison of Interactomes
-

* Find functional units (“significant” interactome
clusters) in volvox that are not present in clamy,
and vice versa.

* Find pathways (“significant” interactome chains)
In volvox that are not present in clamy, and vice
versa.

 And more. Suggestions welcome.

Stay tuned...



SUMMARY

(1) PIPE can build high quality interactomes for species even with
very little experimental PPI data available.

(2) Comparison of interactomes may provide new insights
Into evolutionary transitions. Work in progress...

Publications

Scientific Reports (Nature.com/srep), vol.2, art.239, 2012,

Short co-occurring polypeptide regions can predict global protein
interaction maps

5.Pitre, M.Hooshyar, A.Schoenrock, B.Samanfar, M.Jessulat, |.R.Green, EDehne, A.Golshani

BMC Bicinformatics. 2011 Jun 2;12:225. Highly accessed

Binding site prediction for protein-protein interactions and novel motif discovery using
re-occurring polypeptide sequences.
Amos-Binks A, Patulea C, Pitre 5, Schoenrock A, Gui Y, Green JR, Golshani A, Dehne F.

Nucleic Acids Res. 2008 Aug;36(13).4286-94. Epub 2008 Jun 27.

Global investigation of protein-protein interactions in yeast Saccharomyces cerevisiae
using re-occurring short polypeptide sequences.
Pitre 5, Morth C, Alamgir M, Jessulat M, Chan A, Luo X, Green JR, Dumontier M, Dehne F, Golshani A.

BMC Biginformatics. 2006 Jul 27;7:365.

PIPE: a protein-protein interaction prediction engine based on the re-occurring short Highly accessed
polypeptide sequences between known interacting protein pairs.
Pitre S, Dehne F, Chan A, Cheetham J, Duong A, Emili A, Gebbia M, Greenblatt J, Jessulat M, Krogan M, Luo X, Golshani A.
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