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MEGADOCK: An All-to-all Protein-protein Interaction
Prediction System Using Tertiary Structure Data
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and Its Application to Systems Biology Study

1.

MasaHITO OHUE,T! YUrt MaTsuzaki, !
YUSUKE MaTsuzakl, it Tosnryukr Satof?
and YUTAKA AKIYAMAT!

The elucidation of the protein-protein interaction (PPI) network is an impor-
tant problem in the understanding of the cellular system and structure-based
drug design. An effective way to conduct exhaustive PPI screening is one of the
computational solutions for this problem. To predict all-to-all PPI from pro-
tein structures, we have been studying the protein docking approach based on
the physico-chemical properties and shape complementarity. To realize these
procedures that require huge number of protein dockings, we have developed
high-speed protein-protein docking software “MEGADOCK?” that reduces cal-
culation time needed for docking by using several techniques that include a
novel scoring function called rPSC. MEGADOCK was shown to be capable of
exhaustive PPI screening by making docking calculation four times faster than
conventional docking software, ZDOCK, while keeping almost the same level
of accuracy in docking predictions. Here we describe an architecture and cal-
culation model of MEGADOCK. We yielded F-measure value of 0.415 which
substantially higher than previous studies when our PPI prediction system was
applied to a general benchmark data. The same prediction system was applied
to bacterial chemotaxis pathway, which is a typical basic problem in systems bi-
ology, and obtained the same level of accuracy (F-measure value of 0.436) with
the benchmark dataset. We also found some interactions such as CheY—-CheD
among “False-Positives” that were worthy of further analysis.
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Fig.1 All-to-all protein-protein interaction (PPI) prediction using protein tertiary structure
information by protein-protein docking (PPD).
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Fig.2 Scheme of all-to-all protein-protein interaction prediction.
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0 1 Protein-protein docking benchmark 2.0 000000 2300000
Table 1 The selected 23 complex structures from the Protein-protein docking benchmark 2.0.

Complex PDB ID
1ACB 1AK4 1AVX 1AY7 1B6C 1CGI 1D6R 1E96 1EAW 1EWY
1GCQ 1GHQ 1GRN 1HE1 1KAC 1KTZ 1PPE 1SBB 1UDI 2PCC
2SIC 2SNI  7CEI

0 (solvent accessible surface layer of the L)

Gr(l,m,n) = (2)

(
1 (solvent excluding surface layer of the L)
(

2 (core of the L)
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Fig.3 rPSC scoring model. The model consists of 3D voxels. Here the model is shown by two

dimensions for simplicity. The voxels with a square and a circle interlace correspond to the
area occupied by protein, and voxels with only squares are non-occupied space. Voxels that
have score 0 are not shown here.
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Fig.4 Proposed all-to-all protein-protein interaction prediction method.
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Table 2 The selected 44 complex structures from the Protein-protein docking benchmark 2.0.

Complex PDB ID
1ACB 1AK4 1ATN 1AVX 1AY7 1B6C 1BUH 1BVN 1CGI 1D6R 1DFJ
1E6E 1E96 1EAW 1EWY 1F34 1FC2 1FQl 1FQJ 1GCQ 1GHQ 1GRN
1H1V 1HE1 1HE8 1I2M 1IBR 1KAC 1KTZ 1KXP 1KXQ 1M10 1IMAH
1PPE 1QA9 1SBB 1TMQ 1UDI 1WQ1l 2BTF 2PCC 2SIC 2SNI 7CEI
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0 8 MEGADOCK 2.1 0 ZDOCK 3.00000000000O
Table 3 Docking performance comparison of MEGADOCK 2.1 and ZDOCK 3.0.

ooo MEGADOCK 2.1 ZDOCK 3.0
PDB ID Min Hits Best Best Min Hits Best Best
L-RMSD Rank L-RMSD L-RMSD Rank L-RMSD
1ACB 1.49 4 9 1.49 1.68 9 12 4.52
1AK4 13.70 0 1.57 2 56 1.57
1ATN 1.38 2 202 3.86 1.59 2 1 1.59
1AVX 2.56 3 T 2.56 2.47 4 2 2.47
1AYT 1.81 4 5 1.81 2.05 6 16 2.05
1B6C 1.92 2 3 1.92 1.76 1 i 1.76
1BUH 1.47 2 70 1.47 2.02 7 5 2.02
1BVN 1.50 8 2 2.93 1.91 14 1 1.91
1CGI 1.02 10 1 1.02 1.33 11 1 1.33
1D6R 1.85 7 3 1.85 1.51 1 1,512 1.51
1DFJ 2.21 2 19 2.21 2.77 2 2 4.56
1E6E 1.34 5 2 1.34 1.15 6 1 1.15
1E96 12.64 0 4.73 1 1,790 4.73
1EAW 1.46 6 1 1.46 2.02 3 3 2.02
1IEWY 1.18 1 607 1.18 1.71 6 5 1.71
1F34 1.74 2 1.74 1.79 2 1 1.79
1FC2 1.71 2 41 1.71 2.09 2 11 2.09
1FQ1 1.58 1 48 1.58 1.97 1 15 1.97
1IFQJ 1.91 1 140 1.91 1.13 1 330 1.13
1GCQ 1.35 7 1 1.35 1.37 4 3 1.37
1GHQ 13.87 0 — - 20.95 0 — —
1GRN 1.42 4 1 1.42 1.74 4 1 1.74
1H1V 12.15 0 5.31 0
1HE1 1.44 4 1 1.44 1.77 4 1 1.77
1HES8 7.86 0 - - 4.28 1 393 4.28
112M 1.69 1 1 1.69 1.73 1 1 1.73
1IBR 2.09 1 il 2.09 2.13 1 i, 2.13
1KAC 1.76 1 41 1.76 1.27 5 9 3.42
1KTZ 1.59 2 221 1.59 1.62 7 63 1.62
1KXP 2.51 1 1 2.51 2.14 1 1 2.14
1KXQ 1.34 4 10 1.36 1.36 5 1 1.36
1M10 2.93 1 1 2.93 3.40 2 1 3.40
1MAH 1.37 8 1 1.37 1.52 7 1 1.52
1PPE 1.43 22 1 1.43 1.46 21 2 2.39
1QA9 1.03 1 40 1.03 1.46 4 23 1.46
1SBB 20.42 0 — - 6.08 0 - -
1TMQ 1.81 2 1 1.81 2.07 5 1 2.07
1UDI 1.31 10 il 1.31 1.18 10 i 1.18
1wQ1 1.04 4 1 1.04 1.81 3 i 1.81
2BTF 1.33 5 1 2.89 1.24 5 6 1.24
2PCC 5.03 0 — - 1.77 2 32 1.77
2SIC 1.85 3 2 1.85 1.98 5 1 1.98
2SNI 1.61 8 1 1.61 1.10 7 1 1.10
7CEI 1.36 6 1 1.36 1.26 5 5 4.78
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04 Best Rank 00000000000 DOOOOO0O
Table 4 The number of successful complex predictions included in each range of Best Ranks.

Best Rank MEGADOCK 2.1 ZDOCK 3.0
100000 18 19
2010 9 10
110100 6 8

05 ZRANKOOO MEGADOCK OOOOOOOOOOOO
Table 5 The number of successful complexes predicted by MEGADOCK and ZRANK.
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Fig.5 Ligand RMSD versus docking score (z score) plots.
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Table 6 Calculation time for ZRANK re-ranking [min].
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Fig.6 Complex structure predicted by docking (left: 1CGI, right: 1KTZ). Proteins shown by sur-
face correspond to receptors and that shown by ribbon representation correspond to ligands.
Green colored ligands show the prediction by MEGADOCK and Red colord ligands are X-ray
structure.
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Table 7 Result of 44 X 44 protein-protein interaction prediction.
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Fig.7 Evaluation of the docking post-processing system (¢ = 3, ZRANK used). The ROC curves for

varying the threshold m* and E* values are shown. X-axis is for the false positive fraction

(%) and y-axis is for the true positive fraction (%)‘ Random prediction is indicated
by the diagonal.
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Fig.8 Chemotaxis pathway for E. coli (left) and T. maritima (right). The motion of these bacteria

are controlled by the rotation direction of their flagellar motor. The phosphorylation state of

CheY is responsible for the rotation direction. When the receptors (Methyl-accepting Chemo-
taxis Proteins, MCP) sense favorable signals such as those indicating nutrition molecules in
the environment, CheA autophosphorylation is inhibited. Then the phosphorylation level of
CheY will be reduced because of the repression of phosphotransfer from CheA. That low
phosphorylation level of CheY reduces its affinity to the flagellar motor, which causes more
frequent counterclockwise rotation and longer periods of smooth swimming of the cell. In
addition, the stimulated receptors also undergo a gradual change in the methylation level
controlled by CheR and CheB. That causes adaptation to the signal. The MCP family
comprises Tar, Tsr, Trg, Tap and Aer, each of which senses distinct signals.
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Table 8 Proteins that constitute the chemotaxis system.
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Table 9 Chemotaxis dataset derived from PDB.

PDB ID Chain Organism Molecule Domain

1FFG B,D E. coli CheA P2

1FFS B,D E. coli CheA P2

1FFW B,D E. coli CheA P2

1A00 A,C,E,G E. coli CheY

1BDJ A E. coli CheY

1CHN A E. coli CheY

1F4V A,B,C E. coli CheY

1FFG AC E. coli CheY

1FFS AC E. coli CheY

1FFW A,C E. coli CheY

1IFQW A,B E. coli CheY

1HEY A E. coli CheY

1JBE A E. coli CheY

1KMI Y E. coli CheY

1ZDM A,B E. coli CheY

2B1J A,B E. coli CheY

3CHY A E. coli CheY

ikt Z E. coli Chez

1QU7 B E. coli MCPU Tsr0 Cytoplasmic domain
115N A,B,C,D S. typhimurium CheA P1

1A20 AB S. typhimurium CheB

1CHD A S. typhimurium CheB C-terminal catalytic domain
1AFT7 A S. typhimurium CheR

1BC5 A S. typhimurium CheR

2CHE A S. typhimurium CheY

2CHF A S. typhimurium CheY

2FKA A S. typhimurium CheY

2FLK A S. typhimurium CheY

2FLW A S. typhimurium CheY

2FMF A S. typhimurium CheY

2FMH A S. typhimurium CheY

2FMI A S. typhimurium CheY

2FMK A S. typhimurium CheY

2PL9 A,B,C S. typhimurium CheY

2PMC A,B,C,D S. typhimurium CheY

1TQG A T. maritima CheA P1

1uU0S A T. maritima CheA P2

2CH4 A.B T. maritima CheA P4, P50 Residues 355-6710
1XKR A T. maritima CheC

2F9Z A,B T. maritima CheC

2F9Z C,D T. maritima CheD

2CH4 W, Y T. maritima CheW

1SQU AB T. maritima CheX

1XKO A,B T. maritima CheX

1TMY A T. maritima CheY

1u0s Y T. maritima CheY

2TMY A T. maritima CheY

3TMY A,B T. maritima CheY

4TMY A,B T. maritima CheY

1LKV X T. maritima FlLiG C-terminal domain(J Residues 1043350
1QCT7 A,B T. maritima FliG C-terminal domain
2HP7 A T. maritima FliM CheC-like domain
106A A,B T. maritima FliN C-terminal domainl] Residues 59-1540
1YAB AB T. maritima FliN Residues 68-154
2CHT A,B T. maritima MCP Cytoplasmic domain
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Fig.9 Evaluation of the docking post-processing system. The ROC curves for varying the threshold

m* and E* values are shown. X-axis is for the false positive fraction (Fpi%) and y-axis is

for the true positive fraction (%)‘ Random prediction is indicated by the diagonal.
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Fig. 10 Results of the PPI predictions from the proposed system with E* = 5.5, yielded without
clustering. The red bold lines (true positives), blue dashed lines (false negatives) and thin
lines (false positives) representing the predicted or known PPIs show the relevance of the

predictions.
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Table 10 Results of the PPI predictions using the proposed system. The gray colored cells
correspond to the known interactions.

A|B|C|D|R|W|X|Y| Z|FIG | FiiM | FliN | Tsr
CheA - - - - - - - - - - - -
CheB * - - - - - - - - - - -
CheC * - - - - - - - - - -
CheD * * - - - - - - - - B
CheR - - - - - - - _
CheW | = * * - - - - - - _
CheX * * * - - - - - R
CheY * * * * * * * * - - - - R
CheZ * * * * - - - R
FliG * * * ¥ - - _
FliM * - _
FIliN * * . _
Tsr * * * * *
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011

Fig. 11

(a) 000 CheC-CheD 0000 DDODODOOPDB ID: 2F9Z, chain a, ¢, T. maritima (b) 000
00 CheYOPDB ID: 1A00, chain ¢, E. colill -CheDO PDB ID: 2F9Z, chain cO00O0000O00O
000000000000CheCOPDB ID: 1XKR, chain a, T. maritime0 000000000000
O00CheY OOOODDOOOODOOOODOOODOOODOOOODOOODOCheY-CheD DOOODOOODOO
0000000000000 00000000000(c) CheC-CheD D0OO0DODDODODO2F9ZO0O0OO
000000000000 CheYOPDB ID: 1F4V, chain ¢, E. coli0 000000000000 CheY
ooooooooooooo
(a) Known structure of the CheC-CheD complex (PDB ID: 2F9Z, chains a, ¢, T. maritima).
(b) Docking of CheY (PDB ID: 1A00, chain ¢, E. coli) — CheD (PDB ID: 2F9Z, chain c)
hypothetical complex and CheC (PDB ID: 1XKR, chain a, T. maritima). The phosphory-
lation site of CheY is colored red. The docking prediction with the highest E value among
all the combinations of the hypothetical complex and CheC structure data is shown. (c)
Docking of a known structure of the CheC—CheD complex (PDB ID: 2F9Z, chains a, ¢)
and CheY (PDB ID: 1F4V, chain ¢, E. coli). The phosphorylation site of CheY is colored
red. This hypothetical complex is also constructed using the representative data among all
combinations of the CheC—CheD complexes and CheY structures.
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