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Abstract

We formulate the problem of bipartite graph inference as a supervised learning
problem, and propose a new method to solve it from the viewpoint of distance
metric learning. The method involves the learning of two mappings of the hetero-
geneous objects to a unified Euclidean space representing the network topology of
the bipartite graph, where the graph is easy to infer. The algorithm can be formu-
lated as an optimization problem in a reproducing kernel Hilbert space. We report
encouraging results on the problem of compound-protein interaction network re-
construction from chemical structure data and genomic sequence data.

1 Introduction

The problem of bipartite graph inference is to predict the presence or absence of edges between
heterogeneous objects known to form the vertices of the bipartite graph, based on the observation
about the heterogeneous objects. This problem is becoming a challenging issue in bioinformatics
and computational biology, because there are many biological networks which are represented by a
bipartite graph structure with vertices being heterogeneous molecules and edges being interactions
between them. Examples include compound-protein interaction network consisting of interactions
between ligand compounds and target proteins, metabolic network consisting of interactions be-
tween substrates and enzymes, and host-pathogen protein-protein network consisting of interactions
between host proteins and pathogen proteins.

Especially, the prediction of compound-protein interaction networks is a key issue toward genomic
drug discovery, because drug development depends heavily on the detection of interactions between
ligand compounds and target proteins. The human genome sequencing project has made avail-
able the sequences of a large number of human proteins, while the high-throughput screening of
large-scale chemical compound libraries is enabling us to explore the chemical space of possible
compounds[1]. However, our knowledge about the such compound-protein interactions is very lim-
ited. Itis therefore important is to detect unknown compound-protein interactions in order to identify
potentially useful compounds such as imaging probes and drug leads from huge amount of chemical
and genomic data.

A major traditional method for predicting compound-protein interactions is docking simulation
[2]. However, docking simulation requires 3D structure information for the target proteins. Most
pharmaceutically useful target proteins are membrane proteins such as ion channels and G protein-
coupled receptors (GPCRs). It is still extremely difficult and expensive to determine the 3D struc-
tures of membrane proteins, which limits the use of docking. There is therefore a strong incentive to
develop new useful prediction methods based on protein sequences, chemical compound structures,
and the available known compound-protein interaction information simultaneously.

Recently, several supervised methods for inferring a simple graph structure (e.g., protein network,
enzyme network) have been developed in the framework of kernel methods [3, 4, 5]. The corre-
sponding algorithms of the previous methods are based on kernel canonical correlation analysis



[3], distance metric learning [4], ar@algorithm [5], respectively. However, the previous meth-

ods can only predict edges between homogeneous objects such as protein-protein interactions and
enzyme-enzyme relations, so it is not possible to predict edges between heterogeneous objects such
as compound-protein interactions and substrate-enzyme interactions, because their frameworks are
based only on a simple graph structure with homogeneous vertices. In contrast, in this paper we
address the problem of supervised learning of the bipartite graph rather than the simple graph.

In this contribution, we develop a new supervised method for inferring the bipartite graph, borrowing
the idea of distance metric learning used in the framework for inferring the simple graph [4]. The
proposed method involves the learning of two mappings of the heterogeneous objects to a unified
Euclidean space representing the network topology of the bipartite graph, where the graph is easy to
infer. The algorithm can be formulated as an optimization problem in a reproducing kernel Hilbert
space. To our knowledge, there are no statistical methods to predict bipartite graphs from observed
data in a supervised context. In the results, we show the usefulness of the proposed method on the
predictions of compound-protein interaction network reconstruction from chemical structure data
and genomic sequence data.
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Figure 1: An illustration of the problem of the supervisedabstjte graph inference

2 Formalism of the supervised bipartite graph inference problem

Let us formally define the supervised bipartite graph inference problem. Suppose that we are given
an undirected bipartite grapght = (U + V, E), whereU = (uy, -, up,) andV = (vy,--+,0p,)

are sets of heterogeneous vertices ahd. (U x V) U (V x U) is a set of edges. Note that the
attribute ofU is completely different from that df . The problem is, given additional sets of vertices

U' = (uy,---,uy,, )andV’ = (vy,---,v;,, ), to infer a set of new edges’ c U’ x (V + V') U
Vix(U+U)U 8U +U") x VU (V + V') x U’ involving the additional vertices iti’ andV"”.

Figure 1 shows an illustration of this problem.

The prediction of compound-protein interaction networks is a typical problem which is suitable
in this framework from a practical viewpoint. In this cagé corresponds to a set of compounds
(known ligands)V corresponds to a set of proteins (known targets), Arabrresponds to a set of
known compound-protein interactions (known ligand-target interacti@éfigjorresponds to a set of
additional compounds (new ligand candidatés)corresponds to a set of additional proteins (new
target candidates), arfid corresponds to a set of unknown compound-protein interactions (potential
ligand-target interactions).

The prediction is performed based on available observations about the vertices. Sets of vertices

U= (ur, - up, ), V= (v1, -, 0n,), U = (ul,---,u;,, ) andV’ = (v,---,v;, ) are repre-
sented by sets of observed dadfa= (z1,---,%n,), Y = (Y1, ,Yn,), X" = (2},---, 27, ) and
V' '=(y1,- -, ym, ) respectively. For example, compounds are represented by molecular structures

and proteins are represented by amino acid sequences. The question is how to predict unknown
compound-protein interactions from compound structures and protein sequences using prior knowl-
edge about known compound-protein interactions. Seté ahdl” (X and)’) are referred to as
training sets, and heterogeneous objects are representeanyw in the sense of vertices on the
bipartite graph or by: andy in the sense of objects in the observed data below.

In order to deal with the data heterogeneity and take advantage of recent works on kernel similarity
functions on general data structures [6], we will assumethista set endowed with a positive def-
inite kernelk,, that is, a symmetric functioh, : X2 — R satisfyingzzg.:1 a;ajky(zi,x5) >0



for anyn,; € N, (a1,a2, -+,a,,) € R™ and(z1,x2,---,x,,) € X. Similarly, we will as-
sume that) is a set endowed with a positive definite kerigl| that is, a symmetric function
k, : V2 = R SatiSWingZ?izl a;ajk,(y;,y;) > 0foranyns € N, (a1,a2,---,an,) € R™

and(y17y27"'ayn2) S y

3 Distancemetriclearning (DML) for the bipartite graph inference

3.1 Euclidean embedding and distance metric learning (DML)

Suppose that a bipartite graph must be reconstructed from the similarity informatiomalodjects

(z1, -, 2n,) IN X (Observed data fol/) andny objects(ys, - - -, yn,) iIN YV (observed data fov’).

One difficulty is that the attribute of observed data differs betw&eand ) in nature, so it is

not possible to evaluate the link between, - -, z,,) and(yi, - - -, yn,) from the observed data
directly. For example, in the case of compounds and proteins,zelhak a chemical graph structure

and eachy has a sequence structure, so the data structures completely differ betveaety,.
Therefore, we make an assumption thatobjects(z, - - -, x,,) andny objects(yy, - - -, yn,,) are

implicitly embedded in a unified Euclidean sp&&, and a graph is inferred on those heterogeneous
points by the nearest neighbor approach, i.e., putting an edge between heterogeneous points that are
close to each other.

We propose the following two step procedure for the supervised bipartite graph inference:

1. embed the heterogeneous objects into a unified Euclidean space representing the network
topology of the bipartite graph, where connecting heterogeneous vertices are close to each
other, through mappingé: X — R? andg : ) — R¢

2. apply the mappingg andg to X’ and)’ respectively, and predict new edges between

the heterogeneous objects if the distance between the poiis,z € X U X'} and
{9(y),y € YUY’} is smaller than a fixed threshodd

While the second step in this procedure is fixed, the first step can be optimized by supervised learning
of f andg using the known bipartite graph. To do so, we require the mappfnaisd g to map
adjacent heterogeneous vertices in the known bipartite graph onto nearby positions in a unified
Euclidian spacd?, in order to ensure that the known bipartite graph can be recovered to some
extent by the nearest neighbor approach.

Given functionsf : ¥ — R andg : ) — R, a possible criterion to assess whether connected (resp.
disconnected) heterogeneous vertices are mapped onto similar (resp. dissimilar) pRinsstire
following:

_ Z(ui,v_j)GE(f(xi) - g(yj))2 - Z(ui,vj)QE(f(‘ri) - 9(%‘))2
)= Z(ui,w)EUxV(f(xi) —9(y;))? - @

A small value ofR(f, g) ensures that connected heterogeneous vertices tend to be closer than dis-
connected heterogeneous vertices in the sense of quadratic error.

To represent the connectivity between heterogeneous vertices on the bipartit€/geafiii+V, E),
we define a kind of the adjacency matu,,, where elementA,,);; is equal to 1 (resp. 0) if
verticesu; andwv; are connected (resp. disconnected). Note that the size of the mqfyixs
n1 X no. We also define a kind of the degree matrix of the heterogeneous vertiéesasd D,,,
where diagonal element®,,),; and(D,),; are the degrees of verticas andv; (the numbers of
edges involving vertices; andv;), respectively. Note that all non-diagonal element®ipandD,
are zero, and the sizes of the matricesrarex n, andny x na, respectively.

Let us denote byfy = (f(x1), -, f(zn,))T € R™ andgy = (g(y1), -+, 9(yn,))T € R™2
the values taken by andg on the training set. If we restricfy and fi, to have zero means as
St f(z) =0and)"?, g(y;) = 0, then the criterion (1) can be rewritten as follows:

(£) (% #)(8)
gv -AT D, A
( fu )T( fu )
gv gv

R(fvg) =4

)



To avoid the over-fitting problem and obtain meaningful sohg, we propose to regularize the
criterion (1) by a smoothness functional ghand g based on a classical approach in statistical
learning [7, 8]. We assume that thandg belong to the reproducing kernel Hilbert space (r.k.h.s.)
Hy and Hy defined by the kernels, on X andk, on ), and to use the norms ¢f andg as
regularization operators. Let us define|bi| and||g|| the norms off andg in Hy andHy . Then,
the regularized criterion to be minimized becomes:

i) (S ) () erane i
iyt I, + AIfI2 + dellgll
R(f,q) = agv uv av 7 3)

(1) (&)

where); and\, are regularization parameters which control the trade-off between minimizing the
original criterion (1) and ensuring that the solution has a small norm in the r.k.h.s.

The criterion is defined up to a scaling of the functions and the solution is therefore a direction in

the r.k.h.s. Here we set additional constraints. In this case we impose thg|fidrea ||g|| = 1,

which corresponds to an orthogonal projection onto the direction selected in the r.k.h.s. Note that
the criterion can be used for extracting one-dimentional feature of the objects. In order to obtain a
d-dimensional feature representation of the objects, we propose to iterate the minimization of the
regularized criterion (3) under orthogonality constraints in the r.k.h.s., that is, we recursively define

thep-th featuresf, andg, forp =1, - - -, d as follows:

T
fu D, —Auw o , )
< v > ( AL, D, v + M fI1F + A2llgl]

() (&)

under the orthogonality constraintél f1,- - -, fo—1, andg_Lgi, -, gp—1.

(fp, gp) = argmin 4)

In the prediction process, we map any new objae¢ts X’ andy’ € )’ by the mappingg andg
respectively, and predict new edges between the heterogeneous objects if the distance between the
points{f(z),z € X UX’'} and{g(y),y € Y U Y’} is smaller than a fixed threshoid

3.2 Algorithm

Let £, andk, be the kernels on the setsand), where the kernels are both centereddp and
‘Hy . According to the representer theorem [9] in the r.k.h.s., forjamy 1, - - -, d, the solution to
equation (4) has the following expansions:

ni ng
fo(@) = Z%,jku(%vl’)’ 9p(y) = Zﬂp,jkv(ijy)a (5)
j=1 j=1
for some vectory, = (ap1,- -+, apn,)" € R™ andB, = (Bp.1,- -+, Bpna)” € R™.

Let K, andK,, be the Gram matrices of the kernglsandk, such that K,,);; = k. (z;, z;), 1,5 =
1,---,ny and(Ky,);; = ky(vi,y5), 4,7 = 1,--+,ne. The corresponding feature vectgtsy and
gp,v can be written ag, y = Ky, andg, v = K.B,, respectively. The squared norms of features
f andg in Hy andHy are equal td|f||> = a” K,a and||g||? = B K,3, so the normalization
constraints forf andg can be written aa” K,o0 = 87 K, 3 = 1. The orthogonarity constraints
fpLfy andg, Lg, (p # q) can be written byx? K,y = 0 and3;} K, 3, = 0.

Using the above representations, the minimization probleRY ¢f ¢) is equivalent to findingx and

B3 which minimize
T
( g ) ( —II%JZ%K _I[(iué:.;(fju ) ( g > +MalK,a+ ) 6TK,8

(5) ("9 x5 ) (5)
B 0 KK, B

R(f’g) =

, (6)



under the following orthogonality constraints:

a"Kyon = =a"Kyop_1)=0, B'KpB =-=p"K,pB, , =0.

Taking the differential of equation (6) with respectdoand3 and setting to zero, the solution of
the first vectorsy; and3; can be obtained as the eigenvectors associated with the smallest (hon-
negative) eigenvalue in the following generalized eigenvalue problem:

KyD, K, + MK, —K, A K, o\ K, K, 0 a %)
_K'UAZUKu KUD’UK’U + A2[(11 /6 =° 0 Kva /6
Sequentially, the solutions of vectass, - - -, g andg3,, - - -, B, can be obtained as the eigenvectors
associated witld smallest (non-negative) eigenvalues in the above generalized eigenvalue problem.

4 Relationship with other methods

The process of embedding heterogeneous objects into the same space is similar to correspondence
analysis (CA) [10] and Co-Occurence Data Embedding (CODE) [11] which are unsupervised meth-
ods to embed the rows and columns of a contingency table (adjacency matnx this study) into

a low dimensional Euclidean space. However, critical differences with our proposed method are as
follows: i) the above methods cannot use observed dat@n@® in this study) about heterogeneous

nodes for prediction, because the algorithms are based only on co-occurence informatiom (A

this study), and ii) we need to define a new representation of not only the objects in the training set
but also additional objects outside of the training set. Therefore, it is not possible to directly apply
the above methods to the bipartite graph inference problem.

Recall that the goal of the ordinary CA is to find embedding functipbngé/ — R andy : V — R
which maximize the following correlation coefficient:

corr(¢, ) = Zm‘ I{(us,v;) € E}¢(“i)1//(vj), ®)
iy @(ui)?y /325 do 0 (v)?

whereI{-} is an indicator function which returns 1 if the argument is true or 0 otherwjseresp.

d,,) is the degree of node; (resp.v;), and)_, ¢(u;) = 0 (resp.zj Y (v;) = 0) is assumed [10].

Here we attempt to consider an extension of the CA using the idea of kernel methods so that it can
work in the context of the bipartite graph inference problem. The method is referred to as kernel
correspondence analysis (KCA) below.

To formulate the KCA, we propose to replace the embedding functiorid — Randy : V — R

by functionsf : X — R andg : Y — R, wheref andg belong to the r.k.h.sH;; andHy defined
by the kernelst, on X andk, on ). Then, we consider maximizing the following regularized
correlation coefficient:

_ Zi,j I{(ui, v;) € E}f(2i)g(y;)
COT’T’(f,g) - )
Vi dui f(2:)? + /\1||f|\2\/2j dv, 9(y;)? + Ao lgl[?

where A\; and )\, are regularization parameters which control the trade-off between maximizing
the original correlation coefficient between two features and ensuring that the solution has a small
norm in the r.k.h.s. In order to obtaind&dimensional feature representation and deal with the
scale issue, we propose to iterate the maximization of the regularized correlation coefficient (9)
under orthogonality constraints in the rk.h.s., that is, we recursively defing-tindeaturesf,

andg, forp = 1,---,d as(fp,9,) = argmaxcorr(f,g) under the orthogonality constraints:
fLfi,---, fp—1andgLgs,- -, gp—1 and the normalization constraint$f|| = ||g|| = 1.

©)

Using the function expansions in equation (5) and related matrix representations defined in the pre-
vious section, the maximization problem of the regularized correlation coefficient in equation (9) is
equivalent to findingx and3 which maximize

aTKUA/IIﬂ)KUﬁ
VaTK, D Ko+ haTK,a\ 87K, DK, + VBT K,

corr(f,g) = (20)
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Taking the differential of equation (10) with respectdcand 8 and setting to zero, the solution of
the first vectorgx; and3, can be obtained as the eigenvectors associated with the largest eigenvalue
in the following generalized eigenvalue problem:

0 KuAu'UK'U o o KuDuKu + )\lKu 0 o
K’UA;I;'UKU O ﬁ o p 0 KUDUKU + )\QK’U ﬂ ’

(11)
Sequentially, the solutions of vectass, - - -, g andg3,, - - -, B, can be obtained as the eigenvectors
associated witld largest eigenvalues in the above generalized eigenvalue problem.

The final form of KCA is similar to that of kernel canonical correlation analysis (KCCA) [12, 13],

so KCA can be regarded as a variant of KCCA. However, the critical differences between KCA and
KCCA are as follows: i) the objects are the same across two different data in KCCA, while the
objects are different across two different data in KCA, and ii) KCCA cannot deal with co-occurence
information about the objects. In the experiment below, we are interested in the performance com-
parison between the distance learning in DML and correlation maximization in KCA. A similar
extension might be possible for CODE as well, but it is out of scope in this paper.

5 Experiment

51 Data

In this study we focus on compound-protein interaction networks made by four pharmaceutically
useful protein classes: enzymes, ion channels, G protein-coupled receptors (GPCRs), and nuclear
receptors. The information about compound-protein interactions were obtained from the KEGG
BRITE [14], SuperTarget [15] and DrugBank databases [16]. The number of known interactions
involving enzymes, ion channels, GPCRs, and nuclear receptors is 5449, 3020, 1124, and 199, re-
spectively. The number of proteins involving the interactions is 1062, 242, 134, and 38, respectively,
and the number of compounds involving the interactions is 1123, 475, 417, and 115, respectively.
The compound set includes not only drugs but also experimentally confirmed ligand compounds.
These data are regarded as gold standard sets to evaluate the prediction performance below.

Chemical structures of the compounds and amino acid sequences of the human proteins were ob-
tained from the KEGG database [14]. We computed the kernel similarity value of chemical struc-
tures between compounds using the SIMCOMP algorithm [17], where the kernel similarity value
between two compounds is computed by Tanimoto coefficient defined as the ratio of common sub-
structures between two compounds based on a graph alignment algorithm. We computed the se-
guence similarities between the proteins using Smith-Waterman scores based on the local alignment
between two amino acid sequences [18]. In this study we used the above similarity measures as
kernel functions, but the Smith-Waterman scores are not always positive definite, so we added an
appropriate identify matrix such that the corresponding kernel Gram matrix is positive definite,
which is related with [19]. All the kernel matrices are normalized such that all diagonals are ones.

5.2 Performance evaluation

As a baseline method, we used the nearest neighbor (NN) method, because this idea has been used in
traditional molecular screening in many public databases. Given a new ligand candidate compound,
we find a known ligand compound (in the training set) sharing the highest structure similarity with

the new compound, and predict the new compound to interact with proteins known to interact with
the nearest ligand compound. Likewise, given a new target candidate protein, we find a known target
protein (in the training set) sharing the highest sequence similarity with the new protein, and predict
the new protein to interact with ligand compounds known to interact with the nearest target protein.
Newly predicted compound-protein interaction pairs are assigned prediction scores with the highest
structure or sequence similarity values involving new compounds or new proteins in order to draw
the ROC curve below.

We tested the three different methods: NN, KCA, and DML on their abilities to reconstruct the four
compound-protein interaction networks. We performed the following 5-fold cross-validation proce-
dure: the gold standard set was split into 5 subsets of roughly equal size by compounds and proteins,
each subset was then taken in turn as a test set, and the training is performed on the remaining 4



Table 1: AUC (ROC scores) for each interaction class, wheegi't.”, "train p.”, "test c.”, and "test
p.” indicates training compounds, training proteins, test compounds and test proteins, respectively.

Data Prediction class Nearest neighbor  Kernel correspondence  istagtric
(NN) analysis (KCA) learning (DML)
Enzyme i) testc. vstrain p. 0.6550.011 0.7414+ 0.011 0.843t 0.006
ii) train c. vs test p. 0.75& 0.008 0.839+ 0.009 0.878t 0.003
iii) test c. vs test p. 0.508- 0.000 0.692+ 0.008 0.782+ 0.013
iv) all c. vs all p. 0.684+ 0.006 0.778t 0.008 0.852+ 0.020
lon i) test c. vs train p. 0.712 0.004 0.768+ 0.008 0.800t 0.004
channel i) train c. vs test p. 0.8960.008 0.92°A4 0.004 0.945+ 0.002
iii) test c. vs test p. 0.508- 0.000 0.748t 0.004 0.77H1 0.008
iv) all c. vs all p. 0.770+ 0.004 0.838+ 0.005 0.864+ 0.002
GPCR i) test c. vs train p. 0.714 0.005 0.848+ 0.002 0.882t 0.005
i) train c. vs test p. 0.78% 0.026 0.895+ 0.025 0.936+ 0.004
iii) test c. vs test p. 0.508- 0.000 0.823+ 0.038 0.864+ 0.013
iv) all c. vs all p. 0.720f 0.013 0.866+ 0.015 0.904+ 0.003
Nuclear i) testc. vstrain p. 0.7150.009 0.808+ 0.018 0.832+ 0.013
receptor i) train c. vs test p. 0.6830.010 0.784+ 0.012 0.812+ 0.036
iii) test c. vs test p. 0.508- 0.000 0.670G+ 0.053 0.74'H 0.049
iv) all c. vs all p. 0.675+ 0.004 0.784+ 0.011 0.815+ 0.024

sets. We draw a receiver operating curve (ROC), the plot & pmsitives as a function of false
positives based on various threshalgdsvhere true positives are correctly predicted interactions and
false positives are predicted interactions that are not present in the gold standard interactions. The
performance was evaluated by AUC (area under the ROC curve) score. The regularization parameter
A and the number of featuresare optimized by applying the internal cross-validation within the
training set with the AUC score as a target criterion in the case of KCA and DML. To obtain robust
results, we repeated the above cross-validation experiment five times, and computed the average and
standard deviation of the resulting AUC scores.

Table 1 shows the resulting AUC scores for different sets of predictions depending on whether the
compound and/or the protein were in the initial training set or not. Compounds and proteins in the
training set are called training compounds and proteins whereas those not in the training set are
called test compounds and proteins. Four different classes are then possible: i) test compounds vs
training proteins, ii) training compounds vs test proteins, iii) test compounds vs test proteins, and
iv) all the possible predictions (the average of the above three parts). Comparing the three different
methods, DML seems to have the best performance for all four types of compound-protein inter-
action networks, and outperform the other methods KCA and NN at a significant level. The worst
performance of NN implies that raw compound structure or protein sequence similarities do not
always reflect the tendency of interaction partners in true compound-protein interaction networks.
Among the four prediction classes, predictions where neither the protein nor the compound are in
the training set (iii) are weakest, but even then reliable predictions are possible in DML. Note that
the NN method cannot predict iii) test vs test interaction, because it depends on the template infor-
mation about known ligand compounds and known target proteins. These results suggest that the
feature space learned by DML successfully represents the network topology of the bipartite graph
structure of compound-protein networks, and the correlation maximization learning used in KCA is
not enough to reflect the network topology of the bipartite graph.

6 Concluding remarks

In this paper, we developed a new supervised method to infer the bipartite graph from the viewpoint
of distance metric learning (DML). The originality of the proposed method lies in the embedding of
heterogeneous objects forming vertices on the bipartite graph into a unified Euclidian space and in
the learning of the distance between heterogeneous objects with different data structures in the uni-
fied feature space. We also discussed the relationship with correspondence analysis (CA) and kernel
canonical correlation analysis (KCCA). In the experiment, it is shown that the proposed method
DML outperforms the other methods on the problem of compound-protein interaction network re-
construction from chemical structure and genomic sequence data. From a practical viewpoint, the



proposed method is useful for virtual screening of a huge rmurobligand candidate compounds

being generated with various biological assays and target candidate proteins toward genomic drug
discovery. It should be also pointed out that the proposed method can be applied to other network
prediction problems such as metabolic network reconstruction, host-pathogen protein-protein inter-
action prediction, and customer-product recommendation system as soon as they are represented by
bipartite graphs.
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