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Abstract

Background: Biological processes in cells are carried out by means of protein-protein
interactions. Determining whether a pair of proteins interacts by wet-lab experiments is
resource-intensive; only about 38,000 interactions, out of a few hundred thousand expected
interactions, are known today. Active machine learning can guide the selection of pairs of proteins
for future experimental characterization in order to accelerate accurate prediction of the human
protein interactome.

Results: Random forest (RF) has previously been shown to be effective for predicting protein-
protein interactions. Here, four different active learning algorithms have been devised for selection
of protein pairs to be used to train the RF. With labels of as few as 500 protein-pairs selected using
any of the four active learning methods described here, the classifier achieved a higher F-score
(harmonic mean of Precision and Recall) than with 3000 randomly chosen protein-pairs. F-score of
predicted interactions is shown to increase by about 5% with active learning in comparison to that
with random selection of data.

Conclusion: Active learning algorithms enable learning more accurate classifiers with much
lesser labelled data and prove to be useful in applications where manual annotation of data is
formidable. Active learning techniques demonstrated here can also be applied to other proteomics
applications such as protein structure prediction and classification.

Background to the brain, is characterized by a pathway of interacting
Protein-protein interactions are central to all the biolo-  proteins. Protein-protein interactions (PPIs) play a key
gical processes and structural scaffolds in living organ-  role in the functioning of the cells enabling signalling and

isms. A protein is characterized by its 3-dimensional = metabolic pathways and facilitating structural scaffolds in
structure; and a biological process in which it takes part, ~ organisms [1]. It has been suggested that an interaction
for instance, sensing of light and transmitting that signal ~ network of human proteins can be used to understand
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disease mechanisms [2] and thereby would be useful in
drug discovery. Several high throughput methods such as
Yeast 2-Hybrid (Y2H) and mass spectrometry methods
help determine protein interactions. However these
methods suffer from high false positive rates, and many
protein interaction predictions supported by one method
are not supported by another. For instance around 70% of
the reported interactions identified through Y2H in Yeast
estimated to be false positives [3] and that only around
3% of the protein interactions reported in Yeast are
supported by more than one high throughput method
[4]. In complex organisms like human, applying high
throughput methods to test every possible protein pair
(which is in the order of 10%) would be very expensive in
terms of cost and effort. It is estimated that there are
anywhere between 150,000-600,000 distinct protein-
protein interactions in human; however only ~38000
interactions are known or suspected today (6%-25% of
total) as per the Human Protein Reference Database [2].
Computational methods are therefore necessary to
complete the interactome expeditiously.

Building on several decades of study of individual
proteins relentlessly by biologists and on the advances
in high throughput technologies, today it is possible to
attempt prediction of protein-protein interactions based
on indirect features, and algorithms have recently begun
emerging, in particular methods to develop machine-
learning-based computational models for protein inter-
action prediction. Bayesian classifier [5,6], Random
Forest [6,7], Logistic Regression [6,7], Support Vector
Machines [6] and Decision Tree [6] have been applied
for protein-protein interaction (PPI) prediction. They
apply the available evidence of known interacting
proteins (for labelling the training data) with the indirect
information such as Gene Ontology annotation, gene
expression correlation, sequence homology etc
(for developing features for protein pairs) to predict
PPI. Qi et. al [6] and Lin et. al [7] have both shown that
Random Forest performs the best among the various
classifiers they had evaluated. Qi et. al [6] has suggested
that the randomization and ensemble strategy applied in
Random Forest enable them to handle noise better.

Active machine learning

Experimentally verified protein interactions are costly
and difficult to obtain; therefore, strategies which
minimize the amount of labelled data required in the
supervised learning task would be useful. Active learning
is a type of supervised learning wherein the system
selects the data points whose labels would be most
informative in the learning task - i.e. selects which
protein-protein interactions to validate or refute in the
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laboratory. Instead of learning from a large pool of
labelled data, the algorithm starts by processing all the
unlabeled data, and asking for labels of select few data
points. An oracle (i.e., a lab experiment) returns the
labels (i.e. interactions) for these data points and they
are employed by the algorithm to update the classifica-
tion function.

Common strategies employed for performing data
selection in active learning [8] are density based, where a
set of data points from dense regions are selected for
labelling [9,10]; or uncertainty based, where data points
with maximum confusion or uncertainty with current
classifier are selected [11,12]; or representative based, in
which data points most representative of the data set are
selected [13]; or estimated-error reduction based, where
data points which offer maximal estimated error reduc-
tion to the classifier are selected [15,20]; or ensemble
based in which multiple criteria are employed and
typically outperform single-strategy methods [14-16].
For instance, some active learning approaches combine
density-based and uncertainty based strategies to achieve
better performance. In general, supervised machine
learning attempts to minimize a regularized loss (or
error function) using an Lo-norm (minimum number of
errors), L; (minimum sum of errors), or L, (least-
squares) and a decision-surface complexity measure to
avoid over-training, i.e. the learned predictor (decision
function) f* may be characterized as:

f=argmin| Y [, - £;E)] + B

fieF | %D

In the above, X; are the values of the features for
instance i, y; is the real label (or score), f(x;) is the
predicted label (or score), D is the training data, and F is
the set of possible predictor functions (e.g. decision
forests). For non-numeric labels 0-1 loss is typical. Active
learning builds on this criterion, by attempting to select
the next X,,; from the universe of possible instances
such that if we knew its true label y;,; we could
maximally improve our estimate of the best f*.

Clustering is a common pre-processing step to select the
representative data points. Clustering techniques applied
for active learning include K-means [17] and K-medoids
[8,18] algorithms. Uncertainty strategies include select-
ing data points closest to decision boundary of the
classifier as in [19], where the data points closest to the
decision hyperplane of the SVM classifier are selected for
labelling. Roy and McCallum [20] apply active learning
with a Naive Bayes classifier. Here the samples (data
points) which on labelling would offer maximum
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reduction in expected error are selected. Lewis and Gale
[21] train a Naive Bayes classifier in combination with a
logistic regression with an initial set of labelled samples.
In every iteration unlabelled samples which have
maximum uncertainty in class assignment based on the
current classifier are selected for labelling. DeBarr and
Wechsler [8] perform uncertainty sampling using a
Random Forest classifier for spam detection. Samples
which are assigned a close-to-0.5 probability of being
spam by the current Random Forest classifier are selected
for labelling in the next iteration. Davy and Luz [22]
perform history-based uncertainty sampling with a
committee of recently-trained classifiers. In each current
iteration, samples which have maximum disagreement
among the classifiers in the committee are selected. This
method was shown to perform better for the problem of
text categorization in comparison to active learning
which just uses the classifier built with current set of
labelled data to do uncertainty sampling [22]. Several
approaches combine density based sampling and uncer-
tainty based sampling to improve performance [23,24].
These methods select samples which are closer to the
decision boundary and are good cluster representatives
and therefore also sample high-density regions.

Methods

Datasets and feature descriptors

We use the dataset created and made available by Qi et.
al for evaluation of active learning algorithms developed
[25]. At the time of compilation of the data, 14600 pairs
of proteins were known to interact; these pairs are
referred to as positive pairs. A set of 400,000 pairs not
overlapping with the positive pairs were generated
randomly. These pairs, referred to as random pairs are
considered to be non-interacting pairs, as the probability
of a randomly generated pair to be interacting is less
than 1 in 1000 [5,26]. Of the newly discovered
interactions, only 27 are found among the 400,000
randomly generated pairs.

Prediction of PPIs is setup as a binary classification task:
each feature vector corresponds to a pair of proteins and
it is classified as interacting or non-interacting. The
feature vectors were computed by Qi et. al for both the
interacting pairs and random pairs [25]. The vectors have
27 dimensions and contain features corresponding to
Gene Ontology (GO) cell component (1), GO molecular
function (1), GO biological process (1), co-occurrence in
tissue (1), gene expression (16), sequence similarity (1),
homology based (5) and domain interaction (1), where
the numbers in brackets correspond to the number of
elements contributed by the feature type to the feature
vector. The GO features measure similarity of two genes
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based on the similarity between the terms they share in
the Gene Ontology database. Three GO features were
generated one each for the biological process, molecular
function and cell component respectively. The 16 gene
expression features were computed as the correlation
coefficients of the protein pair using sixteen gene
expression datasets in NCBI Gene Expression Omnibus
database. The ‘tissue feature’ is a binary feature indicat-
ing whether the two proteins are expressed in the same
tissue. Sequence similarity feature was obtained by
measuring the BlastP sequence alignment E-value for
the protein pair. In ‘domain interaction feature’ the
interaction probability of a protein pair is measured
based on the interaction probability of the domains
present in the two proteins. The 'homology PPI feature’
is estimated based on whether proteins homologous to
the given pair of human proteins, interact in other
species (such as Yeast, etc.) or not. The details of Qi et
al’s compilation of these features may be found in their
supplementary website [25].

Not all types of features are available for each protein-
pair. In other words, for several protein pairs, the feature
vectors contain several missing values (as shown in
Figure 1). Some pairs have feature vectors with 80%
missing values (only 20% of feature types being
available), while some pairs have values for all the
feature types (100% feature coverage). In order to
maintain balance of feature coverage between positive
and random pairs (see Results section for details), a
homogenous subset of data has been created such that
every pair has more than 80% feature-coverage; (the
challenge of coping with instances exhibiting very low
feature coverage is, in general important but a separate
investigation). This subset is used in this algorithm
development and evaluation. This homogenous subset
has 55,950 protein pairs in total. 10,000 protein pairs
were selected randomly from this for training and
another 10,000 for testing.

Further, the positive and negative pairs are combined in
a ratio of 20%-80% (rationale is described in Results).

Evaluation metrics

Precision is measured as the fraction of correctly predicted
protein interactions among all the pairs predicted by the
classifier to be interacting. Recall is the fraction of the
interacting protein pairs which the classifier is able to
correctly identify as interacting pairs. F-score is the
harmonic mean of precision and recall. F-score measures
the accuracy of the method by combining both precision
and recall values. Hence it can be used as the measure to
compare the accuracy of the methods.
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Coverage and completeness of features. Each row corresponds to the feature vector for a protein pair. The feature
vector has 27 elements corresponding to the various features such as Gene Ontology features, Gene Expression features,
tissue feature etc. A feature element whose value is present is shown as a shaded box. A feature element whose value is
missing is shown as a white box. Some vectors have very few missing values (high completeness). Typically these belong to
interacting pair of proteins. On the other hand, many vectors have several missing values, and typically they correspond to
negative (random) pairs. Some feature types (columns), such as tissue feature have low-coverage (many missing values), while
some feature types such as gene expression have high-coverage (less missing values).

Random forest classifier

A random forest (RF) trains a set of decision trees on
subsets of features. A majority vote of the decision trees is
taken as the label of each test point. During the
construction of a decision tree, for splitting each node, a
subset of n out of the total N features is selected randomly,
and the feature with maximum information gain out of the
n is used to split the node. In this work, a random forest
with 20 decision trees is constructed; to split the nodes, a
subset of 7 features is selected from the total of 27. Of the 7
selected features, the feature offering maximum informa-
tion gain is used to split that node. Random tree
implementation of the Weka Package was used to create
the decision trees in the Random Forest [27]. Minimum
number of samples in each leaf node was set to be 10.

Active learning data selection strategies
To test the active learning component, all data is taken to
be unlabeled data, and the active learning method asks

for labels iteratively, based on the distribution of
instances (protein pairs) and the learned decision
function that is refined at each iteration. This process is
repeated until the maximum number of labels is reached
(usually called the “labelling budget”). In all the
different types of data selection described below, labels
are asked for 250 points in each iteration, and a total of
12 iterations are computed resulting with a total of 3000
acquired labels. In other active learning experiments the
number of iterations equals the number of label
requests; we reduce the number of iterations to reduce
classifier retraining.

A. Baseline - random data selection

A Random Forest was constructed for 3 training data that
differ from each other in the ratio of positive pairs they
contain: 1%, 20% and 45% positive pairs respectively.
Size of training data is incremented from 250 to 3000
pairs in steps of 250 pairs at a time. The 250 pairs in each
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iteration are selected randomly from the overall 10,000
data points assembled for training. A random forest is
retrained in each iteration, and performance on the test
data is evaluated

B. Density based

In this active learning technique, the data is clustered by a
K-means algorithm. Labels are requested for a fixed
number (S) of data points in each iteration. The selected
points are distributed across the clusters in proportion to
the size of the cluster. Let n; be the number of data points
in cluster C; and N be the total data size. Then, s;, the
number of points to be selected from cluster G; is given by

Si:S*ni/N
and,

S:

i

Si

K
=1
In each cluster C;, s; unlabelled data points closest to the
centroid are selected and their labels are asked. The Weka

Package [27] was used to implement the K-means
clustering.

C. Uncertainty based (random seed)

In this active learning strategy, in the first iteration, the
data whose labels are asked is selected randomly. A
random forest is built with that data. In the following
iterations, the data points selected for labelling are those
which have maximum disagreement among the decision
trees in the random forest. The entropy (confusion) in
labelling the data point (protein pair) is measured as

e;=— Y pilog(p)

i€(0,1)

where, po is the fraction of the decision trees in the
Random forest that label the protein pair as non-
interacting, and p, is the fraction that label the protein
pair as interacting.

In each iteration, 250 data points with the maximum
confusion are selected and their labels are obtained.
These are added to the existing set of labelled data and a
new random forest is trained from this data. This new
random forest is used in the next iteration for selecting
the maximal-confusion points.

D. Uncertainty based (density-based seed)
This method is same as the previous method, except that in
the first iteration, the data is selected by density (by
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performing K-means clustering as described in the ‘density
based’ method) as opposed to selecting randomly.

E. Uncertainty based with history

This method is based on the technique proposed by
Davy and Luz [22] in which entropy (confusion) is
measured as the disagreement among the past ‘m’
predictions for a sample. We consider the past 3
predictions to measure confusion. The computation is
carried out as follows:

Pio(x) = probability that the protein-pair X' is non-
interacting according to the i classifier.

P;;(x) = probability that the protein-pair X’ is interacting
according to the i classifier.

where, i € [1, m]

Pao(x) = average probability that the protein-pair ‘X' is

non-interacting according to past ‘m’ classifiers.

PA1(x) = average probability that the protein-pair X' is
interacting according to past ‘m’ classifiers.

Confusion is measured as the sum of relative entropy
between the average prediction values and the individual
classifier predictions.

Confusion (x) = Z Z pi; * 1og(pij / p4)

i=1 j=(0,1)

This method requires that the first ‘m’ classifiers be built
by some other mechanism; subsequent iterations select
data points using the confusion metric described above.
Since ‘uncertainty based - density-based seed performed
best among other methods (see Results section), the first
‘m’ classifiers were built using this technique.

Results and discussion

Coverage of feature space of proteins-pairs

As a first task in understanding the characteristics of the
feature-space, we studied the coverage of each of the
features (i.e. the percentage of protein pairs for which
that feature value is available). The data analyzed here
was the entire set as created and made publicly available
by Qi et al [28]; there are 14,600 interacting pairs
(hereafter referred to as positive pairs) and 400,000
random pairs (see Methods). The feature vectors were of
27 dimensions. Figure 2 shows the number of protein-
pairs for which each of features is available (separately
for positive and negative pairs, and shown as percen-
tage). As can be seen, each of the features is available for
a large percentage of positive pairs, but for only about
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Availability of each of the features for interacting
(positive) pairs and random pairs. X-axis shows the 27
features that were considered by Qi et al [25] for PPI
prediction in human. For each feature, along Y-axis it is
shown what percentage of the positive and random pairs
have that feature value available. For instance, 9" feature is
available for only 23% of random pairs, but it is available for
nearly 90% of positive pairs.

20-40% of random pairs. An exception is the gene-
expression type of features which are available for all the
protein-pairs. There are fewer missing values for positive
pairs compared to random pairs (see Figures 1 and 2).

Figure 3 shows how complete the feature vectors are for
positive and random pairs. Along x-axis we have “how
complete” the feature vectors are (of the 27 features in
the vectors), and corresponding to each value, we have
on y-axis the percentage of protein-pairs with that
amount of coverage. The percentages are computed
separately for positive and random pairs. For positive
pairs, most vectors are >60% complete (i.e. values of
60% of the feature types are available in the feature
vector) and nearly 20% have all 27 features present
(100% coverage). On the other hand, a large number of
the random pairs have only 20% feature elements and
nearly none at all with 100%. Therefore, the classifier
may learn the pattern of the missing values, rather than
learning the biological rules represented by features.

A small experiment has been carried out to estimate
whether the feature-coverage is significantly different
between the two classes. The elements in the feature
vectors were replaced with 1's and 0’s corresponding to
“feature-present” and “feature-absent” respectively. In
other words, if the Gene Ontology Localization value is
known, then that feature is set to 1, irrespective of what
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Figure 3

Completeness of feature vectors in interacting
(positive) pairs and random pairs. X-axis shows
completeness of a feature vector as a percentage (i.e., what
percent elements in the vector are non missing values). For
each percentage value on x-axis, along Y-axis is shown the
number of positive or random pairs that have feature vectors
of that completeness. For example, 20% of positive pairs
have 90% complete feature vectors but only 1% of random
pairs have that high completeness of feature vectors.

the Localization is. A random forest is trained on these
new feature vectors. We call this new feature vector as the
‘coverage vector’. This too has 27 dimensions, corre-
sponding to each of the 27 elements in the original
feature vector. The results of random forest classifier on
these binary coverage vectors were: precision of 60%,
recall of 56% and F-score of 58%, whereas the accuracy
on the original feature vector was precision of 90%,
recall of 13% and F-score 23%; the coverage vectors
yielded better accuracy than actual feature vectors. It is
shown that the coverage-vectors perform better than feature-
vectors in classifying protein-pairs as positive or random.

The reason for this may be that a protein pair that is
experimentally verified to be interacting is sufficiently
important that it would also most likely have been
characterized by several experiments, thereby contribut-
ing to several feature values being ‘present’ in the
protein-pair vector.

In order to estimate the true capability of the learning
algorithm to predict interactions without an indirect bias
introduced due to feature-coverage, a subset of the
dataset with every point having at least 80% feature
coverage is created and used for the experiments in this
work. In other words, all the feature vectors in this new
dataset contain at least 22 out of the 27 features.
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Experimental setup

The training dataset containing 20% positive pairs has been
selected for evaluating all the active learning algorithms.
This is because in nature, the ratio of positive pairs is lower
in comparison to non interacting pairs. However, as
described in results section, when the percentage of positive
pairs in the training data (containing few thousand pairs) is
very low (say 1%), the recall is extremely poor. This is
another open challenge in this domain, which is not
addressed in this work. To evaluate capability of active
learning in comparison to non-active learning method, we
chose the training dataset with 20% positive pairs.

Each method was initialized with 250 labelled protein
pairs. In K-means clustering, K, the number of clusters is
chosen to be 50. This value was chosen by trial and error.
Labels are asked for 250 data points per iteration by each
algorithm. With the updated labelled data, a random
forest is trained and its performance is evaluated on the
test data in each iteration.

Each of the algorithms is executed 5 times and the results
are averaged. This is done because in two of the
methods, the initial data is chosen randomly and
hence performance could vary based on the initial data
selected. Further, building the random forest involves
selecting a random subset of features at every node in
each decision tree, and there could be performance
variation between each build of the random forests.
Computing an average over multiple runs provides more
reliable measures for comparing the performance.

Performance comparison

The five algorithms described above were evaluated on the
training and test data described above. The precision, recall
and F-score for the various methods were computed.

Figure 4, shows the precision values for the 5 methods at
every iteration. Figure 5 shows the recall values and
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’ ~—e—Uncertainty based - density
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250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Data Points
Figure 4
Precision. The X-axis has the number of labeled data points
and Y-axis the precision values for the various algorithms.
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Recall. The X-axis has the number of labeled data points and
Y-axis the recall values for the various algorithms.

Figure 6 the F-score for the different methods. It can be
seen that all the 4 active learning methods attain a much
higher F-score even at 500 data points compared to the
‘Random’ method at 3000 data points. This shows the
effectiveness of the active learning strategies in obtaining
better accuracy with much lesser requirement for labelled
data. The results show that increasing the percentage of
positive pairs in the training set from 1% to 20% brings
considerable increase in Recall and thereby F-score. A
trade-off between recall and precision is observed with
the active learning methods having lesser precision but a
higher recall than ‘Random’. We further analyzed the
reasons behind precision being lower for Active Learning
methods. Uncertainty based methods tend to select a
large percentage of interacting proteins for labelling in
every iteration, in comparison to random selection. This
is likely because the seed data is more biased towards
‘non-interacting’ pairs (as they dominate the training
data), the classifier has not learnt well enough the
characteristics of ’‘interacting’ pairs and therefore has
more confusion with respect to classifying interacting
pairs. Figure 7 shows the percentage of ‘interacting pairs’

—+—Random (1% interacting pairs)
~—&—Random (20% interacting pairs)

#— Random (45%interacting pairs)

——Density based

—=—Uncertainty based - random seed

F-Score
o
b
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250 500 750 100012501500175020002250250027503000
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Figure 6

F-score. The X-axis has the number of labeled data points
and Y-axis the F-score values for the various algorithms.
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selected by each method in each iteration, with 500
points being selected in each iteration. The uncertainty
based method with random seed chooses the highest
percentage of ‘interacting pairs’. At around 3000 data
points, nearly 45% of the data points chosen so far were
interacting pairs The larger share of interacting pairs in
training data naturally leads to a better learning of the
‘interacting set (positive pairs)’ leading to higher recall
(Figure 5), but the decrease in non-interacting pairs in
training leads to increase in false positives (‘non-
interacting pairs’ getting classified as ‘interacting’) lead-
ing to decrease in precision (Figure 4). To test this
reasoning we applied the ‘random’ method on a dataset
containing 45% (same as the maximum percentage
chosen by any AL method) interacting pairs. The results
show that rTandom selection with 45% positive pairs in
training’ leads to a considerable drop in precision, but
increase in recall (Figure 4 &5). AL methods continue to
perform superior to this random selection, as these
methods pick data points that are more informative.

The ‘density based” method achieves its maximum F-score
value at around 500 data points. This method achieves a
recall of around 47% at 500 labelled samples but there is
no significant improvement further. This is likely
because 250-500 data points selected from the centres
of the clusters is sufficient to represent the data
distribution. Further samples do not seem to provide
additional information. This method however gives a
lower precision in comparison to ‘Random’ and other
active learning methods. On analysis we find the
clustering of the data to be not perfect. In the training
dataset, all the clusters on average have 83.4% purity,
while the clusters which are dominated by interacting
pairs have 77.5% purity on average. Further since most
of the clusters are dominated by non-interacting pairs
(due to the higher proportion of non-interacting pairs in
training data), 64.55% of the interacting pairs actually lie
in clusters dominated by non-interacting pairs. These
issues limit the maximum performance which can be
obtained using a purely clustering based approach.

In the ‘uncertainty based method with random seed’, recall
almost doubles in the first active learning iteration (i.e.
from 250-500 data points) (Figure 5). This causes the F-
score to move above 0.5 from around 0.3. In the first
iteration however there is a drop in precision. As
described earlier this is due to the fact that uncertainty
based method tends to select large number of interacting
pairs. 65% of the data points selected by this active
learner in the first iteration (first 250 points selected by
this method) are interacting pairs, much higher than the
proportion in the data set. However, in the following
iterations there is a gradual increase in precision which
reaches 78.5% at 3000 data points (Figure 4).
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The ‘uncertainty based method with density based seed’ gives
a higher F-score in comparison to the uncertainty based
random seed. It may be seen that selecting the seed not
randomly but based on density, increases recall as
expected (Figure 5) (as it enables a better representation
of underlying data distribution) thereby leading to a
better F-score.

The ‘uncertainty based method with history’ performs the
best in terms of F-score and recall. A history of past 3
predictions (m = 3) of the data points are taken into
account. Unlike the other active learning methods in
which the F-score does not show improvement after the
first few iterations, ‘uncertainty based method with history”
has a consistent increase in F-score. It achieves 60% F-
score at 3000 labelled data points, with a recall of 51%
and precision of 73%.

Conclusion

Four different active learning algorithms were evaluated
for the protein-protein interaction prediction task. The
results show that active learning enables better learning
with less labelled training data. Density based method
improved recall by selecting data that is representative of
the unlabeled set. Applying a density based seed data
improves performance over using a random seed data in
the confusion-based techniques. It is interesting to see
that measuring disagreement among the past predictions
(‘uncertainty based with history”) performs better than just
confusion in predicting label of a sample with respect to
the current classifier (‘uncertainty based - random/density
based seed data’). The maximal entropy based methods
seek labels for a large number of interacting-proteins in
each iteration (Figure 7), despite the fact that the
interacting proteins are in low proportion in the overall
unlabeled set. This enables faster learning of the rules/

60

50
—+—Random (20% +ve pairs)

40 y
—&—Density based

30 «~Uncertainty based - random
seed

——Uncertainty based - density
based seed

——Uncertainty based with history

20 +

% interacting pairs added

500 1000 1500 2000 2500
Data Points

Figure 7

Percentage positive pairs selected. X-axis shows the
iteration number. Y-axis shows the percentage of positive
pairs out of a total of 500 pairs selected in the corresponding
iteration.
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characteristics defining positive interactions showing the
suitability of these methods for the protein interaction
prediction problem where the ratio of interacting pairs is
very low in comparison to non-interacting pairs.

Many of the human protein-protein interactions still
remain undiscovered. Understanding the human protein
interactome can play a major role in the study of diseases
and drug discovery [2]. The active learning methods
described here achieve a higher accuracy by choosing the
most informative protein pairs for labelling. The algo-
rithms can be applied to select candidate protein-pairs
whose interaction status if determined experimentally
can aid in accurately predicting several other interactions
computationally. This method can help in reducing the
cost and effort building the human protein interactome,
by substantially reducing the number of new in-vitro
experiments required to determine specific p-p interac-
tion pairs.

Competing interests
The authors declare that they have no competing
interests.

Authors’ contributions

Algorithm development was carried out by TPM and
MKG, in consultation with JGC. Implementation of the
algorithms has been carried out by TPM. Manuscript has
been prepared by TPM and MKG and has been reviewed
by JGC.

Acknowledgements

Authors would like to thank Geet Garg for programming assistance in
computing the coverage values of feature vectors. MKG’s work has been
partially funded by Department of Defense Henry M. Jackson Foundation
grant for Gynecological Diseases Program W8I XWH-05-2-0005.

This article has been published as part of BMC Bioinformatics Volume ||
Supplement |, 2010: Selected articles from the Eighth Asia-Pacific
Bioinformatics Conference (APBC 2010). The full contents of the
supplement are available online at http://www.biomedcentral.com/1471-
2105/1 I?issue=Sl1.

References

I.  Alberts B: Molecular biology of the cell.New York: Garland Pub;
31994.

2. Rual JF, Venkatesan K, Hao T, Hirozane-Kishikawa T, Dricot A, Li N,
Berriz GF, Gibbons FD, Dreze M and Ayivi-Guedehoussou N, et al:
Towards a proteome-scale map of the human protein-
protein interaction network. Nature 2005, 437(7062):
1173-1178.

3. Deane CM, Salwinski L, Xenarios | and Eisenberg D: Protein
interactions: two methods for assessment of the reliability
of high throughput observations. Mol Cell Proteomics 2002,
1(5):349-356.

4.  von Mering C, Krause R, Snel B, Cornell M, Oliver SG, Fields S and
Bork P: Comparative assessment of large-scale data sets of
protein-protein interactions. Nature 2002, 417(6887):399-403.

5. Jansen R, Yu H, Greenbaum D, Kluger Y, Krogan NJ, Chung S,
Emili A, Snyder M, Greenblatt JF and Gerstein M: A Bayesian

17.
18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

http://www.biomedcentral.com/1471-2105/11/S1/S57

networks approach for predicting protein-protein interac-
tions from genomic data. Science 2003, 302(5644):449—453.
Qi Y, Bar-Joseph Z and Klein-Seetharaman J: Evaluation of
different biological data and computational classification
methods for use in protein interaction prediction. Proteins
2006, 63(3):490-500.

Lin N, Wu B, Jansen R, Gerstein M and Zhao H: Information
assessment on predicting protein-protein interactions. BMC
Bioinformatics 2004, 5:154.

DeBarr D and Wechsler H: Spam Detection using Clustering,
Random Forests, and Active Learning. Sixth Conference on Email
and Anti-Spam. Mountain View, California 2009.

McCallum A and Nigam K: Employing EM and Pool-based
Active Learning for Text Classification. International Conference
on Machine Learning (ICML): 1998 1998, 359-367.

Nguyen H and Smeulders A: Active Learning using Pre-
clustering. International Conference on Machine Learning (ICML):
2004 2004, 623-630.

Campbell C, Cristianini N and Smola A: Query Learning with
Large Margin Classifiers. International Conference on Machine
Learning (ICML): 2000 2000, 111-118.

Tong S and Koller D: Support vector machine active learning
with applications to text classification. Proceedings of Interna-
tional Conference on Machine Learning 2000, 999—-1006.

XuZ, YuK, Tresp V, Xu X and Wang |: Representative Sampling
for Text Classification Using Support Vector Machines.
Advances in Information Retrieval: 25th European Conf on IR Research
ECIR 2003: 2003; Italy 2003.

Baram Y, El-Yaniv R and Luz K: Online Choice of Active
Learning Algorithms. International Conference on Machine Learning
(ICML): 2003 2003, 19-26.

Donmez P, Carbonell | and Bennett P: Dual-Strategy Active
Learning. European Conference on Machine Learning (ECML): 2007;
Warsaw, Poland 2007.

Melville P and Mooney R: Diverse Ensembles for Active
Learning. International Conference on Machine Learning (ICML):
2004 2004, 584-591.

Tang M, Luo X and Roukos S: Active learning for statistical
natural language parsing. ACL 2002. Philadelphia, PA, USA 2002.
Shen X and Zhai C: Active Feedback in Ad Hoc Information
Retrieval. 28th Annual International ACM SIGIR Conference on
Research and Development in Information Retrieval (SIGIR’05) 2005,
59-66.

Campbell C, Cristianini N and Smola A: Query Learning with
Large Margin Classifiers. Proceedings of the Seventeenth Interna-
tional Conference on Machine Learning (ICML-2000) Morgan Kaufman;
2000.

Roy N and McCallum A: Toward optimal active learning
through sampling estimation of error reduction. Proceedings
of the [8th International Conference on Machine Learning Morgan
Kaufman; 2001.

Lewis D and Gale WA: A sequential algorithm for training text
classifiers. Proceedings of SIGIR-94, | 7th ACM International Conference
on Research and Development in Information Retrieval 1994, 3—12.
Davy M and Luz S: Active learning with history-based query
selection for text categorisation. ECIR 2007 Springer; 2007,
4425:695-698.

Nguyen HT and Smeulders A: Active learning using pre-
clustering. Proceedings of the twenty-first international conference on
Machine learning. Banff, Alberta, Canada 2004, 79.

Pinar Donmez JGC and Bennett N Paul: Dual Strategy Active
Learning. Proceedings of the |8th European conference on Machine
Learning. Warsaw, Poland 2007.

Qi Y, Klein-Seetharaman | and Bar-Joseph Z: A mixture of feature
experts approach for protein-protein interaction prediction.
BMC Bioinformatics 2007, 8(Suppl 10):S6.

Tong AH, Lesage G, Bader GD, Ding H, Xu H, Xin X, Young |,
Berriz GF, Brost RL and Chang M, et al: Global mapping of the
yeast genetic interaction network. Science 2004, 303(5659):
808-813.

Witten IH and Frank E: Data mining: practical machine
learning tools and techniques.Amsterdam; Boston, MA: Morgan
Kaufman; 22005.

Qi Y, Klein-Seetharaman ] and Bar-Joseph Z: Random forest
similarity for protein-protein interaction prediction from
multiple sources. Pac Symp Biocomput 2005, 531-542.

Page 9 of 9

(page number not for citation purposes)


http://www.biomedcentral.com/1471-2105/11?issue=S1
http://www.biomedcentral.com/1471-2105/11?issue=S1
http://www.ncbi.nlm.nih.gov/pubmed/16189514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16189514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12118076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12118076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12118076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14564010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14564010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14564010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16450363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16450363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16450363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15491499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15491499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14764870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14764870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15759657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15759657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15759657?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Active machine learning

	Methods
	Datasets and feature descriptors
	Evaluation metrics
	Random forest classifier
	Active learning data selection strategies
	A. Baseline - random data selection
	B. Density based
	C. Uncertainty based (random seed)
	D. Uncertainty based (density-based seed)
	E. Uncertainty based with history


	Results and discussion
	Coverage of feature space of proteins-pairs
	Experimental setup
	Performance comparison

	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

