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Abstract

The Gene Ontology (GO) is a controlled vocabulary
of terms to describe protein functions. It also includes a
hierarchical description of the relationships among the
terms in the form of a directed acyclic graph (DAG).
Several systems have been developed that employ pat-
tern recognition to assign gene function, using a va-
riety of features, including sequence similarity, pres-
ence of protein functional domains and gene expression
patterns, but most of these approaches have not con-
sidered the hierarchical structure of the GO. The DAG
represents the functional relationships between the GO
terms, thus it should be an important component of an
automated annotation system. We propose a Bayesian,
multi-label classifier that incorporates the relationships
among GO terms found in the GO DAG. A comparative
analysis of our method to other previously described
annotation systems shows that our method provides im-
proved annotation accuracy when the performance of
individual GO terms are compared. More importantly,
our method enables the classification of significantly
more GO terms to more proteins than were previously
possible.

1. Introduction

The development of automated methods for the an-
notation of predicted gene products (proteins) with
functional categories is becoming increasingly impor-
tant, in order to present genome sequences and genome
annotations to biologists in a useful way. Thus, many
systems to perform protein functional annotation have
been developed that employ various sources of protein
information as features, including protein functional
sites [5], sequence similarity [6, 8, 13], gene expression
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patterns [9], and others. Controlled vocabularies such
as the Gene Ontology (GO) are also becoming increas-
ingly important for automated annotation methods.

Often, automated gene annotation methods ignore
the hierarchical nature of the controlled vocabulary in
order to simplify the classification problem [5, 6,9, 13].
However, several authors have recently used hierarchi-
cal information for gene function annotation [2, 4, 7].
In a comparative analysis, Eisner et al. [4] report that
the training set including hierarchical information out-
performed similar data in which the hierarchical nature
of the data was ignored. In another study, Shahbaba
and Neal [12] describe three multinomial logit models
although the hierarchy used in this study was a simple
tree-like structure in which each node has only one par-
ent. This approach is not sufficient to apply to GO, since
GO employs a Directed Acyclic Graph (DAG) in which
each node may have multiple parents. King et al. [7]
predict gene function based on the relationship between
GO annotations using decision trees and a Bayesian net-
work. Barutcuoglu et al. [2] also used a Bayesian net-
work for the purpose of developing a multi-label anno-
tation method, overcoming the shortcoming of incon-
stancy between the child and parent annotations by pre-
venting child terms from being annotated if the parent
is not annotated [3].

Our approach uses the GO DAG scheme to repre-
sent a Bayesian network in which the GO terms repre-
sent nodes. Using training data consisting of annotated
proteins, we calculate the prior probability of each GO
term and each linked parent GO term and the condi-
tional probability of each InterPro term at each node.
To assign GO terms to unlabeled proteins, we compute
the Bayesian probability of each GO term, beginning at
the root node of the network. GO terms are assigned re-
cursively by following edges to the child nodes. When
the probability of a GO term is below a threshold, we



stop testing the child nodes. In the last step, we ap-
ply a filter that removes annotations on the basis of the
relationship between the GO terms and the feature set.
The results of comparative tests show that, compared
to non-hierarchical protein domain annotation methods,
our method provides more accurate annotations.

2. Methods
2.1. Data sources

In this study we employ InterPro ! terms as features,
which reflect the presence of conserved functional do-
mains in the proteins. The data set is composed of anno-
tated protein sequences from the UniProt database [1].
Each protein has one or more InterPro terms, since our
method employs InterPro terms as features. Each pro-
tein has previously been annotated with one or more
GO terms using a variety of methods. We removed pro-
teins that lack GO annotations and annotations with the
evidence code “Inferred from Electronic Annotation”
(IEA) which represent annotations derived from other
automated annotation methods. The remaining annota-
tions are those that have been reviewed by subject mat-
ter experts. With this data set, two matrices are created,
which are GO(i, k) and I PR(i, j), where i is the num-
ber of proteins, & is the number of GO terms and j is
the number of InterPro terms. The matrix I PR is the
InterPro term matrix, so, if the ith protein has the jth In-
terPro term, I PR(z, j) is a binary value indicating the
presence of the functional domain. The GO matrix is
also built in the same way, that is, the sth protein has
the kth GO term, and is a binary value representing the
presence of the functional category. Since our interest
is in the annotation of proteins from fungi, the data set
used in this project are proteins from fungi and is com-
posed of 6711 proteins, 3339 InterPro terms, and 3096
GO terms.

Each node in the GO structure represents a protein
function which is more specific, but related to the func-
tion of the parent nodes to which is connected. Nodes
with higher positions in the GO structure represent
more general functions, while nodes lower in the struc-
ture represent more specific functions, thus, parent GO
terms may also be used to describe a protein’s function.
For example, GO: 0044249 in Fig. 1 has two parent
terms, GO: 0009058 and GO:0044237, which have
more general functions than GO:0044249. If a pro-
tein is annotated with GO: 0044249 then by inference,
the protein’s function can also be described by the par-
ent nodes (GO:0044237,G0:0008152 as well as all
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Figure 1. The hierarchical structure of the
Gene Ontology
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the linked parent terms. Hence, this protein’s function
can be described by the set of all GO terms except for
the white colored GO terms in Fig. 1. GO:0005186
and GO:0006790 would not be included in the data
set, since they are neither original GO terms nor a GO
terms’ parent. Finally, £ in the matrix G is the list of
not only original GO terms that are found in the train-
ing data set but also all parent terms of the original GO
terms.

For evaluation purposes, we hold out 10% for the
validation and the remaining 90% is used for training
set. Hence, 6033 proteins are used for training set which
calculate the probability of the InterPro term given the
true of false GO term, where each feature is independent
in each classifier.

2.2. Algorithm

The structure of the Bayesian network is determined
by the DAG of the Gene Ontology project, which is ulti-
mately determined by subject matter experts. Given the
training data, consisting of proteins that have also been
annotated with GO terms by subject matter experts, we
compute the prior probability of of each node. Using the
InterProScan application [10], InterPro terms can be au-
tomatically assigned to proteins, thus, we can compute
the conditional probability of each InterPro term at each
node in the network.

To infer GO terms for unannotated proteins, two
steps are performed. First, the InterProScan applica-
tion is used to assign InterPro terms to proteins. Next,
the Bayesian probability for each GO term is calculated
given the InterPro terms as shown in (1).

v

P(Xictrry, - Xictrry) = H P(X;|Par(X;)) (1)

i=1



,where X; is ¢ GO term in the network and Par is the
probability of the parent terms. P(X;) can be expressed
as (2) and the conditional probability of (1) can be in-
ferred from the training set and the probability given the
InterPro term. M is the set InterPro terms determined
by InterProScan and Z is the normalized constant value.
Each InterPro term I; is independent I;(j # ), thus we
can get conditional probability by the multiplication.

Gi)P(Ii,--- ,Im|Gi)
Z

P(X.) = P(CilTh, - Tar) = 21
2)

We calculate the Bayesian probability of the pres-
ence of each GO term, in a protein’s annotation, vs. its
absence, beginning with the root node. If the proba-
bility of the presence of the GO term is larger than the
probability of its absence, we assign the GO term and
recursively compute the probability of the child terms.
If the probability of the absence of the GO term is larger,
then we do not assign the GO term to the protein and do
not test the child terms.

After the candidate GO terms are determined, a fil-
tering step as previously described [5] is applied. From
all the proteins in the training data set we make a list
of the occurrence pair between the InterPro terms and
GO terms. Then, we examine the candidate GO term
and the assigned InterPro term for the protein and de-
termine if a InterPro term-GO term exists in the list. If
there is not a InterPro term-GO term pair in the list, then
the GO term is removed from the list. This filtering step
serves two purposes. 1) It prevents higher level parent
GO terms that do not exist in the training set from being
assigned to annotated proteins. While such higher level
terms may have some utility, depending on the type of
downstream sequence analysis, we felt it was impor-
tant not to allow the annotation system to transitively
assign higher level, and less informative annotations to
new proteins. 2) Protein functional domains are deter-
minants of function, so we would expect that most of
the information present in this data set to exist as posi-
tive relationships between InterPro terms and GO terms.
As we have shown previously, annotated GO terms that
are not associated with an InterPro term in the training
set are often false positives [5]. Thus, this filtering step
has been shown to improve the performance of the clas-
sifier.

3. Experiments

In our previous work, we developed a classifier
called AAPFC that uses independent Support Vector
Machines (SVMs) classifiers for assigning GO terms
[5]. The method presented here improves upon our pre-
vious work by considering the hierarchical structure of
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Figure 2. Performance of hierarchical GO
annotation at various F-measure cutoff
values

Table 1. The number of GO terms in the
classifier and the percentage of proteins
that have GO terms at each F-measure

cut-off.
Cut-off # of GO % of protein
F-measure AAPFC Sugg. AAPFC  Sugg.
0.60 15 204 6.5 7.62
0.50 36 292 9.49 10.95
0.40 62 253 17.09 30.47
0.30 105 452 33.85 53.57
0.20 216 629 56.29 75.65

the Gene Ontology. thus, a comparison to the previous
method should be helpful to understand of the impor-
tance of the use of the GO hierarchy in the model. Fig. 2
shows the results of a comparison of this method to that
of AAPFC. For this comparison, performance metrics
were estimated with 10-fold cross validation, and the
performance is represented as F-measure. F-measure is
calculated by (2 * Recall * Precision) / (Recall + Pre-
cision). Each GO term can be assigned an F-measure,
and a cutoff value can be applied to exclude GO terms
that have low performance. Even though the same data
set is employed in the two methods, the suggested ap-
proach results in increased the percentage of annotated
proteins. As shown in Table 1, our new approach en-
ables us to train a classifier that can assign significantly
more GO terms than our previous method. Considering
GO terms with an F-measure higher than 0.30, nearly
ten fold more GO terms can be classified using the new
method (Table 1).



Table 2. Performance comparison of 4 dif-
ferent gene function annotation systems.

Protein Sugg. GOcat IPR2GO GOtcha

ASSY_YEAST 050 0.14 0.13 0.00
EFTU_YEAST 050 0.07 0.20 0.30
HSP7F_YEAST 046 0.06 0.11 0.00
IME4_YEAST 0.22 0.00 0.00 0.47
KAPA_YEAST 031 0.09 0.13 0.39
MCFS2_YEAST 032 0.07 0.00 0.16

We performed another comparison by randomly se-
lecting 40 proteins and comparing the annotations de-
rived from four annotation systems which employ dif-
ferent methods and data sources. GOcat [11] 2 is a
genetic automatic text categorizer and GOtcha[8] also
annotated by the sequence similarity, but IPR2GO is
the functional mapping table between InterPro term
and GO term. The selected probability cutoff value in
Gotcha [8] 3 is 0.50 and others set to default value. The
average F-measure value for the prediction in GOcat,
Gotcha and IPR2GO is 0.05, 0.22 and 0.04 respectively,
but new suggested hierarchical GO annotation is 0.28.
Thus, the suggested approach outperformed the other
methods. The table 2 shows the F-measure value of six
of the 40 test proteins.

4. Conclusions

In this paper, we propose a method for assigning
GO terms to proteins using InterPro terms as features
and learning a Bayesian network and then scanning the
GO hierarchy from the root node to leaf nodes. This
approach provides improved performance when the F-
measure of individual GO terms are compared, but more
importantly, it enables us to include more GO terms
in the classifier which in turn enables many more pro-
teins to be annotated. One shortcoming of this strat-
egy is that the annotation model uses only conserved
functional domains in the form of InterPro terms as fea-
tures. The combination of various other heterogeneous
features can make a more robust annotation. Our long
term plan is to develop a system for assigning GO terms
using multiple heterogeneous feature types including
biochemical properties, phylogenetic profile, sequence
similarity, and others with hierarchical information.

Zhttp://eagl.unige.ch/GOCat/
3http://www.compbio.dundee.ac.uk/gotcha/gotcha.php
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