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Widely Used Systems for Protein 
Function Definition 

• Enzyme Commission (EC), Transporter 
Classification (TC) 

• Riley scheme: assign prokaryotic gene products to 
cellular processes 

• The MIPS Functional Catalogue (FUNCAT): 
extension of Riley to all three kinds of life 

• Kyoto Enclyclopedia of Genes and Genomes 
(KEGG) 

• Gene Ontology (GO): molecular function, 
biological process, and cellular component.   
 



www.geneontology.org 

Gene Ontology widely adopted  

AgBase 



• Biological process ontology 
 

  Which process is a gene product involved in? 

• Molecular function ontology 
 

  Which molecular function does a gene product have? 

• Cellular component ontology 
 

  Where does a gene product act? 

Gene Ontology 



GO cellular component term: 

GO:0005743 

Where is it? 

Mitochondrial 

 p450 



GO molecular function term: 

GO:0004497 

What does it do? 

substrate + O2 = CO2 +H20 product 

monooxygenase activity 



 http://ntri.tamuk.edu/cell/ 

mitochondrion/krebpic.html 

GO biological process term: 

 GO:0006118 

Which process is this? 

electron transport 

 

http://ntri.tamuk.edu/cell/


is_a 

   is_a 

DNA binding is a type of  
nucleic acid binding. 

Nucleic acid binding is a 
type of binding.  

Molecular function ontology 



Biological process ontology 

is_a 

is_a 

part_of 

Adaxial/abaxial pattern 
formation is a type of 
pattern specification. 

Adaxial/abaxial pattern 
specification is a part of  
adaxial/abaxial pattern 
formation.  



part_of 

is_a 

nucleus is part 
 of the  
intracellular 
 domain 

membrane- 
bound 
organelle is a 
type of  
organelle 

Cellular component ontology 



process 
function component 

The gene product inner no  
outer is involved in  
adaxial/abaxial  
axis specification. 

Categorizing gene products is called ‘annotation’. 



process 
function component 

The gene product inner no outer 
has transcription factor activity. 



process 
function component 

The gene product inner no outer 
is active in the nucleus. 



Clark et al., 2005 

part_of 

is_a 



Fun: Biological Process 

courtship behavior 



The Gene Ontology 
is like a dictionary 
 
 
 

• a name 

term: transcription initiation 

definition: Processes involved  
in the assembly of the RNA  
polymerase complex at the  
promoter region of a DNA  
template resulting in the  
subsequent synthesis of  
RNA from that promoter. 
 
Parent nodes: GO:0002221, is-a 
 

• a definition 
 
 

id: GO:0006352 

• an ID number 
 

•Parent nodes 
 

Each 
concept has: 



Clark et al., 2005 

part_of 

is_a 



Current State of Function of Model 
Genome Annotation 

Sharan et al., Molecular Systems Biology, 2007 



Whole genome analysis 
(J. D. Munkvold et al., 2004) 



Selected Gene Tree: pearson lw n3d ...

Branch color classification: Set_LW_n3d_5p_...

Colored by: Copy of Copy of C5_RMA (Defa...

Gene List: all genes (14010)

attacked 

time 

control 

Puparial adhesion 

Molting cycle 

hemocyanin 

 

Defense response 

Immune response 

Response to stimulus 

Toll regulated genes 

JAK-STAT regulated genes 

Immune response 

Toll regulated genes 

Amino acid catabolism 

Lipid metobolism 

Peptidase activity 

Protein catabloism 

Immune response 

 

Selected Gene Tree: pearson lw n3d ...

Branch color classification: Set_LW_n3d_5p_...

Colored by: Copy of Copy of C5_RMA (Defa...

Gene List: all genes (14010)

Bregje Wertheim at the Centre for Evolutionary Genomics, 

Department of Biology, UCL and Eugene Schuster Group, EBI. 

…analysis of high-throughput data according to GO 

MicroArray data analysis  



Simple Function Prediction 
• The easiest way to infer the molecular 

function of an uncharacterized sequence is by 
finding an obvious (highly sequence-similar) 
and well-characterized homologue. 

• BLAST (sequence-sequence local alignment 
tool) 

• PSI-BLAST (profile-sequence local alignment 
tool) 

• Problem: many proteins do not have obvious 
homologs 

 







Integrative Approaches 

• Similarity grouping 

• Phylogenomics 

• Sequence patterns 

• Sequence clustering 

• Machine learning 

• Network approach 

• Results: at least coarse functional 
characterization 



Similarity Group Methods 

    Idea: Similarly, the sequences found in a 
similarity search will usually share some 
annotated functions – some GO terms will be 
significantly enriched over others 



PFP Method 

• Sequence hit retrieved by a PSI-BLAST search 
• Associated GO terms are scored according to the 

alignment expectation value (E-value) provided 
by PSI-BLAST.  

• The scores for terms associated to several 
sequence hits are combined by summation. This 
scoring system ranks GO terms according to both 
(1) their frequency of association to similar 
sequences and (2) the degree of similarity those 
sequences share with the query.  

• A GO term, fa, is scored as follows: 

Hawkins et al., Proteins, 2008 



• where s(fa) is the final score assigned to the 
GO term, fa; N is the number of the similar 
sequences retrieved by PSI-BLAST, Nfunc(i) is 
the number of GO terms assigned to sequence 
j, Evalue(i) is the E-value given to the sequence i, 
and fj is a GO term assigned to the sequence i. 
delta(fj, fa) returns 1 when fj equals to fa, and 0 
otherwise.  

• E-value threshold is set to 125. 



Function Association Matrix 

    The Function Association Matrix, describes the 
probability that two GO terms are associated to the 
same sequence based on the frequency at which 
they co-occur in UniProt sequences. This allows the 
FAM to associate function annotations from 
different GO categories, for example, the biological 
process ‘‘positive regulation of transcription, DNA-
dependent’’ is strongly associated with the 
molecular function ‘‘DNA binding activity’’ 
(P(0045893|0003677) = 0.455). 



Phylogenomic Apporach 

• The accuracy of annotation transfer can be 
increased further by taking the evolutionary 
relationships within protein families into 
account.  

• This addresses the difference between 
orthologous and paralogous relative of a 
query sequence (i.e. between relatives by 
speciation and relatives by gene duplication) 



• A ‘‘duplication event’’ captures a single 
instance of a gene duplicating into divergent 
copies of that gene within a single genome;  

• a ‘‘speciation event’’ captures a single instance 
of a gene in an ancestral species evolving into 
divergent copies of a gene in distinct genomes 
of different species. 

Which event more likely preserves function?  



Steps 

• Find all homologues of the query sequence 
and align them 

• Build a phylogenetic tree and reconcile this 
tree (make all bifurcations in the tree as either 
duplication or speciation) 

• Transfer functions (primarily) from 
orthologues 



Zmasek and Eddy, Bioinformatics, 2001 



SIFTER 

1. Given a query protein, we find a Pfam family of a 
homologous domain, and extract the multiple 
sequence alignment from the Pfam database  

2. Build a rooted phylogenetic tree with PAUP version, 
using parsimony with the BLOSUM50 matrix 

3. Apply Forester version 1.92 to estimate the location 
of the duplication events at the internal nodes of the 
phylogeny by reconciling the topological differences 
between a reference species tree (taken from the 
Pfam database) and the protein tree. 

4. Infer function mainly from orthologs and consider GO 
annotation evidences 

Engelhardt et al., Plot Comput. Biology, 2005 



Pros and Cons 

• Similarity group methods are ready for whole-
genome application (relatively fast)  

• Show moderate precision levels, whereas 
phylogenomic methods are significantly 
slower but can provide higher precision 



Pattern-Based Methods 

• Classify proteins by locally conserved 
sequence patterns, which often indicate the 
functions of the whole protein (e.g. active site 
motifs) 



• InterPro: the best gateway to pattern-based functional 
annotations, which collates patterns at all levels into 
hierarchically arranged database entries. 

• InterProScan server is a meta-tool, which scans the 
query sequence against ten core member databases, 
from which the output is collected and presented in a 
simple, non-redundant manner. 

• PROSITE scan query sequences against short, position-
specific residue profiles that are characteristic of 
individual protein families 

• PRINTS follows a similar principle but uses 
discontinuous profiles (“fingerprints”) 

 



InterPro members 

• Pfam, SUPERFAMILY, PRODOM, SMART, 
Gene3D, PANTHER, PIRSF, and TIGRFAMs.  

• PRODOM automatically clusters evolutionary 
conserved sequence segments, based on 
recursive PSI-BLAST searches of UniProtKB. 

• All others use hidden Markov models (HMMs), 
generated from multiple sequence 
alignments, to represent sequence families 



Pfam and SMART 

• Pfam focuses on the functional aspect of the 
“domain” defintion. Classifying sequences into 
a large number of relatively small (functionally 
conserved) families. 

• SMART consists of a considerably smaller but 
completely manually curated set of families 

 



SUPERFAMILY and Gene3D 

• Based on structural classifications, assigning 
sequences to the domain families defined in 
the Structural Classification of Proteins (SCOP) 
and CATH databases 

• These families are usually much bigger (less 
functionally conserved) than, those in Pfam – 
they often contain very remote homologues, 
only detectable by patterns of structural 
conservation 

 



Clustering Approaches 

• Cluster the known sequence space, whereby 
uncharacterized sequences can be functionally 
annotated by virtue of their clustering with 
characterized sequences 

• Clustering based on sequence similarity 
(homologues) 

• Clustering based on function similarity 



ProtoNet 
• Sequence similarity clustering-based method 
• Annotation transfer within ProtoNet clusters, based on the 

predominant functions assigned to known members are 
effective 

• Hierarchical clustering of over one million proteins in 
SwissProt.  

• Clustering process is based on an all-against-all BLAST. E-
score is used to perform a continuous bottom-up clustering 
process by joining the two most similar protein clusters at 
each step 

• Filter clusters by function similarity 
• Assess the function of novel protein sequences, by finding 

the best matching cluster for the new sequences 
 
 Kaplan et al., Nucleic Acids Research, 2005 





Machine Learning Methods 

• Learn a relationship between characteristic 
combinations of sequence features function 
categories in a training set of known sequences.  

• Support vector machines 

• Neural networks 



Data Driven Machine Learning 
Approach 

Protein 
Function 

Data 

Key idea: Learn from known data and Generalize to unseen data  

Input: sequence features 
Output: function category 

Classifier: 
Map Input to 

Output 
 

Training 
Data 

Test Data 

Training 

Test 

Training: Build a classifier 
Test: Test the model  

Prediction 

New 
Data Split 





ProtFun 

• Assign eukaryotic query sequence to: (i) one 
of 14 GO categories; (ii) one of 12 “cellular 
roles” of the Riley scheme; (iii) an Enzyme 
Commission class (if an enzyme).  

• Input featues: hydrophobicity, post-
translational modification, subcellular  
location signals, secondary structure 
composition, putative transmembrane parts 

Jensen et al., Bioinformatics, 2003 



Work Flow of Sequence-Based 
Function Prediction Methods 



Method Selection 

• A sensible approach to molecular function 
prediction ‘when BLAST fails’ is to try finding 
consensus between these methods.  

• With respect to this, the development and 
maintenance of a meta-server for sequence-
based function prediction, querying several of 
the discussed resources would be incredibly 
beneficial to the community. 



Network-Based Approach 

• In theory, once a network 
(protein-protein interaction 
network) is constructed, 
further methods can 
propagate annotations to 
uncharacterized members. 

• Functional Linkage 
Networks – integration of 
different types of data 



Function Association in Networks 

   The functional associations detected by these 
methods can be tight or loose, ranging from 
direct physical interaction, as opposed to co-
occurrence in the same biochemical pathway, 
to merely being involved in the same cellular 
process or influencing the same phenotypical 
trait. 



Network-Based Annotation Transfer 



Assumptions and Observations 

• Closer that two nodes are in the network, the 
more functionally similar they will be in terms 
of cellular pathway or process as opposed to 
molecular function 

• Non-neighboring proteins with similar 
network connectivity patterns can have similar 
molecular functions (as members of the same 
complex) 



Local Neighbor Methods 

• Early network-based annotation methods simply 
inherited the function(s) most commonly 
observed among the direct neighbors of an 
uncharacterized node (“majority rule”)  

• Performances increases when wider local 
neighborhood is taken into account and only 
statistically enriched functions are transferred 

• The predictive power of local methods is still 
limited, most obviously when interaction and/or 
annotation are sparse 



Sharan et al., Molecular Systems Biology, 2007 



Protein Domain Co-Occurrence 
Networks 



Z. Wang et al., 2011 



Global Topology Methods 

• Take global network topology into account 

• Use graph-theory and different types of 
iterative stochastic approximation to identify 
clusters / modules 

• Global methods can significantly boost 
performance 

 



Functional Linkage Networks 

• Motivation: Individual PPI datasets are sparse 
and unreliable 

• Integration of different types of interaction 
data into FLNs is a promising approach  

• FLN edge weights are integrated interaction 
probability values (e.g. vote).  

 

 





GeneFAS 

• A function network based on protein interaction data, 
microarray gene expression data, protein complex 
data, protein sequence data, and protein localization 
data 

• Bayesian Function Inference of the probability that two 
genes have the same function (S: same function, Mr: 
gene expression coefficient) 

Chen and Xu, Nucleic Acids Research, 2004 



Tools and Resources 



Tools and Resources 



CAFA – Critical Assessment of 
Protein Function Annotation 

• Web: http://biofunctionprediction.org/  

• 2010 Experiment: release >40,000 proteins 

• ~700 were assessed 

• Predict molecular function and biological 
processes 

• Format: GO term and predicted probability 

• Assessment: precision and recall 

• My group participated in the experiment and 
performed well 

http://biofunctionprediction.org/


Conclusion 

• The combination of sequence- and network-
based function transfer approaches is 
promising 

• Complementary nature: while sequence (and 
structural) similarity can provide a safe basis 
for molecular function transfer, interactions 
hints at the pathways and the processes in 
which uncharacterized proteins participate 

• Integrate multiple sources of information 
(sequence, structure, expression, network, 
etc) 



Reading Assignment (select one paper 
to review) 

• I. Friedberg. Automated function prediction – 
the genomic challenge. Brief. In 
Bioinformatics, 2006 

• CAFA abstract book (read two abstracts): 
http://iddo-friedberg.net/afp-cafa-2011-
booklet.pdf  

http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf
http://iddo-friedberg.net/afp-cafa-2011-booklet.pdf


References 

• Slides and documents at: www.geneontology.org 

• R. Rentzsch and C.A. Orengo, Trends 
Biotechnology, 2009.  

http://www.geneontology.org/

