CSE 427 Computational Biology

Lecture 4
Protein function prediction



Today

® Protein function and structure
® (Gene Ontology: vocabulary of protein functions

e Protein function prediction



Today: what can we do by finding similar sequence?

e Protein function prediction
® Find similar sequence

e Supervised learning (e.g., k-NN) for function prediction



What is protein function prediction?
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Goal: classify each protein into its protein functions (multi-label)

Solution: find proteins with similar sequences



Protein: sequence to structure to function

Sequence Structure Function
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source: https://zhaolab.shanghaitech.edu.cn/research.html



What we want to maintain?
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Translation 5 Rotation

Dilation E Reflection

Translation equivariance: X + ¢
Rotation equivariance: QX
The embedding of the protein remains the same for any g and any Q.



translation, rotation and reflection invariance

Satorras, Victor Garcia, Emiel Hoogeboom, and Max Welling. "E (n) equivariant graph neural networks." International Conference on Machine Learning. PMLR,
2021.



translation, rotation and reflection invariance

Satorras, Victor Garcia, Emiel Hoogeboom, and Max Welling. "E (n) equivariant graph neural networks." International Conference on Machine Learning. PMLR,
2021.



translation, rotation and reflection equivariance

Satorras, Victor Garcia, Emiel Hoogeboom, and Max Welling. "E (n) equivariant graph neural networks." International Conference on Machine Learning. PMLR,
2021.



Predict the binding site between a protein and a compound

Random RDKit
conformer Prediction of 3D binding interaction without active site
e ) {;} knowledge (blind docking) and ligand bound conformation.
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Figure 1. High-level overview of the structural drug binding praoblem tackled by EQUIBIND.



Protein structure: drug binding
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Three widely used databases for project
functions

* Enzyme Commission (EC), Transporter Classification (TC)
* Kyoto Enclyclopedia of Genes and Genomes (KEGG)

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

e More than 30K functions

* many-to-many relationship between proteins and
functions
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New article KEGG: intzgrating viruses and cellular organisms

& Main entry point to the KEGG web service
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KEGG DISEASE Database

Diseases viewed as perturbed states of the molecular system

» Japanese
Menu PATHWAY BRITE NETWORK DISEASE DRUG ENVIRON Pathogen Virus MEDICUS

Search DISEASE by H number, name, description, category, pathway and gene
|hypertension | | Go |

Search DISEASE In KEGG MEDICUS
| | Go |

Background

In KEGG, diseases are viewed as perturbed states of the molecular network system. Genetic and
environmental factors of diseases, as well as drugs, are considered as perturbants to this system. Different
types of diseases, including single-gene (monogenic) diseases, multifactorial diseases, and infectious
diseases, are all treated in a unified manner by accumulating such perturbants and their interactions.

Diagnostic markers

Genetic perturbations l

Environmental perturbations — | network system |
(incl. pathogens, microbiome) [ I

—= Disease

Therapeutic drugs Genomic biomarkers

Our knowledge on perturbed molecular networks has been captured and represented as disease pathway
maps in the KEGG PATHWAY database (see, for example, the disease pathway map of chronic myeloid
leukemia hsa05220). Although disease genes (genetic perturbants) are marked in red in these maps, details
of perturbations, such as mutation and fusion, are not given. Such details are now accumulated in the KEGG
NETWORK database.
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Three widely used databases for project
functions

* Enzyme Commission (EC), Transporter Classification (TC)
* Kyoto Enclyclopedia of Genes and Genomes (KEGG)

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

* More than 30K functions

* many-to-many relationship between proteins and
functions
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1. Molecular Function

An elemental activity or task or job

2. Biological Process

A commonly recognized series of events

3. Cellular Component

Where a gene product is located

Insulin
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Gene Ontology: A directed acyclic graph

Less specific
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Molecular function ontology
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Problem setting for protein function prediction

Label modeling
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Introduction to machine learning classification

Binary Classification Multiclass Classification

O~ C
Ej

source: https://datahacker.rs/008-machine-learning-multiclass-classification-and-softmax-function/ 26



Problem setting for protein function prediction

Label modeling
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How did we get the known associations
(training data)?
* The GO editorial team
* Submission via GitHub, https://github.com/geneontology/
* Submissions via TermGenie, hitp://go.termgenie.org

+ ~80% terms are now created this way

Template: regulation: biological_process (voe Less)

Description: Select all three subtemplates to generate terms for regulation, negative regulations and positive regulation (for blological processes). Names,
synonyms and definitions are all generated automatically

Required Optional
target Literature_Refs DefX_Ref Optional: public definition comment
biological _process This cpuonal text will appear as 2 dennition comment in the ontology and will be visible in GO browsers,

Svggested format: An example of ths is [insert name of gene product, e.g. LysZ] in [insert species name, e.g. E.
coli! (UniProt symbol, e.9. UniProt symbol Q13450) in PMID:xxx {Inferred from direct assay/mutant
phenotype/etc. ).

Sregulation (More, Less) {More, Less)

fnegative_regulation
S positive_regulation

After selecting and filling templates, click on the 'Verify Input’-Button below to start the next step.
Verify Input

source: EMBL-EBI industry workshop 2016



The Gene Ontology
is like a dictionary =

Term: transcription initiation

Each

concept has: ID: GO:0006352

‘Name o |

Definition !Deflnltlon: Processes involved
in the assembly of the RNA

|D polymerase complex at the

template resulting in the
subsequent synthesis of
RNA from that promoter.

Parent nodes: GO:0002221, is-a




A GO annotationis ...

...a statement that a[gene product;J

| aspartate transaminase activit* PMID:27313624

/' Y
Accession| Name|| GO ID GO term name Reference Evidence
code
P0O0505 [GOT2 | GO:0004069 IDA




A GO annotationis ...

1.

...a statement that a gene product;

has a particular\molecular function
1 is involved in a particular
oris located within a certain ¢

pd

iological process
lular component

y

Accession| Name| GO ID GO term name Reference Evidence
code
PO0505 |GOT2 PMID:2731362 IDA

G0:0004069

aspartate transaminase activitY

L/
-

5
S~




NLP could be very helpful here!
...a statement that a gene product;
1. has a particular molecular function

IS involved in a particular biological process
IS located within a certain cellular component

2. as described in a[particular referenceJ

Accession| Name| GO ID GO term name Reference Evidence
| code
P0O0505 |GOT2 | GO:0004069| aspartate transaminase activihl PMID:2731364 IDA

N d




Manual annotation: high-quality labelled data,
key for ML

* Time-consuming process
producing lower numbers of
annotations (~2,800 taxons
covered)

*  More specific GO terms

*  Manual annotation is essential
for creating predictions

Aleksandra Elena Alex Tony
Shypitsyna  Speretta Holmes Sawford

EMBL-EBI



Electronic annotation

* Quick way of producing large numbers of annotations
* Annotations use less-specific GO terms

* Only source of annotation for ~438,000 non-model
organism species

orthology £2 INnterPro2go taxon

constraints



Let’s take a look at this database
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ONTOLOGY SEARCH

Home Onlolcg es Jocumentation About

If you've ever found our data helpful, please take our impact survey (15 min). Your replies will help keep the data flowing 1o the scientific community.

Take Survey ]

Gene Ontology

The Gene Ontologv (GC) provides a framework end set of concepts for describing the functions of gcene products from all organisms.

ISearch GO ‘
& Cownload # Onlology Homepage




https://www.ebi.ac.uk/ols/ontologies/go
appendage development

[ http://purl.obolibrary.org/obo/GO_0048736 @ Copy

1t

The process whose specific outcome is the progression of an appendage over time, from its formation to the mature ¢

attached to the trunk of an organism, such as a limb or a branch. [ GOC:rc GOC:jid ] e
p)
(A Term mappings &l Term history

<= Graph view

E}biological _process
~}-developmental process
~}-anatomical structure development
Show all siblings
@ appendage morphogenesis
fin development
imaginal disc-derived appendage development
limb development
=Fmulticellular organism development

appendage development

~Fmulticellular organismal process
- multicellular organism development

appendage development

Reset tree




http://current.geneontology.org/products/

pages/d
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A good dataset for ML

Number of annotations in UniProt-GOA database (March
20106)

Electronic annotations 269,207,317

Manual annotations* 2,752,604

* Includes manual annotations integrated from external model organism
and specialist groups

https://www.ebi.ac.uk/Quick GO/
http://www.ebi.ac.uk/GOA




Problem setting for protein function prediction

Label modeling
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Feature extraction

* Step |:what features are we going to use to represent a protein
* Sequence
* Structure
* Network

* Step 2: How to convert these features into numeral vectors that
computer can understand?

* Feature embedding



Gene id name mapping tool
https://www.uniprot.org/uploadlists/

BLAST Align Retreve/[D mapping  Peptide search  SPARQL

Retrieve/ID mapping
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Sequence of BRCAI
https://www.ncbi.nlm.nih.gov/protein/NP_036646!report=fasta

rimn

FASTA «

breast cancer type 1 susceptibility protein homolog [Rattus norvegicus]

NCBI Reference Sequence: NP_036646.1
GenPept Identical Proteins Graphics

>NP_036646.1 breast cancer type 1 susceptibility protein homolog [Rattus
norvegicus)
MDLSAVRIQEVONVLEAMOKILECPICLELIKEPVSTQCDHIFCKFCMLKLLNQKKCPSQCPLCKNEITK
RSLOGSARFSQLVEELLKIIDAFELDTCMOCANCFSFSKKKNSSSELLNEDASITIQSVCYRNRVKKLQQI
ESCGSATLKDSLSVQLSNLCIVRSMKKNRQTOPONKSVYIALESDSSEERVNAPDGCSVRDQELFQIAPCG
ACDECGKLNSAKKAACDFSEGIRNIEEHQCSDKDLNPTENHATERHPEKCPRISVANVHVEPCGTDARASS
LORCTRSLLFTEDRLDAEKAEFCDRSKQSCAAVSQOSRWADSKETCNGRPVPRTECKADPNVDSLCCRKQ
WNHPKSLCPENSCATTDVPWITLNSSIQKVNEWFSRTCGEMLTSDNASDRRPASNAEAAVVLEVSNEVDGC
FSSSKKIDLVAPDPDNAVMCTSCRDFSKPVENIINDKIFCGKTYQRKGSRPELNHVTEIIGTFTTEPQIIOQ
EQPFTNKLKRKRSTCLHPEDFIKKADLTVVQRISENLNQGTDOMEPNDQAMSITSNCGQENRATCNDLORG
RNAHPIESLRKEPAFTAKAKSISNSISDLEVELNVHSSKAPKKNRLRRKSTRCVLPLEPISRNPSPPTCA
ELQIESCCSSEETKKNNSNQTPACHIREPQLIEDTEPAADAKKNEPNEHIRKRSASDAFPEEKLMNKACL
LTSCSSPRKPQCPVNPSPERKCGIEQLEMCOMPDNNKELCDLVLCCGEPSCKPTEPSEESTSVSLVPDTDYD
TONSVSILEANTVRYARTCSVQCMTQFVASENPKELVHCSNNACSCSECFKHPLREELNHNQETIEMEDS
ELDTQYLONTFQVSKROQSFALFSKLRSPQKDCTLVCARSVPSREPSPKVTSRCEQKERQGQEESEISHVQ
AVTVTVCLPVPCQECKPCAVTMCADVSRLCPSSHYRSCENCLNTTDKSCISQNSHFRQSVSPLRSSIKTD
NRKTLTECRFEKHTERCMCNETAVQSTIHTISLNNRGDACLEASSGSVIEVHSTGENVQGQLDRNRGPKV
NTVSLLDSTQPGVSKQOSAPVSDKYLEIKQESKAVSADFSPCLFSDHLEKPMRSDKTFQVCSETPDDLLDD
VEIQENASFCGEGCITEKSAIFNCGSVLRRESSRSPSPVTHASKSRSLHRCSRKLEFSEESDSTEDEDLPCF
QHLLSRVSSTPELTRCSSVVTQRVPEKAKGTQAPRKSSISDCNNEVILCEASQEYQFSEDAKCSGSMFSS
QHSAALGSPANALSQDPDFNPPSKORRHQAENEEAFLSDKELISDHEDMAACLEEASDQEEDSIIPDSVA
SCYESEANLSEDCSOSDILTTQORATMKDNLIKLOQEMAQLEAVLEQHCSQPSCHPPCLPADPCALEDLP
DPEQNRSCTAILTSKNINENPVSQONPKRACDDKSQPQPPDCLPSCDKESCMRRPSPFKSPLTSSRCSARG
HSRSLONRNSTSQEELLOQPAXLEKSCEPHNLTCRSCLPRODLECTPYPESCIRLVSSRDPDSESPKVSAL
VCTAPASTSALKISQOGOQVAGSCRSPAACCADTAVVEIVSKIKPEVTSPKERAERDISMVVSCLTPKEVMI
VOKFAEKYRLALTDVITEETTHVIIKTDAEFVCERTLKYFLCGIAGCKWIVSYSWVIKSIQERKLLSVHEF
EVKCDVVTCSNHQCPRRSRESQEKLFECLOQIYCCEPFTNMPKDELERMLOLCCASVVKELPLLTRDTCGAH
PIVLVOPSAWTEDNDCPDIGQLCKGRLVMWDWVLDSISVYRCRDLDAYLVONITCCRDCGSEPQDSND



Feature extraction

* Step |:what features are we going to use to represent a protein
* Sequence
* Structure
* Network

* Step 2: How to convert these features into numeral vectors that
computer can understand?

* Feature embedding



Converting proteins to humeral features
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Amino Acid Sequence One-hot
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source: Deep learning for drug repurposing: methods, databases, and applications



Truncation and zero-padding to have a
matched length

sequence 1
sequence 2
sequence 3
sequence 4
sequence 5

XXXX
XXXXXXXX
XXXXX
XXXXXX
XXX

truncation and
zero-padding (post)
at length=7

P XXXXX

XXXX0
XXXXX

XXXXX
XXX00

O OXO
OOOXO



Protein protein network
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Protein protein network

Network

o 01 1 1
0 01 0 1
1 10 1 0O
1 01 0 O
1 1 0 0 O

source: A Survey on Network Embedding



Classifier



Problem setting for protein function prediction

Label modeling
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Problem setting

* Input:
* Features: sequence of known proteins
* Known annotations: <Gene Ontology I, protein j>

* Label graph: gene ontology graph
e Qutput:
« Unknown annotations; Should we annotate
protein k to gene ontology !




Data Driven Machine Learning Approach

Prediction

Trainin -
Data = Classifier:

Protein Map Input to

. x4 New Data
Function Output
Data
Test Data
Input: sequence features Training: Build a classifier
Output: function category Test: Test the model

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



kNN-based (fiind similar proteins)

* [he easiest way to Infer the molecular function of

an uncharacterized sequence Is by finding a similar
and annotated sequence

* BLAST (sequence-sequence local alignment tool)
(e.g., Blast2GO)

 Problem:

* Find similar sequence (sequence aligment)

» Use these sequences to transfer annotation



kNN-based (fiind similar functions)

* The Function Association Matrix, describes the
probability that two GO terms are associated to the
same protein based on the frequency at which they
co-occur In UniProt sequences.

*  For example, the biological process “positive
regulation of transcription, DNA-dependent” Is
strongly associated with the molecular function "DNA
binding activity” (P(GO:0045893|GO:0003677) =
0.455).

* Predict non-observed GO terms based on observed
ones




Network-Based Approach

* Protein-protein interaction network

* 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




Network distance is correlated to GO
annotation similarity

12 4

-
A

ot
o

GO semantic similarity
o o
N »n

bt
N
A

0 2 4 6 8 10
Network distance

Figure 3 Correlation between protein functional distance and network
distance. X-axis: distance in the network. Y-axis: average functional similarity
of protein pairs that lie at the specified distance. The functional similarity of two
proteins is measured using the semantic similarity of their GO categories (Lord
et al, 2003).

Sharan et al., Molecular Systems Biology, 2007



Gene Ontology: A directed acyclic graph

Less specific

\ 4

More specific

metabolic
process
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small molecule primary organic : ;
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pProcess process metabolic
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Label modeling

® Transfer across species

® /ero-shot/few-shot problem

57



Training data: How many proteins do we
have annotations?

e
.mknmn

2008
o & | a0 -
Biological "
- 0w .
process il
w2 ‘9484 .
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" 205
MO'QCU'N' M6 gomy 12408 219
. 1043 Tany M o
function - s
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1an7
9sin wie
o Hane
")
e

Figure 1  Extent of annotation of preteins in model species. For each species, the charts give the fractions and numbers of annotated and unennotated proteins,
accerding to the three ontologies of the GO annotation. The numbers are based on the Entrez Gene and the WormBase databases as of September 2006.

S.cerevisiae  C.elegans  D.melanogaster A thaliane M. musculus H. sapiens

Cellular
component

Sharan et al., Molecular Systems Biology, 2007



Model organism




Model organism

They are like ImageNet in CV and 20
NewsGroup in NLP



http://image-net.org/

Genome Annotation

Current State of Function of Model

C elegans

D. melanogaster

Mouse

Feature

Advantage of Simple growth Short lifespan, Excellent fertility Higher functional genetic
experiments  requirements, Rapid life cycle, (identical offsprings), and proteomic
Rapid cell growth, Small body size, Distinct developmental  conservation to human
Ease of genetic Transparent body, stages, homolog,
manipulation, Ease of genetic Transgenic flies Transplantation,
Genome-wide screening manipulation, Gene-knockout or
Knockout mutant -knockin mice,
libraries, Proteomics (tissue- or
Behavior pattern organ-based),
Construction of disease
model
Clinical Determination of candidate Cellular response to Analysis of IR-induced Disease model in
meanings genes and proteins in radiation, phenotype changes, radiation biology,

response to radiation
Cell-based drug screening
for radiotherapy

(basic tool)

[R-induced aging
mechanisms,
IR-mediated neuronal
pathway

[R-affected innate
immunity

Examination of heritable

effects

Drug screening for
radiotherapy
(physiological application),
Drug delivery system



Current State of Function of Model

Genome Annotation
Yeast C elegans D. melanogaster Mouse
Feature
Advantage of Simple growth Short lifespan, Excellent fertility Higher functional genetic
experiments  requirements, Rapid life cycle, (identical offsprings), and proteomic
Rapid cell growth, Small body size, Distinct developmental  conservation to human
Ease of genetic Transparent body, stages, homolog,
manipulation, Ease of genetic Transgenic flies Transplantation,
Genome-wide screening manipulation, Gene-knockout or
Knockout mutant -knockin mice,
libraries, Proteomics (tissue- or
Behavior pattern organ-based),

Construction of disease
model




transfer knowledge from

[Wang et al. PSB2017/]

Human proteins

Mouse proteins

Yeast proteins

other species to human
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Transfer knowledge from other species to human

Transfer .

. sy HUman proteins R o i) WLt~
experimental A , PR ‘
results A

%. Mouse proteins = B "| """"" o i S
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A unique heterogeneous network dataset

* Nodes: 16K human proteins, 6K mouse proteins, 6K yeast proteins,
1 1 K fruit fly proteins, 1 3K worm proteins

* Edges: 7 edge types

* Labels: 227K protein function associations

Wang et al. PSB2017



Key challenge: novel functions

Input Gold standard
O O
A o o A o
o © C ©
©0 o
o - O
o O
> »
) Unannotated proteins Function seen in the reference data
Annotated reference proteins O Novel function

How to correctly classify proteins into novel functions!?
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Existing methods cannot annotate novel functions

Input kNN predictions Gold standard
O o o
o ° O o ° o °
o o o
» o0 © » o0 © » 0 ©
O O o O o © o
o O o (W)
® © 0 o0
© _O
o ©O
) Unannotated proteins © Function seen in the reference data

©  Annotated reference proteins © Novel function
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Existing methods cannot annotate novel functions

Input KNN predictions

o o
A O O A
QO .
® O
o  0°

) Unannotated proteins

Annotated reference proteins

Gold standard

Function seen in the reference data

© Novel function

Zero-shot learning: classify samples into novel classes using side

information/class attributes
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ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS

Ontology of great cats
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ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS

Ontology of great cats
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ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS

Ontology of great cats

/0



O

ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS
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O

ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS
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AL ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS

Ontology of great cats

aguar

/3



ONTOLOGICAL CLASSIFICATION
OF UNSEEN ANIMALS

:Ontology of great cats




solution: use gene ontology as side information

General ‘ |S a I”e\atIOﬂShlp

Fach node i1s a function. 23k functions in total.

Specific



solution: use gene ontology as side information

Seen functions
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solution: use gene ontology as side information

Protein embedding space

o
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solution: use gene ontology as side information

Protein embedding space

o
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solution: use gene ontology as side information

Protein embedding space

o
o
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How to classify a test sample using class embeddings!?

Sample features Class embeddings
Input: (e.g., patient symptom lists) (e.g., disease embeddings)
)
o
© 0 o0
0c0f -
o ©
O MERS
o © o . |
00 o ©o° RS USLE
® o § Rat coronavirus

§f Beta coronavirus  §

O Test sample Fmbeddings R4 T

©  Training sample
8 P Never-before-seen class

Desired output: N
© 0 O
°©o09
, o°
© o
0 o°
o
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Training: find a transformation that projects each
training sample close to the embedding of its class

Sample embedding space Class embedding space

o ‘\

Transformation \

s © O :

o

00 o T N

o O / I

o |

> E

Test sample
MERS

Training sample
SARS

Pig coronavirus

Rat coronavirus

Draw boundaries according to the midpoint between class embeddings
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Training: find a transformation that projects each
training sample close to the embedding of its class

Sample embedding space Class embedding space

Transformation

Test sample

- MERS
Training sample
SARS

Pig coronavirus

Rat coronavirus

Draw boundaries according to the midpoint between class embeddings

82



Test: project test samples using the same transformation

Sample embedding space Class embedding space

Transformation
@

) Test sample

Training sample

MERS
SARS
Pig coronavirus

Rat coronavirus
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Test: classify samples to the nearest class

Sample embedding space Class embedding space
© O
00f |
o© Transformation No,
O O _ g EETTROS
O "y L e
O 0. 0 i v Il
OO0 _O —5e <
o © —>0, _ | a
© O S .
AO N
—> A
) Test sample

©  Training sample Key contribution: these test samples are
classified into never-before-seen class

MERS
SARS
Pig coronavirus

Rat coronavirus
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The Math:
use class embeddings to classify samples

Training stage:
Find transformation W that maximizes y; if training sample i belong to class j (i.e,, y; = 1).

Feature of training sample 1 (input)

o ’ Class embedding of class j (input)
ylj o z efinl;r
“ 1
| 0ss m c Could be other neural network architectures
In — 0 t
function: " 2 2 vylogy; (parameter)

i=1 j=1

Test stage:
Classify to the nearest class.
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Experimental setting:
classify proteins into functions

Feature representation of 60k

|nput: oroteins from 5 species Hierarchy of |3k protein functions
, = Function A
o . o / \
. COQ o Q% Function B Function C
N o / \
o Function D Function E
Test proteins )
Training proteins
Desired output:
A
(W
0 o°
o
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Significant improvement in few-shot classes on all

five

0.20

0.85

0.80 -

0.75

0.70

AUROC

0.e5 -

0.e0

0.55

Wang et al. Bioinformatics, ISMB2015 (best student paper candidate)

species

Human biological process

X =

0.90

¥

0.85

0.80

0.75

AUROC

0.60

0.55

310 11 30 31 100 101 300

Number of training samples

W Our method [Wang et al. 2015]

0.70 -

0.65 -

Mouse biological process

3-10 11-30 31-100 101-300

Number of training samples

B Protein network embeddings without using class Hierarchy [Cho et al. 2015]

Heterogeneous network integration [Mostafavi and Morris, 2010]

B Hierarchical classification of class Hierarchy [Sokolov and Ben-Hur, 2010]
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Significant improvement in few-shot classes on all
five species

090 £
0.85

0.80 §

AUROC

0.65 |
0.60 §

055 §

| 6% improvement in
classes with very few samples

Wang et al. Bioinformatics, ISMB2015 (best student paper candidate)

0.75 |

0.70 |

_Human biological process

0.90

0.85

AUROC

0.65

0.60

0.55

310 11 30 31 100 101 300

Number of training samples

0.80 -

0.75 -

0.70 -

Mouse biological process

3-10 11-30 31-100 101-300

Number of training samples

W Our method [Wang et al. 2015]

B Protein network embeddings without using class Hierarchy [Cho et al. 2015]

Heterogeneous network integration [Mostafavi and Morris, 2010]

B Hierarchical classification of class Hierarchy [Sokolov and Ben-Hur, 2010]
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Tools and Resources

Table 1. Resources used in protein function annotation, in order of appearance throughout the text

index_jul06.htm|

Method Resource” Server Seq. Comments
queriesb
Similarity GOtcha [9] hup://www.compbic.dundee.ac.uk/gotcha/ Target DB: 16 genomes
group methods gotcha.php
PFP [10] http://dragon.bio.purdue.edu/pfp/ L Target DB: 18 genomes
GOsling [11] https:/www.sapac.edu.au/gosling/ v Target DB: LUniProtKB GO sequences (2006)
Phylogenomics SIFTER [15] http://sifter.berkeley.edu/ n/a Download only iuses Pfam)
AFAWE [17] http://bicinfo.mpiz-koeln.mpg.de/afawe/ v Mzta-tool including SIFTER
http://www.myexperiment.org/workflows/’95/ n/a AFAWE workflow (uses RefSeq)
Pattern/profile InterFroScan [20] http://www.ebi.ac.uk/tools/interprcscan/ v DB composition: meta-tool, queries
methods 10 pattern-based rasources (see below)
PROSITE [21] http://www.expasy.ch/prosite/ L DB composition: =1500 patterns/profiles
PRINTS [22] http://www.bioinf. manchester.ac.uk/ . DB composition: 1900 fingerprints
dbbroweer/PRINTS/
Pfam [106] http://pfam.sanger.ac.uk/ - DB composition: =>10 000 domain families
SUPERFAMILY [23] hup://supfam.cs.bris.ac.uk/superfamily/ 4 DB composition: SCOP domains in
62 ganomes
PROCOM [24] http://prodom.prabi.fr/prodom/current/html; DB composition: =730 000 domain families
home.php
SMART [25] http://smart.embl-heidelberg.de/ - DB composition: =500 demain families
Gene3D [26] http://gene3d.biochem.ucl.ac.uk/gene3d/ - DB composition: CATH domains in
527 yenomes
PAN IHER [2/] http://www.pantherdb.org/ - DB composition: =24 000 protein families
PIRSF [28] http://pir.georgetown.edu/pirwwwidbinfo/ DB composition: >4500 protein families
pirsf.shtml
TIGRFAMs [29] http://www.tigr.org/TIGRFAMs/ v DB composition: >3600 protein ‘amilies
SCOF [30] http://scop.mre-Imb.cam.ac.uk/scop/ - DB composition: =1700 domain families
CATH [31] http://www.cathdb.info/ v DB composition: >2000 domain families
CatFam [35] http://www.bhsai.org/downloads/ n/a DB composition: not stated, download only
catfam.tar.gz
EFICAz [36] http://cssb.biology.gatech.edu/skolnick’ v DB composition: 2354 enzyme families
webservice/EFICAz2/index.html
PRIAM [37] http://hioinfo.genotoul fripriam/REL _IUL0G o DB composition: 2368 enzyme families




Tools and Resources

Clustering Homologues
approaches FProtoNet [38] http://www.protonet.cs.hujiac.il ' Clusterad DB: current UniProtkB
CluSTr [41] http:.//www.ebi.ac.uk/clustr/ - Clusterad DB: current UniProtKB and IP!
Ortho- and inparalogues
eggNOG [43] http://feggnog.embl.de/ 1~ Clusterad DB: 373 genomes
COGs [45] http://www.ncbi.nlm.nih.gov/COG/ » Cluster=d DB: 66 gznomes
KOGs [45] hup://www.ncbi.nlm.nih.gov/COG/grace/ » Clusterad DB: 7 genomes
shokog.cgi
InParancid [44] http://inparanoid.sbc.su.s2/cgi-binfindex.cgi  » Clusterad DB: 35 ganomes
MultiFaranoid [47] http://multiparanoid.sbz.su.se/index.html - Clusterad DB: uses InParancid,
download only
OrthoMCL [45] http://www.orthomcl.org/cgi-kin/ 1 Clusterad DB: 87 ganomes
OrthoMclWeb.cgi
ML methods ProtFun [50] hitp.//www.cbs.dw.dk/services/FrotFun/ - Funclional cateyories: 32 {14 GO ternms,
1st . ECs, etc.)
SVM-Prot |51] http://jing.cz3.nus.2du.sg/cgi-bin'symprot.cgi » Functicnal catagories: 13C (all 2nd |. ECs
and TCs, etc.)
ffPrad [52] http://hioinf.es.ucl.ac.ukifipred/ v Funetional catagories: 197 (197 GO terms)
EzyPred [53] http://www.csbio.gjtu.edu.cn/bioinf/EzyPred/ Functicnal catagories: 49 (49 2nd |. ECs)
Network-based Network module detection
approaches MCODE [76] hup:/baderlab.crg/Software/NCODE n/a Cytoscape plugin and sourc2 code
MCL (48| http://www.micans.org/mcl/ n/a Explanation and source codz
Cytoscape http://chianti.ucsd.edu/cyto_web/plucins/ n/a Cytoscape plugin using MCL
pluginjardownload.php?id=175
http://www .cytoscape.org/ n/a Network visualization software
Functional linkage networks
STRING (73] http://string.embl.de/ » DB of PPIs in 630 genomes
VisAN| [80] http://visant.bu.edu/ . DB of PPIs in 108 cenomes
VIRGO (83 http://whipple.cs.vt.edu/virgo/welcome.cgi  n/a Gene expression data as input

Abbreviaticne: DB, datakaea; MCL, Markov Clustaring; MCODE, Molecular Comp ex Detection; ML, machine learming; n/a, not available; PPI, protain protein interaction.
Thie covere zctively ma ntained resourcee but is not guaranteed to ba exhaustive. Scme are not directly aimad at funct on prediction; the main text axplaine how they
cortriobute to it. All eervere were tested, databace etatistice refor to the current releacecs (11/2008).

bIndicates whethar a server or databasc cen be quericd dircctly with ascquence. 'n/a” here meens ‘not epplicable” ito the method, i.c. secuencs querics would makeno sense),
wharcas ths dash () means it could (or should) have this option but does not.



Conclusion

* Sequence alignment Is the foundation of protein
function prediction

* Important databases and tools
o KEGG, GO

* (Gene name mapping

* NCBI reference sequence

 CAFA
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