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New genomes (and metagenomes) sequenced every day...
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What about the error that results from large scale
function prediction”?




Our focus: commonly used protein sequence
databases

How prevalent is misannotation in common sequence
databases?

What can we learn about these annotation errors and
annotation in general?




What is ‘function’?

‘ Many Possible Definitions\

- Biological role

- Enzymatic activity

- Protein localization

- Protein interactions

- Protein expression

- Temporal activity

- Post-translational modifications
- Structural domain

- Sequence motif

- Structural motif

- Binding sites

- Functionally important residues
- Genomic context

- Metabolic pathway

‘ : .
r-".

Phenotype

The Cell

Nucleolis Mitochondria

Enzymatic Reaction
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‘ Many Possible Definitions\ -
Phenotype

- Biological role
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- Protein localization Nucieols Il
- Protein interactions Nucleus
- Protein expression

- Temporal activity

- Post-translational modifications
- Structural domain

- Sequence motif

- Structural motif

- Binding sites

- Functionally important residues THN 4 NH3 Q

- Genomic context °>//§’_«o ) I\ P
- Metabolic pathway °uc’). o G

Enzymatic Reaction




Hic" 3, O H¢ O
eConcrete definition of function
eSubstrate
eProduct

eChemical conversion

Why use enzymes?

"HaN NH3 Q H
o, \4
o) k .

® Function can be mapped
to specific residues
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Functionally Diverse Enzyme Superfamilies
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What is needed for the misannotation analysis?

Gold Standard Sequence Set

Requirements

e Organized hierarchy & data
e Superfamily definitions
e Family definitions
e Sequences
e Sequence alignments
e Statistical models

¢ Functions are experimentally

characterized

¢ Understand functional mechanism

e Structure

¢ Active site
¢ Functionally important residues

¢ Large set

10




What is needed for the misannotation analysis?

Gold Standard Sequence Set

Requirements

e Organized hierarchy & data
e Superfamily definitions

4 )
¢ Family definitions — 6 Superfamilies
e Sequences — 5 Structural folds
— 37 Families

e Sequence alignments
e Statistical models

¢ Functions are experimentally
characterized

—5/6 E.C. categories

Genome Biol. 2006;7(1):R8.

\. J

¢ Understand functional mechanism

e Structure

¢ Active site
¢ Functionally important residues

¢ Large set 10




000 Structure-Function Linkage Database
<. b ¢ || + | A http://sfid.rbvi.ucsf.edu/ ~(Q~ Google
[0 rcolors Signup Idea2IPO SFLD GALEN Netflix New ...leases (239) PubMed Kortemme T@MB(downtown) »
SFLD 5

UG university of Calitornia, San Francisco | About UCSF | UCSF Medical Center SFLD] e RBVI

Browse by Superfamily Browse by Reaction Search by Enzyme Search by Reaction Instructions ~ Citing SFLD SFLD Staff Curator's Entrance

Sequence
Models
(HMMs)

Evidence

Codes T

KAMNSEAVVRLAEASQDRYGFKD KK L

[ e

RHO
Welcome to the Structure-Function Linkage Database
What is the SFLD? What makes the SFLD unique?
o Adatabase thatlinks evolutionarily related sequences and structures e The SFLD correlates conserved partial reactions
from mechanistically diverse superfamilies of enzymes to their associated with active site similarities in all members
chemical reactions of a superfamily
o Correlates conserved active site residues with specific partial o Provides the ability to search for related proteins by
reactions that all members of a superfamily perform their partial chemical reactions
(more details)
How can | use the SFLD? (Instructions & Caveats) A
What can | use the SFLD for? v

Superfamily

[ L < \ “l'
Functionally Important
CLADAGVAVDIV? Residues

Hierarchically Hand-Curated
Organized Sequence Alignments

old Standard Sequence Set | sfld.rbvi.ucsf.edu i




Data Source: Commonly Used Sequence

Databases

6006 Protein Home

» || & || + | = nhuep:/jwww.ncbi.nim.nih.gov/sites/entrez?db=Protein&itool=toolbar & ~ Q- Google

O rcolors Signup Idea2IPO SFLD GALEN Netflix New ..leases (239) PubMed Kortemme T@MB(downtown)

Protein Home

ce eeeeee N7
00

S Protein

Go Clear

Search ~ protein 1) for |

\/ Limits ( Preview/Index 1 History f Clipboard \/ Details \

phEuET The protein entries in the Entrez search and retrieval system have

been compiled from a variety of sources, including SwissProt,
PIR, PRF, PDB, and translations from annotated coding regions
in GenBank and RefSeq.

Entrez Protein
Help | FAQ

Entrez Tools

000 ExPASy - UniProt Knowledgebase: Swiss-Prot and TrEMBL
[« » [ e ] +] ahhtp://www.expasy.ch/sprot/ ~(Q- trembl
[ rcolors Signup Idea2lPO SFLD GALEN Netflix New _leases (239) PubMed Kortemme T@MB(downtown) >

ExPASy - UniProt Knowledg... | ——

NCBI

Automated
Large

lelele) KEGG: Kyoto Encyclopedia of Genes and Genomes.

{ < @ @ I3 hup:/ jwww.genome.jp/kegg / E9 ~ Q- kegg

(O rcolors Signup Idea2iPO SFLD GALEN Netflix New .. leases (239) PubMed Kortemme T@MB(downtown)

J1 kecG: kyoto Encyclopeda .. = =

(‘Search KEGG ) ((Get Entry )

KEGG Home
g‘v‘e"r’:‘e‘g""‘ KEGG: Kyoto Encyclopedia of Genes and Genomes
Release notes
Current statistics A grand challenge in the post-genomic era is a complete computer
representation of the cell, the organism, and the biosphere, which will
KEGG ifi enable i iction of hig! ity of cellular
processes and organism behaviors from genomic and molecular
KGML information. Towards this end we have been developing a bioinformatics
N resource named KEGG as part of the research projects of the Kanehisa

Laboratories in the Bioinformatics Center of Kyoto University and the
KEGG FTP Human Genome Center of the University of Tokyo.

KEGG

Automated

[ il EXPASy Home page Site Map Search ExPASy | Contactus | PROSITE Proteomics tools.

‘ Notice: This page will be replaced with www.uniprot.org. Please send us your feedback!

Search [ swiss-prot/TreMBL +) for (Go) (Clear)
Swiss-Prot
Protein knowledgebase
T TrEMBL
SUJISQ}I'Ot Comp to Swiss-Prot

Prot :

The UniProt Knowledgebase consists of:

« UniProtKB/Swiss-Prot; a curated protein sequence database which strives to provide a high level of
annotation (such as the description of the function of a protein, its domains structure, post-translational
modifications, variants, etc.), a minimal level of and high level of i ion with other

[More details / F /Linking to Swiss-Prot/ User manual / Recent changes / Disclaimer].

« UniProtKB/TrEMBL; a computer-annotated supplement of Swiss-Prot that contains all the translations of

EMBL nucleotide sequence entries not yet integrated in Swiss-Prot.

These databases are developed by the Swiss-Prot groups at SIB and at EBI.

UniProt Ki Release 14.7 ists of:
UniProtKB/Swiss-Prot Release 56.7 of 20-Jan-2009: > Swiss-Prot headlines
408099 entries (More statistics) UniPathway, a metabolic door to

UniProtKB/TrEMBL Release 39.7 of 20-Jan-2009: 7001017 UniProtKB/Swiss-Prot (Read more...)
entries (More statistics)

Access to niProt Knowledgebase

TrEMBL

Automated
Large

Swiss-Prot

Curated
Small 12




Analysis Question

4 N
Given:
A protein sequence annotated to a specific enzyme function

8 Is that annotation correct? )

13




(General Process

Gather all sequences labeled to a
specific function

|

Using defined sequence metrics and
functional information determine if each
sequence appropriately maps to its
labeled function

|

\

Output:
% Misannotation
in Gold Standard Set superfamilies & families

14




Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

15




Superfamily

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Predicted

Annotation
Error
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Retrieve sequence from database.
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Retrieve sequence from database.
(annotated to specific functional family
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Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)
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Annotation
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Percent Misannotation
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Enolase Superfamily
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Found
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Percent Misannotation
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Enolase Superfamily
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Family
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Number of Sequences in Family

> 50

o ° X
>10,<50 <10 None
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Swiss—Prot

Isoaspartyl dipeptidase

Superfamily Family E.C. No. Color
Enolase 42111 o
Galactonate dehydratase 42.1.6
Mandelate racemase 5.1.2.2
Glucarate dehydratase 4.2.1.40
Enolase Methylaspartate ammonia-lyase 43.1.2
ortho-succinyl benzoate synthase 4.2.1.113 o
Dipeptide epimerase - O
Chloromuconate cycloisomerase 5.5.1.7
Muconate cycloisomerase 55.1.1
L-fuconate dehydratase 4.2.1.68 o
Dodecenoyl-CoA delta-isomerase 5338
(mitochondrial)
Delta(3,5)-delta(2,4)-dienoyl-CoA . ®
isomerase
Crotonase Methylmalonyl-CoA decarboxylase 4.1.1.41 o
3-Hydroxyisobutyryl-CoA hydrolase 3.1.2.4 o
4-Chlorobenzoate dehalogenase 3.8.1.7
1,4-Dihydroxy-2-napthoyl-CoA synthase —
Methylmalonyl-CoA epimerase 5.1.99.1 o
Vicinal Oxygen |4-Hydroxyphenylpyruvate dioxygenase | 1.13.11.27 o
Chelate (VOC) FosA 25118
Glyoxalase | 4415
5-Epi-aristolochene synthase - L
Bornyl diphosphate synthase 5.5.1.8
Terpene Pentalenene synthase 4237 o
Cyclase Squalene-hopene synthase 5.4.99.17
Trichodiene synthase 4236
Aristolochene synthase 4239
Deoxy-D-mannose-octulosonate 8- 31.3.45
Haloacid phosphate phosphatase
Dehalogenase | Phosphonoacetaldehyde hydrolase 3.11.1.1 o
(HAD) 2-Haloacid dehalogenase 3.8.1.2
Beta-phosphoglucomutase 54.2.6
Cytosine deaminase 3.5.4.1 o
Adenosine deaminase 3544 o
N-acyl-D-amino-acid deacyclase 3.5.1.81 [ ]
Amidohydrolase L-hydantoinase 3.5.22 o
(AH) D-hydantoinase 3522
Urease 3.5.1.5 [ ]
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Variable
percent
misannotation

Manually
curated Swiss-
Prot is most
accurate
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Misannotation Problem is Getting Worse

Sequences Deposited by Year and the
Fraction Predicted to be Misannotated

(NR DB)
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e |
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]
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B Incorrect Annotations
B Correct Annotations
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What are the characteristics of these
misannotations”?

19




Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Predicted
Annotation
Error

Does sequence hit a
gold standard family
HMM?

Predicted
Annotation
Error

Does sequence have
functionally important
residues?

Predicted
Annotation
Error

Does sequence score
above family Trusted
Cutoff (TC)?

Predicted
Annotation
Predicted Error
to be
Correct
Annotation

Sensitivity to threshold change
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Galactonate Dehydratase Family
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Protein Frequency
2 4

I I I I I
0 200 400 600 800 1000
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LC — Lenient Cutoff

Sensitivity to threshold change
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Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Predicted
Annotation
Error

Does sequence hit a
gold standard family
HMM?

Predicted
Annotation
Error

Does sequence have
functionally important
residues?

Predicted
Annotation
Error

Does sequence score
above family Trusted
Cutoff (TC)?

no

Predicted
Annotation

Predicted Error

to be
Correct
Annotation
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NSA — No Superfamily Association

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Annotation
Error

Does sequence hit a
gold standard family
HMM?
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Predicted
Annotation
Error

Does sequence have
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Predicted
Annotation
Error
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Annotation

Predicted Error
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NSA — No Superfamily Association
SFA — Superfamily Association Only

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold

standard superfamily

Annotation
Error

Does sequence hit a
gold standard family
HMM?

Does sequence have
functionally important
residues?

no

Predicted
Annotation
Error

Does sequence score
above family Trusted
Cutoff (TC)?

no

Predicted
Annotation

Predicted Error

to be
Correct
Annotation
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NSA — No Superfamily Association
SFA — Superfamily Association Only
MFR — Missing Functionally Important Residues

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Annotation
Error

Does sequence hit a
gold standard family
HMM?

Does sequence have
functionally important
residues?

Does sequence score
above family Trusted
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no

Predicted
Annotation

Predicted Error

to be
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Annotation
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NSA — No Superfamily Association
SFA — Superfamily Association Only
MFR — Missing Functionally Important Residues

BTC — Below Trusted Cutoff

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Annotation
Error

Does sequence hit a
gold standard family
HMM?

Does sequence have
functionally important
residues?

Does sequence score
above family Trusted
Cutoff (TC)?

no

BTC

Predicted

to be
Correct
Annotation
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Types of Misannotation
MFR (6%)

SFA (31 y
A& )

BTC (54%)

B Misannotations due to overprediction
O Misannotations not due to overprediction

Biggest Problem

NSA — No Superfamily Association
SFA — Superfamily Association Only

MFR — Missing Functionally Important Residues

BTC — Below Trusted Cutoff

Retrieve sequence from database.
(annotated to specific functional family
in the gold standard analysis set)

Does sequence hit gold
standard superfamily

Error

Does sequence hit a
gold standard family
HMM?

Does sequence have
functionally important
residues?

Does sequence score
above family Trusted
Cutoff (TC)?

no

BTC

Predicted
to be

Correct
Annotation

Predicting function without
sufficient evidence
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Dipeptide Epimerase

>gi|13786715|pdb| THZY|A
Phosphotriesterase From 3
GDRINTVRGPITISEAGFTI

! H h ! h ! h i
PTE [l W« e e [ S8 « el  WEIR | c GRS 6 R L e T e R 4 . A B

FDIGRDVSLLAEVSRAAD . PHP SUENe e i« 2 WElR Bl BelE ) v for e « ¢
GKATPFQELVLKAAARASIRTGVPVTIINAASQRIGEQQAAIFESEGLSPSRVCIGHSDDTDDLSYLTAL -\ ¥ et o L e M e /8
AARGYLIGLDHIPHEAIS \
folle] v« IR 0000w o e [l o fof v w REIRG] W v s c e

MDVMDRVNPDGMAFIPY ’ clale] v wia| .« e« v < efu o "
) B R N R . R S IR R« 6 R - R
;N s moD oD fnofinp noDon

G 6 L B O - e < »  FEEEE R
e H 2 xn oo MBI R e 1 [sira SRS v o 0l » o fal» be v ol i v il e

>gi|1176259]5p|P45548 [Pl hospigtriesterase homology protein ‘ SRR B . W R B B o
MSFDPTGYTLAHEHLHIQ AFICQEMNDLMTRGVRNVIEMTNRYMGRNAQFMLDVM N Mg BE @ B o0 BEEN - ibmmeaN- .- 7
RETGINVVACTGYYQDAJS PEHVATRSESEL AQEMVDEIEQGIDGTELKAGIIAEIGTSEGKITPLEEKV / ; —

FIAAALAHNQTGRPISTHESFSTM ALLQAHSVDLSRVTVGHCDLKDNLDNILKMIDLGAYVQFDT R M e " "R Tk

RRSHLKANGGYGYDYLLTTFIPQLRQSGFSQADVD

IGKNSYYPDEKRIAMLHAL RDR
VMLRENPSQFFQ

[ R P - 6

T1f rla.rascFsasp vy . nENeBoFFa. - - - .-

Unknown Function

Error Propagation

Dipeptide
Epimerase

) —

Dipeptide
Epimerase

22




Dipeptide Epimerase
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BLAST sequence similarity
network

e E-value 1x10-30 or lower

e Distance between nodes
reflects level of sequence
similarity

— Sequence similarity

(O Correct annotation

/\ Incorrect annotation
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Misannotations

® Cluster with each
other

e [ndication of error
propagation
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In Conclusion...

¢ Misannotation is a serious problem
e Automated databases
e Across multiple folds, functions and superfamilies
* Hard to predict misannotation a priori

e Manual curation delivers the highest quality

¢ Misannotation problem is getting worse
e Overprediction is a common problem

* Error propagation appears to be a common source of
misannotation
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