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The number of protein sequences is �exploding� !
Release 2018_05 of UniProtKB/TrEMBL
Contains 115,678,811 sequence entries.
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But the number of curated annotations is lagging !
Release 2018_05 of UniProtKB/SwissProt

contains 557,491 sequence entries.
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Perhaps 50% have unknown or uncertain functions
Release 2018_05 of UniProtKB

Contains 116,236,302 sequence entries.
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Requires large-scale bioinformatics, computational, 
and experimental tools and strategies to use them

How do we solve this problem ?
Release 2018_05 of UniProtKB

Contains 116,236,302 sequence entries.



U54GM093342:  Enzyme Function Initiative
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“Genomic Enzymology” Web Tools

Biochemistry 2017, 56, 4293-4308



Genomic enzymology strategy for functional assignment

1. Explore sequence function-space in a protein family, 
segregating family into isofunctional clusters using known 
functions (SwissProt, literature) 

Sequence similarity networks (SSNs) using EFI-EST

2. Predict functions of isofunctional clusters in novel 
metabolic pathways using genome context (types of 
reactions enabled by proximal enzymes)

Genome neighborhood networks (GNNs) using EFI-GNT

3. Prioritize clusters for functional characterization by 
(metagenome) abundance

Chemically guided functional profiling (CGFP)



Today

1. Target selection using sequence similarity networks:
EFI-EST web tool

2. Pathway discovery using genome neighborhood networks:
EFI-GNT web tool

3. Example:  using SSNs and GNNs to discover catabolic 
pathways for D-apiose

4. Target prioritization using chemically guided functional 
profiling:  CGFP-ShortBRED beta tool
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Sequence Similarity Networks (SSNs):  Atkinson et al.



OSBS/NSAR

MLE

Sequence similarity networks (SSNs) vs. dendrograms:
large-scale visualization tool for target selection

Families are easier to visualize and connect with SSNs,
so function predictions are easier to formulate and explore 



Dendrograms/trees for sequence relationships

Babbitt et al., PLoS One 2009, 4, e4345



Connectivity:  structure-based 
multiple sequence alignments (MSAs)

Babbitt et al., PLoS One 2009, 4, e4345



Sequence similarity networks

Babbitt et al., PLoS One 2009, 4, e4345
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Connectivity:  all-by-all BLASTP e-values

Babbitt et al., PLoS One 2009, 4, e4345
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Faster to calculate than MSAs

Babbitt et al., PLoS One 2009, 4, e4345
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Qualitatively similar results

Babbitt et al., PLoS One 2009, 4, e4345
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EFI-EST uses sequences from UniProt (EMBL/EBI)

http://www.uniprot.org/

http://www.uniprot.org/


UniProt Knowledgebase (UniProtKB): curated protein 
information, including function, classification, and cross-reference. 

UniProtKB/Swiss-Prot:  manually annotated

UniProtKB/TrEMBL:  automatically annotated

UniProt Reference Clusters (UniRef): clustered sets of 
sequences from UniProtKB and UniProt Archive records to obtain 
complete coverage of sequence space at several resolutions while 
hiding redundant sequence.

UniRef90:  90% sequence identity over 80% of the length of the 
longest sequence (used by Option B of EFI-EST).  On average, a 
two-fold reduction in number of sequences, providing a four-fold 
reduction in running time.

UniProt databases used by EFI-EST



Why UniProt, not NCBI?   Annotations can be changed

https://www.uniprot.org/update

https://www.uniprot.org/update


EFI-EST uses families from Pfam and InterPro

http://pfam.xfam.org/; www.ebi.ac.uk/interpro/

Pfam:  conserved protein families based a seed alignment of 
representative sequences that is used to generate a profile hidden 
Markov model (HMM).  Includes families and clans (superfamilies of 
multiple families).

16,712 families in Pfam 31.0 (March 2017)

InterPro:  aggregates of families, domains, and sites curated by 14 
databases, e.g., Pfam, CATH-Gene3D, ProSite, SFLD, TIGRFAMs, etc.

33,947 domains, families, and sites in InterPro 68 (April 28, 2018)

http://pfam.xfam.org/
http://www.ebi.ac.uk/interpro/


EFI-EST and EFI-GNT Web Tools

https://efi.igb.illinois.edu/

https://efi.igb.illinois.edu/


EFI-EST

https://efi.igb.illinois.edu/efi-est/

https://efi.igb.illinois.edu/efi-est/


https://efi.igb.illinois.edu/efi-est/

Four options for generating SSNs

A B C D

https://efi.igb.illinois.edu/efi-est/


Four options for generating SSNs

• Option A:  Homologues in UniProt to user-supplied
sequences (collected by BLAST)

• Option B:  User-supplied Pfam and/or InterPro families from
UniProt, using full length sequences or domains

• Option C:  User-supplied FASTA file; FASTA header can be 
“read” for UniProt and/or NCBI IDs

• Option D: User-supplied file of UniProt and/or NCBI IDs



Option A: Homologues collected by BLAST



Option B:  Pfam and InterPro families, Pfam clans



Option B:  UniRef for <25K sequences (15,547 Pfams)



Option B: UniRef90 for ≥ 25K sequences (1,157 Pfams)



Option B:  >200K UniRef90 sequences (8 Pfams) 



https://efi.igb.illinois.edu/efi-est/

Precomputed “bioinorganic” Option B jobs

https://efi.igb.illinois.edu/efi-est/


https://efi.igb.illinois.edu/efi-est/

Precomputed “bioinorganic” Option B jobs

https://efi.igb.illinois.edu/efi-est/


Option C:  FASTA file; header can be “read” for IDs



>sp|A6WXX7|4HPE2_OCHA4 4-hydroxyproline 2-epimerase 2 OS=Ochrobactrum 
anthropi (strain ATCC 49188 / DSM 6882 / JCM 21032 / NBRC 15819 / NCTC 12168) 
GN=Oant_1111 PE=1 SV=1
MARHSFFCVDGHTCGNPVRLVAGGGPNLEGSTMMEKRAHFLREYDWIRTGLMFEPRGHDM
MSGSILYPPTRPDCDVAVLFIETSGCLPMCGHGTIGTVTMAIEQGLVTPKTPGKLNLDTP
AGLVAIEYEQNGQYVERVRLTNVPAFLYAEGLEVECPDLGNLKVDVAYGGNFYAIVEPQE
NYTDMEDYSALQLIAWSPILRERLNEKYKFQHPLLPDINRLSHILWTGKPKHPEAHARNA
VFYGDKAIDRSPCGTGTSARMAQLAAKGKLKPGDEFVHESIIGSLFHGRVERATEVVGQD
RTLPAIIPSIAGWARMTGYNTIFIDDRDPFAHGFTVA

Option C:  FASTA header with UniProt IDs



>WP_012091266.1 hydroxyproline-2-epimerase [Ochrobactrum anthropi] 
>A6WXX7.1 RecName: Full=4-hydroxyproline 2-epimerase 2; Short=4Hyp 2-epimerase 2; 
Short=4HypE 2 
>ABS13831.1 proline racemase [Ochrobactrum anthropi ATCC 49188] 
>AIK43759.1 4-hydroxyproline epimerase [Ochrobactrum anthropi]
MARHSFFCVDGHTCGNPVRLVAGGGPNLEGSTMMEKRAHFLREYDWIRTGLMFEPRGHDMMSG
SILYPPTRPDCDVAVLFIETSGCLPMCGHGTIGTVTMAIEQGLVTPKTPGKLNLDTPAGLVAIEYEQNG
QYVERVRLTNVPAFLYAEGLEVECPDLGNLKVDVAYGGNFYAIVEPQENYTDMEDYSALQLIAWSPILR
ERLNEKYKFQHPLLPDINRLSHILWTGKPKHPEAHARNAVFYGDKAIDRSPCGTGTSARMAQLAAKG
KLKPGDEFVHESIIGSLFHGRVERATEVVGQDRTLPAIIPSIAGWARMTGYNTIFIDDRDPFAHGFTVA

Option C:  FASTA header with NCBI IDs



Option D: UniProt and/or NCBI IDs



Data Set Completed page



Data Set Completed page

Statistical
plots



Two histograms:  length and e-value

length

e-value



fragments multiple domains ?

Length histogram:  fragments and multiple domains



Edge histogram:  sequence divergence

convergent, connections within clustersdivergent
connections between clusters



Quartile plots:  alignment length and percent identity

alignment length

percent identity



Quartile plots:  alignment length and percent identity

alignment length

percent identity



Alignment score for initial SSN:  ~40% identity

alignment score = 33



Analysis step: input alignment score and length ranges

Alignment
score

Length
ranges

Network
title



Download Network File page



Full
network

Rep node
networks

Network statistics and downloads



Barber & Babbitt, Bioinf, 28:2845 (2012)

Representative node (rep node) networks

Visualization algorithms (Cytoscape) limit the number of edges 
(and, therefore, indirectly the number of nodes) that can be 
displayed:  <~500K with 8GB RAM, <~1M with 16GB RAM; 
<~5M with 64GB RAM; <~10M with 128GB RAM

Solution:  “bin” similar sequences into the same “metanode”, 
e.g.,  80%, 90%, or 100% sequence identity rep node networks



Memory Processor RAM Price
MacBook 12” 512GB 1.3GHz 8GB $1,599
MacBook 12” 512GB 1.3GHz 16GB $1,799

MacBook Pro 13” 512GB 3.1GHz 8GB $1,999
MacBook Pro 13” 512GB 3.1GHz 16GB $2,199

iMac 21” 1TB 3.4GHz 8GB $1,499
iMac 21” 1TB 3.4GHz 16GB $1,699
iMac 21” 1TB 3.4GHz 32GB $2,099

iMac 27” 2TB 3.8 GHz 8GB $2,299
iMac 27” 2TB 3.8 GHz 16GB $2,499
iMac 27” 2TB 3.8 GHz 32GB $2,899
iMac 27” 2TB 3.8 GHz 64GB $3,699

iMac Pro 1TB 3.2GHz 32GB $4,999
iMac Pro 1TB 3.2GHz 64GB $5,799
iMac Pro 1TB 3.2GHz 128GB $7,399

I don’t get a commission!  But …..



Cytoscape:  http://cytoscape.org/



Cytoscape 3.3.0



Data panel: node attributes



shared name – UniProt accession ID
name – UniProt accession ID
Organism – Organism name

Taxonomy ID – NCBI Taxnomy ID
UniProt Accession Status – TrEMBL or SwissProt
Description – UniProt description

Swissprot Description – Swiss Prot description
Sequence Length – number of residues
Gene Name – Gene name

NCBI IDs – RefSeq IDs, UniProt/Swiss-Prot IDs, GenBank IDs, PDB IDs, 
“retired” GI numbers

Superkingdom – Phylogenetic superkingdom of the organism (from UniProt)

Kingdom – Phylogenetic kingdom of the organism
Phylum – Phylogenetic phylum of the organism
Class  – Phylogenetic class of the organism

Order – Phylogenetic order of the organism
Family – Phylogenetic family of the organism
Genus  – Phylogenetic genus of the organism

Species – Phylogenetic species of the organism

Node attributes:  part 1



EC – EC (Enzyme Commisssion) number
PFAM – Pfam family number
IPRO – InterPro domain/family number
BRENDA ID – BRENDA ID:  https://www.brenda-enzymes.org/
CAZY – Carbohydrate-Active enZYmes:  http://www.cazy.org/
GO Term – Gene ontology (from UniProt)
KEGG ID – KEGG ID:  http://www.genome.jp/kegg/  
PATRIC ID – Genome annotation and assembly:  https://www.patricbrc.org/
STRING ID – Protein-protein interactions:  https://string-db.org/
HMP Body Site – Human Microbiome Project organisms
HMP Oxygen – Human Microbiome Project organisms
P01 gDNA - availability of gDNA in P01GM118303 Protein Core 
UniRef90 Cluster IDs – UniProt IDs for seed sequences in UniRef90 clusters
UniRef90 Cluster Size – number of sequences/IDs in UniRef90 clusters
Sequence Source – Options B/C/D:  USER or FAMILY
Query IDs – Option C/D:  UniProt IDs in FASTA headers or input list
Other IDs – Option C:  FASTA headers with unrecognized accession IDs 
List of IDs in Repnode – UniProt IDs in repnode metanodes
Number of IDs in Repnode – number of sequences in repnode metanodes

Node attributes:  part 2



Cytoscape 3.3.0:  control panels



Cytoscape control panels:  manipulating networks

Network Style Select



Name Pfam Family InterPro Family Family Size
Radical SAM PF04055 IPR007197 360,840

P450 PF00067 IPR001128 211,400

Ferritin-like IPR009078 168,246

Molybdopterin oxidoreductase PF00384 IPR006656 94,758

Oxoglutarate Fe-independent 
Dioxygenase

PF13640/PF03171 IPR005123 84,800

Isopenicillin N synthase IPR027443 50,698

TauD/TfdA-like PF02668 IPR003819 35,996

Phytanoyl-CoA dioxygenase PF05721 IPR008775 34,121

Ribonucleotide reductase 
small subunit family

PF00268 IPR000358 23,764

Oxoglutarate AlkB-like PF13532 IPR027450 18,414

Glycyl radical enzyme PF02901 IPR004184 14,229

FldB/FldC dehydratase PF06050 IPR010327 9,079

2OG-Fe dioxygenase PF10014 IPR018724 2,765
2OGFeDO oxygenase domain PF12851 IPR024779 930

Some ”bioinorganic” enzyme superfamilies
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Some ”bioinorganic” enzyme superfamilies



Glycyl radical enzyme (GRE) superfamily: 14,229 sequences

100% rep node
9,452 metanodes

alignment score 300
~65% sequence identity

≥ 500 residues



Clusters with known functions

PFL
4-OH Pro dehydratase

1,2-Propanediol dehydratase
Glycerol dehydratase

Choline trimethylamine lyase
p-OH Phenylacetate decarboxylase

Alkyl succinate synthase
Aryl succinate synthase
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Some ”bioinorganic” enzyme superfamilies



Radical SAM superfamily: 360,891 sequences

70% rep node
130,578 metanodes

15,638 clusters
alignment score 120

~50% sequence identity



Clusters with SwissProt annotations



“These enzymes catalyze a dizzying array of novel

transformations, and their discovery has led to a revival 

of mechanistic enzymology. Indeed, many beginning 

professors who are interested in chemical biology (i.e. 

natural product biosynthesis) or mechanistic 

enzymology find themselves working in the field of 

radical SAM enzymology.  The ability to mine the large 

space of unknown function within the superfamily 

would be crucial to uncovering these new reactions and 

seeding new projects for young professors.”

Squire Booker on radical SAM “unknown function space”



Today

1. Target selection using sequence similarity networks:
EFI-EST web tool

2. Pathway discovery using genome neighborhood networks:
EFI-GNT web tool

3. Example:  using SSNs and GNNs to discover catabolic 
pathways for D-apiose

4. Target prioritization using chemically guided functional 
profiling:  CGFP-ShortBRED beta tool  



Use genome context to inform annotation
for bacterial and fungal enzymes

Low sequence similarity + Genome context
(≤ 70%)   

Enzyme function

High sequence similarity
(≥ 70%)

Enzyme function

Low sequence similarity
(≤ 70%)

???????

Genome context in 
Genome Neighborhood Networks (GNNs)



Input:  SSN families from EFI-EST
Query families



Genome neighbors

GNN:  bacterial and fungal proteins in gene clusters
Query families



GNN:  collect neighbors (�10)
Genome neighborsQuery families



First GNN:  Pfam families found by SSN clusters
Genome neighbors SSN cluster neighborsQuery families



Genome neighbors

First GNN:  “read” pathways from GNN clusters
Query families SSN cluster neighbors

Deduce pathways from identities 
of neighbor Pfam families



EFI-EST and EFI-GNT Web Tools:  EFI-GNT

https://efi.igb.illinois.edu/efi-gnt/

https://efi.igb.illinois.edu/efi-gnt/


EFI-GNT uses genome sequences from ENA (EMBL/EBI)

https://www.ebi.ac.uk/ena



EFI-GNT:  create GNN from SSN

Input SSN

Neighborhood size
Co-occurrence
E-mail address



Input SSN: from EFI-EST



Colored SSN: families (queries) with unique colors



First GNN: Pfam families found by SSN clusters



SSN cluster hub-nodes and Pfam family spoke-nodes

Functionally linked enzymes in pathways



Second GNN: SSN clusters found by Pfam families

Shared context

Unique context



Pfam family hub-nodes and SSN cluster spoke-nodes

SSN clusters with shared functions



Genome Neighborhood Diagrams



Today

1. Target selection using sequence similarity networks:
EFI-EST web tool

2. Pathway discovery using genome neighborhood networks:
EFI-GNT web tool

3. Example:  using SSNs and GNNs to discover catabolic 
pathways for D-apiose

4. Target prioritization using chemically guided functional 
profiling:  CGFP-ShortBRED beta tool  

Functional assignment of multiple catabolic pathways for D-apiose

Nature Chemical Biology, in press
DOI:  10.1038/s41589-018-0067-7

Available on line, June 4



A general strategy for discovering pathways



Mulligan, C et al.  (2011). "Tripartite ATP-
independent periplasmic (TRAP) transporters in 
bacteria and archaea." FEMS Microbiol Rev 
35(1): 68-86.

3B50
TRAP SBP
Sialic acid
Binding Protein

Transporter Solute Binding Proteins (SBPs):
genes colocated with those for catabolic pathways

1ANF
ABC SBP
Maltose 
Binding Protein



Dye

Order of ligand 
stabilization 
correlated with 
affinity of ligand but 
not absolute

HEAT

Applied Biosystems 7900HT 
Fast Real-Time PCR System

1 mM Ligand
10 μm Protein (100X)
100 mM Hepes pH 7.5, 150 mM NaCl
Sypro Orange (Indicator Dye)

Ligand screening by differential scanning fluorimetry
(DSF or ThermoFluor)



SBP 
(UniProt)

Organism D-Ribose
(ΔTm oC)

D-Apiose
(ΔTm oC)

D-Ribulose 
(ΔTm oC)

Q2JZQ5 Rhizobium etli
CFN 42

12.5 6.8 3.3

B1G898 Burkholderia
graminis C4D1M

15.9 8.8 4.7

A6VKQ8 Actinobacillus
succinogenes 

130Z
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Knockouts in Agrobacterium radiobacter:  D-apiose
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D-Apiose is physiological ligand



Rhamnogalacturonan-II:  D-apiose cross-links in cell walls

O
CO2-

OH OH
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Aceric Acid

H3C

O
OH

OH OH

OH

D-Apiose



Glycoside hydrolases and lyases:  release D-apiose



But, no catabolic pathway for D-apiose ?



D-Apiose:  three hits in one SBP cluster

53,650 sequences
Alignment score 110

60% ID



D-apiose SBP cluster

356 sequences
Alignment score 110

60% ID



D-Apiose SBP hits:  colored SSN

356 sequences
Alignment score 110

60% ID



GNN:  (too) many enzyme families, multiple pathways ?



70% ID, alignment score 124:  two clusters

217 sequences
121 sequences

Alignment score 124
70% ID



70% ID, alignment score 124:  colored SSN

217 sequences
121 sequences

Alignment score 124
70% ID



GNN:  two pathways ?



heterodimeric
transketolase

Kinase

Isomerase

Red cluster:  transketolase pathway



Transketolase pathway
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Yellow cluster:  oxidative pathway(s)
with two dehydrogenases



Oxidative pathway:  D-apiose dehydrogenase



Oxidation of D-apionate

O
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Oxidative pathway:  oxidoisomerase
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PF16896:  novel oxidoisomerase



CO2
-

C O
OH

CH2OH
HOH2C

CO2
-

C OH
O

CH2OH

HOH2C
CO2

-

C OH
OH

CH2OH
HOH2C

H

D-Apionate

Oxido-
isomerase

CO2
-

C O
O

CH2OH
HOH2C H

:B

H +B
CO2

-

C OH
O

CH2OH

HOH2C

Concerted ?

CO2
-

C O
OH

CH2OH
CH2OH

:B

H +B
CO2

-

C OH
O

CH2OH

O CH2

H
:B

HB+ CO2
-

C OH
O

CH2OH

HOH2C

Or, stepwise ?

PF16896:  novel oxidoisomerase



Oxidoisomerase SSN:  two major clusters

500 total sequences
Alignment score 80

70% ID



GNN:  two (or more) oxidative pathways ?



AP endonuclease, TIM, and RpiB families ?



D-Apiose to D-erythrose 4P

Novel RpiB function

Novel xylose
isomerase function

Novel TIM function
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Functions of RuBisCO-Like Proteins (RLPs) ?

RLP(s)?



RuBisCO superfamily (PF00016)
136,880 sequences

4,980 UniRef90 clusters
Alignment score 120

95% rep node



RuBisCO superfamily:  three forms of RuBisCO

Form  I

Form III

Form II

136,880 sequences
4,980 UniRef90 clusters

Alignment score 120
95% rep node



Form  I

Form III

Form II

RLPs:  Not RuBisCOs, enolate intermediates
136,880 sequences

4,980 UniRef90 clusters
Alignment score 120

95% rep node



Form  I

Form III

Form II

PF16896-RLP Neighbors
136,880 sequences

4,980 UniRef90 clusters
Alignment score 120

95% rep node



PF16896-RLP Neighbors:  alignment score 145



Two major families of PF16896-proximal RLPs



Two major families of PF16896-proximal RLPs



RLP-1:  orthologues of  TIM and RpiB isomerases 
in “xylose isomerase” pathway
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RLP-1:  decarboxylase in the RuBisCO superfamily
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Two pathway variants to D-erythrose 4P
(distinct decarboxylase families)



Two major families of PF16896-proximal RLPs



RLP-2:  kinase, dehydrogenase, and oxidoisomerase
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RLP-1/RLP-2:  conserved decarboxylation,
divergent fates of common enediolate intermediate
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Three SBPs à four different pathways in >1300 species
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Today

1. Target selection using sequence similarity networks:
EFI-EST web tool

2. Pathway discovery using genome neighborhood networks:
EFI-GNT web tool

3. Example:  using SSNs and GNNs to discover catabolic 
pathways for D-apiose

4. Target prioritization using chemically guided functional 
profiling:  CGFP-ShortBRED beta tool



Chemically guided functional profiling



Chemically guided functional profiling



Glycyl radical enzyme (GRE) superfamily: 14,229 sequences

100% rep node
9,452 metanodes

alignment score 300
~65% sequence identity

≥ 500 residues



Clusters with known functions

PFL
4-OH Pro dehydratase

1,2-Propanediol dehydratase
Glycerol dehydratase

Choline trimethylamine lyase
p-OH Phenylacetate decarboxylase

Alkyl succinate synthase
Aryl succinate synthase



Clusters with orthologues in human gut metagenomes

PFL
4-OH Pro dehydratase

1,2-Propanediol dehydratase
Glycerol dehydratase

Choline trimethylamine lyase
p-OH Phenylacetate decarboxylase



Beta tool:  ShortBRED-CGFP



ShortBRED:  Identify family-specific markers

Input SSN



ShortBRED:  Quantitate metagenome abundance

Metagenome
library



Selected
metagenomes

ShortBRED:  Quantitate metagenome abundance



ShortBRED:  Output files



Genomic enzymology strategy for functional assignment

1. Explore sequence function-space in a protein family, 
segregating family into isofunctional clusters using known 
functions (SwissProt, literature) 

Sequence similarity networks (SSNs) using EFI-EST

2. Predict novel functions of isofunctional clusters in 
metabolic pathways using genome context (types of 
reactions enabled by proximal enzymes)

Genome neighborhood networks (GNNs) using EFI-GNT

3. Prioritize clusters for functional characterization by 
(metagenome) abundance

Chemically guided functional profiling (CGFP)
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Requirements
• Registered account for EFI
• http://efi.igb.illinois.edu

• Java SE Runtime Environment 8
• http://www.oracle.com/technetwork/java/javase/downloads/jre8-downloads-2133155.html

• Cytoscape 3.3
• Form experience, this version (not the latest) is the best for our needs

• http://chianti.ucsd.edu/cytoscape-3.3.0/

• http://www.cytoscape.org/download_old_versions.html

• Within Cytoscape, install:

• BridgeDB from the App manager

• All files generated and used are available in the Workshop Dropbox folder
• Direct link: https://www.dropbox.com/sh/zfy0e6jaa8dttz7/AABkrFkcET5j2WdGtANKid-
Pa?dl=0

http://efi.igb.illinois.edu/
http://www.oracle.com/technetwork/java/javase/downloads/jre8-downloads-2133155.html
http://chianti.ucsd.edu/cytoscape-3.3.0/
http://www.cytoscape.org/download_old_versions.html
https://www.dropbox.com/sh/zfy0e6jaa8dttz7/AABkrFkcET5j2WdGtANKid-Pa?dl=0



