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Abstract

The Enzyme Function Initiative (EFI) provides a web resource with “genomic enzymology” web tools to
leverage the protein (UniProt) and genome (European Nucleotide Archive; ENA; https://www.ebi.ac.uk/
ena/) databases to assist the assignment of in vitro enzymatic activities and in vivo metabolic functions
to uncharacterized enzymes (https://efi.igb.illinois.edu/). The tools enable (1) exploration of sequence-
function space in enzyme families using sequence similarity networks (SSNs; EFI-EST), (2) easy access
to genome context for bacterial, archaeal, and fungal proteins in the SSN clusters so that isofunctional
families can be identified and their functions inferred from genome context (EFI-GNT); and (3) determina-
tion of the abundance of SSN clusters in NIH Human Metagenome Project metagenomes using chemi-
cally guided functional profiling (EFI-CGFP). We describe enhancements that enable SSNs to be
generated from taxonomy categories, allowing higher resolution analyses of sequence-function space;
we provide examples of the generation of taxonomy category-specific SSNs.

© 2023 Elsevier Ltd. All rights reserved.

The UniProt Knowledgebase (UniProtKB;  from paralogues.’® However, correctly assigned
Release 2202_04; https://www.uniprot.org/)  functions are essential for elucidating mechanisms
contains 230,496,503 protein sequences of enzymatic reactions, identifying novel metabolic
(229,928,140 IDs in the pathways, and integrating metabolic pathways into

unreviewed/computationally annotated TrEMBL
database and 568,363 IDs in the reviewed
manually curated SwissProt database;
Supplementary Figure S1). Perhaps one-half of
the IDs have unknown, uncertain, or incorrectly
assigned functions (in vitro enzymatic activities
and in vivo metabolic functions), the latter
because it is difficult to distinguish orthologues

0022-2836/© 2023 Elsevier Ltd. All rights reserved.

the systems biology of both individual organisms
and communities.

With the continually increasing amount of
sequence data available from genome projects
(https://gold.jgi.doe.gov/), UniProt identifies
“reference proteomes” for inclusion in UniProtKB
so that its growth can be managed; sequences
from “redundant proteomes” are deposited in the
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UniParc database. This process started in 2015,
leading to a significant reduction in the number of
entries; now, as the criteria for defining reference
proteomes are refined, a more modest increase in
the number of entries is occurring. UniProtKB is
increasing in functional diversity as its reference
proteomes become more taxonomically diverse.
Functional annotation remains a difficult challenge
that requires large-scale integration of sequence
(both protein and genome) information with other
types of bioinformatics/‘omics information.

The Enzyme Function Initiative (EFI; 5/20/2010 —
6/15/2016) devised strategies and tools to assist
assignment of functions to uncharacterized
enzymes.® It developed a web resource that pro-
vides “genomic enzymology” tools (hitps:/efi.igb.
illinois.edu/; these enable (1) exploration of
sequence-function space in enzyme families using
sequence similarity networks (SSNs; EFI-EST),
(2) easy access to genome context for bacterial,
archaeal, and fungal proteins in the SSN clusters
so that isofunctional families might be identified
from genome context and their functions inferred
from the types of activities associated with encoded
neighbor proteins (EFI-GNT); and (3) determination
of the abundance of SSN clusters in metagenomes
(https://www.hmpdacc.org/hmp/) using chemically
guided functional profiling (EFI-CGFP).

In 2015, we introduced EFI-EST.* In 2019, we
described enhancements to EFI-EST and intro-
duced both EFI-GNT and EFI-CGFP°; we used
the glycyl radical enzyme  superfamily
(IPR004184) to illustrate the use of SSNs gener-
ated with EFI-EST to explore sequence-function
space and collect genome context information
using EFI-GNT so that isofunctional clusters could
be identified. Other articles provide additional
examples of their use.°'" The tools have been
used by >9700 users, >90,000 EFI-EST jobs have
been run, and >680 articles have been published
that cite the tools (https://efi.igb.illinois.edu/train-

ing/index), confirming their utility in generating
hypotheses to guide experimental verification of
novel in vitro enzymatic activities and in vivo meta-
bolic functions of uncharacterized enzymes/
proteins.

As the sizes of protein families continue to
increase, we now have added to EFI-EST the
ability to generate SSNs for user-selected
taxonomy categories, allowing higher resolution
analyses of focused regions of sequence-function
space. The higher resolution SSNs enable more
detailed analyses of the genome context for
members of large superfamilies, improving
identification of isofunctional families and, also,
inference of their in vitro activities and in vivo
metabolic functions.

We also added three utilities to EFI-EST for
analyses of SSN clusters: (1) Cluster Analysis to
provide multiple sequence alignments (MSAs),
WeblLogos, hidden Markov models (HMMs),
positions of conserved residues, and length
histograms; (2) Convergence Ratio to quantitate
internode connectivity, and (3) Neighborhood
Connectivity to identify emerging families in
SSNs generated with low alignment scores.' The
Cluster Analysis utility is useful for identifying the
positions of conserved residues, important informa-
tion for both inferring both enzymatic activities and
determining reaction mechanisms.

In this article we provide an overview of the web
resource, focusing on the recent enhancements
so that users can understand both their use and
the information they provide. We also provide
examples of the generation of taxonomy category-
specific SSNs to explore sequence-function space
in both the glycyl radical enzyme (GRE)
superfamily,'®'* the example used in our 2019 pub-
lication,” and the radical SAM (RS) superfam-
ily,""">7'® arguably the largest and most
functionally diverse enzyme superfamily.

>

Figure 1. Taxonomy Sunburst and Taxonomy Category-Filtered UniRef90 Cluster SSNs for GRE Super-
family. Panel A, Taxonomy Sunburst for the complete sequences in the GRE superfamily (IPR004184) generated
with the Taxonomy Tool Families Option as described in the Supplementary Tutorial. Panel B, UniRef90 cluster
Color SSN for the GRE superfamily generated with the Color SSNs utility as described in the Supplementary
Tutorial with an alignment score threshold of 240 and a minimum length of 650 residues that segregates the
SwissProt and literature-curated functions into separate clusters; the SSN contains 5,801 nodes and 2,133,174
edges. The clusters/nodes were assigned unique colors by the Color SSNs utility. Panel C, Taxonomy category-
filtered UniRef90 cluster SSN for superkingdom Bacteria, phylum Actinobacteria generated as described in the
Supplementary Tutorial Tutorial using the Taxonomy Tool Families Option with transfer of the UniRef90 cluster
IDs to the EFI-EST Accession IDs Option; the SSN contains 488 nodes and 64,199 edges. In this and the following
panels, the nodes are colored using the UniProt ID-Color-Cluster number mapping table generated for the Color SSN
in Panel B, allowing the clusters/nodes in the taxonomy category-filtered SSN to be associated with the clusters/
nodes in the Color SSN in Panel B for the entire superfamily. Panel D, Taxonomy category-filtered UniRef90 cluster
SSN for superkingdom Bacteria, phylum Bacteroidetes; the SSN contains 333 nodes and 13,658 edges. Panel E,
Taxonomy category-filtered UniRef90 cluster SSN for superkingdom Bacteria, phylum Firmicutes; the SSN contains
2,467 nodes and 515,667 edges. Panel F, Taxonomy category-filtered UniRef90 cluster SSN for superkingdom
Bacteria, phylum Protobacteria; the SSN contains 1,048 nodes and 50,190 edges.
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Background information

Sequence Similarity Networks. The tools use
sequence similarity networks (SSNs) generated by
EFI-EST to enable analyses of sequence-function
space in datasets of homologous sequences, e.g.,
protein families.'® Briefly, SSNs are multidimen-
sional networks that display pairwise sequence
relationships in groups of homologous proteins.

A Taxonomy Tool Sunburst

type: ©®
Propare ID Download  Prepare FASTA Download  Transfer to EFLEST  Transfer to EFI-GND Viewer

C Actinobacteria

Each protein is represented by a “node”; pairs of
nodes are connected by an “edge” if they share a
pairwise sequence similarity (quantitated by an
alignment score calculated from the BLAST bit
score) that exceeds a user-specified threshold,
e.g., Figure 1(B). By selecting increasing alignment
score thresholds for drawing edges, the nodes can
be segregated into clusters that define isofunctional
families. The SSNs include “node attributes” with

D Bacteroidetes
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information about each node, e.g., sequence
length, taxonomy, and links to AlphaFold-
predicted structures and various databases, includ-
ing BRENDA, STRING, and KEGG, that may be
useful for inferring functions. The SSNs are ana-
lyzed with Cytoscape, an open-source software
platform for visualizihg complex networks
(https://cytoscape.org/).

Phylogenetic trees are used by evolutionary
biologists to analyze sequence relationships.
Trees are constructed from multiple sequence
alignments (MSAs) that are more difficult to
perform than pairwise sequence comparisons
(BLAST) with large datasets; in addition, the
visualization and interpretation of trees for large
datasets is challenging. Although the pairwise
sequence relationships revealed by SSNs do not
provide phylogenetic relationships, they are useful
for distinguishing paralogues from orthologues as
well as access to genome context using the
genome neighborhood networks (GNNs) and
genome neighborhood diagrams (GNDs) provided
by the EFI-GNT web tool. Analyses of several
superfamilies using both SSNs and trees allow the
conclusion that SSNs are useful (and user-
friendly) for analgzing sequence-function space in
protein families.'®29=2

EFI-EST provides four options for generating
datasets of homologous sequences: (1)
“Sequence BLAST’ using a sequence with
BLASTP to retrieve homologues, (2) “Families”
using sequences from one or more user-provided
Pfam and/or InterPro families and/or Pfam clans,
(3) “FASTA” using sequences in a FASTA format,
and (4) “Accession IDs” using lists of UniProt,
UniRef90 cluster, UniRef50 cluster, or NCBI IDs.
Although the tools were conceived to analyze
sequence-function space in families, Sequence
BLAST is the most frequently used option.

Protein and Genome Sequences. The tools use
protein sequences from the UniProtKB (https://
www.uniprot.org/) and UniRef (https://www.
uniprot.org/help/uniref) databases and genome
sequences from the European Nucleotide Archive
(ENA; https://www.ebi.ac.uk/ena). The databases
are updated with each release of UniProtKB
(usually every twelve weeks).

Fragments and truncated sequences. Not all
sequences in  UniProtKkB are “full-length”.
UniProtKB designates a “Sequence Status” for
each entry: “Complete” if the encoding DNA
sequence has both start and stop codons;
“Fragment” if the start and/or stop codon is
missing. In Release 2022_04, a significant
number of entries are fragments (10.7%); these
can influence the interpretation of SSNs as well as
interfere with other analyses, e.g., MSAs and
HMMs.

The EFI-EST options provides the Fragment
Option to exclude fragments in the input dataset.
However, this does not eliminate sequences

truncated because of sequencing errors. Length
histograms are provided in the Dataset Analysis
step; the Sequence Length Restriction Option
can be used to apply a minimum length filter to
eliminate truncated sequences recognized as
short “outliers” in the distribution of sequences.
However, exclusion of fragments and minimum
length filtering do not guarantee exclusion of
truncated sequences.

UniRef90 and UniRef50 Clusters. SSNs can be
generated using UniProt IDs, UniRef90 cluster IDs,
or UniRef50 cluster IDs. As the sizes of families
increase, SSNs generated with UniProt IDs may
be too large to be analyzed with Cytoscape (due
to insufficient RAM). This problem often can be
solved by generating SSNs with nodes that are
UniRef90 or UniRef50 clusters in which UniProt
IDs that share the specified levels of pairwise
identity are conflated.

UniRef90 clusters conflate UniProt entries that
share >90% sequence identity and have 80%
overlap with the longest sequence in the cluster
(seed sequence); the entries in the cluster usually
are functionally homogeneous, i.e., orthologues.
UniRef50 clusters conflate UniProt entries that
share >50% sequence identity and have 80%
overlap with the seed sequence; the entries often
are functionally heterogeneous, e.g., paralogues
and/or heterofunctional multidomain proteins that
share a common domain. UniRef50 and UniRef90
clusters are labeled with the UniProt ID of the
“representative sequence” chosen from the
UniProt IDs in the cluster, with the following
priorities for its selection: (1) manual review
(SwissProt  curation), (2) annotation score
(reliability of available annotations), (3) organism
(reference proteome), and (4) length (longest); if
possible, a fragment is not used as a
representative sequence.

A UniRef cluster (usually UniRef50) can contain
one or more members of a user-selected family,
but the representative sequence (cluster ID) may
not include a sequence from the selected family.
This situation occurs when a cluster contains
multidomain proteins, and the domain associated
with the selected family is not present in the
multidomain structure of the representative
sequence. Edge alignment scores calculated for
these clusters will not be appropriate for
quantitating the similarity of the family members in
the cluster to other clusters in which the
representative sequence includes a sequence
from the selected family. By selecting Filter by
Family (vide infra), these types of UniRef clusters
can be excluded from SSNs.

Input ID and SSN node filtering. EFI-EST
provides the ability to filter UniProt entries,
UniRef90 clusters, and UniRef50 clusters in both
input datasets and nodes included in an SSN
calculation using several criteria: fragments (using
Fragment Option), sequence length (Sequence
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Length Restriction Options), taxonomy (using
Filter by Taxonomy, vide infra), and family (using
Filter by Family, vide infra). When these filters
are applied to UniRef90 and UniRef50 clusters,
the filter first is applied to the representative
sequence (cluster ID) and then to internal UniProt
IDs to remove those from the cluster that do not
satisfy the filter. The node attributes for SSNs
generated for filtered UniRef90 and UniRef50
clusters are lists of values for the internal UniProt
entries that satisfy the filter(s).

The filtered UniProt IDs in UniRef90 and
UniRef50 clusters are transferred to (1) EFI-GNT
to generate genome neighborhood networks
(GNNs) and retrieve genome neighborhood
diagrams (GNDs), (2) the Color SSNs uitility that
provides files containing the UniProt IDs,
UniRef90 cluster IDs, UniRef50 cluster IDs, or
FASTA-formatted sequences for each cluster in
the SSN, (3) the Cluster Analysis utility that
provides information about each cluster in the
SSN (vide infra), and (4) the Neighborhood
Connectivity utility that quantitates internode
connectivity in each cluster in the SSN (vide infra).
These tools/utilities provide files with information
for the internal UniProt IDs that matched the
filters, including SwissProt descriptions and files of
UniProt, UniRef90 cluster, and UniRef50 cluster
IDs for each SSN cluster by the Color SSNs and
Cluster Analysis utilities.

Web resource. EFI-EST, EFI-GNT, and EFI-
CGFP can be accessed at https://efi.igb.illinois.
edu/. The computer cluster that hosts the tools is
maintained by the Computer Network Resource
Group at the Institute of Genomic Biology at the
University of lllinois, Urbana-Champaign. The
resource can be accessed without registration;
users can create optional accounts to organize
their jobs and view their job history.

Resource Enhancements: Taxonomy
Tool and Filter by Taxonomy

The web resource now (since our 2019
publication® provides (1) the Taxonomy Tool (Sup-
plementary Figure S2(A)) that displays the taxo-
nomic distribution of entries in EFI-EST input
datasets (Families, FASTA, and Accession IDs)
and enables the transfer of the entries (UniProt,
UniRef90 cluster, or UniRef50 cluster) in a selected
category to either the EFI-EST Accession IDs
Option for SSN generation or the EFI-GNT
Retrieve Genome Neighborhood Diagram tab
for retrieval of GNDs and (2) Filter by Taxonomy
(Supplementary Figure S2(B) and (C)) in the
EFI-EST dataset input and SSN finalization options
that enables SSNs to be restricted to one or more
taxonomy categories in the Superkingdom, King-
dom, Phylum, Class, Order, Family, Genus, and
Species ranks. Both increase the likelihood that
UniRef90 clusters can be used instead of UniRef50

clusters (or UniProt IDs instead of UniRef90 clus-
ters) to generate SSNs to (1) provide higher resolu-
tion SSNs that can be analyzed using Cytoscape
with the RAM typically available on desktop/laptop
computers and (2) increase the probability that Uni-
Ref SSN nodes will contain orthologues instead of
paralogues (UniRef90 instead of UniRef50 nodes).

Taxonomy Tool (https://efi.igb.illinois.
edu/taxonomy/; Supplementary Figure S2(A).
The Taxonomy Tool (blue Taxonomy tab at the
top of each page) provides three input options that
parallel those in EFI-EST: “Families”, a list of one
or more Pfam families, InterPro families and/or
Pfam clans; “FASTA”, FASTA-formatted UniProt
sequences; and “Accession IDs”, UniProt,
UniRef90 cluster, or UniRef50 cluster IDs.

The output is a Taxonomy Sunburst (Figure 1
(A); expanded in Supplementary Figure S3) that
displays the taxonomic distribution of the UniProt
IDs in the dataset, i.e., the categories in the
Superkingdom, Kingdom, Phylum, Class, Order,
Family and Genus ranks. The sunburst provides
the numbers of UniProt, UniRef90 cluster, and
UniRef50 cluster IDs for each category within
each rank by clicking on the wedge for that
category (e.g., Supplementary Figure S4;
clicking on the center resets to the next higher
rank). The UniProt, UniRef90 cluster, and
UniRef50 cluster IDs and FASTA-formatted
sequences for the selected category can be
downloaded. The UniProt, UniRef90 cluster, or
UniRef50 cluster IDs can be transferred with
Transfer to EFI-EST to the EFI-EST Accessions
ID Option (Supplementary Figure S5) to
generate a taxonomy-filtered SSN (e.g., Figure 1
(C), (D), (E), and (F)) and/or with Transfer to
EFI-GND Viewer to the EFI-GNT Sequence ID
Lookup/Retrieve Genome Neighborhood
Diagram tab to retrieve GNDs.

If the user selects Transfer to EFI-EST and either
UniRef90 or UniRef50 cluster IDs, the EFI-EST
Accessions ID Option retrieves the clusters from
the UniRef database, so these may contain
internal UniProt IDs that do not have the same
Sequence Status, family, and/or taxonomy
category that were used for generating the
sunburst (vide infra). Therefore, the EFI-EST
Accessions ID Option provides the Fragment
Option, Filter by Family, and Filter by
Taxonomy (Supplementary Figure S6) to
ensure that the UniRef90 or UniRef50 cluster IDs
(representative sequences) have the desired
taxonomy and family properties as well as remove
UniProt IDs from the clusters that do not have the
desired properties.

Taxonomy Tool: “Families” option
(Supplementary Figure S7). This option
identifies UniProt IDs for a list of Pfam families,
InterPro families/domains and/or Pfam clans to
generate the Taxonomy Sunburst. The
information in the sunburst assists selection of
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both the database (UniProt, UniRef90, or UniRef50)
and taxonomy categories (Filter by Taxonomy) for
generating SSNs with the EFI-EST Families
Option.

The UniRef90 and UniRef50 clusters that contain
the family UniProt IDs are retrieved from UniRef
using the lookup table provided by UniProt/UniRef.
As described previously, because UniRef90 and
UniRef50 clusters contain sequences conflated
based on sequence identity, the representative
sequence is not always a member of the input
family; this can occur when a cluster contains
multidomain proteins, some of which do not
contain the domain associated with the input
family. Such clusters should be excluded using
Filter by Family (Supplementary Figure S6(C))
because the alignment scores calculated for the
internode pairwise similarity would be misleading.

The numbers of UniProt IDs and UniRef90 and
UniRef50 clusters in the selected category are
displayed (Figure 1(A)). Because these will be the
numbers of nodes in SSNs, the user can better
select the database (UniProt, UniRef90, or
UniRef50) and/or taxonomy categories (Filter by
Taxonomy) for generating the SSN using the EFI-
EST Families Option.

Taxonomy Tool: FASTA option
(Supplementary Figure S8). This option
assumes the input FASTA-formatted sequences
are UniProt entries. The FASTA headers must
contain UniProt IDs (or NCBI IDs that have that
have “equivalent” UniProt IDs) so that taxonomy
information can be retrieved from UniProtKB.
The input sequences can be filtered with the
Fragment Option, Filter by Taxonomy, and
Filter by Family (Supplementary Figure S6).
The Taxonomy Sunburst provides the number
of the UniProt IDs in each taxonomy category;
UniRef90 and UniRef50 clusters are not
retrieved.

Taxonomy Tool: Accession IDs option
(Supplementary Figure S9). This option obtains
UniProt IDs from a list of UniProt, UniRef90
cluster, or UniRef50 cluster IDs (often obtained
from the Color SSNs utility or the Taxonomy
Tool). If the input is a list of UniRef90 cluster or
UniRef50 cluster IDs, the clusters are obtained
from the lookup table from UniProt/UniRef; the
UniProt IDs in the UniRef90 or UniRef50 clusters
are used to generate the Taxonomy Sunburst.

The UniRef90 or UniRef50 clusters retrieved from
UniProt/UniRef may contain internal UniProt IDs
that were removed by filtering in the SSN or
Taxonomy Tool job (Fragment Option, Filter by
Family, and/or Filter by Taxonomy). Therefore,
the input clusters should be filtered using
Fragment Option, Filter by Family and/or Filter
by Taxonomy to include only UniProt IDs with the
desired sequence status, Pfam families, InterPro
families and/or Pfam clans, and taxonomy
categories in the sunburst.

Filter by Taxonomy (Supplementary Figure S2
(B) and Figure S2(C)). EFI-EST provides Filter by
Taxonomy in the EFI-EST Generate and SSN
Finalization steps. With Filter by Taxonomy,
UniProt entries and UniRef clusters retrieved from
UniProt can be restricted to match one or more
selected taxonomy categories. Filter by
Taxonomy first excludes UniRef clusters for
which the taxonomy category associated with the
UniRef90 or UniRef50 cluster ID (representative
sequence) does not match the selected category
(ies); the filter then removes internal UniProt IDs
that do not match the selected category(ies).

The wuser can choose three Preselected
conditions that are not single taxonomy ranks
(Supplementary Figure S2(A)): (1) “Bacteria,
Archaea, Fungi” selects entries from organisms
that may provide useful genome context (gene
clusters/operons) for inferring functions; (2)
“Fungi” selects entries from the Ascomycota,
Basidiomycota, Fungi incertae sedis and
unclassified Fungi phyla within the Opisthokonta
kingdom of the Eukaryota superkingdom; and (3)
“Eukaryota, No Fungi’ selects entries from
Eukaryota that are not Fungi. Preselected
conditions also include “Viruses”, “Bacteria’,
“Eukaryota”, and “Archaea”, although these
ranks are available from “Add Taxonomy
category”. “Add Taxonomy category” is used to
select one or more taxonomy categories from the
Superkingdom, Kingdom, Phylum, Class, Order,
Family, Genus, and Species ranks
(Supplementary Figure S2(C)).

Resource Enhancements: Cluster
Analysis, Convergence Ratio, and
Neighborhood Connectivity Utilities

Cluster Analysis utility for MSAs, WebLogos,
HMMs, consensus residues, and length
histograms for SSN clusters (Supplementary
Figures S10 and S11; Figure 2). The Cluster
Analysis utility uses an SSN as input (ideally
segregated into isofunctional clusters). The utility
generates the MSA for the nodes in each cluster
(Figure 2(A); UniProt, UniRef90 cluster, or
UniRef50 cluster IDs) using MUSCLE and
generates the WebLogo diagram (https://weblogo.
threeplusone.com) using the MSA (Figure 2(B)).
The MSA is used to generate an HMM (https:/
hmmer.org); the text file can be downloaded, and
the HMM can be viewed interactively with the
Skylign display (https://skylign.org/; Figure 2(C)).
The WebLogo and Skylign display of the HMM
allow easy visual identification of conserved
sequence motifs that may be useful for inferring
functions. The utility also provides a table of the
positions of consensus residues in a user-supplied
list (Figure 2(D); calculated from the MSA) as well
as length histograms for the sequences in each
cluster (Figure 2(E)).


https://weblogo.threeplusone.com
https://weblogo.threeplusone.com
https://hmmer.org
https://hmmer.org
https://skylign.org/

N. Oberg, Remi Zallot and J.A. Gerlt Journal of Molecular Biology xxx (Xxxx) Xxx

A

B % Ll ’ “GL&MLJN;TP "@rﬁﬁ. GDLEM
bl ek Y&OTDLUGA%P‘GM&# B

iy sl m«m@s@ﬁ
;A(ELIUQMM@M G)PTdy a7 TK}fR:Ln Lw

‘ Model Position
u " 5 = = e . A. C 7

LITIRE T R TR

Column number Go

- +| Settings

Cluster number Percent conserved Number of residues Number of noges in SSN Number Bf unique sequences Positions...
1 90 2 136 136 451 452
D 1 80 2 136 136 420
1 70 2 136 136 420
1 60 2 136 136 83 420
1 50 2 136 136 83 420 484
1 40 2 136 136 83 420 484
1 30 2 136 136 83 151 420 484
1 20 2 136 136 83 151 420 474 484 602
1 10 2 136 136 83 96 151 420 450 69 474 484 491 602
E Number of Sequences at Each Length Full-UniProt

50 100 150 200 250

Number of Sequences

e

0

1 36 77 124 176 228 280 332 384 436 488 540 592 644 696 748

Length

Figure 2. Cluster Analysis utility output. The xgmml file for the taxonomy category-filtered UniRef90 cluster SSN
for superkingdom Bacteria, phylum Bacteroidetes within the GRE superfamily (generated as described in the Tutorial
for the GRE superfamily) was transferred to the Cluster Analysis utility. The panels display the types of output
generated by the utility. Panel A, MSA for Cluster 1. The -CC- motif characteristic of the pyruvate formate lyase function
is highlighted in red. Panel B, WebLogo for the MSA in Panel A. The -CC- motif characteristic of the pyruvate formate
lyase function is highlighted in the red box. Panel C, Skylign display for the HMM generated for Cluster 1. The -CC- motif
characteristic of the pyruvate formate lyase function is highlighted in the cyan box. Panel D, Consensus Residue table
for Cys residues in the MSA in Panel A. The -CC- motif characteristic of the pyruvate formate lyase function is located at
positions 451 and 452 (highlighted in the red box). Panel E, length histogram for the UniProt IDs in Cluster 1.
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Convergence Ratio utility for quantitating
internode connectivity in SSN clusters
(Supplementary Figure S12). The Convergence
Ratio utility calculates cluster internode
connectivity. A Color SSN generated with the
Color SSNs utility is the input (cluster numbers
assigned by the utility are required). The
“convergence ratio” is the ratio of the actual
number of edges in the cluster to the maximum
possible number of edges (each node connected
to every other node). For UniRef90 cluster and
UniRef50 cluster SSNs, two ratios are calculated,
one for the edges connecting the UniRef nodes in
the SSN clusters and the second for the internal
UniProt IDs. The user specifies the alignment
score—as the alignment score increases the
number of edges will decrease if a cluster
contains paralogues or orthologues from different
taxonomy categories. The value of the ratio
ranges from 1.0 for “identical” sequences to 0.0
for unrelated sequences at the specified alignment
score. The ratio can be used as a criterion to infer
whether an SSN cluster contains orthologues—
the ratio for a cluster containing orthologues is
expected to be close to 1.0 even at large
alignment scores.

Neighborhood Connectivity utility for
identifying unresolved families in SSN clusters
(Supplementary Figure S13). The nodes for
unresolved families can be difficult to identify in
SSNs generated with low alignment scores.
Coloring the nodes according to the number of
their internode edges (neighborhood connectivity)
may facilitate identification of emerging families
with highly connected nodes.'? Using Neighbor-
hood Connectivity Coloring as a guide, the align-
ment score threshold can be chosen to separate the
SSN into families. An example for the GRE super-
family is shown in Figure 3; as the alignment score
threshold increases to 240 where the clusters are
isofunctional, the coloring reveals the emerging
clusters.

EFI-EST, EFI-GNT, and EFI-CGFP

The following sections provide an overview of the
tools, noting the enhancements that have been
added since our 2019 publication.”

EFI-EST “Sequence BLAST” tab: Single
sequence query (Supplementary Figure S14).
A sequence is the query for a BLAST search of
the UniProt, UniRef90, or UniRef50 databases;
the hits are used to generate an SSN. If desired,
the hits can be restricted to specific taxonomy
categories (the filter is applied to the list of hits
identified in the BLAST). A text file with a list of
the UniProt, UniRef90, or UniRef50 ID hits, e-
values, descriptions, and numbers of IDs in the
UniRef cluster is available for download.

EFI-EST “Families” tab: Pfam
InterPro  families and/or Pfam

families,
clans

(Supplementary Figure S15). Sequences from
one or more Pfam families, InterPro families, and/
or Pfam clans are used. The number of
sequences (UniProt IDs, UniRef90 cluster IDs,
and UniRef50 cluster IDs) and the taxonomic
distribution can be previewed using the
Taxonomy Tool (so that the proper database and
any desired taxonomy category can be selected to
allow the generation of an SSN that can be
analyzed with Cytoscape). Filter by Taxonomy
can be applied to the UniProt, UniRef90 clusters,
or UniRef50 clusters identified as IDs of the
selected family.

EFI-EST “FASTA” tab: FASTA file
(Supplementary Figure S16). The user provides
sequences in the FASTA format. The FASTA
headers can be read for UniProt IDs (and/or NCBI
IDs with “equivalent” UniProt IDs) so that node
attribute information can be included in the SSN.
Filter by Taxonomy can be applied to the input
sequences using FASTA header reading. The
sequences are assumed to be UniProt IDs.

EFI-EST “Accessions IDs” tab: UniProt,
UniRef90 cluster, UniRef50 cluster and/or
NCBI IDs (Supplementary Figure S5). The user
provides a list of UniProt, UniRef90 cluster, or
UniRef50 cluster IDs (and/or NCBI IDs with
“equivalent” UniProt IDs). Typically, the list is
obtained from the Color SSNs utility that provides
files with the UniProt, UniRef90 cluster, and
UniRef50 cluster IDs for the clusters in an input
SSN; alternatively, files are available from the
Taxonomy Tool. Because the Color SSNs utility
and the Taxonomy Tool provide UniRef90 and
UniRef50 IDs without any information about family
and/or taxonomy filtering that may have been
applied to the internal IDs, the EFI-EST
Accession IDs Option provides Filter by Family
and Filter by Taxonomy.

EFI-EST utilities: “Color SSNs” for identifying
and coloring SSN clusters (Supplementary
Figure S17). An SSN is the input; the output is an
SSN in which the nodes in each cluster are
assigned a unique number and color (for
visualization in Cytoscape). Files of UniProt,
UniRef90 cluster, and UniRef50 cluster IDs and
FASTA sequences for the nodes in each cluster
and a list of the SwissProt-curated functions in
each cluster are provided. If Filter by Family and/
or Filter by Taxonomy were used to generate the
input SSN, the UniProt and UniRef clusters IDs
are those for the filtered clusters.

EFI-EST utilities: “Cluster Analysis” for
multiple sequence alignments, WebLogos,
HMMs, consensus residues, and length
histograms of IDs of SSN clusters
(Supplementary Figures S10 and S11). Iis
functions were described in the Resource
Enhancements: Cluster Analysis and
Convergence Utilities section. Like the Color
SSNs utility, if Filter by Family and/or Filter by
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Figure 3. Neighborhood Connectivity utility output. Neighborhood connectivity UniRef90 cluster SSNs
generated for the complete sequences in the GRE superfamily (IPR004184) as a function of increasing alignment
score with a minimum length of 650 residues. The nodes are colored according to neighborhood connectivity (number
of internode edges) assigned by the utility. Panel A, alignment score 90. Panel B, alignment score 120. Panel C,
alignment score 150. Panel D, alignment score 180. Panel E, alignment score 210. Panel F, alignment score 240. As
the alignment score increases, the coloring highlights the emerging isofunctional clusters.

Taxonomy were used to generate the input EFI-EST utilities: “Convergence Ratio” for
UniRef90 or UniRef50 cluster SSN, the UniProt  quantitating internode connectivity in SSN
and UniRef clusters IDs that are provided are  clusters (Supplementary Figure S12). Iis
those for the filtered clusters. functions were described in the Resource
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Enhancements: Cluster and
Convergence Utilities section.

EFI-EST utilities: “Neighborhood
Connectivity” for identifying unresolved
families in SSN clusters (Supplementary
Figure S13). Its functions were described in the
Resource Enhancements: Cluster Analysis
and Convergence Utilities section.

EFI-GNT: genome context of IDs of SSN
clusters. EFI-GNT provides access to the
genome context for the bacterial, archaeal, and
fungal members of SSN clusters: in these
organisms the genes encoding the enzymes in
metabolic pathways often are colocated in gene
clusters/operons. The local database is
constructed from the ENA database and provides
genome neighborhoods (+20 genes) for each
bacterial, archaeal, and fungal member in the
UniProtKB. EFI-GNT is unchanged since our 2019
publication.”

EFI-CGFP: metagenome abundance of IDs of
SSN clusters using chemically guided
functional profiling. EFI-CGFP provides an
interface  for mapping SSN clusters to
metagenomes determined in the Human
Metagenome Project (HMP-1; htips:/hmpdacc.
org/hmp/) using the CGFP pipeline developed by
Balskus and Huttenhower.'® EFI-CGFP s
unchanged since our 2019 publication.”

In the following sections, we provide examples of
using the Taxonomy Tool with Transfer to EFI-
EST as well as Filter by Taxonomy in the SSN
Finalization and Generate steps of the EFI-EST
Family Option to generate taxonomy category-
filtered SSNs for the glycyl radical enzyme (GRE)
superfamily and the radical SAM (RS)
superfamily. The GRE superfamily was used in
our 2019 publication to demonstrate the integrated
use of EFI-EST, EFI-GNT, and EFI-CGFP.> The
RS superfamily is very large (vide infra) and both
functionally and mechanistically diverse, so we
use this superfamily to demonstrate that both the
Taxonomy Tool and Filter by Taxonomy are
robust.

A Supplemental Tutorial is provided for each
superfamily that describes the use of the
Taxonomy Tool and Filter by Taxonomy. The
web resource Training page (https://efi.igb.illinois.
edu/training/example.php?id=2022) provides links
to (1) the Taxonomy Tool jobs used to generate
Taxonomy Sunbursts and (2) both the
DATASET COMPLETED and DOWNLOAD
NETWORK FILES pages for the EFI-EST jobs
used for generating the taxonomy category-filtered
SSNs.

Analysis

Taxonomy Tool and Filter by
Taxonomy: GRE Superfamily

GRE superfamily. The GRE superfamily is a
functionally diverse superfamily, with reactions

10

involving radical-based mechanisms.'®'* An acti-
vating enzyme (a member of the RS superfamily)
abstracts the pro-(S) hydrogen atom from a Gly in
a loop near the C-terminus of a ten-stranded (j/o)
-barrel domain; the radical then abstracts a hydro-
gen atom from the thiol group of a Cys residue in
a second loop near the middle of the polypeptide
chain. The reaction proceeds, usually by abstrac-
tion of a hydrogen atom from the substrate by the
thiyl radical, but in the case of pyruvate formate
lyase by addition of the thiyl radical to the carbonyl
group of pyruvate.

Taxonomy Sunbursts (Tutorial pages 2-8).
The Taxonomy Tool Families Option was used
with UniProt Release 2022_04 to generate three
Taxonomy Sunbursts, one including both
complete and fragment sequences, the second
only complete sequences, and the third complete
sequences with >650 residues (“full-length”
sequences). As shown in the Taxonomy
Sunbursts, the superfamily contains 25,513 total
UniProt entries (fragment and complete; 21,288
unique sequences determined using CD-HIT),
21,636 complete UniProt entries (17,505 unique
sequences), and 20,089 “full-length” UniProt
entries (15,986 unique sequences).

UniProt ID SSN (Tutorial pages 9 — 12). The
UniProt ID SSN was generated for the complete
UniProt entries using the EFI-EST Families
Option; an alignment score threshold of 240 and
a minimum length filter of 650 residues were
selected to finalize the SSN.® The alignment score
threshold of 240 segregates the SwissProt and
literature-curated functions into separate clusters.
The SSN contained 20,089 UniProt ID nodes and
47,499,276 edges; it is too large to be analyzed with
Cytoscape using most desktop/laptop computers.

UniRef90 Cluster SSN (Tutorial pages 13— 19).
As shown in the Taxonomy Sunburst for the
complete UniProt entries, the superfamily contains
6,938 UniRef90 clusters. The UniRef90 cluster
SSN was generated for the UniRef90 cluster IDs
using the EFI-EST Families Option; using the
same alignment score threshold of 240 and a
minimum length filter of 650 residues,” the full Uni-
Ref90 cluster SSN contained 5,801 UniRef90 clus-
ter nodes and 2,133,174 edges.

The SSN was transferred to the Color SSNs
utility (to assign unique numbers to each cluster
and colors to the nodes in each cluster); the Color
SSN is shown in Figure 1(B). The UniProt ID-
Color-Cluster number mapping table generated by
the utility was used with the BridgeDb application
in Cytoscape to color the nodes in the taxonomy
category-filtered SSNs described in the following
sections.

Taxonomy category-filtered UniRef90 cluster
SSNs were generated by the three methods
described in the following sections.

Taxonomy Tool Families Option, with transfer
of UniRef90 cluster IDs to the EFI-EST
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Accession IDs Option (Tutorial pages 20 — 26).
The Taxonomy Sunburst generated for the
complete sequences (Figure 1(A)) was used with
Transfer to EFI-EST to generate taxonomy
category-filtered UniRef90 cluster SSNs that
include the majority of the entries in the
superfamily: superkingdom Bacteria;
superkingdom Bacteria, phylum Actinobacteria
(Figure 1(C)); superkingdom Bacteria, phylum
Bacteroidetes  (Figure  1(D));  superkingdom
Bacteria, phylum Firmicutes (Figure 1(E));
superkingdom Bacteria, phylum Proteobacteria
(Figure 1(F)); superkingdom Archaea; and Fungi
(a subset of superkingdom Eukaryota). The nodes
in the SSNs were colored in Cytoscape using the
UniProt ID-Color-Cluster number color mapping
table for the UniRef90 cluster SSN for the
superfamily in Figure 1(B) (previous section).

Comparison of the UniRef90 cluster SSN for the
superfamily (Figure 1(B)) with taxonomy category-
filtered UniRef90 cluster SSNs (Figure 1(C)—(F);
assisted by the colors assigned to the clusters in
the UniRef90 cluster SSN by the Color SSNs
utility) reveals the shared and unique presence of
enzymatic activities/metabolic functions in the
various taxonomy groups. The taxonomy
category-filtered SSNs provide an overview of the
distribution of the GRE family functions across the
taxonomy categories.

This method for generating a taxonomy category-
filtered SSN is the easiest for single taxonomy
categories: the Taxonomy Sunburst provides the
numbers of UniProt, UniRef90 cluster, and
UniRef50 cluster IDs; the user can estimate the
size of the SSN and directly generate it by
transferring the selected IDs to EFI-EST
Accession IDs Option. However, an SSN for
multiple taxonomy categories requires that the
SSN be generating using an EFI-EST tool, e.g.,
one of the following two methods using the EFI-
EST Families Option.

EFI-EST Families Option, Filter by Taxonomy
in the Analysis Step (Tutorial pages 27 — 28).
Filter by Taxonomy on the SSN Finalization tab
of the DATASET COMPLETED page for the
UniRef90 cluster SSN for the superfamily
(Figure 1(B)) was used to generate the same
taxonomy category-filtered UniRef90 cluster SSNs
described in the previous section. The resulting
SSNs are identical (same numbers of nodes and
edges with the same layout in Cytoscape) to
those generated as described in the previous
section.

EFI-EST Families Option, Filter by Taxonomy
in the Generate Step (Tutorial pages 29 — 31).
The same taxonomy category-filtered UniRef90
cluster SSNs were generated in separate EFI-EST
Family Option jobs. The resulting SSNs are
identical (same numbers of nodes and edges with
the same layout in Cytoscape) to those generated
as described in the previous two sections.
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Genome context. The minimum edge alignment
score (240) used to generate the SSNs separates
the SwissProt-curated functions into different
clusters.” EFI-GNT generates genome neighbor-
hood networks (GNNs) for the clusters so that co-
occurring genome proximal proteins can be identi-
fied that participate in a metabolic pathway with
the members of the superfamily. EFI-GNT also
retrieves genome neighborhood diagrams (GNDs)
for visualization of conserved genome context.
The taxonomy category-specific SSNs described
in the Taxonomy Tool Families Option, with
transfer of UniRef90 cluster IDs to the EFI-EST
Accession IDs Option section were transferred
to EFI-GNT; the output files for these jobs, including
the GNNs and GNDs, are available on the Training
page.

Chemically guided functional profiling. In our
2019 publication,® we used EFI-CGFP to determine
the human metagenome abundance of the isofunc-
tional clusters in the SSN for the superfamily. The
taxonomy category-specific SSNs described in the
Taxonomy Tool Families Option, with transfer
of UniRef90 cluster IDs to the EFI-EST Acces-
sion IDs Option section were submitted to EFI-
CGFP; the output files for these jobs, including the
heat maps and boxplots for metagenome abun-
dance, also are available on the Training page.

Cluster Analysis. The Cluster Analysis utility
generates the MSA, WebLogo, and Skylign HMM
for each cluster in the input SSN. These can be
inspected to identify conserved residue motifs that
may provide information useful for identifying
isofunctional families. The SSNs for the various
taxonomy categories described in the Taxonomy
Tool Families Option, with transfer of
UniRef90 cluster IDs to the EFI-EST Accession
IDs Option section were submitted to the Cluster
Analysis utility, selecting Cys for highlighting
conservation and position in the WeblLogo; the
output files for these jobs are available on the
training page.

In each SSN, the MSA (Figure 2(A)), WebLogo
(Figure 2(B)) and Skylign HMM (Figure 2(C))
allow easy visualization of the two conserved
sequence proximal Cys residues in the cluster
with the largest number of SSN UniRef90 nodes
(designated “Node Cluster 1”7 in the utility output,
numbered in order of decreasing number of
nodes) and UniProt IDs (designated “Sequence
Cluster 1”7 in the utility output, numbered in order
of decreasing number of UniProt IDs); the Node
Cluster and Sequence Cluster numbers are
node attributes in the Color SSN generated by the
Color SSNs and Cluster Analysis utilities. This
CC motif is diagnostic of the pyruvate formate
lyase (PFL) function. The Cluster Analysis utility
also provides a file that identifies MSA positions in
which Cys occurs with a range of percent
conservation (decreasing from 90% to 10%, in
10% intervals; Figure 2(D)). Finally, the Cluster
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Analysis utility provides length histograms for the
UniRef clusters and UniProt IDs in each cluster
(Figure 2(E)).

Neighborhood Connectivity utility. To illustrate
the new Neighborhood Connectivity utility,
UniRef90 cluster SSNs for the complete
sequences were generated by increasing the
minimum edge alignment score from 90 to 240 in
increments of 30 and transferring the SSNs to the
utility. As the alignment score threshold increases
to 240, large multifunctional clusters are
segregated into smaller isofunctional clusters. The
emergence  of isofunctional clusters in
multifunctional clusters can be visualized using the
colors assigned to nodes according to the number
of edges to other nodes in the cluster; these SSNs
are displayed in Figure 3.

Taxonomy Tool and Filter by
Taxonomy: RS Superfamily

Radical SAM (RS) superfamily. To illustrate that
both the Taxonomy Tool and Filter by Taxonomy
can handle large numbers of sequences, we
generated taxonomy category-filtered UniRef90
cluster SSNs for the RS superfamily,""'>~"® argu-
ably the largest functionally and mechanistically
diverse enzyme superfamily, with its members cat-
alyzing a wide variety of reactions initiated by
abstraction of a hydrogen atom from the substrate.
The sequences contain a conserved CxzCx,C motif
located near the N-terminus of a (B/a)e-partial barrel
domain; the Cys residues participate in a 4Fe-4S
cluster that binds S-adenosyl-L-methionine (SAM).
One electron reduction of the cluster results in
homolytic cleavage of the C5'-S bond of the SAM
to yield the 5’-deoxyadenosyl radical that mediates
hydrogen atom abstraction.

Taxonomy Sunbursts (Tutorial pages 32 —42).
The Taxonomy Tool Families Option was used
with UniProt Release 2022_04 to generate three
Taxonomy Sunbursts, one including both
fragments and complete sequences, the second
only complete sequences, and the third complete

sequences with >140 residues (“full-length”
sequences; Vvide infra). As shown in the
Taxonomy Sunbursts, the superfamily contains
773,426 total UniProt entries (fragment and
complete; 692,220 unique sequences determined
using CD-HIT) and 724,116 complete UniProt
entries (643,373 unique sequences). The
members of the anaerobic ribonucleotide
reductase activating enzyme family within the RS
superfamily have the shortest sequences (>140
residues)’’; we used this minimum length to
remove truncated sequences and identified
717,940 “full-length” UniProt entries (637,424
unique sequences).

UniRef50 Cluster SSN (Tutorial pages 43 — 46).
The UniRef50 cluster SSN was generated using the
EFI-EST Families Option; an alignment score
threshold of 11 and a minimum length filter of 140
residues were selected to finalize the SSN. The
SSN (63,359 nodes and 65,099,366 edges) can
be analyzed with a Mac Pro computer with 1.5 TB
RAM (Figure 4(A)); the nodes were colored
according to the Structure-Function Linkage
Database subgroups.'''® In the RadicalSAM.org
resource,’’ we use the UniRef50 cluster SSN to
enable separation of the superfamily into subgroups
so that higher resolution UniRef90 cluster SSNs for
the subgroups can be generated.

UniRef90 Cluster SSN (Tutorial pages 47 — 49).
The UniRef90 cluster SSN was generated using the
EFI-EST Families Option; again; an alignment
score threshold of 11 and a minimum length filter
of 140 residues were selected to finalize the SSN.
The SSN is extremely large (348,446 nodes and
2,583,616,067 edges); EFI-EST did not generate
the xgmml file (edge maximum for generating an
SSN is 200,000,000). However, as described in
the EFI-EST Families Option, Filter by
Taxonomy in the Analysis Step section below,
this generate job can be used with Filter by
Taxonomy in the Analysis step to generate
taxonomy category-filtered SSNs that can be
analyzed with Cytoscape.

Taxonomy category-filtered UniRef90 cluster
SSNs that can be analyzed with Cytoscape were

>

Figure 4. UniRef90 Cluster SSNs for the RS Superfamily. Panel A, UniRef50 cluster SSN for the complete
sequences in the RS superfamily generated as described in the Supplementary Tutorial for the RS superfamily with
an alignment score threshold of 11 and a minimum length 140 residues. In this and the other panels, the nodes are
colored using the BridgeDb app in Cytoscape with the colors used for the RS superfamily subgroups by the Structure-
Function Linkage Database (SFLD).""'® Panel B, Taxonomy category-filtered UniRef90 cluster SSN for superking-
dom Bacteria, phylum Actinobacteria generated as described in the Supplementary Tutorial using the Taxonomy
Tool Families Option with transfer of the UniRef90 cluster IDs to the EFI-EST Accession IDs Option; the SSN
contains 27,953 nodes and 20,427,812 edges. Panel C, UniRef90 cluster SSN for superkingdom Bacteria, phylum
Firmicutes; the SSN contains 52,421 nodes and 61,254,499 edges. Panel D, UniRef90 cluster SSN for superkingdom
Archaea; the SSN contains 36,996 nodes and 27,905,053 edges. Panel E, UniRef90 cluster SSN for superkingdom
Eukaryota, Fungi only; the SSN contains 3,341 nodes and 715,572 edges. Panel F, UniRef90 cluster SSN for
superkingdom Eukaryota, no Fungi; the SSN contains 8,266 nodes and 3,859,620 edges.
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generated by the three methods described in the
following sections.

Taxonomy Tool Families Option, with transfer
of UniRef90 cluster IDs to the EFI-EST
Accession IDs Option (Tutorial pages 50 — 58).
The Taxonomy Sunburst for the “complete”
entries (Figure 1(A)) was used with the Transfer

superkingdom Bacteria, phylum Actinobacteria
(Figure 4(B)); superkingdom Bacteria, phylum
Bacteroidetes; superkingdom Bacteria, phylum
Firmicutes (Figure 4(C)); superkingdom Archaea
(Figure 4(D)) and two subsets of superkingdom
Eukaryota, Fungi (Figure 4(E)) and Eukaryota, no
Fungi (Figure 4(F)).

to EFI-EST feature to generate taxonomy The UniRef90 cluster SSN for superkingdom
category-filtered UniRef90  cluster =~ SSNs: Bacteria, phylum Proteobacteria is too large to be
A UniRef50 B Actinobacteria
% ;. B
" 2
E

L ’
& .
»
C Firmicutes D Archaea
t 2
% . ‘@
cﬁ* .
4 v
*
E Fungi F Eukaryota, no Fungi
e @
.‘l
-5
? ¥
& 7
: .. &
o ¥

13




N. Oberg, Remi Zallot and J.A. Gerlt

Journal of Molecular Biology xxx (xxxx) Xxx

analyzed with Cytoscape (102,114 nodes and
250,587,566 edges). However, UniRef90 cluster
SSNs were generated and could be analyzed for
classes within the Proteobacteria phylum:
Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria.

EFI-EST Families Option, Filter by Taxonomy
in the Analysis Step (Tutorial pages 59 — 61).
Filter by Taxonomy on the SSN Finalization tab
of the DATASET COMPLETED page for the
UniRef90 cluster SSN for the superfamily was
used to generate the taxonomy category-filtered
UniRef90 cluster SSNs described in the previous
section. The resulting SSNs are identical (same
numbers of nodes and edges with the same
layout in Cytoscape) to those generated as
described in the previous section.

EFI-EST Families Option, Filter by Taxonomy
in the Generate Step (Tutorial pages 62 — 64).
The same taxonomy category-filtered UniRef90
cluster SSNs were generated in separate jobs
using the EFI-EST Family Option with the list of
Pfam and InterPro and/or domains and separately
selecting the taxonomy categories used to
generate the Taxonomy Sunburst and the
UniRef90 cluster SSN for the entire superfamily.
The resulting SSNs are identical (same numbers
of nodes and edges with the same layout in
Cytoscape) to those generated as described in the
previous two sections.

Comparison of the high-resolution taxonomy
category-specific UniRef90 cluster SSNs (Figure 4
(B)—(F)) with the lower resolution UniRef50 cluster
SSN for the entire superfamily (Figure 4(A))
suggests that the UniRef90 cluster SSNs for
taxonomy categories will facilitate identification
and functional characterization of isofunctional
families in the RSS. Separation of the subgroups
by manual deletion of the connecting edges (as
used by RadicalSAM.org to separate the
subgroup) provides facile access to the enzymatic
activities/metabolic  functions in the various
taxonomy categories.

Conclusions

We hope that this article will convince readers to
use the tools provided by the EFI's web resource,
now including the abilty to generate high
resolution SSNs for taxonomy categories within
large (super)families to better explore sequence-
function space. The tools are available without
charge. As noted earlier, the tools have been used
by >9700 users, >90,000 EFI-EST jobs have been
run, and >680 articles have been published that
cite the tools, confirming their utility in generating
hypotheses to guide experimental verification of
novel in vitro enzymatic activities and in vivo
metabolic functions of uncharacterized enzymes/
proteins.

Software Availability

The source code is available at
github.com/EnzymeFunctionlnitiative.
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