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ABSTRACT: The assignment of functions to uncharacterized EFI Genomic Enzymology Tools

proteins discovered in genome projects requires easily accessible

tools and computational resources for large-scale, user-figadly. %, *

leveraging of the protein, genome, and metagenome databaSes by

experimentalists. This article describes the web res %3'_’0
sed at

developed by the Enzyme Function Initiative (EFI; access:
https://e .igb.illinois.ed)/that provide$genomic enzymoldgy
tools (‘web tool¥ for (1) generating sequence similarity:
networks (SSNs) for protein families (EFI-EST); (2) analyzing '
and visualizing genome context of the proteins in clusters IBEFI-EST EFI-GNT EFI-CGFP
SSNs (in genome neighborhood networks, GNNs, and genome

neighborhood diagrams, GNDs) (EFI-GNT); and (3) prioritizing uncharacterized SSN clusters for functional assignment basec
on metagenome abundance (chemically guided functiohafjp@GFP) (EFI-CGFP). The SSNs generated by EFI-EST are

used as the input for EFI-GNT and EFI-CGFP, enabling easy transfer of information among the tools. The networks are
visualized and analyzed using Cytoscape, a widely used desktop application; GNDs and CGFP heatmaps summariz
metagenome abundance are viewed within the tools. We provide a detailed example of the integrated use of the tools with
analysis of glycyl radical enzyme superfamily (IPR004184) found in the human gut microbiome. This analysis demonstrates tt
(1) SwissProt annotations are not always correct, (2) large-scale genome context analyses allow the prediction of nov
metabolic pathways, and (3) metagenome abundance can be used to identify/prioritize uncharacterized proteins for function
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investigation.

Genome sequencing continues to add a staggering amowantext of their members to focus studies of enzyme
of information to the protein databases. The UniProtKBnechanisms, discover new reactions and metabolic pathways,
databasehftps://www.uniprot.org/ 156 637 804 entries in and describe the evolution of enzyme function in molecular
Release 2019 _04) is increasing with a doubling tin25of  terms (sequence and structure). Enzyme superfamilies evolve
years Supplementary Figure) Sless than 0.4% of the entries from a common ancesfoalthough their members often do
have manually curated annotations (UniProtKB/SwissProt)jot catalyze the same reaction (functionally diverse), their
the remaining entries are annotated computationally based kg@ctions can share a partieaction, intermediate, or
sequence homology (UniProtkKB/TrEMBL), so many of thesdransition state, or their substrates can share similar structures.
annotations are either imprecise or incorrect. With the numbdhe functional space to explore is thus reduced, facilitating
of sequences doubling eve®5 years, thtdark matter* hypothesis generation. Novel functions have been assigned to
sequences for which no precise and/or validated function tie dark matter using the genomic enzymology sfrategy.
available, is exploding; however, dark matter provides a/Ve have democratized genomic enzymology by developing a
tremendous resource for biology because it containser-friendly web resource with three tdalel( tool$ to
undiscovered novel enzymes and metabolic pathways. TH#e, integrate, and leverage the protein, genome, and
challenge is to leverage the protein and genome database§'étrgenome databases to facilitate experimental investigation
that the dark matter can be illuminated. Experimental studié&df conrmation of function. The resource provides the EFI-
integratingn vitrobiochemistry witm vivophysiological and ~ EST tool for generating sequence similarity networks (SSNs)
genetic approaches are required, but these are time-consunifiigProtein familiesSupplementary Figure $2the EFI-
and expensive. Thus, the development of user-friendly tools%\?T tool for analyzing and visualizing genome context for
prioritize, rationalize, and guide these experiments is -2
worthwhile, even necessary, goal. Received: August 19, 2019
We use the terrfigenomic enzymoldgyto describe the  Revised: September 25, 2019
integrated strategy of using protein families and the genorReblished: September 25, 2019
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Figure 1.Flowchart for the integrated use of the tools. The input for the EFI-EST tool is a usdrpsptsin family, in this manuscript, the

GRE superfamily (IPR004184); the output from EFI-EST is an SSN. The clusters in the SSN can be assigned unique colors and numbers usir
Color SSNs utility (right path) to generate a colored SSN. The SSN from EFI-EST also can be used as the input for the EFI-GNT tool (left pat
that generates (1) a colored SSN that also contains genome neighborhood information (2) two genome neighborhood networks (GNNs) tl
summarize genome context, and (3) genome neighborhood diagrams (GNDs) that allow visualization of the genome neighborhoods for ¢
bacterial, archaeal, and fungal protein in each SSN cluster of the input SSN. The colored SSN from either the Color SSNs utility or EFI-GN
used as input for EFI-CGFP to map metagenome abundance to SSN clusters; the output includes a colored SSN with information about fal

specic sequence markers and their metagenome abundance and a heatmap that provides a visual summary of metagenome abundance f
SSN cluster and singleton.
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clusters in SSNSS(pplementary Figure $2&8nd the EFI-  families. Trees [from multiple sequence alignments (MSAS)
CGFP tool for chemically guided functionallprgpthat maps  that require expert user intervention] are feameuratethan
metagenome abundance to SSN clustaugplementary SSNs because they permit analyses of phylogenetic relation-

Figure S2¥0 ships; however, trees are more computationally demanding to
The initial versions of EFI-EST and EFI-GNT weregenerate for large famifiés?® Also, visualization of trees for
developed by the Enzyme Function Initiative {ERBt  large families is deult?® ?* so representative sequences are

devised large-scale tools and strategies for assigning activiigesl, making it dcult to locate sequences not included in the
and metabolic functions to uncharacterized enzymes (NIMSA. Copp and Babbitt compared the SSN generated by their
U54GM09334). A Program Project (NIH P01GM118303)in-house protocols (using Pythoscape that requires access to a
focused on using the ligand spéiies of solute binding computer cluster and knowledge of command line scripts) and
proteins for transport systértes identify catabolic pathways a carefully constructed phylogenetic tree for &vn-
provided support for enhancing both EFI-EST and EFI-GNHependent nitroreductase (NTR) superfainitfy?> they

as well as developing EFI-CGFP. This article reportsaigni concluded that SSNs are aeative approach for analyzing
enhancements to EFI-EST that watsdescribed in a tutorial uncharacterized sequence-function space in this superfamily.
in 2015! it also provides thest detailed descriptions of EFI- Similar analyses have cored the utility of SSNs for
GNT and EFI-CGFP. Overviews of all three tools werexploring other protein familfés>® with the goal of targeting
published previoudly.This article also provides an example proteins for functional characterization.

of the integrated use of the tools to analyze the glycyl radicalEFI Web Resource for Leveraging the Protein,

enzyme (GRE) superfamily (IPR004184). Genome, and Metagenome Databases.The web tools
were developed by experimentalists for use by experimentalists.
RESULTS They provide experimentalists with user-friendly access to

Protein and Genome Sequence DatabasesThe tools SSNs using a computer cluster purchased by the EFI; users do
use protein sequences from UniProtKB and genome sequen@etneed programming expertise, access to a computer cluster,
from the European Nucleotide Archive (EN#ps://www. and/or collaboration with a bioinformatician. Experimentalists
ebi.ac.uk/edaThese databases, maintained by the Europeafiant visualization and analysis of sequence-function space to
Molecular Biology Laboratofuropean Bioinformatics In- be fast and intuitive, i.e., quickly segregated into easily
stitute (EMBL-EBI), were selected because annotations in thécognized isofunctional groups that separate orthologues
UniProt database can be corrected by community inpdtom paralogués,so hypotheses about the function can be
(https://www.uniprot.org/updafe the National Center for € ciently developed (EFI-EST). Experimentalists also want
Biotechnology Information (NCBI) maintains larger proteinfacile access to genome context so that orthologues can be
and genome databases, but these are archives that candiséinguished from paralogues using functionally linked
updated/corrected only by depositors. The tools use the Pfagmzymes encoded by proximal Gén@FI-GNT). And,
(https://pfam.xfam.org/ 17 929 sequence-based domainexperimentalists want to focus “onportant targets, e.g.,
families and 628 clans in Release 32.0) and InterP@bundance in relevant metabolic niches (EFI-CGFP). Our
(https:/Awww.ebi.ac.uk/interprp/35 484 structure- and se- experiencé)”** and that of many othétss that the tools
quence-based homologous superfamilies, domains, and famifiest these expectations.
in Release 74) databases, also maintained by EMBL-EBI, tdVe have used the tools to generate SSNs using EFI-EST,
facilitate investigation of sequence-function relationships @&nome neighborhood netks (GNNs) and genome
protein families. neighborhood diagrams (GNDs) using EFI-GNT, and perform

Sequence Similarity Networks (SSNs)The tools were ~ CGFP using EFI-CGFP for many protein families and
designed to both generate and leverage the analysessdperfamilies, including the very ldtigigh-prole’ radical
information in sequence similarity networks (SSNs) thaBAM superfamilythat includes 502,456 sequences in Release
display sequence-function space in homologous protefd of the InterPro database (IPR007197 plus IPRO06638).
families. Atkinson and Babbitt described SSNs in*®2009.The tools have been accessed by >4000 users from six
Brie y, an SSN is a multidimensional network displaying theontinents; >240 journal articles avelUS patents have been
pairwise sequence similarity relationships among homologgublished describing the use of the tools. Thus, the tools are
proteins. Each protein is represented by a syfnbdij; robust and generally applicable for facilitating the assignment
two nodes are connected by a litedge) if they share  of in vivo activities andn vivo metabolic functions for
pairwise sequence similarity that exceeds adpboeshold.  uncharacterized proteins. In addition, SSNs generated with

SSNs are visualized and analyzed in Cytgs¢afips:/ EFI-EST are useful for surveying sequence-function space in
cytoscape.orpy/The use of SSNs to explore sequence-functioprotein families to facilitate both sampling of diverse sequences
space in proteins families has been revigweéd. for novel properties and functions and identifying progenitors

In 2012, Barber and Babbitt described Pythoscape, far the laboratory evolution of new functidns.
software package for generating SSNs for large proteinThe tools are freely accessiblettats://e .igb.illinois.edu/
families® Its use requires knowledge of both Unix and(Supplementary Figure)SPhe next sections provide brief
command line scripts as well as access to a computer clusteerviews of the tools; detailed descriptions and instructions
with a su cient number of processors and memory to perfornfior their use are provided in Biepporting Informatioithen,
pairwise sequence comparisons (using BLAST) for larga example is provided of the EFI-EST to EFI-GNT to EFI-
protein data sets. Pythoscape was developed by bioinforf@&FP pipelineRigure 1}, illustrating the ease of transferring
ticians for use by bioinformaticians, not experimentalists, sdriformation with SSNs and the functional insights that can be
is not widely used. obtained.

Bioinformaticians and evolutionary biologists typically use EFI-EST hitps://e .igb.illinois.edu/e -est/). EFI-EST
phylogenetic trees to analyze sequence relationships in protgtupplementary Figure $2provides four options for
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generating SSNs that eli by type of input data. The SSNs (default+ 10 genes) and a co-occurrence frequency of queries
include“node attributé&swith various types of information in SSN clusters with neighbor Pfam families (default 20%).
about each node in the SShupplementary Table)Sthese EFI-GNT generates a colored SSN with genome context
assist the user in analyzing the SSN and choosing a sequénf@rmation yide infraand Supplementary Methddgwo
similarity (alignment score) threshold for segregating nodégenome neighborhood netwdrK&NNs) that provide
into isofunctional clusters. statistical analyses of the co-occurrence frequencies of queries
EFI-EST“Sequence BLAST Tab: Single Sequence and their genome neighbors for each SSN cluster (node
Query (Option A; Supplementary Figure S3A. Option A attributes for the colored SSN and GNNSupplementary
allows high-resolution exploration of local sequence-functidiables S3, S4, and)Snd interactive genome neighborhood
space for a user-supplied query. A sequence is used asdiagrams (GNDs) for each bacterial, archaeal, and fungal
query for a BLAST search of the UniProt database; thprotein in each SSN cluster. The GNNs allow functionally

retrieved sequences are used to generate the SSN. linked genes, e.g., encoding enzymes in a metabolic pathway,
EFI-EST Families’ Tab: Pfam and/or InterPro Fami- to be identied, on a large scale; they also allow assessment of
lies; Pfam Clans (Option BSupplementary Figure S3B. whether multiple SSN clusters are orthologous. The GNDs

The SSN is generated using sequences in one or more Pfallow visual assessment of whether the proteins in a cluster are
and/or InterPro families. For families with >25 000 sequencesithologues or paralogues.
EFI-EST uses UniRef90 clusters (UniProt IDs clustered at EFI-CGFP h(tps://e .igb.illinois.edu/e -cgfp/). EFI-
90% sequence identity) to generate SSNs; for families witGFP Supplementary Figure $4€a tool for‘chemically
>100 000 UniRef90 clusters, EFI-EST uses UniRef50 clustetsded functional prbing’ (CGFP). Balskus, Huttenhower,
(UniProt IDs clustered at 50% sequence identity) to and co-workers described CGFR,computational pipeline
generate SSNs. The use of the UniRef databases in whiging ShortBREDto map metagenome abundance to SSN
the entries in UniProt are caed in clusters that share 90% clusters (node attributes added to the input SSN in
(UniRef90) and 50% (UniRef50) sequence identity (describe8upplementary Table)S6
in the Supporting Informatiprfacilitates the generation of Briey, the rst stage of the CGFP pipeline involves (1)
SSNs that can be visualized on laptop/desktop computers. identi cation of the clusters and sequences in the input SSN,
EFI-ESTFASTA Tab: FASTA File (Option CSupple- (2) grouping the sequences $hortBRED families which
mentary Figure S3Q. The SSN is generated from user- the sequences share >85% sequence identity so that they are
supplied sequences in the FASTA format, e.g., from an NC&tpected to be isofunctional, (3) determination of the
BLAST fittps://blast.ncbi.nim.nih.gov/Blasfcfhe FASTA consensus sequence for each ShortBRED family, and (4)
headers can be read for UniProt and NCBI accession IDdenti cation of unique sequence motif markers for each
(acceptable formats Bupplementary Table)S8equences consensus sequence. In the second stage of the CGFP pipeline,
and node attribute information for generating the SSN can l{&) the user selects the metagenome data sets that will be used
retrieved for NCBI IDs that halequivaleritUniProt IDs. for mapping abundance to SSN clusters, (2) the unique
EFI-EST'UniProt IDs’ Tab: UniProt and/or NCBI IDs sequence motif markers are used to quantitate the abundance
(Option D; Supplementary Figure S30. The SSN is  of matches in the selected metagenome data sets for the
generated from a list of UniProt IDs and/or NCBI IDs; ShortBRED families, and (3) the abundances are integrated
sequences and node attribute information for generating thed mapped to the sequences in the clusters and singletons in
SSN can be retrieved for NCBI IDs that Haegiivalerit the input SSN, with a heatmap providing a convenient visual
UniProt IDs. EFI-GNT provides lists of the UniProt IDs for summary of the results. Additional details are provided in the
genome neighbors not associated with a Pfam fa2ti ©f Supplementary Methods
the UniProt entries are not associated with a Pfam family); As originally describdd,CGFP is not accessible to
Option D can be used to identify uncurated protein familieexperimentalists because it requires knowledge of Unix, the
Also, the Color SSN utility and EFI-GNT both provide lists ofuse of command line scripts, and access to a computer cluster.
UniProt and UniRef cluster IDs for proteins in SSN clustersGiven our own desire to use CGFP to prioritize targets for
these lists can be used with Option D to provide highefunctional assignment as well as the dependence of CGFP on
resolution SSNs for clusters in large SSNs. SSNs generated with EFI-EST, we developed the EFI-CGFP
EFI-ESTColor SSN5 Tab: Utility for Identifying and tool to enable user-friendly access to CGFP by the
Coloring SSN Clusters$upplementary Figure S3E. The experimental community. Because CGFP associates metage-
“Color SSNsutility assigns a unique color and number to eacmome abundance with spectlusters in SSNs that contain
SSN cluster and a unique number to each SSN singleton (nookthologous/isofunctional groups of proteins, it enables higher
attributes inSupplementary Table)SThe colored SSN is levels of functional inference for uncharacterized clusters than
useful for describing the SSN; the numbers are required By possible with the typical annotation of metagenome
EFI-CGFP for quantitating metagenome abundance. Addiequences using general genome ontology (GO) terms and/
tional les are provided, including lists of accession IDs amor the often broad functional curations of InterPro families.
FASTA-formatted sequences for each SSN cluster that canAred, as illustrated by Levin and co-workers, CGFP prioritizes
used to generate higher resolution SSNs for clusters in SSNeharacterized SSN clusters for experimental investigation.
generated with the UniRef databases and representative nodExploring the Glycyl Radical Enzyme (GRE) Super-
SSNs (se8upplementary Methgds family (IPR004184) with EFI-EST, EFI-GNT, and EFI-
EFI-GNTHttps://e .igb.illinois.edu/e -gnt/). EFI-GNT CGFPWe illustrate the integrated use of the tdotgi(e )
(Supplementary Figure yaBllects, analyzes, and displaysby analyzing the glycyl radical enzyme (GRE) superfamily
genome neighborhood information for the bacterial, archaedPR004184) using sequences from Release 2019 04 of the
and fungal proteins in clusters in an input SSN; the uséyniProt database/Release 74 of the InterPro database. The
species a neighborhood open reading frame (orf) windowgeneration of SSNs and GNNs and the CGFP analyses are
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Table 1. Comparison of the SSN Job Parameters for the GRE Superfamily (IPR004184)

time (meta)nodes before edges before (meta)nodes after edges after xgmml
job (min) Itering Itering Itering Itering clusters singletons MB
UniProt 340 20232 166 127 802 16 299 32789379 200 196 8770
UniRef90 40 6020 13553197 4178 1187272 200 196 336
UniRef50 10 1365 449 488 520 179 234 174 8

“quick for the“small superfamily with 20 232 sequences, atalignment score (sequence similarity) threshold for connecting
least when compared to the time required for similar analysesdes in the initial SSN, with subsequent analysegjréhe
of the extremely large and functionally diverse radical SAdMignment score to achieve an SSN with isofunctional clusters
superfamify (vide infra (vide infra

We selected the GRE superfamily because Levin and coThe value of the minimum alignment score threshold for
workers used an early version of the EFI-EST tool to bothenerating an SSN should be based on edges calculated from
develop CGFP and discover the 4-hydrpxgline and 1,2- BLAST alignments foffull-length sequences. From in-
propanediol dehydratase functions in the GRE supetfamilyspection of the‘Sequences as a Function of Length
Their studies used the then available 6343 sequences Histograrfy the “full-length for a member of the GRE
IPR004184 from Release 2015 08 of the UniProt databassuiperfamily is >650 residues (blue arroMignre 2). The
Release 53 of the InterPro database. The analyses reporteddquence data set from UniProt includes fragments; these have
this manuscript used the 20 232 sequences in IPR004184 frammimal impact on the interpretation of the SSNs but should
Release 2019_04 of the UniProt database/Release 74 of the removed for CGFP analysadg infra Therefore, from
InterPro database. Therefore, the SSNs and CGFP heatméps “Alignment Length vs Alignment Score BoxX, Rlo¢

reported by Levin and co-workers necessarly idi detail initial minimum alignment score threshold should be >80
from those described in this article; however, the conclusiofmrresponding to an alignment length of >650 residues, green
are qualitatively similar. arrows inFigure B).

Links to the actual tool pages generated in this example Within protein families, the transfer of annotations between
including those for analyzing the data sets and downloadisgquences that share less thdaG% identity is generally
the SSNs as well as various output kest are available from considered unreliable. Therefore, when generating SSNs for
the web resourcehifps://e .igb.illinois.edu/traininy/ the protein families for which the user has limited knowledge and
output les can be downloaded for visualization withto provide an initial overview of the family, we suggest using an
Cytoscape and/or for additional analyses. The reader majtial minimum alignment score threshold for drawing edges
want to access the pages while reading the descriptions in that corresponds to >35%, i.e., nodes representing seqguences
following sections. that share >35% sequence identity will be connected by edges,
EFI-ESTThe“Familiestab of EFI-EST (Option B) is used de ning SSN clusters. Analysis of this S&N iifra will
to generate SSNs. When the InterPro family identi allow the user to assess whether SSNs wéterdi alignment
(IPR0O04184) is enteredS(pplementary Figure $4the scores need to be generated to produce orthologous/
numbers of UniProt IDs (20 232), UniRef90 clusters (6020)isofunctional clusters. Following this guideline, 120 was
and UniRef50 clusters (1365) are displayed. SSNs weselected as the initial minimum alignment score using the
generated for all three databases léered to include edges “Percent Identity vs Alignment Score BoX Rkxd arrows in
with a minimum edge alignment score of 240 and proteirsigure £). Therefore, on th&SN Finalizatiohsab on the
with a minimum length of 650 residuesdd infrg “Data Set Completegage Supplementary Figure $4120
information about the full SSNs (nodes for all UniProt IDswas entered in tH&lignment Score Threshblabx, 650 in
UniRef90 cluster IDs, and UniRef50 cluster IDs) is provided ithe “Minimuni box in the“Sequence Length Restriction
Table 1 Options accordion, antiPR004184_IP74_UniRef%s the
The full UniProt SSN (a node for each sequencenetwork name that appears in Cytoscape and tHe user
Supplementary Figure $%&n be opened with a desktop “Previous Jobdab on the EFI-EST home page &addb
computer with 256GB RAM (e.g., a fully ganed iMac History page.
Pro); the full UniRef90 Supplementary Figure $Zihd When the edge and minimum lengthering was
UniRef50 Supplementary Figure 3BSNs (a node for each completed, SSNles were available from tH2ownload
UniRef cluster ID) can be opened with most desktop/laptofNetwork Files page Supplementary Figure J4fhe user
computers. This overview uses the full UniRef90 SSN because download the full SSN (all UniRef90 cluster IDs) or
it provides an accessiti@h-resolutidrview (90% sequence representative node (rep node) SSNs (cluster IDs grouped in
identity almost always separates orthologues from paraloguegtanodes sharing levels of sequence identity). The full SSN
and can be opened on most desktops/laptops. (For largde was downloaded.
protein families, e.g., the radical SAM superfamily, UniRef50The initial SSN (designated SN Figure 3) was
SSNs provide an acceptable resolution that can be increasedlyzed to determine whether the 11 experimentally
for specic clusters by higher resolution analyses). characterized functionsde infrawere segregated in distinct
When the job was completed, ‘thataset Analysitab on (isofunctional) clusters. Five SwissProt-curated functions are
the “Dataset Completégpage Supplementary Figure $4B represented in the SSN (mapped to metanodes using the
provided théSequences as a Function of Length HistbgramSelect panel of Cytoscape to interrogate“$wassProt
(Figure 2), “Alignment Length vs Alignment Score BoX Plot Descriptioh node attribute): pyruvate formate lyase/formate
(Figure B), and (3)“Percent Identity vs Alignment Score Box acetyl transferds¢PFL; 20 UniProt IDs in eight metanodes;
Plot (Figure ) that are used to select the minimum cyan), trans-4-hydrosyproline dehydrataSe(one UniProt
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Biochemistry From the Bench
A Number of Sequences at Each Length for Job ID 12625
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Aignment Score

Figure 2.Determining the value for the minimum alignment score threshold for generating the initial ;55Ny(EENEST. Panel A,
“Sequences as a Function of Length HistbgRanel B;Alignment Length vs Alignment Score BoX.Hatnel C;Percent Identity vs
Alignment Score Box Plothe use of the histogram and box plots for determining the minimum alignment score threshold for the initial SSN is
described in the text: Panel A is used to determiriduliHength of single-domain proteins (>650 residues; blue arrow). Panel B is used to
determine the lower limit of the alignment score threshakis] that fotfull-length single-domain proteins#xis); i.e., the alignment score is

chosen at a length that corresponds to >650 residues; green arrows). Panel C is used to associate pgapanj wlighttyghment score (

axis), with 3540% of the recommended value for generating the initial SSN, i.e., an alignmé@0sgerkarrows).

ID; olive), choline trimethylamine lyds@ne UniProt ID; IDs in two metanodes; orange), and benzylsuccinate
green), 4-hydroxyphenylacetate decarbdXylase UniProt synthas€ (one UniProt ID; lime). Nineteen SwissProt
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Figure 3.UniRef90 SSNs for IPR004184 generated at several alignment scores illustrating the procedure to obtain isofunctional (orthologc
clusters. Panel A, alignment score threshold of 120; the 11 characterized functions are not segregated. Panel B, alignment score threshold
the dehydratase functions are located in the same cluster (red arrow), highlighting the ability of SSNs to associate related functions. Par
alignment score threshold of 240; ten of the 11 characterized functions are in separate clusters; glycerol dehydratase and 1,2-propal
dehydratase are in the same cluster (blue arrow; same reactions using similar substrates). Panel D, alignment score threshold of 320; the g
dehydratase (magenta arrow) and 1,2-propanediol dehydratase (green arrow) functions are segregated. Nodes are colored as described in t
PFL, cyan; choline trimethylamine lyase, ghtesrsd-hydroxy-proline dehydratase, olive; 4-hydroxyphenylacetate decarboxylase, orange;
benzylsuccinate synthase; lime; glycerol dehydratase, blue; 1,2-propanediol dehydratase, red; teethiameatenagénta; alkylsuccinate
synthase, yellow; indoleacetate decarboxylase, purple; and phenylacetate decarboxylase, teal.

curations aréinferred from homologycircles); nine are  same cluster. Because the substrates for the dehydratases are
based ofiexperimental evidence at protein’¢d&monds). structurally similar and the reaction types/mechanisms are the
Six additional functions, reported in the literature but nosame, we considered $ghéofunctional for the purpose of
curated by SwissProt, also are represented (triangles): glycendluating genome contexts with EFI-GNT and metagenome
dehydratasé (blue) 1,2-propanediol dehydrataséed), abundance with EFI-CGFP. [An alignment score threshold of
isethionate suk lyas& (magenta), alkylsuccinate syntilase 320 (SSh,, 70% sequence identifjigure B) separates
(yellow), indoleacetate decarbox$figgairple), and phenyl- the glycerol dehydratase and 1,2-propanediol dehydratase
acetate decarboxyfageeal). Note that many clusters do not functions, although the SSN reveals phylogenetic separation,
contain nodes with SwissProt- or literature-curated functionsiost noticeable with the largest cluster (Riee infra]
these can be targeted for functional assignm@atirifra Within the GRE superfamily, and other functionally diverse
In SSN,o (>35% sequence identity required for drawsuperfamilies, function® dchot evolve uniformly with
edges), the 11 functions described in the previous paragragidcreasing sequence identity, serelt alignment scores
are located in two clusters. Therefore, SSNs were generatedy have to be used to obtain isofunctional clusters
with a series of larger minimum values of sequence ident{gccomplished by generating daughter networks with separate
(larger minimum alignment scores) so that the minimummultifunctional clusters and applying more stringent alignment
alignment score/sequence identity that segregatestieatdi  scores to these).
functions in separate (isofunctional) SSN clusters could be[Levin and co-workers used a minimum alignment score of
determined by mapping the 11 functions to the SSN and visu200 in their analyses of the GRE superfamily.this
inspection. manuscript, we use an alignment score of 240 because it
With an alignment score threshold of 240 {3SN68% separates the reported functions into distinct isofunctional
sequence identitifigure &), we observed that ten of the 11 clusters. As noted in the previous paragraph, the use of a larger
functions are separated, with the glycerol dehydratase (blu)jgnment score than necessary to generate isofunctional
and 1,2-propanediol dehydratase (red) functions located in tieisters mayover-fractionatehe SSN so that orthologues
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A | SSNyy,

Figure 4.The SSNs irFigure 2colored using the unique colors assigned to the clusters/UniProt IDs,y("&8functiondlSSN). The

coloring of SSM, (Panel A), SSNs(Panel B), and SSN(Panel D) was accomplished using the BridgeDB Cytoscape applamiéthelD-
Color-Cluster Numbemapping table provided by the Color SSN utility fop,5&MNnel C); this table associates each accession ID in the SSN
with its cluster color and number. The color mapping allows easy determination of the origins/destinations of nodes when the alignment sco
changed. For example, in §Skhe clusters in S§Nthat share dehydratase functions but are segregateg,iit@8be determined; also, in

SSN,, the clusters that result from phylogenetic separation can be determined, e.g., from the red PFL glgster in SSN

in di erent phylogenetic contexts are located in multipléseparate clusters in SgNas the result of phylogenetic
clusters:Over-fractionatidrmay be useful for interpretation divergence).

of genome context if the genome contexts for teeedt In SSNgs the clusters from Sghicontaining the trans-4-
phylogenetic contexts are not conservieet (nfrfor EFI-  hydroxy=proline dehydratase (olive), glycerol dehydratase
GNT); however, we do not recommend it for the initial (blue), and 1,2-propanediol dehydratase (red) functions merge
analyses of the SSN for a protein family.] with the two remaining clusters with SwissPR&L

In SSN,, the SwissProt-curated PFL function (aqua) isannotatio,ns;.thes@Ft’ annotations weréinferred from
located in four clusters. With a minimum edge alignment scof@mology (since 2010, SwissProt annotations have been
of 185 (SSNs  50% sequence identiiigure B), two PFL based on‘experimental evidence at protein "ewarlier

clusters merge, along with several smaller clusters. Crosgferred from homologyannotations have not been

referencing the clusters in SSM those in SSMy SSNgs removed/corrected). Levin and Balskus reported that many

. : . . clusters in the GRE superfamily share a conseeteg
?:n(tjoicsa%oe(zgurfhi:v Zz di,cc:ggzl'iﬁ?bﬂfézgfﬁgfﬁsgi?eDBdratas’e active site motif and proposed that dehydratase
yloscape app . functions are ubiquitotisMSAs of théPFL” clusters in this
mappiny le generated by the Color SSN utility that

. X merged“dehydratasecluster reveal the dehydratase motif
associates the SgNcluster color and number with the J y y

ighlighted i iR Sp W lude that th
accession ID (a detailed description of the use of BridgeDB fighlighted in cyan iffigure Sp We conclude that these

i ) issPratPFL’ curations are incorrect, the result of extending
provided in thé&upplementary Methgpithe Select and Style  fnctions beyond their sequence boundaries and demonstrat-

control panels of Cytoscape then are used to color the nodesyy the di culty of distinguishing orthologues from paralogues
SSNpo SSNgs and SSh, Multiple sequence alignments ysing homology-based methods (that are no longer used by
(MSASs) of the merged PFL clusters (using the FARTar SwissProt).

each SSN cluster also provided by the Color SSNs utility) This analysis demonstrates that SSNs are easy to generate;
reveal the presence of the expected PFL Cys-Cys active #itgortantly, they inform inferences of function based on
motif (highlighted in yellow iSupplementary Figure)S6 homology. Users of SSNs need to examine the basis for the
consistent with both clusters having the PFL functiorBwissProt annotationSnferred from homologyr “exper-
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Figure 5.The colored SSN and GNNs generated by EFI-GNT. Panel A, the colored SSN240 generated by EFI-GNT, with unique colors al
numbers assigned to the clusters. This SSN also includes node attfietghlfor Pfam Familfeend“Neighbor InterPro Familtehat can

be searched with the Select Panel of Cytoscape to locate sequences that have neighbotdN(withivirtdew specéd by the user) in the

specied Pfam or InterPro families. This function allows the user to easily identify sequences that are functionally linked, i.e., in metabolic pathv
Panel B, nodes are highlighted in yellow that have PF04055 (radical SAM superfamily) as genome neighbors; theésetlikabédahathe

install the glycyl radical that initiates the reaction. Panel C, nodes are highlighted in yellow that have PF00936, bacterial microcompartr
proteins, as genome neighbors; the presence of this Pfam family suggests a pathway that involves a reactive substrate/product that is seclud
the cytoplasm because of its chemical reactivity. Panel D, nodes are highlighted in yellow that have PF00923, transaldolase/fructose 5-pho
aldolase, as genome neighbors; the presence of this Pfam suggests a pathway involving catabolism of an alditol (or its 6-phosphate) to gene
deoxys-fructose (or its 6-phosphate). Panel E, examples of the GNN with Pfam family hub nodes with SSN cluster-spoke nodes, with the S
cluster-spoke nodes colored/numbered (PF04055, radical SAM superfamily) and PF00923 (transaldolase/fructose 6-phosphate aldolase fa
Panel F, examples of the GNN with SSN cluster-hub nodes with Pfam family spoke nodes, with the SSN cluster-hub nodes colored/numb
(cluster 7, choline trimethylamine lyase).

imental evidence at protein [Evahd conrm/extend these  uncharacterized sequence-function space that can be targeted
by literature searches. SSNs also allow wwidn of for functional assignment.
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Figure 6.GND Explorer. The GND Explorer provides visualization and analysis of individual genome neighborhood diagrams; the GNDs in t
gure encode the GREs in cluster 3 (PF02901; incorrectly annotatedvadeiffich the radical SAM activase (PF04055), and the aldolase
(PF00923).

EFI-GNTSSN,, (with isofunctional clusters) was used asfor the neighbor Pfam families, with the SSN cluster-hub nodes
the input for genome neighborhood analy$&NT colored/numberedFigure &) and whether multiple SSN
Submissidrtab) on the EFI-GNT home padgeupplementary  clusters have the same functions (Pfam family hub nodes with
Figure S7A A genome neighborhood #0 orfs and a  spoke nodes for the SSN clusters that iéenthese as
minimum 10% co-occurrence frequency of queries in SSiighbors, with the SSN cluster-spoke nodes colored/
clusters with neighbor Pfam families were sgddoigenerate  numberedfigure ¥), and (3) an interactive GND viewer

the GNNSs. depicting genome neighborhoods for each bacterial, archaeal,
The “Results page Supplementary Figure $fiBovides and fungal protein in the SSN clusteigure §.
access to (1) a colored SSN with node attributdsdayhbor By searching tli&leighbor Pfam Familie@sode attribute in

Pfam Familiésand“Neighbor InterPro Familfeand unique  the colored SSN with the Cytoscape Select pageid 3.),
cluster colors and numbeFsgure 2), (2) two GNNs with a member of the radical SAM superfamily (PF04055) is
statistical analyses of genome context that are used to predienti ed for 3510 of the 3982 metanodes in SSN clusters
metabolic pathways (SSN cluster-hub nodes with spoke nodgsllow nodes ifrigure B); equivalently, the Pfam-hub node
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Figure 7.The heatmap for clusters2b for the CGFP analysis of IPR004184 using a library of 380 metagenomes from six body sites from health:
individuals. The clusters are displayed ondkis, the body sites on #axis. The key on the right des the color key for thgene copies per

microbial genomieThe SwissProt- and literature-curated functions in the characterized SSN clusters are indicated. Clusters 2 and 3 are incorre
annotated d¥FL’ by SwissProtififerred from homolofjyand are likely uncharacterized dehydratases. Additional clusters that are abundant in
the human gut microbiome are candidates for functional characterization.

GNN cluster for PF04055 shows the presence of SSN clustemiProt IDs)]. PF00923 includes 1-dep¥ydctose 6-
spoke nodes for virtually all SSN clusters (left cluiguie phosphate aldolagéssuggesting these clusters function in
5E). The GRE is activated (glycyl radical generated) by hexitol catabolism, e.g., the GRE catalyzing dehydration of
radical SAM‘activase The absence of a genome proximalglucitol orp-mannitol (or the 6-phosphates) to 1-deexy-
activase for some clusters can be explained by the followiRgictose (or its 6-phosphate). The SSN-hub node GNN cluster
(1) a distal genome location for the gene encoding thgor SSN cluster 8 (right panelSapplementary Figure $7D
activase, (2) the gene encoding the GRE is at the end ofigenti es genome neighborhoods encoding the aldolase, GRE,
sequencing contig, so genome context is available in only iy radical SAM activase (in several multidomain architec-
direction, or (3) coding sequence entries in the ENA databaggres), supporting this prediction.
do not always include genome context; i.e., only the sequencghe genome neighborhoods of the individual sequences in
of the protein-encoding gene is deposited. ___the SSN clusters can be visualized using the GND Explorer
As another retrospective example of the information in thg, 4 provides GNDs for any cluster in the SSN. For example,
GNNs and the colored SSN, the SSN-hub node GNN clustefyjocalization of PF00923 with the GREs and radical SAM
for choline trimethylamine lyase [Cluster 7 (pink) N 2NN 5 tiyases in cluster 3 (annotated incorrectly as PFLs by
522 UniProt IDs; left panel iRigure ¥)] identi es the SwissProwide supjas shown irFigure 6

alcohol dehydrogenase (PF00465), aldehyde dehydrogenasqahe GNNs and GNDs for GREs are consistent with the

(PFO0171), bacterial microcompartment proteins (BMC.;assigned functions and, more importantly, facilitate the

PF00936), and other proteins related to those in ethanolami . . i
catabolism (Eut) used by Craciun and Balékts ifrir;g(lja'glc;r;tgshypotheses about the functions of uncharac

hypothesize that the members of this GRE cluster catalyz : .
. . . FI-CGFPThe colored isofunctional S@Nfrom EFI-
reaction that involves the formation of ethanol or acetyl-Co T was used as the input for EFI-CGFRufji CGFP/

via the acetaldehyde product of the lyase reaction, i.e., t
fi f taldeh trimethvlami th ortBREDtab on the EFI-CGFP home pa§eigplemen-
production of acetaldehyde and trimethylamine by tary Figure S8A a colored SSN is required to provide

uncharacterized lyase. When “theighbor Pfam Familtes . .
node attribute is queried for PF00936, members of Clusterimbered SSN clusters and singletons to which metagenome

(aqua) that include the glycerol and 1,2—propanedio?bundance is assigned in heat maps and boxplots]. This tab
dehydratase functions also are idamhtiyellow nodes in also allows minimum and maximum length restrictions to be
Figure €), consistent with the generation of a reactiveSPecied; a value for minimum length is recommended to
aldehyde (propionaldehyde). ensure that the ShortBRED family consensus sequences used
As an example of prospective functional inference, memb&@ddentify unique markers for each family will not be biased by
of PF00923 (transaldolase/fructose 6-phosphate aldolase) #@gments. Therefore, a minimum length of 650 residues was
genome proximal (yellow node&imure B) to sequences in  entered, although it also was used to generate the SSNs. The
metanodes in several GRE clusters [right clustigiire &; default UniRef90 reference database to reduce marker false
predominantly Clusters 2 (blue; 1975 UniProt IDs, mispositives, the default 85% CD-HIT sequence identity for
annotated as PFude infrg 3 (orange; 793 UniProt IDs, also  generating ShortBRED families, and the default DIAKFOND
misannotated as PFlide infrg and 8 (hot pink; 207  search algorithm for marker idergtion were used.
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After the markers were ideatl, their abundance in they provide a useful complenetitat enables various types
metagenomes was quasdi (Supplementary Figure $8B of functional information (node attributes) to be easily
The “Select Metagenomes for Marker Queattiori tab on accessible. Also, as demonstrated by the GRE superfamily,
the “Markers Computation Resulpgge was used to select SSNs provide dieasy vehicle to transition from sequence-
metagenomes. All 380 metagenomes (healthy males/feméi@sction space in protein families (EFI-EST) to both genome
from six body sites) from the Human Microbiome Projecicontext (EFI-GNT) and metagenome abundance (EFI-
(HMP) were selected; the default USEARCBearch  CGFP). They also complement trees/dendrograms by
algorithm was used. At present, only these HMP metagenomigowing the user to include the entire membership of even
data sets are available; we anticipate the addition of othafge protein families in the large-scale pairwise sequence
metagenome data sets, e.g., from iHMB@s(/hmpdacc.  comparisons required for analyses of sequence-function space,
org/ihmp/) or other metagenome data sets requested by usethe MSAs required to generate trees aréemsy with large

When quantication of cluster-speci markers in the  numbers of sequences, and the dendrogramsitrees for large
selected metagenomes was complete l@extvith raw and  numbers of sequences are not easy to generate or analyze.
average genome size-normalized abundance data were availaiplge output of each tool is easy to interpret, SSNs generated
on the“Quantify Resultdab on the'Quantify Resultpage  py EFI-EST and EFI-GNT allow easy visualization of
(Supplementary Figure §8Eeatmaps (for SSN clusters, sequence-function relationship in protein families, interactive
singletons, and combined clusters/singletons) were availaplgps generated by EFI-GNT provide easy access to genome
on the*Heatmaps and Boxplotab. The heatmaps are sorted context analysis, and the heatmaps and boxplots provided by
by body type on the-axis; the SSN clusters/singletons with ep|.cGFP allow metagenome abundances redit
metagenomehits’ are presented on theaxis (cluster |ocations (currently dérent human body site but easily
numbers from the input SSN). By hovering the cursor ovetypandable to metagenomes from other environmental niches)
the heatmap, the clusters/singletons and their metagenomgspe easily mapped and quantitated. The tools have been

*hits’ can be idented. Boxplot; providing a statistical instrumental in numerous discoveries of novel enzymes, as
summary of abundance distribution for each cluster/smglet(?gdged by the number of publications citing the use of the

are available via th&/iew boxplots showing per-site {5 (>240 citations, 84 in the past year).

abundancebutton in the upper right corner of the tab. The focus of this manuscript is the integrated use of EFI-
Characterized functions in the GRE superfamily WergsT EFI-GNT, and EFI-CGFEP to illuminate genomic dark

hma(ljpped tol.thed cLus(}ers heaémﬁigLE]re 7i The PEL' 4-b matter to facilitate the discovery of novel enzymatic functions
ydroxyproline dehydratgsaydroxyphenylacetate decarbox- 5y metanolic pathways. However, we note that SSNs

ylase, glycerol dehydratase/propane-1,2-diol dehydrataagnerated by EFI-EST provide overviews of the functional

isethionate sue lyase, and choline trimethylamine lyase iversity (substrate and/or reaction promiscuity) in enzyme

functions are found in various body sites; the benzylsuccina? Cnilies (using Option B of EFI-EST) that can be sampled by

lyase, alkylsuccinate lyase, indoleacetate decarboxylase,i ro screening and/or used as the starting points for

phenylacetate decarbo_xy!ase functllons are not found, at le $lcted evolution for the discovery of novel catSIygtis
within the abundance limits determined by the depths of th . ; . o ! i
. rotein family guided approach for characterizing diversity is
metagenome sequencing. ; . )
O?xpected to be more €ent than either random sampling

The uncharacterized clusters within the GRE family fand/orfocused sampling exploring localized sequence-function
which markers are idemtil in stool metagenomes are priority %ce (using Option A of EFI-EST).

candidates for the functional assignment because they n: ith this description of the enhancements to EFI-EST as

:ir;\églve previously uncharacterized metabolism and metat\)ﬁé” as therst descriptions of EFI-GNT and EFI-CGFP, we

encourage the community to take advantage of the free access
DISCUSSION to the resource. We also welcome inquiries about the use of the
rgsource for classroom instruction.

The EFls resource of three genomic enzymology web too
provides an integrated platform for (1) visualizing/analyzing
sequence-function space in protein families using SSNs (EFI- ASSOCIATED CONTENT
EST), (2) visualizing/analyzing genome context for bacteriaf, Supporting Information

archaeal, and fungal proteins to allow idedon of  The Supporting Information is available free of charge on the
functionally linked proteins/enzymes in metabolic pathwaycs publications websim DOI: 10.1021/acs.bio-
as well as determining the sequence boundaries betwegxm 9p00735

functions as sequence diverges between homologues (EFI-

GNT), and (3) mapping metagenome abundance to the The growth of the UniProtKB database; the home pages

clusters in SSNs to allow high-resolution mapping of  for the web tools; the EFI-EST pages for generating

metagenome enzymatic functions and metabolic capabiliies SSNs; the sequence of steps in generating an SSN with

(EFI-CGFP). To the best of our knowledge, the tools are EFI-EST; a comparison of the SSNs for IPR004184,

unique resources that allow experimentalists to leverage the partial multiple sequence alignments; the sequence of

large and growing protein, genome, and metagenome data- steps in generating GNNs and GNDs with EFI-GNT;

bases using their desktop/laptop computers. the sequence of steps in generating CGFP heatmaps and
As we noted previously, evolutionary biologists and many  boxplots with EFICGFP; node attributes for SSNs

bioinformaticians use phylogenetic trees/dendrograms for  generated by EFI-EST,; formats for UniProt, NCBI, and

analyses of evolutionary relationships among the members of PDB IDs; node attribute®DF)

protein families. We recognize that the SSNs generated and . -

used by our tools are not a substitute for trees/dendrograms; ~ Detailed descriptions of the tools and methiens)(
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