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Abstract

ECOD (Evolutionary Classification Of protein Domains) is a comprehensive and up-to-date
protein structure classification database. The majority of new structures released from the PDB
(Protein Data Bank) every week already have close homologs in the ECOD hierarchy and thus can
be reliably partitioned into domains and classified by software without manual intervention.
However, those proteins that lack confidently detectable homologs require careful analysis by
experts. Although many bioinformatics resources rely on expert curation to some degree, specific
examples of how this curation occurs and in what cases it is necessary are not always described.
Here, we illustrate the manual classification strategy in ECOD by example, focusing on two major
issues in protein classification: domain partitioning and the relationship between homology and
similarity scores. Most examples show recently released and manually classified PDB structures.
We discuss multi-domain proteins, discordance between sequence and structural similarities,
difficulties with assessing homology with scores, and integral membrane proteins homologous to
soluble proteins. By timely assimilation of newly available structures into its hierarchy, ECOD
strives to provide a most accurate and updated view of the protein structure world as a result of

combined computational and expert-driven analysis.
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Introduction

Protein classifications organize the protein world in meaningful ways and help to reveal the
interplay of protein sequence, structure, function, and evolution. Currently, the most widely
used protein structure classifications are SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/
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index.html)! and CATH (http://www.cathdb.info/)2. CATH is more reliant on automatic
methods for classification, whereas SCOP relies more on manual analysis and curation.
SCOP and CATH are invaluable resources for studying proteins, but they do not generally
include the most recently solved structures in the PDB3.

We have developed the ECOD (Evolutionary Classification Of protein Domains) database
(http://prodata.swmed.edu/ecod/) and published details of its contents and underlying theory
elsewhere.* Briefly, ECOD strives to recognize broader homology than other domain
classifications while retaining family divisions between close homologs. By removing
boundaries based on non-evolutionary criteria such as fold or cell location, ECOD can
recognize evolutionary relationships between topologically-distinct homologs or between
proteins which have recently evolved from soluble to membrane-bound, or vice-versa.

ECQOD is a hierarchical classification consisting of five levels: architecture (A), possible
homology (X), homology (H), topology (T), and family (F). The entire database is first
divided into architectures based on secondary structure element (SSE) composition and
overall shape (e.g., alpha bundles and beta sandwiches). Below the architecture level,
possible homology (or X-level) groups domains that might be homologous as implied
usually by overall structural similarity or fold similarity. Fold similarity itself is not enough
to establish homology because it may result from either homology or analogy.>~’ Below the
possible homology level, homology (or H-level) groups domains that are descended from a
common ancestor as indicated by significant sequence and/or structure scores, shared
functional properties, opinions in literature and in SCOP, etc. Below the homology level,
topology (or T-level) groups domains that have similar arrangements of and connections
between the SSEs (T-level reflects the observations that homologs can have different
topologies®~19). Below the topology level, family (or F-level) groups domains that have
significant sequence similarity primarily based on Pfam!!.

ECOD employs an automatic software pipeline to classify newly released structures.
Proteins that cannot be classified confidently and completely by automated methods are
manually curated. The manual classification process involves partitioning the query protein
into domains and identifying homologs or possible homologs for each domain. In this
process, we rely on scientific literature, sequence and structure similarity comparison
programs, popular protein databases (e.g., Pfam, SCOP, and CATH), visual inspection and
comparison, as well as our knowledge and experience.

Here, through examples, we illustrate the characteristics of ECOD and explain the curation
methodology from the broader perspective of protein classification. In the example of the
ANTAR domain, a newly released structure led to the modification of the domain
boundaries of previously classified proteins and the establishment of a new homologous
group. The multi-domain proteins example demonstrates where ECOD has partitioned the
multi-domain proteins in SCOP into individual domains. The cysteine proteinase example
illustrates the expansion of this large and diverse superfamily to incorporate many newly
released structures that are not yet represented in other databases. The next four examples
explore the complex relationship between homology and sequence/structure similarity
scores: the homology between MRP and Whirly cannot be detected by sequence methods
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but can be identified by good structure scores; the homology between TLS5/L25 C-terminal
domain and YbbR is accompanied by a low structure score but a high sequence score; the
‘high sequence or structure score may not imply homology’ example shows that high scores
do not necessarily imply homology; and the ‘low scores given by software do not preclude
homology’ example demonstrates that low sequence and structure scores do not necessarily
mean there is no homology. In the final example, we discuss homology between soluble and
intramembrane proteins and explain why ECOD classifies these two kinds of proteins in the
same hierarchy.

Materials and Methods

The key to classifying a newly released PDB (or a query structure) is to identify its
homologs in the ECOD hierarchy. As the majority of newly released PDB chains already
have close homologs in ECOD, they can be mapped to the hierarchy automatically using a
pipeline of scripts described in detail elsewhere*. For the remaining query chains, the
sequence/structure comparison methods used in the pipeline can only find hits that either
have low scores or cover just part of the query (e.g., just one domain in a multi-domain
protein). In such cases, the pipeline cannot confidently and completely classify the query
and thus passes it to the manual curators. Manual curators then apply multiple
considerations to identify homologs for a query structure: 1) the domain assignments
attempted by the pipeline, as the pipeline can still suggest correct hits (i.e., homologs) for
part of the query (e.g., one domain in a multi-domain protein); 2) scientific literature; 3)
results from homology detection tools such as HHsearch!2, DALI'3, and HorA server!4; 4)
other protein classification databases such as Pfam, SCOP, and CATH; and 5) visual
inspection and comparison. When a homologous hit with similar topology can be found, the
query is classified into the same T-group as the hit; when a homologous hit with different
topology can be found, the query is classified in a new T-group but the same H-group as the
hit; when only a possibly homologous hit with similar overall structure can be found, the
query is classified in a new H-group but the same X-group as the hit; when no possible
homologs can be identified, the query is classified in a new X-group by itself. We use a
custom web interface and Google Docs to collect and present necessary information for
manual analysis as well as to record and share manual classifications and annotations. After
a PDB weekly update, the pipeline generates a table containing the newly released structures
that it cannot map to ECOD. Two manual curators work on the table consecutively. The first
curator goes through the queries rather quickly to resolve easier and less demanding issues,
and the second curator studies more challenging cases in greater depth to render final
classification decisions. Typically it takes the first curator 1~1.5 days and then the second
curator 2~3 days to classify all the queries. Specific details of method used to classify
examples discussed in this study are provided with each example below.

Results and Discussion

Recognizing new domain splits and homologous groups: ANTAR domain

Domains are defined in part by their relationship to other protein domains. Discovery of new
structures can reveal previously unknown domain boundaries in existing structures. The
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ANTAR (AmiR and NasR transcription antitermination regulators) domain is an RNA-
binding module found in bacterial response regulatory proteins.!> In the Pfam database, the
ANTAR family has three proteins with solved structures: AmiR (PDB 1QQO0, chain D)16,
Rv1626 (PDB 1SD53)!7, and NasR (PDB 4AKK)!8. All three structures show that ANTAR
domain adopts a small 3-helical bundle conformation with characteristic helix-helix packing
angles. In AmiR and Rv1626, ANTAR follows an N-terminal Rossmann-like domain,
whereas in NasR, it follows an N-terminal helical bundle domain (Fig. 1). SCOP classifies
both AmiR and Rv1626 in the ‘Flavodoxin-like’ fold and ‘CheY-like’ superfamily, noting
that there is an additional small helical subdomain at the C-terminus. NasR is a relatively
new structure and is not yet classified in SCOP or SCOPe!®. When trying to classify NasR
in ECOD, the pipeline found AmiR as the best hit with HHsearch probability 98% but query
coverage only 22% and therefore passed this case to the manual curators. We studied this
case and realized that ANTAR is an established domain in literature and in Pfam and that it
occurs in combination with different domains. Therefore, we created a new ANTAR domain
H-group in ECOD to accommodate the ANTAR domains in NasR, AmiR and Rv1626 (the
latter two are split from the SCOP entries d1qo0Od_ and d1sd5a_). This example
demonstrates that it is important to consider the impact of newly released structures on
existing members of the classification in order to reflect the most up-to-date understanding
of the protein world.

Domain partitioning of multi-domain proteins

SCOP contains a ‘Multi-domain proteins (alpha and beta)’ class that accommodates ‘folds
consisting of two or more domains belonging to different classes’. Historically, members of
the multi-domain proteins class contained domains belonging to different potential SCOP
classes that had never been seen in an independent context, making confident partition
difficult. Since their initial classification, homologs to many of these proteins have been
discovered.2? Therefore, by consulting SCOP notes as well as literature, we have split each
of the entries in SCOP1.75 ‘Multi-domain proteins’ class and classified the resulting
domains in appropriate locations in the ECOD hierarchy. As a result, homologs existing in
both the multi-domain class and one of the other classes in SCOP can be joined in a single
ECOD H-group, potentially benefiting the training and testing of bioinformatics algorithms.

For example, Toprim (topoisomerase-primase) domain is present in various proteins that
function in DNA/RNA metabolism.2! Toprim adopts a Rossmann-like fold consisting of
repeating beta-alpha units with conserved acidic residues clustered at the C-terminal end of
the parallel four-stranded beta-sheet.2!-22 Toprim domains typically occur in DNA/RNA-
manipulating enzymes (topoisomerases type IA and type II, DnaG-type primases, and OLD
family nucleases) and likely use the conserved acidic residues to coordinate catalytically
active metal ions; however, RecR Toprim has lost some of the conserved acidic residues and
functions instead as a protein-protein interaction module.2!~23 In SCOP, Toprim is present
in five folds (‘Prokaryotic type I DNA topoisomerase’, ‘“Type Il DNA topoisomerase’,
‘DNA topoisomerase 1V, alpha subunit’, ‘DNA primase core’, and ‘Recombination protein
RecR’) in ‘Multi-domain proteins’ class and in one fold (‘Toprim domain’) in ‘Alpha and
beta proteins (a/b)’ class. Fig. 2 depicts one representative SCOP entry from each of these
six folds and shows how the multi-domain entries are split in ECOD. This splitting enables
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ECOD to gather all of the Toprim domains from their different contexts into one
homologous group.

Expanding and subdividing homologous groups: the cysteine proteinases

The release of new structures can join together sequence families that were previously
unknown to be related. The SCOP superfamily ‘Cysteine proteinases’ comprises a large
number of homologous proteins and includes not only proteases/peptidases such as papain
(Enzyme Nomenclature EC 3.4.22.2, http://www.chem.qmul.ac.uk/iubmb/enzyme/) but also
transglutaminases such as coagulation factor XIII (EC 2.3.2.13) and acetyltransferases such
as arylamine N-acetyltransferase (EC 2.3.1.118). As noted in SCOP and in the
literature,2*-28 the structural core of this diverse superfamily consists of an alpha helix
packed against a three-stranded antiparallel beta-sheet, and the catalytic triad is composed of
a cysteine (Cys) residing on the N-terminus of the alpha helix and a histidine (His) and a
polar residue (usually asparagine (Asn) or aspartate (Asp)) residing on the beta-sheet (Fig.
3). In ECOD, the cysteine proteinases superfamily (H-group ‘Cysteine proteinases’) has
been expanded to include multiple new members that have recently been released in the
PDB but have not yet been classified in SCOP, SCOPe, or CATH. This large H-group is
subdivided into multiple F-groups based on sequence similarity. While the majority of these
F-groups correspond to Pfam families, some F-groups are not yet included in Pfam. Below
we discuss two F-groups whose identities as members of the cysteine protease superfamily
are established in the literature but are not yet recorded in other databases. By cataloging
these sequence families in the cysteine proteinases H-group, ECOD strives to provide
researchers a comprehensive and up-to-date view of this diverse superfamily.

The ECOD F-group ‘DUF4285’ corresponds to ‘Domain of unknown function (DUF4285)’,
which is a functionally uncharacterized Pfam-A family that is not assigned to any Pfam clan.
This F-group has two manually classified representatives and multiple automatically
classified non-representatives, and at the time of writing, none of these structures are
recorded in SCOP, SCOPe, or CATH yet. When one manual representative, Salmonella
typhimurium Tae4 (PDB 4hff, chain A), is used as a query in sequence searches, the Pfam
website (http://pfam.xfam.org/) finds DUF4285 with E-value 6.3e-28, whereas the CDD
website (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtm1)29-30 finds DUF4285 with E-
value 2.09e-39. Although uncharacterized or unrepresented in popular databases, published
studies31-33 show that Tae4-related proteins are peptidoglycan amidase effectors secreted by
a type VI secretion system and are related to the CHAP and NIpC/P60 families20-34. In
Pfam, CHAP and NIpC/P60 are members of the ‘Peptidase_CA’ clan that collects papain-
like peptidases, whereas in SCOP, they are classified in the ‘Cysteine proteinases’
superfamily. Indeed, when compared to papain (Fig. 3), Tae4 shows a similar arrangement
of the core secondary structural elements (SSEs) and the catalytic triad. Therefore, ECOD
classifies Tae4-related proteins in the cysteine proteinases H-group.

The ECOD F-group ‘Cycle inhibiting factor (Cif)’ has two manual representatives and
multiple non-representatives, and at the time of writing, none of these structures are in
SCOP, SCOPe, or CATH. When one manual representative, Photorhabdus luminescens Cif
(PDB 3gqj, chain A), is used as a query, neither Pfam nor CDD identifies a matching family.
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Though unrepresented in popular databases, recent works3>—38 demonstrate that Cifs are
papain-like deamidases utilized by bacteria as type III secreted effectors to modulate host
cell function and that, by converting a specific glutamine to glutamate in ubiquitin and
ubiquitin homolog NEDDS, Cifs impair ubiquitin-dependent protein degradation pathway
and cause cell cycle arrest. As shown in Fig. 3, Cif shares the characteristic structural core
and catalytic triad with papain. Thus, ECOD classifies Cifs in the cysteine proteinases H-

group.

Homology with undetectable sequence similarity but pronounced structure similarity

Detection of structural similarity is often necessary for identifying evolutionary relationships
between distant homologs. The mitochondrial RNA binding protein complex consists of two
homologous proteins, MRP1 and MRP2, which bind to guide RNAs and are essential for
kinetoplastid RNA editing in trypanosomatids.3*-40 Although sequence homology detection
methods, such as PSI-BLAST#! and HHsearch!2, fail to detect any other homolog of MRP,
the crystal structures of MRP1 and MRP2 exhibit remarkable structural similarity to the
Whirly family of single-stranded DNA (ssDNA) binding proteins in plant (Fig. 4A and
4B).*2 A Dali alignment between MRP1 (PDB 2GIA) and WHY1 (PDB 1L3A) has a Z-
score of 13.8 and a RMSD of 2.4 A over 125 residues (Fig. 4C). We note that the structure
prediction server I-TASSER® identified WHY?2 (PDB 3N1H, ranked 2nd) and WHY
(PDB 4KOO, ranked 9th) with normalized Z-scores of 0.73 and 0.53 respectively in the top
10 templates used for threading when MRP2 sequence is provided as input and close
templates in PDB sequences are excluded. Whirly proteins bind to ssDNA functioning in

44-46 and also can bind to

transcription regulation and DNA double-strand break repair
plastid RNA in chloroplast RNA metabolism*’.#8 In addition to the structural similarity of
the protomer, MRP and Whirly proteins both form tetramers that superimpose well with a
RMSD of 3.7 A over 248 residues (Fig. 4D).4*244 MRP complex is a heterotetramer with
two MRP1 and two MRP2,*2 while Whirly proteins form a homotetramer***> and are
suggested to further assemble into a 24-mer*°. They also both bind to nucleic acids on the
same surface in a sequence-independent fashion (Fig. 4D). However, distinct binding
mechanisms are adopted. For MRP, binding is dominated by the electrostatic interaction
between the positively charged surface of MRP and the phosphate groups of the guide
RNA.#2 Whirly proteins mainly use hydrophobic interactions of nucleobases and the
compensation of few sequence-specific interactions is observed in structures with different
ssDNAs.*> The homology relationship is also recorded in SCOP as they are classified in the
same superfamily. The MRP and Whirly families represent two highly diverged branches
that are distributed in animals plus trypanosomatids and plants, respectively. They likely
originated from a duplication event as shown by other homologous families such as human
transcription cofactor PC4°0, which is a homodimer of two PBABa units, and Pur-a whose
bacterial homodimer structure (PDB 3N8B)>! and the duplicated form in Drosophila (PDB
3K44)32 are solved. The results of this divergent evolution are reflected in the distinct
sequence profiles of MRP and Whirly (Fig. 4C), posing a difficult challenge for sequence
homology detection methods.
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Homology with low structure similarity but significant sequence similarity

The CTC (catabolite-controlled) family of proteins is widespread in bacteria and includes
both constitutive ribosome components (e.g., Escherichia coli ribosomal protein L25 and
Thermus thermophilus ribosomal protein TL5/L.25) and temporary ribosome components
that are only produced under special circumstances such as stress (e.g., Bacillus subtilis
CTC).53 Although E. coli L25 has only a single domain that binds 5S ribosomal RNA (PDB
1dfu),>* T. thermophilus TL5/L25 consists of two domains: an N-terminal domain that is
homologous to E. coli L25 and a C-terminal beta-sandwich domain that is suggested to have
a novel fold (PDB 1feu)>. Although TL5/L25 N- and C-terminal domains have distinct
structures, SCOP classifies the entire T. thermophilus TL5/L25 (SCOP domain d1feua_)
protein in the same family as E. coli L25 in the fold ‘Ribosomal protein 1.25-like” with the
note ‘contains additional all-beta (sub)domain in the C-terminal extension’. CATH does
excise the C-terminal domain to form a homologous superfamily ‘Ribosomal protein L.25-
like Domain 2’ (Homologous superfamily: 2.170.120.20). In the T. thermophilus ribosome,
TLS5/L25 C-terminal domain interacts with both the ribosomal protein L16 and the 23S
rRNA and is suggested to contribute to the stability of the local conformation.>336

YbbR domains are present in a variety of bacteria lineages.>’ In Bacillus subtilis, the YbbR
protein consists of four repeating YbbR domains and is in the same operon as a diadenylyl
cyclase (DAC) that synthesizes cyclic di-AMP (c-di-AMP). By interacting and stimulating
the enzymatic activity of DAC, YbbR modulates the level of c-di-AMP, which is a second
messenger regulating important physiological processes.’’->8 The structures of the first and
the fourth YbbR domains in the Desulfitobacterium hafniense Y51 YbbR-like protein have
been recently reported as part of the structural genomics effort, and interestingly, the authors
note that the characteristic fold of the YbbR domains is only shared by TL5/L.25 C-terminal
domains.>® Indeed, as shown in Fig. 5A, both TL5/L.25 C-terminal domain and YbbR
domain appear as elongated and twisted beta-sandwiches with the peptide chains traversing
between the beta-sheets in the same way, although the DALI Z-score between them is low.
When TL5/L25 C-terminal domain (PDB 1feu, chain A, residue 94—185) is used as a query,
HHpred!? finds YbbR domains immediately after other L25 proteins with high probabilities.
For example, the first (PDB 3lyw, chain A) and the fourth (PDB 213u, chain A) YbbR
domains in Desulfitobacterium hafniense Y51 YbbR-like protein have probabilities 96.6%
and 95.1%, respectively, and in both cases, the alignments cover almost the whole lengths of
the query and the hit and include conserved matching positions (Supporting Information Fig.
S1). Based on their shared peculiar fold and statistically significant sequence similarity,
ECOD classifies TL5/L25 C-terminal domain and YbbR domain as remote homologs and
puts them in the same H-group. At the time of writing, it appears that YbbR family members
are not yet classified in other databases such as SCOP, SCOPe, and CATH.

When TL5/L25 C-terminal domain (PDB 1feu, chain A, residue 94—185) is used as a query,
DALI'3 first finds other 1.25 proteins, then the YbbR domains, then many DNA-directed
RNA polymerase subunit alpha (Supporting Information Fig. S2). For example, E. coli RNA
polymerase alpha subunit (PDB 1bdf, chain C)® has Z-score 3.1, RMSD 2.9 A, and aligned
length 67. The aligned part corresponds to SCOP domain d1bdfc2, which belongs to the fold
‘Insert subdomain of RNA polymerase alpha subunit’. Although SCOP does not mention
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any similarity between TL5/L25 C-terminal domain and RNA polymerase alpha subunit
insert domain, CATH considers them to be structurally similar and classifies them as two
homologous superfamilies (Homologous superamilies: 2.170.120.12 and 2.170.120.20,
respectively) in the same topology group (Topology: 2.170.120). Fig. 5B shows TL5/L25 C-
terminal domain (left) as well as two RNA polymerase alpha subunit insert domains from
the same SCOP family (middle, E. coli protein; right, yeast protein®!). Although DALI Z-
score is low, TL5/L25 C-terminal domain and RNA polymerase alpha subunit insert domain
do share similar topologies, and T. thermophilus TL5/L25 C-terminal domain and E. coli
RNA polymerase alpha subunit insert domain even have corresponding loops that have
nearly identical conformations (indicated by red arrows), though this loop conformation is
not preserved in the yeast protein. TL5/L25 C-terminal domain and RNA polymerase alpha
subunit insert domain do have two structural differences: 1) the second major secondary
structural element (SSE) is a beta-strand in TL5/L.25 C-terminal domain but an alpha-helix
in RNA polymerase alpha subunit insert domain; 2) RNA polymerase alpha subunit insert
domain has one additional strand at the C-terminus which sits in the middle of one of the
beta-sheets. Based on these observations, ECOD classifies TL5/L.25 C-terminal domain and
RNA polymerase alpha subunit insert domain as possible homologs in different H-groups
but the same X-group.

High sequence or structure score may not imply homology

Common methods of detecting homology by sequence or structure can report false positive
results. TAL (transcription activator-like) effectors are secreted by plant pathogens and bind
host DNA via TAL repeats.®2 Each TAL repeat consists of two helices and interacts with
one nucleotide in the target DNA, and multiple repeats tandemly pack together to form a
left-handed alpha-alpha superhelix.®3-%* When manually curating ECOD, we observed that
when the TAL repeats in TAL effector dHax3 (PDB 3v6p, chain A) is used as query,
HHpred!? lists the tetratricopeptide repeat (TPR) domain of kinesin light chain 1 (PDB 3nf1,
chain A) even before other TAL effectors such as PthXol (PDB 3ugm, chain A) (Supporting
Information Fig. S3). As shown in Fig. 6A and supplementary Fig. S3, although HHpred
gives dHax3 TAL repeats and kinesin light chain 1 TPR very good scores, the alignment is
of low quality: sequence similarity is low, several long gaps are present, and no motifs are
identifiable (as short stretches of stronger similarity among weakly similar regions).
Interestingly, dHax3 is an artificially modified protein,3-5 and when the natural protein
Hax3 (GenBank: AAY43359.1, 96% identical with dHax3) is used as a query, HHpred does
not find any TPR proteins with significant scores (Supporting Information Fig. S4). When
submitted to DALI'3, dHax3 TAL repeats and kinesin light chain 1 TPR only have Z-score
1.5, indicating that they are not structurally similar. Most importantly, these two kinds of
repeat domains have opposite handedness: TAL repeats assume a left-handed packing
between the two-helical bundle units, whereas TPR assumes a right-handed packing (Fig.
6A)%. Due to the low alignment quality, the different search results when modified and
natural sequences are used as queries, the poor DALI Z-score, and the opposite handedness,
we think that TAL repeats and TPR are not homologous and that the high HHpred scores
between dHax3 TAL repeats and kinesin light chain 1 TPR are a false positive result.

Proteins. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 9

Structure comparison programs may also identify false positive hits. For instance, when the
antifreeze protein (AFP) (PDB 3p4g, chain B)®C is used as a query, the DALI server®” finds
the hypothetical protein YDCK (PDB 2f9c, chain A) with a high Z-score of 13.9 and an
unusually large root mean square deviation (RMSD) of 10.7 A (Fig. 6B and Supporting
Information Fig. S5). A close comparison of the two structures explains the large RMSD:
although they are both beta-helices, AFP is right-handed and YDCK is left-handed. As noted
by Li et al.%8, the DALI algorithm compares distance matrices and can ignore the
handedness of a structure. Due to the opposite handedness, we believe that AFP and YDCK
are not homologous and that the high DALI Z-score is a false positive. We note that when
AFP is used as a query to search the SCOP1.75 database, HHpred only identifies proteins in
the ‘Single-stranded right-handed beta-helix’ fold with the correct handedness as significant
hits (Supporting Information Fig. S6).

As shown by the above examples, both sequence-based and structure-based comparison
programs can generate false positives. Thus, when inferring homology, it is helpful to not
rely solely on one score from a single program but rather to consider information from
multiple diverse sources such as scores from different programs, alignment qualities, and
visual inspection of the structures in question.

Low scores given by software do not preclude homology

Homology between small proteins can be hard for sequence or structure comparison
methods to detect. The Crustacean Hyperglycemic Hormone (CHH)-like superfamily of
peptides are widespread in ecdysozoans and regulate a variety of physiological processes.
Members of this superfamily include CHH, moult-inhibiting hormone (MIH), gonad/
vitellogenesis-inhibiting hormone (GIH/VIH), and ion transport peptide (ITP), and multiple
sequence alignments reveal six absolutely conserved cysteines forming three disulfide
bonds.%%-70 Currently, SCOP1.75! and SCOPe2.04!° ‘Crustacean CHH/MIH/GIH
neurohormone’ fold contains only one protein, Kuruma prawn MIH (PDB 1 j()t)71. A recent
work’? has expanded CHH-like superfamily to include many venom peptides from spiders
and other species, and one of these peptides turns out to have a solved structure (spider
Tegenaria agrestis toxin TaITX 1, PDB 2KSL). In addition, HorA server!4 identifies prawn
MIH as the first hit of the newly released structure of the neurotoxin Kappa-scoloptoxin-
Ssmla or k-Ssm1la from centipede Scolopendra subspinipes (PDB 2m35)73. As shown in
Fig. 7A, spider toxin TalTX1, prawn MIH, and centipede neurotoxin k-Ssm1la share similar
overall folds of a small helical bundle stabilized by three disulfide bonds. A manual
superposition reveals that three helices are structurally equivalent (colored in blue, green,
and yellow, respectively). MIH has an additional C-terminal helix, whereas TalITX1 has an
additional N-terminal helix. Importantly, the disulfide bond between the 2nd and the 4th
cysteines linking the blue and the green helices and the disulfide bond between the 3rd and
the 6th cysteines linking the blue and the yellow helices both superimpose closely in all
three structures. However, the disulfide bond between the 1st and the 5th cysteines linking
the N-terminal region and the green helix do not superimpose well: this disulfide is much
closer to the other two disulfides in k-Ssm1la than in TalTX1 or MIH due to insertions/
deletions in their sequences. The DALI!3 Z-scores and HHsearch!2 probabilities between
these three small proteins are quite low, but the DALI and HHsearch alignments largely
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agree with each other (Fig. 7B). In addition, when used as queries in DALI database
searches, TalTX1 and k-Ssm1a both find MIH as the first hit. Based on the shared overall
folds, matching disulfide bond patterns, and the agreement between sequence and structure
alignment algorithms, ECOD has expanded the CHH-like superfamily to include TalTX1
and k-Ssm1la. As shown in this example, remote homology can be difficult for sequence and
structure comparison programs to detect due to low levels of similarity reflected by low
scores, and thus it usually takes careful manual analysis to identify such distant evolutionary
relationship.

Homology between water-soluble and intramembrane proteins

Soluble and intramembrane proteins have distinct biophysical properties. While SCOP has a
separate class called ‘Membrane and cell surface proteins and peptides’, the CATH
hierarchy does not have a special place for membrane proteins.”* ECOD has chosen not to
discriminate between soluble and membrane proteins but instead to classify them in one
hierarchy due to two observations: 1) soluble and membrane proteins can be homologous;
and 2) some proteins can transform from a soluble state to a transmembrane state, as
discussed below.

Terpenoids (a.k.a. isoprenoids) are built from 5-carbon isoprene units and have myriad
chemical structures and manifold physiological functions.”>:7® Class I terpenoid synthases
are a group of homologous enzymes that produce various terpenoid molecules; for example,
farnesyl diphosphate synthase (FPS) synthesizes the linear 15-carbon farnesyl diphosphate
(FPP), and pentalenene synthase cyclizes farnesyl diphosphate to make the cyclic 15-carbon
pentalenene.”>~7® Within the broad group of class I terpenoid synthases, trans-
prenyltransferases (a.k.a. trans-isoprenyl diphosphate synthases) form a conserved subgroup
and catalyze the magnesium ion (MgZ*)-dependent transfer of prenyl chains of various
lengths from an isoprenyl diphosphate (prenyl donor) to isopentenyl diphosphate (prenyl
acceptor).”>~77:79 As a prototype of trans-prenyltransferases, FPS is a soluble enzyme with a
central hydrophobic cavity to accommodate the isoprenyl chains of its substrates and
products.”7-80.:81

The UbiA family comprises intramembrane prenyltransferases that synthesize a variety of
biomolecules, and the structures of two family members have recently been reported.82:83
Interestingly, the authors noted that the intramembrane UbiA and the soluble trans-
prenyltransferases such as FPS are probably related. As discussed in the original reports82-83
and also shown in Fig. 8, UbiA and FPS exhibit similarities in the following aspects. 1) Both
UbiA and FPS adopt a helical bundle fold that probably results from the duplication and
fusion of a 4-helix bundle. DALI superimposes UbiA (PDB 40d5, chain A) and FPS (PDB
1rgi, chain A) with a significant Z-score of 14.6 and RMSD 3.8 A on 220 aligned residues.
2) Both UbiA and FPS present two conserved aspartate-rich motifs in corresponding places,
i.e., between the 29 and the 3™ helices of each 4-helix bundle. 3) Both UbiA and FPS
catalyze the Mg2*-dependent prenyl chain transfer from an isoprenyl diphosphate donor to a
prenyl acceptor (UbiA uses an aromatic acceptor while FPS uses a linear acceptor). 4) UbiA
and FPS show active site resemblance (i.e., the aspartate-rich motifs coordinate the Mg2*
ions that in turn bind the diphosphate moiety of the prenyl donor) and may exploit similar
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catalytic mechanisms. Based on these structural and functional similarities, ECOD classifies
UbiA as homologous to FPS and other class I terpenoid synthases (same H-group). In
addition to the class I terpenoid synthases superfamily, the type II phosphatidic acid
phosphatases (PAP2) homologous superfamily also has both soluble and transmembrane
members 8485

Pore-forming proteins (PFPs) are produced by diverse organisms and participate in various
physiological processes such as pathogenesis, immunity, and apoptosis.8¢ PFPs are
synthesized as soluble proteins, but through conformational change and often
oligomerization, they manage to penetrate membranes and form pores.8’-89 Based on the
secondary structural elements that make up the transmembrane pore, PFPs can be divided
into two categories: alpha-PFPs and beta-PFPs. Alpha-PFPs such as pore-forming colicins
and Bcl2 family apoptosis regulators use helices to traverse the membrane, whereas beta-
PFPs such as membrane attach complex/perforin (MACPF) and cholesterol-dependent
cytolysin (CDC) domains form transmembrane beta barrels.87-89The remarkable ability of
PFPs to transform from soluble state to transmembrane state blurs the boundary between
soluble and transmembrane proteins.

As discussed above, intramembrane and soluble proteins can be homologs, and pore-
forming proteins can convert from soluble state to transmembrane state. Therefore, ECOD
does not have a special category for membrane proteins but instead classifies membrane and
soluble proteins in the same hierarchy.

In summary, the key issue in protein evolutionary classification is identifying homologs for
the query. As the automated pipeline is usually able to detect close homologs with
significant scores and high coverage, the main task for manual curators is to find remote
homologs. Various lines of evidence could support homology: significant sequence or
structure comparison scores, shared conserved motifs, common functional properties,
common cofactor binding modes, similar disulfide patterns, shared structural features such
as an unusual left-handed connection or a rare fold, similar oligomerization modes, similar
domain organizations, et al.>? As indicated by the above examples, argument for remote
homology is often based on multiple lines of evidence. Therefore, manual curators need to
integrate information from various sources (sequence and structure comparison results from
programs, knowledge and insights in the literature and other databases, and observations
from visual inspection) and use their experience to decide if there is adequate evidence for
homology.

Conclusions

A first-principles definition of domains and their classifications is hardly possible because
the true evolutionary history of all protein domains is not known and in some cases may be
unknowable. We evaluate the homologous relationships between proteins and partition them
into domains using our manual expertise, the results from well-known sequence and
structure comparison programs, and the knowledge recorded by others in literature. The
large number of known proteins as well as the increase in the rate of discovery of new
proteins implies that a completely curated manual classification is impossible. Similarly,
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limits on the ability of automated methods to determine homology at large evolutionary
distances, as well as problems with domain detection at the boundaries of our theoretical
definition (e.g., small motifs that are not always domains, proteins with internal repeats,
intrinsically disordered proteins), prevent the creation of a fully automated classification.
Nonetheless, we expect that as the protein space becomes more covered, the burden of
manual curation will decrease. Additionally, as more advanced structure and sequence
comparison tools are being developed, we expect that detection of less conserved region,
regions of complex topology, and clear delineation of proteins with internal repeats will
become more automatic. The complexity of biology limits our ability to derive entirely
consistent rules of protein classification and thus construct a fully-automated classification.
Because of these complicating factors, many of the most successful protein classifications
incorporate both automated and manual classification elements in their methodology.
However, the precise types of cases that necessitate manual curation are often not fully
described. Here we have attempted to reveal the intricacies of these cases in a number of
examples that are demonstrative of the types of conflicts that can arise in an automated
system, where new proteins can alter or necessitate changes to existing proteins and domains
in the classification. Our protein classification, ECOD, attempts to minimize the differences
between the known tree and the complete tree by incorporating as many proteins as possible
through frequent updates. Although ECOD F-groups are primarily derived from Pfam
families, ongoing works focus on refining domain boundaries of incorporated families based
on structural evidence and generating new families that were previously unrepresented. We
aim to further increase the coverage of our classification by incorporating those sequences
whose structures are not known in the near future with improved F-group profile hidden
Markov models, a strategy that has also been adopted by other protein classifications such as
CATHL
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Figure 1.
ANTAR domains in different proteins. (A) RNA-binding positive regulator AmiR (1qo0,

chain D). (B) Putative transcriptional antiterminator Rv1626 (1sd5, chain A). (C) NasR
transcription antiterminator (4akk, chain A). C-terminal ANTAR domains are colored red,

N-terminal Rossmann-like domains in AmiR and Rv1626 are colored blue, and N-terminal
helical bundle domain in NasR is colored green. All structural diagrams in this manuscript
are prepared with PyMOL (The PyMOL Molecular Graphics System, Schrodinger, LLC.).
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Figure 2.
Toprim domains in various proteins. Each panel shows one SCOP entry that contains a

Toprim domain. Multi-domain entries are split into individual domains in ECOD as shown
by different colors. In all diagrams, the Toprim domain is colored in red. (A) DNA
topoisomerase I (PDB 1IMW9, chain X92). SCOP entry d1lmw9x_, in ‘Multi-domain
proteins’ class and ‘Prokaryotic typ I DNA topoisomerase’ fold. (B) DNA topoisomerase 2
(PDB 2RGR, chain A%3). SCOP entry d2rgral, in ‘Multi-domain proteins’ class and ‘Type II
DNA topoisomerase‘ fold. (C) DNA topoisomerase VI A subunit (PDB 1D3Y, chain A%,
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SCOP entry d1d3ya_, in ‘Multi-domain proteins’ class and ‘DNA topoisomerase IV, alpha
subunit’ fold. (D) DnaG catalytic core (PDB 1DD9, chain A%). SCOP entry d1dd9a_, in
‘Multi-domain proteins’ class and ‘DNA primase core’ fold. (E) Recombinational repair
protein RecR (PDB 1VDD, chain A%®). SCOP entry d1vdda_, in ‘Multi-domain proteins’
class and ‘Recombination protein RecR’ fold. (F) Putative protein aq_2086 (PDB 1T6T,
chain 1, unpublished). SCOP entry d1t6tl_, in ‘Alpha and beta proteins (a/b)’ class and
‘Toprim domain’ fold.
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Figure3.

Structural comparison of papain, Tae4, and Cif. (A): Papain (PDB 1KHQ, chain A)?7. (B):

Tae4 (PDB 4HFL, chain A)3!. (C): Cif (PDB 3GQJ, chain A)3. In all three structures, the

structural core of cysteine proteinase superfamily is colored, whereas the rest of the protein

is in gray. The catalytic triad is identified according to the above references and shown in
sticks. The alpha-helix bearing the Cys in the catalytic triad is colored in blue, and the beta-
sheet bearing the His and the polar residue in the catalytic triad is colored in yellow.
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Figure4.
Structure and sequence comparisons of MRP and Whirly. (A) Structure of MRP2 (PDB

2GIA, chain A). (B) Structure of WHY1 (PDB 1L3A, chain A). Both structures are shown
in cartoon and colored in a rainbow. (C) Dali structure alignment of MRP2 and WHY 1.

Residues are colored red for a-helices and blue for B-strands. Sequence profiles are
represented by sequence logos generated from multiple sequence alignment of BLAST
hits?® by WebLogo?. (D) Superposition of MRP1/MRP2 (PDB 2GJE) and WHY2 (PDB
3N1K) tetramers with bound nucleic acids. MRP1 and MRP2 are colored cyan with RNA in
pale cyan. WHY?2 is colored magenta with DNA in light pink. Crystallography symmetry
was applied to generate the biological units.
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Figureb.
Homology (A) and possible homology (B) for ribosomal protein TL5/L.25 C-terminal

domain. (A) Left: Ribosomal protein TL5/L25 C-terminal domain (PDB 1feu, chain A,
residue 94-185). Right: YbbR domain (PDB 3lyw). (B) Left: Ribosomal protein TL5/L25
C-terminal domain from T. thermophilus (PDB 1feu, chain A, residue 94-185). Middle:
RNA polymerase alpha subunit insert domain from E. coli (PDB 1bdf, chain C, residue 53—
178). Right: RNA polymerase II subunit RPB3 insert domain from yeast (PDB 1twf, chain
C, residue 42—172). Each structure in this figure is colored in a rainbow from N-terminus
(blue) to C-terminus (red). Structurally corresponding SSEs in each domain are in the same
color. The additional C-terminal strands in RNA polymerase insert domains are colored in
magenta. Loops are colored gray. HHpred and DALI scores are shown with an arrowhead
pointing from the query to the target.
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Figure6.
High scores, opposite handedness. (A) Left: Transcription activator-like (TAL) repeats in

dHax3 form a left-handed alpha-alpha superhelix (PDB 3v6p). Right: Tetratricopeptide
repeats (TPR) in kinesin light chain 1 form a right-handed alpha-alpha superhelix (PDB

3nf1). In each structure, the N-terminal three alpha hairpins are colored in a rainbow from
N-terminus (blue) to C-terminus (red). (B) Left: Antifreeze protein (AFP) is a right-handed
beta-helix (PDB 3p4g). Right: Hypothetical protein YDCK is a left-handed beta-helix (PDB
2f9c¢). Each structure is shown in a rainbow from N-terminus (blue) to C-terminus (red). In
both (A) and (B), comparison program and scores are shown above an arrowhead pointing
from query to subject.
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Figure7.
Structure and sequence comparisons of CHH-like superfamily members. (A) Structures of

spider toxin TalTX1 (left, PDB 2KSL), prawn MIH (middle, PDB 1JOT), and centipede
neurotoxin k-Ssmla (right, PDB 2M35). The three structures are first superimposed and
then separated for clarity. The three structurally equivalent helices are colored in blue,
green, and yellow, respectively, and other parts of the structures are colored in gray.
Disulfide bonds are shown in sticks and colored in red. DALI z score and HHsearch
probability between two proteins are shown with an arrow pointing from the query to the hit.
(B) Manually made structure-based multiple sequence alignment of the three proteins in (A).
Cysteines forming disulfide bonds are highlighted in red and connected by lines. PDB ID,
chain ID, and starting and ending residue numbers are shown for each sequence. The
approximate positions of the three structurally equivalent helices depicted in (A) are
indicated by cylinders of the same color. Positions that are also aligned by HHsearch or
DALLI are marked by a ‘#” symbol with the query, the hit, and the aligner indicated at the
beginning of each line.
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Figure8.
Homology between soluble and intramembrane prenyltransferases (A) UbiA (PDB 4o0d5,

chain A). (B) Farnesyl diphosphate synthase (FPS) (PDB 1rqi, chain A). Structurally
correspondent helices in UbiA and FPS are in the same color, and extra helices are in gray.
Both UbiA and FPS folds probably result from a duplication of a 4-helix bundle; thus the
four helices in the first potential duplicate are colored in blue, green, yellow, and orange,

respectively (from N-terminus to C-terminus), and the four helices in the second potential
duplicate are colored in similar but pale shades. The aspartate side chains in the Asp-rich
motifs are shown in sticks. Magnesium ions are depicted as magenta balls. Bound substrates
are shown in sticks. Approximate positions of the membrane boundaries are indicated by
two lines.
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