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ABSTRACT

Homology-based protein domain classification is a powerful tool for gaining biological insights into protein function. This clas-
sification process has been significantly enhanced by the availability of experimental structures and high-accuracy structural
models generated by advanced tools such as AlphaFold. Our Evolutionary Classification of protein Domains (ECOD) database
provides a continuously updated and refined domain classification system. Isolated (“orphan”) protein domain families, which
have a limited distribution in the protein universe, present a unique challenge in this classification process. These families lack
clear or identifiable evolutionary relationships with other sequence families. While some isolated domain families may have
emerged through de novo evolution, others potentially share common evolutionary origins with existing domain families but
represent difficult cases for traditional classification methods. In this study, we conducted a manual analysis of a set of isolated
families of small domains in ECOD. By exploring sequence, structural, and functional evidence, we uncovered distant members
and likely homologous relationships between different isolated domain families that were previously unrecognized. Our analysis
provides valuable insights into the evolution of isolated domain families and has led to improved classification within ECOD.
This work enhances our understanding of protein evolution and underscores the importance of continuous refinement in domain
classification systems as new data and analytical methods become available.

1 | Introduction ancestral domain, essentially evolving de novo. In this case,

these proteins are true evolutionary innovations, emerging from

Isolated protein domain families (“orphan” families) do not have
clear or identifiable evolutionary relationships with other se-
quence families. These domain families are intriguing: how do
the evolutionary origins of a domain family become obscured?
Their origins can be explained by one of two possibilities: (1)
independent evolution or (2) distant homology. These two path-
ways offer different perspectives on how proteins might acquire
unique structures and functions. Independent evolution sug-
gests that some protein domains arise without any discernible

non-coding regions of the genome or previously unstructured
regions within existing proteins [1-4].

Alternatively, isolated domain families may be homolo-
gous to other domain families, but those relationships have
been obscured over time due to changes in structure and se-
quence [3, 5-7]. As evolutionary time passes, the sequence
identity between homologous proteins can degrade due to
mutations, insertions, deletions, and other genomic events.
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These changes can diminish the recognizable sequence or
structural features that link them to their ancestral domain
family. Isolated domain families can be created through gene
duplication followed by divergence [8]. This process allows for
proteins to evolve new functions while preserving the gene's
original function. Duplicated copies of a gene can not only per-
form the same function as the original gene but also acquire
new functions by accelerated evolution of the new copy [9].
Domain duplication can lead to structural divergence or the
emergence of new binding properties, giving rise to proteins
with novel functions that distinguish them from their ances-
tral family. This process can lead to functional diversification
within an organism, where the duplicated domains contribute
to novel metabolic pathways, regulatory mechanisms, or en-
vironmental adaptations [10]. Over long evolutionary times-
cales or through elevated evolutionary rates, this divergence
can obscure the fact that the two domain families are evolu-
tionarily related.

Modern computational methods such as sequence alignment
and structural comparison often struggle to detect distant re-
lationships, leaving some protein families seemingly isolated.
However, as search algorithms advance and with careful man-
ual analysis of weak sequence and structural signals, these do-
mains may eventually be linked to their evolutionary origins,
uncovering hidden kinships [11-14]. This notion of distant, un-
observed homology highlights how extensive evolutionary di-
vergence can mask the shared ancestry of proteins that initially
appear unrelated.

Both possibilities—independent evolution and distant ho-
mology—are important for understanding protein evolution.
Independent evolution expands the repertoire of molecular
functions by creating entirely new protein structures. Distant
homology underscores the vast timescales over which evolution
operates, sometimes obscuring connections that were once more
apparent. In both cases, isolated protein domains challenge our
current understanding of how life evolves at the molecular level,
offering fascinating glimpses into the adaptability and creativity
of nature's evolutionary processes.

Our domain classification, the Evolutionary Classification of
protein Domains (ECOD) [15], was designed specifically with
these two possibilities in mind. The hierarchy of ECOD is de-
signed such that similar topology, which can be indicative of
homology, is not definitively suggestive of homology. Two of
ECOD's top hierarchical levels, the “possible homology” group
(X-group) and “definite homology” group (H-group) allow for
both distant relationships between domain families and the
possibility of independent evolution of topologically similar
domains (i.e., convergent evolution). Because the protein uni-
verse is not fully structurally characterized and new structural
comparison methods are continually being developed, we must
allow for isolated domain families with no apparent homology,
and that they might be merged with existing homologous groups
in the future. The recent development and deployment of highly
accurate structural prediction methods [16, 17] has resulted in a
wealth of new data, such as those in the AlphaFold database. By
leveraging comparative analyses of these predictions, we have
been able to revisit and improve the classification of isolated do-
main families in ECOD.

ECOD X-groups and H-groups exhibit significant variation in
their population sizes. Certain domain families, particularly
those associated with superfolds [18], are exceptionally populous,
encompassing hundreds to thousands of individual domains. In
contrast, many other domain families contain only a few struc-
tures and form distinct X-groups or H-groups. Identifying evolu-
tionary relationships for these isolated domain families presents
a challenge. However, careful analysis of subtle sequence and
structural similarities may help uncover distant members of
these domain families and establish potential connections with
more populous domain families. Small domains are likely can-
didates for isolated domain families due to the ease with which
they are recruited from disordered regions and their limited se-
quence information and structural constraints. Here, we present
an analysis and reclassification of four groups of small domain
families in ECOD that unify domains previously thought to be
isolated. One of the domain groups involves an isolated small
zinc finger domain originally found in bacterial ADA proteins.
Distant members of this domain family were detected in a va-
riety of proteins with diverse domain contents. Three cases of
domain groups involve small helical domains and represent dif-
ficult cases in homology detection due to short domain lengths.
Our analysis provides insight into the evolution of a class of
LigA-related domains found in the precursors and enzymes of
ribosomally synthesized and post-translationally modified pep-
tides, the expansion of the domain group likely related to the
HMG-box domains, and the union of a group of STI1-HOP_DP-
like domains. The curation performed herein will aid us in our
further classification of predicted structures and their domains.

2 | Results and Discussion

2.1 | Strategies for Homology Inference of Isolated
Domains in the AlphaFold Era

The ECOD database organizes protein domains into a hierar-
chical structure that reflects evolutionary relationships, distin-
guishing between definite homology (H-groups) and possible
homology (X-groups). A substantial portion of ECOD consists
of small or isolated domain families—so-called “orphan” do-
mains—found in X-groups or H-groups with only a few mem-
bers. These isolated domains lack clear evolutionary links to
other classified domains and often represent some of the most
challenging and ambiguous cases in protein classification. The
increasing availability of high-confidence predicted structures
from AlphaFold, along with more sensitive sequence and struc-
ture comparison tools, offers an opportunity to revisit these iso-
lated domains and probe for overlooked relationships.

To uncover remote homologies among these orphan domains,
we applied an integrative strategy that combines information
from multiple sources: sequence similarity, structural similar-
ity, conserved sequence and structural motifs, and functional
associations. Starting with a representative ECOD domain, we
performed sensitive sequence-based searches using HHpred
[19] against the PDB database [20], the Pfam database [21], and
selected organismal proteomes. An HHpred probability score
above 95% was used as a criterion for a highly likely homology
relationship [19], and any hits with probability scores above 30%
were also inspected [19]. We evaluated candidate relationships
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based on alignment statistics, the presence of conserved motifs
and functional context, such as domain architecture or common
functions in related pathways. Transitive searches were per-
formed by initiating new HHpred searches with candidate hits
as queries, which could expand homology to other domain fami-
lies beyond the initial search results or increase the confidence of
original weak hits. For example, if a distant domain (A) weakly
matches the original query (Q), but both A and Q strongly match
ashared intermediate (B), this transitive connection strengthens
the evidence for a relationship between Q and A.

We complemented this sequence-based analysis with structure-
based searches using DaliLite [22] and Foldseek [23], which were
particularly useful for divergent domains where sequence simi-
larity was limited. Experimental structures or AlphaFold mod-
els of found hits were used as input to these structural searches.
AlphaFold models aid in distant homology detection by making
high-quality structural information available for protein domain
families that lack experimental structures. AlphaFold models
played a central role not only in enabling reliable structure com-
parisons but also in validating the presence of conserved core
regions or structural motifs and clarifying domain boundaries.
DaliLite was used to compare either experimental structures
or AlphaFold models against the PDB database and to perform
pairwise structural alignments to evaluate potential homology.
Structural similarity was assessed using Dali Z-scores, with
scores above 2 considered indicative of significant fold-level
similarity [24]. Foldseek offers a much faster alternative for
structure-based searches, enabling rapid comparisons of query
structures against large repositories of experimental structures
and AlphaFold models. Its speed and scalability make it particu-
larly useful for exploring the distribution of a domain across the
protein universe, including its presence in diverse proteins and
taxonomic lineages.

When strong evidence from these sources converged, we as-
signed domains to the same H-group; when the evidence was
suggestive but less conclusive, we unified them at the X-group
level. This integrative approach, combining complementary
data types, provides a framework for refining domain relation-
ships in ECOD and better capturing the evolutionary connec-
tions among previously isolated domain families. Below, we
present four cases of distant homology inference involving iso-
lated domains. In each case, sensitive sequence and structural
comparisons allowed us to establish homology relationships be-
tween distantly related domains. The use of AlphaFold models
further enabled the expansion of ECOD classification to include
proteins and domain families lacking experimental structures.

2.2 | Remote Homologs of the N-Terminal Zinc
Finger Domain of the DNA Repair Protein ADA

ADA (alkyladenine DNA glycosylase) is a bacterial DNA-
binding protein involved in the repair of alkylated DNA damage
[25]. It plays a key role in the adaptive response to alkylating
agents, which modify the DNA by adding alkyl groups to nu-
cleotides, leading to mutagenesis or cell death if not repaired
[25]. ADA recognizes and binds to alkylated DNA and removes
alkyl groups from specific damaged bases such as methyl-
ated guanine (O%-methylguanine) and methylated thymine

(O*-methylthymine). ADA also functions as a transcriptional
activator in the adaptive response to alkylating agents [26]. Once
activated by alkylation, the ADA protein induces the expression
of genes involved in DNA repair to cope with alkylating damage.

The ADA protein consists of four globular domains. The N-
terminal domain (Pfam: Ada_Zn_binding; PF02805) has four
conserved cysteines forming a zinc-binding site. One of these
cysteines (Cys69 in Escherichia coli ADA) is also a methyl group
acceptor [27]. The N-terminal domain undergoes a conforma-
tional change upon methylation of this cysteine, which enables
it to bind specifically to the promoter regions of genes involved
in the response to alkylation damage. This binding activates
transcription through interactions with the ¢’° subunit of RNA
polymerase, leading to an increase in the production of Ada
protein.

Experimental structures revealed (e.g., PDB: 1u8b) [28] that
the domain following the N-terminal zinc-binding domain
of ADA is an HTH (helix-turn-helix) domain. We found that
several experimental ADA structures include the N-terminal
zinc-binding domain and part of the HTH domain that is disor-
dered (e.g., PDB: 1eyf, the partial HTH domain shown in gray in
Figure 1A). ECOD previously assigned the full structures as the
ADA N-terminal domains. Such assignments were modified in
the new ECOD classification by separating the ADA N-terminal
domain from the disordered partial HTH domain. The ADA N-
terminal domain features a four-stranded -sheet surrounded
by several short a-helices. Two zinc-binding cysteines are from
the loop after the second core -strand. The short C-terminal a-
helix contains two other zinc-binding cysteines. The positioning
of this a-helix is similar to that found in Treble clef zinc fingers
[29]. However, unlike most Treble clef zinc fingers, the ADA N-
terminal domain lacks a f-hairpin between the two “CXXC”
motifs.

We conducted a sequence similarity search of the ADA N-
terminal domain and found an HHpred hit with moderate
probability score (82.4%) to the C-terminal domain of the 50S
ribosomal protein L4 from Cutibacterium acnes (RplD, UniProt
accession (UNP): Q6A6M?7) in the PDB database (PDB: 8cvm,
chain e). The HHpred alignment covers most of the query with
a sequence identity of 21%. While this domain is disordered in
the CryoEM structure, its AlphaFold model (Figure 1B) exhibits
the same fold as the ADA N-terminal domain. A DaliLite com-
parison between the ADA N-terminal domain (PDB: leyf) and
the C-terminal domain of RplD yields a Z-score of 4.1 over 49
aligned residues. HHpred searches against bacterial genomes
revealed that domains (called ADA_N-like) showing remote
homology to the ADA N-terminal domain are also present in
other Gram-positive bacteria. AlphaFold models of two such do-
mains are shown in Figure 1C (C-terminal domain of Cwp27,
with an HHpred probability score of 98.1% and a Dali Z-score of
3.9 to the ADA N-terminal domain) and Figure 1D (C-terminal
domain of ArfC, with an HHpred probability score of 94.1%
and a Dali Z-score of 3.7 to the ADA N-terminal domain). Two
proteins with this domain were found in Mycobacterium tuber-
culosis. One is the uncharacterized membrane protein ArfC
(UNP: A1KH33) with an N-terminal transmembrane helix.
ADA-N-like domains can co-occur with other domains, such
as LGFP repeat (e.g., the M. tuberculosis protein UNP: 007219),
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F
EEEEE EEEEE  HHHHH EEEE HHHHHHHH EEHHHHHH
P06134 |ADA|leyf 24 DGEFVFAVRTTGIFSR-PSERARHALRENVSFYANASEALAAGFRPEKREQPDK 76 [354]
Q6A6M7 | rplD 246 AGFDIKGNEDSMKFHE-PSSPWYGRTIAEVWFR-SAAAAEAAGFVNAVKSDSEK 297 [301]
0188M7 | cwp27 336 DKSTVYVTPNGKSYELTKNESTLKRSKTINKVT-LKQAKSQGKIDP) K-- 386 [386]
Q187P0|CD630_19300 337 SEEIVYFTPKGKSYESTKN®SGLSRSKKILSGT----IAESKKNDP®DI®YGK- 385 [385]
C9Z1D1|SCAB_72061 114 TSGRLLMVPGGTLWgR-ADSPLVAGKAEAVPVD--SRVLTSGDLRPGPISEAPD 164 [174]

AlKH33|arfC 123 PQGWLVKGRSDTRLYYTPEDPTYDPTVAQVWFQ-DEESAARAFFTPWRKSTRRT 175 [175]

FIGURE1 | Structure,domainarchitecture, and alignment of ADA N-terminal domain and ADA _N-like domains. (A) The structure of Escherichia
coli ADA (PDB: 1leyf). The ADA N-terminal domain is colored in rainbow. The disordered partial HTH domain is colored gray. (B) AlphaFold model
of the RplD C-terminal domain. (C) AlphaFold model of the C-terminal domain of Cwp27. (D) AlphaFold model of the ArfC C-terminal domain. (E)
Domain architecture of selected proteins that contain the ADA_N-like zinc finger domains. Boxes labeled “TM” and “SP” indicate predicted trans-

membrane segment and signal peptide, respectively. (F) Multiple sequence alignment of ADA_N-like domains in different proteins. Helices (red) and

strands (blue) are marked (H: helix; E: strand). Conserved hydrophobic residues are shaded in yellow. Zinc-binding residues are shaded in black. The

start and end positions of the domains are shown, and the protein lengths are shown in brackets. Proteins are identified by their UniProt accession

numbers followed by gene or genomic location names.

ComEC (e.g., a ComEC/Rec2 family competence protein from
Clostridioides difficile, UNP: Q187P0) and CW_binding_2 (e.g.,
UNP: Q188M7 from C. difficile) (Figure 1E). Both C. difficile
proteins with the ADA_N-like domains possess predicted signal
peptides (Figure 1E), suggesting that they are secreted. While
this domain lies in the N-terminus of ADA, it is mostly located at
the C-terminal ends in other proteins (Figure 1E). Some of these
domains, such as those in ribosomal protein L4 and ArfC, have
deteriorated zinc-binding sites (Figure 1B,D,F). The functions of
ADA_N-like domains remain to be experimentally determined.
Like their counterpart in ADA, they could function as sensors of
alkylated DNA.

In the updated ECOD classification, we expanded the original
X-group of “ADA DNA repair protein, N-terminal domain (N-
ada 10)” to include newly identified ADA_N-like domains, in-
cluding the C-terminal domain of ribosomal protein RplD and

four domains from M. tuberculosis and C. difficile (Figure S1).
To reflect this broader classification, we renamed the X-group
to “ADA_N-like domains.” These newly added domains are
considered well-supported homologs based on strong sequence
and structural similarities, and the conservation of zinc-binding
sites in some cases. We also revised the domain boundaries of
the ECOD representative eleyfAl from residues 1-90 to 1-76,
excluding the partial sequence of the adjacent HTH domain.

2.3 | Expansion of the HMG-Box X-Group

IscX is a small protein involved in the assembly of iron-sulfur
(Fe-S) clusters, a process essential for various metabolic activities
in Gram-negative bacteria such as E. coli [25]. It acts as a molec-
ular adaptor that binds to the cysteine desulfurase IscS, which
plays a central role in Fe-S cluster assembly. IscX domains (Pfam:
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Fe-S_assembly; PF04384) adopt the fold of a three-helical bundle
and were classified in its own H-group within the HTH X-group.
HHpred search results suggested that IscX could be remotely re-
lated to the WVELL family of proteins from Gram-positive bacteria,
such as the YfhJ protein from Bacillus subtilis (HHpred probability
score: 82.4%, sequence identity: 13%, alignment coverage: >90% of
the query). This family of proteins is characterized by a conserved
“WVELL” motif (Pfam: WVELL; PF14043). Interestingly, E. coli
IscX was previously named YfhJ [30]. The similarity between E.
coli IscX and B. subtilis YfhJ occurs mostly in the helical hairpin
formed by the last two a-helices of IscX (Figure 2), where they
adopt similar patterns of hydrophobic positions, including a con-
served tryptophan in the last o-helix (Figure 2). However, the over-
all structural similarity between E. coli IscX and B. subtilis YfhJ is
low (Dali Z-score below 2).

By examining the results of transitive HHpred searches, we
found that this helical hairpin motif is also present in the N-
terminal domains of luciferases (Pfam: Luciferase_N, PF05295)
and several families of the HMG-box (High Mobility Group box)
domain. The Luciferase_N family was found to be a weak hit
(HHpred probability score: 58.4%) by using IscX as the query.

IscX 2bzt

CHDNT 2n5n

G

HHHHHHHHHHHH

HMG_box_2 1ckt

The Luciferase_N hit has a low sequence identity (12%) and
covers the two core helical segments (residues 30-60) of the
query IscX with the conserved tryptophan aligned. By using a
domain from the Luciferase_N family as the query, the HMG-
box domain (Pfam: CHDNT, PF08073) [31] in the human
chromodomain-helicase-DNA-binding protein 3 (CHD3) was
found as a weak hit (HHpred probability score: 54.2%; Dali Z-
score: 2.8). The HMG-box is a structural DNA-binding domain
present in various eukaryotic proteins [32]. The HMG-box en-
ables proteins to bind to and bend DNA, playing a role in regu-
lating DNA-dependent processes like transcription, replication,
and DNA repair. The presence of the helical hairpin with the
conserved tryptophan residue suggests likely homologous re-
lationships between the HMG-box domains and bacterial do-
mains such as IscX and WVELL. In addition, we found that the
NUT family proteins [33] contain a divergent HMG-box domain
without experimental structures that has not been described
previously (Figure 2F). The HMG-box domain in human NUT1
(UNP: Q86Y26) has a Dali Z-score of 6.5 to an HMG-box domain
with structure (1ckt, Figure 2E) and a Dali Z-score of 3.2 to the
WYVELL domain (Figure 2B). We designate this new family of
HMG-box domains as HMG_NUT.

HMG_NUT

HHHHHHHHHHHHH

POCOL9|IscX|Fe-S_assemblyl|2bzt 23 DPKTVRET-DMHQWICDLEDFD-DDPQASNEKILEAILLVWLDEAE 66 [66]

031578 |YfhJ |WVELL 26 TWVELLWS-DFEATYAKA------ GHAYQGEKMTEKIVTQWIENYG 64 [89]

Q5UAZ6 | Luciferase|Luciferase N 37 YWTRDEYERGMQDDIISQLELF--RSKPAGKLQVARLRAAWQGAQQ 80 [1237]
Q14839 |CHD4 | CHDNT | 2n5n 172 YRTLTNYK-AFSQFVRPLIAAK--NPKIAVSKMMMVLGAKWREFST 214 [1912]
P63159 |Hmgbl |HMG_box_ 2|1lckt 10 RGKMSSYA-FFVQTCREEHKKKHPDASVNFSEFSKKCSERWKTMSA 54 [215]
Q86Y26 | NUTM1 | HMG_NUT 231 SPDTEALS-CFLIPVLRSLARL--KPTMTLEEGLPLAVQEWEHTSN 273 [1132]

FIGURE 2 | A structural motif common to a set of HMG-box-like domains. (A) IscX from Escherichia coli (PDB: 2bzt). (B) AlphaFold model of
a WVELL domain from Bacillus subtilis YfhJ (UNP: 031578). (C) AlphaFold model of a Luciferase_N domain (UNP: QSUAZ6). (D) An HMG-box
domain from the human protein CHD4 with Pfam family CHDNT (PDB: 2n5n). (E) An HMG-box domain from the mouse protein Hmgb1l with the
Pfam family HMG_box_2 (PDB: 1ckt). (F) AlphaFold model of a remote HMG box domain (HMG_NUT) from the human protein NUTM1 (UNP:
Q86Y26). The two core a-helices are colored in rainbow. The additional N- and C-terminal regions are colored in dark blue and dark red, respectively.
Sidechains of hydrophobic positions are shown. (G) Multiple sequence alignment of two core a-helices for domains in the above structures. These
domains are annotated by UniProt accession, protein name, domain name and PDB code (if available). Hydrophobic positions are shaded in yellow.
The conserved tryptophan residues are highlighted in bold. The start and end positions of the domains are shown, and the protein lengths are shown
in brackets. a-helices are marked by red “H” letters.
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In the updated ECOD classification, we expanded the HMG-
box X-group to incorporate newly identified potential homologs
(Figure S2) and renamed the X-group to “HMG-box-like.” The
IscX H-group was transferred from the HTH X-group to the
HMG-box-like X-group. Additionally, we established two new
H-groups within the HMG-box-like X-group that currently lack
experimental structures: the WVELL H-group, which includes
the Pfam family WVELL, and the Luciferase_N H-group, which
includes the Pfam family Luciferase_N. We also added a repre-
sentative of the newly identified HMG_NUT family, which lacks
an experimental structure, to the existing HMG-box H-group.
Due to the limited sequence and structural similarities—pri-
marily confined to a shared helical hairpin motif—the IscX,
WVELL, Luciferase_N, and HMG-box domains were classified
into separate H-groups. Future improvements in homology de-
tection sensitivity, along with the growth of sequence databases,
may enable the establishment of reliable evolutionary relation-
ships among these H-groups.

2.4 | Evolutionarily Related Domains in LigA
and Various RiPP Precursors and Enzymes

Aromatic-ring-opening dioxygenase LigAB is an enzyme com-
plex that plays a crucial role in the degradation of lignin-derived
aromatic compounds, particularly in bacteria [34]. This enzyme
isinvolved in the cleavage of aromatic rings, a key step in break-
ing down aromatic hydrocarbons and lignin-derived molecules
into simpler forms that can be further metabolized. The cata-
lytic subunit of this complex is LigB, while LigA is a regulatory
subunit.

We found significant similarities between LigA (PDB: 1b4u)
[35] and several domains in known structures involved in the
generation and modification of ribosomally synthesized and
post-translationally modified peptides (RiPPs). A LigA-like do-
main is found in the ophMA protein (PDB: 5n00) from fungi
(HHpred probability score: 98.7%, sequence identity: 24%, Dali
Z-score: 5.9), which contains a peptide N-methyltransferase
domain at the N-terminus and the omphalotin core peptide at
the C-terminus [36]. The gene encoding this protein is part of
a gene cluster involved in the biosynthesis of omphalotin A, a
highly methylated cyclic dodecapeptide with nematicidal activ-
ity. Using LigA (PDB: 1b4u) as the query, a LigA-like domain
was also found in the N-terminal region of TglI (PDB: 8hi7) [37]
(HHpred probability score: 96.2%, sequence identity: 2%, Dali Z-
score less than 2), which is a regulatory subunit of the TglHI en-
zyme complex required for the biosynthesis of 3-thiaglutamate,
a RiPP generated by the plant pathogen Pseudomonas syringae.
The region corresponding to the three N-terminal helices of
LigA also found HHpred hits to regions in the alpha chains of ni-
trile hydratases (e.g., PDB: 40b0; Pfam: PF02979, NHase_alpha;
HHpred probability score: 75.5%, sequence identity: 16%, Dali
Z-score: 2.5), another family of enzymes involved in RiPP bio-
synthesis [38, 39].

Several Pfam families without known structures were also
found, including Frankia_peptide (Pfam: PF14407, ribosomally
synthesized peptide from bacteria such as Frankia) (HHpred
probability score: 99.1%, sequence identity: 11%) [40], Nifll
(Pfam: PF07862) (HHpred probability score: 90.7%, sequence

identity: 21%) [39], ComX (Pfam: PF05952) (HHpred probabil-
ity score: 89.3%, sequence identity: 16%) [41], and DurB (Pfam:
PF19398) (HHpred probability score: 82.2%, sequence identity:
7%) [42]. These hit alignments with various lengths all cover a
core segment (residues 37-65) with three a-helices in the query
LigA domain. Proteins with these domains are precursors of
various RiPPs [43]. The LigA-like domains are in the leader
peptide regions of these precursors. Homology of these domains
to LigA was supported by their AlphaFold structural models
(Figure 3E-H). The most conserved parts of these homologs are
the first two a-helices connected by a tight turn with an angle
of about 60°. The third a-helix can differ in length, and in the
case of ComX, it is deteriorated into a loop. These domains also
exhibit structural differences in the region after the three core
a-helices (shown in dark red in Figure 3A-H). Most contain one
or more C-terminal a-helices with differing orientations, ex-
cept for the NHase_alpha domain, which has two C-terminal
B-strands (dark red in Figure 1D) after the three core a-helices.
The NHase_alpha domain possesses a duplication of the LigA-
like domain (one copy is rainbow colored and the other copy
shown in gray in Figure 1D).

In the updated ECOD classification, we unified LigA and LigA-
like domains into a single H-group within the revised X-group
“LigA-like domain” (formerly named “LigA subunit of an
aromatic-ring-opening dioxygenase LigAB”; see Figure S3). This
updated X-group now includes the LigA-like domain from TglI
(PDB: 8hi7, chain A, residues 1-59), which had not been previ-
ously classified in ECOD. We also corrected the classification of
the LigA-like domain in 5n0o (e5n00A3), which was previously
misassigned to the X-group “all-alpha NTP pyrophosphatases.”
It has now been moved to the “LigA-like domain” X-group with
revised domain boundaries (residues 315-378). Additionally, the
former X-group “Nitrile hydratase alpha chain” was removed,
and the NHase_alpha family was moved into the “LigA-like do-
main” X-group. This updated X-group also includes four Pfam
families lacking experimental structures—Frankia_peptide,
Nifll, ComX, and DurB. Evolutionary relationships among
these domains are supported by strong sequence and structural
similarities, as well as functional associations, as many of them
are found in RiPP precursors or RiPP biosynthesis enzymes.

2.5 | A Group of a-Helical Domains Related to
STI1_HOP-DP

The STI1-HOP_DP domain (Pfam: PF17830) was found in a
variety of proteins such as Stil, HOP, and Tic40 [44-46]. As
cochaperones associated with chaperones such as Hsp70 and
Hsp90, they are adapter proteins capable of transferring client
proteins between chaperones. The STI1-HOP_DP domains are
characterized by several a-helices connected by short turns of
about 90°, often characterized by the [DN]P signature (prolines
are shown in magenta in Figure 4 structures). Two STI1-HOP_
DP domains (DP1 and DP2) are present in the STI1 protein
(PDB: 2llv and 21lw) [44]. However, they have been placed in
different X-groups in ECOD (2llw in the HTH X-group and
2llv in the X-group of “DP domain”), likely due to the high
level of structural divergence (Dali Z-score less than 2). DP1
(Figure 4A) adopts a more closed conformation compared to
DP2 (Figure 4B). Despite this structural difference, the two
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LigA 1b4u
E
Frankia_peptide Nif11 DurB ComX
|
HHHHHHHHH HHHHHHHH HHHHHHH
P22635|LigA|1b4du 35 YNLNQFAMSLM-KAENRERFKADESAYLDEWN 65 [139]
AQA2R2JFIS| ophMA C| 5n0o 322 KAMSDVMTKLALDPKALADYKADHRAFAQSVP 353 [417]
AQOA8T8BZN3|Tgl I_NI 8hi7 4 EQVWKLWRRVLRDERLQAQLFSATDATHWLSG 35 [269]
Q7SID2 |NHase alphal4ob0 53 HLGAKVVVKAWTDPEFKKRLLADGTEACKELG 84 [204]

D1CCY7|Frankia peptide
I2PWK5|Nifll
F4XIQ1l |DurB
K1L2C5|ComX

[l ST ST N

PELERVIVEAISKEDFLQLLVDSPYDALASYD 35 [77]
DNVRKLYERIGTDKGLRDRLYKAEGQAARDAV 35 [81]
ATLEKVLHQACIDAEFRSEVQONNPEAFGLSAT 35 [84]
--MLKIIQYFKENPTMFQLLKEEKISLIGVSE 30 [52]

FIGURE 3 | A structural motif common to a set of domains related to LigA. (A) The LigA subunit of the aromatic-ring-opening dioxygenase

complex (PDB: 1b4u). (B) The C-terminal domain of a peptide N-methyltransferase (PDB: 5n00). (C) The N-terminal domain of a RiPP recognition
protein that functions as a regulatory subunit of the TglHI enzyme complex (PDB: 8hi7). (D) The alpha chain of a nitrile hydratase (PDB: 40b0). (E) A
protein with the Frankia_peptide domain. (F) A protein with the Nif11 domain. (G) A protein with the DurB domain. (H) A protein with the ComX
domain. The top four domains (A-D) have known experimental structures. The bottom four domains (E-H) do not have experimental structures
and AlphaFold models are shown for them. The common structural motif with three core a-helices is colored in rainbow. The additional C-terminal
a-helices and 3-strands are colored in dark red. The duplicated second domain in the NHase_alpha structure is shown in gray. (I) Multiple sequence
alignment of the eight structures. Proteins are annotated by UniProt accession, domain name, and PDB code (if available). The start and end positions

of the domains are shown, and the protein lengths are shown in brackets. a-helices are marked by red “H” letters.

domains share significant sequence similarity (HHpred prob-
ability score: 98.8%, sequence identity: 23%, with alignment
covering over 95% of the query), suggesting they may have
arisen from a domain duplication event.

Through transitive HHpred searches, we identified several ad-
ditional protein domain families potentially related to the STI1-
HOP_DP domains. For example, the Pfam family ZNHIT3_C
(PF21373) was identified using the DP2 domain (PDB: 21lw)
as a query (HHpred probability score: 95.1%, sequence iden-
tity: 13%). The Pfam family Hitl_C (PF18268) was detected by
using a ZNHIT3_C member (PDB: 5185) as the query (HHpred
probability score: 94.1%, sequence identity: 9%). Some of these
domains were placed in two isolated H-groups in the HTH X-
group: the H-group of “XPC-binding domain” contains some
STI1-HOP_DP domains (e.g., PDB: 2llw) and domains belonging
to the XPC-binding domain family (Pfam: PF09280; e.g., PDB:
2f4m), and the H-group of “Helical domain in DNA-Damage-
Inducible 2 (Ddi2)” contains domains (PDB: 5kes and 5k57, not

classified in Pfam) from DNA damage-inducible proteins. Other
domain families homologous to STI1-HOP_DP were placed in
several X-groups. The X-group of “DP domain” contains Pfam
families ZNHIT3_C (Pfam: PF21373; PDB: 5185) (Figure 4C)
and STI1-HOP_DP (PDB: 2llv), the X-group of “C-terminal do-
main of Hit1” contains the Hitl_C family (Pfam: PF18268; PDB:
2mjf) (Figure 4D), and the X-group of “Helical box domain of E3
ubiquitin-protein ligase HECW1” contains the HECW1_helix
family (Pfam: PF18436; PDB: 314h) (Figure 4E). The HECW1_
helix domain (Figure 4E) shows the greatest sequence and
structural similarity to the first STI1_HOP-DP domain of the
STI1 protein (PDB: 2llv, Figure 4A), with an HHpred probabil-
ity score of 79%, sequence identity of 8% and a Dali Z-score of
4.9.In contrast, the ZNHIT3_C domain and the Hitl_C domain
(Figure 4C,D) adopt a more open conformation, closely resem-
bling the DP2 domain of STI1 (PDB: 2llw, Dali Z-scores: 4.9
and 3.3) rather than the DP1 domain of STI1 (PDB: 2llv, Dali Z-
scores: 2.4 and 2.5). Both ZNHIT3_C and Hitl_C domains bind
their substrates (depicted in gray in Figure 4C,D) comparably.
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A B D
STI DP1 STI1 DP2 INHITS
v 2llw 5185
E F G H
HECW UBQLN1 DDI1 RAD23
|
HHHHHHHH HHHHHHH HHHHHHHH HHHHHHHHH HHHHHHHHHH

P15705|STI1|STI1-HOP_DP|211lv 136 FADPNLIENLKKNPKTSEMMK--DPQLVAKLIGYKQ----NPQAIGQODLEFT---DPRLMTIMATLMG 193 [589]
P15705|STI1|STI1-HOP_DP|211lw 525 ETPEETYQRAMKDPEVAAIMQ--DPVMQSILQQAQQ----NPAALQ-EHMK---NPEVFKKIQTLIA 581 [589]
Q76N89 |HECW1 | HECW1_helix|314h 958 ITNPEFFTVLHANYSAYRVFT--SSTCLKHILKVRR----DARNFE-RYQH---NRDLVNFINMFAD 1015[1606]

Q15649 | ZNHIT3 | ZNHIT3_C| 5185 86 RVSLONLKNLGESATLRSLLL--NPHLRQLMVNLDQG--EDKAKLMRAYMQ---EPLFVEFADCCLG 145 [155]
P46973 |HIT1|Hitl Cl2mjf 74 LKTKAFDDIYQNSAELQELLK--YNTVKFHLAKVY (15) NSDLQKELAVNY (12) EAIEEFCQILLD 157 [164]
Q9UMXO0 | UBQLN1 | | 200 SNPDLMRQLIMANPOMQQLIQR-NPEISHMLN-----—--! NPDIMRQTLEL-ARNPAMMQEMMRNQD 256 [589]
P40087|DDI1| | Skes 92 AFIEQFRQELLNNQMLRSQLILQIPGLNDLVN---=—==-] DPLLFRERLG----- PLILQRRYGGYN 145 [428]

P54728|Rad23b|XPC-binding|2f4m 273 GHPLEFLRNQPQFQOMRQIIQQ-NPSLLPALLQQIGR--ENPQLLQQISQH---QEHFIQMLNEPVQ 333 [416]

FIGURE 4 | A structural motif common to a set of domains related to STI1-HOP_DP. (A) The first STI1-HOP_DP domain (DP1) of yeast protein
STI1. (B) The second STI1-HOP_DP domain (DP2) of yeast protein STI1. (C) The ZNHIT3_C domain in human Zinc finger HIT domain-containing
protein 3 (ZNHIT3). (D) The Hitl_C domain in yeast protein HIT1. (E) The HECW1_helix domain in human E3 ubiquitin-protein ligase HECW1.
(F) A STI1-HOP_DP-like domain in yeast DNA damage-inducible protein 1 (DDI1). (G) A STI1-HOP_DP-like domain in human protein Ubiquilin-1
(UBQLN1). (H) The XPC-binding domain in mouse protein Rad23b. Experimental structures are shown for these domains, which are annotated by
the protein name and the four-letter PDB code except for Ubiquilin-1, for which the AlphaFold model is shown. These structures are rainbow-colored.
Prolines in tight turns are colored in magenta. For ZNHIT3 and HIT1, their binding partners are shown in gray. (I) Multiple sequence alignment of
the shown structures. The UniProt accession, protein name, Pfam domain name (if available), and PDB code (if available) are separated by vertical
bars. Hydrophobic positions are colored in yellow. [NDE]P motifs in turns are highlighted in bold. The start and end positions are shown, and the
protein lengths are shown in brackets. a-helices are marked by red “H” letters.

Divergent STI1-HOP_DP domains were also found in human
ubiquilin proteins [47] (Figure 4F). A Ddi domain (PDB: 5Skes,
Figure 4G) as a query identified the XPC-binding domain (PDB:
2f4m) with a high confidence (HHpred probability score: 95.7%,
sequence identity: 26%) and the DP2 domain (PDB: 2llw) as a
weaker hit (HHpred probability score: 43.9%, sequence identity:
16%). The XPC-binding domains (Pfam: PF09280; PDB: 2f4m),
found in RAD23 proteins, were identified as weak hits to STI1-
HOP_DP domains. For example, an XPC-binding domain (PDB:
1x3z) was found as a weak hit (HHpred probability: 37.2%, se-
quence similarity: 21%) by using the DP2 domain (PDB: 2llw)
as the query. The XPC-binding domains adopt a different over-
all topology (Figure 4H) compared to other STI1-HOP_DP-like
domains. In the XPC-binding domains, the orientation of the
last two a-helices relative to other helices is right-handed, in
contrast to the left-handed arrangement observed in other STI1-
HOP_DP-like domains.

In the previous ECOD classification, the domains described
above with experimental structures were distributed across four
separate X-groups (Figure S4). In the updated classification, we
unified these domains into a single X-group named “DP do-
main,” which contains two H-groups (Figure S4). We removed
the X-groups “C-terminal domain of Hit1” and “Helical box do-
main of E3 ubiquitin-protein ligase HECW1,” transferring their
associated families into the “DP domain” H-group. We also re-
moved the H-group “Helical domain in DNA-Damage-Inducible
2 (Ddi2)” from the HTH X-group and reassigned these domains
to a new H-group named “XPC-binding domain and DDI heli-
cal domain” within the “DP domain” X-group. Additionally, we
incorporated the ubiquilin DP domain into the “DP domain” H-
group and removed the H-group “XPC-binding domain” from
the HTH X-group. The STI1-HOP_DP family from this H-group
was merged with the STI1-HOP_DP family already in the “DP
domain” X-group while the “XPC-binding” family was reassigned
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to the new H-group “XPC-binding domain and DDI helical do-
main.” Although XPC-binding and DDI helical domains show
high sequence similarity to each other (HHpred probability scores
>95%), they exhibit only weak similarity to other DP domain-
related families. Due to differences in overall topology, they are
classified into two distinct T-groups within the same H-group.

3 | Materials and Methods

3.1 | Manual Analysis of Isolated Domains
in ECOD

We manually analyzed a set of isolated ECOD X-groups and H-
groups within the X-group of HTH. We inspected the HHpred
[19] results against PDB [20] and Pfam [21] databases and ex-
amined conserved motifs among weak hits. For some queries,
HHpred searches against the human and various bacterial pro-
teomes were also conducted. Structural similarity searches were
conducted by DaliLite [22], and for some proteins also by the
Foldseek server [23]. Functional associations were analyzed by
using the STRING web server [48]. HHpred and PSI-BLAST
searches were also performed on found Pfam domains without
experimental structures. Such a transitive search strategy some-
times helped uncover evolutionary relationships of multiple
Pfam domains without experimental structures.
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