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Summary

Organization of protein sequences into domain families is a foundation for cataloging and 

investigating protein functions. However, long-standing strategies based on primary amino 

acid sequences are blind to the possibility that proteins with dissimilar sequences could have 

comparable tertiary structures. Building on our recent findings that in-silico structural predictions 

of BEN family DNA binding domains closely resemble their experimentally determined crystal 

structures, we exploited the AlphaFold2 database for comprehensive identification of BEN 

domains. Indeed, we identified numerous novel BEN domains, including members of new 

subfamilies. For example, while no BEN domain factors had previously been annotated in C. 
elegans, this species actually encodes multiple BEN proteins. These include key developmental 

timing genes of orphan domain status, sel-7 and lin-14, the latter being the central target of the 

founding miRNA lin-4. We also reveal that the domain of unknown function 4806 (DUF4806), 

which is widely distributed across metazoans, is structurally similar to BEN and comprises a 

new subtype. Surprisingly, we find that BEN domains resemble both metazoan and non-metazoan 

homeodomains in 3D conformation and preserve characteristic residues, indicating that despite 

their inability to be aligned by conventional methods, these DNA binding modules are probably 

evolutionarily related. Finally, we broaden the application of structural homology searches, by 

revealing novel human members of DUF3504, which exists on diverse proteins with presumed 

or known nuclear functions. Overall, our work strongly expands this recently-identified family 
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of transcription factors, and illustrates the value of 3D structural predictions to annotate protein 

domains and interpret their functions.
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Pan et al. annotate novel BEN DNA-binding domains through in silico structural predictions and 

comparisons
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Introduction

Assignment of amino acid strings into different domain families is a basic step to investigate 

protein functions. Accordingly, the prediction of protein domains from primary structures 

has been intensely studied. Traditional clustering methods using multiple sequence 

alignments are mainly based on similarity of linear protein sequences. However, as protein 

three-dimensional (3D) structures are more conserved than primary sequences1, 2, proteins 

with limited sequence similarity can nonetheless harbor similar functional domains. Recent 

advances in accurate prediction of protein structures provide an unprecedented expansion of 

available protein 3D structures, and open many potential avenues to classify protein domains 

and infer their functions3

Sequence-specific transcription factors orchestrate all aspects of biological functions, the 

annotation of which has long been a central problem in molecular biology. While there 

remain numerous orphan DNA motifs that lack cognate binding proteins, the identification 

of novel DNA binding domains has become increasingly rare in past decades. We and 

others recently recognized the BEN domain as a novel sequence-specific DNA binding 

module family in both Drosophila and mammals4–8. Collectively, BEN domain factors 

target cis-elements throughout genomes and function as transcriptional repressors, insulators 

or activators6, 8–10. In particular, BEN domain proteins play essential roles in diverse 

Drosophila and mammalian developmental processes, including embryonic stem cell 

differentiation, neurogenesis, spermiogenesis, and developmental patterning.

BEN domains are recognized across metazoan species, and can even be found in certain 

animal viruses, likely reflecting their co-option during evolution4. Curiously, BEN domain 

factors are sporadically distributed across metazoan species. BEN domain factors have 

been annotated in sponges, insects and mammals. However, C. elegans, which shares most 

molecular mechanisms and cellular pathways with humans, is not known to encode BEN 

domain factors. Sequencing of the C. elegans genome 25 years ago revealed that it is indeed 

missing essential genes preserved in other metazoans11, 12, which may reflect its highly 

derived state. On the other hand, it remained formally possible that certain conserved genes 

lay within unsequenced portions, or remained hidden in plain sight due to limitations of 

current protein annotation strategies.
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The BEN domain is initially defined by the presence of four α-helices and a few preserved 

amino acids at helix-loop boundaries. However, BEN domains from different proteins do 

not share strong evolutionary conservation. For example, the Drosophila Insensitive BEN 

(Insv-BEN) domain contains five α-helices separated by a long middle loop between α3 

and α4. Structural and biochemical analysis indicates the Insv-BEN interacts with DNA 

through residues in this long loop and α5 (termed the type I BEN domain). In contrast, 

the fourth BEN domain (BEN4) of mammalian BEND3 protein contains six α-helices. 

Although it also includes the loop connecting α3 and α4, it interacts with DNA bases 

mainly through residues on α5 and α6 (termed the type II BEN domain). Notably, the helix 

α6 was not considered a part of the BEN domain based on the current BEN model. To date, 

studies on the BEN domain have been focusing on limited BEN members from Drosophila 
and mammals. A more comprehensive characterization of BEN domains across different 

organisms is thus necessary to further understand the function of BEN domains and the 

mechanism of gene regulation.

The last two years have witnessed monumental advances in protein structure prediction 

from primary sequences, which has reconfigured the role of in-silico protein modeling 

in biochemistry13, 14. Accordingly, we were motivated to utilize AlphaFold2 and 

RoseTTAFold, in combination with solved BEN-DNA complexes, to reveal distinct 

strategies for DNA binding by different types of BEN domains6.

The AlphaFold database now includes the predicted structures for most proteins in the 

UniProt 2021 release15, allowing us to use structure comparisons to further investigate 

domain homology and interpret protein functions. In this study, we compared experimentally 

solved BEN domains with AlphaFold2-determined protein models in different organisms 

and demonstrated that BEN domain proteins are more numerous and more phylogenetically 

broad than previously supposed. We reveal that certain orphan proteins that were long 

known as critical developmental regulators, such as LIN-14 and SEL7 in C. elegans, contain 

typical BEN domains. Moreover, we are able to recognize additional subclasses of probable 

DNA binding BEN domains, such as DUF4806, thus functionalizing an extensive set of 

previously unstudied proteins. Finally, we reveal structural homology between BEN and 

homeodomains, uniting this branch of transcription factors that likely initially originated 

from the helix-turn-helix motif. Overall, our work validates a strategy to cluster protein 

domains and interpret protein function through structural homology.

Results

Uneven distribution of BEN domain proteins across metazoan species

To develop a strategy to utilize AI-predicted protein structures for domain annotation, we 

chose the BEN domain as a model. Bioinformatics and crystallographic analyses indicate 

that the BEN domain contains five or six α-helices with a long middle loop, ranging from 

13aa in BEND3-BEN4 to 28aa in PG067-BEN1 of Vaccinia virus, between the α3 and 

α4 helix (Figure 1A–D) 6,16 . In addition, the helix-loop boundaries prefer aliphatic group 

residues, which are considered to be important for stabilizing protein structures.
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We first retrieved BEN-containing proteins annotated by multiple alignments from the 

PROSITE database of different organisms17. BEN domain factors are present from 

the scarlet sea anemone (Nematostella vectensis) to human, demonstrating an ancient 

metazoan origin of this protein domain (Figure 1E). However, as previously reported4, 

the phylogenetic distribution of BEN domains is sporadic as none were identified in C. 
elegans (Figure 1E). In addition, BEN-containing factors are also absent in many other 

species of phylum Nematoda, such as ascarids (Ascaris lumbricoides, 29203 proteins in 

the UniprotKB), hookworms (Ancylostoma duodenale, 27480 proteins in the UniprotKB), 

and pinworms (Enterobius vermicularis, 13493 proteins in the UniprotKB). By conventional 

thinking, one might therefore assume that Nematodes generally lost BEN domain factors. 

However, it remains formally possible that BEN-encoding loci exist in these species, but 

cannot be recognized by linear matching.

Systematic surveys of AlphaFold structural predictions reveal BEN domain proteins

BEN domains from different proteins usually have low alignment rates by primary 

sequences. Moreover, the BEN domain annotation matrix is generated from only 46 BEN 

domains of 36 BEN-containing proteins, many of which are homologous copies in different 

species. We hypothesized that the current BEN domain matrix does not capture all proteins 

that bear structural hallmarks of BEN domains. We thus performed structural comparisons 

using experimentally resolved BEN structures and computer-determined models in the 

AlphaFold2 database (Figure 1F). From multiple established bioinformatic tools18–20, we 

chose the DALI server due to its sensitivity21.

The power of structural similarity searches over linear matching was obvious from the 

outset. For example, we recently characterized the X-ray crystal structures of the solo-BEN 

domain of Drosophila Insv and the 4th BEN domain of human BEND3 (BEND3-BEN4). 

The mouse BEND3-BEN4 domain has also been determined in complex with DNA8. These 

works showed that they represent archetypes of structurally distinct BEN domains, namely 

type I (Insv- BEN) and type II (BEND3-BEN4). Mammals have members of both BEN 

subclasses, but Drosophila only bears type I members. Accordingly, when searching the 

Drosophila proteome with the type II BEN domain BEND3-BEN4 using BLASTP and PSI-

BLAST, no hits are returned. However, when searching 3D predictions using the BEND3-

BEN4 structure (PDB: 7W27), all four known Drosophila BEN domain factors (Insv, Elba1, 

Elba2 and mod(mdg4)-C isoform) were returned as the top hits (defined as top 10% of 

hits with Z-score ≥3. Figure 1G, S1 and Data S1A). Conversely, BLAST-type searches of 

the mouse proteome using the Drosophila Insv-BEN domain sequence yields no significant 

hits, while structural searches using the solved Insv-BEN domain (PDB: 4IX7) retrieved 

all known mouse BEN domain proteins (i.e., BANP, BEND2, BEND3, BEND4, BEND5, 

BEND6, BEND7, NACC1 and NACC2) (Figure 1G, S1 and Data S1B). Importantly, the top 

mouse hit to Insv was BEND6, which we previously showed are functional analogs that are 

expressed in neurons and antagonize Notch signaling 7,22 . Indeed, transgenic expression of 

mouse BEND6 in flies can compensate for insv mutation. Thus, their structural similarity 

can rationalize their functional overlap. To be noticed, Insv-BEN and BEND3-BEN4 queries 

yielded different results. The Insv-BEN search revealed more hits than BEND3-BEN4 in 

both the Drosophila and mouse proteomes. Notably, in the type I Insv-BEN screening 
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results, the type II BEND3 factor was ranked lower than all other type I candidate BEN 

factors (Figure S1 and Data S1B). Taken together, structural comparisons accurately capture 

highly diverged protein modules with conformational similarity.

C. elegans harbors numerous unannotated BEN domain factors

We next investigated whether animals lacking known BEN factors, such as most Nematode 

species, might still harbor proteins with characteristic BEN domain structures. We first 

compared Insv-BEN structure (PDB: 4IX7) with predicted protein models of C. elegans in 

the AlphaFold2 database with the DALI algorithm and retrieved 161 structural neighbors 

with a similarity score (Z-score) higher than 3.0 (Data S1C). The DALI algorithm Z-score 

assesses the similarity of substructures mainly through the match of equivalence residues21, 

which will not determine whether the hit possesses the defining features of a BEN domain, 

namely, the presence of five α helices and a middle loop connecting helix 3 and 4. We then 

manually inspected the degree of similarity of each hit to the BEN domain via structure 

superimposition using PyMOL. Except for CEH-40, a known PBX group homeodomain 

protein sharing similarities with BEN domain in 3D structure (Figure S2A and S2B), the 

remaining 12 out of the top 13 proteins (Z-score≥4.7, Figure 2A) exhibit typical globular 

BEN domain structures, which consists of five core helices with a 13~21aa middle loop 

separating α3 and α4. By comparison, the middle loop of known human and fly BEN 

domains ranges from 15 (BANP) to 23 (Insv) residues. Furthermore, BEN-like proteins can 

also be identified in other Nematoda with this method. For example, the TTRE_0000654801 

protein of Trichuris trichiura (whipworm), a medically relevant human parasite, contains a 

typical BEN-like structure at amino acids 144~266 (Figure S2C and S2D).

We reported that BEN domains recognize DNA through two different strategies: type I BEN 

domains (typified by the Insv-BEN) contain five α-helices and interact with DNA base 

through residues on α5 helix and the middle loop (Figure 1A and 1C)16. In contrast, type II 

BEN domains (typified by the BEND3-BEN4) harbor an extra C-terminal α6 helix, which 

collaborates with α5 to target DNA bases (Figure 1B and 1D)6. Based on the features of 

the 3D structure, we organize the twelve C.elegans BEN-like proteins into three groups. 

The first group (CELE_F53A2.3, SEL-7, LIN-14 and CELE_Y47H9C.8) are most similar 

to Insv-BEN and other type I BEN domains (Figure 2B, 2C and Data S3A). Group II 

proteins (CELE_F12F6.1,CELE_Y105C5B.19, CELE_M199.2 and CELE_T25D1.1) are 

more similar to type II BEN as they contain an α6 helix in the C-terminus, which 

might be involved in DNA binding (Figure 2D). Finally, the third group of proteins 

(CELE_Y61A9LA.4, CELE_F01F1.11, CELE_K09F6.15 and CELE_Y48A6B.8) resemble 

type I BEN in putative DNA binding regions (i.e. the presence of a long middle loop and 

the lack of an α6 helix), but harbor additional residues in the N-terminal portion of α5 helix 

(Figure 2E). BEN domain folds generate a positively charged binding surface along DNA 

grooves, providing a structural basis for BEN-DNA interaction. Similarly, the electrostatic 

surface visualization showed that all three groups of C.elegans BEN-like domains also have 

basic positive surfaces that are consistent with DNA loading (Figure 2B’–2E’).

In addition, the C. elegans BEN-like modules share similar conservation patterns as the 

BEN, particularly those hydrophobic residues at the helix-loop boundaries (Figure 2F). 
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Previous work has identified the LhxxlF motif (l, aliphatic; x, any residue) in the α2-helix 

as the most characteristic feature of the BEN domain4. Research has also suggested that 

residues within this motif play a role in protein-protein interactions23 . However, the 

precise function of the LhxxlF motif remains largely unknown. This motif is present, 

albeit in a modified form, in C. elegans BEN-like proteins, with Leu and Phe often being 

replaced by other hydrophobic residues (Figure 2F). Together, these newly identified BEN 

proteins closely resemble known BEN domains by primary sequence, tertiary structure, and 

electrostatic charge, revealing a novel family of likely DNA binding proteins in C. elegans.

The novel C. elegans BEN domain proteins recognize specific DNA sequences

Among these identified proteins, LIN-14 and SEL-7 have long been known to play 

essential roles in the development of C. elegans. Based on their nuclear localization 

and demonstrated in vitro DNA binding activities, both were putatively designated as 

transcription factors24–27. In particular, lin-14 is perhaps most famous as the critical target 

of the founding miRNA lin-4, and LIN-14 drives early temporal identity (L1 larval stage) 

that must be downregulated by lin-4 to permit transition to the L2 stage28. SEL-7 was 

isolated as a genetic modifier of the Notch signaling pathway26. Nevertheless, despite their 

fundamental activities, both remained as orphan proteins lacking apparent homologs in most 

other metazoan species.

Importantly, a previous study found that LIN-14 interacts with DNA through its C-terminal 

residues 244–46525, while our comparison analysis revealed that the 333–456 region has 

a similar spatial arrangement to the Insv-BEN domain (Figure 2G and 2H). Similar to 

other DNA binding BEN domains, the α5 helix of LIN-14 is enriched with Arg and Lys 

(Figure 2I and S3A). In addition, the electrostatic surface visualization shows that LIN-14 

333–456 region contains a positive surface allowing DNA loading (Figure 2I, 2I’ and S3A). 

In contrast, LIN-14 244–332 is predicted to be a negatively charged disordered region, 

making it unlikely to bind DNA (Figure S3B). These observations indicate that LIN-14 

333–456 comprises a novel sequence-specific DNA binding BEN domain. To investigate 

whether LIN-14 binds specific DNA sequences, we performed de novo motif discovery on 

LIN-14 ChIP-seq data from the modENCODE database29. We analyzed all 11329 peaks 

and identified 31 significant motifs, among which the top-ranked ones were GADRAAG 

(7399/11329 sites, E = 7.6e-044) and GAGACGS(1401/11329 sites, E = 3.9e-037 (Figure 

2J). In addition, these motifs can be found in previously characterized LIN-14 targeting 

regions at nlp-45 and dma-1 gene loci 30,31. More importantly, the motif sites are also 

conserved in other Nematodes, such as C.brenneri, C.japonica and C. tropocalis (Figure 

S3C). Thus, although different from previous LIN-14 binding consensus DNA sequences 

revealed by SELEX (GAACRY) and ChIP-seq (TGGAR) 25, 30, the collected results suggest 

that LIN-14 prefers GA-enriched motifs. These findings highlight the potential for our 

structural analysis approach to uncover novel functional domains in proteins and help 

interpret their functions.

Structural comparisons identify novel BEN domain proteins in Drosophila and zebrafish

Next, we expand our analysis to other model organisms. In the Drosophila proteome, 

we identified the four known BEN-containing proteins, including Insv, Elba1, Elba2, and 
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pre-mod(mdg4)-C (Figure 1G, S1 and Data S1C). Furthermore, our structural comparison 

uncovered two additional novel BEN candidates, CG42854 and CG12112 (Figure 3A). 

Upon overlaying these two proteins with Insv-BEN, we found them to align well. In 

addition, the positively charged surfaces of both CG42854 and CG12112 indicate that they 

are likely to bind DNA (Figure 3B, 3B’, S4A and S4A’).

Our comparative analysis of the zebrafish proteome revealed homologs of most human 

BEND proteins, including zebrafish BANP, BEND2 (LOC569178), BEND3, BEND4, 

BEND5, BEND7, NACC1, and NACC2 (Data S1D). Furthermore, we identified nine novel 

BEN domain proteins (Figure S4B and Data S1D). Most of these novel BEN-like modules 

superpose well with Insv-BEN, and some have an additional helix downstream of the core 

five-helices region, mimicking type II BEND3-BEN4 (Figure S4C, S4C’, S4D, and S4D’).

DUF4806 comprises a previously unrecognized subtype of BEN domain

We observed that ten out of the eleven novel BEN domains in the Drosophila and zebrafish 

overlap with a predicted DUF4806 motif (Pfam ID: 16064) (Figure 3A and S4B). To 

further validate the similarity between DUF4806 and known BEN domains, we performed 

comparisons for proteins similar to CG12112 and CG42854 in the mouse proteome. In 

both cases, the search returned most BEN-containing proteins as top hits (Figure S4E, 

S4F, Data S3B and S3C). DUF4806 is an uncharacterized protein motif which has not 

been experimentally validated. It has a length of approximately 80 amino acids and 

consists of five predicted α-helices (designated α0~α4 thereafter). Our analysis showed 

that the last four helices of DUF4806 align with predicted BEN-like regions (Figure 3B–D). 

Significantly, the unannotated regions downstream of DUF4806 in CG42854 and CG12112 

proteins also consist of α-helices (Figure 3C and 3D), and exhibit close structural similarity 

to the α5-helix in the Insv-BEN domain (Figure 3E and S4A).

According to the InterPro database32, there are 3260 proteins containing DUF4806, which 

are found across diverse metazoans ranging from Hydra to X. tropicalis (Figure 3F). This 

distribution pattern is similar to that of BEN domains. Moreover, DUF4806 proteins from 

different species all closely resemble the structure of either Insv-BEN (e.g. zebrafish 

si:dkey-266f7.4, Drosophila CG12112 and red coral (P. clavata) 6A035617, Figure 3E 

and G-I) or BEND3-BEN4 (e.g. X. tropocalis LOC116408483, Figure 3G and J). All the 

DUF4806 motifs in these proteins terminate before the α4 and missed α5 helix of the 

BEN domain, while the unannotated regions downstream of DUF4806 correspond to the 

remaining α5 and α6 helices of the BEN domain. (Figure 3E’ and 3H'–3J'). Previous studies 

have shown that the basic residues in the α5 helix directly interact with DNA bases6, 7. 

Thus, to achieve sequence-specific DNA binding, different BEN domains choose distinct 

numbers and types of amino acids in the C-terminus, explaining why DUF4806 does not 

cover this region. In the N-terminus, the α0 helix is not identified in Insv-BEN (Figure 

3E'' and 3H”–3J''). Structural analysis shows that the Insv and Elba1 (PDB: 4X0G) BEN 

domains are preceded with two β-sheets, while the BEND3-BEN3 (PDB:7V9H) has an 

upstream α-helix7, 8, 16. Together, these observations consolidate that DUF4806 comprises a 

subtype of BEN domain, although the definition DUF4806 should to be amended to include 

the present findings.
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Multiple sequences alignment reveals the conservation pattern of BEN domains.

In order to identify characteristic residues of BEN domains, we performed multiple 

sequence alignment for both known and novel BEN domains, including those from human 

and Drosophila proteins, novel C.elegans BEN factors, DUF4806, and BEN domains from 

viruses (i.e. PG067/E5R from Variola virus, MC036R from Molluscum contagiosum virus, 

and YB1 from Microplitis demolitor bracovirus) (Figure 4).

We observed that helix 2, helix 3, and the N-terminus part of helix 4 are more conserved 

compared to other regions. Helix 2 contains a core sequence of 12 amino acids, with the 

C-terminal boundary having the LhxxlF motif, which is conserved in most BEN members. 

The helix 3 contains six residues in type I BEN domains and four in type II BENs. The 

N-terminal boundary of helix 4 has an LDP-rich motif, which interestingly, is less conserved 

in DUF4806 and SEL-7. The middle loops have varying lengths and compositions, but the 

fifth residue of this loop is one of the most conserved sites and strongly tends towards 

glycine.

In addition, we observed differences between type I and type II BEN domains beyond 

the presence of an additional helix in type II. Specifically, type II BEN domains have a 

longer helix 2 and a shorter helix 3 compared to type I domains. Type II BENs are rare 

in metazoans, and the only type II BEN factor in Drosophila and human is BEND3. To 

be noticed, all the mammalian viral BEN domains show features of type II BEN domains, 

and share extraordinary sequence similarity with BEND3-BEN3 or BEN4 domains. The 

mechanism of this preference requires further investigation.

Structure comparison reveals similarities between the BEN domain and homeodomain

During our structural screening for BEN-like domains, we noticed that helix-turn-helix 

(HTH) motifs were detected amongst the hits with high to intermediate scores. These 

hits included homeodomains, FF domains (e.g., mouse Tcerg1 and Tcerg1l, Drosophila 
CG31367 and Fip1), PH domain (e.g., Drosophila PNPase) and regions lacking annotated 

domains but exhibiting HTH conformation (e.g., Drosophila CG17341). Among these 

HTH motifs, homeodomains were the most frequently identified candidates in the mouse, 

Drosophila and C. elegans proteomes (Figure 1G, S1, S2A, S2B, S5, Data S1A, S1B and 

S1C). To further demonstrate the similarity between the BEN domain and homeodomain, 

we screened the proteome for proteins with 3D similarity to homeodomains and found 

that BEN domains are frequently observed as intermediate-scoring hit. Importantly, this 

similarity is not only observed in predicted models (Data S2A), but also confirmed in solved 

structures (Data S2B). The homeodomain is an ancient DNA binding domain present in 

many eukaryotes, including diverse species that lack annotated BEN domains (e.g., plants 

and fungi)33. They are essential for a variety of biological processes, including development, 

growth and metabolism.

The homeodomain is composed of ~60 residues that fold into three α helices connected by 

short loops. When superimposing the BEN domain onto homeodomains, we found that the 

BEN helix α2, α4 and α5 resemble the assignment of homeodomain α1~3 helices (Figure 

5A–5E). The homeodomain binds DNA through its HTH motif with its α3-helix entering 
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the DNA major groove and serving as the recognition helix, which is the same as the 

α5-helix in the BEN domain (Figure 5A–5D). Notably, BEN domains exhibit comparable 

similarities to TALE group homeodomains (i.e., Meis1, Figure 5B) and non-TALE 

homeodomains. TALE factors comprise an ancient subgroup of homeodomain proteins 

that are shared across animals, plants, and fungi, whereas other groups in these searches 

were born in metazoans. Since structural similarity analysis was capable of distinguishing 

functional orthologs from amongst highly dissimilar BEN proteins (Figure 1G), the 

general similarity of BEN domains to both TALE and non-TALE homeodomains suggest 

that metazoan BEN domains likely derived from homeodomain-containing transcriptional 

regulators at an early evolutionary stage. Overall, homeodomains and BEN domains share a 

conserved DNA binding strategy, in which a recognition helix steps into the major groove 

and plays a pivotal role in DNA base-specific targeting.

Identification of BEN-like structures in plants

The BEN and DUF4806 were predicted to be present exclusively in metazoans. In line 

with this, we did not discern any proteins with BEN-like structural conformation in yeast 

(S. cerevisiae and S. pombe), bacteria (E. coli and S. pneumonia), or protozoan (L. 
infantum and P. Falciparum) species. Surprisingly, when we subjected plant proteomes to 

the same analyses, we identified a large group of proteins with BEN-like structures. The 

rice OS04G0307567 protein, for example, has a globular structure resembling Insv-BEN 

conformation (Figure 5F). As observed in Insv-BEN, OS04G0307567 has a long positively 

charged middle loop, suggesting its involvement in DNA base interactions (Figure 5F’). 

The rice OS06G0261900 protein, on the other hand, has an additional positively charged 

C-terminal α-helix, which is more likely to interact with DNA through type II strategy 

(Figure 5G and 5G’). Both OS04G0307567 and OS06G0261900 have basic positive surfaces 

that suggests a preference for nucleic acid binding, and negatively charged surfaces facing 

away from the predicted DNA (Figure 5F’ and 5G’). OS04G0307567 and OS06G0261900 

BEN-like regions are highly similar to each other by primary sequence. In addition, their 

homologous genes are not only identified in other species of the monocot grass family 

(e.g., wheat and maize), but also found in eudicots (e.g., Arabidopsis, soybean, potato, 

and fleabane) (Figure 5H). While none of these BEN-like-region-containing plant genes 

have been characterized, some have been predicted to play a role in transcription and 

chromatin regulation. For example, soybean RZC016210 and Artemisia PWA79539 proteins 

are predicted to have Bromo-like regions, indicating key roles in chromatin regulation.

Interestingly, we did not identify any members of this protein family in basal angiosperms 

or gymnosperms, suggesting they originated in the common ancestor of monocots and 

eudicots. This supports a scenario in which different eukaryotic kingdoms independently 

acquired BEN- like domain factors connected to transcriptional regulation.

The relationship between BEN domains, homeodomains and plant BEN-like regions

We next attempted to establish the evolutionary relationship between protein modules with 

BEN-like conformations. Our multiple sequence alignments revealed preserved residues 

in these domains (Figure 5I). For example, the positively charged Arg and Lys (Figure 

5I) are highly enriched in the C-terminal helix, which is crucial for direct DNA binding. 
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Previous studies have established that the homeodomain uses conserved residues to maintain 

its hydrophobic core, including the LxxLxxxF sequence (Figure 5I) in α1 helix and the 

hXXWF motif (Figure 5I) in α3 helix33. These signatures are also conserved in both BEN 

domain and plant BEN-like regions (Figure 5I), with substitution occurring with amino acids 

of the same properties.

Both phylogenetic analysis and structural features indicate that the plant BEN-like regions 

are more similar to the homeodomains compared with metazoan BEN domains. For 

example, homeodomains and plant BEN-like modules both have three helices, while BEN 

domains have five or six helices, implying the independent origin of the plant BEN-like 

models from a homeodomain or another HTH-containing protein in the ancestor of current 

monocot and eudicot species (Figure 5H). However, some plant BEN-like domains have a 

middle loop that is ~20 amino acids long (e.g., rice Os04g0307567; wheat LOC123120929, 

and fleabane LOC122602438. Figure 5H), which is a characteristic feature for BEN 

domains. These observations suggest differences between the metazoan BENs and plant 

BEN-like models. As such, additional research will be necessary to establish the origin 

of these differences and shed further light on the evolutionary relationship between these 

domains.

Contextual analysis of novel BEN-containing proteins indicates their co-occurrence with 
transcription/chromatin regulating modules

It was previously reported that BEN domains, then of unknown function, sometimes 

co-occur with other motifs involved in gene regulation4. With our highly expanded set 

of BEN superfamily factors, we re-evaluated the domain context of BEN-containing 

proteins. We found novel BEN modules are linked with chromatin and transcriptional 

regulation domains, such as BTB/POZ (PROSITE: PS50097), Myb-DNA binding (Pfam: 

PF13837), ZAD (PROSITE: PS51915) and a variety of Zinc Finger domains including 

SWIM (PROSITE: PS50966), FLYWCH (Pfam: PF04500) and THAP (PROSITE: PS50950) 

(Figure 6A). These observations are consistent with the known DNA binding activity 

of BEN domains. Interestingly, some BEN factors also contain nuclease domains, such 

as reverse transcriptase (PROSITE: PS50878), DDE endonuclease (Pfam: PF13358), 

Endo/exonuclease (Pfam: PF13359), and HTH_Tnp_Tc3_2_Transposase (Pfam: PF01498), 

suggesting as yet unknown roles of BEN domain in nucleotide processing and gene 

translocation (Figure 6A).

3D comparisons identify novel DUF3504-containing proteins

We noticed that some novel BEN proteins harbor the uncharacterized DUF3504 motif. In 

order to expand the potential applications of our 3D-comparison approach beyond the study 

of BEN domains, we conducted a structural similarity analysis of DUF3504 and inferred 

its putative functions. DUF3504 is a highly conserved predicted protein motif that shares 

sequence homology with Crypton family tyrosine-recombinase-encoding DNA transposons 

but lacks recombinase activity34 . To determine the presence of proteins structurally similar 

to DUF3504, we conducted a screening in the PDB database. Our results showed that 

DUF3504 in BEN-containing proteins (zebrafish KIAA1958) closely resembles the core 

DNA binding and processing region of the Cre recombinase (PDB: 1NZB, Figure 6B and 
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6C). Interestingly, the regions flanking DUF3504 are also structured and overlay well with 

the Core-binding domain of the Cre protein (Figure 6B and 6C).

In the human proteome of the AlphaFold database, our search successfully identified five 

DUF3504-containing proteins (ZMYM4, ZMYM2, ZMYM3, QRICH1 and KIAA1958) and 

two additional hits (TOP1MT and TOP1) (Figure 6D). ZMYM is an MYM-type zinc-finger 

protein family with essential biological functions35–38. At the molecular level, ZMYM 

proteins are known transcriptional regulators. In addition, ZMYM2 and ZMYM3 have 

been implicated in DNA double-strand breaks (DSBs) repair39, 40. Interestingly, structural 

comparisons revealed the presence of previously unrecognized DUF3504-like structures 

in TOP1 and TOP1MT, two type I DNA topoisomerases (Figure 6D). Superimposition 

of the predicted DUF3504 and crystallography-determined TOP1 structures (PDB: 1A31) 

demonstrates that DUF3504 closely resembles the 3D conformation of the catalytic core of 

TOP1 enzyme (Figure 6E and 6F). Notably, unlike the above mentioned KIAA1958, the 

structured regions flanking DUF3504 in ZMYM4 do not share similarity with other regions 

of TOP1 enzyme. Together, DUF3504 is a potential transcriptional regulator domain.

Discussion

Broadly existing BEN-containing factors in metazoans

The annotation of protein domains is of critical importance for determining protein function. 

In this article, we establish a method to annotate protein domains by exploiting AlphaFold-

predicted protein modules. Through systematic structure comparisons, we identify novel 

BEN domains and potential BEN-like DNA binding structures in diverse proteomes. We find 

that C. elegans, previously considered to lack BEN factors, actually contains multiple BEN-

containing proteins. We also demonstrate that the previously uncharacterized DUF4806 

motif, which has thousands of family members in various phyla, is a type of BEN domain. 

Further contextual analysis suggests these novel BEN-containing factors as transcriptional 

regulators. Thus, these results substantially enhance the breadth of BEN factors and provide 

hypothesis-based directions to study the functions of additional BEN factors (Figure 7). As 

a whole, this family has only recently begun to be studied in earnest, but studies to date 

already show that they fulfill several "hidden" features in cis-regulatory gene regulation4–10. 

Undoubtedly, the functionalization of additional members of this family, which could not be 

recognized by linear pattern matching, opens new doors into their study.

lin-14 and sel-7 have long been characterized as essential transcriptional regulators for 

C.elegans development24, 26. In particular, lin-14 gained fame as the central target of the 

founding miRNA lin-4, and it is an executive regulator of early temporal fate. However, 

neither of them was considered to have homologous genes in other model organisms, and 

this in particular has stymied insights into lin-14 function despite its genetic identification 

from profound mutant phenotypes41 nearly 40 years ago, and its molecular cloning 35 years 

ago24. Our study clarifies that LIN-14 and SEL-7 are in fact typical BEN domain factors in 

C. elegans, which actually harbors twice as many BEN proteins as D. melanogaster.

Recent studies, including our own and others, have demonstrated that BEN-containing 

proteins have important biological functions in regulating cell fate specification. For 
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example, BEND6 is exclusively expressed in the postmitotic neurons and is important 

for neuron specification22. Mammalian BEND3 protein functions to prevent premature 

gene expression8. These observations, in conjunction with our discovery that LIN-14 and 

SEL-7 are BEN-containing proteins, highlight the notion that BEN domain proteins play 

widespread roles in transcriptional control of temporal development and cell fate decisions 

across metazoans.

Shared 3D conformation between BEN domains, homeodomains, and plant BEN-like 
structures

Our structure comparison reveals striking similarities between the BEN domain and the 

homeodomain. They both utilize a central α-helix enriched with basic residues to recognize 

DNA bases within the DNA major grooves. Homeodomains are widely considered to 

have derived from the more ancient HTH DNA binding domain, which is found even in 

bacteria. Interestingly, the BEN domain α3~5 helices also mimicking the conformation of an 

HTH module except for a much longer middle loop, indicating they may be evolutionarily 

related. The two domains are also similar in biological functions. Homeodomain proteins 

are known to play essential roles in regulating spatiotemporal development, similar to the 

known biological function of BEN factors. The conservation pattern in primary sequences 

between the two domains suggests that they are ancestrally related. Interestingly, previous 

studies have shown that many members of the extended homeodomain family exhibit a 

preference for CpG-methylated DNA sequences 42. This interaction is thought to occur 

through hydrogen bonds between hydrophobic amino acids, such as Ala, Ile and Val, and the 

methyl groups present on the CpG dinucleotide. In contrast, recent findings have shown that 

the BEN domains of BANP and BEND3-BEN4 are DNA binding domains that are actually 

repelled by mCpG sites 8,10. Notably, the DNA binding helix (α5) of BEN domains is more 

variable compared to homeodomains. Further research is needed to determine whether other 

BEN factors exhibit mCpG sensitivity.

Furthermore, we identified a protein model structurally resembling both BEN domain 

and homeodomain in various plants. These observations, combined with the results of 

phylogenetic analysis using primary amino acid sequences, suggest that the metazoan BEN 

domain and plant BEN-like models independently descended from the homeodomain or 

other HTH motif proteins, but exhibit similar DNA binding strategies. To date, none of these 

plant proteins with BEN-like regions have been functionally characterized. Our structure 

comparison and contextual analysis suggest they likely function as DNA binding proteins 

(Figure 7).

AlphaFold as an emerging tool for domain annotation and biochemical research

The past two years have seen spectacular progress in structure modeling. In our previous 

study, we found that in-silico prediction algorithms, including AlphaFold and Rosetta, 

precisely determined the structure of the human BEND3 protein BEN domain. We also 

used a combination of X-ray solved structures and predicted models to classify BEN 

domains into two classes: a type I Insv-like class and a type II BEND3-BEN4-like subset6. 

Another recent study used structure comparisons to reveal remote homologous relationship 

in the AlphaFold Database version 143. In this article, we utilized the high-accuracy protein 
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models in the massively expanding AlphaFold2 database and revealed novel BEN domains 

more broadly. We demonstrated that this method can be applied to other protein modules. 

Previous sequence alignment analysis suggests DUF3504 is a homolog of Crypton family 

recombinase34. We confirm that the predicted DUF3504 structure closely resembles solved 

Cre recombinase. In addition, through structure comparison, we identified unrecognized 

DUF3504 in human TOP1MT and TOP1 proteins.

Overall, our method provides a revised foundation to elucidate how BEN domains and other 

understudied protein modules regulate biological processes at the molecular level.

STAR★Methods

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Yang Yu (yuy@ibms.pumc.edu.cn).

Materials availability

• This study did not generate new unique reagents.

Data and code availability

• This paper analyzes existing, publicly available data. These accession numbers 

for the datasets are listed in the key resources table

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available form the lead contact upon request.

METHOD DETAILS

Acquisition and generation of structural models

All experimentally determined 3D structures were obtained from the RCSB Protein 

Data Bank (https://rcsb.org/). Water and DNA molecules were removed with PyMOL 

(https://pymol.org/2/)44 to generate clean BEN domain monomer structure files. In-silico 
predicted protein models were obtained from the EMBL AlphaFold2 database (https://

alphafold.ebi.ac.uk/)15. Other predicted protein structures were generated by AlphaFold2 

algorithm in ColabFold (colab.research.google.com)45. The confidence of the predicted 

structures was assessed using the predicted local distance difference test (pLDDT) scores. To 

visualized the pLDDT scores with structures, the UCSF ChimeraX 46 was used with “palette 

alphafold” settings.

Proteome-wide homologous structure searching and structural analysis

The DALI server (http://ekhidna2.biocenter.helsinki.fi/dali/)21 was used to compare the PDB 

experimentally solved protein structures with AlphaFold2 models. We defined the “top hits” 

as the top 10% of the hits with a Z-score≥3. The annotated domains were retrieved from the 

InterPro database.
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To determine potential novel BEN domains, we manually inspected the candidate structures 

obtained from the DALI screening using PyMOL. Specifically, we checked whether each 

candidate structure possessed the characteristic features of a BEN domain, including five 

core α helices and a middle loop spanning at least 13 residues.

Multiple sequences alignment

Given BEN domains are variable, we aligned the domains mainly with equivalent amino 

acids based the 3D conformation rather than directly aligning the sequences. Because 

the α2~3 helices and the N-term boundary of helix4 are highly conserved, these regions 

were first aligned separately with PRALINE47 and validated with PyMOL. In contrast, 

the helix α1, α5 and the middle loop are variable in both length and composition. These 

regions were first aligned using primary sequences, and then adjusted based on structurally 

equivalent amino acids. To compare BEN, homeodomains and plant BEN-like domains, we 

first aligned the three domains separately. We then align the three group of domains based 

on equivalent residues at 3D conformation.

De novo motif discovery

The LIN-14 ChIP-seq data was obtained from the modENCODE project (Experiment: 

ENCSR714ALL; Bed file: ENCFF941FVK)29, 48. DNA sequences of binding peaks 

were fetched through bedtools (v2.30.0) using the C.elegans reference genome 11 from 

UCSC (https://hgdownload.soe.ucsc.edu/goldenPath/ce11/bigZips/ce11.fa.gz). De novo 

motif finding was performed using MEME-ChIP (v 5.5.0)49 .

Quantification and Statistical Analysis

To obtain the pLDDT score per residue for all predicted models used in the main figures, 

we retrieved the data from the AlphaFold database. We calculated the average pLDDT 

for middle loops by first determining the middle loop residues using PyMOL and then 

calculating the mean pLDDT in Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• 3D comparisons using predicted protein models reveal numerous novel BEN 

factors

• 3D homology searches uncover BEN domains in C. elegans LIN-14 and 

SEL-7

• DUF4806 represents a BEN domain subgroup

• BEN domains, homeodomains and plant BEN-like folds show 3D 

resemblances
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Figure 1. BEN domain factors are unevenly distributed across species.
(A) The overall structure of the Drosophila Insv-BEN domain (monomer) in the DNA-

bound state (PDB:4IX7). The BEN domain interacts with specific DNA bases through its 

middle loop (green) and α5 helix.

(B) The overall structure of the human BEND3-BEN4 domain in the DNA-bound state 

(PDB: 7W27). The BEN structure interacts with DNA bases with its α5 and α6 helices.

(C) The overall secondary structure of Insv-BEN, a representative type I BEN domain.

(D) The overall secondary structure of BEND3-BEN4, a representative type II BEN domain.

(E) BEN factors are unevenly distributed in different species.

(F) Schematic diagram of BEN-like structure screening in the AlphaFold2 database.

(G) Structure screening with BEND3-BEN4 in the Drosophila proteome and with Insv-BEN 

in the mouse proteome. All known BEN domain-containing proteins were revealed and 

highlighted with red. Note that linear searches (blastp or PSI-BLAST) do not identify 
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statistically significant hits when using these baits to search the respective non-cognate 

species.

See also Figure S1, Data S1A and S1B.
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Figure 2. Structure comparison identified novel BEN domain proteins in C. elegans.
(A) Structure comparison reveals novel BEN-like modules in C.elegans.

(B-E) Superposition of solved BEN structures and AlphaFold-predicted C.elegans BEN-

like modules. F53A2.3 and SEL-7 resemble type I BEN (Insv-BEN) conformation, while 

Y105C5B contains an α6 helix and is closer to the type II BEN (BEND3-BEN4). Y61A9LA 

also resembles a Type I BEN domain but has extra residues at the N-terminus part of the α5 

helix (star).

(B’-E’) Electrostatic surface representation of AlphaFold-predicted BEN-like modules in the 

C. elegans proteome. Color density represents the positive (blue) and negative (red) charges.
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(F) Alignment of the C.elegans BEN-like modules with BEN domains from Drosophila Insv 

and human BEND3-BEN4 reveals the conservation of critical residues. The color highlights 

the conserved hydrophobic position. The red highlights the conserved LhxxIF motif.

(G) The LIN-14 BEN-like structure (333~456) is within a known DNA binding region 

(244~465).

(H) Superposition of predicted LIN-14 (333~456) and solved Insv-BEN (red) structures.

(I-I’) Electrostatic surface visualization of LIN-14 BEN-like structure (333~456), with 

blue representing positive charges and red representing negative charges. The Lys and Arg 

residues in α5 helix are highlighted in (I).

(J) De novo LIN-14 targeting consensus DNA sequences revealed with LIN-14 ChIP-seq 

data from the modENCODE database.

See also Figure S2, S3, S6, Data S1C, S3A and S4–S4F.
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Figure 3. The DUF4806 motif represents a subgroup of BEN domain with an upstream α0 helix.
(A) Structure comparison shows Drosophila CG42854 and CG12112 to be similar to BEN 

domains, with BEN-like regions overlapping with a presumed DUF4806 motif.

(B-B') Superposition of the Insv-BEN structure (PDB: 4IX7, red) and the predicted model 

of CG42854. (B') shows the electrostatic surface potential of the CG42854 BEN-like domain 

with Insv-BEN targeting DNA.

(C) The domain organization of Drosophila CG42854 and CG12112 proteins, with BEN-

like structures overlapping with uncharacterized DUF4806 motifs.

(d) A schematic view of DUF4806 and BEN domains. DUF4806 contains five α-helices 

(α0-α4) preceding a downstream unrecognized helix α5, and the α1-α4 helices in BEN 

domains correspond well with DUF4806. In contrast, there could be either α-helices 

(BEND3-BEN3, PDB:7V9H) or β-sheets (Insv-BEN, PDB: 4IX7) at the upstream of BEN 

domains.
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(E-E”) Superposition of Insv-BEN (PDB: 4IX7, red), and the predicted structure of 

CG12112 BEN-like region, showing that DUF4806 closely resemble Insv-BEN domains. 

(E’) shows the cartoon view of predicted structures of CG12112 regions containing α0-α5 

helices, with residues corresponding to DUF4806 colored in orange. Note that DUF4806 

ends in the middle of helix α4. (E”) shows the α0-α5 helices of CG12112, with core BEN 

domain structure (α1-α5 helices) colored in white and helix α0 highlighted with yellow.

(F) Phylum distribution of annotated DUF4806-containing proteins in the InterPro database.

(G-J) Superposition of Insv-BEN (PDB: 4IX7, red), BEND3-BEN4 (PDB: 7W27, green), 

and predicted DUF4806 models, showing that DUF4806 modules closely resemble solved 

BEN domains.

(H'-J') Cartoon view of predicted structures of regions containing α0-α5 helices, with 

residues corresponding to annotated DUF4806 colored in orange. Note that DUF4806 ends 

in the middle of helix α4.

(H''-J'') Cartoon view of predicted structures of regions containing α0-α5 helices, with 

core BEN domain structure (α1-α5/6 helix) colored in white and helix α0 highlighted with 

corresponding colors.

See also Figure S4, S6 Data S1A, S3B, S3C, S4A and S4H–S4K.
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Figure 4. Multiple sequences alignment revealed the preserved residues of BEN domains.
BEN domains from Drosophila (i.e. BEN domains from Drosophila Insv and Elba1), 

human (BEN domains from human NACC1, BANP, BEND3, BEND4, BEND5, BEND6 

and BEND7), viruses (i.e. BEN domains from YB1 from Microplitis demolitor bracovirus, 

MC036R from Molluscum contagiosum virus, and PG067/E5R from Variola virus), 

C.elegans (i.e. BEN domains from LIN- 14 and SEL-7), DUF4806 factors (i.e. BEN 

domains from Drosophila CG12112 and CG42854 and zebrafish si:dkey-266f7.5) are used 

for multiple sequences alignment. The alignment reveals the conserved residues (marked 

with stars) and motifs (LhxxlF and LDP). The conserved hydrophobic resides are labeled 

with green, and the acidic residues with blue.
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Figure 5. Structure comparisons reveal similarities between BEN domain, homeodomain and 
plant BEN-like modules.
(A-D) The superposition of the solved structure of Insv-BEN (red) and the predicted model 

of homeodomains highlights the similarities in their 3D conformation.

(E) The overall secondary structure of both the BEN domain and Homeodomain. The BEN 

domain α5 helix and homeodomain α3 helix serve as the central DNA binding elements. 

Compared with the homeodomain, the BEN domain has more helices and longer middle 

loops (purple).
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(F-G’) Structure screening identifies BEN-like protein domains in plants. (F) shows the 

superposition of the solved structure of Insv-BEN (PDB:4IX7) and the predicted model 

of the rice OS04G0307567 protein BEN-like region. (g) shows the superposition of the 

solved structure of BEND3-BEN4 (PDB:7W27) and the predicted model of the rice 

OS06G0261900 BEN-like region. (F’ and G’) shows the electrostatic surface representation 

of AlphaFold-predicted BEN-like modules of rice BEN-like proteins. Color density 

represents the positive (blue) and negative (red) charges.

(H) The plant BEN-like structures are conserved in both monocots and eudicots. The 

structures are comprised of three α-helices, with some members having extended middle 

loops.

(I) Comparisons of the conservation pattern of plant BEN-like domains, homeodomains and 

BEN domains. The analysis reveals the conserved residues are present in all three different 

groups of domains (highlighted).

See also Figure S5, S6, Data S1E, S2A–S2C, S4A, S4L and S4M.
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Figure 6. Contextual analysis indicates transcriptional roles of novel BEN-containing factors.
(A) The contextual graph illustrates domains identified in novel BEN-containing factors, 

including those related to transcriptional regulation and nucleotides processing activity, as 

well as an understudied DUF3504 motif.

(B-C) The structural similarity between the Cre recombinase (PDB: 1NZB) and the 

predicted model of DUF3504 motif in the zebrafish Si:ch211–126i22/KIAA1958 protein 

is demonstrated through a superposition. DUF3504 only resembles the central part of Cre 

recombinase domain (145~269). But the flanking region (548~843) of DUF3504 overlays 

with the majority of Cre recombinase (34~302).

(D) Structure comparison of AlphaFold determined DUF3504 and human proteome models 

identified human proteins with structures similar to DUF3504.

(E) The domain architecture graph of human TOP1 protein displays regions with 3D 

structure similar to DUF3504.

(F) Superposition of the predicted models of human ZMYM4-DUF3504 motif and 

solved structure of the TOP1 topoisomerase region. The ZMYM4 DUF3504 (1358~1526) 

resembles amino acids 456~584 of TOP1.

See also Figure 6, Data S4A, S4N and S4O.
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Figure 7. The evolutionary relationship of protein domains/motifs revealed by structural 
comparisons.
Our structural comparison implies that animal BEN and plant BEN-like domains may have 

originated from the homeodomain (solid) or HTH motifs (dash). The BEN domain can be 

categorized into two types based on structural features and DNA binding strategies. Type 

I BEN domain (e.g. Drosophila Insv, nematode LIN-14 and vertebrate BEND6) is defined 

by the presence of five α helices. Type II BEN domain (e.g. vertebrate BEND3-BEN4 and 

some viral BEN domains) has a downstream helix α6 involved in direct DNA binding. In 

contrast, DUF4806 (e.g. Drosophila CG12112 and CG42854) is more similar to the type I 

BEN domain but has an upstream α helix. These structural features suggest that both type II 

BEN and DUF4806 might have originated from ancestral type I BEN. Previous biochemical 

analyses have shown that vertebrate BEND3-BEN1 and BEND3-BEN2 lack DNA binding 

activities, despite both domains possessing features characteristic of type I BEN domains6. 

However, it remains possible that there are unrecognized type II BEN domains that do not 

bind DNA.

See also Data S2A–S3C.
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Key Resource Table

REAGENT or RESOURCE RESOURCE SOURCE IDENTIFIER

Deposited data

LIN-14 ChIP-seq in L1 stage C.elegans modENCODE
Luo et al. 29

Experiment: 
ENCSR714ALL; 
Bed file: ENCFF941FVK

Software and algorithms

PyMOL https://pymol.org/2/ RRID:SCR_000305

AlphaFold2 https://alphafold.ebi.ac.uk/ Varadi et al. 15

ColabFold https://colab.research.google.com/ Mirdita et al. 45

UCSF ChimeraX https://www.cgl.ucsf.edu/chimerax/ RRID:SCR_015872
Pettersen et al. 46

MEME-ChIP https://meme-suite.org/meme/ Machanick and Bailey 49
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