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The BEN domain is a recently recognized DNA binding module that is present in diverse metazoans and certain
viruses. Several BEN domain factors are known as transcriptional repressors, but, overall, relatively little is known of
howBEN factors identify their targets in humans. In particular, X-ray structures of BENdomain:DNA complexes are
only known for Drosophila factors bearing a single BEN domain, which lack direct vertebrate orthologs. Here, we
characterize severalmammalian BENdomain (BD) factors, including from twoNACC family BTB-BENproteins and
from BEND3, which has four BDs. In vitro selection data revealed sequence-specific binding activities of isolated
BENdomains fromall of these factors.We conducted detailed functional, genomic, and structural studies of BEND3.
We show that BD4 is a major determinant for in vivo association and repression of endogenous BEND3 targets. We
obtained a high-resolution structure of BEND3-BD4 bound to its preferred binding site, which reveals how BEND3
identifies cognateDNA targets and shows differences with one of its non-DNA-binding BEN domains (BD1). Finally,
comparison with our previous invertebrate BEN structures, along with additional structural predictions using
AlphaFold2 and RoseTTAFold, reveal distinct strategies for target DNA recognition by different types of BEN
domain proteins. Together, these studies expand the DNA recognition activities of BEN factors and provide struc-
tural insights into sequence-specific DNA binding by mammalian BEN proteins.
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Sequence-specific transcription factors (TFs) are responsi-
ble for orchestrating all aspects of development and phys-
iology. Together with general chromatin and epigenetic
factors, the specific DNA binding properties of TFs allow
them to identify appropriate cohorts of target genes for
transcriptional regulation, either by themselves or as
combinations of TFs (Iwafuchi-Doi and Zaret 2016; Reiter
et al. 2017). The executive-level activities of TFs to in-
struct or repress cell fates have long been recognized (Da-
vis et al. 1987), but reached a new apex with the finding
that specific TF combinations could induce the pluripo-
tent state (Takahashi and Yamanaka 2006; Takahashi

et al. 2007). This discovery elicited an ongoing chase for
other TF combinations that are sufficient to instruct a
diverse and ever-growing catalog of cell identities (Feng
et al. 2008; Szabo et al. 2010; Vierbuchen et al. 2010;
Huang et al. 2011; Yamamizu et al. 2013).
Such efforts rely on functional resources for systematic

manipulation of TFs (Lambert et al. 2018; Ng et al. 2021).
With comprehensive efforts to annotate transcription fac-
tors in most species, it is increasingly rare to identify nov-
el families, especially in well-studied species. However,
we and others recently added to the repertoire of
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metazoan TFs with our studies of BEN domain proteins.
“BEN” was previously a domain of unknown function
(DUF1172) within diverse proteins. As several of these
have nuclear and/or chromatin functions, it was renamed
for the exemplar proteins BANP, E5R, and NACC1 (Abhi-
man et al. 2008). For example, we found that BEN proteins
Drosophila Insensitive (Duan et al. 2011) andmammalian
BEND6 (Dai et al. 2013a) are nuclear inhibitors of Notch
signaling and regulate neural development. Nevertheless,
the specific function of BEN domains was unknown until
we surprisingly found that BEN domains from multiple
proteins bind specific DNA sequences and direct them
to their cognate sites genome-wide (Dai et al. 2013b,
2015; Ueberschär et al. 2019). The Schedl laboratory
(Aoki et al. 2012; Fedotova et al. 2018) independently re-
ported that Drosophila BEN factors directly recognize se-
quence motifs within Fab-7, which separates two
enhancers within theBithorax complex, and are function-
al components of this chromatin boundary element. We
established broader roles for BEN factors as repressors
and insulators (Dai et al. 2013b; Ueberschär et al. 2019).

To date, structural analyses of DNA binding by BEN
proteins have mostly focused on Drosophila. Although
many mammalian BEN proteins are known to influence
transcription and/or interact with chromatin factors
(Kaul et al. 2003; Korutla et al. 2007, 2009; Sathyan et al.
2011; Dai et al. 2013a; Xuan et al. 2013; Saksouk et al.
2014; Khan et al. 2015), there are few insights into their di-
rect abilities to recognize target genes specifically via cog-
nate sites in the genome. Mammalian BTB-BEN domain
proteins RBB/NACC2 (Xuan et al. 2013) and NACC1
(Nakayama et al. 2020) were shown to interact with spe-
cific DNA sequences via BEN domains, but their relation-
ship to endogenous targets was only addressed selectively.
Very recently, the mammalian BEN domain factor BANP
was shown to bind CGCG core motifs and to be methyla-
tion-sensitive (Grand et al. 2021). In addition, while the fly
BEN proteins and mammalian factors above harbor single
BEN domains, mammals encode proteins with multiple
BEN domains (Abhiman et al. 2008), which have been
less studied. Of these, BEND3 is an appealing candidate
as a representative multi-BEN factor bearing four tandem
BEN domains. We previously characterized BEND3 as a
heterochromatin-associated repressor (Sathyan et al.
2011; Khan et al. 2015), and the Déjardin laboratory (Sak-
souk et al. 2014) further analyzed its role in switching
from constitutive to facultative heterochromatin.

Importantly, despite many hints that mammalian BEN
domains access DNA, little is known about their underly-
ing structural features that permit sequence-specific rec-
ognition. In this study, we demonstrate direct sequence-
specific binding activities of mammalian BEN proteins
NACC1, NACC2, and BEND3. We reveal overlapping
site preferences of the NACC-BEN domains, as well as
distinct modes of target interaction. With BEND3, we
found that its fourth BEN domain (BD4) plays a key role
in the direct recognition and repression of target genes.
ChIP-seq studies confirmed that BD4 target sites are ama-
jor determinant of the endogenous genomic occupancy of
BEND3. We solved the structure of BD4 in complex with

its preferredDNAbinding site, which reveals howBEND3
identifies its cognate target sites in vivo and why the BD1
domain of BEND3 does not associate with DNA. In addi-
tion, by combining our previous structural studies ofDro-
sophila BEN domains with recent improvements in
structural predictions, we classified two general strategies
for how BEN domains mediate sequence-specific DNA
recognition. These data provide a new foundation to inter-
pret and dissect the molecular functions of mammalian
BEN proteins.

Results

Diverse domain layouts of mammalian BEN proteins

We previously analyzed proteins whose only feature was
one BEN domain (BEN-solo factors) (Fig. 1A). However,
BEN factors have other layouts. Several proteins fuse a
BEN domain to a distinct known functional domain,
such as mammalian NACC1 and NACC2 (also known
as BEND8 and BEND9, respectively), which are homolo-
gous factors that have anN-terminal BTB (Broad complex,
Tramtrack, and Bric-a-brac)/POZ (poxvirus and zinc fin-
ger) domain and a C-terminal BEN domain (Fig. 1B). Other
BEN proteins contain other domains, such as C2H2 zinc
fingers or MCAFN, SCLM1, or RNaseT2 domains (Abhi-
man et al. 2008). Another class of proteins contains mul-
tiple (two, three, or four) BEN domains. For example,
conserved mammalian BEND3 proteins are quadruple
BEN (quad-BEN) domain factors (Fig. 1C,D). Although
the functional rationale of four BEN domains is unknown,
Molluscum contagiosum virus (MCV), a DNA poxvirus
with a large (190-kb) genome (Senkevich et al. 1996), en-
codes an analogous quad-BEN protein named MC036R
(Fig. 1C). The BEN domains of BEND3 and MC036R are
more related to each other than to other BEN factors
(Abhiman et al. 2008). In particular, some of the BEN do-
mains in these quad-BEN factors bear C-terminal regions
with large numbers of basic residues (Fig. 1D). The compa-
rable region of Drosophila BEN-solo factors (e.g., Insv) is
involved in binding nucleic acid (Dai et al. 2013b); howev-
er, other BEN domains have few or no basic residues in
their C-terminal regions (Fig. 1D). These observations
hint at potential functional diversity of BEN domains.

To investigate DNA binding by mammalian BEN pro-
teins, we used protein-binding microarrays (PBMs) and
high-throughput systematic evolution of ligands by expo-
nential enrichment (HT-SELEX) to assay BEN domains
from NACC proteins and different BEN domains of
BEND3. In the PBM technique, all possible 8-mers are rep-
resented multiple times within an array so that specific
binding of a candidate recombinant protein can be inferred
from de novomotif analysis of the bound oligos (Weirauch
et al. 2013; Narasimhan et al. 2015). To increase confi-
dence in enriched motifs, we used two arrays (ME and
HK) bearing nonoverlapping oligonucleotide sets. With
HT-SELEX, we sequenced and then analyzed the bound
populations of molecules selected from a randomized
oligo pool after all three selection cycles (Nitta et al.
2015). The data were analyzed with AutoSeed, a de novo
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motif discovery program that detects local maxima of
most enriched gapped k-mers, and motifs were construct-
ed semimanually with parameters shown on headers of
the motifs in Supplemental Table S2. These independent
methods yielded mutually supportive data.

Modes of sequence-specific DNA binding by NACC
family BEN domain proteins

The BEN domains of NACC2 (Xuan et al. 2013) and
NACC1 (Nakayama et al. 2020) were reported to harbor

specific target preferences from limited sequencing of
probes recovered from cyclic amplification and selection
of target (CASTing) assays. These works seem to indicate
that NACC1 and NACC2 prefer largely distinct target
sites, although some limited similarity can be discerned
(Fig. 2A). Our PBM experiments with NACC2-BEN re-
vealed similarmotifs enriched from both arrays, which in-
clude the palindrome ACATGT (Fig. 2B; Supplemental
Fig. S1). Notably, this matches well to the recently de-
scribed NACC1-BEN target site, even though this result
was obtained by sequencing only 18 target clones
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Figure 1. Representative subclasses of
DNA-binding BEN factors. (A) The most
well-characterized BEN factors include
Drosophila and mammalian proteins
that encode a single BEN domain and
no other recognizable functional domains
(“BEN-solo” factors). (B) Some BEN fac-
tors are fused to another known domain,
such as the BTB domain; diverse BEN
proteins bear other domains (Abhiman
et al. 2008). (C ) The conserved vertebrate
protein BEND3 and a poxvirus protein
(MCV) contain four BEN domains
(“quad-BEN” factors). (D) Alignment of
the four BEN domains of human
BEND3 and MCV-M036R, human
NACC1 and NACC2 BEN domains, and
the Drosophila Insv-BEN domain, whose
structure we solved (Dai et al. 2013a).
Core motifs that define the BEN domain

are evident, but these mammalian/viral BEN domains contain characteristic residues. Note that MCV-BD4 is most similar to
BEND3-BD4.
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Figure 2. Modes of DNA recognition by BEN do-
mains of mammalian NACC proteins. (A) Prior
studies suggested distinct, sequence-specific,
binding activities of the BEN domains from
NACC1 (Nakayama et al. 2020) and NACC2
(Xuan et al. 2013). (B) Preferred binding sites for
mammalian BENdomains, determined from inde-
pendent protein-binding microarrays (PBMs, ME,
and HK designs). PBM analyses of NACC2-BEN
reveal a similar motif dissimilar to a prior study,
but nearly identical to that determined for
NACC1-BEN. (C,D) HT-SELEX assays reveal dis-
tinct types of preferred binding sites that reconcile
past and current studies. (C ) The NACC1-BEN
domain selects a palindromic site that is similar
to the NACC2-BEN PBM site, but also enriches
sequences bearing dual palindromes that imply
an allosteric binding mechanism. (D) These sites
exhibit only mild preference for distinct spacing.
The NACC2-BEN domain selects a simple palin-
drome similar to that of NACC1-BEN (C ), but
also selects dual sites with a highly preferred spac-
ing (D). These data allow us to show that the pre-
viously reported NACC2-BEN site (A) overlaps
the roughly double palindromic sequence, but
lacks most of the flanking adjacent sequences
that define the individual sites.
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(Nakayama et al. 2020). Thus, the BEN domains of
NACC1 andNACC2mayharbormore similar DNAbind-
ing activities than suspected.

To study this further, we subjected both BEN domains
of NACC1 and NACC2 to HT-SELEX. These assays dem-
onstrate that BEN domains of NACC1 and NACC2 bind
to very similar, partially palindromic, monomeric sites
with an ACATGY core consensus sequence. As is often
observed in HT-SELEX, the earlier selection cycles
showed higher incidence of the monomeric sites, as they
are more prominent in the initial pool. However, the later
cycles enabled longer motifs to be recovered and revealed
cooperatively binding dimeric palindromemotifs for both
NACC1 and NACC2. However, these exhibited distinct
preferences for different spacing and orientation configu-
rations. NACC1 binds mostly as a monomer or to a
dimeric composite (overlapping) site (Fig. 2C); the mono-
meric sites appear to be overlapping, but this may reflect
protein binding into the major groove on the opposite
side of the DNA strand, as is commonly observed when
TF complexes bind cooperatively to composite sites
(Jolma et al. 2015). There is also broad enrichment to other
spacings with loose spacing preference (Fig. 2D). On the
other hand, NACC2 enriched for a dimeric palindromic
site, the spacing of which was consistent with the motif
made from the previous site (Xuan et al. 2013), although
the HT-SELEX site model is distinct (Fig. 2C). The strin-
gent spacing preference between the individual palin-
dromic sites of NACC2 (10 nt between CATG cores)
(Fig. 2D) likely means that cooperativity is not mediated
only through oscillatory DNA allostery (Kim et al.
2013), but may involve protein–protein interaction be-
tween BEN domain monomers.

We note that our previous crystal structure of the Dro-
sophila Bsg25A BEN–target DNA complex yielded two
homodimeric BEN domain assemblies bound to two
end-to-end stacked duplexes of its palindromic target se-
quence (Dai et al. 2015). Although we did not find a nota-
ble population of such dual homodimeric sites in Bsg25A
ChIP-seq data (Ueberschär et al. 2019), these findings may
suggest that certain classes of BEN domain proteins could
engage higher-order complexes.

The BD4 domain of BEND3 harbors specific DNA
binding activity

We and others reported that BEND3 can associate with
DNA (Khan et al. 2015; Aghajanirefah et al. 2016), but
DNA binding by individual BEN domains of a multi-
BEN factor has not been tested previously. We focused
on the first and fourth BEN domains (designated BD1 and
BD4) of BEND3, since BD1 was shown to mediate pro-
tein–protein interactions with PICH (Pitchai et al. 2017),
while BD4 was implicated in its localization to hetero-
chromatin (Sathyan et al. 2011). Interestingly, while BD1
did not meet thresholds for motif enrichment, BD4 repro-
ducibly selected nearly identical motifs (YCCACGC) in
independent microarray panels (Fig. 3A; Supplemental
Fig. S1). We conducted additional HT-SELEX assays with
BEND3-BD4and found that the selected sequences clearly

enrich for a YCCACG motif that was nearly identical to
the PBMmotifs (Fig. 3A). Finally, we used gel shift assays
to show that BD4 efficiently bound to this motif, and that
point mutations in the target sequence abrogated BD4–
DNA complexes (Fig. 3B).

Overall, these in vitro binding and selection assays with
NACC proteins and BEND3 show that mammalian BEN
domains have modular activities to recognize DNA.

The BEND3-BD4 motif underlies known examples
of BEND3 genomic occupancy

Asmentioned, DNA association by BEND3 has been sug-
gested (Saksouk et al. 2014; Khan et al. 2015), but neither
direct nor sequence-specific DNA binding by BEN do-
mains of BEND3 has been studied. Thus, we askedwheth-
er our in vitro site selection assays provided insights into
the binding of BEND3 with any specific genomic loca-
tions. Two targets have been reported; namely, the associ-
ation of BEND3 with ribosomal (rDNA) loci (Khan et al.
2015) and with the calreticulin (CALR) gene (Aghajanire-
fah et al. 2016).

Clusters of rDNA loci are found on several chromo-
somes (McStay and Grummt 2008), and our previous
work indicated that BEND3 associates with rDNA and re-
presses accumulation of rRNA transcripts (Khan et al.
2015). Although BEND3was shown to associate with spe-
cific rDNA genomic regions in gel shift assays, it was not
knownwhat sequencesmediate this association. Striking-
ly, the rDNA region of strongest BEND3 association
(H41.9) contains a perfect match to the BD4 PBM/SELEX
motif (Fig. 3C), with another perfect BD4 PBM match
directly upstream (2 nt away) of the assayed H41.9 region
(Fig. 3D). It is expected that the fragments assayed using
ChIP-qPCR would include both neighboring sites. Thus,
the presence of dual high-affinity BEND3-BD4 sites may
underlie the recruitment of BEND3 to this rDNA region.

To test this notion, we assayed a CMV>luciferase re-
porter bearing a multimer of the H41.9 region (slightly ex-
panded to include the paired BD4motifs) and a companion
reporter with point mutations in each of the BD4 motifs
(Fig. 3E). When normalized to their respective expression
in the presence of eYFP control, eYFP-BEND3 strongly re-
pressed the wild-type 3xH41.9wt-luc reporter, but not the
mutant version (Fig. 3F). As controls, we tested other
mammalian BEN factors (BEND5 and BEND6), and these
do not regulate 3xH41.9wt-luc or 3xH41.9mut-luc (Sup-
plemental Fig. S2A,B). Moreover, deletion of the BD4
domain abrogated the ability of BEND3 to repress this re-
porter (Supplemental Fig. S2C,D). Thus, BEND3 can
directly and specifically repress a target gene via BD4 mo-
tif matches. We further note that our prior survey showed
that BEND3 associates with additional genomic regions
within rDNA loci (Khan et al. 2015). Notably, most of
these directly contain strong nucleotide matches to the
BEND3-BD4 motif (H0.9 and H18) or reside very close to
such matches and were likely to overlap with assayed
ChIP fragments (H42, H8 andH13) (Fig. 3C). Thus, the reg-
ulation of rDNA by BEND3 may involve multiple loca-
tions of association.
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The association of BEND3 with the CALR locus was
recognized via a complex path. Originally, mutations
within the CALR promoter were found to be associated
with human psychiatric disorders (Farokhashtiani et al.

2011). The −220C>A allele (rs138452745) was of special
interest, as it is located in a region of human-specific
divergence within an otherwise well-conserved mamma-
lian sequence. Moreover, the −220C>A mutation is
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Figure 3. The BEND3-BD4 binding site explains direct binding at rDNA andCALR. (A) We subjected the BEND3-BD1 and BEND3-BD4
domains to PBM assays, with only BD4 enriching for a candidate binding site that was consistent between both array designs. We also
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cludes a palindrome. (B) Gel shift assay using recombinant GST fusion protein confirmed that BEND3-BD4 binds directly and specifically
to a probe bearing a CCCACGC core. (C ) UCSC genome browser view at a representative human rDNA repeat. Total RNA-seq highlights
rRNA transcripts, and sequence matches to the core BEND3-BD4 motif are marked. rDNA regions previously assayed for BEND3 asso-
ciation are labeled, of which the promoter-proximal H41.9 regionwas boundmost strongly by BEND3 (Khan et al. 2015). (D) Alignment of
BD4 sequencematches in BEND3 target regions in rRNA. Note that H41.9 contains two adjacent BD4 sites. (E) H41.9 wild-type andmu-
tant transcriptional reporters. (F ) eYFP-BEND3 represses H41.9-wt but not H41.9-mut reporters. Data are mean± SD; n= 3 experiments;
two-tailed t-test applied. (G) The conserved basal promoter of the CALR gene contains a human-specific nucleotide divergence, which
coincides with a SNP in multiple schizophrenia and bipolar cases (Aghajanirefah et al. 2016). (H) The human-specific CALR promoter
sequence that is affected in psychiatric disease resides within a strong BEND3 ChIP-seq peak.
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associated with increased CALR expression, implying
that it may affect a repressor binding site (Esmaeilzadeh-
Gharehdaghi et al. 2011). Interestingly, proteomic analy-
sis of probes that compare the wild-type and mutant hu-
man alleles showed that the normal sequence is
preferentially bound by a single factor, BEND3 (Aghajanir-
efah et al. 2016). However, the precise relationship of
BEND3 to binding these alleles was not studied further.
Strikingly, the wild-type BEND3 −220C site resides with-
in a perfect 7/7-nt match to the BD4 PBMmotif (Fig. 3G).
Thus, BEND3 is likely the direct CALR repressor that is
affected in these psychiatric disorders.

Overall, it is striking that both of the known BEND3 ge-
nomic targets are directly explained by the presence of
perfect matches to the preferred binding sites determined
from in vitro assays. Moreover, taken together with previ-
ousCALR studies (Aghajanirefah et al. 2016), recruitment
of BEND3by BD4 sitesmay suffice for target repression, at
least at certain loci.

Genome-wide enrichment of the BD4 motif in BEND3
ChIP-seq data

To broaden these findings, we analyzed ChIP-seq data
from NTERA2 cells, which express substantial BEND3
(Kurniawan et al. 2022). Inspection of rDNA loci revealed
broad binding across the entire genic and intergenic re-
gions, but this was also evident in control data (Supple-
mental Fig. S3). However, ChIP-seq analysis of rDNA
loci is problematic due to their highly repetitive nature,
as is the case for all multicopy loci. On the other hand,
we observed a robust BEND3-specific ChIP-seq peak pre-
cisely and specifically on the CALR region bearing the
BD4 motif, but nowhere else across the gene (Fig. 3H).
Thus, BEND3 ChIP-seq data were specifically related to
the BD4 motif at this known target.

Upon systematic analysis of BEND3 ChIP-seq data, we
were pleased to find that aggregate BEND3 peaks were
strongly enriched for BD4-like motifs. In particular, de
novo motif finding using DREME (Bailey 2011) and Cen-
triMo (Bailey and Machanick 2012) showed that top
hits, in terms of both significance and frequency, closely
resembled the BD4 PBM site (Fig. 4A). Thus, genomic as-
sociation of BEND3 correlates well with the presence of
this motif from in vitro studies of isolated BD4. Although
previously reported as a heterochromatin factor, we note
that BEND3 ChIP-seq peaks with BD4motifs were prefer-
entially located near transcription start sites (Fig. 4B; Sup-
plemental Fig. S3). The associated genes were enriched for
numerous gene ontology (GO) terms involved in histone
methylation, heterochromatin, regulation of cell cycle,
and inhibition of differentiation (Fig. 4C). Consistent
with these observations, loss of BEND3 from the
NTERA2 stem-like model promotes their differentiation
(Kurniawan et al. 2022), and we also observed that
BEND3 is predominantly expressed in pluripotent cell
types (Supplemental Fig. S4).

Since BEND3 was previously characterized as a repres-
sor (Sathyan et al. 2011; Saksouk et al. 2014; Khan et al.
2015), we tested the response of newly identified

BEND3 targets with BD4 motifs. Some BEND3 ChIP
peaks had single sites, but others had multiple sites. For
example, BEND3 exhibits prominent binding near its
own alternative promoters, which contain sevenmatches
to the core BD4 motif within a <2-kb interval, while a
strong BEND3 ChIP-seq peak at the TDRD7 promoter en-
compasses three conserved BD4 motifs within only ∼70
bp (Fig. 4D). We checked the steady-state levels of these
and other targets following overexpression of eYFP-
BEND3, comparedwith control eYFP transfection. To dis-
tinguish endogenous BEND3, we assayed a 3′ UTR ampli-
con that is not included in the eYFP-BEND3 vector.While
Atcg1 did not change, we observed that BEND3, TDRD7,
Cdkn1a, and Znf316 transcripts were all reduced in re-
sponse to ectopic BEND3 (Fig. 4E). These data broaden
the impact of BEND3 in transcriptional repression, and
also indicate that BEND3 is autoregulatory, as is a theme
for many other regulatory factors.

Given notable and functional binding of BEND3 at
TDRD7 (Fig. 4D,E), we used this for additional, stringent
tests of the notion that the BEND3-BD4 domain and its
cognate site were directly responsible for target regula-
tion. To do so, we fused the BD4 domain alone to VP16.
In principle, while full-length BEND3 is a repressor,
BD4-VP16 might be a synthetic activator of targets bear-
ing BEND3-BD4 sites (Fig. 4F). We tested its properties
on a TDRD7-wt-luc reporter or a variant reporter with
point mutations of BD4 sites. Indeed, while all controls
were inert, BD4-VP16 activated TDRD7-wt-luc, but did
not affect TDRD7-mut-luc (Fig. 4G). Thus, BD4 motifs
are specific, conserved sequences that recruit the quad-
BEN domain factor BEND3 to regulatory targets. We
note this differs from a recent study of NACC1, whose
BEN domain was concluded as insufficient to interact
with chromatin in cells (based on the mobility behavior
of GFP fusion proteins) (Nakayama et al. 2020).

Structural basis for sequence-specific DNA binding
by the BEND3-BD4 domain

These data motivated us to generate atomic insights into
DNA recognition by BEND3. Although the structure of
BEND3-BD1 in complex with PICH was determined
(Pitchai et al. 2017), there are limited structural studies
for DNA binding by mammalian BEN factors (Nakayama
et al. 2020).

We assayed a range of conditions to cocrystallize the
BD4 domain with different DNA targets that shared the
consensus core-binding sequence. We eventually ob-
tained high-quality crystals that diffracted to 1.5 Å resolu-
tion using BEND3-BD4 protein spanning residues 715–
828 in complex with a DNA duplex (5′-GGACCCACG-
CAGC-3′/3′-CTGGGTGCGTCGG-5′), forming a 12-bp
complementary duplex with 5′ G overhangs (Table 1).
Each asymmetric unit contained one complex in which
one BEND3-BD4 bound an individual DNA duplex target.
Two symmetry-related BD4/DNA complexes adopted an
end-to-end stacking pattern along the DNA duplex in
the tertiary structure of the complex (Supplemental Fig.
S5). We also investigated the interaction between proteins
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in the tertiary structure and found only one hydrogen
bond formed between Gln731 and Arg778′ from two
symmetry-related molecules (Mol A and Mol A′

sym) and
one stacking interaction formed between Arg746 and
Arg746′ ′ from another two symmetry-related molecules
(Mol A and Mol A′′

sym) (Supplemental Fig. S5).
We depict the overall structure of the BD4/DNA com-

plex in cartoon representation (Fig. 5A) and in electrostat-
ic surface representation (Fig. 5B). The folding topology of
the BEND3-BD4 domain is composed of six α helices, two
short helical turns (η1 and η2), and two short β strands (Fig.
5A). The BD4 fold generates a basic positively charged
binding channel along the major groove encompassing
one-half of the DNA helix (Fig. 5B). We provide composite
omit electron density maps of the DNA target bound to
BEND3-BD4 protein and of specific DNA-interacting res-
idues of BEND3-BD4 in Supplemental Figure S6.
We identified a large number of intermolecular contacts

formed between the DNA duplex and protein in the com-
plex, which include base interactions as well as extensive
nonbase interactions. Helix α5 and the loop between α5
and α6 of the BEND3-BD4 domain are located in themajor
groove of theDNAduplex, while the long loop between η2
and α3 is stretched close to the minor groove of the DNA
duplex (Fig. 5A). We have summarized the intermolecular

contacts between the BEND3-BD4 protein (shown in vio-
let) and the two strands of the 13-mer DNA duplex (the 5′

strand and 3′ strand are shown in green and orange, respec-
tively, in Fig. 5C).
Intermolecular contacts between the BEND3-BD4

domain and the 5′ strand (colored green) are subdivided
into base interactions (red arrows) and sugar–phosphate in-
teractions (black arrows) in the left panels in Figure 5C. At
one end of the duplex, theG1 overhang base is involved in a
stacking interaction with Arg814 located toward the C ter-
minus of BD4 (shownwith a red dotted arrow in Fig. 5C). In
addition, G1 is further stabilized by interaction between
the side chain of Lys822 and the ribose of G1 (Fig. 5C; Sup-
plemental Fig. S7).Moreover, E807also interactswithO4of
T8′ via a water molecule (Fig. 5C). Residues Asn738,
Arg742 from α2, and Arg811 located in the loop region be-
tween α5 and α6 form hydrogen bonds with the phosphate
of C5 in the 5′ DNA strand (Fig. 5C; Supplemental Fig.
S7). The base of C5 also forms van der Waals contacts
with the side chain of R811. Finally, we found that a water
molecule mediates the interaction between Arg808 and C4
(Fig. 5C; Supplemental Fig. S7).
Intermolecular contacts between the BEND3-BD4

domain and the 3′ DNA strand (colored orange) are also
subdivided into base-specific interactions (red arrows)

E
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Figure 4. BEND3 associates directly with BD4 motifs genome-wide. (A) The top motifs recovered from BEND3 ChIP-seq peaks from
NTERA2 cells closely resemble the BEND3-BD4motif identified fromour in vitro binding assays. P-values ofmotif enrichmentwere gen-
erated using Fisher’s exact test. (B) BEND3 peaks bearing BD4 sites are strongly localized near core promoters. (C ) Representative gene
ontology (GO) terms associated with BEND3 targets bearing BD4 sites. (D) IGV views of BEND3 and control ChIP-seq data at BEND3
and TDRD7. BEND3 ChIP-seq peaks in both genes are associated with multiple BD4 sites, as illustrated for TDRD7. (E) Transcript levels
of BEND3-BD4 target genes are repressed upon ectopic expression of eYFP-BEND3. (F ) Schematic ofTDRD7-wt andmutant transcription-
al reporters, and rationale to infer direct recruitment of BD4 to its cognate sites in TDRD7 using a BD4-VP16 activator fusion. (G) Lucif-
erase reporter assays show that BD4 and VP16 domains are neutral, but BD4-VP16 specifically activates theTDRD7-wt reporter. Data in E
and G are mean± SD; n=3 experiments; two-tailed t-test applied.
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and sugar–phosphate interactions (black arrows) in the
right panels of Figure 5C. Toward one end of the 3′ strand,
the side chain of Lys815 (located in the loop region be-
tween α5 and α6) forms two hydrogen bond interactions
with the bases of G10′ and G11′, and van der Waals con-
tacts with the base of C4 (which pairs with G11′) (Fig.
5C; Supplemental Fig. S7).

Beside these base-specific interactions, the main chain
of Cys817 forms one hydrogen bond with the phosphate
of G9′, and the side chain of Cys817 forms van der Waals
contacts with the sugar of G9′ (Supplemental Fig. S7). The
side chain of Lys816 (located in α6) forms one hydrogen
bond with the phosphate of T8′, while Pro812 forms a par-
tial stacking interaction with the base of T8 (Fig. 5C; Sup-
plemental Fig. S7). The main chain of Arg810 forms one
indirect interaction with the phosphate of G7′ through
one water molecule, and the side chain of Arg810 forms
hydrogen bonding interaction with the Hoogsteen edge
of G7′ (Fig. 5C; Supplemental Fig. S7). Furthermore, the
phosphates of C6′–G5′–T4′ were recognized by extensive
hydrogen bond interaction and van der Waals contacts
with BD4. Arg810, Asn762, and Lys769 participate in
the non-base-specific interaction with the phosphate of
C6′ (Fig. 5C; Supplemental Fig. S7). Several other residues
interact with the phosphate of G5′, in which His763 and
Ser764 formhydrogen bond interactions, while the nearby
Asp806, Asn762, Ala766, and Cys767 form van der Waals
contacts. His798 contacts the phosphate of T4′ by hydro-
gen bonding (Fig. 5C; Supplemental Fig. S7).

The residues of BD4 involved in base-specific interac-
tion with two strands of the DNA duplex (including
Glu807, Arg810, Arg814, and Lys815) are all clustered in
the C-terminal 807–815 segment of the BD4 protein (Fig.
5C). The electrostatic surface representation of BD4 indi-
cated a basic positively charged binding channel formed
by the C terminus of BD4, which facilitates the interac-
tion with the negatively charged DNA (Fig. 5B). The resi-
dues of BEND3-BD4 involved in the sugar–phosphate
nonbase interaction are distributed from α2 to α6, includ-
ing the loop regions. These interactions shaped the confor-
mation of the loop region of BD4, as well as stabilized the
overall structure of BD4, which facilitate the specific
binding of BEND3-BD4 to the DNA binding site. Taken
together, the base-specific interactions combined with
sugar–phosphate interactions revealed the specific bind-
ing pattern of the BEND3-BD4 domain with its 5′-ACC
CACGCAG-3′/3′-TGGGTGCGTC-5′ binding site.

To validate the BD4 structure, we conducted reporter as-
says using experimentally validated BEND3 targets. As
noted, Tdrd7, Cdkn1a, Actg1, and Znf316 all have promi-
nent BEND3 ChIP-seq peaks bearing BD4 motifs (Supple-
mental Fig. S3) and can be repressed by ectopic BEND3
(Fig. 4E). We cloned regions including these BEND3
ChIP-seq peaks into luciferase reporters and tested their re-
sponse to ectopic eYFP, eYFP-BEND3, or a variant with
neutralizing substitutions at three charged base-contacting
residues (E807V, R810L, and R814L) in BD4 (i.e., BEND3
[BD4mut]) (Fig. 5D). Our tests revealed that all four target
enhancers conferred BEND3-mediated repression that
was fully abrogated upon mutation of three BD4 residues
(Fig. 5E), validating their importance for target recognition.

Comparison of the BEND3-BD4/DNA complex
with other solved BEN domain complexes

With our knowledge of a functional BEND3-BD4/DNA
binding complex, we sought insights into how variant
BEN domains mediated nucleic acid interactions or are
prevented from doing so.

The BEND3-BD4 and Insv-BEN domains recognize dis-
tinct DNA motifs. To understand the mechanistic basis
underlying this diversity, we compared the structures of
BEND3-BD4–DNA and Insv-BEN–DNA complexes (Fig.
6A–C; Supplemental Fig. S8). Both BEND3-BD4 and
Insv-BEN proteins are composed mainly of helices and
two short β sheets (Supplemental Fig. S8). Unlike Insv-
BEN that interacts with a palindromic DNA binding site
(TTCCAATTGGAA) with a binding ratio of 2:1 (Supple-
mental Fig. S8C), BEND3-BD4 selectively binds a core se-
quence motif (5′-ACCCACGCAG-3′/3′-TGGGTGCG
TC-5′) with a binding ratio of 1:1 (Fig. 6B), implying differ-
ences in recognition of target DNA between these two
proteins. To simplify analysis, we chose only one selected
Insv-BEN protein/DNA complex and the BEND3-BD4/
DNA complex for comparison (Fig. 6A,B).

Both Insv-BEN and BEND3-BD4 proteins form a posi-
tively charged DNA binding channel on their surface
(Supplemental Fig. S8B,D). As shown in Figure 6, A and
B, the Insv-BEN protein not only forms base-specific

Table 1. Crystallographic statistics of the human BEND3-
BD4/DNA complex

Human BEND3-BD4 (715–828)/DNA

Data collection BL19U1 (SSRF)
Space group C2221
Cell dimensions
a, b, c (Å) 51.7, 61.6, 135.9
α, β, γ (°) 90, 90, 90

Wavelength (Å) 0.9778
Resolution (Å) 50–1.50 (1.55–1.50)a

Rpim 0.043 (0.387)
I/σI 23.9 (1.0)
Completeness (%) 99.5 (97.0)
Redundancy 5.0 (3.2)

Refinement
Resolution (Å) 30.80–1.50 (1.53–1.50)
No. of reflections 35,788 (2492)
Rwork/Rfree 0.16/0.19 (0.24/0.31)
No. of atoms
Protein 938
DNA 536
Water 231

B-factors (Å2)
Protein 31.8
DNA 38.9
Water 42.0

RMS deviations
Bond length (Å) 0.007
Bond angles (°) 0.959

aValues for the highest-resolution shell are in parentheses.
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interactions with the DNA duplex in the major groove
(C4, G11′, and G10′), but also forms base-specific interac-
tion in the minor groove (A7′ and T9). However, as shown
in Figure 6B, BEND3-BD4 protein only forms base-specific
interactions with the DNA duplex in the major groove
(C6, G7′, G10′, and G11′). The residues Glu807, Arg810,
and Lys815 of BEND3-BD4 protein involved in DNA mo-
tif recognition (Fig. 6B) are all located in the C terminus of
the BEN domain (shown with blue stars in Fig. 6C). The
residues Ser304, Ala306, Asp351, and Lys354 of Insv-
BEN protein involved in DNA interaction are located
not only in the C terminus of the BEN domain, but also
in the middle (shown with green stars in Fig. 6C). Most
of the base-specific interacting residues in the BEND3-
BD4 domain and Insv-BEN are distinct (Fig. 6C). This ap-
pears to account for the diverse DNA-binding properties
of these two BEN domains.
The structure of the BEND3-BD1 domain in complex

with PICH (BD1-NTPR; PDB: 5JNO)was reported (Pitchai

et al. 2017). The cartoon representation of the structure of
the latter complex is shown in Figure 6D, in which BD1 is
shown in green and PICH is shown in gray. The tertiary
structural alignment of the BD1 and BD4 folds show
that their helical segments align well (Fig. 6E). The elec-
trostatic surface representation of BD1 is shown in Figure
6F. Unlike BD4, whose basic C terminus is involved in
DNA recognition (Fig. 5B), there is no obvious positively
charged channel located in the C terminus of BD1 (Fig.
6F). Moreover, sequence and secondary structure align-
ments of the BD1 and BD4 C termini show that the four
charged residues in BD4 that participate in specific recog-
nition of its DNA motif (Glu807, Arg810, Arg814, and
Lys815) (labeled by stars in Fig. 6G) are not conserved in
BD1. Thus, BD1 and BD4 have structural distinctions
that are associated with different functional properties,
despite their overall similar folds.
Overall, Drosophila BEN domains and mammalian

BEND3-BD4 have partially distinct surfaces with which
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Figure 5. Tertiary structure of theBEND3-
BD4/DNA complex. (A) Tertiary structure
of the BEND3-BD4 domain in complex
with theDNAduplex shown in cartoon rep-
resentation, with the BD4 domain in violet
and the two strands of DNA complex in or-
ange and pale green, respectively. The se-
quence of the 13-mer DNA duplex is
shown at the bottom left. (B) Electrostatic
surface representation of the BD4 domain
in complex with DNA. (C ) Summary of
base contacts (red arrows) and sugar–phos-
phate interactions (black arrows) in the
complex. The red capital W represents wa-
ter. The details of the base interactions are
shown in the black rectangle.G1 is stacking
on R814. The side chain of E807 is hydro-
gen-bonded to the 4-NH2 of C6 in the 5′

strand and forms water-mediated interac-
tion with T8′ in the 3′ strand. Both O6 of
G10′ and G11′ form interactions with the
side chain of K815. The Hoogsteen edge of
G7′ forms hydrogen bonds with the side
chain of R810. (D) Schematic for testing
transcriptional regulation by wild-type and
mutant BEND3 proteins. As guided by the
structure, we mutated three BD4 residues
involved in sequence-specific base contacts
(E807V, R810L, and R814L). (E) Assays of
transcriptional reporters of four BEND3 tar-
gets show that they are repressed by eYFP-
BEND3, but not by eYFP-BEND3[BD4mut].
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they recognize DNA; Insv/Bsg25A/Elba2, NACC1/
NACC2, and BEND3 all bind quite different target se-
quences; and BEND3-BD1 does not seem to bind DNA
specifically. These findings may suggest that the BEN
domain is a scaffold that has been flexibly deployed for
both DNA recognition and protein recognition.

BEN domains interact with DNA through distinct
strategies

The NACC1-BEN domain shows higher homology with
Insv-BEN than with BEND3-BD4 (Fig. 1D). In addition,

the NACC1-BEN structure determined by NMR spectro-
scopy suggested thatNACC1-BEN ismore similar to Insv-
BEN in protein folding and DNA interaction pattern.
They both contain five α helices and bind DNA through
α5 and the loop between α3 and α4 (Nakayama et al.
2020). In contrast, BEND3-BD4 contains six α helices
and interacts with DNA by the “α5–loop–α6” region in
the C-terminal region (Fig. 5).

To broaden our findings that NACC1-BEN, Insv-BEN,
and BEND3-BD4 use different strategies to bind DNA,
we investigated predicted structures of other BEN do-
mains. Recent monumental advances in protein
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Figure 6. Comparison of BEN domains that mediate DNA or protein interactions. (A–C ) Comparison of base-specific interactions be-
tween the BEND3-BD4/DNA complex and the Insv-BEN/DNA complex (PDB: 4IX7). (A) Schematic and structural details of base-specific
intermolecular hydrogen bonding contacts in the Insv-BEN/DNA complex. (B) Diagram and structural details of base-specific intermo-
lecular hydrogen bonding contacts between BEND3-BD4 and the DNA target (involved residues are colored red). (C ) Sequence alignment
of Insv-BEN and BEND3-BD4. Conserved residues are colored white in the red boxes. The green and blue stars label positions of residues
involved in base-specific interaction by the Insv-BEN and BEND3-BD4 domains, respectively. (D–G) Comparison of the BEND3-BD4/
DNA complex with the BEND3-BD1/PICH-TPR complex (PDB: 5JNO) shows that their DNA-binding and protein-binding interaction
surfaces are mostly distinct. (D) Cartoon view of the BEND3-BD1/PICH-TPR complex, with the BD1 domain in green and PICH in
gray. (E) Superposition of the BD1 (green) and BD4 (violet) domains of BEND3. (F ) Electrostatic surface representation of the BD1 domain
of BEND3. BD1 lacks features that enable DNA binding by BD4 (Fig. 5B); namely, an open channel lined with basic residues that makes
multiple contacts with DNA. (G) Sequence and secondary structure alignments of the C-terminal regions of the BD1 and BD4 domains of
BEND3. Conserved residues are colored white in the red boxes, and the adoption of α helix, short helix turns (η), and β strand is labeled
above. The dark-blue stars mark positions of residues involved in base-specific interaction in the BD4 domain.
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structural prediction provide valuable tools to explore 3D
structure with unprecedented efficacy (Baek et al. 2021;
Tunyasuvunakool et al. 2021). As predicted structures
for several proteomes are available from EBI (https
://www.alphafold.ebi.ac.uk), we downloaded relevant
Drosophila and human protein models and isolated their
BEN domains. To benchmark these, we compared the pre-
dicted structures of Insv-BEN and BEND3-BD4 with our
determinations from X-ray crystallography. We found
that they overlap well, with minor differences in the dis-
position of BD4 α6 (Supplemental Fig. S9). Therefore,
even though AlphaFold2 is unaware of the cognate DNA
ligands, its predictions of BEN domain structures have
utility for further exploration.
We found that many human BEN domains (including

from NACC1, NACC2, BANP, BEND4, and BEND7)
bore clear similarities in their overall predicted tertiary
structures (Fig. 7A). These BEN domains all contain an

α5 helix and middle loop between α3/α4, and were rela-
tively well superimposed onto our solved Insv-BEN:
DNA complex (Fig. 7B,B′). This strongly suggests a shared
strategy for DNA recognition by BEN domains, as origi-
nally characterized for Drosophila Insv and Bsg25A (Dai
et al. 2013b, 2015). We collectively term these as “type
I” BEN domains, and distinguish them from non-DNA-
binding BEN domains (“type 0”; e.g., BEND3-BD1).
BEND3-BD4 appeared distinct among human BEN do-

mains in bearing a C-terminal loop and α6 helix, but in
fact the BD3 domain of BEND3 also adopts a similar
fold with a central basic channel formed by its C-terminal
helix α5–loop–helix α6 region, and a small loop between
α3/α4 (Fig. 7C).We then considered BENdomains encoded
by other metazoans as well as viruses. Because many of
these are not included in the current EBI AlphaFold data-
base, we used RoseTTAFold (https://robetta.bakerlab.org)
to predict their structures. From this, we recovered

B B′

A

C

D

Figure 7. Distinct strategies for BEN domains to recognize DNA (A) AlphaFold2 predicts that several mammalian BEN domains (type I)
have overall similar structures, including a substantial loop between α helices 3 and 4 and a long α helix 5. (B,B′) Both of these features are
sharedwithDNA-binding contact regions in the Insv-BEN tertiary structure (PDB: 4IX7, in red), indicating that these BENdomains (type I)
likely use similar strategies to interact withDNA. (C ) The BEND3-BD4 domain contains a short loop in theC terminus that produces an α
helix 6 (α6) and provides a channel to load DNA. RoseTTAFold predicts that several other BEN domains (type II) share this short “helix
(α5)–loop–helix (α6)” structure, implying a shared strategy forDNA recognition. (D) Superposition of BEND3-BD4 and other predicted type
II BEN domains predicted by RoseTTAFold.
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additional metazoan BEN domains (e.g., from fugu
SCAF14491 and from sea anemone XP_001633087) and
even viral BEN domains (e.g., from MCV-M036R and
from VACV-E5R) with overall similarity to BEND3-BD4
(Fig. 7D). All of these superimpose fairly well onto
BEND3-BD4, excepting the angle of the very C-terminal
α6 of these BENdomains, whose disposition is slightly dif-
ferent in these predictions due to the preceding loop. We
collectively refer to this distinct subset of BEN DNA-
binding motifs as “type II” BEN domains.

Discussion

BEN domain proteins as an emerging class
of transcription factors

These studies substantially expand our understanding of
DNA binding by mammalian BEN factors. Despite
growing appreciation of the impacts of BEN factors on
chromatin organization and gene expression, there is com-
paratively little knowledge of sequence-specific recogni-
tion by mammalian BEN domains and how this relates
to their genomic occupancy, as there is in Drosophila
(Dai et al. 2013b, 2015; Ueberschär et al. 2019). Such
knowledge is critical to interpret direct regulatory interac-
tions. In this study, we clarify the site preference of
NACC2, which is different from previously reported
(Xuan et al. 2013) but instead quite similar to a motif re-
cently ascribed to NACC1 (Nakayama et al. 2020). We
also provide evidence that the BD4 domain of BEND3
binds DNA specifically and is a major driver for its endog-
enous genomic recruitment. More importantly, we found
that different BEN domains use different strategies to in-
teract with DNA. We propose two subclasses of DNA-
binding BEN domains (Insv-BEN, Bsg25A-BEN, and
NACC-BEN as representatives of type I, and BEND3-
BD4 as a prototype of type II); other BEND domains may
be platforms for protein–protein interaction (type 0; e.g.,
BEND3-BD1). Together with recently available structural
prediction software, these efforts will facilitate functional
interrogation of other BEN proteins in the future.

These data also serve as foundation to dissect themech-
anisms and biology of BEND3. Several previous studies
link BEND3 to gene repression and/or heterochromatin
dynamics (Sathyan et al. 2011; Saksouk et al. 2014;
Khan et al. 2015; Aghajanirefah et al. 2016), but the lack
of knowledge of direct DNA binding activity limits the in-
terpretation of these studies. Strikingly, we located opti-
mal BD4 binding sites at both the previously described
targets (rDNA and CALR) and show that BEND3 can re-
press many other newly identified targets via BD4 sites.
These genes are typical euchromatic genes, but BEND3
was previously suggested as a specific factor for switching
heterochromatic state. While general chromatin factors
are usually studied with respect to heterochromatin dy-
namics, often in self-perpetuating feedback loops (Lauge-
sen et al. 2019), it has also been proposed that sequence-
specific factors could drive locus-specific heterochroma-
tin (Bulut-Karslioglu et al. 2012). BEND3 may be posi-
tioned to play such a role, and may be thematically

related to functions of Drosophila BEN proteins recently
studied with respect to chromatin boundaries and insula-
tors (Fedotova et al. 2018, 2019;Ueberschär et al. 2019). Fi-
nally, our analyses suggest that a viral quad-BEN domain
protein (MCV-M036R) likely uses strategies similar to
those of BEND3 to associate with DNA. As viral genomes
often exploit homologs of cellular factors to hijack or re-
wire host gene expression during their life cycles (Liu
et al. 2020), these findings are likely of relevance to gene
regulation by Molluscum contagiosum virus.

Intersection of BEN factors with other transcriptional
regulatory strategies

The GC-rich binding site of BEND3-BD4 overlaps that of
certain other transcription factors, notably of Wilms’ tu-
mor gene 1 (WT1) (Rauscher et al. 1990) and multiple
members of the early growth response 1–4 (EGR1–4) fam-
ily (Christy and Nathans 1989; Nardelli et al. 1991), all of
which are multi-zinc-finger proteins whose individual
DNA binding domains interact with distinct portions of
the binding site. The BEND3-BD4 site is particularly sim-
ilar to EGR family proteins, which can directly recognize
CGCCCACGCmotifs (Jolma et al. 2013), and inclusion of
EGR sites among the catalog of known DNA binding mo-
tifs (http://jaspar.genereg.net) underlies its recovery in
CentriMo analysis. However, it is clear from this work
that BEND3-BD4 independently recognizes a similar
site via a convergent—and structurally distinct—strategy.
EGR family proteins andWT1 have distinct transcription-
al regulatory effects with, broadly speaking, EGR proteins
involved in transcriptional activation and WT1 as a tran-
scriptional repressor (Go et al. 2019). Since a portion of
EGR binding sites match perfectly to optimal BEND3-
BD4 sites, and such a motif is sufficient to recruit
BEND3 in cells, there may be competing regulatory ef-
fects of BEND3 and EGR factors at individual target sites.
This hypothesis remains to be tested.

There is recent interest in phase-separated liquid drop-
lets in heterochromatin organization (Larson et al. 2017;
Strom et al. 2017; Sanulli et al. 2019; Wang et al. 2019).
This made us wonder whether highly clustered BEND3
might confer distinct regulatory effects. We have previ-
ously shown that BEND3 accumulates in cytologically
visible domains at repeats (Sathyan et al. 2011; Khan
et al. 2015). If BEND3 is recruited to a high local valency
of sites, potentiallywithin tandem repeats that are charac-
teristic of certain heterochromatic loci, it is plausible that
this could trigger condensate formation. Potentially con-
sistent with this is our inference that NACC-BEN do-
mains may be involved in higher-order complexes, as
suggested by a preferred spacing in compound binding
site configurations in SELEX experiments.

Finally, Déjardin and colleagues (Saksouk et al. 2014)
further suggested that BEND3 switches heterochromatic
state, in which it is repelled by 5mC in constitutive het-
erochromatin but binds unmethylated DNA and recruits
PRC2 tomaintain facultative heterochromatin. However,
further mechanistic evaluation was not possible due to a
lack of data on direct binding sites of BEND3.
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Provocatively, BD4 motifs contain CG (Fig. 3A); thus,
BEND3may itself be a methylation-sensitive heterochro-
matin factor. While this work was in preparation, Schüb-
eler and colleagues (Grand et al. 2021) reported that
another mammalian BEN protein (BANP) binds to CG
cores and is a methylation-sensitive transcriptional acti-
vator. Thus, there may be a larger theme of howmamma-
lian gene regulatory networks incorporate BEN domain
proteins as modular factors that can be influenced by
DNA modification as well as drive chromatin dynamics
and structure.

Materials and methods

Expression of recombinant proteins

We used PCR to amplify BEN domains of NACC2 and BEND3
with flanking AscI and Sbf1 restriction sites, and cloned them
into the corresponding sites within the expression construct
pTH6838, a T7 promoter-driven GST expression vector. For gel
shift experiments, the coding region corresponding to human
BEND3 amino acids 546–828 was cloned into a pGEX-5x plasmid
downstream from aGST tag and transformed into the E.coli BL21
strain. Expression of fusion proteins was induced with 0.1 mM
IPTG for 24 h at 18°C. E.coliwere harvested at 4°C and then lysed
with 100 μg/mL lysozyme (Sigma-Aldrich) in NETN buffer (100
mM NaCl, 20 mM Tris, 0.5 mM EDTA at pH 8.0) for 20 min on
ice. The expressed protein was purified with EZview Red gluta-
thione affinity gel (Sigma-Aldrich). Cloning primers are listed in
Supplemental Table S2.

Protein-binding microarray (PBM) analysis

PBMassayswere performed following the procedure described pre-
viously (Lam et al. 2011; Weirauch et al. 2013). Each GST-tagged
protein sample was expressed with PURExpress in vitro protein
synthesis kit (New England Biolabs), and the binding specificity
was analyzed in duplicates on two different double-stranded
DNA microarray designs (HK and ME) with different probe se-
quences. Calculation of 8-mer Z-scores and E-scores was per-
formed as described (Berger et al. 2006). PBM data were generated
with motifs derived using Top10AlignZ (Weirauch et al. 2014).
The PBM data are provided as Supplemental Data Sets S1–S4.

High-throughput (HT-SELEX) analysis

HT-SELEXwasmodified from our previous approach (Jolma et al.
2013) to use glutathione-coated magnetic beads (Sigma-Aldrich
G0924-1ML) in the step where the protein–DNA complexes are
separated from unbound DNA. Otherwise, the assay similarly
used IVT-produced proteins as PBM, and the selection reactions
were carried out in a buffer of 140 mM KCl, 5 mM NaCl, 1 mM
K2HPO4, 2 mM MgSO4, 100 µM EGTA, 1 mM ZnSO4, and
20mMHEPES-HCl (pH 7). After selections, the ligands were am-
plified by PCR and then subjected to Illumina sequencing. Data
analysis was performed as described (Nitta et al. 2015), where au-
tomatic detection of a sequence pattern defining local maxima
was followed by semimanual generation of seeds that were then
used to construct multinomial-1 or multinomial-2 position fre-
quencymatrices for the TF target specificity. The rawHT-SELEX
data are available in the NCBI Short Read Archive (SRA) and Eu-
ropean Nucleotide Archive (ENA) under accession PRJEB49150.

Gel shift assay

The wild-type and mutant BD4 domain probes used were
CTAAACACCCACGCGCCGTGGGTTGTCTT and CTAAAC
CTTTCTACGCTAAAACCTGTCTT, respectively. Comple-
mentary oligonucleotides were annealed using a thermocycler.
For the gel shift assay, 70 ng of each probe and 1 mMGST fusion
protein were mixed and incubated with 10 mMTris (pH 7.4), 100
mMNaCl, and 1 mMMgCl2 for 30 min. The reactions were then
loaded with 6% sucrose and resolved on a 6% nondenaturing
polyacrylamide gel (Thermo Fisher Scientific) at room tempera-
ture using TBE running buffer. The gel was stainedwith ethidium
bromide for 15 min and visualized with UV.

Dual-luciferase reporter assay

To generate reporter constructs for rDNA H41.9 enhancer, 3×
wild-type or mutantH41.9 5′ region was prepared with recursive
PCR and cloned into the HindIII site between theCMV promoter
and firefly luciferase CDS of a pcDNA-luciferase plasmid. To gen-
erate reporter constructs for BEND3 binding sites, BEND3 ChIP-
seq peaks on Tdrd7, Actg1, Znf316, and Cdkn1a gene loci were
amplified and cloned into a pGL3-promoter vector (Promega) be-
tween EcoRI and XhoI sites. The primers are listed in Supplemen-
tal Table S1. To generate the BD4 domain point mutation
construct, nucleotides corresponding to E807, R810, and R814
were replaced with V, L, and L, respectively, by point mutation
cloning. To test BD4 mediated transactivating activity, the cod-
ing region corresponding to human BEND3 amino acids
646∼828 was tagged with a SV40 nuclear localization signal.
The VP16 transactivating domain was then cloned downstream
from BD4.
Transient transfections were performed using Lipofectamine

3000 (Thermo Fisher Scientific) orHieff Trans liposomal transfec-
tion reagent (Yeasen) according to the manufacturer’s instruc-
tions. For each well of a 96-well plate, 35 ng of pGL3 reporter,
80 ng of BEND3 construct (wild type, mutated, or empty), and
5 ng of Renilla plasmid were transfected for 24–48 h before being
lysed for measuring luciferase activity using the dual-luciferase
reporter assay kit (Promega or Vazyme). The relative fold change
in reporter activity of the constructwith the BD4motif relative to
control was calculated from three biological replicates.

ChIP-seq data analysis

BEND3 and IgG control ChIP-seq libraries are described in Kur-
niawan et al. (2022). The raw reads were aligned to the hg38 ge-
nome using Bowtie2 without removing duplicates, which
identified 61,506,063 reads for BEND3 ChIP-seq and 66,692,850
reads for the control set. BEND3 binding peaks were called using
the MACS2 algorithm (version 2.1.1.20160309) with default pa-
rameters (Feng et al. 2012). The resulting 3719 BEND3 binding
peaks were further filtered with the ENCODE blacklist. For de
novo motif discovery or motif mapping, 500 bp flanking the top
1000 summits were sent for analysis using MEME suite (Bailey
et al. 2015). LiftOver was used for reference genome conversion.
SAMtools and Bedtools were used for file processing and format
conversion. IGV softwarewas used to visualize the peaks andmo-
tifs in the genome.

Protein expression and purification

The corresponding DNA sequence of the human BEND3-BD4
domain spanning from715 to 828 residueswas cloned into amod-
ified pRSFDuet-1 vector with a ubiquitin-like protease (ULP1)
cleavage site existing between a preceding 6xHis-SUMO tag
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and the target protein. Proteins were overexpressed in E.coli B834
(DE3) in M9 medium containing selenomethionine. The fusion
proteins were purified by a Ni-NTA affinity column
(GE Healthcare), and the 6xHis-SUMO tag was cleaved by
ULP1 along with dialysis in buffer containing 20 mM Tris (pH
8.0), 500mMNaCl, and 5mM β-mercaptoethanol. After dialysis,
the proteins were reloaded onto a second Ni-NTA affinity col-
umn (GE Healthcare) to remove the cleaved 6xHis-SUMO tag.
The proteins were further purified by chromatography using a
HiTrap Heparin SP column (GE Healthcare), followed by gel fil-
tration on a HiLoad Superdex 75 16/60 column (GE Healthcare).
The final protein sample for crystallization was concentrated to
∼8 mg/mL in buffer containing 20 mM HEPES (pH 6.5), 150
mM NaCl, 5 mM DTT, and 20 mM MgCl2.

BEND3-BD4–DNA complex preparation and crystallization

To generate the BEND3-BD4–DNA complex, a 13-mer DNA
duplex (5′-GGACCCACGCAGC-3′/3′-CTGGGTGCGTCGG-5′)
containing a central binding site was incubated with human
BEND3-BD4 (715–828) in a 1:1.5 molar ratio for 1 h on ice. The
13-mer DNA duplex (purchased from Sangon Biotech) was puri-
fied by ethanol precipitation, annealed for 5 min at 95°C, and
cooled for 30 min on ice before incubation with human
BEND3-BD4 (715–828) protein. Crystals of the BEND3-BD4–
DNA complex were obtained under 0.1 M BIS-TRIS (pH 6.5)
and 25% PEG3350 conditions. The crystals were directly flash-
frozen in liquid nitrogen for data collection.

Structure determination

All X-ray diffraction data for the BEND3-BD4–DNA complex
were collected at 100K on beamline BL19U1 at the Shanghai Syn-
chrotron Radiation Facility (SSRF) and processed with HKL2000
(HKL Research). The space group used was C2221. We solved
the tertiary structure of the BEND3-BD4–DNA complex by mo-
lecular replacement using the Insv-BEN(251-365)–DNA complex
(PDB: 4IX7) as a search model. Then, the model was manually
built and adjusted using the program Coot (Emsley et al. 2010),
followed by refinement of the structure with PHENIX (Adams
et al. 2002). The Rwork and Rfree of the final model were 0.16
and 0.19, respectively. There was one molecule of the BEND3-
BD4–DNA complex in the asymmetric unit (ASU). Each DNA
duplex molecule bound to one protein molecule. The crystallo-
graphic statistics of X-ray data collection and refinement are list-
ed in Table 1.

Data access

The protein binding microarray (PBM) data and statistics are pro-
vided as Supplemental Data Sets S1–S4. The raw HT-SELEX data
are available in theNCBI Short ReadArchive (SRA) and European
Nucleotide Archive (ENA) under accession PRJEB49150. The co-
ordinates of the BEND3-BD4:DNA complex were deposited in
the RSCB Protein Data Bank (PDB) under accession 7W27. The
GEO accession number for BEND3 ChIP-seq data is GSE151235.
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