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The SWltch/Sucrose Non-Fermenting (SWI/SNF) complexes are evolutionarily con-
served, ATP-dependent chromatin remodelers crucial for multiple nuclear functions
in eukaryotes. Recently, plant BCL-DOMAIN HOMOLOG (BDH) proteins were
identified as shared subunits of all plant SWI/SNF complexes, significantly impacting
chromatin accessibility and various developmental processes in Arabidopsis. In this
study, we performed a comprehensive characterization of bdh mutants, revealing the
role of BDH in hypocotyl cell elongation. Through detailed analysis of BDH domains,
we identified a plant-specific N-terminal domain that facilitates the interaction between
BDH and the rest of the complex. Additionally, we uncovered the critical role of the
BDH f-hairpin domain, which is phylogenetically related to mammalian BCL7 SW1/
SNF subunits. While phylogenetic analyses did not identify BDH/BCL7 orthologs in
fungi, structure prediction modeling demonstrated strong similarities between the SW1/
SNF catalytic modules of plants, animals, and fungi and revealed the yeast Rtt102 pro-
tein as a structural homolog of BDH and BCL?7. This finding is supported by the ability
of Rtt102 to interact with the Arabidopsis catalytic module subunit ARP7 and partially
rescue the bdh mutant phenotypes. Further experiments revealed that BDH promotes
the stability of the ARP4-ARP7 heterodimer, leading to the partial destabilization of
ARP4 in the SWI/SNF complexes. In summary, our study unveils the molecular function
of BDH proteins in plant SWI/SNF complexes and suggests that p-hairpin-containing
proteins are evolutionarily conserved subunits crucial for ARP heterodimer stability and

SWI/SNF activity across eukaryotes.

SWI/SNF | chromatin | remodeling | Arabidopsis

Chromatin, the association of DNA with histones, enables strong genome compaction
in eukaryotic nuclei and participates in numerous nuclear processes such as transcription,
replication, repair, and recombination. The basic unit of chromatin is the nucleosome,
where 147 base pairs of DNA are wrapped around a histone octamer composed of
H2A-H2B dimers and an H3-H4 tetramer (1, 2). These nucleosomes facilitate chromatin
compaction and reduce accessibility for DNA-binding proteins, thereby influencing their
ability to reach their targets (3). Additionally, nucleosomes can incorporate various histone
posttranslational modifications and histone variants, fine-tuning their properties and acting
as key nuclear signaling elements recognized by diverse histone readers, which transduce
this information into specific outputs (4). Therefore, controlling nucleosome positions
and modifications is central to most nuclear processes, making their remodeling essential
for precise genome function.

Among the various regulators of chromatin remodeling, ATP-dependent chromatin
remodelers are critical for controlling nucleosome positioning and occupancy (5). These
complexes utilize the energy from ATP hydrolysis to alter the interaction between DNA
and histones, participating in nucleosome maturation, sliding, ejection, and composi-
tion (5). Consequently, their activity directly influences DNA accessibility, impacting
diverse nuclear processes that require a DNA template. The SWIltch/Sucrose
Non-Fermenting (SWI/SNF) remodelers are an evolutionarily conserved family that
play key roles in multiple processes, including the regulation of responses to internal
and external signals and cell differentiation (6, 7). In plants, SWI/SNF complexes
participate in multiple nuclear processes, such as transcription, DNA repair, gene silenc-
ing, and response to diverse signaling pathways (6, 8). Consequently, mutants in SW1/
SNF components exhibit strong developmental defects, impaired growth, and altered
stress responses (8—10).

The SWI/SNF family forms modular complexes with multiple subunits, assembled
into functionally distinct configurations known as subclasses, defined by signature subunits
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chromatin remodeler formed by
multiple subunits and involved

in the control of chromatin
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homology to the BCL7 SWI/SNF
subunit in animals. Plants lacking
BDH show multiple
developmental defects, including
longer hypocotyls. Although BDH
does not share sequence
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that BDH and Rtt102 share
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roles, suggesting that this subunit
is conserved across eukaryotes.
Furthermore, through
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of BDH and its domains, we
uncovered a role in promoting
the stability of the complex’s
catalytic module.
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(6, 11, 12). In yeast, two main subclasses have been identified:
RSC and SWI/SNE while in mammals, there are three distinct
assemblies known as BAF, PBAF, and ncBAF (5, 6, 13). Recent
studies in plants have revealed the composition of three distinct
subclasses: BRM-associated SWI/SNF complex (BAS), SYD-
associated SWI/SNF complex (SAS), and MINU-associated SW1/
SNF complex (MAS) (9, 10, 12, 14). All these subclasses evolved
from a common ancestral SWI/SNF form (12) to meet the specific
requirements of different organisms, highlighting their adaptive
functions across a diverse range of species. Despite this subclass
divergence, a common feature of all SWI/SNF complexes is
their catalytic module, which incorporates a Snf2-like SWI/SNF
ATPase and a heterodimer of ACTIN (ACT) and/or ACTIN-
RELATED PROTEINSs (ARP), which interact with the helicase-
SANT-associated (HSA) domain of the ATPase (Snf2%) (11, 15-17).
Although the ATPase alone can remodel chromatin in vitro,
interaction with an ACT-ARP heterodimer significantly enhances
its remodeling activity (18). Notably, this ACT-ARP-Snf2"*
assembly is conserved in other ATP-dependent chromatin remod-
elers like INO80 and SWRI and the histone acetyltransferase
NuA4 (19, 20). Additionally, in animals, the catalytic module of
SWI/SNF complexes includes an additional subunit known as B
cell lymphoma/leukemia protein 7 (BCL7), which is strongly
implicated in cancer and is thought to assist the activity of the
complex, possibly through its interaction with the ATPase and
the nucleosome (11, 21-23). On the other hand, fungi incorpo-
rate the Regulator of Ty transposition protein 102 (Rtt102)
protein into their SWI/SNF-RSC catalytic modules, which inter-
acts with the Arp7/Arp9 heterodimer and promotes its compaction,
enhancing the remodeling activity of the complex (17, 18, 24).
However, no phylogenetic relationship has been found between
animal BCL7 and fungal Rtt102, which are considered kingdom
specific. Moreover, to our knowledge, no functional connection
between them has been identified. More recently, immunoprecip-
itation followed by mass spectrometry (IP-MS) experiments iden-
tified the BCL-DOMAIN HOMOLOG (BDH) proteins (a.k.a.
BCL7) in plants (9, 10, 12, 25). This was shown to interact with
the catalytic module of the BAS complex, together with BRM,
ARP4, and ARP7, likely through interaction with the BRM
ATPase (26, 27). Furthermore, 6d4h mutants were shown to alter
plant development and chromatin accessibility over hundreds of
genes (9, 26, 27). BDH proteins are conserved across plants and
contain an evolutionary conserved domain found in protozoan
and metazoan proteins, including mammalian BCL7 (12), sug-
gesting functional conservation. Importantly, no orthologs of
BCL7 or BDH have been found in fungi (12), suggesting their
loss upon divergence of animals and fungi. Apart from this con-
served region, no other domains have been reported in BDH.
In this study, we performed a comprehensive characterization
of BDH proteins in Arabidopsis, uncovering an evolutionary
connection with animal and fungal SWI/SNF subunits. We
thoroughly analyzed b4/ mutants, revealing the role of BDH
proteins as negative regulators of cell elongation in hypocotyls.
Furthermore, we conducted a detailed functional analysis of con-
served BDH domains, identifying two important domains for
BDH interaction with the complex. Structural modeling revealed
a strong connection between plant BDH, animal BCL7, and
fungal Ret102, despite the lack of sequence conservation of the
latest. The functional conservation of Rtt102 and BDH was fur-
ther supported by the Ret102 ability to interact with Arabidopsis
ARP7 and partially complement b4/ mutants. In vivo studies
showed that BDH stabilizes the ARP4-ARP7 heterodimer, result-
ing in a partial loss of ARP4 protein in the BDH-depleted SW1/
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SNF complexes, providing a mechanistic explanation for the
phenotypic and molecular defects observed in the absence
of BDH.

Results

BDH Affects Plant Development and Hypocotyl Elongation.
The Arabidopsis genome contains two BDH paralogs, BDH1
and BDH2, and T-DNA insertion mutants have been recently
identified for these genes (9, 26). Consistent with recent reports,
bdh1 and bdh2 single mutants had a wild-type (WT) appearance
whereas double 6dh1/bdh2 mutants (from now on bdh mutants)
exhibited significant developmental defects, indicating functional
redundancy between BDH proteins in Arabidopsis (S/ Appendix,
Fig. S1A4). The bdh mutants presented smaller rosettes with
curled leaves and an early flowering phenotype in both long- and
short-day conditions (S7 Appendix, Fig. S1 A-E and Dataset S1).
Additionally, the 6dh mutants formed flowers with an increased
number of petals compared to WT plants, although this occurred
with low frequency (S7 Appendix, Fig. S1F). Furthermore, these
mutants had shorter siliques that produced fewer seeds, with the
severity of this phenotype varying, as siliques of different sizes
were found on the same stem (S Appendix, Fig. S1 G and H and
Dataset S1).

We also found that 64/ mutants presented longer hypocotyls in
different light conditions (continuous light, long-, and short-days)
(Fig. 14 and Dataset S2), as well as under a gradient of light intensities
and qualities (white light and blue, far-red, and red monochromatic
lights) (87 Appendix, Fig. S2 A-D and Dataset S3). Furthermore,
etiolated hypocotyls, which germinate and grow in darkness, also
showed more elongated hypocotyls, suggesting that BDH affects
hypocotyl elongation mechanisms independent of light (Fig. 14,
SI Appendix, Fig. S2 A-D, and Datasets S2 and S3). Measurements
of hypocotyl cell number and length revealed that the longer hypo-
cotyl of bdh mutants was due to an increase in cell length throughout
the entire hypocotyl (87 Appendix, Fig. S2 E and F and Dataset S3).
'This suggests that BDH negatively regulates hypocotyl cell elongation
rather than affecting cell division. To further gain information about
the impact of BDH on etiolated hypocotyl growth, we performed a
time-course experiment analyzing the growth of WT and bd) etio-
lated hypocotyls during the first 10 d after germination in the dark.
Results showed that the &dh hypocotyls grew at a same speed than
WT until the 4th day after which b4 continued growing at a faster
rate for two additional days (Fig. 1B and Dataset S2). To shed light
into the processes altered in the bdh mutant that led to increased
hypocotyl elongation, we performed an RNA-seq experiment com-
paring 5-d-old WT and b4} etiolated seedlings. Differential expres-
sion analyses indicated hundreds of differentially expressed genes
(DEGs) that were up- or down-regulated (1,100 and 856, respec-
tively, |Fold change| > 1.5, p.adj < 0.05) (Fig. 1Cand Datasets S4 and
§8). An analysis of enriched gene ontologies revealed several categories
overrepresented in bdh mutants like “Suberin biosynthetic process”
and  “Glucosinolate/glycosinolate/S-glycoside  catabolic ~ process”
(ST Appendix, Fig. S3A and Dataset S5). Interestingly, the “Xyloglucan
metabolic process” category was also highly enriched due to the upreg-
ulation of 14 Xyloglucan endotransglucosylase/hydrolase (XTH) genes
in the bdh mutant (Fig. 1D, SI Appendix, Fig. S3B, and Datasets S5
and S6). XTHs are key enzymes controlling the arrangement of the
cell wall and play an important role in promoting cell elongation (28)
and, therefore, their general upregulation could explain the bdb elon-
gated hypocotyls in the dark. Since this phenotype was also found in
light-grown bdh seedlings, we searched for upregulation of X7H genes
in a published RNA-seq comparing light-grown bdh and WT
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Fig. 1. BDH affects plant development and hypocotyl elongation. (A) Hypocotyl length measurements of 7-d-old Col-0 and bdh under Continuous Light (CL), 16 h
light/8 h dark (LD), 8 h light/16 h dark (SD), and darkness (D) conditions (n = 28 to 63). Error bars represent Mean + SEM. Asterisks denote statistically significant
differences between mean values, as assessed by Student’s t test (***P < 0.001). Two independent biological replicates were conducted with similar results
(Dataset S2, Replicate 2). (B) Time course analysis of hypocotyl length in Col-0 and bdh mutant in darkness. Error bars represent Mean + SEM, n = 38 to 64. Two
independent biological replicates were conducted with similar results (Dataset S2, Replicate 2). Student's t test (*P < 0.05, ***P < 0.001, n.s., not significant). (C)
Volcano plot showing differential expression between 5-d-old bdh and WT seedlings grown in darkness determined by RNA-seq. Genes showing an adjusted
P-value (p.adj) lesser than 0.05 and an absolute fold change over 1.5 were considered as DEGs. (D) Venn Diagram showing the overlap between up-regulated
DEGs detected in etiolated (this work) and light-grown (9) bdh mutants, depicting the XTH genes present in each set and the overlap between them.

seedlings (9) (Datasets S7 and S8). Notably, nine X7H genes were
also up-regulated in this condition being five commonly up-regulated
in dark and light (Fig. 1D and Dataset S6). A visual inspection of a
published BDH1 and BDH2 ChIP-seq in light-grown seedlings (10)
indicated that these shared X7Hs are direct SWI/SNF targets
(SI Appendix, Fig. S3C). Interestingly, the overall overlap of DEGs in
the light and dark RNA-seq experiments was not very high indicating
that BDHs are generally mobilizing distinct transcriptomes in the
different growth conditions (87 Appendix, Fig. S3D and Datasets S8
and S9). In summary, these results suggest that BDHs act as negative
regulators of hypocotyl elongation possibly through the repression of
XTH genes. Future studies will further investigate the functional con-
nection between SWI/SNF complexes and X7H expression.

Functional Dissection of Conserved BDH Domains. BDH proteins
were initially identified through a series of IP-MS experiments
in plants using distinct SWI/SNF subunits as baits (9, 12, 14,
25, 26). However, a comprehensive analysis of BDH domain
composition and their function remains unreported. Recently,
we reported the evolutionary conservation of BDH, identifying
homology between a BDH region, here named BCL domain,
and a region in the mammalian SWI/SNF subunit BCL7 (12)
(Fig. 24 and SI Appendix, Fig. S4A). Structural prediction analyses
using AlphaFold2 (29) for Arabidopsis BDH and Human BCL7
indicated the formation of two antiparallel p-sheets (-hairpin)
in these conserved regions (Fig. 2B and ST Appendix, Fig. S4B).
Furthermore, detailed phylogenetic analysis across multiple
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plant species revealed a conserved domain in the most amino-
terminal (N-term) region of BDH proteins, which we named
N domain (S/ Appendix, Fig. S5 and Dataset S10). However,
structural modeling did not reveal any specific fold in this region
(Fig. 2B and SI Appendix, Fig. S4B). Interestingly, despite the
lack of sequence conservation, structural modeling predicted a
conserved downstream alpha-helix fold across multiple plant
species, named Alpha domain (Fig. 2B and SI Appendix, Fig. S4
Band C). Downstream of this domain, sequence conservation is
very low even among paralogs (S Appendix, Fig. S5). An analysis
using DISOPRED?3 (30) predicted that the identified domains
are ordered regions within overall disordered domains in BDH1
(SI Appendix, Fig. S4D).

To perform in vivo functional studies of BDH1, we generated
a 3xFLAG-tagged BDH1 construct driven by its own promoter
and expressed it in bdh 1 single mutants. The resulting transgenic
lines were used to profile the BDH1 interactome and genomic
targets in inflorescences via IP-MS and ChIP-seq, respectively.
Using BDH1-3xFLAG as bait allowed the purification of all
subunits from the three described SWI/SNF subclasses, con-
firming that BDH1 is a common SWI/SNF subunit and sug-
gesting that the generated 3xFLAG-tagged BDHI1 transgene
was correctly incorporated in the complexes (ST Appendix,
Fig. S64 and Dataset S11). Notably, the subunits identified
were consistent with those found in similar experiments per-
formed in seedlings (9, 27), indicating subunit conservation in
the three SWI/SNF subclasses across tissues. Furthermore, as
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Fig. 2. Functional dissection of conserved BDH domains. (4) Schematic representation of the full-length BDH1 protein, depicting the three studied domains:
N-domain (brown), BCL domain (orange; the conserved BCL domain (continuous black line) is separated in BDH1 by a nonconserved sequenced (dotted line)),
and Alpha domain (green), and the truncated BDH1 versions depicting the first and last amino acids removed in each deletion. (B) Prediction of the BDH1 protein
structure by AlphaFold2, highlighting the different protein domains following the color scheme described in panel A. (C) Pictures of representative 3-wk-old
plants of the labeled backgrounds: WT, bdh double mutant, full-length BDH1-3xFLAG (BDH1), N-term-deleted BDH1-3xFLAG (AN), and BCL-deleted BDH1-3xFLAG
(ABCL). (D) Length of the widest measured rosette diameter of the labeled backgrounds in 28-d-old plants grown in long-day conditions. (E) Number of total
rosette and caulinar leaves after bolting in the labeled backgrounds. For (D) and (E), the different letters indicate significant differences (P < 0.05), as determined
by ANOVA with Tukey's post hoc test. Error bars represent Mean + SEM n = 22 to 24. Two independent biological replicates were conducted with similar results
(Dataset S16, Replicate 2). (F) Volcano plot depicting the log2 fold change (AN/BDH1 and ABCL/BDH1) of the intensities of all the SWI/SNF subunits enriched after
IP-MS experiments using the AN, ABCL, and BDH1 transgenic lines. (G) Volcano plot depicting the log2 fold change (AN/BDH1) of the intensities of all the SWI/
SNF subunits enriched after IP-MS experiments using the AN and BDH1 transgenic lines. BAS-, MAS-, and SAS-specific SWI/SNF subunits, as well as those shared
in two or three subclasses are depicted in green, orange, purple, and gray, respectively. (Fand G) The x axis depicts log2 fold change of average intensities of IP
experiments. The Y axis depicts significance -log10 P-value.
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expected for a pan-SWI/SNF subunit, ChIP-seq results revealed
thousands (14265) of BDHI targets distributed across the
genome in inflorescences (Datasets S12 and S14). A comparison
with a previously published BDH1 ChIP-seq in light-grown
seedlings (10) (Datasets S13 and S14) showed a strong overlap
of BDHI1 targets, indicating that SWI/SNF remodelers share a

https://doi.org/10.1073/pnas.2413346122

large proportion of targets across tissues (S/ Appendix, Fig. S6B
and Dataset S14). In line with this result, BDH1 colocalized
with the three SWI/SNF ATPases in plants -MINU, BRM, and
SYD- over the same genic region and across thousands of genes,
despite these ATPase ChIP-seqs were done in light-grown seed-
lings (10) (SI Appendix, Fig. S6C).
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To examine the roles of the BCL, N, and Alpha domains in
BDH protein function, we generated BDH1 deletion mutants
(Fig. 24) and tested their ability to rescue the bdh mutant pheno-
types. For the BCL domain, we removed its most conserved
region, expected to disrupt the N-proximal p-sheet and prevent
B-hairpin formation (Fig. 2 A and B and S/ Appendix, Figs. S4 A
and Band S5). For the N domain, we deleted the entire conserved
region, while for the Alpha domain, we removed the segment
predicted to form an alpha helix in BDH1 (Fig. 24 and
SI Appendix, Figs. S4 B and C and S5). Next, we expressed
3xFLAG-tagged full-length BDH1 driven by its own promoter,
as well as 3xFLAG-tagged BCL-, N-, and Alpha-domain-deleted
BDHI1 transgenes (from now on ABCL, AN, and AAlpha, respec-
tively) in bdh mutants. Importantly, the BDH1-3xFLAG genomic
fragment was able to rescue all b/ mutant phenotypes (Fig. 2,
SI Appendix, Fig. S7, and Datasets S15 and S16). The deletion of
BDHI1 domains did not negatively affect protein accumulation,
as the characterized lines expressed similar or slightly increased
BDHI levels compared to full-length BDH1 (87 Appendix,
Fig. S7A4 and Dataset S15). Notably, AAlpha fully rescued defects
in silique length in T1 plants and etiolated hypocotyl length in
T2 plants to the same extent as full-length BDH1-expressing
plants (S Appendix, Fig. S7 Band Cand Dataset S15), suggesting
no critical function of this domain under the tested conditions.
Interestingly, AN expression partially rescued these phenotypes,
while ABCL failed to complement the mutant (S Appendix,
Fig. S7 B and C and Dataset S15). Based on these findings, we
focused on the study of AN and ABCL as relevant regulators of
BDHLI activity. A more comprehensive characterization of these
lines in T3 generation, including their ability to rescue other phe-
notypes like rosette size and flowering time, showed that AN and
ABCL were partially and fully required for BDH1 function (Fig. 2
C-E and Dataset S16). Further analysis of hypocotyl length in
various light conditions (CL, LD, SD, and darkness) and expres-
sion of XTH genes in etiolated seedlings revealed that ABCL failed
to rescue the mutant phenotype or X7H expression under any
condition, whereas AN lines showed varying degrees of comple-
mentation being more effective in complementing hypocotyl
growth in CL and darkness compared to LD and SD (S Appendix,
Fig. S8 A~H and Dataset S17).

We hypothesized that the N and BCL domains could be medi-
ating BDH1’s interaction with the SWI/SNF complex. Thus, we
performed IP-MS experiments using two independent full-length
BDHI, AN, and ABCL transgenic lines. Full-length BDHI in
the bdh mutant recovered subunits from all three SWI/SNF sub-
classes (SI Appendix, Fig. S7D and Dataset S18). Notably, ABCL
failed to copurify SWI/SNF subunits, highlighting its requirement
for complex interaction and explaining the lack of complementa-
tion in ABCL lines (Fig. 2F and Dataset S18). Conversely, AN
recovered all three complexes, though with reduced efficiency,
indicating an important, albeit not critical, role for the N domain
in BDH complex interaction (Fig. 2 F and G and Dataset S18).
This observation aligns with the partial ability of AN plants to
complement the 64/ mutant. Interestingly, the reduced interaction
was slightly more pronounced for the BAS and SAS subclasses
compared to the MAS subclass (Fig. 2G and Dataset S18).

The B-Hairpin Fold Is an Evolutionary Conserved ACTIN/ARP
Interacting Module in SWI/SNF Complexes. Plant BDH and
mammal BCL7 proteins exhibit sequence homology within the
BCL domain, sharing a similar p-hairpin fold as indicated by their
predicted structures (S/ Appendix, Fig. S4 A and B). However, no
additional structural comparisons have been done between these
proteins in the context of the complex. Interestingly, yeast SW1/
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SNF catalytic modules incorporate a subunit known as Ret102
(17), which, despite lacking sequence homology with BDH or
BCL7 (12), forms a P-hairpin fold that is reminiscent of the
predicted folds of BDH1 and BCL7A BCL domains (S Appendix,
Fig. S9 A and B). The crystal structure of Rtt102 in complex with
the ATPase (Snf2) HSA domain and the Arp7/Arp9 heterodimer
(PDB 4I6M) revealed the molecular mechanism of the interaction
between these subunits (17). In the resolved complex, the HSA
domain is formed by a long alpha helix which extensively interacts
with the ARP heterodimer (Arp7/Arp9) through a central cleft
and Rtt102 B-hairpin is positioned in one side of the complex
and contacts both ARPs (Fig. 34, SI Appendix, Fig. S9C, and
Dataset S19). Strikingly, structural modeling with AlphaFold-
Multimer (31) of the Arabidopsis and Human SWI/SNF catalytic
modules, including BDH1 and BCL7A, respectively, together
with their corresponding ACTIN/ARP heterodimers, and
ATPase HSA domains (Arabidopsis MINU1 and Human BRG1),
resulted in a complex structure resembling the one reported in
yeast (Fig. 3 A-C, SI Appendix, Fig. S9 C-E, and Dataset S19).
The Arabidopsis and Human predicted models showed good
prediction values both at the per-residue (pLDDT score) and at
the complex level (PAE, pTM, and ipTM scores) (SI Appendix,
Fig. S10 A and B). Furthermore, we carried out structural
alignments of the experimental yeast complex structure with
the predicted AlphaFold-multimer models for the Arabidopsis
complex structures, which confirmed very little deviation of the
position of the alpha carbons of the models compared to the
experimental structure (SI Appendix, Fig. S10C). Like in the yeast
complex, the predicted structures show that BDH1 and BCL7A
f-hairpins are positioned in a cleft between the ACTIN/ARP
heterodimer (Fig. 3 A-C). The interactions established between
these B-hairpins with their respective ACTIN/ARDPs are supported
by a hydrogen bond network and hydrophobic interactions similar
to those described in the yeast complex (S Appendix, Fig. S9 F-H).
Furthermore, supporting their conservation, structural alignments
of the predicted BDH1 and BCL7A B-hairpins showed a very
strong overlap and relative position of the side chains of conserved
key amino acids (S Appendix, Fig. S91). Similarly, BDH1 and
Ret102 alignments predicted a conservation of the overall fold
and side chain positions (SI Appendix, Fig. S9]). Notably, there
is an equivalent interaction network between B-hairpins and
ACTIN/ARPs where conserved tryptophans in the p-hairpins of
Ree102, BDHI, and BCL7A, similarly interact with a proline
present in one of the two ACTIN/ARP subunits (Arp9, ARP7,
and ACTB, respectively) (Fig. 3 D—F). To experimentally validate
these predictions, we performed Co-IP experiments to test the
ability of BDHI1 to interact with ARP4 and ARP7. As expected,
using BDH1 as bait allowed to recover both ARP7 and ARP4
when expressed together (Fig. 3G and Dataset $20). Interestingly,
BDHI1 was able to interact specifically with ARP7 while no
interaction was detected with ARP4 when expressed separately
(SI Appendix, Fig. S11 and Dataset S21). The conservation of
the tryptophan—proline interaction across organisms (Fig. 3 D—
F) suggests its crucial role in mediating the interaction between
the B-hairpin-containing proteins and ACT/ARP. To investigate
this, we mutated the two conserved tryptophans in BDHI1
(W28 and W77) that are predicted to interact with ARP7
(Fig. 3E). We substituted tryptophans with glycines, as glycine’s
small, nonaromatic structure removes the bulky side chain and
hydrophobic interactions provided by tryptophan, allowing us to
directly assess the impact of losing these stabilizing features on the
protein—protein interaction. Notably, ColP experiments revealed
that these mutations significantly weakened the BDHI1-ARP7
interaction (Fig. 3H and Dataset $20), supporting the functional
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Fig. 3. The p-hairpin fold is an evolutionary conserved ACTIN/ARP interacting module in SWI/SNF complexes. (A) Representation of the crystal structure (416M)
of the Saccharomyces cerevisiae SWI/SNF catalytic module depicting Arp7-Arp9-Snf2"5A-Rtt102. (B and () Representation of the predicted model of Arabidopsis
ARP4-ARP7-MINU1"*A-BDH1 (B) and Human ACTL6-ACTB-BRG1"**-BCL7A (C) catalytic modules. Detail of the tryptophan-proline interaction network observed
between (D) Rtt102 and Arp9, (F) BDH1-ARP7, and (F) BCL7A-ACTB. (G) In vivo coimmunoprecipitation (ColP) of transiently expressed BDH1-FLAG, ARP7-HA, and
ARP4-Myc. BDH1-FLAG was IP using FLAG antibody and results were observed using anti-FLAG, anti-HA and anti-Myc antibodies. One representative replicate
from two independent experiments is depicted. (H) In vivo ColP of transiently expressed BDH1-FLAG, mutated BDH1-W28G/W77G-FLAG (W/G-FLAG), and ARP7-
HA. BDH1-FLAG or W/G-FLAG were IP using FLAG antibody and results were observed using anti-FLAG and anti-HA.

importance of the tryptophan—proline interaction network.
Consistent with the modeled N-term structure of BDH1 when
calculated alone (Fig. 2B), modeling of the BDH1 N-term region
(amino acids 1 to 23) in the complex only predicted a hydrogen
bond interaction between the amino acid T22, proximal to the
B-hairpin, and K347 from ARP7, while the rest of the domain
could not be modeled (S7 Appendix, Fig. S12 A and B). Thus,
experimental validation is needed to shed light on the structure
and interaction network of the N-term region with other SWI/
SNF subunits. This information will be important to understand
the impact of the N domain in the ability of BDH1 to interact with
the complex. In summary, these results suggest the evolutionary

https://doi.org/10.1073/pnas.2413346122

conservation across eukaryotes of the SWI/SNF catalytic module
structure and composition.

Yeast Rtt102 Is A Distant Functional Homolog of Plant BDH
proteins. To further explore the evolutionary conservation
between BDH1 and Ret102 proteins, we investigated whether
Rtt102 could functionally replace BDH in plant cells. Structural
modeling predicted the Rec102 f-hairpin would interact with plant
ARPs similarly to BDH1-ARP interactions (S] Appendix, Fig. S13
Aand B). We expressed a 3xFLAG-tagged plant codon-optimized
Rtt102 protein (Dataset $22) under the control of the constitutive
UBIQUITIN 10 promoter (pUBQ10) in bdh mutants and assessed
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its ability to rescue bdh mutant phenotypes. As a control, BDH1
was also expressed under the pUBQI0 in the bdh mutant. Both
proteins were properly expressed in T1 plants (ST Appendix,
Fig. S13C and Dataset $23). Interestingly, T1 plants expressing
Ree102 slightly rescued some bdh phenotypes like the silique
defects (Fig. 44 and Dataset S24). Remarkably, four independent
T2 lines expressing Rtt102 showed an almost complete rescue
of the etiolated hypocotyl length defects, similar to full-length
BDHI1 complementation (Fig. 4B and Dataset S24). However,
the rescue of other mutant phenotypes, such as rosette size, leaf
shape, and flowering time, was significantly reduced (Fig. 4 C
and D, SI Appendix, Fig. S13D, and Datasets S23 and S24). We
hypothesized that the weaker complementation by Rtt102 could

be due to its reduced affinity for plant ARP proteins. Supporting
their functional conservation, Ret102 specifically interacted with
ARP7, although the interaction was weaker than that of BDH1-
ARP7, providing a molecular explanation for the partial rescue
of bdh mutant phenotypes (Fig. 4F and Dataset $24). Overall,
these data support the functional conservation between Ret102
and BDHI1 despite their lack of sequence conservation.

BDH Promotes ARP Heterodimer Stability. The predicted position
of BDHI1 between the two ARP proteins in the catalytic module
suggested that it could promote ARP heterodimer interaction. To
test this hypothesis, we conducted Co-IP experiments between ARP4
and ARP7 in the presence and absence of BDHI1. Notably, the
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Fig. 4. Yeast Rtt102 is a distant functional homolog of plant BDH proteins. (A) Measurement of silique length from the main inflorescence of Col-0, bdh, and
T1 plants expressing pUBQ10::BDH1-6xHA (UB-BDH1) and pUBQ10:Rtt102-3xFLAG (UB-Rtt102), n = 9 to 15. (B) Hypocotyl length measurements of 7-d-old
etiolated seedlings of Col-0, bdh, and four independent T2 populations from UB-BDH1 and UB-Rtt102 lines, n = 40 to 42. (C) Diameter of the rosettes of 28-d-old
plants from Col-0, bdh, and two independent T2 populations from UB-BDH1 and UB-Rtt102 lines grown under long-day conditions, n = 20 to 23. For (A-C), the
different letters indicate significant differences (P < 0.05), as determined by ANOVA with Tukey's post hoc test. Error bars represent Mean + SEM. (D) Top view
of representative 3-wk-old Col-0, bdh, and two independent T2 plants expressing UB-BDH1 and UB-Rtt102. (Scale bar: 1 cm.) (E) In vivo coimmunoprecipitation
(ColP) of transiently expressed BDH1-FLAG, Rtt102-FLAG, ARP7-HA, and ARP4-Myc. BDH1-FLAG and Rtt102-FLAG were IP using FLAG antibody and results were
observed using anti-FLAG, anti-HA, and anti-Myc antibodies. Two replicates of the same ColP experiment are shown.
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results showed that ARP4 was more efficiently immunoprecipitated
by ARP7 when BDHI1 was present, suggesting that BDH1
promotes ARP heterodimer formation or stability (Fig. 54 and
Dataset S25). Next, we investigated whether this effect on ARP
heterodimer impacted the overall complex composition. To address
this, we generated transgenic plants expressing 6xHA-tagged
BAFG60B, a core subunit shared by all plant SWI/SNF subclasses,
in both WT and b4/ mutant backgrounds and performed IP-MS
experiments using BAF60B-6xHA as bait. As anticipated for a
plant pan-SWI/SNF subunit, BAF60B isolated subunits from all
SWI/SNF complexes (Fig. 5B and Dataset S26). Importantly, a
significant loss of ARP4 protein was observed when BAF60B was
immunoprecipitated in the 6dh mutant background compared
to a similar experiment in WT plants (Fig. 5C and Dataset $26).
Together with our previous findings, this result supports a model
where BDHs promote ARP heterodimer stability, resulting in
ARP4 becoming less stable or less incorporated into the complex.
This selective loss of ARP4 could explain the molecular and
phenotypical defects observed in the bdh mutant (9, 26, 27) (Fig. 1
and S Appendix, Figs. S1 and S2).

Interestingly, we observed a modest increase in the abundance
of MAS-specific subunits when BAF60B was immunoprecipitated
in the bdh mutant compared to the WT. In contrast, the BAS- and
SAS-specific subunits remained unchanged or showed a slight
decrease (Fig. 5C). This increase in MAS-specific subunit abun-
dance corresponded with the higher expression of some of these
subunits in the bdh mutant (S] Appendix, Fig. S14A). Noteworthy,
previous transcriptomic analyses in inflorescences showed that
multiple MAS-specific subunits, and not BAS- or SAS-specific
subunits, become up-regulated in the MAS-specific pfand minu
mutants (14). Using published RNA-seq data (9), we confirmed
this trend in seedlings of minu (MAS-specific mutant) and b6dh
mutants, whereas brm (BAS-specific) nor syd (SAS-specific)
mutants did not show such feedback regulation (S/ Appendix,
Fig. S14B). This indicates that this transcriptional response is
uniquely related to MAS subclass malfunction. Thus, the slight
increase in MAS subunit accumulation upon BAF60B immuno-
precipitation in the bdh mutant likely reflects impaired function
of the MAS complex as a consequence of BDH depletion.

Discussion

Decades of research on SWI/SNF chromatin remodelers in animal
and fungal models have provided a thorough understanding of the
distinct complex subclasses and their subunits (5, 6). Recent studies
in plants have confirmed the presence and composition of three plant
SWI/SNF subclasses and their equivalence to animal and fungal
complexes (9, 10, 12, 14). However, the functions of these plant
subclasses and their subunits are only beginning to be understood.

In this work, we characterized the BDH subunit, recently iden-
tified as a common component of all three plant subclasses and
proposed as a distant ortholog of animal BCL7 proteins (9, 10,
12). We conducted a comprehensive phenotypical characterization
to determine the processes affected by the absence of BDH pro-
teins. Additionally, we examined the function of phylogenetically
and structurally conserved domains and used modeling to predict
the structural conservation of the SWI/SNF catalytic module
across eukaryotes. Finally, we investigated the role of BDH pro-
teins in the complex stability, proposing a model in which BDHs
promote ARP heterodimer stability.

BDHs Have A Broad Effect on Plant Development and Participate

in Hypocotyl Cell Elongation. We investigated the developmental
defects caused by BDH loss of function. Consistent with previous
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publications (26, 27), we report the redundant function of
Arabidopsis BDH1 and BDH2 in controlling multiple phenotypes
like the leave shape, flowering time, and silique length. Notably,
defects in all these phenotypes were previously described in
other plant SWI/SNF mutants but were more severe (9). For
example, strong mutants in BRM and SYD ATPases present strong
pleiotropic developmental defects that are more pronounced than
in bdh mutants (33). Furthermore, double &7m and syd mutants
or strong minul/2 mutants are lethal (33, 34). This suggests that
BDH fine-tunes the activities of SWI/SNF subclasses rather than
playing an essential role.

Interestingly, we observed that 64/ mutants grow longer hypo-
cotyls compared to WT plants. This defect was observed in dark-
and light-grown seedlings due to enhanced cell elongation. The
difference in growth rate between WT and ) mutant occurred
after day 4 postgermination, indicating that BDHs facilitate the
hypocotyl growth arrest that occurs at this moment of develop-
ment. In line with these results, light-grown RNAi mutants of the
SWI/SNF pan-subunit BAF60B also presented longer hypocotyls,
while the opposite was found in BAF60 overexpressors in both
light and dark conditions (35). This contrasts with the phenotypes
found in mutants of different BAS complex subunits (BRM,
BRIPs, BRDs) that showed shorter hypocotyls in the dark (36,
37). These results suggest that specific defects in SAS or MAS
function, or the combined malfunction of MAS, SAS, and/or BAS,
could be responsible for the enhanced hypocotyl cell elongation
found in bdh and baf60 mutants. Notably, MINU?2 overexpression
has been shown to slightly reduce hypocotyl length (38).
Transcriptomic analyses revealed that BDH represses the expres-
sion of multiple X7H genes, which are key players in cell wall
shaping and growth. Previous studies showed that overexpression
of several Arabidopsis X7Hs (being, for example, X7H18 overex-
pressed just twofold compared to WT) was sufficient to promote
growth of Arabidopsis etiolated hypocotyls (39, 40). These X7 Hs
were among the up-regulated genes in our RNA-seq experiment,
suggesting that the X7H overexpression in the bdh mutant could
be responsible for the larger hypocotyls. Considering the relevance
of XTHs in cell wall shaping and plant growth, understanding
how SWI/SNF complexes regulate their expression could have
biotechnological applications. While some of these genes are
directly bound by BDHs, the mechanistic details about SWI/SNE-
mediated regulation of X7H expression remain to be explored in
future studies. Interestingly, BAF60 was shown to compete with
the PIF4 transcription factor for binding to the X7HI5 (aka
XTR?) promoter to regulate its expression (35).

Functional Characterization of BDH Domains. BDH proteins
have an evolutionary conserved sequence shared with human
BCLY7 proteins, that we named BCL domain (12). Our analyses
revealed that the BCL domain is essential for BDH function, likely
due to its role in mediating interaction with the ARP heterodimer,
particularly with ARP7. Importantly, we only deleted the p-sheet
closest to the N-terminal domain of BDH1, which includes the
conserved W28 shown to mediate interaction with the conserved
P355 in ARP7. This result suggests that the formation of an
intact P-hairpin fold is required for BDH interaction with the
ARPs. Additionally, BDHs have a highly conserved plant-specific
region in the proximal N-term region, which is important but not
critical for BDH function. Future structural analyses will help
revealing how this region folds in the SWI/SNF structure and how
it promotes BDH interaction with the complex. Furthermore,
BDHs in multiple plant species also have a predicted alpha-helix
fold downstream of the B-hairpin region, although this is not
conserved at the sequence level. Interestingly, the N-terminal
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Fig. 5. BDH promotes ARP heterodimer stability. (A) In vivo coimmunoprecipitation (ColP) of transiently expressed BDH1-FLAG, ARP7-HA, and ARP4-Myc. ARP7-

HA was IP using HA antibody and results were observed using anti-FLAG, anti-HA,

and anti-Myc antibodies. Three replicates of the same ColP experiment are

shown. (B) Volcano plot depicting the enrichment (log2 ratio) of all the identified SWI/SNF proteins in the BAF60-6xHA IP-MS experiment in WT background. BAS-,
MAS-, and SAS-specific SWI/SNF subunits, as well as those shared in two or three subclasses are depicted in green, orange, purple, and dark gray, respectively.

Light gray dots represent non-SWI/SNF proteins identified in the experiment. Th

e x axis depicts BAF60B-6xHA average intensities over Col-0 nontransgenic

control. The y axis depicts significance -log10 P-value. (C) Volcano plot depicting the enrichment of SWI/SNF subunits identified in the IP-MS experiment using

BAF60B-6xHA as bait in bdh mutant vs WT background. For clarity, ARP4 is enclos

ed in a circle. The x axis depicts log2 fold change of average intensities of IP

experiments in WT and bdh backgrounds. The y axis depicts significance —log10 P-value. (D) Proposed model for the conservation of -hairpin proteins in SWI/SNF
catalytic modules and their function as promoters of ARPs heterodimer stability. The representation of the complex is based on the CryoEM structure of the BAF
mammalian complex (32). The position of the ARP heterodimer and BDH protein was inferred from previous models and the prediction reported in our study.

regions of BCL7 and Rtt102 contain an alpha-helix fold which
adopt a similar position within the heterotrimeric complex with
ARPs as the one predicted for BDH s alpha helix, suggesting their
functional conservation. However, while N-terminal deletion of
BCLY7 fully prevented its function and ability to interact with the

PNAS 2025 Vol. 122 No.3 2413346122

complex (41), deletion of the BDH alpha helix had no significant
impact on BDH function according to mutant complementation
analyses, at least under the conditions/phenotypes tested. This
suggests that other regions in BDH, such as its N-terminal region,
might help stabilizing the interaction of BDH with the complex
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in the absence of the alpha helix domain. Overall, this functional
analysis revealed two BDH domains important for its interaction
with the complex.

Evolutionary Conservation of the f-Hairpin Domain as an
ARP-Interacting Module in SWI/SNF Remodelers. The SWI/
SNF complexes can be divided into core and catalytic modules
(11). While the composition of the core module differs between
SWI/SNF subclasses, depending on the incorporation of signature
subunits, the catalytic module composition is the same across
subclasses, featuring the Snf2-type ATPase and an ACTIN/
ARP heterodimer (11, 16, 17). Mammal SWI/SNF complexes
incorporate a fourth subunit in this module, BCL7, which has
been shown to interact with the ATPase subunit and other complex
subunits and the nucleosome (11, 21). Yeast SWI/SNF complexes
incorporate Ret102 in the catalytic module (17), which promotes
a more compact ARP heterodimer conformation, enhancing the
complex remodeling activity (18, 24). Furthermore, it has been
shown to also interact with the ATPase (42). However, despite
their similarities, no previous experimental connection had been
made between BCL7 and Rtt102 proteins.

A comprehensive phylogenomic analysis across multiple eukar-
yotic species proposed plant BDH proteins as orthologs of animal
BCL7. However, this analysis failed to identify any fungal
BDH-BCLY7 ortholog (12). In this study, we found a structural
relationship between animal BCL7, fungal Rtt102, and plant
BDH, based on their shared ability to interact with the ACTIN/
ARP heterodimer through the formation of a conserved f-hairpin.
The link between BDH and Rtt102 is further supported by
BDH s ability to promote ARP heterodimer stability, reminiscent
of Retl102’s function (24). Furthermore, Rtt102 can perform
some of the functions of BDH, as demonstrated by &/ mutant
complementation analyses. Interestingly, the complementation
achieved with Rtt102 was similar to that observed with the
N-domain-deleted BDH1 (Figs. 2 and 4, SI Appendix, Fig. S15,
and Dataset S27). Both were able to rescue the etiolated hypo-
cotyl defects and silique length while only weakly recovering the
rosette size and flowering time. Notably, this recovery was to a
greater degree than the BCL-deleted BDHI1, which completely
failed to recover any phenotype (Figs. 2 and 4, SI Appendix,
Fig. S15, and Dataset $27). This functional connection between
Ret102 and N-domain-deleted BDH1 can be attributed to their
weaker ability to interact with the complex compared with
full-length BDH1 (Figs. 2 Fand Gand 4 Aand E). The phenotype-
dependent ability of Rtt102 or N-domain-deleted BDHI to res-
cue the bdh mutant might reflect distinct modes of action or
catalytic activities of the SWI/SNF complexes that may rely on
BDHLI function to varying degrees, potentially acting on specific
processes or genomic contexts.

Interestingly, a recent study reported the structural conservation
of a similar ARP-B-hairpin interacting module in the context of
the animal and fungal INO80 complexes (43). This study showed
that the animal and yeast $-hairpin-containing proteins YY1 and
les4, respectively, interact through two conserved tryptophans with
a conserved proline in one of the two ARPs that heterodimerize
in the animal and yeast complexes (ACTB-YY1 and Actin-les4).
Notably, our study shows that BCL7, Rtt102, and BDH also con-
serve these tryptophans, which are predicted to interact specifically
with one of the two ARPs in a similar fashion. Here, we show that
the conserved tryptophans are pivotal for the BDH1-ARP?7 inter-
action, providing a functional link for this conserved network.
Notably, to our knowledge, no functional tests are available on the
role of YY1 or les4 in the Actin/ARP heterodimer stability.
Similarly, the Snf2"™*-ARP heterodimer arrangement is also
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conserved in the SWRI and NuA4 complexes, both of which
incorporate the p-hairpin-containing protein Swc4 (44, 45). What
gives specificity to the incorporation of these p-hairpin proteins
to each complex could be dictated by the stronger aflinity of the
f-hairpin protein to the complex-specific ARP protein. For exam-
ple, BDH1 protein strongly interacts with the ARP subunit that
is specific to the SWI/SNF complex, ARP7, and not with ARP4,
also found in INO80, SWRI1, and NuA4 complexes (44, 45).
Similarly, Ret102 showed a stronger interaction with the yeast
SWI/SNF-specific ARP, Arp9 (24, 46). According to our mode-
ling, this logic would predict that BLC7 interacts more strongly
with ACTB. An alternative situation occurs in fungi where INO80
and SWI/SNF complexes incorporate the same actin-Arp4 het-
erodimer. In this case, a specific region in Ies4 was shown to pro-
vide complex specificity through the interaction with an additional
INO80-specific subunit, ARP8, which is found near the actin-Arp4
module (43).

BDH Promotes Stability of the ARP Heterodimer in the Catalytic
Module. A recent study reported genome-wide changes in
chromatin accessibility and gene-body nucleosome occupancy
in Arabidopsis bdh mutants (27). However, this study did not
find substantial changes in the BAS complex composition or its
recruitment to the chromatin in the absence of BDH, thus leaving
unanswered how BDH depletion impaired SWI/SNF function.
We propose that BDH impacts SWI/SNF function through the
stabilization of the ARP heterodimer. We showed that ARP7—
ARP4 interaction is enhanced in the presence of BDH1 and that
BDH depletion triggers ARP4 destabilization in vivo. The partial
loss of ARP4 observed in IP-MS experiments could reflect an
overall weaker ARP heterodimer stability across all SWI/SNF
subclasses. Notably, experiments in yeast showed that Ret102
promotes a more compact Arp7/9 heterodimer conformation
which, in turn, shortens the interaction surface of the heterodimer
with the HSA domain, altering the network of interactions
between distinct ATPase domains important for catalytic activity,
like post-HSA and Protrusion 1 (24). Importantly, plant BDH,
as well as BCL7 and Rtt102, can also interact with the ATPase
which could also directly influence its activity (21, 27, 42). Future
mechanistic studies will shed light on the specific impact of BDH
on ARP compaction, ATP turnover, DNA translocation, and
nucleosome remodeling in plants. Additionally, BCL7 proteins
have been shown to interact with other proteins in the complex
and the nucleosome, such as SMARCB1, H2B, and H2A (11, 21).
Although we do not yet know whether BDHs interact with all these
proteins, it is plausible that BDH depletion leads to altered subunit
contacts within the complex and with the nucleosome, resulting in
remodeling defects. Interestingly, transient coexpression of BDH1
with ARP7 in Nicotiana benthamiana, but not BDH1 alone or
with ARP4, resulted in the detection of two BDH1 bands by
Western blot (Figs. 3 G and H, 4E, and 5A), suggesting a potential
modification triggered by the BDH1-ARP7 interaction. However,
the additional band persisted even when W/G-mutated BDH1,
which shows reduced interaction with ARP7, was coexpressed
(Fig. 3H). In contrast, stably expressed BDH1 in transgenic
Arabidopsis showed only a single band, despite confirmed
interaction with ARP7 (8] Appendix, Fig. S7 A and D). Similarly,
no band pattern differences were observed between full-length
BDHI1 and the ABCL variant, which lacks ARP7 interaction
(Fig. 2F and ST Appendix, Fig. S7A). Currently, the reason for
the extra BDH1 band in transient expression remains unclear,
but it likely reflects an artifact of protein overexpression. Further
functional assays will help clarify this observation.
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Apart from the decrease in ARP4, we observed a slight increase
in MAS-specific subunits isolated by BAF60B in the bdh mutant
compared to WT. This might reflect a small increase in the accu-
mulation of the MAS complex in the bdh mutant. Importantly,
malfunction of the MAS complex leads to upregulation of
MAS-specific subunits but not BAS- and SAS-specific ones (14)
(SI Appendix, Fig. S14B). Thus, these results suggest that, whereas
a small increase in MAS complex might occur in b4/ mutants,
these complexes are functionally impaired, leading to the tran-
scriptional upregulation of MAS-specific subunits. On the con-
trary, we did not observe significant changes between WT and
bdh in the accumulation of BAF60B-immunoprecipitated BAS-
and SAS-specific subunits. In line with this result, a recent study
found no differences in BAS-specific subunit accumulation when
pulling from BRM in WT and b4/ mutant (27). Interestingly,
these IP-MS results showed a specific reduction in ARP4 peptides
in the bdh mutant compared to other BAS subunits identified,
supporting our observation that BDH alters ARP4 stability in the
complex. Furthermore, this study showed that BDH affected
chromatin accessibility in targets of the three subclasses (27). A
clustering analysis of RNA-seq experiments conducted on multi-
ple plant SWI/SNF mutants (9) revealed that DEGs in bdh
mutants exhibit expression changes more closely aligned with BAS
complex mutants (brm, an3, brd1/2/13, and brip1/2), followed by
SAS (syd, swi3d, and sys), and then MAS complex mutants
(minul/2 and tpf1/2) (SI Appendix, Fig. S14C), suggesting that
BDH may have a more prominent regulatory role within the BAS
complex than in the other SWI/SNF subcomplexes.

In summary, our findings suggest that BDHs influence the cat-
alytic activity of plant SWI/SNF subclasses by stabilizing the
pan-SWI/SNF ARP heterodimer module (Fig. 5D). Given the
analogous role of yeast Rtt102 in Arp heterodimer compaction (24)
and the structural conservation indicated by our study, we propose
that BCL7, BDH, and Rtt102 are functionally equivalent subunits
of the SWI/SNF catalytic modules conserved across eukaryotes.

Materials and Methods

Plant Materials and Growth Conditions. The bdh7-7 (SALK_152173) and
bdh2-1(SALK_029285) mutants used in this study, which were previously charac-
terized (26), are in the Col-0 background and were requested from ABRC.Adouble
bdh1/bdh2, called bdh in this manuscript, was obtained by genetic cross. Oligos
for T-DNA genotyping are found in Dataset S28. More details on the plant mate-
rials and growth conditions are provided in S/ Appendix, Materials and Methods.

Construction of Plasmids and Transgenic Lines. The BDHT genomic region,
including 2,030 bp upstream of the start codon and all the gene body, including
introns, until the stop codon, was amplified from genomic DNA of Col-0 plants
and cloned into a pENTR/D vector (Invitrogen) to generate pENTR-gBDH1. The
primers used for this and the following clonings can be found in Dataset S28.
More details on the construction of plasmids and transgenic lines are provided
in S/ Appendix, Materials and Methods.

Transient Expression in N. benthamiana, WB, and Protein Coimmunoprecipi-
tation. Details on the transient expression in N. benthamiana and WB are provided
in Sl Appendix, Materials and Methods. Agroinfiltrated Nicotiana leaves were ground
toafine powderin liquid nitrogen using a mortar and pestle and then resuspended
in 1.5 mLof IP buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM MgCI2, 0.1%
NP-40, 10% glycerol, 0.5 mM DTT, 1 mM PMSF, and 1x Complete Mini EDTA-Free
Protease Inhibitor (Roche). The extracts were clarified twice by centrifugation at
12,000 x g for 5 min at4 °C.Total protein concentration was determined using the
Bradford Protein Assay (Bio-Rad) and adjusted to 0.750 mg/mL.An amount between
0.5 and 1.5% of the extracts was set aside for protein level verification (input). For
immunoprecipitations, the extracts were incubated with 1 ug of anti-FLAG M2 mon-
oclonal antibody (Sigma) or anti-HA 3F10 monoclonal antibody (Roche) for 2 h
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with gentle rotation at 4 °C. Subsequently, 20 uL of prewashed magnetic protein G
Dynabeads (Invitrogen) in IP buffer were added to the samples and incubated for
1 hwith gentle rotation at 4 °C. The samples were then washed three times with [P
buffer, and the precipitated proteins were eluted by heating the beads at 95 °C for
2 min in 50 uL of 2x SDS-PAGE loading buffer. Finally, 5 and 20 pL of the eluate
were separately subjected to Western blotanalysis to detect the immunoprecipitated
and coimmunoprecipitated proteins, respectively.

IP-MS. Immunoprecipitation coupled with mass spectrometry was conducted
following established protocols (12, 14). For all the experiments, two independent
transgenic lines of the indicated transgenes in the indicated backgrounds were
used in parallel with untransformed Col-0 control. Details on the IP-MS data
analysis are provided in S/ Appendix, Materials and Methods.

RNA Extraction, qRT-PCR, and RNA-seq. Total RNA was isolated using the
Direct-zol RNA Miniprep Kit (Zymo Research) according to the manufacturer’s
instructions. For XTH expression analyses, 1 pg of total RNAfrom 5-d-old etiolated
seedlings of the indicated backgrounds was used for cDNA synthesis with the NZY
First-Strand cDNA Synthesis kit (NZYTech) following the manufacturer's protocol.
Primer details are provided in Dataset S28. Fold change was determined relative
to the expression of the PP2A housekeeping gene using the AACt method (47).
For RNA-seq experiments, total RNA from 5-d-old etiolated seedlings of Col-0 and
bdh backgrounds (three biological replicates per background) was submitted to
the BGI company for the preparation of strand-specific mRNA libraries, which were
sequenced using the DNBSEQ high-throughput platform as PE100 reads. Details
on the RNA-seq data analysis are provided in S/ Appendix, Materials and Methods.

Chromatin Immunoprecipitation and ChIP-seq. The chromatin immunopre-
cipitation (ChIP) protocol was conducted according to previously described meth-
ods with minor adjustments (14). Details on the chromatin immunoprecipitation
and ChIP-seq data analysis are provided in S/ Appendix, Materials and Methods.

Structural Modeling and Analysis. The Arabidopsis (MINU1 HSA_ARP4-ARP7-
BDH1)and Human (BRG1"**-ACTL6-ACTB-BCL7A) complexes, as well as the chi-
meric Rtt102-Arabidopsis complex, were modeled with AlphaFold2 (v.2)(29) and
AlphaFold-multimer(31) using a colab notebook running ColabFold (48)v1.5.5.
More details on the structural modeling and analysis are provided in S/ Appendix,
Materials and Methods.

Statistical Analyses. All statistical analyses conducted in this manuscript are
described above. Methods for statistical tests, sample sizes, and P values are
provided in the figures. A two-tailed Student's ¢ test was used to evaluate the
differences between two groups. For multiple comparisons, a one-way ANOVA
was conducted, followed by Tukey's honestly significant difference post hoc test.
Statistical analyses were conducted using GraphPad Prism software (v.8) and
RStudio. All experiments were conducted with a minimum of two replicates.

Figure Representation. Venn diagrams were drawn using eulerr (https:/
eulerr.co/). Heatmaps and metaplots were produced using the computeMatrix
and plotHeatmap or plotProfile commands from deeptools v3.5.1 (49). Plots of
RNA-seq data and IP-MS volcano plots were drawn using ggplot2. The protein
alignments were performed using CLC Main Workbench 24 with a gap open cost
of 10.0 and a gap extension cost of 1.0.

Data, Materials, and Software Availability. The ChIP-seq and RNA-seq data
are available at GEQ with accession numbers GSE268510 (50) and GSE268511
(57), respectively. The ChIP-seq data of BDH1, MINU2, BRM, and SYD in seedlings
were obtained from GEO (GSE218841)(52).The RNA-seq data of bdh vs. WT light-
grown seedlings were obtained from GEO (GSE193095) (53). The IP-MS data are
available at Massive (MSV000094986) (54). Prediction models of Arabidopsis and
Human SWI/SNF catalytic modules, as well as the chimeric Rtt102-Arabidopsis
catalytic module, are available in Mendeley Data (https://data.mendeley.com/
datasets/37jzt2bgth/1) (55). All other data are included in the manuscript and/or
supporting information.
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