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Basic helix—loop—helix (b HLH) proteins are one of the largest families of transcrip-
tion factor (TF) in eukaryotes, and ~30% of all flowering plants’ bBHLH TFs contain
the aspartate kinase, chorismate mutase, and TyrA (ACT)-like domain at variable dis-
tances C-terminal from the bHLH. However, the evolutionary history and functional
consequences of the bBHLH/ACT-like domain association remain unknown. Here, we
show that this domain association is unique to the plantae kingdom with green algae
(chlorophytes) harboring a small number of bHLH genes with variable frequency of
ACT-like domain’s presence. bBHLH-associated ACT-like domains form a monophyletic
group, indicating a common origin. Indeed, phylogenetic analysis results suggest that the
association of ACT-like and bHLH domains occurred early in Plantae by recruitment
of an ACT-like domain in a common ancestor with widely distributed ACT DOMAIN
REPEAT (ACR) genes by an ancestral bHLH gene. We determined the functional sig-
nificance of this association by showing that Chlamydomonas reinhardtii ACT-like
domains mediate homodimer formation and negatively affect DNA binding of the
associated bHLH domains. We show that, while ACT-like domains have experienced
faster selection than the associated bBHLH domain, their rates of evolution are strongly
and positively correlated, suggesting that the evolution of the ACT-like domains was
constrained by the bBHLH domains. This study proposes an evolutionary trajectory for
the association of ACT-like and bHLH domains with the experimental characterization
of the functional consequence in the regulation of plant-specific processes, highlighting
the impacts of functional domain coevolution.

evolution | green algae | gene regulation | protein-protein interaction

Control of gene expression is a fundamental principle of all organisms. In eukaryotes, gene
regulation is predominantly controlled by transcription factors (TFs), proteins that bind
DNA in a sequence-specific fashion and which are often formed by multiple domains that
participate in protein—protein and protein—DNA interactions (1, 2). Among the 60+ TF
families that characterize animals or plants, the basic helix—loop-helix (lHLH) family is
among the largest (3, 4). The signature bHLH domain is composed of a ~20 amino
acids-long basic o-helix that recognizes one half-site of the canonical E-box (5'-CANNTG-3)
or the more sequence-constrained G-box (5'-CACGTG-3’) and the helix—loop-helix
region that mediates homo- or heterodimer formation with other bHLH factors, indis-
pensable for high-affinity DNA binding (5).

The first identified plant bHLH protein corresponded to maize Lc, a member of the
R/B gene family of anthocyanin pigment regulators (6, 7). Subsequent plant bHLH pro-
teins were identified by sequence similarity to R and to vertebrate bBHLH domains (8-10),
becoming the second largest family of plant TFs, with ~136 members in Arabidopsis (11).
Evolutionary studies demonstrated that plant bBHLHs are monophyletic, evolutionarily
distinct to the rhodophytes (red algae) and metazoans (12). A significant expansion of the
bHLH gene family took place after the divergence of the moss and vascular plant lineages,
resulting in 26 to 32 bHLH subfamilies mostly emerging around the time that ancestral
plants colonized land (12-14). The bHLH subfamilies are distinguished by differences in
intron/exon structures, in the presence of conserved amino acids within the bBHLH motif,
and by the presence/absence of other domains (12, 13, 15).

A general characteristic of bHLH TFs is that they function by forming homo- or het-
erodimers through the bHLH, and by interactions with other regulatory proteins through
domains other than the bHLH. In plants, this is epitomized by the interaction of maize
R/B with a subgroup of R2R3-MYB regulators (characterized in maize by C1) through
the MYB interaction region located at the N terminus of R/B (16-18). Subsequent studies
demonstrated that such a bBHLH/R2R3-MYB partnership is a characteristic of all plant
bHLH factors belonging to subgroup I1If (11, 19). The bHLH proteins in this subfamily
also harbor aspartate kinase, chorismate mutase, and TyrA (ACT)-like domains C-terminal
to the respective bHLH domains (20-22).
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The ACT-like domains are characteristic of a subset of plant
bHLH TFs. They are 70-80 amino acids long and have the
BPappa fold (20, 22, 23), distinct from the PapPap topology of
the ACT domain found in a large number of other proteins,
mostly associated with primary metabolism biosynthesis enzymes
(24). There are several ACT-domain variants that have similar
folds (25, 26). Most relevant for this study is the presence of an
ACT domain in bacterial glutamate/glutamine-sensing uridylyl-
transferase (GInD) and in plant ACT domain repeat (ACR) pro-
teins (27-29). In GInD, the ACT domain functions as a
small-molecule sensor (27), while the function of ACT domains
in ACR proteins remains unknown. Not surprisingly, given the
broad distribution among bHLH TFs associated with important
biological functions, mutations in the associated ACT-like
domains have major functional consequences as demonstrated for
maize R (20), Arabidopsis DYT1 (30), Arabidopsis SCREAM
(31), and Arabidopsis LONESOME HIGHWAY(LHW) (32).
For example, in DYT1, the ACT-like domain participates in
nuclear localization, transcriptional activity, and interaction with
other bHLH TFs implicated in anther development (23, 30). In
SCREAM, the ACT-like domain contributes to providing partner
selectivity among other stomatal lineage-specific bHLH factors
(31). Finally, in R, homodimerization through the ACT-like
domain significantly decreases the DNA-binding affinity of R for
the G-box (21).

Structure similarity searches showed that ACT-like domains are
not limited to bHLH subfamily IIIf, but are present in ~30% of
all the Arabidopsis and maize bHLH TFs (20, 22), suggesting that
the association of these two domains precedes the divergence of
monocot and dicot plants, estimated to have occurred around 200
Mya (33). This is supported by the recent identification of an
ACT-like domain-harboring bHLH factor in the liverwort
Marchantia  polymorpha and in the Klebsormidium nitens
(Klebsormidiophyceae, Streptophyte algae) (32, 34). However,
the evolutionary history of ACT-like domains and the origin of
the association with bHLH factors remain unclear, despite the
important function that ACT-like domains play in the regulatory
function of large family of plant bHLH TFs. It also remains
unknown whether the ability of ACT-like domains to dimerize
and influence the DNA-binding activity of the associated bHLH
domains is conserved in green organisms other than vascular
plants.

Here, we describe the analysis of the presence of ACT-like
domains in bHLH proteins from over 140 eukaryotes. We show
that the association of the ACT-like domain with bHLH TFs is
unique to the plant kingdom and is first found in green algae
(chlorophytes). ACT-like domains are characteristic of 15 bHLH
subfamilies, and ACT-like domains likely descended from a com-
mon ancestor. Based on sequence and structure conservation, we
propose that an ACT-like domain was acquired from a common
ancestor of the plant ACR proteins early in the evolution of the
Chloroplastida (green plants). A functional analysis of bBHLH and
ACT-like domains in the unicellular green algae Chlamydomonas
reinhardtii indicates a striking conservation in DNA-binding and
dimerization activities with land plants. Taken together, our results
unveil the provenance of ACT-like domains associated with bHLH
plant TFs and provide insightful structure—function information.

Results

ACT-Like Domains Are Uniquely Associated with a Subset of
Plant bHLH Proteins. To establish the distribution of ACT-like
domains and determine whether they are always associated with
bHLH proteins, we investigated 140 species which encompass
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major taxa of eukaryotes, of which 49 are photosynthetic
organisms, including 37 chlorophytes, five streptophyte algae,
and seven embryophytes (land plants) (Dataset S1) and identified
the presence of the ACT-like domains (S/ Appendix, Materials
and Methods). The resulting list included 354 bHLH proteins
containing ACT-like domains (hereby referred as bHLHAT,
while those bHLH proteins without ACT domain are referred
as bBHLH"T"). Without exception, the ACT-like domain was
located C-terminal to the bHLH, with a linker region between
the two domains of variable length, but which in no case exceeded
131 amino acids (Fig. 1A4). Every single bBHLH""" identified
belonged to Plantae and included chlorophyte, streptophyte algae,
and embryophyte species (Fig. 1B and Dataset S1).

To assess whether ACT-like domains are associated with plant
TFs other than bHLHs and given that the ACT-like domains are
difficult to identify owing to their low sequence identities (37), we
employed complementary approaches based on AlphaFold predic-
tion and Pfam annotation (S/ Appendix, Fig. S14; see the detailed
methods in SI Appendix, Materials and Methods). In the first
approach, AlphaFold (38, 39) searches using the Foldseek interface
(40) with the predicted tertiary structure of the ACT-like domain
from maize R (22) as a query retrieved all the proteins with an
ACT-like domain-related tertiary structure. We found that
ACT-like domains are only present in bacterial GInDs, plant ACRs,
and plant bHLH TFs (8] Appendix, Fig. S1B and Dataset S2). In
the second approach, because most chlorophyte BHLH"™* pro-
teins contain one of the Pfam ACT domains (PF01842), we
retrieved protein sequences using the Pfam IDs corresponding to
the ACT domain and identified TFs among the retrieved
sequences. The Pfam database v35.0 search produced 1,366
ACT-like domain-associated TFs, all belonging to the bHLH
family (87 Appendix, Fig. S1 A and B and Dataset S2), supporting
the notion that the association of bBHLH and ACT-like domains
is a phenomenon unique to the Plantae.

ACT-Like and bHLH Domain Association Precedes Colonization
of Land by Plants. To determine the distribution of ACT-like
domains before the radiation of vascular plants, where ACT-like
domains are well described (20, 22), we investigated the number
of bHLH genes and how many of them are BHLH""* in the 49
Plantae species. From the 37 chlorophyte species investigated,
we identified bHLH genes in all of them, and bHLHA“™ in 29,
encompassing several chlorophyte lineages (highlighted green
in ST Appendix, Fig. S2 and Dataset S1). The eight taxa with
no bHLH"“™ are not monophyletic and may be a result from
incomplete genome sequencing or provide examples of gene/
domain loss. The genomes of all seven analyzed embryophg/tes
and of 4/5 streptophyte algae investigated encode for bLHLH “"*
proteins (Dataset S1). While in the land plants bHLH*“"
represent roughly 30% of the total bLHLH proteins present (20, 22),
the fraction of bHLH TFs harboring ACT-like domains is larger
in the chlorophytes, averaging 52% of the identified bHLH
factors harboring ACT-like domains (highlighted in dark green
in ST Appendix, Fig. S2 and Dataset S1). However, no bHLHCT
was identified in the single glaucophyte species with sequence
available, or in the six rhodophytes analyzed (Dataset S1). The
results indicate that the association of the ACT-like and bBHLH
domains began close to 1.5 billion years ago after the Plantae
diverged from other related eukaryotic lineages (Fig. 1B and
Dataset S1) (41).

To assess whether the association of ACT-like and bHLH
domains has single or multiple origins in the chlorophytes, a max-
imum likelihood (ML) tree with the bHLH domains derived from
135 bHLH proteins from the 37 chlorophytes was constructed
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Fig. 1. Association of ACT-like and bHLH domains. (A) Schematic representation of bHLH and ACT-like domains. « and p represent the a-helices and p-sheets,
respectively. The L within the gray box denotes the loop region. (B) Presence of bHLH-associated ACT-like domains in various species. Green and yellow circles
indicate bHLH proteins with or without the ACT-like domains, respectively. The eukaryote phylogenetic tree was modified from the literature (35, 36). Species
information and data source for the bHLH sequences used in this study are presented in Dataset S1, and Pfam analysis result is in Dataset S2. AlphaFold search
result is in S/ Appendix, Fig. S1B and Dataset S2. Numbers of the ACT-like domains in each species are described in Dataset S1.

(SI Appendix, Fig. S3). We found a monophyletic clade comprised
of the 62 bBHLH*“""* proteins (indicated by the red arrow in
SI Appendix, Fig. S3), of which 16 proteins contain incomplete
ACT-like domain lacking B, among the PPappoa topology
(SI Appendix, Fig. S4). This result supports the interpretation that
a single event contributed to the ACT-like and bHLH association
in chlorophytes. The sequence difference between chlorophyte
bHLH"“"" and bHLH*""" proteins is evident in a conserved
motif in the second a-helix of the bHLH domain and a long loop
region (SI Appendix, Fig. S5).

Establishment of bHLHA™ Subfamilies after Land Colonization.

Previous studies suggested that major radiation of bHLH
subfamilies arose before the origin of the mosses (12-14), yet

PNAS 2023 Vol.120 No.19 2219469120

the evolutionary relationship of the ACT-like and bHLH
domains is unexplored. To establish the evolutionary history of
bHLHACT proteins, we constructed an ML phylogenetic tree
with sequences corresponding to the bHLH domain of 797
proteins derived from 49 plant species (Fig. 2 and Datasets S3—
S5). The phylogenetic analysis recovered 27 bHLH subfamilies (Ta
through XV), supported by Shimodaira—Hasegawa approximate
likelihood ratio test (SH-aLRT) values greater than 80 and largely
aligned with the 30 subfamilies into which land plant bBHLH
proteins were previously classified using four chlorophytes and six
streptophytes (streptophyte algae and embryophytes) (Fig. 2 and
Datasets S4 and S5) (12, 14). Notably, the chlorophyte bHLHA“™*
(highlighted yellow in Fig. 2) forms an independent group
(SH-aLRT = 99%), distinct from the bHLH*“™ subfamilies
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Fig.2. bHLH domains associated with ACT-like domains form distinct clades in their phylogeny. ML phylogenetic tree was reconstructed with bHLH domains of
797 bHLH proteins retrieved from 37 chlorophytes, five streptophyte algae, and seven embryophytes, with an outgroup of three bHLH proteins from haptophytes.
Colored rectangles on outer rings denote the species from which the bHLH proteins derived. Arcs of a circle in black indicate the bHLH proteins containing ACT-
like domain. Shades of gray in the tree indicate clades corresponding to the described 30 bHLH subfamilies. Thick lines indicate branches with SH-aLRT support
>80. Branches in yellow color highlight the chlorophyte bHLH*“™". Branches in red and blue colors indicate two respective chlorophyte bHLH"" clades. Asterisks
indicates the streptophyte algae bHLH"™ proteins belonging to subfamilies Vb and XIIl. The phylogeny was calculated using RAXML-NG, 1,000 iterations, and
Jones-Taylor-Thornton model with a gamma distribution (JTT+G). Full details of the phylogenetic tree are provided in Dataset S5.

that consist of the streptophyte algae and the embryophytes.
In the streptophyte algae and the embryophytes, 13 out of 15
bHLH"“™ subfamilies and 12 out of 15 bHLH*“"" subfamilies
largely divided into two clades, with supporting values of 80%
and 97%, respectively (Fig. 2 and Dataset S5). Chlorophyte
bHLHA“T- group (highlighted red in Fig. 2) and subfamilies IVb
and IVc have the characteristic leucine-zipper motif in their C
terminus (S/ Appendix, Fig. S6 and Dataset S6) and form a clade
nested within multiple subclades of bLHLH*“* genes from both
chlorophyte and land plants, indicative of a domain loss event in
the bBHLH""" clade, prior to the divergence of the chlorophyte
and the land plant lineages. However, there are clearly limitations

40of 11 https://doi.org/10.1073/pnas.2219469120

on the evolutionary relationships that can be drawn from the
short bHLH region reflected, for example, in that the position
of subfamily Vb cannot be precisely established in the phylogeny
(SH-aLRT = 62%).

The bBHLH"“"" clade also includes bBHLH"“"* subfamily XIII.
In subfamily XIII, ACT-like domains are present in vascular
plants, but not in the liverworts (Dataset S4) (32). This is different
from other bLHLH"“™* subfamilies, where all proteins harbor the
ACT-like domains, regardless of which species they were derived
from, except a few proteins that contain a stop codon after the C
terminus of the bHLH domains (Dataset S4). The position of
subfamily XIII based on the bHLH alignment suggests the
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independent gain of an ACT-like domain after the diversification
of this subfamily. However, we cannot rule out the possibility that
the phylogeny of subfamily XIIT is misestimated due to limitations
imposed by the short length of the alignment.

Our phylogenetic tree reconstruction also gives insights into when
the major radiation of the LHLH*“"* subfamilies occurred. In strep-
tophyte algae, two bHLH""* proteins from K. nitens and Chara
braunii cluster with subfamily Vb and one bHLH*“™* from K. nitens
in XIIT (indicated by asterisks within the Vb and XIII clades in
Fig. 2), while most streptophyte algae bHLH"“T proteins belon
to subfamilies that are interspersed with embryophyte bBHLH*“"~
(IVb, V¢, Vlla+b, IX, and XII; Fig. 2 and Datasets $4 and S5).

Taken together, our results indicate that the establishment of
the bLHLH"“"* subfamilies took place after the embryophyte lin-
eage diverged from the streptophyte algae lineage, likely after land
colonization. In contrast, the bLHLH"™" subfamilies were estab-
lished prior to the divergence of the embryophyte and strepto-
phyte algae lineages, but after their divergence from the
chlorophyte, likely coinciding with the transition to multicellu-
larity. Collectively, our findings indicate that the bLHLH*“"* pro-
teins were established following the appearance and diversification
of the bLHLH"“"" proteins.

Potential Origin of bHLH-Associated ACT-Like Domain. To
identify the provenance of the ACT-like domain that chara-
cterizes a significant fraction of plant bHLH proteins, the
ancestral sequence from all the ACT-like domains used in this
study was inferred and subjected to DELTA-BLAST and PSI-
BLAST in NCBI (SI Appendix, Materials and Methods). These
searches led to the identification of the bacterial GInD and plant
ACR sequences as potential relatives of ACT-like sequences.
As predicted by AlphaFold (38, 39), GInDs proteins have two
adjacent ACT-like domains (87 Appendix, Fig. S7A). The group
I 'and IT ACRs contain one ACT domain flanked by two or three
ACT-like domains, respectively, while group III ACRs only have
two ACT-like domains (S/ Appendix, Fig. S7 A and B), and all
the ACRs share high sequence similarity in B,—a; loop region
with the GInDs (28, 29).

To understand the evolutionary relationships of ACT-like dom-
ains, phylogenetic trees were reconstructed with sequences of the
ACT-like domains of 67 bacterial GInDs, 18 chlorophyte ACRs,
and 279 bHLH*“™ proteins (Fig. 3 and Datasets S7-S9). The
group III ACRs closely clustered with GInDs with a supporting
value of 73%/0.80 (bootstrap in ML tree/posterior probability in
Bayesian tree; Datasets S8 and S9), consistently with previous stud-
ies (29). Noteworthy is that the bHLH-associated ACT-like
domains form an independent clade, apart from the GInDs and
ACRs (bootstrap = 75%; Bayesian posterior probability = 0.61;
Datasets S8 and S9). In the Bayesian tree, the bHLH-associated
ACT-like domains grouped with the group I and I ACRs with high
posterior probability (0.80), suggesting that the ACT-like domain
from Plantae species likely arose from a single origin from its com-
mon ancestor with group I and II ACR. (Fig. 3 and Datasets S8
and S9). Furthermore, subfamily Vb clusters into a monophyletic
clade, not grouped with other subfamilies, but is rather close to
chlorophyte ACT-like domains (gray shade in Fig. 3 and Datasets
S8 and §9), suggesting that subfamily Vb might have diverged ear-
lier than other bBHLH™“"* subfamilies from their common ancestor.
In accordance with this, the ancestor ACT-like domains inferred
from the sequences of all ACT-like domains used in this study
possess the conserved putative ligand-binding site represented by
the DRPGLL motif in the f,—a; loop region as present in the
GInDs and ACRs (81 Appendix, Fig. S7B). A very similar motif is
also found in chlorophyte ACT-like domains (DR[K/L]GLL) and
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Fig.3. bHLH-associated ACT-like domains form an independent clade distinct
from ACRs and GInDs. ML phylogeny was inferred from ACT-like domains
of 279 bHLH proteins in 48 chlorophytes, two streptophyte algae, and 229
embryophytes; from 18 ACRs in chlorophytes, and 67 GInDs in bacteria, using
a JTT model implemented in RAXML-NG with 2,000 bootstraps. Shades in
brown, gray, and green indicate monophyletic groups that consist of ACT-like
domains of ACRs (Group Ill) and GInDs, ACRs (Group | and Il), chlorophytes
and subfamily Vb, and 12 subfamilies (la, Ib1, Ib2, Il llla+c, Illb, llid+e, IIf, IVa,
IVd(1), XVI, and XVII). Blackish lines indicate branches with bootstrap support
>70%. A detailed phylogenetic tree is presented in Dataset S8.

subfamily Vb (DRPDLL), but not in other bHLHA™ subfamilies
(81 Appendix, Fig. S7B) (42). Collectively, these results suggest that
the bHLH-associated ACT-like domain descended from a common
ancestor with ACR groups I and II.
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Different Evolutionary Rates of the bHLH and Associated ACT-
Like Domains Are Constrained by Correlated Substitutions.
Our phylogenetic analyses suggest that the ACT-like domains
associated with the bHLH domains derived from a common
ancestor and evolved by duplication. This notion implies that the
ACT-like and bHLH domains coevolved; consequently, the two
domains evolved with correlated substitution rates, despite higher
amino acid sequence diversity of the ACT-like domain than that
of the bHLH domains in the streptophytes (streptophyte algae
and land plants) (Fig. 44). Unlike the bHLH domains, MEME
analyses showed that the streptophyte algae and embryophyte
ACT-like domains have less conserved motifs compared to those
of the chlorophytes (S Appendix, Fig. S5).

To determine the substitution rates of the ACT-like and bHLH
domains, the nonsynonymous-to-synonymous substitution rate
ratio (®) of the two domains was estimated with Brassicaceae
sequences from 13 bHLH"“™" subfamilies (Ta through Vb and
XIII, those that have Arabidopsis orthologs) using PAML v4.9
(44) (SI Appendix, Tables S1 and S2 and Dataset S10). Under the

M, model (model = 0, fix_omega = 0) that allows the branches to
have a single o rate (45, 46), ACT-like domains showed signifi-
cantly higher ® values (0.081 < ® < 0.51) than those of the bHLH
domains (0.0072 < @ < 0.27) (P = 2.4 x 1079, indicating much
faster evolution rates than those of the associated bHLH-like
domains, yet both under strong purifying selection (Fig. 4B).
Despite the significant difference in ® values, the analyses showed
good correlation between the o values of the two domains (per-
mutation test P-value = 2E-04; R = 0.73 from the observed data
versus R = 0.29 from 95% quantile in the randomized pairwise
comparison) (Fig. 4C and SI Appendix, Fig. S8), suggesting that
either the faster evolution of the ACT-like domains was con-
strained by the bHLH domains, or that other factors influence
the evolutionary constraint of the two domains. In addition, the
tanglegram displaying a pair of the phylogenetic trees of the
ACT-like and bHLH domains with edges linked those derived
from the same proteins demonstrates that the ACT-like domains
among the same bHLH subfamilies cluster together (Fig. 4D and
Dataset S11).
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Fig. 4. Coevolution of ACT-like and bHLH domains. (A) Proportion of amino acid sequence similarity of ACT-like and bHLH domains in chlorophytes and
streptophytes. The pairwise comparison analysis was performed with ACT-like and bHLH domains of 54 chlorophytes and 231 streptophytes. The proportion
of the number of sequence pairs within the same range of similarity (number of pairs within same ranges of similarity/total number of pairs of bHLH domains
and ACT-like domains * 100) is displayed. (B) Nonsynonymous (dN)-to-synonymous substitutions (dS) rates (dN/dS; w) in bHLH and ACT-like domains. The box
plot shows the range of the global o values of the bHLH and ACT-like domains in bHLH orthologs in Brassicaceae. The o values of individual subfamilies are
indicated as dots, and the data are provided in S/ Appendix, Table S2. The horizontal lines in the boxes represent median values, box heights interquartile range,
and the vertical lines data point within 1.5x interquartile range. Asterisks denote statistically significant difference (P < 0.001) in Wilcoxon signed-rank test. The
species and genes used in this analysis are provided in S/ Appendix, Table ST and Dataset S10. (C) Correlated evolutionary rates between ACT-like domain and
bHLH domains. Global o rates were estimated from nucleotide sequences encoding the ACT-like and bHLH domains of bHLH orthologs in Brassicaceae. The
line represents the linear regression, and the coefficient correlation value (R%) is indicated in the graph. The o values, species, and genes used in this analysis
are provided in S/ Appendix, Tables S1 and S2 and Dataset S10. (D) Tanglegram of bHLH and ACT-like domains in 231 streptophytes. ML phylogenetic trees of
bHLH domains and ACT-like domains in streptophytes were individually reconstructed by RAXML-NG (43), with 1,000 bootstraps, based on “JTT+G" model, and
plotted face to face with links between same proteins in the two trees. Line and tip colors indicate the various bHLH subfamilies. The x-axis represents branch
lengths. Detailed phylogenetic trees with tip labels and bootstrap values are provided in Dataset S11.
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Biochemical Functional Analyses of bHLH Proteins from a from C. reinhardtii were biochemically characterized (Fig. 5
Chlorophyte. Previous studies reported that ACT-like domains and SI Appendix, Fig. S9). Briefly, we synthesized, cloned,

can dimerize (20, 22, 30, 31), and that some modulate the and expressed for each protein the regions corresponding
DNA-binding and/or dimerization activity of the associated  to the bHLH domain, ACT-like domain or bHLH domain
bHLH (21). To characterize possible functional consequence and C-terminal regions (containing the ACT-like domain in

of the coevolution of the ACT-like and bHLH in chlorophyte  bHLH"“""; Fig. 54) in Escherichia coli as N-terminal SUMO-
bHLH TFs, three bLHLH ™" proteins, four bHLH proteins containing histidine-tagged (N His-SUMO-), histidine-tagged
containing incomplete ACT-like domains lackin(gr the first (N¢His-) and glutathione S-transferase (GST-) fusions that
B sheet (SI Appendix, Fig. S4), and one bHLHA“T- protein facilitated affinity purification by Ni-NTA and glutathione
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Fig.5. Dimerization and influence of C. reinhardtii ACT-like domains on the DNA-binding activity of bHLH domains. (A) Schematic representation of the domain
architecture of seven C. reinhardtii bHLH*™ and one bHLHA®"" proteins showing the fragments expressed in E. coli as N-terminal fusions to NgHis-SUMO or
NgHis and GST and affinity-purified. Yellow rectangles depict the bHLH domain, with gray indicating the loop regions, green the p-sheets, and yellowish green
the a-helices on the ACT-like domain. (B) Phylogenetic relationships of the bHLH domains of the nine C. reinhardtii bHLH factors biochemically analyzed. The
ML phylogenetic tree was constructed with the bHLH domains from the nine C. reinhardtii species using Le and Gascuel model with gamma distribution (LG+G)
and 1,000 Felsenstein bootstraps in MEGA. Bootstrap values >50 are shown as percentages at the respective branch points. The dark green shades highlight
proteins harboring ACT-like domains, and light green shades indicate those with ACT-like domain lacking the B, sheet. Gray shades indicate proteins without
ACT-like domains. (C) Dissociation constants (Ky) for dimerization of ACT-like domains and G-box binding of bHLH domains and C-terminal regions (both bHLH
and ACT-like domains). K4 values were determined by saturation binding assays using ALPHA. The ACT-like domains lacking the first p-sheet formed inclusion
bodies when expressed in E. coli (Cre01.g011150, Cre07.g353555, Cre07.g332250, and Cre04.g224600). For the DNA-binding assays, various concentrations (0 to
4 pM) of the GST-tagged proteins (Cre07.g349152, Cre02.g109683, and Cre04.g216200) were incubated with 500 nM of the same protein fused to NgHis-SUMO
and subjected to fluorescence signal measurement. The G-box-binding strengths were determined by competition binding assays with NgHis-SUMO-tagged
bHLH domains or Hisg-SUMO-tagged C-terminal regions (S/ Appendix, Materials and Methods). K, values were calculated by one-site fit model in GraphPad Prism
v6.0. For each interaction, K values (mean + SD) of two biological repeats are shown, and the SD reflects the variation between three technical replicates.
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affinity chromatography, respectively (S Appendix, Fig. S10 and
Materials and Methods). We analyzed ACT homodimerization
affinity by saturation binding assays using amplified luminescent
proximity homogeneous assay (ALPHA) using the N His-
and GST-tagged proteins and DNA-binding affinity using
the N His-SUMO-tagged protein and a biotin-labeled
double-stranded DNA oligonucleotide containing a G-box
(ST Appendix, Materials and Methods).

The dimerization assays showed that the ACT-like domains
from the three BHLH*“™" proteins (Cre07.g349152, Cre02.
g109683, and Cre04.g216200) have similar apparent dissocia-
tion constants (K;) values (from 711.8 to 1,048.6 nM; Fig. 5C
and SI Appendix, Fig. S11 A and B) as we previously determined
for the Arabidopsis GL3 bHLH"“™ TF (-1,540 nM) (22).
When we quantitatively analyzed DNA-binding K for the eight
N His-SUMO-tagged bHLH domains, we determined that
they all bind the G-box with strong affinity (0.16 to 0.85 nM,
Fig. 5C and SI Appendix, Fig. S11 C and D) and did not bind
a mutated G-box double-stranded oligonucleotide probe
(ST Appendix, Fig. S12A4). However, when we tested for DNA
binding for the N(His-SUMO conjugated C-terminal regions
containing both the ACT-like and bHLH domains, we deter-
mined that they exhibited significantly reduced DNA binding
(almost 50 times lower) against the wild-type G-box probe
(Fig. 5C and SI Appendix, Fig. S11 E and F), similar as was
previously shown for R (21), with no binding to a mutated
G-box probe (87 Appendix, Fig. S12B). The reduction in the
DNA-binding activities was observed for all the eight proteins
regardless of the presence of the first f-sheet in the ACT-like
domains, suggesting that the presence of this p-sheet is not
essential for this activity of ACT-like domains. To test for the
possibility that any sequence C-terminal to the bHLH would
negatively affect DNA binding, we assayed the DNA-bindin
activity of the bBHLH plus C-terminal region of the bHLH"“""
Crel4.g620850. Compared to the DNA binding of the respec-
tive bHLH, a modest decrease was observed, but certainly not
as dramatic as for the bLHLHAT* roteins (Fig. 5C), suggesting
a potential difference in bBHLH*“"" and bHLH*“™ bHLH
domains, the affinity for the G-box of Crel14.g620850 (bHL-
H"“T") was 2 to 3 times higher than that for the bPHLH domains
associated with ACT-like motifs (compare the K; for the b(HLH
domains in Fig. 5C). Taken together, these results indicate
that chlorophyte ACT-like domains retain some of the func-
tional characteristics attributed to vascular plant ACT-like
domains.

Discussion

ACT-like domains are associated with a significant fraction of the
large plant bBHLH TFs and have been shown to be important for
regulatory activity. While structurally conserved, ACT-like
domains diverged significantly at the amino acid sequence level,
complicating their global identification using solely protein
sequence alignments. Using structure-based homology searches, we
show that the bBHLH and ACT-like domain association is first pres-
ent in Plantae common ancestor. Similar to what was determined
for land plant bHLHAT proteins (20-22), ACT-like domains
present in the chlorophyte C. reinhardtii dimerize and negatively
modulate the DNA-binding activity of the associated bBHLH motifs
(Fig. 5), indicating that the regulatory functions on bHLH domains
are likely ancestral activities of ACT-like domains. In addition, based
on sequence and structural similarities, we propose a model in which
the ACT-like domain associated with plant bHLH TFs derived from
the ACT-like domain present in a common ancestor with ACR

https://doi.org/10.1073/pnas.2219469120

proteins (Fig. 6), which in turn is likely to have originated from the
ACT domain present in widely distributed GInD proteins.

Our results suggest a monophyletic origin of the ACT-like
domain associated with plant bHLH TFs, instead of multiple
domain-shuffling events (12). Previous studies suggested that the
origin of the bBHLH domain precedes the split between the Plantae
and opisthokont (including fungi and animals) lineages (12), and
the bHLH family underwent independent amplification in both
the land plants and the vertebrates (11). In accordance with these
notions, we found prevalent presence of the ACT-like domains
associated with the bBHLH domains in Plantae, and could not find
such evidence in opisthokont (Dataset S1), indicating a plant-
specific origin of the ACT-like domains.

Our results reveal variable distribution of ACT-like domains
among bHLH TFs in the green algae. Compared to vascular
plants, green algae show a rather variable number of bBHLH TFs
(ranging from one to nine), and the fraction of them harboring
ACT-like domains (ranging from 0 to 100%) is also variable
(SI Appendix, Fig. S2). While the absolute numbers must be taken
with some caution as some of the genomes are probably not fully
sequenced/annotated yet, it is remarkable that six green algae have
just one bHLH TE which may or may not harbor an ACT-like
domain. These results suggest that the radiation of bHLHA™
genes in green algae was associated with frequent amplification/
loss of genes in different lineages.

Possible functions of the ACT-like domains in chlorophytes
were investigated in C. reinhardtii for which there isa well-annotated
genome (47). Previous studies in maize and Arabidopsis showed
that ACT-like domains can provide additional dimerization oppor-
tunities for bLHLHA“"* TFs (20, 22), and that ACT-like domains
negatively affect the DNA-binding activity of the associated
bHLH motif (21). Our result shows that this is indeed the case
for C. reinbardtii BHLH ™ (Fig. 5). C. reinbardtii ACT-like
domains dimerize with an affinity comparable to those of vascular
plants (22), and the ACT-like domain significantly diminishes the
DNA-binding activity of the associated bBHLH domain toward
canonical E-box DNA motifs. In addition, out of the nine bHLH
TFs present in C. reinhardtii, four BHLH ™" genes with ACT-like
domains with the Pappfa fold, instead of the more common
BPappa (Fig. 5), retain the ability to inhibit DNA binding by the
adjacent bHLH domain (Fig. 5 and SI Appendix, Fig. S11). Our
results suggest that the PPoppo fold represents the ancestral
ACT-like domain and that PafPa variants derive from it, but
establishing this will require additional analyses and experimen-
tation. The mechanism by which the ACT-like domain has an
inhibitory effect on the DNA-binding activity of the bHLH
remains unknown and so are the regulatory consequences of this
modulation, but the small number of bHLH genes in C. reinhard-
tii furnishes a singular opportunity to investigate this. From an
evolutionary perspective, the apparently conserved homodimeri-
zation activity of ACT-like domains may have allowed bHLHACT
genes to be more stably maintained after gene duplication events,
as homodimerization will be less affected than heterodimerization
by the gene dosage imbalance resulting from the duplication (48).
ACT-mediated heterodimer formation observed in some instances
may have evolved after neo- or sub-functionalization of the dupli-
cates has been stabilized (30, 31).

The bHLH family of TFs is characterized by the presence of
other domains (besides the ACT-like) that, when present, could
provide additional phylogenetic information (9). However, not
all bBHLH subfamilies possess these additional domains or con-
served sequences outside the bHLH. Thus, our phylogenetic
reconstructions rely solely on the conservation of the bHLH (8).
The challenges associated with drawing conclusions regarding
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Fig. 6. Proposed evolutionary model of ACT-like domain in plant bHLH TFs. Possible parsimonious evolutionary model of ACT-like domain in bHLH TFs is
proposed based on the relationships inferred from the phylogenies presented in this study. Ancestor bHLH protein acquired the ACT-like domain from type |
or Il ACRs. Then, subfamilies Xlll and Vb diverged early before the division of streptophyte algae and embryophytes, while other bHLHA™ subfamilies radiated

in the evolution of embryophytes. Subfamilies IVb and IVc might descend from a common ancestor with most bHL|

HACT" subfamilies but might have lost the

ACT-like domain later. Most bHLHA®"" subfamilies, except for IVb and IVc, evolved along different lineages. The arrow in gray represents the association event
between the ACT-like and bHLH domains. The blue line indicates the lineages of the bHLH*“™". Dashed lines indicate branches whose positions are not clearly

resolved, based on the available data.

major events in the evolution of the family are illustrated by
members of subfamilies Vb and XIII. In Arabidopsis, subfamily
XIIT is rather small with four members, including LZHW and
three LHW-LIKE (LL1-3) genes (32, 49). LHW participates in
the regulation of vascular cell proliferation together with
TARGET OF MONOPTEROS (TMO5), another bHLH TF
which belongs to subfamily Vb. Both LHW and TMO5 have
ACT-like domains, and the two proteins interact through the
bHLH domain (50), although LHW can also form homodimers
(49). Subfamily XIIT LHW orthologs were identified in all
major plant lineages; however, bryophyte LHW orthologs lack
the ACT-like domain, and domain-swapping experiments
demonstrated that this domain was essential for vascular cell
proliferation (32). The position of subfamily XIII in the bHLH
phylogeny (Fig. 2) and the finding that liverworts subfamily
XIIT lacks ACT-like domains while vascular plants have it sug-
gest the independent acquisition of an ACT-like domain to
result in subfamily XIII in a common ancestor of the strepto-
phyte algae and the embryophytes, and subsequently lost it in
the liverworts lineage (51). In support of this, we identified at
least one subfamily XIIT bHLH gene (GAQ82294) harboring
an ACT-like domain in K. nitens (Klebsormidiophyceae; strep-
tophyte algae) (S Appendix, Fig. S13).

PNAS 2023 Vol.120 No.19 2219469120

The emergence of subfamily Vb is difficult to determine based on
the phylogeny of the bBHLH domain because it is not strongly sup-
ported (SH-aLRT = 62%) (Fig. 2). However, the presence of Vb in
the streptophkrte algae (Fig. 2) suggests a very ancient origin basal to
other bBHLH" ™ genes (Fig. 6). The ACT-like domains of subfam-
ilies Vb and XIII are more similar to each than expected from the
bHLH phylogeny (Dataset S12). When taken together with the
finding that the bBHLHs of LHW (XIII) and TMO5 (VD) interact
(32), it is possible that selection acted on subfamily XIIT bHLH,
resulting in the divergence that characterizes this subfamily, to pre-
serve interaction with Vb members. If so, then the position of sub-
family XIIT could branch out from subfamily Vb (Fig. 6).

As is the case for many other eukaryotic TFs, bHLH factors
often have a number of other domains that participate in the
formation of unique regulatory complexes. How such ability to
recruit additional partners has evolved is of fundamental impor-
tance, and the association of bHLH with ACT-like domains pro-
vides an attractive paradigm for how this might happen, and the
biological consequences associated. TFs harboring bHLH domains
have so far only been found in eukaryotes, and our studies indicate
that the association of the bLHLH and ACT-like domain is unique
to the plants. It is intriguing however that both archaebacteria and
eubacteria harbor a group of TFs that belong to the Feast/Famine
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Regulatory Proteins in which the N-terminal DNA-binding helix—
turn—helix domain is separated by a loop region from a C-terminal
Regulation of Amino-acid Metabolism (RAM) domain (51, 52).
The RAM domain has a very similar topology (Bapfap) to ACT
domains, but their functions and small-molecule binding activities
have rendered them a separate name (51, 53). Thus, evolution
might have toyed with similar combinations of structural domains
at least twice independently.

Materials and Methods

Protein Sequence Analyses. Atotal of 140 eukaryote bHLH TF sequences were
identified by Pfam ID (PF00010). The oo secondary structures and tertiary
protein structures of the ACT-like domains were predicted using PSIPRED (54)
and AlphaFold (38, 39) via the ColabFold interface (55). The presence of ACT-
like domains in various organisms was investigated with PSI-BLAST, Conserved
Domain Database search in NCBI (https://blast.nchi.nlm.nih.gov) (56), and Pfam
v34.0 database search (http://pfam.xfam.org/) (57). Detailed methods for the
identification of the ACT-like domains are presented in S/ Appendix, Materials
and Methods.

Phylogenetic Tree Analyses and Ancestral Sequence Reconstruction.
ML trees of the ACT-like and bHLH domains derived from Chloroplastida were
constructed by best-fit substitution models chosen by ProtTest v3.4.2 (58) with
1,000 or 2,000 iterations using the Transfer Bootstrap method (59), or using
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