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Significance

Transcription Factors (TFs) are  
key proteins that bind specific 
genomic regions and regulate the 
expression of associated genes. 
Not all organisms possess the 
same set of TFs and some, like 
the ALOG [Arabidopsis LIGHT-
DEPENDENT SHORT HYPOCOTYLS 
1 (LSH1) and Oryza G1] TFs, are 
specific to plants. ALOG TFs have 
been shown to play important 
roles from bryophytes to 
flowering plants, but it was not 
known what DNA motif they 
recognize and how they bind 
DNA. Here, we identify this DNA 
motif and elucidate the structural 
basis of its binding by ALOG TF. 
We also reveal that several ALOG 
genes from Arabidopsis share a 
redundant function within the 
genetic network underlying 
correct floral meristem 
development.
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The ALOG (Arabidopsis LIGHT-DEPENDENT SHORT HYPOCOTYLS 1 (LSH1) 
and Oryza G1) proteins are conserved plant-specific Transcription Factors (TFs). They 
play critical roles in the development of various plant organs (meristems, inflorescences, 
floral organs, and nodules) from bryophytes to higher flowering plants. Despite the 
fact that the first members of this family were originally discovered in Arabidopsis, 
their role in this model plant has remained poorly characterized. Moreover, how these 
transcriptional regulators work at the molecular level is unknown. Here, we study the 
redundant function of the ALOG proteins LSH1,3,4 from Arabidopsis. We uncover 
their role in the repression of bract development and position them within a gene 
regulatory network controlling this process and involving the floral regulators LEAFY, 
BLADE-ON-PETIOLE, and PUCHI. Next, using in  vitro genome-wide studies, 
we identified the conserved DNA motif bound by ALOG proteins from evolution-
arily distant species (the liverwort Marchantia polymorpha and the flowering plants 
Arabidopsis, tomato, and rice). Resolution of the crystallographic structure of the ALOG 
DNA-binding domain in complex with DNA revealed the domain is a four-helix bundle 
with a disordered NLS and a zinc ribbon insertion between helices 2 and 3. The majority 
of DNA interactions are mediated by specific contacts made by the third alpha helix 
and the NLS. Taken together, this work provides the biochemical and structural basis 
for DNA-binding specificity of an evolutionarily conserved TF family and reveals its 
role as a key player in Arabidopsis flower development.

ALOG domain | plant transcription factors | flower development

The control of gene expression by Transcription Factors (TFs) is of key importance for all 
living organisms. Some TF types are widely shared among diverse organisms whereas 
others have emerged in specific groups. Plants, in particular, possess a diversity of TFs 
that are absent from other kingdoms (1). Many of these plant-specific TF families were 
born around the time of plant emergence from the water (in charophytes algae or bryo-
phytes) and have later expanded and been co-opted in various processes along plant 
evolution (2). Most of these TFs have been characterized at the biochemical and structural 
levels. However, a few important regulators of plant physiology or development are sus-
pected to act as TFs, but the characterization of their DNA-binding specificity or the 
structural basis for DNA recognition is still missing. This is the case for the ALOG 
[Arabidopsis LIGHT-DEPENDENT SHORT HYPOCOTYLS 1 (LSH1) and Oryza G1] 
gene family. These genes, first described in Arabidopsis thaliana (3), are present in land 
plants as well as in some algae (4, 5), usually as gene families. For example, the Arabidopsis 
genome contains 10 ALOG genes (3) (called LSH in Arabidopsis).

ALOG genes have been shown to play crucial developmental roles in a wide variety of species. 
In the liverwort Marchantia polymorpha, LATERAL ORGAN SUPPRESSOR 1 (LOS1) and 
LOS2 are implicated in meristem maintenance and lateral organ development (5, 6). In tomato, 
the ALOG gene TERMINATING FLOWER (TMF) controls flowering by preventing the 
precocious expression of ANANTHA [AN; the tomato ortholog of the Arabidopsis UNUSUAL 
FLORAL ORGANS (UFO) gene] (7). In rice, the ALOG genes LONG STERILE LEMMA1 
(G1) (8), TRIANGULAR HULL 1 (TH1) (9), TAWAWA1 (TAW1) (10), and G1-LIKE 1 and 
G1-LIKE 2 (G1L1 and G1L2) (11) have been shown to play diverse roles, such as controlling 
the development of the panicle and several floral organs. In pea, the ALOG gene SYMMETRIC 
PETALS 1 is a regulator of floral organ internal asymmetry (12) and in Medicago truncatula 
LSH1/LSH2 control nodule identity (13). In Torenia fournieri, ALOG3 regulates the formation 
of the petal corolla neck (14). In Arabidopsis, LSH8 is involved in ABA signaling (15), LSH9 
genetically interacts with the clock protein EARLY FLOWERING 3 (16) and LSH10 acts in 
a co-repressor complex (17). Arabidopsis mutants have also been isolated for LSH1, LSH3, D
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and LSH4, but none display any obvious phenotype (18, 19). 
However, constitutive expression of LSH4 (and to a lesser extent 
LSH3) results in the inhibition of leaf growth and the production 
of extra and chimeric floral organs or shoots within flowers (19). 
LSH3 and LSH4 are expressed in the boundary regions of shoot 
organs under the transcriptional control of the CUP-SHAPED 
COTYLEDON1&2 TFs (19, 20). Overall, these effects suggest that 
Arabidopsis LSH3 and LSH4 might be involved in the control of 
organ formation in boundary regions of floral meristems.

Despite this increasing body of evidence that ALOG proteins 
play important roles in various plant species, little is known about 
the molecular and structural properties of these TFs. Several 
ALOG proteins were shown to directly interact with promoter 
regions and act as transcriptional repressors (17, 21, 22). A well- 
studied example is the repression of the tomato AN gene by the 
ALOG protein TMF, involving phase separation on the AN pro-
moter (21, 23). At the molecular level, ALOG proteins share a 
conserved domain (named the ALOG domain) (4), flanked by 
non-conserved disordered regions of variable lengths. This ALOG 
domain likely originates from the DNA-binding domain (DBD) 
of bacterial recombinases found in mobile elements (4), into which 
a putative zinc ribbon was inserted. However, the DNA-binding 
mode and specificity determinants were unknown. Here, we pro-
vide a functional characterization of ALOG proteins from 
Arabidopsis, determine their DNA-binding specificity, compare 
this with ALOG proteins from early diverging plants, and demon-
strate the importance of both the unstructured NLS and core 
alpha helix in DNA sequence recognition and binding.

Results

LSH1, LSH3, and LSH4 Functional Characterization in A. thaliana 
Reproductive Meristems. The role of ALOG genes in flower and 
inflorescence development has been documented across various 
species, such as rice, tomato, Torenia, and several legumes (7, 10, 
12–14). However, their functions in the reproductive structures of 
Arabidopsis are poorly characterized. Among the 10 LSH genes, 
only LSH1, LSH3, and LSH4 are expressed in the inflorescence 
meristems (IMs), flower meristems (FMs) and Stage-3 flower 
tissues (SI Appendix, Fig. S1). In order to further characterize their 
spatial expression profiles, we performed in  situ hybridization. 
Consistent with LSH3 and LSH4 mRNA and LSH4-GFP 
published expression data (19, 24), all three genes were expressed 
in the boundary region between the IM and the FM. LSH1 and 
LSH3 were also expressed in the cryptic bract region while LSH1 
expression further extends in the IM (Fig. 1 A–F). The overlapping 
expression patterns of LSH1, LSH3, and LSH4 genes suggest 
possible functional redundancy among them. This hypothesis is 
consistent with the lack of any discernible phenotypic effects in 
single lsh1, lsh3, or lsh4 mutants (18–20).

To unravel the role of LSH1, LSH3, and LSH4 in Arabidopsis, 
we generated mutant alleles for these genes using the CRISPR-Cas9 
gene editing system. For all three genes, we obtained mutations 
with a premature stop codon leading to truncated proteins lacking 
the ALOG domain (SI Appendix, Fig. S2). None of the single (lsh1, 
lsh3, and lsh4) nor double mutants (lsh1 lsh3, lsh1 lsh4, and lsh3 
lsh4) display any visible aberrant phenotype. We thus analyzed the 
lsh1 lsh3 lsh4 triple mutant and observed that flowers were sub-
tended by a well-developed bract-like organ emerging from the 
pedicel (Fig. 1 M–O). Such organs do not normally develop in 
wild-type (WT) Arabidopsis plants. The triple mutant flowers show 
no other strong aberrations: The floral organs had normal numbers, 
shapes, and dimensions and the flowers were fully fertile. Scanning 

electron microscopy (SEM) analysis of lsh1 lsh3 lsh4 bracts showed 
that these organs display sepal-like cell types and occasionally 
develop structures resembling stigmatic papillae (Fig. 1 O–R).

Positioning LSH Proteins within the Gene Regulatory Network 
Controlling Bract Repression. In order to understand the role of 
LSH genes, we aimed at positioning them in the gene regulatory 
network controlling bract repression. In Arabidopsis, the genes 
LEAFY (LFY), UFO, BLADE-ON-PETIOLE1 & 2 (BOP), PUCHI, 
JAGGED (JAG), and JAGGED-like are known to contribute to this 
process (25–29).

Since the master regulator LFY is expressed in the earliest stages of 
flower development (30) and contributes to bract repression (31), we 
wondered whether LFY could act upstream of LSH genes. Examination 
of published LFY ChIP (chromatin immunoprecipitation)-seq data 
revealed intense LFY binding to LSH1 and LSH3 promoter regions 
(SI Appendix, Fig. S3) (32, 33). We thus investigated LSH gene expres-
sion patterns in the lfy-2 mutant (Fig. 1 G–L) (34) and found altera-
tions in LSH1, LSH3, and LSH4 expression. Specifically, LSH1 
expression became almost undetectable in the lfy-2 mutant (compare 
Fig. 1 A and B with Fig. 1 G and H), whereas LSH3 (compare Fig. 1 
C and D with Fig. 1 I and J) and LSH4 (compare Fig. 1 E and F with 
Fig. 1 K and L) expressions became more diffuse, ectopically present 
in regions such as the FM and the IM, where they are normally absent. 
Therefore, LFY activity is required for the localized expression of LSH 
genes in the meristem boundary and cryptic bract region (including 
for LSH4 that is not directly bound by LFY in available ChIP-seq data).

To identify proteins that could interact directly with LSHs, we 
systematically analyzed interactions between LSHs and the differ-
ent proteins acting in bract repression using yeast-two-hybrid 
(Y2H) assays (SI Appendix, Table S1). Among all tested interac-
tions, we found that LSH1, LSH3, and LSH4 interacted with the 
BOP1 and BOP2 proteins (SI Appendix, Fig. S4). Similar inter-
actions were previously observed in tomato, Torenia, and pea  
(12, 35, 36). Thus, our findings further support the conservation 
of the BOP-ALOG interaction in Arabidopsis.

Finally, we wished to identify direct target genes downstream 
of LSHs. We first used RNA-seq on young inflorescence tissues 
to establish the list of genes with altered expression in the lsh triple 
mutant (Dataset S1A and SI Appendix, Fig. S5). Next we per-
formed amplified DNA Affinity Purification sequencing (ampDAP- 
seq) (37) to identify genomic regions potentially bound by LSH1 
and LSH3 proteins. We found a strong overlap between regions 
bound by these two TFs, consistent with their redundant function 
in planta (Dataset S1 B and C and SI Appendix, Fig. S5). Since 
the list of genes both bound and regulated did not yield any gene 
known to repress bracts (Dataset S1D), we individually examined 
the ampDAP-seq data for the genomic regions of known bract 
repressors (Fig. 2A and SI Appendix, Fig. S6). We identified two 
LSH peaks in the PUCHI promoter (regions I and III). To deter-
mine whether LSH could bind these regions in vivo, ChIP was 
performed using a pLSH4:LSH4-GFP transgenic line (24). We 
found that LSH4-GFP specifically bound regions I and III, while 
region II, lacking the LSH binding site, did not exhibit any bind-
ing (Fig. 2B). This result thus corroborates ampDAP-sep data. We 
then assayed the expression of PUCHI by in situ hybridization in 
the lsh1 lsh3 lsh4 triple mutant. In contrast to its specific expression 
on the adaxial side of the WT flower meristem (Fig. 2C) (27), we 
observed that, in the lsh1 lsh3 lsh4 mutant, PUCHI expression 
was localized at the abaxial side of floral primordia; this was true 
both for stage 1 primordia when bract just starts emerging and 
for stage 2 primordia when the bract is clearly visible (stages 
according to ref. 38; Fig. 2 D and E). This result confirms that 
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Fig. 1.   Expression pattern of LSHs (A–L) and analysis of the lsh1 lsh3 lsh4 (M–R) triple mutant. Expression profile of LSH1 (A, B, G, and H), LSH3 (C, D, I, and J), and 
LSH4 (E, F, K, and L) in reproductive tissues analyzed by in situ hybridization in WT (A–F) and lfy-2 (G–L) backgrounds. (A, C, E, G, I, and K) are longitudinal and 
(B, D, F, H, J, and L) are transversal sections. (Scale bar, 50 μm.) Black arrowheads in (A and C) indicate signal in the cryptic bract region, white arrowheads in  
(I and K) indicate bract primordia. See SI Appendix, Fig. S13 for negative controls. (M and N) Stereo microscope pictures of WT (M) and lsh1 lsh3 lsh4 triple mutant 
(N) inflorescences. The white arrowheads in (N) indicate bracts. (Scale bar, 3 mm.) (O–R) SEM pictures of WT and lsh1 lsh3 lsh4 plants. (O), floral bud, the white 
arrowhead indicates the bract. (Scale bar, 100 µm.) lsh1 lsh3 lsh4 triple mutant bract (P and Q). The white arrowhead indicates the stigmatic papillae. The red 
arrowhead indicates the sepal-like cells. (Scale bars: P = 100 µm; Q = 50 µm.) WT sepal (R, Scale bar, 50 µm).
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LSH acts upstream of PUCHI and suggests that the altered 
PUCHI expression could contribute to the triple lsh1 lsh3 lsh4 
mutant bract phenotype. We also checked the expression of LFY 
and BOP1/2 genes but none of them showed a strongly altered 
expression pattern in the lsh1 lsh3 lsh4 triple mutant (SI Appendix, 
Fig. S7). Overall, our findings allow proposing a gene regulatory 
network involved in the repression of bract development (Fig. 2F).

Determination of the ALOG DNA-Binding Specificity. Next, 
we aimed at determining ALOG DNA-binding specificity. 
The search for overrepresented DNA motifs in LSH1/3-bound 
regions from the ampDAP-seq experiment identified the same 
7-bp YACTGTW (Y = T/C, W = A/T) motif for both proteins 
(Fig. 3A and SI Appendix, Fig. S8A). This motif displays several 
high-information positions, strongly suggesting specific contacts 
between LSH residues and DNA bases at these locations. The 
position weight matrix (PWM) corresponding to this motif 
reliably predicted LSH1/3 DNA binding (Fig. 3B and SI Appendix, 
Fig.  S8A). Next, we used electrophoretic mobility shift assay 
(EMSA) to validate LSH binding to the YACTGTW motif. We 
found that both the in vitro-produced full-length proteins and 
the isolated ALOG domains specifically interact with this motif 

(SI Appendix, Fig. S8B), showing that the ALOG domain is the 
DBD and fully confers the binding specificity. The ALOG domain 
was thus used in the rest of this work. EMSA using a DNA probe 
of optimal affinity according to LSH3 PWM showed a single 
shifted band with LSH1 or LSH3 DBDs (Fig. 3C and SI Appendix, 
Fig. S8C) with apparent Kds for LSH1 and LSH3 DBDs estimated 
below 50 nM, in the range of other affinities found for TF/DNA 
(39). DNA bases from this motif were systematically mutated and, 
overall, most mutations at the high-information positions of the 
motif strongly reduced the binding of LSH1 and LSH3 DBDs 
(Fig. 3D). These experiments validated the YACTGTW motif as 
the LSH binding site.

The LSH motif showed little symmetry, suggesting it is bound 
by a single DBD monomer (20, 24). Co-immunoprecipitation 
(SI Appendix, Fig. S9A), Y2H (SI Appendix, Fig. S9B), and EMSA 
(SI Appendix, Fig. S9C) experiments consistently confirmed that 
Arabidopsis LSH proteins do not dimerize as opposed to obser-
vations made on proteins from other species (21, 35).

ALOG DBD Structure Defines a specific Class of Plant TF. Next,  
we used a crystallographic approach to obtain structural information 
on how ALOG DBD binds DNA. Deletion experiments first 

WT

PUCHI

C

A

lsh1 lsh3 lsh4

*
*

PUCHI

E

PUCHI

D lsh1 lsh3 lsh4

PUCHI IIIIII

ATG -580 bp -1341 bp -4648 bp

500 bp

LSH1 LSH3
ampDAP-seq

WT LSH4-GFP
B

LFY

tnempolevedtcarB

PUCHI
LSH1-3-4

BOP1-2
F

En
ric

hm
en

t f
ol

d

Fig. 2.   LSHs regulate PUCHI expression. (A) Genome browser view showing ampDAP-seq binding of LSH proteins to the PUCHI promoter. Regions I to III 
analyzed by ChIP in (B) are presented below. Y axis indicates count per millions of reads mapped. (B) ChIP assays analyzed by real-time PCR show that LSH4-
GFP bound region I and III of PUCHI promoter but not region II. Error bars represent the propagated error value using three technical replicates. ChIP results 
of one representative experiment out of two independent biological replicates is shown. (C–E) Analysis of PUCHI expression profile by in situ hybridization. WT 
or mutant backgrounds are indicated below pictures. (Scale bar, 50 µm.) Asterisks indicate the bracts that subtend the primordia and the arrow points to the 
PUCHI expression domain, adaxial to the flower primordia in WT and abaxial in the lsh1 lsh3 lsh4 mutant. (F) Model showing the interactions involved in bract 
repression. Arrows indicate regulations (with solid arrows when direct) and the interaction between BOP and LSH proteins is shown.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
E

A
 S

ac
la

y 
on

 O
ct

ob
er

 1
8,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

2.
16

6.
16

0.
47

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310464121#supplementary-materials


PNAS  2024  Vol. 121  No. 10  e2310464121� https://doi.org/10.1073/pnas.2310464121   5 of 10

allowed us to define the minimal LSH3 DBD and, unexpectedly, 
showed that the conserved nuclear localization signal (NLS; Fig. 4A) 
was required for DNA binding (SI Appendix, Fig. S10 A and B). 
Crystals obtained with LSH3 minimal DBD (LSH3S45-S190) 
bound to the YACTGTW motif (TAGTTTACTGTTGACGT 
DNA molecule) yielded a structure of the complex at 2.1 Å 
resolution (Table  1). We found that the ALOG domain from 
LSH3 is made of four helices and bears a high degree of structural 
similarity (conservation of the core arrangement of alpha 
helices) with the DBDs from LoxP recombinase (PDB 1NZB), 
tyrosine recombinase (PDB 5HXY) and the apoptosis regulator 
protein BCL-2 (PDB 6YLD) (40), as previously proposed (4). 
Furthermore, this crystallographic structure revealed that the DNA 
base-contacting residues originate from helix 3 but also from the C-
terminal extension that includes the NLS (Fig. 4 B–E). Finally, the 
LSH3-DBD structure elucidated the structural role of the 24-amino 
acid loop inserted between helices 2 and 3: this loop provides the 
three cysteines and the histidine residues (103-HxxxC...119-CxC) 
that chelate a Zn2+ ion, forming a non-canonical zinc ribbon-like 
arrangement similar to a Gag knuckle (Fig. 4G) (41). Interestingly, 
except for one residue at its very base, this region does not engage 
directly in DNA interaction as previously hypothesized (4).

We then mutated the residues from helix 3 (D131S and R136S) 
that establish direct contact with DNA bases (Fig. 4 C and D) and 
observed a significant reduction in DNA-binding affinity (Fig. 4F). 
Mutations of the residues from helices 1 and 4 that contact the 

phosphate backbone but are not involved in direct base read-out 
also somewhat reduced DNA binding (SI Appendix, Fig. S10 C–E). 
Mutating the Zn2+-coordinating residues (Fig. 4H) or deleting 
LSH1 or TMF zinc ribbons to mimic recombinases also abolished 
binding to the YACTGTW motif (SI Appendix, Fig. S10F), con-
firming the importance of the Zn ribbon as a structural component 
of the protein (21). Based on structural comparisons to all other 
plant TF-DNA complexes, we propose that the ALOG domain 
defines a specific family of plant TFs within the Zn2+ coordinating 
DBD superclass and the HC3 class of Plant-TFClass (1, 42).

Once established the ALOG-DBD DNA structure, we used 
Alphafold2 ColabFold (AFC) to analyze the interaction between 
ALOG and BOP proteins. From the diverse models generated, 
involving distinct BOP domains interacting with ALOG, we have 
chosen one that demonstrates robustness when considering pairs of 
proteins from different species. We tested this model using Y2H 
experiments with Arabidopsis proteins BOP2 and LSH3 (SI Appendix, 
Fig. S11). Mutations in residues from the ankyrin-repeat domain of 
BOP or ALOG DBD (opposite to DNA-contacting surface) strongly 
reduced their interaction, corroborating the AFC prediction. Such 
data will be useful to understand how BOP proteins affect ALOG 
activity.

The Properties of ALOG TFs Are Conserved during Plant 
Evolution. Finally, we examined the properties of ALOG proteins 
outside of Arabidopsis. The sequence conservation of ALOG 
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Fig. 3.   Determination of ALOG binding specificity by ampDAP-seq. (A) Logo obtained for LSH3 in ampDAP-seq, using the 600 peaks with the strongest signal. 
(B) Receiver operating characteristic (ROC) curve for LSH3 using all peaks except those used to build the logo. The value of the Area Under the Curve (AUC) is 
indicated. (C) EMSA with ALOG highest-score sequence DNA probe (WT ALOG motif) and LSH3S45-S190. Based on the analysis of three independent EMSAs, we 
found an apparent Kd of 28 nM for LSH3-DBD/DNA. (D) EMSA with LSH1M1-L166, LSH3S27-S199 and indicated DNA probes. The WT ALOG probe (Top Left) was mutated 
at positions indicated on the LSH3 logos (Bottom Left). Scores between brackets were obtained by scanning each DNA probe sequence with the LSH3 PWM (the 
best binding sites correspond to the less negative score values). EMSA with described DNA probes (Right). Uncropped gels are provided in SI Appendix, Fig. S14.
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Fig. 4.   Structure of LSH3 DBD in complex with DNA. (A) Alignment of studied ALOG proteins. Blue dotted lines indicate the limits of the ALOG domain. The zinc 
ribbon is highlighted in orange, with the key histidine and cysteine residues indicated by blue triangles. Green stars denote residues in direct contact with DNA 
bases. NLS = Nuclear Localization Signal. Numbers are relative to AtLSH3. At = Arabidopsis thaliana, Sl = Solanum lycopersicum, Mp = Marchantia polymorpha, 
Os = Oryza Sativa. (B) ALOG-DBD/DNA complex. Throughout this figure, LSH3 DBD is shown in blue except helix 3 colored in cyan. The DNA duplex is depicted 
in gray with bases with the highest information content in orange. The Zn2+ ion is shown in yellow. A 180° rotation along the y-axis was applied to obtain the 
bottom picture. (C) Protein-DNA interactions. (D) Ribbon diagram of LSH3 DBD bound to its cognate DNA, with a focus on helix 3. Interactions are indicated by 
black dashed lines. For clarity, helix 1 was removed. (E) Close-up view of LSH3 C-terminal tail in contact with DNA. (F) EMSA with ALOG highest-score sequence 
DNA probe (WT ALOG motif) and indicated LSH3S27-S190 versions. (G) Close-up view of the zinc ribbon. Side chains of the residues coordinating the zinc ion are 
represented. (H) EMSA with WT ALOG motif DNA probe and indicated LSH3S27-S190 and LSH1M1-L166 versions. Uncropped gels are provided in SI Appendix, Fig. S14.
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domains across land plant species (Fig.  4A) suggests that the 
DNA-binding specificity of these factors might be conserved. 
To test this hypothesis, we performed ampDAP-seq with ALOG 
proteins from Marchantia, tomato, and rice (including the rice 
G1 protein that bears an additional insertion absent from other 
members of this family; Fig. 4A). We found that all tested proteins 
have similar DNA-binding specificities, revealing a high degree of 
conservation from bryophytes to flowering plants (SI Appendix, 
Fig.  S12A). Consistent with a functional role of the ALOG 
domain, several of the mutations identified genetically in rice 
or tomato fall within key residues of the ALOG domain, within 
helices 1 and 3 and the zinc ribbon (SI Appendix, Fig. S12B). As 
the DNA-binding specificity is highly conserved, it is likely that 
the structural features described for the LSH3-DNA complex are 
valid for all ALOG proteins. The diversity of ALOG functions in 
plants would have to be explained by variations in other features 
(such as changes in cis-elements in their target genes).

Discussion

Since the initial identification of the LSH1 gene in Arabidopsis (3) 
and of the G1 gene in rice (8), which defined the ALOG family, 
there has been a growing body of evidence that ALOG genes play 
important roles in many land plants such as Marchantia, 
Arabidopsis, tomato, rice, pea, or Medicago. However, fundamental 
questions have remained unanswered regarding the DNA sequence 

they recognize, their DNA-binding mechanism, and their general 
and conserved roles in diverse species. In this work, we resolved 
several of these key questions.

First, we performed a set of genetic experiments showing that 
the Arabidopsis lsh1 lsh3 lsh4 triple mutant flowers display a 
well-developed and chimeric bract, an organ that is normally 
absent in WT flowers. This phenotype, absent from single and 
double mutants, shows that these factors act redundantly in 
Arabidopsis. Analyzing other genes involved in bract repression, 
we unraveled an intricate gene regulatory network downstream of 
the master floral regulator LFY which directly controls the proper 
expression pattern of LSH genes (Fig. 2F). As also reported in 
tomato, pea, and Torenia (12, 35, 36), we showed that Arabidopsis 
LSHs interact with BOP proteins and we identified key residues 
for this interaction. This LSH-BOP complex likely acts by con-
trolling the expression of the bract repressor PUCHI (27). Indeed, 
PUCHI expression is no longer confined to the adaxial side of the 
boundary region in the lsh1 lsh3 lsh4 triple mutant (as also 
observed to a lesser extent in the bop1 bop2 double mutant) (27). 
The regulation of PUCHI by LSH appears direct since the inter-
action between LSH proteins and PUCHI promoter was observed 
in ampDAP-seq experiments (for LSH1 and LSH3) and in ChIP 
experiment (for LSH4), and several ALOG binding sites are con-
served in the PUCHI promoter (SI Appendix, Fig. S6B). These 
observations suggest that LSH-BOP complexes are required for 
the boundary identity by confining the expression of PUCHI at 
the adaxial boundary of FM and thereby preventing bract devel-
opment. Whether Arabidopsis LSHs recruit BOPs to the nucleus 
forming a transcriptional complex as reported in tomato, is still 
an open question (35). Since the lsh1 lsh3 lsh4 triple mutant 
bract-like organs show chimeric features like sepaloid and carpel-
loid cells, LSHs may also be involved in repressing floral organ 
identity genes. Further genetic and molecular analyses will be 
needed to fully explain the lsh mutant phenotype and to determine 
whether parts of the regulatory network unraveled in Arabidopsis 
also exist in other flowering plants. Considering the similarity of 
the phenotypic defect induced by mutations in LFY and/or ALOG 
genes in rice, it is plausible that the regulatory connection iden-
tified here between LFY and the ALOG genes may exhibit 
conservation.

Next, we provided answers regarding how ALOG proteins per-
form their function as TFs. Using ampDAP-seq, we identified the 
DNA motif bound by ALOG proteins from Marchantia to flow-
ering plants (Arabidopsis, tomato, and rice). This result confirmed 
ALOGs as sequence-specific DNA-binding proteins, with a bound 
motif conserved over a large evolutionary scale. Structural studies 
reveal the molecular and atomic determinants of DNA-binding 
specificity. The organization of the helical bundle and the approx-
imate position of the DNA-contacting surface had been roughly 
anticipated based on the comparison with recombinases and with 
lambda and integron integrases. These proteins bind DNA using 
helices 1, 3, and 4, with a diversity of residues (positions and types) 
in direct contact with DNA. The LSH3-DNA structure estab-
lished that base-protein contacts are made by ALOG residues 
located on helix 3 (not from helix 1 or 4), but also at the base of 
the zinc ribbon and, more surprisingly, a residue coming from the 
NLS. In contrast with previous predictions (4), the main role of 
the zinc ribbon is not to provide additional contacts with DNA 
but rather to help in stabilizing the DNA-contacting helices. The 
ALOG-DBD/DNA structure does not resemble any classified TF/
DNA structure (1, 42), and thus defines a specific family in the 
TFClass reference classification.

While this work helps clarify both the physiological role of 
ALOG proteins and their mechanism of DNA-binding and 

Table 1. Data collection and refinement statistics
ALOG-DNA

Data collection

Space group P4322

Cell dimensions
a, b, c (Å) 79.80, 79.80, 127.01

α, β, γ (°) 90, 90, 90

Resolution (Å) 67.-2.14 (2.19-2.14)*

Rsym or Rmerge (%) 4.5 (223)

I/σI 21.7 (0.9)

Completeness (%) 99.8 (99.1)

Redundancy 7.0 (6.9)

CC(1/2) 100 (32.5)

Refinement

Resolution (Å) 50.-2.14 (2.19-2.14)

No. reflections 43,003

Rwork/Rfree 21.4/25.2 (40.1/42.85)

No. atoms 1,809

Protein 1,402

Water 51

DNA 345

Zn2+ 1

B-factors
Protein 67

Water 67

DNA 92

Zn2+ 59

R.m.s. deviations
Bond lengths (Å) 0.003

Bond angles (°) 0.54
*Refers to the highest resolution shell.
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recognition, many ALOG properties remain to be investigated. 
For example, it is known that ALOG proteins are not functionally 
interchangeable: The ALOG proteins G1 and TAW1 from rice 
cannot complement a Marchantia los1 mutant while LOS1 com-
plements a rice g1 mutant (5). Thus, despite having highly con-
served DNA-binding preferences, other features contribute to 
ALOG proteins’ function in vivo. A first explanation could be that 
each ALOG protein interacts with specific partners to fulfill cer-
tain functions. Another possibility is that each ALOG protein has 
specific biochemical properties. In fact, it was reported in tomato 
that ALOG proteins undergo phase separation (21, 23). This 
property depends on redox conditions that control the formation 
of intermolecular disulfide bonds, and also on intrinsic ALOG 
characteristics independent of the DBD, notably their disordered 
regions. Cysteine residues from the zinc ribbon were proposed to 
contribute to the formation of TMF intermolecular disulfide 
bonds (21). However, our structural data suggest that mutating 
TMF cysteines rather disrupts the zinc ribbon and abolishes DNA 
binding. Further work is thus required to understand the impli-
cation of each ALOG protein domain (notably non-conserved 
disordered regions) in their physiological function, including their 
ability to undergo phase separation.

Overall, our work provides essential information on how 
ALOG TFs interact with DNA. An important remaining chal-
lenge is the determination of larger transcriptional complexes 
ALOGs are able to form. This likely underlies the differences in 
ALOG physiological function and explains how a highly con-
served DBD module can be functionally diversified via additional 
non-conserved and disordered domains.

Materials and Methods

Plant Material and Growth Conditions. All experiments were performed in 
A. thaliana accession Columbia-0 (Col-0) except the ChIP experiment (pLSH4:LSH4-
GFP line in the Landsberg erecta background) (24). Plants were grown in a controlled 
environment at 20 to 22 °C either under long-day conditions (16 h light/8 h dark) 
or under short-day (8 h light/16 h dark) conditions for 4 wk after germination and 
then transferred to long-day conditions. When necessary, seeds of Arabidopsis were 
germinated on MS plates (Murashige & Skoog, supplemented with 1% sucrose and 
solidified with 0.7% Plant Agar) with the appropriate selection. The lfy-2 mutant 
is described in ref. 34.

CRISPR-Cas9 Mutant Generation. For the generation of lsh1, lsh3, and lsh4 
single knock-out mutants, 20-bp specific protospacers (Dataset S2) were selected 
for each gene using CRISPR-P v2 database (43) and cloned into BbsI site of pEN-
Chimera entry vector under the Arabidopsis U6‐26 promoter and then combined 
into the pDe-CAS9 destination vector containing the Cas9 (44) by single site 
Gateway® LR reaction.

Scanning Electron Microscopy (SEM). SEM samples were prepared as previ-
ously described (45) by gold coating them using a sputter coater (SEMPREP2; 
Nanotech) followed by observation with a FESEM SIGMA SEM (Zeiss).

In Situ Hybridization. In situ hybridization analyses were performed as 
described in ref. 46. Gene fragments were amplified using the primer pairs listed 
in Dataset S2 to generate RNA antisense probes. Evaluation of the expression 
profile in the inflorescence and FMs, which was previously published for BOP1, 
BOP2, PUCHI, and LFY was used as a positive control (27, 47, 48). The antisense 
and sense RNA probes for LSH1, LSH3, and LSH4 were transcribed from pGEM®-T 
Easy with T7/SP6 RNA polymerase (Promega) according to the manufacturer's 
instructions. WT reproductive meristems transversal sections hybridized with 
sense probes for LSH1, LSH3, and LSH4 are shown in SI Appendix, Fig. S13.

Y2H. Yeast transformation was performed as previously described (49). Empty 
pGADT7 and pGBKT7 vectors were used as controls for the autoactivation. AH109 
yeast cells transformed with the pGADT7 vectors were mated with Y187 yeast 
cells transformed with the pGBKT7 constructs. The protein–protein interaction 

assays were performed on selective yeast synthetic dropout medium lacking 
Leu, Trp, Ade, and His, and supplemented with indicated concentrations of 
3‐aminotriazole. Plates were grown for 5 d at 28 °C before taking pictures. 
Previously published REM35/REM35 and REM34/REM34 interactions were used 
as positive and negative controls, respectively (46).

Transcriptome Analysis. Tissue enriched in IM, FM, and flowers primordia until 
stage 8 was collected for both lsh1 lsh3 lsh4 and WT plants. Four biological repli-
cates were collected, each replicate consisting of seven inflorescences. RNA was 
extracted using the RNeasy Plant Mini Kit (Qiagen). Sequencing libraries were 
prepared by Novogene with poly-A enrichment and sequenced with Illumina 
(paired end, 2 × 150 bp mode). Reads were trimmed with fastq-mcf v1.05 with 
options -l 50 -q 30 and adapters specified by Novogene. Quality was assessed 
with FastQC v0.11.5 and MultiQC v1.12 (50). A. thaliana genome assembly TAIR10 
with annotation Araport11 (51) was downloaded from the JGI data portal. Rsem 
v1.2.31 (52) was used to prepare the reference sequences for mapping from the 
transcript file and transcript-to-gene information in order to obtain gene-level 
abundance estimates. Rsem and Bowtie2 v2.3.4.1 were used to map the reads. 
Mapping statistics and differential gene expression analysis were conducted in 
R version 4.0.2 (R Core Team). The Bioconductor environment was used (Biobase 
v2.48.0) (53). Package Tximport v1.16.1 (54) was used to import count tables, and 
differential gene expression analysis was performed with DESeq2 v1.28.1 (44). 
P-values for differential expression were adjusted with the Benjamini-Hochberg 
method and the cutoffs for differential expression were set at |log2(Fold Change)| 
> 1 and padj < 0.05. Plots were obtained with ggplot2 v3.3.5. RNA-seq data 
have been deposited at GEO (GSE247357; link: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE247357).

Cloning. All genes were amplified from genomic DNA with a Phusion high fidelity 
polymerase (NEB) or a platinum SuperFi II polymerase (ThermoFisher) when the GC 
content was over 70%. All clonings were performed by Gibson Assembly and clones 
were checked by Sanger sequencing. Mutations were introduced by Gibson Assembly. 
Primers and plasmids used in this study are provided in Datasets S2 and S3, respec-
tively. For the Y2H assay, coding sequences of interest were cloned in the GAL4 system 
Gateway® vectors (pGADT7 and pGBKT7; Clontech) using the Q5® High-Fidelity DNA 
Polymerase (NEB) and the primers listed in Dataset S2. The mutated clones of BOP1 
(BOP1D326S-D333S-E381S-E393S) and LSH3 (LSH3H73S-R81S) were purchased from Azenta 
(Genewiz) and cloned from pDNR207 into the pGADT7 and pGBKT7, respectively.

AmpDAP-seq. All coding sequences were cloned in the pTNT-5xmyc vector (43). 
We used the ampDAP-seq libraries described in ref. 55. ampDAP-seq experi-
ments were performed in triplicates following a previously described protocol 
(56). The analysis of ampDAP-seq triplicates (peak finding, motif search, and 
evaluation) was performed using the procedure described in ref. 57. The ampDAP-
seq data have been deposited at GEO and are publicly available as of the date 
of publication (GSE235674; link: https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE235674). For the comparison between differentially expressed 
genes (DEG, lsh1 lsh3 lsh4 vs. WT) and genes bound in ampDAP-seq, a gene 
was considered bound when it contained at least one of the best 3,000 ampDAP-
seq peaks within its gene region (1 kb upstream of the transcription start site and 
500 pb downstream of the transcription stop site).

ChIP. ChIP assays were performed as described previously (58). Dynabead Protein 
G for Immunoprecipitation (Invitrogen) conjugated with Anti-GFP antibody (Roche) 
was employed for the immunoprecipitation. Quantitative real-time PCR assays were 
performed to determine the enrichment of the fragments. Detection was performed 
in triplicate using SYBR Green Super Mix 2X (Bio-Rad) and a Bio-Rad C1000TM 
thermal cycler. ACTIN7 was used to normalize the fold change and calculations were 
performed as described previously (59). Primers are listed in Dataset S2.

ALOG Recombinant Protein Production and Purification from Bacteria. All 
genes were cloned in the pETM-11 vector containing a N-terminal 6xHis tag and a 
TEV cleavage site (60). Plasmids were transformed into Escherichia coli Rosetta2 (DE3) 
cells (Novagen). Bacteria were grown in LB medium at 37 °C up to an OD600nm of 0.6. 
Cells were then shifted to 20 °C and 0.4 mM isopropyl b-D-1-thiogalactopyranoside 
(IPTG) was added. After a 3 h incubation at 20 °C, cells were collected by centrifuga-
tion and sonicated in Buffer 1 (25 mM Tris pH 8, 600 mM NaCl, 1 mM TCEP) supple-
mented with one EDTA-free Pierce Protease Inhibitor Tablets (ThermoFisher). Lysed D
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cells were then centrifuged for 30 min at 15,000 rpm. Supernatant was mixed with 
Ni Sepharose High-Performance resin (Cytiva) previously equilibrated with Buffer 1.  
Resin was washed with Buffer 1 containing 35 mM imidazole and bound proteins 
were eluted with Buffer 1 containing 300 mM imidazole. Eluted proteins were mixed 
with TEV protease (0.01% w/w) and dialyzed overnight at 4 °C against Buffer 1. 
The following day, elution was loaded again on Ni Sepharose High-Performance 
resins (Cytiva) to remove tags and contaminants. Contaminant DNA was removed by 
passing proteins on Q Sepharose High-Performance resin (Cytiva) pre-equilibrated 
with Buffer 1. DNA-free proteins (260/280 ratio below 0.6) were recovered in the 
flow-through and further purified by Size Exclusion Chromatography (SEC) with 
a Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated with Buffer 2  
(25 mM Tris pH 8, 150 mM NaCl, 1 mM TCEP).

EMSA. Complementary oligos (listed in Dataset S2) were annealed overnight in 
annealing buffer (10 mM Tris pH 7.5, 150 mM NaCl, and 1 mM EDTA). We used either 
TAMRA-labeled oligos (Macrogen) or complementary oligos with an overhanging 
G labeled with Cy5-dCTP. For this, 4 pmol of double-stranded DNA was labeled 
with 1 unit of Klenow fragment polymerase (NEB) and 8 pmol Cy5-dCTP (Cytiva) 
in Klenow buffer during 1 h at 37 °C. Enzymatic reaction was then stopped with a 
10-min incubation at 65 °C. Uncropped gels are provided in SI Appendix, Fig. S14.

Binding reactions were performed in 20 µL with different binding buffers as 
indicated in each figure legend. Buffer A (10 mM HEPES pH 7.5, 300 µg/mL BSA, 
140 ng/µL fish sperm DNA (Sigma-Aldrich), 100 µM spermidine, 0.25% CHAPS, 
1.5 mM TCEP, 0.8% glycerol) was used if unspecified. Otherwise, buffer B (25 mM 
Tris pH 8, 150 mM NaCl, 1 mM TCEP, 140 ng/µL fish sperm DNA, 0.8% glycerol) 
was used as indicated in each figure legend with indicated additives. Proteins 
were added at indicated concentrations. All untagged proteins were purified by 
SEC. Binding reactions were incubated for 20 min on ice and then loaded on a 
6% native polyacrylamide gel. Gels were electrophoresed at 90 V for 75 min at 
4 °C and revealed with an Amersham ImageQuant 800 imager (Cytiva).

Estimations of Kd were based on the quantification of binding experiments from 
Fig. 3C and SI Appendix, Fig. S8C and two other independent EMSAs for each protein. 
Kds were estimated with the Kaleidagraph software using a Michaelis–Menten model.

co-immunoprecipitation (co-IP). Myc- and FLAG-tagged versions of the different 
ALOG proteins were produced using the Quick Coupled Transcription/Translation 
System (TnT; Promega). 25 µL of TnT reactions producing indicated proteins were 
mixed with Buffer 1 to reach 150 µL and rotated at 4 °C during 1 h. 10 µL of pre-
washed anti-myc beads were then added and incubated with the proteins for 1 h at 
4 °C on a rotating wheel. Beads were then washed 4 times with Buffer 1. 1× protein 
Blue was then added to the beads, and beads were boiled for 5 min at 95 °C. Western 
Blots were then performed and revealed with HRP-conjugated anti-myc (Invitrogen; 
Cat# R951-25; 1:5,000 dilution) and anti-FLAG (Sigma-Aldrich, Cat# A8592; 1:1,000 
dilution) antibodies. Uncropped gels are provided in SI Appendix, Fig. S14.

Protein Crystallization, Data Collection, and Refinement. For crystalli-
zation, LSH3S45-S190 was purified as described above except that SEC was per-
formed in Buffer 1 supplemented with 1 mM spermidine (Alfa Aesar). Protein 

was then concentrated to 5.3 mg/mL. Blunt-end complementary HPLC-purified 
oligos (oPR799-oPR800, see Dataset S2) were resuspended to 10 mM in 1× 
annealing buffer (25 mM Tris pH8, 150 mM NaCl) and annealed. Protein and 
DNA duplexes were directly mixed in a molar ratio of 1.1:1. ALOG-DNA was 
mixed at a 1:1 ratio with 0.1M HEPES, pH 7.5, 0.1M NaCl, and 1.6M ammo-
nium sulfate and crystallized using the hanging drop method. The protein-DNA 
complex yielded crystals after 7 d at 4 °C. Glycerol was added to the drop to 
~20% final concentration as cryoprotectant and the crystals were then flash 
frozen in N2(l).

Diffraction data were collected at 100 K at the European Synchrotron Radiation 
Facility, Grenoble, France, on ID23-2 at a wavelength of 0.873 Å. Indexing was 
performed using MXCube (61), and the default optimized oscillation range and 
collection parameters were used for data collection in helical collection mode to 
minimize radiation damage. Data were automatically processed by XDS within the 
Grenades pipeline (62). The data was integrated and scaled using the programs 
XDS and XSCALE (63). Phasing (Zn2+) and initial model building was performed 
using CRANK2 (64, 65). Model building was performed using Coot (66) and 
all refinements were carried out in Phenix (67). Data collection and refinement 
statistics are given in Table 1. The structure is deposited under PDB 8P5Q.

Data, Materials, and Software Availability. AmpDAP-seq data (GEO link: 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235674) (68); RNA-seq 
data (GEO link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE247357) 
(69). The structure is deposited under PDB 8P5Q (70) (see report)].
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