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Abstract: (127 words)

Transcription factors are key players in evolution. Changes affecting their function can yield novel life
forms but also have deleterious effects. Consequently, gene duplication events that release one gene copy
from selective pressure are thought to be the common mechanism by which transcription factors acquire
new activities. Here we show that LEAFY, a major regulator of flower development and cell division in
land plants, underwent changes to its DNA binding specificity, even though plant genomes generally
contain a single copy of LEAFY. We examined how these changes occurred at the structural level, and
identify an intermediate LEAFY form in hornworts that appears to adopt all different specificities. This
promiscuous intermediate could have smoothed the evolutionary transitions thereby allowing LEAFY to
evolve new binding specificities while remaining a single copy gene.

One Sentence Summary:
The single copy, essential and highly conserved LEAFY plant transcription factor evolved DNA binding
specificities through a promiscuous intermediate.



Main Text (2524 words including acknowledgments, notes, references and figures captions):

The rewiring of transcriptional networks is an important source of evolutionary novelty (1-3).
Variation often occurs through changes in cis- regulatory elements which are DNA sequences containing
binding sites for transcription factors (TF) regulating nearby genes (3, 4). There is less evidence for
regulatory changes affecting the protein-coding sequence of TFs. Such changes are expected to be under
highly stringent selection because they could impair the expression of many downstream targets. Gene
duplication provides a solution to this dilemma as additional TF gene copies may acquire new functions,
provided that the aggregate copies fulfill the function of the original TF (5). Indeed TF DNA binding
specificity has been shown to diversify within multigene families (6, 7). In some cases, however, TF
coding genes remain single copy due to phenomena such as paralog interference (8) which can impede
neo-functionalization. When essential TFs are maintained as single copy genes, the extent to which they
can evolve is not clear. To address this question, we examined the LEAFY (LFY) gene as an evolutionary
model.

Except in gymnosperms, where two paralogs (LEAFY and NEEDLY) are usually present (Fig.
1A), LFY exists mostly as a single copy gene in land plants (9). It plays essential roles as a key regulator
of floral identity in angiosperms and of cell division in the moss Physcomitrella patens (10). LFY encodes
a transcription factor, which binds DNA through a highly conserved dimeric DNA binding domain
(DBD) (11). Despite this conservation PpLFY1, a LFY homolog from the moss P. patens, is unable to
bind the DNA sequence recognized by LFY from Arabidopsis thaliana (AtLFY) (9) suggesting that LFY
DNA binding specificity might have changed during land plant evolution.

We mined the transcriptomes from algal species, whose origin predates the divergence of mosses
and tracheophytes, and found LFY homologs in six species of streptophyte green algae (Figs. 1A, S1).
Thus, LFY is not specific to land plants. Despite this extended ancestry, the LFY-DBD sequence,
including the amino acids in direct contact with DNA, remains highly conserved (Figs. 1B, S1). We used
HT-SELEX (12) experiments to systematically analyze the DNA binding specificity of LFY proteins
from each group of plants. After optimizing alignments (13), we found that the SELEX motifs fell into
three groups (Figs. 1C, S2), suggesting that LFY changed specificity at least twice.

Most LFY proteins from land plants (angiosperms, gymnosperms, ferns and liverworts) bind the
same DNA motif (type I) as AtLFY (13). PpLFY1, however, binds to a different motif (type Il), despite
possessing the same 15 DNA binding amino acids as AtLFY (Fig. 1B). These SELEX results explain
why all embryophyte LFY homologs, except PpLFY1, display AtLFY-like activity when expressed in A.
thaliana (9). Motifs | and 11 share a similar overall organization, consisting of two 8-bp inverted half-sites
separated by 3 nucleotides, but their peripheral positions differ. The newly identified hornwort and algal
LFY proteins bind to a third motif (type I11) that resembles motif I, but without the central 3-bp spacer
(Fig. 1C). With AtLFY, PpLFY1 and KsLFY (from Klebsormidium subtile) as representative proteins of
the three specificities, we confirmed that each protein displays a strong preference for one motif type
(Figs. 1D, S3, table S1).

Given the broad conservation of the LFY-DBD sequence, we asked how these different
specificities could be explained molecularly. We solved the crystal structure of PpLFY1-DBD bound to a
motif Il DNA (Fig. 2A, table S2) and compared it to the previously determined AtLFY1-DBD dimer/type
I DNA complex (11). The two ternary complexes are highly similar (RMSD of protein backbone atoms of
0.6 A). However, PpLFY1-DBD makes additional contact with DNA: aspartic acid 312 (D312) interacts
with the cytosine base (C) at position -6 of the DNA binding motif, which is the nucleotide most different
between motifs | and Il obtained by SELEX (Figs. 1C, 2B). In AtLFY, position 312 is occupied by a
histidine residue (H312), which is pulled away from the DNA by an arginine (R345), a conformation that
precludes direct H312/DNA contact. In contrast, in PpLFY1, a cysteine residue (C345) replaces R345,
which does not affect the positioning of D312, thus allowing it to contact the cytosine base. To test the
importance of positions 312 and 345, we swapped these residues between PpLFY1 and AtLFY (Figs. 2C,
D). This was sufficient to convert specificity from type | to type Il and vice-versa, confirming the key role
of these two positions. This result is consistent with an in vivo study showing that a PpLFY1-D312H
mutant can bind a type | sequence and partially complement a Ify mutation in A. thaliana plants (9).



We next investigated binding to motif 111. Motif 111 half-sites are similar to those of motif Il (Fig.
1C) owing to the presence of a glutamine (Q) at position 312 in type Il LFYs: Q is known to interact
with multiple bases (14) (fig. S4) and the small residues present at position 345 (cysteine, alanine or
serine) allow Q312 to freely interact with position -6. Critically, motif 111 differs from motif Il by the lack
of the central 3-bp spacer (Fig. 1C). Modelling a LFY-DBD/ motif Il ternary complex by removing the
3-bp spacer in the type Il DNA sequence (Fig. 3A) revealed that the interaction between helices al and
a7, which stabilizes dimeric AtLFY- and PpLFY1-DBD positioning (11), could no longer exist for motif
II.

Consistent with this observation, interacting regions of helices al and a7, including the key
amino acid H387 on a7 (11), are highly conserved from bryophytes to angiosperms (type 1l and 1), but are
variable in algae (type II) (Figs. 1B, S1). To test the importance of the al/a7 interaction in binding to 3-
bp spaced half-sites, we mutated PpLFY 1 H387 and R390 residues (which make most a1/a7 contacts).
This was sufficient to shift the DNA binding preference of PpLFY1 from type Il to type 111 (Fig. 3B).
These observations suggest that LFY-DBD preferentially binds to 3-bp spaced half-sites (motifs | and I1)
when the a1/07 interaction surface is present, and to motif 111 in the absence of this surface. Nevertheless,
both the pseudo symmetry of motif 111 (fig. S2) and the size of LFY/DNA complexes (fig. S4) suggest
that LFY binds motif I11 as a dimer, possibly through an alternative dimerization surface. These analyses
pinpoint the molecular basis of DNA specificity changes to three amino acid sites: positions 312 and 345
determine the half site sequence, and position 387 determines the dimerization mode.

However, if, as shown in P. patens and angiosperms, LFY plays a key role throughout plant
evolution, how could these changes have been tolerated? Because once arisen, they would have
instantaneously modified the expression of the entire set of LFY target genes. Here, our LFY phylogeny
(fig. S5) yields two insights: 1) Although we cannot completely rule out the occurrence of transient
ancient duplications, all known duplication events occurred subsequent to changes in the binding
specificity of the protein; therefore the LFY gene likely evolved new DNA binding modes independently
of changes in copy number 2) the hornwort LFY lineage diverges from a phylogenetic node that lies
between the type 111 and type I/11 binding specificities. On closer examination, we realized that NaLFY
from the hornwort Nothoceros aenigmaticus had type Il specificity according to the SELEX experiment
despite having the H387 dimerization residue typical for type I and Il specificities (Fig. 1B, C). Using
Electrophoretic Mobility Shift Assay (EMSA) experiments, we assayed NaLFY and NaLFY-DBD DNA
binding, and found that their dimers (fig. S6) could bind all three types of DNA motifs (Figs. 4, S3, S7).
We also established that NaLFY binding to motifs | and Il was allowed by the presence of a functional
al/a7 interaction surface (Fig. 4). The SELEX experiment most likely identified only motif 111 because of
its slightly more efficient binding to NaLFY (fig. S3, Table S1).

Our amino acid reconstruction analyses across the LFY phylogeny identify the phylogenetic
location of the three specificity transitions that occurred during LFY evolution (Figs. 4, S8). Initially, the
ancestral algal LFY bound motif 11l as a dimer (with Q312 and C345 half-site determinants).
Subsequently the evolution of the al/a7 interaction surface generated a promiscuous LFY intermediate
with two modes of DBD dimerization and a versatile Q at position 312, which bound all three types of
DNA motifs. Mutations affecting positions 312 and 345 then completed the transition to type I or Il
specificities. While this precise path cannot be unambiguously determined by reconstruction alone (Figs.
4, S8), the biochemical data reveals that two LFY states (Q312-C345 and H312-C345) bind to both
motifs | and 11 (Figs. 2C, 4), Our scenario, using either of these two states as an intermediate, provides an
evolutionary route through a promiscuous platform that avoids deleterious transitions. Furthermore, this
scenario is equally parsimonious in the context of all alternative organismal phylogenetic hypotheses (fig.
S9). Whether these transitions were accompanied by a complete change in target gene sets or whether
some cis-elements coevolved with DNA binding specificity (15) is unknown. Scanning the P. patens
genome for PpLFY1 binding sites does not suggest any global conservation of targets but identified
several MADS-box genes potentially bound by LFY in both Arabidopsis and P. patens (Table S3).

In conclusion, a highly conserved and essential TF evolved radical shifts in DNA binding specificity by a
mechanism that does not require gene duplication. Detailed structural characterization of the different



modes of DNA binding across the transition to land plants enabled us to capture LFY in a state of
increased promiscuity that has persisted in N. aenigmaticus. This promiscuous intermediate likely
facilitated the evolutionary transition between specificities as previously shown for the evolution of
metabolic enzymes or nuclear receptors (16-18). While we have focused on the more intractable problem
of evolution in single copy TFs, it is plausible that the mechanisms we describe could also contribute to
the evolution of TFs encoded by multigene families.
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Fig. 1. Evolution of LFY DNA binding specificity. (A) Simplified LEAFY phylogeny (detailed in fig.
S5). DNA binding specificities are color coded: type | (orange), 11 (green) or I11 (blue). (B) Alignment of
LFY-DBDs. Amino acids numbering and secondary structure annotation (o, alpha helices, HTH, helix-
turn-helix domain) are based on AtLFY from Arabidopsis thaliana. Dark green dots: DNA base contacts,
light green dots: phosphate backbone contacts, red triangles: residues involved in the PpLFY 1-specific
DNA contacts, purple rectangles: residues involved in the interaction between DBD monomers. (C)

SELEX motifs for AtLFYA, GbLFYA

(Ginkgo biloba), CrLFY2A (Ceratopteris richardii), MarpoFLO

(Marchantia polymorpha), PpLFY1 (Physcomitrella patens), NaLFY (Nothoceros aenigmaticus),
KsLFYA (Klebsormidium subtile), A: proteins starting at amino-acid 40 (on the basis of AtLFY
sequence). Cartoons depict binding site organization: half site (arrow) with or without a 3-bp spacer. (D)
EMSA with AtLFYA, PpLFY 1 and KsLFYA proteins (10 nM) and the three types (I, II, III) of DNA
probes. Only the protein-DNA complexes are shown.
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Fig. 2. Structural basis for type Il specificity. (A) Crystal structure of PpLFY1-DBD (red and pink)
bound to DNA (green). The squared area is detailed in (B) after applying a 70° rotation. (B)
Superimposition of AtLFY-DBD (grey) - DNA (orange) and PpLFY1-DBD (pink) - DNA (green)
complexes. Specificity determinant residues and bases are represented as sticks. For amino acids, H:
histidine R: arginine, D: aspartate, C: cysteine. For DNA bases, C: cytosine, G: guanine. (C) Effect of
specific mutations on the DNA binding specificity of AtLFYA and PpLFY1 in EMSA. Note that the
H312, C345 combination allow binding to both motifs | and I1. All proteins are at 25 nM and only the
protein-DNA complexes are shown. (D) SELEX motif of the PpLFY1- D312H protein, bearing strong
resemblance to motif I.
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Fig. 3. Structural model for type 111 specificity. (A) Top: PpLFY1-DBD dimer (in red and pink) bound
to DNA (in green except the black 3-bp spacer). Interaction between monomers (involving alpha helices
al and a7) are shown with dashed lines. Bottom: Modelled type 111 binding with DNA in blue. (B)
SELEX motif of PpLFY1-H387A, R390A, showing strong resemblance to motif I11.
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Fig. 4. Proposed evolution of LFY DNA binding specificity in green plants. The bayesian estimation
of the posterior probability of ancestral states for amino-acid positions 312, 345 and 387 is depicted at the
major phylogenetic nodes. Probabilities for different residues at a given position and node are indicated
by the relative size of stacked boxes. The analysis shows that the ancestral LFY most probably possessed
a type 11 specificity, and that the promiscuous form arose when land plants emerged. DNA binding
specificity is color-coded (type I: orange, type Il: green, type I11: blue and relaxed specificity: red). 1 al/
a7 refers to the al/a7 dimerization interface. Inset: NaLFY interacts with all three types of DNA binding
motifs in EMSA (see also fig. S7), but not with the type | mutated probe (Im). The H387A, K390A
mutations reduced the binding to type I or Il motifs, but not to type I1l. Both proteins are at 1 uM, only
the protein-DNA complexes are shown.
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