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Structural insights into rice KAI2 receptor provide functional
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KAI2 receptors, classified as plant a/b hydrolase enzymes,
are capable of perceiving smoke-derived butenolide signals and
endogenous yet unidentified KAI2-ligands (KLs). While the
number of functional KAI2 receptors varies among land plant
species, rice has only one KAI2 gene. Rice, a significant crop
and representative of grasses, relies on KAI2-mediated
Arbuscular mycorrhiza (AM) symbioses to flourish in tradi-
tionally arid and nutrient-poor environments. This study pre-
sents the first crystal structure of an active rice (Oryza sativa,
Os) KAI2 hydrolase receptor. Our structural and biochemical
analyses uncover grass-unique pocket residues influencing
ligand sensitivity and hydrolytic activity. Through structure-
guided analysis, we identify a specific residue whose mutation
enables the increase or decrease of ligand perception, catalytic
activity, and signal transduction. Furthermore, we investigate
OsKAI2-mediated signaling by examining its ability to form a
complex with its binding partner, the F-box protein DWARF3
(D3) ubiquitin ligase and subsequent degradation of the target
substrate OsSMAX1, demonstrating the significant role of hy-
drophobic interactions in the OsKAI2-D3 interface. This study
provides new insights into the diverse and pivotal roles of the
OsKAI2 signaling pathway in the plant kingdom, particularly in
grasses.

Rice (Oryza sativa) is an important crop and is often
considered a representative of other grasses, which include
many additional staple crops like maize (Zea mays), wheat
(Triticum aestivum), and sorghum (Sorghum bicolor). Symbi-
osis with Arbuscular mycorrhiza (AM) fungi is crucial for
many plants across all lineages, but its importance in grasses is
especially relevant since grasses are often grown in nutrient-
poor soils and AM can assist with the uptake of nitrogen
and phosphate (1). Additionally, because grasses are often
found in ecosystems prone to drought stress, AM symbiosis
can aid in drought tolerance by improving water-use efficiency
(2, 3). AM fungi also increase tolerance to biotic and abiotic
factors like disease (4) and salinity (5). The more tolerant and
acclimatory grasses can be, the larger yields they can produce,
critical for agriculture because of their value and importance as
staple crops.
* For correspondence: Nitzan Shabek, nshabek@ucdavis.edu.
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In 2015, it was discovered among mounting knowledge of
fungi-derived signal perception in plants (6), the receptor
protein DWARF14-Like (D14L (7), often termed KAI2
(KARRIKIN INSENSITIVE 2 (8)), or HTL (HYPOSENSITIVE
TO LIGHT (9, 10)) in other species, referred to as KAI2
hereafter) is necessary for rice AM colonization (11). KAI2 is
part of the Karrikin (KAR)/KAI2-mediated signaling pathway
which was first discovered for its ability to sense external
signaling molecules from the soil called karrikins (KARs) (8).
KARs are produced by the combustion of plant material, that
are able to descend into the soil in post-fire rain and subse-
quently act as bioactive germination stimulants (12, 13). KARs
were shown to stimulate germination in 1200 species of plants
across 80 genera, including non-fire-relevant plants like rice
(14, 15). Identification via reverse genetics screens in Arabi-
dopsis and rice of the genes involved in KAR signaling revealed
three currently known proteins: the receptor KAI2, an E3
ubiquitin ligase F-box type protein D3/MAX2 (DWARF3/
MORE AXILLARY GROWTH2), and a transcriptional co-
repressor, SMAX1/SMXL2 (SUPPRESSOR OF MAX2-1 and
SMAX1-LIKE 2), that is ubiquitinated and degraded as a result
of the pathway (8, 16, 17).

The KAI2-mediated signaling pathway shows homology to
another phytohormone signaling pathway, strigolactone (SL),
where key proteins involved in KAR signaling (KAI2, D3/
MAX2, and SMAX1/2) share sequence and structural simi-
larities with proteins in the SL signaling pathway (7, 18–22). SL
regulates various growth and developmental processes in
plants, including shoot branching, leaf growth and senescence,
secondary stem thickening, formation of adventitious roots,
lateral roots, root hairs, and stimulation of Striga parasitic
plant germination as well as arbuscular mycorrhizal (AM)
symbiosis (23). The SL signaling pathway comprises a ho-
mologous receptor to KAI2, D14 (DWARF14), the D3/MAX2
E3 ligase, and a homologous substrate SMAX1-LIKE 6, 7, and
8 (SMXL) in Arabidopsis or D53 (DWARF53) in rice (7,
18–22). Based on evolutionary analyses, KAR signaling genes
were found to be ancestral to SL genes, indicating a role for the
KAR signaling pathway pre-dating fire sensing (24, 25).

In addition to the evolutionary context of KAR and SL
signaling pathways, there is mounting evidence that the KAI2-
mediated signaling is triggered by yet known endogenous
small molecule thusly called KL (KAI2 ligand) (26–28). This
includes the striking phenotypes observed in kai2, max2, and/
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Structure and function of rice KAI2 receptor
or smax1 mutants even in the absence of KAR. The numerous
phenotypes resulting from these mutations suggest important
roles for the KAI2-signaling pathway in various plant pro-
cesses, including germination, seedling development, leaf
shape and cuticle formation, root architecture, symbioses, and
responses to abiotic and biotic stressors (8, 9, 11, 29–32).

Not only is there crosstalk between the KAR and SL
signaling pathways in terms of their significance in plants, but
specifically, both signaling pathways influence the ability of
AM to colonize plant roots. The process by which SL and AM
symbioses overlap occurs first when SLs are exuded by plant
roots (33). These SLs are perceived by the fungi in the soil by
an unknown mechanism; in response, SLs activate fungal
metabolism and hyphae branching (34, 35). However, the KAR
signaling pathway plays an even greater role; the plant’s
perception and symbioses with AM fungi requires the mem-
bers of the KAR signaling pathway. KAI2 and D3 are necessary
for AM symbiosis in rice, demonstrated by loss-of-function
mutants d14l/kai2 and d3, which show suppressed symbiotic
activity. This is evidenced by impaired AM colonization and
marker gene induction, indicating compromised function at an
early presymbiotic signaling stage (11). In the KAR signaling
pathway, KAI2 and D3 facilitate the proteasomal degradation
of SMAX1, aligning with SMAX1’s role in AM symbioses as a
negative regulator. Loss of function in smax1 leads to
increased colonization compared to wildtype, along with
enhanced expression of AM-response genes and elevated
exudation and biosynthesis of SL (36).

Although the specific signaling molecule perceived by the
KAI2 protein to initiate symbioses is unknown, by studying the
receptor itself we can accelerate the search for a fungal ligand
and/or the KL. The KAI2/D14 family of a/b hydrolase re-
ceptors has been studied with the aid of structural biology in
several plant species. In Striga hermonthica, structural studies
of ShHTLs have provided insights into the most sensitive of
this family of receptors and their responses towards a wide
variety of ligands (37). Structural studies in Arabidopsis and
pea have provided insights into ligand-binding, hydrolysis
dynamics, and the residues necessary for coordinating small
molecules within the catalytic pocket (38, 39). Mutational
analysis of pocket residues has been demonstrated to be an
effective method for altering ligand sensitivity both in vitro and
in vivo (38–41), assisting in the investigation of receptor
function and its evolution/co-evolution with KLs. In SL
signaling, the D14-D3 complex has been elucidated at multiple
dynamic states (42, 43). However, the structure of KAI2 in rice
has not been determined or investigated, and the formation of
a productive ternary complex in vitro involving KAI2-D3/
MAX2 remains unresolved (44–46). Previous studies have
highlighted several conserved residues within the D14/KAI2
family along the receptor-D3 interface, suggesting their po-
tential contribution to this interface, yet these residues have
not been thoroughly investigated (47). Furthermore, the
function of the D3-KAI2 interface in perturbing the involved
residues, as well as its impact on the subsequent degradation of
the target of KAR-induced germination, SMAX1, has yet to be
fully elucidated.
2 J. Biol. Chem. (2024) 300(8) 107593
In this study, we present the first crystal structure of the
KAI2 receptor in rice and use this structure to inform the
mutational optimization of the receptor for synthetic ligands.
Additionally, we utilize rice KAI2 as a model to further explore
its interface with D3, as well as the functional implications of
altering this interface on the subsequent turnover of the KAI2-
pathway target, SMAX1. This study aims to offer broader in-
sights into the mechanism by which a/b hydrolase receptor
KAI2 perceives ligands, while also highlighting the significance
of rice KAI2 as a representative model for other important
grasses.
Results

The structure of rice KAI2 reveals a conserved ligand-binding
pocket

To elucidate the mode of ligand perception, we determined
the crystal structure of rice (O. sativa, Os) KAI2 to 1.28 Å
resolution (Fig. 1A and Table S1). As observed in previously
determined KAI2 crystal structures, OsKAI2 comprises of a
canonical a/b-hydrolase fold with the binding pocket situated
within the central core domain, beneath the helical lid domain
(residues Tyr125-Ser197) (Figs. 1A, S1, and S2A). A Dali
structural similarity search revealed that OsKAI2 has the
greatest similarity to Arabidopsis (At) KAI2 with a sequence
identity of 77% and RMSD of 0.5 Å over 268 Ca (Fig. S2B) (48).

Upon a closer inspection of the binding pocket, the
conserved Ser-His-Asp catalytic triad is positioned at the base
of the active site. The pocket comprises a hydrophobic cleft
made up of phenylalanine, isoleucine, and valine residues,
making it well-suited to bind the aromatic rings of KAR or KL-
type ligands. Interestingly, we have also determined the
OsKAI2 crystal structure with 2-Methyl-2,4-pentanediol
(MPD, Fig. S3A), originating from the crystallization reagents
(Table S1). The S-enantiomer of MPD is bound within the
pocket, forming hydrogen bonding interactions with the key
catalytic residues H247 and S96, alongside Y125 (Fig. 1A).
Although MPD is not the natural ligand, its orientation within
the pocket is likely indicative of how the endogenous ligand
interacts with the pocket residues. Notably, a comparative
analysis of B-factors between the apo and MPD-bound
OsKAI2 showed reduced dynamics within the catalytic
pocket upon MPD binding. The significant shift observed for
F27 is primarily due to CH-P contacts between MPD and F27
(Table S2). The OsKAI2 pocket was compared against that of
AtKAI2 (48) which shows similar pocket residues, with the
exceptions of C162 and A191 in OsKAI2, which represent
smaller side-chain groups in the positions of A161 and G191 in
AtKAI2 (Figs. 1, S1, and S2). The OsKAI2 and AtKAI2
structures were also compared to the analogous receptors for
SL signaling in both rice OsD14 (49), and in the model plant
Arabidopsis, AtD14 (Figs. 1 and S2). To that end, we deter-
mined a new AtD14 crystal structure at a higher resolution
(2 Å) than the previously reported structures and was hence
applied here for comparative analysis (Fig. 1 and Table S1).
The AtD14 crystal structure, determined in our study, shows
high similarity to the previously reported structure (PDB:
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Figure 1. Overview of rice KAI2 crystal structure and comparison with other relevant a/b hydrolases. A, overall structure of rice (Os) KAI2 with MPD
bound in the active site. Lid and Base domains can be observed from the side view with lid shown in dark blue and base in light blue. The top view of the
structure can be observed upon rotation. MPD is bound in the active site with all surrounding residues labeled, showing the catalytic S96 and H247 at the
base of the active site and the pocket residue of interest, C162 to the right. The 2Fo-Fc map of the density surrounding MPD is shown to be sigma =1.0.
Hydrogen bonds between MPD and neighboring residues are shown by dashed grey lines. B, superposition of OsKAI2 (blue) with AtKAI2 (grey, 4HRY), OsD14
(gold, 4IH9), and AtD14 (orange) illustrating high similarity. Both global and pocket superpositions are illustrated. C, isolated zoom-in from (B) right,
highlighting relevant residues in AtKAI2, OsD14, and AtD14 structures. Residues are numbered according to species-specific positions.

Structure and function of rice KAI2 receptor
4IH4) with an RMSD of 0.557 1.2 Å over 263 Ca. Structural
superposition with OsKAI2 showed an RMSD of 1.2 Å over
265 Ca and 1.2 Å over 264 Ca for OsD14 and AtD14
respectively, and both D14s gave a sequence identity of 56%,
confirming high structural similarity in all four proteins
examined here (Figs. 1, S1, and S2). When focusing on the
binding pocket, several residues including the Ser-His-Asp
catalytic triad are conserved in all proteins, highlighting its
importance in the catalytic mode of action performed by a/b
hydrolases. However, there are some clear differences in both
the positioning and type of residue found in the pocket when
comparing the KAI2s and D14s. Most noticeably, F27/F26 in
OsKAI2 and AtKAI2 are shifted by 1.2 Å in respect to the
positioning of F28 in both D14s (Figs. 1B and S1). Similarly,
F195 in both KAI2s is shifted into the pocket by 2.7 Å when
compared to F195 in both D14s. Furthermore, both KAI2s
possess Y125/124 in place of F126 in D14s, with the hydroxyl
group reaching 1.3 Å further into the pocket; similarly, both
KAI2s possess the larger hydrophobic I194 in place of V194
seen in the D14s. Conversely, we found that A220 in both rice
and Arabidopsis KAI2s is replaced with S220 in D14s which is
slightly larger and more polar, perhaps indicating a role in
strigolactone binding (Figs. 1 and S1). The OsKAI2 pocket
analyses revealed a pocket measured to have a volume of 108 Å
J. Biol. Chem. (2024) 300(8) 107593 3
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(Fig. S2) (50). This is an intermediate pocket size when
compared to others in the family, such as AtKAI2 with an
approximate volume of 63 Å, OsD14 at 149 Å, and ShHTL7
(51) at 215 Å (Fig. S2). Collectively, the differences between
KAI2 and D14s demonstrate that distinct residues reach
further into the pocket in the KAI2s, suggesting an adapted
and more compact pocket to better fit KL/SL-like ligands.
The evolutionary context of rice KAI2 indicates highly
conserved grass receptors

In order to understand how KAI2 in rice has evolved within
the context of the KAI2 family, a maximum likelihood tree was
generated from an amino acid alignment of 131 KAI2s and one
D14 (Fig. 2 and Table S3). Noticeably, based on the tree to-
pology, KAI2s within grasses are very similar to one another.
Consequently, the gene-encoded DNA sequences were
examined for increased selection; using the RELAX method
comparing the grass branches to the rest of the tree, the test
for selection intensification (K = 30.08) was significant (p =
0.000, LR = 22.00) (52). As such, grasses are experiencing se-
lective pressures, hence we employed structural studies to take
a deeper look at grass-unique residues as compared to the rest
of the tree. Residues within the ligand binding pocket, as
illustrated in Figures 1, S1, and S2, encompass the invariant
catalytic triad S96, D218, and H247. While residues F27, V97,
Y125, F158, I194, F195, and A220 show some variability in
other species, they exhibit minimal variations and maintain
high conservation across the entire family, without specific
divergence in grasses. Residue A191 has been previously re-
ported to be a divergent residue in other species but is an
alanine at this position in the majority of species assessed
including in grasses. Previous studies have demonstrated how
amino acid substitutions in the ligand binding pocket can in-
fluence receptor function by altering specificity and efficacy
towards different ligands (23, 38, 41, 53). Strikingly, due to its
distinct proximity to the ligand binding pocket, residue C162
was selected for further inspection (Figs. 1 and 2). We inves-
tigated the amino acid identities at position 162 in all species
assessed within the phylogenetic tree. Each species analyzed in
the phylogenetic tree is color-coded with their amino acid
identity at the equivalent position 162. The pie charts plotted
illustrate the proportion of each amino acid present at that
position in grasses (Fig. 2, top right), the divergent family of
receptors in striga (top left), and in all other representative
species (Fig. 2, bottom left). Notably, upon examining all se-
quences, alanine emerges as the most common amino acid at
position 162 (or its equivalent when aligned). This consistency
is evident not only in Arabidopsis KAI2 but also in 74% of all
species examined outside of grasses and striga (Figs. 2 and S1).
Intriguingly, when examining some of the most active KAI2
receptors in Striga hermonthica, a distinct set of residues at
this position has diverged, comprising leucine, valine, isoleu-
cine, and methionine (Fig. 2). The receptor HTL7, which
demonstrates heightened sensitivity to various tested ligands
both in vivo and in vitro, features leucine in this position
(Fig. S1). We next examined how these residues affect the
4 J. Biol. Chem. (2024) 300(8) 107593
activity of rice KAI2 as a receptor and enzyme by generating
the substitutions C162A and C162L (Figs. 3A and S4).
Perturbing the rice KAI2 binding pocket affects sensitivity
towards synthetic ligands

In the absence of knowledge of the endogenous KL, syn-
thetic ligands have proven immensely effective in better un-
derstanding the KAI2 family receptors. Specifically, KAI2
receptors have been observed to be enantio-specific (38, 54).
As such, we tested the response of the wildtype (WT) OsKAI2
and the C162A and C162L mutants (Figs. 3, A, D, G, and J, and
S4, A–F) towards both the (+)-GR24 and (−)-GR24 enantio-
mers (synthetic SL analogs, Figure 3B and S3). Generally, SL
receptor D14 responds to (+)-GR24 due to its similarity to
natural SLs, whilst KAI2 proteins tend to respond to (−)-GR24
more readily (38, 41, 54–56). Indeed, using differential scan-
ning fluorimetry (DSF), we observed no response with any
KAI2 examined to the (+)-GR24 (Fig. S4, D–F). Markedly, the
WT OsKAI2 responds to increasing concentrations of
(−)-GR24 as shown by a shift in the melting temperature (Tm)
curve (Fig. 3E). Interestingly, in comparison to the WT
OsKAI2, the C162A mutation seems to slightly stabilize the
protein as seen by the relative rightward shift in Tm (52 �C
compared to 47 �C, Fig. 3M); nonetheless, the mutation to
alanine led to a loss of all sensitivity towards (−)-GR24
(Fig. 3H). This is likely due to the increased thermal stability of
OsKAI2C162A, which compromises ligand-induced destabili-
zation that is typically observed in these receptors. Further-
more, the C162L mutation provides an increased sensitivity
towards (−)-GR24 as illustrated by at least a 2-fold increase in
sensitivity (62.5 mM vs. 125 mM) when compared to the WT
KAI2 (Fig. 3, K and M).

We next investigated the impact of the pocket mutations on
receptor function by measuring enzyme activity towards pro-
fluorescent synthetic ligands (Fig. S3). To that end, we
employed a substrate hydrolysis-based assay using the fluo-
rogenic derivative of Yoshimulactone Green (YLG (57), Fig. 3,
B and F) which lacks a methyl group on the lactone ring
(desmethyl YLG, dYLG (58)). As expected, WT OsKAI2 can
effectively hydrolyze dYLG with a typical exponential to
plateau curve as previously seen in this family of enzymes
(Fig. 3F) (47). OsKAI2C162A mutant is less effective at hydro-
lyzing the ligand than WT as evidenced by the shallower hy-
drolysis curves and lower plateau (Fig. 3I). Strikingly, the
C162L mutant surpasses the wildtype in activity, reaching a
plateau at a faster rate than observed with the wildtype and
with a higher overall value (Fig. 3L). Kinetic analysis of the
initial rates of hydrolysis for the two mutants and WT OsKAI2
further corroborates these observations (Figs. 3N and S4G).
The characteristically low hydrolysis rates of these KAI2 en-
zymes resulted in observed variation between fluorescent
measurements, making the determination of enzymatic con-
stants difficult. However, the qualitative trends observed in the
data are clear. We observe substrate inhibition for both the
WT and C162A mutant as the enzymes’ activities drop at high
ligand concentrations. However, C162L shows negligible



Figure 2. Evolutionary context of rice KAI2 and analyses of site 162. Maximum likelihood tree of 129 KAI2 and one D14 amino acid sequences. AtKAI2
and OsKAI2 are indicated in tree with black arrows. Colored dots on each species’s KAI2 represent the amino acid identity at the equivalent C162 position in
rice. Pie charts are split to encompass three groups highlighted on trees including grasses (top right), striga (top left), and all other species (bottom left). Pie
charts represent the proportion of species within that group with amino acids A, V, L, I, M, or C respectively at site 162. Site 162 is detailed on OsKAI2
structure (bottom middle). The area of the pie chart is proportional to the number of species sampled.

Structure and function of rice KAI2 receptor
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Figure 3. Mutational analyses of rice KAI2 and its effect on receptor/enzymatic activity. OsKAI2 structure is shown as a cartoon (light blue, A). Closeup
views on the residue at position 162 are shown in teal sticks (D, wildtype; G, KAI2 C162A; and J, KAI2 C162L). Wildtype KAI2 (E and F), KAI2 C162A (H and I),
and KAI2 C162L (K and L) were subjected to differential scanning fluorimetry in the presence of molecule (−)-GR24 (B), and dYLG (C) hydrolysis assays
respectively. Quantification of melting temperature (Tm) observed in (E, H, and K) is provided in (M). In dYLG hydrolysis (F, I, and L) colored lines represent
non-linear regression curved fit, based on average values of triplicates of raw data (shown in dots). Dashed lines represent plateau values for the highest
concentration of dYLG (80 mM). N, dYLG hydrolysis initial rate kinetics assay.

Structure and function of rice KAI2 receptor
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inhibition and reaches the greatest turnover numbers, sug-
gesting that a leucine at this position can enhance the enzyme
activity. This observation has been previously hypothesized by
the residue presence in a range of the most active receptors in
this family.
Insights into rice KAI2-D3 complex and its impact on SMAX1
proteasomal degradation

The KAR/Kl pathway relies on the ubiquitin-proteasome
system to trigger transcriptional repressor degradation of
SMAX1 upon ligand perception through its recruitment by
KAI2 and the SKP-CULLIN1-F-BOX ubiquitin ligase SCFD3

(D3/MAX2 as the F-box substrate receptor). To further
explore the interaction between OsKAI2 and OsD3, a 3D
molecular model of the complex was generated based on the
reported AtD14-D3 complex crystal structures (42, 47). The
OsKAI2 sequence was threaded through the existing AtD14-
D3 structure (42) wherein this model represents a unique
state of the receptor undergoing conformational change
revealing conserved internal residues that become exposed and
accessible to form the D14/KAI2-D3 interface (47). By
modeling the OsKAI2 into the complex, we identified four
distinct highly conserved amino acids that are involved in
KAI2/D14 and D3 interaction: D30, D51, E174, and N181
(Figs. 4, A and B and S1). These residues are within a 2.7 to
3.5 Å distance to potential interactors across the protein
interface and hence participate in forming hydrogen bonds and
salt bridges between the two proteins (Figs. 4B and S1). Sub-
sequently, we mutated these four polar residues into small
hydrophobic alanine residues to observe the effects on protein
binding (OsKAI2int, Fig. S5, A and B). We examined the
change in the binding surface’s hydrophobicity upon mutating
the four interface residues to alanine and found that indeed the
hydrophobicity of the surface was substantially increased
(Fig. 4C). Interestingly, the pulldown assays in the presence of
(−)-GR24 showed that the mutant OsKAI2int, compared to
WT, exhibited increased binding to OsD3, despite the critical
loss of salt bridges and hydrogen bonds (Figs. 4D and S5, C and
D). This indicates that increasing hydrophobic interactions
may enhance the receptor-E3 complex (KAI2-D3) interaction,
which may not be highly favorable under physiological con-
ditions where complex plasticity and dissociation are likely
required for successful signal transduction (43, 47, 59).

To evaluate the consequences of modifying this interface on
downstream signaling and the potential for plasticity as a
contributing factor in the dissociation of complex components
for degradation, we utilized methods previously employed (47)
in Arabidopsis thaliana. Our aim was to examine the impact of
enhancing the KAI2-D3 interaction on the proteasome-
dependent degradation of the KAI2-signaling target, SMAX1.
Here, we subjected SMAX1D2 (the D2 domain, residues
636–1041, identified in (43, 47, 59) as a sufficient degron-
containing region) to a cell-free degradation assay using
O. sativa extracts and in the presence of either recombinant
KAI2 or the KAI2int mutant (Figs. 4E and S5, E and F).
Notably, degradation of SMAX1D2 was slower in the presence
of the KAI2int mutant (74% of proteins remaining after
240 min) compared to in the presence of wildtype KAI2 (45%
of proteins remaining after 240 min). The cell extract treated
with proteasome inhibitor MG132 shows the expected inhi-
bition of SMAX1D2 degradation, consistent with previous
observations in similar experimental settings using Arabi-
dopsis extracts (46, 47). This finding corroborates the signifi-
cance of the D3-KAI2 binding interface and emphasizes the
necessity of transient interaction in the release of the complex
and subsequent degradation of the substrate.
Discussion

The endogenous roles of the KAI2-mediated signaling
pathway in plants are vast and growing and currently include
modulating germination, seedling establishment, hypocotyl
elongation, root elongation and architecture, responses to bi-
otic and abiotic stress, and drought (8, 9, 11, 29–32). In grasses
like rice, the ability to form symbiotic associations with AM
fungi is paramount for nutrient uptake and stress tolerance,
especially in nutrient-poor soils (1–6). The specific physio-
logical processes uniquely regulated by KAI2 in grasses are still
being elucidated. One notable function of KAI2 receptors lies
in mediating the perception of exogenous signals, volatile
compounds, and those emanating as part of root signal
communication with beneficial fungi (8, 11, 27, 28, 44, 60, 61).
Therefore, understanding the molecular structure of KAI2
receptors offers deeper insights into how those hydrolase re-
ceptors perceive and process both exogenous and endogenous
signals. In this study, we determined the first crystal structure
of an active rice KAI2 hydrolase receptor, provided a
comprehensive comparative analysis of this structure and its
evolutionary context, and explored its biochemical function.
Previous studies have examined the function of residues in the
ligand-binding pocket to be adaptive, altering ligand sensitivity
and/or selectivity. Within the pocket, the residue A161 in rice
(position 160/161 L or M in pea and lotus) was shown to be
important in differentiating ligand sensitivity between lotus
and pea duplicated receptors (38, 41). Altering this residue in
combination with other diverged residues led to specificity for
certain enantiomers of synthetic ligand GR24 as well as im-
plications for downstream signaling and distinct phenotypes
(38, 41). Also, across all asterid KAI2s, the residue C161 (po-
sition 162 in rice) was reported as one of the four residues
defining the two broad classes of KAI2s described by Martinez
et al. (40) which are the Y124 and F124 types. The residues
V96, Y124, L139, and A161 characterize the Y124-type, while
residues L96, F124, I139, and V161 characterize the F124-type
(40). These four sites (asterid positions 96, 124, 139, and 161)
were previously tested for their function in Arabidopsis by
swapping between Y124 and F124-type residues as single,
double, triple, and quadruple mutants. The V161A mutation
(which aligns with the C162A and C162L mutations in this
study) alone was enough to significantly decrease hypocotyl
elongation inhibition, but substitutions to other amino acids at
this site were not examined thus far. Here, we tested alter-
ations in position 162 in response to (−)-GR24 and dYLG
J. Biol. Chem. (2024) 300(8) 107593 7
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Figure 4. KAI2-MAX2 interaction analysis. A, 3D model of OsD3-ASK1 and OsKAI2 complex (model was calculated based on PDB 5HZG using SWISS-
MODEL). B, Zoom in view of polar residues interacting across the interface. Angstrom distances between side chains are shown in dash lines and were
calculated by PyMOL. C, left: the molecular architecture of OsKAI2 determined in this study is shown in cartoon (light blue) and the interface residues are
shown and labeled (black). Middle and right: surface representation of OsKAI2 WT structure (middle) and KAI2 mutant (KAI2int, right) with hydrophobicity
levels shown in shades of red. Dashed circles indicate the D3-KAI2 interface polar residues that are mutated to alanine (D51A, D30A, N181A, E174A). D, mean
values of three experimental replicas measuring quantification of pull-down of HisMSB-OsD3-ASK1 by GST-KAI2 or GST-KAI2int mutant. Arbitrary units (au).
(Student’s t test p < 0.05). Proteins were resolved by SDS-PAGE and visualized via Western blot with ponceau and anti-His and antibodies, protein bands
were quantified in silico. E, in vitro degradation assays using WT Oryza sativa cell extract monitoring HisMSB-OsSMAX1D2 at the indicated time points
supplemented with KAI2 (top) or KAI2int mutant (bottom). Numbers under the blots indicate the amount of HisMSB-OsSMAX1D2 relative to the amount of
HisMSB-OsSMAX1D2 at T = 0). +MG132 samples indicate addition of proteasome inhibitor.
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ligands. Similar to observations at the phenotypic level in
Arabidopsis, an alanine at this site nearly removes all sensi-
tivity to either ligand, as determined by enzymatic and protein-
level assays. This corroborates the phenotypic data in Arabi-
dopsis at the molecular level, suggesting that this mutation
results in decreased KAI2 enzyme and signaling activity (40).
Interestingly, grass KAI2s contain a cysteine at this site,
resulting in a receptor that is sensitive to both (−)-GR24 and
dYLG ligands. However, a novel C162L substitution here
improved the receptor’s sensitivity to both ligands tested. A
leucine in this position is shared with the most sensitive KAI2-
family receptors, the HTL receptors, including HTL7 and
HTL8 in Striga hermonthica (37). While retaining a leucine at
this position seems advantageous for the perception and hy-
drolysis of (−)-GR24 or dYLG, there are likely several reasons
why this leucine residue is not commonly observed outside of
the Striga lineage naturally. As an obligate parasite, Striga is
especially adapted to perceive SL-like molecules exuded from
host plants (33, 37, 62–64). Striga does not germinate unless it
perceives these host-exuded SLs, and it uses its highly sensitive
KAI2/HTLs receptors to perceive SLs in the soil. On the other
hand, grasses, as well as other species, probably utilize the
KAI2 receptor for functions other than host-induced germi-
nation. The co-evolution of the KAI2 and D14 receptors and
their respective small molecule perception plays a role in
selecting ligand-binding pocket residues (26, 37, 38, 41, 53).
Therefore, the C162 found in grasses may be important for
selectively sensing grass-related KLs or grass-related KL AM
signals in the soil. Taken together, our data not only corrob-
orate previous reports on the significance of pocket residues in
modulating receptor sensitivity but also reveal certain critical
positions within the binding pocket of grasses’ KAI2s that have
evolved to sense and likely select for a highly specific yet un-
identified KL.

The currently known signaling cascade following the
perception of a small molecule by the KAI2 receptor involves
signal transduction via complexing with the E3 ligase D3/
MAX2 F-box protein (SCFD3/MAX2), which mediates the
ubiquitination and subsequent degradation of the substrate,
the transcriptional co-repressor SMAX1. The interface and
structure of the complex formation between the receptor and
the F-box protein have been of great interest (42, 43, 65).
Here, we tested the function of residues predicted to localize
in the KAI2-D3 interface via mutational analysis. Through
structure-guided analysis, we have generated a KAI2-D3
model with high probability based on the D14-D3 crystal
structure (42). Mutating pivotal polar residues within the
KAI2-D3 interface significantly amplifies the binding between
the proteins, indicating that increased hydrophobicity gener-
ates a more tightly bound and rigid complex. Thus, naturally
occurring polar residues within this interface may contribute
to less rigidity and weaker or transient interactions, which
coincide with the characteristics of E3 ligases and their
binding partners. E3 ligases are part of a timely regulated
system that requires more flexible, easily dissociable in-
teractions with their targets to allow their swift turnover by
the proteasome (43, 47, 59).
Indeed, our cell-free degradation assays propose that a
“tighter” receptor-E3 complex leads to a slower degradation
rate of the SMAX1 target substrate. This is likely because the
transient nature of the interaction has been perturbed. This
data corroborates a previous study in Arabidopsis showing that
conformational changes in the D3 are required to “release” the
substrate for degradation by the proteasome (43, 47, 59).
Future studies, conducted both in planta and at the structure-
function levels, coupled with the identification of KL in
grasses, will aid in elucidating the precise network of inter-
acting residues with the E3 ligase, D3, and other binding
partners, including the SMAX1 transcriptional co-repressor.
Additionally, structural studies lay the groundwork for
rational design strategies aimed at modulating KAI2 activity
for agricultural applications, such as enhancing crop resilience
and productivity (44, 45, 66–70).
Experimental procedures

KAI2 and D14 protein preparation and purification

AtKAI2, OsKAI2, the C162A mutant and the C162L mutant
were independently cloned and expressed as 6× His-SUMO
fusion proteins from the expression vector pAL (Addgene).
BL21 (DE3) cells transformed with the expression plasmid
were grown in LB broth at 16 �C to an OD600 of 0.8 and
induced with 0.25 mM IPTG for 16 h. Cells were harvested, re-
suspended, and lysed in extract buffer (50 mM Tris, pH 8.0,
200 mM NaCl, 5 mM imidazole, 4% Glycerol). All His-SUMO-
proteins were isolated from soluble cell lysate by Ni-NTA
resin. The proteins were eluted with 250 mM imidazole and
subjected to anion exchange. The eluted proteins were then
cleaved with TEV (tobacco etch virus) protease overnight at 4
�C. The cleaved His-SUMO tag was removed by passing
through Ni-NTA resin. All proteins were concentrated by
ultrafiltration to 3 to 10 mg/ml−1.
Crystallization, data collection, and structure determination

The crystals of OsKAI2 were grown at 25 �C by the
hanging-drop vapor diffusion method with 1.0 ml purified
protein sample (at 12 mg/ml) mixed with an equal volume of
reservoir solution containing 0.1 M Sodium HEPES, 0.1 M
MOPS (acid) pH 7.5, 0.018 M Magnesium chloride hexahy-
drate, 0.018 M Calcium chloride dihydrate, 9.4% v/v MPD,
9.4% v/v PEG 1000, 9.4% v/v PEG 3350. The crystals of AtD14
were grown at 25 �C by the hanging-drop vapor diffusion
method with 1.0 ml purified protein sample mixed with an
equal volume of reservoir solution containing 0.15 M
Ammonium acetate, 0.01 M Calcium chloride dihydrate, 0.1 M
Tris pH 8.5, 28% broad PEG smear from BCS (Molecular
Dimensions), 20% MPD. Crystals of maximum size were ob-
tained and harvested from the reservoir solution. X-ray
diffraction data was integrated and scaled with the HKL2000
package (71). OsKAI2 crystal structures were determined by
molecular replacement using the AtKAI2 model (PDB: 5Z9H)
(72) as the search model. AtD14 crystal structure was deter-
mined by molecular replacement using the PDB 41H4 model
J. Biol. Chem. (2024) 300(8) 107593 9
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(49). All structural models were manually built, refined, and
rebuilt with PHENIX (73) and COOT (74).
Alignments and phylogenetic analyses

Amino acid sequences were retrieved from NCBI, Phyto-
zome, and GenBank with accession information listed in
Table S3. Multiple sequence alignment was performed in
MEGA X version 10.2.6 (75) using the ClustalW algorithm
(76) with a final alignment consisting of 393 positions. To
identify the best-fitting model for phylogeny construction,
MEGA X model testing was performed and the amino acid
substitution model with the lowest BIC score (Bayesian In-
formation Criterion) chosen for analyses was the LG+G model
with 5 discrete gamma categories. The evolutionary history
was inferred by using the Maximum Likelihood method and
LG matrix-based model with 5 discrete gamma categories. The
evolutionary history was inferred by using the Maximum
Likelihood method and Le_Gascuel_2008 model (77). The tree
with the highest log likelihood (−16214.51) is shown. The
percentage of trees in which the associated taxa clustered
together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the JTT model, and then selecting
the topology with superior log likelihood value. A discrete
Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.6241).
This analysis involved 130 amino acid sequences. There were a
total of 393 positions in the final dataset. For selection analyses
RELAX (52) was used in the Datamonkey (78) server with
coding sequences for 100 sequences listed in Table S3. 30
sequences from evolutionary analyses were removed because
of their extensive gapping. 342 sites were examined for codon
dn/ds among the grass branches compared to the whole tree
and showed an intensification of selection compared to the
whole tree.
Thermal shift assays

Differential Scanning Fluorimetry (DSF) experiments were
performed on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc, Hercules) using excitation
and emission wavelengths of 560 to 590 and 610 to 650 nm,
respectively. SYPRO Orange Protein Gel Stain (Sigma Aldrich)
was used as the reporter dye. Samples were heat-denatured
using a linear 25 to 95 �C gradient at a rate of 1.3 �C per
minute after incubation at 25 �C for 30 min in the absence of
light. The denaturation curve was obtained using CFX man-
ager software. Final reaction mixtures were prepared in trip-
licate in 96-well white microplates, and each reaction was
carried out in 30 ml scale in reaction buffer (20 mM HEPES pH
7.3, 250 mM NaCl, 1 mM TCEP) containing 20uM protein,
0 to 250 mM ligand (as shown on the Figs. 3, B, E, and H and
S4, D–F), 2% (v/v) DMSO, and 10× Sypro Orange (from 5000×
manufacturer’s stock). Plates were incubated in darkness for
30 min before analysis. In the control reaction, DMSO was
10 J. Biol. Chem. (2024) 300(8) 107593
added instead of ligand. All experiments were repeated three
times.

dYLG hydrolysis

dYLG (desmethyl Yoshimulactone Green; gifted from Dr
Mark Waters, UWA) hydrolysis assays were conducted in re-
action buffer (50 mM MES pH 6.0, 150 mM NaCl, and 1 mM
DTT) in a 50 ml volume on a 96-well, F-bottom, black plate
(Greiner Bio-One). The final concentration of dimethyl sulf-
oxide (DMSO) was equilibrated for all samples to final con-
centration of 0.8%. The intensity of the fluorescence was
measured by a Synergy|H1 Microplate Reader (Agilent Tech-
nologies) with excitation by 480 nm and detection by 520 nm.
Readings were collected using 13-s intervals over 60 min.
Background auto-YLG hydrolysis correction was performed
for all samples. Raw fluorescence data were converted directly
to fluorescein concentration using a standard curve. Data that
were generated in Excel were transferred to GraphPad Prism 9
for graphical analysis. One-way ANOVA was performed to
compare each condition with a post hoc Tukey multiple
comparison test. All experiments were run with technical
triplicates, and independent experiments were performed
three times.

Initial rates kinetic assays

dYLG activity assays were conducted in 50 ml of reaction
buffer (50 mM MES pH 6.0, 250 mM NaCl, and 1 mM DTT)
in a 96-well, F-bottom, black plate (Greiner), in accordance
with the manufacturer’s instructions. 2 uM protein was added
to each well containing 0 to 80 mM dYLG and shaken for 5 s
before data was collected. The intensity of the fluorescence
was measured using a Synergy|H1 Microplate Reader (Agilent
Technologies) with excitation at 480 nm and detection at
520 nm. Readings were collected at 2 s intervals over 2 min.
The rate of YLG hydrolysis was determined from the initial
linear portion of this fluorescence data in Excel and was
transferred to Prism Graphpad v.10 for kinetic analysis. Kinetic
constants were determined through non-linear regression
based on substrate inhibition kinetics using Prism Graphpad
v.10.

Structural modeling and structure visualization

Sequence for OsKAI2 was threaded through existing
AtD14–OsD3-ASK1 complex structure using SWISS-MODEL
with PDB ID: 5HZG as a template. Residues of importance
were identified as being within hydrogen bonding distance of
potential hydrogen bond donor/acceptor pairs between
OsKAI2 and OsD3. The 3D structure illustration and analysis
were generated using PyMOL Molecular Graphics System,
Schrödinger, LLC. Hydrophobicity was assessed using the
hydrophobicity scale as defined by (79).

Pulldown assay

OsKAI2 and the OsKAI2int mutant were independently
cloned and expressed as GST (Glutathione-S-Transferase)
fusion protein from the expression vector pCOOL (Addgene).
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BL21 (DE3) cells transformed with the expression plasmid
were grown in LB broth at 16 �C to an OD600 of �1.0 and
induced with 0.2 mM IPTG for 16 h. Cells were harvested, re-
suspended, and lysed in extract buffer (50 mM Tris, pH 8.5,
200 mM NaCl, 5 mM DTT, 8% glycerol). Following cell lysis,
clarification, and centrifugation, the cell lysate was incubated
with GST beads for 1 h at 4 �C. Beads were then washed twice
with wash buffer containing 50 mM Tris, 150 mM NaCl, 1%
Glycerol, and 1 mM TCEP. Beads were then washed once with
0.025% BSA blocking solution and twice with wash buffer. For
control, GST beads were incubated with 0.05% BSA. Protein-
bound GST beads were incubated with purified His-MSB
OsD3-ASK1 (generated as in (43, 47, 59)) and 100 mM
(−)-GR24 (or Acetone as control) for 30 min on ice. Following
two washes with wash buffer, elution was achieved with
50 mM Tris, 10 mM Reduced glutathione pH 7.2, and 5 mM
DTT. After the addition of fourfold concentrated sample
buffer, boiled samples were resolved via SDS-PAGE, and
proteins were visualized using Ponceau stain and Western blot
with monoclonal anti-His (Invitrogen MA1-21315), and
polyclonal anti-GST (Thermo Fisher Scientific, CAB4169)
antibodies. Quantification of pulled-down OsD3 was measured
by band intensity compared to the ladder 150 kDa molecular
weight marker for three independent experiments. Student’s t
test was performed to compare pull-down for wildtype
compared to KAI2int mutant.

Plant cell-free degradation

Wildtype O. sativa seeds (Shiokari) seeds were used as a
source of cell-free protein extract. Seed coat was removed and
seeds were sterilized with 70% EtOH for 20 min and 30%
bleach for 10 min. Germination was carried out in Petri dishes
on moistened paper towels in the growth chamber at 22 �C
with a 16-h: 8-h, light: dark photoperiod for 2 weeks. 150 mg
of seedlings were harvested and ground in liquid nitrogen.
Total proteins were extracted to a stock concentration of 8 to
10 mg ml−1 using Minute (Invent Biotechnologies Inc, SD-
008/SN-009), supplemented with protease inhibitor cocktail
(Roche). To monitor protein degradation in the cell-free sys-
tem, 1.5 mg of purified HisMSB-OsSMAX1D2 protein (purified
as in (47)) was incubated at 28 �C in a reaction mixture that
contained, at a final volume of 12.5 ml, 20 mg of plant extract
supplemented with 300 mM (−)-GR24, 40 mM Tris–HCl,
pH 7.4, 4 mM ATP, 5 mM MgCl2, 0.8 mg/ml−1 Ub, 2 mM
DTT, and 3 mg of purified OsKAI2 (wildtype) or OsKAI2int.
Where indicated, the proteasome inhibitor MG132 was sup-
plemented (Thermo Fisher Scientific, 47-479-01MG) as
described previously (43, 47, 59, 80). Reactions were termi-
nated at the indicated times by the addition of a fourfold
concentrated sample buffer. Boiled samples were resolved via
SDS-PAGE, and proteins were visualized using Western blot
and monoclonal anti-His antibodies.

Data availability

The atomic coordinates of structures of OsKAI2, OsKAI2
with MPD and AtKAI2 were deposited in the Protein Data
Bank with accession codes 8VCZ, 8VD1, 8VD3. All relevant
data are available from the corresponding author upon
request.
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