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SUMMARY

Microbial and plant cell walls have been selected by the plant immune system as a source of microbe- and

plant damage-associated molecular patterns (MAMPs/DAMPs) that are perceived by extracellular ectodo-

mains (ECDs) of plant pattern recognition receptors (PRRs) triggering immune responses. From the vast

number of ligands that PRRs can bind, those composed of carbohydrate moieties are poorly studied, and

only a handful of PRR/glycan pairs have been determined. Here we present a computational screening

method, based on the first step of molecular dynamics simulation, that is able to predict putative ECD-PRR/

glycan interactions. This method has been developed and optimized with Arabidopsis LysM-PRR members

CERK1 and LYK4, which are involved in the perception of fungal MAMPs, chitohexaose (1,4-b-D-(GlcNAc)6)

and laminarihexaose (1,3-b-D-(Glc)6). Our in silico results predicted CERK1 interactions with 1,4-b-D-(GlcNAc)6
whilst discarding its direct binding by LYK4. In contrast, no direct interaction between CERK1/laminari-

hexaose was predicted by the model despite CERK1 being required for laminarihexaose immune activation,

suggesting that CERK1 may act as a co-receptor for its recognition. These in silico results were validated by

isothermal titration calorimetry binding assays between these MAMPs and recombinant ECDs-LysM-PRRs.

The robustness of the developed computational screening method was further validated by predicting that

CERK1 does not bind the DAMP 1,4-b-D-(Glc)6 (cellohexaose), and then probing that immune responses trig-

gered by this DAMP were not impaired in the Arabidopsis cerk1 mutant. The computational predictive gly-

can/PRR binding method developed here might accelerate the discovery of protein–glycan interactions and

provide information on immune responses activated by glycoligands.

Keywords: Arabidopsis thaliana, glycan, immunity, isothermal titration calorimetry, LysM domain, molecu-

lar dynamics, pattern recognition receptor, technical advance.

INTRODUCTION

Plant terrestrial colonization and diversification was associ-

ated to the evolution of a set of plant protein receptors,

called pattern recognition receptors (PRRs), that confer to

plants the capacities to perceive environmental and devel-

opmental cues. These PRR-based surveillance systems

have allowed plants to modulate their adaptive and physi-

ological responses to environmental conditions and to

activate defense responses against the diversity of patho-

gens that can colonize them (Li et al., 2016; Tang et al.,

2017). Plant PRRs comprise several groups of extracellular,

membrane-anchored proteins that greatly exceed in num-

ber their PRR counterparts in animals (Zipfel, 2014). In

addition, the plant immune system comprises a set of

intracellular protein receptors, mainly resistance (R) pro-

teins, encoded by R genes, that perceive pathogen
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effectors and activate effector-triggered immunity (ETI),

which dampens pathogen colonization (Baltrus et al., 2011;

Li et al., 2016; Sonah et al., 2016). Extracellular and mem-

brane-anchored PRRs include three main classes of pro-

teins: (i) receptor-like kinases (RLKs), which contain an

extracellular ectodomain (ECD), a transmembrane region

(TM) and an intracellular serine/threonine kinase domain

(KD); (ii) receptor-like proteins (RLPs), with ECD and TM

but lacking the KD; and (iii) receptor proteins (RPs), which

either contain an ECD that can be attached to the plasma

membrane by a glycosylphosphatidylinositol (GPI)-anchor

(RPg) or are extracellular proteins (RPes) not attached to

the membrane (Bellande et al., 2017). In Arabidopsis thali-

ana, different subclasses of extracellular RLKs/RLPs/RPs

can be considered based on their predicted ECD structures

or sequence similarities: lectins (G, L and C-lectins), leu-

cine-rich repeats (LRRs), CRinkly-Like (CR4L), pathogenic-

related thaumatin-like (ThaumatinL/PR5), proline-rich

extensin-like receptor kinase (PERK), wall-associated

kinases (WAKs), malectins, Catharanthus roseus receptor-

like kinase 1-like (CrRLK1L), lysin motif (LysM) and

cysteine-rich kinases (CRK/DUF26, also known as

stress-antifungal/salt-response receptors). These RLKs/

RLPs/RPs comprise more than 600 members in Arabidop-

sis, representing approximately 2–3% of Arabidopsis genes

(Shiu and Bleecker, 2003; Gish and Clark, 2011; Franck

et al., 2018).

RLKs/RLPs/RPs are involved in the perception of devel-

opmental cues (e.g., peptide ligands or hormones) (Santi-

ago et al., 2013; Santiago et al., 2016; Stegmann et al.,

2017; Tang et al., 2017) and in high-affinity recognition of

different conserved structures from microbes called

microbe-associated molecular patterns (MAMPs) (Boutrot

and Zipfel, 2017). Additionally, these PRRs can recognize

other types of patterns, like plant self-molecules that are

released or synthesized upon pathogen infection or tissue

damage, which are known as damage-associated molecu-

lar patterns (DAMPs) (Li et al., 2020). Upon MAMP/DAMP

recognition by specific PRRs, formation of protein com-

plexes with other PRRs (co-receptors) takes place and pat-

tern-triggered immunity (PTI) responses are activated

(Greeff et al., 2012; Dangl et al., 2013).

Plant RLKs are very similar to animal receptor tyrosine

kinases (RTKs), but RLKs have generally serine/threonine

kinase specificity instead of the tyrosine specificity of ani-

mal RTKs (Shiu et al., 2004; Greeff et al., 2012). The RLK

class has an ancient origin after the fungus–metazoan split

and is not present in the fungal kingdom. Interestingly,

domain fusion resulted in the creation of novel receptors,

leading to a high diversity and the appearance of different

protein subclasses, and gene duplications contributed to

gene expansion, explaining the high number of RLKs in

plants (Lehti-Shiu et al., 2009; Li et al., 2016). Most of these

RLKs are found in large genomic clusters, supporting the

hypothesis of rapid evolution by duplication and gene

shuffling under diversifying selection (Shiu and Bleecker,

2003; Fritz-Laylin et al., 2005; Lehti-Shiu et al., 2009; Gish

and Clark, 2011; Li et al., 2016). RLPs and RPs have been

shown to be involved in the control of defensive and devel-

opmental processes, playing roles in RLK signaling as RLK

counterparts in co-receptor mechanisms (Jeong et al.,

1999; Fritz-Laylin et al., 2005; Gish and Clark, 2011; Bel-

lande et al., 2017; Tang et al., 2017).

There is an extensive diversity of molecules that can be

bound by PRRs to trigger plant immune responses, but

most of the MAMPs and DAMPs described so far are pep-

tides (Boutrot and Zipfel, 2017; Li et al., 2020). In contrast,

the number of glycan structures characterized as MAMPs/

DAMPs is very low and accordingly the number of PRR/gly-

can pairs identified is very restricted (Bacete et al., 2018; Li

et al., 2020). However, PRR/glycan interaction is a field in

expansion as glycans are cell surface components of major

plant pathogens like fungi, oomycete and bacteria

(MAMPs) and they are also present in the plant cell walls

and can be released as oligosaccharides (DAMPs) (Bacete

et al., 2018; Wanke et al., 2020a). On the other hand, one of

the reasons explaining the slow progress of this field is the

diversity (thus complexity) of glycan ligands in terms of

composition: (i) over 20 different monosaccharides can

form the backbone and/or ramification building blocks of

glycans through a high diversity of glycosidic linkages; (ii)

glycans can differ in the degree of polymerization (DP);

and (iii) monosaccharides can have different biochemical

decorations (e.g., acetylation and methylation) and chemi-

cal modifications (e.g., reduction/oxidation) (Carpita and

McCann, 2000; Latg�e and Calderone, 2006; M�elida et al.,

2013; Srivastava et al., 2017).

The interaction of PRRs with carbohydrate-based ligands

is well studied in mammals, where several receptor/glycan

complexes have been determined such as Dectin-1 (C-lec-

tin ECD)/b-glucans or Galectin-3/b-galactosides (Brown

et al., 2003; Chen et al., 2017; D�ıaz-Alvarez and Ortega,

2017). In contrast, the characterization of PRR–glycoligand
interactions in plants has been mainly restricted to PRRs of

the LysM subclass that harbor ECDs with lysin motifs,

which are promiscuous motifs involved in the recognition

of several ligands like chitin, peptidoglycans, b-1,3-glucans
and lipopolysaccharides (Miya et al., 2007; Willmann et al.,

2011; Desaki et al., 2018; M�elida et al., 2018). In the plasma

membrane, CERK1 (LYK1) and LYK5 together with LYK4

are key components in plant immunity acting as co-recep-

tors in the recognition of chitin, a polymer of 1,4-b-D-
GlcNAc (Liu et al., 2012; Cao et al., 2014). However, in the

plasmodesmata region, LYM2 forms a complex with LYK4

upon chitin perception by a CERK1-independent mecha-

nism (Faulkner et al., 2013; Cheval et al., 2020). In rice

(Oryza sativa), the molecular mechanism of chitin recogni-

tion by the OsCEBiP receptor, a LysM-PRR, has also been

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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described (Liu et al., 2016), and it has been shown that

OsCERK1 cooperates with OsCEBiP module chitin-medi-

ated signaling (Shimizu et al., 2010). Interestingly, LysM

domains have also been described in some fungal effector

proteins, like CfAvr4F from Cladosporium fulvum and

Mg1LysM from Zymoseptoria tritici, and their crystal struc-

tures have been obtained (Hurlburt et al., 2018; S�anchez-

Vallet et al., 2020). These fungal proteins bind chitin as a

mechanism of fungal virulence aiming to avoid fungal per-

ception by plant LysM-PRRs.

Recent work has demonstrated that LysM-PRRs are

involved in the perception by plants of 1,3-b-glucans iso-

lated from fungal cell walls (M�elida et al., 2018; Wanke

et al., 2020b). Specifically, the hexasaccharide 1,3-b-D-(Glc)6
(laminarihexaose) is an immune-active structure whose

recognition in Arabidopsis is CERK1-dependent. Moreover,

molecular docking calculations suggested some interac-

tions between 1,3-b-D-(Glc)6 and CERK1-ECD, though these

interactions were not further validated by full molecular

dynamics simulations or in vitro binding assays (M�elida

et al., 2018). CERK1 was also shown to be involved in the

perception of bacterial peptidoglycans, with a contribution

of LysM members LYM1 and LYM3 (Gust et al., 2007; Will-

mann et al., 2011). The bases of these additional roles of

LysM-PRRs in the perception of these glycans structures

are unknown since crystal structures of these ligand/LysM

complexes have not been obtained.

Plant cell walls are mainly composed of cellulose, different

types of hemicelluloses and pectins (Carpita and McCann,

2000). Upon pathogen infection, some plant cell wall-derived

compounds can be released acting as DAMPs recognized by

PRRs, activating DAMP-triggered immunity cascades. For

example, cellulose-derived oligomers (1,4-b-glucans) have

been described as a novel group of plant DAMPs which trig-

ger signaling cascades that share many similarities with the

responses activated by the well-characterized plant DAMPs

oligogalacturonides (OGs), derived from homogalacturonan

pectins (Aziz et al., 2007; de Azevedo Souza et al., 2017; John-

son et al., 2018; Locci et al., 2019). No PRR receptor candi-

dates have been proposed for 1,4-b-glucans oligomers,

whereas several PRRs (WAKs, THESEUS and FERONIA) have

been suggested to bind pectins, though crystal structures of

these ligand/PRR complexes have not been obtained

(H�ematy et al., 2007; Boisson-Dernier et al., 2011; Kohorn

and Kohorn, 2012; Duan et al., 2020). There are many open

questions regarding glycan-triggered immunity that could

be solved using biochemical and genetic approaches. How-

ever, these approaches are time consuming and face the

redundant functions of PRR families, as illustrated by the lack

of PTI-defective phenotypes of lyk4 and lyk5 Arabidopsis sin-

gle mutants upon chitin and 1,3-b-D-(Glc)6 treatment (Cao

et al., 2014; M�elida et al., 2018).

In silico prediction tools (computational modeling) could

help in preliminary screening stages to select potential

PRRs for further characterization (Das et al., 2018; Fratev

et al., 2018). However, structural conformations of glycans

are not easy to determine due to their intrinsic mobility

and the scarce capability of some structural techniques,

like X-ray diffraction, to solve their conformations (Fadda

and Woods, 2010; Gimeno et al., 2020). Moreover, protein–
glycan interactions are weak, with affinities ranging from

the µM to the mM range, due to the formation of transient

structural states that result in more dynamic interactions

than protein–peptide ones (Otto et al., 2011; Sapay et al.,

2013; Isaacson and D�ıaz-Moreno, 2019; Mende et al., 2019;

Gimeno et al., 2020; Haab and Klamer, 2020). In silico

approaches, particularly molecular dynamics, can aid to

solve complex protein–glycan interactions, but simulation

of carbohydrate-based structures can also be challenging

since the initial protein–glycan conformation and the force

field employed during the simulation might be critical

steps to obtain reliable results. Moreover, molecular dock-

ing parameters in the simulation programs are not specifi-

cally designed for carbohydrates, but this limitation can be

partially addressed by combining docking and molecular

dynamics methods of structural analysis that proved to

give excellent results when testing protein–ligand interac-

tions (Woods and Tessier, 2010; Das et al., 2018; Fratev

et al., 2018; Kumar et al., 2019).

In this work we introduce an in silico pipeline designed

to predict PRR–glycan interactions avoiding most of the

heavy computing requirements and parameter configura-

tion challenges of molecular dynamics. This method might

help to screen the high number of putative interactions

between plant PRRs and glycoligands, including MAMPs/

DAMPs already identified and those to be discovered. Data

obtained with this method would pave the way to design

biochemical and genetic approaches to confirm the pre-

dicted interactions. Using this pipeline, we have validated

the previously described structural interaction of the LysM-

PRR member CERK1 with chitohexaose (1,4-b-D-(GlcNAc)6),

and we have discarded their direct interaction with lami-

narihexaose (1,3-b-D-(Glc)6) and cellohexaose (1,4-b-D-
(Glc)6), two glycoligands recently described to trigger

immunity. These model predictions were confirmed by

in vitro binding assays with purified ECDs of CERK1 and

LYK4 PRR receptors, further validating the feasibility of the

modeling method presented here to decipher PRR–glycoli-
gand interactions.

RESULTS

PRRs with glycan-binding ECDs are highly represented in

Arabidopsis

Previous studies have predicted different numbers of extra-

cellular PRRs in the Arabidopsis genome (more than 600

members) and considered some of the following sub-

classes: lectins (C-, L- and G-lectins), LRRs, LysMs,

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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malectins, CrRLK1Ls, WAKs, CR4Ls, ThaumatinL/PR5, CRKs

(also classified as stress-antifungal/salt-response receptors)

and PERKs (Gish and Clark, 2011; Bellande et al., 2017;

Tang et al., 2017). With this in mind, we decided to per-

form an additional comprehensive analysis of these pro-

teins in order to establish an updated classification of

Arabidopsis extracellular PRRs, comprising RLKs, RLPs and

RPs (both RPgs and RPes; Figure 1). The main aim was the

identification of PRRs containing putative glycan-binding

ECDs among these types of receptor proteins. Classifica-

tion into RLKs, RLPs, RPgs or RPes was performed depend-

ing on the presence of transmembrane regions, serine/

threonine kinase domains or GPI-anchor motifs. This char-

acterization allowed the identification of 617 putative PRRs

with extracellular ECDs (Table S1), of which 329 (53.3%)

have ECDs that putatively could interact with carbohy-

drates, indicating the high number of plant PRRs that

might potentially bind glycoligands (Figure 1a and

Table S2). The remaining 288 PRRs (46.7%) were described

as putatively not related with carbohydrate binding based

on their ECD topology, and comprise PRRs with different

ECDs: LRRs (246 members), PERKs (23 members), CR4L (8

members) and non-structural classified ECDs (11 mem-

bers) (Table S1).

The potential Arabidopsis glycan-binding ECDs were

classified based on their similarity with protein domains

that have been reported to interact with carbohydrates. As

shown in Figure 1(c), the putative glycan-binding PRR

members were divided into 10 subclasses based on their

different ECDs: C-lectin (1 member), G-lectins (51 mem-

bers), L-lectins (55 members), WAKs (38 members), LysM

(10 members), CrRLK1L (with malectin motif; 20 members),

malectins (external malectin motif followed by an LRR; 51

members), LRR-malectins (external LRR domain followed

by a malectin motif; 12 members), ThaumatinL/PR5 (23

members) and CRKs (68 members). All these subclasses

include RLKs, RLPs and RPs, with the exception of C-lectin

and LRR-malectins (which are all RLKs), WAKs (which are

all RLKs except for one RPe) and CrRLK1Ls (which are all

RLKs except for two RLPs) (Table S2). The LysM-PRR sub-

class accounts for 10 members in Arabidopsis, with 5 of

them considered as RLKs (CERK1/LYK1, LYK2, LYK3, LYK4

and LYK5), 2 as RPes (AT5G62150 and AT4G25433) and 3

as RPgs (LYM1, LYM2 and LYM3). Though LYM1 and

LYM2 predictions suggest TM-anchor structures

(Table S2), they have been previously classified as GPI-an-

chored proteins (Faulkner et al., 2013; Bellande et al.,

2017).

Computational prediction method for the identification of

PRR/glycan complexes

In order to perform in silico predictions of PRR/glycan

interactions, we developed and optimized a method that

consisted on several steps (see Figure 2 and Experimental

Procedures). First, the structure of the target glycan (li-

gand) was generated, either by retrieving it from crystal-

lography or NMR experiments through the Protein Data

Bank (PDB; https://www.rcsb.org/) or by generating it from

scratch adding carbon rings and additional atoms and

bonds since just a few crystallography or NMR data are

available for glycans (Figure 2). The structures of 1,4-b-D-
(GlcNac)6 and 1,3-b-D-(Glc)6 were obtained from the PDB

database, whereas 1,4-b-D-(Glc)6 was both retrieved from

crystallized data and built from scratch. In order to provide

Figure 1. Classification of Arabidopsis thaliana

PRRs according to the glycan-binding domain of

their ECDs. (a) Proportion of Arabidopsis PRRs

putatively harboring glycan-binding domains in

their ECDs (53.3% of the total 617 PRRs identified).

(b) Scheme of the main domain structure of PRRs:

receptor-like kinases (RLKs) that contain an extra-

cellular ectodomain (ECD), a transmembrane region

(TM) and an intracellular kinase domain (KD); recep-

tor-like proteins (RLPs) with ECD and TM; and

receptor proteins (RPs), which either contain an

ECD that can be attached to the plasma membrane

by a GPI-anchor (RPg) or are extracellular proteins

(RPe) not attached to the membrane. (c) Graphical

representation of putative glycan-binding PRR-RLK

subclasses. Graph depicting the percentages and

numbers of each subclass (left) and the proportions

of RLKs, RLPs, RPgs and RPes of the putative gly-

can-binding PRRs (right) are shown.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 105, 1710–1726
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the ‘most biologically realistic’ glycan conformation, vac-

uum optimization of glycan structures was performed with

Chimera followed by solvent minimization with Visual

Molecular Dynamics (VMD)-AutoIMD. In parallel, the PRR-

ECD structure of interest was obtained from X-ray or NMR

data (e.g., 4EBZ for CERK1-ECD), or it was modeled in sil-

ico generally through homology modeling (Swiss-Model

server; https://swissmodel.expasy.org/). For example, we

modeled LYK4-ECD using the rice chitin elicitor-binding

protein (OsCEBiP, 5JCE) structure (Liu et al., 2016), while

Arabidopsis ANXUR1 (6FIG) (Moussu et al., 2018) was used

as a template for modeling THESEUS1 (THE1), which was

included as a negative control in our analyses. Next, the

initial ECD-PRR/glycan complex was determined by dock-

ing the glycan in the putative binding site(s) of the PRR

(those described or those that we obtained through

sequence homology if they had not been previously identi-

fied). We considered the described putative binding sites

for chitin in CERK1 (amino acids 109–115 and 137–143,
encompassing Q109, E110, E114 and I141 directly involved

in chitin binding) and LYK4 (amino acids 125–131 and 154–
160) (Iizasa et al., 2010; Wan et al., 2012). THE1 binding

sites were obtained by sequence alignment with Xenopus

laevis malectin complexed with nigerose (2K46), as shown

in previous studies (Moussu et al., 2018). Docking was

achieved with AutoDock Vina using a 27-�A padding box,

retrieving a total of five docking complexes as possible dif-

ferent conformations of the glycan in the PRR-binding site

(five initial complexes or replicates). Glycosylation posi-

tions and disulfide bonds in CERK1 were obtained from

manual assertion inferred from a combination of experi-

mental and computational evidence as shown in UniProt

(https://www.uniprot.org/; Liu et al., 2012). LYK4 and THE1

glycosylation patterns and disulfide bonds were identified

by sequence analysis prediction and sequence similarity,

respectively (UniProt). The identification of glycosylation

sites in ECDs is crucial, since they can provoke false posi-

tive binding results and mislead predictions if they are

close to the glycoligand.

Once the initial complexes were established they were

parameterized in the CHARMM force field using CHARMM-

GUI and solved using VMD software in order to prepare

Figure 2. Protocol description of the computational method developed for

glycan–PRR binding prediction. Glycan and PRR structures are retrieved

through the PDB database, or alternatively glycoligands are built from

scratch (with the Chimera Build Structure tool) and/or PRR-ECDs are mod-

eled (see Experimental Procedures). Ligands are optimized in vacuum and

in solvent using a 12-�A padding box (TIP3 water model, 0.15 M NaCl). Then

five minimum different conformations (replicates) of the PRR/glycan com-

plexes are calculated employing AutoDock Vina using a 27-�A padding spa-

tial box. The final complex is then obtained for each replicate applying

molecular dynamics with two minimization procedures (SolBox1 and Sol-

Box2) and one full simulation procedure (Full) using the CHARMM force

field and TIP3 water with 0.15 M NaCl and a 12-�A padding box. The DG ener-

gies are obtained from each of these final complexes.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), 105, 1710–1726
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them for molecular dynamics with scalable molecular

dynamics (NAMD), following three standardized steps:

minimization, equilibration and simulation (http://www.iit

g.ac.in/tamalb/karp/namd/; https://www.ch.embnet.org/

MD_tutorial/). The protocol to complete these three steps

was optimized with the CHARMM force field at 298 K, pH 7

for 10 ns with canonical NVT ensemble (at temperature

and volume constant allowing for pressure variation; see

Table S3(c–e) for an example of configuration files). As full

simulations with this standard parameterization tended to

crash over time or to produce misleading binding results

due to their high computing requirements, we decided to

carry out only the minimization steps to test LysM-PRR/gly-

can interactions. These minimization procedures were Sol-

Box1, with boundary conditions applied to NVT ensemble

(constant volume and temperature) (Table S3a), and Sol-

Box2, with boundary conditions applied to NPT ensemble

(constant temperature and pressure) having a padding 2 �A

bigger than SolBox1 to compensate for allowing volume

variation (Table S3b). To properly compare, final energies

were retrieved for SolBox1, SolBox2 and a full simulation

of 10 ns (Full) as described above.

Once the final complexes were obtained, either from

minimization or full simulation, we determined their free

energies (DG, kcal mol�1), which are used to predict bind-

ing events, and that depend on the contribution of internal

and solvent energies (DEint and DGsol; Figure S1). Entropy

variations were not calculated since available calculations

are still not reliable enough and they cause the majority of

the computational cost in the energy calculations (Sadiq

et al., 2010; Hou et al., 2011; Genheden and Ryde, 2015).

Energy parameters of the final complexes were calculated

following the MM/PBSA protocol with the steps summa-

rized in Figure S1 (Hou et al., 2011): (i) internal energies

(DEint), which are the sum of the electrostatic and Van der

Waals interactions; (ii) solvent energies (DGsol), which are

the sum of polar and non-polar terms, with the polar terms

being calculated applying the Poisson–Boltzmann potential

to the complex, and then these terms were subtracted sep-

arately from the potential of the ECD-PRR alone in the

complex and the potential of the glycan in the complex;

(iii) DGsol non-polar terms, calculated applying a conver-

sion factor into the SASA values (gSASA+b) of the com-

plex and the PRR alone (Gilson and Zhou, 2007; Genheden

and Ryde, 2015; Das et al., 2018); and then (iv) internal and

solvent energies were summed up to obtain the final DG
energy.

The well-known complex CERK1/1,4-b-D-(GlcNAc)6 was

used as positive control for optimizing the methodology

(Liu et al., 2012; Cao et al., 2014; Cheval et al., 2020). Three

final complexes, two minimization procedures (SolBox1

and SolBox2) and one full simulation procedure (Full) were

obtained for the CERK1/1,4-b-D-(GlcNAc)6 complex, which

were in accordance with the described binding. Based on

the energies obtained with this well-characterized complex,

we established some minimal conditions supporting puta-

tive glycoligand/PRR interaction assessment (Figure 3): (i)

a minimum of five computational replicates were estab-

lished to assess the binding with reliability; (ii) DG energy

average values below �6 kcal mol�1 (standard deviation of

maximum 30%) were considered as evidence of interac-

tion, while higher values may indicate non-specific bind-

ing, no binding or even repulsion; (iii) non-polar (DGnp)

values above 0.6 kcal mol�1 were considered as reliable

and indicative of binding, while conformations with values

below 0.6 kcal mol�1 were discarded even though the final

energy was negative since energy values below 1 kT

(where k is the Boltzmann constant and T is the absolute

temperature) are noisy and irrelevant because kT or ther-

mic energy is around 0.6–0.7 kcal mol�1 at a thermody-

namic T of 298 K; and (iv) Van der Waals energies must be

more negative than the electrostatic ones with a sufficient

difference amongst them of ≥18 kcal mol�1 to consider

binding conformation as reliable as noted in previous stud-

ies (Sadiq et al., 2010; Hou et al., 2011; Kumar et al., 2019;

Saravanan et al., 2020; Peng et al., 2020). As additional

controls of this last parameter established in the model,

we determined the energies of CERK1-, LYK4- and THE1-

ECD against an amount of water molecules similar to the

size of the ligand (box of 10.0 �A; absence of ligands) and

we found that electrostatic terms were more negative than

the Van der Waals ones (Table S4), indicating that when

ECD-PRRs are bound to the glycan, electrostatic interac-

tions lower their energy values below those of Van der

Waals values that become more negative than electrostatic

ones (Table 1).

In silico binding prediction of selected LysM-PRR/glycan

complexes

The above-described pipeline was applied to predict puta-

tive interactions between chitin oligosaccharides of differ-

ent DP and proteins that have been described to bind

chitin oligomers. We first applied the pipeline to determine

the binding of chitin oligomers of DP2 and DP4 to

Figure 3. Decision tree for putative binding assessment for ECD-PRR/glycan

pairs. Three conditions must be sequentially fulfilled to predict trustable

energies and ECD-PRR/glycan putative binding (by using five or more con-

formations of the complex): (i) negative final energy values (< �6

kcal mol�1) with <30% of variation from average, (ii) non-polar term values

higher than 0.6 kcal mol�1 and (iii) electrostatic interaction energy values at

least 18 kcal mol�1 higher than the Van der Waals interaction counterparts.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 105, 1710–1726
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Arabidopsis CERK1 (CERK1) and we found that CERK1 was

predicted to bind DP4, but not the DP2 oligomer (Fig-

ure S2), as described previously (Iizasa et al., 2010; Wan

et al., 2012). Then we applied the pipeline to predict bind-

ing of the DP4 oligomer to OsCEBiP, the rice chitin recep-

tor, and its co-receptor OsCERK1, and we found that the

pipeline predicted OsCEBiP binding to the DP4 oligomer,

but not to OsCERK1 (Figure S2), as described previously

(Liu et al., 2016). Next, we applied the pipeline to the fun-

gal effectors CfAvr4F and Mg1LysM, which bind to the DP6

chitin oligomer (Hurlburt et al., 2018; S�anchez-Vallet et al.,

2020), and we found that the model positively predicted

their binding to the DP6 oligomer (Figure S2), further con-

firming the robustness of the pipeline developed (Fig-

ure 3).

We next expanded the application of the pipeline to

obtain predictions of the potential binding of ECDs from

Arabidopsis CERK1 and LYK4 to several hexasaccharides

that have been described to trigger PTI responses: 1,3-b-D-
(Glc)6 and 1,4-b-D-(Glc)6. ECD-THE1 from the CrRLK1L sub-

class was included in the analysis as a negative control

(Table S5). THE1 has been proposed to function as a plant

cell wall integrity hub, though it has been recently demon-

strated to bind Rapid Alkalinization-Like Factor (RALF) pep-

tides rather than glycans (H�ematy et al., 2007; Gonneau

et al., 2018). Three final complexes, two minimization pro-

cedures (SolBox1 and SolBox2) and one full simulation

procedure (Full) were obtained for each PRR–glycan com-

plex. In modeling calculations performed between CERK1

and 1,3-b-D-(Glc)6 we obtained final DG energies and non-

polar term values compatible with binding events, but

electrostatic and Van der Waals energy ratios and the stan-

dard deviation of the final binding DG energy did not fulfill

the established criteria based on CERK1/1,4-b-D-(GlcNAc)6
interaction determinations, which matched all the estab-

lished criteria for binding (Table 1). In the case of LYK4,

the standard deviation obtained for the calculated values

was very high for both ligands, not allowing to predict

direct binding of these ligands to LYK4 (Table 1). We next

determined the potential binding of the cellulose-derived

hexasaccharide DAMP 1,4-b-D-(Glc)6 to ECDs of these PRRs

by obtaining the glycan structure from scratch, and the

obtained data were incompatible with binding based on

the established criteria (Table 1 and Figure 3). Similarly,

modeling of ECD-THE1, included as a negative control, and

of 1,3-b-D-(Glc)6, 1,4-b-D-(Glc)6 and 1,4-b-D-(GlcNAc)6 yielded

parameters that were not compatible with binding of these

three glycans (Table S5). Moreover, full trials of the glycan/

ECD-PRR analyses gave no clear attraction results, proving

that most trajectories were not stable enough, further dis-

carding the Full modeling trials as possible test settings for

standard parameter binding prediction.

To further confirm that glycan structures generated from

scratch did not affect the modeling calculations, we

retrieved the glycan structure of cellohexaose (1,4-b-D-
(Glc)6) from the 3D crystal structure of cellobiohydrolase I

from Trichoderma reesei (PDB: 7CEL; Divne et al., 1998).

Notably, we found that this structure is essentially identical

to that of in silico modeled cellohexaose (Figure S3a), sup-

porting the method developed to optimize glycan struc-

tures in solution from scratch (Figure 2). Then, we

repeated the modeling calculation with the established

Table 1 Energy values of CERK1/glycan and LYK4/glycan trials obtained with the in silico computational minimization procedure

PRR/glycan Triala DEelec DEvdW DGnp DGpol DG

CERK1/1,4-b-D-(GlcNAc)6 SolBox1 �26.1 � 2.4 �47.2 � 3.5 1.8 � 0.4 49.8 � 8.9 �21.6 � 4.6

SolBox2 �26.2 � 3.2 �46.1 � 3.3 1.7 � 0.3 51.3 � 6.5 �19.3 � 4.2

Full �12.6 � 8.6 �35.1 � 5.6 2.9 � 0.4 41.4 � 14.5 �3.3 � 16.6
CERK1/1,3-b-D-(Glc)6 SolBox1 �23.3 � 7.7 �37.4 � 5.1 1.0 � 0.3 46.8 � 10.8 �12.9 � 10.8

SolBox2 �24.4 � 7.6 �37.4 � 5.3 0.9 � 0.2 49.8 � 24.4 �11.1 � 14.2
Full �4.9 � 9.9 �11.6 � 14.6 1.6 � 1.8 16.1 � 23.0 1.2 � 4.1

CERK1/1,4-b-D-(Glc)6 SolBox1 �21.2 � 2.3 �34.8 � 3.0 1.2 � 0.2 46.2 � 6.0 �8.7 � 7.5
SolBox2 �21.7 � 2.3 �34.7 � 3.5 1.2 � 0.3 42.9 � 9.8 �12.2 � 10.7
Full �5.7 � 6.5 �13.1 � 12.8 1.5 � 1.4 14.3 � 26.2 �3.0 � 22.4

LYK4/1,4-b-D-(GlcNAc)6 SolBox1 �21.9 � 4.1 �41.1 � 11.7 2.3 � 0.3 39.8 � 9.7 �20.8 � 15.5
SolBox2 �21.8 � 3.6 �42.6 � 12.5 2.1 � 0.3 37.8 � 5.1 �24.4 � 11.0
Full �6.9 � 2.5 �22.5 � 5.5 3.7 � 0.5 26.2 � 15.8 0.4 � 14.5

LYK4/1,3-b-D-(Glc)6 SolBox1 �19.7 � 9.0 �26.1 � 5.8 1.8 � 0.2 37.2 � 13.4 �8.2 � 8.9
SolBox2 �20.1 � 8.9 �26.5 � 3.2 1.6 � 0.3 33.8 � 13.3 �11.3 � 11.6
Full �3.5 � 4.5 �12.9 � 12.4 2.5 � 1.5 6.3 � 8.8 �7.5 � 9.5

LYK4/1,4-b-D-(Glc)6 SolBox1 �25.1 � 3.4 �29.1 � 4.0 1.6 � 0.3 46.7 � 5.2 �6.0 � 8.5
SolBox2 �26.5 � 2.1 �32.8 � 3.8 1.2 � 0.3 47.0 � 7.1 �11.4 � 7.8
Full �0.9 � 2.0 �13.4 � 12.1 1.6 � 1.4 12.4 � 10.9 �0.3 � 3.3

aSolBox1, SolBox2 and full trials for every PRR–glycan pair are presented as the average � SD of five replicates. Positive binding parameters
fulfilling the criteria of Figure 3 are highlighted in bold. Only the CERK1/1,4-b-D-(GlcNAc)6 pair was assessed as binding in both SolBox1 and
SolBox2 trials.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), 105, 1710–1726

1716 Irene del Hierro et al.

 1365313x, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.15133 by B

ucle - U
niversidad D

e L
eon, W

iley O
nline L

ibrary on [13/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



pipeline using this solved structure of cellohexaose and we

confirmed the lack of binding of CERK1, LYK4 and THE1 to

this glycan (Figure S3b), as predicted with the structure

obtained from the in silico pipeline (Table 1).

In vitro binding assays confirmed in silico predictions

The in silico pipeline predicted a clear direct interaction of

1,4-b-D-(GlcNAc)6 with CERK1, but not with the remaining

hexasaccharides tested (Table 1). These data were after-

wards validated by assessing the capacity of these ligands

to trigger an early plant immune event such as Ca2+ influ-

xes by using Arabidopsis wild-type and CERK1-defective

sensor lines (Col-0AEQ and cerk1-2AEQ, respectively; Ranf

et al., 2012). Col-0AEQ and cerk1-2AEQ seedlings were incu-

bated with the different ligands and Ca2+ influxes were

monitored through luminescence measurements (Fig-

ure 4). All three hexasaccharides triggered Ca2+ influxes in

Col-0AEQ lines, confirming that they were active glycan

ligands in Arabidopsis, as described (Cao et al., 2014;

M�elida et al., 2018; Locci et al., 2019): 1,4-b-D-(GlcNAc)6 and

1,3-b-D-(Glc)6 produced a wide peak at about 90 sec after

treatment followed by a maintained decrease in lumines-

cence that lasted about 600 sec. Ca2+ influx kinetics upon

1,4-b-D-(Glc)6 treatment were different, since cellohexaose

triggered a faster response that was followed by a faster

luminescence disappearance (Figure 4c). Notably, Ca2+

influxes obtained with cerk1-2AEQ upon treatment with 1,4-

b-D-(Glc)6 were similar to those observed in Col-0AEQ lines,

indicating that CERK1 was not required for 1,4-b-D-(Glc)6
perception, whereas 1,4-b-D-(GlcNAc)6 did not active any

Ca2+ influxes in cerk1-2AEQ, as predicted by our in silico

models and described previously (Table 1; M�elida et al.,

2018). In contrast cerk1-2AEQ results for 1,3-b-D-(Glc)6
demonstrated a full dependence on CERK1, as described

previously (M�elida et al., 2018), which was not consistent

with the predictions of our molecular dynamics models

(Table 1).

In view of these results and to further clarify this issue,

we expressed CERK1 and LYK4 Arabidopsis ECDs in insect

cells and purified them by affinity chromatography (Fig-

ure S4). Then, isothermal titration calorimetry (ITC) experi-

ments (Sandoval and Santiago, 2020) were carried out to

confirm the in silico binding predictions of both CERK1-de-

pendent ligands 1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6. Our

ITC results proved direct interactions of CERK1 with 1,4-b-
D-(GlcNac)6 (Kd values of 37.5 � 10.0 µM; Figure 5). The

results obtained with 1,3-b-D-(Glc)6 clearly indicated that

CERK1 did not bind, at least directly, to this glycan (Fig-

ure 5), confirming the in silico predictions (Table 1). Simi-

lar binding experiments were performed with LYK4 and

these two glycans, but no direct binding was detected (Fig-

ure 5), which also supported our in silico prediction

(Table 1). These data suggest that CERK1 takes part of the

sensing complex for 1,3-b-D-(Glc)6 in an indirect manner.

Similarly, LYK4 may be involved as a co-receptor in the

recognition of chitin glycans but may not physically bind

chitin, as recently suggested (Cheval et al., 2020). As pre-

dicted by our model, the THE1 ectodomain did not bind

any of the CERK1-dependent ligands tested (Figure S5).

In silico determination of the binding interface residues of

CERK1/1,4-b-D-(GlcNAc)6

Since the in silico modeling pipeline was found to be

robust, we next tested its capacity to predict the amino

acids of the CERK1 binding pocket involved in chitin bind-

ing. It has been previously shown in the crystal structure

of CERK1 (PDB: 4EBZ; Liu et al., 2012) that residues E110,

E114, Q109 and I141 seem to be essential for 1,4-b-D-
(GlcNAc)4 binding. We carried out an initial comparison of

Figure 4. Elevations of cytoplasmic calcium concentrations over time in 8-

day-old Arabidopsis Col-0AEQ and cerk1-2AEQ seedlings upon treatment with

hesaccharides. (a) Chitohexaose (250 lM 1,4-b-D-(GlcNAc)6). (b) Laminari-

hexaose (250 lM 1,3-b-D-(Glc)6). (c) Cellohexaose (250 lM 1,4-b-D-(Glc)6). Data

are presented as the mean � SD (n = 8). Shown is one of three experiments

that gave similar results.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 105, 1710–1726
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the common residues involved in chitin binding of our in

silico replicates of CERK1-1,4-b-D-(GlcNAc)6 and the CERK1-

1,4-b-D-(GlcNAc)4 crystal and we discovered that in our in

silico models E110, E114 and Q109 formed hydrogen

bonds with the ligand in all the replicates and I141 in some

models. Next, we performed in silico mutations of one or

two of these residues by replacing them with alanine in

CERK1 (Q109A, E110A, E114A, I141A, Q109A/E110A,

E110A/E114A, E110A/I141A, Q109A/I141A and E114A/

I141A). These cerk1 in silico mutants were subjected to

modeling tests against 1,4-b-D-(GlcNAc)6 using the SolBox2

procedure with five replicates. Notably, some individual

mutations (e.g., Q109A and I141A) and double mutations

(e.g., Q109A/E110A, E110A/E114A and Q109A/I141A)

resulted in negative binding predictions of cerk1 to 1,4-b-D-
(GlcNAc)6 (Figure S6), further supporting the relevance of

binding of the residues identified in the 4EBZ PDB struc-

ture (Liu et al., 2012). These results also indicate that the

pipeline described here has the potential to predict the

impact on binding of key residues mutations, thus

enabling the generation of testable hypotheses for bio-

chemical validation.

Figure 5. Direct binding assays between the PRR-

ECDs and the corresponding glycans. (a) Isothermal

titration calorimetry (ITC) experiments of CERK1

and LYK4 ECDs vs 1,4-b-D-(GlcNAc)6 and 1,3-b-D-
(Glc)6. (b) ITC table summaries of PRR-ECDs vs 1,4-

b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6. The binding affini-

ties between CERK1 and LYK4 and the correspond-

ing glycans are reported as Kd (dissociation

constant, in micromoles); N indicates the reaction

stoichiometry (N = 1 for a 1:1 interaction); ΔH indi-

cates the enthalpy variation. Values indicated in the

table are means � SD of independent experiments

(n = 2). N.d. indicates no binding detected.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), 105, 1710–1726
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DISCUSSION

The plant immune and mammal innate immune systems

share a similar conceptual logic, but plants lack the adap-

tive immunity of mammals (N€urnberger et al., 2004; Haney

et al., 2014). Many non-self- (e.g., from microorganisms)

and self-macromolecules (e.g., from plants) harbor molec-

ular patterns, MAMPs and DAMPs, respectively, that have

been selected through evolution by plants to be perceived

by their diverse set of PRRs (617 putative members in Ara-

bidopsis: Figure 1). Modification of these macromolecules,

precursors of MAMPs/DAMPs, by plant enzymes might

mask, but also unmask, their immunogenic epitopes. In

this context, PRRs are essential components for epitope

monitoring, allowing plants to recognize and respond to

the high diversity of signals that they are exposed to.

Moreover, immune signaling upon pattern perception

relies not only on the PRRs themselves, but also on

immune signaling complexes consisting of membrane-

bound and intracellular proteins that are involved in scaf-

folding or signal transduction (Albert et al., 2020).

The molecular variety of MAMPs/DAMPs requires differ-

ent ECD structures and properties for recognition (e.g.,

binding) and immune activation (Saijo et al., 2018). In this

work we present an updated classification of the 617 puta-

tive Arabidopsis PRRs with extracellular ECDs that com-

prises at least 14 different subclasses of receptors based

on the ECD sequence and conformation (Table S1). LRR-

PRRs is the largest group, and shows some similarities

with some PRRs in animals, most notably Toll-like recep-

tors (TLRs) that have an LRR-ECD, a transmembrane motif

and a cytoplasmic Toll-like domain instead of the kinase

domain of plant RLKs (Ronald and Beutler, 2010). Plant

LRR-PRRs, which have received most attention from

researchers, typically recognize proteinaceous ligands that

trigger developmental and immunogenic processes (Sma-

kowska-Luzan et al., 2018). However, 53.3% of Arabidopsis

PRRs harbor ECDs putatively able to interact with glycan-

based ligands, but these PRRs have not received much

attention. These putative glycan-binding PRRs were classi-

fied as C-, G- and L-lectins, CRK/stress-antifungal, CrRLK1L,

LysM, LRR-malectins, malectins, ThaumatinL/PR5 and

WAKs according to their ECD typology (Figure 1 and

Table S1). CRKs constitute the most abundant subclass (68

members), followed by L- and G-lectins and malectins (55,

51 and 51 members, respectively; Figure 1). Some mem-

bers of these groups have already been demonstrated to

interact with carbohydrates and others have been associ-

ated with the binding of patterns of different nature (Schal-

lus et al., 2008; de Oliveira Figueiroa et al., 2017; Bacete

et al., 2018; Moussu et al., 2018; Cheung et al., 2020).

WAK RLKs, with ECDs containing epidermal growth fac-

tor motifs, are the proposed receptors for OGs (He et al.,

1996; Anderson et al., 2001; Kohorn and Kohorn, 2012).

Indeed, a recombinant peptide containing amino acids 67

to 254 of the extracellular domain of Arabidopsis WAK1

bound polygalacturonic acid, OGs, pectins and structurally

related alginates (Decreux and Messiaen, 2005). However,

a crystal structure of WAK-ECDs is not yet available and

detailed structural work is still necessary in order to fully

demonstrate OG–WAK interaction. On the other hand, con-

sidering that the WAK subclass includes 38 members in

Arabidopsis, it would be expected that some of them could

recognize other carbohydrate-based patterns, like recently

described OG variants (Voxeur et al., 2019), but this

hypothesis requires further investigations.

Malectin-like domains in the ECDs of CrRLK1L members

are known to bind di-glucose in their animal counterparts

(Schallus et al., 2008). Therefore, CrRLK1Ls were suggested

to bind carbohydrates, but this hypothesis has not been

experimentally demonstrated to date (Lindner et al., 2012;

Wolf, 2017). The crystal structures of the CrRLK1Ls ANX1

and ANX2 suggest that they are non-canonical malectins

or carbohydrate-binding modules (CBMs) as they lack the

conserved binding surfaces for carbohydrate ligands (Du

et al., 2018; Moussu et al., 2018). Instead, some CrRLK1L

members have been demonstrated to bind peptides. For

example, FERONIA (FER), one of the best-characterized

members of the CrRLK1L subclass, has been shown to

bind the peptides RALF1 and RALF23 (Haruta et al., 2014;

Stegmann et al., 2017). In spite of this RALF-binding ability,

recent results also support FER’s role as a sensor of cell

wall damage through its interaction with pectins, which

could postulate a dual interacting capacity with both pep-

tides and carbohydrates (Feng et al., 2018; Duan et al.,

2020). Similarly, lectins are proteins with domains that are

well known to bind to carbohydrates and probably have

been co-opted for immunity function from their original

functions (e.g., catalytic) (Goldstein et al., 1980). Plant lec-

tin-PRRs were defined by homology to their mammalian

relatives, and although several non-proteinaceous ligands

are known to be perceived by lectin-type RLKs, no ligands

of glycan nature have been described for these PRRs. The

bulb-type G-lectin LIPOOLIGOSACCHARIDE-SPECIFIC

REDUCED ELICITATION (LORE) was initially reported to

sense bacterial lipopolysaccharides in Arabidopsis, but

later on it was shown that ligands were indeed medium-

chain 3-hydroxy fatty acids that copurify with lipopolysac-

charides (Ranf et al., 2015; Kutschera et al., 2019). Extracel-

lular ATP (eATP) is one of the best-studied DAMPs in

animals. Identification in Arabidopsis of the eATP receptor,

the L-lectin DOES NOT RESPOND TO NUCLEOTIDES1

(DORN1), was a major breakthrough in eATP biology and

provided a key to address many questions about eATP in

plants (Choi et al., 2014). Also, LecRK-I.8 and LecRK-VI.2 L-

lectin RLKs have been associated to extracellular NAD

(eNAD) and NADP (eNADP) coenzyme perception in Ara-

bidopsis (Singh et al., 2012; Wang et al., 2017), and LecRK-
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I.8 has also been shown to be involved in early steps of

egg recognition of the white butterfly (Gouhier-Darimont

et al., 2019).

LysMs PRRs are the only group of plant PRRs of which

all members have been exclusively related to glycan per-

ception, including chitin, peptidoglycans, 1,3-b-glucans
and lipopolysaccharides (Miya et al., 2007; Willmann et al.,

2011; M�elida et al., 2018). In contrast to WAKs, the avail-

ability of crystal structures of several LysM-ECDs (e.g.,

4EBZ, 5JCE, 5BUM, 5K2L) made this subclass amenable for

the optimization of the computational-based pipeline to

study ECD–glycoligand interactions. Until very recently, the

main ‘Achilles heel’ hampering the discovery of PRR–gly-
can pairs was considered to be the very limited number of

identified MAMPs/DAMPs of this nature (Bacete et al.,

2018). However, recent discoveries have considerably

increased the collection of active glycoligands in plants (de

Azevedo Souza et al., 2017; Claverie et al., 2018; Johnson

et al., 2018; M�elida et al., 2018, M�elida et al., 2020; Locci

et al., 2019; Zang et al., 2019; Wanke et al., 2020b). More-

over, the development of tools such as synthetic glycan

collections will soon facilitate growth of the list (Ruprecht

et al., 2020). However, none of these MAMPs/DAMPs,

including cello-, laminari-, xyloglucan-, mannan- and arabi-

noxylo-oligosaccharides, have a single candidate PRR for

their perception, whose elucidation will require the combi-

nation of heavy biochemical and genetic approaches. In

particular, biomolecular interaction assays with pure ECDs

of putative receptors have been shown to be the golden

standard to allow quantification of potential MAMP/DAMP-

ECD binding (Sandoval and Santiago, 2020). However,

these approaches are time consuming and resource

demanding, thus high-throughput screenings based on

these technologies are of high risk and not always afford-

able.

Here we describe a computational minimization proce-

dure that could favor preliminary screenings by narrowing

down ECD candidates to be tested in further biomolecular

assays. Using the proposed computational minimization

procedures, either SolBox1 or SolBox2 determinations

would be enough for a rough binding prediction between

an ECD and a glycan. Both solvation boxes yield similar

results, thus using any of them (or both) would be a user

choice. However, ‘user-friendly’ access to full molecular

dynamics simulations with standard parameters proved

not to be reliable in the prediction results and is therefore

not recommended for the pursued objective of the pipeline

described here. The final purpose of the proposed protocol

would then be to achieve minimization (the first step of

molecular dynamics simulation), which at the end will

allow users to obtain results in a computational time frame

ranging from minutes to hours, while performing full simu-

lations will increase the time frame from hours to days,

depending on computing power and the overall difficulty

of the protocol. Additionally, we have developed an in sil-

ico method to optimize glycan structures in solvent

(‘structures from scratch’), which has been proved here to

generate structures that are similar to glycan crystal struc-

tures (Table 1 and Figure S3), thus expanding the possibil-

ity to test additional glycan structures without reported

crystals, using the computational minimization procedure

described here.

In Arabidopsis, chitin is perceived by a complex of

LysM-RLKs comprising LYK4, LYK5 and CERK1 (Miya et al.,

2007; Cao et al., 2014; Xue et al., 2019). LYK4 and LYK5

interact constitutively (Xue et al., 2019), whereas the LYK5–
CERK1 interaction is ligand-dependent (Cao et al., 2014).

Our in silico computational minimization procedure as well

as our in vitro analyses confirmed the direct interaction of

CERK1 with chitin oligosaccharides of DP4 or DP6 (Fig-

ure S2), whereas we discarded the direct LYK4–chitin inter-

action without the support of other LysM partners (Table 1

and Figure 5). Therefore, it is suggested that LYK4 may

help in the formation of a CERK1–LYK5 complex for the

recognition of chitin at the plasma membrane. This agrees

with recent data that suggested that LYK4 may be in com-

plex with LYK5 at the plasma membrane, and when the

chitin concentration rises, LYK4 would dissociate from

LYK5 to associate with LYM2 in the plasmodesmata region

(Cheval et al., 2020). Our in silico computational minimiza-

tion procedure further supports these recent data. Simi-

larly, the computational calculations performed here with

rice OsCEBiP and OsCERK1 and some fungal effectors

(CfAvr4 and Mg1LysM) that bind chitin (Figure S2) also

confirmed published data (Liu et al., 2016; Hurlburt et al.,

2018; S�anchez-Vallet et al., 2020) and supported the robust-

ness of glycoligand/PRR binding predictions by the in silico

computational minimization procedure described here.

Remarkably, this technical advance might also allow the

identification of key PRR residues involved in binding and

stabilization of glycan structures, as shown here with the

in silico validation of the relevance of Q109 and I141 from

CERK1 in 1,4-b-D-(GlcNAc)6 binding (Figure S6). Moreover,

the methodology described might allow to simulate in sil-

ico point or multiple mutations in PRR binding pockets

prior to their biochemical validation through expression of

mutated ECD proteins.

b-glucans with 1,3-glycosidic linkages have been shown

to be perceived as molecular patterns by different plant

species (Klarzynski et al., 2000; M�elida et al., 2013; Wanke

et al., 2020b). In mammals, 1,3-b-glucans are recognized by

Dectin-1, consisting of an extracellular C-type lectin

domain connected to the plasma membrane by a stalk

(Brown et al., 2003). The extracellular lectin domain of Dec-

tin-1 binds to 1,3-b-glucans and mixed 1,3-/1,6-b-glucans,
with linear b-1,3-(Glc)10 or a glucan heptasaccharide with

one b-1,6-linked glucose side chain being the minimal

structures required for Dectin-1 binding (Brown et al.,

© 2020 The Authors.
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2003; Palma et al., 2006; Adams et al., 2008). In Arabidop-

sis, the PRR required for 1,3-b-glucan perception is yet

unknown; however, recent works involved CERK1 in its

perception, at least for those with a DP > 5 (Figure 4;

M�elida et al., 2018; Wanke et al., 2020b). However, a direct

CERK1–1,3-b-D-(Glc)6 interaction was fully discarded based

on the molecular dynamics data obtained with the compu-

tational minimization method developed here (Figure 4).

Notably, this in silico prediction of non-direct CERK1–1,3-b-
D-(Glc)6 binding was fully confirmed by ITC experiments

(Table 1 and Figure 5), further suggesting a co-receptor

function of CERK1 in the perception of 1,3-b-D-(Glc)6. This

mechanism of 1,3-b-D-(Glc)6 perception by CERK1 has simi-

larities to that described for the perception of chitin by

OsCERK1 in rice through its interaction with the OsCEBiP

receptor (Liu et al., 2012), which has been also validated in

silico here by demonstrating that OsCEBiP, but not

OsCERK1, binds this ligand (Figure S2). Structural analyses

have revealed a common activation mechanism for RLKs,

in which the ECD domains of receptors (e.g., LRR and

LysM subclasses) and shape complementary co-receptors

heterodimerize in the presence of ligand (Albert et al.,

2020). Ligands promote dimerization either by binding

both proteins directly as ‘molecular glue’ or allosterically

through stabilization of an RLK island (Liu et al., 2012; Sun

et al., 2013; Wang et al., 2015; Hohmann et al., 2017). It is

known that such activation mechanism exists for LysM-

RLKs upon chitin binding (Liu et al., 2012), and our data

and previous published data would lead to the hypothesis

that CERK1 and maybe also its co-receptor partner LYK5

are involved in the recognition pathway as true receptors,

or alternatively as co-receptors together with a bona fide,

unknown receptor. Cellodextrins, oligosaccharides derived

from cellulose, have recently emerged as a group of plant

DAMPs showing a great potential for future investigations

since they are in high abundance in all plant species and

are active at low concentrations, at least in Arabidopsis

(Aziz et al., 2007; de Azevedo Souza et al., 2017; Johnson

et al., 2018; Locci et al., 2019). In spite of the interest gener-

ated by these DAMPs, little is known about their perception

by plants and the PRRs involved. Our results clearly show

that the main LysM-RLKs CERK1 and LYK4 are not involved

in cello-oligosaccharide perception (Table 1).

The study of signal transduction in plants has expanded

dramatically from the early efforts to define the basic com-

ponents of signaling for most known hormones and envi-

ronmental stresses to the current search for PRR/ligand

pairs (Cheung et al., 2020). Different types of ECD-PRRs

mediate the perception of distinct MAMPs/DAMPs trigger-

ing immunity; however, the identification of receptor PRRs

for a given ligand is only the tip of the iceberg. How ligand

binding induces complex formation with co-receptors that

are required for the activation of downstream immune sig-

naling is really challenging (Wang and Chai, 2020). High-

throughput technologies are thus required to accelerate

the identification of PRR–ligand pairs. The computational

prediction method of glycan/PRR binding presented here

might accelerate the discovery of protein–glycan interac-

tions and provide information on immune and/or develop-

mental responses activated by glycoligands. Future work

will include (i) the optimization of the method to the speci-

ficities of different ECD subclasses and (ii) genetic and bio-

chemical functional validations of wild-type and in silico

predicted mutant versions of PRRs.

EXPERIMENTAL PROCEDURES

Classification of PRRs with putative glycan-binding ECDs

Bioinformatic classification of PRR-ECDs was performed using
public databases at UniProt (https://www.uniprot.org/; Bateman,
2019), ScanProsite (https://prosite.expasy.org/scanprosite/; de Cas-
tro et al., 2006) and NCBI (https://www.ncbi.nlm.nih.gov/; Agar-
wala et al., 2017). Extracellular domains were screened and
checked with PFAM (https://pfam.xfam.org/; El-Gebali et al., 2019)
and InterPro (http://www.ebi.ac.uk/interpro/search/sequence/;
Mitchell et al., 2019) online servers. Transmembrane prediction
was done with TMHMM (http://www.cbs.dtu.dk/services/TMHMM/;
Krogh et al., 2001), TMPred (https://embnet.vital-it.ch/software/
TMPRED_form.html; Hofmann and Stoffel, 1993) and Das-TMFilter
(http://www.enzim.hu/DAS/DAS.html; Cserzo et al., 2004). GPI-an-
chored prediction was carried out with predGPI (http://gpcr.bioc
omp.unibo.it/predgpi/; Pierleoni et al., 2008) and the presence of
signal peptides was determined with SignalP (http://www.cbs.d
tu.dk/services/SignalP/; Almagro Armenteros et al., 2019) and Pre-
diSi (http://www.predisi.de/; Hiller et al., 2004). Curated transmem-
brane and signal peptide prediction was made for all sugar-
binding PRRs with Phobius (https://www.ebi.ac.uk/Tools/pfa/phob
ius/; K€all et al., 2007).

Theoretical protocol development

Glycan conformation was analyzed using the Build Structure tool
of Chimera (Pettersen et al., 2004), where carbohydrate struc-
tures were generated by adding atom by atom. A primary opti-
mization in vacuum was performed with Chimera software and
the Minimize Structure tool employing several rounds of a com-
bined method of steepest descend (approximately 2000 steps
per round) and conjugate gradient algorithms (approximately
300 steps per round). Hydrogen atoms were added considering
hydrogen bonds and charges were computed with AMBER
ff14SB and the Gasteiger algorithm. PSF and PDB glycan files
were obtained from the CHARMM-GUI PDB-Reader Tool (Jo
et al., 2008; Lee et al., 2016) and they were introduced into VMD
1.9.3 (Humphrey et al., 1996) to create the solvent box with the
Add Solvation Box tool (the maximum and minimum coordi-
nates of the molecule are obtained with the ‘measure minmax
[atomselect top all]’ command adding a 12-�A padding with TIP3
water). The models were neutralized and an NaCl concentration
of 0.15 M was set with the Add Ions tool of VMD. Minimization
was achieved with the AutoIMD tool from VMD treating all
atoms in the system as mobile.

PRRs were modeled through Swiss-Model (https://swissmode
l.expasy.org/; Waterhouse et al., 2018) and Phyre2 (http://www.
sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index; Kelley et al.,
2015). All models and crystal structures were checked with
MolProbity (http://molprobity.biochem.duke.edu/; Williams et al.,

© 2020 The Authors.
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2018). Binding sites that were not described were obtained
with sequence alignment of different templates using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/; Madeira
et al., 2019).

AutoDock Vina (Trot and Olsson, 2010) from Chimera was used
to create the initial complexes, usually padding with 27 �A in the
binding site. Docked PRR–glycan complexes were introduced into
CHARMM-GUI PDB-Reader to retrieve the coordinate PSF file and
its corresponding PDB, and were then introduced into VMD to get
the solvation box as stated above. Molecular dynamics analysis
was performed using NAMD2 2.13v software (Phillips et al., 2005).
For minimization, 5000 steps were used, and 5 000 000 steps were
used for the full simulations. Full simulations were computed with
a temperature of 298 K, neutral pH and NVT ensemble.

Parameter information and configuration files employed in the
analyses are presented in Table S3.

Energy calculations and binding assessment

Energies were calculated following a molecular mechanics
approach with Poisson–Boltzmann and a surface area solvation
MM/PBSA approach. PSF and corresponding DCD files were intro-
duced into VMD to calculate electrostatic and Van der Waals inter-
actions through the tool NAMD energy. Final coordinates were
saved in a PDB file for further calculations. The PDB file was intro-
duced in CHARMM-GUI PBEQ Solver to calculate the electrostatic
potentials of the PRR–glycan complex and of the PRR and glycan
alone. SASA calculations were retrieved for the PRR–glycan com-
plex and for the PRR using SPDBV (http://www.expasy.org/spdbv/;
Guex and Peitsch, 1997). Afterwards, a conversion was made to
obtain gSASA + b (where g = 0.00526 kcal mol�1 �A�2,
b = 0.918 kcal mol�1).

In silico carbohydrates and PRRs

The 1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6 structures were obtained
from the 2PI8 and 1W9W PDB structures, respectively. The 1,4-b-D-
(Glc)6 structure was built from scratch as described above and
was additionally retrieved from the 7CEL crystal. The 1,4-b-D-
(GlcNAc)2 and 1,4-b-D-(GlcNAc)4 structures were built in silico and
retrieved from 5JCE, respectively. The CERK1-ECD structure corre-
sponds to crystal code 4EBZ, while LYK4 was modeled by homol-
ogy using Swiss-Model and 5JCE as template. THE1 was modeled
with Swiss-Model using 6FIG as template. Mg1LysM, CfAvr4 and
OsCEBiP correspond to 6Q40, 6BN0 and 5JCE, respectively.
OsCERK1 was modeled using 4EBZ as template.

Comparison of ligand structures and study of the binding

interface of CERK1

Comparison of the in silico 1,4-b-D-(Glc)6 structure and the crystal
1,4-b-D-(Glc)6 structure was made possible with LigPlot+ (Las-
kowski and Swindells, 2011). LigPlot+ was also used to check
CERK1 residues involved in chitin recognition. Each in silico muta-
tion study was performed by changing the residues of interest to
alanine in the amino acid sequence of CERK1. Then, those
sequences were modeled with Swiss-Model against the CERK1
template (4EBZ) to check for binding alterations.

Calcium influx assays

Eight-day-old, liquid-grown transgenic Arabidopsis thaliana
seedlings of ecotype Col-0 carrying the calcium reporter aequorin
(Col-0AEQ; Ranf et al., 2012) were used for cytoplasmic calcium
(Ca2+cyt) measurements using a previously described method
(Bacete et al., 2017). The high-purity oligosaccharides used in

these assays (1,4-b-D-(GlcNAc)6, 1,3-b-D-(Glc)6 and 1,4-b-D-(Glc)6)
were purchased from Megazyme Ltd., Bray, Ireland.

Protein expression and purification

Codon-optimized synthetic genes coding for Arabidopsis CERK1
(residues 1–232), LYK4 (residues 1–275) and THE1 (residues 1–415)
ectodomains were cloned into a modified pFastBac (Geneva Bio-
tec) vector, providing a tobacco etch virus protease cleavable C-
terminal StrepII-9xHis tag, for expression in Spodoptera frugi-
perda (Invitro GeneArt, Germany). For protein expression, Tri-
choplusia ni Tnao38 cells (Hashimoto et al., 2012) were infected
with a multiplicity of infection of 3 and incubated at 28°C for 1 day
and at 22°C for another 2 days, at 110 rpm. The secreted ectodo-
mains were purified from the supernatant by sequential nickel
affinity chromatography (HisTrap excel; GE Healthcare, Boston,
MA, USA); equilibrated in phosphate K buffer, which contains
50 mM K2HPO4 and 500 mM NaCl, pH 7.8) and StrepII purification
(Strep-Tactin Superflow high capacity; IBA; equilibrated in 25 mM

Tris, pH 8.0, 250 mM NaCl, 1 mM EDTA). The proteins were further
purified by size-exclusion chromatography on a Superdex 200
increase 10/300 GL column (GE Healthcare) or HiLoad 16/600
superdex 200 (GE Healthcare) equilibrated in 20 mM MES buffer
pH 6.5, 150 mM NaCl. Peak fractions were analyzed by SDS-PAGE
and then concentrated using Amicon Ultra concentrators (Milli-
pore, MWCO 10 000) to reach a protein concentration of 50 µM.

Isothermal titration calorimetry

Experiments were performed at 25°C using a MicroCal PEAQ-ITC
(Malvern Instruments, UK) with a 200-µl standard cell and a 40-ll
titration syringe (Moussu et al., 2020). Proteins were gel filtrated
into ITC buffer (20 mM MES buffer, pH 6.5, 150 mM NaCl) and car-
bohydrates (1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6) were dissolved in
the same buffer. Each experiment was performed using an injec-
tion pattern of 2 µl of the carbohydrate ligand, at 500 µM or 1 mM,
into 50 µM protein in the cell at 150-sec intervals. ITC data were
corrected for the heat of dilution by subtracting the mixing enthal-
pies for titrant solution injections into protein-free ITC buffer.
Experiments were done at least in duplicate and data were ana-
lyzed using the MicroCal PEAQ-ITC Analysis Software provided by
the manufacturer.

Size-exclusion chromatography

Analytical gel filtration experiments were performed using a
Superdex 200 increase 10/300 GL column (GE Healthcare) pre-
equilibrated in 20 mM MES (pH 6.5) and 150 mM NaCl. Next, 100 ll
of the isolated CERK1, LYK4 and THE1 ectodomains was loaded
sequentially onto the column and elution at 0.7 ml min�1 was
monitored by ultraviolet absorbance at 280 nm. The column was
calibrated with a mixture of the high-molecular weight (HMW) and
low-molecular weight (LMW) kits from GE Healthcare. Peak frac-
tions were analyzed by SDS-PAGE.
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