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Abstract: Catharanthus roseus Receptor-Like Kinase 1-like (CrRLK1L) proteins contain two tandem
malectin-like modules in their extracellular domains (ECDs) and function in diverse signaling pathways

in plants. Malectin is a carbohydrate-binding protein in animals and recognizes a number of

diglucosides; however, it remains unclear how the two malectin-like domains in the CrRLK1L proteins
sense the ligand molecule. In this study, we reveal the crystal structures of the ECDs of ANXUR1 and

ANXUR2, two CrRLK1L members in Arabidopsis thaliana that have critical functions in controlling

pollen tube rupture during the fertilization process. We show that the two malectin-like domains in
these proteins pack together to form a rigid architecture. Unlike animal malectin, these malectin-like

domains lack residues involved in binding to the diglucosides, suggesting that they have a distinct

ligand-binding mechanism. A cleft is observed between the two malectin-like domains, which might
function as a potential ligand-binding pocket.
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Introduction

Receptor-like kinases (RLKs) play essential roles in

a myriad of physiological processes in plants.1–3 The

general architecture of these proteins includes an

N-terminal extracellular domain (ECD), a trans-

membrane region, and a C-terminal intracellular

kinase domain. The ECDs perceive signaling cues,

sometimes in the form of peptides and/or coreceptor

proteins, and elicit cellular responses through the

kinase domains. The Catharanthus roseus Receptor-

Like Kinase 1-like (CrRLK1L) family of RLKs

include 17 members in Arabidopsis and are charac-

terized by the presence of two modules in their

ECDs that bear sequence similarity to malectin, a

glycan-binding protein in animals.4–6 The charter

member of this family is FERONIA (FER,

At3g51550), a protein with multiple functions in fer-

tilization, root growth, and immunity.7–9 Due to the

presence of the malectin-like domains, it was origi-

nally hypothesized that the CrRLK1L family pro-

teins sense the glycan components in cell wall.4,10

However, emerging evidence suggest that several

small cysteine-rich peptides that belong to the rapid

alkalization factor (RALF) family are ligands of

FER, including RALF1 and RALF23.11,12 Bacterially
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produced RALF1 and chemically synthesized

RALF23 can initiate FER signaling in root develop-

ment and immune response, suggesting that FER

can recognize these proteins without glycosylation.

ANXUR1 (ANX1, At3g04690) and ANXUR2

(ANX2, At5g28680) are two other CrRLK1L member

proteins and are the closest FER homologs among the

17 Arabidopsis CrRLK1Ls. ANX1 and ANX2 are

highly similar to each other, sharing an overall 86%

amino acid identity. Both are specifically localized at

the tips of pollen tubes, where they have redundant

functions in controlling pollen tube rupture and sperm

cell release.13,14 The ECD and kinase domain of ANX1

are 44% and 63% identical to those of FER, respec-

tively.15 Genetic experiments demonstrated that the

kinase domains of the FER and ANX1 are inter-

changeable, whereas the ECDs are not, suggesting

that they function through similar intracellular sig-

naling pathways, but respond to different ligand mole-

cules.15 Recently, two other RALFs, RALF4 and

RALF19, have been shown to be the ligands of ANX1

and ANX2,16 suggesting that there is an intricate

interplay between the RALFs and FER/ANX1/ANX2

during fertilization, and also raising the possibility

that other CrRLK1L receptors may also recognize the

RALF family peptides. Critical downstream compo-

nents of ANX1/ANX2 signaling include the MARIS

receptor-like cytoplasmic kinase and the NADPH

oxidases RbohH and RbohJ, although the detailed

signaling pathways remain to be delineated.17,18

Results and Discussion

Structures of ANX1 and ANX2 ECDs

The CrRLK1L family members are uniquely present

in plants and do not have counterparts in animals.

To date, they have not been characterized at the

structural level. To gain insights into the function of

this unique family of plant RLKs, we sought to

determine the crystal structure of their ECDs. The

ECDs of FER, ANX1, and ANX2 were expressed in

insect cells and purified from conditioned media. All

three proteins can be purified to homogeneity,

however, only ANX1-ECD and ANX2-ECD were

successfully crystallized. FER-ECD contains 10

predicted N-linked glycosylation sites, compared to

five in ANX1 and four in ANX2 [Fig. 1(A)]. The

large amount of glycans in FER-ECD likely hindered

its crystallization, because of their inherent flexibil-

ity and heterogeneity. Although ANX1-ECD and

ANX2-ECD contain two malectin-like domains [Mal-

A and Mal-B, Fig. 1(A)], identities between them

and malectin are very low (less than 20%), and we

were not able to solve their structures using the

molecular replacement method. We then prepared

and crystallized selenomethionine (SeMet)-labeled

ANX2-ECD and obtained experimental phases via

the single wavelength anomalous diffraction method

(Table I). The structure of ANX2-ECD was deter-

mined at 2.0 Å resolution, with an R-factor of 18.4%

and an Rfree of 20.8%, respectively. The structure of

ANX1-ECD was subsequently determined at 1.8 Å

via molecular replacement using ANX2-ECD as the

search model [Table I, Fig. 1(B)]. The structures of

ANX1-ECD and ANX2-ECD thoroughly resemble

each other and can be superimposed with an rmsd

(root mean square difference) of 0.6 Å over 383 aligned

Ca atoms. We will focus on ANX1-ECD to illustrate

the structural features of these two proteins below.

Although the two malectin-like domains in

ANX1-ECD display only limited protein sequence

similarity to malectin, their overall folds are similar

to malectin and can be superimposed on malectin

with rms differences of 2.7 Å over 139 aligned Ca

atoms for Mal-A, and 2.9 Å over 151 aligned Ca atoms

for Mal-B, respectively. They also show remarkable

structural similarity to each other and can be super-

imposed with a rmsd of 2.0 Å over 149 aligned Ca

atoms, despite the fact that they are only 19% identi-

cal in amino acid sequences. The core of each features

a central jelly roll fold formed by two four-stranded b-

sheets, which comprise strands b1 plus b6-b12 in Mal-

A, and b15 plus b18-b24 in Mal-B [Fig. 1(B)]. The two

domains are placed almost perpendicular to each other,

with the C-terminal region of strand b10 in Mal-A pack-

ing against the N-terminal region of strand b15 in Mal-

B. A b hairpin (b13-b14) links the two malectin-like

domains and forms extensive interactions with Mal-B.

The C-terminal tail of Mal-B folds back and intimately

interacts with Mal-A. As a result of these interactions,

the orientation of the two domains is fixed with respect

to each other, and the overall ECD assembly appears to

be rigid in nature.

Potential ligand-binding site

The physiological function of malectin in animal

cells remains poorly understood; nevertheless, its

carbohydrate-binding property has been rigorously

characterized by Muhle-Goll and coworkers.19,20 Mal-

ectin can bind to diglucosides in a variety of linkages

using a surface pocket formed by several aromatic and

acidic residues [Fig. 2(A)]. A structure-based sequence

alignment suggests that the diglucoside-binding resi-

dues in malectin are not present in any of the malectin-

like domains in ANX1, ANX2, and FER [Fig. 2(B)]. The

surface areas of Mal-A and Mal-B in ANX1 that corre-

spond to the diglucoside-binding pocket in malectin

have different shapes; and when the two malectin-like

domains in ANX1 are superimposed onto malectin,

clashes will occur between ANX1 residues and the

diglucoside [Fig. 2(C,D)]. The same is true for the Mal-

A and Mal-B domains of ANX2, as well as the Mal-A of

FER, when the structure of ANX2-ECD and a structure

model of FER-ECD (generated by homology modeling

based on the structure of ANX1-ECD) are examined.

The Mal-B domain of FER contains a predicted
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glycosylation site (Asn330), and the glycan attached to

this residue would impede the interaction with the di-

glucoside. Taken together, these analyses suggest that

ANX1, ANX2, as well as FER would unlikely bind to

diglucosides like malectin. Apparently, the malectin-

like domains in these proteins have diverged greatly

from animal malectin and perform different functions.

While it remains to be determined whether the

“diglucoside-binding” pockets in the two malectin-

like domains of ANX1, ANX2, and FER can bind to

other molecules, a large cleft is present between

Mal-A and Mal-B in ANX1 [Fig. 2(E)]. More than 50

residues contribute to the formation of this cleft,

which has an estimated molecular surface of 1185

Å2 and volume of 2019 Å3, respectively, as calculated

by the CASTp (Computed Atlas of Surface Topogra-

phy of proteins) program.23 Prominent residues

guarding the entrance to this cleft include a group

of hydrophobic amino acids: Leu72, Ala141, Leu142,

Tyr146, Phe214, Pro224, Tyr237, Tyr242, Pro406,

and Pro408 [Fig. 2(E)]. Exposure of large number of

hydrophobic residues is energetically unfavorable for

soluble proteins, and such surface areas usually

indicate binding sites for other molecules. Besides

these hydrophobic residues, many hydrophilic resi-

dues also reside in this region, such as Gln42,

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.

Figure 1. Crystal structure of the ANX1-ECD. (A) Schematic drawing of the ECDs of ANX1, ANX2, and FER. Mal-A domains are

colored in cyan, Mal-B domains are colored in orange, and the linkers between them are colored in yellow. The predicted N-

linked glycosylation sites are indicated. SP: signal peptide. (B) A stereo view of the Crystal structure of ANX1-ECD shown in the

same color scheme as in (A). The N- and C-termini of the molecule, as well as the secondary structures are marked. An interac-

tive view is available in the electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Asp43, Lys45, Gln144, Thr233, Thr235, Gln298,

Lys301, Glu368, and Glu409 [Fig. 2(E)]. These

hydrophilic residues would ensure the binding

specificity by providing ionic and hydrogen bond

interactions. For these reasons, we envision that the

central cleft between Mal-A and Mal-B might func-

tion as a binding site for potential ligands. FER-

ECD is expected to have a similar cleft. Interest-

ingly, however, many “mouth” residues mentioned

above are occupied by different amino acids in FER

[Fig. 2(F)]. This would lead to distinct binding

specificities for ANX1/ANX2 and FER towards their

respective ligand molecules.

In summary, we have determined the crystal

structures of the extracellular domains of ANX1 and

ANX2, thereby providing the first structural infor-

mation for the CrRLK1L family of RLKs in plants.

Our results show that the two malectin-like domains

in these proteins are arranged in a perpendicular

manner and form a rigid assembly. Importantly,

detailed structural analyses suggest that the

malectin-like domains in ANX1, ANX2, and FER

would unlikely bind to diglucosides like animal mal-

ectin. In contrast, a central cleft between the two

malectin-like domains might serve as an ideal

ligand-binding site. These results provide a starting

point to further pinpoint the physiological function

of these important receptor molecules in plants, and

also serve as templates for future analyses of the

receptor-ligand complexes.

Materials and Methods

Protein expression and purification

ANX1-ECD (residues 27–427) and ANX2-ECD (resi-

dues 28–431) with C-terminal 6 3 His tags were

cloned into a modified pFastBac-Dual vector (Invitro-

gen) that encodes an N-terminal melittin signal pep-

tide. Recombinant baculoviruses were generated and

amplified using the sf21 insect cells (maintained in

the SIM SF medium, Sino Biological) following stan-

dard procedures (Bac-to-Bac, Invitrogen). One liter of

High Five (Hi5) insect cells (1.5 3 106 cells mL21, cul-

tured in the SIM HF medium, Sino Biological) was

infected with 5 mL recombinant baculoviruses. The

conditioned medium was harvested after 48 h, concen-

trated using a Hydrosart Ultrafilter (Sartorius), and

exchanged into the binding buffer containing 25 mM

Tris-HCl (pH 5 8.0) and 150 mM NaCl. The fusion pro-

teins were then purified using the Ni-NTA resin (GE

healthcare), ion-exchange column (RESOURCEQ, GE

Healthcare), and size-exclusion column (Superdex 200

increase, GE Healthcare). The final protein buffer

contains 25 mM Tris (pH 5 8.0) and 150 mM NaCl.

Table I. Data Collection and Refinement Statistics

Data collection ANX1 ANX2 SeMet ANX2

Space group P1 I4 I4
Cell dimensions a 5 54.68 Å, b 5 68.74 Å,

c 5 70.33 Å, a 5 88.958,
b 5 75.008, c 5 72.188

a 5 103.19 Å, b 5 103.19 Å,
c 5 121.74 Å, a 5 908,

b 5 908, c 5 908

a 5 102.20 Å, b 5 102.20 Å,
c 5 121.79 Å, a 5 908, b 5 908, c 5 908

Wavelength (Å) 0.9785 0.9779 0.9790
Resolution (Å) 1.8 2.0 2.5
Rmerge 0.088 (0.208) 0.092 (0.606) 0.133 (0.956)
I/rI 17.3 (6.8) 34.7 (2.8) 18.0 (2.1)
Completeness (%) 96.5 (95.4) 100 (99.5) 99.9 (100.0)
Multiplicity 3.5 (3.5) 13.3 (10.9) 6.2 (6.2)
Wilson B-factor (Å2) 20.41 42.71 41.39
Refinement
Unique reflections 83947 42701
Rwork/Rfree 0.181/0.207 0.184/0.208
Number of atoms

Protein 5998 3015
Ligand 126 120
Solvent 829 105

Protein residues 763 396
B-factors (Å2)

Protein 28.07 56.55
Ligand 48.03 97.29
Solvent 41.08 54.89

R.m.s deviations
Bond lengths (Å) 0.003 0.009
Bond angles (8) 0.83 1.09

Ramachandran
Favored (%) 96.83 96.10
Allowed (%) 3.17 3.38
Outliers (%) 0.00 0.52

Each dataset was collected from a single crystal. Values in parentheses are for highest-resolution shell.
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Figure 2. Potential ligand binding-site in ANX1-ECD. (A) A surface pocket in malectin binds to the diglucosides. The structure

of malectin in complex with the diglucoside nigerose (Glca1–3Glc, PDB ID: 2K46) is shown as ribbon diagrams. The carbon

atoms in malectin and nigerose are shown in white and green, respectively; and the oxygen atoms are shown in red. Residues

involved in binding to the nigerose are highlighted. (B) The diglucoside-binding residues in malectin are not present in any of

the malectin-like domains in ANX1, ANX2, and FER. The structure-based sequence alignment is generated using PRO-

MALS3D.21 Diglucoside-binding residues in malectin are highlighted in red and underlined. (C, D) Residues in the Mal-A (cyan)

and Mal-B (orange) domains of ANX1-ECD would collide with the diglucoside, when Mal-A and Mal-B are superimposed onto

the malectin-nigerose complex shown in (A). (E) A potential ligand-binding cleft in ANX1-ECD. Prominent residues involved in

forming the central cleft between Mal-A and Mal-B are highlighted in magenta and labeled. The regions in Mal-A and Mal-B

that correspond to the diglucoside-binding pocket in malectin are indicated with dashed ovals. (F) Sequence alignment of the

ECDs of ANX1, ANX2, and FER. Secondary structure elements of ANX1-ECD are shown above the sequence blocks and col-

ored like in Figure 1(B). Residues involved in forming the central cleft between Mal-A and Mal-B are highlighted with magenta

boxes. The figure was prepared using ESPript.22
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To generate selenomethionine (SeMet) substituted

ANX2-ECD, Hi5 cells were adapted to a methionine-

free medium (ESF 921 methionine-deficient, Expres-

sion Systems) and infected with baculovirus.24 The

culture was supplemented twice with 100 mg/L SeMet

(ACROS) at 12 and 36 h postinfection. The conditioned

media were then harvested and the SeMet ANX2-ECD

purified as described above.

Crystallization

For crystallization, ANX1-ECD and ANX2-ECD

were concentrated to 12 and 13 mg/mL, respectively.

All crystals were grown at 208C using the sitting-

drop vapor diffusion method. The crystallization

solution of ANX1-ECD contains 0.2M ammonium

acetate, 0.1M HEPES (pH 5 7.5), and 25% (w/v)

polyethylene glycol (PEG) 3350. For data collection,

the ANX1-ECD crystals were transferred to a solu-

tion containing 0.2M ammonium acetate, 0.1M

HEPES (pH 5 7.5), 25% (w/v) PEG 3350, and 10%

ethylene glycol, and frozen in liquid nitrogen. The

crystallization solution of ANX2-ECD contains 0.2M

Li2SO4, 0.1M sodium acetate (pH 5 4.5), and 50%

PEG 400. The ANX2-ECD crystals were flash-frozen

in liquid nitrogen directly. The SeMet ANX2-ECD

protein was concentrated to 6 mg/mL and used for

crystallization. The SeMet ANX2-ECD crystals were

grown in 0.2M Li2SO4, 0.1M sodium acetate

(pH 5 5.0), and 48% PEG400, and flash-frozen in liq-

uid nitrogen directly.

Structure determination
The diffraction data were collected at the Shanghai

Synchrotron Radiation Facility (beamline BL17U)25

and the National Facility for Protein Science Shanghai

(beamline BL19U). The data were indexed, integrated,

and scaled using the HKL2000 program (HKL

Research). The ANX2-ECD structure was determined

by the single-wavelength dispersion method using data

collected from a SeMet crystal. Heavy atom search,

phase calculation and refinement, and density modifi-

cation were carried out with Phenix.26 Initial model

building was performed using ARP/wARP.27 The struc-

tural model was further built in Coot28 and refined

using Phenix. The ANX1-ECD structure was deter-

mined by molecular replacement using Phaser,29 with

the ANX2-ECD structure as the initial search model,

and refined using Phenix.
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