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Abstract

Chitosan oligosaccharides (COS) have the ability to improve plant resistance to pests and diseases through
activating plant immune system. However, it remains unclear whether stimulating reason of COS was
associated with the plasma membrane proteins. Here, the interaction of COS with wheat leaf cell
demonstrated that fluorescence-labeled COS were enriched on the cell surface and the interaction of COS
with plasma membrane proteins was confirmed by quartz crystal microbalance (QCM) biosensor. What's
more, HPLC and SDS-PAGE analysis showed that COS binding proteins exhibited more than three peaks
and the molecular weight were 66 kDa to 97 kDa, where the COS binding proteins were fished out from
wheat plasma membrane proteins by the COS affinity column. More importantly, LC-MS/MS analysis
demonstrated that several candidates, including W5G2U8 WHEAT (a potential wall-associated receptor
kinase protein), W5HY42 WHEAT and W5I0OR4_WHEAT (potential G-type lectin S-receptor-like

serine/threonine-protein kinase), have the potential to be COS receptor.

Keywords: Chitosan oligosaccharides (COS); COS binding proteins; Plasma membrane; Wheat leaf cell;
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1. Introduction

Higher plants initiate various defense reactions when infected by myriads microbial pathogens. These
defense reactions triggered by microbial elicitors play important roles in the basal resistance of plants to
pathogens [1]. These microbial elicitors are named microbial-associated molecular patterns (MAMPS),
which including flagellin, elongation factor Tu (EF-Tu), LPS, B-glucan, peptidoglycans, and fungal cell
wall fragments (chitin/COS) [2]. Plants recognize those MAMPs by transmembrane pattern recognition
receptors (PRRs) to elicit immune defense effectors such as phytoalexins and antimicrobial proteins
accumulation to struggle with various pathogens [3-5]. Recently, the PRRs for several oligosaccharide
elicitors have been found. WAKZ1 [6, 7] and GEBP [8, 9] as oligogalacturonide and B-Glucan receptors,
respectively, have been identified. CEBIP (chitin-elicitor binding protein) and CERKZ1 (chitin-elicitor
receptor kinase-1) were also identified as the cell-surface receptors of chitin, which play important roles in

rice and Arabidopsis immunity [10-18].

COS are potent MAMPSs, but it remains unclear that if they exert this biological function via PRRs-
mediated recognition [19, 20]. Knowing that CEBIP has no specific binding ability to COS [11], the
presence of new putative receptors for COS is hypothesized and very interesting to be explored [21].
Considering that all the known receptors of oligosaccharides are cell-surface membrane proteins, it is,
therefore, critical pre-step in finding out the receptors of COS to identify if the binding sites are located in
those plasma membrane proteins. In our previous research, it has shown that COS have binding sites on
strawberry [22] and tobacco cell surfaces [23, 24], respectively. Although the chitosan binding proteins
from Rubus and cabbage have been identified [25, 26], their function has not been reported. However,

whether specific COS receptors exist on the plant plasma membrane is still unknown.

In this study, wheat was selected as the plant sample because of its economic effect. To determine
whether COS exist the binding interaction with plasma membrane proteins in wheat protoplast plasma
membrane surface, the fluorescence-labeled COS and the QCM biosensor were used to detect the
interactions of COS with wheat leaf cell and plasma membrane proteins, respectively. Furthermore, the
COS-Agrose-4FF affinity column to fish the binding proteins in wheat leaf cell surface was carried out. To

further clarify whether those binding proteins were related with the plant defense immunity, the studies



based on LC-MS/MS combined with the proteins data bank to identify of those binding proteins was

performed.

2. Materials and methods

2.1. Materials and reagents

COS with a degree of polymerization (DP) from 2 to 7 were obtained from Dalian GlycoBio
Company, Ltd. (Dalian, China). The wheat seeds (Triticum aestivum, China wheat 895) were supplied by
Northwest A&F University (Yangling, China). The 2-aminoacridine ketone (2-AMAC), NaCNBHj,
polyethylene glycol (PEG) 3350, sucrose, Tris, 2-(N-Morpholino) ethane sulfonic acid (MES), Triton X-
100, EDTA, NaF, ascorbic acid, PVP-K 30, PMSF, DTT, cellulose (OnozukaR-10), and pectinase
(Macerozyme R-10) were purchased from Sigma (St. Louis, US). Dextran T-500 was purchased from GE.
Other reagents were purchased from Solarbio (Beijing, China) and Xinong (Guangxi, China) in analytical

grade.
2.2. Wheat protoplast preparation

Germinating seeds were treated with COS (50 ppm in distilled water) 2 times per day for two weeks.
Seedlings with three leaves were harvested and conducted as described for protoplast preparation [27]. The
second leaf of the seedlings was washed in sterilized water and cut before being treated with 5 mL mixed
enzyme solution in the dark at 25 °C for three hours. After digestion, the protoplasts were shaken for 10
min and then centrifuged at 500 x g for 2 min. The process of wash and centrifugation was repeated 3
times for protoplasts collection. Finally, the protoplasts were re-suspended to a concentration of 1x10°

cells/mL.
2.3. The fluorescent study of COS localization on protoplast

The 2-aminoacridine ketone-labeled COS (2-AMAC-COS) were synthesized as described [28]. In
brief, an aliquot of 10 mg COS was added in 100 uL 1 M NaCNBHj3; in Tetrahydrofuran (THF) solution
together with 3 pL 2-AMAC solution (0.1 M, in a 3:17 (v/v) mixture of AcOH and DMSO). The reaction

mixture was incubated at 90 °C in the dark for 40 min, and then cooled down to -20 °C to stop the reaction.



The mixture was centrifuged at 12000 x g for 15 min. The precipitate was washed with THF, dried and

stored at -80 °C in the dark.

The fluorescent microscope study was performed according to the procedure described previously
[24]. In brief, protoplast suspension was treated with 300 pg/mL 2-AMAC, COS, or 2-AMAC-COS for 2
min, respectively. All samples were observed using the inverted fluorescent microscope (Leica DMI

4000B).
2.4. Purification of wheat plasma membrane

Purification of the plasma membrane was processed as described with some modifications [29-31]. In
brief, the seedling tissue was homogenized and centrifuged (10,000 x g, 15 min). After that, the
supernatant was withdrawn and ultra-centrifuged (100,000 x g, 40 min) to get the pellet. Then the pellet
was resuspended and mixed with the aqueous two polymer phase solution (6.4% PEG3350 and 6.4%
Dextran T-500). The upper phase was diluted before ultracentrifugation at 156,000 x g for 60 min to get
the purified plasma membrane. All steps were performed at 4 °C. The content of the membrane was
detected by H*-ATPase assay and the wavelength scanning of reaction system of H*-ATPase activity was

detected in 400 ~ 900 nm [32, 33].
2.5. Quartz crystal microbalance biosensor analysis

The experiment was performed on a QCM biosensor instrument (Attana). Firstly, the QCM system
was equilibrated with the running buffer at 25 pL/min, followed by a flow of 200 pg/mL COS to make a
COS Chip. After the base-line was balanced, the running buffer was then successively replaced by the
OVA protein solution and plasma membrane protein solution. At last, the COS chip was regenerated with

three injection of 1 M NaCl solution. All data were recorded and analyzed with the QCM-software.
2.6. COS affinity column preparation

Isolation of COS binding proteins was used by a COS-Agarose-4FF (4 Fast flow) column (1.5 x 3
cm). The column filler was prepared via the reaction of COS and N-hydroxysuccinimide (NHS) activated

agarose. An aliquot of 100 mg COS was dissolved in 10 mL 0.1 M NaHCO3-Na,CO3 buffer (pH8.3), then



added into 10 mL NHS-activated agarose. After the reaction mixture was shaken 50 rpm at 4 °C for 14 h,

the product was washed with 20% ethyl alcohol then packed into a column.
2.7. Isolation of COS binding proteins from the wheat plasma membrane

Extraction of plasma membrane proteins was processed as described previously [29]. Membrane
proteins were incubated with 0.5% Triton X-100 in 20 mM Tris-HCI buffer (TBS, pH 7.0) containing 1
mM MgCl,, 0.1 M NaCl, 1 mM DTT, and 0.5 mM EDTA for 2 h at 0 °C. After ultracentrifugation
(200,000 % g, 4 °C, 1h), the supernatant was collected for further purification. The column was pretreated
with 1% BSA solution and successively washed with 0.17 M Glycine-HCI buffer (pH 2.3). After that, the
column was equilibrated with a TBS buffer containing 0.005% Triton X-100. After the sample was loaded,
the column was equilibrated with TBS buffer and eluted with 0.17 M Glycine-HCI buffer (pH 2.3). Eluted
peak fraction was polled in tubes that was added with a 1/10 volume of 1 M Tris for immediate

neutralization [12]. The collected fractions were further analyzed by SDS-PAGE and HPLC.
2.8. Reverse Phase HPLC separation of COS binding proteins

Chromatographic separation was carried out using an Agilent 1260 liquid chromatography equipped
with an Agilent ZORBA x 300 SB-C18 HPLC column (4.6 x 250 mm, 5 um). An aliquot of 50 uL (100
pg/mL) COS binding proteins solution was injected to the column and detected by Ultraviolet (A = 280
nm), with linear gradient elution of 5% - 95% acetonitrile containing 0.1% TFA at a flow rate of 0.5

mL/min for 80 min.

2.9. LC-MS/MS analysis

The target band of the COS binding proteins was cut off from 12% SDS-PAGE gel and digested with
trypsin. The digested sample was analyzed by LC-MS/MS (Orbitrap Fusion, Thermo Fisher scientific,
USA). For the acquisition of MS data, the Mascot daemon and mascot server (V 2.5, Matrix science,
Boston, USA) were used. According to the MS data, the candidates of COS binding protein were identified

with the database of UniProt, Pubmed, and TMHMM.

3. Results

3.1. COS interacted with wheat protoplast surface
6



The interaction between COS and the wheat protoplast was studied by fluorescent microscopy
utilizing 2-AMAC-COS. As shown in Fig. 1A, control exhibited no green fluorescence exists in protoplast
surface. Noticeably, the 2-AMAC-COS showed a strong protoplast surface-binding pattern (Fig. 1B). The
2-AMAC-COS also appeared in the cytoplasm and nuclei with lower-intensity signals. Compared with 2-

AMAC-COS, no specific signal was observed either on the surface, cytoplasm, or nuclei of the protoplast

treated with 2-AMAC (Fig. 1C) or COS (Fig. 1D).

Fig. 1. 22AMAC-COS were localized on the plasma membrane of Triticum urartu. Wheat protoplast was treated with (A)
control (ultrapure water), or 300 pg/mL of (B) 2-AMAC-COS, (C) 2-AMAC, and (D) COS, respectively. 2-AMAC-COS

and COS showed green signal under the fluorescent microscopy. All images were at the same magnification: 200 x.

3.2. COS interacted with purified plasma membrane proteins

To identify potential COS binding proteins on the wheat plasma membrane, the interaction between
COS and plasma membrane proteins was tested on the QCM biosensor with a COS chip, where the non-
specific binding site was blocked by the OVA protein which produced maximal frequency shifts of 20 Hz.
As can be seen in Fig. 2, the binding of plasma membrane proteins to the COS chip was recorded with
maximal frequency shifts of 130 Hz, where the surface could be regenerated with three successive

injection of 1 M NaCl solution.
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Fig. 2. Interaction of COS and plasma membrane proteins of Triticum urartu. The binding of the plasma membrane

proteins of Triticum urartu to the polystyrene chip which was modified by the COS injected, then the proteins were injected
and the frequency shift was increased and eluted the over proteins by NaCl solution during the interaction. The sample was

injected into the instrument as arrows indicated.

3.3. Isolation of putative COS-binding proteins

The plasma membrane was extracted from the wheat leaf. The purity of the plasma membrane was
determined by H*-ATPase assay with the optimal wavelength in 820 nm (Supplementary material, Fig.
S1A). The contents of the plasma membrane, mitochondria, and tonoplast were 83.25%, 13.13%, and
5.78%, respectively (Supplementary material, Fig. S1B). The membrane proteins were loaded to a COS-
Agrose-4FF affinity column (20mm x 60mm) to separate potential COS binding factors (Supplementary
material, Fig. S2). The eluted fraction showed single peak on the chromatographic profile and single band

between 66 kDa and 97 kDa on SDS- PAGE (Fig. 3).
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Fig. 3. (A) The elution of the COS-binding protein. COS-binding proteins were isolated by a COS-Agrose-4FF affinity
column. When the baseline was balanced by TBS buffer, the plasma membrane proteins were added to the affinity column
after washed by TBS to except the unbinding proteins and eluted by Gly-HCI buffer. Arrow was the elution peak by Gly-
HCI buffer (pH 2.3). (B) The SDS-PAGE analysis of the COS binding proteins. Coomassie blue staining of the 12% SDS-
PAGE gel loaded with samples from COS-Agrose-4FF affinity column. Line 1, the sample eluted from the COS-Agrose-4FF
affinity column; Line 2, marker; Line 3, the loading sample; Line 4, flow through. Arrow indicated the potential COS-

binding proteins.

3.4. HPLC analysis of COS-binding protein

To further analyze the purified sample from the COS-Agrose-4FF column, the eluted sample was
separated by using ZORBA x 300 SB-C18 HPLC column. There was no peak detected in the blank control
(Fig.4A). Three peaks appeared in the chromatographic profile of the sample with a retention time of 48

min, 54 min, and 61 min, respectively (Fig. 4B).
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Fig. 4. (A) Elution buffer for COS-Agrose-4FF column. (B) Eluted sample from COS-Agrose-4FF column were loaded on
HPLC. The sample was eluted under gradient conditions (flow rate, 0.5 mL/min): 5% acetonitrile to 95% acetonitrile in 80

min.
3.5. Identification of COS binding proteins by LC-MS/MS analysis

To identify the proteins in the purified sample from the affinity column, the sample was separated by
the SDS-PAGE, where the single band around 66-97 kDa was further cut out for the LC-MS/MS analysis.
The MS data was analyzed with Triticum database of UniProt and Pubmed. Transmembrane domain
prediction with TMHMM server provided 23 possible wheat plasma proteins listed as COS binding

candidates (Table 1).

Table 1 The chitosan oligosaccharides binding proteins candidates.

. . Peptide Protein Mw
Entry Name Putative function Quantity (kDa)
W5G2U8 WHEAT Wall-associated receptor kinase 757 83.6
W5HY42 WHEAT G-type lectin S-receptor-like serine/threonine- 802 904

protein kinase
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W5I0R4_WHEAT

W5HDV2_WHEAT

M8ANO5_TRIUA

T1IMSJ2_TRIUA

M7YAV8_TRIUA
W5AGWO_WHEAT
W5DQ60_WHEAT
W5EY65_WHEAT
W5HVLO_WHEAT

TIMCL6_TRIUA

M7ZZN1_TRIUA
W5HXW4 WHEAT
W5DHS9 WHEAT
W5DZI0_ WHEAT
M8AUX6_TRIUA
WS5EPY2_WHEAT
M7ZEH1_TRIUA
W5ECV7_WHEAT
M8AQ64_TRIUA
TILTA7_TRIUA
W5EMG7_WHEAT

G-type lectin S-receptor-like serine/threonine-
protein kinase

TIM-barrel signal transduction protein
LRR receptor-like serine/threonine-protein kinase

Putative LRR receptor-like serine/threonine-
protein kinase

Putative metal-nicotianamine transporter YSL1
ABC transporter C family member 3
Putative ABC transporter
Pleiotropic drug resistance protein 2
Putative ABC transporter C family member

Putative pentatricopeptide repeat (PPR)-
containing protein

Phospholipid-transporting ATPase (EC 3.6.3.1)
Phospholipase D Z
Predicted: protein Zinc-Induced Facilitator
Auxin-induced protein 5SNG4
ATP synthase subunit alpha

thylakoid formation 1, chloroplastic-like protein

Pectin methylesterase inhibitor

B12D superfamily protein
Putative lipid-transfer protein DIR1
Uncharacterized protein

Uncharacterized protein
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Fig. 5. Cartoon of the COS-binding candidates on the wheat membrane. Comparative cartoon of our interest proteins. The
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Fig. 6. Alignment of the deduced amino acid sequences of the W5G2U8 and five WAK proteins. Identical residues
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their similar counterparts are in pink boxes. ldentical residues among three to four members and their similar counterparts

are displayed in blue boxes. Gaps introduced to improve the alignment are indicated by dots. Multiple sequence alignment
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GsSRK @VHNORI®L AFAY IKGIGCLVWNQDLMDAVQES . . & it ittt ittt e ittt e i ieee A 405
W5HY42 @®LNDORI®KGE LYWQASGGCYPKSSLLGGEMRPGLGRSIYIKLPKTLQVSKSSIPQSQPFDPRYAPNCSAK 430
W5IO0R4 @LNDERIMKASFFQQYDTSTG. . FCEFLASDIFES . . . oottt ittt e i it e i e iaas MISVN 442
GsSRK TGELLSIRLARSELDGNKRKKTIVASIVSLTLFMILG. . .@TRFGVWRCRVEHIAHI SKDAWKNDLKPQD 472
W5HY42 TEYFTPDFLDQPKDSHSGLNLQYLYLLYGFLLAIFFVEVIRVIRLGCWEFVLRREGKHLPGVWPVEIGYEMI 500
W5IO0R4 SPSYSSNFSSLAFVKVNGATRNFVLSQGKLTVALAVGSSTIPIIALVVVAVLVVLRRNRAEPLEDDDIIDQL 512
GsSRK VPGLDFEFDMHT IQNENENNISLSNKLEQEGFESMY KIEK LOIBGKE TSNS S S S GOIEK Ejzag VNN T VLIS KL 542
W5HY42 TNHFRGYTYKELQRENNONN . . KDOT€CEASEHWYYKIEVLKIBKRVVEAASNRAD TN . GIECEGO HIMT, SVIIGK T 567
W5I0R4 PGLPARFSFMELKSEMEEDY . . SKVIEKIEGSES|YFEEOICIBK . QVENSENADGIN . OEKRINAT.AVOTIGS T 578

W5I0R4 NI TY]| MM SDCRET I 648

GsSRK QRN LECOIEEEEKLIT YIREFMVINKEINNT FLIADSRKRLE I D PKINE DI T QG TIAREIN ] f@aMsIH DSRLRV 612
W5HY42 YRIMN] FO@SDGPHRIMVLIYVENGEIRSKTLES . . STRLIERNEIREFNIA T GVIAK] MR HECLEWV 635
L A y

IEF@AEKSHRLEVYIRYMPNGSIMBRW I IJORHOEAPLD|YK TIRLRI§T TDVIRR|

GsSRK 1 LIV SNESRNYE K MN Pl T SINAGWARMY OGTE Y QDN TRIQV V[N T (€M SiHY AWT GMFE SEIN 682
W5HY42 TIEICILIAP ENESRRE DN LN Pl TRIRINEIWAK T,V SRGGSNKNV SINT H(ey IA VSSQPITAIN 705
W5I0R4 \ EQFT JAKLIDRE . QGSVMTIRLREINPEMLAIZANTL. TS . VINES 716

GsSRK MLITISEE. .. ... KISRFSYGVEGKTLMAYAWESWSEYR. .. .. GIPLLDOQDLADSCHPLEVGRCIQIG 741
W5HY42 VLILLKEARVSDWASNADEEVETVEFGWVIRMLAENLMMEGGQQLWI SIBFVDSRLNGQFNELOQARTMVKLA 775
W5I0R4 IMBTICER. ..... SNLDYSQPEESRHLJSMLODKAKTD. . QLLDLIBPRSTDMQCHLDEVSR. . MMNLA 776
GsSRK LLEVOHQOPADININT LELLAMIBTTTSIRLPSPKQPTFAFHTRDDESLSNDLITVNGMTQSVILGR. . 804
W5HY42 VSE@VEEDTRKIATMENVVOMIBLSVVIBA . . . . . .ttt ittt et et eeieaaeeeennnn 802
W5IO0R4 MW@LQVDSR SMTEVVKIDGAMBVETELDLDLVNLELMVANRAVRGNIAATLQIDSVLSGPR 841

Fig. 7. Alignment of the deduced amino acid sequences of the W5HY42, W5I0R4, and GsSRK protein. Identical residues
conserved among all three members are displayed in black boxes. Similar residues among at least two family members are in
blue boxes. Gaps introduced to improve the alignment are indicated by dots. Multiple sequence alignment was done using

DNAMAN.
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These proteins were ranked by the possibility of involvement in COS recognition. Top three in the list,
W5G2U8_WHEAT, W5HY42_WHEAT, and W5I0R4_WHEAT have the potential domain of kinase. The
W5G2U8_WHEAT has GUB-WAK-bind domain, EGF-CA, and STKc-IRAK. The W5HY42_WHEAT
and W5I0R4_WHEAT have B-lectin domain, PAN-AP-plant, and STKc-IRAK (Fig. 5). The highest
homology of sequence of the W5G2U8_WHEAT was 64.55% compared with the Wall-associated receptor
kinases (WAK1-5) in A. thaliana (Fig. 6). The highest homology of W5HY42 WHEAT and
W5I0R4_WHEAT was 32.97% compared with G-type lectin S-receptor-like serine/threonine-protein
kinases (GsSRK) based on studies of their homologs in A. thaliana (Fig. 7). Considering the proteins
showed a molecular weight between 66 kDa and 97 kDa on SDS-PAGE, there were four proteins,

W5G2U8_WHEAT, W5HDV2_WHEAT, M7YAV8_TRIUA, and MBAUX6_TRIUA within this range.

4. Discussion

Oligosaccharides are potent PAMP which could induce plant disease resistance by regulating
immunity in plant. COS were important representative among these oligosaccharides, which have been
shown to elicit defense responses to a broad spectrum of pathogens in many plant species, including
tobacco, rapeseed, rice, and grapevine [34-36]. Furthermore, COS have been developed as bio-pesticides
in several countries and widely used in several crops, such as wheat, apple, kiwi fruit, and cucumber [20].
However, mechanism of COS induced plant immunity remains unclear, especially in the first step of COS

signal recognition [21].

Thus, the discovery of the receptor for COS has been attempted in the past decades, but no great
progress has been achieved. Although the specific binding of COS to tobacco and rapeseed was verified by
the use of fluorescent probes [37], no further study was made on the nature of the bound substances. To
date, only three COS-binding proteins have been purified by chitosan affinity chromatography from Rubus,

tobacco and A. thaliana, but the three proteins have not been identified [21, 38].

Notably, a series of LysM domain proteins such as OsCEBIP, AtCERK1 and AtLYKS5 were identified
as receptors for chitin and chitin oligosaccharides in rice and A. thaliana, respectively [11, 39, 40].
However, some papers reported that the LysM domain proteins had no binding effect on COS [15, 39],

resulting from they contain different N-acetyl moiety with chitin and chitin oligosaccharides, which are
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important for recognition of LysM domain protein [39, 41, 42]. To the best of our knowledge, the

receptors or binding proteins for COS in plants have not been identified.

In our study, wheat was selected as the plant sample to determine whether COS exist the binding
interaction with plasma membrane proteins in wheat protoplast plasma membrane surface. Firstly, the
fluorescent signals of COS were enriched on the plasma membrane of wheat (Fig. 1B) by using 2-AMAC-
COS. This result was consistent with previous studies using strawberry and tobacco as the subject for COS
treatment [22-24]. Moreover, 2-AMAC-COS also showed a dot-staining pattern in the cytosol, which
suggested that COS also had special binding targets inside the cell. However, it should be noted that the
signal in the cytosol had lower intensity than that on the plasma membrane, which demonstrated that the
binding sites of COS are mainly located on the cell surface. In addition, the maximal frequency shifts of
130 Hz in QCM showed high responses between the COS and plasma membrane proteins to imply the
interaction of COS with plasma membrane proteins of wheat. These results indicated that the COS binding
sites exist on the protoplast surface, while it is possible that COS also crossed the membrane into the
cytoplasm. Moreover, those COS hinding sites very much depend on those plasma membrane proteins of

wheat.

The results of SDS-PAGE and HPLC suggested that COS bound to more than one membrane protein
with a similar molecular weight 66-97 kDa, which is may possibly result from the different of isoelectric
point. LC-MS/MS analysis helped to identify 23 membrane protein candidates involved in the COS-plant
interaction (Table 1), where the top three of them are especially interesting (Fig. 5). W5G2U8 WHEAT
was found as a wheat homolog of Wall-associated receptor kinases (WAKS) in A. thaliana (Fig. 6). Until
now five WAKSs have been identified in A. thaliana [43-45]. WAKL1 has been identified as a receptor
reacting with pectin, as well as its oligosaccharide a-1-4 oligo-galacturonic acid [6, 45]. The GUB-WAK-
bind domain which contains rich cysteine, is part of the extracellular domain of this serine/threonine kinase,
can bind pectin in cell walls [45-47]. On the other hand, the STYKc domain is part of the phosphorylated
kinases and might relate with immune signal transduction (Fig. 5). WAKL receptor recognizes
oligogalacturonic acids to induce resistance response [7, 44, 46, 48, 49] and WAKS3 expression pattern is
related to lesions [50]. Those observations raise the possibility that W5G2U8 WHEAT functionalizes in

COS binding and plant resistance response.
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W5HY42_WHEAT and W5I0R4_WHEAT were both identified as putative G-type lectin S-receptor-
like serine/threonine-protein kinases (GsSRK), which showed a homology to GSSRK in A. thaliana (Fig.
7). They are all belonged to Lectin-like protein which related to immune stress responses in plants [5, 51-
53]. Furthermore, GsSRK has a B-lectin domain which is usually related to mannan-oligosaccharides
binding region [54-57]. It thus suggests that B-lectin domain of GsSRK can also bind COS. STKc-IRAK,
the intracellular part of the GsSRK, contains serine/threonine catalyzed region. It has the function of
protein phosphorylation, which related with signal transduction. Moreover, GSSRK has shown a function
related to plant tolerance to stress [58]. Those observations raise the possibility that W5HY42_WHEAT

and W5I0R4_WHEAT functionalize in COS binding and plant resistance response.
5. Conclusion

In conclusion, we confirmed that COS could interact with plasma membrane proteins in wheat
protoplast plasma membrane surface. COS-Agrose-4FF affinity column was used to separate putative COS
binding proteins from wheat plasma membrane proteins. SDS-PAGE demonstrated that the molecular
weight of the COS binding proteins was between 66 kDa and 97 kDa, where W5G2U8 (a potential WAK1
receptor protein), W5HY42 and W5I0R4 (potential GSSRK receptor proteins) were identified. This study
showed that COS binding proteins existed on the plasma membrane surface of the wheat cell. They are
associating with the function of oligosaccharide which could recognize and stimulate the defense
immunity of the plant. Based on the finding, our research suggests COS as MAMPs recognize potential
PRRs including W5G2U8, W5HY42, and W5I0R4. Moreover, the plant immune defense is stimulated by
immune signals transferred to cells via interactions between COS and COS binding proteins. Our study is a
major step forward to identify the COS binding proteins from wheat cell, which will greatly contribute to a

better understanding of the plant immune mechanism of COS.
Acknowledgements

This work was supported by the National Natural Science Foundation of China (NSFC21772157 &
NSFC31100203) & Project of Science and Technology of Social Development in Shaanxi Province

(2016SF-029).

References

16



[1] T. Boller, S.Y. He, Innate immunity in plants: an arms race between pattern recognition receptors
in plants and effectors in microbial pathogens, Science 324 (2009) 742-4.

[2] C. Zipfel, Pattern-recognition receptors in plant innate immunity, Curr. Opin. Immunol. 20 (2008)
10-6.

[3] M. Iriti, F. Faoro, Chitosan as a MAMP, searching for a PRR, Plant Signal Behav 4 (2009) 66-8.
[4] J.D. Jones, J.L. Dangl, The plant immune system, Nature 444 (2006) 323-9.

[5] N. Lannoo, E.J. Van Damme, Lectin domains at the frontiers of plant defense, Front Plant Sci 5
(2014) 397.

[6] A. Brutus, F. Sicilia, A. Macone, F. Cervone, G. De Lorenzo, A domain swap approach reveals a
role of the plant wall-associated kinase 1 (WAKZ1) as a receptor of oligogalacturonides, Proc. Natl.
Acad. Sci. U.S.A. 107 (2010) 9452-7.

[7] B.D. Kohorn, M. Kobayashi, S. Johansen, H.P. Friedman, A. Fischer, N. Byers, Wall-associated
kinase 1 (WAKZ1) is crosslinked in endomembranes, and transport to the cell surface requires correct
cell-wall synthesis, J. Cell Sci. 119 (2006) 2282-90.

[8] J. Fliegmann, A. Mithofer, G. Wanner, J. Ebel, An ancient enzyme domain hidden in the putative
beta-glucan elicitor receptor of soybean may play an active part in the perception of pathogen-
associated molecular patterns during broad host resistance, J. Biol. Chem. 279 (2004) 1132-40.

[9] N. Umemoto, M. Kakitani, A. lwamatsu, M. Yoshikawa, N. Yamaoka, 1. Ishida, The structure and
function of a soybean beta-glucan-elicitor-binding protein, Proc. Natl. Acad. Sci. U.S.A. 94 (1997)
1029-34.

[10] J. Fliegmann, S. Uhlenbroich, T. Shinya, Y. Martinez, B. Lefebvre, N. Shibuya, J.J. Bono,
Biochemical and phylogenetic analysis of CEBIiP-like LysM domain-containing extracellular proteins
in higher plants, Plant Physiol. Biochem. 49 (2011) 709-20.

[11] M. Hayafune, R. Berisio, R. Marchetti, A. Silipo, M. Kayama, Y. Desaki, S. Arima, F. Squeglia,
A. Ruggiero, K. Tokuyasu, A. Molinaro, H. Kaku, N. Shibuya, Chitin-induced activation of immune
signaling by the rice receptor CEBIP relies on a unique sandwich-type dimerization, Proc. Natl. Acad.

Sci. U.S.A. 111 (2014) E404-13.

17



[12] H. Kaku, Y. Nishizawa, N. Ishii-Minami, C. Akimoto-Tomiyama, N. Dohmae, K. Takio, E.
Minami, N. Shibuya, Plant cells recognize chitin fragments for defense signaling through a plasma
membrane receptor, Proc. Natl. Acad. Sci. U.S.A. 103 (2006) 11086-91.

[13] Y. Kouzai, H. Kaku, N. Shibuya, E. Minami, Y. Nishizawa, Expression of the chimeric receptor
between the chitin elicitor receptor CEBIP and the receptor-like protein kinase Pi-d2 leads to
enhanced responses to the chitin elicitor and disease resistance against Magnaporthe oryzae in rice,
Plant Mol. Biol. 81 (2013) 287-95.

[14] Y. Kouzai, K. Nakajima, M. Hayafune, K. Ozawa, H. Kaku, N. Shibuya, E. Minami, Y.
Nishizawa, CEBIP is the major chitin oligomer-binding protein in rice and plays a main role in the
perception of chitin oligomers, Plant Mol. Biol. 84 (2014) 519-28.

[15] A. Miya, P. Albert, T. Shinya, Y. Desaki, K. Ichimura, K. Shirasu, Y. Narusaka, N. Kawakami,
H. Kaku, N. Shibuya, CERK1, a LysM receptor kinase, is essential for chitin elicitor signaling in
Arabidopsis, Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 19613-8.

[16] T. Shimizu, T. Nakano, D. Takamizawa, Y. Desaki, N. Ishii-Minami, Y. Nishizawa, E. Minami,
K. Okada, H. Yamane, H. Kaku, N. Shibuya, Two LysM receptor molecules, CEBIiP and OsCERK1,
cooperatively regulate chitin elicitor signaling in rice, Plant J. 64 (2010) 204-14.

[17] T. Shinya, N. Motoyama, A. lkeda, M. Wada, K. Kamiya, M. Hayafune, H. Kaku, N. Shibuya,
Functional characterization of CEBiIP and CERK1 homologs in arabidopsis and rice reveals the
presence of different chitin receptor systems in plants, Plant Cell Physiol. 53 (2012) 1696-706.

[18] J. Wan, X.C. Zhang, D. Neece, K.M. Ramonell, S. Clough, S.Y. Kim, M.G. Stacey, G. Stacey, A
LysM receptor-like kinase plays a critical role in chitin signaling and fungal resistance in Arabidopsis,
Plant Cell 20 (2008) 471-81.

[19] L.A. Hadwiger, Multiple effects of chitosan on plant systems: solid science or hype, Plant Sci.
208 (2013) 42-9.

[20] H. Yin, X.M. Zhao, Y.G. Du, Oligochitosan: A plant diseases vaccine-A review, Carbohydr
Polym 82 (2010) 1-8.

[21] H. Yin, Y. Du, Z. Dong, Chitin Oligosaccharide and Chitosan Oligosaccharide: Two Similar but

Different Plant Elicitors, Front Plant Sci 7 (2016) 522.
18



[22] X. Zhao, W. Yu, X. Bai, W. Li, Y. Du, X. Liang, Binding Process of Oligochitosan to Strawberry
Cells, Yuan Yi Xue Bao 32 (2005) 22-24.

[23] H. Yin, Y.G. Du, A new method for identification the oligochitosan binding protein on tobacco
plasma membrane, Comp. Biochem. Physiol., Part A Mol. Integr. Physiol. 153a (2009) S217-S217.
[24] X.M. Zhao, X.P. She, W. Yu, X.M. Liang, Y.G. Du, Effects of oligochitosans on tobacco cells
and role of endogenous nitric oxide burst in the resistance of tobacco to Tobacco mosaic virus, J.
Plant Pathol. 89 (2007) 55-65.

[25] H.P. Chen, L.L. Xu, Isolation and characterization of a novel chitosan-binding protein from non-
heading Chinese cabbage leaves, J Integr Plant Biol 47 (2005) 452-456.

[26] Y. Lienart, C. Gautier, A. Domard, Isolation from Rubus cell-suspension cultures of a lectin
specific for glucosamine oligomers, Planta 184 (1991) 8-13.

[27] Z. Zhai, H. Jung, O.K. Vatamaniuk, Isolation of protoplasts from tissues of 14-day-old seedlings
of Arabidopsis thaliana, J Vis Exp 30 (2009) e1149-e1149.

[28] G. Okafo, J. Langridge, S. North, A. Organ, A. West, M. Morris, P. Camilleri, High-performance
liquid chromatographic analysis of complex N-linked glycans derivatized with 2-aminoacridone, Anal.
Chem. 69 (1997) 4985-93.

[29] T.K. Hodges, D. Mills, Isolation of the plasma membrane, Meth. Enzymol., Academic Press
1986, pp. 41-54.

[30] C. Larsson, S. Widell, Isolation of Plant Plasma Membranes and Production of Inside-Out
Vesicles, in: R. Hatti-Kaul (Ed.), Aqueous Two-Phase Systems: Methods and Protocols, Humana
Press2000, pp. 159-166.

[31] V. Santoni, Plant Plasma Membrane Protein Extraction and Solubilization for Proteomic
Analysis, in: H. Thiellement, M. Zivy, C. Damerval, V. Méchin (Eds.), Plant Proteomics, Humana
Press 2007, pp. 93-109.

[32] H. Shen, J. Chen, Z. Wang, C. Yang, T. Sasaki, Y. Yamamoto, H. Matsumoto, X. Yan, Root
plasma membrane H*-ATPase is involved in the adaptation of soybean to phosphorus starvation, J.

Exp. Bot. 57 (2006) 1353-62.

19



[33] F. Yan, Y. zZhu, C. Muller, C. Zorb, S. Schubert, Adaptation of H+-pumping and plasma
membrane H'-ATPase activity in proteoid roots of white lupin under phosphate deficiency, Plant
Physiol. 129 (2002) 50-63.

[34] X.C. Jia, Q.S. Meng, H.H. Zeng, W.X. Wang, H. Yin, Chitosan oligosaccharide induces
resistance to Tobacco mosaic virus in Arabidopsis via the salicylic acid-mediated signalling pathway,
Sci Rep 6 (2016) 26144.

[35] Y.F. Chen, Y. Zhan, X.M. Zhao, P. Guo, H.L. An, Y.G. Du, Y.R. Han, H. Liu, Y.H. Zhang,
Functions of oligochitosan induced protein kinase in tobacco mosaic virus resistance and pathogenesis
related proteins in tobacco, Plant Physiol. Biochem. 47 (2009) 724-731.

[36] L.A. Hadwiger, T. Ogawa, H. Kuyama, Chitosan Polymer Sizes Effective in Inducing
Phytoalexin Accumulation and Fungal Suppression Are Verified with Synthesized Oligomers, Mol.
Plant Microbe Interact. 7 (1994) 531-533.

[37] W.H. Guo, Z.Q. Ye, G.L. Wang, X.M. Zhao, J.L. Yuan, Y.G. Du, Measurement of
oligochitosan-tobacco cell interaction by fluorometric method using europium complexes as
fluorescence probes, Talanta 78 (2009) 977-982.

[38] Y. Lienart, C. Gautier, H. Driguez, Silica-Bound N-Acetylglucosaminyl Residues Elicit
Laminarinase Activity in Rubus Protoplasts, Plant Sci. 77 (1991) 41-45.

[39] T.T. Liu, Z.X. Liu, CJ. Song, Y.F. Hu, Z.F. Han, J. She, F.F. Fan, JW. Wang, C.W. Jin, J.B.
Chang, J.M. Zhou, J.J. Chai, Chitin-Induced Dimerization Activates a Plant Immune Receptor,
Science 336 (2012) 1160-1164.

[40] Y.R. Cao0, Y. Liang, K. Tanaka, C.T. Nguyen, R.P. Jedrzejczak, A. Joachimiak, G. Stacey, The
kinase LYKS5 is a major chitin receptor in Arabidopsis and forms a chitin-induced complex with
related kinase CERK1, Elife 3 (2014) e03766.

[41] E.K. Petutschnig, A.M.E. Jones, L. Serazetdinova, U. Lipka, V. Lipka, The Lysin Motif
Receptor-like Kinase (LysM-RLK) CERK1 Is a Major Chitin-binding Protein in Arabidopsis thaliana
and Subject to Chitin-induced Phosphorylation, J. Biol. Chem. 285 (2010) 28902-28911.

[42] T. Shinya, T. Nakagawa, H. Kaku, N. Shibuya, Chitin-mediated plant-fungal interactions:

catching, hiding and handshaking, Curr. Opin. Plant Biol. 26 (2015) 64-71.
20



[43] D.J. Cosgrove, Plant cell walls: wall-associated kinases and cell expansion, Curr. Biol. 11 (2001)
R558-9.

[44] V. Kanneganti, A.K. Gupta, Wall associated kinases from plants — an overview, Physiol Mol
Biol Plants 14 (2008) 109-118.

[45] B.D. Kohorn, The state of cell wall pectin monitored by wall associated kinases: A model, Plant
Signal Behav 10 (2015) €1035854.

[46] B.D. Kohorn, S.L. Kohorn, The cell wall-associated kinases, WAKS, as pectin receptors, Front
Plant Sci 3 (2012) 88.

[47] B.L. Ridley, M.A. O'Neill, D. Mohnen, Pectins: structure, biosynthesis, and oligogalacturonide-
related signaling, Phytochemistry 57 (2001) 929-67.

[48] C.M. Anderson, T.A. Wagner, M. Perret, Z.H. He, D. He, B.D. Kohorn, WAKs: cell wall-
associated kinases linking the cytoplasm to the extracellular matrix, Plant Mol. Biol. 47 (2001) 197-
206.

[49] B.D. Kohorn, WAK:S; cell wall associated kinases, Curr. Opin. Cell Biol. 13 (2001) 529-33.

[50] Z.H. He, I. Cheeseman, D. He, B.D. Kohorn, A cluster of five cell wall-associated receptor
kinase genes, Wak1-5, are expressed in specific organs of Arabidopsis, Plant Mol. Biol. 39 (1999)
1189-96.

[51] W.J. Peumans, E.J.M. Vandamme, Lectins as Plant Defense Proteins, Plant Physiol. 109 (1995)
347-352.

[52] G. Vandenborre, G. Smagghe, E.J. Van Damme, Plant lectins as defense proteins against
phytophagous insects, Phytochemistry 72 (2011) 1538-50.

[53] G. Vandenborre, E. Van Damme, K. Groten, O. Miersch, N. Lannoo, B. Hause, C. Wasternack, I.
Baldwin, G. Smagghe, Inducible Plant Lectins as Defense Proteins Against Pest Insects, In Vitro Cell.
Dev. Biol. Anim. 46 (2010) S81-S81.

[54] E.J.M. Van Damme, N. Lannoo, W.J. Peumans, Plant Lectins, Adv. Bot. Res. 48 (2008) 107-209.
[55] Y. Han, L. Zhao, Z. Yu, J. Feng, Q. Yu, Role of mannose receptor in oligochitosan-mediated

stimulation of macrophage function, Int. Immunopharmacol. 5 (2005) 1533-42.

21



[56] G. Ramachandraiah, N.R. Chandra, Sequence and structural determinants of mannose
recognition, Proteins 39 (2000) 358-64.

[57] P. Singh, L. Zimmerli, Lectin receptor kinases in plant innate immunity, Frontiers in plant
science 4 (2013) 124.

[58] X.L. Sun, Q.Y. Yu, L.L. Tang, W. Ji, X. Bai, H. Cai, X.F. Liu, X.D. Ding, Y.M. Zhu, GsSRK, a
G-type lectin S-receptor-like serine/threonine protein kinase, is a positive regulator of plant tolerance

to salt stress, J. Plant Physiol. 170 (2013) 505-15.

22



Highlight
Several COS binding proteins were preliminarily identified in the wheat cell surface.
COS binding proteins have the function of kinase receptor.

The COS affinity column was firstly adopted to purify COS-binding proteins.
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