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A cDNA encoding a chitinase-related receptor-like kinase, designated CHRK1, was isolated from tobacco (Nicotiana tabacum).
The C-terminal kinase domain (KD) of CHRK1 contained all of the conserved amino acids of serine/threonine protein
kinases. The putative extracellular domain was closely related to the class V chitinase of tobacco and to microbial chitinases.
CHRKI mRNA accumulation was strongly stimulated by infection with fungal pathogen and tobacco mosaic virus. Amino
acid-sequence analysis revealed that the chitinase-like domain of CHRK1 lacked the essential glutamic acid residue required
for chitinase activity. The recombinant chitinase-like domain did not show any catalytic activity for either oligomeric or
polymeric chitin substrates. The recombinant KD of CHRK1 exhibited autophosphorylation, but the mutant KD with a
mutation in the essential ATP-binding site did not, suggesting that CHRK1 encoded a functional kinase. CHRK1 was
detected in membrane fractions of tobacco BY2 cells. Furthermore, CHRK1-GFP fusion protein was localized in plasma
membranes when it was expressed in animal cells. This is the first report of a new type of receptor-like kinase containing
a chitinase-like sequence in the putative extracellular domain.

Plant receptor-like kinases (RLKs) play a funda-
mental role in various cellular processes, including
hormone signaling (Ecker, 1995; Li and Chory, 1997),
self-incompatibility (Nasrallah et al., 1994), regula-
tion of plant development (Becraft et al., 1996; Lee et
al., 1996, 1997; Clark et al., 1997; Jinn et al., 2000), and
plant-pathogen interactions (Martin et al., 1993; Song
et al., 1995). Plant RLKs show variations in their
structure, especially in the extracellular domain,
which probably enable them to selectively respond to
diverse extracellular signals (Clark, 1996; Lease et al.,
1998).

Various biochemical studies (Dixon et al., 1994;
Suzuki and Shinshi, 1995) and recent cloning of re-
sistance genes (Martin et al., 1993; Song et al., 1995),
such as Pto (encoding a Ser/Thr kinase) and Xa21
(encoding an RLK), indicate the central role of pro-
tein phosphorylation in pathogen signaling. Resis-
tance genes are thought to encode receptors that
interact with race-specific elicitors as ligands. When
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the signal is perceived, resistance gene products ac-
tivate a wide array of defense responses, which result
in highly effective disease resistance. Non-race-
specific elicitors, such as oligosaccharides, peptides,
and glycoproteins released from fungal or plant cell
walls, also induce various biochemical responses that
slow pathogen growth but often are not as effective
as resistance gene-mediated responses in blocking
disease (Bent, 1996). However, non-race-specific elic-
itors induce defense reactions against a broad spec-
trum of pathogens, in contrast to resistance gene-
mediated responses. Although the molecular basis of
signal transduction via non-race-specific elicitors is
poorly understood, various studies have suggested
that a specific receptor is involved in perceiving and
transducing the signal (Benhamou, 1996).
High-affinity binding sites for non-race-specific
elicitors have been identified in membrane prepara-
tions of several plant species. Soybean root cells con-
tained a high affinity binding protein for hepta-g-
glucoside (Cheong and Hahn, 1991), and recently
Umemoto et al. (1997) isolated a B-glucan-elicitor-
binding protein from soybean root cells. This protein
showed homology to three proteins from yeast, the
functions of which are unknown. Chitin oligosaccha-
rides also induce various defense responses, includ-
ing the oxidative burst, phosphorylation of specific
proteins, phytoalexin biosynthesis, and transcrip-
tional activation of defense genes (Benhamou, 1996).
High-affinity binding sites for the chitin elicitor were
found in both rice and tomato suspension-cultured
cells (Shibuya et al., 1993; Baureithel et al., 1994), and
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Figure 1. Structure and amino acid sequence comparison of CHRK1.
A, Schematic representation of the CHRK1 protein. The signal pep-
tide (SP), the transmembrane region (TM), the putative extracellular
domain, and the KD are indicated. B, Deduced amino acid sequence
of CHRK1 and alignment with related sequences. The deduced
amino acid sequence of the CD of CHRK1 was aligned with the
sequences from class V chitinase (CHIV) from tobacco (Melchers et
al., 1994) and chitinase A1 (CHIA) from B. circulans (Watanabe et al.,
1990). The predicted KD was aligned with the KD of the plant RLKs,
SRK6 of Brassica (Stein et al., 1991), and ARK3 (Dwyer et al., 1994)
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a 75-kD protein that binds to the N-acetylchitooligo-
saccharide elicitor has been identified in rice using
affinity labeling (Ito et al., 1997). Molecular charac-
terization of the protein should be performed to un-
derstand the significance of its binding to the chitin
elicitor and its biological function.

In this study we have isolated a cDNA encoding a
novel RLK containing a chitinase-related sequence in
its putative extracellular domain. Accumulation of
chitinase-related RLK1 (CHRKI) mRNA was strongly
stimulated by fungal pathogen and tobacco mosaic
virus (TMV) infection. The CHRK1 kinase domain
(KD) exhibited kinase activity, whereas the chitinase-
related domain did not show any detectable chitinase
activity. CHRK1 appears to be localized in mem-
branes in plant cells. A possible function of this pro-
tein as a receptor for the chitin oligosaccharide signal
is discussed based on these findings.

RESULTS

Isolation of a cDNA Clone Encoding a
Chitinase-Related RLK

In an attempt to identify kinases that play a role in
anther/pollen development, reverse transcriptase
(RT)-PCR was performed with two degenerate kinase
primers using total RNA from tobacco (Nicotiana
tabacum) anthers. It resulted in amplified DNA frag-
ments of about 210 bp, which putatively encode ki-
nases. PCR products were cloned and sequenced.
One of the clones that contained a sequence homol-
ogous to many plant RLKs was used as a probe to
screen a tobacco flower bud ¢cDNA library. From
7.5 X 10° phages screened, two independent positive
clones were obtained, and both encoded the same
protein. The longest cDNA was 2,943 bp in length
and encoded a protein of 739 amino acids with struc-
tural features of an RLK (Fig. 1A). Its predicted M,
was 81,643. The N-terminal end of the protein con-
tained a signal peptide of 21 amino acids, which
showed conserved structural features of signal pep-
tides characterized in yeast, animal, and plant sys-
tems (von Heijne, 1983). The putative extracellular
domain was homologous to plant and microbial
chitinases. A central transmembrane domain con-
sisted of 23 hydrophobic amino acids (double under-

and PR5K (Wang et al., 1996) of Arabidopsis. The number on the
right indicates the amino acid residues. Gaps, which were intro-
duced to maximize alignment, are indicated by dots. Residues con-
served among all sequences compared here are highlighted in re-
verse contrast letters. Asterisks indicate the three conserved residues
that are important for chitinase activity. Crosses (+) indicate residues
that are conserved in all Ser/Thr-type kinases. Asterisks and crosses
were written below the relevant amino acids. The putative signal
peptide is boxed. The transmembrane region is indicated with double
underlines. The amino acid residues corresponding to the degenerate
oligonucleotides for PCR amplification are marked with overlines
and arrows.
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Figure 2. DNA gel-blot analysis of CHRKT
gene. A, Genomic DNA gel- blot analysis. DNA
gel blots were hybridized with the chitinase (C)
or the kinase (K) probe. The DNA size markers

are indicated in kb. Coding regions of CHRKT
cDNA are boxed. E, EcoRl; B, Bglll; P, Pstl; N,
Ndel. B, Genomic Southern-blot analysis of
CHRKT1-related sequences in other plant species.
Each lane represents 10 pg of genomic DNA
fragmented with EcoRI. The blot was hybridized
with the kinase probe. The DNA size markers are
indicated in kb.
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lined in Fig. 1B) followed by three positively charged
residues. The sequence of the transmembrane region
resembled the Leu zipper motif, which is involved in
protein dimerization in many transcription factors
(Busch and Sassone-Corsi, 1990). The cytoplasmic
domain showed significant sequence similarity to
other plant RLKs. The clone was designated CHRKI.

Amino acid sequence comparison of CHRK1 with
several plant and bacterial chitinases and the KDs
of representative plant RLKs is shown in Figure 1B.
The sequence alignment was performed using the
CLUSTAL W multiple sequence alignment program
(version 1.7; Thompson et al., 1994). The putative
extracellular domain (361 amino acids) of CHRK1
shows homology to class V tobacco chitinases (41%
amino acid sequence identity; Melchers et al., 1994),
and to chitinases from Bacillus circulans WL-12 (23%
identity; Watanabe et al., 1990) and Serratia marc-
escens (19% identity; Harpster and Dunsmuir, 1989).
However, the domain is not closely related to other
classes of plant chitinases. The KD (355 amino acids)
of CHRK1 contains all of 11 conserved subdomains
and 15 invariant amino acid residues of eukaryotic
Ser/Thr protein kinases (Fig. 1B). This domain is
closely related to plant RLKs, including ARK3 from
Arabidopsis (50% identity; Dwyer et al., 1994), SRK6
from Brassica oleracea (47% identity; Stein et al., 1991),
and PR5K from Arabidopsis (36% identity; Wang et
al., 1996).

Genomic Southern Blot

Genomic Southern-blot analysis was carried out
with two probes corresponding to the chitinase-like

Plant Physiol. Vol. 123, 2000

domain (CD) and the KD (Fig. 2A). Genomic DNA
was digested with EcoRI, EcoRV, and HindIIl. Two to
three hybridizing bands were detected with both
probes. In EcoRV digestion, the same band pattern
was observed with both the chitinase probe and the
kinase probe, suggesting that CHRK1 gene contained
both domains. The difference in the hybridization
patterns between the two probes in EcoRI and HindlIIl
digestion may be due to the presence of an intron and
the presence of an EcoRI site in the cDNA. Consider-
ing that tobacco is amphidiploid between Nicotiana
tomentosiformis and Nicotiana sylvestris, these results
suggest that CHRK1 gene is most likely present as a
single copy in the tobacco genome. The chitinase
probe did not cross-hybridize with the class V chiti-
nase gene, which showed a different hybridization
pattern (Melchers et al., 1994).

To determine whether homologs of the CHRK1
gene are present in other plant species, DNA gel-blot
analysis was carried out with genomic DNAs from
corn, rice, petunia, and cauliflower. Three cultivars of
tobacco were also examined. Under stringent hybrid-
ization conditions, the kinase probe detected hybrid-
izing bands in all the species examined, as shown in
Figure 2B. This finding indicates that homologs of the
CHRK1 gene exist in other species as well.

Expression Patterns of CHRK1

Tissue-specific expression of CHRKI mRNA was
examined by RNA gel-blot analysis using the chiti-
nase and kinase probes (Fig. 3A). Under high strin-
gency, both probes hybridized to 3- and 1.5-kb tran-
scripts, which were present in flowers and leaves. In
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Figure 3. Expression of CHRKT mRNA. A, Tissue-specific expres-
sion. Each lane represents 50 ug of total RNA from roots (R), stems
(S), leaves (L), or flowers (F). The amount of ethidium bromide-
stained rRNA was shown to verify equal loading of RNA in each lane.
B, Expression of CHRKT mRNA during flower development. Fifty
micrograms of total RNA of flowers from stage 1 to open flower stage,
and from leaves (L) is represented in each lane. The five develop-
mental stages are defined by bud size: <1 cm, stage 1; 1 to 2 cm,
stage 2; 2 to 3 cm, stage 3; 3 to 4 cm, stage 4; open flower, stage OF.
The K probe was used. C, Expression of CHRKT mRNA in response to
TMV infection. Fifty micrograms of total RNA was used in each lane.
Lane 1 contains RNA from uninfected leaves; lane 2 contains RNA
from leaves 1 d after infection; lane 3 contains RNA from leaves 3 d
after infection. Duplicate membranes were hybridized with PR-7a
probe as a control. The size of the PR1 transcripts is approximately
0.9 kb. The K probe was used. D, Expression of CHRKT mRNA in
response to fungal pathogen infection. Young tobacco plants were
inoculated through roots with P. parasitica, which causes black
shank disease in tobacco. Total RNA was prepared from leaves
collected at 0, 1, 2, 3, and 8 d after infection. Fifty micrograms of
total RNA was used in each lane. The K probe was used. Duplicate
membranes were hybridized with chitinase probe as a control. The
size of the chitinase transcripts is approximately 1.2 kb.

stems and roots, the transcripts were almost unde-
tectable. The 3-kb transcript was consistent with the
size of the isolated cDNA. The 1.5-kb transcript may
have been produced by alternative splicing, because
both the chitinase and kinase probes hybridized to
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Figure 4. Expression of the CD and the KD of CHRK1 in E. coli. The
CD and KD of CHRK1 were expressed in E. coli as fusion proteins
with thioredoxin using the pET32a vector. The protein profiles after
purification were analyzed by SDS-PAGE. Arrowheads indicate the
electrophoretic positions of thioredoxin (Trx), thioredoxin-KD, and
thioredoxin-CD proteins. The sizes of molecular mass markers are
also indicated.

the 1.5 kb-transcript, indicating that the transcript
contained at least a part of both domains. During
flower development, CHRKI mRNA was most highly
expressed at the open flower stage, but lower levels
were detected in stages 1 to 4 (Fig. 3B).

Infection by TMV resulted in accumulation of
higher levels of CHRKI transcripts in leaves at 3 d
after inoculation, but not at 1 d after inoculation (Fig.
3C, left). Mock-inoculation did not result in induction
at either time (results not shown). Strong induction of
the 0.9-kb PR-1 transcripts was observed in leaves at
3 d after inoculation (Fig. 3C, right). To investigate
CHRKT1 gene expression upon fungal pathogen infec-
tion, young tobacco plants were infected through
roots with Phytophthora parasitica, which causes black
shank disease in tobacco. The CHRKI mRNA level

N M
kDa

48 —

83 —

Figure 5. Autophosphorylation of the recombinant KD of CHRKT.
Top, Autoradiography; Bottom, Coomassie Blue-stained gel showing
the relative amounts of the recombinant proteins. Wild-type (N) and
mutant (M) forms of the KD are indicated. In the mutant kinase the
essential ATP-binding site, Lys-449, was mutated to Asn.
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Tobacco basic 99 IMLSIGGGTP ... DGIDFDIELFQ 154
Tobacco acidic 97 VMLSLGGGAG ... DGIDFDIEGGT 152
Tobacco class V 92 TFLSIAGGRA ... HGLDLDWEYPL 144
Bacillus ChiAl 145 TIISVGGWIW ... DGVDLDWEYPV 207
Saccharomyces 104 VLLSLGGASG ... DGFDFDIENNN 160
Human gp39 93 TLLSVGGWNF ... DGLDLAWLYPG 144
CHRK1 91 TLLSIWGGRD ... QGLDLIGVNPN 142

Figure 6. Sequence comparison of the conserved residues of chiti-
nases with those of the CHRK1 CD. Three residues conserved in plant
and microbial chitinases identified by Watanabe et al. (1993) are
shown in bold. The sources of other chitinase sequences are basic
and acidic class Il chitinases from tobacco (Lawyton et al., 1992);
class V chitinase from tobacco (Melchers et al., 1994); chitinase A1
from Bacillus subtilis (Watanabe et al., 1990); chitinase from Sac-
charomyces cerevisiae (Kuranda and Robbins, 1991); HC gp-39
(Hakala et al., 1993); and CHRK1.

increased in leaves at 8 d after infection when disease
symptoms appeared in lower parts of stems and bot-
tom leaves of the infected plants, butnotat1,2,0or3d
after infection, when no visible symptoms were ob-
served in the plants (Fig. 3D, left). Fungus infection
also stimulated the accumulation of the 1.2-kb chiti-
nase transcripts, but at 3 d after infection. Mock-
inoculation did not result in induction at any time
points (results not shown). In contrast, treatments of
tobacco BY2 cells with chitosan, N-acetylchitooligosac-
charides (N-acetylchitotriose and N-acetylchitote-
traose), fungal elicitors, benzol[1,2,3]thiadiazole-7-
carbothioic acid-S-methyl ester (BTH), or methyl
jasmonate did not change the level of CHRKI mRNA,
whereas various transcripts for PR proteins accumu-
lated to higher levels (results not shown).

Autophosphorylation of the KD of CHRK1

The CDs and KDs were expressed in Escherichia
coli as fusion proteins with thioredoxin for biochem-
ical analyses. Two cDNAs encoding the CD (resi-
dues 30-359) and the KD (residues 390-739) were
subcloned into the pET32a vector, and the expres-
sion of the recombinant proteins was induced by
isopropylthio-B-galactoside. The thioredoxin-KD
and thioredoxin-CD fusion proteins were purified
using nickel resin following the manufacturer’s pro-
tocol. The protein profiles after purification are
shown in Figure 4.

To determine whether CHRKI encodes an active
protein kinase, the fusion protein containing the KD
was digested with enterokinase to remove the thiore-
doxin moiety. The resulting KD was assayed for au-
tophosphorylation (Fig. 5). A single 35-kD band was
detected by autoradiography. When the KD was
omitted from the reaction, no labeled products were
produced (results not shown). To determine whether
autophosphorylation requires kinase activity, the
mutant form of the KD, which carries a mutation in
the essential ATP-binding site (Lys-449 to Asn), was

Plant Physiol. Vol. 123, 2000
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analyzed by the same assay. The mutation drastically
reduced radiolabeling of the 35-kD band, suggesting
that autophosphorylation activity was dependent on
the functional kinase (Fig. 5).

Lack of Chitinase Activity of CHRK1

The putative extracellular domain of CHRK1 has
homology to the class V chitinase of tobacco and
bacterial chitinases, indicating that the domain may
possess chitinase activity. In chitinase Al from B.
circulans WL-12, three amino acid residues, Ser, Asp,
and Glu (marked with asterisks in Fig. 1B), which are
highly conserved in plant and bacterial chitinases,
were shown to be important for chitinase activity
(Watanabe et al.,, 1993). The mutation in the Glu
residue completely abolished chitinase activity of
chitinase Al. Figure 6 shows a comparison of amino
acid sequences from the catalytic center of represen-
tative chitinases. Among these, functional chitinases
can be seen to contain the Glu residue, whereas hu-
man cartilage gp-39 protein (HC gp-39; Hakala et al.,
1993), which is homologous to microbial chitinases
but does not possess chitinase activity, shows the
residue replaced by Leu. CHRK1 contains the Val
residue (Val-139) in the position of the essential Glu.
The presence of the Val residue was verified by se-
quencing of a PCR-amplified genomic DNA contain-
ing the CHRK1 gene.

To determine if CHRK1 exhibits catalytic activity, a
chitinase assay was performed with the recombinant
CD either as a fusion protein or as a separate moiety.
S. marcescens chitinase was used as a control (Table I).
Using 4-methylumbelliferyl-N,N’,N"-triacetylchitotri-
ose [4-MU-(GIcNAc);], 4-methylumbelliferyl-N,N’,
N",N"-tetraacetylchitotetraose [4-MU-(GIcNAc),],
chitin azure, and regenerated chitin as substrates, the
recombinant CD in either form failed to exhibit either
endo- or exo-chitinase activity (Table I).

Table 1. Chitinase assay of the recombinant chitinase-like domain
of CHRK1

The recombinant CD, both as a fusion protein with thioredoxin
and as a separate moiety, was assayed. Only data obtained with the
fusion protein are presented, since the protein in both forms pro-
duced similar results. Measuring units for chitinase assays using
4-MU-(GIcNAc); and 4-MU-(GIcNAc), are fluorescence units. Mea-
suring units for chitinase assays using chitin azure and regenerated
chitin are optical density units.

Substrates Control Chitinase® CHRK1
4-MU-(GIcNACc), >1,000 <10
4-MU-(GIcNAc), >1,000 <10
Chitin azure® 0.26 <0.005
Regenerated chitin 0.18 <0.002
2 As a control, S. marcescens chitinase was used. b Remazol

Brilliant Violet conjugated to carboxymethyl-chitin.
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Figure 7. Immunodetection of CHRK1 protein. A, Immunoblotting of the recombinant CD with anti-CHRK1 antiserum. Ten
micrograms of protein extracts from uninduced (Ul) and induced () E. coli cells that carry the pET32a-CD plasmid was
subjected to immunoblotting. The recombinant CHRK1 is marked with the arrowhead. B, Immunodetection of CHRK1
proteins in membranes of tobacco BY2 cells. Thirty micrograms of soluble (S) and membrane (M) proteins from BY2 cells
was subjected to immunoblotting. The CHRKT1 protein is marked with the arrowhead. Molecular mass markers are indicated
in kD. C, Immunodetection of CHRK1 protein expressed in animal cells. CHRK1 protein was transiently expressed in human
293T cells under the control of CMV promoter. Thirty micrograms of S and M proteins isolated from transfected cells with
pCMV or pCMV-CHRK1 was subjected to immunoblotting. The expressed CHRK1 protein is marked with the arrowhead.

Molecular mass markers are indicated in kD.

Immunodetection of CHRK1 in the Membrane

Polyclonal rabbit antiserum was raised using the
recombinant CD. The antiserum specifically recog-
nized the recombinant CD from E. coli total proteins
only after induction (Fig. 7A). To detect CHRK1 in
plant cells, immunoblotting of soluble proteins and
membrane proteins of tobacco BY2 cells was per-
formed using the antiserum (Fig. 7B). The antiserum
detected a 75-kD protein and two other proteins of
lower molecular mass in the membrane fraction. A
single 28-kD protein was detected in the soluble frac-
tion. The 75-kD protein in the membrane fraction
likely represents CHRK1, whereas the other two pro-

Figure 8. Membrane localization of the
CHRK1-GFP fusion protein expressed in animal
cells. The CHRK1-GFP and GFP alone were
transiently expressed in Hela cells. The left and

the right panel represent light microscopic im- GFP
age and fluorescent microscopic image of indi-
vidual cells, respectively. A fluorescence filter
set 09 (Zeiss, Jena, Germany) was used to ob-
serve the fluorescence signal.
CHRK1-GFP
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teins may represent the proteolytic fragments from
CHRKTI or chitinases associated with the membrane
(Fig. 7B). Since the predicted molecular mass of
CHRK1 is approximately 80 kD, the apparent size
discrepancy may be due to the structural conforma-
tion of CHRKI1 in the membrane or post-translational
modification. The 28-kD protein detected in the sol-
uble fraction may be a cytosolic chitinase that has
similar epitopes, since the antiserum was polyclonal
and was raised against the whole CD. However, the
cDNA probe corresponding to the CD did not cross-
hybridize with other genes in genomic Southern-blot
analysis (Fig. 2A), suggesting that the gene encoding
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the 28-kD protein is not closely related to CHRKI in
nucleotide sequences.

To gain evidence that the 75-kD protein detected in
the membrane fraction of tobacco cells is CHRK1, we
attempted to transiently express the CHRK1 cDNA in
animal cells and to immunodetect the protein using
the CHRK1 polyclonal antiserum (Fig. 7C). The re-
combinant plasmid containing the whole CHRKI
cDNA fused to the cytomegalovirus (CMV) promoter
(pCMV-CHRK1), or the pCMV-Tagl vector alone
(pCMV) was transfected into human 293T cells, and
soluble and membrane fractions were isolated from
the cells. No protein band was detected by the anti-
serum from pCMV-transfected cells in either fraction,
but a major protein band in size of approximately 75
kD was detected from pCMV-CHRKI-transfected
cells only in the membrane fraction. These results
indicate that the CHRKI1 protein expressed in animal
cells is targeted to the membranes and that the 75-kD
protein detected in tobacco membranes is CHRKI.

Membrane Localization of the CHRK1-GFP Protein
Expressed in Human Cells

Membrane localization of CHRK1 was further ex-
amined by expressing a fusion protein between
CHRK1 and a green fluorescent protein (CHRK1-
GFP) in animal cells under the control of CMV pro-
moter (Fig. 8). DNA constructs encoding CHRK1-
GFP fusion protein or GFP alone were transfected
into HeLa cells. After incubation for 72 h, expression
of the introduced genes was examined under a fluo-
rescent microscope. The CHRKI-GFP protein was
clearly localized in the plasma membrane, whereas
GFP was localized in the cytosol (Fig. 8). This result
provides further evidence of membrane localization
of CHRKI.

DISCUSSION

Recent molecular genetic evidence has revealed
that RLKs are involved in diverse processes of plant
physiology (Braun and Walker, 1996; Clark, 1996;
Lease et al., 1998). Based on the characteristics of the
extracellular domain, plant RLKs have been divided
into groups (Braun and Walker, 1996), but many new
forms have recently been identified, suggesting their
interaction with various ligands (He et al., 1996, 1999;
Herve et al., 1996). CHRK1 encodes a previously un-
reported kind of RLK, which contains a chitinase-
related sequence in its putative extracellular domain.
The CHRK1 KD possesses functional kinase activity.
In tobacco cells, CHRK1 is localized in the mem-
brane. Furthermore, CHRK1-GFP fusion protein is
clearly localized in the plasma membrane when the
protein was expressed in human cells. The unique
structure of CHRK1 and its membrane localization
raises a possibility that this protein may be a cell
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surface receptor for transduction of the chitin oligo-
saccharide signal.

Although the putative extracellular domain of
CHRK1 shows significant amino acid sequence ho-
mology to chitinases, we found that it does not pos-
sess chitinase activity. Watanabe et al. (1993) showed
that two residues, Glu-204 and Asp-200, are critical
for the catalytic activity of the chitinase Al of B.
circulans WL-12, proposing that the two residues are
directly involved in the catalytic events of the en-
zyme. Most notably, the Glu residue was absolutely
required for the activity. CHRK1, which lacks the
essential Glu residue, does not possess any detectable
chitinase activity.

Despite its sequence homology to chitinases, HC
gp-39 does not possess any glycosidic activity against
chitin substrates, and this protein also lacks the es-
sential Glu residue (Hakala et al., 1993). According to
Renkema et al. (1998), human chitotriosidase, which
is highly homologous to HC gp-39 but possesses
chitinase activity, has a similar amino acid sequence
in its catalytic center, the major exception being that
it contains the essential Glu residue. When the Glu
residue of chitotriosidase was mutated to Leu, a loss
of hydrolytic activity resulted. However, the capacity
to tightly bind to chitin, like HC gp-39, was created.
Based on the result, it was hypothesized that the
slightly modified catalytic center of HC gp-39 is re-
sponsible for its lectin properties (Renkema et al.,
1998). Similarly, the change from Glu to Val in
CHRKI1 may enable the protein to bind chitin mole-
cules with higher affinity but not to hydrolyze them.

CHRK1 mRNA accumulation is significantly stim-
ulated by fungal pathogen and TMV infection (Fig. 3,
C and D), suggesting that CHRK1 may be involved in
pathogen signaling. In many cases, the expression of
genes encoding components of a given signaling
pathway is up-regulated by the corresponding stim-
ulus, as exemplified by CTRI1 and Nr in ethylene
signaling (Kieber et al., 1993; Wilkinson et al., 1995),
NIMI in pathogen signaling (Ryals et al., 1997), and
CIP1 in light signaling (Yamamoto et al., 1998). In
plant cells the CHRK1 protein appears to be localized
in the membrane (Fig. 7B). When fungal pathogens
invade plants, the chitinases that are present in the
extracellular space of plant cells may hydrolyze the
fungal cell wall. The resulting chitin oligosaccharides
may bind to the CD of CHRK1, which activates the
KD of the protein. In this respect, it is interesting that
tobacco class V chitinase, to which CHRK1 shows the
highest homology, more readily hydrolyzes chitin
oligomers than chitin polymers (Brunner et al., 1998),
indicating that CHRK1 may have evolved to form a
structure more suitable for binding to chitin oli-
gomers. After chitin binding, the activated CHRK1
may transduce the elicitor signal by phosphorylating
its substrates, and as a result of signal transduction,
various cellular defense reactions may ensue. Despite
this intriguing possibility, the in vivo functions of
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CHRK1 remain to be demonstrated. Molecular ge-
netic approaches, such as antisense RNA techniques
and dominant negative mutants, would be direct
approaches to determine functions of CHRKI. In ad-
dition, identifying interacting signaling components
may also provide insights into cellular functions of
this kinase.

MATERIALS AND METHODS
Plant Material

Tobacco (Nicotiana tabacum cv Xanthi) plants were culti-
vated in a greenhouse under a regime of 16 h of light and
8 h of dark.

RT-PCR and ¢cDNA Library Screening

Using RNA from tobacco anthers, RT-PCR was per-
formed with degenerate oligonucleotides corresponding to
amino acid residues IHRDL (sense primer) and DVWSF
(antisense primer). Amplified DNA fragments of about 210
bp, which putatively encode kinases, were generated. PCR
products were cloned and sequenced. One of the clones,
which contained a sequence homologous to plant RLKSs,
was used as a probe to screen a AZAPII flower bud cDNA
library of tobacco. The probe was **P-labeled by Random
Primed DNA labeling kit (Boehringer Mannheim, Mann-
heim, Germany). After phage lifting, the membranes
(Hybond-N, Amersham, Buckinghamshire, UK) were hy-
bridized overnight at 60°C in 6X SSC, 5X Denhardt’s, 0.5%
(w/v) SDS, and 100 pg mL™' denatured, fragmented
salmon sperm DNA. After hybridization, the membranes
were washed for 15 min at room temperature in 1X SSC
and 1% (w/v) SDS and then for 1 h at 60°C in 0.1X SSC and
0.1% (w/v) SDS. Two independent clones were obtained
from 7.5 X 10° phages screened, and the positive phage
clones were converted to phagemid following the manu-
facturer’s instructions (Stratagene, La Jolla, CA). By se-
quencing, both of the clones were found to encode the same
kinase. The longest cDNA clone was selected for further
study. The nucleotide and amino acid sequence analysis
was carried out using the PCGENE program (Intelligenet-
ics, University of Geneva).

DNA Gel-Blot Analysis

The genomic DNA isolated from tobacco leaves was
digested with EcoRI, EcoRV, and HindlIlI, electrophoresed
on a 0.8% (w/v) agarose gel in the presence of ethidium
bromide (0.1 pg mL "), and blotted onto Hybond-N Nylon
membrane (Amersham). The cDNA fragments correspond-
ing to the KD and the CD of CHRK1 were labeled with
[@-**P]dCTP using Random Primed DNA labeling kit
(Boehringer Mannheim) and used as domain-specific
probes. Prehybridization and hybridization was carried
out in 6X SSC, 5X Denhardt’s solution, and 0.5% (w/v)
SDS at 60°C, overnight. The membranes were washed
twice in 2X SSC and 1% (w/v) SDS at room temperature
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and then washed in 0.1X SSC and 0.1% (w/v) SDS at 60°C
for 30 min.

RNA Gel-Blot Analysis

Total RNA was prepared by using Trizol reagent
(Gibco/BRL, Cleveland) following the manufacturers’ in-
structions. Approximately 50 ug of total RNA was electro-
phoresed on an agarose gel containing 5.1% (v/v) formal-
dehyde and blotted onto Hybond-N Nylon membrane
(Amersham). Prehybridization, hybridization, and wash-
ing conditions were as described in DNA gel-blot analysis.

The expression of CHRKI mRNA under conditions that
induce PR proteins was examined. Young tobacco leaves
were infected with TMV and collected at 1 or 3 d after
inoculation. Young tobacco plants were infected through
roots with Phytophthora parasitica, which causes black shank
disease in tobacco. Total RNA was prepared from leaves
collected at 0, 1, 2, 3, and 8 d after infection. As a control,
leaves were also mock-inoculated. BY2 cells were sepa-
rately treated with 100 ug mL ! chitosan at 2, 6, and 24 h;
1 pm chitin oligosaccharides, N-acetylchitotriose and
N-acetylchitotetraose, at 2 and 24 h; 30 ug mL ™' fungal
elicitors at 2 and 24 h; 0.2 mm BTH at 1 and 2 d; and 0.1 mm
methyl jasmonate at 6 and 24 h. Total RNA was prepared
after the treatments and RNA gel-blot analyses were car-
ried out as described above. As a probe, a *?P-labeled
cDNA fragment corresponding to the KD of CHRK1 was
used. At the same time, membranes were probed with
other PR genes to test the efficiency of the treatments. For
TMV infection, PR1a cDNA was used as a probe; for fungus
infection, chitinase cDNA was used as a probe; for treat-
ments of chitosan, chitin oligosaccharides, fungal elicitors,
PAL cDNA were used as a probe; and for BTH and methyl
jasmonate treatments, PR1a and PR2b cDNAs were used,
respectively.

Expression of Domains of CHRK1 and Preparation of
Polyclonal Antibody

PCR products corresponding to the CD (residues 30-359)
and KD (residues 390-739) of CHRK1 were obtained using
Pwo DNA polymerase (Boehringer Mannheim) and were
subcloned into pET32a vector (Novagen, Madison, WI)
using BamHI/HindIII sites. The two recombinant plasmids
were designated pET32a-CD and pET32a-KD, respectively,
corresponding to the CDs and KDs. After induction the
thioredoxin-KD and thioredoxin-CD fusion proteins were
purified using nickel resin following the manufacturer’s
instructions (Novagen).

For anti-CHRK1 antibody production, the purified
thioredoxin-CD fusion protein was concentrated and dia-
lyzed with Centriprep-10, according to the manufacturer’s
instructions (Amicon, Beverly, MA). Polyclonal rabbit an-
tibody was prepared at Bio-Synthesis (Lewisville, TX). Be-
fore wuse, the antibody was purified using protein
A-agarose beads and a sepharose column linked with Esch-
erichia coli total proteins.
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Autophosphorylation Assay

A point mutation from AAA (Lys) to AAC (Asn) was
introduced into CHRK1 cDNA by recombinant PCR as
described by Higuchi (1990). PCR reaction was carried out
with primers MR (5'-ATTGCAATAAACCGGCTTTCAG-3')
and K2 (TCTCCCAATCTAACTGCAG) as a set, and MF
(5'-GCTGAAAGCCGGTTTATTGCAA-3") and K1 (GGATC-
CGAAGGGATCAG,) as a set, using the CHRK1 KD cDNA
as a template. After denaturation and annealing of the two
PCR products, another PCR reaction was carried out with
K1 and K2 primers. The resulting PCR product was digested
with BamHI/Pstl, and ligated with Pstl/Dral fragment of
CHRK1 cDNA. The ligated DNA fragment containing
BamHI and Dral at the ends was cloned into pET32a vector
using HindlIl site that was made blunt ended by Klenow
treatment and BamHI site.

The recombinant KD and its mutant form, both of which
were fused to thioredoxin, were purified with nickel col-
umn. After dialysis in 50 mm Tris-HCI (pH 8.0), the protein
was digested with enterokinase for 1 h at 37°C and passed
through nickel column to remove the thioredoxin moiety.
Unbound eluate containing the KD of CHRK1 was col-
lected and used for the analysis. One microgram of the KD
was incubated in a 20-uL phosphorylation buffer (25 mm
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid], pH 7.5, 1 mm dithiothreitol, 10 mm MgCl,, and
10 mm MnCl,) containing 10 uCi of [y-**P]JATP (6,000
Ci/mmol) at 37°C for 1 h. The reactions were terminated by
the addition of 5X Laemmli sample buffer and electropho-
resed on a 10% (w/v) SDS-PAGE. The gel was blotted to
nitrocellulose and exposed to x-ray film.

Chitinase Assay

The purified recombinant CD as a fusion protein with
thioredoxin or as a separate moiety was used for chitinase
assays. Chitinase activity using 4-MU-(GIcNAc); (Sigma,
St. Louis) and 4-MU-(GlcNAc), (Sigma) as substrates was
measured as described by Watanabe et al. (1993). One
microgram of the purified recombinant protein in either
form and 0.1 unit of a control chitinase from Serratia marc-
escens (Sigma) were incubated for 1 h at 37°C in a 0.1 m
sodium phosphate buffer, pH 6.0, containing 5 mm 4-MU-
(GlcNAc); or 4-MU-(GIcNAc),. The reaction was termi-
nated by the addition of 1 m Gly-NaOH buffer, pH 10.2.
The amount of MU released from both substrates was
measured spectrophotometrically with excitation at 360 nm
and emission at 450 nm. For chitinase assay using chitin
azure, 1 pg of the purified chitinase domain in either form
and 0.1 unit of the control chitinase was diluted in 400 wL
of 25 mm sodium phosphate, pH 7.0. The reaction was
started by the addition of 200 uL of substrate (5 mg mL !
chitin azure). After 1 h of incubation at 37°C, samples were
cooled and spun for 10 min. The absorbance of 200 uL of
supernatant solution was measured at 550 nm. Regener-
ated chitin was prepared according to Molano et al. (1977).
One microgram of the purified thioredoxin-CD fusion pro-
tein and 5 units of the control chitinase were incubated
with 3 g of regenerated chitin in 0.1 M phosphate buffer, pH
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6.0, for 2 h at 37°C. The amount of released reducing sugar
was measured using dinitrosalicylic acid as described by
Chaplin (1986).

Immunoblotting

Immunoblotting was carried out as described by Bollag
et al. (1996). The polyclonal rabbit antiserum raised against
the CD (residues 30-359) of CHRK1 was used for the
analysis. Nitrocellulose membrane containing 10 ug of the
total proteins from uninduced and induced E. coli cells that
carry pET32a-CD was prepared. The membrane was
blocked with 1% (w/v) bovine serum albumin in Tris-
buffered saline and 0.1% (w/v) Tween 20 (TBST), reacted
with anti-CHRK1 antibody (1:2,000 dilution) in TBST, and
washed with TBST. They were then reacted with alkaline
phosphatase-conjugated goat anti-rabbit IgG secondary an-
tibody (1:1,000 dilution; Sigma), and the signal was detected
by nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
phate solution (Boehringer Mannheim).

For immunodetection of CHRK1 proteins in plant cells,
soluble and microsomal membrane proteins from tobacco
BY2 cells were prepared as previously described (Park et
al., 1997). Protein concentration was measured by Bradford
method (Bradford, 1976) using a protein assay kit (Bio-Rad,
Hercules, CA) and bovine serum albumin as the standard.
Thirty micrograms of soluble and membrane proteins was
separated by SDS-PAGE, blotted to nitrocellulose, and in-
cubated with the CHRK1 antibody (1:2,000 dilution). The
proteins were then reacted with horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody
(1:1,000 dilution; Amersham), and the signal was detected
by ECL+Plus (Amersham).

For immunodetection of CHRK1 proteins expressed in
the animal cells, the CHRKI ¢cDNA modified by PCR to
contain BamHI and Sall sites at the 5" and 3’ ends, respec-
tively, was cloned into BamHI/Sall-digested pCMV-Tagl
vector (Stratagene) containing CMV promoter. The recom-
binant plasmid was designated pCMV-CHRK1. The pCMV-
CHRK1 was transfected into human 293T cells as described
by Spector et al. (1998). As a control, pCMV-Tagl vector
alone was also transfected into human 293T cells. After
72 h, soluble and microsomal membrane proteins were
prepared as described by Spector et al. (1998). Thirty mi-
crograms of the soluble and microsomal proteins from
the transfected cells were separated by SDS-PAGE, blotted
to nitrocellulose, and reacted with the CHRK1 antibody
(1:1,000 dilution) and the secondary antibody as des-
cribed above. The signal was detected using ECL+Plus
(Amersham).

Membrane Localization of the CHRK1-GFP
Fusion Protein

The pCMV-CHRK1 was digested with BamHI and Sall,
and the resulting CHRKI DNA fragment was isolated
and cloned into BamHI/Sall-digested pEGFP-N1 vector
(CLONTECH Laboratories, Palo Alto, CA) to generate a
fusion protein between CHRK1 and GFP. To express the

913



Kim et al.

CHRKI1-GFP fusion protein, the recombinant plasmid was
transfected into HeLa cells as described by Spector et al.
(1998). For expression of GFP as a control, pEGFP-N1 vec-
tor alone was also transfected into HeLa cells. After 72 h,
individual cells were viewed under a fluorescent micro-
scope with a fluorescence filter set 09 (Zeiss).
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