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One of the most intriguing discoveries from the
studies of the last several years is the presence of a
large number of genes encoding receptor-like protein
kinases (RLKSs) in plants. In Arabidopsis, there are at
least 340 genes that code for proteins, each consisting
of an N-terminal signal sequence, an extracellular
receptor domain, a single transmembrane domain,
and a C-terminal cytoplasmic Ser/Thr protein kinase
domain (The Arabidopsis Genome Initiative, 2000).
Plant RLKs are classified according to sequence mo-
tifs in the putative extracellular receptor domains
(Hardie, 1999). One of the largest and best studied
classes of RLKs is characterized by the Leu-rich re-
peat (LRR) known to be involved in protein-protein
interaction (Walker, 1994). The second class includes
the family of S-domain RLKs (SRKs) of Brassicaceae
with high similarity to S-locus glycoproteins (SLGs)
involved in the self-incompatibility response (Nasral-
lah et al., 1994). An S-domain contains a characteristic
array of Cys residues and other conserved motifs
(Walker, 1994). The third class, represented in Arabi-
dopsis by LECRK1 and LRK1, contain a lectin-like
extracellular domain that may bind oligosaccharides,
such as the elcitors derived from breakdown of the
cell wall (Herve et al., 1996). The wall-associated
protein kinases represent a fourth class of RLKs that
have extracellular domains containing sequence re-
peats related to mammalian epidermal growth fac-
tors (He et al., 1996). Other Arabidopsis RLKs contain
additional types of extracellular domains. For exam-
ple, PR5K has an extracellular domain related to the
PR5 proteins that accumulate in the extracellular
space in response to infection by microbial pathogens
(Wang et al., 1996). Light repressible receptor protein
kinase is an Arabidopsis RLK that has an extracellu-
lar domain with a novel Leu zipper motif (Deeken
and Kaldenhoff, 1997).

Several groups have reported very recently the
isolation of a group of RLK genes in Arabidopsis that
are induced by pathogen infection and treatment
with reactive oxygen species or salicylic acid (Czernic
et al., 1999; Du and Chen, 2000; Ohtake et al., 2000).
It is intriguing that these RLK genes are within a
tandem array of 20 RLK genes on chromosome IV.
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The extracellular domains of these RLKs showed lit-
tle similarity with those of other classes of isolated
RLKSs and share limited sequence homology among
each other. However, all these RLK proteins contain
two copies of the C-X8-C-X2-C motif in their extra-
cellular domains (Fig. 1). A fourth Cys residue is
usually also found at the C-terminal side of the C-X8-
C-X2-C motif but its position varies slightly among
repeats. The C-X8-C-X2-C repeat is a novel motif
structurally distinct from the Cys-rich region of
S-locus glycoproteins and SRKs. The conserved Cys
residues in these extracellular domains of RLKs may
participate in the formation of the three-dimensional
structure of the protein through disulfide bonds. In
an alternate manner, they may form zinc finger mo-
tifs as found in many DNA-binding transcription
factors. Both disulfide bonds and zinc fingers are
known to mediate protein-protein interactions, a crit-
ical step in the activation of many animal receptor
protein kinases upon ligand binding (Hardie, 1999).

It is interesting that Arabidopsis genome sequence
search revealed that the C-X8-C-X2-C motif is present
in a large number of proteins that can be classified
into two groups. In addition to the 20 RLKs encoded
by the tandem array of genes on chromosome IV,
there are at least 22 other genes coding for RLK
proteins that contain copies of the novel Cys-rich
repeat (CRR) in their extracellular domains (Fig. 1).
Thus, there are at least 42 CRR RLKs (CRKSs), consti-
tuting one of the largest classes of RLKs in Arabidop-
sis (Fig. 1). The PK20-1 from common bean is also an
RLK containing two copies of the C-X8-C-X2-C re-
peats (Lange et al., 1999; Fig. 1), indicating that CRKs
are present in other plants. In addition, there are at
least 60 genes in Arabidopsis encoding non-kinase
proteins that contain copies of the CRR motif (Fig. 2).
Almost all of these proteins have an N-terminal sig-
nal peptide sequence but no hydrophobic transmem-
brane domains at C terminus (Fig. 2A), suggesting
that they are CRR secretory proteins (CRRSPs). A
33-kD rice protein secreted by suspension-cultured
rice cells also contains two copies of the CRR (Fig. 2).
Thus, in Arabidopsis, there are more than 100 genes
that code for proteins containing the novel CRR mo-
tifs, making them one of the largest protein
superfamilies.

Other than the conserved CRR motifs, the overall
sequence homology among these CRR proteins is not
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SP CRR1 CRR2 ™

1 | || || | 1

Receptor domain Kinase domain
B
CRR2 Accession # Chromosome
CRK1: Q AC068602 (64871-67484) I
CRK2: N AC010796(37247-34801) I
CRK3: WETLNRSJ®V. AC010796(40813-38663) I
CRK4 : Q AL162459(62406-59766) 11T
CRK5: O AL022347(8070-5624) v
CRK6: T AL022347(9333-11973) v
CRK7: ¢ TPDLSRQ! AL022347(13667-16237) v
CRK8: Q AL022347(17421-22022) v
CRK9: Q AL022347(23141-23938) v
CRK10: Q ALQ022347(26140-28716) v
CRK11: Q AL022347(31646-29468) Iv
CRK12: 0 ALL022347(35870-33316) v
CRK13: Q AL022347(39354-37100) v
CRK14: TPDLSLET] AL022347 (46362-40836) IV
CRK15: Q AL022347 (48214-46404) v
CRK16: L AL,022347(49889-48437) v
CRK17: Q AL022347(54961-49939) v
CRK18: o} AL,022347(57990-55463) v
CRK19: R AL(022347(59068-61729) v
CRK20: Q AL022347(62675-65406) v
CRK21: Q AL022347 (68730-65845) v
CRK22: Q AL022347(69937-72466) Iv
CRK23: N
THDLTRQM AL022347(73672-76698) Iv

CRK24 : Q AL022347(79561~-77117) v
CRK25: 0 AL161503(20762-18246) v
CRK26: Q AL161594 (36493-39097) v
CRK27: Q AL161554(133256-130821 v
CRK28: H AL161555(198573-17082) v
CRK29: o] AL161555(22889-20327) v
CRK30: Q AL(050399(36755-39380) v
CRK31: Q AL050399(40016-42448) v
CRK32: Q AL050399(43695-46086) v
CRK33: L AL050399(51135-53835) v
CRK34: Q AL050399(57912-58706) v
CRK35: Q AL050399(59394-61885) havs
CRK36: Q AL161500(156412-153731) Iv
CRK37: Q AL161500(160185-162541) v
CRK38: Q AL161500(163896-166050) v
CRK39: Q AL161500(181354-183912) v
CRK40: Q AF074021(50390-53062) v
CRK41: Q AL161491(9143-6183) Iv
CRK42: Q AB006702(43723-46640) v
RK20-1: Q AF078082 P. vulgaris

Figure 1. The CRK protein superfamily. A, Schematic diagram of the structures of common CRK proteins. SP, Signal peptide;
TM, transmembrane domain. B, Multiple alignment of the CRR motifs from 42 Arabidopsis CRKs and the RK20-1 from
common bean (Phaseolus vulgaris). The locations of the Arabidopsis genes are indicated by the starting and stopping
positions of the coding regions on the bacterial artificial chromosome clones according to the annotated genome sequence.

The conserved Cys residues in CRR motifs are highlighted.

particularly high, even among those encoded by the
genes from the same tandem arrays. The exception is
the 13 CRRSPs (CRRSP42-54) encoded by an array of
genes on chromosome IV that have almost identical
protein sequences (Fig. 2B). Thus, there appears to be
a similar number of genes encoding distinct CRKs
and CRRSPs (42 and 47, respectively) in Arabidopsis.
It is also interesting to notice that although there is a
tandem array of genes encoding 20 distinct CRKs
(CRK5 to CRK24) on chromosome 1V, a similar tan-
dem array of genes encode 23 distinct CRRSPs
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(CRRSP16 to CRRSP38) on chromosome III (Fig. 2).
Recent genome sequence analysis also revealed that
the majority of the Arabidospsis genome is repre-
sented in duplicated segments, supporting that the
plant, like maize (Zea mays), had a tetraploid ancestor
(The Arabidopsis Genome Initiative, 2000). The pres-
ence of the approximately equal number of genes
encoding distinct CRKs and CRRSPs may also result
from duplication of the Arabidopsis genome.

Most of the genes coding for CRKs and CRRSPs are
organized in tandem arrays in Arabidopsis. On chro-
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A

SP CRR1 CRR2

1 | | I
B

CRR1 CRR2 Acceggion # Chromosome
CRRSP1: GDISSSTeET®T QETPDLNQYD, AC005882(58213-56890) I
CRRSP2: QORGDLDPTAMSTIS Q@SGDLSTSQ AC011663(52490-51678) I
CRRSP3: QORGDLSNHD®YN® Q@EGDVGDTD AC000104(1352-208) I
CRRSP4: L®RGDISETS®SD# Q@SPDLDPRN; AC008047(15126-14209) I
CRRSP5: L®RGDLNRTS @S Q®SPDLDPRN; AC008047(16937-16131) I
CRRSP6: LMIGNISKTS®SN® QESPDLDPSS AC008047(19500-18736) I
CRRSP7: L®RGDINTTSSSDS QESPDLDPSN, AC008047(21542-20529) I
CRRSP8: LO®RGDLTKTS®SD# QESPDLDPAN, AC008047(23747-22893) I
CRRSPY: LORGDITTASEVIS QESPDLDIFN, AC008047(27047-26076) I
CRRSP10: GDASESK@RS®L QETODLSVKN AC007071(41652-40735) II
CRRSP11l: QERGDLSNND@YN® QOMEGDIGDSD AC007071(40673-39512) IT
CRRSP12: GDLSGGD@ARS QMTGDLSATE AC006069(24420-23641) IT
CRRSP13: GDSYGSK@HS®L LDLTTNG, AP000388(3319-4298) IIT
CRRSP14: GDIYGSHERS[@F OTHDLTPRA, AP000388(6613-5367) I1T
CRRSP15: Q@RDDLRSSD@®SK®T QOMVGDLSPSD AL162295(43293-44036) IIT
CRRSP16: GDSNGSMER S QERLDIYNNS AB028622 (6298-7248) IIT
CRRSP17: GDSYGSK@®RS®F QETDDLSVKA, AB028622{8277-9310) I1T
CRRSP18: QERTIDSRGPK@OSE QESADLSVOG AB028622(11592-12646) IIT
CRRSP19: QERIDSRGPK®)SE QMSADLSVOG AB028622(14194-15243) ITT
CRRSP20: GDSYWSRGR S AB028622(16394-17384) IIT
CRRSP21: GDSYFSK@RS|®L KDLTPNN, AB028622(17836-19402) IIT
CRRSP22: QEOATLTCPSEALIAS KDLSTIKD, AB028622(20711-22076) IIT
CRRSP23: GDSSTST®RSEL QDLSIKN, AB028622(23168-24185) III
CRRSP24: GDTLQAK®R S|, QODLSLKN AB028622(28061-29053) ITT
CRRSP25: Q@RADASESKERSEL KDLSAKN, AB028622(31142-32028) IIT
CRRSP26: GDSFGSK@HSEL, QDLWQTG, AB(028622 (33364-34761) IIT
CRRSP27: GDSYGSK@KS®T KDLVTTT, AB028622(36048-37066) IIT
CRRSP28: QORGDSYWSNGRTS KDLVFTT, AB(028622(38028-39204) ITT
CRRSP29: GDSYWSKGPP@® T KDLIFTK, AB028622(40318-41324) IIT
CRRSP30: QOSGDSYNSKGRSH RDLVKPK, AB028622 (42749-44029) III
CRRSP31: GDSYQSK@R S QW TRDVFMFK, AB028622(45216-46667) IIT
CRRSP32: QEFLKVSTINSPPENK OMTLDIF—-H, AB028622(47482-48351) IIT
CRRSP33: QERGDSYRSKENSH KDIL—-S AB028622 (50338-51643) ITT
CRRSP34: QORGDSYKSNORTS KDLA--D, AB028622(52712-53580) IIT
CRRSP35: QMRGDSFGSNEGRSS Q@ASDIL——Q AB028622 (55036-56048) IIT
CRRSP36: GDSYGSK@GRS® AB028622(58364-59024) IIT
CRRSP37: QORGDSYDSKEL.Se AB028622(60251-61166) 11T
CRRSP38: GDASSSD@®RSEI, QTRDLKSIT AB028622 (61970-63042) IIT
CRRSP39: QEREDYPSEI®HK® AC016829(1275-1) ITIT
CRRSP40: GDSYNSK@R S| QEMRDLVKPK, AL080254 (3689-4969)
CRRSP41: GDSYWSKSPP&T QOTKDLIFTK AL080254(1243-2283)

CRRSP55: QERGDISNTDSMSTI®T
CRRSP56: QERGDLONAQEGYDS
CRRSP57: L®IGDVNRTTGNAM
CRRSP58: LTGDVNRTTGNAM
CRRSP59: LTGDVNITTENNG
CRRSP6H0O: QORGDLSMPDOAT
33kDaSP:

QETRDLSELD
QOEGST.GNSD
Q@SPHLDPKN,
QSTPDLDPRN,
Q@S PHLNPEN,
QMVGDLTVSE
QMTRDLAPPA

v
v
AB020745(65306-64515) v
ABQO06703 (26552-25770) v
AB(019225(15621-16818) A\
AB019225(18415-19589) v
AB019225(21093-22191) v
AB018107(40545-41357) v
AF090872 0. sativa

Figure 2. The CRRSP superfamily. A, Schematic diagram of the structures of common CRRSPs. SP, Signal peptide. B,
Multiple alignment of the CRR motifs from 47 Arabidopsis CRRSPs and the rice (Oryza sativa) 33-kD secretory protein. The
amino acid sequences of CRRSP42 to CRRSP54, encoded by a tandem array of genes on chromosome IV (accession no.
AL080253) are almost identical to that of CRRSP41 and are not shown here. The locations of the Arabidopsis genes are
indicated by the starting and stopping positions of the coding regions on the BAC clones according to the annotated genome
sequence. The conserved Cys residues in CRR motifs are highlighted.

mosome IV, there are two large tandem arrays, one
coding for 20 CRKs (CRK5 to CRK24) and the other
encoding 13 CRRSPs (CRRSP42 to CRRSP54; Figs. 1
and 2). Chromosome III contains another gene array
coding for 23 CRRSPs (CRRSP16 to CRRSP38; Fig. 2).
Genome sequence analysis revealed DNA elements
associated with retrotransposons flanking or within
these gene arrays. For example, a gene coding for a
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protein similar to the copia-like retrotransposon
Hopscotch polyprotein from maize is present within
the gene array for CRK5 to CRK24 on chromosome
IV. Sequences similar to non-long terminal repeat
(LTR) retrotransposons are also identified in the re-
gions within the gene array coding for CRK30 to
CRK35 on chromosome IV. Sequences coding for
proteins similar to non-LTR retrotransposon reverse
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transcriptases are present in the regions flanking the
two large tandem arrays coding for CRRSPs on chro-
mosmes III and IV. In addition, a large number of
DNA repeats, including those similar to LTRs, are
present within the tandem arrays. These observations
suggest that the large tandem arrays of genes coding
for CRR proteins have probably evolved from
retrotransposon-mediated gene duplication.

A challenge in the future studies will be to deter-
mine the biological functions of the hundreds of
RLKSs in plants. In Arabidopsis, the functions of only
a few LRR RLKs are known; two are involved in
regulation of cell division and differentiation in mer-
istems (Torii et al., 1996; Clark et al., 1997), and one
appears to be a brasssinosteriod receptor (Li and
Chory, 1997; He et al., 2000). A gene encoding an LRR
RLK protein in rice mediates resistance response to a
bacterial pathogen (Song et al., 1995). There is no
genetic analysis that links a mutant phenotype with
mutations of genes encoding CRR proteins. Studies
with several CRKs from Arabidopsis indicated that
they were induced by pathogen infection, reactive
oxygen species, and salicylic acid (Czernic et al.,
1999; Du and Chen, 2000; Ohtake et al., 2000). The
PvPK20-1in the roots of common bean is also differ-
entially regulated in response to pathogens, symbi-
onts, and nodulation factors (Lange et al., 1999).
These observations suggest that at least some of the
CRR protein superfamily is involved in plant percep-
tion and response to biotic and/or abiotic stress sig-
nals. In the self-incompatibility in Brassicaceae, the
SLG and SRK are encoded by two of the genes at the
same S locus (Stein et al., 1996; Dixit et al., 2000). Both
proteins are coordinately expressed in the stigma and
they may act in combination to form a receptor for
some component of the pollen grain specified by the
S locus (Stein et al., 1996; Dixit et al., 2000). The
similar numbers of distinct CRKs and CRRSPs in
Arabidopsis raise the possibility that these two
groups of proteins may also act in combination in a
manner similar to SRKs and SLGs.
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