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Characterization of a novel Brassica napus kinase, BNK1
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Abstract

A novel plant protein kinase, designated Brassica napus kinase 1 (BNK1), was isolated from a l-pistil cDNA library. The
deduced BNK1 protein contains all eleven conserved subdomains of a kinase and encodes a functional serine/threonine protein
kinase. Phylogenetic analysis of several plant protein kinase subfamilies showed that BNK1 is most closely related to the NAK
subfamily of protein kinases. Genomic Southern blot analysis revealed that BNK1 is a single copy gene in the B. napus genome
and does not appear to be a member of a multigene family. Expression studies revealed that the BNK1 transcript was ubiquitously
expressed throughout the plant, with highest levels in stem and pistil tissues. © 2001 Elsevier Science Ireland Ltd. All rights
reserved.
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1. Introduction

Organisms are subjected to a variety of external
stimuli and endogenous signals that must be rec-
ognized and translated into cellular responses.
Protein kinases constitute one of the major classes
of signal transducers involved in mediating a cell’s
response to external stimuli. These important reg-
ulatory enzymes can be comprised of several inte-
gral components in a signaling cascade, from the
initial receptor protein to the final effector protein,
and form the basis for controlling cellular events
in response to environmental, metabolic and/or
developmental signals [1,2]. More specifically in
plants, protein kinases have been implicated in
mediating responses to a variety of signals includ-
ing light, hormones, pathogen invasion, tempera-
ture stress and nutrient deprivation [1]. Given that
they are involved in many aspects of cellular regu-
lation, it is no surprise that an estimated 1–3% of

functional eukaryotic genes are predicted to en-
code protein kinases [1].

Typically, ‘conventional’ members of the eu-
karyotic protein kinase superfamily have been sub-
divided into those that phosphorylate
serine/threonine and those that phosphorylate ty-
rosine residues [2]. The ‘non-conventional’ protein
kinases encompass histidine kinases, which func-
tion in two-component sensory regulatory systems
and do not share any protein sequence homology
to ‘conventional’ protein kinases [3]. The catalytic
domain of ‘conventional’ protein kinases consists
of 250–300 amino acids with alternating regions
of high and low conservation. This domain is
further divided into eleven conserved subdomains,
some of which contain invariant or nearly invari-
ant residues [4].

Phylogenetic analysis derived from an alignment
of protein kinase catalytic domains serves as the
basis for classification of eukaryotic protein ki-
nases into four groups, but has been modified
slightly to include other plant protein kinases [4,5].
First of all, the ‘AGC’ group consists of the cyclic
nucleotide dependent family (PKA and PKG), the
PKC subfamily, the PVPK, and the S6 kinase
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subfamily [6,7]. Secondly, the ‘CaMK’ group in-
cludes the calcium dependent protein kinases
(CDPKs) and the SNF1 kinase subfamilies [8–10].
Thirdly, the ‘CMGC’ group contains the cyclin-
dependent kinase subfamily (CDKs), the MAP
kinases, GSK3/Shaggy, and the casein kinase II
(CKII) subfamilies [11–20]. Lastly, the ‘other’
group consists of the receptor-like protein kinases
(RLKs), Lammer CTR1/Raf-like, and NAK sub-
families of protein kinases [5,11,21–23].

Many protein kinases present in plants have
homologues in other eukaryotic organisms
(CKIIs, MAPKs and CDKs), while some such as
the RLKs, CDPKs and NAKs remain unique to
higher plants. In turn, some kinases such as
protein tyrosine kinases (PTKs) have not been
identified in plants. The existence of homologous
animal and plant protein kinases suggests that
their signal transduction mechanisms share com-
mon themes and may reflect fundamental func-
tions required for all eukaryotic cells [2]. Further
identification and characterization of protein ki-
nases that are unique to plants will provide impor-
tant insight into signaling pathways and
mechanisms that are specific for controlling plant
growth and development. In this study, we report
the cloning and characterization of a novel kinase
from Brassica napus designated B. napus kinase 1
(BNK1). Both sequence and phylogenetic analyses
indicate that BNK1 is most closely related to the
NAK subfamily of plant protein kinases.

2. Materials and methods

2.1. Construction of l-pistil cDNA library

Pistils were collected from floral buds of B.
napus Westar and W1 cultivars 1–2 days before
anthesis. Total RNA was isolated as described by
Jones et al. [24] and enriched for poly(A)+ RNA
using pre-packed oligo (dT)25-cellulose beads (New
England Biolabs). Five micrograms of pistil
poly(A)+ RNA was used for the construction of a
cDNA library using the ZAP-cDNA® synthesis kit
as described by the manufacturer’s procedures
(Stratagene). Infection of Escherichia coli host
strain XLI-Blue yielded a primary library with an
average titer of 1.0×106 plaque forming units.
The primary library was subsequently amplified to
obtain an average total of 6.6×1010 plaque form-

ing units. In vivo mass excision of the pBluescript
phagemids from the library was carried out as
outlined by the manufacturer (Stratagene).

2.2. Generation of putati6e no6el protein kinase
clones

To isolate novel B. napus protein kinases, two
oligonucleotide combinations were used in a poly-
merase chain reaction (PCR) to amplify conserved
regions from the protein kinase catalytic domains:
RK1 (5% GGiGGTTTCGGiATT/c/AGTiTTA/T

T/
CAAA/GGG 3%) and RK2 (5% AAiATiCT/
GiGCCATiCCA/GAAA/G

T /C 3%), or RK1 and RK3
(5% AAiATiCT/GiGCCATiCCA/GAAA/G

T /C 3%). The
RK1 primer was constructed based upon a con-
served amino acid consensus (GGFGIVF/YKG)
within subdomain I of the catalytic domain. The
degeneracy of the RK2 primer reflects a conserved
amino acid consensus (DFGMARIF) of subdo-
main VII which closely resembles the S receptor
kinase in Brassica. The RK3 primer was generated
based upon conserved amino acids (DFGLAKLL)
within subdomain VII prevalent among the RLKs
isolated in Arabidopsis thaliana. Standard PCR
reactions on mass excised pBluescript phagemid
DNA were set up using Tsg polymerase (Bioba-
sics). Amplifications were carried out for 35 cycles
of 1 min at 95°C, 1 min 30 s at 50°C, and 1 min
at 72°C. PCR products of the expected size (�450
bp) were gel purified, cloned into the pT7Blue
plasmid (Novagen) and transformed into E. coli
DH5a cells [25]. Positive clones were sequenced
with an ABI automated sequencer (Core Facility,
York University) using the dideoxychain-terminat-
ing method described by Sanger et al. [26]. Se-
quence analyses were performed using the
DNasis® software (Hitachi), and PCR products
showing less than 85 and 70% sequence identity at
the nucleotide and amino acid levels, respectively,
to protein kinases in the database were further
pursued, one of these being BNK1.

2.3. Screening of l-pistil cDNA library

The original 384 bp BNK1 PCR product was
used to screen the l-pistil cDNA library. Approxi-
mately 2×106 plaques from the amplified library
were screened and plated at a density of 1×105

pfu/plate. Duplicate colony lifts were performed
and prehybridized for 2 h at 42°C in 50% for-
mamide, 5× Denhardt’s solution, 5× SSC, 0.1%
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SDS, 1 mM EDTA and 100 mg/ml salmon sperm
DNA. Filters were subsequently hybridized
overnight in the same solution containing the
BNK1 PCR product labeled with [a-32P]dATP by
random priming [27]. The filters were then washed
twice with 2× SSC, 0.1% SDS at room tempera-
ture for 15 min, followed by two 25 min washes
with 0.5× SSC, 0.1% SDS at 55°C. Plaques con-
taining putative positive clones were cored and
subjected to several rounds of screening until sin-
gle isolates representing the BNK1 clone were
obtained. Single clone excisions to liberate the
pBluescript phagemids was performed on each
isolate according to the procedure recommended
by the manufacturer (Stratagene). Phagemid DNA
digested with EcoRI/XhoI to release the cloned
cDNA was subjected to standard plasmid South-
ern blot analysis and probed with the [a-
32P]dATP-labeled BNK1 PCR product. The
membrane was prehybridized at 42°C in 5×
SSPE, 10× Denhardt’s solution and 0.5% SDS
for 2 h and hybridized overnight at the same
temperature in a buffer containing 50% for-
mamide, 5× SSPE and 0.5% SDS. Washes were
performed twice at room temperature for 15 min
in 2× SSC, 0.1% SDS followed by 30 min washes
at 60°C in 0.1× SSC, 0.1% SDS. Several positive
clones were detected by autoradiography and were
sequenced using both universal and sequence spe-
cific primers to generate the 1400 bp consensus
sequence representing the partial BNK1 cDNA
isolated from the l-pistil cDNA library.

2.4. Rapid amplification of cDNA ends (5 %
RACE)

The 5% end of the BNK1 cDNA was obtained by
the procedure for the rapid amplification of cDNA
ends, originally described by Frohman et al. [28]
using the 5% RACE System, version 2.0 kit (Gibco-
BRL). First strand cDNA was synthesized from
�300 mg of mixed Westar and W1 pistil total
RNA using a gene specific primer GSP1 (5%-AG-
CACAGTAACCAAT-3%) designed to anneal �
390 bp from the 5% end of the partial 1400 bp
BNK1 cDNA. A homopolymeric tail was added to
the 5% end of the cDNA using TdT (terminal
deoxynucleotidyl transferase) and dCTP. This
tailed cDNA was then amplified using a second
gene specific primer GSP2 (5%-AACTCTACC-
GAATCCTCCT-3%) designed to anneal 3% to the

GSP1 primer, and an abridged anchor primer
(Gibco-BRL) which annealed to the homopoly-
meric tail. Amplification was carried using the
following cycling protocol: 1 min initial denatura-
tion at 94°C, followed by 35 cycles of 1 min/94°C,
30 s/63°C, and 2 min/72°C. A PCR product of the
expected size corresponding to the 5% end of BNK1
was gel purified, cloned into the pT7Blue plasmid
(Novagen) and transformed into E. coli DH5a.
Confirmation of the 5% RACE product was ob-
tained by plasmid Southern blot analysis as de-
scribed above. A full length BNK1 cDNA was
generated by digesting both the library and race
clones with EcoRI and BglII. The full-length
BNK1 cDNA sequence was confirmed by sequenc-
ing using gene specific primers. All DNA and
protein sequence analyses were performed using
the DNasis® Software (Hitachi).

2.5. Genomic DNA isolation and Southern blot
analysis

Genomic DNA was extracted from one gram of
young B. napus leaf tissue [29]. Five micrograms of
genomic DNA was digested with several restric-
tion enzymes (BamHI, EcoRI, HindIII, PstI,
XbaI, XhoI), fractionated through a 0.8% agarose
gel and transferred overnight in 10× SSC onto
Zetaprobe membrane (BioRad). This was per-
formed in duplicate to test hybridization condi-
tions under low and high stringency conditions.
After drying, the membranes were prewashed in
0.1× SSC, 0.5% SDS for 25 min at 60°C. The
membranes were then prehybridized and hy-
bridized as described previously for plasmid
Southern blots with the inclusion of 10% dextran
sulfate and 50 mg/ml salmon sperm DNA in the
hybridization buffer. Washing conditions for ge-
nomic Southern blots varied depending on the
stringency tested. One membrane was washed un-
der conditions of low stringency for 15 min at
room temperature in 2× SSC, 0.1% SDS followed
by a second 15 min room temperature wash in 1×
SSC, 0.1% SDS and three final washes at 50°C in
1× SSC, 0.1% SDS. The second membrane was
washed under conditions of high stringency by
lowering the salt concentration to 0.1× SSC,
0.1% SDS and increasing the temperature to 65°C.
Membranes were probed with the [a-32P]dATP-la-
beled BNK1 cDNA generated by random priming
[26] and subjected to autoradiography (XAR-5
film, Kodak) overnight at −80°C.



N.F. Sil6a et al. / Plant Science 160 (2001) 611–620614

2.6. Isolation and Northern blot analysis of
multiple tissue RNA

B. napus Westar plants were soil grown in a
growth chamber at 22°C with a 16 h light period
followed by an 8 h dark period at 16°C. Tissue
was harvested from floral buds 1–2 days before
anthesis, and total RNA extraction from petal,
anther and pistil tissues was performed as de-
scribed previously [24]. Total RNA was isolated
from root, leaf and stem tissues using a protocol
optimized for high carbohydrate content tissues as
described by Cock et al. [30]. Poly(A)+ RNA was
then isolated using the polyA Spin™ mRNA isola-
tion kit (New England Biolabs) as outlined by the
manufacturer’s procedure. Five micrograms of
poly(A)+ RNA was fractionated on a 1.2% form-
aldehyde gel and transferred to Zetaprobe mem-
brane (BioRad) in 10× SSC. Hybridization and
high stringency wash conditions were conducted as
described previously for genomic Southern blot
analysis. The membrane was subsequently probed
with a cyclophilin EST clone (no. mBN086) as an
internal control for even loading.

2.7. Synthesis and purification of BNK1 wild-type
and mutant recombinant proteins

A mutant BNK1 cDNA was generated by mu-
tating the invariant lysine (amino acid 99) of sub-
domain II, involved in phosphotransfer, to an
alanine using the QuickChange™ site-directed mu-
tagenesis kit (Stratagene). Both the wild-type and
the mutant kinases were cloned inframe into the
pGEX4T-1 expression plasmid (Amersham Phar-
macia Biotech). TOP10 E. coli cells carrying
pGEX4T1-BNK1 were grown in a 50-ml culture
with shaking at 37°C until an OD600 of 0.6. Iso-
propyl b-thiogalactoside was added to a final con-
centration of 0.1 mM to induce the production of
the recombinant protein, and the culture was incu-
bated overnight at 20°C. TOP10 cells were then
harvested and the pellet was resuspended in 5 ml
of lysis buffer (50 mM Hepes, pH 7.4, 150 mM
NaCl, 10 mM EDTA, 1 mM dithiotreitol, 200 mM
PMSF). After sonication, the insoluble proteins
were removed by centrifugation at 12 000 g for 10
min and the solubilized protein extract was incu-
bated with a 10% (v/v) glutathione agarose bead
(Sigma) solution for 30 min at 4°C. After extensive
washing to remove unbound proteins, the recom-

binant proteins were eluted from the resin using
100 mM elution buffer (50 mM Hepes, pH 7.4, 15
mM glutathione). Purified fusion proteins were
subjected to SDS-PAGE and western blot analysis
using an anti-GST antibody (MJS Biolynx Inc.)
was then performed to confirm the identity of the
wild-type and mutant recombinant BNK1 proteins
(data not shown).

2.8. Kinase assay and phosphoamino acid analysis

The purified BNK1 wild-type and mutant re-
combinant proteins (1 mg) were mixed with 10×
kinase buffer (200 mM Pipes, pH 7.0, 100 mM
MgCl2, 20 mM MnCl2, 100 mg/ml aprotinin) and
10 mCi of [g-32P]dATP in a 12 ml final volume
reaction and incubated at room temperature for
30 min. The kinase reaction was stopped by the
addition of 6 ml of 3× SDS sample buffer (187.5
mM Tris–HCl, 6% (w/v) SDS, 0.03% (w/v) phenol
red), boiled for 5 min, and electrophoresed
through a 10% SDS-PAGE gel [31]. The SDS-
PAGE gel was subsequently stained with
Coomassie blue, dried down, and exposed for 10
min to X-ray film. The fusion protein on the
Comassie stained gel corresponding to the phos-
phorylated wild-type protein detected on the au-
toradiogram was excised from the gel and
subjected to phosphoamino acid analysis [32] us-
ing a Hunter thin layer peptide mapping elec-
trophoresis system 700 (C.B.S. Scientific Co.,
Inc.).

3. Results

3.1. Isolation and sequence analysis of BNK1
cDNA

We were interested in isolating novel protein
kinases expressed in B. napus pistil tissue. To this
end, a l-pistil cDNA library was used as a tem-
plate for PCR amplification with a combination of
degenerate oligonucleotide primers designed
against the conserved kinase subdomains I and
VII [4]. PCR products of the expected lengths were
cloned, and sequence analysis led to the identifica-
tion of a novel kinase named B. napus kinase 1
(BNK1-accession no. AY007545). The 384 bp
BNK1 PCR product was then used to screen the
l-pistil cDNA library. Several positive clones ob-
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tained from the screen were sequenced to generate
a partial 1400 bp consensus sequence, and 5%
RACE was performed to isolate the remaining 5%
end of the BNK1 cDNA.

The full length BNK1 cDNA is 1486 bp in
length and consists of one open reading frame of
1132 bp. It is predicted to encode a protein of 377
amino acids with an estimated molecular weight of
42.5 kDa. The first methionine is flanked by se-
quences similar to the plant initiation consensus
sequence [33]. Two potential N-linked glycosyla-
tion sites (Asn-X–Ser/Thr) corresponding to
amino acid residues 23 and 27 were also identified
[34]; however, BNK1 is not predicted to be a
secreted protein. The kinase domain of this
protein is flanked by short non-kinase domains
and does not contain any membrane-spanning re-
gion or extracellular domain. Therefore, it is likely
that BNK1 is a cytoplasmic kinase.

All protein kinases characterized to date display
sequence similarity in their catalytic domains,
which are comprised of eleven subdomains con-
taining some invariant residues important for
catalysis [4]. The overall features of this organiza-
tion are present in the catalytic domain (residues
68–344) of the BNK1 protein since all the abso-
lutely conserved amino acids as well as the highly
conserved amino acid groups were identified. Fur-
thermore, amino acid sequence analysis of subdo-
mains VI (DLKCSN) and VIII (GTYGYCAPE)
indicates that BNK1 has a consensus sequence
prevalent among serine/threonine kinases [4]. The
predicted BNK1 amino acid sequence is most
closely related to the NAK subfamily of non-re-
ceptor type protein kinases (Fig. 1). The sequence
identity for the most part is confined to the cata-
lytic domains, and the region between amino acids
58–344 of BNK1 shares between 50 and 54%
amino acid sequence identity to the Arabidopsis
NAK [11], APK1a [22], APK2a [23], and ARSK1
[35] amino acid sequences (Fig. 1). There is also a
predicted gene in the Arabidopsis genome
(CAB86034) which appears to be orthologous to
BNK1 showing 91% amino acid sequence identity
to BNK1 (Fig. 1).

In order to confirm the relatedness between
BNK1 and members of the NAK subfamily of
protein kinases, a phylogenetic tree of several Ara-
bidopsis protein kinases belonging to selected sub-
families was constructed using the amino acid
sequences from the corresponding catalytic do-

mains (Fig. 2). The phylogenetic tree shows that
the BNK1 amino acid sequence clusters with the
NAK subfamily. This clustering may also reflect
related functions and clearly distinguishes this sub-
family from other unrelated groups of protein
kinases.

3.2. Genomic Southern blot analysis

The copy number of the BNK1 gene in the B.
napus genome was estimated by genomic Southern
blot analysis. Genomic DNA was digested with
BamHI, EcoRI, HindIII, PstI, SacI, XbaI and
XhoI, probed with the full length BNK1 cDNA,
and washed under conditions of varying strin-
gency. Fig. 3 shows the hybridization pattern ob-
tained for BNK1 under high stringency conditions
which is identical to that obtained for conditions
of low stringency (data not shown). In the case of
BamHI digested DNA, two fragments hybridized
to the BNK1 probe which is expected given that
an internal BamHI site is present in the BNK1
cDNA sequence. In addition, since no internal
sites within the BNK1 cDNA are present for the
other restriction enzymes, only one fragment is
expected to hybridize to the BNK1 probe. This
evidence suggests that BNK1 appears to exist as a
single copy gene in the B. napus genome and there
are no other closely related genes.

3.3. Expression pattern of BNK1

Northern blot analysis was performed using
poly(A)+ RNA isolated from a variety of B. napus
tissues as shown in Fig. 4. Following hybridization
with the full length BNK1 cDNA, a single tran-
script of �1.5 kb in size was detected and found
to be expressed ubiquitously in all tissues tested.
However, there were differences in the levels of the
BNK1 transcript, with highest levels detected in
stem and pistil tissues and significantly lower levels
detected in root, leaf, petal and anther tissues (Fig.
4, upper panel). The poly(A)+ blot was reprobed
with a cyclophilin cDNA as an internal control for
loading. A 700 bp cyclophilin transcript was de-
tected in all lanes, though the root sample lane
was underloaded (Fig. 4, lower panel). The differ-
ence in the intensity of the cyclophilin signal in the
anther sample is thought to be attributed to the
lower abundance of cyclophilin mRNA present in
anther tissue as reported by Gasser et al. [36].
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3.4. Kinase acti6ity and phosphoamino acid
analysis of the BNK1 protein

In order to ascertain whether the BNK1 protein
encodes a functional kinase and to determine the
specificity of this kinase activity, the full length
BNK1 cDNA was expressed in E. coli and the
kinase activity of the recombinant protein was
examined (Fig. 5A). To ensure that the phospho-
rylation of the fusion protein was not a direct
result of bacterial kinase contamination, a mutant

BNK1 kinase was constructed in which the invari-
ant lysine of subdomain II, involved in phospho-
transfer, was mutated to an alanine. Substitution
mutations involving this amino acid should render
the kinase inactive [4]. In Fig. 5A, an autoradio-
gram of the protein gel shows that only the wild-
type BNK1 fusion protein demonstrates
autophosphorylation activity in the presence of
[g-32P]dATP (lane 1) when compared with the
mutant kinase which did not show any detectable
kinase activity (lane 2). Therefore, this evidence

Fig. 1. Amino acid sequence comparisons of BNK1 to members of the NAK subfamily of protein kinases. The predicted BNK1
amino acid sequence was compared with the predicted amino acid sequences from four Arabidopsis protein kinases, NAK [11],
APK1a [22], APK2a [23], and ARSK1 [35], and as well as a predicted gene from the Arabidopsis genome sequence (CAB86034).
Identical amino acids are represented by hyphens and spaces indicate gaps introduced to maximize alignment. The arrows indicate
the start and end of the catalytic domain.
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Fig. 2. Phylogenetic tree showing the relationship between
BNK1 and Arabidopsis protein kinases from a variety of
subfamilies. The amino acid sequences encoding the catalytic
domains of these protein kinases were aligned using CLUSTAL

W [37] and used to construct a phylogenetic tree. The Gen-
bank accession numbers for these protein kinases are indi-
cated in brackets.

Brassica genome and does not appear to be a
member of a closely related multigene family. The
deduced amino acid sequence of BNK1 shows all
the characteristics of a protein kinase, in that the
catalytic domain of this protein possesses all of the
conserved residues necessary for kinase activity.
BNK1 does encode a functional kinase capable of
autophosphorylation, and phosphoamino acid
analysis performed on the phosphorylated wild-
type protein demonstrated that BNK1 is a serine/
threonine kinase.

Database searches showed that BNK1 is most
similar to the NAK subfamily of protein kinases,
which include APK2a, APK1a, NAK and
ARSK1. Phylogenetic analysis performed using
only the kinase domain region of several Ara-
bidopsis protein kinases confirmed this relation-
ship, since BNK1 was clearly shown to cluster
with this group of protein kinases. All the NAK
family members including BNK1 are predicted to
encode small kinases, and there appears to be a
number of serines in the region N-terminal to the

Fig. 3. Genomic DNA Southern blot analysis of BNK1.
Genomic DNA isolated from young B. napus leaf tissue was
digested with BamHI, EcoRI, HindIII, PstI, SacI, XbaI and
XhoI. Digested DNA was hybridized with the partial 1400 bp
BNK1 cDNA under conditions of high stringency. The sizes
(in kilobases) of the l/Hind III molecular weight markers are
given on the left.

strongly suggests that the BNK1 protein encodes a
functional kinase as its sequence predicts and that
mutation of the invariant lysine to an alanine
successfully abolished kinase activity.

In order to determine the amino acid specificity
of this autophosphorylating activity, the phospho-
rlyated wild-type BNK1 fusion protein was ex-
tracted from the gel and subjected to
phosphoamino acid analysis. As expected, only
phosphorylated serine and threonine residues were
detected (Fig. 5B), therefore indicating that BNK1
encodes a functional serine/threonine kinase.

4. Discussion

In this study, we report the isolation of the
BNK1 cDNA encoding a novel protein kinase in
B. napus. Genomic Southern blot analysis under
low and high stringency conditions revealed that
BNK1 is present as a single copy gene in the
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Fig. 4. RNA blot analysis of BNK1 mRNA in different
tissues of B. napus. Five micrograms of poly(A)+ RNA
prepared from root, stem, leaf, petal, anther and pistil tissues
was electrophoresed, blotted and hybridized with the full
length BNK1 cDNA (solid arrow). A cyclophilin probe was
used as a control for loading (open arrow); however, cy-
clophilin appears to be expressed at lower levels in anther
tissue. The root lane is underloaded, but BNK1 mRNA can
be detected after a longer exposure.

nase. Although the exact function of the NAK
protein kinases remains unknown, it has been
suggested that some of these genes may play a
role in the regulation of plant growth and devel-
opment. While much work has been done on
protein kinases in yeast and animal systems, rel-
atively little is known about the biological func-
tions of many protein kinases in plants.
Continued research is necessary to characterize
novel plant protein kinases which may then
provide important insights into fundamental sig-
naling pathways in plants.

Fig. 5. BNK1 kinase activity. (A) Analysis of kinase activity
of recombinant BNK1 purified from E. coli. The BNK1
kinase was tested for kinase activity in the presence- of
[g-32P]dATP, separated on a 10% SDS-PAGE gel, and sub-
jected to autoradiography. CDwt=wild-type catalytic domain
from BNK1; CDmut(K-A)=kinase inactive form of BNK1.
The sizes of protein markers in kDa are given on the left. (B)
Phosphoamino acid analysis of autophosphorylated BNK1.
[g-32P]dATP labeled BNK1 was hydrolyzed with HCl and
subjected to two-dimensional thin-layer electrophoresis. The
position of phosphotyrosine (pTyr) is indicated by the punc-
tate circle, however only radiolabeled phosphoserine (pSer)
and phosphothreonine (pThr) residues were detected.

catalytic kinase domain (Fig. 1). However, out-
side of the catalytic domain, there is very little
sequence identity between BNK1 and the other
NAK family members, with the exception of a
predicted Arabidopsis gene (CAB86034) which
shows a high degree of sequence identity to
BNK1 and likely represents a BNK1 ortho-
logue(Fig. 1).

The variety of roles protein kinases play in
mediating a multitude of cellular events is
reflected by the strikingly different patterns of
expression exhibited by the members within the
NAK subfamily of protein kinases. APK2a is
differentially expressed with high levels of
mRNA in leaf tissue, moderate levels in roots
and at very low levels in floral bud tissue [23];
ARSK1 exhibits tissue specific root expression
[35]; and BNK1 mRNA levels are highest in the
stem and pistil tissues and detected at lower lev-
els in the root, leaf, petal and anther tissues.
Furthermore, although members of this subfam-
ily share a significant degree of sequence similar-
ity within the kinase domain, the divergence
exhibited in the flanking non-kinase domain re-
gions makes this subfamily of protein kinases in-
teresting. Sequence comparisons and motif
searches of the N- and C-terminal non-kinase
domain regions did not yield any striking simi-
larities, nevertheless these short domains would
be expected to be involved in determining the
specificity of action for a particular protein ki-



N.F. Sil6a et al. / Plant Science 160 (2001) 611–620 619

Acknowledgements

We are very grateful to Dr. M. Cock for provid-
ing the RK1, RK2, and RK3 primers to amplify
the kinase domains, and thanks also to Dr. Y.
Haffani for critical reading of the manuscript. This
work was supported by a grant from the Natural
Sciences and Engineering Research Council
(NSERC) to DRG. NFS and LNC were recipients
of the Ontario Graduate Scholarships in Science &
Technology (OGSST).

References

[1] J.M. Stone, J.C. Walker, Plant protein kinase families
and signal transduction, Plant Physiol. 108 (1995) 451–
457.

[2] J.S. Satterlee, M.R. Sussman, Unusual membrane-asso-
ciated protein kinases in higher plants, J. Membr. Biol.
164 (1998) 205–213.

[3] P.W. Schenk, B.E. Snaar-Jagalska, Signal perception
and transduction: the role of protein kinases, Biochem.
Biophys. Acta 1449 (1999) 1–24.

[4] S.K. Hanks, A.M. Quinn, Protein kinase catalytic do-
main sequence database: identification of conserved fea-
tures of 1° structure and classification of family
members, Methods Enzymol. 200 (1991) 38–62.

[5] D.G. Hardie, Plant protein serine/threonine kinases:
classification and functions, Ann. Rev. Plant Physiol.
Plant Mol. Biol. 50 (1999) 97–131.

[6] M.A. Lawton, R.T. Yamamoto, S.K. Hanks, C.J.
Lamb, Molecular cloning of plant transcripts encoding
protein kinase homologs, Proc. Natl. Acad. Sci. USA 85
(1989) 3140–3144.

[7] S.H. Zhang, M.A. Lawton, T. Hunter, C.J. Lamb,
Atpk1, a novel ribosomal-protein kinase gene from Ara-
bidopsis : isolation, characterization and expression, J.
Biol. Chem. 269 (1994) 17586–17592.

[8] T. Urao, T. Katagiri, T. Mizoguchi, K. Ya-
maguchishinozaki, N. Hayashida, K. Shinozaki, Two
genes that encode Ca2+-dependent protein kinases are
induced by drought and high-salt stresses in Arabidopsis
thaliana, Mol. Gen. Genet. 244 (1994) 331–340.

[9] T. Urao, T. Katagiri, T. Mizoguchi, K. Ya-
maguchishinozaki, N. Hayashida, K. Shinozaki, An
Arabidopsis thaliana cDNA encoding Ca2+-dependent
protein kinase, Plant Physiol. 105 (1994) 1461–1462.

[10] L. LeGuen, M. Thomas, M. Bianchi, N.G. Halford, M.
Kreis, Structure and expression of a gene from Ara-
bidopsis thaliana encoding a protein related to SNF1
protein kinase, Gene 120 (1992) 249–254.

[11] T.V. Moran, J.C. Walker, Molecular cloning of two
novel protein kinase genes from Arabidopsis thaliana,
Biochem. Biophys. Acta 1216 (1993) 9–14.

[12] M. Umeda, R.P. Bhalerao, J. Schell, H. Uchimiya, C.
Koncz, A distinct cyclin-dependent kinase-activating ki-
nase Arabidopsis thaliana, Proc. Natl. Acad. Sci. USA 95
(1998) 5021–5026.

[13] T. Hirayama, Y. Imajuku, T. Anai, M. Matusi, A. Oka,
Identification of 2 cell cycle controlling cdc2 gene ho-
mologs in Arabidopsis thaliana, Gene 105 (1991) 159–
165.

[14] T. Mizoguchi, N. Hayashida, K. Yamaguchishinozaki,
H. Kamada, K. Shinozaki, AtMPKs — a gene family of
plant MAP kinases in Arabidopsis thaliana, FEBS Lett.
336 (1993) 440–444.

[15] P.C. Morris, D. Guerrier, J. Leung, J. Giraudat, Cloning
and characterization of MEK1, an Arabidopsis gene
encoding a homologue of MAP kinase kinase, Plant
Mol. Biol. 35 (1997) 1057–1064.

[16] R. Nishihama, H. Banno, E. Kawahara, K. Irie, Y.
Machida, Possible involvement of differential splicing in
regulation of the activity of Arabidopsis ANP1 that is
related to mitogen-activated protein kinase kinase kinase
(MAPKKKs), Plant J. 12 (1997) 29–48.

[17] M.W. Bianchi, D. Guivarch, M. Thomas, J.R. Wood-
gett, M. Kreiss, Arabidopsis homologs of the shaggy and
GSK-3 protein kinases — molecular cloning functional
expression in Escherichia coli, Mol. Gen. Genet. 242
(1994) 337–345.

[18] M.C. Dornelas, B. Lejeune, M. Dron, M. Kreis, The
Arabidopsis SHAGGY-related protein kinase (ASK)
gene family: structure, organization and evolution, Gene
212 (1998) 249–257.

[19] T. Mizoguchi, K. Yamaguchi-Shinozaki, N. Hayashida,
H. Kamada, K. Shinozaki, Cloning and characterization
of two cDNAs encoding casein kinase II catalytic sub-
units in Arabidopsis thaliana, Plant Mol. Biol. 21 (1993)
279–289.

[20] J. Bender, G.R. Fink, AFC1, a LAMMER kinase from
Arabidopsis thaliana, activates STE12-dependent pro-
cesses in yeast, Proc. Natl. Acad. Sci. USA 91 (1994)
12105–12109.

[21] J.J. Kieber, M. Rothenberg, G. Roman, K.A. Feldman,
J.R. Ecker, CTR1, a negative regulator of the ethylene
response pathway in Arabidopsis, encodes a member of
the raf family of protein kinases, Cell 72 (1993) 427–441.

[22] T. Hirayama, A. Oka, Novel protein kinase of Ara-
bidopsis thaliana (APK1) that phosphorylates tyrosine,
serine and threonine, Plant Mol. Biol. 20 (1992) 653–
662.

[23] T. Ito, N. Takakahi, Y. Shimura, K. Okada, A serine/
threonine protein kinase gene isolated by an in vivo
binding procedure using the Arabidopsis floral homeotic
gene product, AGAMOUS, Plant Cell Physiol. 38 (1997)
248–258.

[24] J.D.G. Jones, P. Dunsmuir, J. Bedbrook, High level
expression of introduced chimeric genes in regenerated
transformed plants, EMBO J. 4 (1985) 2411–2418.

[25] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular
cloning: A Laboratory Manual, 2nd edn., Cold Spring
Harbor Laboratory Press, New York, 1989, pp. 1.38–
1.39.

[26] F. Sanger, S. Nicklen, A.R. Coulson, DNA sequencing
with chain terminating inhibitors, Proc. Natl. Acad. Sci.
USA 74 (1977) 5463–5467.

[27] A.P. Feinberg, B. Vogelstein, A technique for radiolabel-
ing DNA restriction endonuclease fragments to high
specific activity, Anal. Biochem. 132 (1983) 6–13.



N.F. Sil6a et al. / Plant Science 160 (2001) 611–620620

[28] M.A. Frohman, M.K. Dush, G.R. Martin, Rapid pro-
duction of full length DNAs from rare transcripts: am-
plification using a single gene-specific oligonucleotide
primer, Proc. Natl. Acad. Sci. USA 85 (1988) 8998–
9002.

[29] D.R. Goring, S.J. Rothstein, The S-locus receptor kinase
gene in a self-incompatible Brassica napus line encodes a
functional serine/threonine kinase, Plant Cell 4 (1992)
1273–1281.

[30] J.M. Cock, R. Swarup, C. Dumas, Natural antisense
transcripts of the S locus receptor kinase gene and
related sequences in Brassica oleracea, Mol. Gen. Gent.
255 (1997) 514–524.

[31] U.K. Laemmli, Cleavage of structural proteins during
the assembly of the head of bacteriophage T4, Nature
227 (1970) 680–685.

[32] W.J. Boyle, P. Van der Geer, T. Hunter, Phosphopep-
tide mapping and phosphoamino acid analysis by two-
dimensional separation on thin-layer cellulose plates,
Methods Enzymol. 201 (1991) 110–149.

[33] C.P. Joshi, H. Zhou, X. Huang, V. Chiang, Context
sequences of translation initiation codon in plants, Plant
Mol. Biol. 35 (1997) 993–1001.

[34] J.N. Weinstein, R. Blumenthal, J. van Renwoude, C.
Kempf, R.O. Mauser, Charge clusters and the orienta-
tion of membrane proteins, J. Membr. Biol. 66 (1982)
203–212.

[35] I.W. Hwang, H.M. Goodman, An Arabidopsis thaliana
root-specific kinase homolog is induced by dehydration,
ABA, and NaCl, Plant J. 8 (1995) 37–43.

[36] C.S. Gasser, D.A. Gunnin, K.A. Budelier, S.M. Brown,
Structure and expression of cytosolic cyclophilin/pep-
tidyl-proylcis-trans isomerase of higher plants and the
production of active tomato cyclophilin in Escherichia
coli, Proc. Natl. Acad. Sci. USA 87 (1990) 9519–9523.

[37] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTAL W:
improving the sensitivity of progressive multiple se-
quence alignment through sequence weighting, positions-
specific gap penalties and weight matrix choice, Nucleic
Acids Res. 22 (1994) 4673–4680.

.


