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The AtSERK1 protein is a plasma membrane-located LRR receptor-like serine threonine kinase that is
transiently expressed during plant embryogenesis. Our results show that AtSERK1 interacts with the
kinase-associated protein phosphatase (KAPP) in vitro. The kinase interaction (KI) domain of KAPP does not
interact with a catalytically inactive kinase mutant. Using mutant AtSERK1 proteins in which Thr 462, Thr
463, and Thr 468 in the A-loop of the AtSERK1 kinase domain were replaced by alanines, we show that
phosphorylation status of the receptor is involved in interaction with KAPP. KAPP and AtSERK1 cDNAs were
fused to two different variants of green fluorescent protein (GFP), the yellow fluorescent protein (YFP) or the
cyan fluorescent protein (CFP). Both KAPP and AtSERK1 proteins are found at the plasma membrane. Our
results show that AtSERK1-CFP becomes sequestered into intracellular vesicles when transiently coexpressed
with KAPP-YFP proteins. AtSERK1T463A-CFP and AtSERK13T→ A-CFP proteins were partially sequestered
intracellularly in the absence of KAPP-YFP protein, suggesting an active role for KAPP dephosphorylation of
threonine residues in the AtSERK1 A-loop in receptor internalization. The interaction between the
KAPP-CFP/YFP and AtSERK1-CFP/YFP fusion proteins was investigated with fluorescence spectral imaging
microscopy (FSPIM). Our results show that AtSERK1-CFP and KAPP-YFP proteins are colocalized at the
plasma membrane but only show fluorescence energy transfer (FRET) indicative of physical interaction in
intracellular vesicles. These results suggest that KAPP is an integral part of the AtSERK1 endocytosis
mechanism.
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Dephosphorylation of transmembrane receptor kinases
catalyzed by phosphatases is an essential control ele-
ment in receptor-mediated signaling. Two major groups,
tyrosine kinases and phosphatases, and serine/threonine
kinases and phosphatases are distinguished (Cohen
1989). Phosphatases that dephosphorylate serine and
threonine residues are encoded by the PPP and the PPM
gene families that are defined by distinct amino acid se-
quences and crystal structures. The PPP family includes
the signature phosphatases, PP1, PP2A, and PP2B
whereas the PPM family comprises the Mg2+-dependent

protein phosphatases that include PP2C and pyruvate
dehydrogenase phosphatase (Cohen 1997).
Plant receptor-like kinases (RLKs) are classified into

several groups based on the structural features of the
predicted extracellular domain. To date, leucine-rich re-
peat (LRR)-RLKs comprise the largest class of RLKs (To-
rii 2000), and most of them were shown to be serine/
threonine kinases. Examples are the CLAVATA1 (CLV1)
gene that controls cell proliferation in the shoot me-
ristem (Clark et al. 1997), the ERECTA gene that regu-
lates organ shape (Torii et al. 1996), and the BRI1 gene,
involved in brassinosteroid signaling (Li and Chory
1997). There is also evidence for phosphatases that in-
teract with different RLKs. Many of the RLKs have been
shown to interact with a type 2C protein phosphatase
called the kinase-associated protein phosphatase (KAPP)
(Stone et al. 1994; Torii 2000).
KAPP is comprised of an amino terminal type 1 signal

anchor followed by a kinase interaction (KI) domain and
a C-terminal type 2C-protein phosphatase catalytic do-

Present addresses: 1Department of Neurology, Massachusetts General
Hospital, Harvard Medical School, Charlestown, MA 02129, USA; 2Sec-
tion of Molecular Cytology, Swammerdam Institute for Life Sciences,
1098 SM Amsterdam, The Netherlands.
3Corresponding author.
E-MAIL sacco.devries@mac.mb.wau.nl; FAX 31-317-483-584.
Article and publication are at http://www.genesdev.org/cgi/doi/10.1101/
gad.220402.

GENES & DEVELOPMENT 16:1707–1720 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org 1707

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


main (Stone et al. 1994). Type 2C-protein phosphatases
are characterized by their substrate preference, insensi-
tivity to various protease inhibitors, and an absolute re-
quirement for divalent cations (Shenolikar and Nairn
1991). The physical interaction between KAPP and the
RLKs is thought to be important for their roles in signal
transduction (Li et al. 1999). Both genetic and biochemi-
cal approaches have shown that KAPP interacts in vivo
with RLKs, suggesting that KAPP negatively regulates
RLK signaling (Williams et al. 1997; Stone et al. 1998).
The reduction of KAPP transcript accumulation in an
intermediate clv1 mutant shows the suppression of the
mutant phenotype, the degree of suppression being in-
versely correlated with KAPP mRNA levels. KAPP also
coimmunoprecipitates with CLV1 in plant extracts de-
rived from meristematic tissue (Trotochaud et al. 1999).
KAPP has also been shown to interact in vitro with the
CLV1 kinase domain (Williams et al. 1997), the HAESA
kinase domain (Stone et al. 1994), and the KIKI kinase
domain (Braun et al. 1997). The KI domain of KAPP binds
RLKs in vitro in a phosphorylation-dependent manner
and does not bind kinase-inactive mutants of RLKs.
Somatic embryogenesis is the process whereby so-

matic cells can develop into plants via characteristic
morphological stages. In culturedDaucus carota suspen-
sion cells, the SERK (somatic embryogenesis receptor ki-
nase) gene encoding a leucine-rich repeat (LRR)-RLK was
found to be a marker for single somatic cells capable of
forming embryos (Schmidt et al. 1997). During somatic
and zygotic embryogenesis, SERK expression continues
up to the early globular stage and is absent in later stages
of embryo development. The most closely related Ara-
bidopsis AtSERK1 gene encodes a receptor kinase that is
expressed during ovule development and early embryo-
genesis (Hecht et al. 2001) and has serine/threonine ki-
nase activity (Shah et al. 2001a). The predicted AtSERK1
protein contains an N-terminal leucine zipper (LZ), five
leucine-rich repeats (LRRs) and a proline-rich region in
its predicted extracellular domain. This is followed by a
single transmembrane domain that is attached to an in-
tracellular kinase domain with all 11 conserved subdo-
mains found in serine/threonine kinases (Shah et al.
2001a). We showed previously that Thr 468 in the At-
SERK1 A-loop is essential for transphosphorylating com-
mon substrates like casein and MBP (Shah et al. 2001a).
Different spectral variants of GFP exhibiting yellow or

cyan fluorescence (YFP and CFP, respectively) provide an
opportunity to label proteins with two different fluoro-
phores within the same living cell (Rizzuto et al. 1996).
YFP and CFP retain their characteristic fluorescence
when fused to other protein sequences, allowing fluores-
cence microscopy to visualize the GFP-fusion protein
localization (Carey et al. 1996; Gerdes et al. 1996; Ludin
et al. 1996) and the interaction between two proteins by
fluorescence resonance energy transfer (FRET) (Sorkin et
al. 2000) in intact cells. FRET is a quantum mechanical
process by which the excitation energy is transferred
from a donor fluorophore to an appropriate acceptor fluo-
rophore. FRET is manifested in different ways: a decrease
in donor fluorescence quantum yield, a decreased donor

fluorescence lifetime, and an increased (sensitized) emis-
sion acceptor fluorescence emission (if the acceptor is a
fluorophore) (Jovin and Arndt-Jovin 1989; Gadella et al.
1999). In our previous studies with AtSERK1-YFP/CFP
proteins using FSPIM, we showed that AtSERK1 is ex-
pressed mainly as a monomer at the plasma membrane
(Shah et al. 2001b).
In the present study we investigated whether the

KAPP protein is involved in AtSERK1 signaling. Our re-
sults suggest that KAPP is required for AtSERK1 endo-
cytosis.

Results

Interaction between AtSERK1 and KAPP proteins

The AtSERK1-GST, KAPP-GST, AtSERK1-YFP/CFP,
and KAPP-YFP/CFP constructs used are shown in Figure
1. To determine whether the KAPP KI domain biochemi-
cally and physically interacted with AtSERK1 in vitro,
both the kinase domain of AtSERK1 and the KI domain
of KAPP were expressed as GST fusion proteins in E.
coli. The affinity-purified AtSERK1kin and KAPPKI fu-
sion proteins were then used in phosphorylation assays
(Fig. 2A). Increasing phosphosphorylation of AtSERK1kin

was seen on increasing its concentration (Fig. 2A, lanes
1–3). KAPPKI was phosphorylated in the presence of
AtSERK1kin protein (Fig. 2A, lanes 4–8). Since both pro-
teins are substrates for phosphorylation, the level of
phosphorylation was determined as a function of protein
concentration (Fig. 2A). Above an approximately
equimolar ratio, increasing amounts of KAPPKI led to an
increase in the phosphorylation of KAPPKI and a de-
creased phosphorylation ofAtSERK1kin (Fig. 2A, cf. lanes
6 and 3). The KAPPKI phosphorylation was less affected
when the AtSERK1kin protein concentration was de-
creased in the incubation mix (Fig. 2A, cf. lanes 7 and 8
with lanes 4 and 5). KAPPKI protein was unable to phos-
phorylate alone (Fig. 2A, lane 9). This demonstrates that
KAPP is a substrate for AtSERK1kin and that the two
proteins biochemically interact in vitro.
AtSERK1 A-loop that is formed from subdomains VII

and VIII has three threonine residues that are potential
phosphorylation sites (Shah et al. 2001a). To determine
whether the interaction between AtSERK1kin and KAPPKI

is phosphorylation-dependent, we tested the AtSERK1kin,
the catalytically inactive AtSERK1K330E, and the
AtSERK13T→ E mutant proteins in which three threonine
residues in the AtSERK1 A-loop have been mutated, for
their association with KAPPKI by in vitro binding assays.
TheAtSERK1kin proteins were incubated in the presence
of unlabeled ATP and transferred after electrophoresis
onto a membrane and incubated with [�-32P]ATP-labeled
KAPPKI probe. AtSERK1kin (Fig. 2B, lane 1) interacted
with KAPPKI probe, and no interaction was observed
between the KAPPKI and the AtSERK1K330E and
AtSERK13T→ E mutant (Fig. 2B, lanes 2 and 3). To further
test whether the interaction between AtSERK1kin and
KAPPKI was dependent on the phosphorylation state of
the AtSERK1kin protein, the AtSERK1kin was treated
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Figure 1. Plasmid constructs used. Different domains of AtSERK1 (A) and KAPP (Q) (Stone et al. 1994). AtSERK1-GST fusion (B–H)
and KAPP-GST fusion (R,S) constructs used for expression in E. coli. AtSERK1-CFP/YFP fusion (I–P) and KAPP-CFP/YFP fusion (T–Y)
constructs used for transient expression in plant protoplasts. The AtSERK1-GST transgenes were constructed in the PGEX-4T1 vector
under the control of the inducible tac promoter. AtSERK1kin (B) contains cDNA encoding for the intracellular kinase domain of
AtSERK1 as an N-terminal fusion with the GST. Site-directed mutagenesis in the AtSERKkin construct generated mutant constructs
(C–H): AtSERK1K330E (C), AtSERK13T→ E (D), AtSERK1T459A (E), AtSERK1T462A (F), AtSERK1T463A (G), AtSERK1T468A (H). Each mu-
tation is noted at the top of the construct. The KAPP-GST transgenes were constructed similarly. The KAPPKI (R) encodes only the
kinase interaction domain of KAPP fused to GST. KAPP−SA (S) contains cDNA encoding for the full-length KAPP missing only the
N-terminal signal anchor fused to GST. The AtSERK1-YFP/CFP transgenes were constructed in the PMON999 vector under the
control of the 35S promoter. AtSERK1-YFP/CFP (K,L) contains cDNA encoding for the full-length AtSERK1 as a C-terminal fusion
with the YFP/CFP genes. AtSERK1kin-YFP/CFP encodes only the intracellular kinase domain of AtSERK1 fused to YFP/CFP (I,J). The
AtSERK13T→ A-YFP/CFP and AtSERK1T463A-YFP/CFP constructs contain the full-length AtSERK1 in which Thr 462, Thr 463, Thr 468
in AtSERK13T→ A or Thr 463 in AtSERK1T463A were mutated into alanine residues and fused to YFP/CFP genes (M–P). The KAPP-
YFP/CFP transgenes were constructed similarly. KAPP-YFP/CFP (T,U) contains cDNA encoding for the full-length KAPP as a C-
terminal fusion with the YFP/CFP genes. KAPP−SA-YFP/CFP (V,W), the same as T and U but missing the N-terminal signal anchor.
KAPPKI-YFP/CFP (X,Y) encodes only the kinase interaction domain of KAPP fused to YFP/CFP.
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with alkaline phosphatase (AP) alone or with AP in ad-
dition to the AP inhibitor (API) and incubated in the
presence of unlabeled ATP. KAPPKI showed a reduced
interaction with the dephosphorylated (AP-treated)
AtSERK1kin (Fig. 2B, lane 5) compared to the phosphory-
lated AtSERK1kin (Fig. 2B, lane 1) or both the AP- and
API-treated AtSERK1kin (Fig. 2B, lane 6). The phos-
phoaminoacid analysis performed on the KAPPKI phos-
phorylated by AtSERK1kin protein showed that it was
phosphorylated on serines (Fig. 2C).
These results show that KAPPKI interacts with

AtSERK1kin in a phosphorylation-dependent manner.

Furthermore, the threonine residues in the AtSERK1 A-
loop seem to play an essential role in the transphos-
phorylation of the KAPPKI protein.
In a previous work, we showed that the effect on the

phosphorylation activity was similar when AtSERK1 A-
loop threonines were mutated to either glutamic acid
residues or to alanine residues (Shah et al. 2001a). To
investigate the role of individual threonine residues in
the AtSERK1 A-loop in AtSERK1kin-KAPPKI transphos-
phorylation, all four threonine residues in the AtSERK1
A-loop, that is, Thr 459, Thr 462, Thr 463, and Thr 468
were mutagenized individually to alanine residues.
The transphosphorylation assays with affinity-purified
KAPPKI and AtSERK1kin threonine mutant proteins
showed that there was a reduced transphosphorylation of
KAPPKI when incubated with AtSERK1T459A (Fig. 3A,
lane 2) compared to KAPPKI phosphorylation by
AtSERK1kin (Fig. 3A, lane 1). KAPPKI was not phosphory-
lated when incubated with AtSERK1T462A (Fig. 3A, lane
3) or AtSERK1T463A (Fig. 3A, lane 4) or AtSERK1T468A

Figure 2. In vitro KAPP interactions with AtSERK1kin. (A) Bac-
terially produced, affinity-purified AtSERK1kin and KAPPKI pro-
teins were purified, and aliquots ranging from 0 to 800 ng were
used. Different concentrations of AtSERK1kin (top) and KAPPKI

(bottom) proteins were incubated with [�-32P]ATP as described
in Materials and Methods. After separation on 10% SDS-PAGE,
the gels were autoradiographed using a PhosphorImager. (B) Im-
mobilized KAPPKI protein was phosphorylated with 10 units of
bovine heart muscle kinase (Sigma) in the presence of
[�-32P]ATP. The resulting eluent was used to probe the nitro-
cellulose filter containing AtSERK1kin (lane 1), AtSERK1K330E

(lane 2), AtSERK13T→ E (lane 3), AtSERK1kin treated with alka-
line phosphatase inhibitor (API) (lane 4), AtSERK1kin treated
with alkaline phosphatase (AP) (lane 5), and AtSERK1kin treated
with AP and AP1 (lane 6), and then allowed to phosphorylate in
the presence of ATP and MgCl2. The filters were autoradio-
graphed using a PhosphorImager. (C) Phosphoaminoacid analy-
sis of the HCl hydrolyzed KAPPKI protein phosphorylated by
AtSERKkin. The hydrolyzed protein was spotted onto a TLC
plate and resolved by ascending chromatography in two dimen-
sions. The autoradiograph of the phosphorylated amino acids
and the position of the standard amino acids visualized by
0.25% ninhydrin spray are phosphoserine (pS), phosphothreo-
nine (pT), and phosphotyrosine (pY), respectively.

Figure 3. (A) KAPP interactions with AtSERK1kin mutant pro-
teins. Five hundred nanograms of affinity-purified AtSERK1kin

or AtSERK1kin mutant proteins were incubated with KAPPKI

protein in the presence of [�-32P]ATP in a phosphorylation assay
as described in Materials and Methods. After separation on 10%
SDS-PAGE, the gels were autoradiographed using a Phosphor-
Imager. AtSERK1kin and AtSERK1kin mutants (top) and KAPPKI

(bottom) proteins are shown. AtSERK1kin (lane 1),
AtSERK1T459A (lane 2), AtSERK1T462A (lane 3), AtSERK1T463A

(lane 4), AtSERK1T468A (lane 5), AtSERK13T → E (lane 6), and
AtSERK1K330E (lane 7). (B) Dephosphorylation of AtSERK1 by
KAPP protein. Matrix-bound AtSERK1kin was phosphorylated
by [�-32P]ATP as described in Materials and Methods. The phos-
phorylated AtSERK1kin (lane 1) was incubated with KAPP−SA

protein and the aliquots were taken after 30, 60, 90, 120, and 240
min (lanes 2–6). After separation on 10% SDS-PAGE, the gels
were autoradiographed using a PhosphorImager. (C) Phosphory-
lation of a mix of 500 ng of each AtSERK1kin and KAPP proteins
in the presence of [�-32P]ATP was performed as described in
Materials and Methods. AtSERK1kin was incubated alone (lane
1) or with KAPPKI (lane 2) or with KAPP−SA (lane 3), or with both
KAPPKI and KAPP−SA proteins (lane 4). The autoradiographs are
shown.
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(Fig. 3A, lane 5). The transphosphorylation assays with
AtSERK13T→ E (Fig. 3A, lane 6) and AtSERK1K330E (Fig.
3A, lane 7) show results comparable to those obtained
with AtSERK1T468A.
These results show that Thr 468 in the AtSERK1 A-

loop has a major role in both the autophosphorylation
activity of AtSERK1 and transphosphorylation activity
on the KI domain of KAPP. This confirms previous work
using casein and myelin basic protein (MBP) as artificial
transphosphorylation targets for AtSERK1 (Shah et al.
2001a). In addition, Thr 463 also influences the trans-
phosphorylation of the KI domain of KAPP. This is a
different observation than that obtained with AtSERK1
transphosphorylation on casein and MBP, where only
Thr 462 and Thr 468 have any influence on the trans-
phosphorylation (Shah et al. 2001b). This finding implies
a role of other threonine residues in the AtSERK1 A-loop
in substrate phosphorylation.
To determine the protein phosphatase catalytic activ-

ity of KAPP, the full-length KAPP cDNA missing only
the N-terminal signal anchor was fused to GST and ex-
pressed in E. coli. The affinity-purified KAPP protein
(KAPP−SA) was incubated with matrix-bound [�-32P]ATP
phosphorylated AtSERK1kin, and aliquots were taken
out at different time intervals (Fig. 3B, lanes 2–6). The
phosphorylated ASERK1kin was dephosphorylated by
KAPP−SA with increased incubation time (Fig. 3B, lanes
2–5). Phosphorylated AtSERK1kin protein was almost
completely dephosphorylated by KAPP−SA after 4 h (Fig.
3B, lane 6). We were also interested in knowing whether
the AtSERK1kin protein would phosphorylate in the
presence of KAPP−SA protein. This led us to perform ex-
periments in which we incubated affinity-purified
AtSERK1kin alone (Fig. 3C, lane 1) with KAPPKI (Fig. 3C,
lane 2) or KAPP−SA (Fig. 3C, lane 3) or with both KAPPKI

and KAPP−SA proteins in the presence of [�-32P]ATP. In
the presence of the KAPP−SA protein, there was a reduced
phosphorylation of AtSERK1kin (Fig. 3C, lane 3) or both
AtSERK1kin and KAPPKI (Fig. 3C, lane 4). These results
demonstrate that KAPP protein not only dephosphory-
lates AtSERK1 protein but also actively prevents auto-
phosphorylation of the receptor, suggesting that the
KAPP protein can maintain the dephosphorylated state
of AtSERK1.

Colocalization of AtSERK1 and KAPP proteins
in living plant cells

Because AtSERK1 and KAPP interact in vitro, it was of
interest to determine whether the two proteins are colo-
calized and can interact in plant cells. For this we tran-
siently expressed in plant protoplasts two different vari-
ants of the GFP, the cyan fluorescent protein (CFP), and
the yellow fluorescent protein (YFP) that are fused to the
C-terminal end of AtSERK1 and KAPP protein (Fig. 1,
I–L, P–U).The KAPP type 1 signal anchor (SAI) acts as an
uncleaved signal peptide, resulting in cytoplasmic orien-
tation of the membrane-anchored protein (Stone et al.
1994). To study the localization of the KAPP protein in
plant protoplasts, we performed transient transfections

with KAPPKI-YFP, KAPP−SA-YFP, and KAPP-YFP con-
structs. After transfection and incubation for 12 h, total
protein was isolated, fractionated by denaturing SDS-
PAGE, and immunoblotted using an antiserum against
GFP. The results show that all KAPP-YFP/CFP fusion
proteins of the correct size are expressed in plant proto-
plasts (Fig. 4A). KAPPKI-YFP protein showed localization
in the cytoplasm (Fig. 4B), whereas KAPP-YFP protein
was expressed in the plasma membrane and in the cyto-
sol (Fig. 4C). When the protoplasts were transfected with
KAPP−SA-YFP, a construct in which the KAPP protein
lacks the SAI signal peptide, the KAPP−SA-YFP protein
was observed in the cytoplasm compartments (Fig. 4D).
This shows the importance of the KAPP-SAI peptide in
membrane anchoring of the KAPP protein.
In our previous studies with AtSERK1-YFP fusion pro-

tein in plant protoplasts, we showed that most of the
AtSERK1-YFP protein is found in the plasma membrane
and in a very small amount in endomembranes (Shah et
al. 2001b). In Figure 5A, a protoplast expressing the At-
SERK1-CFP is shown. CFP is represented by the cyan
color and confirms the previously noted location of the
AtSERK1 protein. The same protoplast was cotrans-
fected with an ER marker (ER-YFP) that contains a C-
terminal HDEL-ER retention signal fused to YFP (Fig.
5B). For comparison, the chlorophyll autofluorescence is
shown in red (Fig. 5C). From the combined image (Fig.
5D), it is clear that ER-YFP and AtSERK1-CFP have dif-
ferent localizations in the protoplast. AtSERK1-CFP is
seen mainly in the plasma membrane, whereas the ER at

Figure 4. KAPP-CFP/YFP fusion proteins. (A) Immunoblot of
KAPP fusion proteins in cowpea mesophyll protoplasts. The
protoplasts were harvested after 12 h of transfection with KAPP-
CFP/YFP transgenes, lysed, and separated on 10% reducing
SDS-PAGE. Proteins transferred to nitrocellulose paper were
immunoblotted with anti-GFP antibody. KAPP−SA-YFP (lane 1),
KAPP−SA-CFP (lane 2), KAPPKI-YFP (lane 3), KAPPKI-CFP (lane
4), KAPP -YFP (lane 5), and KAPP-CFP (lane 6). (B–D) Localiza-
tion of KAPP proteins in cowpea mesophyll protoplasts. Chlo-
rophyll autofluorescence is shown in red, and the YFP fluores-
cence is shown in green. Confocal fluorescence images of pro-
toplasts transfected with KAPPKI-YFP (B), KAPP-YFP (C), and
KAPP-SA-YFP (D).
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Figure 5. Colocalization of AtSERK1, AtSERK1T463, AtSERK13T→ A, and KAPP proteins in cowpea mesophyll protoplasts. (A–D)
Confocal images of protoplasts cotransfected with AtSERK1-CFP and ER-YFP. The two fluorophores CFP and YFP were simulta-
neously visualized. AtSERK1-CFP localization is shown in cyan (A). ER-YFP localization is shown in yellow (B). Chlorophyll auto-
fluorescence is shown in red (C). The superimposed images of A and B result in D. (E–H) Confocal images of protoplast cotransfected
with KAPP-YFP andAtSERK1-CFP. The two fluorophores CFP and YFP were simultaneously visualized. Chlorophyll autofluorescence
is shown in red (G). Colocalization is shown in bluish green fluorescence (H) resulting from the overlap of cyan (AtSERK1-CFP) (E) and
green (KAPP-YFP) (F). (I,J) Confocal images of the protoplasts transfected with AtSERK1T463-YFP and visualized as yellow fluorescence
(I), and a superimposed image showing the autofluorescence of the chlorophyll (J). (K,L) Confocal images of protoplasts transfected with
AtSERK13T→ A-YFP visualized as yellow fluorescence (K), and a superimposed image showing the autofluorescence of the chlorophyll
(L). (M–P) Confocal images of protoplasts cotransfected with KAPP-YFP and AtSERK1T463-CFP. KAPP-YFP fluorescence is shown in
yellow (N), and AtSERK1T463-CFP fluorescence is shown in blue (M). Chlorophyll autofluorescence is shown in red (O). The super-
imposed images of M and N result in P. (Q–T) Confocal images of the protoplasts cotransfected with KAPP-YFP and AtSERK13T→ A-
CFP. KAPP-YFP fluorescence is shown in yellow (R), and AtSERK13T→ A-CFP fluorescence is shown in blue (Q). Chlorophyll auto-
fluorescence is shown in red (S). The superimposed images of Q and R result in T. Bars, 10 µm.
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this stage (12 h after transfection) is almost depleted of
the AtSERK1 protein. The ER-YFP localization is visible
as a complex pattern (Fig. 5B) that covers most of the
cytoplasm-containing area and extends right up to the
plasma membrane. It is notably excluded from the chlo-
roplasts and the vacuole. To examine the subcellular lo-
calization of KAPP and AtSERK1 proteins together, we
transiently expressed both AtSERK1-CFP and KAPP-YFP
fusion proteins. When coexpressed, striking differences
were noted in the localization pattern of both proteins.
Substantial amounts of AtSERK1 and KAPP proteins are
now seen internally (Fig. 5E–H). At the periphery of the
protoplast, AtSERK1 is found in the areas that coincide
with the presence of ER membranes. Substantial CFP
fluorescence is also seen in a rather diffuse dotted pat-
tern almost in the center of the cell (Fig. 5E). The KAPP
protein is found mainly in the center of the cell and less
in the peripheral areas (Fig. 5F). The superimposed image
(Fig. 5H) shows that KAPP and AtSERK1 fluorescence
only substantially overlap in the central area and in the
membrane. The comparison of the localization of At-
SERK1 and KAPP proteins (Fig. 5E,F) with the ERmarker
(Fig. 5B) suggests that the diffuse punctate pattern ob-
served in the colocalization experiment might represent
intracellular vesicles such as endosomes, containing in-
ternalized AtSERK1-KAPP proteins.
We next investigated whether AtSERK1 threonine

residues 462, 463, and 468, involved in the interaction
with KAPP (Fig. 2B) and in the transphosphorylation re-
action in vitro (Fig. 3A) were involved in the observed
internalization of theAtSERK1 protein. A construct con-
taining the AtSERK1T463A-CFP fusion was localized in
the plasma membrane, with a rather higher signal seen
in a diffuse area in the cytoplasm compared to the At-
SERK1-CFP protein (Fig. 5I,J). When AtSERK1T463A-CFP
was transiently coexpressed with KAPP-YFP, substantial
amounts of both proteins were found to be sequestered
intracellularly (Fig. 5M,N). The AtSERK13T→ A-CFP pro-
tein alone localizes at the plasma membrane but is also
seen internally (Fig. 5K,L), similar to what was seen for
the AtSERK1T463A-CFP protein. Some AtSERK13T → A-
CFP protein was also seen to be present in the ER, sug-
gesting an additional effect of removing the three thre-
onines on the correct secretion of the receptor via the
Golgi. Cotransfection of AtSERK13T → A-CFP and KAPP-
YFP did not change the pattern seen for the
AtSERK13T→ A-CFP mutant alone (Fig. 5Q–T). However,
the amount of internalized AtSERK13T→ A-CFP protein
was increased compared with the AtSERK1T463A-CFP
alone.
We conclude that KAPP and AtSERK1 colocalize to a

certain extent. Preventing a biochemical or physical in-
teraction by removing the potential KAPP substrate
threonines in the A-loop of AtSERK1 resulted in a
marked intracellular localization of the receptor. Coex-
pressing the mutant fusion proteins along with KAPP
protein enhanced the fraction of internalized receptors.
This suggests that KAPP-mediated dephosphorylation of
the receptor is an essential step in the internalization of
the entire receptor complex.

To verify that the punctate localization pattern of the
two AtSERK1 mutants and of AtSERK1 when coex-
pressed with KAPP protein represents true endosomal
localization, we simultaneously labeled the cells with
FM4-64. FM4-64 is a lipophilic dye that is taken up by
endocytosis when added to yeast (Vida and Emr 1995) or
plant cells (Ueda et al. 2002). Protoplasts transiently ex-
pressing AtSERK1T463A-YFP protein were incubated
with FM4-64 and viewed by confocal microscopy after 15
min. At this timepoint, FM4-64 stained only the plasma
membrane (Fig. 6A–D), where it overlaps with
AtSERK1T463A-YFP localization. When incubated for 3
h, FM4-64 was internalized and localized in small punc-
tate structures, similar to the early endosomal structures
reported by Ueda et al. (2002). As shown in Figure 6E–H,
nearly all structures stained by FM4-64 also contained
AtSERK1T463A-YFP. This suggests that theAtSERK1T463A-
YFP protein is internalized via an endocytotic pathway.

Fluorescence resonance energy transfer studies

To directly study the physical interaction between At-
SERK1 and KAPP proteins in living plant cells, the CFP
and YFP fusion proteins were used as a donor-acceptor
pair in FRET studies. All constructs used in this study
are described in Figure 1. Our experiments were based on
fluorescence spectral imaging microscopy (FSPIM) as a
detection system. Spectral images were taken from small
regions of the protoplasts coexpressing YFP and CFP fu-
sion proteins, and a fluorescence emission spectrum cor-
rected for autofluorescence was then generated. In the
case of FRET, the CFP fluorescence will be quenched and
the YFP fluorescence will be increased (sensitized).
For FRET to be detected reliably using FSPIM, certain

prerequisites must be satisfied. These are that donor and
acceptor fluorophores must be present in a ratio close to
1:1; the absorption of the CFP fluorescence by chloro-
phyll should be minimized, fusion proteins should be
properly targeted, and finally the fluorophores must be
oriented so as to allow close proximity when the target
proteins fused to the CFP/YFP interact. We performed
FRET experiments with the AtSERK1, AtSERK1kin,
KAPP, and KAPPKI fusion proteins fused to either the
donor (CFP) or the acceptor (YFP) molecules. In all ex-
periments where FRET was observed, similar changes in
the fluorescence intensity ratios were observed regard-
less of the donor CFP being fused to AtSERK1 or to the
KAPP (Figs. 7,8). This indicates that the observed in-
creased donor/acceptor ratio is due the energy transfer
between the CFP and the YFP molecules fused to At-
SERK1 or KAPP proteins and not due to an unbalanced
expression ratio. To avoid interference by chlorophyll
absorption, FRET measurements were performed exclu-
sively over the regions lacking chloroplasts. Because the
fluorophore orientation factor cannot be corrected for,
any results showing absence of FRET may not com-
pletely guarantee that no interaction occurred between
those proteins.
Protoplasts were first cotransfected with either

AtSERK1kin-CFP and KAPPKI-YFP or AtSERK1kin-YFP
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and KAPPKI-CFP constructs. The equal expression of the
CFP and YFP fusion proteins in protoplasts was demon-
strated by immunoblotting of the solubilized proteins
using anti-GFP antisera (Fig. 7A). The spectral images
were recorded from the different regions of the proto-
plasts coexpressing AtSERK1kin-CFP and KAPPKI-YFP
fusion proteins. The YFP/CFP fluorescence intensity ra-
tio deduced from these spectra is over 1.5 in every 3 of 5
measurements (Fig. 7B). The YFP/CFP intensity ratio ob-
tained from AtSERK1kin-YFP and KAPPKI-CFP cotrans-
fected protoplasts was similar to the YFP/CFP intensity

ratio shown by AtSERK1kin-CFP and KAPPKI-YFP coex-
pressing protoplasts (Fig. 7C). When the spectra were re-
corded from 30 protoplasts, each coexpressing
AtSERK1kin-CFP and KAPPKI-YFP or AtSERK1kin-YFP
and KAPPKI-CFP, the increased YFP/CFP fluorescence
intensity ratio of more than 1.5 was seen in about 80% of
the measurements (data not shown). These results show
that when the AtSERK1kin and KAPPKI proteins are in
the cytoplasm, they interact physically, supporting the
in vitro experiments performed on bacterially expressed
proteins (see Fig. 2A)

Figure 7. Immunoblot and FSPIM analysis of
fluorescent AtSERK1kin-CFP/YFP and KAPPKI-
CFP/YFP fusion proteins. (A) Immunoblot of
proteins extracted from the protoplasts co-
transfected with AtSERK1kin-CFP and KAPPKI-
YFP (lane 1) and AtSERK1kin-YFP and KAPPKI-
CFP (lane 2). (B) Emission spectra of the
AtSERK1kin-CFP and KAPPKI-YFP proteins
coexpressed in protoplasts. The spectra were
recorded at a position where CFP/YFP colo-
calization was observed in the cytoplasm.
The x-axis gives the wavelengths of the CFP
and YFP fluorophores, and the y-axis shows
their intensities. The emission wavelengths
of both CFP and YFP are shown below the
graph. (C) The same as B, for AtSERK1kin-YFP
and KAPPKI-CFP-expressing protoplasts.

Figure 6. FM4-64 labeling. (A–D) Protoplasts expressing AtSERK1T463-YFP (A) were labeled with FM4-64 and viewed after 15 min (B).
Chlorophyll autofluorescence is shown in red (C), and the superimposed images of A and B result in D. (E–H) Protoplasts expressing
AtSERK1T463-YFP (E) were labeled with FM4-64 and viewed after 3 h (F). Chlorophyll autofluorescence is shown in red (G), and the
superimposed images of E and F result in H. Bars, 10 µm.
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To determine whether physical interaction occurs be-
tween KAPP-CFP/YFP and the AtSERK1-CFP/YFP pro-
teins, we cotransfected protoplasts with either KAPP-
CFP and AtSERK1-YFP or KAPP-YFP and AtSERK1-CFP
constructs. The immunoblot of the coexpressed proteins
using anti-GFP antisera is shown in Figure 8A. The near
identical size of the AtSERK1-CFP/YFP and KAPP-CFP/
YFP fusion proteins prevents a clear distinction between
two proteins on the blot. However, no gross imbalance in
expression ratios is evident. We separated the FRET ex-
periments performed on the proteins that were coex-
pressed at the plasma membrane and the proteins that
were present intracellularly. An example of an area that
was selected for recording is shown in Figure 8B, where
AtSERK1 and KAPP are colocalized in the plasma mem-
brane (shown in Fig. 8B by an arrowhead) and in the area
where vesicular structures are seen (shown in Fig. 7B by
an arrow). These vesicular structures are present in the
cytoplasm and are distinct from the ER (as shown in Fig.
5B) and may represent endosomes as suggested by FM4-
64 staining. In Figure 8C, spectra are shown that were
obtained from protoplasts coexpressing KAPP-YFP and

AtSERK1-CFP at the plasma membrane. The YFP/CFP
fluorescence intensity ratio deduced from these spectra
was close to 1.0 in all of the measurements, suggesting
that no interaction occurs between AtSERK1 and KAPP
at the plasma membrane. The same fluorescence inten-
sity ratios of 1.0 were obtained when protoplasts were
cotransfected with KAPP-CFP and AtSERK1-YFP (Fig.
8D). In about 95% of the protoplasts, the YFP/CFP fluo-
rescence intensity ratio was close to 1.0 when the spec-
tra were recorded at the plasma membrane from 30 pro-
toplasts coexpressing either AtSERK1-CFP and KAPP-
YFP proteins or AtSERK1-YFP and KAPP-CFP proteins
(data not shown). However, when the spectra were re-
corded on the AtSERK1-CFP and KAPP-YFP proteins
(Fig. 8E) and AtSERK1-YFP and KAPP-CFP proteins (Fig.
8F) present intracellularly, there was a clear shift in the
YFP/CFP fluorescence intensity ratio to above 1.3 and
extending to 2.0 in 2 of 5 measurements. About 80% of
the protoplasts showed an increased YFP/CFP fluores-
cence intensity ratio of about 1.4 when the spectra
were recorded from 30 protoplasts coexpressing either
AtSERK1-CFP and KAPP-YFP proteins or AtSERK1-

Figure 8. Immunoblot and FSPIM analy-
sis of fluorescent AtSERK1-CFP/YFP and
KAPP-CFP/YFP fusion proteins. (A) Im-
munoblot of proteins extracted from the
protoplasts cotransfected with AtSERK1-
CFP and KAPP-YFP (lane 1) and AtSERK1-
YFP and KAPP-CFP (lane 2). (B) Emission
spectra of the AtSERK1-CFP and KAPP-
YFP proteins obtained from the plasma
membrane of coexpressed protoplasts. The
spectra were recorded at a position where
CFP/YFP colocalization was observed in
the plasmamembrane. The x-axis presents
the wavelengths of the CFP and YFP fluo-
rophores, and the y-axis gives their inten-
sities. The emission wavelengths of both
CFP and YFP are shown below the graph.
(C) The same as B, for AtSERK1-YFP and
KAPP-CFP, expressing protoplasts. (D)
Emission spectra of the AtSERK1-CFP and
KAPP-YFP proteins obtained from the co-
expressed proteins in the intracellular
vesicles of protoplasts. The spectra were
recorded at a position where CFP/YFP co-
localization was observed intracellularly.
(E) The same as D, for AtSERK1-YFP and
KAPP-CFP-expressing protoplasts.
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YFP and KAPP-CFP proteins intracellularly (data not
shown).
Taken together, these results led us to conclude that

the kinase domain of AtSERK1 and kinase interaction
domain of KAPP protein can physically interact in the
cytoplasm but also do so when they are attached to their
respective complete proteins as present in the internal-
ized vesicles. Notably, no interaction appears to take
place when both KAPP and AtSERK1 are present in the
plasma membrane.

Discussion

Our results show that the kinase domain of AtSERK1
and the kinase interaction domain of KAPP interact in a
phosphorylation-dependent manner. KAPP and At-
SERK1 proteins are colocalized in plant cells at the
plasma membrane and in the intracellular vesicles, but
only interact physically intracellularly. Either physical
or biochemical interaction between KAPP and AtSERK1
in vivo is required for receptor internalization. This find-
ing suggests that the proposed activity of receptor-asso-
ciated phosphatases such as KAPP in receptor inactiva-
tion may be tightly coupled to an internalization mecha-
nism dependent on the A-loop phosphorylation status of
the receptor. Alternatively, the presence of KAPP could
reduce the extent of plasma membrane localization of
the receptor by KAPP-induced blocking of the exocytotic
pathway for AtSERK1. Given the reported mechanisms
of down-regulation of other receptor kinases, we con-
sider the latter explanation to be unlikely.
In animals it has been shown that a common feature of

protein–protein interactions is the binding to consensus
motifs containing phosphorylated residues (Yaffe et al.
1997). Phosphorylation/dephosphorylation events on
plant RLKs are likely to be an important element in de-
termining physical interaction. The KAPP protein was
originally found by screening for proteins interacting
with the catalytic domain of RLK5 (HAESA) (Stone et al.
1994). Subsequently it was postulated to function as a
negative regulator of the CLV1 signal transduction path-
way (Williams et al. 1997). KAPP is expressed through-
out the shoot apical meristem (SAM) and in stage 1–2
flowers but not in stage 3 flowers, thus encompassing
the region of CLV1 expression in the central cells of the
SAM and young floral meristems (Williams et al. 1997).
KAPP has been shown to interact with many, but not all
phosphorylated RLKs (Braun et al. 1997), which implies
that it recognizes a particular sequence on the target ki-
nases. In our previous studies with the AtSERK1 protein,
we showed that AtSERK1 activation requires intermo-
lecular autophosphorylation. This presumably results in
movement of the AtSERK1 A-loop, followed by release
of transphosphorylation activity and protein substrate
binding. In this model, A-loop phosphorylation of Thr
462 and Thr 468 of one AtSERK1 monomer is also es-
sential for releasing catalytic activity of that samemono-
mer. The results show that the phosphorylation status of
Thr 468 is essential for AtSERK1 transphosphorylation
activity on casein and MBP (Shah et al. 2001a). The fail-

ure of the KAPPKI protein to bind to the AtSERK13T→ E

mutant shows that the conformational change of the
AtSERK1 A-loop is also a prerequisite for KAPPKI bind-
ing and subsequent transphosphorylation. In contrast to
the studies on casein and MBP, Thr 459 and Thr 463 also
influence KAPP binding and transphosphorylation,
which suggests that the A-loop is itself actively involved
in the interaction with protein substrates. It is clear
however that Thr 468 is the most important residue that
influences not only auto- and transphosphorylation ac-
tivities but also interaction with KAPP. In vivo, Thr 463
is important for internalization, presumably for its inter-
action with KAPP. However, it is clearly not the only
residue because the AtSERK1T463A mutant still responds
to KAPP protein by acceleration of internalization.
In our studies with the KAPP−SA protein we showed

that when both KAPP−SA and AtSERK1KIN proteins are
incubated together, AtSERK1 phosphorylation is inhib-
ited to a large extent. This implies that in vivo, KAPP
may function by directly dephosphorylating AtSERK1,
thus preventing other downstream components from re-
ceiving the AtSERK1-mediated signal. As the KAPP pro-
tein can be phosphorylated by other RLKs and also by
AtSERK1, it is possible that KAPP may be modulated in
response to an activated AtSERK1 receptor. However,
the role of PP2C-type phosphatases and their interaction
with RLKs in plants is not fully understood. The obser-
vation that binding of RLKs with KAPP is very stable and
is only weakened when dephosphorylation of the RLKs
by the phosphatase is completed (Li et al. 1999) suggests
an intimate interaction in controlling receptor phos-
phorylation status.
In situ hybridization and coimmunoprecipitation

studies of CLV1 and KAPP have shown that they can
interact physically and biochemically. Our studies using
AtSERK1 and KAPP-CFP/YFP fusion proteins have re-
fined these observations and may have more general ap-
plications as well. The coexpressed KAPP-CFP/YFP and
AtSERK1-YFP/CFP proteins were clearly colocalized in
the intracellular vesicles and in the plasma membrane.
However, only the KAPP-CFP/YFP and AtSERK1-YFP/
CFP protein in the intracellular vesicles interacted,
whereas they did not in the plasma membrane.
In animals, receptor kinases have been shown to oligo-

merize, activate, autophosphorylate, and rapidly endocy-
tose (Ullrich and Schlessinger 1990). Receptor internal-
ization has been shown to play an important role in sig-
naling. For example, after activation of epidermal growth
factor receptor (EGFR), the receptor is internalized into
acidified endosomal compartments where most of the
EGFR is degraded and the excess recycled back to the
plasma membrane (Wells 1999). It was recently shown
that the ER-localized protein tyrosin phosphatase-1B
(PTP1B) regulates dephosphorylation-dependent endocy-
tosis of EGFR after ligand binding (Haj et al. 2002). Other
PTPs may function at the plasma membrane to prevent
unscheduled receptor activation. The EGFR kinase do-
main remains active during endocytosis (Lai et al. 1989),
and certain substrates are in fact phosphorylated follow-
ing internalization. To date, receptor endocytosis has not
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been described for plant RLKs, but our studies of At-
SERK1 and KAPP proteins provide evidence of a novel
role of the KAPP protein. Given that the KI domain of
KAPP can only bind to the phosphorylatedAtSERK1 pro-
tein, the observed FRET in the intracellular vesicles
must derive from an interaction with the phosphorylated
receptor. Notably no interaction is seen when KAPP and
AtSERK1 proteins are present at the plasma membrane
of the protoplasts, suggesting that the majority of the
receptor molecules is in the nonphosphorylated state. At
any one time, a minority of AtSERK1 protein is in the
dimer state (Shah et al. 2001b). This may equate to a
small number of active (phosphorylated) receptors. The
phosphorylated AtSERK1 receptor may then get inter-
nalized in intracellular vesicles, reminiscent of endo-
somes in animal cells, a process that is clearly very much
enhanced by the simultaneous presence of KAPP. Most
of the AtSERK1-KAPP complex may then be degraded,
while some of the AtSERK1 molecules, dephosphory-
lated by KAPP, can be recycled to the plasma membrane.
Thus it seems plausible that internalization might play a
role in extending and/or initiating signaling events at a
cellular location other than the plasma membrane in
plant cells as well. Studies of the phosphorylation and
dephosphorylation of the receptors in living cells such as
that carried out for the EGF receptor (Verveer et al. 2000)
are required to reveal possible spatial selectivity in the
signal transduction cascade mediated by AtSERK1.

Materials and methods

GST-fusion proteins and their expression in E. coli

The cDNA sequence encoding the AtSERK1 kinase catalytic
domain, corresponding to nucleotides 1000–2068 (GenBank ac-
cession no. A67827) was amplified by PCR using the 2.1-kb
cDNA cloned in vector pBluescriptII SK− as a template. All of
the primers used for PCR have tailored restriction sites added.
Primer SmaI1000 (5�-TCCCCCGGGTATTTTCTTCGATGTC
CCTG-3�) and primer NotI2068 (5�-ATAAGAATGCGGCCGC
CCTTGGACCAGATA-3�) amplified a PCR fragment of 1.1 kb
that was cloned into a SmaI- and NotI-cleaved pGEX-4T1 (Phar-
macia) resulting in AtSERK1kin construct. Site-directed muta-
genesis of the highly conserved Lys 330 essential for phos-
photransfer in protein kinases to glutamic acid was performed
according to the manufacturer’s instructions (Stratagene), re-
sulting in the AtSERK1K330E construct. Site-directed mutagen-
esis of three threonine residues in the AtSERK1 A-loop, that is,
Thr 462, Thr 463, and Thr 468 to glutamic acid residues resulted
in an AtSERK13T→ E construct. Single amino acid mutations of
Thr 459, Thr 462, Thr 463, and Thr 468 to alanine residues
resulted in AtSERK1T459A, AtSERK1T462A, AtSERK1T463A, and
AtSERK1T468A constructs. The cDNA sequence encoding the
Arabidopsis thaliana KI domain of KAPP and the KAPP cDNA
missing only the N-terminal signal anchor was amplified by
PCR using the KAPP cDNA in pBluescriptII SK− provided
kindly by John C. Walker (University of Missouri–Columbia). A
forward primer (5�-GGAAGATCTGGGATTTGCAGAGAC
CA-3�) and the reverse primer (5�-GGAAGATCTATTAGCC
CCAGGAAGCGGCCA-3�) amplified a PCR fragment corre-
sponding to the KI domain of KAPP that was cloned into the

BamHI and XhoI sites of the pGEX-4T1 vector, resulting in the
KAPPKI construct. To amplify the entire KAPP cDNA missing
only the N-terminal signal anchor, a forward primer (5�-GGAA
GATCTGGGATTTGCAGAGACCA-3�) and the reverse primer
(5�-GGAAGATCTCAGGGAAGTATCGAAATCTAAG-3�) were
used, and the 1.6-kb PCR fragment was cloned into the BamHI
and XhoI sites of the pGEX-4T1 vector, resulting in the
KAPP−SA construct. All plasmids were verified by restriction
endonuclease digestion and DNA sequencing before being
transformed into the E. coli Bl21 strain for protein expression. A
2-mL overnight culture was transferred to 200 mL of LB me-
dium, and the cells were grown at 37°C to an OD600 of 0.6 and
then induced with 0.1 mM isopropyl-D-thiogalactopyranoside
(IPTG) for 3–4 h at 30° C. The cells were collected by centrifu-
gation, resuspended in 6 mL of phosphate-buffered saline (PBS)
lysis buffer containing protease inhibitor cocktail (Mini, Boeh-
ringer Mannheim), sonicated, and cleared by centrifugation at
12,000g. The soluble GST-fusion proteins were purified from
the supernatant by Glutathione Sepharose 4B (Pharmacia) chro-
matography according to the manufacturer’s instructions.

Phosphorylation and dephosphorylation assays

Transphosphorylation assays were performed by incubating 500
ng (100 µg/mL) of either AtSERKkin or AtSERKkin mutant pro-
teins with 500 ng of KAPPKI protein in 20 mM Tris (pH 7.5), 50
mM NaCl, 0.01% Triton X-100, 10 mM MgCl2, 1 mM dithio-
threitol (DTT), 50 µM unlabeled ATP, and 10 µCi of [�-32P]ATP
in a final volume of 30 µL. After incubation for 30 min at 30°C,
the reaction was quenched by adding Laemmli SDS-PAGE
sample buffer, boiled at 95°C for 5 min, and separated by 10%
SDS-PAGE. The gel was stained with Coomassie Brilliant Blue
(CBB) to verify equal loading and then dried. For dephosphory-
lation assays, 5 µg of AtSERK1kin was phosphorylated on Glu-
tathione Sepharose 4B (matrix), and the unbound label was
washed away. The matrix-bound phosphorylated AtSERK1kin

was treated with 5 µg of KAPP−SA and incubated at 30°C. The
aliquots were taken at time intervals of 30, 60, 90, 120, and 240
min, and the reaction was quenched, proteins separated and
stained, and gels were dried as described above. The radioactiv-
ity was quantified with a PhosphorImager using the Imag-
eQuant program (Molecular Dynamics).

In vitro binding assays

Immobilized KAPPKI was phosphorylated with 10 units of bo-
vine heart muscle kinase (Sigma) in 20 mM Tris (pH 7.5), 50
mM NaCl, 10 mM MgCl2 with 10 µCi of [�-

32P]ATP and then
eluted as described above. The resulting eluent was used to
probe the nitrocellulose filter prepared as described below.
AtSERK1kin, AtSERKkin mutants, and AtSERK1kin treated with
25 units of alkaline phosphatase (AP) with and without AP in-
hibitor (Sigma) were incubated in 20 mM Tris (pH 7.5), 50 mM
NaCl, 10 mM MgCl2, and 50 µM unlabeled ATP in a final vol-
ume of 30 µL. After incubation for 2 h at 37°C, the reaction was
quenched by adding Laemmli SDS-PAGE sample buffer, boiled
at 95°C for 5 min, and separated by 10% SDS-PAGE. The pro-
teins were transferred to a nitrocellulose filter, blocked in HBB
buffer (25 mM HEPES at pH 7.5, 5 mM MgCl2, 1 mM KCl, and
5% nonfat dry milk) at 4°C for 4 h, and probed overnight with
[�-32P]ATP-labeled KAPPKI probe in BB buffer (25 mM Hepes at
pH 7.5, 2.5 mM MgCl2, 7.5 mM KCl, 0.1 mM EDTA and 1%
nonfat dry milk). After 3 washes in BB buffer, the radioactivity
of the filter was quantified with a PhosphorImager using the
ImageQuant program.
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Phosphoaminoacid analysis

KAPPKI was phosphorylated by AtSERKkin in the presence of
[�-32P]ATP and separated by SDS-PAGE as described above. The
CBB-stained phosphorylated bands of KAPPKI were excised from
the gel, rehydrated in 50 mM NH4CO3, 0.1% SDS, and 0.25%
�-mercaptoethanol (2-ME), ground with a small pestle, boiled
for 5 min, and extracted by agitation at 37°C for 90 min. The
proteins were precipitated by adding 20 µg of BSA and 20% (w/v)
solid trichloroacetic acid (TCA) and incubated overnight at
−20°C. The precipitate was collected by centrifugation, and the
TCA was removed by lyophilization for 30 min. The sample
was hydrolyzed in 50 µL 6M HCl for 1 h at 120°C. The HCl was
evaporated, and the pellet was resuspended in the ascending
solvent of acetic acid, ethanol, and water mixed with phos-
phoaminoacid standards and applied to a 10 × 10 cellulose TLC
plate (Merck) as described by Boyle et al. (1991) using an ascend-
ing solvent for 1 h. The first-dimension fractionation was fol-
lowed by chromatography in the second-dimension in a phos-
phopeptide buffer containing isobutyl alcohol, glacial acetic
acid, and water at 8:4:2. Phosphoaminoacid standards were vi-
sualized by spraying the plate with 0.25% ninhydrin in acetone
and then heating it at 65°C for 30 min. The radiographic film
was exposed to the TLC plate for 12 h, and the radioactivity was
quantified with ImageQuant program (Molecular Dynamics).

Construction of YFP/CFP tagged vectors

The entire open reading frame (ORF) of theAtSERK1 cDNAwas
amplified by polymerase chain reaction (PCR) from anAtSERK1
full-length cDNA and cloned downstream of the 35S promoter
into the NcoI site of pMON999-CFP and pMON999-YFP using
primers NcoI215f (5�-CATGCCATGGTGGAGTCGAGTTAT
GTGG-3�) and NcoI2068r (5�-CATGCCATGGACCTTGGAC
CAGATAACTC-3�). This resulted in the AtSERK1-CFP and
AtSERK1-YFP constructs. Thr 462, Thr 463, and Thr 468 resi-
dues in the AtSERK1-CFP and AtSERK1-YFP constructs were
mutated into alanines by using a Site Directed Mutagenesis Kit
(Stratagene) as described previously (Shah et al. 2001a), result-
ing in the AtSERK13T→ A-CFP and AtSERK13T→ A-YFP constructs.
The Thr 463 residue in the AtSERK1-CFP and AtSERK1-YFP
constructs was also individually mutated into alanine, resulting
in the AtSERK1T463A-CFP and AtSERK1T463A-YFP fusions.
The AtSERK1 intracellular kinase domain was similarly

cloned into theNcoI site of pMON999-CFP and pMON999-YFP
using primers nAtSERKC (5�-CCATCCGATGGGCCCACTA
GATATTTTCTT-3�) and NcoI2068r. This resulted in the
AtSERK1kin-CFP and AtSERK1kin-YFP constructs.
The entire ORF of KAPP cDNA was amplified by PCR using

primers BglKAP39f (5�-GGAAGATCTATGGCGATGATAGG
GATGAAC-3�) and BglTKAPr (5�-GGAAGATCTCAGGGAAG
TATCGAAATCTAAG-3�) and cloned into the BglII site of
pMON999-CFP and pMON999-YFP. This resulted in the KAPP-
CFP and KAPP-YFP constructs. A 1.6-kb cDNA fragment cor-
responding to the entire KAPP cDNA missing only the N-ter-
minal type 1 signal anchor was amplified by PCR using primers
BglKIKAPnf and BglTKAPr (5�-GGAAGATCTCAGGGAAG
TATCGAAATCTAAG-3�) and was similarly cloned into the
BglII site of pMON999-CFP and pMON999-YFP. This resulted
in the KAPP−SA-CFP and KAPP−SA-YFP constructs. Finally a 0.8-
kb fragment corresponding to the KI domain of KAPP cDNA
was amplified by PCR using primers BglKIKAPnf (5�-GGAA
GATCTATGGGGGATTTGCAGAGACCAC-3�) and BglKIKAPr
(5�-GGAAGATCTATTAGCCCCAGGAAGCGGC-3�) and cloned
into the BglII site of pMON999-CFP and pMON999-YFP vec-
tors. This resulted in the KAPPKI-CFP and KAPPKI-YFP. All con-
structs were verified by sequencing.

ER-YFP construct, provided kindly by Dr. Jan Carette and Dr.
Joan Wellink (Wageningen University, The Netherlands), con-
tains an N-terminal Arabidopsis thaliana basic chitinase signal
sequence and a C-terminal HDEL ER retention signal cloned
downstream of the 35S promoter of pMON999-YFP vector.

Transient expression in protoplasts

Cowpea mesophyll protoplasts were prepared essentially as de-
scribed previously (Rezelman et al. 1989) except that 10 mM
CaCl2 was added to the enzyme solution (0.5 M mannitol, 10
mM CaCl2, 0.1% cellulase, and 0.05% pectinase). Ten to fifteen
micrograms of each purified plasmid DNA was added to 0.5–
1 × 106 protoplasts in 75–150 µL of ice-cold solution C (0.6 M
mannitol, 10 mMCaCl2 at pH 5.3–5.8), mixed by gentle shaking
and followed immediately by the addition of 0.5 mL of solution
H [40% PEG Mw 6000, 0.6 M mannitol, 0.1 M Ca(NO3)2]. The
protoplast suspension was incubated for 5–25 sec with gentle
shaking followed by the addition of 4.5 mL of solution M (0.5 M
mannitol, 15 mM MgCl2, and 0.1% MES at pH 5.3–5.7) and
incubated at room temperature for 20 min. Protoplasts were
then washed 3 times with solution C, resuspended in protoplast
medium containing 0.6 Mmannitol, and incubated for 8–24 h as
described (Rottier et al. 1979).

Double labeling with AtSERK1T463A-YFP and FM4-64

Cowpea mesophyll protoplasts 12 h after transfection with
AtSERK1T463A-YFP were incubated on ice for 10 min with 50
µM FM4-64 (Molecular Probes). After labeling, the cells were
washed twice and resuspended in protoplast medium. The pro-
toplasts were incubated for 15 min to 3 h at 26°C and viewed by
confocal laser microscopy.

SDS-PAGE and Western blotting

Either 1 or 2 d after transfection, the cowpea protoplasts were
lysed in ice-cold HB buffer (50 mM Tris-HCl at pH 7.4, 10 mM
KAc, 1 mM EDTA, 0.05% Triton X-100) supplemented with
single-strength proteinase inhibitor cocktail (Boehringer Mann-
heim). The lysates were passed through a 25 µm needle and
centrifuged at 40,000g for 30 min at 4°C. Ten microliters of 2×
SDS sample buffer (100 mM Tris HCl at pH 6.8, 4% SDS, 0.2 %
bromophenol blue, and 20% glycerol) and dithiothreitol (DTT)
was added to lysates. After boiling for 3 min, the proteins were
separated by SDS-PAGE and transferred to nitrocellulose mem-
brane (IMMOBILON) for 3 h at 50V. The membranes were
washed in TBS-T buffer (10 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 0.2% Tween-20) and blocked with 5% nonfat dried milk
in TBS-T for 3 h at room temperature, washed with TBS-T and
incubated with the anti-rabbit GFP antibody (1:100 final dilu-
tion; Clontech) for 1.5 h at room temperature. After 3 washes in
TBS-T, membranes were incubated with alkaline phosphatase
conjugated anti-rabbit antibody (1:1000 final dilution; New Eng-
land Biolabs). Membranes were washed in TBS-T, and incubated
in Western blue substrate for Alkaline Phosphatase detection
(Promega) until staining was visible.

Colocalization studies using confocal microscopy

The intracellular fluorescence and the membrane fluorescence
were analyzed with a CLSM 510 confocal laser scanning micro-
scope (Carl-Zeiss). Excitation was provided by the 458 and 514
nm Ar laser lines controlled by an acousto-optical tuneable fil-
ter (AOTF). Three dichroic beam splitters were used to separate
excitation from emission and to divide the fluorescence emis-
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sion into the CFP, YFP, and chlorophyll channels. The HFT
458/514 dual dichroic beamsplitter was used as a primary di-
chroic mirror reflecting excitation and transmitting fluores-
cence emission; an NFT 635 dichroic mirror was used as a sec-
ondary splitter, and an NFT 515 was used as tertiary dichroic
splitter. Fluorescence reflected by both the NFT 635 and NFT
515 splitters was filtered through a BP 470–500 nm filter, yield-
ing the CFP signal. Fluorescence reflected by the NFT 635 but
transmitted by the NFT 515 splitter was filtered through a BP
535–590 nm filter, yielding the YFP channel. Fluorescence
transmitted by both the NFT 515 and 635 splitters was addi-
tionally filtered by an LP 650 filter to yield the chlorophyll
image. Cross-talk free CFP and YFP images were acquired by
operating the microscope in the multi-tracking mode, in which
the 514 nm excitation was coupled to activation of the YFP
detection channel, and the 458 nm excitation was coupled to
activation of the CFP and chlorophyll detection channels.
FM4-64 was excited at 548 nm, and the emitted light was

recorded at 565–595 nm. YFP fluorescence was separated from
that of FM4-64 by multi-tracking. A 40× oil immersion objec-
tive (numerical aperture 1.3) was used for scanning. The pinhole
setting was 60 µm, which yielded a theoretical thickness (full
width at half-maximum) of ∼1 µm. Images and data captures
were analyzed with Zeiss LSM510 software (v2.8).

Fluorescence resonance energy transfer between AtSERK1
and KAPP fusion proteins

Fluorescence resonance energy transfer (FRET) between the
fluorescently labeled AtSERK1 receptors and the KAPP protein
was measured by fluorescence spectral imaging microscopy
(FSPIM). For SPIM, excitation was provided by a 100 W Hg Arc
lamp of which the 435 nm line was selected by inserting an
Omega (Brattleboro, VT) 435DF10 bandpass filter in the excita-
tion light path. The excitation light was reflected onto the
sample by an Omega 430DCLP dichroic mirror. A Leica 20×
HR-fluotar air objective (NA = 0.5) was used. Residual excita-
tion light was rejected using a Schott (Mainz, Germany) GG455
longpass filter. In the spectrograph (Chromex 250; Chromex,
Albuquerque, NM), a 150 grooves/mm grating was used with a
central wavelength of 500 nm. For further details of the set-up,
see Goedhart and Gadella (2000). Single protoplasts expressing
specific CFP and YFP fusion proteins were positioned by align-
ing them across the entrance slit of the spectrograph (set at
200-µm width corresponding to a line of 10-µm width in the
object plane). Acquisition time was 1–2 sec. Regions of the im-
age spectrum corresponding to the plasma membrane or cytosol
of labeled cells were distance averaged (typically 5–10 rows of
pixels), and the resulting fluorescence spectra were corrected for
background fluorescence and camera bias by background sub-
traction using an extracellular region just next to the plasma
membrane region from the same spectral image. The resulting
spectra were not corrected for the spectral instrument response,
yielding a slightly underestimated intensity in the blue edge of
the spectra.
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