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Arabidopsis contains 34 genes that are predicted to encode calcium-dependent protein kinases (CDPKs). CDPK enzymatic
activity previously has been detected in many locations in plant cells, including the cytosol, the cytoskeleton, and the
membrane fraction. However, little is known about the subcellular locations of individual CDPKs or the mechanisms
involved in targeting them to those locations. We investigated the subcellular location of one Arabidopsis CDPK, AtCPK2,
in detail. Membrane-associated AtCPK2 did not partition with the plasma membrane in a two-phase system. Sucrose
gradient fractionation of microsomes demonstrated that AtCPK2 was associated with the endoplasmic reticulum (ER).
AtCPK2 does not contain transmembrane domains or known ER-targeting signals, but does have predicted amino-terminal
acylation sites. AtCPK2 was myristoylated in a cell-free extract and myristoylation was prevented by converting the glycine
at the proposed site of myristate attachment to alanine (G2A). In plants, the G2A mutation decreased AtCPK2 membrane
association by approximately 50%. A recombinant protein, consisting of the first 10 amino acids of AtCPK2 fused to the
amino-terminus of �-glucuronidase, was also targeted to the ER, indicating that the amino terminus of AtCPK2 can specify
ER localization of a soluble protein. These results indicate that AtCPK2 is localized to the ER, that myristoylation is likely
to be involved in the membrane association of AtCPK2, and that the amino terminal region of AtCPK2 is sufficient for correct
membrane targeting.

The predominant calcium-stimulated protein ki-
nase activity in plant extracts is attributed to calcium-
dependent protein kinases (CDPK), a group of en-
zymes identified only in plants and some protists.
Calcium-stimulated kinase activity has been detected
in both the soluble and microsomal fractions of plant
cells. In many cases, CDPK-like activity was associ-
ated with the plasma membrane; for example, in oat
(Avena sativa; Schaller et al., 1992), red beet (Beta
vulgaris; Baizabal-Aguirre and de la Vara, 1997), zuc-
chini (Cucurbita pepo; Verhey et al., 1993), and tobacco
(Nicotiana tabacum; Iwata et al., 1998). In other stud-
ies, calcium-stimulated kinase activity was reported
to be associated with plant microsomes, although the
specific membrane was not determined (Battey, 1990;
Klimczak and Hind, 1990; Abo-El-Saad and Wu,
1995; MacIntosh et al., 1996; Martin and Busconi,
2000). Thus, it is possible that CDPKs are associated
with other cellular membranes in addition to the
plasma membrane.

Whereas the roles of individual CDPKs have not
yet been elucidated, it has been hypothesized that
each CDPK isoform is functionally specialized. Sev-

eral lines of evidence support this hypothesis. First,
three soybean (Glycine max) CDPKs have different
susceptibilities to protein kinase inhibitors (Lee et al.,
1998). Second, these soybean CDPKs differ in their
calcium-binding properties (Lee et al., 1998). Third,
Arabidopsis CDPKs have overlapping but distinct
expression patterns (E. Hrabak, unpublished data).
In addition, it is possible that CDPKs could be tar-
geted to different subcellular locations, thereby en-
abling them to interact with different substrates.

All CDPK proteins contain three domains with
well-characterized functions: the Ser/Thr kinase cat-
alytic, autoregulatory, and calcium-binding domains
(Harmon et al., 2000). The fourth amino-terminal
variable domain is the most divergent region of these
proteins, ranging in length from 20 to 200 amino
acids and usually exhibiting little sequence similarity
between different CDPK isoforms. The function of
the variable domain is largely unknown but the ma-
jority of CDPK proteins contain a potential myris-
toylation site at the beginning of the variable domain
(Harmon et al., 2000; Hrabak, 2000).

Myristate, a C14:0 fatty acid, can be covalently
attached to the amino-terminal Gly residue of a pro-
tein when the Gly is found in the context of a short
myristoylation consensus sequence (Towler et al.,
1988). Many myristoylated proteins are membrane
associated but they also can be soluble or alternate
between membrane and cytosol (Johnson et al., 1994;
Bhatnagar and Gordon, 1997). In addition to a role in
mediating protein-lipid interactions, myristoylation
can be important for protein-protein interactions or
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protein stability (Yonemoto et al., 1993; Kennedy et
al., 1996; Herberg et al., 1997; Taniguchi, 1999).

Myristoylation, catalyzed by N-myristoyltransferase
(NMT), has been intensively studied in fungal and
animal cell systems (for review, see Johnson et al.,
1994; Bhatnagar and Gordon, 1997). In contrast, until
recently there were few examples of protein myris-
toylation in plants (Thompson and Okuyama, 2000).
An Arabidopsis NMT gene has been cloned and
shown to myristoylate amino-terminal peptides de-
rived from a CDPK and from the Fen kinase (Qi et al.,
2000). Ellard-Ivey et al. (1999) demonstrated in vitro
myristoylation of a CDPK from zucchini and con-
firmed the requirement for an amino-terminal Gly
residue. Rice (Oryza sativa) CDPK OsCPK2 was
shown to be myristoylated in a heterologous maize
(Zea mays) protoplast system and this acyl modifica-
tion was critical for membrane binding (Martin and
Busconi, 2000). The importance of myristoylation for
correct protein function in plants was suggested by
mutation of the putative myristoylation site in the
tomato (Lycopersicon esculentum) Fen gene, which
abolished its ability to confer sensitivity to the insec-
ticide fenthion (Rommens et al., 1995). In addition,
the myristoylation site of the Arabidopsis SOS3 pro-
tein was required for its role in salt tolerance (Ishitani
et al., 2000).

Many proteins involved in signal transduction in
eukaryotes are myristoylated, including the alpha
subunits of heterotrimeric G proteins, members of
the Src family of Tyr protein kinases, and the protein
phosphatase calcineurin (Casey, 1995; Resh, 1996;
Taniguchi, 1999; Thompson and Okuyama, 2000).
Acyl groups, and the properties conferred by these
hydrophobic modifications, are critical for the proper
functioning of these proteins in signaling pathways.
In plants, many signaling pathways are known to
involve CDPKs, including the response to drought
stress, the regulation of carbon and nitrogen metab-
olism, and the control of seed germination (for re-
view, see Harmon et al., 2000; Hrabak, 2000). Because
many CDPKs have predicted acylation sites, the sub-
cellular localization of these enzymes and the role of
myristoylation in membrane binding and protein
function is of interest. We have focused on Arabidop-
sis CDPK isoform 2 (AtCPK2) which does not contain
any significant transmembrane domains, signal se-
quences, or targeting signals when analyzed by the
PSORT program for predicting protein localization
(Nakai and Kanehisa, 1992). However, AtCPK2 does
have a predicted amino-terminal myristoylation con-
sensus sequence (Towler et al., 1988).

In this paper, we demonstrate that the AtCPK2
protein in plant cells is associated with the ER mem-
brane. To our knowledge, this is the first example of
a CDPK localized to the endoplasmic reticulum (ER).
AtCPK2 can be myristoylated in vitro and mutation
of the myristoylation site prevents addition of the
fatty acid. Mutation of the myristoylation site also

decreases membrane association of AtCPK2 in
plants. The first 10 amino acids of AtCPK2 are shown
to be sufficient to direct a soluble protein to the ER
membrane, indicating that this region can be used for
protein targeting.

RESULTS

AtCPK2 Genomic Clones

A clone containing the AtCPK2 genomic region was
isolated from a genomic library by low-stringency
hybridization and a 5.8-kb region of this clone was
sequenced (see GenBank accession no. AF286222 for
the complete sequence). The predicted open reading
frame contained all of the characteristic features of a
CDPK (Hrabak, 2000), including a calmodulin-like
domain with four predicted calcium-binding EF
hands. AtCPK2 also contains the largest amino-
terminal variable domain (187 amino acids) of any
CDPK characterized to date (Hrabak, 2000). The
genomic sequence, rather than the cDNA, was cho-
sen for these experiments because we have evidence
that regions downstream of the promoter are impor-
tant for full expression of AtCPK2 (E. Hrabak, unpub-
lished data).

For some experiments where it was important to
accurately quantitate levels of AtCPK2 protein or
distinguish between the endogenous AtCPK2 and a
modified transgenic protein, constructs were made in
which the AtCPK2 gene was tagged with the
�-glucuronidase (GUS) reporter gene. pCPK2-GUS
contains an AtCPK2 genomic DNA fragment of 4.9 kb
into which the GUS coding sequence was inserted
in-frame at an introduced BamHI site (Fig. 1A). This
plasmid contains 1.6 kb of DNA upstream of the
translation start codon and 0.6 kb downstream of the
translation stop codon. Although the precise tran-
scription start site for the AtCPK2 gene is not known,
this construct is predicted to contain the entire
AtCPK2 promoter and 5�-untranslated region be-
cause there is less than 1.1 kb of intergenic DNA
between the AtCPK2 translational start codon and the
stop codon of the preceding gene, based on the com-
pleted Arabidopsis genome sequence. pCPK2-GUS
should also contain sufficient DNA downstream of

Figure 1. AtCPK2 constructs used for plant transformation. Lines
represent introns or non-coding regions. White boxes are AtCPK2
coding regions. Striped boxes are the coding region for GUS. Most
vector sequences are not shown. S, SalI; Sm, SmaI; Sc, SacI.
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the stop codon to encompass the typical plant poly-
adenylation signals (Li and Hunt, 1997) because the
3� region of this clone is 385 bp larger than the 3�
region of the largest cDNA clone identified. In the
resulting 138-kD CPK2-GUS fusion protein, the GUS
protein is fused to the AtCPK2 protein at a position
ten amino acids from the carboxy terminus of
AtCPK2.

Membrane Association of AtCPK2 in Plants

To eliminate the possibility of detecting multiple
CDPK isoforms simultaneously and to accurately
quantitate levels of a single isoform, transgenic
plants expressing the CPK2-GUS fusion protein were
used in initial experiments to assess membrane local-
ization. Two-week-old transgenic plants were ho-
mogenized, debris was removed by low-speed cen-
trifugation, and the membranes were pelleted by
ultracentrifugation. GUS enzyme activity was as-
sayed in both the soluble and membrane fractions
using a sensitive fluorimetric assay. Controls for
these experiments included wild-type plants and
transgenic plants expressing the GUS protein alone.
No GUS activity was detected in extracts from wild-
type plants. In plants expressing the GUS protein
alone, 2% of the GUS activity was found in the mem-
brane fraction (data not shown), which probably rep-
resents protein trapped in vesicles during homoge-
nization or nonspecifically bound to membranes. In
extracts from CPK2-GUS transgenic plants, 40% of
the GUS activity was detected in the membrane frac-
tion (Table I), providing evidence that some of the
AtCPK2 protein in these plants is membrane
associated.

Treatments to Dissociate AtCPK2 from Membranes

To investigate the interaction of AtCPK2 with
membranes, isolated membranes from plants con-
taining GUS-tagged AtCPK2 constructs were incu-
bated in the presence of buffer alone or buffer con-
taining a chelating agent (EDTA), high ionic strength
(NaCl), a nonionic detergent (Triton X-100), or an
ionic detergent (SDS). After 30 min, the samples were

recentrifuged and the amount of GUS activity in the
pellet and supernatant was determined with the GUS
fluorimetric assay (Fig. 2). In transgenic plants ex-
pressing CPK2-GUS protein, approximately 75% of
the membrane-associated GUS activity remained in
the pellet after treatment of the membranes with
buffer containing EDTA or NaCl, whereas the re-
mainder of the CPK2-GUS protein was now found in
the supernatant. These results were not significantly
different from membranes treated with buffer alone
(Fig. 2), indicating that AtCPK2 protein may exist in
an equilibrium between soluble and membrane-
bound states. Almost all of the GUS activity was
released from the membranes of these transgenic
plants by detergent treatment. Thus, treatments that
disrupt ionic or electrostatic interactions were not
effective at dissociating AtCPK2 from membranes,
whereas treatments that disrupted most types of hy-
drophobic interactions efficiently solubilized AtCPK2.
Because Triton X-100 was able to release AtCPK2 from
membranes, AtCPK2 is unlikely to be associated with
detergent-resistant membranes or lipid rafts (Moffett
et al., 2000).

AtCPK2 Is Associated with the ER Membrane

Because calcium-stimulated protein kinase activity
previously has been detected in association with the
plasma membrane fraction in plants (Schaller et al.,
1992; Verhey et al., 1993; Baizabal-Aguirre and de la
Vara, 1997; Iwata et al., 1998), we used aqueous two-
phase partitioning to analyze membranes from wild-
type plants (Fig. 3). This technique enriches for
plasma membranes in the upper phase and other
cellular membranes in the lower phase. Both phases
were analyzed by immunoblotting to locate AtCPK2
protein, as well as markers for the ER, mitochondrial,
vacuolar, and plasma membranes. Golgi membranes
were assayed enzymatically for latent UDPase,
whereas chloroplast membranes were detected by
measuring chlorophyll concentration. The plasma
membrane marker, as expected, was enriched in the
upper phase, whereas ER and mitochondrial mark-
ers, as well as AtCPK2 protein, were located in the
lower phase (Fig. 3). All other membrane markers

Table I. Membrane association of GUS-tagged AtCPK2 proteins in transgenic plants

After low-speed centrifugation, plant extracts were ultracentrifuged to pellet microsomes. The supernatant after ultracentrifugation contains
primarily soluble proteins, whereas the pellet contains primarily membrane-bound proteins. Both the supernatant and the pellet were assayed
fluorimetrically for GUS enzymatic activity.

Protein Expressed in
Transgenic Plants

No. of Independent
Experiments

No. of Independent
Transgenic Lines

GUS-Specific Activity in
Membrane Fractiona

Membrane-Associated
GUS Activityb

%

CPK2-GUS 7 3 67.1–154.2 40 � 2.3
CPK2(G2A)-GUS 7 3 37.5–76.6 18 � 1.7
CPK2-PR 4 2 5.2–8.3 46 � 2
a Specific activity units are nmol methylumbelliferone produced min�1 mg protein�1. b Values were calculated from the total enzyme

activity data and are presented as mean � SD.
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were also found predominantly in the lower phase
(data not shown). These results indicate that AtCPK2
is not associated with the plasma membrane.

To localize AtCPK2 to a specific cellular mem-
brane, Suc gradients were used to separate micro-
somes based on their buoyant density. Microsomes
and Suc gradients were prepared in buffers contain-
ing EDTA alone (�Mg2�) or EDTA plus excess
MgCl2 (�Mg2�). In the presence of Mg2�, ribosomes
remain associated with the ER membranes that mi-
grate at 40% to 46% (w/w) Suc. Chelation of Mg2� by
EDTA dissociates the ribosomes, shifting the ER
membranes to a lower Suc concentration (Lord,
1987). Gradient fractions were analyzed as described
for the phase partitioning experiments.

In the presence of Mg2�, AtCPK2 was detected in
fractions containing 41% to 46% (w/w) Suc, similar
to the ER, chloroplast, and mitochondrial markers.
This sedimentation pattern could be easily distin-
guished from vacuolar, Golgi, and plasma mem-
branes (Fig. 4), but did not permit the unambiguous
localization of AtCPK2. In the absence of Mg2�, the
ER markers BiP (a major ER-resident binding pro-
tein) and ACA2, as well as AtCPK2, shifted to 33% to
37% (w/w) Suc, consistent with a change in buoyant
density of the ER after dissociation of ribosomes (Fig.
4). Although we consistently observed that the ab-
sence of Mg2� broadened the sedimentation profiles
for some of the membrane marker proteins, there was
not a shift of the peak fractions to the extent observed

for AtCPK2 or the ER membrane markers. Data from
the Suc gradients are consistent with localization of
membrane-associated AtCPK2 to the ER membrane.

All of the membrane marker proteins detected in
this study are integral membrane proteins with the
exception of BiP, which is associated with the lume-
nal face of the ER but does not contain any
membrane-spanning domains. In our experiments,
some BiP protein is usually detected near the top of
the gradients (22%–24% [w/w] Suc). This most likely
represents BiP that dissociated during resuspension
of the pelleted membranes before loading onto the
gradients. It is probably not a result of proteolysis
because BiP shows no apparent change in Mr in
different gradient fractions. Some AtCPK2 is usually
detected in these low-density gradient fractions also,
consistent with our previous results that some
AtCPK2 protein is solubilized during resuspension in
buffer (Fig. 2). The other membrane protein markers,
which represent integral membrane proteins, are not
found in these low-density gradient fractions.

AtCPK2 Protein Tagged with GUS Localizes to the ER

To determine whether a GUS tag would affect the
localization of AtCPK2, Suc gradients were per-
formed on membranes from transgenic plants ex-
pressing CPK2-GUS protein (Fig. 5). As expected, the
ER marker protein ACA2 was detected at 41% to 46%
(w/w) Suc in the presence of Mg2� and shifted to
lower buoyant density when the Mg2� was chelated
by EDTA. The location of the plasma membrane
marker protein was similar in the presence and

Figure 3. Two-phase separation of membranes from wild-type Co-
lumbia plants showing AtCPK2 accumulation in the lower phase.
Equal proportions of the upper and lower phases were separated by
SDS-PAGE and assayed by immunoblotting with antibodies specific
for AtCPK2, H�-ATPase (plasma membrane marker), BiP (ER marker),
and PM021 (mitochondrial membrane marker). U, Upper phase; L,
lower phase.

Figure 2. AtCPK2 associated with the membrane fraction after vari-
ous treatments. Microsomal membranes were isolated from trans-
genic plants expressing CPK2-GUS. Membrane pellets were homog-
enized in resuspension buffer alone or resuspension buffer
containing EDTA, NaCl, Triton X-100, or SDS and incubated at 4°C
for 30 min before repelleting. The resulting supernatant and pellet
were assayed for GUS activity to assess the effect of the treatment on
AtCPK2 membrane binding. Data shown are the percentage of GUS
activity remaining in the pellet. Results from two independent exper-
iments are shown. Asterisks indicate values that were significantly
different from the buffer control (P � 0.05)
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absence of Mg2�, as were all other membrane mark-
ers tested (data not shown). Sedimentation of the
membranes containing the wild-type AtCPK2 pro-
tein, detected by immunoblotting, was most similar
to that of the ER membrane markers. Distribution of
GUS enzyme activity, representing the CPK2-GUS
fusion protein, closely resembled the distribution of
ACA2 and wild-type AtCPK2. These results indicate
that the 600-amino acid GUS tag did not interfere
with localization of the AtCPK2 protein to the ER
membrane (Fig. 5). Because the CPK2-GUS fusion
protein is localized in a manner comparable with the
wild-type AtCPK2 protein, we conclude that trans-
genic plants expressing CPK2-GUS can be used in-
terchangeably with wild-type plants to monitor the
location of AtCPK2.

AtCPK2 Is Myristoylated in Vitro

The AtCPK2 protein has no predicted transmem-
brane domains that would account for its observed
membrane localization, but it does contain a pre-
dicted amino-terminal myristoylation sequence (MG-
NACVGPN). To determine if the AtCPK2 protein
could be a substrate for plant NMT, plasmid pCPK2-
ORF, which contains the AtCPK2 coding sequence
downstream of the viral T7 promoter, was used in an
in vitro myristoylation experiment. A coupled
transcription-translation system from wheat germ
was used to transcribe and translate the AtCPK2
cDNA sequence after addition of T7 RNA polymer-
ase. Wheat germ extract has been shown to contain
NMT activity (Heuckeroth et al., 1988; Ellard-Ivey et
al., 1999). The reactions were performed in the pres-

Figure 4. Suc gradient fractionation of mem-
branes from wild-type Columbia plants showing
colocalization of AtCPK2 with ER markers. Frac-
tions from parallel gradients, with and without
Mg2�, were separated by SDS-PAGE and as-
sayed by immunoblotting with antibodies spe-
cific for AtCPK2, BiP and ACA2 (ER markers),
H�-ATPase (plasma membrane marker), Vm23
(vacuolar membrane marker), or PM021 (mito-
chondrial membrane marker). Horizontal bars
indicate the peak fractions. Graphs show chlo-
rophyll absorbance (chloroplast marker) and en-
zyme assay data for latent UDPase (Golgi mark-
er). Œ, �Mg2� gradients; F, �Mg2� gradients.
The fraction with the highest activity was as-
signed a value of 100%.
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ence of either [35S]Met for detection of total protein
synthesis or [3H]myristate to detect myristoylated
proteins. A prominent protein of approximately 80
kD was synthesized in the [35S]Met-containing reac-
tion (Fig. 6A, lane 2). The identity of this protein was
confirmed by immunoblot analysis with AtCPK2-
specific antibody (Fig. 6C, lane 2). A protein of sim-
ilar size was labeled in the [3H]myristate-containing
reaction (Fig. 6B, lane 2). These results indicate that
the AtCPK2 protein can be myristoylated in vitro.

No proteins recognized by AtCPK2 antibodies
were detected by immunoblotting of mock reactions
that contained no plasmid template (Fig. 6C, lane 1).
Likewise, no radiolabeled proteins were synthesized
when the plasmid template was omitted from the
reaction mix (Fig. 6, A and B, lane 1). The smaller
proteins routinely observed in [35S]Met-labeled reac-
tions (Fig. 6A, lane 2) might be AtCPK2 degradation
products or translation products from alternative
start sites within the CPK2 mRNA. Because they are

Figure 5. CPK2-GUS, a full-length AtCPK2 pro-
tein tagged with GUS, is localized to the ER in
transgenic Arabidopsis plants. Fractions from
parallel Suc gradients, with and without Mg2�,
were separated by SDS-PAGE and assayed by
immunoblotting with antibodies specific for var-
ious membrane markers. AtCPK2-GUS fusion
protein was assayed fluorimetrically. Horizontal
bars indicate the peak fractions. Œ, �Mg2� gra-
dients; F, �Mg2� gradients. The fraction with
the highest activity was assigned a value of
100% which corresponds to 188 nmol min�1

mL�1 for the �Mg2� gradients and 76 nmol
min�1 mL�1 for the �Mg2� gradients. Total
GUS activity loaded onto the gradient was 654
nmol min�1 for the �Mg2� gradients and 734
nmol min�1 for the �Mg2� gradients.

Figure 6. In vitro transcription and translation reactions demonstrate that AtCPK2 can be myristoylated, whereas a G2A
mutation prevents myristoylation. Mock reactions contained no plasmid template, CPK2 reactions contained pCPK2-ORF,
and G2A reactions contained pCPK2(G2A). A, Proteins synthesized in the presence of [35S]Met. B, Proteins synthesized in
the presence of [3H]myristate. C, Proteins detected by immunoblotting with antiserum against the first 90 amino acids of
AtCPK2 fused to GST.
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not myristoylated and are not detected by immuno-
blotting, these proteins probably represent amino-
terminally truncated products produced from
pCPK2-ORF.

A G2A Mutation Prevents Myristoylation of
AtCPK2 in Vitro

To confirm that the amino-terminal Gly of AtCPK2
was the site of myristoylation, site-directed mutagen-
esis was used to convert the second position Gly of
pCPK2-ORF to an Ala (G2A) to create the plasmid
pCPK2-G2A. A coupled transcription-translation re-
action was performed in the presence of either
[35S]Met or [3H]myristate using pCPK2-G2A as the
template. The G2A mutation did not affect the syn-
thesis of the AtCPK2 protein (Fig. 6A, lane 3 and Fig.
6C, lane 3), but prevented the addition of [3H]myr-
istate (Fig. 6B, lane 3), consistent with the Gly at
position 2 of the native AtCPK2 protein being the site
of myristoylation.

Effect of CPK2(G2A) Mutation in Plants

To investigate the effect of a G2A mutation in Ara-
bidopsis, transgenic plants were created using the
pCPK2(G2A)-GUS construct (Fig. 1B). pCPK2(G2A)-
GUS is identical to pCPK2-GUS except for a single
nucleotide change that converted the second co-
don from Gly to Ala. The amount of GUS activity in
the membrane fraction from plants expressing
CPK2(G2A)-GUS was reduced to 18%, compared
with 40% in plants expressing CPK2-GUS (Table I).
Suc gradients were used to determine the location of
CPK2(G2A)-GUS protein in these plants. The distri-
bution of membrane-bound GUS activity paralleled
the distribution of the ER membrane markers (data
not shown). Thus, although mutation of the myris-
toylation site decreased the proportion of AtCPK2 in
the membrane fraction, the G2A mutation did not
affect ER localization.

The First 10 Amino Acids of AtCPK2 Are Sufficient for
ER Localization

To determine whether the amino terminus of
AtCPK2 contains the ER-targeting information, we
tested whether this region was able to direct a soluble
protein to the ER membrane. Arabidopsis plants
were stably transformed with DNA from plasmid
pCPK2-PR containing 1.6 kb of AtCPK2 genomic
DNA upstream of the translational start site followed
by the first 30 bp of the AtCPK2 coding sequence in a
translational fusion with the GUS gene and nos ter-
minator (Fig. 1C). These plants expressed the GUS
protein preceded by the first 10 amino acids of
AtCPK2. This 10-amino acid region was chosen be-
cause it contains the myristoylation consensus se-
quence as defined by Towler et al. (1988). The pro-

portion of GUS activity found in the membrane
fraction from plants expressing the CPK2-PR protein
was 46%, which is similar to the results from plants
expressing CPK2-GUS, the full-length CPK2 protein
tagged with GUS (Table I). The specific activity of the
GUS enzyme detected in extracts from plants ex-
pressing CPK2-PR was consistently lower than in
extracts from plants containing the full-length CPK2-
GUS constructs (Table I). The lower activity may be
because of missing regulatory sequences down-
stream of the promoter that are required for higher
levels of expression or to differences between Arabi-
dopsis ecotypes because CPK2-PR transgenic plants
are in the RLD genetic background, whereas the
CPK2-GUS plants are in the Columbia ecotype. Re-
gardless of the reason for the lower expression levels
in CPK2-PR plants, the results demonstrate that the
first 10 amino acids of AtCPK2 were sufficient to
allow direct membrane targeting of the normally sol-
uble GUS protein.

Suc gradients were used to determine the location
of CPK2-PR protein in microsomes from transgenic
CPK2-PR-expressing plants. As observed previously
for the wild-type AtCPK2 protein (Fig. 4) and for
plants expressing CPK2-GUS (Fig. 5), the distribution
of membrane-bound GUS activity was most similar
to the location of the ER membrane marker (Fig. 7).
Thus, a 10-amino acid region from the amino termi-
nus of AtCPK2 was sufficient to direct localization of
the GUS protein to the ER in a manner indistinguish-
able from the intact AtCPK2 protein.

DISCUSSION

CDPKs are known to be involved in many cellular
processes such as pollen tube growth (Moutinho et
al., 1998), mobilization of starch during seed germi-
nation (Ritchie and Gilroy, 1998), regulation of actin
tension (Grabski et al., 1998), plant defense (Romeis
et al., 2000), and responses to water stress (Shinozaki
and Yamaguchi-Shinozaki, 1997). However, the de-
tails of how specific CDPKs function in plant cells are
not well understood. It has been proposed that indi-
vidual CDPKs may function in specific cell types,
respond to different calcium concentrations, or be
targeted to specific subcellular locations (Harmon et
al., 2000; Hrabak, 2000).

Targeting of a protein kinase to a membrane can
serve to increase the local concentration of the en-
zyme manyfold and to enhance the phosphorylation
of substrate proteins found at that location, while
limiting interaction with proteins in other parts of the
cell. CDPK substrates include both soluble proteins,
such as nitrate reductase (Douglas et al., 1998) and
Suc phosphate synthase (Huber et al., 1996), and
integral membrane proteins, such as the ER-localized
calcium pump ACA2 (Hwang et al., 2000), a vacuolar
chloride channel (Pei et al., 1996), and a proton pump
and a potassium channel in the plasma membrane
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(Schaller and Sussman, 1988; Li et al., 1998; Lino et
al., 1998). In addition, calcium-stimulated protein ki-
nase activity has been detected in many subcellular
locations, including the cytosol (Battey, 1990; Klimc-
zak and Hind, 1990; Putnam-Evans et al., 1990; Das-
Gupta, 1994; MacIntosh et al., 1996; Frylinck and
Dubery, 1998), the nucleus (Li et al., 1991), the cy-
toskeleton (Putnam-Evans et al., 1989), and the
plasma membrane (Schaller et al., 1992; Verhey et al.,
1993; Baizabal-Aguirre and de la Vara, 1997; Iwata et
al., 1998).

We investigated the membrane localization of
AtCPK2 from Arabidopsis. Initial evidence that
AtCPK2 was membrane associated was obtained us-
ing transgenic plants expressing AtCPK2 tagged with
the GUS reporter protein. The sensitive fluorometric
GUS assay enabled specific and quantitative detec-
tion of AtCPK2 in the presence of other members of
the CDPK family. When plant extracts were sepa-
rated into membrane and soluble fractions, about
40% of the GUS enzyme activity was detected in the
insoluble fraction. A similar distribution has been
reported for myristoylated Src kinase (Resh, 1989).
Some AtCPK2 was removed from the membrane
fraction by treatment with buffer but removal was
not increased in the presence of EDTA or NaCl,
indicating that ionic or electrostatic interactions are
not essential for binding. Comparable results have
been reported for the Src protein (Resh, 1989) and a
CDPK from tobacco (Romeis et al., 2000), which sug-
gests that these proteins may exist in an equilibrium
between membrane-bound and soluble forms. The
GUS enzyme can also be assayed histochemically.
Microscopic examination of these plants revealed
that the colored product of the histochemical assay

accumulated slowly, an indication that AtCPK2 ex-
pression levels are low. Expression was limited to a
few cell types during vegetative growth such as de-
veloping trichomes and cells in the elongation zone
of the root (E. Hrabak, unpublished data). The re-
stricted expression of AtCPK2 explains why the na-
tive AtCPK2 protein could only be detected on west-
ern blots using the most sensitive chemiluminescent
reagents currently available. The fluorimetric GUS
assay was similar in sensitivity to chemilumines-
cence and provided a separate means to confirm
localization studies.

To determine the specific membrane(s) to which
AtCPK2 was bound, the membrane fraction of wild-
type and transgenic plants was further analyzed by
aqueous two-phase partitioning and Suc density gra-
dients. The phase partitioning experiments indicated
that AtCPK2 was not associated with the plasma
membrane, but was enriched in the intracellular
membranes. Suc gradient fractionation in buffer con-
taining Mg2� was able to narrow the location of
AtCPK2 to several membrane types with similar
buoyant densities. Incorporation of EDTA into the
buffers used to prepare plant microsomes and Suc
gradients allowed us to distinguish ER membranes
from other membranes based on a characteristic
buoyant density shift and demonstrated that the dis-
tribution of AtCPK2 most closely paralleled the dis-
tribution of the ER membrane markers.

Whereas many acylated proteins are associated
with the plasma membrane in yeast or animal cells,
few myristoylated proteins have been localized to the
ER. Because the ER lumen is a site of calcium seques-
tration (Malho et al., 1998; Trewavas, 1999), localized
calcium release could activate CDPKs located on or

Figure 7. CPK2-PR, consisting of the GUS pro-
tein preceded by the first 10 amino acids of
AtCPK2, is localized to the ER in transgenic
Arabidopsis plants. Fractions from parallel Suc
gradients, with and without Mg2�, were sepa-
rated by SDS-PAGE and assayed by immuno-
blotting with antibodies specific for various
membrane markers. AtCPK2-GUS fusion protein
was assayed fluorimetrically. Horizontal bars in-
dicate the peak fractions. Œ, �Mg2� gradients;
F, �Mg2�gradients. The fraction with the high-
est activity was assigned a value of 100% that
corresponds to 41.2 nmol min�1 mL�1 for the
�Mg2� gradients and 21.8 nmol min�1 mL�1

for the �Mg2� gradients. Total GUS activity
loaded onto the gradient was 146 nmol min�1

for the �Mg2� gradients and 199 nmol min�1

for the �Mg2� gradients.
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near the ER. Whereas the specific substrate(s) of
AtCPK2 have not yet been identified, the ER-
localized calcium pump ACA2 has been shown to be
an in vitro substrate for a closely related CDPK,
AtCPK1 (Hong et al., 1999; Hwang et al., 2000). It is
tempting to speculate that AtCPK2 might be one of
the kinases that phosphorylates ACA2 in plants, al-
though it is not yet known if these two proteins are
expressed in the same cell types.

Although most CDPKs contain one slightly hydro-
phobic region in the kinase domain, there is no evi-
dence that CDPKs are integral membrane proteins.
One mechanism that can allow membrane binding of
peripheral membrane proteins is acquisition of a hy-
drophobic domain, like prenyl, myristate, or palmi-
tate groups or glycosylphosphatidylinositol anchors
(Casey, 1995). Whereas CDPKs do not contain preny-
lation or glycosylphosphatidylinositol anchor motifs,
the majority of CDPKs, including AtCPK2, contain
potential amino-terminal myristoylation and palmi-
toylation sites (Hrabak, 2000).

An NMT gene has recently been cloned and char-
acterized from Arabidopsis (Qi et al., 2000) and
wheat germ extract contains NMT activity (Heucker-
oth et al., 1988), providing evidence that plants con-
tain the enzyme needed to perform the myristoyl-
ation reaction. We demonstrated that AtCPK2 could
be myristoylated in vitro using a cell-free wheat germ
extract to transcribe and translate the AtCPK2 pro-
tein in the presence of radiolabeled myristic acid.
Whereas these results are not definitive proof that
AtCPK2 is myristoylated in vivo, they indicate that
AtCPK2 is a substrate for plant NMT. This approach
has been used previously to demonstrate that CDPKs
from zucchini (Ellard-Ivey et al., 1999) and from rice
(Martin and Busconi, 2000) were able to be myristoy-
lated. An AtCPK2 protein containing a G2A mutation
could not be myristoylated, indicating that the
amino-terminal Gly residue was the site of myristate
attachment.

Based on the in vitro myristoylation assays, we
predict that the CPK2(G2A)-GUS protein would not
be myristoylated in plants. This prediction is sup-
ported by experiments with transgenic plants ex-
pressing CPK2(G2A)-GUS in which membrane-
bound GUS activity was reduced from 40% to 18% by
the G2A mutation. This value is above the 2% back-
ground level for membrane binding of the GUS pro-
tein alone, indicating that a significant portion of
AtCPK2 is still membrane associated in the G2A
mutant. There are at least two potential explanations
for these results. First, all Arabidopsis CDPKs that
contain a myristoylation consensus sequence also
contain at least one nearby Cys residue that may
serve as a palmitoylation site (Hrabak, 2000). Palmi-
tate is more hydrophobic than myristate and binds
more tightly to lipid bilayers (Shahinian and Silvius,
1995; Bhatnagar and Gordon, 1997) and therefore
most palmitoylated proteins are membrane bound

(Resh, 1996). Modification by both myristate and
palmitate has been demonstrated for many acylated
proteins, including heterotrimeric G protein alpha
subunits and Src family proteins (Milligan et al.,
1995; Resh, 1996), and recently a rice CDPK, OsCPK2,
was shown to be both myristoylated and palmitoy-
lated in a maize protoplast expression system (Mar-
tin and Busconi, 2000). Because preventing myris-
toylation usually decreases or inhibits palmitoylation
(Galbiati et al., 1994; Hallak et al., 1994; Wilson and
Bourne, 1995; Morales et al., 1998), the decreased
membrane binding of the G2A mutant may reflect
incomplete palmitoylation. The second potential ex-
planation is that ER targeting of AtCPK2 might be
mediated by interaction with specific receptor(s) in
or associated with the ER membrane that recognize
the AtCPK2 amino terminus. In this case, the hydro-
phobicity of the myristoyl group might function to
facilitate initial membrane binding leading to associ-
ation with the receptor. This scenario is attractive
because it would help to explain how AtCPK2 is
targeted specifically to the ER, rather than to many of
the other membrane types in the cell as might be
expected if the binding was strictly a result of hydro-
phobic interactions. Thus, the lower membrane bind-
ing observed for the G2A mutant could be because of
a decreased tendency of the non-myristoylated pro-
tein to be close to membranes.

Because the myristoylation site of AtCPK2 is lo-
cated at the amino terminus of the protein, we inves-
tigated whether the first 10 amino acids of AtCPK2
were sufficient to direct the soluble GUS protein to
the ER membrane. Several other proteins whose
amino termini are sufficient for specific membrane
binding have been described including poliovirus
VP4 (Martin-Belmonte et al., 2000), CAP23/NAP22
(Takasaki et al., 1999), p59fyn (Gauen et al., 1992), and
p60src (Resh and Ling, 1990). In addition, acylated
amino termini can target green fluorescent protein to
specific subcellular locations (McCabe and Berthia-
ume, 1999). In our experiments, the percentage of
total GUS activity in extracts of transgenic plants that
was associated with the membrane fraction was sim-
ilar in plants expressing either the full-length
AtCPK2 protein tagged with GUS (CPK2-GUS) or the
GUS protein preceded by the first 10 amino acids of
AtCPK2 (CPK2-PR). These results demonstrated that
the first 10 amino acids of AtCPK2 retained the mem-
brane targeting ability of the intact protein and indi-
cated that this region may be useful for targeting
other proteins to the ER.

In this report, we have demonstrated that Arabi-
dopsis CDPK isoform AtCPK2 is associated with the
ER membrane in plants. AtCPK2 is myristoylated in
vitro and a G2A mutation prevented myristoylation
and decreased membrane binding in plants. These
findings support the hypothesis that myristoylation
contributes to membrane association of AtCPK2, but
is not the only factor involved. The region of AtCPK2
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necessary for ER targeting is located within the first
10 amino acids of the protein. An understanding of
the role of acylation in the proper functioning of this
kinase awaits more information about the function of
AtCPK2 in plants. However, the identification of a
CDPK associated with the ER membrane presents
many directions for future research. It will be of
interest to determine whether AtCPK2 binds to or
phosphorylates substrates on the ER, to understand
the function of the membrane-bound and soluble
forms of AtCPK2, and to delineate the specific resi-
due(s) at the amino terminus of AtCPK2 that are
required for ER targeting.

MATERIALS AND METHODS

DNA cloning was done in Escherichia coli strain DH5�
(Life Technologies, Rockville, MD). Standard molecular
cloning techniques were used throughout, according to
Sambrook et al. (1989). GUS activity was determined with
a fluorimetric assay as previously described (Gallagher,
1992). Upon request, all novel materials described in this
publication will be made available in a timely manner for
noncommercial research purposes, subject to the requisite
permission from any third party owners of all or parts of
the material. Obtaining any permissions will be the respon-
sibility of the requestor.

AtCPK2 cDNA Clones

To identify an AtCPK2 cDNA clone, a size-fractionated
Arabidopsis ecotype Columbia cDNA library (Schindler et
al., 1992) was screened by hybridization with an AtCPK2
genomic DNA fragment as the probe. Three 1.6-kb clones
(pE1-5, pE17-3, and pE17-4) were isolated but all of them
were missing approximately 400 bp at the beginning of the
open reading frame, as predicted from the genomic se-
quence. A 1.4-kb region of cDNA beginning at the transla-
tion initiation codon was amplified by PCR using the
cDNA library as template, an upstream primer 5�GGATC-
CATGGGTAATGCT containing an introduced BamHI site,
and the downstream primer 5�GGTTAGTCTTCG. The am-
plified 5� region and the truncated cDNA clone pE1-5
overlapped in a region containing a unique BglII restriction
site, which was used to ligate both segments of the AtCPK2
coding sequence to create the plasmid pCPK2-ORF con-
taining the entire AtCPK2 coding sequence. The GenBank
accession number for the AtCPK2 cDNA sequence is
U31833.

An AtCPK2 cDNA clone with a G2A mutation was made
by PCR with pCPK2-ORF as the template, a forward
primer with a single base change (bold font) to convert the
Gly at codon 2 to an Ala (5� AGTGGATCCATGGCTAAT-
GCTTGCGT), and a reverse primer in the pBluescript vec-
tor. The PCR product was recloned into pBluescript to give
pCPK2-G2A and sequenced to confirm the G2A mutation.

AtCPK2 Genomic Clones

An AtCPK2 genomic clone was isolated by hybridization
of a cosmid library of Arabidopsis ecotype Columbia

genomic DNA in the vector pOCA18 (Olszewski et al.,
1988) under low stringency conditions with a radiolabeled
DNA probe corresponding to a portion of the closely re-
lated AtCPK1 gene (Harper et al., 1993). An 11-kb XbaI
fragment containing the AtCPK2 genomic region was sub-
cloned from one of the hybridizing cosmids to pBluescript
(Stratagene, La Jolla, CA) and designated pgAK19. A 5.6-kb
region of pgAK19 was sequenced on both strands using
either Sequenase 2.0 (U.S. Biochemicals, Cleveland) for
manual sequencing or Dye-deoxy Terminators (Perkin-
Elmer Applied Biosystems, Foster City, CA) for automated
sequencing.

To facilitate detection of the AtCPK2 protein in wildtype
plant extract, the AtCPK2 genomic sequence (including 1.6
kb upstream of the translational start site) was tagged near
the end of the coding sequence with the 1.8-kb GUS (uidA)
gene. A 2-kb EcoRI fragment from the 3� end of pgAK19
was subcloned to pALTER-1 (Promega Corp., Madison,
WI). Site-directed mutagenesis was performed according to
the manufacturer’s instructions using the oligonucleotide
5� GGGAGGACCTCTGAAGATGGATCCAGAGAACAGC-
ATTAGCATTTCTC in which bold type indicates nucleo-
tide changes from the original sequence. This procedure
introduced a BamHI restriction site 30 bp upstream of the
AtCPK2 stop codon. The 2-kb EcoRI fragment was se-
quenced to confirm that no unintended errors had been
introduced by the mutagenesis procedure. To eliminate the
unsequenced upstream and downstream regions from
pgAK19, a multistep process was used to construct a clone
that contained most of the 5.6-kb sequenced region.
pCPK2-PR (described below) was digested with MluI and
XbaI and ligated to a 6-kb MluI-XbaI fragment from
pgAK19 to yield pPGS. pPGS contains the 5.6-kb se-
quenced region as well as 1.3 kb of downstream DNA. The
2-kb EcoRI fragment in pPGS was replaced with the EcoRI
fragment containing the introduced BamHI site to yield
pPGS-M and the fragment was confirmed to be in the
correct orientation by restriction enzyme digestion.
pPGS-M was digested with SalI and KpnI and the 4.9-kb
fragment containing 1.6 kb of AtCPK2 sequence upstream
of the start codon, the entire coding sequence including
introns, and 0.6 kb of AtCPK2 sequence downstream from
the stop codon was cloned into pUC18 that had been
digested with SalI and KpnI. A GUS cassette (DeWitt et al.,
1996) with BamHI ends was ligated into the introduced
BamHI site, which fused the GUS sequence in frame with
the AtCPK2 reading frame, to yield pGMG-GUS. Orienta-
tion and correct fusion of the cassettes were confirmed by
sequencing through the fusion junctions. Finally, the
tagged AtCPK2 genomic construct was subcloned into the
vector pBIN19 as a SalI-SacI fragment to yield pCPK2-GUS.

To create an AtCPK2 genomic clone with Ala (GCT)
instead of Gly (GGT) as the second codon (G2A mutation),
site-directed mutagenesis was performed with the
QuikChange kit (Stratagene) according to manufacturer’s
instructions using pGMG-GUS as the template DNA. The
mutated AtCPK2 gene was subcloned into the vector
pBIN19 as described above and named pCPK2(G2A)-GUS.
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To fuse the promoter and first 10 codons of AtCPK2 to
the GUS reporter gene, PCR was used to amplify a 1.6-kb
region upstream of the AtCPK2 genomic sequence. A SalI
site was added at the 5� end of the upstream primer 5�
ACTGTCGACTTATATGTCTTCATATCTCT and a SmaI
site was added to the downstream primer at a position
immediately after the 10th full codon of the coding se-
quence 5� CCACCCGGGAAATGTGGTGTCCAACGCA.
Products from the PCR reaction were cloned into pBlue-
script to yield pPRM and sequenced to confirm that no PCR
errors had occurred. The SalI-SmaI fragment was then
cloned upstream of the GUS reporter gene in pBI101.2
(CLONTECH, Palo Alto, CA) to produce pCPK2-PR. The
correct reading frame across the translational fusion junc-
tion was confirmed by DNA sequencing.

Production of Transgenic Plants and Plant Culture

Arabidopsis ecotype RLD roots were transformed as
described previously (Valvekens et al., 1988), followed by
plant regeneration. Arabidopsis ecotype Columbia plants
were transformed using a vacuum infiltration procedure
(Bent and Clough, 1998). Transformed plants were con-
firmed to contain the correct transgene using a rapid PCR
method (Klimyuk et al., 1993).

Plants for membrane isolation were grown from surface-
sterilized seeds in liquid Murashige and Skoog basal me-
dium (Sigma, St. Louis), pH 5.7, containing Gamborg’s B-5
vitamins and 1% (w/v) Suc at 100 rpm, 22°C, and an
18-h-light/dark cycle.

AtCPK2-Specific Antibodies

AtCPK2 rabbit polyclonal antibody was made against a
purified fusion protein consisting of the first 90 amino
acids of the 185 amino acid AtCPK2 variable domain fused
to glutathione S-transferase in vector pGEX-KT (Hakes and
Dixon, 1992). Recombinant protein expressed in E. coli was
purified on a glutathione-agarose matrix (Pharmacia, Pis-
cataway, NJ) and used for immunization of New Zealand
white female rabbits. The antibody did not cross-react with
AtCPK1 protein, the CDPK isoform most closely related to
AtCPK2, or with AtCPK4 or AtCPK5 protein.

Membrane Isolation

Cellular membranes were prepared as previously de-
scribed with minor modifications (Schaller and DeWitt,
1995). All procedures were conducted at 4°C. Two-week-
old, liquid-grown Arabidopsis plants were homogenized
in a mortar and pestle in 1 to 2 mL of homogenization
buffer (50 mm Tris-HCl, pH 8.2; 20% [v/v] glycerol; 1 mm
phenylmethylsulfonyl fluoride; 1 mm dithiothreitol; 10 �g
mL�1 leupeptin; 1 �g mL�1 pepstatin; and 10 �g mL�1

aprotinin) per gram of tissue. Homogenates were filtered
through Miracloth and centrifuged at 5,000g for 5 min. The
supernatant was centrifuged at 125,000g for 30 min to pellet
microsomes. The remaining supernatant contains primarily
soluble proteins.

Membrane-Binding Assays

To investigate the membrane binding affinity of
AtCPK2, microsomal membranes were resuspended at 0.5
mg mL�1 in resuspension buffer (25 mm Tris-HCl, pH 7.5;
10% [w/v] Suc; and protease inhibitors as described above)
alone or in resuspension buffer containing one of the fol-
lowing: 10 mm EDTA, 1 m NaCl, 1% (v/v) Triton X-100, or
0.1% (w/v) SDS. After incubation at 4°C for 30 min, sam-
ples were re-centrifuged at 125,000g at 4°C for 30 min to
pellet membrane vesicles. The supernatants were saved
and the pellets were resuspended in resuspension buffer.
Results were analyzed via one-way ANOVA in Systat 9.0.
Treatment means were compared with the control via Dun-
nett’s test.

Two-Phase Separation

An aqueous two-phase system (Larsson, 1983) was used
to separate plasma membrane from intracellular mem-
branes. Total membranes, prepared as described above,
were resuspended in 200 �L of SPK buffer (0.33 m Suc, 5
mm KPO4, and 3 mm KCl, pH 7.8) and added to a 4-g phase
system prepared in the same buffer. The final composition
of the phase system was 6.3% (w/w) dextran (Mr �
413,000) and 6.3% (w/w) polyethylene glycol (Mr � 3,350).
After thorough mixing by inverting the tube 20 to 30 times,
the phases were separated by centrifugation at 1,400g for 5
min. The upper phase (enriched for plasma membrane)
was removed to a clean tube and repartitioned twice with
lower phase. Likewise, the lower phase, containing primar-
ily intracellular membranes, was repartitioned twice with
upper phase. Fresh upper and lower phase were obtained
from a bulk-phase system of identical composition pre-
pared separately. The final upper and lower phases were
diluted with buffer containing 10 mm Tris-HCl (pH 7.0), 1
mm EGTA, and 1 mm EDTA and centrifuged at 125,000g for
30 min. Pellets were resuspended in equal volumes of SPK
buffer. After separation by SDS-PAGE, proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes and
analyzed by immunoblotting as described below.

Suc Gradient Fractionation

Membrane pellets were resuspended in 1 mL of resus-
pension buffer per 10 g wet weight of starting material
using a ground glass homogenizer. Resuspended mem-
branes were layered onto linear Suc gradients (20% to 50%
[w/w]) prepared in centrifugation buffer (10 mm Tris-HCl,
pH 7.6, and protease inhibitors). For density gradients
performed in the presence of Mg2�, 2 mm EDTA and 5 mm
MgCl2 were added to homogenization, resuspension, and
centrifugation buffers. For density gradients performed in
the absence of Mg2�, 5 mm EDTA was added to homoge-
nization and resuspension buffers, whereas 2 mm EDTA
was used in centrifugation buffer. After centrifugation in a
swinging bucket rotor at 125,000g for 16 h at 4°C, 1-mL
fractions were collected.

The Suc concentration of each fraction was measured
with a refractometer (Fisher Scientific, Pittsburgh). Protein
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concentrations were determined according to the method
of Lowry as described previously (Schaller and DeWitt,
1995). Chlorophyll, a marker for chloroplast thylakoid
membranes, was measured spectrophotometrically
(Schaller and DeWitt, 1995). Latent UDPase, a marker for
Golgi membranes, was assayed as described by Schaller
and DeWitt (1995) using the Malachite Green method to
detect released phosphate. All other membrane markers
were detected by immunoblot analysis. After separation of
proteins on 10% (w/v) SDS-polyacrylamide gels (Sam-
brook et al., 1989), proteins were electrophoretically trans-
ferred to PVDF membrane (Millipore, Bedford, MA) and
the membranes were blocked overnight at 4°C in TBS (20
mm Tris-HCl, pH 7.6, and 137 mm NaCl) containing 2%
(w/v) nonfat dry milk. The PVDF membranes were then
treated sequentially with primary antibodies in TBST (TBS
containing 0.05% [v/v] Tween 20) containing 2% (w/v)
nonfat dry milk for 1 h, TBST for 5 min (3 times), secondary
antibodies in TBST containing 2% (w/v) nonfat dry milk
for 45 min, TBST for 5 min (three times), and TBS for 5 min.
Immunodecorated proteins were detected with SuperSig-
nal chemiluminescent substrate (Pierce, Rockford, IL) on
x-ray film. Quantitation of immunodetected proteins was
done using the NIH Image program. Membranes were
stripped between detections following manufacturer’s in-
structions. Antisera were used at the following dilutions:
plasma membrane H�-ATPase (DeWitt and Sussman,
1995), 1:10,000 (v/v); ER lumenal binding protein BiP (gift
of Maarten Chrispeels, University of California, San Di-
ego), 1:1,000 (v/v); ER integral membrane protein ACA2
(Arabidopsis calcium ATPase; Harper et al., 1998), 1:2,000
(v/v); mitochondrial membrane protein �-ATPase D (Lue-
thy et al., 1993), 1:100 (v/v); vacuolar membrane protein
VM23 (Maeshima, 1992), 1:3,000 (v/v); and AtCPK2 vari-
able domain antibody (described above), 1:10,000 (v/v).

In Vitro Myristoylation Assays

A cell-free wheat germ extract system was used to tran-
scribe and translate the AtCPK2 gene in the presence of
either radiolabeled methionine to assess total protein syn-
thesis or radiolabeled myristate to detect myristoylated
proteins. One microgram of plasmid, linearized with EcoRI,
was used as the template for transcription by T7 RNA
polymerase in the TNT Coupled Transcription-Translation
Wheat Germ Extract System (Promega Corp.). Control re-
actions contained no plasmid. Reactions were prepared
according to the manufacturer’s instructions in the pres-
ence of either 50 �Ci of [9,10-3H]myristic acid (54 Ci
mmol�1; Amersham, Piscataway, NJ) or 10 �Ci of
l-[35S]Met (1,000 Ci mmol�1; Amersham). Immediately be-
fore beginning the 1.5-h reaction, the [3H]myristic acid was
dried under nitrogen and resuspended by vortexing in
DEPC-treated water at a concentration of 10 �Ci �L�1.
Reaction products were separated on 10% (w/v) SDS-
polyacrylamide gels (Sambrook et al., 1989), stained with
Coomassie Blue, and then treated with Entensify autora-
diography enhancer (New England Nuclear, Boston) be-
fore detection on x-ray film.
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