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ABSTRACT A serine/threonine protein kinase that binds
phorbol esters and diacylglycerol (named protein kinase D,
PKD) has been identified. PKD contains membrane localiza-
tion signals and a cysteine-rich repeat sequence homologous to
that seen in the regulatory domain of protein kinase C (PKC).
A bacterially expressed N-terminal domain of PKD exhibited
high-affinity phorbol ester binding activity (Kq = 35 nM). The
diacylglycerol analog 1-oleoyl-2-acetylglycerol inhibited phor-
bol ester binding in a dose-dependent manner. The catalytic
domain of PKD contains all characteristic sequence motifs of
serine protein kinases but shows only a low degree of sequence
similarity to PKCs. The highest identity is with the catalytic
domain of myosin light-chain kinase from Dictyostelium (41%).

The bacterially expressed catalytic domain of PKD efficiently
phospliorylated the exogenous peptide substrate syntide 2 in
serine but did not catalyze significant phosphorylation of a
variety of other substrates used by PKCs and other major
second messenger kinases. PKD may be an unusual
component in the transduction of diacylglycerol and phorbol
ester signals.

A rapid increase in the synthesis of lipid-derived second
messengers is an important mechanism for transducing ex-
tracellular signals across the plasma membrane (1-3). The
phospholipase C-mediated hydrolysis of inositol phospholip-
ids is known to produce two second messengers: inositol
1,4,5-trisphosphate, which induces mobilization of calcium
from intracellular stores (3), and diacylglycerol (DAG),
which activates protein kinase C (PKC)—originally de-
scribed as a Ca?*-activated, phospholipid-dependent protein
kinase (4). The early findings that the potent tumor promoters
of the phorbol ester family can substitute for DAG in PKC
activation and that the phorbol ester receptor and PKC
copurify supported the hypothesis that the cellular target of
the phorbol esters is PKC (4).

Subsequent studies revealed the diversity of the individual
components of the DAG-PKC signal transduction pathway.
PLC exists in several molecular forms that are regulated by
guanine nucleotide binding proteins and tyrosine phosphor-
ylation (5). Furthermore, DAG can be generated by alterna-
tive routes involving the hydrolysis of phosphatidylcholine
(6). Molecular cloning has demonstrated the presence of
multiple related PKC isoforms that are differentially ex-
pressed in cells and tissues (2, 7). All members of the PKC
family—i.e., conventional PKCs (e, 8I, BII, and ), unusual
PKCs (8, &, 7, 0), and atypical PKCs ({, A, )—possess a
highly conserved catalytic domain. Most of the variation
between the PKC subspecies occurs in the regulatory do-
main. The C1 region of this domain of both conventional and
unconventional PKCs has a characteristic tandem repeat of
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zinc finger-like cysteine-rich motifs that is indispensable to
confer phospholipid-dependent phorbol ester and DAG bind-
ing to these PKC isoforms (8-11). In contrast, atypical PKCs
contain a single cysteine-rich motif, do not bind phorbol
esters, and are not regulated by DAG (12-14). These studies
emphasized the complexity of the signaling pathways initi-
ated by DAG but did not exclude the possibility that other
protein kinases, unrelated to the PKC family in their catalytic
domain, could also play a role in mediation of the cellular
effects of DAG and phorbol esters.

Here we report the molecular cloning, sequencing, and
expression analysis of a serme/threonme protein kinase with
unusual enzymological properties.? Our results identify a
cellular target for the tumor-promoting phorbol esters and
DAG (named protein kinase D, PKD) that may function in
signal transduction of DAG-generating receptors.

MATERIALS AND METHODS

Cell Culture. Cultures of Swiss 3T3, 3T6, and tertiary
whole mouse embryo cells were propagated and rendered
quiescent as described (15).

PCR Cloning. PCR amplification was performed as de-
scribed by Wilks (16) using a Swiss 3T3 fibroblast cDNA
library cloned into the EcoRlI site of AZAPII vector (17) as a
template. The material in the 210-bp band was excised and
purified and cloned into pBluescript (Stratagene). Plasmids
containing PCR fragments were sequenced by the dideoxy-
nucleotide chain-termination method (Sequenase version 2.0
kit) using adenosine 5'-[a-[3*S]thio]triphosphate. Sequences
were searched with GenBank/EMBL data bases.

Library Screening. The PK17 PCR product was radiola-
beled by random priming (108 cpm/ ug) and used to screen 108
plaques from a AZAPII Swiss 3T3 fibroblast cDNA library by
standard procedures (18). The clone that gave the strongest
hybridization signal, SW-4, was radiolabeled by random
priming and used to screen a Agtll random-primed 5’ stretch
c¢DNA mouse lung library (Clontech). This resulted in isola-
tion of clone L6 (2.2 kb), which extended the sequence
toward the 5’ end. Additional overlapping clones were found
by successive rounds of screening of the same library with 5’
300-bp PCR fragments.

Expression Constructs and Generation of Fusion Proteins. A
1032-bp PCR fragment comprising the entire catalytic domain
of PKD and a 624-bp PCR fragment containing the two
cysteine-rich motifs within the regulatory domain were in-
serted in-frame into the inducible bacterial expression vector

Abbreviations: PKC, protein kinase C; DAG, diacylglycerol; PDB,
phorbol 12 13-dxbutyrate MLCK, myosin hght-cham kinase; CaM
kinase, Ca2+/calmodulm—dependent protein kinase; OAG, l-oleoyl-
2—acetylglycerol PKD, protein kinase D.
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tThe sequence reported in this paper has been deposited in the
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pMAL-c2 (19). The maltose binding protein fusion proteins
expressed in Escherichia coli were purified by affinity chro-
matography through an amylose resin column (New England
Biolabs).

Materials. All restriction enzymes, ultrapure cesium chlo-
ride, guanidine isothiocyanate, and the Sequenase version
2.0 kit were from United States Biochemical. [*H]Phorbol
12,13-dibutyrate (*H]PDB) (18.6 Ci/mmol; 1 Ci = 37 GBq)
was obtained from Dupont. Oligonucleotide primers were
synthesized by Ian Goldsmith at the Imperial Cancer Re-
search Fund. Bacterial strains of E. coli (SURE; XL1-blue)
and helper phage R408 were from Stratagene. Other items
were from standard suppliers or as listed in the text.

RESULTS AND DISCUSSION

Identification of a Member of the Protein Kinase Family.
Using a PCR cloning strategy originally designed to isolate
different members of the tyrosine kinase family (16), we
identified a product, PK17, that was not represented in the
data bases searched and consequently it was used to screen
a Swiss 3T3 cell library. Surprisingly, the clone that gave the
strongest hybridization signal, SW-4, encoded the catalytic
domain and a 3’ untranslated region of a putative serine/
threonine kinase rather than a tyrosine kinase (see below).
SW-4 cDNA was used as a probe to isolate additional clones
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from a mouse lung cDNA library that overlapped with the 5’
end of SW-4 (Fig. 1A).

The composite sequence comprising 3179 bp total and the
deduced amino acid sequence are shown in Fig. 1B. A single
transcript of 3.3 kb was detected in Northern blots of RNA
from mouse lung (Fig. 2). This indicates that the composite
sequence shown in Fig. 1 is nearly full length.

The 5’ end of the assembled sequence was extremely
G+C-rich. Kozak (20) described such G+C-rich sequences
in the 5’ region of the mRNAs encoding regulatory proteins.
An ATG positioned within the highly G+C-rich region is a
likely initiation codon, since it is surrounded by a good
consensus sequence for translation initiation (20). Initiation
at this position would result in an open reading frame of 2754
bases. This coding region specifies a protein of 918 amino
acids with a predicted molecular mass of 102 kDa. A 42-bp
stretch containing four in-frame stop codons is present at the
3’ end of the coding region. The first stop codon (TGA), at
position 2880, is separated from the poly(A) tail by 281 bp of
3’ untranslated sequence.

Expression of PKD in Mouse Tissues and Cultured Cells.
Lung and brain show a prominent expression of the PKD
mRNA. Testis, kidney, heart, and skeletal muscle display
intermediate levels of expression, whereas liver and spleen
appear to contain very low levels of mRNA (Fig. 2 Left). A
single transcript was also detected in tertiary cultures of
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Nucleotide sequence of PKD. (A) The assembled cDNA is illustrated as a line with the positions of the predicted initiation and

termination codons indicated. Heavy line above the cDNA denotes predicted translation product, PKD, with the catalytic domain of the protein
kinase denoted with a box. The structures of seven partial cDNAs that were isolated from Swiss 3T3 (SW-4) and mouse lung libraries (L6, L7,
L13.3, L16, L16.1, L20) as described are shown as well as the EcoRV and BamHI restriction sites. (B) Composite nucleotide sequence of PKD
and the deduced amino acid sequence of the protein. Numbers on the right indicate nucleotide from the 5’ end of the cDNA; numbers on the
left indicate position from the N terminus of the encoded polypeptide.
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FiG.2. Tissue and cell-type specificity of PKD expression. (Upper)
Total RNA (20 ug) isolated (18) from several BALB/c mouse tissues
(Left) and from quiescent Swiss 3T3 fibroblasts, 3T6 fibroblasts, and
tertiary passage mouse embryo fibroblasts (MEF) (Right) was electro-
phoresed on a 1% agarose/6% formaldehyde gel and transferred onto
Hybond-N* membranes. The hybridization probe was a gel-purified
1314-bp EcoRV/BamHI cDNA fragment spanning the 5’ end of clone
L16 radiolabeled to a specific activity of 3 X 108 cpm/ug by random
priming. To determine the loading efficiency, the membranes were
stripped and rehybridized with an 18S rRNA probe. S. muscle, smooth
muscle. (Lower) PKD protein expression in Swiss 3T3 cells and mouse
embryo fibroblasts. Cultures of Swiss 3T3 cells (6 x 105) or tertiary
mouse embryo fibroblasts (MEF) (5 x 108 cells) were washed twice with
phosphate-buffered saline at 4°C and lysed. PKD was immunoprecip-
itated from the clarified lysates with the PA-1 antibody in either the
absence (lanes 1, 3, 4, and 6) or presence (lanes 2 and 5) of immunizing
peptide (2 ug per ud of antiserum). Immunoprecipitates were analyzed
by Western blotting using the PA-1 antiserum in either the absence
(lanes 1, 2, 4, and 5) or presence (lanes 3 and 6) of immunizing peptide.

mouse embryo fibroblasts as well as in the mouse Swiss 3T3
and 3T6 cell lines (Fig. 2 Righi).
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To examine PKD protein expression in Swiss 3T3 cells and
mouse embryo fibroblasts, lysates of these cells were sub-
jected to immunoprecipitation with a polyclonal antiserum
(PA-1) raised against the synthetic peptidle EEREMKALS-
ERVSIL that corresponds to the C-terminal region of the
predicted amino acid sequence of PKD. The immunoprecip-
itates were then analyzed by immunoblotting using the same
antiserum. PA-1 specifically recognized a single band migrat-
ing with an apparent molecular mass of 110 kDa, in agreement
with the predicted molecular mass of PKD (Fig. 2). A fraction
of the immunoreactive 110-kDa band was associated with
cellular membranes (results not shown).

Structural Analysis. The putative catalytic domain of PKD
contains a protein kinase consensus region between residues
589 and 845, which is composed of distinct subdomains (21).
Searching the protein data bases with this sequence revealed
the highest identity with the catalytic domain of myosin
light-chain kinase (MLCK) of Dictyostelium (41%) (Fig. 3A).
The rank order of homologies within the catalytic domain was
as follows: MLCK (Dictyostelium) > Ca?*/calmodulin-de-
pendent protein kinase (CaM kinase) type II > CaM kinase
type IV > cAMP-dependent protein kinase > phosphorylase
B kinase. In particular, the catalytic domain of PKD exhibits
only alow degree of similarity to the highly conserved regions
characteristic of all members of the PKC family.

The salient feature of the deduced amino acid sequence of
the N-terminal portion of PKD is a cysteine-rich repeat
sequence (HX;,CX,CX;3CX,CX4HX,CX5C) that exhibits
homology with the cysteine-rich sequence tandemly repeated
in the regulatory domain of all phorbol ester-sensitive PKCs
(Fig. 3B). The length of the sequence separating the cysteine-
rich domains in PKD (95 residues) is substantially longer than
that of conventional PKCs (28 amino acids) or unconven-
tional PKCs (35-36 amino acids). Other proteins that also
contain a cysteine-rich, zinc finger-like motif with sequence
identity to PKCs include the p217° GTPase-activating protein
chimerin, the DAG kinase, the Caenorhabditis elegans
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Fic. 3. Alignment of PKD
with related serine-threonine pro-
tein kinases. (A) Alignment of the
catalytic domain of PKD and Dic-
tyostelium MLCK. (B) Cysteine-
rich domains of PKD were aligned
with the cysteine-rich domains of
PKC isoforms. Invariant residues
forming a consensus sequence are
also shown.
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UNC13 gene product, and the oncogene products RAF and
VAV (7, 10, 22).

In all PKCs, a pseudosubstrate motif characterized by an
alanine flanked by basic amino acids is located 15 amino acids
upstream from the beginning of the cysteine-rich domain.
PKD does not contain sequences with homology to a typical
PKC pseudosubstrate motif upstream of the cysteine-rich
region, further illustrating the divergence of PKD from the
PKC family. In contrast, the N-terminal domain of PKD
contains hydrophobic regions that represent a putative leader
sequence following the initiator methionine and a transmem-
brane domain.

We conclude that PKD is an unusual serine/threonine
kinase with a striking structure. The catalytic domain is
distantly related to Ca?*-regulated protein kinases and
clearly distinct from PKC. A second domain contains cys-
teine-rich motifs with a high degree of homology to the
corresponding motifs of the C1 regulatory region of PKC.

Binding of [P*H]PDB to a Fusion Protein Containing the
Cysteine-rich Domain. Next, we examined directly whether
the N-terminal portion of PKD can function as a phorbol ester
and DAG receptor. A fusion protein containing the cysteine-
rich domain of PKD bound [*H]PDB in a specific manner.
Binding was directly proportional to the amount of fusion
protein added to the assay mixture (Fig. 44) and dependent
on the presence of phosphatidylserine in the incubation
mixture, but it was not affected by Ca?*. The binding of
[*HIPDB to the fusion protein was displaced by unlabeled
PDB in a dose-dependent fashion (Fig. 4B). In contrast,
neither phorbol nor the biologically inactive phorbol 12-
myristate 13-acetate 4-O-methyl ether competed with
[PHIPDB for binding to the fusion protein (Fig. 4C). As
shown in Fig. 4C, the cell-permeant DAG analogue 1-oleoyl-
2-acetyl glycerol (OAG) inhibited [*H]PDB binding at con-
centrations (1-100 ug/ml) that elicit multiple responses,
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Fic. 4. Binding of [*H]PDB to the PKD cysteine-rich domain
fusion protein. (A) Binding of [*H]PDB as a function of the amount
of fusion protein containing the cysteine-rich domain. Binding to the
fusion protein (25 ng to 1 ug as indicated) was determined by using
[H]PDB at 10 nM in the presence of 20 mM Tris'HCl (pH 7.5) with
phosphatidylserine (125 ug/ml) in a final vol of 200 ul. Incubations
were carried out at 4°C for 30 min and then for a further 15 min at 4°C
in the presence of 300 ul of DES2 equilibrated with 10 mM Tris-HCl
(pH 7.5) (50:50 suspension). Incubations were terminated by rapid
filtration on a Whatman GF/F filter disc followed by rapid washing
with 20 mM Tris-HCI (pH 7.5) at 4°C. Similar results were obtained
when bound [*H]PDB was separated from free ligand using amylose
resin instead of DES2. Radioactivity was determined by placing the
filters in 10 ml of scintillation liquid. Nonspecific binding was
estimated by addition of 10 uM unlabeled PDB to the incubation
mixture. Phosphatidylserine was sonicated for 1 min at 4°C to form
phospholipid vesicles. (B) Effect of unlabeled PDB on specific
[H]PDB binding. The fusion protein containing the cysteine-rich
domain (100 ng) was incubated with 10 nM [*H]PDB in the presence
of increasing amounts of unlabeled PDB as described above. Specific
binding of [PH]JPDB was expressed as percentage of binding in the
absence of unlabeled PDB. (C) Effect of 100 nM phorbol (PB), 100
nM phorbol 12-myristate 13-acetate 4-O-methyl ether (MeTPA), or
OAG at various concentrations on specific [P H]PDB binding. Values
are expressed as percentage of specific binding in the absence of
unlabeled analogs. Results represent means + SE of five experi-
ments.
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FiG. 5. Analysis of [PH]PDB binding to the PKD cysteine-rich
domain fusion protein. The fusion protein (100 ng) containing the
cysteine-rich domain was incubated in the presence of various
concentrations (3-200 nM) of [3H]PDB for 30 min at 4°C in a final vol
of 200 ul. Results presented are of a representative experiment, with
each point determined in triplicate. Nonspecific binding was deter-
mined in the presence of 1000-fold excess unlabeled PDB and was
=~15% of the total binding. (Inset) Scatchard analysis of *H]JPDB
binding to the PKD cysteine-rich domain fusion protein. B/F,
bound/free. Similar results were obtained in three independent
experiments (Kg = 35 = 7; mean + SEM; n = 3). All other
experimental details were as described in the legend to Fig. 4.

including mitogenesis, in cultured cells (23). Specific binding
of [*H]PDB to the fusion protein containing the cysteine-rich
tandem repeat was saturable (Fig. 5). Scatchard analysis of
the data revealed a K4 of 35 nM.

PKD Is a Protein Kinase. To verify directly that PKD
possesses catalytic activity, we tested the ability of affinity-
purified fusion protein containing the catalytic domain of
PKD to phosphorylate a variety of exogenous substrates. As
shown in Table 1, the catalytic domain of PKD efficiently
phosphorylated syntide 2, a substrate (PLARTLSVA-
GLPGKK) also used by calmodulin-dependent protein ki-
nases (22, 24, 25).

Sequence analysis of syntide 2 phosphorylated by the
catalytic domain of PKD verified that phosphorylation oc-
curred exclusively on serine (results not shown). The cata-
lytic domain of PKD did not phosphorylate any other of the

Table 1. Relative phosphorylation of different substrates

nmolmin”~ % phos-
Substrate ‘mg~! phorylation

Syntide 2 57 100

G peptide 0.7 1.2
APRTPGGRR 0.2 0.3
RRREEESEEE 0.1 0.2
GS-1 peptide 1.5 2.6
S6 peptide 0.7 1.2
PKC pseudosubstrate ¢ 0.1 0.2
Protamine 0.4 0.7
Myelin basic protein 0.8 1.4
Histone 0.5 0.9

PKD catalytic domain fusion protein (50 ug/ml) was incubated for
S min with different protein kinase substrates as described in the
legend to Fig. 6. All substrates were used at a final concentration of
2.5 mg/ml. G-peptide (SPQPSRRGSESSEE) corresponds to the
primary sequence surrounding protein kinase A phosphorylation site
1 in the glycogen-binding subunit of the type 1 phosphatase.
APRTPGGRR is specifically phosphorylated by the extracellular
signal-regulated kinase. RRREEESEEE is specifically phosphory-
lated by casein kinase 2 (CK-2). GS-1 peptide (YRRAAVPP-
SPSLSRHSSPHQSEDEE) contains several phosphorylation sites
for CK-2 and proline-directed kinases such as glycogen synthase
kinase 3. S6 peptide (RRRLSSLR) corresponds to a C-terminal
amino acid sequence of the eukaryotic ribosomal protein S6. His-
tones tested were histone IIAS, IIIS, and VIIS.
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Fi1G. 6. Phosphorylation of syntide 2 by the catalytic domain of
PKD: Time course and dependence on substrate concentration. (A)
Time course. PKD catalytic domain fusion protein was incubated for
various times with a phosphorylation mixture containing syntide 2.
(B) Dependence on concentration. PKD catalytic domain fusion
protein was incubated for 5 min with a phosphorylation mixture
containing various concentrations of syntide 2. Kinase activity of the
PKD catalytic domain fusion protein was measured by incubation at
30°C in a phosphorylation mixture containing 50 ug of PKD catalytic
domain fusion protein per mi, 0.7 mM syntide 2, 125 uM [y-32P]ATP
(specific activity, 300-600 cpm/pmol), and 15 mM MgCl,. The
kinase reaction was stopped by placing the reaction mixture on p81
phosphocellulose filter papers. [y-32P]JATP was separated from the
labeled substrates by washing the papers in 75 mM H3;PO4.

substrates tested (Table 1). These include a variety of sub-
strates that are used by PKCs such as histone IIIS and a
peptide based on the sequence of the pseudosubstrate region
of PKCe. This pattern of substrate specificity clearly distin-
guishes PKD from the PKC family. In addition, PKD phos-
phorylated neither substrates containing a phosphorylation
site for the cAMP-dependent protein kinase (G peptide and
histone) nor a known substrate of the multifunctional CaM
kinase II (myelin basic protein). Interestingly, PKD can also
be distinguished from c-Rafl, which phosphorylates myelin
basic protein more effectively than syntide 2 (26).

Affinity-purified fusion protein containing the catalytic
domain of PKD phosphorylated syntide 2 in a time-dependent
manner; linear kinetics were obtained up to 5 min of incu-
bation (Fig. 6). A double reciprocal plot of the initial rate of
syntide 2 phosphorylation as a function of syntide 2 concen-
tration was linear, indicating that the catalytic domain of
PKD obeys Michaelis—-Menten kinetics. The apparent Ky, for
syntide 2 was 0.5 mM (Fig. 6).

Implications. Phorbol esters act as potent tumor promoters
and induce a variety of responses in many cultured cell types
including effects on ionic channels, second messenger pro-
duction, cell-cell communication, membrane transport, pro-
tein phosphorylation, and cellular growth, morphology, dif-
ferentiation, and transformation (2, 4, 27). The identification
of another target for phorbol esters, PKD, whose mRNA is
expressed in many organs and tissues as well as in cultured
cells raises the possibility that some of the actions of phorbol
esters could be mediated partially or exclusively by PKD.

One of the earliest responses of many cell types to extra-
cellular stimuli is an increase in the synthesis of DAG, the
physiological second messenger generated through multiple
pathways (5, 6). PKD could provide an additional component
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in the flow of signal transmission and dissemination initiated
by DAG.

Note. After this work was completed, we learned that a kinase with
a high degree of identity to PKD has very recently been identified as
a cDNA clone isolated from a human library and designated PKCpu
(28). PKCpu has not been shown to bind phorbol esters. Conse-
quently, further work will be required to determine whether these
enzymes are functional homologs.
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