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Background: PKD1 catalytic fragments accumulate during apoptosis; their cellular actions remain uncertain.
Results: A PKD1 truncation mutant lacking the N-terminal portion of the regulatory domain does not phosphorylate protein
substrates or activate PKD1-dependent cellular responses.
Conclusion: The N-terminal portion of the regulatory domain (encompassing the C1 domain) is a positive regulator of PKD1
activity.
Significance: Proteolysis limits the cellular actions of PKD1.

The canonical pathway for protein kinase D1 (PKD1) activa-
tion by growth factor receptors involves diacylglycerol binding
to the C1 domain and protein kinase C-dependent phosphory-
lation at the activation loop. PKD1 then autophosphorylates at
Ser916, a modification frequently used as a surrogate marker of
PKD1 activity. PKD1 also is cleaved by caspase-3 at a site in the
C1-PH interdomain during apoptosis; the functional conse-
quences of this cleavage event remain uncertain. This study
shows that PKD1-�1–321 (anN-terminal deletionmutant lack-
ing the C1 domain and flanking sequence that models the cata-
lytic fragment that accumulates during apoptosis) and PKD1-
CD (the isolated catalytic domain) display high basal Ser916

autocatalytic activity and robust activity toward CREBtide (a
peptide substrate) but little to no activation loop autophosphor-
ylation and no associated activity toward protein substrates,
such as cAMP-response element binding protein and cardiac
troponin I. In contrast, PKD1-�PH (a PH domain deletion
mutant) is recovered as a constitutively active enzyme,with high
basal autocatalytic activity and high basal activity toward pep-
tide and protein substrates. These results indicate that individ-
ual regions in the regulatory domain act in a distinct manner to
control PKD1 activity. Finally, cell-based studies show that
PKD1-�1–321 does not substitute for WT-PKD1 as an in vivo
activator of cAMP-response element binding protein and ERK
phosphorylation. Proteolytic events that remove the C1 domain
(but not the autoinhibitory PH domain) limit maximal PKD1
activity toward physiologically relevant protein substrates and
lead to a defect in PKD1-dependent cellular responses.

Protein kinase D1 (PKD1)2 is the foundingmember of a fam-
ily of structurally related serine/threonine kinases that have

emerged as regulators of cardiac contraction and ventricular
remodeling (1). PKD1 is structurally characterized by a C-ter-
minal kinase domain that is distantly related to Ca2�/calmod-
ulin-dependent protein kinases and an N-terminal regulatory
domain consisting of a C1 motif that binds diacylglycerol-/
phorbol ester-enriched membranes and a pleckstrin homology
(PH) domain that participates in autoinhibitory intramolecular
interactions. PKD1 activation is generally attributed to a phos-
phorylation-dependent mechanism involving PKC. Agonists
that promote diacylglycerol accumulation co-localize PKD1
with novel PKC isoforms at membranes and promote novel
PKC-dependent PKD1 phosphorylation at Ser744/Ser748 (a pair
of highly conserved serine residues in the activation loop of the
kinase domain; nomenclature based upon rodent sequence).
Recent studies indicate that PKD1-Ser744/Ser748 phosphoryla-
tion also can be mediated by an autocatalytic reaction that
assumes functional importance during chronic PKD activation
by G protein-coupled receptor agonists (2, 3). Because the
PKD1-Ser744/Ser748-phosphorylated enzyme typically auto-
phosphorylates at Ser916, immunoblotting for PKD1-Ser916
phosphorylation is widely used as a surrogatemeasure of PKD1
activity (in place of more cumbersome direct measurements of
enzyme activity). However, recent studies expose discrepancies
between PKD1-Ser916 phosphorylation and PKD1 activity
toward physiologically relevant protein substrates, indicating
that conclusions based upon experiments that rely on Ser916
phosphorylation as a surrogate for PKD1 activity may be mis-
leading (2).
In addition to the canonical growth factor-dependent mech-

anism for PKD1 activation, PKD1 also is proteolytically cleaved
by caspase-3 during induction of apoptosis. Caspase-3 cleaves
PKD1 at a site in the C1-PH interdomain, generating a catalytic
fragment that retains the PH, but not the C1, domain (4–6).
Because the C1 and PH domains have been implicated in simi-
lar intramolecular interactions that limit basal catalytic activity,
the functional consequences of cleavage at this site are not nec-
essarily predictable, and they have been disputed (7, 8). Vántus
et al. (5) concluded that this proteolytic event activates PKD1
based upon studies showing that the PKD1 cleavage product
generated during apoptosis displays a modest increase in basal
activity, compared with the basal activity of full-length PKD1.
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However, Häussermann et al. (9) performed a more compre-
hensive analysis and showed that the increased basal activity of
the C-terminal cleavage product is inconsequential when com-
pared with the high PS/PMA-dependent activity displayed by
the full-length PKD1 enzyme; these results suggest that prote-
olysis limits maximal PKD1 activity. Of note, these previous
studies measured PKD1 activity using assays that tracked auto-
phosphorylation or phosphorylation of a peptide substrate;
recent studies indicate that these approaches may be mislead-
ing because they do not necessarily provide valid surrogate
readouts of PKD1 activity toward heterologous protein sub-
strates (2). Therefore, this study uses cell-based and in vitro
approaches (including assays that track phosphorylation of
physiologically relevant substrates, such as cAMP-response
element binding protein (CREB) and cardiac troponin I (cTnI))
to resolve uncertainties regarding the activity of PKD1 catalytic
fragments.

EXPERIMENTAL PROCEDURES

Materials—Anti-PKD1-Ser(P)742 (numbering based upon
human sequence, corresponding to rodent PKD1-Ser748) was
from Abcam. Other antibodies were from Cell Signaling Tech-
nologies. CREB-MBP fusion protein was from Invitrogen.
CREBtide was from Calbiochem.
PKD1 Mutants—Plasmids that drive expression of HA-

tagged WT-PKD1, PKD1-SS/AA (harboring non-phosphory-
latable alanines at Ser744/Ser748 in the activation loop), PKD1-
�PH (PH domain deletion), and PKD1-CD (an isolated
catalytic domain) generated by the Toker laboratory were
obtained from Addgene. PKD1-�1–321 (an N-terminal dele-
tion mutant lacking the C1 domain) was generously provided
by Dr. Peter Storz. PKD1 expression plasmids were introduced
into HEK293 cells by Effectene transfection reagent (Qiagen)
according to the instruction manual. Cells were grown for 24 h
and lysed in radioimmune precipitation buffer containing 1mM

sodium orthovanadate, 10 �g/ml aprotinin, 10 �g/ml leupep-
tin, 10 �g/ml benzamidine, 0.5 mM PMSF, 5 �M pepstatin A,
and 0.1 �M calyculin. Cell extracts were used for immunoblot-
ting experiments or subjected to immunoprecipitation with
anti-HA tag-agarose (RocheApplied Science) for subsequent in
vitro kinase assays.
In Vitro Kinase Assays—In vitro kinase assays were per-

formed with PKD1 immunoprecipitated from 150 �g of start-
ing cell extract. Incubations were performed in 110�l of a reac-
tion buffer containing 30 mM Tris-Cl, pH 7.5, 5.45 mM MgCl2,
0.65 mM EDTA, 0.65mM EGTA, 0.1 mMDTT, 1.09mM sodium
orthovanadate, 0.1 �M calyculin, 0.55 �M PKI, 217 mM NaCl,
3.6% glycerol, and [�-32P]ATP (10 �Ci, 66 �M, unless indicated
otherwise). The reaction buffers contained either 89 �g/ml
phosphatidylserine plus 175 nM PMA or 30 �g/ml dextran sul-
fate, as indicated; control experiments establish that these con-
centrations result in maximal activation of WT-PKD1. Assays
contained either 4 �g of troponin complex (consisting of
equimolar concentrations of cardiac troponin I, cardiac tro-
ponin T, and cardiac troponin C, generously provided by Drs.
John Solaro and Marius Sumandea) or recombinant human
CREB-maltose-binding protein fusion construct (CREB-MBP,
1 �g/assay; BIOSOURCE). Incubations were for 30 min at

30 °C. PKD1 autophosphorylation was tracked with the CST
anti-PKD1-Ser(P)744/Ser(P)748 (which is reported to track pri-
marily Ser744 phosphorylation), the Cell Signaling Technology
anti-PKD1-Ser(P)916 phosphorylation state specific antibodies,
and the Abcam anti-PKD1-Ser(P)742 antibody (which was
recently characterized as relatively selective for Ser742 in
human PKD1, corresponding to Ser748 in rodent PKD1 (2)).
Control experiments established that activity in these assays
cannot be attributed to the co-precipitation of endogenous
PKD1, PKD2, or other enzymes with Ser916 kinase activity;
studies showing that endogenous PKD1 and PKD2 enzymes do
not co-immunoprecipitate with PKD1-CD under our assay
conditions and that kinase-inactive PKD1 pull-downs lack
Ser916 kinase activity have been published (2, 10).
CREBtide kinase assays were performed in a similar manner,

with 0.36 mg/ml CREBtide (or the indicated concentration of
CREBtide in Fig. 3) included as the PKD1 substrate. Assays
were terminated by adding 30 �l of 350 mM phosphoric acid
followed by centrifugation at 14,000 � g for 10 min. 50 �l of
each supernatant was spotted onto phosphocellulose filter
papers (P-81), dropped into 75 mM phosphoric acid, washed
(three times for 5 min), dried, and counted for radioactivity.

RESULTS

Initial studies compared the in vitro catalytic activities of
WT-PKD1, PKD1-�1–321 (a PKD1 N-terminal truncation
mutant lacking the extreme N terminus and the C1 domain),
and PKD1-CD (a PKD1 catalytic domain fragment lacking the
entire regulatory domain; Fig. 1). Assays were performed in
parallel with either full-length CREB or cTnI as substrate, with
the following end points used to track PKD1 activity. 1) PKD1
autophosphorylation was tracked as 32P incorporation into
PKD1 by PhosphorImager analysis. 2) PKD1 autophosphoryla-
tion at Ser916 was detected by immunoblot analysis. 3) PKD1
activation loop autophosphorylation was tracked with anti-
PKD-Ser(P)744/Ser(P)748, which primarily recognizes PKD1-
Ser744 phosphorylation, and anti-PKD1-Ser(P)748, which
preferentially recognizes PKD1-Ser748 phosphorylation (nomen-
clature based upon rodent sequence (2, 3)). 4) PKD1 phosphor-
ylation of full-lengthCREB or cTnIwas tracked by immunoblot
analysis with phosphorylation state specific antibodies that rec-
ognize CREB-Ser133 or cTnI-Ser23/Ser24 phosphorylation and
by PhosphorImager analysis to track 32P incorporation into
these proteins. Finally, a separate series of kinase assays were

FIGURE 1. Schematic of PKD1 structure and mutants used in this study.
PKD1 contains tandem C1 domains, a PH domain, and a CD. PKD1-�1–321,
deletion of the first 321 residues at the N-terminal domain; PKD1-CD, catalytic
domain fragment; PKD1-�PH, deletion of the PH domain.
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performed in parallel to track PKD1 phosphorylation of
CREBtide, a 15-residue peptide based upon the PKD phos-
phorylation site at Ser133 in CREB (CKRREILSRRPS*YRK).We
used CREBtide (rather than syntide-2, the peptide used inmost
previous studies) to avoid sequence differences that might
influence substrate recognition/phosphorylation; this permits
comparisons of PKD1 activity toward peptide (CREBtide) ver-
sus protein (CREB) substrates.

Fig. 2 shows thatWT-PKD1 is activated in vitro by PMA and
by dextran sulfate, another potent PKD1 agonist (11). PMA and
dextran sulfate increase WT-PKD1 autophosphorylation,
detected as an increase in PKD1 autophosphorylation at Ser916
(Fig. 2A), a decrease in the electrophoretic mobility of the pro-
tein in SDS-PAGE (Fig. 2A), and an increase in 32P incorpora-
tion into the enzyme (Fig. 2B). PMA and dextran sulfate induce
similar high levels of 32P incorporation into WT-PKD1 and
WT-PKD1-Ser916 autophosphorylation. However, WT-PKD1
activation loop autophosphorylation is prominent only in
assays with PMA; the dextran sulfate-activated WT-PKD1
enzyme displays only a very modest increase in activation loop
autophosphorylation. Nevertheless, PMA- and dextran sulfate-
activated WT-PKD1 enzymes display similar high levels of

trans phosphorylation of CREBtide (Fig. 2E). PMA and dextran
sulfate also increase PKD1 activity toward full-length CREB or
cTnI, measured by immunoblot analysis as CREB-Ser133 or
cTnI-Ser23/Ser24 phosphorylation (Fig. 2A) or by Phosphor-
Imager analysis as 32P incorporation (Fig. 2, C and D). In fact,
the level of CREB and cTnI phosphorylation in assays with dex-
tran sulfate (which elicits only a minor increase in activation
loop phosphorylation) is considerably higher than in assays
with PMA; these agonist-dependent differences in CREB and
cTnI phosphorylation were detected both in immunoblotting
studies that track CREB-Ser133 and cTnI-Ser23/Ser24 phosphor-
ylation (Fig. 2A) and by PhosphorImager analyses quantifying
32P incorporation (Fig. 2, C and D). Although the dextran sul-
fate-dependent increase in phosphorylation might in theory
be due to a change in the conformation of substrates used in the
kinase assays, an effect on the enzyme is considerably more
likely because 1) dextran sulfate exerts an obvious effect on the
enzyme (it slows the electrophoretic mobility of PKD1 and
enhances PKD1-Ser916 autophosphorylation); 2) dextran sul-
fate increases PKD1 phosphorylation of CREB and cTnI, two
structurally different substrates; and 3) dextran sulfate does not
enhance CREB-Ser133 phosphorylation by protein kinase A

FIGURE 2. PKD1-�1–321 and PKD1-CD are CREBtide kinases that autophosphorylate at Ser916 but do not effectively autophosphorylate their activa-
tion loop or trans phosphorylate CREB or cTnI. WT-PKD1, PKD1-�1–321, and PKD1-CD were immunoprecipitated from HEK293 cells and used in IVKAs in
buffers without or with PMA or dextran sulfate (with CREB, cTnI, or CREBtide as substrate) as described under “Experimental Procedures.” A, immunoblotting
for PKD1 activation loop and Ser916 autophosphorylation, PKD1 protein (to show similar recovery and loading of each enzyme), CREB-Ser133 phosphorylation,
and cTnI-Ser23/Ser24 phosphorylation. B, C, and D, 32P incorporation into PKD1, cTnI, and CREB quantified by PhosphorImager. All results are from a single
experiment, with similar results obtained in two separate experiments. E, PKD1-dependent CREBtide phosphorylation was examined in triplicate as described
under “Experimental Procedures”; data are from a single experiment, with identical results obtained in two separate experiments. F, WT-PKD1 and PKD1-
S744A/S748A (PKD1-SS/AA) were immunoprecipitated from HEK293 cells, and IVKAs were performed in buffers without or with PMA or DS with CREB as
substrate. Immunoblotting was for PKD1-Ser916 and CREB-Ser133 phosphorylation or PKD1 protein (to show equal recovery of WT-PKD1 and PKD1-SS/AA), with
32P incorporation into CREB quantified by PhosphorImager. Data are from a single experiment that was replicated in two separate experiments.
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(data not shown). An effect of dextran sulfate to alter the con-
formation of two different target substrates (CREB and cTnI) in
a manner that specifically enhances their phosphorylation by
PKD1 but not by PKA is highly unlikely.
PKD1-�1–321 is predicted to display characteristics of a

constitutively active enzyme because it harbors an N-terminal
deletion that encompasses the C1 domain. However, Fig. 2
shows that deletion of the N-terminal half of the regulatory
domain leads to an increase in only certain basal catalytic activ-
ities. PKD1-�1–321 displays high basal autocatalytic activity
(measured as 32P incorporation by PhosphorImager and Ser916

autophosphorylation by immunoblot analysis) and high basal
CREBtide activity (Fig. 2, A, B, and E). These results replicate
the phenotype originally described for PKD1-�C1 (which har-
bors amore restricted deletion of theC1 domain, residues 145–
353 (7)). However, additional measurements (not included in
previous studies of the PKD1-�C1 mutant) show that PKD1-
�1–321 does not autophosphorylate at Ser744 or Ser748, and it
displays no basal activity toward full-length CREB or cTnI (Fig.
2, A, C, and D). A PKD1-CD mutant lacking the entire regula-
tory domain shows a similar phenotype; PKD1-CD retains basal
Ser916 (and to a lesser extent Ser748) autocatalytic activity and
CREBtide kinase activity, but PKD1-CD does not undergo an
electrophoretic mobility shift during the IVKA, it incorporates
only trace amounts of 32P (by PhosphorImager analysis), it does
not autophosphorylate at Ser744, and it does not phosphorylate
full-length CREB and cTnI. Collectively, these results indicate
that PKD1 truncation mutants harboring a deletion of the
entire regulatory domain (PKD1-CD) or the N-terminal half of
the regulatory domain (PKD1-�1–321) display constitutive
activity toward peptide but not protein substrates.

We previously demonstrated that a PKD1 mutant harboring
an S744A/S748A substitution retains in vitro lipid-dependent
Ser916 autocatalytic activity, but no lipid cofactor-dependent
CREB kinase activity, and that PKD1-S744A/S748A phosphor-
ylates CREB when assays are performed with dextran sulfate.
This result (which is replicated in Fig. 2F) argues that dextran
sulfate activates PKD1 via a mechanism that bypasses the
requirement for activation loop phosphorylation. Because
PKD1-�1–321 and PKD1-CD display similar activation loop
autophosphorylation defects, we examined whether dextran
sulfate rescues the CREB and cTnI kinase activity of these
mutants. Fig. 2, A–E, shows that PKD1-�1–321 and PKD1-CD
acquire CREB and cTnI kinase activity when assays are per-
formed with dextran sulfate.
The observation that the PKD1-�1–321 mutant (lacking the

C1 domain) displays a defect in trans phosphorylation of pro-
tein substrates runs counter to the prevailing notion that theC1
domain is an inhibitory regulator of PKD1 activity. However, it
is worth noting that 1) PKD1-�C1 was originally characterized
as a constitutively active enzyme based on studies that tracked
in vitro autophosphorylation or phosphorylation of syntide-2
(7) (activity toward physiologically relevant protein substrates
was not examined and might differ), and 2) this conclusion has
been disputed; Hausser et al. (12) identified similar basal (lipid-
independent) autocatalytic activities forWT-PKD1 and PKD1-
�C1.
We performed a similar analysis of the in vitro kinase activity

of PKD-�PH, a PH domain truncation mutant that was also
previously characterized as a constitutively active enzyme (8).
Fig. 3 shows that PKD1-�PH is recovered from restingHEK293
cells as a constitutively phosphorylated/active enzyme. PKD1-

FIGURE 3. PKD1-�PH is a constitutively phosphorylated enzyme that displays a high level of CREBtide and CREB kinase activity. WT-PKD1 and
PKD1-�PH immunoprecipitated from HEK293 cells were used in IVKAs without or with PMA or DS (with CREB as substrate) as described under “Experimental
Procedures.” Left, autoradiography and immunoblotting for PKD1 activation loop and Ser916 phosphorylation. Right, 32P incorporation into PKD1 (top) or CREB
(bottom) was quantified by PhosphorImager. The data are from a single experiment, with identical results obtained in two separate experiments.
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�PH displays a high level of basal Ser744, Ser748, and Ser916
phosphorylation. PKD1-�PH autophosphorylates further
(incorporates 32P and undergoes an electrophoretic mobility
shift) during in vitro kinase assays without or with agonists
(PMA or dextran sulfate). PKD1-�PH also displays a high level
of basal CREB kinase activity that is not further increased by
PMA or dextran sulfate. A similar high level of basal PKD1-
�PH phosphorylation of cTnI also was detected (data not
shown). Quantification of a series of experiments by Phosphor-
Imager analysis showed that basal 32P incorporation into CREB
is 18.2 � 1.5% higher in assays with PKD1-�PH than in assays
withWT-PKD1 (n � 4, p � 0.05; representative experiment in
Fig. 3). Collectively, these results indicate that the basal phos-
phorylation and activity profiles of PKD1-�PH and PKD1-�1–
321 are vastly different; only PKD1-�PH is recovered with a
high level of constitutive Ser744/Ser748 phosphorylation and
CREB kinase activity. These results challenge the notion that an
N-terminal deletion encompassing the C1 domain generates a
constitutively active enzyme. Rather, these results indicate that
the C1 and PH domains exert distinct effects on PKD1 activity;
the PH domain engages in autoinhibitory interactions that
restrict PKD1 activity, whereas the extreme N-terminal region
of the regulatory domain (containing the C1 domain) is
required for optimal PKD1 activity.
An N-terminal deletion that removes the C1 domain pre-

vents in vitro PMA-dependent PKD1 activation (Fig. 2) and in
vivo PKD1 co-localization with activated forms of PKC at lipid
membranes (13), but Fig. 4A shows that theC1 domain deletion
does not completely abrogate in vivo PMA responsiveness.
WT-PKD1 and PKD1-�1–321 are recovered from resting cells
with similar low levels of constitutive Ser916 and no detectable
phosphorylation at Ser744/Ser748. PMA treatment results in a
robust increase in WT-PKD1 phosphorylation at Ser744/Ser748
and Ser916 and amore modest increase in PKD1-�1–321 phos-
phorylation at Ser744/Ser748 and Ser916. The observation that
PKD1-�1–321 retains some in vivo PMA responsiveness was
surprising and provided the rationale to examine whether
PKD1-�1–321 might acquire CREB kinase activity in vivo in
PMA-treated cells.
Fig. 4B shows that WT-PKD1 is recovered from resting

HEK293 cells with low basal activity. WT-PKD1 activity is
increased by in vitro exposure to PMA.Under these conditions,
WT-PKD1 migrates as a doublet, with the slower migrating
form ofWT-PKD1 displaying a high level of lipid-independent
autocatalytic activity (detected as increased 32P incorporation
by PhosphorImager). WT-PKD1 is recovered from PMA-
treated cells with a high level of lipid-independent CREB kinase
activity. In contrast, PKD1-�1–321 is recovered from resting or
PMA-treated HEK293 cells with a high level of basal autocata-
lytic activity but only a trivial amount of CREB kinase activity.
PKD1-�1–321 activity is not influenced by in vitro stimulation
with PMA. These results indicate that an N-terminal trunca-
tion of PKD1 (that removes the C1 domain) interferes with the
in vivo acquisition of CREB kinase activity.
Finally, we examined whether truncation of the N-terminal

portion of the regulatory domain leads to a defect in PKD1-de-
pendent cellular responses. Fig. 5 shows that heterologous
overexpression ofWT-PKD1 leads to an increase in basal phos-

phorylation of CREB and ERK and that PKD1-�1–321 does not
substitute for WT-PKD1 as an in vivo activator of CREB or
ERK.

DISCUSSION

PKD1 has recently emerged as a key signaling enzyme that is
activated by many physiologically relevant stimuli. Current
dogma holds that PKD1 activity is maintained at low basal lev-
els in resting cells as a result of intramolecular autoinhibitory
interactions involving both the C1 and PHdomains. The obser-
vation that the PKD1-�PH mutant is recovered from resting
COS7 cells as a constitutively Ser744-, Ser748-, and Ser916-phos-
phorylated enzyme that displays a high level of basal catalytic
activity toward protein and peptide substrates is consistent
with the notion that the PH domain acts as an autoinhibitory
regulator of PKD1 activity. In contrast, the activity profile of the
PKD1-�1–321 mutant (which harbors a C1 domain deletion
and is predicted tomimic the signaling phenotype of the PKD1-
�C1 mutant) is quite different. PKD1-�1–321 is recovered
from resting cells as a Ser916-phosphorylated enzyme with
enhanced CREBtide kinase activity, but it lacks key character-
istics of a constitutively active enzyme; the N-terminal deletion
that removes the C1 domain and flanking sequence disrupts

FIGURE 4. PKD1-�1–321 does not acquire CREB kinase activity in vivo in
PMA-treated HEK293 cells. HEK293 cells that heterologously overexpress
WT-PKD1, PKD1-�1–321, or �-galactosidase were challenged for 15 min with
vehicle or 300 nM PMA. A, immunoblotting with the indicated antibodies on
cell lysates. Endogenous PKD1 expression and phosphorylation is readily
detected in �-gal cultures with increased protein loading and more pro-
longed gel exposure times. B, WT-PKD1 and PKD1-�1–321 were immunopre-
cipitated from resting or PMA-treated cultures and then subjected to IVKAs
without (open bars) or with (hatched bars) PMA. 32P incorporation into PKD1
(top) or CREB (bottom) was quantified by PhosphorImager; PKD1-Ser916 and
CREB-Ser133 phosphorylation was tracked by immunoblot analysis. The
results are from a single experiment and were replicated in two separate
experiments.
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activation loop autocatalytic activity, and it prevents phos-
phorylation of protein substrates, such as CREB and cTnI.
Combined deletion of both the C1 and PH domains in the
PKD1-CD construct leads to a similar activity profile;
PKD1-CD retains basal CREBtide kinase activity, but it displays
decreased basal activation loop autocatalytic activity and no
basal activity toward full-length CREB or cTnI. Of note, PKD1-
�1–321 and PKD1-CD acquire CREB and cTnI kinase activity
(but no activation loop autocatalytic activity) when assays are
performed with dextran sulfate, an agonist that activates PKD1
via a mechanism that bypasses the requirement for activation
loop phosphorylation. Collectively, these results argue that the
C1 domain is required for activation loop autocatalytic activity
and that the activation loop autophosphorylation defects dis-
played by PKD1-�1–321 and PKD1-CDmutants contribute to
their defects in CREB and cTnI kinase activity. Of note, a pre-
vious study described a similar role for the C1 domain as a
positive regulator of PKD2 catalytic activity (14).
The N-terminal PKD1-�1–321 truncation mutant used in

this study models a PKD1 cleavage product that accumulates
during apoptosis. Although the precise site for caspase-3-de-
pendent cleavage of PKD1 has been disputed, there is general
consensus that cleavage is in the C1-PH interdomain;
caspase-3-dependent cleavage has variably been mapped to
CQND3782S (a sequence in human PKD1 that is not con-
served in rodent or other PKD1s and does not conform to a
consensus DXXD caspase-3 recognition motif (4)) or the more

evolutionarily conserved caspase-3 recognition sites at
DDND355S and DQED397S (5, 6). The functional consequences
of PKD1 cleavage remain more ambiguous because proteolysis
has variably been implicated as amechanism to activate or inac-
tivate PKD1 (5, 9). Our studies provide a framework to recon-
cile the seemingly conflicting data from previous studies; we
show that conclusions regarding the molecular controls of
PKD1 activity can be heavily swayed by the choice of end point
used for the analysis. For example, the PKD1-�1–321 trunca-
tion mutant displays constitutive lipid-independent autocata-
lytic and CREBtide kinase activity, but it does not phosphory-
late physiologically relevant protein substrates. Cell-based
studies provide further evidence that cleavage limits the maxi-
mal activity of PKD1, showing that PKD1-�1–321 does not
substitute for WT-PKD1 as an in vivo activator of CREB or
ERK. These results are consistent with the recent finding that
the action of PKD1 to regulate lipoprotein lipase-mediated trig-
lyceride accumulation in cardiomyocytes is lost during apopto-
sis, under conditions associatedwith the activation of caspase-3
and caspase-3-dependent cleavage of PKD1 (15).
Studies reported herein emphasize that the molecular con-

trols of PKD1-Ser916 autophosphorylation, PKD1 phosphory-
lation of model peptides, and PKD1 phosphorylation of heter-
ologous protein substrates differ considerably. Several factors
may contribute to the discrepant results obtained in these
assays. First, there is growing evidence that certain cis auto-
phosphorylations are “simple” reactions that proceed under
conditions that do not support trans phosphorylation of target
substrates. We previously reported that PKD1-Ser916 auto-
phosphorylation is mediated by a cis autocatalytic reaction that
proceeds under conditions (such as at exceedingly low ATP
concentrations or in the absence of activation loop phosphory-
lation) that do not support the phosphorylation of heterologous
substrates (2). Second, assays that track phosphorylation of
peptides (syntide-2 or CREBtide) versus proteins (CREB or
cTnI) might yield divergent results due to a generally over-
looked difference in assay conditions. PKD1-dependent phos-
phorylation of peptides typically is tracked in assays containing
50–200 �M syntide-2 or CREBtide, concentrations at or above
the Km for substrate. In contrast, protein phosphorylation is
monitored in assays containing �0.1 �M full-length CREB-
MBP because practical issues related to cost and protein insol-
ubility preclude the use of comparably high concentrations of
full-length CREB-MBP in kinase assays. A difference in sub-
strate concentration could be pertinent for at least two reasons.
First, a regulatory event (such as an intramolecular interaction
involving the C1 domain) that decreases PKD1 catalytic effi-
ciency or affinity for substratewould bemost apparent in assays
with limiting amounts of substrate; it might be obscured in
assays performed with saturating concentrations of substrate.
Alternatively, a docking interaction with a high concentration
of CREBtide (either at the substrate binding site or an allosteric
regulatory site) might in theory stabilize the active conforma-
tion of PKD1 and rescue a catalytic defect resulting from an
inactivating mutation (such as a C1 domain deletion). In fact,
the observation that CREBtide and dextran sulfate act in a sim-
ilar manner to rescue PKD1-�1–321 activity could suggest that

FIGURE 5. PKD1-�1–321 does not mimic the in vivo actions of WT-PKD1
to increase basal ERK and CREB phosphorylation in NIH3T3 cells.
PKD1 signaling responses were examined in NIH3T3 cells because WT-PKD1
overexpression did not increase the already high levels of CREB and ERK phos-
phorylation in the HEK293 cell cultures used in our studies. Lysates from
NIH3T3 cells that heterologously overexpress WT-PKD1 or PKD1-�1–321
were subjected to immunoblot analysis with the indicated antibodies. Similar
results were obtained in three separate experiments.
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these compounds share a similar (activation loop-independent)
allosteric mechanism to increase PKD1 activity.
This study identifies elaborate and generally underappreci-

ated complexities in the regulation of PKD1 activity that are
exposed only when studies of enzyme activity are broadened to
examine activity toward physiologically relevant protein sub-
strates. Our results emphasize that various assays typically used
to track PKD1 activitymay provide conflicting information and
that assays that track autophosphorylation or phosphorylation
of peptide substrates are not necessarily valid surrogate read-
outs of PKD1 activity towardmore physiologically relevant pro-
tein substrates. The approach used in this study to define the
biochemical and cellular actions of regulatory domain trunca-
tion mutants of PKD1 should provide a useful road map for
future research designed to elucidate the molecular controls of
PKD1 activity.
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