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ABSTRACT. Human myotonic dystrophy protein kinase (DMPK) is a member of a novel class of multidomain

protein kinases that regulate cell size and shape

in a variety of organisms. However, little is currently

known about the general properties of DMPK including domain function, substrate specificity, and potential
mechanisms of regulation. Two forms of the kinase are expressed in muscle, DMPK-1 and DMPK-2. We
demonstrate that the larger DMPK-1 form (the primary translation product) is proteolytically cleaved
near the carboxy terminus to generate the smaller DMPK-2 form. We further demonstrate that the coiled-

coil domain is required for DMPK oligomerization;

coiled-coil mediated oligomerization also correlated

with enhanced catalytic activity. DMPK was found to exhibit a novel catalytic activity similar to, but
distinct from, related protein kinases such as protein kinase C and A, and the Rho kinases. We observed
that recombinant DMPK-1 exhibits low activity, whereas the activity of carboxy-terminally truncated
DMPK is increased approximately 3-fold. The inhibitory activity of the full-length kinase was mapped to
what appears to be a pseudosubstrate autoinhibitory domain at the extreme carboxy terminus of DMPK.
To date, endogenous activators of DMPK are unknown; however, we observed that DMPK purified from
cells exposed to the G protein activator G5 exhibited an approximately 2-fold increase in activity.
These results suggest a general model of DMPK regulation with two main regulatory branches: short-
term activation of the kinase in response to G protein second messengers and long-term activation as a

result of proteolysis.

Myotonic dystrophy (DM) is an autosomal dominant,
variably penetrant neuromuscular disorder affecting ap-
proximately 1 in 8000 individuals. Affected individuals
display a wide range of symptoms including myotonia,

neuromuscular junction and the intercalated disk, respectively
(7—9). In vivo functions and modes of regulation of this
kinase are currently unknown, but this localization suggests
that this novel kinase is likely to function as a component

skeletal muscle weakness and wasting, cardiac conductionof a previously uncharacterized signal transduction pathway

abnormalities, and cataracts (for review, seeljefCloning

in these tissues. Predicted DMPK domains include an

of the DM locus revealed the underlying defect, an unstable N-terminal leucine-rich region (LR), a serine/threonine kinase

CTG triplet repeat within the' 2intranslated region of a gene
for a novel protein kinase, myotonic dystrophy protein kinase
(DMPK) (2—5). Despite cloning of the locus, the complex
disease phenotype of DM has proven difficult to interpret,
and the role of DMPK in the pathogenesis of DM remains
unclear (summarized in ré&). The DMPK locus encodes a
629 amino acid multidomain protein, most abundant in
skeletal and cardiac muscle, where it is localized to the
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catalytic domain, and C-terminal coiled-coil (CC) and

membrane association (MA) domains (Figure 1). The
membrane association domain is required for peripheral
membrane association of the kinad®)( but the functions

of other domains have not been determined.

Antibodies raised against various epitopes within DMPK
have been used to demonstrate that two forms of the kinase
are present in muscl@<10), but the origin of these forms,
their relationship to one another, and the functional differ-
ences between forms are unknown. The two DMPK forms
differ in apparent molecular mass by approximately 8 kDa
(7, 8, 10. We have designated the higher mass form as
DMPK-1 and the smaller form as DMPK-2. Both forms are
produced in mammalian cells transfected with a single
DMPK cDNA construct, suggesting that one form is derived
from the other by a posttranslational modificatidi. (n the
current study, we utilized in vitro expressed DMPK and
endogenous DMPK in tissue extracts to examine the
relationship between DMPK-1 and DMPK-2. We demon-
strate that the primary translation product is the larger form
DMPK-1, which migrates anomalously in SB8AGE. Full-
length membrane-associated DMPK-1 was found to be
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Construct _ downstream effectors of the Rho family of small GTPases
LR Kinase CC MA (14—18). We observe that DMPK purified from cells exposed
Full length DMPK £HE to GTP«-S exhibits enhanced activity, an observation
DMPKAMA consistent with the hypothesi; thqt DMPK, like o.ther family
members, may be regulated in vivo by G proteins.
DMPKACC/MA
DMPKAAI s EXPERIMENTAL PROCEDURES

Ficure 1: DMPK domains and cDNA constructs. Full-length ;
DMPK domains include an amino-terminal leucine-rich region (LR), Expression Constructan 1830 bp human DMPK cDNA

a serine/threonine protein kinase catalytic domain, a coiled-coil (2cC€Ssion no. L08835) encoding the 629 residue full-length
(CC), and a membrane association domain (MA). Domain-deleted DMPK protein (accession no. NF004400) was cloned into
cDNA constructs used in this study include DMRKIA (lacking the mammalian expression vector pCINeo (Promega). The
sequenc(e:élc-terlmirll(al to the C°”edé3°”’ (esildues EBEI?')’ full-length DMPK cDNA was digested wittxba to gen-
ch',meal?nA, resil\c/ilﬁesg %%Egggfe;nudegcﬁém Atlezlrgl:nk?n gtc; ethen ér;eése erate DMPKAMA, a deletion of sequences en_coding residues
C-terminal to the membrane association domain, residues- 614 950-629. The DMPKACC/MA construct, lacking sequences
629). To facilitate immunoprecipitation, cDNA constructs were encoding residues 37&%29, was derived from the full-length
modified to encode a small N-terminal c-myc or hemagglutinin ¢cDNA by PCR with an internal downstream primer-(5
(HA) epitope tag. CCGGTCATCACATGGCAGTGAGCCCGTC:R DMPK-

AAIl was created by deletion of nucleotides 183890,
resulting in truncation of C-terminal amino acids 61829.
Epitope-tagged constructs were prepared by appending a 9
residue hemagglutinin (HA) or 11 residue c-myc tag to the
N-terminus of full-length DMPK. For expression Escheri-

chia coli, full-length DMPK and DMPKAMA cDNAs were
cloned in-frame into theEcdRl site of the prokaryotic
expression vector pGEX-6P-1 (Pharmacia Biotech). To
generate His-DMPK, the full-length cDNA was cloned into
the pRSET expression vector (Invitrogen) to produce a

converted into soluble DMPK-2 by a proteolytic cleavage
that removes the C-terminal hydrophobic membrane associa
tion domain.

DMPK was originally described as most closely related
to PKA and PKC, but the recent cloning of a number of
kinases has revealed that DMPK is a member of an
orthologous family of multidomain kinase$k). An unusual
distinguishing feature of all metazoan members of the DMPK
family is a coiled-coil domain, a helical interaction motif
that mediates homo- or heterooligomerization of proteins ) oo : ; .
(12). A recently characterizedrabidopsis thalianagene, r_e(_:ombmgnt protein with a 58 residue N-terminal polyhis-
TOUSLED, encodes a nuclear serine/threonine kinase thatt'd'r_]e purlf_lcat|on tag. All constructs were sequenced to
requires a coiled-coil domain for oligomerization and verify reading fram.e a”?' correct sequencg.
enzymatic activity {3), raising the possibility that kinase Subcellular FractionationHuman left ventricular samples
activity can be regulated by coiled-coil-mediated oligomer- Were obtained from normal donor hearts that could not be
ization. Gel-filtration of in vitro expressed DMPK forms Placed for transplantation. The tissue was ground under liquid
demonstrated that DMPK lacking both coiled-coil and nitrogen and Dounce homogenized at@ with a motor-
membrane association domains exists as a monomer. Addidriven pestle in 10 volumes/g of tissue (wet weight)
tion of the coiled-coil domain caused DMPK to elute as a €Xtraction buffer consisting of 20 mM Tris, pH 7.5, 100 mM
much higher than predicted molecular weight species, NaCl, 20% (v/v) glycerol, and 1 mM DTT. Parallel extrac-
consistent with the formation of oligomers. tions and fractionations were carried out with extraction

Basal catalytic activity of full-length and truncated DMPK buffer alone t-inhibitors) and with extraction buffer that was
was examined by expression in mammalian cell culture Supplemented with our standard protease inhibitor cocktail
followed by immunoprecipitation kinase assays. Oligomeric of 2 MM EDTA, 1 mM AEBSF, 1Qug/mL aprotinin, and
DMPK lacking the membrane association domain exhibited 0-1 MM leupeptin {inhibitors). The homogenate was
approximately 3-fold greater activity than monomeric DMPK  centrifuged at 1009for 10 min at 4°C to produce the low-
lacking both coiled-coil and membrane association domains, SPeed pellet and the low-speed supernatant. The low-speed
indicating that enhanced kinase activity correlates with the Supernatant was centrifuged at 100@6r 1 h at 4°C to
ability to oligomerize. Interestingly, full-length DMPK  generate the high-speed pellet and the high-speed supernatant.
exhibited the lowest activity, suggesting the presence of a The pellet fractions were resuspended in extraction buffer
previously undescribed autoinhibitory domain near the C- and all fractions were aliquotted, quick-frozen in liquid
terminus. The inhibitory activity can be mapped to a small Nitrogen, and stored at-80 °C. For DMPK conversion
region at the extreme C-terminus of the kinase (residuesexperiments, fractions were incubated at°g7for 0-3 h,
617-629) that exhibits sequence similarity to DMPK resolved by SDSPAGE, and subjected to Western analysis.
substrates. A peptide corresponding to these residues inhibits The high-speed pellet was further subfractionated into
DMPK, indicating that this region likely functions as a separate salt-washed membrane and cytoskeletal fractions.
pseudosubstrate inhibitor. To prepare salt-washed membranes, the high-speed pellet

In an effort to define DMPK substrate specificity, we was incubated with extraction buffer containing 1.0 M NaCl
assessed the ability of recombinant DMPK to phosphorylate on ice for 1 h. The salt-washed membranes were collected
a panel of protein and peptide substrates. We observe thaby centrifugation at 1000@) resuspended in extraction
DMPK exhibits a novel catalytic activity similar to, but buffer, and stored at-80 °C. To prepare the cytoskeletal
distinct from, known families of serine/threonine kinases. fraction, the high-speed pellet was incubated with extraction
Endogenous activators of DMPK are unknown, but several buffer containing 1% TX100 (SurfactAmpsX-100, Pierce)
members of the DMPK family are known to function as on ice for 1 h. The cytoskeletal fraction was collected by-
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centrifugation at 1000@f) resuspended in extraction buffer,
and stored at-80 °C. The salt-wash supernatant and the

TX100-soluble noncytoskeletal supernatant were also ali-

quotted, quick-frozen, and stored at80 °C. In some

Bush et al.

for 10 min on ice. All subsequent steps were performed at
4 °C. The lysate was centrifuged at 18@d0r 30 min and

the supernatant was incubated overnight with glutathione
Sepharose 4B beads (Pharmacia). The beads were washed 4

experiments the resuspended salt-washed membranes wergmes with cold 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM

recentrifuged at 1000@Qo generate a membrane pelletjM
and a membrane-derived supernatant)(M

Protein AnalysisProtein concentrations were determined
by a modified Lowry protein assayl9) with BSA as a
standard. The proteins (1@/lane) were resolved on SBS

DTT, and 2 mM EDTA. GST-DMPKMA was eluted from

the beads by the addition of 50 mM Tris, pH 8.0, 10 mM
glutathione, 5 mM DTT, 2 mM EDTA, 1 mM AEBSF, 0.1
mM leupeptin, and 1@g/mL aprotinin, analyzed on Coo-
massie-stained SDS gels, and used directly in kinase assays.

7.5% polyacrylamide gels and either stained with Coomassie Cell Culture and TransfectionMammalian COS and BE
or transferred to nitrocellulose Western blots. Ponceau SH1 cells were grown in Falcon 3083 flasks, in 15 mL of

staining was used to verify transfer efficiency and visualize
unstained standards, which wetayalactosidase, 116 kDa;

Dulbecco’s modified Eagle’s medium (DMEM) containing
20% fetal bovine serum, 10 mM HEPES, and 4 mM

fructose-6-phosphate kinase, 85 kDa; glutamate dehydroge- -glutamine. Twenty-four hours prior to transfection, 100
nase, 56 kDa; and aldolase, 39 kDa (Boehringer). The mm plates were seeded to approximately 50% confluency.

membranes were blocked with 5% nonfat dry milk and
probed with a 1:5000 dilution in TBST (50 mM Tris, pH

7.5, 150 mM NaCl, and 0.1% Tween 20) of a rabbit
polyclonal antibody raised against recombinant DMPK (kind
gift of Dr. Robert G. Korneluk)&). This antibody recognizes

authentic DMPK as confirmed by the results of Pham et al.
(9). Polypeptides were visualized with a goat anti-rabbit

Cells were washed once with TBS (50 mM Tris, pH 7.5,
and 150 mM NacCl) and then incubated & h at 37 C
with a transfection mixture including 36L of SuperFect
transfection reagent (Qiagen) andu§ of plasmid DNA.
Cells were washed once in TBS and then incubated 48 h in
DMEM + 20% FBS.

Immunoprecipitation of Epitope-Tagged Construgians-

secondary antibody conjugated to HRP followed by enhancedfected cells were lysed in RIPA buffer£1TBS, 1% TX100,
chemiluminescence (ECL) (Renaissance, NEN). Images 0f0.5% deoxycholic acid, and 0.1% SDS) supplemented with
the Western blots were captured on an [S-1000 digital protease inhibitors (1 mM AEBSF, 1/mL aprotinin, 0.1
imaging system (Alpha Innotech Corp.) and analyzed by mM leupeptin, and 2 mM EDTA). Lysates were centrifuged

densitometry.
In Vitro Translation. Coupled in vitro transcription/

at 4200@ for 1 h and supernatants were recovered and
pooled. For each set of immunoprecipitations, supernatants

translation reactions were carried out according to the were aliquotted prior to incubation with ZL/mL 9E10

manufacturer’s instructions (TNT system, Promega). Reac-

tions (100uL) included 50uL of reticulocyte lysate, 2«9

of DNA template, &L of 3°S-methionine (10 mCi/mL), and

2 uL of T7 RNA polymerase; reactions were carried out at
30 °C for 2 h. For conversion experiments, translation

antibody fa 1 h at 4 C. Protein A-Sepharose beads
(Pharmacia), 10L/mL, were added and incubated for 1 h
at & C with continuous mixing. Beads were washed twice
in 1 mL RIPA, twice in 1 mL of RIPA+ 1 M NacCl, and
twice in TBS. For GTPy-S permeabilization experiments,

reactions were first subjected to gel-filtration chromatography transfected cells were washed twice with TBS and then

in order to purify full-length radiolabeled protein (as
described below). An aliquot (&L) of the purified protein
fraction was added to 24 of salt-washed membranes, and
the reaction was incubated at 3 for 2 h.

Gel-Filtration ChromatographySuperdex 200 (Pharma-
cia) was used to prepare a 0.5 cmm19 cm sizing column.
The column was equilibrated with 50 mM Tris, pH 7.5, 150
mM NaCl, and 1 mM DTT and calibrated with the size

incubated for 10 min at 37C in 1 mL of TBS + 0.02%
p-escin + 100 uM GTP-y-S. Following incubation, the
permeabilization solution was aspirated, and cells were
processed for immunoprecipitation as described above and
used in kinase assays in triplicate. Equivalent amounts of
enzyme within an experiment were verified by SBFAGE,
followed by Coomassie staining and densitometry.

Kinase Assays: GST-DMPK Assaysssays for kinase

standards ovalbumin (43 kDa) and aldolase (158 kDa). Eachactivity were performed in a volume of 40 with 25 mM

sample was prepared by passing a A00n vitro translation
reaction ove a 2 mL Sephadex G-50 Fine column (Phar-

Tris, pH 8.0, 5 mM glutathione, 2.5 mM DTT, 1 mM EDTA,
0.5 mM AEBSF, 0.05 mM leupeptin, @&g/mL aprotinin, 10

macia) to remove excess free label. The desalted sample wasaM MgCl,, 0.1 mM [y-32P]JATP (1.5 mCikmol) (NEN) and

adjusted to 10QiL in equilibration buffer and an 8@L
aliquot was applied to the column. Fractions (0.1 mL) were
collected at a flow rate of 15 cm/h (3 mL/h). An aliquot (25
uL) of each fraction was subjected to scintillation counting
to determine®S counts. Another aliquot (&L) of each

the indicated amount of enzyme and substratelfb at 37
°C. Histone, myelin basic protein (MBP), or myosin light
chain (all from Sigma) were present at 26/mL (1 ug in

40 ulL). Peptide substrates tested included Kemptide (LR-
RASLG, Sigma K-1127, Malantide (RTKRSGSVYEPLKI,

fraction was assessed for total protein by Bradford assay.Sigma A-3317), glycogen synthase residues3lpeptide

Purification of GST-DMPKMA. Cultures of E. coli
transformed with GST-DMPKMA were induced with 1
mM IPTG, grown at 30°C for 4 h, and harvested by
pelleting. Cell pellets were resuspended in 50 mM Tris, pH
8.0,0.2 M NaCl, 5 mM DTT, 2 mM EDTA, 1 mM AEBSF,
0.1 mM leupeptin, and 1@g/mL aprotinin and lysed by the
addition of 1 mg/mL lysozyme for 20 min on ice, followed
by the addition of 1% TX100 (Pierce, Surfact-Amps X-100)

analogue (PLSRTLSVAAKK, Sigma P-5307), epidermal
growth factor receptor residues 65658 peptide (VRKRTL-
RRL, Sigma V-2131), and neurogranin residues—28
peptide (AAKIQASFRGHMARKK, Promega V5611). In-
hibitors tested included the naturally occurring protein kinase
A inhibitor (PKI) residues 524 peptide, to be referred to
as the PKI peptide (TTYADFIASGRTGRRNAIHD, Prome-
ga V5681), and myristoylated PK&-residues 1931
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peptide, (myr-RFARKGALRQKNYV, Promega 5691). Pep- HA-DMPK  HSP
tide substrates were present at 0.5 mM and peptide inhibitors IP

were present at 10M final concentration. Purified rat brain
PKC consisted primarily of the. andg isoforms (Promega
V5261). The activator of PKA, cyclic adenosine monophos-
phate (CAMP) (Sigma), was used at a final concentration of e <« DMPK1
10 uM. Phosphatidylserine (PS) (Sigma) (526/mL) 50 : < DMPK?2
ug/mL diacylglycerol (DAG) (Sigma), and 0.5 mM CaCl
were used to activate PKC. Reactions were initiated with i

the addition of Mg/-*?P]ATP and stopped with either . o End OMPKL ds 1o the fulltenath
; £ s i i IGURE 2: Endogenous -1 corresponds to the full-leng
Laemmli sample buffer or a modified Tridlricine gel translation product. A full-length DMPK cDNA construct was

sample buffer. Samples were heated to $Q0for 5 min, engineered with a small 9 amino acid hemagglutinin (HA) epitope
cooled, and loaded onto either 7.5% or 15% acrylamide SDStag. In vitro expressed DMPK was immunoprecipitated (IP) and

gels or precast 1020% acrylamide TrisTricine gels compared to a left ventricular high-speed pellet fraction (HSP) by
(BioRad) and electrophoresedrfd h at 75 V.Resolution Western blot. FuII-Iength DMPK (predicted 70 kDa) migrates
of peptide substrates on Tridricine gels permits the 228umsa:§;\1/lsl:l’)ll(?]1i approximately 89 kDa and corresponds to endog-
unambiguous determination of peptide phosphorylation, as '

opposed. to filter binding assays, in which spuriqus counts solving the shown linear equation where= —K; andy =

can be introduced from autophosphorylated kinases anlemaX.
contaminants. Gels were treated for 30 min with 10%

glutaraldehyde (Fisher, reagent grade) to fix the peptides andRESULTS

proteins and extensively washed to remoye3P]ATP. o .

Phosphorylated peptides and proteins were visualized with  Origin of DMPK forms: (A) Origin of DMPK-1.The

a Molecular Dynamics Phosphorimager and loading equiva- predicted molecular mass of full-length DMPK (69 kDa) is
lency was verified by Coomassie staining. Coomassie-stainedC/0Ser 0 the apparent molecular mass of endogenous
phosphopeptides and phosphoproteins were excised from th&?MPK-2 (~80 kDa). However, since proteins often run
gels and quantitated by liquid scintillation counting. Specific 2nomalously in SDSPAGE we compared endogenous
phosphorylation activities were calculated after subtraction DMPK 1o in vitro expressed full-length DMPK of known

of the background counts found in the substrates incubated®>'#®- Full-length_DMPK with a small 9 amino acid HA
in the absence of GST-DMPXMA from the total counts epitope tag (predicted molecular mass 70 kDa) was expressed

; in vitro, isolated by immunoprecipitation, and resolved b
found in the presehge 9f GST'DMMA' i SDS-PAGE adjac)(/ant to a hpuma[r)w heart fraction. Weste?/n
(B) Immunoprecipitation Kinase Assayisinase assays  gpalysis with an anti-DMPK antibody (Figure 2) demon-
were performed on immunoprecipitated DMPKincluding 10 gtrated that HA-DMPK migrated anomalously large as a
uL of washed beads, 20 mM Tris, pH 7.5, 10 mM MgCl  sjngle band with an apparent molecular mass of 89 kDa, just
and 0.1 mM }-*P]ATP (1.5 mCikmol) (NEN) in a total  gjightly larger than endogenous DMPK-1. Commercial
volume of 40uL. EGFR peptide substrate (VRKRTLRRL, reticulocyte lysate may support some degree of posttrans-
Sigma V-2131) was present in concentrations ranging from |ational modification of recombinant proteins and thus it is
0 to 1 mM. Reactions were initiated with the addition of possible that a smaller product has been modified into a
Mg/[y-*P]ATP and stopped with a modified Tri§ricine |arger product. However, we observed a single recombinant

gel sample buffer. Although DMPK activity was observed protein product and it is unlikely that such modification
to remain linear up to an hour, immunoprecipitation kinase would be complete and quantitative in the absence of
assays were carried out for 15 min at"®7. Kinase reactions  supplemental microsomes. These results are in agreement
were resolved on TrisTricine 16.5% polyacrylamide gels  with observations by Maeda et af) (vho found no evidence
alongside a range of known concentrations of BSA standard, of posttranslational modification of endogenous DMPK, and
fixed and stained as described above. Stained gels wereare consistent with the initial full-length translation product
imaged (IS-1000 digital imaging system, Alpha Innotech of the DMPK gene being DMPK-1.

Corp.); densitometry measurements of the BSA standards (B) Corversion of Endogenous DMPK-1 to DMPK-B.

and DMPK bands allowed generation of a protein standard DMPK-1 is the initial translation product, it should be
curve, quantitation of immunoprecipitated DMPK in each possible to observe the conversion of DMPK-1 into DMPK-2
kinase reaction (typically aboutidg of recombinant kinase),  in tissue extracts. This converting activity is likely to be a
and verification of recovery equivalency. Coomassie-stained protease since DMPK-2 is smaller than DMPK-1. To test
phosphopeptides were excised from the gels and quantitatedhis supposition, human heart tissue was subfractionated
by scintillation counting.Vmax values were calculated by (described under Experimental Procedures) in the presence
using the Solver function of Microsoft Excel to generate a and absence of our standard protease inhibitor cocktail. The
least-squares fit of the/[A] curve of the kinetic data to the  fractions were incubated at 3T for 2 h and subjected to
Michaelis equation. C-Terminal peptide inhibition studies Western analysis with the anti-DMPK antibody. With
were carried out with immunoprecipitated DMRRKI, a incubation the amount of DMPK-1 decreased and the amount
fixed concentration of EGFR peptide substrate (580 the of DMPK-2 increased, suggesting that DMPK-1 was con-
calculatedK,, for this substrate), and a range of concentra- verted into DMPK-2. This is unlikely to be nonspecific
tions of C-terminal peptide. Activity data were analyzed with degradation because the sum total amount of DMPK forms
a Dixon plot (1¥ vs [I]). ApparentK; was determined by  did not decrease. The conversion was partially blocked by
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Ficure 3: Conversion of endogenous DMPK-1 into DMPK-2. (A) High-speed pellet fractions prepared in the presence or absence of
protease inhibitors were incubated at &for 0, 1, 2, and 3 h. The time-dependent decrease in DMPK-1 was associated with a corresponding
increase in DMPK-2, indicating that DMPK-1 is converted into DMPK-2. The conversion was partially blocked by the protease inhibitor
cocktail. (B) Relative amounts of DMPK-1, DMPK-2, and DMPK+1DMPK-2 were determined by densitometry and plotted as a function

of time of incubation. (C) Membrane conversion of DMPK-1 and release of DMPK-2 into the supernatant. Resuspended salt-washed
membranes prepared in the presence or absence of protease inhibitors (top panels) were inculafefa 3i7(bottom panels) and then
centrifuged at 100 0@pto reisolate the membranes gvand generate a membrane-derived supernatagit (IMIPK-1 remained associated

with the membrane pellet, but soluble DMPK-2 generated from DMPK-1 conversion was released into the supernatant.

the protease inhibitor cocktail. By observing the extent of as determined by densitometry of Western blots (Figure 3B).
conversion in the various fractions we could follow the These data suggest that DMPK-1 and DMPK-2 are in a
converting activity (data not shown). This activity was precursor/product relationship, with DMPK-1 being con-
observed in the homogenate fraction, and after low-speedverted into DMPK-2.

centrifugation, the activity was found in the low-speed  The high-speed pellet consists primarily of membrane and
supernatant. The low-speed supernatant was subjected ta@ytoskeletal components, so it was further subfractionated
high-speed centrifugation, and the converting activity seg- as described under Experimental Procedures to determine
regated to the high-speed pellet. A time course of conversionthe localization of the converting activity (data not shown).
was performed (Figure 3A) on the high-speed pellet. As The cytoskeletal fraction consisted predominantly of actin
concentrations of DMPK-1 decreased there was a corre-and myosin, as determined from gel staining, and a portion
sponding increase in concentrations of DMPK-2, while the of DMPK-1 and DMPK-2 was associated with the cytosk-
total of DMPK-1 and DMPK-2 remained relatively constant eletal fraction, as determined by Western blotting. Con-
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Ficure 5: In vitro translated DMPK self-associates. HA-tagged
DMPK (apparent molecular mass 88 kDa) and His-tagged DMPK
56 — (apparent molecular mass 91 kDa) were either expressed separately
. ) L or coexpressed in vitro in the presence&-methionine. Transla-
Ficure 4: Conversion of recombinant in vitro translated DMPK-1 " ion mixtures were immunoprecipitated with an anti-HA antibody,
into DMPK-2 by human heart membranes. Full-length radiolabeled yesolved by SDSPAGE, and visualized by autoradiography. His-

DMPK-1 and DMPKAMA were generated by in vitro translation  pmpK is not precipitated by the HA antibody but coprecipitates
in the presence of*S-methionine and purified by gel filtration.  \ypen coexpressed with HA-DMPK.

Purified proteins were incubated with and without a fraction of

salt-washed membranes from human heart. The products wereh hibi imil . | K .
resolved by SDSpolyacrylamide gel electrophoresis and visualized Nave exhibited a similar (approximately 8 kDa) decrease in

by Phosphorlmager analysis. The proteolytic processing activity Size.

of the membranes converted the recombinant DMPK-1 to DMPK- pMPK Oligomerization and Actity: (A) DMPK Self-

2. Association. Previous observations have suggested that
recombinant and native DMPK is multimeric,( 20.
Consistent with this notion, we observed that in vitro
expressed DMPK was able to self-associate (Figure 5). When
expressed alone, larger His-DMPK without the HA epitope
tag did not immunoprecipitate with an anti-HA antibody.

versely, actin and myosin were the major proteins released
by salt wash of the membranes, demonstrating the selectivity
of the subfractionation. The subfractions were incubated and
analyzed by Western blotting. The conversion was observed

in the membrane fraction and to a lesser extent in the However, when His-DMPK was coexpressed with the
noncytoskeletal fraction, which consists mainly of TX100- smaller I-'IA-DMPK construct, the HA antibody immuno-

solubilized membrane proteins. These results suggest thabrecipitated both forms, indicating that His-DMPK is able
the converting activity resides in a membrane-associatedq interact with HA-DMPK. To more precisely map the
protease. As before, the protease inhibitors partially inhibited §5mains required for oligomerization, we performed gel-

the conversion. The conversion experiment was repeated butjji ation sizing chromatography of in vitro expressed
the resuspended salt washed membranes were centrifugegdomain-deleted DMPK forms.

to reisolate the membranes (Mand generate a membrane-
derived supernatant (! The resulting samples were
analyzed by SDSPAGE and Western blotting (Figure 3C).
DMPK-1 remained associated with the membrane pellet,

DMPK C-terminal domain-deleted constructs utilized in
gel-filtration chromatography and subsequent immunopre-
cipitation kinase assays are shown in Figure 1. All constructs
) possess an 11 residue c-myc epitope tag appended in frame
while the DMPK-2 that was produced was soluble and found i, the N-terminus. The fuil-length construct possesses all
in the supernatant fraction. native domains and encodes a protein with a predicted

(C) Corversion of Recombinant DMPK-1 to DMPK-Po molecular mass of 70.6 kDa (with an apparent molecular
confirm these observations by an independent method, wemass in SDSPAGE approximately 88 kDa). DMPXKMA
repeated the processing experiments using labeled recomiacks the C-terminal membrane association domain and
binant DMPK. This technique offers the advantage that all encodes a protein of predicted 63.5 kDa (with an apparent
proteolytic products can be detected, since DMPK is molecular mass in SDSPAGE approximately 80 kDa), and
uniformly labeled. We expressed full-length DMPK-1 and closely corresponds in size to endogenous DMPK-2.
DMPKAMA (a truncated kinase lacking the C-terminal DMPKACC/MA lacks sequences C-terminal to the catalytic
membrane association domain) in vitro, usiPgrmethionine domain, including both coiled-coil and membrane association
to label the proteins. Full-length recombinant protein was domains, and encodes a protein of 44 kDa.
purified away from incomplete translation products by gel  (B) Gel-Filtration Sizing Chromatographye chose to
filtration chromatography (see Experimental Procedures). examine the oligomerization properties of DMPK by non-
Addition of a salt-washed human heart membrane fraction denaturing gel-filtration chromatography, a method that has
to recombinant DMPK-1 caused conversion of full-length proven useful in the study of other coiled-coil protei@g)(
kinase into DMPK-2, but DMPKMA was not similarly Full-length DMPK, DMPKAMA, and DMPKACC/MA were
converted (Figure 4). Since DMPK-1 and DMRKIA share expressed in vitro a¥S-methionine labeled proteins. Reac-
the same N-terminus, these observations indicate that cleaviion mixtures were passed over a Sephadex G-50 Fine
age occurs at the C-terminus of the kinase. If proteolysis column to remove excess free label, and then applied to a
had occurred at the N-terminus, DMRKIA would also Superdex 200 gel-filtration sizing column (preparation and
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Ficure 6: Coiled-coil and membrane association domains strongly e —

influence sizes of DMPK forms. DMPK domain-deletion forms Fgure7: Catalytic activity of DMPK forms correlates with ability
were expressed in vitro and separated by Superdex 200 gel-filtrationto oligomerize. Immunoprecipitation kinase assays were performed

chromatography. The elution profiles of DMRICC/MA (x),
DMPKAMA (O) and full-length DMPK @®) were generated by

on myc epitope-tagged DMPK forms expressed in mammalian cells
and immunoprecipitated with anti-myc antibody. Kinase reactions

measuring™S counts in each fraction. Positions of size standards ytjlized myelin basic protein (MBP) as an in vitro substrate and

aldolase (158 kDa) and ovalbumin (43 kDa) are indicated.

were visualized by Phosphorimager analysis. Specific activities were

calculated by normalizing kinase activity to DMPK protein as

calibration described under Experimental Procedures). Col-metastl;r%(fi f5|3|/ Igﬁgtsrilt%ﬁ':ﬂeg% g:bﬁgﬁlllleLé/:/?stirr;hglzt;mﬁiitgeéhe
umn fractions were analyzed by scintillation counting to actVity of ull- ’
monitor the elution profiles of labeled protein species. The :,'?Aec'f'c activities were 5.8 for DMPKMA, and 2.0 for DMPKACC/
combined elution profiles of the three proteins are shownin
Figure 6; SDS-PAGE and autoradiography of peak fractions  be relatively catalytically inactive, exhibiting approximately
confirmed that3*S peaks resolved by gel filtration cor-  6-fold lower activity than DMPKAMA. Compared to oli-
responded to the anticipated DMPK forms (not shown). gomeric DMPKAMA, oligomerization-defective DMPKCC/
DMPKACC/MA protein eluted from the sizing columnina MA exhibited an approximately 3-fold lower kinase activity.
single peak of the expected size of a monomer, approximatelyDMPKACC/MA did retain some catalytic activity, however,
50 kDa. In contrast, DMPKMA protein containing the  with approximately twice the activity of full-length kinase.
coiled-coil domain was recovered in a single peak corre- DMPK Substrate and Inhibitor Specificiths an alterna-
sponding to approximately 250 kDa, much larger than the tive approach for the production and characterization of
expected 63.5 kDa for a DMPXMA monomer. This  recombinant DMPK, we expressed full-length DMPKER
observation suggests that the coiled-coil domain mediatescoli as a GST fusion protein. Full-length DMPK was poorly
the formation of a single oligomeric species. However, a expressed in a variety of strains (not shown), possibly due
portion of DMPKAMA may remain monomeric, indicated  to toxicity caused by the hydrophobic C-terminal membrane
by the presence of a small shoulder to the right of the main association domain. A C-terminally truncated construct, GST-
peak. Full-length DMPK protein containing both coiled-coil DMPKAMA (a deletion of amino acids 556629, including
and membrane association domains eluted with a muchthe membrane association domain but not the coiled-coil),
higher apparent molecular mass, approximately 900 kDa. Thecould be expressed and purified from TOP16élls.
elution profile of full-length DMPK exhibits several “shoul- Purified GST-DMPKAMA was enzymatically active,
ders”, indicating the presence of a number of discrete exhibiting autophosphorylation and phosphorylation of the
complexes of various sizes. This suggests that the hydro-general kinase substrates histone and myelin basic protein;
phobic membrane association domain causes association ofnterestingly, myosin light chain, a known substrate of the
DMPK oligomers into larger aggregates composed of closely related Rho kinase subfamily, was not phosphorylated
multiple DMPK oligomers. by GST-DMPKAMA (not shown). On the basis of catalytic

(C) Immunoprecipitation Kinase Assaybo assess the domain sequence homology, DMPK has frequently been
effects of the loss of the coiled-coil and membrane associa-described as being related to protein kinases PKA and PKC.
tion domains upon catalytic activity, we expressed full-length In an effort to compare the activity of DMPK to these well-
DMPK, DMPKAMA, and DMPKACC/MA in mammalian characterized kinases, we challenged GST-DMRIK with
cells and performed immunoprecipitation kinase assays with known PKA and PKC peptide substrates and inhibitors. PKA
myelin basic protein (MBP) as a substrate (Figure 7). substrates included the classic Kemptide (LRRASLZZ) (
DMPKAMA exhibited robust catalytic activity, while full-  and Malantide (RTKRSGSVYEPLKI2Q3). PKC substrates
length DMPK and DMPKACC/MA activities were near  were the glycogen synthase (GS) residues8 Ipeptide
background levels. Specific activities for the three constructs analogue (PLSRTLSVAAKK) and the epidermal growth
were calculated by normalizing kinase activity to DMPK factor receptor (EGFR) residues 656868 peptide (VRKRTL-
protein levels as measured by densitometry of parallel RRL) (24). GST-DMPKAMA did not phosphorylate either
Western blots. Interestingly, full-length DMPK appeared to Kemptide (Figure 8A) or Malantide (not shown) but did
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Ficure 8: DMPKAMA phosphorylates some PKC peptide sub-
strates and is inhibited by the myiPKC peptide but does not
phosphorylate a PKC-specific neurogranin peptide. (A) Kinase
assays were performed with 50 ng of GST-DMFKA and either
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Table 1: DMPK Peptide Substrates and Inhibitors

MBP residues 106-113 peptide: GRGL S L SR

GS peptide: PLSRTL S ¥AAKK
EGFR peptide: VR KRILRRTL
myr-yPKC inhibitor: FARKGA4 LR QKNYV
DMPK C-term. aa 617-629: T A V WR R P G A4 AR AP
DMPK consensus motif: R x xsTLVR

the phosphorylation of MBP by GST-DMRXMA was not
inhibited by 10uM PKI peptide but was 82% inhibited by
10uM myr-ypPKC peptide. The PKI peptide is very specific
and at this concentration would maximally inhibit PKA but
not affect any other kinase81). The myr{PKC peptide is
not quite as specific but had an 4£of 7—8 uM against
TPA-activated PKC in fibroblasts30). Since we observed
an 82% inhibition with 10uM, the 1G5, for this inhibitor
against GST-DMPKMA must be lower than 1M and
close to that for PKC itself. The Kgs of this inhibitor for
calcium/calmodulin dependent protein kinase Il (CaMK-II)
and MLCK are 30uM and 35uM, respectively 81), and
these enzymes would only be slightly inhibited at the
concentration used. In terms of its sensitivity to peptide
inhibitors, GST-DMPKAMA was distinct from PKA, CaMK-

II, and MLCK but more similar to PKC.

We compared the substrate specificities of DMPK and
PKC in greater detail by examining the ability of GST-
DMPKAMA to phosphorylate a neurogranin residues-28
43 peptide (AAKIQASFRGHMARKK). This peptide is the

Kemptide, EGFR peptide, or GS peptide. (B) Kinase assays were Most potent and specific peptide substrate known for PKC

performed with 50 ng of GST-DMPKMA, 1 ug of MBP, and
either 10uM PKI peptide (lane A) or 1M myr-ypPKC peptide

(lane C). (C) Kinase assays were performed with 50 ng of GST-

DMPKAMA (lane D) or 50 ng of PKC (lane C) and a peptide
modeled on neurogranin residues—28). This peptide, the most

(32) and is often used to assay PKC activity in crude extracts
containing other kinases. As shown in Figure 8C, the
neurogranin peptide was highly phosphorylated by PKC but
was not a substrate for DMPK. Thus, while the substrate

specific peptide substrate for PKC, was not a substrate for GST- specificity of DMPK exhibits substantial overlap with that

DMPKAMA. All reactions were stopped with a modified sample
buffer and the samples were resolved or-20% acrylamide Tris
Tricine gels and fixed with glutaraldehyde. Phosphorylation was

visualized by Phosphorimager and loading equivalency was verified

by Coomassie staining (not shown).

of PKC, it is clearly distinct.

The only peptide previously shown to be a DMPK
substrate, MBP residues 10613 peptide 3), is also a
substrate for PKA and PKC34). The phosphorylation of
the GS and EGFR peptides by GST-DMRKA and the

phosphorylate both the GS peptide and the EGFR peptidepotent inhibition of the kinase by the myrPKC peptide
(Figure 8A). Although the GS peptide can be phosphorylated allowed us to derive a putative DMPK consensus phospho-

by other kinases2b), it has been used to specifically assay
PKC activity in permeabilized T lymphocyte2@). The

rylation motif (see Table 1).
Enzyme Kinetics and Autoinhibitioo facilitate a more

EGFR peptide was not known until now to be phosphorylated detailed kinetic analysis of DMPK activity, we decided to

by any kinase other than PKQ%). These results indicate
that DMPK, which is more closely related by sequence to
PKA, actually has a phosphorylation site motif preference
more similar to that of PKC.

Sensitivity of a kinase to specific peptide inhibitors can
provide information regarding substrate specificity, since
peptide inhibitors derived from autoinhibitory pseudosub-
strate regions often display higher affinities and specificities
to their corresponding kinases than peptide substr@®@s (
To further refine the substrate specificity of DMPK, we
examined the sensitivity of GST-DMRYMA to specific
peptide inhibitors of PKA and PKC. The PKI peptide
(TTYADFIASGRTGRRNAIHD) corresponds to residues
5—24 of the naturally occurring PKA inhibitor PKI2).
The myr4PKC peptide (myr-RFARKGALRQKNYV) cor-
responds to residues £31 of PKC, the autoinhibitory
pseudosubstrate domai@9 30). As shown in Figure 8B,

express myc epitope-tagged recombinant DMPK in mam-
malian cells. This approach had several advantages over
prokaryotic expression: transiently transfected mammalian
cells produced greater quantities of recombinant protein,
purification was simplified by immunoprecipitation, and full-
length DMPK could be expressed. Velocity curves (Figure
9) were generated for DMPK forms; EGFR peptide was used
as a substrate because it has a single phosphorylation site
whereas protein substrates such as MBP have multiple
potential phosphorylation sites, complicating kinetic analysis.
A least-squares fit of the/[A] curve of the Michaelis
equation was used to derive thig., for each DMPK form.
Under these conditions, DMRKXMA exhibited a basal
catalytic activity ¥may of 410 pmol min! mg? As
previously observed, full-length DMPK was relatively inac-
tive, reaching saturation at low substrate concentrations and
exhibiting aVpax of 160 pmol mint mgt. Enzyme was



8488 Biochemistry, Vol. 39, No. 29, 2000 Bush et al.

Vi 0.0029
(pmol/min/mg)
400
. __AMA 410
............................ 3 0.0027
_____ R T AAL 520
00y 0000 e & /’,_—
B - e, > 0.0025
g i e = ’ y = 4E-05x + 0.0023
E :" r/
£ ; >
S 200 i M
g i e > FL 160
> ! °
1001 0.0021
F -4 2 0 2 4 6 8 10 12 14
0 [cterm peptide] (uM)
0 0.2 0.4 0.6 0.8 1 12 ) ) ) .
[EGFR peptide] (mM) Ficure 10: Synthetic peptide corresponding to DMPK residues

o ) 617—629 inhibits DMPKAAI kinase activity. DMPKAAI immu-
FIGURE 9: Enzyme kinetics of DMPK forms. Myc epitope-tagged noprecipitation kinase assays were carried out with an EGFR
DMPK forms were expressed in mammalian cells, immunopre- peptide substrate (506M) and a range of concentrations of the
cipitated, and used in kinase assays with a range of substrateC-terminal peptide. Inhibition data are presented as a Dixon plot
concentrations (EGFR peptide substrate). Phosphorylated peptidg1/\/ vs [I]). The calculatecKisp, for the C-terminal peptide is 7.5
was resolved on TrisTricine gels, fixed, stained, and excised for ;M.
counting. Curves represent a least-squares fit of the data to the
Michaelis equation. Full-length DMPK reaches saturation and 500
exhibits low activity relative to theAMA and AAIl forms.
DMPKAAI (lacking the 16 amino acid putative autoinhibitory
domain) exhibits a greater than 3-fold increas&/jin. relative to 400
the full-length kinase. A similar increase in activity is observed
for DMPKAMA, which closely corresponds to the in vivo processed
form of the kinase, DMPK-2.

300

quantitated by densitometry of Coomassie stained gels,

possibly leading to some degree of imprecision in these

values; however, the relative activities of the DMPK forms

were found to be highly reproducible. 100
This unexpected observation suggested the presence of an

autoinhibitory domain in the C-terminal portion of DMPK.

The substrate and inhibitor studies had allowed us to derive GTP-¥-S:

a tentative DMPK phosphorylation motR x x S/T L/V R Construct:  full length DMPK DMPKAMA

(Table 1). An examination of C-terminal DMPK sequences Ficure 11: DMPK purified from cells exposed to GTRS exhibits

revealed a candidate pseudosubstrate autoinhibitory sequencenhanced catalytic activity. Transiently transfected mammalian cells

; ; ; ; expressing myc epitope-tagged DMPK were permeabilized with
in_amino acids 617629 (TAVWRRPGAARAP). This 0.02% S-escin in the presence or absence of 100 GTP-y-S.

Sequence is similar to that of Fhe myiPKC peptide and_ DMPK was immunoprecipitated from permeabilized cells and
contains theR x G A motif that is absolutely conserved in  kinase assays were performed with the EGFR peptide substrate (500
all PKC pseudosubstrate domains from yeast to n2a ( «M). The activity (averaget SE) of full-length DMPK increased

To assess the effects of loss of this sequence upon catalyti-fold with GTP+-S treatmentf < 0.0001). DMPKAMA has a

. : higher basal activity due to the absence of the autoinhibitory domain
activity we generated DMPKAI, a truncation construct but also exhibits increased activity with exposure to GFB-(p

200

V (pmol/min/mg)

- + - +

lacking the 16 C-terminal amino acids 61829. Kinetic = 0.0004).

analysis (Figure 9) confirmed that DMl exhibited a

greater than 3-fold increase Wiax (520 pmol min* mg™) also stimulate DMPK, we examined the effects of PKA and
relative to full-length kinase. PKC activators upon DMPK activity (not shown). GST-

To test whether the putative autoinhibitory sequence could DMPKAMA activity was not affected by addition of either
inhibit DMPK activity in trans, we had the peptide sequence 10uM cAMP (PKA activator) or 50Qug/mL PS, 5Qug/mL
synthesized (TAVWRRPGAARAP) and carried out standard DAG, and 0.5 mM CaGI(PKC activators). The basal activity
DMPK kinase assays with a range of concentrations of the of GST-DMPKAMA appeared to be comparable to the basal
C-terminal peptide. When the EGFR substrate was presentedactivity of unstimulated PKC.
at itsKm (500uM), this synthetic peptide inhibited DMPRKAI Small G proteins represent another class of potential
activity with an apparer; of 7.5uM (Figure 10), providing ~ DMPK activators, since several members of the DMPK
further evidence that this sequence functions as an in vivo family are regulated by Rho family GTPases. To examine
autoinhibitory motif. this possibility, we immunoprecipitated DMPK from trans-

DMPK Activation. Many protein kinases are regulated by fected mammalian cells that had been permeabilized with
interactions with regulatory molecules that act to transiently 0.02% -escin and exposed to 100M GTP-y-S, a potent
stimulate kinase activity. Since physiological activators of activator of endogenous G proteins. G¥¥S treatment
DMPK are unknown, the kinase activity we observe with increased full-length DMPK activity 2-fold (Figure 11). This
recombinant DMPK likely represents basal catalytic activity. stimulation of activity was in addition to that conferred by
In an effort to determine whether activators of known kinases removal of the autoinhibitory domain, as DMRIKIA
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activity was also increased by GTRS. While a 2-fold

increase in activity is modest, the stimulation was significant
(p < 0.0001) and represents a similar degree of stimulation
to that reported for Rho kinase activated by Rho-GTI#8.(

These results are consistent with the ability of DMPK to be
regulated by G proteins but do not demonstrate activation Kinase
by direct binding of a specific small GTPase. We examined
the effects of Rho-GTP, Rac-GTP, and Cdc42-GTP upon
DMPK activity, but found no evidence that DMPK is Ma ;
activated by any of these small GTPases (not shown). proteolytic processing

LR

cc

DMPK-1 ——— DMPK-2
DISCUSSION FiGURE 12: Model for DMPK oligomerization, processing and

) ) regulation. Full-length DMPK monomers oligomerize via coiled-
Our studies demonstrate that full-length recombinant coil domains to produce membrane-associated DMPK-1. DMPK-1

DMPK is equivalent in size to endogenous DMPK-1, oligomers exhibit low basal catalytic activity due to the presence
indicating that DMPK-1 represents the primary translation of the C-terminal autoinhibitory domain (Al). A protease (P) within

. the membrane cleaves DMPK-1, removing the C-terminal autoin-
product. We observe conversion of DMPK-1 to DMPK-2 hibitory and membrane association domains and releasing cytosolic,

in a time-d_ependent, protease inhibitor-_se_nsitive Process,pasally active DMPK-2. This processing event would produce long-
demonstrating that the conversion event is likely caused by term activation of the kinase. Short-term activation of DMPK-1

proteolysis of DMPK-1. The processing activity can be and -2 may be mediated by transitory interaction with a small
fractionated to a salt-washed membrane fraction consistent®TFase (G).

with a membrane-bound protease. Previous observations in[0 PKC. DMPK apparently favors an arginine upstream of

our Ia}b?rgtor_}[/h indical;ted th"’t‘:] D'\S)PMKle is rrr:ore tigh;[Iy the phosphoacceptor site (serine or threonine), followed by
assoclated with membranes than 7.?‘0- ecurrent o hydrophobic residue (leucine or valine), followed by
study confirms and extends these observations, demonstratm%nother arginine. This in vitro consensus magfx x S/T

that proteolytic processing converts endogenous membrane—L/V R, is similar to that of PKC in preferring upstream and

associglted thMIFI)r-l tLO S&Igilel DMPKb'Z' In ad;jigort], downstream basic residues and is similar to that of CamK Il
rDel\(;I?:’nIl Iznabnt UD',\jggKf I k-' Cé": € c?nvere % and phosphorylase kinase in preferring a downstream
-, buta orm facking L-terminal SEqQUENCES 4 5nhobic residue?s). Thus, the DMPK phosphorylation

(DMPKAMA)_'S nat similarly conve_rted._The MOSLIeasoNn- it appears to be overlapping yet distinct from previously
able explanation for these observations is that the pmteo'yt'cdescribed classes of kinases

cleavage t_hat generates DMPK.'Z removes the Q-termiqal Sequence comparisons suggest that the DMPK family of
hydrophobic membrane association domain. Consistent with kinases is further divided into subfamilies. These subfamilies

this hypothesis, observations of recombinant DMPK ex- - i : P
S ) are likely to be distinguished by unique substrate specificities.

press_ed in insect cells (_:onf|rm that full-length DMPK The Rho kinases have been shown to phosphorylate myosin

remains membrane-associated, whereas DMPK lacking theIight chain at an SNVF motif, the same site utilized by

membrane association domain is cytosoi€)( .  myosin light-chain kinase3@). Our results indicate that
We have further demonstrated that the DMPK coiled-coil myosin ||ght chain is not phosphory|ated by DMPK, sug-
domain is required for oligomerization of the kinase. DMPK  gesting that DMPK catalytic activity is distinct from that of
oligomerization also correlates with activity, strongly sug- the Rho kinases. Human PK428, however, is more closely
gesting that coiled-coil mediated oligomerization is important related to DMPK and also phosphorylates the sequence
for enhanced basal catalytic activity. Whether the DMPK RRASV (39), which more closely matches the predicted
oligomer is a dimer or higher order multimer remains to be pMPK phosphorylation motif. Future work involving phos-
determmed. WhI|Q c0|!ed—c0|l domains typically m_edlate the phopeptide mapping of substrates phosphorylated by a larger
formation of protein dimers, they can also form trimers and nymber of DMPK family members will be critical in

tetramers 12, 21, 35, 35 DMPKAMA eluted from the  establishing a more detailed perspective of subfamily rela-
sizing column at a volume corresponding to a globular tionships.
protein of approximately 250 kDa. This observation is  Qur kinetic studies indicate that the basal catalytic activity
consistent with either a globular DMPXVA tetramer or  of full-length DMPK is relatively low, whereas C-terminally
an asymmetric DMPKMA dimer/trimer that migrates  truncated DMPK forms exhibit an approximately 3-fold
anomalously in gel-filtration due to secondary structure such jncrease inVmay. This inhibitory activity maps within a 16
as the rOd'Shaped coiled-coil domain. The 77 amino acids amino acid segment of the extreme C-terminus of the full-
that form the DMPK  coiled-coil display the characteristic |ength kinase. Given the similarity of this sequence to our
periodic distribution of hydrophobic residues within a predicted DMPK phosphorylation motif, and the inhibition
series of 11 heptad repeats [determined by the COILS of DMPK by a peptide corresponding to this sequence, we
algorithm @7)]. The abundance of leucine residues inthe  pelieve that this region functions as a pseudosubstrate
heptad position and charged residues inghedg positions  autoinhibitory domain, a common feature of many protein
indicate that the DMPK coiled-coil is likely to form dimers  kinases 27).
(21, 36. The close relationship of DMPK to the Rho-kinases has
Our studies of protein substrates, peptide substrates, anded to speculation whether DMPK activity may be regulated
peptide inhibitors indicate that DMPK exhibits an in vitro in vivo by small G proteins, particularly of the Rho family.
phosphorylation motif preference that is somewhat similar Although DMPK lacks obvious binding sites for known G
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proteins, we demonstrate that DMPK isolated from cells
exposed to GTR-S exhibits approximately twice the activity

of DMPK isolated from untreated cells. This observation is
consistent wit a G protein regulatory mechanism, but
whether this regulation occurs via direct binding of a G
protein (as with the Rho-kinases) or indirectly (possibly via
intermediate kinases) remains to be determined. Future work
will be directed toward the identification of these putative
regulatory G proteins.

We propose a general model (Figure 12) that accounts for
DMPK oligomerization, processing, and regulation. In this
model, transient activation of kinase activity would occur
in response to G protein second messengers, while long-
term activation of DMPK could be mediated by a membrane-
associated protease that cleaves DMPK-1 to release cytosolic
DMPK-2 in a persistently activated form. The persistent
activation of serine/threonine kinases has been shown to play
a role in the in the determination of cell fa40j as well as
memory production in the nervous systedil) In this
respect, DMPK may be similar to PKA and PKC, two
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