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Derick G. Wansink,1* René E. M. A. van Herpen,1 Marga M. Coerwinkel-Driessen,1

Patricia J. T. A. Groenen,1† Brian A. Hemmings,2 and Bé Wieringa1
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Transcripts of the myotonic dystrophy protein kinase (DMPK) gene, a member of the Rho kinase family, are
subject to cell-type specific alternative splicing. An imbalance in the splice isoform profile of DMPK may play
a role in the pathogenesis of DM1, a severe multisystemic disorder. Here, we report how structural subdomains
determine biochemical properties and subcellular distribution of DMPK isoforms. A newly developed kinase
assay revealed that DMPK is a Lys/Arg-directed kinase. Individual DMPK isoforms displayed comparable
transphosphorylation activity and sequence preference for peptide substrates. However, DMPK autophosphor-
ylation and phosphorylation of MYPT1 (as putative in vivo target of DMPK), were dependent on presence of
an alternatively spliced VSGGG motif and the nature of the C terminus. In-gel effects of the VSGGG motif on
the migration behavior of full-length kinase provide evidence for a model in which this motif mediates
3-D-conformational changes in DMPK isoforms. Finally, different C termini endow DMPK with the ability to
bind to either endoplasmic reticulum or mitochondria or to adopt a cytosolic location. Our results suggest that
DMPK isoforms have cell-type and location dependent substrate specificities with a role in organellar and
cytoarchitectural dynamics.

Myotonic dystrophy (DM1) is the most common form of
muscular dystrophy in adults (23), caused by amplification of
an unstable (CTG)n repeat in the 3� untranslated region (3�-
UTR) of the DM1 protein kinase (DMPK) gene (10, 20, 29).
The severity of the disease is correlated to the length of this
repeat expansion, whereas there is an inverse correlation to the
age of onset. The favored explanation for the DM1 phenotype
is a gain-of-function at the RNA level (reviewed in references
41 and 53), whereby long (CUG)n repeat tracts in DMPK
transcripts cause a global perturbation of RNA processing
events in the nucleus. Reports of cis-effects on the accumula-
tion of (CUG)n repeat containing DMPK transcripts in the
nucleus and trans-effects on alternative splicing of transcripts
encoding other muscle or brain proteins support this hypoth-
esis (15, 16, 30, 40, 43, 45).

It is widely accepted, nonetheless, that the highly variable
and complex DM1 phenotype is not caused solely by detrimen-
tal effects of (CUG)n expansion at the RNA level, but that also
direct effects on DMPK gene products and local gene effects
are involved in specific disease features. Various studies have
shown that expansion of the (CTG)n repeat results in reduced
appearance of DMPK in the cytoplasm (53). Studies in knock-
out mouse and myocyte cell models indicated that lack of
DMPK protein may be associated with typical DM1 symptoms
like myopathy and heart conduction defects, perhaps via effects
on Ca2� or Na� ion homeostasis (5, 6, 25, 35, 42).

DMPK is a member of the AGC group of serine/threonine
kinases (31) and is most homologous to the p21-activated ki-
nases MRCK (28) and ROCK/rho-kinase/ROK (4). Other
mammalian homologues are NDR1 (32), warts/lats (26, 55),
and citron kinase (17). DMPK has been shown to modulate
skeletal muscle Na� channels (36). Furthermore, from in vitro
studies a number of DMPK substrates have been identified,
like the dihydropyridine receptor, CUG-BP, DMAP, MKBP,
phospholemman, and myosin phosphatase targeting subunit
(reviewed in references 52 and 53), but the candidacy of none
of these proteins has yet been firmly established. Besides that,
it is not known whether differences in substrate specificity exist
between DMPK isoforms.

Study at the mRNA level revealed that six major DMPK
isoforms, conserved between humans and mice, are produced
by a combination of three different alternative splice events,
one of which is cell-type specific (22) (Fig. 1A). All isoforms
share an N-terminal domain, a kinase domain and a coiled coil
region, while alternative splicing determines presence or ab-
sence of a 5-amino-acid (-aa) VSGGG motif and the nature of
the C terminus (three cell-type dependent variants). A new
human DMPK isoform was recently reported (50). This minor
isoform, designated DMPK G here, carries yet another C ter-
minus, but, more importantly, its mRNA lacks the (CUG)n

repeat in its 3�-UTR. As a result, unlike DMPK transcripts
bearing long (CUG)n repeats, DMPK G transcripts can freely
leave the nucleus, thus creating an altered DMPK isoform
profile in the cytoplasm of cells of patients where the DMPK
gene is expressed.

In this work, we identify possible cell biological implications
of imbalance in the DMPK isoform repertoire. To study activ-
ity and substrate specificity of individual DMPK isoforms an in
vitro assay was developed which revealed the peptide-substrate
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FIG. 1. DMPK: domain organization and homology to serine/thre-
onine kinase family members. (A) Major DMPK isoforms A to F have
an N-terminal leucine-rich domain (L), a serine/threonine kinase do-
main, a protein kinase C-terminal domain containing the hydrophobic
phosphorylation motif, and a coiled coil region. Differences between
isoforms originate from alternative splicing, conserved between hu-
mans and mice: (i) a VSGGG-sequence can be present (isoforms A, C,
and E) or absent (isoforms B, D, and F) and (ii) three different C-
terminal tails occur. Minor splice form DMPK G, only present in
humans, carries a fourth type of C terminus, of which the N-terminal
half is identical to tail 1. (B) Sequence comparison between mDMPK,
rMRCK�, mROCK-I, mNDR1, and mPKB�. Only the first 412 aa of
DMPK are shown, since no relevant homology exists with the other
kinases beyond this point. Identical amino acids (in at least three of the
five kinases) are shown in white on a black background, and similar
amino acids are shown in black on a grey background. The kinase
domain is indicated with a dotted line below the sequence, the VSG
GG sequence is underlined, and the hydrophobic phosphorylation
motif is doubly underlined. The total number of amino acids for each
full-length protein is indicated in parentheses; note that rMRCK� and
mROCK-I are very large proteins compared to mDMPK (accession
numbers: P54265, T14039, S74244, AAH09658, and P31750). (C) Se-
quence identity between mDMPK, rMRCK�, ROCK-I, mNDR1, and
mPKB�. The N terminus (aa 1 to 70), the kinase domain (aa 71 to 339),
and the protein kinase C-terminal domain (aa 340 to 405) of DMPK
were compared with the corresponding parts in rMRCK�, mROCK-I,
mNDR1, and mPKB� using ClustalW. The relative sequence identity
for each domain is expressed as a percentage relative to mDMPK.
Values for the protein kinase C-terminal domain without the VSGGG
motif (as in DMPK B, D, and F) are listed in parentheses. Similar re-
sults were obtained with rMRCK� and mROCK-II (data not shown).
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specificities of the DMPKs. The internal VSGGG motif ap-
pears to simultaneously modulate DMPK autophosphorylation
activity and protein conformation, as displayed by protein mi-
gration behavior in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) before and after phosphoryla-
tion. Furthermore, we demonstrate that the nature of the al-
ternate C terminus of DMPK is a key regulatory factor for
substrate specificity, as well as intracellular localization. Pro-
teins with a hydrophobic C terminus target to the endoplasmic
reticulum (ER), while proteins with a more hydrophilic C
terminus bind to the mitochondrial outer membrane. Proteins
with a very short C-terminal tail adopt a cytosolic location. Our
data, together with the sequence conservation with respect to
other AGC kinases, suggest that the VSGGG and tail domains
may provide a critical function in specifying DMPK’s role in
the regulation of cytoarchitectural-organellar dynamics.

MATERIALS AND METHODS

Cell culture, transfection, and immunofluorescence microscopy. COS-1 and
N2A cells were cultured as described (22) and transfected using DEAE-dextran
or Lipofectamine (Invitrogen), respectively. For immunolocalization, cells were
cultured on glass coverslips, transfected and grown for approximately 24 h. Cells
were fixed in 2% formaldehyde in phosphate-buffered saline (PBS), permeabil-
ized with PBS containing 0.2% NP-40, and processed for immunofluorescence
microscopy using B79, a DMPK-specific antibody (22), or 12CA5 (antihemag-
glutinin [anti-HA]). ER was visualized using a construct expressing GFP with an
N-terminal calreticulin signal sequence and a C-terminal KDEL sequence for
ER retention (Clontech), mitochondria were visualized with an antibody against
cytochrome c oxidase (47). Preparations were examined and optical sections
were recorded on a Bio-Rad MRC1024 confocal scanning laser microscope using
LaserSharp software.

DMPK plasmids. DMPK isoforms N-terminally tagged with a His tag,
pSGHismDMPK A through F, were obtained by cloning BglII-BglII DMPK
cDNA constructs (22) into the BamHI site of pSG8, i.e., in frame with the His
tag present in the vector.

DMPK kinase-dead (kd) mutants were created via a Lys100Ala mutation in
the kinase domain, which inactivates the invariant lysine necessary for ATP
binding (31). Primers 5�-GGCCAAGTGTATGCCATGGCAATTATGAATAA
GTGGGAC-3� and 5�-GTCCCACTTATTCATAATTGCCATGGCATACACT
TGGCC-3� were used in the QuikChange site-directed mutagenesis kit (Strat-
agene) with pBlmDMPK C as the template (22). A 1,300-bp AflII-BspEI DMPK
fragment containing the Lys100Ala mutation was used to replace the corre-
sponding fragment in pSGHismDMPK A, C, and E. In kd pSGHismDMPK
A, C, and E a 937-bp MscI-BspEI fragment was replaced by the correspond-
ing 922-bp MscI-BspEI fragment isolated from pSGmDMPK D to create
pSGHismDMPK B, D, and F kd, respectively.

To create plasmids expressing DMPK EVA (Ser379Ala) and EVD (Ser379Asp)
mutants two PCRs were done using primers 5�-ACTGCCATGGTGGCCGGG
GGCGGGGAGACGCT-3� and 5�-ACTGCCATGGTCGACGGGGGCGGGG
AGACGCT-3�, respectively, as forward primers; 5�-TTTCGGACCTCGGCCT
CCTGTA-3� as the reverse primer; and pSGmDMPK C as the template. PCR
products were digested with NcoI and BspEI. The 354-bp NcoI-BspEI fragments
were used to replace the corresponding VSGGG-fragment in pSGmDMPK E.

For the HA-tagged DMPK isoforms, untagged pSGmDMPK C was amplified
with primers 5�-ATAAGATCTGCCGCCGCCATGTACCCCTACGACGTGC
CCGACTATGCTATGTCAGCCGAAGTGCG-3� and RVI101 5�-ATTCTCG
AGTCAAATCTTCATGGCATACACTTG-3�. The 363-bp PCR product was
subcloned between the BglII and AflII sites of pSGmDMPK A-F, resulting in
pSGHAmDMPK A-F. Subsequently, pSGHAmDMPK A-F kd were obtained by
replacing the 1,300-bp (isoforms with VSGGG) or 1,285-bp (isoforms without
VSGGG) AflII-BspEI fragment for the corresponding kd fragment.

Isoform DMPK G was expressed as a chimeric protein with a mouse DMPK
moiety (aa 1 to 553) and human tail 4 (aa 554 to 623). To clone human tail 4 an
RT reaction was done with an oligo(dT) primer on human skeletal muscle RNA
followed by a PCR with primers 5�-GCGGATGGAGTTGCTGCAGGC-3� and
5�-(T)12GGGCAGATGGA-3�. Since the predicted 635-bp E16� product (50)
could not be detected on agarose gel (we therefore estimated DMPK G levels
tenfold lower than reported by Tiscornia and Mahadevan), we performed a
nested PCR with primers 5�-ACCTGCTGCTCCCTGCCAGGGCTGA-3� and

5�-CCCAGATCTTTGGGCAGATGGAGGGC-3�. This yielded the expected
E16 � 482-bp product. This product was used in a third PCR together with a
244-bp SmaI-SmaI fragment from pSGmDMPK B and primers 5�-CCACGG
ATCCACCTTCCC-3� and 5�-CCCAGATCTTTGGGCAGATGGAGGGC-3�.
The resulting 572-bp product was digested with XbaI and BglII, resulting in a
543-bp fragment. This fragment was cloned together with the 1.7-kbp BglII-XbaI
fragment from pSGmDMPK A in the BglII site of pSG8�Eco, resulting in
pSGDMPK G. The HA tag and kd mutation were incorporated as described
above. The sequence of all fragments obtained by PCR was verified by DNA
sequencing.

MYPT1. Myosin phosphatase targeting subunit 1 (MYPT1) was cloned
by RT-PCR using mouse stomach RNA with primers 5�-GGAGAATTCAT
GAAGATGGCGGAC-3� and 5�-CCTGAATTCCTACTTGGAAAGTTTGC
T-3� (start and stop codons underlined) in a pSG8-based vector in frame with a
His tag and a vesicular stomatitis virus (VSV) tag. To purify MYPT1, COS-1 cells
were transfected with pSG8HisVSVMYPT1, grown for 24 h and lysed in His lysis
buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.05%
Tween-20, 1% NP-40) including a protease inhibitor cocktail. Ni-nitrilotriacetic
acid beads (Qiagen) were incubated with MYPT1 lysate overnight, washed four
times with His lysis buffer, and then used as substrate in the DMPK kinase assay
as mentioned below.

Western blot analysis. Three procedures were followed to prepare and analyze
extracts from transfected COS-1 cells: Cells were incubated (i) on ice in RIPA
buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
1% sodium desoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 mM NaF). Cell extracts were obtained after centrifugation for 10
min at 14,000 � g or (ii) on ice in NP-40 lysis buffer (50 mM Tris-HCl [pH 8.0],
150 mM NaCl, 0.2% NP-40, 1 mM PMSF, 10 mM NaF), and cell extracts were
used in an immunoprecipitation with B79 coupled to protein A Sepharose beads,
or (iii) to exclude phosphatase activity during lysis, cells were scraped in 10%
trichloroacetic acid (TCA)–10 mM dithiothreitol (DTT)–acetone at �80°C (46).
Lysate was centrifuged for 10 min at 14,000 � g and the pellet was washed with
excess acetone containing 10 mM DTT at 4°C to remove TCA. Cell extracts,
immunoprecipitations and pellets were analyzed on an SDS–8 or 10% polyacryl-
amide gel and blotted to nitrocellulose or polyvinylidene difluoride (PVDF)
membrane. Blots were blocked in TBST (10 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 0.05% Tween 20) containing 5% milk powder and incubated with B79,
12CA5, or anti-VSV antibodies in TBST. After washing in TBST blots were
incubated with peroxidase-conjugated immunoglobulins (Pierce), washed in
TBST-TBS, developed using a chemiluminescence Western blotting reagent and
exposed to film.

DMPK in vitro kinase assay. A kinase assay for DMPK was developed essen-
tially as described previously (24). COS-1 cells transfected with HA-DMPK
constructs or empty pSG8�Eco vector (as a negative control) were washed with
ice-cold PBS and lysed on ice with assay lysis buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1% NP-40, 25 mM NaF, 1 mM sodium pyrophosphate, 0.1 mM
Na3VO4, 2 �M Microcystin LR [ALEXIS], 1 mM PMSF), supplemented with a
protease inhibitor cocktail (Roche). Cell extracts were obtained after centrifug-
ing for 20 min at 14,000 � g. Protein concentrations were determined according
to Bradford (7) using bovine serum albumin as a standard. One large or many
individual immunoprecipitation(s) were done; typically, 200 �g of cell extract was
used for two (duplicate) kinase reactions. Cell extract was used in an immuno-
precipitation with monoclonal antibody 12CA5 coupled to protein A-Sepharose
for 2 h at 4°C. Beads were washed once in assay lysis buffer supplemented with
0.5 M NaCl, once in assay lysis buffer, and finally once in 50 mM Tris-HCl (pH
7.5)–1 mM DTT–1 mM PMSF–1 mM benzamidine. Beads were aliquoted into
the desired number of kinase reactions after the final wash. The final wash was
removed, and 40 �l of kinase assay buffer (50 mM Tris-HCl [pH 7.5], 10 mM
MgCl2, 2 mM MnCl2, 1 mM DTT, 1 �M protein kinase A [PKA] inhibitor
peptide [Bachem], 1 mM PMSF, 1 mM benzamidine, 2 �M Microcystin LR, 30
�M substrate peptide) was added. For assaying MYPT1 as substrate, kinase
buffer (without substrate peptide) and purified MYPT1 bound to Ni-nitrilotri-
acetic acid beads were added. The reaction was started by adding 5 �l of 0.5 mM
[	-32P]ATP (
2 �Ci) and lasted 60 min at 30°C. Under these conditions phos-
phate incorporation into peptides was linear. The reaction was quenched by
adding 5 �l 0.5 M EDTA. Supernatants were removed and spotted onto P81
phosphocellulose paper (Whatman). Filters were washed 5 times for 5 min in 1%
phosphoric acid and once in acetone and were dried and counted in a liquid
scintillation counter. In all peptide library experiments duplicate kinase reactions
with peptide KKRNRRLSVA were included as a standard. SDS-PAGE sample
buffer was added to the beads and one third was used for SDS-PAGE and
blotting to PVDF membrane. To verify protein input, the blot was stained with
Coomassie brilliant blue or incubated with anti-HA or anti-VSV. To analyze
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DMPK autophosphorylation and MYPT1 phosphorylation, the blot was exposed
to film or used for quantitative phosphorimager analysis.

In vivo [32P]orthophosphate labeling. For the in vivo [32P]orthophosphate
labeling, COS-1 cells transfected with DMPK expression constructs were grown
for 20 h, washed with phosphate-free medium and cultured in phosphate-free
medium containing [32P]orthophosphate (Amersham Pharmacia Biotech; 0.1
mCi/ml of medium) for 4 h prior to lysis in assay lysis buffer.

RESULTS

DMPK occurs in six major splice isoforms which are mul-
tidomain proteins. To relate DMPK to other AGC kinase
family members, we compared the amino acid sequence and
domain organization of mDMPK, rMRCK�, mROCK-I, and

FIG. 2. Analysis of DMPK isoforms and mutants by Western blotting. Individual mouse DMPK cDNA products were analyzed by Western
blotting using an anti-DMPK antibody. (A) Expression of isoforms DMPK A to F. The presence or absence of the VSGGG motif, the type of
C-terminal tail, and the theoretical molecular weights are summarized below the lanes. The apparent molecular weights of the main bands are
indicated (arrows). All isoforms with a VSGGG motif showed two distinct bands (arrowheads), whereas isoforms without a VSGGG motif showed
only one (sometimes broad) band. (B) Expression of His-DMPK A through F kd mutants. All kd isoforms showed only one band (i.e., the lower
band in A). (C) The effect of in vivo treatment with the phosphatase inhibitor OA (1 �M, 1 h) was tested for DMPK E, His-DMPK E kd, and
DMPK EVA. OA treatment changed the doublet ratios of DMPK E and EVA but did not change the migration of His-DMPK E kd. Note that due
to the His tag (2.4 kDa) DMPK E kd migrated slightly more slowly than the regular DMPK E isoform. Shown are results obtained by
immunoprecipitation. (D) Ser379 mutations alter DMPK E mobility. DMPK E and mutants DMPK EVA and EVD were expressed and treated with
OA prior to lysis as in panel C. Lysis was done at �80°C in 10% TCA–10 mM DTT–acetone to preserve intracellular phosphorylation status.
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the more distant, but functionally and structurally well-studied,
relatives mNDR1 and mPKB� (also called Akt1) (8). All DMPK
isoforms share four protein domains (Fig. 1A): (i) The N ter-
minus (aa 1 to 70) is leucine-rich (23%) and contains a leucine
zipper. This domain is also found in MRCK� and in ROCK-I
(and in citron kinase; data not shown), but not in NDR1 or
PKB� (Fig. 1B and C). (ii) The DMPK kinase domain shows
all features of a serine/threonine kinase domain (reference 31
and references therein). The percentage identity with the other
kinase domains ranges from 70% for MRCK� to 32% for
PKB� (Fig. 1C). Only NDR1 has a characteristic insertion in
the activation loop. (iii) Immediately C-terminal to the kinase
domain is the “protein kinase C-terminal domain” or “exten-
sion to serine/threonine-type protein kinases” (aa 340 to 405).
This domain is found in all five kinases investigated and in
many other members of the kinase superfamily, such as PKC
and p70 S6 kinase, but is, for example, only partly present in
PKA and completely absent in myosin light-chain kinase. Its
most C-terminal part is known as the hydrophobic phosphor-
ylation motif with the consensus sequence FXX(F/Y)(S/T)(F/
Y). (iv) The fourth shared DMPK domain (aa 463 to 530) is an
�-helical region with homology to FERM domains and the
myosin heavy chain tail region. This domain is thought to be
involved in the formation of coiled coil structures. Large coiled
coil regions are found in MRCK�/� and ROCK-I/II, but only
a low sequence homology between the DMPK coiled coil re-
gion and that of MRCK�/� was detected (data not shown).
Coiled coil regions are neither found in mNDR1 nor in mPKB�.

The alternatively spliced VSGGG motif in the C-terminal
region of the kinase domain is present in approximately 50% of
all DMPK isoforms and—based on computer prediction—

might serve as a putative phosphorylation site or glycosamino-
glycan addition site (Fig. 1B). The VSGGG motif is not pres-
ent in any of the four kinases investigated and BLAST searches
indicate that it is also unique in the entire protein sequence
database.

Different C termini exist among the DMPK isoforms. Tail 3
is only 2 aa long and is found in the smooth muscle-specific
short isoforms DMPK E and F. The long isoforms, specific for
skeletal muscle, heart and brain, have either a hydrophobic
(DMPK A and B) or a relatively hydrophilic tail (DMPK C and
D). As stated above, minor human isoform DMPK G carries a
different, fourth type of tail. C termini comparable to the four
tails of DMPK are not found in any of the other DMPK family
members. In fact, DMPK tails show no appreciable homology
with any other protein in the database.

VSGGG-dependent migration behavior is associated with
autophosphorylation. Previously, we and others have reported
that endogenous DMPK from tissues showed a confusingly
complex array of signals on Western blots (see reference 22
and references therein). Also the protein products from one
single DMPK expression vector in transfected cell lines ap-
peared as multiple bands. Natural occurrence of cell-type spe-
cific DMPK splice isoforms in addition to proteolytic process-
ing at the C terminus explained these observations (22; data
not shown). Here, we analyzed products of cDNA expression
constructs for each of the different DMPKs by use of transfec-
tion into COS-1 cells combined with an isolation method with
prevention of proteolytic breakdown.

As expected, long DMPK isoforms A-D migrated as prod-
ucts with a higher molecular weight than short isoforms E and
F, though all had an apparent molecular weight greater than

FIG. 3. Development of an in vitro protein kinase assay for DMPK. Peptides were tested for phosphorylation by HA-DMPK E as described
in Materials and Methods. The extent of phosphorylation of each peptide is expressed as the percentage relative to KKRNRRLSVA (peptide 2).
The serine or threonine phosphoacceptor (position 0) is shown in boldface type. Bars indicate standard errors. For comparison, peptides are
assembled in two groups (A and B).
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predicted from their amino acid sequence (Fig. 2A). We ob-
served a correlation between presence of the VSGGG motif
and product heterogeneity for each of the isoform pairs A/B,
C/D, and E/F. Isoforms with a VSGGG motif appeared as two
distinct bands, whereas those without migrated as one, mostly
broad band. This conspicuous, VSGGG-dependent mobility
indicated that two different DMPK polypeptides with distinct
physicochemical properties were present. From here on, we
will refer to these as the upper band and lower band, together
forming a doublet (Fig. 2A).

To investigate whether intrinsic properties of the VSGGG-
segment or other domains of the DMPK protein were involved
in the apparent heterogeneity, we analyzed several DMPK
mutants. DMPK kd mutants (Lys100Ala; �0.5% residual en-
zymatic activity, see below) displayed only one band, i.e., the
lower band (Fig. 2B). This suggested that the upper band
represented an autophosphorylated form of the lower band.
Treatment with the serine/threonine phosphatase inhibitor
okadaic acid (OA) in vivo resulted in a shift in wt DMPK in
favor of higher intensity for the upper band at the expense of

FIG. 4. Differential kinase activity and (auto)phosphorylation of DMPK isoforms and mutants. (A) HA-DMPK isoforms A to G, EVA and EVD

were expressed in COS-1 cells. Cell extracts were prepared and tested for HA-DMPK by Western blotting (upper panel). Extracts were used in
a kinase assay with substrates KKRNRRLSVA (peptide 2) or KKLRRTLSVA (peptide 17) (middle panel). All DMPK isoforms and mutants
showed comparable activities towards these peptides. Immunoprecipitated DMPK (after performing assay with peptide 2) was blotted to PVDF
membrane to control input (Coomassie brilliant blue [CBB]staining) and examine DMPK autophosphorylation. All isoforms were autophospho-
rylated (i.e., upper bands in VSGGG-containing isoforms), but isoforms lacking VSGGG showed lower autophosphorylation activity. (B) HA-
DMPK isoforms A to G were used in a kinase assay with full-length MYPT1 protein as substrate. Input of MYPT1 and DMPK was verified by
Western blotting (upper panel; note aspecific anti-HA band, unrelated to DMPK, in vector-only lane [lane v]). Phosphorylation of MYPT1 and
autophosphorylation of DMPK became evident by autoradiography, which was quantified by phosphorimager analysis (lower two panels; values
in arbitrary units, after background [lane v] subtraction). (C) COS-1 cells expressing HA-DMPK isoforms and mutants were cultured in the
presence of [32P]orthophosphate to examine in vivo phosphorylation of DMPK. DMPK was immunoprecipitated, separated by SDS-PAGE, and
blotted to PVDF membrane. The blot was used for autoradiography (middle panel) and phosphorimager analysis (lower panel). Values are
presented in arbitrary units, after background (vector-only lane [lane v]) subtraction. Note that kd mutants E and G were less well expressed (upper
panel), which partly explains their low signals on autoradiography.
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that of the lower band (Fig. 2C; from here on we will refer to
the signal intensity ratio between the upper and lower band as
the doublet ratio). Remarkably, OA treatment did not shift kd
mutants. (Note that, due to the presence of the His tag, DMPK
E kd migrated slightly more slowly than wild-type [wt] DMPK
E.) To exclude in vitro phosphatase activity affecting DMPK
(auto)phosphorylation status, we prepared extracts from cells
arrested in 10% TCA–acetone at �80°C, an established meth-
od to instantly inactivate protease and phosphatase activity
during isolation (46). Also under these stringent conditions,
only the lower band was observed for kd mutants (data not
shown). Taken combined, these findings support the idea that
DMPK proteins present in the upper and lower bands differ in
the presence of phosphoryl groups positioned somewhere on
the polypeptide sequence.

To examine whether the serine residue in the alternatively
spliced VSGGG motif itself acts as a site for DMPK autophos-
phorylation, we made Ser379Ala and Ser379Asp mutants of
DMPK E, named DMPK EVA and DMPK EVD, respectively.
Under standard isolation conditions, DMPK EVA gave only

the lower band. Upon OA preincubation, however, a typical
upper band was observed (Fig. 2C). This indicated to us that,
despite the mutation at position 379, autophosphorylation was
possible and occurred at a residue outside the VSGGG motif.
Remarkably, even under stringent TCA and �80°C isolation
conditions, and with or without OA, the doublet ratio of these
bands was still different from that of wt DMPK E under these
conditions (Fig. 2D). Given the altered doublet ratio in DMPK
EVA, we assume that the serine to alanine mutation negatively
affected DMPK autophosphorylation ability. Since the upper
band in DMPK EVA was only observed under conditions that
phosphatases were inactivated, either because of OA treat-
ment or stringent buffer conditions, we conclude that the phos-
phate modification was relatively labile (note that the effect of
OA and buffer conditions is less prominent for DMPK E). By
inference, the (solely based on computer prediction) putative
glycosaminoglycan addition at Ser379 could now be ruled out.
Analysis of mutant DMPK EVD, constructed to mimic a phos-
phoserine residue at position 379, revealed one band with a
mobility similar to the DMPK E upper band (Fig. 2D). Upon

FIG. 4—Continued.
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OA treatment, no additional shifted band was observed, but
the band often broadened slightly, suggesting that also this
DMPK Ser379 mutant could still be autophosphorylated (see
also below). Given the observation that the mere presence of a
negative charge at position 379 resulted in a characteristic
DMPK shift (probably caused by a conformational change in
the protein), but mutation of Ser379 not fully impaired auto-
phosphorylation, we suggest that DMPK is autophosphory-
lated close to, but not at position 379. Alternatively, Ser379
may be one of two (or more) autophosphorylation sites, each
of them contributing independently to the observed migration
in SDS-PAGE.

A new in vitro kinase assay shows DMPK to be a Lys/Arg
directed kinase. To be able to investigate DMPK auto- and
transphosphorylation, we needed a method to measure in vitro
enzymatic activity. A simple and sensitive kinase assay based
on immunopurified HA-tagged DMPK E was developed and
used to screen a library of about 35 synthetic peptides. Pep-
tides tested were assembled in two groups for comparison (Fig.
3A and B) and the activity towards peptide KKRNRRLSVA
(peptide 2) was taken as a reference and arbitrarily set at 100%
(
2 pmol Pi/min/�g HA-DMPK E). DMPK E kd was tested to
calibrate the specificity of the assay; typically, we found a
remaining activity of 0.1 to 0.5%. Among the series of peptides
tested, KKRNRRLTVA was preferred over KKRNRRLSVA
as substrate, indicating that DMPK E had a preference for
threonine over serine. A number of positively charged amino
acids were required at positions �1 to �3 (compare peptides
7 and 10 with peptide 2 or peptide 27 with peptides 17 and 18)
and to a lesser extent at positions �4 to �6 (peptide 4 versus
peptide 2 or peptide 29 versus peptide 20). Furthermore, ar-
ginines were preferred over lysines (compare peptides 24 and
25 with 20). The presence of proline and glutamate residues
had a negative effect on kinase activity (compare peptides 28
and 31 with peptide 27). Also the aromatic phenylalanine at
position �3 was inhibitory (compare peptides 21 and 17). In
conclusion, our current best DMPK E substrate sequences
comprise three to four arginines (or lysines) at distinct posi-
tions N terminal to the phosphoacceptor: (R/K)XRRX(T/S)
fX, KKXRRTfX, or KKRXRTfX (where X is any amino acid,
preferably not P or E, f is a hydrophobic residue like L or V,
and boldface type indicates the phosphoacceptor).

VSGGG motif and C termini affect DMPK activity. We
analyzed the enzymatic activity of DMPK isoforms and mu-
tants in the new kinase assay. Minor isoform DMPK G was
also included, which we cloned as a mouse-human chimeric
protein since it is not conserved in mouse, to examine possible
anomalous functions of its distinct C terminus (Fig. 1A). Ex-
pression of HA-tagged DMPK isoforms was verified on West-
ern blot prior to the kinase assay (Fig. 4A, top). DMPK G
displayed a doublet, as anticipated from presence of the VSG
GG motif. In the kinase assay, irrespective of the peptide test-
ed, DMPK A-G and also mutants EVA and EVD showed rather
similar transphosphorylation activity profiles (Fig. 4A).

A full-length protein, MYPT1, which is a known DMPK
substrate (37; D. G. Wansink, unpublished data), was also
examined in the newly developed kinase assay. Remarkably,
DMPK A to D showed only little activity above background
towards MYPT1, whereas DMPK E, but also F and G, dis-
played a strong activity, on average around tenfold higher than

DMPK A to D (Fig. 4B). Two reported MYPT1 phosphoryla-
tion sites were tested using synthesized peptides mypt1a RQ
SRRSTQGV and mypt1b RRPGEKRRSTGV. Both peptides
were phosphorylated by DMPK E, with an activity of 13 and
7%, measured relative to peptide 2 (Fig. 3), respectively. We
also tested full-length myosin light-chain 2a (mlc2a), which we
characterized as a possible DMPK interactor using yeast two
hybrid screening (21). Mlc2a was not phosphorylated by DMPK E
in our in vitro kinase assay, however (data not shown).

Comparing doublet ratios before and after the kinase assay
(Fig. 4A, top and bottom panels), we observed a general shift
in doublet ratio, in favor of a more intense upper band. This
was most obvious for mutant DMPK EVA, which appeared as
a singlet before and as a doublet after the assay. This obser-
vation demonstrated a precursor-product relationship with the
protein in the lower band and predicted that the protein in the
upper band was the phosphorylated form. Autoradiography
indeed showed unambiguously that only the upper band of
each doublet was radioactively labeled (Fig. 4A and B). Iso-
forms B, D, and F, all lacking the VSGGG motif, were also
autophosphorylated, but the signal was threefold less intense
than observed for the corresponding VSGGG-containing iso-
forms. Note that also the transphosphorylation activity towards
MYPT1 of DMPK F was twofold lower than that of DMPK E.
Irrespective of autophosphorylation, DMPK B, D, and F dis-
played only one band after the kinase assay, confirming that
autophosphorylation in the absence of a VSGGG motif did
not result in a mobility shift. As already expected from their
migration behavior in SDS-PAGE (Fig. 2D), also DMPK
EVA and EVD were autophosphorylated, demonstrating that, if
phosphorylated at all, Ser379 cannot be the sole acceptor for
autophosphotransfer (Fig. 4A, bottom panel).

Is DMPK phosphorylated in vivo? To investigate this, we
cultured transfected COS-1 cells in the presence of [32P]ortho-
phosphate, followed by immunoprecipitation. All isoforms, in-
cluding both upper and lower bands, contained radioactivity,
but not to the same extent. DMPK A/B showed around three-
fold less signal than DMPK C/D or E/F (Fig. 4C). Interestingly,
all VSGGG-containing isoforms incorporated more phosphate
than the corresponding isoforms without a VSGGG motif,
moreover, the upper band contained more phosphate than the
lower band. Phosphorylation of the upper band must, at least
in part, be caused by autophosphorylation, but may also be the
result of upstream kinases. Evidence for phosphorylation of
DMPK by upstream kinases was provided by kd mutants E and
G, which, despite being enzymatically inactive themselves, were
phosphorylated in vivo. Also both Ser379 mutations were phos-
phorylated, although they exhibited somewhat lower phos-
phate incorporation than isoform DMPK E (Fig. 4A).

C termini target DMPK isoforms to ER, mitochondria or
cytosol. Finally, we investigated the subcellular localization of
DMPK isoforms. Judging by immunofluorescent staining in
transfected COS-1 cells, all DMPK isoforms were predomi-
nantly cytoplasmic, only a very low signal was observed in the
nucleus (Fig. 5A to G). No specific effect of presence of the
VSGGG motif on DMPK localization was found, this in con-
trast to the C termini. Isoforms A and B showed a discrete
fibrous staining, whereas DMPK C and D displayed a more
granular distribution, slightly depending on expression levels.
DMPK E and F showed a cytosolic localization, with exclusion
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of certain vesicular structures. Also DMPK G showed a diffuse
staining comparable with that of DMPK E and F. Although
their banding pattern on the Western blot was clearly different,
DMPK EVA and DMPK EVD showed a similar diffuse cytosolic
staining as DMPK E and F (Fig. 5H and I), which agreed with
our conclusion that the VSGGG motif was not involved in
subcellular localization.

To characterize the cellular structures to which DMPK A/B
or DMPK C/D were associated, we performed double labeling
studies in transfected N2A cells, which display a significantly
lower protein expression than COS-1 cells due to lack of SV40-
origin based plasmid amplification. Using the appropriate or-
ganellar markers, we found that DMPK A and B associated
with the ER (Fig. 6A to C), whereas DMPK C and D were
located at the outer membrane of mitochondria (Fig. 6D to F;

EM ultrastructural analysis not shown). DMPK E and F were
found in the cytosol (data not shown). Again, this confirmed that
partitioning occurred irrespective of presence of the VSGGG
motif. Together with the differential enzymatic activity shown
above, our observations suggest that DMPK splice isoforms
phosphorylate different substrates at distinct sites in the cell
and may have a role in ER or mitochondrial dynamics.

DISCUSSION

Alternative splicing confers distinct properties to DMPK.
The functions of well-known kinases, like PKC� (14), PKB	
(9), and doublecortin-like kinase (11) are controlled by alter-
native splicing. In the present work, we provide evidence that
also the alternative splice products A to G from the DMPK

FIG. 5. Subcellular localization of DMPK isoforms and mutants in COS-1 cells. COS-1 cells were transfected with expression vectors encoding
DMPK isoforms and mutants and grown for 24 h. Cells were fixed with 2% formaldehyde and stained with a DMPK-specific antibody. The isoform
or mutant shown is indicated in the lower left of each panel. Bar,10 �m. The insets in A, C, and E show a higher magnification of parts indicated
with an arrow. The bar in the insets is 2 �m.
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gene are structurally different, and that each has a distinct
substrate specificity and subcellular localization. If we may
extrapolate our findings to the situation in human patients, and
based on the observation that the DMPK mRNA profile may
be changed in patients with DM1 (50), our findings suggest
that shifts in the type or concentration of DMPK variants may
not only have cell biological consequences, but may also well
be involved in the pathological aspects of DM1 disease mani-
festation (summarized in Fig. 7A). This would place DM1 into
the large category of alternative splicing disorders (reviewed in
references 13 and 38). Previously, already strong evidence was
provided that a different mechanism, involving titration of
RNA processing factors by the abnormal long expanded
(CUG)n repeats in the 3�-UTR of DMPK mRNA, has trans-
effects on the processing of other transcripts, like that of the
chloride channel, tau protein, and insulin receptor in patients
with DM1 (53).

Comparison of DMPK with its homologues MRCK�/� and
ROCK-I/-II revealed four common protein domains, but also
additional, different domains. The leucine-rich domain and the
coiled coil region determine multimerization of DMPK (12;
Van Herpen and Wansink, unpublished data) and MRCK
(48). Given the high degree of homology with the kinase do-
mains of MRCK and ROCK, one might suggest DMPK to
function in actin dynamics (4, 28). However, DMPK appar-

ently lacks domains that are crucial for this activity (e.g., a p21
GTPase-binding domain or a pleckstrin homology domain).
Studies on PKB/Akt, NDR and MRCK found that the hydro-
phobic phosphorylation motif is involved in modulation of
kinase activity via phosphorylation of its serine/threonine res-
idue (1, 34, 48, 56), which suggests that also DMPK may un-
derlie a similar regulatory regime. Clear distinct features such
as the alternatively spliced VSGGG motif and C termini, which
are found in no protein other than DMPK, form unique reg-
ulatory domains.

VSGGG motif and DMPK (auto)phosphorylation. Based on
indirect evidence, inferred from the characteristic gel migra-
tion behavior of VSGGG-containing DMPK isoforms and the
in vitro kinase assays, we suggest that the VSGGG motif has a
role in determining the three-dimensional conformation of
DMPK, and therewith in the regulation of DMPK (auto)phos-
phorylation activity. Close proximity of the VSGGG-segment
to the hydrophobic phosphorylation motif and the active site of
the kinase domain (results from molecular modeling studies,
data not shown) may explain its modulating effect on auto-
phosphorylation.

Concerning the actual location of DMPK autophosphoryla-
tion site(s), different models can be envisaged. First, we con-
sider it unlikely that Ser379 is the unique autophosphorylation
site, since DMPK autophosphorylation still occurred in Ser379

FIG. 6. Tail 1 and tail 2 target DMPK isoforms to the ER or mitochondria, respectively. HA-DMPK isoforms were transfected to N2A cells
to examine their subcellular localization in more detail. Colocalization with an ER-resident GFP mutant demonstrated localization of DMPK A
to the ER (A to C). Similarly, colocalization with cytochrome c oxidase, a mitochondrial protein, showed that DMPK C is confined to mitochondria
(D to F). Bars, 10 �m.
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mutants. In addition, DMPK isoforms B, D, and F are also
autophosphorylated, in spite of the fact that they contain a
different amino acid sequence around position 379, due to
absence of a VSGGG motif, although now a phosphorylatable
threonine is at that position. Since placement of a negative
charge at (in DMPK EVD) or near Ser379 (data not shown)
resulted in a very similar shifted gel migration behavior, we
assume that the autophosphorylation site is located close to
Ser379. This could be any one of four potential phosphoaccep-
tor sites (one serine and three threonines) located within
stretches of 15 aa flanking the Ser379 site. Based on the evi-
dence provided, we cannot, however, rule out that an amino
acid residue elsewhere in the protein is the autophosphoryla-
tion acceptor. Secondly, Ser379 could be one of several auto-
phosphorylation sites. In this case, mutation of Ser379 would
still allow phosphorylation at one or more other sites, explain-
ing the radioactive phosphate incorporation in the DMPK EVA

and EVD mutants in the in vitro kinase assay. In both scenarios,
we assume that the altered doublet ratio of DMPK EVA is
related to an effect of the Ser-�Ala mutation on the in vivo
autophosphorylation ability of DMPK. Since DMPK does not
contain a DMPK consensus phosphorylation site (see below),
we assume that autophosphorylation is mainly conformation-
ally driven, whereas the exact amino acid context may be less
important.

Finally, based on our radioactive in vivo phosphorylation
assay, we found that not only the upper but also the lower gel
bands represent phosphorylated DMPK isoforms. Since also
DMPK kd mutants were phosphorylated, we conclude that this
was caused by kinases other than DMPK, so called upstream
kinases. Thus, the total number of (auto)phosphorylation sites
in DMPK remains unclear, but equals at least two.

DMPK kinase activity. Reports on the (auto)phosphoryla-
tion activity of DMPK are scarce and mostly based on use of
(improperly folded) bacterially expressed protein and/or stan-
dard, inefficient substrates like histone H1 or MBP (18, 49, 54).
We demonstrate here that DMPK is a highly active kinase with
a preferred substrate sequence consisting of a threonine (or
serine) N-terminally preceded by three to four arginines (or
lysines) at distinct positions. Our consensus motif is different
from the one defined by Bush and coworkers, perhaps because
only five peptides were tested in that report (12). AGC kinase

family member NDR1 has a comparable consensus as DMPK,
but does not accept threonine as phosphoacceptor (33). PKB,
on the other hand, requires fewer positively charged amino
acids N-terminally, i.e., on the �3 and �5 positions, and strong-
ly prefers arginine over lysine (2, 8, 39). Typically, the classical
PKB substrate crosstide (GRPRTSSFAEG) was not phos-
phorylated by DMPK (Fig. 3A). Although its precise consensus
sequence still needs to be determined, ROCK-II was also
found to be a Lys/Arg-directed kinase, with a preference for
positively charged residues at the �2 and �3 positions (51).

Using peptides as substrate, no fundamental differences in
activity between DMPK isoforms were observed. Full-length
MYPT1 protein, however, was preferentially phosphorylated
by DMPK E, F, and G. As E and F can be regarded as clipped
forms of DMPK A-D, this is in accordance with an autoregu-
latory function for C-terminal tails 1 and 2, similar to what has
been reported for MRCK (48), ROCK (3), and human DMPK
A/B (12). It is of note though that the putative pseudosubstrate
autoinhibitory sequence in human DMPK A (TAVWRRPGA
ARAP) as defined by Bush et al. (12) is not conserved in
mouse tail 1 (TPVWCFPGATFAP) (critical amino acids that
are not conserved between humans and mice are underlined).
Also in tail 2 no pseudosubstrate site could be identified. We
have no experimental evidence for a MYPT1 docking site in
any of the tails, since it seems that MYPT1 binds to all DMPK
isoforms, independent of the nature of the C terminus (data
not shown). We propose, therefore, that tails 1 and 2 are not
involved in specific substrate binding or exclusion, but exert
their effect via a different mechanism, possibly steric hin-
drance, which may be relieved after DMPK activation. We
cannot exclude the possibility, however, that substrates other
than MYPT1 do bind to (specific) DMPK C termini. Since
DMPK G does phosphorylate MYPT1, tail type 4 apparently
serves another role, and this isoform may be constitutively
active. With well-chosen peptides, the now developed DMPK
kinase assay offers us better possibilities to investigate the
regulatory function of the various C termini in more detail.

What more can we learn from the identified DMPK consen-
sus phosphoacceptor site? Of the putative DMPK substrates
reported in literature only the dihydropyridine-sensitive L-type,
calcium channel beta-3 subunit (EQKARRSGN; note that this
is not the site suggested by Timchenko et al. [49]) and MYPT1

FIG. 7. Alternatively spliced protein domains. The VSGGG motif and the C terminus determine differential functioning of DMPK isoforms.
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(37) share the consensus sequence. Two MYPT1 phosphoac-
ceptor sites have been described in literature, which are both
phosphorylated by ROCK-I (19, 27). One of these, RQSRRS
TQG, meets our DMPK consensus sequence precisely, where-
as the other, GEKRRSTGV, is very similar. Remarkably, syn-
thetic peptides covering these putative sites were both phos-
phorylated by DMPK E in an in vitro kinase assay, although
none of them was absolutely preferred. Together with the
identification of MYPT1 as a DMPK interactor in Y2H, this
strongly suggests that DMPK phosphorylates one or both of
these MYPT1 sites. We cannot exclude, however, that it occurs
on one of the other putative DMPK sites that we identified in
MYPT1. Interestingly, we have thus far not been able to dem-
onstrate phosphorylation of putative DMPK binding protein
mlc2a (21). This agrees with absence of a true DMPK consen-
sus sequence in mlc2a, the sequence coming closest to the
consensus being ASRKAGTRG. Conversely, although the pre-
sumed site in the Na� channel (AMKKLGSKK) does not fit
our consensus, there is electrophysiological evidence that it
may very well be a DMPK phosphorylation site (36). Alterna-
tively, the observed modulating effect by DMPK may function
via another site found in the Na� channel (PERKPRSDL), or
may be indirect. Our database searches using the DMPK phos-
phorylation motif also revealed a number of new potential
DMPK substrates, such as (i) ryanodine receptor 2 (NRT
RRISQT) and (ii) �-2C adrenergic receptor (RRRRARSSV).

Similarity to consensus may not be a very reliable predictive
index. As was also found for PKB (39), amino acids surround-
ing the arginine and/or lysine residues may affect the kinases
phosphorylation ability, and even not all reported PKB sub-
strates contain the RXRXX(S/T) consensus motif (8). Al-
though DMPK clearly exhibits autophosphorylation ability, no
clear match to the consensus motif can be found in the protein.
We therefore suggest that additional criteria be used like evo-
lutionary conservation of predicted sites. Also cell and tissue
distribution and subcellular localization of the putative sub-
strates should match the requirements known for DMPK (see
below). Knowing the subcellular localization of individual
DMPK isoforms (e.g., ER and mitochondria in skeletal muscle
versus cytosol in smooth muscle cells) will help us to identify
new (potential) substrates.

DMPK isoforms localize at ER, mitochondria or in the
cytosol. The subcellular location of DMPK has been a matter
of debate ever since its discovery. Partly this was due to a
general lack of highly specific DMPK antibodies, but the main
reason being that microscopic images were blurred by the
simultaneous expression of multiple isoforms in myoblasts,
neuronal cells or other cell types in which DMPK is expressed
(reviewed in references 21 and 52). We report here that alter-
native splicing endows DMPK with the ability to locate at
distinct subcellular distributions through the formation of dif-
ferent C termini. The alternatively spliced VSGGG motif
seems to have no role in DMPK distribution. Pilot experiments
suggest that both tail 1 and tail 2 interact with membranes via
long stretches of hydrophobic amino acids (data not shown),
although no evidence exists for a known membrane targeting
signal. Whether DMPK is a membrane-associated or trans-
membrane protein is as yet unclear. Protein-protein interac-
tions may also play a role in DMPK localization, especially in

the case of DMPK C and D, since binding to mitochondria
displayed saturable binding characteristics.

In a situation where ectopic location due to overexpression
is prevented, DMPK A/B occur attached to the ER, DMPK
C/D are located at mitochondria, and DMPK E/F and G have
a cytosolic location. These localizations are consistent with
previous studies on the location of a human variant homolo-
gous to DMPK B, and a C-terminally truncated form (12, 54).
In cell types where different variants occur simultaneously
(e.g., muscle and heart), DMPK may be involved in the regu-
lation of ER-mitochondrial positioning or dynamics. Presum-
ably, the functional spectrum of DMPK may be even further
enlarged by its ability to form dimeric or multimeric structures
via coil-coil associations (Van Herpen and Wansink, unpub-
lished data). Interestingly, strict regulation of mitochondrial
positioning with respect to the ER Ca2� release sites is nec-
essary to activate and control mitochondrial calcium uptake in
muscles, and recent evidence also points to a role in apoptosis
control via Ca2� homeostasis regulation (44). Ca2� homeosta-
sis is indeed disturbed in myotubes lacking DMPK (5). Selec-
tive targeting to either ER, mitochondria or cytosol may enable
DMPK to phosphorylate distinct substrates in different cell
types, thereby broadening its scope of action. Likewise, cyto-
solic human isoform DMPK G, found at relatively high levels
in skeletal muscle and brain cells of DM1 patients, may erro-
neously phosphorylate proteins which are normally only tar-
gets for cytosolic DMPK E and F in smooth muscle cells. As
distinctly localized DMPK isoforms incorporated different
amounts of phosphate in vivo, future studies will therefore
have to focus on deciphering signal transduction pathways in
which DMPK isoforms are active, perhaps in location (i.e.,
ER-mitochondria-cytosol), cell type- and isoform-specific reg-
ulation schemes. Knowing such schemes would perhaps open
up the possibility to manipulate DMPK activity pharmacolog-
ically.
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