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ABSTRACT. Serum response factor (SRF) is a phosphoprotein that regulates skeletal and @adiic

gene transcription. Myotonic dystrophy protein kinase (DMPK), a muscle- and neuron-restricted kinase,
enhanced SRF-mediated promoter activity of the skeletal and caxebatin genes in C2C12 myoblasts

as well as in nonmyogenic cells. DMPK phosphorylated SRF in vitro irodheoil of the DNA-binding
domain in the MADS box, a highly conserved region required for DNA binding, dimerization, and co-
activator interaction in COS and CV1 cells. Threonine 159 in the MADS &bxoil was a specific
phosphorylation target in vitro as well as in vivo of both DMPK and protein kinase Substitution of
threonine 159 with the nonphosphorylatable residue alanine markedly diminished activation of the cardiac
o-actin promoter in the presence of kinase, while its substitution with aspartic acid, to introduce a negative
charge and mimic phosphorylation, restored activation completely. Phosphorylation of the MADS box
may constitute a novel mechanism for regulation of SRF-dependent actin gene transcription.

Serum response factor (SRFMa67 transcription factor,  dimerization domains in SRF-like transcription facto8}. (
is essential for both early mesodermal developmé&nad SRF is regulated by several intracellular signaling pathways,
late myogenic differentiation2( 3) and plays a key role in  including those involving the small GTPase Rhod. (At
the expression of genes containing serum response elementgast six broadly expressed kinases (pff9@asein kinase
(SREs) in their promoter regiond)( The skeletal and cardiac  1l, protein kinase A, C&/calmodulin kinase, DNA-depend-
a-actins are muscle-specific genes regulated by SRB)( ent protein kinase, and MAPKAP-kinase 2) are known to
and their developmental expression correlates with myogenicphosphorylate SRF in its amino- or carboxyl-terminal
differentiation ). The mechanism whereby SRF regulates domains, with variable functional consequen@sX8). The
the developmental expression of tteactins is likely to be physiologic importance of these modifications remains un-
complex, involving differing levels of associated myogenic settled and has been investigated largely in the context of
accessory factors and posttranslational modifications of SRF.SRF’s regulation of the éesgene. Phosphorylation-depend-
SRF consists of an amino-terminal regulatory domain (aa ent mechanisms that regulate SRF’s effects on the transcrip-
1-142), a domain required for dimerization and DNA- tion of genes required for myogenic differentiation have been
binding termed the MADS box (aa 14471), and a car-  less well-studied.
boxyl-terminal transactivation domain (aa 26808) @). The By virtue of its homology to the family of Rho-activated
MADS box structure has been highly conserved through ser/thr kinases1@), restriction to cells of muscle and neu-
evolution and comprises the DNA-binding and part of the ronal lineageZ0), and association with defects in myogenesis
(21), myotonic dystrophy protein kinase (DMPK) is a
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Ficure 1: DMPK synergizes with SRF to activate the skeletal
o-actin promoter in C2C12 cells. Relative luciferase activity after
transient cotransfection of pGL2-SkA-Luc and the indicated plas-
mids. Data are representative of two to three experiments, each
performed in triplicate and displayetSE; basal activation of the
SkA promoter was measured by mock transfection of the vector
(pCGN) alone and given a value of 1R*< 0.01 as compared to
SRF).

of PKC are known to regulate myogenic differentiati@m)(
we also assessed whether they could target the same SR
site in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Kinase ConstructsLPKHT (for leucine rich domain
protein kinase domaina-helical coiled-coil domaifrtrans-
membrane domain) is the complete 629 aa product of the
human myotonic dystrophy DM1 gen@8); LPKH is a
truncated 550 aa protein lacking the C-terminal transmem-
brane domain (Figure 2). pcDNA3-LPKHT was a gift of Dr.
B. Perryman, University of Colorado. pcDNA3-Flag-LPKH-
(His)s was made by removing a T7-Tag epitope-LPKH-(klis)
construct previously generated in pMFH2/Gal4 (a gift of Dr.
J. Bonventre, Massachusetts General Hospital) and cloning
it into the EcoRlI site of pcDNA3. pCG-LPKH has the T7-
Tag epitope (Novagen, Madison, WI) N-terminal to LPKH
cloned into the Kpnl site of pCG. The ATP-binding site
(kinase-deficient) mutants pCG-LPKHT-K100R and pCG-
LPKH-K100R were derived from pcDNA3-DMPK-K100R
and pcDNA3-myc-DMPK-K100R (gifts of Dr. R. Korneluk,
University of Ottawa), by cloning the cDNA inserts into the
Kpnl site of pCG. Constructs of Pk&epitope tagged PKC
isoforms (PK@, fSll, d, ¢, and dominant negative PKG
in the expression vector MTH0—31) were gifts of Dr. S.
Yuspa (National Cancer Institute, Bethesda, MD).

SRF Construct9CGN-HA-SRF contains the full-length
human SRF cDNA downstream of tikéaemophilus influ-
enzaehemagglutinin (HA) epitope (Figure 1). SRFpm1,
which contains three substitutions in the MADS box DNA-
binding domain (Arg143lle, Lys145Ala, and Leul46Gly) that
permit SRF dimerization but diminish SRIPNA binding
affinity (8), was a gift of Dr. R. Prywes, Columbia Univers-
ity. SRFpm1 was cloned into pCGN-HA to make pCGN-
HA-SRFpml. Full-length and partial human wild-type SRF
(32) and triple mutant SRF were also expressed as glu-
tathioneStransferase (GST) fusion proteins in pGEX-4T3
(Amersham Pharmacia, Piscataway, NJ). pPCGN-Nkx2.5 and
pPCGN-GATA4 were made as describezB),

Luciferase Reporter Constructd’he chicken skeletal
o-actin (SkA) promoter from nt-394 to+24 (Figure 2, ref
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Ficure 2: DMPK activates the skeletal-actin promoter via SRF

in COS/CV1 cells. At the top are schematic representations of
relevant constructs. Single arrowheads beneath LPKH and LPKHT
indicate single amino acid substitution in the K100R (kinase
deficient) mutants. Three arrowheads beneath SRF indicate amino
acid substitutions producing the SRFpm1 (SRE binding deficient)
mutant. (A—-C) Relative luciferase activity after transient cotrans-
fection of pGL2-SkA-Luc (A and C) or SKA-SRE-1-luc (B) and
the indicated plasmids. Data are representative of two to three
experiments, each performed in triplicate and display&dE; basal
activation of the SKA promoter was measured by mock transfection
of the vector (pCGN) alone and given a value of 1. (In panel A:
*P < 0.05 as compared to pCGN; P*< 0.01 as compared to
SRF and LPKH. In panel B#P < 0.05 as compared to pCGN;
#P < 0.01 as compared to SRF, LPKH, and SRFpi1PKH.

In panel C: @P < 0.05 as compared to SRF, LPKH, and LPKH-
K100R + SRF.)

34) was cloned into pGL2 (Promega, Madison, WI). SKA-
SRE-1 (provided by Dr. K. Walsh, Tufts University), which
contains only the most proximal SKA SRE (A100 to—73,
Figure 2), was cloned in pGL2. pGL2-C-Act-luc contains
the region from—315 to+15 of the avian cardiaa-actin
promoter 85).

Antibodies T7-Tag (anti- Flag epitope) was obtained from
Novagen, 12CA5 (anti-HA epitope) from Roche (Indianapo-
lis, IN), and the PKCe-tag antibody from Invitrogen/Gibco
Life Sciences (Carlsbad, CA). Anti-SRF peptide and anti-
threonine 159-phospho-specific antibodies were raised against
peptides representing aa 15269 of SRF: DNKLRRYT-
TFSKRKTGIM and DNKLRRYT(-PQ)TFSKRKTGIM
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(Bethyl Laboratories, Montgomery, TX). They were affinity- For in vitro phosphorylation experiments with PKC,
purified before use. constructs of PKC isoforms or their vector control plasmid
SRF MutagenesisSRF MADS boxal helix potential MTH were transfected into COS cells. After 60 h, the cells
phosphorylation site mutants were made by PCR mutagenesisvere treated with 100 mM phorbol 12-myristate 13-acetate
with the following primers (mutations in lower case): for (PMA) for 45 min prior to cell lysis. The cells were then
threonine 159 to alanine, &8CTGCGGCGCTACgCGAC-  scraped in lysis buffer as described above for DMPK.
CTTCAGCA G-3; for threonine 160 to alanine,&CG- Recombinant PKC proteins were purified from the lysates
GCGCTA CACGgCCTTCAGCAAGAG-3 for serine 162 at 4°C by immunoprecipitation with preimmune rabbit serum
to alanine, 5CTACACGACCTTCgcCAAGAGG AAGACG- and then by immunoprecipitation with the Pk@ag anti-
3'; for triple mutant (threonine 159 to alanine/threonine 160 body and 50% protein A Sepharose. Kinase assay was

to alanine/serine 162 to alanine);-AACAAGCTGCG- performed exactly as described above for DMPK, using
GCGCTAcgCGgCCTTCgcCAAGAGGAAG-3 and for bacterial SRF +171 as substrate.
threonine 159 to aspartic acid,-6CTGCGGCGCTACc- HPLC Phosphopeptide Mapping of SRAfter SDS-

gatACCTTCAGCAAG-3.

; . PAGE and Western transfer of proteins in the in vitro kinase
Transfections/Transcription Assays/Immunoblott®gC12,

reaction with DMPK, the nitrocellulose membranes were

Sol8, COS, and CV1 cell lines were obtained from the giaineq with Ponceau S and briefly exposed to X-ray film.
American Type Culture Collectl_on (A.TCC' Manassas,VA)_. Pieces of membrane corresponding to radiolabeled SRF
These cells were transfected using either DEAE-dextran with fusion proteins were excised, destained in 1 mL of 200 mM

glycerol shock for expression of DMPK or PKC isoforms

in .immunoprecipitation—k[nase assays, or IipofecFami_ne with H,O and then with 0.5% poly(vinylpyrrolidone)-40 in
(G'bCOTBRL) for expression O.f r_ecombm(_';mt Proteins in - 1445 mM acetic acid before the unbound sites were blocked
transcription assays. For transcription experiments, cells Were . 1 h at 37°C in the same solution. The membrane pieces
transfected at 50% confluence with a standard amount Ofwere washed with kO, rinsed with 50'/0 acetonitrile/100 mM
the appropriate luciterase reporter_plasm|d (0.25 0.“@5 NaHCG;, and incuba{ed for 24 h at 3T with acetylated
and varying amounts of test plasmllds, balanced with parenttrypsin from bovine pancreas (ICN, Costa Mesa, CA) at a
expression vector p'as”."d (pCGN) na tOt"?II of 14& The final concentration of 0.4 mg/mL in the same solution. The
plasmids were mixed with AL of lipofectamine per 60 mm released peptides were harvested in a final volume of

plate and applied to the cells according to the manufacturer Sapproximately 300L. The efficiency oF2P-peptide release

instructions. Cell extracts were harvested after 48 h and was 88-95%. The tryptic phosphopeptides were acidified

assa_yed using the Luiclerase A_ssay Sy_stem (Promega)With 1% trifluoroacetic acid and separated by reverse phase
Luminescence was measured using a luminometer (Mono—HF,LC using a Beckman model 406 system (Beckman

light 2010, Analytic Luminescence Laboratory, Sparks, MD). Fullerton, CA), with System Gold software and a %S00

Lumlnesce_nce data are normalized for total ceIIuIa_r protein mm C18 column (Waters, Milford, MA), at a flow rate of 1
concentration and reported as mean or representative values

: ) , ) ; . 0
of two to five independent transfection experiments, each mL/min with the following gradients: 85 min, 98%

PR . solution A, 2% solution B; 535 min, 2-75% B; and
performed in triplicate. Immunoblotting was performed after - L 0 ” [ e
resolving proteins by SDSPAGE and transferring to 35-45 min, 75-98% B (solution A= 0.05% TFA in HO;

Immobilon-P membranes (Millipore, Bedford, MA), using solution B= 0.05% TFA in 80% acetonitrile). The eluted

enhanced chemiluminescence with the appropriate antibodiegrac'['ons were monitored by detecting radioemission on-line

and the Supersignal West Pico chemiluminescent substrateWlth a flow-onep detector (Packard, Meriden, CT). Peptide

kit (Pierce, Rockford, IL) according to the manufacturer’s séquencing was performed as previously descritgg). ( .
instructions. Sequencing was performed in a Model 477A Protein

In vitro Kinase Assays of SRF Phosphorylati@®©S cells Sequencer with an in-line 120A PTH-Analyzer (Applied

were transfected with &g of pcDNA3-Flag-LPKH-(His) Biosystems, Foster City, CA) using optimized cycles. 90%
or pcDNA3 vector. After 60 h, the cells were scraped in methanol containing phosphoric acid was used to extract the

500 uL/100 mm plate kinase lysis buffer (50 mM Tris-Cl cleaved amino acids. After conversion, 50% O.f the sa_lr_nple
(pHg 5), 500 ml\/FI)NaCI 0.5% ')I/'riton X-10(§ 2 mM sodium  Was transferred to the HPLC for PTH-amino acid identifica-

vanadate, 50 mM NaF, protease inhibitor cocktail (Complete tion, qnq th? other 50.% was collected in a fraction collector
Protease Inhibitor Tablet without EDTA, Roche)). Recom- ©F scintillation counting.

binant LPKH was purified from the lysate at°€ through In Vitro and in Vo Phosphorylation of Threonine 159,

a Histrap nickel column (Amersham, Piscataway, NJ), fol- Detected by Anti-Threonine 159-Phospho Specific Antibody.
lowed by immunoprecipitation with preimmune rabbit serum, For in vitro phosphorylation experiments, LPKH and PKC-
and finally by immunoprecipitation with T7-tag antibody and constructs or their vector controls were transfected into COS
50% protein A Sepharose. Kinase assay was performed forcells, and the recombinant proteins were purified as described
30 min at 30°C in a 50uL reaction containing purified, = above. The recombinant kinases or mock transfection IP
immunoprecipitated LPKH attached to protein A sepharose products were placed in in vitro kinase reactions using SRF
beads, 20 mM Tris-Cl (pH 7.5), 5 mM Mg&I50uM ATP, 1-171 as substrate. The kinase reactions were carried out
10uCi y3P-ATP (4000 Ci/mmol), and 4g of various GST-  as described above, with the exceptions that 1 mM ATP was
SRF proteins. The reaction was terminated by addition of used, andy®?P-ATP was excluded. The reaction products
50 uL of 2x SDS-PAGE sample buffer (50 mM Tris-Cl  were subjected to SDSPAGE and immunoblotted using
(pH 6.8), 10 mM dithiothreitol, 2% SDS, 0.1% bromophenol anti-SRF peptide antibody or the anti-threonine 159-phospho
blue, 10% glycerol) and heating at 9& for 5 min. specific antibody.

NaOH for 1 min in siliconized microfuge tubes, and washed
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For in vivo phosphorylation experiments, LPKH and
PKC-a constructs or their vector controls were cotransfected
with HA-tagged full-length SRF (WtSRF) or triple mutant
SRF (tmSRF) into CV1 cells. Cells transfected with PKC
constructs or the MTH vector were treated with 100 mM
PMA or vehicle for 45 min prior to lysis. Recombinant SRF
proteins were immunoprecipitated using 12CA5 antibody,
subjected to SDSPAGE, and immunoblotted using anti-
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synergism between DMPK and SRF in regulating SkA
promoter activity and indicated that the effect of DMPK is
due to its kinase activity.

Next, the effect of LPKH on the full-length cardiacactin
(C-Act) promoter was assayed. Again, SRF and LPKH each
activated the C-Act promoter-34-fold, but the combination
activated the promoter 10-fold (Figure 3A). Further syner-
gism was seen in the presence of Nkx2.5, a cardiac

SRF peptide antibody or anti-threonine 159-phospho specific homeodomain factor known to synergize with SRF to provide

antibody.

SRF-DNA BindingNuclear extracts of COS cells trans-
fected with pCGN vector, full-length wtSRF, or the corre-

strong cotranscriptional activation of C-AcB3), and
GATAA4, a zinc-finger protein that interacts with SRF to
coactivate SRE-containing promoteB9) (Figure 3B). The

sponding threonine 159 alanine/aspartate mutants werecombination of SRF, Nkx2.5, and GATA4 increased C-Act

prepared $7) Double-stranded cardiag-actin Comp|ete promoter activity about 25-fold over basal, and the addition
promoter region nt=315 to —58 was used as prob@&) of LPKH increased transcriptional aCtiVity further to 55-fold.
Five ug of nuclear protein was incubated at RT for 30 min The effects of both these combinations were reduced by 60%
with 1 ug of poly(dli/dC), 4uL of 5x binding buffer (10 by substituting SRFpm1 for SRF. A lesser degree of syn-
mM Tris-Cl (pH7.5), 50 mM NaCl, 1 mM DTT, 1 mM  ergistic activation was also seen with the combination of
EDTA, 5% glycerol) and 50 000 cpm G6#P-end-labeled ~ LPKH, Nkx2.5, and GATA4, possibly because of endog-

probe in a total volume of 20L. DNA—protein complexes ~ enous cellular SRF.
were resolved by nondenaturing 4% PAGE. DMPK Phosphorylates SRF in VitréWe asked if SRF

could be a direct phosphorylation target of DMPK. Full-
length histidine-tagged SRF-508) was phosphorylated in
vitro in the presence of LPKH (Figure 4A, lane 1). We then
attempted to map the region of SRF targeted by DMPK. His-
Promoter in C2C12 MyobIaStWe first examined the effects tagged truncations of the SRF protein did not express well
of DMPK on the full-length skeletak-actin (SkA) promoter i bacteria, so we used glutathioBSeransferase (GST)-

in replicating C2C12 myoblasts, a cell line with endogenous tagged fusion proteins. GST-SRF-171 containing the
expression of DMPK. Transient transfection of SRF modestly amino-terminal region and the MADS box (50 kDa; Figure
increased transcription of the SkA-Luc reporter gene, as 4B, lane 4) and GST-SRF 142471 containing the MADS
measured by luciferase assay (Figure 1) The addition of box alone (33 kDa; Figure 4B, lane 3) were Strong|y
recombinant LPKH (C-terminal truncated DMPi§ee Ex- phosphorylated by LPKH. In full-length and C-terminal-
perimental Procedures) enhanced transcription 5-fold overtruncated versions of SRF, the presence of the GST moiety
basal. Similar data were obtained using Sol8 myoblasts. appeared to inhibit phosphorylation (data not shown), perhaps
These results suggested that DMPK could modulate thepecause folding of these proteins places the GST in a position
transcriptional activity of SRF in myogenic cells. To explore  that blocks the phosphorylation site. Therefore, using these

the mechanisms underlying the effect, we performed sub- GST-fusion constructs, we could not eliminate the possibility
sequent experiments in COS or CV1 cells. These heterolo-that the portion of SRF C-terminal to aa 171 is also

RESULTS
DMPK and SRF Synergize to Agdie the Skeletal-Actin

gous cell lines were utilized to overcome problems of low
transfection efficiency in the myoblast lines and to avoid
interference from endogenous DMPK in experiments de-
signed to probe the mechanism of the kinase effect.

DMPK Activates the Cardiac and SkeletalActin Pro-
motersvia SRF in COS and CV1 Cellransfection of COS
or CV1 cells with SRF alone led to a 3-fold increase over
basal activity of the SKA promoter (Figure 2A). Transfection
of LPKH alone also resulted in a 3-fold increase in promoter
activity, but cotransfection of SRF and LPKH resulted in a
synergistic 9-fold increase. Since the most proximal SRE in
the SKA promoter (SREL1) is sufficient to confer ap-
proximately 90% of the SRF-mediated transcriptional effect
(5), we examined the effects of DMPK and SRF on a
minimal SKA-SRE-1 promoter construct (Figure 2B). SRF
alone activated SkA-SRE-1-Luc 5-fold, while the mutant
SRFpm1 diminished this activation by over 60%. Cotrans-
fection of SRF and LPKH resulted in a synergistic 12-fold
increase, while substituting SRFpm1 (an SHFMNA bind-
ing-defective mutant) for SRF reduced the effect by 60%.
LPKH-K100R, a kinase-deficient form of LPKH, eliminated
the LPKH effect (Figure 2C). Similar results were obtained
using the full-length DMPK constructs LPKHT and LPKHT-
K100R (data not shown). These results confirmed the

phosphorylated by LPKHhowever, in subsequent experi-
ments we focused on the N-terminal/MADS box region (aa
1-171) that is clearly phosphorylated.

Both His-tagged full-length SRF and GST-SRF 171
were phosphorylated in the presence of the immunoprecipi-
tated product of the mock (vector) transfection (Figure 4A,
lane 2; Figure 4B, lane 1), although significantly less than
in the presence of LPKH (Figure 4A, lane 1; Figure 4B, lane
4). Partial phosphorylation of mock-treated SRF was a
consistent finding that led us to perform phosphopeptide
mapping of this band in parallel with that of the DMPK-
treated band in all subsequent experiments. GST itself was
not phosphorylated by LPKH (Figure 4B, lane 2). Under the
conditions of the in vitro kinase assay, the molar effi-
ciency of phosphate transfer was 45 mmol Pi/mol GST-SRF
1-171 in the presence of LPKH, comparable to the effi-
ciency of phosphate transfer to myelin basic proteif).(
These results suggested that DMPK targets the SRF MADS
box in vitro.

Threonine 159 in the MADS Bax Coil Is a Prominent
in Vitro Target of DMPK.Tryptic phosphopeptide maps of
wild-type and mutant forms of SRF1171 (obtained after
in vitro phosphorylation of SRF-1171 by purified LPKH
or the IP product of mock transfection) were compared to
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Ficure 3: DMPK facilitates cardiaax-actin promoter activity via SRF in COS cells. (A) Relative luciferase activity after transient
cotransfection of pGL2-C-Act-Luc and the indicated plasmids. Data are representative of two to three experiments, each performed in
triplicate and displayed-SD; basal activation of the C-Act promoter was measured by mock transfection of the vector (pCGN) alone and
given a value of 1. (P < 0.01 as compared to SRF and LPKHSRFpm1;P < 0.001 as compared to LPKH.) (B) Relative luciferase
activity after transient cotransfection of pGL2-C-Act-Luc and the indicated combinations of plasmids; basal activation of the C-Act promoter
was measured by mock transfection of the vector (0CGN) alone and given a value &f 4.@*05 as compared to SRF Nkx-2.5 +

GATA-4 and SRFpmt+ LPKH + Nkx-2.5+ GATA-4.)

identify the residues phosphorylated in vitro by DMPK digestion, presumably because the negative charge of the
(Figure 4C). Wild-type SRF 4171 revealed two small  phosphate inhibited cleavage at the arginine residue. Thus,
(peaks A and B) and one prominent (peak C) phosphopeptidepeak B likely contains a peptide with serine 162 phospho-
peaks that were specific to the LPKH treatment, as well as rylated, and peak A is perhaps the diphosphorylated peptide.
a nonspecific peak (peak D) that was seen in both LPKH- Alternatively, peak A may contain the limited tryptic digest
and mock-treated conditions (slide ). Because the fragmenttyrosine 158-lysine 163 with monophosphorylated threonine
aa 142-171 (containing the MADS boxol coil) was 159. We concluded that threonine 159 clearly is phospho-
phosphorylated (Figure 4B, lane 3), we mutated the threerylated by DMPK in vitro and that serine 162 may be an
candidate serine/threonine residues within the tryptic peptide.additional target. Hence, we focused on the function and in
Substitution of the nonphosphorylatable amino acid alanine vivo status of threonine 159 as a key phosphorylation target
for threonine 160 (T160A) had no effect on the pattern of of DMPK and other kinases.

phosphorylation (slide 1), although the absolute amount of PKC Isoforms Also Phosphorylate SRF171 in Vitro.
radioactivity recovered was higher in this case. In contrast, Inspection of the amino acid sequence of the SRF MADS
mutation of threonine 159 (T159A) removed peaks A and boxal coil peptide targeted by DMPK revealed a good con-
C (slide IIl). Finally, substitution of alanine for threonine sensus motif for PKC (RRYTTFSKRK), which preferentially
159, threonine 160, and serine 162 (T159A, T160A, and phosphorylates serine or threonine residues surrounded by
S162A, or triple mutant) eliminated all LPKH-dependent basic amino acids. Since PKC is involved in myogenic
phosphorylation (slide 1V). These data suggested that peaksregulation 27, 41—44), we asked if four isotypes (PKG

A and C contain a peptide that is phosphorylated on threoninell, 6 and €)—which have previously been shown to be
159 and that peak B contains a peptide that is phosphorylateddifferentially expressed during myogenic proliferation and
on serine 162. The peptide yield in peak C (but not in peaks differentiation 42)—could phosphorylate SRF1171 in vitro

A and B) was sufficient to permit direct protein sequencing (Figure 5). PK@ strongly phosphorylated SRF171 and

and detection of the phosphoamino acid. As expected, PKCAIl, and PKG did so to a lesser extent, while SRF
threonine 159 was phosphorylated in the peptide in peak Cphosphorylation did not rise above background level with
(Figure 4D). The peptide was the result of incomplete tryptic PKCe. The specificity of the PK@ effect was demonstrated
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Ficure 4: DMPK phosphorylates SRF in vitro. (A and B) In vitro kinase reactions were carried out as described in Experimental Procedures,
using either recombinant LPKH purified from transiently transfected COS cells or the purified product of mock-transfected cells (as indicated
above the lanes), and the substrates indicated below each lane. Panels A and B show autoradiographBAGERHer electrophoresis

of the reaction products. The small arrows in panel A, lanes 1 and 2 and in panel B, lanes 1, 3, and 4 indicate the position of recombinant
SRF proteins as identified by Coomassie staining. In panel A, lane 1, and in panel B, tehab@ cluster of radiolabeled bands at-8@

kDa represents autophosphorylated species of LPKH. In panel B, lane 2, the dotted area represents the position of GST protein as identified
by Coomassie staining. GS¥ glutathioneS-transferase. (C) HPLC-phosphopeptide mapping of wild-type SRE/1 or various MADS

box mutants (alanine substitutions for threonine 159, threonine 160, or serine 162) after in vitro kinase assay. Tryptic peptide digests of
radiolabeled, phosphorylated GST-SRF1T71 proteins were separated by HPLC as described in Experimental Procedures. Each panel
shows a pair of phosphopeptide maps, from the kinase reaction in the presence of recombinant LPKH purified from transiently transfected
COS cells (solid line) and from the reaction in the presence of the purified product of mock-transfected cells (dashed line). FHE/SRF 1
protein represented in each panel is as follows: slide I, wt SRF; slide 1l, SRF with alanine substituted for threonine 160 (T160A); slide Ill,
SRF with alanines substituted for threonine 159 and threonine 160 (SRF TH5A60A); and slide 1V, SRF with alanines substituted for
threonine 159, threonine 160, and serine 162 (SRF T159R160A + S162A, or triple mutant SRF). (OFP cpms released with each

cycle of Edman degradation of the peptide in peak C from panel C, slide I. The sharp spike of cpms in the 5th cycle from the N-terminus
corresponds to threonine 159. The identity of this residue was confirmed by sequencing.

of threonine 159 as a target for kinases regulating myogen-
QD e G esis, we developed a threonine 159-phospho specific anti-
body. First, we utilized the affinity-purified antibody in
conjunction with in vitro kinase assays to determine its
specificity (Figure 6A). The anti-threonine 159-pP&pecific
] ] o antibody detected only the SRF171 peptides that had been
FIGURES: In vitro phosphorylation of SRF-1171 by the indicated exposed to LPKH or PK& but not those that had been
recombinant PKC isoforms purified from transiently transfected . S
COS cells or the IP product of cells transfected with empty vector. €XPosed to the immunoprecipitation products from the
PKCoDN = dominant negative mutant of PKC respective vector control transfections. (Of note, the lack of
159-PQ specific antibody reactivity in the absence of LPKH
by the ability of dominant negative PKCto suppress the  cotransfection also indicated that the background phospho-
phosphorylation of the substrate to background levels. rylation previously observed with mock (vector) transfection
Threonine 159 in the MADS Box Is Phosphorylated woVi  in the in vitro phosphorylation experiments (Figure 4A, lane
by both DMPK and PKCalo examine the in vivo relevance  2; Figure 4B, lane 1) could not have been due to phospho-

Vector
PKCo
PKCB
PKCe
PKCd

PKCo DN



MADS Box Phosphorylation Regulates SRF Biochemistry, Vol. 42, No. 24, 2007483

A. by the absence of a signal when the triple mutant full-length
SRF, in which all three potential phosphorylation sites in

“ Anti-peptide antibody theal coil are replaced by alanine, was the in vivo substrate.
In the experiment with PKE&, treatment with PMA also

——— . S increased the immunoblot signal intensity of the 159-
f - . Anti-159-PO, antibod
- - " 4 AnEDOCY phosphorylated wild-type SRF, suggesting that phorbol ester-

induced activation of the kinase increased threonine 159
phosphorylation.

Effects of Alanine and Aspartic Acid Mutants of Threonine
159 Are Consistent with an Aetiting Effect of Threonine
159 Phosphorylation om-Actin Gene TranscriptionTo
B. assess the functional significance in vivo of the phosphory-
lation of threonine 159, we measured the effects of alanine
or aspartic acid substitutions of this residue on SRF-mediated
cardiaco-actin gene transcription, using full-length SRF
constructs (Figure 7A). In this experiment, 13-fold activation
was seen with LPKH in the presence of wt SRF. Substitution
of alanine for threonine 159 in full-length SRF decreased
C-Act promoter activity by 60%, while substitution with
aspartic acid, which carries a positive charge and mimics
phosphorylation, restored transcriptional activity to the level
seen with LPKH+ wt SRF. Similar results were obtained
C when the SRF proteins were coexpressed not with the kinase

' but with the C-Act coactivators Nkx2.5 and GATAA4. In this

- PMA + PMA instance, C-Act promoter activity was decreased in the
presence of SRF T159A and increased significantly in the
presence of SRF T159D. Similar trends were observed when
the SRF proteins were expressed alone, but the fold changes
Anti-159-PO, antibody were too small to attain statistical significance (data not

shown).

Since threonine 159 lies within the region of the MADS
boxal coil that interacts with the major groove of the serum
response element DNA4E), we investigated if mimicking
phosphorylation of threonine 159 could alter the binding
characteristics of SRF with the-actin promoters, using gel
mobility retardation assays (Figure 7B). Neither the alanine
nor the aspartic acid substitution of threonine 159 altered
FIGURE 6: Phospho-specific antibody reveals phosphorylation of the interactions of of SRF with the cardieeactin promoter
threonine 159 in the MADS box occurs both in vitro and in vivo.  significantly compared to wt SRF. Similar results were
(A) In vitro kinase reactions were carried out in the presence of gptained with the skeletal-actin promoter (data not shown).

cold ATP, using recombinant LPKH or PKCpurified from . - L
transiently transfected COS cells or the purified products of cells Hence, modulation of SRF-DNA binding characteristics is

transfected with the appropriate vector (pCGN for LPHK; MTH unlikely to be the mechanism whereby threonine 159
for PKCa), with SRF 1-171 as substrate. The reaction products phosphorylation enhancesactin gene transcription.

were subjected to SDSFPAGE and immunoblotted with either anti-

SRF-peptide antibody (top panel) or anti-SRF-threonine 159- pISCUSSION

phospho antibody (bottom panel). (B) COS cells cotransfected with

the indicated plasmids and the HA-epitope tagged SRF proteins  These data demonstrate the novel finding that phospho-

were immunoprecipitated by 12CA5 antibody. The immunopre- . . .
cipitates were subjected to SDBAGE and immunoblotted with  'ylation of the SRF MADS boxal coil—specifically, of

either anti-SRF-peptide antibody (top panel) or anti-SRF-threonine threonine 159 in the DNA binding domaitenhances
159-phospho antibody (bottom panel). (C) COS cells were cotrans- transcription of the skeletal and cardiacactin genes in
fected with the indicated plasmids, treated with or without PMA, heterologous cells. Threonine 159 is a target of at least two
and the HA-epitope tagged SRF proteins immunoprecipitated by kinases involved in myogenic regulatie®MPK and PKGx.

12CA5 antibody as described in Experimental Procedures. The T . .
immunoprecipitates were subjected to SEAGE and immuno- 1 ne in vivo effect of phosphorylating threonine 159 (as

blotted with either anti-SRF-peptide antibody (top panel) or anti- inferred from its aspartic acid substitution) is to enhance
SRF-threonine 159-phospho antibody (bottom panel). cardiaca-actin promoter activity, while that of abrogating

its phosphorylation (as inferred from its alanine substitution)
rylation of threonine 159.) We next used the anti-159:PO is to diminish this activity, consistent with the positive effect
antibody to demonstrate that threonine 159 is targeted in vivo, of DMPK on SRF-mediated-actin transcription. The results
using the cotransfection protocol described in Experimental also demonstrate that the transcriptional effect of DMPK can
Procedures (Figure 6B,C). The results clearly showed thatsynergize with those of other known SRF regulators and
threonine 159 is phosphorylated in the full-length wild-type coactivators such as Nkx2.5 and GATA4 in the context of
SREF in vivo, and the specificity of this effect was revealed the cardiaax-actin promoter.

PKCo
LPKH

MTH vector
pCGN vector

- - Anti-peptide antibody
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LPKH + wtSRF '

LPKH + tmSRF
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MTH + pCGN vectors
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FIGURE 7: Mutation of threonine 159 in the SRF MADS box alters
cardiaca-actin promoter activity. (A) Relative luciferase activity
after transient transfection of pGL2-C-Act-Luc and the indicated
combinations of plasmids in CV1 cells. Basal activation of the
C-Act-Luc promoter is measured by mock transfection of the vector

lyer et al.

coil and the N-terminus/helix | and helix 1l regions of the
Nkx2.5 homeodomain3@, 47). SREL1 is also a site of
interaction between the MADS baxl coil and the C-ter-
minal zinc finger of GATA4 83). Thus, the MADS boxul

coil contains essential sites of interaction with both Nkx2.5
and GATA4, as well as an N-terminal extension that wraps
around the DNA to interact with the minor groove of the
SRE. We have previously demonstrated the combinatorial
synergy of these interactions toward cardiaactin promoter
activation in heterologous cell83), and the present results
demonstrate the added effect of DMPK.

The mechanism whereby threonine 159 phosphorylation
regulates-actin transcription may involve the assembly of
specific proteins that interact with the MADS box at either
the al or the all coils and play important roles in deter-
mining myogenic differentiation. Nkx2.5/SRF complexes
foster cooperative transactivation complex formation on the
cardiac a-actin promoter in 10T1/2 fibroblastst€) and
CV1 cells @3). Possibly, during early cardiogenesis, paired-
related homeodomain genes such as Prx1/Phox-1/MHox or
Prx2/S8 ¢8) form nonproductive inhibitory complexes with
SRF ona-actin promoter SRES. Such reciprocal interactions
could be affected by the phosphorylation state of threonine
159.

Modulation ofo-actin expression by DMPK is consistent
with its role in skeletal and cardiac muscle differentiation
(22—24, 26). SRF is expressed early post-replication and
during myoblast fusion, while the actin genes are expressed
relatively late, during myoblast differentiatiod)( DMPK
MRNA expression rises still later in myogenesis, peaking in
C2C12 myoblasts 7296 h after onset of differentiatiod ).
DMPK expression patterns are thus close to that of mrf-4,
and DMPK might play a similar role in the maturation of
myotubes. DMPK may also be important for muscle repair,
consistent with the phenotype of the DM-1 knockout mouse
(24). The mild phenotypes of the knockout and transgenic
mice suggest the presence of DMPK-like molecules with
redundant function that regulate SRF during myogenesis. In
this regard, we have recently shown that the RhoA effector
p16GOCK, which is highly homologous to DMPK in its

(pCGN) alone and given a value of 1. Data are representative of catalytic domain, modulates transcriptional activityeéctin

two experiments, each performed in triplicate and displai&d.

The figure is a composite of two sets of dateP (¢ 0.05 for LPKH

+ SRF T159A as compared to LPKH wt SRF and LPKH+
SRF T159D; *P < 0.01 for Nkx2.5+ GATA4 + SRF T159A as
compared to Nkx2.5+ GATA4 + SRF T159D.) (B) Binding
affinity of wt SRF or threonine 159 mutants to the cardiac actin
promoter. Gel mobility retardation assays were performed with
nuclear extracts of cells transfected with the indicated plasmid
constructs. G= vector control. Arrowhead indicates the SRF:DNA
complex.

SRF plays a mandatory role in myogenic differentiation

promoters in chicken and mouse embryb6)(and C2C12
myoblasts 2).

SRF is thought to be constitutively present at its cognate
SREs, and it has been suggested that physiologically relevant
modifications would have to occur in the nucle8s OMPK
is apparently located exclusively in the myocyte cyto26),(
so how could it regulate SRF function? In replicating
myoblasts, SRF is expressed at low levels predominantly in
the cytosol 8). During the process of myoblast fusion, SRF
appears at higher levels in the cytosol and along filopodia

(3). Strong evidence suggests that SRF acts as a platform teand becomes predominantly nuclear only after fusion, in
interact with other regulatory proteins and alter the regulation postreplicative myoblasts and differentiated myotubes. SRF

of muscle specific gene program32( 35, 39). The SRF
MADS box al coil region is crucial for interactions with
several transcriptional coactivators, including Nkx2.5 and
GATAA4. Basic residues in thal coil are essential for the
interaction of SRF with its cognhate SRES). SRF facilitates
the recruitment of Nkx2.5 to both high affinity (SREs 2 and

can be detected in both nuclear and cytosolic fractions of
skeletal myocytesr), and its regulated translocation between
cytosolic and nuclear compartments is important for gene
expression in smooth musclg&l). Thus, phosphorylation of
SRF by DMPK could occur in a cytosolic location, with
subsequent translocation of activated SRF to the nucleus, as

3) and intermediate strength (SREs 1 and 4) binding siteshas been established in other signaling pathways (e.g., the

on the cardiac.-actin promoter32, 35, 46). SRF and Nkx2.5
also interact directly through the basic region of the SRF

JAK—STAT pathway following cytokine receptor activation
(52) and PKA-mediated phosphorylation and activation of
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Nkx2.1 for transcription of the surfactant protein-A gene
(53)).

PKC was originally implicated in myogenic gene regula-
tion as a repressor of myogenic differentiation. Activated
PKCo can phosphorylate a conserved site in the DNA-
binding domain of myogenin and repress the myogenic
differentiation program41) while enhancing the activities

Biochemistry, Vol. 42, No. 24, 20037485
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