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vasodilators.

(Bacl(ground: The mechanism by which PKGIa activates MLC phosphatase with an LZ+ (but not LZ—) MYPT1 isoform is

Results: LZ+ MYPT1 fragments are rapidly phosphorylated by PKGla at Ser-667 and Ser-694.
Conclusion: MYPT1 isoform expression is important for determining the response of vascular beds to NO and NO-based

Significance: MYPT1 isoform expression plays a central role in the regulation of vascular tone in health and disease.
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Smooth muscle relaxation in response to NO signaling is due,
in part, to a Ca*>*-independent activation of myosin light chain
(MLC) phosphatase by protein kinase G Ia (PKGIa). MLC phos-
phatase is a trimeric complex of a 20-kDa subunit, a 38-kDa
catalytic subunit, and a 110 —133-kDa myosin-targeting subunit
(MYPT1). Alternative mRNA splicing produces four MYPT1
isoforms, differing by the presence or absence of a central insert
and leucine zipper (LZ). The LZ domain of MYPT1 has been
shown to be important for PKGIa-mediated activation of MLC
phosphatase activity, and changes in LZ+ MYPT1 isoform
expression result in changes in the sensitivity of smooth muscle
to NO-mediated relaxation. Furthermore, PKGIa has been
demonstrated to phosphorylate Ser-694 of MYPT1, but phos-
phorylation at this site does not always accompany cGMP-me-
diated smooth muscle relaxation. This study was designed to
determine whether MYPT1 isoforms are differentially phos-
phorylated by PKGIa. The results demonstrate that purified
LZ+ MYPT1 fragments are rapidly phosphorylated by PKGl«
at Ser-667 and Ser-694, whereas fragments lacking the LZ
domain are poor PKGI« substrates. Mutation of Ser-667 and
Ser-694 to Alaand/or Asp showed that Ser-667 phosphorylation
is more rapid than Ser-694 phosphorylation, suggesting that
Ser-667 may play an important role in the activation of MLC
phosphatase. These results demonstrate that MYPT1 isoform
expression is important for determining the heterogeneous
response of vascular beds to NO and NO-based vasodilators,
thereby playing a central role in the regulation of vascular tone
in health and disease.

Activation of smooth muscle is dependent on the level of
phosphorylation of the 20-kDa regulatory smooth muscle myo-
sin light chain (MLC),” which is determined by the relative
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activities of MLC kinase and MLC phosphatase (1, 2). MLC
kinase is regulated by Ca®" (3), whereas a number of signaling
pathways regulate the activity of MLC phosphatase (4, 5), a
trimeric complex consisting of a small 20-kDa subunit, a
38-kDa catalytic subunit, and a myosin-targeting subunit
(MYPT1) of 110-133 kDa (4). Alternative mRNA splicing pro-
duces four MYPT1 isoforms (4), which differ by the presence or
absence of a central insert (CI) and a C-terminal leucine zipper
(LZ). Isoform expression is both developmentally regulated and
tissue-specific (6, 7).

Smooth muscle relaxation in response to NO is a fundamen-
tal response of the vasculature (8); in the vasculature, an
increase in flow increases shear stress on endothelial cells,
which stimulates NO production. NO diffuses into the smooth
muscle cells to activate the soluble pool of guanylate cyclase to
increase the intracellular concentration of cGMP. cGMP can
bind and activate protein kinase G, which subsequently acts on
a number of targets to decrease intracellular Ca>* (9-11) and
also leads to a Ca**-independent activation of MLC phospha-
tase (12). There is ample experimental evidence that the LZ
domain of MYPT1 is required for protein kinase G I (PKGla)-
mediated activation of MLC phosphatase (12—14), and changes
in LZ+ MYPT1 isoform expression result in changes in the
sensitivity of smooth muscle to NO-mediated relaxation in
health and disease (7, 14—19).

The mechanism for PKGla-mediated activation of MLC
phosphatase activity is unknown. Using a recombinant MYPT1
fragment (MYPT1CI—LZ+), Haystead and co-workers (20)
identified three MYPT1 phosphorylation sites (Ser-692, Ser-
695, and Ser-852 of the mammalian sequence; equivalent to
Ser-691, Ser-694, and Ser-849 of the avian sequence), and
PKGIa-mediated MYPT1 phosphorylation at Ser-695 resulted
in the exclusion of Rho kinase-mediated MYPT1 phosphoryla-
tion at Thr-696. These results were confirmed by Ikebe and
co-workers (21), who also demonstrated that Ser-695 phospho-
rylation did not change MLC phosphatase activity but pre-
vented the decrease in MLC phosphatase activity produced by
Rho kinase phosphorylation at Thr-696. However, others have
demonstrated that increases in Ser-695 phosphorylation are
not observed during cGMP-mediated relaxation of cerebral
vessels (22).
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FIGURE 1. MYPT1 fragments. Shown are the structures of the endogenous chicken MYPT1Cl+LZ+ isoform and MYPT1 fragment proteins. Phosphorylation

sites are also indicated (avian sequence).

Given the diversity in MYPT1 isoform expression among
vascular beds (6, 7), these results could suggest that MYPT1
structure influences PKGIa phosphorylation, and/or MYPT1
isoforms are differentially phosphorylated by PKGIe. Differen-
tial MYPT1 phosphorylation could explain the heterogeneous
response to NO-mediated vasodilatation among vascular beds
that have unique MYPT1 isoform expression patterns. To test
this hypothesis, we determined the effect of the structure of
MYPT1 on the rate and extent of its phosphorylation by
PKGIa.

EXPERIMENTAL PROCEDURES

Cloning of MYPT1 Mutants—Four mutant MYPT1 plasmids
were created from an avian MYPT1CI—LZ+ template (23)
using the QuikChange site-directed mutagenesis Kit (Strat-
agene). Mutagenesis primers were generated to mutate Ser-667
or Ser-694 (equivalent to Ser-668 and Ser-695 of the mamma-
lian sequence) to either Ala to prevent phosphorylation or Asp
to mimic phosphorylation, yielding the following MYPT1
mutants: S667A, S667D, S694A, and S694D. All mutants were
sequenced to confirm the desired mutation, and unless noted
otherwise, we refer to the avian sequence throughout this work
(Fig. 1).

Protein Expression and Purification—Plasmids expressing all
MYPT]1 variants were transformed into BL21 Star E. coli com-
petent cells (Invitrogen) and purified without purification tags
as described previously (23). Briefly, nutrient-rich medium
containing 100 wg/ml ampicillin and 25 ug/ml chlorampheni-
col was inoculated with freshly plated bacteria and grown to
Asoonm = 0.4-0.6, at which time, protein expression was
induced with 0.2 mM isopropyl -p-1-thiogalactopyranoside.
Protein expression was allowed to continue for 3 h before the
bacteria were collected, and pellets were stored at —80 °C over-
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night. After thawing, cells were resuspended in buffer contain-
ing 20 mm diethanolamine (pH 8.7), 0.1 mm EDTA, 10 mMm
B-mercaptoethanol, and 1X Complete protease inhibitor
(Roche Applied Science) prior to sonication. Once the cells
were lysed, 10 units of DNase I (Roche Applied Science) were
added to the mixture and left to rotate at 4 °C for 45 min before
centrifugation. The resulting supernatant was subjected to
ammonium sulfate extractions to 35 and 65% saturation. The
35% pellet containing the desired MYPT1 protein was dialyzed
overnight against 4 liters of 20 mm MES (pH 6.0),0.1 mMm EDTA,
and 10 mm B-mercaptoethanol. To increase the protein solu-
bility of the dialyzed sample, urea was dissolved to a final con-
centration of 6 M. Following dialysis, the sample was then cen-
trifuged and syringe-filtered before undergoing cation
exchange chromatography using a similarly equilibrated
SOURCE 15S column (GE Healthcare). The desired fractions
(eluted with a 0.5 M NaCl linear gradient) were subsequently
buffer-exchanged into 6 M urea, 30 mm diethanolamine (pH
8.5), 0.1 mMm EDTA, and 10 mm B-mercaptoethanol by gel fil-
tration and then resolved by Mono Q chromatography and
developed with a linear gradient to 0.5 M NaCl. Fractions con-
taining MYPT1 were dialyzed against 50 mM ammonium bicar-
bonate and lyophilized.

MYPT1I Phosphorylation—The lyophilized MYPT1 variants
were each dissolved in storage buffer containing 300 mm NaCl,
2 mm HEPES (pH 7.0), and 1 mMm B-mercaptoethanol and tested
individually. Per reaction, 0.1 nmol of MYPT1 was added to
reaction buffer containing 1 mm ATP, 0.1 mm cGMP, 100 mm
NaCl, 10 mm HEPES (pH 7.0), 0.1 mm MgCl,, and 10 mm
B-mercaptoethanol. PKGIa (48 units; Promega) was added,
and aliquots from the reaction were drawn at 1, 5, 10, 20, and 60
min along with a corresponding untreated MYPT1 sample to
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serve as a control. Reactions were carried out at room temper-
ature, stopped with 4X lithium dodecyl sulfate buffer, and
resolved by 10% SDS-PAGE (29:1). MYPT1 phosphorylation
was determined using Pro-Q® Diamond stain (Invitrogen), and
total protein was subsequently determined on the same gel
using either Deep Purple™ total protein stain (GE Healthcare)
or colloidal Coomassie Blue. Bands were quantified using
ImageQuant TL software, and phosphorylation rates were cal-
culated by fitting the data of phosphorylation/total protein ver-
sus time with a single exponential.

For Rho kinase-mediated phosphorylation, the MYPT1 frag-
ments were phosphorylated using our previously published
protocol (24). Briefly, 0.1 nmol of the purified MYPT1 fragment
was incubated with 0.1 pug/ml Rho kinase (Upstate Biotechnol-
ogy) at 25 °C in assay buffer containing 100 mm NaCl, 0.1 mm
MgCl,, 0.1 mm cGMP, 1.0 mm ATP, and 10 mm HEPES (pH 7)
for 60 min. The reaction was stopped with lithium dodecyl sul-
fate buffer. Samples were then resolved by SDS-PAGE, and
phosphorylation sites were identified by immunoblotting with
phospho-specific antibodies.

Immunoblotting—Immunoblotting was performed as
described previously (23). During the purification processes,
MYPT1 variants were identified using either an anti-MYPT1
monoclonal antibody (1C2) or an anti-MYPT1 polyclonal anti-
body (Upstate Biotechnology). MYPT1 phosphorylation was
also determined using phospho-specific anti-Ser-695 and anti-
Ser-852/Thr-853 antibodies (generously provided by Dr. Mit-
suo Ikebe). Phosphorylation at Thr-696 and Thr-853 was
assessed using phospho-specific anti-Thr-696 and anti-Thr-
853 antibodies (Santa Cruz Biotechnology).

Mass Spectrometry—To characterize PKGIa-mediated
MYPT1 phosphorylation, we used electron transfer dissocia-
tion technology on an LTQ Orbitrap mass spectrometer (Mayo
Proteomics Research Core). Electron transfer dissociation
enables peptide dissociation by transferring electrons from a
negatively charged molecule to positively charged peptides.
The energetic transfer results in a ladder of ¢ and z ions with
post-translational modifications left intact. Thus, not only the
presence but also the location of phosphorylation and other
post-translational modifications can be easily located. Phos-
phopeptides can be easily enriched from any Lys-C digest by
passing the digest over an immobilized metal affinity column.
These enriched peptides are then separated by reversed-phase
nano-HPLC directly into the LTQ Orbitrap ion source. Lys-Cis
utilized to yield peptides with higher charge states than is usu-
ally obtained by a trypsin digest. Higher charge state peptides
are more amenable to electron transfer dissociation fragmen-
tation. The resulting data are searched, allowing for phospho-
rylation as a variable modification in database searches (25).

Data Analysis—All data are expressed as the mean = S.E,,
and Student’s ¢ test was used to compare means, with p < 0.05
chosen for significance.

RESULTS

We have demonstrated previously that sequence 888 —928 is
important for the interaction of our MYPT1 fragments with
PKGIe (23), which has since been confirmed by other investi-
gators (26). Furthermore, our MYPT1 fragments compete with
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FIGURE 2. Phosphorylation of MYPT1 fragments by Rho kinase and
PKGla. The MYPT1 fragments were phosphorylated by PKGla or Rho kinase.
First lane, control without PKGla or Rho kinase; second lane, PKGla treatment;
third lane, treatment with Rho kinase. The anti-Ser-694 antibody (Ser-695 of
the mammalian sequence) reacted with MYPT1 treated with PKGle, but phos-
phorylation was not detected at Ser-849 (Ser-852 of the mammalian
sequence). For Rho kinase, MYPT1 was phosphorylated at both Thr-695 and
Thr-850 (Thr-696 and Thr-853 of the mammalian sequence).

endogenous MYPT1 for the interaction with PKGl« (23), and
immunoblotting with phospho-specific anti-MYPT1 antibod-
ies (Fig. 2) demonstrated that the MYPT1 fragments were phos-
phorylated at Ser-694 (Ser-695 of the mammalian sequence) by
PKGIa and at Thr-695 and Thr-850 (Thr-696 and Thr-853 of
the mammalian sequence) by Rho kinase. These data suggest
that the structures of the MYPT1 fragments are similar to that
of the intact protein and preserve the specificity of kinase-me-
diated phosphorylation.

To examine whether the presence or absence of the MYPT1
LZ domain influences PKGIa-mediated MYPT1 phosphoryla-
tion, the rate and extent of phosphorylation of the MYPT1 frag-
ments representing endogenous MYPTICI+LZ+ and
MYPTICI+LZ— were determined (Fig. 3). Activation of
PKGIo resulted in a rapid increase in the phosphorylation of
MYPTICI+LZ+; the rate of PKGIa-mediated phosphoryla-
tion was 0.31 = 0.07 min~' (Fig. 3). This contrasts with the
results for the LZ— fragment (MYPT1CI+LZ—), wherein
PKGIa treatment did not produce detectable phosphorylation
of the LZ— fragment (Fig. 3). The role of the CI was examined
by determining the rate and extent of PKGIa-mediated phos-
phorylation of MYPT1CI—LZ+; the CI did not influence the
extent of phosphorylation, but the rate of PKGIa-mediated
phosphorylation was significantly lower (0.08 = 0.03 min ')
than that observed for the MYPT1CI+LZ+ fragment.

We next investigated the ability of other MYPT1 domains to
modulate PKGIa-mediated phosphorylation by comparing the
rate and extent of phosphorylation of our previously character-
ized MYPT1 fragments (Fig. 1) (23). MYPT1SO contains the CI
and LZ domain but lacks the PKGIa-binding domain at amino
acids 888 -928, whereas MYPT1TR2 contains both the CI and
PKGla-binding domains but is truncated at the C terminus and
lacks the LZ domain. MYPT1SO was phosphorylated by
PKGIq, but the rate and extent were lower than those of
MYPTICI+LZ+ (Fig. 4). Similar to MYPTICI+LZ—,
MYPT1TR2 was a poor substrate for PKGl« (Fig. 4), indicating
the importance of the LZ domain of MYPT1 for PKGIa-medi-
ated phosphorylation.
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FIGURE 3. PKGla phosphorylation of protein fragments representing the endogenous MYPT1 isoforms. The time course of MYPT1 phosphorylation by
PKGla was determined by dividing the intensity of the band on the Pro-Q Diamond phosphoprotein-stained gel by the total protein (intensity of the MYPT1
band following subsequent Deep Purple staining of the same gel), and the data were fit to a single exponential equation. The rate and extent of MYPT1CI+LZ +
(0.31 = 0.07 min~'; @ and MYPT1CI—LZ+ (0.08 = 0.03 min~'; A) phosphorylation were significantly higher than those of MYPT1Cl+LZ— ([J), which was not
significantly phosphorylated by PKGle. Inset, Pro-Q Diamond phosphoprotein-stained gels of MYPT1Cl+LZ+, MYPT1CI—LZ+, and MYPT1Cl+LZ— demon-
strate phosphorylation of MYPT1 fragments at equal protein loading, and the bar graph summarizes rates of phosphorylation.
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FIGURE 4. PKGla phosphorylation of MYPT1SO and MYPT1TR2. The time
course of MYPT1 phosphorylation by PKGla was determined by dividing the
intensity of the band on the Pro-Q Diamond phosphoprotein-stained gel by
the total protein (intensity of the MYPT1 band following subsequent Deep
Purple staining of the same gel), and the data were fit to a single exponential
equation. MYPT1S0 (A) was phosphorylated by PKGla (0.075 # 0.02 min™ "),
but MYPT1TR2 (M), which lacks the LZ domain, was a poor substrate for PKGla
(0.004 = 0.01 min~'; p < 0.05). Data for relative phosphorylation were nor-
malized to a maximum of 1 (MYPT1CI+LZ+). Inset, bar graph summarizing
rates of phosphorylation.
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For MYPT1CI+LZ+, mass spectrometry identified the
phosphopeptides pSTQGVTLTDLQEAEK, RRpSYLTPVR,
and pSYLTPVRDEESESQR (supplemental Fig. 1), which are
consistent with PKGIa-mediated phosphorylation of
MYPT1CI+LZ+ at Ser-667 and Ser-694 of the avian sequence
(Ser-668 and Ser-695 of the mammalian sequence). Similar
phosphopeptide sequences were obtained for all MYPT1 frag-
ments and mutants, indicating that PKGIa phosphorylates all
MYPT1 isoforms at Ser-667 and Ser-694.

We next examined PKGIa-mediated phosphorylation of the
MYPT1 mutants S667A, S667D, S694A, and S694D (Fig. 5). For
the S667A and S667D mutants, the rates of phosphorylation
were similar (0.017 * 0.001 versus 0.024 * 0.004 min ').
PKGIa-mediated phosphorylation of the S694A and S694D
mutants was more rapid than that of the S667A and S667D
mutants; the rate of PKGIa-mediated phosphorylation of
S694A was 0.060 = 0.002 min~ ', which increased significantly
when this residue was mutated to Asp (S694D; 0.13 = 0.02
min~1).

DISCUSSION

We have demonstrated previously that changesin LZ+/LZ—
MYPT1 expression cause changes in the sensitivity of cGMP-
mediated smooth muscle relaxation (14), and there is diversity
inLZ+/LZ— MYPT]1 isoform expression and cGMP-mediated
smooth muscle relaxation among vascular beds in normal ani-
mals (7, 14). Furthermore, decreases in LZ+ isoform expres-
sion and cGMP-mediated smooth muscle relaxation have been

JOURNAL OF BIOLOGICAL CHEMISTRY 37277


http://www.jbc.org/cgi/content/full/M111.282905/DC1

PKG Differentially Phosphorylates MYPT1 Isoforms

______

Relative Phosphorylation

Rate (min")

OT667A ' 667D © 694A ' 694D

T T T T T T 1
0 10 20 30 40 50 60

Time (min)

FIGURE 5. PKGla phosphorylation of MYPT1 mutants. The time course of
MYPT1 phosphorylation by PKGla was determined by dividing the intensity
of the band on the Pro-Q Diamond phosphoprotein-stained gel by the total
protein (intensity of the MYPT1 band following subsequent Deep Purple
staining of the same gel), and the data were fit to a single exponential equa-
tion. The rates of phosphorylation of MYPT1 S667A (667A; 0.017 = 0.001
min~"; A) and S667D (667D; 0.024 *+ 0.004 min~"; A) were similar. However,
the rates of phosphorylation of the S694A (694A) and S694D (694D) mutants
were significantly higher. For S694A (@), the rate of phosphorylation was
0.060 + 0.002 min~", and the rate was significantly higher for 694D (0.13 +
0.02 min~'; O). Inset, bar graph summarizing rates of phosphorylation.

demonstrated in animal models of disease (15—19). In addition,
we have shown previously that our MYPT1 fragments compete
with endogenous MYPT1 for PKGla binding, and data from
this study demonstrate that the MYPT1 fragments are phos-
phorylated at previously characterized in vivo phosphorylation
sites (Fig. 2). Therefore, these data suggest that the MYPT1
fragments are suitable for studies designed to examine the
phosphorylation mechanism.

Our results demonstrate that MYPT1 structure is important
for PKGIa-mediated phosphorylation of the protein. LZ+
MYPT1 fragments (MYPT1CI+LZ+, MYPT1CI-LZ+, and
MYPT1SO) were phosphorylated by PKGI«, whereas MYPT1
fragments lacking the LZ domain (MYPT1CI+LZ— and
MYPT1TR?2) were poor substrates (Figs. 3 and 4). MYPT1TR2
is similar to the MYPT1CI+LZ+ fragment but lacks the LZ
domain (Fig. 1). Its rate (0.004 min~"') and extent of phospho-
rylation by PKGIa were significantly less than those of any LZ+
MYPT1 fragment tested, indicating the importance of the LZ
domain for PKGla phosphorylation. These data also suggest
that the structures of LZ+ and LZ— MYPT1 isoforms are dif-
ferent; PKG phosphorylation sites may be exposed in LZ+
MYPT1 isoforms but not in LZ— MYPT1 isoforms. Alterna-
tively, the interaction of LZ+ (but not LZ—) MYPT1 isoforms
with PKGIa increased the kinase activity, resulting in differen-
tial phosphorylation. The presence or absence of the CI also
modulated PKGIa-mediated MYPT1 phosphorylation;
although total phosphorylation was similar, the rate of phos-
phorylation of MYPT1CI+LZ+ was significantly higher than
that of MYPT1CI—LZ+ (Fig. 3). Thus, these data suggest that
MYPT1 structure is important for PKGIa-mediated phospho-
rylation, and structural differences contribute to differential

37278 JOURNAL OF BIOLOGICAL CHEMISTRY

phosphorylation of the endogenous MYPT1 isoforms by con-
trolling the extent and rate of phosphorylation.

The interaction of PKGIa with MYPT1 may occur through
multiple sites. Our previous studies have shown that there is a
major PKGIa-binding domain between amino acids 888 and
928 of MYPT1, as judged by the MYPT1SO fragment, which
lacks this motif and does not bind PKGI« (23). Others have
demonstrated that the LZ domain of MYPT1 also mediates the
interaction with PKGIa (26, 27). The results in Fig. 4 suggest
that the absence of sequence 888-928 likely results in an
impairment of the PKGIa and MYPT1SO interaction so as to
decrease, but not abolish, phosphorylation. However, it is clear
that the LZ domain is required for efficient PKGIa-mediated
MYPT1 phosphorylation. Comparison of the PKGIa-mediated
phosphorylation of the fragments representing the endogenous
LZ+ (MYPTICI+LZ+ and MYPTICI-LZ+) and LZ-
(MYPT1CI+LZ—) MYPT1 isoforms revealed that the LZ+
fragments were rapidly phosphorylated by PKGla, whereas
phosphorylation was not detected in the LZ— fragment. The
results with MYPT1TR2 are consistent with these findings;
MYPTI1TR?2 is the MYPT1CI+LZ+ fragment lacking only the
LZ domain (Fig. 1), rendering it a poor substrate for PKGl (Fig.
4).

Haystead and co-workers (20) have demonstrated that
MYPT1 is phosphorylated at Ser-692, Ser-695, and Ser-852 of
the mammalian sequence by PKGla. Both Haystead and co-
workers (20) and Ikebe and co-workers (21) have demonstrated
that Ser-695 phosphorylation does not change phosphatase
activity, but rather the resulting exclusion of Rho kinase-medi-
ated phosphorylation at Thr-696 prevents a Rho kinase-medi-
ated decrease in MLC phosphatase activity. Haystead and co-
workers suggested that PKGIa-mediated phosphorylation at
Ser-852 also excludes Rho kinase-mediated phosphorylation at
Thr-853 but did not comment on the effect of Ser-692 phos-
phorylation. Using mass spectrometry, we have mapped PKGI«a
phosphorylation to Ser-667 and Ser-694 of the avian sequence,
and these phosphorylation sites were identified in every
MYPT1 fragment tested. However, in the study by Haystead
and co-workers (20), the phosphorylation was mapped using an
MYPT1CI—LZ+ fragment, and it is possible that phosphoryl-
ation at sites other than Ser-667 and Ser-694 (equivalent to
Ser-668 and Ser-695 of the mammalian sequence) could vary
among the four MYPT1 isoforms. Nonetheless, our results pro-
vide an explanation for the lack of Ser-694 phosphorylation
observed by Somlyo and co-workers during cGMP-mediated
relaxation of cerebral arteries (22); cerebral arteries express the
LZ+ MYPT1 isoforms, but expression appears much lower
compared with the LZ— MYPT1 isoforms, which suggests that
changes in Ser-695 phosphorylation may be difficult to detect.

The rates of phosphorylation for the avian MYPT1 S667A
and S667D mutants were similar, although both were slower
compared with the Ser-694 mutants (Fig. 5). PKGIa-mediated
phosphorylation of S694A was faster than that of S667A and
S667D, and changing Ser-694 to a phospho-mimicking residue
(S694D) further enhanced the rate of MYPT1 phosphorylation
(Fig. 5). Presumably, the S667A and S667D mutants are phos-
phorylated predominantly at Ser-694, whereas the S694A and
S694D mutants are phosphorylated at Ser-667. These results
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suggest that phosphorylation of Ser-694 (Ser-695 of the mam-
malian sequence) is slower than that of Ser-667 (S668 of the
mammalian sequence), and pre-phosphorylation of MYPT1 at
Ser-694 enhances the subsequent rate of phosphorylation at
Ser-667. Taken together, the results would be consistent with
MYPT1 phosphorylation at Ser-667 preceding phosphoryla-
tion at Ser-694 during NO-mediated smooth muscle relaxation.
NO-mediated smooth muscle relaxation is rapid, and these
data suggest that the physiologically important MYPT1 phos-
phorylation occurs at a site that is rapidly phosphorylated by
PKGla (Ser-667).

There are a number of mechanisms that produce smooth
muscle relaxation in response to NO-cGMP-PKG signaling.
These include Ca**-dependent mechanisms (9—11), a Ca**-
independent activation of MLC phosphatase (13, 14), and sig-
naling involving telokin (28, 29). The Ca®"-independent pro-
cesses are referred to as Ca®>" desensitization because smooth
muscle relaxation occurs without a change in intracellular Ca®*
(30). The major pathway for Ca®>" desensitization is a PKGIa-
induced increase in MLC phosphatase activity and a resulting
decrease in smooth muscle MLC phosphorylation and force (5).
However, there is diversity in sensitivity of smooth muscle to
NO-mediated relaxation (7, 14—19), and our results suggest
that the mechanism for the heterologous response of smooth
muscle to NO- and nitrate-based vasodilators lies, in part, at the
level of the smooth muscle. Smooth muscles that express pre-
dominantly LZ+ MYPT1 isoforms are rapidly phosphorylated
by PKGI« and are sensitive to Ca®" desensitization, whereas
LZ— MYPT1 isoforms are poor PKGI« substrates and are not
sensitive to Ca>* desensitization. On the other hand, smooth
muscles that express predominantly LZ— MYPT1 isoforms
and/or PKGI, which does not interact with MYPT1 (7), may
rely on Ca®"-dependent mechanisms (9-11) to relax in
response to NO. Furthermore, the CI also modulates PKGIa-
mediated phosphorylation, and there are multiple PKGI«a
phosphorylation sites, which would allow for an additional level
for fine-tuning the vascular response to NO.

The roles of Ser-667 and/or Ser-694 phosphorylation during
NO-mediated smooth muscle relaxation will require further
study. However, our results demonstrate that MYPT1 structure
affects PKGIa-mediated phosphorylation and provide a molec-
ular mechanism to explain the differences in cGMP-mediated
Ca®" desensitization of LZ+/LZ— MYPT1 isoforms; LZ+
MYPT1 isoforms are rapidly phosphorylated by PKGle,
whereas LZ— MYPT1 isoforms are poor PKGI« substrates. In
addition, although the LZ domain is required for PKGIa-medi-
ated phosphorylation, the CI also modulates the rate of phos-
phorylation. These results provide a molecular mechanism to
explain the diversity in the response of various vascular beds to
NO-mediated vasodilatation. Furthermore, the expression of
both the CI (6) and LZ domain (7) is developmentally regulated,
and the expression of LZ+ MYPT1 isoforms decreases in ani-
mal models of heart failure (15, 19), preeclampsia (18), and
portal hypertension (16). This decrease in the relative expres-
sion of LZ+ MYPT1 isoforms would explain the decrease in
sensitivity to NO-mediated vasodilatation and contribute to
the increase in vascular tone observed in these diseases. Taken
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together, these results suggest that MYPT1 isoform expression
is important for the regulation of vascular tone and reactivity in
health and disease.
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