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Ca’*/calmodulin (CaM)-dependent protein kinase II (CaM-
K II) is a broad-specificity enzyme with central roles in syn-
aptic plasticity, learning, and memory. It is present at high
concentrations in postsynaptic densities (PSDs), cytoskeletal
scaffolds for the N-methyl-p-aspartate (NMDA) receptors and
their regulators. Neuronal nitric oxide synthase (nNOS) is a
Ca”"/CaM-dependent enzyme, which catalyzes the oxidation
of L-arginine to generate nitric oxide (NO) and r-citrulline.
NO, formed by nNOS, has major signaling functions in the
central and peripheral nervous system. In neurons, nNOS is
associated with cell membranes in association with PSD-95, a
major protein constituent of PSD that activates clustering
shaker-type K* channels and the NMDA receptor subunit
2B. It has been established that nNOS is phosphorylated by
CaM-K II linking to the decreased catalytic activity [1]. It has
been reported recently that constitutively active CaM-K Ilo
can phosphorylate nNOS at Ser®*’, and when transfected into
NG108-15 neuronal cells, can attenuate the catalytic activity
of nNOS [2]. Thus, co-localization of CaM-K II and nNOS in
PSDs could be important in regulating CaM-K II phosphor-
ylation of nNOS. While nNOS phosphorylation has been in-
vestigated in several studies, the reverse reaction is not well
documented.

Our previous observations indicated that okadaic acid-sen-
sitive protein phosphatases are involved in dephosphorylation
of nNOS at Ser®*” and reversible activation of the enzyme in
NG108-15 neuronal cells [2]. Okadaic acid and caliculin A are
highly specific inhibitors of the protein phosphatase family,
targeting protein phosphatases 1 (PP1) and 2A (PP2A) in a
highly selective manner [3]. We used these and other inhibitors
of protein phosphatases (cyclosporin A and protein phospha-
tase inhibitor-2 (I-2)) to assess the potential involvement of
protein phosphatase in regulating nNOS. We performed im-
munoblot analysis with NP847, which reacts with nNOS
phosphorylated at Ser®*” [1]. To characterize protein phospha-
tase involved in the dephosphorylation of nNOS at Ser®¥’, rat
brain extracts were used as the source (Fig. 1A). Recombinant
nNOS phosphorylated with CaM-K Ilo. at Ser®” was dephos-
phorylated with the extracts in a time-dependent manner. Im-
munoreactivity of NP847 with the heat-inactivated extracts
was not changed during the incubation at 30°C. Inclusion of
5 uM okadaic acid completely inhibited the dephosphoryla-
tion. In contrast, addition of 5 uM cyclosporin A or 300 nM
1-2 was without significant effect. Since 5 uM okadaic acid
should completely block PP1 and 2A and partially block
CaM [4], the above data indicate that the major endogenous
protein phosphatase in rat brain responsible for the dephos-
phorylation is PP2A. Inclusion of a lower concentration of
okadaic acid (1 pM) in the mixture resulted in the same effects
on the dephosphorylation by rat brain extracts (data not
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shown). We then used caliculin A, another potent inhibitor
of PP1 and 2A, to assess the potential involvement of protein
phosphatase for such dephosphorylation. The immunoreactiv-
ity of NP847 demonstrated similar dose-response effects of
okadaic acid and caliculin A with ICsy values of 4.3-4.6
and 6.3-6.8, respectively (Fig. 1B). Since both are reported
to inhibit PP2A with a similar potency [5], these results sug-
gest that the dominant protein phosphatase for the dephos-
phorylation of nNOS at Ser®* in rat brain extracts is PP2A,
consistent with the result of Fig. 1A.

PP1 is regulated by its interaction with a variety of protein
subunits that act in a manner distinct from the inhibitor pro-
teins and that appear to target the catalytic subunit to specific
subcellular compartments in vivo. PP2A is regulated by the
differential expression of regulatory proteins that control en-
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Fig. 1. Effects of protein phosphatase inhibitors on the time course
of dephosphorylation of nNOS at Ser®*’ by endogenous protein
phosphatase. A: Recombinant nNOS expressed in Escherichia coli
was phosphorylated at Ser®*’” by CaM-K Ilo. with 1 mM ATP. De-
phosphorylation with endogenous protein phosphatase was initiated
by addition of rat brain extract (150 pg/ml of protein), pre-incu-
bated with (I-2) or without 300 nM protein inhibitor-2 at 30°C for
15 min, and further incubated at 30°C in the presence or absence of
5 uM okadaic acid (OA) or cyclosporin A (Cy-A). Aliquots (1 ug
of nNOS) of the samples were removed at the indicated times, sub-
jected to 7.5% SDS-PAGE and transferred to polyvinylidene di-
fluoride membrane and immunoblotted with nNOS (o-nNOS) or
NP847 antibody (NP847). The data are representative of experi-
ments repeated twice. The phosphorylated nNOS at Ser®*’ was also
incubated with the extract which had been heat-inactivated at 60°C
for 10 min (Boil). B: Dephosphorylation of nNOS with or without
(control) rat brain extract (3 ug of protein) was analyzed as in A in
the presence or absence (no inhibitor) of the indicated concentration
of OA or caliculin A (CL-A). These data are representative of an
experiment repeated twice.
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zyme specificity and activity by formation of oligomeric com-
plexes in vivo. Thus, establishing the identity of protein phos-
phatases responsible for specific dephosphorylation by com-
parison of different protein phosphatase preparations is very
difficult. Here we could identify PP2A as a major protein
phosphatase involved in the dephosphorylation of nNOS at
Ser®¥7 using rat brain extracts as a source of protein phospha-
tase.

Increased phosphorylation of nNOS at Ser®*’ by CaM-K
IToo in NG108-15 cells is associated with inhibition of nNOS
enzyme activity [2]. From these data, taken together, we con-
clude that PP2A is a major contributor to dephosphorylation
of Ser®*” of nNOS, responsible for reversible activation of the
enzyme in neuronal cells.
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