












The results in Figs. 1 and 2 demonstrate that mutation of
cGMP-dependent protein kinase I� rendered it sensitive to
inhibition by N6-benzyl-ATP and capable of using this ATP
analog as a phosphate donor. To our knowledge, this is the first
example of an analog-sensitivemutant of PKG.Of the two PKG
I� mutants generated, M438G was more sensitive to inhibition
by N6-benzyl-ATP than M438A, presumably because the
absence of a side chain at that position allows the N6-benzyl
substituent to fit better into the ATP site. Although theM438G
mutant did not utilize ATP as well as WT PKG I�, it was much
more active with N6-benzyl-ATP as a substrate. This prefer-
ence for the bulky ATP analog resulted in a 2-fold increase in
Vmax and a 3-fold decrease in Km relative to ATP (Table 1).
Although the decreased Km might reflect a higher affinity for
N6-benzyl-ATP relative to ATP, we cannot exclude an
increased rate of phosphate transfer that allowed saturation of
the rate-determining nucleotide diphosphate dissociation step
at a lower substrate concentration when the bulky analog was
used.
Using an in vitro system in which phosphorylation of SERT

was absolutely dependent on addition of purified PKG I�, the
M438G mutant was unable to phosphorylate SERT directly
usingN6-benzyl[�-33P]ATP as a substrate (Fig. 5B). This result
suggests that the direct target of PKG in this system was
another protein, possibly the kinase that directly phosphory-
lated SERT. The PKG I� M438Gmutant was clearly capable of
stimulating phosphorylation and activation of SERT in both
intact cells (Fig. 5A) and in vitro (Fig. 5C) when ATP was the
phosphate donor. Both catalytic parameters (kcat and Km) of
PKG I� M438G using N6-benzyl-ATP as a substrate are more
favorable than WT PKG I� using unmodified ATP as a sub-
strate, indicating that its inability to directly phosphorylate
SERT in vitrowas not due to impaired kinase function. Because
the yet unidentified kinase that was activated by PKG I� could
not utilize N6-benzyl[�-33P]ATP, no SERT phosphorylation
occurred unless ATP was present. As a control for possible 33P
incorporation into other proteins in the immunoprecipitate, we
mutated the proposed SERT phosphate acceptor residue, Thr-
276 to alanine. This mutation blocked ATP-dependent SERT
phosphorylation by both WT PKG I� and the M438G mutant
(Fig. 5C). Finally, PKG I� M438G used N6-benzyl-[�-33P]ATP
to phosphorylate a known PKG substrate, VASP, as efficiently
as WT PKG I� with [�-33P]ATP (Fig. 4C).
Stimulation of SERT activity in vivo has been proposed to

occur by twomechanisms,with one requiring PKG I� that leads
to increased cell surface expression and the other requiring p38
MAPK that increases catalytic activity (8, 9). The results in Fig.
6 apparently rule out the possibility that PKG-dependent SERT
phosphorylation requires participation of p38 MAPK. The
inability of the p38 MAPK inhibitor SB203580 to affect PKG-
dependent SERT phosphorylation or of p38 MAPK to replace
PKG (Fig. 6) agree with our previous observation that p38
MAPK inhibition did not affect SERT stimulation by 8-Br-
cGMP in intact cells (5). In light of these results, it is unlikely
that p38MAPK is involved inPKG-dependent SERTphosphor-
ylation, but we cannot exclude an independent pathway of
SERT regulation through activation of p38 MAPK.

The inability of PKG to directly phosphorylate SERT is con-
sistent with the deviation of the proposed SERT phosphoryla-
tion sequence from the PKG consensus sequence. The SERT
phosphoacceptor residue was identified as a threonine from
the observation that SERT phosphothreonine increased in
response to PKG activation (4). Moreover, mutation of Thr-
276, but no other threonine residue on the cytoplasmic face of
SERT, prevented SERT stimulation and phosphorylation in
response to 8-Br-cGMP (Fig. 5B) (4, 5). Analysis of all mapped
sites of PKG phosphorylation suggests and our peptide library
screens confirm that arginine and lysine are strongly favored in
the P-2 and P-3 positions. As basic residues are found at neither
position in the sequence surrounding Thr-276 in SERT, it
would seem unlikely for this site to be directly phosphorylated
by PKG. We note that there are numerous reports of kinases
phosphorylating sites within true substrates that diverge from
their consensus sequences, and there are other reported PKG
substrates that lack basic residues at the most critical positions
(27). In these cases, kinase substrate-docking interactions or
perhaps scaffold proteins presumably compensate for reduced
phosphorylation efficiency due to a poor phosphorylation site
sequence.
Although the results presented here argue strongly that PKG

does not directly phosphorylate SERT and that p38 MAPK is
not involved in PKG-dependent SERTphosphorylation in vitro,
it is possible that factors present in vivo mediate direct SERT
phosphorylation by PKG or couple PKG activation of p38
MAPK to SERT phosphorylation. If this is true, those factors
would presumably be removed by preparation of the mem-
branes used in our in vitro system or not present in the HeLa
cells from which those membranes were isolated. However,
SERT remains associated with several components of the PKG
signaling pathway even in detergent extracts. Studies have
shown association of A3 adenosine receptor, NOS1, PKG and
PP2A with SERT, suggesting formation of a stable regulatory
complex that is not disrupted simply by membrane isolation
(5–7, 28–30).
The results presentedhere raise two immediate questions:what

protein target of PKG initiates SERT phosphorylation and what
kinase phosphorylates SERT? The two activities may even be
propertiesof the sameprotein, but amorecomplexpathway is also
possible. It is difficult to speculate as to the identity of the kinase
that directly phosphorylates SERT.Other thanPKG,onlyCaMKII
hasbeenshowntobepresent incomplexwithSERT(31), although
extensive proteomic analyses of SERT-associated proteins have
not been published, and it is not possible to rule out kinases by
their lackof associationwith themembranepreparationusedhere
as a source for SERT because a kinase with low affinity to mem-
branes could still be associated with the preparation by protein-
protein interactions. Furthermore, the sequence surrounding
Thr-276 of SERT does not conform well to known consensus
motifs for other protein kinases (32). Experiments to identify the
proteins linking PKGwith SERT are now underway.
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