THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 43, pp. 36051-36058, October 19, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.
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protein kinase (PKG).

directly phosphorylate SERT.
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(Background: Serotonin transporter (SERT) phosphorylation and transport activation requires cyclic GMP-dependent
Results: Using a novel mutant of PKG, we confirmed that PKG stimulated SERT activation and phosphorylation but did not

Conclusion: PKG participates in a signaling pathway that leads to SERT phosphorylation by an as yet unidentified kinase.
Significance: SERT activation and phosphorylation requires multiple protein kinases.

J

The serotonin transporter (SERT) is responsible for reuptake
of serotonin (5-hydroxytryptamine) after its exocytotic release
from neurons. It is the primary target for antidepressants and
stimulants, including “ecstasy” (3,4-methylenedioxymetham-
phetamine). SERT is regulated by several processes, including a
cyclic GMP signaling pathway involving nitric oxide synthase,
guanylyl cyclase, and cGMP-dependent protein kinase (PKG).
Here, we show that SERT was phosphorylated in a PKG Ia-de-
pendent manner in vitro, but that SERT was not a direct sub-
strate of PKG. We generated an analog-sensitive gatekeeper res-
idue mutant of PKG I (M438G) that efficiently used the ATP
analog N®-benzyl-ATP. This mutant, but not the wild type (WT)
kinase, used the ATP analog to phosphorylate both a model pep-
tide substrate as well as an established protein substrate of PKG
(vasodilator-stimulated phosphoprotein). PKG lIa M438G
effectively substituted for the WT kinase in stimulating SERT-
mediated 5-hydroxytryptamine transport in cultured cells.
Addition of either WT or mutant PKG Ia M438G to membranes
containing SERT in vitro led to radiolabel incorporation from
[v-*3P]ATP but not from similarly labeled N°-benzyl-ATP, indi-
cating that SERT was phosphorylated by another kinase that
could not utilize the ATP analog. These results are consistent
with the proposed SERT phosphorylation site, Thr-276, being
highly divergent from the consensus PKG phosphorylation site
sequence, which we verified through peptide library screening.
Another proposed SERT kinase, the p38 mitogen-activated pro-
tein kinase, could not substitute for PKG in this assay, and p38
inhibitors did not block PKG-dependent phosphorylation of
SERT. The results suggest that PKG initiates a kinase cascade
that leads to phosphorylation of SERT by an as yet unidentified
protein kinase.

* This work was supported by National Institutes of Health Grants RO1
DA008213 (to G. R.) and ROT GM079498 (to B. E. T.) from the USPHS.

' Both authors contributed equally to this work.

2To whom correspondence should be addressed: Dept. of Pharmacology,
Yale University School of Medicine, 333 Cedar St., New Haven, CT 06520-
8066. Tel.: 203-785-4548; Fax: 203-737-2027; E-mail: gary.rudnick@yale.
edu.

OCTOBER 19, 2012+VOLUME 287+-NUMBER 43

Serotonin transporter (SERT)? functions to recycle sero-
tonin (5-HT) released during serotonergic neurotransmis-
sion by transporting 5-HT back into the presynaptic cell.
SERT is the primary target for the most widely used drugs to
treat depression and also is a target for psychostimulants
such as cocaine and amphetamines. Attention has recently
been focused on SERT regulation by protein kinases because
non-synonymous SERT coding variants have been identified
that are apparently altered in their response to regulation by
these kinases. These variants have also been associated with
psychiatric disorders, including autism and obsessive-com-
pulsive disorder (1, 2).

In RBL cells, derived from 5-HT accumulating basophils,
activation of the A, adenosine receptor led to increased SERT
activity (3). This activation was blocked by inhibitors of nitric
oxide synthase (NOS) and cyclic GMP-dependent protein
kinase (PKQG), suggesting a pathway in which the A, receptor
stimulates Ca®>* entry, which in turn activates NOS, leading to
synthesis of cGMP by soluble guanylyl cyclase. Accordingly,
stimulation of WT SERT required addition of either an A ago-
nist, an NO source or a cell permeant cGMP analog such as
8-Br-cGMP (4, 5). SERT was found to be phosphorylated in this
process (4). In synaptosomes, this phosphorylation occurred on
SERT threonine residues, and mutation of a single threonine,
Thr-276, completely prevented activation and phosphorylation
(4, 5). Of the major isoforms of PKG, only the non-myristoy-
lated I and I isoforms but not the myristoylated PKG II iso-
form were necessary for 8-Br-cGMP activation and phosphor-
ylation of SERT (6). Moreover, PKG I was found to be
associated in a complex with SERT (6, 7).

SERT was also reported to be stimulated by p38 mitogen-
activated protein kinase (p38 MAPK) in response to A, recep-
tor activation (8). p38 MAPK was proposed to act by increasing
SERT catalytic activity, in contrast to PKG, which was sug-
gested to increase SERT surface expression (8). Anisomycin, a
protein biosynthesis inhibitor, and 5’-N-ethylcarboxamidoad-

3 The abbreviations used are: SERT, serotonin transporter; PKG, cGMP-depen-
dent protein kinase; 5-HT, 5-hydroxytryptamine (serotonin); VASP, vasodi-
lator-stimulated phosphoprotein.
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enosine, an A, receptor agonist, activated p38 MAPK and stim-
ulated SERT activity in RBL cells, an effect blocked by the p38
MAPK inhibitor SB203580 (9). p38 MAPK expression and ani-
somycin-dependent transporter stimulation were blocked by
siRNA directed against p38 MAPK (9). SERT coding variants,
some associated with autism spectrum disorders, were found to
have increased basal transport activity (1, 2). Measurements of
surface expression and response to transport stimulation by
8-Br-cGMP and anisomycin suggested that these variants dif-
fered in their regulation, consistent with transporter activation
through multiple signaling pathways (2).

Despite evidence that PKG activates SERT via phosphoryla-
tion of Thr-276, this residue is an unlikely phosphorylation site
for PKG. The sequence around this proposed site of SERT
phosphorylation deviates from the consensus for PKG (10, 11).
In addition, cysteine-scanning mutagenesis of the region
around Thr-276 indicated that this residue is relatively inacces-
sible compared with neighboring residues and that the region is
a-helical, an unlikely conformation for phosphorylation by
kinases, which typically bind substrates in an extended confor-
mation (12). For this reason, we sought to test whether SERT
was a direct substrate for PKG. To examine this possibility, we
generated an analog-sensitive mutant of PKG that, unlike WT
kinases, could use a modified ATP analog as a phosphate donor.

Analog-sensitive kinases were developed as tools to identify
targets of specific kinases and to allow for specific inhibition in
vivo (13, 14). These mutants have typically been produced by
replacing a bulky “gatekeeper” residue, near the binding site for
the adenine ring of ATP, with one having a smaller side chain so
that the kinase will also accept ATP analogs with larger sub-
stituents. Because WT kinases do not utilize these ATP analogs,
y-labeled analogs will transfer their label only to direct sub-
strates of the mutant kinase and not to substrates of other
kinases. Although many protein kinases have been modified in
this way, there are no reports of an analog-sensitive mutant of
PKG, and no three-dimensional structure of a PKG catalytic
domain has been solved. Nevertheless, the high degree of
homology between PKG and cAMP-dependent protein kinase
allowed the identification of Met-438 as the likely gatekeeper
residue in PKG. Here, we describe the generation of analog-
sensitive PKG I and its use in testing direct phosphorylation of
SERT by PKG.

EXPERIMENTAL PROCEDURES

Materials—ATP, 5-HT, 8-Br-cGMP, SB203580, monoclonal
anti-FLAG M2 affinity agarose, and 3X FLAG peptide were
purchased from Sigma. Monoclonal 16C2 anti-phosphovasodi-
lator-stimulated phosphoprotein (VASP) antibody was from
Millipore. PKG specific peptide substrate (RKRSRAE) was from
GenScript. [*H]5-HT (27.1 Ci/mmol) and [y-**P]JATP (3000
Ci/mmol) were from PerkinElmer Life Sciences. N°-benzyl-
ADP, N°-benzyl-ATP, and purified His-tagged nucleoside
diphosphate kinase, prepared as described (15, 16), were gen-
erous gifts from Dr. A. J. Koleske (Yale University). Ni-NTA
agarose was from Qiagen. Activated p38 MAPK (rat p38c«) was
prepared by co-expression in Escherichia coli with constitu-
tively active MKK6 and purified as described (17). Kinase activ-
ity of the purified p38 MAPK was evaluated by in vitro **P
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labeling of myelin basic protein. Briefly, 1 ug of myelin basic
protein was incubated with purified p38 MAPK (1-100 ng) in
10 mm HEPES buffer, pH 7.4, containing 0.5 uCi [y->3P]ATD,
50 um ATP, 5 mm MgCl,, 0.2 mm EDTA, and 1 mm DTT. After
incubation at 30 °C for 10 min, the mixture was then resolved by
SDS-PAGE, and radiolabeled myelin basic protein was detected
using a Molecular Imager FX instrument (Bio-Rad). N-terminal
His,-tagged human PKG Ia and N-terminal His,-tagged
human VASP expression constructs were generated by PCR.
Briefly, forward and reverse primers containing unique restric-
tion sites were designed to introduce DNA sequences encoding
10 (for PKG Ie) or six (for VASP) His residues immediately after
the initiator methionine and used to amplify a fragment of PKG
la or full-length VASP. The PCR products were then doubly
digested with restriction enzymes, excised from agarose gels,
and ligated into the same restriction sites of pcDNA3
(pcDNA3-His-PKG Ia) or pcDNA3.1 (pcDNA3.1-His-VASP)
constructs, respectively (6). The regions amplified by PCR were
confirmed by DNA sequencing. PKG Ia M438A and M438G
mutants were generated using the QuikChange site-directed
mutagenesis system (Stratagene). The mutated regions were
excised and subcloned back into the His, -tagged PKG I« con-
struct and confirmed by DNA sequencing. The C-terminal
FLAG-tagged human SERT construct used here was described
previously (6).

Purification of His-tagged PKG and VASP—HEK293T cells in
T-75 flasks were transiently transfected using Lipofectamine
2000 (Invitrogen) with plasmids described above for expression
of His, ,-tagged WT, M438A, or M438G PKG la. 40 — 48 h after
transfection, the cells were rinsed once with PBS (137 mm NaCl,
2.7 mm KCl, 4.3 mm Na,HPO,, and 1.4 mm KH,PO,, pH 7.4)
and scraped into 1 ml of lysis buffer (20 mm Tris, pH 7.5, con-
taining 150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1% Triton
X-100, 2.5 mm sodium pyrophosphate, 1 mm S-glycerophos-
phate, 1 mm Na;VO,, 1 mm DTT, 0.5% protease inhibitor mix-
ture (Sigma), and 100 uMm phenylmethylsulfonyl fluoride). The
suspension was incubated for 30 min with gentle agitation, and
the resulting homogenates were then fractionated by centrifu-
gation at 15,000 X gfor 20 min at4 °C. The supernatant fraction
was collected, and His, ,-tagged PKG la was captured by incu-
bating with 250 ul of Ni-NTA-agarose (50% suspension in lysis
buffer) with gentle agitation at 4 °C overnight. The agarose was
washed three times with wash buffer (50 mm HEPES, pH 7.4,
containing 5 mMm B-glycerophosphate, 0.1 mm NazVO,, 10 mm
MgCl,, 1 mm DTT, and 10 mm imidazole), then eluted with 500
wl elution buffer (50 mm HEPES, pH 7.4, containing 5 mm
B-glycerophosphate, 0.1 mm Na;VO,, 10 mm MgCl,, 10% glyc-
erol, and 250 mMm imidazole). Purified PKG Ia was dialyzed
using a Slide-A-Lyzer dialysis cassette (Pierce) against dialysis
buffer (10 mm HEPES, pH 7.4, containing 100 mm NaCl, 10%
glycerol, and 1 mm DTT) overnight at 4 °C to remove imidazole
and stored at —80 °C in 0.1-ml aliquots.

Purification of His,-tagged VASP was performed similarly.
Briefly, the transfected cells were lysed in 1 ml of lysis buffer B
(25 mm Tris-HCI, pH 7.5, containing 150 mm NaCl, 1 mm
EDTA, 1% Triton X-100, 0.5% protease inhibitor mixture
(Sigma), and 100 um phenylmethylsulfonyl fluoride), and His¢-
tagged VASP was then captured from the cytosolic fraction by
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incubating with 250 ul of Ni-NTA agarose with gentle agitation
at 4°C overnight after fractionation by centrifugation at
15,000 X g for 20 min at 4 °C. The agarose was washed three
times with 50 mm HEPES buffer, pH 7.4, containing 100 mm
NaCl and 20 mM imidazole, and VASP was eluted with 50 mm
HEPES buffer, pH 7.4, containing 100 mm NaCl and 250
mM imidazole. Purified VASP was dialyzed against 50 mm
HEPES buffer, pH 7.4, containing 100 mm NaCl and 10% glyc-
erol and stored at —80 °C.

Defining the Substrate Selectivity for PKG Ia—A synthetic
peptide library was screened with PKG as described (18). The
library consisted of 180 peptides with the general sequence
YAXXXXX(S/T)XXXXAGKK-biotin, where X is an equimolar
mixture of the 17 amino acid residues excluding cysteine, ser-
ine, and threonine, (S/T) indicates equal amounts of serine and
threonine, and K-biotin is biotinyl-e-aminohexanoyllysine. For
each of the nine X positions, a set of 20 peptides was utilized in
which the residue was fixed as one of the 20 amino acids. Two
additional peptides were included in which the central phos-
phoacceptor position was fixed as either serine or threonine,
and all X positions were degenerate mixtures. Peptides (50 um)
and kinase (7.5 ug/ml) were incubated in reaction buffer (2
wul/well, 50 mm HEPES, pH 7.4, 10 mm MgCl,, 1 mm DTT, 225
nM 8-Br-cGMP, 50 um ATP, 0.03 uCi/ul [y-**PJATP, 0.1%
Tween 20) in 1536-well reaction plates for 2 h at 30 °C. Aliquots
of the reaction mixture (200 nl) were then transferred to a
streptavidin membrane (Promega SAM? biotin capture mem-
brane), which was washed, dried, and exposed to a phosphor
screen.

Preparation of [*’P]N°-benzyl-ATP—[**P]N°®-benzyl-ATP
was generated from N°-benzyl-ADP as described (15, 16).
Briefly, 400 ul of Ni-NTA-agarose (50% suspension in PBS) was
packed into an open column (length, 8.5 cm; diameter, 0.5 cm),
200 ug of purified His-tagged nucleoside diphosphate kinase
was added in 2 ml and followed by 100 n.Ci [y-**P]ATP in 2 ml
of PBS. After washing with 2 ml PBS to remove ADP and excess
labeled ATP, 2 um N°-benzyl-ADP in 250 ul of PBS containing
5 mm MgCl, was added. The column was then eluted with 5 ml
PBS containing 5 mm MgCl,. Fractions were collected and
counted using a Beckman LS6500 liquid scintillation counter.
[**P]N°®-benzyl-ATP was eluted maximally in two fractions
containing ~38 uCi of [**P]N°-benzyl-ATP. These two frac-
tions were combined and stored at —20 °C in 0.1 ml aliquots.

Kinase Assays—Kinase activity was measured by determin-
ing the amount of P radioactivity incorporated from
[**P]ATP or [**P]N®-benzyl-ATP into a PKG specific peptide
substrate (RKRSRAE). The standard 75-ul assay mixture con-
tained 0.15 uCi of [**P]ATP, 10 um ATP, 15 um PKG peptide
substrate, 2 um PKI (a synthetic peptide inhibitor of cAMP-de-
pendent protein kinase), 1 ug of purified kinase, and 100 um
8-Br-cGMP in 50 mm HEPES buffer, pH 7.4, containing 10 mm
MgCl,, 0.1% Tween 20, and 1 mm DTT. After incubation at
30 °C for 2 min, the reaction was immediately put on ice, and 20
wl of the assay mixture was spotted onto P81 phosphocellulose
paper and then quenched in 0.42% H;PO,. The paper was fur-
ther washed three times in 0.42% H,PO, for 10 min with gentle
agitation and rinsed once with acetone. After air drying, radio-
activity on the paper was measured with a Beckman LS6500
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liquid scintillation counter. For measuring the effect of N®-ben-
zyl-ATP on the activity of PKG I« utilizing ATP as a co-sub-
strate, unlabeled N°-benzyl-ATP was added to each reaction at
the indicated concentrations. Saturation kinetic analyses for
K,,and V. with ATP or N°-benzyl-ATP were performed over
a concentration range (0.0015-100 um) by adding unlabeled
ATP or N°-benzyl-ATP to a given amount of [**P]JATP or
[**P]N°-benzyl-ATP, respectively.

Expression and Transport Assays—HeLa cells were cultured
in DMEM supplemented with 10% fetal bovine serum, 2 mm
L-glutamine, 100 units/ml penicillin and 100 ug/ml streptomy-
cinat37 °Cin a humidified 5% CO, incubator. Cells were plated
in 96-well or six-well plates and allowed to grow overnight. The
confluent cells were infected with vIF7-3 and transiently
transfected, using Lipofectin (Invitrogen), with expression plas-
mids harboring the open reading frames of hSERT, PKG Ia, or
both under the control of a T7 promoter. 2022 h after trans-
fection, the cells were rinsed once with PBS and incubated 20
min at room temperature with or without 100 um 8-Br-cGMP.
5-HT influx was initiated by the addition of 20 nm [*H]5-HT in
PBS/CM (PBS containing 0.1 mm CaCl, and 1 mm MgCl,), and
the cells were incubated for another 10 min. The assay was
terminated by washing with ice-cold PBS buffer. The cells were
then solubilized with 0.1% NaOH, and the extent of [*H]5-HT
accumulation inside the cells was determined with a Wallac
MicroBeta plate counter (PerkinElmer Life Sciences) in 150 ul
of Optifluor.

Phosphorylation of VASP in Cultured Cells—To verify the
ability of the M438A and M438G PKG Ia mutants to phosphor-
ylate an established PKG substrate in cells, VASP phosphory-
lation assays were performed as described previously (6).
Briefly, HeLa cells co-expressing VASP and WT, M438A, or
M438G PKG I« were incubated with or without 100 um 8-Br-
c¢GMP for 20 min before lysis in lysis buffer B. Samples of total
lysates containing 20 ug of protein were resolved by SDS-
PAGE, transferred to a 0.2-um PVDF membrane (Bio-Rad),
and probed with an anti-phospho-VASP antibody. Immunore-
active bands were visualized by chemiluminescence using a
UVP Epi-Chemi II imaging and analysis system.

In Vitro Phosphorylation of VASP—The ability of the M438G
PKG Ia mutant to phosphorylate VASP in vitro utilizing ATP
or N°®-benzyl-ATP was also examined. The standard 50-ul
assay mixture contained 50 um ATP or N®-benzyl-ATP, 2 pg of
purified VASP, 1 ug of purified WT or M438G PKG I, and 100
uM 8-Br-cGMP in 10 mm HEPES buffer, pH 7.4, containing 5
mm MgCl,, 0.2 mm EDTA, and 1 mm DTT. After incubation at
30 °C for 10 min, the reaction was immediately put on ice and
stopped with the addition of SDS-PAGE sample buffer (19).
Samples were then subjected to immunoblot analysis using an
anti-phospho-VASP antibody. Alternately, in vitro VASP phos-
phorylation assays were conducted using labeled ATP or
Né-benzyl-ATP. Briefly, in each reaction, 0.5 nCi of [®*P]ATP
or [**P]N°-benzyl-ATP was added to the assay mixture
described above. After incubation, the assay mixture was
resolved by SDS-PAGE, and radiolabeled VASP was detected
using a Molecular Imager FX instrument (Bio-Rad).

%3P Labeling of SERT—Membranes were prepared from
HelLa cells expressing C-terminal FLAG-tagged WT or T276A
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FIGURE 1. N°-benzyl-ATP inhibits kinase activity of PKG la gatekeeper
mutants but not WT. Incorporation of [*3P]ATP into the synthetic peptide
PKG substrate RKRSRAE was measured, as described under “Experimental
Procedures” for WT PKG la (closed circles) and PKG la gatekeeper mutants
M438A (open circles) and M438G (closed squares). Unlabeled N°-benzyl-ATP
was added at the indicated concentrations, and its inhibition of kinase activity
was determined. The data shown are representative of two independent
experiments. Control rates for kinase activity were 678 + 37 pmol mg™'
min~" for WT, 429 + 40 pmol mg~ ' min ' for M438A, and 341 * 27 pmol
mg~ ' min~" for M438G.

SERT, as described previously (6). The standard 50-pul labeling
mixture contained 0.5 uCi of [**P]JATP or [**P]N°-benzyl-ATP,
50 um unlabeled ATP or N°®-benzyl-ATP, 5 ug of membrane
protein, 1 ug purified WT or M438G PKG I, and 100 um
8-Br-cGMP in 10 mm HEPES buffer, pH 7.4, containing 5 mm
MgCl,, 0.2 mm EDTA, and 1 mm DTT. The mixture was incu-
bated at 30 °C for 10 min and dissolved in lysis buffer B. The
detergent extracts were incubated with 100 ul of anti-FLAG
M2 affinity agarose (50% suspension in lysis buffer B) at 4 °C
overnight. After washing five times with ice-cold lysis buffer B,
SERT was eluted with 50 ul of 150 ng/ul 3X FLAG peptide. The
entire eluate was resolved by SDS-PAGE, and radiolabeled
SERT was detected using a Molecular Imager FX instrument.
As a control, WT SERT was extracted from the membrane
preparation using lysis buffer B, captured by anti-FLAG M2
affinity agarose, and subjected to immunoblot analysis using an
anti-SERT antibody, as described (6).

RESULTS

Generating an Analog-sensitive cGMP-dependent Protein
Kinase Mutant—To render PKG I« sensitive to bulky ATP ana-
logs, we mutated the gatekeeper residue of the nucleotide bind-
ing site (Met-438 in PKG la) to alanine and glycine. Using
unmodified [y-**P]ATP as a substrate, these mutants were
more sensitive to inhibition by unlabeled N°-benzyl-ATP than
WT PKG la. Fig. 1 shows the effect of N°®-benzyl-ATP on phos-
phorylation of the PKG-specific peptide substrate RKRSRAE by
purified PKG I« with [y-**P]JATP. N°®-Benzyl-ATP inhibited
both M438A and M438G mutants, whereas WT kinase was
essentially insensitive at analog concentrations up to 800 um.
The bulky ATP analog appeared to have higher affinity to the
M438G mutant, relative to M438A, consistent with the absence
of the side chain methyl group that might protrude into the
ATP binding site.
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FIGURE 2. Saturation kinetic analysis for ATP or N-benzyl-ATP K, and
Viaxe The kinase activity of wild type PKG la (WT, closed circles) and the
M438G mutant (open circles) was measured over a concentration range of
0.0015-100 um ATP (left) and N°-benzyl-ATP (right) by adding unlabeled ATP
or N°-benzyl-ATP to a constant amount of [**P]ATP or [**P]N®-benzyl-ATP,
respectively. The results show representative data from a single experiment
with duplicate determinations. From these data and two additional experi-
ments with similarresults, K,,,and V,,,,, values were calculated and are listed in
Table 1.

Consistent with its sensitivity to the bulky ATP analog,
M438G PKG I was able to utilize N°-benzyl[y->*P]ATP as a
substrate in addition to [**P]ATP (Fig. 2). Although WT PKG
I utilized ATP with a higher V, ,, than the M438G mutant, the
K, values for the two kinases were virtually identical (Fig. 2,
left). With N°-benzyl-ATP as a substrate, however, WT PKG la
catalyzed phosphorylation much more slowly (Fig. 2, right).
The M438G mutant utilized N°-benzyl-ATP as a substrate rel-
atively efficiently, with a K, value one-third of that measured
for ATP and a V,,,, slightly higher than the WT enzyme with
ATP as a substrate (Table 1).

Analysis of PKG Substrate Specificity—The sequence sur-
rounding the proposed PKG phosphorylation site in SERT at
Thr-276 (IWKGVKTSG) (4, 5) deviates substantially from the
reported consensus sequence for PKG ((R/K)(R/K)X(S/T)B,
where B is a hydrophobic residue) (10, 11). To determine
whether PKG might have a preference for “non-canonical” sites
such as the one found in SERT, we screened an arrayed combi-
natorial peptide library to systematically examine the PKG I«
substrate preference across nine positions surrounding the
phosphoacceptor site (Fig. 34). The peptide library results
largely confirm the literature motif (Fig. 3B), with the strongest
preferences for basic residues at the P-3 and P-2 positions, nei-
ther of which is found in the sequence surrounding Thr-276 of
SERT. In addition, PKG I« displayed a strong preference for Ser
rather than Thr as the phosphoacceptor residue. Analysis of the
surrounding sequence of all reported substrates of human PKG
in vitro or in vivo also confirmed the strong preference for basic
residues, particularly at the P-2 position, as well as the prefer-
ence for Ser as the phosphoacceptor (Fig. 3C).

Phosphorylation of Protein Substrates—To characterize the
ability of PKG I M438G to phosphorylate protein substrates,
we used VASP, a known PKG substrate (Fig. 4). We initially
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TABLE 1
Kinetic constants for PKG I« wild-type and M438G mutant

Experimental data were from Fig. 2 and two replicate experiments. Mean values and
their S.E. were calculated from the three experiments. N.D., not determined.

K. Vinax
M pmol mg ! min~!
Wild type
ATP 16 = 0.5 2124 * 104
N°-benzyl-ATP >900 N.D.
M438G
ATP 15+ 1.3 1079 * 60
N°®-benzyl-ATP 501 2582 = 58

5-432 0 1424344
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FIGURE 3. The PKG consensus diverges from the sequence surrounding
Thr-276 of SERT. A, sequence of the combinatorial peptide library
screened with PKG la. B, results from peptide library screening with PKG
la. Peptides were incubated with recombinant PKG la and [**P]ATP in
solution in multiwell plates prior to transfer to a streptavidin-coated mem-
brane. Spot intensities indicate the extent of phosphorylation of peptide
mixtures having the indicated residue fixed at the indicated position
within the context of the sequence shown in A. C, sequence logo showing
the distribution of residues surrounding the 92 unique reported mamma-
lian PKG phosphorylation sites extracted from the PhosphoSitePlus data-
base (27), excluding autophosphorylation sites. The logo was constructed
using WebLogo (version 3) (33).

examined ATP-dependent phosphorylation of VASP by WT
and mutant PKG I« (Fig. 44). Phosphorylation was meas-
ured with an antibody that recognizes VASP phosphorylated
at Ser-239. VASP contains three established PKG phospho-
rylation sites at Ser-157 (RRVSNAG), Ser-239 (RKVSKQE),
and Thr-278 (RKATQVG) (20). Phosphorylated VASP runs
as a doublet, with a faster migrating monophosphorylated
species (46 kDa) and a slower migrating hyperphosphory-
lated species (50 kDa) (Fig. 44). As expected, WT PKG I«
robustly phosphorylated VASP, and this activity was
increased by the addition of cGMP as indicated by mobility
shift. In this assay, the M438G and M438A mutants behaved
identically to the WT enzyme (Fig. 4A4). As a control we used
the K390A mutant in which the catalytic lysine residue is
mutated to abolish catalytic activity (21). We observed
essentially no VASP phosphorylation using this mutant,
indicating that activity observed with co-expression of WT
enzyme and other mutants was unlikely to be attributable to
endogenously expressed kinases.

In contrast to our results using ATP, phosphorylation by the
WT enzyme was severely reduced with N®-benzyl-ATP as a
substrate, with only low levels of partially phosphorylated
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FIGURE 4. VASP phosphorylation by WT PKG la and Met-438 mutants.
A, in vivo VASP phosphorylation. HelLa cells co-expressing VASP and WT,
M438A, or M438G PKG la were treated with 8-Br-cGMP where indicated for 20
min. Cell lysates were analyzed by immunoblotting with an anti-phospho-
VASP antibody. The blot shown is representative of two independent exper-
iments. B and C, in vitro VASP phosphorylation. Purified VASP was incubated
with WT PKG le and M438G in the presence of 50 um ATP or N-benzyl-ATP, as
indicated, for 10 min. B, samples were analyzed by immunoblotting with anti-
phospho-VASP antibody. C, using 50 um [**P]ATP or [*3*P]N®-benzyl-ATP (0.5
nCi) as indicated, lysates were resolved by SDS-PAGE, and radiolabeled VASP
was detected by phosphorimaging. incorp., incorporation.

VASP detected by Western blot analysis (Fig. 4B) or autora-
diography (Fig. 4C). These data are consistent with the general
inability of WT kinases to utilize N°-benzyl-ATP as a substrate
because of the bulky side chain of the gatekeeper residue (Met-
438 in PKG I«). PKG Ia M438G, however, was as effective in
phosphorylating the protein substrate using N°-benzyl-ATP as
it was with ATP as shown by immunoblotting with an antibody
against phospho-VASP (Fig. 4B) or by **P autoradiography
(Fig. 40C).

Activation of PKG I« in cells expressing SERT stimulates
5-HT transport activity (5, 6). To evaluate the ability of PKG
gatekeeper mutants to potentiate SERT activity, we utilized
HeLa cells that had been grown in continuous culture until
endogenous PKG activity was lost (6). In the absence of co-
transfected PKG, SERT activity was not stimulated (Fig. 54),
but addition of 8-Br-cGMP led to significant (p < 0.05) stimu-
lation when either wild type PKG I« or a gatekeeper mutant
(M438G or M438A PKG Ia) was cotransfected with SERT. The
data in this experiment indicate that mutation of Met-438 to
alanine or glycine did not interfere with the ability of PKG to
regulate SERT, which presumably depends on cytoplasmic
ATP (Fig. 5A).

In vitro, addition of purified PKG Ia to membrane fragments
prepared from HeLa cells expressing SERT led to incorporation
of radioactivity from y->*P-labeled ATP into the SERT immu-
noprecipitate (Fig. 5B, light gray bars). This incorporation
required added kinase, consistent with the lack of endogenous
PKG in these cells. The incorporation was reduced to back-
ground levels in a SERT mutant (T276A) previously shown to
be defective in PKG-dependent phosphorylation and transport
stimulation (5, 6). As with WT PKG I, addition of M438G
PKG Ia was effective in supporting **P incorporation into
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FIGURE 5. SERT is activated by M438G PKG la without direct phosphate transfer from N®-benzyl-ATP. A, activation of SERT by WT PKG la and Met-438
mutants. Hela cells co-expressing SERT and WT or mutant PKG la were treated with or without 8-Br-cGMP, as indicated, for 20 min, and 5-HT influx was
measured as described under “Experimental Procedures.” The results represent data (mean = S.E.) from three independent experiments. Asterisks indicate
statistically significant increases in transport activity (p < 0.05). B and C, in vitro SERT labeling. Membranes prepared from Hela cells expressing FLAG-tagged
WT or T276A SERT were incubated with purified WT or M438G PKG larin the presence of [*PJATP (Band C) or [**PIN®-benzyl-ATP (B), as indicated, for 10 min and
solubilized. SERT was captured by anti-FLAG agarose and eluted with FLAG peptide. A small portion of the eluate was counted by liquid scintillation spec-
trometry (B); the remainder was resolved by SDS-PAGE, and radiolabeled SERT was detected by phosphorimaging (C, left panel). In parallel, membranes
prepared from non-transfected cells or cells expressing WT SERT were solubilized, SERT was captured and eluted as in the radiolabeled samples, and the eluate
was analyzed by immunoblotting (/B) using an anti-SERT antibody (C, right panel). The results shown in B represent data from three independent experiments

(means = S.E.). Asterisks indicate statistically significant increases in phosphorylation (p < 0.05).

SERT, as expected from its ability to stimulate 5-HT transport
(Fig. 5A). To verify that **P was indeed incorporated into SERT,
we compared the electrophoretic pattern of SERT immunore-
activity (Fig. 5C, right panel) with the incorporated **P pattern
from autoradiography of SERT immunoprecipitated after incu-
bation with PKG and [y->*P]ATP (Fig. 5C, left). SERT runs as a
series of aggregated multimers after immunoaffinity purifica-
tion when detected by Western blotting or by autoradiography
(Fig. 5C). As with our results using either VASP or a peptide
substrate, WT PKG I« failed to support incorporation of **P
from N°-benzyl-[y->*P]JATP into SERT (Fig. 5B). However,
although M438G PKG I« can utilize N®-benzyl-[y-**P]ATP as a
phosphate donor for peptide and VASP phosphorylation, this
gatekeeper mutant failed to incorporate **P into SERT from the
ATP analog (Fig. 5B, dark gray bars). This result indicates that
PKG I« is unlikely to directly phopshorylate SERT, at least in
this in vitro system.

p38 MAPK is not Required for PKG-dependent SERT
Phosphorylation—Several reports suggest that p38 MAPK is
involved in the activation of SERT-mediated 5-HT transport
and may lead to SERT phosphorylation (8, 9, 22). Accordingly,
we tested the effect of the p38 MAPK inhibitor SB203580 on
PKG-dependent SERT phosphorylation in this iz vitro system.
To ensure we could adequately inhibit p38 activity with
SB203580, we first tested the effectiveness of the compound in
blocking phosphorylation of myelin basic protein by purified,
activated p38 MAPK. Phosphorylation of myelin basic protein
by p38 MAPK was inhibited 95% at 1 uM SB203580 and >99%
at 10 um (data not shown). Fig. 6 demonstrates that addition
of 10 um SB203580 had no significant effect on the PKG-de-
pendent phosphorylation of SERT. Moreover, addition of
activated p38 MAPK to membranes from SERT-expressing
HeLa cells could not substitute for PKG in stimulating SERT
phosphorylation.
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DISCUSSION

Many protein kinases have been mutated to extend their sub-
strate range to ATP analogs with bulky substituents (23). The
modification of a gatekeeper residue in the active site that
accommodates a substituted adenine ring allows the mutant
kinase to be specifically targeted by inhibitors that have negli-
gible affinity for WT kinases (13). These mutants have also
allowed identification of protein targets for kinases by using
ATP analogs that are not substrates for WT kinases (24 -26).
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The results in Figs. 1 and 2 demonstrate that mutation of
cGMP-dependent protein kinase I rendered it sensitive to
inhibition by N°-benzyl-ATP and capable of using this ATP
analog as a phosphate donor. To our knowledge, this is the first
example of an analog-sensitive mutant of PKG. Of the two PKG
Ia mutants generated, M438G was more sensitive to inhibition
by N°-benzyl-ATP than M438A, presumably because the
absence of a side chain at that position allows the N°-benzyl
substituent to fit better into the ATP site. Although the M438G
mutant did not utilize ATP as well as WT PKG I¢, it was much
more active with N°-benzyl-ATP as a substrate. This prefer-
ence for the bulky ATP analog resulted in a 2-fold increase in
Vax and a 3-fold decrease in K, relative to ATP (Table 1).
Although the decreased K, might reflect a higher affinity for
N®-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 Ie, the
M438G mutant was unable to phosphorylate SERT directly
using N°®-benzyl[y->*P]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 la M438G mutant was clearly capable of
stimulating phosphorylation and activation of SERT in both
intact cells (Fig. 54) and in vitro (Fig. 5C) when ATP was the
phosphate donor. Both catalytic parameters (k. and K,,) of
PKG Ia M438G using N°-benzyl-ATP as a substrate are more
favorable than WT PKG Ia using unmodified ATP as a sub-
strate, indicating that its inability to directly phosphorylate
SERT in vitro was not due to impaired kinase function. Because
the yet unidentified kinase that was activated by PKG I« could
not utilize N°-benzyl[y->*>P]JATP, no SERT phosphorylation
occurred unless ATP was present. As a control for possible **P
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 N°-benzyl-[y->*P]ATP
to phosphorylate a known PKG substrate, VASP, as efficiently
as WT PKG la with [y->*P]ATP (Fig. 4C).

Stimulation of SERT activity in vivo has been proposed to
occur by two mechanisms, with one requiring PKG Ia 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-
¢GMP in intact cells (5). In light of these results, it is unlikely
that p38 MAPK is involved in PKG-dependent SERT phosphor-
ylation, but we cannot exclude an independent pathway of
SERT regulation through activation of p38 MAPK.

OCTOBER 19, 2012+VOLUME 287+-NUMBER 43

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
notinvolved in PKG-dependent SERT phosphorylation 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 A, 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 presented here raise two immediate questions: what
protein target of PKG initiates SERT phosphorylation and what
kinase phosphorylates SERT? The two activities may even be
properties of the same protein, but a more complex pathway is also
possible. It is difficult to speculate as to the identity of the kinase
that directly phosphorylates SERT. Other than PKG, only CaMKII
has been shown to be present in complex with SERT (31), although
extensive proteomic analyses of SERT-associated proteins have
not been published, and it is not possible to rule out kinases by
their lack of association with the membrane preparation used here
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 PKG with SERT are now underway.
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