INTRODUCTION

Protein phosphorylation is the most common post-translational modification in neuronal signaling and results
from the balanced action of kinases and phosphatases.

We previously identified a family of striatal-enriched phospho-proteins substrates for PKA: DARPP-32, RCS and
ARPP-16 (Walaas et al., 1983, Horiuchi et al. 1990)

While the role of DARPP-32 and RCS in the dopamine (DA)-mediated regulation of serine/threonine phosphatases
in striatal medium spiny neurans (MSNs) has been well characterized (Walaas et al. 2011) lttle has been known
about the role of ARPP-16.

ARPP-16 is related to two other members of ARPP family, ARPP-19 and ENSA. ARPP-19 and ENSA are ubiquitously
distributed and have been identified as phosphatase PP2A inhibitors in mitotic cells. In Xenopus oocytes,
phosphorylated by Greatwall kinase (GWT), ARPP-19/ENSA inhibit PP2A during the G2/M phase (Lorca & Castro
2013

Recently, we found ARPP-16 directly interacts with PP2A in striatum and it is phosphorylated at Ser46 by
microtubule-associated serine/threonine kinase 3 (MAST3), a mammalian analogous of GWT, enriched in striatum
and still poorly characterized
Phosphorylation of ARPP-16 at Ser46 by MAST3 converts the protein into an inhibitor of PP2A towards selective
substrates including DARPP-32. Moreover, Serd6 of ARPP-16 is phosphorylated to a high basal stoichiometry in
striatum, while activation of PKA by cAMP leads to marked dephosphorylation of Ser46 in striatal slices.
In the current study we further investigate the role of the phosphorylation mechanisms in ARPP-16 regulation. We
demonstrated, both in vitro and in intact cells, that PKA plays a fundamental role in the MAST-mediated
phosphorv\atlcn of ARPP-16 and regulation of PP2A. PKA phosphorylation of ARPP-16 at Ser88 negatively acts in
fashion on Serd6 , leading to an inhibition of its ability to regulate PP2A. The
phosphomwmeﬂc S88D-ARPP16 strongly suppresses MAST3 phosphorylation at Serd6 while the single PKA
phosphorylation of Ser88 does not have any effect on the phosphatase inhibition. We also find that PKA
phosphorylates MAST3 in vitro resulting in kinase inhibition, and that activation of cAMP by forskolin in
transfected HEK cells significantly decreases MAST3 activity.
Overall these data suggest that P-Ser46-ARPP-16 acts to basally control PP2A in MSNs, but that DA, acting via PKA,
regulates this pathway by inactivating ARPP-16 and/or MAST3 leading to selective potentiation of PP2A signaling.
Further experiments are in progress to identify other specific MAST3 substrates in order to characterize and better
understand the role of this kinase in the regulation of the synaptic activity in striatum
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e ARPP-16 interacts with phosphatase PP2A by direct
binding with the A subunit (Fig. 1),

¢ ARPP-16 is phosphorylated at S46 by MAST3 kinase
(Fig. 2),

¢ Three heterotrimers of PP2A are inhibited by p-Ser46-
ARPP16, but to varying extents (Fig. 3),
phosphorylation on Ser88-ARPP-16 does not affect
PP2A activity,

¢ Phosphorylation of ARPP-16 by PKA (on S88) or
MAST3 (on S46) mutually attenuate each other’s
ability to phosphorylate ARPP-16 in vitro (Fig. 4),

* PKA phosphorylates MAST3 in vivo and in vitro and
decreases its activity in vitro (Fig. 5),

* ARPP-16 phosphorylation on Ser88 is able, in vivo, to
regulate in an intra-molecular fashion the
phosphorylation on Serd6, at the same time,
phosphorylation on Ser46 is just partially able to
influence the phosphorylation on Ser88 by PKA
(Fig.6),

e cCAMP plays a key role toward MAST3 in the
regulation of phosphorylation on S46-ARPP16 (Fig. 7).
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RESULTS

Figure 1: in rodent striatum, ARPP-16 interacts with the A
subunit of PP2A.

a & ge| a stiatal lysate fraction S2 was
X & ‘Jj” incubated with His-ARRP-16 (100 ug) or
o - & beads alone (negative control). Eluted
5 proteins were separated by SDS-PAGE and
& with antibodies agamst
z PP2A-A, PP2A-C, PP1, PP2B
g L e b el
3 —— showed in lane 1, while lane 3 contains

the elution from the negative control.
Recombinant RCS (100 nM or 1000 nM)
was incubated with beads to determine
non-specific binding. Eluted samples were
analyzed by  SDSPAGE  and
immunoblotting for ARPP-16 or ARPP-19.
lane 1, while lane 3 contains the elution
- from the negative control. b. Increasirlg
amounts of recombinant, SEC-purifie
PP2A-A were incubated with .mmub.nzea
His-ARPP-16 and bound protein was
analyred by  SDS-PAGE  and
immunoblotting (Iane 1 PP2A input, lane
2 eluate from beads with no His-ARPP-16
that were incubated with PP2A-A ).
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Figure 2: ARPP-16 is phosphorylated at Ser46 in intact cells
and in vitro by MAST3 Kinase
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a. Schematic model of ARPP-16
- HAMASTY phosphorylation sites.
b. HEK293 were transfected

with HA-ARPP-16 without or
EIN-WGW’““ with HA-MAST3 kinase and the
phosphorylation at Serd6 of
ARPP-16 was analyzed by
o HA-ARPP-16 immunoblotting using a
phnspho specifc antibody.

purified ARPP-
16 (1 uM) was incubated with
immunoprecipitated  MAST3.
§ * Kinase for various times (as
indicated), and phosphorylation

of Serds was measured by
immunoblotting. Ser-46
phosphorylation was normalized
to total ARPP-16 levels, and to
the zero time value in each
fy - . | experiment. Results  shown
40 20 30 40 s5Q| represent the average from

three experiments.
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Figure 4: PKA/Ser88-ARPP-16 phosphorylation attenuates MAST3 ability to
phosphorylate Ser46-ARPP-16 and vice versa.
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a. (left panel) Recumblnxnt punfred ARPP-16 or P-S88-ARPP-16 (1 M) were incubated with ATP-y=7> and
in HEK293 cells, for various times (as indicated); the proteins
were separated by sos PAGE . phosphorylatlcn of Sera6 was measured by autoradiography. (right panel)
Increasing concentrations (10-500 nM) of ARPP-16 or P-S88-ARPP16 were incubated with ATP-y-2P and
MAST3 Kinase in HEK293 cells, for 2 min; proteins were separated by SDS-
PAGE and phosphorylation of Ser46 was measured by autoradiography. Phosphorylation by MAST is modulated by
previous PKA phosphorylation of ARPP-16 with a decrease in Vmax (from 1398 to 867 2P incorporation/min).
b. (left panel) Recombinant purified ARPP-16 (1 M) or P-S46-ARPP-16 were incubated with ATP-y-*%P and
commercial purified PKA, for various times (as indicated); the proteins were separated by SDS-PAGE and
phosphorylation of Serd6-ARPP-16 was measured by autoradiography. (right panel) Increasing concentrations (10-
500 M) of ARPP-16 or P-546-ARPP16 were incubated with ATP-y-2P and commercial purified PKA, for 2 min; the
proteins were separated by SDS-PAGE and phosphorylation of Ser88 was measured by autoradiography.
Phosphorylation by PKA is modulated by previous MAST3 phosphorylation of ARPP-16 with decrease of
Vmax (from 6999 to 1027 *Pincorporation/min).
(a. and b. left panels) The resulting values for phosphorylation are expressed in arbitrary densitometric units
(a.u) as mean = SEM of five independent experiments.
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Figure 6 : Cyclic AMP dependent regulation of ARPP-16 phosphorylation on
Ser46 and S88 in intact cell
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a. Hek293T cells were transfected with ARPP16-HA (WT) or the phosphomutants S46D-ARPP-16 or S88D-ARPP-16 alone or
in presence of MAST3-HA kinase. After 24 hours cells were treated with 10 uM Forskolin (FSK) for 30 minutes. Levels of
phosphorylation for 546 and 588 ARPP-16 were measured by immunoblotting hospho-specific antibodies on SDS-
PAGE-resolved cell lysates. Phospho-site signals were normalized for total ARPP-HA expression with anti HA antibody.

b. Graph of summary data shows phosphorylation on the different sites expressed in arbitrary densitometric units (a.u.) as
mean £ SEM of six independent experiments run in triplicate. *, p < 0.05; *** p < 0.001, on way ANOVA, multiple
comparison test.

Figure 3: P-S46-ARPP-16 inhibits PP2A heterotrimer ability
to dephosphorylate P-T75-DARPP-32 in vitro.
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00f a. Recombinant Flag-Ba, Flag-
80 B566 and Flag-PR72 PP2A
_ oo PP2A-Ba trimers  over-expressed  in
T w - HEK293 cells and isolated by
S 2 N IminUnAprecipiatbn. | with
s anti-Flag Ab, were incubated
§ 1 — with 200 nM of ARPP-16, P-y-
£ 00— Ser46-ARPP-16 for 10 min at
£ 80 PP2A-B565 37° C with P3-P-T75-DARPP-
g & e 32 as substrate. The ability of
5 different PP2A trimers to
g 20 dephosphorylate  DARPP-32
£ was measured by scintilation
5 12 counting.  Results  are
® 0o — expressed as percent changes
80 »  PP2APRTZ with respect to PP2A alone
60 (white bar). *,p<005; **,p
“ < 001 *** p < 0001,
2 Newman-Keuls  multiple
comparison test.
T+ - ARPP1600nM)
L -4 PystsARPP-16(200nM)

Flgure 5: MAST3 is phosphorvlated by PKA in vivo and in vitro and this
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a. Schematic model of MAST3 kinase phosphorylation sites identified by MS analysyi. MAST3-HA was overexpressed
in HEK293T cells and after 24 hours cells were treated with forskolin (10 UM for 30 min). MAST3-HA was then
isolated by resolved by and the MAST3 gel band identified by Coomassie
staining. The phosphorylated sites on MAST3 o = e identified by Orbitrap MS/MS analysis. b.
MAST3 ki in HEK293T cells, was incubated with ATP-y-3 and commercial
purified PKA for various times (as indicated). The nretems were separated by SDS-PAGE and phosphorylation of
MAST3 was measured by autoradiography. . The activity of PKA-phosphorylated MAST3 kinase (P-MAST3) was
measured as the ability to phosphorylate ARPP-16 in comparison with unphosphorylated MAST3. Recombinant
purified ARPP-16 (100 nM) was incubated with P-MAST3 or MAST3 in the presence of ATP-y-32p, for various times (as
indicated). The proteins were separated by SDS-PAGE and phosphorylation of Ser46-ARPP-16 was measured by
autoradiography. b. and c. Results shown the average from three experiments (error bars show SEM).

d d. To confirm the PKA phosphorylation effect on
1 MAST3 kinase activity we used mutant construct
sfor T389-MAST3. The unphosphorylatable T389A-
MAST3-HA and the phosphomimetic T389D-MAST3-
HA were overexpressed in HEK293T cells
Immunoprecipitated  MAST3  mutants ~ were
incubated with ARPP-16 (100 M) in the presence
of ATP-y-22p for different times. T389A-MAST3 was
previously incubated for 20 min with PKA before
the assay with ARPP-16. The proteins were
resolved by SDS-PAGE and phosphorylauon of
was measured b
Results represent the average from three
experiments (error bars show SEM).
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Figure 7: cAMP-d d i i I ARPP-16 pt horylation
via MAST3/PKA in a cell line model
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a. The effect of cyclic AMP (CAMP) signaling as a mutual regulator of ARPP16 phosphorylation (546 and 588) in intact cells
was investigated. Hek293T cells were transfected with ARPP16-HA (A16-HA) alone or plus MAST3-HA or MAST3-T389D-HA.
After 24 hours cells were treated with 10 uM Forskolin (FSK). Levels of S46 and 88 ALG-HA were measured by

ith phospho-specific antibodi Ived cellIysates (upper panel). b. To address the role of
PKA in the regulation of MAST3 activity in living cells A16-HA was co-transfected with wild type MAST3 or MAST3 T389A
(unphosphorylatable) in Hek293T cells. Effect of FSK on the transfected cells was measured by immunoblotting with
phospho-specific A16 antibodies on cell lysates (upper panel). Phospho-site signals were normalized for total ARPP-HA
expression with anti-HA antibody. Graph of summary data (lower panel) shows phosphorylation on the dvflerem sites
expressed in arbitrary densitometric units (a.u.) as mean % SEM of four independent experiments ru +pl<
0.01; *** p<0.001, one way ANOVA, multiple comparison test. ##, p<0.01




