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Abstract The eritical function of the neurofibromtosis ype 1
(NFI) gene produt (neurofibromin) is not well defined except
that neurofibromin has homology with a family of the GTPasc-
activating protci ). In this study, we confirmed that
neurofibromin is constitufively phosphorylated and detected
kinase activities which specificlly phosphorylate the cystein/
serine-tich domain and fhe C-terminal domain of the neurofi-
bromin in cell Iysate. In vitro and in-gel kinase assays strongly
indicated that cAMP-dependent protein kinase (PKA) is 1
candidate for the neurofibromin kinase. The biolosical signifi-
cance of the phosphorylation of neurofibromin is wnclear at
present, but we speculate that neurofibromin plys a crucial role
in cellular function since it links the two major cellular pathways
which are the GAP-ros and PKA-associated signals.

Key words: Neurofibromatosis type 1 (NF1);
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1. Introduction

Neurofibromatosis type 1 (VFI) gene was identified by po-
sitional cloning [1,2], and regarded as one of the tumor sup-
pressor genes [3,4]. Analysis of the predicted protein sequence
of the NFI gene product (neurofibromin) revealed that a 360-
amino acid region in the center of the protein has sigaificant
homology with a family of the GTPase-activating proteins
(GAPs) including mammalian ras-GAP, budding yeast IRA1
and IRA2, fission yeas: sarl, and Drosophila GAPI [5-8].
Neurofibromin has more extensive sequence homology with
Saccharomyces cerevisiae IRA proteins [9-11] than with other
GAPs. This GAP-related domain of neurofibromin (NF1-
‘GRD) has been found to possess GTPase-stimulating activity
and complement the loss of IRA function in S. cerevisiae,
indicating that neurofibromin is the mammalian homologue
of IRA1 and IRA2 [5,12,13]. In addition, it has been reported
that there are two types of NF1-GRD transcripts, type I and
type 11, generated by the alternative splicing mechanism
[14,15). The NFI1-GRD iype II transcript contains an inser-
tion of 63 nucleotides (21 amino acids) in the center of the
NFI1-GRD region, and the relative abundance of the type I
versus the type Il form is modulated differentially during
brain development and can be affected by stimulation with
retinoic acid [14].

To date, the function of NFI-GRD is fairly well character-
ized [12,14-17], but that of other domains remains to be ana-
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lyzed. As a clue to elucidate further the function of neurofi-
bromin, we directed our attention to reports suggesting that
‘neurofibromin is heavily phosphorylated on serine and threo-
nine residues in response to growth factors [3,18]. In this
study, we detected kinase activities which specifically phos-
phorylate neurofibromin in cell extracts and defined that
cAMP-dependent protein kinase (PKA) is a candidate for
the neurofibromin kinase.

2. Materials and methods

21, Coll e and prepartion o cell esvas

YSY human neuroblastoma cells and SVAO-transformed hu-
i ool (VALS) cels wer alured ina 11 misture of Eagle’s
minimum essential medium (MEM) and Ham's F12 nutrient medium
supplemented with 5% (v/v) heatinactivated fetal calf serum in a
humidified CO, incubator. Conflueatly grown SHSYSY cells and
VA13 cells were incubated in scrum-free medium for 12 and 48 h,
respetvy, nd theteted wih 100 oM ool 12yt 13
acetate (PMA) for d 50 uM forskolin for 20 min. VAI3
e vess i smutod wih 40 epidermal growth factor (EGF)
for 15 min, Afer the treatments, the cels were scraped into ice-cold
extraction buffer consisting of 20 mM Tris (pH 7.4), 10 mM MgCly,

$ mM EGTA, 2 mM ditiolveol, $0 mM pahcrophosphate
0.1 mM NaF, 1 mM NagVO, 1 mM phcnylmclhylsull’onyl fluoride
in. The collected

(PMSF), 10 jig/mi uprollmn and 10
cels were lysed by sonication for 10 5, and e centiuged a0
100000xg for 30 min at 4°C. The supernatant was used immeadiately
as cell extracts,

22, Plasnid eonstruction

A PGEX-2TH bacterial expression vector and a pGEX-2TH plas-
‘mid harboring NF1-GRD type [ cDNA which generates GST-GRD
type | fsfon prtin (rsides 1168-1545 were generousy provided

by Dr. H. “GRD type I expression plasmid was
constructed by | O toe NPL-GRD. type 1T cDNA [14] into
the multicloning site of the pGEX-2TH vector. Furthermore, we
generate iin domain fusion proteins cor-

responding to seguences of residues $43-909, 1530-1950, and 2262
2818 of neurofibromin, which were tentatively designated cysteinelser-
e-rich domain (CSRD), leucine repeat domain (LRD), and COOH-
terminal domain (CTD), respectively. The cDNA fragments c
sponding to the various domains were amplified by RT-PCR using
three sets of oligonucleotide primers that contained appropriate re-
sicion Sies Tanking he domains of inirest (CSRD, snie primer
.CAGAGAATTCCAGGAAGCAATGGAGGCTCTGC-3', * anti-
sense primer §'“TTTGAAGCTTCACTTTCTCATGGTTACACAC-
3'; LRD sense primer 5~TCCTGGATCCCACAAACCTGTGGCA-
GATACACAY, antiecse priner ' “GAATAAGCTTAACTCT-
TTTGGCATCAT-3; CTD sensc primer 5-AAAAA-
AT OACACTIACRACAGTOARGTES 3, " antisense  primer
5"-AAGCAAGCTTCACACGATCTTCTTAATGCTA-) and single
strand cDNA prepared from poly(A)* RNA of SH-SYSY cells [14).
‘The amplificd DNA fragment was digested by restriction enzymes and
cloned into the pGEX-2TH plasmid. The entire sequences of the in-
serts were confirmed to be identical to the previously reported se-
quences by DNA sequencing analysis.
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Fig. 1. (A) Schematic of the structure of
GST fusion proteins are demonstrated.
C-terminal domain. The positions of two insertions goertd by
ent-protein kinase (PKA) sites (A), MAP ki

CSRD, cysteinelserine-rich domain;
by the mechanism of nllcmmlvc splicing

‘GRD, GAP-related domain; LRD, leucine-repeat domain; CTD,
wheads), putative cAMP depend
(M), and the position of leucine repeat (LR) are

cated. (B) Immunoprecipitates obtained with preimmune serur

bodies from human neuroblastoma (SH-SYSY) cells were probed with anti-CSRD serum.
were immunoprecipitated with preimmunc serum or anti-CSRD serum. (D) Lysates from [**Plorthophosphate:

LCARD e, anth-GRD type 11 ram, NF| GREQN) and GRA(D) nt

(C) Lysates of [“S]methionine-labeled SH-SYSY cells
labeled SH-SYSY cells were im-

munoprecipitated with preimmunc scrum or anti-CSRD serum. The immune comlexes were scparated by 6% SDS-PAGE. The positions of mo-

lecular size markers were shown on the left.

2.3, Expression and purification of GST-neurofibromin domain fusion
proteins

Expression and purification of GST-GRD type I fusion protein was
essentially performed according the original protocol described by
Smith and Johnson [19). In the case of other GST fusion proteins,
the proteins were purified from insoluble fractions according to the
method described by Frangioni and Neel [20].

24, Gneraton of ot polyclonl anteurftronis antodis
D type I fusion pro-
i s e il i 4t Appmxlmal:ly 100 g of the
‘GST-fusion protein was used to immunize each rat on a biweekly
inetion schadule, Rats were Kled 10 days afler 1h s boos, and
¢ sera were collected, The antiserum was precleared with excess
GST conjugatcd ltathione (GSHY agarose beads (Sigma) before .

23, Inmunapecpaton, inmuoboting and ntaboli labelng
ently grown SH-SYSY cells were Iysed in RIPA buffer con-
sisting of PBS (pH 7.4) with 1% NP-40, 0.1% SDS, 0.5% sodium
deorycholate, | mM PMSF, 20 ug/ml aprotinis fmi leu-
peptin. The supernatant of the lysate was used for immunoprecipita-
tion with rat preimmune serum, rat anti-CSRD and anti-GRD type IT
polyclonal antibodis, and commercially available rabbit anti-NFI
GroY d NEI GRE(D) anibodies (Santa Croz Botcinology
munoprecipitated proteins were separated by 6%
S PACE (Schlicher & Schul, and ransered onto & nitroul
Tose membrane. The membrane was immunoblotted with anti-CSRD

nihady, and deteed the spec sgnl by wing ECL sy
ington He

For metabolic labeling with [“S]m::\hmnm: 60-80% confluent SH-
SYSY cels in 60 mm dish were incubated with methionine-free MEM
containing 5% dialyzed I'clnl calf serum and KCilml
[PS)methionine (Amersham Arlington Heights, IL) rm 6 h.
For metabolic labeling with [“P]mlhophusphal: (Amersham Corp,
Aslington Heights, IL), 60-80% confluent SH-SYSY cells in 60 mm

i ted with phosphate-frec MEM containing 5% dia-
Iyzed fetal calf serum and | mCifml [Plorthophosphte for 4 h. The
abeled cells were lysates prepared as described above were subjected
to immunoprecipitation. The immunoprecipitated proteins were scpa-
rated by 6% SDS-PAGE, followed by autoradiography.

26, Invitro kinase assay
‘Assays were conducted at 25°C for 20 min in a final volume of 50 ul
containing 20 mM Tris (pH 7.4), 10 mM MgCh, 10 uCi of {y-PJATP
(3000 Ci/mmol) (New England Nuclear), 15 ul of ::Il extracts, and
s e of GST-nwrofbromin domain fsion prtin it or wiihot
MP-dependent protein_kinase
(PKI[S—ZZ]amd:. GIBCO-BRL). For the ‘cminaton-of reamion
and separation of phosphorylated GST fusion proteins, eacl: rea
‘mixture was immeadiately chilled and mixed with 60 I of GSH-agar-
ose beads (50% slurry) and | ml of ice-cold TNE buffer containing
20 mM Tris (pH 74), 1% NP-40, 10 mM EDTA, 100 mM NaCl,
10 mM NaF, 10 mM B-glycerophosphate, |
PMSF, 10 pgmi aprotinin, and 10 pg/mi leupept

§:

), 1 mi
followed by rock-
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Fig. 2. Detection of neurofibromin kinase activities in cell extracts. Control (serum-starved), PMA-, and forskolin-treated VAI3 and SH-SYSY
cell extracts and EGF-treated VAI3 cell extracts were incubated for 20 min at 25°C with each GST-neurofibromin domain fusion protein and

[+<*PJATP in the absence (=) and presence (+) of PKA inhibitor (PKI). (A) There was no prominent Kinase activity detects

in the VAI3 cell

extracts against GST, GST-GRD type I, GST-GRD type II, and GST-LRD fusion proteins. PKI-scnsitive kinase activities stimulated by for-
skolin in VAI3 cell extracts against GST-CSRD and GST-CTD fusion proteins were detected. There were PK L-insensitive kinase activities to-

ward GST-CTD fusion protein in
tive and-insensitive kinase activities toward GST-CSRD and GST-CTD.

ing for 20 min at 4°C. The GSH-agarose beads were then washed
three times with TNE buffer, and heated in 30 p of Lacmmli sample
buffer to elute the GST fusion proteins. The sample was resolved by
8-16% SDS-PAGE. The gel was stained with Coomassie brilliant
blue, dried, and radioactive bands were detected by autoradiography.

2.7, In-gel kinase assay

Detection of protein kinase activity on polyacrylamide gels contain-
ing substrate proteins after SDS-PAGE [21] was perfonned according
1o the method of Kameshita and Fujisawa [22]. The substrate for
‘phosphorylation by protein kinases in cell extracts was included in

PMA-, EGF-treated VAI3 cell extracts. (B) SH-SY5Y neuroblastoma cell extracts also had both PKI-sensi-

10% SDS-polyacrylamide gel prior to polymerization. The gel con-
tained GST (0.5 myml), GST-CSRD (0.1 mg/m), GST-CTD (0.1
mg/ml), or no subsirate for cach detection. 20 i of cell extracts
obtained after several treatments, or 2 il (10 unit) of cAMP-deper-
dent protein kinase (PKA) catalytic subunit from bovine heart (Sig-
ma) was loaded on cach lane. After clctrophoresis, denaturation with
6 M guanidine HC, and renaturation, protein kinase activity was
deiccted by incubating the gel at 25°C for 60 min with 40 mM HEPES
(pH 7.5), 2 mM dithiothreitol, 0.1 mM EGTA, 5 mM MaCl, 25 uCil
ml [1-2PJATP (3000 Cilmmol). The incorporation of phosphae was
then analyzed by avtoradiography of the dried gel.
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Fig. 3. Detection of neurofibromin kinase acti

 polyacrylamide gel containing no substrate, GST,

GST-CSRD GST-CTD

fes by in-gel kinase assay. VAI3 cell extructs and PKA catalytic subunit were clectrophoresed
GST-CSRD fusion protein, or GST-CTD fusion protcin.

fier renaturation of the pro-

on
eins in the gels, protein kinase activity was delermined using [1-*PJATP as described in scction 2. Similar results were obained using SH-

SYSY cell extracts (data not shown).

28, Plasphorlatonof GST-curoftroindonsin fison rocins and
immunoprecipitated neuwofibromin by PKA catalyi

1n'iro Knase ractonsforthe GSToncuroibromin domai fusion
proteins were carried out in a final volume of S0 pl containing 20 mM
“Tri (pH 7.4), 10 mM MgCl, 10 kCi of [1-P] ATP (3000 Cilmmol),
5 g of GST fusion protein with or without 10 units of PKA catalytic
subunit at 25°C for 20 min. Aftr the reactions, I ml of ice-cold TNE
buffer and 60 pl of GSH-agarose beads (0% slurry) were added to
cach reaction mixture, followed by rocking for 15 min at 4°C. The

fusion protein was cluted min in 30 gl of
Lacmml sample bufer, The samples vere sparted by £-16%

SDS-PAGE, and autoradiography was performed.

For examining the phosphorylation of native neurofibromin by
PKA catalytic subunil, confluently grown SH-SYSY cells (I x 10°)
were lysed with 1 ml of RIPA buffer. The Iysates were |mm=.d|ll=ly
incubated with anti-CSRD or rat pmmmunc serum for 4 h, and then
with Protein G-agarose beads (Oncogene Science Inc., Manhasset,
NY) for | h at . The beads were washed and resuspended i &
36 l of solution containing 25 mM sodium acetate, 2 mM MgCh,
and 20 pCi of {*PJATP (3000 Cifmmol). Kinase reaction was started
by adding 20 units of PKA catalytic subunit. After the incubation at
37°C for 20 min, the beads were washed and boiled in Laemmli
sample buffer to elute the GST fusion proteins. The sample was sep-
arated on 4-12% gel, and autoradiography was performed.

3. Kesults

.1, Hdentif asa

"o clucdate the functon of neurofbromi, we produced
five GST-neurofibromin domain fusion proteins. Fig. 1A illus-
trates the domains of neurofibromin. GRD type I has 21
amino acid inserls in GRD type I, which are generated by
the mechanism of RNA alternative splicing [14]. CSRD is a
cysteine-and serine-residue-rich domain, in which three cys-
teine pairs (residues 622632, 673/680, and 714/721) may be
comparable to one that Maru et al. [23] suggested as the ATP-
binding domain of BCR protein. LRD has a leucine repeat
which is present beginning at residuc 1834, and not predicted
to be in an o-helical conformation due to the presence of
proline in the middle of the repeat [24]. CTD has two putative
MAP kinase phosphorylation sites, and another alternative
splicing was reported in this region [24). Marchuk et al. [24]
suggested six potential cAMP-dependent protein Kinase
(PKA) phosphorylation sites of neurofibromin (Fig. 1).

Neurofibromin was detected by both immunoblot and im-
munoprecipitation assays as an approx. 250 kDa protein (Fig.

1B and C) which was consistent with the previous reports [25-
27), Neurofibromin was specifically recognized by anti-CSRD
and-GRD type 11 sera as well as NFI GRP(N) and GRP(D)
antibodies. Neurofibromin is reported to be a phosphopro-
tein, in which scrine and threonine residues are phosphory-
lated [18]. Our [*Plorthophosphate labeling experiment also
revealed that neurofibromin is phosphorylated in vivo (Fig.
1D). Phosphoamino acid analysis of the phosphorylated neu-
rofibromin revealed that serine and threonine residues vere
phosphorylated (data not shown).

3.2, Detection of neurofibromin kinase activity

“To identify the cellular kinases which specifically phosphor-
ylate neurofibromin, we performed in vitro kinase reaction
using cell extracts as sources of the enzyme and various
GST-neurofibromin domain fusion proteins as the substrates
(Fig. 2). Among these domains, only CSRD and CTD were
significantly phosphorylated by VAI3 cell extract (Fig. 2A).
SH-SYSY neuroblastoma cell extract also_phosphorylated
CSRD and CTD (Fig. 2B). The phosphorylation of CSRD

N >
s ¢
2 S S I )
g & & &£ s}
[ A Y
b LSS EE
wa & & & & & &
97.4-
69
= '
46 -
30- -
21
PKA: = + =+ =+ =+ =+ = %

Fig. 4. In vitro phosphorylation of GST-neurofibromin domain fu-
sion proteins by PKA catalytic subunit. GST and GST-neurofibro-
min domain fusion proteins were incubated for 20 min at 25°C with
[+?PJATP in the absence (-) ) and presence (+) of PKA catalytic
subunit as described in the text
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Fig. 5. Phosphorylation of the immunoprecipitated native neurofi-
bromin by PKA catalytic subunit. Immunoprecipitates_obtained
with preimmune serum and anti-CSRD serum from SH-SYSY hu-
man neuroblastoma cells were incubated for 20 min at 30°C with
[*PJATP and PKA catalytic subunit as described in section 2.

was enhanced by the extract of the cells treated with forskolin
which is an activator of adenylate cyclase, and this reaction
was inhibited by PKI. This result indicated that PKA is in-
volved in the ion of CSRD. The i
of CTD was enhanced not only by the forskolin-treated cell
extract but also by PMA-or EGF-treated cell extract. How-
ever, the phosphorylation of CTD by PMA-or EGF-treated
cell extract was not effectively inhibited by PKI. This finding
suggested that PMA and EGF treatments induce the other
kinase activities which phosphorylate CTD protein.

For further characterization of these neurofibromin kinases,
we employed in-gel kinase assay (Fig. 3). A protein kinase
with relative molecular mass of 41 kDa was specifically de-
tected on both GST-CSRD and GST-CTD substrate gels,
while it was not found in the absence of substrate or when
GST was used as substrate. The size of the neurofibromin

51

kinase was comparable to that of PKA catalytic subunit,
and the purified PKA catalytic subunit was actually detected
to phosphorylate both CSRD and CTD substrate gels at the
same size as the neurofibromin kinase, In addition, the activ-
ity of the kinase was not changed by various treatments in-
cluding PMA, EGF, and forskolin. Since regulatory and cat-
alytic subunits of PKA were separated on SDS-
polyacrylamide gels, the in-gel activity of PKA catalytic sub-
unit should not change by various treatments without the
regulatory subunit. These lines of evidence strongly suggested
that the 41 kDa neurofibromin kinase detected on the sub-
strate gels is the catalytic subunit of PKA.

Furthermore, we examined whether PKA catalytic subunit
can i i native i
as well as the GST fusion proteins. As shown in Fig. 4, GST-
CSRD and GST-CTD fusion proteins were well phosphory-
lated by PKA catalytic subunit in vitro whereas other do-
‘mains were not. In addition, endogenous neurofibromin that
was immunoprecipitated by vsing anti-CSRD antiserum was
also phophorylated by PKA catalytic subunit in vitro (Fig. 5).
Autophosphorylation of GST-neurofibromin domain fusion
proteins and immunoprecipitated endogenous neurofibromin
was not detected under the conditions tested.

4. Discussion

In this study, we identified neurofibromin as an approx. 250
KDa protein on SDS-polyacrylamide gel using rat polyclonal
antibodies raised against GST-neurofibromin domain fusion
proteins, and also confirmed that the endogeneous neurofibro-

on its
residues. Among the five domains of the neurofibromin which
we generated in bacterial cells as fusion proteins with GST,
CSRD and CTD were significantly phosphorylated by PKI
sensitive kinase that exists in cell extracts. Moreover, the ki-
nase activity in the cell extract was enhanced by forskolin
treatment of the cells. Any other remarkable kinase activities
against CSRD and CTD were not detected in serum-starved
cell extracts, To identify the apparent mass of the neurofibro-
min kinases, we employed the in-gel kinasc assay. A promi-
nent kinase activity migrating with the electrophoretic mobi-
lity identical to PKA catalytic subunit was detected on the
gels containing CSRD and CTD as substrates. Morcover,
PKA catalytic subunit could indeed phosphorylate CSRD,
CTD and immunoprecipitated native neurofibromin. Direct
evidence that PKA phosphorylates neurofibromin in vivo
has not been obtained thus far [28]. Since the basal phosphor-
ylation level of neurofibromin is high in the cultured cells, it
may be difficult to observe the effect of forskolin or dibutyryl
cAMP on the phosphorylation of neurofibromin in vivo.
However, our results strongly indicate that PKA is a most
likely inase. Additionall
the existence of PKI-insensitive kinase activity against CTD
in PMA-and EGF-stimulated cell extracts, which should be
further elucidated.

The functional significance of phosphorylation of neurofi-
bromin by PKA is still unclear, but we presume that neurofi-
bromin has a fundamental function in cells since it is involved
in both the GAP-ras signaling pathway and the physiological
response to intracellular second messenger cAMP, Recently,
the biochemical link between the second messenger cAMP and
the ras signaling pathway has been reported [29-33]. Wu et al.
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[33] have suggested that in certain cell types, cAMP prevents
transmission of signals from ras to Raf-1, possibly due to
phosphorylation of Raf-1 by PKA, and thus inhibits the acti-
vation of the MAP kinase cascade. Although a role of neu-
rofibromin in ras-related signaling pathway has not been
clearly understood, the biochemical consequence of neurofi-
bromin phosphorylation by PKA should be taken into ac-
count in the ras-cAMP connection.

Phosphorylation of ras-related proteins and their relatives
as a mechanism of regulation has been tested in a number of
cases [34], in which rapl/Krev-1/smgp21 has been implicated
in the cAMP-mediated inhibition of platelet metabolism, and
appeared to be identical to thrombolamban, a major substrate
for PKA in the cells [35-38]. Phosphorylation of rapl in re-
sponse to hormones that elevate intracellular cAMP correlates
with translocation of rapl from a membrane to a cytosolic
fraction [37). In addition, it has been shown that rap1-GAP is
also phosphorylated by PKA [39]. The rapl/Krev-l/smep2l
has been shown to bind with high affinty to ras-GAP, and
it has bezn suggested that this competition may account for its
ability to revert the ras-transformed phenotype in 3T3 cells
[39). The interaction between rapl/Krev-1/smgp21 and GRD
of neurofibromin has not been fully examined.

As for the subccllular localization of neurofibromin, there
have been some controversial picces of evidence reported.
Neurofibromin is demonstrated to reside in both the cytosolic
and particulate fractions [26,40), in which it may associate
with tubulin 41,42}, smooth endoplasmic reticulum [43], and
cytoplasmic structures that are distinct from actin or tubulin
filaments [26]. Gregory et al. [42] suggested sequence similarity
between a small region of neurofibromin (residues 815-834)
and two other proteins that associate with microtubules,
MAP-2 and tau, and hypothesized that phosphorylation of
this region might regulate the association of neurofibromin

and This putative d region
(zn amino acids) resides in CSRD, and contains a consensus
sequence which can be phosphorylated by PKA (on Ser-818).
Nordlund et al. [43) demonstrated that neurofibromin was
associated with smooth vesiculotubular elements and cisternal
stacks, and with multivesicular bodies in the cell bodies and
dendrites of neurons of the central nervous system (CNS), and
‘hypothesized that some, if not all, of the CNS manifestations
of NFI might result from the alterd expression of neurofibro-
min in neurons, perhaps through disruption of Ca?* signaling,
translocation of organelles, or endocytic pathways.

Since the cloning of the gene defective in NFI, there has
‘been remarkable progress in dissecting the mechanism of the
disease, although the pivotal role of neurofibromin in cells is
still unclear as described above. The cumulative evidence in-
cluding the presence of GAP activity, the localization of neu-
rofibromin to the nervous system, and the potential phosphor-
ylation by PKA and other kinases enables us to infer that
neurofibromin plays  key role in cell growth and differentia-
tion, and especially in the cellular process of neurons. There-
fore, better understanding of the function of neurofibromin
will provids the fascinating insights into the intracellular bio-
logical network as well as the therapy for NF1 and malignant
tumors.
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