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Characterization of phorbol ester-stimulated serine phosphorylation of the

human insulin receptor

Edward P. FEENER," Teruo SHIBA, Kang-Quan HU, Peter A. WILDEN, Morris F. WHITE and George L. KING
Research Division, Joslin Diabeles Center, Depariment of Medicing, Brigham and Women's Hospital, Harvard Medical School, Boston, MA 02215, USA.

Phorbol 12-myristate |3-acetate (PMA)-stimulated phosphoryl-
ation of the human insulin receptor (IR) was characterized and
compared in two cell types of different lineage: normal rat kidney
epithelial (NRK) cells and Chinese hamster ovary (CHO) fibro-
blasts. PMA stimulation increased IR g-subunit phosphorylation
to 252 +43 and 259 +477, (+5.D.) of the unstimulated control
in NRK and CHO cells respectively. Tryptic phosphopeptide
analysis by Tricing/SD5/PAGE revealed significant differences
in the PMA-stimulated phosphorylation of the IR in these two
cell types. This phosphorylation of the IR was predominantly
located in two tryptic phosphopeptides. and these phospho-
peptides were absent in an IR mutant truncated by 43 C-

terminal amino acids. The major PMA-stimulated tryptic phos-
phopeptide from in evive-labelled CHO/IR was immunopre-
cipitated with an antibody against residues Ser''* o Lys'™®,
and this precipitation was blocked with excess unlabelled peptide
containing this sequence. Radiosequencing by manual Edman
degradation revealed that this tryptic phosphopeptide was phos-
phorylated at Ser'™3 This PMA-stumulated phosphorylation
did not inhibit autophosphorylation of the IR dn riro. These
results demonstrate that PMA-stimulated phosphorylation of
the IR can exhibit significant differences when expressed in
different cell types, and that Ser'"* is a major PMA-stimulated
phosphorylation site on the human R,

INTRODUCTION

The insulin receptor (1R) is serine phosphorylated in its basal
state, and this phosphorylation is increased upon stimulation
with insulin, phorbol ester, or forskolin [1-3]. Studies with
phorbol ester and forskolin have suggested that serine/threonine
kinases, such as protein kinase C (PKC) and cyclic AMP-
dependent protein kinase, may regulate the biological activity of
the IR. These reports have shown that phorbel ester- and
forskolin-induced phosphorylation of the IR correlated with
impaired receptor tyrosine kinase activity, increased endocytic
trafficking and decreased insulin binding [4-12]. Other studies,
however, did not detect any effect of this phosphorylation on the
[R’s tyrosine kinase activity or insulin binding [2.4,13]. The basis
for these conflicting reports on the effect of phorbol ester
stimulation on the IR is unknown, and a consensus on the role
of PKC in the regulation of IR action has not been reached.
Further characterization of phorbol ester-stimulated phos-
phorylation of TR is necessary to establish the role of PKC in the
regulation of its biological activity.

Phosphopeptide analysis of IR has indicated that the receptor
contains multiple phorbol ester-stimulated phosphorylation sites
[5,14-16]. The major phorbel ester- and PKC-stimulated
threonine phosphorylation site on IR is Thr'™* [14,15]. (The
numbering system for IR is according to that of Ullrich et al,
[17].) This Thr'** has also been reported to be the predominant
site. of insulin-stimulated threonine phosphorylation on the
receptor in vive [16]. Study of Chinese hamster ovary (CHO) cells
overexpressing both IR and PK.C have shown that phorbol ester-
stimulated PKC can also increase receptor phosphorylation at
Ser'™ /Ser'™ a site that was originally identified as an insulin-
stimulated serine phosphorylation site in vitre by a tightly
associated insulin-stimulated serine kinase [18,19]. However, the
phosphorylation of Ser'*/Ser'*™ represents only a small frac-

tion of the total phorbol ester- or insulin-stimulated serine
phosphorylation on the IR, and the mutagenesis of these residues
had no effect on the receptor’s autophosphorylation ar tyrosine
kinase activity [16]. Thus the major sites of both phorbol ester-
and insulin-stimulated serine phosphorylation of the receptor are
unknown. Moreover, as expression of Ser/Thr kinases and
phosphatases can vary in different cell types, variability in the
sites of serine phosphorylation on the IR may occur in different
cellular backgrounds,

In this report, the phorbol 12-myristate 13-acetate (PMA)-
stimulated phosphorylation of wild-type human IR and a C-
terminal truncated mutant (IR, ) was characterized and com-
pared in two different cell types. Tryptic phosphopeptide analysis
by Tricine/SD5/PAGE was used to examine the PMA- and
insulin-stimulated phosphorylation of IR. This analysis revealed
significant differences in the PMA-stimulated phosphorylation
of the [Rs expressed in normal rat kidney epithelial (NRE) cells
compared with CHO fibroblasts. A major site of PM A-stimulated
phosphorylation on the IR was identified near its C-terminus at
Ser'™'*. This PMA-stimulated phosphorylation of the IR did not
inhibit the insulin-stimulated phosphorylation of the regulatory-
domain tyrosines at positions 1146, 1150 and 1131 in intact cells,
indicating that the phosphorylation of Ser'®'® does not inhibit IR
tyrosine kinase activity.

MATERIALS AND METHODS
Cell culture and transfection

MNREK-52E cells {(American Type Cell Culture) were cultured in
Dulbecco’s modified Eagle's medium (DMEM) containing 5%,
(v/v) newborn-calf serum (NBCS). NREK cells were co-
transfected with human IR cDNA (p5VHIRe) and ncomycin-
resistant (pSVEneo) plasmids at a ratio of 10: 1 by electroporation
[20]. The wild-type human IR cDNA used was exon 11 minus

Abpreviations used. FBS. felal bovine serum; NBCS, newbgrn-calfl serum. WGA, wheal germ agglutining TFA, Influcrascetic acid. DMEM,
Dulbecca's madified Eagle’'s medium; PMA, phorbol 12-myristate 13-acetate; PKC, protein kinasa C: IR, insulin receptar IRy C-terminal truncated
IA mutant; MAK. normal rat kidney epithalial, CHO, Chinese hamster gvary; TPCK, tasylphenylalanylehioromethane.
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[17]. The IR mutant (IR, ), which contained a 43 C-terminal
amino acids truncation. has been described previously [21]. NRK
vells expressing high levels of IR or IR, were isolated by
Muorescence-activated cell sorting and cloned. Cells were main-
tained in DMEM containing 3%, (v/v) NBCS and 0.8 g/1 G418
{neomyein, Gibco-BRL). CHO-K | cells transfected with IR and
IR, were cultured in F-12 medium containing 10, {v/v) fetal
bovine serum (FB3) and 0.8 mg/ml G418 and have been charac-
terized previously [22].

Insulin binding

Insulin binding was performed on confluent monolayers of
transfected NRK cells cultured on 12-well Costar plates. Cells
were bound with 0.1 ng/ml “Sl-insulin in the presence of
increasing concentrations of unlabelled insulin (Eli Lilly Co..
[ndianpelis, IN, U.S.A) in DMEM contaiming 1%, (w/v) BSA
at 4 *C for |8 b, Cells were then washed three times with ice-cold
PBS and solubilized with 0.1 M NaOH. NRK cells expressed a
low level of endogenous rat IRs (< 10000 receptors/cell).
Transfection with plasmids containing wild-type and mutant
human IR cDNA increased insulin binding by 20-fold over the
transfection of cells with only neomycin-resistance plasmid. The
CHO cells transfected with IR and IR, . expressed 1x10*
IRs/cell [22].

fn vitro phosphorylation

CHO/IR and CHO/IR, . cells were lysed in 50 mM Hepes
(pH 7.6), containing 1%, {v/v) Triton X-100, 2 mM phenyl-
methanesulphonyl fluoride and | mg/ml aprotinin {Sigma). The
soluble fraction was applied to a wheat-germ agglutinin (WGA )
Sepharose column (Sigma) and was eluted with 0.3 M N-
acetyl-D-glucosamine. The partially purified IR was autophos-
phorylated in the presence of 17 nM insulin, 5 mM MnCl, and
100 gM [+*P]ATP (New England Nuclear) for 30 min at 22 °C,

In vivo phosphorylation

Confluent monolayers of cells in 1 3-cm-diam. plates were serum
starved for 18 h. Cells were then incubated for 2 h in phosphate-
free Eagle's minimum essential medium containing 0.3 mCi/ml
[**P]Pi (New England Muclear). Cells were then stimulated with
320 nM PMA for 30 min or 100 ng/ml insulin for 10 min.
Labelling was terminated with liquid N,, and cells were thawed
and scraped from the dish with 50 mM Hepes (pH 7.6). con-
taining 1 4 Triton X-100, 100 mM NaF, 2 mM sodium vanadate,
10 mM sodium pyrophosphate, | mg/mlaprotinin, 4 mM EDTA
and 2 mM phenylmethanesulphonyl Auoride (Sigma). The cell
lysate was centrifuged at 100000 g for 30 min, and the soluble
fraction was bound to WGA-Sepharose and eluted with 0.3 M
N-aceryl-p-glucosamine. The WG A-purified fraction was treated
with 5 g of monoclonal anti-thuman IR) antibody 83-14
iprovided by Professor K. Siddle, University of Cambridgs,
Cambridge, U.K.) at 4 °C for 18 h and immunoprecipitated with
pansorbin (Calbiochem) as described [23]. Samples were eluted
with Laemmli sample buffer [24] and separated on SDS/7.59,
PAGE. Protein was transferred to nitrocellulose (Schleicher and
Schuell) and visualized by autoradiography,

Phosphoamino acid analysis

fu sity “*P-labelled IR was prepured and transferred to nitro-
cellulose as deseribed above. Nitrocellulose containing the -
subunit was excised and treated with 0,59, {w/v) polyvinyl-

pyrrolidone (PYP-40) in 100 mM acetic acid for | h at 37 %
The paper was then washed extensively with water and digeste
for 24 hwith 100 pg of tosylphenylalanylchloromethane (TPCK

treated trypsin (Worthington) in 100 mM NH,HCO,, pH &

containing 5", (v/v) acetonitrile. An additional 10 pg of TPCR
treated trypsin was added and the digestion was continued for a
additional 24 h. This technique consistently eluted 90-957,
phosphopeptides. The digests were then evaporated in a Spec
Vac, partially hydrolysed in 100 gl of 6 M HClat 110°C for 2 ¢
diluted with | ml of water and dried. Phosphoamino acid analys
was performed by electrophoresis on Avicel tlc. plate
{Analtech), as described previously [25.26].

Tryptic phosphopeplide analysis by Tricine/SDS/PAGE

IR separated by SDS/PAGE was transferred 1o nitrocellulos
and the "™P-labelled F-subunit was visualized by auwtoradic
graphy. The g-subunit was excised and digested with TPCk
treated trypsin in 100 mM NaHCO,, pH 8.2, as described abov:
The trypsinization was terminated by the addition of doubl:
strength Tricine sample buffer [27] and boiled for 3 min. Th
phosphopeptides were separated by Tricine/SDS/PAGE,
described by Schagger and von Jagow [27], using a 32-cm-lon.
acrylamide gel consisting of 3%, (w/v) acrylamide stacking
10%; separating and 16.5 %, resolving gels. The gels were seale
with plastic wrap and either exposed to film at —80°C ar to

phosphorimager screen at — 20 °C. Autoradiographs were scan
ned and quantified on a Molecular Dynamics densitometer ¢
phosphorimager. The molecular masses of the phosphopeptide
were estimated using Rainbow low-molecular-mass marker
(Amersham).

Manual Edman degradation

Tryptic phosphopeptides P2, P3, and 17 were eluted {rom the g¢
and dialysed in Spectrapor 1000 tubing against water, Sample
were dried in a Speed Vac, dissolved in 50 %, acetonitrile in H,C
(v/v}. and covalently coupled to Sequelon-AA discs (Millipors
with l-ethyl-3-(3-dimethylaminopropylDcarbodi-imide. Disc
were washed extensively with water/trifluoroacetic acid (TFA}
methanol at 22 °C, and TFA at 50 °C. Edman degradation wa
performed as described by Sullivan and Wong [28]. Briefly, disc
were incubated in coupling reagent (methanol/water/triethyl
amine/phenylisothiocyanate; 7:1:1:1, by vol) at 55°C fo
10 min, washed with methanol, and the phenylthichydantoir
derivatives were eluted with TFA at 55 °C for 6 min. The disc
were washed once with TFA/42.5%, phosphoric acid (Sigma
{9:1, v/v) and six times with methanol. The radicactivity releasc:
from the discs was monitored by Cerenkov radiation. Th:
fractions were then concentrated in a Speed Vac, spotted on gel
dryer filter paper (Bio-Rad), and exposed to film at —8&0 °C.

RESULTS

Comparison of PMA- and insulin-stimulated phosphorylation of IR
and IR, in NRK and CHO cells

Wild-type human IR and a C-terminal-truncated mutant, IR, .
were overgxpressed in NREK cells. Scatchard analysis reveale
that the NRK transfectants expressed 2 x 10* [Rs/cell {resul:
not shown). Screening of multiple clones of NRK/IR am
NRE/IR,,, indicated that this was the maximal level of ex
pression which could be obtained in thig cell type. [nsulin- and
PMA-stimulated phosphorylation of the IR and IR, , expresse.
in NRK cells was characterized and compared with the
phosphorylation of these receptors in CHO cells (CHO/IR an:
CHO/IR ). These transfected cells were labelled with [*P|P
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Figure 1 PMA- and Insulin-stimulated phosphorylation of IR and IR,
expressed in NRK and CHO cells

Confluenl manalayers of cells were seum slarved for 18 h, labelled with 0.3 mCiml [BP]P,
in phospinate-free medivm for 3 b (C), and stimulated wilh 320 nM PMA far 30 min (F], of
17 aM ingulin for 10 min (1}, Labelling was terminated wilh liguid Ny, and immuncgrecipitated
|As were separaled oy S05/7.5% PAGE and Iransferred to nitrecefbulose as described in the
Malerials and methods seclion, The P.abefled f-subunil al the IR was visualized by
autoradicgraphy
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Figure 2 Phosphoamino acid analysis of PMA-stimulated IR

NAK/IA and CHO/IR cells were lanalled wilh [*P]P, and Ihe conlrol and PMA-stimulated 1Rs
were isolated as described in Figure 1. ©P-labelled IR Ssubunit was trypsinized for 48 b,
gh'dfl:*}'m in & M HCI, and phosphoaming acics were separated by thin-layer eleciropharesis,

P-Imllet phosphoaming acids were wvisualized by autaradiography, and identitied by
comparisan with ninhydrin-stained phosphoaming acid standards.

for 2 h and stimulated with 17 nM insulin or 160 nM PMA. The
_IR was isolated by WGA-Sepharose chromatography,
immunoprecipitation, and SDS/PAGE. Incorporation of P into
IR and IR, was quantified by Cerenkov radiation. Insulin-
stimulated *P incorporation into 95 and 90 kDa g-subunits from
IR and IR, . was 4524 170%, (+S5.D., n = 7) and 465+ 161 %,
i# = 4) af the unstimulated control in NREK cells and 766 + 60
(n=4) and 815, (n = 1) of control in CHO cells respectively
(Figure 1).

Immunoblot analysis of cPKC isoforms expression in these
cells was performed as described previously [29). This analysis
demonstrated that both NRK and CHO cells express PKCa and
#, isoforms, and both isoforms responded to PMA stimulation
by translocation from the cytosolic to membranous cellular
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Figure 3 Tricine/SDS/PAGE phosphopeptide map of IR autophosphorylated
in vitro

Partially purified IR was incubated with 17 nh insufin, 2 mM MnCl, and 100 uM [}-EP]ATP
for 30 min at 22 2C. Labelled IR was immunoprechpitated with antibody B3-14, separated an
S05/7.5% PAGE, translerred ta nitrocellukase, and trypsinized as described in the Materials and
metheds sechion, Duplicate iryplic phosphopeptide digests wera separated by Tricine/S05/PAGE
an wisualized by autoradsography. Phosphopeplides |1=19 have been charactesized previously
[3n).

fractions (results not shown). The PMA-stimulated phosphoryl-
ation of IR and IR, . was compared in these two cell types.
Although the fold increase in insulin-stimulated phosphorylation
of the IR in CHO cells was greater than in NRK cells, the PMA-
stimulated phosphorylation of the IR was similar at 2524439,
(+5.D., n=8) and 259+47% (n= 25 of the unstimulated
control in WEK and CHO cells respectively (Figure 1). The
IR, .. mutant was used to determine the role of the C-terminus
of the IR in this PMA-stimulated phosphorylation. The basal
phosphorylation state of IR and IR, ., unstimulated controls
was similar in both NRK and CHO cells. This indicated that the
C-terminus does contribute significantly to basal phosphoryl-
ation. In NRK cells, PMA did not significantly increase the
phosphorylation of IR, (112+21%;, of control, n = 6; Figure
1}. In CHO cells, the PMA stimulation of IR, . (1684172,
n = 3) was decreased compared with [R, but it was significantly
higher than the unstimulated control (P < 0.05). This reduction
or climination of PMA-stimulated pheosphorylation in IR, .
compared the wild-type IR, suggested that most, or all, of the
major PMA-stimulated phosphorylation sites are located within
the 43 C-terminal amino acids.

Phosphoamine acid analysis

The phosphoamine acid analysis of the IR in NRK and CHO
cells revealed that PMA-stimulated phosphorylation occurred
primarily on serine, although a small amount of phospho-
threonine was detected (Figure 23, These results agree with
previous reports which show that most of the PMA-stimulated
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Figure 4 Time course of PMA-stimulated IR phosphorylation on tryptic
peptides separated by Tricine/SDS/PAGE

NRK/IR cellz, abefled wilh [*P]P, were slimuizled with 320 nM PMA for the fimes indicater.
Labedled |8 was ialated and irypsinized as described in Figure 3. Tryplic phosphopeptides were
separated by Tricine/SOS/PAGE amd wisualized by auloradiography, Molecular masses were
estimaled with Amersham pra-sfained markers and the location of Bromophenol Blue (BPB) is
Indicated.

phosphorylation occurs on phosphoserine [4,5,7]. As the PMA-
stimulated phosphorylation of IR, . was reduced or eliminated
compared with IR in both cell types (Figure 1), these results
indicate that one or more C-terminal serine residue(s) are the
major site(s) of PMA-stimulated phosphorylation.

Phosphopeptide analysis of IR by Tricine/SDS/PAGE

The effect of the C-terminal truncation in IR,., on PMA-
stimulated phosphorylation was analysed by tryptic phospho-
peptide analysis. PMA- and insulin-stimulated phosphorylation
of IR and IR, . expressed in NRK and CHO cells were compared
by phosphopeptide mapping using Tricine/S5DS/PAGE [27].
The application of Tricine/SDS/PAGE to tryptic phospho-
peptide analysis has allowed the simultaneous analysis of multiple
samples, and the side-by-side separation has facilitated the
comparison of specific phosphopeptides among separate samples,
A description of the tryptic phosphopeptides map from IR
autophosphorylated in wvitro is shown in Figure 3. This map
demonstrates that the juxtamembrane, C-terminal, and multiple
phosphorylated forms of the regulatory phosphopeptides are
resolved with this technique. Densitometric scanning of these
peptides allows for quantification of the relative **P-labelling of
these peptides. A detailed analysis of the Tricine/SDS/PAGE
phosphopeptide map of wild-type and mutant IRs autophos-
phorylated in vitre and in vire has been described previously
[30].

Using Tricine/SDS/PAGE the PMA-stimulated tryptic
phosphopeptides. from [R expressed in M ERK cells, can be resolved
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Figure 5 Tricine/3D8/PAGE Iryptic phosphopeptide analysis of IR an
IR e from PMA- and insulin-stimulated NRK and CHO cells

MAK or CHO cells expressieg 1A or 1A, were labelled with [2P]P, and stimulaled wi
320 nM PMA Tor 30 min, or 17 nb insutin for 10 min. The contral i the basal phospharylatic
of the IR from unstimulated cells. IRs were izalaled and trypsinized. (a) Tryptic phosohopentic:
were separated by Tricine/SDS/PAGE and wisualized by awtoradiopraphy. (b) These aui
rafiographs were then scanned by laser densitamelry and peaks P2 and P3 were infegrate
The ratio of P2/P3 was 1.25+0.36 and 0.48 4+ 0.2 {mean 4 5.0 7 = 5) from NRE/S 2
CHOVIR cells raspectively

inte two major bands, P2 and P3, with apparent molecula
masses of 4 and 3 kDa respectively, and three minor bands
Pl, P4 and P5 (Figure 4). The time course of PMA stimulatio:
revealed that phosphorylation of P2 and P3 increased to :
maximum of approx. 5-fold after 15 min, and remained elevate
for at least | h. The kinetics of phosphorylation of P2 and P
were similar (Figure 4). The minor bands ar P4 and P53 increase:
approx. 2-fold. PMA had little or no effect on the phosphoryl
ation of PI, which migrated at 5kDa. The resolution o
these five PMA-stimulated phosphopeptides by this method wa
comparable with the three to five phosphopeptides resolved b
two-dimensional mapping and the four peaks obtained by h.p.l.c
[14,15.19).

Phosphopeptide mapping was used to compare the insulin
and PMA-stimulated phosphorylation pattern of IR and IR,
in NRK and CHO cells in vive (Figure 5). While IR from baot!
NERK and CHO cells contains the major PMA-stimulated band
at P2 and P3, the relative intensities of these bands are differen
(Figure 3a). These differences were quantified by the integratiol
of peaks P2 and P3 from the densitometricscans (Figure 5b). The
ratio of peak areas for P2/P3 from NRES/IR was 1.25+0.36(n =
5) compared with 0.48 +0.26 (n = 5) for CHO/IR (P < 0.01}
Furthermore, the phosphorylation of the minor bands at P4 an.
P35 was detected in NREK cells but not in CHO cells. Thus whil:
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the fold increase of PMA-stimulated phosphate incorporation in
[R was similar in these two cellular backgrounds (Figure 1), the
relative phosphorylation of specific tryptic peptides was sig-
nificantly different.

Tryptic phosphopeptide analysis of insulin-stimulated [R and
IR, was performed to examine the trypsinization of the 1Rs
from NRK and CHO cells, In contrast with the differences in
PMA-stuimulated phosphorvlation, the phosphopeptide pattern
from insulin-stimulated in vive autophosphorylation of [R. and
IR, in these two cell types were identical (Figures 5a and 5b).
These tryptic phosphopeptide maps have been characterized
previously [30]. The similarities in these phosphopeptide maps
from NRK and CHO cells, following the 48 h trypsinization,
show that IRs from these two cell types were equally digested.
These results indicate that the differences in the trvptic phospho-
peptide maps from PMA-stimulated IRs (Figures 5a and 5b,
peptides P2 and P3) were due to differences in the distribution of
#2p_labelled phosphate, rather than differences in trypsinization.

The major PMA-stimulated phosphopeptides (P2 and P3)
were absent in IR, from both NEK and CHO cells, The small
amount of PMA-stimulated phosphorylation which was observed
in IR,.; in CHO cells appeared in phosphopeptide bands not
abserved in IR (Figure 5a). Thus the C-terminal truncation in
IR, ., appears to create additional PMA phosphorylation sites
which are not observed in the IR, These results suggested that
either the major phosphorylation sites on IR are in the C-
terminus, or that the C-terminus is required for the PMA-
stimulated phosphorylation elsewhere on the receptor. Pre-
viously, we have shown that the juxtamembrane region in the
cytosolic domain of the IR is a major site of insulin-stimulated
phosphorylation [30). The role of this region in the PMA-
stimulated phosphorylation of the receptor was examined using
the mutant IR, .. which contains a deletion from Ala*? to
Asp*™ [31]. This deletion removes four serine residues at 955,
956,962, and 964 [17]. The insulin-stimulated serine phosphoryl-
ation of peptides 11 and I2 (Figure 5a) is defective in this mutant
[30]. CHO cells expressing IR, were labelled with **P-labelled
P, and stimulated with PMA; tryptic phosphopeptides were
analysed by Tricine/SDS/PAGE, as described in Figure 5. The
resulting tryptic phosphopeptide map from this receptor con-
tained both P2 and P3, in a ratio similar to that of [R from CHO
cells {results not shown). These results demonstrated that P2 and
P3 (Figure 5) were not from the juxtamembrane region, and thus
were not the same as the major insulin-stimulated phosphoryl-
ation previously observed in this region [30]. The PMA-
stimulated phosphopeptides were further characterized below by
radiosequencing and immunoprecipitation.

Characterization of tryptic phosphopeplides

The PMA- and insulin-stimulated phosphopeptides from in vive-
labelled [R were radiosequenced by manual Edman degradartion
[28]. The peptides P2, P3, and 17 (Figures 5a and 5b) were eluted
from the acrylamide gel, dialysed, and sequenced as described
previously [30]. The insulin-stimulated peptide 17 from in vitro-
labelled IR has been shown to correspond to the bis-
phosphorylated form of the regulatory domain containing
Tyr'' %, Tye!t80 and Tyr!'®! [30]. The radiosequence of 17 from in
vico-labelled IR revealed that **P-labelled residues were eluted
predeminantly from cycles 3 and 7 (Figure 6¢). This corresponds
to the bis-phosphorylation of Tyr''** and Tyr''* in the regulatory
domain. For the PMA-stimulated phosphopeptides, radio-
labelled amino acids eluted predominantly during cycles | and 3
from P3 and P2 respectively (Figures 6a and 6b). The minor
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Figure 6 Radioseguencing of tryplic phosphopeptides P2, F3 and I7

Phosphopeptides fram PAA- (P2 and P3) and insulin- (I7) stimulated CHO/IR were labelled and
separaled as described in Figure 5. These peplides wera elubed from the Tricine/SOS/PAGE
e, dialysed in Spectapar 1000, covalently coupded to Saquenon A& discs, and manual Edman
degradation was performed. The release of radiolabedled amino acids was monilored By counting
Cererikov radiation. The radiosequences of F2, P3, and IT are shown in (a). (b) and (g)
respectivaly, These eluled fractions were concentrated, spotted on gel-dryer filter paper and
visualizes by auloradiography 31 — 80 °C. Theze auloradiographs ane shawn direcily above the
bar graph of Cerenkov radiaticn (c.o.m.).

labelling of these peptides on cycles 3 and | from P3 and P2 is
probably due to their incomplete separation by Tricine/SDS/
PAGE (Figures 5a and 5b). The phosphopeptide P3 appeared to
be the major site of phosphorylation on the IR from both CHO
and NREK cells. Analysis of the amino acid sequence of the IR
revealed that there are two serines at positions 1315 and 1340
which follow a basic amino acid. Tryptic cleavage of the IR
would be predicted to generate peptides in which these serines are
located at the N-terminus and therefore the residue released by
the first cycle of Edman degradation. The identity of the
phosphorylated serine was established by immunoprecipitation
with a polyclonal antibody (R21-PB8) against residues Ser'*'® to
Lys'™* (provided by Dr. R. Smith, Joslin Diabetes Center). This
antibody immunoprecipitated IR autophosphorylated in vitro
and did not precipitate IR, . (Figure 7a). Twelve 15-cm-diam.
plates of CHO/IR were labelled with 1.5 mCi/plate [**P]Pi and
were stimulated for 20 min with 160 nM PMA. The *P-labelled
IR was isolated as described in the Materials and methods
section, digested for 48 h at 37 °C with TPCK-treated trypsin in
the presence of NH,CO,, and dried in a Speed Vac. Tryptic
phosphopeptides were dissolved in 200 ul of 50 mM Hepes
(pH 7.4) containing 150 mM NaF, 0.1%, Triton X-100, 2 mM
sodium vanadate, | mM phenylmethanesulphonyl fuoride,
0.1 mg/ml aprotinin and 10 mg/ml trypsin inhibitor (Sigma).
This mixture was divided into three tubes, treated with normal
rat serum or R21-PBE in the absence or presence of the unlabelled
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{11 Immunoprecipitate

A21-PES R21-FBH
Tatal IA digest - excess peptide + excess peptide

Figure 7 Immunoprecipitation of IR tryplic phosphopeptides from PMA-
stimulated CHO/IR cells

(a) Partially purified IR 2na 1A, trom CHO cells were autophosphorylated as described in
Figure 3. The *P-Iabellec receptors wers bound fo WIGA-Sepharnse, and luted with N-acetyl-
p-glucosaming 10 remove excess mconporated [y-PJATF. Labeled IRs were ireated with
monocional anli-IR  antibody (83-14), polyclanal anti-phosphotyrasine antibody (P-Tyr),
polychonal antibody against IR sequence Ser™*-Lys"*® (R21-PBA), o normal rabbit serum
(NRS), and Emmuroprecipitated with pansorbin. The immupoprecipitates were separated by
S05/PAGE, and visualized wilh 3 Molecular Dynamics phosphorimager, (b} &1 wvo P-labelled
IR fram PMA-slimutated CHO/IR celis was isoialed and digested with trypsin, as described in
Figure 5. Aliguots of this teyplic phasphopeplide diges! were immunaprecipitaled with antibody
R21-PBA in the abssnce or presence of excess untabelbed peplide containing Ihis sequence
Thess immuncgrecipifates, and 3 sample condaineng (he todal IR tryphic digest, were separated
by Tricine/SDS/PAGE ang visualized using a Molecular Dynamics phosphosimager. R21-PBB
mmunaprecipitated 3 single bond with mobility corresponding to P3, and the spiif of this image
was due to a crack in the gel

peptide Asp'™ o Lys'™?* (30 uM) (provided by Dr. W. Heath,
Eli Lilly Co.. [ndianapolis, IN, U.5.A.) at 4°C for 18 h, and
precipitated with pansorbin. The immunoprecipitate was eluted
with tricine sample buffer and the Cerenkov radiation was
measured. The radioactivity associated with these immuno-
precipitates were 135, 36 and 26 c.p.m. for R21-PBS8 alone, R21-
PBE with excess unlabelled peptide, and normal rabbit serum
respectively. Trcine/SDS/PAGE analysis revealed that R21-
PBS immunoprecipituted a phosphopeptide with an identical
maobility to P and this peptide was not precipitated in the

presence of unlabelled peptide which included Ser'™'* (Figure
Tb). This peptide (P3) was also not precipitated with normal
rabbit serum. These results demonstrate that the immuno-
precipitation of P3 with R21-PBS is specific. The other major
phosphopeptide { P2) was not precipitated with R21-PBS. Ser'?®
is the only potential phosphorylation site on the [R which would
be consistent with these radiosequence, immunoprecipitation
and phosphopeptide-mapping results.

Effect of PMA on the autophosphorylation of IR in vivo

The effect of PMA on IR autophosphorylation i rive was
examined in both CHO and NRK cells. Cells were labelled with
[**P)P, and stimulated with 160 nM PMA [or 15 min. followed by
an additional 10 min of stimulation with 17 nM insulin. The IR
was isolated. trypsinized and phosphopeptides were analysed by
Tricine/SDS/PAGE. IR phosphorylation in the presence of
both PMA and insulin displayed a phosphopeptide map which
was quantitatively the sum of their effects when added in-
dependently (results not shown). The additvity of PMA and
insulin on IR phosphorylation suggests that there is little or no
overlap in the labelling of the major phosphorylation sites. PMA
did not alter the IR autophosphorylation of 16-18, which have
been previously shown to contain bis- and tris-phosphorylation
of the regulatory-domain tyrosines Tyr' %, Tyr''®®, and Tyr''t
(results not shown). These results indicate that PMA-stimulated
phosphorylation of the IR at Ser'™® does not inhibit the IR's
tyrosine kinase activity in vivo.

DISCUSSION

The phorbol ester stimulation of cultured cells has been used
extensively to examine the potential role of PK.C in the regulation
of IR phosphorylation and biological activity, While these studies
have consistently reported that phorbol esters increase IR g-
subunit serine phosphorylation [2,7,14-16), the major sites of this
phosphorylation have remained unidentified. In addition, con-
flicting reports on the effect of phorbol esters on [R auto-
phosphorylation, kinase activity and insulin-binding functions in
different cell types and laboratories have made it difficult to
generalize on the role of PK.C in the regulation of the IR [2,7-13].
If the effects of phorbol ester on the biological activity of the IR
is linked to its stimulation of IR phosphorylation, then differences
in phosphorylation may contribute to these conflicting results.
Although differences in the expression of PKC isoforms, PKC-
regulated Ser/Thr protein kinase and Ser/Thr protein
phosphatase could result in differences in IR phosphorylation.
the significance of the cellular background on the phorbol ester-
stimulated phosphorylation is unknown.

In this report, we characterized and compared the PMA-
stimulated phosphorylation of the wild-type human IR and a
mutant [R, . expressed in two cell types of different lineage, ie.
anepithelial cell (NRK ) and a fibroblast (CHO). This comparison
revealed two significant differences in PMA-stimulated IR
phosphorylation. First, PMA-stimulated a significant increase in
IR, ., #-subunit phosphorylation in CHO cells, but not in NRE
cells. Secondly, the distribution of PM A-stimulated phosphate i
the g-subunit of the IR was significantly different in these tw
cell types. In contrast, the tryptic phosphopeptide analysis o
insulin-stimulated receptors did not reveal significant difference:
in receptor autophosphorylation between these cells, indicating
that these differences in the PMA-stimulated phosphorylation
were not due to differences in the tryptic digestion of the
receptors from these two cell types. These results demonstrated
that the phorbol ester-stimulated phosphorylation of the [R car
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vary significantly in different cell types. The reasons for these
differences in 1R phosphorylation are not known. Chin et al. [19]
have shown thut overexpression of PKCx, #1, and y isoforms
can inerease [R phosphorylation in CHO T eells. Thus the PMA-
stimulated phosphorylation of the IR may be a combined effect of
multiple PKC isoforms, However, this study also demonstrated
that the overexpression of PKCe did not enhance the phorbal
ester-stimulated phosphorylation of the 1R [19], indicating that
not all PKC isoforms can contribute to [R phosphorylation,
These result are consistent with the differences in substrate
specificity of PKC isoforms in ritro [32.33]. Of the PE.C isoforms
which have been demonstrated to increase [R phosphorylation,
we only detected the expression of PKCx in NRK and CHO
cells. Although expression of PKC#2 was also detected. it is not
known whether this isoform, or any of the other PKC isoforms
which have not been examined. can contribute to phorbol ester-
stimulated phosphorylation of the IR, Moreover, it is not known
whether PE.C-stimulated Ser/Thr kinases, such as the MAP
kinases [34]. contribute to the phorbol ester-stimulated
phosphorylation of the IR. Thus further studies are necessary to
assess the contribution of PKC isoforms and PKC-activated
Ser/Thr kinases to the phorbol ester-stimulated phosphorylation
of the IR in different cell types.

Phosphoamino acid analysis of IR from "P-labelled cells
demonstrated that most of the PMA-stimulated phosphorylation
occurs on serine. The small amount of phosphothreonine detected
is consistent with previous studies, which have reported that
The'** is a minor phosphorylation site in vive [16]. The com-
parison of IR and IR, expressed in NRK and CHO cells
indicated that the C-terminus of the receptor was necessary for
normal PMA-stimulated serine phosphorylation, In NRE cells,
no PMA-stimulated phosphorylation was observed in IR, ;. The
phosphorylation of IR, . which was detected in CHO cells
occurred on different phosphopeptides than that from IR,
suggesting that the absence of 43 C-terminal amino acids in
IR, ., increased the phosphorylation of site(s) which wers not
labelled in IR. These results on the PMA-stimulated phos-
phorylation of IR, .. in NRK and CHO cells are different from
a report on this receptor in Rat-1 fibroblasts, which found that
PMA treatment decreased the basal phosphorylation states of
the receptor [35].

Tryptic phosphopeptide analysis of IR with IR, from PMA-
stimulated ¢ells revealed that the major phosphopeptides in IR
(P2 and P3, Figure 5) were absent in the C-terminal mutant.
These results suggested that either the 42 aminoe acids, which are
absent in IR, .., contain the major phorbel ester phosphorylation
site(s) or that this truncation altered phosphorylation in another
location on the receptor. This latter possibility is an important
concern since even site-directed mutagenesis of the IR has been
shown to alter serine/threonine phosphorylation at another site
[30.36]. Thus while mutagenesis of the LR must be consistent with
the identification of a phospharvlation site, further direct evi-
dence is necessary to identify a novel phosphorylation site.
Analysis of the amino acid sequence of the g-subunit revealed at
least 10 serine residues located in a PKC substrate consensus
sequence [17,37,38]. Since two of these sites are located within
the 43-amino-acid region at the C-terminus, at Ser'* and
Sert™0 we examined the potential role of these sites in PMA-
stimulated phosphorylation.

The major IR tryptic phosphopeptides from PMA-stimulated
CHO cells (P2 and P3) were isolated, and radiosequencing
revealed that the first and third residue was phosphorylated
respectively. Immunoprecipitation of the “*P-labelled tryptic
phosphopeptides with a polvelonal antibody against residues
Sert* o Lys'*® immunoprecipitated P As Sec'™? s the first

and only serine residue on this tryptic phosphopeptide, these
results demonstrated that Ser'™?* is a major PMA-stimulated
phosphorylation site. The small amount of phosphoamino acid
released on the third and first cyele of Edman degradation of P2
and P3 may be due to incomplete separation of these peptides by
Tricine/SDS,/PAGE. Analysis of sequence adjacent 1o Ser's
revealed that this site was adjacent to an arginine [17], which s
a characteristic of a PKC-recognition sequence [38]. This serine
15 not in the vicinity of a preline, which is a characteristic of a
MAP kinase substrate consensus sequence [34]. While these
sequence characteristics are consistent  with  the direct
phosphorylation of Ser’* by PKC, and PKC has been shown to
directly phosphorylate the IR in ritro [4.14], further studies are
necessary to determine the mechanism of PMA-stimulated
phosphorylation of Ser'*'%,

The effect of PMA on the autophosphorylation i vive of the
IR was examined in both NRK and CHO cells. Tryptic
phosphopeptide mapping of the IR by Tricine/SDS/PAGE
resolves the tyrosine phosphorylation domains in the juxta-
membrane, regulatory and C-terminal regions [30]. Radio-
sequencing of the regulatory-domain phesphorylation from IR
labelled in vive revealed that Tyr'™*® and Tyr''* are the major
sites for the bis-phosphorylation of this region. Pre-treatment of
cells with PMA for 15 min would be expected to increase
maximally the PMA-stimulated phosphorylation sites, including
Ser'4 in peptide P3 (Figure 4). This pretreatment did not inhibit
the autophosphorylation of the IR in the regulatory region
{16-18) or juxtamembrane region (Il and 12). As the extent of
regulatory-domain tyrosine phosphorylation has been shown to
regulate the receptor's tyrosine kinase activity [39]. these results
suggest that PMA does not inhibit the IR tyrosine kinase activity
in NRK or CHO cells. These results agree with previous reports
which have shown that PMA-stimulated phosphorylation of IR
in CHO cells in vive does not inhibit the tyrosine kinase activity
of the receptor in vitro [13,19].

Radiosequencing of I7 revealed that the bis-phosphorylated
form of the regulatory domain is primarily labelled on Tyr'Y* and
Tyr''™ Dickens and Tavare [40] have reported that aute-
phosphorylation of these tyrosines precedes that of Tyr!'' jn
partially purified receptor preparations. Thus the bis-
phesphorylation of the regulatory domain in rive is also ordered.
This could be due to either a block in the phosphorylation of
Tyr''™ or the specific dephosphorylation of the tyrosine, The
effect of PMA pretreatment on the phosphorylation in rire of the
C-terminal tyrosines could not be established because Sert®1a
resides on the same tryptic peptides as Tyr'™® and Tyr'¥#,

In summary, we have shown that the phorbol ester-stimulated
phosphorylation of the [R can significantly vary in different cell
tvpes. A major site of this phosphorylation is located in the C-
terminus of the receptor at Ser'™® This C-terminal serine
phosphorylation did not  inhibit  insulin-stumulated IR
phosphorylation in intact cells. Further studies are necessary to
establish the role of the Ser'™* phosphorylation on the biological
activity of the TR.
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