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Phosphatidylinositol 3-kinase (PI 3-kinase) activation is
known to be essential for a number of cellular functions, in-
cluding membrane trafficking [1], cytoskeletal rearrangement
[2,3], migration [4], mitogenesis [5], differentiation [6], and
protection from apoptosis [7]. Several different classes of PI
3-kinase have been identified based on their structure, lipid
substrate preference, and probable mode of activation [8]. The
best-characterized class of PI 3-kinase is the p85/p110 family,
which consists of an 85 kDa regulatory subunit and a 110 kDa
catalytic subunit. The class I

A
 catalytic subunits, which exist

in three isoforms (α, β, and δ) [9-11], phosphorylate the D-3
position of the inositol ring of phosphoinositides to produce
four phosphorylated inositol lipids, PI-3-P, PI-3,4-P

2
, PI-3,5-

P
2
, and PI 3,4,5-P

3
 [11]. The p85 regulatory subunit contains

one SH3 and two SH2 domains [12,13] that can function as
adapters to link PI 3-kinase to tyrosine phosphorylated pro-
teins. The other classes of PI 3-kinase, which do not interact
with p85, include PI 3-kinases regulated by G-proteins [14],
PI 3-kinases containing a C2-domain [15,16], and PI 3-kinase
analogues of yeast vps34p [17].

The p85/p110 family of PI 3-kinase has been shown to be
a common element of many signaling pathways involving ty-

rosine kinases (see reviews [11] and [18]). A variety of stimuli
can trigger distinct and specific biological responses in differ-
ent cell types. We have previously reported that bovine photo-
receptor rod outer segments (ROS) contain a p85/p110 en-
zyme complex [19]. The question of how PI 3-kinase activity
is regulated in photoreceptors remains to be addressed. In this
report, we investigated the possible involvement of tyrosine
phosphorylation in PI 3-kinase activation in bovine ROS.

METHODS
Materials:  Polyclonal antisera to the p85 regulatory subunit
(Cat. No. 06-195) and the p110α catalytic subunit (Cat. No.
06-567) of PI 3-kinase were from Upstate Biotechnology, Inc
(Lake Placid, NY). Polyclonal anti-p110α (H 201) and anti-
p110β (H-239) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal anti-PY20 was from Transduction
Laboratories (Lexington, KY). [γ-32P]ATP and [3H] inositol-
1,3,4,5-P

4
 were from New England Nuclear (Boston, MA).

Deacylated [3H]PI-4,5-P
2
 (gPI-4,5-P

2
) was from American

Radiolabeled Chemicals (St. Louis, MO). Electrophoresis re-
agents, nitrocellulose sheets, and alkaline phosphatase-conju-
gated goat anti-rabbit IgG were from Bio-Rad (Hercules, CA).
HRP-conjugated donkey anti-rabbit IgG and sheep anti-mouse
IgG, enhanced chemiluminescence (ECL) reagents, and
Hyperfilm ECL were from Amersham Life Science (Arling-
ton, IL). BCA reagents were from Pierce (Rockford, IL). PI-
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4,5-P
2
, protein A-Sepharose, silica gel thin-layer chromato-

graphic (TLC) plates, and other chemicals were from Sigma
(St. Louis, MO).

Preparation of ROS:  Fresh bovine eyes were obtained at
a local abattoir and dissected on ice. ROS were prepared on a
continuous sucrose gradient (25%-50%) as previously de-
scribed [20]. For fractionation of ROS, the ROS pellet was
resuspended in 65% sucrose solution, loaded onto a second
25-50% continuous sucrose gradient, and centrifuged at 80,000
x g for 2 h at 4 °C. One ml fractions were withdrawn and
collected from the bottom of the centrifuge tube by using a 16
G needle. Protein determination was performed with BCA re-
agents following the manufacturer’s instructions.

Tyrosine phosphorylation of ROS:  Tyrosine-phosphory-
lated ROS (PY-ROS) were prepared by incubating ROS with
50 mM Tris-HCl (pH 7.4), 1.5 mM ATP, 1 mM EGTA, 2 mM
MgCl

2
, and 0.2 mM Na

3
VO

4
 for 15 min at 37 °C [21]. Non-

phosphorylated ROS (N-ROS) were prepared by incubating
ROS with 50 mM Tris-HCl (pH 7.4), 1 mM EGTA, and 2 mM
MgCl

2
.

Immunoprecipitation:  PY-ROS and N-ROS were solubi-
lized in 500 µl of lysis buffer [1% Triton X-100, 137 mM
NaCl, 20 mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM EGTA,
1 mM MgCl

2
, 1 mM PMSF, 0.2 mM Na

3
VO

4
, 10 µg/ml

leupeptin, and 1 µg/ml aprotinin] and clarified by centrifuga-
tion at 20,000 x g for 20 min at 4 °C. The solubilized ROS
were incubated with either anti-p85 (1:300), anti-p110α (10
µg/ml), anti-p110β (10 µg/ml), or anti-PY20 (10 µg/ml) anti-
bodies for 4 h at 4 °C. Forty µl of protein A-Sepharose was

subsequently added and the incubation continued for an addi-
tional 2 h at 4 °C. As a control, solubilized ROS were simi-
larly treated using either normal rabbit serum or goat anti-
mouse IgG. The immunoprecipitates (IPs) were washed twice
with Buffer 1 [15.7 mM NaH

2
PO

4
 (pH 7.4), 1.47 mM KH

2
PO

4
,

137 mM NaCl, 2.68 mM KCl, 0.2 mM Na
3
VO

4
, and 1% Tri-

ton X-100], twice with Buffer 2 [0.1 M Tris-HCl (pH 7.5), 0.5
M LiCl, and 0.2 mM Na

3
VO

4
], and twice with Buffer 3 [10

mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 0.2
mM Na

3
VO

4
]. The final IPs were resuspended in 30 µl of

Buffer 3 for enzyme assays or 30 µl of SDS-PAGE sample
buffer for SDS-PAGE and western blot analysis.

SDS-PAGE and western blot analysis:  Samples were re-
solved by 8% or 10% SDS-PAGE and stained with Coomassie
blue or transferred onto nitrocellulose membranes. Nitrocel-
lulose sheets were blocked with 5% bovine serum albumin
(BSA) overnight at 4 °C and incubated with either anti-p85
antibody (0.25 µg/ml), anti-p110α (H-201, 1 µg/ml), anti-
p110β (1 µg/ml), or anti-PY20 (5 µg/ml) antibodies for 3 h at
room temperature. Following primary antibody incubations,
immunoblots were incubated either with alkaline phosphatase-
conjugated anti-rabbit IgG and developed using alkaline phos-
phatase substrates or with HRP-linked secondary antibodies
and developed by ECL. For quantitation, western blot mem-
branes were scanned using DeskScan II (Hewlett Packard, Palo
Alto, CA) and optical density of the major band (p85) was
quantitated by ONE-Dscan (Scanalytics, Bellerica, MA).

PI 3-kinase assay:  Enzyme assays were carried out as
described by Kaplan et al. [22], with minor modifications.
Briefly, assays were performed directly on anti-p85, anti-
p110α, anti-p110β, or anti-PY IPs in 50 µl of the reaction
mixture containing 0.2 mg/ml PI-4,5-P

2
, 50 µM ATP, 0.2 µCi

[γ-32P]ATP, 5 mM MgCl
2
, and 10 mM HEPES buffer (pH 7.5).
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Figure 1. PI 3-kinase activity in anti-p85 immunoprecipitates from
PY-ROS and N-ROS.  Anti-p85 immunoprecipitates from PY-ROS
and N-ROS (300 µg protein each) were assayed for PI 3-kinase ac-
tivity with [γ32P]ATP using PI-4,5-P

2
 as a substrate. The [32P]-labeled

phospholipids were separated by TLC and visualized by autoradiog-
raphy (inset). PI-3,4,5-P

3
 spots were scraped and counted for radio-

activity. Values are mean and standard deviation for five indepen-
dent ROS preparations (p<0.003).

Figure 2. PI 3-kinase activity in anti-p110α immunoprecipitates from
PY-ROS and N-ROS.  Anti-p110α immunoprecipitates from PY-ROS
and N-ROS (300 µg protein each) were assayed for PI 3-kinase ac-
tivity with [γ-32P]ATP using PI-4,5-P

2
 as a substrate. The [32P] la-

beled phospholipids were separated by TLC and visualized by auto-
radiography (inset). PI-3,4,5-P

3
 spots were scraped and counted for

radioactivity. Values are mean and standard deviation for four inde-
pendent ROS preparations (p<0.02).

217



The reactions were carried out for 15 min at room tempera-
ture and stopped by the addition of 100 µl of 1 N HCl and 200
µl of chloroform/methanol (1/1, V/V). Lipids were extracted
and resolved on oxalate-coated TLC plates (silica gel 60) with
a solvent system of 1-propanol/2 M acetic acid (65/35, V/V).
The oxalate-coated TLC plates were prepared by placing in
1% (W/V) potassium oxalate in 50% methanol (V/V) and
baked in an oven at 100 °C for 1 h prior to use. TLC plates
were exposed to X-ray film overnight at -70 °C and radioac-
tive lipids were scraped and quantified by liquid scintillation
counting.

HPLC analysis of PI 3-kinase products:  Phospholipids
were deacylated with methylamine reagent as described by
Auger et al. [23]. Briefly, the [32P]-labeled lipids from PI 3-
kinase assays were incubated with 1.8 ml of a methylamine
reagent (methylamine/methanol/n-butanol, 42.8/45.7/11.4, by
vol) for 50 min at 53 °C. The sample was dried under vacuum,
resuspended in 2 ml H

2
O, and dried again. The dried products

were then dissolved in 2 ml H
2
O and extracted twice with 2

ml of n-butanol/light petroleum ether/ethyl formate (20/4/1,
by vol). The aqueous phase containing deacylated products
was dried under vacuum and dissolved in 0.5 ml of 10 mM
(NH

4
)

2
HPO

4
 (pH 3.8). HPLC analysis was performed on a

Partsphere 5 Sax anion exchange column (Whatman, Clifton,
NJ). Separation was achieved by pumping water for 10 min
followed by a linear gradient of (NH

4
)

2
HPO

4
 (pH 3.8) from

0.0 to 1.0 M in 100 min at 1 ml/min. The radioactivity of the
eluate from the HPLC column was monitored by an on-line

Flow-one A250 radioisotope detector (Radiomatic Instruments,
Tampa, FL).

Data analysis:  Data from PI 3-kinase assays were ana-
lyzed using paired Student’s t-test. P-values less than 0.05 were
considered statistically significant.

RESULTS
Effect of tyrosine phosphorylation on PI 3-kinase activity in
ROS:  To examine the effect of tyrosine phosphorylation on
PI 3-kinase activity, tyrosine-phosphorylated PY-ROS and N-
ROS were solubilized, immunoprecipitated with anti-p85, and
assayed for PI 3-kinase activity using PI-4,5-P

2
 as substrate.

As shown in Figure 1, PI 3-kinase activity in anti-p85 IPs from
PY-ROS was two-fold greater than those from N-ROS
(p<0.003, n = 5 independent ROS preparations). Western blots
of p85 immunoprecipitates probed with anti-p85 antibody did
not show any differences in the amounts of p85 between N-
ROS and PY-ROS (data not shown).

Since p85 is a regulatory subunit of PI 3-kinase, the pres-
ence of PI 3-kinase activity in anti-p85 IPs indicates the asso-
ciation of a p110 catalytic subunit. To determine which p110
subunit is present in ROS and responsible for the increase of
PI 3-kinase activity, p110αand p110β immunoprecipitates were
obtained from PY-ROS and N-ROS and assayed for PI 3-ki-
nase activity using PI-4,5-P

2
 as substrate. As shown in Figure

2, PI 3-kinase activity in anti-p110αIPs from PY-ROS was
higher than those from N-ROS (p<0.02, n=4). PI 3-kinase ac-
tivity was not recovered in anti-p110β IPs from PY-ROS (data
not shown).
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Figure 3. PI 3-kinase activity in anti-PY immunoprecipitates from
PY-ROS and N-ROS.  Anti-PY immunoprecipitates from PY-ROS
and N-ROS (300 µg protein each) were assayed for PI 3-kinase ac-
tivity with [γ-32P]ATP using PI-4,5-P

2
 as a substrate. The [32P]-la-

beled phospholipids were separated on TLC and visualized by auto-
radiography (inset). PI-3,4,5-P

3
 spots were scraped and counted for

radioactivity. Values are mean and standard deviation for five inde-
pendent ROS preparations (p<0.0002).

Figure 4. HPLC analysis of deacylated [32P]PIP
3
 from anti-PY im-

munoprecipitates of PY-ROS.  The immunoprecipitates were assayed
for PI 3-kinase activity with [γ-32P]ATP using PI-4,5-P

2
 as a sub-

strate. The [32P]-labeled phospholipids were separated on TLC,
deacylated, and analyzed by HPLC with flow-through scintillation
counting. Dotted lines represent the elution profile of the standards
gPI-4,5-P

2
 and I-1,3,4,5-P

4
.
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PI 3-kinase activity recovered in anti-PY immunoprecipi-
tates from PY-ROS:  Anti-PY IPs from PY-ROS and N-ROS
(300 µg of each) were assayed for PI 3-kinase activity using
PI-4,5-P

2
 as substrate (Figure 3). Activity in the IPs from PY-

ROS was six-fold greater than those from N-ROS (p<0.0002,
n=5 independent ROS preparations). To further confirm that
[32P]PIP

3
 produced in the anti-PY IPs was PI-3,4,5-P

3
 rather

than some other phospholipid, [32P]PIP
3
 was deacylated with

methylamine reagent and the product [32P]gPIP
3
 was mixed

with standard [3H]gPI-4,5-P
2
 and [3H] I-1,3,4,5-P

4
 and ana-

lyzed by HPLC. [32P]gPIP
3
 was eluted at 74.1 min, which was

before [3H]-I 1,3,4,5-P
4
 and after [3H]gPI-4,5-P

2
 (Figure 4).

This elution time and pattern is consistent with that reported
for gPI-3,4,5-P

3
 by other investigators [23].

p85 protein associated with anti-PY immunoprecipitates:
Anti-PY IPs from PY-ROS and N-ROS were subjected to
western blot analysis using anti-p85 to determine if the higher
PI 3-kinase activity observed in anti-PY IPs from PY-ROS is
due to increased amounts of p85. The optical density of p85
was quantitated to determine the relative amounts of p85 in
each sample. Anti-PY IPs from PY-ROS contained about three
times the amount of p85 compared to anti-PY IPs from N-
ROS (Figure 5A; p<0.017, n=4). However, tyrosine phospho-
rylation of p85 was not observed on western blots of anti-p85
IPs from PY-ROS or N-ROS probed with anti-PY (Figure 5B).
Anti-p110α IPs from PY-ROS and N-ROS were also subjected
to western blot analysis using anti-PY to determine if p110α
was tyrosine phosphorylated. Tyrosine phosphorylation of
p110α was not observed (data not shown).

Identification of p85/p110α PI 3-kinase in ROS:  To fur-
ther confirm that the p85/p110α complex of PI 3-kinase is
present in ROS and not due to contamination from other cell
types, the second of successive continuous sucrose gradients
used to purify ROS was fractionated and subjected to SDS-
PAGE and immunoblot analysis using anti-p85 and anti-p110α.
As shown in Figure 6A, gradient fractions 12 through 17, which

represent the ROS collected during normal preparation, con-
tained the highest amounts of rhodopsin. Immunoblot analy-
sis shows that gradient fractions 12 through 17 similarly con-
tained the highest amounts of p85 (Figure 6B) and p110α (Fig-
ure 6C).

DISCUSSION
We have previously shown that bovine ROS contain PI 3-ki-
nase activity that is increased in membranes prepared from
light-adapted retinas [19]. The p85 regulatory and p110 cata-
lytic subunits were identified on immunoblots of ROS and PI
3-kinase activity was recovered in anti-p85 immunoprecipi-
tates. To investigate which p110 isoform is present in bovine
ROS, ROS were subjected to western blot analysis using anti-
p110α and anti-p110β antibodies. A distinct 110 kDa band
was observed in ROS using anti-p110α, but multiple proteins
of various molecular weights were recognized by anti-p110β.
Anti-p110α and anti-p110β IPs from PY-ROS and N-ROS
were assayed for PI 3-kinase activity using PI-4,5-P

2
 as sub-

strate. We found that anti-p110α IPs, but not anti-p110β IPs,
contained PI 3-kinase activity.

To ensure that the presence of PI 3-kinase in ROS was
not due to contamination from other retinal cells, ROS were
purified on a second continuous sucrose gradient that was sub-
sequently fractionated into 1 ml aliquots, which were subjected
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Figure 5. Detection of the p85 subunit of PI 3-kinase in anti-PY and
anti-p85 immunoprecipitates.  Equal amounts of PY-ROS and N-
ROS (300 µg each) were solubilized and immunoprecipitated with
anti-PY or anti-p85. The immunoprecipitates (IP) were subjected to
western blot (WB) analysis using anti-PY (Panel A) or anti-p85 (Panel
B). Molecular weight markers in kilodaltons are indicated on the
left.

Figure 6. Identification of PI 3-kinase in ROS.  ROS and ROS gradi-
ent fractions 4 through 27 were subjected to 8% SDS-PAGE and
stained with Coomassie blue (Panel A). Rhodopsin (RHO) is indi-
cated by arrow. The samples were also subjected to western blot analy-
sis using anti-p85 (Panel B) and anti-p110α (Panel C).
Immunoreaction products of p85 and p110α are indicated.
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to western blot analysis using anti-p85 and anti-p110α. The
fractions that contained the highest amounts of rhodopsin, a
rod photoreceptor cell-specific protein, also contained the high-
est levels of p85 and p110α, thus confirming that the p85/
p110α complex is present in ROS and that it is of the Class I
type.

Protein tyrosine phosphorylation is one of the ways by
which cells regulate the activity of PI 3-kinase [22,24-28].
Tyrosine phosphorylation of the p85 regulatory subunit has
been shown to occur in several cell types in response to vari-
ous stimuli such as platelet-derived growth factor [29] and
insulin [30]. However, in most cases, PI 3-kinase is recruited
to signaling complexes involving receptor or non-receptor ty-
rosine kinase(s) without apparent tyrosine phosphorylation of
the p85 subunit [9,13,31]. To determine if tyrosine phospho-
rylation is involved in activation of PI 3-kinase in ROS, we
carried out a series of experiments under conditions that pro-
mote tyrosine phosphorylation. We found that PI 3-kinase ac-
tivity from p85 and p110α IPs was about two-fold higher in
PY-ROS than in N-ROS. Since p85 is a regulatory subunit of
PI 3-kinase and lacks kinase activity, the presence of enzyme
activity in p85 IPs indicates that p85 is associated with a p110
catalytic subunit. Since neither of the PI 3-kinase proteins
appears to be phosphorylated, the increase in catalytic activ-
ity in the IPs from the PY-ROS may be due to a tyrosine-
phosphorylated protein that was brought down by either p85
or p110 antibodies, as part of a complex that controls PI 3-
kinase activity in these membranes.

We investigated the effect of tyrosine phosphorylation on
PI 3-kinase activity by assaying anti-PY IPs from PY-ROS
and N-ROS. PI 3-kinase activity in anti-PY IPs from PY-ROS
was six-fold greater than that from N-ROS, suggesting that
either the p85 or p110α subunit of PI 3-kinase becomes ty-
rosine phosphorylated or p85 binds to other tyrosine phos-
phorylated protein(s) in ROS. To address this question, anti-
p85 IPs and anti-p110α IPs from PY-ROS or N-ROS were
subjected to western blot analysis using antibodies to
phosphotyrosine. p85 and p110α were not detected by anti-
PY in these IPs, indicating that p85 and p110α were not ty-
rosine phosphorylated. However, western blot analysis using
anti-p85 showed that significantly higher amounts of p85 were
present in anti-PY IPs from PY-ROS than in those from N-
ROS (Figure 5). These results suggest that the p85 regulatory
subunit is most likely bound to and co-immunoprecipitates
with a tyrosine-phosphorylated protein in ROS.

The identity of the tyrosine kinase(s) or adapter protein(s)
in ROS responsible for the activation of PI 3-kinase has not
been established. However, Ghalayini et al. [32] recently re-
ported that light stimulates tyrosine phosphorylation of sev-
eral ROS protein in vivo in rats. Furthermore, Bell et al. [21]
have shown that at least ten endogenous proteins in bovine
ROS are tyrosine-phosphorylated in vitro under the same con-
ditions used in our studies. We hypothesize that a tyrosine-
phosphorylated protein interacts with the SH2 domain of the
p85 subunit, resulting in the activation of PI 3-kinase. The
question of which protein may be responsible for the regula-
tion of PI 3-kinase in ROS still needs to be addressed.

It has been reported that PI 3-kinase products (PI-3,4,5-
P

3
 and PI-3,4 P

2
) serve as second messengers in the activation

of several potential downstream kinases, including the novel
protein kinase C (PKC) isoforms δ, ε, and η [33], the p70s6k

ribosomal subunit [34], and the serine/threonine kinase, Akt
[35,36]. Akt possesses a PI-3,4 P

2
/PI-3,4,5-P

3
 binding domain

and has been implicated in the prevention of apoptosis
[7,37,38]. Further investigation of the PI 3-kinase regulatory
mechanism and its functions in ROS should provide a better
understanding into the role of this enzyme in photoreceptors.

ACKNOWLEDGEMENTS
This work was supported by grants from NIH (EY00871,
EY04149, and EY12190); The Foundation Fighting Blindness;
Research to Prevent Blindness, Inc.; Samuel Roberts Noble
Foundation; and Presbyterian Health Foundation.

REFERENCES
1. Ordizzi G, Babst M, Emr SD. Phosphoinositide signaling and the

regulation of membrane trafficking in yeast. Trends Biochem
Sci 2000; 25:229-35.

2. Rodriguez-Viciana P, Warne PH, Khwaja A, Marte BM, Pappin D,
Das P, Waterfield MD, Ridley A, Downward J. Role of
phosphoinositide 3-OH kinase in cell transformation and con-
trol of the actin cytoskeleton by Ras. Cell 1997; 89:457-67.

3. Buczynski G, Grove B, Nomura A, Kleve M, Bush J, Firtel RA,
Cardelli J. Inactivation of two Dictyostelium discoideum genes,
DdPIK1 and DdPIK2, encoding proteins related to mammalian
phosphatidylinositide 3-kinases, results in defects in endocyto-
sis, lysosome to postlysosome transport, and actin cytoskeleton
organization. J Cell Biol 1997; 136:1271-86.

4. Wang MH, Montero-Julian FA, Dauny I, Leonard EJ. Require-
ment of phosphatidylinositol-3 kinase for epithelial cell migra-
tion activated by human macrophage stimulating protein.
Oncogene 1996; 13:2167-75.

5. Hu ZW, Shi XY, Lin RZ, Hoffman BB. Alpha1 adrenergic recep-
tors activate phosphatidylinositol 3-kinase in human vascular
smooth muscle cells. Role in mitogenesis. J Biol Chem 1996;
271:8977-82.

6. Valverde AM, Lorenzo M, Navarro P, Benito M.
Phosphatidylinositol 3-kinase is a requirement for insulin-like
growth factor I-induced differentiation, but not for mitogenesis,
in fetal brown adipocytes. Mol Endocrinol 1997; 11:595-607.

7. Kennedy SG, Wagner AJ, Conzen SD, Jordan J, Bellacosa A,
Tsichlis PN, Hay N. The PI 3-kinase/Akt signaling pathway
delivers an anti-apoptotic signal. Genes Dev 1997; 11:701-13.

8. Vanhaesebroeck B, Leevers SJ, Panayotou G, Waterfield MD.
Phosphoinositide 3-kinases: a conserved family of signal trans-
ducers. Trends Biochem Sci 1997; 22:267-72.

9. Fry MJ. Structure, regulation and function of phosphoinositide 3-
kinases. Biochim Biophys Acta 1994; 1226:237-68.

10. Deora AA, Win T, Vanhaesebroeck B, Lander HM. A redox-trig-
gered ras-effector interaction. Recriutment of
phosphatidylinositol 3'-kinases to Ras by redox stress. J Biol
Chem 1998; 273:29923-8.

11. Fruman DA, Meyers RE, Cantley LC. Phosphoinositide kinases.
Annu Rev Biochem 1998; 67:481-507.

12. Skolnik EY, Margolis B, Mohammadi M, Lowenstein E, Fischer
R, Drepps A, Ullrich A, Schlessinger J. Cloning of PI3-kinase-
associated p85 utilizing a novel method for expression/cloning
of target proteins for receptor tyrosine kinases. Cell 1991; 65:83-

© 2000 Molecular VisionMolecular Vision 2000; 6:216-21 <http://www.molvis.org/molvis/v6/a29>

220



90.
13. Hiles ID, Otsu M, Volinia S, Fry MJ, Gout I, Dhand R, Thomp-

son A, Totty NF, et al. Phosphatidylinositol 3-kinase: structure
and expression of the 110 kd catalytic subunit. Cell 1992; 70:419-
29.

14. Stoyanov B, Volinia S, Hanck T, Rubio I, Loubtchenkov M, Malek
D, Stoyanova S, Vanhaesebroeck B, Dhand R, Nurberg B, et al.
Cloning and characterization of a G protein-activated human
phosphoinositide-3 kinase. Science 1995; 269:690-3.

15. MacDougall LK, Domin J, Waterfield MD. A family of
phosphoinositide 3-kinases in Drosophila identifies a new me-
diator of signal transduction. Curr Biol 1995; 5:1404-15.

16. Misawa H, Ohtsubo M, Copeland NG, Gilbert DJ, Jenkins NA,
Yoshimura A. Cloning and characterization of a novel class II
phosphoinositide 3-kinase containing C2 domain. Biochem
Biophys Res Commun 1998; 244:531-9.

17. Volinia S, Dhand R, Vanhaesebroeck B, MacDougall LK, Stein
R, Zvelebil MJ, Domin J, Panaretou C, Waterfield MD. A hu-
man phosphatidylinositol 3-kinase complex related to the yeast
Vps34p-Vps15p protein sorting system. EMBO J 1995; 14:3339-
48.

18. Martin TF. Phosphoinositide lipids as signaling molecules: com-
mon themes for signal transduction, cytoskeletal regulation, and
membrane trafficking. Annu Rev Cell Dev Biol 1998; 14:231-
64.

19. Guo X, Ghalayini AJ, Chen H, Anderson RE. Phosphatidylinositol
3-kinase in bovine photoreceptor rod outer segments. Invest
Ophthalmol Vis Sci 1997; 38:1873-82.

20. Ghalayini AJ, Tarver AP, Mackin WM, Koutz CA, Anderson RE.
Identification and immunolocalization of phospholipase C in
bovine rod outer segments. J Neurochem 1991; 57:1405-12.

21. Bell MW, Alvarez K, Ghalayini AJ. Association of tyrosine phos-
phatase SHP-2 with transducin-alpha and a 97-kDa tyrosine-
phosphorylated protein in photoreceptor rod outer segments. J
Neurochem 1999; 73:2331-40.

22. Kaplan DR, Whitman M, Schaffhausen B, Pallas DC, White M,
Cantley L, Roberts TM. Common elements in growth factor
stimulation and oncogenic transformation: 85 kd phosphopro-
tein and phosphatidylinositol kinase activity. Cell 1987; 50:1021-
9.

23. Auger KR, Serunian LA, Soltoff SP, Libby P, Cantley LC. PDGF-
dependent tyrosine phosphorylation stimulates production of
novel polyphosphoinositides in intact cells. Cell 1989; 57:167-
75.

24. Kanagasundaram V, Jaworowski A, Hamilton JA. Association
between phosphatidylinositol-3 kinase, Cbl and other tyrosine
phosphorylated proteins in colony-stimulating factor-1-stimu-
lated macrophages. Biochem J 1996; 320:69-77.

25. Liu X, Marengere LE, Koch CA, Pawson T. The v-Src SH3 do-
main binds phosphatidylinositol 3'-kinase. Mol Cell Biol 1993;
13:5225-32.

26. Pleiman CM, Hertz WM, Cambier JC. Activation of
phosphatidylinositol-3' kinase by Src-family kinase SH3 bind-
ing to the p85 subunit. Science 1994; 263:1609-12.

27. Soltoff SP, Rabin SL, Cantley LC, Kaplan DR. Nerve growth
factor promotes the activation of phosphatidylinositol 3-kinase
and its association with the trk tyrosine kinase. J Biol Chem
1992; 267:17472-7.

28. Thomas JW, Ellis B, Boerner RJ, Knight WB, White GC 2nd,
Schaller MD. SH2- and SH3-mediated interactions between
focal adhesion kinase and Src. J Biol Chem 1998; 273:577-83.

29. Kavanaugh WM, Klippel A, Escobedo JA, Williams LT. Modifi-
cation of the 85-kilodalton subunit of phosphatidylinositol-3
kinase in platelet-derived growth factor-stimulated cells. Mol
Cell Biol 1992; 12:3415-24.

30. Hayashi H, Miyake N, Kanai F, Shibasaki F, Takenawa T, Ebina
Y. Phosphorylation in vitro of the 85 kDa subunit
phosphatidylinositol 3-kinase and its possible activation by in-
sulin receptor tyrosine kinase. Biochem J 1991; 280:769-75.

31. Gesbert F, Garbay C, Bertoglio J. Interleukin-2 stimulation in-
duces tyrosine phosphorylation of p120-Cbl and CrkL and for-
mation of multimolecular signaling complexes in T lympho-
cytes and natural killer cells. J Biol Chem 1998; 273:3986-93.

32. Ghalayini AJ, Guo XX, Koutz CA, Anderson RE. Light stimu-
lates tyrosine phosphorylation of rat rod outer segments in vivo.
Exp Eye Res 1998; 66:817-21.

33. Toker A, Meyer M, Reddy KK, Falck JR, Aneja R, Aneja S, Parra
A, Burns DJ, Ballas LM, Cantley LC. Activation of protein ki-
nase C family members by the novel polyphosphoinositides
PtdIns-3,4-P2 and PtdIns-3,4,5 P3. J Biol Chem 1994;
269:32358-67.

34. Reif K, Burgering BM, Cantrell DA. Phosphatidylinositol 3-ki-
nase links the interleukin-2 receptor to protein kinase B and
p70 S6 kinase. J Biol Chem 1997; 272:14426-33.

35. Franke TF, Kaplan DR, Cantley LC, Toker A. Direct regulation
of the Akt proto-oncogene product by phosphatidylinositol-3,4-
bisphosphate. Science 1997; 275:665-8.

36. Klippel A, Kavanaugh WM, Pot D, Williams LT. A specific prod-
uct of phosphatidylinositol 3-kinase directly activates the pro-
tein kinase Akt through its pleckstrin homology domain. Mol
Cell Biol 1997; 17:338-44.

37. Shimoke K, Kubo T, Numakawa T, Abiru Y, Enokido Y, Takei N,
Ikeuchi T, Hatanaka H. Involvement of phosphatidylinositol-3
kinase in prevention of low K(+)-induced apoptosis of cerebel-
lar granule neurons. Brain Res Dev Brain Res 1997; 101:197-
206.

38. Spear N, Estevez AG, Barbeito L, Beckman JS, Johnson GV.
Nerve growth factor protects PC12 cells against peroxynitrite-
induced apoptosis via a mechanism dependent on
phosphatidylinositol 3-kinase. J Neurochem 1997; 69:53-9.

© 2000 Molecular VisionMolecular Vision 2000; 6:216-21 <http://www.molvis.org/molvis/v6/a29>

221


