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ABSTRACT Hypoxia, reoxygenation, and the tyrosine
phosphatase inhibitor pervanadate activate the transcription
factor NF-kB, involving phosphorylation of its inhibitor IxB-«
on tyrosine 42. This modification does not lead to degradation
of IkB by the proteasome/ubiquitin pathway, as is seen on
stimulation of cells with proinflammatory cytokines. It is
currently unknown how tyrosine-phosphorylated I«B is re-
moved from NF-kB. Here we show that p85«, the regulatory
subunit of PI3-kinase, specifically associates through its Src
homology 2 domains with tyrosine-phosphorylated IkB-« in
vitro and in vivo after stimulation of T cells with pervanadate.
This association could provide a mechanism by which newly
tyrosine-phosphorylated IkB is sequestered from NF-kB.
Another mechanism by which PI3-kinase contributed to
NF-kB activation in response to pervanadate appeared to
involve its catalytic p110 subunit. This was evident from the
inhibition of pervanadate-induced NF-«B activation and re-
porter gene induction by treatment of cells with nanomolar
amounts of the PI3-kinase inhibitor wortmannin. The com-
pound had virtually no effect on tumor necrosis factor- and
interleukin-1-induced NF-kB activities. Wortmannin did not
inhibit tyrosine phosphorylation of IkB-« or alter the stability
of the PI3-kinase complex but inhibited Akt kinase activation
in response to pervanadate. Our data suggest that both the
regulatory and the catalytic subunit of PI3-kinase play a role
in NF-kB activation by the tyrosine phosphorylation-
dependent pathway.

A large number of stimuli including proinflammatory cyto-
kines, antigen stimulation of T and B cells, bacterial lipopoly-
saccharide, UV irradiation, viral infection, phorbol esters, and
reactive oxygen intermediates can activate a family of tran-
scription factors called NF-«B/Rel [for recent reviews see
(1-3)]. The prototypical NF-«B transcription factor is a het-
erodimer composed of p50 (NFkB1) and p65 (RelA) DNA-
binding subunits (4-9). Other members of this family in
mammals include p52 (NF«B2) (10, 11), RelB (12), c-Rel (13),
p105 (4-7) and p100 (10, 11). These proteins share homology
within an ~300-amino acid domain termed the Rel homology
domain, which mediates homo- and heterodimerization of the
Rel family members as well as DNA-binding activity and
nuclear localization (2, 3). Three members of the Rel family
have a transcription activation domain (c-Rel, RelA, RelB)
(14).

The activity of NF-«B is tightly controlled by a family of
inhibitory proteins termed I«B that sequester the transcription
factor in the cytosol (2, 3, 14, 15). IkB proteins are structurally
characterized by a cluster of 5 to 7 ankyrin repeats, a domain
mediating the interaction with the Rel homology domain of
NF-kB/Rel family members. Some NF-«B stimuli trigger a
cascade of events leading to the phosphorylation of I«B, its
polyubiquitination, and subsequent degradation by the 26S
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proteasome (16). Thereafter, the liberated NF-«B is translo-
cated to the nucleus and activates transcription of its many
target genes. Among them are genes involved in the immune
response [Igk, interleukin (IL)-2 and IL-2R«], the inflamma-
tory response [tumor necrosis factor (TNF)a and 8, IL-1,
IL-6], cell adhesion [I-CAM, V-CAM, E-selectin], and cell
growth (p53, Ras, c-Myc), as well as the genes coding for some
Rel/NF-«B and I«B family members (14, 17- 20).

Induced phosphorylation of I«B proteins occurs at two
conserved serine residues in the N-terminal domain of several
IkB molecules. The residues are serines 32 and 36 in I«B-«,
serines 19 and 23 in IkB-p, and serines 18 and 22 in IkB-¢ (21-
27). Alanine or threonine substitutions at these sites greatly
impair IkB degradation and consequently NF-kB activation.
Last year, two cytokine-inducible kinases were identified that
phosphorylate I«B-a on serines 32 and 36 (28-32). These two
kinases, called IKK-« and B, are serine/threonine kinases and
present common structural features such as a leucine zipper
and helix-loop-helix protein interaction motifs. The leucine
zippers of IKK-« and B allow the proteins to heterodimerize,
which is required for kinase activity (29, 31, 32).

Recently an alternative pathway of activation of NF-«B has
been identified (33-35). This pathway is triggered by hypoxia,
reoxygenation, and pervanadate (pV) treatment of cells and
involves phosphorylation of IkB-« on tyrosine 42. Unlike
serine phosphorylation of IkB-«, tyrosine phosphorylation
does not lead to degradation of the inhibitor through the
proteasome pathway. Rather, the phosphorylation event trig-
gers dissociation of IkB from NF-«B through an unknown
mechanism (33). The tyrosine phosphorylation site of IkB-a is
not found in other I«B proteins. The tyrosine kinase involved
in this process has not been identified yet, but preliminary
evidence suggests an involvement in T cells of the tyrosine
kinase Lck and the tyrosine phosphatase CD45 (33). It has also
been shown in an in vitro reconstitution system that tyrosine-
phosphorylated IkB-« is protected from degradation induced
by TNFa (35). This observation, together with the stability of
tyrosine-phosphorylated IkB-a, suggested that IkB-a associ-
ates with an unknown protein. Candidates are proteins with
Src homology 2 (SH2) domains, which are known to specifi-
cally bind phosphotyrosine-containing proteins and peptides
(36).

We have isolated by affinity purification proteins that
specifically interact with tyrosine-phosphorylated IkB-a. Pro-
tein sequencing and antibody studies identified these proteins
as the regulatory (p85a) and catalytic subunits (p110) of
phosphoinositide 3-kinase (PI3-kinase). Pharmacological ev-
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idence indicates that PI3-kinase activity is also necessary for
the activation of NF-«B by pV. These observations would add
a novel role to PI3-kinase in the activation of NF-«B by pV.

MATERIALS AND METHODS

Cell Lines and Reagents. Jurkat T cells were grown in RPMI
1640 (Cellgro) supplemented with 10% fetal bovine serum
(Cellgro). 293 cells were grown in DMEM (Cellgro) supple-
mented with 10% fetal bovine serum (Cellgro). Glutathione
S-transferase (GST)-p85a N-SH2 and GST-p85« C-SH2 aga-
rose conjugates and anti-p85« polyclonal antiserum were
purchased from Upstate Biotechnology (Lake Placid, NY).
Anti-IkB-a and anti-p1108 polyclonal antisera were obtained
from Santa Cruz Biotechnology. Anti-Akt and anti-Akt-pS473
polyclonal antisera were purchased from New England Bio-
labs.

Purification of Proteins Interacting with Tyrosine-
Phosphorylated IkB-a. Extracts from 40 liters of 293 cells were
prepared in 250 ml of lysis buffer [S0 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (Hepes) pH 7.6/150
mM NaCl/1 mM EDTA/2 mM MgCl,/0.1% Nonidet P-40
(NP-40)/0.5 mM DTT/1 mM phenylmethysulfonyl fluoride
(PMSF)/protease inhibitor mixture (Complete, Boehringer
Mannheim)]. Extract (125 ml) was incubated with 250 pg of
Y42 or Y42-P peptide for 30 min at 4°C. Bed volume (12.5 ml)
of anti-Flag M2-agarose beads (Eastman Kodak) was added
and incubated 1 h at 4°C. The beads were then washed twice
with 1 liter and once with 250 ml of lysis buffer. Proteins
interacting with the Y42 peptides were eluted twice in 2 ml of
lysis buffer containing 0.7 mg:ml~! of Flag peptide (Eastman
Kodak) for 30 min at 4°C. The eluates were concentrated on
Centricon 50 (Amicon) and the proteins subsequently precip-
itated with 80% acetone.

Spectroscopic and Microsequencing Analysis. The proteins
interacting with the tyrosine phosphorylated IkB-a peptide
were separated by preparative SDS polyacrylamide gel elec-
trophoresis (SDS/PAGE). The proteins were transferred onto
a poly(vinylidene difluoride) membrane (Problot, Applied
Biosystems) and visualized by Coomassie blue staining. The
85-kDa band was excised from the poly(vinylidene difluoride)
membrane and wetted with 1 ul methanol. It was then reduced
and alkylated with isopropylacetamide (37) followed by diges-
tion in 20 wul of trypsin at 37°C for 12 h (38). The peptides
generated were separated by capillary HPLC, as previously
described (39). An aliquot (0.2 ul) of each of the isolated
HPLC fractions was applied to a premade spot of matrix (0.5
wl of 20 mg/ml a-cyano-4-hydroxycinammic acid plus 5 mg/ml
nitrocellulose in 50% acetone/50% 2-propanol) (40) on the
target plate. Ions were formed by matrix-assisted laser desorp-
tion/ionization with a nitrogen laser at 337 nm. Spectra were
acquired with a PerSeptive Biosystems (Framingham, MA)
Voyager Elite time-of-flight mass spectrometer operated in
linear delayed extraction mode. Subsequently, fragment ions
for selected precursor masses were obtained from postsource
decay experiments (41). Each peptide mass and its associated
fragment ion masses were used to search a sequence database
with an enhanced version of the FRAGFIT program (42).
Automated protein sequencing was performed on model 494
Applied Biosystems sequencers by using 6-mm micro car-
tridges; the models were equipped with on-line PTH analyzers
(models 190 and 140D).

Preparation of Extracts. Whole-cell extracts were prepared
in 20 mM Hepes pH 7.9/1 mM MgCl,, 0.2 mM EDTA/10 uM
ZnCl,/10% glycerol/200 mM KC1/0.2% Nonidet P-40/0.5
mM DTT/1 mM PMSF/protease inhibitor mixture (Com-
plete, Boehringer Mannheim), 5 mM NaVO,/1 mM NaF/10
mM B-glycerophosphate/5 mM p-nitrophenyl phosphate. Nu-
clear and cytosolic extracts were prepared as previously de-
scribed (43), except that the buffers were supplemented with
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0.5 mM DTT/1 mM PMSF/protease inhibitor mixture (Com-
plete, Boehringer Mannheim), 5 mM NaVO,/1 mM NaF/10
mM B-glycerophosphate/5 mM p-nitrophenyl phosphate.

Immunoprecipitation, Electrophoretic Mobility Shift As-
say, and Pulldown Experiments. Inmunoprecipitations were
performed as previously described (44) with the following
modifications. All buffers were supplemented with 0.5 mM
DTT/1 mM PMSF/protease inhibitor mixture (Complete,
Boehringer Mannheim), 5 mM NaVO,/1 mM NaF/10 mM
B-glycerophosphate/5 mM p-nitrophenyl phosphate. Preclear-
ing of the extracts with protein A-agarose beads was not
performed. Electrophoretic mobility-shift assays were per-
formed as previously described (45), and the probe used was
derived from the IL-2 gene promoter (33). Pulldown experi-
ments were performed as described for the immunoprecipi-
tations with the antiserum and protein A-agarose replaced by
GST-protein agarose conjugates.

Preparation of GST-p85«. The PI3-kinase p85a coding
sequence was cloned in frame into pGEX-4T-2 (Amersham
Pharmacia). Recombinant GST-p85« and GST were purified
from cultures of the Escherichia coli strain BL21 transformed
with the pGEX-p85a and pGEX-4T-2 respectively. Bacterial
extracts were prepared in lysis buffer by two freeze—thaw cycles
[20 mM Hepes, pH 7.9/200 mM KCl/1 mM MgCl,/0.2 mM
EDTA/10 uM ZnCly/10% glycerol/0.5 mM DTT/1 mM
PMSF/protease inhibitor mixture (Complete, Boehringer
Mannheim)] containing 5 mg/ml lysozyme. Extracts were
incubated with glutathione-Sepharose beads (Amersham
Pharmacia) for 1 h at 4°C. The beads were washed five times
with lysis buffer and the purity of the preparation was analyzed
by SDS/PAGE followed by Coomassie blue staining.

Transfections and Reporter Gene Assays. Jurkat cells were
transiently transfected by using the DEAE dextran method as
previously described (44). Transfected cells were lysed in 100
wl of reporter lysis buffer (Promega). Ten ul of the lysate was
mixed with 100 ul of luciferase assay reagent (Promega) and
the luciferase activity measured in a luminometer (Turner,
Palo Alto, CA). B-galactosidase activity was determined as
follows. Ten ul of extract was mixed with 100 ul of Galacton
reagent (Tropix, Bedford, MA) diluted 100-fold in PBS con-
taining 1 mM MgCl,. After incubation at room temperature
for 1 h, 60 pl of Emerald reagent (Tropix) that was diluted
10-fold in PBS, 0.2 n NaOH, was added, and the activity was
measured in a luminometer (Turner).

RESULTS

Purification and Characterization of Proteins Interacting
with a Tyrosine-Phosphorylated IkB-a Peptide. Given the
stability of tyrosine-phosphorylated IkB-a in cells and its
absence from pV-activated NF-«B complexes (33), we hypoth-
esized that newly tyrosine-phosphorylated I«B-a becomes
sequestered by a protein that associates with the inhibitor on
stimulation of cells. In search of such a protein, we affinity-
purified proteins from 293 cell extract that bind to an IkB-«
peptide containing the phosphorylated tyrosine 42 (Fig. 14
Top). The peptide bait had a C-terminal Flag epitope for
purification on anti-Flag IgG agarose. Proteins binding to the
tyrosine-phosphorylated or nonphosphorylated control IkB-«
peptide were specifically eluted from the anti-Flag resin by
competition with the Flag epitope peptide and were analyzed
by SDS polyacrylamide gel electrophoresis. Only three pro-
teins with apparent molecular masses of 85, 110, and 150 kDa
were found to selectively bind the tyrosine-phosphorylated
peptide (Fig. 14 Middle). Microsequencing and mass spectro-
scopic analysis of tryptic peptides showed that the 85-kDa
polypeptide contained sequences identical to the human reg-
ulatory p85« subunit of PI3-kinase (Fig. 14 Bottom) (46). No
primary sequence information could be obtained from the less
abundant 110- and 150-kDa polypeptides.
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F1G. 1. Proteins interacting with a tyrosine-phosphorylated IkB-a
peptide. (4) Affinity purification. The sequence of the peptides used
for the affinity purification from 293 cell extracts is shown on top.
Amino acid residues 37-48 of IkB-a were fused to four glycine residues
and a Flag epitope at the C terminus. Tyrosine 42 was either
phosphorylated (Y42-P) or not (Y42). Proteins interacting with the
nonphosphorylated peptide (lane 1) or the phosphorylated peptide
(lane 2) were analyzed by SDS polyacrylamide gel electrophoresis and
Coomassie blue staining. The position of two molecular mass markers
is indicated on the left; the position of three proteins interacting only
with the tyrosine-phosphorylated peptide is indicated on the right.
Protein sequences of two tryptic peptides obtained from the 85-kDa
band are shown underlined. They are found within the indicated
regions of human PI3-kinase regulatory p85« subunit. (B) Both
PI3-kinase subunits bind to the IkB-a peptide. Proteins from Jurkat
T cells binding to the nonphosphorylated peptide (lanes 1 and 3) or
tyrosine-phosphorylated IkB-a peptide (lanes 2 and 4) were analyzed
by Western blotting using an antibody directed against the regulatory
p85a subunit of PI3-kinase (lanes 1 and 2) or the catalytic p1103
subunit of PI3-kinase (lanes 3 and 4). The positions of p85« and p1108
are indicated by arrows on the right; the positions of four molecular
mass markers on the left. (C) Interaction of endogenous p85« with
endogenous IkB-a on pV treatment. Jurkat T cells (1.5 X 10°)
pretreated with 400 nM wortmannin were induced with 400 uM pV for
0 (lanes 1 and 5), 5 (lanes 2 and 6), 15 (lanes 3 and 7), and 30 min (lanes
4 and 8). Cytosolic extracts were prepared and immunoprecipitated
with anti-p85« (lanes 1-4) or anti-IkB-« (lanes 5-8). The presence of
p85«a in the complexes was detected by Western blotting. The position
of p85« is indicated by an arrow.

PI3-kinase is a heterodimeric lipid and protein kinase
composed of a 85-kDa regulatory and 110-kDa catalytic
subunit and is activated in response to a number of growth
factor, cytokine, and hormone stimuli (47-50). The specific
binding of PI3-kinase from Jurkat T cells to the tyrosine-
phosphorylated IkB-a peptide was verified by Western blot
analysis. Both the regulatory p85« and the catalytic p1103
subunit of PI3-kinase could be detected by Western blotting in
Flag peptide eluates from the affinity resin with tyrosine
42-phosphorylated I1«B-a peptide (Fig. 1B, lanes 2 and 4) but
not in eluates from the resin with nonphosphorylated peptide
(Fig. 1B, lanes 1 and 3). This identifies the PI3-kinase holoen-
zyme as a major interaction partner with the tyrosine-
phosphorylated site in IkB-a.

PI3-Kinase p85« Interacts with Tyrosine-Phosphorylated
IkB-a in Vivo. In an effort to establish a physiological rele-
vance for our finding, we examined whether pV stimulation of
Jurkat T cells can induce the association of endogenous
tyrosine-phosphorylated IkB-a with endogenous PI3-kinase.
By using specific antibodies, IkB-a was immunoprecipitated
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from extracts of control and pV-treated cells and was analyzed
for the presence of p85a by Western blotting. p85« was indeed
found to associate with full-length endogenous IkB-«, but only
after a 30-min stimulation with pV (Fig. 1C, lane 8). Associ-
ation of IkB-a and p85a was preceded by tyrosine phosphor-
ylation of IkB-a, which was first detectable after 15 min of
stimulation (data not shown). A control experiment (Fig. /C,
lanes 1-4) shows an immunoprecipitation with p85a antibody
from extracts of control and pV-treated cells followed by
Western blot detection of p85«. The pV treatment did not alter
the amounts or the mobility of the p85« band, which precisely
comigrated with the band obtained when IkB-a antibodies
were used for immunoprecipitation.

SH2 Domain of p85«a Mediate the Interaction with Ty-
rosine-Phosphorylated IkB-a. We further investigated
whether a SH2 domain of p85« can interact with tyrosine-
phosphorylated IkB-a and the sequence requirements of this
interaction. Proteins precipitated by GST fusion proteins
containing the C-terminal SH2 domain of p85« were analyzed
by Western blotting using IkB-a antibodies. The C-terminal
SH?2 domain precipitated tyrosine-phosphorylated I«kB-« from
pV-treated Jurkat T cells (Fig. 24, lane 2), but did not
precipitate the nonphosphorylated IkB-a from unstimulated
cells (lane 1). Some interaction between tyrosine-phosphory-
lated IkB-a and the N-terminal SH2 domain of p85« was also
observed (data not shown).

The specificity of the interaction between IkB-«a and p85«
was analyzed by a peptide competition assay using a GST-p85«
fusion protein. GST alone could not pull down IkB-«, whether
tyrosine-phosphorylated or not (Fig. 2B, lanes 1 and 2).
However, GST-p85« efficiently precipitated I«kB-a from ex-
tracts of pV-treated cells (Fig. 2B, lane 4). This interaction was
inhibited by a phosphopeptide known to bind PI3-kinase (Fig.
2B, lane 6). The peptide is derived from the human platelet-

A Blot  : anti-lkBo
Pull Down D e CSH2
pv : = + T +
— -
- P 5 IxBo-pY
GST-C-5H2  »| _‘ IxBa
1 2 3 4
B Competitor ~ PDGFR DGGYMOMSKD
Peptides: PDGFR-pY DGGpYMDMSKD
IxB DEEYEQMVKE
IxB-pY DEEpYEQMVKE
1xB M45A DEEYEQAVKE
1B M45SA-pY DEEpYEQAVKE
Blot: anti-xBa
Pulldown :__GST GST-p85
2 «
® & > 9
Competitor § § e =
Peptide g g 28¢
pv -+ -+ + + + + +

= wB-pY

L

w

s |

|

-

~

w)| |

2l + IxB MASA-pY

F1G. 2. Specificity of the interaction of tyrosine-phosphorylated
IkB-a with the regulatory p85« subunit of PI3-kinase. (4) Interaction
of tyrosine-phosphorylated IkB-a with the C-terminal SH2 domain of
p85a. Two ug of GST-C-SH2 agarose conjugate (lanes 1 and 2) were
incubated with whole-cell extracts from control (=) or 200 uM
pV-treated (+) Jurkat T cells. The binding of IkB-a to the GST
proteins was detected by Western blotting. The analysis of total cell
extract by Western blotting for I«B-« is shown in lanes 3 and 4. The
positions of IkB-a and its tyrosine-phosphorylated form, as well as that
of the GST fusion protein, are indicated by arrows. (B) Specificity of
interaction of tyrosine-phosphorylated I«kB-a with p85«a. Whole-cell
extracts from control (=) and pV-treated (+) Jurkat T cells were
incubated with 6 uM of the indicated peptides. Two ug of GST (lanes
1 and 2) or GST-p85« (lanes 3-10) agarose conjugates were added and
the presence of IkB-a in the complexes was analyzed by Western
blotting. The position of tyrosine-phosphorylated I«B-« is indicated.
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derived growth factor receptor and encompasses the phos-
phorylated tyrosine 740 (49, 51, 52). The nonphosphorylated
platelet-derived growth factor peptide did not inhibit this
interaction (Fig. 2B, lane 5). As expected, the IkB-a peptide
phosphorylated on tyrosine 42 also blocked the binding of
GST-p85a to IkB-a but not the nonphosphorylated peptide
(Fig. 2B, lanes 7 and 8).

The SH2 domains of p85a bind tyrosine-phosphorylated
peptides with the consensus Y-(M/V/I/E)-X-M (53). The
Y-E-Q-M sequence of IkB-a matches this consensus. The x-ray
structure analysis of the p85a SH2 domain with bound peptide
showed the critical importance of the methionine residue for
recognition (54, 55). This residue binds into a narrow hydro-
phobic pocket in the SH2 domain that is able to fit only the side
chain of a methionine. Consistent with these findings and with
the high specificity of the interaction, we observed that a
tyrosine-phosphorylated IkB-« peptide with the methionine in
position +3 replaced by an alanine no longer competed for the
p85a-IkB-a interaction (Fig. 2B, lane 10). The protein puri-
fication data and the peptide competition analysis suggest that
tyrosine 42-phosphorylated 1kB-a is very specifically recog-
nized and bound by the SH2 domains of the p85a subunit of
PI3 kinase.

Tyrosine-Phosphorylated IkB-a Is Protected from Degra-
dation Through the TNFa Pathway irn Vivo. We wanted to
know whether formation of a p85a—IkB-a complex in intact
cells can protect tyrosine phosphorylated I«kB-a from degra-
dation by the TNFa pathway in vivo. The tyrosine-
phosphorylated form of IkB-e, as induced by pV treatment of
T cells (Fig. 34, lane 2), was not degraded if cells were
subsequently treated with TNFa (Fig. 34, lane 3). In contrast,
treatment with TNF« alone caused a complete degradation of
IkB-a (lane 4). This was however seen only in the presence of
cycloheximide, which was used to prevent the rapid de novo
synthesis of IkB-« in response to TNFa (compare Fig. 34,
lanes 4 and 8).

To rule out that pV inhibited TNF« signaling, we measured
the effect of pV on TNFa-induced activation of NF-«B by
using a luciferase reporter gene assay. The activation of a
NF-kB-dependent reporter gene in response to a combination
of TNFa and pV was significantly stronger than with TNFa or
pV alone (Fig. 3B), suggesting that TNF« signaling was not
impaired by pV. In the presence of pV, TNFa may have
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FiG. 3. The effect of TNFa on pV-induced events. (A4) Protection
of tyrosine-phosphorylated IkB-a from degradation through the
TNFa pathway. Jurkat T cells were pretreated (lanes 1-4) or not (lanes
5-8) with 10 wg'ml~! cycloheximide for 30 min, treated with 1 mM pV
(lanes 2, 3, 6 and 7) and 10 min later induced with 50 ng'ml~! TNFa
(lanes 3, 4, 7 and 8) for 1 h. Whole-cell extracts were prepared and
IkB-a was detected by Western blotting. The positions of IkB-«a and
its tyrosine-phosphorylated form are indicated. (B) pV does not
impair TNF« signaling. Jurkat cells were transiently transfected with
a plasmid containing a luciferase reporter gene driven by three repeats
of the HIV type 1 (HIV-1) kB enhancer. Forty-eight hours after
transfection, cells were treated with 1 mM pV and 1 h later induced
with 50 ng'ml~! TNFa for 5 h. Luciferase activities were measured and
normalized on the basis of B-galactosidase expression from cotrans-
fected pRSV-B-galactosidase. The values shown are averages (mean +
SEM) of one representative experiment in which each transfection was
performed in duplicate.
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preferentially activated NF-«B which was associated with IkB
proteins other than IkB-a.

An Inhibitor of PI3-Kinase Specifically Blocks pV-Mediated
Activation of NF-kB. As seen in Fig. 1, the catalytic subunit of
PI3-kinase (p110) is also found in the complex with IkB-a. We
therefore investigated a potential role of p110 in NF-«B
activation by the tyrosine phosphorylation-dependent path-
way. Jurkat T cells were pretreated with increasing concen-
trations of the PI3-kinase inhibitor wortmannin and then
induced with pV or TNFa. As measured by electrophoretic
mobility shift assay, 50—-100 nM wortmannin potently inhibited
the NF-«B DNA-binding activity induced by pV (Fig. 44, lanes
3 and 4). Even at 1 uM wortmannin, no such effect was seen
on the TNFa-induced NF-«B activity (Fig. 44, lane 13).
Similar results were obtained with IL-1 as stimulus (data not
shown). This specificity of wortmannin was also reflected at
the level of nuclear gene expression. Treatment of cells with
pV induced a 45-fold induction of the kB-dependent luciferase
reporter gene, which was inhibited to 80% by 200 nM wort-
mannin (Fig. 4B Left). The same treatment had no effect on the
10-fold induction seen with TNFa (Right).

The weak induction of NF-kB DNA binding activity by pV
relative to TNFa (Fig. 44, compare lanes 2 and 8) was in
obvious contrast to the much stronger induction of the re-
porter gene expression by pV. One explanation for this dis-
crepancy could be that the PI3-kinase pathway may be acti-
vated by pV and is contributing to the activation of the
NF-kB-dependent reporter gene. We therefore analyzed the
effect of wortmannin in more detail and tested whether
PI3-kinase activity was activated by pV. We could not find that
wortmannin had any effect on tyrosine phosphorylation of
1kB-a (Fig. 54, compare lanes 2 and 3). Likewise, wortmannin
did not affect the interaction between p85« and p11083 (Fig.
5B). We observed, however, that pV treatment could induce
PI3-kinase activity, as measured by increased phosphorylation
of the protein kinase Akt on serine 473 (56) (Fig. 5C, lanes
1-3). The activation of Akt was partially blocked by wortman-
nin (Fig. 5C, lanes 4-6). These data suggest that pV induced
two parallel events leading to NF-kB activation, one causing
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F1G. 4. PI3-kinase activity is necessary for NF-«B induction by pV.
(A) Effect of wortmannin on NF-«kB DNA-binding activity. Jurkat
cells were pretreated for 1 h with the indicated concentrations of
wortmannin (W) and were stimulated with 1 mM pV (lanes 2-7) or 50
ng'ml~! TNFa« (lanes 8-13) for 1 h. Nuclear extracts were prepared
and electrophoretic mobility shift assays were performed by using the
IL-2 gene «B site as probe. The position of the NF-«kB complex is
indicated by an arrow. (B) Effect of wortmannin on the activation of
a NF-«B-dependent reporter gene activity. Jurkat T cells were tran-
siently transfected with a plasmid containing the luciferase reporter
gene driven by three repeats of the HIV-1 kB enhancer. Forty-eight
hours after transfection, cells were pretreated with 200 nM wortman-
nin for 1 h and then induced with 1 mM pV or 50 ng'ml~! TNFa for
6 h, as indicated. Luciferase activities were measured and normalized
to the protein concentration in each extract. The values shown are
averages (mean + SEM) of one representative experiment in which
each transfection was performed in quadruplicate.
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F16.5. Wortmannin does not perturb tyrosine phosphorylation of
IkB-a and PI3-kinase heterodimer formation. (A4) Effect of wortman-
nin on pV-mediated tyrosine phosphorylation of I«B-a. Jurkat T cells
were pretreated with 200 nM of wortmannin (lanes 3 and 4) and
induced with 200 uM pV (lanes 2 and 3) for 1 h. IkB-a phosphorylation
status was analyzed by Western blotting. The position of IkB-« and
tyrosine phosphorylated IkB-« is indicated. (B) Effect of wortmannin
on PI3-kinase heterodimer formation. Jurkat T cells were pretreated
with 200 nM of wortmannin (lanes 3 and 6) and were subsequently
induced with 1 mM pV (lanes 2, 3, 5, 6) for 1 h. Cytosolic extracts were
prepared and immunoprecipitated with anti-p85a (lanes 1-3) or
anti-p110B (lanes 4-6). The presence of p85a (Upper) and p110B
(Lower) in the immunocomplexes was analyzed by Western blotting.
The positions of p85a and p110B are indicated by arrows. (C) pV
induces PI3-kinase activity as measured by Akt serine 473 phosphor-
ylation. Jurkat cells were pretreated (lanes 4—6) or not (lanes 1-3) with
100 nM of wortmannin and induced with 400 uM pV for 0 (lanes 1 and
4), 15 (lanes 2 and 5), or 30 min (lanes 3 and 6). The phosphorylation
status of Akt was analyzed by Western blotting with an antibody
specific for phosphorylated Akt (Upper). Total levels of Akt were
measured with an anti-Akt antibody (Lower). The positions of phos-
phoserine 473-Akt and Akt are indicated by arrows.

tyrosine phosphorylation of I«B and its subsequent binding to
p85a, the other activating the PI3-kinase activity of p110 that
significantly contributed to activation. Future studies need to
address how and to what extent the two P13 kinase subunits
engage in NF-«B activation.

DISCUSSION

We have found that IkB-«, which is newly phosphorylated on
tyrosine 42 in response to pV treatment of T cells, associates
with the regulatory subunit of PI3-kinase. This association
involves the SH2 domains of p85 and is seen in vitro as well as
in vivo. This new interaction of IkB-a could explain how
tyrosine phosphorylation of IkB-a can lead to NF-kB activa-
tion and how IkB-« can be inactivated without needing to be
degraded. Phosphorylation of IkB-a by PI3-kinase may di-
rectly cause the release of IkB-a from the NF-«kB complex.
Alternatively, the p85«a subunit may capture the tyrosine-
phosphorylated inhibitor when it is occasionally released as a
function of its natural off-rate. The rather slow activation of
NF-«B in response to pV and the lag phase between tyrosine
phosphorylation of IkB-a and p85a association (data not
shown) may argue for the latter possibility. The sequestration
of IkB-a by p85a would also explain why the inhibitor is
protected from degradation when cells are stimulated with
TNFa. In complex with PI3-kinase, the serine residues 32 and
36 in IkB-a, which are in close proximity to tyrosine 42 and
control degradation, may not be accessible to I«B kinases. We
consider it unlikely that the covalent modification of tyrosine
42 alone is sufficient to release IkB-a from NF-«B. Indeed, it
is well established that phosphorylation of the closely adjacent
serines 32 and 36 in IkB-« does not release the inhibitor from
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NF-kB (25, 45, 57). Furthermore, tyrosine 42 is within a
domain of IkB-a that is dispensable for interaction with NF-«B
(58). Future experiments using purified tyrosine 42-
phosphorylated IkB-a, NF-«B, and PI3-kinase will allow dem-
onstration of whether PI3-kinase can actively or passively
sequester 1kB-a, thereby releasing active NF-«B. Likewise it
can be investigated in vitro whether both subunits of PI3-kinase
are required and whether the PI3-kinase activity and ATP are
required.

Our data obtained with the PI3 kinase inhibitor wortmannin
suggest that binding of IkB-a to p85a may not be the sole
mechanism by which PI3 kinase contributes to NF-«B activa-
tion. The inhibitory effects of nanomolar concentrations of
wortmannin suggest a role for the catalytic subunit of PI3-
kinase in both activation of NF-kB DNA binding and tran-
scriptional activity. How PI3-kinase activity contributes to
NF-kB activation remains unclear. It is possible that the
tyrosine-phosphorylated IkB-« initially gets recruited into the
PI3-kinase holoenzyme together with NF-«B. In this complex,
NF-kB could be subject to direct phosphorylation by PI3-
kinase. A phosphorylation event could not only release NF-xB
from the PI3 kinase complex while leaving behind its inhibitor
but could also account for the apparent increase in the
transactivating potential of NF-«B. It has been previously
reported that phosphorylation of p65 in its C terminus in-
creases the transcriptional activity of the protein (59). Finally,
the activated PI3-kinase pathway may also enhance the NF-«B
pathway further downstream through the activation of syner-
gizing transcription factors. These possibilities are currently
under investigation.

NF-«B can be activated by an amazing variety of stimuli
(1-3). One explanation obviously lies in the use of different
1B proteins that can couple the transcription factor to distinct
upstream signaling pathways. With the use of IkB-a, the
NF-kB/Rel system has the capability of specifically responding
to stimuli inducing tyrosine phosphorylation, since other IkB
proteins lack a site homologous to tyrosine 42 of I«kB-c.
Depending on the abundance of IkB species in different cell
types, only subpopulations of NF-«B-IkB complexes will be
activated by a particular stimulus. This allows for cell type-
specific regulation and for synergistic effects if more than one
kind of stimulus hits the cell.

Genetic evidence and cell-free experiments suggested an
involvement of the T cell-specific proteins Lck and CD45 in the
induction of tyrosine phosphorylation of IkB-a by pV (33).
Future experiments need to investigate more physiological
stimuli leading to changes in CD45 and Lck activity. Likewise,
experiments in animal models should investigate the involve-
ment of the tyrosine phosphorylation pathway of NF-«B
activation in the biomedically important conditions of isch-
emia/reperfusion, hypoxia, and hyperoxia.

A still poorly understood genetic link between PI3-kinase
and the NF-«B system was recently discovered in the case of
Ataxia Telangiectasia (60, 61). This disorder is caused by
mutations in a protein with PI3-kinase homology. The radia-
tion sensitivity of cells from Ataxia Telangiectasia patients was
found to be corrected by a transdominant-negative form of
IkB-alacking the 45 N-terminal amino acids. A study by Reddy
et al. indicated that IL-1-mediated activation of NF-«B in-
volved PI3-kinase (62). By using 293 cells expressing the IL-1
receptor, we did not see any effect of wortmannin on IL-1-
induced NF-«B activation (data not shown). Moreover, IL-1 is
known to induce NF-«kB through phosphorylation of serines 32
and 36 in IkB-a and subsequent degradation of the inhibitor
(3). It is therefore unlikely that PI3-kinase plays a similar role
in IL-1 signaling as described here for pV-induced signaling.
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