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Wortmannin at nanomolar concentrations is a potent and specific inhibitor of phosphoinositide (PI)
3-kinase and has been used extensively to demonstrate the role of this enzyme in diverse signal transduction
processes. At higher concentrations, wortmannin inhibits the ataxia telangiectasia gene (ATM)-related DNAdependent protein kinase (DNA-PKcs). We report here the identification of the site of interaction of wortmannin on the catalytic subunit of PI 3-kinase, p110a. At physiological pH (6.5 to 8) wortmannin reacted
specifically with p110a. Phosphatidylinositol-4,5-diphosphate, ATP, and ATP analogs [adenine and 5*-(4fluorosulfonylbenzoyl)adenine] competed effectively with wortmannin, while substances containing nucleophilic amino acid side chain functions had no effect at the same concentrations. This suggests that the
wortmannin target site is localized in proximity to the substrate-binding site and that residues involved in
wortmannin binding have an increased nucleophilicity because of their protein environment. Proteolytic
fragments of wortmannin-treated, recombinant p110a were mapped with anti-wortmannin and anti-p110a
peptide antibodies, thus limiting the target site within a 10-kDa fragment, colocalizing with the ATP-binding
site. Site-directed mutagenesis of all candidate residues within this region showed that only the conservative
Lys-802-to-Arg mutation abolished wortmannin binding. Inhibition of PI 3-kinase occurs, therefore, by the
formation of an enamine following the attack of Lys-802 on the furan ring (at C-20) of wortmannin. The
Lys-802-to-Arg mutant was also unable to bind FSBA and was catalytically inactive in lipid and protein kinase
assays, indicating a crucial role for Lys-802 in the phosphotransfer reaction. In contrast, an Arg-916-to-Pro
mutation abolished the catalytic activity whereas covalent wortmannin binding remained intact. Our results
provide the basis for the design of novel and specific inhibitors of an enzyme family, including PI kinases and
ATM-related genes, that play a central role in many physiological processes.
as they are activated by G-protein bg-subunits (62, 65). The
first of this kind has been cloned recently and named p110g
(65). It has been shown that PI 3-kinases are the terminal
enzymes in the synthesis of D-3-phosphorylated phosphoinositides (24, 63) and that these lipids are poor substrates for
phosphatidylinositol-specific phospholipases C (58). PI 3-kinases therefore produce novel lipid second messengers that are
believed to be a key step in receptor signalling by growth
factors, cytokines, and hormones (30, 71).
The yeast Vps34 gene product represents yet another class
of PtdIns 3-kinases: associated with and activated by a Vps15p
serine/threonine kinase, Vps34p phosphorylates solely PtdIns
to PtdIns 3-P and, in contrast to the p110a-g, does not accept
PtdIns 4-P and PtdIns(4,5)P2 as substrates (57). Moreover, it
has been demonstrated that a functional lipid kinase is essential for cellular sorting processes (25, 61).
In higher eukaryotes, manipulation of PI 3-kinase activity
was achieved by mutation of the docking sites of the p85
regulatory subunits on growth factor receptors (36, 78) or
overexpression of dominant negative p85 (Dp85) (77). These
labor-intensive approaches, however, are limited to growth
factor-mediated activation of the lipid kinase. The use of
chemical, low-molecular-weight inhibitors of PI 3-kinase, on
the other hand, provides a fast and easy way to explore the
importance of this enzyme in any cell surface receptor-mediated signalling pathway. Wortmannin has recently been de-

The expanding family of phosphatidylinositol (PtdIns) 3-kinases consists of enzymes composed of various catalytic subunits of the p110a (26, 75), p110b (27), p110g (65), and
Vps34p (57, 74) types. [The term ‘‘PtdIns 3-kinase’’ was recently used for the human homolog of Vps34p utilizing solely
PtdIns as a substrate. We therefore use phosphoinositide 3-kinase (PI 3-kinase) for enzymes phosphorylating PtdIns, PtdIns
4-P, and PtdIns(4,5)P2 in vitro. PtdIns 3-kinase is also used
when a statement applies to the family of these enzymes.] The
p110a and p110b subtypes form tight heterodimers with a p85
regulatory subunit, which embodies an SH3 domain, two SH2
domains, and a BCR domain (17, 46, 60). Interaction between
p110a or p110b and p85 is mediated through the N terminus of
the catalytic subunit and the inter-SH2 region of p85 (14). This
heterodimeric phosphoinositide 3-kinase (PI 3-kinase) is activated during the translocation to autophosphorylated growth
factor receptors (30) or their substrates (e.g., the insulin receptor substrate 1), where the SH2 domains of p85 interact
with phosphorylated YXXM motives (2, 19, 32, 48; see references 11 and 80 for reviews). Other PI 3-kinases seem to
propagate signals from seven transmembrane helix receptors
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point for the alignment of the lipid kinase catalytic center with
cAMP-dependent protein kinase (PKA).
MATERIALS AND METHODS
Anti-wortmannin, anti-p110 antisera, and immunoblots. Polyclonal antibodies
were raised in rabbits. Wortmannin was dissolved in 50 ml of dimethyl sulfoxide
at 40 mg/ml and subsequently mixed with 950 ml of 2-mg/ml bovine serum
albumin (BSA) in phosphate-buffered saline (PBS; 8 mM Na2HPO4 z 2H2O, 1.4
mM KH2PO4, 2.6 mM KCl, 136 mM NaCl [pH 7.4]) for 24 h at room temperature. Serum collected after five injections of wortmannin-BSA conjugate was
passed over a BSA-Sepharose column to remove anti-BSA antibodies. Anti-59p-fluorosulfonylbenzoyladenine FSBA antibodies were produced in a similar
way. The peptides FLVEQMRRPDFMDAL-Cys and Cys-GGWTTKMDWIFHTIKQHALN, corresponding to amino acids 734 to 748 and 1049 to 1068 (C
terminus) of p110a, respectively, were coupled to keyhole limpet hemocyanin
with the bifunctional linker sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC; Pierce). Immunoglobulin G fractions from antipeptide antisera were purified on g-bind Sepharose (Pharmacia). Anti-p85a rabbit
antisera were obtained by immunization with a (His)6 tag fusion protein containing amino acids 6 to 112 of bovine p85a.
Wortmannin labelling of PI 3-kinase, proteolytic digests. Immobilized glutathione S-transferase (GST)–PI 3-kinase fusion protein or soluble p85/p110a
complex was taken up in PBS and usually incubated with 100 nM wortmannin on
ice for 15 min. PI 3-kinase immobilized on glutathione or phosphotyrosine beads
was washed with PBS–0.5% Triton X-100 to remove excess inhibitor before
denaturation, while soluble protein was either denatured directly or precipitated
by the method in reference 79. Modified conditions and wortmannin concentrations are described in the figure legends. Unless indicated otherwise, samples
were denatured in the presence of b-mercaptoethanol, and subjected to standard
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (38),
and transferred to polyvinylidene difluoride membranes (Millipore) by the
method of Towbin et al. (70). Primary antibodies were detected by using goat
anti-rabbit horseradish peroxidase conjugate (Sigma) and enhanced chemiluminescence (ECL; Amersham). Reactions of 200 mM FSBA with PI 3-kinase
complex, immobilized on glutathione or phosphotyrosine beads, were carried out
in PBS–0.1% Triton X-100 for 15 min at 378C. The beads were washed four times
with PBS–0.5% Triton X-100 and denatured in sample buffer also containing 5
mM dithiothreitol (DTT).
PI 3-kinase samples for digestion with various proteases were labelled with 200
nM wortmannin as indicated above. Subsequently, 6.5 mM NaCNBH3 was added
for 1 h to reduce and stabilize the Schiff base formed between the kinase and
wortmannin. Whenever soluble PI 3-kinase was used, labelling was performed in
the respective digestion buffers. GST–PI 3-kinase was labelled and reduced in
PBS, and the beads were washed twice with digestion buffer. Large fragments
were obtained with factor Xa (Promega) (1.5 mg of protease in 0.1 M NaCl–20
mM Tris z HCl [pH 8.0]) and Glu-C (Staphylococcus aureus V8 protease [Boehringer]; 0.4 mg in 50 mM NH4HCO3 [pH 7.8]) and were separated by SDS-PAGE
(10% polyacrylamide). Peptides smaller than 30 kDa were generated with Lys-C
(Promega) (2 mg in 25 mM Tris–1 mM EDTA [pH 7.7]), trypsin (Sigma) (0.04 mg
in 50 mM Tris–0.1 mM CaCl2 [pH 7.8]), and Arg-C (clostripain [Promega], 0.2
mg; the kinase was denatured in 1 mM DTT–1 M urea–20 mM Tris [pH 7.8] for
5 min at 908C and subsequently digested). Digestions were carried out at 378C for
3 h in a total volume of 80 ml, and the products were denatured and separated
on Tricine gels prepared as described previously (55).
Introduction of point mutations into p110a. The transformer site-directed
mutagenesis kit (Clontech) with AflIII-BglII trans-oligonucleotide primers and
the respective mutagenesis primers was used to produce the desired Lys 3 His,
Lys 3 Arg, and Cys 3 Ser codon exchanges in the p111a cDNA, cloned as a
BamHI-HindIII fragment (26) in the multicloning site of pUC19, and to introduce at the same time new restriction sites for plasmid selection (the mutants
were named KR1 [K733H], KR2 [C769S/K776R], and KR3 [K802R]). The triple
mutant KR4 (C862S/K863R/K867R) was produced by the ligation of a synthetic
adapter into the HinfI-PstI region of p110a DNA (corresponding to amino acids
860 to 871).
All nucleotide exchanges were confirmed by DNA sequencing (Sequenase 2.0;
U.S. Biochemicals). The respective mutations were subsequently reintroduced as
XbaI-PstI or BbsI-PstI fragments into wild-type p110a harbored in the pSCT1
and p36C expression vectors (see below) to generate the desired mutant proteins. General procedures were carried out as described previously (53).
Production of recombinant proteins. For transient expression of the p85a/
p110a PtdIns complex, human embryo kidney 293 cells (obtained from the
American Type Culture Collection) were transfected with 1 mg of adenovirus late
promoter expression vector pMT2 (31) containing the coding sequence of p85a
(26, 46) and 10 mg of the cytomegalovirus promoter-based expression vector
pSCT1 (50) carrying the wild-type and KR mutants of p110a. Expression vectors
and 5 mg of calf thymus carrier DNA were preprecipitated for 10 min in a
calcium phosphate solution, and this was subsequently added to 10-cm-diameter
petri dishes containing 293 cells cultured in Dulbecco’s modified Eagle’s medium
(Gibco/BRL) plus 5% fetal calf serum (the detailed procedure will be published
elsewhere). The medium was exchanged after 12 h, and cells were lysed 48 h later
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scribed as a potent and specific inhibitor of PI 3-kinase (1, 44,
82, 83) and has since been widely used because of its advantageous properties. Wortmannin is cell permeable and commercially available and has, at concentrations at which it fully
inhibits PI 3-kinase, very little effect on other signalling molecules. At submicromolar concentrations, wortmannin does
not interfere with the activities of protein kinase C (PKC);
calmodulin-dependent, cyclic AMP (cAMP)-dependent, and
cGMP-dependent protein kinases (42); mitogen-activated protein kinase (43); p70S6k (10); and the platelet-derived growth
factor receptor tyrosine kinase (82). Under these conditions,
wortmannin has no influence on the levels of PtdIns 4-P and
PtdIns(4,5)P2 in resting cells (1) and was reported not to inhibit PtdIns 4-kinase in vitro (44) but to inhibit a novel, weakly
membrane-associated PtdIns 4-kinase at elevated concentrations (41). The release of calcium from intracellular stores in
response to serpentine receptor ligand binding remains unaffected by wortmannin, illustrating that activation of phospholipase C, inositol(1,4,5)P3, and diacylglycerol production remains intact in the presence of the inhibitor. With a 50%
inhibitory concentration (IC50) of about 200 nM, wortmannin
has recently been shown to inhibit DNA-dependent protein
kinase (DNA-PKcs), which is involved in the control of DNA
repair mechanisms (22).
Wortmannin at nanomolar concentrations, on the other
hand, has been shown to inhibit the activation of neutrophil
NADPH oxidase by N-formyl-Met-Leu-Phe, complement factor 5a, leukotriene B4, platelet activation factor, and interleukin-8 but has no effect on the phorbol ester-induced response
or the enzyme activity in vitro (1, 3, 44). Later, platelet-derived
growth factor receptor-mediated fibroblast motility and membrane ruffling (77, 82), histamine release in mast cells (83),
insulin-stimulated glucose uptake in various tissues (29, 43,
85), nerve growth factor-dependent survival and differentiation
of PC12 cells (33, 84), platelet aggregation (35), and vesicular
sorting of cathepsin D to lysosomes (7, 13) were added to the
list of wortmannin-inhibited and possibly PI 3-kinase-controlled cellular processes.
Although it is not yet clear how inactivation of PtdIns 3-kinase by wortmannin affects these cell responses, a number of
candidate downstream enzymatic activities are affected by the
presence of the inhibitor or are modulated by PtdIns(3,4,5)P3.
Serum activation of the mitogen-activated protein kinase pathway, phosphorylation of glycogen synthase kinase 3 (12, 76)
and p70S6k (10), phospholipase D activity (5, 20, 49), and
activation of the GTP-binding protein Rac (9, 23), the PKC d,
ε, t (69), and z (40) isoforms, and, recently, PKB/c-Akt protein
kinase (8, 18) have been proposed to depend on functional PI
3-kinase.
The family of PtdIns 3-kinases is constantly expanding, and
related proteins include products of the ATM-related genes
(for a review, see reference 87) and the targets of the immunosuppressant rapamycin (TOR, FRAP, and RAFT1 [6, 37,
51, 52]), with (so far) unknown activities. It has been suggested
that targets of rapamycin (TORs) are downstream of PI 3-kinase because of the differential actions of rapamycin and wortmannin on p70S6k phosphorylation (8, 10). An interaction of
wortmannin with TORs was also considered (72).
The importance that wortmannin has gained as a tool to
explore PtdIns 3-kinase signalling demands a better understanding of its inhibitory mechanism. In this work, we identified the reaction site of wortmannin on PI 3-kinase. Additionally, we showed that the lysine residue involved in wortmannin
binding is likely to play a central role in the phosphotransfer
reaction. Together, the results elucidate the inactivation mechanism of PtdIns 3-kinases by wortmannin and provide a fix
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RESULTS
Specific interaction of wortmannin with p110a. While conditions for PtdIns 3-kinase assays are usually optimized to
produce a maximal effect of wortmannin, the parameters for
the present study were adapted to increase specificity rather

FIG. 1. Conditions for covalent modification of PI 3-kinase by wortmannin.
Purified recombinant PI 3-kinase p110a/p85a complex was incubated with wortmannin as described in Materials and Methods. Wortmannin-labelled proteins
were subsequently subjected to SDS-PAGE and probed with anti-wortmannin
antisera on immunoblots. (a) Binding of 100 nM wortmannin was achieved at the
indicated pHs in 0.2 M phosphate buffer. (b) PI 3-kinase complex was incubated
with increasing concentrations of wortmannin.

than sensitivity so as to avoid the detection of nonspecific
interactions of nucleophilic amino acid residues with wortmannin.
When wortmannin at nanomolar concentrations was incubated with recombinant bovine p85a/p110a complex, the inhibitor-protein conjugates could be detected after separation
on reducing SDS-PAGE with anti-wortmannin antibodies. At
physiological pH, wortmannin reacted covalently and specifically with p110a but not with p85a. At pHs below 6, no wortmannin binding could be detected. On the other hand, when
the pH was increased beyond 8.5, wortmannin attached to
p85a as well (Fig. 1a). Nonspecific wortmannin binding was
also observed when the concentration of the inhibitor was
increased to 1 mM or more (Fig. 1b), while p110a alone was
stained at lower inhibitor concentrations. Nonspecific labelling
of p85 could be somewhat reduced by the inclusion of detergent (0.1% Triton X-100 [compare Fig. 1 and 8]). Detectable
labelling under the stringent conditions used (08C for 15 min)
could be achieved with as little as 5 nM wortmannin (Fig. 1b).
Identical results were obtained with immobilized GST-p110a/
p85a complex (data not shown). At high pH or excessive inhibitor concentrations, wortmannin reacts with virtually any
protein containing lysine residues, a feature that was exploited
when producing anti-wortmannin antibodies (see Materials
and Methods).
Competition of PI 3-kinase substrates with wortmannin.
Wortmannin could act as either a competitive or noncompetitive inhibitor of PI 3-kinase. To test the two possibilities, PI
3-kinase was incubated with sonicated mixtures of phosphoinositides and PS, before wortmannin was added. While lipid
suspensions containing PtdIns(4,5)P2 protected PI 3-kinase
from modification by wortmannin, PtdIns, PS, or Triton-X100
alone had no effect up to 1 mg/ml (Fig. 2a). These results
suggest that wortmannin might interact with the head groupbinding site for PtdIns(4,5)P2. It has been previously reported
that high concentrations of ATP reduce the inhibitory action of
wortmannin on PI 3-kinase (82). The same was true for the
covalent reaction of wortmannin with PI 3-kinase; ATP and
the ATP analogs FSBA and adenine at 1 mM all interfered
with the alkylation of PI 3-kinase when added before the in-
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in 20 mM Tris (pH 8.0)–138 mM NaCl–2.7 mM KCl supplemented with 5%
glycerol, 1 mM MgCl2, 1 mM CaCl2, 5 mM EDTA, 20 mM NaF, 1 mM sodiumo-vanadate, 20 mM leupeptin, 18 mM pepstatin, and 1% Nonidet P-40. Clearedcell lysates (12,000 3 g for 15 min at 48C) were subjected to immunoprecipitation, wortmannin binding, and kinase assays. The protein subjected to SDSPAGE or kinase assays corresponded typically to one-quarter of a 10-cm petri
dish. Endogenous p85a could not be detected in 293 cells, whereas p85b was
present (T4 anti-p85b antibodies were kindly given by I. Gout).
Recombinant p110a baculovirus was produced essentially as described previously (26). Briefly, Sf9 cells cultured in IPL41 (Gibco/BRL) with 10% fetal calf
serum were cotransfected with 5 mg of each p36C transfer vector (47) containing
mutated p110a cDNA and 0.25 mg of linear BaculoGold DNA (Pharmingen)
essentially as described by the manufacturer. Recombinant virus was plaque
purified and amplified (45). For protein production, cells were harvested 60 h
after transfection with recombinant p110a and p85a virus, centrifuged and lysed
by mechanical disruption in a Dounce homogenizer in 20 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES)–2 mM DTT–10 mM NaF–100
mM Na3VO4–5 mM EDTA (pH 7.5) supplemented with the protease inhibitors
phenylmethylsulfonyl fluoride (1 mM), aprotinin (10 mg/ml), leupeptin (20 mM),
and pepstatin (18 mM). The lysate was cleared by ultracentrifugation, and the
supernatant was incubated with phosphotyrosine-Actigel beads (Sterogene). The
beads with the associated p85a/p110a PI 3-kinase complex were washed (20 mM
phosphate buffer [pH 7.5], 0.2 M NaCl) and used directly for experiments. The
production of p85a/GST-p110aR916P was described previously (15).
Immunoprecipitations. Recombinant PI 3-kinase subunits p85a, p110a, or
complexes were immunoprecipitated from 293 cell lysates with anti-C-terminal
antibodies and anti-p85 antisera by using protein A-Sepharose (Pharmacia) or
with monoclonal anti-p85a antibodies (U13; a kind gift from I. Gout) by using
anti-mouse immunoglobulin G agarose beads (Sigma) to immobilize the immunocomplexes. Precipitates were subsequently washed three times with 0.1 M
Tris-HCl (pH 7.4)–0.5 M LiCl and three times with the respective reaction
buffers.
PI 3-kinase and protein kinase assays. The assay for PI 3-kinase activity in
immunoprecipitates and protein from insect cells was carried out essentially as
described previously (30). PI 3-kinase samples were incubated with an
[g-32P]ATP (3,000 Ci/mmol; Amersham)–PtdIns–phosphatidylserine (PS)–Mg21
mix for 10 min at 308C, lipids were extracted, and PtdIns 3-P was quantified after
thin-layer chromatography (1, 30).
The protein serine kinase activity of PI 3-kinase was assayed as described
previously (15) with minor modifications. Immunoprecipitated PI 3-kinase or PI
3-kinase immobilized on phosphotyrosine beads was washed twice with kinase
buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM EDTA, 5 mM DTT, 10
mM MnCl2, 0.01% Triton X-100), and an equal volume of kinase buffer with
doubly concentrated ATP (to give a final concentration of 20 mM and 10 mCi of
[g-32P]ATP per experiment) was added to start the reaction. After a 20-min
incubation at 308C, samples were denatured, separated by SDS-PAGE, and
exposed to Kodak X-Omat films for autoradiography.
Molecular modelling. An initial model of the p110a catalytic domain was built
on the basis of the crystallographic structure of PKA with bound PKA inhibitorpeptide and ATP (39). To improve the alignment of these two low-homology
molecules, special attention was given to residues conserved within each family
and to functional residues (for a review, see reference 64). Each family of
structures was aligned by the MULTALIGN method of Barton and Sternberg
(4). Predicted (89) and X-ray-determined secondary-structure information was
used as further constraints for the alignment. The final alignment (45% homology and 11% identity) was then used to construct the model by using the suite of
programs within Quanta. The target (p110a) protein and template (PKA) were
aligned. Where the target sequence matched the template molecule, the residue
coordinates from the template were transformed directly to the target. Where no
equivalent atoms were found in the template molecule for the target protein,
reference was made to a side chain rotamer library. This defines the most
common conformation found for each side chain type (66). Gaps in the target
sequence were subjected to local energy minimization to bring the core ends
together and to alleviate local conformational strain. Insertions in the target
sequence were modelled by searching a fragment database of high-resolution
structures to find an appropriate template. The final structure was subjected to
100 steps of steepest gradient minimization by the CHARMM program to make
minor shifts in the coordinate positions, thereby alleviating steric clashes between atoms and obtaining a reasonable peptide geometry. Wortmannin was
fitted into the ATP-binding site with ATP as a template. The docking of wortmannin was refined manually, and the complex was energetically minimized. This
cycle of adjustment was repeated several times to obtain the model presented
here.
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hibitor (Fig. 2b). FSBA reacts covalently with reactive nucleophilic amino acid residues and was previously used to map the
nucleotide-binding sites of various ATP- and GTP-utilizing
enzymes (reference 34 and references therein). Although
FSBA reacts nonspecifically to a certain extent (34) (see below), the present results suggest that wortmannin alkylates a
nucleophilic residue within the ATP-binding site of PI 3-kinase.
To mimic the nucleophilic attack of amino acid side chains
on wortmannin, substances similar to the respective amino
acids but lacking the a-amino group were used. An excess of
b-mercaptoethanol, ethanolamine, imidazole, and guanidinopropionic acid did not compete with PI 3-kinase and did not
destroy the reactivity of wortmannin under the conditions used
(Fig. 2b). This demonstrates that the nucleophilicity of the
wortmannin-reactive amino acid residue is determined by its
environment within the catalytic site of the enzyme rather than
by its characteristics in aqueous solution. The lack of any effect
of ethanolamine also shows that the primary amino group in
ATP and its analogs does not have the potential to inactivate
wortmannin under the given conditions.
Proteolytic mapping of the wortmannin-binding site. When
wortmannin-labelled GST-p110a/p85a complex was partially
digested, factor Xa produced relatively small amounts of the
expected p110a full-length protein cleaved adjacent to the
Ile-Glu-Gly-Arg intersection of GST-p110. The major wortmannin-labelled product of factor Xa digestion was of 52 kDa,
while Glu-C (S. aureus V8 protease) generated a wortmannincontaining 55-kDa peptide (Fig. 3). After the removal of anti-
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wortmannin antibodies, immunoblots were reprobed with antip110 C-terminal antibodies. Superposition of the signals
obtained from anti-wortmannin and anti-p110 C-terminal immunoblots showed that GST-p110a, p110a, and the 52- and
55-kDa peptides contained both the wortmannin-binding site
and the C terminus of p110a (Fig. 3). The 52- and 55-kDa
peptides remained firmly attached to the glutathione beads,
since none of the 52-kDa and very little of the 55-kDa peptide
could be detected in the supernatant of the digest. Separate
experiments with wortmannin absent showed that PI 3-kinase
activity of the immobilized GST-p110a/p85a complex was increased 2.3-fold by factor Xa and 3.8-fold by Glu-C cleavage,
indicating that the enzyme remained fully functional after the
above protease treatment.
Once the N-terminal half of p110 could be excluded from
binding wortmannin covalently, the interaction site was further
mapped with proteases generating smaller peptides. In the
course of these studies, we realized that binding of wortmannin
to PI 3-kinase was covalent but reversible. Attempts to isolate
wortmannin-labelled peptides failed because of the acid lability of the wortmannin-enzyme interaction and because labelled
peptides could not be recovered from various high-pressure
liquid chromatography columns at neutral pH. Assuming that
the acid-labile function might be a Schiff base, model reactions
with lysine and morpholino adducts of wortmannin (kindly
provided by T. G. Payne, Sandoz, Basel, Switzerland) were
carried out to find ways to stabilize the putative amine-wortmannin interaction (for reactions of wortmannin with amines,
see reference 21). Thus, NaCNBH3 was finally chosen to reduce wortmannin-p110. Reduction with NaCNBH3, as described in Materials and Methods, considerably decreased the
release of wortmannin from p110a when the mixture was exposed to low pH (pH 3 to 4 [data not shown]). Because of its
longer half-life, reduced, wortmannin-labelled p110a was used
subsequently for peptide analysis by Tricine gel electrophoresis
and immunodetection. Proteases were always used at various
concentrations to monitor the formation of peptides, which
were then analyzed by superimposing anti-wortmannin and
anti-peptide immunoblots. Because stripping and reprobing of
membranes increased background chemiluminescence, parallel (not serial) immunoblots are shown in Fig. 4.
Digestion with Lys-C protease produced two groups of wortmannin-labelled peptides with apparent molecular masses of
approximately 15 and 7 kDa, which were not cross-detected
with anti-C terminal antibodies (Fig. 4a). Trypsin and Arg-C,
on the other hand, produced various C-terminal peptides that

FIG. 3. Partial digests of GST-p110a/p85a complex by factor Xa and Glu-C.
Wortmannin-labelled PI 3-kinase immobilized on glutathione-Sepharose beads
was digested as described in Materials and Methods. Beads (B) and supernatants
(S) following protease treatment and undigested PI 3-kinase (C) were denatured
separately and examined on immunoblots for the presence of wortmannin. The
membranes were then stripped and reprobed with anti-p110 C-terminal antibodies.
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FIG. 2. Substrates competing with wortmannin binding. PI 3-kinase was subjected to wortmannin labelling (100 nM) in the presence of the enzyme substrates PtdIns (PI), PtdIns(4,5)P2, ATP, ATP analogs, and nucleophilic substances. The reaction of PI 3-kinase with wortmannin was verified as in Fig. 1. (a)
Recombinant p110a/p85a complex was added to lipid suspensions made up from
the indicated lipids (phosphoinositide mixtures also contained one-quarter of PS;
Triton-X 100 [TX-100] was present at 0.1%). Wortmannin or dimethyl sulfoxide
(DMSO) only (2Wortmannin) were subsequently added. (b) Immobilized GSTp110a/p85a complex was preincubated with 1 mM ATP, FSBA, adenine, b-mercaptoethanol (b-ME), ethanolamine (EtOHamine), or b-guanidinopropionic
acid (GuPrAc) for 30 min at 378C. The samples were cooled to 08C before
incubation with wortmannin.
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remained undetected with anti-wortmannin antibodies (in the
range of 7 to 15 kDa). Peptides staining for wortmannin and
the C terminus were more than 40 kDa in Arg-C partial digests.
As C-terminal peptides of more than 40 kDa were found to
be labelled by wortmannin and those of less than 15 kDa were
not (as illustrated in Fig. 5), a region of approximately 25 kDa
(amino acids 720 to 935) was estimated for the wortmanninbinding site. This localization corresponds to the ATP-binding
site.
A complete digestion of p110a with Lys-C theoretically generates 72 peptides, of which 12 are larger than 3 kDa and are
therefore putative candidates for the wortmannin-labelled

peptide family with an apparent molecular mass of 7 kD (Fig.
4). Only four of these peptides, however, fall into the region of
amino acids 720 to 935. If the ε-amino group of a lysine reacted
with wortmannin, one would expect that the lysine-specific
protease would not cleave C-terminal to the alkylated residue.
A Lys-C digest would then result in 32 peptides which are
larger than 3 kDa, with 6 candidates located within the 25-kDa
wortmannin-binding region (Table 1). Of these peptides, however, only two (F734-K802 and R777-K863) would give rise to
a 15-kDa wortmannin-labelled peptide with one additional uncleaved amide bound distal to one of the neighboring lysines.
If the 15-kDa wortmannin signal was the F734-K863 peptide, this would also explain the appearance of multiple
bands, since it can be further extended to lysines 729, 724, or
867.
To check this possibility, wortmannin-labelled p110a was
digested with Lys-C and immunoblots were probed with antiwortmannin and anti-peptide antibodies (p110a 734 to 748).
These experiments showed clearly that the 15-kDa peptides
contain the wortmannin attachment site as well as the peptide
sequence 734 to 748. However, the wortmannin-labelled 7-kDa
peptides that were formed as the 15-kDa group was further
digested remained undetected by anti-p110a 734 to 748 antisera (Fig. 4b). Because of its proximity to the gel front, the 734
to 776 fragment not labelled with wortmannin produced only a
weak signal with an apparent molecular mass of about 3.2 kDa
in anti-peptide immunoblots (calculated mass, 4.9 kDa [data
not shown]). These results clearly exclude Lys-776 from being
the covalent binding site of wortmannin and point to an interaction at Lys-802.
Wortmannin and FSBA binding to Lys-to-Arg mutants of
p110a. Lysines within the putative wortmannin-binding site
K733-K867 were replaced by arginines (histidine for Lys-733)
by site-directed mutagenesis. Selected cysteines within the
same region were mutated to serine at the same time. Mutated
p110a was subsequently coexpressed with p85a in 293 cells and
immunoprecipitated with monoclonal anti-p85a antibodies or
anti-p110a C-terminal antibodies from cell lysates. Expression
levels of wild-type p110a/p85a complex and mutant PI 3-kinase protein were all equal, as demonstrated by Coomassie
blue and colloidal gold staining (Fig. 6a and b). The amount of
endogenous PI 3-kinase from 293 cells was too small to be
detected. When anti-PI 3-kinase immunoprecipitates were subjected to wortmannin labelling, wild-type p110a (wt), p110aK733H
(KR1), p110aC769S/K776R (KR2), and p110aC862S/K863/K867R
(KR4) all bound wortmannin covalently whereas the p110aK802R
(KR3) mutant was undetected by anti-wortmannin antisera (Fig.
6b and d). Identical results were obtained with recombinant PI
3-kinase complexes (wt and KR2-4) isolated from the baculovirus/Sf9 cell expression system (data not shown). A covalent
interaction of wortmannin with Lys-802, as confirmed by the
KR3 mutation, is in agreement with the results obtained with
substrate competition and proteolytic digests.
Wild-type and mutant PI 3-kinases were also incubated with
FSBA and subsequently examined with anti-FSBA antisera for
the presence of sulfonated protein. Although FSBA is considered a specific probe for ATP-binding sites (34), we observed
nonspecific modification of p85 (Fig. 6e) and immunoglobulin
G heavy and light chains in immunoprecipitates (data not
shown). Further experiments were therefore carried out with
recombinant p110/p85 complex isolated from insect cells. With
this purified, immobilized protein, FSBA staining of wt, KR2,
and KR4 was prominent while the labelling of KR3 was virtually absent (Fig. 6e). Although samples were extensively
washed and denatured in the presence of b-mercaptoethanol
and DTT, FSBA binding to p85 persisted.
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FIG. 4. Localization of wortmannin-labelled peptides. Immobilized GSTp110a/p85a complex was incubated with 200 nM wortmannin, digested with the
indicated proteases (Lys-C at 2 mg when not otherwise indicated, trypsin at 0.04
mg, Arg-C at 2 mg), and subjected to Tricine gel electrophoresis and immunoblotting. (a) Detection of wortmannin-labelled peptides with anti-wortmannin
antiserum (W) or peptides including the C terminus with anti-p110a C-terminal
antiserum (CT). (b) Lys-C concentration-dependent formation of wortmanninlabelled peptides (a-wortmannin) or peptides containing the internal sequence
734 to 748 of p110a (a-p110 734-48). Triangles mark the positions of peptide
molecular mass standards (to the left, Sigma [2.5 to 17 kDa]; to the right,
Pharmacia [14 to 94 kDa]).
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Lipid and protein kinase activities of Lys-to-Arg mutants of
p110a. The transiently overexpressed and immunoprecipitated
proteins were assayed for lipid and protein kinase activities.
While 293 cells transfected with p85a and one of the wt, KR1,
KR2, or KR4 p110a vectors produced 35 to 40 times the
amount of PtdIns 3-P than did cells that received p85 only, the
PI 3-kinase activity from p85/KR3-transfected cells achieved
only levels characteristic of mock-transfected cells (Fig. 7a).
That the remaining activity in KR3-transfected cells is due to
coprecipitation of endogenous PI 3-kinase is illustrated by the
fact that the p85a/KR3-p110a complex purified from Sf9 insect
cells yielded less than 0.1% of the activity of the wt, KR2, and
KR4 protein from the same source (data not shown).
As in the lipid kinase assay, the KR3 mutant p110a was
impaired in its ability to phosphorylate coexpressed p85a
whereas the wt and the rest of the KR mutants all heavily
phosphorylated the p85a band (Fig. 7b). The same results were
obtained with protein from Sf9 cells, when the KR3 mutant
showed no phosphorylation of p85a at all (data not shown).
It has been shown previously that mutations within the conserved DXHXXN kinase motif completely destroy the lipid
kinase activity of Vps34p (57) as well as the lipid and protein

TABLE 1. Predicted Lys-C peptide pattern for wortmanninlabelled p110aa
Starting
residue

C-terminal
lysine residue

Putative
wortmanninbinding site

Expected
mol mass
(Da)

Within
expected
region

673
628
679
885
987
730
974
887
803
734
777

700
655
711
924
1030
776
1024
941
867
802
863

678
640
700
886
1024
733
986
924
863
776
802

3,283
3,472
3,893
4,396
5,035
5,465
6,143
6,176
7,390
8,221
10,277

No
No
No
Yes
No
Yes
No
Yes
Yes
Yes
Yes

a
Peptides larger than 3 kDa starting at amino acids above 600 are listed by
increasing molecular masses. The molecular mass was calculated under the
assumption that a wortmannin-lysine adduct at the putative position masks the
cleavage site for Lys-C.

kinase activity of p110a (DRHNSN in p110a, where R 5
Arg-916 [15]). When a p85a/GST-p110a R916P mutant (RP)
PI 3-kinase was used to assay wortmannin binding, the inactive
p110 subunit still bound wortmannin covalently. The reaction
with the inhibitor was observed at similar concentrations to
those with the wild-type lipid kinase and occurred in a specific
manner (Fig. 8). The labelling efficiency of the RP mutant,
however, was reduced, and more protein was needed to yield
comparable signals in the anti-wortmannin immunoblots. This
indicates that the interaction of wortmannin with the catalytic
subunit of PI 3-kinase is optimal with an intact ATP binding
site but is not strictly coupled to kinase activity.
Structure prediction of the wortmannin-p110a complex.
The availability of the crystal structure of PKA prompted us to
construct a model of the catalytic domain of p110a so that,
with our assignment of the wortmannin-binding residue, a possible structure of the p110a-wortmannin interaction site could
be put forward. Modelling was performed as described in Materials and Methods. The overall root mean square deviation of
the modelled structure from the original template structure
was 2.5 Å (0.25 nm) after minimization. Two significant insertions had to be added to the p110a model with respect to PKA.
The first is 8 residues long and partially covers a groove in
p110a which is equivalent to the binding site of the PKA
inhibitor peptide. However, a smaller substrate such as PI
would still fit into the active site of p110a together with ATP.
The second insertion (10 residues) is located in such a way as
to replace the N-terminal helix which is found in PKA but
seems to be absent in the PI-kinase catalytic domains. The
environment of the ATP-binding site contains the conserved
Lys-802 (equivalent to Lys-72 in PKA) and the stabilizing Glu821 (Glu-91 in PKA). Lys-802 could also interact with the aand b-phosphates of ATP (data not shown) as proposed for
Lys-72 in PKA (39). When wortmannin was docked into this
site with the ATP molecule as the template, the C-20 became
positioned so that it was near Lys-802. Residues that may
stabilize wortmannin in this site are Pro-786, Asp-787, Ile-788,
Ser-919, Asp-933, His-936, and Lys-802. Wortmannin fits well
into this pocket (Fig. 9). Lys-802 could attack C-20 of wortmannin while still being stabilized by Glu-821. Although the
model of the p110a catalytic center as shown in Fig. 9 is
preliminary and further studies are in progress to improve it, it
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FIG. 5. The wortmannin target site deduced from digest patterns as displayed in Fig. 3 and 4. Selected peptides were aligned with full-length p110a by using the
C terminus or the internal sequence 734 to 748 as markers. Peptides detected by anti-wortmannin antibodies are displayed in gray. Numbers indicate the apparent
molecular masses in kilodaltons (asterisks indicate expected molecular masses) as obtained by the indicated proteolytic treatments.
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FIG. 6. Wortmannin and FSBA binding on overexpressed p110a Lys-to-Arg
mutants. (a to d) Human embryonic kidney 293 cells were cotransfected with
p85a and p110a DNA as indicated at the bottom of panel d. PI 3-kinase was
immunoprecipitated from cell lysates with monoclonal anti-p85a antibodies (a
and b) or anti-p110a rabbit antisera (c and d) (see Materials and Methods for
details). Expression of p85a or p110a was verified by staining for total protein (a
and c). (a) Coomassie blue-stained SDS-PAGE of immunoprecipitates from 293
cells. (b) Anti-p85a immunoprecipitates were incubated with 100 nM wortmannin and subsequently probed on immunoblots for covalent binding of wortmannin by using anti-wortmannin antisera. (c) Colloidal gold total protein staining of
the polyvinylidene difluoride membrane after wortmannin detection in panel d.
(d) Anti-p110a immunoprecipitates treated as described for the samples in panel
b. (e) Recombinant wild-type and mutant p110a/85a complexes were isolated
from insect cells on glutathione (wt) or phosphotyrosine (KR) beads. Samples
were labelled with 200 mM FSBA and subsequent immunoblots were developed
with anti-FSBA antibodies (left) before the membranes were stained for total
protein (right) as in panel c.

resistance of this association to denaturation under reducing
conditions suggested a covalent interaction of wortmannin and
the catalytic p110 subunit of PI 3-kinase (68).
To determine the exact site of this covalent interaction, we
optimized the reaction conditions for wortmannin with PI 3-kinase, aiming at a most specific reaction of the inhibitor with
p110a. When added in excess, the physiological substrates of

is in good agreement with the biochemical data described
above.
DISCUSSION
Wortmannin first received widespread attention as an inhibitor of the agonist-induced superoxide anion production in
neutrophils. Although the cellular target of wortmannin was
unknown at that time, Baggiolini et al. (3) demonstrated that
the furan ring structure of the substance was important for its
action, because derivatives with an opened or protected furan
ring were ineffective in biological assays. After the identification of wortmannin as a specific inhibitor of PI 3-kinase (1, 44,
82, 83), it was found that 17-[3H],17-hydroxy wortmannin labelled a 110-kDa PI 3-kinase from neutrophil cytosol. The

FIG. 8. Covalent reaction of wortmannin with an inactive PI 3-kinase complex. (a) Purified recombinant GST-p110a/p85a and Arg-to-Pro mutant GSTp110aR916P/p85a complex (twice the amount of protein) were exposed to the
indicated concentrations of wortmannin in the presence of 0.1% Triton X-100
and then subjected to SDS-PAGE and immunoblotting with anti-wortmannin
antibodies. (b) [32P]PtdIns-3P formed by GST-p110a/p85a (wt) or the GSTp110aR916P/p85a (RP) complex in a PI 3-kinase assay.
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FIG. 7. Lipid and protein kinase activities of p110a lysine mutants. PI 3-kinase was immunoprecipitated with anti-p85a antiserum from 293 cells transfected with p85a and p110a DNA as described in the legend to Fig. 6. (a)
Immunoprecipitates were subjected to PI 3-kinase activity assays. The amount of
radioactivity incorporated in [32P]PtdIns-3P is displayed in relation to the activity
obtained from cells transfected with p85a DNA only (n 5 3; bars indicate
standard error of the mean). (b) Immunoprecipitates were assayed for p85a
phosphorylation.
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FIG. 9. Modelling of the wortmannin-p110a complex. (a) Three-dimensional representation of the backbone of p110a with wortmannin docked into the putative
catalytic site. Lys-802 is represented by balls and sticks and is colored blue, while the stabilizing Glu-821 is shown in red. Wortmannin is represented as van der Waals
spheres in white. (b) Schematic representation of the wortmannin molecule and protein amino acids that surround it within the binding site. Dashed lines indicate
possible hydrogen bonds and/or electrostatic interactions between residues and wortmannin. Half circles indicate hydrophobic interactions.
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TABLE 2. Alignment of wortmannin-reactive lysine in p110a with related proteinsa
Proteinb

End residue

SAKRPLWLNWENPDIMSELLFQNNEIIFKNGDDLRQDMLTLQIIRIME
SAKRPLWLNWENPDIMSELLFQNNEIIFKNGDDLRQDMLTLQIIRIME
KYMDSKMKPLWLVYNNKVFGEDSVGVIFKNGDDLRQDMLTLQMLRLMD
SKKKPLWLEFKCADPTALSN-ETIGIIFKHGDDLRQDMLILQILRIME
TATLFKSALMPAQLFFKTEDGGKYPVIFKHGDDLRQDQLILQIISLMD
TSKVFKSSLSPLKITFKTTLNQPYHLMFKVGDDLRQDQLVVQIISLMN
SSLFKSALHPLRLTFRTPEEGRSCKLIFKKGDDLRQDQLVVQMVWLMD
VFSVISSKQRPRKFCIKGSDGKDYKYVLKGHEDIRQDSLVMQLFGLVN
SLQVITSKQRPRKLTLMGSNGHEFVFLLKGHEDLRQDERVMQLFGLVN
SLQVITSKQRPRKLTLMGSNGHEFVFLLKGHEDLRQDERVMQLFGLVN
RVTVMASLRRPKRIIIRGHDEREHPFLVKGGEDLRQDQRVEQLFQVMN
LRCRSDSEDECSTQEADGQKISWQAAIFKVGDDCRQDMLALQIIDLFK
DWATKKERIRKTSEYGHFENWDLCSVIAKTGDDLRQEAFAYQMIQAMA
RLGSGKFGQVFRLVEKK----TGKVWAGKFFKAYSAKEKENIRDEISI
TLGTGSFGRVMLVKHKE----SGNHYAMKILDKQKVVKLKQIEHTLNE
pygclsigdcvglievvrnshtimqiqckgglkgalqf

821
821
824
851
655
643
583
2147
2206
2206
3771
621
815
K 5 548
K 5 72
k 5 863

Concn for FSBA/WTc

FSBA-/WT5K802, nM
nM
nM
nM/B (unpublished data)
nM/B (unpublished data)
.mM
?
?
?
?
nM
.mM
mM
FSBA-K548/mM/B
FSBA-K72
Misalignment

a

Lipid and protein kinase sequences were aligned around Lys-802 (K) of the p110a catalytic subunit of PI 3-kinase.
AT, Arabidopsis thaliana; BT, bovine; HS, human, SC, Saccharomyces cerevisiae.
The concentration range at which wortmannin inhibits the respective activities is indicated. B, covalent wortmannin binding was observed (for references, see the
text. FSBA-X and WT5X denote identified reaction sites of kinases with either FSBA or wortmannin.
b
c

PI 3-kinase, PtdIns(4,5)P2 and ATP, both prevented the reaction of wortmannin with p110a. The kinase motifs DXHXXN
and DFG are conserved in p110a (26). It has been shown that
point mutations within these motifs destroy the lipid kinase
activities of p110a (15) and Vps34p (57). Because of the preceding glycine-rich region (Gly-837, Gly-842, and Gly-846 in
p110a [Table 2]), Lys-863 was originally aligned by Hiles et al.
(26) with Lys-72 of PKA (67). This roughly localized the ATPbinding site within the 842G-DFG935 region of p110a.
The charged 941KKKKFGYKRER951 stretch of p110a resembles the K(X)nKXKK (n 5 3 to 7) motif that was found to
bind PtdIns(4,5)P2 in gelsolin (86) and might therefore constitute the binding site for the 4,5-phosphates of the lipid. The
fact that PtdIns(4,5)P2 but not PtdIns, PS, or detergent diminished the wortmannin-p110 interaction may indicate that the
concentrated positive charges somehow participate in the noncovalent binding of wortmannin. The competitors in this experiment, however, were present in mixed micelles and vesicles. Since it was previously observed that the physical
properties of lipids can influence their effects on lipid-binding
proteins (e.g., on gelsolin [28]), these results must be viewed
with caution. Together, these results define a minimal putative
13-kDa region for noncovalent wortmannin-binding overlapping with the ATP- and PtdIns(4,5)P2-binding sites from approximately G-824 to R-951.
To evaluate the putative reaction sites within the target
region defined by proteolytic digests (Lys-802 within the wortmannin-labelled R-777 to K-863 peptide [see Results and Fig.
5]), we used site-directed mutagenesis to exchange putative
wortmannin-reactive lysines. The aim of these manipulations
was to leave the positive charges in place while reducing the
nucleophilicity of the respective side chains. Lysines were
therefore replaced by arginines (except for the K733H mutation). Because arginines are always protonated under physiologic conditions and histidines are secondary amines, both are
weak nucleophiles. The observation that the exchange of Lys733, Lys-776, Lys-863, and Lys-867 had no consequences and
only the KR3 mutant (K802R) was no longer able to bind
wortmannin covalently confirmed the interpretation of the
peptide and substrate competition data. This is also in agreement with the fact that Lys-C digestion of the wortmanninpreincubated KR2 PI 3-kinase led to accumulation of the 15-

kDa wortmannin-labelled peptides while the 7-kDa peptides
were no longer present (data not shown).
By analogy to chemical reactions performed to produce
wortmannin derivatives (21), the ε-amino group of Lys-802
attacks C-20 of wortmannin, leading to the opening of the
furan ring and the formation of an enamine. The enamine is in
equilibrium with a Schiff base, which is relatively stable at
physiological pH but is easily hydrolyzed under acidic conditions and can be reduced by NaCNBH3 in its imine form. A
similar reaction mechanism is likely to be found for demethoxyviridin, another inhibitor of PI 3-kinase effective at nanomolar concentrations (5, 81), because the substance contains
an identical furan ring system to that in wortmannin.
The covalent character of the interaction also explains the
low inhibitory concentrations of wortmannin when compared
with quercetin derivatives. Quercetin and the more specific
LY294002 derivative (59, 73) have no site for nucleophilic
attack and were reported to inhibit PtdIns kinases at micromolar concentrations. This is comparable to the effect of wortmannin derivatives with hydrolyzed furane ring structures (3,
83). LY294002 was shown to inhibit PI 3-kinase competitively
with respect to ATP (73), while wortmannin was classified as a
noncompetitive inhibitor (44). However, as we show here,
wortmannin does react covalently within the ATP-binding site
and thus produces the characteristics of an apparent noncovalent inhibitor by reducing the amount of functional enzyme
and the apparent Vmax while the Km of unreacted PI 3-kinase
remains unchanged.
FSBA was previously used to map the ATP-binding sites of
various proteins, including PKA and smooth muscle myosin
light-chain kinase (MLCK). The isolation of sulfonated peptides led to the identification of the FSBA-reactive residues,
which are Lys-72 in PKA (88) and Lys-548 in MLCK (34). Of
the three KR mutants produced in insect cells, only KR3 did
not react with FSBA, whereas the K776R, K763R and K767R
replacements had no effect. Although we obtained nonspecific
FSBA staining of p85, the differential staining of the p110
subunits indicates that K-802 is the residue modified by FSBA.
The sulfonated residues in PKA and MLCK were shown to
play crucial roles in the phosphotransfer reaction (39, 67), and
both enzymes were irreversibly inhibited by FSBA. When wt
and KR mutant PI 3-kinase were tested for lipid and kinase

Downloaded from http://mcb.asm.org/ on September 22, 2019 by guest

BT p110a
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HS p110b
HS p110g
HS Vps34
SC Vps34
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SC TOR2
HS FRAP
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HS DNA-PK
HS PI4K
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MLCK
PKA
BT p110a
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drophobic surfaces for wortmannin interaction and the latter
might increase the nucleophilicity of the Lys-802 homolog residue. The present data contribute to the correct interpretation
of data obtained with the inhibitor with respect to PtdIns
3-kinase involvement in various cell responses. When wortmannin is used , the covalent nature of the reaction has to be
recalled and the reaction temperature, buffer composition, and
incubation time must be considered. As shown above, nonspecific reactions are to be expected at pHs above 8, when the
nucleophilicity of lysines is dramatically increased by deprotonation. As for all covalent reactions, IC50s are misleading if
they are not strictly used comparatively and were not obtained
under identical conditions. Although wortmannin inhibits PI
3-kinases at very low concentrations, careful controls are essential to rule out cross-interferences with other signalling
pathways.
The model of the p110a-wortmannin complex that we have
derived is certainly speculative and would have to be confirmed
by crystallography. However, it is in very good agreement with
the experimental data presented here and serves as a template
for further site-directed mutagenesis studies to test and improve its validity. The localization and modelling of the wortmannin-binding site provide the basis for ongoing experimental approaches exploring the noncovalent wortmannin
interaction within the catalytic cleft of PI 3-kinase. This information might lead to the design of subunit-specific inhibitors
for PI 3-kinases and related enzymes. Unlike wortmannin, such
inhibitors might be able to inhibit one specific member of the
PI 3-kinase family while others function normally, be it for
research or therapeutic uses.
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activity, wt, KR1, KR2, and KR4 phosphorylated PtdIns, as
well as the coexpressed p85 regulatory subunit. KR3, on the
other hand, was inactive in both assays. Taken together, our
results demonstrate that K-802 has a similar function to K-72
in PKA, which was proposed to interact with the a- and
b-phosphate groups of ATP (39).
An alignment of PtdIns 3-kinases, TORs, DNA-PKcs, PtdIns
4-kinases, and two protein kinases around the Lys-802–p110a
conserved region illustrates that the identified lipid kinases are
devoid of a typical P-loop (Table 2) (for a review of protein
kinase motifs, see reference 54). The TOR genes—without an
attributed activity so far—contain as the only members of this
family two conserved glycine residues, which might constitute a
degenerated P-loop.
On the basis of the alignments in Table 2, it is likely that
K-548 of MLCK will turn out to be the wortmannin-binding
residue, because it has been verified that MLCK is irreversibly
inhibited by micromolar concentrations of wortmannin (42).
PtdIns 4-kinase is inactivated by FSBA, and it has been proposed that the unknown sulfonylated residue is a lysine (56).
Lys-602 seems to be the most likely candidate at present.
Reflections about the reaction sequence of wortmannin and
FSBA with the catalytic center of kinases may yield some
general predictions: both substances associate noncovalently
with the substrate-binding site of the respective kinase in a first
step. Once the inhibitors are held in place by noncovalent
interactions, the high local concentrations of the reaction partners (e.g., Lys-802 and wortmannin) drive the reaction immediately towards the covalent conjugate. While the first step
depends on the dissociation constant of the inhibitor, the onrate of the covalent reaction is dictated by the nucleophilicity
of the attacking lysine residue. Because this residue is present
in all lipid kinases and most protein kinases, differences and
specificities in wortmannin reactivity must be sought at the
level of noncovalent interactions. This is supported by the
differential reactivity of yeast and human Vps34p with wortmannin, because both enzymes catalyze identical reactions and
contain the K-802-equivalent residue.
PI 3-kinase, rendered nonfunctional by the R916P mutation
within the DXHXXN motif, still could bind wortmannin covalently, although less efficiently than wild-type kinase did.
Wortmannin also reacted with PI 3-kinase in the presence of
inactivating concentrations of detergent or with PI 3-kinase
inactivated by the prephosphorylation of p85 by the intrinsic
protein kinase activity of p110. Together, these results indicate
that kinase activity and intact substrate binding are not obligatory for a covalent reaction of wortmannin, although the
latter is optimal if the ATP-binding site is intact. As wortmannin and FSBA both bind within the ATP-binding site of the
prephosphorylated p85/p110 complex, one might assume that
the phosphorylation of Ser-608 on p85a (15)—deactivating the
PI 3-kinase complex—blocks lipid binding rather than access
of ATP to the catalytic site. A contribution of p85 in the
binding of PtdIns(4,5)P2 was suggested previously (16).
The identified covalent interaction site and the proposed
reaction mechanism presented here explain the highly efficient
inhibition of PtdIns 3-kinases by wortmannin, because the inhibitor not only blocks substrate binding but also alkylates a
Lys residue, whose nucleophilicity is crucial for the catalytic
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