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A point mutation at the ATP-binding site of the EGF-
receptor abolishes signal transduction
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The EGF-receptor (EGF-R) is a transmembrane glyco-
protein with intrinsic protein tyrosine kinase (TK) activi-
ty. To explore the importance of the receptor TK in the
action of EGF, we have used transfected NIH-3T3 cells
expressing either the normal human EGF-R or a recep-
tor mutated at Lys721, a key residue in the presumed
ATP-binding region. The wild-type receptor responds to
EGF by causing inositol phosphate formation, Ca2+ in-
flux, activation of Na+/H+ exchange and DNA syn-
thesis. In contrast, the TK-deficient mutant receptor fails
to evoke any of these responses. It is concluded that ac-
tivation of the receptor TK is a crucial signal that initiates
the multiple post-receptor effects ofEGF leading to DNA
synthesis. Furthermore, the results suggest that tyrosine
phosphorylation plays a role in the activation of the phos-
phoinositide signalling system.
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Introduction
The binding of epidermal growth factor (EGF) to its cell
surface receptor initiates a variety of biochemical and physio-
logical changes in the target cell, leading to enhanced DNA
synthesis and cell division (reviewed in Carpenter and
Cohen, 1979; Schlessinger, 1986). The EGF-receptor
(EGF-R) is a 170-kd transmembrane glycoprotein with an
intrinsic protein tyrosine kinase (TK) domain. EGF binding
activates the TK leading to receptor autophosphorylation and
to the phosphorylation of specific substrates (reviewed in
Carpenter and Cohen, 1979; Hunter and Cooper, 1985;
Schlessinger, 1986). While recent data suggest that this TK
activity regulates receptor degradation after endocytosis
(Honegger et al., 1987a,b), uncertainty still exists about its
role in mediating the various cellular responses to EGF.
Among the immediate consequences of receptor activation
are: (i) a rise in cytoplasmic free Ca2+ (Moolenaar et al.,
1986), (ii) activation of Na+/H+ exchange resulting in
intracellular alkalinization (Rothenberg et al., 1983;
Moolenaar, 1986) and, at least in some cell types, (iii) acti-
vation of the phosphoinositide-second messenger system

(Sawyer and Cohen, 1981; Pike and Eakes, 1987; Tilly et
al., 1988). To explore the importance of the receptor TK
activity in EGF action, we have used transfected NIH-3T3
cells expressing either wild-type human EGF-R or a mutant
receptor containing an alanine substituted for Lys72 1, a key
residue in the presumed ATP-binding domain. We have
previously shown that this receptor mutant is devoid of pro-
tein TK activity both in vitro and in vivo (Honegger et al.,
1987a,b). Unlike wild-type EGF-R, which undergoes typical
internalization and degradation, the TK-defective mutant
recycles back to the cell surface after internalization while
bound EGF molecules undergo degradation (Honegger et
al., 1987a). Moreover, the mutant EGF-R is unable to
stimulate proto-oncogenes c-myc and c-fos expression and
DNA synthesis (Honegger et al., 1987b). Here we show
that this TK-defective EGF-R mutant is unable to stimulate
inositol phosphate formation, Ca2+ influx and Na+/H+ ex-
change, while wild-type EGF-R is able to stimulate these
responses in the transfected cells. On the basis of these
results, we propose that the protein TK activity of EGF-R
is essential for signal transduction mediated by EGF leading
to DNA synthesis.

Results and discussion
In order to establish the role for the protein TK function of
the EGF-R as a mediator of the pleiotropic response of EGF,
we have prepared a TK-defective EGF-R mutant by in vitro
site-directed mutagenesis in which Lys72 1 was replaced by
an alanine residue (Honegger et al., 1987a,b). Several cell
lines expressing either wild-type EGF-R or the mutant recep-
tor K721A were generated. The NIH-3T3 clone used for
transfections has previously been shown to lack detectable
amounts of endogenous murine EGF-R (Honegger et al.,
1987a,b). Full characterization of the transfected NIH-3T3
cells expressing either wild-type or mutant EGF-R was
described previously (Honegger et al., 1987a,b). Briefly,
both wild-type and mutant receptors are properly processed
and they are displayed on the cell surface with typically high
and low affinity binding sites. Similar to the wild-type recep-
tor, phorbol ester (TPA) abolishes the high affinity binding
sites of mutant receptors. However, unlike the wild-type
receptor, the mutant receptor does not exhibit EGF-sensitive
protein TK activity and is unable to undergo autophos-
phorylation and to phosphorylate endogenous substrates in
vitro (Honegger et al., 1987a,b), in living cells (Honegger
et al., 1987a) and in membrane preparations (Figure 1). For
the present study, we have chosen transfected cell lines,
which express similar amounts of either wild-type EGF-R
(HER14 cells) or mutant EGF-R (K721A cells). Both cell
lines display on their cell surface - 300 000 EGF-R as de-
termined by Scatchard analysis of [125 I]EGF binding ex-
periments and [35S]methionine labeling (Honegger et al.,
1987a).
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Fig. 1. EGF-dependent phosphorylation of EGF-R (170 kd) and a

36-kd membrane protein in plasma membrane preparations from
NIH-3T3 cells expressing either wild-type (WT) or mutant EGF-R
(K721A). Both cell lines expressing either wild-type or mutant EGF-R
contain 300 000 human EGF-Rs/cell (Honegger et al., 1987a,b).
For the phosphorylation assays, plasma membranes were pre-incubated
for 15 min at room temperature with (+) or without (-) 5 ,ug/ml of
EGF as described previously (Defize et al., 1986). At the end of the
phosphorylation reaction, the samples were analysed by SDS-PAGE
and autoradiography.

Among the earliest detectable consequences of EGF-R
interaction is a rise in cytoplasmic free Ca2+ concentration
([Ca2+]i). As shown in Figure 2A, addition of EGF to
HER14 cells expressing wild-type EGF-R elicits a rapid
Ca2+ signal, as measured by the fluorescent Ca2+ indicator
indo-I (Grynkiewicz et al., 1985). As in other EGF-
responsive cells (Moolenaar et al., 1986; Tilly et al., 1987;
Chen et al., 1987), the [Ca2+]i rise induced by EGF in
HER14 cells originates largely from Ca2, influx across the
plasma membrane since removal of extracellular Ca2+
using excess EGTA abolishes the Ca2+ response to EGF by

- 80% (data not shown). The mutant cells, however, fail
to show any EGF-induced Ca2+ signal, whereas they do
respond to the Ca2+-ionophore ionomycin (Figure 2A). A
similar conclusion was recently reached by Chen et al.
(1987). However, the mutant EGF-R described in that study
contains two mutations; Lys721 was replaced by a
methionine residue and Thr654 was replaced by an alanine
residue.
A well-known response to EGF and other growth factors

is the activation of an otherwise quiescent amiloride-sensitive
Na+/H+ exchanger in the plasma membrane (Moolenaar,
1986). This effect can be readily assessed by continuously
monitoring amiloride-sensitive alterations in pHi under bi-
carbonate-free conditions. A rapid, sustained rise in pHi of
-0.20 unit is clearly detectable in EGF-treated NIH-3T3

cells expressing wild-type EGF-R (Figure 2B). This pHi
shift in response to EGF is abolished by dimethylamiloride
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Fig. 2. Generation of ionic signals by EGF. (A) Changes in [Ca2+]
after addition of 50 ng/ml EGF as measured by indo-1 fluorescence.
Points represent mean (+ SE) of five different experiments using
either HER14 cells expressing wild-type (WT) EGF-R or K721A cells
expressing TK-defective EGF-R. Both cell types respond to ionomycin
(1 Ag/ml) as illustrated. (B) Changes in pHi after addition of EGF (50
ng/ml) or TPA (50 ng/ml) in the presence or absence of
dimethylamiloride (DMA, 20 tM) as measured by fluorescence of
BCECF in HER14 and K721A cells, respectively. Confluent cultures,
attached to glass coverslips, were loaded with indo-I or BCECF as

described previously (Rothenberg et al., 1983; Grynkiewicz et al.,
1985; Moolenaar et al., 1986). Fluorescence monitoring, calibration
procedures and other experimental details were as those described
elsewhere (Rothenberg et al., 1983; Moolenaar et al., 1986).

(20 /tM) and does not occur in Na+-free media (data not
shown), which indicates the involvement of Na+/H+ ex-

change. In contrast, cells expressing the TK-deficient recep-
tor do not show a detectable pHi shift (<0.01 unit) after
EGF addition; however, the phorbol ester TPA evokes a

marked pHi response in cells expressing either wild-type or
mutant EGF-R (Figure 2B).
Many cell surface receptors exert their effect, at least in
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Fig. 3. Inositol phosphate formation induced by EGF. Confluent
cultures were prelabeled with 4 pCi of [3H]inositol/ml for 48 h.
Analysis of total [3H]inositol phosphates was described previously
(Tilly et al., 1987). FCS (7.5%, v/v) was used as a control stimulus
to test responsiveness of the cultures, as shown here for K721A.
HER14 cells gave a similar response to FCS (data not shown).

12
.| h.~~~~~~~~~~~~~~L

HER-41 0

8-

x

E

t-.

F'l

4-

OQO1 Qt
EGF .ng rml]

The ultimate biological response to growth factors is
stimulation of DNA synthesis and cell division. EGF
stimulates thymidine incorporation in HER14 cells with a

dose-response similar to that in cells expressing endogenous
EGF-R (Figure 4). Under the same conditions EGF is unable
to stimulate DNA synthesis in cells expressing the mutant
receptor, although these cells show a normal mitogenic
response to FCS (Honegger et al., 1987b) or platelet-derived
growth factor (PDGF, Figure 4).
Taken together, our data indicate that abolition of the pro-

tein kinase activity of the EGF-R blocks the various receptor-
linked signal pathways that ultimately lead to DNA synthesis.
The simplest and most reasonable interpretation of the pre-

sent findings is that the multiple post-receptor effects ofEGF
are a direct consequence of the activation of the receptor
TK. It thus seems that EGF-induced phosphorylation of
specific cellular substrates on tyrosine residues is a critical
step in the pleiotropic response leading to DNA synthesis.
The inability of the TK-defective receptor to stimulate in-
ositol lipid hydrolysis is particularly intriguing, since it sug-
gests that one or more of the key regulatory proteins in the
phosphoinositide signalling cascade (e.g. G-proteins, phos-
pholipase-C) may serve as a substrate for the EGF-R kinase.
Identification of these substrates will be a major challenge
for future studies.

Materials and methods
Transfections
NIH-3T3 cells (clone 2.2) were grown in Dulbecco's modified Eagle's
medium (DMEM, GIBCO) with 10% FCS. 10 cm dishes of cells were trans-
fected with 10-20 Ag of construct DNA per dish using the calcium phosphate

K 72 I A precipitation technique (Wigler et al., 1979). Two days after transfection,

the cells were split, seeded at a density of 100 000 cells/ 10 cm dish and

put under neomycin resistance selection by adding 0.9 ug/ml of Geneticin

(GIBCO) to the medium. Resistant clones were picked after 3 weeks, screen-

10
S' DG ed for [1251]EGF binding and positive clones were tested for expression

1 Ong rml` of human EGF-R by immunoprecipitation of [35S]methionine-labeled recep-
tor with human-specific antibodies. Full details about the preparation of
the constructs and the characteariztion of the cell lines exnressing them were

Fig. 4. EGF-induced DNA synthesis. Cells were plated in 24-well
tissue culture dishes and grown to confluence in DMEM containing
7.5% FCS. Incubation was continued in DMEM containing 0.5% FCS
for 24 h. Thereafter, cells were incubated in serum-free DMEM with
the indicated concentrations of EGF or PDGF, and 6 h later the
cultures were exposed to [3H]thymidine (0.5 pCi/mnl) for 18 h. TCA-
precipitable material was quantified by liquid scintillation counting.
The values are the mean (±i SE) of triplicate experiments. Right part
shows [3H]thymidine incorporation induced by PDGF in HER14 cells
(shaded bars) or K721A mutant cells (open bars).

part, through the inositol lipid-second messenger system, ap-

parently with a specific G-protein as intermediate (Cockroft
and Gompers, 1985; Berridge, 1987). Several recent studies
report that the activated EGF-R in fibroblasts does not
stimulate a measurable hydrolysis of phosphoinositides
(Besterman et al., 1986; L'AlHemain and Pouyssegur, 1986).
In epidermoid carcinoma cells (A43 1) and in hepatocytes,
on the other hand, EGF does evoke inositol lipid hydrolysis
(Sawyer and Cohen, 1981; Tilly et al., 1988; Johnson et
al., 1986; Pike and Eakes, 1987). HER14 cells expressing
the wild-type receptor show a significant 2-fold increase of
the level of total inositol phosphates in response to EGF
(Figure 3). However, the TK-deficient EGF-R fails to
mediate enhanced inositol phosphate formation, whereas the
response to other stimuli, such as fetal calf serum (FCS) is
unimpaired (Figure 3).

recently described (Honegger et al., 1987a,b).

Phosphorylation reaction
Plasma membranes prepared from the transfected cells were pre-incubated
for 15 min at room temperature in the presence or absence of 5 Ag/ml of
EGF (Collaborative Research) as described previously (Defize et al., 1986).
The phosphorylation was started by adding buffer (pH 7.4) containing 2 mM
MnCl2, 10 slM ATP and 1 pLCi of [-y-32]ATP (Amersham) for 10 min at
4'C. The reaction was stopped by boiling in sample buffer and samples
were analysed by SDS-polyacrylamide gels and by autoradiography.

pH, measurements
Confluent culture cells, attached to glass cover-slips, were loaded with
bis(carboxyethyl)carboxyfluorescein (BCECF) as previously described
(Moolenaar et al., 1986; Grynkiewicz etal., 1985). Fluorescence monitoring,
calibration procedures and other experimental details were similar to those
described elsewhere (Moolenaar et al., 1986).

[Ca2+], measurements
Changes in intracellular [Ca2+]i after addition of 50 ng/ml EGF were

measured by the indo-l fluorescence method according to published pro-

cedures (Grynkiewicz et al., 1985).

Inositol phosphate formation measurements
Confluent cultures were prelabeled to near isotopic equilibrium with 4 ,Ci
of [3H]inositol/ml for 48 h. The cells were stimulated with 50 ng/ml EGF
in the presence of 10 mM LiCI for 30 min and the reactions were stopped
by adding ice-cold TCA (10%, w/v). After centrifugation the supernatants
were extracted with diethylether and neutralized extracts were processed
for analysis of total [3H]inositol phosphates by anion-exchange
chromatography as described previously (Tilly et al., 1987). FCS (7.5 %,
v/v) was used as a control stimulus to test responsiveness of the cultures.
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DNA synthesis
Cells were plated in 24-well tissue culture dishes and grown to confluence
in DMEM containing 7.5% FCS. Incubation was continued in DMEM con-
taining 0.5% FCS for 24 h. Thereafter, cells were incubated in serum-free
DMEM with EGF or PDGF, and 6 h later the cultures were exposed to
[3H]thymidine (0.5 jCi/ml) for 18 h. TCA-precipitable material was quan-
tified by liquid scintillation counting.
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Note added in proof
The present results are seemingly at variance with those of Defize et al.
(1986) who reported that anti-EGF-R monoclonal antibodies could activate
HE receptor kinase without producing EGF-like effects. However, subse-
quent experiments have shown that the phosphorylation pattern induced by
these antibodies differs markedly from that induced by EGF. (Defize et al.,
manuscript in preparation.)
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