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Abstraet--Amiloride inhibits a protein tyrosine kinase from rat brain extracts. The kinase activity is 
characterized by an anti-serum (TBR-serum) which immunoprecipitates pp60 csr¢, the cellular counter- 
part of the transforming protein pp60 T M  of Rous sarcoma virus. In immunocomplexes, TBR-IgG 
serves as an artificial but specific phosphate acceptor. The phosphate incorporation into TBR-IgG is a 
time- and temperature-dependent process. 

In the presence of amiloride the TBR-IgG phosphorylation is reduced. The drug does not influence the 
immunocomplexes formed by TBR-IgG and pp60 ~rc and no amiloride-activated protein tyrosine 
phosphatase can be detected in the immunocomplex system. Half-maximal inhibition of the tyrosine 
kinase occurs at 300/zM amiloride and is competitive with respect to ATP. Viral pp60 *~ kinase of 
transformed cells is more sensitive to amiloride(ic50:50-100/tM). Furthermore, normal cellular tyrosine 
kinases are to a lesser extent inhibited by amiloride as compared to the transforming viral pp60 sr¢ kinase. 
These results may indicate different amiloride-sensitive forms of cellular pp60 s~c kinases. 

Early changes in ion fluxes have been supposed to 
play an important role in cell response to growth 
factors [1-4]. Therefore, inhibition of the amiloride- 
sensitive Na+-H + exchange was thought to be one of 
the earliest important cellular events responsible for 
the blockade of mitogenic effects of growth factors 
caused by amiloride. The relevant mechanisms, 
however, of amiloride-sensitive processes during 
mitogenesis have again become obscure, as it has 
been demonstrated that amiloride also inhibits a 
variety of protein kinases [5-7]. 

Growth factor receptor associated tyrosine kinases 
are known to be inhibited by amiloride [8], but no 
studies have been reported about the effect of the 
drug on onc-gene product tyrosine kinases. Those 
data, however, seem to be of special interest since 
it has been shown that even very closely related 
tyrosine protein kinases such as viral and cellular 
pp60 sre are inhibited to an extremely different ex- 
tent by di(adenosine-5') tetraphosphate (Ap4A) t [9]. 
pp60 vsrc, a phosphoprotein of 60 kDa,  is the product 
of the Rous sarcoma virus (RSV) src-gene and 

*This work is part of the thesis of Ch.R. to be presented to 
the Fachbereieh Humanmedizin, JLU Giessen. 

tAbbreviations used: RSV, Rous sarcoma virus; SR-A or 
SR-D, Rous sarcoma virus, strain Schmidt-Ruppin, sub- 
group A or D; viral or cellular pp60 src, the 60,000 dalton 
product of the viral (v-) or cellular (c-) src-gene; TBR- 
serum, serum from tumor bearing rabbits immunopre- 
cipitating pp60~rc; CEF, chicken embryo fibroblasts; PMSF, 
phenylmethylsulfonylfiuoride; amiloride, N-amidino-3,5- 
diamino-6-chloropyrazine-carboxamide; pyrazinamide, 
pyrazinoic acid amide; triamterene, 6-phenyl-2,4,7-tri- 
aminopteridine; Ap4A, px, p4_di(adenosine.5,)tetraphos" 
phate and Ap5A, P1,p5-di(adenosine-5')pentaphosphate. 

represents a prototypical retroviral transforming pro- 
tein tyrosine kinase [10]. The cellular counterpart of 
the viral pp60 src has been preserved phylogenetically 
in all metazoa tested so far [11, 12]. Nervous tissues 
especially revealed high tyrosine kinase activities 
associated with cellular pp60 src [13, 14]. 

In this paper we provide data that amiloride also 
acts as an inhibitor of the type of a tyrosine-specific 
protein kinase which is associated with the cellular 
src-gene product in rat brain, pp60 src kinase activities 
from RSV-transformed and normal cells were com- 
pared as to their inhibition by amiloride. 

MATERIALS AND METHODS 

Materials 

Amiloride hydrochloride, pyrazine, pyrazin- 
amide, triamterene and sodium orthovanadate 
(Na3VO4) were obtained from Sigma, Mtinchen. 2- 
Aminopyrazine, pyrazinecarboxylic acid and 2,3- 
pyrazinedicarboxylic acid are f rom Merck, Darm- 
stadt. Heparin was obtained from Braun Melsungen, 
Melsungen. 

32p-orthophosphate (carrier free) and 32p-~,-ATP 
(3000 Ci/mmol or 11.1 x 1013 bequerels/mmol) were 
purchased from Amersham-Buchler,  Braunschweig, 
F .R.G.  

Methods 

Cells and viruses. RSV-SR-A was used to trans- 
form chicken embryo fibroblasts (CEF) which were 
prepared and maintained as previously described 
[15]. RSV-SR-D transformed STU-mouse cells, D17 , 
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[16] were a gift of Dr. ,H.' Bauer, Institut fOr Medizi-' 
nische Virologie, Giel3en, F.R.G. 

Nearly confluent cell cultures were labeled for 4 hr 
with l mCi of 32p-orthophosphate per ml in 
phosphate-free Dulbecco's modified Eagle's 
medium. 

Preparation of extracts. Urethane-anesthetized 
adult Sprague-Dawley rats were treated with heparin 
(6000 units per animal) and perfused as described by 
Berry and Friend [17]. Brains were obtained by 
dissection and homogenized in ice-cold lysis buffer 
(10 mM Tris-HC1, pH 7.5; 5 mM EDTA;  2 mM 2- 
mercaptoethanol; 10 mM NaF; 0.2 mM PMSF; 1 mM 
E-amino capronic acid; 0.5 mg/ml trypsin-kallikrein 
inhibitor; 0.1% (v/v) Triton X-100). For 1 g of wet 
tissue 3 ml of lysis buffer were used and for cells in 
culture 1 ml for about 107 cells. All subsequent steps 
were carried out at 4 °. Cells or tissue were homoge- 
nized in a glass-Teflon homogenizer (10 strokes) and 
centrifuged at 50,000 g for 30 min (cells) or 60 min 
(brains). The resulting supernatants were used for 
experiments. As we found no significant differences 
in kinase activities between freshly prepared extracts 
or frozen materials (brains or extracts), we usually 
performed the experiments with extracts stored be- 
fore at - 3 0  ° . Protein determination was done by the 
Coomassie dye-binding assay according to Bradford 
[18]. 

Protein kinase assay in immunocomplexes. The 
activity of the protein tyrosine kinase was determined 
in a solid phase assay. Heat-inactivated rabbit anti- 
serum against pp6& re (TBR-serum) was absorbed for 
2 hr at 4 ° onto swollen Protein-A Sepharose (Deut- 
sche Pharmacia, Freiburg). TBR-sera were obtained 
as originally described [19]. For 4 mg (dry weight) of 
the substituted Sepharose 5 #1 of antiserum were 
used. The Protein-A-IgG complexes were washed 
three times with buffer A (100 mM sodium phos- 
phate buffer, pH 7.0; 40 mM NaF; 10 mM EDTA;  
0.05% (v/v) Triton X-100). Thirty microlitres of 
antigenic material were added and incubated for 50 
rain at 4 °. The resulting immunocomplexes were 
subsequently washed, twice with ice-cold buffer A 
and twice with 25 mM Tris-HC1, pH 7.5 and blotted 
dry. Amiloride was added in a volume of 10 #1 before 
the kinase assay was begun. The drug was dissolved 
in 25 mM Tris-HCl, pH 7.5 to a final concentration of 
5 mM without any change of the pH-value of the 
buffer. The phosphotransferase reaction was started 
by addition of 10/~1 of tracer (25 mM Tris-HC1, pH 
7.5, divalent cations and 0.5-1 #Ci 32p-y-ATP). 
Immunoprecipitated cellular pp60 sr~ were incubated 
with tracer for 20 min at 30 ° and the viral pp60 src 3 
min at 4 °. The reaction was terminated by addition of 
40/tl sample buffer. Samples were analysed on 11% 
SDS polyacrylamide slab gels as previously described 
[20]. The dried gels were exposed to Fuji X-ray films 
(Fuji Photo Film Co, Ltd.). The radioactivity incor- 
porated into the heavy chain of IgG was quantitated 
by Cerenkov counting. The activity of pp60 src tyro- 
sine kinase is given in femtomoles phosphate incor- 
porated into the heavy chains of TBR-IgG. 

Identification of phosphoamino acids. Two- 
dimensional separation and identification of 32p_ 
labeled phosphoamino acids from phosphorylated 

TBR-IgG heavy chains were performed according to 
Hunter and Sefton [21]. 

lmmunoprecipitation of 32p-labeled pp60 src. 32p. 
orthophosphate labeled cells were lysed with RIPA 
buffer [22]. Preparation of extracts and immunopre- 
cipitations were carded out as described above. We 
used 4 mg Protein-A Sepharose and 10/~l of TBR- 
serum or control serum per 120/tl of extract. After 8 
washes with ice-cold buffer A to remove unbound 
material, 50 #1 of sample buffer were added and the 
immunoprecipitated phosphoproteins were analysed 
on 11% SDS slab gels. Immunoprecipitation of cellu- 
lar pp60 src was more efficient if the method was 
modified as follows: 120 #1 of 32p-labeled cell extract 
were incubated with 10 #1 TBR-serum G4 or control 
serum for 50 min at 4 ° in the presence or absence of 
1.5mM amiloride. Swollen protein-A Sepharose 
(4 mg, dry weight) was added and incubated for 
additional 2 hr at 4 °. All other procedures were 
performed as mentioned above. 

RESULTS 

Characterization of the protein kinase activity in 
immunocomplexes 

We examined extracts of rat brains with TBR-sera 
for protein tyrosine kinase activity in a solid-phase 
immuno assay which is the common method to assay 
pp60 src kinase [11, 23, 24]. As we found high activi- 
ties of TBR-reacting tyrosine kinases in blood cells 
and serum [25], we perfused the brains in situ to 
minimize contaminations with tyrosine kinases origi- 
nating from blood. 

As expected, the TBR-IgG phosphorylation by the 
kinase is a temperature- and time-dependent pro- 
cess. Since the efficiency of phosphate incorporation 
into the immunoglobulin is low both at 4 ° and 20 °, we 
performed all phosphorylation experiments at 30 °. 
Under these conditions the phosphate incorporation 
was linear within the first 20 min (Fig. 1A). At least a 
2-fold dilution of extract was necessary in order that 
the kinase activity was proportional to the amount of 
extract (Fig. 1B). We identified tyrosine residues as 
phosphate acceptors in immunoglobulin heavy 
chains (Fig. 1B, inset). Traces of phosphoserine 
(<  5%) were also found. An unidentified serine 
kinase seems to be responsible for this phenomenon. 
Similar observations have already been reported and 
discussed in detail for normal and tumor cells [24, 26, 
27]. No tyrosine kinase activity was detected by 
normal rabbit sera or in the absence of antigenic 
material. An extensive increase in substrate phos- 
phorylation by pp6& rc was obtained using Mn 2+ 
instead of Mg 2÷ as a divalent cation [24, 27]. To 
obtain the highest TBR-IgG phosphorylation rate we 
evaluated the divalent cation requirement for the rat 
brain tyrosine kinase. The kinase activity increased 
with increasing divalent cation concentrations up to 
60 mM (not shown). As compared to Mg 2÷ alone, 
Mn 2+ as well as a mixture of Mg 2+ and Mn 2+ 
increased the tyrosine phosphorylation of IgG about 
2-3-fold. The mixture is more efficient than Mn 2÷ 
alone. To minimize unspecific effects of high salt 
concentrations we used 30 mM Mg 2+ or 30 mM Mn 2+ 
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Fig. 1. Phosphorylation of TBR-IgG by a protein tyrosine kinase from rat brain extracts. Dependence of 
time (A) and of protein content of extract (B). For time dependence the protein concentration was 
15.2 mg/ml. The activity of the protein tyrosine kinase is given in femtomoles phosphate incorporated into 
TBR-IgG. For both A and B, 30 mM Mg 2÷ was used in the kinase assay. Inset A: autoradiogram of the 
phosphorylated immunoglobulins analysed by SDS slab gel electrophoresis. Lane C: control rabbit 
serum; lane G4: TBR-serum, G4. The arrows indicate the heavy chain region of IgG. Inset B: 
phosphoamino acid analysis of the phosphorylated IgG of TBR-serum G 4. The positions of the standard 
phosphoamino acids, identified by ninhydrin, are shown with dotted lines on the autoradiogram: Tyr-P, 

phosphotyrosine; Thr-P, phosphothreonine, Ser-P, phosphoserine; Pi, orthophosphate. 

or a mixture of 15 mM Mg 2+ and 15 mM Mn 2+ as final 
concentrations in the assays. The corresponding tyro- 
sine kinase activities calculated were 2.8 + 0.7, 
4.7 _+ 0.5 and 6.3 _+ 1.4 fmoles/mg, respectively. The 
data are mean values and standard deviations from 
four independent experiments. 

Effect o f  amiloride on pp60 ~rc tyrosine kinase activity 
Addition of amiloride to immunoprecipitated 

pp60 csrc from rat brain extracts reduced the phos- 

phate incorporation into the TBR-IgG. Half- 
maximal inhibition occurred at 300/~M amiloride and 
is formally competitive with respect to ATP (Fig. 2). 
To specify the inhibition by amiloride we also tested 
pyrazine and other pyrazine-derivatives such as 2- 
aminopyrazine, pyrazinecarboxylic acid, 2,3- 
pyrazinecarboxylic acid and pyrazinamide. These 
drugs did not inhibit the kinase even in final concen- 
trations of more than 1.5 mM. Triamterene, which 
acts as a potassium-sparing diuretic like amiloride but 
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Fig. 2. Inhibition of tyrosine phosphorylation of TBR-IgG by amiloride (A) and the kinetics of inhibition 
presented graphically by the double reciprocal method (B). The experiments were performed with rat 

2 +  brain extracts. For both A and B, 30 mM Mg was used in the kinase assay. 100% kinase activity in A was 
6.3 femtomoles/ml. 
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Fig. 3. Effect of am•lot•de on immunocomplexes formed with cellular or viral pp60 ~¢. pp60 sr¢ of 32p_ 
labeled CEF or SR-A transformed CEF were immunoprecipitated with TBR-serum G4. Phosphoproteins 
were visualized by autoradiography. The resulting autoradiogram is presented. Lanes 1-5: normal CEF; 
lanes 6-9: SR-A transformed CEF. Immunoprecipitates of 32p-labeled pp6&~¢: lane 1: control; lanes 2 and 
6: without am•lot•de; lanes 3 and 7: with 1.5 mM amiloride. The corresponding kinase assays: lanes 4 and 

8: without amiloride; lanes 5 and 9: with 1.5 mM am•lot•de. 

is no pyrazine-derivative, had no effect on pp60 c~*¢ 
kinase activity. 

Besides a direct influence of amiloride on pp60 ~ 
kinase, other mechanisms responsible for the de- 
creased phosphorylation rate had to be excluded. (1) 
In our system, amiloride had no effect on the rate of 
ATP degradation as shown by thin-layer chromato- 
graphy with polyethylene•mine coated plates devel- 
oped with 1 M LiC1. (2) The stability of the pp6& *¢- 
IgG complex was not disturbed by the drug. Even in 
the presence of 1.5 mM amiloride the amount of 32p_ 
labeled immunopreeipitated pp60 src was only margi- 
nally reduced (Fig. 3). (3) The inhibition of TBR-IgG 
phosphorylation by amiloride was reversible. Tran- 
sient incubation of the immunocomplexes with ami- 
loride before the kinase assay was performed did not 
affect the IgG-phosphorylation. (4) It has been re- 

ported that amiloride can stimulate protein phospha- 
tase activity [28]. In our system, no reduction of IgG 
phosphorylation was observed after incubation of 
immobilized 32p-phosphorylated TBR-IgG in the 
presence of 1.5 mM amiloride and 15 mM MgC12 at 
30 ° for 20 min. Furthermore,  vanadate (VO43-) 
which inhibits protein tyrosine phosphatases [29] did 
not increase the TBR-IgG phosphorylation when 
present at a final concentration of 150#M. These 
results indicate that amiloride directly inhibits the 
protein tyrosine kinase activity of pp60 ~*¢ in the 
immunocomplex system. As can be seen in Fig. 4, 
amiloride inhibited both viral and cellular pp60 src 
tyrosine kinases. The transforming tyrosine kinase 
was more sensitive to amiloride. The ICs0 values 
varied between 50-100 #M, while the amiloride con- 
centration for half-maximal inhibition of the cellular 
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Fig. 4. Inhibition of pp60 sr¢ tyrosine kinase activity by amiloride using normal CEF (A) and SR-D 
transformed mouse fibroblasts (B). Protein concentration of extract was 3.5 mg/ml in A and 6.9 mg/ml in B. 
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Table 1. Maximal amiloride-dependent inhibition of pp60 src tyrosine kinase from normal and RSV- 
transformed cells 

2825 

Divalent cations used 

Amiloride-dependent inhibition in percent (%) of total kinase activity 
Non-transformed RSV-transformed 

D17 mouse 
rat brain CEF SR-A CEF fibroblasts 

30 mM Mg 2+ 73 + 4 (5)* 77 + 5 (4) 96 97 
30 mM Mn 2+ 671" 62 _ 4 (3) 93 94 
15/15 mM Mg2+/Mn 2+ 64 68 96 ND 

The tyrosine kinase activity was determined in the solid phase system with different divalent cations as 
described in Methods. Cations were present at the indicated concentrations. The final amiloride 
concentration was 1.5 mM, respectively. 

* Means values + SD; the numbers of experiments performed are given in parenthesis. 
? These values represent mean values of two independent experiments. 
ND: not done. 

pp60 src kinase was about 300/~M. Viral pp60 sre 
kinase was also inhibited by the above tested 
pyrazine-derivatives. But all IC50 values calculated 
ranged between 2 and 4 mM final drug concentra- 
tions. The cellular kinase was only incompletely 
inhibited by amiloride. Even in the presence of 
1 .5mM amiloride only about 70% of the total 
pp60 csrc kinase activity was blocked. Using the same 
drug concentrations, viral pp60 src tyrosine kinase, 
however, was inhibited more than 90% in every case. 
Similar results were obtained using chicken as well as 
mouse and rat cells. The data for pp60 src kinases from 
normal and RSV-transformed cells are shown in 
Table 1. Taken together, our data may indicate 
different amiloride-sensitive forms of cellular pp6& rc 
kinases. 

DISCUSSION 

The data presented in this paper demonstrate that 
amiloride acts as an inhibitor of the protein tyrosine 
kinases associated with the cellular and viral scr-gene 
products (Figs 2 and 4; Table 1). pp60 src kinase 
activity was determined in a solid phase immuno 
system, by which anti-pp60SrC-IgG of TBR-serum 
serves as an artificial but specific substrate for the 
immunoprecipitated tyrosine kinases. This assay pro- 
vides information about fundamental properties of 
pp60 s~ such as kinase activity and tyrosine specific- 
ity. Inhibition of pp60 v'src kinase activity by various 
substances such as quercetin [30, 31], ApsA [20], 
Ap4A [9, 32] has also been studied with this system. 

The ICso values determined for pp60 src kinases (50- 
300/~M amiloride) are very similar to that deter- 
mined for tyrosine kinases associated with growth 
factor receptors (100-500/~M) [8] and a number of 
other investigated protein kinases [5--7]. Viral pp60 src 
kinase is 3--6-fold more sensitive to amiloride and is 
almost completely inhibited as compared to pp60 c'src 
kinase (Fig. 4, Table 1). Ap4A has also been reported 
to be more effective in inhibiting viral pp60 src kinase 
than the cellular counterpart. An  approximately 50- 
fold difference in ICso values (1 and 46/tM Ap4A) was 
found by Levy et al. [32], while no inhibition of 
pp60 ..... kinase even at 100/~M Ap4A was reported 

by B/lrnekow [9]. As can be seen in Table 1, cellular 
pp60 src kinase is also inhibited to a lesser extent 
by amiloride than the viral one. The decreased 
sensitivity and incomplete inhibition may indicate the 
existence of different amiloride-sensitive forms of 
cellular pp60 src kinases in rat brain tissue. Post- 
translational modifications of cellular pp60 src mol- 
ecules affecting their ATP binding domains could be 
responsible for this phenomenon. Brugge and co- 
workers [14] have reported that increased pp60 src 
kinase activity in neurons is accompanied by struc- 
turally modified neuronal pp60 src molecules, pp60 sr¢ 
of glia cells appeared to be unaltered. The ob- 
servation made by Shealy and Erikson [33] that 
differently phosphorylated forms of pp60 ¢'sr¢ exist in 
human fibroblasts, may also explain the incomplete 
inhibition of pp60 c-~rc from fibroblasts by amiloride 
(Fig. 4A). Viral pp60 s~, however, may consist of one 
single, amiloride-sensitive population. 

Our data indicate that the competition of amiloride 
with the binding of ATP seems to be the only 
inhibitory mechanism (Fig. 2). The observation that 
the drug competes with ATP may explain the various 
effects of amiloride to ATP-linked processes such as 
inhibition of the (Na+-K+)-ATPase [34], DNA-  and 
protein biosynthesis [35, 36]. Another  amiloride 
effect, pointed out by Pouyss6gur and co-workers [1], 
is the inhibition of ribosomal S 6 protein phosphory- 
lation in intact cells. In a recent report,  Blenis and 
Erikson [37] described stimulation of S 6 phosphory- 
lation in response to phorbolesters,  serum stimula- 
tion, and pp60 ~c expression in RSV-transformed 
CEF. S 6 is not phosphorylated at tyrosine residues. 
Since we do not know if the S 6 phosphorylating 
kinase is part  of a protein kinase cascade or is directly 
inhibited by amiloride, we can only speculate that 
other amiloride-sensitive kinases like pp60 sr¢ kinase, 
growth factor receptor kinases or protein kinase C 
may be involved in the regulation of S 6 phosphoryla- 
tion. 

The multiple effects of amiloride make it difficult 
to interpret the molecular mechanisms involved in 
drug actions in intact cells. On the other hand the 
influence of drugs to the biological activity of onc- 
gene products will be a very important field to further 
pharmacological investigations. 
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