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Abstract Inhibition of growth factor-stimulated DNA
synthesis carried out in defined medium is often
compared with inhibition of serum-stimulated DNA
synthesis so as to assess the selectivity of growth-factor-
receptor tyrosine kinase inhibitors such as tyrphostins.
Weinvestigated whether protein binding may influence
the interpretation of these experiments. Protein binding
of tyrphostins was determined by ultrafiltration, equi-
librium dialysis or spectrophotometer, and was quanti-
tated by high-performance liquid chromatography
(HPLC). For growth factor-stimulated DNA synthesis,
we used the non-small-cell lung cancer cell line L.23/P
stimulated by transforming growth factor o (TGF).
The epidermal growth factor (EGF)-receptor kinase
was assayed by phosphorylation of a peptide substrate
or by receptor autophosphorylation. Protein binding
of a number of tyrphostins ranged from 64% to 98%.
There was a positive correlation (r = 0.995) between
the degree of protein binding and the hydrophobicity.
Inhibition of the EGF-receptor tyrosine kinase activity
by the highly protein-bound tyrphostin B56 [N-(4-
phenylbutyl)-3,4-dihydroxybenzylidene cyanoacet-
amide] was reduced by bovine serum albumin (BSA),
but BSA had less of an effect on inhibition of the EGF-
receptor kinase by the weakly protein-bound tyrphos-
tin A47 (RG 50864; 34-dihydroxybenzylidene cy-
anothioacetamide). Tyrphostins B46 [N-(3-phenyl-
propyl)-3.4-dihydroxybenzylidene cyanoacetamide] and
B56 (both highly protein-bound) inhibited DNA syn-
thesis of L.23/P cells with approximately 3-fold greater
potency in 0.5% serum than in 10% serum, but the
inhibition of DNA synthesis in 0.5% serum was re-
duced by the addition of BSA. Tyrphostins B46 and
B56 inhibited DNA synthesis stimulated by TGFa in
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defined medium to a greater extent than DNA syn-
thesis stimulated by serum. However, this apparent
selectivity for inhibition of TGFa-stimulated DNA
synthesis was lost when the protein concentration in
the defined medium was made equivalent to that in the
serum-containing medium. By contrast, BSA enhanced
the selective inhibition of TGFa-stimulated DNA syn-
thesis by tyrphostin A47. These results demonstrate
that protein binding accounts for the apparent selecti-
vity of some highly protein-bound tyrphostins for
TGFo-stimulated DNA synthesis of L23/P cells.
Therefore, protein binding should be taken into consid-
eration in assessments of the selectivity of tyrphostins.
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Introduction

Current chemotherapy has minimal impact on the sui-
vival of patients with non-small-cell lung cancer
(NSCLC). A common occurrence in NSCLC is over-
expression of growth-factor-receptor tyrosine kinases
such as the epidermal growth factor (EGF) receptor
{117, c-erbB-2 [8] and insulin-like growth factor-1 re-
ceptor [18]. Inhibition of signaling pathways is now
recognised as an important new strategy for the ther-
apy of cancer [22]. Thus, receptor tyrosine kinase
inhibitors warrant investigation as potential chemo-
therapeutic agents for NSCLC.

Numerous molecules have been identified that in-
hibit tyrosine kinases [22]. Since cells express many
different, yet structurally conserved, tyrosine kinases,
a major challenge of current research is to develop
agents that selectively inhibit tyrosine kinases asso-
ciated with the malignant phenotype. Some of the tyr-
phostin group of tyrosine kinase inhibitors selectively
inhibit the EGF-receptor tyrosine kinase and have
minimal activity against a number of other tyrosine



kinases and other protein kinases [14]. These tyrpho-
stins are therefore of interest for the treatment of the
histological sub-types of NSCLC in which over-expres-
ston of the EGF receptor occurs.

Selective inhibition of a sub-set of tyrosine kinases in
vitro must translate into selective inhibition of the
malignant cell phenotype in vivo if an agent is to
display therapeutic potential. In evaluating the selecti-
vity of inhibitors of signal-transduction pathways it is
to common practice to compare the inhibition of
growth factor-stimulated DNA synthesis (carried out in
low-serum or serum-free medium) with the inhibition of
serum-stimulated DNA synthesis [ 10, 16]. We used this
method to compare the efficacy of tyrphostins as selec-
tive inhibitors of EGF-receptor-mediated DNA syn-
thesis of NSCLC cells. During the course of this work,
we gained evidence suggesting that the apparent selec-
tivity of some tyrphostins is due to differences in the
protein concentrations of the culture media and that
the selectivity of these agents is reduced when protein
binding is taken into consideration. This work has been
reported in preliminary form [5].

Mateials and methods

Materials

Tyrphostins (Cookson Chemicals Ltd, Southampton, UK) were
dissolved in either dimethyl sulphoxide (DMSO) or a solution of
10% DMSO in methanol and were stored as stock solutions at
— 20° C. We adopted the numbering system for tyrphostins used by
LC Laboratories [Calbiochem-Novabiochem (UK} Ltd] in which
compounds described by Gazit et al. in 1989 [9] are given the prefix
A, and compounds described in 1991 [10] are given the prefix B.
Growth factors were obtained from Bachem UK (Saffron Walden,
UK) and were stored in aliquots at — 70° C until required. Mon-
oclonal mouse anti-EGF-receptor antibody clone 528 was supplied
by Cambridge Bioscience (Cambridge, UK). Tissue-culture media,
excluding foetal calf serum (FCS}, were obtained from Gibco (Pais-
ley, Scotland). Crystallised and lyophilised bovine serum alburmin
(BSA), FCS and other chemicals were supplied by Sigma.

Cells

The NSCLC cell line L23/P (large-cell histology) was maintained in
RPMI/10% FCS supplemented with antibiotics (100 units penicil-
lin/ml, 100 pg streptomycin/ml).

EGPF-receptor characterisation

Cells were grown to about 70%-90% confluence, washed twice in
binding buffer (ice-cold RPMI containing 0.1% BSA and 20 mM
HEPES, pH 7.4) and incubated with ['?°1]-EGF (0.5 nM; Amer-
sham, UK) and various concentrations of cold EGF (in binding
buffer) for 2 h at 4°C. The cells were then washed in binding buffer
(four times) and solubilised in 1 N NaOH and the solubilisate was
counted in a gamma-counter. The binding characteristics of EGF
were evaluated using the LIGAND program [20] as modified for the
micro-computer by McPherson [19].
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DNA synthesis

DNA synthesis was determined by measuring the incorporation of
[methyl-*H]-thymidine (0.5 p Ci/well) into trichloroacetic acid
(TCA)-insoluble material over a 6-h period [4]. Cells for prolife-
ration experiments were plated at 2,000 cells/well in microtitre plates
in medium containing 10% serum, and then washed with serum-free
medium, and fresh medium containing tyrphostin was added. DNA
synthesis was determined 24 h later. Cells to be growth-factor-
stimulated were plated at 1,000 cells /well in medium containing
10% serum over-night, washed with serum-free medium and cul-
tured in RPMI1/0.5% FCS for 6 days. Transforming growth factor
o (TGFa, 10 ng/ml) and tyrphostin were then added in protein-free
medium (PFM; RPMI containing 10 ug transferrin/ml and 10 nM
sodium selenite} and DNA synthesis was determined 24 h later.

High-performance liquid chromatography

Tyrphostins were extracted from protein solutions by the addition of
2 vols. of acetonitrile. The mixture was centrifuged (10,000 g, 5 min),
and the supernatant was analysed by high-performance liquid
chromatography (HPLC). Concentrations of tyrphostins were deter-
mined by reverse-phase HPLC (Waters Nova-Pak C18; 4-um, 8-
mm x 10-cm radial packed column). Tyrphostins were eluted using
a linear gradient of 10%-60% acetonitrile in 20 mM sodium acetate
(pH 5) over 8 min followed by a further 2 min with 50% acetonit-
rile/buffer (flow rate, 2 ml/min). Tyrphostins were detected by UV
absorbance at 365 nm and quantified by peak area (Waters Exper-
tease software; version 2.1).

Protein-binding assays

Various techniques were employed to determine protein binding.
Ultrafiltration was carried out by two methods [3]. In the first
method, mixtures containing tyrphostin (10 ug/ml) and BSA
(3.5 mg/ml) in 25 mM buffer (pH 7.5) were equilibrated to 22° C and
centrifuged in Centricon 30 micro-concentrators (Amicon, Mass.,
USA; 1,500 g, 5 min). The concentration of tyrphostin in the ultra
filtrate was determined by HPLC. Protein binding was estimated
from values obtained from solutions of tyrphostin in buffer and of
tyrphostin in buffer containing 3.5 mg BSA/ml. For the second
method, tyrphostin in 25 mM HEPES buffer (pH 7.5) containing
7.5% ethanol and 1.67% DMSO was placed in a visking tube that
was knotted at both ends, placed in a 50-ml Falcon plastic centrifuge
tube and spun (370 g, 4°C) for 15 min. The early uitrafiltrate was
discarded, and the sample was respun for 1.5 h. Protein binding was
determined from concentrations of tyrphostin in the ultrafiltrate and
retentate.

Equilibrium dialysis was carried out in Eppendorf microcen-
trifuge tubes as described elsewhere [24]. Briefly, 260 p1 of BSA
(3.5 mg/ml)in 25 mM HEPES buffer (pH 7.6) was placed m the lid of
a 2-ml Eppendorf microcentrifuge tube. A visking dialysis mem-
brane was placed over the lid and the bottom of the tube was nsed to
seal the membrane over the lid. Themn, 260 pl of tyrphostin (10 pg/ml)
in 25 mM HEPES buffer (pH 7.6) was introeduced into the bottom
tube via a hole melted in the side. The Eppendorf tube was sealed
with Parafilm and the tubes were left to equilibrate overnight at
22°C with shaking. Parallel experiments were carried out using
buffer in the lid to determine when equilibrium was attained. Con-
centrations on either side of the dialysis membrane were determined
using HPLC.

Protein binding was also determined by a spectroscopic method
[3]. The maximal absorption difference of tyrphostin [in 25 mM
HEPES buffer (pH7.5) containing 7.5% ethanol and 1.67%
DMSO] was first determined. Using a range of tyrphostin concen-
trations the molar extinction coefficient (E1) of tyrphostin could
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then be calculated according to Beer’s law. Next, an apparent molar
extinction coefficient (Eapp) of tyrphostin in the presence of 3.5 mg
BSA/ml was determined. Finally, BSA was titrated against 10 pg
tyrphostin/ml to determine the maximal absorption of bound ligand
allowing calculation of the bound-ligand molar extinction coeffic-
ient (E2). The degree of protein binding, ¢, was calculated according
to Chignell [3] using the following equation

% Protein bound = 1 — Eapp — E2 x 100.
El - E2

A431 membranes

Membranes were prepared as previously described [15]. Briefly,
near-confluent 175-cm? flasks of A431 cells were washed twice with
10 ml of ice-cold phosphate-buffered saline (PBS), scraped with
a rubber policeman in 10 ml of PBS and centrifuged (800 g, 3 min).
The pellet was resuspended in lysis buffer [1 mM magnesium chlo-
ride, 2 mM ethylenediaminetetracetic acid (EDTA), 20 pg soybean
trypsin inhibitor/ml, 50 pg phenylmethylsulphonyl fluoride/ml,
SmM TRIS-HCI (pH 7.4); 1 ml/flask]. After 30 min of incubation
at 0°C the mixture was homogenised in a Potter homogeniser
(10 strokes, 800 rpm, 30 s). A post-nuclear supernatant was obtained
by centrifugation (5,000 g, 5 min), from which a membrane pellet was
obtained by centrifugation (100,000 g, 60 min). The pellet was re-
suspended in 10% glycerol 125mM sodium chloride 50 mM
HEPES (pH 7.6) and stored at — 70° C prior to use.

EGF-receptor tyrosine kinase activity

Tyrosine kinase activity was determined using poly(GlugAla, Tyr)
(polyGAT) as the substrate [15]. Briefly, crude A431 membrane
extracts were solubilised in 5 vols. of solubilisation buffer [0.1%
(w/v) Triton X-100, 150 mM sodium chloride and 10% (v/v) glycerol
in 50mM TRIS-MES (pH 7.6)] and pre-incubated with 0.8 pM
EGF for 20 min at 4°C and then for 3 min at 22°C. To start the
reaction, 15 pl of pre-activated membrane was added to 20 ul of
adenosine triphosphate (ATP) cocktail (12.5 uM [y->?PJ-ATP,
5 uCi/ml, 60 mM magnesium acetate, 0.625mg polyGAT/ml;
30 mM Tris-MES, pH 7.6; final concentrations) and 5 ul of tyrphos-
tin. When required, 3.5 mg BSA/ml was included in the reaction
mixture. After 10min at 22°C the reaction was terminated by
adding 20 pl of stop reagent [0.2 M EDTA, 2 mM ATP, Phenol red,
50 mM TRIS-MES (pH 7.6)]. Then, 50-ul aliquots were spotted
onto 2-cm squares of filter paper (Whatman P81), which were
washed twice for 10min in 75 mM phosphoric acid and then
counted in a beta-counter.

EGF-receptor autophosphorylation

Autophosphorylation was determined as described elsewhere [15].
Briefly, crude A431 membrane extracts were pre-incubated with
3 vols. of 200 nM EGF in 125 mM sodium chloride/50 mM HEPES
(pH 7.6) for 10 min at 4°C. To start the reaction, 10 ul of pre-
activated membrane was added to 15 ul of ATP cocktail (2 uM
[y-*?P]-ATP, 16.6 uCi/ml; 24 mM magnesium acetate; 4 mM man-
ganese chloride, 2 mM sodium vanadate, 50 mM HEPES, pH 7.6}
and 5 ul of tyrphostin. BSA was added as required. After 305 a1 0°C,
the reaction was stopped with 10 pl of 4x stop reagent [400 mM
dithiothreitol, 16% (w/v) sodium dodecyl sulphate, 40% (v/v) glyce-
rol, 0.08% (w/v) bromophenol blue, 400 mM TRIS-HCI (pH 6.8)]
and then boiled for 5 min. The samples were electrophoresed in
7.5% acrylamide minigels. Autoradiographs were produced from
the gels after they had been fixed for 30 min with 40% methanol
10% acetic acid and dried.
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Fig. 1A, B EGF receptor characterisation of L23/P cells. A Scatchard
analysis of 123/P cells. B Stimulation of L23/P cells by TGFua in
protein-free medium (PFM) in the absence (open bars) or presence of
a 20-pg/ml concentration of EGF-receptor antibody clone 528
(hatched bars).

Protein determination

Protein concentrations were determined using the Bio-Rad protein
assay [2].

Results
EGF-receptor characterisation of L23/P cells

L23/P cells expressed 3.3 x 10> EGF binding sites/cell
with a Kd of 5.1 nM as determined by Scatchard analy-
sis (Fig. 1a). Following a 6-day period in 0.5% serum,
TGFa added in PFM stimulated the DNA synthesis of
L23/P cells about 2-fold over basal levels (Fig. 1b).
EGF-receptor antibody 528 (20 pg/ml) completely
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Fig. 2 Structure of tyrphostins. The structures of the Y group of the
tyrphostins used in this study are shown in Table 1.

blocked the TGFao stimulation, but the antibody did
not inhibit basal DNA synthesis (Fig. 1b). Although the
overall rate of DNA synthesis was reduced following
a 6-day incubation in 0.5% serum, some cells nonethe-
less remained in the S phase as determined by flow
cytometry (data not shown).

DNA synthesis in 0.5% serum and 10% serum

Tyrphostins B46 and B56 have been reported to induce
selective inhibition of EGF-receptor-mediated DNA
synthesis relative to serum-stimulated DNA synthesis
[10] and were therefore chosen for our initial studies.
Tyrphostins B46 and B56 are derivatives of 3,4-dihyd-
roxybenzylidene cyanoacetamide (Fig.2) and their
structures are depicted in Table 1. Tyrphostins B46 and
B56 inhibited DNA synthesis of 1.23/P cells to a greater
extent when the cells were grown in 0.5% serum than
when they were grown in 10% serum (Fig. 3). This is
shown by observations that (a) approximately 3-fold
lower concentrations of tyrophostin were required to
cause 50% inhibition of DNA synthesis (ICsq values) of
cells grown in 0.5% serum as compared with cells
grown in 10% serum and (b) 20 uM tyrphostin inhib-
ited DNA synthesis by >90% when the cells were
grown in 0.5% serum whereas at least 40% of control
rates of DNA synthesis were retained when the cells
were grown in 10% serum.

The possibility that protein binding is contributing
to the reduced inhibition in 10% serum was investi-
gated by supplementing the medium containing 0.5%
serum with 3.5 mg BSA /ml This concentration of BSA
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is equivalent to the protein concentration in medium
containing 10% serum. For both tyrphostins, the pre-
sence of 3.5-mg/ml concentration of BSA reduced the
inhibition of DNA synthesis in 0.5% serum to values
similar to those obtained in 10% serum (Fig. 3).

Protein binding of tyrphostins

For protein-binding studies, tyrphostins were quanti-
tated by HPLC. The elution profile of tyrphostins
following HPLC is shown in Fig. 4 and retention times
are shown in Table 1. Protein binding was determined
by more than one method so as to validate the data.
Tyrphostins B46 and B56 showed considerable binding
to the ultrafiltration membranes. Ultrafiltration of tyr-
phostin B56 was therefore carried out using a visking
tube as the ultrafiltration membrane (see Materials and
methods). Tyrphostin B56 was dissolved in 25 mM
HEPES bufler (pH 7.5) containing ethanol and DMSO
in this experiment since this tyrphostin precipitated out
in 25 mM HEPES buffer (pH 7.5) alone. Protein bind-
ing was also determined using a spectroscopic method.
The ability to utilise this method is based on our
observations that binding of tyrphostin to BSA induces
a shift in the absorption spectrum as compared with the
spectrum of free tyrphostin. The advantages of this
method are (a) the speed of determination, thus mini-
mising potential problems of instability of the tyrphos-
tins, and (b) the absence of membrane binding. There
was generally good agreement between the protein
binding assessed using these various techniques (Table
1). Protein binding of the tyrohostins ranged from 64 %
to 98% with tyrphostin B56 being the most highly
protein-bound (Table 1).

The tyrphostins examined in the present study
are structurally similar apart from the Y group (see
Table 1). Increasing the alkyl-chain length of the
Y group will increase the hydrophobicity of the tyr-
phostin and this correlated with an increase in the
elution time from the reverse-phase HPLC column.
When the elution time from the reverse-phase HPLC

Table 1 Protein binding and HPLC

retention times determined for tyrphostins ~ Tryphostin - Y-group structure Protein Method of HPLC
(UF ultrafiltration, Spec binding determination retention time
spectrophotometric determination, ED (% £ S/E) (min)
equilibrium dialysis)
A47 C(S)NH, 67+2 UF 5.5
64 +4 Spec
B42 C(O)NHCH,C4H; 84 + 1 UF 8.6
B50 C(O)NHCH(CH), 8242 UF 9.2
CsHs(+) 87 +2 Spec
91 +1 ED
B46 C(O)NH(CH,);C¢H 5 95+2 Spec 9.9
97 +1 ED
B356 C(O)NH(CH,),C¢H5 97 +2 Spec 10.7
96 +1 UF

98 +1 ED
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Fig. 3A, B Inhibition of the DNA synthesis of L23/P cells grown in
serum by tyrphostins. Cells were plated-down overnight and then
incubated in fresh medium containing 10% serum (UJ) 0.5% serum
(A) or 0.5% serum supplemented with 3.5 mg BSA/ml (O) with
A tyrphostin B46 or B tyrphostin B56 for 24 h and DNA synthesis
was determined. Data represent mean values + SD (n = 3). Error
bars are smaller than the symbols when not shown. Typical control
DNA-synthesis values obtained for cells in 10% serum, 0.5% serum
and 0.5% serum supplemented with 3.5 mg BSA/ml were
4,516 + 1,106, 1,946 + 254 and 3,342 + 630 cpm/well, respectively

column is used as an arbitrary measure of hydropho-
bicity, there is an excellent positive correlation
(R = 0.995) between protein binding and hydrophobic-
ity (Fig. 5).
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Fig. 5 Correlation between protein binding and hydrophobicity.
Protein binding was determined by ultrafiltration (A), equilibrium
dialysis (O)and spectroscopy (L)

Inhibition of EGF-receptor kinase activity

The effect of protein binding on the efficacy of the
tyrphostins as tyrosine kinase inhibitors was studied by
assaying the phosphorylation of polyGAT by EGF-
receptor tyrosine kinase in the presence or absence of
3.5 mg BSA/ml. Tyrphostin B56 (highly protein-bound)
was a potent inhibitor of the EGF-receptor kinase in
the absence of BSA, and this inhibitory activity was
significantly reduced in the presence of BSA (Fig. 6a).
1C;, values (means + SD) obtained in three separate
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Fig. 6A, B Influence of BSA on the inhibition of polyGAT phos-
phorylation by tyrphostins. Tyrphostin B56 (A) or tyrphostin A47
(B) was incubated with EGF-receptor kinase in the absence of BSA
(O) or the presence of 3.5 mg BSA/m] (@). Data represent mean
values + SD (n = 3). Error bars are smaller than the symbols when
not shown.

experiments carried out in the presence and absence
of BSA were 74 + 16 and 12 4+ 6 uM, respectively.
Tyrphostin A47 (RG 50864, weakly protein-bound)
was a much weaker inhibitor of the EGF-receptor
kinase and there was less of a reduction in this inhibit-
ory activity in the presence of BSA than was the case
for tyrphostin B56 (Fig. 6b). The final protein concen-
tration of the EGF-receptor preparation in these ex-
periments was 30 pg/ml, and this protein concentration
did not significantly influence inhibition of the EGF-
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Fig. 7 Influence of BSA on the inhibition of EGF-receptor
autophosphorylation by tyrphostin B56. A431 membranes were
stimulated for 30 s with 100 ng EGF/mlin the presence or absence of
3.5 mg BSA/ml

receptor kinase by tyrphostin (data not shown). The
importance of protein binding as a modulator of the in
vitro activity of B56 was also studied by assaying EGF-
receptor autophosphorylation. The presence of BSA
substantially reduced the ability of B56 to inhibit EGF-
receptor auto-phosphorylation (Fig. 7).

TGFa-stimulated DNA synthesis

Tyrphostin B56 inhibited DNA synthesis stimulated by
TGFa (in PFM) to a greater extent than DNA syn-
thesis stimulated by serum. For example, 15 uM tyr-
phostin B56 completely suppressed DNA synthesis
stimulated by TGFa in PFM, whereas the cells re-
tained approximately 40% of the DNA synthesis
stimulated by serum at this concentration of tyrphostin
(Fig. 8a). However, when the cells were stimulated by
TGFain PFM supplemented with 3.5 mg BSA/ml inhi-
bition of DNA synthesis by tyrphostin B56 was re-
duced to values similar to those obseved for inhibition
of serum-stimulated DNA synthesis (Fig. 8a). BSA also
reduced the inhibition of TGFu-stimulated DNA syn-
thesis by tyrphostin B46 to values similar to those
obtained for serum-stimulated DNA synthesis
(Fig. 8b). Overall, tyrphostin B46 was a more potent
inhibitor of TGFa-stimulated DNA synthesis than was
tyrphostin B56. For tyrphostin A47, there was greater
inhibition of TGFa-stimulated DNA synthesis in PFM
than inhibition of serum-stimulated DNA synthesis
(Fig. 8c). However, in marked contrast to the results
obtained with tyrphostins B46 and B56, inhibition of
TGFa-stimulated DNA synthesis by tyrphostin
A47 was significantly enhanced by the presence of
BSA (Fig. 8c). Tyrphostins A47, B46 and B56 inhibited
DNA synthesis of L23/P cells incubated in the absence
of TGFa with ICs, values similar to those observed
for inhibition of TGFo-stimulated cells {data not
shown).
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Fig. 8A—C Effect of BSA on the inhibition of TGFa-stimulated
DNA synthesis of L23/P cells by tyrphostins. Cells were incubated
for 6 days in 0.5% serum as described in Materials and methods and
then treated with A tyrphostin B36 B tyrphostin B46 or C tyrphostin

Discussion

This study indicates that the apparently weaker inhibi-
tion of serum-stimulated DNA synthesis of L.23/P cells
by tyrphostins B46 and B56 as compared with the
inhibition of TGFa-stimulated DNA synthesis can be
explained by protein binding of these tyrphostins in
serum-containing medium. These tyrphostins were
highly protein-bound. When protein binding is taken
into consideration, tyrphostins B46 and B56 are
not selective inhibitors of TGFa-stimulated DNA
synthesis of 1L.23/P cells. Protein binding reduced the
efficacy of tyrphostin B56 in inhibiting autophos-
phorylation of the EGF receptor in a cell-free system
and phosphorylation of a peptide substrate. Reduced
inhibition of the EGF-receptor kinase by tyrphostins
B46 and B56 due to protein binding may therefore
contribute to the lack of selectivity of these tyrphostins
for TGFa-stimulated DNA synthesis relative to serum-
stimulated DNA synthesis. These findings indicate that
protein binding should be taken into consideration
when DNA synthesis stimulated by serum is being
compared with DNA synthesis stimulated by growth
factors in defined medium. In addition, differences in
protein concentrations detected in EGI-receptor
kinase assays may contribute to discrepancies
reported by other workers regarding the relative poten-
cies of tyrphostins [1].

Contrary to the results obtained for tyrphostins B46
and B56, the selectivity for inhibition of TGFa-stimu-
lated DNA synthesis by tyrphostin A47 (RG 50864)
was increased rather than decreased in the presence of
BSA. A possible explanation is that BSA stabilises
tyrphostin A47 in cell-culture medium, since it has been
reported that A47 is unstable in tissue culture [17]. In
our experiments, A47 was also only a weak inhibitor of
the EGF-receptor kinase. BSA caused only a slight
decrease in the inhibition of the EGF-receptor kinase,
consistent with the weak protein binding of this tyr-
phostin. Thus, the enhanced inhibition of TGFo-stimu-
lated DNA synthesis in the presence of BSA cannot be
explained by a direct effect of BSA in increasing the
potency of A47 as an inhibitor of the EGI-receptor
kinase. Tyrphostin A47 was originally reported to be
a potent inhibitor of EGF-receptor kinase activity in
a peptide-phosphorylation assay [25], and Dvir et al.
[6] reported an ICs, value of 8 uM for inhibition of
EGF-receptor autophosphorylation. However, Faa-
land et al. [ 7] reported that 100 uM tyrphostin A47 did
not inhibit EGF-receptor autophosphorylation. BSA

A47 in PFM containing TGFu (A), TGFa/BSA (0O) or 10% serum
(O). DNA synthesis was determined 24 h later. Data represent mean
values + SD (1 = 3). Typical control values (cpm/well): PFM, 1,300
+ 47: TGFa, 3,205 + 544; PEM/BSA 2,533 + 427; TGFa/BSA,
4,771 + 452; 10% FCS, 5969 + 518



(0.7 mg/ml) was present in the assay described by Faa-
land et al. However, our data do not indicate for this
tyrphostin that protein binding is a major factor modu-
lating in vitro inhibition of the EGF-receptor kinase.
Inconsistencies between results obtained in EGF-
receptor kinase inhibition studies and cell proliferation
studies suggest that targets other than the EGF-recep-
tor kinase may contribute to the anti-proliferative ac-
tivities of some tyrphostins. For example, tyrphostin
A47 was reported to accumulate in A431 cells to maxi-
mal levels within 1 h after treatment, whereas inhibi-
tion of EGF-receptor kinase was evident only 4-24 h
later [7]. Similarly, inhibition of EGF-receptor kinase
activity in HER14 cells by tyrphostin A47 required
16 h of pre-treatment [17]. Tyrphostin B46 is
approximately 7-fold more potent as an inhibitor of
EGF-receptor autophosphorylation than is tyrphostin
B56in a cell-free assay, but both tyrphostins have been
reported to have comparable activities as inhibitors of
EGF-dependent proliferation (IC;, values: 2.5 and
3 uM, respectively) [ 10]. However, our results are con-
sistent with the enzyme-inhibition data since B46 was
more potent than B56 as an inhibitor of TGFo-stimu-
lated DNA synthesis of L23/P cells. The comparable
inhibition of basal DNA synthesis as compared with
the inhibition of TGFu« stimulated by tyrphostins A47,
B46 and B56 does, however, indicate that these agents
may inhibit targets other than the EGF-receptor
kinase. The basal DNA synthesis of L.23/P cells does
not appear to be due to an autocrine loop involving the
EGF-receptor, since EGF-receptor antibody 528
blocked TGFa-stimulated DNA synthesis but did not
block basal DNA synthesis. An antibody that blocks
IGF-1-mediated DNA synthesis (clone «IR3) also had
no effect on the basal DNA synthesis of L23/P cells
(unpublished observations). A lack of selectivity for
receptor kinases by tyrphostin RG-13022 was de-
monstrated by Reddy et al. [23]. This tyrphostin
caused comparable inhibition of DNA synthesis of the
breast line T47D stimulated with several different
growth factors, and it was suggested that RG-13022
may inhibit a signaling molecule that represents a con-
vergence point for different growth factors. It has also
been shown that some tyrphostins inhibit the respirat-
ory chain and other basic metabolic processes [27].
In our studies we addressed the issue of protein
binding during the in vitro evaluation of tyrphostins.
Since albumin is a major protein in calf serum respon-
sible for protein binding, BSA at a concentration of
3.5 mg/ml was used as a protein equivalence for 10%
calf serum. The influence of protein binding on the
clinical utility of tyrphostins, however, should be ad-
dressed using human serum albumin since this some-
times shows binding properties different from those of
BSA [12]. The 10-fold greater albumin concentration
in plasma as compared with tissue-culture medium
would indicate that some tyrphostins will be substan-
tially protein-bound in man since the fraction of drug
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bound is related to the protein concentration. Thus,
protein binding may be an important issue during the
clinical development of certain tyrphostins [13].

Several mechanisms of protein binding have been
described, including both ionic and hydrophobic inter-
actions [12]. The positive correlation found between
the hydrophobicity of the tyrphostins and the degree of
protein binding suggests that hydrophobic interactions
are an important component for the binding of tyr-
phostins to BSA.

Some of the recently developed tyrphostins appear to
display more selective action against signal-transduc-
tion pathways than do the tyrphostins used in our
study. For example, tyrphostin AG879 displayed re-
markably selective action on the nerve-growth-factor
pathway [21]. In addition, anti-tumour activity against
human squamous-cell carcinoma xenografts in mice
has been demonstrated for a tyrphostin [26]. Thus,
clinical evaluation of some tyrphostins is now war-
ranted. Our study indicates that protein binding should
be taken into consideration during the evaluation of
tyrphostins for future clinical use.
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