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SUMMARY

The kinetics of inhibition of the epidermal growth factor (EGF)
receptor (EGFR) tyrosine kinase (TK) activity by erbstatin, tyr-
phostins, and lavendustin derivatives were studied in a system
that employs poly(GlusAlasTyr) (GAT) and ATP as substrates,
after preactivation with EGF. All data were analyzed for computer
best-fit curves by a program that was written for this purpose
and is available upon request to those interested. The inhibition
kinetics followed a sequential, Bi-Bi, rapid equilibrium, random
mechanism, the mechanism of the EGFR-TK. Erbstatin and a
few tyrphostins that contain a 3,4-dihydroxy-(cis)-cinnamonitrile
[143’,4’-dihydroxyphenyl)-2-nitriloethene] group were found to
be pure competitive inhibitors with respect to both substrates of

the kinase reaction, i.e., GAT and ATP. Two tyrphostins, each
containing an additional dihydroxyphenyl group in the a-position,
were found to be pure competitive inhibitors with respect to GAT
and noncompetitive (or mixed-competitive) inhibitors with respect
to ATP. A lavendustin derivative with a 2,5-dihydroxyphenyl ring
and a lavendustin derivative with a 3,4-dihydroyphenyl ring were
also found to be competitive inhibitors with respect to both ATP
and GAT. Various possible modes of binding at the EGFR-TK
active center for the tyrphostins studied are proposed and the
significance of the present findings, as well as the interpretation
of computer analyses of kinetic data, is discussed.

The EGFR, like many proto-oncogene products, belongs to
a growing family of PTKs that play an important role in signal
transduction (1, 2). The activity of the TK domain, which is
similar to that of many other oncogene products (3), is con-
trolled by EGF and apparently plays a major role in the
regulation of cell proliferation. EGFR undergoes autophos-
phorylation on tyrosine residues localized to the carboxyl ter-
minus of the receptor and also phosphorylates external sub-
strates. These two processes are markedly enhanced by EGF
both in vivo and in vitro. Based on extensive and detailed
kinetic studies with EGFR isolated from A431 cells, with GAT,
angiotensin II, and ATP as substrates, we have recently con-
cluded that the TK reaction follows a sequential, rapid equilib-
rium, random Bi-Bi mechanism (4).

In the past few years, our laboratory has embarked on the
development of a series of TK inhibitors that have been termed
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“tyrphostins” (5-9). We have shown that tyrphostins block
EGF-dependent autophosphorylation, EGF-dependent phos-
phorylation of exogenous substrates (5-7), EGF-dependent cell
proliferation (5, 10), EGF-dependent phosphorylation of phos-
pholipase C-y (11), EGF-dependent breakdown of phosphoi-
nositides by phospholipase C-v (12), and EGF-dependent pro-
liferation of keratinocytes (13). While evaluating the effective-
ness of newly synthesized tyrphostins as TK inhibitors, we
were struck by the fact that small chemical modifications in
the structures of tyrphostins have led to marked changes in
their ability (a) to inhibit the TK activity of the EGFR and
other TKs and (b) to distinguish between TKs, i.e., to selec-
tively and effectively inhibit a given TK in comparison with
another (5-7, 14, 15). We have, therefore, chosen to study the
kinetic behavior of a group of tyrphostins representing four
families of PTK blockers, with the intention of possibly gaining
insights into the architecture of the active site. These studies
were not designed to offer new insights into the function of the
EGFR. For the purpose of comparison, we have included erbs-
tatin, a natural product of Streptomyces sp. first isolated by
Umezawa et al. (16), and two derivatives of lavendustin-A, a

ABBREVIATIONS: EGFR, epidermal growth factor receptor; BMN, benzenemalononitrile; DMSO, dimethyisulfoxide; EGF, epidermal growth factor;
GAT, poly(GlusAlasTyr,); MES, 2-(morpholino)ethanesulfonic acid; MLD, mean logarithmic deviation; PTK, protein tyrosine kinase catalytic subunit;
TK, tyrosine kinase; EtAc, ethyl acetate; Ac, acetate; MS, mass spectrometry.
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TK inhibitor isolated from Streptomyces griseolavendus by
Onoda et al. (17), synthesized in our laboratory. We demon-
strate that erbstatin, two lavendustin derivatives, and most of
the tyrphostins studied interact with the active center of the
EGFR and, in doing so, block the binding of both substrates of
the kinase reaction. Two of the tyrphostins studied are com-
petitive inhibitors with respect to GAT and noncompetitive
inhibitors with respect to ATP. All experimental data were
analyzed by a computer program written for the purpose of
objectively analyzing enzyme kinetic data (4).

Experimental Procedures

Materials

Mouse EGF (tissue culture grade) was obtained from Serotec (Ox-
ford, UK) and [y*-P]ATP was purchased from Amersham Corp. (UK).
GAT (M, 28,000) and ATP were purchased from Sigma Chemical Co.
(St. Louis, MO). Agarose-immobilized wheat germ agglutinin was ob-
tained from Biomakor (Rehovot, Israel). All other biochemicals were
obtained from Sigma and were of the highest purity available; water
was deionized by using a Barnsted Nanopure system.

Tyrphostins

The tyrphostins used in these studies were synthesized as described
elsewhere (6, 7). Here and also in other publications tyrphostins are
catalogued according to the AG numbering. The RG numbers, when
available, are in accord with the numbering system of Rhone Poulenc
Rorer. The procedures for the synthesis of the new unreported tyr-
phostins were as follows.

AG 799 (5-benzylthiomethylvanilline). To 0.85 g (4.2 mM) of
65-CH;Cl-vanillin (18) and 0.5 ml of 4 mM benzylmercaptane in 30 ml
of CH,Cl; was added 0.6 ml, 6 mM triethylamine. After stirring for 4
hr at room temperature, the reaction mixture was directly chromato-
graphed to give white solid [0.45 g; 37% yield; m.p. 48°; NMR (CDCl;):
59.79 (1 H, s, CHO), 7.33 (7 H, br s), 3.96 (3 H, s, OCHa), 3.73 (2 H,
8), and 3.71 (2 H, s) (16)].

AG 800 [3-methoxy-4-hydroxy-5-benzylthiomethyl-a-amido-
(cis)-cinnamonitrile]. AG 799 (0.4 g, 14 mM) and 0.12 g (1.4 mM) of
cyanoacetamide in 5 ml of ethanol, with three drops of piperidine, were
refluxed for 1.5 hr. Water and HCI were added and the reaction mixture
was extracted with EtAc. Evaporation gave 0.25 g (50% yield) of yellow
solid [m.p. 150°; MS: m/z 354 (M*, 29%), 232 (M—SCH,CsH;, 100%),
231 (42%), and 230 (52%); NMR (acetone-ds): & 8.13 (1 H, s, vinyl),
771 (1H,d,J =20 Hz, H,), 758 (1 H, d, J = 2 Hz, He), 7.40-7.25 (5
H, m), 3.94 (3 H, s, OCHj,), 3.78 (2 H, s), and 3.75 (2 H, s)].

AG 805 [a-(3,4-dihydroxybenzoyl)-5-(cis)-indole-cinnamon-
itrile). 5-Formyl indole (130 mg, 1 mM), 180 mg (1 mM) of 2-cyano-
3’,4’-dihydroxyacetophenone (7), and 30 mg of $-alanine were refluxed
for 3 hr, water was added, and the reaction mixture was extracted with
EtAc to give an oily solid, containing some aldehyde. Chromatography
gave a pure orange solid [86 mg; 28% yield; m.p. 185°; MS: m/z 304
(M*, 8%), 177 (29%), 137 [C¢Hs(OH),CO*, 100%], 117 (12%), 116
(indole*, 15%), and 109 (93%); NMR (acetone-dg): 4 8.40 (1 H,d, J =
1.6 Hz, H,), 8.18 (1 H, s, vinyl), 8.03 (1 H, dd, J = 8.6 and 1.6 Hz, H,),
763 (1 H,d,J = 8.6 Hz, H), 7.64-7.40 (3 H, m, H; + Hz ¢), 7.0 (1 H,
d, J = 8.6 Hz, H,), and 6.69 (1 H, d, J = 3.2 Hz, H))].

AG 814 [(2’,5’-dihydroxy)benzyl-3-aminobenzoic acid]. m-
Aminobenzoic acid (0.41 g, 3 mM) and 0.41 g (3 mM) of 2,5-dihydrox-
ybenzaldehyde in 20 ml of CH;OH were refluxed for 16 hr (a red
precipitate was formed). The reaction mixture was cooled to room
temperature and 0.22 g (3.5 mM) of NaCNBH, was added. After stirring
at room temperature for 2 hr, the reaction mixture was extracted with
EtAc to give a yellow oil, which was triturated with CHCI; and filtered
to give 0.2 g (26% yield) of a yellow solid [m.p. 145°; MS: m/z 259 (M*,
9%), 241 (M-H;0, 21%), 137 (M—H-C;H,COOH, 100%), and 120
(64%); NMR (acetone-de): & 7.34-6.50 (7 H, m) and 4.34 (2 H, s).

AG 824 [3,4-dihydroxy-5-benzylthiomethyl-a-amido-(cis)-
cinnamonitrile]. To 100 mg of 0.3 mM AG 800 in 20 ml of CH:Cl,,
under argon, was added 0.6 ml of 6 mM BBr;. The orange solution was
stirred for 2.5 hr at room temperature, water and HC] were added, and
the reaction mixuture was extracted with EtAc. Evaporation and tri-
turation with EtAc/C¢Hs gave a dark yellow solid [40 mg; 42% yield;
m.p. 190°; NMR (acetone-dg): 4 8.02 (1 H, s, vinyl), 763 (1 H,d, J =
2.2 Hz, H,), 7.38-7.20 (6 H, m), 3.77 (2 H, s), and 3.73 (2 H, s)].

AG 826 [(3',4’-dihydroxy)benzyl-3-aminobenzoic acid]. 3,4-
Dihydroxybenzaldehyde (0.41 g, 3 mM) and 0.41 g (3 mM) of m-
aminobenzoic acid in 30 ml of methanol were refluxed for 16 hr and
cooled, and 0.9 g of NaCNBH, was added. After 3 hr at room temper-
ature, water was added and the reaction mixuture was extracted with
EtAc to give a yellow oil. Trituration with EtAc/CH.Cl; gave 20 mg of
a yellow solid [2.5% yield; m.p. 140°; NMR (acetone-ds): § 7.34-6.50 (7
H, m) and 4.22 (2 H, s)).

Tyrphostins were dissolved in DMSO immediately before each ex-
periment and were diluted 10-fold with ethanol/H,0 (1:1, v/v). Further
dilutions were performed with DMSO/ethanol/H;0 (1:4.5:4.5, v/v/v).
This protocol ensured the complete solubility of all tyrophostins.

Preparation of EGFR

EGFR was purified from human epidermoid carcinoma A431 cells
as described elsewhere (4, 19) and was stored at —70°. When subjected
to immunoblotting with an anti-EGFR antibody (monoclonal antibody
108, a gift from Dr. J. Schlessinger, New York University Medical
School, and Dr. A. Zilberstein, Rhone Poulenc Rorer), the purified
receptor appeared as one band (170 kDa) (data not shown). Also, when
the receptor was subjected to treatment with ATP and EGF and then
to immunoblotting using antiphosphotyrosine antibodies, a single 170-
kDa band was observed.

Assay of EGFR-TK Activity

Assays were performed in nonsterile culture plates with 96 conical
wells (4, 20). Assay mixtures contained [v-?P]JATP (2-3 uCi), fixed
concentrations of GAT and increasing concentrations of ATP, or vice
versa, 50 mM Tris-MES, and 60 mM MgAc,, pH 8.0, in total volumes
of 20 ml plus 5.0 ul of DMSO/ethanol/water or different fixed concen-
trations of tyrphostins dissolved in the same solvent system. Final
DMSO and ethanol concentrations in the assay medium were 1.25%
and 5.6%, respectively, and were found to reduce the maximal specific
activity by <15%, compared with samples containing 50 mM Tris-MES
buffer without solvents. EGFR was preactivated by incubation with
EGF for 20 min at 4° immediately before use. Reactions were initiated
by the simultaneous addition of activated EGFR to series of eight wells,
with the aid of a multipipettor (15 ul/well), after temperature equili-
bration of the EGFR preparations and the incubation medium to 22°
for 2 min. After 4 min of incubation at 22°, 20-ml aliquots were
transferred, with the aid of the multipipettor, from series of eight wells
to eight corresponding Whatman no. 3MM paper strips (0.8 X 30 mm)
held in a 3-inch paper clamp. The paper strips were immediately
released into a beaker containing 10% trichloroacetic acid and, after
three 30-min washes and one overnight wash with 10% trichloroacetic
acid, the strips were washed in ethanol and then in acetone and were
dried. Radioactivity remaining on the filter strips was determined by
Cerenkov counting in a Packard CD1600 scintillation counter. In each
experiment appropriate blanks were run to correct for autophosphor-
ylation and for nonspecific **P labeling, and initial reaction velocities
were expressed in terms of the rate of net phosphorylation of GAT. It
should be mentioned that (a) autophosphorylation amounted to a small
fraction of total TK activity, (b) reaction rates were linear over the 4-
min period of incubation of EGFR and its substrates, (c) reaction rates
were directly proportional to EGFR protein concentrations, and (d) in
no case was >{0.75% of any substrate consumed during the reaction.

Determination of ICs,

To determine computerized ICs, values for different tyrophostins,
the EGFR-TK activity were assayed at eight different tyrphostin
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concentrations as described above, except that each assay system
contained 125 uM GAT (3 times its K,,) and 125 uM ATP (3.13 times
its K,,).

Data Analysis

In kinetic studies, data are processed by one of a number of ways.
Double-reciprocal plots are sometimes drawn by hand to fit the exper-
imental data, thus introducing an obvious element of subjectivity into
the interpretation of the experimental results. More often, velocity
curves obtained at each fixed concentration of second substrate or
inhibitor are individually subjected to computer analysis and double-
reciprocal plots that are derived by linear or nonlinear regression
analysis are then drawn as produced by the computer. Such curves
seldom intersect at a single point; they often intersect one another at
a number of points, a fact that is most compromising in experiments
with only three or four double-reciprocal plots because it is almost
impossible in such cases to determine the model followed by the
reaction under study or to determine whether an inhibitor is competi-
tive, noncompetitive, etc. If curves computed individually are hand-
adjusted to intersect at a common point, an element of subjectivity is
introduced into the interpretation of the experimental results. To
overcome the aforementioned limitations and to avoid the need to rely
on visual inspections of double-reciprocal plots as criteria for discrim-
inating between kinetic models, all data in a previous work (4) were
treated by a computer program that simultaneously analyzes all of the
experimental points and fits them into the proper kinetic model. In the
present work we have used this method to analyze 13 tyrphostins,
which represent four families of inhibitors (Table 1).

Kinetic Analysis

Experiments were performed in duplicate and data were analyzed on
the digital’s visual memory system computer system by using a program
written especially for this purpose (4), making use of the IMSL routine
BCPOL (20a). This program is available upon request to all those
interested. The procedure involves two steps. First, data analysis is
aimed at determining K, Kp, Ve, and a in the nomenclature of Segel
(21), which are equivalent to K., Ka, the K./K, ratio, and the K,/K,
ratio, respectively, in the nomenclature of Cleland (21, 22), by fitting
experimental data into egs. 1 and 2 (Table 2). Next, all of the experi-
mental v values that are a function of [A}], [B], and [I] are analyzed to
extract optimal values of other parameters of interest, using the values
of the constants obtained in the previous step. Theoretically, when this
procedure is used, equations that yield best-fit curves, i.e., lowest MLD,
express the proper model for the study in question. All plots shown in
Results are computer-derived “best-fit” curves.

Equations 3 and 4 shown in Table 2 have been derived from model
I shown below for “nonexclusive” or “partial” inhibition (21).

Kinetics of inhibition of EGFR by Tyrphostins 675

The above model invokes the formation of an active EIAB complex,
which means that the inhibitor under consideration does not bind to
either subsetrate A or subsetrate B binding sites on the enzyme. The
Lineweaver-Burk plots for A or B as variables should intersect at
points where:

6-1+Ke5_p
— = (P! (30
[A] Ks !
aKal(y = 0) + ﬁl By — 9)]
and
1 (5—l)+ﬁé(6-‘7)
Al .
B~ K, 43
aKal(B - 5) + & (By — 8)]

[A]

In Table 2, eq. 5, which expresses the kinetics of inhibitors compet-
itive with substrate A, and eq. 8, which expresses the kinetics of
inhibitors noncompetitive (or mixed-competitive) with substrate B,
were derived from the following model for dead-end EIB (21):

El K K,
+ 2I+E+A=2 EA
B + +
B B (model II)
BKsf Kefi oKs i

BK; aKy ko
EB21+EB+A2EAB-E+P+Q

When substrate B is varied at constant (A}, the double-reciprocal plots
should intersect at a point equal to —1/8K.. A similar model with dead-
end EIA for inhibitors competitive with substrate B and noncompeti-
tive (or mixed-competitive) with substrate A is expressed by eqs. 6 and
7, respectively. In these equations yK, and vK; are the dissociation
constants for the breakdown of EIA to A + EI or I + EA, respectively.
When substrate A is varied at constant [B], the double-reciprocal plots
should intersect at a point equal to —1/yK.

Equations 9 and 10 in Table 2, which express the inhibition kinetics
for compounds that are competitive inhibitors with respect to both
substrates, express the following model (23):

K; K
EI2zI+E+Az2 EA
+ +
B B (model II)
Kefl oaKs
aKA

EB+A2EAB-E+P+Q

(model I)
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TABLE 1
Chemical structures, ICs, values, and K, values of inhibitors of
EGFR-TK activity

TABLE 2

Mathematical expressions of the various kinetic modeis discussed
in Data Analysis

Inhibitor Structure ICso K,
uM uM
N
AG 18 t:«:_@(‘ﬁ 100 7.4
]

AG 82 ,,‘;g( 3.0 15

CN
AG 83 ""@"(“' 370 165

YA/
AG114 3 24 13
Ho. oo
o
AG 99 oY Uy NH: 9.4 23
S
= “NH.
AG 213 Ho Py T 23 12
(6]
H =1 “NH.
AG 824 H 1.0 0.6

= NN
AG 537 [ﬂgg—c(: H ] 04 0.24
2

(0]
= OH
AG 538 Holy onllon o4 0.18
(0]
= OH
AG 805 VI onllon 12 06
(6]
O = on
AG 468 oL Y ONCLon 9.2 1.6
OH
Erbstatin SN—cHo 20 0.25
OH OH
@\N— COOH
AG 814 H 0.6 0.4
OH
B
AG 826 H 27 1.3

It should be pointed out that our program, like any other computer
program, aims at fitting experimental data to an equation that ex-
presses a given theoretical model. In doing so, the program assigns and
reassigns values to kinetic constants that appear in the equation until
the lowest possible MLD value is reached, i.e., best fit is attained.
Consequently, the MLD value alone is not always a sufficient criterion
for discriminating between models. This important attribute of the
computer analysis of kinetic data is neither a limitation nor a drawback
and can be readily understood once it is realized that the computer can
convert an equation that expresses an “ill-fitted” model to an equation

(i) Sequential Bi-Bi rapid equilibrium random mechanism for variable [A]

1t K, (), ok
Ve~ Vo [(’ * [81) Al (' * [B])] M
or, if [B] is variable
1_1 aKs oKy
Ve~ Vome (‘ w ® (’ * [A])] @
(ii) Partial or nonexclusive inhibition mechanism
1o/ L Ml (i, oo, 10, ol
PR MU A
Vcl- o]
Vo (1 + ﬁ‘YKl)
)
or
(o T ) e (1 5+ e+ k)
1 ' [A] ‘yK; [AK)/ [B] [] ﬂ‘YKl BIAK,
Vea 0]
Vies (1 * 67K>
@
(iii)) Competitive inhibition mechanism
o) (15
_(”[!31+ B/ m T\ e
- —_ )
or
P s ote (o)
l_(‘*m v/ B T ]
L~ = ©)
(iv) Noncompetitive inhibition mechanism
Ks Ka[ll)aKA ( aKs g_gﬂ)
1 i R
Veal - Vm
or
(14K s Sll) ke, (o, okl
. At Ak B Y Bk
Veu v, ®
cal max
(v) Inhibition competitive with both substrates mechanism
11 K (, . [\ aka aKe
Ve~ Vo [(‘ *B (‘ * K)) Al (‘ * [31)] @

RN AN ok,
v Vom (‘ ‘I (' * )) 8] (’ * [A])] (1)

that expresses the best-fit model simply by properly adjusting the
values of kinetic parameters. This point and the correct handling and
interpretation of computer output information are illustrated below for
various models. (a) The correct model is the partial-inhibition model
(model I); in this case the MLD values would likely be sufficient for
distinguishing between different models, and secondary plots are hy-
perbolic. (b) The correct model is the noncompetitive inhibition model;
in this case similar MLD values may be obtained while fitting the data
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into egs. 3 and 4, expressing the partial inhibition model, or into egs.
7 or 8, expressing the noncompetitive inhibition model. However, a
careful analysis of the computer output would reveal that for egs. 3
and 4 large values have been assigned to 8 or 1, irrespective of whether
or not § is small, such that EIAB and either EIA or EIB complexes
seen in model I cannot form. Because for large 8 in eq. 3 the ratios 5[I]
/8vK,, (11/BvK;, and [I}/8K; cancel out, this equation is reduced in
reality to eq. 7. Similarly, for large v in eq. 4 the ratios 5[I)/8vK;, [1)/
BvK;, and [I}/vK; cancel out and this equation is reduced to eq. 8. In
other words, the best fit is indeed that obtained for noncompetitive
inhibition. Secondary plots, of course, are identical and linear in both
cases. It may be noted that eqs. 5 and 6, expressing competitive
inhibition, can in no way be converted to those expressing either
noncompetitive or partial-competitive inhibition. Consequently, fitting
the experimental data into egs. 5 or 6 yields much higher MLD values
(poor fits) than does fitting into eqs. 7 and 8, respectively, i.e., the
MLD values should be sufficient for discriminating between noncom-
petitive and competitive inhibition. (c) The correct model is the com-
petitive inhibition model; it readily follows that, similarly to the situ-
ation described above, egs. 3 and 4, expressing partial inhibition, can
be reduced to expressions of competitive inhibition (eqs. 5 and 6,
respectively) if 8 and y are assigned large enough values, whether or
not & is small. Equations 7 and 8 for noncompetitive inhibition can
also be reduced to egs. 5 and 6 for competitive inhibition if 8 or v,
respectively, are large. Hence, if similar MLD values are obtained for
best fits of experimental data to partial-inhibition, noncompetitive
inhibition, and competitive inhibition models, an analysis of the con-
stants £, v, and §, as well as K,, Kp, and K, should follow to confirm
the tendency of the computer program to reduce all equations to those
expressing competitive inhibition as the correct model in question. This
tendency should be considered as confirmatory of competitive inhibi-
tion.

Results

In the present studies the overall MLD oscillated between
0.078 and 0.153. In other words, the overall experimental error
was between 7 and 16%, values acceptable for experiments of
this nature (24). The computed average Kcar and Karp values
were 62.5 + 15.2 uM and 44.5 + 12.7 uM, respectively, and a
was 1.4 + 0.5, values similar to those obtained earlier (4).

Effects of Various Tyrphostins on the PTK Activity of EGFR

The inhibition of EGFR-TK by a number of tyrphostins was
examined and the ICy, values for each inhibitor were computed
(Table 1). All of the tyrphostins studied, with the exception of
AG 18 and AG 83, inhibited the EGFR-TK activity with ICs,
values of <10.0 gM.

Kinetics of EGFR-TK Activity

For each of the aforementioned tyrphostins and TK inhibi-
tors, the kinase activities of EGFR preparations that had been
preactivated at 4° with 900 nM EGF for 20 min were determined
at six constant concentrations of the tyrphostin as a function
of eight concentrations of GAT and a fixed concentration of
ATP or as a function of eight concentrations of ATP and a
fixed concentration of GAT, to ensure the accumulation of
sufficient experimetal data for the computer best-fit analysis.
In each experiment, Kgat, Katp, Vimax, and a values were first
calculated from computer-fitted plots at zero tyrphostin con-
centrations (4), using egs. 1 or 2 (Table 2). These values were
then introduced into the various equations to obtain computer-
fitted best-fit curves, from which the appropriate model for

Kinetics of Inhibition of EGFR by Tyrphostins 677

each tyrphostin was ascertained and on the basis of which
appropriate kinetic constants were computerized.

Inhibitors that Compete with Both Substrates

Erbstatin, the lavendustin derivatives AG 814 and AG 826,
the dicyano-tyrphostin derivatives AG 18, AG 82, and AG 83,
AG 114 with a dicyanoaminoethylene group, and the dihydrox-
ymalononitrile derivatives AG 99, AG 213 (RG 50864), and AG
824 all behaved as competitive inhibitors with respect to both
GAT and ATP. The two tyrphostins AG 805 and AG 468,
which contain only the second dihydroxyphenyl ring of AG 538
in the a-position (Table 1), were also competitive inhibitors
with respect to both GAT and ATP. For all of the aforemen-
tioned tyrphostins the proper kinetic model could not be as-
signed solely on the basis of differences between MLD values,
i.e., MLD values obtained for “fits” into egs. 3, 5, 7, and 9 with
[ATP)] as variable or into egs. 4, 6, 8, and 10 with [GAT)] as the
varied substrate were either very similar or identical (data for
representative compounds are shown in Table 3). Hence, values
of the kinetic constants obtained in each fit were substituted
into appropriate equations expressing the model being evalu-
ated, as described in Data Analysis. It was found that, when
this was done, these expressions always reduced to expressions
of competitive inhibition. Computed double-reciprocal plots
and slope replots, i.e., secondary plots, obtained by fitting the
experimental data for a given inhibitor at constant GAT and
variable ATP concentrations, or vice versa, to four different
models were identical or very similar. This is illustrated in Figs.
1-4 for a representative case of the TK inhibitor erbstatin.

Inhibitors that Compete Only with the Peptide Substrate

AG 537. Based of the results of computer analysis of kinetic
data of experiments with AG 537, which is a “dimer” of AG 99
(Table 1), it has been concluded that this compound is a
competitive inhibitor with respect to GAT and a noncompeti-
tive inhibitor with respect to ATP. It should be noted that, in
the case of GAT as the independent variable, the MLD values
for fits to egs. 4, 6, 8, and 10 are not significantly different.
According to the rationale presented in Data Analysis, this is
consistent with competitive inhibition. For fits to eq. 4, 8 and
v values of 4.4 and 18.1, respectively, were computed (Table 3).
Thus, for example, at a constant [ATP] equal to Kxrp and a (I]
equal to K, the y-intercept equals 2.058/ V... instead of 2.000/
Vmax- In other words, [I] has a negligible effect on V,,,, but it
still affects the slope, consistent with competitive inhibition.
For fits to eq. 8 (Table 3), the y-intercept equals 2.22/V,..,
instead of 2.00/V,.... Again [I] is found to have a relatively
small effect on V... On the other hand, with ATP as the
independent variable the MLD values for fits to eq. 7, which
expresses the model for noncompetitive inhibition, are consid-
erably lower than the MLD values computed for fits to eq. 5,
which expresses competitive inhibition kinetics. The differ-
ences between the MLD values for fits to egs. 3 and 7 are not
as large, but they are definitely in favor of the latter. Moreover,
because AG 537 is a competitive inhibitor with respect to GAT,
it can only be noncompetitive with respect to ATP. Thus, the
kinetic studies with GAT and ATP as independent substrates
complement each other. The double-reciprocal plots for a rep-
resentative experiment with AG 537 as inhibitor are shown in
Fig. 5, in which ATP was the varied substrate, and Fig. 7, in
which GAT was the varied substrate. It can be readily seen
that Fig. 5C represents a far better fit than Fig. 5, B or D.
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TABLE 3

Values of kinetic constants computed from experimental data obtained with representative EGFR-TK inhibitors listed in Table 1 by fitting
to different kinetic modeis
Values are means + standard deviations of two or three experiments.

Kinetic constants
Equation MLD
o [ v b K
M
AG 537
3° 12+03 50+14 19+05 0.016 + 0.018 0.38 + 0.11 0.091 + 0.015
5° 12+03 6876 0.44 + 0.37 0.123 + 0.007
b ad 12+03 21+08 0.24 + 0.02 0.087 + 0.016
9 12+03 0.16 + 0.06 0.128 + 0.016
4 1.3+ 0.1 44+09 18.1 £ 34 0.004 + 0.001 0.13 £ 0.03 0.096 + 0.003
4 13+0.1 15205 0.23 £ 0.01 0.104 + 0.015
8 1.3+ 0.1 44+05 0.12 + 0.01 0.091 + 0.002
10 1.3+ 0.1 0.09 + 0.01 0.099 + 0.014
AG 538
3 15+06 35+13 13+24 0.001 + 0.003 0.20 + 0.02 0.098 + 0.004
5 15+0.6 432+ 15.1 0.16 £ 0.01 0.152 + 0.03
7 15+ 06 18+ 05 0.18 £ 0.05 0.088 + 0.003
9 15+0.6 0.11 £ 0.01 0.305 + 0.037
4 1.7+ 04 45+14 132+15 0.36 + 0.07 0.13+£0.05 0.127 £ 0.022
-4 1.7+ 04 35+0.7 0.16 £ 0.03 0.131 £ 0.018
8 1.7+ 04 50+1.8 0.12 £+ 0.02 0.122 + 0.020
10 1.7+ 04 0.11 £ 0.01 0.125 + 0.02
Erbstatin
3 12+0.2 226+5.0 216+ 150 11475 013+ .05 0.147 + 0.05
5° 12202 214 +13.7 0.41 £ 0.17 0.187 + 0.03
7 1.2+0.2 603.0 + 400 0.33+0.14 0.186 + 0.028
9 1.2+02 0.22 + 0.05 0.185 + 0.025
4 15+0.2 38.3+ 336 93147 13.1+ 154 0.28 + 0.10 0.169 + 0.017
6 15+0.2 32.4 +30.0 0.32 + 0.44 0.183 + 0.011
8 15+0.2 68.4 + 80.0 0.134 + 0.21 0.1800 + 0.009
10’ 1.5+0.2 0.11 £ 0.01 0.192 + 0.034
AG 213
3 1.0+0.2 57+ 13 124 £ 37 27+18 1.7+08 0.067 + 0.004
5° 1.0+ 0.2 16.7 + 14 22+0.2 0.068 + 0.005
7 1.0+£0.2 122 + 38 1.7+ 0.65 0.064 + 0.002
9° 1.0+0.2 1.8+09 0.069 + 0.003
4 14+06 453+ 223 1.35+0.15 0.155 £ 0.125 14+05 0.174 + 0.003
6 14+06 86.5 + 34.5 07+0.2 0.181 + 0.019
8 14+ 06 261 + 68 0.63 +0.17 0.170 + 0.009
10 14+06 0.51 £ 0.05 0.173 £ 0.019
AG 805
3 1.1+£0.2 452+ 165 34+13 1859 02+0.1 0.081 + 0.013
5° 1102 148+ 3.6 08+03 0.103 + 0.014
7° 11+02 33+14 0.7+0.2 0.098 + 0.013
9 1.1x£0.2 04+02 0.1000 + 0.014
4 15+07 57+39 104 £ 6.0 22+14 03+0.2 0.106 + 0.015
6’ 15+07 12614 07+0.2 0.118 +£ 0.016
8 15+07 78+9 06+03 0.115 £ 0.017
10 15+0.7 05+0.1 0.116 + 0.017
AG 826
3 1.0+0.1 33275 154 +94 154 £1.25 06+0.3 0.116 + 0.045
5° 1.0+ 0.1 148 1.43+0.26 0.109 + 0.044
7 1001 195 + 48 08+0.3 0.110 + 0.044
9 1.0+ 0.1 0.83+0.24 0.105 + 0.042
4 1.3+05 230 + 39 1M17+16 64+89 16+09 0.145 + 0.031
6 1.3+05 108+ 26 18+ 05 0.142 + 0.031
8 1305 74+ 9 17+04 0.139 + 0.030
10 13+05 1.3+07 0.137 + 0.030
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* aaar 8Nd aK,rp are the constants for dissociation of E-GAT-ATP to E-GAT + ATP or E-ATP + GAT.
® BKave and SK, are the constants for dissociation of E4-ATP to E- + ATP or E-ATP + |.

°© yKaar and vK; are the constants for dissociation of E4-GAT to E-l + GAT or E-GAT + 1.

9 K. is the catalytic rate constant for the breakdown of E--GAT-ATP to E-l + P + Q.

* Variable ATP and constant GAT (80 or 400 uwm).

! Variable GAT and constant ATP (40 um or 250 um).


http://molpharm.aspetjournals.org/

PHARM

aspet

r 40

35t 35[ B

30} 304

25} 25} 4 e
20} 20}

15t 15} *]

10} 10}

St st

(o] o

-5 ) -5 1 ] 1 1 )

>-00100 002 004 006 -00100 ooz 004 0.6
-

40 40

35 s D

30 30}
25 25} e
20 20

15 15| "]

10 18

5 5t

0 o

5 L1 1 1 1 L ) -5 1 L1 1 1 19
-00100 002 004 006 -00100 002 004 006

1/[ATP] (nM)

Fig. 1. Kinetics of inhibition of the EGFR-TK reaction by erbstatin. The
activity of the EGFR was determined after a 20-min preactivation at 4°
in the presence of EGF. Preactivated EGFR (15 ul) was added to 25 ul
of medium containing varying concentrations of ATP, 60 mm MgAc;, 50
mm Tris-MES, pH 7.6, 1.5-2.5 uCi of [y-*P]JATP, a fixed concentration
of GAT (400 am), and the following concentrations of erbstatin: A, 0.0;
A, 0.37; ¢,0.74; O, 1.50; @, 3.16; O, 6.33 um. After 4 min at 22°, 20-ul
aliquots of each medium were transferred to Whatman 3MM filter paper
strips, which were immediately dropped into 10% trichloroacetic acid.
'l'hestﬂpsmwashedasdescﬂbedm tal Procedures and
the radioactivity of phosphorylated GAT was determined by Cerenkov
counting. Initial reaction velocity (v) is expressed as [phosphorylated
GA‘I’](pu)/assaysysm The experimental results were analyzed as
described in Data Analysis. Families of double-reciprocal plots for fits to
eq. 3 for nonexciusive or partial inhibition (A), eq. 5 for competitive
inhibition (B), eq. 7 for noncompetitive (or mixed-compeﬁtive) inhibition
(C), or eq. 9 for inhibition competitive with both substrates (D) are shown.
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Fig. 2. Slope replots of the four families of double-reciprocal plots shown
inFig. 1, A (O), B (@), C (A), and D D).

Secondary plots computed for these experiments are shown in
Figs. 6 and 8, respectively. It should be noted that the secondary
plots shown in Fig. 6 for the family of double-reciprocal plots
shown in Fig. 5, A and C, are both straight lines that overlap
one another and both are distinctly different from the second-
ary plots in Fig. 6 for the double-reciprocal plots of Fig. 5, B
and D. On the other hand, the four replots shown in Fig. 8 are
very similar to one another.

AG 538. This tyrphostin yields kinetic data that fit best
into a model for competitive inhibition with respect to GAT
and noncompetitive inhibition with respect to ATP. This con-
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Fig. 3. Kinetics of inhibition of the EGFR-TK reaction by erbstatin. The
activity of EGFR was determined as described in the legend to Fig. 1,
exceptmatmedhmwnai'ndvaryhgcammmﬁonsofGAT 60 mm
MgAC;, 50 mm Tris-MES, pH 7.6, 1.5-2.5 uCi of [y-P)ATP, a fixed
concentration of ATP (250 um), and the following concentrations of
erbstatin: A, 0.00; A, 0.37; ¢, 0.74; O, 1.58; @, 3.16; O, 6.33 um. The
experimental results were analyzed as described in Data Analysis. Fam-
ilies of i plots for fits to eq. 4 for nonexclusive or partial
inhibition (A), eq. 6 for competitive inhibition (B), eq. 8 for noncompetitive
(or mixed-competitive) inhibition (C), or eq. 10 for inhibition competitive
with both substrates (D) are shown.
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Fig. 4. Slope replots of the family of curves shown in Fig. 3, A (O), B (@),
C (A), and D @)

clusion is based on the results of computer analysis of the data
for inhibition experiments with AG 538 that are shown in
Table 3, using the rationale presented in Data Analysis. For
fits to eq. 4, 8 and v values of 4.5 and 13.2, respectively, were
computed (Table 3). Thus, for example, at a constant [ATP]
equal to K 1p and a [I] equal to K, the y-intercept equals 2.094/
Vinex instead of 2.000/V,,,. For fits to eq. 8 (Table 3) the y-
intercept equals 2.20/V,,, instead of 2.00/V,,,. Again [I] is
found to have a relatively small effect on V... On the other
hand, with ATP as the independent variable the MLD values
for fits to eq. 7, which expresses the model for noncompetitive
inhibition, are considerably lower than the MLD values com-
puted for fits to eq. 5, which expresses competitive inhibition
kinetics. The double-reciprocal plots for a representative ex-
periment with AG 538 as inhibitor are shown in Fig. 9, in which
ATP was the varied substrate, and Fig. 11, in which GAT was
the varied substrate. It can be readily seen that Fig. 11C
represents a far better fit than Fig. 11, B and D. Secondary
plots computed for these experiments are shown in Figs. 10
and 12, respectively. It should be noted that the secondary plots
shown in Fig. 10 for the family of double-reciprocal plots shown
in Figs. 11, A and C, are both straight lines that overlap one
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Fig. 5. Kinetics of inhibition of the EGFR-TK reaction by AG 537. The
activity of EGFR was determined as described in the legend to Fig. 1 at
the following concentrations of AG 537: A, 0.0; A, 0.13; ¢, 0.25; O,
0.50; @, 1.00; O, 2.0 um. The experimental results were analyzed as
described in Data Analysis. Families of double-reciprocal plots for fits to
eq. 3 for nonexclusive or partial inhibition (A), eq. 5 for competitive
inhibition (B), eq. 7 for noncompetitive (or mixed-competitive) inhibition
(C), or eq. 9 for inhibition competitive with both substrates (D) are shown.
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Fig. 8. Slope replots of the four families of double-reciprocal plots shown
inFig. 5, A (O), B (@), C (A), and D (O).

another and both are distinctly different from the secondary
plots in Fig. 6 for the double-reciprocal plots of Fig. 11, B and
D. On the other hand, the four replots shown in Fig. 12 are
very similar to one another. Thus, the overall trends of the
primary and secondary plots for this inhibitor were very similar
to those shown for AG 537.

Discussion

We have shown recently that the EGFR-TK reaction in our
system follows a sequential, rapid equilibrium, Bi-Bi random
mechanism (4). It is implied in a sequential model for a Bi-Bi
reaction, i.e., a reaction that involves two reactants, A and B,
and two products, P and Q, that a ternary complex EAB must
form before any catalysis can occur and products can be re-
leased. A sequential mechanism is characterized by the fact

rrrTrrTrr ro

>

-~
a5~ 45
- C o WL D
36 36}
ko o 30
13 =t
20 20

L

-5 -5
-0025 0000 0025 0050 -0025 0000 0025 0050

1/[GAT](uM)

Fig. 7. Kinetics of inhibition of the EGFR-TK reaction by AG 537. The
activity of EGFR was determined as described in the legend to Fig. 1,
except that medium contained varying concentrations of GAT, 60 mm
MgAc;, 50 mm Tris-MES, pH 7.6, 1.5-2.5 uCi of [y-2P)ATP, a fixed
concentration of ATP (250 um), and the concentrations of AG
537: A, 0.00; A, 0.10; ¢, 0.20; O, 0.40; @, 0.80; O, 2.0 um. The
experimental results were analyzed as described in Data Analysis. Fam-
ilies of double-reciprocal plots for fits to eq. 4 for nonexclusive or partial
inhibition (A), eq. 6 for competitive inhibition (B), eq. 8 for noncompetitive
(or mixed-competitive) inhibition (C), or eq. 10 for inhibition competitive
with both substrates (D) are shown.

1200

1000 4

SLOPE

00 03 06 0% 12 15 1.8
[AG 537) (sM)

Fig. 8. Slope replots of the family of curves shown in Fig. 7, A (O), B (@),
C(A), and D @).

that the lines in a family of double-reciprocal plots (1/v versus
1/[A] or 1/[B])) intersect at a common point on or to the left of
the ordinate and above, below, or on the abscissa. In a random
mechanism, the free enzyme can bind either substrate to form
a binary complex, EA or EB, and the ternary complex can then
be formed by the addition of the second substrate (21, 25-27).
The present kinetic experiments can readily be interpreted on
the basis of such a model.

Many of the tyrphostins examined in the present work have
the following general structure:
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Fig. 9. Kinetics of inhibition of the EGFR-TK reaction by AG 538. The
activity of EGFR was determined as described in the legend to Fig. 1 at
the following concentrations of AG 538: A, 0.0; A, 0.1; ¢, 0.2; 0, 0.3;
@, 0.4; O, 0.6 um. The experimental results were analyzed as described
in Data Analysis. Families of double-reciprocal plots for fits to eq. 3 for
nonexclusive or partial inhibition (A), eq. 5 for competitive inhibition (B),
eq. 7 for noncompetitive (or mixed-competitive) inhibition (C), or eq. 9 for
inhibition competitive with both substrates (D) are shown.
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Fig. 10. Slope repiots of the four families of double-reciprocal plots

shown in Fig. 9, A (O), B (@), C (A), and (D) D).

All compounds except AG 537 and AG 538 were found to act
as competitive inhibitors with respect to both substrates of the
EGFR kinase reaction. Because in the kinase reaction there is
a direct transfer of phosphate from ATP to the tyrosine residue
of the peptide substrate (9), both substrates of the kinase
reaction must bind at the active center, in close proximity to
one another. Because in all of the BMN tyrphostins examined
there is a common structural element, i.e., the 3,4-dihydroxy-
(cis)-cinnamonitrile group, we propose that all of the BMN
tyrphostins bind to the same site at the active center of the
EGFR and thereby distort the latter to such an extent that in
most cases neither substrate can bind to the receptor. In the
case of AG 537 and AG 538, we suggest that the second
dihydroxyphenyl group causes these tyrphostins to bind in such
a way that they completely prevent the binding of GAT,
whereas their effect on the binding of ATP is less pronounced
(v = 2.1 in the case of AG 537 and 1.8 in the case of AG 538).
Different possible modes of binding of the various tyrphostins
at the EGFR-TK active center are displayed in Fig. 13. Fig. 13
illustrates that AG 538 can in principle bind in two similar

Kinetics of Inhibition of EGFR by Tyrphostins 681
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Fig. 11. Kinetics of inhibition of the EGFR-TK reaction by AG 538. The
activity of EGFR was determined as described in the legend to Fig. 1,
except that medium contained varying concentrations of GAT, 60 mm
MgAc;, 50 mm Tris-MES, pH 7.6, 1.5-2.5 uCi of [y-2P]ATP, a fixed
concentration of ATP (40 um), and the following concentrations of AG
538: A, 0.00; A, 0.08; ¢, 0.15; O, 0.30; ®, 0.60; O, 1.2 um. The
experimental results were analyzed as described in Data Analysis. Fam-
ilies of double-reciprocal plots for fits to eq. 4 for nonexclusive or partial
inhibition (A), eq. 6 for competitive inhibition (B), eq. 8 for noncompetitive
(or mixed-competitive) inhibition (C), or eq. 10 for inhibition competitive
with both substrates (D) are shown.

700

600 1

500

SLOPE
&

0.25 0.50 0.78 1.00 1.28
[AG $38}(xM)

Fig. 12. Slope replots of the family of curves shown in Fig. 11, A (O), B
(@), C (A), and D [O).

modes, one in which the main dihydroxybenzene ring binds at
the tyrosine site and one in which the dihydroxyphenyl ring
that is located in the a-position binds at this site. Interestingly,
AG 805 and AG 468, which possess only the dihydroxybenzene
ring in the a-position, affect both substrate binding sites and
are thus competitive with both GAT and ATP, as indicated in
Results. It seems, therefore, that the modes of binding of AG
805 and AG 468 are similar to that of AG 213 and other MBN
tyrphostins and that AG 538 can actually bind as illustrated in
Fig. 13. The R-groups in the a-position of the various BMN
tyrphostins determine their affinity for the receptor, i.e., their
K.
The lavendustin derivatives with hydroxyl groups in posi-
tions 2 and 5 of the first phenyl ring and a carboxyl group meta
to the NH group (AG 814) or para to the NH group (RG 14467)
(28) are very potent EGFR-TK inhibitors. AG 814 has been
found in the present studies to act as a pure competitive
inhibitor with respect to both ATP and GAT. The lavendustin-
like tyrphostin AG 826 is also a pure competitive inhibitor with
respect to both GAT and ATP (Table 3). These two inhibitors
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Fig. 13. Possible modes of interaction of various tyrphostins with the
EGFR active center. A, BMN or 3,4-dihydroxy-{(cis)-cinnamonitrile tyr-
phostins; B, AG 537; C and D, AG 538; E, AG 805; F, AG 468.

differ only with respect to the positions of the two hydroxyl
groups of the first ring, i.e., 2,5-positions in AG 814 and 3,4-
positions in AG 826, but they inhibit the EGFR-TK activity
with K; values that differ by almost 1 order of magnitude (Table
3). Erbstatin was reported previously to be a competitive inhib-
itor with respect to the peptide being phosphorylated and
noncompetitive with respect to ATP (29) but was reported by
Hsu et al. (30) to be a hyperbolic mixed-type inhibitor. In the
present studies, however, this compound was found to be a
competitive inhibitor with respect to both substrates. The
differences between the cited studies and the data reported in
the present work are most probably due to the procedures used
for analyzing the experimental data. Because in our experi-
ments we have used a more detailed and rigorous analytical
procedure based on 42 experimental points, we feel confident
that the results presented here are reliable. In view of the
present findings, we suggest that the lavendustin derivatives
and erbstatin bind and act by mechanisms similar to those
proposed for the tyrphostins studied in the present work.

The present studies emphasize the usefulness of tyrphostins
and our computer program as potent research tools. The kinetic
models proposed for the action of tyrphostins on the EGFR-
TK reaction should be most useful in the design of more specific
and potent EGFR-TK inhibitors. The finding that AG 537 and
AG 538 are competitive inhibitors with respect to the peptide
substrate and noncompetitive with ATP is important for the
design of future TK blockers. If one is to use PTK blockers in
future therapies, preferred drugs will be those that are compet-
itive only for the tyrosine substrate site, because such blockers
could be selective for different TKs. A blocker that is compet-
itive with respect to ATP is likely to be nondiscriminatory in
vivo because of the high intracellular ATP concentrations, as

demonstrated by us recently for tyrphostins aimed at EGFR/
HER-1 and HER-2/neu (15). As discussed above, all of the
BMN tyrphostins examined contain the 3,4-dihydroxy-(cis)-
cinnamonitrile group as a common structural element. These
tyrphostins seem to bind to the same site at the active center
of the EGFR. It is reasonable to assume that modifications at
the primary ring of the BMN tyrphostins might direct this
group and enable it to specifically bind to the ATP site. If such
EGFR-TK inhibitors contained the second dihydroxyphenyl
group of AG 537 or AG 538, or a modification of these groups,
one would expect these tyrphostins to act as bi-substrate inhib-
itors that would simultaneously prevent the binding of both
substrates to the receptor. Further attempts may be directed to
increasing the affinities of such inhibitors for the receptor. In
other words, the present studies lay the foundation for the
development and evaluation of the mode of action of novel
inhibitors that should be both highly selective and efficient at
low concentrations.
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