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AG957 is a tyrosine kinase antagonist which prior studies
had shown inhibits p210%¢" 2% tyrosine kinase activity and
K562 chronic myelogenous leukemia cell growth. We report
here the effects of AG957 on the physical state of
p210%¢" ¥ and its signaling adapter molecules Shc and
Grb2 in K562 cells. After exposure to AG957, the amount of
tyrosine-phosphorylated native p210°" 2% decreases, with
the appearance of a high molecular weight (>~ 210 kDa)
p210%¢" ¥ This effect is seen after [*?Plorthophosphate
and [**S]methionine labeling. Material suggesting the in-
volvement of p210°¢" 2! jn high molecular weight com-
plexes also appears using anti-Shc, anti-Grb2 and anti-
phosphotyrosine antibodies. AG957 also acts in vitro to
shift native p210°" 2% jn anti-p210%¢" 2¢ or anti-Grb2
immunoprecipitates to higher molecular weight forms un-
der conditions where the drug can also act as an antago-
nist of p210%" ! autokinase activity. Incubation with
dithiothreitol inhibits the appearance of .- 210 kDa forms of
p210%" 28 in the in vitro reaction. These results lead to the
hypothesis that AG957 does not act simply as a reversible
tyrosine kinase antagonist, but can alter the normal
amounts and physical associations of molecules important
in tyrosine kinase signaling. These effects likely reflect
covalent cross-links induced by the drug.

Key words: Chronic myelogenous leukemia, Grb2,
tyrosine kinase inhibition.

Introduction

The pathogenesis of chronic myelogenous leukemia
(CML) has been linked to a reciprocal translocation
which fuses exons from the Ber gene on chromo-
some 22 with exons of the c-abl proto-oncogene
from chromosome 9. The Philadelphia chromosome
is the cytogencetic marker for this event. The result-
ing reading frame encodes a p210°7 1 chimeric
oncoprotein, with constitutively activated tyrosine
kinase :lctivity.l p210Pr @bl g focalized to the
cvtoplasm and has transforming potential in contrast
to the normal  c-abl  protein.”
p210"7 9P tyrosine kinase activity may be of value
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in the treatment of CML and in patients with acute
Iymphocytic leukemia (ALL) who express a different
p1857 “P fusion protein but with similar or per-
haps somewhat enhanced transforming potency.

Recent studies have demonstrated that growth
factor receptorlinked tyrosine kinases can activate a
signaling pathway through Ras. The Grb2 protein,
composed of a single SH2 domain flanked by two
SH3 domains, can mediate the physical association
of certain receptor tyrosine Kinases to mSosl in
mammals’ and in I)mso/)bl’lu- by non-covalent
binding of phosphorylated tyrosines. mSos! induces
GDP release from Ras, which then can bind GTP and
become activated. Several reports have identified
specific tyrosine phosphate sequences in receptor
tyrosine kinases™™"" which mediate direct binding of
the Grb2- SH2 domain. Grb2 can also interact with
the kinase signaling pathways indirectly via TR
or l"l‘l’l/Syp.h Although Grb2 associates with acti-
vated tyrosine Kinases, it is itself not an efficient
substrate for tyrosine phosphorylation in  cither
Drosopbila or mammualian cells &'

The mammalian She oncogene encodes three iso-
forms; two widely expressed proteins of -6 and
52 kDa, and a less widely expressed 66 kDa isoform.
These proteins possess a tyrosine at position 317,
which is a substrate for a varicty of non-receptor and
receptor tyrosine kinases, and which binds to the
SH2 domain of Grb2. Shc itself also possesses a C-
terminal SH2 domain and a more central glycine/
proline-rich rcgion.”’ She appears to function as a
bridge between the Grb2- mSos complex and non-
receptor tyrosine kinases by binding of Grb2 mSos
to the phosphorylated Y317 of she.'™"” Recent
studies on mitogenic signaling by fibroblast growth
factor,' and insulin. insulin-like growth factor 1 and
epidermal growth factor'” have suggested that tyr-
osine phosphorylation of Shce is essential to mito-
genic signaling, and it has been shown that tyrosine
phosphorylation of Shc is crucial for the transform-
ing ability of v-src and v-j])s.”")“ Thus, Grb2 and Shc

Anti-Cancer Drugs - Vol = - 1996 815



G Kaur and EA Sausville

are implicated in downstream signaling from  tyro-
sine kinases in many different biological systems.
The p210%7 4% protein can form a specific com-
plex with She and with Grb2, as revealed in studies
with three different murine cell lines transfected
with a p210”7 “P expression vector™ In these cells
expressing the p2 1077 “P She proteins were highly

phosphorylated. The constitutive tight association of

she and Grb2 in p210™7 “" transformed  cells
involved the presence of p210”7 “*in the same
complcxfyI In naturally occurring K562 CML cells,
the existence of p210”7 0 Grb2 and p210Pe @
She Grb2 complcmsll also suggest that Grb2 and
She are involved in Ber -abl tyrosine kinase signal-
ing.

Tyrphostins represent a class of synthetic tyrosine
kinase antagonists modeled by Levitzki ef al™ on
the natural product crbstatin.™?
tyrphostins have been  described:  benzenemaloni-
trile, S-aryl benzenemalonitrile, bisubstrate quinoline
and  lavendustin-A-like compounds.l
cfforts to discern a tyrosine kinase inhibitor as a lead
structure dirccted against p21077 P AGYST was
found to inhibit p2107 «

)

In our initial

autokinase activity in
anti-p2 10”7 L immunoprecipitates. and to decrease
P20« phosphorylation in living K362 cells at
concentrations and durations of exposure which also
inhibit ccll ])l‘()lif(‘l‘;lli()l].ll'b In this report we
extend these observations by demonstrating that
AGYST causes gross alteration of the physical state
of the p210°7 “" She and Grb2 complexes, with
decreased tyrosine phosphorylation of She. These

results reveal that AG95T represents a class of

tyrphostins that can decrease the normal level and
physical association of molecules important in tyro-
sine kinase signaling. Our tindings are  consistent
with and suggest an antiproliferative  mechanism
where AGY95T induces the formation of covalent
adducts involving p21077 “"1 and its  associated
signaling molecules.

Materials and methods

Antibodies

A mouse monoclonal antibody  raised  agiinst a
synthetic peptide for Ber protein was  purchased
from Oncogene Science (Uniondale, NY). Mouse
anti-phosphotyrosine monoclonal antibody  (clone
4G 1Y) and  rabbit  polyclonal anti-She  antibodices
were from Upstate Biotechnology (Lake Placid, NY).
Affinity-purificd  anti-Grb2  polyclonal  antibody
(raised against the entire protein) was from Santa
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Cruz Biotechnology (Santa Cruz. CA) and rabbit anti-
mouse sccondary antibody was from Picree Biotech
(Rockford, IL).

Cells and reagents

The K502 ccll line was obtained from ATCC (Rock-
ville, MD). Cells were maintained in RPMI 16440
medium supplemented with 100 fetal bovine serum,
2mM glutamine, 100 U/ml of penicillin and 100 U/
ml of streptomycin, All cultures were maintained at
37°C in 3% CO,. Tyrphostins AG95T and AG555
were provided by Dr L Malspeis  (Laboratory  of
Pharmacceutical Chemistry, NCID. Stock  drug solu-
tions were prepared in 100 dimethylsulfoxide
(DMSO) and maintained at — 70°C in the dark.

Immunoprecipitation and
immunoblotting

Cells were washed twice in phosphate  buffered
saline and were Iysed in PLC lysis buffer [50 mM
HEPES (pH 7.5), 150 mM NaCl. 10" (v/v) glycerol,
1% (v/v) Triton X-100, 1.5 mM MgCl;, | mMEGTA,
10 wg/ml leupeptin, 10 gg/ml aprotinin, 1 mM so-
dium orthovanadate, 10 mM sodium pyrophosphate,
100 mM sodium fluoride and | mM phenylmethyl-
sulfonyl fluoride]. Cell lysates were centrifuged at
100000 ¢ for 15 min and the supernatant collected.
Protein concentrations of the clarificd supernatants
were determined by the Bradford Protein Ass:l,\:"('
and the same quantity of protein was immunopreci-
pitated from control (vehicle-treated) and drug-trea-
ted cells. Cell lysates were incubated and  gently
rocked at 1°C for -i h or overnight with antibodics.
Immune complexes were collected by incubation
with Protein A Sepharose beads (Pharmacia, Piscat-
away, ND and immunce complexes (beads) were
washed three times with HNTG  buffer [20 mM
HEPES (pH 7.5). 10% glvcerol, 0.1% Triton X-100,
150 mM NaCl and | mM sodium orthovanadate| to
remove unbound material. Bound  proteins were
boiled for 5 min in 2 X SDS sample buffer (63 mM
Tris HCL pH 6.8; 10° glycerol: 2% SDS; 0.0025%
bromophenol blue and 0.72 mM 2-mercaptocthanol)
prior to SDS PAGE.” Protcins were resolved on
20% (gradient) mini gels from Novex Experimental
Technology (San Dicego. CA).

After SDS PAGE, proteins were clectrophoretically
transferred onto Immobilon polyvinylidene  difluor-
ide (PVDF) membranes (Millipore, Bedtord, MA) at
250mA for +h at 4°C using 2 X Tris- glycine



transfer buffer (50 mMTris. 384 mM glycine), 20%
methanol and 0.1% SDS. Residual binding sites on
the membrane were blocked by incubation in TTS
20 mM Tris, pH 7.4, 0.9% NaCl and 0.05% Tween
20) containing 3% BSA overnight at 4°C or for 4 h at
room temperature. Blots were incubated for 1-1.5 h
with TTS contiining 0.3% BSA with
mouse  anti-P-Tyr, 2 gg/ml of mouse anti-Grb2 or
I ng/ml of rabbit anti-Shc antibody. Blots were
washed three times for 6 min cach with TTS contain-
ing 0.3"% BSA and probed with a 1:1000 dilution
of rabbit antimouse antibody or directly  with
(" 11Protcin A (Amersham, Arlington Heights, 1L) in
blocking solution. Proteins were visualized by auto-
radiography (exposed for 1-2 days at — 70°C) or as
indicated in figure legends.

Metabolic labeling

Cells were washed once with RPMI 1640 lacking
cither phosphate or methijonine. Mcetabolic labeling
wias carried out in phosphate-free or methionine-free
medium containing 5% dialyzed serum. Labeling was
initiated by addition of 1 mCi/ml [*?Plorthophos-
phate (Amersham) for the last hour of drug expo-

sure or cells were labeled  with 0.5 mCi/ml of

[**sImethionine (ICN, Irvine, CA) for 90 min fol-
lowed by removal of the label and incubation with
drugs for -1 h at 37°C. Cells were washed three times
with PBS, and were lysed and immunoprecipitated
with antibodics as described carlier.

In vitro auto-phosphorylation reaction

The p210P @0 protein immunoprecipitates were
washed twice with HNTG buffer. Immunoprecipi-
tates were washed once with 50 mMTris (pH 7.0)
and distributed to cach reaction in 20 g4l of 20 mM
PIPES  |piperazine- V. N'-bis(2-cthanesulfonic  acid)]
(pH 7.0)-20 mM MnCl;. Then, 10 gl of the appro-
priate tyrphostin (four times the desired concentra-
tion) from working stock solution prepared in
20 mM PIPES (pH 7.0)-20 mM MnCl, was added to
cach reaction tube. Reactions were initiated with
the addition of 10 ul of [y-*PJATP (10 1Ci per
sample, 3000 Ci/mmol; Amersham), incubated  for
20 min at 30°C, stopped by addition of 10 ul of 5 X
SDS sample buffer, heated at 100°C for 5 min, and
analyzed on i 20% SDS-PAGE and by autoradio-
graphy.

To assess the effect of drugs added in eitro on the
state of p210” “"in the immune complexes, K562

I wg/ml of
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cells were labeled with *2P as described above, lysed
in PLC buffer and immune complexes containing
MPlabeled p21077 P were collected on protein
Sepharose beads and beads were washed four times
with HNTG buffer. Immune complexes were divided
into several tubes in 30 x4l of PLC buffer in the
presence of tyrphostin as described in the figure
legends. In another set of experiments *2P-labeled
immune complexes were preincubated with various
concentrations of DTT or lysine for 5 min prior to
the addition of tyrphostin AGY57. Reactions were
carried out at 30°C for 30 min and reactions were
stopped by addition of 10 a4l of 4 X SDS sample
buffer. Samples were heated at 100°C for 5 min and
proteins were resolved on 4-20% gradient gels.

V8 digestion of proteins in gel slices

A modification of the method described by Cleve-
land et al™ was cmployed. Individual bands were
cut out from gel and soaked for 30 min in a buffer
containing 0.125 M Tris- HCI, pH 6.8, 0.1% SDS and
I mM EDTA. Sample wells of 1.5 mm thick gel were
filled with this buffer and each gel slice was pushed
to the bottom of a well with a spatula. Spaces
around the slice were filled with 10 gl of this buffer
containing 10% glycerol and a given amount  of
Staphylococcus aureas protease from V8 (Pierce)
was overlayed into cach slot; electrophoresis was
performed in the normal manner with the exception
that the current was turned off for 30 min when
bromophenol blue dye ncared the bottom of the
stacking gel.

Results

Effect of AG957 on p210°°" @' and
associated proteins

Previous studies™ have demonstrated that tyrphostin
AGYS7 (Figure 1E) can inhibit ccll growth (1Cs, =
15 M) in association with decreased intracellular
phosphorylation of p210™” “* In contrast, tyrphos-
tin  AG555  (Figure 1E) inhibits cell  growth
(ICs50 = 9.2 uM) without influence on p21oPe @
function and indeced was recently shown to inhibit
topoisomerase I with moderate p()lcncy.'“) In an
cffort to define how AG957 may specitically interfere
with p210™" “" gonaling, we compared the effects
of AGYS7 and AGSSS on the tyrosine phosphoryla-
tion of p210”" “" and its association with the
adapter” molecules Grb2 and She. Cells were
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Figure 1. Effect of tyrphostins on tyrosine phosphorylated p210% 2% and other adapter molecules. Cells were treated
with drugs for 4 h followed by immunoprecipitation with anti-p210%¢" 2 (A), anti-Shc (B), anti-Grb2 (C) and anti-
phosphotyrosine (D) antibodies. Following SDS PAGE and transfer of proteins to PVDF membranes, membranes
were immunoblotted with anti-phosphotyrosine antibody (clone 4G10). Lane 1, cells not exposed to drug; lane 2,
AG957-treated; lane 3, AG555-treated K562 cells. (E) Structures of AG957 and AG555.

or AGS5S for -1 h, and the status
of phosphotyrosine in anti-p210™” " Shc and Grh2
immunoprecipitates examined by Western blotting

exposed to AGYST

with an anti-phosphotyrosine antibody. A striking
finding (Figure 1A) is the altered appearance of the
P20~ @ immunoprecipitite in AGYS-treated
cells, Specifically, there is a decrcase in phosphotyro-
sinc-containing matcerial at the p210 position, with a
smear (arrow) of phospho-tyrosine-containing mute-
rial at 2> 210 kDa. Both the native p210™7 " and
the smear containing phosotyrosine were competed
by the immunizing peptide from Ber abl (data not
shown). Using an anti-Shc antibody. a decrease in
the apparent tyrosine-phosphorylation of p527¢ s
observed (Figure 1B) after exposure to AG937 but
not AGS55. She can be co-immunoprecipitated from
human leukemia or Ber
anti-p210”7 < aptibodies.” It is. therefore, note-
worthy that again after exposure to AG937, phos-
material  at > 210 kDa s
present in immunoprecipitates formed with anti-She
in AGY57-treated cells, in contrast to the expected
species at 210 kDa from untreated cells. Anti-Grb2

abltransfected cells with

photyrosine-containing
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likewise (Figure 1C) co-immunoprecipitiates, as ex-
pected, material at 210 kDa from control cells. but
in AGY9S7-treated cells again demonstrates material at
> 210 kDa, an ctfect also observed when both the
precipitating  and  blotting  antibody is  directed
against phosphotyrosine (Figure D).

As the smear of phosphotyrosine-containing mate-
rial at > 210 kDa appears despite the fact  that
samples were boiled and reduced prior to SDS
PAGE, these findings suggest that AG957 can specifi-
cally (in comparison to AG555) cause the formation
of a high molecular weight (> 210 kDa) complex
stable under the conditions of clectrophoresis con-
taining She, p210"7 9 and Grb2 in AGYS™-treated
K362 cells. The specitic effect on She  tyrosine
phosphorylation and the apparently altered physical
state of p210°7 “P appears as carly as 1 h after drug
exposure, but by 2.4 h, a global decrease in phospho-
tyrosinc-contilining proteins can be observed (data
obtained when
antibodics recognizing different epitopes from other
suppliers were tested. These data lead us to propose
that AGY57 might be inducing the covalent associa-

not shown). Similar results were



tion of p210”" “"! protein molecules either to cach
30 N .

other, to cytoskeletal  elements  with  which
oy . 31 :

p21077T P yssociates” or to other elements in the

" . 21,1532
p21077 @Pagsociated complex.

Effect of AG957 on metabolically
labeled proteins

To assess whether the effects of AGYS7 are evident
even when detected directly, without Western blot-
ting, K562 cells labeled with [#3S)methionine were
lysed and the whole cell lysates clectrophoresed. The
resulting autoradiogram of the dried gel (Figure 2A)
doces not suggest alteration of the physical state of a
great majority  of  cellular proteins by AGYS7.
Immunoprecipitates formed with anti-Ber-abl show
a notable smear of radioactivity at > 210 kDa in com-
parison to cither control or AGS55-exposed cclls,
an cffect also observed with anti-She, anti-Grb2 and
anti-phosphotyrosine  immunoprecipitates  (Figure
2C -E). Notably, in the anti-phosphotyrosine immuno-
precipitate (Figure 2E) no effect of the drug was

Altered physical state of p2 1077«

relative  selectivity of the AG957 in altering  the
physical state of p210”7 “" and related signaling
molecules.  Immunoprecipitates of  the  same
[*3SImethionine-labeled lysate with anti-She (Figure
2C) again revealed a specific effect of AG957 to
decrease the labeling of a band at the 52 kDa region,
concordant with a reduction in the mass of normally
migrating Shc.

When  proteins were
resolved on SDS—-PAGE gels from  {*PJorthophos-
phate-labeled K562 cells, there wis no decrease in
global protein phosphorylation nor alteration of the
appearance of most phosphoproteins after AG957 or
AGSSS exposure (Figure 3A). We again observed
decreased phosphorylation of a protein at 210 kDa
and a high molecular weight (> 210 kDa) species in
anti-Ber, anti-She, anti-Grb2 and anti-PY immunopre-
cipitates after AG957 exposure but not after expo-
sure to AGS55 (Figure 3B-E).

These experiments, therefore, are consistent with
the idea that tyrphostin AG957 can induce  the
appearance of p2107" P and its associated signal-

immunoprecipitated  and

ing adapter molecules in an abnormal high molecu-

cvident with most protein bands, emphasizing the lar weight form in dircctly  immunoprecipitated
Immunoprecipitates
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Figure 2. Effect of tyrphostins on [¥S]methionine-labeled cells. Cells were labeled in methionine-free media with
[**S]methionine (1 mCi/10 ml) for 90 min. Cells were washed three times with PBS followed by incubation in RPMI
1640 media containing AG957, AG555 or DMSO (vehicle control). After 4 h, cells were washed, lysed in PLC buffer
and proteins were resolved as whole cell lysates (A), or were immunoprecipitated with anti-Bcr abl (B), anti-Shc (C),
anti-Grb2 (D) or anti-PY (E, clone 4G10) antibodies. The horizontal lines to the left of each panel represent molecular
weight markers; the arrowheads to the left of each panel designate the material migrating at > 210 kDa induced by
AG957 treatment; the asterisks indicate the protein of 52 kDa whose labeling is diminished in AG957-exposed anti-Shc
immunoprecipitates; the daggers indicate the position expected for native p210%°" 4% protein. Lane 1, control; lane 2,
AG957-treated K562 cells; lane 3, AG555-treated K562 cells.
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Figure 3. Effect of tyrphostins on [*?Plorthophosphate-labeled cells. Cells were exposed to AG957, AG555 or DMSO
(vehicle control) for 4 h. The last hour of incubation was carried out in the presence of 1 mCi/ml [*?P]orthophosphate in
phosphate-free media containing dialyzed serum. Cells were washed, lysed in PLC buffer and proteins were resolved
as whole cell lysates (A), or were immunoprecipitated with (B) anti-Bcr, (C) anti-Shc [dagger shows the expected
position of Shc in the indicated panel], (D) anti-Grb2 or (E) anti-phosphotyrosine antibodies. Lane 1, vehicle-treated
cells; lane 2, AG957-treated K562 cells; lane 3, AG555-treated K562 cells.

metabolically labeled proteins (Figures 3 and 4) as
well as proteins detected by immunoblot methods
(Figures 1 and 2).

V8 protease patterns

To provide evidence that the > 210 kDa material in
AGYS7-treated ccells actually contained p21077 @b
we conducted protease mapping of the p210 materi-
al associated with Grb2 in vehicle-treated, non-drug-
treated cells (Figure 4A) and the > 210 kDa material
associated with Grb-2 in AG957-treated cells (Figure
4B). The similarity of the V8 protease  digestion
pattern is  concordant  with  the
p210PT @iy gpecies of > 210 kDa in AGY5T-
treated cells.

Effect of AG957 on size and kinase
activity of p210°¢" 3% protein in vitro

As the results presented in Figures -4 provide
cvidence that in living K562 cells, AG9S5T alters the
physical state of p210°7 “ e examined the effect
exposure to AG957 has in vitro on immunoprecipi-
tated p210°7 “l and on p21077 @ coimmunopre-
cipitated with Grb2. Both unlabeled cells and cells
metabolically  labeled  with  [*?Plorthophosphate

820  Anti-Cancer Drugs - Vol = 1996

presence  of

A B8

123 4 :

250- ;

98- ! ' ' '
64- .

50- .

36- -

30- -

16- -

. - '

IP: Grb2

Staphylococcus aureas protease:
1.0pg 2.0.25y4g 3.054g 4.1.0ug

Figure 4. Protease digestion pattern. (A) Grb2 immuno-
precipitates from [3’PJorthophosphate-labeled K562 cells
were electrophoresed and the p210%¢ 4 protein was
excised and digested with the indicated amount of V8
protease. (B) Grb immunoprecipitates from AG957-trea-
ted (25 M), [*’Plorthophosphate-labeled K562 cells
were electrophoresed and the material at > 210kDa
excised and digested with the indicated amount of V8
protease. Samples from A (control) and B (AG957-
treated) were electrophoresed on the same gel.



were lysed, and immunoprecipitates formed with
anti-Ber or anti-Grb2  antibodics. In Figure 5(A)
immunoprecipitates prelabeled with 3P were ex-
posed to various concentrations of AG957 or AG555
for 30 min at 30°C and proteins were resolved by
SDS PAGE gel electrophoresis. AGY57 causes a de-
crease in the clectrophoretic mobility of p210P¢ @M
in a concentration-dependent manner (Figure SA).
This results in an apparent decrease in the amount
of native p210%" " protein with increasing drug
concentrations and an increase in a high molecular
weight (> 210 kDa) smear formation. Similar results
were obtained with *P-labeled Ber-abl protein co-
immunoprecipitated  with  anti-Grb2  (Figure  5C).
AGSS5 never caused high molecular weight smear
formation of p21077 9" jn  these  experiments.
Figure S(B) demonstrates that autophosphorylation
of p2107 “"in immune complexes is completely
suppressed by AGY9S7 but not by AGS55. Thus,
under conditions where AG957 s effective as a
tyrosine kinase antagonist (Figure 5B). it induces
abnormal size of its putative target (Figures 5A and
C), analogous to the effect of AG9ST on p2107 4
in living cells. Figure 5(D) demonstrates that DTT
can suppress the capacity of 50 4M AG957 to induce
> 210 kDa smear formation in immunoprecipitates
formed with anti-p210% “" from  32PO,-labeled
cells.

Discussion

The experiments presented here demonstrate that
the tyrphostin AGY57 can alter the physical state of
p210P «P and the association of p210”7 “" with
She and Grb2 in K362 cells. Specifically, AG957
causes  immunorcactive p210°7 “*1 1o migrate at
> 210 kDa, as revealed in direct immunoprecipitates
and as suggested by material detected by Western
blotting with anti-phosphotyrosine antibodies but
immunoprecipitated with anti-She or anti-Grb2. The
abnormally migrating p210”” “* i observed also in
[**Plorthophosphate or [**S|meth-
P in immuno-

cells labeled with
ionine. The amount of native p2 107
precipitates exposed to AG9S7 in vitro declines
with the appearance of material migrating with an
apparently  higher molecular weight. AGY57  also
decreases the tyrosine phosphorylation  of native
She.

The most likely explanation for these cffects in
K562 cells is that AGY57 is acting to covalently
modify the p210”" “ signaling complex.  This
could result in the crosslinking of p21077 “ o
itself or to signaling molecules such as  She.

Altered physical state of p210>" <P

A
AG957 555
1P: Bcr-abl —
Conc.luM] 0 0.1 1 10 50 50
p210> . S S &S o
B
p210> ERES -
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IP:Grb2
p210- BB ES
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p210> s B8 &N -——
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Figure 5. Effect of in vitro AG957 on p210%° 4% Anti-
p210%¢ 2 immune complexes were prepared from
K562 cells metabolically-labeled with 1 mCi/ml
[32PJorthophosphate for 4 h (107 cells 1 mi) (A and C) or
from unlabeled cells (B). Complexes were suspended in
PLC buffer and exposed (A and C) to AG957 or AG555
at the indicated concentration for 30 min at 30°C, or
alternatively, received [y-3?P]ATP (B) in the presence of
the indicated concentration of AG957 or AG555. In (D), a
reaction using anti-Ber immunoprecipitate from labeled
cells was conducted with increasing concentration of
AGI57 (left lanes) or with 50 «M AG957 in the presence
of the indicated concentration of DTT. Reactions were
stopped by addition of 10 «l of 4 X SDS sample buffer.
Samples were heated at 100°C for 5 min and proteins
were resolved on 4 20% gradient gels.

p210°" 4" s known to form intracellular associa-
tions with itself in the form of tetramers,™ the actin
cyt()skclcton,‘)'I syp.'i fes”* and the 14-3-3 family of
pr()tcins.‘“ Interestingly, Grb2, which clearly associ-
ates with p210”7 " through tyrosine 177, does not
appeir with altered molecular weight after exposure
to AGY37. Thus, not all p210”7 “Yassociated mole-
cules are affected. Indeed, the appearance of total
cellular proteins in extracts from cells labeled with
cither [*Plorthophosphate or [**S]methionine and
exposed to AGYS57 is no different from  vehicle-
treated cells.
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A potential mechanism for AGY9S™T to act as i
covalent modifier of target proteins might involve
oxidation of AGY57 to vicld a quinone, which then
could act as a nucleophile. for sulfhvdryl or amine
groups. Reoxidation of the resulting semiquinone
could then allow reaction with a sccond sulthydryl
or an amine l‘uncli(muIil_\'."’ If these were to originate
from different multimolecular
p210Pe @ Gonaling complex, then a mechanism for
generating  a higher molecular weight
P2LOPT 9P apparent, as well as for the disappear-
ance of native p21077 " and native She. This
possible mechanism is further supported by our data

proteins  in the

in that preincubation of immunoprecipitates with
ImM of DI'T prior to the addition of AGYST
suppresses the appearance of high molecular weight
form of protein of p210”7 “" which can be induced
to form in vitro from prelabeled p210™7 % (Figure
51). A precedent for this type of mechanism has
been shown in the cross-linking of ribonuclease by
hcn'/,uquinom-.“' While this paper was in prepara-
tion, Stanwell ef al® presented evidence that the
structurally related erbstatin analog methyl-2.5-dihy-
drocinnamate  could cross-link many  proteins in
normal and ncoplasic cells. and proposed that this
mechanism  of
tyrosine kinase inhibition. In the case of AGYST,
however, our experiments demonstrate production
of an abnormal form of p210”7 “" a0 a a-fold lower
concentration of drug (25 M), under conditions
where most cellular proteins are not aftected in
appearance by metabolic labeling. This raises the
possibility that AGY5™ may have relative selectivity
for  p2to™ " concordant  with  the  prior
demonstrations™ ™ of the moderately potent capa-
city of the drug to inhibit p210™7 " yrosine
kinasc. The relationship of AGY57's ability to inhibit
the tyrosine kinase activity of p210™7 “% o its
capacity to alter its physical state remains to be
clarified.

veilleue e al™  have previously  noted  that
cysteines 64 and 475 in p36™* are critical for
catalytic function or protein halflife. Of interest,
these cysteines are highly conserved throughout the
tvrosine kinase family of signaling molecules., includ-
ing abl™ Thus. nucleophiles reactive with critical
cysteine residues in tyrosine kinase active sites or
substrate recognition sites might be expected to
ciuse structural modifications of such proteins with
inhibition of activity.  Selectivity  for a
particular kinasce could. therefore, emerge from two
potential influences. The intrinsic affinity of the drug
for the kinase would confer one element of selectiv-

catalvtic

ity and the rate or capability to react with nucleo-
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form of

cytotoxicity  was independent  of

philic groups would be a second basis for inhibition.
In our casc. AGYST appears to sclectively alter
P2LOPT @bl ag compared 1o the lack of apparent
interaction of the drug with the vast majority of
cellular proteins and phosphoproteins (Figures 3A
and 1A).

The experiments presented here offer a different
perspective from which to consider the develop-
ment of the tyrphostin class of  tyrosine  kinase
antagonist. While these agents in purificd enzyme
preparations under some circumstances apparently
can act as kinctically reversible :mt:lg«)nisls."" our
experiments clearly show  (Figure 5) that under
conditions  where  AGYST  can efficiently  inhibit
p2LOPT @bl yrosine kinase activity in cells and in
immune complexes, it is altering the physical state
of the enzyme (Figures 1 1) through a mechanism
that is sensitive to thiols (Figure 5). Thus, tyrphos-
tins such as AG957 might be thought of as target-
sclective or target-restricted alkvlating agents, which
it structurally optimized, might prove effective in
irreversibly inhibiting a tyrosine kinase pathway by
altering the target’'s physical state or normal associi-
tions with downstream signaling molecules, From
this point of view. it may conceivably be desirable to
enhance the capacity of AG957 to act as a covalent
modificr of target signaling molecules, particularly iff
these alterations result in a4 more potent growth
inhibitor. Successive generations of p2 107" “PLdirec-
ted molecules and perhaps drugs directed at other
Lyrosine targets  could  acquire  enhanced
potency and therapeutic index by specifically and
irreversibly altering target tyrosine kinases by such
mechanisms. A basis for the improvement of the
therapeutic index in this class of growth inhibitors
could be the design of molecules which capitalize on
the irreversible modification of the signaling  path-
ways dominant in a particular cell type. while seeking
to spare other signaling systems in normal cell types.

kinase
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