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AbstractÐNatural analogues (D, C2, and VII) of actinomycin inhibit Grb2 SH2 domain binding with phosphopeptide-derived
from Shc in vitro and in intracellular system. To study structure±activity relationships, 13 actinomycin analogues were synthesized
and we found that the inhibition activity depended on the substituents of cyclic peptide groups in actinomycin and two analogues
with Tyr residue are the most potent inhibitors with IC50 value of 0.5 and 0.8 mM, respectively. # 2000 Elsevier Science Ltd. All
rights reserved.

Overexpression of the epidermal growth factor receptor
(EGFR) andErbB-2 has been found in a number of human
cancers, including colon, lung and bladder cancers.1 The
HER-2/neu (also known as erbB-2) protooncogene
encodes a 185 kDa transmembrane glycoprotein (p185)
with intrinsic tyrosine kinase activity homologous to the
EGFR.2 Shc is phosphorylated in response to a variety
of receptor tyrosine kinases such as EGFR and ErbB-23

and also by cytoplasmic tyrosine kinases such as Lck,
Src, Fps or Sea.4,5 Phosphorylated Shc then acts as a
linker or adapter for other SH2 domain-containing pro-
teins. One such protein is a 23-25 kDa Grb2 composed of
two SH3 domains and one SH2 domain.6 The SH2
domain binds to speci®c phosphotyrosine motifs on
receptor or other adaptor proteins such as Shc, whereas
the SH3 domains associate with proline-rich motifs in the
C-terminal part of SOS, a guanine nucleotide exchange
factor for Ras proteins. Recruitment of the Grb2-SOS
complexes results in relocalization of SOS to the mem-
brane, in which the event is considered su�cient to
induce Ras activation, then the activated Ras in turn
leads to Raf and mitogen-activated protein (MAP)
kinase activation.7

In the course of screening for Shc/Grb2 interaction
inhibitors, we discovered actinomycin D, C2 and VII as
inhibitors from microbial origins.8,9 Because of a DNA-
intercalating activity, actinomycins have been used as bio-
chemical reagent for the study of molecular and cell biol-
ogy, and clinically as antineoplastic drug in di�erent
tumors. Whereas the concentration of DNA intercalation
is high doses (5±10 mM), cytotoxicity in di�erent tumor
cell lines appears at low doses (<10 nM). The mechanism
of inhibition of tumor growth at low doses is not well
de®ned. In a recent study, we reported that actinomycin
D as a novel SH2 domain ligand inhibited Shc/Grb2
interaction in B104-1-1 and SAA cells.10 In this report,
we compare inhibitory activity of natural (actinomycin
C2, VII) and synthetic analogues with actinomycin D to
study the structure±activity relationships in vitro binding
assay of Shc-derived phosphopeptide to Grb2-SH2 and
in growth-inhibition assay of B104-1-1 cells (Figure 1
and Table 1).

To compare the inhibitory activity of Shc/Grb2 interac-
tion in vitro of analogues with actinomycin D, we used the
Scintillation ProximityAssay (SPA) procedure. This assay
measured binding of a [3H] labeled phosphopeptide
derived from the sequence around Tyr317 residue in the
human Shc (Ac-SpYVNVK-NH2) to the SH2 domain of
Grb2 fused to glutathione S-transferase (GST). Binding
of the phosphopeptide to the Grb2-SH2 domain was
quanti®ed using protein A-SPA beads (Amersham) and
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an anti-GST antibody to bind the fusion protein. To learn
the growth-inhibition assay of B104-1-1 cells by actino-
mycin D analogues, we used colorimetric method with
WST-1. Table 1 and Figure 1 show synthetic analogues of
actinomycin D substituted at R1 and/or R2 positions,
which were synthesized by the reported method.11,12

Analogues (5, 7 and 8) substituted with d-Thr or l-Thr
at R1 or R2 positions show lower activity than other
amino acids in both in vitro binding assay and growth-
inhibition assay. Analogues substituted with Phe, Ome
and Val show IC50<2 mM in vitro and several analogues
(2, 3, 4 and 6) of them appear GI50�10 nM.

Two analogues 1 and 12 with Tyr residue strongly inhib-
ited the binding between GST-Grb2 SH2 domain and
phosphopeptide-derived from Shc with IC50 value of 0.5
and 0.8 mM, respectively, but not proliferation of B104-1-
1 cells (see Figure 2b for compound 1). We thought that
because these analogues have hydrophilic group, there-
fore, we examined whether an analogue 1 inhibited pro-
tein±protein interaction of real proteins (Shc/Grb2) in
B104-1-1 homogenates. Associated protein complexes
containing Shc were immunoprecipitated with poly-
clonal anti-Shc antibody from homogenates treated with

DMSO (control) or 10 mM of 1. The association with
Grb2 was assessed by immunoblotting with monoclonal
anti-Grb2 antibody. The inserted box in Figure 2b
shows that 10 mM of 1 inhibited Shc/Grb2 interaction
about 80%. The result supported that the analogue 1
with high binding a�nity in vitro did not inhibit cell
proliferation because it has a problem of impermeability
through plasma membrane.

The natural analogues (actinomycin C2 and VII) of
actinomycin D showed similar inhibitory activity to
actinomycin D in vitro and in cell lines. We investigated
that these analogues blocked Shc/Grb2 interactions in
cell-based experiments using B104-1-1 cells, because a
large number of the Shc/Grb2 complexes were detected.
Associated protein complexes containing Shc were

Figure 1. The structure of actinomycin D. Analogues are substituted
at R1 and R2 positions.

Table 1. Comparison of inhibitory activity in vitro binding assay and

in growth-inhibition assay for actinomycin D analogues

Compound R1
a R2

a Inhibition (%)

5 mM 2 mM IC50 (mM) GI50
e (nM)

AMD d±Val l±MeVal 50.5 40.1 5 0.7
AMC2b d±Ile l±MeVal 40.8 30.9 5.9 0.8
AMVIIb d±Ile d±Ile 25.3 15.1 7.6 1
1c d±Tyr l±Val 90.7 84.3 0.5 >
2 d±Phe l±Val 82.8 73.6 1.2 8
3d d±Ome l±Val 80.6 69.7 1.5 10
4 d±Val d±Val 86.0 72.0 1 3
5 d±Val d±Thr 27.4 3.5 >10 >
6 d±Val d±Phe 87.7 75.1 0.9 3
7 d±Thr l±Val 56.7 42.9 4.5 n
8 d±Val l±Thr 28.5 15.9 >10 n
9 d±Val l±Phe 78.8 56.8 1.8 n
10 d±Val l±Tyr 89.7 75.9 0.8 n
11 d±Val l±Ome 73.8 55.1 2 n
12 d±Val d±Tyr 90.2 79.9 0.8 n
13 d±Val d±Ome 73.0 46.9 2 n

aR1 and R2 are side chains of amino acid in Table 1.
bAMC2 and AMVII are natural analogues of actinomycin D.
cCompounds 1±13 are synthesized analogues of actinomycin D;.
dOme; O-Methyl-Tyrosine.
en=not measured; >=inactive.

Figure 2. The growth-inhibition assay using colorimetric method with WST-1. B104-1-1 cells were seeded at a density of 5000 cells/well in a 96-well
microtiter plate. One day after seeding, cells were replenished with fresh complete medium containing actinomycins or 0.1% DMSO. After incuba-
tion for 48 h, cell proliferation reagent WST-1 (Roche Biochemicals) was added to each well. The amount of WST-1-formazan produced was mea-
sured at 450 nm by ELISAReader (Bio-Rad). In inset in (b), B104-1-1 cells were lysed in lysis bu�er (20 mMTris±HCl, pH 7.5, 1%TritonX-100, 50mM
NaCl, 5 mMEGTA, 1 mM sodium vanadate, 50 mMNaF, 30 mMNa4P2O7, 10% glycerol, 1 mMPMSF, 5 mg/mL aprotinin, 10 mg/mL leupeptin), and
then lysates were treated with DMSO or 1. The Shc/Grb2 complexes were immunoprecipitated with rabbit antiserum against Shc. The immunopre-
cipitates were analyzed by SDS-PAGE and immunoblotted using anti-Grb2 antibody.
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immunoprecipitated from actinomycin C2 or VII-treated
cell lysates with polyclonal anti-Shc antibody and then
the association with Grb2 analyzed by immonoblotting
with anti-Grb2 antibody. The result of immunoblotting
experiment revealed that actinomycin C2 and VII inhib-
ited Shc/Grb2 interaction at higher dose than actinomy-
cin D reported previously (Fig. 3a). The inhibition of
Shc/Grb2 interaction by actinomycin C2 and VII in
B104-1-1 cells also reduced phosphorylation of MAP
kinase (Erk1/Erk2), one of the major components in the
Ras-MAP kinase signaling pathway (Fig. 3b). Actino-
mycin VII, however, inhibited Erk1/Erk2 activity with
low inhibitory activity than actinomycin C2.

In conclusion, we report here that synthetic and natural
analogues of actinomycin D inhibit Shc/Grb2 protein±

protein interaction in a structure-dependent manner.
Actinomycin D in comparison to synthetic and natural
analogues may be the most potent inhibitor for blocking
Shc/Grb2 interaction in B104-1-1 cells and compound 1
and 12 have strong binding a�nity in vitro assay system,
but not in cell proliferation assay. Our results suggest
that these studies on structure±activity relationship
provide a clue for the design and development of new
SH2 domain antagonists.
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Figure 3. (a) Inhibition of Shc/Grb2 protein±protein interaction by
actinomycin C2 and VII in B104-1-1 cells. B104-1-1 cells were main-
tained in growth medium with increasing concentrations of actinomy-
cins for 48 hrs. Cells were lysed in lysis bu�er and then the Shc/Grb2
complexes were immunoprecipitated with rabbit antiserum against
Shc. The immunoprecipitates were analyzed by SDS-PAGE and
immunoblotted using anti-Grb2 antibody. The blot was stripped and
then probed with anti-Shc antibody to ensure equal loading of immu-
noprecipitated protein; (b) Phosphorylation of Erk1/Erk2 in B104-1-1
cells treated with actinomycin C2 and VII. B104-1-1 cells were starved
in the presence of actinomycins, stimulated with serum and then lysed
in lysis bu�er. Cell lysates were resolved by SDS-PAGE and then
immunoblotting was performed with polyclonal anti-phospho-Erk1 or
monoclonal anti-Erk1 antibody.
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