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The c-myc proto-oncogene is involved in the progression of a
wide range of human tumors.1–5 Proteins in the immediate Myc
network are essential regulators of differentiation and prolifera-
tion. Oncogenic transformation occurs mainly through elevated
expression of its gene product Myc, a short-lived nuclear protein
and an important member of the basic helix–loop–helix leucine
zipper (bHLHLZ) transcription factors (Fig. 1).6 The oncogenic po-
tential7,8 of c-myc has been demonstrated in transgenic animals
and cell culture, and typically requires the action of at least one
additional oncogene such as ras or bcl-2 (inhibits apoptosis). In
normal cells, Myc is required for cell proliferation and prevents dif-
ferentiation. It is transiently expressed in response to mitogenic
stimuli and has a short half life (t1/2 = 20–30 min). Its aberrant
expression in the absence of such growth factors drives cells into
cell cycle but also induces apoptosis unless co-oncogenic mecha-
nisms are present (i.e., inhibition by constitutive bcl-2 overexpres-
sion). All known activities of Myc require heterodimerization with
Max,9–12 a constitutively expressed bHLHLZ protein that is stable
(t1/2 > 14 h). The Myc/Max heterodimer binds the DNA sequence
CACGTG (E box element) and activates transcription through the
transactivation domain of Myc. DNA binding occurs through the
basic region while both the HLH and the leucine zipper form the
dimerization interface.6 Max, but not Myc, forms homodimers that
bind the same DNA site and inhibit transcription. In part, this re-
sults from the competition for Max and for the common DNA site.
In addition, Max heterodimerizes with another family of bHLHLZ
proteins that include Mad (Mad-1), Mxi-1, Mad-3, and Mad-4 that
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are also transiently expressed (t1/2 = 15–30 min) and signal growth
arrest and differentiation.13 Their association behavior is similar to
that of Myc in that they do not homodimerize or interact with Myc
family members, but readily form heterodimers with Max that
bind the CACGTG core consensus sequence. Mad and Myc compete
for Max with approximately equal affinities and the heterodimers
are formed in preference to Max homodimerization. Mad/Max het-
erodimers repress Myc/Max transcriptional activation. Thus, Myc/
Max induces proliferation and apoptosis in nontransformed cells
while Max/Max and Mad/Max are involved in growth arrest, differ-
entiation, and cell survival. In transformed cells, when accompa-
nied by oncogenic events inhibiting apoptosis, constitutive Myc
expression maintains the cell proliferation state and prevents
growth arrest and differentiation.

With the recognition that the aberrant expression of Myc lead-
ing to transformation may be addressed through inhibition of Myc/
Max heterodimerization and its subsequent transcriptional activa-
tion, we screened our library of candidate modulators of protein–
protein interactions for inhibitors of Myc/Max dimerization using
a novel FRET assay.14 This led to the identification of the first pro-
totypical inhibitors of Myc/Max dimerization whose behavior was
not only confirmed in more classical ELISA and EMSA assays, but
two (1 and 2) of which were also shown to inhibit Myc-induced
oncogenic transformation in chicken embryo fibroblast cultures
(CEF), providing the first validation of the approach for small mol-
ecule therapeutic intervention (Fig. 2).14 Not only did this serve as
the first example of inhibiting the (aberrant) function of a tran-
scription factor by small molecule inhibition of an integral pro-
tein–protein interaction, but it inspired our examination of a
number of additional protein–protein interaction targets.15–24
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Figure 1. Myc–Max–Mad network and structure of the Max dimer bound to DNA.
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Since this disclosure, additional inhibitors of Myc/Max dimeriza-
tion have been reported and their therapeutic potential further val-
idated.25–27 In addition, the examination of their interaction with
Myc has revealed that the bHLHLZ interacting domain of Myc,
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Figure 2. Lead compounds.
which is disordered and undergoes coupled folding and binding
upon heterodimerization, assumes a more rigid and defined con-
formation with the small molecule binding and limiting its ability
to interact with Max.28

In a continuation of our studies and in efforts to improve on the
modest potency of our original lead compounds, we have prepared
two complementary 120-membered libraries to those that led to
the discovery of 1 and 2.29 These were assembled using a symmetri-
cal and racemic trans-3,4-dicarboxylic acid template enlisting acid–
base liquid–liquid extractions30 for isolation of the pure intermedi-
ates or final products and employed the identical appended substit-
uents (A1�A6, B1�B20, where B3�B20 are the single (S)-
enantiomers)29 used in the libraries that provided 1 and 2, Scheme 1.

Since Myc induces the formation of oncogenically transformed
cell foci in cultures of chicken embryo fibroblasts (CEF) and be-
cause this transforming activity of Myc depends on dimerization
with Max, we examined all members of the candidate libraries di-
rectly for inhibition of this oncogenic transformation in this cell-
based focus assay. Although laborious in requiring the mainte-
nance of the cell culture over the three weeks of its conduct and
a manual visual counting of the individual foci in each well, the
use of the focus assay as the primary screen for activity ensured
the identification of all members that display the desired func-
tional activity in a cell-based assay.14 Thus, all 240 compounds pro-
duced were examined for inhibition of Myc-induced cell
transformation in the focus assay at 20 lM enlisting CEF infected
with the RCAS viral vector expressing the transforming chicken
cellular Myc.14 In these efforts, 40, 16, and finally 9 of the candidate
compounds were examined more carefully in iterative rounds of
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Figure 3. Inhibitors of Myc-induced transformation in CEF and Myc/Max
dimerization.
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assay displaying potent inhibition of the Myc-induced cell trans-
formation in CEF. Two of the candidate inhibitors (3 and 4) proved
especially potent exhibiting a complete inhibition of foci formation
at 20 lM (IC95 = 20 lM). Additionally, both failed to exhibit inhib-
itory activity for foci formation induced by the oncogenic tran-
scription factor Jun or the Src oncoprotein in CEF infected with
the avian sarcoma virus 17 expressing the oncoprotein Jun31 or
the Prague strain of Rous sarcoma virus encoding the Src oncopro-
tein.32 Thus, both 3 and 4 are selective for Myc-induced oncogenic
transformation and neither possess an intrinsic cytotoxic activity
for CEF. The top 8 candidates in the focus assay were also examined
for inhibition of Myc/Max dimerization using the FRET assay dis-
closed in our original work,14 and the results are summarized in
Figure 3 along with the tabulated results of the focus assay (EOT;
efficiency of transformation, no inhibition = 1).
Of the final nine compounds examined in detail, eight exhibited
significant inhibition of Myc-induced oncogenic transformation in
CEF, two were found to completely inhibit foci formation at the
tested concentration of 20 lM (EOT = 0.05), all had no effect on
Jun- or Src-induced oncogenic transformation in CEF, and each dis-
played substantial inhibition of Myc/Max dimerization. The inhib-
itors fall into two classes being derived from Library I or II. Those
derived from Library I including 3 exhibited the most effective
inhibition of Myc/Max dimerization, but bear a free carboxylic acid
that may impede cellular uptake limiting their inhibition of Myc-
induced oncogenic transformation. Even with this potential limita-
tion, compound 3 (mycmycin-1) displayed effective inhibition of
the Myc-induced oncogenic transformation (EOT = 0.05) consistent
with its inhibition of Myc/Max dimerization. The remaining five
compounds including 4 (mycmycin-2) were derived from Library
II and exhibited less effective inhibition of Myc/Max dimerization
that, in part, correlated with their effectiveness for inhibiting the
Myc-induced oncogenic transformation. The two exceptions,
which include 4 (EOT = 0.05), displayed more potent inhibition of
the oncogenic transformation than might be predicted simply from
their relative inhibition of Myc/Max dimerization established in
the FRET assay, yet bear structures that most closely resemble
the original lead 2. Significantly, both mycmycin-1 and -2 (3 and
4) provide additional effective probes with which to continue
examining this protein�protein interaction target.33
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