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Myc is a transcriptional regulator of the basic helix–loop–helix
leucine zipper protein family. It has strong oncogenic potential,
mutated or virally transduced forms of Myc induce lymphoid
tumors in animals, and deregulated expression of Myc is associated
with numerous types of human cancers. For its oncogenic activity,
Myc must dimerize with the ubiquitously expressed basic helix–
loop–helix leucine zipper protein Max. This requirement for dimer-
ization may allow control of Myc activity with small molecules that
interfere with Myc�Max dimerization. We have measured Myc�
Max dimerization with fluorescence resonance energy transfer and
have screened combinatorial chemical libraries for inhibitors of
dimerization. Candidate inhibitors were isolated from a peptido-
mimetics library. Inhibition of Myc�Max interaction was validated
by ELISA and electrophoretic mobility-shift assay. Two of the
candidate inhibitors also interfere with Myc-induced oncogenic
transformation in chicken embryo fibroblast cultures. Our work
provides proof of principle for the identification of small molecule
inhibitors of protein–protein interactions by using high-through-
put screens of combinatorial chemical libraries.

Myc is a basic helix–loop–helix leucine zipper (bHLHZip)
transcription factor that was first identified as the onco-

genic effector of avian retroviruses inducing lymphoid tumors
(1–3). The common denominator of these tumors is constitutive
activation of Myc. Gain of Myc function is also seen in human
tumors (4). In Burkitt’s lymphoma and other lymphoid malig-
nancies, the myc gene is translocated into the vicinity of an Ig
enhancer, resulting in constitutive overexpression (5). The myc
gene is amplified in lung and breast carcinomas (6–9). Elevated
expression of the Myc protein is found in the majority of colon
carcinomas (10). Colorectal cancers commonly show increased
activity of the lymphocyte enhancer factor proteins that direct
overexpression of Myc (11).

The role of Myc in tumorigenesis is linked to its activating
effect on transcription and cell growth and its repressing effect
on differentiation. Myc promotes oncogenic transformation and
tumorigenesis by regulating target genes that drive cell prolif-
eration and stimulate angiogenesis (12–15). Myc expression is
necessary for entry of cells into S phase, and inhibition of Myc
leads to withdrawal from the cell cycle and terminal differenti-
ation (16, 17). The expression of Myc is cell context-specific and
tightly depends on mitogens (18). The Myc protein has a short
half-life of 20–30 min (19, 20); it is rapidly degraded by the
ubiquitin-linked proteasome machinery (21). All known onco-
genic functions of Myc require dimerization with Max, another
bHLHZip protein (22, 23). Myc and Max dimerize through their
HLHZip domains and bind to their DNA recognition site, the
E-box element CACGTG, through their basic domains. Binding
of Myc�Max dimers to DNA activates transcription of Myc target
genes (24). Inhibitors of Myc�Max dimers could therefore
regulate Myc activity and may be of pharmacological value in
cancers that depend on sustained activation of Myc.

Here we describe nonpeptidic inhibitors of Myc�Max dimer-
ization. The candidate compounds were initially identified by
f luorescence resonance energy transfer (FRET) in high-
throughput screens of peptidomimetic libraries. Inhibition of
Myc�Max interaction was confirmed in independent in vitro
assays. Two of the compounds interfered with Myc-induced
oncogenic transformation of chicken embryo fibroblasts (CEF)
in cell culture.

Materials and Methods
Chemical Libraries. The synthesis of the chemical libraries from
which the inhibitors emerged has been described (25). Screening
hits were resynthesized for confirmation of structure and purity.

Recombinant Proteins. The bHLHZip domain of human c-Myc
(amino acids 354–434) was PCR-amplified and cloned into the
BamHI�AgeI site of pECFP and pEGFP (CLONTECH). pECFP
and pEGFP encode variants of cyan and green fluorescent
protein (CFP and GFP, respectively) and show enhanced ex-
pression efficiency and fluorescence intensity over wild-type
GFP. The insertion of the bHLHZip domain into these vectors
fused the Myc sequences to the N termini of GFP or CFP,
respectively. The bHLHZip domain of rat Max (amino acids
13–93 of p21 Max, 100% identical to human Max at the protein
level) was PCR-amplified and cloned into the BglII�AgeI site of
pEYFP-N1, a vector encoding yellow fluorescent protein (YFP)
with enhanced stability and fluorescence (CLONTECH). The
fusions of the bHLHZip domain of Myc or Max with the
f luorescent proteins were cloned into NheI�NotI sites of
the histidine-tag expression vector pET 28a (Novagen). The
bHLHZip domain (amino acids 13–93) of rat Max with a
C-terminal AU1 tag was also cloned into pET28a. Proteins were
expressed in Escherichia coli BL21DE3 cells, purified by affinity
chromatography on nickel columns, and dialyzed against buffer
containing 200 mM Hepes (pH 7.0), 500 mM KCl, 30 mM MgCl2,
2 mM DTT, and 10 mM EDTA (referred to as 1� buffer).

FRET. The protein consisting of the bHLHZip domain of Myc
fused to the N terminus of CFP (MycCFP) and the analogous
fusion protein between the bHLHZip domain of Max and YFP
(MaxYFP) were allowed to heterodimerize at 37°C for 1 h (at
85-nM monomer concentration). Screening compounds were
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added to a final concentration of 25 �M and 8% DMSO, and the
mixtures were incubated for 1 h at 23°C. After excitation of CFP
at 433 nm both the CFP fluorescence at 475 nm and the YFP
fluorescence at 525 nm were measured in a 96-well f luorescence
plate reader (Molecular Devices). Dimerization permits FRET
from CFP to YFP and causes the emission of CFP at 475 nm to
decrease while enhancing the emission of YFP at 525 nm.
Compounds that dissociate MycCFP�MaxYFP dimers increase
the emission of CFP and decrease the emission of YFP, resulting
in a lower ratio of intensities [525 nm�475 nm]. Candidate
inhibitors were retested in single cuvettes (Perkin–Elmer LS
50B) to confirm the fluorescence data.

ELISA. Max (c � 150 ng��l, in 1� buffer) was adsorbed onto an
ELISA plate (Costar) at 4°C for 15 h. After washing (1� buffer,
three times 5 min), the plates were blocked with 3% BSA in 0.5�
buffer for 1 h at 37°C and washed with 1� buffer twice for a total
of 1 h. Stock solutions of screening compound were added to
MycGFP (c � 6.5 ng��l, 170 nM, in 0.5� buffer), and the
mixtures were then added to the plate. The candidate com-
pounds and the negative control were tested at the following
concentrations in 25-�M increments: IIA4B20, 0–75 �M;
IIA6B17, 0–125 �M; IIA4B11, 0–250 �M; IA4B11, 0–250 �M;
and IA4B6, 0–250 �M. The bHLHZip domain of Max was used
as a positive control. All test mixtures contained 5% DMSO. The
plates were incubated for 40 min at 37°C and 20 min at 23°C, then
washed four times with 0.5� buffer and incubated with 10 ng��l
anti-GFP-horseradish peroxidase conjugate (CLONTECH) for
1 h at 37°C. After washing (0.5� buffer, four times 5 min),
2,2�-azino-di-3-ethylbenzthiazoline sulfonate (Roche Molecular
Biosciences) was added to measure enzyme activity, and the
absorption at 405 nm was read in a microplate reader (BioRad).
Concentrations of compounds at which 50% inhibition of Myc�
Max dimerization was obtained (IC50) were estimated by plotting
percent inhibition against inhibitor concentration.

Electrophoretic Mobility-Shift Assay (EMSA). MycGFP (c � 6.5
ng��l, 170 nM) and Max (c � 1.1 ng��l, 90 nM) were mixed and
incubated with stock solutions of the screening compounds for
1 h at 23°C. The candidate compounds and the negative control
were tested at the following concentrations in 25-�M incre-
ments: IIA6B17, 0–125 �M; IIA4B11, 0–200 �M; IA4B11,
0–200 �M; and IA4B6, 0–200 �M. All test mixtures contained
12% DMSO. A double-stranded DNA oligonucleotide with the
consensus binding site of c-Myc�Max dimers (26) was then added
(5�AGTTGACCACGTGGTCTGGG3�). The DNA–protein in-
teraction was allowed to proceed for 15 min. Final concentra-
tions were: 100 nM MycGFP, 55 nM Max, 200 mM Hepes (pH
7.0), 500 mM KCl, 30 mM MgCl2, 2 mM DTT, 10 mM EDTA,
5% glycerol, 40 ng��l salmon testis DNA (Sigma), and 60 pg��l
32P-labeled oligonucleotide probe. For specificity control, a
mutated probe was used (5�AGTTGACTACGTAGTCT-
GGG3�). For the supershift experiment, 60 ng��l anti-GFP
antibody (CLONTECH) was added for 10 min after the forma-
tion of the DNA–protein complex. Protein–DNA complexes
were resolved on 4% acrylamide gels (45 mM Tris-borate, 1 mM
EDTA), and gels were dried before autoradiography. Concen-
trations of compounds at which 50% inhibition of Myc�Max
dimerization was obtained (IC50) were calculated by extrapolat-
ing the inhibition values recorded in the experiments.

Focus Assays. CEF were seeded at 1.5 � 105 cells per 24-well tissue
culture plate in HAM’s F10 containing 10% FBS. One day after
seeding, the cells were infected with 10-fold serial dilutions of
oncogenic retroviruses. These viruses were (i) the RCAS viral
vector expressing chicken cellular Myc (27), (ii) the Prague strain
of Rous sarcoma virus coding for the Src oncoprotein (28), and
(iii) the avian sarcoma viruses 17 and 31 expressing the onco-

proteins Jun (29, 30) and Qin (31), respectively. The cultures
were then overlaid with nutrient agarose consisting of 57.5%
(vol�vol) of media (75% F10 2�, 5% FBS, 2% chicken serum,
15% tryptose-phosphate broth, 1.5% of L-glutamine�penicillin�
streptomycin solution, screening compounds in DMSO, final
concentration of DMSO:1%) and 42.5% (vol�vol) of 1.5% Sea
Plaque Agarose. For focus counts, cultures were stained with 2%
crystal violet.

Results
A FRET Assay Identifies Candidate Inhibitors of Myc�Max Dimeriza-
tion. We have screened combinatorial chemical libraries encom-
passing approximately 7,000 small organic molecules for their
ability to interfere with dimerization between Myc and Max. To
this end, the bHLHZip domains of Myc and of Max were fused
to the N termini of CFP (MycCFP) and YFP (MaxYFP),
respectively. The fusions were expressed in E. coli, purified, and
allowed to dimerize, followed by excitation of CFP at wave 433
nm. Dimerization generated a FRET spectrum characterized by
a strong emission signal of YFP at 525 nm and a weaker emission
signal of CFP at 475 nm. In control experiments, the ratios of
fluorescence intensities at 525 nm over 475 nm were 1.7 at
complete dimerization of MycCFP with MaxYFP and 0.4 for the
monomeric state of MycCFP. One hundred percent inhibition of
MycCFP�MaxYFP dimerization was achieved by addition of
100� molar excess of the bHLHZip domain of Max, functioning
as a competitive inhibitor of Myc-Max dimerization, resulting in
a 525 nm�475 nm ratio of slightly more than 0.4. The MycCFP�
MaxYFP heterodimers were incubated with individual com-
pounds of the chemical libraries. The ability of the compounds
to dissociate the dimer in its monomeric components was
followed by monitoring the fluorescence intensities of CFP and
YFP upon excitation of CFP. The presence of inhibitors of
Myc�Max dimers resulted in a decrease of the ratio of intensities
[525 nm�475 nm]. The initial round of screening identified four
inhibitory compounds from a peptidomimetic library (IIA4B20,
IIA6B17, IIA4B11, and IA4B11) (25). At 25 �M, these com-
pounds caused up to 38% of the dimer to dissociate (Fig. 1, Table
1). An inactive member of this library, IA4B6, was chosen as a
negative control compound.

Inhibition of Myc�Max Dimerization Is Confirmed by ELISA. Candi-
date inhibitors of Myc�Max dimerization identified by FRET
were further investigated by an ELISA assay. The bHLHZip
domain of Max was immobilized on an ELISA plate; MycGFP
was incubated with serial dilutions of a candidate compound and
then added to the plate. Compound IA4B6 served as negative
control, and 100� molar excess of the bHLHZip domain of Max
was used as a positive control. The inhibition of Myc�Max
binding by the screening compounds was determined colori-
metrically by using a horseradish peroxidase-conjugated GFP
antibody. The four candidate inhibitors interfered with Myc�
Max dimerization as measured by ELISA (Table 1). IIA4B20
had the strongest effect with an IC50 value of 75 �M. The
negative control compound IA4B6 showed no inhibition even at
250 �M.

Inhibitors Interfere with Myc�Max DNA Binding. For a test of the
inhibitors in EMSA, MycGFP and the bHLHZip domain of Max
were mixed and incubated with the compounds, and a 32P-
labeled oligonucleotide containing the consensus binding site of
Myc�Max heterodimers was added. Under the assay conditions,
Myc�Max dimers, but not Max�Max homodimers efficiently
bound DNA, resulting in a single retarded band in electrophore-
sis (Fig. 2A) (26). Three of the candidate compounds were found
to abolish DNA binding by MycGFP�Max, and significant
inhibition was demonstrated in EMSA at lower compound
concentrations than in ELISA (Table 1, Fig. 2 B–D). The
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negative control compound IA4B6 was ineffective in EMSA
(Table 1, Fig. 2E). The relative trends for the test compounds
were similar in all three in vitro assays. Compound IIA4B20 that
performed well in FRET and ELISA represents an exception as
it did not inhibit the formation of the protein dimer in EMSA
(Table 1, Fig. 2F). It is possible that the binding site for IIA4B20
is too close to the basic region of the bHLHZip proteins and
therefore this binding site may be inaccessible in the presence of
DNA. Further studies will be necessary to investigate this point.

Biological Effects of the Inhibitors. Myc induces the formation of
oncogenically transformed cell foci in cultures of CEF. Because
this transforming activity of Myc depends on the dimerization
with Max, we examined the candidate inhibitors identified in
vitro for possible effects on oncogenicity in cell cultures. Two of
the candidate compounds, IIA4B20 and IIA6B17, inhibited
focus formation by the RCAS-Myc construct. The IC50 for both
compounds was 20 �M (Figs. 3 and 4). Compounds IIA4B11 and
IA4B11, which were less effective in the in vitro tests, and the
negative control compound IA4B6 had no effect on focus
formation at 35 �M. At the highest concentrations tested (30 and
35 �M), IIA4B20 and especially IIA6B17 also significantly
reduced cell growth. Therefore, the specificity of the in vivo
inhibition was examined by testing the compounds in CEF focus
assays with two oncoproteins unrelated to Myc, namely Src, for
a nonreceptor tyrosine kinase and Jun, a component of the AP-1
transcription factor complex. Src-induced transformation was
not significantly affected by IIA4B20, but IIA6B17 reduced
focus counts moderately at the higher concentrations tested (Fig.
3). Focus formation by RCAS-Jun was inhibited by IIA6B17

almost to the same extend as that of RCAS-Myc, whereas
IIA4B20 reduced the numbers of RCAS-Jun foci only at the
highest concentrations. The negative control IA4B6 did not
affect RCAS-Src- or RCAS-Jun-induced transformation. A third
unrelated oncoprotein, the forkhead�winged helix transcription
factor Qin, showed the same response as Src (data not shown).

Discussion
The structure of the Max�Max homodimer complexed to DNA
has been determined (32, 33) and shows the importance of the
helix–loop–helix and the leucine zipper domains in dimerization.
The bHLHZip domain of each monomer extends for 65 aa and
consists of two �-helical segments, one encompassing the basic
region and helix 1, the other one composed of helix 2 and the
coiled-coil leucine zipper. The two segments are linked by a loop.
The basic region contacts the major groove of DNA and
introduces a bend of about 25°. The structure of the Myc�Max
heterodimer has not yet been determined but probably shares
basic properties with the Max�Max homodimer. Heterodimers
consisting of the leucine zippers of Myc and Max are less stable
than homodimers and heterodimers formed of Jun and Fos or
GCN4 (34–36). Although dimerization of Myc and Max is also
mediated by the helix–loop–helix domains, it is conceivable that
the intrinsic instability of the Myc�Max leucine zipper facilitated
the identification of small molecules that interfere with dimer-
ization. The discovery of such inhibitors contradicts the widely
shared assumption that large protein interfaces are unlikely to be
disturbed by small molecules. However, some recent observa-
tions suggest that at least in certain instances, only a minor part
of the protein dimer interfaces contributes to the affinity be-

Fig. 1. Small molecule inhibitors of Myc�Max dimers and control compound.

Table 1. Inhibition of Myc�Max dimerization: Comparison of FRET, ELISA, and EMSA

Compound FRET assay inhibition at 25 �M, % ELISA IC50, �M EMSA IC50, �M

IIA4B20 26 75 � 15 No effect at 125 �M
IIA6B17 38 125 � 25 50 � 25
IIA4B11 14 210 � 25 125 � 25
IA4B11 12 40% inhibition at 250 �M 162 � 25
IA4B6 2 No effect at 250 �M No effect at 200 �M

For ELISA and EMSA, concentrations of compounds at which 50% inhibition of Myc�Max dimerization was
obtained (IC50) are given. Data represent typical experiments.
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tween the proteins (37–40). Targeting these ‘‘hot spots’’ may be
sufficient for inhibiting protein–protein interactions. Known
inhibitors of protein–protein interactions are either designed
peptides derived from the sequence of one of the dimerization
partners or small organic molecules found in specific screens
(41). For example, HIV protease is catalytically active only as a

homodimer and can be inhibited by breaking up the dimeric
structure. A tetrapeptide derived from the carboxyl terminus of
the protease inhibits the enzyme with a Ki of 45 �M through a
dissociative mechanism (42). The natural product Didemnaketal
A from Ascidian didemnum sp. and a synthetic analogue inhibit
dimerization of the HIV protease with an IC50 of 2.1 �M (43).

Fig. 2. EMSA. (A) Neither MycGFP nor Max alone shift the 32P-labeled probe 5�AGTTGACCACGTGGTCTGGG3� (lanes 2 and 3). The MycGFP�Max dimer binds
to the probe (lane 4). Excess (100-fold) of the correct binding site (lane 5), but not of the mutated binding site 5�AGTTGACTACGTAGTCTGGG3� (lane 6), inhibits
binding of the MycGFP�Max dimer to the radiolabeled probe. MycGFP�Max does not bind to the mutated radiolabeled probe (lane 7). Addition of 60 ng��l
anti-GFP antibody supershifts the dimer�DNA complex (lane 8), but addition of 60 ng��l IgG does not affect the dimer�DNA complex (lane 9). (B–D) Inhibition
of MycGFP�Max-DNA complex by compounds IIA6B17 (B), IIA4B11 (C), and IA4B11 (D). (E and F) Compounds IA4B6 and IIA4B20 do not inhibit formation of the
MycGFP�Max-DNA complex.
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The heterodimeric herpes virus ribonucleotide reductase is
inhibited with an IC50 of 0.3 nM by a peptidomimetic derived
from a subunit of the enzyme (44).

The molecular mechanism by which the inhibitors interfere
with Myc�Max dimerization is not known. We assume that they
bind to a site in either the helix–loop–helix domain or the leucine
zipper of either Myc or Max, but the exact docking target
remains to be determined. It will be interesting to determine
whether the inhibitors also interfere with Max homodimeriza-
tion. It is reasonable to assume that the inhibition of Myc�Max
dimerization results in the observed reduction in oncogenic
transformation. However, the available data are insufficient to
prove this assumption. Additional work is required to elucidate
the mechanism of focus inhibition. The effective concentrations
of the candidate inhibitors are still high, but these are first-
generation compounds, and libraries of derivatives based on
these candidates are being prepared. Complete inhibition of
Myc�Max dimerization may be difficult to achieve, and it may
not be desirable, considering the normal function of the Myc
protein. Partial inhibition may be more easily obtainable, is

biologically more desirable, and may be effective in neutralizing
Myc gain of function.

The inhibition of oncogenic transformation by the candidate
molecules is not entirely specific and also extends to Jun. Absent
any knowledge on the mechanisms of the antioncogenic effect
for Myc, one can only speculate about this broader range of
activity. One possibility is that the small molecule inhibitors
target leucine zippers in general that are found in Myc and Jun.
Myc is a component of a network that regulates transcription by
switching dimerization partners (23, 45). In this network, there
are several points at which control of dimerization could have an
effect on transcriptional activity. For instance, whereas Myc does
not form homodimers, Max readily does so, and stabilizing these
homodimers with small molecules could reduce availability of
Max for dimerization with Myc. Screens for such stabilizers
could be set up in analogous fashion to the FRET assays used
in the current experiments.

The ultimate goal of this research is to counteract the
oncogenic activity of Myc. Because cancer cells harbor mul-
tiple genetic changes, control of a single oncoprotein may not

Fig. 3. The effect of IIA4B20 and IIA6B17 on focus formation by Myc, Scr, or Jun in CEF. Both Myc- and Jun-induced transformation are inhibited by the higher
compound concentrations. Src-induced foci consist of poorly adherent cells that are often washed off during the staining process, leaving a hole in the cell sheet.

Fig. 4. Dose–response curves for compounds IIA4B20 and IIA6B17 in CEF assays for transformed focus formation by Myc, Src, or Jun. Shown are the relative
numbers of foci from a representative experiment.

3834 � www.pnas.org�cgi�doi�10.1073�pnas.062036999 Berg et al.
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be sufficient to induce reversion of the neoplastic phenotype.
However, at least some tumors induced by Myc show long-term
dependence on increased Myc function and regress when Myc
is deactivated (15, 46). In human cancer cells with several
mutations, compensation for one of the oncogenic changes is
also sufficient to induce reversion to a nonmalignant pheno-
type (47).

Our work provides proof of principle for the inhibition of
protein–protein interactions between bHLHZip proteins by
small molecules. We have demonstrated that a high-throughput
screen for inhibitors of Myc�Max interactions in vitro can

identify small nonpeptidic molecules that interfere with c-Myc-
induced transformation of CEF. The extension of this approach
using derivative chemical libraries could result in the identifica-
tion of more potent inhibitory molecules.
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