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ABSTRACT: The rational design of inhibitors of the bHLH-ZIP
oncoprotein c-Myc is hampered by a lack of structure in its
monomeric state. We describe herein the design of novel, low-
molecular-weight, synthetic α-helix mimetics that recognize helical c-
Myc in its transcriptionally active coiled-coil structure in association
with its obligate bHLH-ZIP partner Max. These compounds perturb
the heterodimer’s binding to its canonical E-box DNA sequence
without causing protein−protein dissociation, heralding a new
mechanistic class of “direct” c-Myc inhibitors. In addition to
electrophoretic mobility shift assays, this model was corroborated
by further biophysical methods, including NMR spectroscopy and
surface plasmon resonance. Several compounds demonstrated a 2-
fold or greater selectivity for c-Myc−Max heterodimers over Max−
Max homodimers with IC50 values as low as 5.6 μM. Finally, these compounds inhibited the proliferation of c-Myc-expressing cell
lines in a concentration-dependent manner that correlated with the loss of expression of a c-Myc-dependent reporter plasmid
despite the fact that c-Myc−Max heterodimers remained intact.

■ INTRODUCTION
c-Myc is a basic helix−loop−helix leucine zipper (bHLH-ZIP)
transcription factor that, in addition to being oncogenic when
overexpressed, affects many transformation-related processes
such as proliferation, apoptosis, differentiation, and metabo-
lism.1−10 As an intrinsically disordered protein, c-Myc becomes
transcriptionally functional only after heterodimerizing with its
obligate bHLH-ZIP partner Max to assume a coiled-coil
structure that recognizes the E-box sequence 5′-CACGTG-3′.11
Indeed, this event is required for all known biological functions
of c-Myc, including its oncogenic activity.1−5,12 c-Myc
dysregulation is associated with most human cancers, including
lung, pancreatic, and colorectal cancers, as well as leukemias
and lymphomas,13−18 and numerous murine cancer models are
c-Myc-dependent, even when c-Myc is not the primary
oncogenic driver.19−21 Together, these studies suggest that c-
Myc inhibition, either direct or indirect (for example, via
inhibition of the BET bromodomains BRD2−422−26), is a

viable therapeutic strategy toward the development of new and
targeted antineoplastics. Indeed, both genetic and pharmaco-
logic inhibition of c-Myc, or its closely related cousin N-Myc, in
vivo have resulted in tumor regression and prolonged
survival.21,27,28 Moreover, despite the widespread expression
of c-Myc by normal proliferating cells, recent studies have
demonstrated that long-term, whole-body genetic silencing of
c-Myc in vivo leads to remarkably mild and reversible side
effects,29−32 providing further rationale that c-Myc inhibition is
a clinically feasible strategy to expand the anticancer drug
arsenal.
In contrast to the bromodomain proteins BRD2−4 that

exhibit well-defined, acetyl-lysine binding sites that are tractable
targets for small-molecule drug design and provide an indirect
approach to the inhibition of oncogenic c-Myc function,22−26
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the rational design of direct c-Myc inhibitors is complicated by
the intrinsic disorder of the bHLH-ZIP domain, although some
progress has been made.33−47 Several of the more potent
compounds that have been identified bind to distinct segments
of this region and cause highly localized distortions that prevent
productive interaction with Max’s bHLH-ZIP domain.43,44 For
example, 10058-F4 (1) binds c-Myc402−410, while 10074-G5 (2)
binds c-Myc363−381 (Chart 1). However, these compounds

generally exhibit only low affinities to c-Myc, double-digit
micromolar IC50 values for the prevention of c-Myc−Max
heterodimerization in vitro and similar activities in cellular
proliferation assays. Attempted optimizations of 2 (for example,
JY-3-094 (3) and its ester prodrugs)45−47 and 10058-F437 have
met with limited success, and new leads are urgently required.
In contrast to monomeric c-Myc, the c-Myc−Max heterodimer
exists as a structured coiled coil with ∼70% α-helical content
that increases to 84% upon DNA binding.48 We, therefore,
reasoned that molecules appropriately crafted to recognize this
α-helical content might perturb the protein−protein interaction
(PPI). Precedent for this approach has been described by
Hamilton wherein synthetic α-helix mimetics have successfully
disrupted the assembly of multiple helices involved in HIV-1
infection49 and abrogated the aggregation of transient helical
forms of amyloid50 that would otherwise lead to amyloid
fibrillogenesis. More generally, we51−53 and others54,55 have
demonstrated that synthetic α-helix mimetics are effective
inhibitors of a range of helix-mediated PPIs in which only one
of the protein partners uses an α-helical recognition domain,
including Bcl-xL−Bak, Mcl-1−Bim, and HDM2−p53.56 In light
of these observations, we hypothesized that rationally
engineered α-helix mimetics might disrupt the coiled coil of
the c-Myc−Max heterodimer, thus providing a novel
therapeutic strategy to inhibit the oncogenic function of c-Myc.

■ RESULTS
Design. We have previously shown there to be at least three

independent small-molecule binding sites on the c-Myc bHLH-
ZIP domain.43,44 We have also recently completed a structure−

activity relationship (SAR) analysis of the direct c-Myc
inhibitor 2,45 which binds one of these sites centered around
residues 363−381, corresponding to the junction between the
basic DNA-binding domain and helix 1. NMR analysis of the
interaction of 2 with a c-Myc363−381 synthetic peptide allowed
the delineation of a more refined binding site, and our SAR
work was largely in agreement with this model. Interestingly,
NOESY experiments indicated that 2 induced helicity in the c-
Myc363−381 peptide. The successful targeting of c-Myc363−381
with congeners of 2 coupled with c-Myc’s acquisition of
considerable helicity upon heterodimerization with Max
suggests that synthetic α-helix mimetics designed to recognize
this region of c-Myc in its helical form might perturb the c-
Myc−Max heterodimer and impair DNA binding. This may be
envisaged to occur either through directly interfering with the
construction of the c-Myc−Max interface when c-Myc is mostly
helical and complex formation is almost complete or through
disruption of c-Myc’s HLH motif within the c-Myc−Max
heterodimer. Accordingly, we designed the α-helix mimetic 4
depicted in Figure 1A. Analogous to our oligoamide-based α-
helix mimetics of the Bak-BH3 α-helix in which the side chains
of each of the three subunits mimic the i, i + 3/4, and i + 7 side
chains on one face of the native helix,51 the hydrophobic R1 and
R2 groups were designed to recognize Phe374 (i) and Leu377 (i +
3), respectively, of helical c-Myc in late-stage complex assembly.
Alternatively, these hydrophobic groups may recognize the
tetramethylene side chain of Lys371 (i) and Phe375 (i + 4) of the
assembled complex. Because this hydrophobic domain is
flanked by arginines Arg366/Arg367/Arg372 and Arg378 at the
N- and C-terminal ends, respectively, we incorporated groups
into the periphery of 4 that would complement these basic side
chains. For inspiration, we looked to previous small molecules
that also bind this region: the electron rich nitro group of 2 is
believed to interact with Arg366, Arg367, and Arg372,

43,44 whereas
the carboxylic acid in the second-generation congener of 2, JY-
3-094,45 possibly interacts with Arg378. Because the nitro group
of 2 and that of JY-3-094 along with its carboxylic acid were
instrumental in furnishing the small-molecules with c-Myc
inhibitory activities, we, thus, selected a nitro group to
recognize Arg366, Arg367 and/or Arg372 and a carboxylic acid
to recognize Arg378. This would allow the bis-benzamides to be
prepared from the readily available starting material 3-fluoro-4-
nitrobenzoic acid (5). In addition, it was anticipated that the
carboxylic acid would serve to promote the solubilities of the
helix mimetics. A putative binding mode of target molecule 4da
(“JKY-2-169”) is given in Figures 1C and 1D.

Chemistry. Target molecules 4 were readily generated in a
short, convergent synthesis. Subunits were synthesized as
described in Schemes 1 and 2. The benzene-based subunits
were synthesized starting from 3-fluoro-4-nitrobenzoic acid (5).
Nucleophilic aromatic substitution (SNAr) reactions of 5 with
either alcohols R1OH or R2OH (R1 and R2 group identities are
given in Scheme 1) with an excess of NaH furnished the 3-
alkoxy derivatives 6. Treatment of acids 6 with oxalyl chloride
delivered acid chlorides 7, while reduction by catalytic
hydrogenation or tin (II) chloride yielded anilines 8.
Esterification of acids 6 followed by nitro group reduction
delivered anilines 9. Two pyridine-based subunits were also
prepared (Scheme 2). Briefly, 2,6-dichloro-3-nitropyridine (10)
was regioselectively 2-isobutoxylated, and then the 6-chloro
group was converted to a carboxylic acid (compound 11) via a
two-step Stille reaction with tributyl(vinyl)tin followed by
oxidative cleavage of the newly installed vinyl group. Acid

Chart 1. Structures of Some Inhibitors That Bind
Monomeric c-Myc
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chloride generation or nitro group reduction as before then
furnished subunits 12 and 13, respectively. The bis-benzamides
4 and 14−16 were then prepared by condensations of acid
chlorides 7 and 12 with anilines 8, 9, and 13 in the presence of
N,N-dimethylaniline as base (Scheme 3). To determine the
importance of the R1 and R2 side chains, bis-benzamides 4aj,
4ja, and 4jj were also prepared according to Scheme 3 but in
which at least one of the subunits carried no side chain (i.e., 4-
aminobenzoic acid and/or 4-nitrobenzoyl chloride). To
investigate the significance of the nitro group, 3-isobutox-
ybenzoyl chloride was coupled to 4-amino-3-isobutoxybenzoic
acid (8a) to afford compound 17, again essentially as described
in Scheme 3. Additional analogues to test the importance of the
nitro group were prepared as shown in Scheme 4. Specifically,
the nitro groups of compounds 16, 4aa, and 4ea were reduced
by catalytic hydrogenation to deliver anilines 18, 19, and 20,

respectively. Acylation of 19 with ethyl chlorooxoacetate or
diglycolic anhydride generated compounds 21 and 22,
respectively, and then the former underwent saponification to
deliver compound 23 as shown in Scheme 5. Modifications to
the C-terminus are depicted in Scheme 6, where the proximity
of the acidic group, as well as the number of acidic groups,
would allow further investigation of the structure−activity
relationships (SAR) of these compounds, as in compounds 26
and 27. Finally, relocation of the side chains to the 2-position of
the benzene ring was effected starting from commercially
available compound 28 (Scheme 7). Appropriate subunits (4aa,
30, and 31) were then coupled together using similar chemistry
to that described in Scheme 3 to afford target molecules 32−
34.

Biology. Initially, a focused library of derivatives of 4 was
prepared, and the compounds were screened in an electro-

Figure 1. (A) Generic α-helix mimetic designed to recognize the Arg366−Arg378 region of c-Myc in the helical c-Myc−Max heterodimer. R1 and R2

are hydrophobic groups, such as isobutyl and benzyl (see Scheme 1). Bubbles with two sets of residues indicate side chains targeted at the c-Myc−
Max interface in late stage complex assembly (outside parentheses) or at the HLH region of c-Myc in the c-Myc−Max complex (inside parentheses).
(B) Chemical structure of 4da (“JKY-2-169”). (C) Putative binding mode of compound 4da indicating the region of the c-Myc−Max PPI to be
targeted by synthetic α-helix mimetics (PDB ID: 1NKP). The binding site was delineated by Arg372, Phe374, Leu377, and Arg378. (D) Zoom-in of
binding mode. Computational modeling was achieved with Molegro Virtual Docker. (C) and (D) were generated with PyMOL: red = c-Myc; blue =
Max; green = DNA; cyan, colored by atom type = c-Myc residues interacting significantly with ligand; yellow, colored by atom type = 4da (“JKY-2-
169”).
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phoretic mobility shift assay (EMSA) at 100 μM concentrations
for their abilities to disrupt c-Myc−Max(S)/DNA complexes,
where “S” refers to the short (151 residue) isoform of Max that
binds DNA only as a heterodimer with c-Myc. The structures
of these compounds are presented in Table 1 along with the

EMSA screening results, where “0%” indicates complete
disruption of the c-Myc−Max/DNA complex relative to the
DMSO vehicle control (“100%”). Encouragingly, two com-
pounds, 4aa and 4da (“JKY-2-169”), from the initial batch of
10 derivatives of 4, demonstrated potent activity in this assay.
In addition to 4aa and 4da, the next most active compound,
4bb, also possesses an ionizable carboxylic acid. The remaining
seven compounds are methyl ester derivatives and were largely
inactive, thus indicating the important contribution of the
carboxylic acid.
Given the promising EMSA screening data in Table 1, we

expanded our library of c-Myc−Max disruptors. Although two
methyl esters (14ba and 14ca) demonstrated modest inhibitory
activities, they exhibited poor solubilities. Hence, we focused
mostly on the preparation of only carboxylic acid-functionalized
compounds; their structures are shown in Tables 2 and 3. All
compounds in Table 2 exhibit a nitro group at the N-terminus
and either a carboxylic acid or a methyl ester at the C-terminus.
In Table 3, these functional groups were varied somewhat. Also,
the scaffold benzene rings were changed to pyridines and the
positions of the side chains were investigated. We again used an
EMSA-based screening assay to evaluate the second group of
helix mimetic-based putative c-Myc inhibitors. From a total of
31 tested compounds, we identified an additional four
inhibitors (4ca, 15, 16, and 21) that produced complete
disruption of the c-Myc−Max/DNA binding at 100 μM
(Tables 2 and 3). Although this screen was performed only
once, it is tempting to speculate that the nature and position of
the hydrophobic side chains are critical to activity (compare the
data for 4ac, 4ca, and 4jj; 4ca with 4ga; and also 4aa with 32−
34). A carboxylic acid appears important at the C-terminus (for
example, compare 4aa and 14aa), as does a nitro group at the
N-terminus (for example, compare 4aa with 17 and 19, where
the nitro group has been replaced with a hydrogen atom or an
amino group, respectively). Finally, replacement of the scaffold
benzene rings with more hydrophilic pyridines seems to be
tolerated (compare 4aa with 15 and 16).

Scheme 1a

a(a) R1OH or R2OH, NaH, THF, RT, 0 °C to RT, 2 h; (b) (COCl)2, cat. DMF, CH2Cl2, RT, 2 h; (c) H2, 10% Pd/C, EtOH, RT, 1−5 h, or SnCl2·
2H2O, EtOAc, 50 °C, 3 h; (d) SOCl2, MeOH, 60 °C, 6 h, or MeI, K2CO3, DMF, RT, 4 h.

Scheme 2a

a(a) Isobutanol, NaH, THF, RT, 0 °C to RT, 4 h; (b) Bu3SnCH
CH2, Pd(PPh3)4, toluene, 110 °C, 5 h; (c) KMnO4, H2O/acetone, RT,
6 h; (d) (COCl)2, cat. DMF, CH2Cl2, RT, 2 h; (e) SnCl2·2H2O,
EtOAc, 50 °C, 3 h.

Scheme 3a

a(a) N,N-dimethylaniline, acetone, 0 °C to RT, 16 h.
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With the above screening data in hand, 4aa, 4ca, 4da, 15, 16,
and 21 were evaluated in further detail by confirmatory EMSA
analysis. Each compound demonstrated a dose-dependent
inhibition of the c-Myc−Max(S)/DNA ternary complex with
IC50s < 50 μM (Figure 2, Table 4). The most potent inhibitor
21 (IC50 = 5.6 μM) displays an ethyl aminooxalate, indicating
the nitro group in our original design of generic compound 4 is
not critical for activity provided a suitable bioisostere is present.
To examine the specificity of these compounds, we also tested
their abilities to disrupt DNA binding by Max homodimers in
otherwise identical EMSA assays (Figure 2, Table 4). The
foregoing experiments capitalized on the fact that the 151
residue “short” isoform of Max [Max(S)] only binds DNA as a

heterodimer in association with c-Myc. In contrast, the 160
reside “Max(L)” isoform also binds DNA as a homodimer and
can therefore be used to assess the specificity of direct Myc
inhibitors.57−59 In each case, the six helix mimetics exhibited a
2-fold or greater selectivity for c-Myc−Max(S)/DNA com-
plexes over Max(L)−Max(L)/DNA complexes, thereby
suggesting that these compounds recognize c-Myc rather than
Max (Table 4).

4da Recognizes the α-Helical Structure of c-Myc in the c-
Myc−Max(S) Heterodimer. We next performed NMR experi-
ments to further our understanding of the mechanism of 4da’s
inhibition at an atomic level. For this, we utilized homoge-
neously pure, recombinant 15N-labeled or unlabeled c-Myc and

Scheme 4a

a(a) H2, 10% Pd/C, EtOH, RT, 1−5 h.

Scheme 5a

a(a) ClCOOEt, pyridine, CH2Cl2, 0 °C to RT, 16 h, or diglycolic anhydride, Et3N, DIPEA, 50 °C, 16 h; (b) LiOH·H2O, THF/MeOH/H2O, 3:1:1,
24 h, RT.

Scheme 6a

a(a) Glycine tert-butyl ester·HCl or di-tert-butyliminodiacetate, HBTU, DIPEA, DMF, RT, 16 h; (b) 20% TFA/CH2Cl2, RT, 3 h.
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Max(S) proteins. 15N-HSQC spectroscopy allows the observa-
tion of interactions between small molecules and a protein of
interest over a broad range of affinities. Furthermore, even
without residue-specific assignment, the technique provides
insight into changes in secondary structures and potentially
allows the elucidation of affinities. First, we examined the ability
of 4da to interact with the Max(S) homodimer or the c-Myc
monomer (Figure 3A,B). Titration of the compound up to 100
μM failed to reveal any observable chemical shift perturbations,
thereby indicating that this compound does not bind either of
the individual proteins. We then formed the c-Myc−15N-
Max(S) heterodimer through the addition of an equimolar
amount of unlabeled c-Myc to 15N-Max(S). This led to the
expected substantial change in the HSQC spectrum of 15N-
Max(S) (Figure 3C). Finally, addition of 4da to the
heterodimer led to further and substantial chemical shift
perturbations, clearly indicating that the heterodimer is needed
to provide a suitable binding site for this inhibitor and that,
following 4da addition, the final configuration attained is unlike
that of either of the individual proteins alone (Figure 3D).
Careful analysis of four isolated peaks suggested a Kd ∼ 13 μM
for 4da (Figure 3E).
This study conclusively shows that 4da is unable to bind

these proteins in either of their alternate conformations by
themselves (c-Myc monomer or Max(S) homodimers) but
clearly interacts with the c-Myc−Max heterodimer. This is
particularly important in the case of the Max(S) homodimer,
which has an α-helical structure that closely resembles that of
the c-Myc−Max heterodimer.11 The binding of 4da to specific
residues dictated by this heterodimer alters its structure in a
manner that does not restore either of the spectra generated by
the individual protein partners. Rather, the novel structure
indicates that it remains in a heterodimeric form that is unable
to bind DNA, as shown in Figure 3C.
Surface Plasmon Resonance (SPR) Indicates 4da Binds the

c-Myc−Max(S) Heterodimer. We next utilized SPR to
determine whether 4da behaves in a manner distinct from
that of previously described direct c-Myc inhibitors such as
10058-F4 and 2, which interfere with c-Myc−Max dimerization
and DNA binding as a consequence of their efficient interaction
with the unstructured c-Myc monomer, rendering it incapable
of interacting with Max.33 However, they are relatively
inefficient at disrupting preformed dimers due to the high
free energy of protein−protein association.33−37,43−47 An

experimental outcome consistent with this previously proposed
model is shown in Figure 4. After first establishing conditions
under which c-Myc−Max(S) heterodimer binding to an E-box-
containing oligonucleotide could be quantified (Figure 4A), we
showed that 2 prevented c-Myc−Max(S) oligonucleotide from
binding significantly better if it was preincubated with c-Myc
monomer prior to the addition of Max(S) (Figure 4B,C). In
contrast, while 4da was also somewhat better at inhibiting DNA
binding if added to c-Myc and Max(S) proteins prior to their
heterodimerization, it was much more effective than 2 against
preformed c-Myc−Max(S) heterodimers (Figure 4C,D). In
light of our other findings reported herein, particularly those
depicted in Figure 3, these results are most consistent with the
idea that 4da, rather than binding to the c-Myc monomer,
preferentially interacts with the c-Myc−Max(S) heterodimer,
alters its structure and renders it incapable of DNA binding
without actually promoting its dissociation into c-Myc and
Max(S) monomers.

4da Inhibits c-Myc-Expressing Cells. The six active
compounds described above were next investigated for their
abilities to inhibit the proliferation of HL60 human
promyelocytic leukemia cells and Daudi Burkitt’s lymphoma
cells, both of which overexpress c-Myc and are highly
susceptible to various c-Myc inhibitors.36,37,43,46,47 As shown
in Table 5, all compounds except 21 inhibited the proliferation
of both cell lines with IC50s below 50 μM. Indeed, the HL60
inhibition data closely mirrored the in vitro data for inhibition
of the c-Myc−Max(S)/DNA ternary complex. 4da proved the
most potent inhibitor of cell proliferation across both cell lines.
It is unconfirmed at this stage why compound 21 did not
exhibit cell activity. However, standard hydrolysis of the ethyl
ester of 21 by cellular esterases would furnish the inactive
compound 25, while amide hydrolysis by peptidases would
afford inactive compound 19. Therefore, we hypothesize that
metabolism of 21 to either 19 or 25 explains the lack of cell
activity.
Having established that 4da was the most potent of the

above compounds in vitro and in cells, we tested it further
against several other cell lines (Table 6), including those
representing epithelial cancers and several human multiple
myeloma lines, the latter having previously been shown to be
moderately sensitive to the growth inhibitory effects of the
highly specific direct c-Myc inhibitor 10058-F436,60 (IC50s =
52−90 μM). One of these myeloma lines, U266, expresses L-
Myc instead of c-Myc and had previously been shown to be the
least sensitive of all myeloma cell lines to growth inhibition by
10058-F4 (IC50 ∼100 μM60). We also tested 4da against rat
fibroblasts with a homozygous deletion of the endogenous myc
gene (HO15.19 cells) as well as HO15.19 cells in which Myc
expression had been restored by stable transduction with a c-
Myc-expressing retroviral vector (HO15.19-wt-Myc cells).61,62

Consistent with the idea that 4da is a specific c-Myc inhibitor,
we found all c-Myc-expressing cell lines to be sensitive to
relatively low concentrations of the compounds. However,
U266 myeloma cells were the most resistant of the myeloma
cell lines tested and HO15.19 fibroblasts were more resistant to
4da than HO15.19-Myc cells. That both transformed and
nontransformed cells were growth-inhibited by 4da is in
agreement with the premise that c-Myc expression is necessary
for the proliferation of virtually all cells and that c-Myc
overexpression and/or deregulation is not a prerequisite for
sensitivity to this class of inhibitors or to other modes of
pharmacologic or genetically mediated Myc inhibition in

Scheme 7a

a(a) Isobutyl iodide, K2CO3, DMF, 50 °C, 16 h; (b) NaOH, THF/
MeOH/H2O, 3:1:1, RT, 1 h; (c) H2, 10% Pd/C, EtOH, RT, 16 h.
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general.20,63 The residual susceptibilities of U266 and myeloma
cells and HO15.19 suggests that 4da may have additional
targets that are necessary to support proliferation and/or
nonspecific toxicities.
4da Promotes Cell Cycle Arrest and Accumulation of

Neutral Lipids. The inhibition of c-Myc in proliferating cells,
either in vitro or in vivo, leads to cell cycle arrest and eventual
apoptosis.64,65 This induced quiescence is likely related to
changes in cellular energy metabolism given the fact that c-Myc
is intimately involved in supporting mitochondrial biogenesis
and glycolysis.66−68 Indeed, c-Myc-depleted cells possess
atrophic mitochondria and defective electron transport chain

complexes as well as low levels of oxidative phosphorylation,
glycolysis, and ATP.66−68 Recently, Zirath et al. have shown
that N-Myc-amplified neuroblastoma cells accumulate stores of
neutral lipid following their exposure to the small-molecule c-
Myc inhibitor 10058-F4,27 and we have made similar findings in
myc−/− fibroblasts.69 We have shown this to result from an
increase in the transport of exogenous very long chain fatty
acids that represents a compensatory attempt to fuel the TCA
cycle with substrates other than glucose or glutamine, whose
utilization by the TCA cycle is compromised in c-Myc-depleted
cells. However, because of the defective mitochondrial structure

Table 1. EMSA Screening Analysis of Abilities of Synthetic α-Helix Mimetics to Disrupt the c-Myc−Max/DNA Complex at 100
μM (n = 1)a

aFor these experiments, we used the 151 residue isoform of Max, which we term Max(S), which binds DNA only in heterodimeric association with
c-Myc and not as a homodimer.58 The last column refers to the amount of DNA binding obtained in the presence of the compound relative to that
obtained in its absence. See Experimental Section for further information.
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and function, the uptake of these fatty acids exceeds their
utilization and the difference is stored as neutral lipid.
To determine whether our synthetic α-helix mimetics

imitated the above-described phenotypes associated with c-
Myc depletion, we treated HL60 promyelocytic leukemia cells
and H460 large cell lung cancer cells with 4da and then
evaluated the cells for evidence of proliferative arrest and
neutral lipid accumulation, respectively. As positive controls for
these studies, parallel cultures were treated with the previously
well-characterized direct c-Myc inhibitors 10058-F4 or 2.36 As
seen in Figure 5, both 10058-F4 and 4da promoted a G0/G1
arrest in HL60 cells, with the latter compound being both more
efficient and potent. Repeat experiments performed on different
occasions yielded very similar results (Supporting Information,
Table 1). Similarly, treatment of H460 cells with both 2 and
4da led to an increase in neutral lipid stores, with 4da again
being more effective (Figure 6). From these studies, we
conclude that these structurally unrelated c-Myc inhibitors exert
similar effects on proliferation and cellular energetics.
4da Specifically Inhibits a c-Myc-Dependent Reporter. To

determine whether, as previously described for 10058-F4,70 4da
specifically inhibited c-Myc-dependent genes, we stably trans-
fected HeLa cells with a vector encoding a highly labile
luciferase protein. The minimal promoter of this vector was
engineered to contain tandemly triplicated binding sites for c-

Myc (wt-Myc) or NF-κB. Control vectors contained either no
binding sites or mutant c-Myc binding sites (mut-Myc)
(CTCGAG rather than the canonical CACGTG). Relative to
the latter control lines whose expression of luciferase was
indistinguishable from the background of untransfected cells,
the luciferase activities in cells expressing the wt-c-Myc and NF-
kB vectors were 10−20 times and 100−200 times, respectively,
higher than the background. As seen in Figure 7, both 4da and
the control direct c-Myc inhibitor showed a dose-dependent
inhibition of luciferase in cells expressing the wt-c-Myc vector,
whereas no inhibition of luciferase was observed in cells
expressing the NF-kB vector. From these studies, we conclude
that 2 and 4da selectively suppress the expression of genes
containing c-Myc binding sites, with the latter compound again
being more potent.

4da Does Not Disrupt c-Myc−Max Heterodimers in Cells.
The foregoing studies, particularly those shown in Figure 3,
suggested that, while 4da was specific for c-Myc, its mechanism
of action was distinct from that of previously described direct c-
Myc inhibitors which prevent/disrupt c-Myc−Max associa-
tion.33 To further confirm that 4da did not promote c-Myc−
Max dissociation, we exposed HL60 cells to concentrations of
the compound shown in the above studies to inhibit cell cycle
progression, proliferation, and Myc-specific gene expression
and then performed c-Myc−Max co-IP studies. As a positive

Table 2. EMSA-Based Screening Results of the Disruption of c-Myc−Max(S)/DNA Binding at 100 μM of Synthetic α-Helix
Mimetic (n = 1)
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Table 3. EMSA-Based Screening Results of the Disruption of c-Myc−Max(S)/DNA Binding at 100 μM of Synthetic α-Helix
Mimetic (n = 1)a

aR4 and R5 groups located at the 3-positions of the aryl rings unless otherwise stated with a (2), indicating the group is at the 2-position.
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control, a parallel culture of cells was exposed to the compound
10058-F4, at a concentration previously shown to disrupt c-
Myc−Max heterodimers.37 As shown in Figure 8, 10058-F4
treatment abrogated c-Myc’s association with Max, in a dose-
dependent manner, without significantly affecting the overall
level of the former protein. In contrast, c-Myc−Max
heterodimers remain largely intact following exposure to even
the highest levels of 4da. Taken together with the studies
shown in Figure 2, these findings provide independent

confirmation that 4da, while inhibiting a variety of c-Myc-
regulated functions, does so without promoting c-Myc−Max
dissociation.

■ DISCUSSION
Synthetic α-helix mimetics have been successfully utilized in the
past to interrogate and disrupt pathogenic helix-mediated
PPIs.49−56 The transcriptionally active c-Myc−Max coiled coil
presents itself as a potential target that might be disrupted or
otherwise perturbed by such agents. We designed biphenyl-
based α-helix mimetics that, along with a hydrophobic core and
electron-rich peripheries, were intended to recognize a
hydrophobic domain of helical c-Myc flanked by arginines
and other polar residues, specifical ly the region
R366RNELKRSFFALR378, that ensures the formation of a
rigid tertiary structure upon dimerizing with Max. Importantly,
this would represent an unprecedented strategy to inhibit the
oncogenic activity of c-Myc because those direct inhibitors that
have been fully characterized to date operate through binding
and stabilizing the unstructured c-Myc monomer, rendering it
incapable of interacting with Max.34

Several of the compounds reported herein impaired the
ability of the c-Myc−Max(S) dimer to recognize its DNA-
binding sequence, as shown by EMSA. To delineate the mode
of inhibition of the synthetic helix mimetics, we recruited an

Figure 2. (A,C,E,G,I,K) c-Myc−Max(S) EMSA assays for synthetic α-helix mimetics. Recombinant c-Myc353−437 and full-length Max(S), which does
not bind DNA as homodimers,57−59 were purified to homogeneity from Escherichia coli and used at a final concentration of 30 nM. (B,D,F,H,J,L)
Control experiments showed that none of the compounds significantly affected DNA binding by Max(L)−Max(L) homodimers, which bind DNA
well. Each panel is representative of three independent trials (Supporting Information, Figure 1).

Table 4. EMSA-Determined Disruption of Ternary c-Myc−
Max(S)/DNA and Max(L)−Max(L)/DNA Complexes by
Synthetic α-Helix Mimeticsa

inhibition (IC50, μM)

no. c-Myc−Max(S)/DNA Max(L)−Max(L)/DNA

4aa 20.2 ± 1.3 84.9 ± 12.0
4ca 43.0 ± 1.7 79.0 ± 8.5
4da 11.6 ± 2.3 >20
15 43.8 ± 2.9 >100
16 23.8 ± 2.7 68.7 ± 4.5
21 5.6 ± 0.7 >12.5

aEach IC50 and standard error were calculated based on three
independent EMSAs performed for each compound concentration
tested (Supporting Information, Figure 1).
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array of biophysical techniques. HSQC NMR spectroscopy
employing 15N-labeled Max(S) indicated that the helix mimetic
4da interacted only with c-Myc−Max(S) heterodimers and not
with Max(S)−Max(S) homodimers or c-Myc monomers. This
allowed us to infer that the biological target is the c-Myc−
Max(S) heterodimer exclusively. Furthermore, according to
NMR titrations, 4da bound helical c-Myc with a Kd of
approximately 13 μM. These findings were further corrobo-
rated by SPR, which was consistent with the idea that 4da binds
the c-Myc−Max heterodimer and alters its structure such that
DNA binding is impaired. Indeed, the Kd for this interaction, ca.
10 μM (Figure 4D), is in excellent agreement with that
obtained by NMR (Kd ∼ 13 μM (Figure 3E)). The somewhat
higher Kd obtained under conditions in which c-Myc−Max(S)
heterodimers were allowed to preform before the addition of
4da (Figure 4E) suggests that the heterodimer is more stable
under these conditions. This could be explained by assuming
that, in the initial stages of heterodimerization, the helix 1
regions of c-Myc and Max(S) may assemble into a structure
that is recognized by 4da, as originally proposed in the Design
section, before the remaining regions of the proteins have the
opportunity to fully assemble into their final and most stable
conformations. Such a partially formed heterodimer might be
more readily distorted by 4da.
SPR alone cannot directly discriminate between a mechanism

that distorts the c-Myc−Max(S) heterodimer as proposed here
for 4da and one that prevents c-Myc−Max(S) interaction.
However, the markedly different behaviors in response to 2 and
4da (Figure 5), together with the results of our NMR studies
(Figure 3), argue strongly in favor of the former model to

explain 4da’s mechanism of action. Moreover, they are
consistent with our inability to demonstrate disruption of c-
Myc−Max heterodimers with 4da by in situ co-immunopreci-
pitation under conditions where it can be readily demonstrated
by inhibitors that directly bind the c-Myc monomer, such as
10058-F4, 2, or their analogues.36,37,45−47 The helix mimetics
reported herein inhibited the proliferation of c-Myc-over-
expressing cells in a manner that reflected their abilities to
disrupt DNA binding by the c-Myc−Max heterodimer in vitro.
Finally, the induction of cell cycle arrest, the accumulation of
neutral lipids, and the inhibition of c-Myc-dependent gene
expression, are all consistent with c-Myc being the main cellular
target of 4da and other such compounds. Nonetheless, 4da
may possess some nonspecific toxicities or recognize other
targets that are needed to drive proliferation as evidenced by
the inhibition of some cell lines that do not express c-Myc
(Table 6). It will be important to minimize such properties in
future attempts to optimize this class of compounds. It is
tempting to speculate that compounds such as 4da might be
particularly effective in conjunction with other direct inhibitors
such as 10058-F4 and 2 by preventing or reversing DNA
binding by any residual c-Myc−Max(S) heterodimers that
formed in the presence of the latter compounds.

■ CONCLUSIONS
Novel, direct inhibitors of c-Myc were designed based on a
synthetic α-helix mimetic strategy to recognize and perturb the
structure of the coiled coil c-Myc−Max heterodimer. Our most
potent, cellularly-active compound, 4da, demonstrated this
activity in vitro with IC50 values in the low micromolar range.

Figure 3. (A) 15N-Max(S) HSQC spectra with (red) and without (black) the addition of 100 μM 4da. (B) 15N-c-Myc HSQC spectra with (red) and
without (black) the addition of 100 μM 4da. (C) Heterodimeric complex of 15N-Max(S) (black alone) and with c-Myc (red). (D) c-Myc−15N-
Max(S) binary complex (black) with the addition of 100 μM of 4da (red). (E) Dose−response curves of four isolated NMR cross-peak intensities
(108.98/8.35, 109.37/8.02, 123.96/7.63, 133.38/7.992 [15N ppm/1H ppm]). (Analysis was performed based on eq 1 (NMR Experimental Section)).
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Several techniques were enlisted to delineate the mechanism of
inhibition of our compounds. The outcomes of these studies
are consistent with the idea that, as designed, these compounds
bind helical c-Myc and impair the c-Myc−Max heterodimer’s
ability to bind DNA without causing the dissociation of c-Myc−
Max heterodimers. The in vitro results were mirrored by studies
showing that, under conditions where 4da inhibited cell
growth, c-Myc−Max heterodimers remained intact in situ.
Current work is focused on determining the metabolic stability
of 4da because the c-Myc inhibitor 2 exhibits a short half-life

due to metabolism of the nitro group to the toxic
hydroxylamino derivative and the inactive amino derivative.45,71

Hence, in addition to contributing to a short half-life, the nitro
group in 4da may also be responsible for the general toxicity of
the compound. Thus, toward the further optimization of our
helix mimetics, efforts will be made to seek out nitro group
bioisosteres, of which it is already known there exists at least

Figure 4. SPR analysis of 2 and 4da. Concentrations refer to (A) c-Myc−Max(S) dimer or (B−E) small-molecule ligand. (A) Concentration-
dependent binding of c-Myc−Max(S) heterodimers to a biotin-tagged E-box-containing double-stranded oligonucleotide immobilized to a
streptavidin-coated biosensor chip. Binding of the oligonucleotide itself was associated with a response of 700−800 units. After resetting this value to
baseline, equimolar concentrations of c-Myc and Max(S) were allowed to dimerize for 30 min and then passed over the biosensor chip. Note the
concentration-dependent increase in response. (B) Prevention of heterodimerization by 2. The indicated concentrations of 2 were incubated with 20
nM of c-Myc for 20 min, followed by the addition of 20 nM Max(S). Following an additional 30 min incubation, the mixture was applied to the E-
Box-containing biosensor chip. (C) DNA binding by preformed c-Myc−Max(S) heterodimers is relatively resistant to 2. Preformed c-Myc−Max(S)
heterodimers (20 nM of each protein) were incubated for 30 min with the indicated concentrations of 2 and then applied to the E-Box-containing
biosensor chip. (D) Disruption of DNA binding by 4da. The experiment was performed as described in (B) except that the indicated concentrations
of 4da were incubated with c-Myc monomer prior to the addition of Max(S). (E) The experiment was performed as described in (D), except that
preformed c-Myc−Max(S) heterodimers were incubated with the indicated concentrations of 4da. Blue bars indicate the period during which
protein−compound mixtures were being injected. Note that the relative response in each case has been normalized to 100 to denote the maximal
response for each set of curves in order to allow intergroup comparisons. Similar results for each panel were obtained on at least two additional
occasions.

Table 5. Viability of HL60 and Daudi Cells in the Presence
of Synthetic α-Helix Mimetics after 3 Daysa

inhibition (IC50, μM)

no. HL60 cells Daudi cells

4aa 39.9 ± 5.3 22.9 ± 2.5
4ca 44.8 ± 0.9 25.6 ± 1.4
4da 19.9 ± 1.6 9.5 ± 0.7
15 21.5 ± 2.7 11.2 ± 1.4
16 30.3 ± 4.6 11.1 ± 1.1
21 >50 >50

aMTT cell proliferation assays performed as previously de-
scribed.36,37,43,46,47 The results shown represent the means and
standard deviations of quadruplicate experiments.

Table 6. Growth Inhibition Studies Were Performed As
Described for Table 3a

cell line or strain cell type inhibition (IC50, μM)

H460 lung cancer 15.9 ± 1.1
HeLa uterine cervical cancer 10.8 ± 0.8
HEK-293 embryonic kidney 10.4 ± 1.3
JJN3 myeloma 15.7 ± 0.9
INA-6 myeloma 18.1 ± 0.8
IH-1 myeloma 20.6 ± 1.1
ANBL-6 myeloma 35.6 ± 2.6
KJON myeloma 23.0 ± 2.6
U266 myeloma 46.0 ± 3.2
HO15.19 (myc−/−) rat fibroblasts 20.6 ± 1.0
HO15.19-wt-Myc rat fibroblasts 14.1 ± 1.2

aCells were incubated in serial dilutions of 4da for 3 days before
determining viable cell numbers relative to untreated cells.
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one (ethyl aminooxalate in compound 21). More generally, the
identification of a new mechanism of action by which direct c-
Myc inhibitors may function should provide ample oppor-
tunities for the design of novel analogues of compounds such as
those described here that are intended to promote more
efficient cellular uptake and PPI disruption.

■ EXPERIMENTAL SECTION
Chemistry: General. Unless otherwise stated, all reactions were

performed under an inert (N2) atmosphere. Reagents and solvents
were reagent grade and purchased from Sigma-Aldrich, Alfa Aesar,
Oakwood, and TCI America. Anhydrous solvents were purchased
from Sigma-Aldrich and used as provided. Reactions were monitored
by TLC, visualizing with a UV lamp and/or KMnO4 stain. Silica gel 60
(70−230 mesh, Merck) was used for flash column chromatography.
1H and 13C NMR spectra were recorded on Varian INOVA 400 MHz

NMR spectrometers at 25 °C. Chemical shifts are reported in parts per
million (ppm). Data for 1H NMR are reported as follows: chemical
shift (δ ppm) (integration, multiplicity, coupling constant (Hz),
identity). Multiplicities are reported as follows: s = singlet, d = doublet,
t = triplet, q = quartet, hep = heptet, dd = doublet of doublets, m =
multiplet. Data for 13C are reported in terms of chemical shifts (δ
ppm). The residual solvent peak was used as an internal reference. The
mass spectra were obtained on an electrospray TOF (ESI-TOF) mass
spectrometer (BrukerAmaZon X). Target molecules that were
evaluated beyond the initial EMSA screen (4aa, 4da, 4ca, 15, 16,
and 21) exhibited purities of >95% as determined by CHN elemental
combustion analysis.

General Procedure A. Nucleophilic Aromatic Substitution
(SNAr). NaH (3 equiv) was suspended in anhydrous THF (0.1 M),
and the requisite alcohol (1.3 equiv) was added at 0 °C under an inert
(N2) atmosphere. After 15 min, 3-fluoro-4-nitrobenzoic acid (1 equiv)
was added. The reaction mixture was stirred for 15 min at 0 °C, then
at RT for 2 h. TLC indicated the reaction was complete. The reaction
was quenched by adding satd NH4Cl, then partitioned with EtOAc.
The aqueous layer was put to one side, and then the organic layer was
washed twice with 0.1 M HCl. The organic layer was dried over
Na2SO4, filtered, concentrated, and purified by flash column
chromatography over silica gel using an eluent of Hex/EtOAc/
AcOH, 1:1:0.1, to provide the title compound.

General Procedure B. Acid Chloride Synthesis. To a solution of
the carboxylic acid in CH2Cl2 or THF (0.1 M) at 0 °C was added
dropwise oxalyl chloride followed by one drop of DMF. The reaction
was stirred under an inert atmosphere at room temperature for 2 h
(typically, all reactions were complete after this time) and then
concentrated in vacuo and dried for at least 5 h under high vacuum to
afford the acid chloride which was used without further purification.

General Procedure C. Reduction of Nitro Group with Pd/C. 10%
Pd/C (20 wt %) was carefully added to an evacuated flask of the nitro
compound in EtOH (0.1 M). H2 was bubbled through the reaction
mixture for 10 min, and then the reaction was stirred under 1 atm of
H2 (balloon) for 1−5 h. TLC confirmed the reaction was complete.
The reaction mixture was filtered over Celite, washing with MeOH.
The filtrate was concentrated in vacuo, then dried under high vacuum
to furnish the title compound.

Figure 5. 4da promotes cell cycle arrest. Logarithmically growing HL60 promyelocytic leukemia cells were incubated with the indicated
concentrations of 4da or the previously described c-Myc inhibitor 10058-F436 for 24 h. Cells were then collected and stained with propidium iodide
as previously described.69 Typical results are shown. Repeat experiments performed in triplicate on a separate occasion yielded very similar findings
(Supporting Information, Table 1).

Figure 6. 4da causes neutral lipid accumulation. H460 large cell lung
cancer cells were incubated in the indicated concentrations of 2 or 4da
for 48 h and then stained with the neutral lipid-specific fluorescent dye
BODIPY-459/503.69 Control, untreated cells were stained in parallel.
Curves depict the fluorescence distribution of at least 104 individual
events from each group. The numbers in the upper left corner depict
the ratio of mean fluorescence intensity of inhibitor-treated cells to
control cells, based on the average of biological triplicates stained in
parallel ± one standard error. Typical flow diagrams are indicated in
each panel.
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General Procedure D. Reduction of Nitro Group with
SnCl2.2H2O. The nitro compound (1 equiv) was dissolved in EtOAc
(0.1 M), and then SnCl2·2H2O (5 equiv) was added. The reaction
mixture was stirred for 3 h at 50 °C, by which time TLC confirmed the
reaction was complete. The reaction mixture was partitioned between
EtOAc and satd NaHCO3. The organic layer was collected, and the
aqueous layer was extracted with further EtOAc (×2). The organic
layers were combined, washed with satd NaHCO3 and brine, dried
(Na2SO4), filtered, and concentrated. The residue was purified by silica
gel flash column chromatography using a gradient of EtOAc in Hex as
eluent to furnish the corresponding aniline.
General Procedure E. Methyl Ester Hydrolysis. NaOH (4 equiv)

was added to a solution of the methyl ester (1 equiv) in a 3:1:1
mixture of THF/MeOH/H2O (0.08 M). The reaction was stirred at
room temperature until complete consumption of the starting material
(1 h−4 d). The reaction mixture was diluted with further water,
acidified to pH 5 with 1 N HCl, and then extracted into EtOAc (×5).
The organic layers were combined, dried over Na2SO4, filtered, and
concentrated to give the carboxylic acid which did not require further
purification.
General Procedure F. Bis-arylamide Synthesis. To a solution of

the aniline (1 equiv) and N,N-dimethylaniline in anhydrous acetone
(0.2 M) at 0 °C was added dropwise a solution of the acid chloride of
the appropriate 4-nitrobenzoic acid (1 equiv) in anhydrous acetone
(0.2 M). The resulting mixture was allowed to warm to room
temperature overnight. The white precipitate was collected by vacuum
filtration and washed with acetone, 2 N HCl, and water until the
filtrate was neutral, and then dried in vacuo at 40 °C overnight.
3-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)benzoic Acid

(4aa). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was converted to its
corresponding acid chloride according to general procedure B on a
0.33 mmol scale, then coupled to 4-amino-3-isobutyoxybenzoic acid72

(8a) according to general procedure F to deliver the title compound as

a pale-yellow solid (80 mg, 56%). 1H NMR (DMSO-d6, 400 MHz) δ
12.98 (1H, s, CO2H), 9.79 (1H, s, NH), 8.03 (1H, d, J = 8.0 Hz, Ar),
7.97 (1H, d, J = 8.0 Hz, Ar), 7.79 (1H, s, Ar), 7.62 (2H, d, J = 8.0 Hz,
Ar), 7.57 (1H, s, Ar), 4.03 (2H, d, J = 6.4 Hz, OCH2), 3.89 (2H, d, J =
6.4 Hz, OCH2), 2.08 (2H, m, 2 × CH(CH3)2), 0.99 (12H, m, 2 ×
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.3, 163.9, 151.4,
150.8, 141.5, 139.7, 131.2, 128.5, 125.5, 123.7, 122.3, 119.9, 114.2,
112.9, 75.6, 74.9, 28.2, 28.0, 19.4, 19.1. MS (ESI) m/z calcd for
C22H26N2O7 (M+), 430.2; found, 431.1 (M + H+); Anal. Calcd for
C22H26N2O7: C, 61.39; H, 6.09; N, 6.51. Found: C, 61.11; H, 6.07; N,
6.37.

3-(Benzyloxy)-4-(3-isobutoxy-4-nitrobenzamido)benzoic
Acid (4ac). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was converted to
its corresponding acid chloride according to general procedure B on a
0.19 mmol scale, then coupled to 4-amino-3-benzyloxybenzoic acid73

(8c) according to general procedure F to deliver the title compound as
a pale-yellow solid (46 mg, 52%). 1H NMR (DMSO-d6, 400 MHz) δ
12.96 (1H, s, CO2H), 9.91 (1H, s, NH), 7.99 (1H, d, J = 8.0 Hz, Ar),
7.91 (1H, d, J = 8.0 Hz, Ar), 7.74 (1H, s, Ar), 7.65 (1H, s, Ar), 7.59
(2H, t, J = 8.4 Hz, Ar), 7.50 (2H, d, J = 6.8 Hz, Ar), 7.34 (2H, t, J = 6.8
Hz, Ar), 7.30 (1H, d, J = 6.8 Hz, Ar), 5.24 (2H, s, OCH2), 3.96 (2H, d,
J = 5.6 Hz, OCH2), 2.01 (1H, m, CH(CH3)2), 0.95 (6H, d, J = 6.4 Hz,
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.2, 164.1, 151.5,
150.6, 141.5, 139.7, 137.1, 131.4, 128.8, 128.6, 128.2, 127.6, 125.4,
124.3, 122.6, 120.0, 114.3, 113.7, 75.6, 70.3, 28.0, 19.1. MS (ESI) m/z
calcd for C25H24N2O7 (M

+), 464.2; found, 465.1 (M + H+).
4-(3-Isobutoxy-4-nitrobenzamido)-3-(pyridin-2-ylmethoxy)-

benzoic Acid (4ag). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was
converted to its corresponding acid chloride according to general
procedure B on a 0.24 mmol scale, then coupled to 4-amino-3-
(pyridin-2-ylmethoxy)benzoic acid (8g) according to general
procedure F to deliver the title compound as a white solid (55 mg,
49%). 1H NMR (DMSO-d6, 400 MHz) δ 12.99 (1H, s, CO2H), 10.19
(1H, s, NH), 8.06 (1H, d, J = 8.0 Hz, Ar), 8.02 (1H, d, J = 8.0 Hz, Ar),
7.82 (2H, m, Py), 7.68 (3H, m, Ar + Py), 7.61 (1H, d, J = 8.0 Hz, Ar),
7.35 (1H, t, J = 4.8 Hz, Py), 5.37 (2H, s, OCH2), 4.02 (2H, d, J = 6.4
Hz, OCH2), 2.05 (1H, m, CH(CH3)2), 0.99 (6H, d, J = 6.0 Hz,
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.1, 164.1, 156.7,
151.5, 150.2, 149.4, 141.6, 139.7, 137.4, 131.9, 128.4, 125.5, 123.9,
123.5, 123.2, 121.8, 119.9, 114.7, 114.5, 75.6, 71.8, 28.0, 19.1. MS
(ESI) m/z calcd for C24H23N3O7 (M

+), 465.2; found, 466.1 (M + H+).
4-(3-Isobutoxy-4-nitrobenzamido)-3-(pyridin-3-ylmethoxy)-

benzoic Acid (4ah). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was
converted to its corresponding acid chloride according to general
procedure B on a 0.37 mmol scale, then coupled to 4-amino-3-
(pyridin-3-ylmethoxy)benzoic acid (8h) according to general
procedure F to deliver the title compound as a white solid (120 mg,
70%). 1H NMR (DMSO-d6, 400 MHz) δ 13.01 (1H, bs, CO2H),
10.01 (1H, s, NH), 8.94 (1H, s, Py), 8.71 (1H, d, J = 4.0 Hz, Py), 8.35
(1H, d, J = 8.0 Hz, Ar), 8.00 (1H, d, J = 8.4 Hz, Ar), 7.91 (1H, d, J =
8.0 Hz, Py), 7.77 (2H, m, Ar + Py), 7.69 (1H, s, Ar), 7.65 (1H, d, J =

Figure 7. 4da specifically inhibits a c-Myc reporter vector. HeLa cells stably expressing luciferase vectors under the control of a minimal promoter
bearing c-Myc or NF-kB binding sites were exposed to the indicated concentrations of 4da or the previously well-characterized c-Myc inhibitor 2 for
6 h. Cells were assayed for luciferase activity as described in the Experimental Section. The results depicted represent the mean of triplicate
determinations ±1 standard error, with the value for untreated cells arbitrarily being set to 100%.

Figure 8. 4da fails to promote c-Myc−Max dissociation in situ. HL60
promyelocytic leukemia cells were exposed for 6 h the indicated
concentrations of 10058-F4 or 4da or to DMSO vehicle alone. Total
cell lysates were then prepared as previously described,46 and Max
proteins were immunoprecipitated (IP) followed by immunoblotting
(IB) of the precipitate with an anti-c-Myc antibody. The bottom
portion of each panel shows the total amount of c-Myc protein in
lysates prior to IP.
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8.0 Hz, Ar), 7.61 (1H, d, J = 8.4 Hz, Ar), 5.41 (2H, s, OCH2), 3.98
(2H, d, J = 6.4 Hz, OCH2), 2.02 (1H, m, CH(CH3)2), 0.96 (6H, d, J =
6.8 Hz, CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.1, 164.2,
151.5, 150.3, 145.4, 144.7, 141.5, 140.5, 139.6, 135.2, 131.4, 128.7,
125.7, 125.4, 124.7, 123.0, 120.1, 114.5, 113.7, 75.6, 67.4, 28.0, 19.1.
MS (ESI) m/z calcd for C24H23N3O7 (M

+), 465.2; found, 466.1 (M +
H+).
4-(3-Isobutoxy-4-nitrobenzamido)-3-(pyridin-4-ylmethoxy)-

benzoic Acid (4ai). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was
converted to its corresponding acid chloride according to general
procedure B on a 0.28 mmol scale, then coupled to 4-amino-3-
(pyridin-4-ylmethoxy)benzoic acid (8i) according to general proce-
dure F to deliver the title compound as a white solid (94 mg, 72%). 1H
NMR (DMSO-d6, 400 MHz) δ 13.00 (1H, bs, CO2H), 10.27 (1H, s,
NH), 8.87 (2H, d, J = 5.6 Hz, Py), 8.06 (2H, d, J = 5.6 Hz, Py), 8.02
(1H, d, J = 8.8 Hz, Ar), 7.87 (2H, d, J = 8.4 Hz, Ar), 7.66 (3H, m, Ar),
5.58 (2H, s, OCH2), 4.01 (2H, d, J = 5.6 Hz, OCH2), 2.02 (1H, m,
CH(CH3)2), 0.96 (6H, d, J = 6.0 Hz, CH(CH3)2).

13C NMR (DMSO-
d6, 100 MHz) δ 166.9, 164.1, 155.6, 151.4, 150.1, 143.4, 141.5, 139.4,
131.2, 128.8, 125.3, 125.2, 123.9, 123.1, 120.0, 114.5, 113.6, 75.6, 68.1,
27.9, 19.0. MS (ESI) m/z calcd for C24H23N3O7 (M

+), 465.2; found,
466.1 (M + H+).
4-(3-Isobutoxy-4-nitrobenzamido)benzoic Acid (4aj). 3-Iso-

butoxy-4-nitrobenzoic acid72 (6a) was converted to its corresponding
acid chloride according to general procedure B on a 0.31 mmol scale,
then coupled to 4-aminobenzoic acid (8j) according to general
procedure F to deliver the title compound as a pale-yellow solid (76
mg, 69%). 1H NMR (DMSO-d6, 400 MHz) δ 12.78 (1H, s, CO2H),
10.65 (1H, s, NH), 8.00 (1H, d, J = 8.8 Hz, Ar), 7.94 (2H, d, J = 8.8
Hz, Ar), 7.87 (2H, d, J = 8.8 Hz, Ar), 7.76 (1H, s, Ar), 7.61 (1H, d, J =
8.0 Hz, Ar), 4.02 (2H, d, J = 6.0 Hz, OCH2), 2.03 (1H, m,
CH(CH3)2), 0.97 (6H, d, J = 6.4 Hz, CH(CH3)2).

13C NMR (DMSO-
d6, 100 MHz) δ 167.3, 164.7, 151.4, 143.1, 141.5, 140.1, 130.7, 126.4,
125.3, 120.1, 114.7, 75.7, 28.1, 19.1. MS (ESI) m/z calcd for
C18H18N2O6 (M

+), 358.1; found, 359.1 (M + H+).
3-Isopropoxy-4-(3-isopropoxy-4-nitrobenzamido)benzoic

Acid (4bb). 3-Isopropoxy-4-nitrobenzoic acid51 (6b) was converted
to its corresponding acid chloride according to general procedure B on
a 0.31 mmol scale, then coupled to 4-amino-3-isopropoxybenzoic
acid72 (8b) according to general procedure F to deliver the title
compound as a pale-yellow solid (38 mg, 31%). 1H NMR (CDCl3 +
CD3OD, 400 MHz) δ 8.44 (1H, s, NH), 7.80 (2H, d, J = 8.0 Hz, Ar),
7.59 (2H, s, 2 × Ar-1H), 7.27 (2H, d, J = 8.0 Hz, Ar), 4.73 (2H, m, 2 ×
OCH(CH3)2), 1.38 (12H, d, J = 5.2 Hz, 2 × OCH(CH3)2.

13C NMR
(CDCl3 + CD3OD, 100 MHz) δ 163.0, 151.4, 145.7, 142.7, 139.3,
131.7, 125.7, 118.5, 117.1, 115.2, 73.0, 71.6, 29.6, 22.0, 21.7. MS (ESI)
m/z calcd for C20H22N2O7 (M

+), 402.1; found, 403.0 (M + H+).
3-Isobutoxy-4-(3-benzyloxy-4-nitrobenzamido)benzoic

Acid (4ca). 3-Benzyloxy-4-nitrobenzoic acid73 (6c) was converted to
its corresponding acid chloride according to general procedure B on a
0.37 mmol scale, then coupled to 4-amino-3-isobutyoxybenzoic acid73

(8a) according to general procedure F to deliver the title compound as
a pale-yellow solid (68 mg, 40%). 1H NMR (DMSO-d6, 400 MHz) δ
12.98 (1H, s, CO2H), 9.82 (1H, s, NH), 8.07 (1H, d, J = 8.0 Hz, Ar),
7.94 (2H, m, Ar), 7.66 (1H, d, J = 8.0 Hz, Ar), 7.62 (1H, d, J = 8.0 Hz,
Ar), 7.57 (1H, s, Ar), 7.46−7.41 (4H, m, Ar), 7.38 (1H, d, J = 6.4 Hz,
Ar), 5.40 (2H, s, OCH2), 3.89 (2H, d, J = 5.6 Hz, OCH2), 2.07 (1H,
m, CH(CH3)2), 0.99 (6H, d, J = 6.4 Hz, CH(CH3)2).

13C NMR
(DMSO-d6, 100 MHz) δ 167.3, 163.9, 151.0, 150.9, 141.8, 139.7,
136.1, 131.1, 129.0, 128.6, 127.8, 125.6, 123.9, 122.3, 120.2, 115.0,
113.0, 74.9, 71.2, 28.1, 19.4. MS (ESI) m/z calcd for C25H24N2O7
(M+), 464.2; found, 465.1 (M + H+). Anal. Calcd for C25H24N2O7: C,
64.65; H, 5.21; N, 6.03. Found: C, 64.86; H, 5.23; N, 6.06.
3 - I sobu toxy -4 - ( 3 - ( naph tha l en -1 - y lme thoxy ) - 4 -

nitrobenzamido)benzoic Acid (4da (“JKY-2-169”)). 3-Naphtha-
len-1-ylmethoxy-4-nitrobenzoic acid73 (6d) was converted to its
corresponding acid chloride according to general procedure B on a
0.31 mmol scale, then coupled to 4-amino-3-isobutyoxybenzoic acid72

(8a) according to general procedure F to deliver the title compound as
a pale-yellow solid (134 mg, 84%). 1H NMR (DMSO-d6, 400 MHz) δ

12.96 (1H, s, CO2H), 9.80 (1H, s, NH), 8.14 (1H, s, Ar), 8.07 (1H, d,
J = 7.2 Hz, Ar), 8.04 (1H, d, J = 8.0 Hz, Ar), 7.96−7.92 (3H, m, Ar),
7.69 (1H, d, J = 7.2 Hz, Ar), 7.65 (1H, d, J = 8.0 Hz, Ar), 7.60−7.50
(5H, m, Ar), 5.82 (2H, s, OCH2), 3.85 (2H, d, J = 5.6 Hz, OCH2),
2.04 (1H, m, CH(CH3)2), 0.95 (6H, d, J = 6.0 Hz, CH(CH3)2).

13C
NMR (DMSO-d6, 100 MHz) δ 167.3, 164.0, 151.1, 150.8, 141.8,
139.8, 133.6, 131.6, 131.2, 129.4, 128.9, 128.5, 126.9, 126.8, 126.5,
125.8, 125.6, 124.1, 123.8, 122.3, 120.3, 115.0, 112.9, 74.9, 69.8, 28.1,
19.4. MS (ESI) m/z calcd for C29H26N2O7 (M

+), 514.2; found, 515.1
(M + H+). Anal. Calcd for C29H26N2O7: C, 67.70; H, 5.09; N, 5.44.
Found: C, 67.41; H, 4.94; N, 5.35.

4-(3-((2,3-Dihydro-1H-inden-2-yl)oxy)-4-nitrobenzamido)-3-
isobutoxybenzoic Acid (4ea). 3-(2,3-dihydro-1H-inden-2-yl)oxy)-
4-nitrobenzoic acid (6e) was converted to its corresponding acid
chloride according to general procedure B on a 0.66 mmol scale, then
coupled to 4-amino-3-isobutyoxybenzoic acid73 (8a) according to
general procedure F to deliver the title compound as a pale-yellow
solid (252 mg, 78%). 1H NMR (DMSO-d6, 400 MHz) δ 12.95 (1H, s,
CO2H), 9.79 (1H, s, NH), 7.98 (1H, d, J = 8.4 Hz, Ar), 7.95 (1H, d, J
= 8.4 Hz, Ar), 7.87 (1H, s, Ar), 7.59 (2H, m, Ar), 7.54 (1H, s, Ar),
7.23 (2H, m, Ar), 7.16 (2H, m, Ar), 5.50 (1H, m, OCH), 3.86 (2H, d,
J = 6.4 Hz, OCH2), 3.45 (2H, dd, J = 6.0 Hz, 17.2 Hz, CHCH2), 3.08
(2H, d, J = 17.2 Hz, CHCH2), 2.06 (1H, m, CH(CH3)2), 0.97 (6H, d,
J = 6.0 Hz, CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.3,
164.0, 150.9, 150.2, 142.3, 140.5, 139.6, 131.2, 128.5, 127.1, 125.7,
125.0, 123.9, 122.3, 120.2, 115.1, 112.9, 80.3, 74.9, 28.3, 19.4. MS
(ESI) m/z calcd for C27H26N2O7 (M

+), 490.2; found, 491.1 (M + H+).
3-Methoxy-4-(3-methoxy-4-nitrobenzamido)benzoic Acid

(4ff). 3-Methoxy-4-nitrobenzoic acid (6f) was converted to its
corresponding acid chloride according to general procedure B on a
0.49 mmol scale, then coupled to 4-amino-3-methoxybenzoic acid (8f)
according to general procedure F to deliver the title compound as a
pale-yellow solid (129 mg, 76%). 1H NMR (DMSO-d6, 400 MHz) δ
12.99 (1H, s, CO2H), 9.92 (1H, s, NH), 8.02 (1H, d, J = 8.0 Hz, Ar),
7.95 (1H, d, J = 8.0 Hz, Ar), 7.83 (1H, s, Ar), 7.65−7.60 (3H, m, Ar),
4.02 (3H, s, OCH3), 3.91 (3H, s, OCH3).

13C NMR (DMSO-d6, 100
MHz) δ 167.3, 164.2, 152.0, 151.3, 141.4, 139.8, 131.0, 128.4, 125.4,
124.0, 122.3, 120.1, 114.0, 112.1, 57.3, 56.3. MS (ESI) m/z calcd for
C16H14N2O7 (M

+), 346.1; found, 347.0 (M + H+).
3-Isobutoxy-4-(4-nitro-3-(pyridin-2-ylmethoxy)benzamido)-

benzoic Acid (4ga). 4-Nitro-3-(pyridin-2-ylmethoxy)benzoic acid
(6g) was converted to its corresponding acid chloride according to
general procedure B on a 0.20 mmol scale, then coupled to 4-amino-3-
isobutyoxybenzoic acid73 (8a) according to general procedure F to
deliver the title compound as a white solid (72 mg, 77%). 1H NMR
(DMSO-d6, 400 MHz) δ 13.00 (1H, s, CO2H), 9.85 (1H, s, NH), 8.61
(1H, s, Ar), 8.11 (1H, d, J = 8.0 Hz, Ar), 7.97 (1H, s, Ar), 7.93−7.89
(2H, m, Ar + Py), 7.69 (1H, d, J = 8.4 Hz, Ar), 7.63 (1H, d, J = 8.4 Hz,
Ar), 7.58 (2H, m, Py), 7.39 (1H, t, J = 6.0 Hz, Py), 5.49 (2H, s,
OCH2), 3.89 (2H, d, J = 5.2 Hz, OCH2), 2.07 (1H, m, CH(CH3)2),
0.99 (6H, d, J = 6.0 Hz, CH(CH3)2).

13C NMR (DMSO-d6, 100
MHz) δ 167.3, 163.8, 155.8, 151.0, 150.9, 149.6, 141.6, 139.8, 137.6,
131.1, 128.6, 125.8, 124.1, 123.6, 122.3, 121.7, 120.5, 114.9, 113.0,
74.9, 71.8, 28.1, 19.4. MS (ESI) m/z calcd for C24H23N3O7 (M+),
465.2; found, 466.1 (M + H+).

3-Isobutoxy-4-(4-nitrobenzamido)benzoic Acid (4ja). 4-Ni-
trobenzoyl chloride (7j; 0.45 mmol) was coupled to 4-amino-3-
isobutyoxybenzoic acid72 (8a) according to general procedure F to
deliver the title compound as a white solid (154 mg, 96%). 1H NMR
(DMSO-d6, 400 MHz) δ 12.94 (1H, s, CO2H), 9.85 (1H, s, NH), 8.35
(2H, d, J = 8.4 Hz, Ar), 8.13 (2H, d, J = 8.4 Hz, Ar), 7.88 (1H, d, J =
7.6 Hz, Ar), 7.58 (1H, d, J = 7.6 Hz, Ar), 7.53 (1H, s, Ar), 3.85 (2H, d,
J = 6.4 Hz, OCH2), 2.03 (1H, m, CH(CH3)2), 0.95 (6H, d, J = 6.4 Hz,
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.3, 164.0, 151.0,
149.7, 140.4, 131.2, 129.4, 128.6, 124.2, 124.1, 122.2, 113.0, 74.9, 28.1,
19.4. MS (ESI) m/z calcd for C18H18N2O6 (M

+), 358.1; found, 359.1
(M + H+).

4-(4-Nitrobenzamido)benzoic Acid (4jj). 4-Nitrobenzoyl chlor-
ide (7j; 0.693 mmol) was coupled to 4-aminobenzoic acid according to
general procedure F to deliver the title compound as a pale-yellow
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solid (180 mg, 91%). 1H NMR (DMSO-d6, 400 MHz) δ 12.81 (1H, s,
CO2H), 10.85 (1H, s, NH), 8.40 (2H, d, J = 8.4 Hz, Ar), 8.21 (2H, d, J
= 8.4 Hz, Ar), 7.99 (2H, d, J = 8.4 Hz, Ar), 7.93 (2H, d, J = 8.4 Hz,
Ar). 13C NMR (DMSO-d6, 100 MHz) δ 167.3, 164.7, 149.7, 143.2,
140.6, 130.7, 129.7, 126.4, 124.0, 120.1. MS (ESI) m/z calcd for
C14H10N2O5 (M

+), 286.1; found, 287.0 (M + H+).
Methyl 3-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)-

benzoate (14aa). 3-Isobutoxy-4-nitrobenzoic acid72 (6a) was
converted to its corresponding acid chloride according to general
procedure B on a 0.18 mmol scale, then coupled to methyl 4-amino-3-
isobutoxybenzoate72 (9a) according to general procedure F to deliver
the title compound as a pale-yellow solid (51 mg, 64%). 1H NMR
(CDCl3, 400 MHz) δ 8.78 (1H, s, NH), 8.60 (1H, d, J = 8.4 Hz, Ar),
7.93 (1H, d, J = 8.4 Hz, Ar), 7.75 (1H, d, J = 8.4 Hz, Ar), 7.64 (1H, s,
Ar), 7.58 (1H, s, Ar), 7.39 (1H, d, J = 8.4 Hz, Ar), 3.95 (4H, m, 2 ×
OCH2), 3.92 (3H, s, OCH3), 2.18 (2H, m, 2 × CH(CH3)2, 1.11 (6H,
d, J = 6.4 Hz, CH(CH3)2, 1.07 (6H, d, J = 6.4 Hz, CH(CH3)2.

13C
NMR (CDCl3, 100 MHz) δ 166.5, 163.0, 152.8, 147.0, 141.6, 139.7,
131.4, 125.9, 125.8, 123.3, 118.6, 117.2, 113.7, 111.5, 76.0, 75.0, 52.1,
28.2, 28.1, 19.3, 18.9. MS (ESI) m/z calcd for C23H28N2O7 (M+),
444.2; found, 445.1 (M + H+).
Methyl 3-Isobutoxy-4-(3-isopropoxy-4-nitrobenzamido)-

benzoate (14ba). 3-Isopropoxy-4-nitrobenzoic acid51 (6b) was
converted to its corresponding acid chloride according to general
procedure B on a 0.18 mmol scale, then coupled to methyl 4-amino-3-
isobutoxybenzoate72 (9a) according to general procedure F to deliver
the title compound as a pale-yellow solid (77 mg, 100%). 1H NMR
(CDCl3, 400 MHz) δ 8.76 (1H, s, NH), 8.59 (1H, d, J = 8.4 Hz, Ar),
7.86 (1H, d, J = 8.4 Hz, Ar), 7.75 (1H, d, J = 8.4 Hz, Ar), 7.67 (1H, s,
Ar), 7.57 (1H, s, Ar), 7.36 (1H, d, J = 8.4 Hz, Ar), 4.80 (1H, m,
OCH(CH3)2), 3.94−3.91 (5H, m, OCH3 + OCH2CH), 2.19 (1H, m,
CH2CH(CH3)2), 1.43 (6H, d, J = 5.6 Hz, OCH(CH3)2), 1.10 (6H, d,
J = 7.2 Hz, CH2CH(CH3)2).

13C NMR (CDCl3, 100 MHz) δ 166.5,
163.1, 151.5, 147.0, 142.8, 139.4, 131.4, 125.7, 123.3, 118.6, 117.0,
115.3, 111.5, 75.1, 73.0, 52.1, 28.2, 21.7, 19.3. MS (ESI) m/z calcd for
C22H26N2O7 (M

+), 430.2; found, 431.1 (M + H+).
Methyl 3-(Benzyloxy)-4-(3-isopropoxy-4-nitrobenzamido)-

benzoate (14bc). 3-Isopropoxy-4-nitrobenzoic acid51 (6b) was
converted to its corresponding acid chloride according to general
procedure B on a 0.16 mmol scale, then coupled to methyl 4-amino-3-
benzyloxybenzoate73 (9c) according to general procedure F to deliver
the title compound as a pale-yellow solid (71 mg, 96%). 1H NMR
(CDCl3, 400 MHz) δ 8.72 (1H, s, NH), 8.60 (1H, d, J = 8.4 Hz, Ar),
7.78 (1H, d, J = 8.4 Hz, Ar), 7.74 (1H, d, J = 8.4 Hz, Ar), 7.71 (1H, s,
Ar), 7.54 (1H, s, Ar), 7.42−7.40 (5H, m, Ar), 7.23 (1H, d, J = 8.4 Hz,
Ar), 5.19 (2H, s, OCH2), 4.63 (1H, m, OCH), 3.90 (3H, s, OCH3),
1.34 (6H, d, J = 5.6 Hz, CH(CH3)2).

13C NMR (CDCl3, 100 MHz) δ
166.7, 163.3, 151.6, 147.2, 143.0, 139.3, 135.9, 131.9, 129.1, 129.0,
128.2, 125.9, 124.1, 119.0, 117.7, 115.3, 112.6, 73.2, 71.8, 52.4, 21.9.
MS (ESI) m/z calcd for C25H24N2O7 (M

+), 464.2; found, 465.1 (M +
H+).
Methyl 3-((2,3-Dihydro-1H-inden-2-yl)oxy)-4-(3-isopropoxy-

4-nitrobenzamido)benzoate (14be). 3-Isopropoxy-4-nitrobenzoic
acid51 (6b) was converted to its corresponding acid chloride according
to general procedure B on a 0.14 mmol scale, then coupled to methyl
4-amino-3-((2,3-dihydro-1H-inden-2-yl)oxy)-benzoic acid (9e) ac-
cording to general procedure F to deliver the title compound as a
pale-yellow solid (60 mg, 87%). 1H NMR (CDCl3, 400 MHz) δ 8.55
(1H, d, J = 8.0 Hz, Ar), 8.43 (1H, s, NH), 7.77 (2H, m, Ar), 7.53 (2H,
m, Ar), 7.28−7.25 (2H, m, Ar), 7.22−7.19 (2H, m, Ar), 6.38 (1H, dd,
J = 6.8 Hz, 0.8 Hz, Ar), 5.40 (1H, t, J = 5.2 Hz, OCH), 4.69 (1H, m,
OCH), 3.92 (3H, s, OCH3), 3.35 (2H, dd, J = 5.2 Hz, 16.8 Hz,
CHCH2), 3.18 (2H, d, J = 16.8 Hz, CHCH2), 1.37 (6H, d, J = 6.4 Hz,
CH(CH3)2).

13C NMR (CDCl3, 100 MHz) δ 166.4, 163.0, 151.3,
145.1, 142.6, 140.2, 138.8, 133.5, 127.1, 125.7, 125.5, 125.0, 124.2,
118.8, 116.6, 115.3, 115.1, 80.6, 72.8, 52.2, 39.5, 21.7. MS (ESI) m/z
calcd for C27H26N2O7 (M

+), 490.2; found, 491.1 (M + H+).
Methyl 3-Benzyloxy-4-(3-isobutoxy-4-nitrobenzamido)-

benzoate (14ca). 3-Benzyloxy-4-nitrobenzoic acid73 (6c) was
converted to its corresponding acid chloride according to general

procedure B on a 0.18 mmol scale, then coupled to methyl 4-amino-3-
isobutoxybenzoate72 (9a) according to general procedure F to deliver
the title compound as a pale-yellow solid (86 mg, 100%). 1H NMR
(CDCl3, 400 MHz) δ 8.77 (1H, s, NH), 8.54 (1H, d, J = 8.4 Hz, Ar),
7.94 (1H, d, J = 8.4 Hz, Ar), 7.61 (1H, s, Ar), 7.73 (1H, d, J = 8.4 Hz,
Ar), 7.56 (1H, s, Ar), 7.46−7.30 (5H, m, Ar), 5.27 (2H, s, OCH2),
3.92−3.89 (5H, m, OCH3 + OCH2CH), 2.18 (1H, m, CH2CH-
(CH3)2), 1.08 (6H, d, J = 7.2 Hz, CH2CH(CH3)2).

13C NMR (CDCl3,
100 MHz) δ 166.6, 162.9, 152.1, 147.1, 141.9, 139.7, 134.8, 131.3,
128.7, 128.4, 127.0, 126.0, 125.8, 123.2, 118.7, 117.6, 114.6, 111.6,
75.1, 71.3, 52.2, 28.2, 19.2. MS (ESI) m/z calcd for C26H26N2O7 (M

+),
478.2; found, 479.1 (M + H+).

Methyl 3-(Benzyloxy)-4-(3-benzyloxy-4-nitrobenzamido)-
benzoate (14cc). 3-Benzyloxy-4-nitrobenzoic acid73 (6c) was
converted to its corresponding acid chloride according to general
procedure B on a 0.16 mmol scale, then coupled to methyl 4-amino-3-
benzyloxy-benzoate73 (9c) according to general procedure F to deliver
the title compound as a pale-yellow solid (67 mg, 82%). 1H NMR
(CDCl3, 400 MHz) δ 8.73 (1H, s, NH), 8.58 (1H, d, J = 8.4 Hz, Ar),
7.83 (1H, d, J = 8.4 Hz, Ar), 7.77 (1H, d, J = 8.4 Hz, Ar), 7.71 (1H, s,
Ar), 7.64 (1H, s, Ar), 7.44−7.32 (10H, m, Ar), 7.25 (1H, d, J = 8.4 Hz,
Ar), 5.19 (2H, s, OCH2), 5.16 (2H, s, OCH2), 3.91 (3H, s, OCH3).
13C NMR (CDCl3, 100 MHz) δ 166.7, 163.0, 152.3, 147.2, 142.2,
139.6, 135.9, 135.0, 131.9, 129.2, 129.0, 128.7, 128.1, 127.4, 126.1,
124.1, 119.1, 118.3, 114.6, 112.7, 71.8, 71.5, 52.5. MS (ESI) m/z calcd
for C29H24N2O7 (M

+), 512.2; found, 513.1 (M + H+).
Methyl 4-(3-(Benzyloxy)-4-nitrobenzamido)-3-((2,3-dihydro-

1H-inden-2-yl)oxy)benzoate (14ce). 3-Benzyloxy-4-nitrobenzoic
acid73 (6c) was converted to its corresponding acid chloride according
to general procedure B on a 0.14 mmol scale, then coupled to methyl
4-amino-3-((2,3-dihydro-1H-inden-2-yl)oxy)-benzoic acid (9e) ac-
cording to general procedure F to deliver the title compound as a
pale-yellow solid (69 mg, 92%). 1H NMR (CDCl3, 400 MHz) δ 8.54
(1H, d, J = 8.0 Hz, Ar), 8.42 (1H, d, NH), 7.77 (2H, m, Ar), 7.62 (2H,
m, Ar), 7.43 (2H, d, J = 8.0 Hz, Ar), 7.37 (2H, d, J = 8.0 Hz, Ar), 7.32
(1H, d, J = 8.0 Hz, Ar), 7.29 (2H, m, Ar), 7.20 (2H, m, Ar), 6.41 (1H,
dd, J = 1.6 Hz, 8.4 Hz, Ar), 5.40 (1H, t, J = 5.2 Hz, OCH), 5.21 (2H, s,
OCH2), 3.92 (3H, s, OCH3), 3.34 (2H, dd, J = 5.2 Hz, 16.8 Hz,
CHCH2), 3.17 (2H, d, J = 16.8 Hz, CHCH2).

13C NMR (CDCl3, 100
MHz) δ 166.4, 162.7, 151.9, 145.1, 141.7, 140.2, 139.2, 134.8, 133.5,
128.7, 128.4, 127.1, 125.8, 125.0, 124.3, 118.8, 117.2, 115.3, 114.6,
80.8, 71.2, 52.2, 39.5. MS (ESI) m/z calcd for C31H26N2O7 (M+),
538.2; found, 539.1 (M + H+).

Methyl 3-Isobutoxy-4-(3-(naphthalen-1-ylmethoxy)-4-
nitrobenzamido)benzoate (14da). 3-Naphthalen-1-ylmethoxy-4-
nitrobenzoic acid73 (6d) was converted to its corresponding acid
chloride according to general procedure B on a 0.18 mmol scale, then
coupled to methyl 4-amino-3-isobutoxybenzoate72 (9a) according to
general procedure F to deliver the title compound as a pale-yellow
solid (95 mg, 100%). 1H NMR (CDCl3, 400 MHz) δ 8.79 (1H, s,
NH), 8.60 (1H, d, J = 8.4 Hz, Ar), 8.05 (1H, d, J = 8.4 Hz, Ar), 7.95
(2H, t, J = 8.4 Hz, Ar), 7.88 (2H, t, J = 9.2 Hz, Ar), 7.76 (1H, d, J = 9.2
Hz, Ar), 7.71 (1H, d, J = 6.8 Hz, Ar), 7.60−7.47 (4H, m, Ar), 7.41
(1H, d, J = 6.8 Hz, Ar), 5.75 (2H, s, OCH2), 3.94−3.92 (5H, m,
OCH3 + OCH2CH), 2.19 (1H, m, CH2CH(CH3)2), 1.09 (6H, d, J =
6.4 Hz, CH2CH(CH3)2).

13C NMR (CDCl3, 100 MHz) δ 166.5,
162.8, 152.2, 147.0, 142.0, 139.7, 133.6, 131.3, 130.9, 130.1, 129.4,
128.7, 126.7, 126.3, 126.1, 125.8, 125.3, 123.3, 123.1, 118.6, 117.6,
114.7, 111.6, 75.1, 70.1, 52.2, 28.2, 19.3. MS (ESI) m/z calcd for
C30H28N2O7 (M

+), 528.2; found, 529.1 (M + H+).
Methyl 3-(Benzyloxy)-4-(3-(naphthalen-1-ylmethoxy)-4-

nitrobenzamido)benzoate (14dc). 3-(Naphthalen-1-ylmethoxy)-
4-nitrobenzoic acid (6d) was converted to its corresponding acid
chloride according to general procedure B on a 0.16 mmol scale, then
coupled to methyl 4-amino-3-benzyloxy-benzoic acid73 (9c) according
to general procedure F to deliver the title compound as a pale-yellow
solid (40 mg, 45%). 1H NMR (CDCl3, 400 MHz) δ 8.76 (1H, s, NH),
8.56 (1H, d, J = 8.4 Hz, Ar), 7.97 (1H, d, J = 8.0 Hz, Ar), 7.86−7.95
(4H, m, Ar), 7.76 (1H, d, J = 8.4 Hz, Ar), 7.69 (1H, s, Ar), 7.60 (1H,
d, J = 6.8 Hz, Ar), 7.50 (2H, d, J = 8.4 Hz, Ar), 7.45 (1H, d, J = 8.4 Hz,
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Ar), 7.40 (2H, d, J = 6.8 Hz, Ar), 7.32 (2H, t, J = 8.4 Hz, Ar), 7.24
(2H, t, J = 6.4 Hz, Ar), 5.52 (2H, s, OCH2), 5.16 (2H, s, OCH2), 3.89
(3H, s, OCH3).

13C NMR (CDCl3, 100 MHz) δ 166.8, 163.2, 163.1,
152.3, 147.2, 142.2, 139.6, 135.8, 133.9, 131.8, 131.2, 130.3, 129.7,
129.1, 128.9, 128.1, 126.9, 126.8, 126.3, 126.1, 125.5, 124.1, 123.5,
119.2, 119.1, 118.3, 114.6, 112.7, 71.8, 70.3, 52.5. MS (ESI) m/z calcd
for C33H26N2O7 (M

+), 562.2; found, 563.1 (M + H+).
Methyl 3-((2,3-Dihydro-1H-inden-2-yl)oxy)-4-(3-(naphtha-

len-1-ylmethoxy)-4-nitrobenzamido)benzoate (14de). 3-(Naph-
thalen-1-ylmethoxy)-4-nitrobenzoic acid73 (6d) was converted to its
corresponding acid chloride according to general procedure B on a
0.14 mmol scale, then coupled to methyl 4-amino-3-((2,3-dihydro-1H-
inden-2-yl)oxy)-benzoic acid (9e) according to general procedure F to
deliver the title compound as a pale-yellow solid (60 mg, 73%). 1H
NMR (CDCl3, 400 MHz) δ 8.56 (1H, d, J = 8.4 Hz, Ar), 8.44 (1H, s,
NH), 8.02 (1H, d, J = 8.4 Hz, Ar), 7.87 (1H, d, J = 8.0 Hz, Ar), 7.84
(1H, d, J = 8.0 Hz, Ar), 7.79 (3H, m, Ar), 7.63 (2H, t, J = 8.4 Hz, Ar),
7.57 (1H, t, J = 8.4 Hz, Ar), 7.50 (1H, d, J = 8.4 Hz, Ar), 7.46 (1H, d, J
= 8.0 Hz, Ar), 7.24 (2H, m, Ar), 7.15 (2H, m, Ar), 6.42 (1H, dd, J =
1.6 Hz, 8.4 Hz, Ar), 5.65 (2H, s, OCH2), 5.40 (1H, t, J = 5.2 Hz,
OCH), 3.92 (3H, s, OCH3), 3.33 (2H, dd, J = 4.8 Hz, 17.2 Hz,
CHCH2), 3.17 (2H, d, J = 17.2 Hz, CHCH2).

13C NMR (CDCl3, 100
MHz) δ 166.4, 162.7, 151.9, 145.1, 141.8, 140.2, 139.2, 133.6, 133.5,
130.9, 130.2, 129.4, 128.7, 127.1, 126.6, 126.4, 126.1, 125.9, 125.2,
125.0, 124.3, 123.2, 118.8, 117.3, 115.3, 114.7, 80.8, 70.0, 52.2, 39.5.
MS (ESI) m/z calcd for C35H28N2O7 (M

+), 588.2; found, 589.1 (M +
H+).
Methyl 4-(3-((2,3-Dihydro-1H-inden-2-yl)oxy)-4-nitrobenza-

mido)-3-isobutoxybenzoate (14ea). 3-((2,3-Dihydro-1H-inden-2-
yl)oxy)-4-nitrobenzoic acid (6e) was converted to its corresponding
acid chloride according to general procedure B on a 0.18 mmol scale,
then coupled to methyl 4-amino-3-isobutoxybenzoate72 (9a) accord-
ing to general procedure F to deliver the title compound as a yellow
solid (85 mg, 94%). 1H NMR (CDCl3, 400 MHz) δ 8.80 (1H, s, NH),
8.61 (1H, d, J = 8.4 Hz, Ar), 7.90 (1H, d, J = 8.4 Hz, Ar), 7.77 (2H, d, J
= 10.0 Hz, Ar), 7.59 (1H, s, Ar), 7.40 (1H, d, J = 8.4 Hz, Ar),
7.26−7.19 (4H, m, Ar), 5.38 (1H, m, OCH), 3.95 (2H, d, J = 6.4 Hz,
OCH2CH), 3.92 (3H, s, OCH3), 3.52 (2H, dd, J = 6.4 Hz, 16.8 Hz,
CHCH2), 3.30 (2H, dd, J = 6.4 Hz, 16.8 Hz, CHCH2), 2.21 (1H, m,
CH2CH(CH3)2), 1.10 (6H, d, J = 6.4 Hz, CH2CH(CH3)2).

13C NMR
(CDCl3, 100 MHz) δ 166.5, 162.9, 151.5, 147.0, 142.4, 139.6, 139.5,
131.3, 127.0, 126.0, 125.8, 124.6, 123.3, 118.6, 117.2, 115.0, 111.6,
80.2, 75.1, 52.2, 39.5, 28.2, 19.3. MS (ESI) m/z calcd for C28H28N2O7
(M+), 504.2; found, 505.1 (M + H+).
Methyl 3-(Benzyloxy)-4-(3-((2,3-dihydro-1H-inden-2-yl)oxy)-

4-nitrobenzamido)benzoate (14ec). 3-((2,3-Dihydro-1H-inden-2-
yl)oxy-4-nitrobenzoic acid (6e) was converted to its corresponding
acid chloride according to general procedure B on a 0.14 mmol scale,
then coupled to methyl 4-amino-3-benzyloxy)-benzoic acid73 (9c)
according to general procedure F to deliver the title compound as a
pale-yellow solid (67 mg, 78%). 1H NMR (CDCl3, 400 MHz) δ 8.77
(1H, s, NH), 8.61 (1H, d, J = 7.6 Hz, Ar), 7.78 (2H, d, J = 8.4 Hz, Ar),
7.72 (1H, s, Ar), 7.60 (1H, s, Ar), 7.42 (2H, d, J = 7.6 Hz, Ar), 7.34
(3H, m, Ar), 7.25 (1H, d, J = 7.6 Hz, Ar), 7.22 (3H, m, Ar), 5.19−5.17
(3H, m, OCH2 + OCH), 3.91 (3H, s, OCH3), 3.38 (2H, dd, J = 6.8
Hz, 17.2 Hz, CHCH2), 3.21 (2H, dd, J = 2.4 Hz, 17 Hz, CHCH2).

13C
NMR (CDCl3, 100 MHz) δ 166.7, 163.1, 151.6, 147.2, 142.6, 139.9,
139.4, 135.8, 131.9, 129.1, 128.2, 127.2, 126.2, 124.9, 124.1, 119.1,
118.0, 114.8, 112.6, 80.4, 71.8, 52.5, 39.8. MS (ESI) m/z calcd for
C31H26N2O7 (M

+), 538.2; found, 539.1 (M + H+).
Methyl 3-((2,3-Dihydro-1H-inden-2-yl)oxy)-4-(3-((2,3-dihy-

dro-1H-inden-2-yl)oxy)-4-nitrobenzamido)benzoate (14ee). 3-
((2,3-Dihydro-1H-inden-2-yl)oxy)-benzoic acid (6e) was converted to
its corresponding acid chloride according to general procedure B on a
0.14 mmol scale, then coupled to methyl 4-amino-3-((2,3-dihydro-1H-
inden-2-yl)oxy)-benzoic acid (9e) according to general procedure F to
deliver the title compound as a pale-yellow solid (30 mg, 40%). 1H
NMR (CDCl3, 400 MHz) δ 8.57 (1H, d, J = 8.4 Hz, Ar), 8.47 (1H, s,
NH), 7.78 (2H, d, J = 8.0 Hz, Ar), 7.62 (1H, s, Ar), 7.58 (1H, d, J =
8.0 Hz, Ar), 7.27 (2H, m, Ar), 7.20−7.16 (6H, m, Ar), 6.41 (1H, dd, J

= 1.6 Hz, 8.8 Hz, Ar), 5.42 (1H, m, OCH), 5.27 (1H, m, OCH), 3.92
(3H, s, OCH3), 3.43 (2H, dd, J = 6.8 Hz, 16.8 Hz, CHCH2), 3.19 (2H,
dd, J = 6.8 Hz, 16.8 Hz, CHCH2), 3.24−3.14 (4H, m, 2 × CHCH2).
13C NMR (CDCl3, 100 MHz) δ 166.4, 162.8, 151.2, 145.1, 142.2,
140.2, 139.6, 138.9, 133.5, 127.1, 126.9, 125.8, 125.0, 124.6, 124.3,
118.8, 116.9, 115.1, 115.0, 80.6, 80.1, 52.2, 39.5. MS (ESI) m/z calcd
for C33H28N2O7 (M

+), 564.2; found, 565.1 (M + H+).
3-Isobutoxy-4-(6-isobutoxy-5-nitropicolinamido)benzoic

Acid (15). 6-Isobutoxy-5-nitropicolinic acid (11) was converted to its
corresponding acid chloride according to general procedure B on a
0.41 mmol scale, then coupled to 4-amino-3-isobutyoxybenzoic acid73

(6a) according to general procedure F to deliver the title compound as
a pale-yellow solid (156 mg, 88%). 1H NMR (DMSO-d6, 400 MHz) δ
12.94 (1H, s, CO2H), 10.22 (1H, s, NH), 8.67 (1H, d, J = 8.8 Hz, Py),
8.54 (1H, d, J = 8.8 Hz, Py), 7.95 (1H, d, J = 8.4 Hz, Ar), 7.65 (1H, d,
J = 8.4 Hz, Ar), 7.58 (1H, s, Ar), 4.35 (2H, d, J = 5.6 Hz, OCH2), 3.98
(2H, d, J = 6.4 Hz, OCH2), 2.12 (2H, m, 2 × CH(CH3)2), 1.04 (12H,
m, 2 × CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 166.7, 159.8,
154.5, 149.5, 147.4, 137.3, 136.2, 130.3, 126.7, 122.5, 118.4, 115.8,
111.9, 74.7, 73.3, 27.8, 27.5, 19.1, 18.8. MS (ESI) m/z calcd for
C21H25N3O7 (M

+), 431.2; found, 432.1 (M + H+)+). Anal. Calcd for
C21H25N3O7: C, 58.46; H, 5.84; N, 9.74. Found: C, 58.37; H, 5.84; N,
9.58.

6-Isobutoxy-5-(6-isobutoxy-5-nitropicolinamido)picolinic
Acid (16). 6-Isobutoxy-5-nitropicolinic acid (11) was converted to its
corresponding acid chloride according to general procedure B on a
0.41 mmol scale, then coupled to 6-isobutoxy-5-aminopicolinic acid
(13) according to general procedure F to deliver the title compound as
a pale-yellow solid (115 mg, 65%). 1H NMR (DMSO-d6, 400 MHz) δ
12.97 (1H, s, CO2H), 10.03 (1H, s, NH), 8.71 (1H, d, J = 7.6 Hz, Py),
8.62 (1H, d, J = 7.6 Hz, Py), 7.88 (1H, d, J = 7.6 Hz, Py), 7.73 (1H, d,
J = 7.6 Hz, Py), 4.29 (2H, d, J = 5.2 Hz, OCH2), 4.19 (2H, d, J = 6.8
Hz, OCH2), 2.09 (2H, m, 2 × CH(CH3)2), 1.00 (12H, m, 2 ×
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 165.7, 160.8, 154.9,
152.6, 149.3, 139.8, 137.8, 136.7, 126.1, 125.0, 120.0, 116.2, 73.8, 73.1,
27.9, 19.6, 19.2. MS (ESI) m/z calcd for C20H24N4O7 (M+), 432.2;
found, 433.1 (M + H+)+). Anal. Calcd for C20H24N4O7: C, 55.55; H,
5.59; N, 12.96. Found: C, 55.72; H, 5.49; N, 12.97.

3-Isobutoxy-4-(3-isobutoxybenzamido)benzoic Acid (17). 3-
Isobutoxy-benzoic acid was converted to its corresponding acid
chloride according to general procedure B on a 0.26 mmol scale, then
coupled to 4-amino-3-isobutyoxybenzoic acid73 (8a) according to
general procedure F to deliver the title compound as a white solid (43
mg, 43%). 1H NMR (DMSO-d6, 400 MHz) δ 12.97 (1H, s, CO2H),
9.41 (1H, s, NH), 8.08 (1H, d, J = 8.0 Hz, Ar), 7.61 (1H, d, J = 8.0 Hz,
Ar), 7.55 (1H, s, Ar), 7.50−7.43 (3H, m, Ar), 7.18 (1H, d, J = 6.8 Hz,
Ar), 3.90 (2H, d, J = 6.4 Hz, OCH2), 3.83 (2H, d, J = 6.4 Hz, OCH2),
2.12−2.03 (2H, m, CH(CH3)2), 1.03−0.99 (12H, m, 2 × CH(CH3)2).
13C NMR (DMSO-d6, 100 MHz) δ 167.3, 165.0, 159.2, 149.9, 136.1,
131.7, 130.3, 127.7, 122.5, 122.4, 119.9, 118.9, 113.1, 112.6, 74.8, 74.3,
28.2, 28.1, 19.4. MS (ESI) m/z calcd for C22H27NO5 (M+), 385.2;
found, 386.1 (M + H+).

5-(5-Amino-6-isobutoxypicolinamido)-6-isobutoxypicolinic
Acid (18). 6-Isobutoxy-5-(6-isobutoxy-5-nitropicolinamido)picolinic
acid (16; 40 mg, 0.093 mmol) was reduced according to general
procedure C: pale-yellow solid (30 mg, 81%). 1H NMR (DMSO-d6,
400 MHz) δ 9.96 (1H, s, NH), 8.70 (1H, d, J = 7.6 Hz, Py), 7.64 (1H,
d, J = 7.6 Hz, Py), 7.58 (1H, d, J = 7.6 Hz, Py), 6.96 (1H, d, J = 7.6 Hz,
Py), 5.87 (2H, s, NH2), 4.20 (2H, d, J = 6.4 Hz, OCH2), 4.12 (2H, d, J
= 6.4 Hz, OCH2), 2.11 (2H, m, 2 × CH(CH3)2), 1.03 (6H, d, J = 6.4
Hz, CH(CH3)2), 1.00 (6H, d, J = 6.4 Hz, CH(CH3)2).

13C NMR
(DMSO-d6, 100 MHz) δ 166.8, 163.1, 152.0, 150.0, 137.7, 131.7,
124.8, 119.2, 118.8, 117.7, 72.7, 71.9, 28.1, 28.0, 19.6. MS (ESI) m/z
calcd for C20H26N4O5 (M

+), 402.2; found, 403.1 (M + H+).
4-(4-Amino-3-isobutoxybenzamido)-3-isobutoxybenzoic

Acid (19). 3-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)benzoic acid
(4aa; 200 mg, 0.46 mmol) was reduced according to general
procedure C: pale-yellow solid (184 mg, 100%). 1H NMR (DMSO-
d6, 400 MHz) δ 8.93 (1H, s, NH), 8.18 (1H, d, J = 8.4 Hz, Ar), 7.55
(1H, d, J = 8.4 Hz, Ar), 7.50 (1H, s, Ar), 7.32 (1H, d, J = 8.4 Hz, Ar),
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7.26 (1H, s, Ar), 6.68 (1H, d, J = 7.6 Hz, Ar), 5.44 (2H, s, NH2), 3.88
(2H, d, J = 6.4 Hz, OCH2), 3.76 (2H, d, J = 6.4 Hz, OCH2), 2.10 (2H,
m, 2 × CH(CH3)2), 1.00 (12H, m, 2 × CH(CH3)2).

13C NMR
(DMSO-d6, 100 MHz) δ 167.6, 164.8, 148.5, 145.1, 142.5, 132.0,
122.6, 121.7, 121.2, 120.3, 112.7, 112.3, 110.2, 74.8, 74.4, 28.2, 19.6,
19.5. MS (ESI) m/z calcd for C22H28N2O5 (M

+), 400.2; found, 401.1
(M + H+).
4-(4-Amino-3-((2,3-dihydro-1H-inden-2-yl)oxy)benzamido)-

3-isobutoxybenzoic Acid (20). 4-(3-((2,3-Dihydro-1H-inden-2-
yl)oxy)-4-nitrobenzamido)-3-isobutoxybenzoic acid (4ea; 60 mg,
0.12 mmol) was reduced according to general procedure C: pale-
yellow solid (55 mg, 100%). 1H NMR (DMSO-d6, 400 MHz) δ 8.97
(1H, s, NH), 8.17 (1H, d, J = 8.0 Hz, Ar), 7.56 (1H, d, J = 8.0 Hz, Ar),
7.51 (1H, s, Ar), 7.40 (1H, s, Ar), 7.33 (1H, d, J = 8.0 Hz, Ar), 7.23
(2H, m, Ar), 7.15 (2H, m, Ar), 6.67 (1H, d, J = 8.4 Hz, Ar), 5.38 (2H,
s, NH2), 5.22 (1H, m, OCH), 3.87 (2H, d, J = 6.0 Hz, OCH2), 3.40
(2H, dd, J = 6.0 Hz, 17.2 Hz, CHCH2), 3.12 (2H, d, J = 16.4 Hz,
CHCH2), 2.10 (1H, m, CH(CH3)2), 0.99 (6H, d, J = 7.2 Hz,
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 164.9, 148.8, 143.6,
143.2, 141.0, 126.9, 125.0, 122.6, 121.8, 121.2, 120.7, 113.0, 112.4,
111.8, 79.6, 78.2, 74.8, 28.2, 19.4. MS (ESI) m/z calcd for C27H28N2O5
(M+), 460.2; found, 461.1 (M + H+).
4-(4-(2-Ethoxy-2-oxoacetamido)-3-isobutoxybenzamido)-3-

isobutoxybenzoic Acid (21). To an ice-cooled solution of 4-(4-
amino-3-isobutoxybenzamido)-3-isobutoxybenzoic acid (19; 60 mg,
0.15 mmol, 1 equiv) and pyridine (24 μL, 0.30 mmol, 2 equiv) in
CH2Cl2 (7 mL) was added dropwise a solution of ethyl
chlorooxoacetate (18 μL, 0.16 mmol, 1.1 equiv) in CH2Cl2 (1 mL).
The reaction mixture was allowed to warm to room temperature and
stirred overnight. The resulting precipitate was collected by vacuum
filtration, and the product was washed with cold 1 M HCl and cold
EtOAc, then dried under high vacuum at 40 °C overnight to furnish
the title compound as a white solid (57 mg, 76%). 1H NMR (DMSO-
d6, 400 MHz) δ 12.94 (1H, bs, CO2H), 9.73 (1H, s, NH), 9.43 (1H, s,
NH), 8.23 (1H, d, J = 8.0 Hz, Ar), 8.04 (1H, d, J = 8.0 Hz, Ar), 7.56
(3H, m, Ar), 7.52 (1H, s, Ar), 4.30 (2H, q, J = 6.8 Hz, OCH2CH3),
3.95 (2H, d, J = 5.2 Hz, OCH2), 3.87 (2H, d, J = 5.6 Hz, OCH2), 2.10
(2H, m, 2 × CH(CH3)2), 1.29 (3H, t, J = 6.8 Hz, OCH2CH3), 1.03
(6H, d, J = 6.4 Hz, CH(CH3)2), 0.99 (6H, d, J = 6.4 Hz, CH(CH3)2).
13C NMR (DMSO-d6, 100 MHz) δ 167.3, 164.5, 160.3, 154.7, 150.0,
148.2, 144.2, 131.7, 131.3, 129.4, 127.6, 126.8, 122.5, 120.8, 119.5,
112.7, 111.1, 75.0, 74.9, 63.3, 28.2, 19.5, 19.3, 14.2. MS (ESI) m/z
calcd for C26H32N2O8 (M+), 500.2; found, 501.1 (M + H+). Anal.
Calcd for C29H26N2O7: C, 62.39; H, 6.44; N, 5.60. Found: C, 62.45;
H, 6.25; N, 5.54.
4-(4-(2-(Carboxymethoxy)acetamido)-3-isobutoxybenzami-

do)-3-isobutoxybenzoic Acid (22). To an ice-cooled solution of 4-
(4-amino-3-isobutoxybenzamido)-3-isobutoxybenzoic acid (19; 60 mg,
0.15 mmol, 1 equiv) and Et3N (42 μL, 0.30 mmol, 2 equiv) in
anhydrous THF (7 mL) was added diglycolic anhydride (21 mg, 0.18
mmol, 1.2 equiv). The reaction mixture was heated at 50 °C overnight.
The resulting white precipitate was collected by vacuum filtration,
washing with cold 1 M HCl and cold EtOAc, then dried under high
vacuum at 40 °C overnight to deliver the title compound (22 mg,
28%). 1H NMR (DMSO-d6, 400 MHz) δ 12.92 (2H, bs, 2 × CO2H),
9.38 (1H, s, NH), 9.35 (1H, s, NH), 8.34 (1H, d, J = 8.0 Hz, Ar), 8.06
(1H, d, J = 8.0 Hz, Ar), 7.57−7.51 (4H, m, Ar), 4.18 (4H, s, 2 ×
OCH2CO), 3.90 (4H, m, 2 × OCH2), 2.08 (2H, m, 2 × CH(CH3)2),
0.99 (12H, d, J = 6.4 Hz, 2 × CH(CH3)2).

13C NMR (DMSO-d6, 100
MHz) δ 171.5, 168.0, 167.3, 164.5, 149.8, 147.6, 131.8, 130.5, 129.9,
127.5, 122.5, 122.2, 120.7, 118.6, 112.6, 110.8, 75.0, 74.9, 70.7, 68.3,
28.2, 28.1, 19.5, 19.3. MS (ESI) m/z calcd for C26H32N2O9 (M+),
516.2; found, 517.1 (M + H+).
4-(4-(Carboxyformamido)-3-isobutoxybenzamido)-3-isobu-

toxybenzoic Acid (23). 4-(4-(2-Ethoxy-2-oxoacetamido)-3-isobutox-
ybenzamido)-3-isobutoxybenzoic acid (21; 33 mg, 0.066 mmol, 1
equiv) was dissolved in a 3:1:1 mixture of THF/MeOH/H2O. LiOH·
H2O (7 mg, 0.17 mmol, 2.5 equiv) was added to the reaction mixture,
which was stirred at room temperature for 24 h. The reaction was
acidified to pH 1−2 with 1 N HCl, which generated a white precipitate

that was collected by vacuum filtration. The precipitate was washed on
the filter with 0.1 N HCl and dried under high vacuum to afford the
title compound as a white solid (18 mg, 58%). 1H NMR (DMSO-d6,
400 MHz) δ 12.89 (1H, s, CO2H), 9.78 (1H, s, NH), 9.41 (1H, s,
NH), 8.26 (1H, d, J = 8.8 Hz, Ar), 8.04 (1H, d, J = 8.8 Hz, Ar), 7.59−
7.56 (3H, m, Ar), 7.52 (1H, s, Ar), 3.94 (2H, d, J = 6.4 Hz, OCH2),
3.87 (2H, d, J = 6.0 Hz, OCH2), 2.09 (2H, m, 2 × CH(CH3)2), 1.02
(6H, d, J = 6.0 Hz, CH(CH3)2), 0.99 (6H, d, J = 6.4 Hz, CH(CH3)2).
13C NMR (DMSO-d6, 100 MHz) δ 167.3, 164.5, 161.8, 156.1, 150.0,
148.1, 131.8, 131.0, 129.7, 127.6, 122.5, 120.8, 119.2, 112.7, 111.1,
75.0, 74.9, 28.2, 28.1, 19.5, 19.3. MS (ESI) m/z calcd for C24H28N2O8
(M+), 472.2; found, 473.1 (M + H+).

2-(3-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)-
benzamido)acetic Acid (26). 24 (28 mg, 0.052 mmol) was
dissolved in 20% TFA/CH2Cl2 (2 mL). After stirring at room
temperature for 3 h, TLC indicated the reaction was complete. All
solvents were removed in vacuo, and residual TFA was removed by
repeated azeotroping with CHCl3. The residue was dried under high
vacuum to deliver the title compound as a sticky, white solid (25 mg,
100%). 1H NMR (DMSO-d6, 400 MHz) δ 12.58 (1H, s, CO2H), 9.76
(1H, s, NH), 8.83 (1H, s, NH), 7.99 (1H, d, J = 8.0 Hz, Ar), 7.85 (1H,
d, J = 8.8 Hz, Ar), 7.76 (1H, s, Ar), 7.58 (1H, d, J = 8.8 Hz, Ar), 7.54
(1H, s, Ar), 7.51 (1H, d, J = 8.0 Hz, Ar), 4.00 (2H, d, J = 6.4 Hz,
OCH2), 3.91 (2H, d, J = 5.6 Hz, NHCH2), 3.85 (2H, d, J = 6.4 Hz,
OCH2), 2.05 (2H, m, 2 × CH(CH3)2), 0.96 (12H, m, 2 ×
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 171.8, 166.2,
163.9, 151.4, 151.1, 141.5, 139.8, 131.8, 129.7, 125.5, 124.1, 120.0,
119.9, 114.2, 111.5, 75.6, 74.9, 41.6, 28.2, 28.0, 19.5, 19.1. MS (ESI)
m/z calcd for C24H29N3O8 (M

+), 487.2; found, 488.1 (M + H+).
2,2′-((3-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)-

benzoyl)azanediyl)diacetic Acid (27). 25 (36 mg, 0.055 mmol)
was dissolved in 20% TFA/CH2Cl2 (2 mL). After stirring at room
temperature for 3 h, TLC indicated the reaction was complete. All
solvents were removed in vacuo, and residual TFA was removed by
repeated azeotroping with CHCl3. The residue was dried under high
vacuum to deliver the title compound as a sticky, white solid (30 mg,
100%). 1H NMR (DMSO-d6, 400 MHz) δ 12.95 (2H, bs, 2 × CO2H),
9.75 (1H, s, NH), 7.99 (1H, d, J = 8.0 Hz, Ar), 7.75 (2H, m, Ar), 7.57
(1H, d, J = 8.0 Hz, Ar), 6.93 (2H, m, Ar), 3.99 (4H, m, 2 ×
NCH2CO), 3.85 (2H, d, J = 6.4 Hz, OCH2), 3.76 (2H, d, J = 6.4 Hz,
OCH2), 2.01 (2H, m, 2 × CH(CH3)2), 0.94 (12H, m, 2 ×
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 171.4, 171.0,
170.6, 168.3, 163.9, 151.4, 141.5, 139.8, 133.3, 128.3, 125.5, 125.0,
119.9, 118.9, 114.2, 110.8, 75.6, 74.8, 66.7, 52.0, 48.3, 46.9, 28.1, 28.0,
19.4, 19.1. MS (ESI) m/z calcd for C26H31N3O10 (M

+), 545.2; found,
546.1 (M + H+).

2-Isobutoxy-4-(3-isobutoxy-4-nitrobenzamido)benzoic Acid
(32). 3-Isobutoxy-4-nitrobenzoic acid73 (6a) was converted to its
corresponding acid chloride according to general procedure B on a
0.42 mmol scale, then coupled to 4-amino-2-isobutyoxybenzoic acid
(31) according to general procedure F to deliver the title compound as
an off-white solid (120 mg, 66%). 1H NMR (DMSO-d6, 400 MHz) δ
12.31 (1H, s, CO2H), 10.55 (1H, s, NH), 8.00 (1H, d, J = 8.8 Hz, Ar),
7.75 (1H, s, Ar), 7.69 (1H, d, J = 8.8 Hz, Ar), 7.62 (2H, m, Ar), 7.38
(1H, d, J = 8.0 Hz, Ar), 4.02 (2H, d, J = 6.0 Hz, OCH2), 3.76 (2H, d, J
= 6.4 Hz, OCH2), 2.03 (2H, m, 2 × CH(CH3)2), 0.97 (12H, m, 2 ×
CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.0, 164.6, 159.0,
151.4, 143.6, 141.6, 140.0, 132.4, 125.3, 120.0, 116.6, 114.7, 111.8,
105.1, 75.7, 74.8, 28.2, 28.1, 19.4, 19.1. MS (ESI) m/z calcd for
C22H26N2O7 (M

+), 430.2; found, 431.1 (M + H+).
2-Isobutoxy-4-(2-isobutoxy-4-nitrobenzamido)benzoic Acid

(33). Compound 30 was converted to its corresponding acid chloride
according to general procedure B on a 0.42 mmol scale, then coupled
to 4-amino-2-isobutyoxybenzoic acid (31) according to general
procedure F to deliver the title compound as an off-white solid (102
mg, 57%). 1H NMR (DMSO-d6, 400 MHz) δ 12.28 (1H, s, CO2H),
10.51 (1H, s, NH), 7.87 (2H, m, Ar), 7.75 (1H, d, J = 8.0 Hz, Ar), 7.67
(1H, d, J = 8.8 Hz, Ar), 7.51 (1H, s, Ar), 7.25 (1H, d, J = 8.0 Hz, Ar),
3.97 (2H, d, J = 6.0 Hz, OCH2), 3.73 (2H, d, J = 6.4 Hz, OCH2), 2.01
(2H, m, 2 × CH(CH3)2), 0.97 (6H, d, J = 6.4 Hz, CH(CH3)2), 0.92
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(6H, d, J = 6.0 Hz, CH(CH3)2).
13C NMR (DMSO-d6, 100 MHz) δ

167.0, 164.2, 159.1, 156.6, 149.8, 143.5, 132.6, 132.3, 130.5, 116.3,
115.8, 110.9, 107.9, 104.2, 75.4, 74.7, 28.1, 28.0, 19.3, 19.2. MS (ESI)
m/z calcd for C22H26N2O7 (M

+), 430.2; found, 431.1 (M + H+).
3-Isobutoxy-4-(2-isobutoxy-4-nitrobenzamido)benzoic Acid

(34). Compound 30 was converted to its corresponding acid chloride
according to general procedure B on a 0.42 mmol scale, then coupled
to 4-amino-3-isobutyoxybenzoic acid73 (8a) according to general
procedure F to deliver the title compound as an off-white solid (106
mg, 59%). 1H NMR (DMSO-d6, 400 MHz) δ 12.83 (1H, bs, CO2H),
10.00 (1H, s, NH), 8.40 (1H, d, J = 8.0 Hz, Ar), 8.09 (1H, d, J = 8.8
Hz, Ar), 7.96 (1H, s, Ar), 7.92 (1H, d, J = 8.0 Hz, Ar), 7.59 (1H, d, J =
8.8 Hz, Ar), 7.54 (1H, s, Ar), 4.14 (2H, d, J = 6.8 Hz, OCH2), 3.91
(2H, d, J = 6.4 Hz, OCH2), 2.07 (2H, m, 2 × CH(CH3)2), 0.92 (12H,
m, 2 × CH(CH3)2).

13C NMR (DMSO-d6, 100 MHz) δ 167.2, 162.4,
156.9, 150.5, 148.2, 132.6, 131.6, 128.9, 127.1, 122.8, 120.5, 116.2,
112.8, 109.1, 76.4, 75.3, 27.9, 27.7, 19.3, 19.1. MS (ESI) m/z calcd for
C22H26N2O7 (M

+), 430.2; found, 431.1 (M + H+).
Recombinant Proteins and EMSAs. The human c-Myc bHLH-

ZIP domain (residues 353−437) and full-length human Max(L) (160
residues) and Max(S) (151 residues) were used for all studies
requiring purified proteins. Max(L) and Max(S) arise by alternate
splicing and differ only by virtue of a nine amino acid deletion near the
N-terminus of the latter that prevents it from binding DNA as a
homodimer while still being able to associate with c-Myc and bind
DNA as a heterodimer.57,58 Recombinant c-Myc bHLH-ZIP, Max(L)
and Max(S) were expressed in the Escherichia coli strain BL21DE3-
(plysS)37,43,44 as N-terminal His6-tagged proteins in the pET151-D-
TOPO vector. Bacteria were grown at 37 °C in L-Broth to an A600 ≈
0.8 and then for an additional 16−18 h in the presence of 1 mM
isopropyl-L-thio-B-D-galactopyranoside to induce expression of the
recombinant proteins. Cultures were harvested, pelleted by
centrifugation at 5000g for 10 min, washed in ice-cold PBS, and
lysed in a buffer containing 8 M urea, 100 mM NaH2PO4 and 10 mM
Tris-HCl, pH 8.0. Clarified lysates were then applied to Ni-NTA-
agarose affinity chromatography columns (Qiagen, Inc. Chatsworth,
CA), which were washed exhaustively in lysis buffer and then
developed with a pH gradient according to the directions of the
supplier. Fractions containing the highest concentrations of protein
were then pooled, dialyzed against 150 mM NaCl, Tris-HCl, pH 6.7,
and cleaved with TEV protease at 25 °C as previously
described.11,43,73,74 For larger amounts of protein, the TEV
protease:His6-tagged protein molar ratios were increased to 1:50 and
digestions were allowed to proceed for up to 72 h. The cleaved
residues containing the His6 tag were then removed by an additional
round of Ni-NTA-agarose chromatography. Proteins were dialyzed
against storage buffer comprised of TrisHCl 50 mM, pH 6.3, NaCl 150
mM, and 30% glycerol and were then stored in small aliquots at −80
°C. SDS-PAGE and Coomassie Blue staining of all purified proteins
was performed to verify that purity exceeded 95% is all cases.
EMSA assays were performed as previously described36,37,43−47

using 30 nM of each of the above-described purified proteins and 30
nM of a 6-carboxy-2′,4,4′,5′,7,7′-hexachloro-fluorescein (HEX)-tagged
double-stranded oligonucleotide containing a c-Myc binding site (IDT,
Coralville, IA). Binding reactions contained 1 × PBS (pH 7.3), 1
mmol/L EDTA, 0.1% NP40, 5% glycerol, 1 mmol/L DTT, and 400
μg/mL bovine serum albumin. Protein dimerization was allowed to
proceed at room temperature for 90 min prior to the addition of the
oligonucleotide for an additional 15 min. The entire reaction was
subjected to electrophoresis in an 8% polyacrylamide/bis-acrylamide
(80:1) gel in 0.5× Tris-borate EDTA at 20 °C.
NMR Samples. For NMR studies, which utilized 15N-labeled

proteins, proteins were propagated and purified as described above
except that the growth medium contained 1 g/L 15NH4Cl. Uniformly
15N labeled Max(S) and c-Myc (353−437) were dialyzed at 4 °C
against an identical buffer comprised of 50 mM Tris, pH 7.5, 150 mM
NaCl, and 0.01% sodium azide. The dilute samples of Max(S) and c-
Myc were concentrated to 0.43 and 0.23 mM, respectively, by stirred
cell concentration (Millipore MWCO 3000). An NMR sample of
Max(S) was formed by combining the 15N labeled Max(S) protein

with a buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.01% sodium
azide) to a final concentration of 0.153 mM with 10% D2O. NMR
samples of 15N labeled c-Myc−Max(S) were prepared by combining
equal molar amounts of the proteins to a final concentration of 0.153
mM with 10% D2O. Titration using compound 4da was conducted
with addition of small volumes of a stock solution of 4da in DMSO,
reaching a maximum end point DMSO concentration of 8%.

NMR Spectroscopy. NMR Experiments were performed on a
Bruker Avance 600 MHz spectrometer. A standard 1H/15N fast HSQC
pulse sequence was used for experiments with the Max/c-Myc proteins
at 298 K. The chemical shifts were referenced to the 1H2O signal at
4.87 ppm. The NMR data were processed using NMRPipe.75 Peak
heights were measured using a modified version of Sparky.76

Calculation of Dissociation Constants (Kd). The dissociation
constants, Kd, for the binding of 4da to the c-Myc−Max(S) complex,
were determined by fitting the change in intensity of the bound and
unbound amide crosspeaks to a simple bimolecular association
model.77
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In this expression C0 and CT are the intensities at the initial and final
points of the titration. PT is the total concentration of the c-Myc−
Max(S) complex, and MT is the total concentration of 4da at each
particular point in the titration. Fitting of the binding data was carried
out using Matlab (MathWorks, USA).

Surface Plasmon Resonance (SPR). Recombinant, N-terminal
His6-tagged c-Myc and Max(S) and Max(L) proteins were expressed
in the pET151/D-Topo bacterial expression vectors and purified to
>90% homogeneity using nickel-agarose gel chromatography as
previously described.37,43,46,47 In the case of c-Myc, only an 85 residue
bHLH-ZIP domain was expressed, whereas, in the case of Max(S) and
Max(L), the full-length proteins were expressed. His6 tags were cleaved
with TEV protease and removed with an additional nickel-agarose
chromatographic step. The proteins were then dialyzed against PBS
(pH 6.5) concentrated by Centriprep Ultracel YM-3 filtration
(Millipore, Carrigtwohill, Co. Cork, Ireland) and stored at −80C in
small aliquots. Preliminary studies with these proteins showed them to
be capable of functioning in EMSA experiments as both c-Myc−
Max(S) heterodimers and Max(L) homodimers (not shown).

SPR was performed with a Biacore model 3000 instrument (Biacor,
Uppsala, Sweden) employing a streptavadin-coated SA biosensor chip
(BR-1000−32) (GE Healthcare Bio-Sciences AB, Pittsburgh, PA). The
following biotinylated E-box-containing oligonucleotide (5′-biotin-
[TGAAGCAGACCACGTGGTCGTCTTCA] was annealed with its
unlabeled opposite strand oligonucleotide, diluted in HBS-EP running
buffer (0.5 M NaCl, 10 mMM HEPES, pH 7.4, 3 mM EDTA, and
0.005% v/v Surfactant P20) and immobilized on the flow cell to allow
the attachment of ∼700 RU. A second flow cell without any bound
DNA was used as a blank. DNA binding experiments were carried out
with running buffer (0.15 M NaCl, 10 mM HEPES, pH 7.4, 3 mM
EDTA, 0.005% v/v Surfactant P20, and 5% DMSO) at a flow rate of
60 μL min−1.

Binding of preformed c-Myc−Max(S) or Max(L)−Max(L) dimers
was achieved by first allowing dimerization to occur at a concentration
of 20 nM of each protein HBS-EP buffer for 30 min. Dimers were then
introduced onto the oligonucleotide-containing chip at a flow rate of
60 μL min−1. In each case, the amount of c-Myc−Max(S) heterodimer
or Max(L) homodimer binding was found to be linearly proportional
to concentration and reached equilibrium at the highest concentration,
indicating that binding was both specific and saturable. In all cases,
protein concentrations were chosen so as to provide an additional 250
relative response units upon binding to the sensor chip. Under similar
conditions, no binding to the immobilized oligonucleotide was seen
when c-Myc monomer alone was tested (not shown)).
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Small molecule interaction studies were performed either by
preincubating the molecules at the indicated concentrations for 30
min with c-Myc (20 nM) followed by the addition of Max(S) at the
above-noted concentrations. In other experiments, designed to
determine whether compounds could perturb the binding of
preformed c-Myc−Max heterodimers, c-Myc and Max(S) proteins
were first allowed to heterodimerize at the above concentrations
followed by the addition of compounds to the final stated
concentrations for 30 min. The mixture was then passed over the
oligonucleotide-bound chip at a rate of 60 μL min−1 while maintaining
a constant concentration of compound.
Binding constants and graphing were performed with BIAevaluation

4.1.1 software (University of Reading, UK), all response units were
normalized to 0−100 RU. More detailed descriptions of these
procedures will be published elsewhere (Wang et al., in preparation).
Cell Viability Assays. These were performed as previously

described.36,37,45,46,60 Briefly, cells at >90% viability were seeded into
96-well plates (2 × 103 cells/well) in fresh growth medium containing
10-point serial dilutions of the compounds of interest. Incubations
were allowed to proceed for 3 days, at which time cell viability was
assed using the MTT assay as previously described.36,45,46 Each point
was assessed in at least triplicate determinations.
Cell Cycle Analyses. Cell cycle analyses were performed as

previously described.36 Briefly, after treating with the indicated c-Myc
inhibitors, cells were washed twice in cold PBS and resuspended in 1
mL of 10 mM NaCl, 10 mM Tris-HCl, (pH 8.0), 0.1% NP40, 10 μg/
mL RNase A, and 15 μg/mL propidium iodide (Sigma-Aldrich, Inc. St.
Louis, MO). Stained nuclei were analyzed on a Becton Dickinson
FACStar fluorescence-activated cell sorter, and cell cycle quantification
was performed using ModFit LT 3.0 software (Verity Software House,
Topsham ME).
Neutral Lipid Quantification. H460 large cell lung cancer cells

were incubated at subconfluent densities in 6-well plates with the
indicated concentrations of c-Myc inhibitors for 48 h. The cells were
then washed twice in PBS, trypsinized, and again washed twice in PBS
before being resuspended in 0.1 mL of PBS. Then 0.9 mL of PBS
containing 50 μg/mL of BODIPY (4,4-difluoro-3a,4adiaza-s-indacene)
459/503 (Life Technologies, Carlsbad, CA), which is specific for
neutral lipid, was added and the resuspended cells were incubated for
30 min at ambient temperature. Cells were then washed three
additional times in PBS before being resuspended in 0.5 mL of PBS
and analyzed by flow cytometry. Fluorescence quantification was
performed using Cell Quest Pro software (BD Biosciences, Franklin
Lakes, NJ) and mean fluorescence of each sample was determined.
Luciferase Assays. The luciferase expression vector pGL4.28-

[luc2CP/minP/Hygro] (Promega, Inc. Madison, WI) contains a
minimal mammalian promoter (minP) and a luciferase2CP expression
cassette that imparts additional protein instability by fusing hCL1 and
PEST sequences. A large number of additional mutations were also
introduced throughout the vector to minimize the nonspecific binding
of mammalian transcription factors and otherwise reduce background
expression. Into a unique XhoI site of the polylinker adjacent to the
minP sequence we ligated one of three individual oligonucleotides
containing tandemly triplicated c-Myc binding sites (5′-TCGAGC-
CACGTGGCCACGTGGCCACGTGGC-3′) (Wt-c-Myc), mutant
Myc binding sites (5′-TCGAGCCTCGAGGCCTCGAGGCCTC-
GAGGC-3′), Mut-c-Myc), and NF-κB binding sites (5′-TCGAGG-
GACTTTCCATGGGACTTTCCATGGGACTTTCC-3′) (NF-κB),
where underlined bases indicate the relevant transcription factor
binding sites. The identities of all constructs were determined by
automated Sanger DNA sequencing. Each vector was then combined
with a 5-fold excess of the vector pFR400, which encodes a mutant
mammalian dihydrofolate reductase with a lower Km for the cytotoxic
drug methotrexate78 and stably transfected into HeLa cells using
Superfect (Qiagen, Valencia, CA). Following selection in hygromycin,
stably transfected clones were pooled and subjected to at least two
rounds of selection in 4-fold stepwise increasing concentrations of
methotrexate (Sigma-Aldrich, St Louis, MO) as previously described
to allow for amplification of the adjacent vector sequences.77 Cells
were cultured continuously in methotrexate until the day of plating for

luciferase assays so as to ensure maintenance of the amplified plasmid
sequences.

To perform luciferase assays, 106 cells were seeded into 6-well
plates. The following day, the medium was removed and fresh medium
containing the indicated concentration of c-Myc inhibitor was added
for 6 h. Cells were then trypsinized, washed twice in PBS, and pelleted
by low-speed centrifugation. An aliquot of each sample was used for
protein determinations against which subsequent luciferase determi-
nations were normalized. The remaining cell pellets were lysed and
assayed in triplicate in 96-well plates using a ONE-Glo Luciferase
Assay luciferase assay kit according to the directions of the supplier
(Promega). Readings were obtained on a Wallac 1420 VICTOR2
(PerkinElmer Life and Analytical Sciences). Under these conditions,
background luciferase activity in cells expressing the Mut-c-Myc vector
was indistinguishable from that of untransefected cells, whereas the
expression of luciferase in control lysates of cells transfected with the
Wt-c-Myc and NF-kB vectors was typically 50−100-fold higher.
Background values were subtracted from all experimental determi-
nations. All results obtained from cells exposed to c-Myc inhibitors
were plotted as mean values ±1 standard error and expressed relative
to those of untreated cells, which were arbitrarily set at 100%.

Co-immunoprecipitation (co-IP) Studies. Co-IP assays were
performed as previously described.46 Briefly, approximately 5 × 106

HL60 cells were exposed for 6 h to the stated concentration of c-Myc
inhibitor or to the DMSO vehicle only, which served as a negative
control. Cells were collected by centrifugation at 500g for 10 min,
washed twice in ice-cold PBS, and lysed in IP buffer.46,58 An aliquot of
each cleared lysate was saved prior to co-IP to allow a comparison of
input c-Myc protein levels. Then 300 μg of the cleared lysate in 1 mL
of IP buffer was precipitated at 4 °C overnight with a 1:200 dilution of
anti-Max antibody58 followed by precipitation with protein G-
Sepharose using conditions suggested by the supplier (Santa Cruz
Biotechnology, Inc. Santa Cruz, CA). The precipitate was then washed
three times in IP buffer and subjected to 10% SDS-PAGE and
immunoblotting with a 1:1000 dilution of anti-Myc monoclonal
antibody (9E10, Santa Cruz Biotechnology, Santa Cruz, CA). Blots
were developed using an enhanced chemiluminescence kit following
the directions recommended by the supplier (Pierce ECL Plus,
Thermo-Fisher, Pittsburgh, PA).
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