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Development of small-molecule inhibitors of protein—protein inter-
actions is a fundamental challenge at the interface of chemistry
and cancer biology. Successful methods for design of protein—pro-
tein interaction inhibitors include computational and experimental
high-throughput and fragment-based screening strategies to lo-
cate small-molecule fragments that bind protein surfaces. An al-
ternative rational design approach seeks to mimic the orientation
and disposition of critical binding residues at protein interfaces.
We describe the design, synthesis, biochemical, and in vivo evalu-
ation of a small-molecule scaffold that captures the topography of
a-helices. We designed mimics of a key a-helical domain at the
interface of hypoxia-inducible factor 1a and p300 to develop inhib-
itors of hypoxia-inducible signaling. The hypoxia-inducible factor/
p300 interaction regulates the transcription of key genes, whose
expression contributes to angiogenesis, metastasis, and altered
energy metabolism in cancer. The designed compounds target
the desired protein with high affinity and in a predetermined man-
ner, with the optimal ligand providing effective reduction of tu-
mor burden in experimental animal models.
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rotein—protein interactions (PPIs) represent attractive yet
largely unexplored groups of targets for drug design (1).
Despite their fundamental importance in biological signaling,
relatively few small-molecule inhibitors have been discovered,
underscoring the difficulty in inhibiting large interfaces (2).
Recent analyses suggest that PPIs may be categorized as those
that are amenable to inhibition by small molecules and those that
will require large molecules (3-5). Key to these analyses is the
recognition that although PPIs encompass larger surface areas
than enzyme-substrate complexes, a handful of key residues
dominate the binding energy landscape (6, 7). The design of PPI
inhibitors, then, requires mimicry of the relative positioning and
disposition of these important residues, termed “hotspot resi-
dues,” on synthetic scaffolds (3, 4, 8-11). Based on these hy-
potheses, we describe a rationally designed compound that
down-regulates hypoxia-inducible signaling in cell culture by
targeting a PPI predicted to be suitable for small inhibitors. The
designed inhibitor reduces tumor burden in mouse tumor xeno-
grafts where hypoxia-inducible proteins are overexpressed.
Metazoan cells possess an intricate signaling network that
responds to changes in the oxygen tension in their immediate
surroundings (12). Under hypoxia, the state of reduced oxygen
levels, cells express a family of hypoxia-inducible transcription
factors (HIFs), which are heterodimeric basic helix-loop-helix
proteins composed of a regulatory o (HIF1a) and a constitutively
expressed p (HIF1f; also termed ARNT) subunit. The C-ter-
minal transactivation domain (CTAD, aa 786-826) of HIFla
interacts with the cysteine-histidine rich 1 (CH1) domain of the
coactivator protein p300 (or its ortholog CREB binding protein,
CBP; Fig. 14) (13, 14). The HIF/p300 complex mediates trans-
activation of hypoxia-inducible genes, which are important con-
tributors to angiogenesis, invasion, and altered energy metabolism
in cancer (15).
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Inhibitors of hypoxia-inducible gene expression would serve as
unique tools for dissecting hypoxia signaling in tumors, as well as
leads for cancer therapeutics (16-25). The transcription factor—
coactivator interaction presents an intriguing target for control-
ling hypoxia signaling because it is a critical node directing
downstream expression of various genes that work in concert to
modulate cancer progression. From a ligand design perspective,
transcriptional PPIs are often challenging because of their
transient existence and relatively low binding affinities (26-28).
Our work supports the hypothesis that topographical mimics of
energetically important residues on protein secondary structures
offer a rational approach for discovery of PPI inhibitors (3, 4, 8-
11, 29, 30).

Results

Design and Synthesis of Topographical HIF1la Mimics. The C-termi-
nal activation domain of HIFla uses two short a-helices to bind
to the CH1 domain of p300/CBP (Fig. 14). Small molecules that
mimic the structural arrangement of the key residues on these
helices should afford competitive inhibitors of HIF1a/p300
complex formation (19, 22). We used a recently described stra-
tegy from our groups to mimic the interacting face of an a-helix
on a small-molecule oxopiperazine scaffold (31). Oxopiperazine
helix mimetics (OHMs) are assembled from naturally occurring
amino acids with the nitrogen atoms of neighboring backbone
amides constrained with ethylene bridges to afford a nonpeptidic
chiral scaffold displaying protein-like functionality (Fig. 1B).
Oxopiperazines are attractive scaffolds for discovery of PPI
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Fig. 1. Design of HIF1a mimetics as modulators of hypoxia-inducible gene
expression. (A) Model depicting complex of HIF1a and the CH1 domain of
p300/CBP. Structural data was retrieved from the Protein Data Bank (PDB),
ID code 1L8C. The key residues Leu818, Leu822, and GIn824 of HIF1a CTAD
(shown in blue) are located in the binding pocket of the p300/CBP CH1
domain (depicted in orange). Magnified is an overlay of the HIF1a helix
spanning residues 816-824 (blue) and OHM 1 (green). (B) OHMs were
designed to mimic the key helical region. OHMs feature ethylene bridges
between adjacent amino acid residues; the bridges lock the side chain
groups in orientations that mimic a-helices. (C) OHM derivatives—positive
and negative controls—designed to inhibit the target complex.

inhibitors because of their rich history in drug design (32). Mo-
lecular modeling suggests that the low-energy conformation of
the oxopiperazine scaffold arrays side chain functionality to
mimic the arrangement of the 7, i+4, and the i+6 or i+7 residues
on canonical o-helices (31). OHMs add to a growing class
of nonpeptidic helix mimetics that have been shown to have
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biological activity (8, 9, 11, 29). The appeal of OHMs derives
from their chiral backbone. A majority of nonpeptidic helix
mimetics are based on achiral aromatic scaffolds (8, 31). Chiral
scaffolds are expected to interact with molecular binding pockets
with higher specificity.

High-resolution structures and computational analyses (33)
of the HIF1a/p300 complex reveal that four helical residues
from the HIFla helixgis_g24 (Leu818, Leu822, Asp823, and
GIn824) make close contacts with the CH1 domain of p300/CBP
(SI Appendix, Table S1). Three of these residues—Leu818,
Leu822, and GIn824—can be mimicked by oxopiperazine dimers
consisting of the appropriate building blocks (Fig. 1C). We
designed and synthesized four analogs of HIFla CTAD to in-
hibit its binding with p300/CBP. OHM 1 contains projections
representing all three residues from HIF1a: R; as Leu818, R, as
Leu822, and Ry as GIn824. The Rj position of the oxopiperazine
scaffold is not predicted to make contacts with the target protein;
an alanine residue was inserted at this position. OHMs 2 and 3
are single mutants of 1 with R4 and R, positions, respectively,
substituted with alanine residues. Based on computational anal-
ysis and the relative contributions of Leu822 and GIn824, OHM 2
would be expected to bind p300—CH1 with a much higher affinity
than OHM 3. We also prepared OHM 4 containing alanine res-
idues at all four positions as a negative control.

OHMs 1-4 were synthesized using standard Fmoc amino
acids and coupling reagents on Rink amide resin (SI Appendix,
Fig. S1). The oxopiperazine ring is obtained via the application
of the Fukuyama—Mitsunobu strategy, which involves activating the
amine functionality by reaction with o-nitrobenzenesulfonyl chloride
followed by N-alkylation with 2-bromoethanol. Typical syntheses
are performed at a 0.25 mmol scale on standard solid phase ma-
trices and afford overall yields of 10-20% after HPLC purification.

Binding Affinities of OHMs for the p300-CH1 Domain. The binding
affinities of OHMs for the p300-CH1 domain were evaluated
using intrinsic tryptophan fluorescence spectroscopy, as de-
scribed previously (19, 34). Because Trp403 is located in the
binding cleft of p300/CBP where a native HIFlags g4 helix
binds, it offers a probe for investigating mimetics of this helix.
Tryptophan fluorescence spectroscopy provides a dissociation
constant, Ky, of (3.8 + 1.4) x 107 M for HIF1at CTAD7g6_g26 t0
p300 CH1, which is consistent with the values obtained from a
fluorescence polarization assay using fluorescein-labeled HIF1a
CTAD (SI Appendix, Fig. S2) and those reported in the literature
with isothermal titration microcalorimetry (14, 19). OHM 1
targets CH1 with an affinity of (5.3 + 1.4) x 107" M (Fig. 24).
OHM 2, which contains the two critical leucine residues but lacks
GIn824, binds with a slightly reduced affinity Ky = (6.2 + 1.1) X
1077 M. The binding affinity of 2 confirms the computational pre-
diction that GIn824 is a weak contributor to binding (SI Appendix,
Table S1). The negative controls OHMs 3 and 4 displayed very
weak affinities for p300-CH1, with K, values of >>1.0 x 10° M in
each case. The results signify that the designed scaffolds are able to
target the protein of interest in a predetermined manner.

We further characterized the interaction of OHM 1 with the
p300-CH1 domain using 'H-'*N heteronuclear single quantum
correlation (HSQC) nuclear magnetic resonance (NMR) titra-
tion experiments with the uniformly '"N-labeled CHI (19).
Concentration-dependent shifts of several residues were ob-
served upon addition of OHM 1 to 170 pM CH1 in CH1:OHM 1
ratios of 1:0.6, 1:1.2, 1:3.5, and 1:7 (SI Appendix, Fig. S3). Ad-
dition of OHM 1 leads to consistent shifts in resonances of
residues corresponding to the HIFlog;6_s»4 binding surface, as
expected from the design and the tryptophan fluorescence
spectroscopy assay. The magnitude of the resonance shifts is
consistent with the observation that CH1 has a stable confor-
mation that does not reorganize substantially, at least upon
binding of small ligands (19, 35). Fig. 2B depicts a model of
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Fig. 2. Binding affinities of designed compounds for p300-CH1. (A) The
affinity of OHMs 1-4 and HIF1a C-TAD,gs_g26 for the CH1 domain was de-
termined by tryptophan fluorescence spectroscopy; the binding affinity of
HIF-CTAD for p300-CH1 measured using the tryptophan fluorescence assay
is in agreement with that obtained in a fluorescence polarization assay with
the fluorescein-labeled derivative of the peptide (S/ Appendix, Fig. S2). (B)
Molecular model that depicts the results of a 'H-">N HSQC NMR titration
experiment. The p300-CH1 residues undergoing chemical shift perturbations
upon addition of OHM 1 are color-mapped, matching the magnitude of the
chemical shift changes. The structure of the HIF1a/CH1 complex (PDB ID code
1L8C) was used to construct the model.

OHM 1 docked to CH1 residues that undergo chemical shift
perturbation. The NMR results, along with the fluorescence
binding experiments, provide strong evidence that rationally
designed topographical mimics of protein a-helices can bind the
predicted binding surfaces of their intended targets.

Designed Mimetics Down-Regulate Hypoxia-Inducible Gene Expression.
We next assessed the potential of OHMs to modulate the target
interaction in cell culture and suppress hypoxia-inducible gene
expression. We began by measuring the effect of compounds on
the viability of human alveolar adenocarcinoma cells (A549) using
the MTT assay. All four compounds showed dose-dependent de-
crease in cell viability with ECs values of 30-40 pM, suggesting
low cytotoxicity (SI Appendix, Fig. S4). We determined the po-
tential of these compounds to inhibit HIF transcriptional activity
using a luciferase-based reporter assay (19, 36). A triple-negative
breast cancer cell line MDA-MB-231 was stably transfected with
a construct designed to express a firefly luciferase protein under
hypoxic conditions, which were generated by O, deprivation with
a GasPak EZ pouch (BD). Under these conditions, treatments
with OHM 1 and OHM 2 resulted in a dose-dependent reduction
in the promoter activity (Fig. 34). OHM 1 at 20 pM reduces the
level of HIF1a transcriptional activity under hypoxia to that ob-
served under normoxia. OHM 2 is slightly less effective in this
assay, whereas the designed negative controls OHM 3 and OHM 4
do not cause a decrease in HIFla activity at 20 pM concen-
trations. The activity of OHM 1 in MDA-MB-231 is encouraging,
as this cell line often exhibits confluence-dependent resistance to
anticancer drugs (37). Importantly, the mimetics did not lead to
a decrease in HIF1a protein levels, as measured by Western blots
(SI Appendix, Fig. S5).

The ability of OHMs to inhibit transcription of three selected
HIF target genes—VEGFA, LOX, and GLUTI—was assessed
using real-time quantitative RT-PCR (qRT-PCR) assays in A549
cells. OHMs 1 and 2 at 10 pM concentrations down-regulate the
mRNA expression levels of the critical angiogenesis regulator
vascular endothelial growth factor (VEGFA) (38) by 80% and
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90%, respectively (Fig. 3B). In comparison, control compounds
had no effect on VEGFA mRNA levels at these concentrations.
Similar levels of decrease were observed for lysyl oxidase (LOX)
and glucose transporter 1 (GLUTI) expression. OHM 2 is slightly
more active than OHM 1 in the qRT-PCR experiments com-
pared with the luciferase assays, reflecting the inherent variance
in quantification of gene expression of endogenous genes and
transfected constructs by two different methods.

Gene Expression Profiling of OHMs in A549 Cells. The interaction of
HIF1la with p300/CBP controls multiple downstream genes be-
yond the three genes interrogated with RT-PCR. To compre-
hensively assess the effect of the mimetics on global gene expression,
we used Affymetrix Human Gene ST 1.0 arrays containing oligo-
nucleotide sequences representing over 28,000 transcripts. The
OHMs are small scaffolds (MW < 500) with an inherently restricted
set of interaction points, and as such, they could have nonspecific
off-target effects. In addition, p300 and CBP are multidomain
coactivator proteins known to interact with many different tran-
scription factors (39). We sought to assess the genome-wide effects
of the two successful inhibitors of the hypoxia-inducible tran-
scription OHM 1 and OHM 2 and compare these to the negative
control OHM 4 (Fig. 4).

Analysis of oncogenic signaling pathways in cells treated with
OHM 1 revealed down-regulation in expression of multiple
genes responsible for accelerated tumor progression. Examples
of several HIF gene targets involved in glucose and lipid me-
tabolism and iron transport are shown in Fig. 4B. The targeted
genes and the affected pathways can be classified into func-
tional groups commonly attributed to as “hallmarks of cancer”
(Fig. 4C) (40, 41). OHM 1 down-regulates multiple genes
implicated in angiogenesis, apoptosis, cell proliferation, and
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Fig. 3. Transcriptional regulation of hypoxia-inducible genes by helix mimetics.
OHMs 1 and 2 down-regulate hypoxia-induced promoter activity in lucifer-
ase assays (A) and transcription of VEGFA, LOX, and GLUTT genes in cell
culture as measured by real-time gRT-PCR (B). OHMs 3 and 4 show reduced
inhibitory activities at the same concentrations. Error bars are +SEM of four
independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05, t test. H, hypoxia;
N, normoxia; V, vehicle.
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corresponding treatments.

invasion, along with several cancer-specific markers in the A549
non-small-cell lung cancer cell line.

In A549 cells, several genes are up-regulated that constitute
a signature of lung cancer. These include ceruloplasmin (CP);
DNA topoisomerase 2-o (TOP2A4); the high mobility group box
family member 3 (TOX3) that modifies the chromatin structure;
Gremlin 1 (GREM1I), a 184-amino-acid glycoprotein that is im-
portant in the survival of cancer stroma and cancer cell pro-
liferation; and FGFRI, which is overexpressed in squamous cell
lung cancers. All these markers were down-regulated in A549 cells
treated by OHM 1, suggesting that in addition to suppression of
hypoxia-inducible transcription, the oxopiperazine also exerts
a general antitumor growth effect. The microarray data also
reveal down-regulation of angiogenesis genes, such as VEGFA
and SERPINE]I, and genes that encode proteins promoting in-
vasion, such as E-cadherin (CHDI), vimentin, and MET proto-
oncogene. Expression of antiapoptosis genes such as BCL2A1,
XIAP, and MCLIR (Fig. 4B) was also modulated.

Treatment with OHM 1 resulted in the change of 32 tran-
scripts by at least fourfold (P < 0.005) and 597 transcripts by at
least twofold (P < 0.005), 11 of which are validated as HIFla
target genes (Fig. 4C) (42). Similar results were observed for
OHM 2, in which 41 transcripts were affected by treatment at
least fourfold (P < 0.005) and 608 transcripts at least twofold.
OHM 1 and OHM 2 were found to have overlap in the down-
regulation of nine transcripts and up-regulation of 10 transcripts
by at least fourfold (SI Appendix, Fig. S6). In contrast, no overlap
was found between OHM 1 or OHM 2 with negative control
OHM 4 for down-regulated genes, and only one transcript over-
lapped for up-regulation by fourfold. In total, treatment with

7534 | www.pnas.org/cgi/doi/10.1073/pnas.1402393111

OHM 4 changed expression of 27 transcripts by fourfold and
91 transcripts by twofold.

We compared our microarray results with oxopiperazines with
other direct-acting inhibitors of the hypoxia-inducible transcrip-
tion reported in the literature. Dimeric epidithiodiketopiper-
azines (ETPs) are recent examples of allosteric small-molecule
inhibitors of the HIF complex that also target the p300 CHI1
domain (20, 23). Treatment of hypoxic MCF7 cells with dimeric
ETP 2 resulted in at least twofold expression changes in 329
genes (SI Appendix, Table S2) (20). A structurally similar ETP 3
alters the expression of 409 genes by at least twofold (23). A
sequence-specific DNA-binding oligomer, polyamide 1, has been
reported to change expression levels of 2,284 genes by at least
twofold in hypoxic U251 cells (17). In contrast, echinomycin,
a DNA-binding cyclic peptide, under the same conditions and
cell line produces changes in expression of 10,918 genes by at
least twofold. RNA interference directed at HIFla leads to ex-
pression changes in 3,194 genes at least twofold (SI Appendix,
Table S2). Taken together, these data suggest that the designed
oxopiperazine a-helix mimetic, despite its low molecular weight
and a limited number of contacts with the intended target pro-
teins p300/CBP, shows remarkably high specificity on a genome-
wide scale.

In Vivo Assessment of the Efficacy of OHM in a Mouse Tumor Xenograft
Model. We next sought to investigate the potential of oxopi-
perazine 1 to reduce the tumor growth rate in a mouse xeno-
graft model. We began by determining the maximum tolerated
dose of OHM 1 in BALB/c mice. Escalating doses of 2-100 mg/kg
OHM 1 were injected intraperitoneally every other day. No signs
of toxicity were found, as assessed by daily weight measurements
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and visual inspections of the appearance and the behavior of
treated mice. The animals were then injected i.v. with 10 mg/kg
and then 100 mg/kg of OHM 1, again without measurable weight
loss or changes in appearance or behavior.

Xenograft models of MDA-MB-231 cells were used for the
in vivo efficacy studies. Mice bearing xenografts were randomly
assigned to treated and control groups when the tumor volumes
reached 200 mm®. The treated groups received i.p. injections
of 15 mg/kg OHM 1 in PBS, whereas control groups received
injections of PBS (100 pL per animal). Tumor sizes were mon-
itored daily for both groups of mice. In the treated group, the
median tumor volume was smaller (103 mm?) compared with the
control group (186 mm®), indicating 45% median tumor volume
reduction at the conclusion of the experiment (Fig. 54). Treated
and control mice maintained their weights at 100 + 15% before
euthanasia (Fig. 5B). At the endpoint of the experiment, mice
were injected with near-infrared (NIR) tumor-targeting contrast
agent IR-783 and imaged using the Xenogen IVIS 200 system.
The intensity of the NIR signal in the OHM 1-treated mice was
consistently lower than vehicle-treated mice (Fig. 5C).

The tumors from control and treated mice were excised, dis-
sected, and used for histopathology evaluations. We used he-
matoxylin and eosin (H&E) stain to evaluate cell morphology
(Fig. 6). Cells in the treated tumors appear more differenti-
ated with a greater cytoplasm-to-nucleus ratio. Cell proliferation
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Fig. 5. Effect of OHM 1 treatment on tumor growth rate in MDA-MB-231
xenografts. (A) Box- and Whisker plots of the percentages of tumor volumes
measured throughout the duration of the experiment: boxes represent the
upper and lower quartiles and the median, and the error bars show maxi-
mum and minimum tumor volumes. ***P < 0.001. (B) Weight measurements
of control (-O-) and OHM 1-treated (-l-) mice engrafted with MDA-MB-
231 tumors through the course of the study. Error bars are +SEM of the
weight measurements of the mice within each experimental group. (C) Lo-
calization of the NIR contrast agent IR-783 in the tumors of the control and
treated mice. The fluorescence output was processed with Living Image soft-
ware with one representative sample for each group presented above. Mice
from the OHM 1-treated group show lower intensity of the signal originating
from the tumor-accumulated contrast agent compared with the control group.
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Fig. 6. (A) H&E-stained sections of MDA-MB-231 xenograft (purple, nuclei;
pink, cytoplasm) treated with vehicle or OHM 1. (B) Anti-Ki-67-stained
MDA-MB-231 xenografts (brown stain), treated with vehicle or OHM 1.
(Scale bar, 50 pm.) (C) Quantification of Ki-67-stained images using Image)
with the ImmunoRatio plugin (43). ***P < 0.001, t test.

marker Ki-67 was also used to determine the pattern of pro-
liferating cells. Tumors in the untreated mice exhibit threefold
higher levels of cell proliferation (Fig. 6B) as assessed by quantifi-
cation of the Ki-67 stained images (Fig. 6C) (43).

Discussion

In this study, we describe rational design of peptidomimetics that
target transcriptional PPIs in a predetermined manner in bio-
chemical, cell culture, and in vivo assays. Oxopiperazine analogs,
designed to mimic side chain orientations of protein helices, are
shown to inhibit the interaction of HIFla with the coactivator
p300/CBP. The successful candidate, OHM 1, is a small mole-
cule with a molecular weight of less than 500 Daltons. Small
molecules are often considered better candidates as inhibitors of
enzyme function rather than PPIs; however, analysis of PPIs that
have been inhibited by small molecules suggests that they contain
hotspot residues clustered within relatively small volumes—a fea-
ture that is reminiscent of enzyme active sites (1, 3, 4, 44).

The HIF-p300/CBP interface features a high concentration of
hotspot residues, making it an attractive candidate for inhibition
by small molecules. Although other inhibitors of this transcrip-
tion factor—-coactivator interaction have been described (21), the
best known example, chetomin (45), inhibits the interaction by
chelating essential zinc metals and denaturing the coactivator.
We aimed to discover small-molecule orthosteric inhibitors that
target the interaction with high specificity. The designed com-
pounds bind the target protein in a predictable manner, as the
single residue mutant OHM 3 shows an expected weaker affinity
for p300 compared with OHM 1. The p300 binding site for OHM
1 was confirmed by HSQC titration experiments.

OHM 1 significantly reduces HIF promoter activity and down-
regulates the expression of hypoxia-inducible genes responsible
for promoting angiogenesis, invasion, and glycolysis. Despite its
low molecular weight and a limited number of contacts with the
target protein, OHM 1 shows high specificity on a genome-wide
scale, especially compared with other reported inhibitors of
HIFla-mediated transcription. Comparative analysis of the ge-
nome-wide effects of OHMs 1, 2, and 4 provide important
insights into the ability of related compounds to disrupt tran-
scriptional activity of hypoxia-inducible genes. The microarray
gene expression heat map observed with the control tetraalanine
compound 4 is similar to that of the vehicle under normoxic
conditions, underscoring the levels of specificity offered by the
display of the correct side chains on the scaffold.

To assess the in vivo potential of OHM 1, murine tumor
xenografts derived from the triple-negative breast cancer cell line
MDA-MB-231 were treated with the compound. Injections of
OHM 1 reduced the median tumor volume by roughly 50%
compared with the untreated group. Importantly, the OHM 1
treatment did not cause measurable changes in animal body
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weight or other signs of toxicity in tumor-bearing animals, nor
increased the metastasis rate. The efficacy and specificity of the
OHM derivatives, in genome-wide analysis, supports our hy-
pothesis that PPIs that offer clefts can be targeted by judiciously
designed small molecules (4, 44).

Methods

Synthesis and characterization of OHMs 1-4, 'H-">N HSQC titration spectra,
protocols for cloning and expression of the p300-CH1-GST protein, binding
assays, cell viability assays, luciferase expression assays, Western blot anal-
ysis of HIF1a levels, gene expression profiling, in vivo toxicity dose-finding
and efficacy studies, mouse tumor imaging and immunohistochemistry are
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