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Our recent study has shown that ubiquinol-cytochrome c reductase binding protein (UQCRB), the
13.4-kDa subunit of mitochondrial complex III, plays a crucial role in hypoxia-induced angiogenesis
via mitochondrial reactive oxygen species (ROS)-mediated signaling. Here we report a new synthetic
small molecule targeting the mitochondrial oxygen sensor UQCRB that was identified by pharmaco-
phore-based virtual screening and in vitro and in vivo competition binding analyses. 6-((1-Hydrox-
ynaphthalen-4-ylamino)dioxysulfone)-2H-naphtho[1,8-bc]thiophen-2-one (HDNT) binds to the
hydrophobic pocket of UQCRB and potently inhibits in vitro angiogenesis of human umbilical vein endo-
thelial cells without cytotoxicity. Furthermore, the binding of HDNT to UQCRB suppressed mitochondrial
ROS-mediated hypoxic signal transduction. These results demonstrated that HDNT is a novel synthetic
small molecule targeting UQCRB and exhibits anti-angiogenic activity by modulating the oxygen-sensing
function of UQCRB.

� 2010 Elsevier Ltd. All rights reserved.
Angiogenesis is a key process for progression of many solid
tumors.1,2 Accordingly, the efficient inhibition of angiogenesis is
considered to be a powerful way to suppress tumor growth and
metastasis.3,4 Consequently, several specific target proteins of
angiogenesis, including vascular endothelial growth factor recep-
tors (VEGFs), matrix metalloproteinases, aminopeptidases, histone
deacetylases, and calmodulin, have been identified and anti-angio-
genic agents of various scaffolds have been developed based on
their inhibitory activities toward the specific targets.5–12

We recently isolated terpestacin, a new angiogenesis inhibitor
with a unique bicyclo sesterterpene structure, from fungal metab-
olites.13 To investigate the molecular mechanism of terpestacin
regarding its anti-angiogenic activity, we identified a cellular bind-
ing protein of terpestacin using a reverse chemical proteomics ap-
proach. Terpestacin specifically bound to the 13.4-kDa subunit
(UQCRB) of complex III in the mitochondrial respiratory chain.14

Recent reports have suggested that reactive oxygen species (ROS)
generation at mitochondrial complex III triggers hypoxia-inducible
factor-1a (HIF-1a) stabilization during hypoxia.15,16 Indeed,
terpestacin binding to UQCRB inhibited hypoxia-induced ROS gen-
eration, leading to inhibition of HIF-1a and tumor angiogenesis
in vivo, without disrupting mitochondrial respiration and complex
III functional structure.14 In addition, the regulation of UQCRB
expression demonstrated that the protein is a critical mediator of
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hypoxia-induced tumor angiogenesis via mitochondrial ROS-med-
iated signaling.14 This discovery suggested that small molecules
targeting UQCRB in mitochondrial complex III can suppress tumor
angiogenesis without acting as a respiratory poison. As such, we at-
tempted to develop new small molecules that specifically regulate
the function of UQCRB. In the present study, a novel synthetic
small molecule targeting UQCRB was isolated from the smart
chemical library designed by pharmacophore-based virtual screen-
ing and its anti-angiogenic activity was evaluated.

In a previous study, a docking model of terpestacin and UQCRB
was constructed to elucidate the binding mode of the complex and
was confirmed by surface plasmon resonance (SPR) analysis of the
binding affinity of UQCRB mutants to terpestacin.14 Consequently,
docking modeling provided pharmacophores that are critical for
the interaction of ligands to UQCRB. Thus, we used the pharmaco-
phore model as a search query to identify small molecules with
optimal binding property to UQCRB from a commercially available
three-dimensional (3D) multi-conformer database of 3.6 million
compounds (PharmoDB, Equispharm, Korea). The interaction
model used for this process is characterized by these features:
hydrogen bonds and lipophilic interactions. These features include
hydrogen bond donors (HBDs), hydrogen bond acceptors (HBAs)
and lipophilicity (lipo). Pharmacophore models were generated
with the excluded volume for the heavy atoms. To account for ex-
cluded volume regions occupied by the heavy atoms in the recep-
tor, an exclusion model is generated for the terpestacin binding site
and the surrounding receptor regions. Each atom of the receptor
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selected for inclusion in the model is represented as an exclusion
point. We performed this procedure by using SBF (structure-based
focusing) module in Cerius2 (Accelrys, San Diego, USA). Among the
virtual screening hit compounds, those that exhibited unfavorable
interactions with the binding site or unrealistic conformations
were filtered out by visual inspection. Finally, we selected 150
compounds for in vitro and in vivo competition binding analyses
with UQCRB.

The activity of the 150 virtually screened compounds was eval-
uated through three types of in vitro and in vivo competitive bind-
ing assays based on phage display, fluorescence staining, and SPR
as described previously.14 Several hit compounds were found to
significantly bind to UQCRB from all competitive binding analyses.
We identified 6-((1-hydroxynaphthalen-4-ylamino)-dioxysulf-
one)-2H-naphtho[1,8-bc]thiophen-2-one (HDNT) from the virtu-
ally screened compound library as a new synthetic small
molecule targeting UQCRB with the highest binding affinity
(Fig. 1a). To further elucidate the interaction between HDNT and
UQCRB, a molecular docking study was performed with the results
presented in Figure 1b.17–19 The docking model revealed that
HDNT was bound to UQCRB via hydrogen bonding interactions
with Thr 37, Arg 59, and Leu 67 residues of UQCRB. The 4-hydro-
xy-naphthalene moiety (A) of HDNT was involved in a hydrophobic
interaction with non-aromatic residues of the side chains of Leu 67,
Ile 63, and Leu 30 in UQCRB. In addition, the 2H-naphtho
[1,8-bc]thiophen-2-one (B) moiety of HDNT was involved in a
pi–pi interaction with the aromatic residue of Tyr 39 in UQCRB.
By analyzing the results of the docking studies, we found that
HDNT structurally overlapped with terpestacin in the UQCRB dock-
ing model (Fig. 1c).14

To confirm the specific binding of HDNT to UQCRB, a phage
display-based competitive binding assay was first performed using
T7 bacteriophages expressing UQCRB.20 Biotin did not bind to
UQCRB-encoding phages, whereas biotinylated terpestacin (BT),
Figure 1. Docking model of the HDNT–UQCRB complex. (a) The structure of HDNT. (b)
dotted lines represent hydrogen bonds between HDNT and UQCRB. (c) Comparison of the
terpestacin in green. The blue dotted lines represent hydrogen bonds between terpestacin
in our previous study.14
which binds to UQCRB, specifically bound to UQCRB-encoding
phages (Fig. 2a). However, the binding of UQCRB-encoding phages
to BT was markedly inhibited in the presence of excess free ter-
pestacin. HDNT also significantly blocked the interaction between
BT and UQCRB-phages, implying that HDNT binds to UQCRB. Next,
the interaction between HDNT and UQCRB at the cellular level was
assessed by competitive binding analysis using ter-coumarin, a
fluorescent probe for terpestacin.21 Treatment of human umbilical
vein endothelial cells (HUVECs) with ter-coumarin resulted in in-
tense blue fluorescence in the cytoplasmic area where mitochon-
dria are present, unlike with coumarin treatment (Fig. 2b). When
HUVECs were pretreated with terpestacin, binding between ter-
coumarin and UQCRB was inhibited by the competitive binding
of terpestacin to UQCRB in the cells, resulting in a significant
decrease in the fluorescence intensity of ter-coumarin. Pretreat-
ment with HDNT also decreased the fluorescence intensity of ter-
coumarin to the same extent as terpestacin, indicating that HDNT
binds to UQCRB in the cells. To further demonstrate the binding of
HDNT to UQCRB, we performed SPR (BIAcore) analysis.22 Control
biotin and BT were sequentially immobilized onto the surface of
a streptavidin-coated sensor chip and the apparent binding affini-
ties were calculated by subtraction of resonance values of UQCRB
binding to control biotin from those of UQCRB binding to BT. For
competitive binding analyses, terpestacin and HDNT were each
incubated with UQCRB protein, and then the complexes were in-
jected into flow cells of the sensor chip. Consequently, the binding
efficiency of UQCRB to BT was decreased to 40% and 60% by the
preincubation of terpestacin and HDNT each with UQCRB protein,
confirming that HDNT directly binds to UQCRB (Fig. 2c). Together,
the in vitro and in vivo competitive binding data clearly demon-
strated that HDNT is a novel synthetic small molecule targeting
UQCRB.

To evaluate whether binding of HDNT to UQCRB affects
mitochondrial function, the effect of HDNT on the mitochondrial
The docking model of HDNT to UQCRB obtained from the AutoDock4 program. Red
proposed binding model of HDNT and terpestacin. HDNT is indicated in yellow and
and UQCRB. A terpestacin binding model was derived from AutoDock program used



Figure 2. Analysis of the interaction between HDNT and UQCRB. (a) Effect of HDNT on the binding between UQCRB-phages and immobilized terpestacin. (b) Effect of HDNT
on the binding of ter-coumarin to UQCRB in HUVECs. (c) Effect of HDNT on the interaction between purified UQCRB protein and immobilized terpestacin by SPR analysis. (d)
Effect of HDNT on the mitochondrial membrane potential. HUVECs were incubated for 4 h with HDNT and then stained with 0.25 lg/mL of JC-1 (mitochondrial membrane
potential marker) for 15 min. Fluorescence images were obtained using a fluorescence microscope. Scale bar, 200 lm.
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membrane potential of HUVECs was measured using the JC-1 fluo-
rescent marker. Treatment with HDNT dose-dependently led to a
decrease in red fluorescence and an increase in green fluorescence,
indicating that HDNT causes a loss of the mitochondrial membrane
potential by targeting UQCRB (Fig. 2d).

From the results above, we found that HDNT obviously
regulates the function of UQCRB in mitochondrial complex III.
Our previous study had shown that UQCRB plays a crucial role in
tumor angiogenesis and, terpestacin, the first natural small mole-
cule targeting UQCRB, exhibits potent anti-angiogenic activity.14

To explore the anti-angiogenic activity of HDNT, we first investi-
gated the effect of HDNT on the growth of various cell lines includ-
Table 1
IC50 values of HDNT on various cell lines

Cell lines HUVEC HT1080 HeLa HepG2

IC50 (lM) 1 20 20 20
ing HUVECs using the MTT colorimetric assay. As shown in Table 1,
HDNT potently inhibited the proliferation of HUVECs with an IC50

of 1 lM. Notably, HDNT selectively inhibited the growth of
HUVECs than that of cancer cell lines (human fibrosarcoma
HT1080, human cervical carcinoma HeLa, human hepatoma
HepG2). These data indicate that HDNT may exhibit the anti-angio-
genic activity by specific inhibition of endothelial cell growth. We
next investigated the effect of HDNT on several angiogenic pheno-
types of endothelial cells such as cell invasion and tube formation.
Serum-starved HUVECs were stimulated by VEGF with or without
HDNT, and in vitro angiogenesis assays were performed.23 HDNT
suppressed VEGF-induced invasion and tube formation of HUVECs
in a dose-dependent manner without affecting endothelial cell
viability (Fig. 3). These data demonstrate that HDNT is a new
anti-angiogenic agent targeting UQCRB.

The increase in complex III-derived ROS generation during
hypoxia triggers HIF-1a stabilization and consequently mediates
the expression of its target genes such as VEGF.15,16 UQCRB is a
key component in mitochondrial complex III and acts as an O2



Figure 3. Effect of HDNT on in vitro angiogenesis. Serum-starved HUVECs were stimulated with VEGF (30 ng/mL) in the presence or absence of HDNT. (a) Inhibitory activity
of HDNT on endothelial cell invasion. (b) Effect of HDNT on tube forming ability of HUVECs. Scale bar, 200 lm.

Figure 4. Regulation of mitochondrial ROS-mediated hypoxic signal transduction by HDNT. (a) Effect of HDNT on mitochondrial ROS generation. Intracellular ROS levels were
determined by the DCF fluorescence. HepG2 cells were pretreated with HDNT for 30 min and then exposed to 1% O2 for 10 min. Nor, normoxia; Hyp, hypoxia. (b) Effect of
HDNT on HIF-1a stability. HIF-1a protein levels were analyzed using western blot analysis. HepG2 cells were pretreated with HDNT for 30 min and then exposed to 1% O2 for
4 h. Western blot data were quantitated using densitometry. (c) Effect of HDNT on VEGF expression. HepG2 cells were pretreated with HDNT for 30 min and then exposed to
1% O2 for 16 h. The concentration of VEGF protein in the culture supernatant was determined using an ELISA specific for VEGF.
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sensor, thereby mediating hypoxia-induced tumor angiogenesis.14

To determine whether the anti-angiogenic activity of HDNT is
associated with the regulation of UQCRB function in O2 sensing,
we examined the effect of HDNT on mitochondrial ROS-mediated
hypoxic signal transduction progression. HDNT dose-dependently
suppressed hypoxia-induced mitochondrial ROS generation in
HepG2 hepatoma cells (Fig. 4a). Moreover, the compound mark-
edly inhibited HIF-1a accumulation and VEGF expression induced
by hypoxia (Fig. 4b and c). These results suggested that the anti-
angiogenic activity of HDNT is related to the modulation of the
O2 sensing function of UQCRB.

In conclusion, a new synthetic small molecule that can regulate
the function of UQCRB has been identified through a reverse chem-
ical genetics approach. The specific binding of HDNT to UQCRB was
demonstrated by in vitro and in vivo competitive binding assays.
HDNT also exhibited considerable anti-angiogenic activity without
cytotoxicity by regulating the O2 sensing function of UQCRB. How-
ever, HDNT reduced the basal ROS as well as the mitochondrial
ROS induced by hypoxia. Recent evidence has revealed that the
membrane potential enhances the formation of superoxide from
Complex III by opposing electron transfer from heme bL to bH.24

Treatment with HDNT during normoxia decreased the mitochon-
drial membrane potential by targeting UQCRB (Fig. 2d). These re-
sults indicate that the reduction of mitochondrial ROS generation
below the basal level by HDNT might correlate with the lowered
membrane potential. Nonetheless, HDNT did not affect cell viabil-
ity at the effective concentrations for the inhibition of mitochon-
drial ROS generation. Notably, the anti-angiogenic potential of
HDNT in vitro (IC50 = 5 lM) was five times stronger than that of
terpestacin (IC50 = 25 lM), the original natural small molecule tar-
geting UQCRB.13,14 However, HDNT still exhibits biological activity
in the micromolar range and has relatively low solubility in water.
Thus, a further lead optimization study will be required to improve
the pharmacological potential of HDNT. In addition, we cannot ex-
clude the possibility that the anti-angiogenic activity of HDNT may
result from the multiple regulation of other cellular proteins, as
well as UQCRB itself, because small molecules can bind to more
than one protein. However, HDNT clearly belongs to a new class
of anti-angiogenic agents that targets UQCRB, and can serve as a
valuable probe to explore the role of UQCRB in angiogenesis. More-
over, the present study supports the idea that UQCRB is a promis-
ing target for anti-angiogenic and anti-tumor drug development.
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