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Suppression of mitochondrial energy production by a
photosynthetic bacterial cupredoxin peptide inhibits
tumor growth
Samer A. Naffouje1,5, Duy Binh Tran 1, David J. Rademacher2, Valentina Botti3, Konstantin Christov1, Albert Green1, Weiguo Li 4,
Ngoc Hai Trieu Phong1, Salvatore Cannistraro3, Anna Rita Bizzarri3, Tapas K. Das Gupta1 and Tohru Yamada 1,4✉

Accumulating evidence shows that bacteria influence cancer homeostasis, yet the effects of tumor‑associated microbes and their
products remain largely unexplored. We previously reported that P. aeruginosa–cancer crosstalk suppresses tumors via the bacterial
cupredoxin azurin, and we developed an azurin‑derived peptide that was tested in clinical trials. Building on our previous studies,
we studied tumor-resident bacteria for novel therapeutics and targets. Photosynthetic bacteria from the phylum Chloroflexota,
including a member of the class Chloroflexia, identified in tumors, carry the cupredoxin auracyanin gene. Based on the structural
and chemical characteristics of auracyanin, we designed a novel cell-penetrating peptide, aurB. Plant chloroplasts are thought to
have evolved from a bacterial endosymbiont, and both chloroplasts and mitochondria possess shared proteins essential for ATP-
dependent energy production, indicating that these bacterial-derived proteins may influence mitochondrial function. Consistent
with this model, we demonstrated that aurB, a peptide from cupredoxin auracyanin B, localized at mitochondria, blocked energy
production by targeting ATP synthase in prostate cancer cells, thereby significantly inhibiting tumor growth. More strikingly,
combination treatment with aurB and radiation therapy significantly inhibited tumor growth in a tibial bone metastasis model.
Moreover, the number of metastatic lesions in the lungs was also significantly lower upon aurB treatment. Multiplex RNA-
expression profiling revealed that the inhibition of ATP production by aurB increased the efficacy of radiation therapy by
modulating multiple pathways involving HIF-1α. Our findings indicate that electron transfer proteins could represent an important
source of promising novel peptide-based agents that target the aberrantly activated mitochondrial energy system in cancer.
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INTRODUCTION
There have been many advances in the development of targeted
cancer treatments. Mitochondria have been recognized as among
the most important targets for the development of new
therapeutic agents. Mitochondrial functions in eukaryotes include
ATP generation and the regulation of cell proliferation and death.
Abnormal mitochondrial function has long been associated with
aberrant cancer cell proliferation.1 Furthermore, mitochondrial
ATP synthesis is often altered in cancer cells and plays a crucial
role in tumor growth and patient overall survival.2–4 Therefore,
targeting mitochondria in cancer cells is a promising approach for
the development of new therapeutic agents. However, traditional
chemotherapeutic agents that target mitochondria generally do
so indirectly by targeting upstream signaling pathways that are
frequently impaired or inactivated in cancer (e.g., p53), including
advanced prostate and ovarian cancer, two cancer types that are
typically lethal and exhibit a limited response to immune
checkpoint inhibitors.5,6 Thus, new therapeutic agents that target
mitochondria in cancer cells would be ideal.

Eukaryotes have coevolved with diverse microbial communities,
including bacteria. According to the endosymbiotic theory, mitochon-
dria and chloroplasts originated from the engulfment of symbiotic
bacteria by ancestral eukaryotes; mitochondria arose early in
eukaryotic evolution (over 1 billion years ago), and chloroplasts arose
somewhat later via endosymbiosis of a cyanobacterium in the
ancestor of photosynthetic eukaryotes.7,8 As such, electron-transfer
proteins that generate energy (e.g., ATP) in bacteria, chloroplasts, and
mitochondria share high levels of structural and functional homol-
ogy.9–11 For instance, one of protein families expressed in chloroplasts
and mitochondria is the cupredoxin family, which consists of blue
copper proteins comprising an eight-stranded Greek key β-barrel with
a distinctive class α/β parallel connection.12,13 Cupredoxin superfamily
proteins are found in several kingdoms and are therefore universally
important to organisms.14 For example, mitochondrial genome
sequencing studies have revealed proteins with homology to
bacterial cupredoxins in the mitochondria of eukaryotes, such as
sunflower plants (Helianthus).15 Cupredoxin plastocyanin plays a role
in photosynthetic electron transport within chloroplasts in plants.16
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Moreover, in several types of bacteria, cupredoxins are involved in
electron transfer in a variety of biological processes, including energy
production through nitrogen fixation and photosynthesis.17,18

We previously demonstrated that a peptide derived from the
electron transfer cupredoxin azurin in nonphotosynthetic Pseudomo-
nas aeruginosa (referred to as p28; NSC745104) induced p53-
dependent tumor growth inhibition in animal models of a broad
range of cancer types19–26 and showed preliminary efficacy in two
phase I clinical trials without apparent toxicity in patients with
advanced solid tumors and pediatric patients with recurrent and
refractory central nervous system (CNS) tumors (NCI, Pediatric Brain
Tumor Consortium).27–29 Unlike cupredoxin proteins from nonphoto-
synthetic bacteria, we focus on a cupredoxin protein from photo-
synthetic bacteria for novel therapeutics and targets based on our
concept. Given that the electron transfer system in photosynthetic
bacteria is crucial for converting energy and is substantially different
from that in nonphotosynthetic bacteria,30 we hypothesized that
cupredoxin in photosynthetic bacteria might be a unique source for
novel therapeutics. Although it is not very common, there are a few
reports describing that photosynthetic bacteria are found in
humans,31,32 and we also detected the photosynthetic bacteria
Chloroflexia in human tumor samples in this study. They have
cupredoxin proteins called auracyanin that are involved in electron
transfer chains during photosynthesis.33 Furthermore, auracyanin is
reported to be a descendant of an ancestral sequence common to
both the azurin proteins expressed by prokaryotic nonphotosynthetic
bacteria and the cupredoxin plastocyanin proteins expressed by both
prokaryotic bacteria and eukaryotic algae and plants.34 Considering
this evidence, we focused on auracyanin, designed a novel cell-
penetrating peptide based on chemical and phylogenetic character-
istics (Fig. 1a), and studied its biological functions in mitochondria and
the effects on cancer proliferation in comparative in vitro and in vivo
models, including a tibial bone metastasis model (Fig. 1b). This is the
first study to demonstrate the molecular mechanisms through which
a novel anticancer peptide originating from a photosynthetic bacterial
protein specifically interacts with mitochondria.

RESULTS
Identification and design of an auracyanin-derived peptide
Accumulating evidence suggests that microorganisms such as
bacteria play important roles in cancer homeostasis.35,36 We

previously showed that crosstalk between cancer (e.g., breast
cancer and melanoma) and the opportunistic pathogen Pseudo-
monas aeruginosamediates tumor suppression.37 It is mediated by
the cupredoxin azurin from P. aeruginosa. While bacteria within
human tumors, known as the tumor microbiome, have been
recently characterized,38 the impact of these bacteria and their
products has not been widely explored. Thus, we first character-
ized the bacterial populations in tumors from primary and
metastatic breast cancer by the bacterial 16S rRNA gene39

(Supplementary Fig. S1a, b). Consistent with previous reports,40

our results showed that Proteobacteria were abundant in tumor
tissues (Supplementary Fig. S1c). In contrast, no bacterial
populations were detected in the mouse brain tissues as a
negative control. Proteobacteria include a wide variety of
pathogenic bacteria (e.g., azurin-expressing Pseudomonas). As
we have been studying cupredoxins such as type-I blue copper
protein azurin, we generated a phylogenetic tree for bacterial
cupredoxins to identify homologous proteins, which revealed
auracyanins as the closest to azurin (Supplementary Fig. S1d). In
the tumor microbiome we analyzed (Supplementary Fig. S1c),
bacteria of the phylum Chloroflexota—including members of the
class photosynthetic Chloroflexia (ranked 13th in abundance in
this analysis)—harbor cupredoxin auracyanin genes. To investi-
gate the diversity of such family proteins within the phylum
Chloroflexota, we searched UniProt for cupredoxin domain-
containing proteins (Supplementary Fig. S1e). While multiple
entries annotated as “cupredoxin-like” or “blue copper-binding”
were found (e.g., UniProt IDs A0A933VBB6, A0A7C1KCA4,
A0A9E4VIU8, A0A535HE61, A0A8K0ZFD4), only auracyanins (e.g.,
Q8RMH6, P27197) were experimentally validated. The other
entries represent unreviewed predictions based solely on
sequence similarity or domain architecture and lack structural or
functional confirmation. These findings, which identify auracya-
nins as the confirmed single-domain blue copper proteins in
Chloroflexota, prompted us to investigate further. Based on
Supplementary Fig. S1e, auracyanins (auracyanin A and B) are
the closest proteins to azurin. Given that interest in therapeutic
peptides has surged due to recent advances in their delivery,
synthesis, design, and clinical viability, we designed and identified
the cell-penetrating peptide p28 from azurin,24,41,42 which adopts
a structure containing α-helical and β-sheet motifs and random
coils in solution.25 Similarly, our early phase studies indicated that

Fig. 1 Schematic representation of the innovative peptide design and treatment of a preclinical tumor model. The peptide was designed
through characterizations of the bacterial 16S rRNA gene in human tumors, combined with chemical and phylogenetic analysis (a). The aurB
peptide enhances radiation sensitivity in tumors through the inhibition of mitochondrial energy production and downregulation of
oncogenes, thereby suppressing significant tumor growth and metastasis (b). Created in BioRender, https://BioRender.com
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a peptide (aurB) from auracyanin B induced dose- and time-
dependent apoptosis in human cancer cells in a p53-independent
manner, but a peptide from auracyanin A did not exhibit this
effect.43

Cupredoxin auracyanin B (14.4 kDa, 140 aa) has a molecular core
consisting of two β-sandwich domains formed by eight polypeptide
strands in a typical cupredoxin fold, similar to the structure of azurin
(13.9 kDa, 128 aa) (Fig. 2a–c). Using a similar approach to our p28
studies, we identified a highly water-soluble 28-amino-acid peptide
fragment, aurB (residues 61–88 of auracyanin B), derived from its
helical motif and possessing a molecular weight of 2,721 Da. Both
aurB and p28 are anionic peptides (Fig. 2d); however, sequence
alignment revealed that very few amino acids (four out of twenty-
eight a.a.) are conserved between aurB and p28 (Fig. 2e). The
hydrophobicity plots (Fig. 2f, h) showed that both peptides are
amphipathic molecules. The polarity plots (Fig. 2g, i) indicated that
the polarity of aurB in the middle to C-terminal region is quite low
compared with that of p28, suggesting that the biological functions
of these peptides likely vary due to their different chemical
characteristics, despite their similar overall structures.
Given that p28 acts via a p53-dependent mechanism in cancer

cells, we investigated the antiproliferative effects of aurB on

histologically different types of cancer cells with differences in p53
status in vitro. Treatment with aurB significantly decreased the
viability of breast cancer (MCF-7), prostate cancer (DU145), and
colon cancer (HCT116) cells, regardless of p53 expression status
(Supplementary Fig. S2a–c). Moreover, the effects of aurB on p53-
inactive cancer cell lines, including PC3 prostate cancer cells,
MDD2 breast cancer cells (p53 dominant-negative), and p53-null
SKOV3 ovarian cancer, were dose-dependent (Fig. 3a).

Induction of p53 and AR-independent apoptotic cell death
While targeting the androgen receptor (AR) axis has been one of
the most successful therapeutic approaches in prostate cancer
patients,44 ~20% of these patients develop castration-resistant
prostate cancer (CRPC) within five years of follow-up during
androgen deprivation therapy.45 Prostate cancer is the most
common cancer in men and the second leading cause of cancer
death in men (after lung cancer) in the United States, which is
representative of patterns seen in many Western countries.46,47

Additionally, current immunotherapies have shown limited
efficacy for advanced prostate cancer6 but are effective for
melanoma and lung cancer.48 Furthermore, prostate cancer
models with different p53 statuses have been well established

Fig. 2 Overall structures of auracyanin B and azurin. Ribbon diagrams and molecular surfaces of each protein (a: auracyanin B, b: azurin) were
visualized by QuteMol and DeepView (Swiss Institute of Bioinformatics). Dotted boxes indicate the locations of the helical (red) peptides aurB
and p28. Blue: copper. Structural alignment of aurB (blue) and p28 (red) yields a Cα RMSD of 1.47 Å (c). Their molecular weights, numbers of
a.a., and pI values are presented. The peptide sequences are described in the “Methods” section (d). Multiple sequence alignment with Clustal
indicated that a few amino acids were conserved between the two peptides (e). “*” represents positions with fully conserved residues. “:” and
“.” indicate highly conserved substitutions and semiconserved substitutions, respectively. Hydrophobicity plots41 of aurB (f) and p28 (h) were
generated according to the hydrophobicity scale of Kyte and Doolittle. The polarity scores of aurB (g) and p28 (i) were calculated according to
the polarity propensity scale100
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and widely used.49 After finding that aurB significantly decreased
the proliferation of the AR-negative PC3 prostate cancer cell line,
we assessed the effects of aurB, p28, and paclitaxel as a positive
control (a drug for prostate cancer) on additional prostate cancer
cell lines with different molecular signatures. As expected,
exposure to paclitaxel significantly induced time-dependent
cytotoxicity in the metastatic prostate cancer cell lines LNCaP
(derived from left supraclavicular lymph node metastasis, wild-
type p53, AR + ), DU145 (derived from central nervous system
metastasis, heterozygous mutant P223L and V274F p53, AR− )
and PC3 (derived from bone metastasis, p53-null, AR− ) and the
normal prostate cell line CRL-11611 (p53 + , AR + ) (Fig. 3b–e). p28
also had a dose-dependent effect on p53-expressing prostate
cancer cells (LNCaP and DU145) but not p53-null PC3 cells or
normal CRL-11611 cells, confirming our earlier findings.23,26

Treatment with aurB significantly induced dose-dependent
cytotoxic effects on all three prostate cancer cell lines, with a
~50% inhibition rate when aurB was administered at 100 µM for
72 h (Fig. 3b–d). In contrast, aurB did not significantly alter the
viability of normal prostate cells (Fig. 3e). Together, these data
indicate that the biological functions of these peptides differ due
to distinct chemical characteristics, despite structural similarities.
While p28 showed a p53-mediated impact on cancer cell viability,
aurB significantly reduced cancer viability, regardless of p53 status
and AR expression.
We next examined apoptotic cell death in the same set of cell lines

exposed to p28, aurB, and paclitaxel by flow cytometry. In all the cell
lines, including the normal cells, treatment with paclitaxel induced
apoptotic cell death (Fig. 3f). Treatment with p28 induced apoptotic
cell death in LNCaP and DU145 cells but not in PC3 cells. Treatment

Fig. 3 Effect of peptides on prostate cancer cell lines with differences in p53 and AR expression status. Effect of aurB on p53-null human
cancer cells. The dose-dependent effect of aurB on PC3 prostate cancer, MDD2 breast cancer, and SKOV3 ovarian cancer cells was measured
by MTT assays (a, N= 3 for each group). Cell viability assays on prostate cancer cell lines (b: LNCaP, c: DU145, d: PC3, N= 3 for each group) and
normal prostate cells (e: CRL-11611, N= 3 for each group) were conducted in the presence of aurB, p28, or paclitaxel. Control (PBS)-treated
cells were considered to have 100% viability. Prostate cancer cell lines (LNCaP, DU145, and PC3) and normal prostate CRL-11611 cells were
exposed to the indicated agents for 48 h and stained using apoptosis assay kits according to the manufacturer’s instructions. The samples
were analyzed by flow cytometry (f, N= 3 for each group). Caspase-3 is involved in aurB-induced apoptosis. The effects of the caspase-3
inhibitor Z-DEVD-FMK on PC3 cells exposed to 100 µM aurB were determined by MTT assays at 24 h (red circle) and 48 h (blue square) (g, N= 3
for each group). PC3 cancer cells were exposed to aurB at the indicated concentrations. Cells were stained by using JC-1 Mitochondrial
Membrane Potential Assay Kits according to the manufacturer’s instructions to measure Δψm, and fluorescence was measured by flow
cytometry (h). Error bars represent the mean ± SEM. Significant differences were analyzed statistically using ANOVA. n.s., not significant;
* p < 0.05; ** p < 0.01; *** p < 0.001
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with aurB significantly increased apoptosis in a dose-dependent
manner in all prostate cancer cell lines but had a less extensive effect
on normal prostate cells (Fig. 3f). Caspases are essential proteases
involved in apoptosis, particularly caspase-3, which is critical for
certain apoptotic processes. To determine whether the ability of aurB
to induce apoptosis is mediated through caspases, the effects of Z-
DEVD-FMK, a cell-permeable inhibitor that irreversibly binds to the
catalytic site of caspase-3,50 were assessed. Treatment with Z-DEVD-
FMK decreased aurB-induced cytotoxicity in a dose-dependent
manner (Fig. 3g), suggesting that aurB-induced apoptosis occurred
through the activation of caspase-3, which is linked to mitochondrial
processes (e.g., Δψm loss).51 In fact, aurB exposure induced a dose-
dependent increase in the Δψm (Fig. 3h). Importantly, although p53
and AR play critical roles in the induction of apoptosis,52–54 aurB can
induce apoptosis in both p53-null and AR-negative cancer cells,
suggesting that its mode of action is p53/AR-independent, but it is
through the caspase-mediated mitochondrial pathway. Hereafter, we
focused on the p53mutant and AR-negative prostate cancer cell lines
DU145 and PC3.

aurB localizes to mitochondria and binds to the ATP synthetase
subunit ATP5C
We previously demonstrated that the cupredoxin azurin-derived
peptide p28 preferentially enters various types of cancer cells.24,42,55

Confocal images and flow cytometric analysis (Fig. 4a, b, and
Supplementary Fig. S3a, b) showed that aurB preferentially
penetrated human prostate cancer cells (DU145: 1.8-fold increase,
PC3: 1.7-fold increase over normal prostate cells) without inducing
cellular membrane toxicity (Supplementary Fig. S3c). Since aurB
induced mitochondria-mediated apoptosis (Fig. 3h), we included
normal heart and skeletal muscle cells with high mitochondrial
abundances to evaluate aurB cellular entry. As a result, similar to
p28, very little aurB cellular entry into normal prostate cell lines
(CRL-11611), heart cells (AC16, human cardiomyocytes), and skeletal
muscle cells (PSMCs, primary human skeletal muscle cells) were
observed (Fig. 4a, b and Supplementary Fig. S3a, b). Moreover, aurB
preferentially localized to xenograft tumors in mice (Fig. 4c). Upon
entry, aurB colocalized with mitochondria in both DU145 and PC3
prostate cancer cells, whereas AC16 and PSMC cells with high
mitochondrial abundances (Fig. 4a, Supplementary Fig. S3d)
exhibited minimal peptide uptake (Fig. 4a, b, d), suggesting that
aurB cellular entry is mitochondria independent and exerts minimal
antiproliferative effects in either cell type (Supplementary Fig. S3e).
To investigate more details of the intracellular localization of

aurB upon entry, transmission electron microscopy (TEM) was
performed when aurB was conjugated to relatively large
nonspherical gold nanorods (GNRs, 25 nm in diameter × 73 nm
in length), as GNRs smaller than 15 nm in diameter can enter
tumor tissue by themselves.56 TEM images revealed that GNR-
conjugated aurB was clearly internalized by PC3 cells and localized
in mitochondria (Fig. 4e). Since aurB is localized in mitochondria,
we investigated whether aurB could bind to an endogenous
mitochondrial protein(s). For this, pull-down assays with biotin-
labeled p28 or aurB were conducted. While aurB pulled down an
endogenous mitochondrial protein with a molecular weight of
~35 kDa, p28 did not (Fig. 4f). Mass spectrometry analysis of the
35-kDa protein band and immunoblotting (IB) identified the
binding partner of aurB to be the mitochondrial ATP synthase
gamma subunit (ATP5C) (Fig. 4g, h). We then determined the
affinity of the complex by surface plasmon resonance (SPR). The
sensorgram showed a substantial, concentration-dependent
increase in the registered response over time when an aurB
solution was injected, followed by a relatively small decrease in
response when buffer was applied to remove free analyte
molecules (Fig. 4i). The specific ATP5C/aurB complex had a long
lifetime, with a slow unbinding process (the signal decreased by
only ~5% even after 1,200 s of fluxing buffer had been injected).
Determination of the ATP5C-aurB binding kinetics showed that

the dissociation constant (KD) (association rate kon: 100 M
−1s−1

and dissociation rate koff: 4 ± 2 × 10−5 s−1) was 4 × 10–7M, reflect-
ing a medium-strength interaction under the tested conditions.
Fitting with a heterogeneous ligand model slightly improved the
simulated sensor gram but largely confirmed the results described
above, revealing a minor secondary interaction likely due to ligand
heterogeneity.

aurB inhibits ATP production by blocking respiration and
glycolysis in mitochondria
Based on the above results, aurB is a promising candidate as a
mitochondria-mediated agent for cancer. Thus, we further
investigated how aurB affects mitochondrial homeostasis since
they play crucial roles in cellular energy metabolism and p53-
dependent and p53-independent regulation of programmed cell
death.57–59 Given that ATP5C (ATP5F1C) is a subunit of mitochon-
drial ATP synthase, we first determined mitochondrial ATP levels
by the BioTracker ATP-Red, a red-fluorescent probe for detecting
mitochondrial ATP in live cells. The control agent, the ATP
synthesis inhibitor oligomycin, decreased the ATP levels in all cell
lines tested (Fig. 5a). Treatment with aurB substantially decreased
the ATP levels in prostate cancer cells, but lesser effects were
observed in normal prostate cells (Fig. 5a). Consistent with these
data, ATP synthetase enzyme activity (Complex V, including
ATP5C) was significantly inhibited by aurB (Fig. 5b). Furthermore,
we characterized key parameters of mitochondrial respiration
(OCR: oxygen consumption rate, ATP production rate, and proton
leakage) (Fig. 5c–k) and glycolysis ability (Fig. 5l–q) in real time in
live cells with the Seahorse XF Mito Stress Test and Glycolytic
Stress Test, respectively. Treatment with aurB significantly
inhibited the basal and maximal respiratory rates and the spare
respiratory capacity in prostate cancer cells, DU145 (Fig. 5c, f) and
PC3 (Fig. 5d, g), in a concentration-dependent manner. In sharp
contrast, aurB did not significantly inhibit these parameters of
mitochondrial respiration in normal prostate cells (Fig. 5e, h). The
nonmitochondrial OCR was also significantly inhibited in both
cancer cell lines (Fig. 5i, j), potentially due to inefficient
mitochondrial electron transport.60 Importantly, ATP production
rates were significantly inhibited by aurB treatment in both DU145
(Fig. 5i) and PC3 (Fig. 5j) prostate cancer cells but not in normal
prostate cells (Fig. 5k), consistent with the BioTracker ATP-Red
results (Fig. 5a). To compensate for reduced ATP production,
cancer cells typically switch from oxidative phosphorylation to
glycolysis. However, our results indicate that the extracellular
acidification rate (ECAR), glycolysis, glycolytic capacity, and
glycolytic reserve were also suppressed in DU145 (Fig. 5l, o) and
PC3 (Fig. 5m, p) prostate cancer cells, unlike normal prostate cells
(Fig. 5n, q), treated with aurB in a dose-dependent manner,
suggesting that the glycolytic pathway was also significantly
blocked by aurB. These data support the results described earlier.
Proton leakage, which leads to uncoupled respiration, refers to the
migration of protons into the mitochondrial matrix without the
complete production of ATP. Together, these results demon-
strated that aurB preferentially enters cancer cells, localizes to
mitochondria, and binds to mitochondrial ATP5C, which leads to
inhibition of energy production, mitochondrial swelling, and Δψm
loss. These cascades induce apoptotic cell death in prostate cancer
cells independent of p53 and AR.

Inhibition of tumor growth by aurB in prostate cancer
animal models
First, we performed a biodistribution assay using IRDye800CW-
labeled aurB to determine the in vivo stability of aurB in a prostate
cancer animal model (Supplementary Fig. S4). By 48 h,
IRDye800CW-aurB signals were largely cleared from systemic
circulation, with only minimal retention observed in the kidney
(Supplementary Fig. S4a). In addition, the half-life of aurB based on
intensity was 21.2 h, compared with 8.1 h for IRDye800CW alone
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(Supplementary Fig. S4b). Notably, IRDye800CW-aurB signals
continued to accumulate in the tumor sites and were detectable
at the tumor sites up to 72 h post-injection (Supplementary
Fig. S4b, c). In contrast to the IRDye800CW alone group, significant
contrast between the tumor and the surrounding normal tissues
was detected at 24–72 h following the injection of IRDye800CW-
aurB (Supplementary Fig. S4b, c). These findings indicate that aurB
was preferentially localized at the tumor sites and retained for
several days after systemic injection in this preclinical setting.
These data encouraged us to investigate whether the effects of

aurB observed in vitro translate in vivo, mouse xenograft models
were used (Fig. 6a). In mice bearing PC3 xenograft tumors, aurB
significantly inhibited the growth of PC3 tumors over the course of
four weeks of treatment (Fig. 6b, p < 0.05) without inducing either
behavioral changes or a decrease in body weight (Fig. 6c). At the
end of the treatment period, aurB and paclitaxel inhibited tumor
growth by ∼65% and 52% (vs. the PBS control), respectively. These
results are consistent with the in vivo findings above. In an
aggressive p53-null, AR-negative neuroendocrine prostate cancer
model, aurB exhibited significant antitumor activity without

Fig. 4 aurB preferentially enters cancer cells, localizes to mitochondria, and binds to ATP5C. Confocal microscopy analysis of Alexa Fluor-
labeled aurB (aurB-AF) and MitoTracker uptake by DU145, PC3, AC16, PSMC, and CRL-11611 cells (a). Red: Alexa Fluor-labeled aurB; Green:
MitoTracker; Blue: Nucleus. Scale bar: 20 μm. Each panel on the right side includes the image at higher magnification of the boxed region
under each panel. The intensity of aurB-AF was quantified by flow cytometry, and the fold-increase over fluorescence from normal prostate
cells was calculated (b, N= 3 for each group). Images of IRDye800CW only and IRDye800CW-aurB in PC3 xenograft mice. PC3 cells were
injected subcutaneously, and once tumors reached ~50mm3, IRDye800CW only and IRDye800CW–aurB were administered intravenously.
Forty-eight hours post-injection, the mice were imaged with an Odyssey scanner. Kidneys (blue arrows) show signals from dye excretion;
tumors are indicated by red arrows (c, N= 5 for each group). The intensity of aurB-AF and MitoTracker-FITC was quantified by flow cytometry,
and the ratio of intensity of aurB-AF/MitoTracker-FITC was calculated (d, N= 3 for each group). Representative TEM micrograph of aurB-treated
cells depicting the intramitochondrial localization of aurB-GNRs (blue arrowheads) and mitochondrial (Mt) swelling. Scale bar: 600 nm. Mt:
mitochondria (e). Identification of aurB binding protein (f–h). The mitochondrial fractions of PC3 cells were incubated with biotin-labeled p28
or aurB. Coomassie-stained SDS‒PAGE gels are shown (f). The protein band at ~35 kDa (black arrowhead) was identified as ATP5C using mass
spectrometry analysis. The identified fragments are indicated in the green underlined sequence (g). IB with an anti-ATP5C antibody confirmed
that aurB physically binds to ATP5C (h). Binding kinetics of ATP5C and aurB (i). Top: SPR sensorgram (black solid curve) of a representative
single-cycle kinetics assay performed at 298 K by the injection of five increasing concentrations (187, 281, 421, 632, 947 µM) of aurB in running
buffer over the sensorchip surface functionalized with ATP5C; global fit (dashed curves) of the sensorgram according to the Langmuir 1:1
binding model (red curve) and the heterogeneous ligand model (green curve) together with the corresponding χ2 values. Bottom: Fit
residuals. Error bars represent the mean ± SEM. Significant differences were analyzed statistically using ANOVA. n.s., not significant; ** p < 0.01;
*** p < 0.001
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apparent adverse events. In contrast, p28 did not inhibit the
growth of PC3 (p53-null) xenografts, consistent with the in vitro
data (Fig. 3a, d, f). In addition, aurB significantly decreased tumor
weight (Fig. 6d), which was consistent with the tumor growth
data. Histological analyses of the tumors revealed that proliferat-
ing cells (Ki-67 positive) were randomly distributed among the
tumor parenchyma of control animals (Fig. 6e). In contrast, aurB
treatment substantially reduced the number of Ki-67-positive
proliferating cells (Fig. 6e). Given the importance of apoptosis in
the in vitro effects of aurB, we next aimed to assess the apoptotic
effect of aurB in vivo by performing TUNEL assays and caspase-3
staining on xenograft tumor samples. Although the tumors of
control animals contained few TUNEL-positive apoptotic cells, the
tumors of aurB-treated animals contained more apoptotic cells
(Fig. 6f). Furthermore, a substantial increase in the proportion of
caspase-3-positive cancer cells was found in the tumors of aurB-
treated animals compared with those of control animals (Fig. 6g),
indicating that aurB suppresses tumor growth by inducing
caspase-mediated apoptosis.

Next, we studied the effects of aurB in a metastatic prostate
cancer mouse model consistent with the cell lines from which the
in vitro data were obtained (Fig. 7a). The most common metastatic
site of prostate cancer is the bones, and ~90% of men who die
from prostate cancer have metastatic disease in their bones.46,61

Because resistance to radiation therapy, a key treatment for
patients with metastatic prostate cancer, is related to mitochon-
drial energy production,62 and as aurB was found to inhibit ATP
generation, we hypothesized that aurB would act synergistically
with radiation therapy to improve treatment efficacy. First, we
conducted a synergy assay to confirm the synergistic effect of
irradiation therapy and aurB in vitro. As shown in Supplementary
Fig. S5a, the calculated synergy score for the combination of
irradiation and aurB was 10.18, indicating a synergistic interaction
between the two treatments. To clarify this hypothesis in a
preclinical context, we used a well-established animal model
generated via intratibial injection.63 Consistent with the effects of
aurB in the primary tumor model (Fig. 6), aurB administered alone
significantly inhibited (68% reduction at week 5 vs. the PBS

Fig. 5 aurB inhibits ATP synthesis. Intracellular ATP in prostate cancer cells (DU145 and PC3) and normal cells (CRL-11611) (a). Cells were
incubated with oligomycin (5 µM) and aurB (50 µM) for 24 h. Live cells were stained with ATP-Red (10 μM for 15min) and subsequently treated
with DAPI (1 μM for 15 min). Red: ATP-Red; blue: DAPI. Scale bar: 50 μm. The mitochondrial fractions from prostate cancer cells were treated
with various concentrations of aurB (50 μM, 75 µM, and 100 µM), 5 µM oligomycin, or PBS, and the Complex V activity was analyzed using an
ATP synthase enzyme activity microplate assay kit (b, N= 4 for each group). Seahorse assay data showed real-time changes in the oxygen
consumption rate (OCR), nonmitochondrial oxygen consumption, ATP production, proton leakage (c–k), extracellular acidification rate (ECAR),
glycolysis, glycolytic capacity, and glycolytic reserve (l–q) in prostate cancer cells (DU145, PC3) and normal cells (CRL-11611) following
treatment with different concentrations of aurB (N= 6 for each group). Error bars represent the mean ± SEM. Significant differences were
analyzed statistically using ANOVA. n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.001
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control, p < 0.001) tumor growth in the tibia (Fig. 7b, c) without
inducing either behavioral changes or a decrease in body weight
(Fig. 7d). As expected, radiation therapy alone significantly
inhibited tumor growth (vs. the PBS control, p < 0.001). More
importantly, tumor growth in the animals treated with aurB in
combination with radiation therapy was significantly lower than

that in animals treated with aurB or radiation therapy alone, and
combination treatment was not accompanied by a decrease in
body weight. Compared with the PBS control group, combined
treatment with aurB and radiation therapy significantly decreased
tumor growth by 99% at week 5. Magnetic resonance imaging
(MRI) at week 5 and images of the tibial bones clearly revealed

Fig. 6 aurB inhibits PC3 xenograft tumor growth. Schematic representation outlining the in vivo study (a, Created in BioRender, https://
BioRender.com). When the s.c. tumors reached ~5mm, athymic mice were randomized into control (PBS) and i.p. treatment groups (b, N= 5
for each group). None of the treatments significantly altered the body weight of the animals (c). At the end of treatment, tumors were
dissected and weighed (d). In sections of tumors from the control group, there was a marked increase in Ki-67-positive proliferating cells
(e, stained brown), and only a few apoptotic cells were observed, as determined by TUNEL (f) and caspase-3 (g) staining. There was an
apparent sharp reduction in Ki67-positive proliferating cells and a higher number of TUNEL-positive apoptotic cells in the aurB-treated group
than in the control group (N= 3 for each group). Similarly, caspase-3 expression in aurB-treated tumors was markedly increased compared
with that in untreated controls (N= 3 for each group). Scale bar: 100 µm. Error bars represent the mean ± SEM. Significant differences were
analyzed statistically using ANOVA. n.s., not significant; * p < 0.05, ** p < 0.01, *** p < 0.001
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that aurB enhanced the antitumor activity of radiation therapy
(Fig. 7e, f).
As DU145 cells are highly metastatic prostate cancer cells, we

also evaluated the number of metastatic lesions in other major
organs of the mice in each group. Metastatic lesions were found
only in the lungs (Fig. 7g–j) and not in the heart, spleen, liver, or
kidney (Supplementary Fig. S5b). Consistent with the observed
antitumor effects of aurB (Fig. 7b), treatment with aurB alone
significantly reduced (21% reduction at week 5 vs. the PBS control,

p < 0.05) the number of metastatic lesions in the lungs
(Fig. 7g, h, k). Radiation therapy alone also reduced (68% reduction
vs. the PBS control, p < 0.001) the number of metastatic lesions in
the lungs (Fig. 7g, i, k), but more notably, the number of metastatic
lesions in the combination group was significantly lower (91%
reduction, vs. the PBS control) than that in the groups treated with
aurB or radiation therapy alone (Fig. 7g–j, k). Together, aurB
enhanced the effectiveness of radiation therapy by inhibiting ATP
generation, which is crucial because resistance to radiation

Fig. 7 aurB prevents bone metastasis in the DU145 prostate cancer model. Schematic representation outlining the bone metastasis animal
model (a, Created in BioRender, https://BioRender.com). Quantification of the luciferase signal from DU145-luc cells in mice treated with PBS,
aurB (10mg/kg), IR (2.0 Gy), or a combination of aurB (10 mg/kg) and IR (2.0 Gy) (b, N= 5 in each group). Representative bioluminescent
images of tumor growth in the tibia at 5 weeks (c, scale bar: 2.5 cm). Lung metastases were detected. None of the treatments significantly
altered the body weight of the animals (d). Representative photo images (e) and MRI scans (f) of prostate tumors in the tibia at the end of
treatment (5 weeks, scale bar: 0.5 mm). Yellow arrows indicate tumors. Representative H&E staining images of lung tissues after mice were
sacrificed at 5 weeks: PBS (g), aurB 10mg/kg (h), IR 2.0 Gy (i), and aurB 10mg/kg in combination with IR 2.0 Gy (j). Scale bar: 2 mm. The number
of metastatic lesions in the lung was analyzed by ImageJ (k). Error bars represent the mean ± SEM. Significant differences were analyzed
statistically using ANOVA. n.s., not significant; * p < 0.05; *** p < 0.001
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therapy in metastatic prostate cancer patients is linked to
mitochondrial energy production.

aurB enhances radiation sensitivity in tumors via the HIF-1
pathway
To further investigate the underlying molecular mechanisms, we
determined RNA expression in these tumor samples via multiplex
RNA expression profiling with an nCounter analysis system. KEGG
pathway analysis of the differentially expressed genes in the aurB-
treated group comparedwith the PBS-treated group revealed that the

HIF-1 pathway was significantly enriched in the genes whose
expression was downregulated in the aurB group compared with
the PBS group (Fig. 8a). In contrast, radiation therapy (IR) alone did not
downregulate the HIF-1 pathway (Supplementary Fig. S6a). Impor-
tantly, aurB treatment in combination with IR significantly down-
regulated genes in the HIF-1 pathway compared with their expression
in the IR group, suggesting that the downregulation of these genes
was due to the effect of aurB (Fig. 8b, Supplementary Fig. S6b).
The hypoxic microenvironment of the tumor presents a major

obstacle for radiation therapy and decreases its effectiveness.64 HIF-

Fig. 8 Multiplex RNA expression profiling with an nCounter analysis. Pathview analysis, performed using NanoString nSolver software,
presents a comprehensive pathway map for differentially expressed genes (aurB vs. PBS) within the HIF-1 signaling pathway (a). Gene
expression levels are indicated as significantly higher (gold), unchanged (gray), or lower (blue) in aurB-treated vs PBS. A volcano plot
(Combination: IR 2.0 Gy + aurB 10mg/kg vs. IR) shows each tested gene, plotted by comparing −log10 (p value) with log2-fold change.
Horizontal lines represent statistical significance, with highly significant values appearing at the top of the plot, while highly differentially
expressed genes are positioned at the horizontal extremes (b). Highlights the downregulation of the PI3K genes in the various treatment
groups (c). Schematic representation of the aurB-induced pathway in cancer cells (d, created in BioRender, https://BioRender.com). ATP
production is inhibited by aurB by binding to ATP5C. This induces H+ leakage and inhibition of respiration in mitochondria. Variations in the
status of oncogenes and hypoxia are important triggers of HIF-1α. As a transcription factor, HIF-1α regulates the expression of various genes
involved in radiation resistance. Inhibiting ATP production via aurB enhanced radiation sensitivity by modulating multiple pathways through
HIF-1α
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1α is regulated by the PI3K/mTOR pathway.65 Thus, to further
investigate the alteration of gene expression in the pathway, we
analyzed phosphoinositide 3-kinase (PI3K) genes in each treatment.
Under ATP-limiting conditions established via aurB treatment, PI3K
expression was significantly decreased in the groups treated with
aurB alone and with aurB in combination with IR (Fig. 8c). HIFs can
interact with proto-oncogenes, such as c-Myc, altering tumor
metabolism and proliferation.65 The interaction of HIF-1 and c-Myc
directs cancer cells toward glycolysis by increasing glucose
transporter-1 (GLUT-1)-induced radioresistance.65–67 Because HIF-1
was downregulated by aurB, GLUT-1 was also significantly down-
regulated by aurB treatment (Supplementary Fig. S6c), and the
glycolysis pathway (anaerobic metabolism) was inhibited in the
aurB and combination treatment groups (Fig. ca, Supplementary
Fig. S6b) but not in the IR group (Supplementary Fig. S6a). As a
transcription factor, HIF-1α regulates the expression of dozens of
genes involved in maintaining homeostasis.66 HIF-1α confers
radiation resistance in cancer cells via multiple pathways.65 Taken
together, our results suggest that the inhibition of ATP production
by aurB through both oxidative phosphorylation and glycolysis
increases sensitivity to radiation via the modulation of multiple
pathways through HIF-1α (Fig. 8d).

DISCUSSION
In this study, we demonstrated the antiproliferative activity of aurB
in various histological types of human cancer cells, including a set of
prostate cancer cell lines widely used in therapeutic research.63

Importantly, aurB was effective against p53-WT, p53-mutant, and
p53-null cell lines. The fact that the tumor suppressor p53 is the
most frequently mutated gene in cancer62 and that p53 mutations
typically alter p53 activity (depending on the exact mutation
sites)68,69 indicates that p53 is a relevant therapeutic target for
cancer drug development. There have been intense efforts to target
mutant p53 reactivation in cancer, and several compounds that do
so have been identified.26,70 However, this promising approach
does not apply to p53-null cancer cells, suggesting that different
therapeutic strategies to treat p53-null cancer cells are needed.
Moreover, p53-null PC3 cells, but not LNCaP cells, are considered
small-cell neuroendocrine carcinoma cells71 that do not form glands
and are negative for AR and prostate-specific antigen (PSA).72

Neuroendocrine prostate cancer is extremely aggressive, does not
respond to hormonal therapy very well and is characterized by a
relatively ‘cold’ tumor immune microenvironment, similar to other
metastatic prostate cancers.73 Since the five-year survival rate of
patients with metastatic and advanced prostate cancer in the US is
31%, as opposed to nearly 100% for patients with local prostate
cancer,74 a new therapeutic option needs to be developed to
improve the survival of patients with metastatic and advanced
prostate cancer. In this study, we compared the effects of aurB and
p28 with those of paclitaxel, which is among the current
chemotherapeutic agents for prostate, breast, and ovarian
cancer.75,76 Paclitaxel was most toxic to the normal prostate cell
line (CRL-11611), and p53-mutant cell lines (DU145 and PC3) were
less susceptible to paclitaxel treatment than were p53 wild-type and
androgen-sensitive LNCaP cells. In contrast, all three prostate cancer
cell lines tested were more sensitive to aurB than the normal
prostate cell line. The results also confirmed that the antiprolifera-
tive effects were significantly greater in prostate cancer cells than in
their normal counterparts and normal cells (AC16 and PSMC) having
high levels of mitochondria content after treatment with aurB. The
cellular entry of aurB is mitochondria-independent, and preferential
entry was demonstrated in vitro as well as in vivo, thereby making
aurB effective in such cancer cells. A substantial proportion of the
reported cell-penetrating peptides (CPPs), such as TAT and octamer
arginine, are cationic. Given that cellular membranes are generally
negatively charged (e.g., phospholipid head groups), these cationic
CPPs can have electrostatic interactions with the membrane.77,78

Unlike cationic CPPs, both aurB and p28 are anionic and
amphipathic CPPs (Fig. 2). We previously demonstrated that the
secondary structure of p28 (e.g., α-helix/β-sheet motifs) was
important for its entry.25 Additionally, several CPPs can alter their
cellular entry by modulating membrane permeability in cancer
cells.79,80 Although the mode of entry for aurB remains unknown, its
preferential entry is of considerable significance, motivating our
commitment to an in‑depth investigation of its mechanism.
Upon entry, aurB induces the downregulation of oncogenes by

limiting mitochondrial energy production. Recent studies have
shown that high mitochondrial ATP production contributes to
cancer drug resistance and metastatic potential.81,82 ATP-high
cancer cells were generally aggressive, exhibiting multidrug
resistance and an increased capacity for cell migration/invasion
and metastasis. For example, cancer metastasis was largely
prevented by treatment with Bedaquiline, which binds to and
inhibits mitochondrial ATP synthase, leading to ATP depletion.
Bedaquiline is an antibiotic for tuberculosis, and interestingly,
using the chick embryo metastasis assay, it was found to
significantly suppress spontaneous metastasis (>90 µM) without
tumor growth inhibition.83 This supports our approach that
targeting the ATP synthase enzyme presents a compelling avenue
for cancer therapy by inhibiting mitochondrial energy production,
which in turn weakens the proliferation and metastatic potential
of aggressive cancer cells.
In conclusion, we identified a novel aurB derived from a

bacterial electron transfer protein that blocks ATP production by
targeting a mitochondrial enzyme and induces caspase-
mediated apoptotic cancer cell death, demonstrating its
potential therapeutic value. Mitochondria in cancer cells are
structurally and functionally different from those in normal cells,
generally.84,85 Many conventional agents target signaling path-
ways that lie upstream of mitochondria and converge on these
organelles to induce cell death,86 suggesting that the develop-
ment of potential anticancer agents that directly target the
energy production machinery in mitochondria is a logical
approach. In general, the mitochondrial mass is greater in
carcinoma tissues than in benign prostate tissues of all Gleason
grades87, and high levels of mitochondrial ATP synthase
Complex V components, including ATP5C, are a significant risk
factor in cancer,3,4,88,89 suggesting that mitochondrial ATP
synthase Complex V is a promising druggable target (Supple-
mentary Fig. S7a, b). To our knowledge, this is the first study to
show that photosynthetic bacterial proteins can be important
sources for the development of immune-independent drugs
that directly target the mitochondrial energy production system.
Mitochondria play a critical role in energy production and the
regulation of cell death in eukaryotic cells and are believed to
have originated from ancient bacteria. In this study, our findings
indicate that a peptide derived from a bacterial protein may
serve as a promising therapeutic candidate for advanced
prostate cancer. Building on this concept and acknowledging
the limited number of tumor samples analyzed, future investi-
gations could expand the search for mitochondria-targeting
peptides of bacterial origin through larger screening
approaches. Given that mitochondrial ATP synthetase is often
upregulated in several types of cancers, especially prostate
cancer, breast cancer, ovarian cancer, glioblastoma, and clear
cell renal cell carcinoma,90 this study could be an important
reference for the development of novel peptide-based agents
that modulate mitochondrial homeostasis.

MATERIALS AND METHODS
Peptide synthesis
Peptides were chemically synthesized (CS Bio and CPC Scientific,
CA) at >95% purity and mass balance. The sequences were as
follows: aurB (auracyanin B aa 61–88): LVN GGD DVA AAV NTA
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AQN NAD ALF VPPP, and p28 (azurin aa 50-77): LST AAD MQG VVT
DGM ASG LDK DYL KPDD. These amino acids are all L-isomers
without chemical modification unless otherwise specified.

aurB and p28 labeling
Fluorescence conjugation was performed as described pre-
viously.42 Briefly, aurB or p28 was dissolved in PBS (pH 7) mixed
with Alexa Fluor 568 dye (Invitrogen, MA) at a 1:2 peptide/dye
ratio. Sodium bicarbonate (pH 8.5) was added and incubated at
4 °C with continuous stirring in the dark. For IRDye conjugation,
aurB was dissolved in PBS and reacted with IRDye800CW
(LICORbio, NE) in anhydrous DMSO for 3 h at room temperature
in the dark. IRDye800CW-labeled aurB, Alexa Fluor 568-labeled
aurB, and p28 were dialyzed against cold PBS using Slide-A-Lyzer
Dialysis Cassettes (Pierce Biotechnology, IL).

Cell lines and culture
Human cancer and noncancer (immortalized and nonimmortalized)
cell lines were obtained from the American Type Culture Collection
prostate cancer (PC3, DU145, and LNCaP), normal prostate
(CRL11611), breast cancer (MCF-7), ovarian cancer (SKOV3), lung
cancer (A549), colon cancer (HCT116), normal human cardiomyo-
cytes (AC16 human cardiomyocytes, CRL-3568), and skeletal muscle
cells (primary human skeletal muscle cells—PSMCs, PCS-950-010).
MDD2 breast cancer cells (p53 dominant-negative) were provided
courtesy of Dr Andrei V. Gudkov, Roswell Park Cancer Institute.24 All
cell lines, except for AC16 and PSMC, were cultured in MEM-E
(Invitrogen, MA) supplemented with 10% heat-inactivated fetal
bovine serum (Atlanta Biological, GA), 100 units/ml penicillin, and
100 μg/ml streptomycin at 37 °C in 5% CO2. The human melanoma
(UISO-Mel2) cell line was established by our laboratory.91,92 For
AC16 cells, the growth medium consisted of DMEM/
F12 supplemented with 12.5% FBS. To induce differentiation, the
cells were cultured in DMEM/F12 supplemented with 1× ITS and 2%
horse serum. For PSMCs, cells were cultured in DMEM supplemen-
ted with L-glutamine (2mM) and 20% FBS. To induce differentia-
tion, PSMCs were cultured in DMEM with 2% horse serum, 10 µg/ml
insulin, 5.5 µg/ml transferrin, and 1mM sodium pyruvate.

Cytotoxicity assay
The proliferation assay was performed as we previously
described.42 Briefly, cells were cultured in 96-well plates overnight
and subsequently treated with the indicated agents for 24, 48, and
72 h at 37 °C in a 5% CO2 atmosphere.

Flow cytometric analyses
Three prostate cancer cell lines and a normal cell line were treated
with paclitaxel at 1 nM, p28 at 50 µM, and aurB at 0.5–50 µM. After
48 h, annexin-V apoptosis assays (Thermo Fisher, MA) were conducted
to detect apoptotic cells. For mitochondrial intensity analysis, cells
were seeded in petri dishes. After overnight culture, the cells were
washed with PBS and incubated with 20 μM Alexa Fluor 568-labeled
aurB for 2 h at 37 °C. Then, the cells were treated with 200 nM
MitoTracker Green (M7514, Thermo Fisher, MA) for 30min. At least
10,000 cells in each case were analyzed by FACS (RRC, UIC). JC-1 dye
(Invitrogen, MA) was used to determine Δψm. PC3 cells were exposed
to 1, 10, and 100 µM aurB. After washing with PBS, trypsinized PC3
cells were incubated with JC-1 dye and analyzed by FACS.

Caspase assay
Similar to the procedure for the proliferation assays, PC3 cells were
exposed to aurB in the presence or absence of the specific caspase
inhibitor Z-DEVD-FMK.

TEM
Gold and peptide conjugations were carried out as we previously
described.37 Gold nanorods (GNRs; Nanopartz Inc., CO) were
conjugated to peptides following the supplier’s protocol. Briefly,

NHS-functionalized nonspherical GNRs (25 nm diameter × 73 nm
length) were reacted with aurB at a 500-fold molar excess in 0.1 M
borate buffer (pH 8.0) for 4 h at room temperature. After
conjugation, the peptide-labeled GNRs were washed in 1% PBS
containing 0.1% Tween 20 by centrifugation at 9000 rcf for 10 min
and then resuspended in PBS. For ultrastructural analysis, PC3 cells
were incubated with aurB-GNRs at 300 µg/ml for 16 h. Cell culture
samples of ~1mm3 were fixed in 4% phosphate-buffered
glutaraldehyde and subsequently rinsed with 2% sucrose pre-
pared in 0.1 M Sorensen’s phosphate buffer at room temperature.
The samples were then post-fixed in 1% osmium tetroxide in 0.1 M
Sorensen’s phosphate buffer for 1 h at room temperature.
Following washes in distilled water, specimens were dehydrated
in acetone and infiltrated with EMBed 812 resin (EMS) using a
graded acetone-to-resin series consisting of 30min in 2:1
acetone:resin, 30 min in 1:1 acetone:resin, 1 h in 1:2 acetone:resin,
and 1.5 h in 100% resin. Samples were embedded in molds and
polymerized overnight at 60 °C. Ultrathin sections (60 nm) were
cut with an ultramicrotome, mounted on 200-mesh copper grids,
stained with uranyl acetate and lead citrate, and examined using a
Philips CM 120 transmission electron microscope.

Pull-down assay, protein identification, and western blot analysis
Cells were washed twice with PBS, and the mitochondrial fraction
was prepared with the Qproteome Mitochondria Isolation Kits
(Qiagen, MD). Mitochondrial proteins were extracted with 10% n-
dodecyl-β-D-maltoside (Mitochondrial Protein Immunoprecipita-
tion kits, Sigma, MA) and incubated with biotin-labeled p28 or
biotin-labeled aurB for 16 h at 4 °C. Streptavidin-agarose beads
were added and incubated for 4 h. After washing, the beads were
boiled in SDS buffer, and the released proteins were subjected to
SDS‒PAGE analysis. A protein band of ~35 kDa was subjected to
microcapillary LC/MS/MS for protein identification (Harvard
Medical School, Taplin Mass Spectrometry Facility. ProteomeX-
change accession: PXD066089). For western blotting and IB,
proteins were transferred to nitrocellulose membranes. After
blocking with 5% BSA in TBST (pH 7.4), the membranes were
incubated with anti-ATP5C antibody (Abcam, MA) at 1:25,000 in
5% BSA/TBST for 16 h at 4 °C. The secondary antibody at 1:1,000
was applied (anti-goat IgG-HRP; Santa Cruz Biotechnology, TX).
The signal was detected using enhanced chemiluminescence (ECL,
34580, Invitrogen, MA), and protein bands were visualized by a
chemiluminescence imager (ProteinSimple, CA).

Surface plasmon resonance (SPR)
Recombinant human ATP5C with a His-tag at the N-terminus was
obtained from Creative Biomart (ATP5F1-37H, NY). It was diluted in
running buffer (TBS: 20mM Tris-HCl, 20 mM NaCl, pH 7.8, 0.005%
p20 surfactant) to obtain the ligand samples. Lyophilized aurB
peptide was reconstituted with TBS (20 mM Tris-HCl, 80 mM NaCl,
pH 7.8); the stock solutions were further diluted in running buffer
to obtain the analyte samples. Buffers were prepared using
reagents from Sigma–Aldrich Co. with bi-distilled/microfiltered
water (Sartorius, Göttingen, Germany). Both samples and buffer
solutions were stored at –20 °C and thermalized at room
temperature just before experiments.
The SPR experiments were conducted at 25 °C using a Biacore

X100 instrument (GE Healthcare, BioSciences AB, Uppsala,
Sweden). The sensor chips and chemicals involved in the
attachment of the ligand to the chip surface were purchased
from Cytiva.
ATP5C was bound on the sensor chip NTA (Nitrilotriacetic acid)

by nickel chelation of its poly-histidine tag. The sensor chip
surface was prepared with a conditioning cycle using a 1-min
pulse of a solution of 350mM EDTA in running buffer at 10 µl/min.
Then, a 0.5 mM solution of NiCl2 was injected at 10 µl/min to form
a chelation bond between the nickel ions and NTA immobilized
on the surface. With the subsequent 11-min injection of 0.7 µM

Suppression of mitochondrial energy production by a photosynthetic. . .
Naffouje et al.

12

Signal Transduction and Targeted Therapy          (2026) 11:124 



ATP5C in 10mM sodium acetate buffer (pH 4) at a 5 µl/min flow
rate, the ligand molecules were captured by their His-tags into the
coordination bond with Ni2+ and NTA, reaching a binding
response of approximately 1000 RU in the measuring flow cell
(fc2). The blank immobilization of the reference flow cell (fc1) was
conducted by only executing the conditioning cycle. EDTA (3 mM)
was employed for the washing steps in the capture procedure,
and 50 μM EDTA was included in the running buffer to counteract
the effect of contaminant levels of metal ions. Interaction tests
were carried out as single-cycle kinetics assays, in which 5 samples
with increasing concentrations of aurB (187, 281, 421, 632,
947 µM) were sequentially fluxed at a flow rate of 30 μl/min over
the ATP5C-functionalized sensor chip surface for 180 s, separated
by 180 s dissociation steps, and followed by a final dissociation of
1200 s. Both capture and analysis procedures were programmed
by means of wizard templates and were completely automated.
Data evaluation was performed by using BiaEvaluation software
2.1 (GE Healthcare, BIOSciences AB, Uppsala, Sweden). Sensor-
grams were double-reference subtracted (Myszka, 1999), i.e.,
corrected for bulk refractive index changes, drift, jumps due to
injection needle positioning and nonspecific interactions by
subtracting the response obtained from the reference flow cell,
as well as being corrected for systematic noise by subtracting the
average blank response obtained from zero concentration cycles,
carried out by substituting sample injections with buffer
injections. Kinetic parameters were extracted by global fit of the
corrected sensorgrams. Fits were evaluated by residual plots, χ2
values and U values, the latter estimating the uniqueness of the
calculated parameters (not significantly correlated for U < 15).
Measurements were conducted in triplicate.

Confocal microscopy
Similar to the previous report,93 cells were seeded onto glass
slides (Thermo Fisher) placed in 24-well plates at a density of
2 × 104 cells per well and allowed to adhere overnight. The
following day, cells were rinsed with PBS and incubated with
20 μM Alexa Fluor 568-conjugated aurB for 2 h at 37 °C. For
mitochondrial labeling, cells were subsequently stained with
100 nM MitoTracker Green (M7514, Thermo Fisher, MA) for 20 min.
The cells were then fixed in 2% formalin for 10min. After washing,
the slides were mounted using Vectashield mounting medium
containing DAPI (94010, Vector Laboratories, CA). Fluorescence
images were acquired with a Zeiss LSM 980 confocal laser
scanning microscope (Oberkochen, Germany), and image proces-
sing was carried out using ZEISS ZEN Lite software version 7.1.

Fluorescence imaging of ATP in prostate cancer cells
DU145, PC3, and CRL-11611 cells were seeded (4 × 105 cells/well)
in a confocal chamber and incubated for 24 h. These cell lines
were then treated with oligomycin A (5 µM,94 11342, Cayman, MI)
and aurB (50 µM) for 24 h. One group of cells was cultured in
media alone as a control group. Cells were incubated with ATP-
Red (10 µM, SCT045, Sigma‒Aldrich, MO) at 37 °C for 15 min and
then washed three times with PBS before imaging. Fluorescence
imaging was performed using a confocal microscope [Zeiss LSM
710 Confocal Microscope (META)].

Complex V activity measurement
Cells were cultured in T-175 flasks. After overnight culture, the
cells were washed twice with PBS, and the mitochondrial fraction
was prepared with Qproteome Mitochondria Isolation Kits
(Qiagen). Protein concentration was measured by the BCA assay
kit, and a standard curve was quantified to ensure equal loading
and activity measurement (Thermo Fisher). Fifty micrograms of
protein from the mitochondrial fraction were used to measure
Complex V activity using ATP synthase-specific activity microplate
assay kits (ab109717, Abcam, MA) following the manufacturer’s
instructions.

Seahorse XF analyzer
DU145, PC3, and CRL-11611 cells were plated in Seahorse XF96
Cell Culture Microplates (101085-004, Agilent Technologies, CA)
with 1.2 × 104 cells/well for 24 h. Cells were then treated with aurB
at different concentrations (50, 75, and 100 µM) for 24 h. Each cell
line was incubated at 37 °C in a 5% CO2 atmosphere for 24 h.
Then, 1 h before analysis, the cells were incubated at 37 °C without
CO2 in Seahorse XF DMEM (Agilent Technologies, CA). Mitochon-
drial respiration (OCR; oxygen consumption rate) and glycolysis
(ECAR; extracellular acidification rate) were measured using
Seahorse XF Mito Stress Test Kits (103015-100; Agilent Technol-
ogies, CA) and Glycolysis Stress Test Kits (103020-100, Agilent
Technologies, CA), respectively, on an XFe96 Analyzer (Agilent
Technologies, CA) following the manufacturer’s instructions.

Xenograft animal models
Human prostate cancer cells (PC3) were injected s.c. into the right
flanks of 5- to 6-week-old male athymic mice.95 When tumors
reached 5mm in diameter, animals were randomized into control
and treatment groups. The dosages were as follows: paclitaxel
(10 mg/kg, once a week),96 p28 (10 mg/kg daily), and aurB
(5 mg/kg daily), i.p. All animals were weighed twice a week. At
necropsy, tumors were dissected and weighed. Statistical compar-
isons were performed by one-way analysis of variance (ANOVA)
(control vs treatment). Tumor samples were fixed overnight in
10% buffered formalin. Fixation was followed by dehydration,
clearing, and infiltration.19,97 All in vivo studies were reviewed and
approved by the University of Illinois at Chicago (UIC) Institutional
Animal Care and Use Committee (IACUC) and performed in
accordance with the United States Animal Welfare Act and the
guidelines of the National Institutes of Health.

Intratibial injection of DU145-luc cells
Intratibial injection was performed as described previously.98

DU145 cells were cultured in DMEM supplemented with 10% FBS,
100 units/ml penicillin, and 100 μg/ml streptomycin. DU145 cells
stably expressing the luciferase gene (pGL4.51[luc2/CMV/Neo],
Promega, WI) were generated through chemical transfection using
FuGENE HD (Promega) in the presence of G418 antibiotics
(GoldBio, MO). The DU145-luc cell line was maintained at 70%
confluency and regularly monitored for luminescence activity.
DU145-luc cells were resuspended in Matrigel Growth Factor
Reduced (Sigma, MA) at a concentration of 5 × 105 cells/20 µl.
Intratibial bone injections were performed on 4- to 5-week-old
athymic male mice. Briefly, the proximal end of the left tibia was
surgically exposed, the knee was flexed, and 20 µl of Matrigel
containing DU145-luc cells was injected into the bone marrow
space using a 26-gauge needle. After 2 weeks, the mice injected
with DU145-luc cells were randomly divided into groups receiving
PBS, radiation (focal radiation at 2.0 Gy, X-Rad320), aurB (10 mg/kg,
i.p., three times per week), or a combination of radiation (2.0 Gy)
and aurB (10 mg/kg, i.p., three times per week) (N= 5). Radiation
was targeted to the proximal end of the left tibia and
administered in a single fraction of 2.0 Gy. The day of radiation
was designated day 0 of treatment.

Histological analyses
Samples that were collected were preserved for 24 h using
buffered 3.7% formalin (Anatech, NV). After fixation, 70% ethanol
was added in place of formalin. Samples were then embedded in
paraffin, and blocks were sectioned into 4 μm-thick pieces and
placed on slides before being prepared for IHC staining. Ki67
(LabVision, CA) staining was performed on the tissue sections
using a Vector Vectastain Elite ABC Kit. The TUNEL assay was
performed on the sections using the Millipore Sigma ApopTag
Peroxidase In Situ Apoptosis Detection Kit.19,97 A pathologist who
was blinded to experimental groups examined the slides. For
quantification of lung metastasis, H&E slides were captured from

Suppression of mitochondrial energy production by a photosynthetic. . .
Naffouje et al.

13

Signal Transduction and Targeted Therapy          (2026) 11:124 



the whole tissue section. The images were analyzed by ImageJ
software.99

In vivo bioluminescence imaging
D-Luciferin potassium salt (LUCK-100, GoldBio, MO) was adminis-
tered to the mice via intraperitoneal injection at a dose of 150 mg/
kg. Following D-luciferin administration, mice were anesthetized
with isoflurane in oxygen and placed in position for biolumines-
cence imaging using a Spectral Lago X system (Accela, Czech
Republic). Images were collected for up to 30min after injection.
Regions of interest (ROIs) were defined in Aura software (version
3.2), and total bioluminescent signal within each ROI was
quantified. Signal intensity was expressed as radiance (photons/
s/cm2/sr) for each ROI. The radiance values for each animal in the
experimental group were plotted to generate tumor growth
curves. For X-ray imaging, the anesthetized mice were positioned,
and images were captured using the Spectral Lago X imaging
system. Aura software was then utilized to merge the X-ray and
bioluminescent images.

RNA isolation and expression analysis
RNA from tumor tissues was extracted by RNeasy Mini Kits
(Qiagen, MA). Total mRNA expression was measured on an
nCounter SPRINT Profiler (NanoString Inc., WA) using the nCounter
Human Metabolic Pathways Panel (XT-CSO-HMP1-12, NanoString),
covering 768 human mRNAs associated with metabolic processes.
For each sample, a hybridization reaction was prepared in a
cartridge containing 3 μl of Reporter CodeSet, 5 μl of Hybridization
Buffer, 5 μl of RNA sample (50 ng), and 2 μl of Capture ProbeSet at
room temperature. The reactions were incubated overnight at
65 °C in a thermocycler to allow hybridization of the RNA targets
with the corresponding reporter and capture probes. After
hybridization, 35 μl of each reaction mixture was transferred into
an nCounter cartridge, which was then sealed and placed in the
SPRINT Profiler drawer for processing. Gene expression analysis
was carried out using the reporter code count (RCC) files and
reporter library files (RLF) generated by the nCounter SPRINT
Profiler and analyzed in nSolver Advanced Analysis Software v4.0.
Background correction, quality control, and normalization across
samples were performed according to the Gene Expression Data
Analysis Guidelines (MAN-C0011–04). Imaging quality was con-
sidered acceptable when the registered field of view exceeded
75%; lanes below this threshold were flagged. Binding density was
flagged when optical features per square micron fell outside the
acceptable range of 0.1–1.8. Hybridization performance was
assessed using positive control linearity, with samples flagged
when the correlation coefficient was less than 0.95. The positive
control limit of detection was flagged when counts for the 0.5 fM
positive control were no more than two standard deviations
above the mean of the negative controls. Background threshold
values were defined as the mean count of the manufacturer-
provided negative controls plus two standard deviations. Positive
control normalization factors were calculated from the geometric
mean of the positive controls, and lanes with factors outside the
range of 0.3 to 3.0 were flagged. Content normalization was based
on the geometric mean of 20 housekeeping genes, with lanes
flagged when normalization factors were outside the range of 0.1
to 10.0. Normalized mRNA counts were analyzed for differential
expression in four comparative analyses: aurB vs. PBS, combina-
tion vs. IR, IR vs. PBS, and combination vs. IR. Differential
expression analysis was performed via the nSolver Advanced
Analysis module. The raw data were uploaded to the Gene
Expression Omnibus platform (Accession: GSE285854).

Statistical analysis
To ensure robust and unbiased results, the study incorporated
appropriate statistical analyses, prospectively determined sample
sizes and replication numbers, suitable positive and negative

controls, and blinded experimental procedures. Data are pre-
sented as the mean ± SEM. The animal models proposed in this
application included randomization and multiple experimental
models to maintain scientific integrity and reproducibility. Data
processing and statistical analysis were conducted using Graph-
Pad Prism version 10 (GraphPad Software, MA). Two-sided testing
was performed for each analysis, and p < 0.05 was considered
statistically significant. n.s., not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001.
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