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Report 

Rusticyanin, a Bacterial Electron Transfer Protein, Causes G1 Arrest in
J774 and Apoptosis in Human Cancer Cells

ABSTRACT
During acid mine drainage, Acidithiobacillus ferrooxidans, a nonpathogenic, acidophilic,

lithotrophic bacterium, utilizes rusticyanin to transfer electrons for the oxidation of Fe2+ to
Fe3+ for deriving its energy. No other function of rusticyanin is known. We demonstrate
that purified rusticyanin enters mammalian cells inducing either inhibition of cell cycle
progression or caspase-8 mediated apoptosis. Treatment of human melanoma cells with
rusticyanin allowed significant generation of reactive oxygen species and active caspase-8,
leading to cell death. The ability of rusticyanin to modulate mammalian cell death might
be relevant to a role of this cupredoxin in protecting At. ferrooxidans from eukaryotic
predators in the environment.

INTRODUCTION
Acidithiobacillus ferrooxidans, previously called Thiobacillus ferrooxidans, is a major

agent for bioleaching1 where the bacteria dissolve insoluble sulfides of metals such as
copper, uranium, etc., to a soluble form for their extractive recovery. Acidithiobacillus ferroox-
idans (At. ferrooxidans) is an acidophilic, chemolithotropic, Gram-negative bacterium capable
of growing at pH values 1.6 to 3.5. As an autotroph, At. ferrooxidans can fix nitrogen and
CO2 from the air and derive its energy through biological oxidation of ferrous iron (Fe2+)
to ferric iron (Fe3+) which can then allow oxidation of insoluble metal sulfides in an acidic
environment to their soluble oxidized forms.2,3 The At. ferrooxidans genome of about three
million base pairs containing more than 2700 identified open reading frames has been
sequenced, although not fully, and candidate genes in many physiological processes in At.
ferrooxidans are now being characterized.4 One of these genes encodes a copper-contain-
ing redox protein rusticyanin which has been shown to be involved in shuttling electrons
from a cytochrome C2 to another cytochrome C4 during oxidation of Fe2+ to Fe3+. This
electron transfer occurs in the periplasmic space of At. ferrooxidans at a pH of about 3.0
where rusticyanin is localized and is biologically active.5,6 The gene for rusticyanin (rus) is
part of a gene cluster with the genes for cyc2 and cyc4 which encode the two partner
cytochromes. All these genes have been shown to be cotranscribed6 and during active iron
oxidation, the level of intracellular rusticyanin may reach as high as 5% of the total cellular
proteins.7

The only known function of rusticyanin is in the iron respiratory chain of At. ferroox-
idans where it is believed to shuttle electrons from high molecular weight cytochrome via
cytochrome c552 to cytochrome oxidase.3,6,8 Rusticyanin is a member of a family of blue
copper-containing proteins called cupredoxins, and shows homology to the other members
in its C-terminus. Unlike other cupredoxins such as azurin, plastocyanin and stellacyanin,
rusticyanin has the highest redox potential (680 mV) while stellacyanin has a value of
about 185 mV and azurins and plastocyanins have typical values of 305–395 mV.9 Unlike
other cupredoxins, rusticyanin has high acid stability and is biologically functional at pH
below 1.0.10 The Ser 86 residue is believed to contribute to the acid stability and high
redox potential of rusticyanin.11 The extreme acid stability of rusticyanin is important
since At. ferrooxidans carries out rusticyanin-mediated electron transfer during Fe2+ oxidation
at pH 1.5 to 3.5, the optimum growth pH of this organism for metal leaching.1,2

While rusticyanin is involved in iron oxidation, other members of the cupredoxin
family participate in other diverse biological functions. For example, azurin is involved
during denitrification by Pseudomonas aeruginosa where nitrate is sequentially reduced to
nitrite, nitric oxide, nitrous oxide and dinitrogen.12,13 Another cupredoxin, plastocyanin,
and a cytochrome, cytochrome f, are redox partners in the photosynthetic electron transfer



chain of cyanobacteria such as Phormidium laminosum and
plants.14,15 The cyanobacterial plastocyanin functions during photo-
synthesis to shuttle electrons between the cytochrome bf complex
and photosystem I or cytochrome oxidase,14,15 a function very differ-
ent from those where azurin or rusticyanin is involved.16 Other
cupredoxins are involved in other dehydrogenation reactions.16

We have recently reported that azurin, a cupredoxin from
P. aeruginosa, can enter J774 cells which are derived from murine
reticulum cell sarcoma17 or various human cancer cells such as
UISO-Mel-2 melanoma or MCF-7 breast cancer cells.18-20 Upon
entry, azurin induces apoptosis in such cells through complex forma-
tion and stabilization of the tumor suppressor protein p53, a known
inducer of apoptosis.18-20 We have also recently demonstrated that
the hydrophobicity of the azurin surface is very important for its
ability to modulate p53 function. A double-mutant of azurin
M44KM64E where two hydrophobic methionine residues from the
hydrophobic patch of azurin12,13 were replaced by two polar amino
acids aspartic and glutamic acids, has been shown to modulate p53’s
specificity from the induction of apoptosis to the induction of inhi-
bition of cell cycle progression at the G1 to S phase, causing growth
arrest of J774 cells.21 Not only cupredoxin azurin, but a cytochrome,
cytochrome c551, which is an in vitro electron transfer partner of
azurin during denitrification, has also been reported to enter J774
cells. Upon entry, wt cytochrome c551 induces inhibition of cell cycle
progression at the G1 to S phase because of enhancement of the
intracellular level of the tumor suppressor protein p16Ink4a in the
treated cells.22 Interestingly, a double mutant V23DI59E of
cytochrome c551, where two hydrophobic valine and isoleucine
residues on the hydrophobic patch of cytochrome c551 were replaced
by two polar amino acids, demonstrates a reduced ability to induce
inhibition of cell cycle progression, but an enhanced ability to trigger
apoptosis in J774 cells, suggesting a role of surface hydrophobicity
that is also important for cytochrome c551 to interact with its electron
transfer partner azurin.23

The ability of azurin and cytochrome c551 to modulate mammalian
cell growth and death depending on their surface hydrophobicity
raised an interesting question: is such an effect unique to
azurin/cytochrome c551 present in an opportunistic pathogen P.
aeruginosa where the redox proteins may act as virulence factors?
Since At. ferrooxidans has a unique ecological niche very different
from human/animal body, and is nonpathogenic, an important
question was if rusticyanin would demonstrate a similar ability to
modulate the growth and death of mammalian cells. In this report,
we demonstrate that indeed rusticyanin, as a purified protein, can
enter both J774 and human cancer cells, similar to azurin, and
induce either inhibition of cell cycle progression or apoptosis. This
is a unique trait of rusticyanin never known before and may signify
a more general role of cupredoxins in modulating mammalian cell
growth and death.

MATERIALS AND METHODS
Bacterial Culture and Isolation of Rusticyanin. Escherichia coli BL21

was used as a host strain for hyperproduction of rusticyanin. After induction
with 0.4 mM IPTG at early log-phase, rusticyanin was isolated from the
soluble fraction using ion-exchange and gel filtration columns.

Cell Culture. The J774 cells, human melanoma and breast cancer cells
were cultured as described before.18-20

MTT Assay. MTT [3-(4,5 dimethylthiazol-2-yl-2,5 tetrazolium bromide)]
assay was used for the measurement of the cytotoxicity of rusticyanin as
described previously.18,19

Flow Cytometric Analysis of Cell Cycle Progression. The J774 or
melanoma cells were incubated with rusticyanin at various concentrations
for 24 h. Samples for flow cytometric separation were described before.21,22

Briefly, rusticyanin-treated cells were washed twice with phosphate-buffered
saline (PBS) and fixed with 70% ethanol at -20ºC. Fixed cells were washed
twice with PBS and stained by 50 µg/ml of propidium iodide in PBS contain-
ing 20 µg/ml of RNase A. For determination of DNA content at various
phases in the cells, flow cytometry (Becton Dickinson, USA) was used. The
percentage of cells in different phases of cell cycle was determined by
MODIFIT LT software. At least, ten thousand cells were collected in each
experiment.

Western Blotting. J774 cells were cultured with rusticyanin for 0, 8, 18
and 24 h. Whole cell lysate was prepared as described previously.21

UISO-Mel-2 cells were treated with rusticyanin for 0, 8 and 18 h at 37˚C.
After treatment, mitochondrial, cytosolic and nuclear fractions were prepared.19

Monoclonal antibodies raised against caspases (Cell Signaling Technology),
p53, Bax (Santa Cruz Biotechnology), p16, p21, p27, CDKs and cyclins
(BioSource) were used for immunoblotting. Monoclonal anti-actin antibody
(Sigma) and anti-COX IV antibody (Molecular Probes) were also applied
for checking cross-contamination and as internal controls. Protein bands
were visualized using ECL reagents (Amersham Corp.), as described earlier.18,19
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Figure 1. Purification and internalization of rusticyanin in mammalian cells.
(A) Rusticyanin derived from Acidithiobacillus ferrooxidans was isolated
after hyperexpression of the rus gene in E. coli BL21. Purified rusticyanin
was loaded on SDS-PAGE and visualized by Coomassie Blue staining.
UV-Vis spectrum showed characteristic rusticyanin absorbance spectrum. (B)
Rusticyanin was chemically labeled with red fluorescing Alexa fluor 568
(Molecular Probes). J774 cells were treated with chemically labeled-rusti-
cyanin for 1 h at 37˚C. After fixation with methanol at -20˚C, the nucleus
was stained blue with DAPI. Cells were observed by LSM510 confocal
microscopy (Carl Zeiss). (C) Entry of rusticyanin was confirmed by Western
blotting. J774 cells were treated with 200 µg/ml of rusticyanin for 0,8,18
and 24 hours. Whole cell lysates were run on SDS-PAGE and rusticyanin
was detected using anti-rusticyanin antibody.
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Detection of ROS Generation. UISO-Mel-2 and UISO-Mel-6 cells
(5 x 105 cells) were treated without or with 500 µg/ml of rusticyanin for
2, 4, 8, 16 and 24 h. After treatment, the cells were trypsinized and washed
once with PBS. The washed cells were stained with 10 µM 2’,7’-dichlorodi-
hydrofluorescein-diacetate (DCHF-DA) for 30 min at 37˚C and the 2’,7’-
dichlorofluorescein (DCF) green fluorescence was detected by flow cytometry
as described previously.18

RESULTS AND DISCUSSION
To determine if rusticyanin can enter mammalian cells and exert cyto-

toxicity, we hyperexpressed the cloned At. ferrooxidans rus gene under the T7
promoter in E. coli. Rusticyanin was shown to appear as a single homoge-
nous protein band in SDS-PAGE gel with a molecular size of about
16.5 kDa and an authentic absorption spectrum (Fig. 1A). Rusticyanin was
then conjugated with Alexa fluor 568, a red-fluorescing dye (Molecular
Probes). Confocal microscopic examination demonstrated the entry of
red-fluorescing rusticyanin in J774 cells treated for 1 h at 37˚C with 200

µg/ml (11.7 µM) of the conjugated rusti-
cyanin (Fig. 1B). The nucleus in the J774
cells was stained blue with DAPI
(4’,6-diamidino-2-phenylindole). We also
used Western blotting to detect the inter-
nalization of rusticyanin. J774 cells were
treated with 200 µg/ml rusticyanin for 0
(no treatment), 8, 18 and 24 h. The cells
were washed extensively with phosphate-
buffered saline (PBS) to remove external
rusticyanin, lysed and the whole cell
lysates were loaded and electrophoresed
on SDS-PAGE. After transfer to
polyvinylidene fluoride (PVDF) membrane,
Western blotting was performed using
anti-rusticyanin antibodies (Fig. 1C).
Rusticyanin was detected inside the J774
cells under such conditions.

We previously reported18 that another
cupredoxin, azurin, from the pathogen
P. aeruginosa induced apoptotic cell death
in J774 cells. To examine if rusticyanin
may similarly induce apoptosis in such
cells, we conducted TUNEL assays18 using
ApoAlert TUNEL assay kit (Clontech).
Very little induction of apoptosis was
noted under such conditions (Fig. 2A),
contrasting the mode of action of rusti-
cyanin from azurin. However, a mutant
form of azurin, the M44KM64E azurin,
elicited little induction of apoptosis in
J774 cells but triggered inhibition of cell
cycle progression.21 To examine if rusti-
cyanin may mimic M44KM64E azurin
mode of action, we used flow cytometry
to follow the cell cycle progression in
J774 cells treated for 24 h with various
concentrations of rusticyanin. With
increasing concentrations, rusticyanin
elicited increasing levels of cell cycle inhi-
bition at the G1 to S phase (Fig. 2B).
Corresponding to such inhibition of cell
cycle progression, rusticyanin at concen-
trations of 100 to 200 µg/ml significantly
arrested the growth of J774 cells over a
period of 60 h (Fig. 2C).

To obtain an understanding of how
rusticyanin might inhibit cell cycle pro-
gression in J774 cells, we incubated such

cells with 200 µg/ml of rusticyanin for varying periods of time, the cells
thoroughly washed to remove rusticyanin, lysed and the levels of various
intracellular tumor suppressors and other proteins involved in cell cycle were
determined by Western blotting using antibodies against such proteins as
described previously for M44KM64E azurin21 or wt cytochrome c551.22

The levels of p21, an inhibitor of cyclin/CDKs,24,25 enhanced slightly dur-
ing 8 to 18 h of incubation (Fig. 2D). More pronounced was the elevation
of the intracellular level of p27 (Fig. 2D), a member of the cip/kip family
that is a potent inhibitor of CDK2.24 Indeed, the intracellular level of
CDK2, a key cyclin dependent kinase involved in cell cycle transition from
the G1 to the S phase,24,25 was drastically reduced during treatment of
J774 cells with rusticyanin (Fig. 2D). The levels of other cyclins and
CDKs were not substantially altered, suggesting that rusticyanin treatment
led to enhanced accumulation of p27 in J774 cells, leading to inhibition of
CDK2 and a corresponding inhibition of cell cycle at the G1 to S phase.

We previously reported that the P. aeruginosa cupredoxin azurin not only
induced apoptosis in J774 cells18 but also in human melanoma UISO-Mel-219

and in human breast cancer MCF-7 cells.20 In the case of cancer cells, azurin
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Figure 2. Rusticyanin inhibits cell cycle progression in J774 cells by depleting CDK2 and causes growth arrest.
(A) J774 cells were incubated with various concentrations of rusticyanin for 24 h. Cycloheximide was used as
a positive control for induction of apoptosis. After treatment, TUNEL assay was performed18 using ApoAlert
TUNEL assay kit (Clontech). Confocal microscopy was used for taking pictures (x 40). Red cells are healthy;
green cells are apoptotically dead. The low number of cells in cycloheximide treated sample is due to reduced
attachment of apoptotically dead cells. (B) J774 cells were cultured with various concentrations of rusticyanin
for 24 h. Cell cycle progression on J774 cells was analyzed by flow cytometry as described previously.21,22

(C) J774 cells were seeded into 6-well plates at 1 x 105/ml. Cells were incubated with fresh media containing
various concentrations of rusticyanin. Total cell numbers were counted at various time periods using a hemato-
cytometer. (D) J774 cells were incubated with 200 µg/ml of rusticyanin for indicated times. Whole cell lysates
(30 µg protein from each sample) from rusticyanin treated and nontreated J774 cells were loaded on
SDS-PAGE. After electrophoretic separation, immunoblotting was performed for determination of the levels of
proteins involved in cell cycle regulation.
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allowed in vivo 60 to 85% regression of
the melanoma and breast cancers in
athymic mice.19,20 To examine if rusti-
cyanin could enter and induce either
inhibition of cell cycle or apoptosis in
UISO-Mel-2 or MCF-7 cells, we exam-
ined the entry of Alexa fluor 568-conju-
gated rusticyanin in UISO- Mel-2 and
MCF-7 cells by confocal microscopy.
Rusticyanin was shown to be internalized
in such cells (Fig. 3A). Unlike the J774
cells, however, rusticyanin had no signif-
icant effect on cell cycle progression,
either in UISO-Mel-2 or in MCF-7
cells (data not shown). This is not sur-
prising as it is known that such cancer
cells often harbor mutations in tumor
suppressors such as pRb (retinoblastoma)
that override cell cycle checkpoint and
allow DNA replication even in presence
of inhibitors of cyclin/CDKs.21 In
contrast to J774 cells, the p53-positive
UISO-Mel-2 and MCF-7 cells were
susceptible to rusticyanin-mediated
cytotoxicity (Fig. 3B). A p53-negative
mutant form of MCF-7, MDD2,20 was
less susceptible as was a p53-null cell
line UISO-Mel-6,19 suggesting that p53
might play a role in rusticyanin-induced
cytotoxicity in cancer cells. The suscepti-
bility of UISO-Mel-6 cells to rusti-
cyanin, however, indicated that p53 was
not essential for such cytotoxicity. That
the cytotoxicity was primarily due to
induction of apoptosis was demonstrated
by TUNEL assay where UISO-Mel-2
cells, exposed to increasing concentra-
tions of rusticyanin (200 and 400 µg/ml),
underwent apoptosis as determined by
the fragmented nuclear DNA of apop-
totic UISO-Mel-2 cells (Fig. 3C).

Apoptosis in mammalian cells is
normally mediated by two primary
pathways, extrinsic and intrinsic.
Extrinsic pathways involve cell surface
death receptors which are a family of
transmembrane proteins that belong to
the tumor necrosis factor receptor
superfamily with a ‘death domain’ in
their cytoplasmic tails that is required
for apoptotic signaling.26 Fas/CD95
receptor and its ligand, along with
adaptor proteins such as FADD, allow
recruitment of procaspase-8 and its
subsequent activation to caspase-8, thus
inducing apoptosis through activation
of executioner caspases such as cas-
pase-3. In contrast, the intrinsic path-
ways are triggered by stress signals that involve changes in mitochondrial outer
membrane permeability leading to the release of mitochondrial cytochrome
c from the intermembrane space and formation of complexes with Apaf-1
and binding of ATP/dATP. This allows oligomerization of the complex to
form an apoptosome which recruits procaspase-9 and allows its activation to
form caspase-9. Caspase-9 then cleaves other procaspases to produce cas-
pase-3 and the other downstream caspases,27 leading to apoptosis.

We previously reported that azurin triggers apoptosis in both
UISO-Mel-2 and MCF-7 cells through release of mitochondrial

cytochrome c in the cytosol.19,20 To determine if rusticyanin may induce
apoptosis in UISO-Mel-2 cells by a similar mechanism, we incubated such
cells in presence of 500 µg/ml of rusticyanin for 0, 8 and 18 h and looked
for the localization and levels of tumor suppressor p53, the proapoptotic
protein Bax and the mitochondrial intermembrane space protein
cytochrome c. We also examined the localization of rusticyanin in cytosolic,
nuclear and mitochondrial fractions. p53, which has cytosolic and nuclear
localizations, was found in significant amounts also in the mitochondria
during 8–18 h incubation (Fig. 3D). The Bax level did not change in the
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Figure 3. Effect of rusticyanin on cancer cells. (A) UISO-Mel-2 and MCF-7 cells were treated with 500 µg/ml of
Alexa fluor 568-conjugated-rusticyanin for 1 h at 37ºC. Cells were then observed by LSM510 confocal
microscopy. (B) MTT [3-(4,5 dimethylthiazol-2-yl-2,5 tetrazolium bromide)] assay was performed for the mea-
surement of the cytotoxicity of rusticyanin as described before.18,19 (C) UISO-Mel-2 cells were cultured with var-
ious concentrations of rusticyanin for 24 h. TUNEL assay was carried out using ApoAlert TUNEL assay kit
(Clontech). Healthy cells are red; apoptotic cells are green because of frequent incorporation of FITC-conjugat-
ed deoxyribonucleotides.18,19 Apoptotically dying cells are yellow when the red and green channels are
merged. (D) Subcellular fractionations and mitochondrial localization of rusticyanin and p53. UISO-Mel-2 cells
were treated with 500 µg/ml of rusticyanin for 0, 8 and 18 h. Cells were then washed with PBS twice and frac-
tionated.18,19 Same amount of proteins from each fractions were applied on SDS-PAGE and Western blotting
was performed using antibodies against p53, Bax and mitochondrial cytochrome c. Anti-actin and anti-COX IV
antibodies were used for checking cross-comtamination and as internal controls.
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mitochondria, and unlike the azurin effect, there was very little mitochondrial
cytochrome c released in the cytosol (Fig. 3D). Interestingly, unlike azurin
that was also found in the nuclear fractions,18,19 there was very little rusticyanin
in the nuclear fraction, but similar to p53, significant amount of rusticyanin
was localized both in the cytosol and in the mitochondria (Fig. 3D).

The simultaneous localization of p53 and rusticyanin in mitochondria
implied a role of the mitochondria in the induction of rusticyanin-mediated
apoptosis, though not through the release of mitochondrial cytochrome c to
the cytosol. p53 is known to have a direct apoptogenic role at the mitochon-
dria where targeting p53 to mitochondria in tumor cells is sufficient to induce
apoptosis.28 As a zinc protein, p53 is known to activate genes responsible for
the production of reactive oxygen species (ROS)29,30 or repress genes
responsible for ROS scavenging.31 It has also been reported that rapid apop-
tosis of neutrophils requires NADPH oxidase-derived ROS generated during
phagocytosis.32 This phagocytosis-induced ROS promotes cleavage/activation
of procaspase-8 to caspase-8, a key player in the extrinsic (death receptor)
mediated pathway of apoptosis. Caspase-8 but not caspase-9 was required
for neutrophil apoptosis.32 We, therefore, measured the extent of ROS
generation when the p53-positive UISO-Mel-2 and p53-null UISO-Mel-6
cells were treated with 500 µg/ml of rusticyanin for various periods of time.
The p53-positive UISO-Mel-2 cells showed a much higher level of ROS

than the p53-null UISO-Mel-6 cells or untreated control cells (Fig. 4A),
particularly between 2 and 8 h. Subsequently, the ROS levels decreased in
both but the UISO-Mel-2 cells always maintained a higher level than
UISO-Mel-6 cells (Fig. 4A), suggesting that p53 plays a stimulatory role in
rusticyanin-mediated ROS generation. To determine if such ROS generation
triggers an extrinsic pathway, rather than an intrinsic pathway that involves
release of mitochondrial cytochrome c to the cytosol and activation of cas-
pase-9, we measured the levels of the cleavage products of both procaspase-8
and procaspase-9 during treatment of UISO-Mel-2 cells with 500 µg/ml of
rusticyanin for 0, 6 and 24 h. While there was very little cleavage of procas-
pase-9 to active caspase-9 during rusticyanin treatment, significant cleavage
of procaspase-8 to active caspase-8 was seen under such conditions (Fig. 4B),
suggesting that unlike azurin, rusticyanin triggers apoptosis in human
melanoma UISO-Mel-2 cells by an extrinsic pathway that involves ROS
generation and caspase-8 activation.

Acidithiobacillus ferrooxidans is a nonpathogenic autotrophic bacterium
unable to grow in the physiological pH and hostile environment of human
or animal bodies. The ability of rusticyanin to enter mammalian cells and
trigger ROS generation and apoptosis therefore begs the question regarding
any additional role of this redox protein outside its known role as an elec-
tron transfer agent. It is interesting to note that soil bacteria have to deal
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Figure 4. Rusticyanin generates significant levels of ROS and induces caspase-8 mediated apoptosis in UISO-Mel-2 cells. (A) UISO-Mel-2 and UISO-Mel-6
cells were treated without (Control) or with 500 µg/ml rusticyanin for various time periods. ROS levels in live UISO-Mel-2 and UISO-Mel-6 cells were ana-
lyzed by flow cytometry using DCHF-DA as a substrate as described previously.18 (B) Immunoblot analysis of caspase-8, caspase-9 and caspase-3 levels in
UISO-Mel-2 cells. UISO-Mel-2 cells were treated with 500 µg/ml rusticyanin for indicated time periods. At the end of rusticyanin treatment, cells were
washed and whole cell extracts were prepared. Pro- and cleaved caspase-8, caspase-9 and caspase-3 were detected by Western blotting using specific
monoclonal antibodies.
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with eukaryotic cells as they are easy prey to environmental predators such
as amoebae, nematodes or grazing protozoa. Indeed, isolation of biofilms
from highly acidic acid mine drainage demonstrates the presence of eukary-
otic cells comprising of 4% of the population,33 although it is not clear if
they are components of the biofilm or are predators seeking their prey or
both. Either the entry of any rusticyanin released from the periplasmic space
of At ferrooxidans to eukaryotic predators or the release of rusticyanin during
engulfment would limit the number of bacteria the predator would like to
consume since high concentrations of released rusticyanin would induce cell
death. Thus rusticyanin and similar cupredoxins may act as defense mecha-
nisms of soil bacteria against eukaryotic environmental predators.34

Both azurin produced by P. aeruginosa and rusticyanin produced by At.
ferrooxidans are periplasmic cupredoxins with similar electrostatic proper-
ties,16 although rusticyanin is characterized by the presence of an N-terminal
extension, high standard reduction potential and extraordinary acid stability.
Azurin has been shown to allow in vivo tumor regression in immunodeficient
mice.19,20 The ability of rusticyanin to trigger in vivo tumor regression is
under investigation. The acid stability of rusticyanin may allow its use in the
treatment of stomach cancer where stability to low pH is important. It is
also interesting to note that azurin and rusticyanin not only perform very
diverse functions, viz., denitrification and metal oxidation, as redox proteins
but also exhibit very different mode of action with regard to their ability to
kill cancer cells in vitro. It would be exciting to see if a mixture of these two
bacterial cupredoxins will promote higher levels of cancer cell death because
of their different modes of action.
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