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Abstract

Cytochrome c is well known as a carrier of electrons during respiration. Current evidence indicates that cytochrome c¢ also functions as
a major component of apoptosomes to induce apoptosis in eukaryotic cells as well as an antioxidant. More recently, a prokaryotic cyto-
chrome ¢, cytochrome css; from Pseudomonas aeruginosa, has been shown to enter in mammalian cells such as the murine macrophage-
like J774 cells and causes inhibition of cell cycle progression. Much less is known about such functions by mammalian cytochromes c,
particularly the human cytochrome ¢. We now report that similar to P. aeruginosa cytochrome css;, the purified human cytochrome ¢
protein can enter J774 cells and induce cell cycle arrest at the Gy to S phase, as well as at the G,/M phase at higher concentrations. Unlike
P. aeruginosa cytochrome css; which had no effect on the induction of apoptosis, human cytochrome ¢ induces significant apoptosis and
cell death in J774 cells, presumably through inhibition of the cell cycle at the G,/M phase. When incubated with human breast cancer
MCF-7 and normal mammary epithelial cell line MCF-10A1 cells, human cytochrome ¢ entered in both types of cells but induced cell
death only in the normal MCF-10A1 cells. The ability of human cytochrome ¢ to enter J774 cells was greatly reduced at 4 °C, suggesting

energy requirement in the entry process.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Cell cycle arrest; Human cancer; Apoptosis; Protein entry; Cupredoxins; Cytochromes; pl16'™%* tumor suppressor

The roles of cytochrome ¢ in respiration and various
oxidative processes, including its role in oxidative stress
and as an antioxidant, are well known [1-3]. Also well
known is the function of cytochrome ¢ as an inducer of
apoptosis in eukaryotic cells when released from the mito-
chondria to the cell cytosol [4,5]. The multifunctional nat-
ure and the presence of separate domains for various
activities in cytochrome ¢ are quite clear from the fact that
the apoptotic effects can be separated from the other func-
tions involving respiration or antioxidant activities [6—8].
Recently we reported that a prokaryotic cytochrome c,
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cytochrome c¢ss; from Pseudomonas aeruginosa, could enter
mammalian cells such as the murine reticulum cell sarcoma
J774 cells with macrophage like properties [9] and cause G
to S phase cell cycle arrest without inducing apoptosis [10].
Interestingly, eukaryotic cytochromes such as horse and
bovine cytochrome ¢ were also shown to induce apoptosis
but not inhibition of cell cycle progression in J774 cells [10].
Since human cytochrome c¢ has recently been purified and
the recombinant protein has been shown to activate cas-
pase-3 in a cell-free caspase activation assay [11], it was
of interest to us to examine if the human cytochrome ¢
can enter mammalian cells, including normal human cells,
to exert cytotoxicity. Here, we report the ability of human
cytochrome c¢ to enter both the murine J774 cells and the
human mammary epithelial MCF-10A1 cells. While
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human cytochrome ¢ could strongly inhibit cell cycle pro-
gression resulting in apoptosis of the J774 cells, it had very
low cell cycle inhibitory activity in the human epithelial
cells, although it demonstrated significant cytotoxicity.

Materials and methods

Purification of human cytochrome ¢ and TUNEL assay. Human cyto-
chrome ¢ was purified as described by Olteanu et al. [11]. The effect of
human cytochrome ¢ on cell cycle progression in murine J774 cells was
determined by flow cytometry as detailed earlier using propidium iodide
staining [10]. For determination of apoptotic cell death, J774 cells were
treated with various concentrations of human cytochrome ¢ for different
time periods, washed with phosphate-buffered saline (PBS), and fixed with
1% paraformaldehyde. The cells were stained by using an APO-DIRECT
apoptosis kit (Phoenix Flow Systems, San Diego) and analyzed by flow
cytometry as described earlier [10].

Cell culture. J774, MCF-10A1, and cancer cells MCF-7 or Mel-2 were
cultured as described earlier [10,12].

Entry of human cytochrome c in J774 and human normal and cancer cells.
For entry experiments, human cytochrome ¢, azurin or rusticyanin was
labeled chemically with the red fluorescent dye Alexa Fluor 568 (Molecular
Probes, San Diego) and incubated with J774 or human normal MCF-10A1
or breast cancer MCF-7 or melanoma Mel-2 cells for 1 h at 37 °C. The
treated cells were fixed with methanol at —20 °C, stained with DAPI for
nuclear staining, and confocal microscopic images were taken as described
earlier [12]. For competition experiments, the Alexa Fluor 568-conjugated
human cytochrome c at 200 pg/ml was incubated for 1 h at 37 °C with J774
cells pretreated with 200 or 800 pg/ml of other unlabeled cytochromes such
as cytochrome css; or cytochrome f'or a cupredoxin such as azurin at 37 °C
for 1 h before the confocal microscopic images were taken.

Western blot analysis. J774 cells were treated with 200 pg/ml of human
cytochrome ¢ for various time periods at 37 °C after which cell lysates
were prepared as described previously [10]. Thirty micrograms of protein
from each lysate was separated by SDS-PAGE, transferred to
poly(vinylidene difluoride) membranes, and probed with primary anti-
bodies against cyclins, CDKs, and tumor suppressor proteins. After
mixing with appropriate peroxidase-conjugated secondary antibody, ECL
detection system (GE Healthcare) was used [10].

MTT assay. For measurement of the cytotoxic activity of human
cytochrome ¢ in normal MCF-10A1 cells, the 3-(4,5-dimethylthiazol-2-yl-
2,5-diphenyl tetrazolium bromide) (MTT) assay was conducted as
described previously [13].

Results and discussion

Cell cycle arrest and induction of apoptosis by human
cytochrome c

Our recent demonstration that a prokaryotic cyto-
chrome c, viz., cytochrome css; from P. aeruginosa, enters
J774 cells and causes inhibition of cell cycle progression at
the G; to S phase [10], raised the question if vertebrate
cytochrome ¢ can act in a similar manner. In the same
report [10], we demonstrated that vertebrate cytochrome
¢ such as bovine or horse cytochrome ¢ can enter J774
cells and induce apoptosis, but not cell cycle arrest. In
contrast, another bacterial redox protein, a cupredoxin
rusticyanin, was shown to enter J774 cells causing G
arrest by depleting CDK?2 but not CDK4 or CDK6 [13].
Rusticyanin, however, had no significant effect on the
induction of apoptosis in J774 cells [13]. The ability of a
bacterial redox protein to induce either cell cycle arrest
or apoptosis was shown to depend on relative cell surface
hydrophobicity of the protein. For example, another bac-
terial cupredoxin, azurin, was shown to induce apoptosis
in J774 cells but little cell cycle arrest [14]. In contrast, a
mutant form of azurin, the M44KM64E azurin, where
two hydrophobic methionine residues on the surface were
replaced by two charged amino acids, elicited little induc-
tion of apoptosis in J774 cells but triggered inhibition of
cell cycle progression [15]. It was therefore of interest to
us to examine how human cytochrome ¢ would act
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Fig. 1. (A) Isolation of human cytochrome c. Purified heme-containing human cytochrome ¢ was applied on SDS-PAGE and visualized by Coomassie
blue staining. (B) Effect of human cytochrome ¢ on cell cycle progression in J774, UISO-Mel-2, and MCF-7 cells. The cells were harvested either without
treatment (control) or on treatment with different concentrations of human cytochrome ¢ (100, 200, and 500 pg/ml). After DNA staining with propidium
iodide (50 pg/ml), cells were analysed by flow cytometry [10]. Percentages of cells at Go/Gj, S, and G,/M phases were determined by using MODFIT

software.
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towards J774 or cells of a normal human mammary epi-
thelial cell line MCF-10A1 [16]. We used a construct that
was previously used by Pielak and co-workers for expres-
sion of the human cytochrome ¢ gene [11] which produced
a protein with a high degree of purity and homogeneous
mobility on SDS-PAGE (Fig. 1A). We incubated this
purified protein at various concentrations (100, 200, and
500 pg/ml) with J774 and two human cancer cells UISO-
Mel-2 (melanoma) and MCF-7 (breast cancer). Similar
to the activity of cytochrome css;, human cytochrome ¢
inhibited cell cycle in J774 cells at the G, to S phase,
but only to a limited degree. Unlike cytochrome cssq,
human cytochrome ¢ also had an inhibitory effect at the
G,/M phase at higher concentrations (200 pg/ml and
higher). No such effect was seen with the human cancer
cells, either at the Go/G; phase or at the G»/M phase
(Fig. 1B). Cancer cells such as MCF-7 are known to

override inhibitory effects at the G; to S phase since they
modulate the retinoblastoma function in such a way that
the E2F activity is no longer susceptible to inhibitory
effects at the G| to S phase [17,18].

The P. aeruginosa cytochrome c¢ss; had no significant
effect on the G»/M phase and very little apoptotic activity
towards J774 cells [10]. Given the inhibitory effect of
human cytochrome ¢ on the G,/M phase at concentrations
of 200 pg/ml, and since inhibition of G,/M phase often
leads to induction of apoptosis [19,20], we checked the abil-
ity of human cytochrome c to induce apoptosis in J774 cells
as well as the human cancer cells UISO-Mel-2 and MCF-7.
We used TUNEL assay using flow cytometry (Fig. 2A) to
measure apoptosis. While human cytochrome ¢ had very
little effect on the induction of apoptosis in human cancer
cells (Figs. 2A and B), it had significant apoptotic effect
on J774 cells at 200 pg/ml and higher concentrations (Figs.
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Fig. 2. (A) Induction of apoptosis by human cytochrome ¢ towards J774, UISO-Mel-2, and MCF-7 cells. The cells were untreated (control) or treated
with human cytochrome ¢ (100-500 pg/ml for 24 h) and analyzed by using APO-DIRECT apoptosis kit (Phoenix Flow Systems). R1, apoptotic cells; R2,
nonapoptotic cells. (B) The results of (A) are plotted graphically to demonstrate apoptotic activity of the human cytochrome c.
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2A and B), where the inhibition at the G,/M phase of the
cell cycle was the strongest.

Human cytochrome ¢ can enter J774 cells and requires
energy for such entry

The fact that purified human cytochrome ¢ could induce
cell cycle arrest and apoptosis strongly suggested that
either it bound on the surface of J774 cells with specific
receptors to modulate a signaling pathway or enter the
cytosol of the J774 cells to directly induce cell cycle arrest
or apoptosis. It was also of interest to determine if the
binding and/or entry of human cytochrome ¢ is an ener-
gy-requiring process involving receptor binding. We there-
fore conjugated human cytochrome ¢ with red fluorescing
Alexa Fluor 568 dye and incubated with J774 cells at 100
and 200 pg/ml concentrations at 37 °C for 1 h.

The human cytochrome ¢ had limited entry at 100 pg/ml
but was clearly visible in the cytosol at 200 pg/ml. The
nucleus was stained blue with DAPI (Fig. 3A). The entry
was severely inhibited when the incubation temperature
was 4 °C, suggesting that the entry process required energy
(Fig. 3A). To determine if human cytochrome c¢ entry in

Alexa 568 hcyt ¢

Alexa 568 hcyt ¢ 200 pug/ml

1287

J774 cells was mediated by receptor binding, we preincu-
bated the cells with unlabeled human cytochrome ¢ at
200 and 800 pg/ml for 1h at 37°C. We then added
200 pg/ml Alexa Fluor 568-labeled human cytochrome ¢
and incubated for a further 1 h period at 37 °C. The prein-
cubation with unlabeled human cytochrome ¢, particularly
at 800 ug/ml concentration, severely and competitively
inhibited the entry of the labeled human cytochrome ¢, sug-
gesting saturation of putative receptor binding sites for
human cytochrome c.

To determine if other cytochromes or even a cupredoxin
such as azurin, which is known to enter mammalian cells
including J774 cells [12], could inhibit human cytochrome
¢ entry, the competitive entry of Alexa Fluor 568-labeled
200 pg/ml human cytochrome ¢ at 37 °C for 1 h was evalu-
ated in J774 cells preincubated with 200 or 800 ug/ml of
unlabeled redox proteins. For this purpose, the proteins
used were cytochrome css;, cytochrome f, a photosynthetic
redox partner of the cupredoxin plastocyanin from the
thermophilic cyanobacterium  Phormidium laminosum
where during photosynthesis the electrons are transferred
from cytochrome f of the cytochrome bf complex via
plastocyanin to photosystem I [21], or azurin. While the
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Fig. 3. (A) Entry of Alexa Fluor 568-conjugated human cytochrome c. J774 cells were treated with 200 pg/ml of Alexa Fluor 568-labeled human
cytochrome ¢ for 1 h at 37 °C or at 4 °C. After washing with PBS twice, cells were fixed and observed by confocal microscopy as described earlier [12]. (B)
J774 cells were pretreated with 200 and 800 pg/ml of unlabeled proteins such as human cytochrome ¢, cytochrome c¢ss;, cytochrome f, and azurin for 1 h at
37 °C. The cells were then washed with PBS and incubated with 200 pg/ml of Alexa Fluor 568-conjugated human cytochrome ¢ before being checked by

confocal microscopy as shown in (A).
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two cytochromes had a low inhibitory effect at high con-
centrations (800 pug/ml), azurin had very little effect
(Fig. 3B), suggesting that the entry of human cytochrome
¢ was not significantly affected in the presence of high con-
centrations of other cytochromes or a cupredoxin such as
azurin.

The ability of the human cytochrome c¢ to enter in J774
cells to modulate both cell cycle (Fig. 1B) and the induction
of apoptosis (Figs. 2A and B) without having any such
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effects on the human melanoma UISO-Mel-2 or the breast
cancer MCF-7 (Figs. 1B and 2B) raised an interesting ques-
tion: is such lack of effect in cancer cells due to a lack of
entry of human cytochrome ¢ in human cancer cells? What
about any effect of purified human cytochrome ¢ on normal
human cells? We previously demonstrated the entry of the
cupredoxins azurin and rusticyanin in the Mel-2 and MCF-
7 cells, leading to cytotoxic effects [12,13]. We demonstrat-
ed that while rusticyanin could enter into both types of
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Fig. 4. (A) Mel-2, MCF-7, and MCF-10A1 cells were treated with 200 pg/ml of several Alexa Fluor 568-conjugated proteins such as azurin, rusticyanin,
and human cytochrome ¢ at 37 °C for 1 h. Entry of such proteins was checked by confocal microscopy. (B) Cytotoxic effects of human cytochrome ¢ on
MCF-10A1 cells. Cells were treated with various concentrations of human cytochrome ¢ for 24 h (circle) and 48 h (square) prior to the determination of
cytotoxicity by MTT assay. (C) Effect of human cytochrome ¢ on cell cycle progression in MCF-10A1 cells. The cells were harvested either without
treatment (control) or after treatment with human cytochrome ¢ at 200 or 500 pg/ml. Percentages of MCF-10A1 cells at Go/G, S, and G,/M phases were

determined after 48 h incubation.
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cancer cells and the immortalized normal mammary epithe-
lial cells MCF-10A1, azurin was proficient in entering the
human cancer cells but deficient in entering the normal cells
such as MCF-10A1 [12]. We therefore made a comparative
study of the entry of human cytochrome ¢, azurin, and rus-
ticyanin in MCF-7, Mel-2, and MCF-10A1 cells. As shown
earlier [12], rusticyanin entered in all the three types of
cells, although most of it was found to be sequestered sur-
rounding the nucleus in the normal MCF-10A1 cells. Azu-
rin entered both MCF-7 and Mel-2 cells efficiently and was
localized in the cytosol. As demonstrated earlier [12], azu-
rin was very inefficient in entering the normal MCF-10A1
cells (Fig. 4A). Human cytochrome ¢ was found to enter
MCEF-7 cells and localized in the cytosol. Interestingly,
however, it was very inefficient in entering the Mel-2 cells
(Fig. 4A). It is not known if the inability of human cyto-
chrome ¢ to enter Mel-2 cells is the reason for its lack of
induction of cytotoxic effects in such cells. Human cyto-
chrome ¢ could enter the normal mammary MCF-10A1
cells, but like rusticyanin, was sequestered in the perinucle-
ar space (Fig. 4A).

Does entry of human cytochrome ¢ in normal MCF-
10A1 type of cells have any physiological consequences?
Incubation of MCF-10A1 cells for 24 h with various con-
centrations of purified human cytochrome ¢ demonstrated
significant cytotoxicity even at 100 ug/ml (Fig. 4B). Such
cytotoxicity increased further on prolonged incubation
(48 h). No effect of human cytochrome ¢ was, however, dis-
cernible on cell cycle progression in MCF-10AT1 cells, even
at 500 pg/ml concentration (Fig. 4C).

The cell cycle effect of human cytochrome c in J774 cells is
modulated by pl6™* levels

We previously reported [10] that the prokaryotic cyto-
chrome c¢ss; from P. aeruginosa exerted its effect on J774
cells through enhancement of the levels of pl6™ < a
known inhibitor of cell cycle at the G| to S phase [22].
We therefore determined the intracellular levels of various
cyclins, CDKs, and tumor suppressors as described earlier
for cytochrome css; [10]. When J774 cells were incubated
with 200 pg/ml of human cytochrome ¢ for various times
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Fig. 5. Effect of human cytochrome ¢ on cell cycle regulatory proteins in
J774 cells. The J774 cells were treated with 200 pg/ml of human
cytochrome ¢ for the indicated times, whole cell lysates were prepared
and analyzed by Western blotting for the indicated proteins as described
earlier [10].

as indicated, lysates were prepared from the treated cells
and the levels of various cyclins, CDKs, and tumor sup-
pressors determined by Western blotting [10], the CDK4
and cyclin D1 levels were seen to be drastically reduced
with increasing times of incubation (Fig. 5). While no sig-
nificant effect was seen with other cyclins, CDKs, and
tumor suppressor protein levels (data not shown), the
pl6™k42 levels were seen to go up with increasing periods
of incubation, while the actin levels remained fairly con-
stant (Fig. 5). Such data demonstrated that human cyto-
chrome ¢ activity on cell cycle progression in J774 cells
mimics that of the prokaryotic cytochrome c¢ss;, a major
difference being the ability of human cytochrome ¢ to cause
significant inhibition at the G,/M phase at higher concen-
trations, an effect not seen with cytochrome css; even at
very high concentrations [10].

The ability of human cytochrome ¢ to enter normal
human cells such as MCF-10A1 to induce cytotoxicity
(Figs. 4A and B) appears to suggest that human cytochrome
¢ may play an additional role other than the induction of
apoptosis when released from the mitochondria on expo-
sure to death signals. In necrotizing cells, the release of sig-
nificant quantities of cytochrome c to the outside fluid may
allow its entry to the neighboring cells, leading to their cell
death and perhaps limiting the spread of the necrotizing
agent. The mode of entry of human cytochrome ¢ and the
nature of putative receptors for such entry, including why
certain cancer cells such as Mel-2 do not allow human cyto-
chrome ¢ entry inside such cells, are open questions right
now. It is clear, however, that redox proteins such as cupre-
doxins and cytochromes, apart from their roles as electron
transfer agents, play important roles also in mammalian cell
entry and modulation of cell cycle or cell death events.
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