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Abstract
Many bacterial pathogens have the ability to induce apoptosis in their hosts. It was previously shown
that Nocardia asteroides strain GUH-2, a Gram-positive facultatively intracellular pathogen, is
capable of inducing the apoptotic death of dopaminergic cells in the murine brain and in PC12 cells,
a rat cell line. In this study, the apoptosis-inducing potential of N. asteroides GUH-2 was further
explored using HeLa cells, a human epithelial cell line. HeLa cells were incubated for 5 hours with
live nocardiae, heat-killed bacteria, or unconcentrated nocardial culture filtrate, and changes to the
cells were monitored. Consistent with the previous studies, N. asteroides GUH-2 induced DNA
fragmentation and apoptosis in HeLa cells. Caspase activation and disruption of the mitochondrial
membrane potential were also investigated to determine their roles in the induction of cell death. In
all these experiments, significant changes were only induced by live nocardiae. A recent publication
demonstrated that systemic administration of proteasome inhibitors can induce a Parkinsonian
syndrome in rats that includes intraneuronal inclusions and characteristic behavioral alterations.
Similar effects have been observed in mice and monkeys infected with N. asteroides GUH-2. In
addition, some reports have shown that proteasome inhibition causes apoptotic death of affected
cells. We therefore investigated the ability of N. asteroides GUH-2 to inhibit proteasome activity.
Proteasome activity was significantly reduced, suggesting that this mechanism may be involved in
the induction of apoptosis by these bacteria.
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1. Introduction
Apoptosis, or programmed cell death, is essential for the proper development and health of
multicellular eukaryotes, allowing for safe elimination of senescent cells, regulation of the
immune system, and proper development of the organs [14,23,33]. During apoptosis, a
characteristic signaling cascade occurs that eventually leads to disruption of the nucleus and
blebbing of the cell into small apoptotic bodies that are then phagocytosed by surrounding cells
[16,49]. Some pathogenic microorganisms can interfere with this tightly controlled system and
cause inopportune apoptotic death of cells in their eukaryotic hosts as part of the disease
process. Bacterial induced apoptosis is a widespread phenomenon that has been reported for a
variety of species [34].
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The genus Nocardia comprises a group of obligately aerobic, Gram-positive, filamentous
bacteria. Nocardiae are facultative intracellular pathogens that infect a wide range of species,
including humans, and can cause a variety of disorders dependent on the immunocompetence
of the host and the organ infected [3]. The mechanisms that nocardiae utilize to cause disease
are not completely understood. However, our earlier research indicated that highly virulent N.
asteroides strain GUH-2 causes apoptosis in the murine brain and in PC12 cells, a dopaminergic
cell line. Apoptotic cell death was observed using assays to identify cells containing fragmented
DNA or exhibiting plasma membrane rearrangement [43]. Similar effects have also been
observed using culture filtrate from GUH-2. PC12 cell apoptosis was demonstrated via
morphological changes and DNA fragmentation after only a 5-minute exposure to the filtrate
[30]. Other cell lines also were similarly affected [6].

As nocardial infections most often occur in the lung, an epithelial cell-lined organ, we
investigated the apoptosis-inducing ability of N. asteroides GUH-2 towards HeLa cells, an
immortalized epithelial cell line commonly used in studies of bacteria-host interactions [1,9,
31,45,46]. We expanded our previous investigations by examining the involvement of caspases
(cysteine aspartate proteases) in nocardial induced cell death. We also examined the effect of
bacteria on HeLa cell mitochondria, since secreted bacterial toxins have been implicated in
triggering apoptosis via this organelle [22,24], and previous studies have shown that some
secreted product of nocardiae has the ability to cause apoptosis [6,30]. Along with these studies,
we explored the requirements for induction of apoptotic host cell death by comparing the effects
of live bacteria, heat-killed nocardiae, and unconcentrated culture filtrate.

In addition, we investigated inhibition of the proteasome as a potential mechanism for the
induction of apoptosis. The proteasome is a multiunit enzyme complex, which is responsible
for the degradation of misfolded or unneeded proteins [44]. Recently, McNaught et al. reported
that proteasome inhibitors injected into rats can induce a Parkinsonian syndrome that includes
intraneuronal inclusions, bradykinesia, rigidity, tremor, and an abnormal posture [32].
Epoxomicin, one of the inhibitors used, is naturally produced by a soil-dwelling aerobic
actinomycete [21]. N. asteroides GUH-2 and related bacteria have also been found to induce
Parkinsonism in mice, following intravenous administration [13,28]. In both Parkinson’s
disease and Lewy body dementia, there is an accumulation of ubiquinated protein and alpha
synuclein fibrils that form intraneuronal inclusions known as Lewy bodies [17]. The formation
of these structures has been linked to inhibition of the ubiquitin-proteasome system [2,7,36].
Similar intraneuronal inclusions have been observed within the brains of mice or monkeys
infected with neuroinvasive nocardiae [8,13,28]. Furthermore, in experiments utilizing
nocardial culture filtrates to induce dopamine depletion and apoptosis of PC12 cells, Loeffler
et al. localized the activity within the sub-3-kDa fraction [30]. Treatment with heat, proteases,
and chloroform had no effect on the activity suggesting that some small, stable molecule was
responsible for the observed effects.

Our experiments in the current study revealed that mitochondrial disruption and caspases are
involved in the pathways of nocardial induced cell death. Additionally, the present study
revealed that neither heat-killed bacteria, nor unconcentrated culture filtrate had any significant
effect on HeLa cells. Only live nocardiae were able to cause apoptosis. The involvement of a
secreted proteasome inhibitor was also implicated in experiments using cultured cells and
purified proteasome.

2. Materials and Methods
2.1 Preparation of bacteria and unconcentrated culture filtrate

Nocardia asteroides strain GUH-2 was grown in brain heart infusion broth (BHI; Difco) at 37°
C with constant agitation at 150 RPM. After approximately 18 hours of incubation, the bacteria

Barry and Beaman Page 2

Res Microbiol. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were centrifuged at 50 x g to remove aggregates and the optical density at 580 nm was measured
to give an estimate of the bacterial concentration. Actual concentrations were determined by
plating serial dilutions of the culture on BHI agar. Heat-killed bacteria were prepared by heating
cultures at 65°C for 2 hours. Culture filtrate was prepared by passing the culture through a 0.2
μm syringe filter.

2.2 Preparation of HeLa cells
HeLa cells (American Type Culture Collection) were cultured in 25- or 75-cm2 tissue culture
flasks at 37°C with 5% CO2 in minimal essential medium supplemented with 10% fetal bovine
serum, 1 mM sodium pyruvate, 100 μM non-essential amino acids, 100 U/ml penicillin, 100
μg/ml streptomycin, and 250 μg/ml amphotericin B (Gibco) and split when near confluence.
As a first step in the assays described below, the cells were collected, washed, and plated in
medium without antibiotics.

2.3 Detection of DNA fragmentation
HeLa cells were plated in 6-well tissue culture plates (106 cells per well) and incubated
overnight, some with 0.5 μM staurosporine as a positive control for apoptosis. Live or heat-
killed nocardiae (at an approximate MOI of 5:1) or unconcentrated culture filtrate (in an
equivalent volume) was then added to appropriate wells and the cells were incubated at 37°C.
The standard TUNEL assay was then performed [43]. Briefly, following incubation the cells
were harvested, washed, and incubated with labeling solution containing fluorescently tagged
nucleotides and terminal deoxyribonucleotidyltransferase for 90 minutes according to the
manufacturer's instructions (Calbiochem). Cells were analyzed by flow cytometry and the
mean fluorescence intensity of each sample was determined. To visualize apoptotic
morphology, some labeled cells were additionally treated with 100 U/ml RNase A plus 12.5
μg/ml PI, to stain cell nuclei (modified from [41]), and were then spun onto slides, mounted,
and viewed by confocal microscopy.

2.4 Visualization of nocardial adherence and invasion
HeLa cells were plated on 8-chamber tissue culture slides (5x103 cells per well) and incubated
overnight. Live or heat-killed N. asteroides GUH-2 were non-specifically labeled with 1 mg/
ml fluorescein isothiocyanate for 30 minutes and then added to appropriate wells. The cells
were incubated for 2 hours and then washed to remove non-adherent bacteria. Cells were fixed
and permeablized, and cellular actin was then labeled with rhodamine-phalloidin. HeLa cells
and adherent nocardiae were visualized by confocal microscopy.

2.5 In situ labeling of active caspases
HeLa cells were plated in 24-well tissue culture plates (3x105 cells per well) and incubated
overnight, some with 0.5 μM staurosporine as a positive control. Live or heat-killed nocardiae
(at an approximate MOI of 5:1) or unconcentrated culture filtrate (in an equivalent volume)
was then added to appropriate wells and the cells were incubated for 5 hours at 37°C. Following
incubation, the cells were harvested, washed, and resuspended in medium containing the
fluorescently tagged pan-caspase inhibitor FAM-VAD-FMK according to the manufacturer's
instructions (Chemicon). Cells were incubated an additional hour, washed, and counterstained
with propidium iodide (PI). Cells were analyzed on a FACScan flow cytometer (Becton
Dickinson) using Cellquest software. The mean fluorescence intensity of the fluorescein
channel was determined in cells that maintained an intact plasma membrane, as demonstrated
by exclusion of PI.
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2.6 Measurement of caspase 3 activity
HeLa cells were plated in 6-well tissue culture plates and incubated as described above.
Nocardiae or culture filtrate was then added and the cells were incubated for 5 hours. Following
incubation, the cells were harvested, washed, and lysed by rapid freezing and thawing. The
protein concentration of each sample was measured using the DC Protein Assay (BioRad).
Caspase activity was measured by monitoring the proteolytic cleavage of p-nitroaniline (pNA)
from the caspase-3 substrate peptide, Ac-DEVD-pNA, via a kinetic microplate assay,
according to the manufacturer's instructions (Calbiochem). Relative activity per μg protein was
calculated from the slope of the line obtained by graphing optical density versus time, and the
data were then normalized by dividing by the negative control values.

2.7 Monitoring of mitochondrial membrane potential
HeLa cells were plated in 6-well tissue culture plates and incubated as described above. Live
nocardiae or sterile broth was then added and the cells were incubated for 5 hours. Following
incubation, the cells were harvested, washed, and incubated 10 minutes with 20 nM 3,3′-
dihexyloxacarbocyanine (DiOC6(3)), a fluorescent probe that accumulates within
mitochondria having intact membrane potential, and 2 μg/ml PI. As a positive control for
mitochondrial depolarization, some cells were coincubated with 200 μM carbonyl cyanide m-
chlorophenylhydrazone (CCCP), which disrupts the mitochondrial membrane potential. The
cells were analyzed on a FACScan flow cytometer using Cellquest software and the mean
fluorescence was determined.

2.8 Apoptosis assays using concentrated culture filtrate
N. asteroides GUH-2 was grown in α-MEM (Omega Scientific) for 19.5 hours at 37°C with
constant agitation at 150 RPM. Following incubation, the culture was filtered through a 0.22
μm membrane by vacuum to remove all cells. This crude culture filtrate was then further
purified using a Centricon Plus-80 centrifugal filter device (Amicon) to remove components
larger than 8 kDa. Finally, the fractionated culture filtrate was concentrated 10-fold using a
SpeedVac concentrator (Savant). This concentrated culture filtrate was then tested for
apoptosis-inducing activity. The assays described above for detecting in situ activation of
caspases and for measuring mitochondrial depolarization were performed with one
modification. Instead of nocardiae, HeLa cells were exposed for 5 hours to a 1:10 dilution of
the 10-fold concentrated culture filtrate, giving a final 1X concentration. Appropriate control
wells were also incubated. Following exposure, the procedures were completed as described
above.

2.9 Measurement of proteasome activity in cell lysates
HeLa cells were plated in 6-well plates and incubated overnight. The cells were then incubated
for 5 hours with either 0.5 μM epoxomicin (a known proteasome inhibitor) as a positive control
[21], nocardiae, or sterile culture medium. Following incubation, the cells were harvested,
washed, and lysed by rapid freezing and thawing four times. Particulate components were
removed by centrifugation at 10,000 x g, and the protein concentration of each sample was
measured using the DC Protein Assay (BioRad). Proteasome activity was measured using a
protocol modified from Elliott et al. [15]. Cell lysates were incubated with one of three different
fluorogenic proteasome peptide substrates (Peptides International): Suc-Leu-Leu-Val-Tyr-
MCA to monitor chymotrypsin-like activity, Boc-Leu-Arg-Arg-MCA to measure trypsin-like
activity, or Z-Leu-Leu-Glu-MCA to follow peptidylglutamyl peptide hydrolyzing (PGPH)
activity. Individual wells of a black 96-well plate were filled with 80 μl assay buffer (50 mM
HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 0.1 mM EDTA, 10% glycerol),
10 μl cleared lysate, and 10 μl substrate (50 μM final concentration). A SpectraMax M2
fluorometer (Molecular Devices) was used to determine enzyme activity by observing the
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increase of fluorescence over a 60-minute period, as the fluorogenic 7-amino-4-
methylcoumarin (MCA) was cleaved from the substrate. The resulting curves were adjusted
to account for differences in initial protein concentration, and all data were then normalized to
give activities relative to the negative controls.

This experiment was also performed using PC12 cells grown in RPMI 1640 supplemented with
10% horse serum and 5% fetal bovine serum (Gibco). The cells were exposed to the agents
described above and lysates were collected and assayed to measure proteasome activity.

2.10 Effect of concentrated culture filtrate on pure proteasome
To confirm that the proteasome was being inhibited, and not just other proteases, individual
wells of a black 96-well plate were filled with 70 μl assay buffer, 10 μL (50 ng total) purified
20S proteasome (Boston Biochem), 10 μl concentrated culture filtrate or sterile α-MEM, and
10 μl substrate (50 μM final concentration). The increase of fluorescence over time was
measured over one hour and normalized as described above.

2.11 Statistical analysis
Differences between groups were analyzed by one factor ANOVA followed by Tukey’s
honestly significant different test or Dunnett's test for comparison of multiple groups to a
control. Differences were declared significant at p<0.05.

3. Results
3.1. Detection of DNA fragmentation

Fragmentation of DNA and the orderly disintegration of the cell and its organelles are among
the final steps in the apoptotic process. The cleavage of DNA was measured using the standard
TUNEL assay, in which fluorescently labeled nucleotides are added to the 3′ ends of DNA
fragments. To monitor the progression of apoptosis, a time course study was performed using
live nocardiae. After 1, 3, or 6 hours of exposure the cells exposed to nocardiae were collected
and analyzed. Fig. 1 indicates that significant DNA fragmentation was only detected after 6
hours. Since the TUNEL assay identifies cells in the final stages of apoptosis, all further
experiments were performed with a 5-hour incubation to limit the chance of missing earlier
events.

HeLa cells were incubated for 5 hours with either bacteria or unconcentrated culture filtrate.
Fig. 2 illustrates the results of a representative experiment (n=3 per condition). Only live
bacteria had a significant effect (mean fluorescence intensity of 23.88 vs. 8.55 for the BHI
control), although killed bacteria induced greater fragmentation than did the culture filtrate.

Microscopic observation was also used to confirm the presence of apoptotic morphological
changes. Fig. 3 depicts cells dually treated with PI to stain the nucleus and by TUNEL to detect
DNA fragmentation. Figs. 3A and 3B show negative and positive control cells, respectively.
Figs. 3C and 3D show HeLa cells exposed to live GUH-2 that contained fragmented DNA.
Nocardial filaments are seen among apoptotic HeLa cells in Fig. 3C. There is great
morphological similarity between the positive control (Fig. 3B) and the cell shown in panel
3D.

3.2 Visualization of nocardial adherence
Virulent N. asteroides GUH-2 adhere to and invade many cell types. Fig. 4 demonstrates
nocardial adherence to and invasion of HeLa cells. Nocardiae were stained non-specifically
with fluorescein and were incubated with HeLa cells for 2 hours. HeLa cell actin was labeled
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with rhodamine-phalloidin. Live bacteria both adhered to (Fig. 4A) and invaded (Fig. 4B) HeLa
cells, while heat-killed nocardiae could only adhere (Fig. 4C).

3.3 Nocardia asteroides GUH-2 induces caspase activation
Caspase activation is a hallmark of many pathways of apoptosis. To monitor this event, HeLa
cells were cultured with nocardiae or unconcentrated filtrate for 5 hours and then incubated
with a fluorescent pan-caspase inhibitor that binds irreversibly to the functional site of activated
caspases. Fig. 5 illustrates the results of a representative experiment. Only live bacteria
significantly increased the activation of caspases (190.74 mean fluorescence vs. 108.69 for the
BHI control). Although heat-killed bacteria did not have a significant effect, it may be relevant
that in every repetition of this experiment the percentage of labeled cells exposed to killed
bacteria was higher than that of cells exposed to unconcentrated culture filtrate.

3.4 Caspase-3-like activity is increased in HeLa cells exposed to GUH-2
Caspase-3 is particularly vital in most described pathways of apoptosis. It is activated by a
number of upstream initiator caspases and acts as a convergence point to trigger common
downstream events. To determine its involvement here, cellular protein extracts from HeLa
cells exposed to bacteria or unconcentrated culture filtrate were collected and caspase-3-like
activity was determined by measuring the cleavage of the colorimetric substrate Ac-DEVD-
pNA over time. Fig. 6 summarizes the results of eight experiments. As was observed for the
caspase activation experiment described above, only live GUH-2 had a significant effect.

3.5 Disruption of mitochondrial potential
The intrinsic pathway of apoptosis involves signals mediated through the mitochondria.
Following mitochondrial insult, there is a release of cytochrome c from the intermembrane
space, which then complexes with and activates caspase-9. Release of this signaling protein is
preceded by loss of mitochondrial potential, which can be monitored by incubating
experimentally-treated cells with the fluorescent carbocyanine dye DiOC6(3). Following
exposure of HeLa cells to live nocardiae or sterile culture medium, cells were briefly incubated
with the probe and with the cell-impermeant dye PI. Fig. 7 shows the mean DiOC6(3)
fluorescence of the various treatment groups on the cells that excluded the PI and therefore
maintained membrane integrity. Mitochondrial potential was significantly decreased in cells
exposed to live GUH-2.

3.6 Apoptosis induced by concentrated culture filtrate
In the experiments reported above, it was noted that the culture filtrate had no effect in any of
the assays. This finding contrasted with that of Loeffler et al. [30], which showed that culture
filtrate alone was capable of triggering apoptotic death. In those experiments, PC12 cells were
exposed to undiluted culture filtrate. To imitate those conditions, HeLa cells were incubated
for 5 hours with 10-fold concentrated culture filtrate diluted 1:10. Following exposure, caspase
activation and mitochondrial depolarization were measured. Fig. 9 shows the results of these
experiments. In the in situ caspase labeling experiment (Fig. 8A), concentrated culture filtrate
(CCF) significantly increased the level of activated caspases in the cells. The CCF also induced
mitochondrial depolarization, depicted in Fig. 8B.

3.7 Inhibition of proteasome activity
Interference with the normal function of the proteasome can be detrimental to the cell and can
lead to its death. We investigated the ability of N. asteroides GUH-2 to inhibit proteasome
activity of HeLa cells (Fig. 9A) and PC12 cells (Fig. 9B). Epoxomicin, the positive control,
inhibited all three enzymatic activities (p<0.01) in both cell lines. All activities were also
significantly affected in PC12 cells exposed to nocardiae (47%, 69%, and 67% of chymotryptic,
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tryptic, and PGPH activities of BHI control, respectively). However, incubation of HeLa cells
with live N. asteroides GUH-2 only significantly affected the chymotryptic (73% control) and
PGPH-like (61% control) activities. The effect on the tryptic activity (89% control) was not
significant.

To illustrate a specific effect on the proteasome, and not other proteases, experiments were
performed using purified rabbit 20S proteasome incubated with concentrated nocardial culture
filtrate (Fig. 9C). Exposure of purified proteasome to epoxomicin inhibited all three activities
(data not shown). As was seen with HeLa cell lysates, exposure of proteasome to concentrated
filtrate significantly reduced the activity of the chymotryptic (43% control) and PGPH activity
(50% control), but not the tryptic activity (100% control).

4. Discussion
In the present study, the ability of N. asteroides GUH-2 to cause apoptotic death in epithelial
cells was investigated. The results corroborate those in a previous report in which we described
the effect of nocardial infection on the PC12 cell line and in the brains of mice [43]. The current
study also expanded research on the pathways by which apoptosis is induced by nocardiae and
added to our understanding of the bacterial components necessary for the induction of
programmed cell death.

DNA fragmentation was observed in HeLa cells incubated with live N. asteroides (Figs. 1, 2,
and 3), confirming our previous report, and suggesting that induced cell death is not limited to
a particular cell type or organ. In addition, the experiments using the fluorescent pan-caspase
inhibitor revealed that exposure to live exponential phase bacteria caused caspase activation
(Fig. 5). The involvement of caspases is common to most described pathways of apoptosis
[12,48], including those triggered by other bacterial pathogens [25,37,38]. Further probing into
downstream events in the pathway indicated that caspase-3, an executor caspase, was
specifically activated (Fig. 6).

This study also revealed some specific participants in the induction of cell death. Mitochondrial
disruption was observed in cells incubated with live GUH-2 (Fig. 7). Similar effects on these
organelles have been noted in other reports of bacteria-induced apoptosis [22,24,38,46].
Another potential mechanism for the induction of host cell death is proteasome inhibition.
Inhibition of this protein complex was observed in cell lysates and with purified proteasome
(Fig. 9). We believe this is the first report indicating that a species of Nocardia can induce
proteasome inhibition.

Bacterial induced alteration of the apoptotic cascade has been reported for a growing number
of different bacterial species [34], and the perspective of both the host cell and the bacterium
must be considered to understand these interactions. Host cells, when challenged with
intracellular bacteria, may undergo apoptosis as a means of expelling the pathogens, and
exposing them to the components of the immune system. Thus, apoptosis can be a defense
mechanism evolved in response to intracellular attack. Obligate intracellular pathogens such
as Rickettsia or Chlamydia act to suppress the apoptotic cascade, thus prolonging their survival
[5,10]. Additionally, some reports on infection with different species of the facultative
intracellular pathogen Mycobacterium have indicated that strains that are better able to prevent
host cell apoptosis are more virulent, perhaps by enabling the bacteria to conceal themselves
from the immune system [11].

From the bacterium’s perspective, the eukaryotic host is a dangerous place, containing a variety
of cell types seeking its elimination. Many reports of bacterial induced cell death have focused
on the infection and destruction of cells of the immune system [19,34,37,38]. Such a response
could lead to localized immune suppression at the site of infection. Apoptosis induced in other
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cell types, including epithelial and neuronal cells, has also been reported [1,31,34,43,46]. By
triggering immunologically silent apoptotic cell death, rather than necrosis, inflammation and
an influx of immune cells can be avoided [29].

In our initial experiments, only live bacteria had a significant effect on HeLa cells, compared
with heat-killed N. asteroides or unconcentrated culture filtrate. Such results suggested a
requirement for active bacterial processes in the induction of host cell death. Two possibilities
appear probable. First, bacterial invasion of the host cell may be necessary. Second, apoptosis
could be due to a localized concentration of some secreted product.

Although both killed and live bacteria were able to attach to cells (Fig. 4), only live N.
asteroides were seen to invade HeLa cells. Similar effects were previously reported for
endothelial cells in the murine brain [4]. This could account for the differing effects. In
numerous repetitions of the assays, the effect of killed bacteria was always greater than that of
unconcentrated filtrate, though it was not statistically different from the negative control. This
observation could indicate that a few killed cells entered the HeLa hosts or that there was a
slight killing effect due solely to the attachment of the bacteria. Another possible reason for
seeing only insignificant increases in apoptosis in response to heat-killed bacteria could be
differences in the multiplicity of infection compared to cells treated with live nocardiae.
Although the initial doses of live and heat-killed bacteria were equivalent, growth of bacteria
during the 5-hour exposure period could have altered the ratio. However, experiments designed
to monitor nocardial growth indicated that there was almost no increase in nocardial numbers
within this time (data not shown), probably because of a lag in bacterial replication as they
adapted from the rich BHI broth in which they were cultured to the defined MEM tissue culture
medium.

Regardless of whether or not invasion is necessary, bacteria may induce apoptosis by
production of some toxic substance. Unconcentrated culture filtrate did not have an effect in
these experiments, but this could have been because the low amounts of any reactive substances
may not have reached the levels achievable by live bacteria actively secreting a toxic product
at the site of infection. Such an effect due to secreted products could also account for the lack
of apoptotic death induced by heat-killed bacteria, which retain the ability to bind to HeLa cells
(Fig. 4C), but are metabolically inactive.

Since previous experiments using similar nocardial culture filtrates indicated that they did
possess cytotoxic activity [6,30], we sought to replicate this effect. In the earlier research, the
host cells were exposed to undiluted culture filtrate. Here we treated cells with 10-fold
concentrated culture filtrate diluted back to 1X. In addition, as one prior study [30] had
suggested that the apoptosis-inducing activity was a small molecule that resided within the
sub-3-kDa fraction of the culture filtrate we utilized similar culture filtrate from which all
components larger than 8-kDa had been removed. Our experiments indicated that this
concentrated culture filtrate did trigger caspase activation (Fig. 8A) and mitochondrial
depolarization (Fig. 8B), indicating that neither bacterial invasion nor adherence were
necessary for nocardial induced cell death.

A potential mechanism for the induction of apoptosis was also identified. Cultured cells
exposed to live nocardiae exhibited signs of proteasome inhibition (Fig. 8). These observations
were further confirmed using purified proteasome exposed to concentrated nocardial culture
filtrate. Although it cannot be ruled out that the apoptosis-inducing factor is distinct from the
proteasome inhibitor, recent studies have shown that natural proteasome inhibitors have similar
capacities to induce apoptosis in vitro and in vivo [32,39]. These compounds, small molecules
with a peptide structure [21,27,42], which are produced and secreted by actinomycete species
closely related to Nocardia [18,20,26], interfere with normal protein turnover in cells and can
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cause programmed cell death [47]. This proapoptotic activity may be due to extended longevity
of caspases or modulation of expression of antiapoptotic Bcl-2, a regulator of the intrinsic
apoptotic pathway.

The proteasome has three major activities, which are named for their similarity to those of
other cellular proteases [40]. The natural proteasome inhibitors produced by actinomycetes do
not affect these other enzymes and exhibit high specificity towards the proteasome [35],
indicating that although the activities of the proteasome are similar to those other enzymes, the
structures are not. In the experiments with HeLa cell lysates and with purified proteasome, it
was noted that the trypsin-like activity of the proteasome was not inhibited. The natural
proteasome inhibitors TMC-86A, TMC-86B, and TMC-96, isolated from Streptomyces sp. and
Saccharothrix sp., similarly showed superior inhibition of the chymotryptic and PGPH
activities [26]. Our observations suggest that the apparent proteasome inhibitor made by N.
asteroides GUH-2 may be similar to those previously described.

The observations reported here appear to link some earlier independent studies. Infection of
animals with members of the bacterial order Actinomycetales had been found to induce a
Parkinsonian syndrome [13,28]. Separately, McNaught et al. found that systemic
administration of proteasome inhibitors produced by these bacteria to rats could cause
Parkinsonism [32]. In their report, they speculated that an environmental source of these toxins
could be soil bacteria. Our finding that N. asteroides GUH-2, a known parkinsinogenic strain
of bacteria, is capable of causing both apoptosis and proteasome inhibition adds strength to the
argument that bacteria may be involved in some cases of human Parkinson’s disease.

Although the ability of this bacterium to induce apoptosis may act as a virulence factor,
contributing to its ability to cause illness, other pathogenic mechanisms also likely exist. N.
asteroides strain 19247, the avirulent type strain of the species, was also tested using the
TUNEL assay. There was no difference from virulent strain GUH-2—both significantly
increased the level of DNA fragmentation compared to the BHI control (data not shown). This
finding suggests that other as yet unidentified virulence factors likely contribute to the
induction of disease by Nocardia. This report supports the hypothesis that nocardial induced
host cell death occurs via an apoptotic mechanism and is not specific to any particular cell type.
Future planned studies will investigate the involvement of specific caspases and particular
pathways of apoptosis and will explore the nature of the nocardial proteasome inhibitor.
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Fig. 1.
Time course study of DNA fragmentation. HeLa cells were exposed to live N. asteroides
GUH-2. After 1, 3, and 6 hours of incubation, samples were collected and analyzed by the
TUNEL assay to determine the level of DNA fragmentation. The graph indicates the mean
fluorescence and standard error of each treatment group, with greater fluorescence indicative
of greater DNA fragmentation. Asterisks indicate populations that were significantly different
from the BHI control (p<0.05)
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Fig. 2.
Induction of DNA fragmentation. Panels A, B, and C are representative histograms from a
single experiment. In each, the experimental data are indicated with a solid line and a
representative BHI control is shown as a dashed line for comparison. Vertical lines indicate
the mean fluorescence of each sample. Panel A displays cells exposed to live GUH-2. Panel
B focuses on the effect of heat-killed bacteria. Panel C looks at cells exposed to unconcentrated
culture filtrate. Panel D is a bar graph summary of the results (n=3 for each condition). The
bars indicate the mean fluorescence intensity of cells for each experimental group, with greater
fluorescence indicating more DNA fragmentation. The bar labeled STS indicates the results
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of treatment with staurosporine, used as a positive control. Standard error is shown for each
bar and the asterisks indicate a significant difference from the BHI control (p<0.01).
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Fig. 3.
Nuclear alterations in HeLa cells. Panels show cells double stained with PI to indicate nuclear
morphology (dull gray) and fluorescein-labeled nucleotides incorporated by the TUNEL
procedure to indicate DNA fragmentation. Double-labeled cells appear bright in these images.
Panel A shows negative control cells with no DNA fragmentation or condensation. Panel B is
a positive control cell (incubated with staurosporine) with fragmented DNA and prototypical
apoptotic nuclear morphology. Panels C and D show cells incubated with live N. asteroides
GUH-2 for 5 hours. In panel C, nocardial filaments (indicated by arrowheads) non-specifically
stained with PI are evident. The cell in panel D displays similar morphology to the positive
control. The bar in each panel indicates a 10 μm distance.
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Fig. 4.
Bacterial adherence to and invasion of HeLa cells. Panels demonstrate nocardial adherence to
and invasion of HeLa cells. HeLa cells were incubated with fluorescein-labeled bacteria for 2
hours and then washed and counterstained with rhodamine-phalloidin. In these panels, GUH-2
appears bright and HeLa cell actin appears dull. Panels A and B show live N. asteroides GUH-2
adhering by the filament tip and invading HeLa cells. In panel C, adherence by a heat-killed
bacterium is shown. Arrows indicate bacteria adhered to cells. Arrowheads label nocardiae
that appear to be within cells. The bar in each panel indicates a 10 μm distance.
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Fig. 5.
Caspase activation in HeLa cells following treatment. Panels A, B, and C are representative
histograms from the same treatment groups as in Fig. 2. Experimental data are indicated with
a solid line and the BHI control is shown as a dashed line. Prior to this display, the cells were
gated to exclude cells that permitted entry of the PI label—indicative of a disruption of plasma
membrane integrity. The vertical lines signify the mean fluorescence intensity in the
fluorescein channel, with greater fluorescence indicating more caspase activation. Panel A
displays cells exposed to live GUH-2. Panel B focuses on the effect of heat-killed bacteria.
Panel C presents cells exposed to unconcentrated filtrate. Panel D is a bar graph summary of
the results (n=4 for each condition), with bars indicating the average fluorescence of cells in
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each experimental group. The bar labeled STS indicates the results of treatment with
staurosporine. Standard error is shown for each bar and the asterisks indicate a significant
difference from the BHI control (p<0.01).
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Fig. 6.
Effect of different treatments on caspase-3-like activity in HeLa cells. After a 5-hour incubation
with staurosporine (STS), BHI, live GUH-2, heat-killed bacteria, or unconcentrated filtrate,
cellular contents were extracted and assayed for caspase-3-like activity and protein
concentration. Multiple experiments were performed to test these conditions, and activity was
normalized for each by dividing by the BHI control values. Values from all experiments (n
ranged from 12 to 24 per group) were then averaged for the graph. The bars indicate the average
relative caspase-3-like activity for each group. Standard error is shown for each bar and the
asterisks indicate a significant difference from the BHI control (p<0.01).
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Fig. 7.
Mitochondrial potential in cells exposed to nocardiae. HeLa cells were incubated with live
nocardiae or sterile BHI for 5 hours. Following exposure, cells were briefly incubated with
DiOC6(3), which labels mitochondria with intact membrane potential, and with the cell-
impermeant dye PI. Some cells were concurrently treated with CCCP, a disruptor of
mitochondrial potential, as a positive control. Cellular fluorescence was determined by flow
cytometry. The mean DiOC6(3) fluorescence of the cells (n 3 per group) that excluded the PI,
and therefore maintained membrane integrity, is shown. Standard error is shown for each bar
and the asterisks indicate a significant difference from the BHI control (p<0.01).
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Fig. 8.
Apoptosis induced by concentrated culture filtrate. HeLa cells were incubated for 5 hours with
1:10 diluted concentrated culture filtrate. Following incubation, caspase activity (panel A) and
mitochondrial depolarization (panel B) were determined as described in the materials and
methods and in the legends of Figs. 5 and 7. The bars indicate the mean fluorescence of the
cells in each treatment (n 3 per group), as determined by flow cytometry, with asterisks labeling
those that were significantly different from the α-MEM control (p<0.01).
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Fig. 9.
Proteasome inhibition observed in cell lysates and with purified proteasome. The relative
proteolytic activities compared to the negative control are shown, with standard errors. For
panels A and B, cells were incubated with 0.5 μM epoxomicin (EPX), Nocardia asteroides
strain GUH-2 (GUH-2), or sterile culture medium (BHI). Panel A indicates effects on HeLa
cells. Panel B shows effects on PC12 cells. For each panel, two experiments were performed
(n=4 per group) and the data were normalized. All the normalized data for each cell type were
then statistically analyzed and graphed. For panel C, purified rabbit 20S proteasome was
incubated with α-MEM or 10-fold-concentrated nocardial culture filtrate (n=4 per group) and
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activity was measured. The graphs illustrate proteasome activity relative to the respective
negative control. Asterisks (*) note significant differences from the control (p<0.01).
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