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Nitric oxide induces cell death in Taxus cells
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Abstract

Sodium nitroprusside (SNP), a nitric oxide donor, or centrifugation at 150 times unit gravity, caused a nitric oxide burst in
oocyte-derived Taxus brevifolia haploid cultures. This burst, visualized by the specific fluorescent probe 4,5-diaminofluorescein
diacetate (DAF-2 DA), preceded a significant increase in nuclear DNA fragmentation and cell death. DNA fragmentation was
detected in situ by the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) of DNA 3’-OH groups.
Nitric oxide formation and cell death were significantly decreased by N°-monomethyl-L-arginine (L-NMMA), a nitric oxide-syn-
thase (NOS; EC 1.14.13.39) inhibitor. Our results show that nitric oxide leads to irreversible DNA fragmentation and cell death
under stressful conditions, and that its effect can be prevented by L-NMMA. © 2000 Elsevier Science Ireland Ltd. All rights

reserved.
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1. Introduction

Nitric oxide (NO) is a highly diffusible gaseous
free radical that has recently been reported to play
a key role in plant disease resistance [l1-4],
ethylene emission [5], plant response to drought
stress [6,7], senescence [8] and plant stresses in
general [9]. Recent evidence suggests that key com-
ponents of animal NO signaling are also operating
in plants [1,2,4,10-12].

In animals, NO functions as an intra- and inter-
cellular messenger, being involved in several
patho-physiological processes including pro-

Abbreviations: DAF-2 DA, 4, 5-diaminofluorescein diacetate;
DAPI, 4, 6-diamino-2-phenylindole; D-NMMA, NS-monomethyl-D-
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deoxynucleotidyl transferase -mediated dUTP nick end labeling; UV,
ultraviolet.
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grammed cell death [13-17]. NO is formed from
L-arginine by a family of constitutive and in-
ducible nitric-oxide synthase enzymes (NOS; EC
1.14.13.39) [6]. Evidence for the presence of a
mamalian-type of NOS has been reported for sev-
eral plants [2,6,11]. The localization of NOS in
plant peroxisomes and chloroplasts was recently
reported [18,19]. Also a gene sequence with NOS
from Rattus norvegicus was recently discovered in
Arabidopsis thaliana (Wambutt et al., pers. com-
mun.). However, NO is also produced in plants as
a by-product of the activity of constitutive nitrate
reductase [20,21]. NO can also be generated non-
enzymatically from donor molecules, such as
sodium nitroprusside (SNP), S-nitroso-N-acetyl-
penicillamine (SNAP), 3-morpholino-sydnomine
and N-tert-butyl-a-phenylnitrone [6,22]. In animal
systems, NO induces both pro- and anti-apoptotic
responses [23—-25]. This free radical was recently
visualized in animal cells by the fluorescent indica-
tor 4,5-diaminofluorescein diacetate (DAF-2 DA)
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[16]. DAF-2 DA is converted by esterases in the
cytoplasm to DAF-2, which reacts specifically with
NO to form a highly green-fluorescent triazole
form [16]. DAF-2 does not react with stable oxi-
dized forms of N, such as nitrite (NO, ~), nitrate
(NO; 7), or with other reactive oxygen species,
e.g. superoxide anion (O, ~), hydrogen peroxide
(H»0,), or peroxynitrite anion (ONOO ) [16,26].

Taxus brevifolia, as other conifers, expresses
programmed cell death (apoptosis) at different
developmental stages during diploid parthenogen-
esis and early embryony [27-30]. Exposure of T.
brevifolia cultures to hypergravity (centrifugation)
significantly increased cell death by apoptosis [31].
An increase in apoptosis with increasing centrifu-
gal force was also reported for Kalanchoé daigre-
montiana [32,33]. These findings led us to
hypothesize that Taxus cell death under stressful
conditions (centrifugation; mechanical stress) is
preceded by an increase of NO production, di-
rectly or indirectly responsible for irreversible nu-
clear DNA fragmentation. To show the
involvement of NO in DNA fragmentation, SNP,
a NO donor, was added at different concentra-
tions to cultures to determine if NO artificially
induced cell death in Taxus cells. As a complement
to these experiments, cell death was physically
induced in 7. brevifolia cells by centrifugation with
or without N®-monomethyl-L-arginine  (L-
NMMA), inhibitor of NO-synthase, or its enan-
tiomer, N°-monomethyl-D-arginine (D-NMMA;
negative control). NO production was correlated
to the number of DAF-2 DA-stained cells. Cell
death was determined by the number of cells
presenting irreversible DNA  fragmentation
(TUNEL-positive nucleus) and cytological fea-
tures of apoptosis. Here, we report that NO in-
duces cell death in T. brevifolia cells and that
DNA fragmentation, and subsequent cell death,
can be prevented by a NOS inhibitor.

2. Material and methods

2.1. Plant material

Haploid egg-derived callus cultures from the
female gametophyte of a 30-year-old 7. brevifolia
tree, maintained on modified B5 medium, in dark-
ness, at 25°C [34], were used as experimental
system.

2.2. Nitric oxide and cell death assays

To study the effect of SNP on NO levels and
cell death, freshly subcultured friable callus were
incubated for 3 hin 107°, 10~ % and 10 -2 M SNP
(filter-sterilized) in modified B5 liquid medium
supplemented with 1 mM L-arginine (ca. 1 ml
packed cell volume per 3 ml of medium), a modifi-
cation of a protocol developed for animal cells
[17]. Cells incubated in modified BS medium with-
out SNP and with and without L-arginine were
used as controls. As additional controls, cells were
incubated in medium supplemented with 10 mg/ml
nitrite (NO, ) or nitrate (NOj ). Treatments were
kept in a shaker at 60 rpm, at 23 + 2°C. After 3 h,
a group of samples (cells and cell aggregates) were
washed in sterile, fresh medium, and immediately
stained for NO visualization with 10 uM DAF-2
DA (detection limit 5 nM of NO; Calbiochem-
Novabiochem Corp., La Jolla, CA, USA) and
incubated for 1 h, at 25°C [16,17]. Negative con-
trols consisting of cells boiled in water for 1 min
(dead cells) stained with DAF-2 DA and live and
dead cells mounted in water were also performed.
Staining with aminofluorescein diactate (4-AF
DA), which does not form a fluorescent com-
pound in presence of NO, was used as negative
control of the DAF-2 DA probe. The remaining
cells and cell aggregates were kept in culture
overnight, under agitation, for cell death assays.
Cells were fixed in 4% (v/v) formaldehyde solution
and processed for a one-step modified terminal
deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) method (Boehringer
Mannheim, Germany) [29] for in situ detection of
nuclear DNA fragmentation. Negative controls
were performed in the absence of TUNEL en-
zyme. In positive controls, cells were incubated
with DNase I (1 mg/ml) for 10 min, at 25°C, prior
to labeling. DAPI (4,6-diamino-2-phenylindole)
was used in all TUNEL assays, as a counterstain
for the detection of nuclei with intact DNA. Ex-
periments were repeated at least six times with at
least eight samples per treatment.

In a second set of experiments, cell death was
physically induced by centrifuging Taxus cells for
3 h in liquid culture medium, at 150 times unit
gravity, with and without 0.5 mM L-NMMA, a
competitive substrate inhibitor of NOS (Cal-
biochem-Novabiochem Corp.) [17,35]. To deter-
mine possible non-specific L-NMMA activity,
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incubation in medium with its enantiomer (0.5
mM D-NMMA), which does not have any signifi-
cant effect on animal NOS [35], was also per-
formed as negative control.

Cells were mounted and observed with an epi-
fluorescence microscope, equipped with DAPI
(UV light; excitation at 360 nm; emission, > 420
nm) and FITC filters (blue light; excitation at
450-490 nm; emission, 520 nm). The numbers of
DAF-2 DA stained cells (bright green fluores-
cence) versus non-stained cells (mean + S.D.) were
determined. Statistical analysis using analysis of
variation (ANOVA) at P < 0.05 was performed (n
not less than 8). Cell death was determined by
counting the number of TUNEL-positive nuclei
(bright green at 450—-490 nm and DAPI-negative)
versus the total number of DAPI-positive nuclei
(blue at 360 nm). Values in graphs are presented
as percentage. Confocal images were acquired us-
ing a Leica TCS-NT laser scanning microscope
(Leica Lasertechnik GmbH, Heidelberg, Ger-
many), with UV and Argon/Kripton lasers (ex.
splitter RPS500) and an objective UV 40 x 1INA
oil PI FLUOTA. Images of UV and FITC chan-
nels were merged using Molecular Dynamics Im-
ageSpace software (Molecular Dynamics Inc.,
Sunnyvale, CA, USA).

3. Results

3.1. Visualization of nitric oxide

Boiled cells (dead) with and without subsequent
staining with DAF-2 DA presented only a yellow
autofluorescence at cell walls, as did living cells
mounted in water (negative controls) (Fig. 1A). As
predicted, no cell-staining was obtained with 4-AF
DA.

In general, the cytoplasm of DAF-2 DA-posi-
tive Taxus cells stained uniformly for NO. Fluo-
rescence was visibly brighter at the cell wall level
(Fig. 1B-E) and in cells with dense cytoplasm (not
shown). Detailed observations showed that the
staining was localized at the cytosol level; the large
vacuole, which occupied most of the cell volume,
was not stained. Although NO was detected in
controls (cells grown in at unit gravity without any
additional treatment) (Fig. 1B and Fig. 2), less
than 4% of the stained cells showed a fluorescence
in the cytosol, comparable to that observed for

SNP-treated and centrifuged cells (Fig. 1C and D).
No significant differences were recorded (P < 0.05;
n = 8) between cells incubated in culture medium
and cells incubated in medium supplemented with
NO; = or NO, ~ (additional controls). Also, no
significant differences were recorded between
Taxus cells incubated in culture medium with and
without L-arginine. The results presented in Figs. 2
and 3 are for media containing L-arginine.

As predicted, the number of DAF-2 DA-posi-
tive cells was the highest for SNP-treated (98%)
and centrifuged samples (99%) (Fig. 2). DAF-2
DA-negative cells in those samples, either had no
nuclei or were highly damaged. Addition of SNP
or centrifugation significantly increased the num-
bers of cells stained for DAF-2 DA (P <0.05,
n=10) compared with those cultured without
SNP (controls) (Fig. 2). Also, fluorescence was
brighter for SNP-treated and centrifuged cells
(Fig. 1C and D) than for controls (Fig. 1B). No
statistically significant differences in the number of
cells showing NO were detected between 10 ~* M
SNP-treated and centrifuged samples (Fig. 1C and
D). Addition of SNP at higher concentrations
increased the number of DAF-2 DA-positive cells
to 99.5% (not shown). Centrifugation of cells in
the presence of L-NMMA, a NOS inhibitor, sig-
nificantly reduced (P < 0.05, n = 10) the number of
cells stained for NO, compared to those cen-
trifuged without L-NMMA (Fig. 2). Fluorescence
brightness was also reduced (Fig. 1E). No signifi-
cant differences (P < 0.05, n=10) were recorded
between cells centrifuged with and without D-
NMMA (Fig. 2).

3.2. Induction of cell death

TUNEL was negative for negative controls.
Only DAPI-positive nuclei (Fig. 1F) and a yellow
autofluorescence on some cell walls and in vac-
uoles (as in Fig. 1A and G) were observed in those
samples. Positive controls, besides autofluores-
cence, presented TUNEL-positive nuclei (bright
green fluorescence under blue light) as a result of
nuclear DNA fragmentation by DNase-I activity.
These TUNEL-positive nuclei were identical to
those detected in SNP or centrifuged cells (Fig.
1G). Addition of SNP significantly increased (P <
0.05, n=8) the number and percentage of cells
with TUNEL-positive nuclei compared to cells
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cultured without SNP (controls) (Fig. 3). SNP
caused irreversible nuclear DNA fragmentation
and, consequently, cell death. The lowest level of
SNP (10 ~° M) increased cell death from 4 to 17%.
Cell death also increased (1.6-fold) with the in-
crease of SNP from 1076 to 10~* and 1072 M,
respectively (Fig. 3). For all the assays performed,
cell death increased with the increase of NO pro-
duction. Centrifugation in the presence and ab-

sence of L-NMMA, showed that L-NMMA
significantly decreased (P < 0.05, n=10) the nu-
clear DNA fragmentation and cell death (Fig. 3).
Contrary to L-NMMA, bD-NMMA had no signifi-
cant effect on DNA fragmentation and cell death
(Fig. 3). Confocal studies confirmed that NO
staining was absent in vacuoles. In cells with amy-
loplasts, staining was preferentially observed
around those organelles (Fig. 1H). Simultaneous

, ‘ #

Fig. 1. Visualization of nitric oxide and nuclear DNA fragmentation in 7. brevifolia cells. (A—G) Fluorescence microscopy images
(excitation at 450—490 nm; emission 520 nm); (A) cell wall autofluorescence (yellow) in the absence of any staining (control for
TUNEL and DAF-2 DA; cells mounted in water); (B) DAF-2 DA-positive control cells (green) stained for NO (cultured at 1 g
without any further treatment). Note the presence of some unstained cells and the intensity of the fluorescence compared with (C)
and (D); (C) increase of NO (DAF-2 DA-positive cells; green) after incubation in a medium containing 10 ~* M SNP (see Fig.
2); (D) increase of NO (DAF-2 DA-positive cells; green) after induction of cell death by centrifugation at 150 g (see Fig. 2); (E)
inhibition of NO synthesis after centrifugation in the presence of 5 mM L-NMMA, a NOS inhibitor (arrows) (see Fig. 2;
Centrif + In). A few cells (upper right) showed low levels of NO; (F) DAPI-positive nuclei (blue/white) on cells cultured at 1 g;
(G) TUNEL-positive nuclei (bright green) indicative of irreversible DNA fragmentation and consequent cell death, after
incubation in a medium with SNP or after centrifugation; (H) confocal merged image (UV-FITC channels) of centrifuged Taxus
cells showing NO (green cytoplasm) and TUNEL-positive nuclei, indicative of DNA fragmentation. Note the drastic plasmolysis
a feature of cell death by apoptosis in Taxus cells. (A—C, E) Bar, 16 um; (D) bar, 13 um; (F-G) bar, 10 um; (H) bar, 5 pm.
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Fig. 2. Effect of SNP and centrifugation on NO production
expressed as percentage of DAF-2 DA-positive cells of T.
brevifolia. NO was visualized by fluorescence microscopy after
1 h in a medium with 10 pM DAF-2 DA. negC, negative
controls, dead cells incubated in 1 x g for 3 h and stained
with DAF-2 DA, live cells incubated in the same conditions
and mounted in water; C, cells incubated in 1 x g for 3 h in
a medium without SNP. No significant differences were
recorded between this control and the additional controls
tested (cells incubated in medium supplemented with NOj™ or
NO; ", or without L-arginine supplementation); 10 ~* SNP,
cells incubated in 1 x g for 3 h in medium containing 10 =4 M
SNP; centrif, cells centrifuged at 150 x g for 3 h, to physically
induce cell death; Centrif + L-NMMA, cells centrifuged at
150 x g for 3 h in the presence of 0.5 mM L-NMMA.
Centrif + D-NMMA, cells centrifuged at 150 x g for 3 h in
the presence of 0.5 mM D-NMMA.
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Fig. 3. Percent of cell death in haploid egg-derived cultures of
T. brevifolia as a function of nitric oxide levels (also see Fig.
2). Control, cells incubated in 1 x g for 3 h without SNP;
10=%, 10~=% or 10~2 M, cells incubated in 1 x g for 3 h in
medium with 106, 10~* or 10~2 M of SNP; Centrif, cells
centrifuged at 150 x g for 3 h; Centrif + L-NMMA, cells
centrifuged at 150 x g for 3 h in presence of 0.5 mM L-
NMMA; Centrif + D-NMMA, cells centrifuged at 150 x g for
3 h in presence 0.5 mM D-NMMA. TUNEL was negative in
negative controls (no TUNEL enzyme) and positive, for
samples treated with DNase-I (positive controls). S.D. was
lower than 8%.

detection of NO and DNA fragmentation showed
that cells with TUNEL-positive nuclei were also
positive for NO (Fig. 1H).

4. Discussion

4.1. Nitric oxide visualization

Our results showed that the protocol developed
for the visualization of NO in animal systems can
also be applied to plant cells [17]. As expected, low
levels of NO were visually detected in some cells
cultured at unit gravity (controls; see Fig. 2). Basal
levels of NO in non-treated control cells have also
been reported in animal systems [17]. Addition of
NO; or NO; did not significantly affect the
number of NO-stained cells. This result is important
as it confirms that DAF-2 DA does not react with
nitrate and/or nitrite. It also shows that, at least in
short (3 h) incubation treatments, nitrate and/or
nitrite were not used for NO production [21].

NO was detected in the cytosol of Taxus cells.
This observation is in accordance with the subcellu-
lar localization of NOS previously reported for
maize cells [12] and epidermal cells of Kalanchoé
daigremontiana [19]. Recent reports on Pisum sa-
tivum [18] and K. daigremontiana [19] indicate that
NOS is present in peroxisomes and chloroplasts of
leaf cells.

As NO production through NOS depends on the
presence of L-arginine, protocols developed for
animal systems include L-arginine in the incubation
media [17]. Our results showed that in Taxus,
medium supplementation with L-arginine is not
required. This can be explained by the fact that
Taxus cells are rich in L-arginine when cultured on
medium with ammonia as the main nitrogen source
[36,37]. In Taxus, contrary to animal cells, an
exogenous supply of substrate was not required to
ascertain NOS activity. However, we can not yet
rule out differences due to the effect of nitrate
and/or nitrite supplementation on other experimen-
tal conditions.

Incubation in SNP or centrifugation at 150
times unit gravity (severe mechanical stress) led to
a drastic increase in NO. The treatment of soy-
bean cell suspensions with 0.5 mM SNP generated
a steady state NO concentration of 2 x 107° M
[1]. In our work, the predicted increases in NO
generation by increasing concentrations of 106,
10~% and 10-2 M SNP were clearly visualized.
S-nitroso-N-acetyl-penicillamine (SNAP), another
NO donor which has been recently tested in these
cells (Pedroso and Durzan, unpublished results)
also led to a drastic increase in the percentage of
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DAF-2 DA-stained cells. This result confirmed
that the effect reported here for SNP was not due
to its action on mitochondrial cytochrome ¢ oxi-
dase [4,38].

Centrifugation (150 times unit gravity, for 3 h)
significantly increased the number of Taxus cells
stained for NO. Increases in NO levels as a re-
sponse to stressful conditions have been reported
for other plants [1,2,4,6,9]. Pea and carnation
plants increased NO emissions to the atmosphere
in response to drought stress [6]. A burst in NO
has also been reported to occur during hypersensi-
tive response [1,2,4,10].

L-NMMA, a NOS inhibitor, significantly de-
creased NO production in centrifuged cells. Cen-
trifugation in the presence of D-NMMA, which
has no significant effect on animal NOS [35] (neg-
ative control), enabled the demonstration that L-
NMMA effectively prevented NO production in
66% of the centrifuged cells. However, NO pro-
duction in 150 times unit gravity, in the presence
of the inhibitor, was higher than that detected for
controls in unit gravity. One explanation may be
that NOS activity was not completely inhibited by
the amount of L-NMMA used. Alternatively, the
time lapse between the addition of the NOS in-
hibitor (ca. 10 min) and the actual enzyme inhibi-
tion (not determined), might have accounted for
that difference. It is also important to point out
that, (1) NO production in plants may also occur
as a by-product of constitutive NAD(P)H-nitrate
reductase during nitrogen assimilation [20,21]; (2)
considering that Taxus cells are rich in L-arginine
and metabolically related monosubstituted
guanidino compounds [36,37], we can not yet rule
out differences due to the effects of endogenously
produced guanidino products of arginine
metabolism, as agmatine and y-guanidinobutryic
acid, among others. However, recent results [19]
reaffirm that higher concentrations of NOS in-
hibitors (L-NMMA and others) are necessary to
achieve complete inhibition of NO production.

4.2. Detection of cell death

In T. brevifolia, centrifugation was shown to
physically induce programmed cell death [31]. In
the present work, the addition of SNP or centrifu-
gation, both led to an increase in the number of
cells stained for NO (NO burst), which preceded a
significant increase in cell death. No TUNEL or

cytological differences were detected between
SNP- and centrifugation-induced cell death. Cen-
trifugation of Taxus cells in the presence of a NOS
inhibitor, L-NMMA, significantly decreased the
NO production and cell death. This suggests that
NO produced by a NOS-like activity may be
involved in programmed cell death in this species.
Our results are in accordance with the earlier
reports in mouse and rat cells, where the increase
in NO production, produced enzymatically or gen-
erated by SNP, led to DNA damage [14,39-41]
and to programmed cell death [23,41].

NO reacts with superoxide to form peroxynitrite
(ONOO™) [42]. One predicted reaction of
ONOO™ is the nitration of tyrosine residues in
proteins [43,44]. This post-translational modifica-
tion would affect cell cycling and alter the struc-
ture of tyrosine residues in cell walls. DAF-2 green
fluorescence at the cell wall might indicate the
local presence of NO. In fact, nitro-tyrosine was
detected in Taxus cells following SNP and cen-
trifugation treatments (Durzan, pers. commun.).

In the present experiments, the effect of NO
might have been magnified by the stress-induced
formation of paclitaxel and other taxanes [45], and
by monosubstituted guanidines that occur natu-
rally in T. brevifolia [36,37,46,47]. Al-alami et al.
[48] showed that NO played a vital role in mediat-
ing paclitaxel-induced programmed cell death by
monocytic cells. The exposure of animal cells to
paclitaxel increases protein-tyrosine phosphoryla-
tion in macrophages [49]. Paclitaxel (Taxol®), an
anti-mitotic taxane produced by 7. brevifolia,
when fed to animal cells induces P 53-independent
programmed cell death [49,50]. The present results
do not rule out the possibility that the NO-medi-
ated cell death in T. brevifolia could be operative
through a similar signaling pathway [31].

It is important to point out, however, that NO
has been reported to have a protective effect
against oxidative stress in plants [10,38,51-57],
reducing DNA fragmentation and consequently
cell death [51,52]. SNP-treated potato plants were
resistant to chlorosis, ion leakage, DNA fragmen-
tation and apoptotic-like cell death produced by
methylviologen herbicide diquat [56]. Recent evi-
dence suggests that the combination of NO with
ROS can either have a toxic or protective effect
depending on the circumstances [9,51]. In K. dai-
gremontiana, NO (and NO modulators) showed to
have a differential effect on leaf-plantlet formation
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in different gravity environments [58]. Using L-
NMMA, we demonstrated that NO is implicated
in the death of Taxus cells under stressful condi-
tions. Our results do not exclude the possibility
that under different circumstances NO can have a
protective role in Taxus cells.

In addition to interacting with ROS, NO ap-
pears to activate defense responses, at least in part,
through a salicylic acid (SA)-dependent signaling
pathway [10]. The hypothesis that SA mediates
NO-induced Taxus cell death during centrifuga-
tion also merits investigation.

In summary, DAF-2 DA can be used to visual-
ize NO in plant cells. Centrifugation (mechanical
stress) increased NO production and cell death in
Taxus cultures. Addition of SNP had a similar
effect. L-NMMA significantly decreased NO pro-
duction and cell death under stressful conditions.
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