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To analyze the copper-induced cross talk among calcium, nitric oxide (NO), and hydrogen peroxide (H2O2) and the calcium-
dependent activation of gene expression, the marine alga Ulva compressa was treated with the inhibitors of calcium channels,
ned-19, ryanodine, and xestospongin C, of chloroplasts and mitochondrial electron transport chains, 3-(3,4-dichlorophen-
yl)-1,1-dimethylurea and antimycin A, of pyruvate dehydrogenase, moniliformin, of calmodulins, N-(6-aminohexyl)-5-
chloro-1-naphtalene sulfonamide, and of calcium-dependent protein kinases, staurosporine, as well as with the scavengers
of NO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, and of H2O2, ascorbate, and exposed to a
sublethal concentration of copper (10 mM) for 24 h. The level of NO increased at 2 and 12 h. The first peak was inhibited
by ned-19 and 3-(2,3-dichlorophenyl)-1,1-dimethylurea and the second peak by ned-19 and antimycin A, indicating that NO
synthesis is dependent on calcium release and occurs in organelles. The level of H2O2 increased at 2, 3, and 12 h and was
inhibited by ned-19, ryanodine, xestospongin C, and moniliformin, indicating that H2O2 accumulation is dependent on
calcium release and Krebs cycle activity. In addition, pyruvate dehydrogenase, 2-oxoxglutarate dehydrogenase, and
isocitrate dehydrogenase activities of the Krebs cycle increased at 2, 3, 12, and/or 14 h, and these increases were inhibited in
vitro by EGTA, a calcium chelating agent. Calcium release at 2, 3, and 12 h was inhibited by 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide and ascorbate, indicating activation by NO and H2O2. In addition, the level of
antioxidant protein gene transcripts decreased with N-(6-aminohexyl)-5-chloro-1-naphtalene sulfonamide and staurospor-
ine. Thus, there is a copper-induced cross talk among calcium, H2O2, and NO and a calcium-dependent activation of gene
expression involving calmodulins and calcium-dependent protein kinases.

The marine macroalga Ulva compressa Linnaeus
(Chlorophyta), formerlyEnteromorpha compressa (Hayden
et al., 2003), is a cosmopolitan heavy metal-tolerant
species that dominates copper-enriched coastal areas
in northern Chile (Ratkevicius et al., 2003) and other
parts of the world (Villares et al., 2001; Pereira et al.,
2009). U. compressa from copper-enriched coastal en-
vironments accumulated the metal and showed an

increase in activity of the antioxidant enzyme ascor-
bate (ASC) peroxidase (AP), a decrease in the level of
the antioxidant compound glutathione (GSH), and
synthesis of ASC that was accumulated as dehydroas-
corbate (Ratkevicius et al., 2003). In addition, U.
compressa cultivated in vitro with a sublethal concen-
tration of copper (10 mM) showed a sustained increase
in activities of the antioxidant enzymes AP and GSH
reductase (GR) and in activity of the defense enzyme
phenyl-ala ammonia lyase (González et al., 2010b).

On the other hand, U. compressa cultivated with 10 mM

copper for 7 d showed increases of intracellular calcium
at 2, 3, and 12 h and increases in hydrogen peroxide
(H2O2) level at 3 and 12 h as well as a retarded wave of
superoxide anions beginning at d 3 and increasing until
d 7 (González et al., 2010b). In addition, it was shown
that copper-induced intracellular calcium release origi-
nated exclusively in the endoplasmic reticulum (ER) and
involved the activation of ryanodine-sensitive and ino-
sitol 1,4,5 triphosphate (IP3)-sensitive calcium channels
(González et al., 2010a), and production of H2O2 oc-
curred exclusively in organelles (González et al., 2010b).
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Thus, the existence of temporally coincident increases in
calcium and H2O2 levels suggests the occurrence of a
cross talk between these intracellular signals in response
to copper excess.

Regarding the mechanisms governing cross talk
between calcium and H2O2, it is known that micromo-
lar concentrations of calcium directly activate mito-
chondrial NADH-synthesizing enzymes of the Krebs
cycle, mainly isocitrate dehydrogenase (IDH) and
2-oxoxglutarate dehydrogenase (OGDH) in human
and mammalian cells (Rutter and Denton, 1989; Rutter
et al., 1989; Denton, 2009). In contrast, pyruvate dehy-
drogenase (PDH) is activated by a calcium-dependent
phosphatase and, thus, is indirectly activated by
calcium (Budde et al., 1988; Denton, 2009). In plants,
PDH, IDH, and OGDH activities are indirectly regu-
lated by calcium, and their activation is dependent on
calmodulins (CaMs; McCormack and Denton, 1981;
Miernyk et al., 1987; Budde et al., 1988). In addition, it
was shown that calcium-dependent activation of
Krebs cycle enzymes leads to an increase in NADH
concentration enhancing mitochondrial electron trans-
port and, thus, production of superoxide anions and
H2O2 in human cells (Brookes et al., 2004; Camello-
Almaraz et al., 2006; Hidalgo and Donoso, 2008).
Moreover, it has been determined that H2O2 activates
calcium release by oxidation of cysteines present in
ryanodine- and IP3-sensitive channels in human cells
(Hidalgo, 2005; Hidalgo and Donoso, 2008), and nitric
oxide (NO) synthesis activates calcium release by
nitrosylation of thiol groups present in calcium chan-
nels (Eu et al., 1999; Pan et al., 2008). In plants, a cross
talk between calcium and H2O2 has been described in
Arabidopsis (Arabidopsis thaliana) guard cells exposed
to abscisic acid (ABA) and fungal elicitors because
H2O2 production stimulates calcium entry by activat-
ing calcium channels located in the plasma membrane
(Pei et al., 2000; Klüsener et al., 2002). In addition, it
was shown that the fungal elicitor cryptogein and
plant cell wall-derived oligogalacturonides increase
the H2O2 level, which, in turn, activates calcium chan-
nels in the plasma membrane of Nicotiana plumbagini-
folia cells (Lecourieux et al., 2002). Moreover, the
elicitor cryptogein activates NADPH oxidase in the
plasma membrane of tobacco cells, leading to the con-
sumption of NADPH, which, in turn, activates the
pentose phosphate pathway that produced NADPH
and induces the accumulation of glycolysis intermedi-
ates (Pugin et al., 1997).

On the other hand, heavy metals and metalloids
such as copper, zinc, cadmium, aluminum, and arsenic
induced NO synthesis in plants that is dependent on
an NO synthase-like activity (Tewari et al., 2008;
Ramos et al., 2009; Singh et al., 2009; Xiong et al.,
2010; Xu et al., 2010). In addition, it was demonstrated
that NO synthase is activated by calcium via CaMs in
Arabidopsis (Ma et al., 2008). Moreover, the increase in
NO level activates expression of antioxidant enzymes
such as superoxide dismutase (SOD), AP, and GR
(Ramos et al., 2009; Singh et al., 2009; Wang et al., 2010)

and the defense enzyme phenyl-ala ammonia lyase
(Wang et al., 2006). Furthermore, it has been shown
that there is a cross talk between NO and calcium
because NO activates calcium release in N. plumbagi-
nifolia and grapevine (Vitis vinifera; Lamotte et al., 2006;
Vandelle et al., 2006). In addition, there is a cross talk
among calcium, reactive oxygen species, and NO in-
duced by cadmium in pea (Pisum sativum) plants, but
the mechanism linking calcium release with NO and
H2O2 levels was not determined (Rodrı́guez-Serrano
et al., 2009). Thus, copper excess may also induce an
increase in NO level in U. compressa as well as a cross
talk between calcium and NO.

Regarding calcium release and regulation of gene ex-
pression, it is well known that oscillations in intracellular
calcium are decoded by three types of calcium-binding
proteins corresponding to CaMs, calcium-dependent
protein kinases (CDPKs), and calcineurin B-like pro-
teins that interact with calcineurin B-like protein-
interacting protein kinases (Kudla et al., 2010). In this
sense, it has been determined that CaMs are involved
in the activation of antioxidant enzyme gene expres-
sion, i.e., SOD, AP, and GR in maize (Zea mays) plants
exposed to ABA and H2O2 (Hu et al., 2007). Moreover,
CDPKs participate in the phosphorylation and acti-
vation of transcription factors such as ABF1 involved
in ABA responses and RSG involved in gibberellin
responses and, thus, in the regulation of gene expres-
sion (Zhu et al., 2007; Ishida et al., 2008). Therefore,
calcium oscillations occurring in U. compressa in re-
sponse to copper excess may determine activation of
antioxidant proteins gene expression via CaMs and/
or CDPKs.

In thiswork,weanalyzed thepotential cross talkamong
calcium, NO, and H2O2 and the calcium-dependent acti-
vation of gene expression that may involve CaMs and/
orCDPKs. To this end, themarine algaU. compressawas
cultivated in control condition, exposed to 10 mM cop-
per or treatedwith inhibitors of calcium channels, ned-
19, ryanodine, and xestospongin C, with inhibitors of
organellar electron transport chains, 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU) and antimycin A,
with an inhibitor of NO synthase, N(G)-monomethyl
L-ariginine (L-NMMA), with an inhibitor of PDH,
moniliformin, with a scavenger of NO, 2-(4-carboxy-
phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO), and with a scavenger of H2O2, ASC, and
exposed to 10 mM copper for 24 h. The levels of NO,
H2O2, and intracellular calcium were determined as
well as the activities of NO synthase and Krebs cycle
enzymes PDH, IDH, andOGDH. In addition, the direct
activation of the latter enzymes by calcium was ana-
lyzed using EGTA, a calcium chelating agent. Further-
more, the relative level of transcripts encoding the
antioxidant enzymes AP, peroxiredoxin (PRX), thiore-
doxin (TRX), GSH-S-transferase (GST), and the heavy-
metal chelating protein metallothionein (MET) was
analyzed inU. compressa cultivated incontrol conditions,
exposed to 10 mM copper, or treated with the inhibitors
of CaMs, N-(6-aminohexyl)-5-chloro-1-naphtalene
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sulfonamide (W-7), and CDPKs, staurosporine, and
exposed to 10 mM copper for 3 or 5 d.

RESULTS

Copper-Induced NO Synthesis Is Dependent on NO
Synthase Activity, Calcium Release, and Electron

Transport in Organelles

U. compressa cultivated with 10 mM copper for 24 h
showed increases in NO level at 2 and 12 h of copper

exposure (Fig. 1A). In addition, cooccurring increases
in NO synthase activity were detected at 2 and 12 h of
copper treatment (Fig. 1B), and these increases were
completely inhibited by 1 mM L-NMMA, an inhibitor
of NO synthase (data not shown). On the other hand,
the increase in NO level detected at 2 h was inhibited
by L-NMMA in 100%; by ned-19, an inhibitor of
NAADP-dependent calcium channels, in 95%; by
DCMU, an inhibitor of chloroplast PSII, in 100%; and
byASC, anH2O2 scavenger, in 48% (Fig. 1C). In addition,

Figure 1. A, Level of NO in U. compressa cultivated
in control condition (white circles) and exposed to 10
mM copper (black circles) for 24 h. NO level is
expressed as the ratio between DAF-2 fluorescence
and chloroplast autofluorescence. B, Activity of NO
synthase in extracts of U. compressa cultivated in
control condition (white circles) and exposed to 10
mM copper (black circles) for 24 h. NO synthase
activity is expressed in micromoles per minute per
milligram of protein. Level of NO in the alga culti-
vated in control condition (control), with 10 mM

copper (copper) or treated with 1 mM L-NMMA, 10
mM ned-19, 100 mM ryanodine (rya), 10 mM xesto-
spongin C (xes), 1 mM ASC, 10 mM AA, and 20 mM

DCMU, and exposed to 10 mM copper for 2 h (C) and
12 h (D). Symbols and bars represent mean values of
three independent replicates 6 SD. Different letters
indicate significant differences (P , 0.05).
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the increase at 12 h was inhibited by L-NMMA in 100%;
by ned-19 in 74%; by antimycin A (AA), an inhibitor of
mitochondrial electron transport chain, in 67%; and by
ASC in 93% (Fig. 1D). It is important to point out
that the latter inhibitors did not change algal viability
until 12 h of the experimental period (Supplemental Fig.
S1). Thus, copper-induced NO synthesis is dependent
on NO synthase activity, calcium release through
NAADP-sensitive channels, electron transport in

organelles, and H2O2 production, and occurs ini-
tially in chloroplasts and then in mitochondria.

Copper-Induced H2O2 Synthesis Is Dependent on
Calcium Release, Electron Transport in Organelles, and
Activation of the Krebs Cycle in Mitochondria

U. compressa cultivated with 10 mM copper for 24 h
showed increases in H2O2 level at 2, 3, and 12 h of

Figure 2. Level of H2O2 (A) and superoxide anions (B) inU. compressa cultivated in control condition (white circles) and exposed to
10 mM copper (black circles) for 24 h. Level of H2O2 is expressed as the ratio between dichlorofluorescein fluorescence and
chloroplast autofluorescence. Visualization by confocal microscopy of H2O2 in U. compressa cultivated in control condition (C),
exposed to 10mM copper (D), or treatedwith 300mMmoniliformin and exposed to 10mM copper (E) for 12 h. Thewhite bar represents
20 mm. Level of H2O2 in the alga cultivated in control condition (control), exposed to 10 mM copper (copper), or treated with 300 mM

moniliformin (mon), 10 mM ned-19, 100 mM ryanodine (rya), 10 mM xestospongin C (xes), 10 mM AA, 20 mMDCMU, and 1mM cPTIO,
and exposed to 10 mM copper for 2 h (F), 3 h (G), and 12 h (H). Symbols and bars represent mean values of three independent
replicates 6 SD. Different letters indicate significant differences (P , 0.05). [See online article for color version of this figure.]
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copper exposure (Fig. 2A), whereas the level of super-
oxide anions remained at control level (Fig. 2B). In
addition, increases in SOD activity were detected at
2 to 3 and 11 h of copper exposure (Supplemental Fig.
S2), which explains the absence of superoxide anion
accumulation. Moreover, the increases in H2O2 level at
2, 3, and 12 h were inhibited by moniliformin, an
inhibitor of PDH activity, in 52%, 55%, and 56%,
respectively, indicating that Krebs cycle activity is
required for H2O2 production (Fig. 2, C–E). It is im-
portant to mention that PDH activity was inhibited in
extracts of the alga cultivated with moniliformin and
copper excess for 12 h (data not shown). Furthermore,
the increase in H2O2 detected at 2 h was inhibited by
ned-19 in 56%, by AA in 63%, and by DCMU in 61%
andwas not inhibited by cPTIO, anNO scavenger (Fig.
2E). The increase in H2O2 registered at 3 h was
inhibited by ryanodine, an inhibitor of ryanodine-
sensitive calcium channels, in 63%; by xestospongin C,
an inhibitor of IP3-dependent calcium channels, in
35%; by AA in 48%; and by DCMU in 61% and was not
inhibited by cPTIO (Fig. 2F). The increase in H2O2
registered at 12 h was inhibited by ryanodine in
100%, in 62% by DCMU, and in 58% by AA and
was not inhibited by cPTIO (Fig. 2G). Thus, copper-
induced H2O2 synthesis is dependent on Krebs cycle
activity, and calcium release by activation of different
types of calcium channels occurs in chloroplast and
mitochondria and is not dependent on NO synthesis.
On the other hand, activities of NADH-synthesizing

enzymes of the Krebs cycle, PDH, IDH, and OGDH,
showed increases at 2, 3, 12, and 14 h in U. compressa
exposed to copper excess for 48 h (Fig. 3). In particular,
PDH activity increased at 3, 12, and 14 h of copper
exposure, decreased at 15 h, and remained at control
level until 48 h (Fig. 3A). In addition, IDH activity
increased at 2, 12, and 14 h of copper exposure but
remained increased after 15 h (Fig. 3B). Moreover,
OGDH activity increased at 2, 12, and 14 h of copper
exposure and remained slightly increased after 15 h
(Fig. 3C). Thus, transient increases in Krebs cycle enzyme
activities are consistent with increases in H2O2 level
observed at 2, 3, and 12 h, except for the increase at 14 h,
which did not induce an increase in H2O2 level. In
addition, increases in PDHactivity at 3, 12, and 14 hwere
inhibited in vitro by EGTA, a calcium chelating agent, in
72%, 59%, and 100%, respectively (Fig. 4, A–C). More-
over, increases in IDH activity at 2, 12, and 14 h were
inhibited by EGTA in 65%, 81%, and 61%, respectively
(Fig. 4, D–F), and increases in OGH activity at 2, 12, and
14 h were inhibited in 85%, 70%, and 80%, respectively
(Fig. 4, G–I). Thus, PDH, IDH, and OGDH enzymes of
the Krebs cycle are directly activated by calcium.

Copper-Induced Calcium Release Is Dependent on the
Activation of Three Types of Calcium Channels and Is
Activated by NO and H2O2

U. compressa cultivated with 10 mM copper for 24 h
showed increases in intracellular calcium at 2, 3, and

12 h, and these increases were inhibited by the calcium
channel inhibitors ned-19, ryanodine, and xestospon-
gin C (Fig. 5). In particular, calcium increase detected
at 2 h was inhibited by ned-19, ryanodine, and
xestospongin C in 89%, 84%, and 59%, respectively
(Fig. 5A), the increase at 3 h was inhibited in 46%,
75%, and 82%, respectively (Fig. 5B), and the increase
at 12 h was inhibited in 78%, 58%, and 36%, respec-
tively (Fig. 5C). In addition, the calcium increase
observed at 2 h was inhibited by ASC and cPTIO in
71% and 77%, respectively (Fig. 5A), the increase at 3
h was inhibited in 79% and 56%, respectively (Fig.

Figure 3. Activities of Krebs cycle enzymes PDH (A), IDH (B), and
OGDH (C) in extracts of U. compressa cultivated in control condi-
tion (white circles) and exposed to 10 mM copper (black circles) for
48 h. Activities are expressed as micromoles per minute per milli-
gram of protein. Symbols represent mean values of three independent
experiments 6 SD. Different letters indicate significant differences
(P , 0.05).
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5C), and the increase at 12 h was inhibited in 81% and
62%, respectively (Fig. 5C). Thus, copper-induced calcium
release involves the activation of NAADP-, ryanodine-,
and IP3-sensitive channels and is activated by NO and
H2O2 synthesis.

Calcium Activates Antioxidant Protein Gene Expression
via CaMs and CDPKs

U. compressa cultivated with 10 mM copper for 3 or
5 d showed increases in the level of transcripts encod-
ing the antioxidant enzymes AP, PRX, TRX, and GST

Figure 4. Activities of Krebs cycle enzymes PDH (A–C), IDH (D–F), and OGDH (G–I) in extracts of U. compressa cultivated in
control condition (control) and exposed to 10 mM copper (copper) or in extracts of the alga cultivated with 10 mM copper for 2 h
(D and G), 3 h (A), 12 h (B, E, and H), or 14 h (C, F, and I) and supplemented with 0.4 mM EGTA. Activities are expressed as
micromoles per minute per milligram of protein. Bars represent mean values of three independent experiments 6 SD. Different
letters indicate significant differences (P , 0.05).
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and in the heavy metal-chelating protein MET (Fig. 6).
In addition, the relative level of transcripts coding for AP,
PRX, TRX, GST, and MET decreased with W-7 in 44%,
86%, 75%, 14%, and 76%, respectively (Fig. 6, A–E), as
well as with staurosporine in 61%, 80%, 77%, 84%, and
80%, respectively (Fig. 6, A–E). Thus, the copper-induced
increase in intracellular calcium activates antioxidant
proteins gene expression via CaMs and CDPKs.

DISCUSSION

Copper-Induced NO Synthesis Is Dependent on NO

Synthase Activity, Calcium Release, and Electron
Transport in Organelles

In this work, we showed that copper induced a
biphasic increase in NO level that is dependent on NO
synthase activity, calcium release, and electron trans-
port in organelles. In this sense, it has been shown that
copper and other heavy metals induced NO synthesis
in plants and that its synthesis is dependent on an NO
synthase-like activity (Tewari et al., 2008; Ramos et al.,
2009; Singh et al., 2009; Xiong et al., 2010; Xu et al.,
2010). In addition, it was determined that NO synthe-
sis is dependent on calcium release in N. plumbagini-

folia and grapevine (Lamotte et al., 2006; Vandelle
et al., 2006). Moreover, a bacterial elicitor induces NO
synthesis in Arabidopsis by an activation NO synthase
activity via CaMs (Ma et al., 2008), and the bacterial
elicitor flagellin activates calcium release and different
CDPKs in Arabidopsis (Boudsocq et al., 2010). Thus, it
is possible that copper-induced calcium-dependent
activation of NO synthase in U. compressa may also
involve CaMs and/or CDPKs.

Here, it was shown that copper-induced activation
of NO requires release of intracellular calcium by
activation of NAADP-sensitive channels. In this
sense, it has been determined that NAADP-sensitive
calcium channels are located in ER in terrestrial
plants (Navazio et al., 2000), whereas they are found
in lysosome-related acidic organelles in marine inver-
tebrates and mammalian cells (Calcraft et al., 2009;
Galione et al., 2010). In addition, we have previously
shown that copper induced calcium release exclu-
sively from ER in U. compressa (González et al., 2010a).
Thus, NAADP-sensitive calcium channels in U. com-
pressa might be located in ER as in terrestrial plants.
Here, it was determined that copper-induced NO
synthesis requires electron transport and occurs in
organelles. In this sense, it has been shown that NO

Figure 5. Level of intracellular calcium inU. compressa (A) cultivated in control condition (white circles) and with 10 mM copper
(black circles). Calcium level is expressed as the ratio of Fluo 3 fluorescence and chloroplast autofluorescence. Level of calcium
in the alga cultivated in control condition (control), exposed to 10 mM copper (copper), or treated with 10 mM ned-19, 100 mM

ryanodine (rya), 10mM xestospongin C (xes), 1 mM ASC, or 0.1 mM cPTIO and exposed to 10mM copper for 2 h (B), 3 h (C), and 12 h
(D). Bars represent mean values of three independent experiments6 SD. Different letters indicate significant differences (P, 0.05).
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synthase activity is inhibited by DCMU, an inhibitor of
PSII, in pea chloroplasts (Jasid et al., 2006) and that
this enzyme is associated with mitochondrial complex
I and is activated by electron transport in mammalian
cells (Parihar et al., 2008). In addition, we determined
that NO synthesis is activated by H2O2, which is
produced by electron transport in organelles. Thus, it
is possible that NO synthase activity requires electron
transport in organelles because H2O2 activates calcium
release (see below); in turn, calcium activates NO
synthesis.

On the other hand, copper-induced NO synthesis
occurs initially in chloroplast and then in mitochon-
dria and involves calcium released from NAADP-
sensitive calcium channels. In this sense, it has been
shown that calcium can regulate photosynthesis and
electron transport through CaMs that probably inter-
act with PSII (Barr et al., 1982; Jarrett et al., 1982). In
addition, it has been shown that mitochondria are in
close contact with ryanodine-sensitive channels lo-
cated in ER of human cells and that this proximity
allows a rapid transfer of calcium from ER to the
mitochondria (Csordás et al., 1999; Csordás and
Hajnóczky, 2009). Thus, NAADP-sensitive channels
located in ER of U. compressa may be in close contact
with chloroplasts, which may favor the initial transfer
of calcium from ER to chloroplast. Finally, there is an
apparent inconsistency in our results because calcium
release occurs at 2, 3, and 12 h and NO synthesis was
only observed at 2 and 12 h. Based on present knowl-
edge, it is difficult to explain such inconsistency, and
additional research is required to clarify this point.

Copper-Induced H2O2 Synthesis Is Dependent on

Calcium Release, Electron Transport in Organelles, and
Activation of the Krebs Cycle in Mitochondria

Our results showed that copper induced increases in
H2O2 level at 2, 3, and 12 h and that these increases
required calcium release through different types of
calcium channels as well as activation of the Krebs
cycle and electron transport in organelles. In addition,
we determined that NADH-synthesizing enzymes of
the Krebs cycle, PDH, IDH, and OGDH, showed in-
creases at 2, 3, and 12 h and that these enzymes are
directly activated by calcium. Furthermore, we detected
that SOD activity showed increases at 2 to 3 and 11 h of

Figure 6. Relative level of transcripts encoding
AP (A), PRX (B), TRX (C), GST (D), and MET (E) in
U. compressa exposed to 10 mM copper (copper)
and treated with 100 mM W-7 and 10 mM staur-
osporine (stau) for 3 d (AP, MET) or 5 d (PRX, TRX,
GST). The relative level of transcripts is expressed
as 22DDCT. Bars represent mean values of three
independent experiments 6 SD. Different letters
indicate significant differences (P , 0.05).

Figure 7. Schematic representation of the cross talk among calcium,
NO, and H2O2 and the calcium-dependent activation of gene expression
involving CaMs and CDPKs in U. compressa exposed to copper excess.
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copper treatment. Thus, copper-induced calcium re-
lease activates mitochondrial NADH-synthesizing en-
zymes, leading to an increase in NADH, which may
enter in mitochondrial complex I increasing electron
transport and production of superoxide anions that are
dismutated to H2O2 by SOD. In this sense, it is impor-
tant to mention that NADH-synthesizing enzymes IDH
and OGDH are directly activated by calcium in mam-
malian cells (Rutter and Denton, 1989; Rutter et al.,
1989), whereas PDH activity is indirectly activated by
calcium in mammalian cells and in plants (McCormack
and Denton, 1981; Budde et al., 1988; Denton, 2009).
Thus, the calcium-dependent regulation of PDH activ-
ity in U. compressa differs from what was observed in
other eukaryotes, because this enzyme is directly acti-
vated by calcium. In addition, it is important to point
out that calcium oscillations determine H2O2 and NO
increases (see above), indicating that calcium orches-
trates NO and H2O2 synthesis. However, NO and H2O2
are also required to activate calcium release (see below),
indicating a mutual influence between these intracellu-
lar signals. However, there is an apparent inconsistency
because activities of some Krebs cycle enzymes also
increased at 14 h and H2O2 increases were observed
only at 2, 3, and 12 h. The reason explaining the absence
of an increase in H2O2 level at 14 h remained to be
determined. Finally, it is important to point out that
H2O2 activates NO synthesis, whereas the synthesis of
NO is not required to activate H2O2 production (see a
model in Fig. 7).

Copper-Induced Calcium Release Is Dependent on the

Activation of Three Types of Calcium Channels and Is
Activated by NO and H2O2

Here, we detected that copper-induced calcium
release is dependent on NAADP-, ryanodine-, and
IP3-sensitive calcium channels. As mentioned before,
it was previously determined that copper induced
calcium release in U. compressa exclusively from ER,
indicating that NAAD-, ryanodine-, and IP3-sentive
channels are located in the ER (González et al., 2010a).
In addition, we showed that copper-induced calcium
release is activated by NO and H2O2, indicating a
cross talk between these intracellular signals. In this
sense, it has been shown that ryanodine- and IP3-
sensitive calcium channels are regulated by H2O2 in
human cells via oxidation of Cys residues (Hidalgo,
2005; Hidalgo and Donoso, 2008) and that NO regu-
lates the activity of calcium channels via nitrosylation
of thiol groups (Eu et al., 1999; Pan et al., 2008). Thus,
NAADP-, ryanodine-, and IP3-sensitive calcium
channels in U. compressa are activated by H2O2 and
NO, probably by oxidation and/or nitrosylation of
thiol groups present in these calcium channels.

Calcium Activates Antioxidant Proteins Gene Expression
via CaMs and CDPKs

Our results indicate that copper-induced calcium
release activates antioxidant protein gene expression

via CaMs and CDPKs. This is in accord with results
obtained in maize plants treated with ABA and
H2O2, where expression of antioxidant enzymes
SOD, AP, and GR was activated by calcium via
CaMs (Hu et al., 2007). It is important to mention
that activation of antioxidant gene expression was
also dependent on H2O2 and NO synthesis because it
was inhibited by L-NMMA, an inhibitor of NO syn-
thase, and diphenylene iodonium, an inhibitor of
flavin-containing enzymes and organellar electron
transport (data not shown), confirming the involve-
ment of H2O2 and NO in activation of calcium
release. In addition, it is not possible to exclude
that H2O2 and NO may directly activate the expres-
sion of antioxidant protein genes via oxidation an-
d/or nitrosylation of signal transduction proteins
and/or transcription factors.

CONCLUSION

In this work, we showed that copper induced in-
creases in calcium, NO, and H2O2 levels and that there
is a cross talk between these intracellular signals,
leading to a calcium-dependent activation of gene
expression via calcium/CaMs and CDPKs in U. com-
pressa.

MATERIALS AND METHODS

Algal and Seawater Sampling

Ulva compressa was collected in Cachagua (32� 34#S), a nonimpacted site of

central Chile (Ratkevicius et al., 2003), during spring 2010 and transported to

the laboratory in sealed plastic bags in a cooler at 4�C. Algal samples were

rinsed three times in sterile filtered seawater and cleaned manually. Ultra-

sound was applied to remove epiphytic bacteria and organic debris twice for

1 min using a Branson 3200 ultrasound bath. Seawater was obtained from

Quintay (33� 12´S) in central Chile, filtered through 0.45- and 0.2-mm pore size

membrane filters, and stored in darkness at 4�C.

In Vitro Cultures

U. compressa was cultivated in filtered seawater without copper addition

(control) or with 10 mMCuCl2 (635 mg copper L21) at 12�C using a 12-h-light/

12-h-dark photoperiod and a light intensity of 50 mmol m22 s21. The culture

medium was changed every 48 h. After sampling, material was treated with

100 mM Tris-HCl (pH 8.0) and 10 mM EDTA as the standard rinsing step prior

to the different analyses.

Treatment with Inhibitors and Scavengers

The inhibitors of calcium channels used in this study were ned-19,

chemically synthesized inhibitor of NAADP-dependent channels (Naylor

et al., 2009); ryanodine, a plant alkaloid that inhibits ryanodine-sensitive

calcium channels at a concentration of 100 mM (Meissner, 1986); xestospongin

C, a marine sponge alkaloid that inhibits IP3-sensitive calcium channels

(Vassilev et al., 2001); L-NMMA, a competitive inhibitor of NO synthase

activity (Olken et al., 1991); moniliformin, an inhibitor of PDH, which is the

first enzyme of the Krebs cycle (Gathercole et al., 1986); AA, an inhibitor of

mitochondrial complex III; DCMU, an inhibitor of PS II; cPTIO, an NO

scavenger; ASC, an H2O2 scavenger; EGTA, a calcium chelating agent; W-7, a

CaM inhibitor; and staurosporine, a CDPK inhibitor.

To analyze the inhibition of NO and H2O2 synthesis or that of intracellular

calcium release in vivo, U. compressa (0.3 g of fresh tissue) was incubated in

1 mL of seawater containing 10 mM ned-19 (Enzo Life Sciences), 100 mM
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ryanodine (Alexis Biochemicals), 10 mM xestospongin C (Sigma), 10 mM AA

(Sigma), 20 mMDCMU (Sigma-Aldrich), or 300 mMmoniliformin (Sigma) for 45

min or with 1 mM L-NMMA, 1 mM ASC, or 0.1 mM cPTIO for the entire

experimental period. Algae were transferred to seawater without copper

addition (0.15 g) or with 10 mM copper (0.15 g), cultivated for different

experimental periods, and the levels of NO, H2O2, or calcium were analyzed

by confocal microscopy. To analyze inhibition of Krebs cycle enzymes by

EGTA in vitro, PDH, IDH, and OGDH activities were assayed in extracts

supplemented with 0.4 mM EGTA. To analyze the inhibition of antioxidant

protein gene expression, U. compressa (1 g) was incubated with 100 mM W-7

and 10 mM staurosporine for 1 h and cultivated with 10 mM copper for 3 or 5 d.

Detection of Cell Viability

Three lamina of U. compressawere incubated in 500 mL of filtered seawater

containing 5 mM of Scyto-13 (Molecular Probes, Invitrogen) for 45 min, a

fluorophore that stains nuclei of viable cells. A lamina of the alga was

visualized by confocal microscopy using an Axiovert 100 confocal microscope

(Carl Zeiss), emission wavelengths of 488 nm from an argon laser and 525 nm

from a neon laser, and a filter of 505 to 530 nm for fluorescence detection.

Detection of NO, H2O2, and Calcium by
Confocal Microscopy

Detection of calcium and H2O2 was performed as described by González

et al. (2010b), and detection of NO was done as described by Lamotte et al.

(2004). Three lamina of U. compressa were gently removed from culture media

and incubated in seawater containing 20 mM 4,5 diaminofluorescein diacetate

(DAF-2-DA) for NO detection, 10 mM of 2#,7#-dichlorohydrofluorescein diac-

etate (Calbiochem) for H2O2 detection, or 20 mM Fluo-3AM (Molecular Probes,

Invitrogen) for calcium detection for 40 min at room temperature. The laminae

were washed three times in filtered seawater to remove fluorophore excess.

The green fluorescence of DAF-2, dichlorofluorescein, and Fluo 3 was visu-

alized in each lamina by confocal microscopy using an Axiovert 100 confocal

microscope (Carl Zeiss), an emission wavelength of 488 nm produced by an

argon laser, and a filter of 505 to 530 nm. The intensity of green fluorescence

and the red fluorescence of chloroplasts were quantified in each lamina using

LSM510 software of the confocal microscope. The fluorescence intensity in

each sample was normalized using chloroplast autofluorescence.

Detection of Superoxide Anions by Spectrofluorometry

U. compressa (5 g fresh weight) was cultivated in 150 mL of seawater

without copper or with 10 mM copper for 0 to 24 h in triplicate. A sample of 1.5

g was incubated in 100 mL of Tris-HCl buffer (pH 7.0) containing 100 mM

hydroethidine (Molecular Probes) for 45 min at room temperature. Algal

tissue was rinsed in seawater, blotted dry, weighed, frozen in liquid nitrogen,

and homogenized in a mortar with the addition of 5 mL of 40 mM Tris-HCl

buffer (pH 7.5). The homogenate was centrifuged at 20,600g for 15 min, and

the supernatant was recovered. Fluorescence of the clear extract was deter-

mined in an LS-5 spectrofluorometer (Perkin-Elmer) using an excitation

wavelength of 480 nm and an emission wavelength of 590 nm. Superoxide

anion level was expressed as nanomoles of 2-hydroxy ethidium using the

extinction coefficient of 2-hydroxy ethidium (j = 9.4 mM
21 cm21).

Preparation of Protein Extracts

Protein extracts from U. compressa were prepared as described by

Ratkevicius et al. (2003).

Detection of NO Synthase Activity

NO synthase activity was determined essentially as described by Ghigo

et al. (2006). NO synthase activity was detected in 1 mL of reaction mixture

containing 100 mM phosphate buffer (pH 7.0), 0.34 mM L-Arg, 2 mM magne-

sium chloride, 0.3 mM calcium chloride, 2 mM tetrahydrobiopterin, 1 mM FAD,

1 mM FMN, 0.2 mM dithiothreitol, 0.2 mM NADPH, and 80 mg of protein

extract. The decrease in absorbance due to NADPH consumption was deter-

mined at 340 nm for 5 min. NOS activity was calculated using the extinction

coefficient of NADPH (« = 6.22 mM
21 cm21).

Detection of SOD Activity

SOD activity was determined as described by Beauchamp and Fridovich

et al. (1971). SOD activity was detected in 1 mL of reaction mixture containing

30 mM Tris-HCl (pH 7.0), 0.1 mM EDTA, 20 mM riboflavin, 0.6 mM nitroblue

tetrazolium (NBT), and 50 mg of protein extract. The reaction mixture and the

control reaction without protein extract were incubated under white light for

15 min. The decrease in absorbance due to the inhibition of NBTreduction was

detected at 560 nm. One unit of SOD activity was defined as the amount of

enzyme that inhibits the photochemical reduction of NBT in 50% considering

the absorbance of the control mixture as 100%.

Detection of Krebs Cycle Enzyme Activities

PDH activity was determined as described by Reid et al. (1977). PDH

activity was detected in 1 mL of reaction mixture containing 100 mM Tris-HCl

(pH 7.0), 20 mM magnesium chloride, 0.5 mM thiamine pyrophosphate, 1 mM

lipoic acid, 0.13 mM CoA, 1 mM Cys, 2 mM sodium pyruvate, 1 mM NAD, and

5 mg of protein extract. The increase in absorbance due to NADH synthesis

was detected at 340 nm for 1 min. PDH activity was calculated using the

extinction coefficient of NADH (« = 6.22 mM
21 cm21).

IDH activity was determined as described by Lemaitre et al. (2007). IDH

activity was detected in 1 mL of reaction mixture containing 100 mM phos-

phate buffer (pH 7.0), 5 mM magnesium chloride, 10 mM sodium isocitrate,

1 mM NAD, and 40 mg of protein extract. The increase in absorbance due to

NADH synthesis was detected at 340 nm for 3 min. IDH activity was

calculated using the extinction coefficient of NADH (« = 6.22 mM
21 cm21).

OGDH activity was determined as described by Millar et al. (1999). OGDH

activity was detected in 1 mL of reaction mixture containing 150 mM Tris-HCl

(pH 7.5), 20 mM magnesium chloride, 0.5 mM thiamine pyrophosphate, 1 mM

lipoic acid, 0.13 mM CoA, 1 mM Cys, 2 mM sodium 2-oxoglutarate, 1 mM NAD,

and 5 mg of protein extract. The increase in absorbance due to NADH

synthesis was detected at 340 nm for 5 min. OGDH activity was calculated

using the extinction coefficient of NADH (« = 6.22 mM
21 cm21).

Quantification of Antioxidant Protein Transcript Levels

Total RNA (free of DNA) was extracted from 0.1 g ofU. compressa using the

FavorPrep Plant Total RNA kit (Favorgene) and quantified with the Quanti-iT

Ribogreen RNA assay kit (Invitrogen). The relative level of transcripts coding

for AP (accession no. FD387604), PRX (FD387607), TRX (FD387643), GST1

(FD387475), and MET (FD387450) and actin as internal control were amplified

using a real-time thermocycler Rotor gene 6000 (Corbett Research). Real-time

reverse transcription (RT)-PCR reactions were done using the Sensimix One-

step kit (Quantace),11 ng of total RNA, 10 mM of each primer, and 3 mM

magnesium chloride. PCRprimers used to amplifyAP transcriptswere: forward-AP,

5#CCGACTATGCCACTTCAC3# and reverse-AP, 5#CTGCGATGCCACATTTCC3#;
those to amplify PRX were forward-PRX, 5#CCAAGACGGTTGTGATGTTCGG3#
and reverse-PRX, 5#TGAGATTGAACGCACGCCATAC3#; those to amplify TRX

were forward-TRX, 5#GAGCAGATGTCGGACGAGATTG3#and reverse-TRX,

5#TGAGATTGAACGCACGCCATAC3#; those to amplify GST were forward-GST,

5#CGACTTGTTGCGACGGTTTG3# and reverse-GST, 5#TGCTCTTGAATGGAC-
GACTGATG3#; those to amplify METwere forward-MET, 5#CTAGGTGAGGTGC-
CATTTTCG3# and reverse-MET, 5#GTACGGTTACATACTTGGACAATG3#; and
those to amplify actin were forward-ACT, 5#AGATTTGGCACCACACCTTC3# and
reverse-ACT, 5#CGATTCAACTTGGGGTTCAT3#. Real-time RT-PCR-amplified

fragments were detected by fluorescence using SYBR GREEN I included in the

amplification kit. Real-time RT-PCR reactions were performed using three indepen-

dent replicates. Sample values were averaged, normalized using the DDCTmethod,

and mean value control was subtracted from mean treated to determine fold of

change in treated samples. The relative transcript level was expressed as 22 DDCT

(Livak and Schmittgen, 2001).

Statistical Analysis

Significant differences were determined by two-way ANOVA followed by

Tukey’s multiple comparison tests (T). Differences between mean values were

considered to be significant at a probability of 5% (P , 0.05; Zar, 1999).

Supplemental Data

The following materials are available in the online version of this article.
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Supplemental Figure S1. Visualization by confocal microscopy of cell

viability in U. compressa.

Supplemental Figure S2. Activity of SOD in extracts of U. compressa.
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