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Abstract—Cells of the green alga Selenastrum minutum have a high capacity for O, consumption mediatzd by
extracellular peroxidase. The rate of peroxidase-mediated O, consumption is greatly stimulated by the addition
of salicylhydroxamic acid (SHAM), and the O, consumption rate is further enhanced by Mn(II) in the presence
of SHAM; Mn(II) has no effect on the rate of O, consumption by cells in the absence of SHAM. Both in the
presence and absence of Mn(I1), SHAM-stimulated peroxidase-mediated cellular O, consumption is inhibited
by Cu(II). In the absence of Mn(I1), inhibition is probably via chelation of Cu(II) by SHAM. The combination
of Mn(II) and SHAM results if O, consumption even in the absence of cells in a peroxidase-free system. This
latter O, consumption is 50% inhibited by catalase or superoxide dismutase, and completely inhibited by low
concentrations of Cu(II). In this latter case, Cu(Il) is not acting by chelation of the SHAM. Contrary to some
reports in the literature, in S. minutum there is no evidence that the inhibition of peroxidase by Cu(Il) is solely
due to superoxide dismutase-like properties of Cu(Il). Furthermore, it is suggested that the combination of
Mn(II) and SHAM should not be used to activate peroxidase activity due to the potential for high rates of
non-enzymatic O, consumption. € 1997 Elsevier Science Ltd

INTRODUCTION mediated NADH oxidation is suggested to occur via

Many plant and algal cells have high levels of per- the following reaction scheme (modified from [3, 8]):

oxidase activity associated with the cell wall and/or NADH +0, —» NAD + 05 5)
the exterior face of the plasma membrane [1-4]. Per-
oxidases catalyse oxidation of a substrate by H,O, via 207 +2H* - 0,+H,0, 6)
the following sequence of reactions [5]: )
Peroxidase + H,0, - Compound I (7
Peroxidase +H,0, - Compound | O Compound I+ NADH — Compound I +NAD"
Compound I+ YH; — Compound II+YH" (2) (8)
Compound II+ YH, — Peroxidase+ YH™  (3) Compound 114+ NADH — Peroxidase + NAD’
YH +YH -Y+YH, or HY—-YH (4 9
YH, represents the substrate (electron donor) for the NAD'+0, - NAD" +0; (10)

overall reaction. Reaction 4 is non-enzymatic.

Net O, consumption frequently accompanies per-
oxidase activity, and the O, consumption may con-
tribute measurably to determinations of O, con-
sumption rates by plant tissues, resulting in over-esti-  Reactions 5, 6, 10 and 11 are non-enzymatic.
mation of the rate of respiratory (mitochondrial) O, Specific inhibitors of extracellular peroxidases are
consumption {6, 7]. O, is not directly consumed by lacking [7], making it difficult to quantify the con-
peroxidase, but rather O, consumption is a conse- tribution of peroxidase-mediated O, consumption to
quence of radical chain reactions associated with the overall measured dark O, consumption rates. As
production of H,O, and O; . For example, peroxidase-  superoxide (O3 ) is an intermediate in the complex

NADH+O5 +H* - NAD +H.0, (1

Peroxidase + O; — Compound I11 (12)
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aerobic peroxidase reaction mechanism, the super-
oxide scavenging (and Cu-containing) enzyme super-
oxide dismutase is an effective inhibitor of O, con-
sumption by isolated peroxidase enzyme [5]. Super-
oxide dismutase has also sometimes been employed
as a potential inhibitor of peroxidase-mediated O,
consumption by intact tissues and cells, but with only
partial success [3, 4, 6, 9, 10]. Recently, it has been
suggested that Cu(ll) could be used as a peroxidase
inhibitor of purified soya bean plasma membranes
[11], based on the presumed superoxide dismutation
ability of this ion or its low molecular weight chelates
[12-15]. Furthermore, peroxidase activity is often
stimulated several-fold by Mn(IlI), especially in the
presence of hydroxamic or phenolic compounds [e.g.
8, 16-19, 21-24]. The activating effect of Mn(II) has
been frequently employed in studies of peroxidase
activity.

In an effort to utilize both Cu(Il) and Mn(ll) as
tools to further investigate extracellular peroxidase
activity in green algal cells, I have been able to dem-
onstrate that Cu(Il) does indeed inhibit peroxidase,
and that Mn(Il) does indeed stimulate O, consump-
tion. However their modes of action, and their inter-
actions, were unexpected. I provide evidence that
Cu(1I) inhibition of salicylhydroxamic acid (SHAM)
stimulated peroxidase-mediated O, consumption by
cell suspensions is due to chelation of Cu(Il) by
SHAM, and that the combination of Mn(II) and
SHAM leads to the production of active oxygen spec-
ies even in the absence of cells or peroxidase. Super-
oxide dismutase-like properties of Cu(ll) were
insufficient to explain the inhibition of O, consump-
tion.

RESULTS AND DISCUSSION

SHAM is a well-known activator of peroxidases in
plant and algal cells [1, 3, 4, 6.9, 21, 25-29]. The green
algal Selenastrum minutum has a particularly large
capacity for SHAM-stimulated peroxidase-mediated
0O, consumption [4, 30]. Previous work has indicated
that addition of 5 mM SHAM resulted in maximal
stimulation of peroxidase-mediated O, consumption
[4, 30]. Addition of 5 mM SHAM to a cell suspension
culture resulted in more than a doubling of the control
O, consumption rate (Fig. 1). SHAM-stimulated O,
consumption was relatively insensitive to inhibition
by low concentrations (0.5-2.0 mM) of CuSO,; how-
ever 5 mM CuSO, almost completely inhibited the
SHAM-stimulated O, consumption. Higher con-
centrations of CuSQ, had only slight further inhibi-
tory effects (Fig. 1). In the absence of SHAM, CuSO,
concentrations up to 20 mM had no measurable effect
on the O, consumption rate (Fig. 1); i.e. CuSO,
specifically inhibited SHAM-stimulated O, consump-
tion. Other Cu(Il) salts, including CuCl, and Cu-acet-
ate, were also effective at inhibiting SHAM-stimulated
O, consumption at similar concentrations, but acted
slightly more slowly than CuSO, (not shown).
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Fig. 1. Interactions between Cu(1I) or Mg(Il) and the rate of
SHAM-stimulated oxygen consumption by algal cell sus-
pensions. In the absence of SHAM (W) oxygen consumption
is mediated primarily by mitochondrial respiration; SHAM-
stimulated oxygen consumption is mediated by peroxidase
[4]). SHAM was added at a concentration of 5 mM. EDTA,
when present, was added at a concentration of 10 mM,
and was added to the buffer before the experiment. Control
oxygen consumption rate was 358 (+21 [#n = 7]) nmol O,
ml~'h™'.

As CuSOQ, exhibited the most rapid inhibition of
SHAM-stimulated O, consumption, various other sul-
phate salts were tested for their inhibitory potential.
MgSO, had no detectable effect on the rate of SHAM-
stimulated O, consumption by cells (Fig. 1) or on the
rate of O, consumption in the absence of SHAM (not
shown). Similar results were found for ZnSQO, (not
shown). Thus, the inhibition of SHAM-stimulated O,
consumption appears to be specific for Cu(II).

While hydroxamic acids are well-known chelators
of Fe(lll), they are also able to chelate Cu(Il) [31],
and this appears to be the basis for Cu(ll)-inhibition
of SHAM-stimulated O, consumption by algal cells
in the absence of Mn(Il). While no specific data exist
for the interactions between SHAM and Cu(1l), in the
absence of cells it is possible to measure the formation
of the SHAM-Cu(ll) chelate, which has an absorb-
ance maximum at 320 nm. Titration ofa | mM SHAM
solution with increasing CuSQ, results in an increase
in A320 until | mM CuSO; is reached (Fig. 2). Simi-
larly, titration of a 0.5 mM SHAM solution reaches a
plateau at 0.5 mM CuSO, (Fig. 2). This suggests that
SHAM will chelate Cu(Il) in a 1:1 ratio.

This observation also provides an explanation for
the results of Fig. 1. Five mM CuSO, was required to
inhibit peroxidase-mediated O, consumption acti-
vated by 5 mM SHAM. This suggests that chelation
of the Cu(Il) prevents the activation of peroxidase
by SHAM. Similarly, 2 mM CuSO, was sufficient
to inhibit the lesser stimulation of O, consumption
resulting from 2 mM SHAM (not shown). Further-
more, it is possible to show that if the Cu(Il) is kept
chelated by EDTA, it is not inhibitory of SHAM-
stimulated O, consumption (Fig. 1). In the presence
of 10 mM EDTA, which chelates Cu(Il) on a 1:1
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Fig. 2. Absorbance at 320 nm of SHAM/Cu(ll) complexes

produced in 1.0 or 0.5 mM SHAM solutions.

basis, 15 mM CuSO, was required to inhibit SHAM-
stimulated O, consumption (Fig. 1). Similar results
were found for other EDTA concentrations (not
shown).

It has been frequently suggested that Mn(II) is a
potent activator of peroxidase, especially in the pres-
ence of hydroxamic or phenolic compounds (see
Introduction), although the activation mechanism has
not been conclusively elucidated. Addition of 5 mM
MnCl, to S. minutum cells, in the absence of SHAM,
had no measurable effect on the O, consumption rate
(Table 1). Other MnCl, concentrations (10 uM-20
mM) also had no measurable effect on the rate of O,
consumption by cells (not shown). In contrast, there
was a large stimulation of O, consumption when
Mn(IT) was added in the presence of SHAM (Table
1). However, in experiments using cell- and per-
oxidase-free buffer, identical to that used to measure
O, consumption by cells, many of these observations
could be duplicated (Fig. 3). Addition of a com-
bination of 5 mM SHAM and 5 mM MnCl, to buffer
resulted in a large stimulation of O, consumption,
which could be 50% inhibited by the addition of 1000
U ml~! catalase [Fig. 3(B)]. 50% inhibition could also
be achieved by the addition of 1000 U ml~' superoxide
dismutase [Fig. 3(C)]. Higher activities of catalase or
superoxide dismutase did not exhibit greater inhibi-
tory effect (not shown). These results suggest that
the combination of SHAM and Mn(Il) results in the

Fig. 3. Non-enzymatic oxygen consumption due to the
Mn(II)-catalysed oxidation of SHAM. Experiments were
performed in assay buffer, without cells. This systern was
entirely without peroxidase activity. The first arrow of each
trace represents the addition of 5 mM SHAM. 'Cu’ repre-
sents the addition of S mM CuSO, in (A), and 0.5 mM
CuS0, in (D). ‘Mn’ represents the addition of 5 mM MnCl..
Numbers beside the traces represent the rates of oxygen
consumption in units of nmol O, ml~' h~". Catalase (CAT)
and superoxide dismutase (SOD) were both added at an
activity of 1000 U ml™'". Trace A: addition of SHAM and §
mM CuSO,. Trace B: partial inhibition of Mn(II)-catalysed
O, consumption by the addition of catalase. Trace C: partial
inhibition of Mn(ll)-catalysed O, consumption by the
addition of superoxide dismutase. Trace D: almost complete
inhibition of Mn(Il)-catalysed O, consumption by the
addition of 0.5 mM CuSO,.

production of both H,0, and O;, both of which are
intermediates in peroxidase-catalysed reactions [5].
Halliwell [8] provided evidence that the activating
effect of phenolics on peroxidase-mediated NADH
oxidation was to promote the conversion of inactive
peroxidase Compound III into active peroxidase. He
further suggested that the stimulatory effect of Mn(I1I)
on this reaction was to promote the reaction between

Table 1. Oxygen consumption rates by cells, and the effects of SHAM, superoxide dismutase (SOD), Cu(II) and Mn(II).

Cells were harvested by centrifugation and resuspended in assay buffer. SHAM was added at a final concentration of $ mM,

Mn(II) was added as S mM MnCl,. Cu(IT) was added as CuSO,, and SOD was added at an activity of 1000 U m]1~'. Rates
are expressed in units of nmol O, ml~' h~' (+SE [»])

Controt +S0D 0.5 mM Cu(ll) + 5 mM Cu(Il)
Cells 379+ 12(5) 38249(3) 368 +22(5) 371+ 9(4)
Cells{SHAM 643 +25(6) 638 +20(6) 628+ 10(5) 4024 17(5)
Cells/SHAM/Mn(II) 1086 +32(8) 863+ 12(6) 649 +13(5) 408 +£21(7)
Cells/Mn(II) 362+7(4) — — —
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NADH and Oy, leading to the production of a radical
NADH oxidation product. NAD’, and H,0,:

Mn(II)+ 05 +2H* - Mn(I)+ H,0,  (13)

Mn(Ill)+ NADH —» Mn(Il) + NAD"  (14)

Maximum stimulation of peroxidase-mediated
NADH oxidation was achieved with a combination
of a phenolic and Mn(II) [8]. It is clear that Mn(II)
reacts with superoxide, to produce the strong oxidant
Mn(I1I) [32, 33] or perhaps MnOH?* [33].

In contrast, Yamazaki and Piette [34] suggested that
the activating effect of phenolics (XH, in the reaction
scheme below) on the aerobic oxidase reaction cat-
alysed by peroxidase was due to enhancement of the
production of radicals (YH") of the substrate (YH.,):

XH, +H,0, > XH’ (15)
YH,+XH - YH +XH, (16)
YH +YH - 1/2(YH,+Y) (17)

XH, is the activating phenolic, and XH" is the phenolic
radical. Only reaction 15is peroxidase-catalysed; reac-
tions 16 and 17 are non-enzymatic. Similar to the
suggestion of Halliwell [8], Yamazaki and Piette [34]
provided evidence that the activating effect of Mn(II)
was due to the non-enzymatic oxidation of the sub-
strate by Mn(III), leading to further H,O, formation
(modified from [34]):

YH,+H,0, > YH’ (18)
YH +0,-Y+0;3; (19)
O3 +Mn(II) » H,0, +Mn(II) (20)
YH, +Mn(IIl) » YH" + Mn(II) (21)

As above, YH, represents the substrate for the per-
oxidase reaction; only reaction 18 is peroxidase-cat-
alysed [34].

CuSO, was even more effective than superoxide dis-
mutase in reducing the rate of O, consumption [Fig.
3(D)]. Two points are important in this respect. First,
the effect of Cu(Il) in inhibiting the reaction was not
due to chelation in this case, as concentrations of
Cu(Il) well below 5 mM were effective (500 yM in
Fig. 3(D)). Secondly, if CuSO, were acting only as a
superoxide dismutase, then not more than 50% inhi-
bition of the reaction rate should be expected. The
reaction catalysed by superoxide dismutase is:

20; +2H* - H,0,+0, (22)

The almost complete inhibition of O, consumption
shown in Fig. 3(D) would suggest that CuSO, is not
simply acting in the dismutation of O3, but must have
other effects. While this does not rule out the possi-
bility that CuSO, also catalyses the dismutation of
05, catalysis of dismutation is insufficient to explain
the results [Fig. 3(D)]. Furthermore, in the absence
of Mn(Il), there is no detectable stimulation of O,

consumption by the addition of Cu(ll) to SHAM in
solution [Fig. 3(A)], suggesting that Cu(II), unlike
Mn(II), does not catalyse the oxidation of SHAM.

The presence of H,O,, which is the product of the
superoxide dismutation reaction, may be detected by
using the enzyme catalase, which catalyses the
decomposition of H,0,:

2H,0, - H,0+0, (23)

Catalase may be used to probe for the presence of
H,0, by measuring the O, produced by H,O,
decomposition [6, 26, 29]. Both in the presence [Fig.
4(B)] and absence [Fig. 3(B)] of superoxide dismutase,
addition of catalase to a cell-free system containing
SHAM and Mn(dIl) resulted in the transient pro-
duction of O,, indicating the presence of H,O,. Con-
versely, there was very little O, produced when cat-
alase was added to the SHAM-Mn(II) system in the
presence of 500 uM Cu(Il), indicating that little H,O,
was present. These results suggest that the inhibitory
effects of Cu(ll) on O, consumption [Fig. 3(D)] were
not due to the superoxide dismutase activity of Cu(II).

It is possible to use superoxide dismutase and vary-
ing concentrations of Cu(Il) to examine the con-
tributions of different processes contributing to O,
consumption by S. minutum cell suspensions in the
presence of various combinations of effectors (Table
1). Under control conditions, neither Cu(Il) nor
superoxide dismutase affected the O, consuraption

Fig. 4. Non-enzymatic oxygen consumption due to the
Mn(Il)-catalysed oxidation of SHAM. Experiments were
performed in assay buffer, without cells. This system was
entirely without peroxidase activity. The first arrow of each
trace represents the addition of S mM SHAM. ‘Cu’ rep-
resents the addition of 0.5 mM CuSO,. ‘Mn’ represents the
addition of 5 mM MnCl,. Numbers beside the traces rep-
resent the rates of oxygen consumption in units of nmol O,
ml~' h~!. Catalase (CAT) and superoxide dismutase (SOD)
were both added at an activity of 1000 U ml~'. Trace A:
absence of O, production due to the addition of catalase in
a system containing Cu(Il). Trace B: O, production due
to catalase addition to a system containing superoxide
dismutase.
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rate, while in the presence of 5 mM SHAM only 5
mM Cu(II), but not superoxide dismutase, decreased
the O, consumption rate (Table 1). Exogenous super-
oxide dismutase has previously been shown to be
ineffective in inhibiting cell-associated peroxidase
activity in green algal cells [3, 4]. Maximal stimulation
of O, consumption could be achieved by the com-
bination of SHAM and Mn(II), and superoxide dis-
mutase and two different concentrations of Cu(Il)
decreased the O, consumption rate in a predictable
manner, with superoxide dismutase being effective
only in the presence of Mn(II). In other words, super-
oxide dismutase could inhibit 50% of the O, con-
sumption due to the reaction of Mn(II) with SHAM,
but could not inhibit the peroxidase-mediated O, con-
sumption. 500 yM Cu(Il) could almost completely
inhibit O, consumption due to SHAM oxidation by
Mn(I1), but 5 mM Cu(II) was required to inhibit O,
consumption due to activation of peroxidase by
SHAM (inhibition by chelation; see Fig. 1).

While there is evidence that Cu(Il) [12], or low
molecular weight Cu(Il) complexes (e.g. [13, 14, 15])
may exhibit superoxide dismutase activity under cer-
tain specific conditions, there is also a great deal of
evidence that Cu(II) may have strong pro-oxidant
properties under certain conditions [35, 36]. For exam-
ple, while addition of superoxide dismutase inhibits
the autoxidation of dihydroxyfumarate in solution,
oxidation is stimulated by addition of Cu(II) [37].

Cu(Il) may generate the highly reactive hydroxyl
radical (OH") from H,O, and a suitable reducing agent
(e.g. superoxide or ascorbate), according to the fol-
lowing suggested reaction scheme [38, 39

Cu(ID)+ 05 — Cu()+0, (24)

Cu(l)+H,0, » Cu(Il) +OH' +OH~  (25)

In this case, while Cu(II) is indeed a scavenger of O3,
as in the dismutation reaction, one of the products of
the reaction is highly reactive. The hydroxyl radical
reacts with very high rate constants with almost every
type of biological molecule, including amino acids,
nucleic acids and lipids [40]. Cu(Il)-mediated hydroxyl
radical formation results in oxidation of DNA (e.g.
[41)) and lipid peroxidation (e.g. [42]). The Cu(II) ion
may also mediate oxidation of sulfhydryl groups [43]
and compromise the plasma membrane permeability
barrier (e.g. [44]).

In the absence of a reducing agent, addition of
Cu(1l) to SHAM in solution did not result in a detect-
able stimulation of O, consumption [Fig. 3(A)]. Cu(II)
complexes (e.g. Cu-amine), in the presence of O,, are
well-known to be able to catalyse the oxidative coup-
ling of phenols. In the process of phenol oxidation,
Cu(Il) is reduced to Cu(I), and O, is required in order
to reoxidize the Cu(lI) [45]. Total O, consumption is
typically stoichiometric to product formation (e.g.
[46]). Conversely, simple Cu(Il) salts, with the excep-
tion of Cu(NQ,), [47]. are generally catalytically inac-
tive in phenol oxidation [45]. The data presented in

Fig. 3(A) are consistent with the suggestion that
CuSO,, unlike Mn(II), did not catalyse SHAM
oxidation.

In summary, I suggest that the combination of
Mn(II) and SHAM leads to the production of active
oxygen species in the absence of peroxidase, i.e. the
non-enzymatic generation of active oxygen (H,0,
and/or O3). Thus it is not possible to ascribe the
Mn(II)/SHAM stimulation of O, consumption solely
to peroxidase activity, even when peroxidase is
present. However, active oxygen species are inter-
mediates of the peroxidase reaction [5], leading to the
possibility that at least some of the stimulation of O,
consumption is peroxidase-mediated in the presence
of that enzyme. Secondly, while Cu(ll) can be dem-
onstrated to inhibit SHAM-stimulated O, con-
sumption under certain conditions, ascribing the inhi-
bition due to the superoxide dismutase-like activity of
Cu(II) is probably not warranted. 1 suggest that the
use of Cu(ll) as a peroxidase inhibitor is inappro-
priate. Furthermore, care must be taken in evaluating
the effects of Mn(11) on apparent peroxidase activity in
the presence of SHAM or other substrates potentially
oxidizable in the presence of Mn(II) and O,.

EXPERIMENTAL

The freshwater unicellular green alga Selenastrum
minutum (Ndg.) Collins (UTEX 2459), originally iso-
lated from Lake Ontario, was obtained from the cul-
ture collection of the University of Texas, Austin.
Cells were grown photoautotrophically in semi-con-
tinuous culture in water-jacketted glass chemostat ves-
sels at a temp. of 20° and continuous illumination at
a photon fluence rate of 220 umol quanta m~?s~ ' [4].
Cells were stirred and aerated with 1% CO, in air.
Light was provided by a bank of 12 cool white, high
output fluorescent lights (F48T12/CW/HO, Philips
Electronics Ltd., Scarborough, Ontario, Canada).
The medium was a modification of that formulated
by Hughes [48], and contained 300 yM K,HFO,,
3 mM NH,/NO,, and was buffered at pH 7.5 with
15 mM HEPES-KOH. Na,CO; and NaSiO; were
omitted, and minor elements were added according to
Allen [49]. The iron stock contained Na,EDTA (0.4 g
17", citric acid (4.8 g 17') and FeSO,-7TH,O (2.4 g
17"; 2.5 ml was used per litre of medium. Cells were
diluted once per day to maintain exponential growth;
growth rate was approximately 1.3 day™'.

O, consumption by cell suspensions and cell-free
assay buffer was measured in the liquid phase with
an oxygen electrode (Hansatech, King’s Lynn, U.K.)
equipped with a water-jacketted cuvette for temp. con-
trol. All experiments were conducted at 20° and in a
1.0 ml vol. Measured rates of O, consumption were
corrected for O, consumption by the electrode. For
experiments investigating the interactions between
algal peroxidase and various effectors, 1.0 ml aliquots
of cells were harvested by centrifugation (19000 g for
1 min). The supernatant was discarded, and the pellet
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(containing algal cells) was resuspended in 1.0 ml of
assay buffer (15 mM HEPES-KOH, pH 6.5, 300 uM
MgSO,, 245 uM CaCl,). Experiments investigating
non-enzymatic O, consumption (absence of cells) due
to the interactions between SHAM and Mn(Il) were
also performed in the above assay buffer (1.0 ml vol.);
there was no peroxidase activity in the latter experi-
ments.

SHAM was added from a 0.75 M stock in I N
KOH. Superoxide dismutase and catalase (both from
Sigma) were added from stocks in 15 mM HEPES-
KOH (pH 7.0). All other effectors were added from
stocks in distilled H,O.
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