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Sea urchins have elaborated multiple defenses to assure monospermic fertilization. 
In this work, we have concentrated on a study of the mechanism(s) by which 
hydrogen peroxide (H202) prevents polyspermy in Arbacia punctulata. We found 
that it is not H202 but probably hypochlorous acid/hypochlorite (HOCI/OCl-) 
derived from H202 that is toxic to the supernumerary sperm. The spermicidal 
activity of H202 is potentiated by at least one order of magnitude by cupric ions 
(Cu2+). This increased toxicity is not due to the formation of hydroxyl radicals 
(.OH) because *OH scavengers did not counteract the activity of Cu2f. More- 
over, substitution of Cu2+ by ferrous ions (Fe2+), which are known to cause 
formation of .OH from H202, had no effect on fertilization even at 102-103 times 
higher concentrations. In contrast, 3-amino-l,2,4-triazole (AT), an HOCI/OCI- 
scavenger, totally reversed the toxic effects of Cu2+. Furthermore, we found that 
HOCUOCI- is generated in solutions of H202 and Cu2+ in the presence of 0.5 
M NaCl and that its accumulation is abolished by AT. Thus it is possible that the 
antifertility properties of copper are due to its ability to mediate formation of 
HOCI/OCI-. HOCI/OCI- generated by Cu2+ from H202 and CI-, a low concen- 
tration of exogenously added HOCI/OCl-, or increased concentrations of H202 
has similar inhibitory effects on the fertilization process in sea urchins. Therefore, 
we suggest that polyspermy is prevented by the action of a myeloperoxidase that 
affects the formation of HOCUOCI- from the CI- present in sea water through 
reaction with H202 generated by the newly fertilized egg. 
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The prevention of polyspermy is a complicated process [ 11. Multiple defenses 
are necessary because fertilization by more than one sperm leads to an asymmetrical 
cleavage, which inevitably ends in the death of the embryo. In sea urchins, different 
mechanisms have developed to prevent polyspermic fertilization. The permanent 
block consists of raising a fertilization envelope (FE) that is totally impenetrable to 
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the sperm. However, it takes up to 1 min to complete its formation. To protect eggs 
from supernumerary sperm during the time needed for completion of FEs, other, 
faster responses exist. These include a rapid, sodium-dependent electrical depolari- 
zation of the egg plasma membrane [2,3], various secretory products released by the 
egg’s cortical granules 1 1,4], production of arachidonic acid oxidation products 151, 
and release of H202 16-81. 

In this work, we have concentrated on a study of the mechanism(s) by which 
H202 prevents polyspermy. It already has been shown that removal of H202 by 
incubation with catalase causes 100% polyspermy in Arbucia punctulutu 161. Simi- 
larly, soybean trypsin inhibitor, which prevents the release of H202 from eggs [6,9], 
also causes polyspermy [lo]. These findings confirm the importance of H202 release 
to assure a monospermic fertilization. We have recently observed that Cu2+ interfered 
with the fertilization process by potentiating the effects of H202 [ I l l .  H202 is 
generated by sea urchin eggs in response to a successful entry of the first sperm 
through the egg’s membrane [6,7]. Transition metal ions are known to interact with 
H202. These interactions often lead to formation of more reactive activated oxygen 
species, such as .OH (12-161. We thought it would be important to determine which 
(if any) active oxygen species is formed during the interaction of Cu2+ with H202 
and, if possible, to determine its effect on fertilization. 

The first hypothesis was that Cu2+ generates spermicidal *OH from H202. 
However, *OH scavengers did not counteract the activity of Cu2+. Moreover, when 
Cu2+ was substituted by Fe2+, which is known to cause formation of -OH from 
H202, Fe2+ had no effect on fertilization even at concentrations 102-103 times higher 
than that of Cu2+. We then postulated that HOCVOCI- was generated from H202 by 
Cu2+. Exogenously added buffered HOCI/OCI- inhibited fertilization, whereas both 
the scavengers of HOCI/OCI- and catalase counteracted the activity of Cu2+ by 
increasing fertilization and polyspermy . We also found that HOCl/OCI- is indeed 
produced by the interaction of Cu2+ with Hz02 and CI- by using the formation of 
taurine chloramine as a measure of generated HOCl/OCI-. 

Based on these results, we concluded that the toxicity of Cu2+ ions to the 
fertilization process is due to the formation of HOCI/OCI- from C1- ions, which are 
present in high concentration in sea water and can be oxidized by H202 produced by 
the fertilized egg. Myeloperoxidase (MPO), an enzyme known to generate HOCU 
OC1- from CI- and H202 by activated neutrophils [17-201, may be among the 
peroxidases present in gametes. Therefore, we suggest that HOCI/OCl- is generated 
by gametes through an MPO-mediated process as one of several mechanisms devel- 
oped by sea urchins to prevent polyspermy. 

MATERIALS AND METHODS 
Materials 

Arbucia punctulutu sea urchins were supplied by the Marine Biological Labo- 
ratory (MBL) and kept in large glass tanks with flowing fresh sea water. Sea water 
was centrally distributed into MBL laboratories and filtered through Whatman No. 1 
paper prior to use. Catalase, taurine, 3-amino- 1,2,4-triazole, hydrogen peroxide, and 
mannitol were obtained from Sigma (St. Louis, MO), sodium hypochlorite from 
Aldrich (Milwaukee, WI) and Chelex 100 from Bio-Rad Laboratories (Rockville 
Centre, NY). 
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Methods 

Fertilization experiments. Eggs and sperm were obtained by injection of 0.5 
M KC1 into the coelomic cavity of A punctulutu as described by Coburn et a1 [6]. 
Fertilization was monitored microscopically and assessed by timing, morphology, and 
symmetry of cleavage. Standard experiments consisted of approximately 1 x lo5 
eggs fertilized with 1 X lo7 sperm in 2 ml of filtered sea water. This ratio of eggs to 
sperm usually resulted in 2 90% fertilization. Gametes were treated with different 
reagents for 30 sec just prior to fertilization. 

Determination of HOCI/OCI - formation. Although HOCl/OCl- has a char- 
acteristic absorption at 292 nm, and therefore can be directly measured spectropho- 
tometrically, its molar extinction coefficient of 3.5 x lo2 is too low to be of use when 
only small amounts are present. Moreover, since H202 is produced during fertiliza- 
tion of sea urchins, the small amounts of HOCl/OCl- (if formed) would be readily 
reduced by H202 back to C1- and thus would go undetected. To circumvent these 
potential shortcomings, the method used by Weiss et a1 [18] for determination of 
HOCUOCl - generated by another complex cellular system, human neutrophils, was 
adopted for this work. In this method, taurine is present in the reaction mixture and 
efficiently reacts with HOCUOCl- as soon as it is formed. The resultant taurine 
chloramine is neither reduced nor oxidized by H202. However, its extinction coeffi- 
cient of 3.98 X lo2 is also too low and would not afford the required sensitivity. 
Since 1 mol of chloramine retains 2 mol oxidizing equivalents, its concentration can 
be sensitively determined by its ability to oxidize 2 mol of either 5-thio-2-nitrobenzoic 
acid to 1 mol of the disulfide or 2 mol of I- to 13- [17,18]. Both methods show 
increased extinction coefficients of the products with E = 1.36 X lo4 for the former 
and E = 2.29 X lo4 for the latter. The oxidation of I- was chosen because it has an 
E almost twice as high as the other method. Overall, by using formation of taurine 
chloramine (from taurine and HOCl/OCl-), and by coupling it with the oxidation of 
I- to I3-, the sensitivity of the spectrophotometric method is increased by almost two 
orders of magnitude. 

All assays were carried out in polypropylene tubes at 4°C. Glass distilled water 
and buffers were passed through Chelex 100 to remove adventitious transition metal 
ions. A standard reaction mixture of 1 ml consisted of 0.01 M taurine dissolved in 
0.01 M potassium phosphate and 0.5 M NaCl buffer, pH 7.4, and was incubated with 
various concentrations of H202 and CuC12 for 10 min, after which time the reaction 
was stopped by the addition of 50 pg catalase. Catalase was included to prevent 
reduction of HOCUOCl- by excess H202 [17-191. After 5 min, KI was added to the 
final concentration of 20 mM, and, after an additional 5 min, absorbance at 350 nm, 
or spectra of liberated 12 were recorded (Beckman, Model DU7). In other experi- 
ments, AT was incubated together with H202 and CuC12, or varying concentrations 
of NaOCl were used instead of H202 and CuC12. Appropriate blanks were prepared 
that contained all components except the one whose concentration was varied. 

Two molecules of taurine chloramine are needed to liberate one 12. Therefore, 
the measured amount of I2 was multiplied by two to give an estimate of taurine 
chloramine formation. The standard curve of taurine chloramine formation by the 
exogenously added HOCl/OCl- was constructed. The efficiency of this reaction at 
different concentrations was used to calculate the total amount of HOCl/OCl- formed 
by Cu2+/C1-/H202 mixtures and the percent of Cu2+ or H202 conversion to taurine 
chloramine. 
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RESULTS 

The effects of Cu2+ ions on fertilization of A punctulata sea urchins are shown 
in Figure 1. The most pronounced inhibition of fertilization occurred between 1 and 
5 x lo-' M Cu2+. In different experiments, values for inhibition by 6 x lop7 
through 1 x lop6 M Cu2+ varied between 70% and 100%. As can be seen in Figure 
1, addition of catalase restored fertilization even when the concentration of Cu2+ ions 
was as high as M. These results show that in order to exert its activity Cu2+ 
must interact with H202. 

Table I shows the effects on fertilization of Cu2+ alone, H202 alone, and their 
combination as measured by percent initial cleavage (at 45 min) and percent FEs. 
During the normal fertilization process, these two measures have the same values. 
However, with exposure to toxic agevts, either cleavage or both cleavage and 
formation of FEs can be inhibited. For this reason, the occurrence of both was 
evaluated. Cu2+ alone had the strongest effect on eggs. Both cleavage and FEs were 
virtually abolished. Pretreatment of eggs with H202 inhibited cleavage at a higher 
concentration (5 x lop4 M) but did not interfere with the formation of FEs. 
Pretreatment of eggs with a mixture of Cu2+ and H202 abolished both cleavage and 
the formation of FEs. When sperm were incubated with either Cu2+ or H202 prior 
to mixing with eggs, there was practically no effect on fertilization except at higher 
H202 concentrations (5  X M) when some inhibition of cleavage occurred. 
However, mixtures of Cu2+ and H202 at all H202 concentrations tested, greatly 
reduced cleavage and abolished formation of FEs. These results indicate that another 
damaging agent might be formed from H202 by the action of Cu2+. Since sperm do 
not produce H202,  Cu2+ alone does not impair their ability to fertilize eggs. How- 
ever, eggs are known to generate H202 [6,7]; therefore, Cu2+-induced toxicity to 
eggs is probably caused by interaction with the endogenously formed H202. This is 
corroborated by the finding that incubation with catalase counteracted the effects of 
Cu2+ (Fig. 1). 

CONCENTRATION OF CUCI;! (MI 
Fig. 1.  
catalaseiml (@). 

Effect of CuZf on fertilization of Arbaciupunctulutu (0) and of Cu2+ in the presence of 1 mg 
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TABLE I. Effects of Cu2+ Alone, H20z Alone, and Cuz+ in the Presence of H202 When Either 
Eggs (E) or Sperm (S) Were Pretreated Prior to Fertilization 

Pretreated Fertilization Cleavage 
Treatment gametes envelope (%) (%) 

c u *  + E 1-2 1-2 
100 100 Control - 

H202 (MI S > 95 > 95 
5 x 10-5 S 100 100 
I x 10-4 E 100 > 95 

S 100 100 
5 x E 100 60 

S 100 40-80 
I x I O - ~  S > 95 0 

H202/Cu2+"(M) 
5 x 1 0 - ~  s 0 30 
I x S 0 6 
5 x E 0 0 

S 0 0 

"CU2+ = 1 X 10-6M. 

TABLE 11. Determination of Whether Spermicidal 
Activity of H202 Is Mediated by .OH Radicals: Effects 
of Cu2+, Fe2+, and Cu2+ in the Presence of Mannitol, 
an .OH Scavenger, on Fertilization 

Percent cleavage 
Treatment -mannitol + 0.1 M mannitol 

Control 96 87 
Cu2+(M) 

1 x I O - ~  95 88 
2 x 1 0 - ~  95 87 
4 x 1 0 - ~  85 20 
8 X lop7 35 0 

Control 80 
Fe2+(M) 

I x 1 0 - ~  90 
1 x 10-6 83 
1 x 1 0 - ~  92 
1 x 10-4 92 

Transition metal ions such as Fe2+ are known to produce .OH from H202 in a 
Haber-Weiss reaction [12-141. It has been assumed that Cu2+ also interacts with 
H202 in a similar manner. To test whether .OH radicals were generated, eggs were 
fertilized in the presence of Cu2+ and mannitol, an .OH scavenger [19,21]. Even at 
0.1 M, mannitol did not reverse Cu2+-induced inhibition of fertilization. On the 
contrary, it actually potentiated the toxic effects of Cu2+, as can be seen in Table 11. 
These results indicate that *OH radicals are not formed by the action of Cu2+ and 
therefore could not be responsible for its toxic effects. To prove definitively whether 
*OH are or are not involved in H202-induced effects on fertilization, eggs were 
fertilized in the presence of Fe2+ ions. As can be seen in Table 11, Fe2+ ions did not 
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inhibit cleavage even at concentrations 102-103 times higher than that of Cu2+ ions, 
thus eliminating *OH as a possible damaging agent. 

It has been found that, like neutrophils, sea urchin eggs release arachidonic 
acid, oxidize it, and form prostaglandins and other cyclooxygenase-derived metabo- 
lites [5]. The inactivation of excess sperm by H202 released by a fertilized egg has 
been likened to the peroxidatic killing of bacteria by neutrophils [22,23]. It is known 
that neutrophils have several pathways that utilize H202 generated during the respi- 
ratory (oxidative) burst [20]. Among them, the MPO-halide-H202 system is promi- 
nent in inactivation of bacteria [20,23]. MPO catalyzes the oxidation of halide ions 
(mostly chloride since they are the most abundant) by H202 with the formation of the 
very powerful oxidant HOCl/OCl- [ 17,18,20,24]. Fertilization of sea urchin eggs 
occurs in sea water, which has a very high concentration of C1- ions (0.5-0.6 M). 
Therefore, we investigated the possibility that the MPO-halide-H202 system is re- 
sponsible for the inactivation of the supernumerary sperm and that the interaction of 
Cu2+ with H202 in the presence of C1- mimics the MPO system. It is already known 
that the inactivation of a sperm by H202 is catalyzed by a peroxidase [6,7]. However, 
it is not certain whether this particular peroxidase is located in the egg or in the 
sperm, although the most recent evidence points to the latter [23,25]. 

To determine whether HOCI/OCl- could be formed by the interaction of Cu2+ 
with H202 released by the fertilized egg, fertilization was carried out in the presence 
of Cu2+ and AT, which is known to scavenge HOCl/OCl- [18]. Although AT also 
inhibits ovoperoxidase, this enzyme is thought not to participate in sperm inactivation 
[25]. As Table I11 shows, there is a dramatic reversal of Cu2+-induced inhibition of 
fertilization as measured by both cleavage and FE formation. Furthermore, eggs 
fertilized in the presence of lop5 or M Cu2+ and 10 mM AT and left over night 
showed no apparent toxic effects. 

To determine whether AT acted on the Cu2+-induced intermediate or mediated 
H202-induced inhibition of fertilization, either eggs or sperm were preincubated with 
H202 in the presence or absence of 10 mM AT. In both cases, there were no significant 

TABLE 111. Effect of 3-amino,l, 2,4-triazole on Cu2+-Mediated 
Inhibition of Fertilization 

Fertilization Cleavage (at 
45 min post- envelope (at 5 min 

Treatment postfertilization, %) fertilization, %) 

Control 99 99 
AT (mM) 

10 100 96 
100 99 92 

1 x 10-6 0 0 
5 x 10-6 0 0 
I x 1 0 - ~  0 0 

94 1 x 10-6 + I  - 
I x 10-6 +I0 99 99 
5 x 10-6 +I0 99 99 

1 x l o r 5  +10 > 95 99 
1 x 10-6 + I 0 0  99 99 

Cu2+(M) 

Cu2+(M) + AT (mM) 

94 I x + I  - 
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changes in H202 effects on fertilization, as measured by initial cleavage and FEs, 
proving that AT interacted with the Cu2+-induced intermediate and scavenged it in 
situ before it could inactivate the sperm. These findings indicate that HOCl/OCl- 
might indeed have been formed through Cu2+/C1-/H202 interaction. Next, we tested 
the influence of exogenously added HOCl/OCl- on fertilization. When sperm were 
pretreated with 7 X M HOCl/OCl- buffered with sea water and then diluted to 
1.7 x 10W5 M upon addition to the eggs there was no fertilization. When HOCV 
OC1- was diluted to 7 X M, fertilization, as measured by the formation of FEs, 
occurred at the level of 97% showing that there was no permanent effect on the 
sperm’s ability to penetrate the egg’s plasma membrane. However, there was no 
cleavage. Preexposure of eggs to HOCl/OCl- led to 60% fertilization, again with no 
apparent cleavage. The effects of the sea water-buffered HOCl/OCl- on cleavage 
were similar to those of Cu2+ and H202, thus strengthening the hypothesis that 
HOCUOCI- is the active intermediate. 

Hypochlorous acid/hypochlorite produced by the MPO/C1-/H2O2 system in 
stimulated neutrophils is known to interact with taurine, which is present in the cells, 
forming taurine chloramine [17,18]. If HOCl/OCl- is generated by Cu2+/C1-/H202, 
then it also should interact with taurine. Taurine (1 and 10 mM), which by itself is 
relatively nontoxic, potentiated the toxic effects of Cu2+ and further inhibited fertili- 
zation from 66% (Cu2+ alone) to 28% and 3%,  respectively. If taurine chloramine 
was formed, it would act as another powerful oxidizing agent. It has been shown that 
chloramines and chloramides are actually formed by the MPO/Cl-/H202 system 
through HOCl/OCl- as an intermediate [ 17,18,26] and that they cause fragmentation 
of peptides and oxidation of bacterial components [ 171. These destructive changes can 
be prevented by washing bacteria, which removes the chloramine derivatives [ 171. 
Therefore, the results showing the potentiation of Cu2+ toxicity by taurine and the 
return of a capability to fertilize (as measured by FE formation) by diluting out HOCU 
OC1- from pretreated sperm again point to the possibility that HOCl/OCl- is formed 
by the interaction of Cu2+ with H202. 

To show unambiguously that HOCl/OCl- can be generated, H202 was incu- 
bated with Cu2+ and C1- ions in the presence of taurine. As soon as it is formed, 
HOCUOCl- interacts with taurine producing taurine chloramine [ 17,181. Chloramine 
has a characteristic absorption maximum at 250 nm; however, its molar extinction 
coefficient of about 400 is too low for quantitative analysis. Since it is a powerfid 
oxidizing agent, it was allowed to oxidize KI to 13-, whose maximum is at 350 nm 
with a molar extinction coefficient of 2.29 X lo4 [17,18]. Figure 2 shows that 
incubation of H202 with Cu2+ and C1- ions (-) generated the same product as 
commercially available HOCl/OCl- (- - - -). The formation of this product was 
abolished when any of the three substrates was omitted from the reaction mixture. 
When incubation was carried out in the presence of 10 mM AT, an HOCl/OCl- 
scavenger [18], there was no absorption at 350 nm either. To determine whether 
.OH, a strong oxidizing agent, would also cause production of 13-, Cu2+ was 
substituted by Fe2+, which is known to generate .OH from H202. Since there was 
no absorption maximum at 350 nm, it is concluded that in this system, *OH is not 
capable of generating 13-. All these results paralleled the findings obtained during 
fertilization of sea urchins. Therefore, it is concluded that Cu2+ indeed generated 
HOCUOCl- from H202 in the presence of C1- ions and thereby mimics the action of 
myeloperoxidase. 
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Fig. 2. Generation of 13- by taurine chloramine obtained by incubation of taurine dissolved in 0.01 M 
phosphate, 0.5 M NaCl buffer, pH 7.4, with: 1) synthetic 15 nmole HOCI/OCI-/ml (- - - -), 2) 100 
nmole Cu2+/ml and 100 nmole H202/ml (-), 3) 100 nrnole Cu2+/ml in the absence of H202 (.  . .), 4) 
100 nrnole H202/ml in the absence of Cu2+ (-.-), 5 )  100 nmole Cu2+ and 100 nmole H 2 0 2  in the 
absence of CI- (-. . .-). 

Figure 3 shows that formation of HOCl/OCl- is linear between 10 and 100 
nmole H202/ml reaction mixture when 100 nmole of Cu2+ is used and that it can be 
extrapolated to 0. Similarly, it is linear between 10 and 100 nmole Cu2+/ml when 100 
nmole H202 is used, but its slope is different. The lowering of Cu2+ concentration 
below 10 nmole/ml still results in measurable formation of HOCl/OCl-. However, 
these values are located on a line with a different slope, which can be linearly 
extended to 0. These results suggest that there is no threshold for HOCUOCl- 
formation even when minute amounts of H202 and Cu2+ are present. Figure 3 also 
shows that, when the synthetic HOCUOCl- is used, formation of taurine chloramine 
coupled with oxidation of KI is also linear. However, under the conditions of this 
assay, the reaction did not go to completion. The yield of this reaction varied from 
50% when 5 nmole HOCUOCl-/ml was used to 30% at higher concentrations (Table 
IV). The same reaction yields were assumed for HOCl/OCl- generated by a Cu2+/ 
C1-/H202 system. As Figure 4 shows, approximately 20% of H202 is converted into 
HOCl/OCl- by 100 m o l e  Cu2+/ml regardless of H202 concentration. In contrast, 
when the concentration of H202 used for the reaction was held constant at 100 nmole/ 
ml and that of Cu2+ was varied, the percent of H202 converted into HOCI/OCl- also 
varied from >50% for low concentrations of Cu2+ (2.5-10 nmole) down to 20% for 
100 nmole Cu2+. The comparison of the percent conversion into HOCUOCl- by 
varying concentrations of H202 and Cu2+ shows that low concentrations of Cu2+ 
generate HOCl/OCI- more efficiently than low concentrations of H202. Further- 
more, it seems that concentrations of Cu2+ higher than equimolar concentrations of 
H202 would suppress production of HOCI/OCl-. 

It is possible that the generation of HOCUOCl- during interaction of Cu2+ with 
H202 and C1- involves reduction of Cu2+ to Cu+. In such cases, HOCl/OCl-, 
which is a strong oxidizing agent, might reoxidize some of the Cut back to Cu2+. 
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Fig. 3. Generation of 13- by taurine chlorarnine obtained by incubation of taurine dissolved in 0.01 M 
phosphate, 0.5 M NaCl buffer, pH 7.4, with varying concentrations of 1) synthetic HOCliOCl- ( A ) ,  
2) H202 in the presence of 100 nrnole Cu2+/rnl (a), and 3) Cu2+ in the presence of 100 nmole H202/ 

rnl(17). 

Thus, in the presence of taurine, both production of taurine chloramine and reoxida- 
tion of Cu+ may compete for HOCVOCI-. Therefore, the measured value would 
represent a net formation of HOCl/OCl-. To determine the feasibility of this hypoth- 
esis, we had to prove that HOCl/OCl- is capable of oxidizing Cu' in the presence 
of taurine. Incubation of buffered HOCl/OCl- (15, 30, or 60 nmole/ml) with Cu+ 
(100 nmole/ml) and taurine (10 pmole/ml) in 0.01 M phosphate, 0.5 M NaCl, pH 7.4 
buffer resulted in about 20% inhibition of taurine chloramine formation, whereas the 
same amount of Cu2+ was without effect. Preincubation of the same concentrations 
of HOCUOCl- and Cu+ at 4°C for 10 min prior to addition of taurine resulted in 
85 % , 59 % , and 53 % reduction of taurine chloramine formation, respectively. These 
results show that HOCl/OCl- has a potential to oxidize Cu+ in a dose-dependent 
manner. The amount of Cu+ oxidized apparently depends on the ratio of HOCUOCl- 
to Cu+ in the absence of taurine. When taurine is present in the incubation mixture 
from the beginning of the incubation, the percent of Cu+ that can be oxidized remains 
constant. When H202 (100 nmole/ml) was incubated with Cu+, Fe2', or Fe3+ (100 
nmole/ml) and taurine (10 pmole/ml) in the same buffer, there was no generation of 
taurine chloramine. All these results prove that it is Cu2+ that is needed to generate 
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TABLE IV. Efficiency of Taurine Chloramine Formation From Synthetic HOCI/OCI- and 
Taurine 

Amount of HOClIOCl- 
used (nmole) 

5 
7.5 

10 
15 
20 
25 
30 
40 
50 
75 

A350 X 

29.0 
37.5 
47.0 
62.5 
78.5 
95.0 

111.0 
145.0 
176.0 
257.0 

HOClIOCl- equivalents 
measured (nmole)b 

2.53 
3.28 
4.10 
5.46 
6.86 
8.30 
9.70 

12.66 
15.37 
22.45 

Reaction 
efficiency' 

0.51 
0.44 
0.41 
0.36 
0.34 
0.33 
0.32 
0.3 1 
0.31 
0.30 

aA350 values were obtained from Figure 3 (A) .  
bIodine formation was calculated from molar extinction coefficient t = 2.29 x lo4 at 350 nm. To obtain 
HOCIIOCI- equivalents, that value was multiplied by 2 because two molecules of taurine chloramine 
derived from two molecules of HOCIIOCI- are needed to produce one molecule of iodine. 
'Reaction efficiency was obtained by dividing HOCI/OCI- equivalents by the amount of HOCIIOCI- 
actually used. 

w I  z 

W 

z 
0 
0 

> 10- 

1 I I I I 1 I 1 I I 
10 2 0  30 4 0  50 6 0  7 0  80  90 100 

CONCENTRATION (nmoles / m l )  

Fig. 4. Efficiency of conversion of taurine to taurine chloramine by HOCIIOCI-. Reactions were 
carried out in 0.01 M phosphate, 0.5 M NaCl buffer, pH 7.4, with varying concentrations of 1) synthetic 
HOClIOCl- (A), 2) H202 in the presence of 100 nmole Cu2+/ml (a), and 3) Cu2+ in the presence of 
100 nmole H202/ml (W) .  

HOCUOCl- from H202 and C1- and that during such a process Cu2+ is reduced to 
Cu'. In turn, some of this Cu+ is reoxidized to Cu2+ by HOCl/OCl-, thus lowering 
the final yield of HOCl/OCl-. 

DISCUSSION 

It has been known for a long time that copper is an essential element for normal 
metabolism [27] and that it also plays a role in inflammation [28,29]. It is thought 
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that some of its effects are due to interference with the biosynthesis of prostaglandins 
[30] and also with the ability to form complexes with a variety of ligands [28,29]. 
There are a number of postulated mechanisms that attempt to explain the various 
activities of copper. Among others, it is suggested that copper effectively scavenges 
the superoxide anion radical [31-331, which is associated with inflammation [34,35]. 
Depending on the valence, it is supposed to convert superoxide to either molecular 
oxygen (Cu2+) or to H202 (Cu+ and Cu2+) [36,37]. Therefore, we originally 
anticipated that the effect of Cu2+ on the fertilization of sea urchins was also due to 
its superoxide dismutase-mimetic capability. To our surprise, instead of generating 
H202, Cu2+ caused its disappearance. In this work, we proved that Cu2+ interacts 
with H202 in the presence of C1- and forms HOCl/OCI-, a product known to be 
formed by MPO from H202 and C1-. Thus, we show that, in addition to mimicking 
superoxide dismutase, it also is capable of mimicking myeloperoxidase. 

Sea urchins have developed multiple defenses to prevent polyspermic fertiliza- 
tion [ l ] .  We and others have previously shown that rapid generation of H202 by the 
newly fertilized egg is a very effective defense mechanism [6,7]. The unresolved 
question left was how this H202 interferes with the ability of supernumerary sperm 
to refertilize the egg. It appears that the amount of H202 formed is very high-10 
pmole H202 per egg [7]. Since 0.1 ml of packed eggs ( - 1 X 10’) produces 1 pmole 
H202, then lop5 pmole would be generated by one egg in a volume of 1 x lop6 ml. 
This means that the initial concentration of H202 at the egg’s membrane is as high as 
10 mM. In our experiments, we have used an average of 1 X lo5 eggs in 2 ml of sea 
water. Upon fertilization, these eggs would generate 1 pmole H202, a 5 X lop4 M 
final concentration. When eggs were pretreated with H202 for 30 sec prior to addition 
of sperm, the inhibition of fertilization was observed starting with 5 X M H202 
(Table I), the same concentration as is generated by the eggs to prevent polyspermy 
[7]. Similar results were obtained upon preincubation of sperm. When gametes were 
treated with H202 in the presence of 1 x lop6 M Cu2+, the effects of H202 were 
potentiated and manifested one order of magnitude sooner. 

In all experiments, we have found that Cu2+/H202-induced effects on fertiliza- 
tion seemed to be qualitatively the same as those of H202 alone but occurred at lower 
concentrations of H202. These findings indicate that the actual mechanism of H202- 
mediated prevention of polyspermy is the same as that artificially created by the 
Cu2+/H202 system. 

Since the fertilization process occurs outside sea urchins in sea water [ l ] ,  we 
propose that the C1- ions present in high concentrations (0.5-0.6 M) participate in a 
formation of the active intermediate, HOCUOCI- , upon reaction with H202. How- 
ever, the formation of HOCUOCl- from H202 and C1- requires a mediation by 
myeloperoxidase [ 17,18,20,26]. This enzyme has not been identified in sea urchins 
as yet, although there is evidence that the antipolyspermic activity of H202 is mediated 
by peroxidase [23,25]. Spermicidal activity present in mammalian systems has been 
shown to be mediated by peroxidase as well [38]. 

In our in vitro assays, we used concentrations of Cu2+, H202, and C1- similar 
to those in the fertilization experiments. In the presence of an excess H202, 2.5 x 
lop6 M Cu2+ caused formation of 1.3 x M HOCl/OCl- from 1 x lop4 M 
H202 (Table V). Assuming linearity at low concentrations, 1 X M Cu2+ used 
in fertilization experiments might have caused formation of 0.5 x M H O W  
OC1- from 5 X M H202. Preincubation of sperm with exogenous HOCI/OCI- 
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TABLE V. Rates of Conversion of Cu2+/CI-/HzO2 Into HOCVOCI- When Either H202 or Cuz+ 
Is In Limiting Amounts 

Amount of 
HzOz or 
Cu2+ used A350 
(nmole) x 

H2O2/100 nmole Cu2’ 
10 7.5 
25 18.0 
40 28.5 
50 36.0 
60 42.5 
75 53.0 
90 63.5 

100 70.0 

2.5 4.5 
5 11.0 

10 20.0 
25 31.0 
40 39.0 
50 44.0 
I5  57.0 

100 69.5 

Cu2+1100 nmole H202 

HOCliOCl - Total 
equivalent HOCIiOCI 
measured Reaction formed 
(nmoIe)b efficiency‘ (nmole)d 

0.66 
1.57 
2.49 
3.14 
3.71 
4.63 
5.55 
6.11 

0.39 
0.96 
1.75 
2.71 
3.41 
3.84 
4.98 
6.07 

0.41 
0.33 
0.31 
0.30 
0.30 
0.30 
0.30 
0.30 

0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

1.6 
4.8 
8.0 

10.5 
12.4 
15.4 
18.5 
20.4 

1.3 
3.2 
5.8 
9.0 

11.4 
12.8 
16.6 
20.2 

Percent 
conversion 

to 
HOCIIOCI-e 

16.0 
19.2 
20.0 
21.0 
20.7 
20.5 
20.6 
20.4 

52.0 
64.0 
58.0 
36.0 
28.5 
25.6 
22.0 
20.2 

aA350 values were obtained from Figure 3 for H2O2 (0) and for Cu2+ (0). 
bThe same as footnote b in Table IV. 
‘Values taken from the appropriate positions in Table IV. 
dValues of “total HOCliOCl- formed” were obtained by dividing “HOCIiOCI- equivalents measured” 
by the appropriate reaction efficiency. 
ePercent conversion to HOCliOCl- was calculated by dividing “total HOCliOCl- formed” by the 
amount of the reagent (H2O2 or Cu2+) used and multiplying by 100. 

did not inhibit its ability to penetrate the egg’s membrane as assessed by the presence 
of FEs when the concentration of HOCl/OCl- was 7 x M. However, at that 
concentration, there was still no cleavage. It therefore appears that the exogenous 
HOCl/OCl - is as effective as inhibitory concentrations of H202 but at concentrations 
102-103-fold lower than that of H202. 

We have shown that Cu2+ mimics myeloperoxidase because it forms HOCU 
OC1- from H202 and C1-. It is possible that this process is among those responsible 
for the known antifertility properties of copper [39,40]. Furthermore, HOCl/OCl- 
reoxidizes Cu’, again similarly to MPO, which is oxidized by the same product. In 
the absence of scavenging agents, HOCl/OCl- is reduced by Cut .  However, in the 
presence of scavengers such as primary amines and even NH4+ ions, it preferentially 
forms chloramines, which are also powerful oxidizing agents [ 17,18,24]. Since 
HOCl/OCl- generated by Cu2+ from H202 and C1-, exogenous HOCl/OCl-, and 
higher concentrations of H202 all have similar inhibitory effects on the fertilization 
process in sea urchins, we suggest that it is myeloperoxidase that mediates formation 
of HOCl/OCl- from endogenous H202 to prevent polyspermy . 
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