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In the presence of divalent cations, the metallochromic C a  2+ indicator arsenazo III is reduced by sulfhydryl groups to 
form an azo anion radical. Reduced arsenazo III is reoxidized back to its original state by oxygen. The formation of the 
arsenazo III azo anion radical in the presence of sarcoplasmic reticulum vesicles leads to the rapid inhibition of the 
(Ca2++ Mg2+)-ATPase. These data indicate that several factors should be considered when arsenazo III is used as a 
Ca 2+ indicator; (1) Functionally important sulfhydryl groups may be oxidized by arsenazo III; (2) the generation of free 
radicals by arsenazo III reduction may be toxic to the system being studied; (3) the absorbance spectrum of arsenazo III 
is altered when reduced by suifhydryl groups. 

Introduction 

Arsenazo III  is a metallochromic indicator com- 
monly used to monitor changes in the Ca 2+ concentra- 
tion [1,2]. It is commonly believed that arsenazo I I I  is 
relatively nontoxic and nonreactive in biological sys- 
tems [1,2]. However, when using arsenazo III  to study 
Ca 2+ transport by sarcoplasmic reticulum vesicles in 
the presence of sulfhydryl compounds such as dithioth- 
reitol or 2-mercaptoethanol, we observed a change in 
the arsenazo I I I  absorbance spectrum that was not 
related to changes in the Ca 2+ concentration but was 
due to arsenazo I I I  reduction. In addition, in the pres- 
ence of sulfhydryl compounds, arsenazo III  inhibited 
Ca 2+ transport by sarcoplasmic reticulum. Because 
arsenazo I I I  is an important  Ca 2+ indicator used to 
monitor Ca 2+ uptake and release by sarcoplasmic re- 
ticulum both in situ and in vitro, we have investigated 
the reaction between arsenazo I I I  and sulfhydryl groups. 

Docampo et al. [3] have reported that arsenazo I I I  
undergoes a one electron reduction in the presence of 
rat liver microsomes and NAD(P)H to produce an azo 
anion radical. The azo anion radical can react with 
oxygen to regenerate arsenazo III  and a superoxide 
radical. We report here that sulfhydryl compounds also 
reduce arsenazo I I I  to form free radicals which alters 
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the absorbance spectrum of arsenazo III  and inactivates 
the (Ca 2+ + Mg2+)-ATPase. 

Materials and Methods 

Materials 

All sulfhydryl compounds were obtained from Al- 
drich (Milwaukee, WI). All other reagents were 
purchased from Sigma (St. Louis, MO). 

Preparation of sarcoplasmic reticulum vesicles 
Low-density sarcoplasmic reticulum vesicles were iso- 

lated from the back and hind leg skeletal muscles of 
Sprague-Dawley rats (200-300 g) as previously de- 
scribed [4]. 

Assays 

The Ca2+-dependent ATPase activity of the sarcop- 
lasmic reticulum was monitored using a coupled enzyme 
assay as described by Warren et al. [5]. The concentra- 
tion of sulfhydryl groups was assayed spectrophotomet- 
rically using the reagent 5,5'-dithiobis(2-nitrobenzoic 
acid) as described by Ellman [6]. 

Results 

Change in the arsenazo 111 spectrum caused by sulfhydryl 
compounds 

Ca 2÷ binding to arsenazo I I I  causes an increase in 
the arsenazo I I I  absorbance at 600 nm and 660 nm. The 
addition of sulfhydryl compounds (dithiothreitol, 2- 
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Fig. 1. Rate of change of the arsenazo III absorbance at 660 and 700 
nm following the addition of sulfhydryl compounds. (A) The change 
in the absorbance of 20/~M arsenazo III at 660 nm was measured in a 
solution containing 1.0 mM CaCI 2 and 10 mM Hepes (pH 7.0) at 
37 ° C  following the addition of 20 mM dithiothreitol ( i ) ,  20 mM 
2-mercatoethanol (©), 20 mM cysteine (A), 20 mM 3-mercaptopro- 
pionate (zx), or 20 mM 2-aminoethanethiol (13). (B) The absorbance 
change of 50 btM arsenazo III at 700 nm was measured in a solution 
containing 1.0 mM CaC12 and 10 mM Hepes (pH 7.0) at 37°C  
following the addition of 40 mM 2-aminoethanethiol. One sample was 
continuously exposed to air by stirring (e) while the other sample was 
kept anaerobic under nitrogen (©). Exposure of the anaerobic sample 

to air after 270 min ( - )  is also shown. 

aminoethanethiol, 2-mercaptoethanol, cysteine and 2- 
mercaptopropionate) to the arsenazo III-Ca complex 
causes a decrease in the absorbance at both 600 and 660 
nm and an increase at 700 nm (Figs. 1 and 2). The rate 
of absorbance decrease at 660 nm of 20 #M arsenazo 
III (in the presence of 1 mM Ca 2÷) is directly propor- 
tional to the concentration of 2-mercaptoethanol be- 
tween 5 and 100 mM. Between 10 and 50 ° C, the rate of 
absorbance change at 660 nm following the addition of 
20 mM 2-mercaptoethanol or 2-aminoethanethiol in- 
creased 2.2 fold for every 10 degree increase in tempera- 
ture. In the absence of Ca z+ or other divalent cations, 
sulfhydryl compounds have no effect on the arsenazo 
III spectrum. 

The change in absorbance spectra of the arsenazo 
III-Mg complex (data not shown) and the arsenazo 
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Fig. 2. Change in the arsenazo III spectrum upon the addition of 
aminoethanethiol. The sample and reference cuvene contained 20 #M 
arsenazo III, 1.0 mM CaC12 and 10 mM Hepes (pH 7.0). The 
difference absorbance spectrum was recorded before (trace 1) and at 
various times following the addition of 3 mM 2-aminoethanethiol to 
the sample cuvette. (trace 2, 0.5 min; 3 trace, 1.5 min; 4 trace, 6.0 
rain; 5 trace, 10.0 min; 6 trace, 19.0 min; 7 trace, 40 min; 8 trace, 

120 min). 
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Il l-Ca complex (Fig. 2) following the addition of sulf- 
hydryl compounds are similar to the change observed 
by Docampo et al. [3] when arsenazo III is reduced by 
NAD(P)H in the presence of rat liver microsomes to 
form an azo anion radical. They reported a decrease in 
the absorbance of the arsenazo III-Mg complex in the 
540 to 680 nm region upon reduction of arsenazo III 
while an increase in the absorbance at 700 nm was 
correlated to the formation of an azo anion radical [3]. 
The reduction of the arsenazo III-Mg complex by the 
sulfhydryl groups gave the same spectral change as that 
reported by Docampo et al. [3] indicating the formation 
of an azo anion radical. With arsenazo Ill-Ca, a similar 
increase in the absorbance at 700 nm (Fig. 1B and 2) 
upon the reduction of arsenazo III with sulfhydryl 
compounds was observed indicating the formation of a 
similar azo anion radical. The change in the arsenazo 
Il l-Ca spectrum between 480 to 680 nm was similar to 
that observed when the Ca 2÷ concentration of the solu- 
tion is lowered. 

The spectral changes caused by sulfhydryl com- 
pounds are reversible. In the presence of 02 , the origi- 
nal arsenazo III absorbance spectrum returns following 
the complete oxidation of the sulfhydryl compound. 

Under anaerobic conditions, the increase in the ab- 
sorbance of 50/zM arsenazo III at 700 nm following the 
addition of 40 mM 2-aminoethanethiol reaches a maxi- 
mum after about 50 min and then slowly decreases until 
the absorbance in the entire visible range disappears 
(Fig. 1B). This secondary absorbance change is also 
reversed by exposure to oxygen. Under aerobic condi- 
tions, the decrease in the absorbance at 700 nm after 50 
min was not observed. The disappearance of the visible 
spectrum under anaerobic conditions is probably due to 
either a second slower reduction of the azo anion radi- 
cal or reactions between azo anion radicals to form 
derivatives such as the hydrazine [8]. 

As stated above, in the absence of Ca 2+ or other 
divalent cations, none of the sulflydryl groups tested 
altered the arsenazo III absorbance spectrum. However 
in the presence of any of the eight divalent cations 
tested (Ca 2+, Mg 2+, Zn 2+, Ni 2+, Co 2+, Sr 2+, Cu 2+, 

Cd2÷), the sulfhydryl compounds were able to reduce 
arsenazo III. The order of effectiveness of the divalent 
cations (1 mM) in promoting the reduction of arsenazo 
III by 20 mM dithiothreitol was Ni2+> Sr2÷> Ca2÷> 
Mg2+> Cu2+> Zn2+> Cd2+> Co 2+. 

Oxidation of sulfhydryl groups by arsenazo 111 
The rate of oxidation of 30 mM 2-aminoethanethiol 

by 0.05 mM to 2.0 mM arsenazo III under aerobic and 
anaerobic condit ions was measured using 5,5'- 
dithiobis(2-nitrobenzoic acid) to assay the sulfhydryl 
concentration (Fig. 3). Under aerobic conditions, the 
amount of sulfhydryl groups oxidized far exceeds the 
concentration of arsenazo III, indicating that arsenazo 
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II I  acts as a catalyst for sulfhydryl oxidation driven by 
oxygen. For example, 30 mM 2-aminoethanethiol was 
completely oxidized in the presence of 2.0 m M  arsenazo 
I I I  with a first order rate constant of 0.013 min - t  

Although oxygen is not required for sulflydryl com- 
pounds to alter the spectrum of arsenazo I I I  (Fig. 1), 
oxygen is required for arsenazo I I I  to catalyze the 
oxidation of nonstoichiometric amounts of sulfhydryl 
compounds (Fig. 3). Without oxygen, reduced arsenazo 
I I I  is not reoxidized so that it can not catalyze the 
oxidation of more sulfhydryl groups. The oxidation of 
sulfhydryl groups stops once all the arsenazo I I I  is 
converted into the reduced form. It is the reoxidation of 
arsenazo I I I  by oxygen permits the further oxidation of 
other sulfhydryl groups. This process can continue until 
all sulfhydryl groups are oxidized. Under  aerobic condi- 
tions, the steady-state oxidation rate of sulfhydryl 
groups is more than 100 times faster in the presence of 
1 mM arsenazo I I I  as compared with that measured 
without arsenazo I I I  added. 

Effect of arsenazo I I I  and sulfhydryl compounds on the 
activity of the (Ca 2 + + Mg 2 +)-A TPase 

The reduction of arsenazo I I I  by sulfhydryl groups 
results in the formation of an azo anion radical. The 
reoxidation of reduced arsenazo I I I  by oxygen is ex- 
pected to generate active oxygen radicals [3]. It is possi- 
ble that either the azo anion radical or oxygen radicals 
react with proteins to inhibit enzyme activity. We have 
investigated the effect of reduced arsenazo I I I  on the 
activity of the (Ca2++MgZ+)-ATPase  (Fig. 4). The 
(Ca2++ Mg2÷)-ATPase was rapidly inactivated in the 
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Fig. 3. Rate of oxidation of aminoethanethiol  by arsenazo III and 
oxygen. At time = 0, 30 m M  2-aminoethanethiol was added to a 
solution containing 10 m M  CaC12, 10 m M  Hepes (pH 7.0) and 0.05 
(zx), 0.25 (A), 0.5 (O, o )  and 2.0 (11) m M  arsenazo III. At various 
times, 5 #1 aliquots were removed and the concentration of sulfhydryl 
groups assayed by the method described by EUman [6]. One sample 
was kept anaerobic under nitrogen (O); The other samples were 

exposed to air by constant  stirring. 
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Fig. 4. Inhibition of the (Ca 2+ + Mg 2+ )-ATPase by arsenazo III and 
aminoethanethiol.  Sarcoplasmic reticulum vesicles (20 m g / m l  protein) 
were added to a solution containing 0.15 M KC1, 10 mM 3-(N-Mor- 
pholino)propanesulfonic acid (Mops) (pH 6.8), 5 m M  MgSO4, 40 m M  
2-aminoethanethiol,  20 #M CaC12 and either 1 m M  (©), 2 m M  (zx), 3 
m M  (Iq), 4 m M  (11) or 5 m M  (A) arsenazo III at 37 o C. In one control 
(O), arsenazo III was omitted from the incubation solution. In another 
control, 5 m M  arsenazo III was added but  the 2-aminoethanethiol was 
omitted (v). At various times after the addition of the sarcoplasmic 
reticulum vesicles, 5 / t l  aliquots were removed and added to a solution 
containing 0.15 M KCI, 10 m M  Mops (pH 6.8), 5 mM MgSO4, 0.5 
m M  phospho(enol)pyruvate,  16 U / m l  pyruvate kinase, 5 U / m l  lactate 
dehydrogenase, 0.15 m M  N A D H ,  and 1 mM ATP. The rate of ATP 
hydrolysis was monitored by following the rate of N A D H  oxidation 

by measuring the change in the absorbance at 340 nm. 

presence of 1-5  mM arsenazo I I I  and 40 mM 2- 
aminoethanethiol. Similar inactivation was observed 
when sarcoplasmic reticulum vesicles were incubated 
with 1 mM arsenazo III  and 20 mM 2-mercaptoethanol. 
In the absence of either 2-aminoethanethiol or arsenazo 
III  there was no inactivation of the (Ca2++ Mg2÷)- 
ATPase indicating that the reduction of arsenazo III  by 
2-aminoethanethiol is required for the inactivation pro- 
cess. The (Ca2++ MgZ÷)-ATPase was inactivated by 
2-aminoethanethiol  and arsenazo I I I  even under 
anaerobic conditions indicating that the azo anion radi- 
cal or other reduction products such as the hydrazine 
derivative can inactivate the (Ca2++ Mg2+)-ATPase di- 
rectly without the formation of oxygen radicals. 

It should be noted that under the conditions in which 
arsenazo I I I  is normally used to measure the in vitro 
ATP-dependent  Ca 2+ accumulation by sarcoplasmic re- 
ticulum vesicles (low arsenazo I I I  concentration (10-100 
#M, and low sulfhydryl concentration) there is no sig- 
nificant inactivation of the (Ca 2 ÷ + Mg 2 ÷)-ATPase. The 
measurement  of the in situ cytoplasmic Ca 2÷ con- 
centration however could pose a problem since much 
higher arsenazo I I I  concentrations are used. Under these 



conditions, the addition of sulfhydryl compounds should 
probably be avoided. 

Discussion 

Arsenazo III is reduced by a variety of sulfhydryl 
compounds  such as cysteine, dithiothreitol,  2- 
mercaptoethanol, 2-aminoethanethiol and 3-mercap- 
topropionate (Fig. 1). Therefore, functionally important 
sulfhydryl groups of proteins may also be oxidized by 
arsenazo III. Beeler et al. [7] have previously demon- 
strated that many proteins found in muscle cells bind 
arsenazo III. It is likely that some of these binding sites 
have sulfhydryl groups that can react with arsenazo III. 
In addition, the reduction of arsenazo III  leads to the 
formation of an azo anion radical which may react with 
neighboring proteins, or with oxygen to regenerate 
arsenazo III  and form a reactive superoxide anion [3]. 
The (Ca2++ Mg2÷)-ATPase of sarcoplasmic reticulum 
is rapidly inactivated by 1-5 mM arsenazo III  in the 
presence of 2-aminoethanethiol  (Fig. 4) or 2- 
mercaptoethanol. 

The change in the absorbance spectrum of the 
arsenazo III-Ca complex caused by the reduction of 
arsenazo III with sulfhydryl compounds can interfere 
with the determination of the Ca 2÷ concentration since 
the reduced arsenazo III  absorbance spectrum is differ- 
ent than that of the arsenazo I l l -Ca complex (Fig. 2). 
Reduction of arsenazo III by sulfhydryl compounds 
causes a decrease in the absorbance between 580 nm 
and 680 nm. This reduction could be misinterpreted as 
a decrease in the Ca 2 ÷ concentration since a decrease in 
the Ca 2 ÷ concentration leads to a similar change in the 
absorbance in this region. 

The data presented here does not exclude the use of 
arsenazo III  as a Ca 2÷ indicator in biological systems. 
In the absence of added sulfhydryl reagents arsenazo III  
did not inhibit the (Ca2++ Mg2+)-ATPase, indicating 
that sulfhydryl groups on the pump protein that are 
required for activity does not react with arsenazo III  
under our experimental conditions. In addition the rate 
of inactivation at low arsenazo III  concentrations 
(0.01-0.05 mM) in the presence of sulfhydryl com- 
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pounds was so slow that it would not affect the results 
of most experiments. The reduction of arsenazo III  by 
sulfhydryl compounds also required the presence of 
divalent cations such as Mg 2+ so that the amount of 
azo anion radical formed would depend on the Mg 2÷ 
concentration. In the absence of divalent ions, arsenazo 
III  and 2-aminoethanethiol did not inactivate the (Ca 2÷ 
+ Mg 2 ÷)-ATPase. 

In conclusion, we have demonstrated that arsenazo 
III, in the presence of divalent cations can be reduced 
by sulfhydryl groups to form an azo anion radical which 
has a different absorption spectrum than the nonre- 
duced dye. The formation of the azo anion radical is 
toxic to the (Ca 2 ÷ + Mg 2 +)-ATPase. Therefore caution 
should be used when using arsenazo III in the presence 
of sulfhydryl compounds to monitor changes in the 
Ca 2+ concentration of biological systems. 
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