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Creatine kinase is a sulfhydryl containing enzyme that is particularly susceptible to oxidative inactivation. 
This enzyme is potentially vulnerable to inactivation under conditions when it would be used as a 
diagnostic marker of tissue damage such as during cardiac ischemia/reperfusion or other oxidative tissue 
injury. Oxidative stress in tissues can induce the release of iron from its storage proteins, making it an 
available catalyst for free radical reactions. Although creatine kinase inactivation in a heart reperfusion 
model has been documented, the mechanism has not been fully described, particularly with regard to the 
role of iron. We have investigated the inactivation of rabbit muscle creatine kinase by hydrogen peroxide 
and by xanthine oxidase generated superoxide or Adriamycin radicals in the presence of iron catalysts. 
As shown previously, creatine kinase was inactivated by hydrogen peroxide. Ferrous iron enhanced the 
inactivation. In addition, micromolar levels of iron and iron chelates that were reduced and recycled by 
superoxide or Adriamycin radicals were effective catalysts of creatine kinase inactivation. Of the 
physiological iron chelates studied, Fe(ATP) was an especially effective catalyst of inactivation by what 
appeared to be a site-localized reaction. Fe(1CRF-198), a non-physiological chelate of interest because of 
its putative role in alleviating Adriamycin-induced cardiotoxicity, also catalyzed the inactivation. 
Scavenger studies implicated hydroxyl radical as the oxidant involved in iron-dependent creatine kinase 
inactivation. Loss of protein thiols accompanied loss of creatine kinase activity. Reduced glutathione 
(GSH) provided marked protection from oxidative inactivation, suggesting that enzyme inactivation 
under physiological conditions would occur only after GSH depletion. 

KEY WORDS: Creatine kinase, iron-dependent oxidative damage, superoxide anion radical, adria- 
mycin radical, ICRF-198, xanthine oxidase. 

INTRODUCTION 

Creatine kinase (CK) (ATP: creatine phosphotransferase, EC 2.7.3.2) is a sulfhydryl 
containing enzyme that is susceptible to oxidative ina~tivation.'-~ Inactivation of 
thiol enzymes is considered to play an important role in oxidative cell injury and has 
been observed in muscle cells exposed to Adriamycin or other oxidative stresses 
as well as in a heart reperfusion r n ~ d e l . ' * ~ ~ ' ~ ~  Although the susceptibility of thiol 
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388 C. THOMAS, A.C. CARR AND C.C. WINTERBOURN 

enzymes to oxidative inactivation is well documented, the mechanism of the process 
and particularly the role of iron are not clearly e~tablished.~ Iron catalyzed reactions 
are thought to be important in oxidative injury, by promoting lipid peroxidation and 
the generation of hydroxyl radical (*OH) or reactive ferry1 species that can cause 
DNA damage, enzyme inactivation, and cellular dysfunction.’ The efficiency of the 
iron catalyst depends on its chelated Various chelators have been studied 
including physiological compounds such as citrate and adenine nucleotides, and non- 
physiological compounds such as desferrioxamine and ICRF-187 (ADR-529, d-l,2- 
bis(3,5-dio~opiperazine-l-yl)propane).’~~ ” Desferrioxamine is commonly used to 
implicate iron in oxidative cell injury because it renders iron inert and will thwart 
iron-dependent cell damage.” ICRF-187 is a compound of particular interest 
because of its therapeutic value in the treatment of cardiotoxicity associated with 
Adriamycin therapy.13 The mechanism by which ICRF-187 alleviates Adriamycin- 
induced cardiotoxicity is unknown. However, it is known to enter cells where its 
diacid diamide hydrolysis product, ICRF-198 (ADR-925, dl-N,N‘-carboxamido- 
methyl-N,N’-dicarboxymethyl-l,2-diaminopropane), is generated.I4 ICRF- 198 is a 
strong chelator with a high affinity constant for iron.” ICRF-198 has been shown to 
inhibit Adriamycin-dependent lipid peroxidation,’1.’6 but to promote * OH produc- 
tion with an efficiency comparable to that of Fe(ethy1enediaminetetraacetic acid), 
Fe(EDTA).” 

No matter which chelator is involved in iron catalyzed reactions, a reductant is 
required for continuous redox cycling of the iron. Superoxide and Adriamycin 
radicals can reduce iron, but their abilities to promote iron-catalyzed oxidative injury 
depend on the   he la tor.^^'^^''^^^ Previous studies have shown that CK can be inac- 
tivated by hydrogen peroxide3 and by superoxide,’ although it appears that whereas 
the bovine and rat heart enzymes are susceptible to superoxide, rabbit muscle CK is 
not. In studies involving xanthine oxidase, the mechanism has not been fully resolved 
and a role for iron not Ferric iron can inactivate CK, but this appears 
to be a direct reaction with iron rather than one involving reactive oxygen species.” 

In this study we examined the inactivation of rabbit muscle CK by hydrogen perox- 
ide and catalytic levels of iron with or without EDTA, ICRF-198, ATP or citrate. 
Xanthine oxidase was used to generate superoxide and Adriamycin radicals which 
serve as iron reductants. Our results show that inactivation of CK by hydrogen perox- 
ide is enhanced in the presence of ferrous iron. Moreover, iron and iron chelates 
which are reduced and recycled by superoxide or Adriamycin radicals are effective 
catalysts of enzyme inactivation. Scavenger studies implicate - OH as the oxidant 
which mediates iron-dependent CK inactivation. 

MATERIALS AND METHODS 

Biochemicals were of the highest quality available from Sigma Chemical Co. (St 
Louis, MO, USA), Boehringer Mannheim (Penzberg, Germany), or BDH Chemicals 
Ltd (Poole, UK). Adriamycin was purchased from Farmitalia Carlo Erba Ltd, 
desferrioxamine from Ciba-Geigy and chelex resin from Biorad Laboratories (Rich- 
mond, CA, USA). Rabbit muscle CK, lactate dehydrogenase, and pyruvate kinase 
were obtained from Boehringer Mannheim. Superoxide dismutase (SOD) from 
bovine erythrocytes (5,100 U/mg protein), catalase from bovine liver (25,000 U/mg) 
and xanthine oxidase from buttermilk (1.1 U/mg) were from Sigma. ICRF-198 
(ADR-925, dl-N,N‘ -dicarboxamidomethyl-N,N’ -dicarboxymethyl- 1 ,2-diaminopro- 
pane) was provided as a gift from Adria Laboratories (Dublin, OH, USA). 
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IRON CATALYZED INACTIVATION OF CREATINE KINASE 389 

Xanthine oxidasesystem. A xanthine oxidase system was used to generate superox- 
ide, and the same system in the presence of Adriamycin was used to generate 
Adriamycin radicals.,* Inactivation reactions were carried out in chelex-treated 
10 mM sodium phosphate buffer, pH 7.4, in plastic test tubes. Iron contamination 
of xanthine oxidase was minimized by mixing the enzyme with EDTA and separating 
on a G-25 sephadex column.' Protease contamination of the xanthine oxidase 
preparations was routinely tested and found to be negligible. The simplest reaction 
mixture contained, at final concentrations, hypoxanthine (100 to 150 pM), CK 
(100 pg/mL; 1.2 pM) and xanthine oxidase. Xanthine oxidase activity was measured 
as superoxide dismutase inhibitable cytochrome c reduction at 550 nm and an amount 
yielding 3 to 4pM superoxide per minute was added to start the reaction. The 1% 
extinction coefficient, E,,, = 8.76, was used to standardize CK c~ncent ra t ion .~~ 
Further additions to the xanthine oxidase system were, at final concentrations, 
FeS04(2 pM), Adriamycin (30 pM), either EDTA (40 pM), ICRF-198 (40 pM), ATP 
(200 pM) or citrate (200 pM), and at the concentrations stated, formate, benzoate, 
mannitol, or GSH. Iron chelates were prepared by premixing 2pM FeSO, in 
equimolar HC1 with the chelator. Reaction mixtures were incubated under air at 37°C 
for 30 min, or the time indicated. The mixture was then diluted tenfold in ice cold 
5 mM glycine buffer, pH 9.0, and CK activity was determined immediately. 

CK assay. The activity of rabbit muscle CK was determined at 37°C in a coupled 
enzyme assay using pyruvate kinase and lactate dehydrogenase as described by 
Tanzer and GilvargZ4 with minor modifications. The assay mixture contained, 
at final concentrations, ATP (2.1 mM), NADH (0.3 mM), phosphoenolpyruvate 
(0.5 mM), MgS0,(7.0 mM), creatine (38.7 mM), K,CO,(45.3 mM), lactate dehy- 
drogenase (3.75 U/mL), and pyruvate kinase (1.75 U/mL) in a 292 mM glycine buf- 
fer at pH 8.9. CK (0.2 pg/mL) was added to start the reactions. As the reactions 
proceed, creatine is converted to phosphocreatine with concomitant NADH oxida- 
tion. NADH oxidation was monitored at 340 nm and linear rates over 2-6 min were 
used for analysis. Specific activity for control creatine kinase ranged between 59.0 
and 68.5 U/mg where one unit converts 1 pmole of creatine to phosphocreatine per 
min at 37°C and pH 8.9. 

Reversal of CK inactivation with GSH. The xanthine oxidase system was used as 
described above except that the reaction was stopped by the addition of allopurinol 
(100pM). The reaction mixtures were divided into two equal portions and GSH 
(250pM-1 mM) was added to one of these. The samples were then incubated for a 
further 15 minutes at 37°C before carrying out the CK activity assay as described. 

Thiol oxidation. Xanthine oxidase dependent inactivation of CK was carried out 
as described above and the reaction was stopped with the addition of allopurinol 
(100pM). A minimal amount of sample was removed for the CK activity assay. 
Dithiobisnitrobenzoic acid (DTNB) (60 gM) was added to the remainder of the reac- 
tion mixture and A412 determined. Thiol loss was calculated as percent of controls to  
which xanthine oxidase was not added. Reagent concentrations in the xanthine 
oxidase system were increased in order to detect thiols and were, at final concentra- 
tions, hypoxanthine (300 pM), CK (400 pg/mL; 4.8 pM) and xanthine oxidase (8 pM 
superoxide/min). The extinction coefficient, 1.41 x lo4 M-' cm-' at A,,z, was used 
for quantitative estimates of thiol content. 
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390 C. THOMAS, A.C.  CARR AND C.C. WINTERBOURN 

RESULTS 

Inactivation of rabbit muscle CK by hydrogen peroxide and superoxide or 
Adriamycin radical generating systems was examined. As demonstrated previ~usly,~ 
hydrogen peroxide alone caused inactivation in a dose dependent manner (Figure 1). 
Higher H,02 concentrations, 200 and 400 pM H,O,, decreased CK activity to 44.5 
and 17.5 percent of control, respectively. Fe2+ added with H20,  (Fenton’s reagent) 
enhanced the inactivation of CK over that observed by H,Oz alone (Figure 1). Addi- 
tion of desferrioxamine (200 pM) to the incubation medium or dialysis of the CK 
enzyme preparation against EDTA and then desferrioxamine did not alter its inac- 
tivation by H,O,, indicating little or no contribution of contaminating iron. 

The xanthine oxidase system in the absence of iron inactivated CK to approx. 60 
percent of control activity (Figure 2). Addition of desferrioxamine (100 pM) to the 
xanthine oxidase system had no effect on this CK activity, nor did iron when chelated 
to desferrioxamine. When FeSO, was added in the absence of desferrioxamine, 
however, there was additional inactivation of CK that was dependent on the iron con- 
centration (Figure 2). SOD did not protect in the absence of iron, but in the presence 
of iron it did protect, abrogating all iron-dependent inactivation (Table 1). These 
results indicate that superoxide radicals were required for iron-dependent inactiva- 
tion of CK. Catalase protected CK from inactivation by the xanthine oxidase system 
both in the presence and absence of iron, indicating a requirement for hydrogen 
peroxide. Addition of catalase and SOD together gave nearly complete protection in 
both systems. Protection by catalase indicated that iron alone had no effect on CK. 

100 

c 80 

s 
.- > 
.3 c 

60 M 
V 

0 

0 20 40 60 80 100 

Fe2+ or H202 (pM) 

FIGURE 1 Inactivation of CK by (0) H20, and ( 0  ) Fenton’s reagent. Values are means and ranges of 
two or three sets of duplicate determinations. The reaction mixture contained CK (100 wg/mL), H202 ,  
and FeSO, or no further addition in a 10 mM sodium phosphate buffer, pH 7.4. The Fenton’s reagent 
reaction mixture contained equimolar FeSO, and H202  except at 20 pM FeSO, which contained 50 pM 
H,O,. Reaction mixtures were incubated for 30 min at  37°C. 
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IRON CATALYZED INACTIVATION OF CREATINE KINASE 391 
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FIGURE 2 Inactivation of CK by the xanthine oxidase system and the effect of iron. Values are means 
and ranges of two sets of duplicates. Reaction mixtures contained xanthine oxidase, hypoxanthine, CK 
and (0) FeSO,, or ( 0 )  FeSO, and desferrioxamine (100 pM). 

When reduced iron (2 pM) was incubated with CK in the absence of xanthine oxidase, 
no inhibition of CK activity was observed. 

Since the reactivity of iron in free radical reactions depends on its chelated form, 
we examined the ability of iron chelates to inactivate CK in the xanthine oxidase 
system. None of the chelators alone affected inactivation, but when complexed to 
iron, all increased the extent of CK inactivation. Fe(citrate) and Fe(1CRF-198) 
catalyzed the inactivation of CK with comparable efficiency to non-chelated iron, 
whereas inactivation by Fe(ATP) and Fe(EDTA) was much enhanced (Table 2). 
Fe(ADP) produced results similar to Fe(ATP) (data not shown). Time dependence 
curves (Figure 3) show the much more rapid inactivation of CK with Fe(ATP) than 
with Fe(citrate). However, when 500 pM Mg2+ was added together with Fe(ATP), 

TABLE 1 
Effects of catalase and SOD on xanthine oxidase and iron-dependent inactivation of CK 

~~~ - 

Additions 

~ 

CK activity (070 control) 
~~ 

XO system XO system + 2 fiM Fe2+ 

None 
SOD (10 pg/mL) 
CAT (10 Fg/mL) 
SOD + CAT 

64.5 f 5.5 
70.0 f 3.0 
84.5 f 1.5 
98.5 f 1.5 

32.0 f 1.0 
66.5 f 0.5 
78.5 f 4.5 
94.0 f 1.0 

Values are means and ranges of two sets of duplicates. Results are presented as '70 control activity to which 
xanthine oxidase was not added. The inactivation reaction was carried out at 37°C for 30 min as described 
in the Materials and Methods. CAT, catalase; XO, xanthine oxidase. 
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392 C. THOMAS, A.C. CARR AND C.C. WINTERBOURN 

0 20 40 60 80 100 

Fez+ or H202 (yM) 

FIGURE 3 Time course of CK inactivation by the xanthine oxidase system plus iron and iron chelates. 
Values are means and ranges of two sets of duplicates. Xanthine oxidase without iron, (0); with Fe, 
(0); with Fe(ATP), (A); with Fe(citrate), (A). Concentrations were 2 p M  FeSO,, 200pM ATP and 
200 pM citrate. 

inactivation of CK was not as pronounced (28.5 f 1.5% of control, n = 2, cf. 
Table 2). 

Adriamycin radicals have been shown to be better reductants than superoxide for 
some iron chelates. l8  Therefore, we investigated whether CK inactivation was 
enhanced if Adriamycin radicals were generated. Adriamycin was added to the xan- 
thine oxidase system. This produces Adriamycin radicals which can subsequently 
react with oxygen to give superoxide.22 Adriamycin alone did not affect the activity 
of CK, but addition to the xanthine oxidase system in the absence of iron increased 
CK inhibition by approximately 15% (Table 2). This increase corresponded to a 15V0 
rise in the SOD inhibitable cytochrome c reduction rate measured in the presence of 
Adriamycin (data not shown) and probably reflects the slightly faster rate of radical 
production. Adriamycin in the presence of the iron chelates did not generally induce 
any greater CK inactivation than superoxide (Table 2), except with Fe(1CRF-198), 
when Adriamycin slightly enhanced inactivation. These results indicate that genera- 
tion of Adriamycin radicals causes no greater inhibition of CK than when superoxide 
is the only radical produced. 

Whether -OH generated from the Haber-Weiss reaction or the Adriamycin-radical 
driven Fenton reaction was responsible for iron chelate-dependent CK inactivation 
was investigated by adding scavengers. Neither formate, benzoate, nor mannitol had 
any effect on the inactivation seen with xanthine oxidase in the absence of iron, 
indicating no role for .OH under these conditions (data not shown). Formate and 
mannitol protected CK from inactivation by all iron chelates, with increased protec- 
tion observed at higher scavenger concentrations (Table 3). Formate was generally 
more efficient than mannitol, as expected for competition for * OH. Benzoate, 
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IRON CATALYZED INACTIVATION OF CREATINE KINASE 393 

TABLE 2 
Effect of iron chelates on iron-dependent inactivation of CK by the xanthine oxidase system in the presence 

and absence of Adriamycin 

CK activity ('70 control) 

Iron Chelate Added XO system XO system + Adriamycin 

None 71.5 f 1.5 56.5 f 0.5 
FeSO, 33.0 f 9.0 39.0 f 6.0 
Fe(ATP) 6.0 f 2.0 7.0 f 5.0 
Fe(citrate) 30.5 f 5.5 28.5 f 9.5 
Fe(EDTA) 4.5 f 1.5 10.5 f 0.5 
Fe(1CRF-198) 37.7 f 1.5 30.0 f 2.0 

~ 

Values are means and ranges of two sets of duplicates. Results are presented as Vo control activity to which 
xanthine oxidase was not added. The inactivation reaction mixture, prepared by premixing chelators with 
iron before adding the remaining reagents, was incubated at 37°C for 30 min under air as described in the 
Materials and Methods. Cytochrome c reduction rates in the presence of Adriamycin were 15% higher 
than in its absence. Concentrations were 2 pM FeSO,, 200 pM ATP, 40 pM EDTA, 200 pM citrate, 
40 pM ICRF-198, 30 p M  Adriamycin. 

TABLE 3 
Effect of the hydroxyl radical scavengers, formate, benzoate, and mannitol, on iron-dependent inactiva- 

tion of CK 

'70 CK Activity Remaining After Treatment 

No Iron Fe(ATP) Fe(EDTA) Fe(citrate) Fe(1CRF-198) 

Xanthine Oxidase System 
HX/XO 65.0 f 5.3 3.6 f 0.5 5.0 f 1.5 31.4 f 6.8 42.0 f 10.8 
+ Formate 1 mM 22.6 f 4.9 47.6 f 8.3 49.6 f 3.3 59.3 f 1.6 

20 mM 53.5 f 1.8 62.2 f 3.4 59.8 f 1.8 58.3 f 0.8 
+ Benzoate 1 mM 4.5 f 1.4 11.2 f 3.8 36.3 f 1.3 49.3 f 6.9 
+ Mannitol 1 mM 6.1 f 0.7 36.0 f 7.2 45.7 f 3.2 55.6 f 0.5 

20 mM 51.5 f 4.3 54.4 f 1.6 60.5 f 2.9 56.8 f 0.6 

Xanthine Oxidase System + Adriamycin (30 fl) 
HX/XO/Adr 61.6 * 5.2 13.2 f 3.1 10.2 f 5.5 34.0 f 9.7 29.6 f 10.7 
+ Formate 1 mM 28.8 f 2.5 35.2 f 3.2 44.3 f 0.2 45.1 f 3.7 

20 mM 50.8 f 6.1 43.0 f 6.3 50.2 f 5.2 44.2 f 8.9 
+ Mannitol 1 mM 15.4 f 3.7 23.3 f 5.7 34.9 f 4.4 34.7 f 4.8 

20 mM 45.8 f 4.4 43.6 f 4.2 44.9 f 5.3 44.7 f 9.3 

Values are means and ranges of two or four sets of duplicates. Results are presented as %-I of CK activity 
remaining after treatment in the xanthine oxidase system. The inactivation reaction was carried out at 
37°C for 30 min as described in the Materials and Methods. Iron and chelate concentrations were 2 pM 
FeSO,, 200 pM ATP, 40 pM EDTA, 200 pM citrate, 40 pM ICRF-198. HX, hypoxanthine; XO, xanthine 
oxidase; Adr, Adriamycin. 

however, exhibited less protection than expected based on rate constants. This may 
be due to inactivation of CK by the oxidizing benzoate radical itself. Protection of 
CK activity by the scavengers was also observed in the non-chelated iron catalyzed 
reaction (data not shown). In the presence of Adriamycin, CK activity was protected 
by formate and mannitol, with formate generally being more effective (Table 3). 
Absolute levels of protection tended to be slightly less with Adriamycin, but overall 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



394 C. THOMAS, A.C. CARR AND C.C. WINTERBOURN 

the results with and without Adriamycin were similar and consistent with .OH being 
responsible for the iron-dependent inactivation. 

CK is a dimeric enzyme that contains one ionized thiol group per subunit.25 
Although the reactive cysteine thiol is nonessential for catalysis, it appears to 
facilitate dual substrate binding and is required for maximum enzyme activity.26 
Since thiols are sensitive to attack by oxidants, we evaluated the effect of iron- 
dependent generation of oxidants on the thiol content of CK. Analysis using DTNB 
gave a thiol content of CK incubated under control conditions that corresponded 
precisely to amounts calculated on the basis of its concentration (9.6 p M  DTNB 
detected thiols in 4.8 pM CK). As shown in Table 4, loss of CK activity was accom- 
panied by a loss of thiol content. 

Addition of 250 p M  GSH to the xanthine oxidase reaction system markedly pro- 
tected CK from inactivation in the presence and absence of iron and the iron chelates. 
In most cases, only 6 to 12% of CK activity was lost when GSH was present. The 
exception was a loss of 22% activity when inactivation was catalyzed by Fe(ATP). 
These observations indicated that glutathione either protected CK from inactivation 
or that it reversed the inactivation. When GSH was added after the xanthine oxidase 
reaction was stopped after 30 min with allopurinol, and incubation continued for a 
further 15 min, only a small increase in activity was recorded. With all of the iron 
chelates, 250 pM GSH produced no reversal of inactivation (2.6 f 3.9%, n = 6) and 
1 mM GSH produced minimal reversal (9.6 f 4.5%, n = 6). Hence, GSH was much 
more effective if present during the inactivation process. 

DISCUSSION 

Creatine kinase is considered to be one of the most vulnerable enzymes to oxidative 
stress, such as occurs during ischemia/reperfusion or when cells are exposed to redox 
cycling agents like the anticancer drug Adriamy~in.'.~.' We have shown that the 
rabbit muscle enzyme is oxidatively inactivated either by the direct action of H20, 
or by an iron catalyzed Fenton-type reaction that also requires H20,  . With xanthine 
oxidase in the presence of iron, a system which generates both superoxide and .OH, 
superoxide was required to recycle the iron in the Fenton reaction. Both reactions 

TABLE 4 
Loss of enzyme activity and protein thiols in iron-dependent inactivation of CK by the xanthine oxidase 

system 

Iron chelate 
added 

CK activity 
Vo of control 

Thiol Content 
Vo of control 

None 
FeSO, 
Fe(ATP) 
Fe(citrate) 
Fe(EDTA) 
Fe(1CRF- 198) 

44.5 f 6.5 
36.5 * 1.5 
24.0 f 4.0 
40.5 f 5.5 
21.5 f 1.5  
34.5 f 1 . 5  

42.0 f 11.0 
52.5 f 5.5 
39.5 f 14.5 
45.5 f 11.5 
37.5 f 16.5 
28.0 f 11.0 

Values are means and ranges of two sets of duplicates. Results are presented as Vo of control to which 
no xanthine oxidase was added. Inactivation was carried out by incubating CK with the xanthine oxidase 
system with or without iron chelate at 37°C for 30 min. Thiols were measured using DTNB as described 
in the Materials and Methods. Iron and chelate concentrations were 2 pM FeSO.,, 200 pM ATP, 40 pM 
EDTA, 200 pM citrate, 40 pM ICRF-198. 
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IRON CATALYZED INACTIVATION OF CREATINE KINASE 395 

were additive, with iron concentrations in excess of 1-2 pM being sufficient for the 
iron-dependent mechanism to predominate. To the extent that it can be ascertained 
using  scavenger^,^^ our results are consistent with OH being responsible for iron- 
dependent inactivation. 

The efficiency of iron as a catalyst of CK inactivation depended on its chelated 
form. Of the physiological and nonphysiological iron chelates that we studied, only 
Fe(desferri0xamine) was inert. The fastest inactivation was seen with Fe(ATP). The 
data in Figure 3 suggest that only submicromolar concentrations of Fe(ATP) would 
be required to cause rapid inactivation well in excess of any direct effect of H,O, . 
Since adenine nucleotides are likely candidates for binding any low molecular weight 
iron that may be available in the cell, this could provide a mechanism for oxidative 
injury. Although Fe(ATP) catalyzed inactivation was diminished in the presence of 
Mg2+, inactivation still exceeded that of H,O,. In addition to its efficiency, 
Fe(ATP) catalyzed inactivation of CK was more resistant to inhibition by .OH 
scavengers and GSH than with the other chelates. These effects could be explained 
if the iron complex binds to the Mg(ATP) substrate binding site, allowing site- 
localized oxidative attack on the enzyme. 

Although the physiological chelates used in this study have been shown to be much 
better Fenton catalysts when the reaction is driven by Adriamycin radicals than by 
superoxide,”. we found that adding Adriamycin to the xanthine oxidase system 
gave no obvious enhancement of CK inactivation. However, our results do show that 
generation of superoxide and H,O,, either directly or through redox cycling of 
Adriamycin, causes the inactivation of CK, and they could be taken as support for 
the proposal that oxidation of CK contributes to the cardiotoxicity of Adriamycin. 
ICRF-187 has been shown in clinical trials to provide protection against Adriamycin 
cardioto~icity.’~’~~ Its mechanism of action has not been elucidated fully, but a 
strong possibility is that it undergoes intracellular hydrolysis to ICRF- 198 which then 
binds any low molecular weight iron that may be already present or released from 
ferritin by the Adriamycin Fe(1CRF-198) was found to be a good 
catalyst of CK inactivation, however, suggesting that if the proposed mechanism of 
action of ICRF-187 is correct, inactivation of CK may not be a crucial cardiotoxic 
event. The result with ICRF-198 is consistent with previous findings that its iron com- 
plex is a good catalyst of .OH production.” This contrasts with the protection 
given by ICRF-198 against microsomal lipid peroxidation and inactivation of 
Ca-ATPase mediated by redox cycling of Adriamycin. I ’  Iron-dependent inactiva- 
tion of Ca-ATPase also differed in not being inhibited by -OH scavengers, suggesting 
that its inactivation was not simply due to free *OH.31 

As has been observed with H,O:, we found that loss of protein thiols accom- 
panied loss of CK activity after iron-dependent oxidant treatment. Relatively low 
concentrations of GSH present during oxidant exposure protected against inactiva- 
tion. This could be due partially to -OH scavenging, but the greater efficiency of 
GSH than other scavengers and its more extensive protection suggested that it could 
also reverse thiol oxidation. Miller et aLzo have observed the formation of mixed 
disulfides between GSH and CK in the presence of a xanthine oxidase system, which 
disappeared at higher GSH concentrations. Reversal by dithiothreitol of CK inactiva- 
tion caused by high ferric iron concentrations has also been observed.” We 
measured only limited regeneration of active enzyme when GSH was added subse- 
quent to the oxidant system. The probable explanation is that initial reversible oxida- 
tion of the enzyme is followed by conversion to an irreversible product. This has been 
observed with glyceraldehyde-3-phosphate dehydr~genase,~’ and is also consistent 
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with the finding of Korge 8z Campbell” that CK activity was restored by dithio- 
threitol in their system after a brief 30sec inactivation period. It is probable, 
therefore, that GSH protects both by scavenging and by reducing the initial oxidized 
CK product. 

Creatine kinase is a dimeric enzyme with two different subunits designated m and 
b. Adult mammalian skeletal muscle contains only mmCK, whereas heart muscle 
contains mmCK and mbCK.” Since the amino acid sequence which contains the 
essential cysteine is similar in the m and b subunits of rabbit muscle CK,” and since 
the isolated subunits are catalytically active,33 the mbCK isozyme may be as suscep- 
tible to sulfhydryl oxidation and inactivation as the mmCK isozyme. 

In conclusion, we have shown that rabbit muscle CK is inactivated both directly 
by H,O, and by an iron-catalyzed reaction requiring superoxide or another reduc- 
tant to recycle the iron. We did not see direct inactivation by superoxide, as has been 
reported for CK from rat heart.’ The physiological chelates, Fe(citrate) and 
Fe(ATP), catalyze the reaction. Intracellular GSH should be protective, so physio- 
logical inactivation might not be expected until GSH is depleted. CK inactivation 
could be one mechanism whereby Adriamycin is cardiotoxic. However, this may not 
be consistent with the protection that is afforded by ICRF-187, since Fe(1CRF-198) 
catalyzes CK inactivation and would be expected to give only modest protection from 
inactivation catalyzed by physiological chelates. 
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