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Abstract

Atypical mitochondrial creatine kinase (creatineN-phosphotransferase, CK, EC 2.7.3.2) was detected in the serum of a
patient with carcinoma of germ cell origin, probably hepatoid yolk sac tumor. The pI of the oligomeric atypical
mitochondrial CK (Mi-CK) was found at the acidic side compared to that of the typical ubiquitous Mi-CK (uMi-CK), while
the molecular size of the atypical Mi-CK was similar to that of the typical uMi-CK. The pIs of the oligomeric and the
dimeric atypical Mi-CKs became the same as those of the typical uMi-CK upon treatment with 2-mercaptoethanol.
Therefore, the atypical Mi-CK was suggested to be an oxidized form of uMi-CK, and the oxidation might have occurred in
the mitochondria because the oligomeric atypical Mi-CK had atypical pIs. The physicochemical characteristics of the
oxidized uMi-CK were similar to those of the typical uMi-CK.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction mitochondrial CKs (Mi-CKs) exist as both octamers
and dimers [5,6]. Mi-CKs are found exclusively in

Creatine kinase (creatineN-phosphotransferase, the mitochondrial compartment, attached to the outer
CK, EC 2.7.3.2) is found in the cytosol and the surface of the mitochondrial inner membrane, but
mitochondria of cells and catalyzes the reversible only the octamer can interact with both the inner and
exchange of high-energy phosphoryl between ATP outer mitochondrial membranes [7–9].
and phosphocreatine [1–4]. Cytosolic CK iso- Two genetic types of Mi-CK are known: the
enzymes are dimers consisting of muscle-type (M) ubiquitous Mi-CK (uMi-CK) and the sarcomeric Mi-
and/or brain-type (B) subunits. CK-MM is ex- CK (sMi-CK) [10–12]. uMi-CK and sMi-CK are
pressed at high levels in skeletal muscle and CK-BB encoded by two different genes and are expressed in
is expressed in brain and smooth muscle. CK-MB, a tissue-specific manner; uMi-CK is expressed in
which is a hybrid of M and B subunits, is found in brain, smooth muscle and other tissues, while sMi-
cardiac muscle [4]. In contrast to cytosolic CKs, CK is expressed in cardiac muscle and skeletal

muscle [13,14]. The Mi-CK expressed in ovarian
*Corresponding author. Fax:181-86-427-8021. tissue is a ubiquitous one [15]; however, an atypical
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Mi-CK was detected in the serum of a patient with subunit activities for women were 20–160 and 2.0–
ovarian cancer (carcinoma of germ cell origin, 11.0 IU/ l, respectively.
probably hepatoid yolk sac tumor). pIs of the atypi- Agarose gel IEF was carried out on supporting
cal Mi-CK were different from those of the typical matrices using an IEF system (Joko, Tokyo, Japan).
uMi-CK but became the same as those of the typical The agarose plate used (12438030.5 mm) consisted
uMi-CK upon treatment with 2-mercaptoethanol (2- of 1% agarose and 2% ampholytes (pH range 5–9).
ME). Therefore, in the present study, heterogeneity First 5-ml of serum sample was applied to the
and enzymatic characteristics of the atypical Mi-CK agarose plate, and 0.2M citric acid and 0.5M
are investigated. ethanolamine were used as anode and cathode solu-

tions, respectively [13]. Focusing was carried out at
4 8C, at 300–1200 V for 120 min (power: 0.8–4.8

2 . Experimental W). The focused Mi-CK isoforms were stained with
a mixture of one pack of Autopack CK NAC, 75

2 .1. Materials mg/ l nitroblue tetrazolium and 7.5 mg/ l phenazine
methosulfate at 378C for 30 min. Counter-immuno-

The materials employed here included the follow- IEF was carried out by applying 5ml of anti-Mi-CK
ing: Autopack CK NAC, Autopack CK-MB and antiserum at a position 1.0 cm anodic to the sample
marker proteins for IEF and molecular masses application point [16]. Mi-CK was electrophoresed at
(Roche Diagnosis, Tokyo, Japan), Sephadex G-200 200 V per 10 cm for 17 min on a Cellogel mem-
superfine, agarose and carrier ampholytes for IEF brane.
(Amersham Pharmacia Biotech, Tokyo, Japan), car- In order to examine the characteristics of the
boxypeptidase B (Sigma, St. Louis, MO, USA), atypical Mi-CK, the Mi-CK was subjected to chro-
Freund’s adjuvant (Difco Laboratories, Detroit, MI, matography on a Sephadex G-200 superfine column
USA) and Cellogel membrane (Chemetron, Milan, and was treated separately with 2M urea, 0.0–0.2%
Italy). hydrogen peroxide, 0–250 mM 2-ME at 278C for 15

min, and with 900 U/ l carboxypeptidase B at 378C
2 .2. Specimens for 30 min [16].

CK isoenzymes in the sera of 187 patients with 2 .4. Isolation of Mi-CK and preparation of anti-
malignant tumors were separated by electrophoresisMi-CK antibody
and Mi-CK was detected in the sera of 86 patients.
Mi-CK isoforms in the sera of 20 of the 86 patients Human cardiac muscle was homogenized in 10
with more than 100 IU/ l non-CK-M subunit ac- mM Tris–HCl buffer, pH 7.4, and centrifuged at
tivities were separated by IEF and the atypical Mi- 1700g for 10 min at 48C, and then the supernatant
CK was detected in the serum of one patient in the was further centrifuged at 12 000g for 10 min [16].
present study. The patient was a 62-year-old woman The pellet was washed with Tris–HCl buffer until
with advanced carcinoma of the ovary (carcinoma of CK activity in the supernatant became negligible,
germ cell origin, probably hepatoid yolk sac tumor) and a mitochondrial pellet was finally obtained by
and serum samples obtained from the patient were centrifugation at 12 000g for 10 min at 48C. The
used for the study. Serum from a patient with rectal mitochondria were suspended in 50 mM phosphate
cancer was used as a sample of typical uMi-CK. buffer, pH 7.4, incubated at 48C for 60 min and

centrifuged at 105 000g for 30 min at 48C. The
2 .3. Assay methods supernatant containing Mi-CK was chromatographed

on a DEAE Sephacel column (0.9315 cm) that had
Serum CK and non-CK-M subunit activities were been equilibrated with 50 mM Tris–HCl buffer, pH

determined with Autopack CK NAC and Autopack 7.4, containing 30 mM NaCl, and the eluate was
CK-MB, respectively, at 378C on an Hitachi 7450 applied to a Sephadex G-200 superfine column. Mi-
analyzer. Reference levels of CK and non-CK-M CK fractions eluted from the column were concen-
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trated and approximately 5 mg of Mi-CK was grated to the CK-MM position after treatment with 2
emulsified with an equal volume of complete M urea. The serum CK enzymogram of the patient
Freund’s adjuvant. differed from that of normal ovarian tissue extract,

First 1 ml of the emulsion was injected intra- and was CK-BB dominant.
muscularly into the back of a rabbit and booster Fig. 1B shows IEF patterns of serum CK of the
injections were given with adjuvant on days 7, 14 patient. Broad CK bands were detected at pI 7.0–7.8
and 28 after the initial injection. Then 7 days after and the cathodic edge of the broad band was pI 0.1
the last booster injection, the rabbit was bled from away from the anodic side of the typical uMi-CK.
the ear vein, and the serum containing anti-human After urea treatment, a band at pI 6.75 and several
Mi-CK antibody was collected. Non-specific anti- minor bands at the anodic side of pI 6.75 were
bodies in the anti-serum were absorbed by incubation detected, in addition to the typical bands of uMi-CK
with normal human serum at 378C for 2 h, followed at pI 7.0 and 6.9 (Fig. 1C); however, the bands at pI
by incubation at 48C for 24 h and centrifugation. CK 6.8 and 6.7 were not detected.
activity and complements in the antiserum were The serum CK of the patient reacted with anti-Mi-
inactivated by heating at 568C for 30 min. The CK antibodies and migrated toward the anodic side
anti-Mi-CK antiserum was confirmed to react with (Fig. 2A); therefore, the atypical CK was considered
only Mi-CK and not CK-MM or CK-BB by the to be Mi-CK. In order to determine the molecular
Octerlony test [16]. size of the atypical Mi-CK, the Mi-CK was subjected

to chromatography on a Sephadex G-200 superfine
column. The elution patterns of the atypical Mi-CK

3 . Results by the column chromatography showed two CK
peaks corresponding to fractions G-M and A (Fig.

Fig. 1A shows serum CK isoenzyme patterns of 2B). The atypical CK at pI 7.0–7.8 was detected in
the patient. A slightly broad band from the position fraction G-M, while the atypical Mi-CK at pI 6.75
of CK-MM to the cathodic side of CK-MM was and the typical Mi-CK at pI 7.0 were detected in
detected by electrophoresis. The broad band mi- fraction A (Fig. 2C). Therefore, the molecular sizes

Fig. 1. (A) CK isoenzyme patterns of the sera and the tissue extract of normal ovary. Pt, patient’s serum; Pt 2M urea, patient’s serum after
treatment with 2M urea at 278C for 15 min. (B) IEF patterns of serum CK of the patient (Pt) and typical uMi-CK (uMi-CK). (C) IEF
patterns of serum CK of the patient (Pt 2M urea) and typical uMi-CK (uMi-CK 2M urea) after urea treatment at 278C for 15 min.



194 F. Kanemitsu et al. / J. Chromatogr. B 783 (2003) 191–197

Fig. 2. (A) Reaction of the atypical CK of the patient with anti-Mi-CK antibodies. Patient, the IEF pattern of the atypical CK of the patient;
anti-Mi-CK, the IEF pattern of the complexes (arrow) of the atypical CK and anti-Mi-CK antibodies. (B) Elution patterns of the atypical
Mi-CK by column gel chromatography. Pt, the elution pattern of the atypical Mi-CK (? ? ?d? ? ?); urea, the elution pattern of the atypical
Mi-CK after urea treatment (? ? ?s? ? ?); pro, the elution pattern of proteins in serum of the patient (? ? ? ? ? ?); A, G and M, the fractions of
albumin, IgG and IgM, respectively. (C) IEF patterns of the atypical CKs in fractions G-M and A from column gel chromatography.

of the atypical Mi-CK were similar to that of the detected at the position corresponding to CK-MM3
oligomeric or the dimeric form of the typical uMi- and the cathodic side of CK-MM2 (arrows in Fig.
CK. 3A). In contrast, the oligomeric typical uMi-CK

In order to examine the C-terminus of the atypical migrated toward the cathodic side of CK-MM2 and
Mi-CK, the Mi-CK was treated with carboxypep- CK-MM3. The dimeric atypical Mi-CKs were de-
tidase. After the treatment, the oligomeric atypical tected at the anodic side of CK-MM1 after treatment
Mi-CK migrated toward the anodic side and was with carboxypeptidase (arrows in Fig. 3B); however,

Fig. 3. (A) IEF patterns of the oligomeric Mi-CKs after treatment with 900 IU/ l carboxypeptidase B at 378C for 15 min. Pt, the delysined
atypical Mi-CK; uMi-CK, the delysined typical uMi-CK. (B) IEF patterns of the dimeric Mi-CKs after treatment with 900 IU/ l
carboxypeptidase B at 378C for 15 min. Pt, the delysined atypical Mi-CK; uMi-CK, the delysined typical uMi-CK.
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Fig. 4. (A) IEF patterns of the atypical Mi-CK after treatment with hydrogen peroxide. Pt, the atypical dimeric Mi-CK; 0.2, after treatment
with 0.2% hydrogen peroxide at 278C for 15 min. (B) IEF patterns of the atypical oligomeric Mi-CK after treatment with 2-ME. Pt, the
atypical Mi-CK; 250, after treatment with 250 mM 2-ME at 278C for 15 min. (C) IEF patterns of the atypical dimeric Mi-CK after
treatment with 2-ME. Pt, the atypical Mi-CK; 20 and 50, after treatment with 20 or 50 mM 2-ME at 278C for 15 min, respectively.

dimeric typical uMi-CKs were detected between the teristics of the atypical Mi-CK were found to be
anodic side of CK-MM2 and CK-MM1. Therefore, minimal.
the pIs of the delysined atypical Mi-CK differed
from those of the typical uMi-CK.

Typical Mi-CK is oxidized by hydrogen peroxide
and its pIs migrate toward the anodic side; however, 4 . Discussion
the pIs return to their original positions after treat-
ment with 2-ME [13]. Therefore, the atypical Mi-CK Mi-CK levels are elevated in the sera of some
was separately treated with hydrogen peroxide and cancer patients and are considered to be an advanced
2-ME. However, after treatment with hydrogen prognostic indicator [17,18]. In cancer patients,
peroxide, the IEF pattern of the atypical Mi-CK did especially those with advanced gastric cancers, Mi-
not change (Fig. 4A). In contrast, after treatment CK is detected in the sera at high rates (31–75%);
with 2-ME, the octameric atypical Mi-CK migrated however, in advanced ovarian cancer patients, Mi-
toward the cathodic side (arrows in Fig. 4B), and the CK is detected at 25% [17]. The characteristics of
dimeric atypical Mi-CK at pI 6.75 migrated to pI 6.8 Mi-CK in the sera of cancer patients were similar to
(arrows in Fig. 4C). those of typical Mi-CK and the characteristics of

Table 1 shows the physicochemical characteristics atypical Mi-CK have not been reported thus far. In
of the atypical Mi-CK. The characteristics were the present study, the atypical Mi-CK detected in the
similar to those of the typical uMi-CK; therefore, the serum of the patient with ovarian yolk sac tumor had
effects of oxidation on the physicochemical charac- slightly higher pIs than the typical uMi-CK. Mi-CK

Table 1
Physicochemical characteristics of uMi-CKs (mean6SE)

K E 45 8C/20 min 5 mM iodo-m a

(mM) (kJ /mol) (%) acetamide (%)

Sample 3 4 2 2

Atypical uMi-CK 0.6960.02 110.163.7 88.161.5 70.966.5
Typical uMi-CK 0.7460.02 110.563.7 89.660.4 74.665.0
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with similar pIs to the dimeric atypical Mi-CK was
obtained by hybridization of sMi-CK and uMi-CK in
vitro [16]; however, in the case investigated here, the
atypical Mi-CK was not obtained by hybridization.
Furthermore, the atypical part of the Mi-CK was not
in the C-terminal region because the oligomeric and
dimeric atypical Mi-CKs reacted with carboxypep-
tidase and the pIs of the atypical Mi-CKs after
treatment with carboxypeptidase remained un-
changed.

Fig. 5 shows changes of the typical uMi-CK into
various forms [13] and the position of the atypical
Mi-CK. The octameric uMi-CK binds to the inner
and outer mitochondrial membranes [7–9], and is
released into the circulation as octameric or dimeric
forms [13]. The dimeric typical uMi-CK at pI 7.0 is Fig. 6. Three forms of monomeric uMi-CK, five forms of dimeric

uMi-CK and the atypical dimeric uMi-CK (Pt).a reduced form and the others are oxidized forms
[13]. The reduced form is oxidized by hydrogen
peroxide and migrates toward the anodic side; how-
ever, it returns to the original pI upon treatment with
2-ME [13]. The existence of five forms of dimeric oxidized form of typical uMi-CK, as shown in Fig.
uMi-CK consisting of three types of redox mono- 6. The oligomeric atypical uMi-CK also had an
mers is surmised (Fig. 6). atypical pI; therefore, the atypical uMi-CK is consid-

In contrast, the dimeric atypical Mi-CK in the ered to be oxidized in the mitochondrion. The
present study was detected at pI 6.75 (Figs. 5 and 6). mitochondrion is the site of electron transport where
After treatment of the atypical Mi-CK with 2-ME, remaining oxygen is converted into superoxide, and
the octameric atypical Mi-CK migrated toward the uMi-CK participates in the energy metabolism in
cathodic side from the original position, and a close relation to the electron transport system
dimeric typical uMi-CK at pI 6.75 migrated toward [3,19,20]. Therefore, it is suggested that the patient’s
pI 6.8, the typical pI (Fig. 4B and C). From the Mi-CK was influenced by the electron transport
results, the atypical Mi-CK was considered to be an system.

Fig. 5. Changes of the typical uMi-CK into various forms and positions of the atypical uMi-CKs.
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