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Abstract

Human y-globulin containing IgGs generally shows a binding ability to protein A through its Fc region. When
purified human +y-globulin was incubated with cis-diamminedichloroplatinum(II) (cis-DDP), reduced binding to
protein A was observed. On the other hand, y-globulin in human plasma showed only a slight decrease in protein A
binding at similar doses, due probably to other internal substances in plasma by trapping cis-DDP. Reduction of
y-globulin pretreated with cis-DDP resulted in significantly decreased amounts of the H and HL components,
whereas the L chain was normally detected. These results suggest that cis-DDP affects the disulfide(S-S) bond(s) in
the inter H-H chains which locate in the Fc region. We have demonstrated that cis-DDP causes y-globulin
polymerization and its S-S bond cleavage (Chen et al., Int. J. Pharm., 106 (1994) 249-253). Diethyldithiocarbamate
(DDTC) partly restored these effects of cis-DDP on y-globulin in terms of the decreased S-S bonds, polymerization,
and the reduced binding ability of y-globulin to protein A. Since DDTC is known to easily cleave the Pt-S bond, Pt-S
bonds are likely to be responsible for the restoration of this y-globulin-cis-DDP interaction.
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1. Introduction

Cisplatin, cis-diamminedichloroplatinum(II)
(cis-DDP), is one of the most widely used
chemotherapeutic antitumor agents (Chu, 1994).
Since the DNA adduct of cis-DDP is generally
accepted to be responsible for its antitumor activ-
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ity, much information is available for its binding
to nitrogen atoms in DNA (Lempers and Reed-
ijk, 1991). On the other hand, platinum has a high
affinity for sulfur-containing molecules, including
metallothionein or glutathione via the sulfhydryl
group, a,-antiplasmin via the methionine group,
and the histidine group (Howe-Grant and Lip-
pard, 1980; Geary and Gonias, 1989; Lempers
and Reedijk, 1991; Pattanaik et al., 1992).
Sulfur-containing biomolecules accelerate inacti-
vation of cis-DDP and are involved in the resis-
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tance of normal or tumor cells to cis-DDP toxic-
ity. Various compounds containing sulfur have
been proposed as protecting agents to decrease
the toxic side effects of cis-DDP without interfer-
ing with their antitumor activity. Such examples
include WR 2721 (ethiofos, S-2-(3-aminopropyl-
amino)ethylphosphorothioic acid), thiosulfate,
and N, N-diethyldithiocarbamate (DDTC) which
is the metabolic product of disulfiram used in the
treatment of alcoholism (Agarwal et al., 1983;
Schmalbach and Borch, 1990; Kobayashi et al.,
1991; Treskes et al., 1991).

We have demonstrated that cis-DDP is able to
bind proteins through the disulfide(S-S) bond and
cause alterations in the secondary structures of
human serum albumin, fibrinogen and y-globulin
(Ohta et al., 1992, 1993, 1995; Chen et al.,
1994a,b). Interestingly, only y-globulin was poly-
merized and changed to insoluble aggregates by
cis-DDP. As compared to the extensively exam-
ined albumin, due to the lack of knowledge about
competitive drug binding to y-globulin and its
polyclonal characteristics, little information is
available about the interaction between y-globu-
lin and drugs from the pharmaceutical viewpoint.
One of the functional sites of the IgG molecule
other than the antigen-binding site is the Fc
region consisting of Cy;2 and C;3 domains, which
is known to bind specifically protein A from
Staphylococcus aureus (Burton, 1985). Therefore,
protein A is valuable for predicting the effect of a
given drug to the Fc region.

In the present study, we investigated the effect
of cis-DDP on this functional site of y-globulin
using affinity gel chromatography of protein A,
and the restoration of the platinated y-globulin
by DDTC in terms of the S-S bond, polymeriza-
tion and the protein A binding ability.

2. Materials and methods
2.1. Materials

cis-DDP was purchased from Aldrich Chemi-
cal Co. (Milwaukee, WI, USA). Human y-globu-
lin (No. G4386) was obtained from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Disodium 2-nitro-

5-thiosulfobenzoate(NTSB) was synthesized ac-
cording to the method of Thannhauser et al.
(1984). Sodium N,N-diethyldithiocarbamate tri-
hydrate (DDTC) was obtained from Wako Pure
Chemical Ind. Ltd (Osaka). Affi-Gel protein A
MAPS-I1 kit was purchased from Bio-Rad
(Richmond, CA, USA). Whole blood was ob-
tained from three healthy volunteers (Red Cross
Blood Center, Nagoya).

2.2. Incubation of cis-DDP and y-globulin

Incubation of +y-globulin with cis-DDP was
carried out as previously described (Chen et al.,
1994b). cis-DDP was dissolved in a phosphate
buffer solution (50 mM, pH 7.4) with 0.1 M NaCl.
Human vy-globulin was dissolved in the same
medium. Each solution was filtered through a 0.2
um sterilized filter (Toyo Roshi, Tokyo) and
placed in sterilized test tubes with a screw cap
after correcting the modified concentration of
protein due to adsorption on the nitrocellulose
membrane. The concentration of cis-DDP was
varied from 0.1 to 0.6 mM, where the protein
concentration was always kept at 3 mg/ml. The
mixed solutions were incubated at 37°C, being
protected from light.

2.3. Binding of IgG to protein A affinity gel

Binding of IgG in y-globulin solution to pro-
tein A from S. aureus was conducted using the
Affi-Gel protein A MAPS-II kit according to the
method recommended by Bio-Rad. Since protein
A specifically binds to the Fc region of im-
munoglobulins, mainly IgG, from different mam-
malian species (Langone, 1982), affinity chro-
matography, using protein A coupled to agarose
gel, is widely used for the isolation of IgG. The
isolation of IgGs was carried out by applying
v-globulin (2 ml) dissolved in pH 8.0 binding
buffer to an Affi-Gel protein A column (bed
volume 1 ml) and eluting the retained IgGl,
I1gG2, and IgG4 with pH 3.0-7.0 elution buffer
(Burton, 1985). The IgG content in the eluted
solution was measured at 280 nm.
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2.4. Effect of cis-DDP on protein A binding ability
to IgG in human plasma

Pooled human plasma was prepared by mixing
an equal volume of plasma from three volunteers.
The plasma was dialyzed against pH 7.4 buffer
(50 mM phosphate) containing 0.1 M NaCl in
order to compare with the protein A binding to
purified y-globulin in the same medium, since
the reactivity of cis-DDP is sensitive to chloride
concentration. Subsequently, the plasma was di-
luted to adjust the IgG concentration equal to 5
mg/ml. The concentration of IgG in human
plasma was determined by the method of latex
agglutination (Dezelic and Dezelic, 1970). Vari-
ous concentrations of cis-DDP were added, and a
2 day incubation at 37°C was performed. Plasma
(2 ml) diluted in pH 8.0 binding buffer was ap-
plied on Affi-Gel protein A as previously de-
scribed.

2.5. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of cis-DDP-treated
and reduced y-globulin

y-Globulin was incubated with 0.1 or 0.6 mM
cis-DDP at 37°C for 6 days. It was then solubi-
lized in 25% urea and reduced using 4 mM
dithiothreitol (DTT) according to the method of
Davies et al. (1989). Alkylation of the reduced
thiol groups was carried out using iodoacetamide.
Carboxymethylated +vy-globulin was obtained by
separation through a column (1.0 cm i.d. X 18 cm)
of Sephadex G-25 (Pharmacia, Uppsala, Sweden).
Analysis by electrophoresis in the presence of
SDS was performed on 7.5% polyacrylamide gel
at pH 8.8.

2.6. Restoration of platinated vy-globulin by DDTC

Restoration experiments were performed on
2-day incubation mixtures of y-globulin (3 mg/ml)
and cis-DDP. Before adding DDTC, the reaction
mixture of y-globulin and cis-DDP was applied
to a Sephadex G-25 column in order to remove
excess cis-DDP, since DDTC has been shown to
chelate with cis-DDP (Dedon and Borch, 1987). 3
mM DDTC was then added to the vy-globulin

fraction and incubated at 37°C for 30 min. The
number of S-S bonds, SDS-PAGE, and binding
ability to protein A were then measured for vy-
globulin.

2.7. Determination of S-S bond

The number of S-S bonds remaining in -
globulin was determined using NTSB by a modi-
fied method of Kella and Kinsella (1985). -
Globulin solution (0.5 ml) was mixed with NTSB
assay solution (3 ml) containing 0.2 M Tris base,
0.1 M EDTA and 3 M guanidine thiocyanate with
freshly prepared Na,SO, solution (0.2 M). After
20 min the absorbance at 412 nm was monitored
against an appropriate blank. The concentration
of S-S was calculated from the extinction coeffi-
cient of 2-nitro-5-thiobenzoic acid of 13600 M !
cm ™! (Riddles et al., 1983).

Protein was assayed using the Coomassie Bril-
liant Blue G kit (Bio-Rad).

3. Results and discussion

The IgG molecule, a major component of y-
globulin, consists of two sets of light (L) and
heavy (H) chains which are held together by S-S
bonds as depicted in Fig. 1. An L chain is linked
to an H chain by a single S-S bond. The molecu-
lar mass of the L and H chains is 25 and 50 kDa,
respectively. Although inter H chain S-S bonds

Fig. 1. Schematic diagram showing the immunoglobulin 1gG1
molecule.
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Fig. 2. Binding ability of cis-DDP-treated y-globulin to pro-
tein A. y-Globulin (3 mg/ml) was incubated with cis-
DDP(mM): (@) 0.1, (C) 0.2, (a) 0.4, (2) 0.6. The amount of
native y-globulin bound to protein A affinity gel (bed volume
1 ml) was regarded as 100%.

are different depending on the subclasses, the
average number of S-S bonds is estimated to be
17.1 based on the assumption that the four sub-
classes were comparable to those in the blood,
and contain no sulfhydryl groups (Nisonoff, 1984a;
Chen et al., 1994b). The Fc region of IgG, which
is composed of the C2 and C3 domain, plays
an important role as functional sites, such as
complement binding and binding to the Fc recep-
tor on phagocytic cells (Burton, 1985). The inter-
action between staphylococcal protein A and hu-
man IgG1, 1gG2, or 1gG4 is mediated by this Fc
region. The cis-DDP effect on the binding ability
of the Fc region to protein A was evaluated.

3.1. Effect of cis-DDP on Fc region of vy-globulin

Fig. 2 shows the influence of incubation time
on the extent of binding of protein A with y-
globulin, which was treated with various concen-
trations of cis-DDP at 37°C for 3 days. Bound
y-globulin to protein A without cis-DDP was
regarded as 100%. Since the incubation solution
gradually turned opaque after about 4 days incu-
bation, a limited study was conducted in protein
A binding within 3 days. The binding ability to
protein A remaining in y-globulin solution de-
creased with increasing cis-DDP and incubation

time, as shown in Fig. 2. On incubation for 3 days
with 0.6 mM cis-DDP, the y-globulin fraction
being able to bind with protein A was reduced to
35% of the untreated control. We reported that
cis-DDP causes the formation of y-globulin poly-
mer, accompanying the cleavage of S-S bonds, in
which 2.7 S-S bonds per mol of protein were
cleaved and the polymerization proceeded to
some extent by 3 days incubation with 0.6 mM
cis-DDP (Chen et al., 1994b). Therefore, the
changes in Fc induced by cis-DDP, rendering it
unable to interact with protein A as shown in Fig.
2, might involve S-S cleavage and /or polymeriza-
tion.

As shown by crystallographic studies, protein
A binds between the Cp;2 and Cy;3 domains and
His 435 in C;3 plays an important role in protein
A binding (Deisenhofer, 1981). The inability of
human IgG3 to bind to protein A could be ex-
plained by the substitution of Arg for His 43S.
Therefore, the cis-DDP effect on protein A bind-
ing is assumed to be direct against His 435 or
indirect, such as the cleavage of S-S bond which
locates near His. The interaction between protein
A and IgGl, however, is unaffected by inter H
chain S-S reduction and alkylation (Klein et al.,
1981). Thus, a greater perturbation of His 435
might have been induced by cis-DDP than inter-
chain S-S reduction and alkylation.

3.2. Effect of cis-DDP on Fc region of y-globulin
in human plasma

In order to elucidate the effect of cis-DDP on
the IgG Fc region in plasma, the binding ability
of plasma IgG to protein A in plasma was com-
pared with that in purified y-globulin solution
where the IgG concentrations were adjusted to
be equivalent (5 mg/ml) in pH 7.4 buffer contain-
ing 0.1 M NaCl. Fig. 3 shows the effect of cis-DDP
concentrations on the binding ability of IgG to
protein A. Purified y-globulin solution, upon in-
cubation with 0.8 mM c¢is-DDP for 2 days, showed
a decrease to about 39% in protein A binding,
while plasma demonstrated a 60% decrease. This
discrepancy may be attributed to internal sub-
stances contained in plasma that probably more
preferentially interact with cis-DDP than IgG,
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Fig. 3. Change of binding ability to protein A of cis-DDP-
treated y-globulin in human plasma. (O) Purified y-globulin
solution; () dialyzed human plasma. The concentrations of
IgG in human plasma and IgG in purified y-globulin solution
were adjusted to be 5 mg/ml, and incubation with cis-DDP
was performed at pH 7.4 and 37°C for 2 days.

such as albumin, and thus might trap cis-DDP
before binding to IgG (Gonias and Pizzo, 1983;
Ohta et al., 1992). Upon administration of cis-
DDP, a similar degree of damage in the Fc re-
gion might not be feasible, since the cis-DDP
concentration used in this experiment was greater
than that found in plasma and the maximam
plasma platinum was about 2 X 1075 M even in
high-dose therapy (Gandara et al., 1991).

3.3. SDS-PAGE of cis-DDP-treated y-globulin prior
to reduction

IgG has 12 intrachain S-S bonds and 4-13
interchain S-S bonds. Interchain S-S bonds are
known to be more readily reduced by reducing
agents than intrachain S-S bonds (Nisonoff, 1975).
Partial reduction of an intact IgG would result in
many fragments in order of molecular mass L, H,
HL, or HHL as shown in Fig. 4. If any interchain
S-S bonds were not altered by cis-DDP, frag-
ments similar to those from intact IgG would be
derived. However, SDS-PAGE of cis-DDP-
treated y-giobulin prior to reduction with 1 or 4
mM DTT was significantly different from that of
v-globulin subjected to only reduction. In the
case of cis-DDP-treated y-globulin, the H chain

(50 kDa), HL chain (75 kDa) which is a relatively
large amount of intermediate breakdown product
from intact IgG disappeared, and only the L
chain (25 kDa) was clearly detected. The normal
detection of L chain might indicate that the one
S-S bond linked H and L chain is not involved in
cis-DDP binding. Instead, the disappearance of H
and HL chains demonstrates the possible involve-
ment of the S-S interchain bond between H and
H chains. This is consistent with the result show-
ing cis-DDP induced damage in the Fc region,
since the Fc region includes these inter H chain
S-S bonds (Nisonoff, 1984b).

3.4. Restoration of platinated y-globulin by DDTC

Several sulfur-based nucleophilic agents have
been investigated as chemoprotectors against the
side effects of cis-DDP, such as WR-2721
(Treskes et al., 1991), methiazole (Vail et al.,
1993), thiourea, thiosulfate (Kobayashi et al.,
1991) and DDTC (Dedon and Borch, 1987). The
rescue mechanisms of these agents are likely to
be different. DDTC can reduce the nephrotoxic-
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- 116.25 KDa
97.40 KDa

66.20 KDa

45.00 KDa

“3&@5 L

Fig. 4. SDS-PAGE of cis-DDP induced polymerized y-globu-
lin prior to reduction. (Left lanes) y-Globulin was reduced by
(1) 1 mM or (2) 4 mM DTT for 30 min, and alkylated. (Right
lanes) y-Globulin was incubated with cis-DDP (1) 0.1 mM or
(2) 0.6 mM for 6 days, and then reduced by 4 mM DTT and
alkylated. N, native vy-globulin; STD, standard SDS-PAGE
molecular mass marker.
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Fig. 5. Restoration of cleaved disulfide bond in cis-DDP-
treated y-globulin using 3 mM DDTC. (0) Before addition of
DDTC; () after addition of DDTC. cis-DDP-treated y-
globulin (3 mg/ml) was prepared by 2 days incubation at 37°C
with various concentrations of cis-DDP. The y-globulin frac-
tion in this incubation mixture was then incubated with 3 mM
DDTC for 30 min at 37°C as described under Section 2.

ity by restoring platinated protein, while the
problem of toxicity remains. Thus, DDTC restor-
ing the alteration in +y-globulin caused by cis-
DDP, ie., S-S bond decrease, polymerization,
and reduced binding to protein A, is possible.
Incubation of +y-globulin with cis-DDP re-
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Fig. 7. Restoration of binding ability of cis-DDP-treated y-
globulin to protein A by 3 mM DDTC. (0) Before addition of
DDTC; (e) after addition of DDTC. cis-DDP-treated -
globulin was prepared by 2 days incubation at 37°C with
various concentrations of cis-DDP. The y-globulin fraction in
this incubation mixture was then incubated with 3 mM DDTC
for 30 min at 37°C.

sulted in a decrease of S-S bonds in y-globulin.
Fig. 5 demonstrates the number of S-S bonds
cleaved in 3 mg/ml of y-globulin during 2 days of
incubation. When cis-DDP-treated y-globulin was
incubated with 3 mM DDTC for 30 min, DDTC
was able to restore the decreased number to

cis-DDP (mM)
without DDTC

¢is-DDP (mM)
with DDTC

0 01 02 04 060 01 02 04 06

200.00 KDa
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T 97.40 KDa

66.20 KDa
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Fig. 6. SDS-PAGE of y-globulin incubated with cis-DDP and restoration of monomer form using 3 mM DDTC. (Left lanes)
cis-DDP-treated y-globulin was prepared by 2 days incubation at 37°C with various concentrations of cis-DDP (0, 0.1, 02,04, 0.6
mM). (Right lanes) The y-globulin fraction in the incubation mixture was then incubated with 3 mM DDTC for 30 min at 37°C. S,

standard SDS-PAGE molecular mass marker.
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about 1 instead of the original value of 0. Pro-
longed incubation for 1 h did not appear to be
effective for further restoration.

The effects of DDTC on polymerized y-globu-
lin induced by cis-DDP are shown in Fig. 6. The
lanes of the left half show SDS-PAGE of -
globulin with a higher molecular mass than the
intact molecule caused by various amounts of
cis-DDP. Subsequent treatments with 3 mM
DDTC for 30 min restored the polymerized -
globulin to the original molecular mass as shown
in the right lanes. Upon incubation with cis-DDP
at concentrations of 0.4 and 0.6 mM, intact y-
globulin is hardly observed before DDTC addi-
tion, whereas it is clearly evident after incubation
with DDTC. Polymerized +y-globulin which is
likely to be held together covalently via platinum
might be restored to the monomeric form by
dissociation of the bond(s) in the y-globulin-cis-
DDP adduct (Chen et al., 1994b).

Fig. 7 shows the restoration of binding ability
of y-globulin to protein A. After a 2 day incuba-
tion with cis-DDP, y-globulin was significantly
reduced in protein A binding. The addition of
DDTC restored the binding ability to approx.
80% of its original state. No measurable effect of
DDTC itself on the binding between vy-globulin
and protein A was observed. As far as the
restoration system by DDTC is concerned, com-
plete restoration was not achieved in all three
experiments after 30 min incubation with 3 mM
DDTC.

The present study showed that incubation of
y-globulin with cis-DDP resulted in the reduced
binding of protein A, in addition to S-S bond
cleavage and polymerization (Chen et al., 1994ab).
The partial restoration of these changes by DDTC
might help to reveal the binding mechanism be-
tween cis-DDP and y-globulin. As DDTC indeed
induces dissociation of Pt-enzyme adducts by
breaking the Pt-S bond, alterations of y-globulin
caused by cis-DDP might partly involve Pt-S bond
formation (Lempers and Reedijk, 1990, 1991).
The S generally represents the sulfur atom of
cysteine, methionine or possibly cystine, although
v-globulin contains no cysteine as described
above. The incomplete regeneration observed
with DDTC suggests that the binding mechanism

between cis-DDP and +y-globulin could not be
explained by one type of bond. As demonstrated
in the previous report, the binding of about 4.4
mol of cis-DDP at the ratio of one S-S cleavage
in y-globulin supports this explanation (Chen et
al., 1994b). The incomplete regeneration might
be also explained by some conformational pertur-
bation, rendering <y-globulin inaccessible to
DDTC, which was induced by cis-DDP.

Upon administration of cis-DDP, a relatively
high level of platinum is seen in the y-globulin
fraction (Gullo et al., 1980). In the present paper
we demonstrated that cis-DDP-treated vy-globu-
lin is functionally deficient as well as the confor-
mational change, and the Fc region contributes to
these changes. The result is interesting, as little
information is available about drug binding to the
Fc region in 1gG. Decreased biological activity of
y-globulin through the Fc region may be of medi-
cal relevance, for example, as regards the im-
mune defense mechanism, although the func-
tional deficiency in plasma was shown to occur to
a smaller extent than in the buffer solution.
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