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REACTIONS OF K,PtCl; WITH METALLOTHIONEINS IN VITRO

Zhong Weiging Zhang Qi Yue Sheng Yan Yuan Zhang Baolin'® Tang Wenxia®
(State Key Labaratory of Cosrdwatun Chemastry , Coordmatin Cherestry Institute ,
Nmujug Umersidy, Newpng 210093, 'Beyiing Buckerncal & fmomme Rengents Cender, Beejmg 100012)

A redox reaction fellowing a substitution reaction from K,PtCls with rabbit liver
Zn:MT- 1 or apoMT- 1 is presented. The reaction features, the metal binding stoichiome-
try, and the binding sites and the oxidation state of platinum in the products are studied with
UV-visible, circular dichroism (CD)} spectroscopy, chromatography, and X-ray photoelec-
tron spectroscopy methods. MT is oxidized te monomeric, dimeric, and higher oligomeric
products with intra and intermolecular CyS-SCy linkages. Pt ( IV ) is reduced to Pt( 1 )
which binds to the preducts. The binding stoichiometry of Pt{ I ) to the protein increases
and the amount of Zn{ § ) decreases as the reaction molar ratio of K:PtCl; 1o MT increases
and the reaction time prolongs. PtyZn,MT and Pt;MT are obtained when the Zn;MT reacts
with four and beyond ten molar ratics of K,PtCls, respectively. When apoMT- I reacts
with K;PtCls, Pt;MT and Pt,sMT are found for seven and 25 molar ratios of K,PiCle 1o MT
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at pH 2. respectively. The reaction of K,PtCl. with apoMT is faster than that with ZnMT.
Keywords. K.PtCl: metallothionein redox reaction

mechanism

0 Introduction

Vetallothwaein { MT) is a low molecular weight protein found in all eukaryotic cells and is capa-
ble of binding a variety of metal jonst'*1, The binding involves thiolates of the 20 cysteine residues,
the bound metdl 1ons which are tetrahedrally coordinated to four cysteine thiolates are distributed as a
M.S, complex ¢ #-cluster) formed by the N-terminal f-domain and a M.,S,, complex (a-cluster) enfold-
ed by the C-terminal a-domain (M is Zn and/or Cd ion) in the native mammalian MT moleculet™*-. It
is considered that the reactivity and meial-binding property of the two clusters are different from each
other-="]. One opinion thinks that the metal binding process is “domain-specific™ or “cooperative ™.
This madel was used 1o interptet the results obtained when Cu( 1 ) reacted with Zn:MT or Cd?*~ react-
ed with apoMT . the first six Cul | ) ot three Cd*" ions replaced Zn®* jons which located in the j-do-
mawn= 'l The other opinjon believes that a “distributed” or “incooperative” model is an explanation
surlable for the results from the reaction of four molar radics of Cd** or Co** with Zn,MT and statisti-
cally two Cd? or two Co’* ions were bound in each domain®-™). MT is also a potential candidate for
involverment in rthe tinding of platinum, This leads to the reactions which are important in the plat-
inum metabolism. antitumor action. and drug resistance or cisplatin-cross resistance of certain Pt com-
plexes “17 .

A lut of investigations have been made on the teactions of Pt{ I ) complexes, especially cis-
platin. with MTs w ruw and w wtrer®'*), 1t appears that PMT or PtiyMT may be formed when
Pic I ) complexes react with Zn,MT. Cd;MT or apoMT w sizrel''1%1, However, rare investigation has
been made on the reaction with Pt{ IV ) complexes. We have reported that the reaction between native
rabbit liver CdsZn;MT- 1 and K.PtCl, comprises a redox and a substitution teaction!'?., The native
Cd:Zn.MT is oxidized by K,:PtCl, to generate monometic, dimeric platino-MTs and oligomeric prod-
ucts. The p-cluster of the protein is more reactive than the o-cluster which perhaps has a special
stabijlity when substoichiometric guantitative Pt{ ' ) (<Z{. 5 K;PtCl; per MT thiolate) reacts with the
protein. and the a-cluster also takes part in the reaction until the molar ratio of Pt( IV ) to MT 1s ahove
stoichiometric quantities ¢ 220 5 KiPtClg per MT thiotate) for a long time (24 h).

In grder to obtain more information on the reaction property of the o- and g-clusters in MT with
Pti IV ) complexes. 1t this paper. the reactions of K,PtCl, with rabbit liver Zn,MT- [ and apoMT- |
have been reported. The teaction mechanism and the structure of the products are discussed upon the re-

sults obtained.
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1 Experimental

1.1 Preparation and Characterization of MTs

Rabbit liver Zn;MT- § was isolated and purified by using the method reported in the litera-
turel'], and was checked with measuring the contents of S and metal ions by inductively coupled plas-
ma (ICP) spectrometric determination using emission line of S (181. 978 nm), Pt(224. 552 nm),
and Zn(213. 856 nm) performed on a JOBIN YVON JY 385 ICP spectrometert'®]. ApoMT was pre-
pared according to the literaturet® by gel-filtration chromatography (Sephadex G-25). An appreciate
amount of lyophilized Zn;MT was dissolved in 20 mmol « 1~* tris-HCI buffer sclution at pH 8. 60, con-
taining equal amount of dithiothreitol. and was incubated for | h at room temperature. The pH was
then adjusted to 1. 0 by the rapid addition of 6 mol « 17! HCl. The sample was centrifuged for 5 min at
10,000 g. then the supernatant was applied to a Sephadex G-25 column(1l. § X 30 cm) preequilibrat-
ed with 0. 01 mol « 17! HCl, and eluted with the same solution. After elution monitored by an absorp-
tion at 220 nm, the protein fractions of the major monomeric peak were collected. The sulfhydryl
groups (SH) were measured with Ellmen’ reagent™ ! and the results showed that the apoMT contained
18+£2 SH™. The concentration of the protein was determined by the absorbance at 220 nm of apoMT
at pH 2(e=47,300 mol « 1" « cm™ 1)),

1.2 Binding Kinetics B

Rabbit liver MT- [ isoform and stock solutions of K,PtCl; and K,PtCl, in water were used for
studijes. All procedures were performéd in a nitrogen atmosphere. .

Deaerated Zn;MT and apoN!T‘éolutions containing 250 melar ratios of K,PtCls were prepared to
study the reaction kinetic properties by UV-visible spectral experiments. 36 pl of 0. 208 mmol » 1!
Zn;MT solution was added to 2. 814 ml of 0. 01 mol « 17! potassium phosphate buffer solution, pH
7. 40(final MT concentration was 2. 5 pmol + 17'). After degassed completely, this solution was trans-
ferred 10 & 1 cm cuvette and sealed with a parafilm, L. 50 miof 1. 25 mmol « 17! K, PtCl, degassed so-
lution was added through a gastight syringe to the cuvette at time zero, and the changes of absorbance
at 260 nm versus time were recorded on a Shimadzu 3100 spectrometer at 157 . The reference sclu-
tion: contained all the regents except protein and K,PtCly. Pseudo-firsi-order rate constant was obtained
by plotting In{4./A) against time (A, represents the absorbance at 260 nm of the reaction mixture at
time zero). The pseudo-first-order rate constant of the reaction between apoMT and K,PtCl, was ob-
tained by using the same method.

Circular dichroism (CQ) spectra were also used to study the reaction feature of Zn,MT with
K;PtCly. The time course of the reaction between Zn,MT and 25 molar ratics of K,PtCl; were recorded
on a Jasco J-500 circular dichroism spectrometer. The sample for CD spectral measurement was pre-
pared as mentioned above (final MT concentration was 20 pmol = 171).

1.3 Binding Stoichiometry

The reaction mixtures of a series of the deaerated Zn;MT- I solutions containing 2.4.10 and 25

molar ratios of K,PtCls were prepared in 3. 6 mmol » 1™ potassium phosphate solution, pH 7. 40(final
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MT conceniration was (. 4 mmol « 17') and were left sianding for 2.24 and 72 h at 23 C. Each of
these solutions was introduced into a Sephadex G-50 column{1l. %65 cm), eluted with 3. 6 mmal »
1" ! potassium phosphate solution, pH 7. 40 at 8 C, and monitored at 254 hm. Fractions (5 ml/tube)
were pooled and analyzed for S. Pt, and Zn by ICP spectrometry.
I. 4 X-Ray Photoelectron Spectroscopic Measurement

The X-ray photcelectron spectroscopic (XPS) measurement was performed on an ESCALAB MK
I electron spectrometer using Al- Ke radiation {1,486. 6 eV ) as the X-ray excitation source. The
samples for the measurement were prepared from the products of the reaction between Zn;MT and 2,
4 ar 7 molar ratios of K;PtCls. As a comparison, the sample of the Pt-MT preduct in reaction of

K,;PiCl; with Zn-MT was prepared and measured aiso.

2 Results and Discussion

The UV-visible spectra versus time recorded for the reactions of Zn,MT and apoMT with 250 mo-
lar ratios of K:P1Clsat pH 7. 40, 15 £ were showed in Fig. 1. It was seen that the characteristic ab-
sorbance at 260 nm of the specirum of K;PtCl; de-

creased rapidly at the starting stage of the reac
tion. and the apparent absorption changed no more
after 120 min and 40 min for Zn;MT and apoMT,

respectively. Two kinetic steps which obey pseu-
do-first-order can be resolved in plots of In{Ay,/A)
versus fime ( Ay was the initial absorbance at 260

absurplion

nm). The pseudo-first-order rate constants for the
first step were obtained in terms of the decrease of
the absorbance at 260 nm, which were 1. 86 +
0.25~ 107 % and 6.82+ 0. 45 1072 min~' for
ZnMT and apoMT ., respectively. These were big-
ger than the value for Zn,;MT with K,PtCl,, 8. 80
4+ 0.65x 10~  min~'**3], This means that the re-

l:Iﬂllf) — 40 80 oo

wavelength {(nm)

) ) ) B Fig. | Absorption spectral ch during t ¥
action of MT with K,PtCls is more rapid than that £ P fun pectral ¢ _Eng&s uring the processes
of reactions of rabbit liver Zn,MT- [ and
with K.P1Cl,. apoMT- B with 250 molar ratios of K,PtCl; n
The time course of the reaction of K:PiCls 0. 01 mot + 17 potassium phosphate solution . pH

7. 40 at 25°C. Concentration of MT was 2. 6
umnol = 174, The Insert shows the time dependence
As shown in Fig. 2, the addition of Pt{ N ) pro- of In{4y/ Ay, Ay and A were the absorbance at

foundly changed the simple CD specirum of the 260 nm at 0 and ¢ min respectively.

with Zn:MT was also monitored by CD spectra.

Zn;MT which exhibits the profile with maximum at 242 nm(+), and 228 nm(— ), before the signal
s dominated by the pepfide chiralty below 220 nm *¢1, All these bands diminished and four new bands
with maximum at 270 nm(+), 264 nm{—), 256 nm{(+). and 244 nm(--) appeared during the
first 2 min after K,P1Cly was added. The band at 244 nm{— ) also disappeared in the process of the re-

£ OO0 http://www.cqvip.com|
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action, but a positive teflection with a tedshift F— -— .
from 244 to 249 nm appeared at 10 min. The 'G{ z""M_T . i
change of bands between 280~ 250 nm was com- =0 ‘_’Elm15:|, -\-"’ "..I ,".l‘{' l| . f
plicated and inordinate. There were a weak band IR _ ‘,I’/‘-]Igﬁn*': \". ‘|| ;J‘ 'l L '-..
with maximum at 250 nm{-+-) and a most intense Sf 01 ..--;\\_mm?ﬁ: ",:1\ 'r f* e
band with maximum at 268 nm{— ) in the spectra é -0 1 \,}‘ l|," k '*'{_ﬁ 1| ‘,' H
with no further changes after 120 min. These re- -2 BLTLAW LR o T
sults were different from those observed for K,Pt- -0 3 -

Cl.i(Fig. 3) or CDDP with Zn;:MT which revealed 20 220 240 260 80 300

the characteristic bands with maximum at 255 nm waselength (nm)

Y Fig. 2 LD spectra recorded lur the reaction ol rabbit
and 235 nm{—)['2]. These results indicated
+) (= ZooMT- 1 with 25 molar ratics of K:PiCls ver-

that the reaction between Zn,MT and K;PtCls was sus titme 1n 0. 01 mol + 1! potassium phosphate
solution, pH 7. 40, at 15 C {Concentration of

more complicated and was not a simple substitu-
MT was 20 pmol « 17').

tion reaction comparing with that Pe{ 1 ) simply

replaced Zn{ 1 ) in Zn,MT to form Pt- thiclate
clusters in the reaction of Zn,MT with K,PtCl, or 6. 01
CDDP.
X -ray photoelectron spectroscopy {XPS) was 1.0
used to determine the oxidation state of platinum ; 2 o
by comparing the binding energies in the products. "
Fig. 4 shows the XPS specita of the products from é ) )
Zo:MT with K:PtCl; and K.PtCly. After calibrat- -
ing the spectra by using the C{1s) line from oil —0.2 L
contamination{binding energy 285 eV as an inier-
nal standard, the binding energies for 4f{7/2) =04
and 4 (5/2) levels of platinum in the products 220 230 260 | 280 3bo  a2r

wavelength 1nm?}

from ZnsMT with 4,7 ,and 10 molar ratics of K-

PtCl; were 72.6, 75.9; 73.1, 76.6; and 72. 4, Fig. 3 CD spectra recorded for the teaction of rabbit
Zn;MT- I with 25 molar ratios of K;PtCl, ver-
sus time in 0, 01 meol « 17! potassiumn phosphate
sembled those In K,;PiCl{(73. 2 and 76. 4 eV) and solution, pH 7. 40, at 15°C (Concentration of

those in Pt-MT from Zn:MT with KPtCl,{73. 0, MT was 20 umol + 171).
76. 4 eV), but were 2~3J eV less than those in K,PtCl;{75. 6 and 79. 0 eV) for 4f(7/2) and 4f{5/
2) levels respectivelyl*]. 1t can be concluded that the oxidation state of platinum in the MT products

75. 9 eV, respectively {Table 1), which just re-

from Zn;MT with K,PtCl; was + 2 and the reaction between Zn;MT and K,;PtCl, involved a redox reac-
tion. These were confirmed by the results obtained inh out previous experiments when native rabbit liv-
er CdsZngMT reacted with Ko PtClgHd,
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Fig. 4 X-ray photoelectron spectra for 4 ievels of platinum in products from K:PtCls and Zn-MT- 1 with reaction mo-
lar ratios of (a)4 = 1, (b)7 ¢ 1, and {c)10 : 1, and from K-PtCl, with Zn;MT- [ with molar ratio of {d)7
1. The C{ls) line from oil contamination (binding energy 285 V) was used as an internal standard. The
charge effect correction factors were 3. 9, 4. 2, 4.5, and 3. 8 eV, respectively.

Absorpliem

Fig. 5 Gel-filtration elunon profile monitored at 254 nin of reaction mixtures of rabbit Zn,MT- | (0, 40 mmal « 1-1)
with K:PtCls in 3. 6 mmol - 17! potassium phosphate solution, pH 7. 40, after standing For 2,24,72 h at 25 ¢,
Sephadex G-50 column (1. 6 x 65 cm), eluted with 3. 6 mmol « |~! potassium phesphate salution, pH 7. 40.
The reaction maolar ratio of K.ptCly; MT was (2)21 1, (b)4: 1, (¢)10: 1, and (d) 25 : 1. (C) 2 &, (T)

24 h, and (©) 72 h.
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Table 1 Binding Energies (&¥) for the 4f Levels of Platinum®

reaction Egents

binding energies of 4f

levels of Pt in products

4F(7/2) 4F(5/2)
K:PtCly 73.2 76.4
K:PtCls T5. 7 79.0
ZnaMT - 4K PiCle 72. 6 75.9
ZnMT 4 THPtClLe T3. 1 76. 6
ZnrbT+ LOK 2PeCLy T2. 4 75.9
ZnyMT 4 PR PCLy 73.0 76, 4

a. Binding energies are accurate to +0. 2 &V,

The products from a set of reactions of Zn,MT with 2,4,10 and 25 molar ratios of K;PtCl, in 3.

& mmol - 17! potassium phosphate buffer solution, pH 7. 40, for 2,24, and 72 h at 25°C were frac-

tionated on a Sephadex G-50 column. There was some precipitate which may be poorly dissolved plat-

inum-containing oligomeric products in cach case and it was removed by centrifugalization before frac-

tionation. A typical elution profile monitored at 234 nm is shown in Fig. 3a, in which there were two

peaks corresponding to high- molecule- weight componemt from 9 to 12 fractions and low- molecule-

weight component between 12 and 23 fractions in the experiment with molar ratio of K.PiCls to
Zn;MT being 2 7 | for 2 h. After pre-calibration with standard proteins, haemoglobin (MW 6§, 000
Da}, bovine superoxide dismoutase (33, 000 Da), Cyt ¢(12, 400 Da), and rabbit liver ZaMT
(6,800 Da}, the high-molecule-weight component was determined to be dimeric form of MT and the

low-molecule-weight component was monomeric MT. The ICP measurement showed that the monomet-
ic MT contained 0. 53+ 0. 19 Pt ions and 6. 1940. 58 Zn ions, and the dimeric form contained 2. 02
+0. 19 Pt ions and 6. 48 £ 0. 61 Zg ions in one monomeric unit(Table 2).
Table 2 Binding Stiochiometry of Metal Ions to MTs"

teaction condition

monomeric prod uces

dimeric products

reaction molar reactlon time Pt Zn Pt Zn
ratio(MT 1 Pt¥) (haour) (g atoms metal/mole protein) (g atoms metal/monomeric unit)
HMative ZarMT _—— 6.73+0.12 _—— ———
| 2 0.53+0.19 6.1940.58 2.0240.19 6. 484+0. 51
1:2 24 1.37+0. 11 6. 41+0. 48 2, B7+0.49 6. 66140. 62
1:2 72 1. 11+0. 1¢ 5.9540.58 2.1440. 21 5.9140.26
1=4 b4 3. 684+ 0. 30 3.3240.41 4.23+0.33 3.9040.18
1:4 24 3.7140.25 4. 4040. 63 4.05+0.12 3.734+0.31
114 72 3.9640.32 3.6140.35 4. 11+0. 22 3.6340.34
1:10 2 - —_——— 8.611+0.74 0.53+0.13
1:10 24 e - 7.92+0.55 0.7240. 25
1110 72 —— ——— B. 2040, 68 0.50+0.18
1125 2 _—— - B. 811092 0.40+9, 17
1178 T2 - —_—— 7.11+£0. 21 0. 164+0. 10
1125 72 —-—— - 14.83+1.02 G 111012

“average 1 atandard from three experiments
treactlon fram apob T with K2PtCly at pH2

L Y4 e e £ e b m b -
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When the reaction time prolonged up to 24 and 72 h, the intensities of the peaks for the high-
molecule-weight components increased, but the intensities of the peaks for the low-molecule- weight
components decreased. There were approximately one Pt and six Zn ions in the monomers while two
P1 ions and six Zn ions in the dimers. These meant that, under a definite reaction melar ratio of
Pt{ V) to MT ., the degree of reaciion increased but the metal binding stoichiometry wasg static when
the reaction time prolonged. When the reaction molar ratio of K;PtCls to Zn;MT was 4 : 1, also there
were two peaks corresponding to high- and low-molecule-weight components in the absorption elution
profile (Fig. 5b). It was also seen that the peak intensity of dimeric product increased along with the
peak intensity of monomeric product decreased when the reaction time prolonged from 2 h io 24 h and
te 72 h. Abocut four Pt ions and fout Zn jons bound to monomer and dimer of MT in all cases { Table
2). .

As is known, K;PtCls is a strong oxidant{the value of reducing potential for PtCli~ —=PtCl}™ is
0.73 v<¥1) and MT may undergo thiolate- disulfide or othet redox reactions under certain condi-
tions™, In the experiments of Zn.MT with two and four molar ratios of K,PiCl;, the XPS measure-
ment showed that the oxidation state of platinum in the products was -2, and the chromatography re-
vealed that the menomeric and dimeric MTs,and cligomeric products generated. Thus, the Pt{ IV ) was
reduced to Pt.( T 5, the Zn;:MT was oxidized, and intra- and inter- molecular CyS- SCy linkages
formed. On one hand, it can be assumed that the f-cluster reacted first, 1~~2 Zn ions which located
in the fg-cluster were replaced when ZnMT reacted with two molar ratios of Pt{ N ), also all of the Zn
ions located in the f-cluster were replaced first, when Zn;MT reacted with four molar ratios of Pt
{ V), and Pt4Zn,MT was formed in which four Pt{ [ ) ions may be distributed as three of them, per-
haps, with g some distortjional square-planar geometry, locating in the f-domain and the fourth binding
to the thioether side-chain of methionine in the f-demain*'®"l, The binding of Pt{ I ) was “domain-
specific” or “cooperative”!'*), On the other hand, considering the apparent stability constant of Zn-
MT is 1. 8 10" per Zn which is about 107* less than that of Cd-MT, and the ratio of stability con- s
stants per Cd for each cluster (A./K,) are larger than the ratio of stability constants per Znl®, the
“distributed” or “incooperative™ model for the metal binding process was also a possible explanation for
the results<®). The hypothesis was that one of two or two of four Pt{ I ) ions bound to each domain
in the platino-MTs for the reaction of two or four molar ratics Pt{ IV ) with Zn,MT, respectively. Af-
ter all, the mechanism of the substitution process is unclear and needs a further study.

When the reaction melar ratio of Pt{N ) 1o MT was up to 10 ¢t 1 and 25 : 1, there exist only
dimeric MT but no monomeric MT components{Figs. 5¢,d). The intensities of the peaks for MT com-
ponents were increased when the reaction molar ratio increased and the reaction time prolonged .« too. ’
The absence of monomeric MT indicated that the extent of the redox reaction was high and the amount
of inter-molecular CyS-SCy bonds was large. The formation of large amounts of inter-molecular CyS-
SCy bonds in the products may be the reason why the CD spectrum of the reaction between Zn;MT and
2%-fold melar excess K PtCls appeared as no profile with maximum at 255 nm{+) and 235 nm{—)
resulting from the formation of Pt-§ clusters in Pt;MT!). Almost all of Zn ions were replaced and

about eight Pt( I J jons were bound in the products from Zn:MT with 10 and 25 molar ratios of
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Pt{ IV ){Table 2). These results indicated that both the a-cluster and the f-cluster participated in the
reaction. These results were different from those in the reaction between native CdsZnMT and
K:PtCl;, there were still approximately four [Cd ions left when Cd;Zn;MT reacted with 10 and 25 mo-
lar ratios of K,PtCly for 2 h, respectively, and one Cd ion left when the reaction molar ratic of Pt
(¥ )} wasg ten for a long time. This may be due to the higher stability of Cd-S bond comparing with
Zn-S bond in MTY. In Fig. 5c.d, the peak between 24 and 36 fractions corresponded to small-
molecule component including excessive Pt{ V ) and other inorganic jons.

When apoMT reacted with seven and 25 ratics of K PtCl; at pH 2, only dimeric MTs were ob-
tained in the gel-fiftration elution profiles (not shown in the article), and Pt::MT and Pt sMT were ob-
tained . respectively. It can also be assumed that a redox reaction occcurred, the protein was oxidized
while Pt{ N ) was reduced because the free sulfhydryl groups are oxidized more easy than metal-S
bond. The high level of bound Pt icns is also reported at low pH value and much excess reaction molar
ratic of Pt in the reaction between MT and K;PtCl [

From the UV-visible and CD spectra, chromatography, and XPS measurements, it can be found
that the products contained meonomeric and dimeric forms of MT and oligomeric products with intra
and intermolecular CyS-SCy linkages, with the oxidation state of platinum in the products was +2
when Zn;MT or apoMT reacted with K;PtCls; that the Zn ions were replaced by Pt{ 1 ) step by step,
Pt,Zn,MT and Pt;MT were formed when the reaction molar ratios of Pt( IV J-to-Zn;MT were four and
beyond ten, and Pt:MT and Pt;sMT were obtained in the reaction of apoMT with seven and 25 molar
tatios of Pt{ ¥ ) at pH 2, respectively. From these results it can be concluded that the reaction of
Zn;MT or apoMT with K.PtCl; comprises a redox reaction and a substitution reaction.

The mechanism of the reaction between K,PtClg and Zn:M7T or apoMT including a redox reaction
indicates that the Pt{ N ) complexes drugs can be reduced to Pt{ 1 ) compounds by sulfhydryl-contain-
ing proteins {such as MT) or other reducing agents {such as cysteine and GSH) in normal or tumor tis-
sues of other cells, then bind to MT (such as Zn-MT or apoMT) which may play important roles in
metabolism, reducing cytotoxicity of Pt-containing drugs, and in developing drug resistance or cross-

resistance.
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