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Abstract 

A computer simulation investigation into the 
nature of cadmium(H) and nickel(I1) binding by low- 
molecular-weight ligands in human blood plasma is 
described. The distribution of these metal ions 
amongst the complexes formed with nearly 50 ligands 
has been computed. The most important formation 
constants required for the calculations have been 
determined experimentally under biological condi- 
tions. The predominant complexes formed by cad- 
mium(I1) are binary cysteinate species, whereas 
nickel(H) exists mainly as a ternary complex 
involving both cysteinate and histidinate. 

long periods in industries using cadmium in their 
manufacturing process, such as in pigment plants 
[7-9] and in the production of nickel cadmium 
batteries [lo-121. The symptoms of chronic cad- 
mium poisoning include impaired respiratory func- 
tion [2-41 and kidney damage characterised by 
proteinuria [S] and kidney stones [6]. 

Industrial exposure to nickel falls into two main 
categories: the ingestion of nickel salts and, more 
commonly, the inhalation of nickel carbonyl by 
workers involved in the refinement of the metal 
[13-151. Exposure to nickel carbonyl affects the 
pulmonary system, causing dyspnoea and influenza- 
type symptoms. 

Introduction 

Earlier computer models of the low-molecular- 
weight (LMW) metal ion distribution in human 
blood plasma have hitherto encompassed only those 
metals which normally occur in the biofluid at 
appreciable concentrations [l] . The successful 
application of these models in understanding the 
effect of chelating agents on essential trace element 
metabolism clearly suggests the advantages which 
could result from the inclusion of polluting metal 
ions. This paper reports the determination of the 
metal binding formation constants which such an 
extended computer model requires and the sub- 
sequent calculation of the distribution of cadmium- 
(II) and nickel(H) in normal human blood plasma. 

In view of the occurrence of heavy metal intoxica- 
tion by workers exposed to nickel or cadmium, it is 
important to monitor those at risk and to establish 
an effective therapeutic regime for treating patients 
whose body burdens exceed a critical level. This 
requires an increased understanding of how metals are 
absorbed, transported and stored in vivo and of how 
chelating agents can arrest these processes and 
promote the excretion of the toxic metal. The 
knowledge provided by computer models of the dis- 
tribution of such metal ions in blood plasma can 
play an important part towards achieving these 
goals. 

In view of cadmium’s widespread industrial 
applications, it is hardly surprising there have been 
many cases of serious occupational exposure to this 
toxic metal. The most acute of these have involved 
welders exposed to cadmium oxide fumes [2-61 ; 
these men often work in a confined space, some- 
times with fatal consequences [2-S]. Chronic cad- 
mium intoxication is also a serious problem and is 
particularly prevalent amongst workers employed for 

By analogy with essential metals, the distribution 
of cadmium(I1) and nickel(I1) in vivo can be repre- 
sented as four distinct fractions: (i) protein species 
in which the metal is incorporated in a non- 
reversible fashion; (ii) protein species in which the 
metal binding is reversible; (iii) LMW species, and 
(iv) aquated metal ions [l] . The majority of metal 
is complexed within the tissues as the inert metallo- 
protein species resulting from the body’s detoxifica- 
tion processes. In plasma the metal ion is distributed 
in an equilibrium between the labile protein 
complexes, the LMW species and the aquated metal 
ions. 

*Author to whom correspondence should be addressed. 

Both cadmium and nickel interact with albumin 
in plasma to form a labile protein complex. The 
cadmium-albumin complex is thought to be analog- 
ous to the zinc species, complexation occurring 
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via the sulphydryl groupings [16]. In contrast, 
nickel(H) has been shown to coordinate to the 
NH*-terminal region of the molecule [ 171 . However, 
neither the cadmium(II)- or the nickel(II)-albumin 
species are sufficiently well characterised to be 
included in the computer models. Thus, simulation 
methods developed to bypass the omission of metal- 
protein equilibria [18] in earlier models are again 
utilised in the present work. 

Information concerning the nature of the LMW 
cadmium species in plasma is sparse. In vitro experi- 
ments have suggested that 63Ni(II) in plasma may be 
complexed to cysteine, histidine and aspartic acid, 
probably as mixed ligand complexes [ 19-211 . In 
the case of cadmium(II), the metal’s high affinity 
for sulphur ligands suggest coordination by cysteina- 
te and cystinate is likely to be significant. Although 
the concentrations of these LMW nickel(H) and cad- 
mium(H) species are very low, these complexes 
play an important physiological role by serving as 
the diffusable species in extracellular transport of 
the metals. 

Acquisition of Formation Constants 
Following a comprehensive literature search, a 

critical selection of formation constants for the 
interaction of cadmium(I1) and nickel(I1) ions with 
each of the predominant naturally-occurring amino 
acids and inorganic anions in plasma was compiled. 
Corrections for temperature and ionic strength were 
made to obtain estimates for constants measured 
under biological conditions as previously described 
[l] . In the absence of any value from the literature, 
an estimate was made based on the corresponding 
constants for copper(I1) and zinc(I1) complexation. 

These constants were then used in computer 
simulations to give percentage distributions of 
nickel(I1) and cadmium(I1) ions amongst the LMW 
complexes in blood plasma. From the results of these 
simulations, the species of major importance were 
identified and the formation constants for these 
complexes were experimentally determined by 
potentiometric titration. Formation constants for the 
interaction of the ligands considered with Cu(I1) 
and Zn(I1) ions were also measured in order to up- 
date the blood plasma models for these essential 
metals. 

Experimental 

Potentiometric titrations were performed under 
blood plasma conditions - 37 “C, I = 150 mmol 
drnw3 NaCl following our usual approach [22]. All 
solutions were prepared using distilled and degassed 
doubly deionised water, the ionic product of which 
was taken as log K, = -13.3 1. Total ligand concen- 
trations ranging from 5 to 20 mmol dme3 were 

used in the protonation studies and absolute metal 
and ligand concentrations in the binary and ternary 
metal amino acid studies were varied as much as pos- 
sible within the solubility limits. 

Materials 
Analytical reagents were used throughout. Metal 

ion solutions were prepared from their chlorides 
(BDH Analar) and analysed by EDTA complexo- 
metric titrations for metal ion concentration [23] 
and by Gran plot [24] for mineral acid content. 
Ligands studied were as follows: 

(i) Alanine (L-2-aminopropanoic acid) 
Anal Found: C, 40.4; H, 7.9; N, 15.8. Calc. 

for C3H,NOz: C, 40.4; H, 7.9; N, 15.7%. Supplied 
by BDH Chemicals Ltd. 

(ii) Cysteine (L-2amino-3-mercaptopropanoic 
kid) 
Anal. Found: C, 29.5; H, 5.7; N, 11.3. Calc. for 

C3H702NS: C, 29.7; H, 5.8; N, 11.5%. Supplied by 
Merck. 

(iii) Cystine (dithiobis(2-amino-3-propanoic acid)) 
Anal. Found: C, 29.8; H, 4.9; N, 11.6. Calc. for 

C6Hr204NZS2: C, 30.0; H, 5.0; N, 11.7. Supplied by 
Merck. 

(iv) Glutamine (L-2-aminopentanedioic acid 5- 
amide) 
Anal. Found: C, 41.0; H, 7.0; N, 19.0. Calc. for 

C5Hr0NZ03: C, 41.1; H, 6.9; N, 19.2%. Supplied by 
BDH Chemicals Ltd. 

(v) Glutamic acid (L-2-aminopentanedioic acid) 
Anal. Found: C, 40.8; H, 6.1; N, 9.4. Calc. for 

C5H904N: C, 40.8; H, 6.2; N, 9.5%. Supplied by 
BDH Chemicals Ltd. 

(vi) Glycine (aminoacetic acid) 
Anal. Found: C, 32.1; H, 6.5: N, 18.5. Calc. for 

CzH502N: C, 32.0; H, 6.7; N, 18.6%. Supplied by 
BDH Chemicals Ltd. 

(vii) Histidine (2umino-3-(4 ‘-imidazolyl)propanoic 
acid) 
Anal. Found: C, 46.6; H, 5.8; N, 27.0. Calc. for 

C6H9N302: C, 46.6; H, 5.8; N, 27.1%. Supplied by 
BDH Chemicals Ltd. 

(viii) Lysine (2,6-diaminohexanoic acid) used as 
the monochloride 
Anal. Found: C, 39.6; H, 8.4; N, 15.5. Calc. for 

C6Hr,02N,Cl: C, 39.7; H, 7.8; N, 15.4%. Supplied by 
BDH Chemicals Ltd. 

Protonation and binary metal-ligand potentio- 
metric titration data were processed using the ZPLOT 
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Interaction Species log PPW Standard Sum of MINIQUAD Number of Number of 

deviation squared R factor 
p 4 r 

points curves 

residuals 

Alaninate protonation 

Cd(II)-alaninate 

Cu(II)&alaninate 

Ni(II)-alaninate 

Zn(II)-alaninate 

Cysteinate protonation 

Cd(II)-cysteinate 

Ni(II)-cysteinate 

Zn(II)-cysteinate 

Cystinate protonation 

Cu(II)-cystinate 

Ni(II)-cystinate 

Zn(I1) cystinate 

Glutaminate 

Cd(II)-glutaminate 

Cu(II)-glutaminate 

Ni(II)-glutaminate 

1 0 1 9.367 0.001 

1 0 2 11.698 0.001 

1 1 0 3.446 0.005 

2 1 0 6.3 17 0.009 
1 1 -1 -6.63 0.06 

1 1 0 7.876 0.003 

2 1 0 14.265 0.006 

1 1 -1 -0.02 0.04 
1 1 0 5.261 0.003 

2 1 0 9.567 0.005 
3 1 0 12.36 0.02 
1 1 0 4.440 0.008 
1 1 -1 -3.17 0.01 
1 0 1 10.102 0.002 

1 0 2 18.030 0.003 

1 0 3 19.992 0.004 

1 1 0 10.3 0.1 

1 1 -1 2.42 0.06 
2 1 0 16.92 0.04 
2 1 1 24.97 0.04 
2 1 2 30.93 0.05 

3 1 0 19.78 0.04 
3 1 1 29.21 0.06 

1 1 0 9.603 0.008 
2 1 0 19.219 0.008 
3 2 0 31.49 0.02 
2 1 0 17.77 0.01 
1 1 1 14.67 0.02 

3 2 0 30.26 0.04 

3 2 1 36.14 0.04 

3 2 2 41.73 0.03 

1 0 1 8.604 0.003 

1 0 2 16.356 0.004 
1 0 3 18.41 0.01 
1 0 4 20.03 0.02 

2 2 0 27.803 0.007 

1 1 1 15.788 0.004 

1 2 0 14.61 0.02 

2 2 0 17.54 0.02 

1 1 1 13.51 0.02 

1 2 0 10.21 0.02 

2 1 0 11.73 0.04 

1 1 0 6.65 0.02 

1 1 1 12.89 0.05 

1 0 1 8.697 0.001 

1 0 2 10.899 0.002 
1 1 0 3.168 0.005 

2 1 0 5.694 0.009 

1 1 -1 -6.58 0.03 
1 1 0 7.474 0.004 

2 1 0 13.600 0.009 

1 1 -1 -0.07 0.02 

1 1 0 4.979 0.004 
2 1 0 9.015 0.004 

3 1 0 11.62 0.01 

2 1 -1 -1.91 0.03 

7.2 x 1O-7 

1.2 x lo-6 

9.1 x 1o-7 

4.7 x 1o-7 

3.1 x 10-6 

4.5 x 1o-7 

1.40x lo+ 

7.9 x 1o-7 

9.4 x 1o-7 

2.6 x lo-’ 

6.1 x 10-s 

1.6 x 1O-7 

2.9 x lo-* 

5.6 x 1O-7 

1.4 x 1o-7 

6.3 x 1O-7 

1.2 x 1o-7 

0.002 394 7 

0.004 338 6 

0.004 382 6 

0.003 250 5 

0.006 317 6 

0.002 

0.004 

0.002 

0.002 

0.003 

0.001 

0.003 

0.003 

0.003 

0.003 

0.004 

0.002 

348 5 

454 13 

367 8 

333 7 

234 7 

306 12 

265 8 

184 6 

226 6 

206 

299 

244 

(continued overleaf) 
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TABLE I. (continued) 
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Interaction Species log PPW Standard Sum of MINIQUAD Number of Number of 

deviation squared R factor points cuwes 
P 4 r residuals 

Zn(II)-glutaminate 

Glutamate protonation 

Cd(II)-glutamate 

Cu(II)-glutamate 

Ni(II)-glutamate 

Zn(II)-glutamate 

Glycinate protonation 

Cd(II)-glycinate 

Cu(II)-glycinate 

Ni(I1) glycinate 

Zn(II)-glycinate 

Histidinate protonation 

Cd(II)-histidinate 

Cu(I1) histidinate 

Ni(II)-histidinate 

Zn(II) histidinate 

1 
2 
2 
1 
1 
1 
1 
2 
1 
1 
1 
2 
2 
1 
2 
3 
1 
1 
2 
2 
1 
1 
1 
2 
3 
2 
1 
2 
2 
1 
2 
3 
1 
2 
3 
1 
1 
1 
1 
1 
2 
1 
1 
3 
1 
1 
2 
2 
2 
1 
2 
1 
2 
1 
1 

1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 

0 
0 

-1 
1 
2 
3 

0 
0 

-1 
0 
1 
0 
1 
0 
0 
0 
1 

0 
0 

-1 
1 
2 
0 
0 
0 

-2 
0 
0 

-1 
0 
0 
0 
0 
0 
0 

-1 
1 
2 
3 
0 
0 
1 

-1 
0 
0 
1 
0 
1 
2 

-1 
-2 

0 
0 
0 
1 

_ 

4.215 0.003 
7.808 0.004 

-1.35 0.02 
9.260 0.001 

13.358 0.002 
15.541 0.002 

3.60 0.01 

6.21 0.01 
-6.38 0.02 

8.165 0.006 
12.297 0.004 
14.599 0.005 
19.27 0.02 
5.533 0.004 
9.754 0.006 

12.02 0.02 
10.40 0.03 
4.685 0.005 
8.470 0.008 

-1.19 0.02 
9.216 0.002 

11.522 0.003 
3.834 0.007 
6.88 0.01 
8.92 0.03 

-13.55 0.02 
7.870 0.003 

14.45 1 0.007 
3.30 0.01 
5.587 0.004 

10.237 0.006 
13.72 0.02 
4.868 0.005 
8.74 0.01 

11.10 0.03 
-2.98 0.02 

8.77 0.001 
14.60 0.002 
16.29 0.004 
5.10 0.003 
9.02 0.009 

10.47 0.03 
-5.10 0.09 
10.7 0.1 

9.75 0.004 
13.70 0.01 
17.40 0.006 
22.96 0.007 
26.16 0.05 

2.4 0.1 
7.5 0.1 
8.315 0.002 

14.86 0.006 
6.26 0.004 

10.38 0.01 

2.4 x lo-’ 

2.0 x lo-’ 

1.6 x lo+ 

1.6 x lo-’ 

3.6 x 16’ 

5.7 x 16’ 

2.7 x lo+ 

3.3 x lo+ 

1.6 x 1O-6 

1.5 x 1o-6 

2.0 x 1o-6 

4.3 x 16’ 

3.2 x 1O-7 

5.6 x 16’ 

2.7 x lo-’ 

8.0 x 1O-7 

0.002 

0.002 

0.005 

0.001 

0.002 

0.003 

0.005 

0.005 

0.004 

0.003 

0.003 

0.002 

0.003 

0.002 

0.002 

0.003 

273 6 

230 5 

262 6 

239 6 

307 6 

305 8 

295 5 

345 6 

405 6 

436 6 

438 6 

250 4 

238 8 

341 7 

210 6 

289 7 

(con timed on facing pageJ 
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TABLE I. (continued) 

169 

Interaction Species log PPW Standard Sum of MINIQUAD Number of Number of 

deviation squared R factor points curves 
P 4 r residuals 

2 1 0 11.45 0.009 
2 1 i 16.67 0.009 

Lysinate protonation 1 0 1 10.269 0.001 
1 0 2 19.103 0.002 
1 0 3 21.16 0.03 

Cd(H)-lysinate 1 1 1 13.33 0.02 
2 1 0 7.10 0.04 
2 1 1 16.88 0.04 
2 1 2 26.31 0.03 

Cu(ll)-lysinate 1 1 0 10.37 0.03 
1 1 1 17.682 0.008 
2 1 0 14.18 0.04 
2 1 1 24.50 0.02 
2 1 2 34.16 0.01 
1 1 -1 0.78 0.03 

Ni(ll)-lysinate 1 1 0 5.6 0.1 
1 1 1 15.08 0.01 
2 1 0 9.76 0.09 
2 1 1 20.12 0.02 

2 1 2 29.50 0.01 

1 1 -1 -3.26 0.07 

h(H)-lysinate 1 1 1 14.307 0.02 
2 1 2 28.34 0.02 
1 1 -1 -2.06 0.04 

8.5 x lo-’ 

1.8 x lo+ 

1.4 x 1o-6 

1.5 x 1o-6 

1.35 x 1o-6 

0.002 300 5 

0.004 259 5 

0.003 368 4 

0.003 312 5 

0.003 237 5 

“I= 150 mmol dm-’ NaCl.Pper= [M,LPH,]/[M]q[L]p[H]‘. 

program [25]. Values for the stepwise formation 
constants were estimated using Bjerrum’s half z bar 
method [26] and the constants subsequently refin- 
ed using MINIQUAD [27]. Superimposability of the 
experimental and simulated formation curves [28] 
was used as a criteria to distinguish between statis- 
tically equivalent models. 

Ternary metal-ligand data were analysed using 
MINIQUAD holding formation constants for the 
corresponding binary systems at fixed values and 
refining for the ternary species. 

Results and Discussion 

The results of the MINIQUAD analysis of the titra- 
tion data for the proton-ligand and metal-ligand 
binary systems studied are shown in Table I. The 
majority of metal ion-amino acid anion interactions 
considered are characterised by the formation of 
ML and ML2 complexes. In addition, many of these 
systems exhibit the formation of hydroxy species 
which are characterised by curl-backs in the forma- 
tion curves. Of the ligands studied, only lysinate 
displays a pronounced formation of protonated 
species. 

The sulphur-containing amino acids cystinate and 
cysteinate exhibit a strong tendency to form poly- 
nuclear complexes, 220 and 320 type species being 
formed by copper, nickel and zinc. Such species 
are commonly formed by this type of ligand [29], 
undoubtedly as a result of sulphur-bridging. Forma- 
tion constants for the interaction of Cu(I1) with 
cysteine could not be determined due to the reduc- 
tion of Cu(II) to Cu(1) by thiol ligands. Cadmium 
forms an insoluble complex with cysteinate and 
this has hitherto precluded the determination of the 
Cd(II)-cysteinate formation constants [30, 311 . 
However, precipitation only occurs in the pH range 
5.0-7.5 and by titrating either side of this region, 
a large proportion of the formation curve could be 
obtained. The resulting data were analysed using 
MINIQUAD. In all, over seventy possible models 
were considered. The set of formation constants 
considered to be most representative of the experi- 
mental data are given in Table I. The high value 
for the standard deviation of the ML complex is 
due to the absence of data in the pH region 5.0- 
7.5 where the greatest formation of this complex 
occurs. 

Complexation of Cd(I1) ions by cystinate also 
results in the formation of an insoluble complex. 
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TABLE II. Formation Constants for Zn(II)-Glutaminate-Cysteinate Ternary Interaction at 37 oC.a 

A. Cole et al. 

Species log Ppp)frr Standard Sum of MINIQUAD Number of Number of 

Deviation 
P P 

squared R factor curves 
4 r 

points 

residuals 

1 1 1 1 19.66 0.05 3.2 x 1O-7 0.003 240 4 

“I= 150 mmol dmW3 NaCl. pppspr = [M4LpLb~Hr]/[M]*[L]P[Lf]p’[H]r. L = Glutaminate. L’ = Cysteinate. 

TABLE III. Formation Constants for Cd(I1)) and Ni(II)-Alaninate-Histidinate Ternary Interaction at 37 OC.a 

Interaction Species log ppprQ,. Standard Sum of MINIQUAD Number of Number of 

R factor curves 
P P’ 4 r 

deviation squared points 

residuals 

Cd(II)-alaninate-histidinate 1 1 1 0 8.165 0.009 
1 1 1 -1 -2.35 0.01 5.2 x 1O-7 0.003 355 6 

Ni(II)-alaninate-histidinate 1 1 1 0 12.600 0.008 

0.06 
3.7 x 16’ 0.003 381 6 

1 2 1 0 14.51 

“Z = 150 mmol dms3 NaCl. PPP,4r = [MPLpLb,H~]/[M]4[L]P[L’]P:[H]r. L = Alaninate. L’ = Histidinate. 

Unlike the Cd(II)-cysteinate system, precipitation 
occurs over the whole pH range precluding any 
analysis of the binary system. However, formation 
constants for the Cd(II)-cystinate system have prev- 
iously been determined using NTA as a competing 
ligand [32] and these values were used in the 
present simulations. 

Formation constants for the ternary systems 
investigated are given in Tables II and III. Glutamine 
and cysteine form a protonated complex with Zn(II) 
ions. In the alanine-histidine systems, cadmium 
forms an MLL’ complex together with a hydroxy 
species, whereas in the case of nickel, a species is 
present in which the metal is complexed to an 
alanine and two histidine molecules. 

Low-molecular-weight Distribution of Cd(U) and 
M(N) in Blood Plasma 

The LMW distributions of Cd(I1) and Ni(I1) 
ions in blood plasma were computed using the 
ECCLES program [l] . The total ligand concentra- 
tions were as used in previous simulations of the 
speciation of essential metals in plasma [l] . Since 
both nickel and cadmium are pollutants, their plasma 
concentrations are likely to vary considerably 
depending on the extent of exposure. Blood cadmium 
levels of 1.3- 1.7 X 1 O-’ mol dmm3 have been report- 
ed in industrially exposed workers [6] ; However, as 
this value includes protein-bound metal, the concen- 
tration of cadmium associated with the LMW frac- 
tion is certain to be much lower than this and the 
free metal ion concentration very small indeed. In 
view of the uncertainties in the free Cd(I1) and Ni(II) 
concentrations, these values were scanned over a wide 

TABLE IV. Predominating Low-molecular-weight Cd(I1) 

and Ni(I1) Complexes in Blood Plasma as Computed by the 

ECCLES Program.a 

Complex formation Low-molecular-weight 

Metal % 

Cd(CYS)” 46.4 

Cd(CIS)O 27.8 

Cd(CYS)(OH)- 14.3 

Cd(CYS)*H- 8.4 

Cd(CYS)a *- 1.9 

Cd(CYS)2H20 0.3 

Cd(CYS)(HIS)- 0.2 

Cd(HIS)+ 0.1 

Cd(CYS)(HIS)H” 0.1 

Ni(HIS)*O 50.6 

Ni(CYS)(HIS)- 23.9 

Ni(CYS),*- 11.3 

Ni(HIS)’ 4.4 

aAbbreviations: CYS = cysteinate, CIS = cystinate, HIS 

=histidinate. 

range. The computed distributions were found to be 
independent of the free metal ion concentration 
below a value of 10e9 mol dmw3 to a precision of 
1%. 

The predominating LMW Cd(I1) and Ni(I1) com- 
plexes in blood plasma as computed by ECCLES are 
given in Table IV. 

LMW cadmium is mainly present as a neutral 1: I 
complex with cysteinate which accounts for almost 
50% of the LMW metal. The neutrality of the com- 
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plex suggests it may be able to penetrate cellular 
membranes. This species may, thus, play a role in 
the transport of cadmium in vivo. Other important 
Cd(H) cysteinate complexes are the MLOH, ML*H, 
ML2 and ML2H2 species. The 1: 1 complex formed be- 
tween cadmium and cystinate in plasma is also signif- 
icant, accounting for some 28% of the LMW metal. 

The LMW distribution of Ni(II) ions in blood 
plasma shows the metal to be largely bound to 
histidinate and cysteinate. More than half of the 
LMW Ni(I1) is bound 
agreement with other 
species of significance 
histidinate species and 
nate. 

to histidinate, which is in 
workers [21]. The other 
are a ternary cysteinate- 
a bis complex with cystei- 

Conclusion 

These ongoing computer simulation models for 
the LMW complexation of Ni(I1) and Cd(I1) ions in 
blood plasma provide a useful tool for the under- 
standing of the biochemical behaviour of these toxic 
metals in vivo. More importantly, they provide an 
essential basis for the subsequent assessments of the 
efficacy of potential chelating drugs in removing such 
metals from the body. 

References 

1 P. M. May, P. W. Linder and D. R. Williams, J. Chem. 
Sot., Dalton Trans., 588 (1977). 

2 R. M. Winston,&. Med. J., 2, 401 (1971). 
3 P. A. Lucas, A. G. Jariwalla, J. H. Jones, J. Gough and 

I’. T. Vale, Lancet, II, 205 (1980). 
4 F. C. Christensen and E. C. Olson, Arch. Ind. Health, 16, 

8 (1957). 
5 D. C. Beton, G. S. Andrews, H. J. Davis, L. Howells and 

G. F. Smith, Br. J. Ind. Med., 23, 292 (1966). 
6 R. Scott, E. A. Mills, G. S. Fell. F. E. R. Husian, A. J. 

Yates, P. J. Paterson, A. Mckirdy, J. M. Ottoway, 0. P. 
Fitzgerald-Finch, A. Lamont and S. Roxburgh, Lance& 
II, 396 (1976). 

10 

11 

12 
13 
14 

15 
16 

17 

18 

19 

20 

21 

22 

23 

24 

25 
26 

27 

28 

29 

30 

31 

32 

P. E. De Silva and M. B. Donnan, Br. J. Ind. Med.. 38, 76 
(1981). 
G. Kazantzis, Environ. Health Perspect., 28, 155 (1979). 
A. Harada, M. Hiroto and K. Kono, ‘Proc. 2nd Int. Cad- 
mium Conf., Cannes, 1979’, Metal Bulletin, London, 
1979. 
T. C. Harvey, J. D. Blainey, R. G. Adams and B. D. 
Brewer,Br. J. Ind. Med., 37, 278 (1980). 
R. R. Ghose. W. D. Moraan and P. E. Cummins, Br. J. 
Ind. Med., 38, 185 (1981). 
L. Fribere. Acta Med. Stand. Suuvl.. 240, 1 (1950). 
H. W. Armit,J. Hyg., 7, 35 (19df). 
U. Vuopala, E. Huhti, J. Takkunen and M. Huikko, Ann. 
Clin. Res., 2, 214 (1970). 
F. W. Sunderman, Ann. Clin. Res., 3, 182 (1971). 
I. M. Klotz, J. M. Urquhart and H. A. Fiess, J. Am. Chem. 
Sot., 74, 5537 (1952). 
J. D. Glennon and B. Sarkar, Biochem. J., 203, 15 
(1982). 
P. M. May, P. W. Linder and D. R. Williams, Experientia, 
32, 1492.(1976). 
M. Van Soestbergen and F. W. Sunderman, Clin. Chem., 
18, 1478 (1972).- 
N. Asato, M. Van Soestbergen and I;. W. Sunderman, 
Clin. Chem., 21, 521 (1975). 
M. Lucassen and B. Sarkar, J. Toxicol, Environ. Health, 
5, 897 (1979). 
G. Berthon. P. M. Mav and D. R. Williams,J. Chem. SOC., 
Dalton Trans., 1433 (i978). 
A. I. Vogel, in ‘A Textbook of Quantitative Inorganic 
Analysis, 3rd edn.‘, Longmans, London, 1968. 
F. J. C. Rossotti and H. S. Rossotti, J. Chem. Educ., 42, 
375 (1965). 
D. R. Williams,J. Chem. Educ., 48, 480 (1971). 
J. Bierrum. Thesis, ‘Metal Ammine Formation in Aqueous 
Solution’, Haase, Copenhagen, 1941. 
A. Sabatini, A. Vacca and P. Gans, Talanta, 21, 53 
(1974). 
A. M. Corrie, G. K. R. Makar, M. L. D. Touche and D. R. 
Williams, J. Chem. Sot., Dalton Trans., 105 (1975). 
C. A. McAuliffe and S. G. Murray, Inorn. Chim. Acta 
Rev., 103 (1972). 
G. R. Lenz and A. E. Martell, Biochemistry, 3, 745 
(1964). 
N. C. Li and R. A. Manning,J. Am. Chem. Sot,, 77, 5225 
(1955). 
Z.-X. Huang, II. S. Al-Falahi, A. Cole, J. R. Duffield, C. 
Furnival, D. C. Jones, P. M. May, G. L. Smith and 
D. R. Williams, Polyhedron, I, 153 (1982). 


