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Summary 

M e t a l l o t h i o n e i n s (MT) a r e s u l p h y d r y l - r i c h , s m a l l m o l e c u l a r 
w e i g h t p r o t e i n s w h i c h f o r m c o m p l e x e s w i t h h e a v y m e t a l s s u c h a s 
c a d m i u m , c o p p e r , m e r c u r y a n d z i n c . F u n c t i o n s a t t r i b u t e d t o MT 
i n c l u d e d e t o x i f i c a t i o n , s t o r a g e a n d r e g u l a t i o n o f m e t a l s . T h e i r 
i n d u c t i o n may s i g n i f y e x p o s u r e t o e x c e s s i v e c o n c e n t r a t i o n s o f 
m e t a l i o n s i n c e l l s . C o n s e q u e n t l y , t h e p o t e n t i a l v a l u e o f t h e s e 
r e l a t i v e l y s p e c i f i c b i o c h e m i c a l i n d i c a t o r s o f m e t a l 
c o n t a m i n a t i o n w o u l d s eem t o b e o b v i o u s . T o d a t e h o w e v e r , t h e 
f u l l v a l u e o f MT a s a m o n i t o r i n g t o o l h a s r a r e l y b e e n 
d e m o n s t r a t e d , p a r t l y d u e t o d i f f i c u l t i e s i n d e t e r m i n i n g p r o t e i n 
c o n c e n t r a t i o n s . 

I n t h i s s t u d y d i f f e r e n t i a l p u l s e p o l a r o g r a p h y h a s b e e n 
u s e d , t o g e t h e r w i t h t h e B r d i c k a e l e c t r o l y t e , t o m e a s u r e d i r e c t l y 
t h e l e v e l s o f MT i n m a r i n e o r g a n i s m s . T h e q u a n t i t a t i v e 
s u l p h y d r y l - s p e c i f i c P o l a r o g r a p h i e p r o c e d u r e d e s c r i b e d , i s . b a s e d 
o n t h e l i n e a r r e l a t i o n s h i p b e t w e e n t h e h e i g h t o f t h e s e c o n d o f 
t w o P o l a r o g r a p h i e w a v e s ( f o l l o w i n g c o b a l t r e d u c t i o n ) a n d the 

p r o t e i n c o n c e n t r a t i o n . 

A t r o o m t e m p e r a t u r e , u s i n g t h e o p e r a t i n g c o n d i t i o n s 
d e s c r i b e d , t h e l i n e a r d e t e c t i o n r a n g e was 5 - 3 0 0 ^ g MT 1 , 
b a s e d o n r a b b i t l i v e r MT s t a n d a r d . 

L e v e l s o f M T - l i k e p r o t e i n s a r e r e p o r t e d f o r a v a r i e t y o f 
m a r i n e m o l l u s c s , c o l l e c t e d a t s i t e s i n P o r t u g a l a n d t h e U n i t e d 
K i n g d o m , a n d r a n g e f r o m 1 . 6 9 - 2 1 . 3 mg/g ( d r y w e i g h t ) , d e p e n d i n g 
o n t h e s p e c i e s a n d t i s s u e a n a l y s e d . T h e t e c h n i q u e i s c l e a r l y 
s e n s i t i v e e n o u g h t o b e o f v a l u e i n f u t u r e e n v i r o n m e n t a l e f f e c t s 
a s s e s s m e n t s . 

* U n i v e r s i d a d e d o A l g a r v e - Campo d e G a m b e l a s - A p a r t a d o 1 0 0 0 -
8 0 0 0 F A R O - P o r t u g a l . 
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INTRODUCTION 

M e t a l l o t h i o n e i n s (MT) a r e c y s t e i n e r i c h ( - 3 0 % ) , low 

m o l e c u l a r weight p r o t e i n s which form a complex w i t h heavy metals 
> 

such as cadmium, copper, mercury and z i n c . 

The i n d u c t i o n o f such p r o t e i n s w i t h i n l i v i n g organisms i s 

o f t e n thought t o o c c u r as a r e s u l t o f exposure t o environments 

c o n t a m i n a t e d w i t h heavy m e t a l s . Thus i n a d d i t i o n t o t h e i r 

involvement i n the normal metabolism o f metals, MT and s i m i l a r 

p r o t e i n s may a l s o s e q u e s t e r metals which might o t h e r w i s e b i n d t o 

s e n s i t i v e c e l l u l a r s i t e s and e x e r t t o x i c e f f e c t s ( 1 ) . P r o p o s a l s 

have been put forward t o use MT as s p e c i f i c i n d i c a t o r s f o r the 

e a r l y d e t e c t i o n o f d e t r i m e n t a l e f f e c t s o f c e r t a i n metals and 

c o nsequently t o use them i n marine p o l l u t i o n m o n i t o r i n g . Hence 

i t i s e s s e n t i a l t h a t the b i o l o g i c a l f u n c t i o n s o f MT and t h e i r 

q u a n t i f i c a t i o n i n t i s s u e s a r e determined. 

A v a r i e t y o f methods have been employed i n t h e i s o l a t i o n 

and p u r i f i c a t i o n o f MT, m a i n l y f o r t h e p u r p o s e o f 

c h a r a c t e r i z a t i o n . These i n c l u d e UV spectrophotometry, v a r i o u s 

types o f chromatography ( g e l permeation, i o n exchange, a f f i n i t y 

and r e v e r s e phase), s a l t and o r g a n i c s o l v e n t p r e c i p i t a t i o n and 

e l e c t r o p h o r e s i s . 

The use o f p o l a r o g r a p h y f o r t h e e s t i m a t i o n o f t h i o l i c 

p r o t e i n s was f i r s t d e s c r i b e d by B r d i c k a ( 2 ) . Subsequently the 

method was m o d i f i e d by P a l e c e k & Pechan ( 3 ) by t h e u s e o f 

d i f f e r e n t i a l p u l s e p o l a rography (DPP) and l a t e r adapted f o r the 

s p e c i f i c a n a l y s i s o f MT (4, 5 ) . Recent m o d i f i c a t i o n s ( 6 ) have 
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improved instrument response and d e t e c t i o n l i m i t s . 

The b a s i s f o r the q u a n t i f i c a t i o n o f MT l i e s i n the l i n e a r 

r e l a t i o n s h i p between the p r o t e i n c o n c e n t r a t i o n and the second o f 

t h e two waves, d e s i g n a t e d 'A' and 'B', which f o l l o w the c o b a l t 

r e d u c t i o n wave ( 3 , 5 , 6 ) . Wave 'A' (- - 1 . 3 5 V v e r s u s Ag/AgCl) 

cannot be q u a n t i f i e d a c c u r a t e l y because i t i s i n f l u e n c e d by the 

c a t h o d i c s i d e o f the c o b a l t r e d u c t i o n wave, w h i l e wave 'B' i s 

b e t t e r r e s o l v e d (--1.47 V v e r s u s Ag/AgCl). 

The o b j e c t o f the p r e s e n t study was t o d e s i g n a s e n s i t i v e 

method f o r q u a n t i f y i n g MT i n m a r i n e i n v e r t e b r a t e s , u s i n g 

d i f f e r e n t i a l p u l s e polarography. 

MATERIAL AND METHODS 

Polarographic conditions and reagents-

A d i f f e r e n t i a l p u l s e p o l a r o g r a p h i c a s s a y f o r MT was 

accomplished u s i n g a PARC Model 174A a n a l y s e r , a PARC/EG&G Model 

3 0 3 s t a t i c mercury drop e l e c t r o d e (SMDE) and a f l a t - b e d X-Y 

r e c o r d e r . 

The t h r e e e l e c t r o d e system c o n s i s t e d o f a b e v e l l e d 

c a p i l l a r y working e l e c t r o d e , a p l a t i n i u m counter e l e c t r o d e and a 

Ag/AgCl r e f e r e n c e e l e c t r o d e . 

C a p i l l a r y e l e c t r o d e s were c l e a n e d by r e p e a t e d l y w a s h i n g 

w i t h h y d r o c h l o r i c a c i d (1M), and d e i o n i z e d water. A f t e r d r y i n g 

( 6 0 °C) they were s i l a n i z e d u s i n g ( C H 3 ) 2 S i C l 2 (2%) i n 1,1,1-

t r i c h l o r o e t h a n e f o r h a l f an hour and d r i e d ( 6 0 °C) o v e r n i g h t . 

I n s t r u m e n t s e t t i n g s l i s t e d i n t a b l e I a r e s i m i l a r t o t h o s e 
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d e s c r i b e d by Thompson & Cosson ( 6 ) . 

The B r d i c k a s u p p o r t i n g e l e c t r o l y t e was prepared a c c o r d i n g 

to the methods o f Palecek & Pechan (3) and Imber & Thompson (7) 

and c o n t a i n e d 1.0 M NH 4C1, 1.0 M NH 40H and 2.0 mM o f 

[ C o ( N H 3 ) 6 ] C l 3 . Hexamminecobalt ( I I I ) c h l o r i d e (BDH-GPR) was used 

without p u r i f i c a t i o n . The e l e c t r o l y t e was prepared weekly and 

s t o r e d a t 4 "C when not i n use. 

T r i t o n X-100 (SIGMA) was used a t a c o n c e n t r a t i o n o f 2.5 x 
_ o 

10 % ( v / v ) t o s u p p r e s s s e c o n d a r y maxima and minima and t o 

e l i m i n a t e b a s e l i n e n o i s e , as recommended by Thompson and 

Co s s o n (6 ) . 

P r o t e i n standards were o f r a b b i t l i v e r m e t a l l o t h i o n e i n , MT-

I (SIGMA). The working standard s o l u t i o n was 10.0 mg/1, prepared 

i n d e i o n i z e d water/ 

TABLE I 

Instrument settings for DPP assay for Metallothioneins 

PARC Model 174 PARC/EG&G Model 303(SMDE) 

Amplitude modulation: 50 mV Mode: DME 

Potential scan- -1.42 V to -1.62 V Drop size: Medium 
Range: 2 mv s 

Direction: Negative Purge time: 2-4 min 
Range: 1.5 V 

Current range: 5 /iA 

Operation mode: Differential pulse 

Output offset: Off 
Drop time: 1 s 
I n i t i a l potential: -1.42 V 
Display direction: Positive 
Low pass f i l t e r : Off 
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Ten m i l l i l i t e r s o f e l e c t r o l y t e were d i s p e n s e d d i r e c t l y t o 

the c e l l , t o g e t h e r w i t h 100 nl o f T r i t o n X-100 and a l i q u o t s o f 

standard/sample. The c e l l was then purged f o r 2 minutes w i t h 

p u r i f i e d N 2 ; p r i o r t o a n a l y s i s . 

Field Samples 

L e v e l s o f MT were d e t e r m i n e d i n a v a r i e t y o f m o l l u s c s 

(gastropods and b i v a l v e s ) c o l l e c t e d from s i t e s i n the U n i t e d 

Kingdom and P o r t u g a l . P r e p a r a t i o n o f c y t o s o l i c e x t r a c t s from 6¬

12 poo l e d i n d i v i d u a l s was s i m i l a r t o t h a t d e s c r i b e d by Langston 

& Zhou ( 8 ) . I n t e r f e r i n g h i g h m o l e c u l a r w e i g h t p r o t e i n s were 

removed by heat d e n a t u r a t i o n (80 °C f o r 10 min) f o l l o w e d by h i g h 

speed c e n t r i f u g a t i o n (28,000 x g ) . T w e n t y - f i v e m i c r o l i t r e 

a l i q u o t s o f the supernatant, c o n t a i n i n g the heat s t a b l e MT, were 

taken f o r a n a l y s i s . 

Q u a n t i f i c a t i o n o f MT was accomplished by u s i n g the standard 

a d d i t i o n method. 

RESULTS AND DISCUSSION 

The b a s i s f o r t h e d e t e r m i n a t i o n o f t h i o l i c p r o t e i n s 

( i n c l u d i n g MT) i n the d e s c r i b e d procedure l i e s i n the l i n e a r 

r e l a t i o n s h i p between the c o n c e n t r a t i o n o f p r o t e i n and the second 

of the two waves f o l l o w i n g the c o b a l t r e d u c t i o n wave (3, 5, 6). 

A complex o f c o b a l t ( I I ) i o n s w i t h t h e p r o t e i n m o l e c u l e s 

p l a y s a d e c i s i v e r o l e i n the two wave p o l a r o g r a p h i c e f f e c t . A 

f u r t h e r c o n d i t i o n necessary i s the presence o f s u l p h y d r y l o r 

d i s s u l p h i d i c groups i n the p r o t e i n molecule. B r d i c k a et al. (9) 
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e s t a b l i s h e d t h a t p r o t e i n s n ot c o n t a i n i n g t h e s e g r o u p s a r e 

p o l a r o g r a p h i c a l l y i n a c t i v e , and, among the n a t u r a l amino a c i d s , 

o n l y c y s t i n e and c y s t e i n e show waves o f s i m i l a r n a t u r e i n 

b u f f e r e d c o b a l t s o l u t i o n s . 

The h e i g h t and shape o f the p o l a r o g r a p h i c doublewave o f MT 

v a r i e s w i t h the c o n c e n t r a t i o n o f a l l the i n d i v i d u a l components 

of the b u f f e r e d c o b a l t s o l u t i o n . The f o l l o w i n g p o i n t s summarize 

our e f f o r t s t o e s t a b l i s h t h e b e s t s u i t a b l e e l e c t r o l y t e 

c o n c e n t r a t i o n and c o n d i t i o n s f o r the e s t i m a t i o n o f r e l a t i v e l y 

low c o n c e n t r a t i o n s o f these p r o t e i n s : 

1) As r e p o r t e d by B r d i c k a e t a l . (9) we found t h a t the 

h e i g h t o f t h e d o u b l e p r o t e i n wave i n c r e a s e s w i t h i n c r e a s i n g 

c o n c e n t r a t i o n s o f hexamminecobalt(III) i o n s . 

2 ) In agreement wi t h o t h e r authors ( 3 , 6 ) we found i n the 

polarogram the presence of a maximum of the f i r s t k i n d on the 

l i m i t i n g c u r r e n t o f the c o b a l t . T r i t o n X - 1 0 0 was used t o t r y t o 

remove t h i s maximum and t o f i n d the c o n d i t i o n s under which the 

wave g i v e n by the p r o t e i n would be b e t t e r r e s o l v e d . 

3 ) S a t i s f a c t o r y r e s u l t s were o b t a i n e d by m a i n t a i n i n g the 

b u f f e r e d s o l u t i o n c o n c e n t r a t i o n o f NH 4 C1/NH 4 0H t o 1M, a d j u s t i n g 

the c o b a l t c o n c e n t r a t i o n t o 2 . 0 mM, and by the a d d i t i o n o f a 

r e l a t i v e l y s m a l l amount o f T r i t o n X - 1 0 0 ( 1 0 0 /ul). 

4) C a p i l l a r y c l e a n l i n e s s and s i l a n i z a t i o n was shown t o be 

fundamental f o r good r e p r o d u c t i b i l i t y o f the method. 

A t y p i c a l p o l a r o g r a p h i c s c a n o f a sample o f Ruditapes 

(=Venerupis) decussatus, showing the two separ a t e p r o t e i n waves 

f o l l o w i n g the c o b a l t r e d u c t i o n wave, i s shown i n f i g . 1. A l l the 
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p o t e n t i a l s r e p o r t e d a r e r e l a t i v e t o t h e A g / A g C l r e f e r e n c e 

e l e c t r o d e . 

The p o l a r o g r a p h i c response was a l s o shown t o be independent 

o f m e t a l c o n t e n t ( C d , Cu o r Zn) o f t h e p r o t e i n , a l t h o u g h a 

c e r t a i n s h i f t o f the c o b a l t r e d u c t i o n wave towards more p o s i t i v e 

p o t e n t i a l s can be d e t e c t e d when excess metal i s added. 

- 1 . 2 _ 1 . 4 - 1 . 6 

APPLIED POTENTIAL(volts) 

Fig. 1. Differential pulse polarograms of the Brdicka 

electrolyte containing 50, 100, 150 /il of cytosol of R. 

decussatus; obtained using s t a t i c mercury drop 

electrode. Co, 'A' and 'B' denotes the reduction of the 

cobalt (Co) and the protein (A, B), respectively. 

A MT c a l i b r a t i o n curve ( f i g . 2) generated a t 20 °C, was 

l i n e a r o v e r the range 5 ^g/1 t o 300 pg/1 (r=0.9985, P< 0.001); 
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t h i s i s e q u i v a l e n t t o 0.77 nM t-o AP> I K „™ v. 
nn -co 46.15 nM, based on an average 

molecular weight f o r MT o f 6500 M m n,t= -
oouu ( i u j . Data p o i n t s r e p r e s e n t the 

means of th r e e o r mnrp r - Q ^ i . 
, . . , 6 r e P l l c a t e d e t e r m i n a t i o n s . The d e t e c t i o n 
l i m i t ( d e f i n e d as 3 tirap<? i-ho M , 

. ° r i m e s t h e b l a n k s t d . dev.) o f 5 Mg/1 
obtained i n the pr e s e n t study ( a t 5 „ A f u l l s c a l e ) r e p r e s e n t s 
some improvement over t h a t p r e v i o u s l y r e p o r t e d by Thompson fi 

Cosson (6) and c o u l d be enhanced f u r t h e r by c a r r y i n g o u t 
a n a l y s i s at lower temperature. 

2500 -

< 

200 ~L ^o 

MT pg/l 

F i g . 2. MetaUothionein (MT) c a l i b r a t i o n (Signal 

intensity, I, against concentration of Rabbit liver MT) 

using s t a t i c mercury drop electrode, at room 

temperature. Linear regression equation and coefficient 

are indicated. 

U s i n g t h e c o n d i t i o n s d e s c r i b e d h e r e , o n l y a few 
. i c r o i i t r e s o f c y t o s o i are needed t o r MT a s s a y i n m a n y o f the 
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m o l l u s c s sampled. F i g u r e 3 shows polarograms o f the 'B1 wave o f 

1 0 0 / i l a l i q u o t s o f t h e c y t o s o i f rom a sample o f Ruditapes 

decussatus. The polarograms r e p r e s e n t scans b e f o r e and a f t e r the 

su p e r n a t a n t was s u b j e c t e d t o heat d e n a t u r a t i o n a t 80 °C f o r 10 

min. I n t e r f e r e n c e s from h i g h m o l e c u l a r w e i g h t s u l p h y d r y l -

c o n t a i n i n g p r o t e i n s , such as albumins, can be removed by heat 

d e n a t u r a t i o n and c e n t r i f u g a t i o n ( o r chromatography) p r i o r t o 

a n a l y s i s . Low m o l e c u l a r weight s u l p h y d r y l - c o n t a i n i n g compounds, 

such as g l u t h a t i o n e , produce weak s i g n a l s which do not i n t e r f e r e 

s i g n i f i c a n t l y w i t h the d e t e c t i o n o r q u a n t i f i c a t i o n o f MT. 

-1.5 -1.6 -1-5 -1-6 

APPLIED POTENTIAL (volts) 

Fig. 3. Duplicate 'B' wave scans of solution containing 
100 p\ of R. decussatus (Ria Formosa - Portugal) 
homogenate supernatant before (A) and after (B) heat 

treatment. Note change of scales. 

T a b l e I I summarizes the d a t a o b t a i n e d f o r MT u s i n g t h i s 
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method i n d i f f e r e n t s p e c i e s and t i s s u e s o f marine i n v e r t e b r a t e s . 

Samples were c o l l e c t e d i n the R i a Formosa lagoon ( P o r t u g a l ) and 

a t s i t e s i n So u t h West E n g l a n d ( U n i t e d K i n g d o m ) . P r o t e i n 

c o n c e n t r a t i o n s range from 1.69 - 21.3 mg/g (dry w e i g h t ) . 

TABLE II 

Metallothionein levels in different marine invertebrates 

Species Size 

mm 

Tissue MT 

mg/g* 

Site 

Cerastoderma edule 30 Whole animal 4.55 Ria Formosa, Portugal 

Donax vitatus 32 Whole animal 6.37 » 

Littorina l i t t o r e a 20 Digestive gland 11.93 Plymouth, U.K 

20. Remaining tissue's 2.55 -
Littorina saxatilis 13 Digestive gland 15.45 Minehead, U.K 

Mytilus edulis 58 Whole animal 2.43 Whitsand bay, U.K. 

70 Digestive gland 8.04 -

Nucella lapillus 26 Digestive gland 5.29 Plymouth, U.K. 

26 Remaining tissues 1.95 -

Patella vulgata 35 Digestive gland ; .1.30 

35 Remaining tissues 1.69 • 

Ruditapes decussatus 20 Whole animal 4.29 Ria Formosa, Portugal 

* dry-weieht 

37 ihole animal 6.34 -
* dry-weight 
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A l t h o u g h l e v e l s o f M T - l i k e p r o t e i n s , measured u s i n g 

d i f f e r e n t i a l p u l s e polarography, have been r e p o r t e d f o r l i v e r s 

o f p e r c h (11), rainbow t r o u t (10, 12, 13) and salmon (14), the 

o n l y d a t a r e p o r t e d i n t h e l i t e r a t u r e , t o d a t e , f o r m a r i n e 

i n v e r t e b r a t e s a re f o r c r a b hepatopancreas (5) and the d i g e s t i v e 

g l a n d o f o y s t e r s , Crassostrea gigas, which ranged between 5.02 

- 7.18 g k g - 1 ( 7 ) . 

I n t h e absence o f p u r i f i e d i n v e r t e b r a t e p r o t e i n s , MT 

c o n c e n t r a t i o n s i n the pr e s e n t study are expressed as e q u i v a l e n t s 

o f r a b b i t l i v e r MT. S i n c e Thompson & C o s s o n (6) showed t h a t 

t h e r e i s a l i n e a r r e l a t i o n s h i p between t h e p o l a r o g r a p h i c 

response and the number of c y s t e i n e r e s i d u e s i n the molecule o f 

the p r o t e i n , a degree of e r r o r i n q u a n t i f i c a t i o n ( i n terms o f 

a b s o l u t e c o n c e n t r a t i o n s ) might be i n t r o d u c e d due t o i n t e r 

s p e c i f i c v a r i a t i o n s of the MT t h i o l i c c o n t e n t . Thus a l t h o u g h the 

procedure d e s c r i b e d here can be recommended f o r MT i n d u c t i o n 

s t u d i e s w i t h i n s p e c i e s , c l e a r l y some c a u t i o n should be e x e r c i s e d 

when c o m p a r i n g l e v e l s o f p r o t e i n i n d i f f e r e n t o r g a n i s m s . 

Thompson & Cosson (6) esti m a t e d however t h a t t h i s e r r o r would 

not be g r e a t e r than a f a c t o r o f two f o r marine s p e c i e s . 

Comparison o f the p u l s e p o l a r o g r a p h i c d e t e r m i n a t i o n of MT 

w i t h o t h e r commonly used methods (15) shows t h a t i t s h i g h 

s p e c i f i c i t y r e p r e s e n t s the most s e n s i t i v e p h y s i c o c h e m i c a l method 

f o r d i r e c t q u a n t i f i c a t i o n , c u r r e n t l y a v a i l a b l e . 

In our view t h i s method w i l l be an important a s s e t f o r 

c l a r i f y i n g t h e p r i m a r y f u n c t i o n o f m e t a l l o t h i o n e i n - l i k e 

p r o t e i n s , and i n d e t e r m i n i n g r e s p o n s e s i n r e l a t i o n t o heavy 
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metal c o n t a m i n a t i o n i n the marine environment. 
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