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Cu(1)-thionein release from copper-loaded yeast cells 

Klaus Felix, Hans-Jiirgen Hartmann, and Ulrich Weser 

Anorganische Biochernie, Physiologisch-Chemisches Institut der Universit~it T0bingen, Hoppe-Seyler Strasse 4, 
D-7400 Tiibingen, Federal Republic of Germany 

Summary. The release of intact Cu(I)8-thionein 
from copper-resistant copper-loaded yeast cells, 
strain X 2180-1Aa, has been shown. This cop- 
per(I)-thiolate-rich protein was characterized and 
compared with the chemical and physicochemical 
properties of intracellular yeast Cu-thionein. The 
same molecular mass and stoichiometry of 8 mol 
copper atoms/mol protein was found. No detect- 
able difference between the Cu-thioneins was 
seen in luminescence emission, electronic absorp- 
tion in the ultraviolet region, chiroptical data or 
amino acid composition. The importance of sta- 
ble Cu(I)-thiolates in Cu-thionein as a safe vehi- 
cle for transporting copper in a non-reactive man- 
ner is confirmed. 
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Introduction 

The molecular mechanism of copper metabolism 
is unknown. The essential role of this prominent 
transition metal requires a finely tuned regulation 
of cellular copper levels (Weser and Hartmann 
1984). Transport of 'free copper ions' must be 
considered to be rather dangerous as there are 
many undesired reactions including the following 
mechanisms. 

a) There is virtually no free Cu(lI) • aq ion at 
pH 7. Due to precipitation of Cu(OH)2 • aq, the 
concentration of hydrated Cu(II) lies beyond the 
femtomolar region (Bielski and Cabelli 1986). 

b) The strong and unspecific binding to biopo- 
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lymers creates considerable confusion in normal 
metabolism. 

c) Cu(II) displaces, in a competitive manner, 
many other important metal ions including 
Mg(II), Cd(II), Mn(II), Zn(II) etc. The respective 
Cu-complexes are thermodynamically more sta- 
ble. 

d) The Jahn-Teller distorted Cu(II)-coordina- 
tion compounds, though thermodynamically sta- 
ble, exchange their axially bound ligands some- 
times in less than 0.5 pos (Basolo and Pearson 
1967). This kinetic lability can be harmful for 
many biochemical reactions. 

e) Cu(II) acts as an oxidizing agent on --OH, 
- -SH a n d - - C H O  moieties. 

f) Cu(I) dismutates in aqueous solution to 
yield Cuo and Cu(II). 

g) Cu(I) can create excited oxygen species ac- 
cording to the Fenton or, as usually known, under 
the metal-driven Haber-Weiss reaction (Hart- 
mann and Weser 1977; Haber and Weiss 1934). 
Transiently generated "OH (373 kJxmol -1)  
(Gaillard-Cusin and James 1973) may lead to the 
irreversible destruction of cellular components. 

Fortunately, essentially all copper is specifica- 
lly bound in many different proteins. In the intra- 
cellular protein called 'metallothionein' the cop- 
per is firmly bound in stable Cu(I)-thiolate clus- 
ters. In this form the above uncontrolled reactions 
of copper will be minimized. In fact, Cu(I)-thion- 
ein is increasingly considered to be important for 
controlling cellular copper metabolism (Weser 
and Hartmann 1984; Schechinger et al. 1986; 
Weser et al. 1986; Hartmann et al. 1987). At pres- 
ent, the cleavage of the Cu(I)-thiolate bonding of 
this ubiquitously present cysteine-rich protein is 
under intensive investigation. Several catabolic 
modes have been discussed, including the direct 
competitive copper extrusion by apo-copper-pro- 
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teins. Furthermore, oxidation, proteolysis and al- 
kylation of  the Cu-thiolate centres are among the 
many other possibilities (Weser et al. 1986; Felix 
and Weser 1988). 

Cu-thionein from the yeast Saccharomyces eer- 
evisiae is characterized as a 53-residue polypep- 
tide of Mr=  5655 containing 12 cysteine residues/  
molecule. Eight Cu(I)-thiolate centres are known 
in this protein molecule (Winge et al. 1985). In the 
presence of chelators specific for Cu(I), 2 tool 
copper/ tool  protein were rapidly removed, leav- 
ing the remaining 6 tool/tool tenaciously bound. 
It is concluded that there must be two or more 
distinct types of  coordinated copper (Weser and 
Hartmann 1988). 

Due to the multiplicity of  the CUP1 gene, 
yeast cells are able to enrich copper from the 
growth medium very efficiently up to millimolar 
concentrations. Unlike vertebrate metallothion- 
eins, in which Zn, Cd and Cu are simultaneously 
bound, copper is exclusively coordinated in the 
yeast protein. In fact, most of the cellular copper 
is located in this protein. 

One question remains open as to how the ac- 
cumulated protein is metabolized by the Cu- 
thionein-loaded cell. Considerable amounts of ex- 
tracellular copper were observed in the superna- 
tant of  washed cells SO it seemed promising to in- 
vestigate the nature of released copper-containing 
compounds. The excretion of  intact Cu-thionein 
seemed attractive as a safe vehicle for transport- 
ing copper in a non-reactive manner. The released 
protein was characterised and compared with the 
known chemical and physicochemical properties 
of intracellular yeast Cu-thionein. 

Materials and methods 

Chemicals. Bathocuproinedisulphonate (disodium 2,9-dime- 
thyl-4,7-diphenyl-l,10-phenanthroline disulphonate) was pur- 
chased from Fluka (Buchs), glutathione (GSH) was obtained 
from Merck (Darmstadt), nitro-blue tetrazolium chloride 
(NBT) and xanthine were from Serva (Heidelberg) and xan- 
thine oxidase was from Sigma (Heidelberg). 

Cu-thionein. The copper-resistant yeast (Saccharomyces cerevi- 
siae) strain X 2180-1Aa was kindly donated by Julie Welch 
(Berkeley, CA) and was grown in a copper-containing medium 
(1.5 mM CuSO4). Cu-thionein was isolated from ruptured cells 
as earlier described (Weser et al. 1977; Winge et al. 1985; 
Weser and Hartmann 1988). Preparation of the excreted Cu- 
thionein was performed as follows. Yeast (1 g cell paste) was 
washed twice with phosphate-buffered saline (PBS). The cell 
pellet was resuspended in 2 ml PBS and shaken for 1 h at 
24 ° C. The cells were separated by centrifugation and the su- 
pernatant was chromatographed on a Sephadex G-50 (Phar- 
macia) column (1.2 x 50 cm), equilibrated with 10 mM 
NaHCO3/HC1, pH 7 in the presence of 0.1% (by vol.) mer- 

captoethanol. The Cu-thionein fraction was pooled and lyo- 
philized. 

Analytical methods. Copper was analysed on a Perkin-Elmer 
3030 atomic absorption spectrometer. Protein concentration 
was quantified by both the biuret method (Cooper 1981) and 
N2 determination with elemental analyses performed on a Per- 
kin-Elmer 240 B elemental analyzer. Electronic absorption 
was measured on a Hitachi U-2000 spectrophotometer. Amino 
acid analyses were carried out on a CK 10 F ion-exchange re- 
sin (Mitsubishi) and monitored on a Labotron liquimat 3A 
analyzer after sample hydrolysis using the method given by 
Moore and Stein (1963). Circular dichroic spectra were run on 
a Jasco 20A recording spectropolarimeter and fluorescence 
measurements were performed using a Spex fluorolog 222 
double-beam unit. 

Results and discussion 

The copper-resistant yeast strain X 2180-1Aa was 
grown for 48 h in a medium containing 1.5 mM 
CuSO4. After washing five times with 10 vol. wa- 
ter, the copper concentration in the cell was ap- 

proximate ly  3 mg/g  wet mass. Illumination at 
366nm of this processed yeast produced an 
orange-red fluorescence which was attributed to 
intracellular Cu-thionein. This luminescence emis- 
sion at 610 nm is due to the copper(I)-thiolate chro- 
mophore of intact Cu-thionein (Richter and Weser 
1988; Beltramini and Lerch 1981) (Fig. 1). 

The same phenomenon was observed in the 
cell-free supernatant when the washed yeast was 
resuspended in water or buffer. This is indicative 
for the release of a Cu-thionein-like compound. 
The time-dependent excretion of  the fluorescent 
product was measured by repeated incubation of 
1 g suspended wet cells in 2 ml PBS (Figs 2 and 
3). The released-copper concentration in the su- 
pernatant of  the sedimented cells paralleled both 
the fluorescence intensity and the amplitude and 
shape of the characteristic circular dichroic sig- 
nals of  Cu-thionein. 

The excretion lasted longer than 96 h, as mon- 
itored by the 610-nm emission. However, at this 
time only about 10% of the initial intracellular 
copper was extracted. When yeast cells were incu- 
bated in the same growth medium omitting any 
supplementary copper, the copper release was  
slightly higher. Much to our surprise, the additon 
of 1 mM reduced glutathione into the buffer or 
medium caused a 5-6-fold increase in copper con- 
centration, luminescence emission and dichroic 
amplitude (Fig. 2). It should be emphasized that, 
even under these conditions, both the fluores- 
cence and the circular dichroism were found to be 
typical for intact intracellular Cu-thionein. The 
characteristic chiroptical data can be considered 
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Fig. la ,  b. Microscopic fluorescence photograph of copper-loaded yeast ceils. An identical area of ceils was viewed throughout  a 
fluorescence filter and b optics (magnification x 800) 

the most specific p roof  indicating the existence of  
yeast Cu-thionein. 

Characterization of  the copper-binding com- 
pound was carried out by gel-filtration of  the cell- 
free supernatant on Sephadex G-50. There was a 
similar elution pattern as obtained in the case of  
yeast cell homogenates with the intriguing excep- 
tion that high-Mr compounds were essentially ab- 
sent. About  70% of the eluted copper was asso- 
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Fig. 2. Time-dependent  copper release from copper-loaded 
yeast in the presence of different incubation media. (A)  PBS; 
(Q)  copper-free culture medium; (11) copper-free culture me- 
dium + 1 mM reduced glutathione. Copper excretion was 
measured in the supernatant  of 1 g wet yeast. Cells were re- 
peatedly suspended in 2 ml incubation medium after shaking 
for 1 h at 24°C 

ciated with the Cu-thionein fraction. The remain- 
ing portion was analysed in the Mr=  1000 region. 
In order to compare the separated Cu-thionein 
with the intracellular species isolated earlier, a se- 
ries of spectroscopic measurements was carried 
out. Identical ultraviolet electron absorption, lu- 
minescence emission and circular dichroism were 
obtained (Figs 4 and 5). 

Quantification of protein and copper revealed 
a stoichiometry of  7.5 + 0.3 mol copper /mol  pro- 
tein which is close to both the value of  the intra- 
cellular Cu-thionein and the theoretical amount 
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Fig. 3. Time-dependent  copper release from copper-loaded 
yeast. Dichroic amplitude at 359 nm of excreted yeast Cu- 
thionein after repeated incubation of cells in PBS. The super- 
natants were directly used for the measurements. Incubat ion 
conditions were the same as in Fig. 2 
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Fig. 4. Circular dichroism of excreted yeast Cu-thionein 

of copper (8 mol/mol) .  At the same time, the am- 
ino acid composit ion was in accordance with ear- 
lier work (Weser et al. 1977). In addition, the reac- 
tivity with the specific Cu(I)-chelator bathocu- 
proinedisulphonate was examined. Again the 
same 20-25% Cu(I)-reactive copper was measured 
without any change in the intensity of  the ob- 
served Cotton bands (Weser and Hartmann 1988). 
Identical specific molar ellipticities expressed for 
copper were obtained (i.e. 0359=1700+100 
deg- cm 2 • drool-1). 

In conclusion, we are dealing with an intact 
Cu-thionein excreted from living yeast cells in 
considerable concentration. A similar excretion 
was seen when normal baker's yeast previously 
treated with copper salts was employed. Proof 
that the yeast cells were alive was obtained by 
growing the cells in the above copper-containing 
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Fig. 5. Corrected excitation and emission spectra of released 
yeast Cu-thionein 
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medium for a further 24 h, both before and after 
96 h Cu-thionein release. An identical growth rate 
was found in both cases, as calculated by estima- 
tion of  the final cell volume. Furthermore, if any 
cell damage had taken place, characteristic cyto- 
solic enzymes such as Cu2Zn2-superoxide dismu- 
tase, should have been detected. No superoxide 
dismutase activity at all was seen in the superna- 
tant using the NBT assay. 

The mechanism of the Cu-thionein release is 
still unknown. Whether there is an active mem- 
brane transport or just a simple discharge process 
by free diffusion needs further investigation. 
However, due to the reactivity of glutathione 
which dramatically accelerates the Cu-thionein 
excretion, it is obvious that an energy-consuming 
process is involved. An increased intracellular 
glucose supply may be the cause for this phenom- 
enon. In the presence of  N A D P H  the glycolytic 
pathway of glucose is favoured which results in 
an elevated production of ATP. The glutathione- 
supported N A D P H  generation from NADP + is 
well known (Stryer 1975). 

A relationship of  the Cu-thionein release from 
yeast cells and the known production of microbial 
siderophores is very attractive (Winkelmann and 
Huschka 1987). This would be the first known 
case of  a membrane-transferable low-molecular~ 
mass copper-containing protein. 

Conclusion 

Although the intracellular catabolism of Cu- 
thionein is still unknown, the excretion of intact 
Cu-thionein is of  utmost importance in general 
copper metabolism. Cu-thionein would be a most 
appropriate compound to avoid the many uncon- 
trolled reactions of  free copper briefly mentioned 
in the Introduction. In other words, the safest way 
to transport copper(I) is in the Cu(I)-thiolate 
form. It would be very interesting to search for 
similar extracellular thionein-like proteins in ver- 
tebrates. Apart from all these biochemical consid- 
erations, the suspension of  copper-loaded yeast 
cells in simple buffers woud be a most conve- 
nient, rapid and efficient method for the isolation 
of  Cu(I)-thionein. 
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