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Cu,Zn-superoxide  dismutase activity,  expressed  on 
the basis of cell number,  increased  by 50% during 
sodium  butyrate-induced  differentiation of human 
K562 erythroleukemia cells. The  increased  enzyme 
activity  was  found  to  be  concomitant  with  constant 
Cu,Zn-superoxide  dismutase mRNA and immunoreac- 
tive  protein  levels  and  was accompanied by a rise in 
intracellular  copper  and  glutathione.  Incubation of 
K662 cell  homogenates with  copper  caused  an  increase 
of Cu,Zn-superoxide  dismutase activity  which  reached 
the levels  observed after  differentiation  in  the  presence 
of sodium butyrate.  The  same  treatment led to  no sig- 
nificant  activity  increase  in  homogenates  derived  from 
differentiated cells. Externally  added  ceruloplasmin 
increased  both  intracellular  copper  levels  and  Cu,Zn- 
superoxide  dismutase  activity  in  undifferentiated  cells 
to a level  comparable  with that observed after induc- 
tion of differentiation.  Both  increments  were  abolished 
by depletion of cell  glutathione.  Cu,Zn-superoxide  dis- 
mutase  purified  from  control  cells  had  both a lower kcat 
and a lower  copper content  than  the  enzyme  purified 
from  differentiated cells. From  these  data  we conclude 
that: 1) Cu,Zn-superoxide  dismutase is present  in K562 
cells  also  under  the  form of a less active  copper-defi- 
cient enzyme, 2) the  extent of enzyme  activation is 
regulated  post-translationally  by  differential  delivery 
of copper as a function of differentiation stage, and 3) 
glutathione is likely  to  play a role  in  delivering  copper 
to  the copper-deficient  protein  in  intact K562 cells. 

Aerobic life is challenged by partially reduced oxygen spe- 
cies (OF, H202, OH’) which are  transiently formed during 
biological processes (1). Due  to  their higher reactivity, as 
compared  with molecular  dioxygen, they  are considered to  be 
potentially toxic to cells. Among the several enzymatic  and 
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non-enzymatic defense mechanisms  that have evolved against 
reactive oxygen species  superoxide dismutases  (EC 1.15.11, 
SODs)’ are  thought  to provide a primary  line of defense by 
catalyzing  the  dismutation of the  one-electron reduction prod- 
uct of oxygen, OF, to H202 and O2 (2). Generally, eukaryotes 
possess  two forms of SODs: one  manganese-containing  en- 
zyme that  is  located  in  the  mitochondrial  matrix  and  one 
copper-  and  zinc-containing  protein which is  found  in  the 
cytosol (3). In  spite of their analogous enzymatic  function  and 
the  fact  that  both  proteins  are encoded on  nuclear genes, the 
two  enzymes  differ greatly  with  respect  to  their inducibility. 
Mn-SOD  seems  to  be  adaptively  regulated  in  an oxygen- 
dependent  fashion (4), while Cu, Zn-SOD  behaves as a “house- 
keeping” protein  in mouse and  rat  tissues (5) as well as in 
Xenopus lueuis (6). However, the  underlying  mechanisms of 
the  fine regulation of its gene are  still poorly  understood. 
Elucidation of the  mechanistic  patterns by which Cu,Zn-SOD 
activity  is  controlled would be of pivotal  importance for a 
better  definition of the biological role of this enzyme. 

An interesting model system was recently described (7), 
which  involves an  increased Cu,Zn-SOD activity  in  erythro- 
leukemia cells  induced to  differentiate  along a pseudo-eryth- 
roid pathway. The in vitro erythroid cell differentiation goes 
along  with  reduction of cell growth  and  concomitant accu- 
mulation of hemoglobin (8, 9). It  has been suggested that 
increased Cu,Zn-SOD activity would be likely to occur in  any 
cellular system triggered for hemoglobin synthesis (7). In  fact, 
enhanced hemoglobin levels might  cause an  increased  intra- 
cellular 0;-flux which  could  induce de nouo synthesis of 
Cu,Zn-SOD (7). 

This  hypothesis  has  been  questioned by recent findings, 
indicating  no  changes  in CN”inhibitab1e SOD  activity, which 
corresponds  to  the Cu,Zn-enzyme, to occur during  differentia- 
tion of Friend  erythroleukemia cells (10). Moreover human 
K562 erythroleukemia cells were found  to undergo a decrease 
in Cu,Zn-SOD activity  during  hemin-induced  differentiation 
(11). 

In view  of these  rather  contradictory  reports we have rein- 
vestigated  the  erythroleukemia cell differentiation model with 
special  focus on  the  relationship between  Cu,Zn-SOD activity, 

The abbreviations used are: SOD, superoxide dismutase; BSO, ( d ,  
1)-buthionine (S,R)-sulfoximine; FELC, Friend erythroleukemia 
cells; GSH, glutathione; HMBA, N,N’-hexamethylenebisacetamide; 
PBS, phosphate-buffered saline; SB, sodium butyrate; SDS, sodium 
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; ELISA, 
enzyme-linked immunosorbent assay; FPLC, fast protein liquid chro- 
matography. 
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TABLE I 
Effect of SB on Cu,Zn-SOD, Mn-SOD, catalase and lactate 

dehydrogenase levels in K562 cells 

Cu,Zn-SOD  Mn-SOD Catalase drogenase 
Lactate  dehy- 

g f 1 8  c e h  units f 1 8  c e h  units f 18 cells units f 18 cells 
Control 0.212 f 0.046 0.123 f 0.05 9.3 f 4.4 0.58 f 0.12 

SB 0.314 f 0.074" 0.082 f 0.004 10.0 f 3.9 0.48 f 0.08 
( n  = 9) ( n  = 3) ( n  = 3) ( n  = 3) 

( n  = 9) ( n  = 3) ( n  = 3) ( n  = 3) 
Significantly different from control as evaluated by Student's t 

test ( p  < 0.01). 
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FIG. 1. Gel filtration chromatography of 17000 X g super- 
natants of K562 cells. 17,000 X g supernatants derived from lo6 
control or SB-treated K562 cells were chromatographed on  a Superose 
1 2  FPLC column operating at  0.3 ml/min. 1.2-ml fractions were 
collected, and Cu,Zn-SOD activity was determined polarographically 
in each fraction. Solid lines: AZB~nm; H, control; A, SB-treated cells; 
dashed lines: SOD activity; 0, control; A, SB-treated cells. 

protein  and mRNA  levels.  We  show that differential delivery 
of copper to  a  constantly expressed protein is a major mech- 
anism of the regulation of Cu,Zn-SOD activity in K562 cells 
induced to differentiate by exposure to sodium butyrate. Dif- 
ferent ratios between the less active copper-deficient protein 
and  the fully active holoprotein account for the observed 
changes of the enzyme activity level, a case previously sug- 
gested only for yeast or animal cells subjected to copper 
starvation (12-15). 

MATERIALS AND METHOD$ 

RESULTS 

96-h exposure to SB resulted in a 50% increase of polaro- 
graphically detectable SOD activity in K562 erythroleukemia 
cells (Table I). This activity increase was completely abolished 
by 3 mM CN-, which is a specific inhibitor of Cu,Zn-SOD (2). 
Gel filtration chromatography of 17,000 X g supernatants 
derived from either  control or SB-treated cells showed that 
SOD activity eluted as  a single peak with an approximate 
molecular mass of  30 kDa (Fig. 1). Thus, polarographically 
detectable activity corresponds to  the activity of the Cu,Zn- 
containing enzyme in  both  control and SB-treated cells. 

Other enzymes involved in oxygen free radical detoxifica- 
tion such as catalase or Mn-SOD did not parallel the behavior 
of Cu,Zn-SOD, whereas glutathione peroxidase was  below the 
detection limits of our analytical procedure (33) in  both 

* Portions of this paper (including "Materials and Methods,"  Figs. 
2, 3, and 6, and Tables 111, V, and VI) are presented in miniprint at 
the end of this paper. Miniprint is easily read with the aid of a 
standard magnifying glass. Full size photocopies are included in the 
microfilm edition of the  Journal  that is available from Waverly Press. 

control  and  differentiated cells. Lactate dehydrogenase activ- 
ity, assayed as  control, was unaffected by SB exposure (Table 
I). 

Relationship between Cu,Zn-SOD Activity and Hemoglobin 
Levels-In order to evaluate the possibility of a correlation 
between hemoglobin and Cu,Zn-SOD activity, nine subclones 
expressing different basal levels of hemoglobin  were isolated 
from the original K562-A clone. Each subclone was induced 
to differentiate by exposure to SB. Cu,Zn-SOD activity and 
hemoglobin content were determined for control and differ- 
entiated cells of each subclone and  plotted  as shown in Fig. 
2. No correlation between Cu,Zn-SOD activity and hemoglo- 
bin  content could be detected using either  a least squares 
linear regression or an iterative nonlinear regression. 

As a  further  test, we examined FELC induced to differen- 
tiate along an analogous erythroid pathway by exposure to 
HMBA. This cell line failed to show a significant increase of 
Cu,Zn-SOD activity on a  per cell basis  during differentiation 
passing from  0.085 f 0.008  gg/106  cells to 0.095 f 0.015  gg/ 
IO6 cells (n  = 5). 

The degree of hemoglobin production during the differen- 
tiation of FELC and K562 cells differed greatly as shown in 
Fig.  3. Thus,  there was  no  recognizable correlation between 
hemoglobin levels and Cu,Zn-SOD activity when the two  cell 
lines were compared; whereas hemoglobin increased only 
slightly in K562 cells (where Cu,Zn-SOD augments), FELC 
underwent a 23-fold increase in hemoglobin content during 
differentiation,  but no significant alteration in Cu,Zn-SOD 
activity, expressed on the basis of cell number, was noticed. 

Effects of SB Treatment on Metallothionein and Cytochrome 
Oxidase  Activity in K562 Cells-In order to evaluate if in- 
creased Cu,Zn-SOD activity in K562 cells in response to  SB 
treatment was paralleled by other copper proteins, metallo- 
thionein, which is a major copper protein in melanoma and 
copper-resistant hepatoma cells (25, 34), and cytochrome 
oxidase activity were assayed. The latter was found to increase 
2.5-fold after 96-h SB exposure (3.17 f 1.18 nmol  min-'l-'/ 
lo6 cells versus  7.8 k 0.9 nmol rnin"l-'/1O6 cells, n = 4). 

Metallothionein, on  the other  hand, although present in 
both control and differentiated cells as  demonstrated by im- 
munoblotting (Fig. 4), was unaffected by SB treatment.  FPLC 
fractionation of 17,000 X g supernatants  and ELISA analysis 
of each fraction showed a broad peak of immunoreactive 
protein  around M ,  = 12000. Metallothionein was detectable 
also in higher molecular weight fractions due to the presence 
of oligomeric metallothionein species that are formed in cell 
extracts unless prepared under anaerobic conditions (25). The 
ELISA profiles indicate  almost identical levels of metallothi- 
onein in  both  control and differentiated cells (Fig. 4). 

Effect of SB on Cu,Zn-SOD mRNA and  Protein Levek- 
Northern blot hybridization revealed the expression, in  both 
differentiated and undifferentiated K562 cells, of the two 
Cu,Zn-SOD mRNA species of  0.7 and 0.9 kilobases (not 
shown) that have been found in other human cells (35).  SB 
treatment was not accompanied by an altered  transcription 
of the Cu,Zn-SOD gene as  demonstrated by unaffected mRNA 
levels (Table 11). Furthermore,  Western  blot analysis dem- 
onstrated  that SB induced no significant changes in Cu,Zn- 
SOD protein levels (Table 11). Moreover, about twice as much 
immunoreactive than enzymatically active protein was de- 
tectable in control cells, whereas no such discrepancy was 
observed in SB-treated cells. 

Effects of Copper on SOD Activity of Cell Extracts-The 
present data suggest that a  post-translational  event could be 
responsible for the increase of Cu,Zn-SOD activity in differ- 
entiating K562 cells. Since the enzyme works at diffusion- 
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FIG. 4. Effect  of SF3 treatment on metallothionein  content  of K562 cells. h f t  pnncl, FPIX analvsis of 

metallothionein in control  and  differentiated K562 cells. 17,000 X g supernatants of 5 X 10'; control or differentiated 
cells were chromatographed  on  a  Superose 12 FPIX column  as described under Fig. 1. Fractions were analvzed for 
metallothionein by direct ELlSA using  the  alkaline  phosphatase  method (A,,,,,,.) as descrihed under  "Materials 
and Methods.'' Protein  content of each  fraction was estimated by monitoring  the  ahsorption at 254 nm. Solid  linrs: 
A,,, ,,",; W, control; 0, SH; dashed lines: A,,,,.,; 0, control; 0. SR. The nrrorc's indicate  the  fractions where  hovine 
serum  nltwmin,  carbonic  anhydrase.  and  cytochrome c, respectively, were eluted. Right pnnd,  \\'estern blot analysis 
of metallothionein in control (1anc.s H and 11) and  SH-treated K562 cells (Innrs c' and b;), derived from two 
separate  differentiation  experiments. IAnr A ,  purified rat liver M'T 1. The nrrows indicate  the  positions of bovine 
serum  albumin,  ovalbumin,  carbonic  anhydrase,  and  cytochrome c,  respectively,  on the  slab gel. Electrophoresis 
and  Western hlot were performed as described under  "Materials  and  Methods." 

TARLE I1 
('u,%n-SOI) nrtioify, rnRNA, and  profrin lrvrb in control  and  diflcrrntintrd IiFjh'Y crlls 

Column 2 refers  to  Cu,Zn-SOD  activity  after  incubation of cell homogenates with 2 mM ropper  sulfate  at room 
temnerature followed hv extensive dialvsis (see  "Materials  and  Methods"). 

Cu.Zn-superoxide  dismutase 

Activity Artivity  nfter ntl- 
clition of copper mRNA Immrrnnrmrt ivc 

protrln 

i 12.5~oa 

p ~ f l 0 "  rrlls pallo" rrlb orhilron.  dmsitornr~trir  unitsfIlJ" c**lls ,,E/ I o *  c,*ll., 

Control 0.212 f. 0.046 0.300 f 0.053" 0.52 f 0.06 0.4.5 * 0.07 
( n  = 9) ( n  = 6) 

SR 
In = 3 )  

o.:FJ * 0.09 
( n  = 9) ( n  = 6) ( n  = 10) In = 3 1  

( n  = 1 0 )  
0.314 f 0.074h 0.307 f 0.03'Lh 0.49 f o.ln 

" Significantly  different from control as evaluated by Student's f test (p  < 0.05). 
" Significantly  different from control  as  evaluated hy Student's t test ( p  < 0.01  ). 
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limited rates  and  no  activator of Cu,Zn-SOD  has been de- 
scribed so far, it appears possible that a protein with a 
substoichiometric  metal  content be present in K.562 cells and 
that activity  increase  is  related  to  an increased  delivery of 
copper ions to  the enzyme's active  site.  In  order to investigate 
this  hypothesis cell homogenates were incubated  with CuSO., 
according  to a procedure that  has previously  been shown  to 
replenish  apoCu,Zn-SOD  with  copper even  in the  presence of 
competing bioligands (15). As shown in Table I1 Cu,Zn-SOD 
activity increased  significantly  in 17,000 X g supernatants of 
control cells  aft,er incubation with 2 mM CuSO, and  subse- 
quent  extensive dialysis, reaching  the levels attained  after 96- 
h incubation of K.562 cells  with SR. Ry contrast,  when 17,000 
x g supernatants of SR-exposed K.562 cells were subjected  to 
the  same  experimental procedure, Cu,Zn-SOD  activity was 
unaffected  (Table 11). In  both  cases FPLC experiments  re- 
vealed that  the  SOD  activity coeluted with  Cu,Zn-SOD  (not 
shown).  Incubation with 2 mM CuSO,  caused a 30%  increase 

of Cu,Zn-SOD  activity in the 17,000 X g supernatants of both 
untreated  and  differentiated FELC (data not shown).  These 
data  are  indicative of the  presence of a copper-free SOD 
protein in both cell lines, which  was activated by copper in 
K562 cells during  exposure to SR. 

Actually, copper levels were found to increase in both whole 
K562 cells and in the 17,000 x g supernatants  after exposure 
to SR (Table 111). Moreover, by comparison with the data in 
Table I it can be inferred  that  about 'iop; of the copper found 
in the soluble protein  fraction of both  control  and  SU-treated 
K.562 cells  was bound  to  Cu,Zn-SOD. 

Effect of Ceruloplasmin  on C o p p r  Contmt and Cu.Zn-SOD 
Actioity in Kfi62 Cds-If SR enhances  Cu,Zn-SOD activity 
by increasing  copper  content of K562 cells, then loading cells 
with copper by alternative  mechanisms  should  exert  the  same 
effect. In  order  to  test  this possihility we exposed K562 cells 
to  ceruloplasmin. We chose ceruloplasmin  instead of a low 
molecular  form of copper because K562 cells are  quite suscep- 
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TABLE IV 
Effect of BSO on C U , Z ~ - S O D  actiuity,  celiuhr  copper, and protein levels of K562 cetk induced 

to  differentiate by exposure to sodium  butyrate 
Data are derived  from  one experiment representative of four, in  which the same trend was observed.  In  column 

3 the immunoreactive  protein  levels,  determined by immunoblotting  and quantified by laser  densitometry,  are 
expressed as relative  values  with  respect to the level in lo6 control cells. 

Cu  Zn  superoxide  dismutase  Cellular 

Activity  after 

copper 
Activity  addition of Copper  Protein Immunoreactive 

protein 
GSH 

fig1106 cells pggj106 cells densitometric  units pmollI06 cells mgl106 cells nmoll106 cells 
Control 0.186 0.375 1.0 14 0.250 4.6 
SB 0.322 0.372 1.0 26 0.296  9.1 
SB + BSO 0.253 0.292 0.8 18 0.242 0.1 

tible to toxicity of copper  salts (36). Furthermore,  this cell 
line was  recently  shown to have ceruloplasmin  receptors  and 
t o  efficiently accumulate  copper  intracellularly  from  exter- 
nally  added  ceruloplasmin  (37). 

Fig. 5 shows that  ceruloplasmin  added  to  the growth me- 
dium  increased  both cellular  copper and Cu,Zn-SOD  activity. 
The  latter  reached a plateau value after 22-h incubation, 
which  was comparable  to  the value obtained  after 96-h  expo- 
sure  to SB. 

Glutathione Content and Cu,Zn-SOD  Activity  in K562 
Cells-Recently glutathione was shown to  be a most efficient 
copper  donor to  copper-free  SOD in  vitro (38). Glutathione 
content of K562 cells increased  during SB  treatment  (Table 
IV).  Depletion of glutathione  through  inhibition of its  synthe- 
sis by exposure to  BSO (29) inhibited  the  SB-induced  increase 
of Cu,Zn-SOD activity  (Table IV). Both  SB-triggered differ- 
entiation  and metabolic depletion of glutathione over  a 96-h 
period have  pleiotropic  effects on cell metabolism which  could 
eventually  interfere  with  each  other,  thereby  complicating  the 
interpretation of experimental  data.  In  fact, BSO abolished 
the SB-induced  increase of cellular protein  (Table IV). This 
process  turned  out  to  affect  Cu,Zn-SOD  protein levels and, 
consequently,  reconstitutability of the  protein by copper 
(Table IV). Therefore,  the observed decrease of Cu,Zn-SOD 
activity  in SB + BSO-treated cells, with  respect to  cells 
exposed to  SB alone, was, at least  in  part,  due  to effects of 
BSO on  protein  synthesis  and  not exclusively to  GSH deple- 
tion. To  circumvent  these difficulties we checked the effects 
of 22-h exposure of undifferentiated  K562 cells to  BSO  alone 
on the  ceruloplasmin-induced  increase of Cu,Zn-SOD activity. 
In  this case BSO completely abolished  both  the  increase of 
enzyme  activity  and of cellular copper  without  affecting 
Cu,Zn-SOD  protein levels (Fig. 5). In  fact,  the  protein  in 
BSO-treated cells  proved to  be fully reconstitutable by copper 
(Fig. 5). 

Characterization of CyZn-SOD Purified from Control and 
SB-exposed K562 Cells-Cu,Zn-SOD was purified 400-fold 
from K562 cells using  ion  exchange  and gel filtration  chro- 
matography  (Table V). Since  the  metal  content does not  affect 
the isoelectric point of the  protein  (39)  this  purification 
procedure is expected  not  to  discriminate  between  copper- 
containing  and  copper  deprived forms. The  proteins derived 
from  control  or  differentiated cells produced the  same  pattern 
of four bands  on  both  silver-  and  activity-stained  nondena- 
turing  PAGE (Fig. 6, lanes 1 ,2 ,4 ,  and 5 ) .  An identical  pattern 
was displayed by pure  recombinant  human  Cu,Zn-SOD (Fig. 
6, lune 3 ) .  On  SDS-PAGE all samples gave one single band 
with  an  apparent relative  molecular mass of 20 kDa (Fig. 6, 
lanes 7-9). 

Table VI shows that  the  protein  purified  from  SB-treated 
cells had a  higher kcat and a  higher  copper content  than  that 
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FIG. 5. Effect of ceruloplasmin on copper content and SOD 
activity of K562 cells. K562  cells, either control or cells in which 
GSH was depleted  through  inhibition of its synthesis by BSO, were 
incubated at a cell  density of 106/ml in the presence of 1 pM cerulo- 
plasmin as described  under  "Materials and Methods." Glutathione 
content was 5.0 nmol/1O6  cells in control cells and cO.1 nmol/106 
cells in BSO-treated cells. At  the indicated time points, cells  were 
harvested  and  assayed  for SOD activity and copper content. Solid 
lines: Cu,Zn-SOD  activity;  control (m), BSO-treated cells (0). Cu,Zn- 
SOD activity after incubation with 2 mM copper and  dialysis;  control 
(A), BSO-treated  cells, (A). Dashed  lines: copper content of 17,000 X 
g supernatants; control (O), BSO-treated cells (0). No changes  in 
cellular  copper content or Cu,Zn-SOD  activity were detectable in 
control or BSO-treated cells in the absence of ceruloplasmin. Data 
are from one representative experiment. The same trend was observed 
in  two  more experiments. 

purified from  control cells. Both  increments were in  the  same 
order of magnitude  as  the  activity increase  observed during 
SB treatment of K652 cells, indicating  that  the copper-lacking 
form of control cells  was quantitatively copurified with  the 
holoprotein  by  our  isolation procedure. The  catalytic  constant 
of the  protein purified from  control cells  increased, reaching 
1.15 X lo9 "IS-', when incubated for 1 h  in the presence of 
stoichiometric  amounts of Cu-GSH (38). The catalytic  con- 
stants of the two protein  samples were identical  to each other 
when  expressed  on  the  basis of copper content.  This suggests 
that  in  both  cases  the  metal was quantitatively  bound  to  the 
active  site  coordination sphere. Furthermore,  when zinc was 
determined  in  the  protein  sample purified  from control K562 
cells  a  zinc:protein stoichiometry of 3.9:l was  found. In view 
of the copper content of  0.92 mol/mol of protein of the  same 
sample,  this figure is suggestive of zinc being bound  to  the 
copper  site  in  the copper-deficient  Cu,Zn-SOD. 

DISCUSSION 

Increase of Cu,Zn-SOD activity  in K562 cells during in uitro 
induced  differentiation was not  paralleled by Mn-SOD  or 
catalase  (EC 1.11.1.6) activities  (Table I). Thus,  although SB 
caused an  increase of intracellular  protein  in K562 cells  (see 
"Materials  and  Methods"  in  the  Miniprint),  augmented 
Cu,Zn-SOD levels are  not simply  a  reflection of an  indiscrim- 
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inate effect of SB on enzymes involved in oxygen free radical 
metabolism. 

Enhancement of Cu,Zn-SOD activity was specific for  dif- 
ferentiated K562 cells and  not  a general feature of in vitro 
erythroid cell differentiation. In fact, FELC failed to show 
any appreciable increase of Cu,Zn-SOD activity, expressed on 
the basis of cell number, after differentiation with HMBA. 
Moreover  Cu,Zn-SOD activity thus expressed proved to be 
unrelated to intracellular hemoglobin levels (Figs. 2 and 3). 

Still, an unchanged Cu,Zn-SOD content may have different 
physiological effects in control  and differentiated FELC due 
to  the decrease of cellular protein  during HMBA treatment 
(see “Materials and  Methods”). As a  matter of fact, differen- 
tiated FELC have a higher Cu,Zn-SOD activity/total  protein 
ratio  than control cells which  may  be regarded as  an effective 
contribution to  the cell’s capability to face enhanced hemo- 
globin levels as previously suggested (7). 

Cu,Zn-SOD activity paralleled the intracellular copper con- 
centration in K562 cells and was found to account for about 
70% of cytosolic copper in both  control  and  SB-treated cells. 
On the other  hand no changes in metallothionein content 
were observable (Fig. 4). Metallothionein levels are known to 
directly reflect the intracellular copper concentration (40), 
which is thought  to regulate this  protein at  the transcriptional 
level (41). Presumably the changes in copper content  during 
SB-induced differentiation of K562 cells were too small to 
cause de nouo synthesis of metallothionein which  was found 
to  be mainly zinc-loaded in  this cell line.3 It is conceivable 
that  the observed more subtle changes of the cellular copper 
merely exert  post-translational effects, thus yielding “mature” 
copper proteins. As an example, cytochrome c oxidase subunit 
assembly is known to be positively affected by copper (42), 
which  could explain the fact that we found cytochrome c 
oxidase activity to increase 2.5-fold in K562 cells during SB 
exposure. 

In the case of Cu,Zn-SOD evidence for post-translational 
activation of a copper-free protein by copper during  SB- 
induced differentiation of K562 cells was obtained by the 
following experimental results: ( a )  increased activity; ( b )  con- 
stant mRNA  levels; (c) constant immunoreactive protein 
levels, higher than  the activity levels in control cells; ( d )  
augmented activity in homogenates incubated with copper, 
but no observable effects of copper on activity of homogenates 
from SB-treated cells; ( e )  increased cellular copper levels after 
differentiation with SB; and (f) isolation from control K562 
cells of a Cu,Zn-SOD with a lower keat and  a lower cop- 
perprotein ratio than  the protein isolated from SB-treated 
cells. 

The isolation procedure (Table V) has been performed using 
a limited amount of cells, due to  the intrinsic difficulties of 
producing large quantities of differentiated cells, which stop 
growing after 24 h  in  the presence of SB. Therefore, no 
spectroscopic characterization  has been done. However, both 
the reported catalytic constants  and copper:protein ratios 
provide direct evidence for the presence of a Cu,Zn-SOD with 
substoichiometric copper content in K562 cells. The  substan- 
tially identical electrophoretic pattern of the samples purified 
from either cell type in  both  protein and activity-stained 
PAGE (Fig. 6) is in line with the magnitude of the differences 
of copper content (50%) and  the likely presence of zinc bound 
to the copper site of Cu,Zn-SOD in control K562 cells. 

This  latter finding recalls recent reports regarding Esche- 
richia coli Mn-SOD (43,44). This  protein was isolated also in 
a catalytically inactive, iron-containing form, suggesting a 

C. Steinkuhler, 0. Sapora, M. T. Carri,  W. Nagel, L. Marcocci, 
M. R. Ciriolo, U. Weser, and G. Rotilio,  unpublished  observations. 

role  of this metal in post-translational regulation of Mn-SOD 
activity. As the reconstitution procedures of apoMn-SOD or 
Fe-Mn-SOD by added Mn differ, the  latter requiring a mild 
denaturation  step,  these  authors could infer the occupancy  of 
the Mn-SOD active site by a metal other than manganese, 
from the reconstitution behavior of the protein  in cell-free 
extracts (43). This may not be the case for Cu,Zn-SOD as 
displacement of other physiological metals, in particular zinc, 
from the copper-binding site by copper ions is a kinetically 
feasible process i n  vitro (45). In  fact,  any  putative occupant 
of the copper site did not produce differences between the in 
vivo and  the in vitro reconstitution behavior of Cu,Zn-SOD 
from K562 cells, as increase of cell copper by SB-induced 
differentiation or externally added ceruloplasmin and copper 
addition to cell extracts produced exactly the same activity 
increase (Table I1 and Fig. 5). 

Some details of the overall picture of the regulation of 
Cu,Zn-SOD in K562 cells show interesting analogies to pre- 
vious reports. In fact, a lack of correlation between enzyme 
activity  and mRNA  levels  was observed in hepatoma cell lines 
(46), HL-60 cells during myeloid differentiation (47, 48), and 
yeast grown under different metabolic conditions (15). More- 
over, a  post-transcriptional regulation has been proposed for 
Cu,Zn-SOD in rat lung exposed to hyperthermia (48). 

The existence of a copper-deficient Cu,Zn-SOD has been 
repeatedly reported for red blood cells (12,  13) or aortas (14) 
of animals held on a copper-deficient diet. In the case reported 
here, however, a copper-deprived SOD  was detected under 
conditions that may  be regarded as closer to  the physiological 
ones. 

We  were able to reconstitute the copper-deficient Cu,Zn- 
SOD in  intact  undifferentiated K562 cells by extracellularly 
added ceruloplasmin (Fig. 5). This process turned  out to be 
related to  the cellular glutathione  status; GSH-depletion not 
only impeded copper saturation of Cu,Zn-SOD in the presence 
of extracellular ceruloplasmin (Fig. 5) but it also inhibited the 
ceruloplasmin-mediated increase of total  intracellular copper. 
These findings suggest a GSH-sensitive regulatory event in 
copper homeostasis of K562 cells, in  particular  as  far  as 
maturation of Cu,Zn-SOD is concerned. In fact, GSH has 
been shown to be a very efficient copper donor to apoSOD 
(38). Furthermore, copper overload in copper-resistant hepa- 
tomas was shown to be accompanied by transient residence 
of the metal in  the glutathione pool (49). 

The enhanced  uptake of copper in differentiated cells prob- 
ably is a reflection of the profound changes in growth rate 
and cellular metabolism produced by SB (9). It was  beyond 
the scope of this work to investigate how SB increases copper 
uptake of K562 cells.  However, it is very  likely that  this 
process was mediated by ceruloplasmin since we were able to 
detect micromolar amounts of copper and immunoreactive 
ceruloplasmin levels in fetal calf serum, which  was  used as  a 
constituent of the growth medium (not shown). Actually, 
differentiation of K562 cells has been shown to go along with 
an increased expression of ceruloplasmin receptors (50,51). 

It is appealing to speculate that  the copper-deficient Cu,Zn- 
SOD found in K562 cells may play a role in copper homeosta- 
sis, possibly by finely tuning the intracellular copper status 
at low total  concentrations  and on a  short timescale acting  as 
a buffer for “free” copper which  may  be harmful to  the cell. 
This role would  be complementary to  that of metallothionein, 
which  was found to convey resistance to uncontrolled reactiv- 
ity of copper at higher concentrations  and on a long time scale 
(52). Glutathione-copper complexes may turn out to play a 
role as copper donors to either system. Work in progress in 
this laboratory suggests that  this is in fact the case for 
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metallothionein as well,  in line with the chemical evidence 
for this role  already  reported in the case of  Cu,Zn-SOD (38). 
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(pmoleri10 cells) 

WHOLE  CELLS l7000xg SUPERNATANTS 

TABLE V. PURIFICATION  OF Cu. Zn SOD PROn K562 CELLS. Data refer to the p~rffication from 
iontrai K562 cells. The s m e  Protocol was ~mployed for the  puriflcaiion f r w  differenfiatad 
X562 cells,  which  yielded 15 ug of  pure Cu, Zn SOD. 

FRACTION VOLUUE PROTEIN  ACTIVITY  SPECIFIC  TOTAL 
ACTIVITY ACTIVITY 

supernatant 6 
11000 x g 

24  21.6 1.1 I10 

105000 x g 
aupernafnnf 5 . 5  - 21  126 

DE-52 0.185 - 540 L O O  

Superore 12  0.160 - 417 10 

CM-52 0.042 - 1109 5 5  

PAGE 0.610 0.111 51.7 22 

9 
Control 0.82 x 10 

9 
SB 1.10 x 10 

9 
0.92 0.89 x 10 

9 
1 . 4 4  0.90 x 10 
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