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ABSTRACT

Host zinc deficiency halts the proliferation of the mouse Ehrlich ascites
tumor. The major site of measurable cellular zinc depletion is a cytosolic
zinc binding protein. This protein is characterized as a metallothionein
on the basis of its presence as two isoproteins which behave on DEAE-
Sephadex and in polyacrylamide gel electrophoresis like metallothi-
oneins, the lack of protein absorbance at 280 nm, its sulfhydryl/zinc ratio
of 3.5, and its reactivity in zinc transfer to apocarbonic anhydrase. Finally,
the protein exhibits cross-reactivity with a known rat metallothionein in
a radioimmunoassay. Coupled with the similarity in structure and anti-
genicity of rat and mouse metallothioneins, this adds strong support to
the identification of the zinc-binding protein as a metallothionein. In zinc-
deficient cells this metallothionein-like protein appears to exist as an
apoprotein. When small amounts of dietary zinc stimulate the deficient
cells to divide, zinc is not observed in metallothionein. Larger concentra
tions of dietary zinc support both proliferation and the steady state
presence of zinc in this protein. It is demonstrated that metallothionein
is the principal donor of zinc to apocarbonic anhydrase added to Ehrlich
cytosol. These results are used to construct a model of zinc metabolism
in which zinc metallothionein is a labile depot of zinc in the Ehrlich cell
which can be mobilized under zinc-deficient conditions.

INTRODUCTION

Nutrient zinc deficiency retards or halts the growth of a
variety of transplantable tumors in animals (1-8). Despite the
recognition that zinc is required by many metalloproteins, as
yet there is no clear understanding of which sites of zinc binding
are sensitive to zinc deficiency and involved in the maintenance
of cell proliferation. Little zinc is lost from Ehrlich ascites
tumor cells in zinc-deficient animals, suggesting that specific
sites are involved in the inhibition of cell proliferation caused
by lack of nutrient zinc (6). The direct examination of the
distribution of zinc in zinc-normal Ehrlich cells in vivo has
revealed that the cytosol contains an abundance of aMr 10,000
zinc-, copper-binding protein, which contains about 20% of the
cytosolic zinc and binds most of the cytosolic cadmium after
Ehrlich cells are exposed to this metal in vivo (9, 10). The
present study continues the comparison of zinc-normal and
zinc-deficient tumor cells focusing on this zinc-binding protein.
It is a major site of zinc depletion in zinc-deficient Ehrlich cells
and has the properties of a mctabolically active pool of zinc.
The study demonstrates that this protein is, in fact, metallothi
onein based upon Chromatographie, electrophoretic, spectro-
photometric, and immunological characterization.

MATERIALS AND METHODS

Materials. Tris base was purchased from Sigma Chemical Company,
St. Louis, MO, as was Sephadex and DEAE-Sephadex. Eagle's minimal
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essential medium with Earle's salts was obtained from GIBCO, Grand
Island, NY. Six- to 8-week-old female HA/ICR mice were purchased
from Harlan-Sprague-Dawley, Indianapolis, IN, and were maintained
as described previously (6). Zinc-deficient seni Â¡purifieddiet (<1 /Â¿g
zinc/g diet) was purchased from Zeigler Bros., Gardiner, PA. Carbonic
anhydrase was bought from Worthington Diagnostic Systems, Free
hold, NJ. A^W-Methylene bis(acrylamide), acrylamide, ammonium per-
sulfate, and Ar,A',Ar',Ar'-tetramethylethylenediamine were obtained

from Bio-Rad, Richmond, CA. Coomassie Brilliant Blue G-250 was
purchased from Eastman Chemical Co., Rochester, NY. Aldrich Chem
icals, Milwaukee, WI, was the source of 2-mercaptoethanol and 5,5'-
dithiobis(2'-nitrobenzoic acid). All other chemicals were reagent grade

and were used without further purification.
Zinc Deficiency. Mice were maintained in stainless steel cages and

fed a zinc-deficient diet as described previously (6). Generally, animals
were kept on the zinc-depleted diet for 2 weeks prior to injection of
tumor cells.

Isolation of Zinc-binding Protein. Ehrlich ascites cells grown in mice
were separated from the ascites fluid by centrifugation at 1600 x g.
After the fluid was removed, the cells were washed twice with MEM4

then resuspended in fresh cold MEM and counted using a Spencer AO
Brightline hemocytometer. Low yields were encountered in the isolation
of the binding protein, presumably because of sulfhydryl oxidation and
metal loss (11). To minimize this problem cells were sonicated in an
ice bath with a prechilled sonicator probe. All glassware was also chilled
in ice. Mercaptoethanol was added to the cell sonicate to retard sulfhy
dryl oxidation (11). In some experiments cells were incubated with
CdCl2 (900 ng atoms/mg cell protein) for 20 min and then washed
twice with fresh, cold MEM. This procedure replaced zinc with cad
mium in the binding protein and produced a species which could be
isolated in higher yield than the native protein. After the optional
incubation of cells with ("d( 'b, the cells were resuspended in cold, glass-

distilled water containing 10 HIM2-mercaptoethanol. They were then
sonicated using a Branson cell disruptor (Model 200) for 150 s at
output 5, duty cycle 40%, pulsed mode. The resulting suspension was
centrifuged at 48,000 x g for 20 min. The supernatant was applied to
a 2.5 x 60-cm Sephadex G-75-120 column and eluted with 5 mM Tris-
HC1, pH 7.8. The metal levels in each fraction were determined with
either a Perkin-Elmer model 360 or an Instrumentation Laboratories
Model 357 atomic absorption spectrophotometer. The fractions con
taining the M, 10,000 zinc or cadmium band were lyophilized; resolu-
bilized in 5.0 ml cold 5 mM Tris-HCl, pH 7.8; and applied to a 0.9- x
60-cm DEAE-Sephadex A-25 column and eluted with a linear gradient
of 5 mM to 250 mM Tris-HCl, pH 7.8. The zinc or cadmium peak
fractions were pooled, lyophilized, applied to a Sephadex G-25 desalt
ing column, and eluted with 10 mM NH4HCO3. Zinc- or cadmium-
containing fractions corresponding to the void volume of the column
were lyophilized; resuspended in 0.1 M phosphate buffer, pH 7.8; and
stored at â€”25Â°C.Well into this study it was found that replacement of

the lyophilization step with concentration by Amicon ultrafiltration
significantly increased yields.

Characterization of the Binding Protein. UV spectra were obtained
on a Beckman DU-8 spectrophotometer. Nondenaturing polyacryl
amide gel electrophoresis was done using the procedure of Davis (12).
Colorimetrie determinations of sulfhydryl groups used DTNB accord-

4The abbreviations used are: MEM, Eagle's minimal essential medium with
Earle's salts; BP, binding protein; CA, carbonic anhydrase; DTNB, 5,5'-di-
thiobis(2-nitrobenzoic acid); MT, general abbreviation for metallothionein with
attached symbols for isoforms (MT-1 or MT-I, MT-2 or MT-II, for the two rat
or mouse isoproteins, respectively); Zn-, Cu-, Cd-MT refer to metallothionein
with specific metals bound to it; Zn(+), zinc-sufficient; Zn(-), zinc-deficient.
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ZINC METABOLISM IN EHRLICH CELLS

ing to published procedures (13, 14). Several Sephadex G-75 columns
were used in this study, each of which was calibrated using standard
molecular weight markers. In all runs the amount of metal recovered
from the chromatography was within 15% ofthat placed on the column.
In particular, the absence of low molecular weight zinc is real and
occurs despite the presence of mM 2-ME in the preparation, which will
complex loosely bound zinc and elute in the low molecular weight
region of the profile.

Reaction of Zinc-binding Protein or Zn(+) and Zn(-) Cell Supernatant
with Apocarbonic Anhydrase. Apocarbonic anhydrase was prepared ( 15)
and incubated with either Zn-BP or Ehrlich cell supernatant obtained
by using the sonication-centrifugation procedure described above. The
kinetics of the reaction of Zn-BP and apoCA was followed by a
published procedure (15). The reaction of apoCA with cell cytosol was
allowed to continue for 45 min at which time the mixture was applied
to a 2.5- x 60-cm Sephadex G-75 column. This was eluted with 5 mM
Tris-HCl buffer, pH 7.8, and the effluent fractions were analyzed for
zinc by atomic absorption spectrophotometry.

Competitive Binding Radioimmunoassays of Ehrlich Cell Zinc-binding
Protein. The proteins from zinc-normal cells and the cadmium-recon
stituted apoprotein from zinc-deficient cells were assayed in a double-
antibody competitive binding radioimmunoassay to determine cross-
reactivity with a known rat metallothionein. The protocol has been
described previously (16, 17).

RESULTS

Sites of Zinc Depletion in the Zinc-deficient Ehrlich Tumor.
The operating hypothesis of this study is that the inhibition of
cell proliferation in zinc-deficient animals is due to the direct
loss of zinc from the arrested cells and not to a secondary
response of Ehrlich cells to altered conditions in the zinc-
limited host. The medium in which Ehrlich tumor cells and the
host animal interact is the i.p. ascites fluid in which these cells
reside, obtain their nutrients, and otherwise make contact with
cells and molecules produced by the host. Therefore, ascites
fluid from zinc-normal and zinc-deficient animals has been
compared in several ways.

Fluids from Zn(â€”)animals contain fewer cells per ml than
those from Zn(+) mice (6). However, once the cells are removed
the total protein contents of these fluids are similar as are the
protein distributions determined in terms of the nature and
concentration of their constituent proteins. In contrast is the
much depressed zinc concentration of zinc-deficient fluid com
pared with the zinc-normal counterpart (6). Sephadex G-75
chromatography of each cell-free ascites fluid shows that fluid
zinc exists almost entirely in the macromolecular weight region
of the profiles and that the measurable loss of zinc from Zn(-)
fluid occurs from zinc bound to high molecular weight proteins
(Fig. 1). In these Chromatographie procedures the applied zinc
is quantitatively recovered in the eluted fraction. Thus, at this
level of analysis one major, measurable difference between the
nutrient medium for Ehrlich cells in zinc-deficient and normal
animals is their relative zinc content.

The lack of fluid zinc could affect cells at two general loca
tions, at the cell surface and inside the cell. The hypothesis that
zinc is required for the stability and integrity of cellular mem
branes in vivo has been set forth; however, direct evidence of
this role for zinc is lacking (18). The alternative is that the lack
of nutrient zinc expresses itself at sites within the cells. Two
previous analyses of the zinc content of Ehrlich cells have
indicated that zinc-deficient cells have between 75 and 100% of
the zinc found in Zn(+) cells (6, 9). Fig. 2 shows Sephadex G-
75 profiles of the zinc in cytosol of equal numbers of Zn(+)
and Zn(â€”) Ehrlich cells. As demonstrated previously, zinc-

normal cells contain about 20% of their cytosolic zinc or
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Fig. 1. Sephadex G-75 Chromatographie profile of zinc from zinc-normal
( ) and zinc-deficient ( ) ascites fluid. The overall zinc concentration of
Zn(+) and Zn(-) fluids were, respectively, 0.93 /ig/ml and 0.15 /ig/ml. Fraction
volume, 2.0 ml; column size, 0.9 x 45 cm; 1.6 ml Zn(+) fluid applied; 0.5 ml
Zn(â€”)fluid applied.
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Fig. 2. Sephadex G-75 Chromatographie profiles of zinc from Zn(+) and
Zn(-) Ehrlich cell cytosols. Each profile represents cytosolic zinc from 5 x 10'
eel's. Columns used to obtain profiles contained slightly different gel volumes.
Fraction volume, 4.7 ml; column size, 2.5 x 60 cm.

approximately 12-15% of their cellular zinc in a zinc-binding
protein with apparent molecular weight of 10,000 (9, 10).
Clearly, the binding protein region of the profile lacks zinc in
zinc-deficient cytosol; both large molecular weight regions con
tain comparable amounts of total zinc.5 According to these

results, zinc binding protein is a major site sensitive to the
external concentration of zinc available for these cells.

To probe whether host zinc status affects the concentration
of zinc-binding protein as well as its complement of zinc, zinc-
deficient Ehrlich cells were incubated briefly with CdCl2 to bind
cadmium to any zinc-apo or zinc-binding protein which was
present. This enabled the measurement of the levels of the
binding protein after subsequent gel chromatography of cytosol.

9 In this comparison, the Zn(+) cells contain 81% of the zinc in the high
molecular weight band of that found in Zn(â€”)cells. This was determined by
integrating the area under the curve and normalizing to the same number of cells.
However, in Fig. IOB Zn(-) cells have less zinc than normal controls. In general
there is no reproducible loss of zinc from this band in zinc-deficient cells.
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Fig. 3, A and B, shows the Chromatographie profiles of cadmium
following incubation of zinc-deficient cells with two different
concentrations of the metal, 2 and 18 x 10~9g atoms cadmium/
10" cells. At the higher concentration of cadmium a band at M,

10,000 is consistently seen, indicative of the presence of an
apoCd-binding protein. However, at the lower concentration
none is detected. For comparison, as shown in Fig. 3C, only 2
X 10~9 g atoms cadmium/10* cells are needed to displace zinc

from and to bind to BP in Zn(+) cells as determined by titrating
cells with CdCh (data not shown). Analysis of the total amount
of cadmium bound in the M, 10,000 region of the profile in the
zinc-deficient and zinc-sufficient cells (Fig. 3, B and C) shows
approximately equal amounts of bound cadmium and thus
binding protein in the two types of cells. In Fig. 3fi [Zn(-)
cells] 1.25 x 10~8 mol cadmium/10" cells are found in the M,
10,000 fractions; Fig. 3C [Zn(+) cells] shows 1.4 x IO'8 mol
cadmium/108 cells in the same fractions. Approximately 10-

fold greater amounts of cadmium are necessary to bind cad
mium to an apometal-binding protein in Zn(-) cells than are
required merely to displace zinc from Zn-BP in Zn(+) cells.

Reactivation of Ehrlich Cells by Dietary Zinc. To correlate
the presence of zinc in binding protein with cell growth, Seph-
adex profiles of cytosol of Ehrlich cells from animals of different
zinc status were obtained. Stationary state tumor cells in zinc-
deficient mice rapidly proliferate soon after 80 Mg/ml zinc are
added back to their water supply (6). Fig. 4 shows the weight
changes of zinc-deficient tumor-bearing mice after 2, 4, and 80
Mg/ml zinc are added to the drinking water of the animals. The
control response of zinc-normal animals given injections of IO7

cells on day zero is also provided. In response to the addition
of 2 fig zinc/ml to the water, increases in animal weight begin
to occur after a lag period of 8 days as the tumor slowly grows.
With 4 fig Zn/ml the time lapse before tumor growth is 3 days
and growth is faster. The tumor undergoes almost immediate,
rapid growth when 80 ng zinc/ml replaces the distilled water
supply. In fact, this consistently occurs more quickly than
weight changes in zinc-normal control animals.

Typical Sephadex G-75 Chromatographie profiles of zinc in
cell cytosol of the tumors described above are shown in Fig. 5.
At 2 and 4 ^g zinc/ml water very little zinc is found in the M,
10,000 region of the elution profile though the high molecular
weight band has a normal amount of zinc. Even after supple
mentation of water with 80 ^g zinc/ml, the binding sites in MT
are not saturated with zinc. The ascites fluid levels of zinc for
Zn(-) animals provided with 2, 4, and 80 ^g zinc/ml as well as
Zn(-l-) controls are listed in the legend of Fig. 5. In no case does
ascites fluid zinc return to control Zn(-l-) concentrations during

the 9-day period following readdition of zinc to the diet of the
mice. Thus, in animals presented with 4 and 80 /ug/ml zinc, the
increase in tumor cells containing normal concentrations of
high molecular weight zinc shows that zinc is now reaching
these cells. During this transient period of repletion of the cells
with zinc, the metal does not build up to normal levels in either
ascites fluid or metallothionein.

Purification and Properties of Zinc-binding Protein. Fig. 6/4
shows the zinc and copper profile from Sephadex G-75 chro-
matography of Ehrlich cell supernatant. Fractions 44 to 59
were pooled, lyophilized, and applied to a DEAE-Sephadex
column and eluted with a linear gradient of Tris buffer. The
two major peaks in Fig. 6B (I and II) correspond to two protein
species having characteristics similar to metallothionein. Fig.
6C shows the analogous separation of cadmium-substituted
protein on DEAE-Sephadex. Polyacrylamide gel electropho-
resis of the bands of zinc labeled / and // in Fig. 60 reveals no
other contaminating bands of protein. The absorbance spectrum
shows little absorbance at 280 nm corresponding to the lack of
aromatic amino acids in the protein (Table 1). The reaction of
BP with DTNB is slow. At its conclusion the sulfhydryl/zinc
ratio is about 3.5 for both isoproteins as shown in Table 1.
Both features of the DTNB reaction are consistent with that of
authentic zinc metallothionein (14). In addition, the protein
migrates electrophoretically on a 5% polyacrylamide gel in a
fashion identical with that of purified rat liver metallothionein
(Table 1). The protein Zn-MT-I donates Zn2+ to apocarbonic
anhydrase with a second order rate constant k = 1.31 x IO2
M~' s"1 (Fig. 7). Although this is somewhat slower than the rate

constant for the reaction of apocarbonic anhydrase with horse
kidney and rat liver metallothionein, its rapid reaction with
apocarbonic anhydrase is consistent with the unusual ligand
exchange reactivity of authentic Zn-MT (15).

The results (Fig. 8 and legend) of the competitive binding
radioimmunoassay of the Zn-BP and the cadmium-substituted
BP from zinc-normal cells (Regressions C and B, respectively,
in Fig. 8) indicate that both proteins cross-react with rat
(Cu,Zn)-MT (Regression A in Fig. 8). No significance can be
assigned to any of the three sets of slope differences. The
affinities of each protein for antibody in the region of dominant
antigenicity are therefore similar and imply similar if not iden
tical principal determinants. The results support the thesis that
both the Zn-BP and the cadmium-substituted BP are metallo-
thioneins. This experiment is particularly important because as
yet not enough of either isoprotein has been available to obtain
amino acid analyses for comparison with known mammalian
metallothioneins.

Fig. 3. Sephadex G-7S Chromatographie
profiles of zinc and cadmium from zinc-defi
cient (A, B) and zinc-normal (C1)Ehrlich cell

cytosols. Zinc ( ) and cadmium ( )
profiles are shown. In each panel cells were
incubated for 20 min with the following
amounts of cadmium as CdCl2: A, 45 MBcad
mium/10' cells (2.25 x 10' cells used); B, 207
/ig cadmium/10" cells (1.3 x 10' cells used);
C, 25 /ig cadmium/10' cells (1.62 x 10' cells

used). Different columns were used, account
ing for differential placement of the calibrated
M, 10,000 band within the three profiles.
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Fig. 4. Growth of zinc-deficient mice after supplementation of diets with zinc.
Tumor-bearing animals were given the following levels of zinc in the drinking
water on day 1: (Â©)2 /ig/ml; (El) 4 fig/ml, (â€¢)80 /ig/ml. Non-zinc-deficient
control animals (O) were given injections of IO7cells on day zero.

In summary, together with Table 1 and the previous findings
that exposure of Ehrlich cells to Cd2+ in vivo leads to the

concentration of the metal in the binding protein, all of these
properties are similar or identical to those of proteins described
as metallothionein. Therefore, it is concluded that Ehrlich cells
contain an abundance of metallothionein protein under Zn(+)
conditions.

Reconstitution of Apocarbonic Anhydrase with Ehrlich Cell
Cytosol. Ehrlich cell cytosol containing a defined amount of
zinc has been titrated with apocarbonic anhydrase. The extent
of reconstitution of carbonic anhydrase activity after 60 min
incubation shows that only about 20% of the cytosolic zinc is
available for transfer to the apoprotein. To determine the source
of the zinc for reconstitution, apoCA was incubated with an
amount of cytosol containing a total amount of zinc 8 times
that needed to regenerate completely the holoprotein. After 45
min the incubation mixture was passed over Sephadex G-75
(Fig. 9). In the paired control from the same preparation of
cytosol, no zinc was present in the region of the Chromato

graphie profile corresponding to M, 32,000, the molecular
weight of carbonic anhydrase. After reaction of cytosol and
apoCA, however, zinc appears in this part of the profile. Ninety-
four % of the added apocarbonic anhydrase is converted to
holoprotein (Table 2A). This number corresponds closely to
the amount of zinc lost from the binding protein or metallothi
onein band, calculated as 18% of the zinc initially present in
the reaction mixture. No transfer of zinc from high molecular
weight proteins in cytosol to apoCA was evident. In a second
experiment, apoCA was added to cytosol containing total zinc
and Zn-MT in excess with respect to zinc-binding sites in the
added apoenzyme (Table 2B). After incubation for 45 min and
Sephadex G-75 chromatography, the apoenzyme completely
regained its zinc complement from metallothionein. The quan-
titation in metal exchange is remarkably good. As before, no
transfer of zinc from high molecular weight ligands was ob
served.

The cytosol from zinc-deficient cells was also reacted with
apocarbonic anhydrase (Table 2C). At a ratio of cytosolic zinc
to apoCA binding sites of 5/1, only 18% of the protein was
reconstituted (Table 2). Again, this could be accounted for by
the loss of residual zinc in Zn-MT. Thus, given the results in
Fig. 2, showing 20% of the cytosolic zinc in metallothionein
and its specific loss in zinc-deficient cells, these results dem
onstrate that zinc metallothionein is the major, if not exclusive,
labile pool of zinc in Ehrlich cytosol available for metal transfer
into apocarbonic anhydrase and that other cytosolic pools of
zinc even in large excess contribute little zinc to the reconsti
tution.

DISCUSSION

Ehrlich tumor cells have been used as a model for the effects
of zinc deficiency on growth (6, 8, 10). Zinc-deficient cell
populations gather in a quiescent state, in which they remain
viable for weeks and can be rapidly reactivated by dietary zinc
(6). In the effort to understand the underlying role of zinc in
sustaining proliferation in these cells, attention is drawn to the
presence of a metallothionein-like zinc-binding protein in zinc-
normal cells and to the finding that Zn(-) cells contain 75-
100% of the zinc found in Zn(+) cells despite the larger, 5-10-

Fig. 5. Sephadex G-75 Chromatographie
profiles of zinc in cytosols from zinc-deficient
tumors reactivated by dietary zinc illustrated
in Fig. 5. A, day 9 tumor from animal supple
mented with 1 tin zinc/ml on day 1 of supple
mentation (fluid zinc, O.I MR/IÂ»'):H. day 7
tumor, 4 Â«igzinc/ml (fluid zinc, 0.06 us/ml):
C, day 8 tumor, 80 Â¿igzinc/ml (fluid zinc, 0.13
fig/ml). Zn(+) control fluid zinc, 0.5-1.0 ug
zinc/ml (6, 8). In each case 5 x 10' cells were

used. Fraction volume, 4.7 ml. Different col
umns were used for these runs.

0.50.40.30.20.1IT3OE8*i?

IÂ«ÃŽ-AÃ®I'I[iI|1\VJ10V20

30IIi^rLv,a.400.50.41Ã¬Â°-3a0.20.1C\

"=oÂ£1e01

\i0
I0
JB!IiÂ£

Â«/11
J;/\v_SÃŒA

,Xi>L10
20 30 40 500.50.4EÃ¬

0.3Â¿0.20.1(T,

CO
cÂ°
Se

i/loI?5l

giÂ§o"I

'/
N..,.,. / V>*.'v\

A Ã€A/ ,NV"' i_J10

20 30 40

Fraction Number

3384

Fraction Number Fraction Number

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3381/2431480/cr0480123381.pdf by guest on 19 M

ay 2023



ZINC METABOLISM IN EHRLICH CELLS

Ãˆ 0.4

0.1
i

0.10

0.09

o.o

0.07

Ãˆ0.06

a"Â»

0.0Â«

o.o

0.02

0.01

10 20 30 40 50 60

Fraction Number Fraction number

0.24

0.22

0.20

0.11

_ 0.14
E

S 0.12

S

0.10

.er

H. ET

Fraction Number

Fig. 6. Column Chromatographie purification of zinc binding protein. A, G-75 Sephadex Chromatographie profile; B, DEAE-Sephadex Chromatographie profile;
C, DEAE-Sephadex profile for cadmium-substituted protein. See "Materials and Methods" for conditions.

Table 1 Properties of purified metallothioneins

MT-I MT-II

Absorbance at 280 nm
Absorbance at 220 nm

mol R-SH"

mol metal

Rf (5% polyacrylamide
gel)

0.152

3.4

Zn-BP-I 0.48
Rat liver MT-1 0.48

0.115

3.6

Zn-BP-H 0.53
Rat liver MT-2 0.53

' R-SH, sulfhydryl group.

k-1.31 x 102M'1s*c'1

tÂ« 100 Â»0 400 tW 1000 1300 1400

Time (sec.)

Fig. 7. Ligand exchange reaction with apocarbonic anhydrase. Second order
kinetic plot for the reaction

Zn-BP + apoCa -Â»Zn-CA + BP

carried out at 25'C in 0.2 M phosphate buffer, pH 7.1. Initial concentration of
reactants were: apoCA, 1.35 x 10~7 M; Zn-MT, 1.53 x IO"7 M. The linear

regression line has a correlation coefficient of 0.95.

3.0-

2.0-

1.5
0.5 0-

1.5 2.0 2.5

Fig. 8. Competitive binding radioimmunoassays of Ehrlich cell zinc-binding
protein. Standard curves (logit-log regressions) generated by a rat Cd,Zn-MT (A),
a reconstituted zinc-binding protein (with cadmium replacing zinc) from mouse
Ehrlich cells (B), and a zinc-binding protein from mouse Ehrlich cells (C), each
competing with a '".-labeled rat Cd,Zn-MT. Z is log (100 Y/ÃŒ- Y) where
YÂ¡(I - Y) is the ratio of bound to free labeled MT; Q is log (100JT) where X is
dilution of initial samples (regressions B and C) of unknown concentration or of
dilution of the reference MT (regression A) of known concentration (e.g., Q = 2
corresponds to 0.250 pmol rat Cd,Zn-MT). Protocols were as described previously
(16, 17). The regressions derive from a sequence of 8 dilutions (quadruplicates at
each dilution), the central linear response region limited to 4 dilutions in each
case. The regressions are unweighted to avoid the distortion which inverse
variance weighting produces when a restricted number of values are involved and
traces of the sigmoid response (>' vs. Q) remain in the logit-log representations
as is the case here. Correlation coefficients (r) are almost unity (all r~ values are
in excess of 0.990). Slopes (standard error in parentheses) are: A, -0.846 (0.038);
B, -0.951 (0.019); C, -0.973 (0.068). Significance levels for slope differences are
as follows: B versus A,P<0.10, >0.05; C versus A, P <0.20, X). 10; C versus B,
P >0.5(). In all cases no claim can be made for a significant difference between
slopes.

fold difference in ascites fluid zinc levels in zinc-deficient and
normal animals (6, 9).

Results reported here demonstrate that the zinc-binding pro
tein is composed of the two isoproteins of metallothionein, a
protein thought to be central to zinc, copper, and cadmium
metabolism in many tissues (19, 20). Besides the correspond
ence of many physicochemical properties of the binding protein

with authentic metallothionein, the results of the rad ioim muno-
assay add important support to this identification (21, 22). We
conclude that the evidence of the radioimmunoassay experi
ment (cross-reactivity of rat MT and mouse tumor Zn-BP and
Cd-BP) indicates that the tumor-binding proteins are metallo
thioneins. This is supported by the known amino acid sequence
of mouse MTs in the immediate region of the established
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Fig. 9. Sephadex G-75 Chromatographie profiles of zinc in reaction mixture
of /n( + ) Ehrlich cell cytosol and apoCA (â€¢)and Ehrlich cell cytosol alone (D).
See Table 2A for details. Profile shown for zinc eluting below about M, 40,000.
Fraction volume, 5.0 ml; column size, 2.5 \ 90 cm.

Table 1 Reconstitution of apocarbonic anhydrase with cytosol from Zn(+) and
Zn(-) cells

Distribution ofzinc*Zn(+)

cellsABZn(-)

cellsCnmol

apoCAadded08.5049024.5ZincinMT12.84.8121767.22.3Totalcytosoliczinc71672122Zinc
lostfromMT08.004504.9Zinc

gainedin
M,31,000region08.005004.5

* Zinc levels in ng atoms.

principal determinant of other vertebrate isoforms of metallo-
thionein (22).

The tirsi novel feature of Ehrlich metallothionein is that it
exists in Ehrlich cells as a zinc-binding protein in the absence
of conditions for the induction of thionein synthesis. This
finding stands in contrast to the picture for most mammalian
tissues, in which metallothionein-bound metals are below the
level of detection by conventional atomic absorption spectro-
photometry unless the tissue is exposed to markedly elevated
levels of a metal such as zinc, copper, or cadmium, or the host
organism is undergoing a generalized stress response which
causes redistribution into metallothionein (23, 24), or the
source of tissue is the developing fetus (25, 26) or neonate (27,
28). Instead of an inducible mechanism of MT-protein synthe
sis, which depends on the concentration of zinc in the ascites
fluid of the tumor, the amount of cytosolic metallothionein
protein appears to be independent of the zinc status of the
tumor (Fig. 3). Under Zn(-) conditions one detects an apoCd-
binding protein which migrates on Sephadex G-75 like metal
lothionein. This is probably apometallothionein. However, its

identification is uncertain without further characterization.
The definition of the presence of metallothionein in the

Ehrlich cell and its constitutive synthesis are novel biochemical
features of this neoplastic cell type. The induction of Zn-MT
synthesis after partial hepatectomy and the kinetics of loss of
zinc from this protein, which parallel the decreasing rate DNA
synthesis in the regenerating liver, led Ohtake et al. (29) to
suggest that Zn-MT was necessary for rapid cell proliferation.
The presence of MT in the developing fetus and neonate also
points to the correlation of metallothionein concentration and
cell proliferation (25-28). It is the relationship between Ehrlich
cell metallothionein and the rate of cell division as reflected in
tumor growth which experiments in Figs. 2, 4, and 5 address.

It is evident at the level of analysis and discrimination of
Sephadex chromatography that the major cytosolic pool of zinc
responsive to host zinc deficiency is metallothionein. This
contrasts with an earlier study in which the loss of zinc from
MT in Zn(â€”)Ehrlich cells was not observed (9). The reasons
that loss of zinc from Zn-MT was not seen in the previous
study are not known. Earlier results indicated that between 0
and 25% of the zinc in an Ehrlich cell is lost in zinc deficiency
(6, 9). It is clear, therefore, that Zn-deficient conditions do not
generally deplete Zn-metalloproteins of their metal. Given that
MT-bound zinc constitutes 20% of the cytosolic zinc and about
10% of the total cellular zinc, MT appears to be a major site of
zinc depletion in Zn(â€”)Ehrlich cells. This conclusion is con
sistent with the recent report showing that basal Zn,Cu-MT in
rat kidney is within small error the one specific site which loses
zinc after rats are placed on a zinc-deficient diet for 2 weeks
and does so with 24-36 h of imposition of the zinc deficiency
(31).

The zinc-deficient cells used to generate Fig. 2 had been in
the animal for 14 days. Faced with an unfavorable gradient of
zinc across the plasma membrane for a period of time probably
much longer than the half-life for biodÃ©gradation of average
cellular proteins, only metallothionein loses metal. When such
cells are stimulated to divide by the addition of low levels of
zinc in the drinking water of the host, rapid cell proliferation
occurs, even though the ascites fluid contains a very low steady
state concentration of zinc. Cells are made with the normal
complement of high molecular weight zinc (Fig. 5, A and li).
Yet metallothionein remains deficient in zinc despite the avail
ability of the metal for cells. Only when the host takes up a
large quantity of zinc from drinking water containing 80 ^g/nil
of the metal does MT bind substantial amounts of zinc in the
steady state. Even then, ascites fluid zinc remains low. So it is
clear that metallothionein saturated with zinc is not a necessary
cellular component for the occurrence of rapid proliferation.
What role, then, may metallothionein play in zinc metabolism?

A generalized model for Ehrlich cell metabolism is given in
Fig. 10/4. Nutrient zinc moves from the food source ZHN
through the host into the ascites fluid (Zna) and into Ehrlich
cells. Reactions 3 and 5 produce holoZn proteins (Zn-MT and
ZnL) from a pool of loosely bound zinc (ZnÂ¡);biodÃ©gradation
of these proteins releases zinc back to the ZnÂ¡pool (reactions 4
and 6), or zinc may be transferred from Zn-MT to L as in
reaction 7. For simplicity, all zinc-metalloproteins observed in
the present studies except Zn-MT are grouped together as ZnL.

A related model has been used before to describe intracellular
zinc metabolism involving metallothionein (32). The new fea
ture here is the possible direct, intramolecular transfer of zinc
from Zn-MT to Zn-L, shown as reaction 7 (15, 33). This
constitutes a companion or alternative pathway of synthesis of
ZnL to the direct reaction of L with /n, in reaction 5. It
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Fig. 10. . I. model for the metabolic pathways of zinc in Ehrlich ascites tumors.
Zrio, extracellular zinc; ZnÂ¡.small hypothetical pool of nonmacromolecular-bound
zinc; Zn-MT, zinc metallothionein; ZnL, all other macromolecular-bound zinc.
B, comparison of Zn levels in fluid and cytosolic fractions of the Ehrlich tumor
in zinc-deficient and resupplemented mice.

provides a simple pathway

ZnL â€”Â»ZnÂ¡â€”Â»Zn-MT â€”Â»ZnL

with which to conserve cellular zinc bound to ZnL as these
proteins biodegrade and are synthesized during zinc deficiency.
In the steady state ZnL remains while zinc bound to MT is
lost. It is included in the model because previous studies indicate
that isolated Zn-MT can reconstitute a variety of apozinc
proteins (15, 33) and, thus, potentially can carry out such
reactions in vivo. In particular, Zn-MT can donate zinc to
apocarbonic anhydrase as rapidly as Zn2+ alone reconstitutes

the enzyme (15). The present study extends this observation to
show that Ehrlich cell Zn-MT can donate zinc to added apoCA
in cytosol containing a multitude of proteins and other potential
zinc-binding ligands. Further, Zn-MT is the unique, labile
source of zinc for the reconstitution of apoCA. Other macro-
molecular forms of zinc present in 4-fold excess in relation to
Zn-MT are unable to participate in this ligand exchange reac
tion. Thus, despite the large stability constant of carbonic
anhydrase for zinc of IO12, the apoprotein is able to remove
zinc only from Zn-MT (34).

Reaction 7 of Fig. 10,4 is also included to provide a basis for
the rationalization of the distinctly different behavior of the
pools of zinc in Zn-MT and ZnL during zinc deficiency and
after zinc is restored to the diet of the mice. According to Fig.
105, which summarizes results from Fig. 5, ZnL concentration
remains between 80 and 120% of Zn(+) control values at all
levels of nutrient zinc. In contrast, both ascites fluid Zn (Zn0)
and MT-bound zinc are low even when the Zn(â€”)animals

receive 80 /ig zinc/ml. Apparently, even when cell proliferation
occurs with accompanying synthesis of control levels of Zn-
metalloproteins (ZnL), there is not sufficient nutrient zinc to

replenish these other pools. Hence, ascites fluid and MT-bound
zinc behave like intermediates between nutrient zinc and ZnL
(steps 1, 2, 3, and 7 of Fig. 10/4).

Alternatively, one considers Zn-MT as an isolated pool of
zinc unable to participate in reaction 7 and solely in contact
with ZnÂ¡through reactions 3 and 4 and a direct dissociation
process of Zn-Mt to release zinc. Then, Zn-MT is reversibly
linked to the metabolic pathway from ZnN to ZnL but not part
of the direct path. In this model two explanations can be offered
for the peculiar response of Zn-MT to extracellular zinc deple
tion in relationship to the rest of the cytosolic zinc: (a) there is
a unique combination of rate constants for the formation,
dissociation, and biodÃ©gradation of Zn-MT relative to ZnL
such that zinc is preferentially lost from Zn-MT under zinc-
deficient conditions but remains in ZnL; (6) apoMT is not
made under zinc-deficient conditions so that Zn-MT need not
even be considered in the metabolism of zinc in the zinc-
depleted cell. The first explanation lacks experimental support
in any system and needs study. The other is not supported by
the finding of an apoCd-binding protein in Zn(-) Ehrlich cells
of size and concentration similar to those of Zn-MT in control
cells. Again, further investigation will be needed to identify this
species with metallothionein.

The present study shows that tumor cell zinc metallothionein
is the major cellular pool of zinc which is responsive to the
nutritional state of the host. Further evidence of the metabolic
activity or lability of zinc in metallothionein is given. An
empirical association between host zinc status, zinc metallothi
onein, and the proliferative state of the Ehrlich cell exists, in
which metallothionein is a major site which loses zinc as zinc
deficiency halts tumor proliferation. Certainly, if Zn-MT is a
required intermediate in the synthesis of other zinc met allopro-

teins, then the loss of zinc from MT would have important,
immediate consequences for the cell. What has not been shown
here is that there is a causal relationship between these three
factors or how the depletion of zinc from metallothionein could
signal the cell to halt proliferation. Nor has the possibility been
excluded that the loss in extracellular zinc sets in motion the
inhibition of proliferation at the level of the plasma membrane.
Nevertheless, there is good empirical precedent for the control
of proliferation by nutrients (35). Given the finding that more
cadmium is necessary to bind apoMT in zinc-deficient cells
than Zn-MT in zinc-normal cells, it may be that the apoprotein
itself is binding to a site in the cell which competes with
cadmium for metallothionein and which controls proliferation.
This and other unresolved aspects of this problem are under
study.
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