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ABSTRACT

The relationship of thionein synthesis rates to translatable cyto-
plasmic thionein mRNA levels was investigated for the first time in a
cultured cell system. Thionein synthesis was induced in Cd , a cadmium-
resistant variant of CHO, by exposure to 2 pM CdCl.. Following a short
(1.5 hr) lag, thionein synthesis increases to a rate tha^ is at least
30 times the uninduced rate 7-8 hr after addition of Cd . This increase is
blocked by the coincident addition of actinomycin D. Cytoplasmic thionein
mRNA levels, measured by translation in a modified wheat germ system,
increase rapidly following induction to values approximately 25 times
uninduced levels within 6-8 hr. The increases in thionein mRNA precede
proportionate ^creases in thionein synthesis by 0.5-1.0 hr. Continued
exposure to Cd results in a decreased thionein synthesis rate after 8 hr.
By 30 hr, the rate is one-half that seen 6-8 hr after induction. Removal
of Cd after 8 hr results in a rapid decrease in thionein synthesis (t]/2
- 4 hr). Both decreases are inhibited by the addition of actinomycin.
In all instances—induction, deinduction, and actinoraycin-mediated "super-
induction"—translatable thionein mRNA levels and thionein synthesis rates
increase, decrease, or are maintained coordinately. The results suggest
that thionein synthesis in Cdr is controlled primarily by the level of
translatable cytoplasmic thionein mRNA.

INTRODUCTION

Thionein is a small metal-binding protein of unusual composition.

Cysteine represents 20 of the 61 amino acids found in human, mouse, and

equine thionein, and there are no aromatic residues (1,2). Several lines of

evidence suggest that this protein functions in the homeostasis of Zn and

in the detoxification of Cd (1). When isolated from animal tissues,

thionein is found complexed with both cations (as metallothionein) in varying

ratios, but with an essentially constant ratio (3:1) of cysteine residues to

total bound divalent metal (1).

Metallothionein was first found in equine kidney (3). Since then it has

been shown to be ubiquitous, occurring at different levels in tissues of
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higher animals as well as in lower forms of life, including shell fish,

yeast, and fungi (1). There is some variation in amino acid composition

throughout its range of occurrence; however, the essential features that

distinguish the protein and identify it as a metallothionein are maintained

(i.e., cysteine richness, low molecular weight, deficiency of aromatic amino

acids, and binding of Group I and Group II soft acids).

Most studies of metallothionein have emphasized its role in metal horaeo-

stasis and detoxification. However, the induced synthesis of this protein

provides a unique system for studying mechanisms involved in gene expression.

The small size and high cysteine content of metallothionein facilitate meas-

urement of its synthesis. Metallothionein synthesis can be induced in

cultured cells or in vivo (1,4-9), in higher or lower animals (1), in fibro-

blasts as well as epithelial cells (4-7,10,11), using physiological (Zn ) or

nonphysiological (Cd , Hg ) inducers (1). Further, with cultured cell

systems, stable variants possessing increased inducibility (i.e., greater

resistance to Cd ) are obtained readily (6,12) and can be applied to

identify the mechanisms regulating thionein induction.

Previous studies on the regulation of thionein induction were performed

primarily in animals. These studies showed that thionein synthesis in vivo

is sensitive to actinoroycin D during the early stages, suggesting that induc-

tion occurs at the level of increased mRNA synthesis (4,9,13). Moreover,

Zn -mediated induction ini vivo results in a maximal response 5-6 hr after

administration (9), and its synthesis then decreases unless cycloheximide or

actinomycin D (AMD) is present (14), suggesting that thionein mRNA turns over

rapidly unless RNA or protein synthesis is inhibited.

In comparison with animal systems, cultured cells offer the advantages

of more precise control over the administration and removal of the inducing

agent, absence of secondary hormonal effects, more exact determination of

cell number and viability, and the ability to generate stable genetic

variants. In our Laboratory, the effects of Cd on the growth and viability

of cultured Chinese hamster cells (CHO), as well as the uptake of Cd and

partitioning in CHO, have been studied in detail (5). A stable variant (Cd )

has been derived which is - 100-fold more resistant to the cytotoxic effects

of Cd and which responds to Cd exposure with increased thionein synthesis,

while cellular uptake of the metal is the same (12). Thionein induction

kinetics and the extent of increase in metallothionein during Cd exposure

in Cdr are comparable to the response of liver cells exposed to Cd in vivo

or in culture (7,15).
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In this paper, the regulation of cellular thionein synthesis is examined

during the primary induction (i.e., continuous exposure to an inducing agent;

in this case, Cd ) and deinduction (i.e., the period following removal of

the inducing agent after attainment of maximal thionein synthesis) by compar-

ing relative thionein synthesis rates and translatable mRNA levels. These

studies allow a comparison of induced thionein synthesis rates and trans-

latable mRNA levels with those obtained in vivo. They provide also, for the

first time, data on such rates and levels during deinduction and AMD-mediated

superinduction. We find that Cdr cells respond to CdCl exposure by increas-

ing their rate of metallothionein synthesis at least 30-fold within 6-8 hr.

This synthesis is sensitive to high (5 (Jg/ml) or low (0.05 Jjg/ml) levels of

actinomycin D during the first hour of induction and occurs in the absence of

comparable increases in general RNA or protein synthesis. In the continued

presence of Cd , the rate of thionein synthesis decreases between 8 and

30 hr to about 50% of the peak value. Removal of Cd at the time of maximal

thionein synthesis results in a rapid decrease in thionein synthesis rate.

The decreases in rate of thionein synthesis observed during both continued

induction and deinduction are largely inhibited by high levels of actino-

mycin D, mimicing the phenomenon of superinduction (i.e., increased specific

protein synthesis in actinomycin-treated cells or tissue relative to un-

treated controls) reported in other inducible systems. Thionein mRNA levels,

quantitated by cell-free translation, compare closely with relative thionein

synthesis rates during induction, deinduction, and superinduction.

MATERIALS AND METHODS

Cell Culture.--Cd , a stable, cloned, Cd -resistant variant of CHO, was

cultured in suspension in Ham's F-10 medium, supplemented with 15% newborn

calf serum and antibiotics. Cultures were negative when tested for PPLO (16).

Cdr cultures grew exponentially between 70,000 and 500,000 cells/ml at

generation times of 16-19 hr. Experiments were performed while the cells

were in exponential growth. Cells were not concentrated prior to exposure to

inducer or to isotopically labeled compounds.

Measurement of Thionein Synthesis Rate.--The relative rate of thionein

synthesis was determined by measuring the kinetics of [ S]cysteine (New

England Nuclear Corporation, 260 Ci/mmol) incorporation into metallothionein

prior to and at various times during Cd exposure. Cultures exposed to

CdCl2 were labeled with 0.350 (jCi/ml [ S]cysteine for 30 min prior to the

times indicated in the figures. Pulse labeling was stopped by pouring the
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cultures (100 ml) over frozen 0.25 M sucrose cubes and stirring the suspen-

sion for 30 sec. Cells were harvested, washed, and lysed as described below

except that 0.1 mM DTT was included in the lysis buffer and deoxycholate was

omitted. After centrifugation of the cell lysate at 500 x g for 5 min, the

supernatant cytoplasm was transferred to polystyrene tubes and stored at

-20°C. The amount of I S]cysteine incorporated into metallothionein was

determined by separating the low molecular weight metallothioneins from the

other, larger, cytoplasmic components using molecular sieve chromatography.

The use of Sephadex G-75 or G-50 to effect this separation is a standard

procedure (4-15).

Sephadex G-75 columns (1.2 x 85 cm) were equilibrated with 0.05 M Tris

(pH 8.4) at 20°C and eluted with the same buffer at 20°C. The elution

profile of S activity from these columns showed three distinct peaks: the

first peak contained material excluded from the column (70,000 daltons), the

second peak was identified with metallothionein, and the peak eluting last
35

contained unincorporated [ S]cysteine. The identity of the metallothionein

peak was confirmed in separate experiments showing that (a) its chromato-

graphic behavior on Sephadex G-75 is indistinguishable from that reported for

well-characterized metallothionein from other sources (4,6,11,14,15); (b) it

preferentially binds Cd in cells exposed to CdCl_; (c) its synthesis is

dependent upon exposure of cells to Cd or Zn ; and (d) it displays rel-

ative cysteine richness and leucine deficiency (unpublished data). The

relative rate of metallothionein synthesis is expressed as the ratio of
35 35

S-metallothionein to S-labeled nonmetallothionein proteins. Measurements

of the specific activity of nonmetallothionein proteins (those eluting in the

excluded peak on Sephadex G-75 columns) were found to be approximately

constant during the Cd exposure intervals described in this report.

Therefore, this procedure for calculating the relative thionein (the apo-

protein of metallothionein) synthesis rate is valid and also avoids require-

ments for maintaining constant cell concentrations from one labeling period

to the next. Similar calculations have been made in other inducible systems

(17).

Isolation of Cytoplasmic Poly A RNA.--Cells were harvested by centri-

fugation, and those exposed to inducer for less than 8 hr were first chilled

by pouring over frozen 0.25 M sucrose. The cell pellets were washed once

with cold 0.25 M sucrose, suspended in K T^Mj (10 mM KC1, 10 mM Tris,

pH 7.4 at 25°C, 1.5 mM MgCl ) at about 2 x 107/ml, frozen in Dry Ice-ethanol

bath, and stored at -70°C. After thawing, the cells were lysed by the addi-
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tion of 1/10 volume 10% NP-40, followed by vigorous mixing (10 sec). After

15 min at ice bath temperature, the lysate was again mixed, 1/10 volume

5% sodium deoxycholate was added and mixed, and the lysate held another

15-20 min in ice prior to removal of nuclei by centrifugation. The super-

natant cytoplasm (usually 20 ml) was placed in an A211 IEC centrifuge tube,

underlaid with 1.5 ml 1 M sucrose in K-.T^QM, ,, and polysomes and ribosomes

were pelleted by spinning 3 hr at 140,000 g average, 4°C. The pellet was

rinsed 5 times with distilled water, suspended in 10 ml Naino^lO^lO^O 5

(100 mM NaCl, 10 mM Tris, 10 mM EDTA, 0.5% SDS), and extracted once with

chloroform-phenol (1:1) and twice with chloroform-isoamyl alcohol (24:1)

prior to ethanol precipitation. The ethanol precipitate was dissolved in
N a OT ElS0 „ buffer and applied to a 4-g column of oligo(dT)cellulose (T3

grade, Collaborative Research). The column was washed with the same buffer.

Poly A+ RNA was then eluted with 0.05% SDS. The eluate was heated for 2 min

at 60°C prior to adjusting the buffer concentration and rechromatography.

The second 0.05% SDS eluate was extracted with chloroform-phenol and

chloroform-isoamyl alcohol prior to ethanol precipitation to remove SDS. The

poly A RNA was reprecipitated from Nalo-.T-OE. prior to use.

Cell-Free Translation.—Wheat germ embryos were prepared and extracted

as reported (18,19) with the exception that chloride salts were substituted

for acetate salts (18). The final reaction mixture contained in a total

volume of 20 JJI: 3.0 mM MgCl , 70 mM KC1, 0.1 mg/ml creatine phosphokinase

(Boehringer Mannheim), 8 mM creatine phosphate (K salt, Calbiochem), 1 mM

ATP (Na+ salt, P. L. Biochemicals), 0.16 mM GTP (Na+ salt, P. L. Biochem-

icals), a mixture of 19 amino acids varying in concentration from 7-133 pM

(20), 0.5 MCi [35S]cysteine (- 79 nM), and 10 pi of the wheat germ extract.
35

The labeled amino acid was prepared by the reduction (21) of [ Sjcysteine

(New England Nuclear) with 10 mM dithiothreitol (DTT, P. L. Biochemicals).

The above components were combined on ice, 16 pi was transferred to 25°C for

10 min, and then 4 pi of RNA or sterile water (endogenous activity) was added

for an additional 125 min. The final translation product was analyzed in one

of three ways:

(1) Total trichloroacetic acid (TCA) precipitable counts.--At specified

times, 5-jil aliquots of the reaction mixture were spotted on Whatmann 3MM

filter discs pretreated with 50 pi of 10% TCA containing 0.1 M cysteine. The

filters were batch-washed in cold 5% TCA and then heated at 90°C for 30 min

to hydrolyze aminoacylated transfer RNA. They were washed twice in cold

5% TCA, twice in cold ethanol, and finally in diethyl ether. Following
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air-drying, the filters were counted in 10 ml of a toluene-PPO-POPOP scintil-

lation fluid.

(2) SDS polyacrylamide gel electrophoresis.--To terminate a 20-pl trans-

lation assay, 10 pi of 4x SDS buffer [200 mM Tris-Cl (pH 8.9), 8% SDS,

50% glycerol] was added and the samples transferred to ice. After all the

reactions were terminated, the samples were warmed to 37°C to dissolve the

SDS, 10 (Jl of 100 mM DTT was added, and the mixture was boiled for 5 min.

The dissociated proteins were then carboxymethylated [50°C, 15 min (22)] by

adding 7 |il of 1 H iodoacetate (Sigma) freshly dissolved in water and

adjusted to approximately pH 8. SDS polyacrylamide gel electrophoresis was

carried out as reported (23) using cylindrical (0.5 x 10 cm) 15% gels.

Generally, 20-pl samples were applied and they, as well as the running buffer,

were prewarmed to 37°C to avoid protein aggregation (see Fig. 5). Following,

electrophoresis (1.5 mA/gel), the gels were sliced into 1.8-mm sections,

dissolved (60°C, 16-24 hr) in 1 ml of 30% hydrogen peroxide, and counted in

10 ml of Aquasol (New England Nuclear).

(3) Native slab gel electrophoresis•--Native slab gels (7.5%, 10 cm in

length) were poured essentially according to Davis (24), but with several

modifications. Ammonium persulfate and TEMED were added separately (23), the

lower gel buffer was adjusted to pH 9.5 as opposed to pH 9, both the stacking

(4.5%) and running (7.5%) gels contained the same acrylamide/bis ratio of

37.5, and finally each gel contained Triton X-100 at a concentration of

0.05%. In all cases, the gels were pre-electrophoresed for - 3.5 hr at 10 mA

per slab. Translation samples (20 (jl) were diluted with 30 \ll of a solution

containing 34% glycerol, 0.16% p-mercaptoethanol, and 0.32% Triton X-100.

Twenty (jl of this mixture was layered onto the stacking gel and, after the

dye (bromophenol blue) band reached the end of the gel, the slab was cut into

3 x 10-mm sections that were prepared for liquid scintillation counting as

described above.

To calibrate both gel systems, metallothionein was isolated from expo-

nential ly growing Cdr cells that had been labeled continuously with [ S]-

cysteine (0.1 |jCi/ml) or Cd (0.01 pCi/ml of suspension culture) during a

24-hr exposure to 2 pM Cd . The cells were harvested by centrifugation,

washed once in 0.25 M sucrose, and resuspended in lysis buffer containing

10 mM Tris-Cl (pH 7.4), 10 mM KC1, 1.5 mM MgCl2, 0.1 mM DTT, and 1% NP40

(Shell Oil Company). The suspension culture was agitated by vortexing for

30 sec, allowed to stand at 4°C for 15 min, and then revortexed. The cell

lysate was centrifuged (500 x g, 5 min) and chromatographed (4,11,13,25) on
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Sephadex G-75 (1.2 x 85-cm column, 10 mM Tris-Cl, pH 8.4, 20°C) to separate

metallothionein from larger proteins and unincorporated label. Metallo-

thionein-containing fractions were identified, pooled, and rechromatographed.

The twice eluted material was collected, lyophilized, and analyzed by non-

denaturing polyacrylamide gel electrophoresis. Greater than 95% of the

S-labeled proteins co-migrated in approximately equal proportions with the

two Cd -containing metallothioneins (data not shown).

RESULTS

Accurate Quantitation of Levels of Translatable Thionein-Specific

mRNA.--The wheat germ system has been used by a number of investigators to

measure levels of specific messages (18,19,26). We show here that it may be

adapted to measure translatable thionein mRNA levels. Poly A-containing RNA

was prepared from the cytoplasm of Cd cells exposed to high, but subtoxic,

levels of cadmium for 8 hr. Under these conditions, the rate of cellular

metallothionein synthesis is maximal (12,27). Cysteine was selected as a

label, since metallothioneins contain about 30 mol % (1). As shown in

Fig. 1, the radioactive amino acid is rapidly incorporated into TCA-

+ mRNA

-mRNA

45

,35,.Fig. 1. Reaction kinetics of ["" S)cysteine incorporation into TCA-
precipitable protein. Each point represents the TCA-precipitable material
in a 5-pl aliquot of a 50-pl wheat germ assay containing 2 mM Mg , 75 mM K ,
and 37 pg/ml RNA. The poly A-c^ntaining RNA was isolated from the cytoplasm
of Cdr cells exposed to 1 pM Cd for 8 hr.
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precipitable material. After 60 min, the messenger-stimulated activity is an

order of magnitude greater than the endogenous activity and, in separate

experiments, incorporation plateaus at 120 min. Therefore, unless otherwise

specified, translation reactions were carried out for 125 min. This time-

course, as well as the salt optima of the reaction (3 mM Mg , 70 mM K ) , and

the RNA dose-response curve (maximal activity between 40 and 80 pg/ml) are

characteristic of poly A-containing fractions from other sources and are

within the ranges reported for translation of thionein mRNA from rat liver

(28,29).
35

The [ S]cysteine-containing products from the cell-free assay were

analyzed in two different electrophoretic systems, each calibrated using

partially purified metallothionein from Cd -stimulated Cdr cells. As shown

in Fig. 2A, under the dissociating conditions of SDS electrophoresis that

completely removes bound metal (data not shown), Cd thionein migrates as a

single peak with a relative mobility of 0.88. The monodispersity of this

pattern depends upon blocking the highly reactive thiol groups. In the
35absence of carboxymethylation, aggregates form and S-labeled thionein is

distributed across the gel. It should be noted that, in our experience, it

was unnecessary to fractionate (28) or dialyze (29) the cell-free product

prior to polyacrylamide gel electrophoresis.

To compare the cell-free translation products with the proteins synthe-

sized by the cells in culture, maximally induced Cd cells were pulse-labeled
35

with I Sjcysteine, and total cytoplasmic proteins were resolved by SDS

electrophoresis. As shown in Fig. 2B, approximately 20% of the label co-

migrates with carboxymethylated thionein. This percentage agrees with the

percentage of [ S]cysteine incorporated into metallothionein as determined

by Sephadex G-75 column chromatography of the same cytoplasmic samples as

analyzed in Fig. 2B.

In contrast to cellular thionein synthesis, poly A-containing RNA from

the same maximally induced Cd cells directs the synthesis of predominantly

(- 70% of the incorporated label) one class of protein equivalent in mobility

to carboxymethylated thionein (Fig. 2C). Three further experiments suggest

that this peak is thionein. First, the peak is leucine-poor but cysteine-

rich, a characteristic of all isolated thioneins (1). In separate
35 14

experiments, the ratio of [ Sjcysteine to [ C]leucine incorporated into

material in the thionein peak (e.g., Fig. 2C) is 5.8, while that ratio in the

nonthionein region of the gel (e.g., relative mobility 0.2 to 0.6) is 0.91.

Second, the peak is not present using poly A-containing RNA from uninduced
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0 4 0.6
RELATIVE MOBILITY

Fig. 2. SDS polyacrylamide gel elec-
trophoresis of carboxymethylated
proteins. (A) Thionein standard.
Thirty pi of partially purified metallo-
thionein was lyophilized and dissolved
in 35 pi of a standard endogenous wheat
germ reaction, minus [35S]cysteine and
including the SDS dissociation buffer.
The reaction was boiled for 4 min and
treated (50°C, 15 min) with 6 pi of
1 M iodoacetate. Ten pi of this
solution was resolved electro-
phoretically, as described in the
Materials and Methods section.

(B) Cellular proteins. Cdr celj.|
were maximally induced (2 pM Cd ,
8 hr) and then pulse-labeled (30 min)
with [35S]cysteine (0.1 pCi/ml of
suspension culture). Cytoplasm was
prepared from 7 x 107 cells, lyophil-
ized, and then dissolved in 120 pi
of SDS sample buffer. The sample
was reduced, carboxymethylated, and
20 pi resolved as described in the
Materials and Methods section.
(C) Cell-free product. Poly A-
containing RNA was isolated from the
cytoplasm of uninduced Cd cells
(-|-) or Cdr cells exposed to 2 pM
Cd for 8 hr (-A-) and translated in
the optimized wheat germ system at a
final concentration of 74 pg/ml. The
product was reduced, carboxymethylated,
and resolved as described in the Mate-
rials and Methods section. The arrows
in panels (A), (B), and (C) indicate
the relative mobility of authentic
thionein.

cells (Fig. 2C) that synthesize little metallothionein in cell culture (12,

27). Finally, the cell-free translation product from induced cells separates

into two peaks on native gels, as does the partially purified cellular

product (Fig. 3). These two forms of metallothionein are characteristic of

metallothioneins from other sources and reflect charge differences due to

variations in amino acid composition (25). In this case, the gels were

pre-electrophoresed and p-mercaptoethanol was included in the sample to avoid

oxidative crosslinking of metallothionein. This treatment does not dis-

sociate bound metal, since Cd tracks with [ S]cysteine during electro-

phoresis of partially purified cellular metallothionein (data not shown).

The fact that the cell-free products co-migrate with the authentic metallo-
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METALLOTHIONEIN

CELL-FREE PRODUCT
* mRNA A—£

* - mRNA >--o

0 2 0 4 0.6
RELATIVE MOBILITY

08

Fig. 3. Resolution of authentic
metallothionein (A) and cell-free
products (B) on native slab gels.
The wheat germ translation
products (endogenous and RNA-
stimulated) are those containing
[35S]cysteine as described in
Fig. 5. Samples (20 pi) were
prepared for electrophoresis, as
described in the Materials and
Methods section. Fifteen pi of
partially purified metallothionein
was mixed with 9 pi of 25% glyc-
erol, 0.25% B-mercaptoethanol,
0.5% Triton X-100, and 20 pi of
this solution was used to cal-
ibrate the gel system.

thioneins (Figs. 3A and 3B) is evidence that the cell-free products are in

the form of metallothionein (most likely by binding available Zn ), since

metal-deficient metallothionein does not migrate in this gel system (un-

published results).

Thus, by several criteria, thionein is effectively synthesized in a

wheat germ assay that has been optimized on the basis of cysteine incorpora-

tion. Under conditions of either dissociating or native gel electrophoresis,

a majority of the label co-migrates with either cellular carboxymethyl-

thionein or metallothionein(s), respectively. [In the case of the native gel

pattern (Fig. 3), this is especially evident if the endogenous counts are

subtracted from the stimulated profile.] As anticipated, the cell-free

product contains little or no leucine and is absent when translating RNA from

cells that synthesize only trace amounts of metallothionein (Fig. 2C).
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35

However, the proportion of [ Sjcysteine associated with thionein is un-

expectedly high. That is, if total cytoplasmic poly A-containing RNA

reflects the proteins synthesieed in a short labeling period and if the

initiation rates are uniform in the wheat germ extract, then the cellular and

cell-free profiles should be similar. As shown in Figs. 2B and 2C, this is

not true: 80% of the incorporated cysteine appears in proteins other than

thionein if cells synthesizing thionein at a maximal rate are pulse-labeled.

In the cell-free reaction, the reverse is observed. Thus, the wheat germ

extract is highly efficient in translation of thionein mRNA.

In addition to the efficient translation of thionein mRNA in the wheat

germ extract, the results shown in Fig. 2C indicate that synthesis of one
35other major [ S]cysteine-labeled translation product (relative mobility

0.70) is directed specifically by cytoplasmic poly A RNA from Cd -induced

Cd cells. This observation suggests the existence of other Cd -mediated

induction specific mRNAs in the Cdr cell. Further studies are in progress to

define the nature of this cell-free translation product and to determine

whether synthesis of this protein is induced in Cd cells by exposure to

Cd++.

In our hands, the reticulocyte lysate system (20) also efficiently and

preferentially translates thionein mRNA. However, a low percentage of free
35
[ S]cysteine oxidatively crosslinks to hemoglobin during the course of the

reduction and carboxymethylation procedures. Due to the large mass of hemo-

globin relative to other proteins in this system and because carboxy-

methylated hemoglobin subunits migrate close to modified thionein, it is
35

difficult to assess the level of [ S]cysteine incorporated into this protein

(data not shown).

Can the wheat germ system, then, be used to quantitate the levels of

thionein-specific mRNA? As reported previously (26,29), the stimulation of

protein synthesis is a complex function of RNA levels. We have verified

those findings using poly A RNA from Cd -induced cells. The thionein

synthesis response is linear with RNA concentration only up to 20 pg/ml,

peaks at 74 pg/ml, and thereafter declines gradually as the RNA level is

increased. However, if the total RNA concentration is maintained at a

constant value (74 pg/ml) by combining poly A-containing RNA from cadmium-

stimulated cells with that isolated from nontreated cells (taking advantage

of the fact that RNA from nontreated cells produces very little thionein

synthesis, i.e., only - 2-fold greater than endogenous incorporation in SDS

gels), then the total counts associated with the thionein peak (SDS gels) are
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proportional to the fraction of RNA contributed by the metal-challenged cells

(Fig. 4). This procedure for obtaining linear RNA dose-thionein synthesis

response over a broad range of RNA concentrations circumvents the dif-

ficulties encountered in the nonlinear responses reported recently (29).

Hence, although the absolute level of thionein messenger in a given prepara-

tion is not known, it can be expressed accurately on a relative basis

(Fig. 4). Thus, in the following experiments, all measurements of trans-

latable thionein mRNA were made using poly A RNA at 74 pg/ml in the cell-

free assay.

Cellular Thionein Synthesis and Relative Thionein mRNA Levels during

Induction and Deinduction.—Exposure of Cd cultures to 1 or 2 pM CdCl

results in a rapid increase in thionein synthesis that is evident within

1.5 hr and is maximal 7-8 hn after induction at a rate that is about 30 times

the uninduced rate (Fig. 5A). Thereafter, despite continuing exposure to

Cd , the synthesis rate decreases and is 30-50% of the maximal rate by 24 hr

after the addition of inducer. The intracellular concentration of Cd

increases throughout this period and plateaus after 24 hr at 500-1000 times

the extracellular concentration (unpublished results). During the same
f

period, the cellular content of Cd-thionein increases approximately 170-fold

0.2 0.4 06 08 10
FRACTION OF THIONEIN mRNA

Fig. 4. Quantitation of relative levels of thionein mRNA. Poly A-containing
RNA was isolated from maximally induced and uninduced Cd cells. The final
RNA concentration in the translation reaction was held constant at 74 pg/ml,
while the fraction of RNA from induced cells was varied from 0 to 1.0. The
cell-free products were resolved by SDS electrophoresis, and the total counts
associated with the thionein peak were corrected for endogenous activity.
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1.2
• — • CELL-FREE THIONEIN

—o CELLULAR THIONEIN
10 -

Fig. 5. (A) Induction of metallo-
thionein synthesis in cultured CHO
cells measured in a cellular and in a
cell-free system. Cd cells were
exposed to 2 LIM CdCl2 and, at the
indicated times, the rate of metallo-
thionein synthesis was determined by
pulse-labeling (30 min) with [35S]-
cysteine. Under similar conditions,
poly A-containing RNA was isolated
from the metal-treated cells and trans-
lated in the wheat germ system.
(B) Deinduction of metallothionein
synthesis in cultured CHO cells. Cdr

cells were exposed to 2 pM CdCl- for
8 hr, and then growth was continued in
a metal-free medium. At the indicated
times, the rate of cellular metallo-
thionein synthesis and the level of
thionein mRNA were determined, as
described in the Materials and Methods
section. In both panels (A) and (B),
values of relative thionein synthesis
are expressed relative to the 8-hr
point. In panel (B), the 0- to 8-hr
cell-free and cellular thionein induc-
tion kinetics are reproduced as the
dashed and solid curves, respectively.

4 8 12
EXPOSURE(h)

from the low basal level (unpublished results). Quantitation of thionein

poly A mRKA levels by translation in an optimized wheat germ system shows

that thionein mRNA levels increase following induction in such a fashion that

the maximal (8 hr) value appears to be attained 1 hr sooner than the cor-

responding thionein synthesis rate (Fig. 5A). The magnitude of the increase

in thionein-specific poly A mRNA relative to the uninduced basal rate

(- 25-fold, as found by averaging four independent measurements) is similar

to the increase in thionein synthesis rate (- 30-fold), although in both

cases the low uninduced levels are difficult to measure.

Deinduction was achieved by removing the cells from the CdCl.-containing

medium and suspending them in fresh Cd -free medium. A decrease in thionein

synthesis rates occurs - 1 hr after the removal of Cd , and the rate drops

rapidly thereafter, with a half-life of about 4 hr (Fig. 5B). At the same

time, the relative level of translatable thionein mRNA decreases in concert

with the relative rate of cellular metallothionein synthesis (Fig. 5B).
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Actinomycin D Effects on Thionein Synthesis and Thionein mRNA Levels.--

Actinomycin D (5 |ag/inl) added within the first 1 hr after induction almost

completely inhibits the response assayed 7 hr postinduction (Table I). This

inhibition also may be effected by low (0.05 pg/ml) levels of actinomycin

that do not block general mRNA synthesis (30), but the inhibition is less

marked.

The question arises as to whether actinomycin 0 superinduction is

observed in the thionein system. This phenomenon is characterized by the

actinomycin D-mediated (2-5 Mg/ml) elevation of the rate of synthesis of a

specific product relative to an untreated control when the drug is applied

near the time of maximum synthesis (31). To determine whether superinduction

occurs in the thionein system, actinomycin D (2 pg/ml) was administered to a

maximally induced culture (2 \M Cd ,8 hr) and, at 16 hr postinduction, the

relative rate of metallothionein synthesis and the relative thionein mRNA

level were measured. The results of this experiment (Table II) show that

actinomycin blocks the coordinate decrease in both values observed during the

8-hr period following maximal induction in either the continued presence or

absence of Cd . This suggests that the decreasing rate of metallothionein

synthesis (and mRNA level) following maximal induction is under the control

of a process requiring RNA synthesis.

Table I. Actinomycin D (AMD) Inhibition of Induction of Metallothionein

Synthesis

Time of Rate of Metallothionein
AMD Addition AMD Synthesis Assayed^

(hr postinduction) (|jg/ml) 7 hr Postinduction

—

0

0 .5

1.0

0

- -

5 .0

5 .0

5.0

0.05

100

< 1

< 1

6

' 3

All cultures were induced with 1 |JM Cd at zero hr, and AMD was added at
the indicated times to the desired final concentrations. The rate of,
metallothionein synthesis in each culture is taken as the amount of [ S]-
cysteine incorporated per pg protein per 30 min, and the value is compared
to the induced control (given a value of 100). It should be noted that the
high level of AMD also partially inhibits net cellular protein synthesis,
as reported in tyrosine aminotransferase induction (17).
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Table II. Effects of Actinomycin on Thionein mRNA Levels during Continued

Induction and Deinduction

Relative Metallothionein Relative Thionein
Cd Induction Conditions Synthesis Rate mRNA Level

8 hr

16 hr

16 hr

8 hr

8 hr
with

continuous

continuous

continuous

continuous,

continuous,
AMD

plus

8 hr

8 hr

AMD last 8 hr

deinduced

deinduced

1.0

0.52

0.94

0.18

0.86

1.0

0.49

1.06

0.25

0.99

Cdr cells were exposed to 2 pM Cd and 2 Mg/ml actinomycin D as indicated.
In each case, the rate of cellular metallothionein synthesis and the level
of thionein mRNA were determined as described in the Materials and Methods
section. The values are expressed relative to the 8-hr point. For both
"8 hr continuous, 8 hr deinduced" and "8 hr continuous, 8 hr deinduced with
AMD," cultured Cdf cells were exposed to Cd for 8 hr, followed by removal
of cells from Cd -containing medium by centrifugation and resuspension and
continued culture in Cd -free medium either without or with AMD.

DISCUSSION

In this investigation, several features of metallothionein synthesis are

examined for the first time in a cultured cell system. The kinetics of

cellular metallothionein synthesis and cytoplasmic translatable thionein mRNA

accumulation have been measured during both induction and deinduction.

Actinomycin D was used to define further the level of regulation of metallo-

thionein synthesis and to explore the phenomenon of superinduction.

Relative to other induced syntheses in eucaryotes, the response of Cd

cells to Cd is rapid and is comparable to hormone-mediated effects such as

hydrocortisone-induced tyrosine aminotransferase (TAT) synthesis in liver

cells (32). During induction, there is a parallel increase in the

metallothionein synthesis rate and in translatable cytoplasmic thionein mRNA

levels. This suggests that control does not occur at the level of transla-

tion, although such a possibility cannot be rigorously excluded until actual

thionein mRNA levels are determined directly. These data also do not exclude

the possibility that induction is a consequence of more efficient processing

or stabilization of a constitutive mRNA or its precursor. However, the

sensitivity of the induction process to low levels of actinomycin D and the

rapid decrease in cytoplasmic mRNA content upon deinduction are more readily

explained by transcriptional regulation of a short-lived mRNA.
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Both high and low levels of actinomycin D inhibit metallothionein induc-

tion when added simultaneously with Cd . High concentrations of the drug

block the decrease in metallothionein synthesis observed during either

continued induction or deinduction. In both cases, there is an accompanying

retention of functional mRNA, which suggests that the mRNA may be stabilized

by the action of actinomycin D as opposed to being more efficiently trans-

lated (33). This system, therefore, may be used to test the hypothesis of

Tomkins et a^. (34) that a regulatory gene codes for an earlier repressor

protein that specifically binds the mRNA in question and promotes its

degradation.

Thionein synthesis rates (and the levels of translatable thionein mRNA)

change rapidly in response to increased or decreased Cd exposure. This

tight control is probably essential to cell viability, since continued produc-

tion of thionein in the absence of Cd uptake may result in the sequestra-

tion of Zn to the extent that cellular functions catalyzed by Zn enzymes

are impaired.

The specificity of the response is an important question, which can be

answered only in part at this time. There is no general increase in protein

synthesis and only a slight (- 10%) elevation in total mRNA production 8 hr

postinduction (4,35), a time when metallothionein synthesis is 30 times the

uninduced value. However, the active uptake of Cd to levels 500-1000 times

extracellular values suggests that an active process is involved which might

be expected to require the synthesis of specific uptake proteins. Such

related inducible systems, if detected, would add another dimension to the

system in the context of studies of gene expression. The advantages of the

thionein system in studying such phenomena lie in the ubiquity of the

response among eucaryotes and the ability to isolate variants with stable

alterations.

The response to Cd stimulation which we obtained in cultured cells may

be compared with that seen in livers of rats exposed to Cd or Zn . The

time-responses for both metallothionein synthesis and increased content of

cytoplasmic translatable thionein mRNA are similar in rat liver and in cul-

tured cells (Cd ). However, the range of response is much greater for

thionein mRNA in the cultured cells. In induced rat liver, Shapiro et a_l.

(28) and Andersen and Weser (29) both noted a 2- to 4-fold maximal increase

in translatable cytoplasmic thionein mRNA, even though thionein synthesis in

the induced liver increased 15-fold (29). This contrasts with the coordinate

25- to 30-fold increases in both cellular thionein synthesis and translatable
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thionein mRNA content seen in induced cultured cells. Further, the basal or

uninduced thionein mRNA content is significant in rat liver but was very low

in cultured Cdr cells. Perhaps some of the induced thionein synthesis in rat

liver (but not in Cd cells) involves increased translation of existing

thionein mRNA, as well as an increase in thionein mRNA content. Deinduction

and superinduction effects on thionein mRNA content were not performed in the

animal experiments and, therefore, cannot be compared with the cultured cell

responses.

In summary, the rapidity of induction and deinduction of thionein

synthesis rates, the correlation of these rates with translatable cytoplasmic

thionein mRNA levels, and the sensitivity of induction to actinomycin suggest

that thionein synthesis is closely controlled at the level of transcription

of a short-lived mRNA. Proof of this suggestion will be sought using DNA

complementary to thionein mRNA to measure actual thionein mRNA synthesis,

transport, and turnover rates.
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