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AB!STRArT
The promoter from the metallothionein gene may be a useful

conditional promoter for the construction of chimeric genes to be
expressed in Drosophila cells in culture. To explore this
possibility the responses of the endogenous metallothionein gene
and an in vitro constructed chimeric gene containing the
metallothionein promoter were examined. Copper and cadmium, when
added to the growth medium of Drosophila Schneider's line 2 cells,
can produce a 30-100 fold induction of metallothionein mRNA
levels. The level of induction depends on the amount of copper or
cadmium added to the medium and these mRNA levels remain high for
at least four days. Copper is less toxic than cadmium and does
not induce a typical heat-shock response in the cells. Finally, a
chimeric gene containing the metallothionein promoter shows a
similar induction when transformed into the cells.

INTRODUCTION

Conditional promoters have been used to great advantage by
molecular biologists studying biological problems in both
eukaryotes and prokaryotes. Genes that produce potentially lethal
products can be placed under the control of such promoters and
transformed into cells under conditions that result in little or
no expression of the gene product. Once transformed cells are
selected, the conditional promoter can be induced, leading to
increased production of the gene product. Large amounts of the
gene product may then be extracted from the cells and used for
biochemical studies. Alternatively, observation of the phenotype
of cells producing a toxic gene product may lend an understanding
of the reason for its toxicity and thus elucidation of its normal

function(s). In vertebrates, one of the most useful promoters for
these purposes is the metallothionein promoter.

Metallothionein is a high cysteine metal binding protein that has
been found in yeast, blue-green algae, arthropods, avians,insects,
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and mammals [1-4]. These organisms all respond to elevated

amounts of the heavy metal ions copper, zinc, and cadmium by

increasing the levels of metallothionein mRNA and protein in the

cell [1,5-13]. In mammals, there is good evidence that this rise

in metallothionein mRNA is the result of increased transcription

rates [14,15]. Regions of DNA located 5' to the metallothionein

genes have been shown to be sufficient to induce transcription in

the presence of heavy metals and have been termed metal response

elements. The functional significance of these metal response

elements has been demonstrated by placing these elements 5' to

non-responsive genes and conferring metal inducibility on them

[16-19].
Recently a metallothionein gene from Drosophila melanogaster

has been isolated and its DNA sequence determined. The DNA

sequence upstream of the structural gene shows homology with metal

response elements described in human and mouse metallothionein

genes [20]. This portion of the Drosophila metallothionein gene

(from nucleotide -370 to nucleotide +54, with nucleotide +1 being

the start of transcription) has been shown to confer

responsiveness to the metallothionein gene in Drosophila larvae

and to a chimeric gene transformed into baby hamster kidney cells

[21].

In this report we examine the characteristics of induction

and expression of the metallothionein gene, and a chimeric gene

that contains its promoter, in cultured cells of Drosophila

melanogaster. In addition, we report on the gross physiology and

growth characteristics of cells subjected to various inducing

conditions. The cell line that we have used is capable of being

transformed and transformants can be selected and cloned. This

should therefore be a valuable system for Drosophila biologists to

use in concert with their analysis of biological problems at the

organismic level.

MATERIALS AND METHODS

Drosophila Cell Culture and Transformation

S2/M3 cells are Schneider's line 2 cells [22] adapted for growth in

M3 medium [23]. S2/M3 cells were grown in M3 medium supplemented with

12.5% fetal calf serum (FCS), which has been heat inactivated at 600C
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for 30 minutes. Transformed cells were grown in M3 medium + 12.5% FCS +

2 x 10-7 M methotrexate (methotrexate stock solution is 4 x 10-4 M in 50

mM sodium carbonate). For transformations, 3 x 106 S2/M3 cells in 3 ml

of M3 medium + 12.5% FCS were seeded in 60mm tissue culture plates.

DNA-calcium phosphate co-precipitates were prepared as described by

Wigler et al. [24]. One ml of this precipitate, containing 20 ug of

DNA, was incubated with each plate of cells for 15-18 hours. The DNA

was a 1:10 (population 1 of figure 7), or 1:100 (population 2 of figure

7) ratio of the plasmids pMMAP-1:pHGCO (pMMAP-1 is described below;

pHGCO is a plasmid containing the methotrexate-resistant bacterial DHFR

gene [25]). After 15-18 hours, cells were collected by centrifugation

at setting 6 in an IEC (International Equipment Co.) clinical centrifuge

[approximate RCF (relative centrifugal force) -1100] for 20 seconds,

washed once with 5 ml of M3 medium, resuspended in 5 ml of M3 + 12.5%

FCS, and then plated in a 25 cm2 tissue culture flask. After 4 days of

growth in this non-selective medium the cells were collected by

centrifugation and resuspended in the same medium containing 2 x 10-7 M

methotrexate. Cells were pelleted and resuspended in fresh medium

containing methotrexate every 5 days. After 40 days, the populations of

transformed selected cells are comprised of actively dividing cells at

about 1 x 106 cells/ml. Negative controls, cells transformed with just

pMMAP-1, showed no actively dividing cells after this selection. This

procedure is essentially the same as that given by Bourouis and Jarry

[25] with the modifications of Robert Moss [26]. Cells are maintained

between 1 x 106 and 1 x 107 cells/ml. The medium was changed or

diluted, at least 1:5 with fresh medium, every 5-7 days.

Treatment of Cells with Copper or Cadmium

For the treatments of cells with copper or cadmium, 100 ul of

a lOOx concentrated solution of copper sulfate or cadmium chloride

were added to cells growing in 10 ml of medium.

Nucleic Acid Preparation and Northern Analysis

Total nucleic acids were extracted from cell pellets by

resuspending them in extraction buffer (2% SDS, 0.2 M NaCl, 10 mM

Tris-HCl pH 7.5, 10 mM EDTA, protease-K at 25 ug/ml -- predigested

for 30 minutes at 370C) followed by a 30 minute incubation at 500C.
This was followed by 2 or 3 phenol/chloroform extractions, 1

chloroform extraction, and an ethanol precipitation. This

protocol is a simplified version of that given by Kwan et al.

[27]. PolyA+ RNA was selected with oligo-dT cellulose as
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described by Maniatis et al. [28]. RNAs were electrophoresed on

formaldehyde gels [28] and blotted onto GeneScreen nylon filters

as suggested by the manufacturers. Instead of baking the filters,

we have used the U.V. crosslinking technique of Church and Gilbert

[29] to crosslink the RNA to the filter. Filters were

prehybridized at 420C for 4-16 hours in 50% formamide, 5x SSC, 50

mM sodium phosphate, 250 ug/ml sheared denatured calf-thymus DNA,

0.5% SDS, lx Denhardt's [30]. Hybridization was carried out at

420C for 16 hours in the same solution with the addition of dextran

sulfate (10% w/v). Probes were prepared by nick translation of

plasmid DNA [31]. After hybridization, the filters were washed in

2x SSC, 0.5% SDS (four 15 minute washes at 23-370C), and O.lx SSC,

0.5% SDS (two 15 minute washes at 500C) [32].

Dot Blot Analysis

Dot blot analysis was done as described by Thomas [33] with

slight modifications. Preliminary experiments, using total

nucleic acids from cells that had been treated with copper for 24

hours, showed that loadings between 1 and 40 ug of total nucleic

acids per spot give a linear increase in signal when probed with a

nick translated plasmid containing the metallothionein gene. To

determine metallothionein mRNA specific cpm for each of the points

in figures 4 or 5, 5 ug of RNA-enriched total nucleic acids (total

nucleic acids were first precipitated in 2.5 M lithium chloride on

ice for 2 hours, redisolved in 0.3 M sodium acetate, and ethanol

precipitated by adding 2.5 volumes of 100% ethanol-- this should

remove a significant amount of the DNA present [34]), in lOX SSC

(1.5 M sodium chloride and 0.15 M trisodium citrate), were spotted

onto each of 6 spots on nitrocellulose. Nucleic acids were bound

to the nitrocellulose by baking in a vacuum oven at 800C for 1-2

hours. Two of the six dots were probed with nick translated

plasmid, pDml31 [20], containing the metallothionein gene. Two

were probed with nick translated pUC 18 [35]- essentially the

plasmid that the metallothionein gene was cloned into to give the

plasmid pDml31. The final two dots were probed with nick

translated plasmid containing the RP49 gene [36]. Probing and

washing of the filters were done with the same conditions used for

Northern analysis. These spots were then placed in scintillation

1046



Nucleic Acids Research

fluid and counted in a Beckman scintillation counter. To obtain
metallothionein specific cpm, the background counts (that given by
pUC18 probing) were subtracted from the counts obtained from
pDM131 probing. RP49 probing provides a control to adjust these
values to correct for any loading differences. Each of the points
in figures 4 and 5 represents the average of 2 such experiments
done in parallel. HSP70 mRNA levels were similarly determined for
figure 2.

Plasmid Constructions

For the construction of pRmHa-1 (figure 6), pUC18 was
digested with Hind3 and blunt ends were created by filling in the
Hind3 ends with DNA polymerase 1 large fragment [28]. This

linearized blunt-ended vector was ligated with a, polyadenylation
signal containing, 738 bp Hinfl fragment, from the Drosophila
melanogaster ADH gene (the ADH allele used came from the plasmid
pSAC1 [37]), which had been similarly rendered blunt. The 5'
Hinfl site occurs naturally in the ADH gene at position 1770 [38].
The 3' Hinfl site is derived from pUC18, into which the ADH gene
had been cloned, and is 4 bases 3' to the Xbal site at position
2500 of the ADH gene. The EcoRl-Stul fragment containing the
metallothionein promoter [20] was then cloned into this
polyadenylation signal containing plasmid, pHA-1, which had been
digested with EcoRl and Smal. This results in the plasmid pRmHa-1
described in figure 6. pMMAP-1 was constructed by cloning a 2.1
Kb BamHl fragment from the 205Kd microtubule associated protein
(205K MAP) cDNA [41 and unpublished data] into the BamHl site of
pRmHa-1. All restriction endonucleases and other nucleic acid
modifying enzymes were used as recommended by their suppliers.
Ligation reactions were done as described by Maniatis et al. [28].

SRliers
Fetal calf serum was purchased from HyClone. Restriction

endonucleases, DNA polymerase 1 large fragment,and DNA polymerase
1 were from New England Biolabs and T4 DNA ligase and oligo(dT)-
cellulose (type 3) were from Collaborative Research, Inc. Calf
intestine phosphatase was from Boehringer Mannheim (#713-023).
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RESULTS

Response of S2/M3 Cells to Inducers of the Metallothionein
Promoter

Effects of metals on growth

In order to conduct physiological experiments in which gene

products are conditionally expressed under the control of the

metallothionein promoter in Drosophila melanogaster cultured

cells, it is important to determine if the inducers, copper and

cadmium, have detrimental effects on the cells. To test for

detrimental effects, the growth of Drosophila S2/M3 cells was

assessed in the presence of various concentrations of copper and
cadmium.

In figure 1, growth rates for Drosophila S2/M3 cells grown in

the presence of the indicated concentrations of copper or cadmium

are shown. The data indicate that cells grown in 0.5 mM copper

sulfate have normal doubling rates, while those grown in 10 uM

cadmium chloride or 1.5 mM copper sulfate continue to double but
at slower rates. Higher concentrations of either metal are toxic

to the cells. Subsequent experiments have demonstrated that

growth of cells in the presence of 0.7 mM copper sulfate is
identical to growth in 0.5 mM copper sulfate (unpublished data).
Induction of a heat-shock response

It has been reported that addition of heavy metals to growth

media induces a heat-shock response in mammalian and avian cells

[39,40]. To determine if this is the case in S2/M3 cells, HSP70
[70 Kd heat-shock polypeptide] mRNA levels from untreated cells

and cells treated for 24 hours with various concentrations of

copper and cadmium were examined.
Figure 2 shows that 24 hour treatment of cells with cadmium

induces the accumulation of elevated levels of HSP70 mRNA. This

is observed at all concentrations above luM that were tested.

When time course experiments are analyzed, HSP70 mRNA levels

continue to rise to higher amounts in cells treated for 48 or 96

hours with cadmium (unpublished data). In contrast, copper,
even at a concentration of 5 mM, does not induce the accumulation
of significant amounts of HSP70 mRNA after 24 hours. The slight

induction of HSP70 mRNA levels in cells treated with 0.2 mM

copper is probably due to stressing the cells during their
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Figure 1. Growth curves of cells grown in the presence of various
concentrations of copper or cadmium, or in the absence of metals.
At time 0 copper or cadmium was added to 10 ml plates containing
S2/M3 cells, at a density of 1.2 x 106 cells/ml, to bring the
final metal concentrations to those indicated in the figure. At
the various time points cell density was determined with a
hemocytometer. Each of the points represents the average of two
identical experiments done in parallel. Cells treated with 0.5 mMM
cadmium or 5 mM copper for 60 hours and those treated with 60 uM
cadmium for 120 hours were dead and were not counted at subsequent
time points.

collection as this increase was not consistently seen. Analysis
of time courses of expression indicate that there is a slight
induction of HSP70 mRNA in copper treated cells after 6 hours of

treatment. However, at the 12, 24, 48, and 96 hour time points no

HSP70 mRNA above control levels is detectable (unpublished data).

These same results have been observed by hybridization of an HSP70

probe to Northern blots of RNA from untreated and copper or

cadmium induced cells (unpublished data).
Induction ratio of metallothionein mRNA

Before constructing chimeric genes based on the

metallothionein promoter it is important to know whether the

1049



Nucleic Acids Research

500

44

300

0300,4
_'

t reated

200

100 ._ __ ._ __ __ _. __ _. _ __. _ _

0 20 40 60 80 100 uM cadmium

-1-2-3-4-5-mM copper

Concentration of Copper or
Cadmium

Figure 2. Dot blot analysis of HSP70 mRNA levels in S2/M3 cells
treated with various concentrations of copper and cadmium. S2/M3
cells were treated with the indicated concentrations of copper and
cadmium for 24 hours. Dot blot analysis was performed as

described in-Materials and Methods and HSP70 specific cpm, which
reflects the level of HSP70 MRNA in the cells, was plotted for
each of the seven indicated concentrations of copper or cadmium
and for untreated cells. The two horizontal lines represent the
two values obtained from untreated cells. All points are the
average of two experiments done in parallel.

endogenous metallothionein gene is being significantly induced in

cultured cells by the addition of copper or cadmium to the medium.

As the cells grow with normal doubling rates and without inducing

a heat-shock response in medium that contains up to 0.7 mM copper

sulfate the induction ratio of metallothionein mRNA levels was

examined after treating cells for 24 hours with this concentration

of copper.

Comparison of mRNA from cells treated with or without, 0.7 mM

copper indicates a dramatic induction of metallothionein mRNA

(figure 3a, lanes 3 and 8). To quantitate the extent of

induction, the following mixing experiment was carried out. 0.5

ug of uninduced polyA+ RNA was mixed with 0.001, 0.005 or 0.05 ug

of induced polyA+ RNA (figure 3a, lanes 4, 5 and 6). By comparing
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Figure 3. Northern analysis of metallothionein mRNA induction
after treatment of cells with copper. PolyA+ RNA was isolated
from untreated S2/M3 cells or cells treated with 0.7 mM copper
sulfate for 24 hours. The indicated amounts of uninduced mRNA
were loaded in lanes 1-7 and induced mRNA in lanes 4-8. Northern
analysis was performed as described in Materials and Methods,
probing for (a) metallothionein mRNA or (b) reprobing for RP49
mRNA. (a) shows that the induction has been greater than 30x
(lane 6 is more intense than lane 1) and close to or slightly less
than lOOx (lane 5 is of similar intensity as lane 2) -- see text
for explanation. (b) shows that the loadings of uninduced and
induced mRNA are equal (compare lanes 3 and 8). As indicated in
the text, the extra bands in lanes 7 and 8 of (b) are due to
incomolete removal of the metallothionein probe before reprobing.

the signal intensities of these mixtures with lanes containing

2.0, 1.0 or 0.5 ug of uninduced polyA+ RNA (figure 3a, lanes 1, 2

and 3) the induction ratio is determined. If the intensity of the

metallothionein signal in lane 6 which contains 0.05 ug of induced
RNA plus 0.5 ug of uninduced RNA is equal to the signal intensity
of lane 1 containing 2.0 ug of uninduced RNA then the amount of
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metallothionein mRNA in 0.05 ug of induced polyA+ RNA must be

equivalent to the amount of metallothionein mRNA in 1.5 ug of

uninduced polyA+ RNA. This would indicate an induction ratio of

30.

As can be seen, the signal in lane 6 is more intense than

that in lane 1, thus the induction is greater than 30 fold.

Similar comparison of lanes 2 and 5 show that the induction ratio

is close to or slightly less than 100 fold.

To demonstrate that all loadings are equal, levels of a non-

inducible RNA were assessed. Figure 3b shows a hybridization of

the filter used in figure 3a with a segment from the RP49

[ribosomal protein 49] gene. Comparison of lanes 3 and 8, which

contain 0.5 ug of polyA+ mRNA from untreated and treated cells

respectively, shows that the loadings were indeed equal. The

extra bands in lanes 7 and 8 are due to metallothionein probe that

was not completely removed from the filter before reprobing.

Dose Response and Kinetic Experiments

To determine the concentration of copper or cadmium that

gives the maximal induction of the metallothionein gene, as well

as to determine if the induction level can be varied by using

different amounts of metal as the inducer, the relationship

between the metal concentration in the medium and the response of

the metallothionein gene was investigated.
The data shown in figure 4 indicate that the amount of

accumulated metallothionein mRNA present after a 24 hour treatment

is dependent on the amount of copper sulfate or cadmium chloride

added to the growth media. Accumulated metallothionein mRNA

levels increase with increasing amounts of copper in the media and

reach a plateau between 0.7 and 1.0 mM copper sulfate. Cadmium

chloride treatment results in a peak of induction around 10-20 uM

cadmium chloride followed by a decline in metallothionein mRNA

levels at higher concentrations. These same induction profiles

are seen in hybridization to Northern blots of total nucleic acids

(unpublished data).
In these dot blot experiments it would appear that the

induction ratio in cells treated with 0.7 mM copper sulfate is

only 4-5 fold as compared to the 30-100 fold induction seen in the
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Figure 4. Dot blot analysis of metallothionein mRNA levels in
cells treated with different concentrations of copper or cadmium.
S2/M3 cells were treated for 24 hours with the indicated
concentrations of copper or cadmium and dot blot analysis was

performed as described in Materials and Methods. Metallothionein
mRNA levels are reflected in metallothionein specific cpm. All
points are the average of two experiments.

mixing experiment shown in figure 3. One possibility is that this

is due to the saturation of the RNA binding capacity of the

filters used for these experiments. However loading 4 times the

amount of mRNA results in a 4 fold increase in metallothionein

signal (unpublished data). Therefore, it is unlikely that the

low induction seen here is due to saturation effects. Mixing

experiments, performed exactly as in figure 3, with the same two

uninduced samples and the same two 0.7 mM copper sulfate treated

samples used in figure 4 (all points are the average of two

experiments) again show a 30-100 fold induction (unpublished

data). We therefore conclude that the untreated point in our dot

blot experiments may be an overestimate of the basal levels of

metallothionein mRNA levels in untreated cells.

In order to use the metallothionein promoter for

physiological experiments it is important to determine whether the

addition of copper or cadmium to the growth media results in a

transient, or a prolonged increase in metallothionein mRNA levels.

To determine which of these alternatives is correct the levels of

metallothionein mRNA were examined at various times after the

addition of metal to the growth medium.
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Figure 5 shows data from cells grown in the presence of

various levels of copper or cadmium. In cells treated with non-

toxic concentrations of copper (0.1-0.5 mM) or cadmium (10 uM)

the levels of metallothionein mRNA increase to a peak between 24

and 48 hours and then remain high for at least 4 days. With 1.5

mM copper sulfate, which slows the growth of cells (figure 1), the

metallothionein mRNA levels rise to a peak and then decrease. The

same is true for 40 and 150 uM cadmium chloride. Thus, the

addition of non-toxic levels of copper or cadmium results in a

prolonged increase in metallothionein mRNA levels.

A transcription vector based on the metallothionein promoter

As shown above, expression of the endogenous metallothionein

gene is responsive to the presence of copper or cadmium in the

growth medium. Thus, it can be concluded that S2/M3 cells have

the necessary trans-acting factors required for activation of the

metallothionein promoter. To capitalize on this observation and

to determine if this is indeed a useful conditional expression

system in Drosophila cultured cells, chimeric genes that contain

the metallothionein promoter and the proposed metal response

element were constructed. To facilitate the construction of such

chimeric genes a transcription vector was developed. A

restriction map of this vector, pRmHa-1, is shown in figure 6. It

is based on the bacterial plasmid pUC18 [35] and contains the

metallothionein promoter and metal response consensus sequences.

The segment of the metallothionein gene used extends from the

EcoRl restriction site at nucleotide -370 to the Stul restriction

site at nucleotide +54 (with nucleotide +1 being the start of

transcription). Nucleotide +54 is located in the 5' untranslated

leader sequence [20]. Following this promoter are four unique

restriction enzyme (cloning) sites and then the 3' portion of the

Drosophila ADH gene. This ADH segment extends from 35 bp

upstream of the polyadenylation/cleavage sequence, in the 3'

untranslated portion of ADH mRNA, to 700 bp downstream of the

polyadenylation signal. Thus, DNA cloned into this vector should

be transcriptionally regulated by the metallothionein promoter and

polyadenylated. As shown below, in the analysis of a chimeric

gene, these expectations are indeed correct.
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Figure 5. Dot blot analysis of cells treated for various times
with different concentrations of copper or cadmium. S2/M3 cells
were treated for 0, 6, 12, 24, 48 or 96 hours with (a) 0.1, 0.5 or
1.5 mM copper sulfate or with (b) 10, 40 or 150 uM cadmium
chloride. Dot blot analysis of RNA from these cells was performed
as described in Materials and Methods to determine metallothionein
mRNA levels (as reflected in metallothionein specific cpm). All
points are the average of two experiments.

Similar expression vectors that contain the additional unique

cloning sites EcoR1, Sadl, Kpnl and Smal after the metallothionein

promoter have been constructed (not shown, but available upon

request).

To test the responsiveness of the transcription vector pRmHa-

1 a 2.1 Kb portion of the Drosophila 205 Kd microtubule

associated protein (205K MAP) cDNA [41] was inserted into the

vector. This results in the plasmid pMMAP-1. S2/M3 cells were

co-transformed with this plasmid and the plasmid pHGCO [25]. The

plasmid pHGCO contains the bacterial DHFR [dihydrofolate

reductase] gene, which confers resistance to methotrexate. Thus,

transformed populations of cells can be selected by growth in

methotrexate containing media [25]. PolyA+ mRNA from these

transformed populations was collected from either untreated cells

or cells grown in the presence of 0.7 mYM copper sulfate for 24

hours. Figure 7 shows Northern blots of polyA+ RNA hybridized

with probes for either (a) 205K MAP homologous RNA or (b) RP49

mRNA. Lanes 1 and 2 of figure 7a show that there is no change in

the levels of endogenous 205K MAP mRNA after the addition of 0.7
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Figure 6. Construction of the plasmid pRmHa-1. The expression
vector pRmHa-1 is based on the bacterial plasmid pUC18 and
contains the promoter, metal response element and transcriptional
start site (Ts) from the metallothionein (MT) gene followed by the
unique cloning sites BamHl (B), Accl (A), Sall(Sa) and Hinc2 (Hc),
and the polyadenylation signal (A+) from the Drosophila
melanogaster alcohol dehydrogenase (ADH) gene. It also contains
the origin of replication (Ori) and the beta-lactamase gene
conferring resistance to ampicillin (Ampr) from pUC18. Other
restriction endonuclease sites shown in the construction are Hind3
(H), Hinfl (Hf), Smal (S), EcoRl (R) and Stul (St). A detailed
description of this construction can be found in the Materials and
Methods.

mM copper sulfate to untransformed cells. However, transformed

cells show a dramatic increase in the amount of 205K MAP

homologous RNA (transformed gene product) following exposure to
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Figure 7. Northern analysis of RNA from cell-s transformed with a
chimeric gene containing the metallothionein promoter. PolyA+ RNA
was isolated
from three populations of cells that were untreated (lanes 1,3 and
5) or treated with 0.7 mM copper sulfate for 24 hours (lanes 2,4
and 6). These
populations were either untransformed S2/M3 cells (Control--lanes
1 and 2) or S2/M3 cells transformed with a 1:10 (population 1--
lanes 3 and 4) or a 1:100 (population 2--lanes 5 and 6) ratio of
pMMAP-l:pHGCO. This RNA is analyzed by Northern analysis probing
for (a) MAP homologous RNA, which hybridizes to the transformed
chimeric gene RNA. (b) is a probing of identically loaded lanes
for RP49 mRNA to show that for each pair of lanes the amount of
polyA+ mRNA is equivalent.

copper. This is shown by comparing lanes 3 and 4, and lanes 5 and
6 of (a). Each pair of lanes represents a different transformed

population of cells. As can also be seen in these figures, there

is a smear of RNA above and below the appropriately sized chimeric
gene product. We suggest that this improperly sized RNA results
from incorrectly terminated RNA, possibly resulting from the ADH

gene's cleavage/polyadenylation signal functioning at less than
100% efficiency. The principal evidence for this hypothesis is
that we commonly see inducible RNAs that are the expected length
plus one or two plasmid lengths. This is expected if the first

polyadenylation/cleavage site fails to function and the second or
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third one encountered in the array is utilized. One such RNA

species, expected length plus two plasmid lengths, can be seen

migrating above the endogenous MAP mRNA in lanes 4 and 6. Another

factor that certainly gives rise to some of the smear is the fact

that while most of the transformed plasmids are present in head to

tail tandem arrays [25] careful examination of these arrays has

shown that there are a number of disrupted plasmids within the

array [26]. This will result in some of the chimeric genes being

disrupted and producing RNAs of unpredictable sizes. Finally it

is possible that this RNA, which contains the non-coding strand

from the MAP gene and is presumably not translated, may be

unstable. Mixing experiments similar to that shown for the

endogenous metallothionein mRNA in figure 3 indicate that the

induction ratio of the RNA from the MAP-metallothionein chimeric

gene is approximately 30 fold (unpublished data). Observation of

the endogenous metallothionein gene's response indicates that it

is induced slightly greater than 30 fold in both untransformed

cells and in the transformed, selected populations of cells. The

probing of identical RNA loadings with an RP49 probe in figure 7b

demonstrates that all RNA loadings are equivalent in the

uninduced and induced lanes of each population of cells.

Therefore, it can be concluded that the vector pRmHa-1 has

sequences that are capable of conferring copper inducibility,

presumably at the transcriptional level, to exogenous DNA.

DISCUSSION

The experiments presented here indicate that the response to

metals of the Drosophila metallothionein promoter in S2/M3 cells

is similar to the responses seen in the mammalian systems that

have been studied. For example, cadmium induction of

metallothionein mRNA levels at concentrations less than 30 uM, and

cytotoxicity at higher concentrations accompanied by a less

pronounced induction of metallothionein mRNA levels is observed

both in our experiments and those of Hamer and Walling [15]

working with African green monkey kidney cells. It is interesting

to note that the causes of cadmium toxicity and diminution of

response are not completely clear but it has been suggested that

cadmium may displace zinc in zinc metalloenzymes and interact with
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free sulfhydryl groups of other proteins causing a disruption of

macromolecular synthesis and cell death [1]. Hamer and Walling

[15] also noted that treatment of African green monkey kidney

cells with 40 uM cadmium resulted in 70% inhibition of total cell

protein synthesis.

The induction of a heat-shock response by the heavy metals

copper, cadmium, zinc and mercury has been previously noted in

work on chick embryo cells and human foreskin cells in culture

[39,40]. In contrast to the situation in vertebrates, cadmium

but not copper induces a prolonged heat-shock response as

evidenced by the increase in HSP70 mRNA levels. As stated in the

results section, copper causes a brief rise in HSP70 mRNA levels

which then decrease to background levels after 12 hours of growth

in copper containing media. It should be noted, however, that it

is possible that the addition of copper to the media results in an

altered heat-shock response that does not involve high levels of

HSP70 mRNA.

The data presented here on the induction ratio of

metallothionein mRNA levels indicate that there is a significant

change in the mRNA levels, between 30 and 100 fold. This

induction ratio is similar to the 30 fold induction seen in

African green monkey cells and cadmium resistant CHO (Chinese
hamster ovary) cells [15,12]. Hela cells show a 20-40 fold

induction of metallothionein mRNA levels after treatment with zinc

[42].
Chimeric genes containing metallothionein promoters have been

constructed and analyzed in other systems. These chimeric genes,

when transformed into mouse or human cells, show variable

induction ratios. The ratios varied from 2 to 40 fold between

different lines of transformed cells [43,19]. Data presented here

show that two populations of transformed cells both exhibit an

induction ratio of approximately 30 fold. We have also

constructed other chimeric genes based on the metallothionein

promoter and they are likewise highly inducible when transformed

into S2/M3 cells (unpublished data).

One final point should be made in reference to the work

presented here on chimeric genes. While it is likely that the

metallothionein promoter confers metal inducibility upon exogenous
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DNA by elevating rates of transcription as has been seen in other

systems, our work does not exclude the formal possibility that the

54 bases of metallothionein untranslated leader sequence confers
increased, metal induced, stability to the chimeric RNA. Taken
together though, the data on induction, toxicity, and heat-shock
induced by copper and cadmium, indicate that copper may be an

excellent inducer for physiological experiments that use the
metallothionein promoter to control expression of chimeric genes

in Drosophila cells.
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