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proteins it activates in the two compartments, as well as nuclear
CaM-specific functioning in DNA replication and repair (3). It has
been hypothesized that discrete pools of the tripeptide, GSH, the
major intracellular nonprotein thiol, may exist in the nucleus and
mitochondrion separate from the cytoplasmic GSH pool (4, 5). These
pools appear to be functionally different, because depletion of nuclear
GSH pools potentiates the cytotoxicity of the antineoplastic drug
melphalan to a greater extent than depletion of cytoplasmic GSH
pools (6). Collectively, these data represent a departure from the
classical diffusion-based nucleocytoplasmic kinesis and associated
functioning of small proteins.

MTs are small (Mr 6,000) stress-responsive, heavy metal-binding
proteins that protect cells against metals (7), genotoxic agents (8), and
oxygen- and nitrogen-based reactive species (9â€”11). Our previous
studies suggest that the nucleocytoplasmic partitioning of MT occurs
by an active mechanism (12). Interestingly, the subcellular distribu
tion characteristics of MT are cell type dependent, with varying
degrees of nuclear or cytoplasmic localization and diffuse or punctate
staining patterns, as visualized by immunofluorescence microscopy
(9, 12).Wehypothesizethattheselocalizationcharacteristicsof MT
may affect its functionality, specifically, its ability to protect cells

against oxidant-induced lethality, and in some cases, genotoxin-in
duced lethality. To test directly whether MT subcellular location
dictated its function, we developed an IPTG-regulated expression
system that directs a MT fusion protein to the cell nucleus or cyto
plasm. By expressing the system in MT-null fibroblasts, we demon
strated the protective capacity of MT against cellular oxidant tBH, the
heavy metal CdCl2, and the DNA-reactive mutagen MNNG is defined
by its nucleocytoplasmic localization.

MATERIALS AND METHODS

Construction of Fusion Genes. MT ha cDNA was PCR amplified from

human SCC25 total RNA, and the nucleotide sequence was confirmed by
automated sequence analysis. We inserted the human MT ha cDNA (192 bp)

into vector pPDI6.43 (13), kindly provided by Dr. Andrew Fire (Carnegie

Institute of Washington, Baltimore, MD), at a unique Age! site located between
the SV4O large T antigen NLS (APKKKRKV; Ref. 14) and the trpS::lacZ

fused gene segment (3.2 kb; Fig. 1). A Not! linker was added to the 5' end of
the fusion cassette comprising the NLS, MT. and lacZ genes, then the cassette
was inserted into plasmid pOPRSVI (Stratagene, La Jolla, CA). pOPRSVI
contributed the RSV-long terminal repeat promoter and lac operator sequences
upstream of the insert site. The resulting construct was designated pMT@N
(Fig. I). For the cytoplasmic M'F fusion construct (pMT@c), the NLS was
removed by KpnI digestion. Both restriction enzyme digestion and sequencing
were performed on all constructs to confirm their composition. All enzymes
were purchased from New England Biolabs (Beverly, MA).

Cell Culture/Establishment ofCell Lines. MT null (â€”Iâ€”)mouse embryo
fibroblasts were a gift from Drs. Anna Michalska and A. K. H. Choo (Murdoch
Institute, Parkville, Australia) and maintained as monolayers in DMEM, sup
plemented with 1000 units/mi penicillin, 1000 pg/mi streptomycin, and 20%

fetal bovine serum in a humidified atmosphere of 5% C02/95% air. MT-null
cells and conditions for cell culture have been described previously (15). Cell
culture reagents were purchased from Life Technologies, Inc. (Grand Island,

NY). Cells were transfected (8 @lof Lipofectamine/sample) with equimolar
concentrations of pMT@N/pMT@C (1.75 jtg of total DNA) and p3'SS (Strat
agene), the latter directing constitutive expression of the lac repressor. Induc
tion of MT fusion gene expression by the addition of 2.5 mM IPTG to the
culture medium was as described for the Lac Switch-inducible mammalian

ABSTRACT

Appropriate nucleocytoplasmic partitioning of proteins can direct di.
verse cellular processes. Metallothioneins (MTs) are thiol-rich, stress
inducible proteins that can afford protection against oxidants, mutagens,
and anticancer drugs. MTs display discrete nucleocytoplasmic sequestra
lion patterns despite their small size (M@6,000). We demonstrate subcel
lular location-specific functionality of MT using a regulated expression
system that restilcts MT expression to the nucleus or the cytoplasm in
MT-null fibroblasts. Specifically, we found that cytoplasmic but not nu
clear expression of MT decreases the level of intracellular reactive oxygen
species and is more cytoprotective against the prototypic oxidizing agent
tert-butyl hydroperoxide. Cytoplasmic MT expression also protects
against the cytotoxicity of the heavy metal CdCl2, whereas nuclear cx
presslon protects against the cytotoxicity of the mutagenic agent N-meth
yl-N'-nitro-N-nitrosoguanidine. These data support the hypothesis that
essential cytotoxic targets of both oxidants and heavy metals reside in the
cytoplasm and establish the importance of nucleocytoplasmic partitioning
for the function of small protective proteins such as MTs.

INTRODUCTION

Cell compartmentation is a hallmark of eukaryotic cells, and ap
propriate localization of macromolecules within various organdIes is
vital to cell function. Consequently, cells have elaborated specific
intracellular transport mechanisms to efficiently partition proteins.
The endoplasmic reticulum, mitochondrion, peroxisome, and nucleus,
for example, each contain a complement of receptors that faithfully
regulate protein entry and egress. Short signal sequences located on
the protein are responsible for subcellular targeting, and the transport
processes are energy dependent (1). For example, NLSs3 direct mac
romolecules to the nucleus through a NPC. The NPC regulates the
nuclear entry of large karyophilic proteins (Mr >50,00060,000) by
an active signal-mediated, saturable process but allows for the passive
entry of smaller molecules via separate diffusion channels in the

complex. Although it was once thought that small molecules freely
diffused throughout the cell, it is clear that compartmentation of small
molecules occurs. Furthermore, some small molecules partake in
specific transport mechanisms. Possession of a NLS obligates small
proteins to active NPC-mediated transport, although in saturating
concentrations, small proteins will enter the nucleus by diffusion (2).
Interestingly, the Ca2@-binding protein CaM (Mr 16,800), unencum
bered by the size constraints of the NPC and lacking an obvious NLS,
enters the nucleus by a â€œfacilitatedâ€•process that is subject to chilling
and wheat germ agglutinin arrest (3). Distinct nucleocytoplasmic roles
have been posited for CaM, specifically regarding the spectra of target
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height; flow rate, 0.5 mI/mm) for isocratic (TBS buffer) fast protein liquid

chromatography separation (Pharmacia Biotech, Inc., Piscataway, NJ). Molec
ular weight standards (Bio-Rad, Hercules, CA) in the appropriate range (M,
13,500, 17,000, 44,000, 158,000, and 670,000) were detected in eluant frac
tions by UV absorbance and â€˜Â°â€˜@Cdby gamma counter.

Cell Viability Assay. Untransfected (â€”/â€”)cells and 9N and 3C cells were
pretreated with 2.5 mM IPTG or vehicle for 24 h and then were exposed at
37Â°Cto 0â€”1mM MNNG (2 h), CdCl2 (I h), or tBH (1 h) in serum-free
medium. Following incubation in drug-free medium for 24â€”48h, the viable
cell number was determined by the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide as described previously (9). Fractional sur
vival values were calculated as the survival of toxin and IPTG-treated cells,
relative to the same cells untreated with IPTG or toxin. All chemicals were
purchased from Sigma.

Determination of Intracellular Oxidants. The generation of reactive ox

ygen species was monitored using the cell-permeable probe DCFDA (Molec
BstXI ular Probes, Eugene, OR), which was oxidized to the highly fluorescent DCF
â€˜I,byintracellularreactiveoxygenspecies.Thedetailsofthismethodhavebeen

reported previously (9). Briefly, cells pretreated for 24 h with or without 2.5
mM !PTG were incubated with 10 @.tMDCFDA for 15 mm at 37Â°C.After
recording baseline values, we treated cells with 100 p.M tBH and scanned at
1-mm intervals with an ACAS 570c confocal laser scanning microscope
(excitation, 488 nan; emission, 5 15 nm). Twenty to 30 cells were analyzed per
time point.

Statistical Analyses. We used ANOVA (Graphpad Prism, version 1.03,

San Diego, CA) to identify populations unlikely to be similar (P < 0.05), then
applied Dunnett's post-test to determine significant differences between cell
groups.

RESULTS

SV4O Large T Antigen NLS Directs Nuclear Localization of MT
Fusion Protein. We made the MT fusion construct, pMT@N, corn
prising the SV4O T antigen NLS (14), cDNA encoding the ha isoform
of human MT. and trpS::lacZ fused gene (13) controlled by an
IPTG-regulated RSV-long terminal repeat promoter (Fig. 1). Thus, the
MT fusion protein was designed to localize in the nucleus, and its size
(Mr 120,000) should preclude intercompartmental diffusion. Con

versely, pMT@C, lacking the NLS, should relegate MT expression to
the cytoplasm. The recipient MT-null cells were primary fibroblasts
derived from mice carrying targeted disruptions in both MT I and II
genes, providing a null background of MT expression (17). These
cells have been characterized previously (15).

Fig. 2A shows exclusive nuclear localization of the fusion protein
by X-gal staining in clonal cell line 9N. Thus, both the NLS and LacZ
gene, located upstream and downstream of MT. respectively, were
expressed and functional. Moreover, the ability to regulate expression
of the fusion protein by IPTG provided an ideal internal control for
examination of fusion protein function. As shown in Fig. 2B, fusion
protein expression was abrogated in the absence of IPTG. The cyto
plasmic counterpart of the 9N cells was derived similarly by intro
ducing pMTLSC into MT-null cells. Cytoplasmic localization of the
MT fusion protein was evident under permissive conditions (Fig. 2C,
+IPTG); fusion protein expression was markedly lowered but not
completely attenuated under nonpermissive conditions (Fig. 2D,
â€”IPTG)in the 3C cells.

Similarity of Local Concentrations of Fusion Protein in 9N and
3C Cells. We quantified the concentration of fusion protein in 9N and
3C cells based on f3-galactosidase activity using an immunosorbent
assay in the presence or absence of IPTG. Total activity was normal
ized to compartmental volume. We determined the nuclear volume by

integrating the nuclear area defined by Hoechst 33342 staining in
sequential 2-p.m slices through the Z axis of 8â€”10MT-null cells using
confocal microscopy (Fig. 3A). The nuclear volume in 9N cells was
calculated as 980 fl. Cytoplasmic volume was determined by subtract
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Fig. 1. Schematic representation of nuclear MT fusion construct. Constitutive expres
sion of lac repressor abrogated expression of MT fusion gene by binding to LacO
sequences located upstream of the coding sequence. IP'I'G competed for lac repressor
binding, thereby penniuing expression. See â€œMaterialsand Methodsâ€•for details.

expression system (Stratagene). Stable clonal lines that expressed nuclear or
cytoplasmic MTs were isolated by limiting dilution. Clonal cell lines were
screened by staining fixed cells (0.5% glutaraldehyde) with 1mg/ml X-gal and
examination by light microscopy to determine staining uniformity among cells,
appropriate subcellular location of the fusion protein, and IVFG inducibility of
expression. Confirmation was obtained by immunofluorescence microscopy as

described previously (12) using a carboxymethylindocyanine CY3.l8-conju
gated, affinity-purified rabbit antiserum, which recognized MT I and II iso
forms and has been characterized previously (16). No reactivity was observed
with preimmune rabbit serum or in the presence of excess MT (Sigma Chem

ical Co., St. Louis, MO).
The clonal MT nuclear cell line used in these studies was designated as 9N,

and the clonal cytoplasmic cell line was designated as 3C. The 9N and 3C
stable clonal lines were selected for their uniformly high level of expression in
>95% of cells and similarity to eachother in fusionproteinconcentration(see
below) and growth rates in culture. Routine testing for Mycoplasma in all cell
lines was uniformly negative.

Quantification of MT Fusion Protein ExpressIon. Untransfected (-I-)
cells and 9N and 3C cells were cultured for 24 h in the presence or absence of
2.5 mt@iIFTG and then assayed for MT fusion protein expression using a
horseradish peroxidase-linked immunosorbent assay for detection of @-galac
tosidase (Life Technologies, Inc.). j3-Galactosidasevalues were normalized to
nuclear/cytoplasmic compartment volumes. Nuclear volume was determined
by staining cells with 2 @.sg/mlHoechst 33342 for 30 mm at 37Â°Cand serial
confocal analysis using the ACAS 570c laser scanning microscope (Meridian
Instruments, Okemos, MI). Briefly, cells were rinsed with HEPES-buffered
salt solution and then serially scanned (excitation, 350 ron; emission, 390 nm)
at 2-nm increments through the entire cellular Z axis. Laser and instrument
parameters were held constant throughout experiments. A mean nuclear vol
ume was calculated from the arithmetic sums of slice volumes obtained from
8â€”10independent fields of cells. The cytoplasmic volume was obtained in the
same manner using 1 @.tMcalcein AM to stain whole cells (excitation, 488 nm;
emission, 5 15 nm), then subtracting the mean nuclear volume from the mean
whole cell volume. Both Hoechst and calcein AM were purchased from
Molecular Probes (Eugene, OR).

Chromatographic Resolution of Cadmium Blading In Cell Lysates.
Cells (0.5â€”1X l0@)were resuspended in 400 @.dofTris-buffered saline, pH 7.5
(TBS; 25 mM Tris, 2.7 mt@tKC1, and 0.15 M NaCl) containing 5 ng/pi of
leupeptin and pepstatin and 2 mM phenylmethylsulfonyl fluoride and then
lysed by three freeze/thaw cycles and sonication. The lysates were cleared by
centrifugation at 10,000 X g for 5 mm and then incubated with â€˜Â°@CdCl2
(carrier-free, 0.94 mCi/mI or approximately 15,000 dpm; Amersham Corp.,
Arlington Heights, IL) for 30 mm at room temperature and injected onto a
Superose 12 column (bed dimensions: 10-mm inside diameter X 300-mm
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Fig. 2. Localization and regulated expression of MT fusion protein in
9N and 3C cell lines by X-gal staining. Light micrographs of 9N cells (A
and B) showing nuclear localized MT fusion protein and 3C cells (C and
D) showing cytoplasmic localization. Cells were pretreated with 2.5 mat
lvrG (A and C) or vehicle (B and D) for 24 h prior to X-gal staining.

the 9N cells under nonpermissive conditions, whereas 3C cells had
some basal expression (1.97 Â±0.04 pg/fl; Fig. 2D). Nonetheless, this
expression in 3C cells was <50% that of that seen under permissive
conditions.

Characteristics of MT Fusion Proteins. Using our previously
characterized fluorescent labeled anti-MT antiserum (16), we ob
served the expected staining patterns for the IPTG-induced 9N and 3C
cell lines by immunofluorescence microscopy (Fig. 4). Thus, immu
noreactivity was localized to the nucleus of 9N cells and cytoplasm of
3C cells. Only background fluorescence was visible in the MT null
(â€”Iâ€”)cells treated with IPTG.

The hallmark of MT functionality, binding of heavy metals, was
examined with the MT fusion proteins using â€˜Â°@Cd.Cell lysates
prepared from 9N, 3C, and untransfected cells were incubated with
1Â°@CdCl2and then resolved by fast protein liquid chromatography
(Fig. 5). Lysates from 9N or 3C cells pretreated with ll'TG had the
majority of radioactivity in fractions 25â€”30, consistent with a Mr

120,000 protein. In contrast, lysates from untreated cells lacked high
molecular weight binding proteins and had the majority of radioac
tivity in fractions greater than 45, indicative of free cadmium or
binding to low molecular mass proteins or peptides. Thus, both the
cytoplasmic and nuclear fusion proteins retained the metal-binding
functionality of MT.

MT Fusion Protein Suhcellular Location Dictates Cytoprotec
lion from CdC12,tBH, and MNNG. Exposureof the (â€”Iâ€”)cells to
IVFG did not affect their sensitivity to a 1-h exposure to CdC12 (Fig.
6,A andB, compare[1). Expressionof nuclearMT in 9N cells(@)
after IPTG treatment also did not alter cellular sensitivity to CdCl2,

A

.

.

I

4000

ing the mean nuclear volume from the mean whole-cell volume, as

measured by calcein AM-stained cells (Fig. 3B). The mean cytoplas
mic volume in 3C cells was 14.3 p1. The /3-galactosidase concentra
tions were similar in 9N (5.74 Â±0.23 pg/fl) and 3C cells (4.54 Â±0.06
pg/fl) under permissive conditions. Consistent with the results from
X-gal staining (Fig. 2B), no j3-galactosidase activity was detected in

0

Fig. 3. Nuclear and cytoplasmic volume determinations of (â€”Iâ€”)cells. Digitized
confocal micrograph series showing sequential 2-sm sections through the Z axis of a
representative (â€”Iâ€”)cell stained with Hoechst 33342 (A) or calcein AM (B) to delineate
the nucleus and whole cell, respectively. The arithmetic sum of section areas from 8â€”10
cells were obtained, and mean nuclear and cytoplasmic values calculated.

(â€”Iâ€”) 9N 3C

Fig. 4. Localization of MT fusion protein by immunofluorescence. Fluorescence
micrographs of(â€”/â€”),9N, and 3C cells pretreated with 2.5 mat IPTG and then fixed (2%
paraformaldehyde/0.l% Triton X-l00) and stained with CY3-conjugated, affinity-purified
anti-MT antiserum.
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DCFDA, which can be oxidized to the highly fluorescent DCF by
intracellular reactive oxygen species such as those generated by tBH

(Fig. 7). No difference was detected in DCF fluorescence of (â€”Iâ€”)
and 9N cells after tBH treatment irrespective of IPTG pretreatment
(Fig. 8B); however, a significant reduction in fluorescence was ob
served for 3C cells after tBH when the MT fusion protein was

expressed (Fig. 8A).

DISCUSSION

Regulating the biological activity of proteins is most often associ
ated with increased synthesis or degradation, but subcellular compart
mentation provides an effective alternative. Organellar sequestration
of proteins with targets increases the efficiency of interaction and
decreases the opportunity for nonspecific interactions. The nucleus
itself can be functionally dissected into discrete areas (e.g. , nucleolus,
coiled bodies, and replication foci) that are visible by electron or
immunofluorescence microscopy (reviewed in Ref. 1). Moreover,
target sequences have been identified that direct proteins to these

subnuclear destinations. The mechanisms that tether proteins to sub
nuclear areas are poorly understood; nevertheless, the idea of tethering
either through direct binding or ionic interactions disrupts the tradi

tional image of the nucleus as a homogeneous organelle with freely
diffusible constituents. Indeed, the immunofluorescent staining char
acteristics of MT in this study were not homogeneous, either in the

nucleus or cytoplasm, but rather assumed a punctate distribution.
Previously, we showed in human cancer cell lines that the nuclear

MT phenotype was sensitive to ATP depletion and chilling, suggest
ing active nuclear retention of MT (12). Using three different protein
models, Schmidt-Zachman showed convincingly that nuclear egress
of proteins does not require export signals but rather is a default
process limited by intranuclear interactions (19). Thus, the steady

state nucleocytoplasmic distribution of a protein is reliant upon import
and export rates as well as nuclear or cytoplasmic binding partners.
No credible endogenous binding partners have been identified for MT
thus far; however, in vitro binding to GSH has been demonstrated
(20). Moreover, MT and glutathione disulfide combine in a thiol/
disulfide interchange to exact release of zinc from the thiolate clusters
of MT (21). MT and GSH are the major intracellular protein and
nonprotein thiol sources, respectively, and share the burden of pro
tecting cells from oxidative and electrophilic agent insult (8, 22, 23).
Interestingly, Bellomo et a!. (24) observed nuclear compartmentation
of GSH in rat hepatocytes using the thiol-binding fluorogenic dye,
monochlorobimane. Furthermore, like MT, the nucleocytoplasmic
GSHdistributionwassensitiveto treatmentby ATP-depletingagents.
This would be unremarkable because most nuclear proteins gain
nuclear access by an active NLS-mediated pathway (25), except for
the lack of obvious NLS sequences on either protein and their small
sizes, which are well below the size exclusion limit of the nuclear pore

complex. Colocalization studies of MT and GSH may provide insight
into cellular detoxication reactions, as well as physiological processes
including maintenance of zinc finger or other cysteine-dependent
structural motifs in proteins.

MT null (â€”Iâ€”)cells are extremely sensitive to the cytotoxic actions
of CdCl2 (15). Cadmium is carcinogenic in both man and rodent
models. Our observation that only cytoplasmic MT protected against
CdCl2 cytotoxicity was of particular interest because the mecha
nism(s) of CdC12 carcinogenicity and cytotoxicity remain vague.

Although MT may protect against the genotoxicity of cadmium (26),
our data indicated that epigenetic targets are critical for CdCl2 toxic
ity. For example, inactivation of cytoplasmic proteins might occur

through cadmium substitution of zinc in one of the more than 300
intracellular binding proteins.
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Fig. 5. Cadmium binding properties of lysates from 9N and 3C cells. Lysates from 3C
(A) and 9N (B) cells with or without 2.5 mat IPTG pretreatment were incubated for 30 mm
with â€˜Â°@CdC12and then isocratically separated through a Superose 12 gel filtration
column. Fractions were analyzed by gamma counter.

whereas cytoplasmic expression in 3C cells (U) produced a 2-fold
increase in the concentration of CdCl2 required to reduce cell survival
by 50% (P < 0.05).

Cytoplasmic expression of the MT fusion protein also protected
cells against the cytotoxic effect of high concentrations of tBH, an
intracellular generator of reactive oxygen species, compared to either
(â€”Iâ€”) or 9N cells (P < 0.05; Fig. 6C). Moreover, protection against

tBH was observed in neither (â€”Iâ€”)cells expressing a LacZ retroviral
construct, nor in 9N and 3C cells in the absence of IPTG (data not
shown). Thus, neither nuclear localized MT nor cytoplasmic @3-galac
tosidase affected cellular survivability due to tBH. Previous studies
indicate that overexpression of MT could protect cells against MNNG
cytotoxicity (18). In contrast to results with CdC12 and tBH, however,
9N cells pretreated with 2.5 mrviIPTG were significantly (P < 0.05)
more resistant to a 2-h exposure to 1 mM MNNG (15% Â±2%, percent
survival Â±SE) compared to (â€”Iâ€”)cells (6% Â± 1%) or 3C cells
(4% Â±2%; Fig. 6D). Thus, functionality was not limited to cytoplas
mic-localized MT. because sensitivity to the prototypic monofunc
tional alkylating agent, MNNG, was decreased in the 9N cells.

Formation of Reactive Oxygen Species Is Lower in Cells with
Cytoplasmic MT. We investigated further the protective effect of
cytoplasmic MT on tBH toxicity using the cell-permeable probe
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Fig. 6. Survival of MT-localized cell lines after
CdC12,tBH, or MNNG exposure. MT (â€”/-) (fl),
9N (a). and 3C cells () pretreated with 2.5 msi
IPTG were exposed to CdC12for 1 h (B), tBH for
1 h (C), or MNNG for 2 h (D), and survival was
determined by colorimetric assay. A. CdCl2survival
in the absence of IPTG pretreatment. Fractional
survival values were based on the respective same
cells untreated with toxin or IP'FG, except for A, in
whichnoneof thecellswereIPTGpretreated.Cell
survival was measured by a colorimetric microtiter
assay. Data show mean values from three independ
ent experiments; bars, SE. *, significant difference
(P < 0.05) from either of the other cell populations
treated with the same concentration of cadmium,
tBH, or MNNG.
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Fig. 7. DCF fluorescence in MT-localized cells in response to tBH treatment. MT (â€”/â€”),9N, and 3C cells grown in permissive (+ 2.5 mat LPTG) or nonpermissive (â€”IPTG)
conditions were loaded with 10 @aMDCFDA and then treated with 100 @MtBH. Fluorescence micrographs are from confocal laser scanning microscopy, 5 mm after treatment with
tBH.
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Time (mm)

Fig. 8. Quantification of DCF fluorescence following tBH treatment of MT-localized
cells. Fluorescence intensity was quantified in 3C (A) and 9N (B) cells (Â±IPTGpretreat
ment) following DCFDA loading and treatment with 100 @MtBH. Confocal scans were
performed at 1-mm intervals. Fluorescence values were normalized to baseline fluores
cence for each cell line, and data reflect the means of 20â€”30cells per data point; bars. SE.
*, significant difference (P < 0.05) between cells with or without IPTG pretreatment.

The subcellular distribution of MT also appears to affect cellular
sensitivity to prototypic oxidants. The role of oxidants in carcinogen
esis and cancer progression has been reviewed extensively (27), and
the formation of reactive oxygen intermediates may be a common
pathway for several carcinogens. Previous studies suggest that cyto
plasmic localized MT protects against tBH-induced lipid peroxidation
and cell lethality but not against DNA breakage (9). Our results
directly demonstrate cytoplasmic MT to confer resistance to tBH and
are consistent with the hypothesized role of membrane lipid peroxi
dation (28), rather than DNA damage (29), in the mechanism of tBH
cytotoxicity. Accordingly, our data obtained from confocal micro

scopic analysis of tBH-treated cells in the presence of oxidant mdi
cator dye, DCF, suggest an important role for cytoplasmic MT either
in inhibiting the formation of reactive oxygen species or in their
efficient removal from the cytoplasm. In contrast, nuclear MT neither
affected the level of reactive oxygen intermediates generated by tBH

nor afforded cellular protection from its lethality. Nuclear MT did,
however, provide a modest increase in resistance to the mutagen,
MNNG. Chinese hamster ovary cells of distinct complementation
groups have been reported to respond differently to MNNG after
transfection with similar MT-encoding plasmids, despite similar 1ev
els of MT expression (18, 30). It is conceivable that distinct differ
ences in MNNG toxicity could result if MT subcellular localization
was different in the Chinese hamster ovary cell recipients. As the
major intracellular zinc binding protein, nuclear disposition could
allow MT to influence critical zinc finger proteins that interact with
DNA. Indeed, apothionein can remove zinc from Spl and TFIIIA and
disrupt their ability to bind selective DNA sequences and activate
transcription (31). The fusion protein system we have developed
should permit additional questions to be addressed concerning the
importance of location dictating the function of small molecules.
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