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Arsenic is a toxic element that is found in the atmosphere, as well as in aquatic and ter-
restrial environments. We have demonstrated that As** binds to human metallothionein-
2 (hMT-2) by UV absorption spectroscopy, inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). MALDI-TOF-MS revealed that the structure of the
adduct formed by arsenic and hMT-2 (As-hMT-2) was not homogeneous. The maximum
molar ratio of arsenic to hMT-2 was found to be more than 6:1 on ICP-AES, UV absorp-
tion spectroscopy and MALDI-TOF-MS. The ratio of the number of sulfhydryl groups in
hMT-2 that bound arsenic was 3:1, which is the same as the ratios reported previously
for arsenic-glutathione and arsenic-phytochelatin complexes.

Key words: arsenic, heavy metal binding protein, human metallothionein, MALDI-TOF-

MS.

Arsenic i8 a toxic element that is found ubiquitously in the
environment. Substantial amounts of arsenic are released
as a result of geological activity, and as a result of the dis-
posal of industrial waste products and the combustion of
coal, which accounts for the emission of 1.2 x 10* to 2.6 x
10* tons of arsenic into the atmosphere per year (1). Arsenic
binds to sulfhydryl groups (2), and arsenic intoxication can
be treated by the administration of dithiols, such as 2,3-
dimercaptopropanol or 1,2-ethanedithiol (3, 4), which com-
pete with proteins for ingested arsenic.

Metallothioneins (MTs) are relatively small (~7 kDa),
cysteine- and metal-rich proteins. MT was first isolated
from equine renal cortex 40 years ago (5), and equine MT
contains 61 amino acids, of which 20 are cysteine residues.
Other MTs were subsequently isolated from the kidneys,
livers, and intestines of a variety of animal species, as well
as from fungi, plants (6), and metal-resistant bacteria (7,
8). The two major isoforms of mammalian MT (MT-1 and
MT-2) have similar not identical amino acid sequences, and
a slight difference in overall charge. The characterization of
a recently discovered growth-inhibitory factor in human
brain tissue and nerves as a metallothionein (MT-3) has
stimulated new interest in the study of this family of small
proteins (9, 10).

The functions of MT are still not fully understood. The
protein appears to play a fundamental role in the metabo-
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lism of copper and zinc ions under various physiological
conditions (11, 12), and is able to donate metal ions to apo-
Zn? enzymes (13, 14). MT might also be important for the
sequestration of toxic Cd* ions, thereby preventing reac-
tions with other cellular targets in mammals and other
higher organisms (15). MT also appears to play a role in
the scavenging of free radicals, in response to stress, and in
the pharmacology of alkylating agents (16).

Arsenic induces the expression of the gene for MT in rat
liver in vivo (17), and exposure to zinc, an effective inducer
of the synthesis of MT, prevents arsenic toxicity in some
instances (I8). By contrast, activation of the gene for MT
prior to exposure of rat myoblast (L6) cells to As* in vitro
appears to have little impact on the overt cytotoxicity or
molecular toxicity of the metalloid ion (19). The role of MT
in preventing the toxic effects of many inorganic com-
pounds has been clarified, but the detoxification of arsenic
by MT, via the binding of arsenic to MT, has not been con-
firmed.

We recently succeeded in inducing high-level expression
of the human gene for MT-2 (hMT"2) in Escherichia coli and
developed a simple system for the purification of MT-2 (20).
Our system not only provides a straightforward method for
purification of the fusion protein but also allows purifica-
tion of the native peptide without any additional amino
acids. We report here the reaction of As* with human MT,
as studied by UV absorption spectroscopy, inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES), and
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). This is the first
report, to our knowledge, of the isolation, stoichiometry and
structures of a complex between As* and hMT-2.

MATERIALS AND METHODS

Expression of RMT-2—Plasmid pTIMT1, constructed pre-
viously and including the gene for intein-fused hMT-2 (20),
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was used to generate hMT-2 in E. coli ER2566 (New
England Biolabs, Beverly, MA). Cells harboring pTIMT1
were cultured overnight at 37°C in 100 ml of LB broth
(Difco Laboratories, Detroit, MI) containing 100 pg/ml am-
picillin (Ap). A suspension of cultured cells (4 ml) was
added to 400 ml of super broth medium (1.1% (w/v) tryp-
tone, 2.2% (w/v) yeast extract, 0.45% (w/v) glycerol, 1.3%
(wiv) K,HPO,, 0.38% (w/v) KH,PO,], supplemented with
100 pg/ml! Ap, in a two-liter flask. The culture was incu-
bated, with shaking, at 37°C until the mid-logarithmic
phase of growth. Isopropyl-B-D-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM and
then the incubation was continued overnight at 20°C.

Purification of hMT-2—Cells were harvested from the
culture broth by centrifugation (8,000 xg, 5 min, 4°C), sus-
pended in 200 ml of column buffer (20 mM Tris-HCI, pH
7.4,0.5 M NaCl, 1 mM EDTA), and then disrupted by soni-
cation on ice. The sonicate was centrifuged (8,000 xg, 10
min, 4°C) and the supernatant was collected. A suspension
of chitin resin (8 ml; New England Biolabs) was added to
the supernatant and then the mixture was incubated over-
night at 4°C. Chitin-bound intein-fused hMT-2 was col-
lected by centrifugation (2,500 xg, 20 min, 4°C). The pellet
was washed three times with 30 ml of column buffer. After
the addition of DTT to a final concentration of 100 mM and
incubation for 20 h at 20°C, the mixture was poured into a
disposable chromatography column (Econo-Pac; Bio-Rad,
Hercules, CA) and the resin was washed with 5 ml of the
column buffer. The eluate, which contained hMT2, was
immediately acidified to pH 1 with 12 N HCI and then cen-
trifuged at 10,000 xg for 1 min to remove any solid materi-
als. The clear supernatant was loaded onto a column (1 cm
id. x 120 cm) of Sephadex G-50 (Amersham Pharmacia
Biotech AB, Uppsala, Sweden), which had been equili-
brated with degassed 0.012 N HCI, and eluted with the
same solution. The fractions containing Apo-hMT-2,
namely, the metal-free form of MT, were identified by moni-
toring the absorption at 220 nm (A,,,) and collected.

Reconstitution of hMT-2—A 10-fold molar excess of
arsenic trioxide was added to a solution of purified Apo-
hMT-2 that had been saturated with nitrogen gas, and the
pH of the mixture was adjusted to 8.6 with 2 M Tris base.
The sample was loaded onto a column (1 cm i.d. x 120 cm)
of Sephadex G-50, which had been equilibrated with de-
gassed 20 mM Tris-HC], pH 7.4, and then the column was
eluted with the same solution to separate hMT-2 from
excess cadmium or arsenic ions. Fractions that contained
the complex of arsenic with hMT-2 (As-hMT-2) were col-
lected by monitoring A, and A,

UV Absorption Spectroscopy of As-MT—A solution of 0 to
560 uM arsenic trioxide (50 wl) and a solution of 200 mM
Tris-HC1 (pH 7.8) (50 1) were added to a 28 pM solution of
purified Apo-hMT-2 (100 l), it being confirmed that the pH
of the resultant solution was 7.4. Then we recorded absorp-
tion spectra, from 220 to 320 nm, of 140 pM arsenic triox-
ide in 50 mM Tris-HCl at pH 7.4, of Apo-hMT-2 at pH 2,
and of a mixture of arsenic trioxide and Apo-hMT-2
(As+Apo-hMT-2) at pH 2 and 7.4 with a spectrophotometer
(model U-3000; Hitachi, Tokyo).

Quantitation of Protein in Apo-hMT-2—To determine the
concentration of Apo-hMT 2, we measured the level of sulf-
hydryl groups in the purified protein using 2,2'-dithiodipy-
ridine (g,,, = 7,600 M cm™; 21).
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SDS-PAGE—Proteins at each step of the purification
were separated by SDS-PAGE as described by Laemmli
(22). Proteins were detected by silver staining with a Silver
Stain II Kit Wako (Wako Pure Chemicals, Osaka).

Determination of Arsenic Concentrations—The concen-
trations of arsenic were determined by ICP-AES (model
ICP-2000; Shimadzu, Kyoto).

MALDI-TOF-MS—Arsenic trioxide was added at 5 mM
to a solution of purified Apo-hMT-2 (14 pM) and then the
mixture was incubated 30 min at 25°C. Then 1 pl of the
mixture was added to 30 pl of the matrix solution {10 mg/
ml sinapic acid, 0.1% (v/v) trifluoroacetic acid, 50% (v/v)
acetonitrile] for analysis by mass spectrometry. Two micro-
liters of the sample-matrix mixture was put on the sample
plate and the solvent was removed by evaporation. The
molecular weight of As-hMT-2 was determined with a
MALDI-TOF mass spectrometer (Voyager™ RP; Applied
Biosystems, Foster, CA). The instrument was calibrated
with ingulin (mol. wt. 5734.59; Sigma, St. Louis, MO) and
ubiquitin (mol. wt. 8565.89; Sigma) as standard proteins.

RESULTS

Purification of Apo-hMT2 and As-hMT-2—A fusion pro-
tein consisting of intein and hMT-2 was produced in E. col:.
The fusion protein was purified with chitin resin and
cleaved with DTT. Then hMT-2 was purified to homogene-
ity (Fig. 1). The apparent molecular mass of hMT-2 was
estimated to be 15 to 16 kDa by SDS-PAGE, this value
being much higher than the calculated molecular mass of 6
kDa. However, the phenomena that MT shows a broad
band and a high apparent molecular weight on SDS-PAGE
are in agreement with previous reports (23-26).

UV Absorption Spectroscopy of As-MT—We analyzed
purified Apo-hMT-2 and As+Apo-hMT-2 at the same protein
concentrations by UV absorption spectroscopy at pH 2 and
pH 7.4 (Fig. 2A). The absorbance of As+Apo-hMT-2 in-
creased between 220 and 320 nm at pH 7.4 [Fig. 2A(a)l,
whereas no absorbance of Apo-hMT-2 was observed be-
tween 260 and 320 [Fig. 2A(b)]. These UV absorption spec-
tra were similar to the absorption spectrum of a complex

i
/]
N

Fig. 1. Expression of the intein-hMT-2 fusion protein and puri-
fication of Apo-hMT:-2. The results are shown for the cell extract af-
ter cell disruption (lane 1), the soluble fraction of the cell extract
(lane 2), the insoluble fraction of the cell extract (lane 3), the super-
natant with added chitin resin (lane 4), the remaining protein eluted
from the chitin resin with SDS after elution with DTT (lane 5), the
fraction eluted from the chitin resin with DTT (lane 6), and the Apo-
hMT-2 fraction after gel filtration (lanes 7 and 8). Protein samples

.were separated by SDS-PAGE (15% polyacrylamide). Lanes 1 to 7

were loaded with proteins equivalent to 80 pl of culture, and lane 8
was loaded with 1 pg of hMT-2.
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between arsenic and rabbit MT (As-rMT) (27). A small
increase in absorbance of As+Apo-hMT-2 [Fig. 2A(c)] as
compared with Apo-hMT-2 at pH 2 [Fig. 2A(d)] was also
observed. These results suggest that arsenic interacts with
hMT-2 at neutral pH, but very weakly at acidic pH. To
determine the saturation concentration of arsenic binding
hMT-2, we measured UV absorption spectra at 220, 240,
and 260 nm, respectively, of various concentrations of
arsenic (0 to 280 pM) with 14 uM Apo-hMT-2 (Fig. 2B). The
absorption in the spectrum of As-hMT-2 at 220 nm (pH 7.4)
greatly increased to the molar ratio of arsenic to hMT2 of
six and very slowly increased with increasing molar ratio of
arsenic to hMT-2 of more than six. The molar extinction
coefficients of As-hMT-2 containing 280 pM arsenic were
calculated to be 12.9 x 104, 5.0 x 104, 2.5 x 104, 1.5 x 104,
and 0.8 x 10* Mt cm™ at 220, 240, 260, 280, and 300 nm,
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Fig. 2. Absorption spectra of Apo-hMT-2 and As+Apo-hMT-2. A:
Absorption spectra were recorded using solutions containing 14 pM
hMT-2 with or without or 280 uM arsenic at 25°C. As+Apo-hMT-2 in
50 mM Tris-HCl, pH 7.4 (a); Apo-hMT-2 in 50 mM Tris-HC|, pH 7.4
(b); As+Apo-hMT-2 in 10 mM HCI, pH 2 (¢); and Apo-hMT:2 in 10
mM HC], pH 2 (d). B: UV absorption spectra were recorded using so-
lutions containing 14 uM hMT-2 and various concentrations of ar-
senic (0 to 280 pM) at 25°C. As+Apo-hMT-2 in 50 mM Tris-HCI, pH
7.4 at 220 nm (open circles), 240 nm (open triangles), and 260 nm
(open squares), respectively; As+hMT-2 in 10 mM HCI, pH 2, at 220
nm (closed circles), 240 nm (closed triangles), and 260 nm (closed
squares), respectively.
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respectively. The absorbance of As-hMT'2 at pH 2 increased
very slowly, corresponding with the increasing molar ratio
of arsenic to hMT-2. From these results, we used the molar
ratio of arsenic to hMT-2 of 20 for further studies for prepa-
ration of As-hMT-2.

Concentration of Protein in As-hMT:2—When arsenic
and hMT-2 were present together in solution, we were
unable to quantitate sulfhydryl groups using 2,2-dithio-
dipyridine (data not shown). Therefore, we tried to measure
the concentration of protein in As-hMT-2 by monitoring UV
absorption. We measured the changes in UV absorbance of
As+Apo-hMT-2 and Apo-hMT-2 during incubation at 4°C
for 12 h. The changes in the absorption of UV light by Apo-
hMT-2 (pH 2 and pH 7.4) and As+Apo-hMT-2 (pH 7.4) from
30 min to 12 h after the start of incubation are shown in
Fig. 3. At pH 2, the UV absorption spectrum of Apo-hMT-2
remained unchanged during the incubation. At pH 7.4, the
absorption of UV light by Apo-hMT-2 and As+Apo-hMT-2
changed in the range from 220 to 260 nm. These results
indicate that the molar extinction coefficient of As-hMT-2
from 220 to 280 nm differed before and after gel filtration.
Since the absorption at 280 nm was unchanged during
overnight storage, we used the molar extinction coefficient
at 280 nm to measure the concentration of hMT2 in As-
hMT-2.

Stoichiometry of the Binding of Arsenic to hMT-2—To
determine the stoichiometry of the binding of arsenic to
hMT-2, we mixed hMT-2 with arsenic trioxide and then
measured the concentration of arsenic in purified As-hMT-2
by ICP-AES. The concentrations of arsenic and protein in
purified As-hMT-2 were determined to be 36 £+ 1 and 6.7
0.7 uM, respectively. The molar ratio of arsenic to hMT-2
was calculated to be 5.4 + 0.8:1.0. The molar ratio of arsenic
to hMT-2 was lower than the molar ratios of other heavy
metals to hMT-2. The ratios for Cd, Zn, Hg, and Cu have
been reported to be more than 7:1 (20, 28-30).

We performed MALDI-TOF-MS to determine the molar
ratio of hMT-2 to arsenic at the molecular level. Since As-
hMT-2 showed the spectral peak only at low pH with 0.1%
TFA, we used 10 mM arsenic trioxide and 14 pM hMT-2
protein. The spectrum of As-hMT-2 had seven sharp peaks
(Fig. 4). The molecular weight of the material in each of the
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Fig. 3. Changes in the absorption of Apo-hMT-2 and As-hMT-2
from 30 min to 12 h after the start of incubation. Apo-hMT-2 in
10 mM HC], pH 2 (a); Apo-hMT-2 in 40 mM Tris-HC], pH 7.4 (b); and
As+Apo-hMT-2 in 40 mM Tris-HCI, pH 7.4 (c).
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Fig. 4. Molecular weights of AshMT-2 complexes, as deter
mined by MALDI-TOF-MS. A mass spectrum was recorded for a
solution of As-hMT-2 (0.9 pmol) in 50% acetonitrile that contained 10
mg/ml sinapic acid and 0.1% trifluoroacetic acid. Insulin and ubi-
quitin were used as molecular weight standards for molecular
weight determinations. The analysis revealed the characteristic sig-
nal of Apo-hMT-2 (peak 1: m+H* 6,043) and presumed As-hMT-2
(peaks 2-7: m+H" 6,114, 6,187, 6,257, 6,329, 6,403, 6,476). The sig-
nal at peaks 2 to 7 corresponds to the protonated complex formed by
hMT-2 binding 1 to 6 arsenic molecules (atomic weight: 74.9) via
each of three thiolate coordinations (deprotonated sulthydryl
groups).

seven peaks was determined to be 6,043, 6,114, 6,187,
6,257, 6,329, 6,403, and 6,476, respectively, with insulin
and ubiquitin as the standards. Moreover, some small
peaks were observed on the higher molecular weight side of
peak 7. The theoretical molecular weights of Apo-hMT-2
and its protonated form are 6,042 and 6,043, respectively,
which correspond to the molecular weight of the material
in peak 1 in Fig. 4. These data suggest that peak 1 in Fig. 4
represents Apo-hMT-2. The values after subtraction of the
molecular weight of the material in peak 1 from those of
the materials in peaks 2 through 7 are 71, 144, 214, 286,
360, and 433 (Fig. 4 and Table I). The presence of peaks 2
through 7 suggests that As-hMT-2 complexes with multiple
structures exist together with Apo-hMT-2. The atomic
weights of arsenic and hydrogen are 74.9 and 1.0, respec-
tively, and the molecular weights values, AM,, for peaks 1
to 7 minus the molecular weight for peak 1 conform to the
following equation:

AM, = (A-3B)(n-1),

where A is the atomic weight of arsenic, B is the atomic
weight of hydrogen, and n is the peak number (n = 1 to 7;
Table I). This suggests that the binding of one arsenic ion
resulted in the loss of three protons from hMT-2.

DISCUSSION

Metallothioneins appear to play important roles in human
health and disease, as well as in the mechanisms of action
of certain therapeutic agents, as, for example, in the case of
cellular resistance to platinum-containing anti-cancer
drugs (31, 32). The synthesis of MTs is induced in biological
systems by metal ions, and the synthesis of MTs may pro-
vide protection from toxicity via the sequestration of such
metal ions (33). Arsenic can enhance the expression of the
MT gene, at least in vivo (I7). The direct toxic effect of
arsenic is thought to be the result of its interaction with

M. Toyama et al.

TABLE 1. Molecular weights of As-hMT-2 complexes.
Molecular Difference from molecular

b
Pealk no. weight* weight of peak 1 AM,

1 6,043 1 0 0.0
2 6,114 £ 1 7142 719
3 6,187+ 1 144+ 2 143.8
4 6.257 + 1 214 £ 2 215.7
5 6,329 + 1 286 + 2 287.6
6 6,403 £ 1 360 1 2 359.5
7 6.476 £ 1 433+2 4314

*As measured by MALDI-TOF-MS.

YAM, = (A - 3B) (n — 1); where A is the atomic weight of arsenic
(74.9), B is the atomic weight of hydrogen (1.0), and n is the peak
number in Fig. 4.

sulthydryl groups in proteins (34, 35). The direct binding of
arsenic to proteins seems to inhibit their functions.

When a metal binds to a sulthydryl group in a protein, a
change in absorption may occur in the wavelength range
from UV to visible. The absorption spectrum of As-rMT has
a shoulder (27). In this study, we noted a slight shoulder in
the absorption spectrum of As-hMT-2. We tried to measure
the concentrations of protein in Cd-hMT-2 and Apo-hMT-2
by measuring the concentrations of sulthydryl groups.
However, in the case of As-hMT-2, we failed to detect sulf-
hydryl groups with the method of Pedersen and Jacobsen
(21) using 2,2'-dithiodipyridine. This failure might have
been due to the possibility that the binding affinity of
arsenic for sulfhydryl groups in hMT-2 was stronger than
that of 2,2-dithiodipyridine for these SH groups. Alterna-
tively, the sulfhydryl groups in As-hMT-2 might have been
oxidized.

The stoichiometry of the binding of metal ions to MT has
been reported to vary from 7 to 10, 12, and even 20 metal
ions per protein molecule, with different proposed geome-
tries, such as digonal, trigonal, and tetrahedral (36). These
results were obtained with monovalent metal ions, such as
Au* (37) and Cu* (29), divalent metal ions, such as Zn?*,
Cd?, and Hg*; and trivalent metal ions, such as In®, Sh3
(29), and Bi* (38). In the present study we determined the
stoichiometry of the binding of As* to Apo-hMT-2 to be 5.4
1 0.8:1.0 by ICP-AES and UV absorption spectroscopy. To
our surprise, the results of MALDI-TOF-MS indicated that
the structure of the As-hMT-2 complex was not homoge-
neous, and that the maximum molar ratio of As* to Apo-
hMT-2 in As-hMT-2 was more than 6:1. These results sug-
gest that most hMT-2 binds a full complement of arsenic at
pH 7.4, but not at pH 2.

Structural analysis of As-GSH, generated through incu-
bation of the tripeptide with arsenic, by NMR spectroscopy
revealed the coordination of As® by three peptide molecules
(39). Electrospray ionization mass spectroscopy of arsenic-
phytochelatin (As-PC) revealed the coordination of As* by
three cysteine residues from two molecules of PC (40). It is
conceivable that Apo-hMT-2 coordinates arsenic similarly.
The formation of the As-hMT2 complex and the corre-
sponding mass signal identified on MALDI-TOF-MS were
in perfect accord with a structural model in which three
sulfhydryl groups are provided by hMT-2 molecules for the
binding of As®. Eighteen of twenty cysteine residues in
hMT-2 should bind six atoms of arsenic at high affinity,
judging from the linear relationship of arsenic with hMT-2
in the UV ahsorption spectrum analysis. A slight increase
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in absorption was observed at a molar ratio of arsenic to
hMT-2 of more than 6. This suggests that over seven atoms
of arsenic bind weakly to the bridging cysteine or other res-
idue in hMT-2 molecules. Thus, the arsenic-binding mole-
cules with over seven atoms were observed as small peaks
on MALDI-TOF-MS.

In this study, we succeeded in isolating an As-hMT-2
complex in vitro, and clearly showed that hMT-2 has
arsenic-binding ability and that the structure of the com-
plex is similar to that of complexes formed by other thiol
reagents. These findings will probably facilitate the use of
metallothionein as a biomaterial or bioremediation for
arsenic polluting the environment.
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