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Abstract A new approach for the speciation of metal-
lothioneins (MT) in human brain cytosols is described.
The analysis is performed by application of a newly de-
veloped coupling of capillary electrophoresis (CE) with
inductively coupled plasma—sector field mass spectrome-
try (ICP-SFMYS). Isoforms of metallothioneins are sepa-
rated from 30—100 pL sample volumes by CE and the el-
ements Cu, Zn, Cd, and S are detected by use of ICP-
SFMS.

The extraction of cytosolsisthefirst step in the analyt-
ical procedure. Tissue samples from human brain are ho-
mogenized in abuffer solution and submitted to ultra-cen-
trifugation. The supernatant is defatted and the cytosol
pre-treatment is optimized for CE separation by matrix re-
duction. The buffer concentration and pH used for capil-
lary electrophoretic separation of metallothionein from
rabbit liver were optimized. CE with ICP-MS detection is
compared to UV detection. In the electropherograms ob-
tained from the cytosols three peaks can be assigned to
MT-1, MT-2, and MT-3. As an additional method, size-
exclusion chromatography (SEC) is applied. Fractions
from an SEC separation of the cytosol are collected, con-
centrated, and then injected into the CE.

The detection of sulfur by ICP-SFM S (medium resolu-
tion mode) and quantification by isotope dilution have
also been investigated as a new method for the quantifica-
tion of MT isoforms.

The analytical procedure developed has been used for
the first time in comparative studies of the distributions of
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MT-1, MT-2, and MT-3 in brain samples taken from pa-
tients with Alzheimer’s disease and from a control group.

Introduction

Living organisms are highly dependent on trace elements
in different ways. Whereas metals such as Mo, Mn, Fe,
Co, Cu, and Zn are essentia, others such as Cd, Pb, and
Hg or metalloids (As) are regarded as being highly toxic
[1]. Some known human and animal diseases are related
to the presence or absence of metals. Information about
metals in body fluids or organ tissues can be relevant for
distinguishing between a pathogenic and a healthy status
and for making a diagnostic statement. To understand the
metabolism, bioavailability, and toxicity of a metal or
metalloid, information on the total element concentration
is not sufficient. Additional information on the identities
and quantities of the metal compounds, also called metal
species, present in a biomedical sample such asatissueis
necessary [2].

A sensitive and specific method for the determination
of metalloproteins in small volumes of animal or human
samplesis, therefore, an important prerequisite for the ex-
tension of clinical diagnosis and therapeutic methods of
approach.

Metalloproteins with anti-oxidative properties, e.g.
metallothioneins (MT) [3, 4, 5, 6], are of current interest.
Metallothioneins are cysteine-rich proteins with a molec-
ular mass of 6—7 kD that include 20 cysteines which com-
plex mainly with the metals Cu, Zn, and Cd. They occur
in several isoforms that differ dlightly in amino acid se-
guence. MT-1 and MT-2 occur mainly in the liver and kid-
ney and are formed by organisms as a specific ligand for
the transport and storage of essential or toxic metals.
Their formation is induced by heavy metals, hormones,
cytotoxic agents, and physical or chemical stress. The
functions of metallothioneins under discussion are;

» homeostasis of copper and zinc
« detoxification of heavy metals



 scavenging of radicals; and
* acute phase protein.

Another metallothionein isoform was first described in
1991, when the growth inhibition factor in human brain
that inhibits the survival of cortical neuronesin-vitro, was
found to be a metallothionein-like protein with a sequence
70% similar to that of human MT-2 [7]. It has been classi-
fied as MT-3 [8]. The difference is a one-amino-acid in-
sert in the NH,-terminal region and a six-amino-acid in-
sert in the COOH-terminal region. These additional residues
cause the unusual acidity of MT-3. The net charge of the
apo-protein is—4; those of apo-MT are +2to +5[7]. MT-3
is not induced by agents such as heavy metals as are the
other metallothioneins [8].

The downregulation of MT-3 in brains affected by Alz-
heimer’s disease [7], which has been the subject of some
controversy [9], has recently been confirmed [10]. MT-3
is, therefore, believed to be implicated in the pathogenesis
of Alzheimer’s disease. Some aspects of Alzheimer’s dis-
ease in which MT could play a role are disturbances in
zinc metabolism with zinc contributing to the formation
of B-amyloid aggregations [11] and oxidative stress.

The species analysis of metallothionein isoformsis an
example of the special challenges of the development of
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microanalytical procedures for element species analysis
[12, 13]. A strategy for the species analysis of metallo-
thionein isoforms in human cytosols can be described as a
multi-dimensional analytical procedure that is based on
chromatographic and/or electrophoretic and mass spectro-
metric methods. An overview is given in Fig.1. After
preparation of the cytosols from brain samples, chromato-
graphic methods such as high-performance liquid chro-
matography (HPLC) — especially size-exclusion chro-
matography (SEC) [14, 15] — are used as afirst separation
step, followed by capillary electrophoresis (CE). The use
of CE with UV detection for the separation of MT iso-
forms has often been demonstrated [16, 17, 18]. The hy-
phenation of CE with inductively coupled plasma—mass
spectrometry (ICP-MS) enables the metal-specific detec-
tion of metallothionein isoforms [19, 20, 21, 22, 23]. LC-
or CE—€lectrospray tandem mass spectrometry (ESI-MS—
MS) combinations can be used to obtain molecule-spe-
cific information [23]. The coupling of CE with induc-
tively coupled plasma—sector field mass spectrometry
(ICP-SFMYS) is an approach for the quantification of met-
alothionein isoforms via the sulfur of the amino acids
(cysteine and methionine) of the proteins by isotope dilu-
tion [24]. Altogether, this analytical information finally
leads to more concrete information about the particular
metallothionein isoforms under investigation.

This paper will focus on applications using CE- CP-
SFMS. Results obtained from investigations using CE—
ESI-MS-MSwill be published |ater.

Experimental
Chemicals and materials

Rabbit liver metallothionein (MT, Lot 19H7812) and metallo-
thionein 1 (MT-1, Lot 127H7810) and metallothionein 2 (MT-2,
Lot 49H7822) were purchased from Sigma (Deisenhofen, Germany).
Human metallothionein 3 (MT-3) expressed in E. coli was pro-
vided by courtesy of Professor M. Vasak, University of Zurich,
Switzerland. The metallothionein preparations were diluted with
degassed water or buffer and stored under argon at —18°C to pre-
vent oxidation.

Tris buffer solution (20 mmol L) was prepared by dissolving
1.21 g Tris(hydroxymethyl)aminomethane (p.A., Merck, Darm-
stadt, Germany) in 500 mL water and adjusting the solution to pH
7.4 with nitric acid. The buffer solution was further cleaned, to re-
move metal contamination (especially Cu and Zn) by use of
Chelex 100 ion exchange resin (Fluka, Buchs, Switzerland). A so-
lution of potassium hydroxide (0.1 mol L-2, suprapur, Merck) was
prepared for conditioning the CE capillaries.

Fused silica capillaries, 75 umi.d. and 360 um o.d., were pur-
chased from Thermo Separation Products (TSP, Egelsbach, Ger-
many) and pre-conditioned by rinsing with 1 mol L~ KOH (supra-
pur, Merck) for 5 min before use.

An ammonium nitrate buffer solution (20 mmol L-1) was used
as make-up liquid for CE-ICP-MS. Ammonia solution (suprapur,
Merck; 25%, 0.78 mL) was dissolved in 500 mL water and ad-
justed to pH 7.4 with nitric acid (suprapur, Merck). A spike of 1 g
Rb L served for stability control of the nebulizer and as internal
standard. Rb* was selected because, as an alkali metal ion, it forms
no insoluble hydroxides at pH 7.4 and therefore the Rb* solution is
stable. Nitric acid (suprapur, Merck) was cleaned by sub-boiling in
a quartz apparatus and was diluted with ultra-pure water.

By using high analytical grade ammonia and nitric acid to pre-
pare the make-up liquid, the background levels of Cu and Zn could
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be kept as low as possible. This could not be achieved by using
cleaned Tris buffer as make-up liquid.

Stock solutions of the isotopes 34S, $Cu, %Zn, and 116Cd were
used for the isotope-dilution experiments. A species-unspecific
spike solution was prepared by dilution of the isotopes to final
concentrations of 300 pug L1 34S, 90 pg L1 $Cu, 60 pug L1 68Zn
and 280 pg L 116Cd with ultra-pure water. The metals were then
stabilized with 2,6-diacetylpyridine-bis( N-methylenepyridiniohy-
drazone) dichloride (0.2 mmol L-1) prepared as described else-
where [25]. After this the solution was adjusted to pH 7.4 with an
ammonia solution (25%, suprapur, Merck). This spike solution
was used as make-up liquid for the isotope dilution measurements.
Further details are described in a specia publication dedicated to
the use of isotope dilution for the quantification and characteriza-
tion of metallothioneins [24].

Dithiothreitol (DTT) (Sigma) was used for stabilization of the
metalloproteins during fraction collection after SEC separation.
Frigen (Karl Schindler, Koln, Germany) was used to defat the
cytosols and acetonitrile (Merck) for matrix reduction.

All dilutions were prepared with filtered 18 MQ deionized wa-
ter obtained from aMilli-Q system (Millipore, Milford, MA, USA)

Sample preparation
Brain samples

The human brain samples investigated in this work were obtained
from the Referenzzentrum fir neurodegenerative Erkrankungen
c/o Klinikum Grof3hadern, Miinchen, Germany. The samples were
from different brain regions, e.g. temporal, occipital, parietal, and
cerebellum. For comparative studies samples were obtained from
patients with Alzheimer’s disease and from a control group. Both
groups were age-matched.

Cytosol preparation

For cytosol preparation approximately 1 g brain tissue was ho-
mogenized with a Potter—Elvehjem homogenizer in 2 mL degassed
Tris buffer (20 mmol L1, pH: 7.4). Whenever possible this proce-
dure was performed with ice cooling and under an argon atmo-
sphere to prevent degradation of the samples. The homogenate was
then centrifuged at 100,000xg for 1 h (4°C). The supernatant was
stored under argon until analysis at —18°C.

Cytosol pre-treatment before CE measurements

The cytosol was generally defatted with frigen. Four different pre-
treatment steps were compared: (i) pure defatted cytosol, (ii) di-
luted cytosol, (iii) heat denaturation, and (iv) acetonitrile precipita-
tion.

Fractionation by size-exclusion chromatography

Size-exclusion chromatography (SEC) was performed as a separa-
tion step before CE. SEC separation was performed using a
HiLoad 16/60 Superdex 75 PG column (Pharmacia Biotech, Up-
sala, Sweden) and an HPLC system (Agilent 1100, Agilent Tech-
nologies, Waldbronn, Germany) coupled to an ICP-QMS (Agilent
4500) as element specific detector. The instrumental conditions are
listed in Table 1.

Firstly, an SEC-ICP-QM S measurement was performed to ob-
tain the retention times of the detected peaks from the resulting
chromatogram. In a second run, 30 fractions of 2 mL each were
taken from the time window between 1500-3200 s. The three frac-
tions of the corresponding peaks in the chromatogram (see Fig. 13,
below) were concentrated by ultrafiltration with a 3 kD membrane
(Amicon/Millipore, Eschborn, Germany). An enrichment factor of
approximately 15-30 was achieved.

Table1l Experimenta conditions used for SEC-ICP-QMS

Size-exclusion chromatography
Column HiLoad 16/60 Superdex 75 PG

(16 mmx600 mm)
Buffer solution 20 mmol L Tris+5 mmol DTT, pH 7.4;
Flow rate 2mL mint
Injection volume 500 pL
ICP-QMS
Cool gas 15.2L min?t
Auxiliary gas 1.0L min?
Nebulizer gas 0.95L min?t
Power 1250 W
Nebulizer Babington

Isotopes monitored  83Cu; #4Zn; 14Cd

capillary

high voltage|

sample buffer
vial vial

nebuliser

spray chamber

Fig.2 Schematic diagram of the CE-ICP-MS system

Instrumentation

A schematic view of the instrumental set-up illustrating the CE,
the interface and the ICP-MS is shown in Fig.2. An Agilent 3D
CE system containing fused-silica capillaries of length 70 cm and
inner diameter (i.d.) 75 pm was used in this work. The new inter-
face (CEI-100, CETAC, Omaha, USA), described in detail in pre-
vious publications [26, 27], was used to couple the CE to an in-
ductively coupled plasma—sector field mass spectrometer (Ele-
ment, Finnigan MAT, Bremen, Germany) as element-specific de-
tector. The instrumental conditions are summarized in Table 2.

CE

The sampleisinjected hydrodynamically at 20 kPas (5 kPafor 4 s),
which corresponds to a sample volume of 22 nL. To condition the
capillary it is rinsed with 0.1 mol L1 KOH for 5 min and with
buffer for 15 min at 0.1 kPa before each run. To prevent buffer de-
pletion and to reduce background levels of copper and zinc, the
buffer is changed completely every run. The MT separations are
performed under optimized conditions at 30 kV and 15°C.

Interface

One important component of the coupling interface is a specially
designed nebulizer that works in the self-aspiration mode at a sta-
ble flow rate of approximately 8.0 uL min. This ensures that the
make-up liquid (NH,NO; buffer, 15 mmol L1, pH 4) is aspirated
continuously, which provides the electrical connection and adapts



Table 2 Experimenta conditions used for CE-ICP-SFM S

Capillary electrophoresis
Capillary
Buffer solution
Temperature
Voltage
Injection

CE-CP-MS interface
Liquid flow rate
Buffer/make-up liquid
Spike

ICP-SFMS
Cool gas
Auxiliary gas
Nebulizer gas
Power
Mass resolution
Scan duration
| sotopes monitored

Fused silica, 70 cm length, 75 pm i.d.
20 mmol L1 Tris, pH 7.4;

15°C

30 kV

Hydrodynamic,

2 kPas: MT preparations

20 kPas: cytosols

8.0 uL min?t

15 mmol Lt ammonium nitrate, pH 7.4;

lpugRbL

15L min?t

09L mint

1.0-1.1L mint

1075-1100 W

300 resp. 3000

600 ms (low res.) or 880 ms (med. res.)
63Cu; %4Zn; &Rb; 11Cd

the flow rate of the electroosmotic flow inside the CE capillary to
the flow rate of the nebulizer [26].

ICP-MS

The ICP-SFMS normally runs in the low-resolution mode
(R=300). Only for simultaneous sulfur measurements and metal
determinations is the medium resolution (R=3000) mode used. For
this mode the acquisition method is optimized to a scan duration of
880 ms[24].

Results and discussion

Before application of the CE-CP-MS system to cytosol
samples, systematic investigations of metallothionein prepa-
rations from rabbit liver and on the sample preparation
procedure had to be performed, to find optimum condi-
tions for CE-ICP-MS.

Systematic investigations of MT preparations
from rabbit liver

Optimization of CE separation of MT isoforms

Separations of the MT-isoforms performed by CE—-CP-
MS and by CE-UV system were compared using com-
mercially available MT (rabbit liver). The resulting elec-
tropherograms are compared in Fig. 3. Although the peak
pattern is similar, it is evident that more analytical infor-
mation is provided by the CEHCP-MS system. The shift
in migration times between UV detection and ICP-MS
detection is because of the shorter effective length in UV
detection. In both techniques the capillary lengths are 70 cm,
but the UV detection window is located 8.5 cm before the
end of the capillary, so the effective separation length is
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Fig.3 Comparison of electropherograms obtained from rabbit
liver MT (Lot 19H7812) by (a) UV-detection (A 250 nm; 1 g MT
L% 22 nL injection, 20 kPa s) and (b) ICP-MS detection (0.1 g
MT L-%; 2.2 nL injection, 2 kPa s)

61.5 cm. In addition to clearly improved sensitivity,
metal-specific detection becomes possible with ICP-MS.
Because of the greater sensitivity of ICP-MS detection a
hundred-times smaller amount of sample can be injected
into the CE capillary. This results in better separation
compared with UV detection. At least eight peaks can be
detected (Fig.3b), and MT-1 and MT-2 can be identified
by comparison of the migration times of relatively pure
preparations of rabbit liver MT-1 and MT-2 in Fig.4 with
the migration times of peaks 5, 6, 7, and 8 in Fig.3b. In
comparison with UV detection, MT-1 seems to be split
into peaks 5, 6 and 7 with different metal loadings of Cu,
Zn, and Cd. For further detailed classification of these
peaks more investigations must be performed to clarify
their identity. Cd is present in all peaks detected, together
with Zn at a lower level, but Cu is present in peaks 4, 6,
and 7 only.

Conditions such as buffer pH and buffer concentration
play an important role in the optimization of the separa-
tion; Figs5 and 6 illustrate their effect. It was found that
Tris buffer at pH 7.4 is well suited for application to cy-
tosol samples of physiological pH 7.4. Buffer concentra-
tions of 20 mmol L~ are better than 50 mmol L. At
higher concentrations the increasing Joule heating of the
capillary impaired the separation.
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Fig.4 Electropherograms of MT-1 (a), MT-2 (b) (both Cd) and
MT-3 (c) (Zn)

Detection limits and measurement precision

For analytical characterization of the CE-ICP-MS sys-
tem, detection limits and precision were estimated from
preparations of MT-1, MT-2, and MT-3. Each solution
was prepared to a concentration of 0.1 mg mL-1 MT. Be-
cause of the impurity of the available MT preparations the
concentration was checked by an independent method.
The concentrations of the MT shown in Fig. 4 were, there-
fore, determined by use of total reflection X-ray fluores-
cence (TXRF), a method enabling determination of total
element concentrations from a 2-uL sample. Each of the
el ectropherograms obtained from MT-1, MT-2, and MT-3
(Fig.4) contains one major peak from the corresponding
isoform and some small peaks from other components.
The approximate MT concentration can be calculated
from a total sulfur determination in these MT prepara-
tions. Figure 7 shows an example of a TXRF spectrum
from MT-2 (1 mg mLt). On the basis of a molar mass of
6870 Da (average value obtained from Ref. [23]), and via
the sulfur of the cysteine and methionine, the MT-2 con-
centration was found to be 600 pg mL-! for the example
shown. Table 3 gives the estimated detection limits of the
CE-ICP-MS system for MT-1, MT-2 (based on 4Cd or
64Zn measurements), and MT-3 (*Zn measurement). In
addition the relative and absolute detection limits of Cd
and Znin MT are given. Table 4 gives the precision of the
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Fig.5 Effect of pH on the separation of metallothionein isoforms
from rabbit liver (Lot 19H7812). Electropherograms measured at
the 114Cd isotope
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Fig.7 TXRF spectrum of MT-2 using Mo-excitation and Rb asin-
ternal element standard (Si signal from the sample plate). The MT-2
concentration, molar sulfur/metal ratios, and the amounts (%) of
the considered elements in MT-2 are obtained from this TXRF
measurement

Table 3 Estimated limits of detection (LOD) for MT-1, MT-2,
MT-3, and the related metals (3o criterion)

Cd-114 Zn-64

MT-1

MT conc. LOD (ug mL-1) 0.011 2.02

Metal conc. LOD (ng mL-1) 0.8 21.2

Metal absolute LOD (fg) 1.9 46.6
MT-2

MT conc. LOD (ug mL-1) 0.023 5.45

Metal conc. LOD (ng mL-1) 1.8 55

Metal absolute LOD (fg) 4.0 125
MT-3

MT conc. LOD (ug mL-1) - 7.6

Metal conc. LOD (ng mL-1) - 420

Metal absolute LOD (pg) - 9.4
Table4 Precision of MT measurements

MT-1 MT-2 MT-3

Obtained from metallothionein preparations RSD (%) (n=5)

Migration time 11 0.7 n.d.

Peak area 9.9 16.5 n.d.

Peak height 6.5 16.0 n.d.
Obtained from MT in human brain cytosol RSD (%) (n=5)

Migration time 12 13 4.2

Peak area 4.8 18.2 26.1

Peak height 4.7 9.8 34.7

migration time, peak area and peak height obtained from
the M T-preparations considered and from cytosol samples
(see below).

Quantification of MT using CE-ICP-IDMS

By use of MT preparations from rabbit liver an on-line
CE-ICP-IDMS method was developed for quantification
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of MT isoforms viathe determination of sulfur isotope ra-
tios[24]. In contrast with TXRF measurements, CE-ICP—
IDMS enables the quantification of the isoforms after CE
separation. The isotopes 32S, 34S, 8Cu, %Cu, %4Zn, 68Zn,
14Cd, and 16Cd were detected simultaneously by use of
ICP-SFMS in medium-resolution mode. On-line isotope
dilution was performed by continuous introduction of an
isotopically enriched species-unspecific spike solution as
make-up liquid after the separation step. Figure 8 shows
the results obtained from CE- CP-IDM S measurement of
an MT sample, the same MT preparation as was used to
obtain the results shown in Fig. 3b. In addition the isotope
325, the enriched isotope 3S and the calculated 32S5/34S ra-
tio are shown. A mass-flow electropherogram can be de-
rived from the isotope-ratio electropherogram and by
peak-area integration; the amount of sulfur can be ob-
tained. Considering the molar ratio of 21 sulfur atoms per
molecule the quantities of the M T isoforms are cal cul ated.
As an example, the results from quantification of MT-1
and MT-2 are presented in Fig. 9.

After metal quantification, the molar ratios of sulfur to
metals can be used to characterize the composition of the
metalloprotein complex of the MT isoforms. Thus cau-
tious suggestions for their stoichiometric formulae can be
given. For example, the composition of the MT-2 metallo-
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Fig.8 Electropherogram obtained from rabbit liver MT with me-
dium mass resolution. Measurement of 32S and 34S and calculation
of the 32S/3S isotope ratio
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Fig.10 Flow chart for cytosol prepa-
ration for subsequent measurements
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Fig.11 Effect of cytosol pre-treatment on CE separation: (a) cy-
tosol, (b) diluted cytosol, (c) heat denaturation, (d) acetonitrile
precipitation. Matrix separation results in a change in sample vis-
cosity which results in different amounts of sample injected. Peak
intensitiesin (a), (b), (c) and (d) are, therefore, not comparable

protein complex in the sample investigated can be charac-
terized as CdgZn,-MT-2. Further details of this method
and its application to the characterization and quantifica-
tion of MT isoforms will be published separately [24].

Application of the method to human cytosol samples
Optimization of sample pre-treatment

Because of the high protein content of cytosol samples,
reduction of this interfering matrix is recommended be-
fore chromatographic separation, especialy when using
capillary electrophoresis. The effect on the separation of
the M T-isoforms of different sample-preparation methods
for the cytosols from human brains — dilution of the cyto-
sol, heat denaturation, and acetonitrile precipitation —was
investigated:. Figure 10 summarizes the different ap-
proachesin aflow chart. Figure 11 shows the correspond-
ing results. To simplify the comparison only the copper
electropherograms are shown. The electropherograms in
Figslla, 11b, and 11d have the same pattern but migra-
tion times decrease in the order (a)>(b)>(d), because of
the removal of interfering proteins by the pretreatment
procedure. These matrix proteins are not detected by
ICP-MS but are till present in the cytosol and influence
the migration times as a result of their adsorption on the
capillary wall. As a result it can be stated that for opti-
mum separations acetonitrile precipitation gives the best
results with regard to separation and speed. By this treat-
ment most of the interfering proteins are removed without
changing the MT. In contrast, heat denaturation seems to
alter the metal loading of the MT-species (Fig. 11c).

Assignment of the peaks detected

Figure 12 shows the electropherogram obtained from a
cerebellum cytosol containing the elements Cu, Zn, and
Cd after acetonitrile precipitation. Two indications sup-
port the hypothesis that the signals monitored are metal -
lothioneins:

1. the compounds observed are stable against acetonitrile;
and
2. Cu, Zn, and Cd peaks can be observed simultaneously.
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Fig.12 Electropherogram from a human brain cytosol (cerebel-
lum) for the elements Cu, Zn, and Cd
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Fig.13 SEC chromatogram from a cerebellum cytosol detected on
63Cu. Three fractions are cut, concentrated and investigated further

An additional comparison with the migration times of the
MT preparations shown in Fig.4 leads to the tentative
suggestion that three of the observed peaks correspond to
MT-1, MT-2, and MT-3, as indicated in Fig.12. A prob-
lem is, of course, comparison of MT from rabbit liver or
gene expression with human brain cytosols. The confor-
mity of the amino acid sequences of human MT and rab-
bit MT is approximately 90%. MT-1 human [28] differs
from MT-1 rabbit [29] in seven of 61 amino acids,
whereas MT-2 human [30] and MT-2 rabbit [31] differ in
five only. Being conscious of the uncertainty, we made the
assumption that human MT and rabbit MT have the same
€l ectrophoretic migration behaviour.

Fractionation of the cytosols by SEC before CE—-|CP-MS

To improve the separation efficiency a combination of
two separation methods, SEC and CE, was employed —
fractions were collected after size-exclusion chromatogra-
phy before CE separation. Figure 13 shows the SEC chro-
matogram obtained from a brain sample from the cerebel -
lum. Three peaks can be observed, peak 2 includes MT-3
and peak 3 MT-1 and MT-2, according to Ref. [14]. A frac-
tion was cut from each peak and the proteins were con-
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Fig.14 CE-ICP-MS electropherograms obtained from the SEC
fraction from Fig.13. (a) fraction 1 (63Cu); (b) fraction 2 (63Cu);
(c) fraction 3 (83Cu); (d) Comparison with MT-1 and MT-2 from
rabbit liver (detected on 114Cd and overlay of two measurements)

centrated in the fractions. Finally, separation by capillary
electrophoresis and metal-specific detection was per-
formed for each fraction. Figure 14a—d shows the results
from the electrophoretic separations compared with the
MT-1 and MT-2 preparations (Fig. 14d). It was confirmed
that fraction 2 contains M T-3 (by comparing the migration
time with the MT-3 preparation in Fig.4) and some
unidentified isoforms but no MT-1 or MT-2, whereas the
last two isoforms are contained in fraction 3. The peak in
fraction 1 has not yet been identified. Further details of
this work, dealing with preparative chromatographic sep-
aration before capillary electrophoresis, will be published
elsawhere.

Application to patients with Alzheimer’s disease

Human brain samples from the temporal, occipital, and
parietal regionswere analysed for acomparative study be-
tween brains affected by Alzheimer’s disease and control
samples. From each group three samples of the occipital
and parietal and one of the temporal region were investi-
gated. CE-ICP-MS was applied to cytosols treated with
acetonitrile to reduce the protein matrix by precipitation.
The resulting electropherograms are summarized in Figs
15 16 17. For better comparison all intensities are normal -
ized to the intensity of 85Rb, which was added to the
make-up liquid as internal standard. Figure 15 shows the
results from the temporal samples for the elements Cu,
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Zn, and Cd. To simplify the comparison only the copper
electropherograms are shown in Figs16 and 17. Because
of the same signal pattern assignment of the MT-1, MT-2,
and M T-3 peaks are adopted from Fig. 12.

In summary there are at least three common effects.

 All the brain regions of the different samples investi-
gated afford asimilar signal pattern in the electrophero-
grams of 83Cu.



Fig.17 Comparison of electrophero-
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Levels of MT-3 (determined by metal-specific detec-
tion) are lower in the temporal and occipital samples
from patients with Alzheimer’s disease compared with
the control group.

Levels of MT-1 (determined by metal specific detec-
tion) are also lower in all temporal and occipital sam-
ples from patients with Alzheimer’s disease compared
with the control group.

The second and third effects were not observed in the
parietal samples.

The results indicate that metal-specific detection of
metalloproteins gives additiona information that should
be considered in general discussions on metallothionein

This study shows that for successful speciation of metal-
lothionein isoforms in human cytosols a multi-dimen-
sional analytical procedure, based on appropriate sample-
preparation techniques, chromatographic and/or electro-
phoretic and mass spectrometric methods is necessary.
The quantification of metallothioneins via sulfur isotope
dilution is an elegant approach.

Further investigations using an ESl—quadrupole time-
of-flight MS for molecule-specific detection will be per-
formed in the near future. Thus the molecular mass and
even the amino acid sequence of the separated proteins
could be investigated to clarify their identity.

and Alzheimer’s disease. To obtain medical relevant in-
formation it will be necessary to investigate more samples
for statistical confirmation. Understanding more about the
fundamentals of the role of metallothioneins in the human
brain is areal challenge for future analytical methodolog-
ical developments and their application in the biomedical
field.

Conclusions

For the first time it has been shown that the CE-ICP-MS
technique is suitable for the separation and identification
of metals bound to metalloproteins in real-world samples
such as human cell cytosols. The hyphenated system de-
veloped is capable of:

1. stable and reproducible separations with high separa-
tion efficiency

short analysis times (usually under 20 min, incl. MT-3);
and

requires very small sample quantities (aslow as 30 uL)
which might be especially important in biomedical ap-
plications. In addition, very good detection limits for
MT and good migration time precision have been
achieved.
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