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Metallomics is proposed as a new omics to fol-
low genomics, proteomics and metabolomics. This
paper gives an overview of the development of met-
allomics based on the introduction of the concept of
metallomics and its methodology.
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1 Introduction

Metal elements are one kind of the important
components in life. Metallobiomolecules such as met-
alloproteins, metalloenzymes, as well as other metal-
containing biomolecules and various free metal ions
including K + , Na + , Ca2 + , Mg2+ etc., are playing
important roles in living activities.

Metallomics is proposed as a new omics to follow
genomics, proteomics and metabolomics[1] . Re-
searches on metallomics not only answer the question
of the chemical composition of metals and proteins,
but also pioneer a new way for probing into the mech-
anisms of life substances such as metalloproteins in life
activity. In metallomics the counterpart of genomes,
proteomes and metabollomes in genomics, proteomics
and metabollomics is metallomes. It is defined as an
aggregate of metalloproteins, metalloenzymes as well
as free dissociative metal ions. Syntheses and
metabolic functions of genes (DNA and RNA) and
proteins cannot be performed without the aid of vari-
ous metal ions and metalloenzymes. Some trace metal
elements can bind with various proteins in biological
fluids and organs to synthesize metalloproteins. Met-
alloproteins are regarded as metalloenzymes when
they work as the biological catalysts or regulators to
modulate the biological reactions and physiological
functions in cells and organs. Metalloenzymes com-
bined with proteins at different active sites can affect
gene synthesis, metabolism, antioxidation and so on.

The main research targets of metallomics are to iden-
tify the metallomes and to elucidate their biological or
physiological functions in biosystem. The valence,
species, concentration, spatial distribution and the
functions of metallobiomolecules and free metal ions
along with their relationship with genomes, pro-
teomes and metabollomes are included in the research
area of metallomics.

Metal and metalloids in organisms exist in cer-
tain chemical valence and species, such as free hydra-
tion ions, complexes and schwerl compounds[2] . The
physiological function and toxicity of metals depend
not only on their concentration but also on their
chemical species, such as redox state, the character of
the ligands and molecular structure. However, the
biochemical processes depended on metals are not un-
derstood completely up to now. The mechanisms of
metals in cell apperceiving, storing and becoming
coenzyme are not clear yet. All speciation information
of a metal and/or metalloid in biosystem is necessary
in order to understand life process and to ravel the
functional mechanism of metal and its compounds in
normal life process and the occurrence, diagnoses and
cure of magnitude diseases. The development of ge-
nomics, proteomics and metabollomics provides un-
precedented opportunity for identifying all metallo-
proteins and their enzymatic metabolites as well as
understanding the function of necessary metals and
toxic metals in human health and disease.

Cells are basic structural and functional units in
organisms. The metabolism of substance and energy
and the information transfer in cells are three basic
essentials for vital activities. The chemical character-
istics of a cell are characterized not only by its ge-
nomics and proteomics but also by the speciation dis-
tribution of metal and metalloid, viz. metallomics.
Metallobiomolecules in metallomics including com-
pounds composed of metals and metalloids with ex-
ogenous or bioderivational biomolecules such organic
acids, proteins, saccharum and DNA fragment[3].
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Inspired by geomics, proteomics and metabollomics,

Haraguchi proposed the conception of metallomics

with the main research field including the distribution

and speciation of metals and metalloids and the struc-

tures and function of metal-containing biomolecules in

cell [ 4 ].

With the lucubrating of genomics and proteomics

the research on metallomics has had the ambition for

a long time. Early studies focus mainly on the total

concentration and distribution of a metal in an organ-

ism and its effect. Now scientists are interested in ar-

eas including the distribution and speciation of metals

and metalloids in cells, the relationship between met-

als and/or metalloids and genomics, proteomics and

metabollomics. Meanwhile, from the point of views

of molecular biology the structure, function and activ-

ity of metalloproteins and metalloenzymes also become

hotspots. In order to expatiate on the function of pro-

teins and enzymes combined with metals, speciation

analysis of all metals is necessary. Researches on the

concentration and distribution of single metal and its

reaction with proteins are being developed in some de-

veloped countries.

2 Classification of Biometals and/or Biometal-

loids

In organism only few metals such Na+ and K+

take part in life activity as free ions, others show

their bioactivity after combining with ligands. They

have more or less toxicity when they exist as free

ions. Ligands for metals include micromolecules such

as amino acid, nucleotide, HCO 3

- , H P O 4

2 - a n d

macromolecules such as proteins and nucleic acid.

The combination of non-necessary elements with bi-

oligands is the mechanism of intoxication and detoxi-

fication. According to the species and the size of

molecules, the metals and/or metalloids can be divid-

ed into:

(1) Free ions: such as K+ , Ca2 + , Na+ and

Mg 2 + . Na+ and K+ are cations with the function to

maintain fluid and osmotic pressure across the cellular

membrane. Na+ is outside of cell while K+ is inside,

which have affinity with membrane potential. Na +

and K+ interact binately and form a Na + -K + pump

by keeping a certain concentration gradient between

them. Cells consume ATP by intake K+ and exclude

Na , consequently make the membrane protein acts

as molecular motor circumvolving on the membrane.
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(2) Metal-containing micromolecules: including

metal-containing inorganic structural compounds,

complexes formed by metals and amino acid, biosyn-

thesis molecules containing metal-C bond. Metal-con-

taining inorganic structural compounds, such as Ca

and Mg, can combine with micromolecules such as

HCO3

- HPO4

2- to form non-dissolved inorganic

species existing in hard structure. These inorganic

species are main components for skeleton and tooth.

Cysteine and methionine are easy to bond with Cd,

Cu and Zn to form complexes existing in glutathione,

phytochelatin and metallothionein[5].

(3) Low molecular weight complexes of metals

with biosynthesized macrocyclic chelating agents: the

main important group of these compounds is tetrapyr-

role and its homologous compound. Their deprotonat-

ed form can tightly bind with relatively vivid divalent

metal cations. The best known compounds of this

group include Mg2 +-containing chlorophyll and its

degradation products, cobalamines and porphyrins.

(4) Metal biomacromolecular compounds; this

group includes complexes formed by metals with

macromolecules such as albumen, peptides, nucleic

acid and analogues, which need metal. Among of

them are various enzymes with different specific func-

tions of catalysis, storage and transportation. Metal-

loproteins include regulatory proteins ( calmodulin),

transport proteins (cytochrome, iron-sulfur protein,

haemoglobin, myoglobin, hemocyanin, etc. ) and

storage proteins (ferritin, metallothioneins, e tc . ) .

Metalloenzymes are dehydrogenase ( containg Zn,

Cu, Mg), redox enzyme (containg Fe, Cu, Mo,

Zn) and co-enzyme. Among of them the greatest in-

terests are attracted by (β-amylase (Cu), alcohol de-

hydrogenase (Zn), carbonic anhydrase (Cu, Zn) and

metal-peptide complexes such as regulatory peptide.

(5 ) Biomacromolecules complexes: including

complexes formed by metals complexing with polysac-

charides and glycoproteins. However, up to now rela-

tively little of the research on biomacromolecules is

known.

Besides the endogenous metallobiomelecules exo-

geneous organometalic compounds such as metallo-

drugs exist in organism. Cisplatin, auranofin and

Ru3+ [fac-RuCl 3(NH 3) 3] are well known anticancer

drugs. Aurithionalate and aurothioglucose are impor-

tant antiarthritic drugs and some Tc-containing com-

pounds are widely used for diagnostic of renal, cardiac

37



and cerebral diseases and of various forms of cancer.
Studies on cisplatin in cancer therapy explained the
therapeutic mechanism of metal element after chelat-
ing with biomacromolecular ligands.

3 Techniques Related to Metallomics

Previously many problems about the bio-system
were interpreted by the total concentration of an ele-
ment. Now the importance of elemental speciation in
organism, such as the oxidized state, ligands proper-
ties and molecular structure, has been recognized
more and more. Hence the development of new tech-
niques and methods for speciation of metals and their
compounds and of new methodology for the research
of the interactions of the metal species and bioactive
molecules is very important.

Due to the vigoroso separation and specific sensi-
tive detection abilities, chromatography-spectrometry
coupling technique has become the main method for
metallomics research. As the metals or metalloids in
organism usually form non-volatile covalence com-
pounds with the bio-ligands, HPLC and electrophore-
sis are the usual separation technique. Jakubowski et

al have compared the separation ability of different
techniques for different size of biomolecules and con-
cluded that HPLC is suitable for separating small size
molecules and samples with simple matrix. For sam-
ples with complicated matrix multi-dimension chro-
matography may be suitable. For big size molecules
and complex samples size-exclusion chromatography,
electrophoresis, capillary electrophoresis, capillary
electric chromatography and SDS-PAGE are suit-
able[6]. Owing to high sensitivity and fast analysis,
ICP-MS is an ideal tool for quantification and ES-MS
is used to identify the molecule structure.

3.1 High performance liquid chromatography (HPLC)

Size-exclusion chromatography, ion-exchange
chromatography, and reversed-phase chromatography
are the three main HPLC techniques used in metal-
lomics. However, for complex samples containing
several kinds of metalloproteins the multi-dimension
chromatography is effective. Before the chromato-
graphy separation samples can be pre-separated by
hypervelocity centrifugation, dialysis or (NH4)2SO4

precipitation method. Passing samples through the
hyperfiltration membranes which could block the
molecules with molecular weight of 30,000, 500, 500 u

can simplify the sample matrix entering the HPLC.
This is also a method suitable for investigating the
distribution of metal species in compounds with dif-
ferent molecular weight[7] .

(1) Size-exclusion chromatography, SEC: SEC
is based on the mechanism of molecular sieve that dif-
ferent species can be separated by the difference in
their molecular size. For specific molecular shape, es-
pecially large proteins and polysaccharides, the aver-
age retention time is related to their size as well as
their molecular weight. But for species with lower
molecular weight, especially ions with higher ratio of
charge to mass, the secondary adsorption and ion ex-
change may occur, which affect the separation effi-
ciency. Although this phenomena has obstructed the
application of SEC for a time, it was proved to bene-
fit the separation of organoselenium and organoarsenic
compounds[8].

SEC has the advantage of the high tolerance to
matrix interferences. The avoidance of buffer salts in
the mobile phase, which could simplify the matrix in
heart cut and lyophilized fractions, and the proper
flow rate (0. 7—1.0 ml min - 1 ) make it easier to cou-
ple with FAAS, ICP-AES and ICP-MS. The disad-
vantage of SEC is the multifold dilution of the sam-
ples in chromatography process, which is the higher
the larger are the column dimensions. Since the lack
of resolution in SEC results in that each fraction elut-
ed from an SE column may still contain thousands of
compounds, further separation by ion-exchange or re-
versed-phase chromatography is necessary.

(2) Ion-exchange chromatography, IEC: IEC
separates the analytes based on the interactions be-
tween the ionic compounds in the mobile phase and
functional groups with opposite charges in the station-
ary phase. It is widely used in the speciation of met-
als, especially organic arsenic and organic selenium.
It is also an effective method for the separation of

metallothioneins and serum proteins[8].
Although the application of cation-exchange

chromatography in the separation of bio-metal com-
pounds is less, it is suitable for coupling with ES-MS
since the mobile phase it used is usually a weak acid
containing several mmol of pyridine-formic acid buffer
or an nitric acid solution with the concentration of
several mmol.

( 3 ) Reversed-phase chromatography, RPC:
RPC refers to the samples in polar mobile phase that
are separated on a relatively non-polar stationary
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phase. Dut to the excellent resolution, RPC has the
ability to differentiate metallothioneins varying by on-
ly one ammo acid[9] . In bioinorganic analysis RPC is
primarily used to separate species in 10kDa ultrafil-
trates of samples or the species in sample extracts. It
also can be applied to the purification of metalloth-
ioneins isolated by SEC and IEC. Addition of the ion-
pairing reagents in the mobile phase further extents
the applications of RPC to ionic compounds. Since
there is no ligand in stationary phase, RPC is more
suitable for the separation of metallobiomolecules than
SEC and IEC

3.2 Electrophoresis
(1) Capillary electrophoresis, CE: The high

separation power of CE, which allows the separation
of polar and charged compounds, makes it an effec-
tive technique for the separation of metalloproteins
and/or metalloid proteins. Capillary zone elec-
trophoresis ( CZE) achieves separation based on the
different charge to mass ratio of the molecules. It is
widely used for the separation of metallobiomolecules
due to its high separation efficiency, rapid analysis
and low sample requirements and low operating costs.
However, the limitations of the traditional UV detec-
tor, which is less selective and sensitive, hinder its
application for real samples. CZE-ICP-MS, with high
selectivity and sensitivity, provides a potential vig-
oroso tool for the speciation of metallobiomolecules.
Nevertheless, due to low injected volume and diluted
effect of sheath flow, most studies of CZE-ICP-MS
involved the analysis of standard solutions and only a
few demonstrated an application to real samples .

(2) Flatbed gel electrophoresis, FGE: FGE,
such as polyacrylamide gel electrophoresis (PAGE),
isoelectric focusing ( IEF) , immune electrophoresis
etc., is also an attractive choice for metallobiomole-
cules separation owing to its smaller amount of re-
quired sample and higher resolution. It has the power
to differentiate thousands of proteins in two-dimen-
sional system in a single run.

PAGE can convert the proteins into molecules
with similar structures, but they differ in molecular
weight by attaching sodium dodecyl sulfate (SDS) to
proteins, which results in proteins denaturation. In
this case whatever characters the proteins have, they
can be separated according to the molecular weight.
The smaller the ratio of mass to charge is the faster
and further the protein moves. In despite of its high
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resolution and good repetition SDS-PAGE method in-
cludes SDS and dithiothreitol (DDT), which dena-
ture the protein and break the bonds of protein-met-
al. Otherwise, poor resolution will be obtained if pro-
teins are kept in the original conformation.

3.3 Multi-dimensional chromatography
Since it is difficult to separate all the species in a

sample with complex matrixes by using only one-di-
mensional chromatography, multi-dimensional chro-
matography separation is necessary. Usually analytes
in a sample are first differentiated by SEC according
to their molecular weight. Then the SEC-fractions
will be collected and subjected to IEC or RPC for fur-
ther separation[11] .

SDS-PAGE can' t cleave completely the high
folded proteins into secondary structure, so several
tagged bands originating from the same compounds
may be obtained. In this case a 2-D electrophoresis is
necessary. The proteins are separated in gradient gel
according to the m/q in the first electrophorisis. In
the second electrophorisis, the proteins are separated
according to their isoelectric points in immobilized pH
gradient. The charged proteins migrate within the
pH gradient until the pH equal to their pI where their
charge is zero. Then the proteins stop migrating and
assemble in certain specific belts in order to achieve
separation. Immunoelectrophoresis with antibody in
gel can also be used as secondary electrophorisis for
separating proteins. 2-D electrophoresis is widely
used in qualitative research of proteins and
biomolecules, but its application to the speciation of
metal biomolecules is tate.

3 .4 Atomic spectrometry technique
Atomic spectrometry coupling technique with

high selectivity and sensitivity is still a popular way in
metallomics research. Hyphenated technique coupling
AAS with HPLC was the first one used for the deter-
mination and speciation of metalloproteins. On-line
coupling of FAAS to HPLC can be realized when the
flow rate of HPLC mobile phase is compatible with
the elevated rate of the FAAS nebulizer. FAAS is
mostly used for the determination of metals with low-
er detection limits such as Cd, Zn, Cu et al. or hy-
dride-forming elements such as As, Se, Cd et al. .

Due to the discontinuous heating model of ETAAS, it
is difficult to couple the ETAAS with chromato-
graphy directly. Off line analysis of metallothioneins
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by ETAAS after HPLC separation is a common ap-

proach. However, a quasi-on-line coupling of ETAAS

with HPLC has been achieved with the development

of the auto-sampler and supermatic flow-through cell.

The limitation of AAS is one-element determination.

Although multi-elements determination can be

achieved by AES, its poor sensitivity is insufficient

for a number of practical applications. When capillary

separation technique is used or small amount of sam-

ple is available (like metallome in a single cell), the

sensitivity of determination is the key to metallomics

research. In this aspect ICP-MS becomes a powerful

tool with its indisputable advantage of multi-element

capability and low detection limits.

As ICP-MS has the apodeictic ability to discern

metal-containing and metal-free species in chro-

matographic outflow, or identify these two species in

2-D gel point by laser ablation technique, its coupling

technique with various kinds of chromatography is

widely used for the speciation of biomolecules. Be-

cause of the poor selectivity of SEC and IEC, the

peaks obtained from these two approaches usually

contain a group of fractions that are similar in molecu-

lar size, electric charge and the hydrophobicity and

contain the same element. This fractionation makes

these coupling techniques as a sample pretreatment

method for metallomics and/or metalloproteomics.

The recent developments in ICP-MS have approved

its importance for metallomics research.

The linchpin technique for ICP-MS coupling

method is the interface. Since the representative LC

flow rate of 0. 5—2 ml min-1 is comparable to that

required by the pneumatic nebulization of ICP-MS, a

piece of narrow-bore tube can be used as a interface to

introduce the LC effluent to ICP-MS directly. The

nebulization efficiency would be elevated with the use

of hydraulic high-pressure nebulizer or an ultrasonic

nebulizer. When coupling with microbore chromato-

graphy, the direct injection nebulizer (DIN) can be

used as interface. Without the spray chamber, the

DIN admits the liquid sample into the central channel

of the ICP torch directly with the lowest dead volume

( < 2 μl), which minimizes the peak broadening and

benefits the use of low flow rate. With the advantage

of fast sample washout of DIN, the memory effect

could be reduced. The post column derivatization of

the eluting metal and/or metalloid into a volatile

species, which can be swept into the nebulizer, avoid

the employment of the nebulizer. On-line microwave
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assisted digestion-hydride generation has the capabili-

ty to increase the sensitivity for 20—100 fold and e-

liminate the interference from the sample matrices

and the components of mobile phase, whereas the

higher background noise increases the detection limit

for 2—10 times [ 1 2 ].

3.5 Molecular spectrometry technique

Different from atomic spectrometry that only re-

sponds to elements, molecular spectrometry may pre-

sent the information of a species or its fragment. In

proteomics after 2-D gel electrophorisis separation and

in situ tryptic digestion of spots fingerprint of pep-

tides can be observed by MALDI TOF MS analysis

and the sequence can be obtained by nanoelectrospray

MS/MS [ 1 3 ] . As a detector of chromatography tech-

nique ESI-MS can give identification information of

the small metal and/or metalloid molecules containing

carbon since these compounds generate single proton

ion in the source of ESI. ES-MS is suitable for the i-

dentification of covalent-binding organometallic com-

pounds and metal complexes. However, ESI-MS may

give false result since ligand replacement and in-

tramolecular charge transfer may occur between

weak-binding metal complexes and metal ions in gas

phase. Moreover, the limitation of lower sensitivity

of ESI-MS interfers the application to trace analysis.

Although molecular spectrometry is powerful in

providing structure information, its quantification a-

bility to real sample is insufficient. The parallel con-

nection of chromatography or CE to ICP-MS and ES-

MS, integrated the high resolution of chromato-

graphy or CE, high sensitivity of ICP-MS and high

characterization ability of ES-MS, has the advantage

to obtain the qualification and structure information at

the same time, hence become the main method for

the research of metallomics[14].

4 Future Development and Challenges

Metallomics is a new omics following genomics,

proteomics and metabollomics. Researches on metal-

lomics not only answer questions on chemical compo-

nent of biometals and proteins, but also pioneer a new

way for probing into the mechanisms of life sub-

stances in life activity.

Many problems in methodology and mechanisms

related to metallomics still remain unsolved. There

are many ligands for metals in organism, including
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small molecular organic ligands, macrocyclic chelating
molecules and biomacromolecules. Some metalloids,
such as arsenic and selenium, may metabolize to cova-
lent macromolecules as arsenosuger and selenoproteins
through metabolization. Concentrations of metals
bind to biomelecules are relatively low, however,
chromatography of picogram or nanogram quantities
of metal compounds has not reached maturity yet.
Many phenomena, such as metal absorption or ligand
exchange, may occur. Many metalloid complexes or
proteins are prone to adhere to the wall of an elec-
trophoretic capillary or stationary phase in chromato-
graphy. The degradation of metalloproteins during
separation also results in errors in quantification. The
risk of contamination is another shortcoming of rou-
tine analytical techniques since many elements of in-
terest ubiquitously present in buffers and culture solu-
tion. Since the structure of many metal-containing
biomolecules is unknown, the identification and quan-
tification of these compounds are incapable without
certified reference materials.

Moreover, the separation and identification of
metal-biomacromelecules containing the same metal
but different in structure with one or more amino
acid, the discovery of a great deal of trace and ultra-
trace new compounds, the analysis of unstable biom-
elecules and the development of hyphenated instru-
mentations with high resolution and sensitivity are al-
so challenges for biochemists and analytical chemists.

To date, the development of standards and certi-
fied reference materials for metal-biomolecules has
eggs on the spit. For example, standards for simple
compounds such as arsenosugars, can be obtained by
extraction from organism and the reference materials
for methylmercury, dimethylarsenic and butyltin are
available commercially. Hyphenated technique is be-
coming more powerful for speciation analysis in met-
allomics. The choice of the separation method within
the coupled system becomes crucial when the target
species have close physico-chemical properties. The
detector chosen for determination becomes the linch-
pin when the concentration of analyte species in the
sample is very low and lower limits of detection are
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required. Another urgent affair is the interface when
the flow rate and composition of mobile phase are not
compatible with those required by detector. Minia-
turization of the instruments and the multiple sources
instruments as well as multiple detectors operated in
series and/or in parallel are the trends for future de-
velopment. Studies on metallomics will be boosted
with the progresses in separation technique, the im-
provement in ICP-MS and ES-MS and the develop-
ment in standard and reference materials.
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