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Abstract

The study of chemical speciation and the refinement and expansion of omics-based
methods are both consolidated and highly active research fields. Although well
established, such fields are extremely dynamic and are driven by the emergence of new
strategies and improvements in instrumentation. In the case of omics-based studies,
subareas including lipidomics, proteomics, metallomics, metabolomics and foodomics
have emerged. Here, speciomics is being proposed as an “umbrella” term, that
incorporates all of these subareas, to capture studies where the evaluation of chemical
species is carried out using omics approaches. This paper contextualizes both speciomics
and the speciome, and reviews omics applications used for species identification through
examination of proteins, metalloproteins, metabolites, and nucleic acids. In addition,
some implications from such studies and a perspective for future development of this area

are provided.

Keywords: chemical species, proteins, metabolites, metalloproteins, DNA, metals,
instrumentation.

Significance

The synergic effect between chemical speciation and omics is highlighted in this work,
demonstrating an emerging area of research with a multitude of possibilities in terms of
applications and further developments. This work not only defines and contextualizes
speciomics and individual speciomes, but also demonstrates with some examples the

great potential of this new interdisciplinary area of research.

1. Introduction

In Charles Darwin’s 1859 seminal book, On the origin of species, he describes
how living beings evolve from common ancestors, leading to the formation of new
species [1]. However, the concept of species in chemistry is quite different from the
biological context. While in biology, species are considered as different lifeforms created

separately, to a chemist, species are defined as specific forms of an element (or molecule)



that differ based either on isotopic composition, electronic or oxidation state, and/or
complexation or structure [2].

This is also emphasized in the definitions of the term “speciation” when either the
biological or chemical meanings are considered. The biologist Orator F. Cook coined this
term (speciation) first in 1906 for cladogenesis - the splitting of biological lineages (as
opposed to anagenesis, phyletic evolution within lineages) [3]. In this context speciation
means the formation of new species from a pre-existing one via a process that does not
occur suddenly. In chemistry, IUPAC describes speciation as “analytical activities of
identifying and/or measuring the quantities of one or more individual chemical species in
a sample” [2].

To study and understand chemical speciation it has been necessary to develop
techniques and approaches that can be used to evaluate different chemical species in
complex mixtures. It is important to note that different approaches are required to assess
different types of species, even when relating to the same element. For example,
analytical strategies used to determine the total content of As in a sample are not able to
evaluate either its oxidation state (111 or V) or the types of complexes that may be present
in a given mixture (dimethylated arseno sugar, arsenobetaine, among others). Indeed, to
measure such speciation differences accurately requires distinct methods. This explains
the necessity for and observed upsurge over the last few decades in the development of
analytical techniques that can accurately assess speciation [4].

Recent progress made in the development of such approaches has been driven by
the evolution of different separation techniques (chromatography and others), coupled
with major advances in mass spectrometry (MS)-based approaches and instrumentation.
With this, the study of chemical speciation has gained increased importance and become
an extremely active area of research. Furthermore, the evolution of omics-based methods
makes it possible to evaluate both small and large biomolecules on a large scale, greatly
expanding the analytical toolkit available to examine chemical speciation [5]. Such
omics-based methods aim to collectively characterize and quantify pools of biological
molecules that impact on the function, structure, and dynamics of an organism (or even
across different organisms) [6].

Following on from this, the “speciome”, a term adapted from biological sciences
[7], can be also coined in chemistry due to the synergism of both chemical speciation and
omics. Here the speciome can be defined as the entirety of the chemical species in a

sample evaluated through omics-based strategies. Likewise, speciomics can then also be
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defined as the study or evaluation of the chemical species present using omics approaches.
It is however important to reinforce that chemical species themselves do not necessarily
constitute a speciome. For example, if Cr(l11)/Cr(IV) or %Zn/%®Zn are evaluated in
different samples, they are considered as chemical species. However, if they are evaluated
as part of a biological molecule, then all these chemical forms together could be
considered as speciomes. Additionally, different protein isoforms, characterized using a
specific omics approach, can be considered as speciomes.

2. Speciomics: integrating chemical species and omics

The concept of speciomics in chemistry is proposed as “umbrella” term containing
all omics approaches devoted to speciation analysis. Figure 1 presents a general scheme
of target analytes in biomedical and cellular studies; some examples of these will be
presented in the text. Numerous examples of omics-based approaches (proteomics,
metabolomics, metallomics, among others) applied to evaluate chemical species can be
found in the literature. In all of these, the concept of speciation is inherent.

Here, this perspective article sets out to clarify the definition of speciomics in such
contexts. Owing to recent developments involving metallospecies, many of the examples
relate to metal complexes. However, it is important to reinforce that all chemical species
(metallic or not) in a sample, characterized through any omics approach can be defined

as a speciome.

2.1 Evaluating the Speciome
2.1.1 Proteins and Metalloproteins

MS-based proteomic techniques are commonly used to identify (and sometimes
quantify) proteins in complex mixtures. Within such mixtures, there are often different
species or isoforms of the same protein. Such species may be present due to alternative
splicing, gene polymorphisms or post-translation modifications (PTMs). Although
protein isoforms can originate from separate genes (e.g., actin isoforms) [8], single genes
can code for multiple proteins due to the process of alternative (differential) mRNA
splicing, which results in multiple protein forms that comprise both similar and distinct
peptide sequences. Each isoform can have a distinct biological role [9-11]. Gene
polymorphisms that give rise to differences in protein sequences across individuals (or

between alleles) are also very common [12].



At least 400 types of PTM are currently known [13], ranging from small chemical
modifications (e.g., phosphorylation and acetylation) to the addition of complete proteins
(e.g., ubiquitination). However, not all such modifications have been extensively
characterized. PTMs that are well understood include phosphorylation, N-, O- or C-linked
glycosylation, acetylation, ubiquitination, methylation, SUMOylation, hydroxylation,
carboxylation, palmitoylation, sulfation, and nitrosylation. These PTMs are known to
occur at >1,000 unique modification sites, with each modified form constituting a
different species. Stastna & Van Eyk have discussed developments in methodology and
instrumentation for the enhanced detection of protein isoforms as well as examples of
their biological importance [14]. Besides others, these include the study of fibronectin, a
component of the extracellular matrix, which exists in many alternatively spliced
isoforms [15]. They examined the phenotypes of mouse strains with different targeted
mutations in the FN1 gene, linking the functions of alternatively spliced isoforms of
fibronectin to human pathologies.

Metalloproteins are proteins that contain bound metal ions or metal complexes,
with such interactions often being important for their functioning [5]. In such proteins,
apo- and holo-forms can be simultaneously present in biological systems. Such examples
include carbonic anhydrase (Zn), calmodulin (Ca), myoglobin (Fe) and ferritin (Fe).
Some metalloproteins such as superoxide dismutase (Cu, Zn), simultaneously present
with different metals in their structures. In addition, there are several superoxide
dismutases that require different metal cofactors (Mn, Fe, Ni). These have been
highlighted as prime examples of “cambialism” [16], a term that indicates that prediction
of the specificity of a protein for binding a particular metal from sequence data alone is
not possible. Hence this emphasizes the importance of (and requirement for) determining
the native speciation of metalloproteins in biological samples.

Techniques used for the examination of metalloprotein speciation are most
commonly based on liquid chromatography (LC), coupled with inductively-coupled
plasma-MS (ICP-MS). Other separation techniques involving gel electrophoresis (GE) or
capillary electrophoresis (CE) can also be used, with each presenting its own advantages
and limitations. The best approach for a given application depends upon the matrix
complexity, sample characteristics, or species information desired. With LC-ICP-MS,
frequently size exclusion chromatography (SEC) is employed, with the column linked to
a flow system with UV-Vis detection to detect both organic (through UV-Vis) and

inorganic (through ICP-MS) species in different fractions [5,17]. To increase the
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resolution of chromatographic separations for refinement of speciation detection, an
additional column may be used - thus performing a 2D separation. This can be done on-
line by having the sample pass through the columns sequentially, or off-line, where
collected fractions are separated through the first column, and then subsequently, one or
more fraction(s) are injected onto another column allowing a second separation (LC-LC-
ICP-MS) [18]. Some examples of LC-LC-ICP-MS can be found in the literature [19-21].
For example, Gonzélez-Fernandez et al. [19] used this strategy for the identification of
Cu-binding proteins in different mouse brains, where they used 2D separation (SEC
followed by reverse phase). The use of these dual separation strategies can aid the
examination of speciation owing to enhanced separation of the metalloproteins as they
are based on use of two distinct properties of the molecules (orthogonal separation
mechanisms). In the case above, separation was based on the hydrodynamic radii of the
proteins followed by differences in polarity or charge. However, it is also possible to
further improve resolution by adding more dimensions to the separation. These include
using 2D chromatographic separations combined with non-chromatographic ones (such
as SDS-PAGE). Such a “3D” approach has been used to identify metalloproteins in
soybeans [22].

Besides these strategies, examination of metalloprotein speciation using
Travelling Wave lon Mobility Spectrometry coupled to MS (TWIMS-MS) is an elegant
alternative. Even without chromatographic separation, this approach increases the
selectivity in elemental speciation at atmospheric pressure. As a proof-of-concept, we
identified different metal-bound forms of bovine carbonic anhydrase. The protein was
found to bind not only Zn?*, which is natively bound, but also Pb?*, Cd?*, Cu?*, Se**/Se®*
and Cr¥/Cr®. This work demonstrates the broad utility of TWIMS-MS for study of
interactions between metals (presenting with different oxidation states) and biomolecules
[23,24].

In addition to (metallo-)protein identification, quantification is also important. In
this regard, the term “heteroatom-tagged proteomics” was first coined by Sanz-Medel
[25], and used for quantitative evaluation of protein species. This was enabled due to the
exceptional abilities of ICP-MS to track these heteroatoms (any bioelement of interest,
e.g., Se, S, P, I, except C, H, O or N). Through use of LC-ICP-MS, and knowledge of the
stoichiometry between the protein and the heteroatom of interest, the quantification of the
protein is feasible. This includes proteins presenting with post-translational modifications

(PTMs) [26]. In addition, if the element is not naturally present in the species, it can be
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introduced chemically with bifunctional reagents containing a heteroatom (detected by
ICP-MS) and a biomolecule recognition moiety (e.g., an antibody). In fact, the evaluation
of heteroatoms through ICP-MS can simplify the complexity of a natural protein or
peptide mixture (if a protein or group of proteins possess specificity toward that
heteroatom), overcoming many analytical hurdles derived from the complexity of the

mixture [27].

2.1.2 Metabolites and Metallometabolites

The metabolome of an organism reflects its diet, lifestyle, and genetic makeup
[28], and many disorders are associated with metabolic dysregulation [28,29].
Metabolites are small molecules (molecular weight <1 kDa) that are formed through
physiological chemical reactions [26]. Many complex diseases, such as cancer, diabetes,
cardiovascular and neurological diseases are linked to multiple metabolic processes [29].
In this sense, the identification and quantification of metabolites associated with other
chemical species can lead to a better understanding of the cause, prevention, and treatment
of human disease [28].

In general, metabolomic workflows to characterize the metabolite profiles of an
organism can be divided into two important areas: (i) targeted approaches; and (ii)
untargeted approaches. The first strategy aims to quantify specific metabolites from the
organism of interest, while untargeted approaches focus on a more comprehensive
metabolomic assessment of metabolites derived from the specific organism, potentially
allowing the discovery of biomarkers. Both strategies have their own advantages and
limitations and are often used in combination to discover and quantify metabolites [30].
However, one of the main challenges involving targeted and untargeted approaches is
associated with the biotransformation of metabolites, rendering their identification,
quantification, and the understanding of their mechanisms of actions in the organism
difficult [30]. For example, resveratrol (3,5,40 -trihydroxy-trans-stilbene, RSV) is one of
the most widely studied polyphenols because of its potential health benefits [31]. Despite
this, its mechanisms of action in the body are still unclear, even though several in vitro
and in vivo studies have been performed. Its analysis is complicated by its
pharmacokinetic profile and biotransformation into other metabolites, including isomeric
and isobaric species, such as trans-resveratrol-3-O-sulfate, cis-resveratrol-3-O-sulfate,

trans-resveratrol-3-O-glucuronide, trans-resveratrol-4’-O-glucuronide, trans-



resveratrol-3,4’-O-disulfate, trans-resveratrol-glucuronide-sulfate, among others (Figure
2) [31].

Furthermore, due to chemical similarity, isomeric or isobaric species also pose
important challenges in studies of identification and quantification of metabolites.
Molecules such as hexoses and related sugars (glucose, fructose, galactose, sorbose,
mannose and inositol) are examples of metabolite species with important identification
challenges [32]. The metabolites with the highest isomer counts are hexose-phosphate
(CeH1309P) with 22 isomers, hexoses (CsH1206) with 17 isomers, hexose-lactones
(CeH1006) with 13 isomers [32,33]. Lipids are similarly challenging, with leukotriene B4
(C20H3204) with 13 isomers. This challenge is also encountered in identifying some
examples of metabolites in central carbon metabolism, such as isocytic and citric acid,
isoleucine and leucine, as well as aminocapronic acid, B-leucine and norleucine [33,34].
In this sense, to ensure proper interpretation of data and understanding of the mechanism
of action of particular metabolites, a reliable design of experiments is essential in
metabolomics [35,36].

Another subclass of metabolites of interest in metabolomics studies relevant to
human disease are metallometabolites [37,38]. Metallometabolites can generally form in
different parts of the body due to their complexation capacity combined with the inter-
and intracellular availability of metals, either during normal physiological processes or
as the result of environmental exposure (toxicity) [39-41]. As an example, citrate and
malate act as ligands for several metals, typically transition metals, while sulfur-rich
metabolites tend to bind different elements, such as Se and Hg among others. Transition
metals, such as Cu and Fe, as well as the d10 metal Zn, play important roles in the
physiology of life [42,43]. Zn?*, the most abundant d-block metal ion in cells, plays vital
roles in the functioning of more than 300 enzymes and in DNA stabilization and gene
expression [43]. However, the imbalance of metals in their natural cellular ratio —
occasionally seen with small metal species — can result in detrimental effects such as the
generation of reactive oxygen species (ROS) [41]. On the other hand, thiol peptides play
important roles in the coordination of different heavy metals [42]. Intracellular thiol
peptides possess sulfur containing groups (thiol or sulfhydryl group: -SH) that can serve
as ligands for metal coordination. Such peptides include glutathione (GSH) and
phytochelatins. In plant studies, thiol peptides complexed with Cd(ll), Pb(ll),
As(1IN/As(V), and Hg(Il) have been investigated [40,43]. The fundamental difference



between these individual complexes is that the As- and Hg-thiol complexes are most
stable thermodynamically due to the covalent character of the As-S and Hg-S bonds.

Spectroscopic (nuclear magnetic resonance, NMR), spectrometric (MS), and
separation techniques (LC, GC, CE) are widely employed to identify and quantify species
of metabolites using both targeted and untargeted approaches. The choice for a given
technique is influenced by the sample matrix, the concentration and properties of the
metabolites, and the amount of sample available. Furthermore, high precision analytical
tools are required to investigate metallometabolites, [44,45]. For such an approach to be
useful, it must allow identification of all distinct species of a particular element present
in a sample, or at least identify some and clearly explain the unidentified number (in other
words, produce a quantitative speciation model) [46,47]. MS offers a diversity of
advantages for the identification of metabolites at sub-nanomolar levels [47], becoming
one of the preferred analytical tools for detecting and identifying (metallo-)metabolites
[40]. This has been facilitated by the development of "softer" electrospray ionization
(ESI) techniques, which better enable complexes to remain intact during ionization. Since
ICP-MS does not provide structural information, the combination of ICP-MS with ESI-
MS can be deployed in a unique LC system for simultaneous structural identification and
quantitation of complexes formed [44,45,48-52]. Additionally, advances in hyphenated
techniques of CE (CE-ICP-MS and CE-ESI-MS) also show great promise in the
characterization of complex metallometabolite species [47]. Table 1 summarizes a
comparison of the main analytical techniques applied in studies for metabolomics,
highlighting the uses and limitations of each one.

In approaches that involve separation techniques, the choice of chromatographic
approach essentially depends on the characteristics of the metabolites of interest. In some
situations, orthogonal configurations are necessary for reliable identification [30,32].
Recently, in a study to quantify metallometabolites of Cr in Taraxacum officinale,
Markovic et al. developed a new analytical procedure based on LC-ICP-MS using strong
anion-exchange chromatography for separation of the Cr-metabolites [37]. In this study,
Cr-oxalate, Cr-malate, Cr-citrate, Cr-aconitate, Cr-quinate, and Cr-nitrate were efficiently
separated and quantified. In another study, Ramirez-Acosta et al. developed a method
using column switching and species-unspecific isotopic dilution to quantify
selenometabolites and selenoproteins in human hepatic cells [38]. In this study, the
authors observed that Se supplementation increased the levels of selenometabolites and

selenoproteins in cells.



2.1.3 Metal-nucleic acid complexes

Interactions between metal ions and nucleic acids (DNA and RNA) readily occur.
This is not surprising considering that the structure of nucleic acids includes a phosphate
backbone with a net-negative charge, a (deoxy-)ribose sugar with O atoms, and purine
and pyrimidine bases that contain O and N atoms [53]. Metal ions (such as K*, Na*, and
Mg?*) bind DNA and RNA and are essential to their stability as they neutralize the net
negative charge arising from the phosphate backbone [54]. In fact, metal ions can bind to
nucleic acids directly or indirectly through hydrogen bonding to the coordinating water
molecules surrounding the metal ions. Metal binding to the bases usually disrupts base
pair hydrogen bonding and destabilizes the double helix [55].

Metal-bound nucleic acids can be considered as separate chemical species,
particularly in cases where nucleic acid-metal interactions are sequence-specific.
Furthermore, metals area indirectly important for forming nucleic acid-protein complexes
(e.9. Mg?* frequently serves as an enzyme cofactor in DNA and RNA polymerases) and
regulatory proteins (e.g. zinc fingers are amongst the most abundant DNA-binding
domains in eukaryotes).

Additionally, Tanaka et al. made a synthetic DNA where the natural bases were
replaced with artificial ones [56]. Each of those substituted bases possessed a high affinity
for either Cu?* or Hg?*. The modified DNA was only found to form a double helix if the
opposing bases preferred (and bound to) the same metal ion. Such artificial DNAS can be
employed in organic chemistry as catalysts for enantioselective reactions, which are
important for the synthesis of certain biologically active compounds.

While DNA speciation is relevant in the context of metal binding, integrating the
concept of chemical species in the context of genes, and genomics, is a hard task,
particularly as genes are rarely considered as chemical species. Previously, Ascone et al.
proposed the concept of metallogenomics, involving the study of metalloproteins in the
context of structural genomics programs [57], where the 3D structure of every protein
encoded by a particular set of genes is systematically characterized. Examples include the
work of the Structural Genomics Consortium, who aim to obtain representative structures
across a broad range of families of human proteins and make their coordinates publicly
accessible [58,59]. Ascone et al. suggested that X-ray absorption spectroscopy data could
be incorporated within such platforms to provide structural data pertaining to metal sites

in proteins.
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3. Implications and Perspectives

The concept of speciomics has important implications for capturing the diversity
of studies involving examination or measurement of chemical “species”. A better
understanding of these can lead to paradigm shifts in a range of life science disciplines,
allowing a more complete understanding of the diversity of biological, chemical, medical
and environmental studies. For example, nucleic acid-metal interactions encompass a
large area of research that ranges from the most fundamental characterization of metal
ion binding to the role of nucleic acid-bound metal ions in health and disease. Alternative
DNA base-pairing mediated by metal binding is currently being investigated and
manipulated for applications in nanotechnology, molecular machines, and logic gates
[49].

Additionally, with respect to instrumentation, it is necessary to think in terms of
multi-speciation-omics, with multimodal strategies, linking inorganic (metal) with
organic (protein or other biomolecule) species-focused instrumentation. Current work is
aimed at improving multi-dimensional separation, potentially by combining multi-
dimensional with multi-modal separations to observe a target species in a complex
mixture [44]. Figure 3 summarizes strategies employing spectrometry across different
wavelengths and times. However, mass spectrometry-based approaches are also possible.
These include MALDI-IMS, in which the sample, often a thin tissue section, is moved in
two dimensions while the mass spectrum is recorded [60], TWIMS-MS (already
exemplified in this text, see section 2.1.1) [23,24], or Orbitrap-ICP-MS, allowing the
unambiguous observation of isotopic patterns and identification of compounds with high
precision [61].

All these examples provide a means for multi-speciomic evaluation. Many of
these studies can generate very large data files furthering the need for use of artificial
intelligence and techniques that facilitate big data analysis. All of these factors can be
accurately observed in Figure 4, where through a bibliometric evaluation using the
VVOSviewer program, employing “chemical speciation” and “omics” as search terms, a
diversity of further linked terms are found. These incorporate terms relating to chemical
species (“chemical composition” and “heavy metals™), organism (“plants” and “gut
microbiota”), instrumentation (“spectroscopy” and “mass spectrometry”), environment
(“plasma”, “sediments” and “sea water””) and disease processes (“oxidative stress” and
“insulin resistance”). Additionally, when focusing the search to articles between 2012 and

2020, thematic areas such as “artificial intelligence”, “big data”, “validation”,
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“microbiome”, “gut microbiota”, and “precision medicine” emerge, providing insight into

areas where speciomic studies will be highly useful going forward.

4. Conclusions

It is easy to rationalize that the complexity involved in performing speciomics
studies is enormous. The quantity of the data produced may be so large that artificial
intelligence is employed for data analysis, as demonstrated through the bibliometric
analysis performed. Speciomics allows the discovery of new species and, with them, a
more complete biochemical understanding of environmental, physiological and disease
processes. In the latter case it may be used to aid diagnosis or disease management.

We propose that speciomics represents a jigsaw puzzle, with each chemical
species representing the individual pieces. Only by discovering the right piece and putting

it in the right place, will the picture appear in its fullness.
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Abbreviation

CE- capillary electrophoresis

ESI - electrospray ionization

GE - gel electrophoresis

ICP-MS - inductively-coupled plasma mass spectrometry

LC - liquid chromatography

MALDI-IMS - Matrix-Assisted Laser Desorption/lonization Imaging Mass Spectrometry

NMR - nuclear magnetic resonance

PTMs - post-translation modifications

SEC - size exclusion chromatography

SH - sulfhydryl group

TWIMS-MS - travelling wave ion mobility spectrometry coupled to MS
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Tables

Table 1- Comparison of the analytical techniques applied in targeted and untargeted
metabolomics. Symbols (from — to +++) indicate the level of property.

Analytical technique
Property y a
LC-ESI-MS GC-MS CE-ESI-MS NMR LC-ICP-MS CE-ICP-MS
Sensibility 4+ . + - +++ i
Reproducibilit high high high high high lower than LC-
eproducibili i i i i i
p y g g g g g ICP-MS
Quantification +++ +++ +++ + 4 4
Sample volume
S 2-20pL 1-20L 2-20uL 100-500 pL 2-20pL 2-20ulL
for injection
Identifications
. Yes (requires Yes (spectral Yes (required
of organic o Yes No No
standard) libraries) standard)
species
Elemental Yes (depend
. o No No No Yes Yes
identification on the probe)
+++
++ eas ++ +++
Untargeted (easy
(difficult identification (difficult (easy ++ ++
approach T . o o
identification) using spectra identification) identification)
libraries)
+++ +++ +++ +++ +++
Targeted 4+
(requires (requires (easy (requires (requires
approach N
standard) standard identification) standard standard
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Figure captions

Figure 1. Types of molecules examined in speciomic studies. Analysis if these chemical
species is important for the evaluation of human health, single cell functioning and other
biological activities. The size of each cluster gives an approximate idea of the number of
related applications in the literature.

Figure 2. Resveratrol species in the human metabolism. (1) trans-resveratrol, (2)
dihydroresveratrol, (3) 3.,4’-O-dihydroxy-trans-stilbene, (4) lunularin, (5) trans-
resveratrol-3-O-sulfate, (6) trans-resveratrol-4’-O-sulfate, (7) trans-resveratrol-3,4’-O-
disulfate.

Figure 3. Multimodal instrumentation using for speciomic studies based on spectroscopy
techniques. (A) Schematic of spectroscopy instrumentation for analysis of chemical
species (metals and biomolecules). (B) Acquisition and analysis of spectra to produce 2D
and 3D images. Resultant images present the distribution of the analytes at each
wavelength (left) and at each analysis time (right).

Figure 4. Mapping of keyword co-occurrence obtained using the VOSviewer program.
The search comprised articles published between 2012-2020.
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