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Abstract. Numerous metals, such as, e.g. Zn, Fe, Cu or &i ah essential role in normal
plant growth and development as they are involvedifferent physiological processes that
may be, however, disrupted by metal deficiency xcess. Therefore, to regulate metal
uptake, translocation and accumulation plants lieexeloped diverse mechanisms including
the production of low molecular mass metal bindmgtabolites. The knowledge of these
forms of metals and the processes they undergdaintgpcan be used in environmental,
nutrition and toxicological studies. However, tkisowledge was very limited as there was a
lack of methodology that could be successfully ggapto investigate trace metal speciation in
plants. Therefore, the aim of this study was theettppment of the methodology for the
analysis of metal species in complex plant samfles.novel approach is based on the use of
combination of (i) HPLC — ICP MS coupling allowitige detection of numerous, often low
concentrated, metal-containing species with (iiparallel identification using HPLC —
electrospray Orbitrap MS/MS coupling. The developpdroach allowed the identification of
(i) ca. 60 different, mainly previously unreportatktal species in saps &isum Sativum
(green pea) and (ii) several mixed iron — aluminwcitrate complexes irPlantago
almogravensis This developed methodology was also applied itp i(ivestigate selenium
speciation inBrassica nigraallowing the identification of more than 30 selenicontaining
low molecular mass compounds.

Résumé.De nombreux métaux tels que, par exemple le Zrelele Cu ou le Ni jouent un
réle essentiel dans la croissance et le développenoemal des plantes car ils sont impliqués
dans différents processus physiologiques pouvaatcépendant perturbés par une carence ou
un exces en métaux. Par conséquent, afin de rédualesorption des métaux, leur
translocation et leur accumulation, les plantesd@éveloppé des mécanismes divers, comme
la production de métabolites de faible poids mdhioe pouvant se lier aux métaux. La
connaissance de ces complexes métalliques et desssus gu'ils subissent dans les plantes
peut étre utilisée dans des études environnementaldritionnelles et toxicologiques.
Cependant, cette connaissance était tres limitémause de l'absence de méthodologie
appliguée avec succes pour étudier la spéciatiertrdees de métaux dans les végétaux. Par
conséquent, le but de cette étude fut le développem'une méthodologie d'analyse des
especes métalliques dans des échantillons de plandéenouvelle approche est basée sur
['utilisation conjointe du (i) couplage HPLC — IGFS permettant la détection de nombreuses
especes, souvent peu concentrées, contenant desixmedec (i) une identification en
parallele par couplage HPLC — electrospray OrbiM&IMS. Elle a permis l'identification (i)
d’environ 60 espéces métalliques, la plupart jarhservées précédemment dans différents
fluides (xyleme, endosperme liquide) €ksum sativum(petit pois) et (ii) de plusieurs
complexes mixtes fer - aluminium - citrate cH@antago almogravensid.a méthodologie
développée a également été appliguée a (iii) laiafién du sélénium darBrassica nigra
permettant I'identification de plus de 30 compad@daible poids moléculaire contenant du
sélénium.
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Introduction

Numerous metals, such as, e.g., iron, zinc, coppekel and cobalt, play vital role in
life cycle of plants. They are essential for normkant growth and development as they are
involved in different physiological processes iamgl However, excess or deficiency even of
an essential metal may adversely affect plant phygy and causes growth inhibition, metal
substitution in enzymes, oxidative stress or evéemtpdeath. Therefore, plants have
developed several mechanisms that allow them téra@oand regulate strictly the uptake,
transport and storage of essential but also noeréiat metals at the organismal as well as at
the cellular level. These mechanisms include prboncof metal complexing proteins,
peptides, organic acids and amino acids that helmaintain the fragile balance between
essentiality and toxicity of metals. However, tmalgtical knowledge of molecular forms of
the small metabolites produced by plants and resplenfor detoxification, homeostasis and
also uptake, translocation and accumulation ofouerimetals to date is very limited. The
characterization of the low molecular mass metammlexes would allow a better
understanding of plant physiology and thus provioidormation (e.g. predict the
bioavailability of different metals) that could hesed in food, nutrient and toxicological
studies, agriculture activities as well as in eowimental research.

To fill the gap in knowledge of plant metallomiesgreat interest is given to studies of
metal speciation in plants. However, the identtfma of metal species in plants faces a few
obstacles. The main issues are the lack of metbggdhat would work when applied to
complex biological matrix and also low concentrasipinstability and high diversity of metal
complexes present in plants. Other issues inclusie arious labilities of metal species
during sample preparation and chromatographic a@par Part of these issues can be solved
by using optimized extraction procedures, diversehmiques such as HPLC to purify,
preconcentrate and separate compounds in unchafged and MS for detection,
guantification, identification of metal complexesida determination of their structure.
Therefore, the best solution appears to be the oc@tbn of hyphenated techniques that are
based on high-resolution separation by chromattyrapr electrophoresis with parallel
element specific and molecule specific detection.

The aim of this doctoral project was:
= development of analytical methods that can be ssteky applied for metals speciation

in complex biological matrix;



= jdentification and determination of low moleculaeight ligands responsible for metal
transport in plants;

= dentification of ligands responsible for detox#tmn of chosen metals;

= identification and characterization of metal comxele presents in plants saps;

® insight into the metal transport mechanisms in tollands;
The analytical approach present in this work iseasn a coupling of size exclusion
column (SEC) and hydrophilic interaction column I(KZ) to either a collision cell ICP MS
for elemental mass spectrometry or an ESI-LTQ @pitMS for high resolution molecular
mass spectrometry. In the next step the obtaintdata compared and combined to allow an
unambiguous characterization of metal complexese HhD project aimed at further
application of the developed methodology to achieé@mation about element speciation in
different plant species and thus determinationhef molecular forms of the low molecular
weight metabolites produced by plants that areliratin metal transport and detoxification.
The developed novel approach has been successfdtyto achieve information about:
= ligands that are involved in metal transport inexgl and in to the seeds in the model
organism -Pisum Sativunigreen pea);

® |igands that are involved in aluminum detoxificatiprocess in aluminum accumulating
plantPlantago almogravensisranco;

= comprehensive selenium speciation in seeds of isefeaccumulating planBrassica

nigra (black mustard).
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List of the abbreviations

2D-LC - two dimensional liquid chromatography

AA — amino acid

ABC — ATP-biding cassette transporter

AC - alternating current

ACN - acetonitrile

AHA(1/2/7) —Arabidopsis thaliandd+ ATPase (1/2/7)
AtABCC1/2 —A. thalianaABC Transporter C Family Member 1/2
AtITR1 —A. thalianairon-regulated transporter 1

ATM(1/3) — mitochondrial inner membrane ATP-bindicassette (ABC) transporter (1/3)
AtOPT3 —A. thalianaoligopeptide transporter 3

ATP — adenosine-5'-triphosphate

AtPDR8 —A. thalianapleiotropic drug resistance ABC transporter
ATX1 — Antioxidant Proteinl copper chaperone
AtYSL1/2/3 —A. thalianaYellow Stripe 1/2/3-like proteins
AVA — avenic acid

BP — binding protein

CAD - charged aerosol (detection)

CCS1 - copper chaperone for superoxide dismutase 1
CEC - capillary electrochromatography

CID - caollision induced dissociation

COPT - copper transporter family

COPT1 — copper transporter 1

COX17 — cytochrome ¢ oxidase copper chaperone

CRC - collision/reaction cell

CTR1 - copper-regulated transporter 1

CW — cell wall

CZE/CE - capillary zone electrophoresis/capilldectrophoresis
DC — direct current

DMA — 2'-deoxy- mugineic acid

DMF — dimethylformamide

DNA — deoxyribonucleic acid

DW — dry weight

EDTA - ethylenediaminetetraacetic acid

ELSD - evaporative light scattering (detection)

Epi-HDMA — 3-epihydroxy 2'deoxy mugineic acid

Epi-HMA — 3-epihydroxy mugineic acid

ESI — electrospray ionization

ES MS - electrospray mass spectrometry

EXAFS — X-ray absorption fine structure

FER1/2/3/4 — ferritins 1/2/3/4

FL — fluorescence (detection)

FRD3 - ferric reductase defective3 protein

FT-ICR — Fourier Transform ion cyclotron resonataealyzer)
FROZ2/7 — ferric chelate reductases

GC - gas chromatography

HAVA — hydroxyavenic acid

HCD - higher- energy collisional dissociation

HILIC — hydrophilic interaction liquid chromatogriap



HIPPs — heavy metal-associated isoprenylated plat¢ins

HPL — high pressure cell

HR — high resolution

HMA(1/2/3/4/5/6/8) — heavy metal ATPase (1/2/3/8/8)

HPLC - high performance liquid chromatography

HSP — heat shock protein

HSP 60/70/90/100 — 60/70/90/100 kilodalton heatkhwoteins
HVIRT1 —Hordeum vulgareron-regulated transporter 1

ICP MS — inductively coupled plasma mass spectromet

IEC — ion-exchange chromatography

INAA — instrumental neutron activation (detection)

IRT(1/2) — iron-regulated transporter(1/2)

Isalp/Isa2p — iron-sulfur proteins

IT — ion-trap (analyzer)

LA — laser ablation

LelRT1/ LelRT2 —Lycopersicon esculentuimon-regulated transporter %
LIT — linear ion trap

LPC — low pressure cell

LTQ - linear trap quadrupole

MA — mugineic acid

MALDI — matrix-assisted laser desorption ionization

MATE — multidrug and toxic compound extrusion tytp@nsporters
MEKC — micellar electrokinetic chromatography

MC — multicollector

MS — mass spectrometer/spectrometry

MSn — tandem mass spectrometer/spectrometry

MS/MS — tandem mass spectrometer/spectrometry

MTP — metal transport protein family

MTP1/3 — metal transport protein 1/3

MTs — metallothioneins

MtZIP2 — Zn transporter frorivledicago truncatula

NA — nicotianamine

NAAT — nicotianamine aminotransferase

NADH - reduced form of nicotinamide adenine dinotige
NADPH — reduced form of nicotinamide adenine dirotide phosphate
NP-LC — normal phase liquid chromatography

NRAMP(1/3/4) — natural resistance-associated mawge protein (1/3/4)
NAS — nicotianamine synthase

OA — organic acid

OPT - oligopeptide transporters family

OsFRDL1 -Orysa sativaerric reductase defective 3-like protein 1
OsIRT1 —O. sativairon-regulated transporter 1

OsYSL2/15 -O. sativaYellow Stripe 2/15-like proteins

OsZIP4 -0O. sativaZRT/IRT-like protein 4

PAA1/2 — P-type ATPases éfrabidopsis

PCs — phytochelatins

PC2/3/4/5/6 — phytochelatin 2/3/4/5/6

PEP — phosphoenolpyruvate

PIC1 — permease, membrane transport protein

PM — plasma membrane
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ppm — parts per million

PS — phytosiderophores

Q — quadrupole (analyzer)

RF — radio frequency

RI — refractive index (detection)

RING - really interesting new gene

RNA — ribonucleic acid

ROS - reactive oxygen species

RP HPLC - reversed-phase high performance liquidroatography
Ru-BP — ribulose-1,5-bisphosphate

SEC - size exclusion chromatography

SF — sector field

SCO1 - cytochrome c oxidase assembly protein

SOD - superoxide dismutase

sHSP — small heat shock protein familiy

STAL/AtATM3 —A. thalianaABC transporter of the mitochondrion 3
TgMTP1 — metal transporter 1 frofflaspi goesingense

THF — tetrahydrofuran

TOF — time of flight (analyzer)

TXRF - total-reflection X-ray fluorescence (deteo)i

UPLC — ultra performance liquid chromatography

UV — ultraviolet light absorbance (detection)

VIT1 — vacuolar iron transporter 1

XANES — X-ray absorption near-edge structure

XAS — X-ray absorption spectrometry

YS1 — Yellow Stripe 1

YSL — Yellow Stripe proteins family

YSL2/4/6 — Yellow Stripe like-2/4/6

ZAT1 — zinc transporter dA. thaliana

ZIC-HILIC — zwitterionic—hydrophilic interactiondjuid chromatography
ZIP — zinc-regulated transporter, iron-regulateshsporter -like protein
ZIP1/3/4 — Zrt- and Irt-like protein 1/3/4

ZmYS1 —Zea may<rellow Stripe 1-like protein

ZNT1/2 — zinc transporters, members of ZIP family

ZRT - zinc-regulated transporter
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1. Biological function of different elements in plats

Numerous elements play vital role in life cyclepddints. They can be present in huge
amounts in plant tissues and thus they are regase@$sential macronutrients, such as, e.g.
carbon, oxygen, hydrogen, nitrogen, magnesium tmiwa. They can be also required by
plants in much smaller concentration and thus thelpng to the group of the essential
micronutrients, such as, e.g. iron, manganese, zogper, nickel or molybdenum. Some
elements pose as beneficial elements that aressenhal in plant physiological processes but
they can promote plant growth. These elements deciobalt, silica, selenium, chromium or
vanadium. There are also elements such as cadneandhor aluminum that are regarded as
nonessential or even toxic for plaAtEor this reason, the short characteristics ofntimst
important elements concerning this study are pteslan following paragraphs.

Magnesium. Magnesium is one of the most abundant mineralients in plants. The
majority of magnesium ions are bound by cellulamponents or incorporated into their
structure. In the leaf cells magnesium is assatiptenarily with proteins while free ions are
stored in vacuoles that are main storage compattfen this element in plants. In green
leaves typically 15-20% of total magnesium is in&gd with chlorophyll as the central atom
in the molecule structure, albeit this percentage/ hange depending on the magnesium
supply. Magnesium has very important function intpmn synthesis. Approximately 75% of
total amount of this element present in leavesni®lved in this process as a bridging
element, essential in the aggregation of ribosonteisits. There is a big variety of enzymes
(e.g. RNA polymerases, glutathione and glutaminel®se, PEP carboxylase or fructose-l,6-
bisphosphatase), substrates and reactions (e.gothmation of RNA in the nucleus, the
modulation RuBP carboxylase in the stroma of clgtast, phosphorylation and
dephosphorylation) that require or are promotedriagnesium (e.g. as a bridging cation).
The deficiency of magnesium causes a decreaseatdpmthesis rate and accumulation of
starch and sugars in the source ledves.

Calcium. Calcium is a macronutrient that is essential fan{s in form of divalent cation. It
is required in the great deal of various processeserning almost all aspect of plant growth
and development. Calcium is a crucial element at@ss of crosslinking acidic pectin residue
in the cell wall and thus is substantial for stitéxeging of the cell. Calcium is also essential
for maintaining proper permeability of the plasmamtrane and it acts as an intracellular
messenger in the cytosol and a counter cation figaroc anions (e.g. malate) or inorganic
anions (e.g. nitrate, chloride) in the vacuoleanB also require calcium to maintain enzyme
activity and nitrate uptake. If plants are growmgacidic, sandy, or coarse soils that contain
a low amount of calcium, the calcium deficiency gyoms may occur, however, it does not
happen in nature too oftér’

Iron. Iron is one of the micronutrients essential fommalant functions. It is taken up by
plants as either B& (ferrous cation) or P& (ferric cation). Iron importance in various plant
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processes is caused by its ability to accept amétdoelectrons. The facility of iron to form
different complexes allows the modulation of itslo® potential that may vary broadly
depending on the ligand. This changeability is oesgble for an important role played by
iron in biological redox systems. Iron is a consiit of two major group of proteins — heme
and Fe-S proteins. Among the heme proteins areclgdmes, catalase, peroxidase and
leghemoglobin. Cytochromes are the componentsduixaystem in the chloroplasts and the
redox chain in nitrate reductase because of theactaistic iron-porphyrin complex which
acts as a prosthetic group of the protein. Catalasal peroxidases as a heme enzymes
facilitate different redox reactions and their aityi decreases under iron deficiency condition.
The second family of proteins is constituted of itto@-sulfur proteins like ferredoxin that is
taking part in the transition of electrons. Conaggnenzymes, iron can be either metal
component, crucial to maintain their stability aactivity or a bridging element between
enzyme and substrate. For these reasons ironimm@ortant element in the energy transfer,
respiration, chlorophyll function and developmehplants?

Copper. The one of the essential micronutrients is alggpeo that is taken by plants as a
cupric ion (CG@") that can be easily reduced to monovalent copipe.copper ability to exist

in different oxidation states is the main reasonimportance of this element in many
physiological processes in plants. The proteins flaae Cu as a metal component can be
divided in three groups. First group are blue prst¢hat are involved in one-electron transfer
such as plastocyanin which bounds over 50% of aolgealized in the chloroplast and is a
part of the electron transport chain in photosystefihe second group of Cu-proteins are
non-blue proteins (e.g. peroxidases, oxidize moaopls) and the third one — multicopper
proteins that contain in their structure at leamirfcopper atoms (e.g. diphenol oxidase,
scorbate oxidase). Copper as a constituent ofrdrifeproteins and enzymes is implicated in
the photosynthetic electron transport, lignin fotioain the cell walls, respiration process in
the mitochondria, hormone signaling and mechani$rdetoxification of free radicals and
thus in response to oxidative stress. In case pbeodeficiency, the activity of enzymes and
the formation of some proteins (e.g. plastocyamieyrease rapidly that causes metabolic
changes and at the end inhibition of plant groth.

Zinc. Zinc is a substantial micronutrient that playsfet#nt roles in the plant physiology.

Plants are taking up zinc typically as a divaleatian which is redox-stable under
physiological conditions. Zinc has strong tendeteyorm the covalent bonds with N-, O-

and S- ligands that causes this element is an ssmmponent of thousands of proteins and
enzymes in plants. In enzymes zinc acts catalygog.( carbonic anhydrase and
carboxypeptidase), cocatalytic or structural (eatcphol dehydrogenase) function. It is also
responsible for gene regulation and stabilizatibthe protein structure including Zn fingers,
Zn clusters and RING finger domains. Zinc is imeadvin ribosomes structure where is
required for maintaining their structural integrity might be bound by phospholipid and
sulfhydryl groups of membrane components and theremintain the integrity of

biomembranes. Zinc is also involved in the processech as photosynthesis and ,CO

18



fixation. Excess and deficiency of zinc in plangad to high plant mortality, reduced and
stunted growth, chlorosis, necrosis, small leavesdelay in flowering:

Manganese. In plant physiology manganese plays a role of asemtial micronutrient.
Manganese is taken up as a manganous iorf j\because it is the most available form for
plants. In plants a predominant manganese oxidatete is Mn(ll) but it can also occur as a
Mn(lll) and Mn(IV). Therefore, this element is impant in different redox processes.
Manganese is component of the photosynthetic pretend enzymes (manganese-protein in
photosystem Il and manganese-containing superoxidenutase). It is also cofactor
responsible for activation of nearly 35 various ygnes (e.g. superoxide dismutase, Mn-
catalase and pyruvate carboxylase). For these nesasbanganese is involved in
photosynthesis, respiration, hormone activatiotrogen metabolism, plants defense against
oxidative stress, ATP synthesis and biosynthesishtdrophyll, proteins, fatty acids, acyl
lipids, aromatic amino acids and also secondargymts such as lignin or flavonoids. In case
of manganese deficiency the chlorophyll and ligoamtent decreases, the photosynthesis is
disturbed and root and seed growth are inhilfitéd.

Nickel. Nickel belongs to the group of micronutrients andthe biological systems its
oxidation state is usually Ni(ll) but other valeace Ni(l) and Ni(lll) are also possible. In
wide range of higher plants nickel is a constituehthe enzyme — urease. In the urease
structure nickel is bound by N- and O-ligands amdubstantial to maintain structure and
catalytic function of the enzyme. Nickel togetheithwurease is involved in nitrogen
metabolism in some plant species. Nickel is esagkfar higher plants and its deficiency may
have severe effects on plant growth, ageing, diseasistance, nitrogen metabolism, iron
uptake and also the normal grain developriéht.

Molybdenum. In comparison with other micronutrients, molybdemis required by plants in
lower amounts and is available for them just in sbéuble forms of Mo(VI) wherefore is
mainly taken up as molybdate ion (MgQ. Molybdenum can occur in different oxidation
states such as Mo(lV), Mo(V) and Mo(VI) that resulh that this metal is a constituent of
different enzymes as cofactor. Molybdenum is imgatrtfor the structural and catalytical
function of the enzymes and is involved in the redeactions. The molybdenum enzymes in
plants are nitrate reductase, nitrogenase, xanthiidase/dehydrogenase, aldehyde oxidases
and probably sulfite oxidase. Molybdenum as a camepb of these enzymes is involved in
the nitrogen metabolism (nitrogen fixation and ifhdation), purine catabolism,
phytohormone biosynthesis of indoleacetic acid alostisic acid and in formation of sulfate.
Molybdenum deficiency may cause delay in flowerimdyibition of tasseling and anthesis,
retarded development of sporogenous tissues, diono young leaves and stunted growth.
However the visible symptoms of deficiency vary eleging on plant speciés’

Selenium. Selenium is an essential element for animals, Imgn@nd microorganisms but
there is no evidence that it is substantial fohkigplants. However, selenium is regarded as
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beneficial element for the growth of various plapéecies and it can be taken up by plants as
selenate, selenite or organoselenium compoundsdelgnocysteine and selenomethionine).
Chemical similarity of selenium to sulfur causeattbelenium undergoes the same pathways
as sulfur. The process of the non-specific selemugtabolism results in the replacement of
sulfur by selenium in S-metabolites. Selenate tha$ taken up is reduced to selenite and
selenide and then assimilated into the organosetegiompounds such as selenocysteine or
selenomethionine. These compounds can replaceiryséexd methionine in the protein
structure by non-specific incorporation. The plability to accumulate and convert selenium
into the different compounds and also the chemme#ire of these compounds is of the great
interest of scientists as it can have various iogpions for health and nutrition of animals and
humans. 1%

Aluminum. Aluminum is not considered as an essential eleraeah for plant species that
accumulates this element. In acidic soils aluminsreolubilized and available for plants in
the most toxic form — Al ion. Therefore, aluminum toxic effects on planbwth and
development are the main factor limiting cropsaééincy on soils with low pH that pose
approximately 40% of the earth’s arable land. Hosvevhere are some plant species that
tolerate high aluminum concentration in soil and aven able to accumulate this element in
their tissues. For that reason, there is a bigrestein studying mechanisms of aluminum
tolerance and detoxification in the aluminum resistplant species to understand the nature
of these processés.*®

Cadmium and lead.Opposite to heavy metals, such as iron, zinc ppeothat are essential
micronutrients for normal plant growth, cadmium dadd are non-nutrient elements. They
can be highly toxic for plants as they can inadévyaany enzymes and disturb the metabolic
processes such as transpiration, photosynthestspphyll synthesis or uptake of macro- and
micronutrients. Plants growing on the soils polilitey heavy metals can take up cadmium
and lead via the root system. However, the bioaldity of these elements depends on the
soil pH and presence of other metals and chelagents. In the case of most plant species
(excluder group) cadmium and lead are accumulatestlynin the underground organs and
the content of these metals in different plantgpddcreases as follows: roots > leaves > stems
> inflorescences > seeds. On the cellular leveltoup6% of absorbed cadmium and lead is
accumulated in cell wall and vacuoles. The uptakthese heavy metals by plant activates,
depending on the plant species, different detadiii;mn mechanisms that are described in
Chapter 4
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2. Metabolic pathways of metals in plants — strategs of metal acquisition
and homeostasis in plants

As described in previous chapter, there is a gafupetals essential for normal plant
growth and development while others may have de/erzic effect on plants. However, even
if the essential metal is present in inadequateussnoompared to this required by plant, it
may lead to deficiency or toxicity effects. Metatgjch as zinc or copper, pose specific
dilemma to plants because they are crucial for nraatabolic processes but also potentially
dangerous in the higher concentrations. Therefplants strictly control and regulate the
accumulation of essential metals at the organismakell as at the cellular level. The metal
requirements depend on an organelle and they vamkedly. Hence, it is necessary to
maintain the proper level of their concentrations different tissues and compartments
throughout tight coordination of processes likealpt buffering, translocation and stordge.

The process of metal acquisition and maintainingdastasis consists of a few stages
that are shown in Fig. 1.

{e)} Trafficking and sequestration

(d) Unloading and tissue distribution

TRENDS it Plant Science

Figure 1. Molecular mechanisms involved in heavy metals uptétansport, distribution and storage by
plants®
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At the beginning metals are mobilized by acidificatof the rhizosphere and secretion
of chelators to be taken up from the soil througitious systems placed in the plasma
membrane in the next stage. Then, metals undem@rbcesses of compartmentation and
sequestration within the root to be at the end ddahto the xylem and transported to the
shoots. In leaves metals are unloaded to diffelesadt cell types and then moved through
plasmodesmata form one cell to another. The lagess metal distribution inside the cell and
storage. During the passage through the plantijtistamount of metals is transported as free
hydrated ions. Presumably, they are bound to @iffeligands and the movement within the
cell requires exchange reaction between ligands \aas recently reported for coppéand
zinc'’ transport in yeast and bacteria, respectively. &ffieiency of metal acquisition can be
affected at every stage by the concentration afitads of chelating molecules as well as by
different selectivity of the transport systemshir plasma membrarie.

2.1. Strategies of metal mobilization and uptake

Soil is the main source of metals for plants. Distiie fact that an essential element
is abundant in soil, its bioavailability and abdap by the roots can by limited by a few
factors. These factors include soil type, aeratjgi, cation exchange capacity and redox
potential as well as metal concentration, compeitimg, the presence of microbial flora and
fungi.!® **Many of essential elements are present in sahifinsoluble form. Iron is usually
found in soil as a component of insoluble oxyhyddexpolymers. These Fe(lll) oxides are
quite stable and insoluble at neutral pH and thuan aerobic and aqueous environment the
amount of free Fe(lll) is very limited and not egbufor optimal plant growt? Also, zinc
and copper are present mainly in an insoluble fbewause of the absorption to clay, CaCO
or organic matter. Therefore, an efficient mobtii@a and uptake is essential for normal plant
development. There are different mechanisms deedlopy plants to enhance metal
availability and uptake form soil and they incluagdification of the rhizosphere, exudation
of carboxylates, the reduction-based strategy confynased by nongraminaceous plants or
the chelation-based strategy developed by grammeceplants. Sometimes the root-
colonizing bacteria or the mycorrhiza may increlasavy metal availability for planfs:

Rhizosphere acidification

The low solubility of different metals and thus ithemited availability for plants
causes that some plant species deal with this gmobly releasing protons to the rhizosphere.
This mechanism is used by nongraminaceous plarderuie iron deficiency conditions.
Protons extrude by roots lead to the decreaseilipldoand in consequence to the generation
of free iron by releasing it from insoluble oxidégidification of the rhizosphere increases
iron solubility thousand times for every one unibplin soil pH making it available for plants.
The production of protons can be quite fast andndua few hours the soil solution pH may
drop to value of 3 or even lower. Presumably, lease of protons is caused by activation of
ATPase proton pump expressed in the root epidamuase of iron low supply but it has not
been yet confirmed. However, there are assumptimaisseveral proton ATPases which are
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the members of AHAArabidopsisH+ ATPase) family may be responsible for this psx
The most likely candidates from AHA family are AHARHA2 and AHA7 as their
expression in roots and upregulation are inducedkeuiron deficiency. Among these three
ATPases the AHA2 seems to be the most importargusecthe AHA2 expression level is the
highest one and the reduced rhizosphere acidificatinder iron deficiency was observed
only during the loss of AHA2® 2 22 The rhizosphere acidification may also result in
enhanced solubility of zinc and copper by encourggiation exchange and leading, at the
end, to the Zn and Cu releasing from the insoleblelates with soil particlés.Apart from
protons, roots can exude also organic acids that rasponsible for acidification of
rhizosphere, however, correlation between releasimggnic acid and soil acidification is
much more complex than in case of the proton esxoil4t

Reduction

Some plant species, mainly dicots and nongraminscenonocots, are using the
reduction based strategy, also called Strateggrinfetal uptake because the transporters in
plasma membrane of these plants have a speciintgffor a certain oxidation state of metal.
In order to take up metals, such as iron or copphezse plants developed a mechanism
consisting of the acidification of rhizosphere adation of organic acids and phenolic
compounds that increase metals (e.g. Fe(lll)) aomagon in the soil solution. Then, possibly
after reduction, metals are transported througtiemht transporters placed in plasma
membrane inside the root cells (Fig?2).

Although iron is present in soil in trivalent fornt,is transported to cell in divalent
form, after releasing from insoluble compoundsplients using strategy I, Fe(lll) is reduced
by membrane-bound ferric chelate reductase (FR@®)dre soluble form — Fe(ll) which is
easily transported into the plant root cells vidllfreransporter — IRT1. The whole process
takes place in plasma membrane of root epiderniigl e mechanism of action of FRO2 is
based on transmembrane redox system in which etectre transferred from NADH across
the membrane via four heme groups to the Fe(llltha rhizosphere. These NADPH
dependent Fe(lll) chelate-reductase is expresséteiplasma membrane and its activity and
accumulation is enhanced under condition of iroficecy. It was shown that when
expression of FRO2 is induced by iron low suppliysialso able to reduce copper — Cu(ll).
However, copper deficiency has no influence on giiaion of FRO2 expressid.??

Chelation

To acquire iron from the soil, grasses and cenesésStrategy Il which is a chelation-
based strategy. This strategy involves secretioReffll) — chelating substances, known as
phytosiderophores (PS), into rhizosphere. ThemactrEe(lll) — phytosiderophore complexes
is taken up via a specific transport system (F&-+trBnsporters) placed in the root cells as it is
shown in Fig. 2. This mechanism of iron uptakersspnt in many nongraminaceous species
but up till now the best characterization was atediforArabidopsis thaliand ?** %
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Phytosiderophores are low molecular mass strucealatives of mugineic acid
(hydroxy — and amino — substituted iminocarboxglieds). They have the ability to solubilize
ferric compounds from the root environment for kptdy the planté* The mugineic acid
(MA) family phytosiderophores including mugineida@c2'-deoxy- mugineic acid (DMA), 3-
epihydroxy mugineic acid (epi-HMA) and 3-epihydro@-deoxy- mugineic acid (epi-
HDMA) are synthesized form L-methionine throughatianamine (NA). The crucial enzyme
in this process is NA aminotransferase (NAAT) thaltes part in formation of 3" — oxo
intermediate of deoxymugineic acid (DMA) by transfeg the amino group from NA

Expression of the genes, implicated in MA biosysibgeis upregulated in case of low
iron supply. For instance, in barley the genesicalitfor sulfur uptake and synthesis of
methionine and PS are highly upregulated duringt f24 hours of iron deficiency. In
consequence, secretion of MAs from the root epideris significantly increased.
Presumably, the anionic channels or vesicles awehiad in MAs secretion into the
rhizospheré™ > The PS efficiency in mobilizing iron from soil mée impede by various
factors, such as other metals ions that can bedburPS, the soil pH, content of calcium in
calcareous soils, PS adsorption on soil partickewel as microorganism in the rhizosphere
that may cause degradation of PS. However, it wdigated that Cu has just mild inhibitory
effect on iron mobilization by PS while Zn and Manve no inhibitory abilitie$®

REDUCTION - STRATEGY | CHELATION - STRATEGY I

EPIDERMIS
o ©
AHA2 FRO2 IRT1 ?
NN AS -~ oS

PM

H* O/\O f Few @
Fed+ Fe2+ PS O Fe(lll)-PS

SOIL

Figure 2. Reduction- and chelation-based strategies usedbinysgn order to mobilize angbtake metal
from the soil. Modified after Guerinot and Yi, 1994

It was reported that the root exudates form Feectft barley may solubilize metals,
such as manganese, copper and zinc, and thus sectbair concentration in soil. This
process indicates that phytosiderophores, thataardis induced by iron deficiency, can
enhance mobilization of others micronutrients ire tthizospheré’ However, there are
suggestion that the phytosiderophores are notwedoin mobilization of Mn because of their
low affinity to this metal compared to Fe, Zn and. The experiments confirmed that Mn is
not mobilized by PS either from calcareous or acitiils?® Recent research pointed out that
MA is also involved in mobilization of Zn in Zn-defent barley. Zinc deficiency lead to
enhanced expression of genes implicated in theybibssis of MAs and results in the
increase of secretion of MAs from the Zn-deficibarley roots® It was also demonstrated
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that PS deoxymugineic acid can chelate zinc as agetither metals that can be easily taken
up by maize?

Mixed strategies

Some graminaceous species are able to combine rleroethe reduction strategy
that is common for nongraminaceous plants with FeePS complexes uptake. The good
example is rice which has the ability to transpee(lll) — PS chelates as well as Fe(ll)
similarly to Strategy | plants. It is possible besa rice has the orthologs of IRT1 —
transporters of Fe(ll) and also putative ferric latee reductases that are responsible for
reduction of Fe(lll) to Fe(ll). Rice ability to imde both responses seems to be quite logic as
rice is grown in waterlogged soil that may be rictire (II). However, there is no information
to date about other graminaceous species thab&dainduce the Strategy | as response for
high content of Fe(ll) in soff* *

Other root exudates

Protons and phytosiderophores secreted by plaetguat part of a huge group of
diverse compounds that can be released to thesygitieoe to alter the amount of soluble ions
and molecules. Their exudation is highly dependedhe nutritional status of the plant. The
root exudates have a complex composition that ceem e€onsist of over 200 various C-
containing compounds. This huge variety includeg hoolecular mass compounds, such as,
e.g. organic acids, amino acids, simple and comglgars, phenols and different secondary
metabolites. All these compounds are regarded tdahbemajority of root exudates. The
second group is constituted by high molecular massidates, such as mucilage
(polysaccharides) and proteins. Root exudates dsm eontain the root border cells,
extracellular enzymes, vitamins, fatty acids, d&raitrogenous macromolecules, such as
purines and nucleosides, as well as inorganic se@a molecules such as HCAH', H',
CO, and H. Many of these compounds present in the root éesds suggested, to be
implicated in different functions, such as altevatiof nutrient availabilities, increasing
tolerance to heavy metals or attracting rhizob#&tgr.g. amino and organic acids, proteins or
vitamins)?* 2% 3

One of the root exudates are phenols which searétyoplants is induced under iron
deficiency conditions. These compounds increasesahgility of iron, phosphorus and other
nutrients and are produced by different plants. Euflavonoid phytoalexiit and caffeic
acid®® mobilize iron from insoluble iron sources and preduced by Fe-deficietMedicago
sativalL. plants and Fe-deficient tomato, respectivéty® *

Among different root exudates are also organic sa€{dA) including citric, malic,
fumaric, succinic, aconitic, acetic, glycolic, maio, oxalic, formic and piscidic acids. All of
them were found in the root exudates of differdan{s and sometimes their presence were
linked to the low nutrient supply in the soil. Ongaacids are negatively charged anions that
react strongly with various metals in soli solutidinerefore, they increase metals solubility
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from highly insoluble soil mineral phases and tthesy have important role in acquisition of
nutrients, such as phosphorus, iron or mangaifeSe®

It was observed that nutrient-deficient maize pf¥inand barley plants under Fe
deficiency” exhibited higher exudation rates of citric and imalcids, respectively. These
reports indicate that organic acids increase tba mobility in soils by formation of Fe
complexes that either are directly taken up by oot they undergo subsequent ligand
exchangé’® Secretion of organic acid can also be a mechawoistetoxification and it is
employed by some plant species. This subject isribesl more precisely in chapter
Mechanisms of detoxification — Root exudates (4.3.)

There are also plant species that exhibit increasadlation of amino acids, for
example barley roots produce glutamic acid unden ideficiency’® However, some
experiments have strongly indicated that proteinaseamino acids like lysine, methionine,
glycine and glutamic acid secreted into the rhibese probably act minor role in mobilizing
metals from the soil. It was observed that mobiiora of nutrients, such as Mg, Ca, Na, K,
Cu, Zn, Fe, Mn, was not significant, evidencingttahility of these amino acid to complex
metals is very low?°

Interaction with microbial flora and mycorrhiza

Metal mobilization from the soil can also be aftettby bacteria and fungi
(mycorrhiza) that are living in the rhizosphereh#ts been shown that the mycorrhiza may
enhance the accumulation of selenium by g&rbad the microbial siderophores are capable
to increase the mobility of iron in the rhizosphamd thus significantly improve the iron
status in strategy | and Il plarifslt has been also reported that iron from Fe-pydiner can
be easily incorporated b4. thalianaCol*’. The microorganisms living in the rhizosphere of
hyperaccumulating planThlaspi caerulescensignificantly enhanced the availability of
water-soluble zinc in soil that resulted in incesn accumulation by hyperaccumulating
plant>®

Transporters involved in metal uptake from soil

Once metal ions become available for plants, tleycaptured by the root cells. First,
metals are bound by the cell walls which have leledivity and then they enter the apoplast
(space between the cell wall and the plasma meraprap diffusion. However, further
apoplastic transport is blocked by impermeable waygr called Casparian strip that stops
water and solutes from entering the xylem. To ctbgsplasma membrane, metal must be
transported actively by special transporters likeltannel proteins and/or"Houpled carrier
proteins:> %

Recently, a few compounds responsible for microents transport to the symplast of
the epidermis have been identified. Majority ohsporter are presumably the members of the
ZIP (ZRT - the zinc-regulated transporter, IRToniregulated transporter -like Protein) and

the Nramp (natural resistance-associated macrogiragein) family.
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Once reduced, iron (ll) is transported across pgasmembrane of the root epidermis
primarily by a high-affinity transporter IRT1 (IroRegulated Transporter) that is member of
ZIP (ZRT IRT-like Protein) metal transporter famtfy?* The IRT1 (AtITR1) is the main root
iron transporter irA. thaliang however, it has been reported that AtITR1 cap #&lansport
Zn, Ni, Mn, Cd and Co. The additional root epidertnansporters for these metals are still
unknown but the studies on mutants indicated thdeuiron deficiency AtIRT1 is the main
transporter for Mn, Zn and Cb.Another transporter — IRT2 was found in the rqutlermal
cells of Fe deficient plant and it has ability tartsport namely iron and ziAt Recently, an
IRT1 ortholog — HVIRT1 was identified in barlepH@rdeum vulgare and heterologous
expression in yeast showed that HvIRT1 is capableansport Fe, Mn, Zn and CdOther
orthologs of IRT1 — LelRT1 and LelRT2 that were ntiked in tomato ycopersicon
esculentumplants have, similarly to HvIRT1, ability to trsport wide range of metals, such
as Fe, Zn, Mn and Cl.These research shows that response to iron deficimay lead to
accumulation of other metals that can by potenttaikic (e.g. Cd).

Proteins that are responsible for Zn uptake forihage yet unknown. There are some
studies on zinc transport from the soil to root gfeow thatA. thalianaZIP1, ZIP3 and ZIP4
proteins can increase acquisition of zinc in ys#stin defective in Zn uptake. It suggests that
these proteins may be involved in zinc transpdne €xpression of ZIP1 and ZIP3 takes place
in root under Zn deficiency suggesting that theaesporters can be involved in Zn transport
across plasma membrane of the root epidermis. BIBApressed in both roots and shoots and
probably it transports Zn intracellularly or betwegant tissue&' Opposite to iron and zinc,
copper is primarily taken up as Cu(l) and thengpamted via COPTL1 transporters in plasma
membrane. COPT (copper transporter family) protaires theA. thaliana orthologs of the
yeast transporter CTR1 and they were found to begupated in plants under copper
deficiency?®

In plants using Strategy Il for metal uptake frowil,sthe YSL (Yellow Stripe)
proteins family is regarded as metal — phytosideoogs transporters. The well-known
member of YSL family is YS1 (yellow stripe 1) froomaize and is responsible for
transporting Fe — PS complexes. The ZmYS1 pro@ia@expressed in roots and leaves of Fe-
starved plants that suggest that YS1 may be indaiventercellular transport of iron. In rice
the closest homolog of ZmYS1 is OsYSL15 (yellowpstdike) which is the primary Fe(lll) —
MA transporte: 2% It was shown that ZmYS1 protein is capable to gpamt various
phytosiderophore complexed metals including Zn, Riuand at the lower rate also Mn and
Cd*? Thus, similarly to IRT1 in nongraminaceous speciaYSL1 is able to transport broad
range of metals even those that can be potentatig for plants.

2.2. Intercellular transport

In order to control the uptake of metal ions anifledent molecules from soil plants
developed a cell layer, called endodermis, thatosunds the vasculature. The characteristic
feature of endodermis cells is local thickeningcpth on their transverse cell walls. This
structure is known as Casparian strip and cont#ies polymeric molecules: lignin and
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suberin. The Casparian strip plays the role of fusion barrier that prevents water and
nutrients from entering the water-conducting systbnough the apoplast. For this reason
metal ions are forced to pass through plasma mermabaad cytoplasm of the endodermal
cells that act as selective diffusion barrier to Ibaded to the vasculatuté.An active
transport allows metal ions to reach the symplaspace where they can be transported via
plasmodesmata to the inner cell layers to be aettieloaded into the vasculature. Into the
xylem, metals are loaded actively via different nbeame transport proteins. The next stage is
metal transport by the transpiration stream togheot tissues. However, seeds and young
leaves cannot be fed by transpiration stream aaddirce of essential elements for them is
phloem. Metals are transported in xylem and phleamp in form of stable complexes that
prevent metal precipitation from solution or adsiom to the cell walls. The processes of the
vasculature loading and unloading are crucial fetattransport in the plaft.?

The transport from roots to shoots is taking plecgylem. Metals are effluxed into
the xylem via various transporters. Zinc is loadetb the xylem by the heavy metal
transporters HMA2 and HMA4 that are heavy metal A3é% and were found in the plasma
membrane of root cells and in shoot vasculatti@opper efflux to the vasculature seem to be
also connected with HMA family transporters. It ved®wed that HMAS is mainly expressed
in the roots under condition of copper excEs$iMAS5 is likely also involved in Cu
translocation from roots to the shoots. The trartsp® responsible for loading iron to the
xylem have not been yet identified.

Metals are probably transported to the xylem afediht complexes. The proposed
ligands are for example histidine, nicotianaminecitnate. Iron is most likely transported as
citrate or NA complex to the xylem, however, comieg pH of xylem (pH 5.5) the most
favorable form is Fe — citrate compl&x.

In the xylem coexist a low molecular chelatorseflgydrated metal cations and metal
chelates which are in pH-dependent equilibrium watth other and also with stationary
metal binding sites in the cell wall of xylem vessg It is known that inside the xylem
Fe(lll) is bound to citrate that prevent its preét@pon on the apoplast walls. It was also
reported that FRD3 (ferric reductase defective)mamber of the multidrug and toxic
compound extrusion (MATE) family, is expressed he root vasculature and is responsible
for citrate efflux and transport in the xylem. Theprocesses are important for iron
translocation to the shoots as iron is transpomethe xylem in form of a ferric-citrate
complex?® The FRD3 orthologue — OsFRDL1 was recently foumdide Oryza satival.).
The research indicates that in the xylem sap @ inan is present as Fe(ll) and Fe(lll) that
suggests partial oxidation of Fe(ll) to Fe(lll) mot cells before loading into the xylem.
Additionally, the loss of OsSFRDL1 leads to decremsé&e(lll) concentration, because of its
precipitation in the central vascular part, but moEe(ll) concentration. It suggest that there
are additional chelators besides citrate for Fe@sport in xylem sap€.

The studies on copper transport in vasculature stlavat amino acids are the most
important long distance copper complexing compoundlmong them, histidine and
nicotianamine are the most common as it was shammBifassica carinat&, chicory and
tomatd”®. In the xylem ofBrassica carinatathe major amino acid was nicotianamine while
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histidine and also proline played important rolecopper chelation under conditions of Cu
exces$? It was also shown that excess or deficiency opeoped to enhanced concentration
of other amino acids, such as threonine, glutanmmethionine, asparagine, valine, glycine,
leucine, phenylalanine, glutamic acid apdminobutyric acid in the xylem sap of different
plants?® ** The primary ligands in xylem saps responsiblezioc and nickel transport are
citrate and histidiné’ In xylem saps of hyperaccumulating plants metaltma present as free
hydrated ions or/and can be chelated by differegands. The studies on Zn-
hyperaccumulatofhlaspi caerulescenshowed that in the xylem saps zinc was transported
mainly as the free hydrated Zrion>° Similarly to zinc, cadmium was present primarity i
the free ionic form in the xylem saps of the Cd<mgzcumulatorArabidopsis hallerf?
Additionally, both zinc and cadmium were found ® dpordinated with organic acids in the
xylem saps, however, the amount of Zn and Cd imfof metal-organic acid complexes was
minuscule’® >t

As it was mentioned before, the transport from gsdotseeds and young leaves takes
place in phloem. It is thought that in phloem metake transported as chelates with
nicotianamine that has been found in all highemgglalt has been shown that metal
complexation by DMA dominates at acidic pH valuésdicates that this non-proteinogenic
amino acid can be important xylem chelator, wheosasplexation by NA is most favorable
at alkaline pH value¥: Thus, is believed that the metals complexatiorNByprevent their
precipitation in the alkaline phloem sap. Howevecent research shown that in ri€aryfza
sativalL.) phloem sap the main low molecular weight irelator is DMA, indicating that
this compound can be also important in iron trarnsipophloem?®® It was also suggested that
DMA may bound mostly Fe (I} whereas another research indicated that nicotiareais
an effective chelators for both Fe(ll) and Fe(lAdditionally, it was reported that complexes
Fe(ll) — NA are kinetic stable and they do not aidize to Fe(lll) — NA at physiological pH
values®® The iron transport form xylem to phloem presumai#guires the exchange of
ligands as in xylem iron is present in form of Feitrate complexes and in phloem it was
found to be complexed by NA and DMA. The exchanfée® from citrate to NA occurs
likely at pH 5.5 and after the ligand transposititimee complex Fe — NA is transported via
specific NA — metal complex transportér.>® Studies on transgenic tobacco and tomato
(Solanum lycopersicunmutant ¢hloronervg showed that nicotianamine plays an important
role in transporting different metals, such as ,iminc and copper, to young leaves, seeds and
reproductive organ¥: *° Likewise in rice phloem saps, zinc was found tocoenplexed
mainly by NA not by other possible chelates, sustamino acids® It was also reported that
in A. halleri depleted accumulation of NA in roots reduced digamntly zinc
hyperaccumulation. These results suggest that NAnismportant Zn chelator that forms
complexes with this metal in roots. In this way, Ngkilitates zinc transport in xylem .
halleri.>® The results obtained in different research prejéuticate that nicotianamine is the
major ligand for zinc and is crucial in long-distanand intercellular transport of this metal in
plants. Therefore, NA can be regarded as an impoptayer in zinc homeostasis in plants.

To date, the transporters implicated in loading amdoading phloem are not
completely known. Presumably, they are membersi®@MSL (Yellow Stripe) group that is
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subfamily of the oligopeptide transporters (OPTifg. YSLs are believed to take part in the
iron translocation from the xylem into the phloethe long-distance transport of Fe-
complexes and also in iron loading from senescEauds to be then transported to the flower
and loaded into the developing seeds. YSL are lhgsited to transport metal — NA
complexes in non-grasses while An thalianawere found eight members of YSL family.
Three of them, AtYSL1, AtYSL2 and AtYSL3 were chetexrized, however, AtYSL1
(Yellow Stripe 1-like protein) seem to be the b#escribed transportéf.

AtYSL1 is localized in the shoot vasculature, flesjeyoung siliques, pollen grains
and developing seeds. Similarly to AtYSL1, the ABS(yellow stripe 3-like protein)
transporter is also expressed in the shoot vasgelathe study or\. thalianashowed that
YSL1, YSL2 and YSL3 have important role in Fe, Gl &n remobilization from leaf tissues
as well as metal loading of the seeds. Additionallyvas shown that metals are provided to
the leaves, pollen and developing seeds as metdA—complexes?® *° Recent studies
revealed that AtYSL1 and AtYSL3 play important rale reproduction. In leaves, their
expression is necessary for normal fertility andnptete seed development while in
inflorescences, the presence of AtYSL1 and AtYSd 8rucial for proper metal loading into
the seeds It was indicated tha\. thalianaorthologs — ZmYS1 and OsYSL2 also play an
important role in metal distribution via the phloedAmYS1 was found to mediate transport of
phytosiderophore (DMA) bound Fe (lll), Zn, Cu andas well as transport of Ni, Fe(ll) and
Fe(lll) complexed by nicotianamirfé.OsYSL2 from rice Qryza satival.) was found to
transport Fe(ll) — and Mn — NA complexes in phlo®rihis research indicates that YSLs are
presumably essential for metal — NA, especiallyNPe-delivery to the developing seeds.
This indicates also that seeds require not only abalability of NA to undergo normal
development but also specific metal-NA transporterRecently, it was reported that
A. thalianaAtOPT3 protein, the member of the family that ud#s ZmYS1 and the AtYSLs,
is expressed in pollen, the siliques vasculatuckiardeveloping seeds. It may serve a role in
loading iron of the seeds and thus having an eissealke in embryo developmeft.

In rice, the OsIRT1 which is expressed in the pmaé# roots and shots, is believed to
transport Fe(ll) into the phloem where it is conxele by NA? In rice Oryza satival.), the
OsZIP4 protein is suggested to be involved in manslocation throughout the plant. It likely
includes Zn loading in to the phloem where it igidédy bound by nicotianamine, regulation of
its supply in the developing leaves as well asltimg-distance transport from old to young
leaves®®

2.3. Intracellular transport — trafficking and sequestration

Via xylem and phloem metals are transported tcedbffit tissues where they have to
be distributed properly to different cells and & tcell level to different organelles. The
metal trafficking depends on organelle as each cefthpartment has different nutrient
requirements. The process of metal ions distrilbbuwthin the plant cell aims at maintaining
the proper concentration of metals in organelldgeyTensure efficient delivery of metals to
all compartments that require metal ions in diffem@etabolic reactions as well as dispose the
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excess of essential and non-essential metals te@®mlpartments, such as vacuoles, that are
responsible for safe storing of metals. The prezess metal loading and unloading in
different compartments are mediated by various sparters (Fig. 3). However, the
information about the transport and storage formswall as proteins involved in metal

transportation are very limited to dafe?" *

Figure 3. The membrane distribution of Cu, Fe and Zn trantgpsiin different compartments of plant

cells. The arrows show the direction of metalsgpamt while the colour of arrow represents proposed

transporter of: Cu — blue; Fe — red and Zn — gr@emy the major metal substrates are shown for each
transporter. Modified after Grotz and Guerinot, @60

Vacuoles are important organelles in metal ionsussijation as they can store the
excess of essential and toxic metals. In seedg,dlas role as an initial store of metals that
can be used by plants during the time when thelmptake form the soil is not possiltelt
was reported that vacuoles act as the most imgoiram storage compartments in seeds of
A. thalian&® as well as in leaf and root cells of tomatgdopersicon esculentuMiill.) ®*.

Apart from storing iron, vacuoles are also ableclease iron as a response to changes
in cytosolic iron concentration. IA. thaliang Fe(ll) was found to be transported to vacuoles
via VIT1 (Vacuolar Iron Transporter 1) transportefbey are expressed in the vasculature of
the roots and shoots especially during embryo aedl slevelopmert. It was shown that
disrupted structure of these transporters imphgsptroper iron distribution in the embryo and
thus leads to disorders in seedling developrfient.

Unlike VIT1 that loads iron into vacuole, thfe thalianaNRAMP3 and NRAMPA4,
placed in vacuolar membrane, are responsible fdvilmation of iron out of the vacuole.
Their expression was found to take place in vasetdaand is upregulated under iron
deficiency. It was also reported that iron storagevacuoles is strongly connected with
nicotianamine. NA that is an important chelatothia intercellular transport, seems to be also
required in the intracellular transport. NA was riduin the vacuoles and presumably is
chelating iron there, in order to retain it in dutde form and probably to transport it in and
out of the vacuole. There are even two transportersSL4 and YSL6 that could be
implicated in Fe — NA complexes transport througituolar membran: 2 2|t was also
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proposed that NA may protect the cell from oxidatstress by chelating Fe(ll) that can be
easily oxidized to Fe(lll) and thus leading to Peflequestration in the vacuole in form of
Fe(ll) — NA complexe§>

The studies or. thalianashowed that in seed vacuoles iron seems to be legatp
with phytate, not with ferritin as it was previoysuggested and Fe — phytate is presumably
the main storage form of iron . thalianaseed$? Additionally, zinc was also found to be
complexed with phytate in the vacuoles of the embagd endosperm iA. thaliana Zinc
transport into the vacuoles is mediated by membéithe MTP (Metal Transport Protein)
family — MTP1 (called also ZAT1 — zinc transporiar A. thaliang and MTP3 that are
localized to the vacuolar membrafie®” The studies or. thalianashowed that AtMTP1 is
localized in the tonoplast (vacuolar membrane) ignidivolved in the zinc tolerance in this
plant species. The Zn tolerance mechanism is basedcuolar sequestration of excess Zn in
the cytoplasm and the AtMTP1 is a key element is finocess. For this reason AtMTP1 is
essential to maintain Zn homeostasis and to promant tissues form high zinc
concentration&®

It was reported that MTP1l in hyperaccumulating pldrhlaspi goesingense
presumably plays an important role in zinc hypewawnglation. This protein is localized in
vacuolar membrane in shoot tissued ofjoesingenselants and probably is involved in zinc
transport into vacuole and thus is responsibleZfotolerance and enhanced accumulation of
this metal®® However, the transporters responsible for zinaspart out of the vacuole have
not yet been identifietf

Vacuoles are also the storage compartments forlmeRC chelates. Recently, the
studies orA. thalianarevealed that two ABC transporters — AtABCC1 atdRBCC2 that act
as the vacuolar transporters that are implicateatienvacuolar sequestration of Cd(ll)-PC and
Hg(Il)-PC. These transporters mediate the transpbrthe metal — PC chelates into the
vacuole and for this reason they play an impontalatin Cd and Hg detoxification process in
A. thaliana Additionally, under the conditions of AtABCC2 amke the AtABCC1
transporter is able to support fully mercury androm detoxificatior?’

Chloroplasts have an enormous requirement for ameh thus approximately 90% of
iron in plants is localized in these organellesnitakes part in electron transport in the
chloroplasts but also is required for synthesishibrophyll, heme and Fe-S clustérginc
and copper are also important elements in the cplasts because they function as cofactors
for superoxide dismutases (SODs). SODs are eskénmti@mevent free radical produced in
electron transport chain from damaging the cele Tlansporters involved in metal transport
into the chloroplast are not fully known but there a few candidates that may act this
function®® Recently, it was reported that the permease P&t Ibcalizes in the inner
envelope of the chloroplast is responsible for itcansport into chloroplast and hence is
critical for iron homeostasis in plastid and norncaloroplast development. It was also
suggested that PIC1 may be involved in other pgesesuch as Fe export or Cu transport in
and out of chloroplast,

In vacuoles, two members of NRAMP family are impattin iron mobilization out of
vacuole. In chloroplast, another member of thisilarmNRAMP1 appears to have significant
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role in transporting the excess of iron to the fidasto prevent its toxicity® It was indicated
that presumably part of cellular iron is traffickemthe chloroplast in Fe(lll) form and then
reduced to Fe(ll) by ferric reductase FRO7 whichswaund to be expressed in the
chloroplast membrane. Experiments on purified gdaroplasts showed that Fe(ll) is more
favorable form to be transported across the inngelepe of the chloroplasts. It is suggested
that inside the plastids ferritins (FER1, FER2, BEARd probably FER4) are responsible for
maintaining iron homeostasis. They likely seque#ter excess of free metal ions that can
cause oxidative stress. It can be especially inapbinh leaf plastids where free iron bound to
ferritins cannot move to flowers causing their dgess”

The molecules responsible for copper transporhlaroplasts are the P-type ATPases
of A. thaliana the PAA1 (HMAG) and PAA2 (HMA8) and HMA1l. HMAG ishought to
transport Cu in to the chloroplast stroma wheredAB is believed to be active on the
thylakoid membrane. The HMAL is localized in théocbplast envelope and is also involved
in maintaining copper homeostasis in chloroplats.

Similarly to the chloroplasts, mitochondria alsayuge iron and copper for the
respiration and synthesis of heme and Fe-S clusibesexperiments witatm1yeast mutants
showed that STA1/AtATM3 irA. thalianathat is an ortholog of the yeast ATM1p may be
involved in the export of Fe-S clusters from thdatdiondria. Unfortunately, ATM3 is the
only identified iron transporter in mitochondria Af thaliana and the other transporters
implicated in iron import still remain unknow.?* Iron homeostasis in the chloroplast must
be strictly controlled to prevent oxidative damagegshe cell. The important role in this
process play iron sequestering proteins, such rasirfeand frataxin, that were found in the
mitochondria ofA. thaliana’® " Ferritin FER4 and frataxin were found to play asential
role in mitochondria of reproductive organs andspreee of frataxin in embryo mitochondria
is essential for its development. The importancé&atbxin in mitochondria is based, first of
all, on iron sequestering and, second of all, ordiateng iron delivery to Fe-S cluster
assembly scaffold’

In maintaining zinc homeostasis & thalianacells are implicated two members of
the HMA family — the HMA2 and HMAA4. It was reportéldat HMA2 and HMA4 function as
membrane proteins and they may be involved not anlginc homeostasis but also in Cd
transport within the plant. It can be part of défication mechanism developed by plant and
based on Cd transportation to specific tissuesgarelles and its further sequestrafion.

Concerning the intracellular transport, it is imjaot to mention the soluble metal
receptor proteins named metallochaperones that playimportant role in metal ions
trafficking inside the cells. The role of metallagerones is to deliver the metal ions to
certain location in the cell where they are therolned in different metabolic processes. For
example, metal ions can be transported by metajoetones to the enzymes that employ
certain metals as co-factors and additionally émeeal in different intracellular locatiols.

The interaction between metallochaperones and setate described very well for
copper. It was observed thatvitro, majority of copper enzymes is able to acquire thetal
without any help of metal transporting proteinswéwer, completely different situation was
observedn vivo where the presence of auxiliary proteins was resggsor normal function
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of copper enzymes. This is caused by very low cainagon — 10*®*M of total cytoplasmic
“free” copper (aquo Cu(l) or Cu(ll) complexes) thatmuch less than one atom of “free”
copper per cell. It means that all cytoplasmic @pp bound by different small molecules
and specific copper proteins. For this reason, géonvolved in metabolic processes, first
copper has to be released from these chelatesdfidydransported by various proteins to the
different enzyme$® There were also attempts to estimate the condimtraf cytosolic “free”
zinc. At the end, they brought the wide range ©&&f zinc concentration, between™16
10*2M, depending on the approach that was used. ThiestonEscherichia colirevealed
that metalloregulatory proteins are saturated at‘fiee” zinc concentration of around 10

M that is a few orders of magnitude lower than ¢bacentration of single zinc atom in the
cell. This result suggests that the pool of “freaic ions does not exist in the cell cytoplasm
under normal growth conditions. It was also suggg$hat zinc, similarly to copper, is bound
to metallochaperones during the trafficking witttie cell*’

Concerning copper, to date, there are three dispathways of trafficking of this
metal described in literature. The metallochapescare implicated in copper delivery to the
mitochondria, within this organelle and to the Galgmpartments and also in maintaining
copper homeostasis in the chloroplasts (Ohalloef0). It was proposed that two Cu
chaperone COX17 and SCO1 may be responsible fotr&sport and incorporation into
cytochrome oxidase in mitochondria. In yeast COXd1ocalized to mitochondrial inner
membrane space and cytosol while SCOL1 is presesit ifju inner membrane of the
mitochondria. It was proposed that COX17 may ptdg of shuttle protein that delivers Cu to
mitochondria while SCO1 probably directly transférs to cytochrome oxidagé.”

In copper delivery to the Golgi compartments isolwed protein ATX1 that pump Cu
into the lumen of the Golgi. Thus, copper can blved in different enzymes, however, the
main targets are P-type copper transporters. Istyeapper chaperone ATX1 binds one
copper ion via two cysteine residue. The dockin@ofATX1 complex to copper transporter
is based on physicals interaction of ATX1 with tR€X1-like domain of the Cu transporter
and also on electrostatic interactions between AWXich “face” is positively charged and
copper transporter which contains negatively chéirgsidue as it is shown in Fig. 4.

Cu-Atx1 Apo-Atx1

==xSH SH
=4s—Cul- ~

O W

e
—

Apo-Ccc2 domain Cu-Ccc2 domain

Figure 4. Proposed mechanism of copper transfer from ATXC¢02!*

Copper transfer from Cu-ATX1 complex to the P-typetal transporter is also shown
in Fig. 4. The proposed mechanism involves attddke cysteine of Cu transporter on Cu(l)
that is in the center of ATX1. In the next stagdakes place formation and decay of two or
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three intermediates that contain Cu atom in thdeceand finally cysteines of ATX1 that
coordinated Cu at the beginning are replaced wigeines of the Cu transportér.

The metallochaperones can be involved also in raiaiimig copper homeostasis in the
chloroplasts, especially the copper chaperoneuper®xide dismutase 1 (CCS1) that delivers
copper to copper- and zinc-requiring enzyme SOD{eifTfunction in plants is not fully
known but it was suggested that presumably CCShtaias the proper level of copper for
plastocyanin and superoxide dismutases in chlostgfta ">

The knowledge on intracellular copper traffickirggviast, however, presumably there
are analogous proteins responsible for traffickiigpther metal$® It was reported that in
yeastSaccharomyces cerevisiago proteins Isalp and Isa2p may act as the irapeftones.

It was shown that Isalp is present in mitochondmalkrix while Isa2p is localized to the
mitochondrial intermembrane space and suggestédhése proteins may be responsible for
iron delivery to sites of the Fe-S cluster assembRecently, it was reported that HIPPs
(heavy metal-associated isoprenylated plant prefeire metallochaperones that are involved
in have metal homeostasis and/or detoxificationeyTehow ability to bind wide range of
metals including Cu, Ni, Zn, Cd, Hg and Pb as tbegtain metal binding domain. To date,
HIPPs were found to be present in the cytosol, namgs and also in cell nuclels.

2.4. ldentification and modeling of low molecular veight metal complexes in plants

The studies described in previous chapters repattdifferent low molecular ligands
can be involved in metal transport within the plafhey involve nicotianamine that was
shown to play an important role in transport ofaté&nt metals such as iron, zinc and copper
in xylem and also to young leaves, seeds and reptiv@ organs in different plant
specied? °2 3 3455 59 ther reported ligands are histidine, DMA andatiérthat appear to be
important chelators for different metals metal (&g, Cu, Zn or Ni) in various plant
Specie§.9’ 22,48, 49, 53

Concerning the high metal tolerance mechanismg/petaccumulating plant species
(described in details in chapter 4.5.), it was regabthat histidine is one of the most important
amino acids involved in hyperaccumulation. It isused by its ability to form stable
complexes with Ni, Zn and Cd. Histidine is respobfesifor nickel tolerance in Ni-
hyperaccumulating plants such Al/ssum lesbiacumA. murale, A. bertolonif® Thlaspi
goesingensé® and Zn homeostasis in Zn-hyperaccumulatbinlaspi caerulescen$
Nicotianamine seems to be also implicated in mefalg. Zn and Ni) tolerance in
hyperaccumulating plant§® **> **®0rganic acids such as oxalic, malic, citrate andatea
were also found to be involved in metal detoxificatand tolerance mechanism in different
hyperaccumulating and non-accumulating plafit§?: 124 27

Apart from these studies, there is much more wtnks are focused on identification
of low molecular weight ligands that can be impiech in metal transport, storage and
detoxification. Some of them concern also analgéimetal-ligand standards and modeling of
low molecular weight metal complexes in plants.
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The studies on Ni-hyperaccumulating and non-accatimgl Iberian Alyssum species
revealed that in hyperaccumulators nickel was mgastbred in vacuoles in form of water-
soluble polar complexes. The analysis of purified tbmplexes using gas-liquid
chromatography showed that nickel is mainly assediavith malic and malonic acid
suggesting that these organic acids (principallylianaare presumably involved in
hyperaccumulating mechanisms allowing plants ter&té high concentrations of nickel in
soil.”® The research on Ni accumulating plarfsychotria douarreiand Phyllanthus
serpentinugevealed that 63% and 40% of nickel in these plaras also complexed by malic
acid, respectively. Additionally, ifPhyllanthus serpentinuspecies another organic acid
responsible for complexation of 42% of nickel wigtentified as citric acid® The analysis of
purified leaf extracts of the Ni-hyperaccumulatipignts Dichapetalum gelonioidesubsp.
Tuberculatunshowed the presence of citric acid, malic acid dsb traces of tartaric acid.
The extract contained 18% of Ni, 24% of citric aaitl 43% of malic acid that gave the mole
ratio of Ni:citrate:malate as 1:0.4:1. The chrongaaphic analysis revealed the presence of
two species containing nickel. The comparison wille chromatograms obtained for
standards (agua-Ni complex, Ni-citrate 1:1 complkmalate 1:1 complex and Ni-citrate-
malate 1:0.4:1 mixture) showed that the first peakresponds to nickel complexes with
citrate and/or malate and the second is the aqu@pidplexes. The results discussion in terms
of the stabilities of Ni complexes with citrate amalate showed that Ni-citrate (1:1) complex
is the most stable, however, the amount of citimt@sufficient to complex all nickel. The
possible presence of mixed complexes Ni-malatateitvas ignored as the stabilities of Ni-
malate (1:1) and Ni-citrate (1:2) complexes are gmthat this complex is unlikely to be the
major one. The analysis of crystals obtained frdme WNi-citrate-malate solution that
mimicked the extract, using X-ray crystallographgyvealed the presence of Ni-citrate
complexes?

The analysis of xylem saps of apple shoots showatldbout 50% of total soluble
calcium was present as a complexe with citrateraalhte. The complexation of Ca by citric
and malic acid presumably prevents or reduces ptigorof this metal at negatively charged
sites and enhance its mobility in the xyl&hThe citric acid was also found to complex iron
in xylem exudates of tomdtoand soybedh. It was suggested that this complex is the major
form of iron in xylem fluids of soybean and in thigem iron is feasibly translocated within
the plant? In case of studies on tamoto, the competetive raxpeats were performed. They
showed that only iron was present in xylem sapBeasitrate complex while other metals —
Zn, Co and Mn were present in uncomplexed form. él@w, it was suggested, taking in to
account the stability constans of the citrate cexgs of Co, Zn and Mn that these metals can
migrate also in complexed forffi.The studies on xylem exudates of soybean and tomat
revealed the presence of wide range of differegamic and amino acids. In xylem saps of
soybean four organic acids — citric, maleic, male malonic had the highest concentration,
however, citric acid was the major one. Conceriteggtomato, there were only three organic
acids — citric, maleic and malic found in xylem dates, however, the maleic acid was
present in the greatest amount. There were alsptywe/o amino acids identified in xylem
saps of these two plants. In soybean xylem exudstparagine was the most concentrated
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amino acid while in tomato glutamine was the majoe. In tomato xylems saps also two
other amino acids — asparagine araminobutyric acid were present in great amd&fint.

Apart from attempts to identify metal complexes plant fluids, also computer
simulations were performed to predict presence afous metal species in plants. The
computer program CHELATE was used in aim to cateuldl equilibrium species, such as
free metal ions, metal complexes or other metatispan xylem fluids. Six metal ions were
taken in to account and their distribution in xylsaps of soybean and tomato was calculated.
The obtained results indicated that majority ohiie complexed by citrate in both soybean
(99.5%) and tomato (96.3%) xylem saps. Concernopper, this metal is mainly bound to
asparagine (82%) and histidine (15%) in xylem exeslaf soybean while in tomato three
amino acids — histidine, glutamine and asparagnee chelating 48%, 25% and 23% of
copper, respectively. In this system neither copper iron exist as hydrated ions as
approximately 100% of these metals is bound tcedhffit ligands in xylem saps of soybean
and tomato. Zinc, manganese, calcium and magnearentomplexed mainly by citrate in
stem exudates of soybean. However, malate and atal@me also involved in complexation
of these metals but in less extent than citratecase of tomato xylem exudates, zinc and
manganese are bound mainly by citrate and malawever the amount of these metals
complexed by citrate is smaller than in xylem sapsoybean. Calcium and magnesium are
present mainly as hydrated ions in stem exudatésnoéto. Only the small amount of these
metals is complexed by citrate and malate in xyténtis plant®
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3. Toxicity of metals

Among 35 metals that are regarded as potentialge@us for environmental health
23 are called heavy metals. The group of heavy emsnincludes antimony (Sb), arsenic
(As), bismuth (Bi), cadmium (Cd), cerium (Ce), amiam (Cr), cobalt (Co), copper (Cu),
gallium (Ga), gold (Au), iron (Fe), lead (Pb), mangse (Mn), mercury (Hg), nickel (Ni),
platinum (Pt), silver (Ag), tellurium (Te), thalka (TI), tin (Sn), uranium (U), vanadium (V)
and zinc (Zn)°. Some of these metals, such as alumiffurarseni€’, mercury® lead or
cadmiunt®, are nonessential for plants. However, as a resulindustrial, mining and
agricultural activities, deposition of sewage skeidigurning of coal and oil as well as use of
the phosphatic fertilizers and pesticides, theyabex widespread and bioavailable for plants.
Hence these elements (As, Al, Hg, Pb and Cd) ansidered as the most common heavy
elements that cause toxicity in plants. Other heangtals such as iron, copper and zinc
function as micronutrients and are required by tslam extremely low concentration.
However, human activity contributed also to thevated concentration of these elements in
water and soil resulted in the potential toxic effeof these essential metals on pl&htS.

The heavy metal content varies between differeamtpbrgans as well as organelles.
Concerning various organs, the concentration ofilaatecreases in the following sequence:
root > leaves > stems > inflorescence > seeds. Menwéhe changes in metal concentrations
in different plant parts may be observed and thepedd on plant species and also on the age
of plant organ. The metal content is the lowesseeds because the seed coat is the first
barrier for metals in germinating seeds. Decreasiogcentration of metals can be also
observed in cells and it follows the pattern: ostll > vacuoles > golgi apparatus >
endoplasmic reticulum > nucletfs.

Most of the metals can be readily taken up by pgfanshowing thus huge
bioavailability referred to as availability for @ghte into plants. However, there are metals that
have very low solubility in soil and thus their Bi@ilability is very low as well. It causes that
these metals can not be practically taken up bytplaAmong these metals is lead that is one
of the soil contaminants and is present in somasaireimmense quantities. However, its low
solubility and strong interactions with the soilfgdes cause that lead is hardly available for
plants. Unlike lead, cadmium can be taken up bwgtplaery easily. Therefore, this element is
of particular concern as its huge bioavailabilitayrlead to introduction of Cd to the food
chain®® Besides the differences in bioavailability of wars metals, there are also a few
factors that can influence the metal fraction aldé for plants. These factor include the soil
aeration, pH and cation-exchange capacity, presehother metals, bacteria and fungi as
well as plant species and chemical form of heaviahi

Once the metal is absorbed by plant, it undergakésreht interactions within the
plant. They may cause, for example, growth redactgnich is the most common visible
symptoms of metal toxicity. However, the symptoike growth inhibition or changes in cell
structure are just a side effects of direct modeaofion of metals that is on plant
metabolisnt?
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Metals can be bound to the cell wall or enter thik ¢n both cases they interact with
the functional groups of different molecules likelysaccharides, proteins and nucleic acids.
Many heavy metals have high affinity for ligandsn@oning sulfur, therefore, they easily
form binding with molecules comprising SH-groups;ls as proteins and enzymes. They may
also substitute other metal ions that are alreagiynt to functional groups of various
molecule&®, such as copper, that can substitute magnesiwhlanophyll molecules and thus
decreases photosynthesis efficiedtietal interactions with proteins lead to the chesiin
the native conformational structure of protein dhds to its impaired function. Metals can
also block the SH-group in enzyme structure andknitasactive site that leads to the enzyme
inactivation and at the end to disruption of mangtabolic processes. The examples are
copper that inhibits ATPase activity in the plasmembrane in roots dea may¥ and acid
phosphatase activity iDeschampsia cespito§aand also two other heavy metals — lead and
cadmium that are well known as inhibitors of enzgnaetivity as they react with enzyme
sulfhydril groups:* 8 Metals interactions with the cell wall polysacddas decrease the cell
wall plasticity causing metabolic disorders andméitely growth inhibitiorf® Heavy metal
may also cause genotoxicity when they interact veigi nucleus. Metal binding to the
nucleus results in modification of DNA base, intand intramolecular crosslinking of DNA
and proteins, breaks in DNA strand, rearrangemamdsdepurinationi®

Apart from interaction with different molecules,awy metals are also involved in
production of reactive oxygen species — ROS théige the oxidative stress in plants. There
are different mechanisms of generating ROS. Meatafsbe involved either directly in ROS
production by taking part in Haber-Weiss reactionndirectly by disturbing some metabolic
processes that in consequence leads to overprodwaftROS and oxidative stre¥s®

The activation of reduced forms of oxygen consiéta few stages that can be shown
in simplified way. At the beginning of this processolecular oxygen accepts electron from
different molecules as well as metals such as aod copper that have often unpaired
electrons becoming oxygen free radical. In the ¢age, oxygen free radical is reduced to
superoxide (@) or hydrogen peroxide @®,) during various intracellular reaction. These
two molecules are not very reactive but undergotaper-Weiss reaction that can be
catalyzed by metals (e.g. Cu and Fe) they form dwgrradicals {OH). These radicals are
highly reactive and are regarded as source of majoirthe oxidative damages in biological
systems?® %

Heavy metal may also impede some metabolic prosdhlse results in the generation
of free radicals. Mercury (Hg) toxicity in planteads to the perturbation in biomembrane
lipids and cellular metabolism. They are causeddactive oxygen species generated as a
side effect of mitochondrial activity disruptionsdiuced by mercur¥? Production of free
radical is also a response to the photosyntheiibition caused by copper (Cu) and results in
oxidative damages that accelerate leaf seneséénce.

Generation of reactive oxygen species may alsonteced by other heavy metals,
such as lead, manganese or ZiElowever, it always leads to highly dangerous égfem
plants, such as damages of macromolecules, metaddtdrations and at the end disruption of
cell homeostatsi® ROS can cause oxidative modifications of free an@inids and proteins
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leading to denaturation of the latter and genematb protein hydroperoxides that through
interactions with heavy metal ions may produce tmiutl radical$® °° Reactive oxygen
species, especially hydroxyl radicals, may be geedr in the DNA vicinity with the
participation of metal ions and lead to metal-ireti®NA alterations. ROS may also induce
production of the premutagenic adducts or add Hhatto DNA base or remove them from
DNA backbone. All these interactions may impair DIRctions and increase its propensity
for genetic mutations and alterations in transimipt® *° Metals such as copgeand iron®
together with oxygen are involved in lipid peroxida that have crucial structural and
functional role in the cell membranes. Changeshia tell membrane structure lead to
increased membrane permeability and inhibition efrhrane transport proteins and enzymes
that disrupts ion homeostasis in cytoplasm. The brane destruction may lead ultimately to
the cell deatfi® *°

Heavy metals can also decrease the uptake of maa-microelements by being
involved in one of two well-known mechanisms. Thestf mechanism — physical and
chemical — depends on the size of metal ion rddis mechanism can be observed for
cadmium ions (Cd) which have similar radii size to zinc (Zhand calcium (C4) and thus
decrease the uptake of this two eleméhfEhe same mechanism was observed for hydrated
zinc ions that caused iron pdeficiency in some plant specfe$he second mechanism is
based on the metal-induced disorder in the cell brane that lead to alteration in membrane
enzymes activity and membrane strucflir@he excess of copper impedes the activity of
membrane enzymes results in enhanced potassiunx éffat causes damages in the cell
membrane and inhibits the root elongatidPlants grown on soil contaminated with nickel,
chromium and lead exhibited perturbed nutrient t@gathat resulted in disorder of the
membrane functionalit? There are more examples of induced deficiencydhatbe caused
by one of these mechanisms such as excess of l@mheray cause manganese and copper
deficiency in plant shodts or copper and manganese toxicity that may induce and
magnesium deficienéyrespectively.

Transpiration rate and water content in plants loardisturbed under conditions of
heavy metals excess. Heavy metal induced stregpfaims causes decreased loss of water,
smaller size and number of leaves, their enhancdithg and abscission, also smaller
diameter and number of xylem vessels, decreasethsibsize and its increased resistdfice.
Dicot and monocot plants exposed to nickel excegdal changes in water balance reflected
in decline water content. Also, high level of leadd cadmium results in water uptake
disorders and, in consequence, in water imbaldieaganese toxicity probably causes loss
of the metabolically controlled stomatal movemenhts result in increased transpiration rate.
Another example is mercury that has ability to biodvater channels proteins. In that way it
induces the closing of leaf stomata that leads hgsigal obstruction of water flow in
plants® 2
Another target of heavy metal toxicity is the pteytathetic apparatus that is sensitive
to the heavy metals toxicity. There are direct amdirect ways of metals to impede the
process of the photosynthesis such as deactivatienzymes of the Calvin cycle or causing
CO; deficiency by closing stomati.Chromiunf®, cadmium, leatf and coppérdisorganize
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the ultrastructure of the chloroplasts. They aftbet reaction center and electron transport of
photosystem Il by impairing protein structure andyene activity. All these processes lead to
inactivation of photosystem |II, reduction in syrdise of chlorophyll, carotenoids and
plastoquinone and ultimately to decrease in theéqsynthetic rat&® &

The metal-induced toxicity effects described abdwawe influence on plants on
cellular level. However, these various metaboligodilers caused by metals are reflected in
visible toxicity symptoms that depend on metal b concentration and plants species. Two
most common symptoms of copper, cadmium, chromimanganese, zinc and nickel toxicity
are young leaves chlorosis and plant growth inioibitlf the severity of metal toxicity is not
high just root growth reduction may appear. Theowtlc symptoms on young leaves,
displayed by many plant species under copper antyamese toxicity, are probably caused
by iron or zinc deficiency induced by excess ofsthéwo metals. Zinc can induce the
phosphorus deficiency that is showed by plants @pligsh-red colour in leaves. Other
symptoms visible on leaves, petioles and stemsegmtic brown spotting that indicates zinc
or manganese toxic effect on plant. With the tirhe humber and size of spotting may
increase leading to necrotic lesions, leaf browrang eventually entire leaf death. The roots
of plants exposed to high metal concentration becgetllow or brown (e.g. Zn, Cd and Mn
toxicity) and in case of severe metal toxicity theath of root can be observed. Metals can
also cause necrosis in different plants specigs (¢) and accelerate the senescence (e.g.
Zn) %2
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4. Mechanisms of detoxification

Many plant species are known to have ability toagom soil contaminated with heavy
metals without any toxicity symptoms. These plagussess a range of potential extracellular
and intracellular mechanisms that allow them to icvbuilding-up the metal toxic
concentrations at sensitive sites within the cAll. these strategies result in enhanced
tolerance of plants to metal stress. Extracellylainey include roles for mycorrhizas, for
binding metals to the cell wall and for secretidnddferent compounds to the soil. On the
plasma membrane level, the tolerance mechanismsaaex on either reducing the uptake of
metals or, in case the metal have already entdredcytosol, on simulating the efflux
pumping of metals.

There are also several detoxification mechanisrat dhe employed when the metal
ions crossed the plasma membrane. First, metalaomshelated in the cytosol by various
ligands, such as phytochelatins, metallothionemstal-biding proteins as well as amino and
organic acids. Afterwards, they are transported tlie vacuole by tonoplast-located
transporters where they are stored away from metapcesses in non-toxic form. In case
of the protein damages caused by heavy metal stifeme are also mechanisms for their
repair that involve heat shock proteffis® The possible mechanisms of heavy metal
detoxification and tolerance used by plants aremsanzed in Fig. 5.
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Figure 5. The possible mechanisms of heavy metal detoxibioatind tolerance used by plants.
1. Mycorrhizas. 2. Binding to cell wall and rootugtates. 3. Reduced metal uptake. 4. Active efitia i
apoplast. 5. Chelation in cytosol by various ligarl Activity of heat shock proteins.87-Transport an
storage of metals complexes in vacuole. Modifigdrafiall, 20022°

4.1. Mycorrhizas

Under natural conditions, a lot of plants specselving in symbiotic association with
different fungi. This phenomenon is called mycards and it appears to be very important in
plant tolerance to enhanced metal concentrationsoin The fungus hyphae are mostly
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responsible for metal uptake. Presumably, in casegh metal concentration in soil they try
to protect themselves against metal stress andthbmysprotect the host plant as well. The
strategies developed by the fungi at the cellidael to tolerate metals are likely similar to
some mechanisms developed by higher plants. Thegyimvalve metabolic processes, such
as binding to extracellular materials, secretiomifferent metabolites that precipitate metals
as well as intracellular metal accumulation in tfeeuolar compartments. In majority of
studies, concerning the role of ectomycorrhizasi@tal tolerance by the host plants, the most
mechanisms suggested for the protective effectuoifis based on various exclusion
processes. These processes, presumably, prevent medal translocation to roots of host
plant. These mechanisms include chelation by fuegallates, absorption of metals by the
hyphal sheath, reduced access to the apoplasbdhe hydrophobicity of the fungal sheath,
and adsorption onto the external mycelithni’

The mycelium possesses physical barrier for heagtals as it was shown for two
mycorrhizal specie3helephora terrestriand Suillus bovinusUnder Cu excess condition,
they protectedPinus sylvestriggainst copper toxicity by retaining large amounthis metal
in the the extraradical myceliut.However, these different exclusion mechanisms vary
significantly between various plant-fungi interacts and they show also metal specificity.

4.2. Cell wall

The cell walls of monocot and dicots plants are enaflwater, hemicelluloses, quite
large amount of pectin (roughly 35%), heteropolgbacides and structural proteins. The
content of different cell wall constituents may ywéetween plant species and tissues, which
affects the cation binding capacity. Also, the lngdstrength between metals and certain
components of cell wall differ highR?. Some studies revealed that cell wall has abitity t
bind different metals and thus it may act as onelieérse mechanisms of plant tolerance
under heavy metal excess conditions.

The electron probe X-ray microanalysis was perfarnveh the fresh leaves of the tea
plants Thea sinensi4.) in order to determine the manganese distrpupattern at the sub-
cellular level. It showed that the majority of tMn was accumulated in the cell walls of
epidermis but as well as in collenchyma, bundleagheells and in vacuoles. The cell
fractionation analysis confirmed the results of &rmicroprobe analysis showing that the
cell wall is the main site of manganese accumutafiorhe studies on heavy metal tolerant
plantSilene vulgarisshowed that this plant accumulate a range of he@etgls, such as, e.g.
Fe, Ni, Cu, Al, Sn and Zn in the epidermal cell imaAdditionally, copper was found to be
bound by cell wall proteins while zinc and tin werecumulated as silicat® Similarly to
Silene vulgarisanother plant growing on metalliferous arefthyrium yokoscensés able to
accumulate copper, zinc and cadmium in the cellswalpproximately 70 — 90 % of the total
copper, zinc and cadmium were located in the call wdicating that iPAthyrium yokoscense
cell wall is the main storage site for differenttais. It may also act role in a heavy metal
tolerance mechanisms in this plafit.
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4 .3. Root exudates

As it was described in previous chapters, differeot exudates play an important role
in metal mobilization from the soil. However, thegn also be employed by plants to exclude
or/and limit the uptake of heavy metal ions forre #mvironment. The examples are organic
acids that can chelate aluminum and thus transformto the non-phytotoxic form. For
instance, snapbeaRl{aseolus vulgarit.)'%? and Al-resistant maiz&Zéa mayd..)'*® release
citric acid while Al-resistant wheafT(iticum aestivumL.) excretes malic actd’ into the
rhizosphere as a response for high concentratioAl ah soil. Another study showed that
citric acid together with histidine can be accunedain the root exudates of non-
hyperaccumulating plants resulting in significaeduction of nickel uptake. For this reason
these compounds are regarded as important eleineatsi-detoxification strategsf’

4 .4. Plasma membrane

Plasma membrane is the first potential target faviy metals that have affinity for
both sulfhydryl groups of proteins and hydroxyl gps of phospholipids. Metal interactions
with plasma membrane lead to disruption of plasm@grity and ionic homeostasis of cells.
For these reason, the processes that aim in mamgaionic balance and repairing the
damages in plasma membrane are important issues goddition of heavy metal excess.
The one of proposed mechanism is based on eitegepting/reducing metals entry into the
cell or efflux mechanism®.For some metal ions, the limited entry to the cati be achieved
easily as some of them cannot readily cross then@damembrane because of the size of
atomic radius and valence. Concerning efflux ofdoretals through plasma membrane, the
complete exclusion of them is not possible becanaay metals play an essential role in
different metabolic processes. Thus, selectiveuefippears to be more realistic. Selective
membrane efflux transporter was recently found.thaliana It was indicated that the ATP-
biding cassette (ABC) transporter AtPDR8 is a casmextrusion pump showing the
resistance to the met&f: 10°

The heavy metal tolerance on plasma membrane Ieagl involve also a more
resistant structure of this cell component. Thereame evidence that plasma membrane of
heavy metal tolerant plants shows less damageséddby metal stress than the plasma
membrane of sensitive plant species. However, tlkeehanism of this phenomenon still
remain uncleat®

Another factor that can be important to maintam pfasma membrane integrity under
heavy metal stress is the presence of moleculesh sas heat shock proteins or
metallothioneins, that can be involved in repairitagnages in plasma membrafe.

4.5. Peptides, proteins and organic molecules

The production of ligands that exhibit high affinito metals and can efficiently
complex them in the cytosol seems to be one ofnbst important mechanisms of heavy
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metals detoxification and tolerance. The varietychélators produced by plants involves
amino and organic acids, peptides — phytochelatimsmetallothioneins — as well as different
proteins.

Phytochelatins

Phytochelatins (PC) are low molecular mass, cystdoh polypeptides that exhibit
high affinity to chelate various metals, such ag, €d, Cu, Zn or As. They are produced in
the cytosol in cells of different organisms inclugliplants but for the first time they were
identified in yeasSchizosaccharomyces ponife

Phytochelatins consist of three types of amino @acglutamic acid (Glu), cysteine
(Cys) and glycine (Gly). The PCs form a group ofictures consisted of different number of
v-Glu-Cys dipeptide units followed by a terminal Gy that the general structure can be
shown asy-Glu-Cys)-Gly with n = 2 — 11. However the number ¢fGlu-Cys), groups that
is usually observed is between 2 and 5. Dependmthe number of-Glu-Cys units, PCs
were classified as PC2, PC3, PC4, PC5 and PCH®%cthere are a few exceptions of the
general structure of PCs that were found in diffepants, such agGlu-Cysf-Ala in some
legumes, {-Glu-Cys), and {-Glu-Cys)-Glu in maize andyGlu-Cys)-Ser in some plants of
the true grasses famify. **°

The metal chelation by PCs is a primary cellularchamism for heavy metal
detoxification and the synthesis of PCs is rapidiuced in plants under heavy metal excess
condition. Glutathione is the substrate in PCslsysis that is controlled by an enzyme — PC
synthase. Enzyme activation is induced by many yheaetals entering the cytoplasiii. It
was reported that the catalysis is not activatedhieydirect interaction of metal ions with
enzyme but by their interaction with the substrditee main requirement for the reaction of
dipeptdyl transpeptidation to be proceeded is thelklage of at least one of the thiol groups
of the substrate molecule by the heavy mefarhe variety of metals activating PC-synthase
include Cd, Hg, Cu, Ni, Ag, Au, Pb, As and Zn, heee cadmium is definitely the main PCs
biosynthesis inducef® ' The recent research on PC-defici@ntthalianamutant revealed
that PCs play an important role in zinc toleraneéh@&y act as important zinc chelators in case
of Zn excess??

The process of PCs synthesis is conducted tilinalial ions are complexed as it was
shown for Brassica juncea The uptake of cadmium bf. junceainduced immediate
biosynthesis of PCs and the amount of producedvwSgsheoretically sufficient to chelate all
accumulated cadmiuft® Another research oB. junceaseedlings revealed that during first 6
to 12 hours of cadmium uptake the majority of ioébular Cd was coordinated by ligands
containing oxygen atoms possibly organic acidssuiggests that organic acids can play
important role in Cd detoxification process whea ginoduction of phytochelatins is reduced.
It was also observed that after 36 hours of exmosurCd, 60% of the intracellular Cd was
chelated by PCY*

The PCs interact with the metals through thiol (}Sioup of cysteine and the
chelation of metals takes place in the cytosol. $mall metal-PC chelates are transported
then into the vacuoles via specialized transpotieise separated from metabolically active
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compartments. Inside the vacuole heavy metal ioastabilized by forming complexes with
sulfides or organic acids?!

Recently, it was reported that PCs can be involaddng distance transport of metals
(e.g. Cd) either from shoots to root or from romtshoots. It suggests that their detoxifying
activity may be not the most important functionpliants or it is the part of more complex
mechanisms. Still, a lot of issues concerning RCplants, such as their exact role in the
heavy metal homeostasis and tolerance mechanisting eg¢llular level, remain unknown and
require further researcf® '

Metallothioneins

Metallothioneins (MTs) are low molecular weight{8 kDa) polypeptides containing
large amount of cysteine a thus they have abitithind heavy metals via the thiol group of
the Cys residue. The MTs were found in some prakasy eukaryotic microorganisms,
higher plants and animdi8 Despite of a huge diversity of MTs, there wereid#d into the
Class I, Class Il and Class Il MTs depending andlrangement of the cysteine residue. The
Class | MTs are typical for vertebrates and theytaio 20 highly conserved cysteine residues
based on mammalian MTs. The Class Il MTs do nothhis strict arrangement of cysteine
and are mainly found in plants and fungi as weliramonvertebrate animals. In this MTs
classification, phytochelatins are regarded asQlas/Ts.*%°

Almost all of known plant MT genes were classifieth four categories depending on
amino acid sequence. These four types of MTs cora@racteristic and invariant motifs in
the peptide sequence that involve Cys-Cys, Cys-X-&hd Cys-X-X-Cys motifs in which X
represent amino acid different than cystéffieln general, the type 1 genes are mainly
expressed in roots, type 2 in leaves, type 3 ieniipg fruits while type 4 is expressed in
seeds. The distribution and organization of cysteasidue in MTs sequence determines the
MT isoforms and their capability to chelate and us=ger various heavy metals. The
biosynthesis of MTs is induced by various plantnhenes, osmotic stress, drought, cold/heat
shock, cytotoxic agents as well as by heavy méals, such as, e.g. Cd, Zn, Hg, Cu, Au, Ag,
Co, Ni and Bi. The precise physiological functiohtbese proteins in plants is not clear.
However, there are a few proposition of the rob MTs may play. It includes detoxification
and sequestration of toxic heavy metals, the geliggtion against oxidative stress as well as
transport, sequestration and control of concepoimnati of essential transition heavy
metals®® 11

Heat shock proteins

Heat shock proteins (HSPs) are a class of fundtiorralated proteins that are
involved in different processes including proteiolding and unfolding, assembly,
translocation and degradation in wide range olutallprocesses. They also stabilize proteins
and membranes and can be implicated in proteiregtion and repair under stress conditions.
For all these reasons, HSPs are regarded as chaperbhere are five major HSP families
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that include: the HSP70 (DnaK) family, the chapamenGroEL and HSP60), the HSP90
family, the HSP100 (Clp) family; and the small HSPISP) family?® 1+

The HSPs were found in all groups of living orgamsand their expression in these
organisms is usually enhanced in response to isedetemperature that is above the optimal
growth temperature of certain organism. Howeves HISPs expression can be increased also
by other stress factors including heavy metals sischinc, copper, cadmium and mercury. It
appears that the mechanisms of proteins and mesdbm@otection by HSPs, produced under
heavy metal stress conditions, are similar to thesed by HSPs expressed under heat
stress’® 11°

The HSPs synthesis induced by heavy metals has ddezady observed in various
plants species. It was reported that the HSP17swyathesized in roots drmeria maritima
ssp.halleri growing on the copper rich sdit® Also, HSP17 is synthesized in cell cultures of a
heavy metal tolerarbilene vulgarisand the sensitiveycopersicon peruvianuraxposed to
the action of heavy metals, such as Hg, Cu, CdZmd". Another study, on cell lines of
sensitive plant specidsycopersicon peruvianumevealed that another heat shock protein —
HSP70 is expressed as response to Cd stress. ¢ddiyi, the localization of HSP70 was
determined showing that except nucleus and cytopliss HSP was present also in plasma
membrane. It suggests that HSP70 may be implic&tedembrane protection against Cd
damagée!® The HSP70 expression was also enhanced in the esdanteromorpha
intestinalisafter exposure to different stress conditions idiclg copper:*®

Other metal binding proteins and peptides

Apart from phytochelatins, metallothioneins andtrsreock proteins, there are several
proteins and peptides that are presumably involvedeavy metals detoxification and
tolerance.

Recently, the new protein having ability to bindoper — Cu-binding protein (BP) —
was isolated form the Asian periwinKléttorina breviculaand characterized. The molecular
weight of Cu-BP is between 11 — 38 kDa and undemabphysiological condition it contains
an equal amount of zinc. However, zinc can be ogaldy copper either under the Cu excess
conditions or after plant exposition to the metals for long time (60 days). In comparison
with the metallothioneins, the copper-binding pioteontains lower number of cysteine
residues and is rich in aromatic amino acids sscyrasine and phenylalanine. Additionally,
histidine and methionine are present in the Cu-BPptide sequence opposite to peptide
sequence of the MT-like-Cd-BP dfttorina brevicula The Cu-BP plays role in Zn and Cu
homeostasis and presumably is involved in mechanisoopper detoxification under stress
condition caused by excess of this elenfért’

Two other proteins — ferritin and frataxin can absinvolved in the oxidative stress
response in plants and in protection of differergaoelles against oxidative damages. It is
possible because they were found to sequesterxttes® of free iron ions in different cell
compartments, such as mitochondria and chloropfasts

In hyperaccumulating species glutathione is progose be involved in some
mechanisms of high metal tolerance because it asvhnto play a role of a major cellular
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antioxidant. The enhanced production of glutathiomas observed inThlaspi nickel
hyperaccumulators indicating that glutathione mayrésponsible for cell protection against
oxidative stress caused by high Ni concentratiéh§lutathione is as well a precursor in
synthesis of phytochelatins, however, these polygep do not seem to act an important role
in Cu, Cd, Co, Zn and Ni hypertoleranég.

Small molecules — organic acids and amino acids

Many plant species are producing organic and arasid such as malic acid, citric
acid or histidine. These small molecules are p@khgands for different heavy metals (e.qg.
Cd, Cu, Ni or Zn) and thus they can be involvedh@avy metal detoxification and tolerance
mechanisms. The role of amino and organic acithénplant root exudates as the factors that
exclude or/and limit the uptake of heavy metal itoren the soil was described in chapter 4.3.

However, organic and amino acids can be also pestiudracellularly as a response
for heavy metals excess. Histidine as a free amarid is thought to be one of the most
important amino acids involved in hyperaccumulatias it has ability to form stable
complexes with Ni, Zn and Cd. The studies on nidkgberaccumulator specigdyssum
lesbiacum A. muraleand A. bertolonii showed that there is a linear correlation between
concentration of nickel and histidine in xylem bése plants exposed to nickel. Additionally,
it was observed that exposition &f lesbiacunio elevated concentration of nickel caused 36-
fold increase in the free histidine content in xlgeem sap of this plant. These results suggest
that histidine is likely to be responsible for rétkolerance inAlyssumplants*?® In another
nickel hyperaccumulating plant Fhlaspi goesingensexposed to high concentration of this
metal, the Ni that was not bound by cell wall, veasociated with either citrate in vacuoles or
histidine in the cytoplasrif* Histidine was also found to complex zinc in thetroells of Zn-
hyperaccumulatohlaspi caerulescenthat suggests that this amino acid acts an impbrta
role in Zn homeostasis in the rodfs.

Another amino acid — nonproteinogenic nicotianangaems to be also implicated in
metal tolerance in hyperaccumulating plants. It wéaserved that in hyperaccumulating
speciesA. halleri the concentration of NA in roots was enhancedugigests that NA may
play a role of Zn cytosolic buffer that is respdmsifor keeping zinc ions in nontoxic form
but available for further transport to the lea¥@slt was also shown that iThlaspi
hyperaccumulators, there was strong correlationwémt nickel and nicotianamine
concentration in leavés while in T. caerulescenslA complexes with nickel were identified
in roots?®. These results indicate that NA may be involvelirhyperaccumulation as well.
Additionally, obtained data suggest that Ni andnk@y compete to be complexed by NA.
There was also no evidence that NA is responsiezinc hyperaccumulation imhlaspi
plant specie$®

Other experiments on the tea plaimh€a sinensid..) showed that the manganese
accumulated in vacuoles was in form of Mn — oxalicid complexes. The proposed
mechanism of manganese detoxification was basdtleoMn complexation by malate in the
cytoplasm and further transportation of this compleough the tonoplast membrane into the
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vacuole. Then, ligands are likely exchanged frontiaxta oxalic acid and the Mn-oxalic acid
complex is stored inside the vacuoles.

In hyperaccumulating plants, the role of organicdas limited mainly to vacuolar
sequestration. The low pH in the vacuole is favierdtr formation of the metal-organic acid
complexes?® The studies on Zn-hyperaccumulatdihlaspi caerulescen$ and Ni-
hyperaccumulatoiThlaspi goesingen$® showed that Zn and Ni were coordinated with
citrate in vacuoles in shoot cells. Additionallyjosher research ofhlaspi caerulescens
which is also known as Cd-hyperaccumulator inddtateat in leaves cadmium was
complexed by organic acids, mainly malate. Howeveere was no correlation between
increasing Cd concentration in culture medium analate concentration in leaves that
suggests that synthesis of malate is not inducezhtniunm>’

All these studies indicate that organic and amiridsacan be involved in extracellular
and intracellular response to heavy metal toxiaitg thus enhanced plant tolerance for heavy
metal stress.

4.6. Vacuolar compartmentalization

The transport of toxic metals into the vacuolehis way of reducing the level of these
metals in the cytosol. Thus, it can be the mechanaf heavy metal tolerance and
detoxification. As it was mentioned in previous pteas, vacuoles are the storage
compartments for the metal — PC cheldteas well as for Mn — oxalic acid complexThea
sinensis® The studies on copper tolerafisholtzia splendens Nakand non-tolerant
Astragalus sinicuglant species showed that in the tolerant plaatntlajority of copper was
localized in the vacuoles and in the cell walls lelthe non-tolerant species accumulated
more copper on the plasma membrane, in the chiasbphd cytoplasm under copper excess
conditions*?®

Comparative studies focused on the nickel hyperaatator Thlaspi goesingensand
the nonaccumulatorhlaspi arvenseshowed that the hyperaccumulating plant was able t
sequester nickel in the vacuole more efficientlgntmontolerant plant. It indicates that the
compartmentalization in leaf vacuoles play primesie in the intracellular mechanisms of
nickel detoxification in this hyperaccumulaféf. In general, the enhanced capacity of
hyperaccumulating plants to store metals in thé \eauoles appears to be part of the
mechanism responsible for the high metal toleramtieese plants*

Earlier studies also showed that vacuoles are itapbrcompartments involved in
storage of various heavy metals including zinc. Bx@eriments on barley leaves using
isotope °°Zn showed that zinc taken up by leaves was immelgiaransported to the
vacuoles. These results indicated that the trahgmok compartmentalization are an important
homeostatic mechanism within the leaves that apitamt to deal with the toxic level of zinc
in the shootd?® All these research point out that in various plgmecies vacuoles can be an
important compartments responsible for the heaviahstorage and thus for increased plant
tolerance for the heavy metals excess.
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5. Sampling and sample preparation

Sampling and sample preparation are one of the myxirtant, time-consuming and
labor-intensive parts of the analytical proceddree mistakes made during these steps may
contribute even to important bias in the whole meament process.

The way of sampling depends on the aim of the veortt the main requirement is to
collect the sample that is representative of theege population. If taken sample does not
represent the original object, all the work pubittte further analysis will be wasted because
the obtained results will be invaftd®

The next step is the sample preservation that aimthe prevention the physical,
chemical and biological processes to undergo irsttmple, changing in the consequence its
composition. The changes may arise during the dedtsyeen sample collection and analysis
and include processes such as volatilization, slifio, adsorption on the surface,
photochemical reactions, oxidation, precipitatibindegradation and enzymatic reactidtfs.
The plant samples can be liquid or solid and tlesgnvation method depends of the sample
state of matter. Fresh liquid samples (plant j)iees usually filtrated or centrifuged and then
they are stored by short-term at —4°C in the dallernative methods are based on the shock-
freezing and either storage as frozen samplesamhilizing and storage as dried samples.
Obviously, the latter technique can be applied jasihe stable chemical species. The solid
samples (e.g. leaves, roots, etc.) after harvestwogld be gently rinsed with water to remove
the surface contaminations and then shock-freeainthe sample in the gas phase above
liquid nitrogen is recommended. If it is not pos$sjlsample should be stored for short-time in
—20 °C in dark plac&"

The next step is sample preparation that is cliticaobtain the accurate data and
reliable interpretation of the results. The mistakeade on this stage of analytical procedure
may distort information about the metal contenttie sample as well as change the
speciation. There are several rules that have taksn in to account to avoid sample loss and
contaminations, such as using the purified reagamiisproper tools (e.g. containers, mortars
etc.) as well as work in the clean laboratory. Tveey the sample is prepared to analysis
depends on the analytical techniques that will beduand their capabilities. Majority of
samples cannot be directly introduced into the rimsent because of the sample
concentration, its state of matter as well as tlarisn complexity. If the chosen analytical
technique requires the introduction of liquid saepphe solid samples have to be digested or
extracted to obtain information about total metaia@entrations and different forms of metals
in these samples, respectively. Before these ssapsples have to be homogenized. Among
different homogenization methods the most efficigppears to be cryogenic grinding. The
use of liquid nitrogen at —196 °C causes that thiel sample becomes brittleness and thus the
homogenization of plant material is better and tese consuming. Additionally, during this
homogenization process, the plant tissues anddhevalls are effectively destroyed while
the different chemical forms of metals stay uncleghddence, this homogenization technique
can be used as a first step in extraction metfod
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The extraction step is needed during the sampleapation process to transfer species
of interest from solid material into the solublenfo The extractions as well as other steps of
sample preparation have to be performed in the tvatyguarantee maintaining the integrity
of metal species and do not disrupt the equilibribetween different compounds present in
sample. It can be difficult as in plant cells amegent different species that can have
differentiated kinetic and thermodynamic stabisiti®uring extraction some species may be
degraded, dissociated or undergo ligand excharegeathresults in loss of important species.
Therefore, the selection of the extractant thauenshe good extraction efficiency together
with unchanged speciation is the principal parameteextraction procedure. In this choice
different parameters must be taken into account siscbuffer composition, ionic strength,
temperature or extraction time. In practice, howetreese requirements can be very difficult
to fulfill. The use of the extractant which pH djasted to pH of the sample may not work in
the case of biological samples, such as leaves@stdbecause different cell compartments
vary in pH considerably. The vacuoles are moreiadpH ~ 5.5) while the cytosol pH is
around 7.5. It was reported that pH of extractavehinfluence on extraction efficiency. The
availability of low and high molecular weight spesipresent in plant roots differed
significantly depending on the extraction p#t.1%

The pH has also influence on formation of metal-dodplexes. It was shown that, in
general, the metal-NA complexes are hardly fornpedttially formed and completely formed
at acidic, neutral and basic pH values, respegtidbwever there is a few exceptions such as
Fe(I)-NA and Zn(I1)-NA complexes that are complgteormed at neutral pH values and also
Ni(Il)-NA and Cu(ll)-NA that complete formation echieved at acidic pH values. Therefore,
even small changes in pH can have a significaecefin metal-NA complexes speciation in
plant samples. For this reason the extractant rbesthosen very carefully to avoid the
changes in speciation during extraction proc¢ess.

In addition, all chemical buffers that can be uasaxtraction agents have complexing
properties for some metals and thus they may distue equilibria of species. The aqueous
extraction procedures may results in low recoveoynfa solid matrix for some species and
thus the use of more aggressive extractants isregfjilbometimes, the sequential extraction is
used to isolate different groups of compounds, fgthe complexes situated in cytosol and
vacuoles or bound to the cell wall, in each extosmcstep. However, only stable species can
remain unchanged during that complex extractiorcgulare, such as high molecular weight
metal species present in plants. These specien@m resistant than small metal complexes
which are often labile and unstable. Therefore,niost appropriate solution that can be used
for extraction of low molecular weight metal spacfeom plant material appears to be water.
Water, as the natural constituent of each cellsdo& affect the chemical form of metal
species during extraction. However, a compromiseften needed between the extraction
efficiency and preservation of the original metahfis'3* 3/

The next step is analysis of prepared samples ubmgelective separation methods
combined with sensitive detection techniques thatvathe quantification and identification
of various metal species present in plants.

51



6. Hyphenated techniques for metal speciation in aht samples

Many elements play an essentials or beneficial ioldahe physiology of living
organisms. On the other hand, the same elementbeaxtremely dangerous because of
either their high concentration in the organismsl aurrounding environment or their
chemical form. Hence the quantification of the lftatéement concentration in biological
material does not provide information about itsi¢ay or essentiality. It is due to the form of
an element in which it is present in sample thdicetly implicates its chemical, biological
and toxicological properties. Therefore, the idesdtion, characterization and quantification
of different chemical forms of elements, especialfymetals, that are involved in various
metabolic processes, are crucial to understand playsiology. The main interest is in the
mechanisms that are responsible for controllingmsality and toxicity of metals including
metal bio-availability, uptake, transport, detosdiion and storage in plants. The speciation
analysis that has become one of the fastest dauglapeas of the analytical chemistry is the
tool that allow understanding the role of metalsd gorocesses that they undergo in
plants?3® 139
Metals can interact with low-molecular-weight ligisn(cellular metabolome) that are
produced by plants to maintain the metal homeastasihin different tissues and cell
compartments and also as a response to the metatytoThe cellular metabolome involves
organic acids such as malate, citrate, oxalate lotape, amino acids (e.g. histidine,
nicotianamine), metallophores of mugineic acid fgrand metal-binding proteins. The metal
chelation in plants and on the interface soil/reedds to formation of different metal
complexes that possess the certain thermodynammlist and kinetic inertness. To date,
however, the majority of these metal species hdasyabbeen identified or are relatively
poorly characterizetf®

The limited information about metal complexes pnésa plants is caused by their
thermodynamic instability, high lability and compiy of biological matrix. Another issue is
caused by the difficulties to convert metal compkxnto volatile species that could be
separated by gas chromatography (GC). Moreoverattieof calibration standards for most
of these metal species makes their identificatidficdlt. Therefore, metal speciation in
plants is a challenging task and requires suitabl@ytical techniques that should address
several issues. First of all, the separation teghishould exhibit the selectivity that allows
the analyte species to reach the detector veryseptirated from potential matrix interference
and from other species present in the sample. ibaddilly, the separation techniques should
ensure that separated metal complexes preseranh gamples quit the column in unchanged
form. The separation technique should also note#us generation of the artifact species on
the column. Also, the element or molecular selectietection technique used should be very
sensitive because the metals concentrations irre@maental samples are usually very low,
often at the picogram and lower levels. In additione metal can also be distributed among
several species. Last but not least, the identiinaof metal species can be difficult to
achieve as standards for majority of metal spgmiesent in plants are unavailable. Therefore,
only the use of molecular-specific detection teghes can provide the information on the
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identity of chemical forms of metal species in plaamples. These issues can be possibly
solved by hyphenated techniques that are regarsateafundamental tool to study metal
speciation in plant samples. The variety of coméitezhniques is shown in Fig. 6.
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Figure 6. The hyphenated techniques usually used in spesiatialysis>’ **

The hyphenated techniques are based on high resoképaration techniques such as
high performance liquid chromatography (HPLC), gakromatography, capillary
electrophoresis (CE) or gel electrophoresis. Theycambined with sensitive element (e.g.
ICP MS) or molecule specific (e.g. ESI MS) deteatidhe choice of the hyphenated setup
depends on the aim of the work. The selection pfoger separation technique is critical if
the species have similar physicochemical propedres high level of species- specificity is
needed. The volatile compounds are separated gsisghromatography (GC) that can be
directly coupled to the detection systéth138: 140

In case of non-volatile species the separationnigcies, such as HPLC or CE, are
recommended as the on-line coupling is usually easybtain. Also, the diversity of
separation mechanisms and mobile phases allowsndst suitable choice concerning the
sample nature and thus preservation of the spedetity. It is also possible to use the
combination of two or more separation techniquescfimplex matrices to assure that the
species of interest arrives at the certain timeh® detector. The selection of detection
technique depends on the concentration of spebigsare supposed to be quantified or
identified. The choice becomes critical if the amioof compound of interest is relatively
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small and low detection limits are required. Iciwallenging because the metal of interest is
often a constituent of different species presemiasnt sample and the complexity of sample
matrix poses usually an additional issue. Mass tepmetry with ionization in inductively
coupled plasma copes with this issue and is onthedofimost widely used element specific
detection techniques. Sometimes, the interface detwPLC and ICP MS may cause some
problems as the separation conditions, such affothveate or mobile phase composition may
be not compatible with the conditions required iy tletector. The diversity of compounds in
environmental samples and lack of analytical steaglthat could be used in order to identify
various species has caused that the importandeeaiblecular specific detection increased
significantly. Recently, ESI MS has become an iashegly popular detector for HPLC and
CE separation techniques and gained a complementéeyto ICP MS in the species
identification in different biological samplég’: 138140

Development in speciation analysis including a éase in detection limits of ICP
MS, increase in sensitivity of electrospray MS ardilability of efficient interface designs to
HPLC and CE improved the effectiveness of the atargation of different metal species in
biological samples. Information that can be prodithy interpretation of data obtained using
different hyphenated techniques, is important innyndields including environmental
chemistry, medicine as well as health, nutritiod goxicity studies>’

6.1. Chromatographic techniques

The different chromatographic techniques are ingmtrin speciation analysis as they
are used for sample purification and separatiotivarse metal species in complex biological
samples. However, the separation combine with ifilestion using only chromatographic
techniques is problematic and rare in metal speciah plant samples because of the lack of
analytical standard$?

The selection of a proper separation technique rabp®n physical and chemical
properties, such as volatility, polarity and chaoj@nalyte of interests. In case of separation
of metal complexes that can be highly unstablecti@ce of proper mobile phase, its pH and
ionic strength as well as gradient and time of ysialare critical. They are crucial not only to
obtain the optimum separation but because theyaff@et the chemical form of the metal
complex**

The main techniques used for separation of vanoetal complexes in plant material
are high performance liquid chromatography (HPL@Y aapillary electrophoresis (CE).
HPLC is the robust, reliable and reproducible saf@mn technique that provides high
resolution, especially when used in gradient mddean be applied for different samples
including plant saps and extratf8.The major HPLC separation mechanisms that found
application in environmental speciation are sizekgsion (SEC), hydrophilic interaction
(HILIC), reversed phase (RP) and ion-exchange (IE€¥omatography. Capillary
electrophoresis is not used that widely in metacggion in biological samples like HPLC.
However, it offers also high separation efficienaljpws the use of small amount of sample
(nanoliters) and additionally, has only capillarglis interacting with metals that may prevent
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the disturbance of complexation equilibria. Howewesr coupling to MS detection techniques
is not as good as with HPLC. Apart from HPLC and @Eo gas chromatography (GC) can
be used for metal species separation in plant sanplowever, its application is scarce
because many metal species present in plant sarapdeson volatile and they cannot be
converted in volatile species as well. Hence HP&Ghe principal separation technique for
metal species present in plants. Sometimes, howeévisr necessary to use combination of
two or more separation mechanisms, which is knosvmaltidimensional separation, to cope
with complexity of biological matrices. The multdensional chromatography allows
separation of great number of compounds even thesehave similar physicochemical
properties. In this approach, the SEC is often wsethe first step that allows separation of
various compound according to their sizes. In tlet istep, depending on the nature of the
compounds present in different fractions colledtedh SEC column, other chromatographic
techniques, such as ion-exchange, reversed-phasgdoophilic interaction LC have to be
applied prior to electrospray MS. The multidimemsibseparation allows obtaining the high
purity of separated compounds. Therefore, the peyfesolated species of interest can arrive
to the detector unaccompanied by other compouhdsvery important for the identification
process as the presence of other species mayuipitettre correct characterization of, for
example, metal complexes by the molecular ¥1S"*

Recently, a new trend can be observed in analytwba&mistry. It concerns the
development of the miniaturized liquid separatieshhiques, such as capillary and nano
high-performance capillary chromatography (nano 8RL The miniaturization of
chromatographic techniques brings several advastagieh as high separation efficiency,
low solvent consumption, small sample volumes amatter analysis time. These kinds of
separation techniques are ideal for bioanalytitenustry where the available amount of
sample (e.g. biological tissues or a body fluigsiisually limited. Additionally, the reduction
of the column inner diameter to less than g@® has led to the use of the nanoliter volumes
of samples and the smaller flow rates comparedtmal scale chromatographic techniques.
It facilitated, therefore, the hyphenation to MStimments:*

Size exclusion chromatography (SEC)

Size exclusion chromatography enables the separafidifferent compound mainly
macromolecules including also different metal speciThe primary separation mechanism is
based on molecular sieve effect where moleculesegrarated depending on their size and, to
a lesser extent, shape (Fig. 7). This mechanisnksvior most of the cases for the large
proteins and polysaccharides. The average time dheyspending in the pores of stationary
phase can be related directly to their moleculagkte However, in case of small molecules
(e.g. ions with high charge to mass ratio), thaee @her mechanisms, such as secondary
adsorption and ion-exchange effects that can atfeetseparation process. The stationary
phase must consist of the material that does netaat with the sample components. It must
also have sufficient pore volume and the size afepmust be in the range that allows
separation of compounds present in sample. Thentajor types of packing used in high
performance SEC are polymeric gels or modifiectaiparticles. The mobile phase should
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highly eliminate the competition between buffer @ytbsolic ligand as well as between these
ligands and the packing material. In addition, f@phase has to be compatible with chosen
detection techniques. The water appears to be ieleaint that does not cause structural
changes, denaturation of proteins and destrucfiometal-protein complexes. However, using
water or diluted buffers as mobile phase lead spagition of low molecular weight proteins
to the stationary phase. Therefore, to avoid icteva with the column packing, the use of
aqueous high ionic strength mobile phases is predi6t 43
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Figure 7. The primary separation mechanism of size exclusisomatograph{f*

The advantages of using SEC in speciation anabjdisological samples are the flow
rates between 0.7 — 1.0 mL mirthat enable coupling SEC with ICP MS and the high
tolerance of SEC to biological matrices. This rdhass of SEC allows injection of complex
samples without the prior extensive sample prejmarateps. Moreover, SEC is also used in
the multidimensional chromatographic approachethadirst chromatographic fractionation
step. The disadvantages of SEC are the multifolthtion of sample during the
chromatography and the small number of theoretfitales that cause the low separation
efficiency. It leads to low purity of fraction anth consequence to problems with
identification of metal binding species. Therefofegctions collected form SEC require
further analysis using other chromatographic tegines to obtain information about nature of
species present in sampfé.***

Size exclusion chromatography was used to invdstigakel speciation in latex of a
hyperaccumulating treBebertia acuminata® and in the roots, xylem and shoots of the metal

hyperaccumulatofhlaspi caerulescen¥.

Hydrophilic interaction liquid chromatography (HILI C)

Hydrophilic interaction chromatography is an idedromatographic technique to
effectively separate small polar highly hydrophigmd amphiphilic compounds. These
compounds are usually too polar and have insufficaharge to be separated by reversed
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phase and ion-exchange chromatography, respectiVeagrefore, HILIC has solved some
chromatographic problems, such as separation of snganic acids, basic drugs and several
neutral and charged compounds. HILIC has simi&gitvith normal phase chromatography
(NP-LC) by employing the same polar stationary plasThe typical materials used for
HILIC stationary phase are bare silica, silica gaelgdified with different polar functional
groups (e.g. aminopropyl, amide, diol, cyanopropyid other bonded phases) and also
polymers that ensure that separation of polar comgs is selective and reproducibfé.
However, not all of the HILIC column can be used $eparation of metal species. It was
revealed that separation pattern for different imetenplexes, such as Fe-citrate and Cu-
histidine complexes varies depending on the statiophase of HILIC column. The PFP
columns exhibited the low retention of the meta@es while the bare silica columns, the
amino-type columns and the mixed-mode Trinity calushowed strong retention and
interactions with some metal complexes. The optisgparation of Fe-citrate and Cu-
histidine complexes was achieved using three cofuwith the diol-, amide-, and zwitterionic
(sulfobetaine) stationary phasés.

Zwitterionic sulfoalkylbetaine stationary phasegs amongst the most widely used
stationary phase in HILIC. They contain stronglysibaguaternary ammonium groups and
strongly acidic sulfonic acid groups that are safet by short alkyl group. This stationary
phase is available under the tradename ZIC-HILIC.

HILIC is also similar to reversed phase chromatplgya(RP LC) as the mobile phases
used in both techniques are the water-misciblerpmiganic solvents, such as methanol or
acetonitrile with the small amount of water. Howewhe use of other solvents miscible with
water, such as THF and alcohols, is also possnléifLIC. The increasing elution strength
in HILIC is as follows: acetone < isopropanol ~ paool < acetonitrile < ethanol < dioxane <
DMF ~ methanol < water. There are also ionic adéd#j such as ammonium acetate and
ammonium formate, used in HILIC that are supposedadntrol pH and ionic strength of
mobile phase. They may also change the polaritgthef compounds, which results in
variations in retention time4§® 14®

HILIC separation can be preformed in isocratic magéng as mobile phase high
percentage organic solvents. Gradient elutionpimtrast to RP LC, starts with a high content
of organic solvent and polar compounds are eluteddmtinuous increase in proportion of
agueous solvent. It is believed that the surfaddlbfC stationary phase is covered by water-
rich layer formed by the mobile phase. The anatgtention is caused by its partitioning
between a water-rich layer on the surface of thBmstary phase and hydrophobic eluent as it
is shown in Fig. 86148

Combining the properties of NP LC and RP LC, HIiL&lowed many specific
advantages over either of these two traditionabmiatographic techniques. Compounds in
HILIC are eluted in more or less opposite ordemtira RP. Consequently, HILIC enables
separation of compounds eluting near the void in IRR HILIC also ensures a good
solubility of polar compounds in the agueous molplese employed by this technique
opposite to NP LC where the use of nonpolar elueatses poor solubility of polar sample.
Additionally, the totally organic and nonpolar ebtee characteristic for NP LC are not easily
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ionized when LC is coupled to electrospray MS. kmINP LC, HILIC appears to be ideally
suited to sensitive LC-MS analysis of water soluptdar compounds as the high organic
content in the mobile phase leads to an immedipaation of solvent during electrospray
ionization. The high volatility of organic solvenits HILIC comparing to RP LC results in
tenfold increase in sensitivity. HILIC is also edsycombine with other detection techniques
including fluorescence (FL), as ultraviolet lighisamrbance (UV), evaporative light scattering
(ELSD), refractive index (RI) and charged aero§AD). % 148

SILICA

Figure 8. The separation mechanism in hydrophilic intemcthromatograph¥/*

Hydrophilic interaction chromatography was used s&parate small noncovalent
nickel species, such as Ni complexes with malatete, histidine and nicotianamine present
in tissues of hyperaccumulating pldtlaspi caerulescer$® It was reported that ZIC HILIC
is also suitable for separation of small noncovaleretal-species, such as Ni-NA, Ni-
aspartate, Ni-malate and Ni-citrate, present irexysap ofA. thalianagrown with Ni or Cu-
DMA and Zn-DMA present in the wheat ro6t.

Reversed phase liquid chromatography (RP)

Reversed phase liquid chromatography is a powddohnique for separation of
peptides and proteins including metal complexe#$ witferent proteins present in plants. It
was shown that RP HPLC can be applied for separaifopolypeptides — phytochelatins
produced by different plants® ***RP LC is ideal for peptide and protein separaliecause
of excellent resolution, selectivity and reproduldp as well as high productivity and
recoveries.

The separation mechanism of RP LC is based ondaimpaunds partitioning between
nonpolar stationary phase and a polar mobile phese.separation is thus dependent on the
hydrophobic binding of the compound present in thebile phase to the immobilized
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hydrophobic ligands that are constituents of statip phase. Therefore, more hydrophobic
compounds are retained on the column longer theétoppilic molecules. The RP separation
can be performed in isocratic mode with the coristamcentration of organic solvent in
mobile phase or using gradient elution where th&ead of organic solvent is continuously
increasing during the analysis. The organic sokamged in RP HPLC are acetonitrile,
methanol and 2-propanol that can contain ionic ferdi such as trifluoroacetic acid. The
ionic modifier, the organic solvent composition,e tlgradient slope or the operating
temperature are the parameters that can be changwdified in order to manipulate the
resolution and retention of different compoundse Bhationary phases usually employed by
RP HPLC are based on microparticulate porous sihe&is modified commonly with alkyl
group C18 and less often with n-butyl (C4) and thAo¢C8). The C18 stationary phase
exhibits higher selectivity than its homologs C4 &8. The separation of proteins present in
complex biological matrix using RP HPLC can be peaimatic and insufficient. Therefore,
usually, sample pretreatment procedures are rehuimeorder to produce homogenous
sample'>?

lon exchange chromatography (IEC)

lon exchange chromatography allows the separatiorores and polar molecules
depending on their charged. Therefore, IEC can dm&l dor separation of wide variety of
charged compound. They include proteins (e.g. ho#taneins, serum proteins), small
nucleotides, amino acids as well as metal specespecially organoarsenic and
organoselenium compounds. The IEC mechanism isdhaseoulombic (ionic) interactions
where analyte ions in the mobile phase interach wite charged functional groups of
stationary phase. The stationary phase, callecexmhanger, is insoluble solid material that
has ions (cations or/and anions) covalently boonid and ions that have opposite charge and
are electrostatically bound to the surface. Thess ipossess exchangeable cation or/and
anions of the stationary phase. When the mobilesels eluted through the ion exchanger,
the electrostatically bound ions can be exchangedtbichiometrically equivalent amount of
other ions of same sign. If the stationary phasetha negatively charged functional groups
that interact with analyte cation in the mobile gdés called cation exchanger. The stationary
phases with the positively charged groups, intergavith analyte anions in mobile phase,
are known as anion exchangers. Certain materigsahle to exchange both cations and
anions and are called amphoteric exchangers. Ttlenand anion exchangers differ in acidic
and base strength, respectively. The cation exarangan be strong acidic with sulfonic
groups or weak acidic if they contain carboxyliegdagroups. Anion exchangers may contain
weak base amino groups or strong base tertiargrgulin and quaternary ammonium and
phosphonium group$* %3

The separation using IEC requires drastic elutiondd@ion where acids, bases and
high salt concentrations are used. This harsh dondmust be used to allow elution of
multicharged anions and cations in a reasonable. ttiowever, the high concentrated buffers
may cause problems during coupling ICE to ICP M8e Tlogging of the nebulizer and
sampler and skimmer cones are the main issuesc#matead to variations of the detector
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sensitivity. Depending on the compounds that arppssed to be separated, the ion
exchangers with different acidic/base strength &&n applied. To separate the metal
complexes with metallothioneins the use of wealomrexchangers with diethylaminoethyl

functional groups is sufficient while in the speitia analysis of arsenic and selenium more
preferable are the strong anion exchan§rs>

6.2. ICP MS as an element specific detection in anmatography

Different techniques have been used as the detedystems (e.g. instrumental
neutron activation — INAA or total-reflection X-rafjuorescence — TXRF) for HPLC.
However, ICP MS equipped with quadrupole mass aealyras become one of the most
widely used detection techniques for this kind pplacations. The mass spectrometry with
ionization in inductively coupled plasma offersoa df advantages. They include the detection
limits at the femtogram level that do not dependtlo chemical form and the presence of
matrix components, quantification at the parts pefion (ppm) level, multi-element and
multi-isotopic measurement capacity as well asdatgnamic rang&® ***Fig. 9 shows the
elements that can be determined by ICP MS andgpegimate detection capabilities of one
of the ICP MS instrument models.

' H ® Zn—Atomic Number, Symbol 2 He
I || —Isotopic Abundance |
1 "8 Most Abundant lsotope y
3 Li * Be DetectionLimitRanges 5 B (¢ ¢ |7 N |8 O | F |10 Ne

— —p -

i 8 P— 11 1.2 14

& |
" Na | Mg fj:c:“a::‘ B Al WS [P [€5 [7Cl|®Ar|
.-..L..,-.Lm [ ] 110080 | | |
23 24 27 28 a2

2 Ni |# Cu

8
5
o
o
o
@
g
&

I._
.
=
-
=2
o
!_
i
oo
=
i
=

Y
-

2
I~

3

8.
lspdl?Ag

&
e
3
=1
L}
g
]
a
]
[
e

=
=
o

w | 102 | 103 106 | 107
T [P

&
m
L
Jz
H]
=
5
L4
-

Au

AL

181 184 187 | 1582 193 195 187

g
L
=3
=

B
=
=
=
i—_
C
-

% Ce [ Pr % Nd ¢ Pm|% Sm|® Eu |* Gd °®* Tb (% Dy |¥ Ho |% Er |*® Tm|™ Yb

oy

140 144 142 158 153 158 156 164 | 165 166 168 174 175
a2

U [ Np |™ Pu | Am ™ Cm ® Bk | Cf |* Es |"™®Fm ' Md |'® No ['"®Lr

i_
-
=
=
=
I
i_
=
B

Figure 9. Elements that can be determined by ICP MS and appate instrumental detection limi¥.

Principles of ICP MS

An ICP MS system consists of a few elements thatsanilar in different available
ICP MS designs. They include nebulizer, spray chamiplasma torch and detector
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(Fig. 10)**®> However, other components of ICP MS system, sushha interface, ion-
focusing system, mass separation device and vacthmmber, may vary significantly
depending on the brand of ICP MS instrument.

Samples analyzed by ICP MS are usually liquid aeddalivered to the nebulizer by a
peristaltic pump. The role of the nebulizer is tmwert liquid sample into a fine aerosol with
presence of argon gas. In the spray chamber, nkealfioplets of aerosol that represent only 1
— 2% of the sample are separated from large doplbich diameter is bigger thandf. In
the next step, they are transported via a sampéetor into the plasma torch which is
positioned horizontally. The selection of small pleds that can reach the plasma torch aims
at maintaining the stable temperature of plasma. pflasma torch consists of three concentric
tubes: outer tube, middle tube and sample injedtbe outer tube and the middle tube are
responsible for plasma cooling and adjusting itsitpm while the sample injector is
responsible for transport of the aerosol into tlesma. The plasma formation starts when the
RF power is applied to the load coil (usually cappkat surrounds the top end of the torch.
The RF oscillation of the current in the coil cesathe electromagnetic field at the top of the
torch and the high-voltage spark is applied to argas flowing through the torch. This
causes that some argon atoms lose their electf@isate caught up and accelerated in
magnetic field. The collision of argon atoms witkatrons causes the lose of next electrons
leading, at the end, to the formation of the highypberature plasma discharge (~10,000 K) at
the open end of the tor¢h’
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Figure 10.The scheme of the mass spectrometer with ionizatiamductively coupled plasma:

The aerosol reaching the plasma torch is passiag tirough different heating zones
of the plasma that causes vaporization of solvewt farmation of small particles. First,
particles are changed into the gaseous form anditite the state-charged atoms. The atoms

61



due to the collision with energetic argon electr@me converted into the ions. Once the
positively and singly charged ions are generatethénplasma, they are moved to the mass
spectrometer via the interface region. The interfia@gion is maintained at the vacuum (1 — 2
torr) and consists of two metallic cones — sampladt skimmer cone. The ions are passing
through the cones and the ion optics to reach thesnseparation device. The efficient
transport of ions from the plasma which is at atphesic pressure to the mass spectrometer
analyzer (roughly 18 torr) through the interface region is one of thesmcritical parts of
analysis. During this process ions must be transgdoefficiently, consistently and with
electrical integrity into the mass analyzer regidhere are different mass analyzers, such as
guadrupole, magnetic sector and time-of-flight desi The role of all of them is to allow the
analyte ions of a particular mass-to charge raaxin the detector. The mass analyzer is also
responsible for filtering out all the nonanalyteteirfering and matrix ions?

Quadrupole mass analyzer

The quadrupole (Q) mass filter is a constituentraighly 85% of all ICP mass
spectrometers that are used today. The advantagelkisoanalyzer include simplicity,
relatively low cost and absolute detection limitssubpicogram range. It caused that this kind
of ICP MS system has found a lot of applicationgntyain routine trace element analysis.
The gquadrupole mass analyzer consists of four d@ytial or hyperbolic rods made of metal
(stainless steel or molybdenum) that have the dangth and diameter. The rods are set in
parallel to each other and arranged in the way ttheatirect current (DC) field and a time-
dependent alternating current (AC) of radio frequyeare placed on opposite pairs of rods as
it is shown in Fig. 1113 1°6.187
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Figure 11.Scheme of quadrupole mass filter and principlema$s separatiofi’

lons travel down the quadrupole between the rodstheir trajectory is affected by
applied voltages. The given AC/DC ratio on each péirods allows ions of only certain
mass-to-charge ratio to reach the detector. Otbes iare thrown out of their original
trajectory and collide at the end with the rodse Hhility of the quadrupole mass analyzer to
separate different masses depends on a few fastaris,as the shape, diameter and length of
the rods, applied RF/DC voltages, frequency of quaaole power supply and operating
vacuum. Also, the movement and kinetic energy @& tbns that enter and leave the
quadrupole are importarit® >
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The quadrupole mass filter offers the resolutio®.gf— 1.0 amu that is adequate for
many routine applications. However, there are eteéméhat suffer from different spectral
interferences (e.g. argon-, solvent and/or samgdedb interferences) and their detection is not
possible using quadrupole mass filter and requisesof high resolution mass spectrometry
techniqueg>* +*°

Double focusing mass analyzer

The mass analyzer that offers resolving power mhigher than quadrupole mass
filter is the double focusing (SF) system that ¢sissof the two analyzers: a traditional
electromagnet and an electrostatic analyzer. Thgnete sector is responsible for mass
focusing while the electrostatic sector acts amatic energy selector. Therefore, the double
focusing instrument is able to focus both the aamgulispersions and energies of ions
(Fig. 12).
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Figure 12.Scheme of double-focusing magnetic sector andiplies of mass separatiof.

The resolution offered by this kind of mass analyz@ to 10 000) is high enough to
allow the elimination of many polyatomic interfeces that could not be achieved using a
guadrupole mass analyzer. However, the improvememisolution affects the sensitivity that
decreases but is still high enough and makes pgesdédiection of elements that are usually
interfered. Additionally, use of this high resoarti mass analyzer allows reduction of the
background noise that led, in consequence, to #@edse in the detection limits. All
advantages of use of double focusing system al@etection of elements, such as sulfur. It
is helpful in the determination of the stoichionyatf metal complexes with metallothioneins.
The double focusing system offers also quantitadivalysis with a great precision that caused
the development of instruments that has found egiatin in isotope ration analysis. Usually,
these instruments, instead of the one detectoegupped with multiple detectors referred to
as multi-collector system. It allows a precise nueasient of isotope compositions for a wide
range of elements?* 1°°
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Despite many advantages offered by double-focusiagnetic sector systems, ICP
guadrupole mass spectrometers are used more widlblgy are ideal for rapid, high-
throughput and multielement analysis and additignahe cost of instrumentation and

maintenances is lower compared to double-focusiagmatic sector ICP-MS systeri?s.*>°

Time of flight mass analyzer

The third type of mass analyzer that can pose‘asat” of an ICP mass spectrometer
is time of flight (TOF) mass analyzer. TOF massctpeneters are based on a simple mass
separation principle. At the beginning, all ions/édhe same position at the same time and
are accelerated by the electric field so that atisi have the same kinetic energy that is
proportional to their masses and velocities. Asibave different masses their velocities are
also different. The correlation of ions velocitiegh their mass-to-charge ratio and arrival
times at the detector allow the determination efrtinasses. Generally speaking, if there are
three ions of different mass-to-charge ratios acagtd into a “flight tube”, it is observed that
the arrival time at the detector of each ion idedént as it depends of the ion velocity.
Therefore, the lightest ion that has the highe$boiy is able to reach the detector first,
followed by an ion of medium mass-to-charge ratid,aultimately, the heaviest ion with the
lowest velocity as it is shown in Fig. 13.
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Figure 13.Scheme of time of flight mass analyzer and priresigf mass separatiofi.

The main advantage of TOF mass analyzer over tengty mass analyzers, such as
the quadrupole, is that the latter are able toaligtest one mass at the time. It results in the
need of compromise between the number of monitetechents, detection limits, precision
and time of analysis. Time of flight mass analydees not suffer from this kind of problems
and allows the simultaneous extraction of all massharge ions and thus collection of
multielement data sets without any significant ésss1 quality. The TOF analyzer permits to
obtain roughly 20 000 complete mass spectra pamskdt is thousand times faster than the
sequential scanning mode of quadrupole mass amalyhés abilities cause that TOF MS
offers a lot of advantages including enhanced piatj determination of great number of
elements in the fast transient peaks and rapidisiign of data. It permits to carry out
gualitative and semi-quantitative scans. Therefd@®F MS is almost perfect to detect
transient signals produced by high speed chromapbiz techniques and is ideal for high-
precision isotope ratio analysrs:
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Interferences in ICP MS

ICP MS is sensitive detection technique that allcaegjuisition of multielement
concentration data in a small amount of sampleslitAahally, the signal intensity in ICP MS
is independent of the matrix composition. It giyasssibility to quantify the proteins and
others biomolecules using inorganic elemental stedsd However, the one of the main issues
that emerges during the analysis using ICP quadkupass spectrometer is formation of
polyatomic spectral interferences that can disrin@ detection of some elements. The
polyatomic interferences result from the combimatid two or more isotopes from different
elements including argon, solvent and matrix-detii@n. The different possible polyatomic
interferences can be formed in the plasma torchtlagyg may interfere with the detection of
metals, such as zinc, copper or iron. As it is shawTable 1 all isotopes of Cu, Zn and Fe
can be interfered with different polyatomic ionslahus their detection can be disrupt

Table 1.The polyatomic interferences that can be formeplasma torcH®’

Isotope | Abundance Interference
63Cu 60.1 31P1602+, 40Ar23Na+, 47Ti160+, 23Na4OCa+’ 46Cd'6olH+,
. 36AI'12C14N1H+, 14N12C37C|+, 16012C35C|+
65Cu 30.9 49Ti160+, 32816021H+, 40Ar25Mg+, 4OCa1601H+’ 36Ar14N21H+,
. 32§3S+' 32816ol7o+' 3381602+, 12C16037C|+, 12C18035C|+
54Fe 5 82 37C|1601H+, 40Ar14N, 38AI’15N1H+, 36Ar180+, 38Ar160+,
. 36AI'1701H+, 368180+, 35C|1801H+, 37cll7o
405 . 16~+ 40 6t 40p 1571114+ 38Ap ,.18~+ 38p ,.17~1 4+
S6r 91 66 Art®o", “°ca’o”, ArPNTH', *ArOT, FArNOTH',
CI”"O'H
57Fe 2'19 4OAI'1601H+, 40Cd.601H+' 40Ar17o+, 38AI'1801H+, 38Ar19|:+
32016 + 487:16~+ 3116~ 1, 4+ 48 6t 32c + 31pl6~A1l7~t
S'0,", *Tit%0", *1PH0,'H’, *¥ca®0", ¥s,", P00’
®4Zn 48.89 2 3481652+, A LN, S
GGZn 27 81 SOTil6O+, 3431602+’ 33316021H+, 323160180+, 3231702+,
. 33816017O+, 32§4S+, 3382+
68Zn 18.57 3681602+, 348160180+, 40Ar14N2+, 350|16017O+, 34S'Z+,

However, the interferences can be minimized byausiifferent approaches, such as
correction equations, cool plasma technology, mateparation and collision/reaction cells
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(CRC). The latter appears to be the more efficigpproach that permits to diminish
production of many harmful species before theyhehe mass analyz&t®

The collision/reaction cell is a chamber placedobefthe quadrupole mass analyzer
that contains multipole, for example quadrupolexdp®le or octopole, that is usually
operated in RF-only-mode. The collision/reactiol isdfilled up with reaction/collision gases
(one gas type at a time or a mixture of two of thesauch as helium, ammonia, methane,
hydrogen or oxygen. Inside the collision/reacti@l,the RF-only field is suppose to focus
the sample ions which then collide and react witllatules of the collision gas or gasses. It
results in the conversion of the harmful polyatormterfering ions (a few examples are
shown in Table 1) or analyte ions into harmlessimenfering species or other ions that are
not interfered with, respectively®

The principle of reducing the formation on polyatominterferences in the
collision/reaction cell is shown in Fig. 14. Thdyaiomic interferences that may occur during
the analysis can be easily removed also by use séctor field double focusing (high
resolution) mass spectrometérs.
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Figure 14.Principles of operation of a collision/reaction| ¢&f

Coupling HPLC to ICP MS

All advantages of ICP MS, such as possibility oflrelement analysis, low detection
limits, element specificity and easy elimination ioferferences, caused that ICP MS has
become the main detector for HPLC and €E.

ICP MS is practically the only technique able tdedg in on line mode, the trace
concentration of different elements in LC and CHuehts. ICP MS also makes it possible to
identify several elements in the same chromatogcamhelectrophoretic peak by scanning or
hopping the mass analyzer. However, the couplingdBLC and CE to ICP MS may
encounter a few problems on the interface levaethsas the lack of compatibility of the
mobile phase composition and flow rate with ion@atconditions of ICP MS. Therefore, the
successful detection of various metal species dakpen the proper choice of the interface
that is one of the most important elements in HRLCE — ICP MS couplings.” 4
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The most common interface consists of a piece wbnabore tubing that connects the
outlet of the HPLC column with the nebulizer. Th@LC column that diameter is between
4.6 — 10 mm can be connected to the pneumaticossdtow nebulizers operating in the flow
rate that is optimal for the separation on these kif columns. The use of the columns with
smaller diameters, between 0.32 — 1.0 mm, reqtiesise of micronebulizetd” ***

The mobile phases used in chromatographic separahiould not contain elements
that can cause polyatomic interferences in ICP M&wever, majority of eluents cause the
production of polyatomic ions that interfere withietdetection of different elements. The
mobile phases containing volatile salts up to 100 are not generating any problems.
However, higher salt concentration or non-volasisdts may cause the nebulizer and cones
occlusion and thus leads to the either temporarpredsion or enhancement of
SignalilAO, 158, 159

The chromatographic separation requires often sigeafi the mobile phases in which
the organic solvent content is even up to 100%. inb@duction of mobile phases rich in
organic solvent into ICP MS affect negatively thabdity of ICP MS and decrease signal
intensity. Additionally, organic solvent present nmobile phase may cause deposition of
carbon on the torch and cones. Therefore, the argatvent can be introduced to ICP MS
provided that cooled spray chamber or desolvatystesn are used accompanied by addition
of oxygen to plasma gas, increased RF power anduptinum cones. The coupling of
HILIC and RP LC to ICP MS requires this kind of apgch as both types of chromatography
use high concentrations of organic solvents. Anoit®ue that may appear during coupling
HILIC and RP LC to ICP MS is the use of solventdieats. The changing composition of
mobile phase affects the plasma temperature amtf@ienumber density. These processes
may make the ionization efficiencies vary during #malysis*® *°% 19

Unlike HILIC and RP LC, SEC often exhibits good quatibility with ICP MS in
terms of the flow rates between 0.7-1.0 mL Tamd the mobile phases that do not contain
organic solvents and can be limited in terms ofcemtration of salts. Concerning capillary
and nano HPLC, where the flow rates are much smadl€eomparison with conventional
HPLC, the introduction of up to 100% of organicv&wit into the plasma does not cause the
problems mentioned before. These coupling can wathout the use of a cooling spray
chamber and addition of oxygen to the plasma gaseder, capillary and nano HPLC suffer
from other issues that appear during coupling 8 NIS. The main one is incompatibility of
capillary and nano HPLC with ICP MS because offtbe rates that are 100 — 1000 times
smaller that those required by traditional nebuiz&he conventional spray chambers are
also not suitable for these separation techniqaebey have large dead volumes that cause
long washout times and peak broadening. Therefioeecapillary and nano HPLC require the
use of dedicated interfaces, such as small-deadnabkpray chambers and total consumption
micro-nebulizers. They allow efficient nebulizatiand operate at the flow rates in the range
0.5 — 7.5 mL mift. 140 18, 159

The on-line couplings of HPLC to ICP MS have foumgplications in analysis of
environmental samples. The SEC HPLC coupled on {mdCP MS was used for the
determination of cadmium, copper, lead and zindlibigp properties of phytochelatins in cell
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cultures ofSilene vulgari¥® and for the separation and detection of differéokel species
present in latex of nickel hyperaccumulating tBebertia acuminaté’. These applications
show that ICP MS is an excellent detector for owe-lanalysis of biological samples in terms
of its high sensitivity, multielement detection aability to accept liquid mobile phase at
different flow rates.

6.3. Electrospray high resolution mass spectrometrin the metal species identification

The species selectivity in ICP MS depends on thee tivhen the analyte molecule
reaches the ionization source. Therefore, the maiatcies separated during the
chromatographic step can be identified only if theormation about possible compounds
present in the sample is available and via matchégntion times with those obtained for
standards. However, the majority of metal specresent in biological samples can not be
identified and characterized using only HPLC ICP lSthe retention time standards are
usually unavailable. Additionally, this approactsw@ases that compounds present in sample
are completely separated and each peak corresgondssingle pure compound that in
practice is difficult to achieve. Moreover, the gressively lower detection limits offer by
ICP MS lead to detection of new and numerous com@ethat need to be identified. Hence
the use of techniques that allow molecular speaifetection is mandatory to obtain
information about accurate molar mass and struatfidifferent metals species. They include
previously unreported species and those for whigmdards are unavailable present in
complex sample, often at the trace level. Two tephes, electrospray mass spectrometry
(ESI MS) and matrix assisted laser desorption mtion (MALDI)-TOF MS, offer the
possibility of determination of the accurate molacweight and the structure of the diverse
compounds in biological samples. However, ESI MS lbecome recently the one of the most
widely used detection techniques that is compleargnto ICP MS in HPLC and CE
couplings. The ESI MS allows determination of psecmolecular mass and characterization
of the molecules that are present at the tracé ievelatively complex matriceS*

ESI MS can mainly provide the identification ofately stable metallospecies, such
as cobalamins, porphyrins, metalloproteins or camps containing metal-carbon bond
(metalloids). The latter, usually can be easilyized forming singly protonated ions that
theoretically enables their identification concemijust the molecular mass. The labile
complexes are likely to be destroyed as the megtahtl bond is not resistant enough to
survive the ionization process. ESI MS is widelgdign functional proteomic analysis and to
determine the noncovalent interaction. It is causgdhe fact that the metal complexes with
amino acids, peptides, proteins and carbohydraasbe readily ionized in ESI source and
their gas-phase and solution properties are coeckladdditionally, there is a possibility to
work in positive or negative ion mode that enaliedind the ideal conditions to ionize
different types of metal species. The identificatiof unstable metal complexes is also
possible. The ligands can be identified and chareetd by ESI MS/MS. However, the
demonstration of the presence of the metal-ligamk Irequires the use of another
complementary to ESI MS/MS technigtfé The determination of precise molecular mass by
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ESI MS is sufficient to determine the empiric folmuand elucidate the metal-ligand
stoichiometry. The information obtained after thegimentation of protonated molecular ions
by collision induced dissociation (CID) are veryefid to establish ligand structure and
confirm its identification as fragmentation givesegher insight into the species identity.

Electrospray ionization (ESI) is capable to prodisees of metal complexes in the gas
phase that are then analyzed by MS. The electrpspnézation consists of a few stages that
are shown in Fig. 15.
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Figure 15.Principle of electrospray ionizatidft.

A solution containing analyte is introduced at thge 1 — 1QuL min™ to the source.
Then the agueous analytes are passing throughdbieospray needle that is biased to high
potential with respect to a ground planar electrgceunter electrode). This causes the
generation of the spray of small, highly chargedptets. From the droplets, the neutral
solvent molecules are evaporated leading to deerefishe droplet size and at the and to
formation of molecular ions. The molecular ions afeen multiple charged and in the next
step they are transported from the atmosphericsprego the high vacuum area. Then, in the
mass analyzer, the ions are separated accorditbeto mass-to-charge ratio. There are
different types of mass analyzers including quadieipQ), ion-trap (IT), time-of-flight
(TOF) and Fourier Transform ion cyclotron resonafi€e ICR)**

The quadrupole mass analyzer seems to be ideabtdtine application as it is robust
and have modest vacuum requirements and compaxt Hawever, other types of mass
analyzers were gaining more and more attentiogdars as they offered better resolution and
simultaneous detection or extraction of all ionteTuse of these analyzers allowed also
identification of species containing different nistaand elucidation of metal-ligand
stoichiometry in these compountd® Recently, a great interest is given to mass speeters
that provide accurate mass of analytes and théydaclfOF, FT ICR and Orbitrap detectors.
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High resolution mass spectrometry

The great interest given to mass spectrometersy ascTOF, FT ICR and Orbitrap
technology is caused by the high resolving powerssrand spectral accuracy, sensitivity and
dynamic range exhibited by these MS techniquealldivs determination of the exact masses
of different small molecules (up. to 400 Da), imtihg metal complexes, and thus
determination of their elemental composition. Iths first step for identification of unknown
species. High resolution mass spectrometry allolwe tletermination of elemental
composition of compounds up to 1000 Da, the idieatiion of proteins, lipids and other
biological compounds as well as characterizatiopasttranslational modifications of intact
proteins. Therefore, HR MS found application inldge such as proteomics, protein
modifications analysis, metabolomics and petrolestii

The TOF mass analyzer (described in details in tehap2.) gives possibility of fast
and sensitive mass analysis as the measuremehntdsses is simultaneous. TOF offers also
better precision and mass measurement accuracyothan technologies, such as ion trap.
Additionally, the lack of upper mass-to-charge tinmakes this technique suitable for the
detection of ions that are singly charged and teatiat 5000 Da. It can also be applied in
analysis where more that 1 mass spectrum per seewsl be acquired. The resolution
obtained using TOF can be above 10 000 with mamsacy below 10 pprt* ***However,
the FT MS technology offers greater resolution aoduracy than TOF. Additionally, the use
of FT MS for identification of metal-bioligand coeges can bring just benefits as this
detection system offers a large intrascan dynaamge and multistage fragmentation. It can
make the identification of metal species much eadle

One of the instruments that belong to FT MS fanslyFT ICR mass spectrometer
(Fig. 16). In FT ICR MS ions are moved to the ICH&ll ¢hat is sited in the middle of
superconducting magnet. Thus, ions are trappediroag uniform magnetic field that causes
that the ions motions are confined to circular rthat have characteristic frequency which is
called ion cyclotron frequency. The measuremenioof cyclotron frequency provides the
information about ion masses. However, to measyréhé ions FT ICR motion must be
excited by an RF pulse to larger ICR radius. Thextjted ions cyclotron motion is detected
as an image current induced by the ions passinipdyletection plates. The detected image
current is digitized and the Fourier transform s the signal to time domain and then to
mass spectra. The stability and uniform magnetdd fiof the superconducting magnets
combined with high accuracy and dynamic range adsueed frequencies results that FT ICR
MS offers the resolution that can be higher tha@ with the mass accuracy down to 0.2
ppm** %2 This great potential of FT ICR MS allows deterntioa of highly accurate mass
and thus determination of molecular formulae. Alagcidation of the structure is possible as
the ions can be fragmented, usually by infrared tiplubton dissociation. The main
disadvantages of FT ICR MS instruments are thein purchase and running costs.

The need to analyze more and more complex mixinodsding biological matrices as
well as faster HPLC resulted in searching for nelutson to improve existing mass analyzers
or create the new, more efficient ones. All attesnihtat have been made to enhance the
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abilities of FT MS gave the groundwork for the ag@mce and development of a new
member of FT MS family — the Orbitrap analyzer. @dp analyzer was introduced to
commercial use in 2005 and immediately became #negd mainstream mass spectrometry.
The Orbitrap analyzer is a compact and robust masslyzer that offers excellent
guantification properties, high resolving power aturacy (specified as 2 — 5 ppm, but
peaks with signal-to-noise ratio>10 000 can reaéhppm), large space charge capacity, a
minimum upper mass/charge limit of 6000 and griealr dynamic range up to four orders of
magnitude. Other advantages include faster and rsersitive sample analysis, larger
trapping capacity, more user-friendly interface amdch lower purchase and running costs
comparing to the FT ICR MS. Despite of the fact tihe mass resolution and mass accuracy
offers by the orbitrap are slightly lower than taasffered by FT ICR, the other advantages
given by orbitrap make it wide used mass analyZet®* ¢4
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Figure 16.Principle of FT ICR MS™

The first introduced analyzer was a hybrid instrameLTQ Orbitrap. It consists of a
linear ion trap and an orbitrap mass anaf{?eas it is shown in Fig. 17. The orbitrap
technology combines some features of FT ICR (tragppthe ions in ultrahigh vacuum,
principle of image current detection, FT data pssagg), radiofrequency ion trap (ions are
trapped in precisely defined electrode structuess) TOF (electrostatic fields to constrain
and to analyze the injected ions and pulsed imgertanalyzers. It makes this mass analyzer
very powerful tool. In addition, at the same timajan limitation of the previous analyzers are
avoided'®® The different fields of analytical chemistry whehe LTQ Orbitrap has been used
include proteomics, metabolomics, environmentalmabey, drug analysis, lipidomics and
identification of reaction products and small moles®*
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The complete Orbitrap based mass spectrometer (HiY.is equipped with and
electrospray ionization source (ESI), a dual de#dr ion trap, a curved linear storage trap, a
collision cell and at the end the Orbitrap analyZdre linear storage trap is required for
storage and short pulse injection of ions into dwbitrap while a collision cell allows
performing high energy CID experimentg.
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Figure 17.Scheme of LTQ Velos Orbitrdj’

The Orbitrap mass analyzer composed of three elbetr two outer ones that are
axially symmetric and together form barrel-like géd trap that surface perfectly matches the
shape of the central spindle-like third electrotiee outer electrodes are split in two halves
because they act as receiver plates for image rdudetection. They are also electrically
isolated from the central electrode by a hair-thap that is secured by made of dielectric
central ring (Fig. 18§°% 154

The voltage applied between outer and central reldes results in the electrostatic
potential distribution that makes orbitrap masdya®a — an electrostatic trap. Before entering
the orbitrap, the significant ion populations atered in C-trap (RF-only gas-filled curved
guadrupole). Then, they are injected tangentiafiya short pulse, into the volume between
the outer and central electrodes through a “deftégilaced in one of the outer electrodes.
The short pulse injection results in the injectadrions population at different mass-to-charge
ratio into the orbitrap analyzer at different tim@sib-microsecond pulses). Once ions are
injected to the orbitrap, they start rotate arothnel central electrode undergoing the process
called “electrodynamic squeezing”. It means thatewhons rotate around the central
electrode they are confined in created betweertreties electric field. This process causes
the contraction of the radius of the ion cloud asduction of rotational radius. It prevents the
ions to collide with the outer electrode once th&yt their axial oscillation® 164 165

Unlike FT ICR, in the orbitrap, ions do not havelie additionally excited to start
coherent axial oscillation because they are exdigdnjection. Apart from the orbiting
motion around the central electrode, the stabletiajectories involve also harmonic axial
oscillations. As the ion packets of different massharge ratio are injected into the orbitrap
analyzer in sub-second pulses, each ion packerémag over the angular coordinate. Finally,
each ion packet forms a thin rotating ring whem ithns of larger mass-to-charge ratio have
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larger orbital radius. The mass-to-charge ratiosueaments are based on the image current
detection of axial oscillations frequencies. Thigequencies do not depend on the energy and
amplitude of the ions just on the mass-to-charge of the ion and the potential between the
outer and central electrodes that is, however, keepstant during analysis. This
independence causes that the orbitrap permits t&@irohigh resolution and mass accuracy
measurements. The detected image current, simitarlfT ICR, is digitized in the time
domain and the Fourier transform converts the sigmdrequency domain which is then
converted to mass spectrdfii.1®* 1

Figure 18.Orbitrap analyzer cell and example of stable iajetrtory*

As it was mention before, the orbitrap mass analgffers high resolving power that
is directly proportional to the acquisition timeorRhis reason enhancing the acquisition time
higher resolving power can be obtained. The resglyiower of orbitrap analyzers is up to
150 000 but usually it is lower (60 000 at m/z 604n a 750-ms detection period). However,
the recent analyzers, such as Orbitrap Elite, ehibg the resolving power of even 240 000
at m/z 400 for 768-ms detection period. It is faores higher that previous orbitrap analyzers
could reacH?®® 1%

Comparing resolving power of orbitrap with FT ICRhe latter exhibits better
resolving power which, however, decreases fastdr mass-to-charge ratio unlike orbitrap. It
is a consequence of the applied appropriate matieeguations that describe the correlation
between the detection time, period of the mainliesion and mass-to-charge ratio for FT
ICR and orbitrap where ions move in magnetic aedtsbstatic field, respectively. Thus, for
the fixed acquisition times, the resolving powe3f ICR inversely scales with m/z while in
orbitrap mass analyzer resolving power is invergelyportional to the square root of m/z.
The consequence of this correlation is that for @nlyitrap and any FT ICR analyzer exists a
critical mass-to-charge ratio. Below this criticabss-to-charge ratio FT ICR exhibits higher
resolving power than orbitrap analyzer but once tritical value is crossed the orbitrap
fronts in resolving power as it is shown in Fig.'$9*%*

Apart form high resolving power, the orbitrap amaly offers also a high mass
accuracy measurement. It is the one of the maimragdges of the orbitrap as an excellent
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mass accuracy is highly desired attribute of masalyaers. The ability to measure the
compound masses with high accuracy allows diretgroenation of elemental composition
of these compounds as the majority of other pddgisi can be easily eliminated. The
determination of elemental composition of differecdmpounds is the first step for
elucidation of structure of unknown molecules.sltpiossible to achieve using accurate mass
of the compound as each isotope of every chemieaient has different mass defétt.

The mass defect is defined as the mass differegiveeln the calculated exact mass of
compound (atom, molecule, ion or radical) and gamimal integer mass (number of protons
and neutrons in the atom nucleus) based on comvedéfining carbort’C = 12.0000 u with
zero mass defect. All other isotopes of every etgrhave exact masses above or under the
nominal mass as the amount of energy releasedgdformation and stabilization of nucleus
is slightly different for each of them. Thus, easbtope of every element has either positive
or negative mass defect. It causes that each meledth different elemental composition has
a unique exact mass. Therefore, it is possibleldcidate the elemental formulae of the
molecules knowing their exact mass&s.
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Figure 19.Correlation between the resolving power and masdiéwge ratio for different types of
orbitrap and FT ICR mass analyzéts.

However, sometime the information about accuratessmaf the molecule is not
enough to elucidate the correct elemental compositiThen, additional information is
required, such as recognition of isotopic pattardetection or relative isotopic mass defect.
Among all naturally occurring stable elements, 20dhem is called monoisotopic elements
because they are present as the only one staldgpésdrhe rest of elements occur in two or
more isotopes and they are termed as polyisotdpiments. Each of these elements has
different isotopic composition that results in dweristic distribution that can appear in the
mass spectrum and is called isotopic pattern. Kaetenass of the most abundant isotope of
an element is defined as monoisotopic mass. Coimgermolecules, the sum of the
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monoisotopic masses of the isotopes of each elerfenting the molecule is called
monoisotopic mass of the molecule. However, moksaf the one compound are not only
composed of the most abundant isotopes of the elsnggven in the formula but also other
isotopes have their contribution in the compositafrthe molecules. For this reason, each
compound is the mixture of different isotopic corspions. It results in characteristic for the
analyte isotopic distribution that appears in tpectrum as a superimposition of the mass
spectrum into the mass spectra of all isotopicisgenf the compound. These isotopic species
are called isotopologues. The isotopologues capbgerved in spectrum as A+1, A+2...A+n
isotopic clusters of the molecule. The mass diffeeebetween the monoisotopic mass of the
molecule and the mass of its isotopologue is teragethter-isotopic mass defect. Because of
the superimposition of mass spectrum and the pcesehinter-isotopic mass defect, analytes
have the characteristic isotopic distribution c¢ #lements they contain. It can be considered
as an elemental fingerprint that allows identificatof different compounds by comparison of
the experimental isotopic pattern with the caledadne'®’ 1%

The elucidation of the molecule structure and comdtion of its identity can be
provided by tandem mass spectrometry (MS/MS). Tissodiation of the precursor ions in
LTQ-Orbitrap can be performed in linear ion trapdoflision induced dissociation (CID), in
the C-trap and also in the octopole collision E¥llOne of the most important features offered
by orbitrap is the possibility to obtained tanderass spectra with high mass accury.
Linear ion trap (LIT) mass spectrometer offers thaltiple stage MS/MS or MS
fragmentation of precursor ion but also of its pratdions. In the LIT, ions are collected in
high pressure cell (HPC) (Fig. 20. A) where apphettages allow isolation of a single ion
(Fig. 20. B). In the next step, the chosen precuiso is excited by the applied voltages.
Then, it collides with neutral molecules (e.g. hel) that causes the bond breakage and
results in the fragmentation of precursor ion itite product ions (Fig. 20. C). The product
ions are transferred to the low pressure cell (LR@) then ejected (Fig.20. D). All product
ions can be scanned out but there is also posgitnlisolate one of the product ions, excite it

and then scan out all of the secondary produabtain the M&scan'’® "

(A) Trapping l (B) Isolation

(D) Ejection (C) Excitation

Figure 20.The operation of linear ion trap during MS/MS (0o8¥mode’"
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The repetition of isolation (B) and excitation (&gps on chosen product ions permits
to obtain the M3 spectra. In consequence, LIT yields the structundébrmation of
fragmented ion that is regarded as mass speatgerbrint:'*

Two models of LTQ Orbitrap — LTQ Orbitrap Discoveagd LTQ Orbitrap XL give
the alternative to CID dissociation method — higiergy collisional dissociation (HCD). It
can be performed in octopole that is integratedh \@ttrap. In this fragmentation technique,
the precursor ions are isolated in the linear rap to be in the next step transferred to the C-
trap. In the C-trap, precursor ions are acceleratxdthe octopole collision cell where their
kinetic energies increase and they ultimately dellwith the neutral gas molecules (e.g.
nitrogen). However, the number of collisions thegqursor ions undergo with gas molecules
is relatively small. Fragmented ions, produced dtopole collision cell, are then returned to
the C-trap using potential gradient. Then, theyiajected to the orbitrap mass analyzer. The
high energy collisions permit to obtain the MS/M&stra with no low mass cut-off and can
be used to elucidate the structure of both smalkautes and peptides or proteit$.* It
was reported that sensitivities of both, the Clld &CD spectra, are similar. Additionally, in
collision induced dissociation the normalized egemf 35% is efficient to perform
fragmentation of majority of small molecules white HCD the optimal collision energy
depends on molecular weight and structural featoféee compounds. As both dissociation
techniques provide different fragmentation pathweygenerate fragmentation fingerprint,
they complement each other. It permits to obtaie domprehensive information about
fragmented ions. Therefore, the combination ofGiHe and HCD methods enables confident
and accurate small molecule structure elucidat®n.

The orbitrap technology combines different featuoéspreviously available mass
analyzers. It caused that orbitrap gained far bstasitivity, resolution and mass accuracy
however, as every mass analyzer, orbitrap techyohas also its physical limitation that
luckily are still far from being reached. Therefoogbitrap technology continuously attains
the novel expectations in different fields of arialgl science?®?

The attributes of the orbitrap mass spectrometanserh that orbitrap mass
spectrometry has become a powerful tool for the preimensive identification of low
molecular weight molecules including metal comptexeéth small metabolites. The high
diversity and the wide range of concentrationsmélé molecules make their analysis very
tedious using only the conventional mass spectngnagiproaches. The high resolving power
offered by Orbitrap allows minimization of the chratographic separation steps. It is
important in case of analysis of the low molecwaight metal complexes as they are usually
unstable and can be degraded if the multidimenbseyaration is applied. Additionally, high
accuracy allows significant reduction of the numbérpossible molecular formulae that
facilitates identification of a previously unrepedt species®® The advantages given by
orbitrap mass analyzer caused that this technoleggy used in this study to identify metal
complexes with low molecular weight metabolites duced by plants. Presented
comprehensive metal speciation in plants showslgléze abilities of orbitrap technology for
plant science applications.
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Coupling HPLC to ESI MS

Many advantages of ESI MS has led that this tealanig regarded, similarly like ICP
MS, as an excellent detector for HPLC and CE tepies. The one of issues that can appear
in these kinds of hyphenated techniques is the tdatompatibility of the chromatographic
mobile phase flow rate and composition with theization conditions required by ESI. The
availability of different sources, such as nanogpnaicro ionspray or turbo ionspray sources
gives the possibility to cope with incompatibiliof flow rate because different ion sources
can be operated at different flow rates, in ramgefnL min® up to mL min**"

However, the choice of the mobile phase compositian is compatible with ESI still
remains a problem. The ESI MS is vulnerable togmes of high concentration of salts (more
than 10 mM) and some compounds, such as ion paieagents or solubilizing agents that
can negatively affect the ionization process. Tloeeg the use of nonvolatile salt buffers as
mobile phases and different additives to mobilesphghould be eliminated. The non-volatile
buffers, such as phosphate, borate, sulphate matecibuffers, may deposit on lens elements
while the surfactants (e.g. Triton-X 100) may s@sgrionization and coat the ion optics. All
those processes can result in significant senitreiduction. The inorganic acids and alkali
metal bases should be also avoided as they mag taeisiamages of the source components.
The addition of ion-pairing reagents, such asumifbacetic acid (TFA) or trichloroacetic acid
(TCA), to the mobile phase can lead to ion suppoess negative and positive ionization
mode. For this reason, the use of these additivddALC ESI MS experiments should be
limited. The mobile phases that are compatible vi®Bl contain volatile salts, such as
ammonium formate, ammonium acetate or ammoniumocate. It is also possible to use
some additives in the mobile phase that can enhidngc®nization efficiency. Therefore, the
addition of proton donors, such as acetic acidoomic acid, can be used for more efficient
ionization of basic compounds in positive ion moBeoton acceptors, such as ammonium
hydroxide or ammonia solution, can enhance iorepatif acidic compounds in negative ion
mode. In Fig. 21 is shown the response given byigethat was ionized in positive ion mode
in presence of different solvent system. The giiapiot representative for all compounds but
it gives the view how the use of different orgasalvents and mixture of organic-aqueous
solvents as well as different additives to moblege may affect the ionization procéSs.

The mobile phases employed by HILIC that are higldlatile organic solvent, such
as acetonitrile or methanol, are compatible with. H8e separation condition of RP LC are
nearly ideal for ESI MS detection, however, the o$dhe ion-pairing reagents causes a
drastic decrease in sensitivity. However, not otilg components of mobile phase may
suppress the ionization of analytes but also th@aroninants that are easy-to-ionize matrix
components present at high levels. Their presemden source may negatively affect the
ionization of compounds of interest, especially ahapecies that are difficult to ionize and
present at trace level. Therefore, the additionatifipation steps of samples using
multidimensional chromatography are usually reqlifEhe species purification prevent the
analyte and contaminant compounds to arrive tstiece at the same timi&: 4+ 7
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It was reported that reserved phase liquid chrografhy was used in the purification
step, prior to ESI MS/MS analysis, to separatelthié of phytochelatins from matrix salts
that could cause the suppression of ionizattonApart from using multidimensional
chromatography to purify samples, it is also recanded to use high-purity additives and
solvents. Solvents should not be degassed, filteredransferred just stored in original
containers and replaced weekly to maintain low gemknd level. Both solvents and additives
should not have any contact with plastics and detds that may cause ion suppression or
increase of background noise.

Solvent system

50/50 ACN/H,0 0.1% NH,OH
50/50 MeOH/H,0 0.1% NH,OH
50/50 ACN/H,0 0.02% TFA

50/50 ACN/H,0 0.05% TFA

50/50 ACN/H,0 0.1% TFA

50/50 MeOH/H,0 0.02% TFA

50/50 MeOH/H,0 0.05% TFA

50/50 MeOH/H,0 0.1% TFA

50/50 MeOH/H,0 10mM NH4OHAc
50/50 MeOH/H,0 5mM NH4OHAc
50/50 ACN/H,0 0.1% Formic
50/50 ACN/H,0 1% Acetic

50/50 MeOH/H,0 0.1% Formic
50/50 MeOH/H,O 1% Acetic

100 ACN

100 MeOH

100 H,0

50/50 ACN/H,0

50/50 MeOH/H,0

0 100000 200000 300000 400000 500000 600000
Counts (protonated ion species)

Figure 21.The electrospray response of peptide Tyr-Gly-Glg-Rhu depending on the solvent
composition:™

Coupling of HPLC to ESI HR MS is very powerful comdtion and for this reason it
has found application in different fields of anagt chemistry. There are several reports
about combining Orbitrap MS with HPLC. The mostgirently employed LC technique in
these kind of couplings is RP HPLC that found aggtion in proteomics and analysis of
small molecules. Orbitrap is also ideal for couglin U-HPLC. It was reported that Orbitrap
MS is able to collect a great number of data paatt®ss the chromatographic peaks in case
of very narrow peaks (peak width of 5 — 10 s) cbi@mastic for U-HPLC and still maintain
good sensitivity and mass accuracy. The combinatidstHPLC with LTQ Orbitrap MS was
used for metabolic profiling of serum samples ancthgrehensive residue analysis in food
samples. Apart from RP LC and U-HPLC, also HILIG teeen coupled to LTQ Orbitrap MS
to identify different Se-species. Use of this hypdited technique allowed identification of
nine Se-compounds that was not possible to ob&simguHILIC coupled to TOF MS where
just two of nine species were identified. The stgtlpws a superiority of LTQ Orbitrap MS
over TOF MS concerning intra-scan dynamic ranggh linass accuracy especially in MS
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mode and large fragmentation window. HILIC LTQ Qrép MS couplings were employed
also in peptide analysis, bioanalysis as well asétabolomics applicatior§’

However, there are no reports regarding use of HBa@bined with LTQ Orbitrap
MS for analysis of metal complexes with differenetabolites produced by plants. Other
detection techniques, such as TOF MS or FT ICR MS$ewnly used for metal speciation
analysis in plants samples (Table 2).

The on-line coupling of ZIC HILIC to ESI MS in theegative ionization mode
allowed detection and identification of DMA compésxwith Fe(lll), Zn and Cu in wheat
roots as well as Ni complexes with nicotianamineAinthaliana’? Information of nickel
speciation in the latex of Ni-hyperaccumulatingetBebertia acuminatavas achieved by the
use of SEC with parallel ICP MS and ESI MS/MS detec™** The nickel speciation was also
studied inThlaspi caerulescengsing 2D LC for species isolation and Q-TOF MS/k&6%
their identification. The use of hydrophilic inteten liquid chromatography in combination
with size-exclusion chromatography allowed purifica of noncovalent nickel species from
plant aqueous extracts and their further identifocaby electrospray TOF MS. This approach
allowed identification of five nickel complexes Wwinicotianamine, citrate, malate, histidine
and EDTAM The RP HPLC-tandem mass spectroscopy found alpticagion for metal
species separation and identification in plant damprhe reserved phase chromatography
allowed separation of different Cd-PC and Pb-PCpleres present in Cd-hyperaccumulator
Sedum alfredjiwhile the ESI MS/MS operated in positive ion ma@dee possibility of their
characterization’®

The other cases, when ESI MS were used for ideatiin of different metal
complexes in plants samples, are shown in Tablh&.garnered data show that, to date, the
available information about metal species presemlant is very limited. The main interest
was given to phytochelatins complexes with différeretals and also to nickel speciation
mainly in hyperaccumulating plants. The knowledgew speciation of less studied elements
in plants including iron, zinc and copper is highigomplete while the forms in which other
metal such as cobalt, manganese or aluminum asermrén plants still remain unknown.
Therefore, there is a need to investigate the mgpalciation in plants. The extended
knowledge about the processes that metals undergiamts and thus better understanding of
plant physiology will provide the great amount ftal that can be used in environmental,
nutritional or toxicity studies. For these reasdhs, novel analytical approach was developed
in this study to obtain information about the diffiet metal species present in plants. The
HPLC combined with ICP MS and LTQ Orbitrap MS wascaessfully used for
comprehensive speciation of low molecular weightaineomplexes present in various plant
species.
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Table 2.The couplings of HPLC to ES MS that have found igagibn in metal speciation analysis in plants si@anp

Separation ) ) . :
_ Detection technique Plant species Metal Metal sped Reference
technique
Silene cucubalus
RP HPLC ESI-MS Agrostis tenuis Cd Cd-PCs 151
Rauvolfia serpentina
. . . Ni-NA,
SE HPLC ESI-MS Sebertia acuminata Ni . 144
Ni-(citrate),
SE HPLC _ . :
CZE ESI-MS/MS Thlaspi caerulescens Ni Ni-NA 126
2D-LC : SEC-RPLC ESI-MS Arabidopsis thaliana Cd Cd-PCs 150
ZIC-HILIC ESI-MS Arabidopsis thaliana Ni Ni-NA 172
Fe(lll)-DMA
Wheat
ZIC-HILIC ESI-MS Fe, Zn, Cu Zn-DMA 172
(cv.,Bezostaya)
Cu-DMA
SEC-RPC ESI-TOF-MS Hordeum vulgard.. Cd Cd-PCs 174
RP HPLC ESI-MS Brassica napus Hg Hg-PCs 175
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Separation
technique

Detection technique

Plant species

Metal

Metal sped

Reference

2D LC: SEC-HILIC

Q-TOF-MS/MS

Thlaspi caerulescens

D

Ni

Ni-EDTA,
Ni-(malate)
Ni-(citrate),
Ni,-(citrate)

Ni-NA
Ni-histidine
Ni-(histidine),

145

SE HPLC

ESI-MS/MS

Brassica chinensis

Cd

Cd-PCs

176

RP HPLC

ESI-MS/MS

Sedum alfredii

Cd, Pb

Cd-PCs
Pb-PCs

173

SE HPLC

ESI-LTQ FT ICR
MS

Sebertia acuminata

Ni

Ni-(citrate)
Ni-(malate}

Ni-(erythronic acid)
Ni-(galacturonic

acidy
Ni-tartaric acid

Ni-(aconitic acid}
Ni-(saccharic acid)
Ni-(malonic acid)

177
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Separation _ . . :
_ Detection technique Plant species Metal Metal sped Reference
technique
Ni-NA
Ni-(Asp).
ZIC-HILIC ) i i i Ni-(malate)
ESI-MS Arabidopsis thaliana Ni . 149
ZIC—cHILIC Ni-citrate
Ni-(citrate),
Ni-(histidine)
SE HPLC . .
ESI-MS' Pisum Sativum Cd Cd-PCs 178
RP HPLC
Solanum i
ZIC—pHILIC ESI-TOF-MS ) Fe Fg(citrate} 179
lycopersicum
Fe(ll)-DMA
Fe(ll)-Epi-HMA
UPLC ESI-Q-TOF-MS | Hordeum vulgard.. Fe Fe(lll)-MA 180
Fe(ll)-AVA
Fe(ll)-HAVA
. . . NA
SE HPLC ESI-TOF-MS Arabidopsis halleri Zn GSH 56
SE HPLC _ Zn-NA
ESI-TOF-MS Oryza satival.. Zn, Fe 53
CE HPLC Fe(ll)-DMA
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6.4. Other techniques for metal speciation

Apart from HPLC as separation technique and ICPavi& ESI HR MS as detection
techniques, also other approaches such as X-rayrmlm spectroscopy (XAS) or laser
ablation (LA) have been used to obtain informaabout metals present in various samples.

There are three regions in the spectrum generatedAs data (Fig. 22). The one
region referred to as X-ray absorption near-edgetitre (XANES) allows the determination
of the oxidation state of the central atom (e.gtafde@nd provides the information on the first
coordination layer. The extended X-ray absorptime fstructure region (EXAFS) provides
local structural information including the coordilma number, radial distances and types of
ligands complexing metal. Apart from the informatidsted above that can be attained using
XAS, this technique can be also used in lateradvesl analysis that permits to obtain the
distribution pattern of metal species. XAS allousoaanalysis of solid and liquid samples that
can be prepared for the analysis as a powder, Wi@olor as frozen solution. The latter
preparation method is usually applied to biologsamnples. Information that can be obtained
using XAS caused that this technique is used todystelement speciation in
hyperaccumulating plants. However, the meaningftdrmation can be obtained only if the
metal is high concentrated and bound by a singkntl. The low concentration of metal, its
complex speciation and potential unknown specieduae the possibility to provide
significant resultg3® 181 182

A XANES EXAFS
- -
| =
°
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Q
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0
<
N
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Energy

Figure 22.Regions in the spectrum generated by XAS #4ta.

Another technique that found application in thelgsia of environmental samples is
laser ablation coupled to ICP MS. ICP MS offershhégnsitivity and thus allows acquisition
of multielement concentration data, in additionsamples that amount is very small. For this
reason, ICP MS is perfect detector for laser attesampling technique that permits to obtain
multielement images of e.g. brain or leaf tissuéth wicrometer resolutioft’ LA-ICP MS
together with gel electrophoretic separation teghes was used to study the distribution of
humic acid — metal (Zn, Cu and Mn) complexes iniemmental samplé&®as well as the
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distribution of metals, such as Mg, Mn, Fe, Cu dndn leaves, shoots and roots of tobacco.
The same hyphenated technique found applicatiorstudies on metal and non-metal
accumulation and distribution in Cu-tolerant pldisholtzia splendensind permitted to
obtain the distribution profiles of elements, sashCu, K, Mn, P and B that were quantified
using calibration curve$?

However, the techniques shortly described in thiapter are not as powerful as
couplings of HPLC to either ICP MS or ESI HR MSsitudies on metal speciation in plant
samples but they can be highly useful in elucisgatal complex structure (XAS) and
determination of metal distribution (XAS and LA-IGRS).in different intact plant tissues and
organelles

6.5. Summary

The hyphenated techniques are a convenient toolviestigate metal speciation in
different environmental samples. The proper sampmearation including optimization of the
extraction step and selection of suitable separatiad detection techniques allow the
obtaining the quantitative and qualitative inforrmatabout metal species present in plant
sample. Additionally, the development of new tegess (e.g. LTQ Orbitrap MS) that offer
high sensitivity, resolving power and mass accurgoyes the more efficient tools and
approaches to study metal speciation.
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Results and discussion
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7. Research projects

Three different projects were carried out during tAhD research. All of them were
focused on identification of low molecular weightetal/metalloid complexes present in
plants saps and organs. To obtain information abwittl speciation in plant samples novel
analytical approaches based on combination of HBLGC with the parallel element and
molecule specific detention were used.

7.1.Pisum Sativum

The first project aimed at the identification of talecomplexes present iRisum
Sativum(green pea) saps and thus determination of liganals are responsible for metal
transport in xylem and into the seeds in this plafiis project was carried out in
collaboration with Stéphane Mari from UMR Biochimet Physiologie Moléculaire des
Plantes AGRO-M/INRA in Montpellier (France).

The plant chosen to study processes of metal taahspxylem and into the embryo —
Pisum sativunbelongs to thé.eguminosadamily and dicotyledonous plants. Green pea is
regarded as a model organism since the work of derétendel concerning the laws of
inheritance. It is perfectly suited to study thetah@ransport into the embryo as the seeds
produced by this plant are large and thus contaimge amount of endosperm (embryo sac
liquid) that is the main source of nutrients fodeveloping embryo. Therefore, the embryo
sac liquid can be collected in relatively large amoand then analyzed to obtain information
about its compositiofr* 1%°

This research project was focused on multielempetiation analysis including iron,
zinc, copper, nickel, manganese, cobalt, magnesindhcalcium. The interest was given to
these metals as they are micro-(Fe, Zn, Cu, Nigkith Co) and macro- (Ca and Mg) elements
that play essential role in plant physiology. Tleéicdency or excess of these metals may have
negative effects on plant physiological processes induce, in consequence, inhibition of
plant growth or even plant death. Therefore, itmgortant to determine the low molecular
weight metabolites that are produced by plants awdlved in metal uptake, transport,
accumulation, storage and detoxification. The baitederstanding of plant physiology can
provide a lot of useful information for food andtrtional studies and also agricultural
activities because legumes are the second mostriampacrop plant family. Additionally,
green pea is also second most widely grown plaitilongs to grain legum&.

7.2.Plantago Almogravensis

The second project was carried out in collaboratiotih Tomas Grevenstuk from
University of Algarve, Faculty of Sciences and Trealogy, IBB/CGB in Faro (Portugal) and
was focused on determination of ligands that amselued in aluminum detoxification
processes iRlantago almogravensisranco.
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Plantago almogravensiselongs to thd’lantaginaceadamily that is endemic to the
southwest coast of Portugal. This plant is on tHEN Red List of Threatened Species
assessed as a critically endangered because #h@apulation ofPlantago almogravensis
between 3 000 and 4 000 individuals and is stitirdasing'®® Plantago almogravensibas
ability to thrive on acidic soils that are rich imon and aluminum and additionally, it was
reported that is able to hyperaccumulate aluminuitsishoots?’

The plant species, such @&lantago almogravensighat are resistant to high
concentrations of aluminum in soil, are ideal med& study mechanism of aluminum
tolerance and detoxification. Understanding themahwm pathways in plants is interesting
because aluminum is considered as non-essentialerte Additionally, in acidic soils,
aluminum is available for plants as a trivalentiaratwhich is the most toxic form Al.
Aluminum toxicity symptoms include mainly the inktibn of plant growth. For this reason,
this metal is one of the main factors that limi¢ ttrop efficiency in acidic soils that pose
approximately 40% of the earth’s arable land. Tloees the knowledge about processes that
aluminum undergoes in Al-tolerant plant specid&kely to be useful to enhance the tolerance
of commercial crops for this element.

7.3.Brassicanigra

The third project aimed at the identification arnthmacterization of low molecular
weight selenium compounds presenBirassica nigraseeds. The project was carried out in
collaboration with Federica Aureli from Istituto [gariore di Sanita, Department of Food
Safety and Veterinary Public Health in Rome (Italy)

Brassica nigra,also called black mustard, belongs to Brassicaceadamily. Black
mustard is an annual herbaceous that is cultiviatelifferent parts of the world and it poses
the primary source of the mustard seeds. The seedssed as a medicine and for production
of condiment sauce and table mustafdrhe oil-free protein fraction of the seed is usésb
in the animal feed concentrates.

The plants from familyBrassicacea@re known as a primary and secondary selenium
accumulators Brassica nigra if cultivated on soils rich in selenium, has algbility to
accumulate selenium in relatively large amountses# hundred g Se'gDW) in different
organs. However, the seeds of this Se-accumulptarg are the best source of this elenfent.

Selenium is regarded as an essential micronutf@nhuman and animals mainly
because of its antioxidant and catalyst propeggewell as the role in successful functioning
of the immune system. However, the beneficial ¢ffgficselenium on human and animal
health is strongly dependent on its concentratiod apeciation. The nature of the Se-
compounds can have various implications for heahl nutrition of animals and humans.
Hence recently, there is a big interest in stud@abtgnium speciation especially in plants as
they are the main source of selenium in fiéAs the seeds dBrassica nigracan provide large
amounts of selenium in human and animal diet, itmiportant to obtain information about the
chemical nature of Se species present in blackardiseeds. This information can be use later in
food, nutrient and agronomy studies, especialthéfield concerning human and animal health.
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8. Techniques of choice

The novel systematic analytical approach that vea®ldped as a part of this doctoral
project to study metal/metalloid speciation in plamaterial is based on chromatographic
separation using size exclusion chromatography JSEBGd hydrophilic interaction
chromatography (HILIC) with parallel element specitietection by inductively coupled
plasma mass spectrometry (ICP MS) and moleculeifgpéetection by electrospray LTQ
Orbitrap mass spectrometry (ESI LTQ Orbitrap MSheTanalytical techniques that are
presented in this work were chosen because theyr afflot of advantages that will be
explained in following chapters, which allows a nesight into trace element speciation in
complex biological samples.

8.1. Chromatographic techniques

The samples that were analyzed during researclegisojnclude plant saps — xylem
and embryo sac liquid and also leaves, roots ardssextracts. Gas chromatography was
usually not suitable for this kind of applicatios metal complexes present in plant samples
are usually not volatile and their conversion itetite species is also not possible.

Liquid chromatography seemed to be perfectly suitedanalysis of complex liquid
plant samples because it allows the separation iftérent metal species and sample
purification. The latter is important, especially HPLC-ESI HR MS couplings, where the
presence of non-analyte molecules, eluted at tiheestime as analyte, may disturb the
ionization process of molecules of interest.

The chromatographic techniques were chosen takitaqyaccount the nature of the
species, their possible high diversity and the that low molecular mass metal complexes
may be usually unstable. The selected stationagsethad to have low metal binding
properties. The chromatographic conditions (bufignadient and time of analysis) were
optimized to ensure good separation of differentaingpecies and the stability of separating
compounds. One of the critical parameters of theilaghase is pH that was adjusted to the
pH value of analyzed samples to avoid degradationetal species. To avoid any changes in
form of analyzed compounds, due to their instahilhonodimensional chromatography was
used and simple sample preparation methods werkedpdhe samples were analyzed
undiluted and the off-line preconcentration stegsenravoided. If extraction step was needed
(the case of solid samples such as leaves, rootseeds), simple one-step extraction
procedures using mainly water as extractant wesd.us

Size exclusion chromatography

Size exclusion chromatography was chosen for aisatyplant samples because of its
high tolerance to biological matrices that allowgection of complex samples without prior
extensive sample preparation steps. Therefore, Shfieared to be perfectly suited for
analysis of undiluted plant saps and extracts.
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To detect metal complexes, especially the low cotmaged ones, it was necessary to
connect SEC column to sensitive detector. For d@son, SEC was on-line coupled to the
ICP MS instrument. It was possible as the flowsaterange between 0.7 — 1.0 mL nfiand
used mobile phases, employed by this chromatograplhnique, are compatible with ICP
MS. This coupling did not allow the identificatiafi metal complexes as retention standards
are unavailable for many compounds and also therstill plenty of unknown species.
Therefore, SEC column was coupled also to ESI LTQiteap mass spectrometer.

SEC separations were carried out with either ann®&oUltiMate 3000 system
(Thermo Fisher Scientific, Bremen, Germany) or adetol100 HPLC pump (Agilent,
Wilmington, DE) used as a delivery systems. The SBIOmn, used in all performed SEC
analysis, was Superdex Peptide HR 10/30 (300 x 1@ehinpurchased from GE Healthcare
Bio-Science AB (Sweden). This kind of column wass#m in this study because it is
dedicated for high performance gel filtration oppdes and other small biomolecules and it
offers the separation range between 100 — 7 000 bexefore, Superdex Peptide was suitable
to obtain a good separation of low molecular weigtdtal species in plant tissues. The
samples, undiluted plant saps and extractsu)Qwere analyzed using as a mobile phase —
5mM ammonium acetate buffer at pH either 5.5 or d&pending on the sample pH. The
separation was obtained using an isocratic mohiéese flow of 0.7 ml min.

The used flow rate and low concentrated mobile plai®owed the connection of the
outlet of SEC column to the ICP MS instrument. Tised interface between the pump and
ICP MS instrument is described in chapter 8.2. ¢bgpling of SEC to ESI MS instrument
was more complex than in case of ICP MS becausieeahcompatibility of the mobile phase
flow rate with the ionization conditions requireq llectrospray ionization source. The
reduction of the mobile phase flow rate prior tee tlonization source was, therefore,
necessary. It was obtained by the use of the pwatnn flow splitter. The splitting setting
allowed reduction of flow rate to approximately 100 min™ and also introduction of 30%
formic acid to the eluent to perform the post-caumcidification experiments. These
experiments aimed at confirmation that demetalldigands were eluted at the identical
retention time as their metal complexes.

Hydrophilic interaction liquid chromatography

Hydrophilic interaction chromatography is an idedromatographic technique to
effectively separate small polar highly hydrophdied amphiphilic compounds. Additionally,
this technique has been reported elsewhere toaeparetal complexes with low molecular
weight metabolites, such as organic and amino apidgluced by plants. For these reasons,
HILIC was employed in this study to separate metamplexes with different polar
compounds including organic acids, amino acids;aginolates and sugars.

The microbore HILIC separations were performed gisan model Agilent 1100
capillary pump (Agilent, Tokyo, Japan) as a deljveystem equipped with a 100 pL.Ain
splitter module. The HILIC column, used in all merhed HILIC analysis, was a TSK gel
amide 80 (250 x 1 mm id) (Tosoh Bioscience, Germamkie employed mobile phase was
(A) 10 mmol.L* ammonium formate buffer at pH 5.5 and (B) acetdaitThe ammonium
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formate buffer was chosen because it is the otleeofecommended buffers for HILIC as it is
highly soluble even in concentrated organic solwefhe HILIC gradients were optimized to
obtain the best separation of diverse metal/ n@thtompounds present in plant tissues. In
the case of the analysisBisum SativunandPlantago Almogravensisamples, the optimized
HILIC gradient started with 10% of A and was in@eg to 50% of A during 45 min. The
separations of selenium compounds present in s#disssica nigrawere performed using
the gradient that started with 2% of A and waseasmg to 40% of A during 50 min. The
sample preparation was reduced to simple dilutitth acetonitrile to obtain a 1 to 2 ratio
(aqueous sample: acetonitrile) and aimed at ptatipn of salts present in samples. After
dilution samples were centrifuged and eitherl 5or 7 pL of the supernatant was analyzed at
the flow rate of 50 pL.min

The outlet of HILIC column was coupled to eithePIMS or ESI MS/MS instrument.
The coupling of HILIC to ICP MS required the use spfecial interface (chapter 8.2) that
allowed introduction of mobile phase rich in orgarmsolvent into the plasma torch.
Concerning coupling HILIC to ESI Orbitrap MS, HILI@ppears to be ideally suited to
sensitive LC-MS analysis of water soluble polar poomds as the high organic content in the
mobile phase leads to immediate evaporation ofeswhduring electrospray ionization.
Therefore, composition of used mobile phase — upQ% or 98% of acetonitrile and low
concentrated (10 mM) volatile buffer and additiopdlow rate were compatible with the
ionization conditions required by electrospray mation source. The HILIC column was
connected with ESI MS instrument just via PEEK mtigpi

8.2. Detection techniques

The metal concentrations in plant samples are lysualy low. In addition, the metals
of the interest can be distributed among severmatiep. Another issue is high complexity of
plant samples. Therefore, the element or molegoéeiic detection techniques have to be
sensitive enough to cope with these issues. Theciiet techniques that fulfill this
requirement are ICP MS and ESI Orbitrap MS thatewgrosen in this study for element and
molecule specific detection, respectively.

Inductively coupled plasma mass spectrometry

Mass spectrometry with ionization in inductivelyupbed plasma (ICP MS) was
chosen in this study because it offers low detediimits, quantification on parts per million
level, multi-element and multi-isotopic measuremeapacity and large dynamic range. All
these advantages of ICP MS were necessary in tnatal speciation analysis presented in
this work and allowed detection and quantificatidrlifferent metallated species

ICP MS detection was achieved using a model 750@teument (Agilent) equipped
with a collision cell with hydrogen as collisionggd he use of the collision cell was necessary
to remove the polyatomic spectral interferences t¢bald disrupt the detection of metals of
interest.
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As it was mentioned in the previous chapter, theC Sihd HILIC columns were
connected to the ICP MS instrument. In case ofcingpling SEC to ICP MS, a standard
interface between pump and ICP mass spectrometeusead. It consisted of a quartz double
pass Scott style spray chamber, a MicroMist EaZyié@bulizer (Glass Expansion, Australia),
a 2.5 mm i.d. quartz torch and a set of nickel sqAgilent Technologies, USA).

The composition of the mobile phase and flow ratgleyed by HILIC were not
compatible with the conditions required by ICP M®erefore, in order to connect a HILIC
column to the ICP MS instrument, it was necessaryuse the interface allowing the
introduction of mobile phase containing high coricaion of organic solvent. For this
reason, the interface between HILIC column and Algdent 7500cs consisted of a glass
Cinnabar cyclonic spray chamber (Glass Expansiarstralia), a 5QuL.min™ Micromist U-
series nebulizer (Glass Expansion, Australia), amin i.d injector torch (Agilent
Technologies, Japan), a T-connector allowing theoduction of oxygen and a set of
platinum cones (Agilent Technologies). The Cinnabgclonic spray chamber was used
because of the smaller dead volume compared tddhble pass Scott style spray chamber.
The smaller dead volume of the spray chamber wagsired for HILIC analysis as the flow
rate employed by this chromatographic techniquep5@nin™) was much smaller than the
one employed by SEC (7060L min™). In consequence, the use of this model of spray
chamber permitted to avoid long washout times aeakroadening. The addition of oxygen
to plasma gas and the use of platinum cones weressary. Otherwise, the high content of
organic solvent in the mobile phase could causeoradeposition on the torch and cones, and
thus affect negatively the stability of ICP MS atetrease signal intensity.

The use of the ICP MS instrument required alsooiggmization of conditions. The
procedure was always done daily for highest intesssand lowest interferences with 1 ppb
solution of Li, Y and Tl in 2% nitric acid usingséandard built-in software procedure.

Electrospray LTQ Orbitrap mass spectrometry

ICP MS allowed detection of different metal spec¢replant material. However, it did
not provide any information about the structuraratal complexes present in plant tissues.
The lack of available standards that would allow identification of metal complexes
according to the retention times matching of peakschromatograms obtained for sample
and standard as well as the presence of unknowsiespeaused that the use of molecular-
specific detection techniques were required. Tatifleand characterize the metal/metalloid
compounds present in plants, the electrospray LTRitQp mass analyzer was employed.
This instrument was used in this work because ©0ohigh sensitivity, resolving power and
mass accuracy. These advantages of Orbitrap massr@peter allowed determination of
exact masses of molecules and their structures.

The MS/MS instrument, use in this work, was an LT®bitrap Velos mass
spectrometer (Thermo Fisher Scientific, Bremen, n@agy) equipped with heated
electrospray ionization source (H-ESI II) (Thermisher Scientific). The instrument was
operated either in the positive ion mode with thecteospray voltage set at 3 kV or in
negative mode at —3 kV. The analysis were performdxbth ionization modes to ensure that
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observed metal/metalloid species were not just eddiormed in electrospray source. The
vaporizer and ion transfer tube temperatures a agsesheath and auxiliary gas flow rates
were set up according to the parameters recommengedaanufacturer for different mobile
phase flow rates. As the all HILIC experiments weeeformed at the mobile phase flow rate
of 50 uL min™?, the source and capillary temperature were usuE2§y °C and 280 °C,
respectively. For this flow rate of mobile phase #heath and auxiliary gas flow rates were
set at 15 arb and 5 arb, respectively. The ESI pEtsa were obtained in different mass
ranges but as the aim of the work was identificatsd low molecular mass metal/metalloid
complexes the chosen mass ranges were always left@8eand 1200 u with the resolution
set at 100 000 (full width half height, FWHM, atax 400).

Obtained MS data were processed u3{oglibur 2.1software andvietWorkssoftware
(Thermo Fischer Scientific). The high resolution ssisspectra were searched for metal
specific isotopic pattern, for mass defects andnfass differences with chemical analogues
or demetallated ligands to identify metal/metalladntaining molecules. Once all the
potential metal/metalloid species were found, teeoad chromatographic analysis of the
same sample was performed. The species of intere® fragmented by either collision —
induced dissociation (CID) or high energy collisitagmentation (HCD) at various energy
levels. In the MS/MS mode, the resolution of th&tnament was set at 30 000.
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9. Principles of identification of metal complexes

ESI LTQ Orbitrap mass spectrometer was used to irobiraformation about
metal/metalloid species present in tissues of tkiferent plant species. The unambiguous
identification of metal/metalloid compounds reqdimprehensive approach that was based
on searching the high resolution mass spectra fetalimetalloid specific isotopic pattern,
mass defects, inter-isotopic mass defect/ratio rands differences with chemical analogues
or demetallated ligands. In order to discard falesitive identifications additional analysis,
different separation mechanisms and different @midn modes were investigated. This
approach allowed identification and characterizatb diverse metal/metalloid species, even
the low concentrated ones.

First of all, the coupling HPLC-ICP MS permitted ébtain the information on the
retention times, the number and the amounts ofnpiatemetal/metalloid species present in
analyzed samples. It facilitated searching for ¢heempounds in complex mass spectra.
Knowing the retention times of possible heavy eleho®ntaining species, the high resolution
mass spectra obtained using Orbitrap mass sped&pmere searched for these compounds
at retention times corresponding to retention timégeaks observed on HPLC ICP MS
chromatograms. As the elements of interest, inolydelenium, iron, copper, zinc and nickel,
have at least two stable isotopes, the charadterssitopic pattern could be observed in the
spectrum. Therefore, at the beginning mass speutesie searched for complete
metal/metalloid specific isotopic profile using tisetopic pattern screening tool idietWorks
software. In order to find the low abundant spedles spectra were searched for partial
isotopic pattern and the searching parametekdet¥Vorks such as tolerance on inter-isotopic
mass defect/ratio were increased. The ideal isotgpynatures of elements of interest
obtained withXcalibur software are shown in Fig. 1.
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Figure 1. The ideal isotopic signatures of elements of irgeranc, copper, nickel, iron and selenium.
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However, not only multi-isotopic but also mono-moitc elements, such as aluminum,
cobalt or manganese were investigated in this studprder to find species containing a
mono-isotopic element, it was useful to find cateln with multi-isotopic element. The
HILIC ICP MS chromatograms were essential to reuveal co-elution of different metal
species, such as multi-isotopic zinc was co-elwghkd mono-isotopic cobalt. Then, the mass
spectra were searched for mass difference betweeoa-eluted complexes consisted of the
same ligand and different elements (chemical an@ey For example, if the metals were
complexed by the same molecule the mass differbatgeen these molecules is 4.9959 Da,
6.0038 Da, 8.9911 Da and 28.9534 Da if they contdfdn®* and *°Co**’, “®*zn** and
#Co*™, ““Zn?" and>Mn?**" and °°Fe** and?’AlI®"", respectively. An example of using mass
difference between two similar species containirgj gifferent elements, in order to identify
the complexes with mono-isotopic elements, is shinwfig. 2.

359.05276
00 -

Co(I)NA
£ ZnNA
250 364.04871
5 A®4Zn-59Cofll) = 4.9959 Da
& < > 366.04559
368.04434
I T N I R

T T 1 T T ne
359 360 361 362 363 364 365 366 367 368 369
mfz

Figure 2. Principles of searching mass spectra for mono-Botoontaining species.

Once the ions containing metal/metalloid were fquhe Xcalibur software allowed
the determination of several possible formulae gisoms exact masses. From all formulae
generated by the software the one correspondimgetal/metalloid complexes with possible
metabolites were chosen. These metabolites invalvedompounds that have been already
reported to be produced by plants or belonged @¢ostime family of compounds. The mass
error was also taken into account and it could bethigher than 5 ppm. In this way the
amount of possible formulae was limited to onenar.t

In order to confirm the identity of the speciesesaV additional steps were performed.
Concerning the metal complexes, it was possibtebtain information that is more specific to
heavy elements and is based on searching the npesdres for mass difference with
demetallated ligands. For this reason, the massrspeere searched for the mass difference
between the ion containing the metal of the inteaesl its corresponding free ligand. In this
case, the mass difference should be the same asah#se metal ion that is the part of the
complex diminished by the mass of the substitutedops. Therefore, in order to confirm the
identity of some metal complexes the mass specée whecked for mass differences of
61.9135 Da, 55.9197 Da, 52.9115 Da, 60.9139 D®222. Da and 56.9176 Da f6fzn,
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%ONi, *°Fe(lll), ®°Cu, >®Mn and>°Co(ll), respectively. The example of using massedince

between the metal complex and its demetallateahdiga order to confirm that a determined

formula is correct, is shown in Fig. 3.
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Figure 3. The use of mass difference between the metal conapie its demetallated ligand in order to
confirm the identity of metal species.

In order to discard false positive results the ysed were performed in positive and
negative ionization mode and using two differemids of chromatographic separation — SEC
and HILIC. First of all, the use of both ionizationodes (only for HILIC) permitted to
confirm the presence of the most intense and reptave complexes in mass spectra and to
prove that the observed species were not adduaotsetb in electrospray source but only
stable species produced by plants. Then, performinadysis using HILIC and SEC allowed
the observation of some species in both separatmates. It was a confirmation that observed
metal/metalloid compounds were not formed or dgstladuring chromatographic separation
as an effect of interaction with stationary phaseaaridental co-elution of ligand and slats
containing metal. Finally, several performed anedysf the same sample permitted to
validate the presence of different species, eslhyedimv concentrated. It confirmed that any
misinterpretation of mass spectra because of pesspectral artifacts or ligand exchange
between partially co-eluting species containingedént metals did not occur.

Once the all potential formulae for all metal/mietial species were determined the
next chromatographic analysis of the same samptepegormed and the species of interest
were fragmented. In order to confirm that obsersgelcies contained a metal in the structure,
the isolation width was set up to preserve theosiot signature of the metal complex of
interest. The analysis in MS/MS mode allowed thearabterization of metal/metalloid
compound structure.

In case of compounds whose identity was uncertaajdentification was confirmed
by comparing mass spectra obtained for the samiptetinat obtained for standard.

All these steps combined together offer a systemapiproach that in this study
allowed unambiguous identification and structuretedwination of metal/metalloid
compounds present in plant tissues.
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(abstract)

A direct and exhaustive description of metal spedre plant fluids such as xylem, liquid
endosperm or phloem remains a complex task usaalyeved by liquid chromatography
mass spectrometry couplings, x-ray analysis or edatnal simulation according to
supposed values for metal concentrations, ligantteatrations and equilibrium constants.
However, up to now, none of them could achieve mpiete and undisputable overview of
metal species in plant fluids, especially in thesteconcentrated such as xylem, for example.
The association of hydrophilic interaction chrongaéphy (HILIC) with inductively coupled
plasma mass spectrometry (ICP MS), high resolugil@etrospray mass spectrometry (HR
ESI MS) and systematic computed metal species lsegrcn ES|I MS mass spectra allowed
the detection and quantification of more than 50taneomplexes in xylem and liquid
endosperm of peaisum sativum. Metal ligands such as nicotianamine, citrate, atesl
histidine, glutamine, aspartic acid, asparaginenglalanine and others were identified for
ten different metals. Species observed by this auetlogy convey considerable information
for metal transport/homeostasis understanding aitidbe a very valuable tool to use in

parallel to molecular biology experiments.

(Introduction)
In plants, metallic species play an essential fnlenaintaining structure and enzymatic
activity of cells. On the other hand, excess ofahetn lead to severe toxicity because of
metal substitutions in enzymes and oxidative damafgroadley et al., 2012). As a
consequence, it is crucial to determine the nadfitbese species to better comprehend their
fate and their role in organisms. Generally assediavith organic molecules, these elements
have a huge variety of chemical forms and propeftevalent or non-covalent binding, low
to high molecular weight ligands), are often unkgalmetal complexes lability, oxidation-
sensitive species) and are usually low concentratacth makes their analysis being tedious
to achieve. Moreover, even if several techniquesazhieve a good screening of covalently
binding elements, the characterization of non-cemalmetal complexes present at basal
concentration in biological matrices is still tatela challenging issue.

X-ray absorption spectroscopy (XAS) and micro-X-rdluorescence (XRF)
techniques are of particular interest to get aiagpé&icalization of elements within intact
tissuegSarret et al., 2013) but, even if these technidueep improving, they have two main

drawbacks, their limited sensitivity and the netdgsg® know a priori the nature of all
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potential ligands (to record signals of metal caamtandards to allow proper deconvolution
of X-ray signals later), which impairs identificati of novel species. On the other hand, mass
spectrometry instruments, especially when therecatpled to liquid chromatography, are
usually one of the most recommended tools to aehibe simultaneous characterization of
several unknown low concentrated species in comipi@wogical matrices. However, LC MS
techniques imply sample collection, sometimes extvas and, finally, interaction of
compounds of interest with a chromatographic suppanich can contribute to modify the
nature of the original species. Among chromatog@pachniques, some of them gave
promising results and seems the most appropriateaad degradation of metal complexes
during analysis, size exclusion chromatography (SEQydrophilic interaction
chromatography (HILIC) and reverse phase chromafdgr (RP). SEC columns have been
used for several applications. Usually coupled G®-MS, their lack of resolution would
generally only permit to discriminate between h{ghlOkDa), medium (0.5 to 10 kDa) and
small (< 0.5kDa) molecular weight compounds. It Heeen of a particular interest to
distinguish metal complexes with metallothioneintdT6) (Lobinski et al., 1998) and
phytochelatins (PCs) (Vacchina et al., 1999) froratah complexes binding organic acid,
amino acids or proteins. On the other side, HILEChhique is based on the use of
chromatographic material with polar groups allowihg retention of hydrophilic compounds,
which results only in minor degradation of metaingdexes. The coupling of HILIC was used
for the very first time to achieve the separatiod #éhe identification of metal complexes for
the screening of nickel speciation in the hyperaudating plantThlaspi caerulescens, also
calledNoccaea caerulescens (Ouerdane et al., 2006). It was directly coupledGP MS and
metal complexes were identified By ESI MS afterciean collection. Several other works
using HILIC columns were then performed succesgfidl characterize metal complexes in
different matrices (Xuan et al., 2006; Rellan-Araet al., 2010; Koster et al., 2011). Finally,
RP chromatography could also be successfully ugeskparate and identify small protein
binding metals like MTs (Chassaigne and Lobinsk§98; Mounicou et al.,, 2010).
Multidimensional chromatography was also propossdaatool to improve separation of
metallated species although it can be more diffiatien it is applied to low concentrated
complexes because of the increased risk of degomdatiring sample purification. Regarding
MS techniques, ICP-MS and ESI-MS are instrumentschbice to get respectively
guantitative and qualitative information on mefaéaies present in aqueous media. However,
if ICP-MS can easily achieve unambiguous deteatibmetal species at low concentrations

and, this, for most of the metallic elements (egdgcwhen using equipment with collision
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cells or with high resolution sector field), ESI-Ni&truments are more prone to face problem
of detection because of sample matrices. Indeedepce of numerous adducts in spectra or a
lack of interscan dynamic range were usually thesea why quadrupole or time-of-flight
instruments were mostly unable to identify metainptexes at trace levels (ng/g to pg/g),
especially that coelution of concentrated freerldgm causes ion suppression. In the recent
years, the apparition of high resolution ESI-MStnmsents, such as ESI LTQ Orbitrap MS,
allowed real advance in terms of detection limitl i spectral resolution (R > 100 000 for
compounds at m/z < 400 Da). Therefore, for LC M&lgsis of metallated metabolites, it
became possible to employ in parallel ICP-MS anttMS instruments and achieve similar
detection limits. LC methods (HILIC and SEC) wemimized to achieve a good recovery of
metal complexes for the analysis of xylem and emlsigc liquid (ESL) fronPisum sativum,

which allowed then their analysis by the above moeetd instruments.

RESULTS

Method validation for the determination of metabolites involved in metal binding in

xylem and embryo sac liquid fromPisum sativum

Parallel use of HPLC ICP MS and HPLC high resoltiBSI MS couplings,
especially when using HILIC chromatography, couidpplied recently for the exhaustive
screening of covalent species in natural samplas,nstance selenocompounds in yeast
(Arnaudguilnem et al., 2012) or in plants (Aurdlia¢, 2012; Ouerdane et al., 2013), and of
stable metal complexes with proteins in dolphiridiyPedrero et al., 2012; Pedrero Zayas et
al., 2013). However, low molecular weight metal pdexes are sometimes unstable and can
be degraded during sample preparation and prectratien steps before analysis or between
chromatographic steps. To avoid these issues, saammlyzed in this work did not go
through any kind of extraction procedure and momagisional chromatography was chosen
for direct analysis. Finally, chromatographic mebphase pH and nature of buffer were
chosen to mimic pH found in sample and to minimibenpetition with endogenous metal
complexes, respectively, which insures minimum ddgtions of metal species initially
present. Two different chromatographic conditiorsenvalso tested for HILIC MS analysis to
sort out which metal complexes were definitivelggent in the sample and which of them
could be due to a simple coelution.



Chromatograms of both samples were recorded couplé@P MS or ESI MS with
SEC or HILIC column. Moreover, ESI MS spectra weldained in positive and negative
mode. To obtain meaningful data about metal congdgesent in xylem and LSE samples,
metal recovery was checked after analysis for btitHC and SEC columns. Most elements
had an almost quantitative recovery, which alloweo significant data on metal speciation in
those fluids. To confirm that a recovery not exaet 100% was not affecting much data
interpretation on metallic species characterizatemmd quantitation, saturated columns
(resulting in metal recovery from 150% to 500%) evéested for sample analysis and no
significant change were observed in ICP MS profded species identification from ESI MS.
It indicates that no important changes seem to roecumetal speciation of these particular
samples when column recovery for metals stays wighreasonable range (50% to 200%),
probably because of a much higher concentratidigafds than metallic ions.

To test analytical methodology, plant transpori€ry) and feeding (ESL) fluids from
Pisum sativum were analyzed through the different couplings ammtles described above.
Metallic species were searched in ESI MS spectraséveral elements and the resulting
species are presented in Table 2. Using the aecarasses (recalibrated offline with known
background ions) of the precursor ions as well fesr tcorresponding fragments, exact
molecular formula could be determined for all cérth Taking into account that metals can be
bound to one to several identical (or differengahds, these formulas were compared to
natural compounds database to find the most prghabblved organic ligands. Then, to
discard any doubts considering species naturemiagions in MS/MS spectra was checked
and had to be consistent with expected moleculesll¥, only identifications of complexes
resulting in a unique possibility were kept. Itwsrth notice that once the exact molecular
mass with high resolution MS instrument is knowhe trange of compounds possibly
associated to the metal is quite limited, whichliiates easier identification work.

HILIC ESI MS analysis is more sensitive than the performed with SEC and allows
the identification of numerous metal complexes. do&r, the presence of the main metal
complexes was confirmed by SEC ESI MS coupling.céofirm the occurrence of the less
concentrated metal complexes different chromatdgcaponditions was tested for HILIC
chromatography (ammonium acetate buffer insteacarafnonium formate and a faster
gradient). The different salt compositions of th tbuffers and chromatographic gradients
lead to a variation in relative retention timessafveral species (chromatograms are only
shown for ammonium formate buffer) and, as a camsece, allowed to distinguish the very

few low concentrated metal complexes only formecklectrospray source because of the
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coelution of a metal ion and a ligand from metaimptexes stable in both HILIC
chromatographic conditions. Despite differencesmital concentrations between xylem and
ESL, the nature and the proportion of metal comgdexere similar between the two types of
sample and were reproducible during the three cmpaf growth/analysis. This could be
partially explained by the fact that xylem and ESdmples have similar pH (around 5.5).
Finally, more than 50 different metal complexes avedentified by HILIC ESI MS.
Numerous ligands could be characterized such aartaspacid, asparagine, citric acid,
glutamine, histidine, malic acid, nicotianaminegptlalanine, tryptophan, pipecolic acid and
aminoadipic acid. There were found to bind a gveaiety of metallic ions such as ¥eFée”,
Cu, zr™*, Mn*, Cc*, Mg?*, C&*, K* and Nf*. Matching retention times of ESI MS
extracted ions of metal complexes with ICP MS chatograms enable to evaluate the
guantitative contribution of each ligand in thedimg of metallic ions in these plant samples
for both HILIC (Fig. 1) and SEC (Fig. 2) couplings.

Mixed citrate-malate-iron complexes

Among those complexes, the most intriguing wasrtiteed complexes Fe(ldTit-
wMaly (with x ranging from 1 to 3), which were identdidecause of the consecutive elution
in SEC of the three complexes (two were detectedHlifC mode) containing different
malate to citrate ratios characterized by theirsrdifference of 58 Da. The determination of
their exact molecular formula was established by/M& fragmentations. However, to
confirm this result, post-column acidification weet during a SEC chromatographic run and
confirmed the coelution of malic acid and citricdaat the retention time of this iron complex
as shown in Fig. 3, whereas the corresponding fivea of these organic acids are eluting
much later,. Finally, a 0.2 : 1 : 5 mix of Fe(llicitrate : malate at pH 5.5 was analyzed by
infusion with ESI MS instrument and these thre@a icomplexes were actually found to be the
major metal complexes forms for m/z > 500 (data stwdwn) indicating the preferential
formation of these mixed citrate-malate complexgairast those containing a single type of
organic acid. The biological implications of sudsadvery for iron homeostasis in pea were
further developed in an iron-dedicated study (@rilL, Ouerdane L, Flis P, Isaure MP,
Lobinski R, Curie C and Mari S, unpublished work).



DISCUSSION

Several amino acids and carboxylic acids are invodd in metal binding

Several metal complexes were characterized foffiteetime, including complexes
with elements for which no MS data existed yet albeir speciation in plants as well as
complexes containing ligands of different naturee®f the main (if not the main) binding
molecule for Zn, Cu(ll), Co(ll) and Ni as well as(R) at trace levels is nicotianamine (NA).
This molecule is well known for its ability to comep metals, even if, to date, no
confirmation by mass spectrometry could clearly destrate that it is a key compound for
trace metal homeostasis in plants and possiblyrémsport of large number of metal ions (at
least by allowing them to be maintained in solutimnaccess enzymes and membrane
transport proteins). Regards to these results, :Ndbviously of a great interest to study the
fate of essential trace elements in plants andratssport, driven by YSL transporters, is
probably of a tremendous importance to control @igatransient metal homeostasis and
bioavailability within plant cells (Curie et al.0@9).

Malic acid and citric acid are also observed tartwelved in metal ion binding, even
if the form of the detected complexes for elemeni®r than iron (Zn, Ni, Ca...) were mostly
1:2 metal:ligand species that have an expecteddonvedium stability, which contrasts with
the more stable 3:4 iron/organic acids complexegafic acid are usually described as
essential counter-ions for metal storage of thdsments, especially in hyperaccumulating
plants (Rascio and Navari-lzzo, 2011). Several anaicids were also found to bind metal
ions among which a few were never described by repsstrometry to be involved in metal
complexes in biological matrices. GIn, Asn and Asp three amino acids containing -Noét
-COOH group in their side chain, which confers tham improved capacity for metal
binding. Actually, some of them also present ungbdraromatic (phenylalanine, tryptophan),
which is clearly unexpected. However, these amitidsaare only minor ligands in overall
metal speciation.

Differences in speciation between xylem sap and E&mple could be noticed
guantitatively but also qualitatively as less virief amino acids were involved in metal
binding in xylem than in ESL. It can be relatedthe fact that ESL are involved in seed

feeding and should then contain a wider variety amdncreased concentration of nutrients.



More generally, it is worth noticing that both sdegpshared the same major ligands for
several elements.

It could then be noticed that some metals had aehi@ffinity for some ligands
relatively to other metal ions, which is of a calesiable interest to obtain clues about the role
of some ligand for element-specific homeostasitheplant. For example, Ni was found to
have a higher affinity towards histidine than ather metal species. Interestingly, this
particular affinity was actually suggested by formebservations done for Ni
hyperaccumulating plants (Kramer et al., 1996; dngt al., 2005; Ouerdane et al., 2006),
which would mean that this amino acid could deifnelty play a specific role in mobilizing

this metal.

Metal species present in xylem and in ESL

For Fe(lll), the implication of citric acid confirsnearly works done by (Tiffin, 1966)
as well as more recent characterization of “Feffl}Cits” metal complex in plant (Rellan-
Alvarez et al., 2010). However, the role of mal@idain combination with citric acid was
never suggested and the absence of “Fe{@FCit;” complex or Fe(ll1}-Cits complex in the
pea samples despite the presence of citric aciddaamnfirm a higher stability for the mixed
iron complexes Fe(ll§CitaxMalx (X = 1 to 3) compared the “Fe(4HO-Cits” complex or
Fe(ll)s-Cit; complex (as observed also with the standard nextunterestingly, one of the
complex in our study, Fe(ldfit;Mals, has exactly the same molecular formula (in néutra
form) than the “Fe(lIl)-O-Cits” complex predicted by (Rellan-Alvarez et al., 21 this
previous study, the complex observed in tomatomy$ap is not in the same form than in the
Fe citrate standard mixture (only “Fe($HD-Cit3” in tomato xylem sap but 60% Fe(H{Tit;
and only 40% “Fe(l13-O-City” in standard mixture). As it was observed recemtli?lantago
almogravensis leaves (Grevenstuk et al., 2013), the detectioReffll). Cit mixture in plant
sample should lead to the observation of the twmé$o Fe(lll}-Cit; and its hydrated form
called “Fe(lllx-O-Cit;” even if it is probably just an adduct of a wateolecule, Fe(lll}-
citz(H20), that stabilizes complex structure without theertion of an oxygen atom within
iron core (Fukushima et al., 2012). Therefore,dhisra possibility that the formerly observed
“Fe(Ill) 5-O-Cit;” complex (Rellan-Alvarez et al., 2010) was wronglssigned to Fe(IHLits
complex and could have been actually Fe{@i)Mal; complex in tomato xylem sap.
Remarkably, malic acid is frequently found in higbncentration, sometimes in higher

proportion than citrate in plant shoots and, comiyais concentration increases in case of
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Fe deficiency (Abadia et al., 2002; Lopez-Millarakt 2009; Jelali et al., 2010; Lopez-Millan
et al., 2012). Its presence could then favor (imlgimation with citric acid) the stabilization of
Fe(lll) in those mixed complexed forms instead efIF that represents a potential threat for
plant as its oxidation can lead to Fenton reacoeh production of ROS. Concerning Fe(ll), it
was found to bind at trace level citrate, malate aspartate as well as Fe(lll) but only Fe(ll)-
NA complex could be observed without its oxidizemligter-part. It is worth noticing that
despite careful sample collection, a slight oxiglatin contact with air of a part of iron during
sampling is possible. However, the remaining traafeBe(Il)-NA as a specific complex for
Fe(ll) seems to confirm early observations thas tomplex more than those with organic
acids would contribute to stabilize Fe(ll) (Von \fir et al., 1999). It would participate in
making Fe(ll) stable long enough to be available fieetabolic/enzymatic reactions or
transporters without producing oxidative damageough instantaneous re-oxidation, as
commented above. A role for YSL transporters for(¥ean et al., 2005; Kakei et al., 2012;
Schuler et al., 2012) or even for Fe(ll)-NA (Ishimeet al., 2010) transport in plant was
repeatedly demonstrated but this complex could megeobserved. Moreover, the formation
of very stable complexes for Fe(lll) with citrate otrate/malate mixture as described above
favors the presence of Fe(lll) and would have tiece of lowering the redox potential of
Fe(lll)/Fe(ll) redox couple to negative values assarved with bacterial siderophores
(Dhungana and Crumbliss, 2005), which favors anglagxs the presence of a majority of
species-containing Fe(lll) and not Fe(ll). It igpesially true as binding strength of NA with
Fe(ll) is not sufficient to balance this effect (s et al., 1983). These observations could be
confirmed in a parallel work dedicated to iron sfam from ESL to embryos in peas through
the contribution of ascorbate exudation leadinge@ll) reduction to Fe(ll) before transport
(Grillet L, Ouerdane L, Flis P, Isaure MP, Lobingki Curie C and Mari S, unpublished data).
Concerning other metals, Cu(ll), as expected becaisits high affinity for NA
(Benes et al., 1983), is mainly bound to this maliean plant fluids. This non-proteogenic
amino acid can then be considered as the mainecaficopper within pea vessels and to
seeds. Even if it is usually proposed that Cuasdported as Cu(l) via Copper Transporter
(COPT) family (Sancenon et al., 2003; Eisses anpldata 2005), it was also observed that
ZIP transporters and heavy metal ATPase (HMA) parters could transport Cu(ll) and,
more interestingly, recent study could finally derswate that YSL transportersd., YSL16
in rice; (Zheng et al., 2012)) are also involvedtriansport of Cu(ll)-NA complex, which
means that this complex could be immediately trarted. Cu(ll)-NA was putatively

identified recently by mass spectrometry in ricéopm but without confirmation by exact
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mass matching with high resolution MS instrumentM8/MS fragmentation (Ando et al.,
2013). The essential role of NA for Cu uptake iarpé was repeatedly observed (Pich and
Scholz, 1996; Liao et al., 2000; Irtelli et al.,08) and these results constitute the first
unambiguous detection of Cu(ll)-NA complex as thaimform of this metal in xylem and
ESL of a plant. As for Fe, the presence of Cu(itéad of Cu(l) in xylem and ESL could be
explain by the fact that the presence of the sti©uagl) ligand, NA, without counterpart for
Cu(l), would lower Cu(ll)/Cu(l) couple redox poteit In this study, Cu was also found to
have a specific affinity towards some aromatic (&gl Phe) amino acids. Despite the very
low concentrations of these complexes (hard touatalbecause of high background level for
Cu during quantitative HILIC ICP MS analysis, Figdnd therefore the possibility of their
artifactual creation in electrospray source, theagrspecificity of the complexes for Cu
regards to other metallic ions was found of a paldir interest. Increase of Phe content in
xylem sap was observed once in chicory plants eegts high Cu concentration (Liao et al.,
2000). Additional work could probably elucidate thetential minor participation of these
ligands in plant Cu homeostasis. As Cu is mainlyeobed as a stable NA-Cu(ll) complex, it
can be wandered if Cu(l) could be produced in ESbhd then transported into seed embryo.
As shown in Fig.4, Cu(ll) is reduced in presencéhef embryo plus its exudate but, also, and
in the same extent, in presence of the exudate, evilich means that reducing activity is
mainly due to excreted species more than by redestaresent at embryo surface such as
FRO family members (Mukherjee et al., 2006). Amgugential species involved in Cu(ll)
reduction, ascorbic acid and glutathione are the that are expected to play a major role.
Addition of ascorbate oxidase (AOX) seems to ingicnat almost half of this reducing
activity is due to ascorbic acid, which confirme timplication of excreted low molecular
weight reducing compounds for the reduction of @ paCu(ll) in Cu(l) that can then also be
transported by COPT transporters. It is very imgatrto realize then that, at a low molecular
weight metabolites level, not only metal ligands amvolved in metal speciation but also
reducing/oxidizing transported compounds that aamntrol locally metal species redox status
and so their chemical form. More generally, it t@nnoticed that the presence of ligands that
maintain Fe and Cu in their initial oxidative statantributes also in reducing the occurrence
of Fenton or Fenton-like reaction that could oaturing repeated redox cycles if these metals
would have in a free state (Barhisi, 2009).

In a similar way than Cu, Zn(ll) is also binding A almost quantitatively with
citrate as a secondary ligand. In some samplegr diglands such as His and, in a lesser

extent, GIn were also observed. Proportions betwéncitrate and His could vary between
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samples with NA dominating. Zn has less affinity A than Cu and the reason why this
complex can be observed is obviously that molaruarhof NA is as high as or higher than
total Zn content, which is not obligatory the caselants, especially the one accumulating
Zn. Zn-NA was already observed by mass spectronietrice phloem but with a distorted
isotopic pattern, which makes authentication diftiqNishiyama et al., 2012). However, it
was never detected in plant xylem or ESL. To comfine presence of Zn-NA, Cu-NA, other
metal-NA complexes or metal-deoxymugineic acid itailar compound to NA present in
graminaceous plants) complexes, the use of highlusn MS and sharp chromatographic
separation, as performed in this study, is indispble to get clear identification and to
discard any confusions with isobaric interferenasgreviously stated (Weber et al., 2006).
These results are confirming at the molecular lévelstrong link observed recently in several
studies between NA and Zn transport in plants (Maset al., 2009; Johnson et al., 2011;
Deinlein et al., 2012; Haydon et al., 2012; Clemensl., 2013; Schneider et al., 2013).
Presence of Zn-Gits observed with both chromatographic set-up éfvéms complex seems
more stable and give a more define peak with SHGmoo Even if the formation of this
complex was deduced after x-ray analysis (Sarrat.eP002; Terzano et al., 2008) showing
that citrate can be a useful counter-ion for Znilplants, it is for the first time identified by
MS in plant. Similarly, Zn-Higcomplex signal could also be deconvoluted by xaaglysis
(Salt et al., 1999; Kupper et al., 2004) but neaifirmed by MS.

With Fe and Zn, Mn is usually one of the major &iion element in plants. In this
study, it is found mainly bound to citrate in a Mbit; complex and much lower level in a Mn-
Mal, complex, as predicted by x-ray in Mn hyperaccunauta(Fernando et al., 2010). Same
small amounts of Mn-NA could also be detected ler first time, which is consistent with a
possible role of NA for Mn transport via YSL tramsgers in rice (Ishimaru et al., 2010;
Sasaki et al., 2011).

Co and Ni are two minor micronutrients and there laoth observed to mainly bind
NA and His. Ni-His and Ni-NA were already observed by MS as minoards in
hyperaccumulating plants (Ouerdane et al., 2008)the later one could also be observed as
being transported by YSL transporters (Mari et 2006; Gendre et al., 2007). Concerning
Co, it is simply the first MS data concerning tlpeaation of this element in plant. It seems
so that NA and His plays an important role in t@ors of these two metals within the plant.

Concerning K, Mg and Ca there were mainly foundéaccomplexed with Cit and Gin
but also Asp and Asn. It is not surprising to deteit as a major ligand for these weakly

binding elements because Cit is usually one of rttegor organic acids in plants and it
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contains several binding sites for metals (threebaeylic and one hydroxyl groups).
Concerning the amino acids, there were probably alsong the most concentrated in plant
xylem. Detection of such complexes is usually diffi because of their lability and their
potential loss during chromatography. Some othesroatographic peaks (very broad shapes,
Fig.1) were also witnessed by ICP MS, which is ¢gpiof weakly bound complexes. Their
retention times and their number seem to indidaethere are mainly not metal in free form.
According to retention time, it is postulated tisaiccharides and polysaccharides could be
involved in this binding. Some other molecules, rmyadipic acid and pipecolic acid were
detected as potential Ca chelators but the ladroilarity between ICP MS profile and the
peak shapes of these complexes by HILIC ESI MS sdenindicate that the formation of
these complexes is maybe just opportunistic ang @cdur in ion source.

On a general point of view, it can be noticed thataffinity for NA or for citrate, for
example, is shared by several metals, which ing&reompetition for its binding. The metal
speciation will then depend on ligand and metalceatrations. All potential ligands and
chelated metals involved in metal chelation mustaien into account to evaluate the overall
speciation. If some ligands, like NA, can bind sal/enetals then their differentiation in plant
will occur because of the specificity of dedicateahsporter, like YSL transporter for NA
(Curie et al., 2009). To achieve a correct simatatit is therefore obligatory to know already
metal species, which can be performed by this HRISbased method. Indeed, the nature of
involved ligands and their complexed forms suchmastiple ligand for one type of metal
(Fe(IsCit,Maly), different proportions (1:1, 1:2, 1:3, 1:1:2, 2:2:3, 3:2:2 etc...) and
mixture of metals around one type of ligand ,HeCit; (Grevenstuk et al., 2013)) are
difficult to predict a priori, which makes this kirof simulation sometimes hazardous (Harris
et al., 2012). It can be easily understood that é&xeess or absence of one metal
(hyperaccumulating plants) or one ligand can leadhovel speciation for all elements.
Concerning x-ray analysis, most of works publishexl date were conducted on
hyperaccumulating plants because of the drawbactisftechnique for low concentrated
elements and the necessity to know in advancedtenpal involved complexe@erzano et
al., 2013). To complement the lacks of the abovatimeed methods, the proposed approach
by HILIC ICP MS and ESI high resolution MS is thieme an important tool to develop metal
speciation in biological matrices. The obtaineainfation at a molecular level could then be
of a great significance for the further understagdyf metal homeostasis at a proteomic or a

genomic level.
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MATERIAL AND METHODS

Plant culture

Pea (Pisum sativum L., Dippes Gelbe Viktoria, D@MItivar) was used in this study.
Plants were grown in a greenhouse at 23°C, in &tk pontaining 0.5 L of quartz sand and
2.25 L of Humin substrate N2 Neuhaus (Klasmann+Dain) irrigated with tap water.
Xylem sap sample was collected after insertion aofjlass capillary in the stem of the
decapitated plants. Embryo sac liquid, also cditpdd endosperm, was obtained by inserting
a capillary glass in pea seed before complete sgdration. Both type of samples were
immediately stored after collection at -20°C. Sasplvere collected from several plants and
pooled until reaching a volume of 200 pL. Peas vgeosvn three times to get replicates and

check sample content and analytical method repibidlity

Analysis of total metal content in plant samples

Total metal contents in xylem and LSE solutionseveéetermined after a 10 or 100
fold dilution with 2% nitric acid solution. Acidiéid sample and standard solution of metallic
elements were then analyzed by ICP MS (Agilent €8D0perating in hydrogen gas mode to
remove possible interferences. When possible, akvsotopes were screened for each

element to confirm quantification results.

Analysis of metal complexes using HILIC-ICP-MS andSEC-ICP-MS

Analytical reagent grade chemicals such as aceilenicetic acid, formic acid, nitric
acid and ammoniac were purchased from Sigma-Aldf&aint-Quentin-Fallavier, France)
and ultrapure water (18 ®cm) was obtained from a Milli-Q system (MilliporBedford,
MA). Microbore HILIC HPLC separations were perfornasing an Agilent 1100 capillary
HPLC system (Agilent, Tokyo, Japan) equipped wittba pL.min* splitter module. ICP MS
detection was achieved using a model 7500cs insimt\gilent) fitted with platinum cones,
1 mm i.d. injector torch and a T-connector allowthg introduction of 5% © TheuHILIC
HPLC-ICP MS coupling was done via an Isomist irdeef (Glass Expansion, Melbourne,
Vic, Australia) consisting of a 20 mL model Cinnalsgclonic spray chamber cooled at 2 °C

and fitted with a 5QuL.min™ Micromist U-series nebulizer. Size exclusion chavography
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separations were carried out with an Agilent 11818 system (Agilent, Wilmington, DE).
The metal elution was monitored by splitting pdrtiiee effluent to an Agilent 7500ce ICP
MS (Agilent, Tokyo, Japan)he column used for HILIC separation was a TSKageide 80
(250 mm x 1 mm i.d., 5m) from Tosoh Biosciences (Stuttgart, Germany).digrat elution,

at a flow rate of 50 uL.mih was carried out using eluent A, acetonitrile, ahgént B, 5 mM
ammonium formate (pH 5.5). The gradient program:v@a$ min 10% B, 5-45 min up to
50% B, 45-50 min 50% B, 50-52 min up to 65% B, T2x%n 65% B, 55-60 min down to
10% B, 60—65 min 10% B. Samples were diluted witbtanitrile and water to obtain a 1 to 2
ratio (sample : acetonitrile), then centrifuged &nglL of the supernatant were injected on the
HILIC column each time. Addition of acetonitrileeates a small precipitate that contains
only trace amount (< 5%) of metallic element oknest. 5 MM Ammonium acetate (pH 5.5)
for eluent B was also tested to check if buffersiamfluence metal speciation. Size exclusion
chromatography was performed with a Superdex Pepind the elution was carried out with
5 mM ammonium acetate (pH 5.5) at 0.7 mL.fhfior 1 h. Both SEC and HILIC columns
were regularly cleaned respectively with 0.1% farnacid solution and 0.1% formic
acid/acetonitrile (1:1) mixture to avoid metal gawer between samples. RafILIC HPLC-
ICP MS and SEC-ICP MS couplings, at least two igeso(when possible) of iron, copper,
zinc, molybdenum, nickel, cobalt, magnesium, maeganand calcium were monitored to
ascertain the presence of these elements and dliqoassible interferences. Column
recoveries for metals were checked by comparingaiheeintents between original sample,

eluting solutions after sample injection and alfiank injection.

Analysis of metal complexes using HILIC-ESI-MS and5EC-ESI-MS

For uHILIC HPLC-ESI MS and SEC-ESI MS, the HPLC systenge connected to a
LTQ Orbitrap Velos mass spectrometer (Thermo Fisaentific, Bremen, Germany). For
analysis with SEC, a splitter allowed to divide tey chromatographic flow before injection
in ESI MS instrument. In both case, the couplings veahieved via a heated electrospray
ionization source (H-ESI 1l) (Thermo Fisher Scién}i For both chromatographic setups,
chromatographic separation conditions were idehtisagiven above. For the post-column
acidification experiments operated with SEC coluntine solution added was formic
acid:water (30/70%y/v) delivered at 4uL.min'l after splitting with a setting described
elsewhere. The ion source was operated in theiy®giin mode at 3.0 kV and in negative ion

mode at -3.0 kV. The vaporizer temperature of thece was set to 120 °C and the capillary
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temperature to 280 °C. In full MS mode, the resolutwas set at 100 000 (FWHM at m/z
400) whereas in MS/MS mode it was set at 30 000.d¥ta were processed using Xcalibur
2.1 software and MetWorks 1.2.1 software (Thermsxlivér Scientific) to screen spectra for
heavy-element containing molecules. Once potentietlalated species were observed, their
fragmentations were performed during a second catognaphic run with high energy
collision fragmentation (HCD) at 35% energy usimgisolation width adapted to the number
of isotopes present in the complex.

Copper reduction assays

Pea embryos were dissected with a surgical bladeesasas possible, and kept in 5 mM
MES buffer pH = 5.5 for 30 minutes, representing time to dissect and weight around 15
embryos. Embryos were then incubated in the asslayian. The copper reduction activity
was estimated as the quantity of Cu-BCDS compléxesed in the assay solution calculated
from the optical density measured at 463 nm (epsil@.25 mM.cm-1) with a Hitachi U-
2800 spectrophotometer. OD463 was measured aftebation in the dark at 22-25°C with
250 RPM shaking, in an assay solution that contabvenM MES buffer pH = 5.5, 200M
bathocuproine disulfonate (BCDS) and 108 CuSQ,.

Copper reduction activity measurement of exudates

Exudates consisted in 5 ml milliQ water in whichp&a embryos were incubated,
representing a total fresh weight of 0.7 to 1 @ M CuSQ, and 200uM BCDS were then
added to exudates and allowed to react for 1 hotine dark prior to OD463 determination.
For the comparison of exudates activity with embagivity, exudates were collected in
milliQ water after 30 minutes incubation, and alémmo react with 100M CuSO4 and 200
uM BCDS for 1 hour in the dark. In the case of AQ¥atment, 1.5 unit of AOX per ml of
exudate were added 2 minutes before Cu&@@l BCDS addition. All final values are mean

results £ SD of three independent experiments.
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Table captions
Table 1. Metal complexes detected by HILIC ESI MS in xyland ESL of pea.

Table 2 Metal complexes detected by SEC ESI MS in xylewh BSL of pea.

Figure captions

Figure 1. HILIC ICP MS (upper part) and HILIC ESI MS (bottopart) chromatograms of
each main metallic elements studied in pea xylemil@ chromatograms were observed for
pea ESL).

Figure 2. SEC ICP MS (upper part) and SEC ESI MS (botton) ghromatograms of Zn, Cu

and Fe in pea xylem (similar chromatograms weremes! for pea ESL).

Figure 3. SEC ICP MS (upper part), SEC ESI MS (middle pangl SEC ESI MS after post
column acidification (bottom part) chromatogramattare zoomed around elution time of
Fe(ll1)sCitayMaly (x = 1 to 3) complexes. Citric and malic acid detectable after sample
acidification at complexes retention times whergmsfree forms of these organic acids are

observed to elute few minutes later by SEC chrografuhy.

Figure 4. Ferric reduction activity measured by BPDS methodpresence of embryos
(+embryo), after removing embryos (-embryo) or maftemoving embryo and adding
ascorbate oxidase (-embryo + AOX). Results are se#n3 independent replicates *
standard deviation.
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Tablel

No Complex Formula Theoretical Experimental Delta Retentipn time lonistaion Sample
(neutral form) mass mass ppm [min] mode (xylem/endosperm)

1 (Asn),Mg CgH1406N4Mg 287,08365 287,08363 -0,080 30,50 pos X
2 (Asp).Mg CgH1,0gN,Mg 289,05168 289,05183 0,511 31,95 pos/neg X
3 (Gln),Mg C10H1506N4Mg 315,11495 315,11495 -0,011 29,86 pos/neg X/E
4 (citrate),Mg C1,H1401:Mg 407,03067 407,03063 -0,104 35,36 pos/neg X/E
5 (Asn),Na CgH1506N4Na 287,09621 287,09593 -0,986 29,55 pos/neg X/E
6 (Asp).Na CgH1305N>Na 289,06424 289,06397 -0,942 30,24 pos/neg X/E
7 (GIn),Na C10H1906NsNa 315,12751 315,12761 0,306 29,06 pos/neg X/E
8 (citrate)Ca CeHsO,Ca 230,98122 230,98132 0,444 34,30 pos X/E
9 | (pipecolinic acid),Ca | C;,H,004N,Ca 297,11217 297,11227 0,344 24,54 pos E
10 (Asn),Ca CgH1406N4Ca 303,06120 303,06095 -0,817 29,43 pos/neg X
11 (Asp).Ca CgH1,0gN,Ca 305,02923 305,02906 -0,547 30,24 pos/neg X
12 (Gln),Ca Ci0H1506N,Ca 331,09250 331,09231 -0,587 30,19 pos/neg X/E
13 | (aminoadipic acid),Ca | C;,H5,0gN,Ca 361,09183 361,09208 0,679 22,33 pos E
14 (citrate),Ca C1oH14014Ca 423,00822 423,00822 0,011 34,72 pos/neg X/E
15 (citrate)K CeH,0:K 230,99016 230,98981 -1,524 33,22 pos XIE
16 (citrate)K, CeHsO7K; 268,94604 268,94598 -0,220 33,28 pos XIE
17 (Asn),K CgH1506N,K 301,05559 301,05534 -0,839 29,26 neg X/E
18 (Asp).K CgH130gN,K 303,02362 303,02333 -0,952 30,21 neg X/E
19 (citrate)Ks CeHsO7K3 306,90192 306,90189 -0,086 33,41 pos X/E
20 (GlIn),K Ci1oH1906N4K 331,10144 331,10094 -1,504 28,87 pos/neg XIE




Tablel

21 (Asn),Fe" CgH1306N,Fe" 318,02573 318,02584 0,338 29,86 pos X
22 (Asp),Fe" CgH1,0N,Fe" 319,99376 319,99376 -0,006 30,56 pos/neg X/E
23 (malate),-Fe" CgHoO;0Fe" 321,96179 321,96181 0,058 29,80 pos/neg X/E
24 (Gln),Fe" CioH1,06¢N,Fe" | 346,05703 346,05707 0,107 29,80 pos X/E
25 (citrate),Fe" C12H13014Fe" 437,97275 437,97284 0,201 35,22 pos/neg XIE
26 | (malate),(citrate),-Feg | CaoHigO2aFes" 811,83873 811,83938 0,806 37,02 pos/neg XIE
27 | (malate)(citrate)s-Fes | CpHp1Ox6Fes" 869,84421 869,84526 1,212 39,22 pos/neg X/E
28 (Asn),Mn CgH1406N4Mn 318,03666 318,03627 -1,230 31,41 pos XIE
29 (malate),Mn CgH10010Mn 319,95817 319,95747 -2,186 29,20 neg X
30 (Asp),Mn CgH120gN>Mn 320,00469 320,00513 1,378 30,24 pos/neg X
31 (GIn),Mn C1oH1506NsMn | 346,06796 346,06799 0,098 30,24 pos XIE
32 NA Mn C12H1006NsMn | 355,05816 355,05813 -0,076 31,17 neg E
33 (citrate),Mn C12H14014Mn 437,98368 437,98310 -1,314 35,25 pos E
34 (Asp),Fe" CgH1,05N,Fe" 318,98703 318,98667 -1,115 30,27 neg XIE
35 (malate),Fe" CgH10010Fe" 320,95506 320,95482 -0,753 29,05 neg X
36 NA Fe" Ci,H1906NsFe" | 356,05505 356,05518 0,351 31,17 neg E
37 (citrate),-Fe" Ci,H140,4F€" 436,96602 436,96602 -0,011 32,63 neg E
38 NA-Co" C1oH1506NsCo" | 360,06004 360,05972 -0,884 31,62 pos X
39 (Asn)Ni CgH1406N4Ni 321,03396 321,03380 -0,503 29,67 pos/neg X
40 (Asp)Ni CgH1205N;Ni 323,00199 323,00194 -0,157 30,62 pos/neg X
41 (malate),-Ni CgH100O1Ni 324,97002 324,96987 -0,462 28,75 pos/neg X
42 (GIn),Ni C10H1506N4Ni 349,06526 349,06528 0,051 28,35 pos X




Tablel

43 NA Ni C12H1606N;Ni 360,07001 360,07059 1,615 32,08 pos/neg XIE
44 (His)Ni C12H1604NgNi 365,05137 365,05153 0,446 32,15 neg X
45 (Phe),Ni C18H2004N,Ni 387,08493 387,08507 0,357 18,32 pos/neg E
46 (citrate),Ni C12H1401Ni 440,98098 440,98191 2,107 35,09 pos X
47 (Phe)s-Ni Ca7H3106N;Ni 552,16391 552,16422 0,567 18,32 pos/neg E
48 (Phe)(Trp)-Ni C2oH3206N,Ni 591,17481 591,17565 1,426 18,38 pos E
49 NA Co" C1oH1606NzCo" | 361,06786 361,06824 1,058 31,22 pos/neg X/E
50 (citrate),Co C12H1401Ni 441,97883 441,97903 0,451 35,55 pos X
51 (Asn),Cu CgH1406N,Cu 326,02821 326,02834 0,399 29,24 pos X
52 NA Cu C12H1606NsCu | 365,06426 365,06415 -0,292 31,80 pos/neg XIE
53 (Phe),Cu CisH2004N,Cu | 392,07918 392,07921 0,079 18,21 pos E
54 (Phe)s-Cu Ca7H3106NsCu | 557,15816 557,15849 0,584 18,27 pos/neg E
55 (Phe),(Trp)-Cu CaoH3206N,Cu | 596,16906 596,16998 1,536 18,21 pos E
56 (GIn),-Zn C10H1506N4Zn 355,05906 355,05893 -0,361 30,41 pos E
57 NA Zn C12H1906N3ZN 366,06381 366,06387 0,174 31,41 pos/neg X/E
58 (His),-Zn C12H1604NsZN 373,05973 373,05924 -1,310 31,93 pos/neg E
59 (citrate),Zn C12H14014ZN0 446,97478 446,97502 0,535 35,07 pos E







Table2

Formula (neutral Theoretical Experimental Retention time lonistaion Sample
No Complex Delta ppm )
form) mass mass [min] mode (xylem/endosperm)

1 (citrate),Fe" CioH130,4Fe" 437,97275 437,97285 0,222 18,83 pos X/E

2 (malate)s(citrate)-Fe;'" Ci1gH170,.Fes" 753,83324 753,83406 1,091 16,51 pos XIE

3 (malate),(citrate),-Fes" CaoH10024F€3" 811,83873 811,84004 1,618 15,65 pos XIE

4 (malate)(citrate)s-Fe;" CooH006Fes" 869,84421 869,84504 0,959 15,11 pos X/E

5 NA-Fe" C1oH1906NzFe" 358,06960 358,06898 -1,743 21,24 pos E

6 (citrate),-Fe" Ci1,H14014F" 438,98057 438,98033 -0,553 18,83 pos E

7 NA-Cu C1oH1906N5CU 365,06426 365,06455 0,784 21,13 pos E

8 Na-Zn C1oH1906N3ZN 366,06381 366,06315 -1,814 21,13 pos XIE

9 (HiS)zZn C12H1604NeZn 373,05973 373,05967 -0,171 27,66 pos E

10 (citrate),-Zn C1,H14014ZN 446,97478 446,97486 0,173 18,83 pos E
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Iron (Fe) is essential for virtually all living organisms. The identifica-
tion of the chemical forms of Fe (the speciation) circulating in and
between cells is crucial information to further analyze the mecha-
nisms of Fe transport and delivery to its final targets. Here we have
analyzed how iron is transported to the seeds, by the chemical
identification of Fe complexes that are delivered to embryos,
followed by the biochemical characterization of the transport of
these complexes by the embryo, using pea (Pisum sativum) as a
model species. We have found that Fe circulates as ferric com-
plexes with citrate and malate (Fe(lll)3Cit2Mal2, Fe(lll)3Cit3Mal1,
Fe(lll)Cit2). Since dicotyledonous plants only transport ferrous iron,
we have checked if embryos were capable of reducing these
complexes. Indeed, to dissociate these complexes and take up Fe,
embryos did express a constitutively high ferric reduction activity.
Surprisingly, Fe(lll) reduction is not catalyzed by the expected
membrane-bound ferric chelate reductase, instead, embryos efflux
high amounts of ascorbate that chemically reduce Fe(lll) from
citrate-malate complexes. In vitro transport experiments on iso-
lated embryos using radiolabeled 55Fe demonstrated that this
ascorbate-mediated reduction is an obligatory step for the uptake
of Fe(ll), at the embryo surface. Finally, the ascorbate efflux activity
was also found in Arabidopsis embryos, suggesting that this new
Fe transport system may be generic to dicotyledonous plants.
Taken together, our results have identified a new Fe transport
mechanism in plants that could play a major role in control of Fe
loading in seeds.

iron | citrate | malate | ascorbate | seed

Introduction

Iron (Fe) is an essential micronutrient for plants, used as an
enzymatic cofactor in a wide range of metabolic processes such as
photosynthetic and respiratory electron transfer reactions, reduc-
tion of nitrate and sulfate, synthesis of fatty acids and branched
amino acids. Iron was selected based on the redox capacity of the
Fe?*/Fe** couple that can exchange one electron. This chemical
property is also responsible for the potential toxicity of iron in
excess conditions since ferrous ions can promote, in the presence
of oxygen, the generation of reactive oxygen species and oxidative
stress. Plants, as sessile organisms, must maintain a strict iron
balance to cope with deficiency or excess conditions. At the whole
plant level this is achieved by the fine regulation of root absorp-
tion, allocation to the aerial parts, storage and remobilization.

Although very abundant in soils, Fe is often poorly available
to plants since the main Fe form, Fe(IIl), has a very limited
solubility and is prone to precipitate in alkaline and neutral
conditions. Therefore, plants have developed strategies to effi-
ciently acquire Fe. In roots of dicotyledonous species such as
the model plant Arabidopsis thaliana, the uptake of Fe requires
(i) the acidification of the rhizosphere by the proton pumping
activity of the ATPase AHA?2 (1) to release Fe** bound to humic
substances and mineral phases, (if) the reduction of ferric ions

Wwww.pnas.org --- ---

by the ferric chelate reductase encoded by FRO2 (2) and the
subsequent uptake of Fe?* by the metal transporter IRT1 (3-6).

Once in root cells, Fe atoms must reach the vascular system
and enter the xylem vessels to be transported to the aerial parts.
Xylem loading is controlled, at least in part, by the FRD3 protein
that belongs to the Multidrug And Toxic compound Extrusion
(MATE) family of transporters (7). FRD3 is a citrate effluxer
expressed in root,pericycle whose activity is required to solubilize
iron in the xylem sap (8), where citrate was identified as the main
Fe ligand (9), hence promoting Fe movement into the xylem.
In leaves, unloading of Fe from xylem vessels and distribution
in the surrounding cells also requires FRD3 (10). Likewise the
OligoPeptide Transporter OPT3 (11) contributes to Fe movement
in leaves but its substrate, whether it is a Fe ligand or a Fe
complex, is still unknown (11). To date, the number of organic
molecules shown to form complexes with Fe in vivo is extremely
limited. Beside citrate, most of the information concerns nico-
tianamine (NA). This aminopropyl polymer, enzymatically syn-
thesized from S-adenosylmethionine, has a high affinity for iron,
copper and zinc. Several studies have shown that the chemical
properties and the binding capacity of NA make it an ideal
ligand for Fe in neutral, cytosolic, conditions whereas in acidic,
apoplastic, conditions citrate will prevail (12, 13). In planta, NA
is involved in the root-to-shoot transport of copper in tomato
(14), and nickel and Zn in the hyperaccumulator species Thlaspi
caerulescens (15, 16). For Ni, the formation of a complex between
nicotianamine and nickel in xylem exudates was unambiguously

Significance

Seeds are a very important source of transition metals (Fe, Zn,
Mn) for human nutrition. The understanding of how metals
are transported into seeds is thus crucial to contend with
human nutritional disorders. The added difficulty of metals in
biology is that they are systematically bound to high-affinity
ligands. The identification of these complexes is thus pivotal
to understand how metals circulate in plants. Using pea seeds
as a biochemical model, we have showed that Fe is delivered
as ferric complexes with citrate and malate and we have
discovered that ascorbic acid plays a key role for the reduction
and transport of ferrous Fe in the embryo.
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following compound 1 at m/z 811.84, compound 2 at m/z 869.85, compound
3 at m/z 437.97 and compound 4 at m/z 356.05507 (in negative mode).

demonstrated by the coupling of chromatography and mass spec-
trometry (17, 18).

In Arabidopsis thaliana, several genetic approaches have al-
lowed to pinpoint the role of NA in the transport of Fe. The
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Fig. 3. :The ferric reduction activity of pea embryos is mediated by ascorbate
efflux. (A) Isolated embryos were incubated for 2 h in a 5 mM MES buffer pH
5.5 with 100 pM Fe(lI)EDTA and 300 yM BPDS (left well) and in a control
medium without Fe(ll)-EDTA (center well). In the right well, a complete
assay medium without embryos was incubated in the same conditions. (B)
Ferric reduction activity measured by BPDS method in presence of embryos
(+embryo) or after removing embryos (embryo exudate). Results are means
of 3 independent replicates + standard deviation. Different letters indicate
significant differences among means (p < 0,05 by Tukey's test). (C) In vitro
reduction of ferric iron by ascorbic acid and glutathione. 100 uM Fe(lll)-EDTA
and 300pM BPDS were incubated with 5 yM ascorbic acid or 5 yM glutathione
or both. ODs35,m Was measured 30 minutes after addition of reductants.
Results are means of 2 replicates + SD. (D) Ferric reduction activity of pea
embryos incubated in 5 mM MES pH 5.5 with 100 pM Fe(lll)-EDTA and 300
MM BPDS without AOX (open circles), or in presence of 0.15 and 1.5 AOX
Units .ml™" (open squares and closed diamonds, respectively). Absorbance at
535 nm was measured every 10 minutes. Each curve has been built from
means + standard deviation of three independent experiments that consisted
in measuring activities of 5 individual embryos for each treatment.

impairment of NA production, through the inactivation of all 4
NA synthase-encoding genes, provokes the expected phenotype
of interveinal chlorosis described for the NA-free tomato mutant
chloronerva, and, more interestingly, a reduced accumulation of
Fe in seeds (19). Such an impact on seeds was also reported in
mutants of the Yellow-Stripel Like (YSL) family of NA-metal
transporters. The mutation in A¢YSL1 results in decreased Fe and
NA accumulation in seeds (20), most likely caused by a reduced
remobilization from old leaves, as shown for the Arabidopsis
ysllysl3 double mutant (21) (22). Taken together, these results
indicate that disturbing long distance transport of iron has a major
impact on the process of seed loading (reviewed in (23). Seeds
represent the most important sink for plants and the end point of
long distance circulation of nutrients (24, 25). Virtually nothing is
known on the transport pathway that leads to iron loading in the
seeds and on the chemical forms (i.e. the speciation) of Fe during
this process. The speciation of a metal ion in a specific biological
compartment is crucial information to further understand how
the metal is kept soluble, transported across membranes and
delivered to its final target.

In the work presented here, pea (Pisum sativum) was chosen
as a biochemical model to study the mechanisms of Fe acquisition
by the embryo. Grain legumes are particularly suited to study
the processes of transport in the seeds. One specific feature of
these seeds is that the bulk flow of nutrients delivered by the seed
coat accumulates in large amounts, forming a liquid endosperm
also termed Embryo Sac Liquid (ESL). This particular liquid is
of high biological importance since it directly serves to feed the
embryo (26). We have first analyzed the speciation of iron in
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Fig. 4. Ascorbate-mediated ferric reduction is an obligatory step for Fe
influx. >°Fe influx was measured in isolated pea embryos. Embryos were
incubated in uptake buffer containing 100 uM Fe(lll)-EDTA and when stated
4 mM bathophenanthroline disulfonate (BPS) or 1.5 AOX Units. ml”! (+AOX)
were added. Incubations at 4 °C with the complete uptake medium were
also realized to measure passive adsorption of Fe at the embryo surface.
Insert, net influx of >°Fe deduced by calculating the difference between
Fe accumulation at 30 °C (complete, +AOX, +BPDS) and the 4 °C control
incubation. Each measurement was performed on 4-5 embryos of 20-50mg,
and experiments were repeated 3 times independently. Results are means +
SE (n = 3). Significant differences were determined with a non-parametric
Kruskal-Wallis test (p < 0,05).

isolated ESL, using chromatography coupled to mass spectrom-
etry and synchrotron radiation X-ray absorption spectroscopy.
This information was crucial to further characterize the transport
machinery that is expressed at the embryo surface to acquire Fe
from maternal tissues.

Results

Fe speciation in the embryo sac liquid by XANES

The aim of these XANES spectroscopy measurements was to
examine the redox status of Fe and the potential Fe complexes
in the ESL with conditions minimizing the possible changes of Fe
species during sample preparation and analyses. For that, the ESL
sample was immediately frozen after collection, analyzed without
any chemical additive and in frozen state to limit speciation
change and beam radiation damage.

XANES spectra of Fe references show that the edge of Fe"
compounds is shifted to lower values compared to Fe'™ com-
pounds, as expected (Fig. 14). Fe complexes involving malate
and citrate, where the metal is coordinated by oxygen atoms
from carboxyl groups, show similar spectral features but can be
distinguished from Fe-histidine.

ESL spectrum edge mainly exhibits edge features of
Fe™ compounds (Fig. 14). However, the spectrum did not match
with one Fe species only, and results of linear combination fitting
showed that a mixture of 79% Fe"'-citrate and 21% Fe" ,q gave
a satisfactory fit (NVSS = 0.0015, Fig. 1B). A correct match is also
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Fig. 5. The ascorbate efflux mechanism is conserved in Arabidopsis

thaliana embryos. (A) Embryos at the bent torpedo stage were dissected and
incubated to measure the ferric reduction activity, either with embryos in
the medium or after removing the embryos to measure the activity on the
exudates. When stated, AOX was added in the incubation medium. Results
are means of 3 independent replicates + standard deviation, each condition
in an individual experiment was realized with 30 to 50 embryos. Different
letters indicate significant differences among means (p < 0,05 by Tukey's
test). (B) The root ferric chelate reductase activity is not inhibited by AOX.
Ten day-old seedlings grown in 50 UM FeEDTA (+Fe) were transferred in a
medium without Fe and supplemented with 30 uM ferroZine (-Fe) for 3 days
and then assayed for ferric reductase activity. When stated AOX was added
in the incubation medium. Values are means of 5 plants, different letters
indicate significant differences among means (p < 0,05 by Tukey's test).

obtained for a combination of Fe'-citrate and Fe'citrate (not

shown, NSS= 0.0020) suggesting the presence of a minor Fel
species, which was not clearly identified. Fits with Fe-malate
instead of Fe-citrate gave poorer agreement (NSS=0,0022),
and the improvement of the simulation when considered as a third
component was not significant (NSS = 0,0014). We can thus infer
that the major part of Fe is present as Fe in the ESL, probably
as organic acids, while a minor Fe species can occur, but remains
unidentified.

Fe speciation in the embryo sac liquid

The analysis of Fe speciation in the embryo sac liquid was per-
formed by alternatively coupling hydrophilic liquid chromatogra-
phy to two different mass spectrometry instruments, an ICP MS
to determine the number of significant iron-containing species
within this sample and quantify Fe and an ESI MS to identify
the corresponding species (retention time matching), using the
same chromatographic conditions. HILIC chromatography was
recently established as an adequate technique to preserve and to
separate metal complexes originating from raw samples allowing
their identification and quantification by mass spectrometry (18).
It was applied here to the liquid endosperm samples. Prior to
analyses, iron recovery was tested during sample preparation
(mixing with acetonitrile followed by centrifugation) and during
chromatographic run. An overall 85 + 8% of iron species were
conserved after the two consecutive procedures, which meant that
significant amounts of the original iron species were conserved
by this method. After chromatographic coupling with ICP MS,
two major Fe species as well as a minor Fe species were detected
(Fig. 24). By HILIC ESI MS in positive ion mode, these Fe-
containing compounds were respectively identified as compound
1 at m/z 811.84, compound 2 at m/z 869.85 and compound 3
at m/z 437.97 (Fig. 2B). MS? fragmentation of compound 1
and 2 allowed to determine that organic molecules contain-
ing exclusively C, H and O with carboxylic acid groups were
surrounding a nucleus constituted of 3 ions of Fe, which was
consistent with the observed isotopic profile (Fig. S1). It was
deduced that these two metal complexes were constituted of a
mixture of citrate (Cit) and malate (Mal) binding three Fe(III)
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ions. Each of these two complexes is then containing 4 organic
acid molecules, 2 citrate molecules and 2 malate molecules in
compound 1 (Fe(IlI);Cit,Mal,) and 3 citrate molecules and 1
malate molecule for compound 2 (Fe(III);CitsMal; ). Compound
3 was found to be a complex between 2 citrate molecules and 1
Fe(IIT) ion (Fe(III)Cit;). According to this, the chemical formula
of each complex could be determined and experimental and theo-
retical masses could be compared: compound 1, CooHaO24Fes ™,
m/zep 811.83919, m/zye, 811.83873, dm = 0.6 ppm; compound
2, C22H2202(,F63+, m/zcxp 86984412, m/z,hw 86984421, om = -
0.1 ppm; compound 3, C;oH14O1sFe™, m/zey, 437.97255, m/zieo
437.97275, dm = -0.5 ppm. The analysis of a standard mixture
of Fe(IlI)-citrate-malate (0.2 : 1 : 5 ratios, buffered at pH 5.5
with ammonium acetate) definitively confirmed the formation
of these Fe-citrate-malate complexes through the appearance of
the above mentioned m/z (compound 1 and 2) in MS spectra.
Mixed complexes structures is unclear but is probably similar to
Fe(IIT);Cit; complex structure as postulated by Fukushima et al.
(2012), i.e., a Fes core is expected to occur with Fe ions bound
to each other through a-hydroxy groups of organic acids and
carboxylic groups are surrounding Fe ions. The absence of Fe;Cits
complex in analyzed sample seems to indicate that the mixed
Fe(I1I)-citrate-malate would be some even more stable species.

Traces of Fe(II)-nicotianamine (NA) complex (compound
4, C;pHisN3OgFe™, m/zey, 356.05507, m/zipe, 356.05506, dm =
0.0 ppm) were also detected in negative ion mode (Fig. 2B)
even if oxic (due to sampling and chromatography) and acidic
(pH 5.5) conditions were not favorable to the presence of this
form compared to Fe(III)-organic acids complexes (ref VonWiren
1999). Even if Fe(Ill) was preponderant Fe form in sample,
Fe(IIT)NA could not be detected, which seemed to indicate that
NA would have a relative higher affinity for Fe(II) than for Fe(III)
in presence of citrate and malate, suggesting a differentiated
speciation depending to Fe redox status.

Pea embryos are capable of ferric reduction through ascor-
bate efflux

Strategy I plants are not able to perform direct transport of
ferric iron, but instead rely on a ferric reduction step prior to
ferrous ion uptake. We therefore asked whether ferric chelate
reduction was also part of the iron uptake machinery of the em-
bryo. Embryonic ferric chelate reductase activity was assayed by
incubating isolated immature pea embryos with the Fe** -chelator
bathophenanthroline disulfonate (BPDS) in the presence or the
absence of Fe®*. With Fe** in the assay, the embryos were capable
of generating Fe?*, visualized by the formation of a pink Fe(II)-
BPDS; complex (Fig. 34). In contrast, no coloration was detected
when Fe?* was omitted in the incubation medium (Fig. 34 —Fe3+
+BPDS), thereby ruling out the possibility that production of
Fe(I1)-BPDS; complex is caused by the secretion of Fe?* by the
embryo. We therefore concluded that pea embryos are capable of
reducing exogenous Fe**.

In order to check whether the ferric reduction activity was
catalyzed by a FRO-like transmembrane reductase or mediated
by the efflux of reductive compounds, we compared the ferric
reduction activity measured with embryos in the medium to the
activity of embryo exudates (i.e. by removing the embryos be-
fore measuring Fe reduction). Surprisingly, the reduction activity
measured after removing the embryos was almost as high as the
one obtained with embryos in the medium (Fig. 3B). This result
indicated that, contrary to what had been described in roots, most
of the reduction activity of pea embryos was due to the efflux of
potent reductants in the medium.

Since the most obvious candidate reducing molecules in
plants are ascorbic acid and glutathione, we then looked if these
compounds were present in the embryo exudates, by electrospray
ionization mass spectrometry (ESI-MS). As expected, ascorbate
and glutathione could be detected by ESI-MS analysis of embryo
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exudates (Fig S2). To discriminate between these two molecules,
we then tested their capacity to reduce ferric iron in vitro, in
the conditions used with embryos (100 uM Fe**, 300uM BPDS).
In these conditions, we could show that ascorbate, but not glu-
tathione, was necessary and sufficient to spontaneously reduce
iron in vitro (Fig. 3C). In order to confirm that the iron reducing
molecule effluxed by embryos was ascorbate, we tested the effect
of ascorbate oxidase (AOX) on the reducing activity of isolated
embryos, over 50 minutes of incubation. The time course analysis
of Fe reduction, linear for 50 minutes, was strongly inhibited by
AOX, in a dose-dependent manner (Fig. 3D), confirming that
ascorbic acid secreted by the embryos was responsible for the
ferric reduction activity measured with isolated embryos.

Pea embryos take up ferrous iron

To assess the importance of ascorbate-mediated ferric re-
duction for embryo Fe uptake, we quantified the accumulation
of the radioactive isotope Fe, provided as Fe(IlI)-EDTA, into
isolated embryos. To evaluate Fe?* and Fe®* uptake rates by the
embryo, an uptake assay was set up by adding either AOX, in
order to prevent the formation of Fe?* due to ascorbate-mediated
reduction, or BPDS; which-is expected to scavenge newly formed
Fe”*. The rationale for this experiment was that if an ascorbate-
mediated reduction step is required, then both BPDS and AOX
should inhibit the uptake.

Untreated embryos accumulated 105 (£ 27) nmol. g* FWh
when incubated at 30°C, and 43 (£ 11) nmol. g FW.h"! at4°C. In
the presence of AOX and BPDS, the Fe accumulation rates, not
significantly different from the 4°C control, were respectively 62
(% 8) and 22 (% 4) nmol. g' FW. h™! (Fig. 4). When expressed as
net influx, by subtracting the Fe accumulation at 4°C, it appeared
clearly that both BPDS and AOX significantly inhibited the up-
take of Fe by isolated embryos (Fig. 4 insert). On the basis of these
results it was concluded that ascorbate-mediated ferric reduction
is an absolute requirement for iron uptake by pea embryos, thus
uncovering a new role for ascorbate in plants.

Ascorbate efflux is not limited to pea

These new findings on pea embryos prompted us to check
whether this ascorbate efflux activity was a general mechanism,
found in other species such as the model plant Arabidopsis
thaliana. Embryos were isolated (bent cotyledon stage) from de-
veloping siliques of Arabidopsis (Fig. 54, insert) and Fe reduction
activity was measured, as described previously for pea (see Fig.
3). Arabidopsis embryos were indeed capable of reducing Fe and
this activity was significantly reduced by the addition of AOX in
the incubation medium (Fig. 54). This ferric reduction activity
appeared to be fully attributable to ascorbate efflux since the rates
obtained with embryos or with exudates (i.e,, after removal of
embryos from the medium) were not significantly different. The
addition of AOX to embryo exudates completely abolished Fe
reduction, confirming the identity of ascorbic acid as the main
reductant effluxed by Arabidopsis embryos (Fig. 54). As a control
for AOX specificity on the ascorbate-mediated reduction, we
checked the effect of AOX on the well-established root ferric
reductase activity mediated by the membrane protein FRO2.
We thus assayed reductase activity of Arabidopsis roots isolated
from Fe-sufficient and Fe-deficient plants (Fig. 5B). As previ-
ously shown, Fe-deficient roots exhibited higher ferric chelate
reductase activity than Fe-replete roots (Fig. 5B). Interestingly,
this activity was not significantly inhibited by AOX, indicating
that ferric reduction in roots is biochemically different from that
in embryos. Collectively, these data demonstrate that embryos
acquire iron through a new strategy of Fe reduction and uptake,
mediated by the efflux of ascorbate.
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Discussion

In the present report, we have studied the mechanism of Fe entry
into the seed through two approaches: a Fe speciation analysis
at the interphase between seed coat and embryo in pea, asso-
ciated with a biochemical dissection of Fe transport on isolated
embryos of pea and Arabidopsis. We have established that (i)
Fe is delivered by the maternal tissues as ferric complexes with
citrate and malate, (i) the embryos are capable of reducing the
ferric ions of these complexes through the efflux of ascorbate and
(iii) this reducing activity is an obligatory step for Fe transport
as Fe(Il). The analysis of iron speciation is by far the least
documented aspect of Fe homeostasis, both in animals and plants.
This is principally due to the difficulties of obtaining biologically
reliable samples (i.e., without mixing cellular compartments and
creating artifact complexes) and to the low concentration of Fe
in living tissues. To our knowledge, the Fe speciation analysis
reported in the present study is one of the few unambiguous
reports on the identification of iron complexes in vivo. Ferric-
citrate complexes have long been proposed to occur in apoplastic
compartments but only recently a speciation approach has led to
the molecular identification of a tri iron(III) tri-citrate complex
as the major Fe circulating form in the xylem of tomato plants
(9). The embryo sac liquid (ESL) of pea seeds, although-highly
concentrated in nutrients (sugars, amino acids. ..) from symplastic
origin (27), is characterized by anacidic pH (5.4), which is similar
to the pH of an apoplastic compartment. Thus, our findings
reinforce previous in silico (28) and in vitro studies (13), which
demonstrated that in mildly acidic conditions ferric-citrate would
be the most stable and abundant type of complex, despite the
presence of other ligands like nicotianamine. Moreover, our data
have identified malate as a new player in Fe speciation in plants.
Although one of the metabolic responses to Fe deficiency is the
accumulation of organic acids, including malate (29), a direct role
of malic acid had never been clearly established. Instead, malate
has been involved in the hyperaccumulation of nickel in Thlaspi
caerulescens leaf extract (18) and Alyssum serpyllifolium with the
formation of complexes with Ni in the xylem sap (30). Malate
was also found to be also involved in the storage of Zn in the
leaves of the hyperaccumulator Arabidopsis halleri (31). Malate
is also a key molecule for the tolerance to aluminum, since it is
excreted from roots by Al-activated efflux transporters (ALMT)
to chelate aluminum in the rhizosphere (32-34). ALMT family
members represent therefore putative candidate transporters,
whose function could be to load malate in the embryo sac liquid.
Belonging to the same MATE family of transporters as ALMT,
FRD3 is a citrate efflux transporter that was recently proposed
to play a critical role in the movement of iron between tissues
that are not symplastically connected. A detailed analysis of the
expression pattern of FRD3 and a phenotypical analysis of frd3
knock-out mutants have demonstrated the importance of FRD3-
mediated citrate efflux in Fe unloading in leaf (from xylem to
adjacent cells) and in anther (from tapetum to pollen grains)
(10). Interestingly, the seed coat and the embryo protodermis are
also completely disconnected and FRD3 is highly expressed in
both tissues in Arabidopsis thaliana (10). Thus citrate efflux by
FRD3 could be important as well to load the ESL with citrate
and subsequently induce the formation of iron-citrate complexes.
More generally, our results strengthen the importance of citrate
in the transport of Fe between cells and organs. Citrate may in fact
be a ubiquitous and important intercellular iron ligand. Indeed,
in mammals citrate is the main ligand of the non transferrin-
bound iron (NTBI) species (35, 36), which appear to be the most
abundant chemical form of Fe circulating in the extracellular
medium of the brain,(37, 38) used as a source of iron for brain
cells (39). Most of iron present in the liquid endosperm was found
to be Fe** bound to a mixture of citrate and malate. It is the
first observation in vivo of such mixed complexes. Compound 1
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and 2 correspond to two iron complexes that most likely par-
ticipate in binding Fe(III) to form a soluble, stable (contrary to
the Fe(IIT)Cit, complex, for example) but low reactive species.
Indeed, Fe(III) alone would precipitate leading to Fe deficiency
whereas its presence in a weakly complexed form would probably
lead to an increased stress for the plant because of expected fre-
quent random exchanges of the Fe** ion with other non-specific
binding sites in surrounding molecules. Therefore, these mixed
complexes with organic acids probably participate in making
Fe(III) available in the liquid endosperm for transport/reaction
(such as reduction by ascorbate in the vicinity of the embryo)
without inducing significant metal or oxidative stress.

The identification of Fe(II)-nicotianamine in the ESL rep-
resents the definitive proof of the in vivo role of nicotianamine
in the movement of iron, although in our case the proportion
of this complex is several orders of magnitude lower than the
Fe bound to organic acids. Nevertheless, the presence of Fe-
NA in the ESL could be interpreted as the signature of the
activity of YSL transporters. The fact that Fe translocation to the
seed is controlled in part by YSL transporters activity has been
shown in Arabidopsis. The closely related members AtYSL1 and
AtYSL3 have been involved in the loading of Fe, Zn and Cu to
the seeds (20, 21). In particular, the mutation in AfYSL1, which
is expressed in the-chalazal endosperm of the seed, provokes a
reduced accumulation of Fe'and NA in mature seeds (20). Thus,
the presence of Fe-NA complexes, the bona fide substrate of
YSL transporters, in the ESL leads to the assumption that Fe is
delivered from the seed coat to the ESL by YSL proteins.

Up to now, there was no direct functional link between the
metabolism of ascorbate and Fe homeostasis. Instead, several
reports had described the induction of ascorbate accumulation in
response to Fe deficiency and proposed that it could represent
a mechanism to cope with potential ROS production (40, 41).
The most unexpected finding of this study was the discovery of
ascorbate efflux as the mechanism to reduce and acquire Fe from
the ferric complexes. Although other organic molecules such as
phenolics can be excreted by roots of strategy I plants in response
to Fe deficiency, these molecules are not capable of reducing
Fe(III) in the medium (42). Furthermore, the Fe reduction ac-
tivity had so far only been attributed to membrane proteins of
the FRO family, such as the plasma membrane proteins FRO2,
FRO4 and FROS (2, 43) and the chloroplastic protein FRO7 (44).
In contrast, this report describes a new strategy of Fe acquisition,
based on a reduction activity that is independent of the FRO
proteins but relies instead on the property of ascorbate as a
powerful reductant. This study thus establishes a direct role for
ascorbate in Fe homeostasis, that is likely conserved in plants
since it has also been observed in a non-legume species such
as Arabidopsis (Fig. 5). Interestingly, a comparable Fe uptake
mechanism has been proposed in mammals. Erythroleukemia
K562 cells and astrocytes are capable of reducing Fe(III) using
ascorbate efflux, generating Fe(II) and dehydroascorbate (DHA)
that is reabsorbed to regenerate an ascorbate pool in the cytosol
(45, 46). Transmembrane cycling of ascorbate coupled to ferrous
transport by the divalent transporter DMT1 appears as one possi-
ble route for Fe accumulation in these cell types. Yet, in contrast
to the constitutively high ascorbate efflux activity measured in
embryos, ascorbate efflux was only triggered when cells were
supplied with elevated DHA levels. The molecular identity of
the efflux transport system remains unknown in both plants and
mammals but the biochemical features of ascorbate efflux in
mammalian K562 cells were compatible with the activity of an
anion channel (45). Ascorbate efflux by pea embryos was insen-
sitive to anion channel inhibitors (suppl fig) but required a pH
gradient, suggesting that it could be mediated by an H* /ascorbate
antiporter. The importance of the proton motive force has already
been suggested for the transport of nutrients in pea embryos
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based on the specific expression in the outer cell layer of the
cotyledons of genes encoding H* /sucrose and H* /amino acid co-
transporters (47, 48).

Materials and methods

Plant material

Pea (Pisum sativum L., Dippes Gelbe Viktoria, DGV, cultivar) and Ara-
bidopsis thaliana (cultivar Col-0) were used in this study. Plants were grown
in a greenhouse at 23°C, in 3 L pots containing 0.5 L of quartz sand
and 2.25 L of Humin substrate N2 Neuhaus (Klasmann-Deilmann, Geeste,
Germany) irrigated with tap water. For root ferric chelate reductase experi-
ments, Arabidopsis thaliana plants were cultivated in vitro on half strength
Murashige/Skoog medium supplemented with 50 M Fe-EDTA. After 10 days,
plantlets were transferred in a MS medium without Fe and containing 30 pM
FerroZin for 3 days.

Liquid endosperm sampling

Developing pods were dissected with a surgical blade. Two holes were
pierced into each seed using a glass capillary tube. The liquid endosperm
was then quickly extracted with another glass capillary using a peristaltic
pump and gently blown at the bottom of an ependorff tube kept on ice.
Pumping was carried out carefully in order to avoid bubbling. Samples were
then maintained frozen in liquid nitrogen and kept at -80 °C until further
analysis.

Fe speciation by X ray-absorption spectroscopy

See supporting text S1

Fe complexes by chemical analysis

See supporting text S1
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Ferric-chelate reductase activity was estimated as the quantity of Fe-
BPDS; complexes formed in the assay solution calculated from the optical
density measured at 535 nm with a Hitachi U-2800 spectrophotometer.
ODs35 was measured after incubation in the dark at 22-25°C with 250 RPM
shaking, in an assay solution that contained 5 mM MES buffer pH = 5.5,
300 uM bathophenanthroline disulfonate (BPDS) and 100 uM Fe(lll)-EDTA
unless otherwise stated. Pea embryos were dissected with a surgical blade
as fast as possible, and kept in 5 mM MES buffer pH = 5.5 for 30 minutes,
representing the time to dissect and weight around 15 embryos. Embryos
were then incubated in the assay solution.

To measure root ferric-chelate reductase activity, whole root systems
from individual Arabidopsis plants were excised, rinsed three times with
demineralized water, and incubated in 50 ml assay solution following the
same protocol. Comparison of embryo FCR activities has been repeated 5
times independently, and each experiment consisted in the incubation of 5
embryos in 5 ml assay solution with the usual protocol. Final results are means
+ SD of the 5 values obtained.

Ferric reduction activity measurement of exudates

See supporting text S1

Time course of embryo Fe reduction

See supporting text S1

5Fe accumulation in pea embryos

See supporting text S1
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The identification of the ligands binding Al is essential to understand the mechanisms by which plants
detoxify Al internally. However, studies concerning the speciation of Al have been frustrated by its
complex chemistry. This work describes the identification of the tri-Al tricitrate (Alscits) complex in
Plantago almogravensis, encompassing an integrated mass spectrometry approach based on hydrophilic
interaction liquid chromatography (HILIC) and parallel detection by ICP-MS and ESI-MS/MS. This work
also reports that both Al and Fe are bound by tricitrate, sometimes simultaneously, and the
consequences of this finding are discussed. Of the complexes separated by size exclusion
chromatography, Alscits is the most stable occurring in P. almogravensis as it was the only one
recovered after HILIC. This approach provided new information on the mechanism of Al detoxification
in P. almogravensis, namely that Al is bound by the organic acid citrate and that the relative
concentration of the detected complexes is affected by the organ type and internal Al concentration,
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Introduction

Aluminium (Al) toxicity is one of the most serious limitations to
plant growth in acidic soils. Most Al exists as oxides and
aluminosilicates, which are harmless to plants; however, in
acidic soils, Al is solubilized as the trivalent cation AI**. The
precise targets at molecular and cellular levels remain elusive
but it is known that free Al rapidly inhibits root growth and
limits the subsequent uptake of water and nutrients." The
relevance of Al toxicity is aggravated by the fact that Al is the
third most abundant element in the Earth’s crust and that
approximately 30% of the world’s total ice-free land has a pH <
5.5.> However, some plants are capable of performing despite
taking up Al from soils. This occurrence is intriguing because
even knowing that only a small percentage of Al is in its free
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and has potential for studying the speciation of Al in less tolerant plants.

state at physiological pH, such low concentrations can still be
phytotoxic because of the strong affinity of Al for oxygen donor
ligands.? Plantago almogravensis Franco thrives in soils with
high free Al concentrations and its geographical distribution is
restricted to a small area (10 ha) located at the SW of
the Iberian Peninsula® and has thus been included in the
UICN-Red List of critically endangered species.” P. almogravensis
is known to accumulate Al,>® however, the complexes that bind
Al internally and thus protect vital biochemical processes are
unknown.

Even if, to date, *’Al nuclear magnetic resonance (NMR)
spectroscopy has been used almost exclusively to study the
speciation of Al in plants, as it can provide structural informa-
tion about Al-complexes directly from intact samples, the
inherent low sensitivity and low discriminating capacity of
NMR spectroscopy for Al is a drawback that has prevented
accurate speciation.” Mass spectrometry using electrospray
ionization (ESI-MS) is a technique that offers increased sensi-
tivity and great potential for identification of metal complexes
but has found little application in the field of Al-speciation due
to the lack of a suitable isotope. Because of the gentle transition
from solution to the gas phase and the low collision energies, the
dissociation of metal complexes is less likely and singly-charged
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species with high mass resolution are generally produced,
yielding simple mass spectra that facilitate assignment.®
The lack of an isotope to aid with localization of Al-bearing
complexes in mass spectra can be circumvented by parallel
detection with an elemental detection technique, such as
inductively coupled plasma (ICP)-MS, which allows determining
the retention times of Al-complexes and pinpointing the region
of the MS chromatogram that should be examined. Biological
samples are too complex for direct infusion or flow injection, so
chromatographic separation prior to ESI-MS measurements is
required. Chromatography can pose a hurdle to the identifi-
cation of Al-complexes because they can be dissociated as a
result of the interaction with the stationary phase and the buffer
content of the mobile phase can suppress ionization efficiency.
These interactions are minimized when using size-exclusion
chromatography (SEC) columns and hydrophilic interaction
chromatography (HILIC) columns (that allow proper retention
of highly polar complexes) and their corresponding buffers are
compatible with ESI-MS.

The goal of this work is to study the speciation of Al in
P. almogravensis plants to determine the ligands responsible
for detoxifying Al using an MS-based approach. A previously
established experimental design using in vitro produced
plants® was employed to eliminate extraneous factors and deter-
mine the intrinsic detoxification capacity of P. almogravensis without
compromising natural populations.

Experimental
Reagents and standards

Analytical reagent grade chemicals such as acetonitrile, formic
acid, acetic acid, nitric acid, ammonium acetate and ammoniac
were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier,
France), metal standards from SCP Science (Canada) and
citric acid from Acros Organics (Belgium). Ultrapure water
(18 MQ cm™") was obtained from a Milli-Q system (Millipore,
Bedford, MA).

Plant material and Al-treatment

Shoots of a selected P. almogravensis genotype were separated
from in vitro axenic cultures proliferating for 6 weeks in
Murashige and Skoog’s medium® supplemented with 6-benzyl-
adenine at 0.2 mg L™"."° The obtained shoots were transferred
to Murashige and Skoog’s medium with macronutrients
reduced to half containing 0.5 mg L™" indole-3-acetic acid to
induce root development. The produced plantlets were trans-
ferred aseptically to autoclaved Murashige and Skoog’s liquid
medium with macronutrients reduced to one quarter at pH 4.0
supplemented with 100, 200 or 400 pM Al for a 7-day treatment
according to Martins et al.®* The chemical speciation program
Geochem-EZ (http://www.plantmineralnutrition.net/Geochem/
geochem%20home.htm)"" was used to predict the AI** and
Fe®" activity values and Al and Fe speciation for each nutrient
solution based on chemical equilibrium constants. In order to
study the role of roots in the formation of Al-complexes, shoots
without developed root system were also subjected to Al-treatment.
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The cultures were maintained at 25 £ 2 °C with a 16 h
photoperiod (cool white fluorescent lamps, 69 pmol m™> s~ ).
Samples of fresh leaves, roots and shoots (~ 20 mg) were placed
in eppendorfs, frozen in liquid nitrogen and ground with a
glass rod. Extraction was carried out by adding 100 pL of water
and mechanically stirring for 2 min at room temperature
followed by centrifugation (3 min, 14500 rpm). The super-
natants were collected and immediately analysed. Apart from
biological samples, standard solutions of Al-citric and -oxalic
acid (3:1 ratio of organic acid to Al, buffered at pH 6) at an Al
concentration approximate to that of roots were prepared for
speciation analysis.

SEC-ICP-MS experiments

The SEC separations were conducted with a Dionex UltiMate
3000 LC-system (Thermo Fisher Scientific, Bremen, Germany)
coupled to a 7500cs ICP-MS instrument (Agilent) equipped with
a collision cell with hydrogen as collision gas. The interface
between the LC system and the ICP-MS detector consisted of a
quartz double pass Scott style spray chamber, a MicroMist
EzyFit nebulizer (Glass Expansion, Australia), a 2.5 mm i.d.
quartz torch and a set of nickel cones (Agilent Technologies,
USA). The undiluted plant extracts and standard solutions
(10 pL) were injected onto a Superdex Peptide HR 10/30
(300 x 10 mm i.d.; GE Healthcare Bio-Science AB, Sweden)
SEC column using 5 mM ammonium acetate buffer at pH 6.2 as
a mobile phase at a flow rate of 0.7 mL min~'. The ICP-MS
conditions were optimized daily for highest intensities and
lowest interferences using a standard built-in software procedure.
The H, collision cell mode was used to exclude polyatomic inter-
ferences that may occur for Fe and Al isotopes.

HILIC-ICP-MS/ESI-MS/MS experiments

The HILIC separations were performed using an Agilent 1100
capillary pump (Agilent, Tokyo, Japan) as a delivery system
equipped with a 100 pL min~' splitter module. The HILIC
column was a TSK gel amide 80 (250 x 1 mm i.d.) (Tosoh
Bioscience, Germany). The binary mobile phase consisted of
(A) 10 mmol L' ammonium formate buffer at pH 5.5 and
(B) acetonitrile. The optimized HILIC gradient started with 10%
of A and was increased to 50% of A in 45 min. Samples were
diluted with acetonitrile to obtain a 1 to 2 ratio (sample : aceto-
nitrile), centrifuged and 7 UL of the supernatant was analyzed at
the flow rate of 50 uL min~'. The HPLC unit was coupled either
to an ICP-MS or an ESI-MS/MS instrument. The interface
between the LC module and the ICP-MS detector consisted of
a glass Cinnabar cyclonic spray chamber (Glass Expansion,
Australia), a 50 uL min~' Micromist U-series nebulizer (Glass
Expansion, Australia), a 1 mm i.d. injector torch (Agilent
Technologies, Japan), a T-connector allowing the introduction
of 11% O, and a set of platinum cones (Agilent Technologies,
USA). The ICP MS conditions were optimized in the same way
as for SEC-ICP-MS measurements. The ESI-MS/MS instrument
was an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with a heated electro-
spray ionization source (H-ESI II) (Thermo Fisher Scientific).

This journal is © The Royal Society of Chemistry 2013
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The instrument was operated in the positive ion mode with the
electrospray voltage set at 3 kV. The source and capillary
temperature were 120 °C and 280 °C, respectively. The ESI-MS
spectra were obtained in the 150-1200 mj/z range with
the resolution set at 100 000. The ions were fragmented by
collision-induced dissociation (CID) at the energy level of 45%.

Total metal concentration determination

Triplicates of dried leaf and shoot samples were ground with a
pestle and mortar, digested in 70% nitric acid for 6 h at 65 °C
and then diluted before analysis 10 times with 2% HNO;. The
acidified sample and standard solution of metallic elements
were analysed by ICP-MS (Agilent 7500ce, Tokyo, Japan).

Results

Analysis of P. almogravensis samples exposed to Al by SEC-ICP-
MS allowed for the separation of five Al species numbered
according to elution time (Fig. 1). The same complexes were
observed in root and leaf samples of plants grown under
controlled conditions exposed to 400 uM Al, albeit at lower
concentrations in leaves (Fig. 1A). However, when plantlets with
excised root systems (shoots) were subjected to the same
concentration of Al, the complexes 1 to 4 could not be observed.
Instead, a poorly resolved broad signal was detected at longer
elution times. Complexes 1 to 4 were detected in plantlets
exposed to the lowest concentration of Al (100 pM) as well,
however variations in their relative concentrations were
observed between plants exposed to 100 pM and 400 uM of Al
(Fig. 1A and B). Monitoring of other elements during SEC-ICP-
MS measurements allowed determining that Fe co-elutes with
the detected Al complexes 1 to 4 and that phosphor co-elutes
with the complex detected in shoots (Fig. 1C and D; respec-
tively). Oxalate is a well-described ligand for Al in accumulating
plants,'® therefore an Al-oxalic acid standard solution was
analyzed by SEC-ICP-MS. However, the elution time of the
detected complex did not match any of the previously detected
complexes, indicating that oxalate is not a major ligand for Al
in P. almogravensis (Fig. S1A in the ESIY).

High-resolution MS experiments were employed in an
attempt to identify the Al-complexes occurring in P. almogravensis.
Because the chromatographic separation provided by SEC is not
sufficient to obtain precise MS measurements, the separation was
conducted by HILIC. The Al species identified so far in accumulat-
ing plants are complexes with organic acids. HILIC is an adequate
method for the separation of these complexes considering that the
resins guarantee a strong retention of highly polar complexes and
the corresponding buffers are compatible with ESI-MS."® However,
our results show that although a better resolved signal was
obtained, as opposed to SEC, only one sharp Al peak could be
detected after HILIC separation (Fig. 2). This result can be
explained by the fact that the other minor complexes are eluting
in less defined peaks because of a probably lower stability of these
forms and higher interaction with chromatographic material.®

The obtained HILIC-ICP-MS chromatogram indicates the
approximate retention time of the detected Al-complex, however,

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 SEC-ICP-MS chromatograms of P. almogravensis plants cultured in liquid
Murashige and Shoog medium supplemented with Al: 2”Al signals detected in
root, leaf and shoot samples exposed to 400 uM Al (A); root and leaf samples
exposed to 100 uM Al (B); *°Fe and 2’Al signals detected in the root sample
exposed to 400 uM Al (C); and the 31p signal detected in leaves and shoot
samples exposed to 400 uM Al (D).

because Al is a mono-isotopic element it is not possible
to examine the mass spectra obtained by HILIC-ESI-MS for
molecular ions containing metals with specific isotopic signa-
tures, as is the case for nickel'> and cadmium complexes** for
instance. A multitude of molecular ions is typically observed for
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Fig. 2 ?’Al HILIC-ICP-MS chromatogram of the P. almogravensis root sample
exposed to 400 uM Al. Inset depicts the extracted ion chromatogram of m/z
648.96, 666.97, 677.92 and 695.93 ions obtained by HILIC-ESI-MS.

each specific retention time and it is therefore unfeasible to
identify de novo an Al-bearing complex without additional infor-
mation. This is one of the limitations when pursuing the
identification of metal complexes of mono-isotopic elements,
especially in samples for which no prior information is available.
In our case, because the Al-complex detected after HILIC also
co-elutes with Fe (Fig. 2), the MS spectra were examined for
molecular ions bearing the characteristic isotopic pattern of Fe
at the retention time of the detected Al-complexes (Fig. 3). Two
molecular ions with exact masses of m/z 677.92 and 695.93 were

View Article Online

identified following this approach. Two other ions were observed
at the same retention time with an exact mass difference of A
28.95 m/z, which corresponds to the difference in atomic weight
between *°Fe and *’Al. This result indicates that the m/z 648.96
and 666.97 molecular ions bear at least one Al atom and that it is
interchangeable with Fe. Exact mass determination indicated
that the m/z 648.96 and 666.97 molecular ions are consistent
with a tri-Al tricitrate (Alscit;) and an Alscit; + H,O complex,
respectively. The assignment of these complexes was confirmed
by analyzing a standard solution of Al and citric acid under the
same conditions (Fig. S2 in the ESIf). This allowed for the
assignment of the molecular ions at m/z 677.92 and 695.93 as
Al,Fecit; and Al Fecit; + H,O (Fig. 3). Interestingly, the molecular
ions corresponding to the AlFe,cit; and Fescit; complexes could
also be detected at lower intensities (Fig. S3 in the ESIf).
An extracted ion chromatogram indicated that the identified
tricitrate complexes have the same retention time as the
Al-complex detected by HILIC-ICP-MS (inset Fig. 2). To confirm
the role of citric acid in Al complexation, a citric acid—Al standard
solution was analyzed by SEC-ICP-MS. The resulting chromato-
gram shows a very good match between the complexes 2, 3 and 4
from root extract and the Al-citric acid standard solution (Fig. 1A
and Fig. S1B in the ESIf) indicating that they are different forms
of Al-citrate complexes, with Alscit; (peak 2) corresponding to
the major peak as this complex was identified as the main Al
complex by HILIC ESI MS. Regarding the remaining Al signals
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Fig. 3 ESI mass spectrum of the P. almogravensis root extract at a retention time of 34.7 min. The insets depict the theoretical masses of identified Al and Fe
complexes in positive ionization mode (A) and ions with a characteristic isotopic signature of iron (B and Q).
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detected in Fig. 1, peak 1 corresponds to the void due the
Al entrapped with high molecular weight biomolecules and
nanoparticles while peak 5 (detected exclusively in shoots) is
likely to correspond to Al phosphate (matching peak shapes and
migration times between Fig. 1A and D).

The total concentration of Al and Fe was determined in leaf
samples and plotted together with the calculated Al and Fe
activity in the culture media (Fig. 4). According to Parker
et al.,” the activity of a free uncomplexed metal is in most
cases the most relevant parameter to determine plant
responses to changes in nutrient solution composition. The
low pH and reduced macronutrients concentration in culture
media allowed obtaining a significant amount of free Al in
solution (34.6%, Table 1) because less Al is bound to SO, and
EDTA. Our results also demonstrate that the concentration of Al
found in plantlet leaves is two orders of magnitude higher than
the AI*" activity in culture solution (Fig. 4), indicating that
P. almogravensis is able to concentrate Al in its upper tissues.
Also, the determination of total Al indicates that its uptake is
concentration-dependent and that the uptake capacity has not
reached saturation at 400 uM Al (Fig. 4).

Table 1 Speciation of Al and Fe in Murashige and Skoog medium with
macronutrients reduced to one quarter supplemented with 400 uM Al at pH 4.0.
Values were calculated using Geochem-EZ and are presented as a percentage of
the total Al and Fe present in solution

Species AP (%) Fe’" (%)
Free 34.60 92.38
Complexed with:

PO, 27.67 3.96
EDTA 23.16 0.15
SO, 12.18 2.64
OH™ 1.94 0

This journal is © The Royal Society of Chemistry 2013

Discussion

Identification of a tri-Al tricitrate complex following a mass
spectrometry based approach

This work reports the first direct and unequivocal identification
of an Al-complex in an accumulating plant using ESI-MS with-
out prior information. Al speciation studies in plants have been
frustrated by the technical constraints limiting the separation
and identification of Al complexes.'® The complex aqueous
coordination chemistry of Al, the lack of a suitable multi-
isotopic profile and the typical instability of metal complexes
that renders concentration procedures unfeasible have slowed
the understanding of the physiology of Al detoxification in
tolerant plants. Most studies have been based on *’Al NMR
spectroscopy with a consequence that only plants accumulating
extremely high concentrations could be examined. A 1:1
complex of Al and citrate has been detected in the xylem of
several Al accumulating plants by >”Al NMR spectroscopy.'” ESI-
MS experiments confirmed that in Hydrangea macrophylla cell
sap an Al-citrate complex (m/z 215) occurs.'® In this work
we report that Al can be complexed by a tricitrate ligand.
High-resolution MS experiments rendered a molecular ion at
648.96 m/z after separation by hydrophilic interaction LC. Exact
mass determination and comparison with an Al-citrate standard
solution allowed assigning the complex as tri-Al tricitrate. This
complex is the most stable one occurring in P. almogravensis as it
remained intact after both HILIC and SEC separation. The
structure of a tri-Al tricitrate complex obtained by chemical
synthesis has been characterized by NMR spectroscopy and
X-ray crystallography’® and a stability constant of 16.3 was
determined by potentiometric studies,® which indicates that it
is a quite stable complex. The results obtained for fragmentation
of the m/z 648.96 molecular ion after CID-MS experiments

Metallomics


http://dx.doi.org/10.1039/c3mt00101f

Published on 04 July 2013. Downloaded by Syddansk Universitetshibliotek on 23/07/2013 12:01:29.

support to some extent that Alscit; has the same structure, ie.,
the loss of one citrate moiety could be observed indicating that
the three Al atoms maintained in the central core were bound
by the remaining two citrate molecules (Fig. S4 in the ESIt). The
absence of observed loss of aluminum ions during fragmenta-
tion indicates that the Al; core is well buried into the complex as
expected according to its structure. The knowledge that tricitrate
is able to bind Al will allow determining parameters that are
relevant to predict the fate of this complex in planta. Determina-
tion of stability constants and steric effects is important to
predict to what extent the ligand prevents Al from binding to
essential biomolecules, potential for membrane permeation and
transport across the tonoplast that will determine the site of
sequestration. Further investigation will have to be conducted to
indicate the function of the tricitrate ligand regarding Al detox-
ification in P. almogravensis. It will be interesting to determine if
the complex is used for transport only or if it can also be detected
in intracellular spaces. P. almogravensis is a small woody hemi-
cryptophyte that grows without a distinct stem,** so it will be
unfeasible to isolate xylem and conversely, xylem will always be
analysed when taking the leaves as a whole. In order to deter-
mine if the complex is found in xylem alone, separate analysis of
cellular structures (protoplasts and vacuoles) will be required.
The best studied Al-accumulating plants so far (Fagopyrum
esculentum, Camellia Sinensis and Melastoma malabathricum)
and P. almogravensis are considerably distinct from a taxonomical
perspective, yet the involvement of organic acids in Al-detoxification
seems to be universal. Because P. almogravensis has an unusual
ecological behaviour compared to most Al-accumulating plants,*" it
was interesting to determine that Al is complexed by the organic
acid citrate. The importance of organic acids in Al-detoxification
might be explained by the high affinity of Al for electronegative
donor groups like carboxyl but also due to the ubiquitous nature of
these metabolites and the low metabolic investment that is
required to synthesize them.”

Al and Fe are complexed by tricitrate

The relation between Fe and Al metabolism is interesting
considering that Fe is essential for development and Al toxic
for most plants, yet their similar chemical properties pose a
significant challenge for selective uptake and incorporation
into metabolism.”® More interestingly, a tri-Fe(m) tricitrate
complex involved in Fe transport has been recently identified
in xylem sap of tomato plants>* and our results show that Fe(m)
and Al are interchangeable in this complex indicating that one
of the ligands binding Al is the same ligand responsible for
Fe transport. The Fe complex was modelled as having an oxo-
bridged tri-Fe(m) (Fe;Ocit;) core and owing to its compact
molecular geometry it is expected to permeate the plasmodes-
mata directly.>® The authors also reported that while both
Fejcit; and Fe;Ocit; complexes could be identified in Fe-citrate
standard solutions, only Fe;Ocit; was found in xylem samples.
However, the Fescit; complex was detected in P. almogravensis
root samples and represents the first report of this complex in
biological samples (Fig. S3 in the ESIf). The fact that, of the
biologically relevant elements, Fe has the closest ionic radius to
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the one of Al might explain their binding by the same ligand
considering that the ionic radius is one of the most important
predictive parameters relating to the biological behavior of
metal ions.>® The relative concentration ratios between the
Al- and Fe-complex determined using the relative *’Al and
*°Fe signal intensities (depicted in Fig. 1C) combined with
the sensitivity of the instrument for these isotopes and the fact
that the estimated free activity of Fe in the culture medium
supplemented with 400 pM is higher than that of Al (Fig. 4)
suggest that Al can outcompete Fe(m) for the tricitrate ligand.
This observation has consequences concerning the effect of
free Al concentration in soils on the Fe homeostasis in
P. almogravensis. In fact, the results determined for the total
Fe and Al concentrations indicate that the concentration of Al
in the culture media affects the concentration of *°Fe found in
leaves (Fig. 4). While the concentration of *°Fe increases when
the concentration of Al in the culture solution is increased from
100 uM to 200 uM, an increment of the Al concentration from
200 1M to 400 uM leads to a reduction in *°Fe concentration. In
fact, a reduction of Fe uptake as a result of Al supplementation
was also observed in M. malabathricum.>® The authors observed
that Al supplementation ameliorated Fe toxicity and speculated
that, in M. malabathricum, the accumulation of Al could be an
adaptive advantage to Fe-rich acid sulphate soils. The fact that
P. almogravensis colonizes soils enriched in Fe and free Al,*
makes it an interesting model plant to study the interaction of
the uptake of both metals. However, further experiments will
have to point out to what extent Al can compete with Fe for
binding with citrate and how it affects Fe uptake. A recent study
on Fe uptake in Bacillus cereus demonstrated for the first time
that a protein, FctC, could act as a specific binder for the Fe;cit;
complex.”” Even if the structure of Alscit; seems to be slightly
different from the one of Fejcits,>” it could be hypothesized that
similar proteins could occur in higher organisms such as plants
and for other metal complexes such as Alscits.

Speciation of Al is concentration-dependent

The results presented in Fig. 1 indicate that Al speciation in
P. almogravensis is dependent on internal concentration. The
Alscit; complex (complex 2) was not detected in leaves of plants
exposed to the lowest concentration of Al while it was detected
in roots (Fig. 1B) and in leaves of plants exposed to 400 uM Al
(Fig. 1A). The A" cation has a great affinity for negatively
charged pectin®® making it difficult to distinguish intracellular
Al from Al adhered to the root cell wall. Therefore, instead of
determining total concentration of Al in roots, a more precise
measure of uptake is to consider the accumulation of Al in the
upper organs. The quantification of total Al confirms that
plants exposed to 400 uM Al accumulate more Al in leaves than
plants exposed to 100 uM (165.4 + 16.6 UM and 65.8 + 1.8 uM,
respectively). Shen et al®® reported that in buckwheat
(F. esculentum) leaves different Al species were detected
depending on the concentration of internal Al At lower Al
concentrations only Al-oxalate was detected while at higher
concentrations Al-citrate complexes could also be observed. In
buckwheat, Al that is bound to citrate in xylem undergoes a
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ligand exchange in leaves, where it is converted to Al-oxalate.
The authors proposed that when oxalate is limiting Al-citrate
cannot be converted to Al-oxalate completely and both com-
plexes are therefore detected simultaneously. Considering that
an Al-citrate complex also occurs in P. almogravensis, the
observed results could be an indication that a similar ligand
exchange process is present and that it is halted at higher
internal Al concentrations. However, it is more likely that the
speciation of Al is dependent on the internal Al: citrate ratio
considering that complexes 3 and 4 are also citrate complexes
and that no Al-oxalate complexes could be detected (Fig. S1 in
the ESIt). Also the Al-citrate speciation diagrams presented by
Fukushima et al.’®?”° show that at typical physiological pH
values the speciation of Al is dependent on the Al: citrate ratio
and the formation of Alscit; is favoured as the Al: citrate ratio
increases. Our results are consistent with the predicted specia-
tion diagrams as the intensity of peak 2 (corresponding to the
Alscit; complex) increases drastically between the extract of
leaves exposed to 100uM Al (Fig. 1B) and 400uM Al (Fig. 1A) as a
result of increasing internal Al concentration (Fig. 4). Accord-
ingly, it could also be hypothesized that peaks 3 and 4 could
respectively be related to Alcit, and Alcit complexes,?” which
would explain the presence of three main peaks in the Al-citric
acid standard solution chromatogram (Fig. S1B, ESIT).

Finally, as stated above, competition with Fe certainly occurs
during Al homeostasis. Actually, even if the structures of Al;cit;
and Fe,cit; complexes have some dissimilarities,”” they have
comparable stability constants,> which would clarify why Al
and Fe seem to enter into competition when present at similar
concentration levels (Fig. 4). The actual equilibrium between Al,
Fe and citrate (and other minor ligands) is therefore related to
the Al(m): Fe(in): citrate ratio, to their total amount, to the pH
and to the presence of competing metals/organic acids/salts in
the different specific plant cell compartments, which means
that further investigation would be needed to get a detailed and
simultaneous view of Al and Fe speciation in P. almogravensis.

P. almogravensis roots and the uptake of Al

When cultured in vitro, P. almogravensis plants grow normally
even in the absence of developed root systems. Consequently,
the importance of the root system in the speciation of Al in the
upper tissues could be examined. In terms of Al uptake,
no differences were observed between plantlets and shoots,
considering that similar amounts were quantified in leaves
(165.4 + 16.6 pM in plantlets and 171.8 £14.0 uM in shoots;
Fig. 4). Because the root systems were excised in shoots, the
conducting vessels are directly exposed to the culture solution
and Al uptake is a consequence of co-transport of culture
solution driven by transpiration. The fact that shoots and
plantlets accumulate the same amount of Al in leaves suggests
that the root cell membrane does not pose a barrier to Al
uptake. However, the speciation analysis provided interesting
results. The obtained SEC-ICP-MS chromatograms showed that
the complexes 1 to 4 were absent from shoot samples, yet a
broad Al signal eluting at longer retention times was observed,
suggesting that it is bound to a ligand with lower molecular

This journal is © The Royal Society of Chemistry 2013
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weight. By comparing the elution time of this Al-complex with
the signal of other elements a correlation was observed with
*1p (Fig. 1D). In fact, according to the calculated speciation
values, over 25% of Al is complexed by PO, in the culture
solution (Table 1), suggesting that Al does not undergo
chemical transformation once taken up by shoots. The fact
that the *'P signal detected in shoots at 26.2 min was not
observed in plantlet leaves (Fig. 1D) supports the hypothesis
that Al is taken up directly as an AIPO, complex in shoots. The
reason why Al found in shoots is not converted to Alscit; is
unclear, considering that large amounts of citrate can be found
in shoots®® and the Alscit; complex is formed spontaneously
when Al and citrate are in solution. One hypothesis is that the
Al;cit; complex is formed at the roots because Al is absorbed as
AP’" and is available for binding with citrate. Information on
the molecular form of Al that is able to permeate the plasma
membrane is still fragmentary, but evidence has been pre-
sented indicating that AI** is the most membrane mobile
species.®® Because it was not expected for plants to have specific
transporters for a non-essential element, it was hypothesized
that AI** could permeate divalent cation channels.”®> However, a
specific Al transporter named Nratl (Nramp aluminum trans-
porter 1) was recently discovered in rice.*® The protein is
located on the plasma membrane of root cells and is specific
for the AI** cation. Therefore it is possible that in P. almogravensis
Al is taken up as AI** as well and immediately complexed by
citrate. The Fescit; complex has been identified only recently,”*
so it is yet unknown if it is a universal ligand for Fe transport in
plants. If this is the case, the fact Al-accumulation has only been
described for a limited amount of plants indicates that the
Al-permeability at roots seems to be the main difference between
accumulating and non-accumulating plants.

Conclusions

An integrated mass spectrometry approach encompassing
parallel LC ICP-MS and ESI-MS measurements using the Fe
signal as an internal tracer in MS spectra allowed for the direct
identification of the Alscit; complex based on exact mass
determination and retention time comparison. Our results also
demonstrate that the same tricitrate ligand complexes Al and
Fe and that the relation between Al accumulation and Fe
homeostasis should be further investigated. In P. almogravensis,
Al is mainly bound to complexes related to citrate, of which
Alzcit; is the major form. In a later stage the subcellular
localization of these complexes will be crucial to better understand
the mechanisms behind Al tolerance in P. almogravensis and
in plants in general. The high sensitivity of the employed
methodology allowed studying the speciation of Al using minute
samples. Therefore it is envisioned that the described methodology
may provide new insights not only into the mechanisms regarding
Al tolerance because it provides a means to study the speciation of
Al with greater organ specificity but it may also provide information
about Al species occurring in susceptible plants and its relation to
toxicity.
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Comprehensive speciation of low-molecular weight
selenium metabolites in mustard seeds using HPLC:
electrospray linear trap/orbitrap tandem mass
spectrometryt

Laurent Ouerdane,*® Federica Aureli,° Paulina Flis,? Katarzyna Bierla,?
Hugues Preud’homme,? Francesco Cubadda® and Joanna Szpunar®

An analytical methodology based on high-resolution high mass accuracy electrospray ionization (ESI)
tandem MS assisted by Se-specific detection using inductively coupled plasma mass spectrometry (ICP
MS) was developed for speciation of selenium (Se) in seeds of black mustard (Brassica nigra) grown on
Se-rich soil. Size-exclusion LC-ICP MS allowed the determination of the Se distribution according to the
molecular mass and the control of the species stability during extraction. The optimization of
hydrophilic interaction of LC and cation-exchange HPLC resulted in analytical conditions making it
possible to detect and characterize over 30 Se species using ESI MS, including a number of minor
(<0.5%) metabolites. Selenoglucosinolates were found to be the most important class of species
accounting for at least 15% of the total Se present and over 50% of all the metabolites. They were
found particularly unstable during aqueous extraction leading to the loss of Se by volatilization as
methylselenonitriles and methylselenoisothiocyanates identified using gas chromatography (GC) with
the parallel ICP MS and atmospheric pressure chemical ionization (APCl) MS/MS detection. However,
selenoglucosinolates could be efficiently recovered by extraction with 70% methanol. Other classes of
identified species included selenoamino acids, selenosugars, selenosinapine and selenourea derivatives.
The three types of reactions leading to the formation of selenometabolites were: the Se-S substitution
in the metabolic pathway, oxidative reactions of -SeH groups with endogenous biomolecules,
and chemical reactions, e.g., esterification, of Se-containing molecules and other biomolecules through
functional groups not involving Se.

(dry weight).>”® The potential of Brassica plants for the purpose
of phytoremediation of seleniferous areas on one hand,”'° and

Selenium (Se) has been recognized as an environmental con-
taminant or as an essential micronutrient in animals and
humans because of its speciation and concentration. The plant
family Cruciferae (also called Brassicaceae) includes broccoli,
Brussels sprouts and cabbage, and is referred to as primary or
secondary Se-accumulators." Se concentration in Cruciferae
may vary considerably and, generally, plants grown on high
Se areas or under experimental Se enrichment conditions
showed concentrations between 100 and 1000 pg g ' Se
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nutritional supplementation'’'* of Se on the other hand, has
stimulated research interest in the Se metabolism of this
plant family resulting in a number of studies focusing on
identification of the Se species present (Table 1).

The studies revealed that selenoaminoacids characteristic of
the Se incorporation into proteins through the sulphur meta-
bolic pathway, selenocysteine (SeCys) and selenomethionine
(SeMet), were usually involved."**® The other group of reported
species were non-protein selenoaminoacids and oligopeptides,
such as Se-methylselenocysteine (MeSeCys) and y-glutamyl-
Se-methylselenocysteine (y-Glu-MeSeCys), whose biosynthesis
is assumed to prevent the damaging effects on plant
functions assumed by the incorporation of SeCys and SeMet
into proteins.’*'®'” Also, MeSeCys and y-Glu-MeSeCys are
referred to as precursors of methylselenol, a putative chemo-
preventive agent.>'%'°
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Table 1 Se species identified in Brassica plants

Identification
Plant species Tissue Sample preparation Species identified technique used Ref.
Kale (Brassica oleracea A.) Leaves, Solvent extraction Se-methylselenocysteine NanoESI-ITMS 43
stems Selenomethionine
Selenocysteine, HMW species
Indian mustard (Brassica juncea) Stem,  Solvent extraction and Se-methylselenocysteine RT matching in 44
shoots  enzymatic hydrolysis ~ Selenomethionine, unknowns HPLC-ICP MS
Indian mustard (Brassica juncea) Shoots, Enzymatic hydrolysis  Se-methylselenocysteine RT matching in 2
roots Selenomethionine HPLC-ICP MS
Broccoli (Brassica oleracea) Whole Solvent extraction Selenite, selenate RT matching in 45
plant Oxidised Se-methylselenocysteine and oxidised =~ HPLC-ICP MS
selenomethionine, Se-methylselenocysteine
Methylseleninic acid, Se-methylselenocysteine,
selenomethionine
Brassica napus, Brassica rapa Seeds, Enzymatic hydrolysis  Selenomethionine RT matching in 31
meal Selenate HPLC-ICP MS
Indian mustard (Brassica juncea) Root Selenocysteine, selenosulfate Off-line ESI MS 46
exudates
Indian mustard (Brassica juncea) Roots, Enzymatic hydrolysis  Selenite, selenate, selenomethionine RT matching in 7
shoots HPLC-ICP MS
Brassica oleracea capitata Green  Solvent extraction Se-methylselenomethionine, selenocystathionine, TLC (ninhydrin 47
leaves Se-methylselenocysteine selenoxide, positive spots)
selenohomocystine, Se-methylselenocysteine, and
selenomethionine
Indian mustard (Brassica juncea) Roots, Solvent extraction Se-methylselenomethionine, selenomethionine  RT matching in 48
leaves and dimethylselenide; Se-methylselenocysteine ~ HPLC-ICP MS
HPLC-ESI MS
Indian mustard (Brassica juncea) Leaves Enzymatic hydrolysis  Selenate, selenomethionine RT matching in 4
Se-methylselenocysteine HPLC-ICP MS
Indian mustard (Brassica juncea) Leaves Enzymatic hydrolysis  Se-S bridged seleno amino acid (m/z 347) RT matching in 6
Selenomethionine HPLC-ICP
MSHPLC-ESI MS
Indian mustard (Brassica juncea) Leaves Solvent extraction Se-methylselenocysteine and Se-methionine RT matching in 5
(wild type and transgenic) Se-cystathionine HPLC-ICP
Se-methylselenomethionine MSHPLC-ESI MS
Se-homocystine
Unknown
Indian mustard (Brassica juncea) Leaves Solvent extraction MeSeCys and MeSeMet RT matching in 8
SeMet, unknown HPLC-ICP MS
Broccoli (Brassica oleracea) Roots, enzymatic hydrolysis ~ Se-methylselenocysteine RT matching in 49
stem, Se-methionine HPLC-ICP MS
fruit
Raphanus sativus Whole Solvent extraction Selenohomolanthionine HPLC-ICP 50
plant Selenate MSHPLC-ESI MS
Se-methylselenocysteine
Brassica rapa var. Hakabura Roots, Solvent extraction Selenite, Se-methylselenocysteine and HPLC-ICP MS 51
Brassica rapa var. Peruviridis leaves Se-methionine
Indian mustard (Brassica juncea)
Canola (Brassica napus var. Seeds  Solvent extraction and Selenocystine HPLC-ICP 32
Hyola 420) enzymatic hydrolysis ~ Methylselenocysteine MSpXANES
Indian mustard (Brassica juncea Selenomethionine
var. Pacific Gold) Selenocysteine
White mustard (Sinapis alba var. Selenate

Ida Gold)

Broccoli (B. oleracea L. var. italica Florets,
cv. ‘Triathlon’) roots
Cauliflower (B. oleracea L. var.

botrytis cv. ‘Liberty’), Forage rape

(B. napus cv. ‘Maxima’)

Solvent extraction

4-(Methylseleno)butanenitrile, 5-(methylseleno)-
pentanenitrile, 3-(methylseleno)propylisothiocya-
nate, 4-(methylseleno)butylisothiocyanate, and
5-(methylseleno)pentylisothiocyanate
3-(Methylseleno)propylglucosinolate (glucosele-

GC-MSHPLC-ESI MS 37

noiberverin), 4-(methylseleno)butylglucosinolate
(glucoselenoerucin), and 5-(methylseleno)-
pentylglucosinolate (glucoselenoberteroin)

Considering that crucifers contain numerous other bioactive
(and putatively chemopreventive) compounds, such as glucosi-
nolates and isothiocyanates,® the overall number of the identi-
fied species in the Brassica selenometabolome is relatively small
which may result from inadequate analytical methodology.

2 | Metallomics, 2013, 00, 1-11

Indeed, HPLC-ICP MS, with its inherent inconsistencies and
pitfalls, was definitely the most widely used method for specia-
tion of low molecular weight Se metabolites."®**** The
approach suffers from the lack of identification of many peaks,
the often ignored peak purity, and poor chromatographic
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separations resulted in the impossibility of reliable identification
by retention time matching. In terms of sample preparation, the
studies often concerned proteolytic extracts only.

A momentum in Se metabolomic studies was created by the
advent of high resolution high accuracy MS, readily combined
with HPLC: electrospray linear trap/Orbitrap (tandem) mass
spectrometry and ESI Orbitrap MS(/MS). It has become a
powerful tool for identifying Se metabolites on-line down to
the ppb levels.>®> HPLC-ESI Orbitrap MS(/MS) allowed compre-
hensive studies of Se metabolites in Se-rich yeast,**” and
cereal grains (rice, maize, and wheat).?® A critical point is the
choice and optimization of the chromatographic separation
mechanisms allowing the separation of the analyte species
from concomitants of easily ionizable matrix molecules.
Indeed, under the ideal conditions, ESI Orbitrap MS can be
more sensitive than ICP MS commonly used as a chromato-
graphic detector in Se speciation studies.** Another problem, to
which remarkably little attention has to date been paid, is the
preservation of Se metabolites during extraction, avoiding
enzymatic reactions leading to its volatilization.

The seeds of Brassica nigra (black mustard) are commonly
employed as condiments for medical purposes. When grown on
Se-rich soils, they become an attractive source of Se and can
accumulate this element at higher proportions than pods and
straw, with levels up to 670 ug g '.>*?° The residual fraction
obtained after oil processing of seeds, the meal, is an important
protein source in animal diets and used in feed concentrates.*
Information on Se speciation in the seeds is scarce and a recent
work on that topic did not allow the direct identification of Se
species but just a comparison with the standards of expected
molecules.*” The aim of this work was to characterize the low-
molecular weight (<1 kDa) Se metabolites present in seeds of
Brassica nigra. For this purpose, cation exchange (CE)-HPLC
and hydrophilic ion interaction (HILIC) coupled in parallel to
ICP MS and molecular MS instruments were investigated.
Particular attention was paid to sample preparation and the
control of the volatilization losses of Se using gas chromato-
graphy (GC) with the parallel ICP MS and atmospheric pressure
chemical ionization (APCI) MS detection.

Experimental
Reagents, solutions and materials

Analytical reagent grade chemicals purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France) and water (18 MQ
cm), obtained using a Milli-Q system (Millipore, Bedford, MA)
were used throughout unless stated otherwise. Selenious acid
[Se(wv)), selenic acid (Se(vi)], seleno-L-methionine (SeMet) and
dimethyldiselenide (DMDSe) were purchased from Sigma-
Aldrich; methylseleno-i-cysteine was acquired from Fluka
(Seelze, Germany). Instra-Analyzed HNO; (69-70%) and H,0,
(30%) were obtained from Baker (Deventer, Holland). The Se
stock solution 1 mg mL " was obtained from SPEX CertiPrep
(Metuchen, NJ); working solutions were prepared by its dilution
with acidified (HNO;) deionized water as necessary. Myoglobin
(16.7 kDa), metallothionein-I (MT-1) (7 kDa), cobalamin

This journal is © The Royal Society of Chemistry 2013

(1.6 kDa) and SeMet (0.2 kDa) were used as molecular weight
calibrants in size exclusion chromatography (SEC).

Instrumentation

Chromatographic separations were performed using an Agilent
1200 series HPLC pump (Agilent, Tokyo, Japan) as a delivery
system for cation-exchange chromatography (CE) and size
exclusion chromatography (SEC), whereas an Agilent 1100
capillary HPLC system was employed for HILIC. The exit
of the column was directly connected by means of polyether-
etherketone (PEEK) tubing to a MicroMist nebulizer (Glass
Expansion, Romainmotier, Switzerland) for the HPLC-ICP MS
coupling. The ICP MS instrument was an Agilent Model 7500cs
equipped with a collision cell. A model Digi-Prep (SCP Science,
Courtaboeuf, France) heated-block digester was used to per-
form the acidic digestion of samples and extracts for the total
Se determination. An electrospray hybrid linear ion trap-orbital
ion trap mass analyzer (Thermo H-ESI II LTQ Orbitrap Velos,
Thermo Fisher Scientific, Waltham, MA, USA) was employed for
HPLC ESI MS couplings. For GC analysis, a GC 6890 (Agilent)
was coupled to either Agilent 7500cs-ICP MS or to a Xevo triple
quadrupole (TQ) MS (Waters, Saint-Quentin-en-Yvelines,
France) equipped with an APCI ion source (GC APCI TQ MS).

Procedures

Sample. Seeds of black mustard (Brassica nigra) grown in
naturally Se-rich soils were employed in this study. The area
where mustard was grown is mostly composed of some fine
coarse loamy (Typic Haplustalfs) and coarse loamy (Typic
Ustochrepts) soils and is present in the seleniferous belt in
the Punjab region (India) where Se soil concentration is around
2 to 7 mg kg~ .33

Total Se determination. 0.1 g of the seed sample (n = 5) was
digested with 2.5 mL HNOj;, to which 1.25 mL H,0, was added
after an overnight pre-digestion step. The digestion program
was: 30 min up to 80 °C and 240 min at 80 °C. After cooling
down, the digests were diluted to 50 mL with water and
analyzed by ICP MS. Quantitation and validation were per-
formed as described elsewhere.?® In brief, quantitation was
performed by external calibration. Five Se isotopes were mea-
sured (76, 77, 78, 80 and 82) and Se determination was
validated by the parallel digestion and analysis of the NIST
8436 Durum Wheat Flour reference material. A total Se concen-
tration of 107 + 7 ug g~ in seeds was determined.

Extraction of Se compounds. Seed samples were ground in a
mortar (around 50 mg) and quantitatively transferred into a
1.5 mL polypropylene (PP) tube where extraction was carried
out by mixing crushed seeds for 5 min with either water or with
70% (v/v) methanol. The sample : extractant ratio was 1:4 (w/v).
Samples were centrifuged for 5 min at 14 000 rpm. The super-
natants were immediately analyzed by HPLC-ICP MS and
ESI MS/MS.

For the Se determination in the extracts, aliquots (50 uL)
were mixed with 1 mL of 2% HNO;. After cooling down, the
extract digests were made up to 25 mL and analyzed for total Se
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content as described above. Three sample replicates were
analyzed.

For GC experiments, a sample of ca. 20 mg of seeds was
extracted each time with 500 pL of a mixture of pentane and
diethyl ether (1:1 v/v). Two different protocols for solvent
extraction were tested to analyze volatile Se species from
mustard seeds: (i) seeds were placed in a glass vial with the
extracting solvent, crushed, mixed, and the solvent was collected
after a 5 min incubation; (ii) seeds were placed in a glass vial
containing 500 pL of water and the extracting solvent on top, and
only then the seeds were crushed (without mixing the two
phases). The mixture was let to incubate for 5 min, then mixed
and solvent was collected after decantation.

Liquid chromatography coupled to ICP MS and ESI MS/MS
mass spectrometry. The optimized chromatographic condi-
tions for cation-exchange (Hamilton PRP-X200, 150 mm X
2.1 mm, 10 pm) and size exclusion chromatography (Superdex
Peptide 10/300 GL) were described elsewhere.”® Concerning
HILIC chromatography (TSK gel amide 80, 250 mm x 1 mm,
5 pm) similar settings were conserved but the gradient was
modified to ensure better compound separation, especially for
the most hydrophobic selenocompounds. The elution solvents
used for HILIC were (A) acetonitrile and (B) 10 mM ammonium
formate at pH 5.5; the gradient was: 0-5 min: 2% B, 5-50 min:
2-40% B, 50-55 min: 40% B, 55-57 min: 40-50% B, 57-60 min:
50% B, 60-65 min: 50-2% B. Each extract was diluted with 2
volumes of acetonitrile and centrifuged at 14 000 rpm prior to
injection. SEC-ICP MS was carried out directly on a sample
extract. Prior to CE HPLC, the extract was 5 kDa cut-off filtered
(Ultrafree-CL Microcentrifuge Filters, NMWL 5000 Da, Sigma
Aldrich) by centrifugation for 45 min at 4000 rpm. The ICP MS
and ESI MS settings were as reported elsewhere.®

Gas chromatography tandem MS. The analyses were per-
formed with a DB5-MS column (30 m X 0.25 mm x 0.25 um,
Agilent). The oven temperature gradient was: 0-13 min: 35 to
100 °C, 13-27 min: 100-240 °C, 27-30 min: 240 °C. The carrier
gas, helium, was set at 3 mL min " in a splitless injection mode
(delay 1 min). The injection volume was 2 pL. Injector tem-
perature was set at 225 °C. During GC ICP MS coupling, ICP MS
was set in a dry plasma mode (1050 W; carrier gas, Ar, at
0.48 mL min ") to which was added O, (9%) and Xe (50 ppm in
argon) for internal calibration. For GC APCI TQ MS, the source
was heated at 150 °C, corona discharge was set at 1 HA and a
make-up gas, N,, was added at 400 mL min . Collision energy
was set to 12 eV.

Results
Optimization of Se metabolite extraction

Sample preparation was optimized to maximize the recovery of
Se from the mustard seed. Two main approaches were
attempted: one using water or aqueous buffers [Tris-HCI buffer
(pH 7.5) or ammonium acetate buffer (pH 6.5)] and one using
70% (v/v) methanol. The quantitative yield was measured by the
determination of the total Se content in the extract related to
the total Se content in seeds. The extraction efficiency with

4 | Metallomics, 2013, 00, 1-11

regard to the nature and the relative amounts of the extracted
Se species was also evaluated by the observation of the differ-
ences/similarities between the chromatograms (SEC-ICP MS or
HILIC-ICP MS) obtained after the different types of extraction.

Buffered extracting solutions were tested to check if the
presence of salt and fixed pH would improve Se extraction yield.
All the three types of the aqueous extractions (with or without
buffers) gave similar results quantitatively and qualitatively.
Consequently, extraction with water (without buffer) was cho-
sen as it presents the lowest risk of sample pollution and
facilitates extract preconcentration if necessary. No differences
were observed between 5 min and 30 min extraction times
indicating that the Se species were extracted immediately. The
water extraction yield was 11 £ 3% of Se. SEC-ICP MS showed
that ca. 10-20% of the extracted Se was distributed between the
high molecular fraction (possibly proteins) and low molecular
weight (LMW, <1 kDa) metabolites (Fig. 1B). This molecular
weight distribution corroborates a literature report in which
protease digestion increased Se extraction efficiency only by 5
to 6%>> confirming the limited presence of Se in water soluble
proteins.

Extraction with 70% methanol offered a twice higher yield.
24 £+ 5% of Se was extracted and was only present as LMW
metabolites (Fig. 1A). Extractants with 30% and 100% methanol
were also tested but gave lower extraction yields. Summing up
this and the water-soluble protein fraction non-extracted with
methanol (ca. 2%) gives ca. 25-30% of extractable Se. This
number is similar to the extraction yields reported for seeds of
other Se-enriched mustard species (between 18% and 34%).>>
The remaining Se is expected to be membrane proteins as
recently demonstrated for wheat'® and rice."

Optimisation of the HILIC and cation-exchange HPLC
separations

Fig. 1A and B, show, to the best of our knowledge, the first
record of molecular weight distribution of Se species in an
aqueous extract of mustard seeds. However, size exclusion LC
does not provide the resolution required for the species
identification, although it can be considered as a first screening
separation methodology before a more selective chromatogra-
phy.® Therefore, HILIC (Fig. 1C and D) and cation-exchange
(Fig. 1E) separations were optimized using ICP MS detection
and electrospray ionization friendly buffers in order to obtain
the best possible separation of each Se species by at least one
chromatographic setup.

Identification of Se-containing metabolites using ESI Orbitrap
MS(/MS)

HPLC-ICP MS allowed the determination of the number of the
most intense Se species, their relative concentration and their
retention times. The identification was carried out using HPLC
under exactly the same conditions using ESI Orbitrap MS(/MS)
as reported elsewhere for the Se speciation in plant extracts.>®

The acquired Orbitrap data sets were searched for the
presence of the characteristic isotopic profiles (inter-isotopic
mass differences and isotopic ratios) in order to identify

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Chromatograms of the 8°Se signal obtained using SEC-ICP MS for the
analysis of 70% MeOH (A) and water (B) extracts, using HILIC-ICP MS for
the analysis of 70% MeOH (C) and water (D) extracts and by CE-ICP MS for the
analysis of water extracts (E). Note that, using HILIC, a slight variation in retention
time between water and 70% MeOH extracts (checked by HILIC-ESI MS) could be
noticed for a few compounds after 40 min of elution time because of the
different extract matrices.
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Se-containing molecules at retention times determined using
HPLC-ICP MS as discussed elsewhere.*>*> Note that ESI MS
detection limits were comparable to ICP MS and even very low
abundant species (<0.5% of total Se) could be detected. The
identification was carried out by tandem MS/MS. Note that
Orbitrap preserves the mass accuracy in the MS/MS mode
facilitating the data interpretation. The latter was also facili-
tated by considering: (i) the structures of the known Se com-
pounds with similar or identical mass in other matrices, such
as yeast,”*” (ii) the sulfur compounds present in the plant
matrix (especially Brassica seeds) because of the potential
substitution of S by Se, and (iii) the other major expected
species that could potentially react with selenol-containing
species.

More than 30 different Se-containing molecules could be
detected, identified as the molecular mass and largely char-
acterized after chromatographic separation in positive and/or
negative ionization mode using ESI Orbitrap MS/MS. The list of
the identified species with their accurate masses is given in
Table 2. MS/MS data are summarized in Table S1 (ESIt). The
use of the different ionization modes also allowed the discri-
mination of salt adducts from original compounds. More than
half of the detected molecules were never observed before. With
regard to the most abundant species (13 compounds presented
in bold in Table 2) HILIC and CE turned out to validate each
other. For the low concentrated species, they were sometimes
complementary due to the fact that each separation mecha-
nism allowed the separation of different analytes from the
concomitant matrix components.

Discussion

To date, among all studies performed in Brassica plants, not
more than eight selenocompounds had ever been characterized
in their extracts (Table 1) and mostly only through retention
time matching with standards by HPLC-ICP MS without formal
identification by molecular MS/MS. Moreover, the seeds stu-
died in this work originated from plants grown on a naturally
Se-rich soil in contrast with former works based on laboratory
grown plants with artificial Se supplementation. From the
chemical point of view, the detected species belong to different
families and are discussed below.

Selenoglucosinolates

The most abundant Se compounds accounting for more than
half of the amount of Se metabolites (ca. 15-20% of total Se in
seed) belong to the family of glucosinolates. Glucosinolates are
known to occur as secondary metabolites in almost all plants of
the order Brassicales.’® The main glucosinolates (3 and 5)
account for the difference clearly seen in the SEC and HILIC
(retention time 16 and 24 min) chromatograms between the
water and methanol extracts. Fig. 2 shows the structures of the
identified selenoglucosinolates. Every glucosinolate contains a
central carbon atom which is bound via a sulfur atom to the
thioglucose group and via a nitrogen atom to the sulfate group.
In addition, the central atom is bound to a side group.
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Table 2 Low molecular weight Se species identified in Brassica nigra seeds (main metabolites are presented in bold character). HILIC and CE retention times (when

applicable), MS/MS fragments (for novel species not previously described in plants, Table 1, or in yeast

S1 (ESI). Major Se species are presented in bold characters

24.26.27) and possible compound structures are detailed in Table

Exact Experimental ~ Errorvalue  Molecular formula Ionization

No. mass (m/z) mass (m/z) (ppm) (monocharged) mode Putative compound name

1 105.92014 105.92058 4.2 CNSe - (Iso)selenocyanate

2 507.98555 507.98612 1.1 C14H,,NO,,S,Se - Methylselenoacetylgluconapin

3 467.99061 467.98973 -1.9 C1,H,,NO,S,Se - Glucoselenoerucin

4 404.13355 404.13367 0.3 C1gH;30NO,Se + Methylselenosinapine

5 453.97496 453.97436 -1.3 C11H,oNOS,Se — Glucoselenoiberverin

6 268.08103 268.08101 —-0.1 C1oH,oNO,Se + Methylselenobutyrylcholine

7 240.04973 240.04985 0.5 CgH,3NO,Se + Methylselenoacetylcholine

8 180.98756 180.98754 —0.1 C,HyN,0Se + Se-allyl-N-hydroxy-selenourea

9 198.00278 198.00286 0.4 C5sH;,NO,Se + Selenomethionine

9’ 195.98713 195.98733 1.0 C5H,(,NO,Se + Oxidized selenomethionine

10 408.07674 408.07698 0.6 C;1,H,6NOgSe + Methylseleno-Se-deoxypentose-hexose

11 183.98713 183.98732 1.0 C4H;(NO,Se + Methylselenocysteine

12 356.09714 356.09718 0.1 C13H,6NOsSe + Selenized choline ester

13 567.14587 567.14587 0.0 Cy,H;35N,040Se + N-2,3-Dihydroxylpropionyl-selenocysteine-Se-
sinapine

14 313.02976 313.02953 —0.7 CoH;,N,05Se + v-Glutamyl-Se-methylselenocysteine

15 343.04029 343.04023 —0.2 C1oH1oN,06Se + Se-glucosyl-Se-allyl-N-hydroxy-selenourea

16 286.01886 286.01889 0.1 CgH,,NO;Se + Deamino-hydroxy-selenohomolanthionine

17 346.00362 346.00374 0.3 CoH,(,NOgSe + 2-Hydroxy-3-selenylpropanoic acid-N-2,3
-dihydro-propionyl-selenocysteine

18 345.01969 345.01929 -1.2 CoH,N,0,Se + N-2,3-dihydroxylpropionyl-selenolanthionine

19 304.02939 304.02917 —0.7 CgH,3NOgSe + 5'-3-Selenylpropanoic acid-ribofuranose

20 144.90455 144.90452 —0.2 HSeO, — Selenate

21 198.98679 198.98686 0.4 C5H,,05Se + Methylseleno carbohydrate

22 213.00244 213.00238 -0.3 CgH;303Se + Methylseleno carbohydrate

23 407.04546 407.04474 -1.8 C1,H,304,Se + Methylseleno-Se-pentose-hexose

24 674.04795 674.04864 —-1.0 C,3H3,NO,5S,Se — Methylselenosinapoylgluconapin

25 660.03303 660.03298 0.1 C,,H30NO;3S,Se - Methylselenosinapoylsinigrin

26 493.96974 493.96989 —-0.3 C13H,0NO;(S,Se — Methylselenoacetylsinigrin

27 558.99576 558.99647 -1.3 C17H,3N,04,S,Se — Methylselenohydroxyglucobrassicin

28 573.01304 573.01213 1.6 C15H,5N,040S,Se — Methylselenoneoglucobrassicin or methylseleno-4-
methoxyglucobrassicin

294  RT — — C,H¢Se, — Dimethyldiselenide

matching

307 — 163 - C5sHoNSe + (M) 4-(Methylseleno)butanenitrile

31¢ — 177 — C¢H,1NSe + (MY 5-(Methylseleno)pentanenitrile

k) — 195 — CsHoNSSe + (M) 3-(Methylseleno)propylisothiocyanate

33b¢ 209 — CeH;;1NSSe + (M9 4-(Methylseleno)butylisothiocyanate

“ Dimethyldiselenide was identified by retention time matching with the corresponding standard. > Compounds 29 to 33 were observed using
GC ICP MS and GC APCI TQ MS coupling (low resolution). ©* Compounds 30 to 33 were identified through their specific mass transitions.

Fig. 2 indicates three incorporation patterns of Se:

(i) the presence of Se in the side chain as recently observed
elsewhere for Brassica plants indicating that the presence of
isothiocyanate and sulfate groups (and not isoselenocyanate
and selenate) is required for the synthesis or stabilization
of glucosinolates,®” leading to glucoselenoerucin (3) or gluco-
selenoiberverin (5);

(ii) the acylation of the glucose hydroxyl group by, e.g.,
methyl selenoacetic acid (2) or the Se-sinapinic acid metabolite
of sinapine (24 and 25). Acylation of glucosinolates is not a
common feature but several cases were confirmed;*®

(iii) replacement of the S atom by Se in thiocyanate (8 and 15).

Surprisingly, the glucosinolates (that are soluble in water)
were not found in the extract when only water (buffered or not)
was used for extraction. It was therefore assumed that they
might be degraded when seeds were crushed in the presence of
water releasing myrosinase (there is a known activity of this
enzyme in seeds after tissue disruption®®*®) and volatilized
because of the position of the methylselenol groups in these

6 | Metallomics, 2013, 00, 1-11

molecules.’” In order to confirm such a hypothesis two extraction
protocols were tested as described above: (i) direct extraction of
seeds that were crushed in the presence of the pentane-diethyl
ether mixture only, and (ii) seeds that were crushed in water while
topped with the solvent mixture. The volatile compounds were then
monitored in the solvent mixture by GC-ICP MS. The use of the
latter protocol led to the observation of four major volatile species
(Fig. 3A) whereas no Se-compounds were observed by the first
protocol, thus indicating that degradation occurred during the
exposure of crushed seeds to water.

The compounds detected in Fig. 3A were identified by GC
APCI TQ MS/MS. According to the enzymatic degradation route
of glucosinolates by myrosinase, the cleavage of the two main
Se-glucosinolates detected should result in the presence of four
volatile species, two Se-isothiocyanates and two Se-nitriles.*”
These species were characterized recently by MS in florets and
roots of three Brassica species.>” On the basis of the expected
ions produced during their fragmentation in a quadrupole
analyser, mass transitions (precursor ion — fragment ion)

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Glucosinolates related Se compounds detected in Brassica nigra seed extracts and their putative structures.

specific to each of these expected compounds were screened for
the main isotopologues containing "*Se and *’Se (Fig. 3B). The
observed conservation of the isotopic ratio in the mass spectra
and retention time matching with the GC-ICP MS chromato-
gram allowed the definitive confirmation of the presence of the
four expected volatile Se compounds (29-33). Moreover, the
non-degradation of Se-glucosinolates in the 70% methanol
extract indicates an enzymatic (myrosinase is usually inactive
in 70% methanol) and not simply chemical hydrolysis in water.

Minor forms of Se-glucosinolates could also be detected.
Their identification was performed on the basis of the deter-
mined structure (¢f ref. 36 and 38) of the closely eluting
abundant analogue forms lacking the methylselenol group
(compounds 2 and 24 to 28).

No Se-glucosinolates were detected in Se-enriched Brassica
seeds in a recent work®® using PXANES and anion-exchange
HPLC-ICP MS. This shows the difficulties in the analysis
of these compounds and limitations of even state-of-the-art
analytical techniques when molecular MS is not employed to
perform non-targeted speciation analysis.

Sinapine and choline metabolites

Sinapine (c¢f. Fig. 4) is a choline ester of sinapinic acid which is
one of the main compounds found in Brassica seeds. The
unsaturated bond on the alkyl chain present in the centre of
its structure is a potential target of an oxidative attack of
selenol-containing species. The reaction may lead to a selenized
derivative of sinapine (compounds 4 and 13). On the other side,
the esterification reaction of choline could also occur with
minor Se-carbohydrates and lead to the formation of other
choline esters of Se-organic acids (compounds 6, 7 and 12).
A selenol attack seems to be able to lead to its binding to either
of the two carbon atoms of the central unsaturated bond of

This journal is © The Royal Society of Chemistry 2013

sinapine and, therefore, both types of binding should be
expected. Therefore, compounds 2 and 7 could be the degrada-
tion products of compounds 24 and 4 through oxidative double
bond cleavage, respectively. It is the first observation of this
type of Se-metabolites in living organisms.

Se-containing amino acids

Se-amino acids (¢f Fig. 5) are typical of the non-specific
incorporation of Se into the metabolic pathway of sulfur in
organisms accumulating Se (yeast, plants, etc.). The presence of
Se amino acids was frequently observed in plants accumulating
Se, not only Brassica (Table 1) but also Allium species and Brazil
nuts."®"” 1t is therefore not surprising to detect several Se-amino
acids in Brassica seeds. Some of them, e.g. selenomethionine (9)
and oxidized selenomethionine (9"), methylselenocysteine (11), and
v-glutamyl-Se-methylselenocysteine (14), which were frequently
detected in plants and in Brassica species (Table 1), were also
found in the analyzed seeds. Several other compounds, previously
unreported in Brassica genus, such as selenolanthionine- and
selenohomolanthionine derivatives (compounds 16, 17, 18 and
19), were also identified.

Selenocarbohydrates

Until their recent discovery in plants,*® Se-carbohydrates, and
more specifically Se-sugars, were not expected to be synthesized
in plants. These metabolites were identified in multiple forms
(¢f Fig. 5), alone (compounds 10, 23 and 25 for sugars and
compounds 21 and 22 for general carbohydrates) or covalently
bound to another compound (compounds 15 and 19 for sugars
and compounds 2, 6, 7, 12 and 26 for general carbohydrates).
Their possible origin in plants, either through an enzymatic or
an oxidative process, was discussed elsewhere for sugars.?®
Note that the determination of the exact structures of these
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Fig. 3 Chromatograms obtained after analysis of pentane-diethyl ether extracts (in the presence of water) using GC ICP MS (A) and GC APCI TQ MS (B). Compound-
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Se-carbohydrates related species is quasi-impossible by MS.
The reasons are the large number of naturally occurring
carbohydrates in the plant matrix which are potential targets
for Se and, consequently, the very large number of possible
combinations (even without considering enantiomers). For
Se-carbohydrate side chain containing compounds, some
possible structures matching the MS/MS data acquired were
presented (compounds 6, 12, 19, 21 and 22) but the side chain
structures remain highly hypothetical.

Other selenocompounds

Selenourea-containing compounds (8 and 15) and selenocya-
nate/isoselenocyanate (1) were putatively identified. Even if the
presented structures of Se-urea compounds may remain ques-
tionable in some aspects (positions of sugar and ~-OH groups in
molecules), they were consistent with MS/MS spectra in both

8 | Metallomics, 2013, 00, 1-11

positive (Table S1, ESIf) and negative (presence of selenourea
fragment ion CHN,Se™ at m/z 120.93) ionization mode. They allow
further a hypothesis of the insertion of Se into the thiocyanate group
instead of S (¢f Fig. 2). These two types of molecules could come
from the degradation of glucosinolates either during their produc-
tion in the seeds or during extraction.***® The reaction of ammo-
nium ions with the selenohydroxamic acid precursor could also lead
to a cyclic structure for this selenourea as observed during chemical
synthesis,*® which could also explain the rearrangement of Se with
regard to the side chain. These Se species are unusual compounds
for plants and could be of great interest for cancer chemo-
prevention studies.*’

Another minor Se compound could also be detected by
GC-ICP MS (at 4 min) and it was identified as dimethyldiselenide
(DMDSe, 29, Fig. 5) by retention time matching with a standard
compound. Its presence is not surprising as Se-mercaptans were

This journal is © The Royal Society of Chemistry 2013
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commonly observed in plants.*! It confirms that methylselenol
can be released in the plant and react with endogenous plant
compounds. Finally, selenate could also be detected at trace level
(20, Fig. 5).

As observed in this study and by Matich et al,” it is clear
according to glucosinolate MS/MS fragments that Se is not incor-
porated into the isothiocyanate group of glucosinolates. However,
the presence of isoselenocyanate- and selenourea-like molecules
would suggest that precursors of glucosinolates incorporating Se
instead of S into the isothiocyanate group could exist.

Quantitative aspects

The intensity of peaks in cation-exchange and HILIC-ICP MS
chromatograms in Fig. 1C and E allows an assessment of the

This journal is © The Royal Society of Chemistry 2013

relative concentration of the different selenometabolites in the
extracts. Most compounds contribute 0.1 to 5% of the total Se
each with the exception of the two major glucosinolates (com-
pounds 3 and 5) that accounted together for 15 to 20% of the
total Se in seeds.

Conclusion

In this study, several novel Se metabolites were observed for the
first time in plants and more generally in living organisms such
as compounds belonging to selenocyanate, selenosinapine or
selenourea family. The optimization of HILIC and cation-
exchange chromatography combined with ESI Orbitrap MS(/MS)
allowed a comprehensive speciation of the Se metabolite
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fraction in black mustard seeds grown on seleniferous area.
The presence of proteinaceous and non-proteinaceous amino-
acids and oligopeptides characteristic of Brassica plant genus
was confirmed and a number of other compounds belonging to
different families such as selenoglucosinolates, selenosinapine,
selenoacylated choline, selenocarbohydrates and their metabo-
lites selenourea, selenocyanates were identified. Sample pre-
paration was found to be critical and enzymatic reactions
during water extraction were responsible for the original spe-
cies degradation leading to the formation of volatile Se species.

The main pathways of the incorporation of Se were: non-
specific incorporation of Se instead of sulfur into amino acids
and an oxidative attack of the selenol moiety from methylsele-
nol or selenoamino acids on unsaturated bonds of alkyl chains
or on reducing sugars. The targets of these attacks were the
main compounds present in Brassica nigra seeds, such as
sinapine, sinigrin and gluconapin, resulting in the formation
of numerous Se metabolites. The potential beneficial effects of
the Se-rich mustard seeds when consumed should be different
depending on the chemical forms and concentrations of the
remaining Se metabolites after food preparation. These Se
species could have anti-inflammatory activity or even help
cancer prevention”® when assimilated because of specific redox
chemistry or due to the release of reactive forms during enzy-
matic processes, e.g., cysteine B lyase related enzymes can
liberate in vivo reactive selenol-containing molecules.** This
is why a complete Se speciation, as performed in this work, is
essential for the further evaluation of the biological effects of
the selenocompounds present in Se-enriched mustards seeds.
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Environmental

Introduction

Many metals are very important for normal plant growth and development.
One of these metals is zinc — typically the second most abundant transition
metal in organisms and a substantial micronutrient that plays different roles
in plant physiology. Zinc is an essential component of over 300 enzymes.

It is responsible for gene regulation and stabilization of protein structure
including Zn fingers, Zn clusters and RING finger domains. It is also involved
in essential processes such as photosynthesis and CO, fixation. Excess

or deficiency of zinc in plants leads to high plant mortality, reduced and
stunted growth, chlorosis, necrosis, small leaves and delay in flowering.

All of these symptoms may cause serious implications for food security
because of the significant reduction of crop yields that is correlated to zinc
availability [1-3].
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Better understanding of plant physiology through the
identification of low molecular weight metal-containing
compounds present in plant saps, and the determination
of their exact function will further inform nutritional,
agricultural and environmental studies. However, the
study of complex biological matrices such as plant
samples may cause several issues during sample
preparation or chromatographic separation. The

main challenges relate to the low concentrations of
metal complexes and their huge diversity. In addition,
metal complexes are often unstable and can be
degraded during extraction, off-line preconcentration
steps or even during chromatographic separation.

Of the chromatographic techniques that have been
investigated thus far, size exclusion chromatography
(SEC), hydrophilic interaction chromatography
(HILIC) and reverse phase (RP) chromatography have
proved to be the most suitable techniques to avoid
degradation of the metal complexes during analysis
[4]. A chromatographic system consisting of a
preconcentration column and HILIC or RP separation
column seems to be ideal for this kind of application.

This work proposes an ICP-MS-assisted metallomic
approach to the separation of zinc species present in
post-phloem of Pisum sativum. The embryo sac liquid
was analyzed by capillary HPLC-ICP-MS with on-line
preconcentration. The use of capillary chromatography
was essential due to the low amount of plant sap
available.

Experimental

Sample

Embryonic sac liquid (post-phloem) obtained from the
developing pods of Pisum sativum (green pea) was
studied.

Sample preparation

The pods were perforated with a glass capillary and
the liquid endosperm was extracted using a peristaltic
pump and put into an Eppendorf tube kept on ice.
After collection, the samples were immediately frozen
in liquid nitrogen and stored at -20 °C until further
analysis. Just before analysis, the samples were

thawed, diluted with acetonitrile to obtain a 1:2 ratio
(sample:acetonitrile) and then centrifuged for 2 minutes
at 10000 rpm. The supernatant was collected and
analyzed immediately.

HPLC-ICP-MS system

An Agilent 1100 LC fitted with a capillary pump and
manual valve (loop size: 100 pL) was used. 30 L of
supernatant was loaded on the SeQuant zwitterionic
(ZIC-)HILIC guard column (Merck KGaA, Darmstadt,
Germany, 5 mm x 1 mm i.d., 5 pm) using an isocratic
flow of 20 uL/min of 90% acetonitrile and 10 mM
ammonium formate buffer (pH 5.5). The sample was
washed with the mobile phase for 4 min and then back-
flushed onto the SeQuant ZIC-HILIC capillary column
(Merck KGaA, Darmstadt, Germany, 150 mm x 0.3 mm
i.d., 3.5 ym) that was used for compound-separation.
Gradient elution, at a flow rate of 4 yL/min, was
carried out using eluent A, 10 mM ammonium formate
buffer (pH 5.5), and eluent B, acetonitrile. The gradient
program is given in Table 1.

Table 1. HPLC elution program

Step Eluent [%B] Time [min]
1 90 0-5

2 90-65 5-17

3 65-52 17-47

4 52-35 47-53

5 35 53-65

6 35-90 65-70

7 90 70-75

HPLC-ICP-MS and ESI-MS/MS

The outlet of the separating column was connected
to the Agilent 7700x ICP-MS (via the Agilent capLC
interface, G3680A, Figure 1) or ESI-MS/MS.

Figure 1. Agilent capillary LC interface kit (G3680A) which consists of a total
consumption nebulizer inside a small quartz spray chamber



ICP-MS conditions were auto-optimized at the start

of each day, using a tune solution containing 20 ppb

of Y, Li, T, Ce in 2% nitric acid. The ORS?® collision/
reaction cell of the 7700x was operated in high energy
helium mode to exclude polyatomic interferences that
may occur on Zn isotopes. Signals for %Zn and %Zn
were acquired using a dwell time of 60 ms. The ICP-MS
operating conditions are given in Table 2.

Table 2. Agilent 7700x ICP-MS operating conditions

Parameter Value

Nebulizer/spray chamber Capillary LC Interface G3680A

Torch i.d. 1 mm
Cones Platinum
RF power 1560 W
Sampling depth 7.5 mm
Carrier gas flow rate 0.78 L/ min
Optional gas (0,) flow rate 0.04 L/ min
Lenses

Extract 1 27V
Extract 2 -180 vV

Cell

Octopole bias -100 v

He flow 10 mL/ min
Kinetic energy discrimination 7V

The ESI LTQ Orbitrap Velos mass spectrometer was
operated in the positive ion mode at 3.0 kV. The
vaporizer temperature of the source was set to 120 °C
and the capillary temperature to 280 °C. The resolution
in full MS mode was set at 100,000 (FWHM at m/z 400).

Results and discussion

The chromatogram obtained for ®Zn for green pea post-
phloem sample is shown in Figure 2. The use of capillary
ZIC-HILIC ICP-MS with on-line preconcentration allowed
us to obtain sharp and intense peaks and enabled the
separation and detection of two zinc species (Figure

2a and 2b). Both metal complexes were identified

using ESI Orbitrap MS/MS. ICP-MS detection was
essential to determine the retention times of the
different zinc species and to estimate the mass balance.
This simplified the search for the zinc complexes in

the ESI-MS mass spectra. The expanded parts of the
mass spectra (Figure 2d and 2e) clearly show two ions
containing the isotopic pattern for zinc. The retention

times of these extracted ion chromatograms (EIC)

are in agreement with the two zinc peaks observed
via capillary ZIC-HILIC ICP-MS (Figure 2c). The data
obtained allowed us to identify two zinc complexes:
zinc-nicotianamine (NA) and zinc-(histidine), (Table 3).
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Figure 2. Chromatograms obtained by a) capillary ZIC-HILIC-ICP-MS; b)
capillary ZIC-HILIC-ICP-MS — zoomed in section of chromatogram; c) capillary
ZIC-HILIC-ESI-MS (selected ion chromatograms). d) and e) Zoomed in section
of the ESI-MS spectrum containing zinc isotopic pattern.
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Table 3. List of zinc containing complexes indentified in post phloem of Pisum References

sativum (green pea)

1.

Peak 1 Peak 2
Ligand Histidine Nicotianamine
Complex (His),-Zn NA-Zn
Formula (neutral form)  C,H,.0,NZn C,,H,,0,N,Zn

Theoretical mass 373.05973 366.06381
Experimental mass 373.05957 366.06389

Delta ppm -0.437 0.216 4.

The chromatographic system consisting of capillary
HPLC and ICP-MS allowed us to achieve a detection
limit of 75 ng/L for ¥Zn (~ 6 fmol of Zn-NA complex),
calculated as 3x the standard deviation of 20 points

of the base line. This value was compared with the
signal of Zn-NA complex in respect to column recovery
obtained for #Zn which was 70-80%.

Conclusions

The study shows an effective ICP-MS assisted
metallomic approach for the separation and
identification of zinc complexes present in post-
phloem of Pisum sativum. The zinc species were
preconcentrated using a ZIC-HILIC pre-column and
then separated via a ZIC-HILIC capillary column. The
combination of data obtained by coupling capillary
HPLC to ICP-MS and ESI MS/MS instruments allowed
the identification of different zinc complexes. The use
of capillary chromatography was essential due to the
low amount of plant sap available. Additionally the
chromatographic system with on-line preconcentration
is ideal to work with biological samples containing
low concentrations of metal species that may also
sometimes be unstable. This approach has been

M.R. Broadley, P.J. White, J.P. Hammond, I. Zelko,
A. Lux, New Phytologist, 2007, 173, 677-702

T.C. Fox, M.L. Guerinot, Annu. Rev. Plant Physiol.
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Conclusion and perspectives

In order to investigate the metal/metalloid specrain different plant samples a novel
and efficient analytical approach, based on thelsoed techniques, was developed. It was
based on couplings of size exclusion chromatogra@tC) and hydrophilic interaction
chromatography (HILIC) to either mass spectrometign ionization in inductively coupled
plasma (ICP MS) or LTQ Velos Orbitrap with elecprosy ionization (ESI) for elemental and
molecular analysis, respectively. The combinatind eomparison of data obtained with high
resolution ESI-MS (exact monoisotopic masses, dbariatic isotopic signatures recognition
and interisotopic mass defect) and with ICP-MSefrgbn times, shapes and intensities of
chromatographic peaks of searched elements) alltheedevelopment of a strategy to detect
and to quantify systematically and unambiguouslyataetalloid species.

The developed approach was successfully appliddree projects that were carried
out during this Ph.D. and aimed at metal/metall@dmpound identification and
characterization in plant material.

The first project aimed at the identification of talecomplexes present iRisum
Sativum(green pea) saps and thus determination of ligainals are responsible for metal
transport in this plant species. The developedyéinal approach allowed the identification of
over 60 different metal (e.g. Fe, Zn, Cu, Ni, Cop,MCa and Mg) species in xylem and in
embryo sac liquid of green peghe main ligands responsible for metal transpontewaso
determined as non-proteinogenic amino acids (écgtianamine), proteinogenic amino acids
(e.g. aspartic acid, glutamine or phenylalanine) anganic acids (citric and malic acid).
Additionally, the collaboration with biologists UMBiochimie et Physiologie Moléculaire
des Plantes AGRO-M/INRA in Montpellier (France)oaled the characterization of the
mechanism of iron transport within this plant. lswdetermined that in xylem iron is present
as a ferric cation and it is transported in form Fe(citrate), Fey(citratey(malate) and
Fe;(citratep(malate) complexes to the seeds.

The second project consisted in the identificabbraluminum complexes present in
different organs ofPlantago almogravensigranco. The use of hyphenated techniques
permitted to investigate the speciation of aluminamrmonoisotopic element with complex
agueous coordination chemistry. The novel methagolallowed the observation of the
correlation between aluminum and iron. Therefore skgnal were used as internal tracer in
high resolution mass spectra for identificatiorthed tri aluminum tri citrate complex in an Al-

accumulating plant without prior information. Theveloped approach permitted to identify
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the Ak(citrate complex and thus, determine that the citrateastiain ligand responsible for
aluminum detoxification process in this plant spsecit was confirmed by the analysis of Al —
citrate standard. This approach allowed also ifieation of other complexes present in
Plantago almogravensigncluding tri iron tri citrate complex — Eitratey and mixed
aluminume-iron-citrate complexes —J&e(citratej and AlFe(citrate}.
In the third project, the above methodology aidgdghs chromatography combined
with element and molecule specific detection systepermitted to determine the
comprehensive selenium speciation in Brassica nigra(black mustard) seeds grown on a
seleniferous area. More than 30 different low-molacweight Se-containing compounds that
belongs to different families, such as selenoglunaies, selenosinapine, selenoamino acids,
selenosugars, selenoacylated choline, selenocatbatieg and their metabolites selenourea
and selenocyanates were detected and characterixiffiérent pathways of selenium
incorporation into these compounds were observed.amino acids, selenium was
incorporated nonspecifically instead of sulfur.dther compounds, selenium incorporation
was based on oxidative attack of selenol moietycoastituent of methylselenol and
selenoamino acids, on either unsaturated bondskyh ehains or reducing sugars. It was
determined that the most abundant Se compoundsrntras Brassica nigra seeds belong to
the family of glucosinolates.
The obtained results show that the novel analyteaproaches based on high
resolution separation techniques combined withiseaglement specific and high resolution
and mass accuracy molecule specific detection sygsége promising tool to investigate metal
speciation in complex biological matrixes.
The perspectives concerning presented topic include
» investigation of speciation and distribution of mistin different parts of plant cell by
analyzing fluids coming from extracted organelles;

= development of a chromatographic metal-free system;

» investigation of the exchange and the dynamic pariof metals in interface soil — root
and root — plant using metal species enriched stdble isotopes;

= identifying model plants presenting an abnormal cgi®n (total and relative
concentration of metals, different LC — ICP MS defand/or different metal uptake
mechanism compared to not mutated plants) andhecterization of the nature of these
differences.
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