
401© Springer Nature Switzerland AG 2019
A. G. Woods, C. C. Darie (eds.), Advancements of Mass Spectrometry in Biomedical Research,  
Advances in Experimental Medicine and Biology 1140, https://doi.org/10.1007/978-3-030-15950-4_23

Stoichiometry of Heavy Metal Binding 
to Peptides Involved in Alzheimer’s 
Disease: Mass Spectrometric Evidence

Monica Jureschi, Ancuta Veronica Lupaescu, Laura Ion, 
Brînduşa Alina Petre, and Gabi Drochioiu

Abstract

Mass spectrometry is a powerful analytical technique 
becoming increasingly important in different biomedical 
research area. Mass spectrometric based methods were 
developed and applied to detect and identify multiple 
metal ion complexes of peptides and proteins with high 
sensitivity and high mass accuracy. Aggregation of 
amyloid-β (Aβ) peptides is one of the main pathological 
features of Alzheimer’s disease (AD), and some metal 
ions seem to play a key role in AD pathogenesis. 
Consequently, mass spectrometry was used to investigate 
heavy metal binding to AD-related peptides. Therefore, 
the purpose of this chapter is to review the methodology 
and application of identifying coordination chemistry and 
binding properties of several metal ion-binding sites to 
synthetic β-amyloid (Aβ) and anti-amyloid model pep-
tides. The selective metal–amyloid-β peptide interaction 
studies using (a) Matrix-assisted laser desorption/ioniza-
tion mass spectrometry (MALDI); (b) Electrospray ion-
ization mass spectrometry (ESI-MS), and (c) Tandem 
mass spectrometry (MS/MSn) will be reported.
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Abbreviations

AD Alzheimer’s disease
ADNF Activity-dependent neurotrophic factor
ADNP Activity-dependent neurotrophic protein
AFM Atomic force microscopy
APP Amyloid precursor protein
Aβ Beta-amyloid peptide
CHCA α-Cyano-4-hydroxycinnamic acid
CID Collision-induced dissociation
DHB Dihydroxybenzoic acid
ECD Electron capture dissociation
ESI Electrospray ionization
ETD Electron transfer dissociation
EXAFS Extended X-ray absorption fine structure 

spectroscopy
FTIR Fourier-transform infrared spectroscopy
LC Liquid chromatography
MALDI Matrix-assisted laser desorption/ionization
MS Mass spectrometry
MS/MS Tandem mass spectrometry
NFTs Neurofibrillary tangles
NMR Nuclear magnetic resonance
ROS Reactive oxygen species
SA Sinapinic acid
SFM Scanning force microscopy
THAP Trihydroxyacetophenone,
TNFα Tumor necrosis factor α
ToF Time of flight

23.1  Introduction

Mass spectrometry (MS) is an important analytical tool, 
which can detect and identify multiple metal ion complexes 
of peptides and proteins with high sensitivity and high 
mass  accuracy [1, 2]. Electrospray ionization (ESI) and 
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matrix-assisted laser desorption/ionization (MALDI) are 
both ‘soft’ ionization techniques that produce ions of low 
energy. Matrix-assisted laser desorption/ionization–time-of- 
flight mass spectrometry (MALDI-ToF-MS) is widely used 
in a variety of measurements because of its speed, ease of 
use, high sensitivity, and wide detectable mass range [3, 4]. 
For example, the complexes of peptides or proteins with che-
lated metal ions can be detected efficiently and rapidly by 
MALDI-ToF-MS [5]. On the other hand, the electrospray 
ionization–mass spectrometry (ESI–MS) is used in a wide 
variety of fields to examine the formation, stoichiometry and 
speciation of complexes involving metals and organic ligands 
[6]. In a recent review, the ESI ionization process is pre-
sented as an ideal and versatile method for studying nonco-
valent interactions between peptides and metals [7].

Neurodegenerative diseases are associated with neuronal 
death that generally occurs in the specific brain area, such as 
cerebral cortex and hippocampus [8]. In the last decades, 
major advances have been made to better understand the 
pathogenesis of neurodegenerative diseases. Currently, AD 
is an incurable neurodegenerative disorder and the world’s 
most common dementing illness that affects over 150 mil-
lion patients around the world, and its incidence is expected 
to increase dramatically [9]. Neuropathophysiologically, AD 
is characterized by the presence of intracellular neurofibril-
lary tangles (NFTs) containing Tau protein as major compo-
nent, and extracellular senile plaques that are predominantly 
localized in areas with neuronal loss [10]. The senile plaques, 
also called neuritic, dendritic or amyloid plaques consist pri-
marily of several Aβ peptides sequences [11]. Amyloid fibrils 
have been shown to be associated with only a limited number 
of diseases, including Alzheimer’s disease, Parkinson’s dis-
ease, Prion disease and about twenty-seven other diseases of 
varying severity. Besides accumulation of Aβ peptides and 
Tau protein, the brain of patients with AD contains increased 
inflammatory markers such as protein complement factors, 
acute-phase protein or proinflammatory cytokines [12]. 
Thus, the AD pathogenesis seems to be restricted not only to 
the neuronal compartment, but includes strong interactions 
with immunological systems in the brain [13]. External fac-
tors, including systemic inflammation and obesity, may 
interfere with immunological processes in the brains and 
thus promote AD progression [14].

23.1.1  Aβ Peptide Associated with AD

The amyloid-β (Aβ) peptide was discovered for the first time 
by Glenner and Wong in 1984 as the major component of the 
amyloid deposits [15, 16]. Aβ peptide, contains 39–43 amino 
acid residues in its sequence and is an unspecific cleavage 
product resulted from APP (amyloid precursor protein). 
Proteolytic processing of APP is mediated by three different 

secretases, α-secretase, β-secretase and γ-secretase [17]. 
Beta-secretase defines the N-terminal of Aβ and cleaves the 
APP throw the “amyloidogenic pathway”. Alternatively, 
APP cleavage can choose the “non-amyloidogenic pathway” 
generated by alpha-secretase that prevents Aβ formation. 
The gama-secretase complex mediates the C-terminal trun-
cation of Aβ while its composition defines the length of the 
peptide: from 39 to 43 amino acids. Several different types of 
Aβ can be produced, the predominant species being: Aβ(1–
38), Aβ(1–40) and Aβ(1–42) comprising 38, 40 and 42 
amino acid residues, respectively [18]. Once Aβ is cleaved 
enzymatically from APP, it becomes a soluble monomeric 
peptide in an aqueous medium and is removed from the brain 
in healthy individuals. In pathological cases, Aβ peptide 
forms aggregates and becomes neurotoxic [19]. It has been 
shown that Aβ forms a variety of quaternary structures 
including amyloid fibrils as well as a class of intermediary 
structures called oligomers [20]. Hence, the abnormal accu-
mulation of neurotoxic forms of Aβ in the brain is a result of 
an altered proteolytic processing of APP. The causes of the 
modifications are still unclear, but may be related to the 
increase in oxidative stress, impaired energy metabolism and 
disturbed cellular ion homeostasis [21]. When Aβ is exces-
sively produced in the cerebral tissue, the aggregation of 
amyloid monomers is favored, resulting oligomers, protofi-
brils, fibrils and ultimately senile deposits [22]. The ability to 
form insoluble deposits is commonly affected by tempera-
ture, pH, the presence of metal ions and Aβ peptide concen-
tration [23]. The Aβ peptide has been shown to be implicated 
in the toxicity of primary and clonal neuronal cell lines 
in  vitro, including the aggregation of β-amyloid necessary 
for cytotoxic activity and generation of chemical radicals. 
There is good evidence for their accumulation in AD brains, 
where the toxic mechanism involves the production of reac-
tive oxygen species (ROS) [24]. Amyloid oligomers have 
emerged as toxic species of Aβ and they might explain the 
lack of correlation between amyloid plaques and memory 
impairment or cellular dysfunction [25].

23.1.2  Metal Involvement in AD

Metals are found all over the organism and their specific 
functions make them indispensable for a multitude of bio-
logical processes. Even with normal ageing, metals ions such 
Fe2+/3+, Zn2+ and Cu+/2+ accumulate in the brain, and there-
fore, this organ is abundant in antioxidants to control and 
prevent the detrimental formation of reactive oxygen species 
(ROS) generated via Fenton chemistry [26]. Metals have 
been associated for the first time to AD, half a century ago, 
when Goodman et  al. identified large iron deposits in AD 
brains using Perls’ Prussian blue staining [27]. Since then, 
studies related to the distribution or their implication of 
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 metals such as iron, copper, zinc and aluminum in Alzheimer’s 
pathology have been conducted [28, 29]. It has been reported 
that metal ions have an important role in the aggregation pro-
cess of Aβ peptide and the generation of reactive oxygen spe-
cies [30]. In fact, high concentrations of metal(s) identified 
in the brain are associated to normal aging and a number of 
diseases liked to neurodegeneration [31]. In the synapse sig-
naling, during neurotransmission, important amounts of Zn2+ 
and Cu2+ ions are released and could favor the Aβ precipita-
tion [32]. Transitional metals such as copper and iron accel-
erate the peptide aggregation at acidic pH [33]. High ratios 
of Fe3+ produced species that are completely different from 
those of the other investigated metal ions, such as copper, 
nickel and zinc ions [34]. Moreover, the conformational 
modifications generated by the metal ions have a great 
impact over the plaque formation [35–37]. Thus, studies 
related to Aβ interaction with different metal ions can offer 
more information about the metal-protein/peptide relation-
ship and the pH influence [38–40]. For example, conforma-
tional changes that involve the loss of water molecules 
diminish the capacity of Aβ(1–40) peptide to bind metal ions 
[38]. The association of Cu2+, Zn2+ and Fe3+ ions with Aβ 
could explain the recently reported enrichment of these metal 
ions in amyloid plaques in AD brains [33]. However, the dis-
ruption way of metal ion homeostasis, which affects the dis-
ease, is still obscure. Nevertheless, metal ions are increasingly 
recognized to play an important role in molecular processes 
underlying AD [41], and the only recent advances in analyti-
cal technology allow detailed investigation of metallopro-
teins. Investigation of individual metal-peptide complexes 
may yield new mechanistic details about the role of metal 
ions in AD. However, in the literature are reported different 
mechanisms by which metal ions can aggravate Alzheimer’s 
disease. Metal ions and the oxidative stress hypothesis focus 
on understanding how metal dyshomeostasis could favor AD 
progression [8]. In addition, it is possible a synergic action of 
more heavy metal ions that interact both with Aβ peptides 
and Tau protein [42].

Other features displayed by the disease are related to oxi-
dative stress, mitochondrial dysfunction, excitotoxicity and 
metal ions accumulation [10]. The presence of metals in 
amyloid plaques has been attributed to a connection between 
the formation of amyloid fibrils and metal ions [43]. In addi-
tion, the neurotoxicity of Aβ oligomers involves the produc-
tion of reactive oxygen species (ROS) and modifications in 
cellular calcium homeostasis [21]. Free radicals are a major 
cause in the progression of traumatic brain injury [44]. 
Following interaction of Aβ oligomers with Fe3+ or Cu2+ 
ions, the reduction of metal ions is facilitated along with 
reactive oxygen species (ROS) and hydrogen peroxide 
(H2O2) production [45]. Redox couples, like Cu(I)/Cu(II) 
and Fe(II)/Fe(III), stimulate the activation of molecular oxy-
gen and generate destructive hydroxyl radicals (OH∙) through 

a Fenton-type reaction [46]. Besides, metal dyshomeostasis 
increases the cytotoxicity of ROS by decreasing the value of 
glutathione, a potent cellular antioxidant [47]. Such findings 
led the researchers to the hypothesis that antioxidants could 
play an important role in preventing AD progression [45].

One of the existing hypotheses that attempt to explain the 
occurrence of neurodegenerative diseases focuses on abnor-
mal accumulations of metals such as Cu2+, Zn2+, Fe3+, Al3+ at 
the neuronal level, which lead to the formation of toxic pep-
tide aggregates [48]. As shown in Fig. 23.1 this process is not 
solitary in AD pathology and is related to the inflammatory 
process that occurs due to the generation of physiological 
uncontrolled reactive oxygen species. Recent evidence sug-
gests that precipitation of Aβ peptide and the toxicity in AD 
are induced by abnormal interactions with more neocortical 
metal ions, especially Zn2+, Cu2+, and Fe3+and not a single 
metal ion [49]. The authors used atomic force microscopy 
(AFM), Thioflavin T-induced fluorescence (ThT), and FTIR 
spectroscopy to investigate the co-incubation of Aβ(1–42) 
peptide with Cu2+, Zn2+, and Fe3+ and reported significantly 
altered morphology of the resulted aggregates.

23.1.3  Neuroprotective Peptides

Neurotrophic proteins and neuropeptides play an important 
role in immunity and neuroprotection and can be recognized 
as important factors in drug development [50]. Major neuro-
degenerative disorders, including Alzheimer’s disease, are 
characterized by elevated tissue iron, and miscompartmen-
talization of copper and zinc, which accumulate in amyloid 
[51]. Increasingly sophisticated medicinal chemistry 
approaches to correct such metal abnormalities without 
causing systemic disturbance of these essential minerals are 
being tested.

Activity-dependent neurotrophic factor and protein 
(ADNF and ADNP) are proteins that protect the neurons 
from dying and are essential for brain function. A small pep-
tide fragment of ADNP that provides neuroprotection at very 
low concentrations is the eight amino acid neuroprotective 
peptide NAP, with the following amino acid sequence: 
NAPVSIPQ [52, 53]. NAP was shown to prevent the trauma- 
induced accumulation of TNFα (tumor necrosis factor α), a 
proinflammatory cytokine, and to inhibit the Aβ fibrils for-
mation [54]. Besides, results showing the formation of NAP–
Cu complexes provided new information about the 
mechanism of interaction with Aβ aggregates [55]. Thus, this 
peptide can be considered a veritable drug candidate against 
Aβ-induced neurotoxicity. The active core of ADNF, named 
ADNF-9 or SAL (SALLRSIPA), exhibits structural and 
functional similarities with NAP.  Its capacity to preserve 
against cognitive impairment was highlighted on different 
animal models where it increase the neuronal survival 
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 following exposure to neurotoxins [56]. Research related to 
natural products and their effect on AD development, 
revealed that methanolic extract could also be used as neuro-
pharmacological agents against cognitive impairment [57, 
58]. Thus, studies investigating the effect of methanolic 
extract from Lactuca capensis leaves on AD rat model 
revealed benefic effects on cognitive performance, acetyl-
cholinesterase activity and brain-derived neurotrophic factor 
[57]. Another study investigating the lavender essential oils 
conducted on scopolamine-induced dementia rat model 
showed potent neuroprotective effects by increasing the 
activities of antioxidant enzymes [58].

23.2  Mass Spectrometry and AD

An important issue for the improvement of Aβ-targeted AD 
therapies is given by the possibility to detect and classify Aβ 
levels in vitro and in vivo studies [59]. Mass spectrometry 
(MS) is a useful tool in characterizing Aβ ex vivo, because it 
allows post-acquisition analysis of sample [60]. Several new 
Alzheimer-related protein and peptide panels have been 
designed using the combination of mass spectrometry and 
targeted approaches [61]. For example, Aβ isoforms from 
different brain regions were analyzed using immunoprecipi-
tation in combination with matrix-assisted laser desorption 
ionization time-of-flight (MALDI-ToF MS) or Nano flow 
liquid chromatography (LC), electrospray (ESI), high reso-
lution tandem mass spectrometry (MS/MS) to give better 
accuracy of peptide mass [62]. MALDI ToF MS technique 

can also be used to highlight the Aβ population from com-
plex samples. According to the “metal hypothesis” of AD, 
metals such as copper, iron, zinc and aluminum bind to the 
amyloid peptide and promote the Aβ misfolding and plaque 
aggregation [63]. An altered distribution of neuronal metal 
ions may induce alternative Aβ aggregation pathways [64]. 
Changes induced by metal ions on the structure of Aβ pep-
tide are detected by MS using the electrospray ionization 
(ESI) technique. This method allows the detection of 
Aβ-metal interactions in order to determine the stoichiome-
try, specificity, and fragmentation mechanisms of complexes 
[39]. Thus, MS investigation has an important role in under-
standing the biomolecular mechanisms involved in aggre-
gates formation and proved to be crucial in the development 
of drug therapies. The high complexity of biomolecules and 
their biological pathways implication have caused difficul-
ties for studying proteins by some techniques, including 
sometimes mass spectrometry as well [7]. In such cases, pep-
tides, smaller and less complex biomolecules, or their frag-
ments and mutants have been found to be suitable models to 
mimic the interactions of entire proteins. One technique in 
particular, ESI-MS being a soft ionization technique that ion-
izes molecules in mild native condition has proven to be 
fruitful to study the peptide–metal interaction. The speed, 
sensitivity, and selectivity of MS, along with the information 
that can be interpreted from mass spectra, have driven this 
technique to the forefront for understanding the nature of 
peptide–metal complexes. The stoichiometry of peptide–
metal complexes or even mixtures of complexes were identi-
fied by MS [38]. The specific amino acids residues to which 
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the metal cations are bound and the degree of association in 
these complexes can also be determined from ESI-MS 
spectra.

Neurodegenerative disorders, including AD, share similar 
metabolic processes such as protein aggregation and oxida-
tive stress, both of which are associated with the involvement 
of heavy metal ions [65]. Chelation therapy could provide a 
valuable therapeutic approach to AD, since metals, particu-
larly iron, are pharmacological targets for the rational design 
of new therapeutic agents. However, one-dimensional treat-
ments demonstrated that AD is a complex disease, which 
requires new approaches for preventing and treating. 
Undoubtedly, drugs for targeting specific sites of the neuro-
degenerative cascade are in development. Some are focus on 
blocking the β- or γ-secretases, enzymes responsible for the 
amyloidogenic process of APP [66]. Metal chelators to target 
metal-induced Aβ aggregates have attracted more and more 
attention for AD therapy [67, 68]. Metal-involved strategies 
are capable to regulate metal homeostasis and prevent the Aβ 
aggregation. It is well known that by chelating Aβ-bound 
metal ions, the neurotoxicity and ROS generation are visibly 
diminished [69, 70]. For example, clioquinol, a metal 
protein- attenuating compound (MPAC) and similar com-
pounds or derivatives have been shown to improve the cogni-
tion of AD patients [71] due to their capacity of disrupting 
the interaction between metals and the Aβ peptide in the 
brain. This chapter reviews the literature of recent years on 
the binding of metals to peptides involved in Alzheimer’s 
disease, by using different mass spectrometric approaches. 
The need for more standard reporting of quality assurance 
data is also highlighted, to improve the application of mass 
spectrometry to metal–peptide complexes further. Therefore, 
our study emphasizes the use of mass spectrometry in the 
determination of metal binding to amyloid-β and anti- 
amyloid- β peptides linked to AD, but also the relationship of 
heavy metal ions with the amyloid precursor protein (APP) 
and Tau protein. In this regard, recent approaches for the use 
of (1) MALDI-ToF MS, (2) ESI-MS, and (3) tandem mass 
spectrometry, MS/MS in the field of metal–peptide investi-
gation are described.

23.2.1  MALDI-ToF Mass Spectrometric 
Approach of Peptides

Matrix Assisted Laser Decomposition/Ionization mass spec-
trometry (MALDI-MS) is an analytical technique that 
ensures the rapid determination of the molecular weight of 
proteins and other biomacromolecules [72]. The MALDI 
ionization method in combination with a ToF (time-of-flight) 
mass analyzer has proved to be a particularly convenient 
analytical tool for these analyses. One of the particular facts 
is the dominance of singly charged ions and the ability to 

ionize a mixture of peptides at once, which makes this tech-
nique to be a popular choice for rapid analysis of protein 
digestion [73]. Sample preparation including proteins, pep-
tides, either individual components or mixtures, is relatively 
simple. The procedure requires co-crystallizing the sample 
of interest with an excess of UV-absorbing organic com-
pound named matrix [74].

The MALDI process generally involves depositing a 
diluted solution of analyte and a highly concentrated matrix 
solution on a target plate, either separately or together as a 
mixture of the two solutions and allowing them to dry. 
Combining the sample with the matrix is relatively simple by 
adding the matrix to the sample on the MALDI target plate 
in a ratio of 1:1, which will lead to high-quality spectra. The 
samples can also be prepared by mixing the sample solution 
and the matrix solution in a microcentrifuge tube. For exam-
ple, if the sample is a mixture of peptides and requires pre- 
purification, it is possible to obtain desalting the peptide 
solution before being mixed with the matrix. This procedure 
can be accomplished using micro C18 pipettes (e.g. ZipTip) 
according to the Millipore User Guide for ZipTipMC Pipettes 
(www.millipore.com). In this way, the sample is concen-
trated on this capillary column, the salts are removed by 
washing steps and the analyte is eluted directly for the mea-
surement [74]. As mentioned, this method requires the ion-
ization of the sample using a compound called matrix capable 
of absorbing UV light. The matrix is usually a small, soluble 
organic compound with similar features to a proton donor 
aromatic compound capable to incorporate and co- crystallize 
the analyte. More exactly, the analyte and matrix solution are 
co-precipitated in order to facilitate the sublimation and ion-
ization of sample under the UV laser pulse [75]. The choice 
of matrix is extremely important since  it is related to the 
quality of MALDI spectra. The most often used MALDI 
matrices are: α-cyano-4-hydroxycinnamic acid (CHCA) 
[76], 2,5-dihydroxybenzoic acid (2,5-DHB) [77], 
2,4,6- trihydroxyacetophenone, (2,4,6-THAP), and sinapinic 
acid (SA) [3]. For a peptide with a mass >1000 Da, CHCA is 
preferred, whereas DHB has a lower profile for lower-grade 
peptides and is more tolerant to buffer salts at low peptide 
concentrations. The sinapinic acid is usually the matrix of 
choice for very large peptides and proteins. Matrices are pre-
pared as solutions of 10 mg/ml in solvent, generally 0.1% 
trifluoroacetic acid in 20–50% acetonitrile (ACN) [78].

The procedure of spotting the sample and the matrix onto 
the plate can influence the crystal quality and further the 
mass analysis sensitivity. The most common method, called 
the dried droplet method, includes spotting first the sample 
and over it the matrix solution. After the solvent is evapo-
rated, the plate containing fresh crystals can be immersed in 
the MALDI and irradiated with a pulsed laser beam. Usually, 
the analysis is made in positive ion mode but the negative 
mode can also be used. Negative ion MALDI data scanning 
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gives sometimes more pronounced peaks for the complexes 
of peptides with heavy metal ions [79]. The popularity of 
MALDI-MS for peptide analysis is due to the availability of 
modern commercial instruments, which are easier to operate 
and provide greater performance at a lower cost. The search 
for more useful matrix compounds is an active area for 
MALDI-MS research since the birth of the technique in 
1988, this being an essential part of this mass spectrometric 
method. Despite increased knowledge of the MALDI ioniza-
tion process, matrix selection and optimization of the prepa-
ration protocol are still empirical procedures.

23.2.1.1  Examples of Peptide-Metal Interaction 
Studied by MALDI Mass Spectrometry

Metal ions are capable to promote amyloid β-peptide aggre-
gation into insoluble fibrils following noncovalent interac-
tion. However, they can bind to peptides by two distinct 
ways: the inter-molecular mode engages “Aβ–metal–Aβ” 
bridges formations, while the intra-molecular one is based 
on the atoms involved in the metal coordination site [80]. 
Studies involving chemical modification and mutation pro-
vide information regarding the metal binding site of Aβ. 
Histidine (His6, His13, His14) aspartate (Asp1, Asp7) and glu-
tamate residues (Glu3, Glu11) are considered the main bind-
ing site for Zn2+ and Cu2+ ions. Other possible coordinating 
residues for copper are: tyrosine (Try10), aspartate (Asp23), 
glutamate (Glu22), methionine (Met35), deprotonated amides 
of the peptide backbone and carbonyl groups. Regarding 
Fe3+/2+ and Al3+ binding sites, there is still under investigation 
where the preferential regions are situated [81].

The in vitro MALDI MS studies are performed by incu-
bating the peptide samples with metal ions in different metal 
to peptide ratio and at various pH values. Usually, for com-
plexing experiments are used salts containing ions such as 
Fe3+, Fe2+, Cu2+, Cu+, Ni2+, Zn2+, Al3+ known to have an 
important influence on disease progression. In the case of 
amyloid peptides, the obtained results help us in understand-
ing the propagation mechanism that leads to senile deposits 
[82]. As for neuroprotective peptides, this kind of experi-
ments is used for evaluating the chelating properties of stud-
ied peptides. The Aβ peptide sequences and neuroprotective 
peptides were synthesized by solid phase peptide synthesis 
(SPPS) using Fmoc and side-chain protection chemistry 
(t-butyl, trityl) obtaining appropriate crude peptides after 
final deprotection using predominantly acidic condition for 
cleavages. All peptides were lyophilized and further sub-
jected to final purification by semipreparative reversed 
phase—high performance liquid chromatography 
(RP-HPLC) and characterised by MALDI ToF mass spec-
trometry [82, 38].

In our studies we have used synthetic Aβ peptides to ana-
lyze the interaction of partial Aβ(9–16) peptide fragment 
with copper metal ions. In order to identify their binding 

capacities, Aβ(9–16) peptide was incubated with copper (II) 
ions under 350 rpm for 24 h at room temperature. The sam-
ples were loaded onto a 384-polished steel MALDI target 
plate using the dried-droplet method: the sample and the 
matrix solution were mixed together on the target and 
allowed to dry in the ambient air. The matrix contained a 
saturated solution of HCCA (a-cyano-4-hydroxycinnamic 
acid) in acetonitrile: 0.1% TFA (2:1). The obtained spectra 
are shown in Fig.  23.2, where beside the signal from 
m/z  =  996.852 corresponding to the pure peptide other 
peaks were attributed to the sodium (m/z = 1018.890) and 
potassium (m/z  =  1034.821) adducts. However, the most 
intense peak from m/z = 1058.825 was assigned to Aβ-Cu(I) 
complex ([M+Cu(I)]+). The high affinity of Aβ(9–16) pep-
tide for metal ions is provided by the tyrosine (Tyr10) and the 
two histidine (His13, His14) residues found in its structure. 
Thus, the MALDI-ToF mass spectra of the Aβ(9–16) model 
peptides in the presence of metal ions confirmed the exis-
tence of metal-peptide interactions at peptide: metal ration 
of 1:10 (mol/mol). However, the laser intensity was less 
than 30% in order to avoid the peptide-metal complex dis-
sociation under UV laser irradiation. The direct detection of 
noncovalent complex in MALDI is often more problematic 
than in electrospray ionization mostly due to labile dissocia-
tion of nonstable complexes during the desorption/ioniza-
tion process [83, 84]. Moreover, the MALDI matrix choice 
was shown to have a major contribution for successful stud-
ies of noncovalent protein or protein–metal ions interactions 
[85, 86].

Binding interaction of metals with neuroprotective pep-
tides that are known to exhibit antiaggregation activity in AD 
patient were also investigated. For example, NAP peptide, an 
octapeptide known to protect against Aβ peptide fibrillogen-
esis, and its histidine mutant (NAPH) were incubated with 
copper(II) ions for 24 h under slow mixing at 350 rpm and 
room temperature. The samples were then directly loaded 
onto a 384-polished steel MALDI target plate using the same 
dried-droplet method. The matrix contained a saturated solu-
tion of HCCA (a-cyano-4-hydroxycinnamic acid) in acetoni-
trile: 0.1% TFA (2:1). In Fig. 23.3 are shown the spectra of 
NAP peptide (a) and NAPH peptide (b) in presence of copper 
ions. In both cases the strongest peak was assigned to 
[M−17]+ ion (at m/z = 809.508 for NAP and m/z = 859.583 
for NAPH) which is formed due to the rule “N-terminal 
Q → Q[−17.027]” applied for N-terminal glutamines [87]. 
The peptide-Cu(I) ion complex showed  a signal at 
m/z  =  887.424 for NAP peptide (a) and another one 
at m/z = 937.495 for NAPH peptide (b). Thus, the MS spec-
tra of the synthesized peptides in the presence of metal ions 
confirmed the existence of metal-peptide interactions favored 
by the presence of serine and histidine residues. Furthermore, 
the observed signals showed a high affinity of NAP peptides 
toward Cu+ ion which may interfere with copper oxido- 
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reduction reaction catalyzed by Aβ, and not Cu2+ as expected. 
Other signals found in the spectrum were attributed to the 
[M+H]+ ion and its sodium adducts ([M+Na]+).

Similar studies were performed using NAP cysteine 
mutant (NAPVCIPQ) in the presence of iron(III) ions [88] 
and copper(II) ions [89]. In both cases the MALDI MS spec-

tra showed beside the peaks assigned to both pure peptides 
and their adducts with sodium and potassium ions, signals 
corresponding to an peptide-iron(II) or peptide-copper(I) 
complex. In addition, the MS spectra proved the formation of 
Fe2+–peptide complexes/Cu+-peptide complexes even if the 
experiment was made using Fe3+ ions/Cu2+ ions.

Fig. 23.2 MALDI-ToF mass 
spectra of native peptide 
Aβ(9–16) (GYEVHHQK), in 
the presence of copper ions. 
The synthesized peptide 
(2 mM) were subjected to 
copper metal ions at a peptide 
metal ratio of 1:10. The 
sample were prepared in 
deionized water, at pH 7

Fig. 23.3 MALDI-ToF mass spectra of (a) native peptide NAP 
(NAPVSIPQ) and (b) its mutant, NAPH (NAPVHIPQ), in the presence 

of copper ions. The synthesized peptide (2 mM) were subjected to cop-
per metal ions at a peptide metal ratio of 1:10. The sample were pre-
pared in deionized water, at pH 7
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23.2.2  ESI-MS Evidence for Metal Binding 
to Aβ Peptide

Electrospray ionization mass spectrometry (ESI–MS) has 
been used to study protein-ligand interactions driven by non-
covalent forces. However, its ability to gently shift the ana-
lyte from solution to gas phase, made it suitable for 
metal-organic ligand complex analysis [90]. This technique 
can provide information regarding the influence of pH and 
concentration on peptide-metal complexes. Stoichiometry of 
the complex can be easily obtained from the resulting mass 
spectra due to direct analysis in the MS.  Modification on 
metal oxidation state and stoichiometry of complexes can 
also be detected. However, changes in solution chemistry 
was shown to affect the relative ion intensity of species [6]. 
The ionization process involves the use of electrical energy 
and generates singly charged species that result in the mass 
spectra with m/z peaks. According to the optimum detection 
conditions required by the compound, the technique can be 
easily switched from positive to negative ion mode. 
Moreover, its flexibility regarding the sample medium, make 
this technique approachable for a wide range of solvents and 
allows pH variability [91]. Thus, by ESI-MS ionic species 
can be analyzed with increased sensitivity.

Several fundamental issues regarding the amyloid fibril 
accumulation pathway have been elucidated using MS 
approaches [15]. The stoichiometry, specificity and fragmen-
tation mechanisms of peptide–metal ion complexes can be 
studied in detail by ESI-MS [92]. Also, iron ions binding to 
Aβ(1–40) peptide was demonstrated through ESI-MS mea-
surements performed on a Bruker Daltonics Esquire 3000 
Plus (Bremen, Germany) ion trap mass spectrometer [39]. 
Thus, ESI–MS is able to provide direct information on 
changes in speciation with pH and metal: ligand ratio, iden-
tify metal ion charge directly and allow insight into competi-
tive interactions in ternary systems [6]. CD spectroscopy, 
Thioflavine-T (ThT) induced fluorescence and scanning 
force microscopy (SFM) measurements were used to prove 
the MS results. ESI-MS is also complementary to other bio-
physical methods, such as nuclear magnetic resonance 
(NMR) and analytical ultracentrifugation [64].

Multiple heavy metal ions bound to Aβ peptides studied 
by ESI-MS showed a complex pattern of metal–metal com-
petition for Aβ(1–40) binding sites, which depend essentially 
on the involved metal ions, their concentration, and pH 
changes. Moreover, it was previously reported that metal 
ions bind specifically to Aβ(1–40) peptide and change dra-
matically its conformation [93]. However, mass spectrome-
try measurement offers advantages in speed and sensitivity 
[94]. Nevertheless, the quantitative ESI–MS data should be 
addressed in detail, with reference to differences in the ion 
intensities of species, signal suppression and quantifying 
species distributions [6].

Tandem mass (MS/MS or MSn) spectrometry offers infor-
mation about the structure and the primary sequence involved 
in the non-covalent bindings. This method requires the isola-
tion of the interest peak (precursor ions) followed by specific 
fragmentation of peptide back-bond depending on the frag-
mentation method used. The resulted product ions are indi-
cated by a, b, or c if the charge is retained on the N-terminus 
and by x, y or z if the charge is maintained on the C-terminus 
[95, 96]. In tandem MS product ions are generated by differ-
ent processes such as collision-induced dissociation (CID) 
[97, 98], electron capture and transfer methods (ECD—elec-
tron capture dissociation, and ETD—electron transfer dis-
sociation) [99, 100], photodissociation [101], and others 
[102, 103]. The resulting ions are then separated and detected 
in a second stage of mass spectrometry (MS2), when an ion 
in MS2 is selected for a further fragmentation an MS3 mass 
spectrum is generated and the process may continue taking 
into account the sample availability and capabilities of the 
MS instrument. In case of CID fragmentation of a metal–
peptide complex, the b type and y type ions achieved after 
fragmentation will provide identification of the metal- 
binding site [62]. Tandem mass spectrometry (MS/MS) can 
be used also to identify specific modification such as trypto-
phan and methionine oxidation products in the protein 
sequence [68, 104] of phosphorylation sites [105, 106]. In 
this case, following the exposure to oxidative factors, the 
protein or peptide must be digested with trypsin before ana-
lyzing the sample by tandem MS.

23.2.2.1  Examples of Peptide-Metal Interaction 
Studied by ESI and Tandem MSn Mass 
Spectrometry

Lu et al. evaluated the metal binding properties of Aβ(1–16) 
peptide fragment using soluble anodes for generating metal 
ions capable to interact with peptides and proteins [107]. 
Unlike the use of metal salt solutions, this method only pro-
duces metal ions without counter ions capable of charge neu-
tralization. For example, a copper anode connected to an ESI 
ionization source is able to produce both types of copper ions 
(Cu+ and Cu2+). These ions can be further scavenged by bio-
molecules to form complexes. In the case of Aβ(1–16) pep-
tide, following the interaction with copper ions generated by 
this approach, doubly and triply charged peptide-metal com-
plexes were observed in ESI mass spectra after 10 min of 
electrospraying time [107].

As shown in Fig. 23.4, the metal complex bound with one 
copper ion Cu+(Aβ 1–16)+ was observed at m/z = 672.9 and 
m/z = 1009.4, respectively, while the metal complex bound 
with two copper ions Cu2+(Aβ 1–16)+ was observed at 
m/z = 694.0 and m/z = 1040.3. By increasing the spray time, 
the number of copper ions bound to Aβ(1–16) increased up 
to six copper ions [107]. Observing both Cu(I) and Cu(II) 
ions produced in solution by using this approach the isotopic 
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distribution of each observed peak in mass spectra was used 
to identify the peptide oxidation states of copper ions and 
their concentrations as previously described [108]. 
Theoretically, the isotopic distribution of the mixture of 
Cu(I)- and Cu(II)-Aβ peptide complexes should be the sum 
of the isotopic distribution of each Cu(I)- and Cu(II)-Aβ 
complexes. In this case, by calculating the isotopic peaks of 
mixture it was found that 55% ± 10% of the complexes con-
tain Cu(I). To prove this result, ascorbic acid solution, as 
scavenger, was added in the Aβ-metal solution before spray-
ing. As shown in Fig. 23.4a, the isotopic distribution of the 
doubly charged copper complex at m/z = 1009.4 obtained by 
using a copper electrode in the presence of ascorbic acid was 
different from that of a Cu(II) complex. Moreover, the peak 
at m/z = 1009.4 obtained by analyzing a solution of Aβ(1–
16) mixed with Cu(II) salt showed an isotopic distribution 
corresponding to Cu(II) complex (Fig.  23.4b), confirming 
that a great amount of Cu(I) complex was generated in solu-
tion and not in the gas phase. Using a soluble copper elec-
trode in the presence of ascorbic acid and applying the same 
isotopic peaks distribution calculation method it was con-
firmed that 86%  ±  4% of Cu(I)-Aβ(1–16) complex was 
obtained and its stability was set for about half an hour [107].

In order to determine exactly the binding site between 
copper(I) ion and Aβ(1–16) peptide, Lu et al. used collision- 
induced dissociation (CID) tandem MS to generate frag-
ments of Cu(I)-Aβ(1–16) complex. As shown in Fig. 23.5, 
the CID spectrum of [M+CuI+H]2+ at 30% of collision energy 
displayed many product ions [107].

The most fragment ions obtained are conventional b-ions 
and complexes of b-ions and y-ions bound to Cu+. Analyzing 
all these fragments, the binding site of Cu+ to Aβ(1–16) have 
been deducted sequentially at His13 and His14, common resi-
dues that are known to bind metals. These results indicated that 
Cu(I) is coordinated to Aβ(1–16) peptide by two imidazole 

groups of His13 and His14 respectively (see insert in Fig. 23.5), 
in agreement with structural studies of Cu(I)-Aβ(1–16) com-
plex by extended X-ray absorption fine structure spectros-
copy (EXAFS) [109, 110]. These mass spectrometric data 
confirmed for the first time in literature that both His13 
and  His14 are binding sites of Aβ(1–16) peptide and Cu(I) 
complex.

The following example described in this chapter refers 
to the reaction of platinum phenanthroline (PtCl2(phen)) 
with metal bound Aβ(1–16) peptide. It was previously 
reported that chelation therapy using platinoid complexes 
inhibit the aggregation process of Aβ by non-covalent inter-
actions [111, 112] and is a novel approach to combat Aβ 
neurotoxicity [113]. Ma et  al. analyzed the interactions 
between PtCl2(phen) and metal-bound Aβ peptide 
([Cu2+-Aβ1–16]) complex by ESI-MS and tandem mass 
spectrometry (MS/MS).

The mass spectra showed several m/z peaks corresponding 
to platinated adducts from the reaction of PtCl2(phen) with 
Aβ1–16 peptide in the presence of Cu2+ salt at pH  5.0 
(Fig.  23.6). The free peptide Aβ1–16 peptide and the 
[Cu(II)-Aβ1–16] complex were detected as triple charged 
ions at m/z  =  652.30 and 673.24, respectively. The mono- 
platinated adduct [Pt(phen)+Aβ1–16] (at 589.92  m/z,(4+); 
776.96  m/z, (3+)) and bi-platinated adduct [2 
Pt(phen)+Aβ1–16] (at 676.46  m/z, (4+); 901.30, m/z (3+)) 
were observed. Moreover, the ions peaks at m/z = 797.26 (3+) 
and 691.94 (4+) are corresponding to the complexes 
[Pt(phen)+Aβ1–16+Cu(II)] and [2Pt(phen)+Aβ1–16+Cu(II)], 
respectively providing explicit evidence of the formation of 
Pt-Cu bimetallic complexes. By the reaction of [Cu(II)−
Aβ1–16] with PtCl2(phen) at higher pH (pH 7.4) only mono-
platination adduct [Pt(phen)+Aβ1–16] was observed on the 
mass spectra [114], bis-platination adduct was suppressed by 
Cu2+ coordination under neutral conditions. To further analyze 

Fig. 23.4 ESI MS spectrum 
of Aβ 1-16 peptide in the 
presence of copper ions 
generated on-line using a 
sacrificial copper electrode. 
The insert (a) shows the 
isotopic distribution of 
copper-Aβ16 complexes 
generated from copper 
electrode in the presence of 
ascorbic acid and the insert 
(b) shows the isotopic 
distribution of copper(II)-
peptide complex obtained 
from the addition of Cu(II) 
salt as reference. Reprinted 
from Metallomics (2010), Vol. 
2, pp. 474–479, with 
permission from Copyright 
Clearance center
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the reaction of PtCl2(phen) to [CuII-Aβ1–16] complex, the 
ternary complex [Pt(phen)+Aβ1–16+Cu(II)] was investigated 
by tandem MS/MS.

The triple charged ion at m/z = 797.26 was selected as par-
ent ion and subjected to fragmentation in the collision cell of 
the MS. The CID mass spectra results are shown in Fig. 23.7, 
including bn/yn of Pt-free fragments, bn∗/yn∗ of platinated or 
Cu2+ loaded fragments and bn∗∗/yn∗∗ of [Pt(phen)+Cu]-
loaded fragments, all annotated in the legend. The most abun-
dant triple charged ion at m/z = 782.56 could be generated by 
the loss of acylamino or carboxyl group (44.10 Da) from the 
parent ion. The coordination of two metal ions stabilizes the 
Aβ1–16 fragmentation in the MS/MS spectra. In the b/y ions 
series of ternary complex, the dimetallic fragments y4∗∗–
y5∗∗, y12∗∗ and y14∗∗–y15∗∗ were observed (Fig.  23.7). 
The smallest y4∗∗ fragment suggests that the sequence of 

His13-Lys16 is involved in the coordination of both [Pt(phen)]2+ 
and Cu2+. The y4∗ and y5∗ ions, carrying [Pt(phen)]2+ unit, 
provide evidence of platinated sites on His13-Lys16 peptide 
sequence. The smallest b13∗∗ indicates that the Asp1-His13 
peptide sequence contains the bimetallic coordination and the 
presence of b10–b12 and y2 metal-free ions, confirmed that 
His13 is the coordination site for Cu2+. These results showed 
that PtCl2(phen) binds to the metal coordination sites in 
Aβ(1–16) peptide, and the platination may alters the binding 
capacity of Cu(II). The phenanthroline ligand remains coor-
dinated to the platinum and the ternary complex 
[Pt(phen)+Aβ+Cu(II)] was detected in the ESI mass spectra.

In previous studies Drochioiu et al. studied the interaction 
and stoichiometry of synthetic amyloid-β(1–40) peptide 
toward simple and paired metal ions investigated by electro-
spray ion trap mass spectrometry (ESI-MS) and showed that 

Fig. 23.5 The MS/MS 
spectrum of m/z 1009.4 parent 
ion corresponding to the 
copper-Aβ16 complex 
obtained with a Cu electrode 
at 30% of collision energy 
and possible mode of Cu+ 
coordinating to Aβ16 
schematically drawn by 
software Pymol26. Reprinted 
from Metallomics (2010), Vol. 
2, pp. 474–479, with 
permission from Copyright 
Clearance center

Fig. 23.6 ESI MS specta of 
Aβ 1-16 peptide with 
PtCl2(phen) in the presence of 
copper ions in DMSO–H2O 
(v/v = 1/2) at 298 K, pH 5.0 
after 6 hours. Reprinted from 
Metallomics (2013), Vol. 5, 
pp., 879–887, with permission 
from Copyright Clearance 
center
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pH-dependent metal binding may induce conformational 
changes on the amyloid peptide [38, 39]. Thus, at a higher 
pH value, complexes containing more than one metal ion 
bound to the amyloid peptide were identified in the ESI-MS 
spectra. In addition, metal ions proved to enhance Aβ oligo-
merization. Metal–metal interactions during the binding pro-
cess can be studied by ESI-MS as well. In this case, samples 
containing two different metal ions are allowed to compete 
for binding to Aβ peptide. For instance, following copper–
silver interaction to Aβ, in the mass spectra was observed an 
increase in bound copper while the silver-complex showed 
less noncovalent affinity. In addition, new signals assigned to 
Cu+Ag-peptide complex ([M+Cu+Ag+3H]6+ ion) were 
identified. Thus, preferable binding of amyloid peptides to 
metal ions was confirmed. However, it is required to take into 
account the presence of free amino and carboxylate group 
beside the two histidine residues from the amyloid peptide 
structure, in order to explain the production of such a large 
number of complexes [38].

23.3  Conclusion

The gentleness of the ESI or MALDI processes allows intact 
metal-peptide/protein complexes to be directly detected with 
high sensitivity and high resolution by mass spectrometry. 

Therefore, we highlighted here the feasibility of MS tech-
niques to investigate both Aβ peptides involved in Alzheimer’s 
disease and their complexes with heavy metal ions. The pH 
dependent stability of peptide-metal ion complexes can be 
followed easily by MS. Evidence from the literature suggests 
that the MS data for these weakly bound systems reflect, to 
some extent, the nature of the interaction found in the liquid 
phase, trying to mimic body fluids. There is a complex pat-
tern of metal–metal competition for Aβ(1–16 or 1–40) bind-
ing sites, which depend essentially on the involved metal 
ions, their concentration, and pH changes as revealed by 
mass spectrometric studies and not only.

In conclusion, with the help of ESI MS technique the 
competition between different metal ions toward amyloid 
peptide can be analysed. Also, the interaction between 
metal- amyloid complexes and different chelation compound 
can be also investigated. Regarding the MALDI method, 
once the right matrix for the analysis, the desired noncova-
lent interaction can be detected easily. Both MS approaches 
are able to perform MS/MS studies that allow us to obtain 
more information about the specific active sites of the stud-
ied probes.
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Fig. 23.7 The MS/MS 
spectrum of m/z 797.26 parent 
ion corresponding to the 
[Pt(phen)+Aβ1–16+CuII] 
complex and the 
fragmentation scheme of the 
complex based on MS/MS 
spectrum (bottom). Reprinted 
from Metallomics (2013), Vol. 
5, pp., 879–887, with 
permission from Copyright 
Clearance center
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