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Abstract : The copper ion, Cu(II), binding sites for amyloid fragment Aβ1-16 (=Aβ16 ) were investigated to explain the biolog-
ical activity difference in the Aβ16 aggregation process. The [M+Cu+(z-2)H]z+ (z = 2, 3 and 4, M = Aβ16 monomer) and
[D+Cu+(z-2)H]z+ (z = 3 and 5, D = Aβ16 dimer) structures were investigated using electrospray ionization (ESI) mass spectrom-
etry (MS) and tandem mass spectrometry (MS/MS). Fragment ions of the [M+Cu+(z-2)H]z+ and [D+Cu+(z-2)H]z+ complexes
were observed using collision-induced dissociation MS/MS. Three different fragmentation patterns (fragment “a”, “b”, and “y”
ion series) were observed in the MS/MS spectrum of the (Aβ16 monomer or dimer—Cu) complex, with the “b” and “y” ion
series regularly observed. The “a” ion series was not observed in the MS/MS spectrum of the [M+Cu+2H]4+ complex. In the
non-covalent bond dissociation process, the [D+Cu+3H]5+ complex separated into three components ([M+Cu+H]3+, M3+, and
M2+), and the [M+Cu]2+ subunit was not observed. The {M + fragment ion of [M+Cu+H]3+} fragmentation pattern was observed
during the covalent bond dissociation of the [D+Cu +3H]5+ complex. The {M + [M+Cu+H]3+} complex geometry was assumed
to be stable in the [D+Cu+3H]5+ complex. The {M + fragment ion of [M+Cu]2+} fragmentation pattern was also observed in the
MS/MS spectrum of the [D+Cu+H]3+ complex. The {M + [y9+Cu]1+} fragment ion was the characteristic fragment ion. The
[D+Cu+H]3+ and [D+Cu+3H]5+ complexes were likely to form a monomer-monomer-Cu (M-M-Cu) structure instead of a
monomer-Cu-monomer (M-Cu-M) structure.

Key words : Aβ16, [Aβ16 monomer—Cu] complex, [Aβ16 dimer—Cu] complex, collision-induced dissociation (CID), mass

spectrometry (MS), MS/MS 

Introduction

The Aβ protein, which shows an abnormal accumulation

in patients with Alzheimer’s disease (AD),1–2 is one exam-

ple of a misfolded protein. Because amyloid plaques occur

particularly in AD patients, whereas the Aβ protein is usu-

ally present in healthy brains in a soluble form,3 the aggre-

gation process wherein the soluble Aβ protein forms

plaques are the key step of the amyloid plaque formation

process. It is currently conjectured that soluble, oligomeric

forms of Aβ are more toxic species than aggregated fibrils

or protofibrils.4,5 However, the structure and formation pro-

cess of Aβ oligomers are not yet understood clearly because

of the metastable character of Aβ oligomers.6 Aβ oligomer

formation processes have been studied using various exper-

imental and theoretical methods.7–10

Aβ plaques have been found to contain large amounts of

transition metal cations such as Fe, Cu, and Zn ions.11

Many studies have indicated that these transition metal ions

are directly involved in the neurodegenerative disease.12

Research has been conducted to show dys-homeostasis in

the brain levels of Fe, Cu, and Zn ions and abnormalities in

their metabolism in AD patients.13 In vitro studies have

revealed that these transition metals generally promote the

aggregation of the Aβ protein.14 Some studies have investi-

gated the oxidative damage to proteins and peptides

induced by Fe, Cu, and Zn metal ions.15,16 Therefore, it is

essential to determine the coordination sites of these metal

ions at different charge states of the Aβ protein to under-

stand their reactivity and show their potential role in the

degeneration process.

Cu was found with high concentrations in amyloid
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plaques (~400 μM) compared to the normal brain extracel-

lular concentration of ~1 μM.11,13 Cu-induced Aβ aggrega-

tion is still controversial in relation to its accelerating and

inhibiting effects in the aggregation process. It seems to

depend on the experimental conditions and aggregational

complex states.17–18 Four possible (Aβ–Cu) complex geom-

etries were proposed based on differences in the Cu coordi-

nation sites during the (Aβ–Cu ion) complexation process:

Cu coordination sites of complex 1 geometry; Asp1-COO,

N-terminus, His6, His13(or His14), complex 2 geometry;

Asp1-COO, His6, His13, His14, complex 3 geometry;

His6, Tyr10, His13, His14, complex 4 geometry; His13,

His14.19 It has been proposed that the metal ion binding site

lies in the N-terminus domain, or more precisely in the first

16 amino acids of the Aβ protein. The Aβ16 peptide shows

no tendency to aggregate or form fibrils under moderate

concentrations. Therefore, an (Aβ16—metal ion) complex

was also studied to understand the reactivity and functional

group activity of the first 16 amino acids of the Aβ pro-

tein.19

In this study, we used collision-induced dissociation

(CID) in conjunction with electrospray ionization (ESI)-

mass spectrometry (MS) to obtain structural information

about the (Aβ16 monomer or dimer—Cu) complex. The

(Aβ16 monomer or dimer—Cu) complex was allowed to

form in solution and were electrosprayed onto a quadrupole

ion guide. A low-energy CID-MS/MS method was used to

investigate the fragment ion species and patterns of

multiply charged (Aβ16 monomer or dimer—Cu) com-

plexes.

Experimental

A Thermo Finnigan LTQ mass spectrometer (Thermo

Fisher Scientific, Waltham, MA, USA) was used to obtain

the MS and MS/MS spectra for the (Aβ16 monomer or

dimer—Cu) fragmentation pattern analysis. The LTQ is a

linear ion trap mass spectrometer equipped with an atmo-

spheric pressure ESI source.

MS Conditions

The (Aβ16 monomer or dimer—Cu) complex samples

were introduced into the elctrospray interface by a direct

infusion method using a microsyringe pump at a flow rate

of 1 mL min-1. The heated capillary temperature was set at

150oC to facilitate efficient complex formation. Positive-

ion MS spectra were acquired over an m/z range of 100–

2000 by averaging 1000–6000 scans. The MS/MS experi-

mental conditions were as follows: ion-trap pressure, 1 ×

10-5 Torr; activation time, 30 ms; injection time, 100–200

ms; and isolation width, 0.7–1.5 mass units. The parent

(Aβ16 monomer or dimer—Cu) complex ions were indi-

vidually and manually selected and subjected to CID. The

CID collision energies were optimized for each MS/MS

experiment to obtain sufficient signal-to-noise ratios.

Reagents

Aβ16 synthetic peptide (purity > 95%, amidated at the C-

terminus DAEFRHDSGYEVHHQK-NH2, Peptron,

Daejeon, Korea), cupric chloride dihydrate (99%, Sigma-

Aldrich Korea), and H2O (HPLC grade, Merck Ltd., Korea)

were used in the experiments. The Aβ16 peptide and Cu

solutions were prepared in water at a final concentration of

150 μM. These two solutions were mixed prior to obtaining

the mass spectra. The solutions were prepared to achieve a

sufficient [D+Cu+H]3+ ion intensity for the CID-MS/MS

experiments. The experiments were performed within 24 h

of sample preparation.

Results and Discussion

MS Spectra

The ESI mass spectra of the (Aβ16–Cu) solutions

indicated the presence of multiply charged (Aβ16 monomer or

dimer—Cu) complexes, as shown in Figure 1. [M+Cu]2+,

Figure 1. ESI-MS spectrum of (Aβ16—Cu) solution. Multiply charged monomers and dimers are represented as [M+Cu+(z-2)H]z+ and

[D+Cu+(z-2)H]z+ (z = 2, 3, and 4 charge states, M = Aβ16 monomer, and D = dimer). 
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[M+Cu+H]3+, and [M+Cu+2H]4+ were observed at m/z

1007.9, 672.3, and 504.5, respectively, ranging from 2+ to

4+ in multiple proton adduct forms. The Aβ16 peptide

contained five basic residues (Arg5, His6, His13, His14,

and Lys16) and an N-terminus position, which were

available for Cu coordination and protonation. 

The observed [M+Cu+H]3+ and [M+Cu+2H]4+ peaks had

high intensities, as seen in Figure 1. The observed [M+2Cu-

H]3+ and [M+2Cu]4+ peaks, m/z 692.6 and 519.7, also had

relatively high intensities in the 150 μM Cu concentration.

For the Aβ16 dimers, peaks were observed at m/z 1323.2 and

794.3, corresponding to [D+Cu+H]3+ and [D+Cu+3H]5+,

respectively. No [trimer or oligomer+Cu] peak was

observed in the ESI-MS spectrum of our 150 μM (Aβ16—

Cu) solution. It is supposed that the formation process for

soluble forms of Aβ16 trimer (or oligomer)20 was inhibited

by the existence of the 150 μM Cu ion.

MS/MS Spectra of (Aβ16 monomer—Cu)

CID-MS/MS experiments were conducted to obtain

structural information on the parent [M+Cu+(z-2)H]z+ (z =

2, 3, and 4) ions. The fragment ions in the MS/MS spectra

are labeled with various colors and shapes based on their

charge states and fragment ion species in Figure 2. The m/z

values and assignments of the fragment ions are presented

in the Electronic Supplementary Information (Table S1).

Three different fragmentation patterns (fragments “a”, “b”,

and “y” ion series) were observed in the MS/MS spectrum

of the (Aβ16 monomer—Cu) complex. The fragment “b”

and “y” ion series were regularly observed in the MS/MS

spectrum of the [M+Cu+(z-2)H]z+ (z=2, 3 and 4) complex.

However, the fragment “a” ion series was not observed in

the MS/MS spectrum of [M+Cu+2H]4+. These MS/MS

fragmentation patterns of (Aβ16 monomer—Cu) will be

useful for analyzing the (Aβ16 dimer—Cu) MS/MS spec-

Figure 2. MS/MS spectra of (a) [M+Cu]2+, (b) [M+Cu+H]3+, and [M+Cu+H]3+ parent ion. The charge states are distinguished by

different shapes (1+ = circle, 2+ = diamond, 3+ = triangle, 4+ = square). The a, b, and y fragment ions are indicated by green, blue, and

red colors, respectively. The filled shapes indicate the existence of Cu ions in fragment ions. For simplicity, (1+) charge state is omitted

in the fragment “a” and “y” ion series, a10=a10
1+ and y10=y10

1+.
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trum. The Aβ16 sequence along with fragmentation sites20

and three schematic (Aβ16 dimer—Cu) structures are pro-

posed for the {M-M-Cu} geometry instead of {M-Cu-M}

geometry in Scheme 1.

Fragment ions of the “a”, “b”, and “y” ion series are

shown in Figure 2a as the MS/MS spectrum of the

[M+Cu]2+ complex. Similar MS/MS fragmentation patterns

for [M+Cu]2+ have been reported under different experi-

mental conditions.19 Two separate MS/MS fragmentation

patterns have been reported according to the two possible

geometric forms for the [M+Cu]2+ complex, the complex 3

geometry (four coordination sites of Cu) and complex 4

geometry (two coordination sites of Cu). However, as

shown in Figure 2a, the two separate MS/MS fragmentation

patterns of the complex 3 and complex 4 geometries were

observed simultaneously under our experimental

conditions. 

The simultaneous observation of these two MS/MS frag-

mentation patterns was attributed to the coexistence of the

complex 3 and complex 4 geometries for [M+Cu]2+. Under

our air-exposed experimental conditions, atmospheric ESI

spray source conditions and air-exposed sample prepara-

tion, it was assumed that the oxidation state of Cu was (+2)

instead of (+1) in the [M+Cu]2+ complex. The observed

fragment ① [M+Cu-44]2+ ion peak (Table 1) had a promi-

nent intensity, as seen in Figure 2a. The 44 amu loss disso-

ciation in the [M+Cu]2+ complex was thought to occur as a

CO2 dissociation process from the side group of the Asp1

residue in [M+Cu]2+. This analysis was based on the frag-

mentation patterns for [(fragment “a” and “b” ion series)-

44] and [fragment “y” ion series (y15 included)+Cu] in the

MS/MS/MS spectrum of the [M+Cu-44]2+ parent ions (Fig-

ure S1a).

The spectrum shown in Figure S1a indicates that the

[M+Cu-44]2+ fragment ions did not originate from the com-

plex 1 or complex 2 geometry, which includes Asp1-COO

as Cu coordination sites. The CO2 loss dissociation process

hardly occurred for the complex 1 or complex 2 geometry

under our low-energy CID conditions because additional

energy was needed to break the extra bond of Cu coordina-

tion at the Asp1- COO side group. 

One peculiar observation in the MS/MS spectrum of the

[M+Cu]2+ complex was at m/z 830.8 in Figure 2a, which

was also observed in the MS/MS spectrum of [b14+Cu]2+

(Figure S1b) and assigned to the [b14+Cu-81]2+ fragment

ion (Table 1). The 81 amu loss was reported as a side group

dissociation process of the histidine amino acid in the CID

experimental results.21 Therefore, an 81 amu loss could

occur among the three histidine residues (His6, His13, and

His14). In the [b14+Cu-81]2+ fragment ion, the 81 amu loss

was thought to occur from the side group of the His14 resi-

due, instead of at His6 or His13, because of the observation

of m/z 790.2, which was assigned to the [a13+Cu]2+ frag-

ment ion in the MS/MS/MS spectrum of the [b14+Cu-81]2+

ion (Figure S1c). If there is some competition between

His13 and His14 in the complex 1 geometry, it is conjec-

tured that the side group of His14 does not participate in the

Cu coordination process in the complex 1 geometry based

on the observation of the [b14+Cu-81]2+ fragment ion.

It is interesting to note that the “a” fragment ion series (③

a6, a10, a12, and a13 fragment ions, Table 1) can be observed

in Figs. 2a–2b, while the fragment “a” ion series was not

observed in the Aβ16 MS/MS spectrum.20 These “a” frag-

ment ions are supposed to originate from oxidative routes

induced by the Cu positive ion. The potential formation of

peptide radical through Cu coordination and “a” fragment

ions in tandem mass spectra were reported by Ke et al.21 An

oxidation process based on the oxidation of nitrogen atoms

at the peptide backbone has been reported by two research

groups.22–23 These unusual “a” fragment ions, the Cα-C

backbone cleavage, are usually observed in the photodisso-

ciation of singly charged cations24 or in the electron-detach-

ment dissociation of polyanions.25 

The ④ [y9+Cu]1+ fragment ion (Table 1), m/z 1144.4 in

Figure 2a, is one of the characteristic dissociation channels

of the [M+Cu]2+ complex. A weak bonding characteristic

for the D7-S8 peptide bond was observed in the [M+Cu]2+

MS/MS spectrum of the complex 4 geometry in the results

Scheme 1. Aβ16 monomer sequence along with fragmentation sites20 and schematics of proposed (Aβ16 dimer—Cu) complex.

Structures (b) 1 and (c) 2 correspond to the {M + ① , ② , or ③} and {M + ⑤} fragment ions in the MS/MS spectrum of [D+Cu+3H]5+,

respectively. (d) Structure 3 corresponding to the {M+ ④ [y9+Cu]1+} fragment ion in the MS/MS spectrum of [D+Cu+H]3+.
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reported by Lu et al.19 The bond weakness of the D7-S8

peptide bond has also been observed in the Aβ16 MS/MS

spectrum.20 Therefore, it is conjectured that the weak

bonding characteristic of the D7-S8 peptide bond is

maintained in the [M+Cu]2+ complex 4 geometry because

of the small geometric difference between the complex 4

geometry and original Aβ16 geometry at the D7-S8 peptide

bond area.

F igure  2b  shows the  MS/MS spec t rum  of  the

[M+Cu+H]3+ complex. Three different fragmentation pat-

terns (fragment “a”, “b”, and “y” ion series, Table 1) were

found in the MS/MS spectrum of the [M+Cu+H]3+ com-

plex, similar to that for [M+Cu]2+, while the charge states of

the fragment “a”, “b”, and “y” ions were changed according

to the basic residues for the one extra proton (H+) addition

process. The 44 and 81 loss fragments, ① [M+Cu-44]3+ and

② [b14+Cu-81]2+ ions, were also observed in the spectrum

shown in Figure 2b. The notable difference between Figs.

2a and 2b is that the ④ [y9+Cu]1+ fragment ion is absent in

Figure 2b and new fragments of ⑤ y10 and ⑥ [a6+Cu]2+ or

[b6+Cu]2+ appear instead. These two new fragments cannot

be explained by the complex 1–complex 4 geometries.

Therefore, a hypothetical complex 5 geometry of

[M+Cu+H]3+, in which Cu is located at the D1-H6

sequences of the N-terminal vicinity area, is required to

explain the fragment [a6+Cu]2+ or [b6+Cu]2+. The 3+ charge

state of the (Aβ16—Cu) complex is assumed to be crucial

to the dissociation process of the ⑤ y10 and ⑥ [a6+Cu]2+ or

[b6+Cu]2+ fragment ions.

Figure 2c shows the MS/MS spectrum of the [M+Cu+2H]4+

complex. Two different fragmentation patterns (fragment

“b” and “y” ion series) are found in the MS/MS spectrum of

the [M+Cu+2H]4+ complex like those for the [M+Cu]2+ or

[M+Cu+H]3+ complex, while the fragment “a” ion series was

not observed in the MS/MS spectrum of [M+Cu+2H]4+. It is

conjectured that the oxidative dissociation process induced

by Cu ions was hindered by the [M+Cu+2H]4+-altered

geometry, which was caused by the two additive protons.

New fragments of ⑦ y5 and ⑧ [b11+Cu]2+ appear in Figure

2c. It is considered that the weak bonding characteristic at

the E11-V12 peptide bond was newly created as a result of

the geometric transition in [M+Cu+2H]4+. The fragment

ions observed are listed in Table S1.

MS/MS Spectra of (Aβ16 dimer—Cu)

Both covalent and non-covalent bond dissociation were

indicated by the MS/MS spectra of the (Aβ16 dimer—Cu)

complex (Figure 3). During noncovalent bond dissociation,

the [D+Cu+3H]5+ complex was separated into three compo-

nents: [M+Cu+H]3+, M3+, and M2+, as shown in Figure 3a.

Curiously, the [M+Cu]2+ fragment ion (a counter ion of

M3+) was not observed in the [D+Cu+3H]5+ non-covalent

dissociation process. Three subunits were also produced in

the [D+Cu+H]3+ non-covalent dissociation process,

[M+Cu]2+, M2+, and M1+, which produced distinctive peaks

(Figure 3b, [M+Cu]1+ m/z 2014.8 is beyond the m/z range

of our MS/MS spectrum).

In the covalent bond dissociation of the [D+Cu+3H]5+

complex, {M + ① , ② , ③ , or ⑤ } fragment ions (Table 1) were

observed  as forms of  the {M + fragment ions of

[M+Cu+H]3+}. The {① , ② , ③ , and ⑤} ions are characteristic

fragment ions result ing from the dissociation of

Table 1. Comparison of MS/MS fragment ions of (Aβ16 monomer—Cu) and (Aβ16 dimer—Cu). Fragment “a,” “b,” and “y” ions were

observed in the MS/MS spectrum of (Aβ16 monomer—Cu). (M + a), (M + b), and (M + y) fragment ions were observed in the MS/MS

spectrum of (Aβ16 dimer—Cu).

Parent ion
MS/MS fragmentation patterns

“a” ion “b” ion “y” ion Characteristic ions

[M+Cu]2+
a6,a10,a12,a13
(a14+Cu)2+

(b14+Cu)2+
(y14+Cu)2+ 

(y15+Cu)2+

① (M+Cu-44)2+

② (b14+Cu-81)2+

③ a6,a10,a12,a13
④ [y9+Cu] 

[M+Cu+H]3+
a6,a10, a12

2+,a13
2+

(a12+Cu)2+ (a13+Cu)2+ 

(a14+Cu)2+

(b13+Cu)2+ 

(b14+Cu)2+

y10

(y14+Cu)3+

(y15+Cu)3+

① (M+Cu-44)2+

② (b14+Cu-81)2+

③ a6,a10,a12,a13
⑤ y10

⑥ (a6+Cu)2+, (b6+Cu)2+

[M+Cu+2H]4+ N/A observed observed ⑦ y5 and ⑧ [b11+Cu]2+

[D+Cu+H]3+ N/A b7 (M+y14+Cu)3+ M+ ③ , M+ ④

[D+Cu+3H]5+
[M+a12]

4+, [M+a13]
4+

[M+a12+Cu]4+ [M+a13+Cu]4+ 

(M+a14+Cu)4+

(M+b13+Cu)4+ 

(M+b14+Cu)4+

(M+b14+Cu)5+

(M+y10)
3+

(M+y13+Cu)4+ 

(M+y14+Cu)4+

(M+y14+Cu)5+

(M+y15+Cu)5+

M+ ① , 

M+ ② ,  

M+ ③ ,  

M+ ⑤, 

⑥
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[M+Cu+H]3+ (Table 1). The {① , ② , ③ , and ⑤ } fragment

ions were not observed in the MS/MS spectrum of the

Aβ16 (3+) monomer (M3+).20 Therefore, the [D+Cu+3H]5+

complex structure was deduced to form a {monomer-

[monomer-Cu]} geometry, which has the possibility to con-

serve the original Cu coordination geometry of the

[M+Cu+H]3+ component. In the form of the {monomer-Cu-

monomer} geometry, the original Cu coordination would

be affected by the second Aβ16 monomer. Schematic

[D+Cu+3H]5+ structures are proposed for the {M-M-Cu}

geometry in Schemes 1b and 1c, corresponding to the {M +

① , ② , or ③ } and {M + ⑤ } fragment ions, respectively.

The fragment forms of the {M + fragment ions of

[M+Cu+2H]4+}, {M + ⑦ or ⑧ }, are not observed in Figure

3a. Therefore, we believe that there is a preference for the

{M 2 ++[M+Cu+H] 3 +}  geom et ry  over  t he

{M1++[M+Cu+2H]4+} geometry in the [Aβ16 dimer—

Cu]5+ complex.

In the case of the MS/MS spectrum of the [D+Cu+H]3+

complex, the {M + fragment ions of [M+Cu]2+} fragment

forms, {M+ ③ a13}, and {M+ ④ [y9+Cu]1+} fragment ions

(Table 1), are observed as weak-intensity peaks in Figure

3b. The {③a13 or ④[y9+Cu]1+} ion signal was not observed

in the MS/MS spectrum of the Aβ16 monomer.20 Therefore,

the {M-M-Cu} geometry for [D+Cu+H]3+ is also expected

to be more favorable than the {M-Cu-M} geometry. The

schematic [D+Cu+H]3+ structure is proposed to have the

{M-M-Cu} geometry in Scheme 1d, corresponding to the

{M+ complex4 geometry of [M+Cu]2+}.

Conclusion

CID-MS/MS experiments were conducted to obtain

structural information regarding the (Aβ16 dimer—Cu)

complex. Schematic [D+Cu+3H]5+ structures (Schemes 1b

and 1c) are proposed based on the {M + ① , ② , ③ , or ⑤ }

fragment ions, which have the form of {M + fragment

ions of [M+Cu+H]3+} instead of the form of {M + frag-

ment ions of [M+Cu+2H]4+}. The Scheme 1d geometry of

the [D+Cu+H]3+ complex is expected to be more favor-

able than the geometries of Schemes 1b an 1c. The

Scheme 1d structure is proposed for the [D+Cu+H]3+

complex, based on the {M + ④ [y9+Cu]1+} fragment ions,

which have the form of the {M+ complex4 geometry of

[M+Cu]2+}. 
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Figure 3. MS/MS spectra of (a) [D+Cu+3H]5+ and (b) [D+Cu+H]3+ parent ions. The charge states are distinguished by different shapes

(1+ = circle, 2+ = diamond, 3+ = triangle, 4+ = square, 5+ = star). The a, b, and y fragment ions are indicated by green, blue, and red

colors, respectively. The empty and filled shapes indicate the existence of Cu ions in the fragment ions. The asterisk ions are the

fragment ions resulting from the (1+) ions stored at the same time as the [D+Cu+3H]5+ or [D+Cu+H]3+ parent ions in the LTQ ion trap.
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