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Abstract

A major hallmark of Alzheimer’s disease (AD) is the strong accumulation in brain of senile plaques, mainly composed of
the amyloid-� peptide (A�). Recent studies have suggested that the zinc cation would be a possible key mediating factor for
the formation of amyloid extracellular deposits, by binding to A� and triggering the involved aggregation process. From a
previous circular dichroism (CD) study, we have proposed the N-terminal 1–16 region of A�(1–16), as the minimal fragment
able to specifically bind zinc. Here we investigate the Zn2+ binding properties of A�(1–16) by electrospray-ionization mass
spectrometry (ESI-MS). The stoichiometry of A�(1–16)/Zn2+ association and the relative affinity of different cations towards
A�(1–16) are investigated by analyzing the mass spectra of A�(1–16) in the presence of different cations, introduced alone
or in competition. Zn2+ binding sites are determined from collision-induced dissociation (CID) experiments conducted on
the A�(1–16) cationized species. From these data, A�(1–16) is shown to form a 1:1 complex with Zn2+ and to bind up to
three cations upon increasing the Zn2+ concentration. Under CID, zinc binding induces specific cleavages after the three
histidines of the A�(1–16) sequence (H6, H13 and H14), showing their simultaneous implication in the Zn2+ coordination
sphere. The binding of A�(1–16) to several Zn2+ cations appears less specific, but still implicates the three histidines, each
of them behaving thus as an autonomous binding site. A model is proposed to explain both the specific and the aspecific
interactions of Zn2+ with A�(1–16) that is confirmed here to behave as the minimal zinc-binding region of A�.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Amyloid neurotoxic deposition is one of the main
cerebral damages associated with Alzheimer’s dis-
ease (AD). The amyloid peptide A�(1–42), which is
the major component of these deposits, results from a
double proteolytic cleavage of the amyloid precursor
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protein (APP), a transmembrane glycoprotein widely
expressed in a variety of cell types including neurons
[1,2]. The above-mentioned enzymatic cleavage is
carried out by two proteases, the�- and�-secretases.
Another proteolytic processing pathway that involves
both �- and �-secretases precludes the formation of
amyloid peptides, since the�-secretase cleavage takes
place between residues 16 and 17 of A�, leading to
the formation of the non-amyloidogenic A�(17–42)
[3,4]. Therefore, the amino acid sequence located be-
tween the�- and �-secretase cleavage sites appears
as required for the amyloid peptide fibrillogenesis.

In the brain, the soluble form of A�(1–42) predom-
inantly exists in�-helical and/or unordered conforma-
tions, while a�-sheet structure has been characterized
within amyloid deposits[5]. Therefore, the A�(1–42)
transconformation towards�-sheet is supposed to ini-
tiate the aggregation step leading to fibrillization. The
binding of A�(1–42) to metallic ions, and particularly
to Zn2+, has been proposed to play a critical role
in its aggregation capability[6–8]. This critical role
has recently been confirmed by the ability of metal
chelatants to decrease amyloid plaques and to inhibit
amyloid accumulation in AD transgenic mice[9,10].
Furthermore, many studies reveal an abnormal zinc
level in amyloid senile plaques[11,12]. Interestingly,
contrary to amyloid deposits that display histochemi-
cally detectable zinc ions, preamyloid deposits, which
are defined as A� non-fibrillar diffuse plaques mainly
composed of A�(17–42)[13], do not present this his-
tochemical reactivity[14]. This observation suggests
that the 1–16 N-terminal region is required for zinc
binding that would trigger the amyloidogenic proper-
ties. Furthermore, the histidine residues His6, His13

and His14, which all belong to the 1–16 region, have
been assumed to be involved in the zinc complexation
[15–17].

Unfortunately, biophysical studies carried out on
A�(1–42) and its fragments, in the absence or in the
presence of Zn2+ ions, have been often confronted to
time and/or Zn2+-induced aggregation in aqueous so-
lution. However, we have recently shown by CD that a
synthetic peptide having the amino acid sequence in-
cluded between the�- and�-secretase cleavage sites,

A�(1–16), (CH3CO-DAEFR5HDSGY10EVHHQ15K-
NH2; MW = 1996 Da) formed a soluble and stable
complex with Zn2+ ions, leading to a conformational
change of the peptide[18]. Those findings suggested
the A�(1–16) region as the minimal autonomous zinc
binding domain of A�. Delineation of the molecular
mechanisms involved in zinc-binding to A�(1–16)
can thus be considered a key for understanding the
resulting fibrillogenesis processes involved in the
pathogenicity.

Over the past 10 years, electrospray-ionization
mass spectrometry (ESI-MS) has been a growing-up
method to study non-covalent interactions[19–23].
Indeed, the gentleness of the desolvation process of
ionized aggregates enables to maintain intact weakly
bound systems, and many applications suggest that
such survivor complexes in the gas phase may nearly
reflect, under particular conditions, the interactions
as they occur in solution. In the case of amyloid pep-
tides, ESI-MS was used to evidence that A�(1–40)
selectively interacts with�-cyclodextrin[24] and with
melatonin[25], a hormone recently found to inhibit the
formation of �-sheets and amyloid fibrils. Recently,
A�(1–16) with the substitution Glu11Gln was inves-
tigated in the presence of Cu2+ by metal-catalyzed
oxidation conjugated with ESI-MS, allowing to assign
the copper binding sites[26]. Binding properties of
proteins and peptides with metal ions, and particularly
alkali [27,28], alkaline earth[29–31], as well as tran-
sition metals[32–51], have been extensively investi-
gated by ESI-MS. These different studies have allowed
to determine the stoichiometry of such complexes,
and sometimes to characterize a binding-induced con-
formational change by scrutinizing either the charge
state variation of the complexes[29,37] or the H/D
exchange extent[30]. Furthermore, the localization of
the binding sites could sometimes be achieved either
by limited proteolysis in conjunction with ESI-MS
monitoring [49] or by analyzing the fragmentation
patterns of the complexes under collision-induced dis-
sociation (CID) conditions[31,33,35,36,41,45,50,51].

In the present study, the binding properties of
A�(1–16) to various metal ions, and particularly to
Zn2+, were investigated by ESI-MS, with the aim to
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evidence a selective association of A�(1–16) to Zn2+.
ESI-MS experiments were carried out on A�(1–16)
in the absence of cations and in the presence of Zn2+

and other transition metal ions such as Ni2+, Co2+

and Mn2+. The stoichiometry of the metallic peptide
complexes and the binding-induced variations of the
charge state carried by the A�(1–16) species were
investigated. Competition experiments between Zn2+

and the other selected divalent cations were under-
taken in order to assess the relative affinity of the dif-
ferent cations for A�(1–16) and the specificity of the
A�(1–16)/Zn2+ interactions. Alternatively, CID ex-
periments were performed on the protonated peptide
and on the cationized species, including the adducts
with Na+ and K+. Comparison between the fragmen-
tation patterns of the peptide, either protonated or in bi-
nary complexes with the different cations was used to
get complementary information on the location of the
metallic ion binding sites within the peptide sequence.

2. Experimental

2.1. Sample preparation

Synthetic peptides (purity> 95%), either acety-
lated at the N-terminus and amidated at the C-terminus
(A�(1–16): CH3CO-DAEFR5HDSGY10EVHHQ15K-
NH2; MW = 1996 Da), or unprotected (A�(1–16)unp;
MW = 1955 Da), were purchased from Eurogentec
(Seraing, Belgium). Samples for ESI-MS were pre-
pared as 10 pmol/�L peptide either in MeOH/H2O
0:100 to 97:3, or H2O/i-PrOH 10:90, or 2–10 mM
NH4CH3COO buffer/MeOH 95:5 at different pH
values in the 3–8 range. In experiments performed
in the presence of ZnCl2, NiCl2, MnCl2 and CoCl2,
the metal to peptide ratios varied from 0:1 to 50:1.
In Co2+/Zn2+ competition experiments, CoCl2

and ZnCl2 were added to 10 pmol/�L A�(1–16)
in MeOH/H2O 97:3 with peptide/Co2+/Zn2+ con-
centration ratios of 1:5:x (x = 0–0.5–1–2–3–4–5).
In Ni2+/Zn2+ competition experiments, NiCl2 and
ZnCl2 were added to 10 pmol/�L A�(1–16) in MeOH
100% with peptide/Ni2+/Zn2+ ratio of 1:5:5.

2.2. Mass spectrometry

ESI-MS was performed on an Esquire 3000 ion
trap mass spectrometer (Bruker Daltonics, Bremen,
Germany) fitted with an electrospray source. A sy-
ringe pump was used to infuse the solution to the at-
mospheric pressure ionization source with a gas-tight
syringe at a flow rate of 120�L/h. Positive ionm/z ra-
tio measurements were performed in the 200–2100 Th
range, with a 13 and a 1.650 Th/s scan speed for clas-
sical experiments and for experiments with enhanced
resolution (5000 for 1000 Th), respectively. ESI mass
spectra were typically recorded with a 4 kV capillary
voltage, a 3.5 kV end plate, and ionization/desolvation
conditions were optimized to allow conservation of
the produced protonated or cationized complexes over
the solvent desolvation at skimmer. CID experiments
(MS2 and MS3) were performed from selected ion
submitted to resonant excitation amplitude from 0.5
to 1.5 VP–P. The selection width was typically 6.0 Th,
except for the Zn2+–Co2+-dicationized species for
which the precursor ion was selected with a 1 Th width
in order to avoid contribution of the Zn2+-dicationized
ions in the CID spectra. The reportedm/zvalues for the
different ions correspond to the measuredm/z ratios.
They can be related to either the monoisotopic peak for
lower molecular mass ions or to the averagem/z ratios
for larger molecular mass ions, because of the limited
resolution used under our experimental conditions.

3. Results

The cation binding properties of A�(1–16) were
studied with an electrospray source coupled to an
ion trap analysis system that enabled ion structure
investigation by multi-stage CID spectra analysis,
i.e., MSn . In order to obtain a good ionization effi-
ciency, MeOH/H2O 97:3 was chosen as solvent for
most experiments, once ensuring that the CID spectra
were similar when using different solvent conditions
(either MeOH/H2O 97:3, MeOH/H2O 50:50+ 0.1%
HCOOH or 2 mM ammonium acetate buffer/MeOH
95:5 at different pH values in the 3–6 range). The



1002 S. Zirah et al. / International Journal of Mass Spectrometry 228 (2003) 999–1016

common fragmentation pattern observed indepen-
dently of the solvent used indicated that the initial
internal energy was not significantly modified accord-
ing to the various solvents.

3.1. Desorption and dissociation processes of the
multiply-protonated and alkali-cationized Aβ(1–16)
and Aβ(1–16)unp species

In the absence of metallic cations, positive
ion ESI-MS spectra of A�(1–16) (Fig. 1a) and
A�(1–16)unp in MeOH/H2O 97:3 to 50:50 displayed
multiply-protonated MHnn+ molecules carrying out
a maximum charge state of 4+ and 5+, respectively.
Under “harder” desolvation conditions (higher skim-
mer voltage), the ion charge state decreased and
more or less extended consecutive ion dissociations
appeared, as expected[52,53].

3.1.1. Main dissociation pathways of the Aβ(1–16)
multiply-protonated MHnn+ species

CID experiments were performed in the ion trap
cell by resonant excitation of the multiply-protonated
A�(1–16) species carrying various charge states
(Fig. 1b–c). The nomenclature introduced by Roep-
storff and Folman[54], and further modified by Bie-
mann[55], was adopted here to describe the fragment
ions. For internal fragment ions, the general presen-
tation form is (brys)(r + s − t), wherer, s andt indicate
the bond cleaved counting from the N-terminus, the
bond cleaved from the C-terminus and the total num-
ber of amino acid residues in the peptide, respectively.
The subscript (r + s− t) thus accounts for the number
of residues in the internal fragment. As an exam-
ple, the internal fragment AEFRHD of A�(1–16)
has r = 7, s = 15 andt = 16 and is described as
(b7y15)6.

Although the complete A�(1–16) sequence was
not obtained from the product ions, a large distribu-
tion of fragment ions was obtained and the presence
of diagnostic ions especially allowed to locate the
acidic residues. As an example, the CID spectrum of
the A�(1–16) MH4

4+ species displayed mainly the
y15

4+ as base peak, together with the complementary

y9
2+/b7

2+, y5
2+/b11

2+ and y3+/(b13
2+ and b13

3+)
and the y13

3+ multiply-charged ions (Fig. 1b). The
selected MH33+, MH2

2+ (Fig. 1c) and MH+ parent
ions presented a fragmentation pattern similar to that
of MH4

4+, with y15
n+ as base peak for all MHnn+

CID spectra. Additionally, a series of bi ions, which
corresponded to cleavages occurring after the residues
V12, H13, H14 and Q15 was observed, especially in
the case of MH33+ and MH2

2+.
For A�(1–16)unp, the proton dispersion appeared

reinforced and the corresponding CID spectra of
MHn

n+ species displayed significant differences in
the product ion abundances (data not shown). Fur-
thermore, the favored product ions differed in the
CID spectra of A�(1–16)unp according to the charge
state of the MHnn+ precursor ion (i.e., y14

4+, y5
2+,

y9
2+ and b7+ for MH5

5+, MH4
4+, MH3

3+ and
MH2

2+, respectively). Such an ion abundance varia-
tion upon changing the acetylated N-terminus to the
unprotected one has been already observed for sev-
eral peptides[56] and suggests that the N-terminal
group influences peptide bond cleavages, even at long
distance[57]. This reflects: (i) a folded conformation
of A�(1–16) rather than an opened structure, and (ii)
long distance proton transfers induced by collisional
activation.

Finally, independently of the charge state of the
selected multiply-protonated peptide, cleavages at
the peptide bonds following the acidic residues (D1,
D7, E3 and E11) were significantly enhanced, as
previously described for other protonated peptides
containing both acidic residues and arginine[58,59].
According to the model proposed by Tsaprailis et al.
[59], intramolecular interactions between arginine
and acidic residue side chains should favor such
specific cleavages. Note that this trend has not been
observed previously in the CID spectra of A�(1–39)
and A�(6–39) recorded on a triple quadrupole in-
strument[60], which displayed abundant b-type ions
rather than the diagnostic fragment yi ions observed
here. This trend can be explained by the kinetic
shift due to the larger residence time in the ion
trap, as compared to that in the triple quadrupole
analyzer.
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Fig. 1. (a) Positive ion ESI mass spectra of A�(1–16), from 10 pmol/�L solution in MeOH/H2O 97:3. (b)–(d) CID spectra of
multiply-protonated and monocationized [M+ H + Na]2+ A�(1–16) species obtained from 10 pmol/�L peptide solution in MeOH/H2O
97:3. The selected ions are indicated by (): (b) MH4

4+ (selection ofm/z 500.0; width 6.0 Th;VP−P 0.65 V); (c) MH2
2+ (selection ofm/z

999.3; width 6.0 Th;VP−P 0.95 V); (d) [M+ H + Na]2+ (selection ofm/z 1010.6; width 4.0 Th;VP−P 1.20 V). The main fragmentations
displayed on the CID spectra are reported in the insets on the A�(1–16) sequence.

MS3 experiments were performed on fragment ions
of MHn

n+ (i.e., y15 (4+ to 2+) and y92+) and the
fragmentation patterns were compared to that of the
corresponding ions produced directly at the ion source
skimmer by “hard” desolvation. The respective CID
spectra recorded in the MS2 mode did not present
significant differences relative to the CID mass spectra
provided in the MS3 mode (data not shown). This
common behavior towards CID suggested that neither
ion structure rearrangement nor charge migration took
place over the 10–100 ms duration of the selected ion

accumulation into the ion trap cell[61] and thus that
a common structure characterized the fragment ions
generated from solvated-state ions present in the ion
source and from naked ions in the gas phase present
in the ion trap.

3.1.2. Main dissociation pathways of the
alkali-cationized Aβ(1–16) species

As noted previously, A�(1–16) species mono- and
dicationized with Na+ and K+ were produced by
ESI from peptide solution in MeOH/H2O 97:3. The
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presence of these cations was due to alkali traces in
solution and/or at the transfer capillary interface. Dis-
sociations of alkali-cationized A�(1–16) species, such
as [M+ H + Na]2+ (Fig. 1d), exhibited an improved
specificity, as only cleavages at the peptide bonds
adjacent to acidic residues occurred, contrasting thus
with the CID of the MHn

n+ ions that showed a larger
product ion distribution. Furthermore, the cationized
yi-type ion series (particularly y9 and y15) was only
obtained, with various charge states. Since the frag-
mentation experiments were performed at low exci-
tation energy, these specific fragmentations should be
induced by the protons rather than by the Na+ cations.
Thus, the alkali-cationized species should be under
zwitterionic forms, Na+ being preferentially located
at the deprotonated acidic residues, and protons on the
basic sites, such as R5 and K16 side chains in partic-
ular. Despite this improved fragmentation specificity,
the close fragmentation pattern of the Na+-cationized
A�(1–16) species and of the protonated species re-
vealed that binding of the alkali ions did not induce
directly specific fragmentations and thus, suggested
that these alkali cations played a spectator role.

Fig. 2. (a) Positive ion ESI-IT mass spectrum of A�(1–16) from 10 pmol/�L peptide solution in MeOH/H2O 97:3, in the presence of
5 ZnCl2 equivalents. (b) Enlargement of the ESI-IT mass spectra recorded with enhanced resolution from A�(1–16)/ZnCl2 1:5 solution,
displaying the isotopic distribution of the Zn2+-cationized species.

3.2. Aβ(1–16)/cation complexes

3.2.1. Stoichiometry and charge states of
Aβ(1–16)/Zn2+ complexes

A previous CD investigation has shown that the
A�(1–16) peptide undergoes a conformational change
in the presence of 2 ZnCl2 equivalents in phosphate
buffer, at different pH values in the 6.0–8.0 range,
while addition of other cations such as Ca2+, Mg2+,
Co2+, Ni2+ or Al3+ in similar conditions are without
effect on the peptide secondary structure[18]. These
results suggest that a specific interaction occurs be-
tween A�(1–16) and Zn2+ in solution. The preserva-
tion of such a peptide/Zn2+ interaction in the gas phase
was investigated and evidenced by ESI-MS, with the
aim to characterize the binding and in particular to
identify the amino acids involved in the coordination.
Addition of up to 5 ZnCl2 equivalents to A�(1–16)
in MeOH/H2O 97:3 solution yielded ESI mass spec-
tra that displayed intense A�(1–16)/Zn2+ 1:1 species
(Fig. 2a; Table 1), while 1:2 species appeared weak
or absent, depending on the source conditions. The
presence of bound Zn2+ was confirmed by ESI
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Table 1
Relative intensities of the protonated and cationized species displayed on the ESI-IT-MS mass spectra recorded from A�(1–16) solutions
in the presence of 5 Zn2+ or Cat2+ equivalents (Cat= Ni, Co or Mn)

Charge state

Cat2+ 4+ 3+
MH4

4+ [M + 2H + CatII ]4+ [M + 2CatII ]4+ MH3
3+ [M + H + CatII ]3+ [M − H + 2CatII ]3+

Zn2+a 40.5 69.0 6.1 55.1 100.0 4.5
Ni2+ 100.0 91.0 19.9 47.0 92.5 10.4
Co2+ 61.1 100.0 46.3 54.4 46.0 19.6
Mn2+ 47.3 100.0 28.7 49.6 23.5 8.4

a MH2
2+ and [M+ ZnII ]2+ are observed on the CID spectrum registered for A�(1–16) in the presence of 5 Zn2+ equivalents, with a

relative intensity of 4.6 and 5.0, respectively.

mass spectra recorded with an enhanced resolution
(Fig. 2b), which displayed the natural zinc isotopic
distribution contributing to the complexity of the iso-
topic cluster patterns. Furthermore, the�m/z values
between two isotopic peaks confirmed the charge
state carried by the different [M+ (n−2)H+ZnII ]n+

species. The charge state was not modified compared
to the multi-protonated peptide (i.e., maximum charge
state 4+), and the A�(1–16)/Zn2+ 1:1 complex was
the major species for each charge state. Increasing
the skimmer voltage led to the formation of either
protonated or cationized fragment ions in the ion
source, which corresponded to the main fragment
ions produced by CID, i.e., y15

4+ (m/z 460.7) and
[b14 − H + ZnII ]2+ (m/z 893.3) (data not shown).
At higher Zn2+ concentrations, up to 50 equivalents,
the production of complexes carrying 1–3 Zn2+ ions:
[M + (n− 2)H + ZnII ]n+, [M + (n− 4)H + 2ZnII ]n+

and [M+(n−6)H+3ZnII ]n+, with n = 2–4 occurred.
In addition, the abundance of the multiply-cationized
species increased with the charge state.

3.2.2. CID experiments on Aβ(1–16)/Zn2+ species
CID spectra of the multiply-charged A�(1–16)/Zn2+

binary complexes displayed diagnostic ions related
to specific cleavages that strongly differed from
those observed for the multiply-protonated and the
alkali-cationized A�(1–16) species (Figs. 3a and 4).
Indeed, the ZnII -cationized b14 fragment ion emerged
from the CID spectra as a base peak, independently
of the charge state (n) carried by the selected parent

ion ([b14 + ZnII ]3+ for n = 4 and [b14 − H + ZnII ]2+

for n = 2 and 3). It was accompanied by its comple-
mentary fragment ion y2+ for n = 3 and 4. Except for
these common major product ions, the fragmentation
pattern was dependent on the parent ion charge state.
The CID spectrum of [M+2H+ZnII ]4+ (Fig. 3a) dis-
played four cationized product ions, i.e. [b14+ZnII ]3+,
[b15+ZnII ]3+, [b6−H+ZnII ]2+ and [y15+H+ZnII ]3+,
the latter being accompanied by its complementary
y10

2+ ion. The CID spectrum of [M+ H + ZnII ]3+

(Fig. 4a) exhibited more various fragmentations: the
[b14 − H + ZnII ]2+/y2

+ and [b13 − H + ZnII ]2+/y3
+

pairs were observed together with [b15−H+ZnII ]2+,
the [y15+ZnII ]3+ and [y9−H+ZnII ]2+ y-type cation-
ized fragment ions and the [(b14y15)13 − H + ZnII ]2+

cationized internal fragment ion. The CID spectrum of
[M + ZnII ]2+ also displayed more extended fragmen-
tations, with [b14 − H + ZnII ]2+, [b14 − 2H+ ZnII ]+,
[b13− 2H+ ZnII ]+, [y15− H + ZnII ]2+ [(b14y15)13−
H + ZnII ]2+ and [(b14y13)11 − H + ZnII ]2+, to-
gether with the [y9 − H + ZnII ]2+/b7

+ pair. The
presence of the same diagnostic ions for the different
charge states, such as the Zn2+-cationized b14, y15

and (b14y15)13 species, indicated that the Zn2+ loca-
tion did not depend upon the charge state. Note that
CID spectra obtained for the unprotected cationized
A�(1–16)unp/Zn2+ were similar to those of the pro-
tected A�(1–16)/Zn2+ complexes (data not shown),
which indicated that the N- and C-terminal charges
did not influence the specific cleavages observed upon
CID on Zn2+-cationized species.
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Fig. 3. CID spectra of [M+ 2H+ Cat]4+ cationized A�(1–16) species ((a) Cat= Zn, (b) Cat= Ni, (c) Cat= Co, (d) Cat= Mn) obtained
from 10 pmol/�L peptide solutions in the presence of 5 Cat2+ equivalent in MeOH/H2O 97:3. The selected ions are indicated by (): (a)
[M + 2H+ ZnII ]4+ (selection ofm/z 516.2; width 8.0 Th;VP−P 1.0 V); (b) [M + 2H+ NiII ]4+ (selection ofm/z 514.0; width 6.0 Th;VP−P

0.55 V); (c) [M+ 2H+ CoII ]4+ (selection ofm/z 514.0; width 6.0 Th;VP−P 0.55 V); (d) [M+ 2H+ MnII ]4+ (selection ofm/z 514.0; width
6.0 Th; VP−P 0.55 V).

Additional information could be obtained from
sequential multi-stage experiments conducted on the
cationized b14 fragment ions carried out for different
charge states (Table 2). It is worth noting that CID
of [b14 − H + ZnII ]2+ and [b14 + ZnII ]3+ fragment
ions produced either under “hard” desolvation condi-
tions at the ion source skimmer, or by CID in the ion
trap to be selected for sequential MS3 experiments,
resulted in a similar fragmentation pattern. This trend
suggested a similar structure of the metallic binary
complex in the solvated state and in the gas phase,
and the absence of rearrangement of this complex
over the period it accumulated in the trap, as shown
above for the protonated fragments of A�(1–16). The
triple-stage MS3 experiments obtained from the se-
lected [b14 + ZnII ]3+ ion produced by dissociation of
[M + 2H + ZnII ]4+ (Fig. 3a) yielded the cationized

[a14 + ZnII ]3+ ion as base peak. The observed loss
of CO leading to an a-type ion, indicated that the
triply-charged [b14 + ZnII ]3+ fragment ion conserved
its linear structure over the process. Furthermore,
several species were enhanced, especially the unca-
tionized doubly-charged b7

2+ ion (47% of the base
peak [a14+ZnII ]3+), accompanied by other uncation-
ized fragment ions, such as b8

2+, b5
+ and (b7y15)62+,

and by the cationized [b6 − H + ZnII ]2+ product
ion. These fragment ions relative to N-terminal re-
gions of A�(1–16) were observed together with the
cationized [b13 − H + ZnII ]2+, [(b14y15)13 + ZnII ]3+,
[(b14y13)11 + ZnII ]3+, [(b14y13)11 − H + ZnII ]2+ and
[(b14y9)7 − 2H + ZnII ]+ product ions. Triple-stage
MS3 experiments carried out in the same way on
[y15 + ZnII ]3+ and [b6 − H + ZnII ]2+ also en-
abled to observe Zn2+-cationized fragment ions, i.e.
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Fig. 4. CID spectra of 1:1 zinc-cationized A�(1–16) species obtained from 10 pmol/�L peptide solution in the presence of 5 Zn2+ equivalents
in MeOH/H2O 97:3. The selected ions are indicated by (): (a) [M + H + Zn]3+ (selection ofm/z 687.1; width 10.0 Th;VP−P 0.75 V); (b)
[M + Zn]2+ (selection ofm/z 1031.0; width 6.0 Th;VP−P 1.20 V); (c) MS3 spectra of [b14 + Zn]3+ (selection of [M+ 2H + Zn]4+ m/z
515.8; width 10.0 Th;VP−P 0.60 V, followed by that of [b14 + Zn]3+ m/z 596.4; width 10.0 Th;VP−P 0.60 V). For both the sequential MS2

and MS3 experiments, the main fragmentations displayed on the CID spectra are reported in the insets on the A�(1–16) sequence.

[(b14y15)13−H+ZnII ]2+, [(b14y13)11−H+ZnII ]2+,
[(b13y15)12−H+ZnII ]2+, [y13+ZnII ]3+ and [y5−H+
ZnII ]2+ for [y15+ZnII ]3+ and [(b6y15)5−H+ZnII ]2+,
[(a6y15)5 − H + ZnII ]2+, [(a6y14)4 − H + ZnII ]2+,
[(a6y13)3 − H + ZnII ]2+ and [(a6y15)5 − 2H+ ZnII ]+

for [b6 − H + ZnII ]2+ (Table 2). The diagnostic
ZnII -cationized fragment ions detected under CID
conditions enabled to assign two short sequences
bound to Zn2+, i.e., F4R5H6 and V12H13H14Q15K16.

3.2.3. Binding of Aβ(1–16) to other transition
metal ions

The specificity of the binding of A�(1–16) to Zn2+

was investigated by analyzing its binding capability to

other transition metal ions, such as Ni2+, Co2+ and
Mn2+, noted as Cat2+.

Electrospray mass spectra of A�(1–16) in the pres-
ence of 5 Cat2+ equivalents displayed 1:1 and 1:2
Cat2+-cationized A�(1–16) species (Table 1). The
peptide binding to the metallic cation did not lead
to any variation in the charge state, as also noticed
for Zn2+. However, unlike the Zn2+-bound species,
the Cat2+-cationized A�(1–16) species were not the
most favored for all the charge states. Indeed, for
both Co2+ and Mn2+, the 1:1 cationized species was
favored for n = 4, the multiply-protonated species
leading to the major peak forn = 3, while in the case
of Ni2+, the 1:1 cationized species predominated for
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Table 2
Main product ions and relative abundances (related to the base peak of daughter ions) displayed on the MS3 spectra of zinc-cationized
[b14Zn]3+, [y15Zn]3+ and [b6−H+Zn]2+ fragment ions produced from CID of triply- or quadruply-charged 1:1 A�(1–16)/Zn2+ complexes,
reported on the A�(1–16) sequence

(a) Precursor of the selected cationized fragment ion, (b) selected cationized fragment ion.

n = 3, but not forn = 4. This behavior was differ-
ent from that of 1:1 Zn2+-cationized species, which
significantly predominated for each charge state. The
strong intensity of [M+ (n − 2)H + ZnII ]n+ species,
compared to A�(1–16) multiply-protonated species
and multiply-cationized species for each charge state
n = 2–4, indicated that the 1:1 stoichiometry of
the A�(1–16)/cation complex was favored for Zn2+,
while such an 1:1 association appeared less specific
for the other cations.

The association of A�(1–16) to other cations that
was observed in the gas phase did not result in any
detectable effect in solution, since the A�(1–16) con-
formational change revealed by CD in the presence
of ZnCl2 was not observed any more upon addition
of CoCl2 [18]. This illustrates that very slight interac-
tions can be detected by MS and therefore points to

the necessity to consider gas-phase results carefully.
In our case, competition experiments between the dif-
ferent cations and Zn2+ were undertaken to determine
the relative affinity of the studied cations for A�(1–16)
(see subsection 3.2.6.).

3.2.4. Main dissociation pathways of the cationized
[M + (n − 2)H + CatII ]n+ ions of Aβ(1–16)

CID experiments conducted on the [M+(n−2)H+
CoII ]n+ (n = 2–4) species exhibited a fragmentation
pattern similar to that of the A�(1–16)/Zn2+ com-
plexes. This was especially noticeable for the CID
spectrum of the quadruply-charged ions, which dis-
played the same diagnostic ions, i.e., the cationized
b14 and b6 fragment ions, although Co2+-cationized
species dissociated with a lower resonance excita-
tion energy (Fig. 3c). This result suggested a similar
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reactivity of the two cations towards A�(1–16), that
would thus occupy the same binding sites. CID ex-
periment conducted on [M+ 2H + NiII ]4+ (Fig. 3b)
revealed the same diagnostic ions, but the relative
abundances of the cationized [b14 + NiII ]3+ and
[b6 − H + NiII ]2+ ions, together with their y2+ and
y10

2+ complementary fragment ions were different,
the [b6 − H + NiII ]2+/y10

2+ pair being more fa-
vored than the corresponding ion pairs for Zn2+ and
Co2+. The CID spectra of Mn2+-cationized A�(1–16)
species revealed a more heterogeneous fragmentation
pattern, associating metal-induced fragmentations
after histidine residues and proton-induced fragmen-
tations after acidic residues (Fig. 3d). From these
results, the A�(1–16) cation binding sites appeared
similar for Zn2+, Co2+ and Ni2+, while the Mn2+

binding sites showed much lower specificity.

3.2.5. Main dissociation pathways of
multiply-cationized [M+ (n − 2m)H+ mZnII ]n+

(m = 2, 3) and [M+ (n − 4)H + ZnII + CoII ]n+

ions of Aβ(1–16)
CID experiments were performed on A�(1–16)

multiply-cationized with Zn2+, [M + (n − 4)H +
2ZnII ]n+ (n = 3, 4) and [M− 2H + 3ZnII ]4+, ob-
served upon increasing the Zn2+ concentration up
to 50 peptide equivalents. The CID spectrum of
[M+2ZnII ]4+ (Fig. 5a) displayed [b14−2H+2ZnII ]3+

and its complementary fragment ion y2
+ as base

peaks. The triply-charged b14 fragment ion cation-
ized with a single Zn2+ ion was also observed,
suggesting a more fragile binding of the second
Zn2+ cation. The spectrum also displayed the
[b6 − H + ZnII ]2+/[y10 − H + ZnII ]2+ pair, and the
[y15−H+2ZnII ]4+ and [b14−2H+2ZnII ]3+ cation-
ized fragment ions, together with the minor fragment
ion at m/z 987.3. This last ion corresponded either to
[(b13y11)8−2H+ZnII ]+ or to [(b14y10)8−2H+ZnII ]+,
the latter appearing more probable, taking into account
the other fragmentations displayed. Note that the
[b6−H+ZnII ]2+/[y10−H+ZnII ]2+ pair was strongly
enhanced compared to the [b6 − H + ZnII ]2+/y10

2+

pair displayed on the [M+ 2H + ZnII ]4+ CID spec-
trum (Fig. 3a). CID performed on [M− H + 2ZnII ]3+

led to highly reduced dissociation efficiency (data not
shown). However, minor cationized-fragment ions
could be detected, such as [y15 − 2H + 2ZnII ]3+

(m/z 655.3), [b6 − H + ZnII ]2+ (m/z 430.6),
[b13−3H+2ZnII ]2+ (m/z855.7), [b14−3H+2ZnII ]2+

(m/z 924.3) and [b15 − 3H + 2ZnII ]2+ (m/z 988.4).
The CID of the triply-cationized [M− 2H+ 3ZnII ]4+

(Fig. 5b) led to the [b14 − 4H + 3ZnII ]3+/y2
+ and

[b6 − H + ZnII ]2+/[y10 − 3H+ 2ZnII ]2+ complemen-
tary fragment ions.

Considering the CID patterns of the cationized
species, the A�(1–16) binding properties to Co2+ ap-
peared much closer to those observed for Zn2+, com-
pared to Ni2+ and Mn2+. Thus, the Co2+ cation was
selected to further investigate the hetero-dicationized
complexes and CID experiments were carried
out for the different charge states of the mixed
[M +(n−4)H+ZnII +CoII ]n+ complexes (n = 2–4).
The CID spectrum of [M+ ZnII + CoII ]4+ displayed
two important features: (i) an identical behavior of
Zn2+ and Co2+ cations, leading to a symmetrical
cleavage and (ii) the presence of complementary pairs
of product ions, singly-cationized with either Zn2+

or Co2+ (Fig. 5c). Indeed, [b6 − H + CoII ]2+ (m/z
428.1) and [b6 − H + ZnII ]2+ (m/z 430.6) on the
one hand, and [y10 − H + CoII ]2+ (m/z 628.2) and
[y10 − H + ZnII ]2+ (m/z 630.7) on the other hand ex-
hibited similar abundances. The two complementary
ion pairs, [b6 − H + ZnII ]2+/[y10 − H + CoII ]2+ and
[b6−H+CoII ]2+/[y10−H+ZnII ]2+ also evidenced the
common behavior and reactivity of the Zn2+ and Co2+

cations. In addition, [b14 − 2H + ZnII + CoII ]3+ was
here observed as base peak, similarly to [b14+ZnII ]3+

and [b14+CoII ]3+ that were the major ions in the CID
spectra of [M+2H+ZnII ]4+ and [M+2H+CoII ]4+,
respectively. Two additional minor ions were observed
atm/z982.5 and 987.5. The former could be attributed
to a monocharged internal ion, either (b13y11)8 or
(b14y10)8, both being cationized with Co2+, while
the latter corresponded to one of these internal frag-
ment ions cationized with Zn2+. From the other
fragmentations displayed on the CID spectrum, the
(b14y10)8 internal ions, i.e. [(b14y10)8 − 2H + CoII ]+

and [(b14y10)8 − 2H + ZnII ]+, were most probable.



1010 S. Zirah et al. / International Journal of Mass Spectrometry 228 (2003) 999–1016

Fig. 5. CID spectra of [M+ (2− m)H + mZn]4+ multiply-zinc-cationized A�(1–16) species obtained from 10 pmol/�L peptide solution in
MeOH/H2O 97:3 in the presence of 10 and 50 Zn2+ equivalents form = 2 andm = 3, respectively. (a)m = 2 (selection of [M+ 2Zn]4+
m/z 531.7; width 6.0 Th;VP−P 1.00 V); (b)m = 3 (selection of [M−2H+3Zn]4+ m/z 547.6; width 10.0 Th;VP−P 0.90 V). (c) CID spectrum
of [M + Zn + Co]4+ obtained from 10 pmol/�L A�(1–16) solution with peptide/Zn2+/Co2+ concentration ratio 1:4:5 in MeOH/H2O 97:3
(selection of [M+ Zn + Co]4+ m/z 529.7; width 1.0 Th;VP−P 0.60 V). For each CID spectrum, the selected ion is indicated by (), and
the main fragmentations are reported in the insets on the A�(1–16) sequence.

Therefore, CID experiments conducted on the [M+
(n−4)H+ZnII +CoII ]n+ and [M+(n−4)H+2ZnII ]n+

species provided further evidence of a similar bind-
ing of the Co2+ and Zn2+ cations to A�(1–16). To
determine the relative affinity of Zn2+ and Co2+ to
A�(1–16), competition experiments were finally un-
dertaken.

3.2.6. Relative affinities of Aβ(1–16) for the
different cations, from Zn2+/Co2+ competition
experiments

At first, the relative affinity of A�(1–16) for Zn2+

and Co2+ was examined in the presence of 5 Co2+

equivalents and of increasing Zn2+ concentrations
(0.5–5 equivalents). The intensity of the cation-

ized ions displayed on the mass spectra as regard
the Zn2+/peptide ratio (Fig. 6) clearly revealed a
stronger affinity of A�(1–16) to Zn2+, since the
Zn2+-cationized A�(1–16) was the major species for
1:5:1 to 1:5:5 A�(1–16)/Co2+/Zn2+ ratios. More-
over, the intensities of the Zn2+-homodicationized
and Zn2+/Co2+-heterodicationized A�(1–16) species
were similar from a 1:5:3 A�(1–16)/Co2+/Zn2+

proportion. Therefore, this competition experiment
indicated (i) a lower affinity of A�(1–16) for Co2+

than for Zn2+ and (ii) the absence of specificity for
the binding of a second Zn2+ cation to A�(1–16).
Mass spectra recorded for A�(1–16) in the presence
of Zn2+ and Ni2+ with a 1:5:5 A�(1–16)/Ni2+/Zn2+

ratio revealed also a stronger affinity for Zn2+, since
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Fig. 6. Variation of the relative intensity of the protonated, singly- and doubly-cationized A�(1–16) species as a function of the Zn2+/A�(1–16)
concentration ratio (A�(1–16)/Co2+/Zn2+ concentration ratio= 1:5:n with n = 0–5). The intensity of all the charge states displayed are
summed for each considered species. (�): multi-protonated species, (�): ZnII -monocationized species, (�): CoII -monocationized species,
(�): ZnII -dicationized species, (�): CoII -dicationized species, (×): ZnII –CoII -dicationized species.

Ni2+-cationized species were negligible compared to
Zn2+-cationized species (data not shown).

4. Discussion

The present study was undertaken to characterize
by ESI-IT-MS the binding properties of A�(1–16)
to Zn2+ that has been pointed previously in solu-
tion by CD [18] and to define the location of the
interaction sites between the peptide and the Zn2+

cation. The particular selectivity of this Zn2+ asso-
ciation compared to that with different other transi-
tion metal cations was evidenced, and A�(1–16)/Zn2+

binding sites were investigated through CID experi-
ments by studying the fragmentation patterns of proto-
nated A�(1–16), associated (or not) to different cations
including Zn2+. The predominant stoichiometry of
one ZnII in the metal/A�(1–16) complex has been di-
rectly shown from ESI mass spectra. The specificity
of Zn2+ binding has been investigated by analyzing
the peptide behavior towards other transition metals,

i.e., Ni2+, Co2+ and Mn2+, that revealed similar bind-
ing properties for Zn2+ and Co2+. However, compe-
tition experiments revealed a much lower affinity of
the Co2+ cation for A�(1–16), compared to Zn2+.

4.1. Determination of ZnII binding sites from CID
experiments

The orientation of the dissociations of zinc-cationi-
zed A�(1–16) species upon CID strongly differs from
that of the corresponding multiply-protonated and
alkali-cationized species. As an example, despite the
largest charge state carried by the [M+ 2H+ ZnII ]4+

selected ion, it shows a particular stability towards
collisions and only a few characteristic dissociation
patterns emerge from its CID spectrum (Fig. 3a).
The observed product ions correspond to specific
cleavages at the H14–Q15, H6–D7 and Q15–K16 pep-
tide bonds, leading to b-type cationized fragment
ions. This behavior contrasts with that exhibited
by multiply-protonated species and alkali cation
multiply-charged complexes. Indeed, the former



1012 S. Zirah et al. / International Journal of Mass Spectrometry 228 (2003) 999–1016

species yield a large number of product ions, leading
to the incomplete yi and bj series, fragmentations at
cleavage sites located after the acidic residues being
favored, while the latter species exhibit limited frag-
mentations, dissociations only occurring at peptide
bonds that follow the acidic residues. In the case of
Zn2+-cationized species, such regiospecific fragmen-
tations only related to the amino acid sequence are
replaced by regiospecific fragmentations after the his-
tidine residues that are triggered by cation binding,
as already observed for other histidine-containing
peptides[33,35]. This change in the fragmentation
pattern upon zinc binding suggests that ZnII is linked
to the considered histidine, and thus initiates the
cleavage of the following bond under CID condi-
tions. Histidine is known as a residue favoring zinc
attachment, as illustrated by its implication in numer-
ous zinc binding motifs[62]. In the gas-phase, Zn2+

interaction with amino acids is well documented
[63–70]and the cationization of histidine has been es-
pecially described[63–65,67]. Histidine/ZnII binding
is maintained in the gas phase under soft desolvation
conditions. Moreover, this interaction is enhanced
by the strong acidity of histidine in the gas phase
[71]. The unexpected gas-phase acidity of the free
histidine is related to a major extent to its carboxylic
group, but should also implicate the side-chain imida-
zole group, which has a strong amphoteric character.
This acidic property is illustrated by the observation
of neutral [72] and deprotonated imidazole[73] in
metal–peptide complexes observed by negative-mode
ESI-MS. Therefore, an acidic property of the residue
when involved in a peptidic sequence can be assumed,
which would favor the formation of zwitterionic sys-
tems, thus providing strongly stabilized structures.

Here we have investigated the location of the Zn2+

binding sites by analyzing the fragmentation patterns
of the peptide–Zn2+ species. The similar fragmenta-
tion pattern of the Zn2+-cationized b14 species, either
produced in the source from solvated species or un-
der dissociations in the analyzer from naked cation-
ized species, confirmed the possibility to determine
very carefully the zinc binding sites in solution from
gas-phase CID experiments, since no rearrangement

of the cationized [M+ (n − 2)H + ZnII ]n+ species
appeared to occur over the period they accumulated
in the trap. Independently of the charge state, CID of
the [M+ (n−2)H+ZnII ]n+ cationized species yields
the zinc-cationized b14 product ion as base peak. This
diagnostic peak indicates that the H14 residue partici-
pates in the binding of Zn2+ to A�(1–16) that results
in Zn2+-induced fragmentations. The presence of its
complementary y2+ fragment ion, forn = 3 and 4,
shows that the C-terminal lysine residue is protonated
in the corresponding precursor ions. The presence
of the minor [b6 − H + ZnII ]2+ fragment ion in the
[M + 2H + ZnII ]4+ CID spectrum (Fig. 3a) must be
emphasized, since it suggests the possible contribu-
tion of H6 to the ZnII coordination sphere, in addition
to the above-mentioned H14. Nevertheless, the region
encompassing D1 to H6 does not appear as an au-
tonomous binding site, since the CID spectra of the
A�(1–16)/Zn2+ complexes show that the correspond-
ing fragment ions are either weak or absent, depending
on the charge state. Contrasting with this result, the
presence of the [y9−H+ZnII ]2+ and [y9−2H+ZnII ]+

fragment ions in the CID spectrum of the triply- and
doubly-charged complexes, respectively, indicates
that the Zn2+ cation is located in the region encom-
passing S8 to K16. Additional information could be
obtained from multi-stage MS3 experiments on the
cationized b14 fragment ions. Indeed, the presence of
both protonated and cationized N-terminal product
ions indicates that consecutively to CID, the Zn2+

cation remains attached either on the N-terminal re-
gion, implicating the H6 residue, or on the C-terminal
region, implicating the H13 and/or H14 residues. How-
ever, the presence of intense N-terminal uncationized
product ions suggests that the Zn2+ association with
H6 is weaker than that with H13/H14. Altogether, the
fragmentation patterns of [M+(n−2)H+ZnII ]n+ and
of the cationized b14 species (Figs. 3a and 4; Table 2)
suggest that prior to dissociation, ZnII is located in
the proximity of the three histidines H6, H13 and H14.
This assumption is confirmed by MS3 experiments
carried out on [b6 − H + ZnII ] and [y15 + ZnII ]3+,
which enable to assign the F4–H6 and the V12–K16

segments as minimal binding regions encompassing



S. Zirah et al. / International Journal of Mass Spectrometry 228 (2003) 999–1016 1013

the N- and C-terminal domains, respectively. The
presence of the cationized b14 fragment ion as major
product ion on the CID spectra of Zn2+-cationized
A�(1–16) species suggests that this last region can
be reduced to the minimal V12–H14 binding domain.

4.2. Model proposed for the Aβ(1–16)/Zn2+ binary
complex

Therefore, the specific fragmentations of the
peptide/Zn2+ species have allowed to propose a model
for the ZnII cation binding to A�(1–16), involving
the three histidine residues of the peptide sequence.
We hypothesize the additional contribution of R5 to
the coordination sphere, thus resulting in a tetrahedral
coordination site that implicates four residues assem-
bled into two pairs, R5–H6 and H13–H14 (Scheme 1).
Excitation would thus lead to a partial dissociation
of the complex, with attachment of ZnII to either the
R5–H6 pair or the H13–H14 pair. In such a model,
Zn2+ has a higher tendency to bind to the H13–H14

pair than to the R5–H6 one, due to the strong basic-
ity of R5 [71] that likely favors proton attachment
at its side chain and consequently destabilizes Zn2+

binding. The proposed complex would adopt a folded
conformation, favored by the ZnII coordination to
both the H13–H14 pair and the H6 residue. The pro-
posed model is in agreement with the fragmentation
patterns of the multiply-charged doubly-cationized
complexes. Positive charges would be located on the
C-terminal lysine in the case of cationized species
carrying 3 and 4 charge states, as illustrated by the
presence of the intense y2

+ fragment ion on the cor-
responding CID spectra. Finally, the results obtained
for A�(1–16) in the presence of Co2+ alone or in
competition with Zn2+ suggest that the two cations
compete for the same binding sites, but that the Co2+

ion has a lower affinity for A�(1–16) than Zn2+. CID
experiments carried out on Ni2+-cationized species,
which also display the b14 and b6 cationized product
ions, but with an enhanced [b6 − 2H + NiII ]2+/y10

2+

pair, suggest that Ni2+ binds either the D1–H6 region
or the D7–H14 region. On the contrary, Mn2+ binding
sites appear more delocalized, as shown by the het-

erogeneity of the cationized species obtained in the
CID experiments.

4.3. Multiple cation binding to Aβ(1–16)

CID spectra of the dicationized A�(1–16) species
indicate that the binding of a second cation to
A�(1–16) (either Zn2+ or Co2+) results in the pres-
ence of two autonomous binding sites, encompassing
the A2–H6 and the D7–H14 regions, respectively. In
the case of Zn2+-dicationized species, this is illus-
trated by the [b6−H+ZnII ]2+ and [y10−H+ZnII ]2+

fragment ions, which are strongly enhanced in the
case of the CID spectrum of [M+ 2ZnII ]4+ (Fig. 5a),
compared to the [b6 − H + ZnII ]2+/y10

2+ pair dis-
played on the CID spectrum of the singly-cationized
[M + 2H + ZnII ]4+ (Fig. 3a). This behavior can be
explained by considering that the R5–H6 pair co-
ordinates one Zn2+, while the second Zn2+ cation
is bound to the H13–H14 pair. Such an assump-
tion implies that one (or several) residue(s) are in
the zwitterionic form, thus allowing a strong Zn2+

binding to the deprotonated histidines. In the case
of Co2+/Zn2+-dicationized species, the two binding
regions exhibit similar reactivity towards Co2+ and
Zn2+, as illustrated by the symmetry in the fragmen-
tation pattern (Fig. 5c). This provides further evidence
that Zn2+ and Co2+ share similar binding properties
to A�(1–16).

Finally, the CID experiments that were acquired in
the presence of a Zn2+ excess with the A�(1–16)/Zn2+

complex 1:3 species (Fig. 5b) indicate three au-
tonomous Zn2+ binding sites along the A�(1–16) se-
quence. Indeed, the presence of the [b6 −H +ZnII ]2+

and [y10 − 3H + 2ZnII ]2+ ions on the CID spectrum
of [M − 2H + 3ZnII ]4+ species shows that one Zn2+

cation is located in the A2–H6 region, while the two
other Zn2+ cations are located in the D7–H14 re-
gion. These results suggest that each histidine might
constitute independently a Zn2+ binding site when
several Zn2+ cations are attached to A�(1–16), while
the three histidines should participate together in the
coordination sphere when a single Zn2+ ion binds
to A�(1–16). The observation of both the N- and
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Scheme 1. Hypothesis of Zn2+ location for the 1:1 complex after excitation, explaining the different cationized and protonated product ions
observed upon CID and MS3 experiments on cationized fragment ions of the 1:1 A�(1–16)/Zn2+ complexes. Protonated and cationized
fragment ions illustrating (a) the Zn2+ location on the S8–H14 C-terminal region and (b) the Zn2+ location on the A2–H6 N-terminal
region. Solid lines refer to zinc-cationized fragment ions and dotted lines refer to uncationized fragment ions. The metal ion is omitted
from the label for simplicity, and cationized fragments are designated by a superscript (∗). Again for simplicity, the number of donated or
accepted protons is not mentioned, but can be easily deduced from the charge state. (c) Model of the cationized A�(1–16)/Zn2+ binary
complex, hypothesized regarding to the fragmentation patterns of the 1:1, 1:2 and 1:3 A�(1–16)/Zn2+ complexes upon CID.

C-terminal cationized-fragment ions on the CID spec-
tra of the [M+ (n − 2)H + ZnII ]n+ species (Figs. 3a
and 4; Scheme 1) illustrates this last point.

Altogether, these results indicate that (i) A�(1–16)
has a strong affinity for Zn2+, compared to the other
considered cations, and (ii) the binding of one Zn2+

cation involves the simultaneous implication of the
three H6, H13 and H14 histidines, thus resulting in a
folded structure of the peptide. Such a folded confor-
mation was already pointed in the absence of Zn2+,
when analyzing the fragmentation pattern of the un-
protected peptide, thus suggesting that Zn2+ does not
induce this folding, but rather stabilizes it. Note that
the same site of interaction was recently described for
Cu2+ binding to an A�(1–16) variant including the

mutation Glu11Gln, by using metal-catalyzed oxida-
tion combined with ESI-MS[26]. Additional binding
that can result from the presence of zinc excess or
of other cations, occurs without specificity for Zn2+.
This multiple ion binding involves the three histidines
again, but this time the A2–H6 and D7–H14 regions
act as autonomous binding sites, a zwitterionic form
that involves deprotonated histidine residues being
implied.

5. Conclusions

The A�(1–16) peptide, the sequence of which is in-
cluded between the�- and�-secretase cleavage sites
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of APP, is hypothesized to be a key component of
the pathogenic transconformation processes involved
in Alzheimer’s disease. In particular, the binding of
A�(1–16) to the Zn2+ cation could be one of the
main events involved in the transconformation that
could trigger amyloid deposition. Our previous CD
study allowed to propose A�(1–16) as the minimal
zinc-binding fragment of A� [18]. Electrospray ion-
ization was shown here to be very useful by its fast
and accurate measurements for direct determination of
metallic ion binding to a substrate such as A�(1–16).
Such complexes were preserved in gas phase after soft
desolvation by using adequate solvent conditions.

This MS study of A�(1–16) in presence of sev-
eral cations compared to Zn2+ revealed a specific
1:1 association between A�(1–16) and Zn2+, which
can reflect the intrinsic stoichiometry of the complex
in solution. ESI combined with tandem mass spec-
trometry permitted to evidence and to compare the
interactions between A�(1–16) and various metal-
lic cations. Indeed, CID experiments of the survivor
multiply-charged A�(1–16)/Zn2+ complexes resulted
in strong specific dissociations involving the bonds
vicinal to H13–H14 and R5–H6 that occurred in the
case of the complexes carrying 3 or 4 charges. It can
thus be proposed that the A�(1–16)/Zn2+ 1:1 com-
plex adopts a hairpin-like conformation that involves
the R5–H6 and H13–H14 pairs coordinating altogether
ZnII , without the contribution of the N- and C-termini.

The mass spectrometry data obtained here on the
A�(1–16)/Zn2+ complex preserved in the gas-phase
are in agreement with our previous observations in so-
lution from CD measurements that they substantially
complete, thus providing direct evidence of the zinc
binding sites. The role of the 1–16 N-terminal part of
the amyloid peptide as an autonomous zinc-binding
region appears here reinforced. The C-terminal region
of the full-length amyloid peptide A�(1–42) is highly
hydrophobic and presents a potential intrinsic ability
to aggregate. Zinc binding to the 1–16 N-terminal re-
gion of A�(1–42) could be critical in the initiation of
the amyloidogenesis by yielding intra- and intermolec-
ular associations that could favor the aggregation step
leading to amyloid deposition.
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