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Abstract
Peptides adducted with different divalent Group IIB metal ions (Zn2+, Cd2+, and Hg2+) were found
to give very different ECD mass spectra. ECD of Zn2+ adducted peptides gave series of c-/z-type
fragment ions with and without metal ions. ECD of Cd2+ and Hg2+ adducted model peptides gave
mostly a-type fragment ions with M+• and fragment ions corresponding to losses of neutral side
chain from M+•. No detectable a-ions could be observed in ECD spectra of Zn2+ adducted
peptides. We rationalized the present findings by invoking both proton-electron recombination and
metal-ion reduction processes. As previously postulated, divalent metal-ions adducted peptides
could adopt several forms, including (a) [M + Cat]2+, (b) [(M + Cat – H) + H]2+, and (c) [(M + Cat –
2H) + 2H]2+. The relative population of these precursor ions depends largely on the acidity of the
metal–ion peptide complexes. Peptides adducted with divalent metal-ions of small ionic radii (i.e.,
Zn2+) would form predominantly species (b) and (c); whereas peptides adducted with metal ions of
larger ionic radii (i.e., Hg2+) would adopt predominantly species (a). Species (b) and (c) are
believed to be essential for proton-electron recombination process to give c-/z-type fragments via
the labile ketylamino radical intermediates. Species (c) is particularly important for the formation of
non-metalated c-/z-type fragments. Without any mobile protons, species (a) are believed to
undergo metal ion reduction and subsequently induce spontaneous electron transfer from the
peptide moiety to the charge-reduced metal ions. Depending on the exothermicity of the electron
transfer reaction, the peptide radical cations might be formed with substantial internal energy and
might undergo further dissociation to give structural related fragment ions.
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Introduction

Electron capture dissociation (ECD) is an important and
useful technology for sequencing of peptides/proteins

[1, 2]. The key characteristics of ECD include preferential

cleavages of disulfide bond and backbone N–Cα linkages.
These properties have provided complimentary structural
information in comparison with the more conventional “slow
heating” ion dissociation methods, such as infrared multi-
photon dissociation [3–5] and collision induced dissociation
[6, 7]. In addition, ECD of peptides/proteins generates more
sequence specific cleavages and exhibits less dependence on
the amino acid residues [8–10]. Regarding the mechanistic
aspects, there are two prevailing models for ECD of
protonated peptides/proteins. The “hot hydrogen” model
postulates that the incoming electron neutralizes the solvated
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proton and generates a hydrogen radical, H•. The transfer
and relocation of H• to backbone carbonyl group leads to the
formation of labile ketylamino radical and induces the
dissociation of the adjacent N–Cα bond at the C-terminal
side of the carbonyl group [1, 2, 11, 12]. Alternatively, the
“superbase” model involves initial capture of electron by the
π* orbital of the charge-perturbed carbonyl group. The
anionic radical formed at the carbonyl group is even more
basic than the side chain of the arginine residue and would
induce abstraction of the nearby proton. The ketylamino
radical formed would undergo cleavage along the N–Cα

linkage to form the usual c-/z-ions [13–19].
To better understand the dissociation process(es) and to

further improve the performance of the electron capture
dissociation method, many researchers have studied the
influence of various experimental parameters on the
dissociation behavior of peptides/protein ions. An impor-
tant experimental parameter is the nature of the charge
carriers. Several researchers have studied the impact of
replacing the mobile protons with fixed charges using
functionalities such as quaternary amino groups [20–23].
Our group and other researchers have focused on the use
of divalent and trivalent metal ions as charge carriers [24–
38]. Among different charge carriers, metal ions are of
particular interest. First, metal ions as charge carriers might
provide a tunable parameter for internal energy deposition
during the electron capture event. Second, the diverse
reactivities of metal ions in gas phase might provide
additional structural information. ECD with metal ions as
charge carriers have been used to characterize O-sulfated
tyrosine [24], petrobacin [25], metabolites [26], oligosac-
charides [27], phosphocholines [28], supramolecular com-
plexes [29], and dendrimers [30].

Despite the many applications of metal ions in ECD, the
involvement of metal ions in the ECD process is not well-
understood. Williams and coworkers studied the ECD
behavior of model peptide cationized with two different
alkaline metal ions (Li+ and Cs+). It was concluded that the
incoming electron tends to neutralize the cation of higher
recombination energy [31]. Our group studied the ECD
fragmentation of model peptides adducted with alkaline
earth metal ions. The incoming electron was believed to be
captured by the mobile proton, rather than metal ions [32].
The metal ions did not seem to play any significant roles in
the dissociation process. For transition metal ions, Heck and
coworkers postulated that the electron was initially captured
by metal ions and was transferred to the peptide to form both
typical and atypical ECD fragments [33]. Håkansson and co-
workers studied the ECD behavior of Substance P adducted
with both a metal ion and proton [34]. The authors suggested
that the electron transfer from metal ions to peptide could be
correlated to the second ionization energies of metals. More
recently, Yuri et al. attributed the different cleavage patterns
obtained from ECD of peptides adducted with different
metal ions to the conformational changes of the peptide
models [35].

This paper aims to study the effect of Group IIB metal
ions (Zn2+, Cd2+, and Hg2+) adduction on the ECD
fragmentation of model peptides. Table 1 summarized
the ionization energies and coordination chemistries of the
three metal ions. Model peptides with a general frame-
work of ZGGGXGGGZ, where X is either V or W; and Z
is either R, K, H, were used in this study. The use of
these model peptides, as opposed to the use of bioactive
peptides, was to include residues with mechanistic
illustration and to reduce the complexity of the spectra.
Basic amino acids, R, K, and H were included in the
model peptide to facilitate direct comparison of the ECD
spectra of metalated peptides with the protonated ana-
logues of different proton carriers. Glycine spacers were
used to separate amino acid residues and to provide a
molecular framework of high flexibility. Valine and
tryptophan were included to alter the ionization energy
of the peptides. The main goal of this paper is to compare
the ECD behavior of peptides cationized with transition
metal ions having fully filled d-shell.

Experimental
Sample Preparation

All materials were obtained commercially and were used
without further purification. Zinc (II) acetate was obtained
from Riedel-de Haën (Seelze, Germany), Cd (II) nitrate and
Hg(II) nitrate were obtained from Sigma and Aldrich (St.
Louis, MO, USA). Model peptides were custom-synthesized
by Peptron Inc., (Daejeon, South Korea). The samples were
prepared at concentrations of 1×10–4–2.5×10–4 M in 1:1
water:methanol (Labscan Ltd., Bangkok, Thailand). The
concentrations of the metal salts were 5 mM in peptide
solutions.

Instrumentation

All experiments were performed by using a 4.7 Tesla FTMS
system (APEX III, Bruker Instrument Inc., Boston, MA,
USA). This instrument was equipped with standard, com-
mercially available external electrospray ion source (Analy-
tica, Branford, CT, USA) [41]. ESI ion source was modified
to adopt a homemade nanospray assembly [42]. Eight to 10
μL of sample solution was loaded into a tapered capillary tip
and was electrically grounded using a 15 μm gold-plated
tungsten wire. Intact molecular ions were produced. Ion
transmission from the external source into the trapped ion
cell was achieved by using the standard electrostatic lens
system. Sidekick ion accumulation method was used to
facilitate the ion trapping process. Ten cycles of multiple ion
filling (MIF) were used to enhance the intensity of precursor
ions [43]. In all experiments, static trapping potentials of
1.0 V were used. Initial calibration of the instrument was
achieved by using a peptide mixture containing LGF,
angiotensin II, and melittin. A standard electrically heated
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filament source was used to produce pulses of electron beam.
The filament was made of rhenium ribbon and was fixed at a
distance of 108 mm from the rear end of the Infinity cell.
Details of the geometry of the filament source have previously
been described [44]. Typical experimental conditions were 3.3
A filament heating current, 3.5–3.8 V average filament bias
voltage, and 300~500 MS electron irradiation time. All ECD
mass spectra were acquired in broadband mode using 256
kbyte dataset. Thirty to fifty scans were normally summed to
improve the signal-to-noise ratio. The time-domain signals
were zero-filled once before Fourier transformation.

Calculations

All calculations were performed by using Gaussian 03
package [45]. Equilibrium geometries were determined by
full optimization followed by harmonic frequency calcula-
tions to confirm the nature of minima and transition states.
All the stationary points were optimized using the Becke
three parameters hybrid (B3LYP) exchange-correlation func-
tional in the framework of the Kohn-Sham density func-
tional theory (DFT) [46–48]. The standard split-valence
basis set 6-31++G(d,p) was used for H, C, N, and O atoms.
All the metal cations were described by employing the Hay-
Wadt effective core potential (ECP) with LANL2DZ basis
set [49–51]. Single point energy calculation were calculated
at the B3LYP level in conjunction with LANL2DZ+6-311+
+G(3df,2p) basis set. The calculated total energies for all
species are available as supporting information, which can
be found in the electronic version of this article.

Results and Discussion
Spectral Features

Figure 1a–c show the ECD spectra of RGGGWGGGR
adducted with Zn2+, Cd2+, and Hg2+, respectively. The mass
assignments of the corresponding Hg2+ adducted peptide are
given in Table 2. Product ions are labeled according to our
previously proposed nomenclature, in which �c� and �z�
denotes the corresponding N- and C-terminal fragments
originated from the homolytic cleavage of the N–Cα

linkages, respectively. Any surplus of proton/hydrogen atom
or metal ion/atom is indicated in the label [32]. Interestingly,

peptides adducted with Group IIB metal ions generated
different ECD tandem mass spectra. Among the three metal
ions studied, the ECD fragmentation of Zn2+ adducted
RGGGWGGGR is similar to that of alkaline earth metal
ions. Typical ECD fragment ions, i.e., c-/z-ions, with and
without metal ions were generated. Even and odd electron
side chain losses from the metalated z-ions could also be
observed. The ECD spectrum of Cd2+ adducted model
peptides is substantially different from that of Zn2+. Only
minor c-/z-ions with and without metal ions were also
observed. Abundant signals corresponding to the peptide
radical cation (M+•) and its neutral loss fragment ions were
observed in the ECD spectrum of Cd2+ adducted peptides.
For Hg2+ adducted RGGGWGGGR, only one non-metalated
c-ions was observed. The spectrum was dominated by
fragment ions derived from neutral losses of M+•. A
relatively weak signal corresponding to the peptide radical
cation was observed. Some non-metalated a-/z-type frag-
ment ions were generated in the ECD spectrum of Hg2+

adducted peptide. The ECD spectral information for metal
ions adducted ZGGGWGGGZ (Z = K or H) were found to
be similar to that of RGGGWGGGR and were summarized
in Table 3.

CID of Hg2+ and Cd2+ Adducted Peptides

The formation of peptide radical cations (M+•) is of both
fundamental and analytical importance. These ions have
never been reported in the literature relevant to ECD of
metal ions adducted peptides binary complex. A conceivable
explanation for the formation of M+• might involve an
electron transfer (ET) reaction between the peptide and the
divalent metal cation. This electron transfer process has
previously been found to occur in the collision induced
dissociation (CID) of metal-ligand-peptide ternary com-
plexes [52–55], such as copper(II) terpyridine peptide
complexes. In order to determine the role of the electron
capture process in the formation of the peptide radical
cations, CID of Cd2+ and Hg2+ adducted peptides were
conducted using argon as collision gas. Figure 2 shows the
CID tandem mass spectra of Cd2+ and Hg2+ adducted
peptides. CID of Cd2+ adducted peptide generated primarily
non-metalated b-ions; whereas CID of Hg2+ adducted

Table 1. A summary of the physical and chemical information of Group IIB metal ions

Element Symbol 1st IPa 2nd IPa Electronic configuration Pauling radius (Å)a Ionic radius (Å)b

eV eV M2+ M+ M2+ M+ 4-Coordinated 6-Coordinated 8-Coordinated

Hydrogen H 13.60 - - - - - - - -
Zinc Zn 9.39 17.96 3d10 3d104s1 0.74 0.88 0.74 0.88 1.04
Cadmium Cd 8.99 16.91 4d10 4d105s1 0.97 1.14 0.92 1.09 1.24
Mercury Hg 10.44 18.80 5d10 5d106s1 1.10 1.25 1.10 1.16 1.28

aData obtained from reference [39].
bFor doubly charged species; data obtained from reference [40].
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peptide gave both metalated and non-metalated b-/y-ions.
The absence of any y-ions and the formation of series of
non-metalated b-ions in the CID spectrum of Cd2+ adducted
peptide imply that Cd2+ binds preferentially to the C-
terminal side of the peptide. The formation of [M + Cd –
60]2+ also supports this postulation. Loss of m/z 60 from the
precursor ions of peptides containing C-terminal arginine
residue has previously been investigated [56] and was
assigned to be the concomitant loss of a H2O and
HN=C=NH moieties from the C-terminal carboxylic acid
and the arginine side chain, respectively. Nevertheless, no
evidence for the formation of peptide radical cation M+• and
related species was found in both CID spectra. The absence
of M+• species in these CID spectra indicates that the
electron capture is a pre-requisite process for the electron
transfer between peptides and metal ions.

Formation of Peptide Radical Ion M+• Under
ECD Conditions

Since electron capture is an essential process for the
formation of peptide radical cation (M+•) and its related
species, it is logical to examine the feasibility of the electron
transfer process between the monovalent Group IIB metal
ions and the peptide molecules. Theoretically, the energetic
of the electron transfer reaction is governed by:

�Het ¼ R:E: Catþð Þ � I:E: Mð Þ ð1Þ
where R.E.(Cat+) is the recombination energy of the
monovalent metal ion with electron and I.E.(M) is the
ionization energy of the peptide. Ignoring the effect of
coordination environment of metal ion, the R.E.(Cat+) is
equal to the first ionization energy of the metal atom. Table 1

Figure 1. Typical ECD mass spectra of RGGGWGGGR adducted with (a) Zn2+, (b) Cd2+, (c) Hg2+
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summarizes some related physical properties of Group IIB
elements. The first ionization energies for Hg, Cd, and Zn
are 10.44, 8.99, and 9.39 eV, respectively. Compared with
that of the amino acid residue having the lowest I.E., i.e.,
tryptophan (I.E. = 7.24 eV) [57], it is obvious that electron

transfer from the peptide moiety to any of the monovalent
Group IIB metal ions is energetically feasible.

In the literature, the phenomenon of electron transfer
from gas phase organic molecules to monovalent metal ions
has been examined extensively [58–61]. Bohme and cow-

Table 2. Assignment of peaks in the ECD spectrum of RGGGWGGGR adducted with Hg2+

Theoretical mass Experimental Mass S/N Error in ppm

[M+Hg-H]+ 1059.3843 1059.3806 11.6 –3.5
M+• 858.4209 858.4258 6.3 5.8
[M-CO2]

+• 814.4310 814.4433 13.2 15.1
[M-C3H8N3

•]+ 772.3485 772.3455 48.7 –3.8
[M-C4H9N3]

+• 759.3407 759.3361 10.7 –6.0
[M-C9H7N]

+• 729.3624 729.3636 103.6 1.7
[M-CO2-C3H8N3

•]+ 728.3587 728.3547 35.9 –5.5
[M-CO2-C4H9N3]

+• 715.3508 715.3458 11.0 –7.1
[M-C9H7N-H2O]

+• 711.3518 711.3414 10.0 –14.7
[�y8+2H]

+
703.3270 703.3310 9.9 5.6

[�z8+H]
+•

687.3084 687.3129 2.7 6.5
[M-CO2-C9H7N]

+• 685.3726 685.3727 8.0 0.2
[�a8+H]

+•
658.3294 658.3311 3.4 2.7

[�z7+H]
+•

630.2868 630.2786 5.5 –13.1
[�z6+H]

+•
573.2654 573.2599 5.3 –9.6

[�a6+H]
+•

544.2864 544.2815 11.6 –9.1
[M+Hg]2+ 530.1958 530.1967 1121.4 1.6
[�a5+H]

+•
487.2650 487.2664 11.0 2.9

�a5
+ 486.2572 486.2586 10.5 2.9

[�c3 +2H]+ 345.1993 345.1990 23.8 –0.9

�a3
+ 243.1564 243.1573 6.9 3.6

Table 3. Summary of product ions abundance of ECD of ZGGGWGGGZ (Z = R, K, H) adducted with Group IIB metal ions

Zn2+ Cd2+ Hg2+

n R K H R K H R K H

[M+Cat - H]+ 4.5 2.9 7.9 3.7 7.5 6.0 3.1 2.0 7.2
[�cn+Cat/-H]

+
8 - 8.2 11.4 - 7.5 52.1 - - 4.1
7 5.8 5.1 1.8 - 4.5 3.4 - 3.6 -
6 7.2 7.6 4.1 2.5 2.9 5.1 - 2.1 -
5 13.3 11.5 12.5 2.3 3.8 7.6 - - -
4 11.6 22.5 17.9 - 4.1 8.1 - - -
3 5.5 9.9 18.4 - - 1.3 - - -

[�zn+Cat/-H]
+

8 8.0 - 3.3 - - - - - -
7 2.5 - - 3.8 2.1 - - - -
6 1.9 5.7 7.2 2.9 2.0 3.4 - - -
5 2.15 4.2 2.3 - 3.0 2.6 - - -

M+• - - - 13.8 10.2 1.2 1.7 1.0 -
[M-CO2]

+• - - - 9.9 39.6 2.8 3.5 2.4 -
[M-WSc]

+• - - - 32.7 3.7 2.1 27.4 5.1 13.0
[M-WSc-CO2]

+• - - - - - - 2.1 - 5.6
[M-ZSc

•] + - - - 18.3 - - 15.6 8.5 7.8
[M-ZSc

•-CO2]
+ - - - - 6.5 - 12.4 19.0 6.9

[�an/+H]
+/•

8 - - - - - - 0.9 - -
6 - - - - - - 3.1 - -
5 - - - - - - 6.8 15.4 17.6
3 - - - - - - 1.8 - -

[�cn+2H]
+

7 - - - - - - - 2.2 -
4 12.1 - - 9.3 2.6 - - - 4.7
3 7.8 - - 9.3 - - 6.3 - -

[�zn+H]
+•

8 - - - - - - 0.7 - -
7 - - - - - - 1.5 - -
6 - - - - - 2.1 1.4 - -
5 - - - - - - - 2.7 -

[�yn+2H /-CO2]
+

8 - - - - - - 3.3 6.3 9.7
7 - - - - - - 1.2 3.8 16.1
6 - - - - - - - - 2.9
5 - - - - - - 1.4 - -
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orkers [60] found that Hg+ and Zn+ can undergo charge
transfer reaction with benzene (I.E=9.24 eV) in gas phase
leading to the formation of [C6H6]

+• species. In a compre-
hensive study of the reactivity of Hg+, Bohme and cow-
orkers [61] concluded that Hg+ can ionize organic molecules
with ionization energy lower than 10.1 eV.

Herein, we proposed that the peptide radical cation M+•

was generated through an “electron capture induced sponta-
neous electron transfer” model. Reduction of the metal ion
by the incoming electron generates the monovalent metal
ions peptide complex, [M + Cat(I)]+. If the recombination
energy of monovalent metal ion is larger than the ionization
energy of peptides, the system is likely to relax sponta-
neously and access the [M+• + Cat(0)]+ state via electron
transfer from peptide to metal monocation. Without any
charges in the metal centre, the metal-peptide complex
would dissociate to give the observed M+•.

Influences of Amino Acid Residues in the Peptides

To get more information relating to the charge transfer
behavior of Group IIB metal ions under electron capture
dissociation conditions, another model peptide with similar
peptide framework, i.e., RGGGVGGGR, was examined. By
replacing the tryptophan residue with valine residue, the
ionization energy of the peptide should be increased to a
value close to the ionization energy of arginine residue (i.e.,
I.E=9.20 eV) [62]. Figure 3a–c shows typical ECD spectra
of divalent Group IIB metal ion adducted RGGGVGGGR.
With adduction of Zn2+ and Hg2+ species, the spectral
behavior of RGGGVGGGR shows high similarities with
respect to that of RGGGWGGGR under ECD conditions.
ECD of Zn2+ adducted RGGGVGGGR gave exclusive c-/z-
type fragment ions, whereas ECD of Hg2+ adducted

RGGGVGGGR gave mainly M+• and related species. An
interesting feature of the ECD spectrum of Hg2+ adducted
RGGGVGGGR is the fewer number of fragment ions arising
from the backbone cleavages. Consistent with the expected
lowering of the energy release through the charge transfer
reaction between the peptide moiety and the Hg+ ion, i.e., R.
E. (Hg+) – I.E. (RGGGVGGGR), the extent of backbone
cleavage was substantially reduced. From the ECD spectrum
of the Cd2+ adducted RGGGVGGGR, it is interesting to find
that no peptide radical ions (M+•) and related species were
generated. The ECD spectrum is dominated with non-
metalated and metalated c-/z-type fragment ions. Cross
comparing the ECD spectra of RGGGVGGGR and
RGGGWGGGR obtained with Cd2+ adduction (Figures 1b
and 3b), it is intriguing to note that the initial ionization site
of the peptide can lead to the remote loss of radical
fragments. Since there is no apparent charge transfer reaction
between the RGGGVGGGR moiety and the charge-reduced
Cd+, it is therefore logical to postulate that ionization of
RGGGWGGGR by the charge-reduced Cd+ proceeds pri-
marily through the transfer of an electron from the
tryptophan side chain to the Cd+. Losses of odd-electron
arginine side chains (see Figure 1b) from the RGGGW
+•GGGR must therefore proceed via a rearrangement
reaction involving the migration of the radical centre from
the tryptophan side chain to the arginine residue. Scheme 1
shows a possible reaction mechanism for side chain(s) loss
in the ECD of RGGGWGGGR adducted with Cd2+. Similar
to the reaction process involving the loss of arginine side chain
from the z-ions, the indole radical cation might abstract the
Cα hydrogen in the arginine residue to form a distonic ion, i.
e., the charge resides on the tryptophan side chain and the
radical is located at the Cα of the arginine residue. The radical
site would induce the formation of Cα=Cβ double bond with

Figure 2. CID mass spectra of RGGGWGGGR adducted with (a) Cd2+, (b) Hg2+
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concomitant loss of the [C3H8N3]
• through the cleavage of the

Cβ–Cγ linkage. For tryptophan side chain loss, proton
abstraction from NH of tryptophan side chain by arginine
separates the charge and radical, then homolytic cleavage Cα–
Cβ bond can lead to the loss of [C9H7N].

ECD of Zn2+ Adducted Peptides

A major discrepancy arising from the current experimental
results and the theoretical prediction is related to the ECD
behavior of Zn2+ adducted peptides. From Table 1, the first
ionization energy of Zn is ~0.4 eV higher than Cd. If the
driving force of the electron transfer reaction between the
peptide moiety and the monovalent metal ions is solely
related to their I.E. and R.E. respectively, Zn2+ adducted
peptides should show a spectral behavior similar to that of

the Cd2+ adducted peptides or even approaching to that of
the Hg2+ adducted peptides, i.e., at least the ECD spectrum
of Zn2+ adducted RGGGWGGGR should contain the
peptide radical cation. In the study of the gas-phase reactions
between the monovalent transition metal ions and benzene,
Bohme and co-workers demonstrated [60] that electron
transfer reaction can actually occur in Hg+/benzene and Zn
+/benzene systems but not the Cd+/benzene system. The
latter could presumably be explained on the basis of the
higher ionization energy of benzene (versus tryptophan
residue). However, both our experimental results and
literature reports demonstrate that ECD of Zn2+ adducted
peptides gives only typical metalated and non-metalated c-/
z-type fragments. Regardless of the ionization energy of the
peptide moiety, no peptide radical cation or its related
species could be observed.

Figure 3. Typical ECD mass spectra of RGGGVGGGR adducted with (a) Zn2+, (b) Cd2+, (c) Hg2+
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One way to explain the observed discrepancies is related
to the solvation modulation of the recombination energy of
the transition metal ions. In the metal ion adducted peptide
systems, the transition metal ions should be coordinated by
the polar functionalities of the peptide moiety, such as the
carbonyl oxygen and arginine side chains. Reduction of the
metal ions from their monovalent states to the neutral states
would drastically alter the ion solvation. Part of the ion-
electron recombination energy would therefore be used to
compensate the change in the solvation energy. The equation
governing the electron transfer should therefore be modified
as:

�Het ¼ R:E: Catþð Þ � I:E: Mð Þ � solvation energy ð2Þ

The order of solvation energies for monovalent Group
IIB metal ions should be inversely proportional to the
size of the metal ions (see Table 1). It is therefore
possible that the inclusion of the solvation energy term
might toggle the energetics of the charge transfer
reaction from spontaneous to non-spontaneous for Zn-
system but not for the other group IIB metal systems. A
better understanding on the solvation of monovalent
metal ions by the peptide moiety is needed to evaluate
this hypothesis.

The Role of Precursor Ion Heterogeneity

On top of the perturbation of solvation energy on the
electron transfer reaction, the heterogeneity of the precursor
ions might also play an important role in governing the
resulting spectral features of these Group IIB metal ion

Scheme 1. A proposed mechanism for side chain(s) loss in the ECD of RGGGWGGGR adducted with Cd2+

Scheme 2. Potential energy surfaces associated with the
deprotonation reactions of Zn2+, Cd2+, and Hg2+ adducted
N-methyl glycyl-glycinamide. Single point energy calculated
at the B3LYP/LANL2DZ+6-311++G(3df,2p) based on the
structures optimized at B3LYP/LANL2DZ+6-31++G(d,p)
level. The scale factor for ZPE is 0.961
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adducted peptides. Previous experimental and theoretical
studies of the metal ions peptide complexes have shown that
the metal ions can induce deprotonation of the amide
functions of peptides [63–66] and generate different forms
of zwitterions. To get additional insights into the effect of
Group IIB metal ions coordination on the deprotonation
reaction of amide group, theoretical calculation using N-
methyl glycyl-glycinamide as a truncated peptide model was
investigated.

Scheme 2 shows the potential energy curves of deproto-
nation reaction mediated by Zn2+, Cd2+, and Hg2+, respec-
tively. The optimized structural parameters for the reactants,
transition states and products are tabulated in Table 4. The
stationary points (A, TSA-B, and B) adopt a conformation in
which the metal ion (Cat2+) was bi-coordinated by the
carbonyl oxygen atoms. As shown in Scheme 2, the Zn2+

mediated intramolecular proton transfer from the amide to
the N-terminal amino group is almost thermo-neutral (ΔH =
+1.6 kJ mol–1) and has a fairly low activation barrier (ETS =
+15.1 kJ mol–1). In the presence of high proton affinity
functionalities, the gas phase Zn2+ coordinated moieties
should, therefore, adopt a zwitterionic form in which the
backbone amide group(s) and /or the C-terminal carboxylic
acid group are deprotonated, and the basic functionalities are
protonated. Three conformers, with a general formula
½ðMþ Cat2þ � nHþÞ 2�nð Þþ þ nHþ�2þ n ¼ 0; 1; and2ð Þ,
should exist in the precursor ions.

After established the existence of mobile proton(s) in the
precursor ions, it is time to reconsider the recombination
processes. Beside the metal ion-electron recombination, the
mobile proton-electron recombination might constitute the
second neutralization channel for the incoming electron.
Along this channel, the hydrogen radical would be formed,

and induce typical ECD fragmentation, leading to the
formation of c-/z-ions and [M + Cat – H]+. Because of the
lower energy needed for Zn2+ mediated deprotonation
reaction, it is believed that the proton-electron recombination
prevails over the metal ions-electron recombination. Frag-
ment ion species derived from this reaction channel should
resemble to those derived from typical ECD of protonated
peptides, i.e. mostly c-/z-type fragments.

For Cd2+/peptide system, the energy barrier of deproto-
nation was found to be higher than that of Zn2+ (ETS =
+15.1 kJ mol–1). The reactions are calculated to be more
endothermic, ΔH = +11.4 kJ mol–1. The population of
zwitterionic conformers in precursor ions should then be
much lower than that of Zn2+ containing systems. For ECD
of Cd2+ adducted peptide, it is believed that the metal ion
reduction should be more competitive with respect to the
proton-electron recombination. The simultaneous occurrence
of c-/z-type fragment ions and M+• related species in the
ECD spectra of Cd2+/peptide systems supports a notion that
metal ion reduction and proton-electron recombination are
competitive processes. For the Hg2+ adducted model, the
deprotonation is calculated to be even more unfavorable than
for the Cd2+ adducted case. Considering the highest electron
transfer reactivity of mercury mono-cation, it is believed that
the metal ion-electron recombination is dominant in the
electron recombination process. This is inconsistent with the
experimental observations.

Dissociation Model of ECD of Peptides Adducted
with Group IIB Metal Ions

Scheme 3 summarizes the reactions in the ECD of Group
IIB metal ion adducted model peptides. It is believed that

Table 4. Optimized bond distances (Å) for the reactants, transition states and products involved in the deprotonation reaction at the B3LYP/LANL2DZ+6-31
++G(d,p) level

Zn2+ Cd2+ Hg2+

A TSA-B B A TSA-B B A TSA-B B

R(H1-N1) 1.938 1.318 1.050 1.954 1.292 1.054 2.003 1.292 1.053
R(H1-N2) 1.041 1.288 1.912 1.038 1.310 1.868 1.033 1.309 1.874
R(C1-O1) 1.286 1.297 1.320 1.278 1.290 1.310 1.268 1.287 1.309
R(C1-N2) 1.323 1.303 1.286 1.326 1.305 1.290 1.328 1.305 1.289
R(Cat1-O1) 1.901 1.894 1.883 2.113 2.107 2.092 2.253 2.219 2.198

Scheme 3. A summary of the proposed reactions in the ECD of model peptides adducted with Group IIB metal ions
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there are two reaction channels within the metalated peptide
ions upon the capture of a low-energy electron, i.e., metal
ion reduction and electron-proton recombination. The choice
of the reaction channel is determined by the deprotonation
reactivity of metal ion upon complexation with the peptide
moiety. If the metal ion has low deprotonation ability and
the solvation modulated recombination energy of the
monovalent metal ion is larger than the ionization energy
of the peptide, the reaction would take place along the upper
branch. Electron capture-induced spontaneous electron trans-
fer would occur. The M+• and related fragment ions would
be preferentially formed. This situation is best illustrated in
the ECD of Hg2+/peptide system. In contrast, if the metal ion
has high deprotonation ability and/or the solvation modu-
lated recombination energy of the monovalent metal ion is
lower than the ionization energy of the peptide, the reaction
would take place along the lower branch to form the usual
labile ketylamino radical. Subsequent decomposition of this
intermediate would lead to the metalated and/or non-
metalated c-/z-type fragment ions. This situation is best
illustrated in the ECD of Zn2+/peptide system. If the metal
ion has medium deprotonation ability, and the solvation
modulated recombination energy of the monovalent metal
ion is higher than the ionization energy of the peptide
moiety, both reaction channels would be operative and
generate an ECD spectrum containing both c-/z-type frag-
ment ions and M+• (and related fragment ions), i.e., ECD of
Cd2+/RGGGWGGGR system. Selecting a peptide moiety
with higher ionization energy, i.e., RGGGVGGGR, the
charge-transfer reaction between the peptide moiety and
the monovalent metal ion might become energetically
unfavorable. The corresponding ECD spectrum would then
be dominated by the classical c-/z-fragment ions.

Conclusions
Electron capture dissociation of model peptides with Group
IIB metal ions as charge carriers reveals interesting
fragmentation chemistry. Typical ECD fragment ions were
observed in the ECD of peptides adducted with Zn2+.
Peptide radical cations M+• and related fragment species
were observed in the ECD of model peptides adducted with
Cd2+ or Hg2+. Based on these distinctive reaction products,
it is postulated that both electron-proton recombination and
metal-ion reduction processes could be operated. The
relative proportion of these processes depends on the kinetic
factors (i.e., the number density of the zwitterionic form of
the precursor ions) and/or the thermodynamic factors (i.e.,
the solvation-modulated electron-metal ion recombination
energy). Regardless of the controlling factor, the reduction
of divalent metal ions by the electron capture event could
induce spontaneous electron transfer from the peptide
moiety to the monovalent metal centre and generate hydro-
gen-deficient M+• species. Depending on the overall reaction
exothermicity, the M+• species might be formed with

substantial internal energy and undergo further decomposi-
tion to give structural specific information.
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