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Abstract. Electron capture dissociation (ECD) and electron transfer dissociation
(ETD) in metal-peptide complexes are dependent on the metal cation in the complex.
The divalent transition metals Ni2+, Cu2+, and Zn2+ were used as charge carriers to
producemetal-polyhistidine complexes in the absence of remote protons, since these
metal cations strongly bind to neutral histidine residues in peptides. In the case of the
ECD and ETD of Cu2+-polyhistidine complexes, the metal cation in the complex was
reduced and the recombination energy was redistributed throughout the peptide to
lead a zwitterionic peptide form having a protonated histidine residue and a
deprotonated amide nitrogen. The zwitterion then underwent peptide bond cleavage,
producing a and b fragment ions. In contrast, ECD and ETD induced different

fragmentation processes in Zn2+-polyhistidine complexes. Although the N–Cα bond in the Zn2+-polyhistidine
complex was cleaved by ETD, ECD of Zn2+-polyhistidine induced peptide bond cleavage accompanied with
hydrogen atom release. The different fragmentation modes by ECD and ETD originated from the different
electronic states of the charge-reduced complexes resulting from these processes. The details of the fragmen-
tation processes were investigated by density functional theory.
Keywords: Metal reduction, Zwitterion formation, Hydrogen radical loss, Peptide bond cleavage, Density
functional theory calculation
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Introduction

Electrospray ionization (ESI)-based tandemmass spectrom-
etry with electron-mediated fragmentation techniques,

such as electron capture dissociation (ECD) [1] and electron
transfer dissociation (ETD) [2], have been widely used for
peptide/protein sequencing [3–5]. ECD/ETD is initiated by
electron attachment/transfer to multiply-protonated molecules,
which induces cleavage at N–Cα bonds in the peptide back-
bone. Several ECD/ETD mechanisms have been investigated
in order to understand this phenomenon [6–11]. In one such
mechanism, the so-called Cornell model, the recombination of

an electron and an excess proton in a multiply protonated
molecule, followed by the transfer of the resulting hydrogen
atom to a carbonyl group in the peptide backbone, eventually
forms a c'/z• fragment pair [6]. Alternatively, in the Utah-
Washington model, direct electron attachment to the π* amide
orbital of the backbone amide group produces c'- and z•-radical
fragments via a fragile aminoketyl radical-anion intermediate
[8, 9]. This intermediate can undergo N–Cα bond cleavage to
form iminoenol c' anion and z• fragments. The anion charge in
the c' fragment is then neutralized by proton transfer, forming
an amide c' fragment.

In a previous study byAsakawa, et al. [12], Zn2+-polyhistidine
complexes in the absence of remote protons were used in order to
elucidate whether the process proceeded via the Cornell or
the Utah-Washington model. Electron transfer to the Zn2+-
polyhistidine complex from a fluoranthene radical anion pro-
duced a zwitterionic zinc-peptide radical. Subsequently, the
donation of an electron from the N–Cα bond to the nitrogen
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atom produced [Zn/c'−H/z•]+• complex consisting of the
iminoenol c’ anion and a z• radical having a radical site on the
α-carbon atom. Presumably, the intermediate complex can un-
dergo multistep interfragment proton transfer reactions, which
stabilize the resulting fragments. Finally, [zn•−H + Zn]+• and
[c'n−H + Zn]+ were generated by ETD. This combined experi-
mental and computational study provided clear evidence for the
validity of the Utah-Washington model for ETD.

In the case of a protonated precursor, metal-peptide com-
plexes give a c'/z• fragment pair by ECD/ETD for most metal
cations [13–19], suggesting that the fragmentation proceed via
Utah-Washington model. In contrast, transition metal cations
with a partially filled d orbital shell, such as Co2+, Ni2+, and
Cu2+, are reduced by ECD/ETD [15, 20]. In that case, the
fragmentation is mainly induced by the substantial excitation
attributable to the energy of the recombination of the metal
cation in the complex and the electron, instead of radical-
induced N–Cα bond cleavage. Tureček et al. investigated the
ECD/ETD process of complexes containing a peptide and a
transition metal by density functional theory (DFT) calculation
[21–23]. They found that the fragmentation process was de-
pendent on the metal cation in the complex, indicating that the
properties of the metal cation dictated the ECD/ETD process.

In the case of transition metal cations with a partially filled d
orbital shell, the presence of a protonated histidine residue also
suppresses N–Cα bond cleavage during ECD and ETD [24, 25].
Electron attachment to the protonated histidine residue produces
an imidazoline radical of the [1H,3H]-type, which undergoes an
exothermic hydrogen radical rearrangement to form an isomeric
radical having a [1H,2H]-type imidazoline group [24]. In the
ETD mass spectrum, the intact electron-transfer product pro-
duces an intense signal owing to the high stability of the
[1H,2H]-type imidazoline radical [25–27]. In contrast to ETD,
ECD of a protonated histidine-containing peptide induces loss of
a hydrogen radical via a [1H,2H]-type imidazoline radical,
followed by the backbone dissociation of even-electron ions [28].

In the present study, we employ Ni2+, Cu2+, and Zn2+ as
charge carriers to produce metal-polyhistidine complexes in the
absence of remote protons, since these cations strongly bind to
the neutral histidine residues of peptides or proteins. The ab-
sence of remote protons in the precursor ions facilitates the
investigation of the fragmentation pathway by DFT calculation.
ECD and ETD of the Ni2+- and Cu2+-polyhistidine complexes
produce fragment ions via peptide bond cleavage. As previously
reported, ETD of the Zn2+-polyhistidine leads to N–Cα bond
cleavage via aminoketyl anion radical formation [12]. In con-
trast, ECD of this complex induces peptide bond cleavage
accompanied with hydrogen atom loss. The details of the ETD
and ECD processes are investigated.

Experimental
Materials and Preparation

Amidated L-histidine oligomers (HHH-NH2, HHHH-NH2, and
HHHHH-NH2) were purchased from Medical and Biological

Laboratories Co., Ltd. (Nagoya, Japan). Cupper chloride
(CuCl2), zinc chloride (ZnCl2), nickel chloride (NiCl2), and
acetic anhydride were purchased from Wako Pure Chemical
(Osaka, Japan). All reagents were used without further purifi-
cation. All the solvents used were HPLC grade quality, except
for water, which was purified by Milli-Q purification system
(Millipore; Billerica, MA, USA). Analyte peptides were acet-
ylated by 1% acetic anhydride aqueous solution at room tem-
perature for 1 h and then the excess reagent and solvent were
removed by centrifugal evaporator.

Mass Spectrometry

The analyte peptides were dissolved in water/methanol (1/1, v/v)
at a concentration of 10 μM.To producemetal-peptide complex,
metal chloride was added to the peptide solution at 100 μM. The
ETD and ECD MS/MS experiments were performed using a
quadrupole ion trap mass spectrometer (AmaZon X; Bruker,
Germany) and a 9.6 T FT-ICR mass spectrometer (SolariX FT;
Bruker, Germany), respectively. The analyte solution directly
infused into the mass spectrometer using ESI ion source. For
ETD fragmentation, fluoranthene radical anion was used for
reaction and the ion/ion reaction time was set at 250 ms.
For ECD experiment, precursor ions were mass-selected in
the quadrupole filter and then transmitted to ICR cell. The
peptide ions were fragmented by ECD in the cell. The
cathode dispenser was heated gradually to 1.7 A prior to
performing experiments. The ECD pulse length was set at
7 ms, and the ECD bias was 0.7 V.

Calculations

All electron structure calculations were performed with
Gaussian 09 program [29]. The geometries for zinc-
trihistidine complexes were optimized with DFT calcula-
tions using the M06-2X [30] hybrid functional and 6-
31+G(d,p) basis set on C, H, O, N and outer shell electron
of transition metals, Ni, Cu, and Zn. The core electrons in
the Cu and Zn were handled by the LanL2DZ effective
core potential (ECP). The obtained geometries were char-
acterized by frequency calculations as local energy minima
and the harmonic frequencies were used to obtain zero-
point energy corrections. To establish the energetics for
fragmentation, transition state geometries were also opti-
mized at the M06-2X/ECP/6-31+G(d,p) level and investi-
gated by examining their vibrational frequency analysis,
showing one imaginary frequency. The relationship between
transition state and the reactants, as well as intermediates,
was checked by an intrinsic reaction coordinate analysis
[31] starting from the transition state conformation.
Single-point energies of local energy minima and transition
state geometries were calculated using M06-2X functions
with 6-311++G(2d,p) basis set. Excited electronic states
were calculated using time-dependent DFT method [32] with
the M06-2X functional and the 6-311++G(2d,p) basis set.
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Notation

In the present study, Zubarev’s unambiguous notation was
adopted for peptide fragment ions [33]. According to this
notation, homolytic N–Cα bond cleavage yields the radical c•
and z• fragments, and addition of a hydrogen atom to c• or z•
fragments produces c' or z' fragment, respectively. The abstrac-
tion of a hydrogen atom from c• or z• fragments produces c or z
fragment, respectively. The example of the notation is shown in
Supplemental Information, Scheme S1.

Results and Discussion
ETD of Ni2+-, Cu2+-, and Zn2+-Trihistidine

The Ni2+-, Cu2+-, and Zn2+-trihistidine complexes were used as
model systems to investigate the mechanisms of ETD and ECD
fragmentation. As in the case of the first author’s previous
study, we focused on the involvement of remote protons, and
the C-terminal carboxyl group in the trihistidine was amidated
to avoid the production of remote protons in the complex. The

Figure 1. ESI mass spectra of 10 μMHis3 with (a) 100 μMNiCl2, (b) 100 μMCuCl2, and (c) 100 μMZnCl2 recorded by FT-ICRmass
spectrometer

Figure 2. ETDmass spectra of metal- trihistidine complexes, (a) [His3 + Ni]2+, (b) [His3 + Cu]2+, and (c) [His3 + Zn]2+. Inset panel: CID
MS3 mass spectra of [a2 + Ni]+ and [a2 + Cu]+
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ESI mass spectra of amidated trihistidine (His3) with 100 μM
transition metal chlorides (NiCl2, CuCl2, and ZnCl2) were
compared, as shown in Figure 1. The results indicate that the
order of the metal-peptide complex yield is Cu2+ > Ni2+ ≥ Zn2+,
which corresponds to the increasing binding energy between
the divalent metal cation and the imidazole group in histidine
residues. In particular, the Cu2+-aided method produces an
intense signal for the Cu2+-His3 complex at m/z 245.6, instead

of [His3 + 2H]2+ at m/z 215.1, due to the strong interaction
between Cu2+ and the neutral imidazole group in the histidine
residues.

Subsequently, we used the doubly charged complexes [His3
+ Ni]2+, [His3 + Cu]2+, and [His3 + Zn]2+ as precursor ions for
ETD MS2 measurement in an ion trap mass spectrometer. The
ETD mass spectra of these ions are shown in Figure 2. The
details of the ETD fragmentation of [His3 + Zn]2+ have been
described in a previous report by the first author [12]. In brief,
electron transfer to [His3 + Zn]2+ produces an aminoketyl
radical-anion intermediate, which immediately undergoes N–
Cα bond cleavage. In contrast to [His3 + Zn]2+ (Figure 2c),
ETD of [His3 + Ni]2+ and [His3 + Cu]2+ generate the singly
charged metal adduct b2 fragment, indicating that the metal
cations in the products are the monovalent form, i.e., Ni+ and
Cu+ (Figure 2a and b). The Ni2+ and Cu2+ in the complexes are
reduced by ETD, and the energy from the recombination of the
metal cation and fluoranthene radical anion is redistributed
throughout the peptide to give b2 fragments. Additionally,
[a2 + Ni]+ and [a2 + Cu]+ are observed as weak signals in
the ETD mass spectra of [His3 + Ni]2+ and [His3 + Cu]2+,
respectively. The activation of protonated b ions often produces
a ions by loss of carbon monoxide [34]. In order to confirm the
generation of [a2 + metal]+ from [b2 + metal]+, we performed
MS3 analysis with collision-induced dissociation (CID). As
shown in the insets of Figure 2a and b, CID of [b2 + metal]+

selectively leads to [a2 + metal]+, suggesting that the [a2 + Ni]+

and [a2 + Cu]+ signals in the ETD spectra are generated by
decomposition of [b2 + Ni]+ and [b2 + Cu]+, respectively.

Fragmentation Mechanism of the Cu2+-Trihistidine
Complex by DFT Calculation

The details of the ETD of [His3 + Ni]+ and [His3 + Cu]+ were
investigated by DFT calculation. In order to discuss the initial
step of ETD in [His3 + Ni]2+ and [His3 + Cu]2+, we calculated
the electron structures of the precursor ions and their charge-
reduced products. The energy minimization in gas phase

Figure 3. Structure and highest occupied molecular orbital
(HOMO) of the charge-reduced metal-peptide complexes, (a)
[His3 + Ni]+• and (b) [His3 + Cu]+. The molecular orbitals
were obtained by single-point energy calculations with the
M06-2X/6-311++G(2d,p) basis set on M06-2X/ECP/6-
31+G(d,p)-optimized geometries

Scheme 1. Potential fragmentation pathway of [His3 + Cu]2+ by ETD and CID
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usually occurs through intramolecular charge solvation. In the
stable conformations of metal-His3 complexes, metal cation
was coordinated by the side chains of His1 and His3, and
backbone carbonyl oxygens. The lowest-energy conformations
of [His3 + Ni]+ and [His3 + Cu]+ are shown in Figure 3. An
electron in the highest occupied molecular orbital (HOMO) of
[His3 + Ni]+ and [His3 + Cu]+ is present in the d(x

2
–y
2
) and dz

2-
orbital of Ni+ and Cu+, respectively, indicating that the metal
cations in [His3 + Ni]2+ and [His3 + Cu]2+ are reduced by ETD.
As shown in Figure 2, ETD of [His3 + Ni]2+ and [His3 + Cu]2+

gave [a2 + metal]+, [b2 + metal]+, and [His3–NH3 + metal]+.
The presence of Cu2+ instead of Ni2+ in the precursor does not
significantly influence the yield of fragment ions. These exper-
imental and theoretical results suggest that the ETD of [His3 +
Ni]2+ and [His3 + Cu]2+ shares some mechanistic similarities
each other (i.e., ETD induces metal reduction with subsequent
fragmentation driven by recombination energy). In order to
investigate the fragmentation of metal-peptide complexes in-
duced by metal reduction, we focused on the formation mech-
anisms of [b2 + Cu]+ and [a2 + Cu]+ by DFT calculation, since
the calculation of electron structure of Cu+ (even-electron) is
easier than that of Ni+ (odd-electron).

As described above, electron transfer to [His3 + Cu]2+

induces peptide bond cleavage, and the resultant [b2 + Cu]+

undergoes carbon monoxide loss by CID. The potential frag-
mentation pathway of [His3 + Cu]2+ by ETD and CID is shown
in Scheme 1. First, we focused on the formation mechanism of
[b2 + Cu]+. In the case of protonated peptides, their activation
leads to the formation of various species containing different
protonation sites by relocation of the excess protons. Since the
peptide bond is weakened by the protonation of the backbone
amide nitrogen, formation of b and y' ions is often mediated by
a mobile proton [35]. Recently, the protonated histidine residue
has been reported to mediate peptide bond cleavage by proton
mobilization [36]. Consequently, the mechanism of peptide

bond cleavage in the charge-reduced [His3 + Cu]+ complex
was considered in terms of proton mobilization, even though
the [His3 + Cu]+ complex does not contain any remote protons.

The energy from the recombination of a complex and an
anion generates a zwitterionic product in which the amide
nitrogen is deprotonated and a proton is present on the histidine
residue. Proton transfer between the amide nitrogen of His1 and
the imidazole group of His2 in 1Cu+ proceeds through transi-
tion state 2Cu+, which is 116 kJ/mol above 1Cu+, resulting in
the zwitterionic complex, 3Cu+. The proton present on the
imidazole group is then transferred to the amide nitrogen on
the His3 residue. The corresponding transition state 4Cu+ is
77 kJ/mol above 3Cu+. The resultant complex 5Cu+ has a labile
peptide bond, and the transition state barrier for the peptide
bond cleavage is only 8 kJ/mol. Consequently, 5Cu+ immedi-
ately undergoes peptide bond cleavage, resulting in the forma-
tion of the complex 7Cu+, in which the oxazolone b2 and y'1 are
linked together via the Cu+ ion that coordinates with the

Scheme 2. Formation mechanism of [b2 + Cu]+/y'1 fragment pair from [His3 + Cu]+. The relative energy (kJ/mol) were obtained by
single-point energy calculations with the M06-2X/6-311++G(2d,p) basis set on M06-2X/ECP/6-31+G(d,p)-optimized geometries
including M06-2X/ECP/6-31+G(d,p) zero-point vibrational energies

Scheme 3. Formation mechanism of [a2 + Cu]+ fragment from
[b2 +Cu]+ by carbonmonoxide loss. The relative energy (kJ/mol)
were obtained by single-point energy calculationswith theM06-
2X/6-311++G(2d,p) basis set on M06-2X/ECP/6-31+G(d,p)-
optimized geometries including M06-2X/ECP/6-31+G(d,p)
zero-point vibrational energies
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imidazole groups, amino group, and carbonyl oxygen atoms.
The products, Cu+-adducted oxazolone b2 and y'1 are less stable
than 1Cu+ by 122 kJ/mol. The dissociation processes leading to
[b2 + Cu]+ and y'1 are summarized in Scheme 2.

Next, themechanism of [a2 + Cu]
+ formation from [b2 + Cu]

+

was investigated. In the optimized conformation of [b2 + Cu]+

(1CuB+), b2 and Cu+ are coordinated through the imidazole
groups and the nitrogen atom in the oxazolone group. Carbon
monoxide loss proceeds through transition state 2CuB+,
which is 165 kJ/mol above 1CuB+. Finally, the formation
energy of [a2 + Cu]+ and carbon monoxide is 72 kJ/mol
above 1CuB+. These dissociation processes are summarized
in Scheme 3. The transition state barriers for the fragmenta-
tion of [His3 + Cu]+ are summarized in Table 1.

ECD of Cu2+-Polyhistidine Complexes

The ECD of [His3 + Cu]2+ was also investigated (Figure 4).
Compared with the ETD, the ECD of [His3 + Cu]2+ is more
prone to [a2 + Cu]+ formation than [b2 + Cu]+ formation. The
major differences between ECD and ETD are the recombina-
tion process and pressure during fragmentation. Capture of a
free electron by an ion in the gas phase can be characterized by
the ion adiabatic recombination energy, and ECD in the FTICR

mass spectrometer occurs without collision with background
gas. Consequently, the internal energy of the charge-reduced
complex generated by ECD would be in the 500–800 kJ/mol
range. In contrast, the internal energies of the ETD products
can be estimated from the energy balance between the ion
adiabatic recombination energy, the electron affinity of fluo-
ranthene, and the excitation energy in the neutral fluoranthene
molecule. For ETD experiments, the ion trap is operated using
a collision gas, and therefore the internal energy of the ETD
products are decreased by collision with the gas. As a result, the
electron-transfer reaction between the peptide dication and
the fluoranthene anion generates a peptide radical cation with
285–327 kJ/mol of vibrational excitation [37]. Compared
with ETD, the high abundance of [a2 + Cu]+ in the ECD
mass spectrum can be understood by considering the high
vibrational excitation of [b2 + Cu]+.

Next, to investigate the effect of the peptide size in the
complex on the ECD process, trihistidine with N-terminal
acetylation and C-terminal amidation (AcHis3) and N-acetyl-
C-amide-tetrahistidine (AcHis4) were used for comparison
(Figure 4). As in the case of the ECD of [His3 + Cu]2+,
the formation of [bn + Cu]+ and [an + Cu]+ is induced by the
ECD of [AcHis3 + Cu]2+ and [AcHis4 + Cu]2+. Notably, the
yield of [an + Cu]+ is dependent on the peptide size. The order
of the [an + Cu]+ yield is [His3 + Cu]2+ > [AcHis3 + Cu]2+ >
[AcHis4 + Cu]2+, which corresponds to an increase the com-
plex size. As described above, the [an + Cu]+ would be gener-
ated by further degradation of [bn + Cu]+. When the number of
vibrational modes increases, the yield of [an + Cu]+ decreases
because there is less energy received per mode. Moreover, the
recombination energy of the complexes and transition state
barrier for the fragmentation would change with complex size,
since a larger complex is more able to accommodate the extra

Figure 4. ECD mass spectra of Cu2+- trihistidine complexes, (a) [His3 + Cu]2+, (b) [AcHis3 + Cu]2+, and (c) [AcHis4 + Cu]2+

Table 1. Energies of Transition State Barrier of ECD/ETD Fragmenta-
tion on [His3 + Cu]2+ Obtained from Single-Point Energy Calculations
with the M06-2X/6-31++G(2d,p) Basis Set on M06-2X/ECP/6-31G(d)
Optimized Geometries Including M06-2X/ECP/6-31G(d) Zero-Point Vibra-
tional Energies (kJ/mol)

1Cu+→2Cu+ 3Cu+→4Cu+ 5Cu+→6Cu+ 1CuB+→2CuB+

116 77 8 165
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electron. The effect of the peptide size in the complex on the ETD
process is also investigated as well as ECD. ETDmass spectra of
[AcHis3 + Cu]2+, [AcHis4 + Cu]2+, and [AcHis5+Cu]

2+ are
shown in Supplemental Information, Figure S1. In summary,
the increasing of peptide size in the complex suppresses the
fragmentation.

ECD of Zn2+-Polyhistidine Complexes

Next, we investigated the ECD of Zn2+-polyhistidine com-
plexes (Figure 5), which differs dramatically from the ETD

(Figure 2c). Although ETD of Zn2+-polyhistidine complexes
gives fragment ions due to N–Cα bond cleavage [12], the
[z•n–H + Zn]+ and [c'n–H + Zn]+ fragments are not
observed in the ECD spectra. Conversely, signals due to
[b2–H + Zn]+ and [a2–H + Zn]+ are observed. As in the case of
ECD of [Hisn + Cu]2+ (Figure 4), the yield of metal-adducted an
ions from [Hisn + Zn]2+ decreases with the size of complexes
(Figure 5). The experimental results suggest that ECD of Zn2+-
polyhistidine complexes produced [1H,2H]-type imidazoline
radical, instead of aminoketyl radical anion intermediate. As
described in the Introduction section, the formation of [1H,2H]-

Scheme 4. Potential fragmentation pathway of [His3 + Zn]2+ by ECD

Figure 5. ECD mass spectra of Zn2+-trihistidine complexes, (a) [His3 + Zn]2+, (b) [AcHis3 + Zn]2+, and (c) [AcHis4+Zn]
2+
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type imidazoline radical suppress the radical-inducedN–Cα bond
cleavage because of that high stability. Herein, the formation
processes of [bn–H + Zn]+ and [an–H + Zn]+ is considered in
terms of ECD-induced hydrogen radical loss followed by frag-
mentation of the even-electron complex [Hisn–H + Zn]+. The
potential fragmentation pathway of [His3 + Zn]2+ by ECD are
shown in Scheme 4 and the detail of the fragmentation processes
were investigated by DFT calculation.

ECD Fragmentation Mechanism of Zn2+‐
Trihistidine Complexes by DFT Calculation

The dramatic differences in the fragmentation of [His3 + Zn]2+

induced by ECD and ETD originate from the different elec-
tronic states of the charge-reduced complexes formed by these
different processes. Consequently, we first discussed the elec-
tronic states of charge-reduced complexes. Figure 6 shows the
molecular orbitals for the first four excited electronic states of
the charge-reduced Zn2+-His3 complex and their corresponding
vertical excitation energies. As discussed in our previous re-
port, the ground state of the charge-reduced complex, X in
Figure 6, immediately undergoes N–Cα bond cleavage via a
zwitterionic aminoketyl radical intermediate [12]. In contrast,
the charge-reduced product formed from excited state config-
urations undergoes hydrogen radical transfer, giving a long-
lived radical intermediate with a [1H,2H]-type imidazoline
group, as in the case of protonated molecules. The N–Cα bond
cleavage is suppressed by the presence of a [1H,2H]-type
imidazoline group due to its high stability. Instead of radical-
induced dissociation, the [1H,2H]-type imidazoline group is
reported to release a hydrogen radical [27, 28]. The processes
of the [1H,2H]-type imidazoline group formation and subse-
quent hydrogen loss are summarized in Scheme 5. The hydro-
gen transfer from backbone amide to C-2 position in the
imidazole at His1 residue produced [1H,2H]-type imidazoline
group through transition state 2Zn+•, which is 196 kJ/mol
above 1Zn+•. Subsequently, the resulted 3Zn+• undergoes the
loss of a hydrogen radical from the C-2 position in the
[1H,2H]-type imidazoline group. The corresponding transition
state, 4Zn+•, is 132 kJ/mol above 1Zn+•, producing the even-

Scheme 5. The processes of hydrogen loss from [His3 + Zn]+•. The relative energy (kJ/mol) were obtained by single-point energy
calculations with the M06-2X/6-311++G(2d,p) basis set on M06-2X/ECP/6-31+G(d,p)-optimized geometries including M06-2X/
ECP/6-31+G(d,p) zero-point vibrational energies

Figure 6. Electronic state diagram for vertical electron attach-
ment to [His3 + Zn]2+. The excitation energies (eV) are from TD-
M06-2X/6-311++G(2d,p) calculations
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electron complex 1Zn+ and a free hydrogen radical. The
formation energy of 1Zn+ and a hydrogen atom is 67 kJ/mol
above 1Zn+•.

Next, we considered the formation processes of [b2–H +
Zn]+ by peptide bond cleavage of the even-electron complex
1Zn+ containing a deprotonated amide group (Scheme 6). In
the case of CID of the deprotonated peptide, the negative
charge on the amide group is reported to induce peptide bond
cleavage, forming oxazolone b and deprotonated y' fragments
[38]. Although the intermediate 1Zn+ is a singly charged posi-
tive ion, the negative charge on amide nitrogen would induce
peptide bond cleavage, producing oxazolone b and deprotonated
y' fragments. The peptide bond cleavage of 1Zn+ was calculated

to proceed via transition state 2Zn+, which is 111 kJ/mol above
1Zn+, and the complex [Zn/b2/y'1–H]

+ (3Zn+) is formed. Since
the final product on ECD of [His3 + Zn]2+ was [b2–H + Zn]+,
the [y'1–H]

– in 3Zn+ abstracts a proton from the oxazolone b2
ring α-carbon atom. The corresponding transition state for
interfragment proton transfer is 4Zn+, which is 35 kJ/mol
above 3Zn+, and the resultant complex 5Zn+ is more stable
than 3Zn+ by 37 kJ/mol. Finally, the formation of [b2–H + Zn]+

and y'1 from 1Zn+• requires 286 kJ/mol.
In contrast to [b2–H + Zn]+ formation, the deprotonated

oxazolone b2 fragment in 5Zn+ give [a2–H + Zn]+, y'1,
and carbon monoxide by further degradation. The formation
of [a2–H + Zn]+ from [b2–H + Zn]+ is also described in

Scheme 6. Formation mechanism of [b2 –H + Zn]+ fragment from [His3(NH2) –H + Zn]+. The relative energy (kJ/mol) were obtained
by single-point energy calculations with the M06-2X/6-311++G(2d,p) basis set on M06-2X/ECP/6-31+G(d,p)-optimized geometries
including M06-2X/ECP/6-31+G(d,p) zero-point vibrational energies

Table 2. Energies of Transition State Barrier of ECD Fragmentation on [His3 + Zn]2+ Obtained From Single-Point Energy Calculations with the M06-2X/6-
31++G(2d,p) Basis Set on M06-2X/ECP/6-31G(d) Optimized Geometries Including M06-2X/ECP/6-31G(d) Zero-Point Vibrational Energies (kJ/mol)

1Zn+•→2Zn+• 3Zn+•→4Zn+• 1Zn+→2Zn+ 3Zn+→4Zn+ 5Zn+→6Zn+ 7Zn+→8Zn+

196 133 111 35 12 189
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Scheme 6. Carbon monoxide loss from [b2–H + Zn]+ is
initiated by ring-opening of the deprotonated oxazolone
group. The corresponding transition state is 6Zn+, which
is 12 kJ/mol above 1ZnB+, and the resultant complex
containing a ketene group, 7Zn+, is less stable than 5Zn+

by 8 kJ/mol. Subsequently, 3ZnB+ undergoes carbon mon-
oxide loss via transition state 8Zn+, forming a deprotonated
a2 fragment having negative charge on the α-carbon atom.
The barrier for the carbon monoxide loss is 189 kJ/mol and
the carbon monoxide loss resulted in the formation of the
[Zn/a2–H/y'2]

+ complex (9Zn+), in which the [a2–H]
– and

y1 were linked together via Zn2+ that coordinates with both
His side chains, amino groups, carbonyl group and the
negatively charged Cα atom. Complex 9Zn+ was 123 kJ/mol
less stable than 1Zn+. The complete dissociation of 1Zn+• to the
Zn2+-adducted a2, y'1, carbon monoxide, and hydrogen atom
requires 373 kJ/mol. The transition state barriers for the frag-
mentation of [His3–H + Zn]+ are summarized in Table 2.

In contrast to the fragmentation processes shown in
Scheme 6, [His3 + Zn]+ containing [1H,2H]-type imidazoline
group would undergo peptide bond cleavage prior to hydrogen
atom release. The formation mechanism of [b2 + Zn]+ contain-
ing [1H,2H]-type imidazoline group and y'1 fragment are
shown in Supporting Information, Scheme S2. The transition
state barriers for the peptide bond cleavage and subsequent
proton transfer are 113 kJ/mol and 33 kJ/mol, respectively,
which are similar values as shown in Table 2. In consequence,
the presence of [1H,2H]-type imidazoline group has no effect
on the transition state barrier for the backbone fragmentation.
Notably, the radical products are not observed in ECD mass
spectra of [His3 + Zn]2+, suggesting hydrogen atom release to
occur prior to or during backbone fragmentation.

The barriers for the formation of fragments attributable to
peptide bond cleavage ([a2–H + Zn]+ and [b2–H + Zn]+) are
much higher than those previously reported for [z•2–H + Zn]+

and [c'2–H + Zn]+ formation. Notably, the formation of
[a2–H + Zn]+ and [b2–H + Zn]+ require 286 and 373 kJ/mol,
respectively, which is lower than the recombination energy of
[His3 + Zn]2+ (522 kJ/mol). The fragment ions due to peptide
bond and N–Cα bond cleavage are produced from charge-
reduced products with different electronic states. Consequently,
the yields of fragments due to N–Cα and peptide bond cleavage
reflect the amounts of ground-state and excited-state charge-
reduced products, respectively. The capture of a free electron by
[His3 + Zn]2+ highly favors the formation of the excited-state
product containing an imidazole radical, whereas the ground-
state product is selectively produced by electron transfer from
the fluoranthene anion to [His3 + Zn]2+.

Conclusion
The ECD and ETD mechanisms for Ni2+-, Cu2+-, and Zn2+-
histidine oligomer complexes were studied. Electron associa-
tion to Ni2+- and Cu2+-histidine oligomer complexes led to
reduction of the metal, and the recombination energy was

redistributed throughout the complex to induce fragmentation.
Comparing ECD and ETD, charge-reduced complexes with
higher vibrational excitations were formed by ECD. In con-
trast, the Zn2+-histidine oligomer complex generated a zwit-
terionic product, and the fragment ions obtained by ECD
and ETD were different. ETD of the Zn2+-polyhistidine led
to aminoketyl anion radical formation followed by N–Cα

bond cleavage. In contrast, ECD of the Zn2+-histidine oligomer
complex preferentially produced an imidazoline radical followed
by hydrogen radical loss. As a result, fragment ions in the ECD
mass spectra originated from the fragmentation of even-electron
complexes.
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