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[CuII(Ma)(Mb)]
�2R complexes, whereMa andMb are dipeptides or tripeptides each containing either a

tryptophan (W) or tyrosine (Y) residue, have been examined by means of electrospray tandem mass

spectrometry. Collision-induced dissociations (CIDs) of complexes containing identical peptides

having a tryptophan residue generated abundant radical cations of the peptides; by contrast, for

complexes containing peptides having a tyrosine residue, the main fragmentation channel is

dissociative proton transfer to give [MaRH]R and [CuII(Mb – H)]�R. When there are two different

peptides in the complex, each containing a tryptophan residue, radical cations are again the major

products, with their relative abundances depending on the locations of the tryptophan residue in the

peptides. In the CIDs of mixed complexes, where one peptide contains a tryptophan residue and the

other a tyrosine residue, the main fragmentation channel is formation of the radical cation of the

tryptophan-containing peptide and not proton transfer from the tyrosine-containing peptide to give a

protonated peptide. Copyright # 2010 John Wiley & Sons, Ltd.

Electron ionization (EI) is the classical ionization technique

used in generating molecular radical cations M�þ for mass

spectrometry (MS).1,2 Extension of EI to amino acids

and peptides has been limited because these biologically

important molecules have very low vapor pressures and

decompose upon heating, thus making it difficult, if not

impossible, to create a sufficiently large population of the

neutrals in the gas phase for EI.3 Laser ablation followed by

UV photoionization has been successfully used to generate

radical cations of peptides,4–6 but is only effective for peptides

that contain aromatic amino acid residues that act as UV

chromophores. The advent of electrospray ionization (ESI)

enables a general technique whereby protonated amino acids

and peptides, [Mþ nH]nþ, can be generated in the gas phase.7

Subsequent electron capture8 by, or electron transfer9 to,

[Mþ nH]nþ results in [Mþ nH]�(n – 1)þ, which are hydrogen-

rich radical cations. Alternatively, it has been demonstrated

that photodissociation of a protonated peptide that was

chemically modified to incorporate a labile radical precursor,

or one that was noncovalently bound to a ligand containing

the labile radical precursor, can produce a peptide radical

cation M�þ.10,11

Metal-ion complexes containing amino acids or peptides

as ligands can also be generated by ESI and collision-induced

dissociation (CID) of some copper(II) complexes has

been found to generate molecular radical cations of

oligopeptides M�þ.12,13 These are species that would have

been produced by EI, had it been possible to generate

sufficiently large populations of the neutral peptides in the

gas phase. In the initial discovery, the ternary complex

[CuII(dien)(YGGFLR)]�2þ, where dien¼diethylenetriamine

(H2NCH2CH2NHCH2CH2NH2) and YGGFLR is a leucine

enkephalin derivative, TyrGlyGlyPheLeuArg, was shown

to dissociate giving the radical cation, M�þ, of the peptide

and [Cu(dien)]þ. Subsequently, complexes with various

combinations of the peptide, M, and the auxiliary ligand,

L (the latter includes triamines, terpyridines, crown ethers

and their analogues, or salens), have been shown to generate

peptide radical cations when subjected to CID.14–23

Fragmentation pathways, all leading to separation of charge,

that have been observed are dissociative electron transfer

from the peptide to the metal (reaction 1), dissociative proton

transfer from the ligand to the peptide (reaction 2), dissociative

proton transfer from the peptide to the ligand (reaction 3),
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and peptide dissociation and charge separation (reaction 4).21

½CuIIðLÞðMÞ��2þ ! ½CuIðLÞ�þ þ M�þ (1)

½CuIIðLÞðMÞ��2þ ! ½CuIIðL�HÞ��þ þ ½MþH�þ (2)

½CuIIðLÞðMÞ��2þ ! ½CuIIðM�HÞ��þ þ ½LþH�þ (3)

½CuIIðLÞðMÞ��2þ ! ½CuIIðM�b2ÞðLÞ��þ þ b2
þ (4)

Production of the radical cation, M�þ, in reaction 1 is a

dissociative redox reaction and, in the present context,

gives the desired product. Considerable experimental effort

has been expended onmaximizing the yield ofM�þ.15–23 This
dissociative redox reaction strategy for producing M�þ has

been elaborated to include the use of triply charge metal

ions (Cr3þ, Mn3þ, Fe3þ, and Co3þ), a variety of ligands, and

constituents of nucleic acids.24–28

Much of the work on the radical cations of peptides has

been focused on using ever-more complicated ligands to

exert control on the fragmentation chemistry. A path that

was much less frequently followed, but nonetheless equally

interesting, was to examine the fragmentation chemistry

of complexes in which the auxiliary ligand was also a

peptide. We reported that the dissociation of [CuII(W)2]
�2þ

(W¼ tryptophan) yielded both W�þ (m/z 204) and the

protonated 3-methyleneindolenine cation (m/z 130, the side

chain of tryptophan) in high abundance, while the fragmen-

tation of [CuII(Y)2]
�2þ (Y¼ tyrosine) gave amixture of Y�þ (m/

z 181) and [YþH]þ (m/z 182 in higher abundance), as well as

the p-hydroxybenzyl cation (m/z 107) and the p-cresol radical

cation (m/z 108) originating from the side chain of tyrosine.29

These results are comparable to those obtained in the CID

of [CuII(dien)W]�2þ and [CuII(dien)Y]�2þ, respectively.16

Herein we report the dissociation chemistries of

complexes [CuII(Ma)(Mb)]
�2þ, where both Ma and Mb are

peptides, each containing either a tryptophan or tyrosine

residue. Peptides containing these two residues were selected

because tryptophan and tyrosine have the lowest ionization

energies of the naturally occurring amino acids and the

presence of one of these residues in a peptide is expected

to facilitate formation of radical cations. In some cases, Ma

andMb are identical, while inmost cases they are different and

permit insight into competitive electron transfer from Ma or

Mb to Cu�2þ and/or competitive proton transfer between Ma

and Mb.

EXPERIMENTAL AND COMPUTATIONAL

Experiments were performed on an ion-trap mass

spectrometer (LCQ, Finnigan-MAT LCQ) and a triple

quadrupole mass spectrometer prototype (API3000 equiv-

alent, Applied Biosystems/MDS SCIEX) equipped with an

electrospray ionization (ESI) source. On the LCQ, the typical

electrospray voltage was 4.5 kV, the sheath gas was 0.3 L/

min and the capillary temperature was 120–1608C. Two

series of dipeptides and tripeptides containing tryptophan

and tyrosine residues were examined on the ion trap: these

were WG, GW, WGG, GWG and GGW; GY, YG, YGG, GYG,

and GGY (G¼ glycine). The amino acids, tryptophan and

tyrosine, were examined on the API3000, where the typical

electrospray voltage was 5.5 kV and the declustering

potential was 5V. Laboratory collision energy (Elab) is used

and simply defined as DC offset between Q0 and RO2 on the

API3000. Samples were typically 100mM in Cu(ClO4)2 and

200mM in peptides in a 50:50 water/methanol solution.

Typical sample flow rates for electrospray were 3mL/min.

Ion lineage was determined by using successive stages of

mass spectrometry. All peptides were purchased from

Bachem BioSciences, Inc. (King of Prussia, PA, USA). The

amino acids, tryptophan and tyrosine, and Cu(ClO4)2 were

purchased from Sigma (St. Louis, MO, USA). All CID

experiments were performed on complexes with each Cu

isotope at low collision energies with N2 as collision gas

in the API3000 and He in the LCQ; the Cu isotope used

in each figure is specified. The choice of isotope selected

was based on minimizing isobaric interferences. 3,3-d-

Tyrosine (denoted Y-d2 on Fig. 1(c)) was also used to

minimize isobaric interferences.

All density functional theory calculations were performed

using the Gaussian 03 program.30 Structure optimizations

were executed at the UB3LYP/6-31þþG(d,p) level and the

resulting structures were all verified to be at minima by

harmonic frequency calculations.31–33

Figure 1. CID spectra of (a) [63CuII(Y)2]
�2þ, (b)

[63CuII(Y(OMe))2]
�2þ, and (c) [65CuII(W)(Y-d2)]

�2þ all

at Elab¼ 7eV. The use of the 65Cu-containing complex and

the d2 amino acid of Y in (c) was necessitated by isobaric

interferences. The bold arrow indicates the precursor ion.
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RESULTS AND DISCUSSION

[CuII(Ma)(Mb)]
�2R complexes in which Ma

and Mb were amino acids tryptophan and/or
tyrosine
Fragmentation of [CuII(W)2]

�2þ followed reaction 1, dis-

sociative electron transfer, giving as primary product ions

the radical cation W�þ and the complementary ion [CuI(W)]þ.
In comparison, dissociation of [CuII(Y)2]

�2þ gave two reaction

channels: dissociative electron transfer (reaction 1) resulting

in Y�þ and [CuI(Y)]þ, and proton transfer (reaction 2) resulting

in [YþH]þ and [CuII(Y – H)]�þ) (Fig. 1(a)). Dissociative

electron transfer was the more abundant channel as evidenced

by the higher abundance of [CuI(Y)]þ relative to [CuII(Y –

H)]�þ; a significant fraction of nascent Y�þ were hot and

dissociated to give the p-hydroxybenzyl cation (m/z 107)

and the p-cresol radical cation (m/z 108).29 Methylation of the

phenol on the tyrosine side chain prevented the proton transfer

reaction, as shown in the CID spectrum of [CuII(Y(OMe))2]
�2þ

(Fig. 1(b)), where only radical cation formation was observed.

Likewise in the CID of the mixed complex [CuII(W)(Y)]�2þ

(Fig. 1(c)), dissociative electron transfer was the only active

channel and the only radical cationic product apparent

was W�þ, i.e., the products were reminiscent of those of

[CuII(W)2]
�2þ. The exclusivity of W�þ over Y�þ is probably a

reflection of the lower ionization energy of tryptophan relative

to that of tyrosine.34,35

The phenolic hydrogen of tyrosine apparently plays

an essential role in controlling the proton transfer reaction

(reaction 2). Several structures of [CuII(Y)2]
�2þ were opti-

mized using DFT calculations at the B3LYP/6-31þþG(d,p)

level (Fig. 2(a)). The lowest-energy isomer has a charge-

solvation-salt-bridge (CS-SB) structure in which one tyrosine

is in the canonical form dicoordinated through the carbonyl

oxygen and the nitrogen of the amino group (CS), while

the other tyrosine is in the zwitterionic form with the

phenolate anion attached to the copper and the amino group

protonated (SB) (structure I). This structure formally

separates the two positive charges while leaving one close

to copper; structures V and VI, in which both ligands are

zwitterionic and the charges are further apart on protonated

amino groups, have higher energy. Dissociation of the

zwitterionic tyrosine, followed by proton transfer from the

phenol of the canonical tyrosine to the phenolate oxygen,

gives the lowest energy combination of products [YþH]þ

and [CuII(Y – H)]�þ (VII in Fig. 2(b)) and is exothermic by

4.2 kcalmol�1. One unusual aspect of the possible products is

that the zwitterionic structureVII has lower energy than ions

VIII and IX, both of which have less charge separation.

Details of the dissociation mechanism were not studied.

Methylation of the phenol group prevents the formation

of structure I. A structure of type 1 cannot be formed from

methylated tyrosine, but II and III (at relative enthalpies

of 3.0 and 2.6 kcalmol–, respectively, on the [CuII(Y)2]
�2þ

surface) are possible. Dissociative proton transfers of II

and III give VIII; these reactions are endothermic by 3.3

and 3.7 kcalmol�1, possibly explaining why proton transfer

does not occur in the CID of [CuII(Y(OMe))2]
�2þ.

[CuII(Ma)(Mb)]
�2R complexes in which both

peptides contained a tryptophan residue

(a) Ma and Mb were identical
CID of complexes [CuII(M)2]

�2þ, where M¼WG, GW, WGG,

GWG, and GGW, all resulted in high abundances of radical

cations, M�þ (Table 1), and their decomposition products,

Figure 2. (a) Structures of [CuII(Y)2]
�2þ as optimized at the B3LYP/6-31þþG(d,p) level of theory. Numbers

are DH80 and, in brackets, DG8298 (kcalmol�1). All energies are relative to that of structure I.

(b) Possible structures for [CuII(Y – H)]�þ. Energies are for the reaction [Cu(Y)2]
�2þ ! [CuII(Y –

H)]�þþ [YþH]þ.
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the (zn – H)�þ ions, formed by cleavage of the N�Ca bonds

of the tryptophan residues of WGG�þ and WG�þ (with

accompanying neutral losses of ammonia) and of GWG�þ

(with an accompanying neutral loss of glycinamide).16

Proton transfer was observed in high abundance with only

one of the tryptophan-containing peptides (Fig. 3(a)), WGG,

and in low abundance with GWG (Table 1); no proton

transfer products were evident in the CID of the

[CuII(GGW)2]
�2þ complex (Table 1). Previously, we had

also observed the formation of abundant [WGGþH]þ in

the CID of [CuII(dien)(WGG)]�2þ.16 Protonation of the

peptide probably occurs at the terminal amino nitrogen

and, as trytophan (224.7 kcalmol�1) has a higher proton

affinity than glycine (211.9 kcalmol�1),36 it is probable that

WGG has a higher proton affinity than GWG and GGW. This

then makes the proton transfer channel more competitive

with radical formation in the CID of [CuII(WGG)2]
�2þ than

in those of the other complexes. The binding modes in these

[CuII(M)2]
�2þ complexes are not known, but because of

the higher proton affinity of the terminal NH2 group of

WGG, at least one of the two peptides is likely to bind as a

zwitterion, coordinated to the copper through the carboxyl

anion with the terminal amino group protonated. Such a

structure would facilitate proton transfer to the other

tryptophan ligand, thereby creating [CuII(WGG – H)]�þ after

proton transfer from the carboxylic group; evidence for this

latter structure is provided by the abundant CO2 loss from

[CuII(WGG – H)]�þ(m/z¼ 380) (Fig. 3(b)). Proton transfer was

not observed in the dissociation of [CuII(WG)2]
�2þ; this is

attributed to the lower proton affinity of the smaller dipeptide

WG not being competitive with radical formation.

(b) Ma and Mb were different peptides
CID of complexes that contain two different peptides can, in

principle, yield two different radical cations. Fragmentation

of [CuII(WG)(WGG)]�2þ produced both radical cations in

high abundances (Fig. 4(a)), but there was a slightly higher

abundance of the larger radical WGG�þ. From the break-

down curve (Fig. 4(b)) for formation of these two radicals, the

ratio WGG�þ/WG�þ is approximately 2:1 at high collision

energies. Proton transfers were very minor.

CID of [CuII(WG)(GWG)]�2þ resulted mainly in formation

of WG�þ, with a low abundance of GWG�þ, and a very

low abundance of [WGþH]þ (Table 2); CID of

[CuII(WG)(GGW)]�2þ yielded only WG�þ (Table 2). When the

tryptophan residue was at the N-terminus of the tripeptide

and the C-terminus of the dipeptide as in [CuII(GW)(WGG)]�2þ,
the only major fragmentation pathway produced WGG�þ.
These results indicate that either the peptide radical cation

with a tryptophan residue at the N-terminus is the most stable,

Figure 3. CID spectra of (a) [63CuII(WGG)2]
�2þ and (b)

[63CuII(WGG – H)]�þ at relative collision energies of 8%

and 14%. The bold arrow indicates the precursor ion.

Table 1. Relative abundances of fragments from

[CuII(M)2]
�2þ at relative collision energies of 7%. (values in

bold have abundances greater than 10%)

Compounds [CuI(M)]þ aM�þ b[CuII(M – H)]�þ [MþH]þ

[CuII(M)2]
�2þ (%) (%) (%) (%)

[CuII(WG)2]
�2þ 48.7 51.2 0.0 0.0

[CuII(GW)2]
�2þ 50.2 49.8 0.0 0.0

[CuII(WGG)2]
�2þ 29.4 19.4 27.0 24.2

[CuII(GWG)2]
�2þ 45.1 41.2 6.9 6.8

[CuII(GGW)2]
�2þ 57.3 42.6 0.0 0.0

[CuII(YG)2]
�2þ 18.7 20.0 34.4 26.8

[CuII(GY)2]
�2þ 9.7 3.0 39.4 47.9

[CuII(YGG)2]
�2þ 2.4 2.2 53.6 41.9

[CuII(GYG)2]
�2þ 4.4 5.4 44.9 45.4

[CuII(GGY)2]
�2þ 5.0 3.0 47.1 44.9

a Includes the secondary fragmentation product of [zn – H]�þ.
b Includes the products due to loss of CO2 and attachment
of H2O and CH3OH.

Figure 4. CID spectrum of [63CuII(WGG)(WG)]�2þ at relative

collision energy of 7% and (b) energy-resolved CID of

[63CuII(WGG)(WG)]�2þ for products WG�þ and WGG�þ.
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or that the binding of the peptide cation to [CuI(M)]þ is

the weakest when the tryptophan residue is at the N-terminus.

When neither peptide has its tryptophan residue at the N-

terminus, as in [CuII(GW)(GWG)]�2þ, the major product is the

larger radical cation, GWG�þ, with ions GW�þ and the proton

transfer product [GWþH]þ in low abundances. When the

tryptophan residues are in the same location relative to the

N-terminus in two different sized peptides, e.g. in complex

[CuII(GW)(GWG)]�2þ, the probable reason for preferential

formation of the larger peptide as the radical cation is the

greater ability of this peptide to distribute the charge. The larger

peptide would also stabilize [Cu(M)]þ more effectively,

but ligand size is less important here than in the peptide

radical cation.

[CuII(Ma)(Mb)]
�2R complexes in which both

peptides contained a tyrosine residue

(a) Ma and Mb were identical
The CID spectra of [CuII(YG)2]

�2þ (Fig. 5(a)) and [CuII(GY)2]
�2þ

(Fig. 5(b)) were the only ones in this study that showed high

abundances for both radical-cation and proton-transfer pro-

ducts (Table 1). As a result of reaction 1, ions [CuI(L)]þ at m/z

301 were formed; the intact radical cations, however, were

not observed and this is attributed to facile cleavage of the

N�Ca bond. In the case of [CuII(YG)2]
�2þ, the loss of NH3 from

YG�þ gave an ion at m/z 221; for [CuII(GY)2]
�2þ, the loss of

glycinamide, H2NCH2CONH2, from GY�þ was followed by

proton transfer to the glycinamide (m/z 75), which lay outside

of the mass range of the ion trap for MS2 for the precursor ion

at m/z 269.5, but was highly abundant in a triple quadrupole

mass spectrometer.37

The products of proton transfer reactions were the

protonated dipeptides, [MaþH]þ (the fragmentations of

which have been extensively studied), and ions [CuII(Mb –

H)]�þ. Under the conditions required to perform CID on

the precursor ions in the ion trap, some of the [CuII(YG –

H)]�þ ions (m/z 300) became solvated by water or methanol;

others lose CO2 to give a product ion atm/z 256 (see Fig. 5(a)).

Facile loss of CO2 has previously been reported38 from

[ZnII(G – H)]þ and from [Cu(M –H)(bpy)]�þ ions, whereM is

leucine, isoleucine, or lysine.39 The attachment of water and

methanol to [CuII(YG – H)]�þ, but not to [CuI(YG)]þ,
indicates different binding modes with the former having

an additional coordination site available.

Complexes [CuII(M)2]
�2þ, where M is YGG, GYG, or GGY,

fragment predominantly by proton transfer (Table 1) and

peptide radical cations are in very low abundance (spectra

not shown). Unlike the [CuII(YG – H)]�þ ion, [CuII(YGG -

H)]�þ does not solvate and does not lose CO2. The low

abundances of radical cation products from complexes

containing tripeptides, relative to those containing dipep-

tides, indicate that lengthening the chain favors proton

transfer.

(b) Ma and Mb were different
Complexes [CuII(YG)(Mb)]

�2þ, where Mb¼YGG, GYG, or

GGY, dissociate predominantly by proton transfer to give

[YGþH]þ and [CuII(Mb – H)]�þ (Table 3). Radical cations

GYG�þ and YGG�þ were also observed, but in very low

abundance along with the complementary ion [CuI(YG)]þ.
No [MbþH]þ was evident; apparently when the two

Table 2. Relative abundances of fragments from [CuII(Ma)(Mb)]
�2þ, where both Ma and Mb contained tryptophan, at relative

collision energies of 7% (values in bold have abundances greater than 10%)

[CuII(Ma)(Mb)]
�2þ [CuI(Ma)]

þ M�þ
b [CuI(Mb)]

þ M�þ
a [MaþH]þ [CuII(Mb – H)]�þ

Ma Mb (%) (%) (%) (%) (%) (%)

WG, WGG 27.7 31.4 19.9 17.8 1.1 2.0
WG, GWG 2.5 3.4 47.4 39.4 1.6 5.7
WG, GGW 0.0 0.0 47.6 52.4 0.0 0.0
GW, WGG 41.0 40.9 1.8 1.1 3.6 4.5
GW, GWG 26.3 50.0 5.3 5.4 6.5 6.5

Figure 5. CID spectra of [63CuII(Ma)(Mb)]
�2þ:

(a) Ma¼Mb¼YG and (b) Ma¼Mb¼GY at relative collision

energy of 7%. The bold arrow indicates the precursor ion.
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peptides are of different lengths, the shorter peptide is the

one that is less tightly bound.

If binding in [CuII(YG)(Mb)]
�2þ parallels that in

[CuII(Y)2]
�2þ, then the structure of the former that will most

effectively delocalize the charge will have the tripeptide

in the zwitterionic form and the dipeptide in the canonical

form. As a result, the dipeptide will be less tightly bound and

will be more easily lost under CID conditions; dissociation of

the dipeptide would be accompanied by proton transfer,

producing [YGþH]þ.

[CuII(Ma)(Mb)]
�2R complexes with one peptide

containing a tyrosine residue and the other a
tryptophan residue
From the above, it is apparent that the presence of a tyrosine

residue in a peptide favors dissociation products via proton

transfer reactions while the presence of a tryptophan residue

results in almost exclusive formation of peptide radical

cations. As shown above, the CID spectrum of the mixed

complex [CuII(W)(Y)]�2þ showed no evidence of proton

transfer, only peptide radical cation formation. It was,

therefore, of considerable interest to see whether this pattern

would repeat when the amino acids were replaced by

peptides, one containing a tyrosine residue and the other a

tryptophan residue.

(a) Ma and Mb were both dipeptides
The CID of [CuII(WG)(YG)]�2þ and [CuII(WG)(GY)]�2þ both

yielded abundant amounts of the peptide radical cation WG�þ

(Table 4). In the case of [CuII(WG)(YG)]�2þ, low abundances of

YG�þ and the proton transfer products, [YGþH]þ and

[CuII(WG – H)]�þ, were also observed. Curiously, the [CuII(WG

- H)]�þ ion was not observed in the CID of [CuII(WG)2]
�2þ, but

was produced from [CuII(WG)(YG)]�2þ in very low abundance.

(b) Ma was WGG and Mb a dipeptide containing a
tyrosine residue
Radical cation WGG�þ was the most abundant product

in the CID of both [CuII(WGG)(YG)]�2þ and [CuII

(WGG)(GY)]�2þ. This is in accordance with the results of

[CuII(WG)(YG)]�2þ and [CuII(WG)(GY)]�2þ in that formation

of the radical cation is the dominant dissociation channel in

peptides that have an N-terminal tryptophan residue.

Low abundances of [YGþH]þ and its complementary ion

[CuII(WGG - H)]�þ were also observed in the CID spectrum

of [CuII(WGG)(YG)]�2þ, which parallels those in the CID of

[CuII(WG)(YG)]�2þ (Table 4).

(c) Ma was WG and Mb a tripeptide containing a
tyrosine residue
The CIDs of all [CuII(WG)(Mb)]

�2þ, where Mb is YGG, GYG

or GGY, gave only one radical cation, WG�þ, in high

abundance; the proton transfer product [WGþH]þ was

also observed, but always in low abundance (Fig. 6).

This latter minor channel contrasts with the fragmentation

of [CuII(WG)(YG)]�2þ, where the minor channel had proton

transfer away from the tryptophan-containing peptide,

giving [CuII(WG – H)]�þ and [YGþH]þ (Table 4). This

result can again be rationalized in terms of the larger,

tripeptide being bound to Cu�2þ as a zwitterion, and the loss

of WG accompanied by proton transfer, thereby producing

[WGþH]þ and [CuII(Mb – H)]�þ. In [CuII(WG)(YG)]�2þ, if
only one peptide is bound as a zwitterion, it is likely to be

the more basic one, WG; dissociation accompanied proton

transfer would yield [YGþH]þ and [CuII(WG – H)]�þ, as
observed.

(d) Ma was WGG and Mb a tripeptide containing a
tyrosine residue
The products of three fragmentation pathways were

observed in the CIDs of complexes [CuII(WGG)(Mb)]
�2þ,

where Mb is YGG, GYG, or GGY (Fig. 7). The only radical

cation formed was WGG�þ, attributable to the lower

ionization energy of tryptophan relative to tyrosine; ion

WGG�þ had the highest abundance of non-copper-contain-

ing ions in all the spectra. Two proton transfer channels,

forming [WGGþH]þ and [MbþH]þ, were observed. In

the CID spectrum of [CuII(WGG)(YGG)]�2þ, the abundance

of [YGGþH]þ is slightly higher than that of [WGGþH]þ

(Fig. 7(a)); this is contrary to expectations based on proton

affinities. The proton affinity of tryptophan (224.7 kcalmol�1)

is slightly higher than that of tyrosine (221.5 kcalmol�1)36

and, assuming that the peptides also protonate on the

Table 4. Relative abundances of fragments from [CuII(Ma)(Mb)]
�2þ, where Ma contained tryptophan and Mb contained tyrosine, at

relative collision energies of 7% (values in bold have values greater than 10%)

[CuII(Ma)(Mb)]
�2þ [CuI(Ma)]

þ M�þ
b [CuI(Mb)]

þ M�þ
a [CuII(Ma – H)]�þ [MbþH]þ

Ma Mb (%) (%) (%) (%) (%) (%)

WG, YG 1.6 1.5 48.4 44.8 2.5 1.2
WG, GY 0.0 0.0 51.5 48.4 0.0 0.0
WGG, YG 0.0 0.0 47.4 47.4 3.0 2.1
WGG, GY 0.0 0.0 49.9 49.9 0.0 0.0

Table 3. Relative abundances of fragments from

[CuII(Ma)(Mb)]
�2þ, where both Ma and Mb contained tyrosine,

at relative collision energies of 7% (values in bold have

abundances greater than 10%)

[CuII(Ma)(Mb)]
�2þ [CuII(Mb – H)]�þ [MaþH]þ [CuI(Ma)]

þ M�þ
b

Ma Mb (%) (%) (%) (%)

YG, YGG 54.4 41.4 2.2 2.0
YG, GYG 60.3 34.3 3.2 2.1
YG, GGY 60.2 39.8 0.0 0.0
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terminal NH2 group, then WGG might be expected to have

a slightly higher proton affinity than YGG. The other factor

determining the relative abundances is the stabilizing effect

of the N-terminal residues on the complementary ions,

[CuII(XGG – H)]�þ. The slight preference for formation of

[YGGþH]þ and [CuII(WGG – H)]�þ indicates that the latter

factor is dominant.

In the CIDs of complexes [CuII(WGG)(Mb)]
�2þ, where the

tyrosine residue is not at the N-terminal (Mb¼GYG or GGY),

ion [WGGþH]þ is the dominant proton transfer product,

although [MbþH]þ ions are present in low abundance

(the proton affinity of glycine is 210.5 kcalmol�1, which

is considerably lower than that of tryptophan36 at

224.7 kcalmol�1).

SUMMARY

Collision-induced dissociations of [CuII(Ma)(Mb)]
�2þ com-

plexes, where both Ma and Mb were peptides containing

either a tryptophan or a tyrosine residue, led to the formation

of radical cations of at least one of the peptides. There is one

major difference in how these two classes of complexes

fragment. For complexes of peptides containing only a

tryptophan residue, radical formation was the dominant

pathway and the competing proton transfer reaction

channel was very minor (or non-existent), except in the

CID of [CuII(WGG)2]
�2þ. The ease with which these radical

cations were formed is attributed to the low ionization

energy of the tryptophan residue, thereby making reduction

of the copper complex by electron transfer to Cu(II) a

low-energy process. By contrast, the fragmentation of

tyrosine-containing complexes was dominated by proton

transfer reactions, except in the CID of [CuII(YG)2]
�2þ, where

radical formation is almost as abundant as proton transfer.

This may be attributed to three factors: when compared

with tryptophan, tyrosine has the higher ionization energy;

tyrosine attaches to Cu(II) as a zwitterion through the

phenolate oxygen; and peptides that contain a tyrosine

residue (particularly when it is at the N-terminal) may

have slightly lower proton affinities than those with a

tryptophan residue.

When the [CuII(Ma)(Mb)]
�2þ complex had one peptide

containing a tryptophan residue and the other a tyrosine

residue, the products were predominantly radical cations

of the tryptophan-containing peptide; proton transfer to

the tryptophan-containing peptide was more significant,

when both ligands were tripeptides. Only in the CID of

[CuII(YGG)(WGG)]�2þ was there significant extent of proton

transfer to the tyrosine-containing peptide.

Within a class of complexes containing different peptides,

but with only one and not both of the aromatic amino acids,

the location of the amino acid residue in the peptide

chain dictates which product is formed. In the CIDs of

[CuII(WG)(Mb)]
�2þ, where Mb is WGG, GWG or GGW,

Figure 7. CID spectra of complexes of [63CuII(Ma)(Mb)]
�2þ

where (a) Ma¼WGG and Mb¼YGG; (b) Ma¼WGG

and Mb¼GYG; and (c) Ma¼WGG and Mb¼GGY at relative

collision energy 7%. The bold arrow indicates the precursor

ion.

Figure 6. CID spectra of [63CuII(Ma)(Mb)]
�2þ where

(a) Ma¼WG and Mb¼YGG; (b) Ma¼WG and Mb¼GYG;

and (c) Ma¼WG and Mb¼GGY at relative collision energy

7%. The bold arrow indicates the precursor ion.
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the radical cationWGG�þ forms preferentially to WG�þ from

the first complex (i.e., [CuII(WG)(WGG)]�2þ), but, from

the others, WG�þ is the major product. This suggests that

there is a special stability achieved by having a tryptophan

residue at the N-terminus of the radical cation. In the CIDs of

complexes [CuII(YG)(Mb)]
�2þ, where Mb is YGG, GYG

or GGY, proton transfer is the dominant reaction and it

is always the larger peptide that acts as the proton donor,

yielding [YGþH]þ. We speculate that a plausible reason for

this is that the larger peptide is coordinated as a zwitterion

in the complex, thereby most effectively distributing the

charge within the complex.
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