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The results from an investigation of the collision-induced dissociation (CID) of the ternary complexes
[Cu''(terpy)(AA)]>" are presented (terpy 2,2:6',2"-terpyridine; AA= one of the twenty common amino

acids). These complexes show a rich gas-phase chemistry, which depends on the identity of the amino acid.
For the histidine-, lysine- and tryptophan-containing complexes, oxidative dissociation of the amino acid is
observed, yielding the amino acid radical cation. The results of further mass selection and CID of these
amino acid radical cations are presented. The CID of the seridqg&ken)(AA)]" (where salen= N,N'-
ethylenebis(salicylideneaminato)) is also examined. These complexes undergo loss of the neutral amino acid
in all cases, although the radical cation of arginine is also produced and its subsequent fragmentation examined.
B3-LYP/6-31G(d) computations were carried out to test aspects of the proposed fragmentation mechanism of
the histidine and arginine radical cations.

1. Introduction

‘aaVan\ “
. o HN N NH N

There have been several mass spectrometric studies in recent H | NN
years of gas-phase copper(ll) complexes with amino acids or dien N N~
peptides—> A feature of such copper(ll) complexes is their terpy
tendency to oxidize the coordinated amino acid or peptide. For ~ cl
example, in a study of the collision-induced dissociation (CID) | /
of histidine-containing peptides coordinated to copper(ll), Hu NN YN |
and Loo found that the complexes underwent decarboxylation =N N~ | NTONTYS
followed by further radical-driven eliminatioh.Similarly, Br Br N N~
Tureek and co-workers have shown that the fragmentation of terpy-Br, terpy-Cl
[Cu"(bipy)(AA — H)]™ complexes (bipy= 2,2-bipyridine, AA p—
is an amino acid) typically leads to loss of g@llowed by o/_\o =N N=
further radical-driven fragmentation of the resulting copper(l) [ j o
complex of the decarboxylated amino acid radical,'{Bipy)- o\_/o o o
(AA — H — CO)*. Closely related CID experiments involving 12-crown-4 salen

[Cu'(bipy)(Arg)]?+ and [CU (His),]2" produce cationic radical
fragments such as (Arg CO;)** and (His— CO,)™, respec-
tively, suggesting the transient formation of both the arginine
and histidine radical catiorfs®

Particularly germane to the present work is the important
discovery by Siu and co-workers that CID of the [Qdien)-
(YGGFLR)]?" complex (dien= diethylenetriamine, Figure 1)

Figure 1. Examples of the auxiliary ligands that have been used in
ternary metal complexes to produce cationic peptide radicals.

complex in which the peptide is coordinated to a copper(ll) ion
along with an auxiliary ligand. Upon CID, the peptide is
oxidized concomitant with its dissociation from the metal
complex, thus forming a cationic peptide radical. Subsequently,
leads to the formation of the YGGFL'Rradical cation and the ~ several investigations involving this methodology have been
complementary [Cigdien)]* complex® This discovery has  undertakerf=12 Unfortunately, several reactions compete with
formed the basis of a method for the formation of peptide radical the oxidative dissociation pathway, and complexes containing
cations in the gas phase. The method involves the introductionthe dien ligand are prone to dissociation by competitive loss of
of a neutral peptide into the gas phase as part of a ternarythe protonated peptide, protonated ligand, or fragmentation of
the peptide. Thus, successful application was restricted to the
T Part of the “Chava Lifshitz Memorial Issue”. generation of radical cations of particular peptides containing
#This articyI’e is part 49 of the series “Gas Phase lon Chemistry of 3 tyrosine or a tryptophan residue and were assisted by the
Biomolecules”. radom@ Presence of a basic residue, specifically arginine, lysine, or
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histidine® 7 Siu and co-workers have also reported the formation
of the individual tyrosine and tryptophan radical cations from
the corresponding copper(ll) dien complex@s.

Much of the proton-transfer chemistry competing with
oxidative dissociation is suppressed by the use of@,2'-
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terpyridine (terpy, Figure 1) in place of dien. In addition to the sprayed immediately. Experiments involving the deuterium
formation of radical cations containing aromatic residues, terpy exchange of protons bound to heteroatoms were carried out in
allowed the formation of radical cations containing a basic a similar fashion, except that water was substituted by deuterium
residue in the absence of a tyrosine or tryptop¥afThis has oxide and methanol by methandj-or methanold,. The [Fé'-
led to terpy complexes being used in a number of studies by (salen)(AA)]" ions were abundant under a range of source
ourselves and othetd:1* However, even for the terpy com-  conditions, while formation of the [Cigterpy)(AA)]?" ions in
plexes, their CID chemistry is complex and often fails to produce sufficient abundance to allow CID typically required extensive
the radical catiod? Clearly, the dependence of the dissociative tuning of the electrospray conditions, details of which are
chemistry of these metal complexes on the identity of the peptide included in the Supporting Information. In the case of the
warrants a more systematic examination. To this end, studiesmethylated histidine derivatives, 1-methylhistidine (1-Me-His),
have been undertaken in which a single residue is varied in a3-methylhistidine (3-Me-His), and the methyl ester of histidine
tripeptide such as GXR or GGX12 However, the position, as  (His-OMe), the terpy ligand was replaced bychloro-2,2:6',2"'-
well as the identity, of the residues within a peptide has also terpyridine (terpy-Cl) (Figure 1). This substitution was neces-
been shown to be important in directing the CID of the metal sitated by an unfortunate isobaric overlap: Tim& of the
complexes? [Cu''(terpy)(AA)]?T ion is 232.5 and thevz of [CU'(AA)] T is
A number of other ternary metal complexes have also been 232, making isolation and mass selection of the former doubly
used to form peptide radical cations. The use of copper(ll) charged complex extremely difficult. We adopt the convention
complexes with 1,4,7,10-tetraoxacyclododecane (12-crown-4, of designating the mass-selected precursor ion in the spectra
Figure 1) as the auxiliary ligand allowed the formation of by an asterisk (*) throughout this paper.
tripeptide radical cations of the form GGX where X was an 2.2. Materials. All amino acids were purchased from Sigma-
aliphatic residud.This was a significant finding, as aliphatic ~ Aldrich as theL-isomer (98% purity), except for 3-methyi-
residues have the highest ionization energies of all the aminohistidine (Sigma) and 1-methyHhistidine (Fluka). The com-
acids. More recently, it has been shown that the use of copper(Il) plexes [Cli(terpy)(NQ)]-H-0 and [Fé' (salen)]Cl were prepared
complexes incorporating the 6;@ibromo-2,26',2"-terpyridine according to literature procedur&1 The complex [Cli(terpy-
(terpy-Br, Figure 1) auxiliary ligand allows radical cation CI)(NOg)] was prepared following the procedure used to prepare
formation for a much greater range of peptides, including those [Cu" (terpy)(NG;)]-H20. Deuterated solvents were purchased
containing only aliphatic residuésPeptide radical cations have from Cambridge Isotope Laboratories, Andover, MA.
also been formed using complexes that contain metal ions other 2.3, Computational Methodology. All geometries were
than copper(ll). For example, we recently reported that a number optimized at the B3-LYP/6-31G(d) level of theory, with
of trivalent metal complexes (€; Mn", Fe', and Cd') frequencies calculated at the same level to confirm that the
utilizing dianionicN,N'-ethylenebis(salicylideneaminato) (salen, structures correspond to either true minima or first-order saddle
Figure 1) as the auxiliary ligand are capable of forming cationic points on the potential energy surface and to provide zero-point
peptide radical ion&® vibrational energy (ZPVE) corrections. The ZPVE corrections,
In this paper, we report the CID reactions of a series of scaled by the appropriate factor (0.988&yvere applied to all
complexes of the type [Citerpy)(AA)]2T and [Fé'(salen)- energies. Thé®[values were checked and showed negligible
(AA)]* (where AA corresponds to one of the 20 common amino spin contamination for open-shell systems. Because of the high
acids listed in Table 1). The purpose of these experiments is asdegree of conformational flexibility of arginine, it was impracti-
follows: cal to systematically explore all the conformers of the molecule
(i) To provide amino acid dependent information relating to at the B3-LYP/6-31G(d) level of theory. Therefore, the (Monte
the CID of the ternary metal complexes, which may help Carlo) conformation search function of MacSpartai®0gas
rationalize the chemistry of the corresponding peptide-containing used at the AM1 level of theory. In addition, the Gaussiaff 03
complexes. scan keyword was used to generate conformers followed by
(ii) To form the radical cations of the amino acids in sufficient optimization (HF/3-21G(d)) and single-point energy computa-
abundance so as to allow examination of their low-energy CID. tions (B3-LYP/6-31G(d)//HF/3-21G(d)). The Gaussian?03
Despite the electron impact mass spectrometry (EI-MS) of the program package was used for all B3-LYP/6-31G(d) calcula-
20 common amino acids being knowhas well as there being  tions. Geometries, energies, ZPVEs, &ffivalues not reported
several studies on single photon and multiphoton ionization in the text are included as Supporting Information.
(MP1) of amino acidsg the low-energy CID of the amino acid
radical cations has remained in many cases unexpfdred. 3. Results and Discussion

3.1. CID of the [Cu" (terpy)(AA)] 2+ Complexes.In discuss-
ing the CID of the [Cl(terpy)(AA)]>* complexes, it is

2.1. Mass SpectrometryMost experiments were conducted convenient to divide the reactions into four classes (Scheme
on a commercially available quadrupole ion-trap mass spec- 1). Reaction 1 is the loss of the neutral amino acid, that is, non-
trometer (Finnigan-MAT model LCQ, San Jose, CA) equipped oxidative dissociation. Reaction 2 involves oxidative dissociation
with electrospray ionization (ESI). In other cases, experiments of the amino acid to form the corresponding radical cation and
were performed on a Finnigan LCQ Deca XT Max quadrupole the complementary [C(erpy)]” ion. In many cases, the
ion-trap mass spectrometer (Finnigan, San Jose, CA) or in the[Cu'(terpy)]' ion is observed in the absence of its complemen-
linear ion trap of a Finnigan LTQ FT mass spectrometer tary AA** ion, due to the further fragmentation of the amino
(Bremen, Germany), as indicated in the text. In each of the acid radical cation following dissociation from the complex.
instruments, helium was used as the collision gas. Samples werdReaction 3 involves elimination of a positively charged fragment
typically prepared by combining 104L of amino acid stock of the amino acid, while the remaining negatively charged
solution (1 mg mt in water) with 10QuL of the metal complex fragment remains coordinated to the copper ion. This reaction
stock solution (1 mg mt! in methanol) and diluting with is almost exclusively limited to elimination of the immonium
methanol to a total volume of 1 mL. Sample solutions were ion (NH,CHR™") plus CO to give the [Cl(terpy)(OH)]" ion

2. Experimental Section



TABLE 1: Summary of the CID Chemistry of the [Cu " (terpy)(AA)] 2" Complexes

ionization reaction 4

amino energy reaction 1 reaction 2 [Cu'(terpy)AA [CU'(terpy)AA [Cu'(terpy)(AA

acid (eV) [CU'(terpy)F™ AAT [Cu(terpy)[” [Cu'(terpy)(OH)" [NHCHR]" — CH,O,)]?" — H0)]>* — NHg)]?* comments and other losses

Gly2 8.8 + - - + - + - - primarily undergoes non-oxidative dissociation

Ala®P  8.88 + - - + - - - - also exhibits loss of NgH CO

Val 8.7 + - - + + - - -

Leu 8.5F + — - + + - - +

lle 8.66° + - - + + - - +

Pro 8.2 - - + + + - - -

Ser 8.8 + - + - - + + - loss of HO is the primary fragmentation pathway

Thr + - + + - + + - loss of HO is the primary fragmentation pathway

Cys 8.0 + - - - - - - + primarily loses NH, loss of NH" is also apparent

Met  8.C - - - + - - - + primarily undergoes loss of 48 mass units corresponding
to CHsSH

Asp - - + + - + - - primarily undergoes loss of 46 mass units

Glu - - - - - - + - loss of HO is the primary fragmentation pathway

Asn - - - + - - - - shows a loss of 45 mass units which may correspond to
NH; plus CO

GIn - - + - - - + + loss of NH; and HO prominent, loss of Nt is also apparent

Phe 8.5:8.8 + - + + + - - - also shows a product ion atz = 104

Tyr 8.C¢ + - + + - - + - also shows a product ion atz= 120

Trp 7.2 - + + - - - - + also shows a product ion atz = 130, which corresponds
to the further fragmentation of the radical cation

His - + + - - + - - there is also a product ion atfz= 82

Lyss 8.6° - + + + - - - + predominantly loses NH

ArgP - + + + - - - - the arginine radical cation appears to undergo further

fragmentation

9002 ‘/Z 'ON ‘OTT '[oA 'V "WdyD 'shud ' 90€8

aNote that, for glycine and alanine, the mass of the immonium ion is below the low-mass cutoff of the ion trap, making its detection infpbsisit@gperiment was performed on both the LCQ and
LCQ Deca XT Max instruments.This experiment was performed on the LCQ Deca XT Max instrunfehll.the spectra not included as figures in the text are provided as Supporting Infornfationest
adiabatic ionization energy. See ref 25 and references théém ref 26 for conformation-dependent ionization energiaspifenylalanine.
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Figure 2. CID of the [CuU'(terpy)(Val)F" complex. We adopt the
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3). All of the aliphatic amino acid complexes, apart from
[Cu''(terpy)(Pro)f", show peaks am/z = 148, 157, and 164
following CID. These ions arise from the loss of the neutral
amino acid to give the [Cifterpy)F* complex (Wz = 148,
reaction 1), which readily undergoes addition of adventitious
background water and methanol in the trap to give'[@&ipy)-
(H20)1?" (m/iz= 157) and [Cl(terpy)(MeOH)F" (m/z= 164),
respectively.

The [CU'(terpy)(OH)I" complex is a prominent product for
all the aliphatic amino acids. The complementary (NH,-
CHRCOQO") ions are known to be unstable with respect to

convention of designating the mass-selected parent ion by an asterisklecomposition by decarbonylation, forming the corresponding

(*) throughout this paper.

SCHEME 1: Grouping of the CID Reactions of the
[Cu'l (terpy)(AA)] 2~ Complexes into Four Reaction Types

Small-molecule loss from the coordinated amino acid:
[Cu'(terpy (AA — H,0))*~ + H,0

s

Non-oxidative dissociation: 4_1 [Cull(terpy)(AA) 2+ _2> Oxidative dissociation:
[Cu'l(terpy)]?* + AA [Cul(terpy)]* + AA™
ls

Charge-separation fragmentation of the coordinated amino acid:
[Cu''(terpy)(OH)]* + H,NCHR" + CO

and is most likely driven by the polarizing effect of the copper-
(I) ion. Reaction 4 involves fragmentation of the coordinated
amino acid, typically through the loss of small molecules such
as HO or NH;. The most common product ions observed
following CID of the [CU!(terpy)(AA)]?" complexes are given
in Table 1, while the fragmentation reactions of the individual
complexes are described in more detail below.

3.1.1. The Aliphatic Amino Acidsthe CID spectrum of
[Cu'(terpy)(Val)B illustrates the common types of product ions
observed for the aliphatic amino acid containing complexes

immonium ion (NHCHR™).2” Consequently, the formation of
the [CU'(terpy)(OH)J" product ion from the aliphatic amino acid
complexes (reaction 3) is accompanied by the presence of the
immonium ion for all the aliphatic amino acid complexes except
glycine and alanine. The absence of the glycine and alanine
immonium ions from the CID of their respective complexes is
not surprising, as these low-mass ions are not readily captured
in the ion trap.

3.1.2. The Aromatic Amino Acid$he CID spectra of the
aromatic amino acid complexes are shown in Figure 3. CID of
all of the aromatic amino acid complexes yield [Gerpy)],
suggestive of oxidative dissociation of the amino acid. The
complementary amino acid radical cations are present for his-
tidine and tryptophan. Despite the presence of the(f€uy)]"
ion in the CID of both [Cl(terpy)(Phef™ and [CU!(terpy)-
(Tyn)]2*" (Figure 3A,B), the corresponding amino acid radical
cations are absent. Both spectra exhibit a product ion 61 mass
units lower than the radical cation, which may correspond to
the formation of the styrene and 4-hydroxystyrene radical
cations, respectively. The mechanism for the formation of these
product ions is, however, unclear. CID of the tryptophan
complex primarily proceeds by oxidative dissociation to produce
both [Cu(terpy)]" and Trp™ (Figure 3C). In addition, the

(Figure 2). The aliphatic amino acids predominantly fragment tryptophan complex yields a minor loss of Mids well as a

by non-oxidative dissociation (Scheme 1, reaction 1) or by
fragmentation of the amino acid backbone (Scheme 1, reaction

o
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product ion atm/z = 130, which corresponds to the benzylic
ion, 3-methylene-B-indole-1-ium.
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Figure 3. (A) CID spectra of the [Ci(terpy)(Phef}" complex. The peak

at'z = 120 corresponds to the immonium ion améz = 104 would

correspond to gHg™. (B) CID of [Cu''(terpy)(Tyr)F" complex. The peak atvz = 120 in this case corresponds tgHgO™*. Peaks in spectra A and
B at m/z = 156.9 and 163.9 correspond to [Qterpy)(HO)]?" and [CU (terpy)(MeOH)F" complexes, respectively. (C) CID of [Efterpy)-
(Trp)]** complex. The peak atvVz = 130 corresponds to protonated 3-methyleneindolenine radical cation. (D) CID of thgeipy)(His)E* ion.
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1007 B [Cul(terpy)]* Figure 5. CID of the [Fé'(salen)(Arg)f complex, clearly showing

] 296.3 the formation of the arginine radical cation.

8
§: chemistry, as indicated by the presence of small amounts of
2] the [Cu(terpy)]" product ion, suggesting that the second
<] * AR =Arg criterion is satisfied. The first criterion is not met, however, as
£] 130.0 oy these complexes primarily undergo dissociation by fragmenta-
21 Arg” [Cu'(terpy)(OH)I* tion of the coordinated amino acid. Unlike the aliphatic amino

1 &0 f‘” acid complexes, fragmentation is not generally driven by loss

] , f o al 4 of a charged immonium ion, but by intramolecular proton
0 1 * T T T T ]

50 100 150 200 250 300 350 400

transfer, leading to the loss of small molecules such #3,H
Figure 4. (A) CID of the [CU'(terpy)(Lys)F™ complex (LTQ FT). NHs, or CHSH.

| +
(B) CID of the [Cu (terpy)(Arg)F " complex. The competitive loss of small molecules is likely to be driven

The CID spectrum of the [Ci¢terpy)(His)E* complex shows by two factors. The copper(ll) ion appears, in these cases, to
the loss of HO and CO, which is in competition with the actasa Lewis acid facilitating proton transfer from the site of
formation of the histidine radical cation (Figure 3D). In addition, Pinding on the amino acid to a different site, thereby triggering
a product ion aivz = 82 is also present, which may be assigned subsequent small-molecule loss. In addition, neighboring group
as the loss of iminoacetic acid to provide the 4-methyleneim- participation is known to be important in the elimination of small
idazole radical cation (Scheme 3). Interestingly, this ion is Molecules for a number of protonated amino aéBoth
observed in the CID of the [C{His);]2* complex and the 70 intramolecular acietbase chemistry between the side chain and
eV EI-MS spectrung.7.28 the backbone and neighboring group processes should be

3.1.3. Lysine and ArginineComplexes containing the two facilitated by the presence of a flexible functionalized side chain

most basic amino acids, lysine and arginine, show evidence of SUCh as those found in Ser, Thr, Met, Glu, Asp, Asn, Gln, and
redox chemistry (Figure 4). The lysine-containing complex CYS- In contrast, the aromatic amino acids Phe, Trp, and Tyr
produces the lysine radical cation as a minor product, the p_ossess_3|de chains for which both proton t_ransfer between the
fragmentation proceeding primarily by the loss of Niffigure side chain and the backbone and neighboring group processes
4A). Tureek and co-workers previously reported on the CID e sterically less favorable. Although both [Q@erpy)(Tyr)P*
of [Cu'(bipy)(Lys)R*, which also gives prominent loss of and [Cdl'(terpy)(T_r}C)_)]ZJr lose NH;, _small-_molec_ule loss from
NHz.2 CID of the [CU'(terpy)(Arg)R* complex provides the com_plexes containing the aromatic amino acids Phe, Trp, and
[Cu'(terpy)]* ion as the main product ion, but the complemen- TY' iS not a prevalent fragmentation pathway. The loss ogNH
tary arginine radical cation is only present in very low May be accounted for by proton transfer occurring across the
abundance, apparently readily undergoing loss of @yive amino acid backbone from the carboxylic acid.
an ion atm/z = 130 (Figure 4B). Further trapping and CID of It appears likely that it is not only the comparatively low |E
the ion atm/z = 130 leads primarily to the formation of an ion  ©f the aromatic amino acids that enables formation of the radical
at m'z = 87, which we assign as the ethylguanidine radical cation counterparts, but also the absence of facile pathways for
cation, and a less abundant ionnalz = 101 corresponding to ~ Small-molecule loss. Conversely, the failure of complexes
the loss of methanimine. The ethylguanidine radical cation is containing a flexible functionalized side chain to undergo
also present in the MSpectrum. Possible mechanisms for these €xtensive oxidative dissociation may not be due to their greater
losses are described in further detail in section 3.6. IE, but rather to the extremely facile loss of small molecules
3.2. Discussion of the CID of [Cl(terpy)(AA)] 2t. To from these complexes.
successfully form the amino acid radical cation, there are two ~ 3.3. CID of the [F€" (salen)(AA)]" Complexes.For the 20
requirements. First, dissociation of the amino acid from the metal common amino acids, CID of the [fésalen)(AA)]" complexes
complex must be competitive with (and ideally favored over) leads essentially to non-oxidative dissociation of the neutral
fragmentation of the coordinated amino acid. Second, dissocia-amino acid from the complex to provide the [Rgalen) ion.
tion must result in oxidation of the amino acid. The aliphatic However, for the arginine-containing complex, competitive
amino acids tend to satisfy the first criterion but not the second, formation of the arginine radical cation also occurs (Figure 5).
as demonstrated by the formation of the {Qarpy)F+ and The tendency for the [Fgsalen)(AA)]" complex to undergo
related product ions and the absence of the (f€py)[" ion. non-oxidative dissociation demonstrates the importance of the
This may be attributed to the relatively high ionization energies charge state in directing the dissociation of these complexes.
(IEs) of the aliphatic amino acids (Table 1). The aromatic amino For the doubly charged [C(terpy)(AA)]>" complexes, there
acids, which generally have lower ionization energies, satisfy is a strong driving force for pathways that result in the separation
both criteria, as demonstrated by the presence of thé- [Cu of charge. This driving force promotes dissociation involving
(terpy)I" and radical-related product ions. Of the remaining charge transfer, such as oxidative dissociation, at the expense
amino acids, GIn, Ser, and Thr also show evidence of redox of non-oxidative dissociation. In contrast, the [fsalen)(AA)]"
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Figure 6. (A) CID of the tryptophan radical cation. (B) CID of the
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formed following dissociation from the [¢salen)(Arg)f complex
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cation.

o

o
o
T R A R SR ¢ |

o
o

complexes have a net charge-bi, and thus, both oxidative
and non-oxidative dissociation lead to the formation of a singly
charged ion as well as the neutral product.

3.4. CID of the Amino Acid Radical Cations.A significant
outcome of this work is that the tryptophan, histidine, lysine,

and arginine radical cations were formed in sufficient abundance

to allow their further mass selection for CID studies. The CID
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spectra of the tryptophan, lysine, and arginine radical cations 3-methylnistidine radical cation (D). Note that experimentsiBwere

are shown in Figure 6, while the CID spectrum of His shown

in Figure 7A. CID of the tryptophan radical cation leads to the
exclusive formation of protonated 3-methylertd-Bidole-1-ium
(Figure 6A), consistent with a previous report by Siu and co-
workers?? This product also dominates the 70 eV EI-MS and
the MPI spectrum of tryptopha.18 CID of the lysine radical
cation (Figure 6B) leads predominantly to the loss gDiHwith
minor loss of HO + CO and NH. A fragment ion at/z= 84

is also present, the identity of which is not immediately apparent.
However, an ion at/z= 84 is also observed in the CID spectra
of protonated lysine, which may correspond to the same ion.
CID of [Lys + H]" leads to elimination of side chain NH
following nucleophilic attack by the backbone amine to form
protonated pipecolic acid) (Scheme 2), which then eliminates
H,0O and CO to give protonated 2,3,4,5-tetrahydropyrid)e (
m/z = 84 (pathway A, Scheme 29.CID of Lys™ may follow

a similar mechanism, most likely by elimination «€O,H
followed by nucleophilic attack by the side chain amine at the
a-carbon, leading to the formation of protonated 2-aminopi-
peridine @), which then eliminates N¥to form 2 (pathway B,

performed on the Finnigan-LTQ, rather than the LCQ.

Scheme 2). CID of the arginine radical cation leads almost
exclusively to the loss of dehydroalanine to give the ethylguani-
dine radical cation (Figure 6C), and these results are discussed
below in section 3.5.

3.5. Fragmentation of the Histidine Radical Cation.Mass
selection and CID of Hit results in loss of WO and HO +
CO. This is also the dominant fragmentation pathway for
protonated histidiné? suggesting that the fragmentation of the
long-lived radical cation may be charge-directed, rather than
radical-directed.

In addition to examining the histidine radical cation, we have
also been able to form the radical cation of three related
derivatives: 1-methylhistidine (1-MeHis), 3-methylhistidine (3-
MeHis), and the methyl ester of histidine (His-OMé&)he CID
spectra of His-OMe&’, 1-MeHis™, and 3-MeHisg* (Figure
7B,C,D) provide insights into the mechanism oftHloss from
His**. Neither His-OMé* nor 1-MeHis™ differ significantly
from His™ in their CID chemistry. The methyl ester, His-
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SCHEME 2: Proposed Mechanisms for the Formation
of Protonated 2,3,4,5-Tetrahydropyridine (2) from
Protonated Lysine (A) (ref 30) and Lysine Radical

SCHEME 3: Fragmentation of the Histidine Radical
Cation. (A) Proposed Mechanism for the Loss of Water
from the Histidine Radical Cation. (B) Proposed

Cation (B) Mechanism for the Formation of the 4-Methylene
+ . Imidazole Radical Cation. (C) Fragmentation of
NH3 NH, 3-MeHis™
( H HN NH
N | -H,0 //
HA o H:J/E(OH <@j\(—> § Hij — /E:’;)
o] o] OH -~ OH HoN"*®
Al_ N, B| ~.con HNT] HoN Y
4 © 50 6
NH, m/z=1355 m/z=137
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IR NG
K HaN" N
H SR C (2‘9 - (1,0+C0)
2 -Co,
miz = 84 m/z=125 <—Me/N K>
HN OH
OMe*™, undergoes loss of MeOH and CO in close analogy with ZTH o
His™* (Figure 7B). Similarly, CID of 1-MeHi$* predominantly —*C,H,NO, COM
proceeds by loss of # and BO + CO (Figure 7C). N
A possible rationale for these observations is provided in H, N
Scheme 3A and involves nitrogen in the 3-position of the </NJ <
imidazole ring acting as a proton shuttle, triggered by the N d
abstraction of the hydrogen atom from thearbon. Subsequent Me Hi?
H,0O and HO + CO losses are equivalent to those in protonated s =83 m /22: 124

histidine, which proceed by proton transfer from the 3-position

on the imidazole ring? This mechanism apparently specifically A preliminary examination of aspects of the potential energy
involves the nitrogen in the 3-position, as methylation at this surface (Figure 8) using B3-LYP/6-31G(d) yields results that
position dramatically alters the CID spectrum (Figure 7D), with - are consistent with the mechanisms proposed in Scheme®3A,B.
loss of HO being negligible and new pathways involving £0  The calculations show in the first place that, while the enthalpy
and*CO;H loss becoming apparent. for the elimination of water4 — 6, Scheme 3A) is exothermic
Scheme 3B provides a possible mechanism for the formation by 26 kJ mot?, the McLafferty rearrangement (> 8, Scheme
of the 4-methyleneimidazole radical catid) (m/z = 82), via 3B) is endothermic by 47 kJ mol. In addition, the calculations
a McLafferty-type rearrangement. Hydrogen-atom abstraction predict barriers associated with the rate-limiting steps that are
from the amine by the nitrogen in the 3-position is followed by quite similar for the two pathways, the loss of water being
homolytic cleavage of the £-Cs bond to eliminate iminoacetic  slightly lower (by 12 kJ mot?). For comparison, our experi-
acid. Although thewz = 82 product ion is not observed in the mental results suggest that the rapid fragmentation observed
His™ spectrum, it is present in both the [Gterpy)(His)f™ and immediately following oxidative dissociation (MSpectrum)
His-OMe*™* spectra. It is also the main product ion in the 70 eV proceeds predominantly by the higher-energy McLafferty rear-
EI-MS.Y” Furthermore, CID of 1-MeHis provides a product  rangement (Scheme 3B), whereas in the low-energy CID of the
ion at m/z = 96, corresponding to the 1-methyl derivative. isolated histidine radical cation, the lower-energy loss of water
Notable in the context of the mechanism proposed in Scheme(Scheme 3A) takes place. The internal energy of the histidine
3B is the absence of a product ion at eith&#z = 82 or 96 in radical cation immediately following oxidative dissociation, in
the spectrum of 3-MeHis, which implicates the specific  the MS experiment, is undoubtedly above the activation energy
involvement of the nitrogen at the 3-position rather than the for both processes. The transition structure associated with the
1-position. Both these mechanisms (Scheme 3A and 3B) appeaiMcLafferty rearrangement is likely to be favored entropically
to specifically involve hydrogen-atom abstraction by the N3 (because it is less tight) relative to the transition structure
rather than the N1 nitrogen. We attribute this observation to associated with the highly concerted loss of water, consistent
the restricted capacity of the nitrogen in the 1-position to become with its prevalence in the MRexperiment. This contrasts with
sufficiently close to the amino acid backbone. the behavior observed in the low-energy CID of the isolated
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Water loss McLafferty rearrangement
(Scheme 3A) (Scheme 3B)

»

(0]
T

o)
s

S
i

N
T

-40-]

B3-LYP/6-31G(d) Relative Energy kJ mol™

&
T

&
T

-100-

Figure 8. The B3-LYP/6-31G(d) potential energy surface for the histidine radical cation (kJ*m@&lold lines represent dissociation channels.
Barriers associated with bond rotations are omitted for clarity.

histidine radical cation (M$. In this case, we have a slow- lowing MPI.18 In addition, it does not show loss of G@ the
heating process involving numerous low-energy collisions, MS? experiment, as is observed for the [Qterpy)(Arg)E" case.
thereby favoring the lower-energy loss of water. Indeed, further CID of the Arg formed from the iron complex
3.6. Comparison of [Fd!' (salen)(Arg)]T and [Cu' (terpy)- does not lead to CQloss at all, but rather the elimination of
(Arg)]2*. In the current investigation, we observe that both the dehydroalanine, which implies that dissociation proceeds through
[Cu'(terpy)(Arg)F" and [Fé! (salen)(Arg)T complexes undergo  a distonic radical cation in which the charge is located on the
oxidative dissociation to form an arginine radical cation. The fully protonated guanidinium side chain and the radical on the
arginine radical cation formed from [erpy)(Arg)E' rapidly o-carbon (5 Scheme 4). Such a tautomer is unlikely to be
undergoes (in the MSexperiment) further fragmentation by  formed directly following dissociation from the complex, as it
the loss of CQ, to give an ion at/z= 130. This may undergo  would involve initial coordination of the arginine to the iron as
still further fragmentation by loss of vinylamine to give the a carbanion. More probable is coordination of arginine as a non-

ethylguanidine radical cationn{z = 87). Turéek and co- zwitterionic tautomer, as in complex&® or 11 in Scheme 4.
workers have previously reported the same product ions We find that the radical cation of both the N-acetylated and
following CID of the related [Cl{bipy)(Arg)]?" complexZ They methyl ester derivatives of arginine may be formed using iron-

proposed that the arginine radical cation is formed as a (lll) salen, which is consistent with the proposed complexes
zwitterionic-type structure in which the carboxylate is depro- 10 and11 (Scheme 4).

tonated, and we suggest that the arginine adopts an equivalent We propose that, following oxidative dissociation of arginine,
structure in the [Clterpy)(Arg)Ft complex, structure9 the radical cation (eithet3 or 14, Scheme 4) tautomerizes to
(Scheme 4). Arginine is a good candidate to adopt a salt-bridge- 15, prior to fragmentation. Direct evidence for this rearrange-
type structure, due to the high basicity of the guanidine group. ment comes from exchange of the heterobound protons for
Indeed there have been a number of studies concerned with theleuteriums. CID of the deuterium-enriched radical cation leads
guestion of whether arginine exists as a gas-phase zwitférigh,  to product ions atv/z = 91 andm/z = 92 (Figure 9). The lower-
with the most recent of these showing that the non-zwitterionic mass product ion is consistent with our proposed rearrangement.

form of arginine is more stable by 13.6 kJ mbfé39However, We attribute formation of the second product ion to intramo-

it has been demonstrated both theoreti¢dlgnd experimen- lecular exchange between the heterobound proton/deuteriums.
tally*! that coordination of an alkali metal ion may induce a Our experimental results are suggestive of the presence of
salt-bridge-type structure. several tautomeric forms of arginine. However, because these

CID of the arginine radical cation formed following oxidative forms are not directly observable, it is useful to employ
dissociation from [Fé(salen)(Arg)j contrasts with both its 70  computational techniques to examine the viability of the pro-
eV EI-MS!7¢ and charge-directed fragmentation obtained fol- posed mechanistic scheme. Table 2 lists the B3-LYP/6-31G(d)
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SCHEME 4: Proposed Mechanism for the Formation and Fragmentation of the Arginine Radical Cation from
Copper(ll) (A) and Iron(lll) (B and C) Complexes

+ +
.
HZNYNHZ HZNYNHZ HaN_NH,
NH NH Y
1 + NH
- [Cu! (tefpy)]l - CO, ; J
(oM I .09 C
H,N Cu'(terpy) H,N o/ 5
9 12 m/z=174 m/z=130 HzN H
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—_— OH
HoN OH HN] . m/z =87
H (0] 2 2
100 B pz=174 Y
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Mo Nt (6% OH
HZNYN--Fe (salen) HQN\I//NH oH H,N
NH NH HoN"* 0
— [Fell(salen)] / s (0]
—_—
OH
HoN H,N OH
H HE mz=174
11 14

relative energies of the lowest-energy conformers of the of 15 relative to13 or 14 demonstrates that there is a strong
tautomers discussed above, along with a fifth tautoni€) (  enthalpic driving force for the tautomerization. In addition, we
identified during the conformational search process. have located a transition structure (TS) for the interconversion
It is clear that the most stable tautomef& the o-centered of 13and15, as shown in Figure 10rS1), that lies only 28 kJ
radical, which lies considerably lower in energy (by more than mol~! above the most stable conformer18. Although there
100 kJ mof?l) than the second most stable tautom#s, are likely to be several TSs for each possible tautomerization
followed by 12, 13, and 14, which are of comparable energy. as a result of the flexible side chain of arginine, making it
The low energy of isomet5 can be readily understood. In the  impractical to comprehensively investigate the entire potential
first place, 15 contains a radical site that is stabilized by the energy surface, the energy obtained 81 places a very
NHz donor and COOH acceptor groups, i.e., it is strongly modest upper limit on the barrier for conversioni& to 15.
captodatively stabilize¢? In addition, the charge is highly  This provides further support for the mechanism proposed in
delocalized within the guanidinium moiety. Scheme 4. Our preliminary calculations of the pathway linking
We have proposed in Scheme 4 that tautoni&and 14 14 and 15 indicate that the details are sensitive to the level of
might readily rearrange t@5. The significantly lower energy  theory employed. However, our best calculations suggest a low
barrier separatind4 from 15. We have also found that the TS
911 for loss of CQ from 12 (Figure 10,TS2) lies only 4 kJ mot?!
above the most stable conformerd#, demonstrating that this
fragmentation process is virtually barrierless. This again is
921 consistent with the mechanism for the formatiom®#z = 130
proposed in Scheme 4.

What implications does the chemistry observed for the
arginine radical cation have for that involving larger peptides?
1 The unstable tautomer formed following dissociation of the
0 , ‘ copper complex leads to rapid fragmentation by a single
pathway. In contrast, we observe that, for the arginine radical
cation produced following dissociation from the iron complex,

N

o

o
)

(2] @
o o
Ll T

Relative Abundance
N
o

N
o
LT

+
ND ND DZ”\(NHD the initially formed tautomer may rearrange to one that is much
> > ND more stable, specifically a tautomer in which the charge is
T C located on the basic side chain and the radical is located at the
oD )_0D * Chy o-carbon. Arginine possesses only amearbon. In peptides,

Ho o on the other hand, the radical site may be located on any of the
o-carbons, leading to a diverse range of tautomers and presum-
ably a richer fragmentation chemistry. If, however, a radical
Figure 9. CID of the arginine radical cation in which the heteroatom cation is produced that undergoes rapid fragmentation im-

rotons have been exchanged for deuterium. Only the product ions are . L - L S
Ehown. Observation of tha/g= 91 ion is consistentywith t?ne proposed mediately following its dissociation from the complex; it is likely

tautomerization to tautomet5 prior to fragmentation. We attribute  (© d0 SO by a single pathway, and much of the structural
the product ion aiz = 92 to intramolecular H/D scrambling between  information regarding the peptide is lost. In support of this
the heterobound proton/deuteriums. concept, we have demonstrated previously that'[@upy)-

m/z =181
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TABLE 2: Relative B3-LYP/6-31G(d) Energies (kJ moi?) of the Lowest-Energy Conformers (A-E) of the Five Tautomers
Examined?

H;NYNHz HzN\”/NHz HNﬁ/ﬁ.Hz HzNYT\IHz H;NYNHZ
NH N NH NH NH
HN T o* HNT OH HZN/E‘i OH Hﬂ(od;o” H.N/Hﬁ;OH
o} 0 0 0 0
12 13 14 15 16
A 128 132 138 0 107
B 132 135 145 3 109
C 134 136 155 6 113
D 135 140 158 8 114
E 135 141 160 24 114

2 There are several resonance forms for these radical cations involving the delocalization of both the charge and the radical site; so, the assignment
of charge and radical site is primarily provided for ease of discussion.

3-methyleneindolenine from the tryptophan side chain, thus
making mass selection of WGGFIRimpossible. In contrast,

the WGGFLR radical cation produced following dissociation
from the iron complex is the main product ion, undergoing only
very minor loss of 3-methyleneindolenine. It is significant that
loss of 3-methyleneindolenine following CID of the WGGFL*R
radical cation is only a minor process. The major fragmentation
processes correspond to several competing radical-driven path-
ways that must necessarily proceed from different tautomeric
forms of the peptide radical cation.

4. Conclusions

CID of the series of [C¥(terpy)(AA)]%" complexes shows a
strong dependence on the nature of the amino acid. When the
amino acid is aliphatic, the complexes tend to undergo
fragmentation while coordinated to the copper, or non-oxidative
dissociation, in line with their relatively high ionization energies.
Complexes containing aromatic amino acids, on the other hand,
tend to undergo redox chemistry forming abundant {@tpy)j*
ions. The successful formation of radical cations of the aromatic
amino acids (His and Trp) can be attributed not only to their
comparatively low ionization energies, but also to their stability
with respect to intramolecular proton-driven small-molecule loss.
The current study indicates that the redox potential of the
[Cu'(terpy)E" system may also be capable of oxidizing many
norraromatic amino acids. However, the corresponding amino
acid radical cation is not formed in many cases because of the
propensity of these amino acids to undergo small-molecule loss.
In these instances, there appear to be analogies with the
fragmentation of protonated amino acids, and thus, the copper
ion appears to mainly play the role of a Lewis acid. In contrast
to the [CU'(terpy)(AA)]2t complexes, the [Fé(salen)(AA)T
complexes predominantly undergo non-oxidative dissociation,
indicating that the redox potential is insufficient to oxidize many

TS1 TS2 of the amino acids.

Figure 10. The lowest-energy conformerA (Table 2) of the various The low-energy CID spectra of the tryptophan, lysine,

tautomers of the arginine radical catidi2{-16) and transition structures histidine, and arginine radl_cal caﬂon_s Show Interesting rear-
for the rearrangement of tautomiB to 15 (TS1) and for the loss of ~ angement and fragmentation behavior, which can be ration-
CO; from tautomerl2 (TS2). alized with the aid of theoretical calculations. For example,
B3-LYP/6-31G(d) computations support the idea that the
(WGGFLR)F" and [Fé'(salen)(WGGFLR)} both undergo histidine radical cation rearranges to@tentered radical before
oxidative dissociation to produce the WGGFI:Rradical undergoing water loss, which is facilitated by the imidazole
cation® The peptide radical produced from the copper complex nitrogen in the 3-position acting as a proton shuttle. Similarly,
predominantly undergoes further fragmentation by loss of B3-LYP/6-31G(d) computations support the proposal that the




8314 J. Phys. Chem. A, Vol. 110, No. 27, 2006 Barlow et al.

arginine radical cation formed from the iron complex undergoes  (13) Wee, S.; O'Hair, R. A. J.; McFadyen, W. Dit. J. Mass Spectrom.
2004 234, 101.

Le?‘”angl‘?me”t.to anf-cdenrt‘e;ed r?dlgal C?tlon before t}:]e rad!c‘?‘" (14) Wee, S.; White, J. M.; McFadyen, W. D.; O’'Hair, R. AAlst. J.

rl\/.en e |m|nat|0n Ol denydroalanine. In antrast, the arginine Chem.2003 56, 1201.

radical cation formed from the corresponding copper complex  (15) Wee, S.; O'Hair, R. A. J.; McFadyen, W. Dit. J. Mass Spectrom.
is unstable and rapidly undergoes decarboxylation. Arginine is 2006 249-250, 171. o

postulated to bind in a non-zwitterionic form in the [Realen)- (16) Barlow, C. K.; McFadyen, W. D.; O'Hair, R. A. J. Am. Chem.

1 . . L . So0c.2005 127, 6109.
(Arg)]* complex, but in a zwitterionic-type structure in the (17) (a) Junk, G.: Svec, HJ. Am. Chem. Socl963 85, 839. (b)
[Cu'(terpy)(Arg)E" complex.

Biemann, K.; Seibl, J.; Gapp, B. Am. Chem. Sod.961, 83, 3795. (c)
) ) Biemann, K.; McCloskey, J. AJ. Am. Chem. Sod962 84, 3192. (d)
Note Added in Proof: A paper has just appeared on the gas Heyns, K.; Gruetzmacher, H. Eiebigs Ann. Chem1963 667, 194. (e)

phase ionization and fragmentation of histidine using VUV For evaluated EI-MS data, see tiNational Institute of Standards and

S S . . Technology Chemistry WebBoak http://webbook.nist.gov/chemistry/.
radiation. The ionization energy was determined to be 8.3 eV: (18) (a) Grotemeyer, J.; Walter, K.; Boes|, U.; Schlag, E. Mt. J.

Wilson, K. R.; Belau, L.; Nicolas, C.; Jimenez-Cruz, M.; Leone, Mass Spectrom. lon Processk887, 78, 69. (b) Koester, C.; Grotemeyer,
S. R.; Ahmed, MInt. J. Mass Spectron2006 155, 249-250. J.Org. Mass Spectronl992 27, 463. (c) Nagra, D. S.; Zhang, J. Y.; Li,
L. Anal. Chem.199], 63, 2188. (d) Vorsa, V.; Kono, T.; Willey, K. F;
Winograd, N.J. Phys. Chem. B999 103 7889.
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