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a b s t r a c t

Here we report on the reaction of rhenate anions (ReO3
−) with multiply protonated peptide cations in a

quadrupole linear ion trap mass spectrometer. These reactions effect the formation of an anion–cation
complex that, upon collisional activation, dissociates along the peptide backbone rather than by dis-
placement of the anion. Cleavage of the peptide backbone, with anion retention, leads us to conclude the
anion–cation complex must be tightly bound, most probably through coordination chemistry. We describe
this chemistry and detail the possible application of such ion attachment reactions to the characterization
Ion/ion reaction
Mass spectrometry
I
I

of intact proteins.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Ion/ion chemical reactions have become important tools for
ass spectrometry-based proteomics and are broadly classified

nto three categories: (1) proton transfer, (2) electron transfer, or
3) anion attachment [1–6]. Anion composition is a major fac-
or in determining which of these pathways is followed. Most
nionic reagents proceed exclusively via the proton transfer (PT)
athway; however, radical anions of polyaromatic hydrocarbons
re one subset of anions that show the ability to transfer elec-
rons to peptide cations (electron transfer dissociation)—a method
hat offers electron capture-like peptide fragmentation on radio
requency-type ion trapping mass spectrometers [7–12]. The third
eaction, anion attachment, has received much less attention, but
as latent analytical utility. Phosphorus hexafluoride, I−, and cer-
ain metal-containing anions can form long-lived complexes with
eptide cations; however, these complexes are easily dissociated
pon collisional activation (i.e., they are intermediates of the pro-
on transfer reaction) [13–15]. Anions that covalently bind to a
eptide/protein cation have potential use for inducing selective

as-phase cleavage of peptide bonds. So far this chemistry has
emained elusive. Glish and Payne, however, have provided some
vidence of this chemistry in their work detailing the reaction of
eCO2

− and peptide cations, where they observed backbone cleav-
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ge products that contained the reagent [16]. Further evidence
or this chemistry comes from the work of Gunawardena et al. in
he reaction of AuCl2− anions with peptide cations for selective
isulfide bond cleavage [17]. These works, along with our own,

ead us to conclude that anionic composition is the main driver
f ion/ion chemistry and that continued exploration is certain to
eveal new classes of anions that form more tightly bound com-
lexes.

Through peptide–metal chelation, metal ions serve as required
atalysts for nearly 1/3 of all protein enzymes. Coordinated metal
ons ensure proper enzyme–substrate orientation, activate bonds,
acilitate nucleophilic attack, and stabilize charge (i.e., lower acti-
ation barriers) [18]. Metallopeptidases, for example, utilize Ca or
n ions to catalyze hydrolysis of peptide bonds, in the cell [19].
iven the propensity of metal ions, or their complexes, to associate
ith proteins in the condensed-phase, this class of compounds is

bvious to investigate. As representatives of this class, we have gen-
rated anionic oxides of rhenium (ReO3

− and ReO4
−, rhenate and

errhenate, respectively) and studied their reaction phenomenol-
gy with peptide cations. These species are easily generated by
egulation of a small oxygen leak into the chemical ionization
ource region of our mass spectrometer’s anion source as Re atoms
re released by the filament and oxidized in the presence of oxygen.

ere we demonstrate that the reaction of rhenate anions with pep-

ide cations can result in the loss of two molecules of water and an
ttachment product that remains intact, even upon collisional acti-
ation. The presence of the bound rhenate also affects the preferred
eptide dissociation channels.

http://www.sciencedirect.com/science/journal/13873806
mailto:jcoon@chem.wisc.edu
dx.doi.org/10.1016/j.ijms.2008.05.001
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. Experimental

Multiply-protonated peptides were generated by electrospray
onization (ESI) using an Advion Nanomate ESI device (Advion,
thaca, NY). A 40% aqueous acetonitrile solution (with 0.1% acetic
cid) containing peptides at 1 pmol/�L. The studied peptides
ere either purchased or in-house synthesized (Sigma–Aldrich,

t. Louis, MO, USA). A Finnigan LTQ linear ion trap mass spec-
rometer (Thermo Scientific, San Jose, CA, USA) was adapted to
ccept a chemical ionization source, which was mounted on the
ear side of the device, opposing the factory nanospray source.
egative chemical ionization (NICI), with methane buffer gas

MG Industries, Malvern, PA, USA), was used to produce anions.
henium-containing anions were generated by a regulated leak of
xygen, sometimes 18O2 (Sigma, St. Louis, MO). Ion/ion reactions
ere conducted in the linear ion trap by use of charge-sign-

ndependent trapping, i.e., the electronics were modified to allow
uperposition of a secondary RF trapping voltage to the end lenses
f the ion trap [9,10]. This provided axial containment to comple-
ent the radial containment provided by the main RF “quadrupole”

rapping field, allowing simultaneous trapping of both anions and
ations.

. Results and discussion

Fig. 1 displays the products of a reaction involving a dou-
ly protonated peptide cation with 18O-labeled rhenate anions.
wo reaction pathways were observed—proton transfer and ion
ttachment (Fig. 1 pathways A and B, respectively). We note rhen-
te attachment results in the concomitant elimination of 1 or 2
olecules of water; both of the displaced oxygen atoms come

rom those originally present in the rhenate. Also shown in Fig. 1
s the theoretical isotopic distribution of the rhenate attachment
roduct (C62H87N17O14

18O1Re+), which exactly matches that of the
bserved reaction product. Reaction of numerous other peptide
ations with 18O-labeled rhenate anions produced results identi-
al to those shown in Fig. 1—that is, two molecules of water were
eleased, each containing an 18O from the labeled rhenate anion

data not shown). This observation leads us to conclude that rhen-
te attachment likely results in the formation of peptide–rhenium
oordination complex. Next the triply protonated cation of sub-
tance P (RPKPQQFFGLM) was reacted with rhenate anions (Fig. 2A),
ollowed by collisional activated dissociation (CAD) of the attach-

s
b
l
s
l

ig. 2. Ion attachment of ReO3
− and ReO4

− anions to a triply protonated peptide followin
ons spectra following collisional activation of the rhenate and perrhenate attachment pro
ollisional activation of the rhenate attachment product (panel C).
ig. 1. Stoichiometry of rhenate anion attachment. Rhenate attachment results in
he loss of two molecules of water, of which the oxygen atoms are supplied by
henate. The observed and theoretical product ion isotope distributions are shown.

ent product ([M+2H + ReO–2H2O]+, Fig. 2C). Fig. 2C displays that
he rhenate attachment product dissociates along the peptide back-
one to create N- and C-terminal fragment ions (b- and y-type,
espectively) with no detectable anion loss. Cleavage of the pep-
ide backbone, with anion retention, following CAD suggests the
nion–cation complex is tightly bound, probably through a covalent
nteraction.

Perrhenate (ReO4
−) also binds to peptide cations following an

on/ion reaction; however, unlike rhenate, no water losses are
bserved (Fig. 2B). Fig. 2D displays that upon CAD, the perrhenate
ttachment product dissociates exclusively to form the deproto-
ated peptide ([M+H]+)—indicating that perrhenate can attach,
ut forms a long-lived proton transfer intermediate rather than a
oordination complex (Fig. 2D). These differences in behavior of
henate and perrhenate are reflected in their respective electronic
tates—the rhenate anion (Re+5, d2, 14 electron) can be described
s coordinatively unsaturated, while perrhenate is not (18 electron)
20]. Rhenium prefers an 18 electron environment and, thus, it is not
urprising that rhenate readily attaches to peptide cations through

ond formation (i.e., the activation barrier for bond formation is

owered because of rhenate’s electronic state). These experiments
trengthen our hypothesis that the rhenate species forms a cova-
ently bound complex upon reaction with peptide cations.

g a 100 ms reaction (panels A and B, respectively). Panels C and D display product
ducts. Peptide backbone bonds are broken, with no detectable anion loss following
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ent of rhenate to a doubly protonated peptide.
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Fig. 3. Possible mechanism for the attachm

Fig. 3 presents a possible mechanism for the reaction of rhenate
ith peptide cations. Ion/ion reactions result from the formation

f a long-lived cation/anion-orbiting complex [21–26]. During this
ime, an anion may come into close proximity to the peptide cation
o that the Lewis basic lone pairs of the peptide attack the elec-
rophilic coordinatively unsaturated electron rhenate anion, thus,
orming an initial linkage (Fig. 3, structure 1). Failure to locate a
uitable ligand would result in a proton transfer from the cation
o the anion, which is also observed (Fig. 1A). We postulate that
hrough a series of nucleophilic attacks from backbone carbonyls
nd subsequent ring rearrangements, the Re atom is highly coor-
inated through four linkages (either amidate, or side-chain) and
ears only one of the three O atoms from rhenate. Rhenium(V) OXO
omplexes are known to react with acidic protons to lose water
ia hydroxyl complexes in the condensed-phase [27]. We note that
he gas-phase attachment (coordination) chemistry displayed by
henium is consistent with condensed-phase observations [27].
xidative cleavage of peptide bonds through chelation of metal
omplexes in the condensed-phase has been described extensively
28]. Platinum and palladium complexes, for example, can initi-
te regioselective cleavage, each with their own specificity [29–35].
nd Meares and co-workers have described iron–EDTA complexes
s a cleaving reagent to characterize the subunits of RNA poly-
erase [36], while copper and nickel peptidases have also been

escribed [19].
Next we tested whether the presence of the bound rhenate

ltered the preferred peptide fragmentation pathways. CAD of the
ingly protonated RAAAKAAAK peptide (unmodified, Fig. 4A) gen-
rates one major backbone bond cleavage—b8 product (a fragment
arrying the first eight residues from the N-terminus). Dissociation
f the singly protonated RAAAKAAAK + rhenate attachment prod-
ct ([M+2H + ReO3–2H2O]+, Fig. 4B), on the other hand, induces
leavage between the fourth and fifth residues (a4 and b4); both

f these products contain the rhenium atom. Some cleavage is also
bserved at the eighth residue as before, but these ions also contain
he anion. From these data we postulate that the rhenium complex
referentially binds at the N-terminal four residues of this peptide
nd, upon CAD, its presence alters which dissociation pathways

f
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e

ig. 4. Collision-activated dissociation (CAD) of the singly protonated peptide
AAAKAAAK (A) and the same peptide following attachment of the rhenate anion
B). Note the preferred dissociation pathways change.

re favored. This trend is also observed among the other synthetic
eptides tested (data not shown).

. Conclusions

Here we report that rhenate anions engage in ion attachment
hemistry when reacted with peptide cations in an RF-linear ion
rap. The reaction results in the formation of coordination com-
lexes that affect downstream peptide dissociation pathways. From
hese experiments we conclude that further anion exploration will
ikely reveal other metal-containing anionic reagents that coordi-
ate to peptide and protein cations with high sequence specificity.
here are many potential applications of these chemistries, in
ne exciting scenario the bound anionic reagents serve as scaf-

olds to harbor site-specific proteolytic cleavage, with enzyme-like
pecificity. Today the mass of whole protein molecules can be deter-
ined on a sub-second time-scale with remarkable precision and

ccuracy using mass spectrometry. Molecular weight alone, how-
ver, cannot uniquely identify a protein’s primary sequence. For
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equence identification, a population of gas-phase protein ions is
issociated, within the mass spectrometer, and the resulting frag-
ent masses recorded. Such a strategy represents a ‘top-down’

equencing method, one that is steadily gaining favor because it
aptures the most biological information [37]. However, as pro-
ein mass increases (∼>25 kDa), its efficacy diminishes. Simply put,
ncreasing protein size elevates the number of possible dissoci-
tion channels—translating to increased spectral complexity and
ecreased signal-to-noise. One approach to remove the mass lim-

tation of the ‘top-down’ method is to develop chemistries for the
ystematic disassembly of a GP protein cation-utilizing reagent
ons that catalyze residue-specific peptide hydrolysis. By facilitat-
ng the sequencing of high mass proteins, such reactions would
ignificantly advance the rapidly growing field of proteomics.

The data presented here demonstrates that ion/ion reactions can
esult in covalently bound complexes – a solid first step; however,
he overall goal defined above demands sequence-specific anion
inding – an ambition not yet fulfilled. Our proposed mechanism
uggests that rhenate should attach to certain peptide sequences
ith higher propensity than others—that is, certain amino acid

ide chains are likely to be more effective nucleophiles than oth-
rs and, thus, should bind rhenate more effectively. Along with
eagent anion discovery, systematic studies of the effect of amino
cid side chain and secondary structure on anion binding is a critical
omponent of future work in this area.
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