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Transition Metal Complex Cations as Reagents
for Gas-Phase Transformation of Multiply
Deprotonated Polypeptides

David M. Crizer, Yu Xia, and Scott A. McLuckey

Department of Chemistry, Purdue University, West Lafayette, Indiana, USA

Triply deprotonated DGAILDGAILD was reacted in the gas-phase with doubly charged
copper, cobalt, and iron metal complexes containing either two or three phenanthroline
ligands. Reaction products result from two major pathways. The first pathway involves the
transfer of an electron from the negatively charged peptide to the transition-metal complex.
The other major pathway consists of the displacement of the phenanthroline ligands by the
perptide resulting in the incorporation of the transition-metal into the peptide to form [M — 3H +
X"]” ions, where X is Cu, Co, or Fe, respectively. The extent to which each pathway contributes
is dependent on the nature of transition-metal complex. In general, bis-phen complexes result
in more electron-transfer than the tris-phen complexes, while the tris—-phen complexes result
in more metal insertion. The metal in the complex plays a large role as well, with the Cu
containing complexes giving rise to more electron transfer than the corresponding complexes
of Co and Fe. The results show that a single reagent solution can be used to achieve two
distinct sets of products (i.e., electron-transfer products and metal insertion products). These
results constitute the demonstration of novel means for the gas-phase transformation of
peptide anions from one ion type to another via ion/ion reactions using reagents formed via

electrospray ionization.
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a very powerful tool for the structural character-
ization of biological molecules [1], with peptides
constituting a prominent example. Collision induced
dissociation (CID), which tends to result in cleavage of
amide bonds in peptide cations, giving b- and y-type
fragment ions, is by far the most commonly used
method for dissociating peptide ions [2]. No single
approach, however, provides all the structural infor-
mation of interest in all scenarios. A drawback of
CID, for example, is that it tends to lead to the loss of
labile groups, such as post-translational modifica-
tions (PTMs), which complicates the assignment of
their locations. Alternative methods, such as electron
capture dissociation (ECD) [3] and electron-transfer
dissociation (ETD) [4], are being used to complement
CID. The closely related ECD and ETD methods lead to
the cleavage of N-C,, bonds, giving rise to formation of
c- and z-type fragment ions, and tend not to give rise to
loss of labile side-chain modifications.
The extent of structural information that can be
obtained from a gaseous ion is highly dependent upon
the nature of the ion (i.e., protonated molecule, radical

Tandem mass spectrometry (MS/MS) has become
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cation, deprotonated molecule, etc.). ETD and ECD are
restricted to positive ions and, for practical purposes,
the positive reactant ions must be multiply charged.
However, many analyte species, including acidic pep-
tides, are more readily formed as anions. The CID of
deprotonated peptides, therefore, has been explored [5, 6],
as have ion/electron and ion/ion reactions involving
negatively charged bio-ions. For example, the phenom-
enon of electron detachment dissociation (EDD) of
peptide anions [7], whereby dissociation occurs as a
result of the ejection of an electron under electron
bombardment conditions, has been described. EDD of
peptides results in the cleavage of C,~C bonds, which
leads to a- and x-type fragments. EDD has also been
applied to other bio-anions, such as glycosaminoglycan
carbohydrates [8] and oligonucleotides [9]. The ion/ion
reaction analog to EDD was first demonstrated in the
transfer of an electron from multiply deprotonated
oligonucleotides to ionized xenon [10]. Coon et al. have
recently used ionized xenon to fragment deprotonated
peptides, referring to the overall process as negative
electron-transfer dissociation (NETD) [11]. Both EDD
and ion/ion electron-transfer from a multiply charged
anion yield species of the form [M — nH]™ ™", which
are generally difficult to generate directly with common
ionization methods. However, Lam and Chu recently
reported the formation of angiotensin [M — 2H]™* from
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the CID of [Mn"(salen)(M — 2H)]™ " species formed
from negative electrospray of a solution comprised of a
mixture of the peptide, M, with Mn"" complexed to one
of a variety of salen ligand derivatives [12].

While peptides are generally readily formed as either
proton deficient species or proton rich species, it is also
possible to form gaseous peptides associated with metal
cations. An extensive literature now exists that is de-
voted to the dissociation behavior of polypeptides with
one or more excess metal cations [13-15], and these
studies often find that structural information comple-
mentary to that derived from exclusively protonated
species can be obtained. The fragmentation behavior of
peptide anions that also contain one or more metal
counter-ions is little explored, however. Recently, we
described the use of transition-metal complex cations
for gas-phase insertion of a transition-metal into oligo-
nucleotide anions and for extracting an electron from
oligonucleotide anions [16]. Both types of reactions
result in the transformation of multiply deprotonated
oligonucleotides into another ion type (i.e., an oligonu-
cleotide anion with a transition-metal counter-ion and a
distonic radical anion, respectively). Here we describe
gas-phase ion/ion reactions between metal complex
cations and multiply deprotonated peptides as means
for generating different ion types from peptide anions
that are readily formed by electrospray.

Experimental
Mass Spectrometry

Nanospray emitters were pulled from borosilicate cap-
illaries (1.55 mm o.d., 0.86 mm i.d.) using a P-87
Flaming/Brown micropipet puller (Sutter Instruments,
Novato, CA, USA). These nanospray tips were loaded
with the electrospray solutions, and a metal wire was
inserted into the tip to make electrical contact with the
solution [17]. For peptide solutions, a stainless steel
wire was used, while a platinum wire was used for
metal complex solutions.

Ionization was performed using a home-built pulsed
dual nanoelectrospray ionization (nano-ESI) source that
has been previously described [18]. A quadrupole/
time-of-flight tandem mass spectrometer (QSTAR XL;
Applied Biosystems/MDS SCIEX, Concord, ON, Can-
ada) that has been modified for ion/ion reactions was
used for all experiments [19]. The instrument was
controlled by a research version of Daetalyst (MDS
SCIEX), which provided full control for initiating each
ion source and for applying the appropriate potentials
and their timing to the ion path.

A typical experiment consisted of producing peptide
anions via the negative nano-ESI source and isolating
the ions of interest as they passed through QI. The
isolated anions were then directed into the Q2 linear ion
trap (LIT) (200 ms), where they were trapped. The metal
phenanthroline complexes were then generated in the
gas phase by positive nano-ESI of the corresponding
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metal solution, mass-selected by Q1, and introduced
into the Q2 LIT (100 ms), where ions of both polarities
were allowed to react in the LIT (50 ms). Ion/ion
reaction products were then mass analyzed by a reflec-
tron time-of-flight (TOF) analyzer (150 ms). The spectra
shown here are typically averages of 100 cycles. Data
shown were normalized to the most abundant product
ion.

Solutions for Nano-ESI

The peptide DGAILDGAILD was synthesized by SynBioSci
(Livermore, CA, USA). Phosphopeptide LPISASHpSpSKTR
was synthesized by CPC Scientific (San Jose, CA, USA).
Both peptides were diluted to a concentration of 20 uM in
49/49/2 (vol/vol/vol) methanol/water/ammonium hy-
droxide solution. Preparation of the metal complexes in-
volved the mixing of a metal salt and 1,10-phenanthroline
(phen) (Sigma-Aldrich, St. Louis, MO, USA) in a methan-
olic solution to a concentration of 0.1 mg mL ™. Metal salts
used for phenanthroline complexes were copper (II) ni-
trate hemi(pentahydrate), cobalt (II) chloride hexahydrate,
and iron (II) sulfate heptahydrate. These metal salts were
obtained from Sigma-Aldrich and were used without
further purification.

Results and Discussion

Triply deprotonated DGAILDGAILD was used as a
model peptide anion for reaction with the bis- and
tris-phenanthroline complexes of Co", Cu", and Fe". Fig-
ure 1 shows the spectra from the reactions between the
triply deprotonated peptide and the bis—-phenanthroline
(Figure la—c) and the tris—phenanthroline (Figure 1d—f)
complexes. The copper containing bis—-phen complex
gives rise to extensive electron-transfer products. These
products include a- and x-type fragment ions from
NETD, yielding complete sequence coverage in this
case, as well as intact charge-reduced species. Similarly,
reaction of the peptide with the iron and cobalt bis-phen
complexes results in both products from electron-transfer
and metal insertion, although metal insertion is much
more prominent with the complexes of these two met-
als. Use of the cobalt complex gives rise to slightly more
a- and x- type ions than does the use of the iron complex.
The reactions between the tris-phenanthroline metal com-
plexes and the deprotonated peptide lead predominantly
to metal insertion for all three metals.

These results show that the reaction of transition
metal-phenanthroline complexes with deprotonated
peptides can give products corresponding to two major
pathways, electron-transfer and metal insertion. The
number of ligands attached to the metal plays a major
role in determining which pathway is more favorable.
The bis-phen complexes result in significant amounts of
both electron-transfer and metal insertion, while the
tris-phen complexes result in almost entirely metal
insertion. The summary of the percentages of observed
products from each pathway is shown in Table 1. The
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Figure 1. Ion/ion reaction between triply deprotonated DGAILDGAILD and (a) [Cu"(phen),]**

(b) [Co"(phen),]***, (o)
(f) [Fe"(phen);]**.

[Fe''(phen),]*,

same tendencies were also noted for oligonucleotide
anions [16]. For a given anion, the higher tendency for
NETD with Cu(phen)5"* can be attributed to its higher
recombination energy as discussed elsewhere [16].

It is apparent from this comparison that the
Cu(phen)3"* complex is the most appropriate reagent
of this set for electron-transfer, whereas the tris-phen
complexes are most appropriate for divalent metal ion
transfer. Figure 2 shows the results obtained for the
[LPISASHpSpSKTR-3H]*/[Cu"(phen),]*"* ion/ion re-
action. This peptide anion was selected because it was
subjected to electron-transfer to ionized xenon by Coon
et al. [11] As with the model peptide DGAILDGAILD,

Table 1. Percentage of products from each of the two
major pathways

Electron Metal

transfer insertion
[Cull(phen)2]?*® + 3-DGAILDGAILD 80 = 0.8 20 £ 0.8
[Coll(phen)2]?*® + 3-DGAILDGAILD 19 1 81 +1
[Fell(phen)2]?* + 3-DGAILDGAILD 13 +£1 87 1
[Cull(phen)3]?*® + 3-DGAILDGAILD 13 +0.7 87 £ 0.7
[Coll(phen)3]?*® + 3-DGAILDGAILD 2+0.4 98 + 0.4
[Fell(phen)3]?* + 3-DGAILDGAILD 2+0.3 98 =+ 0.3

(d) [Cu"(phen);]***, (e) [Co"(phen);]***, and

product ions are observed from both major pathways
with the electron-transfer path dominating. In addition
to the a- and x-type fragment ions that arise from
NETD, there are abundant peaks that correspond to
electron-transfer without dissociation (i.e., [M — 3HJ*™*
and [M — 3H] °° ions). In total, two a-type ions and
five x-type ions are observed and these reflect the
cleavage of five of the peptide bonds. Many ions
showed CO, loss and most of the odd-electron products
showed a degree of O, attachment, as has been noted
for radical z-type ions in this instrument [20]. No
evidence for loss of either PTM was observed. Aside
from the oxygen attachment and metal transfer prod-
ucts, all of the products observed with [Cu"(phen),]***
were also noted with Xe**. However, there were fewer
primary backbone dissociation products, which trans-
late to lower sequence coverage, and essentially no
evidence for sequential dissociation reactions other than
two-step processes associated with CO, loss. These
differences are likely to be largely due to the much
higher recombination energy for the xenon cation (esti-
mated to be 12.1 eV based on the ionization energy) [21]
relative to that of the transition-metal complex (esti-
mated to be 8.4 eV) [20]. On this basis, [Cu"(phen),]***
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Figure 2. Post-ion/ion reactions product ion spectrum from

the reaction between the triply deprotonated phosphopeptide
LPISASHpSpSKTR and [Cu"(phen),]***. x,,* represents CO, loss
from the corresponding x-ion.

is expected in general to be a softer reagent for NETD
than ionized xenon. However, it is an electron-transfer
reagent that is readily formed via electrospray and it
has a relatively high mass-to-charge ratio (m/z = 211.5
for the *Cu isotope), which is desirable for minimizing
the m/z range required for storing the oppositely
charged ions.

The results presented here suggest that divalent tran-
sition metals can be transferred efficiently into multiply-
deprotonated peptides via tris-phenanthroline complexes.
The dissociation behavior of transition-metal containing pep-
tides ions is very little explored. However, results that
compare the CID of deprotonated DGAILDGAILD with
CID of [DGAILDGAILD-3H + Co"]"*, available as sup-
plementary material (Figure 1S), which can be found in
the electronic version of this article, indicates that
peptide anions with metal counter-ions can yield struc-
tural information that is complementary to that from
the deprotonated species. In both cases, small molecule
losses are prominent. The deprotonated species shows
backbone cleavages C-terminal to aspartic acid residues
(viz, Asp' and Asp®), whereas the metal complexed
anion shows three backbone cleavages at the C-terminal
end of the peptide. Further study of the dissociation of
transition-metal containing peptide anions is needed, of
course, before general observations can be made. How-
ever, it is apparent that it is straightforward to generate
such anions from multiply charged peptide anions in
the gas phase via ion/ion reactions.
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Conclusions

The use of transition-metal complex cations as reagents
for the gas-phase transformation of multiply deproto-
nated peptides into other ionic forms has been demon-
strated. With a single reagent solution, it is possible to
form both bis— and tris—-phenanthroline complexes. The
[Cu"(phen),]*** ion, due to its relatively high recombi-
nation energy, is well-suited for abstracting an electron
from the peptide anion to give rise to a peptide radical
anion, as well as to NETD. As such, it constitutes an
NETD reagent that can be generated via spray ion-
ization. The bis-phenanthroline complexes of the
other two metals also gave rise to electron-transfer
but metal transfer was much more extensive than
with the [Cu"(phen),]*** ion. If the incorporation of a
divalent transition-metal into a peptide anion is the
objective, however, the tris-phen complexes are ex-
cellent reagents for the efficient generation of metal
containing peptide anions in the gas-phase.
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