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Abstract

Primary amines present in protonated polypeptides can be covalently modified via gas-phase ion/ion
reactions using bifunctional reagent ions. The use of reagent anions with a charge bearing site that
leads to strong interactions with the polypeptide, such as sulfonic acid, gives rise to the formation of
a long-lived adduct. A distinct reactive functional group, an aldehyde in the present case, can then
undergo a reaction with the peptide. Collisional activation of the adduct ion formed from a reagent
with an aldehyde group and a peptide ion with a primary amine gives rise to water loss in conjunction
with imine (Schiff base) formation. The covalently-bound modification is retained upon subsequent
collisional activation. This work demonstrates the ability to selectively modify polypeptide ions in
the gas-phase within the context of a multi-stage mass spectrometry experiment.

The structural characterization of polypeptides via tandem mass spectrometry has become a
central activity in protein identification and quantification. Peptides and proteins are frequently
modified in solution using selective derivatization reactions1 inter alia, to facilitate ionization,
2 quantification,3 or structural characterization.4 We demonstrate here the formation of Schiff
base derivatives of primary amine groups present in gaseous polypeptide ions via gas-phase
ion/ion reactions. This work demonstrates that polypeptide ions can be modified in a functional
group-selective fashion in the gas-phase and within the context of an MSn experiment.

Gas-phase ion/ion reactions have proved to be useful for a number of applications involving
ions derived from biopolymers.5 The most widely studied reactions have involved proton
transfer, primarily for charge state manipulation, or electron transfer, which has been
demonstrated to be useful as a dissociation method,6 particularly for multiply-protonated
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peptides and proteins. Metal ion transfer reactions7 as well as multiple proton transfer reactions
that lead to the inversion of the ion polarity8 have also been demonstrated, as has the formation
of peptide metal coordination complexes involving rhenate anions, ReO3 −.9

We examined the possibility for Schiff base formation, which results from the reaction of a
primary amine (e.g., a free N-terminus or the ε-NH2 of lysine) and an aldehyde or ketone to
yield an imine, as this has been noted via gas-phase ion/molecule reactions10 and, in particular,
with protonated peptides in reaction with acetone10(a). The ability to make such a modification
via ion/ion reactions is attractive in that it circumvents the volatility requirement for the reagent
and therefore provides the potential for attaching a wide range of chemical functionalities to
polypeptide ions. The reaction examined in this work is summarized in Scheme 1.

The first step in the process is the reaction of a peptide ion with at least one primary amine and
at least two excess positive charges with singly deprotonated 4-formyl-1,3-benzenedisulfonic
acid (FBDSA). It is important to use an anionic reagent that forms long-lived complexes.
Otherwise, proton transfer is observed as the essentially exclusive ion/ion reaction channel. In
this sense, the use of a sulfonic acid is important because the sulfonate group is known to lead
to strong interactions with the cation11 leading to the formation of long-lived intermediates.
Carboxylate groups, on the other hand, interact less strongly with protonated peptides.
Reagents with a carboxylate group as the charge bearing site in the reagent anion showed no
evidence for Schiff base formation. (See supplementary data for a list of reagents examined.)
The next step of the process involves the collisional activation of the ion/ion reaction complex.
Loss of a water molecule takes place upon Schiff base formation. Hence, formation of a long-
lived complex followed by dehydration leads to the modified peptide.

Ion/ion reactions involving a series of doubly and triply protonated peptides and with a variety
of deprotonated acids with an aldehyde or ketone functional group were conducted with hybrid
triple quadrupole/linear ion trap tandem mass spectrometer that has been modified for ion/ion
reactions.12 The procedures for conducting ion/ion reaction experiments in this apparatus have
been described.12 Figure 1 shows the post-ion/ion reaction results (50–500 ms reaction time,
depending upon reagent anion signal level and pressure in the linear ion trap) for doubly-
protonated angiotensin I (DRVYIHPFHL) in reaction with deprotonated FBDSA. Figure 1(a)
shows the results after transfer from the ion/ion reaction region (quadrupole 2 of the instrument)
to the mass analysis linear ion trap (quadrupole 3) under mild transfer conditions (6 V) while
Figure 1(b) shows the results obtained after a significant degree of collisional activation
induced by transferring the ions from quadrupole 2 to quadrupole 3 using a potential difference
of 26 V. The larger energy gives rise to a greater degree of excitation via collisions in the
relatively high pressure region (on the order of a millitorr) between the two quadrupoles.

Both of the spectra show that adduct formation is the dominant ion/ion reaction product. Figure
1(b) shows water loss to be the major dissociation product upon collisional activation. There
is also a significant increase in the signal due to [M+H]+, which reflects loss of the neutral
reagent species. The doubly protonated N-terminally acetylated angiotensin also showed
dominant adduct formation but yielded no significant water loss upon transfer to the analyzer
quadrupole at 26 V (see supplementary information, Figure S1). Rather, loss of FBDSA was
observed. This control experiment is consistent with Schiff base formation at the N-terminus.

Collision-induced dissociation (CID) of the water loss product confirms Schiff base formation,
as illustrated in Figure 2, which shows the product ion spectra from the water loss products
formed from the complex between deprotonated FBDSA and doubly (Figure 2(a)) and triply
(Figure 2(b)) protonated angiotensin. For both peptide charge states, the product ion spectra
are fully consistent with Schiff base formation at the N-terminus, as reflected by the expected
mass increase for the N-terminal fragments (i.e., the a- and b-type ions) and the lack of evidence
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for the modification on any C-terminal ions (i.e., the y-type ions). The presence of a modified
b1 ion is fully consistent with modification at the N-terminus.13 For both charge states,
significantly greater structural information is present in the Schiff base derivative spectrum
than in the corresponding CID spectrum of the unmodified version of the peptide. (See
supplementary information, Figure S2.)

It is also of interest to consider the dissociation behavior of the peptide modified in the gas-
phase with that of the peptide modified in solution. An example of such a comparison is
provided in Figure 3, which shows the CID data for the doubly protonated nominal Schiff base
conjugates of the peptide KGAILKGAILR. Figure 3(a) shows the product ion spectrum derived
from the modification made via ion-ion reactions in the gas-phase from reaction of the triply
protonated peptide with deprotonated FBDSA while Figure 3(b) shows the results for the Schiff
base derivative formed in solution. The product ion spectra are indistinguishable within the
experimental reproducibility of the measurement. No fragments reflect the presence of the
modification on the five residues at the C-terminal end of the molecule. Rather, the products
are consistent with a mixture of modification sites, presumably at the N-terminus or the ε-
NH2 groups of Lys-1 or Lys-6.

The demonstration of Schiff base formation via ion/ion reactions opens up new possibilities
for the structural characterization of gaseous ions. The use of multi-functional reagent ions,
for example, allows for the selective attachment of chemical functionalities of interest, such
as, for example, chromophores that can facilitate photodissociation or spectroscopy
experiments. The use of selective reactive groups in reagent ions also opens up the possibility
for functional group screening applications. This line of inquiry constitutes a significant
potential expansion in utility of gas-phase ion/ion chemistry in identification and
characterization applications.
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Figure 1.
Post-ion/ion data for angiotensin I [M+2H]2+. (a) Low and (b) high energy transfer from the
reaction region to the analyzer.
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Figure 2.
CID product ion spectra of the water loss products from the ion/ion reaction complexes between
deprotonated FBDSA and doubly (a) and triply (b) protonated angiotensin I.
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Figure 3.
CID spectra of KGAILKGAILR a) modified in the gas-phase via ion/ion reaction and b)
modified in solution.
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Scheme 1.
Ion/ion reaction scheme for Schiff base formation.
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