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Abstract
The gas phase dissociation behavior of peptides containing acyl-arginine residues is investigated.
These acylations are generated via a combination of ion/ion reactions between arginine-containing
peptides and N-hydroxysuccinimide (NHS) esters and subsequent tandem mass spectrometry (MS/
MS). Three main dissociation pathways of acylated arginine, labeled Paths 1-3, have been
identified and are dependent on the acyl groups. Path 1 involves the acyl-arginine undergoing
deguanidination, resulting in the loss of the acyl group and dissociation of the guanidine to
generate an ornithine residue. This pathway generates selective cleavage sites based on the
recently discussed “ornithine effect”. Path 2 involves the coordinated losses of H2O and NH3 from
the acyl-arginine side chain while maintaining the acylation. We propose that Path 2 is initiated
via cyclization of the δ-nitrogen of arginine and the C-terminal carbonyl carbon, resulting in rapid
rearrangement from the acyl-arginine side chain and the neutral losses. Path 3 occurs when the
acyl group contains α-hydrogens and is observed as a rearrangement to regenerate unmodified
arginine while the acylation is lost as a ketene.
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1. Introduction
Chemical modification of specific functional groups of proteins or peptides has long played
a role in bioanalysis. Traditionally, solution-based experiments have largely involved
covalent modifications to specific functionalities, such as the modification of primary
amines of lysine or N-termini using N-hydroxysuccinimide (NHS) esters or the modification
of sulfhydryls of cysteines using maleimides. Covalent modifications in mass spectrometry
applications have been implemented in order to facilitate ionization,1 elucidate structural
information via cross-linking,2,3,4,5,6,7,8 enhance or alter fragmentation behavior,9,10,11 label
with chromophores,12 or prepare reactive surfaces for gas phase reactions.13 Conjugation
approaches with strong analogies to those used in solution have recently been pursued in the
gas phase in order to characterize the analytes of interest using tandem mass spectrometry
(MS/MS) experiments. We have recently shown, for example, the reactivity of primary
amines,7,11,14,15,16,17,18,19 such as the N-terminus and the ε-amine of lysine, and of the
guanidine of arginine20 with sulfo-NHS esters in the gas phase via ion/ion reactions. The

© 2013 Elsevier B.V. All rights reserved.
*Address reprint requests to: Dr. S. A. McLuckey, 560 Oval Drive, Department of Chemistry, Purdue University, West Lafayette, IN
47907-2084, USA, Phone: (765) 494-5270, Fax: (765) 494-0239, mcluckey@purdue.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Int J Mass Spectrom. Author manuscript; available in PMC 2014 November 15.

Published in final edited form as:
Int J Mass Spectrom. 2013 November 15; 354-356: 181–187. doi:10.1016/j.ijms.2013.05.022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ability to make selective covalent modifications to peptides and proteins in the gas phase is
attractive from the standpoint of speed, selectivity, and flexibility in using covalent
modifications in biological mass spectrometry. These gas phase reactions often involve the
interaction of a multiply protonated peptide with a singly deprotonated bi-functional anionic
reagent to form a long-lived electrostatic complex. The bi-functionality of the anionic
reagent includes a “sticky” charge site, often a sulfonate, capable of maintaining a long-lived
electrostatic interaction with a protonated site of a peptide. The second functionality of the
reagent is a reactive site, such as an (sulfo-)NHS ester. Upon activation of the electrostatic
complex, nucleophilic attack of an unprotonated amine or guanidine on the carbonyl carbon
of the ester results in the formation of an amide bond and loss of (sulfo-)NHS, which is a
signature for the modification in the gas phase.7,8,15,16,20

Condensed phase reactions with primary amines are well known and have been used
extensively. This has allowed the thorough study of fragmentation behavior of both acyl-
lysine and acyl-N-terminal amines. Gas phase activation of peptides containing acyl-lysine
residues exhibit predictable fragmentation patterns, wherein the most favorable cleavages
occur at the backbone amide bonds. In contrast, due to the high basicity of arginine
(pKA>12)21 and the propensity for esters to hydrolyze under highly basic aqueous
conditions, condensed phase reactions with arginine are restricted to very specific reaction
conditions in anhydrous solvents with reaction times requiring several days.22 For this
reason, there has been little motivation for exploring the dissociation behavior of acyl-
arginine containing peptides in the condensed phase. The gas phase, however, provides an
environment in which both unprotonated arginine and esters of (sulfo-)NHS are able to
readily interact, allowing for the acylation of arginine to be performed. This report explores
the dissociation behavior of acyl-arginine in the gas phase. Unlike the acyl-modified lysines,
the identity of the acyl substituent group has a strong effect on the preferred fragmentation
channels of acyl-arginine, which is relevant to the selection of reagents for gas phase
covalent modification of arginine-containing peptide and protein ions.

2. Experimental
2.1 Materials

Benzoic acid, phenylacetic acid, deuterated acetic acid-d4, hydrazine hydrate and
coumarin-3-carboxylic acid were purchased from Sigma Aldrich (St. Louis, MO). N-
hydroxysuccinimide (NHS), N-hydroxysulfosuccinimide (sulfo-NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) were purchased from PierceNet (Rockford, IL).
Acetic anhydride, methanol and N,N-dimethylformamide (DMF) were purchcased from
Macron Chemicals (Nashville, TN). The peptide RARARAA was synthesized by CHI
Scientific (Maynard, MA) and the peptides KAKAKAA and ARAAARA were synthesized
by NeoBioSci (Cambridge, MA).

2.2 Peptide acetylation
N-terminal acetylation was performed by dissolving approximately 1mg of solid peptide in
water with a 10mM pH 9 sodium borate buffer. To this, 20-50μL of acetic anhydride was
added and the mixture was allowed to react to completion. The peptide solutions were
ionized via nanoelectrospray ionization (nESI).

2.3 (Sulfo-)NHS ester reagent preparation
NHS and sulfo-NHS esters were prepared in similar fashions. The carboxylic acid derivative
of the acylating reagents was activated using an equimolar amount of EDC in a mixture of
DMF and H2O. To this, equimolar amounts of either NHS in DMF or sulfo-NHS in H2O
were added, which resulted in the formation of an ester between the carboxyl group and the
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N-hydroxy of the succinimide. Final concentrations of NHS and sulfo-NHS reagents were
prepared to between 25 and 50mM.

2.4 Mass spectrometry
All mass spectrometry experiments were performed on QqQ hybrid triple quadrupole/linear
ion trap (LIT) mass spectrometers (QTRAP 2000 and QTRAP 4000, AB Sciex, Concord,
ON, Canada), modified with home-built, alternately pulsed nanoelectrospray ionization
(nESI) sources.23 Analyte and reagent ions were sequentially mass-selected in the Q1 mass
filter, and then subsequently transferred to the q2 collision cell for mutual storage ion/ion
reactions24 up to 500ms in length. The reaction product ions were then transferred to the Q3
LIT, where they were mass-selected and collisionally activated using ion trap collision-
induced dissociation (CID). For all subsequent fragmentation steps, additional RF-DC
isolations followed by ion-trap CID were performed. The ions were then mass analyzed
using mass-selective axial ejection (MSAE).25

3. Results and Discussion
3.1 Gas phase acylation of nucleophilic functionalities

Gas phase ion/ion reactions between a multiply protonated peptide and a singly
deprotonated anionic reagent were performed. With a suitable acidic group on the reagent,
such as a sulfonate group, a strong electrostatic interaction with a protonated site can give
rise to a long-lived complex. Subsequent collisional activation of the complex generally
results in one of two observations. The first involves loss of the intact reagent as a neutral
species, which reflects the transfer of a proton from the peptide to the reagent. This process
indicates that no covalent bond formation occurred. The second observation is the loss of a
neutral sulfo-NHS group from the complex. This observation indicates that a nucleophilic
attack on the carbonyl carbon of the sulfo-NHS ester by a nucleophilic nitrogen of the
peptide, being either from the unprotonated guanidine of arginine or a primary amine, has
occurred, resulting in the formation of an amide bond with the peptide and cleavage of the
ester bond of the reagent. The extent to which collisional activation is necessary to drive the
covalent reaction prior to disruption of the electrostatic interaction that retains the sulfo-
NHS leaving group is not clear; however, the extent to which this activation facilitates
covalent bond formation may well be case dependent (see below). A gas phase mechanism
for covalent modification is illustrated in Scheme 1 for unprotonated arginine.

This process results in the formation of a peptide bond between the attacking η-nitrogen of
the guanidine and the carbonyl carbon of the ester. The mechanisms by which primary
amines or the η-nitrogens of arginine are acylated in the gas phase are essentially identical,
with the loss of (sulfo-)NHS being a signature for covalent modification. Subsequent CID of
the acylated products results in quite differing fragmentation behavior between acyl-
guanidines of arginine residues and acyl-amines of the N-termini and lysine residues.
Differences in both the nature of the guanidine compared to an amine and the lengths of the
side chains between arginine and lysine are presumed to underlie this behavior. Figure 1
illustrates these differences in the fragmentation behavior between peptides containing either
acyl-arginine or acyl-lysine.

The model peptides used, KAKAKAA and RARARAA, where A is alanine, K is lysine and
R is arginine, and the charge states used ensure that at least one basic site be unprotonated.
The specific residues which are protonated or not will be governed by Coulombic
interactions; however, during ion/ion reactions it is likely that the peptide ion population
consists of a mixture of peptide ions with different combinations of protonation sites.
Therefore, within an ion population, there should be a mixture of sites that become acylated
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via the ion/ion reactions. A slight preference toward protonation of the terminal basic sites
has been observed, such that, for the model peptides used, either K3 or R3 are unprotonated
more frequently. This phenomenon is attributed to Coulombic repulsion. Furthermore, as
there is a slight preference toward protonation sites for these model peptides, there is also a
slight preference toward site-specific acylation of the unprotonated site. Subsequent
fragmentation pathways, which are discussed in further detail below, may then be observed.

We have found that the acylation of unprotonated arginine is at least as facile, and likely
more so, than the acylation of unprotonated lysine. Evidence for this conclusion is provided
in comparing Figure 1a with Figure 1c. Figure 1a shows the CID of the electrostatic
complex [MK+BSN+H]+, where MK is KAKAKAA and BSN is benzoate sulfo-NHS
(Figure 1a, inset), while Figure 1c shows the CID of the analogous arginine complex
[MR+BSN+H]+, where MR is N-terminally acetylated RARARAA. In each case, there is
nominally one unprotonated basic residue in the peptide that can provide a reactive site.
Activation of the lysine-containing complex results in both covalent modification, as
reflected by the loss of sulfo-NHS, and the rupturing of the electrostatic interaction with a
proton transfer, as reflected by the loss of the intact reagent, with the latter pathway being
much more favorable. Conversely, activation of the arginine-containing complex results
almost entirely in covalent modification, with proton transfer occurring as a minor pathway.
This might be taken as evidence that the arginine side chain is inherently more reactive than
that of lysine. However, somewhat higher collisional activation amplitudes are required to
fragment the arginine-containing complex than the lysine-containing complex due to the
higher strength of the arginine-sulfonate interaction.26 In any case, we have found that
acylation of arginine residues is facile when they are unprotonated. Figure 1b shows the CID
spectrum of the covalently-modified lysine-containing peptide, which results almost entirely
in backbone bond cleavage to produce b- and y-type ions that have been covalently
modified, indicated by a solid diamond (◆). The only unmodified ions identified are of
singly and doubly dehydrated y3 and y4 ions. These ions likely arise from the K5 residue
being protonated, and are therefore unreactive towards modification. Figure 1d shows the
CID spectrum of the covalently-modified arginine-containing peptide. The fragmentation
behavior of Figure 1d differs significantly from that of the lysine-analogue in Figure 1b.
CID of the acyl-arginine peptide produces two main fragments, coordinated losses of H2O
and NH3 from the modified peptide and loss of the modified guanidine from the peptide,
resulting in a mass 42 Da lower than that of the unmodified peptide. These processes are
described in more detail below.

3.2 Activation behavior of acyl-arginine with no alpha hydrogens
The two fragmentation pathways of Figure 1d resulting in either deguanidination or the
concerted losses of H2O and NH3 are the most common fragmentation pathways observed
for peptides containing acyl-arginine. In order to distinguish the different fragmentation
pathways of acyl-arginine, the path that leads to deguanidination (loss of 42 Da from the
original peptide mass) has been labeled Path 1. It should be noted that the mass of 42 Da
also corresponds to the mass of the N-terminal acetylation. Previous work20 compared gas
phase acylation of arginine for both N-terminal acetylated (addition of 42 Da, labeled Ac-)
and N-terminal propionylated (addition of 56 Da, labeled Pr-) peptides. Upon CID of
covalently-modified Pr-RARARAA, the loss of 42 Da from the peptide corresponded to
deguanidination and the loss of 56 Da was not observed. This is to be expected as the N-
terminal acylation is incorporated as a non-reactive site on the peptide. The second main
fragmentation path, which leads to the concerted losses of H2O and NH3, has been labeled
Path 2.
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3.2.1 Path 1: Deguanidination—A proposed mechanism resulting in the loss of the acyl
group and dissociation of the guanidine, referred to as Path 1, is shown in Scheme 2.
Deguanidination results from loss of the acyl group bound to the –N=C=NH moiety of
guanidine. This product is usually formed as a neutral species but has been observed as an
anion from the reaction of doubly deprotonated sulfobenzoate sulfo-NHS, a reagent with a
sulfonate on the acyl group and on the NHS group, with singly protonated Ac-ARAAARA
(see Figure S1). The loss of the –N=C=NH moiety from the arginine side chain generates
the side chain of ornithine. It has recently been shown that the presence of ornithine in
peptide residues introduces a highly selective cleavage, termed the ornithine effect.27 This
process is effected by the formation of a 6-membered lactam via a nucleophilic attack of the
unprotonated δ-amine on its C-terminal carbonyl carbon, cleaving the amide bond C-
terminal to the ornithine. Figure 2a shows the CID spectrum of the [MR+H-42]+ peak from
Figure 1d. The product ion spectrum shows evidence for the conversion of each of the
arginine residues in MR to an ornithine residue. For example, the y6-ion is consistent with
the ornithine effect for conversion of R1 to O1, where O is ornithine, the b3-42 and y4-ions
are consistent with the ornithine effect for the conversion of R3 to O3, and the b5-42 ion is
consistent with the ornithine effect for conversion of R5 to O5. The b5-2(42) ion likely
occurs through a second deguanidination event to form ornithine, as is described in more
detail below. Path 1, therefore, provides a means for converting arginine to ornithine in the
gas phase.

The presence of the b5-2(42) ion appears from an additional fragmentation event. For the
formation of this ion, it is plausible that R5 was unprotonated while the electrostatic
interaction between a protonated arginine and anionic sulfonate occurred at one of the two
arginine residues of R1 and R3. The unprotonated arginine residue, R5, would then initiate a
nucleophilic attack on the reagent ester to form an amide bond. Subsequently, the
electrostatic interaction between the protonated arginine and the sulfonate would be ruptured
via a proton transfer from arginine to the sulfonate, neutralizing both functionalities. By this
point, R5 has been acylated and one of the arginines of R1 and R3 has been neutralized.
Activation of the acylated peptide then results in deguanidination of the acyl arginine via
Path 1, as is shown in Figure 1d as [MR+H-42]+. Activation of this ion likely directly
produces the b5-42 ion with subsequent deguanidination of the unprotonated arginine, which
is commonly observed for unprotonated arginine residues (data not shown). The second
deguanidination event would result in the observation of the b5-2(42) ion.

3.2.2 Path 2: Cooperative losses of H2O and NH3—The loss of both H2O and NH3
in a cooperative fashion is likely an inherent quality of the gas phase, although this is not
certain. We propose that this process occurs initially by the formation of a cycle, via
nucleophilic attack of the δ-nitrogen of arginine on its carbonyl carbon, similar to the
cyclization observed in the ornithine effect. Following the formation of the cycle,
rearrangements occur that involve losses of both H2O and NH3 (Scheme 3). Details of this
mechanism remain unclear and are the subject of continued investigation.

The hypothesis of cycle formation has been supported by experimental and theoretical work.
First, homoarginine, which contains an additional methylene in the side chain of arginine,
was acylated in the gas phase in an analogous experiment to that of arginine. We would
expect the formation of a 7-membered ring from homoarginine to be much less favorable
than that of the 6-membered ring formed by arginine. It was found that activation of acyl-
homoarginine did not result in a large loss of 35 Da (data not shown). Furthermore,
theoretical work has shown the formation of a lactam from arginine to be likely and, in some
cases, favorable.28
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Figure 2b shows the CID spectrum of the [MR+B+H-35]+ ion from Figure 1d. The hollow
diamond (◇) is used to represent ions that contain the covalent modification but that have
also lost both H2O and NH3. All of the ions that could be modified are present except for the
b1 
◇ ion, which is likely due to the low basicity of the b1 

◇ fragment. In the absence of α-
hydrogens on the acyl group, Path 2 has been observed to be a prominent process in the
dissociation of peptides with modified arginine side chains. In the limited number of
peptides examined to date, however, modified ions generated via Path 2 have not shown
fragmentation that is particularly distinct from that of the unmodified ions. Nevertheless,
this pathway leaves open the possibility for use of tailored acyl groups for influencing
peptide fragmentation behavior.

3.3 Path 3: Activation behavior of acyl-arginine with alpha hydrogens
Acylation of arginine using an acyl group that contains an α-hydrogen has been found to
show interesting behavior. Although the process by which the guanidine is acylated does not
change based on whether the α-carbon of the acyl group contains hydrogens or not, the
subsequent activation of the acyl-arginine species differs significantly. Including both the α-
carbon and the hydrogen bonded to it, this form of acyl-arginine is able to form a 6-
membered ring that includes the carbonyl carbon and nitrogen of the side chain amide bond,
the guanidino carbon, and the unmodified guanidino η-nitrogen, as illustrated in Scheme 4.
The ring formation in Scheme 4 shows the keto-form of the carbonyl, although it may be as
likely that the enol-form is present during the initial ring formation. The reorganization of
electrons in the cycle is characteristic of a pericyclic reaction, which, in this case, produces
two separate species. In this reaction there is a net loss of one σ bond and a net gain of one π
bond. Figure 3 shows the reaction processes involving [MR+PASN+H]+, where PASN is
phenyl acetate sulfo-NHS (Figure 3a, inset). Activation of the electrostatic complex
produces both a covalently-modified peptide [MR+PA+H]+ and proton transfer [MR+H]+,
shown in Figure 3a. Figure 3b shows the isolation of only the covalently-modified peptide,
[MR+PA+H]+. Figure 3c shows that CID of [MR+PA+H]+ produces almost entirely
[MR+H]+. This process results in the total loss of the acylation to regenerate unmodified
arginine. This rearrangement, shown in the inset of Figure 3c, has been further tested using
acyl groups containing α-deuterons, the result of which is the formation of [MR+D]+, with
no [MR+H]+ observed (Figure S2).

4 Conclusions
Acylation of arginine residues in polypeptides in solution using sulfo-NHS esters is
challenging due to incompatible solution conditions for generating unprotonated arginine
residues and for maintaining the stability of the reagent. Conditions can be generated in the
gas phase, however, to enable efficient acylation of arginine residues via ion/ion reactions.
CID of peptides acylated at arginine residues is dominated by side chain cleavages, in
contrast with the behavior of peptides acylated at lysine residues. Three main pathways have
been noted with their relative importance determined by the nature of the acyl group. Acyl
groups that contain an α-hydrogen in relation to the carbonyl group regenerate the arginine
residues. In this pathway, activation of the modified peptide results in the formation of a 6-
membered cyclic intermediate and, through a pericyclic-like rearrangement, regenerates the
unmodified guanidine and forms a ketene. When no α-hydrogens are present on the acyl
group, two competitive dissociation pathways dominate. One involves an acyl-arginine side
chain rearrangement that eventually results in the coordinated losses of water and ammonia
while maintaining the acyl-modification. The other process involves a cleavage that leads to
deguanidination of the arginine residue. This pathway provides a means for converting
arginine residues to ornithine residues in the gas phase.
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Figure 1.
CID mass spectra of benzoate sulfo-NHS (BSN) in reactions with guanidine or primary
amines. (a) CID of the electrostatic complex of [MK+BSN+H)]+, where MK is the peptide
KAKAKAA, to produce proton transfer or a covalent modification. (b) CID of [MK+B+H]+.
(c) CID of the electrostatic complex of [MR+BSN+H]+, where MR is the peptide Ac-
RARARAA. (d) CID of [MR+B+H]+. The activated peaks are labeled with a lightning bolt
( ) and covalently-modified peaks are labeled with a solid diamond (◆). Water losses are
labeled with degree signs (°) and ammonia losses are labeled with astericks (*).
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Figure 2.
CID of (a) Path 1 formed by deguanidination and (b) Path 2 formed by concerted losses of
H2O and NH3, both formed from CID of [MR+B+H]+, where MR is the peptide Ac-
RARARAA. The activated peaks are labeled with a lightning bolt ( ) and covalently-
modified peaks that have lost both H2O and NH3 are labeled with a hollow diamond (◇).
Independent water losses are labeled with degree signs (°) and independent ammonia losses
are labeled with astericks (*).
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Figure 3.
The reaction and activation of [MR+2H]2+, where MR is the peptide Ac-RARARAA, with
[phenylacetate sulfo-NHS-H]− (PASN). (a) CID of the electrostatic complex between [MR
+2H]2+ and [PASN-H]−. (b) RF-DC isolation of the modified peptide [MR+PA+H]+. (c)
CID of the modified peptide. The activated peaks are labeled with a lightning bolt ( ).
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Scheme 1.
General mechanism for arginine reacting with a sulfo-NHS ester.
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Scheme 2.
Proposed mechanism for fragmentation Path 1 of acylated arginine. Upon activation, the
acyl-arginine undergoes deguanidination, resulting in the loss of an acyl carbodiimide
(shown) or cyanamide (not shown), leaving an ornithine residue.
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Scheme 3.
Initial proposal for the behavior of fragmentation Path 2 of acylated arginine. Activation of
acyl-arginine results in concerted losses of water and ammonia, presumably at the acyl-
arginine site. Fragmentation of the Path 2 product produces sequence-informative ions that
have a mass loss of 35Da.
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Scheme 4.
Proposed rearrangement mechanism of acyl arginine when the acyl group contains at least
one α-hydrogen. Path 3 involves the rearrangement of acyl-arginine to regenerate
unmodified arginine, while the acyl group is lost as a ketene.
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